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We discuss a method to efficiently compute energy spectra in quantum field theories by digi-
tal quantum simulation. We utilize a quantum algorithm called coherent imaging spectroscopy
which quenches the ground state with a perturbation oscillating periodically in time for various
frequencies and then reads off excited energy levels from values of frequencies having loss of
the vacuum-to-vacuum probability by the quench. We demonstrate this method in the Schwinger
model which is the (1+1)-dimensional quantum electrodynamics with a topological term. In par-
ticular, the ground state of the Schwinger model on lattice is prepared by adiabatic state preparation
and then we apply various types of quenches to the approximate ground state via Suzuki-Trotter
time evolution. We benchmark the types of quenches and argue their (dis)advantages especially
in the context of studying quantum field theories. We also estimate the computational complexity
to obtain physically reasonable results which likely implies efficiency of the method in the early
fault-tolerant quantum computer era.
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1. Introduction

Recently, technology on quantum computers rapidly advances and there has been growing
attention in theoretical physics including high energy physics (e.g. [1-3]). One of the most important
applications to high energy physics is the digital quantum simulation of quantum field theories
because it provides it is naturally implemented in the operator formalism of quantum field theory
and potentially a good solution to the infamous sign problem in the conventional Monte Carlo
approach (e.g. [4-06]). Instead we typically pay the price of dealing with a huge Hilbert space but it
may be overcome by quantum computers in future. It motivates us to extend and demonstrate the
utility of digital quantum simulation in the context of quantum field theory.

Here we discuss a method to study energy spectroscopy of quantum field theories by digital
quantum simulation. Inspired by the experimental method called coherent imaging spectroscopy
[7], we consider a quantum algorithm to compute excited energies in lattice field theories. The main
idea is to quench the ground state with a perturbation oscillating periodically in time for various
frequencies and then read off excited energy levels from values of frequencies having loss of the
vacuum-to-vacuum probability following the quench. We demonstrate our method in the Schwinger
model which is the (1+ 1)-dimensional quantum electrodynamics with non-trivial topological angle
6 [8, 9]. The Schwinger model is a well-known good test ground for quantum simulations of field
theories in the high energy physics context [10-29]. Since the Schwinger model can have the
non-trivial topological term i.e. the 6-term, it is naively hard to study the Schwinger model with
not small # by conventional Monte Carlo approach due the sign problem.! Thus, it is worth to study
its physics by the quantum simulation which is not easily captured by the conventional approach.

2. The lattice Schwinger model in operator formalism

To put the theory on quantum computer, we consider the lattice Schwinger model in operator
formalism and map it to a spin system. The Lagrangian density of the Schwinger model is
1 , 6 - 4 ) —

Ly = ngF01 + 5 For+yiy (Ou +iAu) ¥ —myyr, (1)
where m, g, and 8 are the mass of the electron, the gauge coupling and the topological angle,
respectively. The field ¢ is the two-component Dirac spinor associated with the electron while
Fo1 denotes the field strength of the gauge field A,,. Here, rather than Eq. (1), we work in another
physically equivalent Lagrangian obtained by the chiral transformation y — €!%75/2y asin [15, 32]:

1 _ _ .
£ TQZF(?I + iy (O +iAy) ¥ - m'l’elayS#’/- 2

Note that the 8-term is canceled by the chiral rotation due to the transformation of the path integral
measure closely related to the chiral anomaly [33].

Now we put the theory on a one-dimensional spatial lattice with open boundary condition. In
the temporal gauge, the Hamiltonian of the lattice Schwinger model with the staggered fermion is

10ne can circumvent the sign problem for the Euclidean path integral if we map it to the bosonized theory, which is
the massive scalar field theory with the trigonometric potential [30, 31].
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given by [34, 35]
N-2 N-2 " N-1
H=1J Z Lfl - Z (w - (—1)”5 sinQ) [XZUanH —h.c.] +mcos Z -D"xxn, @)

n=0 n=0 n=0

where N is the number of lattice sites. The parameters are defined in terms of the lattice spacing a
and coupling constant g as

2
ng’ W= — (4)

where we measure all the dimensionful quantities in the unit of g. The lattice fields satisfy the
canonical commutation relations

[Un’ Lm] = i0mnUn, {ij Xm} = Omn> {Xn, Xm} =0, (5

and physical states have to satisfy the lattice version of the Gauss law:

