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Feynman’s Vision



Exascale Computing Needs

• Finite Density requires beyond-exascale classical computing
• Explicit time evolution of QCD not considered
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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]

Dave Wecker (Microsoft)

50 qubits : ~ 20 petabytes ~ Leadership-Class HPC facility
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The Potential of Quantum Computing

Slide by Natalie Klco (Oct 2018) [solution to 1 part per million]

with less than 200  ideal qubits
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“First Qubits” for Applications

• Tech companies, national laboratories and universities are working together to develop hardware
• Technology companies are making quantum devices available for computations via the cloud
• Laboratories and companies are making hardware available through collaboration



Quantum Many-Body Systems

Finite Density Systems
• Quantum Monte Carlo
• Sign Problem(s) in Sampling

Classical Computing 
• Exponentially large resources
• Exponentially growing memory for large 

nuclei

Quantum Computing 
• No sign problem (naively)
• Real-time evolution
• Hilbert space grows exponentially 

with number of qubits     
• i.e. 1 qubit doubles size

Nuclear Many-Body Problem
• Schrodinger Eqn.
• Hilbert space grows 

exponentially with particles



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

constraints

The Standard Model

Classical Computing 
• Euclidean space
• high-lying states difficult
• Signal-to-noise
• Severe limitations for real-time or inelastic 

collisions or fragmentation

Quantum Computing 
• Real-time evolution
• S-matrix
• No sign problem(s) (naively)

Real-Time Evolution
• Integrals over phases
• Fragmentation
• Neutrinos in dense matter
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The Elements of Quantum Computing 

Qubits Unitary Operations
and Measurements

Entanglement
and Superposition
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At the Heart of Quantum Computing 
Massively Parallel Processing, Nonlocality and 

Entanglement
e.g., for a 3-bit computer (23 states)
Classical computer in 1 of 8 possible states

Quantum computer can be in a combination of all states at once

Once system mapped onto qubits, unitary operations used to compute 
and process information 
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e.g. 2-qubits, unitary transformations between 4 states  :  U(4) transformations 

Hadamard gates

Controlled U(2) transformations

At the Heart of Quantum Computing 
Massively Parallel Processing, Nonlocality and 

Entanglement



The Noisy Intermediate-Scale Quantum (NISQ) Era
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John Preskill - Jan 2018

• No or little error correction in hardware or software                                              
[requires  > x10 qubits]

• Expect to have a few hundred qubits with modest gate depth 
(decoherence of devices)

• Imperfect quantum gates/operations

• NISQ-era ~ several years   Not going to be a near term magic bullet
•  will not replace classical computing

• Searching to find Quantum Advantage(s) for one or more systems 

• Understanding the application of ``Quantum’’ to Scientific Applications, 
and identifying attributes of future quantum devices.
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Quantum Computing
Examples of Available Hardware

and Technology Companies - US + Ca
D-wave : ~ 2000 superconducting qubits, quantum 
annealing

Google : 72 superconducting qubits - 2-qubit error < 0.5%

IBM : superconducting - 5,14,16, 20 qubits systems - cloud 
access

Intel : 49 superconducting qubits, progress in silicon 

IonQ : trapped ions, 53-qubit system, cloud access coming

Microsoft : Majorana (topological) - in development 

Rigetti : 8, 19 superconducting qubits with 128 coming



A First Quantum Computation in Quantum Field Theory
1+1-Dim QED
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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

Real-time evolution of the quantum fields, implementing > 200 gates per Trotter step

2016



Developments in Field Theory for QC/QIS
(a few examples only)
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Slide by Natalie Klco (Oct 2018)



DOE High-Energy Physics Projects Related to
Quantum Computing for QCD

(Fall of 2018)

