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We are entering a transformational period for advanced 
technologies to accelerate research in Fundamental Science    
-

•Quantum simulations are advancing, heading into  2+1D 
•  Evolution from NISQ to fault tolerant/error correcting 
•  Understanding quantum complexity

• QIS, quantum computing and AI will enable researchers 
to progress toward our priorities in FS  

• Universities, national labs and tech. companies together  
• FS is finely-tuned and a balance between classical and 

quantum, massive range of energy scales.



Department of Energy Road Map



InQubator for Quantum Simulation
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Beyond NISQ and 

Beyond Qubits
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Introduction to Quantum 
Information in Fundamental 
Physics



Quantum  
Gate Set

Decades of High Performance Computing experience

• Physics-Aware Algorithms and Hardware (into the peta-scale)
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Why Quantum computers?  
• Probe processes/mechanisms at yocto-sec time scales

• Predictions for experimentally inaccessible environments

• Nuclear reactions

• Non-equilibrium dynamics and thermalization

• Can ask ``unphysical questions’’

Discovery Accelerated by Quantum Simulation and Technology



e.g., the ALICE Detector at CERN

e.g., High-Energy Matter in Collision and Discovery

Hadrons and Nuclei      to      QGP/Liquid      to      Hydrodynamics



e.g., Hot and Dense Non-Equilibrium Matter



Moving Through New Exotic Matter - Transport

• Probe created matter via ``signatures’’ entering detectors 


•  e.g., production of heavy quarks and their composites


• Electromagnetic energy loss by particles is well measured/understood





Quantum Systems for Quantum Systems

Quantum Mechanics “is the same” at all 
scales we have probed (so far)

Quantum Simulation uses quantum systems 
at one scale to simulate quantum systems at 
another scale!
(Feynman, Benioff, Manin and others, early 1980s) 
-

New Zealand Silver Fern - The Koru



Flipping the Switch: 2016 - 2018 

2016 - Innsbruck

1+1D QED e+e-e+e-

2018 - ORNL
The Deuteron

Nuclear 

(2016) Exascale Resource 
Requirements

For NP

Finite-density and Real-time 
beyond exascale for NP

IBM 
Cloud-accessible 

quantum computers



Example Road Maps for Quantum Processors

Neutral Atom

Trapped Ion

Superconducting



IBM Quantum Summit - NYC December 2023



Select Advances in Quantum Computing

Cold-Atom arrays with 

    Optical Tweezers 


Mid-circuit 

measurements

Qudits with trapped ions 


Surface code

>100 superconducting qubits

4 Logical Qubits

32-qubit H2-1 trapped ions 
(Quantinuum-Microsoft)



From Classical to Error-Corrected Quantum Computing

Insights, 
ideas, 
sub-parts, 
observables,
algorithms

Precision simulations 

Physics Output 
Optimization



Map fundamental fields Optimize for target 
observables - Physics Aware

Encoding Physical Systems  
Different Architectures and Different Formulations 
Physics-Aware Quantum Simulations

Human-intensive co-design exploration

Trapped Ions

Neutral Atoms Annealer

Superconducting 
qubit



Lectures by Professor Dmitri Kharzeev 

covered Entanglement wonderfully
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Quantum Complexity



A Review



Quantum Complexity Classes - Computer Science Perspective

BQP: Bounded Quantum Polynomial 

- Think ``P’’ and ``PSPACE’’

QMA: Quantum Merlin Arthur - Think ``NP’’

If N(comp) = cn Na   and     t(comp) = dn tb 

``asymptotically’’

then simulation can be performed

``efficiently’’.


The ``most general problem’’


Subleading is important


Kitaev, Kempe, Preskill, Jordan, Lee, ….



Device
Theory/Mapping
Hamiltonian Truncation

Example sources 

of error

Errors/Uncertainties are a Defining Consideration in Simulations

Theory errors, mapping errors , 
algorithm errors, workflow errors, 
device errors, analysis errors …..

Can find the source(s) of the largest errors

and relax the others.


Exponential improvability is good!




Quantum Complexity Classes - Physicists Perspective
Run science problem (application) on cutting-edge, 
near-term quantum computer, with finite resources/
limited access…


Not asymptotic, optimization trade offs, etc


Wow - that took longer/shorter than we thought it 
would! … or… that is a better result than we expected


i.e. benchmarking performance of available hardware, 
each with distinct limitations


Quantum Complexity measures inform optimization 
and hybridization

•What to use HPC for and what to use QC for?

•Neutral atom for memory, superconducting for QPU?




Solovay-Kitaev Theorem (1995, 97)

1-Qubit SU(2) rotations



Classical and Universal Quantum Gate Sets

1-Qubit Operations

2-Qubit Operations

The Clifford Group - maps Paulis to Paulis



Classical and Universal Quantum Gate Sets

1-Qubit Operations

2-Qubit Operations



The Gottesman-Knill Theorem 
1998

2008

Subset of the Hilbert space, including large-scale multi-partite entangled states.

