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We study the Sachdev-Ye-Kitaev (SYK) model—an important toy model for quantum gravity on IBM’s
superconducting qubit quantum computers. By using a graph-coloring algorithm to minimize the number
of commuting clusters of terms in the qubitized Hamiltonian, we find the gate complexity of the time
evolution using the first-order product formula for N Majorana fermions is O(N°J?#?/¢) where J is the
dimensionful coupling parameter, 7 is the evolution time, and € is the desired precision. With this improved
resource requirement, we perform the time evolution for N = 6, 8 with maximum two-qubit circuit depth
and gate count of 343. We perform different error mitigation schemes on the noisy hardware results and
find good agreement with the exact diagonalization results on classical computers and noiseless simulators.
In particular, we compute vacuum return probability after time ¢ and out-of-time order correlators which is a
standard observable of quantifying the chaotic nature of quantum systems.
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I. INTRODUCTION

The holographic duality [1] relates a special class of
quantum field theories in d dimensions and quantum gravity
ind + 1 dimensions. This strong/weak duality enables one to
study the properties of strongly coupled field theory using
classical supergravity and vice versa. However, there are no
cases where both sides of the duality can be studied
analytically at the same time. Several attempts have been
made on the lattice using Monte Carlo [2,3] to study these
theories but they have their limitations. Therefore, it is often
of interest to find simpler models that have holographic
properties and can be studied in the strong coupling limit.
One such model is the Sachdev-Ye-Kitaev (SYK) model
[4-7] consisting of N Majorana fermions in 0 4 1 dimen-
sions with random couplings between ¢ fermions at a time
chosen from a Gaussian distribution with zero mean and
variance proportional to J2/N4~!.

An interesting feature of the SYK model is that it
develops an approximate conformal symmetry in the large
N, low-temperature limiti.e., N > fJ > 1 (# is the inverse
temperature), where it is related to near extremal black
holes that develop the nAdS, (near AdS,) geometry. It was
shown to saturate the chaos bound [8], a feature that is
associated with holographic behavior. Since thisis a0 + 1-
dimensional model, it is computationally tractable and has
been studied up to 60 Majorana fermions [9,10].
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As a toy model for quantum gravity, it is, therefore,
crucial to study the real-time dynamics of this model
beyond methods accessible by classical computing. This
direction has already been explored starting with Ref. [11].
In another work [12], the authors studied a generalized
SYK model using a four-qubit nuclear magnetic resonance
quantum simulator and computed bosonic correlation
functions.

We put forth an improved circuit complexity' and study
the SYK model on noisy superconducting quantum com-
puters for the first time to our knowledge. Specifically, we
find an improved complexity from earlier proposals of
O(N'J%22/e) [11] and O(N8J?£2/€) [13] to O(N>J*1%/€)
for the Lie-Trotter-based algorithm [14]. Using this
improvement, we study the time evolution up to eight
Trotter steps on quantum hardware available through IBM
and compute the return probability and four-point out-of-
time-ordered correlators.

II. SYK HAMILTONIAN
The Hamiltonian for the SYK model with N Majorana
fermions and g-fermion interaction terms is
(i)q/2
q!

H =

N
Z Jijlegid Xk Xgs (1)
ijdg=1

'"The complexity is defined as the least number of two-qubit
gates in the circuit that implements the time evolution of the
Hamiltonian H.
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FIG. 1. Circuit implementing single Trotter step for N = 4.

where y are the Majorana fermions satistying {y;.x;} =
XiXj+xixi = 6;j. We consider ¢ = 4 with random all-to-
all quartic interactions averaged over disorder. The random
(real) couplings J;j;; are sampled from a Gaussian distri-
bution with the mean m =0 and variance equal to

Jizjkl = 3]:/—]3 We set J =1 in this work. The dimension of

the Hilbert space is dim(H) = 2"/2 where n = N/2 is the
number of qubits.2 The model can also be considered for
g > 4 and is solvable in the large ¢ limit [7].

