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Out-of-time-ordered correlators (OTOCS) are a key observable in a wide range of interconnected fields
including many-body physics, quantum information science, and quantum gravity. Measuring OTOCs
using near-term quantum simulators will extend our ability to explore fundamental aspects of these fields
and the subtle connections between them. Here, we demonstrate an experimental method to measure
OTOCs at finite temperatures and use the method to study their temperature dependence. These
measurements are performed on a digital quantum computer running a simulation of the transverse field
Ising model. Our flexible method, based on the creation of a thermofield double state, can be extended to
other models and enables us to probe the OTOC’s temperature-dependent decay rate. Measuring this decay
rate opens up the possibility of testing the fundamental temperature-dependent bounds on quantum

information scrambling.
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Introduction.—A key piece in our understanding of
quantum many-body dynamics is the scrambling of quan-
tum information. Out-of-time-ordered correlators (OTOCs)
are powerful tools to probe quantum information scram-
bling in quantum many-body systems. OTOCs are multi-
point correlation functions evaluated between operators
with the probe times appearing out of order [l]. In
particular, the decay of the magnitude of the four-point
OTOCs with time indicates the distribution of an initially
local perturbation over the system’s degrees of freedom,
i.e., the scrambling of quantum information. In analogy to
chaotic classical systems which are characterized by their
sensitivity towards small perturbations, OTOCs were origi-
nally recognized in high-energy physics literature [2—4]
as probes of quantum chaos. They are now routinely used
as tools to study the dynamics of many-body quantum
systems [5—11], out-of-equilibrium fluctuations [12-14],
quantum phase transitions [15-23], and to elucidate quan-
tum information spreading in black holes through the
AdS/CFT correspondence [2—4,24-28].

It is of fundamental importance to measure OTOCs at
finite temperature to study the effects of temperature on
information scrambling. The advancement of techniques
for measuring thermal OTOCs will serve to experimentally
verify the theoretical conjecture on the maximum rate of
scrambling [2,29].

There have recently been several theoretical proposals
[30-35] to measure the thermal OTOC, but none have been

0031-9007/22/128(14)/140601(6)

140601-1

realized so far. Measuring OTOCs in experiment poses a
few stringent requirements, such as the realization of
coherent backward time evolution—which is typically
required due to the out-of-time ordering of the operators
in its definition—and preparation of systems at controllable
finite temperature. Previous experiments have measured
OTOC:s in pure initial states or at infinite temperature in
several platforms including NMR [36,37], superconducting
circuits [38,39], trapped ions [40—42], and cold atoms [43].
While all these experiments relied on the ability to realize
backward time evolution, OTOCs have also been measured
at infinite temperature using randomized measurements
without requiring backward time evolution [42,44].

In this Letter, we demonstrate the experimental meas-
urement of thermal OTOCs using a digital quantum
computer based on trapped ions. Our platform allows
individual control of each qubit, and implements a univer-
sal gate set that can simulate arbitrary quantum dynamics
as Trotterized Hamiltonian evolution [45]. We prepare a
thermal state on a subsystem of a larger pure state,
constituting a thermofield double (TFD) state [46], using
variational quantum circuits as previously demonstrated in
Refs. [47,48]. These capabilities allow us to measure
thermal OTOCSs in a transverse-field Ising chain of three
qubits, based on earlier theoretical proposals [33,34]. We
measure information scrambling by tracking the decay of
the magnitude of the thermal OTOC with time. As a key
result, we demonstrate that temperature plays a significant
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role in scrambling, and that information scrambles faster at
higher temperatures.

Methods and model—Our goal is to measure the
following form of the thermal OTOC at inverse temperature

p =1/T for a Hamiltonian H:

O:

2Tr[e—ﬂh’ﬂw‘V‘(r)We—ﬂHﬂV(z)}, (1)

where V(1) = e"Ve~" is Hermitian and W is a local
unitary operator. The normalization factor is given by
Z = Trle ). We take h = ky = 1.

