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Abstract

This thesis investigates important connection between two longstanding
problems in theoretical physics: the information loss paradox in quantum
gravity and the thermalization phenomena in quantum many-body systems.
Although these problems originate from entirely different contexts, the AdS/CFT
correspondence which is theoretical duality between chaotic quantum many
body systems and gravity reveals that they are, in fact, two manifestations of
the same underlying phenomenon.

Black holes exhibit thermodynamic behavior, and semiclassical gravity
predicts information loss during Hawking evaporation, apparently contradict-
ing unitarity. In the AdS/CFT framework, however, gravitational dynamics
including black hole formation is mapped to the unitary time evolution of
strongly coupled quantum many-body systems. This correspondence pro-
vides a precise reformulation of Maldacena’s information loss problem: the
late-time behavior of thermal correlation functions predicted by semiclassical
gravity fails to match the exact unitary evolution of the dual quantum system.

A key ingredient in resolving this discrepancy is the eigenstate thermaliza-
tion hypothesis (ETH), which characterizes thermalization in chaotic many-
body systems. By studying the large-deviation technique for thermal correla-
tion functions, we give a possible way of probing ETH for single non-integrable
Hamiltonian with some non-trivial assumptions. In holographic systems, ETH
captures the non-perturbative physics responsible for wormhole contributions
in the gravitational path integral, thereby providing a quantitative and con-
ceptual resolution of Maldacena’s version of the information loss paradox.

Moreover the thesis further develops a holographic framework for open
quantum systems, motivated by Hawking’s original information loss problem
in asymptotically flat spacetime. We are introducing non-Hermitian deforma-
tions such as imaginary Janus interfaces and brane-based constructions. We
identify geometric counterparts of dissipative dynamics and measurement-

induced like processes.
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1 Introduction
There are two major and distinct problems in theoretical physics:

1. One concerns quantum gravity. We do not know the correct procedure for
computing the quantum gravitational path integral. In particular, quantum
effects of gravity are important inside black holes. We do not know the fate
of particles that fall into a black hole, even though information should be

preserved in physical dynamics.

2. The other problem concerns non-equilibrium physics. We expect that any
sufficiently complicated initial state evolves toward thermal equilibrium in
finite time. However, once we try to deduce this macroscopic behavior from
the microscopic dynamics of (quantum) many-body systems, we immediately
encounter a naive paradox [14]. The macroscopic world has a time arrow,

whereas microscopic dynamics does not.

What we show in this thesis is that, under certain circumstances, these two
problems are equivalent. The key notion is the AdS/CFT correspondence. We now

explain this equivalence in more detail.

B Black hole thermodynamics

Bekenstein and Hawking found that classical black holes obey the laws of ther-
modynamics [15,16]. In particular, a static black hole represents a thermodynamic
equilibrium state. A naive way to understand this is as follows. A black hole solu-
tion is characterized only by a few parameters such as mass, angular momentum,
and electric charge. Suppose we throw some objects into a black hole; the black hole
gains mass. The difference between the two black holes is then only the mass and is
independent of the detailed information about the objects we threw in. Naively, this
is because the objects cannot escape from the black hole, and we cannot retrieve
their fine-grained information. This situation is completely analogous to thermody-
namics: an equilibrium state is characterized by a few parameters such as energy and

charge, and for a given equilibrium state, we cannot know how it was prepared [17].

B Holographic correspondence

The surprising point is that this analogy is not merely superficial. Black hole
thermodynamics is in fact the thermodynamics of some quantum many-body system.
This observation stems from the entropy of the black hole. Bekenstein and Hawking

found that the entropy of a black hole is proportional to the area of the horizon:

Arealhorizon]
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Figure 1: AdS/CFT relates gravitational collapse of a massive star into a black hole
to the quantum many-body dynamics evolving from a non-equilibrium state to an
equilibrium state, for example by a quantum quench.

In usual quantum many-body systems, entropy is an extensive quantity, i.e. it is
proportional to the volume rather than the area of the boundary. Thus the black hole
looks exotic. Susskind and ’t Hooft argued that a black hole should be equivalent
to a thermal system whose extensive entropy lives in one lower dimension [18,19].
This idea is called the holographic correspondence.

B AdS/CFT correspondence

Following this idea, Maldacena conjectured that this equivalence can be real-
ized concretely [20]. He proposed that a (d 4 1)-dimensional quantum gravitational
theory on AdS spacetime is equivalent to a d-dimensional strongly coupled quan-
tum many-body system without gravity. This equivalence or duality is called the
AdS/CFT correspondence. Although this duality is still a conjecture, there is abun-
dant evidence [21]. By using this duality, we can understand the dynamics of black
holes through the dynamics of quantum many-body systems, and vice versa.

In particular, black hole thermodynamics can be extended to non-equilibrium
regimes. Gravitational dynamics is mapped to the non-equilibrium dynamics of
quantum many-body systems. For example, gravitational collapse of a star corre-
sponds to quantum thermalization from a non-equilibrium initial state [22]. See
Figure 1.

B Information loss problems

Using the AdS/CFT correspondence, we can tackle one of the most important

problems in quantum gravity: the information loss problem. There are two versions

of this problem:



1. Hawking’s information loss problem [16]: Suppose we have a massive

star represented by some pure state; see Figure 2. Importantly, a black hole is
not completely black: it emits thermal Hawking radiation and evaporates [23].
In asymptotically flat spacetime, this evaporation continues for a long time,
and the black hole may eventually turn entirely into a collection of thermal
radiation. The problem is that this thermal radiation is characterized only by
a few parameters such as its temperature. The initial state, however, contains

many parameters {c, }n,

V) = Z cn |En), (1.2)

and during the evaporation process we seemingly lose this information. How-
ever, any physical process in a closed system should be unitary and preserve
information. In particular, holography tells us that gravity is equivalent to a
usual quantum many-body system, where information is preserved. This naive
discrepancy is called the information loss problem.

. Maldacena’s information loss problem [24]: Within AdS/CFT, we can

formulate the information problem more quantitatively. Consider throwing
a light particle from the AdS boundary into an AdS black hole. Because
the black hole emits thermal radiation, we can compare the original particle
with the outgoing radiation. This is equivalent to computing the probability
amplitude. According to the AdS/CFT dictionary [25,26], the light particle
corresponds to a low-energy operator O and the amplitude corresponds to the
real-time evolution of a thermal correlator in a quantum many-body system,

T [ple, O(H)O(0)]. (1.3)
By computing this correlator using semiclassical gravity, we find that it decays
monotonically:

Tr[pll) O(t)O(0)] ~ e "/taee (1.4)

can

where t4e. is some time scale. If we trust the semiclassical computation, this
decay continues indefinitely and eventually approaches zero. However, from
general principles of unitary quantum mechanics, the correlator cannot vanish,
as shown in Figure 3. This discrepancy constitutes Maldacena’s information

loss problem.

Eigenstate thermalization hypothesis and the resolution of Malda-

cena’s information loss problem

The natural questions are why gravity appears to lose information and where

the information goes. The first question is easily answered. After the time scale

10
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Figure 3: Time dependence of the two-point function Tr(e ##O(t)O(0)). The blue
curve represents the contribution predicted by ETH and the associated wormhole
saddle, while the red dotted curve shows the semiclassical computation. These two
curves do not agree for ¢ /= ¢34, This is Maldacena’s information loss problem.

when the correlation function becomes of order e?(*B1)  semiclassical gravity loses
its predictive power [24]. This is because e~ 9(581) = ¢=O1/GN) 50 non-perturbative
effects become important. The next question is how to understand these effects at
late times.

Since gravitational dynamics is faithfully encoded in the non-equilibrium dynam-
ics of the dual quantum many-body system, we should learn from the latter. The
key point is that the relevant quantum many-body system is strongly coupled and
therefore chaotic [27-29].

Chaotic systems are expected to thermalize. A possible mechanism for ther-
malization is the eigenstate thermalization hypothesis (ETH) [30-32]. This gives

conditions for matrix elements of an operator O in the energy eigenbasis:
(Ep| O |Ey) — Tr[pmeO] & e 25 (E,|O|Ey,) ~ e 257, (1.5)

where Sy, is the microcanonical entropy. Once ETH is satisfied, one can show
thermalization for any initial state. ETH also predicts the late-time behavior of

correlation functions. Importantly, the small right-hand side of (1.5) contains the

11



factor e~O5me) and via AdS/CFT we identify Sy, = Sgg. Thus ETH knows about
non-perturbative effects, and by studying ETH in the dual quantum many-body
system and translating its implications through the AdS/CFT dictionary, we can
resolve Maldacena’s information paradox.

ETH was originally motivated by random matrix theory (RMT), a model of
quantum chaotic systems. Srednicki and Deustch proposed that RMT arguments
lead to the ETH ansatz

(Ep| O |En) = O(E) b + € 25E) (B, w) Rum, (1.6)

where R,,, is a random variable. In recent decades, the relation between random
matrix theory and gravity has developed significantly. A concrete example is the
JT/SYK correspondence [33,34]: JT gravity is a two-dimensional dilaton gravity
theory , and the SYK model is a Majorana quantum mechanics with random cou-
plings. It has been shown that at late times, these two theories share random matrix
universality [35-37]. In particular, Saad showed that by accurately incorporating
non-perturbative wormhole contributions in JT gravity which is obtains thermal
correlators consistent with the ETH ansatz (1.6) [38].

This is promising, but not the whole story. JT/SYK correspondence is simple but
quite different from higher-dimensional AdS/CFT because the SYK model involves
ensemble averaging. To understand possible wormhole-like contributions in higher
dimensions, we must seriously consider setups without ensemble averages.

Nevertheless, ETH should still hold. Although ETH was historically inspired
by RMT, it is not fundamentally tied to it. ETH is a condition for thermalization
that can be formulated without RMT and applies to any spacetime dimension with
a single Hamiltonian. For example, there are numerically confirmed that the ETH
holds in some non-integrable systems [39].

With this in mind, in Part II of this thesis we answer the following question:

Goal of Part of this thesis

(Q) What is the precise and quantitative relation between ETH and the gravi-
tational path integral with wormholes and black holes?

(A) By using large deviation techniques, we relate ETH to the long-time average
of thermal correlators for any quantum many-body system. Applying this rela-
tion to AdS/CFT, we show some possible strategy for proving that holographic
quantum many-body systems satisfy the (strong) ETH in any spacetime dimen-

sion, without performing exact diagonalization.
\ J

B Open quantum systems and Hawking’s information loss problem

12



Hawking’s information loss problem involves evaporating black holes in asymp-
totically flat spacetime. To discuss holographic duals of flat spacetime, we need to
generalize AdS/CFT. One interesting way is to couple AdS spacetime to a large
external bath [40,41]; see Figure 4. From the perspective of the boundary the-
ory, this acts as a dissipative deformation. Thus we must consider a holographic
correspondence for open quantum systems.

In typical open quantum systems [42], time evolution can be divided into two

parts:
1. Time evolution with a non-Hermitian Hamiltonian,
2. Jump dynamics, such as measurements in quantum mechanics.

One goal of this thesis is to provide a concrete example of the holographic corre-
spondence for these two effects. This is achieved by deforming the usual AdS/CFT

framework.

Goal of Part of this thesis

Construct the building blocks of the holographic correspondence for open quan-

tum systems.

Figure 4: Setup of AdS coupled to a bath. Hawking radiation (red) can escape into
the flat bath.

B Organization of this thesis

This thesis is organized as follows. It is divided into three parts.

In Part I, we review the foundations of black hole thermodynamics and the
information loss paradox (Section 2) and the AdS/CFT correspondence (Section 3).
In Section 4, we discuss generalizations of AdS/CFT. Most of Part I is review, but
some parts of Sections 4.2 and 4.4 include new results based on our papers [2,3].

In Part II, we examine the relation between ETH and gravity in AdS/CFT. In
Section 5, we review the foundations of statistical mechanics for closed quantum

systems and ETH. In Section 6, we introduce a strategy for proving strong ETH

13



based on [1], which relates ETH to thermal correlation functions. In Section 7, we
give examples of non-equilibrium dynamics in AdS/CFT and introduce Maldacena’s
information loss problem. Finally, in Section 8, we explain why AdS/CFT satisfies
the ETH criteria developed in Section 6.

In Part III, we discuss possible holographic duals of open quantum systems.
In Section 9, we introduce the holographic setting of evaporating black holes and
explain the motivation for studying open-system holography. In Section 10, we
present a concrete realization of holography with non-Hermitian physics via imag-
inary Janus deformation, based on [2,3]. In Section 11, we explain a setup of
gluing two AdS/CFT systems as a possible model of open-system holography, based
on [4,8]. In Section 12, we see that boundaries and interfaces produce measurement-
like behaviors, such as the decrease of entanglement entropy, based on [5,7,10, 11].

In Part IV, we give a summary and conclusion.

14



Part 1
Blackhole, Information loss and

holography
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2 Black Holes and the Information Loss Problem

In this section, we review the basics of blackhole thermodynamics, Hawking radia-

tion, holographic principle and information loss paradox.

2.1 Black Hole Thermodynamics

A black hole, which is a solution to Einstein’s equations in general relativity, is a
configuration that obeys thermodynamics. First, we show that a classical black-hole
configuration satisfies the first law of thermodynamics. Below we review the method
based on Noether’s theorem due to Wald [43,44]. Boldface symbols denote differen-
tial forms. Consider a field theory in d + 1 dimensions that includes gravity. Let ¢
denote all fields, including the gravitational field. The variation of the Lagrangian

18

L =E ¢ + dS[e, i¢) (2.1)
where
oL
E — % 7 (2.2)
o adet oL oL
S=(d""2)a (3¢,A5¢ + a¢,A,35¢’B + ) ) (2.3)

The object S is called the symplectic potential. From this we obtain the equations
of motion
E£0, (2.4)

where £ denotes equality upon using the equations of motion.
On the other hand, if §, is a variation corresponding to a symmetry of the action,

then there exists a d-form X such that
0L = dX. (2.5)
In particular, when the symmetry is a diffeomorphism generated by a vector field &,

5el = LeL (2.6)
= d(ieL) (2.7)

so that X = ¢¢L. Using the identity valid for any differential form,

Le=dic+ied, (2.8)

16



and the fact that L is a (d + 1)-form, we obtain

5eL = d(icL) (2.9)

Hence, the Noether current associated with £ is the d-form
J=S[¢,0c¢] —icl, dJ20. (2.11)
Using this current, the Noether charge H[{]| defined on a Cauchy surface ¥ is
H[¢] = /EJ- (2.12)

That this charge is conserved follows, for two Cauchy surfaces ¥, ¥;, 4, from the

dt%zs[ﬂ:[/zt+dt_/&]°ﬂ:/‘,djéo (2.13)

where V' is volume surrounded by ¥;,4; and ;. Since the Noether current is closed

on-shell relation

on-shell, by Poincaré’s lemma there exists a (d — 1)-form @Q such that
J2£dQ. (2.14)

This (d — 1)-form Q is called the Wald charge. Consequently,

H[é]z/zﬂé BEQ. (2.15)

To derive the first law of black-hole thermodynamics, consider a perturbation d¢

around a solution ¢ to the equations of motion. For this perturbation,
0J = 6S[¢, 6¢p] — 10, (2.16)

where we assume 6§ = 0. Furthermore,

ie0L = ig(Ed¢p + dS[e, d¢]) (2.17)
= LcS[o, 6¢] — d(icS[9, 0¢)]) | (2.18)

so altogether
0] = Q[¢, 09, 0¢0] + d(icS[, 6¢]) , (2.19)

17



where we defined
Q¢, 09, 6¢¢] := 6S[¢, 0] — d¢S[9, 5] . (2.20)
Using the (d — 1)-form

Kelog, ¢] = —0Q¢ + icS[o, 6¢] (2.21)

the variation of the Noether charge is defined by

amig = [ ®doo.ol = [ o0 [ ieslo.do. (222
) % )

Note that this differs from the earlier definition by a surface integral of the interior

product of the symplectic potential. Variations of thermodynamic quantities—such

as the mass variation in the Schwarzschild black hole—are of this type. In general,

AH €] need not be integrable with respect to 6. Now we consider blackhole solutions

with bifurcation surface B. We take Cauchy slice ¥ such that 0¥ = BU0JY, where

0Y. is subset of asymptotic infinity. See figure 5 for intuition.

Figure 5: Example of blackholes solution.

Suppose there are Killing vectors corresponding to time translations ¢ and rota-

tions m. Then the variations of energy and angular momentum are defined by

AE — SH] - /8 50— Sl 0] (2.23)
AT = — /8 16— inS(0,54]). (2.24)

This energy corresponds to the ADM mass with possible long-range-correlation cor-

18



rections. If there exists a (d — 1)-form B such that

5 / iB = / iS[6, 69], (2.25)
15)3)88 0¥
then we can integrate over § and write
N

Let B denote the bifurcation surface, and consider a Killing vector that can be
written as
E=t+Qygm. (2.27)

Since Le¢ = 0, we have Q[¢, d¢, 6c¢] = 0, and hence

6J[€] = dieS[6, 6¢) . (2.28)
On the other hand, by definition 6J £ § dQ, so

6Q — icS[¢, d¢) = 0. (2.29)

Integrating this over X, we obtain

0= [a@—isio.oo) = [ @-islo.do) = A (230)
) ox.
Since 0¥ = B U 0¥, splitting the surface terms yields
[ 60c—isioso) = [ (60— iesio.50) (2.31)
B 000
=AE — QyAT, (2.32)

where in the last equality we used linearity of the charge variation in £. On the
bifurcation surface B, & = 0, so iS[¢p, d¢] = 0. Therefore,

/ 0Qe = AE — QAT . (2.33)
B

We can eliminate the explicit appearance of ¢ from @Q through the following

scheme:

1. Second and higher derivatives of a Killing vector can be expressed everywhere

19



in spacetime using the identity
VaVpe? = RS, €7, (2.34)

so Q can be written solely in terms of ¢ and V¢.

2. On the bifurcation surface B,

§=0, (2.35)
VAfB = KR€ap, (236)

where the second relation follows from Frobenius’ theorem and the definition

of the surface gravity k.

In this way, we obtain a Wald charge Q that is independent of the explicit form of &.
The Q depends only on the dynamical fields of the theory and their derivatives, is
invariant under diffeomorphisms on B, and is also the Wald charge associated with
the Killing vector E=¢ /k normalized to unit surface gravity. For an infinitesimal
perturbation with the Killing vector held fixed, we then have

0Q = k6Q. (2.37)
Defining the Wald entropy by
Swald = 27T/ Q, (2.38)
B
we obtain
KASWald = A(‘: — QHAJ . (239)

For simple gravitational theories which is mild deviation of the Einstein gravity we
see [45]

Area|B|
4G'n

SWald = (2.40)

and x can be regarded as a temperature. This is the first law of black-hole thermo-

dynamics.
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2.2 Thermodynamic Entropy of Black Holes from Euclidean
path integrals

Next, we show that classical black-hole solutions have finite thermodynamic entropy

from Euclidean path integral [46]. Consider the action of a gravitational theory

Liot = Ien|G] + Icu[y] + Inat[X; G, (2.41)
_ 1 d+1 - _
Ien = 67Cn /Md vV —G (R[G] - 2A) , (2.42)
1
T = da/—7 K 2.43
GH 87TGN /dM X Y ) ( )

where the boundary term Iqy is required to make the variational problem well-
defined. I,q¢[X; G] is the matter action. For simplicity, we will set the matter fields
to zero hereafter. The equations of motion are Einstein’s equations. We compute the
thermodynamic entropy of a static black-hole solution [47]. For simplicity, we pro-
ceed in the spherically symmetric case (2.48) with no matter fields. The Helmholtz

free energy of the gravitational theory in equilibrium is

F@)z—%kgzw» (2.44)

Z(B) = Trle "] = DG e fea (2.45)
KMS

with Igay = Iga + Igun. The thermodynamic entropy is

0

$(8) = (1- B~ ) 108 2(8). (2.46)
op

Here the subscript KMS on the measure indicates that the Euclidean time defined

by the timelike Killing vector satisfies the periodic boundary condition with inverse

temperature 5. When Newton’s constant Gy is much smaller than other dimen-

sionful scales, the saddle-point approximation gives

Z(ﬁ) ~ Z e—]grav[G] ~ e—IgraV[GIIIil’l] 4+ ... , (247)
Gesaddle

where the sum runs over solutions of Einstein’s equations satisfying the periodic
boundary condition, and G, denotes the configuration with minimal on-shell ac-
tion. The saddle that minimizes the action depends on 3. For example, with
compact asymptotic AdS boundary, thermal AdS dominates at low temperature
while the AdS black hole dominates at high temperature [48]. In what follows we

simply write G, as G and consider cases where a black-hole solution provides the
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dominant saddle. For simplicity, consider a static, spherically symmetric black-hole

solution in d 4+ 1 dimensions with the background metric
dr?

fr)

where f(rg) = 0 and f'(ryg) > 0 at the event horizon r = ry. Here dQ3 ; is the

ds* = —f(r) dt* + + 1203, (2.48)

metric on the unit (d — 1)-sphere S,
In asymptotically flat and asymptotically AdS spacetimes, the on-shell action
diverges because of the infinite volume. We therefore consider the regulated gravi-

tational action

[[G] = IgraV’ [Gv 7] ) <2'49)
Loy [G] = Lieg|G, 7] + I[V], (2.50)
1
I = dat! —2A 2.51
G =t /rwgrgrm + VG (RIG) - 2A) (2.51)
1 d
+ e /rood z+/v7 K[, (2.52)

where 74, is the induced metric at the IR cutoff surface r.,, and hy, is the induced
metric at r = ry + €. The counterterm I depends on the boundary condition and
the spacetime dimension. We will discuss the asymptotically AdS case in the next

chapter. For the asymptotically flat case, one may use [49]

1
I = d? Ky, 2.53
=g [ K (253)
where K, is the mean curvature of the surface r = ry embedded in the reference
metric
2 2 dr? 2102
dSO = f(rH) th + + T de*l . (254)
f(ru)

As long as the total action is finite, the precise choice of counterterms is arbitrary;
as we will see, the thermodynamic entropy is independent of this choice.
We take ¢ < ry < 1y and send € — 0 and r,, — 00 after the computation. The

thermodynamic entropy is

S(B) = — (1 . ﬂ%) 11a]. (2.55)

For a static black hole, the on-shell Lagrangian is time-independent, so

Lyrav[G] = BL(B), (2.56)
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and therefore
oL

S =43 5 (2.57)

A direct computation yields

L = — / A’ [VTEA 9,C a5+ e (VG (GO 05C a5 — GPVC05Ca5) )|
167TGN
+ /dd_lx Is(v Y K[Y] — Let) (2.58)

where EAP is the left-hand side of Einstein’s equations and hence vanishes on-shell.
Upon integrating by parts, boundary terms arise at r = ry and r = ry + €. The
contribution at r = ry combines with the Gibbons-Hawking term and vanishes due
to the boundary conditions imposed when solving the equations of motion. Thus

only the horizon contributes to the entropy:

1
167TGN

(9/3[/ = / dd_ll‘ GnA (GCAVAQBGAB - GABVC%GAB) . (259)
TH+E€

Approximating the near-horizon geometry by the Rindler metric (2.62) and evalu-

ating the integrand explicitly, we obtain

19 Vol[S4TY] Area

S(B) em =Gy (2.60)

where Area is the area of the horizon. The same formula holds more generally for
static spacetimes [46,50]. This is the Bekenstein-Hawking entropy.
Also the inverse temperature is determined from the horizon singularity. Near

the horizon the metric becomes

dr?

ds® ~ —f'(ry)(r —rp) dt” + J'(ra)(r —rg)

+17,dQ3 . (2.61)

In what follows, we treat f(r) as a smooth function with a simple zero at r = ry.

Define a new radial coordinate p by p = m . Then
ds? & —4f'(vy)?p? dt* + dp® +1%,dQ5 . (2.62)

Upon Wick-rotating tg = —it, the first two terms become
ds? = 4f'(rg)?p* dt3, + dp? . (2.63)

Unless the Euclidean time tg is periodic with period Sy = L the resulting space

s
f'(tu
has a conical singularity at the horizon; in particular, the Ricci scalar acquires a
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delta-function singularity. If the metric solves Einstein’s equations and the matter
fields do not have such delta-function singularities in their stress tensor, this conical
singularity is not allowed. Hence, tg must be identified with period Sy = m
Due to this periodicity, all correlation functions of a field theory on this background

satisfy the KMS condition. That is, the field theory is thermal with inverse temper-
ature = Oy.

B # Bu B =P

Figure 6: Left) Spacetime with 8 # Bg: a conical singularity appears at the horizon
r=rpg. nght) 6 = 5[{

2.3 Hawking Radiation
Next, we consider a QFT on blackhole [23,47,51,52]. In Hawking’s original work [23],

one considers quantum fields on a black hole formed by gravitational collapse and
shows thermal radiation by comparing Bogoliubov coefficients between past and fu-
ture null infinity Z~ and Z*. This thermal radiation is called Hawking radiation.
The essence common to both derivations is the presence of two distinct notions of
time in the theory or state. For instance, in the static black-hole example above,
there is the time ¢ of an observer at infinity and the time generated by the Killing
vector associated with the horizon. In Hawking’s setup in asymptotically flat space-
time, one has the Minkowski time at infinity and the proper time of an observer
falling into the black hole. Each time coordinate comes with its own Hamiltonian
and Fock space. In finite systems, Fock spaces generated by different Hamiltonians
are related by a unitary transformation, so a state in one Fock space can be expressed
as a linear combination of states in the other. However, in infinite systems such as
quantum field theory, the transformation between the two Fock spaces involves di-
vergent integrals unless regularized, and becomes a singular unitary transformation;
a state in one Fock space cannot be written as a regular linear combination of states
in the other [53,54]. For example, consider infinitely many harmonic oscillators ay
and their Bogoliubov transforms oy (0) = oy + 0. Each oscillator defines a vacuum

and a Fock space. If |#) denotes the vacuum of a(#) and |0) the vacuum of ay, then

0) = exp{_%/ddkwkﬁ _ /ddmk a,L} 0y (2.64)
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and (0]f) = 0. Such a phenomenon also appears in discussions of phase transitions,
where distinct Fock spaces correspond to different phases. In the case of Hawking
radiation, the two Fock spaces correspond to the two notions of time and are related
in this way [55]. The vacuum with respect to one time appears as a condensate
of particle pairs with respect to the other. Consider an observer near the horizon
measuring with respect to the Killing time who looks at the Minkowski vacuum
at infinity: this state exhibits pair creation and annihilation with respect to the
Killing-time particles. Because of the presence of the horizon, one particle of each
pair falls into the black hole and never returns, while the other escapes to r — oo
and is observed as thermal radiation.

One important remark is that we need to distinct the entropy of Hawking radia-
tion from the entropy of the blackhole. The former one is purely matter contribution
similar to the Unruh effect. On the other hand, the latter is purely contribution from
the classical gravity. Sometimes we can think of that the entropy of the Hawking
radiation as the blackhole entropy with ”fine tuning” UV cut-off of the QFT on the
blackhole. To see this, let us consider t’Hooft’s brickwall model [56]: we set a hard
wall on the stretch horizon r = ry + €. Since the wall hide the horzion, there is no
classical gravity contribution to the blackhole entropy. Also the wall play a role of
UV regularization. For example, the QFT in Rinder wadge have the natural energy
which is nothing but a boost operator. This boost operator has continuous spectrum
and shows the UV divergence. In the recent terminology of the operator algebra the
continuous spectrum of the boost operator is refereed as the type IlI; von Neumann
algebra [57,58]. Once we set the stretch horizon, the spectrum is discretized. Then
the leading contribution is coming from the matter thermal entropy. For free field,
by using the heat kernel method, we can concretely compute the matter thermal

entropy is proportional to the area of black hole divide by the UV cut-off

Area
Smar =9 g 0 (2.65)

where # is some numerical constant depends on the theory we consider [59]. By
fine-tuning the € = O(l,) we can obtain the Bekenstein-Hawking formula (2.60).
Actually we have the another interpretation for matter contribution. Following
to [60], the brickwall type regularization can be considered as the regularization of
the entangling surface. Thus, the matter entropy (2.65) can be considered as the
entanglement entropy between the inside and out side of the blackhole horizon. Now

we consider a generalized entropy

Sgen = SBH + Smat (266)
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which is total thermal entropy in the quantum gravity path integral. Susskind and
Uglum considered that the entanglement entropy of the string theory is finite since
there is minimum length scle I, and corresponding this Sge, is finite [61]. At the

level of the small but finite G by doing the renormalization of Newton constant
1

of the generalized entropy is referred as the type II von Neumann algebra [62].

= ﬁ + % we obtain the finite Sgen- In the recent terminology the finite ness
N €

2.4 Holographic correspondence

In the previous section we see the following facts:

e The blackholes which are the solution of classical equation of motion of the

gravitational theories possess non-trivial entropy.

e The blackhole entropy is proportional to the area of blackhole and inverse of

gravitational coupling.

In usual (quantum) many body systems, the thermodynamic entropy is extensive for
the system size [17]. In this sense, the blachole entropy is exotic. We may explain
this exotic scaling of blackhole entropy by thinking that area law of blackhole entropy
in d+1 dimensional gravitational theory is considered as the usual extensive thermo-
dynamic entropy in d dimensional quantum many body systems. By proceeding this
consideration in more deeply, t’"Hooft and Susskind suggest that this exotic behavior
of blackhole entropy in gravitational theory is explained by holographic principle:
d+ 1 dimensional gravitational theory is equivalent to d dimensional quantum many
body systems [18, 19].

In usual statistical physics, the thermodynamic entropy is emergent concept
raised from the thermodynamic limit. For example, when we write down the thermal

partition function in terms of spectral function p(E) := ) 0(E — E,,), we see

Z(B) = Trle "] = Ze‘ﬁE" = /dEp(E)e_BE. (2.67)

n

_ Vs(E/V)+o(V

When we assume p(FE) ) with convex function s(u), we write

2(8) = [ A S UEN B0 5 (55 (2.68)

with thermodynamic relation 0S/0FE|g, = f in the saddle point approximation
under thermodynamic limit V' — oo [63]. Similarly in the gravitational theory
gravitational entropy is also emergent in some thermodynamic limit. Indeed the

semi classical limit Gy — 0 play a role of thermodynamic limit. We consider a
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Figure 7: Process of gravitational collapse and evaporation

quantum gravity partition function
Zgrav</8) = /DG’DXeIgraV[G]Imatter[X%G] ~ eSBH*ﬁE*. (269)

and by taking the "naive” thermodynamic limit Gy — 0 we obtain the Bekenstein
Hawking entropic formula (2.60). In the holographic principle 1/Gy corresponds to
the number of local degree of freedom. The AdS/CFT correspondence is beautiful

example which realize these discussion in concretely.

2.5 Black-Hole Evaporation and the Information Loss Prob-
lem

So far we have treated a black-hole solution as a fixed background, but now we
consider the back reaction of Hawking radiation. From the viewpoint of an observer
outside the horizon, the in-falling partner of a created pair carries negative energy,
so the black hole loses mass as it emits Hawking radiation. In an asymptotically
flat spacetime without boundaries, the Hawking radiation does not return to the
black hole, and the mass is expected to eventually go to zero; that is, the black hole
ultimately evaporates.

Now consider a pure state |¥) with large energy. According to general relativity,
such a quantum state undergoes gravitational collapse to form a black hole and
begins to emit Hawking radiation. Eventually, the black hole evaporates, leaving a
thermal state consisting of Hawking quanta. See figure 7 for illustration. From the
semiclassical analysis above, this final thermal state is a mixed canonical ensemble.
Naively, the process of formation and evaporation of a black hole thus appears to
evolve a pure state into a mixed state, seemingly violating unitarity [64]. On the
other hand, superstring theory, a candidate for quantum gravity, is a unitary theory;
hence the final state after evaporation ought to be pure. The apparent non-unitarity

of the evaporation process is called the information loss problem. Later we will
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see more concrete realization of information paradox in the context of AdS/CFT

Correspondence.

3 AdS/CFT correspondence

The AdS/CFT correspondence is a concrete realization of the holographic correspon-
dence. They are duality between quantum gravity with asymptotic AdS structure
and some conformal field theories(CFT). Originally, it is conjectured by Malda-
cena by using the super string theory [20]. The duality relation is still conjecture
but there are many justification [21]. Moreover, the AdS/CFT correspondence is
nowadays considered as a duality relation which can be geneal more than the string
theory. For example we can see some matching of symmetry, correlation functions,
entanglement structure for examples for some simple setting which may not have
string theory interpretation [65].

In this section, we review the basic of AdS/CFT correspondence and their dic-

tionary.

3.1 AdS/CFT correspondence: Maldacena’s discussion

Maldacena pointed out that some QFTs obtained from the excitations on certain
branes match the string theory on AdS times some compact manifolds in certain
limits. Especially, he showed that the large N limit of certain CFTs in various
dimensions are equivalent to the supergravity on the product of AdS, spheres and
other compact manifolds. The insight comes from the two equivalent views for the

brane configuration.

3.1.1 World volume theory point of view

Let us consider a brane configuration where N parallel D3-branes are sitting. There

are naively two kinds of string excitations.
e open strings from D3-branes,
e closed strings from ten-dimensional empty space.

In this situation, we take a low-energy limit in the sense that the energy scale E we

take into account satisfies F < 1/l;. Then only the massless modes survive.

e open strings: vector multiplet on the D3-brane, N' = 4 U(N) super Yang
Mills theory (SYM) ,

e closed strings: ten-dimensional gravity supermultiplet, type II B super grav-
ity(SUGRA).
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The low-energy action is expected to take the form:
[tot = [bulk + Ibrane + Iint- (31)

Taking the weak-gravity limit x — 0, the interaction between branes and closed
strings vanishes. So the world volume theory on the D3-branes and ten-dimensional
SUGRA decouple. More precisely, the decoupling limit is the following: keeping
the energy scale E fixed and taking [, — 0, that is Fl;, — 0, while keeping all the

dimensionless parameters gy, N fixed. Then the Newton constant £ ~ g,a’?> — 0.

3.1.2 SUGRA point of view

The SUGRA solution that carries D3-brane charges is

ds? = f7V2(—dt? + da? 4 ok + dal) + f2(dr? 4 r2dQ3), (3.2)
Fs=(1+*)dt Adzy Ada* Ada® Adf (3.3)
4
e’ =g, f=1+ 54, R* = 41g,a”®N. (3.4)
r

The proper energy E, at r and the energy for an observer at infinity satisfy
dr,E, = dr B, E=f"''E, (3.5)

Thus the redshift means that the same object brought closer and closer to r = 0
appears to have lower and lower energy for the observer at infinity. Next, we consider
the low-energy limit. To this end, we consider the throat around the brane with
string-scale radius. We want to consider the o/ — 0 limit, but now we want to
consider the duality between the world volume theory and the bulk, so we should
keep fixed the energies of the objects in the throat (the near-horizon region). Then
we can consider arbitrarily excited string states. More precisely, we fix [;F,. In this
limit, we also keep the energy from infinity
r lsr

Ey ~ EPZ ~ Ep?, (3.6)

which is the energy of the field theory on the brane. With this setup, the low-energy

excitations from the point of view of an observer at infinity are

e the long-wavelength massless particles in the bulk region: ten-dimensional
SUGRA,

e any kind of string excitation in the near-horizon region.

These two excitations decouple because of the following reasons:
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e the long-wavelength low-energy massless particles in the bulk do not get ab-
sorbed into the throat since their absorption rate is o ~ w?R®. Naively speak-
ing, in this low-energy limit, the wavelength of the bulk particles becomes

much bigger than the typical gravitational size of the brane ~ R;

e similarly, the excitations that live very close to r = 0 find it harder and
harder to climb up the gravitational potential and escape to the asymptotic

region [66].

To consider the near-horizon region in the low-energy limit, it is convenient to in-
troduce the fixed coordinate U = r/v/«’. Then, taking o/ — 0, r — 0 with fixed
U, gs, N, we obtain

U? dU?
ds? = o W(—dﬂ +da? + dal + da?) + 47795NW + \/47rg5NdQ§] :
(3.7)
This is the metric of AdSs times S°. The important point is that the AdS radius
and the radius of the S® match,

Ligs = R = o/ \/4mg,N. (3.8)

3.1.3 Duality

Finally we have two different points of view for the same configuration in the ap-

propriate low-energy limit.

e World volume theory: four-dimensional N'=4 U(N) SYM + ten-dimensional
SUGRA in the flat background.

e SUGRA: type II B string on AdSs x S° (near horizon) + ten-dimensional
SUGRA in the flat background.

Here + means the two theories decouple. So it is natural to conjecture that : The
four-dimensional N' =4 U(N) SYM is equivalent to type Il B string on AdSs x 5°.
There are some comments for AdS;/CFTy4 which will be important in later dis-

cussions.

e In the above argument, the validity of the SUGRA solution requires that the
curvature of the solution is much smaller than the string scale,

4 2
R°  Lias

¥y TR gsN ~ g2 N =X> 1. (3.9)
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Also, the D-brane description above is valid when the D-brane is a heavy
object, that is
gs < 1. (3.10)

So we need large N in the above argument. This can also be seen from the
suppression of quantum gravity effects:
4

R
N> (3.11)

p

We can trust perturbation theory in SYM when

R4
A=gyN=gN~-— <1 (3.12)

g
So the AdS/CFT correspondence is a strong/weak duality in the sense that
the region where the theory can be easily treated is different and the hard part
on one side can be computed from the easy part of the other side. Another
important point is that the 1/N expansion in SYM corresponds to the ex-
pansion of the quantum fluctuations in quantum gravity. Especially, Hawking
radiation is a 1/N effect.

The isometry of AdSs x S° corresponds to the global symmetry of the SYM.
The isometry of AdSs is SO(4,2) and this is exactly the conformal symmetry
of the four-dimensional SYM. The SO(6) isometry of S® is the R-symmetry
of the N' = 4 supersymmetry in SYM.

The SYM coupling is given by the string VEV

L o _1.x (3.13)
gym 2T gs 27

and gs, x are the VEVs of the dilaton and the RR 0-form in string theory. The

SL(2,7Z) duality in SYM corresponds to the SL(2,7Z) symmetry of type II B

string on flat space. The AdSs x S° background is also invariant under the

SL(2,7Z) duality. We also note that N is given by the number of D3-branes or

equivalently the flux of the RR 5-form,

N=|[ F. (3.14)
s,

When the D3-branes do not coincide, there appear strings stretched between

branes. They are W bosons in the world volume theory. The mass of the W
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boson is the tension times the length of the string, thus My ~ r/a’ = U,
which is kept fixed in the low-energy limit.

e By considering other types brane configuration we obtin AdS/CFT correspon-

dence with other dimensions.

Moreover we can discuss AdS/CFT without string theory. As we will see from right
now, by consider some gravitational theory on AdS and moderate dictionary we can

see matching of symmetry, correlation functions and so on.

3.2 GKPW relation and holographic renormalization
3.2.1 GKPW relation

From the above discussion, the AdS/CFT correspondence is essentially a relation
between the closed string scattering process in the gravitational theory and open
string propagation on the brane. From the gauge theory perspective, the open string
propagation is the same as the correlation functions of gauge-invariant operators.
Gubser-Klebanov-Polyakov and Witten suggested that this relation is formulated
by the equivalence of the quantum gravity partition function with certain boundary

conditions and the sourced partition functions of CFTs [25,26]:

ZgraV[X ~ XO] - <eXp <_ XoOx)> = eWCFT[XO] (315)
oM CFT

Here X ~ X, means that we do the gravitational path integral with the Dirichlet
boundary condition X, times some conformal factor. Often we consider the saddle-

point approximation for the gravitational theory, that is

Lav[Xo] = —Werr[Xo], (3.16)

where the underline denotes the on-shell action. With this relation, the correlation

functions are, in order,

5Igrav
(Ox(@)) = =255 (3.17)
5(;5(0)(1}) é(0)=0
(Ox(2)Ox (1)) = — i (3.18)
0¢0) (%) 6¢(0) (y) $(0)=0
3 (Ox(@),,,
) (y) - (319)

Now we try to do some concrete computations of correlation functions via the

32



dictionary. The two-point function can be computed as follows.