A. Qubitization and Trotterization

To perform the time evolution, we first have to map the
fermionic Hamiltonian to qubits. We will use the standard
Jordan-Wigner transformation. The N fermions in (1) can
be written in terms of tensor product of N /2 Pauli matrices
X, Y, Z and the identity matrix 1 [11,12] as

1 7kl
= yARD¢ H®(N—2k)/2’
X2k-1 2 <j1 /) k
! kﬁ (N-20)/
)(2k_—< Zj)Ykﬂ®N_2k %, (2)
\/§ j=1

where the square root is to ensure the normalization
following Ref. [5]. In order to simulate the dynamics on
quantum hardware, we first decompose the Hamiltonian
into Pauli strings as H = Zf;’:l H; and then use the
standard Lie-Trotter formula [15]:

e ([T} o (Sl o

Jj<k

where we denote the spectral norm by || - ||. If the terms in
the decomposition of H are near to commuting, then the
Trotter error is reduced and vanishes if they commute.
Though the number of terms into which H is split is
m= (’X ), one can reduce it by only summing over a small
number of clusters of Pauli strings A/ < m. This helps in
reducing the Trotter error since the number of terms
summed in (3) is reduced. We find that for N = 6, the
reduction factor i.e., m/N = 3 while for N = 8, m/N =
35/3 and this enables us to reliably evolve to larger times

*We have N =2n since two Majorana fermions can be
represented by one complex spinless fermion which can be
represented by a single qubit.

TABLE I. The gate cost (assuming all-to-all connectivity) for
the time evolution of the SYK Hamiltonian per Trotter step,
number of Pauli strings, and the number of clusters A/ of
commuting Pauli strings for different N.

N Pauli strings Clusters Two-qubit gates
4 1 1 2
6 15 5 30
8 70 6 110
10 210 23 498
12 495 57 1504
14 1001 92 3560
16 1820 116 6812
18 3060 175 11962
20 4845 246 19984

by controlling the Trotter error (see Supplemental Material
[16] for details). If we impose total error in simulating the
time evolution is €, then we need r = O(#?/¢) Trotter steps
assuming the spectral norm of commutators to be upper
bounded by unity. Using these arguments, Ref. [11] esti-
mated the circuit complexity of O(N'°#?/¢). The method
based on Lie-Trotter expansion is not the only way of
simulating Hamiltonians. Another way is to use a con-
trolled version of oracles to embed the Hamiltonian in an
invariant SU(2) subspace [17] and a variant of this was
used in Ref. [18] to bring complexity to O(N"/’t+
N3tpolylog(N/e)). However, this is not amenable to
current hardware implementation.

Let us consider the simplest case of N =4 where we
have just one Pauli string with H = —J,34ZZ. The time
evolution circuit [19] is given by Fig. 1. The two-qubit cost
of simulating various N can be found in Table I for N < 20.
The circuit complexity estimate based on commuting Pauli
strings exploiting the graph-coloring algorithm grows3 like
O(N?), a substantial improvement over O(N'?) proposed
in Ref. [11].

The number of Pauli strings in the decomposition of H
grows like O(N*/4!) for large N, and the cost to simulate the
simplest nontrivial Pauli string is O(N). Hence, the ~N°
circuit complexity is close to optimal for this approach to
Hamiltonian simulation. The complexity can be improved by
using Bravyi-Kitaev mapping; however, such optimizations
are not required for the small N which are currently hardware
accessible. We provide details of gate resource estimation in
the Supplemental Material (SM) [16].

III. RETURN PROBABILITY

One of the main motivations for using quantum com-
puters is to understand the time evolution of quantum

SFor N < 10, the cost based on quantum Shannon decom-
position (QSD) is lower [20]. However, large N scaling is
exponential.

105002-2



SACHDEV-YE-KITAEV MODEL ON A NOISY QUANTUM ...

PHYS. REV. D 109, 105002 (2024)

