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Second Law of Thermodynamics 

The total entropy of an interacting thermodynamic 
system never decreases

Irreversibility: the arrow of time



Thermalization of a Quantum Many-body State

Entanglement Entropy = Thermal Entropy 
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Arrow of Time in Quantum Many-Body System

Entanglement increases under a Hamiltonian evolution
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Figure 1: Schematic of Experimental Protocol. (A) Chaotic quantum many-body dynamics:

Unitary evolution under �̂ scrambles quantum information, transforming a low-entanglement initial

state into a highly entangled state. Under time-reversed dynamics with perturbed Hamiltonian

��̂ + X�̂, the system exhibits exponential deviation from perfect state recovery. (B) Microscopic

structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged

in a face-centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless
12C atoms. (C) Top: Floquet pulse sequence converting the dipolar Hamiltonian Eq. 1 into the

engineered form Eq. 2. Bottom: Experimental sequence for MQC and OTOC measurements.

Figure 2: Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental

data �
(_)

UW
(q, C) for three different q = 0, c/64 and c/32. The superscript _ labels three different

Hamiltonians, as described in the main text. The solid curves are fitting results obtained using the

scramblon ansatz. Experimentally, the 95% confidence intervals determined from read-out noise

are approximately 10�4, and therefore the error bars are contained within the data markers.
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Reverse Quantum Many-Body Dynamics

Quantum Information 
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eiĤt

Low-Entangled State

Highly-Entangled State

Another Highly-
Entangled State

Quantum Many-body 
Chaos

Non-Reversibility of Quantum 
Many-body Systems



OTOC

Out-of-Time-Ordered Correlator

Tr[Ŵ(0) ̂V(t)Ŵ(0) ̂V(t)]

2 Information Scrambling

1 Out-of-Time-Ordered Correlation

Definition. The out-of-time-order correlation (OTOC) is introduced to charac-
terize chaotic behavior in a quantum many-body system, namely, how many-body
quantum dynamics are sensitive to perturbations. Let us consider an initial state
| i that is a thermal state, that is, this state obeys Eigen-state Thermalization Hy-
pothesis (ETH). Local behaviors of a thermal state can be equivalently described
by a thermal density matrix and a thermal state does not encode any useful local
information. We suppose an operator Ŵ acting on | i to encode certain local in-
formation on this state. Then, this state evolves under a many-body Hamiltonian
Ĥ as e�iĤt/~Ŵ | i, during which the encoded information is scrambled into the
entire system. After that, if we completely invert the evolution by applying the
Hamiltonian �Ĥ for the same duration of time t, the locally encoded information
will be completely restored and the quantum state returns to Ŵ | i.

Now, if we consider a perturbation occurs before inverting the many-body dy-
namics, described by another local operator V̂ acting on the state. Then, after this
circle, the quantum state, denoted by |xi, becomes

|xi = eiĤt/~V̂ e�iĤt/~Ŵ | i . (1.1)

To quantify the e↵ect of the perturbation, one can look at the overlap between the
state Eq. 1.1 and the reference state Ŵ | i. However, this quantification might not
work when Ĥ has a conserved quantity and V̂ changes this conserved quantity. For
instance, if Ĥ conserves total number of particles and Ŵ | i also has fixed particle
number, and if V̂ is an operator adding or annihilating particles, these two states
should have di↵erent particles number and their overlap must vanish. However,
this vanishing overlap is a consequence of globally conserved quantity and does not
reflect whether two states are locally similar or not.

Hence, we should change to another reference state that always has the same
quantum number as Eq. 1.1. To this end, we should introduce a time scale as the
local thermalization time tlocal. This is a characteristic time scale after which any
locally encoded information is smeared out by the Hamiltonian evolution and the
system obeys the ETH again. Hence, if we consider a state eiĤt/~V̂ e�iĤt/~ | i, when
t � tlocal, this state is locally equivalent to | i. This is because both two states are
thermal states, and since a local operator V̂ does not change the averaged energy
density of the state, these two states are described by the same thermal density
matrix with the same temperature. Hence, we introduce a reference state denoted
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instance, if Ĥ conserves total number of particles and Ŵ | i also has fixed particle
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state Eq. 1.1 and the reference state Ŵ | i. However, this quantification might not
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Now, if we consider a perturbation occurs before inverting the many-body dy-
namics, described by another local operator V̂ acting on the state. Then, after this
circle, the quantum state, denoted by |xi, becomes
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t � tlocal, this state is locally equivalent to | i. This is because both two states are
thermal states, and since a local operator V̂ does not change the averaged energy
density of the state, these two states are described by the same thermal density
matrix with the same temperature. Hence, we introduce a reference state denoted

1

1 Out-of-Time-Ordered Correlation

Definition. The out-of-time-order correlation (OTOC) is introduced to charac-
terize chaotic behavior in a quantum many-body system, namely, how many-body
quantum dynamics are sensitive to perturbations. Let us consider an initial state
| i that is a thermal state, that is, this state obeys Eigen-state Thermalization Hy-
pothesis (ETH). Local behaviors of a thermal state can be equivalently described
by a thermal density matrix and a thermal state does not encode any useful local
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t � tlocal, this state is locally equivalent to | i. This is because both two states are
thermal states, and since a local operator V̂ does not change the averaged energy
density of the state, these two states are described by the same thermal density
matrix with the same temperature. Hence, we introduce a reference state denoted

1

2 Out-of-Time-Ordered Correlation

by |yi as
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⌘
(1.5)
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Ĥ as e�iĤt/~Ŵ | i, during which the encoded information is scrambled into the
entire system. After that, if we completely invert the evolution by applying the
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number, and if V̂ is an operator adding or annihilating particles, these two states
should have di↵erent particles number and their overlap must vanish. However,
this vanishing overlap is a consequence of globally conserved quantity and does not
reflect whether two states are locally similar or not.

Hence, we should change to another reference state that always has the same
quantum number as Eq. 1.1. To this end, we should introduce a time scale as the
local thermalization time tlocal. This is a characteristic time scale after which any
locally encoded information is smeared out by the Hamiltonian evolution and the
system obeys the ETH again. Hence, if we consider a state eiĤt/~V̂ e�iĤt/~ | i, when
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Now, if we consider a perturbation occurs before inverting the many-body dy-
namics, described by another local operator V̂ acting on the state. Then, after this
circle, the quantum state, denoted by |xi, becomes
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Fig. 1.1 Illustration of Three Time Evolution Processes. (a) A Hamiltonian evolution

directly followed by an inverted evolution, resulting in the initial state Ŵ | i and recovering

initial encoded information. (b) A perturbation operation V̂ occurs before inverted time

evolution, because of which the initial information cannot be fully recovered or distorted

information is recovered. (c) A reference state that locally behaves as Ŵ | i but has the

same quantum number as |xi shown in (b) when the evolution time is longer than local

thermalization time.

where V̂ (t) = eiĤt/~V̂ e�iĤt/~. This state is illustrated by Fig. 1.1(b). To quantify
the e↵ect of the perturbation, one can look at the overlap between the state |xi and
the reference state Ŵ | i. A smaller overlap means a more substantial e↵ect of this
perturbation.
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particles and Ŵ | i also maintains a fixed particle number, if V̂ adds or annihilates
particles in this state, these two states should have di↵erent particle numbers, and their
overlap must vanish. However, this vanishing overlap results from a globally conserved
quantity and does not indicate whether these two states are locally similar.

Hence, we should change to another reference state that satisfies the following two
requirements:

• This state should have the same quantum number as the state |xi.
• This state should locally behave the same as Ŵ | i.
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work when Ĥ has a conserved quantity and V̂ changes this conserved quantity. For
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information. We suppose an operator Ŵ acting on | i to encode certain local in-
formation on this state. Then, this state evolves under a many-body Hamiltonian
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instance, if Ĥ conserves total number of particles and Ŵ | i also has fixed particle
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instance, if Ĥ conserves total number of particles and Ŵ | i also has fixed particle
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number, and if V̂ is an operator adding or annihilating particles, these two states
should have di↵erent particles number and their overlap must vanish. However,
this vanishing overlap is a consequence of globally conserved quantity and does not
reflect whether two states are locally similar or not.

Hence, we should change to another reference state that always has the same
quantum number as Eq. 1.1. To this end, we should introduce a time scale as the
local thermalization time tlocal. This is a characteristic time scale after which any
locally encoded information is smeared out by the Hamiltonian evolution and the
system obeys the ETH again. Hence, if we consider a state eiĤt/~V̂ e�iĤt/~ | i, when
t � tlocal, this state is locally equivalent to | i. This is because both two states are
thermal states, and since a local operator V̂ does not change the averaged energy
density of the state, these two states are described by the same thermal density
matrix with the same temperature. Hence, we introduce a reference state denoted

1

1 Out-of-Time-Ordered Correlation

Definition. The out-of-time-order correlation (OTOC) is introduced to charac-
terize chaotic behavior in a quantum many-body system, namely, how many-body
quantum dynamics are sensitive to perturbations. Let us consider an initial state
| i that is a thermal state, that is, this state obeys Eigen-state Thermalization Hy-
pothesis (ETH). Local behaviors of a thermal state can be equivalently described
by a thermal density matrix and a thermal state does not encode any useful local
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number, and if V̂ is an operator adding or annihilating particles, these two states
should have di↵erent particles number and their overlap must vanish. However,
this vanishing overlap is a consequence of globally conserved quantity and does not
reflect whether two states are locally similar or not.

Hence, we should change to another reference state that always has the same
quantum number as Eq. 1.1. To this end, we should introduce a time scale as the
local thermalization time tlocal. This is a characteristic time scale after which any
locally encoded information is smeared out by the Hamiltonian evolution and the
system obeys the ETH again. Hence, if we consider a state eiĤt/~V̂ e�iĤt/~ | i, when
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2 Out-of-Time-Ordered Correlation

by |yi as

|yi = ŴeiĤt/~V̂ e�iĤt/~ | i . (1.2)

When t � tlocal, we argue that this state is locally equivalent to Ŵ | i but it shares
the same quantum number as the quantum state Eq. 1.1.

Hence, we use the overlap between |xi and |yi to quantify how the quantum
many-body dynamics are sensitive to perturbations, and the overlap is given by

hy|xi = h | V̂ †(t)Ŵ †V̂ †(t)Ŵ | i (1.3)

Unlike the conventional correlation function that is time-ordered, one can see that
Eq. 1.3 represents a correlation function which exhibits an alternating time order.
Hence, it is called out-of-time-ordered correlation, usually short-noted as OTOC in
literatures. We usually normalize Eq. 1.3 as

hy|xip
hx|xi hy|yi

. (1.4)

This normalized OTOC defined by Eq. 1.4 is always smaller than unity.
With this definition, we can immediately make several remarks on OTOC. First,

we utilize the property that | i is a thermal state when introducing this definition.
Therefore, we usually discuss OTOC for a finite temperature system and seldomly
discuss OTOC for the ground or low-lying states. If we take | i as the thermofield
double state as introduced in the Box 1.1, and the operators only act on the left
system, it is easy to see that

hy|xi = Tr
⇣
e��En hn| V̂ †(t)Ŵ †V̂ †(t)Ŵ |ni

⌘
(1.5)

It becomes a thermal average over the eigenstates, and it is the same for hx|xi and
hy|yi.

Secondly, we use the property t � tlocal in the definition. That means the OTOC
exhibits universal behavior in the time scale larger than the local thermalization
time. For a thermal state, the characteristic local thermalization time scale is usually
set by its mean energy, also characterized by � = 1/(kBT ). Therefore, it means we
usually consider t � � for studying OTOC.

It is also worth mentioning the relation between OTOC and the operator complic-
ity. If V̂ and Ŵ are generically two operators acting on two di↵erent spatial points,
they commute with each other at t = 0. Hence, we have |xi = |yi at t = 0 and the
normalized OTOC equals unity. As time evolves, V̂ (t) and Ŵ (t) both become more
and more complicated during the Heisenberg evolution. As a result, V̂ (t) and Ŵ
(or Ŵ (t) and V̂ ) no longer commute, leading to two di↵erent states |xi and |yi and
decreasing of the OTOC. The increasing of complicity of V̂ (t) and Ŵ (t) enhances
the non-zero part of the commutator [V̂ (t), Ŵ ] and [Ŵ (t), V̂ ], reducing the overlap
hy|xi.
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t � tlocal, this state is locally equivalent to | i. This is because both two states are
thermal states, and since a local operator V̂ does not change the averaged energy
density of the state, these two states are described by the same thermal density
matrix with the same temperature. Hence, we introduce a reference state denoted

1

1 Out-of-Time-Ordered Correlation

Definition. The out-of-time-order correlation (OTOC) is introduced to charac-
terize chaotic behavior in a quantum many-body system, namely, how many-body
quantum dynamics are sensitive to perturbations. Let us consider an initial state
| i that is a thermal state, that is, this state obeys Eigen-state Thermalization Hy-
pothesis (ETH). Local behaviors of a thermal state can be equivalently described
by a thermal density matrix and a thermal state does not encode any useful local
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Fig. 1.1 Illustration of Three Time Evolution Processes. (a) A Hamiltonian evolution

directly followed by an inverted evolution, resulting in the initial state Ŵ | i and recovering

initial encoded information. (b) A perturbation operation V̂ occurs before inverted time

evolution, because of which the initial information cannot be fully recovered or distorted

information is recovered. (c) A reference state that locally behaves as Ŵ | i but has the

same quantum number as |xi shown in (b) when the evolution time is longer than local

thermalization time.

where V̂ (t) = eiĤt/~V̂ e�iĤt/~. This state is illustrated by Fig. 1.1(b). To quantify
the e↵ect of the perturbation, one can look at the overlap between the state |xi and
the reference state Ŵ | i. A smaller overlap means a more substantial e↵ect of this
perturbation.

However, this quantification may not apply when Ĥ has a conserved quantity and
V̂ alters this conserved quantity. For instance, if Ĥ conserves the total number of
particles and Ŵ | i also maintains a fixed particle number, if V̂ adds or annihilates
particles in this state, these two states should have di↵erent particle numbers, and their
overlap must vanish. However, this vanishing overlap results from a globally conserved
quantity and does not indicate whether these two states are locally similar.

Hence, we should change to another reference state that satisfies the following two
requirements:

• This state should have the same quantum number as the state |xi.
• This state should locally behave the same as Ŵ | i.

To achieve this, we need to introduce a time scale known as the local thermalization
time tth. This characteristic time scale indicates when the Hamiltonian evolution erases
any locally stored information, leading the system to thermalize. Therefore, if we
examine a state eiĤt/~V̂ e�iĤt/~ | i for t � tlocal, the Hamiltonian evolution obscures
the local information encoded by V̂ . Additionally, since a single local operator V̂ does
not alter the averaged energy density of the state, eiĤt/~V̂ e�iĤt/~ | i and | i share

1

Information Scrambling

When a quantum state thermalizes after su�ciently long dynamical evolution, any
local information in the initial state becomes scrambled throughout the system. These
information-scrambling processes inevitably occur during the quantum thermalization
process. This chapter discusses how quantum information scrambling is directly re-
lated to quantum many-body chaos and operator complexity, with a key quantity,
short-noted as OTOC, serving as the bridge between these concepts. We will also
examine how quantum chaotic dynamics and operator complexity contribute to im-
portant quantum information processing protocols such as quantum state tomography
and teleportation.

1.1 Quantum Many-Body Chaos

This section introduces the out-of-time-order correlator (OTO Correlator) and the
closely related out-of-time-ordered commutator (OTO Commutator). We will demon-
strate from two perspectives that both concepts highlight the analogy between chaos
in classical systems and quantum many-body systems.

Out-of-time-ordered Correlator. Classical chaos usually refers to whether a classical
dynamic is sensitive to perturbations, known as the celebrated butterfly e↵ect. The
OTO Correlator is introduced to characterize how many-body quantum dynamics are
sensitive to perturbations. To motivate our study, let us first consider an initial state
| i, a thermal state that obeys the Eigen-state Thermalization Hypothesis (ETH). For
a thermal state, its local behaviors can be equivalently described by a thermal density
matrix, and a thermal state does not encode any meaningful local information. We
apply an operator Ŵ acting on | i to encode certain local information onto this state.

Then, we let this state evolve under a many-body Hamiltonian Ĥ as e�iĤt/~Ŵ | i,
during which the encoded information is scrambled into the entire system. After that,
if we precisely revert the evolution by applying the Hamiltonian �Ĥ for the same
duration of time t, the locally encoded information will be completely restored, and
the quantum state returns to Ŵ | i. This process is shown in Fig. 1.1(a).

Now, if we consider that a perturbation occurs before reverting the many-body
dynamics, described by another local operator V̂ acting on the state. Then, after this
cycle, the quantum state, denoted by |xi, becomes

|xi = eiĤt/~V̂ e�iĤt/~Ŵ | i = V̂ (t)Ŵ | i , (1.1)
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the same energy density. Consequently, these two states are locally described by the
same thermal density matrix with the same temperature. Therefore, we introduce a
reference state represented by |yi as

|yi = ŴeiĤt/~V̂ e�iĤt/~ | i = Ŵ V̂ (t) | i . (1.2)

This state is illustrated by Fig. 1.1(c). When t � tth, we argue that |yi is locally
equivalent to Ŵ | i and shares the same quantum number as the state |xi.

Hence, we use the overlap between |xi and |yi to quantify how the quantum many-
body dynamics are sensitive to perturbations, which gives

hy|xi = h | V̂ †(t)Ŵ †V̂ (t)Ŵ | i . (1.3)

Unlike the conventional correlation function, which is always time-ordered, Eq. 1.3
represents a correlation function whose time arguments exhibit an alternating time
order. Therefore, it is called the out-of-time-ordered correlator, abbreviated as OTO
correlator below. We usually normalize Eq. 1.3 as

F(t) ⌘ hy|xip
hx|xi hy|yi

. (1.4)

This normalized OTO correlator defined by Eq. 1.4 is always smaller than unity.
With this definition, we can immediately make several remarks on the OTO cor-

relator. First, when introducing this definition, we utilize the property that | i is a
thermal state. Therefore, we usually discuss OTO correlators for a finite temperature
system and seldom discuss OTOC for the ground or low-lying states. To generalize
the definition to finite temperature systems, we shall first introduce the concept of
Thermofiled Double State:

We consider two systems denoted by the left (L) and the right (R) systems with
the same Hilbert space dimension. Suppose the left system has a Hamiltonian Ĥ and
a set of eigenstates {|ni} with Ĥ |ni = En |ni. There also exists a set of complete
orthogonal bases {|n̄i} for the right system with one-to-one correspondence between
|ni and |n̄i. Then, the thermofield double (TFD) state is defined as

|TFDi =
X

n

e��En/2 |niL |n̄iR . (1.5)

In the infinite temperature limit � ! 0, the TFD state becomes a standard EPR state.
We note that by tracing out the right system, one obtains

⇢̂L = TrR |TFDi hTFD| =
X

n

e��En |ni hn| (1.6)

and ⇢̂L becomes a thermal density matrix, with � = 1/(kBT ) being inverse tempera-
ture.

If we take | i as the TFD as introduced above and suppose the operators only act
on the left system, it is easy to see that

hy|xi = Tr
⇣
e��En hn| V̂ †(t)Ŵ †V̂ †(t)Ŵ |ni

⌘
, (1.7)

which becomes a thermal average over the eigenstates.