3.2.2 Holographic renormalization

B Scale/radius duality

In QFT, we have UV divergences. Also, the gravitational theory on AdS space-
time has divergences which come from the infinite volume of asymptotic AdS space-
time. Thus these divergences are IR divergences from the bulk point of view. On
the other hand, thermodynamics is IR physics of the boundary QFTs. This ther-
modynamics is related to black hole thermodynamics in the bulk. The black hole
thermodynamics is governed by the black hole horizon and thus the physics in the
deep interior of the bulk. From these discussions, we may think there is a duality
relation between the energy scale of the boundary QFTs and the bulk distance from
the boundary. More clearly, in the asymptotic AdS spacetime, there is a canonical

ADM coordinate system called the Fefferman-Graham coordinate:

ds® = dr? 4 ey (r, 2%)dzda?,
a a ! b(—2r ) a —4r a (320)
Yab (T, ) = 9(0) (") + €7 92) , (T7) + € gay () + - -

The limit » — oo corresponds to the conformal boundary. The statement of the
scale/radius duality is that we can identify the energy scale Aqpr of the boundary

QFTs with the radial coordinate: Aqpr ~ r. See Figure 8.

AdS

ke
UV IR

Figure 8: Sketch of scale raidus duality in AdS spacetime. Large r corresponds to
UV degree of freedom of boundary QFTs and small r corresponds to IR part.

B Holographic renormalization
The holographic renormalization is the scheme for regulating the IR divergences

of the gravitational theory on AdS by putting counterterms, similar to the computa-
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tion of the black hole entropy [67-69]. In AdS/CFT correspondence, the holographic
renormalization plays the role of the renormalization of the effective action of the
boundary CFTs [70].

There is a systematic method for holographic renormalization that relies only on
the induced fields on the cut-off surface [71-73]. In this method, we use the canonical
formalism of the AdS gravitational theory with the radial coordinate playing the role

of time. We consider the ADM decomposition
ds? = dr? + hey(r, v*)d2"da®. (3.21)

Here we set the lapse to be one and the shift vectors to be zero. We denote the
constant r surface by >,.. The induced metric on X, hy, is related to the Fefferman-
Graham coordinate with Ay, = €* 74. For the asymptotic AdS geometry it is useful

to consider the following dilatation operator,

)
= 20 2hyy——-. .22
(SD /Erd T habdhab (3 )

This operator is basically equivalent to the r derivative for large r. In this note,
we consider the pure gravity case. The task we do is solving the Hamilton-Jacobi
equation. To this end let us consider the Hamilton’s principal function § in the

form
S[h] = / zvVhL. (3.23)
bR
We consider the spectral decomposition for the dilatation operator,

S=Y 8ok OpSu =2k Su. (3.24)

k=0

We also have the spectral decomposition for the Lagrangian density
L= Ly, (3.25)
k=0

where each Ly is defined up to a total derivative. From the general discussion in

the Hamilton-Jacobi formalism, we have the identity

1
T5phay = 27 = ﬁép(\/ﬁﬁ) + (total derivative). (3.26)

The total derivative term can be absorbed into the Lagrangian density and we do
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not care about it. We also have, for each eigenvalue sector,

1
7 Sphay = ——=0p(VhL o). 3.27
(2k)0DNab Th ol (2k)) (3.27)

In the pure gravity case, it is known that we have the following decomposition

L= L)+ /j(g) log e ¥+ Loy+ Ly +---,
5D£(n) = —nﬁ(n), n 7& 2, 5D£~(2) = —22(2), (3.28)
opLy = —2L) — 2L ).

This is because we have the formula dpya, = 274. The transformation law of L)
shows that L(9) cannot be a polynomial of the induced fields and is thus a non-local
functional. As mentioned, the dilatation operator dp is roughly the r derivative, thus

we can read off the scaling L) ~e™", Vh ~ €. Thus we define the counterterm
Set = —/ d2$\/ﬁ<£(0) + Z(g) log 6_2T>. (3.29)
X

We also have the renormalized on-shell action

S = Sreg + Ser = / 2eVhL ). (3.30)

T

Recursive relation for L), L)
Let us introduce the method to compute the L, (n < 2) and 5(2). To this end

we consider the expansion for the canonical momenta,

1 6 / ~

ab 2 ab ab —2r ab ab

= PaevVhl = 7% + 7L loge ™ + 7 + 1% 4. 3.31
NI (0) T T(2) 08 @ T @ (3.31)

Note that dp7(n) = —nm%, (). By using this relation, the identity (3.26), and the

Hamiltonian constraint we can obtain a recursive algorithm for £,y and £~(2).

1. We know that from the Einstein action the canonical momentum is defined

asl

1
ab — _ Kh* — ), 3.32
m 167TGN ( ) ( )

In the Fefferman-Graham coordinates

1
% 0

b = = —=—Yab- 3.33
b 287‘71) ( )

IThere is a difference of the volume factor v/h from the usual definition.
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Also we know that ~,, behaves as

hap ~ €2r9(0)ab- (3.34)
This shows the leading term
T (3.35)
O " 16nGy '

2. By using the identity (3.26), we have

2(m(o) + m@) + () loge™ + way + - -)

- ) . (3.36)
= Q,C(O) +0- ,C(Q) loge ™" — 2,6(2) +0- ,C(Q) — 2£(4) + -
By picking up the equal-weight terms we have the equations
L ! T 0
=T = — T =

O =70 = "gge @ =0
Loy = —7@), (3:37)
Ligy =~

Note that there is no equation to determine Ly).

3. To determine 7(,) from Wzl[l))) we should have equations between the 7(,). These

are obtained from the Hamiltonian constraint,

0="H = 167Gy (nimy — 7°) + 167T1GNR[h] + 87;;]\;‘ (3.38)
By expanding this equation in the dilatation operator, we have
1
167G N (”go)aﬂgo)b — 7r(20)) + m =0, (3.39)
: 673 GNR[h] + 327Gy (7 T2y 0 — To)T(2)) = 0, (3.40)
27??4)a7r?0)b + 7T€)2)a7TEl2)b — 24T (0) — 7T(22) = 0. (3.41)

4. From ) we can read off the Lagrangian density L,). And from these L,

we can in turn determine WELZ).

From the second equation of the Hamiltonian constraint we obtain

1 5 1

(3.42)
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Thus we have a counterterm

1 1
Set = — d?zvh(| =1+ =R[h]loge™ " ). 3.43
. 87TGN/T :c\/_( +4[]oge ) (3.43)
We also have ] 1
~ab _ RIS — ZRIWAY® | = 0. 3.44
@ (MWGN< I = S A (348

This is consistent with the condition.

The renormalized sourced one-point function is defined as

2 0Scrr

T = — = —2 lim e¥eq®ab (3.45)
< >ren 9(0) 59(0)ab Te—300
From the momentum constraint at order d, we have
Dym)y =0 & Dy, (T*) =0. (3.46)

Next, consider the diffeomorphism r — r 4 do(x), which corresponds to a Weyl

transformation of the boundary theory. Then we find

6aSren = /ddx oo 5D (\/9(0) E(d)) = /ddl\/g(o) oo <—2 E(d)) (347)

It is therefore natural to define the conformal anomaly A as

A=2Ly). (3.48)
From (3.37), we obtain
<T((lz>ren = A (349)
For example,
i=2: A= ——Rlgo]
N ’ N 167TGN g(O) ’
d=4: p— 1R[ 12 + Raplgo)) Rg(0)] | o< Ewy + 1,
=4al = 320Gy 3 9(0) ab9(0) g)] | X Liq) (4); (3'50)

Euy = Rabeag(0)] R""9(0)) — 4Ras[9(0)] R”[9(0)] + Rlg0))?,

1
Liay = —Raped[9(0)] B**[g(0)] + 4Rab|9(0)] B [9(0)] — gR[g(o)]Q-
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For d = 2, we can relate the central charge and Newton constant by

_ 3Laas
269

(3.51)

known as the Brown-Henneaux formula [74].

3.2.3 Large N factorization and QFT on AdS

In a large N gauge theory or large ¢ CFT, it is typically expected or proved that
the single-trace light operators show large N or large ¢ factorization.? This is the
statement that the OPE (operator product expansion) is given by a generalized free

theory in the large N limit. For large but finite N we expect that

(O1(21)O2(2) - - O2n(w20)) = (O1(21)O2(22)) (O3(23)Ou(24)) - - (O2p—1(T20-1) O2n(T20))

) 1
+ (permutations) + O (W) .

(3.52)

This operator algebraic structure for light operators can be obtained by the weakly

coupled QFT on AdS spacetime. For example, for a scalar operator we consider

A
Lscalar[®] = / A2V G [V ARVAD + mPd?] + N—i / AV GP? + -+ . (3.53)
M

Now we try to evaluate the leading part of the scalar correlation functions. We

consider a free massive scalar field on vacuum AdS. The on-shell action is evaluated
by GKPW dictionary (3.15) as

Lt — / dr [z~ DDz, 2)0,0(z,7)] _

2K, (|k|2)0, K, (|k|z
_ /ddlccb(k;)@(—k;) ( E’d;ﬁ(‘ké;\ ).

/ddk d(k)PD(—k) G(k), (3.54)

where the Green function is computed as (in the € — 0 limit)

Gk) = — (%’“‘) 2. 58—13 (3.55)

2Here the terminology “light” refers to operators whose insertions correspond to perturbative
excitations of the bulk gravity theory.
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It is useful to note that the scalar field solution behaves near the boundary z — 0

as

=) mek (F(ll— V) (€|2k|>_y S r<11+ V) (€|2]€|)VZA+>(3'56)

We write this as

®(z, 1) ~ afz) 2772 + B(x) 25+ (3.57)

a and [ are interpreted as the source (external field) and the expectation value
(O(z)) in the dual CFT, respectively. We also find the relation

B(k) = —G(k) a(k). (3.58)

This relation will be directly derived from

6(0) = 5, (k) = (b)) alk) = J(h) (3.59)

3.3 Holographic entanglement entropy

There is a famous RT/HRT prescription for computing the entanglement entropy
holographicallyv [75,76]. The RT formula is as follows:

S\ — min Area|l 4]

pin —, =+, (3.60)

Here, the minimum is taken over co-dimension two surfaces I'4 such that 01"y = 0A,
and I'4 is homologous to A. The I'4 that realizes the minimum is called the Ryu-
Takayanagi (RT) surface.
B Simple example: vacuum entanglement

Now we consider a simple case. We consider a vacuum AdS;3 spacetime, for
example with Poincare coordinates.

2 2 2
_ A rdtpde” (3.61)

’
ZZ

2
dSPoincare

For three dimensional spacetime, the codimension 2 extreme surface is just a geodesics.
Then by using the embedding method discussed in the Appendix A, we can easily

compute the geodesics length connecting two points P = (zp = €,tp = tp,xp = %)
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Q A P

Figure 9: The sketch of the RT surface for the POincare AdSs.

and Q = (zg =€, tg =t, 19 = —é),

(3.62)

2¢% + [?
Dist(P : Q) = Lagscosh™ ( <+t )

2e2?

Then by using the relation (3.51), we obtain the entanglement entropy for subsystem
A such that 0A = {P,Q}, by

Dist(P : [
Sy = %NQ) — 5 log (E) +0(<) (3.63)

with relation € < [. This logarithmic behavior is universal in gapless 1 4+ 1 dimen-
sional systems and we can explicitly show this for two dimensional CFTs including
holographic CFTs [77,78]. In this case, the RT surface is given by

2+ 22 =17 (3.64)

as in Figure 9.
B Heuristic proof via gravitational replica
There is a heuristic proof of the RT formula [79-81]. T am going to give a quick

review of the proof. The key points are as follows:

e In AdS/CFT, the planar limit ¢ — oo corresponds to the weak-gravity limit,
and we only consider the saddle point of the gravitational path integral with

prescribed boundary conditions.

e In the QFT replica computation, we consider the replica manifold B, and
compute the partition function on the replica manifold Z[B,]. To this end, we
compute the on-shell action of the bulk manifold M, with boundary conditions
oM, = B,.

The general strategy for the proof is following:

1. Consider solutions of the Einstein equation with boundary conditions 0M, =

B,
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2. Evaluate the on-shell action for these solutions.

3. Compute the Rényi entropy given by

W_ 1 o, ( Trh
S = 7 log <<TrpA)q) (3.65)
1 Z|B,)
=108 <Z[B]q> (3.66)
b [ ZawM)
= ! (ng[ ]q) . (3.67)

Since we are now focusing on the semi-classical limit, we will have

Zygas[M] = om0,

(3.68)
wrav|[ M| = Tgu[M] + Igu[OM].

Here we use the notation that Iy, [M] contains the boundary terms for all the
boundaries that M has. The computation of the partition function Zg,,[M,]

is a bit tricky and we will see it later.

4. Analytically continue ¢ € Z to ¢ € R and take the ¢ — 1 limit.
The argument in [81] can be divided into two parts:

1. Kinematical part: Providing the essence of how to implement analytic contin-

uation.

2. Dynamical part: Ensuring that the contribution of the saddle point configu-
ration gives the modular entropy.

Now, we go into the details.
Kinematical part

There are a few key assumptions:

e Assumption 1: We can extend the replica symmetry Z, on the boundary into
the bulk.

e Assumption 2: The fixed points of the Z, action in the bulk are co-dimension

2 loci.

Inspired by Assumption 1, we can consider the orbifold by Z,:
M, := M,/ Z,. (3.69)

The Mq is almost topologically equivalent to the original manifold M, but Mq has

a singular locus e,, which is the set of fixed points of the Z, action. Recalling the
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fact that the entangling surface 0A is the Z, fixed locus on the boundary replicated
manifold and is a co-dimension 2 surface on the boundary, the singular locus e, is
some extension of the entangling surface into the bulk. This intuition is locally valid
in the neighborhood of the conformal boundary but may not be true globally. So a
natural question to ask is when the assumptions are true. The answer is as follows:
as long as one has a family of replica symmetries parametrized by a positive integer
g and any result is smooth for integer ¢, we can extend the local statement about
the singular locus to a global one.

We now move to the gravitational setup. From now on, we focus on Mq rather
than M,. As mentioned above, Mq is almost the same as M, except for the co-
dimension 2 singular locus e,. We can think of the manifold Mq as the manifold M
with a conical defect e,, which causes backreaction and deforms M into Mq. The

tension of the defect e, is given by:

1 g—1

1q
This is because when the manifold has a co-dimension two conical defect, the Ricci

curvature behaves as:
R =ad(y). (3.71)

Here, a denotes the deficit angle, and y denotes coordinates transverse to the defect.
Now the orbifold possesses the deficit angle o = 2w — 27”. Suppose the defect can be

described by the action:

Ibrane = Tq/ \/E; (372)

where hgy, describes the induced metric on the locus; then from Einstein’s equation,
we finally obtain the tension.

Let us summarize the discussion above: we can compute the geometry of Mq and
also M, by starting from the original manifold M with a co-dimension two defect
eq with tension 7;. This claim is important because the effect of the replica index
q is converted into the tension of the defect, and this ensures that we can safely
analytically continue the integer ¢ to real values.

Consider the manifold M,(e), which is M, with a hollowed-out tubular neigh-
borhood of radius € around the Z, fixed line. Recall that M, is a smooth manifold.
Then the on-shell action of M, is

~

Lyran [My) = M0 Loy [My (€)] = 1 Ly [M (6)] =2 ¢I [MJexpioi brane- ~ (3.73)

~

Here we would like to stress that I[M,]exploit brane dO€s not possess the boundary
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term for the co-dimension one surface e,(€).
Finally, we conclude the kinematical part with a few comments about the ad-

vantages of the approach:

e As mentioned above, when we consider the analytic continuation of the integer
q to real values, in the gravitational perspective, ¢ is just a parameter for the

tension of the cosmic brane e;, and the analytic continuation should be safe.

e We can write down the metric of the original manifold M around the brane:
ds? ~ da® + dt* + (v + 2K]0 + 2K ;t)dy'dy’, (3.74)

where K7, a = x,¢, are the extrinsic curvatures with respect to the normal

vectors a = x, 1.

Dynamical part
Here we want to figure out which configuration dominates the partition function

and compute the on-shell action in practice. The metric of M, around the brane e,
+ir

in polar coordinates = + ity = ™', ¥, should satisfy the following conditions:
e 7, symmetry, i.e. invariance under 7 — 7 + 2,

e periodicity 7 ~ 7 + 2,

e smoothness of M,

e in the ¢ — 1 limit, it coincides with the original metric (3.74).

An ansatz for such a metric is the following;:
ds? = (¢*dr® + d7?) + (y35(y) + 2K cos T + 2K sin 7)dy'dy’ +---. (3.75)

This is natural from the conditions, but let us add some comments on why r? appears
in the second term. To this end, let us consider a massless real scalar field on the

background ds?, = ¢*dr®+dr?+7;;(y)dy'dy’. The equation of motion for the mode
¢ = f(r)e“ Y, (y) is: L
1 2
=) = = 0. 7
q2rdr<rd7’ ) wf=0 (3.76)

Consider solutions of this equation around the brane r ~ 0 with an ansatz f ~ r°.

We obtain s = +qw. Then around the brane:

¢ ~ (rle )Y, (y). (3.77)
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So the on-shell mode arises from the combination r%¢~'7 rather than re!”. Note that
we have the replica symmetry which requires 27 periodicity in 7, so we learn that
w € Z. Also the r-expansion is in powers of r?. This guarantees that when ¢ is an
integer the field is smooth everywhere.
The computation is the same for the perturbed metric G4 = fo])g + 0G pB.
The quotient operation does not change the functional form of the metric. Thus,

we expect the metric of M, around the defect to be again:
ds® = (¢®dr? +dr?) + (Yau(y) + 2K%5rcos T + 2K risin7)dy'dy’ +--- . (3.78)

Importantly, the range of the angle 7 is different from that in M,. It is 7 ~ 7 4+ 27
by construction. This corresponds to the conical singularity at the edge with the
deficit angle 27(1 — ). Once we have an ansatz, we can directly compute the field

q
equations. Then we obtain

q
curvature ~

Kog oo (3.79)

r

Actually, none of the higher terms can cancel this since they are just regular poly-
nomials. So the only way the equations of motion are satisfied is simply K¢ = 0
for both a = z,t. However, because we are now considering a static spacetime and
it should have reflection symmetry ¢t — —¢, K automatically vanishes. Thus the
only condition we should impose is K* = 0. This leads us to the conclusion that, to
satisfy the equations of motion, e, should be a minimal surface in the ¢ — 1 limit.

Finally we move to the evaluation of the on-shell action and the entropy. To
evaluate the on-shell action we would in principle need the global information about
the bulk manifold. But there is a trick. To compute the entanglement entropy we

use, rather than the Rényi entropy, the so-called modular entropy defined by

59 .= Lo, (q p 1S§3>>. (3.80)

It is easy to see that this matches the entanglement entropy in the ¢ — 1 limit. The

Rényi entropy is expressed in terms of the gravitational action as

1 g .
SX]) = 1—_q(10g Zgrav[Mq] - qug Zgrav [M]) = (]——1 <[[Mq]exploit locus — [grav[M]>7
(3.81)
and the modular entropy now becomes
59 = Lo 1) 3.82
A q2 q [ q]explmt locus- ( . )
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The on-shell metric depends on ¢ and we can regard J, as a deformation of the
on-shell metric.

To evaluate the g-derivative in an elegant manner, let us recall the variational
problem in general relativity. In general, any variation of the Einstein—Hilbert action

for some manifold M with boundary OM is

§Igu[M] = / [EYP5G ap + dO(Gap, 0Gap)] & O(Gap,6Gap),  (3.83)

M oM
where E4Z is a (d + 1)-form expressing the equations of motion (the Einstein
equations), and ©(G, @) is a presymplectic form. The total action is Igay[M]| =
Igu[M] + Igu[0M]. The Gibbons-Hawking term Igu[0M] is added so that we have

a well-defined variational problem; that is,

6L gray [M] = / EAPSG 45,

M (3.84)

/ @(GAB,(;GAB)—i-é]GH[aM] =0.
oM

Let us go back to the problem of evaluating (3.82). One key point is that our

gravitational action I[M]exploit ocus has the Gibbons-Hawking term only for the

conformal boundary B, and not for e,(¢). Thus

~

TN oot oeus = 10 6Ty [M,(6)] — Tanleq(€)]) = —lim bluleg(e)]  (3.85)

for any variation 8. In the last line, we use the fact that M,(¢) satisfies the Einstein

equation since there is no singularity, and M is also an on-shell geometry. So

an[Mq]exploit locus — — 11_13(1) anGH [eq(e)] (386>
and .
lim 0Tgfeq(€)] = o / » VhK. (3.87)

With the above metric (3.78) and using the fact K* = 0, we can evaluate the
extrinsic curvature K as

K=—, (3.88)

and 0,h = 0. Finally,
Areale,]

42Gn

~ lim &, anle (€)] = (3.80)
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So taking the limit and we obtain

~ Areall'y]

Sa 4G N

: (3.90)
For the time-dependent non-equilibrium situation, by repeating the above argument
in the Schwinger-Keldysh path integral, we obtain the HRT formula [76]

S4 = min Ext
IBxt Ty

Al (3.91)

4G N

with the appropriate extremal surface in the Lorentzian geometry rather than the
minimal surface. Minimal surface does not meaning since we can always take surface
to be null.

By considering the perturbation of the replica gravitational path integral, we
can discuss the quantum corrections to the RT/HRT formula. Especially we need
to consider a bulk QFT entanglement between regions separated by the RT surface.
In that case we may think there is a bulk UV divergence from matter entangle-
ment. However, similar to the generalized entropy, we can avoid this divergence by
renormalizing the Newton constant. Especially we can easily verify this point in
AdS/CFT by using the scale/radius duality. Suppose we consider asymptotic AdS
spacetime whose boundary is given by a cylinder with finite spatial volume. In this
case there is no IR-type divergence in the boundary. From scale/radius duality, we
can relate the bulk UV structure to the IR structure in the boundary QFT. So there
should not be any bulk UV divergence and they should be renormalized.

3.4 SYK/JT correspondence

In this subsection, we give a quick review of the SYK model and JT gravity, which is
a nice example of low-dimensional holography [33,34,82]. Here we refer to “low di-
mension” as holographic correspondence between two-dimensional gravity and one-
dimensional quantum mechanics. Since in two-dimensional spacetime the Einstein—

Hilbert action is topological,

/M 22V G(R[G] 4 2) + 2/ dy/YK[y] = 4mx[M], (3.92)

oM

where x[M] is the Euler characteristic. To get non-trivial gravitational dynamics we
need to add new degrees of freedom which are not topological. Also, on the boundary
side, one-dimensional conformal theories have vanishing Hamiltonian because of the

traceless condition from conformal symmetry,
H=0. (3.93)
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Thus there is no non-trivial time evolution. To get interesting dynamics we need
to deviate from this conformal fixed point. In conclusion, to get non-trivial holog-
raphy for low-dimensional systems we need to consider nearly AdS / nearly CFT
correspondence. The SYK/JT correspondence is a particular realization of nearly

AdS / nearly CFT correspondence.

3.4.1 SYK models

The SYK models are defined by theories of Majorana fermion quantum mechanics
with g-body interactions. Here we consider the Schwinger-Keldysh path integral
for SYK models for later convenience. The Schwinger—Keldysh path integral of the
SYK model is given by

T = / Dips exp{iSet[trs v-]},
1Stot [V, -] = 1S5y (¥4 ] — 1Ssyk[¥-]

/ OITCERHC (3:94)
_ a2 / dt S anea it )Zea@bilig--‘iq(t),

1<ip < <ig<N

where
€p =—€_=1, (3.95)

and f,(t) is some function of time.
J-integral
We now perform the jj 4,..;, integral. The probabilistic measure is given by the

Gaussian ensemble,

[d]’tllzlq] = H dj’hizm’iq Pq(ji1i2~-~iq)a
1<i1 < <ig <N
. 1 9
Py(Jirig-iq) = Aexp 52 Z Jivig-wig (7 (3.96)
4 1<iyi<+<ig<N
2
02:—Jq(q—1)! A= L )
1 Na¢1 2no?
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The relevant integral for our action is

2
: , O, g i16g-d
/[dji1i2...iq] expy — Z Jirigi, B0 5 = exp ?q Z (Bh2ta)?

1< < <ig <N i1d2-ig

Here we take

Bt =40 [t 0 3 e (). (3.98)

a

After simplification, we obtain

o? i
exp 7612 (Bhia)
1194
q (3.99)
quJ2
:exp{ Zsab/dtl/dthq t1) fq(t2) (NZW t wbb) }7

where

Sab = €a€py Siy=5__ =1, s, =s_,=—1 (3.100)

Introducing bi-local fields G, %
Importantly, we have a nice mean-field expression in terms of Keldysh Green

functions
Gasltn 1) 7= = S (Uh()¥i(82)). (3.101)

and the self-energy ¥, (1,t2). To see this, we insert the identity in the path integral:

1:/DGab5

/DGabDZab eXp{ Z/dtl/dtQ ab(t1,12)Gap(t1, t2) + ZW (t1) Y (ta }
:/DGabDZab exp{_NZ/dtI/dtQ Sabzab(tlatQ)Gab(t17t2)}
a,B
1 . .
X exp{ﬁZ/dtl/dt2Zﬂ¢;(t1>2ab(tl7t2)wé(t2)}a

Gap(t1,t2) + % Z wi(tl)wé(h)]

(3.102)

where in the last equality we changed variables g, — 1 sabEab The reason for in-

troducing the s, factor is to match expressions with complex time contours. Finally,
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substituting the above expression, we obtain
ZSK - /DGab Dzab ,Dwa
xexp[ /dtZZeaW ) O (1)
i i i
3 /dhdtz Z Sab Z Vo (t1) Zap(tr, t2) 1/11)(152)] (3.103)

ab

N(i qJ2
— (2) /dtldtQZSabfq tl fq(t2>( ab(tlatQ))q

X exp
q

+ /dt1dt2 Z Sab Lap(t1,t2) Gap(t1, tz)] -

ab

Fermion path integrals
Finally, by completing the fermion path integral we obtain the effective action

in terms of the bi-local fields
ZSK = /DGabDEab exp{NIeH[G, Z]},

-qJ2
InlG, ) = 5 Trlog [-i(G5" - £)] - 5 [ an [t st ) £t Gunttr, )"
ab

— _/dtl/dt225ab2ab t1,t2)Gap(ts, t2),

ab
(3.104)
where

(GgMav(trs ta) = €a0upids, 6(t1 — o), 5105
Z:;b(th t2) = Sabzab(tl, t2) .

B Saddle point equation
In the large N limit, we can consider the saddle point equation. We obtain

—gée,ﬁ =0 & G'-G"'=Y,
5 Iab (3.106)
5 fob =0 & Sup = —i1T2f,(t) fo(t2) (Gap(tr, 1)) 7.

B Kadanoff-Baym equation
Finally, from the saddle-point-equation we derive the Kadanoff-Baym equations.
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Firstly, we multiply G from the left and right for (3.106) and we obtain

Eaiatl Gab(tly t2) = 5ab5(t1 - t2) + /dtg Z Saczac<t17 t3>Gcb(t37 t2)7
I
‘ (3.107)
—€4105, Gap(t1,t2) = dapd(t1 — t2) + /dt3 Z Gac(th,t3)SapXe(ts, ta).
I C

Next, we consider the ab = —+ component of these equalities. To derive the
Kadanoff-Baym equations, we need to recall the basis of the non-equilibrium Green
functions:

The correlators on closed time contours are related to the non-equilibrium Green

functions as follows:

G (t1,t2), G__(t1,t2) = G" (1, t2),
G™(t,1s), G (t1,1s) = G<(t1, ).

G++<t17 t2)
Gy (ti,t2)

(3.108)

The Feynman and retarded and advanced Green functions are defined form the

Wightman functions as

)
\Y
—~
~
=
~
N)

(3.109)

We can find that the non-equilibrium Green functions are not independent. Ex-

plicitly, we can find following relations,

GF(t1, 1) + G (t1,12) = G7 (tr,t2) + G=(t1, 1)
GF(ty, ts) = =GB (t1, 1) + G™ (1, t) (3.110)
G¥(t1,t2) = GA(t1, t2) + G7 (11, ta).

We then rewrite (3.107) and obtain the Kadanoff-Baym equations:
10, G” (t1, 1) = /dt3 (S (t1,t3) G™ (ts, t2) + 57 (11, t3) G (ts,12)]
I

—i0,G™ (t1,t2) = /dts (Gt t) 27 (t, 1) + G7 (11, 1) D1, )] (3111
. .

S (tr, 1) = =1L fo(t1) fy(ta) (G7 (1, 12)"
S (b, ta) = —19T) fy(t1) fy(t2) (G=(tr,2))"
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Note that for Majorana fermion models, we have the relation
G<(t1, tz) = —G><t1, tg) (3112)

and the Kadanoff-Baym equation is the equation to determine G~ (¢, ts).
Finally let us substitute the expression of ¥ into the Kadanoff-Baym equation
(3.111). Then we obtain

t1

- —iq/ ity Jo (1) Jo (ts) [(G7 (01, 8) " = (G=(00,1))" ]G (ta, 1) (3113

—00

+ i / a0y 85) (G (1, 1)) (G (1 1) — G (1, 12)

—0o0

and
- i@tQ G> (tl, tg)

- —iq/ 1 dtsJy(ts)J,(82)[G7 (t5,12) — G=(t3,t2)] (G7 (t3,12))" " (3.114)

—00

‘|‘iQ/2 dt3Jq(t3)Jq(t2)G>(t17t3) [(G>(t37t2))‘1_1 _ (G<(t3’t2))q—l].

The task of SYK model is solve this integral equations.
B Euclidean correlator

We can also consider the Euclidean propagator

GE(7) = S (Tt i(0)). (.11
= & S [ O) o) — GO ), (3110
GE(r) = = SO (Tebh(r)i(0)) . (3.117)

=1

To get some feelings, we consider the free Majorana fermion theory at J = 0. In

this case, the Hamiltonian is zero and

1

(Da(T)u3(0)) = (VL (0)¥(0)) = 50, (3.118)
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from the anti-commutation relations. This means
B 1
Goap(T) = 50 580(7), (3.119)

G(;E,fb(T) = %(5,11) sgn (sin (%)) (3.120)

Note that the Green function is antisymmetric,
Gh(—7) = =GL(r), Gu’(-7)=-G. (7), (3.121)

which also follows from the anti-commutation relations.

In Euclidean signature we have the effective action

(Z), = / DGE DRE ¢ NlealGP 25 (3.122)
Ig|GF,2F] = (3.123)
— %log det [(GOE);bl(Tl,T2> —XE (m, 7'2)] (3.124)
+ % /dTldTQ Z <ZaEb(7'1,Tg)GaEb(Tl,Tg) — %(Gfb(ﬁ,m))q),
" (3.125)
(G§) - (11, 72) 1= —=0a0(71 = 72)Or, (3.126)

At large N, we can use the saddle point approximation for the path integral. The

saddle point equation is exactly the Schwinger—Dyson equation,

GE (11, m) = Ggab(Tl,Tg) + /dngT4 Ggac(’/'l,T3)Z£(T3,T4)GdEb(T4, ),  (3.127)
1

25;(71,72) = J? (Gfb(ﬁ,ﬁ))q ) (3.128)

where we define GE (1, 7) = GE (1, — 72) and self-energy Y5 (11, 7) = 35 (1, — 7).

The first equation can be simplified in Fourier space,
GE (W) :/ dr e“7GE (7). (3.129)

Note that by using the formula for the Fourier transform of the sign function, we

see

i 4 ‘
Granw) = 57 = (G0) 4 (@) = ~idueo, (3.130)
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and the first equation is rewritten as
—1 .
(GE)ab (w) = =10 w — X5 (w).

The Schwinger—Dyson equations can be solved
e numerically for all g,
e exactly when g = 2,
e analytically in a ¢ — oo expansion,
e in the IR, w ~ 77! < J and strong coupling 3.J > 1.

B Conformal symmetry in the IR

(3.131)

Let us consider the IR regime where w ~ 7! < J and strong coupling 5.J > 1

holds. In this case, as an approximation we can drop the G¥ terms,

(GE);bl(w) ~-YE(w) < /dTQ GE (11, 7)) 2L (12, T3) = (T — 73).  (3.132)

Then, there is no dimensionful parameter in the Schwinger-Dyson equations and we

find that the equations possess the reparametrization symmetry,

GE (1, 72) — Gﬁab(ﬁ,rg) = Gﬁ)(f(Tl)’f<7-2))<f/<7_1>f/(7_2))A7
Efb(7'177'2) — Egﬂb(Tl,TQ) = EaEb(f(Tl), f(Tz))(f/(Tl)f/(TZ))(Q*l)A7

with A = é. As one particular solution, we obtain

sgn(m — 73)

E
Gconf.ab<T17T2) = |J<7'1 . 7_2>|2A ab-

For the finite-temperature case,

. w(T1—72)
s (22522))
GE"B (Tl,TQ) :Bg 0

conf.ab 2A
. w(T1—72)
Sin —ﬁ

G(conf<tl - t2) X 6_%(t1_t2)

In Lorentzian signature

and we see exponential decays.

B Thermodynamics

ab-

(3.133)
(3.134)

(3.135)

(3.136)

(3.137)

By using the bi-local field expression, we can compute the thermodynamic quan-

tities. We have two ways of computing when we have disorder average
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1. First way is we compute the averaged Eucldeian partition function (Z) ; and

define the free energy
1
F=——logZ,. (3.138)
B
2. In the context of spin-glass theory, we have another way of performing the

average, called the replica trick:

BF);=—(logZ), = _}g}%an (Z7%) ;- (3.139)

It is known that the two definitions give the same result in the large /N limit since
the replica off-diagonal components are suppressed [83]. Indeed we can find the

off-diagonal solution which is sub-dominant and

@, = (20" +o( 3 ). (3.140)

By integrating out the couplings and the fermions, we obtain the effective action
in terms of the bi-local fields GE (71, 75) and 35 (71, 73). By substituting the solution
of the saddle point equation (3.127), we can discuss the thermodynamics at large

N. It is known that in the IR regime, i.e. at low temperature,

2m2C 1 3 1
BF = BEy+ N |—Sy — 57 +O<(5J) >] logBJ+const+O<N>
(3.141)

Here, we denote Sy as the ground state entropy (So ~ 0.232) and Ej as the ground
state energy.
B Schwarzian action

As we saw above, in the IR regime SJ ~ 7J > 1, we drop the kinetic term
(GE)-} and find the reparametrization symmetry of the equations of motion. In
terms of the effective action, this reparametrization symmetry is a symmetry of the

following action,
1
Irepa. [GE7 ZE] = —5 log det [ E (Tl, 7'2):| (3142)

/dﬁdrzz< (11, 72)GE (71, 72) — %

Nk

(GL(m, Tz))q) :
(3.143)

where we dropped the derivative 9, in the determinant. Since the Schwinger—Dyson

equation at low energy is invariant under the reparametrization transformation, the
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action also has the symmetry,

repa [Gconf N g)nf.,f] repa [Gconf ) conf] (3144)

Also, all of the solutions of the Schwinger-Dyson equations are obtained from the
reparametrization f(7) : S; — S; € Diff(S;). That is, the solution spontaneously
breaks the reparametrization symmetry. Since the conformal solution (3.135) is
invariant under the SL(2,R) C Diff(S;) action,

af +b
cf +d’

the spontaneous breaking occurs from Diff(S;) to SL(2,R). Then, we expect that

f— a,b,c,d € R, ad —bc =1, (3.145)

at large N and at low energy

(GE ,=F)e{solutions of SD eq.}

(3.146)

/ Df e*NIrcp& [Gg)nfwj“zg)nf‘,f].
f€Diff(S1)/SL(2,R)

In the original path integral of G¥ and X¢, we do not have any action for f and also
no Fadeev—Popov ghosts coming from the inverse of the volume factor. Thus, we

see the divergence
(Z),; ~ Vol (Diff (S;)/SL(2,R)) x e~ Vrera (GEont. Teont.] (3.147)

To solve this divergence we recall that the reparametrization symmetry is just
an emergent symmetry at the exact IR limit 5J — oo and is explicitly broken in
the effective action Ig[GF, XF] for finite 8J. So for large but finite 3.7, we have the
1/BJ correction to the low-energy action I.p, and f is actually a pseudo Nambu—

Goldstone mode. This correction should satisfy the following properties:
1. it explicitly breaks the reparametrization symmetry;
2. it does not break the SL(2,R) symmetry;
3. it vanishes in the fJ — oo limit;

4. it scales as O(N).
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The natural action satisfying these properties is the Schwarzian action?®

I S50

Isa[f] = — /dT Sch(f,7), Sch(f,7) = 0 2\ 7

N 2
5‘5 ) . (3.149)

and the path integral is given by

(Z) ;= / #{Q,R)) exXp [_N(Irepa- [Gg)nf.,ﬂ Zchnf.,f] + ]Sch[f])} : (3.150)

For the finite-temperature case, one usually uses

f(7) = tan w;), (3.151)
and N 5
Isen[p] = — ?S /6/2 dr Sch (tan %(T), 7'). (3.152)

The Schwarzian action is also derived from the original effective action I.¢ by con-
sidering the fluctuation around the solution of the Schwinger-Dyson equation.
B Large ¢ SYK model

Now we try to consider large ¢ limit of SYK models without taking conformal
limit [34,84]. This is one solvable limit to get some analytical result of SYK models.

Now we consider the large ¢ expansion,

G>(t1,t2) = _%eég(tl,tz) = —% (1 + 5.9(751,752)) . (3153)

By using the relations

i1 i 1
G<(t1,t2) = équ(b’tl) =3 (1 + 5g(t2,t1)). (3.154)

Then, O(1/q) order of (3.113) and (3.114) are given by

t

to 1
_82 g(ty,te) = 2/ dt3j(t1)j(t3)69(t1»t3) — / dts T (t) T (ts) [eg(tlatii) + eg(t&tl)}’
1

—0o0 — o
to

t1
_8(2 g(t1,ts) = 2/ dtgj(t3)j(t2)eg(t3’t2) — / dts T (t3) T (t2) [eg(ts,tz) + eg(tz,ts)}
2 —o0 —00

(3.155)

3There is another well-known expression,

AN n\ 2
Sch(f, 7) = (?) —;@) . (3.148)
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where we define canonical choice of coupling J(¢) in large ¢ SYK models by

J(t)? = q;;_(f). (3.156)

By combining the two equations (3.155), we obtain

62
Ot10ts

gty ty) = 2T (t1) T (ty)edtt2). (3.157)

For time-independent coupling J(¢) = J, this is just a equation of motion of Li-

uoville theory and we know general solutions,

—h(t1)hy(t2)
J2(hi(t1) — ha(t2))?

g(ti,ta) = log (3.158)

with arbitrary function hi(t1) and ho(t2). Importantly, there is SL(2,C) gauge

symmetry ho() b
ang(t) +

h’a(t) - Cha(t)—f—d’ )

a,b,c,d € C,ad — bc=1. (3.159)
One typical way of fixing this gauge symmetry in thermal physics is

ae'e’ + b ae 0et +

ho(t) = —————
(*) ce et +

hl(t) - CeiQQUt + d’ 2

(3.160)

with complex parameters a,b, ¢, d and real parameters ¢ an . Then, independent

of choice of a, b, ¢, d we obtain

—o2

172 sinb? (#9742 4 i9)

g(t1,t2) = log (3.161)

This is seemingly surprising. By just gauge fixing, we obtain the static solution
i.e., the two time solution g(t1,%2) is a function of ¢; — 5. Then some people may
wonder that the large ¢ SYK cannot have non-equilibrium dynamics at least in the
leading part of large ¢ expansion. However, this is not true. In non-equilibrium
situation we prepare some initial states and we use the gauge fixing to represent
that states. When we have external driving, for example, we obtain non-trivial two

time solutions *. Now we try to compute the solution in thermal equilibrium. First

“However, in some quantum quench protocol, it is known that the relaxation time is very rapid
O(1/¢*) and we obtain equilibrium solution for t; > 0, t3 > 0 [34].

o7



we need to take care about the algebra of Majorana fermiton. WE see

G (t,1) = = (WD) = . (3.162)
This leads

g(t,t) = 0. (3.163)

And we obtain
o =27 sind. (3.164)

Also we consider the KMS condition for thermal equibrium situation
G><t1 + lﬁ,tz) = —G<(t1,t2) = g(tl + lﬁ,tg) = g(tl,tz). (3165)

This determines 5 50
g Ar=26) (3.166)

g

In [34], the other parameter v satisfying

BT = —— (3.167)
oS (%)
is used. We have simple relation
20
v=1-" & sinf = cos —. (3.168)
us 2

the conformal limit v — 1 is thus 8 — 0. With this choice of ¢ and 6 we obtain

2 (v
p9tits) _ cos* (%) _ (3.169)

cont? (o5~ 3))

We see that the correlation function exponentially decay

2mv

G (t,ts) = —%e%g“m) oc e 1Bl |1 — 4 > B, (3.170)

Interestingly, it is known that the large ¢ expansion matches to numerical solution
even in ¢ = 4 if we take plot the form of eq9tnt2) [85]. However, if we plot with the
form of G = —3(1 + %g(tl, ty)), we see the matching with more large ¢. Note that

from the expression, we can estimate the relaxation time

a5

- 27U

(3.171)

rel
which is shortest in conformal limit v — 1. This means that conformal limit makes
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the large ¢ SYK more chaotic. Indeed, we can exactly compute the out-of-time-order

correlator (OTOC) exactly and read off quantum Lyapnov exponents [34, 86, 87],

A = 2%” (3.172)

And conformal limit saturates the Lyapnov bound Aj, = %’r in [29].

