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Abstract

Understanding how and whether local perturbations can affect the entire quantum sys-
tem is a fundamental step in understanding non-equilibrium phenomena such as ther-
malization. This knowledge of non-equilibrium phenomena is applicable for quantum
computation, as many quantum computers employ non-equilibrium processes for com-
putations. In this paper, we investigate the evolution of bi- and tripartite operator mu-
tual information of the time-evolution operator and the Pauli spin operators in the one-
dimensional Ising model with magnetic field and the disordered Heisenberg model to
study the properties of quantum circuits. In the Ising model, the early-time evolution
qualitatively follows an effective light cone picture, and the late-time value is well de-
scribed by Page’s value for a random pure state. In the Heisenberg model with strong
disorder, we find that many-body localization prevents the information from propagat-
ing and being delocalized. We also find an effective Ising Hamiltonian that describes
the time evolution of bi- and tripartite operator mutual information for the Heisenberg
model in the large disorder regime.
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1 Introduction and summary

Introduction

Thermalization is one of the frontier research topics in theoretical and experimental physics,
in which the entanglement of the state plays an important role [1-3]. In closed quantum
systems, the unitarity of the time evolution operator prevents a pure state from becoming a
thermal state. However, in many cases, after an adequate amount of time, observables in a sub-
system are well-approximated by those for a thermal state, known as thermalization. Though
the thermal state does not depend on the entanglement structure of an initial state, thermal-
ization does depend on the initial state and the details of its dynamics. Here, the entanglement
structure refers to the way subsystems are entangled with each other. The reduced density ma-
trix for a subsystem is given by a mixed state. If time evolution washes out the dependence of a
mixed state on the details of the initial state, the reduced density matrix becomes the reduced
thermal state. An effective temperature of the thermal state is given by the energy scale of
the initial state. Quantum entanglement has also been found to shed light on the mechanism
behind the anti-de Sitter / conformal field theory (AdS / CFT) correspondence [4-6].

To better understand thermalization, authors in [ 7-10] studied the entanglement entropy
in a quantum quench of conformal field theories. The entanglement entropy is the von Neu-
mann entropy of the reduced density matrix. A reduced density matrix becomes approximately
equal to the thermal state after enough time passes for the dynamics to wash out the informa-
tion about the initial state.

The authors in [7] studied the time evolution of entanglement entropy for a subsystem of
width [ in 141 dimensional (1+1D) CFTs. A given initial state depends on an initial energy
scale, 1/f. The time evolution of entanglement entropy after a quench follows the relativistic
propagation of quasiparticles that are created by the quench. An entangled pair of particles
is created on each site. Thereafter, one of the particles moves leftward at the speed of light,
while the other moves rightward. When only one of these two particles remains in the sub-
system, the entanglement entropy increases, owing to the entangled pair. For the early-time
window, S K t < é, the entanglement entropy is a linear function of t, but when % <t,itis
proportional to [. Thus, this volume law of entanglement entropy indicates that the subsystem
has thermalized.
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The authors in [11,12] found that the time evolution of mutual information and entangle-
ment entropy for two disjoint intervals in holographic CFT, a CFT that has a gravity dual, does
not follow the quasiparticle interpretation. The early-time evolution follows the relativistic
propagation of quasiparticles, but the late-time evolution does not. The authors in [13] found
that holographic tripartite mutual information, a linear combination of holographic mutual
information, must be non-positive. These articles indicate that the multipartite entanglement
in CFTs depends on the details of the theories, such as the operator content. We will demon-
strate how multipartite entanglement sheds light on the details of thermalization. In [14-24],
it was found that the operator entanglement, the entanglement of state dual to the operator,
elegantly captures the details of dynamics in non-equilibrium processes. The operator entan-
glement of the time-evolution operator is able to directly show that the quantum information
in the initial subsystem is delocalized in the late-time regime, so that local observers are not
able to obtain it.

After thermalization is complete, the entanglement entropy is expected to follow the Page
curve [25,26]. When the late-time entanglement entropy follows the Page curve, non-local
correlation between the small subsystems vanishes. Quantum computation, a cutting-edge re-
search field, can be implemented as a nonequilibrium process. In the quantum circuit model,
quantum computations are constructed as a sequence of quantum gates and measurements.
The quantum gates are local unitary operators and these local gates and measurements are
arranged spatially [27,28]. If we interpret each step of the computation as each time of the
non-equilibrium process, the quantum circuit may be equivalent to the (non-unitary) non-
equilibrium process. It is also important to understand quantum computations or nonequilib-
rium processes that preserve the quantum nature of the state. In this paper, we examine the
properties of a quantum computational process by studying the operator entanglement in the
two different dynamical systems. One system has dynamics with the strong scrambling ability
and few degrees of freedom. The other has dynamics that preserve the quantum nature of the
state. This is the spin chain in the many-body localization phase (MBL phase).

In this paper, we will study the properties of a quantum circuit with 1) strong scrambling
ability, and 2) weak scrambling effect. We will study whether the late-time evolution of the bi-
and tripartite operator mutual information (BOMI and TOMI) of local operators depends on
the operators in the dynamical system. The TOMI measures how much information regarding
the subsystem may be locally hidden, while the BOMI measures how many EPR pairs associated
with the subsystem considered may be destroyed during the nonequilibrium processes. For 1)
strong scrambling, the fact that the late time evolution of BOMI and TOMI are independent
of the local operator suggests that the information of the local operator is washed out by
the dynamics. The authors in [23] found that in the system with strong scrambling ability
and large degrees of freedom, the late-time behavior of BOMI and TOMI of local operators
is independent of the operators and approximated by that of the unitary operator. Dynamics
with a large number of degrees of freedom and strong scrambling has several different features
from dynamics with only a small number of degrees of freedom. For example, the out of
time ordered correlator (OTOC) can measures such properties of dynamics that depend on
the number of degrees of freedom [29, 30]. For this reason, even if the degrees of freedom
are small, we will study whether the late time behavior of BOMI and TOMI depend on local
operators. We will also study how the finiteness of the system affects the scrambling effect
of the dynamics. For comparison, we consider the disordered spin chain, which is expected
to be a remarkable example of dynamics with weak scrambling effects. This spin system has
chaotic and MBL phases corresponding to weak and strong disorder, respectively. By varying
the strength of the disorder, we will study the difference in the evolution of BOMI and TOMI.
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Summary of results

We investigate the time evolution of bi- and tripartite operator mutual information of the time-
evolution operator and Pauli’s spin operators for three configurations, the fully-overlapping,
partially-overlapping, and disjoint configurations, (See Figure 2) in a spin chain with strong
scrambling ability and a disordered spin chain.

We divide the input (original) Hilbert space into A and A, and divide the output (scattered)
Hilbert space into B and B. In the fully- or partially-overlapping configurations, A is initially
in B. In the disjoint configuration, A is out of B. We summarize the results here.

Spin chain with strong scrambling ability

We consider a 1D Ising model with transverse and longitudinal field for its strong scrambling
ability. We find that the time-evolution of bi- and tripartite operator mutual information is
described by two effective descriptions, an effective light cone and the Page curve.

Early time evolution: We find the early-time evolution of BOMI and TOMI depend on the
various operators and boundary conditions, and is described qualitatively by an effective light
cone picture. In this picture, while sections of A, A, B and B are partially inside the light cone,
the bipartite mutual information decreases.