(a) (b) (c)
~ Number of ECR gates ~ Number of ECR gates ~ Number of ECR gates
0 6] 147 219 291 0 75 147 219 291 0 75 147 219 291
1.0 #~__ 1.0 #e-—el . 1.0 #e--o
N || = Exact “‘\\ ----- Exact w | | === Exact
~ 08 ¢ 127-qubit device ~ 08 ‘*\\ ¢ 127-qubit device & 08 \‘;(\ ¢ 127-qubit device
"g\ *, ¥ Self-mitigated f\ % Self-mitigated i\ . % Self-mitigated
= 06 =06 . SN =06 R
= . = *. = i \
= S *
= 04 = (4 . S N
B = ~ B N
EN AN ES & X EN o N
= *, = T o = ~e_ X
— 0.2 . o =02 g TSl 0.2 Sso =t
o 1 % . -k [— B
ek
0.0 = 0.0 0.0
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12
t t t
~ Number of ECR gates ~ Number of ECR gates ~ Number of ECR gates
0 75 147 219 291 0 75 147 219 291 0 75 47 219 291
- —_— 0 =
10 = RN - Exact B [ — Exact Lo ey ---- Exact disorder average
o 08 \‘*\ ¢ 127-qubit device & g . - ¢ 127-qubit device « g \*\\ 1 ;217[7(1“}1)"?“'1“:" (113(1)"(1“'1  5¢
&> b * Self-mitigated g\ * Self-mitigated g\ \\ cll-mitigated disorder average
= 06 s =06 i > =06 5
s i . s = Ny
IS S = 04 Sk = 04 e
L T > S 3 et 2 Sy
2 i -- B « T ® .
= = Rl < . o A
— 02 . = 0.2 . s 0.2 e t
0.0 0.0 0.0
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12
t t t
(d) (e) )

FIG. 2. The return probability for five realizations (a)—(e) of the SYK model with N = 6. The disordered average (f) shows the slope
region and the starting of the ramp behavior. The total two-qubit circuit depth is the same as the number of ECR gates, given the

topology of the qubits.

systems. An observable we compute is the return proba-
bility by evolving an initial state* given by |yq) = |0)®" for
N, Trotter steps and computing the overlap as

Po = [(wole™™wo) . 4)

The return probability is closely related to the spectral form
factor [22] and shows similar behavior of slope, dip, ramp,
and plateau upon disorder average [21,23] which are
features of the SYK model.

The error-mitigated hardware results of the return
probabilities for five realizations of the model with
N =6 and disorder average are shown in Fig. 2. The
dashed black lines are the exact time evolution, while the
dashed blue curve is the ensemble average of the exact
evolution over the five realizations. At this stage, we do not
compare to the state-of-the-art results obtained for the SYK
model with classical computing methods since it is still far
from the current best classical result with N ~ 60.

As N increases, the resource requirements quickly
increase as shown in Table I. Therefore, for N = 8 we
consider the time evolution of just one instance of the
model in Fig. 3. The markers are results obtained from
127-qubit IBM machines ibm_ cusco, ibm nazca, and
ibm kyoto with various degrees of error mitigation
applied.

“The initial state chosen here belongs to the set of common
eigenstates of the SYK spin operators defined in [21] and forms a
complete basis.
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FIG. 3. The return probability for a single instance of the SYK
model with N = 8. The results before mitigation [24] are slightly
above the threshold of the fully depolarized channel (gray dashed
line). For r = 1, 2 we use dt = 1 while for r = 4 we use dt = 2.
The maximum 2-qubit gate depth we use is 343.

All these devices use the eagle r3 processor, where the
native two-qubit gate is not the standard controlled X (CX)
but the echoed cross-resonance (ECR) gate (see SM [16]
for the definition of the gate). The leading source of gate
noise in current devices is the two-qubit gates. To deal with
this, the error mitigation strategy we employ is a combi-
nation of Pauli twirling/randomized compiling [25] for the
ECR gates and self-mitigation [26]. For the discussion on
the implementation of these error-mitigation techniques
and to get an estimate on the computation overhead to
materialize in the quantum processing units of IBM, we
refer the readers to the SM [16]. We also use the standard
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FIG. 4. The OTOC for three realizations (a)—(c) of the SYK model with N = 6 obtained on ibm_kyoto and ibm_cusco, (d) shows

disorder average over (a)—(c).

M3 protocol [27] for qubit measurement errors and dynami-
cal decoupling [28-31] to suppress decoherence noise. The
results for the return probability5 with different types of
error mitigation applied and exact evolution are shown in
Figs. 2(a)-2(e) for five different instances of the SYK
Hamiltonian with N = 6 and the disorder average over these
realizations is shown in Fig. 2(f).