3.4.2 JT gravity

The JT gravity configurations consist of cutting out different shapes from AdSy. We
will see this in JT gravity on Poincaré AdS. In Euclidean signature, AdS, is just a

hyperbolic disk:

dt? + d2?
ds* = — (3.173)
The Euclidean JT action is the following
Iir[G, ¢] = i [ / A2V G R[G] + 2 / duv'h K[h]]
167Gy L oM (3.174)
) :
- { / 22V G ¢(R[G] +2) + 2 / dux/ﬁgbbK[h]],
167TGN M OM

where K is the extrinsic curvature of the boundary. The variation (or the path
integral) with respect to the bulk dilaton requires that R = —2, that is, the bulk
metric is locally AdS. The first term is topological and its action value is given by
the Euler number of the manifold we consider. So the dynamical degrees of freedom
are only on the boundary. This degree of freedom comes from different ways to cut
out a chunk of the hyperbolic geometry, see Figure 10.

Now we discuss the independent ways of such cuttings. As we said, the first term
is just topological, and thus whenever the manifold M is a simply connected chunk
of the hyperbolic disk the actions have the same value. In other words, there is an
enormous amount of symmetry from continuous deformations. But the second term
breaks this degeneracy.

Let us denote the boundary trajectory as (t(u), z(u)). The parameter u is the
time coordinate of the boundary. To make the boundary metric uniform, we demand

Gloy = 12 = w (3.175)
€ z(u)

Suppose the cutoff € is small compared to every other length scale we discuss.

Then
2(u) = et'(u) + O(€%). (3.176)
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bulk

Figure 10: The sketch of boundary curve.

We treat the way of cutting out as the dynamical degree of freedom, so the function
t(u) is the dynamical variable in this model. This is called the boundary particle.
The Einstein—Hilbert term is topological and has the same value for all ¢(u). This is
the symmetry of the action called the reparametrization of the boundary, u — f(u).
Notice that most of these reparametrizations, i.e. transformations of ¢(u), map a
given cut-out of the hyperbolic disk to a different one. However, the translations
and rotations map it to the same one. These generate an SL(2,R) subgroup of the

reparametrization symmetry:

at(u) +b

t(u) > ————, ad —bc=1. 3.177
() ct(u) +d ( )
Because of the non-trivial dilaton ¢, the second term is not invariant under the
reparametrization and gives a nontrivial finite action for ¢(u). One can notice this

fact from the following viewpoints:

e In the context of a (nearly) extremal black hole, this translates to: the very
near-horizon region enjoys the reparametrization symmetry, but as we move

to the asymptotic boundary this symmetry is broken.

e In terms of the holographic RG, the reparametrization is just the conformal
symmetry of the CFT;. This is expressed by the vanishing Hamiltonian. But
once we move a little to the UV along an irrelevant deformation which cor-
responds to a blown-up boundary condition of the dilaton, the symmetry is

explicitly broken.
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Next we want to argue the action for ¢(u). The boundary dilaton term is the only

candidate. Suppose the value of the boundary dilaton is constant:

by = %. (3.178)
Then _
Isn[t(u)] = —SféN /du Sch(t(u),u). (3.179)

We can obtain this expression from the direct computation of the extrinsic curvature,
but the fact that the Schwarzian derivative is the unique SL(2,R)-invariant func-
tional constructed out of a few derivatives leads us to this expression without such
a calculation. We now have the same Schwarzian action from the small deviation
from the conformal limit of SYK models and from the boundary curve fluctuation
of JT gravity. So, at least in this energy regime, we have the holographic duality
between SYK and JT gravity. Later we will see that this duality also holds in the

very late-time regime where the quantum systems show random matrix universality.

4 Deformations of AdS/CFT correspondence and

wormbholes

In this section we discuss the deformation of CFTs or SYK models and their effect

in gravitational systems. We discuss these models:
e double trace deformation by light operators,
e the analogue of double trace deformation in SYK/JT models,

e TT deformation and its generalisation.

AdS/BCFT correspondence and AdS/ICFT correspondence

Braneworld holography

4.1 Double trace deformation

Now we consider some primary operator of CFTs O. For later use we focus on a

case where O is light. We consider the following deformation of boundary QFTs:

Ap

Slutan) :S[(S])Jr/ddff JM@(SC)+7/ddfv(9(fv)F(—D)0($)- (4.1)

Here F(z) is a function such that it decays as x — oo and Jj,j(x) is a source of the

operator O(z) in the theory at . This equation defines families of QFTs labelled by
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a parameter p. To discuss the flow equation of the source Jy,)(z) and the expectation

value Oy, let us consider the Hubbard-Stratonovich transformation,

/ DX e Sw+anu
_ /DX oS0~ [ 4 O@) 5 [ d'e O@)F(-D)O(@) (4.2)

_ /DXD¢ oS0 J A% Ty @O @)~ [ A p(@)O@)+ A [ dha (@) F(-Dp(e)

The saddle point equation in Ay — 0 is given by

Then the flow equation is given by

Jpram (@) = Ty () = " (2),

(4.4)
Opd )y () = F(—D)OM (x).
And the flow equation of the effective action is read off as
1
W) = §/dd$ Oy (2) F(=0) Oy (2). (4.5)

Then consider the variation of the source which keeps the flow equation of the source
(4.4),
0,0Jy = F(=0)60y, = 0. (4.6)

Now we see that
1
oWy = /5J[#]8u0[u] = 5§/ddx Oy () F(=0)Opy () = 0. (4.7)

Thus,
0,0 = 0. (4.8)

Then the flow equation is solved and we find
Ty () = Jg)(2) + pF (=0) O (v),

0
Wi =Wo + 5 / A"z Op)(z) F(—=0) O ().

In the GKPW dictionary, we can identify the non-normalizable mode a(z) with
Jigj(x) and the normalizable mode B(x) with Ojg(z). Therefore for the bulk field

62



®(z) in the bulk dual theory we assign the modified boundary conditions

Jyi(2) = pF(-0)B(z) + alx) (4.10)

for a given source Jy,(x) [88].
B Double trace deformation: two sides

As a variant of the double trace deformation we consider deformations of two
CFTs [89]. We consider two CFTs CFT ;) and CFT () and two operators O; (z) and

Os(x) from each theory. Now we consider a deformation

SE Al X1, Xa] = S[[X0, Xo] + / dz JM( x)Oy(z) + / dz JM( 7)Oy(z)
+Au/d%0ﬂ@0ﬂ@, (4.11)
Gr1X1, Xo] = STTOLX] + ST [ X,

Similar to the single-side case, we consider the Hubbard-Stratonovich transfor-

mation,
tot
/DX1DX2 e Slram XXzl

/DXIDX G*S ][Xl X2 fdd{L' J(l) 01(£B fd(i:r J(Q) )02(£B)€_Aﬂfddl, Ol($)02($)

. /D@/Jl 9DX, 5 eﬁ J d%an (2)9a(x) = Sfor (X1, Xo]

o S A% () @)+ ()01 (@)~ [ de (J(2) (2) 0 () O2(a)

(4.12)
In the saddle point for the integral of 1 2(x) in Ay — 0, we see
Vi(r) = Ap Ox(z),  ¥5(2) = Ap Oy(x). (4.13)
Then we identify
IO @) = I @) + i) = JD(@) + Ap Oy(a) (4.14)
T @) = I (@) + d5(2) = IO (@) + Ap Oy (x) (4.15)
Then we obtain
2 2 1
Ol (@) =0 (@), 0.7 () = O (). (4.16)

63



By substituting the saddle point we obtain the flow equation of the effective action

8, Wy = / d%z 0N (2)0P (2). (4.17)

(1] (1]

Now we consider a variation of sources while keeping the flow equations

0,07 () = 60 (), 0,0J0) (x) = 50} (). (4.18)

(1] (1] (]

Then we have two expressions for the variation of the effective action

580, Wiy = 0, / dy (ijféJ(”(x) + (9(2)5J[(5])(:c)>

(] (1]

(4.19)
_ d 1) 5~ (2) M H2)) _
= a“/d = (0f600 + 50} 0ff)) = 0.
From these we see
1 2
0.0 (x) =0, 9,00 (x)=0. (4.20)
Then we see the solution of the flow equation of sources,
1 1 2 2 2
Jo @) = Jg) (@) + pOg) (@), I (@) = I @) +uOg) (). (4.21)

Now we consider a case where the deformation [ O;(x)Os(z) is a relevant deforma-
tion. In this case we expect that the effect in the bulk appears deep inside the bulk
and does not change the asymptotic structure of AdS spacetime. Now we think that
two spacetimes before deformation are connected in some sense and we have a single

scalar ®. The field has asymptotics

)

Q

272aW(z) + 2280 (x)  for asymptotics in boundary 1 (z — 0),
420 ® (2) + ()2 B8P (x)  for asymptotics in boundary 2 (2 — 0).
(4.22)

Q

Then, based on the GKPW relation, we identify the non-normalizable mode for
each source as a((z) = J[(o?) (x), @ = 1,2 and the normalizable mode with the
expectation value 5@ (z) = O[(g])(:v). Then, for given sources J[(S})(x), we have the

deformed boundary conditions for the bulk theory,

(4.23)

Now using the relation o(® (k) = —G (k)@ (k) in (3.58), we obtain the correlation
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functions between the two CFT operators,

(2)
Gla(k) = (Opy) _B® __nGH)? (4.24)
' J[(if Jjy=0 AW lpym0 L= 2GR

That is, there is a non-trivial correlation between the two holographic CFTs.
In the bulk, this correlation is highly related to the existence of a wormhole con-
necting two asymptotic boundaries. Indeed, in [89] they compute the gravitational
perturbation corresponding to the deformations via the matter stress tensor and
find traversable wormholes. Especially, the deformed boundary conditions (4.23)
induce a Casimir effect in the bulk and allow us to violate the energy conditions
which protect the traversable wormhole. In these computations, the deformation is
relevant deformation and the wormhole appear in the bulk inside. Similar things
happened in SYK/JT [90]

We can also consider a marginal or irrelevant deformations. In these, we expect
that the effect of deformation appears around the conformal boundary. Especially,
we expect that the two conformal boundaries are glued at least in gravitational
perpetuation. In [91,92], this set up is discussed in detail. In the bulk, from
the deformed boundary conditions, we have a interaction between fields in distinct
AdSs. It is known that because of this interaction the self energy of graviton is
non zero and thus graviton acquire mass. From the boundary side, this is easily
understood. Before deformation, we have two conformal CFTs. In total we have
two conformal symmetry. This corresponds to the two massless gravitons. However,
after deformation, we have one conformal symmetry and thus there is only one
massless graviton. The other gyration should be massive. Similar massive graviton

also appears in Karch-Randall type brane world gravity [93].

4.2 TT deformations and its generalization

The TT deformation is an irrelevant deformation of two dimensional QFTs defined
by flow equation [94-96]

1 1
OpSty) = ) /d%(ﬁ(TabTab - T2>)M Y /d%v Vi (Or7) - (4.25)

This flow equations define a family of QFTs labeled by p. Interestingly, this flow
equations are exactly solved as we will see. Also the energy spectrum and some
correlation functions of deformed theories are exactly evaluated. We also have a nice
holographic interpretation called "finite cut-off proposal”. The proposal suggests
that the TT deformed theories are holographically dual to the gravitational theories
with finite cut-off surface [4,97,98].
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In our paper [2,3], we explore generalization of TT deformation including many
derivative or non-local kernel and discuss their gravity dual. Interestingly, the dual
gravitational theories no longer than the Einstein gravity and indeed non-local.
By using the Coleman’s result we may relate the non-locality to some microscopic

wormbhole.

4.2.1 Usual 7T deformation and finite cut-off holography

B QFT computation

In this section, we concentrate on the 7T deformation purely from the perspec-
tive of quantum field theory.

Consider a two-dimensional QFT with action S, defined on a background met-

ric o). We introduce a deformation by means of the TT flow equation,

0 1 . 1
a_uS[’” =3 / Ea (VYT T — T7)), = -5 / P\ A (Orp)y. (4.26)

We denote the metric associated with the theory Sj, by 7, and define the stress

tensor as

2 05y
Ty = Sy qab’
vV Vel 0[]

We adopt a formulation in which the background metric itself evolves along the

(4.27)

flow [98,99]. This viewpoint will be particularly convenient when we later discuss
holographic dual descriptions. In analogy with double-trace deformations of scalar
operators, we employ a Hubbard—Stratonovich transformation.

We now present an alternative derivation of the T'T flow equation. Cardy showed
that the TT deformation can be understood in terms of a random-geometry path
integral [100]. The key idea is to apply a Hubbard-Stratonovich transformation to
the TT interaction,

1
Sy = §/d2xﬁOTT

1

(4.28)
=3 / d%ﬁeacede“bTCd.

Here €., denotes the Levi-—Civita tensor.

Performing the Hubbard-Stratonovich transformation, we obtain

e S CayTreacenaTiy T / Dh et VA2 T " hav— 557 [ d* @ ARl i avhea

(4.29)

Since Ap is assumed to be small, we evaluate the h-integral using the saddle-point
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approximation. The saddle-point configuration h}, satisfies

1
T ab _ _ eac bd hz 7
bl = _QAN(T[M])ab = =280(T = ()b Tip)-

Substituting the saddle-point solution back into the exponent reproduces the original
TT interaction. We furthermore note that hy, ~ O(Apu), and thus

o~ St am Muraum] _ /DX e~ Sl X o= B | P AareacenaTl Ty

/ DX Dh o SuXra+hl— 55 [ oy AGretq e haphea+O((An)?)

(4.31)
- /Dh o~ St b+l = 5A5 S A2 AR e hashea+O (Ap)?)
oSt the) = 5an S o AR bl (1) an(h)ea+0((Aw)*)
From this expression, we can read off
(Vuram)ab = (Vup)ab + (h*)ab,
o . (4.32)
= @(’Y[u])ab = —2<T[u])ab'

This coincides precisely with the first equation in (4.45). To determine the flow of

T}, we must compare the effective actions. Using the saddle-point result, we find

SﬁferAy] Vutau] = Sﬁﬁh[u]] 2 /d T/ (T[u])ab(h*)ab + — 8A d? T/ €€ bd( *)ab(h*)ca

Ap
S[u] ] + —- /d L/ Vu Or7-
(4.33)

Next, consider a deformation of the metric ) — 7, + 07 that leaves the flow
equation (4.32) unchanged, namely

0

@(5%) = —26(Ti))ap = 0. (4.34)

Taking the variation of (4.33) along this direction gives

S(6it ST =~ 229 ( /dw—% (1) (T[u])cd). (4.35)

Since T is invariant under this variation, and using the definition of the stress tensor,
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055 = 5 | Cu A (Tp)ady™ = =5 [ &2 /73 (1)) Yap, we obtain

9 ) o
@(\/’V[MJ(TM) )o(v)an = 8 (VA< etn) (T an (T ) ca- (4.36)

The right-hand side consists of two contributions. The first arises from the variation

of \/7,
~ A 1 ~ A
S (T2 = T215)) = Sy ™ol T? = T2T). (4:37)
The second contribution is

\/_(6’}/ab cd 5fyad bC)Tachd — 2ﬁ<57abTabT — (S’YGdTabTCIZ)

o (4.38)
— 270 (~ 1T + TT).

Collecting terms, we read off the flow equation for the stress tensor,

d ab 1 ab cd a be ab
o V) = v/ (QW (Th” = T Tt eg) + 2T D™ = T T )
(4.39)

For the lowered indices, this implies

a a cd a cd
@(\/W(Tw)ab) :28—M(7[u1ac)7[u1bdx/7[mTM +maﬂ[mbd@(vmﬂm )

1 2 cd c
V1wl (Q’VM ab (T[u] — Tjy T[u]cd) + 2(T[u]abTM - T[M]acTMb>> :
(4.40)

Finally, let us compare two different evaluations of the variation of the effective

eff
action Su+Au}

5S[M+AM] 55 T Ap (5( /dzx(ﬁ(TabTab - Tz))[ul)
a 1 a
=5 /d%(ﬁTabé'y b)M + Ap 5(§/d2x(ﬁ(T T — T2>)[u]> (4.41)
1 ab
B 5/ P (VAT )y 0,0

This leads to the identity

%«ﬁnbw’)m) — 670, (4.42)
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After some algebraic manipulations, this relation can be rewritten as

) 9
a_(ﬁTab)(S’yab + ﬁTabé (a_,yab>
a a (4.43)

1
= ﬁ( (—EOTTW) —2T,.T" + 2TTab) 5™ + 2T 6 (T — fy“bT)) :

Here, for notational simplicity, we have suppressed the [, labels, i.e., v = v}, and
Tab = ﬂ“]ab'5
By matching independently the terms proportional to v* and to T, we obtain

0 .
a_’Yab = _2Tab = _Q(Tab - ’YabT)v
a“ , (4.44)
a—u(ﬁTab) = ﬁ(—éoTT'}/ab — 2Tachc + QTTab) .
From these relations, we finally arrive at
0 .
A Jab — _2Ta ;
8,1!7 b b
O = — T (4.45)
a,u ab — aclyp .
o /. .
7 (Tac ;) —0
o
The third equation implies
(T[u])aC(T[u]ﬁ = (T[O})aC(T[O])g‘ (4-46)
Consequently, the second equation integrates to
(ﬂu])ab = (T[O])ab - M(ﬂO])aC<ﬂO])g' (4.47)
Finally, using the first equation, we find
Mulap = V0lap — 2M(ﬂ0])ab + 1’ (T[O})aC(T[O})g‘ (4.48)
Equivalently, one may write
93
a—ﬂg(V[u])ab =0. (4.49)

SWhen taking the variation §v*°, one must also account for the induced variation 017,y @ These
two variations should be treated as independent, which ensures that the decomposition (4.43) is
unique.
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Moreover, we can establish the relations

0 0
a;(mmm) =0, @(MTM) = V7 (Or7) - (4.50)

Invoking the trace anomaly,
c

= =1 4.51
Rlyo] yrd Ut (4.51)
we finally obtain
C
Ty = %R[V[uﬂ — /71 (O7) 1) (4.52)

This expression represents a natural generalization of the trace anomaly to 77-
deformed theories.
B Gravity Dual: Finite cut-off proposal

Now we discuss holographic dual of 7T deformed holographic CFTs. Before
discussing the TT deformation we summarize the geometry of AdSs and its hologra-
phy. Suppose we have asymptotically AdS3 spacetimes with the Fefferman-Graham
coordinate (3.20). By using the Einstein equation, in three dimensional asymptotic
AdS spacetime, we find that the FG expansion exactly end up in gu) and g is
expressed in terms of g, g(2) by [70],

9w = 79290)" 9e- (4.53)

Also some components of the g(9) are determined but not all of the component are

still determined. .
9 = —5Rl90lg0 +1 (4.54)

where t = (t,,) is the two rank tensor which satisfies
(0) rab ab 1
Vo 't =0, g0t = 53[9(0)]- (4.55)

,where V((IO) is covariant derivative with respect to gy. These equations fix some

components of the ¢ but not all. Suppose, we take g as
90) = Vo) = 1, ds* = napdr*dz’ = dudv. (4.56)

Then, we find that t,; satisfies the same equations of the CF'T stress tensor on the

flat space. Thus, t,, = 0 and the algebras factorize into the chiral and anti-chiral,
tuw = L(1), tyw = L(v) (4.57)

The form of £(u) and L£(v) are not determined from the Einstein equation and
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related to the boundary quantities like Brown-York tensor. The, we find that

902) Az da’ = L(u)du® + L(v)dv?
1. s (4.58)
9 doda’ = 2 L(w)L(v)dudo.

The total three dimensional metric is given by so called Banados metric,
Gapda?dz? = dr® 4 ™ (1 + e“’”ﬁ(u)ﬁ(v))dudv + L(u)*du® + L(v)*dv®  (4.59)

Since three dimensional asymptotic AdS spacetime is locally equivalent to vacuum
AdS spacetime. This means that the Banodos metric are obtained by moderate
coordinate transformation with chiral/ anti-chiral function £(u) and £(v). These
coordinate transformations are corresponding to the local conformal transformations
in the boundary CFTs.

Now let us going back to the problems of 7T deformation and use the general
background g(p). As in the standard prescription in the multi trace deformation
in AdS/CFT [88], by using the relation for the un-deformed theory, we obtain the
holographic dictionary for the 7T deformed theory and its gravity dual. To this

end, notice that

IO = Wolap 9@ = 8TCN (Tm)ab- (4.60)

Then we compare two results
1. The solutions of TT flow equation (4.48) is quadratic in .

2. The solutions of Einstein equation in pure three dimensional AdS gravity is

quadratic in radial coordinate e~?".

Now suppose we consider a gravitational theories with finite cu-off surface r = r,

such that
6—27‘c - _ H
47TGN

and assign the Dirichlet boundary conditions there. Then we observe that (4.48)

, <0 4.61
1]

and

V(re,) = gy + € gy + € g (4.62)

completely matches. Notice that the effect of TT deformations are back reacting
effect i.e., effect in O(1/Gy). Also corresponding to the fact that 7T deformation is
the irrelevant deformation the effect only appears around the conformal boundary.

B 77 deformation from holographic renormalization
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Above we see the finite cut-off holography is related to 7T deformed theories.
We can see this relation also on the level of action by using the holographic renor-
malization in Section 3.2.2. Now we consider terms in recursion which we miss in
large r. limits. These are corresponds to the irrelevant deformations. In the same

manner of our finding L), 7T(2)Z, we find

T(a) = —81G (7T(2)2 — 7T(2)27T(2)Z), (4.63)
Ly = =7 = —81GN (W(Q)Zﬂ(z)g - T2)°). (4.64)

Finally we can write down the effective action for the boundary theory at r = r..

SCFT = lim de\/EL(Q),

Te—>00 E'r
c

(4.65)
Stinite 1= / d*2vVh(L) + Ligy)-
Sre
Then we have two stress tensors,
<Tab>CFT o 2 0Scrr _ 9 lim e2req@ab
9(0) VvV 9(0) 59(0)ab TeTree (4 66)
nite 2 5Sﬁ it '
qab\irte . p2re 2 Ofinite g ore ((Dab y p(dab),
< > \/E 5hab ( )
The finite cut-off action can be expanded as
—2r 2 ab\ CFT CFT a\CFT 2
Stnite = Scrrlg(0)] — 27Gne™ " | &z /g0 | (T >g (Tab) g, — ((Ta> )
(0) (0) 9(0)
(4.67)

Comparing this to the definition of the TT deformation, we see the relation (4.61)
again. Similar results are observed in [101]. We summarized the important points

of usual TT deformation,

1. The three times derivatives of the metric is zero,

OV = 0- (4.68)

2. The Einstein equation with Einstein Hilbert action shows that the Fefferman-
Graham expansion ends in the order of O(e™*") and we can match this expan-
sion and the solutions of the flow equation by which we see the finite cut-off

interpretation.

3. From the holographic renormalization computation shows that the finite cut-

off correction is actually equivalent to the TT deformation.
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4.2.2 Generalized TT deformations, non-local gravity duals and worm-
hole

We now consider a broader class of TT-type deformations,

1 . .
Srr = D) /d%\/V[u]Eacede bK(—Dy)T d (4.69)

The kernel K(z) is introduced to suppress contributions from high-energy modes.
Even though the ordinary TT deformation is irrelevant, the present non-local de-
formation is engineered to act predominantly on infrared degrees of freedom. We
postpone specifying an explicit form of K(x) until later. The motivations for study-

ing such non-local 7T deformations can be summarized as follows.

e We would like to regard this setup as a generalization of the Gao—Jafferis—Wall

wormhole mechanism with backreaction.

e As discussed above, the gravitational dual of the 7T deformation inevitably

involves backreaction effects.
e However, the usual 7T deformation is an irrelevant deformation.
= Accordingly, the resulting backreaction is confined to the vicinity of the
asymptotic region.

= By introducing a controlled non-locality, one may instead deform the
infrared sector of the QFT.

= This suggests the possibility of producing a wormhole that penetrates
further into the bulk, analogously to what happens for relevant double-

trace deformations.

We now analyze the non-local TT deformation.

We proceed as before, starting from a Hubbard—Stratonovich representation,
@_SﬁiAM

= /DX e St [X57u1] 6% [ Pz AfTeabeca TP K(—0,) T4

(4.70)
— /DX Dh e_S[M] [X§'Y[u]] efﬁ fdQIWGGbEthabK71(7D’Y)hcd+% fdzmeabhab.
The saddle-point equations are then
B 1 Ea,cede<—1(_|:] )(h*) i+ lrjﬁab =0
AAp ! 2 ’ (4.71)

A

(0)ap = —28pK (=1, T,
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This leads to the metric flow equation

0 .
ap Tlas = —2K(-0,) <T[“]>ab' (4.72)
Likewise, the flow of the effective action is
0 eff 1 2 ac _bd (T T
g bl = =5 | &y e e () aK(=0,) (Th)ea: (4.73)

Next, we consider varying the metric vy, , while keeping the flow equation (4.72)

intact,
%‘HW]@ - _26<K(_D7) <T[“]>ab> =0 (4.74)

The right-hand side can be reorganized as

6(11a) , = —K ' (0)OK(0) (T) | = K=0)K (=050, (1) .

Using this identity, and after an involved but direct computation, one obtains

0 [+ 1/ - A N N

o (Tab> - <TaCYbC T Ve — 3TV + 3TYab> ~ Ny, (4.75)
1

where Y, = K(—Dy)Tab. Moreover, by applying the variation formula summarized

in Appendix A of [102], we find

UD = |(VOTo) (VW) 1 (VD) (VEWd) — ab ((chd)wcd + (ve:ﬁcd)(vew%)

+ DT W) + O(T W) — 2V (TVW) — 2V (T8, VW)
+ V VT W) + V VYT W) — 2V (T VW) — 2V (T°, VU

_ Veva(Tecwbc) _ vevb(j-vecwac) + 2ve(Tecvawa) + 2V (Tecvbwac)] :

where W, = K’ (—DV)(TAab — 'yabT). For the standard 7T deformation, one simply
takes Yy, = Ty, and U, = 0, and substantial cancellations occur. By contrast, for

the present general (non-local) deformation (4.69), we instead obtain

83
8,8 s 7 0 (4.76)

B Possible Gravity Dual and Wormbhole
From the discussion above, we can contemplate several holographic scenarios for

a non-local TT deformation:
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e One possibility is that a finite cut-off holographic description exists within
Einstein gravity, although the cut-off surface need not be of the simple form

r = const..

e Another possibility is to keep a cut-off surface at r = const., but to replace
the bulk dynamics by a non-Einstein theory. In such a setup, the Fefferman—
Graham expansion need not truncate at order O(e™*"). Hence it can remain

T

consistent to identify p with e~
e A third possibility is that no finite cut-off interpretation exists at all.

The first possibility clashes with the following symmetry-based argument. Start
from an undeformed boundary theory with a flat metric g),, = dap. If the de-
formed theory were dual to a description on a cut-off surface r = 7(z®), then the
induced metric on that surface would generically fail to preserve the symmetries of
dap, Namely the two-dimensional Poincaré symmetry. However, the non-local TT de-
formation does not break this symmetry, so the two pictures would not match. Fur-
thermore, inserting an inhomogeneous cut-off surface into the holographic renormal-
ization group analysis merely produces a 7T deformation with a position-dependent
coupling.

For these reasons, we focus on the second possibility. As we show below, the
non-local TT deformation arises naturally as a finite cut-off effect in a gravitational

theory whose Hamiltonian takes the form

o= / Ca(NH + N,H),
b

1
—H = 167G N (7K (=¥ 0,7’ — 71K (—e*0,)7) +
\/E N( b ( h) a ( h) )

Ha == —2Db <%7Tab) .

where D, is the covariant derivative compatible with h,, and

oo (R +2), (477)

—e?',,) Zkk er'Op)*. (4.78)

We will later return to the choice of coefficients k.
To study the gravity dual of a non-local 7T deformation, we must refine the usual
scaling estimates by taking into account the explicit r-dependence in the Hamilto-

nian constraint. Once the r-direction appears in this way, it is natural to modify
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the dilation operator as

)
_ 2
5D — /d l'(ar + 2hab—6hab). (479)

Here, 0, acts only on the explicit dependence on r in the Hamiltonian constraint.
The combination —e?"[J;, is then invariant under this modified scaling, in the sense
that for any field X obeying dp X = —A X4,

5D(K(—€2T|jh>Xab) = —)\K(—€2TDh)Xab,

(4.80)
Sp(K(—e?0,)X) = —(A + 2)K(—e*0p) X.

As in the analysis of the ordinary 7T deformation, we solve the Hamilton—Jacobi

equation perturbatively. The first-order equation reads

1

0= (167TGN) (W(O)bK(—62TDh)7T(O)Z — W(O)K<—€2rmh)ﬂ'(o)) + . (4.81)
a 87TGN
Assuming T(0),, = Phav, We obtain
1 1
P=—-—— 4.82
\/k_() 167TGN ’ ( )
where the sign is chosen so that the spacetime remains asymptotically AdS.
The second-order equation becomes
b 2r a b 2r a
7(0) K=" )Ty + m2) K=" D)oy,
- —e (o) — T —e ) = —
(0) h)T(2) ©)) h)T(0) (167Gy)
This is solved by
1 1 9
= ————Q(—e""0Uy)R[h 4.84
T(2) \/k_o 167TGNQ( e h) [ ]7 ( )
where Q(—e*0y) is the inverse of 1 + =K (—¢J;) and
1 k
—e*'0) e?rd) = Q= 4.85
h) ZCIk )" 97 d1 Ay’ ( )

The resulting second-order Lagrangian is topological:

/ 2avVhLig = / 2zvVhR[h), (4.86)

11
321Gy Vo
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and therefore
2 —o. (4.87)

The fourth-order equation becomes

0 = (o) K(=e* D) mayg + ma)g K(=e" On)mayy + 7a) K (= On) 7o)y (188)
— W(O)K(—GQTDh)T((@ — 7T(2)K(—62Tl:lh)7r(2) — 7T(4)K(—62TDh)7T(0).
This is solved by

167TGN
T R

The associated fourth-order action is

Q(—eZTDh) (W(Q)ZK(—eQTDh)W(g)Z — 7T(2)K(—€2r|:|h)ﬂ'(2)) . (4.89)

87
/ davVhLy) = \/k—N oV (m o) K(—e Op) ey — oK (=" O)ne).-
0

(4.90)
In boundary variables, the resulting effective action at r = r, is
Stnite = / xvVh (L) + L)
b
e (4.91)
217Gy e 2re CFT . \ CFT
— Sorrh] + T [ ey (TR (-0, (Ta)
CFT[V] \/k_o l’ﬁ< >’y ( 7) b N

We now fix kg. As in the previous discussion, we want to regulate boundary UV

degrees of freedom while suppressing the deformation near the conformal boundary;,

6727“

unlike the usual 77T case. Thus we require \/E K(k?) — 0 when the boundary

momentum k? is large and 7. is large. We also demand that bulk physics is modified
only deep in the interior, »r < 1, while the asymptotic region r» > 1 reproduces
g2 ) — 1 for large r. Both requirements

reqp?) = 0(e %), together with K(z) — 1 as z —

Einstein gravity. Hence we impose K(e

are met by choosing kg = e

oo, and then taking r. > 1 at the end. A concrete example is K(z) = %,
with a UV scale A. This leads to the boundary effective action
211Gy e 2re CFT . \ CFT
Stinite = S SN S g (T K (-0 <T> .
finit CFT [9(0)] \/k_o 9(0) < >g(0) ( g(o>) b o0
(4.92)

This expression matches a non-local 7T deformation. In other words, a generalized
TT deformation with infinitely many derivatives appears as a finite cut-off correction
to a modified bulk gravity theory whose Hamiltonian contains explicit non-local

operators. For sufficiently large r., the cut-off effects become negligible, and the
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deformation effectively acts only in the deep interior of the bulk.

We emphasize that the modified Hamiltonian (4.77) depends explicitly on r, and
hence breaks diffeomorphism invariance in the radial direction. From the boundary
point of view, the infrared fixed point of the deformed theory retains Poincaré and
scale invariance, but no longer exhibits full conformal symmetry. This provides a
loophole to the standard theorem that scale invariance in two dimensions typically
implies conformal invariance under broad assumptions® [103-105].

The bulk non-locality can be interpreted as an effective imprint of wormhole
contributions. As emphasized by Coleman [106-109], wormholes can influence long-
distance physics. If one constructs an effective theory valid at scales larger than the
wormhole throat size, the resulting description naturally includes a non-local action

of the form

I = %/dd“:c\/G(x)/dd“y\/G(y)ZAm@i(ﬂ?)G(%w‘I’j@)

N (4.93)
_ Z/ddﬂx /G (2)®;(x) DZ] P,(x).

Here ®; are low-energy composite operators in the bulk and G(z,y) is the Green
function for the (J operator’. Turning this logic around, one may conjecture that the
modified Hamiltonian (4.77) effectively captures the influence of certain wormhole
geometries. The detailed features of such wormholes would then be encoded in the
specific functional form of K(—e* ;).

The characteristic separation scale of the wormhole mouths, lwy, is reflected
2r k2

in the momentum dependence of K. Since K(e* ki) departs appreciably from

its limiting values only when e*k2 , < A, bulk probes with wavelengths of order
lwr ~ Ky ~ €"A are sensitive to wormhole effects. Near the asymptotic boundary
(large ), only very small momenta can detect such effects, and in the limit r — oo
only zero-momentum modes remain sensitive. This is consistent with the boundary
perspective, where the deformation acts only in the extreme infrared.

The explicit r-dependence may also be viewed as an effective breaking of radial
diffeomorphism symmetry induced by the wormhole, leading to an effective descrip-
tion on the wormhole background without this symmetry. Other mechanisms beyond

geometric wormholes could also generate similar non-local structures.

6We thank Yu Nakayama for emphasizing this point.
"Coleman’s original discussion effectively used G(z,y) = const., whereas the present setup
allows for a more general kernel.
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4.2.3 T,\T, deformation: discussion

We now return to our main target: the possibility of obtaining a CFT dual via a
non-local 71T, deformation. The discussion below is necessarily heuristic. We begin
with the local 1175 deformation,

) 1 a
5250 = 3 / SN (T;?T@) g T<1>T<2>). (4.94)

Applying the Hubbard—Stratonovich method, one finds that the metric flow equa-

tions take the form

e 2
v _ _Q(T@)) 7
(9,u [N}ab ab

9 @ 2
@ = —2(T<1>) .
a,u [Mab ab

(4.95)

To derive the stress-tensor flow, we must confront a key subtlety of the 775 defor-
mation: after turning on the interaction, the two metrics that would otherwise be as-
sociated with the two CF'Ts are no longer independent. Since the interaction breaks
part of the diffeomorphism invariance, one effectively has only a single conserved
stress tensor. To sidestep this issue, we restrict attention to a finite-temperature
setting where CFT (1) and CFT () are related by the KMS condition,

T ) = P <t+Z§x) (4.96)

In this case, one can write the stress-tensor flow equation as

A 3
TOTE 4 2707, (4.97)

- ~(1)e
T(g)T b 9 ab

N W

(1)

where the right-hand side is expressed solely in terms of the metric ,1) . A corre-

sponding equation can also be written for Téz) . Solving these coupled flow equations
in general is nontrivial. However, if we impose ’y((lll)) = g)) and Tél) = Ta(z?) at =0,
then the flow reduces to the standard 7T case. In that situation, the bulk dual is
the usual finite cut-off holography, at least at the level of the on-shell action and
thermodynamics. In more general situations, we expect the two boundaries to be
related in a nontrivial way near the asymptotic region. One possibility is to glue two
surfaces in a manner similar to [4,110]. Note that [4] studied brane-world hologra-
phy via junction conditions, which may differ from the dual of a 7175 deformation:
junction conditions yield “dynamical” gravity on the brane and require imposing a

Virasoro constraint on the sum of the two stress tensors.
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We now extend this logic to the non-local 17775 deformation to probe effects

deeper in the bulk. Concretely, we consider

0 1 “ .
g = 3 / /=) €aveealTh™) K (=0, (Thy @) (4.98)

Although an analytic treatment of this deformation is difficult, we expect it to share
qualitative features with the non-local 7T deformation. For the bulk interpretation,

it is useful to again focus on the finite-temperature setup and identify

TO(t,z) =T (t + ig, :1:) = 2T (¢t 7). (4.99)

In this viewpoint, the differential operator €39 can be regarded as an additional
source of non-locality, to be combined with K(—O,). By analogy with the non-
local TT case, one may then imagine that the bulk dual is a non-local gravitational
theory with additional factors of the form el 3% Such factors may be interpreted
as encoding wormhole-like connections between Rindler wedges. This suggests that
even when one begins with two disconnected AdS geometries, an appropriate double-
trace deformation can create an IR connection between the two. Applied to the
eternal AdS black hole setup discussed here, it is then natural to expect wormhole-
like connections to develop in the near-horizon region. A more detailed analysis of

this speculative picture is left for future work.

4.3 AdS/BCFT and AdS/ICFT
The AdS/BCFT correspondence is a generalization of the AdS/CFT correspon-

dence with boundary. As a bottom-up model, the following correspondence was
proposed [111,112]: A BCFT on a d-dimensional manifold N is equivalent to (d+1)-
dimensional AdS gravity with a dynamical d-dimensional membrane attached. This
dynamical membrane is called an end-of-the-world brane (EOW brane) [113]. More

concretely, consider the gravitational action

_ 1 d+1,.. /
Igrav[G] = 167.‘.G§\C;+1) /jwd s —G(R[G] — ZA) (4100)
1 d
+ e /Nd o= K [ + 14[] (4.101)
1 d
+ G /Q d%ev/—h (K[h] - T). (4.102)

Here OM = N U @, 74 is the induced metric on the conformal boundary N on

which Dirichlet boundary conditions are imposed, and hy;, is the induced metric on
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d-dim. BCFT (d + 1)-dim. gravity
AdS/BCFT

Figure 11: Geometry of the gravitational dual in AdS/BCFT. M is the (d + 1)-
dimensional bulk spacetime. N is the d-dimensional conformal boundary where the

BCFT lives. @ is the EOW brane.

the EOW brane @), where the Israel boundary condition
K[hlay — K[h] hap + T hap = 0 (4.103)

is imposed. The parameter 7 is the brane tension.
The classical position of the EOW brane is determined by the boundary condition
(4.103). Taking the trace of (4.103), we obtain

K=—T. (4.104)

This yields

1
Kyp=— 4.1
ab d— 1Thab> ( O5)

which is the equation we must solve.
Let us now consider EOW branes allowed in the bulk when the bulk is three-
dimensional with the Poincaré metric. Suppose the EOW brane is expressed as

z = F(z,t) in these coordinates. The components of (4.105) become

1 F/2 FF// 1 F/Z
Ky — 1 T Tha, (4.106)
F2\/1— F2 4+ p» F
—1+4+ F*4+ FF —1+ F?
Ktt = - - T 2 = Thtt7 (4107)
F2\/1— F2 4 F7 F
FF + FE F'F
Koy = + I s (4.108)

FQ*/I—F2—1—F’2_ 2

Here F' = 9,F(z,t) and F = 0,F (,1).