The overlap between these two outcomes:
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a b s t r a c t

In this paper we first compute the out-of-time-order correlators (OTOC) for both a phenomenological
model and a random-field XXZ model in the many-body localized phase. We show that the OTOC
decreases in power law in a many-body localized system at the scrambling time. We also find that the
OTOC can also be used to distinguish a many-body localized phase from an Anderson localized phase,
while a normal correlator cannot. Furthermore, we prove an exact theorem that relates the growth of
the second Rényi entropy in the quench dynamics to the decay of the OTOC in equilibrium. This theorem
works for a generic quantum system. We discuss various implications of this theorem.
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1. Introduction

Recently, the out-of-time-order correlator (OTOC) has drawn a
lot of attention in both the gravity physics, the condensed matter
physics and quantum information [1–17].2,3 This correlator is intro-
duced as

FðtÞ ¼ hŴyðtÞV̂ yð0ÞŴðtÞV̂ð0Þib; ð1Þ

where ŴðtÞ ¼ eiĤtŴe$iĤt and h. . . ib denotes averaging over a ther-
mal ensemble at temperature 1=b ¼ kBT. In the context of con-
densed matter physics, the OTOC diagnoses the chaotic behavior.
The exponential deviation of the OTOC defines the Lyapunov expo-
nent kL [1,2].2 In the gravity context, for systems that can be
described holographically by an Einstein gravity, it is shown that
the Lyapunov exponent saturates 2p=b [1,3,4]. More remarkably,
it is shown that the Lyapunov exponent will actually be bounded
by 2p=b [5]. It is thus conjectured that a quantum mechanical sys-
tem that saturates the bound has a holographic dual to a black hole
[5]. A concrete ‘‘Sachdev-Ye-Kitaev” model [18,19]3 has been shown

to display a black hole dual [6,7,20] and to have a Lyapunov expo-
nent kL ¼ 2p=b [8].3

In this paper, we ask the question that whether the OTOC can be
used beyond diagnosing the chaos and for systems that do not have
(and are not even close to have) the holographic dual. For this
motivation, we consider the OTOC in the many-body localized
(MBL) system, which is not chaotic and even does not satisfy the
Eigenstate Thermalization Hypothesis due to the existence of many
local integrals of motion [21–25]. Instead of an exponential devia-
tion, we analytically show that the OTOC power-law decays in an
MBL system. This is a clear distinction between an MBL phase
and a thermalized phase.

In the discussion of the MBL, it is often asked how to distinguish
an MBL state from an Anderson localized (AL) state [26–30]. The
later is known as a non-interacting phenomenon. It is known that,
after a sudden quench and following a linear growth of the entropy
at the initial time, for the AL phase entropy will stay nearly as a
constant, while for the MBL phase entropy will continuously grow
logarithmically due to the interaction induced dephasing
[26,27,31–33]. Here we show that in the MBL phase the OTOC
decreases during the time interval when the entropy logarithmi-
cally grows; while in the AL phase the OTOC remains as a constant.
On the other hand, the normal correlators always remain constant
in both the MBL phase and the AL phase. Thus we propose that the
behavior of OTOC can be used to distinguish the MBL and the AL,
while normal correlators cannot.

These calculations reveal a potential connection between the
growth of the entropy after a sudden quench and the decay of the
OTOC. Motivated by this insight, we prove an exact theorem that
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Let us again consider a general operator Q̂ , and sum over
a complete set of operators in the subsystem B, since
P

M̂2BMijMlm ¼ dimdlj, we will have
P

M̂2BM̂Q̂M̂ ¼ TrBQ̂ " Î, which is
shown in Fig. 2e. Finally, applying this identity to
Tr½M̂ðtÞV̂ð0ÞM̂ðtÞV̂ð0Þ&, the R.H.S. of Eq. (8) is presented in Fig. 2f.
It is clear that the result is equivalent to Fig. 2c. Hence, we prove
the OTOC-EE theorem.

5. An example of the OTOC-RE theorem

We now give a concrete example of the OTOC-RE theorem and
verify it with the models mentioned above. For the phenomenolog-
ical model, we consider a local quench at i-site by operator
Ô ¼ ð1þ ŝ x

i Þ=2
ðDþ1Þ=2. Then the density matrix evolves as

q̂ðtÞ ¼ Ûð1þ ŝ x
i ÞÛy=2D. For simplicity, we only consider the j-site

(i– j) as the B subsystem. After tracing out this site, the reduced
density matrix can be calculated explicitly. Finally, one obtains

Sð2ÞA ¼ ( log
1
2D 3þ cosð4JijtÞ

! "# $
: ð11Þ

This is the result before taking a disorder average. If higher
order terms in Hamiltonian Eq. (2) are included, more cosine func-
tions depending on the coefficients of higher order terms will show
up as small correction. In this case, it is also straightforward to
show that V̂ ¼ ÔÔy ¼ ð1þ ŝ x

i Þ=2
D and the complete set of operators

in the subsystem B is ŝ0j =
ffiffiffi
2

p
; ŝ x

j =
ffiffiffi
2

p
; ŝ y

j =
ffiffiffi
2

p
and ŝ z

j =
ffiffiffi
2

p
. We can

show that for Ŵ ¼ ŝ0j =
ffiffiffi
2

p
and ŝ z

j =
ffiffiffi
2

p
, the OTOC equals to 1=2D,

while for Ŵ ¼ ŝ x
j =

ffiffiffi
2

p
and ŝ y

j =
ffiffiffi
2

p
, the OTOC equals

ð1=2DÞð1=2þ cosð4JijtÞ=2Þ. Thus, the summation of all four OTOCs

equals to expð(Sð2ÞA Þ.
In the random XXZ model, similarly, we consider a system

quenched by operator Ô ¼ ð1þ 2ŝ xi Þ=2
ðDþ1Þ=2, and we choose the j-

site as the subsystem B. Here in our numerical calculation of eight
sites, we take i ¼ 1 and j ¼ 8. To compute OTOC, we have
V̂ ¼ ð1þ 2ŝ xi Þ=2

D, and the complete set of operators in subsystem
B are 1=

ffiffiffi
2

p
;

ffiffiffi
2

p
ŝ xj ;

ffiffiffi
2

p
ŝ yj and

ffiffiffi
2

p
ŝ zj . All these four OTOCs are shown

in Fig. 3a. One can see that except for Ŵ ¼ 1=
ffiffiffi
2

p
, all others decay.

The summation of all four OTOCs is shown in Fig. 3b, and it is com-
pared to the second Rényi entropy Sð2ÞA and expð(Sð2ÞA Þ. We can see
that the summation of OTOC perfectly coincides with expð(Sð2ÞA Þ.

6. Final remarks

In summary, our results build up the connection between the
OTOC in equilibrium and the growth of entropy after a quench.
This OTOC-RE theorem will have many implications in various sys-
tems. The MBL system is explicitly discussed here with both the
phenomenological model and the random XXZ model. Several
MBL systems have now been realized in cold atom and trapped

Fig. 2. Diagrammatic illustration of how to prove the OTOC-RE theorem. Please see
the main text for details.

a) b)

Fig. 3. (Color online) An example demonstrating the OTOC-RE theorem. (a) All the four OTOCs with V̂ ¼ ð1þ 2ŝ xi Þ=2
D (i ¼ 1) and W ¼ 1=

ffiffiffi
2

p
;

ffiffiffi
2

p
ŝ xj ;

ffiffiffi
2

p
ŝ yj and

ffiffiffi
2

p
ŝ zj (j ¼ 8),

respectively. And all the OTOCs have been rescaled to drop from unity. (b) The summation of four (unrescaled) OTOCs, the second order Rényi entropy Sð2ÞA (trace out j ¼ 8 site
which is the subsystem B) after quench by operator Ô ¼ ð1þ 2ŝ xi Þ=2

ðDþ1Þ=2 and expð(Sð2ÞA Þ. Here the calculation is taken on an 8-site chain, all quantities have been averaged
over 103 disorder configurations. Jz=J? ¼ 0:2 and hi=J? is uniformly distributed between ½(5;5&.
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and B, where A (B) is the left (right) half of this eight-site system.
The second Rényi entropy is defined as Sð2ÞA ¼ $ log TrAq̂2

A and
qA ¼ TrBq. The initial state is prepared in a Néel state along ẑ direc-
tion, and evolves from there under the XXZ Hamiltonian Eq. (7).
This initial state preparation can in fact be viewed as a global
quench. For the OTOC calculation, we choose Ŵ as ŝx at site i ¼ 2
and V̂ as ŝx at site j ¼ 8. The temperature is also set at infinity
and we sum over all configurations with equal weight. We do
check other choices of operators and most of the OTOCs all behave
similarly.

From Fig. 1 one can see that, after a linear increase at the initial
time (0 < tK1=J?), both two entropys saturate for the AL case,
which corresponds to the thermalization process within a localiza-
tion length. Then the entropy continuously grows logarithmically
only for the MBL case. The von Neumann entropy and the second
Rényi entropy behave similarly. For the MBL case, at the time scale
that entropy starts logarithmic growth, the OTOC also starts to
drop. While in the AL case, the OTOC always remains constant.
We also calculate the normal correlators in this model and find
they always remain as constants in both the MBL phase and the
AL phase. These results are consistent with the results from the
phenomenological model.

4. The OTOC-RE theorem

Motivated by the calculation above, here we prove a general
theorem as.

Theorem. Consider a system initialized at T ¼ 1. After being
quenched by an arbitrary operator Ô at t ¼ 0, we divide it into
two subparts A and B and considering the second Rényi entropy
Sð2ÞA . The growth of this second Rényi entropy is related to the OTOC
of the original equilibrium state via

expð$Sð2ÞA Þ ¼
X

M̂2B

hM̂ðtÞV̂ð0ÞM̂ðtÞV̂ð0Þib¼0; ð8Þ

where V̂ ¼ ÔÔy and the summation is taken over a complete set of
operators M̂ in the part B. Here we have chosen the normalization
condition for M̂ and Ô as

P
M̂2BMijMlm ¼ dimdlj; Tr½ÔÔy& ¼ 1.

Before the proof of this theorem, we would like to add a few
remarks on this theorem:

(1) Let us first explain what quench and quench operators mean
here. Suppose jWni is one of the eigenstates of the Hamiltonian,
here quench means suddenly apply an operator Ô to jWni. For
instance, for a spin model, one can flip a spin at site-i via a
quench operator Ŝ$i . The wave function after the quench
becomes Ŝ$i jWni, which is no longer an eigenstate of the Hamil-
tonian and it will start to evolve and the entropy will increase.
For a mixed state, the quench operator will apply identically to
every state, for instance, here at infinite temperature, initially
q̂ / Î, and after the quench, q̂ / ÔÔy and the density matrix will
also start to evolve and leads to increasing of entropy. For finite
temperature case, initially q̂ / e$bĤ , and after quench it
becomes q̂ / Ôe$bĤÔy.
(2) This theorem applies to generic quantum systems, no matter
whether they are chaotic, thermalized, localized or not. It is
independent of how to divide the system into A and B subparts.
And the quench operator Ô can be either a global one or a local
one.
(3) This theorem builds up a general relation between the OTOC
and the Rényi entropy. We summarize this correspondence in
different phases in the Table 1. With this relation, previous

results on the second Rényi entropy [37–42] can now be used
to infer the properties of the OTOC.
Here we should remark that another relation between the OTOC
and the Rényi entropy has been derived in Ref. [9]. The differ-
ence is that, in Ref. [9], the entropy are defined between the
input and the output Hilbert space using the operator-state
mapping. While in our case, both the OTOC and Rényi entropy
are defined in the physical system.
(4) We should note that the L.H.S. of Eq. (8) is a quantity mea-
sured from a quenched non-equilibrium system, while the R.H.S.
is a correlator for an equilibrium system. Thus, this theorem
establishes a relation between the correlation in the equilib-
rium and a quantity in the dynamical process. In this sense, it
shares the same spirit of the linear response theory for the nor-
mal correlators, which says the normal correlations in an equi-
librium system can be related to some observables after adding
a time-dependent perturbation to the Hamiltonian. Thus, to
make a comparison, normal correlator measures the response
of the observables to a perturbation; while the OTOC measures
the response of the entropy to a quench.
(5) This theorem can be generalized to the finite temperature as

expð$Sð2ÞA Þ ¼
X

M̂2B

Tr½M̂ðtÞÔe$bĤÔyM̂ðtÞÔe$bĤÔy&: ð9Þ

One can view the R.H.S. of the Eq. (9) as an OTOC at T ¼ 1 with
V̂ ¼ Ôe$bĤÔy, or if b is not too large, each term in the R.H.S.
of Eq. (9) approximates to the OTOC at b0 ¼ 2b as
Tr½e$2bĤM̂ðtÞÔÔyM̂ðtÞÔÔy&. This theorem can also be generalized
to the higher order Rényi entropy, where SðnÞA will be related to
a correlation function with 4n$ 2 operators.

Now we outline how this theorem is proved. For convenience,
we first introduce a set of diagrams. For a system divided into
subsystems A and B, denote fjiiA ' jiiBg as a complete set of bases
in the Hilbert space, an arbitrary operator Q̂ ¼P

ijQ ijjiiA ' jiiBhjjA ' hjjB is presented diagrammatically in Fig. 2a1.

In this representation, TrBQ̂ can be described by connecting states
in the subpart B, as presented by Fig. 2a2.

Consider a system at T ¼ 1, the initial density matrix q̂ / Î.
After the quench by operator Ô and let the system evolve under
the Hamiltonian Ĥ by time t, the density matrix becomes
q̂ ¼ ÛðtÞÔÔyÛyðtÞ. Then q̂A will be represented as Fig. 2b, and

straightforwardly, Trq̂2
A ¼ e$Sð2ÞA is presented by Fig. 2c.

Now we consider each OTOC on the R.H.S. of Eq. (8), which is

Tr½M̂ðtÞV̂ð0ÞM̂ðtÞV̂ð0Þ& ¼ Tr½ÛyM̂ÛV̂ÛyM̂ÛV̂ &
¼ Tr½ÛV̂ÛyM̂ÛV̂ÛyM̂&:

ð10Þ

Note that V̂ is taken as ÔÔy and M̂ only acts on the Hilbert space
of the subsystem B, this is shown by Fig. 2d.

Table 1
A comparison of the behavior for the growth of the second Rényi entropy (RE) and the
decay of the OTOC in the thermalized phase (denoted by ‘‘T”), the MBL phase and the
AL phase. *: By taking Ô as a local operator, as the example we will discuss explicitly
later, our result also implies a logarithmic growth of the entropy after a local quench
for a MBL system, which is consistent with a recent study [36].

RE OTOC

T Linear increase [35] Exponential decay
MBL Logarithmic increase * Power law decay
AL Constant Constant
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Figure 1: Schematic of Experimental Protocol. (A) Chaotic quantum many-body dynamics:

Unitary evolution under �̂ scrambles quantum information, transforming a low-entanglement initial

state into a highly entangled state. Under time-reversed dynamics with perturbed Hamiltonian

��̂ + X�̂, the system exhibits exponential deviation from perfect state recovery. (B) Microscopic

structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged

in a face-centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless
12C atoms. (C) Top: Floquet pulse sequence converting the dipolar Hamiltonian Eq. 1 into the

engineered form Eq. 2. Bottom: Experimental sequence for MQC and OTOC measurements.

Figure 2: Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental

data �
(_)

UW
(q, C) for three different q = 0, c/64 and c/32. The superscript _ labels three different

Hamiltonians, as described in the main text. The solid curves are fitting results obtained using the

scramblon ansatz. Experimentally, the 95% confidence intervals determined from read-out noise

are approximately 10�4, and therefore the error bars are contained within the data markers.
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Measuring Out-of-Time-Order Correlators on a Nuclear
Magnetic Resonance Quantum Simulator

Jun Li,1 Ruihua Fan,2,3 Hengyan Wang,3 Bingtian Ye,3 Bei Zeng,4,5,2,* Hui Zhai,2,6,† Xinhua Peng,7,8,9,‡ and Jiangfeng Du7,8
1Beijing Computational Science Research Center, Beijing 100193, China

2Institute for Advanced Study, Tsinghua University, Beijing 100084, China
3Department of Physics, Peking University, Beijing 100871, China

4Department of Mathematics and Statistics, University of Guelph, Guelph N1G 2W1, Ontario, Canada
5Institute for Quantum Computing, University of Waterloo, Waterloo N2L 3G1, Ontario, Canada

6Collaborative Innovation Center of Quantum Matter, Beijing 100084, China
7Hefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
8Synergetic Innovation Centre of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China

9College of Physics and Electronic Science, Hubei Normal University, Huangshi, Hubei 435002, China
(Received 30 December 2016; published 19 July 2017)

The idea of the out-of-time-order correlator (OTOC) has recently emerged in the study of both
condensed matter systems and gravitational systems. It not only plays a key role in investigating the
holographic duality between a strongly interacting quantum system and a gravitational system, it also
diagnoses the chaotic behavior of many-body quantum systems and characterizes information scrambling.
Based on OTOCs, three different concepts—quantum chaos, holographic duality, and information
scrambling—are found to be intimately related to each other. Despite its theoretical importance, the
experimental measurement of the OTOC is quite challenging, and thus far there is no experimental
measurement of the OTOC for local operators. Here, we report the measurement of OTOCs of local
operators for an Ising spin chain on a nuclear magnetic resonance quantum simulator. We observe that the
OTOC behaves differently in the integrable and nonintegrable cases. Based on the recent discovered
relationship between OTOCs and the growth of entanglement entropy in the many-body system, we extract
the entanglement entropy from the measured OTOCs, which clearly shows that the information entropy
oscillates in time for integrable models and scrambles for nonintgrable models. With the measured OTOCs,
we also obtain the experimental result of the butterfly velocity, which measures the speed of correlation
propagation. Our experiment paves a way for experimentally studying quantum chaos, holographic duality,
and information scrambling in many-body quantum systems with quantum simulators.

DOI: 10.1103/PhysRevX.7.031011 Subject Areas: Quantum Physics,
Quantum Information,
Statistical Physics

I. INTRODUCTION

The out-of-time-order correlator (OTOC), given by

FðtÞ ¼ hB̂†ðtÞÂ†ð0ÞB̂ðtÞÂð0Þiβ; ð1Þ

is proposed as a quantum generalization of a classical
measure of chaotic behaviors [1,2]. Here, Ĥ is the system

Hamiltonian, B̂ðtÞ ¼ eiĤtB̂e−iĤt, and h$ $ $iβ denotes aver-
aging over a thermal ensemble at the temperature
1=β ¼ kBT. For a many-body system with local operators
Â and B̂, the exponential deviation from unity of a
normalized OTOC, i.e., FðtÞ ∼ 1 − #eλLt, gives rise to
the Lyapunov exponent λL.
Quite remarkably, it was found recently that the OTOC

also emerges in a different system that seems unrelated to
chaos, that is, the scattering of shock waves nearby the
horizon of a black hole and the information scrambling
there [3–5]. A Lyapunov exponent of λL ¼ 2π=β is found
there. Later it was also found that the quantum correction
from string theory always makes the Lyapunov exponent
smaller [5]. Thus, it leads to a conjecture that 2π=β is an
upper bound of the Lyaponuv exponent, which was later
proved for generic quantum systems [6]. This is a profound
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theoretical result. If a quantum system is exactly holo-
graphic dual to a black hole, its Lyapunov exponent will
saturate the bound; and a more nontrivial speculation is that
if the Lyapunov exponent of a quantum system saturates the
bound, it will possess a holographic dual to a gravity model
with a black hole. A concrete quantum mechanics model,
now known as the Sachdev-Ye-Kitaev model, has been
shown to fulfill this conjecture [2,7,8]. This establishes a
profound connection between the existence of holographic
duality and the chaotic behavior in many-body quantum
systems [9].
Recent studies also reveal that the OTOC can be applied

to study physical properties beyond chaotic systems. The
decay of the OTOC is closely related to the delocalization
of information and implies the information-theoretic def-
inition of scrambling. In the high- temperature limit (i.e.,
β ¼ 0), a connection between the OTOC and the growth of
entanglement entropy in quantum many-body systems has
also been discovered quite recently [10,11]. The OTOC can
also characterize many-body localized phases, which are
not even thermalized [10,12–15].
Despite the significance of the OTOC revealed by recent

theories, experimental measurement of the OTOC remains
challenging. First of all, unlike the normal time-ordered
correlators, the OTOC cannot be related to conventional
spectroscopy measurements, such as angle-resolved photo-
emission spectroscopy (ARPES) and neutron scattering,
through the linear response theory. Secondly, direct simu-
lation of this correlator requires the backward evolution in
time, that is, the ability to completely reverse the
Hamiltonian, which is extremely challenging. One exper-
imental approach closely related to time reversal of quantum
systems is the echo technique [16], and the echo has been
studied extensively for both noninteracting particle systems
and many-body systems to characterize the stability
of quantum evolution in the presence of perturbations
[17–19], and the physics is already quite close to OTOC.
Recently it has been proposed that the OTOC can be
measured using echo techniques [20]. In addition, there also
exists several other theoretical proposals based on the
interferometric approaches [21–23]. However, none of them
have been experimentally implemented thus far.
Here, we adopt a different approach to measure the

OTOC. To make our approach work, some extent of “local
control” is required. A universal quantum computer fulfills
this need by having “full local control” of the system—that
is, a universal set of local evolutions can be realized, and
this set of local evolutions can build up any unitary
evolution of the many-body system, both forward and
backward evolution in time. That is to say, we use a
quantum computer to perform the measurement of the
OTOC. In fact, historically, one of the key motivations to
develop quantum computers is to simulate the dynamics of
many-body quantum systems [24], and quantum simulation
of many-body dynamics has been theoretically shown to be

efficient with practical algorithms proposed [25]. Here, the
quantum computer we use is liquid-state nuclear magnetic
resonance (NMR) with molecules. In this work, we report
measurements of OTOCs on a NMR quantum simulator.
We stress that, on one hand, our approach is universal and
can be applied to any system that has full local quantum
control, including a superconducting qubit and trapped ion;
on the other hand, this experiment is currently limited to a
small size not because of our scheme but because of the
scalability issue of the quantum computer.