For N = 6, the self-mitigated return probability agrees
with exact results even for large evolution time and ECR
gates in the circuit. To simulate the SYK model with N = 6
up to t = 12 (eight Trotter steps), we require about 300
ECR gates. For N = 8, we need circuit depth of 343 ECR
gates for two Trotter steps (t = 2 with dt = 1, t = 4 with
dt=2) and 170 (for t =1 with dt =1). The return
probability for N = 8§ is shown in Fig. 3 for one realization
of the model. Going beyond ¢ =4 appears to be past
current hardware capability even with advanced error
mitigation methods.

IV. OTOC COMPUTATION

An important feature of the SYK model is that for large
N and in the low-temperature limit, it is maximally chaotic

‘We only show even Trotter steps because for self-mitigation,
one requires forward and backward Trotter evolution by an equal
amount.

and is a quintessential example of a fast scrambler.
A defining feature of such systems is that quantum
information shared between a small number of elementary
degrees of freedom is rapidly distributed into exponentially
many degrees of freedom. This is known as “scrambling”
and black holes are known to be the fastest scramblers in
nature. To quantify the chaos, one considers the out-of-time
ordered (OTO) commutator between two operators W and
V given by [32-35]
C(t) = =(W(2). V(O)I'[W(1). V(0)]). (5)
In general C(1) starts from zero and becomes significant at
some later time ¢, which one refers to as scrambling time.
By considering the commutator expansion, we can define
the out-of-time order correlators (OTOC)6:
OTOC := F(t) = (W()V(0)W(£)V(0)), (6)
where W and V are generic Hermitian operators and do not
have the same symmetry as the Hamiltonian. The growth of
the C(r) is related to the decay of the OTOCs i.e., F(t)
through the simple relation, C(7) = 2(1 — F(z)). The time

SThese were first introduced in the study of disordered
superconductors [36]. OTOC is also closely related to the thermal
average of signals from Loschmidt echo [37].
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evolution of the operator W in the Heisenberg representa-
tion is W(r) = e™'W(0)e™*" and (-); = Tr{p-} denotes
the thermal average at inverse temperature f. A common
choice for p is to just use the 7 — oo limit given by the
normalized identity matrix, 1/ dim(7) [38]. For the W and
V we can either take Pauli matrices or Majorana fermions
such that W = y; and V = y; with i # j and average over
the different pairs (i, j). We used the simplest case of a
single Pauli matrix, i.e., W = V = Z. We denote 1 — F(¢)
by 1—F(t);; = O;;(t) where i and j denote the qubit
location of the single-qubit operator W and V respectively
and compute this on the hardware. The choice of these
operators does not change the basic features of exponential
growth and saturation. The SYK model saturates the chaos
bound [8] at low temperatures and they have been exten-
sively studied using classical computing methods [39,40].
The current resources do not allow us to access very large
values of N, but we take a first step at computing in the
simplest setting on the quantum computer.

A. Results for OTOC

Even though the OTOC seems simple to compute, the
experimental/quantum computer measurement of the
OTOC is very challenging because of the unusual time
ordering. In a preliminary investigation, Ref. [41] studied
OTOC of local operators on a nuclear magnetic resonance
quantum simulator followed soon on trapped-ion [42]. In
order to compute OTOC on quantum hardware, we need to
define a protocol for the measurement. Several proposals
have been put forth [43-46] and we use the protocol
proposed in Ref. [45] which computes OTOC only by
considering forward time evolution and exploiting the
correlations between randomized measurements [47]. We
discuss the details of the global protocol based on ran-
domized measurements in the SM [16].

The results for OTOC from ibm cusco and ibm -
kyoto for three instances of N = 6 and the disorder
average over them is shown in Fig. 4. For this computation,
we used the M3 readout error mitigation protocol and
dynamical decoupling. Even without self-mitigation, we
find good agreement with the exact results.

V. SUMMARY AND DISCUSSION

We have proposed circuit complexity of O(N3#2/¢) for
Hamiltonian simulation of the SYK model with N
Majorana fermions, a substantial improvement over
existing results and performed quantum simulations on
noisy 127-qubit quantum computers. We studied the return
probability for N = 6, 8 Majorana fermions and computed
the out-of-time order correlators for N = 6, a diagnostic of
the chaotic behavior of quantum many-body systems. Due
to the noisy devices currently available, we applied
advanced mitigation methods to the hardware result and
showed that it agrees well with the exact time evolution.