Assuming a static vacuum BCFT with boundary located at X = 0, we have
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= 0. Then the second equation yields

ﬁ _T (4.109)
From this we find that the EOW brane surface is uniquely given by
r+ Az =0. (4.110)
The induced metric on the EOW brane () is the AdS, metric
dsfg = LF Az)jf -4 (4.111)
and the relation between the brane tension and the coefficient A is
e (4.112)

Ji-T?

Thus, for an AdS brane we must have |7| < 1.

The form of (4.106) in Poincaré coordinates can be constructed using the Banados
transformation [13,114]. Since any 3D AdS spacetime can be mapped into the
Poincaré metric by a coordinate transformation, EOW branes in other spacetimes
can be obtained by transforming the solutions (4.109) and (4.110).

B Holographic Entanglement Entropy

We now extend the holographic entanglement entropy formula to the AdS/BCFT
correspondence. The following prescription gives the entanglement entropy [111,
112]. For simplicity, we discuss the case d = 2 where the subsystem is an interval,

since this is the only case we will use later.
Let AU N be a subsystem of the BCFT. Define Scon4 and Sgis 4 by

Areall'9"]
Seona 7= 7~ 4.113
i (4113
Area[l'9¥]
Sdisa '= ————. 4.114
sen = 2200 (4.114)

Here T9" is the geodesic connecting A, and I'4® is the sum of two geodesics:
one from each endpoint of A to a point on the EOW brane. This point is chosen
to minimize the total length. We call T'S" the connected geodesic and T'4® the

disconnected geodesic. The holographic entanglement entropy is then
SA = min{SconA, SdisA}- (4115)
As an example, consider the vacuum state of a BCEF'T defined on the left half-line
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x < 0. Let the subsystem be A = [ly,l5]. The bulk metric is the Poincaré metric.
Since '™ is the same as in the case without a boundary, using the cutoff n = € we
obtain

Seona = < log (lQ - ll). (4.116)
3 €

Next consider the disconnected geodesics. Take a point Ry = (2 = zg, © = xg =
—M\zg, t) on the EOW brane and a boundary point P, = (zp = €, z = xp = I3, t).
Then

M —
_XP1 XRlM —

Lags® [ 1
AdS (—((1 F AN+ 1) + m) . (4.117)
€ 22p

l
Vite

C 2[1 C 2[2
Sdisa = 6 log ? + 6 log ? + Qdery, (4.118)
Shary = %log ()\ VI >\2>, (4.119)

This is minimized for zp = , and we obtain

where Spary corresponds to the boundary entropy.
The difference is

S S ‘) ((12 —h) 1 ) (4.120)
conA — isA — 7 10 s .
ATPEAT G\ T, A VI
so for example when s > [y, the disconnected geodesic is preferred.
For the half-line A = [l, 00), the connected geodesic does not exist, and only the

disconnected one contributes:

c 21
SA = SdisA = 6 log ? + dery- (4121)

This agrees with the field-theoretic calculation. Indeed, recalling the entanglement
entropy of an interval in the vacuum of a 2D CFT | one obtains this formula from
the one-point function of the twist operator in BCF'T via the doubling method.
B AdS/ICFT

The AdS/ICFT correspondence is a generalization of AdS/BCFT to the interface
CFTs (ICFTs for short). There are many models of holographic ICFTSs, typically
the bulk duals possess some branes which dual to the conformal interface. Here,
we discuss Janus deformations which includes a soft wall. We consider a three
dimensional gravitational theory with massless dilaton fields To show this, let us

recall the AdS;3 Janus solution [115,116]. For this we start with the three dimensional

83



Figure 12: Holographic entanglement entropy in AdS/BCFT. The green curve is the
connected RT surface; the yellow curve is the disconnected RT surface.

action for the 3d metric and the dilaton field ¢:

1

L |G 6] = 167G N

/ d*2VG [R[G] — G*P0xpdpp +2] . (4.122)
The equation of motion is given by

1
R[G]AB - ER[G]GAB — GAB = 87TGNT(¥,)AB,

1
(P)aB — 871G

DGgO = 0.

1
(vAngp - §GAB(VC¢VC¢)), (4.123)

Now supppose we seek the solution with AdS, isometry similar to the previous
AdS/BCFT subsection. The solution ansatz looks like

ds® = f(u)(dp’® + dshgs,), = @(n). (4.124)

The equations of motion for the scalar field ¢ and the metric f(u) leads to

1 d 4 N de(p)
f(u)3/2du( f(”)du(p) VT Flu)’
22w 3w o8 df(m) _ 5 5
RO =5~ "Ry "o~ TR O e - VIO

(4.125)

where 7 is a constant which parametrizes the Janus deformation. For generic
we find a following solution

()

Sn(”Tx(quuo), };—i)

Fl) = (4.126)



where we introduced xy = /1 — 292, ug is explained right now. In the Janus solution,
there is a parameter pg. This is the such that —ug < p < pg, given by

po = \/K/o1 \/(1 - Sz)z - 1——X52> - \/ZK G;i) o (4127)

1+x

where K (z) is the complete elliptic integral of the first kind. We find that ~ should
be 42 < & for nice solution. If v* > 1, its is known that there is a naked singluarity.

At = £puo, f() gets divergent and these two correspond to two different AdS

1

boundaries. When v = 0 i.e. without the Janus deformation, we have f(u) = P

and o = 5. There is another nice radial coordinate. The coordinate transformation
y = [ dsy/ f(s) rewrites the solution as follows

ds® = dy* + f(y)dsias,
1
= 5(1 + /1 —2+2cosh 2y),

1—1—\/1—27 + /27y tanhy (4.128)
14 y/1—292 —\/_ytanhy .

o(y) = o +

.. . 1 144/1-2v24+1/2v . e
We are noticing that ¢(y — +00) = @ = 75 log v | This two dif:

ferent asymptotic values of the dilaton indicate that the CFTs in y — 400 are
different CFTs. Two distinct CFTs are connected by a interface. Because of left
AdS, isometry we can see that this interface is conformal interface since they keep
half of conformal symmetry. One specific examples are D1-D5 CFTs and we see
the deformed theories constructed from two different tori radius. The integration
constant v or y is related to the energy of this conformal interface.

Depending on the choice of AdS; metric in (4.128), we have various physical
situations of ICFTs. One simplest choice is the Poincare AdS, metric,

—dt* + dg¢?
ds s, = 5—25 £>0. (4.129)

In this case, we see that the corresponding ICFT lie in the plane and interface locates
in z = 0. Similar to the EOW brane in the AdS/BCFT correspondence, there is a
brane corresponds to this interface. Indeed, the solution of equation of motion is
very similar to the kink solution of ¢* theory and the bulk stress tensor is localized
as we can see in the Figure 13. Thus the Janus solution is nothing but a soft wall
solution.

Later, we consider another choice that ds3,g, is blackhole which gives nontrivial

85



0.010} s
L J
0.008¢ o
o0
) 0.006¢ ole
167G N E* T (y) oo
0.004} ol
[ ] L]
0.002" el
(3 [
0000/ , J  \U , ‘
-10 -5 0 5 10
Yy Yy

Figure 13: Plot of solution of ¢(y) and bulk stress tensor Ti(y). We can see that
the plots are very similar to the kink solution.

non-equilibrium dynamics.

4.4 Braneworld holography
In the usual AdS/CFT correspondence, we assign the Dirichlet boundary conditions

for bulk fields and boundary fields are frozen and non dynamical (Thus they are
play a role of source). We can consider another boundary conditions for example
the Neumann boundary conditions [117-119]. In this case, the boundary fields
can be dynamical and some parts of the conformal boundary is EOW brane. As
one specific example, we consider flat brane 7 = 1 which is originally discussed
by Landall-Sundram. Then we consider to expand the Einstein Hilbert action with
Hwaking-Gibbons boundary action. This procedure is exactly same as what we done
in the holographic renormalization. Here we consider d = 2 for simplicity. Suppose
we have S{5% as a renormalized on-shell action. Then we discuss the GKPW relation

for this gravitational action,

e~ SE0 = WD (4.130)

,where

S — / oAy (LP + LW)

fin
= Sreg + Set = ((JFT)

(4.131)

Then moving the counter term to the left and doing the integral since we consider

dynamical fluctuation of the boundary fields

/[d,y]esEH[G;'Y]SHG[W] _ /[dfy]eJrSct[V]Wc(:ﬁFr%M (4_132)
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The gravitational equation of motion is obtained as

08aln]  SWiEN]

_0. (4.133)
57@1) 5’}/ab

The concrete form of the counter term is

1 1
St = —— dzx\/f_y(—l — gR[fy] log 627")
X

K2

1 (4.134)
_ 2 X —2r
= ;/d xﬁ+2—/€210g6
,where x is the Euler number of the surface ¥,.. Thus, the equation of motion can
be rewritten as .

(T 4y — g, (4.135)

ren /{2

To compare to the convention of the paper [4], we use the relation

T = K] = K™ + 9"

1 a 1 a a
ﬁﬂ = —@(KM = K[y

. (4.136)

— __ Tab n

2 < >I'en

a\() 1 gy ab

<T >ren - ?(T -7 )
Then the (4.135) is equivalent to

Top = 0 (4.137)

,which is by definition, equivalent to the junction condition.
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5 Thermalization and Equilibration in closed quan-

tum many body systems

We study quantum many-body systems defined either on spatial lattices or as quan-
tum field theories on R x S%!, and we assume that the energy spectrum is discrete
within the energy window of interest. This discreteness is expected since the spatial
manifold has finite volume. We write the Hamiltonian in its spectral decomposition
as H = ) E,|E,) (E,|. The theory is defined on a Hilbert space H associated
with Cauchy slices, and we denote by B(H) the algebra of all bounded operators
acting on H. As a preliminary step, we introduce an energy shell inside the full
Hilbert space H,

Hear = @ C |En> CH, (5.1)

E<E,<E+AE
whose dimension is denoted by Dg ap = dimH g ap. The corresponding microcanon-
ical entropy is defined as Syc(F) := log Dg ag. The energy width AE is chosen to
be much smaller than the central energy FE, while still being sufficiently large so
that the shell contains a large number of energy eigenstates. The microcanonical

ensemble associated with this energy shell is defined by

1
pfqﬁ’AE) - Dy AEPHE,AE7 (5'2>

where Py, ,, denotes the projection operator onto Hgag. For an operator O €
EAE

B(H), we denote its expectation value in the microcanonical ensemble by (O)

Tr [Opffc’AE)] .

In practice, especially in the thermodynamic limit, one does not consider the full
operator algebra B(H), but rather focuses on a distinguished subset of physically
relevant operators that remain meaningful in that limit. We denote such a set by
A C B(H). Depending on the choice of thermodynamic limit and of A, several

notions of thermal equilibrium can be formulated. Typical examples include

e the large volume limit, with A chosen as a set of macroscopic operator den-
sities, such as the density of total magnetization [30,120-123]. This choice
leads to the concept of macroscopic thermal equilibrium (MATE). A notable
feature is that this notion applies equally well to classical systems, in contrast

to microscopic notions of equilibrium;

e the large volume limit with A taken to consist of local or few-body oper-
ators [124-127]. This setting gives rise to microscopic thermal equilibrium
(MITE). This notion is closely tied to canonical typicality, namely the state-

ment that typical pure states in an energy shell are locally indistinguishable
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from the microcanonical ensemble. It is inherently quantum mechanical and
has no direct classical analogue. Related ideas, often referred to as subsystem
ETH, have been discussed for conformal field theories in [128]. For a detailed
comparison between MITE and MATE, see [129];

e the large N limit, where A consists of light single-trace operators or a small
number of multi-trace operators. This limit corresponds to the semiclassical
regime of the gravitational dual in the AdS/CFT correspondence and plays a

central role in black hole thermodynamics.®

Precise formulations of these notions of thermal equilibrium are given in Section 5.5.

In introductory courses on statistical physics, equilibrium states are typically
described by mixed states such as the microcanonical or canonical ensembles. For
isolated quantum systems, however, it is necessary to formulate what it means for a
pure state to represent thermal equilibrium. For a given thermodynamic limit and

a chosen set of observables A, we adopt the following definition.

Definition 1. We say that a pure state |¢)) € Hpgap represents equilibrium
with respect to a fixed thermodynamic limit and the operator set A if, for every
O € A, the inequality

<w‘ O ’w> . <O>fI,CAE < = O(Sme(E)) (53)

holds in the regime of large but finite Sy (E).

J

A comment is in order regarding the exponentially small bound appearing in
this definition. In realistic quantum many-body systems, the deviation from the
microcanonical expectation value can depend sensitively on the choice of the energy
width AFE. The width is assumed to be chosen such that the energy shell contains
many quantum states, but its precise scaling can influence quantitative estimates.

Nevertheless, equilibrium pure states form an overwhelming majority within the
energy shell: they are typical states in the Hilbert space. Indeed, a typicality the-
orem guarantees that almost all pure states drawn from the energy shell represent

thermal equilibrium in the sense defined above.

5.1 Typicality Theorems

Surprisingly, mathematically we can show that most of the quantum states in the

energy shell represents the equilibrium defined in the Definition 5. This is basi-

8In some situations, a large volume limit is also considered simultaneously with the large N
limit in AdS/CFT settings.
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cally follows from the mathematical phenomena called measure concentration in

probability theory. Typically people call this phenomena as typicality of thermal

equilibrium. Following we see some concrete realization of typicality theorems.

5.1.1 Lloyd’s Discussion

Here we review the Lloyd’s typicality discussions and raise its problem in our pur-
pose. We consider the random state [¢) = 3. ¢, |E,) € Hpap, Y, |cal” = 1.
The nice measure on Hp ap is uniform measure. This is unique basis independent

measure. We define the average over Hp ap as

J (I, dea)d (3, leal” = 1) F({ea})
J (I, de)d (3, leal” = 1)

The formula on this measure is following

E[F[[{)]] :=

1
E [C;Cm] = m(snm

1
D ap(Dgpap+1)

Elcremca) =

From these formulas we can derive for any O € B(H),

E[(Y|O[)] = Y Elc;cn] (Ba| O |Epn)

1 EAE
= E,|O|E,) =(0). " .
By 2 (B0 1) = (0)
Also the square is
E[(¥|O[4)"]
= Y Elchencial (Ba| O |Ey) (B O|E)
n,m,k,l

"~ Dpap(Dpap+1)

1 (Z <E”|O|En>> +Z<EH|O|EW> <Em|O|En>

n

Dg g < EAE\? 1 EAE)\ 5 E,AE
=—==" _((O)" ) + —Tr[ (E,AE)\2 (0 ((EBAE)
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)'o|.

(5.4)

(5.9)



Then the variance is evaluate as

V(% O[4)]
=E[(| O [4)*] —E[y|O[))°

R — pap), 1 (BAE)\2 () ( (EAE)) 3 }
DE,AE+1<<O>mC ) + DEAE_|_1T [(pmc )2O(pie™)? 0
— o () el O]

(5.10)

= BT (mcTFD| 0%, © OF |mcTFD)

E,AE

where we define the one-point function subtracted operator Ope = O — (O)

and |[mcTFD) =

projection on the energy shell,

w) 1 | En) r- We have another expression by using the

Vo] = 5 (0Pear0)2 - (©52)).

If PrarO = O, so the operator O is high energy operator, then

1 E,AE BAE)?
\Y = 2 ’ . 12
wiow - 5 (95 - (082)"). G
By using the Chebishev’s inequality, we have bound for the probability,

VIO )]

€2

ProbH<¢|O|1/z> (O >EAE‘>6} < (5.13)

If the right hand side is very small, we can say that for almost all state |¢), we
cannot distinguish the pure state and microcanonical ensemble with probe O. From

now we see one specific example, when O is local operator.

5.1.2 Other Typicality theorem

The canonical typicality ensures that for any local operator such that O = Ox ®1xe,

(W10]w) = Tex[pf Ox] & Trx | (pE2) “Ox | = Te[pE2P0]  (5.14)

b's
where (pﬁrﬂ AE)) = Trxe [pgﬁ AE)]. This ensure us that most of the single pure
state reproduce the same expectation value as that of microcanonical one. Surpris-

ingly, similar statement holds for bounded operator [130-132],

10115

EQDE,AE

ProbH<¢|c9|¢> e >EAE]>6] <« Moo (5.15)
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(|01O)
<¢|¢>

that the locality of an operator is not important at the level of expectation value,

where [|O||oo := supjy) .0 denotes the operator norm. This theorem says

when we take the total system sufficiently large or whose Hilbert space is large.

We have more tight bounds which may be useful in QFTs:

Theorem

Theorem 1. For any bounded operators O € B(H) and for any € > 0, it holds

that
E,AE 1 L R
Prob H<¢| O i) — (O) ‘ > < By 1) MeTFD) OL ©OF |mcTFD)
(5.16)
Also this right hand side is bounded by the following quantities
[
(mcTFD| O, @ OF |mcTFD)
Z(B)ePE+AE) (5.17)
A0 (1rD(8)] Ok,  OF, [TFD(3)
E,AE
where we denote
(0)  =Te[0p8)], Ocan = O — (O (5.18)
The optimal choice of B is chosen such that
0S(E
% — 8, S(E) = log Dz (5.19)
and B(E+AE)
Z(B)e
(/B)D— = O(log (Dg ag)). (5.20)
E,AE

The canonical correlation functions are

<TFD<6)‘ Ofan ® Oin TFD(B» |:Ocan (pcan)% can (pcan) %]

O
(5.21)
1 p200(2) 0]

4] 0J13
= . 5.22
EQ(DEAE + 1) ( )

N

(RHS) <

This is similar to (5.15)
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(mcTFD| Ok @ OF |mcTFD) < ||O||%\/2I(L : R) (5.23)

where I(L : R) is a mutual information between the left and right subsys-

tems of the (micro) canonical TFD state

In these bounds the first one is most tight and UV finite.

Proof. From the Chebyshev’s inequality we have

_ VIl 0]

= (5.24)

Prob|| (vl O1¥) — ()] >

From (5.10), we have (5.16).
Then, we try to prove the bound with canonical ensemble (5.17). Firstly, we

consider the following inequality,

(mcTFD| Ok, @ OF |mcTFD)

. . (5.25
< (mcTFD| (0L +aly) ® (OL. + alg) |[mcTFD) )
for any a € R. The proof is very simple,
(mcTFD| (O, + al;) ® (O, + aly) jmcTFD)
— (mcTFD| OF, @ O |mcTFD) + a (mcTFD| O © 1 jmcTFD) (5.26)

+ a (mcTFD| 1, ® OF |mcTFD) + o (mcTFD| 1, ® 15 |mcTFD)
— (mcTFD| O @ OL  |mcTFD) + o > (mcTFD| O @ OF  |mcTFD)

where we use

(O)i2F = (meTFD| OF @ 15 |meTFD) = (mcTFD| 15 ® O [mcTFD)  (5.27)

mc

.\ EAE N BAL 5
and <Omc> = 0 by definition. Then, we set a = (O). """ — (O). . with some

mc can
mc
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8 > 0. Then, by denoting Oy = O — (O)B

can’

(mcTFD| O ® OL  |mcTFD)
1 . 2
= En Ocan Em ‘
b 2 |(El O lEw)

E
|En),|Em)EHE AE

1 n n m m ~ 2
=D Yo T (B O )|
EAE |En),|Em)EHE AE
eﬁ(E-I—AE) 5w 5Em . 9
e Z e 2 e 2 ‘<En|(')can|Em>‘
BAE B Em)ete,an
B(E+AE) X X (5.28)
_ € 3 (Ep e Oume™ 2 | En) (E| Ocan | En)
Dgar
|En)s| Em)EHE,AE
B(E+AE) ) )
- eD Z <E"| e_ﬂTHOC’fme_BTH |Em> <Em| Ocan |En>
EAE g | Emyen
Z(B)ePE+AE) arE A Ry
- DE AE Tr[(pgazl) OC&H (p((lal)l) Ocan]
Z(B)eBE+AE) R )
= 2O (e (9) O, @ OF, [TFD(S))

Notice that so far § is introduced just a positive parameter. With some technical

assumption, we can show that [133] with setting

ag—SEE) =B(E) =58 (5.29)
we have 2(8)eBE+8D
T Dpan O(log Dp,aR)- (5.30)
Intuitively, since Z(5) ~ e 878,
%ﬁ;m ~exp{—B(F(B) — E—-TS(E))} (5.31)

and the right hand side is not huge in the thermodynamic limit with thermodynamic
relation.

Next we try to show (5.22). This is easy if O is hermitian . The derivation is

9The hermitian condition will be just for simplification
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follows,

(mcTFD| O @ OF, |mc¢TFD)

Ty [@mc (pLEAD) %@mc (pEAE) %}

mc

1 N T 1 I\ T
S TI‘ @mc (pEHEC’AE)> ’ (@mc (pl(’HEC"AE)) 2) TI‘ @mc <pI(HEC7AE)> ’ (émc <pI(IIEC’AE)> 2) ]
. 1 . .
= Tr | EAPO2, | - > (B OB < |IOI = 4]0
Dgar
|En)EHE,AE
(5.32)
Next we consider (5.23). Define C,,,[04, Op] as
CpaplOa, 0| :i=Tr{pap0s ® Op} — Tr{paOa} Tr{ppOp}. (5.33)
There is a useful formula
Lemma 1. For any bounded operators O4, Op and quantum state pap
1 CPAB[OA7 OB] )2
— <] A:B 5.34
(B TonTs) < hutd:B) 31

,where A = suppQy, B = suppOp and 1(A : B) is the quantum mutual information,
I,,;,(A:B)=S(A)+S(B)— S(AB) (5.35)

If we set A=Hp =H,B=Hr="H, pap = pgﬁ’AE), we see (5.23).

5.2 Equilibration and Thermalization

5.2.1 Typicality is kinematical

In the previous subsection, we argue that the most of the quantum states in the shell
represent thermal equilibrium. From this fact, we may consider following paradigm
for non-equilibrium dynamics: as an initial state, we have a non-equilibrium and
atypical state. It is natural to consider, the unitary time evolution then move this
non-equilibrium atypical state to typical equilibrium state. See Figure 14.
However, we need to notice that the typicality theorems does not say about the
time evolutions. They are just a mathematical theorem which do not depends on
the detail of Hamiltonian and thus kinematical. We know that the actual dynamics

highly depends on the structure of Hamiltonian like energy eigenstates and spectrum.
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Atypical state = non-equilibrium

Typical state = equilibrium

Figure 14: Illustration of non-equilibrium dynamics which we "naively” expect from
typicality theorem.The red points express the initial state |1)(0)).

This is non-trivial and we need to go beyond the typicality theorem. Thus, to discuss
the thermalization behavior from non equilibrium to equilibrium in closed systems
we need to more about the information of Hamiltonian and initial states. From now

we discuss this part.

5.2.2 Equilibration and Thermalization

Now we would like to ask a question, for example, for states [1/(0)) and time evolution
[9(t)) = e |4h(0)), there exists a ”equilibration time t.,” such that for any time
t > teq, We see

(WD) O[(t) = (0) 02| = &7 Emel?), (5.36)

mc

Empirically this will be true. However, this never happens. There is a theorem
called Poincare recurrence which states that for closed systems with finite dimen-
sional energy shell some time evolved states are very close to the initial states.
In practical, the recurrence time is very long compared to the equilibration time.
With this observation, we ask another question: for states [¢(0)) and time evolution
[¥(t)) = e |1)(0)), can we confirm that for almost all time ¢ the equation (5.2.2)
holds?.

To formulate this question in more practical manner, we consider an uniform

distribution of time pime. Then the above question is evaluation of the probability

PrOb.U‘time |:

WO — (OVEAF| > (5.37)
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_O(Smc(E))

is small or not for e = e . This probability is bounded by above

Prob

Htime

| —

WO [(®) — (O] > ¢

’ 2

= Proby,,,, || (W(®) O [w(1) — (O)12"

>62

< 11@ [ (W ()| O (1)) — <0>5’CAEH

T

(5.38)

!
T e

((1) O (1)) — (0)E22[

where we denote the long-time average as

T—o0

AWM = lim % /0 ' dtA(?). (5.39)

by using the triangle inequality we can decompose the time average by two parts

<|wwiowm) - worewm |

T

‘ 2

(W) O () — (0)ZAF

2

+|w@roRe) - ()"

(5.40)

2T

= [wion() - WoOowm)

+ [w@Orowmy - o).

The first term represents the fluctuation of ((¢t)| O |1 (t)) from the steady long-time
T
average value ((t)| O [¢(t))

we call the initial state [1/(0)) shows equilibration.

is thermodynamically small. If this part is small, then

Definition

Definition 2. For a given initial state |t¢), we say the time evolution |¢(t)) =
e~ 1)) undergoes equilibration if it holds that for any O € A

T

(Wl O(@) ~WOTOR@EN ) <e O (5.41)

J

As an important remark, in the definition of the equilibration, we just have some

steady state. In concrete, the relevant quantum state is given by

pp = TO) WA =Y leal’ [En) (Bl (5.42)

98



in the last equality we assume that there is no energy eigenstates degeneracy. Indeed,

we have

WOIOT(E) = Tr[ppO). (5.43)

pp is called diagonal ensemble and initial state dependent state. Thus to discuss, the
state reaches to thermal equilibrium state, we need to discuss that the steady state
in equilibration is close t microcanonical ensemble. This is called thermalization
and related to the second term of (5.40).

Definition

Definition 3. For a given initial state |¢y), we say the time evolution |¢(t)) =
e 1t l4ho) undergoes thermalization if it holds that for any O € A,

mc mc —

GOIOTM) — (O] = [TrlppO] = (O) 27| < e 0 (5.42)

J

If a given initial state |1) and theory undergoes equilibration and thermaliza-
tion, we see that the time-evolved state |1)(t)) represents equilibrium for most of the
time ¢ larger than some relaxation time like a Figure 15.

Now We consider the sufficient conditions for equilibration and thermalization.
We can discuss the upper bound for the left-hand side of (5.41) and (5.44) indepen-
dently. These discussion involves dependence of 1) initial states and 2) theory or

Hamiltonian.

WO 9(#)

Time ¢t

Figure 15: Typical behavior of the one point function (¢(t)| O |(t)).

5.3 Initial State Independent Upper Bound: Strong ETH

We begin by examining an upper bound that does not depend on the choice of initial
states. This situation arises in sufficiently chaotic systems. For simplicity, let us
impose the following two assumptions on the energy spectrum within the chosen

energy shell:
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1. Non-degeneracy:
E,=E, = n=m (5.45)

2. Non-resonance:

En—Em:El—Ek:n:l,m:k (546)

These assumptions may be relaxed to some degree. Under them, the left-hand side
of (5.41) can be rewritten as

2T

(wwioe() - oo )
= Z lenl?|eml? | (Bn| O |E) 2

ngm , (5.47)
< (Ebn¢a7§| (En| O|E) D Z ‘Cnmcm‘Q
n#Em

< (max | (E,| O|En) )"

Thus, if the following condition known as the off-diagonal ETH is satisfied, every
initial state in the shell equilibrates:

Off-diagonal ETH: YO € A, ¥ |E,),|Ew) € Hpap, n #m,

(B, O|E,) | < e OSmeE), (5.48)

Next, consider the upper bound that appears on the left-hand side of (5.44).
Suppose that the system additionally satisfies the (diagonal) ETH:

Diagonal ETH: YO € A, ¥ |E,) € Hp.ap,
| (Ea| O |E,) — (OYEAF | < ¢=OSme(®))

mc

(5.49)

Under this assumption, the left-hand side of (5.44) becomes small for arbitrary
initial states, leading to thermalization throughout the energy shell.

We refer to the combination of the off-diagonal and diagonal ETH conditions
(5.48), (5.49) as the strong ETH [31,32]:

Definition 4. A system is said to satisfy the strong eigenstate thermalization
hypothesis (ETH) on an energy shell H g ag with respect to a chosen thermody-
namic limit and a class of observables A, if both the diagonal and off-diagonal
ETH conditions hold. When this is the case, the system exhibits equilibration
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and thermalization for any initial state belonging to the shell. J

There exist numerical studies supporting the validity of strong ETH [39, 134].
Nevertheless, establishing strong ETH analytically for specific chaotic Hamiltonians
remains notoriously challenging, as one typically lacks explicit expressions for energy

eigenstates and cannot directly compute matrix elements such as (E,| O |E,,).

5.4 Initial State Dependent Upper Bound
As an alternative upper bound for the left-hand sides of (5.41) and (5.44), we may

consider bounds that explicitly depend on the choice of initial state. These bounds
will later play an important role in our analysis. To proceed, let us introduce the set
of energy eigenstates within the shell, denoted by g ag, equipped with the uniform
probability measure. Using this, we define the following probability:

(B O|E) = (O > ¢, (5.50)

éiag,ETH[O] = PrOng,AE [

0

O(Sme(F)) is taken to be a small positive parameter!.

where € = e~ This quantity
measures the fraction of energy eigenstates in the shell for which the diagonal ETH
is violated by more than e.

A similar quantity can be introduced for matrix elements between different eigen-

states. Define a set £ o of ordered pairs of distinct energy eigenstates:

}E,AE = {(|En> | Em)) € HEar X HeAE ‘ |E,) # |Ey) up to an unphysical phase}.
(5.51)

Equipping this set with the uniform probability measure, we define
Al prulO] = Probey, , [(Ea| O |Ey)| > €. (5.52)

Our goal is to derive state-dependent upper bounds involving these probabilities.
Throughout this discussion, we assume the non-degeneracy condition (5.45) and the
non-resonance condition (5.46).

Let us begin with thermalization. A useful inequality established in [123] is the

following:

10To obtain a meaningful upper bound, one needs to be careful in choosing e. We will clarify
this point in a later section.
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Theorem

Theorem 2. For any € > 0, any initial state |vo) = 35 vcpp o Cn [En)s and
any bounded operator O € B(H), the following bound holds:

WO~ (O127] < 0]l ( + J ear Aaiag,ETH[m), (5.53)

where the effective dimension is given by [123, 135]

Do = (Z rcn|4> hs (Trlpp]) (5.54)

n

J

The quantity Deg characterizes how many eigenstates meaningfully contribute
to the initial state. For instance, a single energy eigenstate yields Deg = 1, whereas
a maximally coherent superposition, V) =375 1, 4, #AE |E,), gives Deg =
Dpg ag. It is well known that typical states in high-dimensional Hilbert spaces satisty
Deg = O(Dgag) [136]. We put this discussion in up-coming subsection Section
5.4.2.

Since local operators often suffer from UV divergences in their operator norms
due to short-distance singularities, one typically smears them using a test function f,
Of1(t) :== [ dz f(z) O(z,1), [ dz f(z) = 1, or alternatively performs Euclidean
time evolution, O(t + ib) := e®?Oe " . For brevity, such smearing will be left
implicit in what follows.

An important feature of (5.53) is that the dependence on the initial state and
the dependence on the Hamiltonian factorize: the former appears solely via D.g,
while the latter enters only through A, pry[O].

From the inequality, we conclude that for a given initial state, if for sufficiently

small e,

Dgar . B .
Do sup diag,ETH[O] <e O(S"“(E)), (5.55)
eff OcA

then thermalization is guaranteed. Furthermore, since 1 < Dy < Dp ap, the most

conservative requirement ensuring thermalization for all initial states is

Dp,ap SUp Afg pru[O] < e OFmeE), (5.56)
OcA

The scaling behavior of A, pry[O] in the thermodynamic limit is therefore crucial.

For instance, applying large deviation estimates in translation-invariant quantum
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spin systems on a d-dimensional lattice, one obtains [137]
Aiag rrulO] < e Naot, (5.57)

for some positive coefficient 7(¢). Other upper bounds for operators with large
support are discussed in [138,139]. These inequalities apply to both integrable and
non-integrable models and therefore do not by themselves imply thermalization.
However, if we assume the scaling

Dpap = e5(E) Vol(Sd*1)7 Dg = enVol(sdfl)’ (5.58)

)

with sufficiently large volume, then the condition s(E) < 1+ v(€) ensures thermal-
ization of states with effective dimension satisfying (5.58).

As discussed in [140], the actual scaling of A§;,, pry[O] may differ drastically
between integrable and chaotic systems. For integrable models, it is conjectured
that

fiag,pri[O] & e OFme ), (5.59)

whereas for genuinely non-integrable systems the conjectured scaling is doubly ex-
ponential:

_# eo(smc(E>>

diag ETH|O] ~ € ) # > 0. (5.60)

These behaviors have been numerically observed in spin-chain models: the XX
model (integrable) and the XXX model with perturbations (non-integrable). If
the doubly exponential suppression indeed holds, condition (5.56) is automatically
satisfied, implying thermalization from any initial state—equivalent to the diagonal
strong ETH. In contrast, if there exist ETH-violating eigenstates such as quantum
many-body scars [141,142], the doubly exponential suppression cannot occur, since
Dp AEA§iag pru|O] would then fail to be doubly exponentially small.

A similar analysis applies to the off-diagonal sector. For any quantum many-

body Hamiltonian satisfying non-resonance, one has:

Theorem

Theorem 3. Let € > 0, [1)o) any initial state, and O € B(H) a bounded opera-
tor. Under the assumptions of non-degeneracy and the non-resonance condition
(5.46), the following inequality holds:

2" (Dp.ap)®?

il o) - o) | <ol (e + P g o).
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Here ASg oy (O] is the probability defined in (5.52). J

The proof of this result is presented in Section 5.4.1. As before, equilibration

follows for a given initial state if

(Dp.ap)®?

D ASH,ETH[O] = ¢ Ome), (5.62)
eff

Moreover, if the Hamiltonian satisfies a doubly exponential suppression analogous
to (5.60),
ASg prulO] = T, # >0, (5.63)

then equilibration holds for every initial state.

5.4.1 Proof of theorems 2

In this section, we present a mathematical derivation of the theorems introduced
above.
B Proof of Theorem 2

We begin by establishing the inequality (5.53). Define the subset of energy eigen-
states satisfying )(En| O|E,) — <(9>f}’CAE‘ < €]|0]| as 5;)AE. With this notation, a

straightforward manipulation yields

WOTOm) — (05|

=| Y lal(El0IB) - ©)52F)

‘En>€8E7AE
< > laP|Elo1E) - )5
|En)EEE,AE
< Y laPfBElOIE) - (05|

|En>€gE,AE—gg,>AE

+ Z ‘%’2

(Bl O|E,) — (0) "]

mc

|En)eES A 5
2

E,AE
< S el Y [EI0IE) - @22 + 0]
\ \En>€5E,AE*5g’)AE |En>€5E,AE*51(;,)AE

2

E,AE

< | Y el Y [BIOIE) - (O] + €Ol
|En)€€B,AE |En>€gE,AE*g(EE,)AE

(5.64)

104



Noting that >,

. B ) . .
and using ZIEn)GSE,AE—&(;)AE 1 = Dpap AfjugprulO], we arrive at the asserted in-
equality.

el = (Der) ™", ‘(EnIOIEm—(@E’AE < 2|0,

egE,AE mc

B Proof of Theorem 2

We now turn to Theorem 2, which concerns the contribution from the off-diagonal
matrix elements.

Proof. Assuming the non-degeneracy of the spectrum, we can write

T
T2
WD) O — WH[O[@) | = ST JelPlealP (B O 1B
(1En), | Em))EEG A
(5.65)
Introduce the subset
an ) = LB, |En) € Epam: [(Eal OB < EO]% 1. (5.66)

Splitting the sum into contributions from &g A E(G) and its complement, we obtain

Z [cnl?|cm |*[{E] O‘EmHQ

(B | Em)) €€} A p

=Y aPlealIE O

(1En), | Em))€E 25"

+ Z |enl*em]*[(En| O |EM>|2

(En) | Em))EE Ap—Elp ap'

< €OlI% + > [enltfemlt > (Eu| O |Bw)[*

(Bn), | Em))EE Ap—El ap"® (En) | Bm)) €€ Ap—Et ap"”

(5.67)

The first factor is bounded above by (Deg)~2. To bound the second, observe that

{Eul O |En)| = | Trug ap(|Bm) (Ea])O)|

<\ s 0o [ B (B0 (Bul)] Tras 5, [070] (5.68)

= /T2, s [0T0] = /D ar |0 -
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Thus,
Z (B O|En)|" < (Dpap)®|Ol% Al grulO). (5.69)
(En) | Em))EEL Ap—El ap"®

Combining the above bounds yields the desired inequality. O]

5.4.2 Typicality for the large effective dimension

We can show that the pure states whose effective dimension is large is typical in the

energy shell in the thermodynamic limit.

Theorem

Theorem 4. For any positive number 6 and for the Haar measure on the energy

shell following inequality holds.

1 2
P b ~Haar n4>(S < w0
FOPlyo)~H [znlc "= ] T 0Dgpap+1

Especially by putting § = e "ot D ap = e*Naot

2677Nd0f

Probyyg)~Haar | Def (|10)) < enNd(’f] < N 1™ e Naor(s=1) 3 (g5 Nygop — 00

J
Proof. By using the Markov’s inequality, we have
E 4
Probjyg)~taar [Z lea| > 6] < %
1
== > Elciencial (5.70)
n,m,k,l
_ 2
6(Dpap+1)
[

The last equations follow from (5.5) Thus, we find that the typical initial states
get thermalized. However, for a given theory, we should concretely examine which
states have the large effective states. For example, it is quite non-trivial whether non-

equilibrium states prepared from quantum quench have the large effective dimension.
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5.5 MATE and MITE
5.5.1 MATE

First, in a macroscopic system, we consider a set of mutually commuting macroscopic
physical quantities {M;}i—1... x. These are extensive quantities for some degree of
freedom of the system, we denote Ngor. Example of Nyo¢ is system volume, lattice
number, central charge ad so on. For an integer tuple v = (mq,mg, - ,my), we
define the Hilbert space H, by

H, = Span{|E,) | |En) € Hear, M;|E,) =m;AM;}. (5.71)
These subspaces provide a direct-sum decomposition of the energy shell:

Hear =P H,. (5.72)

A representative vector in each H, corresponds to a macroscopic state. For a physi-
cally reasonable statistical-mechanical system, there exists a particular macroscopic
Hilbert space Heq := H,,, describing thermal equilibrium. Let Deq = dim Heq.

Then, in the thermodynamic limit, one expects that for sufficiently small e,

D,
1-— —¢ 5.73
Dg g (5:73)
This condition is called thermodynamic typicality [30,121,129]. For example, in a
translation-invariant quantum spin system in (1 4+ 1) dimensions with short-range
interactions, thermodynamic typicality has been proven for a single extensive oper-
ator [143]. Let P., denote the projection operator onto He,. We now define what it

means for a pure state to represent thermal equilibrium in the sense of MATE.

Definition

Definition 5. A pure state |¢) within the energy shell H g ap is said to represent
a macroscopic thermal equilibrium (MAcroscopic Thermal Equilibrium, MATE)

if, in the thermodynamic limit, for a sufficiently small positive quantity 9,

1= (Y[ Peq [90) <0 (5.74)

is satisfied [121].

J

If thermodynamic typicality (5.73) holds, then pure states that represent thermal
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equilibrium in the sense of MATE are typical in the energy shell. Indeed,

D,
(V] Peq [10) = Tr prmclPeq = D =1-e (5.75)
U:Ndof

Define the nonequilibrium projection operator by Pheq 1= 1 — Pey. For a MATE
state,
(| Preq 1) = 6 < 1. (5.76)

B When the set of macroscopic operators does not commute
Given a set of noncommuting macroscopic operators {M;}, one introduces a set

of approximately commuting operators {]\Z} that satisfy

— 1 —
Naot—00 [Ndof
For translation-invariant lattice quantum spin systems where M; = Zae]ahtice mt(f),

the existence of such operators is known [144].