The experimental sequence for measuring O, based on
previous theoretical proposals [33,34], is summarized in
Fig. 1(a). Central to our method is the creation of a TFD
state spanning two system copies labeled A and B, each of
N qubits, and taking the form

Ze PES2|n) 4| n*) g,

where n labels the eigenstates of A in each copy with
energies E,, and the star indicates the complex conjugate
state. Although |wrgp) is a pure state, expectation values
taken with respect to the TFD state give thermally averaged

(2)

| WTFD

results for each system copy. Denotlng the Hamiltonian for
each system copy as H, and Hp, and the initial perturba-
tion as W, we first apply W, on copy A in the initial state,
and then evolve the two-copy system with H, — ng as

shown in Fig. 1(a). The state just after time evolution is
given by

AHDW ). 3)
Operators V, and V are mirrored between the two copies

and constitute the local measurements giving access to the
OTOC in the form of their correlator:

1
= ZZ:<’“|A<’”*|B€_ﬁE’"/2

n,m

(w(t)|Vy ® Vil (1)

X WT ei(HA
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—H@ff/; ®
"ePES2W 4 |n) o) .
(4)
We split the expectation value in the joint Hilbert space of A
and B in Eq. (4) into a product of two matrix elements

separately in the A and B Hilbert spaces, and hereafter drop
the labels. We obtain
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FIG. 1.

An overview of the circuit executed on the trapped-ion quantum computer for OTOC measurement at various temperatures in

the TFIM. Two copies of the three-spin system are represented by six qubits as shown in (a). From the |0)®" state, the TFD state is
prepared using the circuits appropriate for the chosen temperature shown in (c). For the finite temperature TFD state, the set of angles
assigned to the gates shown determine the temperature. The perturbing operator W imparts local information onto one copy system and
each copy is evolved with the appropriate Hamiltonian digitized as shown in (b). Finally, correlations between the two system copies,
(VT ® V), are measured to determine the OTOC. Here XX = e 012815} 77 — 7101255} and Z = ¢~1(0/2)%; where i and j are qubit
indices and @ is the rotation angle. The values of @ are given in [50].
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Subsequently, we utilize the relations e#£:/2|n) = ¢=PH/2|n)
and (m*|e= YTt n*) = (n|V(1)|m) to obtain

N ~ 1 N R N
WO @ VTly () = > S mlePH2W1 7 (1) e s

n,m

x ) (| V (1)|m). (6)

Resolving the identity operator in Eq. (6) [49], 3", |n)(n| = 1,
we find that the right-hand side of Eq. (6) reduces to O
in Eq. (1).

To demonstrate our method, we choose to study OTOCs
in the transverse-field Ising model (TFIM), which can be
very efficiently simulated on a trapped-ion quantum com-
puter (TIQC). The Hamiltonian for this model is

N-1 N
i=1 i=1

where J gives the spin-spin coupling strength, g determines
the strength of the interaction with the field, and 67,
a € (x,y,z) are Pauli spin operators on the ith site.
Note that H* = H. Time evolution is performed through
Trotterization, in which the full evolution is approximated
by executing one Trotter step sequentially N, times. The
digital circuit for each Trotter step is represented in brackets
in Fig. 1(b). It is constructed from single-qubit rotations
and two-qubit entangling gates. The parameters for these
gates, i.e., their angles of rotation on the single or two-qubit
Bloch sphere, determine the evolution time spanned by a
single Trotter step.

In order to prepare the TFD state, we follow the
variational method in Refs. [47,48] with classically opti-
mized parameters. This method digitally approximates the
true thermal state. We use classical simulation of the
quantum circuit to quantify this approximation and find
that, in the absence of physical errors, this method would
allow us to create TFD states with fidelity greater than 97%
for all temperatures considered in this work. However,
physical errors limit the fidelity of our experimentally
prepared state to less than 97%. Note that in the case of
infinite temperature, the theoretical preparation circuit
requires no approximation. For the finite temperature
preparation circuits, the exact parameters used for the gates
determine the temperature of the OTOC measurement.