II. NMR QUANTUM SIMULATION OF THE OTOC

The system we simulate is an Ising spin chain model,
whose Hamiltonian is written as

Ĥ ¼
X

i

ð−σ̂zi σ̂ziþ1 þ gσ̂xi þ hσ̂zi Þ; ð2Þ

where σ̂x;y;zi are Pauli matrices on the i site. The parameter
values g ¼ 1, h ¼ 0 correspond to the traverse field Ising
model, where the system is integrable. The system is
nonintegrable whenever both g and h are nonzero. We
simulate the dynamics governed by the system Hamiltonian
Ĥ, and measure the OTOCs of operators that are initially
acting on different local sites. The time dynamics of the
OTOCs are observed, from which entanglement entropy of
the system and butterfly velocities of the chaotic systems
are extracted.

A. Physical system

The physical system to perform the quantum simulation
is the ensemble of nuclear spins provided by iodotrifluro-
ethylene (C2F3I), which is dissolved in d chloroform; see
Fig. 1(a) for the sample’s molecular structure. For this

(a) (b)

(c)

FIG. 1. Illustration of the physical system, the Ising model, and
the experimental scheme. (a) The structure of the C2F3I molecule
used for the NMR simulation. (b) The four site Ising spin chain.
A and B label two subsystems for the later discussion of the
entanglement entropy. (c) Quantum circuit for measuring the
OTOC for the general N-site Ising chain when β ¼ 0 (in our case,
N ¼ 4). Here, R̂ ¼ 1, R̂xð−π=2Þ, R̂yðπ=2Þ for Â ¼ σ̂z1, σ̂

y
1, σ̂

x
1,

respectively.
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with the theoretical results (blue curves). The sources of
experimental errors include imperfections in state prepa-
ration, control inaccuracy, and decoherence. See
Appendix C for more details. We also measure OTOC
for other operators (Â ¼ σ̂α1 , B̂ ¼ σ̂γ4, with α, γ ¼ x, y, z)
and they all behave similarly. The experimental results are
in Appendix B.
In both the integrable case (the first column in Fig. 2) and

the nonintegrable cases (the second and third columns in
Fig. 2), the early time behaviors look similar. That is, the
OTOC starts to deviate from unity after a certain time (for
the unit of time t, see Appendix D for details.). However,
the long time behaviors are very different between the
integrable and nonintegrable cases. In the integrable case,
after the decreasing period, the OTOC revives and recovers
unity. This reflects that the system has a well-defined
quasiparticle. And there exists an extensive number of
integrals of motion, which is related to the fact that an
integrable system does not thermalize. While in the non-
integrable case, the OTOC decreases to a small value and
oscillates, which will not revive back to unity in a practical
time scale. This relates to the fact that the information does
scramble in a nonintegrable system [11].

III. ENTROPY DYNAMICS

To better illustrate the different behaviors of the infor-
mation dynamics in the two cases of integrable and non-
integrable systems, we reconstruct the entanglement
entropy of a subsystem from the measured OTOCs.
Entanglement entropy has become an important quantity
not only for quantum information processing but also for
describing a quantum many-body system, such as quantum
phase transition, topological order, and thermalization.

However, measuring entanglement entropy is always chal-
lenging [28].
The OTOC opens a new door for entropy measurement.

An equivalence relationship between OTOCs at equilib-
rium and the growth of the second Rényi entropy after a
quench has recently been established [10], which states that

expð−Sð2ÞA Þ ¼
X

M̂∈B

hM̂ðtÞV̂ð0ÞM̂ðtÞV̂ð0Þiβ¼0: ð8Þ

In the left-hand side of Eq. (8), Sð2ÞA is the second Rényi
entropy of the subsystem A, after the system is quenched
by an operator Ô at time t ¼ 0. That is, Sð2ÞA ¼ − log ρ̂2A and
ρ̂A ¼ TrBðe−iĤtVeiĤtÞ, and V̂ ¼ ÔÔ†, up to a certain
normalization condition (see Appendix E). The right-hand
side of Eq. (8) is a summation over OTOCs at equilibrium.
M̂ is a complete set of operators in the subsystem B.
In our experiment, we choose the quench operator Ô ∝

ð1þ σ̂x1Þ at the first site, and we take the first three sites as
the subsystem A and the fourth site as the subsystem B, as
marked in Fig. 1(b). In this setting, Sð2ÞA measures how
much the quench operation induces additional correlation
between the subsystems A and B.
We take a complete set of operators in the subsystems B

as σ̂α4 (up to a normalization factor), where α ¼ 0; x; y; z
and σ̂0 ¼ 1. Since V̂ ¼ ÔÔ† ∝ ð1þ σ̂x1Þ, the right-hand
side of Eq. (8) becomes a set of OTOCs that are given by

hσ̂α4ðtÞð1þ σ̂x1Þσ̂α4ðtÞð1þ σ̂x1Þiβ¼0: ð9Þ

Notice that Tr½σ̂α4ðtÞσ̂x1σ̂α4ðtÞ& ¼ Tr½σ̂α4ðtÞσ̂α4ðtÞσ̂x1& ¼ 0; the
nonzero terms in Eq. (9) are nothing but OTOCs with B̂ ¼
σ̂α4 (α ¼ x, y, z) and Â ¼ σ̂x1, which are exactly what we

(a)

(b)

FIG. 2. Experimental results of OTOC measurement for an Ising spin chain. (a) Â ¼ σ̂z1 at the first site and B̂ ¼ σ̂x4 at the fourth site.
(b) Â ¼ σ̂x1 at the first site and B̂ ¼ σ̂y4 at the fourth site. The three columns correspond to g ¼ 1, h ¼ 0; g ¼ 1.05, h ¼ 0.5; and g ¼ 1,
h ¼ 1 of model Eq. (2), respectively. The red points are experimental data, the blue curves are theoretical calculation of OTOC with
model Eq. (2) for four sites.
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with the theoretical results (blue curves). The sources of
experimental errors include imperfections in state prepa-
ration, control inaccuracy, and decoherence. See
Appendix C for more details. We also measure OTOC
for other operators (Â ¼ σ̂α1 , B̂ ¼ σ̂γ4, with α, γ ¼ x, y, z)
and they all behave similarly. The experimental results are
in Appendix B.
In both the integrable case (the first column in Fig. 2) and

the nonintegrable cases (the second and third columns in
Fig. 2), the early time behaviors look similar. That is, the
OTOC starts to deviate from unity after a certain time (for
the unit of time t, see Appendix D for details.). However,
the long time behaviors are very different between the
integrable and nonintegrable cases. In the integrable case,
after the decreasing period, the OTOC revives and recovers
unity. This reflects that the system has a well-defined
quasiparticle. And there exists an extensive number of
integrals of motion, which is related to the fact that an
integrable system does not thermalize. While in the non-
integrable case, the OTOC decreases to a small value and
oscillates, which will not revive back to unity in a practical
time scale. This relates to the fact that the information does
scramble in a nonintegrable system [11].

III. ENTROPY DYNAMICS

To better illustrate the different behaviors of the infor-
mation dynamics in the two cases of integrable and non-
integrable systems, we reconstruct the entanglement
entropy of a subsystem from the measured OTOCs.
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However, measuring entanglement entropy is always chal-
lenging [28].
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expð−Sð2ÞA Þ ¼
X

M̂∈B

hM̂ðtÞV̂ð0ÞM̂ðtÞV̂ð0Þiβ¼0: ð8Þ

In the left-hand side of Eq. (8), Sð2ÞA is the second Rényi
entropy of the subsystem A, after the system is quenched
by an operator Ô at time t ¼ 0. That is, Sð2ÞA ¼ − log ρ̂2A and
ρ̂A ¼ TrBðe−iĤtVeiĤtÞ, and V̂ ¼ ÔÔ†, up to a certain
normalization condition (see Appendix E). The right-hand
side of Eq. (8) is a summation over OTOCs at equilibrium.
M̂ is a complete set of operators in the subsystem B.
In our experiment, we choose the quench operator Ô ∝

ð1þ σ̂x1Þ at the first site, and we take the first three sites as
the subsystem A and the fourth site as the subsystem B, as
marked in Fig. 1(b). In this setting, Sð2ÞA measures how
much the quench operation induces additional correlation
between the subsystems A and B.
We take a complete set of operators in the subsystems B

as σ̂α4 (up to a normalization factor), where α ¼ 0; x; y; z
and σ̂0 ¼ 1. Since V̂ ¼ ÔÔ† ∝ ð1þ σ̂x1Þ, the right-hand
side of Eq. (8) becomes a set of OTOCs that are given by

hσ̂α4ðtÞð1þ σ̂x1Þσ̂α4ðtÞð1þ σ̂x1Þiβ¼0: ð9Þ

Notice that Tr½σ̂α4ðtÞσ̂x1σ̂α4ðtÞ& ¼ Tr½σ̂α4ðtÞσ̂α4ðtÞσ̂x1& ¼ 0; the
nonzero terms in Eq. (9) are nothing but OTOCs with B̂ ¼
σ̂α4 (α ¼ x, y, z) and Â ¼ σ̂x1, which are exactly what we

(a)

(b)

FIG. 2. Experimental results of OTOC measurement for an Ising spin chain. (a) Â ¼ σ̂z1 at the first site and B̂ ¼ σ̂x4 at the fourth site.
(b) Â ¼ σ̂x1 at the first site and B̂ ¼ σ̂y4 at the fourth site. The three columns correspond to g ¼ 1, h ¼ 0; g ¼ 1.05, h ¼ 0.5; and g ¼ 1,
h ¼ 1 of model Eq. (2), respectively. The red points are experimental data, the blue curves are theoretical calculation of OTOC with
model Eq. (2) for four sites.
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Measuring out-of-time-order correlations and
multiple quantum spectra in a trapped-ion
quantummagnet
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Controllable arrays of ions and ultracold atoms can simulate complex many-body phenomena and may provide insights into
unsolved problems in modern science. To this end, experimentally feasible protocols for quantifying the buildup of quantum
correlations and coherence are needed, as performing full state tomography does not scale favourably with the number of
particles. Here we develop and experimentally demonstrate such a protocol, which uses time reversal of the many-body
dynamics to measure out-of-time-order correlation functions (OTOCs) in a long-range Ising spin quantum simulator with
more than 100 ions in a Penning trap. By measuring a family of OTOCs as a function of a tunable parameter we obtain
fine-grained information about the state of the system encoded in the multiple quantum coherence spectrum, extract the
quantum state purity, and demonstrate the buildup of up to 8-body correlations. Future applications of this protocol could
enable studies of many-body localization, quantum phase transitions, and tests of the holographic duality between quantum
and gravitational systems.

T ime reversal has fascinated and puzzled physicists for
centuries. In an iconic example, Josef Loschmidt argued that
the second law of thermodynamics would be violated by

time-reversing an entropy-increasing collision1. Ludwig Boltzmann
responded by formulating the probabilistic definition of entropy,
one of the cornerstones of statistical mechanics, and now a
fundamental concept in quantum information. Since the days of
Boltzmann and Loschmidt, the notion of time reversal has moved
from the arena of thought experiments into the laboratory, with
time reversal of non-interacting quantum systems in the form of
Hahn spin echoes2 forming an essential part of nuclear magnetic
resonance (NMR)3 and magnetic resonance imaging.

Recently, the experimental implementation of many-body time-
reversal protocols4,5 in atomic quantum systems has attracted
attention6–9 for their potential to quantify the flow of quantum
information in time and set bounds on thermalization times10–13,
which might also enable experimental tests of the holographic
duality between quantum and gravitational systems6,14–17. The
key quantities sought after are special types of out-of-time-order
correlation (OTOC) functions,

F(τ )= ⟨Ŵ †(τ )V̂ †Ŵ (τ )V̂ ⟩ (1)

where Ŵ (τ ) = eiĤτŴe−iĤτ , with Ĥ an interacting many-body
Hamiltonian and Ŵ and V̂ two commuting unitary operators.
Physically, F(τ )measures the ‘scrambling’ of quantum information
across the system’s many-body degrees of freedom—for example,
how fast an initial local perturbation becomes inaccessible to
local probes16. Since Re[F(τ )] = 1 − ⟨|[Ŵ (τ ), V̂ ]|2⟩/2, F(τ )
encapsulates the degree by which the initially commuting operators
Ŵ and V̂ fail to commute at later times due to the interactions

generated by Ĥ , which we adopt as an operational definition
of scrambling.

Most theoretical studies of scrambling have focused on so-called
fast scramblers in thermal states10,11,16, systems where the commuta-
tor grows exponentially at a rate exclusively determined by the tem-
perature. However, the scrambling behaviour of non-equilibrium
systems at zero temperature will depend on the microscopic param-
eters of the Hamiltonian. This largely unexplored topic can
provide valuable insights into the dynamics of interacting quantum
many-body systems.

Here we perform measurements of OTOCs with a quantum
simulator composed of more than 100 trapped ions18 interacting
via all-to-all Ising interactions that can be reversed in time. This
Ising interaction allows us to study interesting entangled states18–21,
yet still operate in a regime where simulations on conventional
computers are feasible. Thus, our work is a first stepping stone
for exploring scrambling in initially pure quantum systems. Our
approach is modelled after the multiple quantum coherence (MQC)
protocol developed in the context of NMR3,22,23 to quantify the
buildup of multi-particle coherences (off-diagonal elements of the
many-body density matrix). We show that this protocol, under
specific choices of the initial state (pure states in our experiment),
implements the measurement of a family of OTOCs. Careful
comparison with theory allows us to use the measurements as
a verification protocol to benchmark the performance of the
quantum simulator, and to sensitively quantify different sources of
decoherence and imperfect control. In our experiment, which starts
with a pure product state, scrambling can be physically interpreted
as the process by which the information stored (or encoded) in
the initial state, through the interactions, is distributed over and
therefore stored in other many-body degrees of freedom of the
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Figure 4 | Probing scrambling through magnetization dynamics.
a, Dependence of the normalized component Fφ(τ )= (2/N)⟨Ŝx⟩ of the total
spin on the rotation angle φ, measured in an array of N= 111(2) ions. Lines
are the solutions of the full master equation with (solid) and without
(dashed) magnetic field noise, where#B/B=0.32× 10−9 r.m.s. The effect
of COMmode fluctuations is negligible here. Error bars denote the
statistical error of 1 s.d. of the mean. b, Fourier amplitudes Am as a function
of time. In the theory plot, the case without magnetic field noise (dashed
lines in a) was used. The interaction parameter varies as J/h̄=Ω2

0/(2δ)
whereΩ0=7,450 s−1 and Γ =91s−1. The longest measured evolution
time of τ= 1.2ms corresponds to 7.3% of tcat. c, Ideal case for N= 111,
neglecting all decoherence effects. This corresponds to the lower panel of
Fig. 1d. The box in the left panel shows the experimentally accessed region
which is magnified in the right panel.

The characteristic features of Ams reported in this work demon-
strate a high level of control over the coherent many-body dy-
namics achieved by our trapped-ion quantum simulator and are
fully consistent with the buildup of quantum correlations. Al-
though currently the latter can be only indirectly inferred from the
measurements, it is supported by previous benchmarking of the
system using standard entanglement witnesses such as spin squeez-
ing18. We expect future work to derive formal connections be-
tween entanglement and scrambling, and to construct strict bounds
that witness entanglement directly from Im and Am measurements.

Although the current experimental system realizes a model
amenable to classical simulations, we envisage experiments going
beyond this limit—for example, by adding a spatially inhomoge-
neous magnetic field or preparing the system in non-symmetric
or impure initial states, such as thermal states. These general-
izations will allow us to explore the dynamics of OTOCs and
characterize scrambling in unexplored regimes and under condi-
tions where fast scrambling can occur. Furthermore, the ability to
time-reverse the dynamics will allow enhanced phase estimation
without single-particle detection resolution5,29,37, investigations of
quantum phase transitions38, criticality39, thermalization in nearly
closed quantum systems13,40 and the exploration of the quantum-
classical boundary41—for example, observation of the violation of
Leggett–Garg inequalities42.

After the completion of this work, we became aware of measure-
ments of OTOCs using four spins in an NMR system43.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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VIEWPOINT

Seeing Scrambled Spins
Two experimental groups have taken a step towards observing the ‘‘scrambling’’ of
information that occurs as a many-body quantum system thermalizes.

by Brian Swingle⇤ and Norman Y. Yao†

Physicists have long wondered whether and how iso-
lated quantum systems thermalize—questions that
are relevant to systems as diverse as ultracold atomic
gases and black holes. Recent theoretical and ex-

perimental advances are bringing fresh insight into this line
of inquiry. At one extreme, researchers have shown that
disorder can fully arrest thermalization in certain isolated
many-body quantum systems [1]. At the other extreme,
surprising results from the field of quantum gravity have
established that black holes are, in some sense, the fastest
thermalizers in nature [2–4]. A common thread running
through these developments is an emerging focus on the dy-
namics of quantum information, in which thermalization is
associated with “scrambling,” or the loss of accessible infor-
mation. Two groups, one in China [5] and one in the US [6],
have taken a step towards tracking this scrambling of infor-
mation in systems of quantum spins.

The lore of thermalization goes as follows. Suppose you
initialize a collection of quantum spins into one of two dis-
tinct configurations. Now couple the system to a large heat
bath. After equilibrium is reached, the final state of the spins
will be independent of the spins’ initial configuration. In
other words, information about the initial state of the spins
has been irrevocably lost to the bath.

But thermalization does not require a bath to proceed. In
a complex many-body quantum system, information about
the initial state may instead be “hidden” in elaborate corre-
lations among the system’s constituents. The information in
such a scrambled state is not lost, because the final state can
be related to the initial state by a unitary transformation. But
it may be inaccessible to any reasonable local measurement.

The concept of information scrambling first arose in at-
tempts to understand the black hole information paradox,
which asks: How can information about what fell into a
black hole be both trapped inside the event horizon and lib-
erated as the black hole “evaporates” by emitting Hawking

⇤Department of Physics, University of Maryland, College Park, MD
20740, USA
†Department of Physics, University of California, Berkeley, CA
94720, USA

Figure 1: A classical chaotic system can be diagnosed by the
presence of the butterfly effect, in which a small perturbation like
the tiny flap of a butterfly’s wing has a huge effect on the system at
some later point in time. (Left) Another version of the classical
butterfly effect compares the situations of running time forward
(blue line) with running it backward after the butterfly is still (white)
or after the butterfly flaps its wings (red). Without the butterfly flap,
the system returns to its initial state; with it, the state of the system
eventually differs drastically from its initial state. (Right) Li et al. [5]
and Gärttner et al. [6] performed an analogous experiment with
quantum spin systems, here described by a wave function Y. Both
groups used quantum-control techniques to evolve their systems
forward in time (blue line), to apply a perturbation W, and to evolve
the systems backward in time (red line). They then performed a
measurement of V to diagnose the effect of the perturbation.
(APS/Alan Stonebraker)

radiation? Since a black hole is fundamentally a thermal ob-
ject, this paradox is intimately related to how information
dynamics leads to thermalization. Specifically, one could
imagine that when something falls into a black hole, the in-
formation about it is encoded—albeit in scrambled form—in
the radiation emitted during evaporation.

Experiments that can probe the quantum dynamics of
black holes are currently out of reach. But scrambling is also
relevant to isolated collections of strongly interacting atoms,
ions, molecules, and photons—all systems that physicists
can prepare in the lab. As a bonus, it may be possible to
engineer Hamiltonians in these systems that scramble infor-
mation as fast as black holes. The most direct way to detect
scrambling would be to measure a system’s entropy over
time, though this is typically too hard to do. Instead, re-
searchers have figured out that they can partially diagnose
scrambling using unusual correlation functions called out-
of-time-order correlators (OTOCs) [2, 3, 7]. These correlators
effectively involve a many-body “time machine.” Given two
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tinct configurations. Now couple the system to a large heat
bath. After equilibrium is reached, the final state of the spins
will be independent of the spins’ initial configuration. In
other words, information about the initial state of the spins
has been irrevocably lost to the bath.

