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Solve the real-time dynamics of QFT (QCD)

My ultimate goal

Quantum computing of quantum field theories
2



Two directions
○ Implementing QCD on quantum devices is never trivial

Develop quantum algorithms and wait fault-tolerant QCs

Simulating toy models of LGTs on NISQ devices

e.g., Schwinger model (QED in 1+1 dimensions )
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Artificial tasks
(Random circuits)

Google ‘19
Zuchongzhi ’21
Quantinuum ‘24

Fault-tolerant QC

Time

Important tasks

Prime factoring
Quantum chemistry
Cond-mat physics

⋮
What can we do?

Deal with noises
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physical qubits are more useful than logical qubits

What can we do?
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What can we do?

○ global depolarizing model
<latexit sha1_base64="6mjzlUFQWesoiwprvas8zIwUEcQ="></latexit>

hÔinoisy = fhÔiideal

<latexit sha1_base64="/CpNm87+cp7cnAFpQWLPfgIgkbQ="></latexit>

p = 5⇥ 10�4
<latexit sha1_base64="IxEMQgcdU75iPdBlPbIlxNRSwck="></latexit>

N2Q = 4000

<latexit sha1_base64="6jDlDiEITtZ1uXhWmP7oUIcfIDA="></latexit>

f = (1� p)N2Q = 0.135

<latexit sha1_base64="n6WMBPPrfaN0MOFr2tXht7ZvnpY="></latexit>

p = 2⇥ 10�4
<latexit sha1_base64="LhMtR5wh+py5VR0VWoMpFwBEhRo="></latexit>

N2Q = 10000

<latexit sha1_base64="16V3q6tVszD3LkXtBFFZyTD4DrM="></latexit>

N = 100, dt = 0.1, t = 10, N2Q ⇠ 10000

Hamiltonian simulation of LGTs is challenging in the NISQ era
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Floquet dynamics

○ Time evolution with a time-dependent Hamiltonian
<latexit sha1_base64="NfmwP5RxEvvMQZiWxQ60l6mZ0Cw="></latexit>

H(t+ T ) = H(t)

driven system → heat up to infinite temperature
<latexit sha1_base64="EuArYMKr53twIeagI9l8dPy0BjI="></latexit>

hÔi
Lanzarides, Das, Moessner ’14
D’Alessio, Rigol ’14
Abanin, Roeck, Huveneers ’15
Mori, Kuwahara, Saito ’16

prethermal plateau

<latexit sha1_base64="biiZp1+Mlk/GmwHHmObJeGE6F68="></latexit>

⇠ e
1
T

<latexit sha1_base64="rOm7Qv6E2aPDnfkBQLngkHHehd4="></latexit>

i@t| i = H| i

thermalization
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<latexit sha1_base64="IJPiq8r86w3Oq6XUDnWQIyONcFY="></latexit>

UF = e�iH1dte�iH2dt

Trotter dynamics

○ Trotter dynamics can be understood as Floquet dynamics
<latexit sha1_base64="tvGyVm2kdyBoO8/WbOg02qDad28="></latexit>

H(t) =

⇢
H1 t 2 [0, T/2),
H2 t 2 [T/2, T )

<latexit sha1_base64="Y5WFUKfuoZ/ZPLsBeW2Zos71UPU="></latexit>

dt =
T

2
<latexit sha1_base64="NfmwP5RxEvvMQZiWxQ60l6mZ0Cw="></latexit>

H(t+ T ) = H(t)
<latexit sha1_base64="rOm7Qv6E2aPDnfkBQLngkHHehd4="></latexit>

i@t| i = H| i

Time

<latexit sha1_base64="+eJ76DDHT0c+kEMWGPL0HSwuFDw="></latexit>

| (T )i
<latexit sha1_base64="M76LignbCe6zj5dTuyOkkSZNT8U="></latexit>

| (0)i
<latexit sha1_base64="LYrsFnTeoRlKpa5WnvhQaLbbmzU="></latexit>

| (2T )i
<latexit sha1_base64="pr79LkWFjs6KMB/15NPjJyf0FUA="></latexit>

| (3T )i ・ ・ ・

<latexit sha1_base64="eUPyRhIrXTiKx+wEXyqYoZVqcho="></latexit>

| (Nt)i = (UF)
Nt | (0)i
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Trotter dynamics