1-(-1)"
L= Ln-1 = XjXn = % (6)
Solving the Gauss law and applying the Jordan-Wigner transformation [36]:
N\ X, — 1Y,
xo = ([ ]-ize) =52 )

f<n

with the Pauli spins (X},,Y,, Z,) at site n, the lattice Hamiltonian is reduced to the following spin

Hamiltonian
H=Hzz+Hxx+Hyy +Hz, (8)
where
g =2 JN=2
Hzz = 3 ZyZe = 5 (N—-n-1)ZiZ,,
n=1 0<k<f<n n=1 k<n
1 = m
Hxx = 3 {W - (—1)'13 sin 9} XnXn+1 s
- o
1 m
Hyy = = {W — (=1)"—=sin 9} YoYoui1,
2 2
n=0
H, = MOS0 Iil( 11 Z,+ 2 N_zmod( +1 2)Zn:z
= - = n+l, )
zZ ) n ) 4
n=0 n=0 £=0

This is the qubit description of the lattice Schwinger model.
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3. Simulation method for energy spectroscopy

Let us first outline our simulation method for the energy spectroscopy of the lattice field theory.
The key idea is to quench the ground state of the theory by a periodic time dependent perturbation
with a particular frequency w and measure the survival probability of the ground state after the
quench. If the value of w is close to the energy difference between those of the excited states and
the ground state, then there should be a transition to the excited state from the ground state and
the survival probability of the ground state should be small at some time. If not, then the survival
probability should not become small at any time. Repeating this process for various values of
w, we can estimate the energy spectrum. More specifically, we have freedom to choose quantum
algorithms basically at two parts: how to prepare the ground state and implement the time evolution.
Here, for simplicity, we adopt the adiabatic state preparation for the ground state and Suzuki-Trotter
approximation for the time evolution [37-39] while we could use different algorithms like variation-
based ones, block-encoding and so on, depending on purposes and properties of hardware.

Coming back to the lattice Schwinger model Eq. (8), we prepare the ground state of the spin
Hamiltonian by adiabatically changing the initial state which is given by the ground state |vacg)
of the simpler initial Hamiltonian: Ho := H|,= 9=0m,=m, With Mo > 0 as in [15, 17, 19].
Specifically the initial state |vacg) is given by

[vaco) := |1010- - - 101) . (10)

Changing the coeflicients of the Hamiltonian so that each coeflicient interpolates the values in the
initial Hamiltonian Hy and the target Hamiltonian Eq. (9), the adiabatic theorem implies that the
state after the time evolution is approximately the ground state of the target Hamiltonian Eq. (9)
under the assumptions of the theorem.

Next, we introduce a time dependent perturbation by a gauge-invariant operator whose co-
efficient periodically depends on time with a particular frequency w. Specifically, we consider
the pseudo-chiral condensate yysy as a quenching operator. In particular we consider spatially
modulated quenches on the lattice given by the following Pauli spin operators

g N-2
AH (1) = = 3 (1) fosin(wr) (XnXast + Ya¥en) (11)
n=0
where the coeflicient f,, controls the spatial modulation while B,, with the mass dimension one
controls the overall strength of the quench. One of standard choices on f;, is simply that of discrete
Fourier transformation:

k
,fk) = Cos (Niinl) (k=0,1,2,---), (12)

where we call the integer k£ the mode number.

For implementation of the time evolution in the quantum circuit, we adopt the second order
Suzuki-Trotter approximation. Namely, the time evolution operator with the Hamiltonian Eq. (9) at
each Trotter step Atst is decomposed as

At Atg Atg

ST AtsT i  AIST i =T !
ST Hxx ,~i=5 Hyye—tAtsT(sz+Hz)e—‘ 3 Hxx =i HYY+O(—3) > (13)

e—LAtSTH ~ e—l
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where M is an integer to denote the total number of time steps of the quench. During the quench,
we take the coefficient of the Hamiltonian Eq. (9) to be Eq. (11). Finally, we make the measurement
of the survival probability of the ground state defined by’

4 2
(vac|T et [ At (H¥AH (1) yac) ™ | (14)

where the state |vac) is the ground state of the target Hamiltonian H and the symbol 7~ stands for the
time order product. Technically, the last measurement procedure requires the adiabatic preparation
of vacuum on the bra vector (vac| at the end of the quantum circuit for the simulation.