FermiLab, Caltech and Institute for Nuclear Theory
https://academicjobsonline.org/ajo/jobs/12792

https://academicjobsonline.org/ajo/jobs/12792


Entanglement and Fragmentation and QFT

Bosonized Schwinger Model

Deep inelastic scattering as a probe of entanglement  
Dmitri E. Kharzeev (RIKEN BNL & SUNY, Stony Brook), Eugene M. Levin (Santa Maria U., Valparaiso & 
Tel Aviv U.). Feb 12, 2017.  
Published in Phys.Rev. D95 (2017) no.11, 114008 
Dynamics of entanglement in expanding quantum fields  
Jürgen Berges, Stefan Floerchinger (U. Heidelberg, ITP), Raju Venugopalan (Brookhaven). Dec 26, 2017.  
Published in JHEP 1804 (2018) 145 

APS Medal for Exceptional Achievement in Research: Invited 
article on entanglement properties of quantum field theory  
Edward Witten, Rev.Mod.Phys. 90 (2018) no.4, 045003, 
e-Print: arXiv:1803.04993 [hep-th] 

http://inspirehep.net/record/1513136
http://inspirehep.net/author/profile/Kharzeev%2C%20Dmitri%20E.?recid=1513136&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22RIKEN%20BNL%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22SUNY%2C%20Stony%20Brook%22&ln=en
http://inspirehep.net/author/profile/Levin%2C%20Eugene%20M.?recid=1513136&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Santa%20Maria%20U.%2C%20Valparaiso%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Tel%20Aviv%20U.%22&ln=en
http://inspirehep.net/record/1645259
http://inspirehep.net/author/profile/Berges%2C%20J%C3%BCrgen?recid=1645259&ln=en
http://inspirehep.net/author/profile/Floerchinger%2C%20Stefan?recid=1645259&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22U.%20Heidelberg%2C%20ITP%22&ln=en
http://inspirehep.net/author/profile/Venugopalan%2C%20Raju?recid=1645259&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Brookhaven%22&ln=en
http://inspirehep.net/record/1662490
http://inspirehep.net/author/profile/Witten%2C%20Edward?recid=1662490&ln=en
http://arxiv.org/abs/arXiv:1803.04993


Entanglement and Fragmentation and QFT

Real-time Dynamics in U(1) Lattice Gauge Theories with Tensor Networks  
T. Pichler (Ulm U.), M. Dalmonte (Innsbruck U., Quant. Opt. and Info. & Innsbruck U.), E. Rico (Basque U., Bilbao & IPCMS, 
Strasbourg & IKERBASQUE, Bilbao), P. Zoller (Innsbruck U. & Innsbruck U., Quant. Opt. and Info.), S. Montangero (Ulm U.). 
Phys.Rev. X6 (2016) no.1, 011023, e-Print: arXiv:1505.04440 [cond-mat.quant-gas]

http://inspirehep.net/record/1370692
http://inspirehep.net/author/profile/Pichler%2C%20T.?recid=1370692&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Ulm%20U.%22&ln=en
http://inspirehep.net/author/profile/Dalmonte%2C%20M.?recid=1370692&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Innsbruck%20U.%2C%20Quant.%20Opt.%20and%20Info.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Innsbruck%20U.%22&ln=en
http://inspirehep.net/author/profile/Rico%2C%20E.?recid=1370692&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Basque%20U.%2C%20Bilbao%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22IPCMS%2C%20Strasbourg%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22IKERBASQUE%2C%20Bilbao%22&ln=en
http://inspirehep.net/author/profile/Zoller%2C%20P.?recid=1370692&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Innsbruck%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Innsbruck%20U.%2C%20Quant.%20Opt.%20and%20Info.%22&ln=en
http://inspirehep.net/author/profile/Montangero%2C%20S.?recid=1370692&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Ulm%20U.%22&ln=en
http://arxiv.org/abs/arXiv:1505.04440
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QFTs Toward QCD for NP



~ 1/a

E

k

Lattice Quantum Chromodynamics
- Discretized Spacetime
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Lattice Volume : 

Extrapolation to 

Lattice Spacing :

(Nearly Continuum) (Nearly Infinite Volume)

Digitization of Theory onto Qubits

a=0 and L = ∞ and δΦ = 0

a << 1/Λ𝜒 mπ L >> 2 π



u1
u2
u3
u4

up-quark qubits

+ d,s,c 

(Very) Naive Mapping of QCD onto QC

323 lattice requires naively > 4 million qubits !
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 are Just Complicated 

Naive mapping:

Most states mapped to qubits do not satisfy 
constraints

Exponentially large redundancies - gauge 
symmetries

Methods to compress Hilbert space to physical

State preparation and role of classical calcs.