Trotter error is under control if dt < dtc

Heyl, Hauke, Zoller ‘18
Varnier, Bertini, Giudici, Piroli ‘23

○ Trotter transition

3

quantum chaotic region from a localized regime, thus
linking the intrinsic accuracy of a DQS with a quantum
many-body phenomenon. For that purpose, we first in-
vestigate the inverse participation ratio

IPR =
X

⌫

p
2
⌫
, p⌫ = |h�⌫ | 0i|2 , (5)

with |�⌫i denoting a full set of eigenstates of the Floquet
Hamiltonian HF . The IPR measures the localization
properties of the state | 0i in the eigenbasis |�⌫i, which
is well studied also in the single-particle context [27].
In a quantum chaotic delocalized regime, | 0i is scram-
bled across the full eigenbasis implying a uniform dis-
tribution p⌫ ! D�1, with D the number of available
states in Hilbert space. Since D grows exponentially with
the number of degrees of freedom N , we introduce the
rate function �D = N

�1 log(D), which exhibits a well-
defined thermodynamic limit. Analogously, we define
�IPR = �N

�1 log(IPR). In Fig. 2a, we show numeri-
cal data for the ratio �IPR/�D for the considered bench-
mark example. For the data in this plot, we take into
account the expected leading-order finite-size corrections
�D = N

�1[log(D) � log(2)] in the delocalized regime,
which can be estimated using random matrix theory [28].
As one can see, there appears a sharp threshold sepa-
rating a quantum chaotic regime at large Trotter steps,
where �IPR tends to �D with increasing system size, from
a regular region with �IPR/�D < 1.

A strong fingerprint of quantum chaos can also
be found in out-of-time ordered (OTO) correlators,
which quantify how fast quantum information scrambles
through a many-body system. A typical OTO correlator
is of the form

F(t) = hV †(t)W †
V (t)W i , (6)

where V (t) denotes the time evolution of the operator
V in the Heisenberg picture. While quantum chaos via
OTO correlators is conventionally diagnosed by consid-
ering a late-time exponential growth for operators V and
W with finite support in real space [29], here we consider
the asymptotic long-time value of the extensive operator
V = W = N

�1
P

l
S
z

l
[30]. We estimate the correspond-

ing long-time limit, F = F(t ! 1), via a stroboscopic
average F = limn!1 n

�1
P

n

l=1 F(l⌧).
In Fig. 2b, we present numerical evidence that this

quantity detects the many-body quantum chaos thresh-
old that we have seen in the IPR. There is a clear thresh-
old that separates a localized region at small Trotter steps
⌧ , where F > 0, from a quantum chaotic region at large
⌧ , where F ! 0. The vanishing OTO correlator in the
many-body quantum chaotic regime can be understood
directly from the results obtained for the IPR. Consider
the spectral decomposition of a local Hermitian opera-
tor V =

P
↵
�↵|↵ih↵|, with �↵ the eigenvalues and |↵i

the eigenvectors of V (for the considered magnetization,
these are equivalent to the set of spin configurations).
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Figure 2: Localization and quantum chaos in the Trot-
terized dynamics of the quantum Ising chain. (a) Rate
function �IPR of the inverse participation ratio, normalized to
the maximally achievable value �D describing uniform delo-
calization over all accessible states. A sharp threshold as a
function of the Trotter step size ⌧ separates a localized regime
at small ⌧ from a quantum chaotic regime at large ⌧ . (b)
The long-time limit F of the out-of-time ordered correlator
also signals a sharp quantum chaos threshold. F is normal-
ized with respect to F0 = 1/8, the theoretical maximum. Full
scrambling is only achieved for large Trotter steps.

The e↵ective Floquet dynamics yields after n periods

V (n⌧) =
X

↵

X

⌫,µ

�↵C⌫↵C
⇤
µ↵

e
�i(E⌫�Eµ)n⌧ |�⌫ih�µ| , (7)

with E⌫ the Floquet quasi-energy corresponding to the
eigenstate |�⌫i and C⌫↵ = h�⌫ |↵i. The behavior of
the IPR suggests that for all spin configurations p⌫↵ ⌘
|C⌫↵|2 = D�1 is uniformly distributed, such that the am-
plitudes C⌫↵ are almost structureless and contain only
a phase information, C⌫↵ = D�1/2

e
i'⌫↵ . After su�-

ciently many Floquet cycles, this phase information is
randomized and scrambled by the unitary evolution, ex-
cept when ⌫ = µ, projecting the operator to the so-called
diagonal ensemble [31]. Thus, for n ! 1 one obtains
V (n⌧) ! D�1

P
↵
�↵1. Here, D�1

P
↵
�↵ = D�1TrV

is equivalent to the infinite-temperature average, which
yields a vanishing value for the considered total magneti-
zation. In other words, the operator becomes completely
scrambled over the full Hilbert space.