Late time evolution: We find the late-time evolution of BOMI and TOMI is independent of
various operators and boundary conditions, and the late time value is described by Page’s value
for the average entropy [25,26], which we call the Page curve (See, Section 3.2). This suggests
that the strong scrambling effect washes out the information about the local operators and
boundary conditions, so that the state becomes the typical one, the state which is independent
of the initial state. We also find that the late time value of BOMI and TOMI can depend on the
system size. This suggests that the finiteness of the system can prevent the reduced density
matrix for AU B from factorizing into the reduced density matrices for A and that for B, and
the finiteness of the system can also reduce the amount of information scrambled by the the
dynamics.

Disordered spin chain

We consider a 1D Heisenberg model with uniform disorder strength to study the many-body
localization phase. We find parallels to the simpler Ising chain for the weak and strong disorder
regimes.

Weak disorder: The spin chain with weak disorder is in the chaotic phase. Therefore, the
late-time values of BOMI and TOMI is well-described by the Page curve. Also, in the weak
disorder region of the disordered spin system, information on local operators and boundary
conditions is lost locally due to dynamics.

Strong disorder: When disorder is large, the late-time value of BOMI in the full overlap
configurations increases with the strength of disorder. We interpret this to be due to the lo-
calization effect of the system. When the disorder is large enough, BOMI and TOMI peri-
odically evolve in time. Thus, BOMI and TOMI exhibit quantum revival. This oscillation is
well-described by an effective Hamiltonian. The period is determined by the strength of local
interaction, and the periodic behavior is due to the off-diagonal components of the reduced
density matrix in the o, basis. This suggests this dynamical system is the quantum circuit that
preserves the quantum nature of the initial state.
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The authors in [24] have studied the late-time dynamics of many body localized systems
by using operator mutual information and other quantities such as OTOC. Our results are
consistent with theirs and we extend their results on operator mutual information to early-
time dynamics.

2 Preliminary

In this section, we first describe the concepts of information scrambling and operator spread-
ing. Second, we review many-body localization, which is an interesting dynamical phe-
nomenon far from chaotic dynamics. Finally, we introduce operator entanglement and bi-
partite and tripartite operator mutual information as quantum measures for operator entan-
glement.

2.1 Information scrambling and operator spreading

Let us briefly review information scrambling and operator spreading.

Information scrambling

Information scrambling occurs in dynamical processes where the subsystem thermalizes after
an adequate amount of time. To explain information scrambling, we first review thermaliza-
tion of subsystems. Consider the initial state

W)= >} Cula), ®

E,<1/e

where |a) is an eigenstate of Hamiltonian, H |a) = E,|a) and E, > 0. his initial state is
characterized by an energy scale, 1/€.
Following the time evolution U(t), the reduced density matrix for a subsystem V is given
by
py(t) = Try, (UMW 9) (| U (D], 2

where we divide the total Hilbert space into V and V. The reduced density matrix p(t)
depends not only on the initial state, but also on the details of time-evolution operator U(t).
In this paper, the definition of subsystem thermalization is that py,(t) is well-approximated by
a reduced thermal density with an effective inverse temperature f.¢ ~ € after some time,

_,—€H
Trve

Tre—€H ’

t—00
py(t) — pry = (3)
where pqy, is the thermal state. If the late time behavior of observables in V are approxi-
mated by their thermal expectation value, then we say that thermalization of V occurs. For
example, in addition to the mutual information content studied in this paper, the one-point
function and the distance between states [31-33] are also used as indicators of thermalization
of subsystems. If the subsystem thermalizes, these observables behave as follows:

(¥ U (VU@ |w)

li ~1, 4
500 VO ®
. Try, (py(t)Trpe™<H) .l -
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where, (-)1, denotes the expectation value of the thermal state. If the approximation in (3)
works well, the late-time reduced density matrix depends only on the initial energy 1/€ and not
on the entanglement structure of its initial state. Information scrambling is the phenomenon
where the late-time reduced density matrices for any subsystem is independent of the structure
of its initial state, and instead depends on 1/e¢. If this phenomenon occurs, dynamics has the
strongest scrambling ability.

Operator spreading

One interesting dynamical phenomenon is operator spreading [14,34-36]. A local operator
in the Heisenberg picture O(x, t) is given by

O(x, t) = et O(x)e H!
(it)?

=0(x)+(it)[H,O(x)] + T

[H,[H,0(x)]]+---, (6)

where we used the Baker-Campbell-Hausdorff formula. If t is small, O(x, t) is approximately
given by a simple operator O(x). As time proceeds, the larger the contributions of terms with
higher powers of t become. Thus, a local operator in the Heisenberg picuture O(x, t) becomes
more complicated over time.

Consider a probe Q(y), a local operator far from the position of O, to measure how much
O(x,—t) spreads. If t is small, this probe is causally unrelated to O(x,—t),

[Q(y), O(x,—t)]=0. (7
If ¢ is large, this probe is causally related to O(x,—t),
[Q(y), O(x,—t)] #0. (8)

This is operator spreading. The expectation value of the square of the commutator
([Q( ¥),O(x, —t)]2> measures how much O(x,—t) spreads and how complicated it becomes.
The behavior of this expectation value of the commutator square is related to the out-of-time-
ordered correlator (OTOC), which has been actively studied [18, 29, 37-39]. The OTOC is
defined as

c(t) = (0" (x,—)Q"(y)O(x,—)Q(¥)) , 9)

where (-) denotes the thermal expectation value with inverse temperature 3. The authors
in [37] suggest that the form of OTOC in the large N theories for the time region t > f is
given by
€1 ae
C(t) ~ ¢cg——=e”", 10
(1) ~ 5 0T N2 (10)
where ¢y and c; are positive, order one, quantities that depend on O and Q, and A is the
Lyapunov exponent, which depends on the scrambling effect of the dynamics. In holographic
CFTs, A is maximized at Zﬁ—” In generic systems, including the spin chain considered in this
paper, the behavior of OTOC is discussed in [40].

2.2 Many-body localization (MBL)

Many-body localization is a counterexample to thermalization, which says the structure of
quantum entanglement is almost preserved under time-evolution. Therefore, we expect quan-
tum information to be preserved locally.

The localization of energy eigenstates up to finite energy density in interacting quantum
systems, termed many-body localization, has received wide attention for more than a decade.
See [41-43] for recent review articles.
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In the non-interacting case the single-particle orbitals can localize due to randomness [44].
It was initially not clear whether localization persists in the presence of interactions. In the
tight-binding picture, a particle localizing around a lower energy lattice site would repel other
particles if the interaction between the particles is repulsive, as would be expected for electrons
with Coulomb interactions. Then the effect of the interaction would be to weaken the random-
ness in the site energy. In later studies, the possibility of localization was first discussed for the
many-body ground state [45-47], and then to finite-temperature cases [48-50]. Interacting
systems staying insulating at finite temperatures are said to be many-body localized.

An MBL state can escape thermalization when placed in a non-equilibrium initial state.
Integrable systems also do not generally thermalize, but the integrability sensitively depends
on the choice of parameters and thermalization would happen once the integrability is broken,
unless MBL is established. MBL phases are robust against weak perturbations since all the
energy eigenstates are localized up to a finite energy density. In systems with a set of random
parameters (e.g. hoppings, site energies, or on-site interactions) drawn from some probability
distributions, any physical quantities would be probabilistically determined. However, once
the constants controlling these distributions satisfy certain conditions, the probability that
the MBL behavior is not observed is exponentially small, then the system controlled by these
constants can be said to be in the MBL phase.

Note that systems that exhibit MBL without randomness in the Hamiltonian have been
proposed [51]. Also, note that systems with spatially quasiperiodic modulation, whose non-
uniform feature is determined by a few parameters as opposed to lacking long-range correla-
tion, can be many-body localized. Even in these cases, we can generally expect the many-body
localized phase to be robust against time-independent weak perturbations.