It might appear that the superconducting platform is not
the best method to study the quantum simulation of this
model as we could have applied the ion-based approaches
to quantum simulation. The advantage of superconducting
platforms is the low gate times, but the limitation is the
qubit connectivity. With ion-based platforms, this is the
opposite—there is more freedom with connectivity, but
the gate times are much longer. For the dense SYK model
and other dense random Hamiltonians, both of these things
are important. In this work, we take a step toward
identifying which of these is more important by pushing
the superconducting platform to push the limits with
limited connectivity. We hope to extend this work with
hardware admitting all-to-all connectivity.

Though we cannot study the strict holographic limit and
see signs of saturation of chaos bound on current devices,
we believe that our work will be useful in future explora-
tions of this model. In this regard, it might also be useful to
consider simplified models similar to SYK [13,48-50] that
are conjectured to have the same holographic behavior as
the pure SYK model considered here. Another direction is
to consider ¢ > 4 and explore the resource requirements
and time evolution. It would be useful to study the
dynamics of the model over different timescales for the
return probability at finite . These interesting problems
would require resources that are beyond the contemporary
hardware era. We leave these questions for future work.
The use of quantum computers for models such as the SYK
model in coming decades will not only provide new
insights into the holographic principle but also into the
interesting world of strange metals and quantum many-
body systems [51].

The N = 6, 8 SYK Hamiltonian realizations, the Pauli
decomposition, and the time evolution circuit as OPEN

QASM 2.0 files for the single Trotter step can be obtained
from Ref. [52].

ACKNOWLEDGMENTS

M. A. is supported under the U.S. Department of Energy
Grant No. DE-SC0019139. R.G.J. is supported by the
U.S. Department of Energy, Office of Science, National
Quantum Information Science Research Centers, Co-
design Center for Quantum Advantage (C2QA) under
Contract No. DE-SC0012704 and by the U.S.
Department of Energy, Office of Science, Office of
Nuclear Physics under Contract No. DE-ACO05-
060R23177. B.S. is supported in part by the U.S.
Department of Energy, Office of Science, Office of High
Energy Physics, under Award No. DE-SC0009998. M. A.
and B.S. would like to thank Jefferson Lab’s Quantum
Computing Bootcamp for the hospitality where this work
started. We thank the IBM quantum hub at Brookhaven
National Laboratory for providing access to the IBMQ
quantum computers on which the computations were done.

105002-5



ASADUZZAMAN, JHA, and SAMBASIVAM

PHYS. REV. D 109, 105002 (2024)

[1] E. Witten, Anti-de Sitter space and holography, Adv. Theor.
Math. Phys. 2, 253 (1998).

[2] S. Catterall, R. G. Jha, D. Schaich, and T. Wiseman, Testing
holography using lattice super-Yang-Mills theory on a
2-torus, Phys. Rev. D 97, 086020 (2018).

[3] S. Catterall, J. Giedt, R.G. Jha, D. Schaich, and T.
Wiseman, Three-dimensional super-Yang—Mills theory on
the lattice and dual black branes, Phys. Rev. D 102, 106009
(2020).

[4] S. Sachdev and J. Ye, Gapless spin fluid ground state in a
random, quantum Heisenberg magnet, Phys. Rev. Lett. 70,
3339 (1993).

[5] A. Kitaev, A simple model of quantum holography, http://
online kitp.ucsb.edu/online/entangled15/.

[6] S. Sachdev, Bekenstein-Hawking entropy and strange met-
als, Phys. Rev. X 5, 041025 (2015).

[7] J. Maldacena and D. Stanford, Remarks on the Sachdev-Ye-
Kitaev model, Phys. Rev. D 94, 106002 (2016).

[8] J. Maldacena, S. H. Shenker, and D. Stanford, A bound on
chaos, J. High Energy Phys. 08 (2016) 106.

[9] G. Gur-Ari, R. Mahajan, and A. Vaezi, Does the SYK model
have a spin glass phase?, J. High Energy Phys. 11 (2018) 070.

[10] B. Kobrin, Z. Yang, G.D. Kahanamoku-Meyer, C.T.
Olund, J. E. Moore, D. Stanford, and N.Y. Yao, Many-
body chaos in the Sachdev-Ye-Kitaev model, Phys. Rev.
Lett. 126, 030602 (2021).