Within the localized phase, the amplitudes C⌫↵

contain more structure than only the phase information,
which yields a nonzero value for the OTO correlator.
For small systems, such as for N = 10 in Fig. 2b,
one can observe additional structures in the crossover
region, which vanish for larger N . We attribute these to
individual quantum many-body resonances, which can
be resolved in small systems, but which merge for large
N .

Quantum chaotic

Trotter dynamics

O
TO

C

<latexit sha1_base64="EuArYMKr53twIeagI9l8dPy0BjI="></latexit>

hÔi

prethermalizaion dynamics
is feasible to NISQ devices<latexit sha1_base64="biiZp1+Mlk/GmwHHmObJeGE6F68="></latexit>

⇠ e
1
T

Trotter ~ prethermal phase
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Trotter dynamics as Floquet dynamics

○ Feasibility of information scrambling on the present best 
fidelity hardware

○ Thermalization dynamics with many qubits

Superconducting qubits: 
Tomoya Hayata, Kazuhiro Seki, Arata Yamamoto, arXiv:2408.10079 [hep-lat]
Tomoya Hayata, Yoshimasa Hidaka, 2409.20263 [hep-lat]

Ion traps: Kazuhiro Seki, Yuta Kikuchi, Tomoya Hayata, Seiji Yunoki, 2405.07613 [quant-ph]
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(1+1)-dimensional Z2 LGT

Fermions with spins on one-dimensional lattice

Physical sites
<latexit sha1_base64="rg8xDY9JK48b8jePE4N9I8Sh2Ns="></latexit>

"
<latexit sha1_base64="g36WVqAc4FyIx1XUkMYPP4LZwzU="></latexit>

# Physical edges

Fermion

Z2 Gauge field

<latexit sha1_base64="7EdNps4uO7GHWNmKy1frqCiCo8I="></latexit>

| i =
N�1Y

x=1

|g(x, x+ 1)i
NY

x=1

| 1(x)i| 2(x)i

<latexit sha1_base64="ssVgwlyY1ilu/TgevzafayCUSSI="></latexit>x <latexit sha1_base64="RuGmc2qhmtbTDmYDZVdKsDuG0oU="></latexit>

x+ 1<latexit sha1_base64="ssVgwlyY1ilu/TgevzafayCUSSI="></latexit>x
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Fermions with spins on one-dimensional lattice

<latexit sha1_base64="MMdlxzZdzhnHtB1buRIT6REj08g="></latexit>

Hg = �K

N�1X

x=1

Xg(x, x+ 1)

Electric field terms

string tension

Fermion

Z2 Gauge field

(1+1)-dimensional Z2 LGT: Hamiltonian

12



<latexit sha1_base64="GivW04iWShYbqT2ZosGC4w3l2nk="></latexit>

Hf =
NX

x=1

(1 +m) †(x)�0 (x)

Fermions with spins on one-dimensional lattice

Fermion mass terms <latexit sha1_base64="c7edNNPY8yTpiADIBJL99K6freg="></latexit>�0 = �x
<latexit sha1_base64="n2PdZxKNFXI/UoISxBe6zS+YhXU="></latexit>

 =

✓
 1

 2

◆

mass

Fermion

Z2 Gauge field

(1+1)-dimensional Z2 LGT: Hamiltonian
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Fermions with spins on one-dimensional lattice

Fermion hopping terms

<latexit sha1_base64="c7edNNPY8yTpiADIBJL99K6freg="></latexit>�0 = �x
<latexit sha1_base64="dZkoZvf8w4hykKSuOAfpm7EIXS4="></latexit>�1 = �z

<latexit sha1_base64="y3rSqOSzlf2nBqcW20P3Mh7/JbA="></latexit>

Hgf =

� 1

2

N�1X

x=1

Zg(x, x+ 1)
�
 
†(x)�0(1� �

1) (x+ 1) +  
†(x+ 1)�0(1 + �

1) (x)
 