Hamiltonians exhibiting the MBL phase provide counterexamples to the most general, or
naive, form of the eigenstate thermalization hypothesis (ETH) [1,2]. ETH states that for an
isolated quantum mechanical many-body system, for any initial state given as a linear combi-
nation of eigenstates close in energy, the expectation value of an operator should “thermalize”,
that is, relax to a value close to the one expected for the microcanonical ensemble determined
by the energy range and will only show small fluctuations at later times.

A kind of emergent integrability exists in the many-body localized systems, as there are
exponentially many quasi-local integrables of motion, often abbreviated as LIOMs. Corre-
spondingly, the energy spectrum does not show the random matrix universality as expected in
a quantum chaotic system [52] and become uncorrelated.

The time evolution of entanglement entropy from an uncorrelated state, which would be
linear in non-interacting systems or general non-integrable systems without localization [53],
becomes logarithmic in time for a many-body localized system [54-57]. In a many-body lo-
calized eigenstate the entanglement entropy for a subsystem exhibits area law dependence on
the surface area rather than volume laws that is expected for a thermal reduced density matrix
for the subsystem obeying ETH [58].

For a class of one-dimensional spin chain with random local interactions, the existence of
MBL has been proved. [59]. On the other hand, the best studied model is the one-dimensional
chain of S = 1/2 spins with random fields, eq. (34). While recent studies have suggested
that the MBL transition does not occur at w/J ~ 3 as was previously believed, but occurs at
w/J Z 20 or at a large w/J increasing as the system-size is increased [60,61], for system sizes
that allow exact diagonalization studies, the phenomenology of the many-body eigenstates do
exhibit localizing behavior for w/J ~ 3.

Experimentally, MBL has been observed in ultracold atoms [62-65] and ions [66] trapped
in low dimensions. In [62], the atoms were prepared in a highly non-equilibrium density-
wave state, in which most of the particle population is on every second lattice site in a one-
dimensional lattice. Then, the system was allowed to evolve under the given Hamiltonian
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and the imbalance between the even and odd sites was measured. In the presence of the on-
site interaction, the imbalance remained finite when the quasiperiodic potential was strong
enough.

2.3 Operator entanglement and its quantum measures

In this section, we describe operator entanglement and the quantum measures considered
in this paper, bipartite operator mutual information (BOMI) and tripartite operator mutual
information (TOMI).

2.3.1 Definition of operator entanglement

Operator entanglement is defined as the entanglement structure of the dual state, which is the
state given by a state-channel map:

state-channel map

W= W;li) (i W) =N Wy li)1i), (11)
i,j i,j

where W is an operator, |-*) is a CPT conjugate of |-), and N is a normalization factor. The

dual state lives in the Hilbert space whose dimension is the square of the dimension of the

original Hilbert space:
state-channel map

where H,, is the Hilbert space where the operator acts, and H)yy is the space where the dual
state lives.
In this paper, we consider the operator entanglement of the following operators.

Unitary operator

Time evolution changes the entanglement structure of an initial state. The quantum correla-
tion between a subsystem A of an initial state and subsystem B of the time-evolved state should
show how the time evolution changes the local structure of an initial state. The information
about the local structure propagates (and/or is delocalized) as the structure changes. In this
paper, we define operator entanglement measurements of the unitary time-evolution operator,
and we study the spreading and delocalization of quantum information by using the measures
for operator entanglement defined in Section 2.3.3. The unitary channel for the time-evolution
operator U(t), represented in the eigenbasis of the Hamiltonian, is

N

U(t) = e Ht = Ze‘itEﬂ la) (al , (13)

a

where the Hamiltonian is a time-independent operator, |a) is an eigenstate, and N is the num-
ber of states.
The dual state to (13) can be defined by the state-channel map f[U(t)],

N N

FIUO] = |U() = %N;e—“’fa a) a) = %N;e—”a 1a) |a)
N .
- \/LN ZC_%(Hin+Hout) |a>in |a>out > (14)


https://scipost.org
https://scipost.org/SciPostPhysCore.6.4.070

SCIl SciPost Phys. Core 6, 070 (2023)

Hz’n

_ Hout
B B

Figure 1: Input (A) and output (B) subsystems in the doubled Hilbert space
H;, ® H,,;- We compute the BOMI and TOMI for the configurations corresponding to
Figure 2.

where we take |a) to be a real function because |a) is an eigenstate of H. The states, |-);,
and |-)oy, are in the Hilbert spaces, #;, and H,,. Thus, the state defined in (14) is in
H = H;y ® Hoyue- Its density matrix is given by
1 &
= |U(t)> (U(t)l = N e t(EamEp) |a>1n <b|1n ® |a>out (blout (15)
a,b=1

We divide the input Hilbert space H;, into H, and H; and the output Hilbert space H,, into
Hp and Hj as in Figure 1. The input and output states in the spacetime language are given

by
Zc AlD 2, 10) Zc
ZDaA|aB|AB,|bom ZDBusBus (16)

where |x)y are orthogonal vectors in Hy and X = A,A, B, B. Thus, the density matrix in the
spacetime language is given by

p== > e EEcackpe pheii) (jly @) (1@ la) (Blz ® |A) (Blz . (17)
a,b,i,j,lJ,a,B,AB

Next, we consider a reduced density matrix for AU B as an example. The matrix p, g is
given by limiting the sum in the above to I =J and A = B,

1 _
pan=Trge =1 >, ¢ G DIDEE i) (i@ la) (Bl
a,b,i,j,J,a,p,B
= > e METEIMIND i) (|, © |a) (Bl , (18)
a,b,i,jJ,a,B,8

where Mab >, C C JbJ* and N ab — =25 Dip Db* Operator entanglement entropy (OEE) for

Paug 18 deﬁned as the von Neumann entropy of the reduced density matrix

Sau = —TtaupPaus 1082 Paus = — Z Aaup 1082 Aaup (19)
AAUB
where A, g are the eigenvalues of p, p.
By computing the mutual information (defined in Section 2.3.3) of the unitary time-
evolution operator, we study the correlation between a subsystem of the initial state and a
subsystem of the output state in which we measure local observables.

9
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Local operator

A local perturbation, a perturbation due to a local operator, spreads under the time evolution
as in Section 2.1, so that the entanglement structure of the scattered state, the state which is
acted with the local operator, should differ from the original state. By measuring the correla-
tion between the subsystem A of the original state and B of the scattered state, we should find
where information about the entanglement structure in A propagates and how much the op-
erator delocalizes information. Let us define the local operator entanglement as the quantum
entanglement of local operator O(x, t) as follows.
A local operator in Heisenberg picture O(x, t) is defined as

O(x,t) = et O(x)e H1 (20)

where we assume that the Hamiltonian is time-independent. We define the state dual to (20)
by the channel-state map:

0Cx, 0)) =N e (aloue O() [b)in € |@)oue [b)in = N D {@loue O, €)1)in 1) o [b)in
a,b a,b
1)

where the states |-);, and |-), are the eigenstates of the time-independent Hamiltonian, and
the normalization factor A is given by

N=z72, z=Tr(0'x)0(x)). (22)

The entanglement structure of the state in (21) strongly depends on the Heisenberg oper-
ator. For example, if O(x,t) is the identity operator, then the entanglement structure of the
state in (21) is the same as that of maximally entangled state. In the general case, O(x,t)
can make the quantum entanglement structure of the state in (21) less entangled than that
of the maximally entangled state. By computing the mutual information (defined in Section
2.3.3) of local operators, we study the correlation between subsystem A of the original state
and subsystem B of the scattered state.