[11] L. Garcia-Alvarez, I.L. Egusquiza, L. Lamata, A. del
Campo, J. Sonner, and E. Solano, Digital quantum simu-
lation of minimal AdS/CFT, Phys. Rev. Lett. 119, 040501
(2017).

[12] Z. Luo, Y.-Z. You, J. Li, C.-M. Jian, D. Lu, C. Xu, B. Zeng,
and R. Laflamme, Quantum simulation of the non-Fermi-
liquid state of Sachdev-Ye-Kitaev model, npj Quantum Inf.
5, 53 (2019).

[13] S. Xu, L. Susskind, Y. Su, and B. Swingle, A sparse model
of quantum holography, arXiv:2008.02303.

[14] A.M. Childs, Y. Su, M. C. Tran, N. Wiebe, and S. Zhu, A
theory of Trotter error, Phys. Rev. X 11, 011020 (2021).

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

[16] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevD.109.105002 for addi-
tional details about the main text.

[17] G.H. Low and I.L. Chuang, Hamiltonian simulation by
qubitization, Quantum 3, 163 (2019).

[18] R. Babbush, D. W. Berry, and H. Neven, Quantum simu-
lation of the Sachdev-Ye-Kitaev model by asymmetric
qubitization, Phys. Rev. A 99, 040301 (2019).

[19] A.Kay, Tutorial on the quantikz package, arXiv:1809.03842.

[20] V. Shende, S. Bullock, and 1. Markov, Synthesis of
quantum-logic circuits, IEEE Trans. Comput.-Aided Des.
Integr. Circuits Syst. 25, 1000 (2006).

[21] T. Numasawa, Late time quantum chaos of pure states in
random matrices and in the Sachdev-Ye-Kitaev model,
Phys. Rev. D 100, 126017 (2019).

[22] Y. Liu, M. A. Nowak, and I. Zahed, Disorder in the
Sachdev-Yee-Kitaev model, Phys. Lett. B 773, 647 (2017).

[23] J. S. Cotler, G. Gur-Ari, M. Hanada, J. Polchinski, P. Saad,
S. H. Shenker, D. Stanford, A. Streicher, and M. Tezuka,

Black holes and random matrices, J. High Energy Phys. 05
(2017) 118; 09 (2018) 2.

[24] M. Urbanek, B. Nachman, V.R. Pascuzzi, A. He, C. W.
Bauer, and W. A. de Jong, Mitigating depolarizing noise on
quantum computers with noise-estimation circuits, Phys.
Rev. Lett. 127, 270502 (2021).

[25] J.J. Wallman and J. Emerson, Noise tailoring for scalable
quantum computation via randomized compiling, Phys.
Rev. A 94, 052325 (2016).

[26] S. A Rahman, R. Lewis, E. Mendicelli, and S. Powell, Self-
mitigating Trotter circuits for SU(2) lattice gauge theory on
a quantum computer, Phys. Rev. D 106, 074502 (2022).

[27] P.D. Nation, H. Kang, N. Sundaresan, and J. M. Gambetta,
Scalable mitigation of measurement errors on quantum
computers, PRX Quantum 2, 040326 (2021).

[28] L. Viola and S. Lloyd, Dynamical suppression of
decoherence in two-state quantum systems, Phys. Rev. A
58, 2733 (1998).

[29] P. Zanardi, Symmetrizing evolutions, Phys. Lett. A 258, 77
(1999).

[30] D. Vitali and P. Tombesi, Using parity kicks for decoherence
control, Phys. Rev. A 59, 4178 (1999).

[31] N. Ezzell, B. Pokharel, L. Tewala, G. Quiroz, and D. A.
Lidar, Dynamical decoupling for superconducting qubits: A
performance survey, Phys. Rev. Appl. 20, 064027 (2023).

[32] P. Hosur, X.-L. Qi, D. A. Roberts, and B. Yoshida, Chaos in
quantum channels, J. High Energy Phys. 02 (2016) 004.

[33] W. Fu and S. Sachdev, Numerical study of fermion and
boson models with infinite-range random interactions, Phys.
Rev. B 94, 035135 (2016).