4. Results

4.1 Parameter setup

Before presenting our results, we explain how values of the parameters are set up in our
simulation. First note that the simulation involves four different (angular) frequency scales:

* Trotterization frequency wsr = Azt% from the Suzuki-Trotter approximation.

* Quench frequency w.

* Resolution Aw for frequency domain of the quench.

* Frequency domain Q := ZT” determined by the simulation time scale 7 = M Atgs7.

Also, the perturbative theory with respect to B, suggests a useful (dimensionless) quantity y :=
[{f |AV|vac)|. where AH(t) = B, AV sin(wt) and | f) is one of the excited energy eigenstate with
the energy different from the ground state energy by Egir. Then the perturbative calculation [40]
shows that the transition probability between the ground state and excited state | f) is given by

> sin? [(Egit — ) 1]
(Egit — w)*

Pracs () = (vB,) +0 (Bj,) . (15)
In our simulation, we take B, to be small and basically setup the parameters based on the following
intuitions from the formula: (i) the transition between the states occurs in a short enough simulation
time where the perturbation result is approximately valid, (ii) the parameter Aw to determine the
resolution of the quench frequency is sufficiently fine such that the argument inside the sin function
in the formula Eq. (15) can be sufficiently small, namely Aw T < 1, around the energy gap w ~ Egjs.

To judge whether or not the transition occurs, we introduce the probability threshold Py,
(0 € Py, < 1) as follows. When the vacuum survival probability after the quench is smaller than
1 — Py, we identify the loss of the ground state and identify the frequency w of the quench with
the energy gap. Therefore we should take tligower bound of estimated the simulation time T

P

larger certain time Ty, such that T > Ty, = VB, - The resolution Aw for the quench frequency
P

should be smaller than resolution of the energy spectrum i. e. differences among neighboring

2The authors in [7] adopted the various energy eigenstates (E,| for the basis of the measurement after the quench.
This was possible because energy eigenstates were explicitly known in that problem while such information is generally
not available. Here we observe only the loss probability of the ground state.
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l parameters symbol value remark [ parameters symbol value remark
the number of qubits N 11 odd integer overall strength of the quench Bp 0.02500 Eq. (11)
lattice spacing a 0.9000 the inverse lattice constant w 0.5556 w=1/(2a)
the number of shots Ng 20000 quench frequency gap Aw 0.0500
the number of steps M 1000 steps for adiabatic preparation M adia 2500 Mgia/M = 2.5
simulation time T 40.0000 IR frequency cutoff Q 0.1571 Q=2nx/T
Trotterization time AtsT 0.0400 Atsy=T/M Trotteriztation frequency WST 157.0796  wst =27/AtsT

Table 1: The choice of the simulation parameters except m, 8 and f,,. All the dimensionful parameters are
in the unit of the gauge coupling g i.e. g = 1 pratically.

excited energies. To have a reasonable approximation by the Suzuki-Trotter time evolution, the time
dependent perturbation should not quickly change in neighboring Trotter steps. More specifically,
the order of magnitude of accumulated errors from the second order Suzuki-Trotter approximation
scales as est ~ O (M (a)AtST)3) ~ 0 (w%ug%Q‘]) . Thus, the reliable simulation requires the

. 13 .. .

accumulative error €57 to be small and we find wgr > Q™ 2w?2 . Combining the scaling laws above,
we find the hierarchy among the frequency scales; Aw < Q < w < wsr . According to the above
considerations, we set values of the parameters as in Table 1.

4.2 Simulation results

Let us present our simulation results of the energy spectroscopy. The simulations are im-
plemented using a classical simulator (IBM Qiskit). Figure 1 shows our results obtained by the
spatially constant quench (f,, = 1) for various values of 6 and two values of the mass which are
expected to represent different phases. In more detail, the density plots in figure 1 are obtained
by computing minima of the vacuum survival probability during the quench for various values of
w and 6. Therefore, in lighter regions of the plots, we interpret that there are transitions from the
ground state at some time during the quench. The left panel shows the result for m = 0.1000 where
the theory is expected to be in the gapped phase for any 6. Indeed the density plot exhibits the first
light color region around the first excited energy, which is distant from the ground state energy for
all the values of 8. The right panel shows the result for m = 0.6000 where the continuum theory at
6 = m is expected to have spontaneous symmetry breaking of parity in the infinite volume limit and
therefore a small energy gap for large finite volume. We see that the simulation result also implies
such small energy gap at 6 = .