2.3.2 Initial state

Here, we consider the dual states at t = 0. At t = 0, the dual states to the unitary and Pauli’s
operators in Heisenberg picture are respectively given by

1
ve=0)=— > aou [@)ins 108, (£ =0)) = Z @ ldowladn,  (23)
a
where 08) x,y,z ACts on i-th site of H;. Thus, |U(t = 0)) is equal to the thermofield double state
with zero inverse temperature, and |c) (¢ = 0)) is given by acting the Pauli’s operator on

a=x,y,z
the themofield double state. In terms of the eigenstates of o, on each site, |U(t = 0)) and

|(7((;) . yz(t = 0)) are given by
L
ue=0) =] JIEPR);, 0@ . (t=0)=0D ]_[ [EPR); (24)
where |[EPR); is defined by |EPR); Z NONN |O'(l))0ut |0(‘)) Here, i means the i-th site of
the system.

10
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2.3.3 Quantum measures

Operator mutual information measures non-local correlation between subsystems. As men-
tioned in the previous sections, we investigate the time evolution of the operator mutual
information in various configurations in order to find how operator spreading occurs under
time-evolution for a system with strong scrambling ability. We also study the operator mutual
information in a system which has a many-body localized phase.

Bipartite operator mutual information (BOMI)

Bipartite operator mutual information (BOMI) is defined as the linear combination of OEE
Ipg =S4+Sg—Saus> (25)

where S, and Sp are OEEs for the input (original) subsystem A and the output (scattered)
subsystem B. The last term in the right-hand side in (25) is OEE for AUB. The input and output
subsystems are defined as the subsystems of H;, ® H,,,, where the dual state to U(t) lives, while
the original and scattered subsystems are defined as the subsystems of Hyjgina1 ® Hycattered Where
the state dual to O(t, x) lives. The BOMI measures the correlation between the input (original)
and output (scattered) subsystems. If I a,p vanishes, there are no correlations between A and B,
which means that the reduced density matrices of the subsystems are unrelated to each other.

Tripartite operator mutual information (TOMI)

Tripartite operator mutual information (TOMI) is defined as a linear combination of the BOMI
as follows. We divide the output or scattered space into the subsystems B and B, and also
divide the input or original space into A and A. The TOMI which we consider is given by

Inpg=1Iap+1ag—Iapus- (26)

Asin[13,14,21,22], the TOMI in (26) measures how much information regarding A is delocal-
ized over time. We will briefly explain why TOMI in (26) can be an indicator of the information
scrambling. Suppose the initial state is given by the product of EPR states in (24). Suppose a
subsystem AU B is given by the union of a subsystem A on #; and B on H,. Let n, denote the
number of EPR pairs included in the subsystem a. For this initial state, the value of I, 5 and
I, 3 is proportional to n, g and n, 5, respectively, while the value of I, , = is proportional to
n f;uBUE' Since ny g +ny 5 = Ny g, the value of TOMI is zero. In this f)aper, we use TOMI to
study how many these EPR pairs are preserved in non-equilibrium processes. Under dynamics
with scrambling ability, the information is locally hidden, so that n, z and n, gz deceases in
time. Decrease of ny 5 and n, 7 depends on dynamics. In this paper, we use TOMI to study
how many of these EPR pairs are preserved in a non-equilibrium processes. In the time evo-
lution induced by the time evolution operator with no scrambling ability, the value of TOMI is
independent of time, and it is zero, while in the time evolution induced by the time evolution
operator with stronger scrambling ability, the TOMI will have a larger negative value.

Configurations

As shown in Figure 2, we study the time evolution of the operator mutual information in three
configurations: (a)full overlap, (b)partial overlap, and (c)disjoint configurations. In the full
overlap configuration, the size of A and B are equal, [, = [, and the edges of each subsystem
are aligned. In the partial overlap configuration, the size of B is larger than that of A by s,
lg =l +s. The left edge of subsystems A and B are aligned. In the disjoint configuration, the
subsystems A and B do not have any overlapping regions and the distance between the right

11


https://scipost.org
https://scipost.org/SciPostPhysCore.6.4.070

SCIl SciPost Phys. Core 6, 070 (2023)

(a) Full overlap (b) Partial overlap (c) Disjoint
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Figure 2: Schematic of the three configurations: (a) full overlap, (b) partial overlap,
and (c) disjoint. Full overlap: The size of A and B are equal, [, = [, and are aligned.
Partial overlap: The size of B is greater than Aby s, [, +s = [, and are aligned on the
left. Disjoint: The distance between the right boundary of A and the left boundary of
Bisd.

edge of A and left edge of B is d. These three configurations are useful to consider since in
2D CFTs [21, 23], how the dynamics affects the time evolution of BOMI depends on how the
subsystems are taken. In the full overlap configuration, the behavior in time of BOMI does not
depend as much on the scrambling ability of the time evolution operator. In the partial overlap
and disjoint configurations, the time evolution of BOMI strongly depends on the scrambling
ability of the dynamics. Therefore, we will study the time evolution of BOMI in these three
configurations.

* Full overlap configuration (Fig. 2 (a)) In this configuration, the initial value of I,  for
|U(t)) is proportional to the number of EPR pairs, both edges of which are in AUB. The
decreases in time of I, 5 will indicates the how many EPR pairs the subsystem AUB loses
in the non-equilibrium process. The initial value of 1, ; 5 will be zero because the initial
value of BOMI is determined by the number of EPR pairs. In other words, since no EPR
pairs are delocalized, the value of I, 5 3 is zero. The negative value of I, ;5 suggests
how many number of EPR pairs are delocalized and locally hidden by the dynamics. For
|O'g)(t)), at t = 0, the entanglement structure of a single EPR on i-th site is deformed
by og)(t = 0), and we expect the time evolution of I, and I ap,p to be interpreted in
the same manner.

* Partial overlap configuration (Fig. 2 (b)) As explained above, in this configuration of
2D CFTs, the time evolution of I, g and I, ; 5 strongly depends on the scrambling ability.
The 2D holographic CFT is the theory with the large degrees of freedom and strong
scrambling effect. Although the spin systems which we consider in this paper does not
have the large degrees of freedom, we expect the time evolution of I, g and I, 5  in this
configuration to strongly depend on the scrambling ability of the dynamics. Therefore,
we will consider the partial overlap configuration.

* Disjoint configuration (Fig. 2 (c)) In this configuration, there are no EPR pairs, both
edges of which are in AUB. Then, the initial value of I, 5 is zero. For |U(t)) and Ug)(t),
OEEs for A and B are independent of time. The time evolution of I, 5 is determined by
that of S, 5. The dynamics with strong scrambling makes the entanglement structure
of AU B less structure-less, so that the value of S, 5 is expected to increases in the non-
equilibrium process. Since the initial value of S,z is the one for the maximally entangled
state, we expect that the value of I, 5 does not vary in time so much.
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3 BOMI and TOMI in a spin chain

We study the dynamics of the spin chain,

L
H= Z [GS)O'S-H) + hxcg) + hzogi)] S 27)

i=1

where L is the number of site of this system, and o((li) are the Pauli spin operators on site
i. For periodic boundary conditions, we define O'EIL+1) = ogl), whereas for open bound-
ary conditions, the term involving O'EIL—H) is ignored. The dynamics of the Hamiltonian with
(hy,h;) =(—1.05,0.5) is chaotic [33,37].

The authors in [14] studied the time evolution of the BOMI and TOMI for the unitary
operator U(t), and in particular, studied the scrambling ability of the chaotic chain. In this
paper, we study the scrambling ability of the chain in terms of local operators, and compare
the BOMI and TOMI of local operators to U(t). We consider the time evolution for Pauli’s
operators in the Heisenberg picture a((li)(t) = ¢ifit agi)e_iH t for a spin chain with periodic and
open boundary conditions.