[34] A. Kitaev and S. J. Suh, The soft mode in the Sachdev-Ye-
Kitaev model and its gravity dual, J. High Energy Phys. 05
(2018) 183.

[35] E. Lantagne-Hurtubise, S. Plugge, O. Can, and M. Franz,
Diagnosing quantum chaos in many-body systems using
entanglement as a resource, Phys. Rev. Res. 2, 013254
(2020).

[36] A.IL Larkin and Y. N. Ovchinnikov, Quasiclassical method
in the theory of superconductivity, Sov. Phys. JETP 28,
1200 (1969).

[37] B. Yan, L. Cincio, and W. H. Zurek, Information scrambling
and Loschmidt echo, Phys. Rev. Lett. 124, 160603 (2020).

[38] C. Siinderhauf, L. Piroli, X.-L. Qi, N. Schuch, and J.I.
Cirac, Quantum chaos in the Brownian SYK model with
large finite N: OTOCs and tripartite information, J. High
Energy Phys. 11 (2019) 038.

[39] Y. Cao, Y.-N. Zhou, T.-T. Shi, and W. Zhang, Towards
quantum simulation of Sachdev-Ye-Kitaev model, Sci. Bull.
65, 1170 (2020).

[40] T. Anegawa, N. lizuka, A. Mukherjee, S. K. Sake, and S. P.
Trivedi, Sparse random matrices and Gaussian ensembles
with varying randomness, J. High Energy Phys. 11 (2023)
234,

[41] J. Li, R. Fan, H. Wang, B. Ye, B. Zeng, H. Zhai, X. Peng,
and J. Du, Measuring out-of-time-order correlators on a
nuclear magnetic resonance quantum simulator, Phys. Rev.
X 7, 031011 (2017).

[42] M. Giirttner, J. G. Bohnet, A. Safavi-Naini, M. L. Wall, J. J.
Bollinger, and A.M. Rey, Measuring out-of-time-order

105002-6


https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.1103/PhysRevD.97.086020
https://doi.org/10.1103/PhysRevD.102.106009
https://doi.org/10.1103/PhysRevD.102.106009
https://doi.org/10.1103/PhysRevLett.70.3339
https://doi.org/10.1103/PhysRevLett.70.3339
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
http://online.kitp.ucsb.edu/online/entangled15/
https://doi.org/10.1103/PhysRevX.5.041025
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1007/JHEP08(2016)106
https://doi.org/10.1007/JHEP11(2018)070
https://doi.org/10.1103/PhysRevLett.126.030602
https://doi.org/10.1103/PhysRevLett.126.030602
https://doi.org/10.1103/PhysRevLett.119.040501
https://doi.org/10.1103/PhysRevLett.119.040501
https://doi.org/10.1038/s41534-019-0166-7
https://doi.org/10.1038/s41534-019-0166-7
https://arXiv.org/abs/2008.02303
https://doi.org/10.1103/PhysRevX.11.011020
https://doi.org/10.1126/science.273.5278.1073
https://doi.org/10.1126/science.273.5278.1073
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
http://link.aps.org/supplemental/10.1103/PhysRevD.109.105002
https://doi.org/10.22331/q-2019-07-12-163
https://doi.org/10.1103/PhysRevA.99.040301
https://arXiv.org/abs/1809.03842
https://doi.org/10.1109/TCAD.2005.855930
https://doi.org/10.1109/TCAD.2005.855930
https://doi.org/10.1103/PhysRevD.100.126017
https://doi.org/10.1016/j.physletb.2017.08.054
https://doi.org/10.1007/JHEP05(2017)118
https://doi.org/10.1007/JHEP05(2017)118
https://doi.org/10.1007/JHEP09(2018)002
https://doi.org/10.1103/PhysRevLett.127.270502
https://doi.org/10.1103/PhysRevLett.127.270502
https://doi.org/10.1103/PhysRevA.94.052325
https://doi.org/10.1103/PhysRevA.94.052325
https://doi.org/10.1103/PhysRevD.106.074502
https://doi.org/10.1103/PRXQuantum.2.040326
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1016/S0375-9601(99)00365-5
https://doi.org/10.1016/S0375-9601(99)00365-5
https://doi.org/10.1103/PhysRevA.59.4178
https://doi.org/10.1103/PhysRevApplied.20.064027
https://doi.org/10.1007/JHEP02(2016)004
https://doi.org/10.1103/PhysRevB.94.035135
https://doi.org/10.1103/PhysRevB.94.035135
https://doi.org/10.1007/JHEP05(2018)183
https://doi.org/10.1007/JHEP05(2018)183
https://doi.org/10.1103/PhysRevResearch.2.013254
https://doi.org/10.1103/PhysRevResearch.2.013254
https://doi.org/10.1103/PhysRevLett.124.160603
https://doi.org/10.1007/JHEP11(2019)038
https://doi.org/10.1007/JHEP11(2019)038
https://doi.org/10.1016/j.scib.2020.03.037
https://doi.org/10.1016/j.scib.2020.03.037
https://doi.org/10.1007/JHEP11(2023)234
https://doi.org/10.1007/JHEP11(2023)234
https://doi.org/10.1103/PhysRevX.7.031011
https://doi.org/10.1103/PhysRevX.7.031011