We execute these circuits on a TIQC, which has
previously been described in Ref. [51]. The TIQC is built
upon a trapped linear chain of '"'Yb* ions with the

qubit encoded in two different hyperfine ground states.
All qubits are initialized in the |0) state via optical pumping
[52]. Coherent operations are implemented using a pair of
Raman beams derived from a mode-locked laser at 355 nm.
The beams are counterpropagating and one of them is split
into an array of tightly focused beams, each addressing a
single ion in the chain. Single-qubit gates are compiled into
pulses of appropriate phase, amplitude, and duration to
effect a resonant Rabi rotation while two-qubit gates are
compiled into amplitude and frequency modulated pulses
which effectively entangle the qubits’ spin degrees of
freedom through transient entanglement of both spins with
the shared motion of the ions in the Paul trap [53,54]. The
typical fidelities of single- and two-qubit gates are 99.5%
and 98.5%, respectively. Measurements are performed in
the computational basis with state-dependent fluorescence
detection [52]. The entire experiment is repeated several
thousand times to detect the average state population,
which is corrected for errors of about 1% arising from
imperfect state preparation and measurement that are
independently characterized.

Results.—We measure the OTOCs in the TFIM at
different times, set by our Trotter steps, by executing
the circuits in Fig. 1. Figure 2 shows time evolution of
the OTOC for two different temperatures. In this case
we choose W =4} and we measure the correlator
(Vi@ VT = (6% ® 67), although any corresponding pair
between the two copies of the system could be used. We
compare the experimentally measured results to those of
the expected results which can be calculated exactly in
this small demonstration. The observed decay of the
OTOC’s magnitude from its initial temperature-dependent
value agrees well with the expected result. The deviation
between the measured results (pink circles) and the exact
evolution (purple line) can be attributed to two general
errors: those arising from algorithmic approximations and
those arising from physical errors on the apparatus.
Algorithmic errors comprise both imperfect variational
preparation of the TFD state and Trotter error, and can
be read in Fig. 2 as the difference between the purple line
and the green triangles. As can be seen in the Fig. 2, the
algorithmic error is small compared to the physical error
which is likely dominated by imperfect calibration of the
gates or residual entanglement of the qubit states with the
ion motion.

A small portion of the physical error can be eliminated
through postselection whereby we take advantage of the
symmetry of our model to discard results which could only
arise through physical error. The symmetry of the TFIM
dictates that its eigenstates satisfy [[2,6%|n)|n*) =
|n)|n*), and we therefore have (wrpp| [12, 6% lwrep) = 1
and (yrep|67([17Y, 6%)67|wrrp) = —1. Noting that the
initial state before time evolution is |1//(0)) 6{|lwrrp)>
and because [V, 6% commutes with H, — H; B, ANy experi-
mental results for Wthh (TT2Y, 6%) # —1 may be discarded.
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FIG. 2. The evolution of the OTOC is measured as summarized
in Fig. 1. Here we have prepared the TFD state for 7/J = 2 in
(a) T/J = oo in (b) and chosen J = g [see Eq. (7)]. In both cases
we use (\7T ® VT> = (6] ® 63) for our measurement and have
used W = 6} to impart local information. Pink circles show the
experimental result, yellow squares the experimental result after
postselection (see text), green triangles the expected results in an
error-free circuit, and the purple line corresponds to numerical
simulation of the model. For the experimental values, the
statistical error bars are smaller than the symbols. While the
two OTOCs at both temperatures exhibit qualitatively similar
decay, close inspection shows a significant difference in the rate
of decay (see Fig. 3).

For the entirety of the results shown in Figs. 2(a) and 2(b),
respectively, an average of 40% and 20% of the measure-
ments are discarded in postselection. While the value of
<\7T ® VT> grows from an initial value near —1, i.e., its
magnitude decays, as expected by the numerical simula-
tion, the decay is damped through physical errors.
Separating further physical errors from genuine decay of
the OTOC will be treated heuristically below.

As our main result, we show the dependence of the
OTOC decay rate with temperature. In order to quantify
this, we approximate the derivative, O'(¢), by the finite
difference A at the point where the decay of the OTOC
is expected to be largest. In particular, we extract
A={[0(0.8/J) —0(0.4/J)]/(0.4/J)}. A fair comparison
of the OTOC magnitudes’ decay at different temperatures
requires a similar amount of physical error in all the
circuits. To accomplish this, we artificially add gates to
the shorter depth circuits such that the number of gates are
the same for a given time. In particular, we add to the state
preparation extra gates which do not affect the resulting
state except through physical error.