Note also that the plots show dark color regions around some other excited energies. This is
consistent if we interpret the excited states as the states with momenta.’ Namely, when momentum
is conserved, the constant quench of the ground state should not have momenta and therefore the
transition to such states are prohibited. More precisely, the momentum is not a strictly conserved
quantity for open boundary condition but it is approximately conserved for large volume and the
plot is interpreted to reflect such approximate conservation. This point is an advantage of our
method when we are particularly interested in mass spectra of quantum field theories because we
can filter transitions to excited states with momenta. More generally, appropriately choosing types

3In the continuum theory for 8 = 0, one particle states of the Schwinger boson [8, 9] on an interval of the length L
have the energies given by E2 = M§ + (nm/L)? with Mg = g//7.
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Figure 1: The density plot for minima of the vacuum survival probability during the quench for various
values of the topological angle 6 under the pseudo-chiral condensate quench without the spatial modulation
(k = 0). Solid lines denote the excited energies obtained by the exact diagonalization result using the python

library QuSpin.
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Figure 2: Similar plots to figure 1 for spatially modulated quenches focusing on the m = 0.1000 case. In
each panel, the quench operator carries a distinct mode number (a) k = 1, (b) k =2, and (c) k = 3.

of operators for the quench based on (approximate) quantum numbers, one can mitigate transitions
to “unwanted" states depending on contexts. This point is different from other methods like typical
variation-based methods to construct excited states one by one starting with the ground state.

Figure 2 shows the results obtained by spatially modulated operators of the quench for the
small mass regime (7 = 0.1000). The mode number k, introduced with the spatial modulation in
the form of Eq. (12), labels and distinguish the eigenstates. We see that the plots with different k’s
have the lighter color regions in different places. We interpret this as transitions to excited states
with nonzero momenta and the spatially modulated quench captures excited states with nonzero
momenta.

5. Conclusion and Outlook

We discussed a method to efficiently compute energy spectra in quantum field theories by
digital quantum simulation. Our results imply that quench-induced state transition of quantum
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mechanical system can be used to computer the energy spectra in the lattice gauge theory. We
introduced distinct types of gauge-invariant quenches and found that the low-energy excited spectra
can be read off from the loss of the vacuum survival probability at specific frequencies close to the
excited energies.

One can also estimate computational complexity to obtain reasonable results based on the
argument in section 4.1. Let us estimate the number of the controlled-Z (CZ) or CNOT gate given
probability threshold Py,. First, the number of the controlled gates at each Trotter time step quadrat-
ically depends on the number of qubits, as seen from the Hamiltonian Eq. (9). Hence, the total
number of the controlled gates for M = T /Atst Trotter steps is given by Ncz = O (MN 2). Com-

bined with the argument in section 4.1, this is bounded below as N¢z > O ((a)\/P_ﬂ1 /yB p)% N 2),
which depends on the energy scale w and characteristic number y of the quench.

There are various interesting directions for future work. First, it would be obviously interesting
if we implement the simulation on a real quantum device. Another interesting direction is to
precisely compare the computational complexity of our method with other approaches to energy
spectra of quantum field theories. This is not only for quantum algorithm approaches but also for
classical approaches like tensor network, which is another powerful approach to operator formalism
of quantum system as it has been nicely demonstrated in the Schwinger model [41-45]. It would
be also interesting to apply our method to the two-flavor Schwinger model and compute the mass
spectrum of the composite particles which are recently explored by DMRG simulation based on
different ideas [46, 47].

Acknowledgement

M. H. is supported by JST CREST Grant Number JPMJCR2413, JSPS Grant-in-Aid for Transforma-
tive Research Areas (A) “Extreme Universe" JP21H05190 [D01] and JSPS KAKENHI Grant Num-
ber JP22H01222. M. H. and D. G. are supported by JST PRESTO Grant Number JPMJPR2117.
D. G. is supported by the Basic Science Research Program of the National Research Foundation of
Korea (NRF) under the Ministry of Education in Korea (NRF-2022R1A6A3A03068148).

References

[1] C.W. Bauer et al., Quantum Simulation for High-Energy Physics, PRX Quantum 4 (2023)
027001 [2204.03381].

[2] S. Catterall et al., Report of the Snowmass 2021 Theory Frontier Topical Group on Quantum
Information Science, in Snowmass 2021, 9, 2022 [2209.14839].

[3] A. Di Meglio et al., Quantum Computing for High-Energy Physics: State of the Art and
Challenges. Summary of the QC4HEP Working Group, 2307 .03236.