We investigate the time evolution of the BOMI and TOMI in the integrable and chaotic
phases. We briefly summarize the results, and we will give some interpretation on these results
later:

1. Integrable phase: For integrable cases, we study both longitudinal, (h,,h,) = (0,2),
and transverse, (h,,h,) = (0.5,0), magnetic fields [67]. We focus on the longitudinal
case in the main text. We consider the transverse case in Appendix. A. In the longitudinal
case, H and O'gi) commute. Therefore, the BOMI and TOMI of agi) are independent of
time. The BOMI and TOMI of o, and o, are either constant or periodic functions in
time, depending on the location of the operator and the boundary conditions. The BOMI
and TOMI of U(t) is always a periodic function in time, but the amplitude depends on
the boundary conditions.

2. Chaotic phase: For the parameters (h,, h,) = (—1.05,0.5), the system is chaotic.

— Early-time evolution: An effective light cone picture explained in section 3.1 quali-
tatively describes the early-time evolution of the BOMI and TOMI of the local op-
erators for the full and partial overlap configurations. The value of BOMI in the
disjoint configuration is very small, which implies that little information spreads.

— Late-time evolution: The late-time values for the full and partial overlap configura-
tions are independent of the operators and boundary conditions and become the
same as the unitary operator. The Page curve, explained in 3.2, describes the late-
time values of the BOMI for these configurations. The value of the BOMI in the
disjoint configuration is very small since it was initially small.

Although we studied the time evolution of TOMI and BOMI for the full overlap, partial overlap,
and disjoint configurations, we found that even in the full overlap configuration, the time evo-
lution of BOMI and TOMI can capture the dynamical properties of the integrable and chaotic
phases. Therefore, we will explain only the full overlap case in the main text, and the others
will be explain in Appendix. A. In the following subsections, we explain the time evolution of
the BOMI and TOMI in detail, and will give the interpretation on these behaviors in time.

3.1 Early-time evolution

For the three configurations in Figure 2, we divide the input (original) system of size L into
A and A of size [, and L — 4, and the output (scattered) system, also of size L, into B and B
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Figure 3: Time evolution of the (a,b) BOMI and (c,d) TOMI of the operators U, 09),
ag}), and 021) in the chaotic chain model for the fully overlapping configuration. The
local operators are located at the left boundary of A and B, and the sizes of A and
B are equal, |, = lz = [. The magnetic field is (h,,h,) = (—1.05,0.5) for (a,c) and
(hy,hy) = (0,2) for (b,d). Dark lines correspond to periodic boundary conditions
and light lines correspond to open boundary conditions. The total number of sites is
L =10.

of size [z and L —lz. We consider periodic boundary conditions (PBC) and open boundary
conditions (OBC).

In Figure 3, we show the time evolution of the BOMI in panels (a,b) and TOMI in panels
(c,d) for the full overlap configuration, as shown in Figure 2(a). The BOMI and TOMI are
defined by (25) and (26). In this configuration, I, = [z = [. The local operators G,Sl:)x,y,z are at
the leftmost site of A and B. In the open spin chain, the local operator site is also the leftmost
site of the system. In panels (a,b), the BOMI always starts at 2[. This is equal to the number of
EPR pairs contained in AU B. In the chaotic phase in panel (a), the BOMI begins to decrease
instantly, but the slope depends on the boundary conditions. This is explained by a light cone
picture. The BOMI then settles on a stable value, described by the Page curve. Both the light
cone and the Page curve will be described in more detail in the next sections. The BOMI for
the integrable phases is shown in panels (b). For longitudinal field, shown in (c), the BOMI
for o, is always constant and the BOMI for U oscillates. For o, and o, the BOMI oscillates
for PBC and is constant for OBC except for [ = 1 where it is constant.

The TOMI always starts at zero. In the chaotic phase, shown in (c), the TOMI decreases
and settles on a value depending on [. The late-time value is the same for [ and L —I. For the
longitudinal field in (f), the TOMI shows consistent oscillatory behavior below zero or stays
constant at zero.

As in [68], quantum revival occurs in a two-dimensional free field theory on a compact
manifold. Here, quantum revival refers to the BOMI returning to its initial value. The revival
time is proportional to the system size, because the revival in the free field theory follows the
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Scattered space

Effective light cone [ ] O(:U)

\ Tt

Original space  Original interior

Figure 4: Schematic of the effective light cone for a local operator O(x,t). The
interior of the light cone grows over time. Information in the interior of the light
cone of the original space is communicated through the local operator to the interior
of the light cone of the scattered space. The local operator is approximately identity
in the exterior of the light cone.

relativistic propagation of quasi-particles. The BOMI for PBC in the chaotic phase does not
return to the original one. Therefore, a revival does not occur for PBC in the chaotic phase.

Effective light cone picture

We find the time evolution of the BOMI and TOMI of local operators in the chaotic phase
qualitatively follows an effective light cone picture. Let us explain the effective light cone
picture, which well describes the distinctive behaviors of the early-time BOMI and TOMI of
Pauli’s spin operators in the chaotic phase of (27). Consider a local operator in the Heisenberg
picture O(x,t). As in Figure 4, we call the original (scattered) subspace in the light cone
original (scattered) interior. The interior of effective light cone is the region where O(x, t) has
influence: The local operator makes changes to the entanglement structure of the scattered
subspace. The exterior of the light cone is approximately equal to a local identity. The size
of the original and scattered subsystems inside of the light cone, [;, depends on an effective
velocity, v, determined by the details of the theory. When v is a constant velocity, [; is
determined by v,

li = 2vefft . (28)

Here, we divide the original Hilbert space into A and A, while we divide the scattered
Hilbert space into B and B. In this picture, if A; and B; (A, and B,) are in the light cone and
A, and B, (A; and B;) are not as in (a) of Figure 5((b) of Figure 5), then BOMI and TOMI
decreases. In the early time interval, as in panels (a) and (b) of Figure 5, A; and B; (A, and
B,) are in the light cone and A, and B, (A; and B;) are not, so that I, 5 decreases. After enough
time, as in the panes (c) and (d) of Figure 5, A;, B;, A,, and A; are in the light cone, so that
the slope of I, 5 flattens. In Figure 6, we show the light cone picture effectively describes the
time evolution of I, 5. For the disjoint configuration, A is almost uncorrelated to B, initially.
Then, I,z becomes small compared to the other configurations, as seen in Figure 12. In two-
dimensional holographic CFTs, which are theories that have a gravity dual, the time evolution
of operator BOMI and TOMI is well-described by a very simple explanation, the line tension
picture [23].
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Figure 5: Schematic of the effective light cone in the partially overlapping configu-
ration.

3.2 Late-time evolution

Here, we will explain the most important results of the spin system (27) in the chaotic phase.

Chaotic chain

Consider the chaotic phase of (27). The late-time evolution of the BOMI and TOMI of the local
operators is independent of operators and boundary conditions, and is approximately equal to
that of the BOMI and TOMI of the unitary operator. This suggests that while the entanglement
structure of the state may depend on the local operators and boundary conditions for the
intermediate time region, the entanglement structure of the late time state may not. In other
words, the strong scrambling effect of the dynamics washes out the information about the local
operators and boundary conditions, so that |0 4~y ) With the various boundary conditions
flows to the typical state, the state which is independent of the entanglement structure of the
initial state. To confirm this suggestion, we will compare the late time behavior of BOMI and
TOMI in the chaotic chain to that following the Page curve. The entanglement entropy for a
typical state is expected to follow the Page curve. In this case, the Page curve is a function of
the sizes of input and output (original and scattered) subsystems.