Chiral gauge theories?

Near term:  move along paths with presently ``doable’’, but informative, quantum 
calculations towards real-time and finite density QCD

Created by Martin Savage in 2018
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Classical Accelerators
e.g., GPUs

Classical Processors

Created by Martin Savage in 2018

Early Days: 
QPU Accelerators and Hybrid Computations
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Early Days: 
QPU Accelerators and Hybrid Computations

Classical-Quantum Hybrid calculations appear to be the near future
e.g. Bayesian estimations on classical computers to specify quantum computation

• Speed-up bootleneck components of Lattice QCD computations
• contractions ?  propagators ?

• Identify appropriate components
• How to push/pull to/from QPU
• Similar approach, but different in substance, to GPUs

Classical Processors

Created by Martin Savage in 2018



Classical-Quantum Hybrid Systems
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(2016)

Self-Verifying Variational Quantum 
Simulation of the Lattice Schwinger 
Model  
Christian Kokail et al.. e-Print: arXiv:1810.03421 
[quant-ph] 

r1
r3
r5
r7
Extrapolation
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e-Print: arXiv:1810.03959 [quant-ph] 

http://inspirehep.net/record/1697447
http://inspirehep.net/author/profile/Kokail%2C%20Christian?recid=1697447&ln=en
http://inspirehep.net/record/1697447
http://arxiv.org/abs/arXiv:1810.03421


Our ORNL Team
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Starting Simple: 1+1 Dim QED
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Derek Leinweber Natalie Klco

• Charge screening
• Confinement
• Fermion condensate
• Hadrons and nuclei



Symmetries and the Size of the Hilbert Space
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Classical pre-processing

Can this be done in situ ?

Classical post-processing 



VQE - GS Preparation
Classical-Quantum Hybrid Calculation
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Parameters in quantum circuit optimized classically
(Bayesian) 

r = Number of CNOT-gates per CNOT-gate 



Living NISQ - IBM
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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Living NISQ - IBM
Trotter Evolution U(t)

313.6 QPU-s and 260 IBM units[ ``Capacity computing’’  - required only 2 of the 5 qubits on the chip ]



Cloud Access: Low Barrier for ``Entry’’
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Lattice QCD application chroma code written by Savage (2012) for NPLQCD, 
adapted from other chroma codes written by Robert Edwards and Balint Joo [JLab, 
USQCD, SciDAC].

c++

Displaced propagator sources generate hadronic blocks projected onto cubic irreps. 
to access meson-meson scattering amplitudes in L>0 partial waves.

Python3 code written by Savage (2018) to access IBM quantum devices through 
``the cloud’’ (through ORNL).  IBM templates and example codes.

Calculates Trotter evolution of +ve parity sector of the 2-spatial-site Schwinger Model.



Subatomic Simulations with an 
All-Optical Quantum Frequency Processor

e-Print: arXiv:1810.03959 [quant-ph] 
Pavel Lougovski

http://arxiv.org/abs/arXiv:1810.03959


VQE : 

All-Optical QFT
2-Hadron Forces  in the Schwinger Model

• single photon states in frequency comb
• 68-dim Hilbert space (largest to date)
• entanglement prepared classically 

•  is a classical calculation …
• next: entangle multiple photons in the device Natalie Klco 

PhD student, INT



2 and 3-Hadron Potentials in the Schwinger Model

Created by Natalie Klco in 
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Digitizing Quantum Fields

Jordan, Lee and Preskill - several works

What is the optimal way to map field theories onto NISQ-era quantum computers?