Fermion

Z2 Gauge field

(1+1)-dimensional Z2 LGT: Hamiltonian
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Fermions to qubits mapping

Only nearest neighbor hoppings of 1d spinless fermions

Fermion

Z2 Gauge field

Jordan-Wigner transformation works perfectly

15



Hamiltonian: Fermion → Qubit

Fermion mass terms
<latexit sha1_base64="50Rkpi25aZtYpocjIUtugHdaHJY="></latexit>

Hf =
1

2

NX

x=1

(1 +m) {X1(x)X2(x) + Y1(x)Y2(x)}

Spinless Fermion NN hopping terms

Fermion

Z2 Gauge field
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Fermion hopping terms

<latexit sha1_base64="Nv5BwzDjkC2NSg1c9piXzgymBHY="></latexit>

Hgf = �1

2

N�1X

x=1

Zg(x, x+ 1) {X1(x)X2(x+ 1) + Y1(x)Y2(x+ 1)}

Spinless Fermion NN hopping terms

Fermion

Z2 Gauge field

Hamiltonian: Fermion → Qubit

17



Hamiltonian: summary

N-site Z2 LGT 3N-site qubit chain

Fermion

Z2 Gauge field
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Hamiltonian: summary

N-site Z2 LGT 3N-site qubit chain

<latexit sha1_base64="50Rkpi25aZtYpocjIUtugHdaHJY="></latexit>

Hf =
1

2

NX

x=1

(1 +m) {X1(x)X2(x) + Y1(x)Y2(x)}

<latexit sha1_base64="Nv5BwzDjkC2NSg1c9piXzgymBHY="></latexit>

Hgf = �1

2

N�1X

x=1

Zg(x, x+ 1) {X1(x)X2(x+ 1) + Y1(x)Y2(x+ 1)}

<latexit sha1_base64="MMdlxzZdzhnHtB1buRIT6REj08g="></latexit>

Hg = �K

N�1X

x=1

Xg(x, x+ 1)

<latexit sha1_base64="8PGz3SF6nEsCq0oXx+JorThdohU="></latexit>

H = Hg +Hf +Hgf

Fermion

Z2 Gauge field

19



Floquet circuit from Suzuki-Trotter decompositon

1st order Suzuki-Trotter decomposition 
<latexit sha1_base64="dZYEDhvRQDGOYIRZPNFofVc9Oi8="></latexit>

UF = e�iHgfdte�i(Hf+Hg)dt

<latexit sha1_base64="eUPyRhIrXTiKx+wEXyqYoZVqcho="></latexit>

| (Nt)i = (UF)
Nt | (0)i

Floquet evolution

makes dt very large

Initial state is the groundstate of Hf+Hg

20



MPS results

0 5 10 15 20 25 30
Trotter step

°2.00
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0.00
hH

i
MPS: N = 13, K = 1.0, m = 1.0, cutoÆ= 10°4

infinite temperature

dt = 0.5

dt = 0.8

dt = 1.0

dt = 1.2

dt = 1.4

dt = º/2

Hamiltonian

Fermion mass term
at the center of chain

2qubit operator

<latexit sha1_base64="jEi2lAFQYTuMeMFZIsM0XjNHhoI="></latexit>

Hf

21



QC summary
○

○ ibm_fez is used

○ 10,000 shot is used

○ Pauli twirling is enabled/ DD is disabled

○ Unnecessary gates outside of the causal cone are removed

<latexit sha1_base64="coFcDd3w5My7gpJWFc6PZHZ9ic0="></latexit>

dt = 1.0, 1.4

22



Experimental results (raw data)
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ibm fez: N = 13, K = 1.0, m = 1.0

infinite temperature

MPS dt = 1.0

MPS dt = 1.4

°hGiraw dt = 1.0

hH iraw dt = 1.0

hH imit dt = 1.0

°hGiraw dt = 1.4

hH iraw dt = 1.4

hH imit dt = 1.4

Fermion mass term
at the center of chain

2qubit operator

<latexit sha1_base64="jEi2lAFQYTuMeMFZIsM0XjNHhoI="></latexit>

Hf

Gauss’s law operator
at the center of chain

4qubit operator

<latexit sha1_base64="eJ+wvdV3b7fYAv9vWuj4bs0zBHc="></latexit>

G

Successful only the very short time and error mitigation is inevitable 
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Quantum error mitigation (ZNE)