5.5.2 TMATE

A different definition of macroscopic equilibrium associated with macroscopic oper-
ators was proposed in [123]. This definition does not assume a macroscopic Hilbert
subspace nor approximate commutativity.

B Single macroscopic observable

Consider a single macroscopic observable M. Define

— % 1 EAE
m(E) := Ndlolfrgoo N (M) =" (5.78)

Fix 0 > 0 independent of Ny.¢, and define

mw:P{ —mwﬂzﬂ. (5.79)

For a Hermitian operator A diagonalized by |a), define

P[A>ag) = |a){al. (5.80)

a>ag

Definition 6. A pure state |¢) € Hy,,, r satisfies TMATE (Tasaki’s Macro-
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scopic Thermal Equilibrium) if

(] Preq [1) < 7Moot (5.81)

for some model-dependent constant o > 0.

J
B Multiple macroscopic observables
Let M® i =1,--- n, ben extensive observables with n = o(Ng). Define
m® = lim <M(’)>i’cAE. (5.82)

Naot—00 Nyof

Choose positive constants 8¢ independent of Nyes.

Definition 7. A pure state |¢) € Hn,, r satisfies TMATE if
M@ , ,
1P| 5 = mE)| 2.8 1) < oo (5.89
Ndof
foralli=1,--- n.
J
One may also define
P ZP[ M ”(E)\ 5] (5.84)
heq 1= —m\ >0, 5.8
: Ndof

which is no longer a projection. The condition (1| Ppeq |10) < e=@Naot follows from
(5.83) if n = o(eNaor).
B Thermodynamic bound

A key tool to show that TMATE is typical is the thermodynamic bound.

Definition 8. A quantum system satisfies the thermodynamic bound (at energy
density F) if there exist constants v > 0 and (Ngof)o such that

<Pneq>E7AE < e_deOf (585)

mc

for all Ndof Z (Ndof)().

B Typicality of TMATE
Once the thermodynamic bound holds, TMATE becomes typical.
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Theorem

Theorem 5. Assume the thermodynamic bound (5.85) and v > «. For suffi-
ciently large Naor > (Naof o,

Prob [(§)| Ppeq [0) > e™Naef] < e (rme)Naor, (5.86)
J
Proof. By using the Markov’s inequlity,
Prob [(1)] Pueq 1)) > ™Mot ] < e*Naor (1] Preq [1)]
= eO‘Ndof <I[Dneq>flchE
< 6_(7_Q)Ndof‘
O

B MATE and Thermodynamics
Define the Boltzmann entropy of a macroscopic state v by S, = logdimH,.
Then,
Seq = logdim Heq = 1og D ap = Sme(E, Naot) (5.87)

in the thermodynamic limit, reproducing the thermodynamic entropy.

5.5.3 Thermalization for MATE

We discuss thermalization in terms of (T)MATE [121,123]. First, we consider the

following lemma.

Theorem

Theorem 6. Assume that there exist a sufficiently large T' and a constant v > 0
such that

1 T
7| WP (o) at < e (5.59)

This assumption will later be shown to hold under certain conditions. Then, for
most times t € [0, T, the state |1(t)) satisfies (T)MATE:

((8)| Preq [9(t)) < 7Moot (5.89)
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Proof. Let B C [0,T] be the set of times ¢ for which

(Y(t)| Preq |0(2)) > e~ Ndot (5.90)
Then
51
o= /tEB dt (5.91)
aN, 1 T
< N 2 / ()| Pac [ (1) (5.92)
< e N, (5.93)

Thus, in the thermodynamic limit, the set of times violating (T)MATE has negligible

measure. O

Next, we analyze conditions under which (5.88) holds.

B Specific initial state

Theorem

Theorem 7. Assume the following:
e The thermodynamic bound (5.85) holds.
o The energy eigenvalues are nondegenerate.
o There exists n > 0 such that Deg > e‘"NdofDE’AE.
o v—n>2a+v).

Then (5.88) holds for the initial state.

Proof. Using nondegeneracy,
1 T
7 | 001 P00 dt < TGO P 00 (5.99)
= lenl* (Bl Pacq | En) - (5.95)
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Applying Cauchy—Schwarz,

D lenl” {Bal Proq | En) < (Z lcnl4> (Z (En| Preq IEn>2> (5.96)

n

< \/Dleﬁ zn: (Ep| Preq | En) (5.97)

D 2
:V—&E&mﬁﬁESeQWM- (5.98)
Deff

U

This implies (5.88) under v —n > 2(a + v).

B Arbitrary initial state

 Defition |

Definition 9. A system satisfies MATE-ETH if every eigenstate |E,) € Hpag
satisfies (T)MATE; i.e., there exists x > 0 such that

(B Preq | En) < e7"Naot < g (0¥ Naor, (5.99)

J

Theorem

Theorem 8. Assume MATE-ETH, nondegeneracy of |E,), and k > o + v.
Then any initial state satisfies (5.88).

Proof.
1 [T
7| 01 Py 010 dt < TGO P 000 (5.100)
< g haot (5.101)
which implies (5.88) because k > o + v. O

5.5.4 MITE

In this section, we discuss a notion of thermal equilibrium that is different from
MATE and TMATE and is intrinsic to quantum systems, namely Microscopic Ther-
mal Equilibrium (MITE). Roughly speaking, MITE means that a pure state is lo-
cally indistinguishable from the microcanonical ensemble. For arbitrary quantum
systems, MITE is known to be a typical property of pure states in an energy shell.
This fact is referred to as Canonical Typicality [124].
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Definition

Definition 10. A pure state |¢)) € Hgap is said to represent microscopic
thermal equilibrium of length { (MIcroscopic Thermal Equilibrium, MITE;) if,
for every subsystem Xi(l) of size [,1=1,2,---,V,

(D)
oyt~ foralli=1,2,-- V.

This definition is equivalent to requiring that, for any local operator O € Sl(él

supported on a region of size [,

(W] O|p) ~ (O)EAE

J

The condition MITE,; can be naturally extended to few-body operators. There-
fore, one expects that strict geometric locality does not play a crucial role in the
notion of microscopic thermal equilibrium.

Canonical typicality states that, for almost all pure states in a given energy shell,
the reduced state on a sufficiently small subsystem X is locally equivalent to the

microcanonical (or canonical) ensemble:

pf/f ~ pme, for most |¢) € Hpap. (5.102)

More precisely, the following theorem holds [145, 146].

Theorem

Theorem 9. Let |¢)) € Hpar be sampled at random from the energy shell
Heap according to the uniform (Haar) measure. For a proposition C about
|1), let Prob[C] denote the probability that C' holds. Then, for any ¢ > 0 and
any subsystem X, one has

Prob [[lp = pmc |1 >n] <7, (5.103)
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where
D2
n Do ar (5.104)
2
n = 4dexp (— 52 DEAE>, (5.105)
DE,AE = dim'HE,AE, DX = dlmHX (5106)
J

The proof is in Appendix B. The physical interpretation of this theorem is as
follows. If the subsystem X is chosen so that 7 is sufficiently small, then for almost all
pure states |¢) in the energy shell, the reduced density matrix pﬁ is indistinguishable

from pme”~. In particular, in typical many-body systems one has

Dpap =Y, Dy =e00XD (5.107)
and hence )
Dx” | enxi-v. (5.108)
Dgpar

Therefore, as long as the subsystem size | X| is much smaller than half of the total
system size V', almost all pure states |¢)) are locally indistinguishable from the
microcanonical ensemble.

Moreover, in systems characterized by a parameter such as the central charge ¢

in two-dimensional conformal field theory, one often has
Dpap ="V Dy =eox0XD (5.109)

where we consider entropy density for each central charge by s = %limv_m %Smc
11
cIX]|
the large-c limit, as long as the size of the subsystem X is at most half of the total

system, one finds D’;—X:E < 1.

B MITE and thérmodynamics

When the interaction between a subsystem X and its complement X¢ is suffi-

and sy = Sx. Sx is thermodynamic entropy for subsystems. In this case, in

ciently weak, one may write the Hamiltonian as
H — HX + HXc + Hint; (5110)

with |Hiy| < |Hx|, |Hxe|. In this situation, the reduced microcanonical state on X
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is approximately canonical:
Prc ™ Pean- (5.111)

The temperature is determined by the thermodynamic relation

_ 9Sume(V)

& oF

(5.112)

For a state |¢) that satisfies MITE, the entanglement entropy of the subsystem X

then satisfies

Sx[[¥)] ~ Sx[pme] = Sv.n.[pean], (5.113)

which reproduces the thermodynamic entropy of the subsystem X.

5.5.5 Application of typicality theorem: Page curve

One possible application of typicality theorem is page curve which is related to
information loss paradox.

Let us divide the total Hilbert space into that of Hawking radiation Hgr and
that of the black hole Hp. Following a unitary time evolution, we consider the
entanglement between Hawking radiation and the black hole [147]. The key concept
is canonical typicality. Although the definition of energy in gravitational theories
generally contains ambiguities, here we assume that the energy is conserved in an
appropriate sense so that an energy shell can be defined. If energy conservation is
not assumed, one may simply take the entire Hilbert space as the “energy shell.” In
this case the microcanonical ensemble is replaced by dimLHtot and we consider this
case for simplicity.

Before black hole formation there is no Hawking radiation, so S = 0. Shortly
after formation, when Hawking radiation begins to be emitted, we have dim Hz <

dim Hp. By canonical typicality, the reduced density matrix for typical states sat-

isfies
i) = Prc + 0P, (5.114)

with
Spr = O( %) (5.115)

which follows from the canonical typicality theorem. The entanglement entropy of

the Hawking radiation is then

Sallé(t)] = Sy ol — Tr[dprlog pli] + O(3p%). (5.116)

The first term, S, n [pf.], is the thermodynamic entropy of the Hawking radiation,
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and it dominates when (dim H R)2 < D agp. Next, let us consider the final stage of
evaporation. At this time dimHp < dim Hg. Again, by canonical typicality, the

reduced density matrix of the black hole satisfies

where
di 2
5pB:O< 1m%3>. (5.118)
Dgar
Since the total system is in a pure state,
Srl[¥(t)] = Spllv ()] = Sex[pmc] — Tr[6pslog prc] + O (dp3). (5.119)

Here S, x.[pB.] represents the thermodynamic entropy of the black hole. From the
above considerations, during the unitary process of black hole formation and evap-
oration, the time evolution of the entanglement entropy of Hawking radiation is
expected to follow the curve known as the Page curve as in Figure 16. Deriving
the Page curve correctly is an important step toward resolving the information loss

problem. We will go back to this problem later.

SR [pIII%lC:|

t
Figure 16: (Green) Page curve: the time evolution of the entanglement entropy of

Hawking radiation. (Red) Thermodynamic entropy of Hawking radiation. (Yellow)
Thermodynamic entropy of the black hole.
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5.5.6 MATE vs. MITE

We have so far introduced two notions of thermal equilibrium: (T)MATE and MITE.
A natural question is how these two concepts are related. In general, (T)MATE and
MITE are independent notions, although in certain situations one can establish a
relation between them [148,149].

o If a system satisfies MATE, then a single measurement of a macroscopic ob-
servable already yields the corresponding equilibrium value. Thus, MATE is
meaningful only for macroscopic systems in which quantum fluctuations are
sufficiently suppressed. In contrast, for MITE, it is not required that the out-
come of a single measurement be close to the microcanonical prediction. In
this sense, MITE is a weaker notion than MATE.

e On the other hand, MITE is a condition of state equivalence: the quantum
state locally resembles the equilibrium ensemble. By contrast, MATE only
requires that the expectation values of a set of macroscopic observables match

their equilibrium values, which is a strictly weaker requirement.

e Suppose a state 1) represents MITE of length [. In a translationally invariant
system, assume that the operator defining MATE is of the form M = )" h;,
where each h; has support of size at most [. Then |1)) automatically satisfies
MATE. Thus, in such situations, MITE implies MATE.

e However, there also exist states that satisfy MATE but do not satisfy MITE.
As a concrete example, consider a system of N > 1 spins with Hilbert space
H = (C*)®N | and take the Hamiltonian to be H = 0. Then the energy shell
is the full Hilbert space Hgarp = H, and the microcanonical ensemble is

Pmc = 2~N I

Let X1, Xs,..., Xy € {—1,1} and consider the product state
¥) = lo. = X1) o, = Xo) - o, = Xw) . (5.120)

If the variables { X} } are chosen randomly, then for example the magnetization
M = Zf\; ) oD of |1} satisfies MATE with high probability. Nevertheless, the

reduced density matrix of any small subsystem S is

Pl = lo2)g (o2l # P = Ts /2" (5.121)

so [¢) is clearly not MITE. Such behavior can occur in many-body localized

phases. More generally, any state with low entanglement in small subsystems
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will fail to satisfy MITE. This example highlights that MITE is sensitive to
the entanglement structure and is thus a genuinely quantum notion, whereas

MATE has a classical analogue.

5.5.7 Local ETH and Sub-system ETH

In this subsection, we consider a d-dimensional conformal field theory (CFT). In a
conformal field theory, all the dynamical information of the theory is encoded in the
spectrum of primary operators and their OPE coefficients. Therefore, whether ETH
holds or not must also be determined solely by this data [150]. Motivated by this,
we first introduce the following ETH ansatz formulated only in terms of primary

operators and primary states.

Definition

Definition 11. For all energy eigenstates |E,,) , | E,,) within an energy shell and

for any primary operator O,, we assume

(En| Op |E) = Op(E) 6y + OF (5.122)

nm?

where O,(F) is a smooth function of

and the off-diagonal term OF = behaves as

or ~ ¢~ O(5me(E))

in the thermodynamic limit.

J

We call this condition local ETH. For simplicity, in the following we assume
that the energy eigenstates |E,) are translationally invariant and that the primary
operators have vanishing spin. As will be discussed later, the local ETH condition
(5.122) for primary states determines the behavior for descendant states as well. If a
given conformal field theory satisfies this local ETH, then the following sub-system
ETH can be derived.

Definition

Definition 12. For any subsystem X C S? the following conditions hold:

1. There exists a density matrix p* (E) on X, which depends only on the
energy F of the energy shell and on the choice of X, such that for any
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energy eigenstate |E,) in the energy shell one has
o7 = P (B)[1 ~ emOmeED, (5.123)

where we have abbreviated

0 = = e[ (Bl
2. Defining
Tom = Trxe[|En) (Enl],
one has, for any o € R,
€ “Trm + € “*Tonll1 ~ e~ OSme(E)), (5.124)

J

In the second condition we introduced an extra phase o because under unphys-
ical basis changes of the form |E,) — ¢ |E,), the phase of 7, can be changed
arbitrarily. Therefore, a condition such as |Re 7| ~ exp{—O(Sm.(£))} would not
be meaningful.

In a conformal field theory, sub-system ETH is equivalent to local ETH, as we
now explain.

B Sub-system ETH = Local ETH
For any operator A and any O € B(X), the Cauchy—Schwarz inequality implies

Tr[A O] < VTY[ATA] TH[OTO] = [|A[|2 [|O]]s < [A]l1 [O]2- (5.125)
Taking A = pX — p*X(F) and O = O,, and defining
Op(E) :="Tr [pX(E) Op},

the first condition of sub-system ETH (5.123) implies the diagonal part of the local
ETH (5.122). Here we assume that the smearing is such that ||,/ grows at most
as O(L") for some finite exponent z.

Similarly, taking A = €'°7,,,,, + ¢7“7,,,, and using the second condition (5.124),
we obtain the off-diagonal part of the local ETH.
B Local ETH = Sub-system ETH

We now assume local ETH (5.122). Since we are not interested in real-time

dynamics here, we carry out the analysis in Euclidean signature.

119



We first perform the conformal mapping from the cylinder to the plane,

52 pnaer = A2 + L2 A5, = A*(dr? +r2dQ3 ), (5.126)
L

A=—, t.=Llogr, (5.127)
T

which maps the cylinder to the radially quantized plane. Under this map, the
left-hand side of the local ETH (5.122) can be expressed, in terms of the primary
operators ¥,, and W! associated to the primary states |E,) and (E,,| and a primary

operator O, as
(En| Op |En) = L <\Iljn(oo) Op(1) \Iln(o)> = Chm L_hpa (5.128)

where C?  are the corresponding OPE coefficients and h,, is the conformal dimension
of O,. The energy is related to the conformal dimension via h,, = E,L.
Next we discuss the scaling of the conformal dimension h,, in the thermodynamic

limit. The energy density of the state |E,,) is

E, h,
LT L

€Ep N~

In a CFT at temperature 7', the energy density at high temperature is determined
solely by the temperature (since there is no other intrinsic length scale), and scales
as €, ~ c¢T? where c is a parameter such as the central charge in two-dimensional
CFT. Assuming that an energy eigenstate |E,,) can be characterized by an effective

temperature-like scale, we can write
by ~ ¢ (LT)% (5.129)

On the other hand, the conformal dimension h, of the primary operator O, is of
order O(LY).
Using the local ETH (5.122), we can rewrite the OPE coefficient as

Ct = L"(Oy(E) 6 + OF,)) = h:Tp Onm fo(E) + RP, (5.130)
where
() = T (cVol(s%) ™ ¢ O,(E), (5.131)
R — IO ~exp {% log hy, — o(hﬁ )] , (5.132)
Sine ~ LY. (5.133)
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We now proceed to discuss the reduced density matrix of a subsystem that has
finite size even in the thermodynamic limit. On the cylinder, consider a ball-shaped
region B on a constant-t. slice S?~! that contains the north pole. The size of the

ball is specified by the angular coordinate 6, on S*! via

R
80 = tan_l (ﬁ) .

We take the thermodynamic limit . — oo while keeping R fixed. In this limit, the
ball B becomes a ball of radius R in R41.

X \I!T(sin )

<k\I/(— sin 90)

Figure 17: Choice of the ball region B. The left panel shows B on the cylinder, and
the right panel shows the corresponding region and operator insertions in Rindler
coordinates.

The trace norm is invariant under unitary transformations and, in particular,
under conformal mappings. We therefore perform a conformal transformation to a
more convenient Rindler frame. First, we map the cylinder to the radially quantized
plane via (5.126). We then perform the following transformation from the coordi-
nates (r,01,0s,...,04_1) on the plane to Rindler coordinates (X° X1, ..., X41):

I(r*—1) B X0

= 5.134
1+7r24+2rcosfy 1-2X14+X-X’ ( )
21 sin 81 cos 0, 1-X-X
= 5.135
1+7r2+42rcosty 2(1—-2X'+X-X)’ ( )
2lsin @ sin by - - - sin b, X .
= =2,...,d—1 5.136
1+ r2 4 2rcosb; 21 —2X'+ X - X)’ T ’ ( )
1
I = 5001: 0. (5.137)
Under this map, the metric becomes
ds? e = dr? +72dQ5_; = A(X) dX"dX", (5.138)
woo v\
AX)= (X0 - — - = 5.139
w=(x-TF-%) (5.139)
Ve=14+2X"+X-X. (5.140)
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The original ball region B on the cylinder is mapped by (5.126) to the region
r=1,0<6; <6y on the plane, and then by (5.138) to the half-space X! < 0 in

Rindler coordinates. The origin r = ¢ — 0 is mapped to
X_ = (—sinbp, cos by, 0),
whereas r = 1/e — oo is mapped to
X, = (sinfy, — cos by, 0),
and in the thermodynamic limit these two points approach
X, =(0,1,0).

We can thus apply an OPE expansion around this point.

Let pB? be the reduced density matrix of the region B for the energy eigenstate
|E,.). Denote by p2 its image under the conformal map to the Rindler frame. Then
(Wh(X) Wi (X))

(Whx) v, (X))
= (2sin6p)"C2, (Op(X,) -+ (5.142)

Trp[pl -] = (5.141)

- (5) 0,09, (5,143

Using the expression (5.130) for the OPE coefficients, we can write 52 as the sum

of two pieces:

,55 = %(E) + Rp, (5.144)
Z O,(E) R"0,(X.) + (descendants), (5.145)
Ry = Z Or R'"O,(X,) + (descendants), (5.146)

where “descendants” denotes contributions from descendant operators.
We now verify the first condition of the sub-system ETH (5.123). In continuum
field theory, the trace norm is often difficult to compute explicitly. We instead
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consider the relative entropy, which is more tractable:

St [pE)57(E)] = / % Tr[(pB(E) + s)‘le (" (E) + s)‘le] +O((Rp)?) = e Ome(E),
0
(5.147)
From this we obtain

lp2 = PP (BNl = 155 = A°(B) |l < Sea[pR 157 (B)] ~ e7OCmelED —(5.148)

For a more general subsystem X, we choose a ball B such that X C B. Using the
fact that the trace distance is monotonically non-increasing under CPTP maps, we

obtain
lon = p* (B)lx < llpf — p"(B)]|1. (5.149)

This proves the first condition of sub-system ETH. A similar argument applied to

Tum = Trxe[|En) (Enl]

establishes the second condition.
B Descendant states

From the local ETH (5.122) for primary states, we have already determined the
thermodynamic behavior of the OPE coefficients. The local ETH for descendant
states is similarly determined by these OPE coefficients and the conformal dimen-
sions. Thus, once local ETH holds for primary states in a given conformal family,
it also holds for their descendants.

For simplicity, we focus on spinless descendants of the form (P, P*)"¥,,. Consider

two descendant states |E, ,) and |E,, ;) and a primary operator O,:

= L_hp <\Ijm(oo) (KaKa)S Op(l) (Pbe)T \Iln(0)>

vV An,rAm,s 7

where we must use the fact that in radial quantization one has ()" = K,. Here

(Ems| Op |En ) (5.150)

Ay = (U, (00) (K K) (BPY) W, (0)) (5.151)

Since we are working within a fixed energy shell, the descendant levels are much
smaller than the conformal dimensions, i.e. r, s < h,,, h,,. Without loss of generality
we may assume r > S.

Recalling the conformal algebra, we first evaluate the denominator A, ,. Using

the fact that K, annihilates a primary state, we have
(K K*)" (BP") " 0,(0) = [(K.K*)", (P,P")]¥,(0). (5.152)
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From the commutator [K,, P)] = 2(d;;D — M;;), terms with the dilatation operator
D appear, and when D acts on the primary, it produces factors of h,,. The Lorentz
generators M;; contribute only terms of order O(L®), while h,, scales as h,, ~ L% in
the thermodynamic limit. Hence, terms in which D acts as many times as possible

on the primary dominate, and we obtain
Any = d'(2h,)* (1+ O(hY)). (5.153)

Next, consider the numerator. It can be decomposed into two contributions:

(W (00) (Ko K*)*Op(1) (P, PY) 0, (0)) (5.154)
= (U (00) O,(1) (K K" (PP?) T, (0)) (5.155)
+ (U (00) [(KaK?)*, Op(D](PPY) 0, (0)) . (5.156)

For the first term, by the same reasoning as for the denominator, the dominant
contribution comes from those terms in which the commutators [K,, B,] produce

the maximum number of D operators, and hence the maximum power of h,,:

(U (00) Op(1) (Ko K*)* (PP ,(0)) (5.157)
~ d*(2h,)** (W (00) Op(1) (PP T, (0)) (5.158)
= d*(2h,)** m(9,0);° (W1 (00) Op(1) V() (5.159)
= d*(2h,)*#CP . fr_s(hy), (5.160)

where f,_s(h,) is a polynomial of degree 2(r — s) in h,,.

In the second term, at least one of the (K,K*) must act on O,. The action of
K, on O, generates a special conformal transformation and thus produces at most
derivatives of O,. The remaining (K,K*)* that do not act on O, with v < s con-
tribute terms of order h;:. Therefore, the first term dominates in the thermodynamic

limit. Putting this together, we obtain
(Ems| Op |Enyy = L7"CP d*" (2h,)* " fros(hy) (1 + O(R1)). (5.161)

The behavior of C?  is already determined by (5.130). A similar computation shows
that sub-system ETH also holds for the descendant states |E,, ). Thus, once local
ETH (5.122) holds for primary states, it naturally extends to their descendants.
B Sub-system ETH vs. MITE-ETH

Sub-system ETH is essentially equivalent to MITE-ETH and to the MITE-ETH
ansatz (5.182). The only difference is that, in the first condition, we use a general

density matrix p* (E) rather than the microcanonical reduced density matrix.
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It is known that the entanglement entropy of pP(FE) coincides with that of the
reduced canonical ensemble
(1) = Tope| (5.162)
PB T) := TI'Bc|: :| 5.162
Z(B)

for a suitably chosen temperature T [151]. Using the relative entropy formula,
one can show that, by choosing [ so that the expectation value of the modular
Hamiltonian with respect to pp(T) matches that of p?(E), the two states actually

coincide. Therefore, sub-system ETH is, in essence, equivalent to MITE-ETH.

5.6 ETH from Random Hamiltonian

We consider a highly complex, nonintegrable system. Suppose that the unitary
transformation connecting the energy eigenbasis and the eigenbasis of an operator
O that does not commute with the Hamiltonian can be modeled by a random unitary

ensemble [152,153]:

0= 0,la)(al, (5.163)
Upa = (Ey| |av) (5.164)
Om = Y O UpalUp.- (5.165)

Here the unitary matrix U is Haar-random. This ensemble can be regarded as an
ensemble of Hamiltonians H = ) E,|E,) (E,| with the energy spectrum {E,}

held fixed. The basic Haar averages over the random unitary ensemble are:

/ U] = 1, (5.166)

1
/dﬂ[U] UnaUpp = Dpan Onm Oagp; (5.167)
* * 1
/dN[U] UnaUng py“ad = W(éwémqémé@ + 5nq5mp5&55ﬂ7)
EAE

1
Dpap(Diap —1)

(5np5%35mq55a + 5nq55/3(5mp5~/a)-

(5.168)

Using these identities, we study the behavior of the matrix elements of O in the
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energy eigenbasis. The average is

* o EAE
/ Zo/ U] UpaUy _DEAEZO On = (OVIAE 5.

(5.169)
Moreover,
1 1
d mn2:— a *5a 5mn_ 1 5a6mn-
[ty 10, D2 =1 20 OO s+ b) = Gy 3 (1 B
(5.170)

Hence the variance of the diagonal elements is

) 2
1 1 Z 1 Z

while the variance of the off-diagonal elements is

[anton \Onmﬁ—] [an o,

Therefore, for sufficiently large Dg ap, one expects

1
Onm = DEAE<ZO) nm+\/ Dgar DEAEX:O2 (DEAEZO> o

(5.173)
where R, is a random variable with [ du[U] Ry, = 0 and [ du[U ] | Ruml|® = 1.
If O is Hermitian, one can choose R,,, = R;,,. Then it follows that a typical

2

2
DE,AE DE AE DE‘ AFE

_ DE,AE Z 02 (

non-integrable system satisfies the ETH ansatz. However, there is no guarantee
that a “typical” Hamiltonian drawn from Haar-random unitaries corresponds to a
physically reasonable local Hamiltonian; moreover, whether the Hamiltonian of a
given theory satisfies ETH is a question that must be investigated on its own terms.
Recently, it is discussed that by considering the ensemble of local Hamiltonians, we
can construct local RMT. In the papers, it is numerically discussed that almost all
local Hamiltonians satisfying the ETH [154, 155].

Also we can deduce this kind of relations from our definition of ETH (5.49) and
(5.48). Essential point is that ETH states that each energy eigenstate is “close”

to the microcanonical distribution. Here we examine how close they actually are
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[149,156]. Consequently, the eigenstates within the shell are also equivalent to one
another with probes O € A, meaning that

Opn = Oy for |E,),|En) € Hpap. (5.174)

Extending this idea to the off-diagonal components as well, we write

|Onm| = Op - (5.175)
Here,
E=(Ey+En)/2, w=Ey—En. (5.176)
From this we expect
Yo 0wl (Op,) et P, (5.177)

m(#n): Em—En~w

The quantity Op,, can be bounded using the operator norm. For any energy

eigenstate, the definition of the operator norm gives
(En| OO E,) < [|O|I2. (5.178)

Thus,
Y 10wl <Y 1Ownl* < O]3 (5.179)
(#n) m

From this inequality, there exists a function Fp(FE,w) satisfying 0 < Fo(E,w) <
1 and [ dw Fo(FE,w)?* = 1, such that

> 1O0um|? < Fo(E,w)?| O] (5.180)

m(#n): Epm—En~w

Combining this bound with (5.177), we obtain
Op < |0l Fo(E,w) e~ nelFr/2/2, (5.181)

This suggests that the matrix elements of energy eigenstates take the form

Onm = O(E)Spm + € 25F) Fo(E, w) Ry, (5.182)

as proposed in [156]. Here, O(FE) = <(’)>fl;AE + O(e_%s"‘c(E)> and Fp(E,w) are

smooth functions of their arguments. The matrix R,,, has properties similar to

those of O,,; for example, if O is Hermitian, then R,,, = R;,. By comparing
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to the results from random Hamiltonian, we assume that R,,, is pseudo random
variables. Equation (5.182) is referred to as the ETH ansatz, and it simultaneously
expresses both the diagonal ETH and the off-diagonal ETH.

5.7 Free probability theory and higher order generalization
of ETH

In this section, I will review some aspects of ETH with free probability and matrix
models, which give one formulation of a higher order generalization of the ETH
ansatz. The original reference is [157]. The notion of generalized ETH is also
discussed in [158,159]. As useful references for an introduction to this topic, see the
conference “Free probability, between maths and physics” [160], and [161]. We also

discuss asymptotic freeness [162].

5.7.1 Free Probability

B Introduction to free probability

Here we introduce the notion of free probability. Roughly speaking, free prob-
ability is a probability theory on a non-commutative space. Applications include
operator algebras, probability theory, combinatorics, random matrix theory, ma-
chine learning, ETH, and so on. See also [163-165] for pedagogical introductions.
The important key ingredients of free probability theory are non-commutative prob-
ability spaces and free independence. We introduce these two notions quickly.
B Non-commutative probability space

Let us start from a classical probability space. A classical probability space is
specified by three ingredients (€2, F,P). Here ) denotes the sample space, F denotes
the o-algebra, and IP denotes the probability measure. These are very important, but
in typical situations we regard the following two as the essence of probability theory:
random variables X and the expectation value E. Typically random variables live
in some nice topological or normed space, especially L>. So, roughly speaking, the
probability space is characterized by the pair (L*°,[E). The essence is that L™ is
some nice normed space and [E is a unital linear map on L*. We may generalize
these to more general nice spaces and linear maps, and one example is the non-
commutative probability space.

Before this, we introduce the notion of a x-algebra.

Definition 13. We say that A is a unital associative algebra if

e A includes the identity for the operator product.
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e A is a vector space over C.

e For A € C and 0,0’ € A, it holds that

AOO') = (MO)O' = O(\O). (5.183)

.

We also introduce a unital linear functional (or state) on a x-algebra.

Definition 14. Let A be a x-algebra. We say that ¢ : A — C is a unital linear

functional or state if
e ¢ is a linear functional.

e p(l)=1for1e A

-

Then we consider the following non-commutative probability space.

Definition

Definition 15. (A, ) is a non-commutative probability space if
e A is a unital associative algebra over C.
e ©: A — Cis a unital linear functional.

We also call elements of A non-commutative random variables.

.

B Free Independence
Another important notion in free probability is free independence. To this end,

let us recall the notion of independence in classical probability theory.

Definition

Definition 16. The (classical) random variables X, Y are independent if
E[f(X)g(Y)] = E[f(X)IE[g(Y)] (5.184)

for any bounded continuous functions f, g. In some nice cases, for example when
we have an absolutely convergent moment generating function, we can rephrase

this as
EX™"Y" =E[X"|E[Y"], m,n € Z. (5.185)
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We would like to do something similar for the non-commutative space. There

are two problems for a straightforward generalization.

e For O € A, typically we do not have a well-defined f(O) for a generic contin-

uous function f. For example, we do not have sin(Q) for a general O.

e We need to take care of the ordering in products. For example, p(O;020,05) #
©(O?03) in general.

For these reasons, we introduce the following definition:

Definition 17. Let (A, ¢) be a non-commutative probability space. We say
sub-unital associative algebras (A;);c; are freely independent if the following
condition holds. For any (O;); such that

0 YO, € Ay, 1) £i(2) £ - £ (k)
d vj € {1727"' 7k}7 QO(OJ') :07

it holds that

We also say that non-commutative random variables (O;);c; are freely inde-
pendent if (Span{l, O;});cs are freely independent. Here Span{l,O;, Oy, -}

denotes the algebra generated by 1,001,005, - - -.
J

The first condition ensures that the vanishing condition holds for products of
operators belonging to different subalgebras. If we encounter a product of operators
which all belong to the same subalgebra, we regard them as a single “big” operator.

By using free independence we can simplify operator products. Suppose A; and

As are freely independent. Then, we have
@(0102) = @(01)90((92), V(Ol € .Al, V02 € Ag. (5187)

The proof is very simple. We consider the operators O, =0, — ©(O;)1. Then,

A

trivially ¢(O;) = 0. From the definition of free independence, we see

0 = p(010;2) = p(0102) — ©(O1)p(0,), (5.188)

where we use the linearity of .
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The 4th order case is more non-trivial. We consider O, O, € A; and 03,0, €
As. Then

0(01030,04) = p(0102)0(O03)(O4)+p(O1)(O2)0(O304) —(O1)0(O2)0(O3)p(Oy).
(5.189)
On the other hand,

g0<01020304) = @(Olog)@(0304) (5190)

The proof is the same as the second-order case.
B Distribution

In classical probability, one natural object is the distribution which characterizes
random variables. In general, the distribution of a random variable X is character-
ized by the set {E[f(X)] : f is a bounded continuous function} < f € C,. We say
two random variables X, Y have the same distribution if

'f € Gy, E[f(X)] =E[f(Y)]. (5.191)

For good random variables, for example when the series of moments is absolutely
convergent, we can characterize the distribution by the series of moments {E[X™]},,en.
Following this notion we define the distribution of a non-commutative random vari-

able as follows:

Definition 18. We define the distribution of a non-commutative random vari-

able O € A as the series of its moments {p(O")},en.

B Non-crossing partition and freeness

The above definition of freeness is a little bit abstract and we would like to
understand it more conceptually. Actually, freeness is almost parallel to classical
probability theory if we consider moments and cumulants. Indeed, freeness is equiv-
alent to the vanishing of mixed cumulants. Also, moments and cumulants are given

by sums over non-crossing (planar) partitions.

Definition 19.
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e A partition of {1,2,--- ,n} is a decomposition = = {Vq,--- ,V,.} such that

Vite, VinV =2, |JVi={L2- n} (5.192)
=1

e Each V; is a block of m € P(n), where P(n) denotes the set of all partitions
of {1,...,n}.

e We say m € P(n) is crossing if there exist elements py, pa, ¢1, g2 such that
p1 < q1 < p2 < @2 and py, po belong to the same block V; while ¢y, g2 belong
to the same block Vj, with V; # V.

e We say m € P(n) is non-crossing if it is not crossing. We denote the set of

non-crossing partitions as NC(n).

The set NC(n) is actually a lattice with the refinement order.

e Example n = 2: We have only the trivial element 7 = {(1,2)} which is non-

crossing. Pictorially,

r={1,2)}=1 2

L]

e Example n = 3: We have five elements in P(3)

(5.193)

From the line pictures, we see that every element is non-crossing.
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e Example n = 4: all elements of NC(4) are given by

r={(1,2,34)}=1234

L]
{(1,2,3),(4)} = m 1{1,2,4),3)} = m
{(1,3,4),(2)} = m,{mz,w}: L m
{(1,2),(3,4)} = 1u2 ﬁ,{u,zx),(zsn: 12@34 -
{(1,2),3), (4)} = 1u2 S {3),2),@y=1231
{1,4),@,3)r=123 2 {1),23),4} =1 ng 1
{(1),(2,4),3)} = | 2Q‘l,{<1>,<2>,<3,4>}: L2 ?Ul
{(1),2,6),@y=1231
On the other hand, there is one crossing element,
r={(1,3),(2,4}=1 234 (5.196)

—

Then we define the free cumulants as follows:

Definition 20. For a unital linear functional ¢ : A — C, we define cumulant

functionals k,, : A™ — C as multilinear functionals by the family of expansions

P(0102+-0,) = > Ke[O1, 0, , 0y (5.197)

TENC(n)

Here K, is related to the k,,’s through

KelO1, -+, On] = [ kav{Og}gev]. (5.198)

Ver

J

This is the analogue of the classical cumulant expansion where we have the
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expansion with P(n),

EXi1 Xy Xo] = ) w2X), Xo, -0, X, (5.199)
mEP(n)

The higher order cumulants are defined recursively through the lower ones.

e The starting point is n = 1:

£1(01) = 0(O1). (5.200)
o n=2

90(0102) = 90(0102> + 90(0102> :H2(01,02)+/€1(01)/€1(02). (5201)
| ||

Then, we see

£2(01,02) = p(0102) — (O1)p(Os). (5.202)
o n =23

90(010203> = @(01(9203>

L1 ]
+ 90((9102@3) + @(010203) + 90(01@2(93)
| L] L'

+ 90((910203)
L]

= /‘f3((91, Os, 03)
+ Iil(ol)lig(OQ, 03) + ﬁ1<02)ﬁ2(01, Og) + K1(03)l€2(01, OQ)

+ 51(01)/@1(02)51(03).
(5.203)
This determines k3(O;, O2,O3) in terms of moments:
K3(01, 0g, 03) = p(010:03) — p(01)p(0203) — p(Os)p(0103) (5.204)

— ©(03)0(0103) + 20(01)p(O2)p(O3).
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0(010,0504) = ,(0,0,050,)
L1l

T p(0,0,0504) T ©(0,0,030,)
| L] L'

T p(0,0,0504) T ©(0,0,030,)
Ll Ll

+ 90(0102@3(94) + 90((9102(93(94)
L) L —

+ 90((91020304) + 90((910203(94) + 90((910203(94)
[ - [ L)

+ 90<01020304) + 90(01020304) + 90(01020304)
| L' I

+ 90(010203(94)
ol

= H4((91, 0s, O3, 04)

+ £1(01)k3(02, O3, O4) + k1(O2)k3(01, O3, Oy)
+ #1(03)k3(O1, Oz, O4) + £1(O4)k3(O1, Oz, O3)
+ ko(O1, O9)ka (O3, Oy) + ko(O1, O3)ka(Og, Oy)
+ k1(01)k1(O2)k2(O3, Oy) + K1(01)k2(02, O3)k1(Oy)
+ k2(O1, 03)k1(03)k1(Oy4
+ k1(O1)ko(Og, O4) k1 (O3
+ ko(O1, O3)k1(O9) k1 (Oy4

(01)k1(O2)£1(O3)k1(O4).

+ k2(O01, O4)k1(O2)k1(O3)

~— N~ ~——

(5.205)

We can invert this relation and define x4 in terms of moments. Here we write

the expression in the simple case ¢(O;) = 0:

54[017 O, O3, (94] = <P(01020304) - 52[01, 02]:‘%2[03, 04] - 52[01, (94]/12[02, (93]
= p(010,030,) — p(0102)p(0304) — ©(0104)p(0203).
(5.206)

With these definitions, we can see that freeness is expressed as the vanishing of

mixed cumulants.
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Theorem

Theorem 10. The fact that Oy,--- ,O,, are free is equivalent to the fact that
Kn [Oi(1)7 Oi2), -+ (’)i(n)} =0 (5.207)
for any map i : {1,2,--- ;n} —{1,2,--- ,m} whenever
e 1 <i(1),---,i(n) <m.

e there exist p,q such that i(p) # i(q) for n > 2.

.

As an equivalent and important lemma, we have the following.

Theorem

Theorem 11. Let {A;}!, be freely independent unital subalgebras. We take
free variables Oy, Oy, -+, Oy such that O; € Ay where i : {1,2,---  k} —
{1,2,--- ,n}. Then, we define the decomposition ker (i) € P(k) such that when
i(p) = i(q) then p,q belong to the same block. If ker (i) € NC(k),

o01--00= ] w(H@)- (5.208)

Veker (i)  \jeV

Here H;V O; means that we take the product in the order such that j increases.