The Page curve

The Page curve in this paper will be the effective description of OEEs for a typical state. The
OEE of the local operator state in (21) for the original subsystem A (scattered subsystem B) is
proportional to the subsystem size. It is expected that if the dynamics has strong scrambling
ability, then the late-time state is structureless. Therefore, the late-time OEE for a subsystem
V with total size I is expected to be the entanglement entropy for the maximally entangled
state:

Sy = (29)
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Figure 6: Time evolution of (a) BOMI and (b) TOMI for the local operator agi) at
different sites in the chaotic chain model for the fully overlapping configuration with
open boundary conditions. The y-axis corresponds to the location of the operator.
Inset shows the same information with (a) BOMI and (b) TOMI on the y-axis. The
subsystems, A and B, are centered at site 6 with size [, = [z = 1 and total size L = 11.
The magnetic field is (h,, h,) = (—1.05,0.5).

where L is an even integer. The parameter a depends on the parameters h, and h,. If we
apply (29) to (25), we get the late time value:

0, o<i<rL,
Iyp=1a, L=t, (30)
2(l-1), L<i<2L

Since I, ; has to be non-negative, a must also be a non-negative number.

We plot the late-time value of S, 5 for the full and partial overlap configurations in Figure
7, where s = 0 corresponds to the full overlap configuration. The OEEs for A and B is given by
l,=1and lg =l +s, respectively. Then, the behavior of I, 5 following the plot of Figure 7 is
consistent with (30) with L = 2 +s. For the full overlap configuration, I = 21. Thus, when
L is odd, we are not able to take 2[ to be L. For the disjoint configuration, the size of AU B is
less than or equal to L since A and B are not overlapping. Therefore, I, 5 should vanish at late
time according to (29). However, in the numerical computation, I, g does not vanish, but is a
small value, 8. Thus, 3 is not described by the Page curve.

Applying (30) to (26), we get the late-time value of [ 5,3 in Figure 2(a):

a—21, 0<20<L,
Iigs =13 2a—2, 2l =1, (31)
a+2(l—L), L<20<2L,

where L is an even integer, for simplicity.

Thermodynamic limit

Let us consider the late-time value of BOMI in the full overlap, partial overlap, and disjoint
configurations, and TOMI in thermodynamic limit where we take L, the system size, to be
infinite. By using (29) in the Page curve picture, the late-time value of BOMI in the full overlap,
partial overlap, and disjoint configurations is equal to zero. Then, the late-time value of first
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Figure 7: Late time entanglement entropy of the operator U(t) in the chaotic chain
model for the partially overlapping configuration (fully overlapping when s = 0). We
show the entanglement entropy at time t = 10'2 for an (a) even system size L = 10
and (b) odd system size L = 11. The size of Ais [, =1 and B is [ = | +s. The mag-
netic field is (h,,h,) = (—1.05,0.5). We show the entanglement entropy for periodic
boundary conditions and operator U(t) but note that the late time entanglement en-
tropy is the same for open boundary conditions and operators ag), ogf), and agi).

and second terms of (26) is zero, whereas that of the last term is constant, so that the late-time
value of TOMI is
Inpp— —2l. (32)

The late-time value of TOMI, —21, is consistent with that of the TOMI of a unitary operator in
two-dimensional holographic CFT [21-23]. The late time values in (31) and (32) show that
finite size effects prevent the dynamics from delocalizing quantum information since the late
time value of TOMI in an infinite space is smaller in magnitute compared to a finite space.

3.2.1 Factorization of the density matrix

Finally, we will interpret the late time behavior of BOMI in terms of the reduced density matrix.
For simplicity, we consider the late-time behavior of I, 5 in the full overlap configuration. We
assume 4 + [z < L. In the chaotic phase, regardless of the states and boundary conditions,
the late time value of I,y is zero. This suggests that p, 5 in the late time region can be
approximately factored into p, and pg:

Paup B Pa ® Pp. (33)

Thus, the correlation between A and B is lost or weak in the time evolution induced by the
chaotic spin chain.

4 Time evolution of BOMI and TOMI in a disordered spin chain

In this section, we study the BOMI and TOMI of U(t), ogf), ogf), and O'gi) in a spin system with
disorder:

L L
Hyp = 7505600 £ ST oW, (34)
i=1 i=1

where 3 is the vector of Pauli spin operators and h; is a disorder parameter drawn from a
uniform random distribution, h; € [—w, w]. Hereafter we set J = 1 as the unit of energy. The

18


https://scipost.org
https://scipost.org/SciPostPhysCore.6.4.070

SCIl SciPost Phys. Core 6, 070 (2023)

(a) w=1 (b) w=3 (C) w=50 (d) w=1 e) w=3 (f) w=50
20 0 4 4
\
S - My S VYV
EIO k\s_ —\H‘H-J-:-/-f-u-uuu.k D 41 \So=—{ Wi
= =- 4
04 Ao A AN A
20 : : 01 _ _
IR ANy IAMNNVANAAARAA
_ = ~ YN YIYYINY
& MYYMIY YT S
“b"lO-\ \Lu“ TP € {
ERRE \ E-5 B\ ]
= 2
0 T T 1 T - i ,
20 04 4 e
LIRS RRREERRRIRRE! Fl“nn’ll;ggf;cnﬂ
5’\, [TTTITTTTT Sb“ $ —_ I=1
©'10 5 E 3 S T =3
- =~ —_—— =7
0 SEiEisaaasaaas EREIESIRUEEERSRIRNEI —_ 1=9
0 10 0 10 0 10 0 10 0 10 0 10
tJ tJ tJ tJ tJ tJ

Figure 8: Time evolution of (a-c) BOMI and (d-f) TOMI of the operators U(t), 05{1),
ag,l), and 0§1) in the disordered spin chain model for the fully overlapping configu-
ration. The local operators are located at the left boundary of A and B and the size of
A and B are equal, [, = Iz = L. The disorder strength is (a,d) w =1, (b,e) w =3, and
(c,f) w = 50. Solid lines show the mean over 20 disorder configurations and error
bars show the min and max. Dark lines correspond to periodic boundary conditions
and light lines correspond to open boundary conditions. The total number of sites is
L =10.

dynamical features of the disordered spin chain are mostly captured by the BOMI and TOMI
in the full overlap configuration, which we will explain in the following section. We consider
the partial overlap and disjoint configurations in Appendix B.

The time evolution of BOMI and TOMI for small, near critical, and large w, are show in
Figure 8.

* Small w region (w = 1): As in [41,69-72], (34) with small w < 4 is in the chaotic
phase. Therefore, the late-time value of BOMI and TOMI is independent of operators
and boundary conditions, and is well-described in terms of the Page curve (See, Figure
8.).

* Near critical region (w = 3): For w = 3, near the critical point,1 the time evolution of
BOMI and TOMI depends on the operators and boundary conditions. In the full overlap
configuration, the late time value of BOMI and TOMI is larger than that in (34) with
w = 1. When I, + Iz < L, the late behavior of BOMI suggests the dynamics of the
disordered spin chain with w = 3 prevents p4 p from factorizing to p, and pg.

* Large w region (w = 50): In the large w region (w = 50), BOMI and TOMI of o,(t)
are almost time-independent. This is because agl)(t) is well approximated by

ogi)(t) A eiHefftO'gi)e_iHefft = agi) , (35)

where H.g is described in the next section. For other operators, we see that the BOMI
and TOMI have oscillating behavior. We explain these oscillations using an effective
Hamiltonian in the next section. Moreover, BOMI and TOMI increases with w for all
operators in the large w region.