[4] P. de Forcrand, Simulating QCD at finite density, PoS LAT2009 (2009) 010 [1005.0539].

[5] G. Aarts, Introductory lectures on lattice QCD at nonzero baryon number, J. Phys. Conf.
Ser. 706 (2016) 022004 [1512.05145].


https://doi.org/10.1103/PRXQuantum.4.027001
https://doi.org/10.1103/PRXQuantum.4.027001
https://arxiv.org/abs/2204.03381
https://arxiv.org/abs/2209.14839
https://arxiv.org/abs/2307.03236
https://doi.org/10.22323/1.091.0010
https://arxiv.org/abs/1005.0539
https://doi.org/10.1088/1742-6596/706/2/022004
https://doi.org/10.1088/1742-6596/706/2/022004
https://arxiv.org/abs/1512.05145

Digital Quantum Simulation for Energy Spectroscopy of Schwinger Model Masazumi Honda

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

K. Nagata, Finite-density lattice QCD and sign problem: Current status and open problems,
Prog. Part. Nucl. Phys. 127 (2022) 103991 [2108.12423].

C. Senko, J. Smith, P. Richerme, A. Lee, W.C. Campbell and C. Monroe, Coherent imaging
spectroscopy of a quantum many-body spin system, Science 345 (2014) 430 [1401.5751].

J.S. Schwinger, Gauge Invariance and Mass. 2., Phys. Rev. 128 (1962) 2425.
J.S. Schwinger, Gauge Invariance and Mass, Phys. Rev. 125 (1962) 397.

E.A. Martinez et al., Real-time dynamics of lattice gauge theories with a few-qubit quantum
computer, Nature 534 (2016) 516 [1605.04570].

C. Muschik, M. Heyl, E. Martinez, T. Monz, P. Schindler, B. Vogell et al., U(1) Wilson lattice
gauge theories in digital quantum simulators, New J. Phys. 19 (2017) 103020 [1612.08653].

N. Klco, E.F. Dumitrescu, A.J. McCaskey, T.D. Morris, R.C. Pooser, M. Sanz et al.,
Quantum-classical computation of Schwinger model dynamics using quantum computers,
Phys. Rev. A98 (2018) 032331 [1803.03326].

C. Kokail et al., Self-verifying variational quantum simulation of lattice models, Nature 569
(2019) 355 [1810.03421].

G. Magnifico, M. Dalmonte, P. Facchi, S. Pascazio, F.V. Pepe and E. Ercolessi, Real Time
Dynamics and Confinement in the Z,, Schwinger-Weyl lattice model for 1+1 QED,
1909.04821.

B. Chakraborty, M. Honda, T. Izubuchi, Y. Kikuchi and A. Tomiya, Digital Quantum
Simulation of the Schwinger Model with Topological Term via Adiabatic State Preparation,
2001.00485.

A. Yamamoto, Quantum variational approach to lattice gauge theory at nonzero density,
2104.10669.

M. Honda, E. Itou, Y. Kikuchi, L. Nagano and T. Okuda, Digital quantum simulation for
screening and confinement in gauge theory with a topological term, 2105.03276.

W.A. de Jong, K. Lee, J. Mulligan, M. Ploskon, F. Ringer and X. Yao, Quantum simulation
of nonequilibrium dynamics and thermalization in the Schwinger model, Phys. Rev. D 106
(2022) 054508 [2106.08394].

M. Honda, E. Itou, Y. Kikuchi and Y. Tanizaki, Negative string tension of a higher-charge
Schwinger model via digital quantum simulation, PTEP 2022 (2022) 033B01 [2110.14105].

A. Tomiya, Schwinger model at finite temperature and density with beta VQE, 2205 .08860.

M. Honda, Digital Quantum Simulation of the Schwinger model with Topological term, in
East Asia Joint Symposium on Fields and Strings 2021, 6, 2022, DOL.


