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The Potential of Quantum Computing

~ 100 qubit devices can address problems in chemistry that are beyond classical computing

300 qubits :  more states [1090] than atoms in universe [1086]

50 qubits : ~ 20 petabytes ~ HPC facility

Dave Wecker 



332 qubits

2019 : First Quantum Advantage in Computing



NISQ-era quantum devices for applications
Hemmerling, Cornel, https://www.photonics.com/Article.aspx?AID=64150

2017 : First Quantum Devices for Scientific Applications

https://www.photonics.com/Article.aspx?AID=64150
https://www.photonics.com/Article.aspx?AID=64150


Looking for a quantum advantage
Do not scale well for classical computers

• Real-time Minkowski space evolution
• highly-inelastic processes, fragmentation, S-matrices
• non-equilibrium systems

• Large Hilbert spaces - quantum field theories, large nuclei

• High-density - potentially mitigate classical sign problem(s)



Quantum Field Theories 
and Symmetries
• indefinite particle number
• gauge symmetries 

(constraints)
• entangled ground states

Real-Time Dynamics
• parton showers and fragmentation
• neutrinos in matter
• early universe
• phase transitions - matter?
• non-equilibrium - heavy-ions
• nuclear reactions
• neutrino-nucleus interactions

Matter
• neutron stars
• gravity waves ?
• Heavy nuclei
• chemical potentials
• entanglement

HEP and NP Theory



Where to look for a Quantum Advantage in Scientific 
Applications

If a classical computer can solve the problem,  
why “compete” using a quantum device?

Use quantum devices to solve (parts of) the problems that 
classical computers can’t solve “at scale” 

“ Gotta know your problems” 



Complexity
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Scott Aaronson, Sci. Am.

Scalar  
field 

theory

Polynomial amount  
of memory

Solved in  
polynomial time

Verified in  
polynomial time

Bounded-Error  
Quantum polynomial



A Simulation “Continuum”

Analog

H : native to system  
e.g. atoms in optical lattices 
BECs

e.g. trapped-ions,  
superconducting qubits 
H : universal gate sets 

Digital Hybrid

QPU for the intrinsically  
quantum parts of the 
computation 

systematics? NISQ, waiting for error-correction

Scaling?

Jacob F. Sherson, Christof Weitenberg, Manuel Endres, Marc Cheneau, Immanuel Bloch, and Stefan Kuhr. Single-atom-resolved fluorescence imaging of an atomic Mott insulator. Nature, 467(7311):68–72, 09 2010.

SRF cavities 



Analog Simulation : Quantum Field Theory - Recent

   Eur.Phys.J.D 74 (2020) 8, 165 • e-Print: 1911.00003 [quant-ph]

Quantum Link Models 
(see Schladaming lectures by  
Uwe-Jens Wiese, 2015)

https://arxiv.org/abs/1911.00003
https://arxiv.org/abs/1911.00003


Basics of Digital Simulation
e.g., discrete representation of a function

Cos[θ/2] Cos[ϑ1/2] |00⟩ + Cos[θ/2] Sin[ϑ1/2] |01⟩  + Sin[θ/2] Cos[ϑ2/2] |10⟩  + Sin[θ/2] Sin[ϑ2/2] |11⟩ 

|0⟩ Ry(θ)
Cos[θ/2] |00⟩ + Sin[θ/2] |10⟩ 

|0⟩ Ry(ϑi)

U[Ry(θ)] ⊗ I 
Λ0 ⊗ U[Ry(ϑ1)] + Λ1 ⊗ U[Ry(ϑ2)]  e.g., a 4-dim  

Hilbert space



Digital Simulation during the NISQ Era

“Typically”, 3 workflow phases 
1. state preparation - generally, entangled 
2. time-evolution - Trotterized evolution operator, LCU 
3. measurement 

Report edited by  
M. Martinosi and M. Roetteler 
arXiv:1903.10541

• Minimal or no error correction                                            
• Few hundred qubits with modest gate depth
• Imperfect quantum gates/operations - like 