1Recent progress [60] has shown that in the thermodynamic limit, the system may be in the MBL phase if the
strength of the disorder is w > 18. However, for the size of the system studied in this paper, around w = 3, the
behavior of the physical quantities changes from chaotic to that in MBL. Therefore, we will study the time evolution
of BOMI and TOMI at w = 3.
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4.1 Effective theory in the strong disordered phase.

Consider the limit J < w with OBC for simplicity. The energies of (34) to first order in J/w
are

-1 L
E~nJ Z O'gi)O'gH—l) + Z hiagi) , (36)

which are the same energies as the disordered Ising chain. We consider the effective Hamilto-
nian

L-1 L
Ha =1 3,0000 D + > hiol). (37)
i= i=

The effective Hamiltonian is diagonal in the ogi) basis and the entanglement entropy is exactly
solvable. To demonstrate this, consider the local operator 0'9). The operator in the eigenbasis
of Hg is given by

ol = Z oW, o @)y eitHerl o -Herl (7Dt (5D oMMz D W) (z (D 7))

{UZ TZ

= Z loW .. oy exp{2it[JoWo® + hoW]} eW...cW)],

{o:}

where the bar denotes flipping the spin. The density matrix for the dual state to 09) is given
by

p=gr 2 ew(2t[1(000® —DB) (o0~ =)])
{o,7:}

< Jo® . oWy (z D 2B g|50) oWy (70 0
We see that if both 0&1) and ng) are traced out in either the input or output space, then the
exponential becomes unity and the density matrix becomes constant in time. If we trace out
either O'S) or ng), then we get a cosine dependence on time. As an example, we show the
mutual information when A and B are the original and scattered spaces that only includes site
1,A="H,_ and B=%H, . For subsystems that are not overlapping in the input and output
spaces, we trace out both 0&1) and ogz) and the exponential becomes unity. Thus, the reduced
density matrix and entanglement entropy is given by

1 1 1

Pa= EHHA’ P = 5]]'7'[3 B PA= FHHA’

1 1 1
P = F]IHB’ Paus = 2_L]1HA ®ly,, PpuB = Eﬂﬂg ® 1y,
Sp=1, Sg=1, SA=(L—1),
Sg=(L—1), Sag=1L, Spug=1L.

For the overlap, the reduced density matrix and entanglement entropy are given by
1 . - -
Paus = 5 Z cos (2tJ (O'gl) — Tgl))) exp [21th1 (O'gl) — 'cgl))] |0£1)) (Tgl)lin ® |0'§1)> (Tgl)l
Ugl)ﬂ_gl)

Saup = —cos?(2tJ)log,(cos?(2tJ)) —sin?(2tJ ) log,(sin*(2tJ)).

out ’

Therefore,

IA,B =2—S5B> IA,B =0, IA,B,B =—SaB-
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Figure 9: Time evolution vs. disorder strength of (a-d) BOMI and (e-f) TOMI of the
operator 0&1) in the disordered spin chain model for the fully overlapping configu-
ration. We use a single disorder configuration to show the evolution over varying
disorder strengths. Dashed lines in (b,d,f) show the BOMI and TOMI using the effec-
tive Hamiltonian, corresponding to the J < w regime of the disordered spin chain.
The subsystems, A and B, are centered at site 1 with size [, = [z = 1 and total size
L = 10 using open boundary conditions.

In Figure 9, we show the time evolution of BOMI and TOMI for various disorder strengths.
The BOMI and TOMI are well described by the effective Hamiltonian for w/J > 10%. For
strong disorder, the oscillation of BOMI and TOMI depends only on the local interaction J,
even though the reduced density matrix depends on not only J, but also the disorder, h;. We
can follow a similar procedure to get the density matrix for different operators.

. 1 .
P (ag‘)) =57 Z ag‘) |G§1) . ..O'gL)) (Tgl) . TgL)|in ® |a§1) . ..agL)) (T_(Zl) . TgL)I
{O—Z,TZ}
1 .
p(U) == Z ¢l 0~ Heal (D0 |6 (D) D) (D (0]

{OZ’TZ}

out ’

® |a§1) ... O'EL)> <T§1) ... TgL)l

out *

09) and O'g/l) are related by a rotational symmetry of the spins around the 2 axis. The density

matrix for the agi) operators do not have any time dependence and any BOMI or TOMI will
be constant. For the time-evolution operator, we see that if all the o, and 7, are the same,
then the BOMI and TOMI will be constant. Therefore, we only see oscillations for the fully
overlapping and partially overlapping cases.

Thus, the periodic behavior in time of BOMI and TOMI with large w is due to the off-
diagonal part of the density matrix expanded by the eigenstates of ogi). This periodic behavior
suggests the state may return back to the initial one and the quantum nature of the state
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may be preserved by the time evolution induced by the disordered spin chain with strong
disorder. The time evolution of BOMI and TOMI can be periodic in time with the period
4%. Thus, the BOMI and TOMI exhibits quantum revival. In 2D non-holographic CFT on
compact space, the time evolution of BOMI will exhibit the quantum revival followed by the
relativistic propagation of quasi-particles. The period of the quantum revival is proportional
to the system size [7,32, 68,73, 74]. However, in this spin chain, the period is determined by
the strength of local interaction. Therefore, even if we take L to be infinite, the BOMI and
TOMI may periodically evolve in time. The value of BOMI in Figure 9 is between one and two.
Here, the size of the subsystems, A and B, is one. In the EPR picture, the value of BOMI will
be two or zero. Therefore, we can not explain the time evolution of BOMI in terms of EPR
pairs. This suggests that something beyond the quasi-particle picture is needed to explain the
entanglement dynamics in the MBL phase.

5 Discussions and future directions

Discussions

Let us summarize the results, compare with the CFT results [21-23], and comment on a few
future directions.

Summary

We have studied the time evolution of BOMI and TOMI for the unitary time evolution operator
and Pauli’s spin operators in the chaotic chain (27) and MBL chain (34).
We found that:

* Chaotic chain: The early-time evolution of TOMI and BOMI is qualitatively described in
terms of an effective light cone picture. Their late-time evolution is independent of the
boundary condition and operators, and their late-time value is quantitatively explained
by the Page curve. For PBC, quantum revival does not occur and the compactness of
space time prevents the dynamics from delocalizing the quantum information.

* Disordered spin chain: In the weak disordered system (w = 1), the late-time value
of BOMI and TOMI is well-described by the Page curve. When the disorder is large,
BOMI and TOMI in full overlap configuration increases when w increases. In the very
strong disorder system (w = 50), BOMI and TOMI in some of configurations oscillate
with respect to time. This oscillation is well-described by an effective Hamiltonian.

Comparison with CFTs

Here, we compare the late time value of BOMI and TOMI derived by the Page curve with that
of holographic CFTs [21-23], which are theories that have a gravity dual. After taking the
thermodynamic limit, the Page curve describes the late time value of BOMI. As in (32), when
we take the thermodynamic limit, the late-time value of TOMI in the chaotic phase of (27) is

I(A,B,B) =—2I, (38)

where 2 counts the dimension of the local Hilbert space. In the holographic CFT, the late-time
value of TOMI is
IA,B,B = _21 10g2 [e(§)] B (39)
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where ¢ is the central charge, and e is the scale which characterizes the initial state,

1 . c
[ initial < D15 C,e Ea|a). Therefore, we expect the chaotic chain with approximately e(&)
local degrees of freedom to mimic the dynamical properties of holographic CFT.

Future directions

Let us comment on a few future directions:

1 An important future direction is to construct a tractable system with a large number of
local degrees of freedom and strong scrambling ability in order to mimic holographic
CFTs.