https://doi.org/10.1016/j.ppnp.2022.103991
https://arxiv.org/abs/2108.12423
https://doi.org/10.1126/science.1251422
https://arxiv.org/abs/1401.5751
https://doi.org/10.1103/PhysRev.128.2425
https://doi.org/10.1103/PhysRev.125.397
https://doi.org/10.1038/nature18318
https://arxiv.org/abs/1605.04570
https://doi.org/10.1088/1367-2630/aa89ab
https://arxiv.org/abs/1612.08653
https://doi.org/10.1103/PhysRevA.98.032331
https://arxiv.org/abs/1803.03326
https://doi.org/10.1038/s41586-019-1177-4
https://doi.org/10.1038/s41586-019-1177-4
https://arxiv.org/abs/1810.03421
https://arxiv.org/abs/1909.04821
https://arxiv.org/abs/2001.00485
https://arxiv.org/abs/2104.10669
https://arxiv.org/abs/2105.03276
https://doi.org/10.1103/PhysRevD.106.054508
https://doi.org/10.1103/PhysRevD.106.054508
https://arxiv.org/abs/2106.08394
https://doi.org/10.1093/ptep/ptac007
https://arxiv.org/abs/2110.14105
https://arxiv.org/abs/2205.08860
https://doi.org/10.1142/9789811261633_0003

Digital Quantum Simulation for Energy Spectroscopy of Schwinger Model Masazumi Honda

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

A. Florio, D. Frenklakh, K. Ikeda, D. Kharzeev, V. Korepin, S. Shi et al., Real-Time
Nonperturbative Dynamics of Jet Production in Schwinger Model: Quantum Entanglement
and Vacuum Modification, Phys. Rev. Lett. 131 (2023) 021902 [2301.11991].

K. Lee, J. Mulligan, F. Ringer and X. Yao, Liouvillian dynamics of the open Schwinger
model: String breaking and kinetic dissipation in a thermal medium, Phys. Rev. D 108
(2023) 094518 [2308.03878].

R.C. Farrell, M. Illa, A.N. Ciavarella and M.J. Savage, Scalable Circuits for Preparing
Ground States on Digital Quantum Computers: The Schwinger Model Vacuum on 100
Qubits, 2308.04481.

L. Nagano, A. Bapat and C.W. Bauer, Quench dynamics of the Schwinger model via
variational quantum algorithms, Phys. Rev. D 108 (2023) 034501 [2302.10933].

L. Nagano, A. Miessen, T. Onodera, I. Tavernelli, F. Tacchino and K. Terashi, Quantum data
learning for quantum simulations in high-energy physics, Phys. Rev. Res. 5 (2023) 043250
[2306.17214].

K. Sakamoto, H. Morisaki, J. Haruna, E. Itou, K. Fujii and K. Mitarai, End-to-end
complexity for simulating the Schwinger model on quantum computers, 2311.17388.

T. Angelides, P. Naredi, A. Crippa, K. Jansen, S. Kiihn, I. Tavernelli et al., First-Order Phase
Transition of the Schwinger Model with a Quantum Computer, 2312 .12831.

D. Ghim and M. Honda, Digital Quantum Simulation for Spectroscopy of Schwinger Model,
PoS LATTICE2023 (2024) 213 [2404.14788].

H. Ohata, Monte Carlo study of Schwinger model without the sign problem, JHEP 12 (2023)
007 [2303.05481].

H. Ohata, Phase diagram near the quantum critical point in Schwinger model at 6 = n:
analogy with quantum Ising chain, PTEP 2024 (2024) 013B02 [2311.04738].

C.J. Hamer, W.-h. Zheng and J. Oitmaa, Series expansions for the massive Schwinger model
in Hamiltonian lattice theory, Phys. Rev. D56 (1997) 55 [hep-1at/9701015].

K. Fujikawa, Path Integral Measure for Gauge Invariant Fermion Theories, Phys. Rev. Lett.
42 (1979) 1195.

J.B. Kogut and L. Susskind, Hamiltonian Formulation of Wilson’s Lattice Gauge Theories,
Phys. Rev. D 11 (1975) 395.