``running experiments’’
• Different ``flavors’’

• NISQ-era is the next decade of quantum 
simulation  

• much to be gained during this period
• learn by doing

• Searching for Quantum Advantage(s)



Neutrino Evolution

© Can Stock Photo / 

Pauli matrices in neutrino flavor space

First simulations, entanglement using a quantum devices



Fragmentation and Collisions

A quantum algorithm for high energy 
physics simulations
Christian W. Bauer, Wibe A. de Jong, Benjamin Nachman, 
Davide Provasoli, arXiv:1904.03196 [hep-ph]

Simulating Collider Physics on Quantum 
Computers using Effective Field Theories
Christian W. Bauer, Benjamin Nachman, Marat Freytsis, 
arXiv:2102.05044 [hep-ph]



Kink Scattering in Spin Models
elastic and inelastic - fragmentation

Also work by A Gorshkov and collaborators



x

Φ

digitization of fields
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Scalar Field Theory
The Gold Standard - Jordan, Lee, Preskill ;  > 2010

Digital Quantum Simulation

• Discretize 3-d Space
• Define Hamiltonian on grid
• Trotterized time evolution
• Technology transfer from Lattice QCD
• Digitize field(s) - Nyquist-Shannon

BQP-complete - Jordan, Lee, Preskill
qubits1 number at each point in space
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Scattering Wavepackets in Scalar  Field Theory

1.Create wavepackets of free theory

2. Adiabatically evolve the system to interacting system    

3. Evolve the prepared state forward

4. Adiabatically evolve systems to free theory  OR  introduce 

localized detectors into the simulation



Three Lattice Sites in Scalar  Field Theory
3 qubits per site

Natalie Klco and MJS
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Natalie Klco and MJS

Quantum Circuits Organized to Reflect the Physics

RG fixed-point angles 
• classical simulation of a few Compton 

wavelengths 
• used for beyond classical state prep 
• analogous to domain decomposition

Phys.Rev.A 102 (2020) 1, 012619 
Phys.Rev.A 102 (2020) 5, 052422Scalar Field Theory 

• Jordan, Lee, Preskill 
• ORNL/UTK, FNAL, LANL, UW, ….



Gauge Theories 

A number of different frameworks being pursued  
The focus of recent workshop



Gauge Theories 

•Finite lattice to support the fields 
•3-dim  
•Real-time Hamiltonian evolution 
•Fields mapped to qubits/qudits 
•Hybrid - tasks for QPU?

•Different mappings (most “efficient’’ path to continuum physics?) 
•  “qubits arranged”  with fermions on sites and gauge fields on links (KS) 
•  or continuum fields de-localized. (e.g. quantum link models) 
•  truncations/samplings in gauge rotations or irreps 
•  and/or Integrate out gauge freedoms 
•  and/or Gauss’s law explicit/implicit, error correction to enforce
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Starting down the Path
Digitizing SU(2) Gauge Theory 



Gauge Theories

arXiv:1911.00003v1 [quant-ph] 31 Oct 2019

Many interesting recent contributions 
• rapid progress by theorists 
• rapid progress in devices

For example: 
• Gauss’s Law constraints 
• Oracles and error-correction 
• Loop-String-Hadron  (Raychowdhuri and Stryker)



Quantum Implementations
Utilizing Entanglement

e.g. Z2 theory

We want the value of the plaquette 
operator

σ4x σ3x σ2x σ1x

Erez Zohar 



Quantum Implementations
Utilizing Entanglement

e.g. Z2 theory

We want the value of the plaquette 
operator

σ4x σ3x σ2x σ1x

|c⟩ ~ | 0 ⟩ + | 1 ⟩ 

Erez Zohar 

introduce auxillary qubits 
- a commonly used and useful resource



Quantum Implementations
Utilizing Entanglement

e.g. Z2 theory

We want the value of the plaquette 
operator

σ4x σ3x σ2x σ1x

U |c⟩ ~ | 0 ⟩ + σ1x  ⊗ | 1 ⟩ 

X

Analogous sequence of operations enables 
accumulation of evolution operator onto auxillary qubitsErez Zohar 