J

This theorem means that if the decomposition ker () is non-crossing then we can

factor the moment into a product of blocks. For example:

e Supposen =4, k=7 and O,05,0; € Ay, 05,0, € Ay, O3 € A3, Og € Ay.
Then, ker (i) € NC(7) and

(01 07) = (0,0,050,050405)
L] (5.209)

= p(010507)0(0204) (O3 ) (V).

We can easily check from the definition of freeness that

/11[0]'} (p(OJ) = O, /412[01; 02] = 99<0102) = Oa
53[@17 02, 03} = 90(01(9203) =0,
K401, Oa, 03, 04] = 9(010,0304) — 9(010,)p(0304) — ©(0104)p(0203) = 0.
(5.210)
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We can check that all other mixed free cumulants also vanish.

A simple application is the computation of mixed moments of two operators O, O’ €
A. When O and O are free, their mixed moments can be computed from their

individual moments only:

Theorem

Theorem 12. Suppose we have free unital subalgebras Ay, Ay. Then, the mized
moments of O € Ay and O' € Ay have a simple expression written only in terms

of the single-operator moments:

P((0O)) = Y k0,0, 0] o ((O)). (5.211)

TeNC(n)

Here @« ((O")") is the product of moments, one for each block of the partition

m*, known as the Kreweras complement of the partition .

B Free probability and ETH

In the papers, a generalization of ETH is discussed; we consider the matrix
elements of operators wy,, = F, — E,, and O,,, := (E,|O|E,,). Suppose these
matrix elements follow the ETH ansatz (5.182). Then, for distinct indices n; #

ng # -+ # n,, we obtain following scaling
Er[Onn,Onsng * Onypiny] = (Dpap) PFP/(&) (5.212)

where Eg[- - -] represents average over pseudo random variables R,,,. For repeated

indices we have the factorization,

ER [Onlng Ongng e an,1n1 Onlnq+1 e Onpfﬂzp}

1 > (5.213)

— ]ER [On1n20n2n3 Ce an71n1:| ER [Onlnq+1 e Onp—lnp] + O (_DE7AE

Then, we take A = B(H) and ¢ : B(H) — C by

1
0(0) = (0)EAF = TP [P EABQ]. (5.214)

We can write the correlation functions in terms of the energy eigenbasis,

1 .
<O(t1)(9(t2) T O(tq)>i7cAE = D Z elw.t0n1n20n2n3 e Onp_qua
EAE n1,n2, ,Ng (5215)

With @ = (Wagng: *+* +Wnym)s £= (b o+ 1),
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Then, we consider decomposing the sum in the correlation function: this can be

split into a sum with all different indices (3_, ,,, .., ), plus sums in which only

one index is repeated (), _,.. 2. 7,énp), plus sums with two repeated indices, and so

on. We have a nice pictorial expression for these sums. The algorithm is as follows:

1.

6.

For each sum, we draw one circle and place p dots on it clockwise in the order

of the matrix elements.

. If there are repeated indices, then we draw lines connecting the corresponding

dots.

. We then have three fundamental objects:

(a) Simple loops: no lines.
(b) Non-crossing loops: there are lines, but they do not cross.

(¢) Crossing loops: there are lines crossing.

. The sum corresponding to a simple loop is given by

K, (7) =

> €00,0mms O (5.216)

DE AL o #ngetng

By using the ETH ansatz (5.212), we see

K, () = /dwemF Q). (5.217)

. For the sums with repeated indices, by using the ETH ansatz (5.213), we find

that the sums decompose into products of simple loops.

The crossing loops are suppressed compared to the other terms.

We show some concrete examples.
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e Example p = 2:

(OH)O(t2)) e ” = DE — Z 172! Oy, Oy

iw t iw. t
E e nn2 OTL17’L2 Ongnl D E e "rn2 Onlng Ongnl
E,AE

n1#n2 ni=nsg

5 uch

DE AE

(5.218)
By using the ETH ansatz, we see
Er (Ot )0(t2)>EAE} = KCo(t1, ta) + K1 (t1)C1 (). (5.219)
e Example p = 3:
1 o7
t)O(t2)O(t5)) A = it 22
<O( 1)(9( 2)(9( 3)>mc DE7AE nl%:m{; (& OnanOnQngongnl (5 0)

1 —
iw-t
g €“"Onyiny Onong Onany

D
EAE n1#n2#ns

i@t
DE AE ( Z Z Z ) ‘ Onm2 On2”3 Onsm

n1=n2#ng N1=n3zFnz  Na=nzFEn1

1 o
2 : -1
+ e Onlnz Ongng Ongnl

Dpap  “—
n1=n2=ns
ni ni
= >
ng o g
ni ni ni

* Z?’Lg N9 * Z?’Lg Mo * Z?’Lg
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By using the ETH ansatz, we find

Er|(O(t1)O(t2)Ots)) | = Ks(t1, ta, ts) (5.221)
+ ]C2<t1, t2)]C1(t3) —+ /Cg(tl, tg)lcl(tg) -+ Kz(tg, t3)IC1 (tl)
+ Ky (81) K1 (t2) K1 (t3)

e Example p = 4: We find that

(O(1)O(t)O (1) 0 (1)) 527 (5.222)
ny ny ny

= Zn4<:>n2 + Zm@ng + 2”4’(}”2 (5.223)
ns ns3 ns
nq ny ni n1

+ Y ny + Y g ny Y ng ny + 2”4@”2
13 n3 n3 n3
nq ny ni n1

+ Zm ny + Zn4 ny + Zm ny + Zm@ng
n3 ng n3 n3
nq nq n1 YAl

+ Zn4®n2 + Zml@ng + Zn4@n2 + Zn4@n2
n3 UE] n3 n3

(5.224)

n

+ Zm N9
n3

The crossing terms are suppressed:

1

Dgar

. 1
> B R[OnmOmn OnmOmn] = O ( ) . (5.225)
Dgar

n,m
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Then, we see

Er(O(1)O(t2)O(t3)O(ta))®
= Ky(t1, 12, t3,ta)
+ K1 (t1)Ks(ta, ta, ty) + K1 (t2) Ka(ty, ta, ta) + K1 (t3)KCs(ta, ta, ta) + K1 (ta) KCs(t1, ta, t3)
+ Koty — ts, ty — 1) Ki(ty — to)KCi(ts — ta) + Koty — to, t3 — t4) K1 (ta — t3)K1(ts — 1)
4.
(5.226)

We see that the expression of the correlation functions with full ETH is the same as

the free cumulant expression of the moments in Definition (5.7.1). Thus we see:

Theorem

Theorem 13. When we apply the full ETH ansatz (5.212), (5.213), the corre-
lation functions have expressions in terms of the ETH simple loops K . These
expressions are the same as the expressions of the free moments in terms of free

cumulants (5.7.1). Thus, we see

kn[O(ty), -+, O(t,)] = Kn(t) + 0< ! ) (5.227)

Dg Ak

B Asymptotic freeness
Here we discuss the physical consequence of the results above. To this end, we

define the notion of asymptotic freeness [166] :

Definition

Definition 21. Suppose we have two D x D matrices A, B. Then we say A, B

are asymptotically free if their mixed cumulants vanish for all n € N,
lim k9,[A, B,--- , A, B]=0. (5.228)
D—oo

We say A, B are asymptotically p-free if their mixed cumulants vanish for all
1<n<p,
lim ko,[A, B,---, A, B] =0. (5.229)

D—oo

J

Examples are given by random matrix theory. Suppose we take two operators
A, B and define AY := UTAU with U ~ Haar; then AY, B are asymptotically free. If
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we replace the Haar measure by a unitary p-design, then we obtain asymptotically
p-free behavior.

The essence of chaotic dynamics is asymptotic freeness at long times. We can
see that for observables Oy, Oy which satisty ETH, the infinite-time average of their

mixed free cumulants vanishes:

T
lim  lim %/ At Kon[O1(£), O+ O (1), Oa] = 0. (5.230)
0

DE’AE—NDO T—o00
In actual systems, asymptotic freeness holds already at finite times, so we expect

1

Dg g

/‘ign[ol(t),OQ,"' ,Ol(t),OQ] ~ O( ), t>>t; (5231)
for some characteristic time scale 7.
Long-time freeness means that mixed moments at late times can be computed

using factorization. For example, out-of-time-order correlators (OTOCs) are

1
(OHO'OR)ONVEAE — 1 [O(1), O)] 51 [O] + k1 [O(1)]?k[O, O] + O ( 5 )
E,AE
(5.232)
B Relation to our clustering property
In [1], as a sufficient condition for strong ETH, the following condition is dis-

cussed:

2p T
"t 1
I lim T GOty by, -+, tag) o( ( DEM)Q) (5.233)

where

G(k) (th t27 e atk) =Tr [(pfli’AE)) %@mc(tl) (pr('[f%AE))%@mc(tQ) o (pI(nEéAE)) %émc(t/ﬁ)]

(5.234)
with Ope := O — <(’)>fl’CAE. This correlation function is given by
1
0(0) = Tr[O], O € B(HEg,aE)- (5.235)
B,AE

We take O € B(H) and project it onto the energy shell by I agpOllg ap. The
condition (5.233) expresses asymptotic freeness at long times. However, it seems
that the finite-size scaling behavior is different. We will see this clustering condition
later.
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5.8 Late time behavior of the spectral form factor and cor-

relation functions

5.8.1 Random matrix theory and Spectral Form Factor

The random Hamiltonian gives toy model of quantum chaos [167]. the Hamiltonians

follow the random matrix theory (RMT). The typical examples we use are the
gaussian type RMT like GUE, GOE and the circular type RMT like the CUE.
Here we focus on the Gassian type. For the Gaussian type RMT which classified
by the Dyson index b = 1(GUE),2(GOE),4(GSE) has the following probability

distribution for the Hamiltonian with D x D matrix, where D is the dimension of

Hilbert space,
dHP(H) = Zi exp{—Tr[H?]}

0
- %dEn [T1E. - E.l" T]e "™

n<m n

dE, )
== exp{—Z(En) —|—bZlog|En—Em]}

n n<m

= dEnP<E1,E2, te ,ED) =DFE

The fundamental quantities are the density of states
o(E) =S 0(E - B,).
Also we have the n-points correlation functions

p"NEy, By, -+ Ey) = /dEnH---dEDP(El,EQ,--- Ep).

One important RMT results in large D is the following formulas:

correlation functions are determined by the Kernel K as

p( )(E17E2’ .. ,En) — Tdet{K(Eﬂ,Em)}l,]::l
where the kernel K in the large D limit behaves as
—Sm( ( ) it n #m,
K(Ep,Ep) =4 7 D(E, — Ep,)
—+/4— E2 if n =m.

2T
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(5.237)

(5.238)

the n-points

(5.239)

(5.240)



The diagonal part is called the Wigner semi-circle law and the off-diagonal part is
called the sine kernel formula.
The spectral form factor is given by the Fourie transformation of the correlation

functions

SFF®/(T) :=> " / DE (Bt Eu=Em=-—Em)T | ¢ N

= (e,

where (f(H)), = [dHP(H)f(H) is an average over the Hamiltonians. The sim-
plest example is the two point function (k = 1). This is determined by the two point

(5.241)

correlation function as follows

SFF(T) =) / D Ee!(Bn=Em)T
mm (5.242)

=D+ D(D-1) /dEldEzp(z)(El, EQ)ei(El—Ez)T‘

By directly computing the determinant, we obtain the famous universal sine kernel

formula,

D2 D2 Sin2 (D(El — Eg))

P (Ey, Es) = DD = 1)E<E1>E(Ez) “DOD=1) (Dn(E, B’ (5.243)
where
p(E) = pW(E) = %@ (5.244)

is a Wigner semi-circle. This formula allows us the following of the SFF [168] ,

SFE(T) = SFF4is(T) + SFF o (T')
SFF4s(T) = D2/dE1dE2ﬁ(Pl)ﬁ(Pz)ei(ElEQ)T
= [(Te[e M), [ (5.245)

= D*r{(T),

r(T) := %

That is the disconnected piece is determined by the product of the Wigner semi-
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circle. The connected part is defined by the complement

SFF eon(T) := SFF(T) — SFF4(T)
sin? (D(E, — Es)) B BT (5.246)
(Dr(E) — E))° '

=D — D?/dElolE2

After doing the integral with some moderate regularization, we see

SFFeon(T) = D(1 — 15(T))
1- L, for T <2D 5.247
TQ(T) — 2D or ( )

0 for T > 2D.

Then the total spectral form factor is plotted in the Figure 18. Now see the following

25",
20"
15+ 1 e SFF
SFF

10¢ 11— S]:7]~-?dis
il e _ SFFeon
0b - . . . - .

0 2 4 6 8 10 12 14

T

Figure 18: Behavior of spectral form factor: We plot with D = 5.

three parts of spectral form factor

1. Slope region: in early time, we see the spectral form factor shows decaying.

To understand this, we see the another expression of SFF,

SFF(T):<‘<I| U (L HR)T |1‘> , Z|E E).  (5.248)

Thus, the spectral form factor is a return amplitude from maximal entangle-
ment state. For enough complicated Hamiltonian, we expect that the state

non-trivially evolves and the amplitudes decreases. In this time scale the dis-
2
connected part SFF g, = (<<I | e~ "2 (HLtHR)T || )> ) is essential contribute.
H

2. Ramp region: But around some time scale called dip time, the correlation

between two amplitudes getting important. This is qualitatively regarded as
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the connected part of p®(E, Ey) and thus correlation between two energy
levels. For chaotic theories, because of the level repulsion, we see that the

spectral form factor shows linear growth called ramp.
3. Plateau part: After ramp region, we see the spectral form factor reaches to
stationary part called plateau.
5.8.2 Spectral form factor in large ¢-SYK models

We can also discuss the spectral form factor in large ¢ SYK models [169]. For SYK

models, spectral form factor can be expressed as a following path integral,
SFF(T, 8) = (| Tr[e 7))
J

= [ Dy exp{xsé&w(w - Sé;i{[w—m}

P.B.C

vl = / Zw(i)aﬂ/}gﬂ:) Z Jﬂ 3Vl Y |-

Ji.j2y

(5.249)

The different sign (&) is coming from the convention related to the Hermite con-

jugation [36]. The periodic boundary condition (P.B.C) represents,

¥a)(T) = —17,(0). (5.250)

We also obtain the bi-local fields representation,

SFF(T, B) = DG, DY, e NerlG)
P.B.C

QHR?,E]::——%logdetﬁ%d@——tﬂém,—-Ed(ttﬁ] -
2 |

+ % / dedd’ {Zab(t,t’)Gab(t,t’) — stab(Gab(t,t’))q}
C

NS

— i

S+ =85 = —1, Sy =854+ = (—1)

The saddle point equation is given by

Sap(t, 1) = J*Sap(Gap(t, )T + Tap(t, )
—iG'x G -G =1 (5.252)
—iG*x Gyl —GxY =1

where

(=G a(t, ) = D43t = )5 (5.253)
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. As an ansatz for the saddle point equations, we suppose the bi-local fields take a

form of

Gu(t, 1) = Gu(t — t'). (5.254)

Because of the anti periodic boundary conditions, we have a Fourier transformation

with Matsubara frequency w, = 2%(71 + %), n ez,

T
Gab(wn) = / dt eiwntGab(t),
0

1 . (5.255)
Gab<t) = T Z eilwntGab<Wn)-
nez
Then, the second equation of the saddle point equations are in the form of
G;bl (wn) = _(iwnéab + Eab(("}n))- (5256)

Also we clarify the index symmetry of the bi-local fields. The bi-local field satisfies

the anti-symmetry constraint
Gap(t1,t2) = =Ghalta, 1) (5.257)

which implies

Gab(t) = _Gba(_t)ﬂ Gab(wn) = _Gba(_wn)' (5258)

Also from the anti-periodicity
Gab(t) = _Gab(T + t) = Gba(_T - t) = Gba(T - t) (5259)

In the last line, we use the anti-periodicity twice. To get some analytic result
we consider large ¢ limit of our SYK model. The recipe for large ¢ limit is as
follows [169]:

1. We take following scaling in large ¢ limit: Fix J which is defined through
=2
q
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2. Expand the bi-local fields G, Xqp in 1/¢,

1
Gap(ti, t2) = Gg?,)(tl, t2) exp{ 5901;(751, tQ)}

0 I 1
= Gz(zb)(tla tQ) + ang) (tlvt?} + 0O ? )

(5.260)
G((z? (t1,t2) = G,(I%) (t1,t2)gan(t1, t2)
1 1
Sa(tr, 1) = 5 (b1, 12) + fi?(tl, t) + O (q_?)
The self energy is determined by the Kadanoff-Baym equation (5.252).
? 1
it t) = L GY ey o L) (o)
q q
This tells us that
E(O) t ,t — 0’
o (0112 (5.262)

3. Expand the Kadanoff-Baym equation (5.252) in 1/¢. The boundary conditions

is moderately chosen in the situations.

4. Evaluate the on-shell action. We will derive the on-shell action later in detail.

The action is now

]eﬁ' = —%Tr[log (at(;(t - t,)(;ab - Zab(t7 t,)>]
) (5.263)

1 T
+5 /0 dtdt’ [Eab(t,t’)Gab(t,t’) — 2—q23ab(2Gab(t,t’))q .

We do have different evaluation for this effective action depending on the order
of time T

B Short Time Solution 7' = O(1)
Then, we start from expand the Kadanoff-Baym equation (5.252) in 1/g.
Order O(q")

~-iGy GO —xO0 x gO =1

—iGWO & Gal GO O 1. (5.264)
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Since Zg%) = 0 we conclude

—iGyt« GO =1

5.265
—iGW x Gyt =1 (5.265)

This is equivalent to the Kadanoff-Baym equation for the free fermion J — 0. By

recalling the formula
(—1iGy " * A)gy(t, 1) = 0, Aw(t, 1), (5.266)
we obtain

1
Diagonal 8t1 G((l%) (tl, tg) = 55@1 — tg)

(5.267)
Off-diagonal 8t1Gg%) (t1,t2) =0, a #b.
The generic solution is given by
Di 1 Goa(ty, ta) ! (t1—ty) +A
lagona aal\l1, = —Sgn - aa
g 1,12 5 gn(t; — 12 (5.268)

Off-diagonal Gg;)) (t1,t2) = Bay, a # b.

Here A,p, Bay is some constants. From the Majorana fermion algebra {z/;g,wg'} =
896, we see
A = 0. (5.269)

The off-diagonal components are determined by the boundary conditions of the

path-integral we consider. If we focus on the replica symmetric saddle point we

require
B++ — B__7 B+_ - —B_+. (5270)
So the zero-th order solution has one unfixed constant parameter By g. For latre use
we set .
B,y — %b Caps €1 = —c_4 = 1. (5.271)
Order O(q')
—iG;t « GY — 2 4« GO = . (5.272)

By acting the —iGy " from right, we see

(=G 1) * GW % (-G ") = =W« GO« (-G ). (5.273)
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By using the formula
(-G ") = G« (—iGg ")), (1, 1) = =00y Aw(L, 1) (5.274)

and the order zero equation (5.265), the expression of (V) (5.262) , we obtain

q—1
0,0,GY (11, t5) = —jQSa,,(QGg? (th, t2)> explgas(t1, t2) ). (5.275)

Diagonal

The diagonal components are given by
0,0 (sgn(t — t")gaa(t, ) = (2T?) sgn(t — t')edeat:t). (5.276)
From the ansatz (5.254), we have
07 (sgn(t)gaa(t)) = —(27°)sgn(t)e . (5.277)

The general solution is given by

2
paa(t) <

T2 cosh? (co|t] + do)

(5.278)
where ¢, d, are integration constants. These two are fixed by the boundary con-

ditions. For simplicity, we focus on § = 0. In this case, the boundary conditions

(5.259), we assign the boundary conditions,

Gaal0) = 0, g(g) —o. (5.279)

Then,, we find the solution

poalt) _ ( cosh 7‘1) )2
cosh (¢a(3 — 7)) (5.280)

Co = (JT) COSh%,éa > 0.

~—~

N

Notice that the second equation has two solutions. If ¢, = ¢_, we have replica

symmetric solution and otherwise it is replica symmetry is broken. If JT > JT, =

1.3254 - - - | there is no real solution and we have complex solutions [169]. See Figure
19.
Off-Diagonal
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0.8+ 1 T
Y 0.6- ]

z
cosh 5

1.325486838697138"

Figure 19: Plot of y = }f(z)
COS 3

When b # 0, the off-diagonal component reduces to
00 gap (L, ') = 272612901 (5.281)

The boundary conditions we assign are as follows: from the anti-periodicity (5.259),

the off-diagonal components must satisfies

gab@) =0, gab(_g> =0. (5.282)

Then we have the following solution

go—(t) = —gru(t) = c(t - %) (5.283)

Evaluation of on-shell Action

Let’s evaluate the on-shell action,

1
La[G, %] = —5Tr[log [Go' =3
1 /7 VE (5.284)
+ —/ dedt’ {Eab(t,t’)Gab(t,t’) — == 5ab(2Ga (8, 1)) ].
2 /o 2¢?
We are considering the 1/q expansion of this on-shell action. Firstly, let us consider
the determinant term. Notice that ¥ = O(1/q), we expand them up to O(%?) =
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O(1/q*).
—%Tr [log [Go' —X]] = —%Tr [log Gy''] — %Tr[log [I— Gy =X

_ —%Tr [log 061] + %Tr[Go * X + }lTr[GO * Xk Go * X) + O(
(5.285)

N
2

We replace %Tr [log Ggl} = log 2 so that SFF(0) = 2

first term in the second line.

. Next we are evaluating the

1 /7 1
+5 / dtdt' Sep(t, 1) Gap(t, 1) = —§Tr[2 el
0

1 1 1
= 5T DEYeRIE o T 2+ GW] + O<¥>.

q
(5.286)
So the term involving ¥ is
T ith &) = 2TY[Go + 5] — —Tr [5GV« 5+ GV] + O & 5.287
(Terms wi )_5 |G * ]—2—q T[S * * X« G + 7)) (5.287)
Then, we complete the integration over the 3,
/Dzeé\gTr[G(l)*E]—JZTr[Z*G’O*E*O] ~ e-‘r%Tr[G(l)*GO—I*G(l)*Ggl]-f—O(q%) (5.288)

In terms of gu(t), this is rewritten as

1 I
—ap DOV G GV Gy = 15 / dtdta,cO (¢, )9, GL (¢ )
0

1 T
— [ atar'9,GY) (¢, )0, GY) (¢, 1)

N 4¢* Jo
1 T
- 16q2 /0 dtdt a;_ [@(Sgﬂ(t —1 )gaa<t7t ))at' (Sgn(t -1 )gaa(t,t ))
b2 T
" 1642 / At (01— (1, )00 g4 (1) + g (1,8)g1 (1,')]
0
s [ Y @)y
- 16q2 7 t\S8N\1 ) Jaa

a=+,—

(5.289)
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On the other hand, the second term in the second line is evaluated as

j2 /T TjQ /T
—S [ dtdt'se(2Ga(t, 1)) = dt eJea(® | 5.290
i¢ J, b(2Ga(t, 1)) 12 ). Z ( )

a=+,—

In total, we have the action,

Tg = — logZ
_ 2 2 _Gaa(t)
6 dt 2; [~ (Du(5gn(t)gaa (1)) + 4T 27 V)]
Tt 2 22 2 200 (04-(t) 4 9-+(®)
- 1642 /| dt[_b (0rg+—(1))" = b°(Org—4(t))" +4T°b (e +e )]

(5.291)

Then, we substitute the solutions we found above. Firstly, let us consider the diago-
nal term. By using the saddle point equations and the periodic boundary conditions,
we find that

T

o / dt S [~ (Ousen(t) gua(t)))? + 472000 0] = = /0 : dt;egaa(“ (1—%%@@)).

a=+,— q
(5.292)
Then, we substitute the solutions (5.280) and find

—/ dtZeg‘m 2 (1 — 5 Gaalt ) =5 Z {2% tanh— — %( )2}. (5.293)

Actually, by computing the one-loop correction, we find that the spectral form factor
shows the decays.
B Large Time solution 7= O(q) or O(qlogq)

For large time period of O(q), the 1/q expansion fail as discussed in [90]. So we
need to use the other approximation. The idea is that we can approximate the X,
to the delta function because they vary very quickly compared to GG4,. This is indeed
true from the Kadanoff-Baym equation (5.252). Since the diagonal component of
Y are odd-function, they are proportional to the derivative of the delta function
Yaa < 0'(t). On the other hand, the off-diagonal component is related to the delta
function itself. Thus, we put the ansatz,

Se_(t) = X, (t) = —iwd(t). (5.204)

Even in the very large period T ~ O(q) or T ~ O(qlogq), we think that for shot

time ¢ ~ O(1) the 1/q expansion works well and we consider the solutions for even
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that time scales. But here we do not assign the periodic boundary conditions for
these early time solutions. So we have the solution for the early time from the

Liouville equation,
2

gaal®) — Caa 5.205
c T2 cosh? (Caq|t| + daa) ( )

for diagonal solutions and

A0 (ca)” t>0 (5.296)
e’a = y .
J2b472 cosh® (¢t + d2,)

for off-diagonal components. and obtain the solution of the off-diagonal component

for early time.

Ian(t) — (car)” (5.297)
J2b972 cosh® (cap|t| + dap)

With this solution, we can determine the exponent v in (5.294). Here we consider
the first possibility through while. Later we are coming back the other possibilities.

The exponent is related by the early time ansatz via Kadanoff-Baym equation

u:i/_oo at s, (1)

o] 2
=i / dtis+,(2G$’>_)Heg+—<t> (5.298)
w4

2
= —bcab. for Reb > 0.
q

Here we use the Kadanoff-Baym equation (5.252) and early time solution (5.297)
and suppose ¢ = 0 mod 2.

Now we consider to solve the Kadanoff-Baym equation in the time scale of
t = O(q),0(qlogq). In this case, we use the ansatz (5.294). The diagonal com-
ponents ¥, o 0'(t) just change the normalization of 0,G; in 1/q and we ignore this

contribution. Then, the Kadnoff-Baym equation (5.252) give four equations,
(5.299)

These are easily solved and using the boundary conditions such that the G,, are
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symmetric around ¢ = T, we see
T
G4+ (t) = Acosh (V(E - t>),
T
G_,(t) = —iAsinh (V (5 - t)),
(5.300)

o0 - oot (o2 1)),
6= vt (o5 1))

where A, B are integration constants. From the boundary conditions (5.259), we

can derive . T T
This means A = B. In summary, we have
T
G4 (t) = G__(t) = Acosh (1/(5 — t)),
(5.302)

601 -t = s ({1

Next we are try to glue the two solutions, early time and late time solutions. This

task is done by comparing the t — oo of early time solutions (5.295) and (5.297),

Goolt) = %(1 + égaa(t) +0 <%>)

~ — + —log — e Ay
2
o ¢ 1j ¢ 1 (5.303)
Gab(t) Eﬁab (1 —+ —gab(t) + @) (—2)>
ib ib 2 ib ib
= l_eab + l_eab log % - 1_Eabdab - 1_Eabcabt-
2 q Jb'z q

On the other hand, we consider the ¢ — 0+ of the late time solution (5.302),

Gaa(t) = Acosh <§> — Avt sinh (%)

(5.304)
T T
G._(t) = —G_,(t) ~iAsinh (”7) —iAvt cosh (%)
For large T" we have consistent solutions. From the leading part of constant term in
(5.303) and (5.304), we observe
Are 2 (5.305)



and from the linear ¢ term,

St _Coo G v P (5.306)

This is consistent with (5.298) when b = 1. From the 1/q order terms of the constant

part, we see

0
1w 4 (5300
§+51 7 ——:Asinh<—>

This means

dy_=dyy +o0, 0:=qe "7, (5.308)

This shows that d,_ = d_, are not in pure imaginary.

Next we evaluate the on-shell action. The action (5.263) has two parts. In this
large time solution, we approximate the effective action such that we consider only
contribution from late-time solutions (5.302). Firstly we evaluate the determinant

term as follows.

—%Tr [log (Gy' —%)] = —%Tr [log Gy'] — %T [log (1 — Go * X)]
:—éTr log Gyt Q;E GO*Z }

Here every multiplication in (G * X)¥ is taken for the x product and matrix product
on +/— space. This trace is easy to work in the Fourier space. We can easily find
that

T
(G, (wn) = / dt €1 9,0(t)6ap = —iwndap, = (Go) 4 (wn) = — Sap-  (5.310)
0 —n
Also in the approximation (5.294)
Yap(wn) = —iveg. (5.311)

In the case that the time translation is kept, the Fourier transformation of * product

is just the product and thus

(Go * 2)ap(wn) = wieab. (5.312)

n

So for odd £ the diagonal components are just zero and the traces are also zero. For
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even k = 21,

Tr[(Go+2)"] =2) (—:—;)l =2(-1) (g)m > % (5.313)

nez

So in total

k=1 =1
11 vT\?% 1
=) (=D =
221( )<27r> Z(n—i— )2
=1 nez

(5.314)

Here we use the relation Y7, (%1)12% = —log(1+2%) and >, ,log (1 + ﬁ) =
2

2log cosh mx 1! Also, we renormalize the free term

1
5 Tr [log Gg'] — log2 (5.316)
so that SFF(0) = 2. So in total,
1 T T
—§Tr [log Gyt - E} = —log 2 — log cosh % = —% + O(e_”T). (5.317)

Next we evaluate the polynomial term,

2

1 (T
(Polynomial term) = 5/ dtdt’ [EabGab — 2%128(11)(2@@)'1] . (5.318)
0

From the Kadanoff-Baym equation, ¥, = %sab@Gab)q_l, we see

(Polynomial term) = g(l — %) /_T dt(Xap(t))Gan(t). (5.319)

"This is derived as follows: Let us define f(z) := >, ., log <1 + ﬁ) It is easy to see
2
f(0) = 0. Then,

2
fl@) =Y —— =omtanhra. (5.315)
neZ 2 + (n + 5)

We then integrate this relation and find equality.
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By using the ansatz (5.294) and solutions (5.302) we see

/Z dt e (1) Gap(t) = 2vA /Z d(t) sinh (y (g — t)) ~uT(1—0(eT)), (5.320)

In total we see

Lg =0WTe™"). (5.321)

Thus the effective action is almost zero in large 7. We should notice that for given
physical quantities ¢, 7, we do not fix all of the parameters. Indeed, d,, is not
fixed. Then, we need to integrate over d . Since the on-shell action is almost zero
which is independent of choice of d, . Also d,, corresponds to the time shift of the

solution, we have 0 < d,y < T,

T
/ d(dyy)e ™ o< T, (5.322)
0

This shows that the spectral form factor have ramp.
B Generic chaotic Hamiltonian

The above SYK discussion will be general in chaotic systems. Firstly, notice that
the spectral form factor is given by the following Schwinger-Keldysh path integral,

— —iHT]|2 _®&———®
SFF(T) = |Tr[e " = (5.323)

Here we express the each unitary by the black line and the red points mean the
identification. For the chaotic systems, we may think that the time evolution forget
about the initial conditions which means that the Schwinger-Keldysh path integral
is approximated by the connected path integral

SFF(T) =" °

~ ] (5.324)

— Ty [e—ﬁHe—lHTe—ﬁauxHelHT] '

This connecting closed time contour breaks the doubled time translation symmetry
and gives the NG boson which is corresponding to the relative time shift [36, 170].
Since Tr[e e HT ¢=PauH iHT] — Ty[e=2PaH] with some parameter Suux. Then
We have the zero Lorentizian action this NG mode gives the zero mode integral.
The range of the integral will be the original periodicity 7" and this gives the ramp.
However, we do not have nice explanation for plateau from this picture and this is

interesting future problems.

158



5.8.3 Two point function

By using the ETH ansatz and RMT, we can find that the thermal two point function
obeys similar behavior to the spectral form factors [171,172]. Here we describe naive
discussion. Suppose we have the operator O following to the ETH ansatz (5.182).
For simplicity we assume that O(F) = 0. Then from the property of pseudo random

matrix R,,, we see

ER[Onm] = 07

o (5.325)
Er[|Opnl?] = ¢ 5| Fo(E,w)|".

Then, the variance of the operator O in microcanonical ensemble is given by

1
Er[(AO)*] = Pras > Er[|(Ea] O |En)]
’ |En),|Em)EHE AR
. —Sme(B)| [ (F (5.326)
=5 > e |Fo(E,w)|

’ |En)|Em)EHE AR

~ ¢ 5B Fy(E,0)?

where we approximate £ ~ E and w ~ AE <« FE and we assume the support of

Fo(E,w) lies around w ~ 0 '* Then the microcanonical two point function is given
by

1 1 1 . — —
Ej [Tr [(pg%AE)) 20(t) (pEfC,AE)) 3 OH =5 Z A(Bn=Em)t ;= Sme(E) ’FO(E, w)‘
BAE By | Em)etn,an
~ (AO)*SFF(t)
(5.327)

where SFF(t) is defined on the microcanonical window. We thus see that the two
point functions are also have structure of slope, ramp, plateau like structure for

chaotic Hamiltonian.

6 A Sufficient Condition for the Double Exponen-
tial Scaling

In this section, we present one possible strategy to derive the double exponential
behavior (5.60), (5.63) from a set of assumptions that are expected to hold in highly
chaotic systems, as discussed in [1]. Our main tools will be concentration inequalities

[173,174] together with a notion of quantum mixing, which we will introduce later.

2Typically, Fo(E,w) exponentially decays in w [149].
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6.1 Concentration Inequality and Sub-Gaussian Properties

Concentration inequalities are probabilistic bounds of the form
Prob[|Z — E[Z]| > €] < f(e), (6.1)

where f(€) is some small function of e. Here X denotes a random variable and E[Z]
its expectation value. Classical examples of such inequalities include Chebyshev’s

inequality and Markov’s inequality

Prob[|Z — E[Z]| > €] < w,
€ (6.2)
Prob[|Z — E[Z]| > €] < VE[QZ]

6.1.1 Sub-Gaussian Random Variables: A Brief Review

We begin by recalling a commonly used class of probability distributions known as
sub-Gaussian distributions. These distributions are characterized by concentration
bounds exhibiting Gaussian-type decay in the tails. More precisely, we adopt the
following definition.

Definition

Definition 22. A random variable Z is called o-sub-Gaussian if it satisfies

Prob[|Z — E[Z]]| > €] < 2e™ 7. (6.3)

J

A wide variety of familiar random variables, including Gaussian, Bernoulli, and
uniformly bounded variables, fall into the class of sub-Gaussian random variables
with a finite and typically moderate value of o. There exist several equivalent
ways to characterize the condition (6.3). For simplicity of presentation, we assume
throughout that E[Z] = 0. This assumption is made solely for convenience and can
be removed without affecting the generality of the discussion. One useful collection

of equivalent formulations is summarized below.

Theorem 14. Let Z be a centered o-sub-Gaussian random variable. Then the

condition (6.3) is equivalent to each of the following statements:
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1. The tail probabilities of Z obey

2

Prob[|Z| > €] <2e ¥ for all € > 0. (6.4)

2. The moments of Z satisfy the bound

Q=

121 e = (E[|2])* < Can/q  for any q = 1. (6.5)

3. The exponential moment of Z* is controlled as

Elexp{n*Z*}] < exp{Cin*} for all n with |n| < Ci (6.6)
3

4. The exponential moment of Z? is finite at a specific point, namely

E{Xp{g_}} <2 (6.7)

5. For every n € R, the moment generating function of Z satisfies

E[¢"?] < exp{ ’722"2 } (6.8)

2

Here the constants C1, Cy, C3, and Cy depend on o only up to universal numer-

ical factors.

J

The equivalence of these conditions can be established through the following
sequence of implications: (6.8) = (6.4) = (6.5) = (6.6) = (6.7) = (6.8). We
briefly outline the main steps.

e (6.8) = (6.4): this follows from a standard Chernoff-type bound. In particular,
one may choose C| = V20.

e (6.4) = (6.5): a direct calculation yields
E[|Z|] :/ de Prob(|Z]* > ¢

0

:/ dx qz?~'Prob[|Z| > 7]
o p

< 2q/ de 7! exp{——Q} " (6.4)

0 20

g q

=2 qr(—) .
qu' 2
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Consequently,
1
1Zl1er < (a1 (2))" V20 < 30va. (6.10)

Hence, taking Cy = 30 establishes (6.5).

(6.5) = (6.6): we expand the exponential as

E[exp{n2Z2H =E

q q!

1+f: ("22!2)1 - 1+im. (6.11)

q=1
Applying (6.5), we find

1+ 2n?0?

1

E[exp{nzZ2H <1+ Zﬁ2q2q+la2q _ NeE

q=1
For any a > 2, there exists a positive number z,(a) such that for 0 < x < x,(a),

1+2z 1

“ ) = 6.13
11—z ¢ (1 —2.(a))? (6.13)
It then follows that
2 r72 2 2 . (a)
Elexp{n°Z*}] < exp{2an’c?}, for || < 5 (6.14)
o

so we may choose C3 = v/2a 0.

(6.6) = (6.7): by setting n = C%l with Cy = %, the bound (6.7) immediately

follows.
(6.7) = (6.4):

z2 2

< 2 z2 _e
Prob[|Z| > €] = Prob [ecz >e| <e CzEleCE} <2 °i, (6.15)

which allows us to take C = Cjy.

(6.6) = (6.8): using the elementary inequality e < x + ¢” for all z € R, we
obtain ,
E[e"’] < E[nZ + 6"222] < e for |n] < o (6.16)
3
Furthermore, since 2nz < n* 4 2?2 for any 0, z, it follows that

2 72

2 1
E[e"’] < e%E[eT] <eTe < O (6.17)
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6.1.2 Generalization of Sub-Gaussian Variables

Later we will want to allow mild departures from the strictly sub-Gaussian large-
deviation profile. A convenient toy model is a bound of the schematic form “Gaus-

9

namely

2 .2 /
E[e"?] < exp{n; —Z%n%} (6.18)

k=2

sian + quartic,’

for n in a certain range, or alternatively an explicit upper bound directly on the tail

probability:

9 M
€ 92k o
Prob||Z| > €] <2 —_ = = . 6.19
rob[|Z| > €] < exp{ 52 2 o € } ( )

When the coupling gor > 0, this quadratic (quartic in €) correction remains below

the purely Gaussian estimate. In particular, Z is still sub-Gaussian in the sense that

2
PMWH>@§2M4}§—} (6.20)

o2

Moreover, to ensure that the relevant probability integrals are well-defined, we in-
deed require gop; > 0, and in what follows we restrict attention to this case. We

consider following theorems which we do not have complete proof:

Conjecture 1: Let Z be a random variable with zero mean E[Z] = 0. Assume that

its moments satisfy the following upper bound for any 1 < ¢ < L < 400,

2k>mk

E[Z%] < 20%5%g S i) I1 (=920 (6.21)

I'(q) Pl my!

{mk}:mgmmuz

for some finite (sufficiently small) m,., and g > 0. Here we denote m = Zﬁiz kmy,.

For any ¢ > L + 1 we only assume the weaker bound

E[Z*] < (o). (6.22)

In addition, suppose that L satisfies L+1 > (@2 Then we can deduce the following

802 °

bounds for the generating function and the tail probabilities:

1. For some || < 5, we have
g

2k y4k

E [enzp] < 264’7202—ZkM=2 2%t 1. gorn + F”(??) :
) L4l (6.23)

163



2. For any n > %, it holds that

M
1
E[e"?] < 26217 (2 exp{ Z —IliggkO' } + F < @>> . (6.24)
k=2

3. For € > 20, we obtain

62 - tk 2k U 1
Prob[|Z]| > €] < 2exp{—87} <4eXp{ ; 90" ¢+ F %2 ) |

(6.25)

B On the Form of the bound on moment (6.21)
Let us briefly explain how the moment inequality (6.21) naturally arises. Assume

we are given the tail estimate (6.19). Then the ¢g-th moment can be controlled as

E[79) :/ de Prob[|Z]* >
0

q/ dz 29 'Prob[|Z| > 1]
0
(6.26)

2q/ dx 27 'Prob|| Z| > 7]
0
00 I‘Q M g
cog [ drar e [~ S G
< q/o Tx exp< 52 §2kx

We now view the integral perturbatively in g. Since the resulting series is asymptotic
and has vanishing radius of convergence, we truncate the expansion at a finite order

m = Mmax. From this perturbative perspective, the upper bound is approximated
by

00 B a2 " M 1 Gon i
]E[ZQq} §2/0 dr 2?7 e 207 Z z? HQ(m—k‘(—y) )

{mp}m<mmax k= (6 27)
C(m +q) 77 ( (—g260%)™
— 94+l ) 524 .
ot 2w LU

Strictly speaking, one should not interchange the order of integration and summa-
tion, because the corresponding series is merely asymptotic. Nonetheless, once we
truncate at a finite mpy.y, this procedure provides a natural rationale for adopting
a moment bound with finite myay.

