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Calculating Nature Naturally: 

Quantum Simulating Quantum Fields



Predicament:

HPCwire

Gluon field 

configurations in QCD 

vacuum 

(action density)

2.4 x 2.4 x 3.6 fm

ORNL Summit

~340 tons 

5,600 sq. ft.

185 miles of fiber optics Derek Leinweber





2016 estimates for 

2025 computing 

requirements

Simulation of Small U(1) 

Lattice Gauge Theory with 

Trapped Ions



Dynamically Evolving 

Parameter Space



Fundamental Physics or Large-Scale 

Error-Corrected Computation



Role of Quantum FieldsPSPACE

NP-
complete

NP

BQP

P

Efficiently solved
by quantum
computer

Efficiently solved by classical computer

Vac-vac 𝜆𝜙4+ classical sources 
(Jordan, Krovi, Lee, Preskill) 2018

Forrelation oracle 
separation (Raz, Tal)

computation 

~ 

quantum field 

• Q Sim. efficient for local Hamiltonians (Feynman, Lloyd) 

• Scattering efficient--massive 𝜆𝜙4
, Gross Neveu--precision, energy, 

particle #, coupling strength (Jordan, Lee, Preskill)

• BQP Hard: Vacuum-to-Vacuum in massive 𝜆𝜙4
with classical sources.  

Map all of BQP.  (Jordan, Krovi, Lee, Preskill)

• BQP Complete: universal for QC (Jordan, Krovi, Lee, Preskill)

Aaronson (Sci. Am.)

nature 

~ 

quantum field 

qubit array 

~ 

quantum field 
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Holographic Codes

Surface Codes

Analog Simulators

Kitaev (1997)

Pastawski, Yoshida, Harlow, Preskill (2015)

arXiv:2107.04769



PhysRevLett.127.212001



Perplexing Burden

Valuable Resource

Guiding Principle for Simulation Design

growing MPS 

bond dimension



(1961) Reeh-Schlieder

Dense exploration of the field vacuum sector 

through local operators on the vacuum

(1991) Valentini

(2000) Reznik

only if ۧȁ𝜒 = 0

Distillation of vacuum entanglement to EPR pairs
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𝒩~ 𝑒−𝛽
ǁ𝑟
𝑑𝒩~ 𝑒−𝛽
ǁ𝑟
𝑑

Exp. decay from poly/log 

2-point correlation functions 

1D: Marcovitch + (2008)

2D: NK, Savage (2020)

3D: NK, Savage (2021)

𝒩𝒩 ~ 𝑒−Λ𝑑𝒩𝒩 ~ 𝑒−Λ𝑑

Distribute entangled pairs + separable resource

Local unitaries vacuum state



Negativity
Entanglement Monotone

Sufficient (necessary) for indicating entanglement

Upper bound to distillable entanglement

UV, IR finite

𝜌 > 0 𝜌𝑇 > 0

𝜌𝐴 ⊗𝜌𝐵 > 0

𝜌𝐴 ⊗ (𝜌𝐵)
𝑇 = (𝜌𝐴⊗𝜌𝐵)

Γ𝐵 > 0
Detects inseparability

(𝜌𝐴𝐵)
Γ𝐵 < 0

Density Matrices Positive Definite:

Partial Transpose

Peres (1996) 

Horodecki3 (1996)

Eisert-Plenio (1999),

Vidal-Werner (2002)

Physically: local 𝑝 → −𝑝 transformation

One of an infinite family of positive maps/symmetry transformations 

that a separable state would be required to satisfy

Entanglement Entropy : mixed states

Mutual Information : Quantum 

Correlations 



𝒩 = 0

𝒩 ≠ 0

Is it distillable?

Is it entangled?

Is it entangled?

Is it distillable?

Upper bound for distillable entanglement

**free field vacuua are not generic states** 

…is it all distillable?  

…is there more?                arXiv:2110.10736



𝒩 ~ 𝑒−𝛽
ǁ𝑟
𝑑𝒩 ~ 𝑒−𝛽
ǁ𝑟
𝑑

ǁ𝑟𝒩
𝑑

~
𝛾

𝑎
𝑑

ǁ𝑟𝒩
𝑑

~
𝛾

𝑎
𝑑

𝒩𝒩 ~ 𝑒−𝛽𝛾
𝑑
𝑎𝒩𝒩 ~ 𝑒−𝛽𝛾
𝑑
𝑎

D-dependent

𝒩𝒩 ~ 𝑒−𝛽𝛾
𝑑
𝑎 ~ 𝑒−𝜋

𝑑
𝑎 ~ 𝑒−Λ𝑑𝒩𝒩 ~ 𝑒−𝛽𝛾

𝑑
𝑎 ~ 𝑒−𝜋

𝑑
𝑎 ~ 𝑒−Λ𝑑

𝛽𝛾𝛽𝛾 1𝐷: 3.14 3
2𝐷: 3.2 1
3𝐷: 3.2(1)

UV trunc.

Λ =
𝜋

𝑎

Numerical

conjecture

Suggests a saturation of 

information in the field 

description for supporting 

non-locality

Marcovitch+ 

(2008)



Fluctuations at 

the lattice scale 

outside of 

entanglement 

sphere

long-distance quantum correlations probe 

short-distance physics



1D, m = 0.003, d = 30

(Symplectic Spectrum)



Create core of Entangled Pairs

Locally Transform

In reverse, provides technique 

for digital quantum state 

preparation of vacuum

…is it all distillable?  

…is there more?                arXiv:2110.10736



(Exasperated)  

Do I have to? Separability:  No, but 

you perhaps can!

Many physical procedures can lead to the 

same density matrix (decomps. not unique)

Terminology Quirk:  leads to confusing 

possibilities as 

𝑠𝑒𝑝𝑎𝑟𝑎𝑏𝑙𝑒 + 𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙 𝑐𝑜𝑚𝑚𝑠.→ 𝑒𝑛𝑡𝑎𝑛𝑔𝑙𝑒𝑚𝑒𝑛𝑡

Of little consequence for bipartite 

systems…

…can cause entanglement to become 

“bound” in many-body systems

𝜌 Separable

Generated with 

entanglement
Separability Obscured 

Entangled (SOE)



Clearest Example:  PPT inseparable state

Indistillable entangled

Horodecki Phys.Lett. A232 (1997) 333

More Broadly: Operational Difference Between 

Formation and Distillable Entanglement 

challenging Upper bound “computable”

1

2

3

4or

𝜌 separable:
𝜌24 separable:

13|24

2|4

𝒩2ȁ134 > 0

𝝆𝟏𝟑 ⊗𝝆𝟐 ⊗𝝆𝟒



Free scalar field exhibits 

bound entanglement



Entanglement 

• limits classical dynamical simulations

• guides design of quantum implementations

long-distance quantum correlations probe 

short-distance physics

Entanglement consolidation identifies bound 

entanglement and path for state preparation



Entanglement 

• limits classical dynamical simulations

• guides design of quantum implementations

long-distance quantum correlations probe 

short-distance physics

Entanglement consolidation identifies bound 

entanglement and path for state preparation