Quantum Implementations
Utilizing Entanglement

e.g. Z2 theory

(slide from Reznik’s UMD presentation)
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Schwinger Model at Scale
Estimating Quantum Resource Needs



Real Time Evolution
Trotterization

e - i Hb δt   e - i Ha δt   e - i Hb δt   e - i Ha δt ….  e - i Ha δt   |Ψ⟩

e.g., H= Ha + Hb

Heyl, Hauke, Zoller, Science 2019

 e - i H t |Ψ⟩



Dynamics in the Schwinger Model
1-dim systems
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(2016) 1+1 dim QED

InnesbruckORNL-Washington-BasqueInnesbruck

Maryland

Quantum 2020-08-10, volume 4, page 306
arXiv:2002.11146v1 [quant-ph] 

Kharzeev-Kikuchi Chakraborty, Honda, Izubuchi, Tomiya

https://quantum-journal.org/volumes/4
https://quantum-journal.org/volumes/4


SU(2) in low-dimensions  
Kogut-Susskind, 1970s

• e-Print: 2102.08920 [quant-ph]

• Only dynamical gauge fields 
• Gauge Variant Completions (GVC) 
• Severely truncated in field space 
• 2D, but really 1D

• Matter fields  
• Non-dynamical gauge fields

Byrnes and Yamamoto, 2005

https://arxiv.org/abs/2102.08920
https://arxiv.org/abs/2102.08920


 Toward Quantum Chromodynamics 

x

T a1…ap
b1…bq

𝟁(                  )
R(p,q)

R1 , R2 RL3

Gauge Invariance

One of a number of frameworks



 Toward QCD

Benchmarks Exact

1 Trotter Step

2 Trotter Steps
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Global Basis 
does not scale

…..
• These are the states mapped to the device 
• H is formed from matrix elements between these states

2021
Ciavarella, Klco, MJS



 Toward QCD

Including 1 , 3 , 3 , 8 on each link only 
_  

Keeping states with Casimir above  
6-threshold includes only part of that 
higher-energy space

• 15 basis states (4 qubits) 
• Max electric energy ~ 6*3 
• 8 ⊗ 8 ⊗ 8 

…



Local Basis Scales 

Building on Byrnes+Yamamoto

 Toward QCD

• Integrate over gauge space at each vertex  
(classical  - Banuls et al, Klco, Stryer+MJS) 
• Controlled plaquette operators 
• Qudits seem natural for link registers
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Separable

The long-distance structure of entanglement is determined 
by the UV structure of the theory -  UV-IR connection 

Vacuum Negativity and Separability in 1D, 2D, 3D

Massless, noninteracting scalar field theory … short-distance strong interactions
Entanglement in harmonic chains - Reznik and many others

Geometric Quantum Information Structure in Quantum Fields and their Lattice Simulation
Natalie Klco, MJS, Phys.Rev.D 103 (2021) 6, 065007, e-Print: 2008.03647 [quant-ph]
Entanglement Spheres and a UV-IR connection in Effective Field Theories
Natalie Klco, MJS,  e-Print: 2103.14999 [hep-th]

https://inspirehep.net/authors/1722450
https://arxiv.org/abs/2103.14999
https://inspirehep.net/authors/1722450
https://arxiv.org/abs/2103.14999


Summary

Quantum simulations of gauge theories are beginning 
• Advances in control of entanglement, coherences, quantum devices, …. 
• Access to quantum devices …. 
• Key to addressing non-equilibrium dynamics, fragmentation, early universe 

dynamics, inelastic processes, neutrino dynamics, ….. 
• circa1970s for lattice QCD 
• Theory of entanglement and coherence crucial for simulation 
• Exciting lines of investigations and theoretical proposals



FIN



InQubator for Quantum Simulation
https://iqus.uw.edu


