
Martin J Savage

1

Quantum Field Theory with  
Quantum Computing

Quantum Entanglement at Collider Energies 
StonyBrook, September 10-12, 2018 

Natalie Klco
(INT/UW)

Pavel Lougovski
Raphael Pooser

(ORNL)



The paper that 
Caught My Attention
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(2016)

Based upon a string of 40Ca+ trapped-ion quantum system 
Simulates 4 qubit system with long-range couplings = 2-spatial-site Schwinger Model
> 200 gates per Trotter step



Inelastic Processes
Fragmentation Vacuum and In-Medium

Nuclear Reactions

Free-space and in-medium

Diagnostic of state of dense and hot matter 
- heavy-ion collisions (e.g., jet quenching)
- finite density and time evolution

Highly-tuned phenomenology and pQCD calculations

Nuclear reactions that are inaccessible, e.g. proton-proton fusion
NPLQCD: first calculations using lattice QCD in 2016



Time evolution of system with baryon number, isospin, electric charge, strangeness, …..
Currents, viscosity, non-equilibrium dynamics - real-time evolution
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Complex for non-zero chemical potential

“ Features - Finite Density “

Sign Problem



“ Features “

Signal to Noise Problem
[Sign Problem]

Statistical sampling of the path integral 
is the limiting element

Michael Wagman, PhD Thesis



6

Quantum Computing
- We are now Entering the NISQ Era



Extrapolation to 

~ 1/a

E

k

Lattice Quantum Chromodynamics
- Discretized Euclidean Spacetime
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Lattice Spacing :
1/Λχa << m⇡L >> 2⇡

Lattice Volume : 

(Nearly Continuum) (Nearly Infinite Volume)

Digitization of Theory onto Qubits

a = 0 and L =1 and δΦ = 0
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QFT with QCs
- Foundational Works

Detailed formalism for 3+1 quenched 
Hamiltonian Gauge Theory

Phys.Rev. A73 (2006) 022328 

Quantum Information and Computation 14, 1014-1080 (2014) 
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Quantum Field Theory
- recent examples
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Gauge Field Theories
e.g. QCD

323 lattice requires naively > 4 million qubits !
Natalie Klco

State Preparation - a critical element

| random > = a |0> + b |(pi pi)> + c | (pi pi pi pi ) > + …. + d | (GG) > + ….

Conventional lattice QCD likely to play a key role in QFT on QC
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Gauge Theories 
- more complicated 

Naive mapping:

Most states mapped to qubits do not satisfy 
constraints

Exponentially large redundancies - gauge 
symmetries

Methods to compress Hilbert space to physical

Chiral gauge theories?



Starting Simple 1+1 Dim QED
Construction
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Derek Leinweber Natalie Klco

• Charge screening, confinement
• fermion condensate

Quantum-Classical Dynamical Calculations of the Schwinger Model using Quantum Computers  
N. Klco, E.F. Dumitrescu, A.J. McCaskey, T.D. Morris, R.C. Pooser, M. Sanz, E. Solano, P. Lougovski, M.J. Savage.  
arXiv:1803.03326 [quant-ph] . To appear in PRA.

http://inspirehep.net/record/1659289
http://inspirehep.net/author/profile/Klco%2C%20N.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Dumitrescu%2C%20E.F.?recid=1659289&ln=en
http://inspirehep.net/author/profile/McCaskey%2C%20A.J.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Morris%2C%20T.D.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20R.C.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Sanz%2C%20M.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Solano%2C%20E.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Lougovski%2C%20P.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Savage%2C%20M.J.?recid=1659289&ln=en
http://arxiv.org/abs/arXiv:1803.03326


Starting Simple 1+1 Dim QED
State Compression
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Quantum-Classical Dynamical Calculations of the Schwinger Model using Quantum Computers  
N. Klco, E.F. Dumitrescu, A.J. McCaskey, T.D. Morris, R.C. Pooser, M. Sanz, E. Solano, P. Lougovski, M.J. Savage.  
arXiv:1803.03326 [quant-ph] . To appear in PRA.

http://inspirehep.net/record/1659289
http://inspirehep.net/author/profile/Klco%2C%20N.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Dumitrescu%2C%20E.F.?recid=1659289&ln=en
http://inspirehep.net/author/profile/McCaskey%2C%20A.J.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Morris%2C%20T.D.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20R.C.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Sanz%2C%20M.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Solano%2C%20E.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Lougovski%2C%20P.?recid=1659289&ln=en
http://inspirehep.net/author/profile/Savage%2C%20M.J.?recid=1659289&ln=en
http://arxiv.org/abs/arXiv:1803.03326


Starting Simple 1+1 Dim QED
Living NISQ - IBM

Apply Classically Computed U(t)
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ibmqx2 - cloud-access
8K shots per point

Cartan sub-algebra

r1
r3
r5
r7
Extrapolation
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Starting Simple 1+1 Dim QED
Living NISQ - IBM - Hybrid

Trotter Evolution U(t)

153.6 QPU-s and 260 IBM units
[ ``Capacity computing’’  - required only 2 of the 5 qubits on the chip ]
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Digitizing Scalar Field Theory

Jordan, Lee and Preskill - several works

What is the optimal way to map scalar field theory onto NISQ-era quantum computers?
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Digitizing Scalar Field Theory
- works

Jordan, Lee and Preskill - several works

Digitization of Scalar Fields for NISQ-Era Quantum Computing  
Natalie Klco, Martin Savage  
e-Print: arXiv:1808.10378 [quant-ph]

Electron-Phonon Systems on a Universal Quantum Computer 
Alexandru Macridin, Panagiotis Spentzouris, James Amundson, Roni Harnik (Fermilab) 
e-Print: arXiv:1802.07347 [quant-ph] 