2 To compute logarithmic negativity and reflected entropy is also interesting. In holo-
graphic CFTs, these values show phase transition-like behavior [20-23]. It would be in-
teresting to see whether logarithmic negativity or reflected entropy in the chaotic chain
also show such a behavior.

3 We numerically found that the late time value of TOMI in the chaotic chain on the com-
pact manifold was non-vanishing. It would be interesting to analytically compute this
in a two-dimensional holographic CFT on a compact manifold to find the finite size cor-
rection compared to a non-compact holographic CFT.
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A The time evolution of TOMI and BOMI in the one-dimensional
Ising model with magnetic field

Here, we will explain the time evolution of BOMI and TOMI in the partial overlap and disjoint
configurations of the one-dimensional Ising model with magnetic field.

In Figure 10, we show the time evolution of TOMI and BOMI in the full overlap configu-
ration in the one-dimensional Ising model (0.5, 0). The parameters (h,.,h,) = (0.5,0) are also
in the integrable phase. However, the BOMI and TOMI of all operators are neither constant
nor periodic functions. Even the late-time evolution of the BOMI and TOMI depends on the
operators and boundary conditions. For transverse field, shown in (b), the dynamics has some
scrambling ability and shows characteristics similar to (a), but also has some oscillatory be-
havior similar to (c). For transverse field in (e), the TOMI shows unpredictable behavior, but
is in general, more negative for PBC.

In Figure 11, we show the time evolution of the BOMI and TOMI for the partial overlap
configuration. In this configuration, the number of sites in B is larger than A by s. The size
of B is equal to [z = I, +s In Figure 11, we show the time evolution of I, 5 and I, 5 for
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Figure 10: Time evolution of the (a) BOMI and (b) TOMI of the operators U, 05{1),
Gg,l), and 0'21) in the chaotic chain model for the fully overlapping configuration.
The local operators are located at the left boundary of A and B, and the sizes of
A and B are equal, |, = Iz = . The magnetic field is (h,,h,) = (0.5,0). Dark
lines correspond to periodic boundary conditions and light lines correspond to open
boundary conditions. The total number of sites is L = 10.

[, = 3. The BOMI in the chaotic phase, shown in (a), decreases instantly for PBC but has a
delay for OBC and this delay is later for larger s. The BOMI then settles on a value close to
zero for Iz < L/2. In the integrable phase, the BOMI for transvere field, shown in (b), shows
unpredictable behaviour, but is negative and decreases in general. The BOMI for longitunal
field in (c) shows the same behavior as the full overlap configuration in Figure 3(c). The TOMI
in the partial overlap configuration is similar to the full overlap configuration. For the chaotic
phase, however, we see that the decrease of the TOMI is delayed for OBC with increasing delay
for larger s.

In Figure 12, the BOMI and TOMI for the disjoint configuration is shown. In this figure,
[, =1z =1 = 3. the distance between the rightmost of A and the leftmost of B is d. The BOMI
and TOMI for both chaotic and integrable phases start at zero. The BOMI in the chaotic phase
in (a) shows a small bump at an early time and then returns close to zero. The BOMI in the
integrable phase increases slightly for transverse field (b) and remains zero for longitudinal
field (c). The TOMI for the disjoint configuration is similar to the full and partial overlap
configurations.
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Figure 11: Time evolution of the (a-c) BOMI and (d-f) TOMI of the operators U, 09),
oW, and agl) in the chaotic chain model for the partially overlapping configuration.
The local operators are located at the left boundary of A and B and the size of B is
greater than the size of Aby s, [;+s = l3. The magnetic field is (h,, h,) = (—1.05,0.5)
for (a,d), (h,,h,) =(0.5,0) for (b,e), and (h,,h,) = (0, 2) for (c,f). Dark lines corre-
spond to periodic boundary conditions and light lines correspond to open boundary
conditions. The total number of sites is L = 10 and the number of sites in A is [, = 3.
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Figure 12: Time evolution of the (a-c) BOMI and (d-f) TOMI of the operators U,
ol ag}), and oM in the chaotic chain model for the disjoint configuration. The
local operators are located at the left boundary of A and the left boundary of B is a
distance d from the right boundary of A. The magnetic field is (h,, h,) = (—1.05,0.5)
for (a,d), (h,,h,) =(0.5,0) for (b,e), and (h,,h,) = (0, 2) for (c,f). Dark lines corre-
spond to periodic boundary conditions and light lines correspond to open boundary
conditions. The total number of sites is L. = 10 and the number of sites in A and B
are l, =1z =3.
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Figure 13: Time evolution of (a-c) BOMI and (d-f) TOMI of the operators U, 09),
ag}), and O'gl) in the disordered spin chain model for the partially overlapping con-
figuration. The local operators are located at the left boundary of A and B and the
size of B is greater than the size of A by s, |, +s = 5. The disorder strength is (a,d)
w =1, (b,e) w= 3, and (c,f) w = 50. Solid lines show the mean over 20 disorder
configurations and error bars show the min and max. Dark lines correspond to pe-
riodic boundary conditions and light lines correspond to open boundary conditions.
The total number of sites is L = 10 and the number of sites in A is [, = 3.

B The time evolution of BOMI and TOMI in the one-dimensional
disordered Heisenberg model

Here, we will explain the time evolution of BOMI and TOMI in the partial overlap and disjoint
configurations of the one-dimensional disordered Heisenberg model.

* Small w region (w = 1): As in the full overlap configuration, the late time value of
BOMI and TOMI in the partial overlap and disjoint configurations follows the Page’s
curve (See, Figures 13, and 14).

* Near critical region (w = 3): The time evolution of BOMI and TOMI depends on the
operators and boundary conditions. In the partial overlap configurations, the late time
value of BOMI and TOMI is larger than that in (34) with w = 1. In the disjoint configura-
tion, the late time value of BOMI and TOMI in the chaotic phase (w = 1) is independent
of the distance between two intervals, d, but that of BOMI and TOMI near the critical
point (w = 3) depends on d. In (34) with OBC, the late time value of BOMI is a monoton-
ically decreasing function of d, but that of TOMI is a monotonically increasing function
of d. The d-dependence of BOMI shows MBL prevents the information from spreading,
and that of TOMI shows MBL prevents the information from being delocalized.

* Large w region (w = 50): As in Figure 13, for the partial overlap configuration, the
value of BOMI and TOMI with the enough strong disorder increases, when w increases.
As in Figure 14, when w increases, the value of the BOMI with the enough strong dis-
order in the disjoint configuration decreases, but the value of the TOMI decreases. In
the disjoint configuration, the late time value of BOMI and TOMI in the chaotic phase
(w = 1) is independent of the distance between two intervals, d, but that of BOMI and
TOMI near the critical point (w = 3) depends on d. In (34) with OBC, the late time value
of BOMI is a monotonically decreasing function of d, but that of TOMI is a monotonically
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Figure 14: Time evolution of (a-c) BOMI and (d-f) TOMI of the operators U, agcl),
ag,l), and O'gl) in the disordered spin chain model for the disjoint configuration. The
local operators are located at the left boundary of A and the left boundary of B is a
distance d from the right boundary of A. The disorder strength is (a,d) w =1, (b,e)
w =3, and (c,f) w = 50. Solid lines show the mean over 20 disorder configurations
and error bars show the min and max. Dark lines correspond to periodic boundary

conditions and light lines correspond to open boundary conditions. The total number
of sites is L = 10 and the number of sites in A and B are [, =l = 3.

increasing function of d. The d-dependence of BOMI shows MBL prevents the informa-
tion from spreading, and that of TOMI shows MBL prevents the information from being
delocalized. As in Figure 14, when w increases, the value of the BOMI with w > w; in
the disjoint configuration decreases, but the value of the TOMI decreases.
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