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Quantum Simulation

“digital” quantum simulation ' quantum computer
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“analog” quantum simulation _| Tl tailored native evolution
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simulating system simulated system
(physical system at hand) (target dynamics of interest)
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Experimental system: QC architecture

- User | . i . ;
) | Quantum algorithms: Digital Quanium Simulation
% interface 9 git
£
£ |
E: 2 Quantum - Universal gates: Hadamard, C-NOT, CP, efe.
ESZ  compiler | Native gates: XX-Gates, R-gates
E:' 1
i Cluantum
S Pulse shaping: optimization of XX- and R-gates
| Optical addressing: qubit manipulation / detection
Hardware '

| Qubit register: jon trap, ¥b fon chain, etc.



Experimental system: Hardware
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Experimental system: Single qubit gates
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Experimental system: Two-qubit gates
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Two-qubit gates
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Experimental system: QC architecture “j“g"“' ‘; : L i —
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Digital Quantum Simulation: The Schwinger model



Digital Quantum Simulation: The Schwinger model

Schwinger model is a Quantum Field Theory in 1+1D

4 =
* Schwinger model has Quantum Chromodynamics -like phenomena 2 o
* Pair creation-annihilation . E e
« String breaking >-J 5 e ¢
» Testbed for quantum simulation methods?43 ' @ &
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Digital simulation with long(-ish) time dynamics P ey

[1] Coleman Ann. Phys. 101 (1976)
[2] Hebenstreit et al PRL. 111 (2013)
[3] Martinez et al Nature 534 (2016)
[4] Surace et al PRX 10 (2020)

[5] Mil et al Science 367 (2020)



Digital Quantum Simulation: The Schwinger model

Lattice Schwinger model (spinless 1+1D QFT, discretized space, normalize)
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Digital Quantum Simulation: The Schwinger model

Lattice Schwinger model (spinless 1+1D QFT, discretized space, normalize)
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Digital Quantum Simulation: The Schwinger model

Final qubit Hamiltonian

Fermion mass, hopping on lattice, E-field interaction
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Run Hamiltonian evolution as a quantum circuit: Trotterization
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Digital Quantum Simulation: The Schwinger model

Final qubit Hamiltonian

Fermion mass, hopping on lattice, E-field interaction

e Start at ground state of x=0 .
e Evolve with x#0 to time t (Trotterized) |vac) = [0101...01)
e Measure vacuum survival prob. / particle number density / E-field density
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Digital Quantum Simulation: The Schwinger model

Results (1-site model, 2 qubits)
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N. H. Nguyen et al., PRX Quantum 3, 020324 (2022) see also Innsbruck group: E. Martinez, Nature 516, 534 (2016)



Digital Quantum Simulation: The Schwinger model

Results (1-site model, 2 qubits)
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Digital Quantum Simulation: The Schwinger model

Results (2-site model, 4 qubits)
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Digital Quantum Simulation: The Schwinger model

Results (3-site model, 6 qubits)

=
0o

=
=

vacuum prob.

=
b3

=

0.6 "-,-ﬂ

]
— Exact & Experimental data |

® Trotterized ® Post-selected data 7

0

N. H. Nguyen et al., PRX Quantum 3, 020324 (2022)



Digital Quantum Simulation: Symmetry Protection

Can we mitigate more of the errors? e |

Raw simulation e
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Digital Quantum Simulation: Symmetry Protection
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Digital Quantum Simulation: Symmetry Protection
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Difficult Quantum Simulation... such as the Schwinger model



Analog Quantum Simulation Alternative ?
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Hybrid Quantum Simulation

The Schwinger model
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Hybrid Quantum Simulation: The Yukawa model
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 Scalar field theory: scalar bosons (field) interact with fermions (matter)
« Describes the Higgs field interacting with the leptons and quarks

« Explains mass generation
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Hybrid Quantum Simulation: The Yukawa model
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 Scalar field theory: scalar bosons (field) interact with fermions (matter)
« Describes the Higgs field interacting with the leptons and quarks
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Hybrid Quantum Simulation: The Yukawa model
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 Scalar field theory: scalar bosons (field) interact with fermions (matter)
« Describes the Higgs field interacting with the leptons and quarks

« Explains mass generation
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Hybrid Quantum Simulation: The Yukawa model Nhung Nguyen

Map fermions to spins and bosons to phonons

— .
-+ , Monday poster 27
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Z. Davoudi, NML, G. Pagano, Phys. Rev. Research 3, 043072 (2021) ' . .



Hybrid Quantum Simulation: The Yukawa model

¥ (0)

» Start in the ground state of non-interacting H (no fermions, anti-fermions, or bosons)
* Time evolution with Trotterization

* Measure revivals, avg. boson number
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Pairwise parallel gates

Y. Zhu et al., Adv. Quantum Technol. 020324 (2023)



Pairwise parallel gates

Y. Zhu et al., Adv. Quantum Technol. 020324 (2023)



transition probability
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Pairwise parallel gates
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Pairwise parallel gates

Parallel gates with overlapping ion: GHZ state
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Pairwise parallel gates

Parallel gates with overlapping ion: GHZ state
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Pairwise parallel gates
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Pairwise parallel gates
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Outlook: A new ion trap platform

collaboration with G. Pagano (Rice)



Outlook: A new ion trap platform

» Monolithic 3D trap made of Fused Silica by Translume Inc.

- - =

3D blade trap (with problems)

~ 2D surface traps (with fewer/different
’ , problems):
@% : DQC groups, PTB, NICT, Honeywell, NIST etc.

collaboration with G. Pagano (Rice)




Outlook: A new ion trap platform
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