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Whim Inevitable Progression of Research:

• ~100 years: Clear theory understanding of 

interactions suffering prohibitive costs to 

calculate emergent collective phenomena

• ~100 years: Overwhelming experimental evidence 

for distinct physical phenomena (entanglement)

• ~25 years: Strong theoretical evidence of 

complexity separation

• ~40 years: Shared vision developed across 

disciplines.  Ability to see further.

The ideas underlying a computational framework 

affect the ease with which its many units of nature 

can be choreographed in performance

Opportunity to deeply align 

our calculations with Nature 



Our Quantum Universe

“Nature isn't classical, dammit, and if you want to make a simulation of 

nature, you'd better make it quantum mechanical, and by golly it's a 

wonderful problem, because it doesn't look so easy.”   --Feynman (1980)

There exist correlations in nature that cannot be imitated 

by deterministic, local classical computations (1935): EPR paradox 

(1964): Bell’s experiment

(1982): Aspect-Grainger 

experimental realization
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10100 ≈ 2333

30 qubits : 16 Gb

40 qubits : 16 Tb

50 qubits : 16 Pb



Meaningful 

Words and 

information

Meaningful 

Words and 

information

Meaningful 

Words and 

information

Meaningful 

Words and 

information

Meaningful 

Words and 

information

Entanglement

QI stored non-locally 

in correlations

between pages 

Entropy
𝑆 ≅ 𝑁 − 2−(𝑁+1)

subsystem information 

decreases exponentially
Page (1993)



(1995) DiVincenzo: 

• Two-bit gates are universal for quantum computation

• e.g., No fundamental 3-body operators necessary

(1995) Solovay-Kitaev Theorem: 

• Efficient generating gate set for digital QC

(1995) Shor Quantum Error Correction Code: 

• Shor, Steane, Calderbank, Bennett, DiVincenzo, Smolin, Wootters…

• Quantum states can be protected from continuous errors! 

(1996) Threshold Theorem: 

• Knill-Laflamme, Gottesman, Aharonov, Ben-Or, Kitaev

• Below threshold, arbitrarily long QC possible





2016 estimates for 2025 computing requirements



NASA animation of Neutron star merger

Atlas (2011)

Phys. Rev. Lett. 114, 

252302 (2015)



Role of Quantum FieldsPSPACE

NP-
complete

NP

BQP

P

Efficiently solved
by quantum
computer

Efficiently solved by classical computer
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qubit array 

~ 

quantum field 
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Holographic Codes

Surface Codes

Analog Simulators

Kitaev (1997)

Pastawski, Yoshida, Harlow, Preskill (2015)
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CNOT + (1-qubit ops) sufficient for universal QC



Entanglement modifications are state dependent

entangled

not entangled









Conjecture: dynamical suppression of entanglement fluctuations is an infrared feature 

of strong interactions producing otherwise-unexpected emergent symmetries





(1961) Reeh-Schlieder

Dense exploration of the field vacuum sector 

through local operators on the vacuum

(2000) Reznik

only if ۧȁ𝜒 = 0

Distillation of vacuum entanglement to EPR pairs



Negativity
Entanglement Monotone: non-increasing under local ops.

Sufficient though not necessary for indicating entanglement

Upper bound to distillable entanglement

𝜌 > 0 𝜌𝑇 > 0

𝜌𝐴⊗𝜌𝐵 > 0

𝜌𝐴⊗ (𝜌𝐵)
𝑇 = (𝜌𝐴⊗𝜌𝐵)

Γ𝐵 > 0

Heralds non-separability

(𝜌𝐴𝐵)
Γ𝐵 < 0

Density Matrices Positive Definite:

Partial Transpose

G. Vidal; R. F. Werner (2002)

"A computable measure of entanglement“

Phys. Rev. A. 65: 032314.
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𝒎 ≠ 𝟎

𝒎 = 𝟎

𝝓𝟏𝝓𝟐 𝓝𝑼𝑽 𝓝𝑰𝑹

Marcovitch et. al. (2009) NK, Savage (2020) 



Distillable 

Entanglement

In the Field

= 𝟎
≠ 𝟎

UV

IR

Hardware 

implementations are 

sensitive to UV and IR 

entanglement 

structures 



Summary
❑ Understanding the role of entanglement in subatomic 

interactions is expected to provide deeper natural 

insights, as well as inform their successful 

simulation on atomic-scale quantum architectures

❑ Field theories provide a natural language for the 

design of quantum simulations and large-scale 

quantum computing

❑ Formulating a calculation for QC requires new 

perspectives on the roles of measurements, 

entanglement structure, superposition, and 

interference as computational resources.

❑ The NISQ era creates small devices to begin developing 

intuition and identifying important features for Physics 

applications on future fault tolerant devices.
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