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Historically rare for a dramatic restructuring of a 

computational framework to be embraced before 

scientifically-relevant supremacy is proven.

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 
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−Feynman

Processing of quantum information



Quantum Simulation 101

State Preparation---Time Evolution---Measurement
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Simulation D.o.F. Hardware D.o.F.

“basis”

What will the Hilbert space mean?



• robust, reliable, and available historically earlier than their digital counterparts

• quantum system tuned to emulate relevant dynamics with natural time evolution

• “Computing through Simile”  

Language is a filter capable of both distorting 
and sharpening the development of ideas

• Digital-Analog

• Quantum-Classical Where is the Line?

Simulation D.o.F. Hardware D.o.F.

“basis”

• Flexible language

• Digitized errors 

What will the Hilbert space mean?

Is there a Line?



(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

(1998) Gottesman-Knill Theorem: 

• Stabilizer circuits classically simulated in polynomial time. 

• Entanglement is not a sufficient criteria for complexity.
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T-gate count meaningful expression 

of quantum simulation complexity

NP-relevant T-

complexities?



Tensor Networks as Truncated 

Entanglement Hierarchy 

Schmidt Decomposition

Real-Time Dynamics in U(1) Lattice Gauge Theories 

with Tensor Networks. Pichler et. al. (2016)
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complete
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BQP
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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)
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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
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Holographic Codes

Surface Codes

Analog Simulators

Kitaev (1997)

Pastawski, Yoshida, Harlow, Preskill (2015)



(1961) Reeh-Schlieder

Dense exploration of the field vacuum sector 

through local operators on the vacuum

(2003) Reznik

only if ۧȁ𝜒 = 0

Distillation of vacuum entanglement to EPR pairs





classical calculations (e.g., snapshots of QCD vacuum)

to inform non-dynamical state preparation on 

beyond-classical quantum devices

Systematically Localizable Circuits

NK, Savage    10.1103/PhysRevA.102.012619



Distillable Entanglement
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Big Hilbert Spaces are Useful

• Commensurate with Physical System

• Quantum Error Correction

• Conserved Quantities (e.g., Chemistry)

• Symmetries, both local and global (e.g., Gauge Theory)

..but needs to be protected

• Software: surface codes with local symmetry

• Logical qubit embedded into ~104 physical

• Hardware: braiding topological phases of matter

• Software: Holographic codes

• Codesign: Map gauss’ law to hardware-conserved quantity

• Codesign: classical error mitigation, post selection, 

randomization, decoherence-free subspaces…
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Hardware-advantageous 

UV/IR entanglement 

structure? 

The Line?

Simulations Inform Performance 

for NP Application?

Entanglement/Complexity 

of  NP simulations

Gauge Theories for 

Protection?