In principle, one can bypass the perturbative expansion by evaluating the integral
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exactly and then comparing the resulting asymptotic series with the exact expression
via Borel resummation. We defer such a more refined treatment to future work.
Note also that the bounds on the generating function and on tail probabilities can
always be relaxed to those of a purely sub-Gaussian variable; however, keeping
track of the quartic correction yields sharper estimates. A further remark concerns
the modification of the bound for ¢ < L: in later applications we will encounter
situations where the moment estimate deteriorates for large ¢ when o is small. Past
a critical value ¢ = L, our control becomes weaker and we retain only a rough
estimate with a larger parameter o’. Even in such circumstances, provided that L is
sufficiently large, we still expect the tail behavior to remain essentially sub-Gaussian.
This motivates a careful treatment of finite-¢ corrections.

We now proceed to the proof of the theorem. Some intermediate steps are not
completely rigorous mathematically; however, we support those steps with numerical

checks.
B Upper bound fro E[e"QZQ]

We first establish an upper bound for E [e"ZZQ] from the assumed moment con-

dition, again adopting a perturbative viewpoint:

E[e" ZQ} - 1+Z77 E[2%]
(6.28)

< 1+Zn2q2q+1 24, + Z

q=L+1

where

I'(m M — Gop 02K )k

M<Mmax k=2

The first two contributions can be bounded by an infinite series:

1+ ZanQqHazqaq <2 Zn2q2q+102qaq = Fi(n). (6.30)

q=1 q=0

Evaluation of Fi(n)
We can rewrite Fi(n) as

n) =2 E sla,, s =2n° o
q=0
M
I'l+m)s (—gara®)™
=2 :
> el ( -

{mi}m<mmax k=2

(6.31)
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If we keep only finitely many terms, then it is legitimate to exchange the order of
summation.

Suppose we can show that, for sufficiently small m,.,, for s in a small interval

1
2

2 % 1 (%) = eXp{QS - Ztkaks’“} (6.32)

{mi}m<mmax k=2

0 < s < s, ~ 3, and for small a; > 0 and some positive constants

where a, = gop 0?*. Then for || < %, with sufficiently small my.,. and a;, we

obtain

M
E [6”2Z2:| < 2exp{417202 — Z 2ktkg2kn2ko4k} . (6.33)
k=2

At present we do not have a fully rigorous derivation of (6.32), but we do have
numerical evidence supporting it. Details are deferred to Appendix D. We choose
t, =6/ 2k We see that we have M < M < 1 /ay as usual perturbation theories.
Even though the numerical test is difficult for very large M but we expect the

Sme) - This point is highly non-trivial and still open

inequality is valid for M = €9(
questions.
Evaluation of the Third Term

Let us denote the third term in (6.28) by Fy(n):

o0}

B(n)= > %(772(0')2)‘1
=L T (6.34)
n2(c")? V(L +1,1%(0")?)

I'(L+1) ’

where 7y(a, z) is the lower incomplete gamma function,

v(a, ) :/ de e tee. (6.35)
0

To obtain a simpler bound, we use the following identity [175],

v(a, ) N
x = 6.36
Mo~ T 2 (@ (639
for a > x. Together with the estimates
1 a\ —(e=1)
— < (= 6.37
[(a) — (e) (6.37)
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and
(@)1 =ala+1)--(a+m)>a™, (6.38)

we arrive at the simpler bound

zf}/( - z" 1 alogz—(a—1)log ¢ —alog &
e e e < e we 6.39
ZO m+1 - ( )

['(a)

for z < a. Consequently, we obtain the bound

Fy(n) < &8 () = poy (6.40)

valid whenever n?c"? < L + 1.
B Inequality for the Generating Function
Next we consider the generating function E[e"?]. Assume |y > -L. Using the

inequality

1 1
nz < 5 <4—Z + 4o ) , (6.41)

valid for all 0,z € R, we obtain

E[e"7] < "B |es2”’]

< 2’ (2 exp{

< Li(n) + La(n),

l\’)l»—t

Lt 1
Z 4_29%0%} + ( @)) (6.42)
k=2

where we defined

M
t
Li(n) = 4exp{(202772 + Z 4—Zggk02k)},

Ly(n) = exp{(20°n*) } F* <\/ é)) :

In the second line we used (6.33) together with n* > . The first term can also be

(6.43)

written as
1 Kt T
202n? k 2k 2,2 k 2k
e 2exp{§ — kg_Q Y ad } < 2exp{(4a n° — g_z YL ad )} (6.44)
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On the other hand, the second term becomes

8(L +1)c?

1
2% pu ( @) — exp (277202) exp |—(L +1) IOgT ) (6.45)

B Inequality for the Probability

Finally, we derive a tail estimate. By Markov’s inequality, for any n > 0 we have

Prob[|Z| > €] = 2Prob[Z > €] = 2Prob[e"” > €]

6.46
< 27K [e”z]. ( )
Using (6.42) for n > %, we obtain
Prob[|Z| > €] = 2 inf e “E[e"]
n>5s
=2 inf e "(L1(n) + L2(n))
n>354
<2 inf e “Li(n) + 2 inf e “"Ly(n)
"> 35 >3 (6.47)
Tt
k
< 8exp (— sup (en — 27]202) — Z EggkO'Qk)
erd k=2
2 2 U 1
+ 2exp —sup(en—Qna) F — .
1 802
?7>2U
For € > 20, the supremum is achieved at n = ;5 > %, and therefore
€2 Ny 1
k 2k U
Prob[|Z] > €] < 2exp (—@) <4exp (—kz_; 15920 ) +F <\/@>> (6.48)

In later applications, the second term F™ (, / #) will be doubly exponentially sup-
pressed in the microcanonical entropy. Hence, for practical purposes, the tail behaves

as an almost sub-Gaussian one.

6.2 Almost Sub-Gaussianity of Af;,, pry[O] and Afg pry[O]
One natural way to establish the double exponential behavior (5.60), (5.63) is to

show that the random variables A, pry[O] and Afg pry[O] are (almost) sub-
Gaussian. In this subsection we discuss some analytic arguments in that direction.
A numerical investigation for specific models was performed in [140].

To proceed, we rewrite the p-th moments in terms of thermal Wightman cor-
relation functions. We regard the matrix elements (E,|O |E,) and (E,| O |E,,)
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as random variables with respect to the uniform measure over &g ap and 51’57 AES
respectively.'?

We begin with the diagonal part A, pry[O]. For the diagonal elements, the
expectation value of a single matrix element with respect to the uniform measure, de-

noted Eg,, ., [(En| O|E,)], simply reproduces the microcanonical expectation value,

Fep s [(FaOlE) = —— 3 (BJO|E) = (O)F2F . (6.49)

mc
EAE
’ |En)eEME AR

To consider a centered random variable, we thus introduce the operator with its

one-point function subtracted,

Oe 1= O — (OYEAF (6.50)

mc

and define the microcanonical Wightman function

A~ A 1 A

GO gt 12, 1) = Te[(pEAD) 1 Ore1) (B2 Opelt2) -+ (PEAD)i Opelty)-
(6.51)

Then, similarly to the expectation value, the ¢g-th moment can be expressed as

EgE,AE [((En| @mc |En>>q}

1 R
S (B O |E)

" Dpar
’ |En)eHE AE

1 . N .
-D Z (Eni| Ome |Eng) (Ensy| Ome | Eng) - -+ <Enq| O | Eny)
EAE |Eny )y |Brg)€EHE AR

X Oy O -

(6.52)
Assuming a non-degenerate spectrum, we can use the identity
o
Opm = lim — / dt elBn=Em)t, (6.53)
T—o00 0

Applying this relation and rewriting the phase i(E,, — E,,)t as a real-time evolution

13We emphasize that we do not introduce any physical randomness. We consider a single Hamil-
tonian with a fixed spectrum and fixed operators. The “random variable” terminology is purely
an artificial construction associated with the uniform measure that we impose.
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of operators, we arrive at
. q
ESE,AE [((En‘ Omc ‘En>> }

1 T 1 (n
= Doar Z H(Tlgnooi/o dti)

|En1 >7""Enq>eHE,AE =1

X (Epy| Ome(t1) | Eny) (B | Oume(ta) | Eng) -+ - (B, | Ome(ty) | Eny) (6.54)
: L1 E,AE)\ 5 A E,AE)\ 5 A
:H(z%linmz_; /0 dti>Tr[(ﬂ§ng )7 Oneltr) -+ (pEAD) 7Oty

( T
= Grg();(thtg, s ,tq) s

where the long-time average is taken with respect to all time variables. Thus, the ¢g-th

moment is given by the long-time average of the ¢-point microcanonical Wightman

A 2q
function G (¢, 2o, - - - ,tq)- For every ¢, the quantity Ee, ., {((En| Ome ]En>> } is

manifestly positive, and therefore GEﬁZ’(tl, ..., la,) s also positive .
In a chaotic system, it is natural to expect a clustering behavior of the 2p-th

moments of the form

@ T @ \* @ \"
Gmc (tl,tg,"' ,tq> SCQ' a'Gmc(tl,tg) 1+O Gmch y n>0
(6.55)

for ¢ up to some ¢ < L, where C' and a are numerical constants independent of

Smc(F). The parameter L is expected to grow exponentially with the entropy,
and the finite-L correction produces only negligible deviations from an ideal sub-
Gaussian behavior. This clustering property is a key assumption in our analysis
and is expected to hold in simple holographic theories, as we will see in the next
section. Note that this assumption is not exclusive to chaotic systems: for example,
free theories also satisfy it. The distinction between chaotic and integrable systems
will appear in additional conditions discussed in the next subsection. Under this
clustering assumption, we obtain an almost sub-Gaussian property for A§;, . gry[O]

. . 2 ~(2)
with variance parameter 0° = G/ .

In many situations, due to ensemble equivalence (to be discussed in the next
subsection), it is technically easier to work with canonical rather than microcanonical
correlators. In particular, the microcanonical condition (6.57) can often be replaced

by an analogous condition in the canonical ensemble. In the canonical case, we

4Notice that the original Wightman functions ijg,)E(th --+ ,toq) without long time averages
are complex valued. The OTOCs Ggg’)E(L 0,---,t,0) are real valued.
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consider the canonical Wightman functions

GE (b1, 12, tag) = Tr[ () Oran() (2)) * Orant2) -+~ (L)) Ocant,),
(6.56)
where @Can is the operator with its canonical one-point function subtracted, @Can =
O — <O>fan. We then expect the following clustering property for the long-time

average of the canonical Wightman functions:

Condition 1 (Clustering property for the Wightman functions). For a chaotic
system at sufficiently high enerqgy, we expect the microcanonical Wightman func-

tions to satisfy

3 T 2—T q —T L
GED(ty, g, ) < Coql (a-GEni(tl,t2) ) (1+O(<GmZE ) )> n > 0.
(6.57)

Moreover, when ensemble equivalence holds, we also expect the canonical Wight-

man functions to satisfy

@) L _ v @ o \* FOAY
T <o (05T (e o((T))) oo

for q up to some q < L, where C’, a’ and n > 0 are numerical constants and L

18 again expected to be exponentially large in the entropy.

Another property we expect for chaotic systems is a quantum mixing behavior
of the thermal correlators. We say that the connected canonical Wightman function

exhibits quantum mixing if

G (tl, t2> — 0 as |t1 — tz‘ — OO (659)

can,3

in the thermodynamic limit. For example, this is expected for light operators beyond
the Hawking—Page transition [176-178]. We will later illustrate this point using a
holographic example. For large but finite time difference t; — t5, we anticipate that
after some decay time tgec,

GE (), ts) —

can,

(D—A),yg(tl,tg) as |t1 — tQ‘ > tdec; (660)
EAE

with a function g(¢;,t2) = O(1) and some positive constant 7. Summarizing:
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Condition 2. (Quantum Mizing Condition)
For large but finite microcanonical entropy Sme(E), we assume that the canonical

Wightman function satisfies

—T
G2 (t1,ta) = O(1) Q)2 e 15melB) = ¢=O(Sume(E)), (6.61)

can,3
This behavior is in fact expected in holographic theories with black hole duals.
Combining the assumptions (6.58), (6.61) with Conjecture or Theorem 14 when we
can neglect subleading term , we obtain a double exponential scaling for the diagonal

matrix elements:

Theorem 15. By assuming (6.58) and (6.61) for the operator O and setting € =
e~mSme(E) with n < 1, we find that Afioe mrulO] exhibits the double-exponential
behavior (5.60), namely

2 @ \"
—# T+O<<G .8 )
e e

Zliag,ETH (O] < de can, = 4e 7€

O(Smc(E))

,#>0. (6.62)

J

(2)

The proof follows by substituting o? = Geanp  Into Conjecture 1 or Theorem 14

when we dismiss the subleasing part and choosing an appropriate value of g. The

can,f3

correction term (G(2) ) will be analyzed in explicit examples in Section 8.2.2.

6.2.1 Ensemble Equivalence

We now discuss the ensemble equivalence used above. In many situations, micro-
canonical correlators are technically harder to analyze directly, so one often works in-
stead with the canonical ensemble. In particular, the canonical real-time Wightman
functions can be obtained from Euclidean time-ordered correlators. In holographic
theories, the canonical ensemble is naturally associated with an AdS black hole ge-
ometry with imaginary time periodicity, and Euclidean time-ordered correlators can
be computed straightforwardly via the standard AdS/CFT dictionary.

In the large-Dg g limit, we generally expect ensemble equivalence between mi-

crocanonical and canonical ensembles for suitable observables [63,179-182]. More

precisely, we expect to be able to bound the microcanonical moments Eg,, , , | (En| Oume |Ey)

(equivalently, the long-time averages of microcanonical Wightman functions) in
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terms of canonical ones under suitable assumptions. Concretely, we assume

PN —T 6,3(E+AE')Z
ESE,AE [(En‘ Ome |En>2q _ G(2q) —@

mc, . —

Geo (6.63)
Dg ap can,3 .

for some inverse temperature 5. Furthermore, we expect that there exists a positive

numerical constant and some temperature S(E) such that

6’8(E)(E+AE)Z(ﬁ(E))
Dg g

< O(Sme(E)). (6.64)
OSmc(E)

Here B(E) is determined by the standard thermodynamic relation =55~ = 3(F).

This inequality can be understood heuristically from the thermodynamic limit:

Z(B) ~ e BEPB) o o=BE=Sm(E)) e’ﬁEDE A (6.65)

where ~ indicates equality up to multiplicative factors of order e?®m<(E) — Com-

bining the clustering property (6.58) with the quantum mixing condition (6.61), we
infer that the long-time averages of the canonical Wightman functions satisfy

GED " < ¢ OSue(®) (6.66)

can,f3

for the corresponding inverse temperature. Then, using (6.63) and (6.64), we can
bound the microcanonical correlators with the same scaling behavior.

Finally, we comment on when we can justify (6.63). For the variance (p = 1), one
can show that (6.63) is always satisfied. In particular, if the canonical correlation
function obeys the quantum mixing property, then the microcanonical variance also
decays:

B, = Ol (6.67)

—T _
Gite < O(Smc(E)) GE)

mc,F

For higher moments p > 1, the situation is more subtle. We do not provide a general
proof here, but instead highlight a couple of relevant examples for later models. One
example is when the uniform distribution on &, is symmetric about the average
E[(E,| O |E,)] = (0)Z2F; then all odd moments vanish and (6.63) follows. Another
case is when the long-time averages of the microcanonical Wightman correlators are
themselves exponentially suppressed. Further details of these inequalities (6.63) and

(6.64) are given in [1].
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6.2.2 Off-Diagonal Elements

We now turn to the off-diagonal matrix elements. The expectation value of |(E,| O |E,,)[?

with respect to the uniform measure on £j; 5 is

1

E E,|O|E, )] = Ej E,|O|E, ) (6.68

SE,AE [|< ’ ‘ >’ ] DE,AE<DE,AE _ 1) (BT ’< | | >| ( )
n/m E,AE

1 S [ElOwlE|

Dpap(Dpap —1) (1En) |Em))EEL AR

(6.69)
1 Z (E,| O ]E>2 (6.70)
" Dpap(Dpap—1 ‘ nl e [5m ’ '
ear(DeaE ) (|1En),|Em))
€EE,AEXEE,AE
1 ‘ A i
- S (Bl OuclEy)| (671)
DE,AE<DEaAE o 1) |En)€EER,AE
I S (Tr[(p(E,AE))Q@ <p(E,AE))%@ } — WT)
DE7AE — 1 mc mec mc me
(6.72)

Using the quantum mixing property, the right-hand side can be bounded as

1 (E,AE 3 A (E,AE 3 A (2)T 1 A TFD ) 2
R Tr|:(pm07 ))2Omc(pmc7 ))QOmc] — Gme < (HOmCHOO ) )
DE,AE —1 DE AE

(6.73)
where we have introduced an operator norm on the thermofield-double Hilbert space,
VU Op® Or |V
[0 = sup | A0 2 On [W)pn (6.74)
W) eHEH tr (Y[¥), r

This norm is UV-finite even if O is a genuinely local operator at a single point.
For light operators we expect this norm to be independent of the Hilbert space

dimension, leading to
Eep o [[(Bal OEn)[*] = O(1)e 5P, (6.75)

For higher moments, we again rewrite them in terms of thermal Wightman cor-
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relators:

Eey, . [|(Eal OB ]

! S (B O

pap(DEaE ) (1En),| Em))EER AR

!
E,AE

1 ; .
_ Ep| One | En)
Dpan(Doan—1 > )< M me [Fm 6.76
E,AE( E,AE ) (|En>,|Em>)nglE,AE ( )
1 > N
_ E,| O |E >‘
PrasDeae= D) 2 ‘< e
eae(DeaE ) (|1En),|Em))
€Ep AEXER,AE
= Al - A2a
where we define
1 ) N
A = > ’<En’ Ome |Em>’ ’
D _
eae(Deap —1) (B Em))
€€E,AEXER,AE (677>
1 > ”
Ay = Z ‘<En‘ Ome | En)
Dpae(Dpap—1) |E.)eEp AR
Since both A; and A, are non-negative, we have
Eey ., [[(Bu OEn)*1] < Ay + Ao, (679

The second term A, is equal to the long-time average of the 2¢-point microcanon-
ical Wightman function and can be bounded from above by inverse powers of the
energy shell dimension using the quantum mixing property (6.61) and the clustering
property (6.58):

1

—T
2 —
Ay < D=1 lGEnfg) < q!- O(1) e~ (@FD)Sme(E) (6.79)

What is new for the off-diagonal elements is the contribution A;. By applying
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the same manipulations as in the diagonal case, we can rewrite A; as

1 : 11 (T Si
' Deap(Dpap —1) E Ti—o0 T;S; /o 0
X Z <Enz @mC |Em > <Emz| @mc ‘Em> ei(Eni_En”l)t 6Z(Emi_Emi+1)si

(1Bn ), Bm;))

€(Er,AEXEE,AE)?

: : LLL o (% e
= llm —_— / dt Gmg t "t s 7t
DE,AE(DE7AE - 1) Hl T;—00 7-'1 SZ gzq ]H 0 k ( 1, %2 2q)

= S;—o0

qu%oo
= : Gl
Dpap(Dpap —1) ’
(6.80)
where the times t; are determined by the recursion relations
— top—1 + top = Sk—1 — S, (6.51)

—tor + top41 = —tk + it

and the intervals T, are defined analogously. Using the clustering property (6.58)
together with the quantum mixing property (6.61), we obtain

C —o N\’
Ay < (G = O(1) gle” 00+ Sume(E), 6.82

' Dpap(Dpap —1) ! < cand (L) dle ( )
This shows that the off-diagonal elements also exhibit a double exponential suppres-
sion consistent with (5.63).

Theorem

Theorem 16. By assuming (6.58) and (6.61) for the operator O and setting € =

e~ Sme(E) yith g < 5, we find that ASg prulO] also displays double-exponential

behavior (5.63), namely

— T
5 2
_#/ T+O((G((:azl,3

)) e
cprul0) < de  Cems _ fo#/eOSme(E)

,# >0 (6.83)

J

In explicit models, one can incorporate the deviations from exact sub-Gaussianity

into the above argument without difficulty.
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7 Non-equilibrium evolution and information prob-

lems in AdS/CFT correspondence

7.1 Thermal correlators and information problems in AdS/CFT
7.1.1 Decay of two point functions

Here we discuss the real time evolution of thermal correlator in AdS/CFTs. Firstly
we notice that two copies of the holographic CF'T in the thermofield double state is
approximately described by gravity on the extended AdS Schwartzschild spacetime

if the temperature is enough high [24]. Some comments are in order.

e The boost symmetry in AdS Schwartzshild spacetime is corresponding to the
symmetry generated by Hrpp = Hy, — Hg. Indeed, the TFD state is invariant

under this time translation.

e In the semiclassical approximation, besides giving a geometry, we need to
specify the state of the all other fields on this spacetime. From the discussion
in Section 2.3, we know that the QFT on blackhole is also in thermal bulk
QFTs. Thus we can think that the bulk QFTs also in TEFD states which lies
in matter Hilbert space. Since the TFD states are vacuum state for TFD
Hamiltonian Hrpp, we consider the excitation from this vacuum states. This
structure of the excitation is same as one of zero temperature vacuum. Thus

we consider weak coupling QFT on AdS blacholes.

Below we see the ways of computing the thermal correlator in different manner and
learn how they looks universal.
B Via conformal transformation [176]

Let us consider Schwartzshild BH in AdSs3 space.

—4dUAU_ (1 - U, U_)?

ds* = d¢® 7.1

SE v o e T ayoo gt (7.1)

In this coordinate, the horizons are at U, = 0 and U_ = 0. The singularity is
at UpU_ = 1. There are two conformal boundaries at U,U_ = —1. There are a

boost-isometry U, — e*U,, U_ — e *U_ and reflection symmetry U, < U_.
We can glue the Euclidean BH at ¢ = 0, which type of geometries are called the
Hartle Hawking state. The boundary manifold of the Euclidean BH is Sé x S!.For
gluing it we cut the Eulcidean BH at 7 = 0 and the boundary manifold is Ig/, X
S1. For AdS; case, we can obtain the blackhole by coordinate transformation and

compactification. Recall the transformation map from the Poincare to the BTZ (see
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Appendix A.1),

2 _ .2
wy = DT T (7.2)
r2 — 12 ’
2
r2 —r?
y = + 7rT+u++7rT uU_ (73)
r2 —r?

,where

T, = 7.4
=7 2mLags (7.4)

t
U+ = (b + LAdS (75)

If we are interested only in the boundary correlation functions it is enough to

consider the region r > r. and the expression became simple

wy = FTTEE (7.6)
2 _ 2
y = r r2r+€7rT+u++7rT,u, (7.7)

The source field transform as the primary field with conformal dimension (h,h) =
(h_,h_) and thus
® — v Dy (uy,u) (7.8)

From the expression of the bulk to boundary propagator in the Poincare coordinate

and the map above we obtain naive bulk to boundary propagator in the BTZ

h
(I‘i *12_ ) +6727rh+ [T+A’U,++T-AU-]
2
’ T

Kgrz(raug,u_;u ,ul) = ¢

(7.9)

T

r2 2 2h4
( + — + (1 _ e—27rT+Au+)<1 _ e—27rT,Au,))

,where Aug = uy — u/.. Since we obtained the BTZ blackhole as the identification
of the boundary coordinates, we consider the mirror images for the 27 shift of the
angle ¢. Then the true bulk to boundary propagator in the BTZ is

h
(ri—rQ ) " o= 2mh [Ty Auy +T- Au_+(T4+T-)2mn]

Kz (raug, u_ U’+7 =cC Z
nez ( - 4 (1 — e 2#T+(Au++27rn))(1 _ e*ZTK‘T_(Au_+27TTL)>

(7.10)
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And in r — oo limit

e—zﬂ'h+ [T+ Au+ +T, A’LL, +(T+ +T, )271'7’),}
(I)(I', Uy, U_> o r—2h+ /dug_dul_ Z % @0(@&/_’_, Ul_)
s ((1 _ e—27rT+(Au++27rn))(1 _ e—27rT,(Au,+27rn)) +
(7.11)

Computing the on-shell action and finally

e—2mhy [Ty Aup+T_Au_+(Ty+T-)27n]

<(’)(u+,u,)(9(u’+,u’7)>fan x Z

el ((1 _ 6727rT+(Au++27m))(1 _ 6727rT_(Au_+27rn))2h+

e—2mhy [Ty Aup+T_Au_+(Ty+T-)27n]

x2
— e 2rTy Au++2ﬂ'n)>(1 — e 2mI- (Au_+27rn))2h+

neZ
(7.12)

This result matches with the conformal transformation from the Poincare vacuum
two point function. From QFT point of view this is just the Bogoliubov transfor-
mation from the Poincare(Minkowski) modes to the BTZ modes (Rindler). Indeed
the BTZ two point function satisfies the KMS condition

,where
Ty g, (7.14)
= QWLidS7 = LAdSu '

They are the hawking temperature and the angular momentum of the outer horizon
of the BTZ BH. To see the real time evolution in simple manner, let us consider the

case Ty =T = Ty which is the case r_ =0. In this case

(O 0O, N x 3 ! (1)

nez (COSh <2g—At> — cosh <—2W(A¢+2W")>>2A
H BH

Thus the thermal two point function shows exponential decays (O(t, $)O(t', ¢/))2  ~

A
e P 2 Also, by using the KMS relation,

1
Gl st ta) o< Y = (7.16)

nez (cosh (2;&) + cosh (—2”(A2’+2””))>
H

and again see the exponential decays.
B Via solving the wave equations: quasi normal modes [183—185]

Of corse, we can obtain the thermal correlator with the GKPW dictionary (3.15).
The decaying behavior is related to complex poles of the retarded Green function

G(w) in frequency space. The complex poles are called quasi normal modes (QNM).
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Indeed, by using the residue theorems

* dw —iw —iRelwqnm|t—Im[woNm
G(t) = / 5-€ 'Glw) = Y e RelanliztnbandiReg, o [G(w)].  (7.17)

—00
WQNM

In AdS/CFT correspondence, quasi normal mode is a mode with in-going boundary
condition on the horizon and normalizable condition on the asymptotic boundary.
To see this, let us consider the scalar quasi normal mode in the BTZ blackhole.

Scalar perturbations are described by the wave equation,
(Og — m?)® = 0. (7.18)

We use the one useful coordinate for BTZ blackhole

1

(=2, 2 T

2 _
ds? = v - Z(dsﬁ) + (dz™)2. (7.19)

Note that this z is different from Poincare coordinate. We use the ansatz
® = e ikerTHhaT) g () (7.20)

With these ansatz, we end up with hypergeometric equation

d*R dr [k k? m?
l—2) ot (1) |22 2= 0 |p=n 21
(1-2) z +1-2) dz * 4z 4 41 -2 R=0 (7.21)

The solution with in-going boundary condition at the horizon is given by
fe(2) = 2%(1 — 2)P 9 Fi(a, b, ¢; 2), (7.22)

where

/L.k’_;'_ 1—\/1+m2
o= ——- _——
9 2

by —k_ by 4k
= —_— b:
“ 5 Th 2%

(7.23)

18, c=1+2a. (7.24)

Indeed we can see the asymptotic behavior around the near-horizon is in-going: The

expansion around the horizon z = 0 is

o ket —ik_a” Fu(2) ~ e~ iktat—ik_a” a (7.25)
_ miksat koo S log 2 (7.26)
_ 671k+(x+—% logz)fik_x_ ] (727)
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For out-out going wave we should take o = —ikT*. To discuss the behavior around

the conformal boundary, we use the identity

fe(2) = 2%(1 = 2)P 4 Fy (a, b, ¢; 2)

)gFl(c—a,c—b,c—a—b;l—z)

['(a)T(b)
N ['(e)l'(c—a—10) '
+z (1_2)BF(c—a)F(c—b) oF ) (c—a,c—ba+b—c+1;1—2).

(7.28)

Since +c—a—b = %(1+\/1+m2) and g = %(1—\/1+m2), the first term
corresponds to the normalizable mode and the second term corresponds to the non-
normalizable mode. If we demand the vanishing field value at z = 1, we obtain the

discrete quasi-normal mode from the pole of I'(c — a)I'(c¢ — b). That is

c—a=-n or, c—b=-n, n=0,12,...
i 1 (7.29)
ke E k) =nt s <1—|—\/1—|—m2).
We can read off the quasi-normal mode by using the identities
ky+k )(ry—1_) =w—k,
(kg + k) (s — 1) (7.30)
(ky =k )(rs +12) =w+k,
then we have
wr, =1 — 27T (2n + A),
g i ) (7.31)

wg = —1 — 2miTR(2n + A),

withl e Zandn=20,1,2,---.
At first, let us assume that we can use the same procedure as the Euclidean AdS/CFT.

The on-shell action can be evaluated by the boundary intgeral,

tionl = | [ Gatnl =0T ()| (7.32
,where
F(k,2) = KV/—GG# f_1(2)0. fr(2). (7.33)

By taking the second derivative of the on-shell action, we see

G(k) = —[F(k, 2) + F(—k, 2) =" (7.34)

zZ=€
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One can see that this quantity is real and hence cannot be a candidate to the retarted

Green function which is generally real. By noticing fi(2)* = f_x(z), we can read off

W{F(k,2)} = V06 [ ()0 0(2) ~ M20.i(2)]  (7.35)

]

The correct prescription is conjectured as

GFAk) = —2lim F(k, 2). (7.36)
Z—€
The prescription for computing the retarted /advanced Green function is formulated

as follows:
1. Find a solution to the wave equation with following propeties:

e The solution equals to 1 at the boundary z = ¢;

e For timelike momenta, the solution has an asymptotic expression corre-
sponding to the in-going/ out-going wave at the horizon. For space like

momenta, the solution is regular at the horizon.

2. The retarted Green function is then given by G' = —2Fy,,. Only contribution
from the boundary has ti be taken. Here we only consider the contribution

just from the asymptotic boundary.

Let us discuss why this works. To get an intuition we consider the expansion around

the asymptotic boundary z = €. Unnormalized solution has an expansion
fr(z) ~ A(k) (1 — 2)~(1+ )+ B(k) (1 — 2)"(1+--) (7.37)

,where
I+v14+m?2 A I1-v14+m?2 d-A
fp=—t VT _ 2 5 = -2
2 2 2 2
Thus A(k) corresponds to the non-nomalizable mode and B(k) corresponds to nor-
malizable mode. Similar to the usual AdS/CFT dictionary, B(k) corresponds to the

sourced one-point function and A(k) is source. If we consider the normalized f, we

(7.38)

see
- B(k
A~ 0=+ 280 2y s
A(k)
From this we can finally calculate the flux factor
_ ,B(k)

Similar to the usual AdS/CFT dictionary, the two point function is given by the
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derivative of the sourced one-point function

B(k)
G~ S~ T, (7.41)

When d = 2 case, the normalized wave is

2*(1—2)? 9 Fi(a,b, ¢; 2)
fi(2) = (1 —¢€)? o (a,b,cie) (7:42)

By evaluating F we see the retarted/ and obtain the same behavior as (7.15).
B Geodesics approximation

There is another way of obtaining correlation functions. We can compute the
boundary correlation function from bulk Green function called bulk-to-bulk corela-

tion function Ggp(xy, z2)

(O(21)O(3)) = lim e*A"Gpp(r, z1;7, 22) (7.43)

r—00

where the bulk-to-bulk corelation function Ggp(z1, z5) satisfying [26, 186]

_ i ad ! (ay —
(O —m*)Gep(ei;23) = @5 (21 —2), (7.44)
m? = A(A — d).

This is based on the one another dictionary of AdS/CFT correspondence called
HKLL dictionary
O(z) = lim 2" ®(z?) (7.45)

r—00

where ®(24) is bulk fields. It is known that HKLL dictionary is equivalent to GKPW
dictionary [65,187]. For vacuum AdSy, 1, it is known that [26, 188]

GBB(xl,xg) = GBB(ﬁ) XX fA . 2F1 (2, A ;_ 1 A — El + 1 f ) (746)

where ¢ is defined through the geodesic distance between two points 4! and x4

1
cosh (Dist(xy; x2))

&= (7.47)
Note that when the distance of two points are infinite £ — 0. From this expression
we can get simple formula for correlation function with light but large conformal
dimension ' The key things is the integration expression of the hypergeometric

function

15This mean that we take A — oo after large N limit.
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oFi(a,b,c; &%) = %/{) ds s"7H(1 —s)P7e7(1 — &%) (7.48)

for Re(c) > Re(b) > 0, |arg(1l — £?)| < 7. In our set up, we have

A—d—1 A

G (€) o gA/O dss 7 (1= 9) >0 (1 — e29)3 (7.49)

We consider the saddle point approximation in A — oco. Let’s focus on the integral

in the form,

d+1

1
I(¢) :/ dss_%(l —8)776%”(5)
0

v(s) = logs +log (1 —s) — log (1 — 525)

(7.50)

We have two points such that v/(s,) = 0 as

oo lmvi=¢& \/5;_52 o EVIZE vf;—éﬂ | (751)

Note that 0 < s{! ) < 1, s > 1. Thus, we consider the saddle-point approximation
for the first point. Since v”(ss ( )) < 0, we do not deform the integral contour from
s: 0 — 1, we obtain

_ 2
]<§) ~ 5 2A7T (1 —;7\1/1525 ) —ADist(z1 -1’2) (752)

By combining these approximations, we obtain

A LAY o e ADist(a1,02) Al+y1-¢& (7.53)
Gpp(r],z5) xe oy \/1_752 :

From this we can compute the boundary correlator. Since the distance of two points
set in conformal boundary are infinite and we need to renomalize. Actually the factor

e?r2 play a role of renormalziation and we find

)

(O(21)O(x5)) o e APistren(a'23 (7.54)

where we denote Distye, (21, 2) is renormalized geodesic length. For simple illustra-
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tion, for Poincare coordinate we have

1

(b (2§ — 25) (2] — 25))*>

(O(21)O(x2)) x (7.55)
Here we use the formula in Appendix A.1. Also as we compute in the next section
7.2, we can compute the geodesic length in AdS;3 blackholes and we can compute
the geodesics length between two points in the maximal extended geometry in same

time slice is linear in ¢t. See Figure 20. And we find

2w A

G® e F L (7.56)

can,3
Now several comments are in order:

e The geodesic approximation method here is actually considered to be appli-
cable for more general geometry and higher dimension. In [189,190]. In their
papers they consider worldline formalism for bulk QFT's and find that for large

mass we have the saddle point approximation

(O(P)O(Q)) ~ > ¢~ mDistren (P:Q) (7.57)

geodesics connecting P and Q

The worldline formalism is very general formulation fo QFTs and works for

any spacetime dimension.

e Then we can give approximate formulas for thermal correlator from higher di-
mension AdS blackholes [191]. We can find that the geodesic function increase

up some time where the effect of singularity is important.

e The decay of correlation functions are related to the increasing the length of
the ER bridge. See 20.

e The discussion can be more accurately in JT gravity including the quantum
effects [192].

e One may think the geodesic approximation is very similar to the holographic
entanglement entropy formulas in three dimensional bulk since in this case RT
surface is given by geodesics length. Especially, we know that the entanglement
entropy is computed from the twist operator with conformal dimension A, =
1—‘32(71 — %) with n — 1. Even though the A, is proportional to ¢ but n — 1
limit makes the dimension is small and looks like light operator. However there
is distinction. For correlation function possibly there is no need for homologous

conditions. And this distinction will be important for late time behavior. The

185



entanglement entropy saturate the time scale of O(Ngot) (we will see this fact
in next subsection 7.2) but the correlation functions can continue to decay up
to eOWme(E)) [193].

Time > s .
Oi geodesics length)/io

N

Figure 20: The thermal correlation functions are computed in geodesic length be-
tween two side. The length is proportional to the length of ER bridge and increase.

7.1.2 Information problems in AdS/CFT

The information problems are more accurately formulated in AdS/CFT correspon-
dence [24]. The key point is the behavior of the thermal two point function in late
time (See Figure 21).

Above we saw that the holographic thermal two point function decays from
semi-classical computations when the bulk back ground is given by the blackhole.
If we naively believe the semi-classical computation and decay behavior for any
time, we see the correlation function finally reach to arbitrarily small value and
small for any late time. However when we consider boundary CFTs live on spatially
compact manifold like cylinder and large but finite N, this behavior never happens.
In this setting we expect that the theory has discrete energy spectrum even though
they are almost continuous. In any discrete systems there are (quantum) Poincare
recurrence theorem: Consider a quantum system that is unitary and has a discrete
energy spectrum. For any initial state and any e > 0, there exists a t,,c > 0 such
that the following holds:

[ (tree > 0)) = [(0)) || > 1 — €. (7.58)

The essence of the theorem is the spectrum expansion

|¢(t)> = Z Cne_iEnt |En> . (7-59)

n
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Then each e~ *£nt is a kind of clock with period 1/E,. The recurrence time is esti-
mated when all of the hands on the clock go around and align align. For example
some harmonic oscillators like system where E,, — E,, = w(n — m), the recurrence
time is short 7" = w. However, the non-intangible system they are very long ePef

but still finite. Also the two point function can be have spectrum decomposition

CGOLt) =Y e P BBl (B, | O |E,)[* (7.60)
and should shows recurrence. So at least we need not to believe the semi-classical
picture for any late time. Maldacena discussed that actually the semi-classical pic-
ture fail down in more early time. Simple estimation is following: The correlation
function decays in early time but for the time scale when the correlation functions

from other sadlle points can compatible to semi-classical correlation function i.e.,

1

G(2) — o~ 0@1/GN) _ ]
BH € Poly(Dgap)

(7.61)

6 However the large N limit discussed so far only pick up one saddle and we expect

(0(1)0(0))

Prediction from ETH

Wormbhole contribution

Ti?ne t

Figure 21: Time dependence of the two-point function (O(t)O(0)). The blue curve
represents the contribution predicted by ETH and the associated wormhole saddle,
while the red dotted curve shows the semi-classical computation. These two lines
do not agree in time ¢t = O(Dg ag). This is information problems.

16 Actually because of the blackhole singularity we have another time scale we loose some control
of semi-classical picture. Also the late time the corelation becomes polynomial decay in time.
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the true correlation function will be

Za*esaddle Ge, (t)e‘lgfav[a*] + (off-shell contribution)
a ZG*Esaddle e lerav[Ge] 4 (off—shell contribution)

C@ (t)

e (7.62)
where Gg, (t) is correlation functions obtained by the bulk-to-bulk correlators on
saddle point G,. Then we may seek other saddles or off-shell contributions. One
possibilities for the non-decaying behavior of the late time two point function is com-
ing from the gravitational path integral with wormholes for gravitational Schwinger-
Keldysh [38]. To see this see the Figure 22. The role of wormholes is reducing the
length of ER bridge.