Created by Natalie Klco 

Macridin et al, FNAL
Klco and MJS, INT

3 Qubits = 8 States
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Discretizing and Digitization of Field Theory

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

x

Φ

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

Jordan, Lee and Preskill - several works
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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

Digitizing Fields

Digitizing Gauge Fields: Lattice Monte Carlo Results for Future Quantum Computers  
Daniel C. Hackett (Colorado U.), Kiel Howe, Ciaran Hughes (Fermilab), William Jay (Colorado 
U. & Fermilab), Ethan T. Neil (Colorado U. & RIKEN BNL), James N. Simone (Fermilab). Nov 
e-Print: arXiv:1811.03629 [quant-ph]

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
http://inspirehep.net/record/1702968
http://inspirehep.net/author/profile/Hackett%2C%20Daniel%20C.?recid=1702968&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Colorado%20U.%22&ln=en
http://inspirehep.net/author/profile/Howe%2C%20Kiel?recid=1702968&ln=en
http://inspirehep.net/author/profile/Hughes%2C%20Ciaran?recid=1702968&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Fermilab%22&ln=en
http://inspirehep.net/author/profile/Jay%2C%20William?recid=1702968&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Colorado%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Fermilab%22&ln=en
http://inspirehep.net/author/profile/Neil%2C%20Ethan%20T.?recid=1702968&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Colorado%20U.%22&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22RIKEN%20BNL%22&ln=en
http://inspirehep.net/author/profile/Simone%2C%20James%20N.?recid=1702968&ln=en
http://inspirehep.net/search?cc=Institutions&p=institution:%22Fermilab%22&ln=en
http://arxiv.org/abs/arXiv:1811.03629


Digitizing Scalar Field Theory

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

http://inspirehep.net/record/1692066
http://inspirehep.net/author/profile/Klco%2C%20Natalie?recid=1692066&ln=en
http://arxiv.org/abs/arXiv:1808.10378


2+1, 3+1 QFT

Gauss's Law, Duality, and the Hamiltonian 
Formulation of U(1) Lattice Gauge Theory  
David B. Kaplan, Jesse R. Stryker,  arXiv:1806.08797 
[hep-lat]

SU(2) lattice gauge theory: Local dynamics 
on nonintersecting electric flux loops  
Ramesh Anishetty, Indrakshi Raychowdhury, 
Phys.Rev. D90 (2014) no.11, 114503  arXiv:1408.6331 
[hep-lat] 

Digital quantum simulation of lattice gauge 
theories in three spatial dimensions  
Julian Bender, Erez Zohar, Alessandro Farace, J. 
Ignacio Cirac,  
New J.Phys. 20 (2018) no.9, 093001,  arXiv:
1804.02082 [quant-ph] Slide by Jesse Stryker (UW)

Slide by Jesse Stryker (UW)

http://inspirehep.net/record/1679339
http://inspirehep.net/author/profile/Kaplan%2C%20David%20B.?recid=1679339&ln=en
http://inspirehep.net/author/profile/Stryker%2C%20Jesse%20R.?recid=1679339&ln=en
http://arxiv.org/abs/arXiv:1806.08797
http://inspirehep.net/record/1312629
http://inspirehep.net/author/profile/Anishetty%2C%20Ramesh?recid=1312629&ln=en
http://inspirehep.net/author/profile/Raychowdhury%2C%20Indrakshi?recid=1312629&ln=en
http://arxiv.org/abs/arXiv:1408.6331
http://inspirehep.net/record/1666358
http://inspirehep.net/author/profile/Bender%2C%20Julian?recid=1666358&ln=en
http://inspirehep.net/author/profile/Zohar%2C%20Erez?recid=1666358&ln=en
http://inspirehep.net/author/profile/Farace%2C%20Alessandro?recid=1666358&ln=en
http://inspirehep.net/author/profile/Cirac%2C%20J.%20Ignacio?recid=1666358&ln=en
http://arxiv.org/abs/arXiv:1804.02082


Summary

Quantum Computing and QIS now entering QCD
• Significant potential for disruption with new understandings and capabilities

• address exponentially difficult challenges - finite-density and dynamics
• will not replace LQCD with classical computing 

• Lattice QCD likely the appropriate tool - Hamiltonian formulation
• technology transfer is underway
• low-dimensional, simple systems being ``stood up’’

QFT developments will likely impact QC
• lattices of qubits required for logical qubits and error-correction
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