+ numerical A simulation [ post-selected
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FIG. 3. Temperature dependence of the OTOC decay rate O,

approximated by the finite difference A (see main text). On the
right axis, yellow squares show the experimental results after
postselection (see text). On the left axis, green triangles show
simulation of the circuit on an error-free quantum computer and
the purple plus signs show the slope for the numerical simulation.
(inset) Sample evolution of (V7 ® V) at zero temperature (light
blue triangles), for T/J = 2 (purple circles) and infinite temper-
ature (pink squares), showing decay of the OTOC magnitude. The
Trotter step size is not uniform but proceeds in sizes
{0.2,0.2,0.4} #J. For the experimental data the statistical error
bars are smaller than the symbols.

Figure 3 shows the OTOC decay rate versus temperature,
with the inset showing the magnitude’s decay versus time at
a few sample temperatures. As expected from the sample
results in Fig. 2, the experimentally measured decay rate is
lower than the theoretically expected result. In order to
better compare the change in decay rate with temperature to
theoretical expectations, we choose to plot the experimental
decay rate on a different axis than the theoretical ones. The
OTOC decay rate is experimentally observed to increase
with temperature with a trend similar to that seen in the
numerical results.

Outlook.—Our measurement of the temperature depend-
ence of OTOC decay represents a new tool for digital
quantum simulation, providing a measurable quantity
which can be used to study the temperature dependence
of quantum information scrambling. In particular, exper-
imental access to thermal OTOCs provides a tantalizing
route to using quantum simulators to test fast scrambling
and bounds on the rate of information scrambling [2,29].
This includes testing the exponential decay of OTOCS in
fast-scrambling quantum models [55-57], and saturation of
the bound in models that are analogous to black holes via
holographic duality [24,25]. Additional building blocks for
realizing such a model have already been considered in
Refs. [58-60]. Measuring thermal OTOCs also provides a
route to implement and benchmark ideas for simulating
many-body teleportation and traversable wormholes in the
lab [10,61,62].

A.E. acknowledges funding by the German National
Academy of Sciences Leopoldina under the Grant
No. LPDS 2021-02 and by the Walter Burke Institute

140601-4



PHYSICAL REVIEW LETTERS 128, 140601 (2022)

for Theoretical Physics, Caltech. L.K.J. acknowledges
the European Union’s Horizon 2020 research and innova-
tion programme under Grant Agreement No. 731473
(QuantERA via QT-FLAG) and the Austrian Science
Foundation (FWEF, P 32597 N). T. V. Z.’s work is supported
by the Simons Collaboration on Ultra-Quantum Matter,
which is a grant from the Simons Foundation (651440, P.
Z.). This work received support from the National Science
Foundation through the Quantum Leap Challenge
Institute for Robust Quantum Simulation (OMA-2120757)
and the Physics Frontier Center (PHY-1430094) at the
Joint Quantum Institute (JQI). A. M. G. is supported by a
JQI Postdoctoral Fellowship. N.M.L. acknowledges
funding by the Maryland-Army-Research-Lab Quantum
Partnership (W911NF1920181), the Department of Energy,
Office of Science, Office of Nuclear Physics (DE-
SC0021143), and the Office of Naval Research
(N00014-20-1-2695). We thank Ana Maria Rey and
Murray Holland for a careful reading of the manuscript.

[1] B. Swingle, Unscrambling the physics of out-of-time-order
correlators, Nat. Phys. 14, 988 (2018).

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

[3] S. H. Shenker and D. Stanford, Black holes and the butterfly
effect, J. High Energy Phys. 03 (2014) 067.

[4] S.H. Shenker and D. Stanford, Multiple shocks, J. High
Energy Phys. 12 (2014) 46.

[5] R. Fan, P. Zhang, H. Shen, and H. Zhai, Out-of-time-order
correlation for many-body localization, Sci. Bull. 62, 707
(2017).

[6] X. Chen, T. Zhou, D. A. Huse, and E. Fradkin, Out-of-time-
order correlations in many-body localized and thermal
phases, Ann. Phys. (Amsterdam) 529, 1600332 (2017).

[7]1 B. Swingle and D. Chowdhury, Slow scrambling in dis-
ordered quantum systems, Phys. Rev. B 95, 060201(R)
(2017).