L. Susskind, Lattice Fermions, Phys. Rev. D16 (1977) 3031.

P. Jordan and E. Wigner, Uber das paulische dquivalenzverbot, Zeitschrift fiir Physik 47
(1928) 631.

10


https://doi.org/10.1103/PhysRevLett.131.021902
https://arxiv.org/abs/2301.11991
https://doi.org/10.1103/PhysRevD.108.094518
https://doi.org/10.1103/PhysRevD.108.094518
https://arxiv.org/abs/2308.03878
https://arxiv.org/abs/2308.04481
https://doi.org/10.1103/PhysRevD.108.034501
https://arxiv.org/abs/2302.10933
https://doi.org/10.1103/PhysRevResearch.5.043250
https://arxiv.org/abs/2306.17214
https://arxiv.org/abs/2311.17388
https://arxiv.org/abs/2312.12831
https://doi.org/10.22323/1.453.0213
https://arxiv.org/abs/2404.14788
https://doi.org/10.1007/JHEP12(2023)007
https://doi.org/10.1007/JHEP12(2023)007
https://arxiv.org/abs/2303.05481
https://doi.org/10.1093/ptep/ptad151
https://arxiv.org/abs/2311.04738
https://doi.org/10.1103/PhysRevD.56.55
https://arxiv.org/abs/hep-lat/9701015
https://doi.org/10.1103/PhysRevLett.42.1195
https://doi.org/10.1103/PhysRevLett.42.1195
https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1103/PhysRevD.16.3031
https://doi.org/10.1007/BF01331938
https://doi.org/10.1007/BF01331938

Digital Quantum Simulation for Energy Spectroscopy of Schwinger Model Masazumi Honda

[37] M. Suzuki, General theory of fractal path integrals with applications to many-body theories
and statistical physics, Journal of Mathematical Physics 32 (1991) 400
[https://doi.org/10.1063/1.529425].

[38] S. Lloyd, Universal quantum simulators, Science 273 (1996) 1073.

[39] N. Hatano and M. Suzuki, Finding Exponential Product Formulas of Higher Orders, Lect.
Notes Phys. 679 (2005) 37 [math-ph/0506007].

[40] P.A.M. Dirac, Quantum theory of emission and absorption of radiation, Proc. Roy. Soc.
Lond. A 114 (1927) 243.

[41] M.C. Banuls, K. Cichy, K. Jansen and H. Saito, Chiral condensate in the Schwinger model
with Matrix Product Operators, Phys. Rev. D93 (2016) 094512 [1603.05002].

[42] L. Funcke, K. Jansen and S. Kiihn, Topological vacuum structure of the Schwinger model
with matrix product states, Phys. Rev. D 101 (2020) 054507 [1908.00551].

[43] R. Dempsey, I.R. Klebanov, S.S. Pufu and B. Zan, Discrete chiral symmetry and mass shift in
the lattice Hamiltonian approach to the Schwinger model, Phys. Rev. Res. 4 (2022) 043133
[2206.05308].

[44] M. Honda, E. Itou and Y. Tanizaki, DMRG study of the higher-charge Schwinger model and
its 't Hooft anomaly, JHEP 11 (2022) 141 [2210.04237].

[45] T. Okuda, Schwinger model on an interval: Analytic results and DMRG, Phys. Rev. D 107
(2023) 054506 [2210.00297].

[46] E. Itou, A. Matsumoto and Y. Tanizaki, Calculating composite-particle spectra in
Hamiltonian formalism and demonstration in 2-flavor QED 414, JHEP 11 (2023) 231
[2307.16655].

[47] E. Itou, A. Matsumoto and Y. Tanizaki, DMRG study of the theta-dependent mass spectrum
in the 2-flavor Schwinger model, JHEP 09 (2024) 155 [2407.11391].

11


https://doi.org/10.1063/1.529425
https://arxiv.org/abs/https://doi.org/10.1063/1.529425
https://doi.org/10.1126/science.273.5278.1073
https://doi.org/10.1007/11526216_2
https://doi.org/10.1007/11526216_2
https://arxiv.org/abs/math-ph/0506007
https://doi.org/10.1098/rspa.1927.0039
https://doi.org/10.1098/rspa.1927.0039
https://doi.org/10.1103/PhysRevD.93.094512
https://arxiv.org/abs/1603.05002
https://doi.org/10.1103/PhysRevD.101.054507
https://arxiv.org/abs/1908.00551
https://doi.org/10.1103/PhysRevResearch.4.043133
https://arxiv.org/abs/2206.05308
https://doi.org/10.1007/JHEP11(2022)141
https://arxiv.org/abs/2210.04237
https://doi.org/10.1103/PhysRevD.107.054506
https://doi.org/10.1103/PhysRevD.107.054506
https://arxiv.org/abs/2210.00297
https://doi.org/10.1007/JHEP11(2023)231
https://arxiv.org/abs/2307.16655
https://doi.org/10.1007/JHEP09(2024)155
https://arxiv.org/abs/2407.11391

	Introduction
	The lattice Schwinger model in operator formalism
	Simulation method for energy spectroscopy
	Results
	Parameter setup
	Simulation results

	Conclusion and Outlook