○ running twirled circuits 

○ extrapolate to the zero noise limit

<latexit sha1_base64="IdJdrmBgxHW2pC3ehsgPTW5PGnw="></latexit>

U(U †U)
N�1

2
<latexit sha1_base64="8biyeRWNtVAZ+TIUCoob1ZYNZEc="></latexit>

N = 1, 3, 5

○ Qistkit’s native ZNE function is used

24



Quantum error mitigation (ZNE)

0 2 4 6 8 10 12 14
Trotter step

°2.00

°1.75

°1.50

°1.25

°1.00

°0.75
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0.00
hH

i
ibm fez: N = 13, K = 1.0, m = 1.0

infinite temperature

MPS dt = 1.0

MPS dt = 1.4

MPS dt = º/2

ZNE dt = 1.0

ZNE dt = 1.4

ZNE dt = º/2

Successful in running 
Floquet circuit with Nt = 10

(Early stage of) 
Thermal plateaus are observed

IBM machine has the capability of simulating the physical phenomena 

ZNE is the most stable

Pauli twirling is important
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<latexit sha1_base64="+4jeI7SdHZFDBv+3no3faRsOsCQ="></latexit>

hĜiideal = 1

Quantum error mitigation (Gauss’s laws)

○ assume the global depolarizing channel as a noise model

○ estimate f by measuring Gauss’s law

○ rescale observables by
<latexit sha1_base64="0P32o6klIbYvz4JTPOV7/oM0fJs="></latexit>

hH (xc)imit =
hH (xc)iraw
hG(xc)iraw

○ is unique to LGT and computationally very cheap 

<latexit sha1_base64="D9LYrMcsy6OmoytVxBQqHmoaVrQ="></latexit>

hĜinoisy = f

<latexit sha1_base64="QuPF/V0A6ilNUDz6VOo6yUcAjHo="></latexit>

hÔiraw = fhÔiideal +
1� f

23N�1
TrÔ
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Trotter step
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ibm fez: N = 13, K = 1.0, m = 1.0

infinite temperature

MPS dt = 1.0

MPS dt = 1.4

°hGiraw dt = 1.0

hH iraw dt = 1.0

hH imit dt = 1.0

°hGiraw dt = 1.4

hH iraw dt = 1.4

hH imit dt = 1.4

Successful in running 
Floquet circuit with Nt = 10

Pauli twirling is important

This is less good but still works/ Computational cost is much cheaper 

Quantum error mitigation (Gauss’s laws)

27



<latexit sha1_base64="J535Lqj6GMDCoumcTKTABPOvXnc="></latexit>

hH (xc)imit =
hH (xc)iraw

f

Quantum error mitigation (ODR)

○ assume the global depolarizing channel as a noise model

○ run the same circuit with the “solvable” parameter

○ rescale observables by

○ is computationally very cheap 

<latexit sha1_base64="QuPF/V0A6ilNUDz6VOo6yUcAjHo="></latexit>

hÔiraw = fhÔiideal +
1� f

23N�1
TrÔ

28



0 2 4 6 8 10 12 14 16 18
Trotter step

°2.00

°1.75

°1.50

°1.25

°1.00

°0.75

°0.50

°0.25

0.00
hH

i
ibm fez: N = 13, K = 1.0, m = 1.0

infinite temperature

MPS dt = 1.0

MPS dt = 1.4

hH iraw dt = º/2

hH iraw dt = 1.0

hH imit dt = 1.0

hH iraw dt = 1.4

hH imit dt = 1.4

Quantum error mitigation (ODR)

This is less good but still works/ Computational cost is much cheaper 
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Trotter step
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ibm fez: N = 39, K = 1.0, m = 1.0

infinite temperature

MPS dt = 1.0

MPS dt = 1.4

hH iraw dt = º/2

hH iraw dt = 1.0

hH imit dt = 1.0

hH iraw dt = 1.4

hH imit dt = 1.4

We can simulate the physical phenomena in the quantum utility scale

Quantum error mitigation (ODR): N>100 qubits

Successful in running 
Floquet circuit with Nt = 10

and beyond 100 qubits
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Fidelity and circuit volume
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(a)
<latexit sha1_base64="gQwUG/SPAfBgMpdz1l53zj2rqjs="></latexit>