But thermalization does not require a bath to proceed. In
a complex many-body quantum system, information about
the initial state may instead be “hidden” in elaborate corre-
lations among the system’s constituents. The information in
such a scrambled state is not lost, because the final state can
be related to the initial state by a unitary transformation. But
it may be inaccessible to any reasonable local measurement.

The concept of information scrambling first arose in at-
tempts to understand the black hole information paradox,
which asks: How can information about what fell into a
black hole be both trapped inside the event horizon and lib-
erated as the black hole “evaporates” by emitting Hawking
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Figure 1: A classical chaotic system can be diagnosed by the
presence of the butterfly effect, in which a small perturbation like
the tiny flap of a butterfly’s wing has a huge effect on the system at
some later point in time. (Left) Another version of the classical
butterfly effect compares the situations of running time forward
(blue line) with running it backward after the butterfly is still (white)
or after the butterfly flaps its wings (red). Without the butterfly flap,
the system returns to its initial state; with it, the state of the system
eventually differs drastically from its initial state. (Right) Li et al. [5]
and Gärttner et al. [6] performed an analogous experiment with
quantum spin systems, here described by a wave function Y. Both
groups used quantum-control techniques to evolve their systems
forward in time (blue line), to apply a perturbation W, and to evolve
the systems backward in time (red line). They then performed a
measurement of V to diagnose the effect of the perturbation.
(APS/Alan Stonebraker)

radiation? Since a black hole is fundamentally a thermal ob-
ject, this paradox is intimately related to how information
dynamics leads to thermalization. Specifically, one could
imagine that when something falls into a black hole, the in-
formation about it is encoded—albeit in scrambled form—in
the radiation emitted during evaporation.

Experiments that can probe the quantum dynamics of
black holes are currently out of reach. But scrambling is also
relevant to isolated collections of strongly interacting atoms,
ions, molecules, and photons—all systems that physicists
can prepare in the lab. As a bonus, it may be possible to
engineer Hamiltonians in these systems that scramble infor-
mation as fast as black holes. The most direct way to detect
scrambling would be to measure a system’s entropy over
time, though this is typically too hard to do. Instead, re-
searchers have figured out that they can partially diagnose
scrambling using unusual correlation functions called out-
of-time-order correlators (OTOCs) [2, 3, 7]. These correlators
effectively involve a many-body “time machine.” Given two
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simple quantum operators W and V, one imagines compar-
ing two processes: (i) Evolve the system forward in time,
apply W, evolve backward in time, and apply V; (ii) apply
V, evolve forward in time, apply W, and evolve backward
in time.

What does this comparison tell you? Drawing on an anal-
ogy to classical chaos, one interpretation is that comparing
the two processes reveals the sensitivity of a measurement
of V to a perturbation W—say, a kick from an external
field—that happened some time in the past. If the mea-
surement is very sensitive to the perturbation, we have a
quantum version of the classical butterfly effect, in which
a small initial perturbation eventually has a major effect
(Fig. 1). Taking the analogy further, a quantum system in
which information becomes scrambled can be viewed as a
quantum chaotic system, and the OTOC provides a measure
of the scrambling.

Unfortunately, measuring OTOCs is difficult. Existing
proposals [8–10] for doing so require the experimenter ei-
ther to evolve a system forward in time under a Hamiltonian
and then backwards in time by implementing the negative of
this Hamiltonian or to make a delicate comparison of two
many-body quantum states. Thanks to the growing tool-
box of quantum-control techniques, these difficult tasks are
now (somewhat) possible and the teams from China and the
US have demonstrated proof-of-principle measurements of
OTOCs.

Jun Li, from the Beijing Computational Science Research
Center, and colleagues used four nuclear spins in the iodotri-
fluroethylene molecule [5]. After preparing the spins in a
particular initial state, they applied a sequence of control
pulses to engineer a quantum simulation of the mixed-field
Ising Hamiltonian, evolving this Hamiltonian forward in
time. After perturbing the spins, they used another series of
control pulses to implement the negative of the Ising Hamil-
tonian, thus enabling the necessary “rewinding” of time, and
again evolved the spins. Their measurement of the final spin
state effectively yields the OTOC. But while their Hamilto-
nian is, in principle, chaotic, the system size is so small that
its full evolution can be directly simulated on a computer,
and it is far from the limit of many-body chaos.

Martin Gärttner, from the University of Colorado Boulder,
JILA, and the National Institute of Standards and Technol-
ogy (all in Boulder, Colorado) [6], and colleagues studied
the dynamics of a much larger system consisting of more
than one hundred 9Be+ ions confined in a two-dimensional
electromagnetic trap. The valence electron spin of each ion
behaves as an S = 1/2 magnetic moment. The Boulder
team implemented a long-range classical Ising Hamiltonian
by using a laser to couple the spins to the motional modes
of the ion crystal. Then, using a protocol analogous to that
of the team from China, they evolved the system “forward”
and “backward” in time to measure the OTOC. The gen-
eral dynamical evolution of one hundred two-level quantum

systems is well beyond what physicists can simulate on
a classical computer. However, the team confined its ex-
periment to the dynamics of a more tractable subspace of
quantum states. Moreover, despite the large number of spins
in their experiment, the spin Hamiltonian that they engi-
neered was not chaotic, and their measurements of OTOCs,
like those of the molecular spin experiment, took place far
from the limit of many-body scrambling.

While neither experiment reaches the limit of true many-
body chaos, both raise crucial questions. Can one dis-
tinguish information that is scrambled from that which is
simply lost because of environmental noise and spin deco-
herence? Can one correct for small errors that result from
imperfectly evolving a system backward in time? Using the
rich data set from their ion experiment, Gärttner et al. were
able to explore and model various sources of such imperfec-
tion such as magnetic-field noise.

Quantum thermalization is a rapidly developing field. In
fact, two new scrambling experiments appeared just recently
[11, 12]. The near future promises experiments of increas-
ing complexity—both larger system sizes and more chaotic
Hamiltonians. Building on the work by Li et al. and Gärttner
et al., it seems likely that experiments will soon forge beyond
what computers can simulate, revealing the dynamics of in-
formation scrambling in previously inaccessible regimes.

This research is published in Physical Review X and in Nature
Physics.
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operators evolve in time. A chaotic system 
is then one where an initially localized 
operator — say W, the wing that flaps 
in Brazil — rapidly extends its influence 
throughout Hilbert space, affecting the 
vorticity of the air in Texas. As a result, 
the operator for the vorticity V, initially 
commuting with W, no longer does so at 
later times. The more chaotic the system, the 
faster the commutator can grow.

The growth in the commutator is 
equivalent to the decay of a quantity called 
the out-of-time-order correlation function, 
which monitors the overlap between 
two states: one obtained by applying the 
operator W first, then letting the system 
evolve for some time before measuring 
V; and the other obtained by applying V 
first, then going back in time to apply W 
(Fig. 1a). Measuring this effect is a non-
trivial endeavour, particularly because of 
the key step of going back in time. But it 
is possible in a well-controlled quantum 
system. After all, reversing the sign of time 
in the Schrödinger equation is equivalent to 
reversing the sign of the Hamiltonian — by 
changing repulsive interactions to attractive 
ones, for example.

It is physically impossible to change 
the sign of the Coulomb interaction in the 
trapped-ion experiment. Since the ions are 
positively charged, their interactions are 
always repulsive. However, abstracting away 
these experimental details, Gärttner and co-
workers use a crystal of ions as a quantum 
simulator. Each ion has two internal states 
that can be viewed as the spin-up and 
spin-down states of a spin-1/2 particle. 
The spins can be made to interact by a 
laser field that converts spin excitations to 
phonons in the crystal and back again7. The 
resulting interactions can be ferromagnetic 
or antiferromagnetic, depending on the 
laser frequency8. Thus, in the quantum 
simulator, the researchers can switch the 

sign of interactions and thereby reverse the 
flow of time.

Analogous time-reversal schemes have a 
long history in nuclear magnetic resonance 
(NMR) experiments9,10. Gärttner and 
colleagues’ work, together with recent related 
work on nuclear spins11,12, rediscovers a 
decades-old NMR protocol and recognizes 
its significance for measuring out-of-time-
order correlations. The protocol begins by 
initializing the quantum simulator in a spin-
polarized state, then allowing the spins to 
interact for a time t. If the sign of interactions 
is immediately switched, the system evolves 
‘back in time’ and thereby returns to the fully 
magnetized state. If, however, the researchers 
perturb the spins between the forwards and 
backwards time evolutions — by applying 
a field that induces a Larmor precession 
(Fig. 1b) — then the final magnetization is 
reduced. Algebraically, one can show that 
this reduction quantifies the failure of an 
initial magnetization measurement and the 
later Larmor precession to commute, due to 
the intervening interactions among the spins. 
Physically, Gärttner and colleagues interpret 
the decay in magnetization as indicative 
of scrambling.

Rather than simply accepting that 
information has been lost somewhere in the 
complex quantum system, the researchers 
find evidence of where it is going: into 
the quantum correlations between a 
growing number of spins9. They infer the 
emergence of multi-spin correlations from 
the dependence of the final magnetization 
on the Larmor precession angle (Fig. 1c). 
The dependence is necessarily periodic, 
as each spin is invariant under a 2π 
rotation. Theoretically, the period can be 
even n times shorter if groups of n spins 
are entangled by the interactions. Most 
generally, the magnetization is 2π-periodic, 
but not sinusoidal, and its higher harmonics 
signify correlations among multiple 

spins — as many as n = 8 within the 
hundred-ion simulator.

The measurement of scrambling 
performed by Gärttner et al. is a proof-of-
principle demonstration. They simulated a 
model of globally interacting spins that is 
exactly solvable, restricted to a small Hilbert 
space, and not even chaotic: in principle, the 
information that appeared to be scrambled 
should periodically revive after long times. 
The benefit of this simple model is that it 
enables a detailed comparison between 
experiment and theory, which provides 
confidence that the quantum simulator can 
tackle more complex problems in future 
experiments. Achieving the same level 
of control in a chaotic system within an 
exponentially large Hilbert space may yet 
pose a challenge. Beyond lies the long-
term prospect of engineering tabletop 
models for information scrambling in black 
holes, conjectured to be the most chaotic 
systems of all. ❐
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Quantum information can never be 
entirely lost, but it can be exceedingly 
well hidden. In interacting systems 

of many particles, information encoded 
in a given particle can quickly become 
diluted among all the degrees of freedom 
like a drop of dye in the sea — each dye 
molecule soon to be found everywhere 
with equal probability. Understanding how 
quantum information spreads may have 
wide-ranging implications, from elucidating 
the information paradox in black holes1,2 to 
imposing fundamental limits on transport 

properties of strongly correlated materials3. 
Writing in Nature Physics, Martin Gärttner 
and colleagues present a powerful set of 
tools for directly probing the ‘scrambling’ 
of quantum information in an experiment 
using laser-cooled ions4.

Scrambling is intimately related to 
chaos5, a concept that is tricky to define 
in the framework of quantum mechanics. 
Classically, a hallmark of chaos is the 
sensitivity to initial conditions. But, consider 
two slightly different quantum states of 
a system, |ψ1〉 and |ψ2〉, governed by a 

Hamiltonian H, and compare their time 
evolution under the Schrödinger equation. A 
one-line derivation reveals that the overlap 
〈ψ2(t)|ψ1(t)〉 is a constant, so two states that 
are initially similar will remain similar for 
all time. What, then, does it mean for the 
Hamiltonian H to be chaotic?

Paraphrasing the famous analogy of 
chaos theory, how can the flap of a quantum 
butterfly’s wing in Brazil trigger a tornado 
in Texas6? The answer is easiest to formulate 
in the Heisenberg picture of quantum 
mechanics, in which states are constant, but 

QUANTUM SIMULATION

Probing information scrambling
Quantum information encoded in one of many interacting particles quickly becomes scrambled. A set of tools for 
tracking this process is on its way. 
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operators evolve in time. A chaotic system 
is then one where an initially localized 
operator — say W, the wing that flaps 
in Brazil — rapidly extends its influence 
throughout Hilbert space, affecting the 
vorticity of the air in Texas. As a result, 
the operator for the vorticity V, initially 
commuting with W, no longer does so at 
later times. The more chaotic the system, the 
faster the commutator can grow.

The growth in the commutator is 
equivalent to the decay of a quantity called 
the out-of-time-order correlation function, 
which monitors the overlap between 
two states: one obtained by applying the 
operator W first, then letting the system 
evolve for some time before measuring 
V; and the other obtained by applying V 
first, then going back in time to apply W 
(Fig. 1a). Measuring this effect is a non-
trivial endeavour, particularly because of 
the key step of going back in time. But it 
is possible in a well-controlled quantum 
system. After all, reversing the sign of time 
in the Schrödinger equation is equivalent to 
reversing the sign of the Hamiltonian — by 
changing repulsive interactions to attractive 
ones, for example.

It is physically impossible to change 
the sign of the Coulomb interaction in the 
trapped-ion experiment. Since the ions are 
positively charged, their interactions are 
always repulsive. However, abstracting away 
these experimental details, Gärttner and co-
workers use a crystal of ions as a quantum 
simulator. Each ion has two internal states 
that can be viewed as the spin-up and 
spin-down states of a spin-1/2 particle. 
The spins can be made to interact by a 
laser field that converts spin excitations to 
phonons in the crystal and back again7. The 
resulting interactions can be ferromagnetic 
or antiferromagnetic, depending on the 
laser frequency8. Thus, in the quantum 
simulator, the researchers can switch the 

sign of interactions and thereby reverse the 
flow of time.

Analogous time-reversal schemes have a 
long history in nuclear magnetic resonance 
(NMR) experiments9,10. Gärttner and 
colleagues’ work, together with recent related 
work on nuclear spins11,12, rediscovers a 
decades-old NMR protocol and recognizes 
its significance for measuring out-of-time-
order correlations. The protocol begins by 
initializing the quantum simulator in a spin-
polarized state, then allowing the spins to 
interact for a time t. If the sign of interactions 
is immediately switched, the system evolves 
‘back in time’ and thereby returns to the fully 
magnetized state. If, however, the researchers 
perturb the spins between the forwards and 
backwards time evolutions — by applying 
a field that induces a Larmor precession 
(Fig. 1b) — then the final magnetization is 
reduced. Algebraically, one can show that 
this reduction quantifies the failure of an 
initial magnetization measurement and the 
later Larmor precession to commute, due to 
the intervening interactions among the spins. 
Physically, Gärttner and colleagues interpret 
the decay in magnetization as indicative 
of scrambling.

Rather than simply accepting that 
information has been lost somewhere in the 
complex quantum system, the researchers 
find evidence of where it is going: into 
the quantum correlations between a 
growing number of spins9. They infer the 
emergence of multi-spin correlations from 
the dependence of the final magnetization 
on the Larmor precession angle (Fig. 1c). 
The dependence is necessarily periodic, 
as each spin is invariant under a 2π 
rotation. Theoretically, the period can be 
even n times shorter if groups of n spins 
are entangled by the interactions. Most 
generally, the magnetization is 2π-periodic, 
but not sinusoidal, and its higher harmonics 
signify correlations among multiple 

spins — as many as n = 8 within the 
hundred-ion simulator.

The measurement of scrambling 
performed by Gärttner et al. is a proof-of-
principle demonstration. They simulated a 
model of globally interacting spins that is 
exactly solvable, restricted to a small Hilbert 
space, and not even chaotic: in principle, the 
information that appeared to be scrambled 
should periodically revive after long times. 
The benefit of this simple model is that it 
enables a detailed comparison between 
experiment and theory, which provides 
confidence that the quantum simulator can 
tackle more complex problems in future 
experiments. Achieving the same level 
of control in a chaotic system within an 
exponentially large Hilbert space may yet 
pose a challenge. Beyond lies the long-
term prospect of engineering tabletop 
models for information scrambling in black 
holes, conjectured to be the most chaotic 
systems of all. ❐
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How a many-body quantum system thermalizes—or fails to do so—under its own interaction is a
fundamental yet elusive concept. Here we demonstrate nuclear magnetic resonance observation of the
emergence of prethermalization by measuring out-of-time ordered correlations. We exploit Hamiltonian
engineering techniques to tune the strength of spin-spin interactions and of a transverse magnetic field in a
spin chain system, as well as to invert the Hamiltonian sign to reveal out-of-time ordered correlations. At
large fields, we observe an emergent conserved quantity due to prethermalization, which can be revealed by
an early saturation of correlations. Our experiment not only demonstrates a new protocol to measure out-of-
time ordered correlations, but also provides new insights in the study of quantum thermodynamics.

DOI: 10.1103/PhysRevLett.123.090605

The dynamics of many-body quantum systems can
display a multitude of interesting phenomena, ranging
from thermalization [1,2] to many-body localization
(MBL) [3–10], discrete time crystals [11–19], and dynami-
cal phase transitions [20–25]. Recently, there has been
increased interest in systems exhibiting nonergodic dynam-
ics in the absence of any disorder or incommensurate fields,
such as quasi-MBL in translationally invariant systems [26]
and disorder free localization [27–29]. Another intriguing
possibility is prethermalization, where nonintegrable quan-
tum systems may fail to thermalize on practically accessible
timescales [30–35], due to an emergent quasilocal integral
of motion.
Here we study thermalization and prethermalization by

measuring out-of-time-ordered (OTO) commutators, which
have been used to study many quantum thermalization
phenomena, such as scrambling [36–41], many-body
localization [42–45], and integrability [40]. OTO commu-
tators are powerful indicators of information scrambling,
but are typically difficult to observe experimentally.
We exploit Hamiltonian engineering techniques to inves-

tigate the onset of prethermalization in a nuclear spin
system in a natural crystal. We can access different regimes
by manipulating the relative strengths of the dipolar
interactions among spins and the transverse magnetic field.
After a quench, we experimentally measure OTO commu-
tators using multiple quantum coherence (MQC) experi-
ments [9,46,47] for a system initially at an effective infinite

temperature. In the low field regime, the commutator
keeps increasing, indicating the system thermalizes in
the observed timescale. In the high field regime, a long-
lived prethermal regime arises due to an emergent con-
served quantity and the OTO commutator involving such a
prethermal conserved quantity saturates after a short time.
We further support the interpretation of our experimental
results by constructing the prethermal Hamiltonian pertur-
batively [34,48]. We numerically observe the divergence of
the perturbation series below a certain transverse field
threshold, indicating the breakdown of prethermal dynam-
ics and the onset of the thermal regime.
Wework with nuclear spins in fluorapatite (FAp) [49], an

experimental system recently used to show MBL [9]. The
19F spins-1=2 form linear chains in the crystal and are
coupled by the magnetic dipolar interaction. A single
crystal is placed in a large (7 T) magnetic field at room
temperature. In a strong magnetic field the interaction
Hamiltonian for the 19F spins is given by the secular dipolar
Hamiltonian Hdipz ¼

P
j;k>j Jjk½S

j
zSkz − 1

2 ðS
j
xSkx þ SjySkyÞ&,

where Jjk¼Jjj−kj−3. Here Sjαðα ¼ x; y; zÞ are spin-1=2
operators of the jth 19F spin (see Section I in the
Supplemental Material [50]). In the timescales we explore,
the system can be approximately treated as an ensemble of
identical spin chains [51–53], since the interchain coupling
is ∼40 times weaker than the intrachain coupling. The
signal is averaged over a macroscopic number of chains in
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Verified quantum information scrambling
K. A. Landsman1*, C. Figgatt1,6, T. Schuster2, N. M. Linke1, B. Yoshida3, N. Y. Yao2,4 & C. Monroe1,5

Quantum scrambling is the dispersal of local information into 
many-body quantum entanglements and correlations distributed 
throughout an entire system. This concept accompanies the 
dynamics of thermalization in closed quantum systems, and has 
recently emerged as a powerful tool for characterizing chaos in 
black holes1–4. However, the direct experimental measurement 
of quantum scrambling is difficult, owing to the exponential 
complexity of ergodic many-body entangled states. One way to 
characterize quantum scrambling is to measure an out-of-time-
ordered correlation function (OTOC); however, because scrambling 
leads to their decay, OTOCs do not generally discriminate between 
quantum scrambling and ordinary decoherence. Here we implement 
a quantum circuit that provides a positive test for the scrambling 
features of a given unitary process5,6. This approach conditionally 
teleports a quantum state through the circuit, providing an 
unambiguous test for whether scrambling has occurred, while 
simultaneously measuring an OTOC. We engineer quantum 
scrambling processes through a tunable three-qubit unitary 
operation as part of a seven-qubit circuit on an ion trap quantum 
computer. Measured teleportation fidelities are typically about 80 
per cent, and enable us to experimentally bound the scrambling-
induced decay of the corresponding OTOC measurement.