[8] R.-Q. He and Z.-Y. Lu, Characterizing many-body locali-
zation by out-of-time-ordered correlation, Phys. Rev. B 95,
054201 (2017).

[9] A. Bohrdt, C. B. Mendl, M. Endres, and M. Knap, Scram-
bling and thermalization in a diffusive quantum many-body
system, New J. Phys. 19, 063001 (2017).

[10] T. Schuster, B. Kobrin, P. Gao, I. Cong, E. T. Khabiboulline,
N. M. Linke, M. D. Lukin, C. Monroe, B. Yoshida, and N. Y.
Yao, Many-body quantum teleportation via operator spread-
ing in the traversable wormhole protocol, arXiv:2102.00010.

[11] Y. Huang, Y.-L. Zhang, and X. Chen, Out-of-time-ordered
correlators in many-body localized systems, Ann. Phys.
(Berlin) 529, 1600318 (2017).

[12] M. Campisi and J. Goold, Thermodynamics of quantum
information scrambling, Phys. Rev. E 95, 062127 (2017).

[13] N. Yunger Halpern, Jarzynski-like equality for the out-of-
time-ordered correlator, Phys. Rev. A 95, 012120 (2017).

[14] N. Yunger Halpern, B. Swingle, and J. Dressel, Quasiprob-
ability behind the out-of-time-ordered correlator, Phys. Rev.
A 97, 042105 (2018).

[15] R.J. Lewis-Swan, S. R. Muleady, and A. M. Rey, Detecting
Out-of-Time-Order Correlations via Quasiadiabatic Echoes
as a Tool to Reveal Quantum Coherence in Equilibrium
Quantum Phase Transitions, Phys. Rev. Lett. 125, 240605
(2020).

[16] X. Nie, B.-B. Wei, X. Chen, Z. Zhang, X. Zhao, C. Qiu, Y.
Tian, Y. Ji, T. Xin, D. Lu, and J. Li, Experimental
Observation of Equilibrium and Dynamical Quantum Phase
Transitions via Out-of-Time-Ordered Correlators, Phys.
Rev. Lett. 124, 250601 (2020).

[17] C.B. Dag, K. Sun, and L.-M. Duan, Detection of Quantum
Phases via Out-of-Time-Order Correlators, Phys. Rev. Lett.
123, 140602 (2019).

[18] C.B. Dag, L.-M. Duan, and K. Sun, Topologically induced
prescrambling and dynamical detection of topological phase
transitions at infinite temperature, Phys. Rev. B 101, 104415
(2020).

[19] B.-B. Wei, G. Sun, and M.-J. Hwang, Dynamical scaling
laws of out-of-time-ordered correlators, Phys. Rev. B 100,
195107 (2019).

[20] Z.-H. Sun, J.-Q. Cai, Q.-C. Tang, Y. Hu, and H. Fan, Out-of-
time-order correlators and quantum phase transitions in the
Rabi and Dicke models, Ann. Phys. (Leipzig) 532, 1900270
(2020).

[21] Q. Wang and F. Pérez-Bernal, Probing an excited-state
quantum phase transition in a quantum many-body system
via an out-of-time-order correlator, Phys. Rev. A 100,
062113 (2019).

[22] M. Heyl, F. Pollmann, and B. Déra, Detecting Equilibrium
and Dynamical Quantum Phase Transitions in Ising Chains
via Out-of-Time-Ordered Correlators, Phys. Rev. Lett. 121,
016801 (2018).

[23] H. Shen, P. Zhang, R. Fan, and H. Zhai, Out-of-time-order
correlation at a quantum phase transition, Phys. Rev. B 96,
054503 (2017).

[24] J. Maldacena, The large-N limit of superconformal field
theories and supergravity, Int. J. Theor. Phys. 38, 1113
(1999).

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

[26] J. Maldacena, D. Standford, and Z. Yang, Diving into
traversable wormholes, Fortschr. Phys. 65, 1700034 (2017).

[27] J. Maldacena and X.-L. Qi, Eternal traversable wormhole,
arXiv:1804.00491.

[28] A. Bhattacharyya, L. K. Joshi, and B. Sundar, Quantum
information scrambling: From holography to quantum
simulators, arXiv:2111.11945.