SACHDEV-YE-KITAEV MODEL ON A NOISY QUANTUM ...

PHYS. REV. D 109, 105002 (2024)

correlations and multiple quantum spectra in a trapped ion
quantum magnet, Nat. Phys. 13, 781 (2017).

[43] N.Y. Yao, F. Grusdt, B. Swingle, M.D. Lukin, D. M.
Stamper-Kurn, J. E. Moore, and E. A. Demler, Interferometric
approach to probing fast scrambling, arXiv:1607.01801.

[44] D. Aggarwal, S. Raj, B. K. Behera, and P. K. Panigrahi,
Application of quantum scrambling in Rydberg atom on
IBM quantum computer, arXiv:1806.00781.

[45] B. Vermersch, A. Elben, L. M. Sieberer, N. Y. Yao, and P.
Zoller, Probing scrambling using statistical correlations
between randomized measurements, Phys. Rev. X 9,
021061 (2019).

[46] X. Mi et al., Information scrambling in quantum circuits,
Science 374, abg5029 (2021).

[47] M. Asaduzzaman, S. Catterall, Y. Meurice, and G. C. Toga,
Quantum Ising model on two dimensional anti-de Sitter
space, Phys. Rev. D 109, 054513 (2024).

[48] A.M. Garcia-Garcia, Y. Jia, D. Rosa, and J.J. M.
Verbaarschot, Sparse Sachdev-Ye-Kitaev model, quantum
chaos and gravity duals, Phys. Rev. D 103, 106002
(2021).

[49] M. Tezuka, O. Oktay, E. Rinaldi, M. Hanada, and F. Nori,
Binary-coupling sparse Sachdev-Ye-Kitaev model: An im-
proved model of quantum chaos and holography, Phys. Rev.
B 107, L081103 (2023).

[50] M. Hanada, A. Jevicki, X. Liu, E. Rinaldi, and M. Tezuka, A
model of randomly-coupled Pauli spins, arXiv:2309.15349.

[51] D. Chowdhury, A. Georges, O. Parcollet, and S. Sachdev,
Sachdev-Ye-Kitaev models and beyond: Window into non-
Fermi liquids, Rev. Mod. Phys. 94, 035004 (2022).

[52] M. Asaduzzaman, R. G. Jha, and B. Sambasivam, A model
of quantum gravity on a noisy quantum computer—
notebooks and quantum circuits release, Zenodo, https://
zenodo.org/record/10202045 (2023).

105002-7


https://doi.org/10.1038/nphys4119
https://arXiv.org/abs/1607.01801
https://arXiv.org/abs/1806.00781
https://doi.org/10.1103/PhysRevX.9.021061
https://doi.org/10.1103/PhysRevX.9.021061
https://doi.org/10.1126/science.abg5029
https://doi.org/10.1103/PhysRevD.109.054513
https://doi.org/10.1103/PhysRevD.103.106002
https://doi.org/10.1103/PhysRevD.103.106002
https://doi.org/10.1103/PhysRevB.107.L081103
https://doi.org/10.1103/PhysRevB.107.L081103
https://arXiv.org/abs/2309.15349
https://doi.org/10.1103/RevModPhys.94.035004
https://zenodo.org/record/10202045
https://zenodo.org/record/10202045
https://zenodo.org/record/10202045