The dynamics of strongly interacting quantum systems lead to the 
local memory loss of initial conditions, analogous to the chaotic behav-
iour of classical systems. At first glance, this appears inconsistent with 
the reversible or unitary nature of quantum time-evolution. The reso-
lution lies in the fact that such local quantum information generically 
becomes delocalized throughout the entire system, and thus hidden 
in nonlocal degrees of freedom. This quantum scrambling process has 
sharpened our understanding of the limits of thermalization and chaos 
in quantum systems1–4. At one extreme, certain disordered systems can 
evade thermalization entirely, leading to the slow logarithmic spread of 
quantum information7. At the other extreme, the existence of a max-
imum speed limit for thermalization—known as ‘fast-scrambling’—
is conjectured to occur in certain large-N gauge theories8 as well as 
the dynamics of black holes1–4. Synergy with the latter extends both 
ways: many of the tools and ideas originally developed in the context 
of black hole physics9–12 have been found to be useful in characterizing 
the scrambling behaviour of generic many-body systems.

These wide-ranging impacts of quantum scrambling have stimulated 
the search for experimental evidence13–19 of scrambling dynamics that 
could help shed light on quantum non-equilibrium processes in exotic 
materials20,21 and the fast-scrambling dynamics of black holes1–4. 
Recent work has focused on so-called OTOCs3,4,22, which take the form 
V W t VW tˆ ˆ ( ) ˆ ˆ ( )† † , where V̂ and Ŵ are unitary operators acting on sep-

arate subsystems. The operator =W t U WUˆ ( ) ˆ ˆ ˆ†  is the time-evolved 
version of W under the unitary operator = − HÛ e i tˆ  generated through 
either a Hamiltonian H or an equivalent digital quantum circuit. As 
scrambling proceeds, W tˆ ( ) becomes increasingly nonlocal, causing the 
OTOC to decay23, which is taken as an experimental indication of 
scrambling15–18.

However, it is difficult to distinguish between information scram-
bling and extrinsic decoherence in the OTOC’s temporal decay.  

For example, non-unitary time-evolution arising from depolarization 
or classical noise processes naturally lead the OTOC to decay, even in 
the absence of quantum scrambling. A similar decay can also originate 
from even slight mismatches between the purported forward and back-
wards time-evolution of W tˆ ( ) (refs 6,16 and 24). Although full quantum 
tomography can in principle distinguish scrambling from decoherence 
and experimental noise, this requires a number of measurements that 
scales exponentially with system size and is thus impractical.

In this work, we overcome this challenge and implement a quantum 
teleporation protocol that robustly distinguishes information scram-
bling from both decoherence and experimental noise5,6. Using this pro-
tocol, we demonstrate verifiable information scrambling in a family 
of unitary circuits and provide a quantitative bound on the amount of 
scrambling observed in the experiments.

The intuition behind our approach lies in a re-interpretation of the 
black-hole information paradox9,10, under the assumption that the 
dynamics of the black hole can be modelled as a random unitary oper-
ation Û  (Fig. 1). Schematically, an observer (Alice) throws a secret 
quantum state into a black hole, while an outside observer (Bob) 
attempts to reconstruct this state by collecting the Hawking radiation 
emitted at a later time1,10.

An explicit decoding protocol has been recently proposed5,6, which 
enables Bob to decode Alice’s state using a quantum memory, an ancil-
lary entangled pair of qubits, and knowledge of the effective black-hole 
unitary Û  (ref. 25). The protocol requires Bob to apply ∗Û  to his own 
quantum memory and one half of the ancillary entangled pair. 
Following this, Bob performs a projective measurement, which plays 
the part of teleporting Alice’s secret quantum state to the reference qubit 
in Bob’s ancillary entangled pair. The successful decoding of Alice’s 
quantum information is only possible because of the maximally scram-
bling dynamics of the unitary, which ensure that the information about 
Alice’s secret state is almost immediately distributed throughout the 
entire system1,26. Since maximally scrambling dynamics are requisite 
for successful teleportation, the teleportation fidelity provides a fail-safe 
diagnostic for true quantum information scrambling (see Methods 
section ‘Brief overview of quantum teleportation’).

Unlike a direct measurement of OTOCs, this protocol can explicitly 
distinguish scrambling from either decoherence or a mismatch between 
forward and backward time-evolution (that is, the encoding and decod-
ing unitaries Û  and ∗Û ). Moreover, the success probability of the pro-
jective measurement provides an independent measure of the average 
experimental value of the OTOC, which includes the effects of both 
noise and decoherence6. By comparing the teleportation fidelity and 
the success probability, one can quantitatively and unambiguously 
bound the amount of quantum scrambling by the unitary operation Û.

We experimentally implement the above teleportation protocol on 
a seven-qubit fully connected quantum computer27 using a family of 
three-qubit scrambling unitaries Ûs. Our quantum computer is realized 
with a crystal of trapped atomic +Yb171  ion qubits, defined by the hyper-
fine ‘clock’ states, as described in Methods section ‘Experimental 
details’. We confine nine ions in the linear ion trap and use the nearly 
equally spaced middle seven ions for the circuit. We can drive single 
qubit gates on any of the seven qubits with a typical fidelity of 99.0(5)% 

1Joint Quantum Institute, Department of Physics and Joint Center for Quantum Information and Computer Science, University of Maryland, College Park, MD, USA. 2Department of Physics, 
University of California Berkeley, Berkeley, CA, USA. 3Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada. 4Materials Science Division, Lawrence Berkeley National Laboratory, 
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Improving metrology with quantum scrambling
Zeyang Li ( )1, Simone Colombo1, Chi Shu1,2, Gustavo Velez1,3, Saúl Pilatowsky-Cameo4,
Roman Schmied5, Soonwon Choi4, Mikhail Lukin2, Edwin Pedrozo-Peñafiel1, Vladan Vuletić1*

Quantum scrambling describes the spreading of information into many degrees of freedom in
quantum systems, such that the information is no longer accessible locally but becomes distributed
throughout the system. This idea can explain how quantum systems become classical and acquire a
finite temperature, or how in black holes the information about the matter falling in is seemingly erased.
We probe the exponential scrambling of a multiparticle system near a bistable point in phase space
and utilize it for entanglement-enhanced metrology. A time-reversal protocol is used to observe
a simultaneous exponential growth of both the metrological gain and the out-of-time-order correlator,
thereby experimentally verifying the relation between quantum metrology and quantum information
scrambling. Our results show that rapid scrambling dynamics capable of exponentially fast
entanglement generation are useful for practical metrology, resulting in a 6.8(4)-decibel gain beyond
the standard quantum limit.

E
ven though all unitary dynamics of quan-
tum systems are in principle reversible,
it is extremely challenging in practice to
reverse the arrow of time in generic in-
teracting many-body systems. This is be-

cause any small perturbations or imperfections
in the time-reversed dynamics can lead to
highly complicated, nonlocal changes in quan-
tum wave functions, similar to the butterfly
effect in chaos theory. Dubbed information
scrambling (1–3), this quantum-mechanical
effect gives rise to a variety of unusual pheno-
mena and applications ranging from models
of quantum gravity (4, 5) to quantum metrol-
ogy (6). The speed of information scrambling
can be quantified by out-of-time-ordered cor-
relators (OTOCs) (7, 8), which constitute a
measure of how fast the noncommutativity
between two different quantum operations
is established (9). In certain systems, the
OTOC grows exponentially fast over time
elQt , where lQ > 0 defines the generalized
quantumLyapunov exponent (8). OTOCs have
been measured (10) and used as probes for
various many-body phenomena, such as ther-
malization (11), quantum phase transitions
(12), many-body entanglement growth (13), and
quantum scrambling (14–16). However, the
observation of exponential scrambling has
remained elusive.
One approach to effective time reversal in-

volves changing the sign of the Hamiltonian
Ĥ→! Ĥ during the evolution of highly engi-
neered quantum systems. In the field of quan-

tummetrology, this enables a family of powerful
quantum amplification protocols (17–24) such
as signal amplification through time-reversed
interaction (SATIN) (23). Such protocols can
be robust against many limitations that usual-
ly affect entanglement-enhanced atomic sen-
sors, including imperfect measurements. In the
presence of exponential scrambling dynamics
(Fig. 1A), the SATIN signal is also amplified
exponentially over time.

Experimental setup

TheLipkin-Meshkov-Glick (LMG)Hamiltonian
(24, 25–34) is of particular interest in this con-
text, as it exhibits exponential evolution in
phase space while it can be experimentally
realized in a cavity quantum electrodynamics
(cQED) system. The latter is accomplished by

adding a global rotation term Ŝx to the one-
axis-twisting (OAT) (35) Hamiltonian Ŝz

2

Ĥ ¼ cŜz
2 þWŜx ð1Þ

Here S ¼ Ŝx; Ŝy; Ŝ z
! "

represents the total
spin of the system consisting ofN ¼ 2S spin-12
particles, c is the shearing parameter for OAT,
and W is the transverse rotation frequency.
Although the time evolution is not chaotic
because of the conservation of Ŝ

2
, the LMG

Hamiltonian nevertheless features a quantum
Lyapunov exponent for 0 < W= Scð Þ < 2 due
to an unstable (bifurcating) trajectory in the
system phase space (Fig. 1A) (32, 36, 37).
Our experiments operate withN ¼ 200 171Yb

atoms whose magnetic sublevels ↑; ↓j i in the
electronic ground state represent a spin- 12 sys-
tem. One of the two spin states ( ↑j i) couples to
an electronically excited state ej ivia sþ-polarized
light that circulates inside the optical cavity
(Fig. 1B). The coupling between a single atom
and the cavity is characterized by the single-
atom cooperativity h ¼ 8:8 2ð Þ (38). We imple-
ment the LMG Hamiltonian in the rotating
frame by adding an oscillating transversemag-
netic field to the OAT Hamiltonian (34) [Fig.
1B and supplementary materials (SM) (39)].
The experiments start by initializing the

system in a coherent spin state (CSS) pointing
along the x axis by means of optical pumping
followed by a p=2 spin rotation. Analytical
solutions using the Holstein-Primakoff approx-
imation (40) show that for W= Scð Þ < 0 or
W= Scð Þ > 2, the system evolution is periodic
with a frequencyw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2 ! 2ScW

p
(41). How-

ever, for 0 < W= Scð Þ < 2 the frequency w
becomes imaginary, corresponding to an
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Fig. 1. Time-reversal–based exponential growth of sensitivity in a system with an unstable fixed point.
(A) Classically, for a trajectory with a positive Lyapunov exponent l1 > 0, an initial signal (displacement) d 0ð Þ
increases exponentially over time. For quantum dynamics, however, an initial overlap between two states is
preserved under unitary evolution. To amplify the signal similarly to the classical case, one needs to evolve the

state under the nonlinear Ĥ, resulting in decreased quantum fluctuations along a direction with negative Lyapunov

coefficient l2 < 0. A displacement along this direction followed by application of the negative Hamiltonian !Ĥ
(such that l1;2→! l1;2) is then used to amplify the signal. The plots represent the evolution on the Bloch
sphere, where the Sy and Sz axes are labeled as in the left subplot of the middle row. (B) Experimental setup. The
LMG Hamiltonian is generated by the interaction of the collective atomic spin with light inside a cavity on the
transition ↑j i→ ej i, while a radiofrequency magnetic field is applied to rotate the atomic spin.
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Following-up Experiments on OTOC

QUANTUM SIMULATION

Information scrambling in quantum circuits
Xiao Mi1†, Pedram Roushan1†, Chris Quintana1†, Salvatore Mandrà2,3,
Jeffrey Marshall2,4, Charles Neill1, Frank Arute1, Kunal Arya1, Juan Atalaya1, Ryan Babbush1,
Joseph C. Bardin1,5, Rami Barends1, Joao Basso1, Andreas Bengtsson1, Sergio Boixo1,
Alexandre Bourassa1,6, Michael Broughton1, Bob B. Buckley1, David A. Buell1, Brian Burkett1,
Nicholas Bushnell1, Zijun Chen1, Benjamin Chiaro1, Roberto Collins1, William Courtney1,
Sean Demura1, Alan R. Derk1, Andrew Dunsworth1, Daniel Eppens1, Catherine Erickson1,
Edward Farhi1, Austin G. Fowler1, Brooks Foxen1, Craig Gidney1, Marissa Giustina1,
Jonathan A. Gross1, Matthew P. Harrigan1, Sean D. Harrington1, Jeremy Hilton1,
Alan Ho1, Sabrina Hong1, Trent Huang1, William J. Huggins1, L. B. Ioffe1, Sergei V. Isakov1,
Evan Jeffrey1, Zhang Jiang1, Cody Jones1, Dvir Kafri1, Julian Kelly1, Seon Kim1,
Alexei Kitaev1,7, Paul V. Klimov1, Alexander N. Korotkov1,8, Fedor Kostritsa1, David Landhuis1,
Pavel Laptev1, Erik Lucero1, Orion Martin1, Jarrod R. McClean1, Trevor McCourt1,
Matt McEwen1,9, Anthony Megrant1, Kevin C. Miao1, Masoud Mohseni1, Shirin Montazeri1,
Wojciech Mruczkiewicz1, Josh Mutus1, Ofer Naaman1, Matthew Neeley1, Michael Newman1,
Murphy Yuezhen Niu1, Thomas E. O'Brien1, Alex Opremcak1, Eric Ostby1, Balint Pato1,
Andre Petukhov1, Nicholas Redd1, Nicholas C. Rubin1, Daniel Sank1, Kevin J. Satzinger1,
Vladimir Shvarts1, Doug Strain1, Marco Szalay1, Matthew D. Trevithick1, Benjamin Villalonga1,
Theodore White1, Z. Jamie Yao1, Ping Yeh1, Adam Zalcman1, Hartmut Neven1, Igor Aleiner1,
Kostyantyn Kechedzhi1*, Vadim Smelyanskiy1*, Yu Chen1*

Interactions in quantum systems can spread initially localized quantum information into the
exponentially many degrees of freedom of the entire system. Understanding this process, known as
quantum scrambling, is key to resolving several open questions in physics. Here, by measuring the
time-dependent evolution and fluctuation of out-of-time-order correlators, we experimentally investigate
the dynamics of quantum scrambling on a 53-qubit quantum processor. We engineer quantum circuits
that distinguish operator spreading and operator entanglement and experimentally observe their
respective signatures. We show that whereas operator spreading is captured by an efficient classical
model, operator entanglement in idealized circuits requires exponentially scaled computational
resources to simulate. These results open the path to studying complex and practically relevant physical
observables with near-term quantum processors.

T
he realization of quantum computers was
motivated by their ability to simulate
dynamical processes that are challeng-
ing for classical computation. A physical
process that fully leverages the computa-

tional power of quantumprocessors is quantum
scrambling, which describes how interaction
in a quantum system disperses local informa-
tion into the system’s many degrees of freedom
(1–5). Quantum scrambling is the underlying
mechanism for the thermalization of isolated
quantum systems (6–8), and accurately model-
ing its dynamics is the key to resolving anumber
of openquestions, including the fast-scrambling

conjecture for black holes (2, 3), the nature of
strange metals (9, 10), and many-body local-
ization (11). Understanding scrambling also
provides a basis for designing algorithms in
quantum benchmarking or machine learning
that would benefit from the efficient explora-
tion of Hilbert spaces (12–14).
A precise formulation of quantum scrambling

is found in theHeisenberg picture, where quan-
tum operators evolve and quantum states are
stationary. Similar to classical chaos, scrambling
manifests itself as a butterfly effect, wherein a
local perturbation is rapidly amplified over time
(15, 16). More specifically, the perturbation is
realized as an initially local unitary operator Ô
acting on one of the N qubits Qb. When the
quantum system undergoes a unitary process
Û , Ô acquires a time dependence and becomes
Ô tð Þ ¼ Û

†
ÔÛ . The resulting Ô tð Þ can be ex-

panded as Ô tð Þ ¼
XnB

i¼1
wiB̂i , where B̂i ¼

b̂1 ið Þ $ b̂2 ið Þ $… are basis operators consist-
ing of products of single-qubit operators b̂j ið Þ,
each acting on a different (jth) qubit, and wi

are their coefficients.
Quantum scrambling is enabled by two dif-

ferentmechanisms (16–20): (i) Operator spread-
ing, wherein basis operators are transformed
such that each B̂i involves more nonidentity

single-qubit operators over time and (ii) gen-
eration of operator entanglement (21), which
is reflected in the growth, in time, of the mini-
mum number of terms nB needed to expand Ô
into products of single-qubit operators, with a
broad distribution of coefficients wi. Indepen-
dent characterizations of these twomechanisms
are essential for a complete understanding of
thenature of quantumscrambling. Additionally,
operator spreading can be effectivelymapped to
classical dynamics (16, 18–20, 22, 23), whereas
for the circuits studied in this work, operator
entanglement is a quantum process. As such,
quantum simulation of operator entanglement
dynamics has the potential to deliver quantum
computational advantages in modeling phys-
ical phenomena. However, these two mecha-
nisms are often intertwined, and signatures of
operator entanglement have not been identi-
fied in past experimental studies of quantum
scrambling (24–28).
In this work, we report independent ob-

servations of operator spreading and opera-
tor entanglement in a two-dimensional (2D)
quantum systemof 53 superconducting qubits.
Our approach is based onmeasuring the corre-
lator between Ô tð Þ and another unitary opera-
tor M̂, which is a Pauli operator on a different
qubit Q1

C tð Þ ¼ Ô
†
tð ÞM̂ †

Ô tð ÞM̂
D E

ð1Þ

Here, …h idenotes the expectation value over
a particular quantum state. C(t) is known as
the out-of-time-order correlator (OTOC) (29)
and is related to the commutator Ô tð Þ; M̂

! "
by

Re C tð Þ½ & ¼ 1 ' 1
2 Ô tð Þ; M̂

! "†
Ô tð Þ; M̂
! "D E

. By
measuring C over quantum evolution with
microscopic differences, operator spreading
may be characterized through the decay of the
average OTOC value !C from 1 as Ô tð Þ and M̂
become noncommuting. In the fully scram-
bled limit, where Ô tð Þ and M̂ have random
commutation, !C approaches an exponentially
small limit ' 1

22N'1 (17). If operator entangle-
ment is also generated, the growing number
of contributions to C from basis operators B̂i

with similar magnitudes of wi results in the
decay of OTOC fluctuation dC as well. This
property will be used as a witness of operator
entanglement for a class of quantum circuits
below.
The experimental scheme,described inFig. 1A,

utilizes an interferometric protocol thatmaps
C onto the projection ŝyh i of an ancilla qubit,
Qa (30, 31). For this work, Û is realized using
quantum circuits comprising random single-
qubit gates and fixed two-qubit gates (Fig. 1B);
this choice was made because of the ease of
controlling different scrambling mechanisms
in such circuits. OTOCmeasurements are first
conducted on a 1D chain of 21 qubits (Fig. 1C).
We use the qubit at one end of the chain as
Qa and successively choose qubits Q2 through
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Observation of constructive interference at 
the edge of quantum ergodicity

Google Quantum AI and Collaborators*

The dynamics of quantum many-body systems is characterized by quantum 
observables that are reconstructed from correlation functions at separate points in 
space and time1–3. In dynamics with fast entanglement generation, however, quantum 
observables generally become insensitive to the details of the underlying dynamics at 
long times due to the effects of scrambling. To circumvent this limitation and enable 
access to relevant dynamics in experimental systems, repeated time-reversal protocols 
have been successfully implemented4. Here we experimentally measure the second-
order out-of-time-order correlators (OTOC(2))5–18 on a superconducting quantum 
processor and find that they remain sensitive to the underlying dynamics at long 
timescales. Furthermore, OTOC(2) manifests quantum correlations in a highly entangled 
quantum many-body system that are inaccessible without time-reversal techniques. 
This is demonstrated through an experimental protocol that randomizes the phases 
of Pauli strings in the Heisenberg picture by inserting Pauli operators during quantum 
evolution. The measured values of OTOC(2) are substantially changed by the protocol, 
thereby revealing constructive interference between Pauli strings that form large 
loops in the configuration space. The observed interference mechanism also endows 
OTOC(2) with high degrees of classical simulation complexity. These results, combined 
with the capability of OTOC(2) in unravelling useful details of quantum dynamics, as 
shown through an example of Hamiltonian learning, indicate a viable path to practical 
quantum advantage.

