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Qubits

Quantum annealers are collection of Quantum gates are logical circuit 
interacting qubits, in which interaction elements acting on (several) qubit(s). 
strength and coupling are tunable.
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NB Gate-based circuit is versatile. However, in the NISQ 
(Noisy Intermediate-Scale Quantum) compute era, annealer is also useful.



Quantum Advantage

Quantum Advantage refers to a computational advantage one can take when 
solving a problem by using quantum algorithm and quantum processor over their 
classical counterparts.
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“size” of problems
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complexity 
(e.g. resource, time, steps)

(exponential) speed-up
è advantage



Quantum Advantage

Quantum Simulation is inspired by that the quantum circuit provides a natural 
embedding of Hamiltonian time-evolution on a Quantum Processor.
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Digital Quantum Simulation

Application to spectroscopy : measuring the excited state* spectra through 
dynamical process
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unitary time evolution ~ action of unitary gates

degree 
of 

freedom

Q3. how to encode interactions into discrete sets of gates?

Q2. how to encode 
quantum fields into spin qubits?

Q1. which process depending on the energy gap?

* gauge-invariant excited energy eigenstate 



Fermi Golden Rule

Transition rate from an initial state to a final state under the time-dependent
(sinusoidal) perturbation 

NB This rule is derived by perturbation theory

[Dirac 1927], [Fermi 1950]
e.g. [Gottfried, Yan 03]

selection rule
e.g. parity, momentum (approximate)

frequency matching with spectral gap
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Quantum Simulation for Spectroscopy

Application to spectroscopy : meausuring the excited state* spectra (gap)

NB Practically, they measured

• : transition occurs.
• : vacuum remains.
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* gauge-invariant excited energy eigenstate 

frequency matchingselection rule
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[Senko, Smith, Richerme, Lee, Campbell, Monroe 14]

approximated ground state



Quantum Simulation for Spectroscopy

Application to spectroscopy : meausuring the excited state* spectra (gap)

NB For general model, we measure

• : transition occurs.
• : vacuum remains.

9

* gauge-invariant excited energy eigenstate 

frequency matchingselection rule
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Schwinger Model, i.e. 2d QED

[1] Lagrangian density

[2] Phase diagram and accessibility by (exact / numerical) techniques

NB duality with massive sine-Gordon model (bosonization)

[Schwinger 1951, 1962]
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Ising CFT 
(2nd order)

pure Maxwell

Monte-Carlo simulation
(conventional lattice gauge approach)

mass perturbation theory
free scalar (Schwinger meson)

[Coleman 1976]

symm-broken phase
(degenerate vacua)



Qubit Description of Schwinger Model

Qubit-mapped Hamiltonian (after solving Gauss constraint with OBC)

e.g. [Chakraborty, Honda, Izubuchi, Kikuchi, Tomiya 20]
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Outline

1. Ground state preparation by adiabatic procedure
2. Time-evolution with quenched Hamiltonian
3. Measurement of the vacuum persistency probability (or vac-to-vac probability)

Coherent Imaging Spectroscopy

measurement!
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One of the powerful heuristics in finding out the ground state of Hamiltonian

[1] Prepare the vacuum of well-known Hamiltonian, e.g. Ising spin chain
[2] Tune its parameter slowly so that they becomes those of Hamiltonian of interest

Adiabatic State Preparation
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more complicated Hamiltonian
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Outline

1. Ground state preparation by adiabatic procedure
2. Time-evolution with quenched Hamiltonian
3. Measurement of the vacuum persistency probability (or vac-to-vac probability)

Coherent Imaging Spectroscopy

measurement!
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Discrete time evolution due to gate-based construction of quantum circuit

NB In a gate-based quantum circuit, we use a finite set of gates in generating 
(infinitely many) unitary gates. The followings are examples of 1-qubit gates;

Suzuki-Trotter Decomposition
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Discrete time evolution due to gate-based construction of quantum circuit

e.g. Ising spin chain

Suzuki-Trotter Decomposition

18simple RX gate



External Quench with(out) spatial modulation

eg. pseudo-scalar condensate operator
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charged Dirac fermion

chirality matrix 

Jordan-Wigner transformation



Outcome : Probability Histogram!

• We can measure the state population following the quench.
• Measurement basis is Z-eigenstate basis ≠ Eigenvectors of Hamiltonian

Probabilistic Outcome of Quantum Computation

measurement!
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Outcome : Probability Histogram!

• We can measure the state population following the quench.
• Measurement basis is Z-eigenstate basis ≠ Eigenvectors of Hamiltonian
• Take the conjugate process of adiabatic vacuum preparation, then by reading 

|101010..1> population, vac-to-vac probability can be read off!

Probabilistic Outcome of Quantum Computation

measurement!
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[1] Basic : Quantum Advantage and Digital Quantum Simulation

[2] Physics : Schwinger Model, or (1+1)D QED with Topological Term

[3] Q-Algo : Coherent Imaging Spectroscopy

[4] Discussion : Advantage / Drawback, Complexity Analysis

Digital Quantum Simulation
for the Spectroscopy of Schwinger Model



Pseudo-scalar condensate quench
measure!

Vacuum-to-vacuum probability with 4 low excited states’ energy spectra

23
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Pseudo-scalar condensate quench
measure!

Vacuum-to-vacuum probability with 4 low excited states’ energy spectra
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PROs and CONs

Advantage :
[1] can directly explore high-energy regime
[2] can filter quantum number by choosing operator and weights

Technically, we have other advantage like…
[1] result is robust under the infidelity during the initial state preparation
[2] (empirically) small shot number can result in a nice-looking plot
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measure!



Complexity Analysis

Five time scales associated with the simulation
[1] Trotterization frequency 

[2] quench frequency

[3] simulation time scale

[4] Resolution in quench frequency

[5] characteristic scale from perturbation theory
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Complexity Analysis

Lessons
[1] Hierarchy between temporal scales

[2] Gate complexity (# of CNOT or CZ gates acting on two-qubit)
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Summary

[1] Hamiltonian formulation on a digital quantum processor simulates a state 
transition induced by external sinusoidal quench.

[2] Vacuum persistency probability signals the existence of excited state whose 
energy is identical to the frequency of quench.

- Selection rule on the quantum number matters.
- - No-signal ≠ Nothing; new lesson from the various quench operators

[3] Perturbation theory-based complexity analysis gives N-polynomial complexity.

[4] More detailed physics analysis on the excited spectra on Schwinger / Ising 
model should be carried.
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Thank you