[29] C. Murthy and M. Srednicki, Bounds on Chaos from the
Eigenstate Thermalization Hypothesis, Phys. Rev. Lett. 123,
230606 (2019).

[30] 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.

[31] 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).

[32] B. Yoshida and N. Y. Yao, Disentangling Scrambling and
Decoherence via Quantum Teleportation, Phys. Rev. X 9,
011006 (2019).

140601-5


https://doi.org/10.1038/s41567-018-0295-5
https://doi.org/10.1007/JHEP08(2016)106
https://doi.org/10.1007/JHEP03(2014)067
https://doi.org/10.1007/JHEP12(2014)046
https://doi.org/10.1007/JHEP12(2014)046
https://doi.org/10.1016/j.scib.2017.04.011
https://doi.org/10.1016/j.scib.2017.04.011
https://doi.org/10.1002/andp.201600332
https://doi.org/10.1103/PhysRevB.95.060201
https://doi.org/10.1103/PhysRevB.95.060201
https://doi.org/10.1103/PhysRevB.95.054201
https://doi.org/10.1103/PhysRevB.95.054201
https://doi.org/10.1088/1367-2630/aa719b
https://arXiv.org/abs/2102.00010
https://doi.org/10.1002/andp.201600318
https://doi.org/10.1002/andp.201600318
https://doi.org/10.1103/PhysRevE.95.062127
https://doi.org/10.1103/PhysRevA.95.012120
https://doi.org/10.1103/PhysRevA.97.042105
https://doi.org/10.1103/PhysRevA.97.042105
https://doi.org/10.1103/PhysRevLett.125.240605
https://doi.org/10.1103/PhysRevLett.125.240605
https://doi.org/10.1103/PhysRevLett.124.250601
https://doi.org/10.1103/PhysRevLett.124.250601
https://doi.org/10.1103/PhysRevLett.123.140602
https://doi.org/10.1103/PhysRevLett.123.140602
https://doi.org/10.1103/PhysRevB.101.104415
https://doi.org/10.1103/PhysRevB.101.104415
https://doi.org/10.1103/PhysRevB.100.195107
https://doi.org/10.1103/PhysRevB.100.195107
https://doi.org/10.1002/andp.201900270
https://doi.org/10.1002/andp.201900270
https://doi.org/10.1103/PhysRevA.100.062113
https://doi.org/10.1103/PhysRevA.100.062113
https://doi.org/10.1103/PhysRevLett.121.016801
https://doi.org/10.1103/PhysRevLett.121.016801
https://doi.org/10.1103/PhysRevB.96.054503
https://doi.org/10.1103/PhysRevB.96.054503
https://doi.org/10.1023/A:1026654312961
https://doi.org/10.1023/A:1026654312961
https://doi.org/10.1103/PhysRevD.94.106002
https://doi.org/10.1002/prop.201700034
https://arXiv.org/abs/1804.00491
https://arXiv.org/abs/2111.11945
https://doi.org/10.1103/PhysRevLett.123.230606
https://doi.org/10.1103/PhysRevLett.123.230606
https://arXiv.org/abs/1607.01801
https://doi.org/10.1103/PhysRevX.9.021061
https://doi.org/10.1103/PhysRevX.9.021061
https://doi.org/10.1103/PhysRevX.9.011006
https://doi.org/10.1103/PhysRevX.9.011006

PHYSICAL REVIEW LETTERS 128, 140601 (2022)

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

[34] B. Sundar, A. Elben, L. K. Joshi, and T. V. Zache, Proposal
for measuring out-of-time-ordered correlators at finite tem-
perature with coupled spin chains, New J. Phys. 24, 023037
(2022).

[35] J. Dressel, J.R. Gonzilez Alonso, M. Waegell, and N.
Yunger Halpern, Strengthening weak measurements of
qubit out-of-time-order correlators, Phys. Rev. A 98,
012132 (2018).

[36] 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).

[37] K. X. Wei, C. Ramanathan, and P. Cappellaro, Exploring
Localization in Nuclear Spin Chains, Phys. Rev. Lett. 120,
070501 (2018).

[38] B. Foxen et al. (Google AI Quantum Collaboration),
Demonstrating a Continuous Set of Two-Qubit Gates for
Near-Term Quantum Algorithms, Phys. Rev. Lett. 125,
120504 (2020).