Identifying complex correlations between the many-body degrees of 
freedom in a quantum system is a central goal for the simulation of 
quantum dynamics. Even spectroscopic questions can be formulated 
in terms of few-point dynamical correlations. As entanglement grows 
with system size or evolution time, the resulting dynamics are often 
ergodic. Consequently, the sensitivities to the details of the quantum 
dynamics decay exponentially for most quantum observables, limit-
ing their utility in revealing many-body correlations. Numerical or 
analytical studies of correlations are also hindered by the difficulty of 
identifying subtle contributing processes, which undermine common 
simplifying assumptions. Moreover, the linearity of the Schrödinger 
equation precludes the use of classical techniques based on sensitivity 
to initial conditions, methods that have proven effective in detecting 
the butterfly effect and characterizing classical chaos.

As a solution to the above challenge, experimental protocols that 
use refocusing to echo out nearly all evolution have become essential 
for probing highly entangled dynamics. These protocols have proven 
indispensable in quantum metrology and sensing19,20 as well as in studies 
of chaos, black holes and thermalization6,8,21–23. Dynamical sequences 
that include time reversal are most naturally described in the Heisen-
berg picture of operator evolution (Fig. 1). The sequence can be con-
ceptualized as an interference problem, where correlations reflect 
coherent interference across many-body trajectories. Computing an 
observable can, thus, be expressed as a sum over distinct trajecto-
ries. In this conceptual framework, each time reversal corresponds 

to the addition of two interference arms and also other cross-terms 
contributing to experimental observables, which are formally known 
as out-of-time-order correlators (OTOCs)5–18.

In our work, we perform a family of OTOC experiments and leverage 
the interference framework to understand how different paths and their 
combinations reveal quantum correlations inaccessible without time 
reversal or with numerical methods. More specifically, we use the unique 
programmability of a digital quantum processor to change the number 
of interference arms (Fig. 2) and insert either noisy (Fig. 3) or coherent  
(Fig. 5) phase shifters into each arm. In response, we find that OTOCs 
are more sensitive to these perturbations compared with observa-
bles in the absence of time reversal. Furthermore, we discover that 
this sensitivity is enhanced as the order k of OTOC(k) (the number of 
interference arms) increases. In particular, OTOC(2) reveals construc-
tive interference between Pauli strings that is invisible in lower-order 
observables.

To understand how repeated time-reversal restores the sensitivity 
to quantum dynamics, we first consider measuring the Pauli operator 
M ∈ {X, Y, Z} of a qubit qm in a square lattice of qubits and initialized 
in an eigenstate of M. The measurement at a time t is equivalent to 
the time-ordered correlator (TOC), %M(t)M&, where M(t) = U †(t)MU(t) 
denotes the time-evolved M in the Heisenberg picture, U is a many-body 
unitary, and %…& denotes the expectation value over a particular initial 
state. As observed in previous experiments24–27, %M(t)M& decays expo-
nentially over time when U is ergodic. This stems from the scrambling of 
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Comments on Current Experimental Status

∼ eλt

Lyapunov exponent

Tr[[Ŵ(0), ̂V(t)]2]

None of these experiments sees well-defined 
exponential behavior of OTOC and is able to 
extract the Lyapunov exponent. 

The reason is that measuring OTOC always 
involves backward time evolution, which is 
always imperfect. 
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FIG. 1. Schematic of Experimental Protocol. (a) Chaotic quantum many-body dynamics: Unitary evolution under
Ĥ scrambles quantum information, transforming a low-entanglement initial state into a highly entangled state. Under time-
reversed dynamics with perturbed Hamiltonian �Ĥ+�Ĥ, the system exhibits exponential deviation from perfect state recovery.
(b) Microscopic structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged in a face-
centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless 12C atoms. (c) Top: Floquet pulse
sequence converting the dipolar Hamiltonian Eq. (1) into the engineered form Eq. (2). Bottom: Experimental sequence for
MQC and OTOC measurements.

[38–41]. Analogous to phonons mediating density fluctu-
ations or spin waves governing spin dynamics, scramblons
dictate the spread of quantum information. The scram-
blon propagator grows exponentially with time, outpac-
ing all other modes and dominating the late-time be-
havior of the OTOC, thereby resulting in fast informa-
tion scrambling and a universal exponential behavior of
the OTOC. Notably, in systems with holographic duality,
scramblons in the boundary quantum theory correspond
to gravitons in the bulk gravity [38, 42].

In this work, we measure the OTOC in a solid-state
NMR sample with a macroscopic number of randomly
interacting spins, a system beyond the capabilities of
classical simulation. This can be achieved using a well-
established protocol for measuring the multiple quan-
tum coherence (MQC) spectrum (Fig. 1c, bottom panel)
[43, 44]. The measurement involves the reverse evolution
of this many-body system, which, of course, is imperfect.
We utilize scramblon theory to derive a fitting ansatz
for the measured OTOC, achieving good agreement with
the experiment. Moreover, the scramblon theory imposes
several strong constraints on the fitting parameters, and
we verify that these constraints are well satisfied by the
fitting results. In other words, the experimental data
strongly validate the scramblon theory. With this fitting
formula, we can extrapolate the measured OTOC to the
error-free limit. We demonstrate that the OTOC after
this error mitigation exhibits the anticipated long-time
behavior, in sharp contrast to other methods explored in
the previous literature.

The experiment is performed on a powdered adaman-
tane (C10H16) sample, as illustrated in Fig. 1b and de-
tailed in the supplementary material [45]. Each adaman-
tane molecule contains 16 nuclear spin-1/2 hydrogen
nuclei, denoted by Sim, where the index i labels the

molecules and m = 1, . . . , 16 identifies individual spins
within a molecule. Due to rapid molecular thermal mo-
tion, intramolecular spin interactions are averaged out,
leaving only the intermolecular dipolar coupling as the
dominant spin-spin interaction. The sample is placed in
a uniform 9.4 T magnetic field, which aligns the spin
quantization axes and induces fast Larmor precession of
all spins. In the rotating frame and under the secular ap-
proximation, the e↵ective dipolar Hamiltonian takes the
form [46]:
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Here, the coupling strengths Jij are treated as random

variables with zero mean (Jij = 0) and variance J2
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4J2/N , where N is the total number of spins and J ⇠
2⇡⇥1460 Hz [14]. This randomness of Jij arises from the
anisotropic nature of dipolar interaction and the random
crystalline orientations in the powder sample [45].
Then, by applying periodic global radio-frequency

pulse sequences to rotating spins, as depicted in Fig. 1c,
a more general e↵ective Hamiltonian can be engineered
via the Floquet-Magnus expansion as Ĥe↵ = Ĥ0 + Ĥ1.
Ĥ0 represents the leading-order contribution in the ex-
pansion, which can be generally written as:
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where µ, ⌫ = x, y, z. The protocol generating Eq. (2) im-
poses specific constraints on the coe�cients ⇠µ⌫ , namely
the traceless condition

P
µ=x,y,z ⇠µµ = 0 and the sym-

metry condition ⇠µ⌫ = ⇠⌫µ. An important observation
is that if a set {⇠µ⌫} satisfies these constraints, so does
the set {�⇠µ⌫}. This implies that Floquet engineering
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FIG. 1. Schematic of Experimental Protocol. (a) Chaotic quantum many-body dynamics: Unitary evolution under
Ĥ scrambles quantum information, transforming a low-entanglement initial state into a highly entangled state. Under time-
reversed dynamics with perturbed Hamiltonian �Ĥ+�Ĥ, the system exhibits exponential deviation from perfect state recovery.
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MQC and OTOC measurements.
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ations or spin waves governing spin dynamics, scramblons
dictate the spread of quantum information. The scram-
blon propagator grows exponentially with time, outpac-
ing all other modes and dominating the late-time be-
havior of the OTOC, thereby resulting in fast informa-
tion scrambling and a universal exponential behavior of
the OTOC. Notably, in systems with holographic duality,
scramblons in the boundary quantum theory correspond
to gravitons in the bulk gravity [38, 42].

In this work, we measure the OTOC in a solid-state
NMR sample with a macroscopic number of randomly
interacting spins, a system beyond the capabilities of
classical simulation. This can be achieved using a well-
established protocol for measuring the multiple quan-
tum coherence (MQC) spectrum (Fig. 1c, bottom panel)
[43, 44]. The measurement involves the reverse evolution
of this many-body system, which, of course, is imperfect.
We utilize scramblon theory to derive a fitting ansatz
for the measured OTOC, achieving good agreement with
the experiment. Moreover, the scramblon theory imposes
several strong constraints on the fitting parameters, and
we verify that these constraints are well satisfied by the
fitting results. In other words, the experimental data
strongly validate the scramblon theory. With this fitting
formula, we can extrapolate the measured OTOC to the
error-free limit. We demonstrate that the OTOC after
this error mitigation exhibits the anticipated long-time
behavior, in sharp contrast to other methods explored in
the previous literature.
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tane (C10H16) sample, as illustrated in Fig. 1b and de-
tailed in the supplementary material [45]. Each adaman-
tane molecule contains 16 nuclear spin-1/2 hydrogen
nuclei, denoted by Sim, where the index i labels the

molecules and m = 1, . . . , 16 identifies individual spins
within a molecule. Due to rapid molecular thermal mo-
tion, intramolecular spin interactions are averaged out,
leaving only the intermolecular dipolar coupling as the
dominant spin-spin interaction. The sample is placed in
a uniform 9.4 T magnetic field, which aligns the spin
quantization axes and induces fast Larmor precession of
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imŜy
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2⇡⇥1460 Hz [14]. This randomness of Jij arises from the
anisotropic nature of dipolar interaction and the random
crystalline orientations in the powder sample [45].
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pulse sequences to rotating spins, as depicted in Fig. 1c,
a more general e↵ective Hamiltonian can be engineered
via the Floquet-Magnus expansion as Ĥe↵ = Ĥ0 + Ĥ1.
Ĥ0 represents the leading-order contribution in the ex-
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[38–41]. Analogous to phonons mediating density fluctu-
ations or spin waves governing spin dynamics, scramblons
dictate the spread of quantum information. The scram-
blon propagator grows exponentially with time, outpac-
ing all other modes and dominating the late-time be-
havior of the OTOC, thereby resulting in fast informa-
tion scrambling and a universal exponential behavior of
the OTOC. Notably, in systems with holographic duality,
scramblons in the boundary quantum theory correspond
to gravitons in the bulk gravity [38, 42].

In this work, we measure the OTOC in a solid-state
NMR sample with a macroscopic number of randomly
interacting spins, a system beyond the capabilities of
classical simulation. This can be achieved using a well-
established protocol for measuring the multiple quan-
tum coherence (MQC) spectrum (Fig. 1c, bottom panel)
[43, 44]. The measurement involves the reverse evolution
of this many-body system, which, of course, is imperfect.
We utilize scramblon theory to derive a fitting ansatz
for the measured OTOC, achieving good agreement with
the experiment. Moreover, the scramblon theory imposes
several strong constraints on the fitting parameters, and
we verify that these constraints are well satisfied by the
fitting results. In other words, the experimental data
strongly validate the scramblon theory. With this fitting
formula, we can extrapolate the measured OTOC to the
error-free limit. We demonstrate that the OTOC after
this error mitigation exhibits the anticipated long-time
behavior, in sharp contrast to other methods explored in
the previous literature.

The experiment is performed on a powdered adaman-
tane (C10H16) sample, as illustrated in Fig. 1b and de-
tailed in the supplementary material [45]. Each adaman-
tane molecule contains 16 nuclear spin-1/2 hydrogen
nuclei, denoted by Sim, where the index i labels the

molecules and m = 1, . . . , 16 identifies individual spins
within a molecule. Due to rapid molecular thermal mo-
tion, intramolecular spin interactions are averaged out,
leaving only the intermolecular dipolar coupling as the
dominant spin-spin interaction. The sample is placed in
a uniform 9.4 T magnetic field, which aligns the spin
quantization axes and induces fast Larmor precession of
all spins. In the rotating frame and under the secular ap-
proximation, the e↵ective dipolar Hamiltonian takes the
form [46]:
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variables with zero mean (Jij = 0) and variance J2
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4J2/N , where N is the total number of spins and J ⇠
2⇡⇥1460 Hz [14]. This randomness of Jij arises from the
anisotropic nature of dipolar interaction and the random
crystalline orientations in the powder sample [45].
Then, by applying periodic global radio-frequency

pulse sequences to rotating spins, as depicted in Fig. 1c,
a more general e↵ective Hamiltonian can be engineered
via the Floquet-Magnus expansion as Ĥe↵ = Ĥ0 + Ĥ1.
Ĥ0 represents the leading-order contribution in the ex-
pansion, which can be generally written as:
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where µ, ⌫ = x, y, z. The protocol generating Eq. (2) im-
poses specific constraints on the coe�cients ⇠µ⌫ , namely
the traceless condition

P
µ=x,y,z ⇠µµ = 0 and the sym-

metry condition ⇠µ⌫ = ⇠⌫µ. An important observation
is that if a set {⇠µ⌫} satisfies these constraints, so does
the set {�⇠µ⌫}. This implies that Floquet engineering
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QUANTUM SIMULATION

Information scrambling in quantum circuits
Xiao Mi1†, Pedram Roushan1†, Chris Quintana1†, Salvatore Mandrà2,3,
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Interactions in quantum systems can spread initially localized quantum information into the
exponentially many degrees of freedom of the entire system. Understanding this process, known as
quantum scrambling, is key to resolving several open questions in physics. Here, by measuring the
time-dependent evolution and fluctuation of out-of-time-order correlators, we experimentally investigate
the dynamics of quantum scrambling on a 53-qubit quantum processor. We engineer quantum circuits
that distinguish operator spreading and operator entanglement and experimentally observe their
respective signatures. We show that whereas operator spreading is captured by an efficient classical
model, operator entanglement in idealized circuits requires exponentially scaled computational
resources to simulate. These results open the path to studying complex and practically relevant physical
observables with near-term quantum processors.

T
he realization of quantum computers was
motivated by their ability to simulate
dynamical processes that are challeng-
ing for classical computation. A physical
process that fully leverages the computa-

tional power of quantumprocessors is quantum
scrambling, which describes how interaction
in a quantum system disperses local informa-
tion into the system’s many degrees of freedom
(1–5). Quantum scrambling is the underlying
mechanism for the thermalization of isolated
quantum systems (6–8), and accurately model-
ing its dynamics is the key to resolving anumber
of openquestions, including the fast-scrambling

conjecture for black holes (2, 3), the nature of
strange metals (9, 10), and many-body local-
ization (11). Understanding scrambling also
provides a basis for designing algorithms in
quantum benchmarking or machine learning
that would benefit from the efficient explora-
tion of Hilbert spaces (12–14).
A precise formulation of quantum scrambling

is found in theHeisenberg picture, where quan-
tum operators evolve and quantum states are
stationary. Similar to classical chaos, scrambling
manifests itself as a butterfly effect, wherein a
local perturbation is rapidly amplified over time
(15, 16). More specifically, the perturbation is
realized as an initially local unitary operator Ô
acting on one of the N qubits Qb. When the
quantum system undergoes a unitary process
Û , Ô acquires a time dependence and becomes
Ô tð Þ ¼ Û

†
ÔÛ . The resulting Ô tð Þ can be ex-

panded as Ô tð Þ ¼
XnB

i¼1
wiB̂i , where B̂i ¼

b̂1 ið Þ $ b̂2 ið Þ $… are basis operators consist-
ing of products of single-qubit operators b̂j ið Þ,
each acting on a different (jth) qubit, and wi

are their coefficients.
Quantum scrambling is enabled by two dif-

ferentmechanisms (16–20): (i) Operator spread-
ing, wherein basis operators are transformed
such that each B̂i involves more nonidentity

single-qubit operators over time and (ii) gen-
eration of operator entanglement (21), which
is reflected in the growth, in time, of the mini-
mum number of terms nB needed to expand Ô
into products of single-qubit operators, with a
broad distribution of coefficients wi. Indepen-
dent characterizations of these twomechanisms
are essential for a complete understanding of
thenature of quantumscrambling. Additionally,
operator spreading can be effectivelymapped to
classical dynamics (16, 18–20, 22, 23), whereas
for the circuits studied in this work, operator
entanglement is a quantum process. As such,
quantum simulation of operator entanglement
dynamics has the potential to deliver quantum
computational advantages in modeling phys-
ical phenomena. However, these two mecha-
nisms are often intertwined, and signatures of
operator entanglement have not been identi-
fied in past experimental studies of quantum
scrambling (24–28).
In this work, we report independent ob-

servations of operator spreading and opera-
tor entanglement in a two-dimensional (2D)
quantum systemof 53 superconducting qubits.
Our approach is based onmeasuring the corre-
lator between Ô tð Þ and another unitary opera-
tor M̂, which is a Pauli operator on a different
qubit Q1

C tð Þ ¼ Ô
†
tð ÞM̂ †

Ô tð ÞM̂
D E

ð1Þ

Here, …h idenotes the expectation value over
a particular quantum state. C(t) is known as
the out-of-time-order correlator (OTOC) (29)
and is related to the commutator Ô tð Þ; M̂

! "
by

Re C tð Þ½ & ¼ 1 ' 1
2 Ô tð Þ; M̂

! "†
Ô tð Þ; M̂
! "D E

. By
measuring C over quantum evolution with
microscopic differences, operator spreading
may be characterized through the decay of the
average OTOC value !C from 1 as Ô tð Þ and M̂
become noncommuting. In the fully scram-
bled limit, where Ô tð Þ and M̂ have random
commutation, !C approaches an exponentially
small limit ' 1

22N'1 (17). If operator entangle-
ment is also generated, the growing number
of contributions to C from basis operators B̂i

with similar magnitudes of wi results in the
decay of OTOC fluctuation dC as well. This
property will be used as a witness of operator
entanglement for a class of quantum circuits
below.
The experimental scheme,described inFig. 1A,

utilizes an interferometric protocol thatmaps
C onto the projection ŝyh i of an ancilla qubit,
Qa (30, 31). For this work, Û is realized using
quantum circuits comprising random single-
qubit gates and fixed two-qubit gates (Fig. 1B);
this choice was made because of the ease of
controlling different scrambling mechanisms
in such circuits. OTOCmeasurements are first
conducted on a 1D chain of 21 qubits (Fig. 1C).
We use the qubit at one end of the chain as
Qa and successively choose qubits Q2 through
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Q20 asQb. A two-qubit gate (iSWAP) is applied
to each pair (Qj,Qj+1), where j = 0,2,4… in odd
circuit cycles and j = 1,3,5… in even circuit
cycles.
In the left panel of Fig. 1C, experimental

values of ŝyh i are shown for different numbers
of cycles in Û . Here, we have averaged the data
over different circuit instances to initially
focus on operator spreading. A sharp decrease
is seen in each ŝyh iwhen the number of circuit
cycles has first exceeded the number of qubits
between Qb and Q1—the minimum time re-
quired for M̂ and the time-evolved operator
Ô tð Þ to overlap and become noncommuting.
This propagating behavior, although indica-
tive of operator spreading, is also complicated
by errors in the quantum circuits, such as qubit
decoherence or anymismatch between Û and
Û