(b)

<latexit sha1_base64="BVsIOd+c5xjql2JGMir5HB9jji8="></latexit>

(c)
<latexit sha1_base64="yzUkwvhlQ7NbNhdu0E3TgdCXLaM="></latexit>

(d) Growth of Veff is very slow

<latexit sha1_base64="GfE3E5quXqN6OM8j7mdt4MDeX0Q="></latexit>

Fe↵ = (1� p)Veff

<latexit sha1_base64="Q2d01QmmWc9IfHGVjJ6JPqLcvsI="></latexit>

p = 2.75⇥ 10�3

Thermalization dynamics 
may be useful for 

showing quantum advantage
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Summary
○ QC for QFT is anticipated but challenging

○ Quantum simulation of Floquet circuits in near future devices is 
interesting and may be useful for showing quantum advantage

○ Lattice gauge theories have complex Hamiltonians and may 
provide good playgrounds for testing the capability of QCs
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Floquet circuit from Suzuki-Trotter decompositon

1st order Suzuki-Trotter decomposition 
<latexit sha1_base64="dZYEDhvRQDGOYIRZPNFofVc9Oi8="></latexit>

UF = e�iHgfdte�i(Hf+Hg)dt

makes dt very large
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FIG. 3. Classical simulation results of system-size dependence of Floquet prethermalization. The step size, gauge parameter, and fermion
mass are dt = 1.0, K = 1.0, and m = 1.0, respectively. The cuto↵ for tensor contraction is 10�4, which is small enough for the convergence of
results. Lines are just for eye guides.

IV. QUANTUM SIMULATION

A. Qiskit compiling details

We performed quantum simulation using IBM’s latest superconducting quantum device named ibm fez. The device consists
of 156 qubits with heavy-hex connectivity. Mitigation of errors is inevitable for present noisy quantum devices. We tested three
mitigation methods using N = 13 (38 qubits), and then apply the best one for simulating a larger system, N = 39 (116 qubits),
to see a potential power of present quantum devices.

As for gate counting of the Floquet circuit, since e�i✓(XX+YY) uses two CZ gates [28, 29]:

e�i ✓2 (XX+YY) =

| 1(x)i RX( ⇡2 ) RX(✓) RX(� ⇡2 )

| 2(x)i RX( ⇡2 ) Rz(✓) RX(� ⇡2 )
, (16)

e�i(Hf+Hg)dt uses 2N CZ gates for each Trotter step. We follow Ref. [22] for the circuit implementation of e�iHg f dt. We need six
CZ gates to implement ei✓(XZX+YZY):

ei✓(XZX+YZY) =

| 2(x)i H H S S †

|g(x, x + 1)i H RX(✓) Z RX(✓) H

| 1(x + 1)i H H S S †

,
(17)
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IV. QUANTUM SIMULATION

A. Qiskit compiling details

We performed quantum simulation using IBM’s latest superconducting quantum device named ibm fez. The device consists
of 156 qubits with heavy-hex connectivity. Mitigation of errors is inevitable for present noisy quantum devices. We tested three
mitigation methods using N = 13 (38 qubits), and then apply the best one for simulating a larger system, N = 39 (116 qubits),
to see a potential power of present quantum devices.

As for gate counting of the Floquet circuit, since e�i✓(XX+YY) uses two CZ gates [28, 29]:

e�i ✓2 (XX+YY) =

| 1(x)i RX( ⇡2 ) RX(✓) RX(� ⇡2 )

| 2(x)i RX( ⇡2 ) Rz(✓) RX(� ⇡2 )
, (16)

e�i(Hf+Hg)dt uses 2N CZ gates for each Trotter step. We follow Ref. [22] for the circuit implementation of e�iHg f dt. We need six
CZ gates to implement ei✓(XZX+YZY):

ei✓(XZX+YZY) =

| 2(x)i H H S S †

|g(x, x + 1)i H RX(✓) Z RX(✓) H

| 1(x + 1)i H H S S †

,
(17)

In total, 
<latexit sha1_base64="/sS48sHvTN8AN97HNRCJ0mZ9KOU="></latexit>

(8N � 6)Nt +N CZ gates

Initial state is the groundstate of Hf+Hg
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