[39] J. Braumiiller, A. H. Karamlou, Y. Yanay, B. Kannan, D.
Kim, M. Kjaergaard, A. Melville, B. M. Niedzielski, Y.
Sung, A. Vepsildinen, R. Winik, J. L. Yoder, T. P. Orlando,
S. Gustavsson, C. Tahan, and W. D. Oliver, Probing quan-
tum information propagation with out-of-time-ordered cor-
relators, Nat. Phys. 18, 172 (2022).

[40] M. Girttner, J. G. Bohnet, A. Safavi-Naini, M. L. Wall, J. J.
Bollinger, and A.M. Rey, Measuring out-of-time-order
correlations and multiple quantum spectra in a trapped-
ion quantum magnet, Nat. Phys. 13, 781 (2017).

[41] K. A. Landsman, C. Figgatt, T. Schuster, N. M. Linke, B.
Yoshida, N.Y. Yao, and C. Monroe, Verified quantum
information scrambling, Nature (London) 567, 61 (2019).

[42] M. K. Joshi, A. Elben, B. Vermersch, T. Brydges, C. Maier,
P. Zoller, R. Blatt, and C.F. Roos, Quantum Information
Scrambling in a Trapped-Ion Quantum Simulator with
Tunable Range Interactions, Phys. Rev. Lett. 124, 240505
(2020).

[43] S. Pegahan, I. Arakelyan, and J.E. Thomas, Energy-
Resolved Information Scrambling in Energy-Space Lattices,
Phys. Rev. Lett. 126, 070601 (2021).

[44] X. Nie, Z. Zhang, X. Zhao, T. Xin, D. Lu, and J. Li,
Detecting scrambling via statistical correlations between
randomized measurements on an NMR quantum simulator,
arXiv:1903.12237.

[45] D. Zhu, S. Johri, N.H. Nguyen, C.H. Alderete, K. A.
Landsman, N. M. Linke, C. Monroe, and A.Y. Matsuura,
Probing many-body localization on a noisy quantum com-
puter, Phys. Rev. A 103, 032606 (2021).

[46] Y. Takahashi and H. Umezawa, Thermo field dynamics,
Int. J. Mod. Phys. B 10, 1755 (1996).

[47]1 J. Wu and T.H. Hsieh, Variational Thermal Quantum
Simulation via Thermofield Double States, Phys. Rev. Lett.
123, 220502 (2019).

[48] D. Zhu, S. Johri, N. M. Linke, K. A. Landsman, C. Huerta
Alderete, N. H. Nguyen, A. Y. Matsuura, T. H. Hsieh, and C.
Monroe, Generation of thermofield double states and critical
ground states with a quantum computer, Proc. Natl. Acad.
Sci. U.S.A. 117, 25402 (2020).

[49] After dropping the unnecessary labels A and B, it is
irrelevant that |n), and |n*), came from different subsys-
tems. Therefore, the term Y, |n)(n| is equal to the identity
operator.

[50] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.128.140601 for details
pertaining to the quantum circuits used for state preparation.

[51] S. Debnath, N. M. Linke, C. Figgatt, K. A. Landsman, K.
Wright, and C. Monroe, Demonstration of a small pro-
grammable quantum computer with atomic qubits, Nature
(London) 536, 63 (2016).

[52] S. Olmschenk, K. C. Younge, D. L. Moehring, D. N. Mat-
sukevich, P. Maunz, and C. Monroe, Manipulation and
detection of a trapped Yb™ hyperfine qubit, Phys. Rev. A 76,
052314 (2007).

[53] K. Mglmer and A. Sgrensen, Multiparticle Entanglement of
Hot Trapped Ions, Phys. Rev. Lett. 82, 1835 (1999).

[54] R. Bliimel, N. Grzesiak, N. H. Nguyen, A. M. Green, M. Li,
A. Maksymov, N. M. Linke, and Y. Nam, Efficient Stabi-
lized Two-Qubit Gates on a Trapped-lon Quantum Com-
puter, Phys. Rev. Lett. 126, 220503 (2021).

[55] R. Belyansky, P. Bienias, Y. A. Kharkov, A. V. Gorshkov,
and B. Swingle, Minimal Model for Fast Scrambling, Phys.
Rev. Lett. 125, 130601 (2020).