†
. These noisy effects are evident from the

decay in ŝyh iwhile Ô tð ÞandM̂ still commute.
To clearly distinguish noise from scrambling,

we also measure ŝyh i in the absence of Ô
(shown as ŝyh iI in the left panel of Fig. 1C) (32).
This control experiment realizes an identity
operation, and the decay of ŝyh iI is induced
purely by noise (25). As such, the difference
between ŝyh iI and each ŝyh i in Fig. 1C after
the overlap of Ô tð Þ and M̂ constitutes an un-
ambiguous signature of operator spreading in
our experiment.
In addition to verifying operator spread-

ing, ŝyh iI approximates circuit fidelity (25)
and therefore enables the reconstruction of
ideal circuit dynamics when used to normalize
each ŝyh i (32). We test this error-mitigation
protocol and plot the ratio !C ¼ ŝyh i= ŝyh iI in
the right panel of Fig. 1C (the data for the rest
of this work are shown after similar normal-
ization procedures). !C exhibits nearly noise-
free features of operator spreading: For each
location ofQb, !C retains values of ~1 when Ô tð Þ
and M̂ are nonoverlapping and commute with

each other. After Ô tð Þ and M̂ have overlapped
and ceased to commute, !C converges to much
smaller values. Additionally, we observe that
the time evolution of !C for eachQb resembles
a ballistically propagating wave. The front of
each wave coincides with the edge of the
light cone associated with Q1—i.e., the set
of qubits that have been entangled with Q1.
This profile is attributed to the iSWAP gates
used in these circuits, which spread single-
qubit operators at the same rate as their
light cones expand (33, 34). For generic quan-
tum circuits, the spreading velocity (also
known as the butterfly velocity) is typically
slower. Using the full 2D system, we next
demonstrate how the evolution of !Cmay be
used to diagnose the butterfly velocity of ope-
rator spreading.
In Fig. 2A, the spatial distribution of !C is

shown for five different numbers of cycles in
Û , with iSWAP still being the two-qubit gate.
We see that the number of qubits with !C < 1
rapidly increases with the number of cycles,
consistent with the spatial spread of the time-
evolved operator Ô tð Þ. Moreover, for each cir-
cuit cycle, the values of !C abruptly change
across the edge of the light cone associated
withQ1 (dashed lines in Fig. 2A). By contrast,
the spatiotemporal evolution of !C shown in
Fig. 2B is significantly different. Here, the
iSWAP gates are replaced with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
gates,

and the decay of !C is slower. Qubits far from
Q1 retain !C close to 1 even after 22 cycles. The
sharp, step-like spatial transition seen with
iSWAP is also absent for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
. Instead, !C

changes in a gradual fashion as Qb moves fur-
ther away from Q1.
The different OTOC behaviors can alterna-

tively be seen in the full temporal evolution of
four specific qubits (Fig. 2C). For iSWAP, the
shape of the OTOC wavefront remains sharp
and relatively insensitive to the location of Qb,
similar to the 1D example in Fig. 1C. On the
other hand, the wavefront propagates more
slowly for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
and also broadens as the

distance between Qb and Q1 increases. As a
result, more circuit cycles are required before
!C reaches 0 for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
. The wavefront be-

havior seen with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
is similar to that ob-

served for generic quantum circuits analyzed in
past works (18, 19, 35).
The observed features of average OTOCs

are quantitatively understood by mapping
operator spreading to a classical Markov pro-
cess involving population dynamics (36). In
thismodel, the 2D qubit lattice is populated by
fictitious particles representing two copies of
a single-qubit operator. The initial state of the
entire system is a single particle at the site of
Qb. Whenever a two-qubit gate is applied to
two neighboring lattice sites, their particle
occupation changes between four possible
states:⋄⋄ (both empty),⋄♦ (left empty, right
filled), ♦⋄ (right empty, left filled), and ♦♦
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Fig. 1. OTOC measurement protocol. (A) Experimental scheme: A quantum circuit Û and its inverse Û
†

are successively applied to a quantum system (qubits Q1 through QN), with a local operator Ô ¼ ŝx
bð Þ

in between (butterfly symbol). Qa is entangled with Q1 through controlled-phase (CZ) gates, and its projection

to the y axis of the Bloch sphere ŝy
" #

is measured at the end. The unitary operator M̂ is ŝz
1ð Þ in this

experiment. +X and +Y denote single-qubit states along the x and y axes, respectively, of the Bloch
sphere. (B) The structure of Û consists of K cycles: Each cycle includes one layer of single-qubit gates

randomly chosen from
ffiffiffiffiffiffi
XT1

p
;

ffiffiffiffiffiffi
YT1

p
;

ffiffiffiffiffiffiffiffi
WT1

p
; and

ffiffiffiffiffiffi
VT1

p$ %
and one layer of two-qubit entangling gates (EGs).

Here, W ¼ XþYffiffi
2

p and V ¼ X%Yffiffi
2

p . (C) (Left) The filled circles represent cycle-dependent ŝy
" #

measured with Qb

successively chosen from Q2 through QN. Here, N = 20. The open gray circles represent ŝy
" #

I, which is ŝy
" #

without applying Ô. The data are averaged over 60 random circuit instances. (Right) Average OTOCs !C
for different Qb, obtained by dividing the corresponding ŝy

" #
by ŝy

" #
I.
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Q20 asQb. A two-qubit gate (iSWAP) is applied
to each pair (Qj,Qj+1), where j = 0,2,4… in odd
circuit cycles and j = 1,3,5… in even circuit
cycles.
In the left panel of Fig. 1C, experimental

values of ŝyh i are shown for different numbers
of cycles in Û . Here, we have averaged the data
over different circuit instances to initially
focus on operator spreading. A sharp decrease
is seen in each ŝyh iwhen the number of circuit
cycles has first exceeded the number of qubits
between Qb and Q1—the minimum time re-
quired for M̂ and the time-evolved operator
Ô tð Þ to overlap and become noncommuting.
This propagating behavior, although indica-
tive of operator spreading, is also complicated
by errors in the quantum circuits, such as qubit
decoherence or anymismatch between Û and
Û

†
. These noisy effects are evident from the

decay in ŝyh iwhile Ô tð ÞandM̂ still commute.
To clearly distinguish noise from scrambling,

we also measure ŝyh i in the absence of Ô
(shown as ŝyh iI in the left panel of Fig. 1C) (32).
This control experiment realizes an identity
operation, and the decay of ŝyh iI is induced
purely by noise (25). As such, the difference
between ŝyh iI and each ŝyh i in Fig. 1C after
the overlap of Ô tð Þ and M̂ constitutes an un-
ambiguous signature of operator spreading in
our experiment.
In addition to verifying operator spread-

ing, ŝyh iI approximates circuit fidelity (25)
and therefore enables the reconstruction of
ideal circuit dynamics when used to normalize
each ŝyh i (32). We test this error-mitigation
protocol and plot the ratio !C ¼ ŝyh i= ŝyh iI in
the right panel of Fig. 1C (the data for the rest
of this work are shown after similar normal-
ization procedures). !C exhibits nearly noise-
free features of operator spreading: For each
location ofQb, !C retains values of ~1 when Ô tð Þ
and M̂ are nonoverlapping and commute with

each other. After Ô tð Þ and M̂ have overlapped
and ceased to commute, !C converges to much
smaller values. Additionally, we observe that
the time evolution of !C for eachQb resembles
a ballistically propagating wave. The front of
each wave coincides with the edge of the
light cone associated with Q1—i.e., the set
of qubits that have been entangled with Q1.
This profile is attributed to the iSWAP gates
used in these circuits, which spread single-
qubit operators at the same rate as their
light cones expand (33, 34). For generic quan-
tum circuits, the spreading velocity (also
known as the butterfly velocity) is typically
slower. Using the full 2D system, we next
demonstrate how the evolution of !Cmay be
used to diagnose the butterfly velocity of ope-
rator spreading.
In Fig. 2A, the spatial distribution of !C is

shown for five different numbers of cycles in
Û , with iSWAP still being the two-qubit gate.
We see that the number of qubits with !C < 1
rapidly increases with the number of cycles,
consistent with the spatial spread of the time-
evolved operator Ô tð Þ. Moreover, for each cir-
cuit cycle, the values of !C abruptly change
across the edge of the light cone associated
withQ1 (dashed lines in Fig. 2A). By contrast,
the spatiotemporal evolution of !C shown in
Fig. 2B is significantly different. Here, the
iSWAP gates are replaced with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
gates,

and the decay of !C is slower. Qubits far from
Q1 retain !C close to 1 even after 22 cycles. The
sharp, step-like spatial transition seen with
iSWAP is also absent for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
. Instead, !C

changes in a gradual fashion as Qb moves fur-
ther away from Q1.
The different OTOC behaviors can alterna-

tively be seen in the full temporal evolution of
four specific qubits (Fig. 2C). For iSWAP, the
shape of the OTOC wavefront remains sharp
and relatively insensitive to the location of Qb,
similar to the 1D example in Fig. 1C. On the
other hand, the wavefront propagates more
slowly for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
and also broadens as the

distance between Qb and Q1 increases. As a
result, more circuit cycles are required before
!C reaches 0 for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
. The wavefront be-

havior seen with
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iSWAP

p
is similar to that ob-

served for generic quantum circuits analyzed in
past works (18, 19, 35).
The observed features of average OTOCs

are quantitatively understood by mapping
operator spreading to a classical Markov pro-
cess involving population dynamics (36). In
thismodel, the 2D qubit lattice is populated by
fictitious particles representing two copies of
a single-qubit operator. The initial state of the
entire system is a single particle at the site of
Qb. Whenever a two-qubit gate is applied to
two neighboring lattice sites, their particle
occupation changes between four possible
states:⋄⋄ (both empty),⋄♦ (left empty, right
filled), ♦⋄ (right empty, left filled), and ♦♦
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Fig. 1. OTOC measurement protocol. (A) Experimental scheme: A quantum circuit Û and its inverse Û
†

are successively applied to a quantum system (qubits Q1 through QN), with a local operator Ô ¼ ŝx
bð Þ

in between (butterfly symbol). Qa is entangled with Q1 through controlled-phase (CZ) gates, and its projection

to the y axis of the Bloch sphere ŝy
" #

is measured at the end. The unitary operator M̂ is ŝz
1ð Þ in this

experiment. +X and +Y denote single-qubit states along the x and y axes, respectively, of the Bloch
sphere. (B) The structure of Û consists of K cycles: Each cycle includes one layer of single-qubit gates

randomly chosen from
ffiffiffiffiffiffi
XT1

p
;

ffiffiffiffiffiffi
YT1

p
;

ffiffiffiffiffiffiffiffi
WT1

p
; and

ffiffiffiffiffiffi
VT1

p$ %
and one layer of two-qubit entangling gates (EGs).

Here, W ¼ XþYffiffi
2

p and V ¼ X%Yffiffi
2

p . (C) (Left) The filled circles represent cycle-dependent ŝy
" #

measured with Qb

successively chosen from Q2 through QN. Here, N = 20. The open gray circles represent ŝy
" #

I, which is ŝy
" #

without applying Ô. The data are averaged over 60 random circuit instances. (Right) Average OTOCs !C
for different Qb, obtained by dividing the corresponding ŝy

" #
by ŝy

" #
I.
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Error-Mitigation:
F(ϕ, t)
F(0,t)
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FIG. 1. Schematic of Experimental Protocol. (a) Chaotic quantum many-body dynamics: Unitary evolution under
Ĥ scrambles quantum information, transforming a low-entanglement initial state into a highly entangled state. Under time-
reversed dynamics with perturbed Hamiltonian �Ĥ+�Ĥ, the system exhibits exponential deviation from perfect state recovery.
(b) Microscopic structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged in a face-
centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless 12C atoms. (c) Top: Floquet pulse
sequence converting the dipolar Hamiltonian Eq. (1) into the engineered form Eq. (2). Bottom: Experimental sequence for
MQC and OTOC measurements.

[38–41]. Analogous to phonons mediating density fluctu-
ations or spin waves governing spin dynamics, scramblons
dictate the spread of quantum information. The scram-
blon propagator grows exponentially with time, outpac-
ing all other modes and dominating the late-time be-
havior of the OTOC, thereby resulting in fast informa-
tion scrambling and a universal exponential behavior of
the OTOC. Notably, in systems with holographic duality,
scramblons in the boundary quantum theory correspond
to gravitons in the bulk gravity [38, 42].

In this work, we measure the OTOC in a solid-state
NMR sample with a macroscopic number of randomly
interacting spins, a system beyond the capabilities of
classical simulation. This can be achieved using a well-
established protocol for measuring the multiple quan-
tum coherence (MQC) spectrum (Fig. 1c, bottom panel)
[43, 44]. The measurement involves the reverse evolution
of this many-body system, which, of course, is imperfect.
We utilize scramblon theory to derive a fitting ansatz
for the measured OTOC, achieving good agreement with
the experiment. Moreover, the scramblon theory imposes
several strong constraints on the fitting parameters, and
we verify that these constraints are well satisfied by the
fitting results. In other words, the experimental data
strongly validate the scramblon theory. With this fitting
formula, we can extrapolate the measured OTOC to the
error-free limit. We demonstrate that the OTOC after
this error mitigation exhibits the anticipated long-time
behavior, in sharp contrast to other methods explored in
the previous literature.

The experiment is performed on a powdered adaman-
tane (C10H16) sample, as illustrated in Fig. 1b and de-
tailed in the supplementary material [45]. Each adaman-
tane molecule contains 16 nuclear spin-1/2 hydrogen
nuclei, denoted by Sim, where the index i labels the

molecules and m = 1, . . . , 16 identifies individual spins
within a molecule. Due to rapid molecular thermal mo-
tion, intramolecular spin interactions are averaged out,
leaving only the intermolecular dipolar coupling as the
dominant spin-spin interaction. The sample is placed in
a uniform 9.4 T magnetic field, which aligns the spin
quantization axes and induces fast Larmor precession of
all spins. In the rotating frame and under the secular ap-
proximation, the e↵ective dipolar Hamiltonian takes the
form [46]:

Ĥd =
X

i<j,m,n

Jij
⇣
�Ŝx

imŜx
jn � Ŝy

imŜy
jn + 2Ŝz

imŜz
jn

⌘
. (1)

Here, the coupling strengths Jij are treated as random

variables with zero mean (Jij = 0) and variance J2
ij =

4J2/N , where N is the total number of spins and J ⇠
2⇡⇥1460 Hz [14]. This randomness of Jij arises from the
anisotropic nature of dipolar interaction and the random
crystalline orientations in the powder sample [45].
Then, by applying periodic global radio-frequency

pulse sequences to rotating spins, as depicted in Fig. 1c,
a more general e↵ective Hamiltonian can be engineered
via the Floquet-Magnus expansion as Ĥe↵ = Ĥ0 + Ĥ1.
Ĥ0 represents the leading-order contribution in the ex-
pansion, which can be generally written as:

Ĥ0 =
X

i<j,m,n

X

µ,⌫

Jij⇠µ⌫ Ŝ
µ
imŜ⌫

jn, (2)

where µ, ⌫ = x, y, z. The protocol generating Eq. (2) im-
poses specific constraints on the coe�cients ⇠µ⌫ , namely
the traceless condition

P
µ=x,y,z ⇠µµ = 0 and the sym-

metry condition ⇠µ⌫ = ⇠⌫µ. An important observation
is that if a set {⇠µ⌫} satisfies these constraints, so does
the set {�⇠µ⌫}. This implies that Floquet engineering

3

b c

FIG. 2. Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental data F
(�)
↵� (�, t) for three

di↵erent � = 0, ⇡/64 and ⇡/32. The superscript � labels three di↵erent Hamiltonians, as described in the main text. The solid
curves are fitting results obtained using the scramblon ansatz. Experimentally, the 95% confidence intervals determined from
read-out noise are approximately 10�4, and therefore the error bars are contained within the data markers.

always enables reversal of Ĥ0. However, the higher-
order terms, denoted by Ĥ1, generally cannot be simul-
taneously reversed. Therefore, without loss of gener-
ality, we denote the forward evolution as governed by
Ĥ = Ĥ0 + Ĥ1, and the backward evolution as governed
by �Ĥ0 � Ĥ 0

1 = �Ĥ � �Ĥ. Here, �Ĥ, representing the
di↵erence between Ĥ1 and Ĥ 0

1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
implement a uniform spin rotation by an angle � around
the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-

sity matrix: ⇢̂↵�(�, t) = e�iÔ↵�e�iĤt⇢̂�eiĤteiÔ↵�. This
is followed by backward evolution as described above.
Finally, we measure the total magnetization along the
�-direction hÔ�i, which equals the correlation function
F↵�(�, t) defined as:

F↵�(�, t) = Tr[Ô�(0)V̂†(t)e�i�Ô↵(t)Ô�(0)e
i�Ô↵(t)V̂(t)].

(3)

Here, V̂(t) ⌘ exp
⇣
�iT

R t
0 dt0�Ĥ(t0)

⌘
represents the time-

evolution operator in the interaction picture, with T
denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
normalization, we divide F↵�(�, t) by C = hÔ2

�i = N/4
to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
with respect to � [43, 44].

We now highlight the relationship between F↵�(�, t)
and OTOCs through two limits: (i) For perfect reversed
dynamics (�Ĥ = 0), F↵�(�, t) reduces to

F (0)
↵� (�, t) = Tr[Ô�(0)e

�i�Ô↵(t)Ô�(0)e
i�Ô↵(t)], (4)

representing an OTOC of operators ei�Ô↵(t) and Ô� ; (ii)
At � = 0, it becomes

F↵�(0, t) = Tr[Ô�(0)V̂†(t)Ô�(0)V̂(t)], (5)

and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2�
, (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].
We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with

⇠xy = ⇠yx = 0.4, and (iii) Ĥ(3)
0 with (⇠xx, ⇠yy, ⇠zz) =

(0.025,�0.225, 0.2), while all other ⇠µ⌫ = 0. For each

Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:
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FIG. 1. Schematic of Experimental Protocol. (a) Chaotic quantum many-body dynamics: Unitary evolution under
Ĥ scrambles quantum information, transforming a low-entanglement initial state into a highly entangled state. Under time-
reversed dynamics with perturbed Hamiltonian �Ĥ+�Ĥ, the system exhibits exponential deviation from perfect state recovery.
(b) Microscopic structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged in a face-
centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless 12C atoms. (c) Top: Floquet pulse
sequence converting the dipolar Hamiltonian Eq. (1) into the engineered form Eq. (2). Bottom: Experimental sequence for
MQC and OTOC measurements.

[38–41]. Analogous to phonons mediating density fluctu-
ations or spin waves governing spin dynamics, scramblons
dictate the spread of quantum information. The scram-
blon propagator grows exponentially with time, outpac-
ing all other modes and dominating the late-time be-
havior of the OTOC, thereby resulting in fast informa-
tion scrambling and a universal exponential behavior of
the OTOC. Notably, in systems with holographic duality,
scramblons in the boundary quantum theory correspond
to gravitons in the bulk gravity [38, 42].

In this work, we measure the OTOC in a solid-state
NMR sample with a macroscopic number of randomly
interacting spins, a system beyond the capabilities of
classical simulation. This can be achieved using a well-
established protocol for measuring the multiple quan-
tum coherence (MQC) spectrum (Fig. 1c, bottom panel)
[43, 44]. The measurement involves the reverse evolution
of this many-body system, which, of course, is imperfect.
We utilize scramblon theory to derive a fitting ansatz
for the measured OTOC, achieving good agreement with
the experiment. Moreover, the scramblon theory imposes
several strong constraints on the fitting parameters, and
we verify that these constraints are well satisfied by the
fitting results. In other words, the experimental data
strongly validate the scramblon theory. With this fitting
formula, we can extrapolate the measured OTOC to the
error-free limit. We demonstrate that the OTOC after
this error mitigation exhibits the anticipated long-time
behavior, in sharp contrast to other methods explored in
the previous literature.

The experiment is performed on a powdered adaman-
tane (C10H16) sample, as illustrated in Fig. 1b and de-
tailed in the supplementary material [45]. Each adaman-
tane molecule contains 16 nuclear spin-1/2 hydrogen
nuclei, denoted by Sim, where the index i labels the

molecules and m = 1, . . . , 16 identifies individual spins
within a molecule. Due to rapid molecular thermal mo-
tion, intramolecular spin interactions are averaged out,
leaving only the intermolecular dipolar coupling as the
dominant spin-spin interaction. The sample is placed in
a uniform 9.4 T magnetic field, which aligns the spin
quantization axes and induces fast Larmor precession of
all spins. In the rotating frame and under the secular ap-
proximation, the e↵ective dipolar Hamiltonian takes the
form [46]:

Ĥd =
X

i<j,m,n

Jij
⇣
�Ŝx

imŜx
jn � Ŝy

imŜy
jn + 2Ŝz

imŜz
jn

⌘
. (1)

Here, the coupling strengths Jij are treated as random

variables with zero mean (Jij = 0) and variance J2
ij =

4J2/N , where N is the total number of spins and J ⇠
2⇡⇥1460 Hz [14]. This randomness of Jij arises from the
anisotropic nature of dipolar interaction and the random
crystalline orientations in the powder sample [45].
Then, by applying periodic global radio-frequency

pulse sequences to rotating spins, as depicted in Fig. 1c,
a more general e↵ective Hamiltonian can be engineered
via the Floquet-Magnus expansion as Ĥe↵ = Ĥ0 + Ĥ1.
Ĥ0 represents the leading-order contribution in the ex-
pansion, which can be generally written as:

Ĥ0 =
X

i<j,m,n

X

µ,⌫

Jij⇠µ⌫ Ŝ
µ
imŜ⌫

jn, (2)

where µ, ⌫ = x, y, z. The protocol generating Eq. (2) im-
poses specific constraints on the coe�cients ⇠µ⌫ , namely
the traceless condition

P
µ=x,y,z ⇠µµ = 0 and the sym-

metry condition ⇠µ⌫ = ⇠⌫µ. An important observation
is that if a set {⇠µ⌫} satisfies these constraints, so does
the set {�⇠µ⌫}. This implies that Floquet engineering
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Figure 1: Schematic of Experimental Protocol. (A) Chaotic quantum many-body dynamics:

Unitary evolution under �̂ scrambles quantum information, transforming a low-entanglement initial

state into a highly entangled state. Under time-reversed dynamics with perturbed Hamiltonian

��̂ + X�̂, the system exhibits exponential deviation from perfect state recovery. (B) Microscopic

structure of adamantane (C10H16) powder: Each granule contains adamantane molecules arranged

in a face-centered cubic lattice. Individual molecules consist of spin-1/2 1H nuclei and spinless
12C atoms. (C) Top: Floquet pulse sequence converting the dipolar Hamiltonian Eq. 1 into the

engineered form Eq. 2. Bottom: Experimental sequence for MQC and OTOC measurements.