Quantum simulation of quantum field theory using continuous variables  
Kevin Marshall (Toronto U.), Raphael Pooser (Oak Ridge & Tennessee U.), George Siopsis 
(Tennessee U.), Christian Weedbrook (Unlisted, CA). Phys.Rev. A92 (2015) no.6, 063825 , 
e-Print: arXiv:1503.08121 [quant-ph] 

Quantum Computation of Scattering Amplitudes in Scalar Quantum Electrodynamics  
Kübra Yeter-Aydeniz (Tennessee Tech. U.), George Siopsis (Tennessee U.). Sep 7, 2017. 9 pp.  
Published in Phys.Rev. D97 (2018) no.3, 036004  
e-Print: arXiv:1709.02355 [quant-ph]

Simulating physical phenomena by quantum networks
R. Somma, G. Ortiz, J. E. Gubernatis, E. Knill, and R. Laflamme
Phys. Rev. A 65, 042323 – Published 9 April 2002

http://inspirehep.net/record/1692066
http://inspirehep.net/author/profile/Klco%2C%20Natalie?recid=1692066&ln=en
http://inspirehep.net/author/profile/Savage%2C%20Martin?recid=1692066&ln=en
http://arxiv.org/abs/arXiv:1808.10378
http://inspirehep.net/author/profile/Macridin%2C%20Alexandru?recid=1657311&ln=en
http://inspirehep.net/author/profile/Spentzouris%2C%20Panagiotis?recid=1657311&ln=en
http://inspirehep.net/author/profile/Amundson%2C%20James?recid=1657311&ln=en
http://inspirehep.net/author/profile/Harnik%2C%20Roni?recid=1657311&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Fermilab%22&ln=en
http://arxiv.org/abs/arXiv:1802.07347
http://inspirehep.net/record/1357082
http://inspirehep.net/author/profile/Marshall%2C%20Kevin?recid=1357082&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Toronto%20U.%22&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20Raphael?recid=1357082&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Oak%20Ridge%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tennessee%20U.%22&ln=en
http://inspirehep.net/author/profile/Siopsis%2C%20George?recid=1357082&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tennessee%20U.%22&ln=en
http://inspirehep.net/author/profile/Weedbrook%2C%20Christian?recid=1357082&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Unlisted%2C%20CA%22&ln=en
http://arxiv.org/abs/arXiv:1503.08121
http://inspirehep.net/record/1622556
http://inspirehep.net/author/profile/Yeter-Aydeniz%2C%20K%C3%BCbra?recid=1622556&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tennessee%20Tech.%20U.%22&ln=en
http://inspirehep.net/author/profile/Siopsis%2C%20George?recid=1622556&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tennessee%20U.%22&ln=en
http://arxiv.org/abs/arXiv:1709.02355
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Discretizing Scalar Field Theory
on Spatial Grid

• Discretize 3-d Space
• Define Hamiltonian on grid
• Trotterized time evolution
• Technology transfer from Lattice QCD



19

Discretizing Scalar Field Theory
on Spatial Grid

Momentum Mode Expansion

e.g. 1-dim with a = 1 and L=2
k = 0 and +π 

|ψ> = |n1> ⊗ |n2>

Quantum simulation of quantum field theory using continuous variables  
Kevin Marshall, Raphael Pooser, George Siopsis, Christian Weedbrook.  
Phys.Rev. A92 (2015) no.6, 063825 , e-Print: arXiv:1503.08121 [quant-ph] 

Extensive and non-local interactions in k-space

http://inspirehep.net/record/1357082
http://inspirehep.net/author/profile/Marshall%2C%20Kevin?recid=1357082&ln=en
http://inspirehep.net/author/profile/Pooser%2C%20Raphael?recid=1357082&ln=en
http://inspirehep.net/author/profile/Siopsis%2C%20George?recid=1357082&ln=en
http://inspirehep.net/author/profile/Weedbrook%2C%20Christian?recid=1357082&ln=en
http://arxiv.org/abs/arXiv:1503.08121
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Discretizing Scalar Field Theory
on Spatial Grid

Position-Space Formulations

Parallelizes easily at the circuit level
- dual layer application per Trotter step

x

Φ



Digitizing Scalar Field Theory
at each Spatial Site

Position-Space Formulations

• Eigenstates of field operator  (JLP)
• Discretized Harmonic Oscillator (MSAH)
• Eigenstates of Harmonic Oscillator

Determine basis to define field and conjugate 
momentum at each spatial site

JLP MSAH HO



Digitizing Scalar Field Theory
at each Spatial Site

• Nyquist-Shannon Sampling Theorem (MSAH)
• QuFoTr allows application of exact conjugate momentum operator (not finite difference approx)
• Noise provides limit to precision in energy eigenvalues from exact Hamiltonian

Field-operator basis



Digitizing Scalar Field Theory
at each Spatial Site



Digitizing Scalar Field Theory



Digitizing Scalar Field Theory
at each Spatial Site

e.g., de-localized wavefunctions in field space
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All-Optical Frequency Processor
Schwinger Model 

(to appear on the arXiv soon)



Summary

• QC and QIS offer the possibility of a Quantum 
Advantage in QFTs

• Address Grand Challenge problems in NP and HEP
• finite density and real-time evolution

• Mapping QFTs, particularly gauge theories, onto 
quantum devices is a present-day focus.

• Algorithm and circuit design are critical
• fundamental change in thinking
• likely benefit others areas



FIN
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The promise of 
Quantum Computing

Parallel Processing of quantum states and information
e.g., for a 3-bit computer (23 states)
Classical computer in 1 of 8 possible states

Quantum computer could be in all states at once!