[56] Z.Li, S. Choudhury, and W. V. Liu, Fast scrambling without
appealing to holographic duality, Phys. Rev. Research 2,
043399 (2020).

[57] C. Yin and A. Lucas, Bound on quantum scrambling with
all-to-all interactions, Phys. Rev. A 102, 022402 (2020).

[58] L. Garcia-Alvarez, 1.L. Egusquiza, L. Lamata, A. del
Campo, J. Sonner, and E. Solano, Digital Quantum Sim-
ulation of Minimal AdS/CFT, Phys. Rev. Lett. 119, 040501
(2017).

[59] J. Martyn and B. Swingle, Product spectrum ansatz and the
simplicity of thermal states, Phys. Rev. A 100, 032107
(2019).

[60] V.P. Su, Variational preparation of the thermofield double
state of the Sachdev-Ye-Kitaev model, Phys. Rev. A 104,
012427 (2021).

[61] A.R. Brown, H. Gharibyan, S. Leichenauer, H. W. Lin, S.
Nezami, G. Salton, L. Susskind, B. Swingle, and M. Walter,
Quantum gravity in the lab: Teleportation by size and
traversable wormholes, arXiv:1911.06314.

[62] S. Nezami, H. W. Lin, A.R. Brown, H. Gharibyan, S.
Leichenauer, G. Salton, L. Susskind, B. Swingle, and M.
Walter, Quantum gravity in the lab: Teleportation by size
and traversable wormbholes, part II, arXiv:2102.01064.

140601-6


https://doi.org/10.1103/PhysRevResearch.2.013254
https://doi.org/10.1103/PhysRevResearch.2.013254
https://doi.org/10.1088/1367-2630/ac5002
https://doi.org/10.1088/1367-2630/ac5002
https://doi.org/10.1103/PhysRevA.98.012132
https://doi.org/10.1103/PhysRevA.98.012132
https://doi.org/10.1103/PhysRevX.7.031011
https://doi.org/10.1103/PhysRevX.7.031011
https://doi.org/10.1103/PhysRevLett.120.070501
https://doi.org/10.1103/PhysRevLett.120.070501
https://doi.org/10.1103/PhysRevLett.125.120504
https://doi.org/10.1103/PhysRevLett.125.120504
https://doi.org/10.1038/s41567-021-01430-w
https://doi.org/10.1038/nphys4119
https://doi.org/10.1038/s41586-019-0952-6
https://doi.org/10.1103/PhysRevLett.124.240505
https://doi.org/10.1103/PhysRevLett.124.240505
https://doi.org/10.1103/PhysRevLett.126.070601
https://arXiv.org/abs/1903.12237
https://doi.org/10.1103/PhysRevA.103.032606
https://doi.org/10.1142/S0217979296000817
https://doi.org/10.1103/PhysRevLett.123.220502
https://doi.org/10.1103/PhysRevLett.123.220502
https://doi.org/10.1073/pnas.2006337117
https://doi.org/10.1073/pnas.2006337117
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.140601
https://doi.org/10.1038/nature18648
https://doi.org/10.1038/nature18648
https://doi.org/10.1103/PhysRevA.76.052314
https://doi.org/10.1103/PhysRevA.76.052314
https://doi.org/10.1103/PhysRevLett.82.1835
https://doi.org/10.1103/PhysRevLett.126.220503
https://doi.org/10.1103/PhysRevLett.125.130601
https://doi.org/10.1103/PhysRevLett.125.130601
https://doi.org/10.1103/PhysRevResearch.2.043399
https://doi.org/10.1103/PhysRevResearch.2.043399
https://doi.org/10.1103/PhysRevA.102.022402
https://doi.org/10.1103/PhysRevLett.119.040501
https://doi.org/10.1103/PhysRevLett.119.040501
https://doi.org/10.1103/PhysRevA.100.032107
https://doi.org/10.1103/PhysRevA.100.032107
https://doi.org/10.1103/PhysRevA.104.012427
https://doi.org/10.1103/PhysRevA.104.012427
https://arXiv.org/abs/1911.06314
https://arXiv.org/abs/2102.01064