Clifford Gates

H, S, CNOT

Clifford Circuits can be simulated efficiently with classical computers 

Stabilizer states form a projective 3-design for qubits   2-design for other primes



e.g.,  1 and 2-Qubit Stabilizer States 

Tensor-product - 1Q Entangled States



Stabilizer States are Special ! 

Qubits: d=2 : 6 for nQ=1, 60 for n=2, 1080 for nQ=3, …
Qutrits: d=3 : 12 for nQ=1, 360 for n=2, 30240 for nQ=3, …

d=prime: stabilizer states == undirected graphs

For stabilizer  states: 2n of the P have |cP| = 1 and 4n-2n have |cP|=0 



Magic Measures 

Magic

 L. Leone, S. F. E. Oliviero, and A. Hamma, Stabilizer Rényi Entropy, Phys. Rev. Lett. 128, 050402 (2022),

# of stabilizers distance to nearest stabilizer



Magic in 1 Qubit 

 L. Leone, S. F. E. Oliviero, and A. Hamma, Stabilizer Rényi Entropy, Phys. Rev. Lett. 128, 050402 (2022),



When is a Quantum Computer Required? 
Quantum Complexity of Physical Systems? 

Entanglement

Magic

Alioscia Hamma
Classical gate set  
operations

How far from 

``Classically Easy’’ 

Is the state

Non-local 

magic



When is a Quantum Computer Required? 
Quantum Complexity of Physical Systems? 



Non-Local Magic - Looking for Dragons  

Saturates in all numerical experiments

A B
UA (angles(A)) UB (angles(B))



and the corresponding non-local minimization

- numerically challenging due to number of stabilizers

- Valid for both pure and mixed states

- Require an optimization for xi, and non-local require further optimizations.

Local and Non-Local Robustness of  Magic  

If R=1, then the xi form a probability distribution and 

can be sampled classically without a sign problem.


R>1 indicates 1 or more negative xi and 

a growing sign problem



Qubits and Qutrits

2-Qubits or Qutrit wave functions randomly-selected wave functions 

(Haar measure)

Qubits Qutrits



Entanglement and Magic Phase Transitions



Complexity Barriers

2025 2014

Lipkin Model



String Breaking and Hadronization

QCD in 3+1D

Derek Leinweber

Robustness of Magic

How far away is the nearest classically efficient state

Sebastian Grieninger, Nikita Zemlevskiy, MJS
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Quantum Complexity in Neutrinos - Qutrits

Figure created by Ramya Bhaskar

For the two-qutrit system, explicit calculation gives a maximum value of magic in a tensor-product state of M2 = 2 

(consistent with 2× the maximum value for a single three-flavor neutrino), 

while entangled states can support a maximum value of M2 = 2.23379.



1-Plaquette of SU(2) Yang-Mills 
Magic to Guide Truncations (?)

jMax =1/2, 1, 3/2, 2, …

qudit
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Marc Illa + MJS

Magic in the GS

Preliminary



Anti-Flatness 

A B

4



Renormalization Group Flow of Complexity

Gaussian Smearing Sequency Truncation

6-qubits from Haar measure



Entanglement and Magic Power of the  
S-Matrix : Low-energy Baryon-Baryon

S-wave, elastic, coupled spin channels

Vanishing entanglement and magic power:

2-flavor = SU(4) spin-flavor emergent

3-flavor = SU(16) spin-flavor emergent

Conformal symmetries



Hyperon-Nucleon

Neutron-Proton

Entanglement and Magic Power of the  
S-Matrix : Low-energy Baryon-Baryon



Lattice QCD Results and Symmetries

~800 MeV pion mass

Results consistent with SU(6) and SU(16)



Total Magic Power of Gluons 
Perturbation Theory



Non-Local Magic Power of Gluons 
Perturbation Theory



Top—Anti-Top Production at LHC
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Quantum Complexity

End of Day-1



From NISQ to Fault Tolerant - Sequency Hierarchies

Magic in a Gaussian: 

UV versus IR qubits

• e-Print: 2407.13835 [quant-ph]

https://arxiv.org/abs/2407.13835


N-Tangles 



26Ne28Si

8-tangles

Magic and Multi-Partite Entanglement in Nuclei



Magic and Multi-Partite Entanglement in Nuclei

Shape co-existence



Restricted Boltzmann Machines 
Infidelity and Quantum Complexity



Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Full theory has rotational symmetry


Truncated Hamiltonian does not


Angular optimization of truncated space




Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Naive truncation: power law corrections


Optimized truncation: exponential corrections

over some of the Hilbert space


Likely to be of utility more generally for EFT 
developments




Complexity Rearrangment,  
Effective Model Spaces and Symmetries

Harmonic Oscillator wave function (lower)


Self-consistent wave function (upper) 


6He




Stabilizer Acceleration in Many-Body Systems

Explore all possible decompositions into Stabilizer Groups



Stabilizer Acceleration in Many-Body Systems
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Quantum Complexity

Quantum Complexity for Fundamental Quantum 
Many-Body Systems 

• Essential for optimal quantum simulations in fundamental 
physics - balancing quantum and classical resources 

• At the beginning stages 

• Potentially new methods for classical simulations



FIN