Figure 2: Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental

data �
(_)

UW
(q, C) for three different q = 0, c/64 and c/32. The superscript _ labels three different

Hamiltonians, as described in the main text. The solid curves are fitting results obtained using the

scramblon ansatz. Experimentally, the 95% confidence intervals determined from read-out noise

are approximately 10�4, and therefore the error bars are contained within the data markers.
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Scramblon Theory for OTOC

Scramblon is a new collective mode mediating information scrambling

F(ϕ, t) = Tr[Ôγ
̂V(t)e−iÔα(t)ϕÔγeiÔα(t)ϕ ̂V(t)]

δĤ = 0 OTOC between          and 

̂V(t)

Ôγ eiϕÔα(t)

ϕ = 0 OTOC between          and Ôγ

Yingfei Gu, A. Kitaev and Pengfei Zhang, JHEP 2022

S8

The basic ingredient of scramblon field theory determines the structure of the OTOC. For a general OTOC at infinite
temperature, it reads

�
,̂ ,+̂

= h,̂
†
(C1)+̂

†
(C3),̂ (C2)+̂ (C4)i

=
,̂ +̂1

2
3
4
+

,̂ +̂1
2

3
4
+

,̂ +̂1
2

3
4
+ · · ·

=
1’
:=0

(�_)
:

:!
⌥R,:
,̂

(C1 � C2)⌥
A,:

+̂

(C3 � C4).

(S25)

To ensure the scramblon enters the free collective modes region, we ensure C1 ⇡ C2 � C3 ⇡ C4. Then _ = ⇠
�1
4
p

C1+C2�C3�C4
2 is the

propagator for the scrambling modes, which are depicted by the wavy lines. The prefactor ⇠ is proportional to the number of
degrees of freedom # , with a coefficient related to the Lyapunov exponent and the branching time17,19. Since we consider infinite
temperature, all phase factors related to the chaos bound are suppressed20. The vertices ⌥R,: and ⌥A,: , represented by the gray
dots, are the scattering vertices between operators ,̂ , +̂ and : scramblons in the future and the past, respectively. For a unified
description, we need to sum over all : to describe both the early-time and near-scrambling-times regions17,18. However, we can
revert to the early-time limit by only considering : = 0, 1, as _ ⇡ 4

pC
/# ⌧ 1 at early times.

B. Derivation of the Correlators

As discussed in the main text, there are two types of OTOCs involved in the calculation of the correlator �UW (q, C):

�
(0)
UW

(q, C) = Tr[4�8q$̂U (C )
$̂W (0)48q$̂U (C )

$̂W (0)]/C Type 1, (S26)

�UW (0, C) = Tr[$̂W (0)V̂†
(C)$̂W (0)V̂ (C)]/C Type 2, (S27)

By definition, the most elementary building blocks are the OTOCs for Type 1 (,̂ = $̂U, +̂ = $̂W) and Type 2 (,̂ = X�̂, +̂ = $̂W),
for which well-defined ansätze for the vertex functions ⌥R/A

$̂U

and ⌥R/A
X�̂

exist. After handling the exponential in operator ,̂
by expansion, we expect to obtain the diagrammatic contributions to the correlator �UW (q, C) using only the ansatz of vertex
functions and scramblon modes. Within the early-time approximation, we consider the diagrams as follows:

(S28)

These diagrams can be summarized by the equation:

�UW (q, C) =
1’

;1 ,;2=0

⇣
�
Ø

C

0

Ø
C

0 dC1 dC2_1⌥
R,1
X�̂

(C1 � C2)
⌘
;1

;1!

⇣
�_2q

2⌥R,1
$̂U

(0)
⌘
;2

;2!
⌥A,;1+;2
$̂W

(0)/C. (S29)

The scramblon propagators depend on the time variables of the operators, specifically _1 = ⇠
�1
4
p(C1+C2 )/2 and _2 = ⇠

�1
4
pC ,

respectively. In this equation, we only consider the early-time contribution to the scramblon; practically, this leads to a simpler
ansatz in this region, and physically, time-reversal imperfection naturally suppresses late-time dynamics. Therefore, only up to
one scramblon can be attached to the vertex on the left-hand side. Additionally, due to the exponential structure in operators, the
zeroth-order vertex functions for X�̂, (̂U, defined as the two-point correlation function ⌥R,0

$̂

(C1, C2) ⌘ h$̂ (C1)$̂ (C2)i, ultimately
cancel out. Hence, only the vertex function ⌥R,1

$̂

appears in Eq. (S29).
Using the techniques developed in scramblon theory17,18, we represent the vertex functions in terms of two new functions, for

which analytical expressions are known for some solvable systems. The vertex functions are the moments of the distributions
⌘

R/A:

⌥R/A,:

(C) =
π

+1

0
H
:

⌘
R/A
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FIG. 2. Fitting Experimental Data with the Scramblon Ansatz. Three typical experimental data F
(�)
↵� (�, t) for three

di↵erent � = 0, ⇡/64 and ⇡/32. The superscript � labels three di↵erent Hamiltonians, as described in the main text. The solid
curves are fitting results obtained using the scramblon ansatz. Experimentally, the 95% confidence intervals determined from
read-out noise are approximately 10�4, and therefore the error bars are contained within the data markers.

always enables reversal of Ĥ0. However, the higher-
order terms, denoted by Ĥ1, generally cannot be simul-
taneously reversed. Therefore, without loss of gener-
ality, we denote the forward evolution as governed by
Ĥ = Ĥ0 + Ĥ1, and the backward evolution as governed
by �Ĥ0 � Ĥ 0

1 = �Ĥ � �Ĥ. Here, �Ĥ, representing the
di↵erence between Ĥ1 and Ĥ 0

1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
implement a uniform spin rotation by an angle � around
the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-

sity matrix: ⇢̂↵�(�, t) = e�iÔ↵�e�iĤt⇢̂�eiĤteiÔ↵�. This
is followed by backward evolution as described above.
Finally, we measure the total magnetization along the
�-direction hÔ�i, which equals the correlation function
F↵�(�, t) defined as:

F↵�(�, t) = Tr[Ô�(0)V̂†(t)e�i�Ô↵(t)Ô�(0)e
i�Ô↵(t)V̂(t)].

(3)

Here, V̂(t) ⌘ exp
⇣
�iT

R t
0 dt0�Ĥ(t0)

⌘
represents the time-

evolution operator in the interaction picture, with T
denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
normalization, we divide F↵�(�, t) by C = hÔ2

�i = N/4
to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
with respect to � [43, 44].

We now highlight the relationship between F↵�(�, t)
and OTOCs through two limits: (i) For perfect reversed
dynamics (�Ĥ = 0), F↵�(�, t) reduces to

F (0)
↵� (�, t) = Tr[Ô�(0)e

�i�Ô↵(t)Ô�(0)e
i�Ô↵(t)], (4)

representing an OTOC of operators ei�Ô↵(t) and Ô� ; (ii)
At � = 0, it becomes

F↵�(0, t) = Tr[Ô�(0)V̂†(t)Ô�(0)V̂(t)], (5)

and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2�
, (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].
We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with

⇠xy = ⇠yx = 0.4, and (iii) Ĥ(3)
0 with (⇠xx, ⇠yy, ⇠zz) =

(0.025,�0.225, 0.2), while all other ⇠µ⌫ = 0. For each

Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:
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1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
implement a uniform spin rotation by an angle � around
the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-
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is followed by backward evolution as described above.
Finally, we measure the total magnetization along the
�-direction hÔ�i, which equals the correlation function
F↵�(�, t) defined as:
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represents the time-

evolution operator in the interaction picture, with T
denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
normalization, we divide F↵�(�, t) by C = hÔ2

�i = N/4
to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
with respect to � [43, 44].

We now highlight the relationship between F↵�(�, t)
and OTOCs through two limits: (i) For perfect reversed
dynamics (�Ĥ = 0), F↵�(�, t) reduces to

F (0)
↵� (�, t) = Tr[Ô�(0)e

�i�Ô↵(t)Ô�(0)e
i�Ô↵(t)], (4)

representing an OTOC of operators ei�Ô↵(t) and Ô� ; (ii)
At � = 0, it becomes

F↵�(0, t) = Tr[Ô�(0)V̂†(t)Ô�(0)V̂(t)], (5)

and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2�
, (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].
We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with

⇠xy = ⇠yx = 0.4, and (iii) Ĥ(3)
0 with (⇠xx, ⇠yy, ⇠zz) =

(0.025,�0.225, 0.2), while all other ⇠µ⌫ = 0. For each

Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:
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Ĥ = Ĥ0 + Ĥ1, and the backward evolution as governed
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1, is the imperfection in the
reversed dynamics. In this system, Ĥ1 is typically on the
order of a few percent relative to Ĥ0 [14].

The measurement protocol is schematically illustrated
in Fig. 1(c). We begin by defining the total spin operator
along the �-axis as Ô� =

P
im Ŝ�

im, where � 2 {x, y, z}.
The system is initialized in a weakly polarized state de-
scribed by the density matrix ⇢̂� / + ✏Ô� , with ✏ ⌧ 1
characterizing the small polarization. Following forward
time evolution under the Hamiltonian Ĥ, the density ma-
trix transforms as ⇢̂�(t) = e�iĤt⇢̂�eiĤt. Subsequently, we
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the ↵-axis (↵ 2 {x, y, z}), yielding the transformed den-
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is followed by backward evolution as described above.
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denoting time ordering. All operators Ô(t) and �Ĥ(t)
evolve according to the Heisenberg picture under Ĥ. For
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to ensure F↵�(0, 0) = 1. The MQC spectrum can be ob-
tained through the Fourier transformation of F↵�(�, t)
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At � = 0, it becomes
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and this OTOC, also known as the Loschmidt echo,
probes imperfections in the reversed dynamics. Both
cases can be computed by scramblon theory [41], strongly
suggesting that the general behavior of F↵�(�, t), al-
though more challenging to derive, can also be captured
by scramblon theory. Indeed, as we show in the Sup-
plementary Material [45], an ansatz for F↵�(�, t) in the
small-� regime can be derived as:

F↵�(�, t) =
1

(1 + ae{t + b�2e{t)2�
, (6)

where {a, b,{,�} are all fitting parameters. The � = 0
limit of Eq. (6) reproduces the Loschmidt echo (Eq. (5)),
with a 6= 0 quantifying the reversal imperfection. We
note that a recent theoretical work also discussed a sim-
ilar issue in a specific solvable model [47].
We investigate three representative chaotic Hamilto-

nians: (i) Ĥ(1)
0 with ⇠xx = �⇠yy = 0.4, (ii) Ĥ(2)

0 with
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Hamiltonian Ĥ(�)
0 , we perform measurements for all nine

possible combinations of ↵, � 2 {x, y, z} axes, yielding
a total of 3 ⇥ 9 = 27 distinct cases. For each case, we
measure three di↵erent � angles and fit the three curves
jointly with a single scramblon ansatz, Eq. (6). We find
that all data are excellently captured by the scramblon
ansatz Eq. (6), with three representative fits shown in
Fig. 2 and the complete set of all data available in the
Supplementary Material [45].

The scramblon theory not only provides the fitting
ansatz but also imposes strong constraints on the param-
eters. For a given Hamiltonian, while the fitting yields
parameter sets indexed by ↵ and �, the theory predicts
the following:
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FIG. 3. Verifying the Predictions of Scramblon Theory. The three columns correspond to the fitting parameters
extracted from three di↵erent Hamiltonians: Ĥ

(1), Ĥ
(2), and Ĥ

(3). Subfigures a-c in the upper row display the fitting
parameters for di↵erent values of ↵ and �, with green diamonds representing a ⇥ 50, yellow squares representing �, and blue
triangles representing {. The dashed lines represent { averaged over ↵ and �, and a and � averaged over ↵. Subfigures d-f in
the lower row show the eigenvalues �1,�2,�3 for the symmetric matrix M

s and the absolute value of eigenvalues �4,�5,�6 for
the antisymmetric matrix M

a. The error bars on the fitting parameters represent the 95% confidence interval, including the
standard deviation from each fitting residual �res and the uncertainty arising from the choice of fitting range �range [45].

1. { must be independent of both ↵ and �, since the
system is dominated by a single scramblon mode
and { characterizes the intrinsic growth rate of this
mode.

2. a and � cannot depend on ↵ as they are retained
in the � = 0 limit where no ↵-axis spin rotation is
applied.

3. The matrix M↵� ⌘ b↵��� must be symmetric and
rank-1, reflecting the symmetric coupling of a single
scramblon mode to both Ô↵ and Ô� operators.

Fig. 3 demonstrates how we verify these three con-
straints for our three Hamiltonians. Panels (a-c) display
the values of a, �, and { for all nine measurement com-
binations per Hamiltonian, with dashed lines indicating
(i) { averaged over � and ↵, and (ii) ↵-averaged a and
� values that depend only on �. Most cases show only
a few percent deviations from averaged values, with a
maximum deviation of ⇠ 13% occasionally, confirming
the first two constraints. To test the third constraint, we
decompose M into symmetric (M s = (M +MT)/2) and
antisymmetric (Ma = (M�MT)/2) components. Eigen-
values shown in panels (d-f) reveal that M s exhibits only
one dominant eigenvalue, and all eigenvalues of Ma are
negligible, validating the rank-1 symmetric requirement
for M .

The excellent agreement with experimental data
strongly validates the scramblon ansatz. Within this
framework, the parameter a fully captures imperfec-
tions in the time-reversed dynamics, as evidenced by
F↵�(0, t) ⌘ 1 when a = 0. This allows an error mitigation
by setting a = 0 in Eq. (6) while keeping other fitted pa-
rameters unchanged (blue curve in Fig. 4a). For compari-
son, we examine an alternative mitigation approach from
previous literatures that normalizes F↵�(�, t) by F (0, t)
to define F̃↵�(�, t) = F↵�(�, t)/F↵�(0, t) (red triangles in
Fig. 4a). Within the scramblon formalism, this yields:

F̃↵�(�, t) =

✓
1 + ae{t

1 + ae{t + b�2e{t

◆2�

. (7)

Di↵erent approaches are compared in Fig. 4a.
To assess the reliability of di↵erent approaches, we

compute I↵�(�) from F↵�(�, t) as:

I↵�(t) ⌘ �@2
�F↵�(�, t)|�=0, (8)

which for perfect time reversal (�Ĥ = 0) corresponds to
the OTO commutator h|[Ô↵(t), Ô� ]|2i and exhibits expo-
nential growth, reflecting the rapid increase of the opera-
tor size Ô↵(t) under Heisenberg evolution before reaching
the scrambling time. Analysis based on the scramblon
ansatz reveals: (i) The raw data (Eq. (6)) gives I↵�(t) =
2b�e{t/(1+ae{t)1+�, which decays at late times due to

Verification of the Scarmblon Ansatz
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FIG. 4. Error Mitigation of the Reversed Quantum
Many-Body Dynamics. (a) F↵�(�, t) and (b) I↵�(t) de-
fined in Eq. (8). As an example, we show ↵, � = z, y, � = ⇡/64

and with Hamiltonian Ĥ
(1)
0 . The blue solid line results from

the scramblon ansatz by setting a = 0. The red triangles are
error mitigated by F̃↵�(�, t), and green circles are raw data
without error mitigation. The red dash-dotted line and the
green dashed line are obtained from the scramblon ansatze
of F̃↵�(�, t) and F↵�(�, t) (without setting a = 0). The ex-
perimental data points in (b) were extracted by fitting the
corresponding data for F↵�(�, t) with a sixth-order polyno-
mial.

� > 0 (green dashed line in Fig. 4b); (ii) The normalized
approach (Eq. (7)) yields I↵�(t) = 2b�e{t/(1 + ae{t),
saturating to 2b�/a at long times (red dash-dotted line
in Fig. 4b); and (iii) Only our a = 0 mitigation produces
the physically expected exponential growth 2b�e{t (blue
solid line in Fig. 4b), where { emerges as the quantum
Lyapunov exponent. These distinct behaviors are quan-
titatively compared with experimental data. To the best
of our knowledge, { shown in Fig. 3 serves as the first
exact experimental determination of the Lyapunov expo-
nent in a quantum many-body system with macroscopic
degrees of freedom.

In conclusion, we develop an ansatz based on scram-
blon theory to describe reversed quantum many-body dy-
namics in the presence of imperfections. We validate this
ansatz by fitting it to experimental data from an NMR
system with macroscopically randomly interacting spins,
where the stringent constraints imposed by scramblon
theory are convincingly verified by the fitting outputs.

This approach allows us to mitigate the e↵ects of im-
perfections and recover error-resilient reversed dynamics.
Notably, time-reversal-based exponential sensitivity has
also been recently exploited to enhance quantum metrol-
ogy in systems such as cold atoms in cavities [24, 25] and
nitrogen vacancy centers [31], where imperfections also
suppress this sensitivity at long evolution times. Our
theory may be extended to such quantum metrology ap-
plications, potentially enabling further improvements in
sensitivity.

Acknowledgements This work is supported by In-
novation Program for Quantum Science and Technol-
ogy 2021ZD0302005 (H.Z.), 2024ZD0300101 (P.Z.), and
2021ZD0303205 (X.P.), National Natural Science Foun-
dation of China No. 12488301 (H.Z.), No. U23A6004
(H.Z.), No. 12374477 (P.Z.), No. 12261160569 (X.P.),
the Shanghai Rising-Star Program under grant number
24QA2700300 (P.Z.), and the XPLORER Prize (H.Z. and
X.P.). We thank experimental assistance from the Instru-
ments Center for Physical Science, University of Science
and Technology of China.

Data and Code Availability The raw NMR exper-
imental data and all codes are available at [48].

⇤ These authors contribute equally to this work
† hzhai@tsinghua.edu.cn
‡ pengfeizhang.physics@gmail.com
§ xhpeng@ustc.edu.cn

[1] J. M. Deutsch, Quantum statistical mechanics in a closed
system, Phys. Rev. A 43, 2046 (1991).

[2] M. Srednicki, The approach to thermal equilibrium in
quantized chaotic systems, J. Phys. A: Math. Gen. 32,
1163 (1999).

[3] M. Rigol, V. Dunjko, and M. Olshanii, Thermalization
and its mechanism for generic isolated quantum systems,
Nature 452, 854 (2007).

[4] A. M. Kaufman, M. E. Tai, A. Lukin, M. Rispoli,
R. Schittko, P. M. Preiss, and M. Greiner, Quantum ther-
malization through entanglement in an isolated many-
body system, Science 353, 794 (2016).

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

The first experimental validation of the scramblon theory for 
quantum information scrambling

The first experimental extrapolation of the Lyapunov 
exponent for the quantum many-body case

Of course, one cannot reverse the arrow of time in 
nature, but perhaps one can reverse the arrow of time 
by error mitigation with the help of a proper theory. 
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九年 
从第一次测量OTOC到第一次得到Lyapunov指数 
是理论上对信息扩散理解的不断深入 
从液体核磁到固体核磁 
是实验上量子模拟操控能力的不断提升



Thank you very much 
for your attention !