Time A2 VAN
O T~ 40

Figure 22: Baby universe emission reduces the length of ER bridge

For two dimensional JT gravity case, the order of the late time behavior is ex-
pected O(e_SO) where Sy is ground state microcanonical entropy. Even though we
do not have concrete discussion for the higher dimensional for the actual gravita-
tional late time behavior of the correlation function, we expect the similar story. In
there dimensional case, there are non-wormhole gravitational saddle points which
are given by SL(2,Z) of the non-rotating blackhole and orbifolds. Let us consider
BTZ black hole, which has the modular parameter 7 = iy, = % Then, the other
saddle points are given by the SL(2,Z) transformation, 7/ = %. The late-time
behavior of two-point functions and the regularized action with modular parameter
7' are given by [194],

G? ), ~ex {—zAﬂt} 7.63
( Can,,@) p |CLT+b|2 ( )

The contribution from a = 0 corresponds to thermal AdS;, where the two-point
function shows periodic function in time. Except for the thermal AdS contribu-

tion, we find decaying behavior. If we can exchange the long-time average and the
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geometry sum, we find that

— T —y 7T mc 2
G(2) — e—IBH"rIThermalAdS G’(I?}?lermalAdS — 0(1)||O||§O 67%<17<SZW(E‘E)) )Smc(E)

can,3 :
(7.64)

However, there is two unsatisfactory points

1. If we consider microcanonical correlation functions, the thermal AdS geometry
is not included among the saddle points, since it is obtained from the vacuum
AdS geometry and has energy below the black-hole threshold.

2
2. The coefficient %(1 — (Sr;;g)> ) is not equal to 1/2, contrary to the expec-
tation from ETH [195].

Thus, it seems that the wormhole is the best candidate for explaining late-time
correlation functions. A concrete discussion in higher dimensions, however, has not
yet been fully established.'”

Moreover, in Section 5.8, we saw that the two-point function is related to the
spectral form factor, as shown in (5.327). As discussed in [36], the connected part
of the spectral form factor is obtained from the so-called double-cone wormhole.
The idea is as follows. In the ramp phase, the Schwinger-Keldysh contour for
the spectral form factor can be approximated by a closed time contour, which is
nothing but a path integral over the thermofield double (TFD) state. In the context
of the AdS/CFT correspondence, this corresponds to a black hole geometry. By
respecting the periodicity in real time, one wraps the black hole along the real-
time direction, leading to the double-cone geometry. After performing a suitable
complex deformation to avoid singular behavior near the cone, one finally obtains
the wormhole geometry shown in Fig. 23.

The remind task for solving the information problems is discussing the correct
gravitational non-perturbative objects and boundary behavior which will be related
to the ETH. Importantly, ETH is a concept free from dimension and specific struc-
ture of systems like supersymmetry. In up-coming section, we see the direct rela-
tionship between the gravitational path integral and ETH.

7.1.3 Aside: Entanglement pattern in double cone wormholes

Before going to the non-equilibrium phenomena in AdS/CFT, we give a short com-

ments on double cone wormholes. As a spirit of ER=EPR states that the wormhole

ITRecently, as an analogue of SYK models, random averages of two-dimensional CFTs have
been considered. In these models, it has been confirmed that the averaged spectral form factor
reproduces the known wormhole contribution, similar to the double-cone geometry [196]. See also
recent developments [197,198].
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identification

Figure 23: The picture of double cone wormholes. We do the compactification of
the blackhole in real time.

are related to entanglement, we try to consider an entanglement pattern created by
double cone wormholes.

Actually this problems is same as the problem of UV regularization in QFTs.
We saw in Section 2, we see that the brickwall on stretched horizon play a role
of UV regularization. Actually, the double cone also [6]. This is because complex
deformation smooths out the conical singularity and yields the double cone geom-
etry. Now with this regularization let us compute Rényi entropies of free scalar on
double cone wormhole. We employ the orbifold method, in which the trace Tr[p] is
obtained from partition functions on C/Z,, x R?2. Here we take subsystem A to be
one time slice of right Rindler wedge. For free theories, these partition functions can
be evaluated exactly by the heat kernel technique. The relevant heat kernel obeys

a diffusion-type equation and, for flat space, takes a Gaussian form.

log Z[M / / eV GK(t, x, x) (7.65)

Kga(z,2';t) = de’ﬂ —tmt = e — 2, (7.66)
47Tt)§

2rk
Kcyz, xrs (t; ;7" 0, 2 ZK(CXRd 2 (t ;' 0 — il mé) : (7.67)

~—~

n

On the orbifold, the kernel can be written as an image sum over angular shifts
by 27 /N. The Rényi entropy then reduces to an integral over the heat kernel along

a contour in the complex t—plane

n) 271'Vd .
(1—n)S Z;/ 57

/dr\/_e m_Tm o

(47t)> (7.68)
Via = 1 2 '
— TVg—2 /dt . t—geftm%r% sin? (}%‘)
(4m)en = sin® (F) Jr

The usual real contour leads to divergences, and the correct contour must be chosen
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Figure 24: Deformed contour for double cone regulariation

so that the heat kernel integral reproduces the known Green function. This selects a
contour that winds around the origin in the lower half-plane, producing the desired
regularized expression.

The resulting Rényi entropies can be written in closed form in terms of modified
Bessel functions. For even spacetime dimension, one finds the expected divergent
area-law contributions together with universal logarithmic terms proportional to

log(me), which agree with known results and are independent of the regularization

scheme
n Va_
51(4) :a/d72€:—22 +...
n+1 28  (=1)% s 1
Vi 1 il

1 :
—I—ao(w(§—1>—’y+%> Viom®2 4 ...

Interestingly, the final Rényi entropies acquire complex values. This originates from
the fact that the double cone deformation renders the modular Hamiltonian non-
Hermitian: the generator of Rindler time translations is modified by an imaginary
contribution proportional to the Hamiltonian [36,199]. Solving the field equation on
the complex double cone shows that this modification leads to quasi-normal modes
with complex frequencies. As a consequence, the formal expression Tr e #Kmoditied
becomes complex, which in turn produces complex Rényi entropies. This non-
hermicity is related to quasi normal mode of double cone wormholes. Interestingly
this complex entanglement spectrum is new class of von Neumann algebras.

So far we do not have any gravitational contributions. Now we take into account.
Similar to the brick wall case, however, we may think that the some series of UV
divergence will be renormalized to the Newton constant G. And this procedure
should be independent of UV reguralizations. Thus when we have gravity, the
generalized entropies computed by two regularization should match. In this sense,
we cannot distinguish two spacetime is connected (in complex manner) or not. These

discussion is highly naive and we need to do more serious computations.
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7.2 Quantum quench in CFTs and its holographic duals

One method for preparing a non equilibrium initial state is a quantum quench [78,

200]. Let us consider the following quench protocol. We prepare a Hamiltonian

Hdefoemed = HCFT + /ddxg(t> O(l’), (77())
where the time-dependent coupling g(t) is the step function

g ift>0,
gty =47 (7.71)
0 ift<0O.

As the initial condition, we take an energy eigenstate |1g) of Hopr. For t < 0,
the dynamics are governed solely by Hy, and the initial state remains unchanged.
At t = 0, the perturbation is turned on; since the energy eigenstates of Hopr are no
longer eigenstates of Hgefoemed, the system undergoes nontrivial time evolution.

We assume that the post-quench Hamiltonian Hcpr possesses conformal symme-
try and that the perturbation is introduced by an operator O of conformal dimension
A in the conformal field theory. This quench protocol is characterized by a single
length scale

B oc gt (7.72)

Suppose that our deformation is a relevant deformation. Then the path integral in
t < 0 prepares the ground states of the gapped systems [201]. Calabrese and Cardy
assumed that, as long as we focus on distances larger than 3, the initial gapped state

can be approximated by a boundary state of undeformed conformal Hamiltonian:
o) = N e~ |B), (7.73)

where N is a normalization constant. And we can determine which boundary states

prepared by the optimization [202]. In precisely, we consider a variational states

N B = Nem ¥ Herr B, (7.74)

where a is the index of the physical boundary states,

(7.75)

Z\/—H

with Ishibashi states ||h)) and modular S matrix. The variational parameters are
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[Calabrese Cardy’ |B)
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Figure 25: Path-integral representation of the quantum quench.

chosen by minimizing

lim 1 <{Na}7 {Ba}| Hdeformed |{Na}7 {6a}>
Nyof—r00 Ndof <{Na}7 {6a}|{Na}7 {ﬁa}> '

The degree of freedom depends on the thermodynamic limit we consider. It is

(7.76)

discussed that this optimization procedure works well in unitary minimal models.

Thus, for ¢t > 0, the quantum state is given by
(1)) = N e~ itHerr=Hern gy (7.77)

We now discuss the time evolution of the entanglement entropy in this quantum
quench protocol [201]. We focus on a two-dimensional conformal field theory defined
on the real line. We take subsystem A to be the interval [—1, £].

The quantity Tra[p] is obtained from n replicas of this path integral. Using

twist operators, we can evaluate this quantity:
Tealo] = (Bl e~ 470 5(t,~ 1) o(t, ) e~ § 7o |B). (7.78)

where o(t, z) are twist fields with conformal dimension A, = 5 (n — %) After Wick

rotation,
Tralp}] = (Bl e T7erT 5(2,) 0(z5) e~ 17eFT |B) | (7.79)

where the complex coordinate is defined as z = itg + =, and the twist fields are

inserted at z; = itg — %, 2z = itg + %
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(B

|B)

Figure 26: Conformal mapping from the strip to the upper half-plane.

To evaluate the twist-operator correlator, we map the strip on which z resides

to the upper half-plane via
z = % log w. (7.80)

Using the doubling trick, the two-point function on the upper half-plane becomes

a four-point function on the complex plane:

Tralph] = (d““)A” (d“’Q)A” Gnolw)s(@)o(@). (781

dzn ) \dz

Using the Ward-Takahashi identity, this four-point function can be evaluated
when 8 < t,1:

_ _ _ |wy — Wa |we — w1 | )mn
o(wy)o(wy)a(wy)o(ws)) ~ ¢, — — — - )
(o (wn)o (wa)o(wr)o(w2)) <|w1 — W1 |wy — Wa| w1 — wo| | W1 — ws|

(7.82)

where ¢, is a constant independent of ¢ and [ [77]. Substituting tg = it + %, one
finds

20,
2 cosh(2—”l) + 2COSh<m)
Traph =, (B—W) o ’ (7.83)
4 cosh? (%) cosh? (%)
In the limit § < t,[, the entanglement entropy becomes
[
c2nt t< —
3 8 )
Sa(t) = ; (7.84)
cml
35 t> 5

B Gravity Duals

What is the gravitational dual process corresponding to the relaxation of a non-
equilibrium state prepared by a quantum quench? If a holographic conformal field
theory possessing a gravity dual satisfies thermalization conditions such as the ETH,
then the late-time steady state is expected to be close to an equilibrium ensemble

such as the microcanonical or canonical distribution. Recalling that static black hole
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Figure 27: Gravity dual of |[TFD(t)) and its Zy quotient, corresponding to the time
evolution of a pure state.

geometries correspond to such equilibrium distributions, one expects the relaxation
process to correspond, on the gravity side, to the gravitational collapse of an object
with energy that eventually forms a black hole.

With this in mind, in this section we re-derive on the gravity side the discussion
of the quantum quench in previous sections. Although there exist approaches based
on the Vaidya geometry as the gravitational dual of a quantum quench [151,203],
here we follow the argument given by Hartman and Maldacena [204], which employs
the eternal black hole. To construct the gravity dual of the path-integral state
[(t)) = Ne~§Herr—itHorr |B), recall that the gravity dual of the TFD state is the
maximally extended eternal black hole.!® By performing a Z, identification between
the left and right sides of this eternal black hole, one can construct the gravity dual
of the time evolution of a boundary-state initial condition [24]; see Fig. 27.

This eternal black hole possesses a Killing vector generating opposite time trans-
lations on the left and right boundaries, but it is not invariant under time trans-
lations that shift both sides in the same direction. Thus, such time evolution is
interpreted as a nontrivial spacetime evolution. This corresponds to using the Hamil-
tonian H = H + Hp instead of H = Hy — Hg to generate nontrivial time evolution
of the TFD state. Indeed,

ITFD(t)) := e {HetHRt | TFD) = N e 2B+ 30 | |B,) (7.85)

n

is different from the original |TFD) which is consistent with non-trivial time evolu-
tion of [¢(t)).

18Tn this section, the same symbol x is used both for the regularization parameter of the boundary
state and for a time-like coordinate inside the black hole. The former is set to k = 7/2.
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Motivated by this, let us consider a more general spacetime of the form
ds* = —g(p)2dt* + h(p)*(da? + - - +da?_)) +dp?. (7.86)

For simplicity, we set the black hole temperature to f = 2L We assume that g and

g

h behave near the horizon (p ~ 0) as

glp) =p+o(p*),  hip)=C+o(p?), (7.87)

and asymptotically grow exponentially toward the boundary p — oo. In the case of
the TFD state, the relevant metric is that of an AdS,,; black hole:

h(p) = C%(Coth %) E, g(p) = h(p) tanh % : (7.88)

Because the geometry is not static in the time coordinate of interest, the HRT
prescription must be used to compute the entanglement entropy. In this situation,
HRT surfaces may pass inside the black hole. To go path through the blackhole
interior by the Rindler type coordinate (7.86), we need to use the complex p € C.
In the original reference [204], they consider this method. Here we discuss another
way computations. By using the global coordinates, we can escape the complex co-
ordinate. To demonstrate this we consider a concrete examples, we consider Kruskal

coordinates in AdSs. First of all, let us write the standard Rindler coordinate
ds? = —r% sinh? pdt? + dp? + r% cosh? p d6?. (7.89)
This coordinate and the Janus coordinates are related by the transformations

sinh y = sinh p coshryt,
cosh y sin 7 = sinh psinhryt, (7.90)

coshy cos 7 = cosh p.

and obtain the metric
ds® = dy® + cosh® y(—dr? + 17, cos® 7d6?) (7.91)

See the Penrose diagram 28. Then we consider the geodesics connecting two point

P; = (Too, Yoo) and Py = (Too, —Yoo)- See Fig.35 for intuition. The asymptotic values

196



P
2 2 1o~ by

€’

Too and 7y, are related to the boundary values

L, 2
) & —e“P>® cosh”rgt
f(Yoo) 1 Hlp (7.92)

tan 7. =~ sinhryt,

where t;, is the time at which the subsystem is defined. Then, we consider the
geodesics which connects two asymptotic boundaries. The geodesics is along 6 =
const.. Thus, we consider the curve 7 = 7(y). As discuused in Appendix A.1, since
the BTZ balckhole is locally equivalent to the vacuum AdS spacetime we can easily

compute the geodesic length. In this case,

1 2t
Dist(P; : Py) = 2Laasyee = 2Laas log (— cosh (%)) (7.93)
€
which means the linear growth of entagelment
c 1 27t c2rt
Sp==1 —cosh (| — = —— 4. 7.94
A 3og(ecos (5>)t>>635+ ( )

and we see the linear growth of entanglement entropy.

T SN

P ~ P

Y

Figure 28: Picture of setting in quantum quench.

8 ETH in Holographic Theories

In this section, we try to present concrete examples that satisfy the conditions (6.58)
and (6.61), which, together with some other natural assumptions, lead to the dou-

ble exponential scaling (5.60). We find if we assume some mathematical inequalities
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which we do not have complete proof, we have double exponential scalings for holo-
graphic theories in 1/N. We focus on simple toy models of holographic theories that
are dual to QFTs on AdS black holes and to setups with wormholes. Throughout,
we regard the thermodynamic limit as the large N limit and take A to be the set of
light primary operators. Rather than working with specific top-down constructions
that originate from superstring theory, we consider bottom-up holographic models.

The structure of the discussion is as follows:

1. We first analyze a bulk free theory on AdS black holes and on a certain class
of wormhole geometries that control the late-time behavior of two-point func-

tions.
2. Next, we incorporate 1/N corrections.

3. Finally, we briefly comment on the role of backreaction and on possible worm-
hole contributions. This part is heuristic, and we will not present a fully

controlled computation.

These considerations together suggest that

If there exits wormholes which contributes to two point functions with order
O(1/Poly(Dg ag)) and any other larger contribution to higher order correlation

functions, the boundary theories show strong ETH.

Notice that our derivation does not depends on
e theory randomness. we can use for single specific Hamiltonians

e spacetime dimension

8.1 Bulk free theories
8.1.1 Clustering Property

A very simple realization of the clustering property for long-time-averaged thermal
Wightman correlators (6.58) arises in generalized free field theories exhibiting exact
large N factorization. Prior to invoking large N factorization itself, it is convenient
to rewrite ngff 5 in the conventional language of thermal correlators:

G(2q) (th t27 T at2q) =Tr pggr)lécan(Tl)@can<7_2) e @can(72q)] ) (81)

can,3

with

Tk:tk—iakﬁ, ar = y k‘:l,--- ,2q. (82)



Following the standard discussion of Wick rotation [205], such real-time Wightman
correlators are obtained by analytic continuation from Euclidean time-ordered cor-

relators,
G](EQ,%’) (tElu tra, - 7tE2q) =Tr [PEQTE <@can(tE1>@can(tE2> T écan<tE2q)>] ) (83)

via the continuation tg;, = %B + ity.

Let us now assume that Wick contraction is valid:

Ggii),ﬂ(tla b, -+ tag) = Tr [Pg’g&écan(Tl)@can(TQ) .. @Can(TZq)]
. . 8.4
= Z H Tr [pgg%ocan (Ti)ocan (Tj)} ) ( )

Pairs (i,7)€Pairs

where Pairs denotes the collection of all possible pairings appearing in Wick con-
tractions, and the sum runs over every such pairing. We take N to be large but
finite, so that exact factorization is not guaranteed in a strict sense, in contrast to
the idealized N — oo limit. Nevertheless, as a toy model, we temporarily assume
that exact large N factorization holds even at large but finite N. Corrections of
order 1/N will be incorporated later.

Under this idealized exact factorization, the clustering of long-time-averaged
thermal correlators follows immediately:

T

T ~ A~
Gt(zi?l),ﬁ (tla lo, -+ >t2q) = Z H Tr [pggzlocan(Ti)Ocan(Tj)}

Pairs (i,j)€Pairs

- T\ 4
— (2 — 1! x (ngilﬁ(n,fj) ) (8.5)
— T\ 4
<o (260.)

This expression has precisely the form of (6.58), and hence implies sub-Gaussian
T

. : . 2
behavior with variance parameter o2 = Ggazl 5 -

8.1.2 Quantum Mixing

As explained in section 7.1, thermal two-point functions decay with time, and at
sufficiently late times their magnitude becomes non-perturbatively small due to
wormhole contributions. This behavior is exactly what is encoded in the quantum
mixing condition (6.61).

A subtle issue, however, arises from conformal symmetry. Owing to conformal

symmetry and its representation theory, the non-degeneracy and non-resonance con-
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ditions (5.46) are strictly violated. For example, there exist many pairs of energy
eigenstates whose energy difference is exactly one. There are three natural strategies
to deal with this complication.

The first possibility is to relax the assumptions entering Theorem 5.4 and Theo-
rem 5.4. A modified set of inequalities appropriate to this situation is presented in
Appendix C. A second approach is to weakly deform the conformal field theory by
adding irrelevant operators that slightly break conformal symmetry. Such irrelevant
deformations are not expected to significantly modify the bulk interior geometry,
in particular the black hole background, and therefore the qualitative structure of
quantum mixing (as well as the clustering property) should persist. A third and
conceptually clean option is to restrict attention to conformal primary operators
and primary states. In conformal field theories, ETH can be formulated entirely in
terms of primaries [128]'°. To implement this idea, we introduce the set of primary
energy eigenstates with energies (equivalently, conformal dimensions) concentrated
around a given value EP, namely those satisfying £ < E? < E+ AE. We denote
this set by £ A and define a microcanonical ensemble restricted to primary states.

Expectation values in this primary microcanonical ensemble are given by

OFEAE - L ST (Enjo|En). (8.6)

D
E.AE
’ |ER)EEL AR

We then adopt an ETH ansatz tailored to primary operators:

Diagonal |(E? |OP|EP) — EAE’ _ o O(SmelE)) .
8.
Off-diagonal |(EE | OP |EP)| = ¢~ OSme(E)),

for any primary states |EZ,), |E}) € £ Ap and any light primary operators O”. In
complete analogy with the standard ETH, this ansatz implies

(ELlO|BL) — (Ot

P,mc

< [|O]] (E + \/DE AEA;,diag,ETH[O])’ (88)

where Df \p = |E) ap| and AG 4, pru[O] is defined as

g erulO] = Probey [ [(BL O |EL) — (O) Y

P,mc

> e] (8.9)

An analogous inequality holds for off-diagonal matrix elements. One can further
show that the second moment of the one-point function with respect to the uniform

distribution over primary energy eigenstates is bounded from above by the corre-

9Tn that work, the thermodynamic limit is taken as the large volume limit.
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sponding second moment taken over the full set of energy eigenstates. As a result,

we obtain quantum mixing for primary microcanonical correlators:

— Y (1l (0 0 EA) 1) < Bep as [ (Bl O B

D
EAE
T IER)EEE AR

—q® T — = O(Sme(E))

mc,FE

(8.10)

For higher moments, if one could establish that microcanonical averages of one-
point functions in the two ensembles are exponentially close, then the corresponding
results for the full energy-eigenstate microcanonical ensemble would follow directly.
At present, however, a fully satisfactory justification of this step is lacking, and we

therefore refrain from pursuing this issue further here.

8.2 Adding 1/N Corrections

In the previous subsection, we restricted our attention to the generalized free part
arising from large N factorization. As emphasized there, this description is exact
only in the strict large NV limit. In realistic holographic theories with large but finite
N, one must include subleading contributions arising in the 1/N expansion. Since
our goal is to understand how various quantities scale for large yet finite N, we now
carefully incorporate these 1/N corrections. Physically, these corrections originate
from weak interactions among the fields, which generate non-trivial connected cor-
relation functions beyond pure products of two-point functions. In what follows, we

analyze whether such interactions modify the assumption (6.58).

8.2.1 Corrections to the Two-Point Function

We begin by examining the 1/N corrections to the two-point function. Let us assume

that the bulk effective field theory contains a ®* interaction:

Sgrr = / dd“x\/—_G[VMCDVM(I) + m2®? + %@4 (8.11)
where g, = 1/Poly(N). One could equally well include higher polynomial interac-
tions ®" with n = O(N®). Moreover, we will ignore gravitational corrections here
and focus solely on the ®* theory in a fixed thermal background for illustration.
Using standard QFT techniques, the two-point function can be expressed in terms
of the unperturbed propagator and a series of 1PI diagrams. Even in three bulk
dimensions, computing the exact quantum corrections on a black hole background

is challenging. Nevertheless, we can estimate the late-time behavior of the full two-
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point function perturbatively. The relevant corrections include:

e From diagrams of the sunset type, one finds at each order in perturbation
theory [178]:

2 max o
G (1) = Z G (1)
(8.12)
2n (2,0
éan B Z Cn kthcan)ﬁ )

where GCan ﬁ( ) denotes the two-point function in the unperturbed theory.

Thus, the full two-point function still exhibits the quantum mixing behavior.

e Loop diagrams generate UV divergences, as usual in quantum field theory. Af-
ter renormalization, the conformal dimension of the operator receives anoma-
lous contributions [206], which in turn induce corrections to the quasi-normal

mode spectrum.

8.2.2 Perturbative Computation and Almost Sub-Gaussianity

We now turn to the Wick diagram expansion of the long-time-averaged thermal
correlators in perturbation theory, focusing on the 1/N corrections.

Let us first consider p = 2, i.e. the four-point function. Suppose that the con-
nected FEuclidean thermal correlator can be written in terms of Witten diagrams

as

4
Gy (ter tee, Ty, tra) = H/dd—HXEkKBb(xElaXEl)KBb(xE27XE2)
k=

X Kpb(rr3, Xu3)Kpb (T4, X54)U(Xe1, Xi2, Xi3, X54)-
(8.13)

Here, Ky, (rg, Xg) denotes the bulk-to-boundary propagator, and U stands for the

sum of all amputated Witten diagrams with four external legs. At large N, we have
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a perturbative expansion of the form

G](;)B (tEla tEZa tE37 tE4) = ng)n,ﬁ (tEl, tE2>G£e2121,B (tE?)? tE4) + (permutation)
+ G(B%ionn (tEla tEQa tE3> tE4)

1
Ggl,g;onn(tEthQ,tEs,tEO = H/ddHXEkKBb(iUEhXEl)KBb@EQ,XE2> (8.14)
k=1

X Kgp(rrs, Xes3)Kpb(TEs, XE4)
X F4(XE17XE27XE3;XE4)'

Here, I'y is the 1PI four-point vertex. See Figure 29 and Figure 30 for an illustration.
In the semi-classical limit, the bulk-to-boundary propagator has a structure anal-

ogous to that of the boundary two-point function:
Kpp(2, X) = Kpil(z, X)e Ton 4 e 75me(B) [ (XT). (8.15)

After Wick rotation, the boundary points always lie outside the black hole horizon,

so the first term exhibits the same type of decay as the boundary correlators:
—T
K3 (z, Xg) =0. (8.16)
Consequently, in analogy with the boundary correlators, we assume
—T
Kpy (7, Xg) = e B K, (Xp), (8.17)

for some O(1) function K;(X). Substituting these expressions into the four-point

Witten diagram, we find

7 4 I
Gﬁf,();onn = (H/ddHXEkKBb(xmxk) >F4(X1,X2,X37X4)
= (8.18)

4
_ e74'«/Smc(E) (H / dd+1ka©(Xk)> F4(X1, XQ, XS, X4)
k=1

can,3

T 4
Thus, the connected contribution is of order O((G@) ) ) and is exponentially
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suppressed relative to the generalized free part. Altogether, we obtain

—T ——T\ 2 T\ 4
(4) _ 2 (2
Gcan,,@ =3 (Gcan,ﬁ ) + F4 (Gcan,ﬁ ) )

1 4 (8.19)
F4 = — /dd+1{L‘kK@(Xk) F4(X1,X2,X3,X4)).
(Go)*
k=1
General 2¢ point function
—T
We now extend this discussion to the general 2¢-point function Ggi)ﬁ and its

decomposition into exact two-point functions and connected four-point contributions
(or four-point vertices). From the Wick contraction analysis, we obtain the following

decomposition:

—T —T7\ "1 (zq)' q - 7 2k ny
Gl = (Gg; ) . (Gﬁal |
" {nk}:zzzlknk:q B ) TTE L () (2K ) I:I 2 8

(8.20)

where the formula is derived by the combinations. I'g; are the 2k-order 1PI diagrams
obtained by similar manner to I'y. For example, ['g involves loop diagram with three

[y(Xy, -+, Xy). We assume 'y, are small in large N and I'y; are monotonically
(2)

can,g 18 determined as follows: First we have n; pairs

decrease in k. The power of G
of external lines which are not connected in each other. Next we consider connect
parts of left (2¢ — 2n;) lines in ny number of 4 vertex diagrams. We continue this

procedure up to 2¢q vertex diagrams. Next, we compare the bound (6.21) with the

Figure 29: Schematic Witten diagram for the four-point function. Here K denotes
the bulk-to-boundary propagator, G stands for the boundary correlators, and I'y
represents the sum of 1PI diagrams for the four-point vertex.

expansion (8.20). In doing so, it is natural to identify
2 @
o =G ng = —€rg2k, € = +1. (821)

can,8

With this identification, we are led to the following mathematical conjecture :
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Figure 30: Illustration of the 1PI diagram I'y appearing in the perturbative expan-
sion in powers of gy.

Conjecture 2: Consider the two positive functions for vectors =z =

(l‘l,xz,l’g, e 71;[/) 5

2q ._ (2(1)! ni—q - ng
o {n }32’12:kn _, i (@R () g(ﬂck)

T(m+q) 11 1
E®9(z) .= 271! €xTr) .
(z) q Z T(q) gmk!( kTk)

(8.22)

{mk}:mgmmax

can can,3

R T 2k
We put z; = c? 3 and z = g (G(2) ) . For sufficiently small x and for

some positive integer M.y, we have

G2 (g) < B9 (z). (8.23)

In Appendix E, we provide numerical evidence supporting this proposition for

the case ¢, = —1. In our application, we have , which is extremely small and we take
@
zr = y¥, k> 2 with y = =22 The numerics suggest that the inequality holds for

S
1 ,~O(Sme)

M = mpax = L%J, and up to y ~ 1/¢° with ¢ ~ 1. Since y = Boly (5ms) , We

may thus use the inequality for ¢ up to ¢ = O((SmC(E))%>e%VSm°(E). Notice that
we do not prove the inequality for really large ¢, M and my., and thus still open
questions. Possibly we may wonder the correlation functions become large because

of many diagram but we expect we can bounded them by taking large enough M.«
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20 For arbitrarily large ¢, we can still employ a simple, albeit loose, bound:

~ 1 .
Bepar (Bl OB = 5—— 3. (B O|E)™
EAE |En)EHE AE

. .24
< (10]) (8:24)

< (2 Ol)*.

We now invoke Conjecture (D). Setting o2 = Gg)nﬂ :

2] ,0' =2||O||s and L = O((SmC(E))%>e%VSmC(E), we obtain the scaling

9ok = F2k7 M = Mmax =

12
1
g ~ e_(%_l)SmC(E) — @_O(Smc(E))’ (825)

(L+1)0%  S..(E):

and by choosing € = o*, X\ < 1 we find

fiiag,ETH[O] < e*#GO(SmC(E)) (67#/670(5,“(19)) _'_e,#//eo(smc(E)))’ #7#/’ #,, > 0.

(8.26)
Note that M is originally independent from ¢ and possibly relate to L. However,
for computational reason we set M depends on q. Therefore, even after includ-
ing perturbative 1/N corrections, we still recover the double exponential scaling of
Afiog erulO] if the inequality (8.23) is correct. An entirely analogous analysis ap-
plies to the off-diagonal quantity Afg pry[O]. In conclusion, under the assumptions
of non-degeneracy and non-resonance (which might be further relaxed) and with
assumptions that the conjectured inequalities are valid, this simple holographic toy

model, dual to a weakly interacting scalar theory in AdS, continues to exhibit strong
ETH.

8.2.3 Discussion: Including Back Reaction and wormhole

In the preceding analysis, we largely ignored gravitational back reaction. In real-
istic AdS/CFT setups at large but finite N, however, such back reaction effects
must eventually be accounted for. In particular, when we consider very large
q = O(Smc(F)), products of many light operators should be treated as effectively
heavy operators. In this regime, it becomes extremely difficult to analyze correlation
functions, since we no longer have a simple effective field theory description on a
fixed black hole background at temperature 5. Nevertheless, it may be possible to
gain some control over these very high-point correlators by changing the “vacuum”

with respect to which we define the generalized free fields. Let us explain this idea

20We cannot have Gaussian upper bound for G29).
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more concretely. Suppose we have a weakly coupled QFT on an AdS black hole
with temperature . From the AdS/CFT perspective, this corresponds to a Fock
space obtained via the GNS construction from the canonical ensemble with inverse
temperature § [207]. Thus, the effective weakly coupled field theory description is
intrinsically state-dependent. On the other hand, one can alternatively view the
black hole as a highly excited state of the AdS vacuum. In that picture, we have
another Fock space built on the AdS vacuum, and black holes arise from inserting
a large number of operators on this vacuum.

We can adopt a conceptually similar viewpoint for the higher-point thermal
correlators Gﬁf} 5 (t1,t2,t3,- -+ ,ta,) at finite temperature. Let us consider the regime
t1,te > t3,- -+, 19, and split the operators into the pair at (¢y,?2) and the remaining
(2q — 2) operators. As in the previous discussion, we treat these (2¢g — 2) operators
as creating a large excitation of the black hole, while the first two operators are
interpreted as probes propagating on this excited geometry. Concretely, we assume
that the following clustering behavior emerges:

G2 (t1,ta, 13, - - stag) G](EQ)zcited(tth)G((:ii,_;) (t3, -+ tag—2), (8.27)

can,
where ngcited(tla t2) is the two-point function evaluated in the excited black hole
background. We now outline a concrete implementation of this picture. To model
the large excitation, we consider the AdS Vaidya metric sourced by a fluid whose

stress tensor scales as O(&) The AdS Vaidya metric takes the form

ds? = — (LI; - M(v)) dv? + 2dvdr + rd¢?. (8.28)
AdS

The specific profile M (v) is determined once the bulk fluid stress tensor is specified,

but the detailed form will not be important here. We assume that by the time

we insert the probe operators at late times, the geometry has relaxed to a new

equilibrium black hole, so that Ggﬁcited(tl, t5) can be approximated by the two-point

function in the new equilibrium state. Consequently, Ggﬁcited(tl,tg) again decays

exponentially. Hence,

S I (20)
lim lim dtldtQGcanﬁ(tlp tg, LRI t2q>
0 0

TQ—)OO T1—>OO T1T2

—T
= G(Q) G(Qq_Q) (t37 ) t2q—2)

can,3’ can,3

(8.29)

where 3’ denotes the temperature of the final equilibrium black hole. Repeating the

(2¢—-2)

same reasoning for G 5

(t3,- -+ ,tag—2), we obtain the clustering property (6.58).
We stress that this argument, which relies on heuristic features of AdS/CFT, is not
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rigorous and remains to be established in a more systematic manner. We leave a

detailed treatment of this mechanism to future work.

AVaAVAV AT AT AT

Figure 31: Schematic picture of an energy injection that distorts the black hole
horizon. The yellow region represents a shock-wave-like fluid created by the large
number of operator insertions. We evaluate the two-point function of probe opera-

tors inserted well above this region.

One might also hope to derive similar recursion relations for thermal correlators
purely from symmetry considerations. Suppose, again, that we are interested in the
long-time behavior in the regime where t1,t3 > t3,...,t,. In frequency space, after
Fourier transformation, the late-time regime is controlled primarily by the analytic
structure near zero frequency, w ~ 0. The factorization pattern suggested by (8.29)
then resembles soft theorems in quantum field theory, typically associated with
massless gauge symmetries. In our context, one might expect recursion relations for
thermal correlators to follow from a soft theorem associated with an emergent sym-
metry in the effective long-time theory. Possible candidates include the symmetries
that arise in hydrodynamics and the asymptotic symmetries of black hole horizons,
which have recently been discussed in [208]. Developing this perspective is a natural
direction for future research.

Finally, we comment on wormhole contributions, which we have mostly neglected
so far. If such wormholes are taken into account, then at sufficiently late times the
correlation functions are dominated by wormhole-induced contributions, and the
long-time average of the correlators may not simply follow the form (8.20). As
emphasized in [38], however, the non-decaying part of the correlation function arises
from worldlines that wind around the wormhole cycles, and these contributions scale
as O(e3%m(F)) "which is still compatible with (6.57). At even later times, a larger
family of wormhole saddles contributes, and the correlator develops a plateau of
order O(e‘QSmC(E)). These qualitative expectations are rather naive, and a concrete
analysis, especially in higher dimensions, is still lacking. Clarifying this behavior is

an important open problem.
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Open quantum systems and

Gravity
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9 Open Quantum Systems and Their Importance
in Holography

9.1 Double Holography and Dissipation

So far, we have considered black holes in AdS spacetime and the information paradox
related to these black holes. We saw that they are closely connected to the statistical
mechanics of closed systems.

However, in Section 16, we discussed that the original information problem in-
volves evaporating black holes which are asymptotically flat. There are some sim-
ilarity and big differences between (large) AdS black holes and evaporating black

holes:

1. They both have black hole horizons. Correspondingly, we have black hole
thermodynamics*! and quasinormal modes. After some time scale, we lose

information if we are stuck in the single black hole saddle.

2. Large AdS black holes have positive heat capacity, whereas evaporating black

holes do not. The thermodynamic instability induces evaporation.

3. The main reason for these differences is the existence of the conformal bound-
ary in asymptotic AdS. Hawking radiation basically occurs because of the
existence of two distinct time coordinates arising from the Rindler structure
of black holes. The Rindler structure is highly universal for any black hole.
However, if we have a boundary, the Hawking radiation can be reflected and re-
turn to the horizon in finite time. Then, naively, there is local detailed balance
around the horizon and the total configuration is stabilized. In asymptotically
flat spacetime, there is no solid boundary and the radiation escapes to infinity,

making the black hole unstable.

Suppose now we try to discuss the holography of evaporating black holes to

tackle the original Hawking information problem. There are several possibilities:

1. There are small AdS black hole saddles in AdS spacetime. These black holes
are small enough to completely evaporate before the Hawking radiation re-
turns. In principle, we can discuss them within the usual AdS/CFT corre-
spondence; however, they always appear as subdominant saddles compared to
the large AdS black hole and thermal AdS. In this sense, they are difficult to

treat.

21Possibly assuming that the evaporation process is very slow. In that case, we may treat the
evaporating black hole at each moment as some Schwarzschild black hole with asymptotically flat
structure.
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2. We can consider holography for flat spacetimes directly. Recently there are
many works under the names of celestial holography and Carrollian holography
(See [209] and [210] for lecture). One difficulty in this direction is that they
describe a 4d/2d duality and we need to consider four-dimensional black holes,
which are very difficult to analyze by hand. The difficulty is mostly related to
the non-trivial Weyl tensor, and the solutions to the perturbation wave equa-
tions are given by Heun functions, which are significantly more complicated

than hypergeometric functions.

3. There are ways to obtain evaporating black holes by deforming AdS/CFT. We
consider adding a flat spacetime bath to the AdS spacetime and gluing them.
From the CFT perspective, this gluing procedure corresponds to introducing

dissipation.

In this section, we focus on the third option. Over the last decade, there has been
extensive discussion of how gluing AdS to a bath provides a possible solution to the
information paradox. In [41,211], a holography of gluing geometries is considered.

They propose a duality between three theories:
1. d-dimensional AdS gravity coupled to a flat, non-gravitating bath

2. (d+1)-dimensional AdS gravity with an EOW brane and parts of the conformal
boundary;,

3. d-dimensional holographic boundary CFTs.

This triality is called double holography. See the Figure 32. Using double holography,
one can derive the Page curve.

To see this, consider the third picture: an AdS black hole glued to a flat bath.
Initially we have distinct spacetimes; after some time ¢t = 0, we perform a joint
quench. We take a subsystem in the flat bath. To compute the entropy of this
subsystem, we use the first and third pictures and apply holographic entanglement
entropy for AdS/BCFT. After the Page time, we must consider the channel in
which the RT surface ends on the EOW brane. In this configuration there is a
large entanglement wedge which non-trivially includes some region of the EOW
brane. This means, in the second picture, that operators in this region can be
reconstructed. This region is called an island, and we must incorporate the island
contribution to the entanglement entropy. This leads to the island formula

A I
SA:mIinExt M—i—smat[/lu[] . (9.1)

oI 4GN
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AdSq g

Island /BCF’T\' 3 / braneworld holography

Figure 32: Sketch of the double holography. We have three pictures. 1)d dim.
BCFT 2)(d + 1) dim. AdS gravity with EOW brane 3) d dim. AdS brane gravity
couples to flat bath.

Later, the island formula was derived purely within gravity, without double
holography. In that derivation, one considers a wormhole connecting gravitational

replica manifolds [211,212], similar to double-cone wormholes.

Island 1

,
s
.
,
s
’ /
.

, N
QA V VV VNV V V VWV VaV VoV

Figure 33: Set up pf AdS couples to bath. The Hawking radiation pass trough the
AdS boundary (red). The orange line express the hard wall which separate two
region in ¢t < 0.

It seems that the island mechanism works well. However, there are the following
subtleties:

1. When we couple an AdS system to a bath, the graviton becomes massive. This
is essentially the same as the discussion in Section 4. However, in this case,
we turn off dynamical gravity on one side, so there is no massless graviton.

Thus, the island discussion above resolves the information paradox only for a
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Figure 34: Holographic entanglement entropy in AdS/BCFT with gluing two space-
times. the orange lines express the brane duals to the orange hard wall in Figure
33. The left figure shows the timeslice in ¢ = 0. The right is one of after the page
time.

massive graviton [213]. We may think that we can avoid the massive graviton
by taking the flat limit, which corresponds to pushing the EOW brane to the
conformal boundary. However, in this limit, from the AdS/BCFT perspec-
tive, the holographic entanglement entropy of the disconnected channel has a
doubled UV divergence compared to the connected contribution, and is never
favored. We need to understand whether the effect of mass is truly impor-
tant in the gravitational path integral around the Page time. This is a highly

dynamical problem that must be taken seriously.

2. Possibly we consider the entire flat space gravitational systems. However,
because of the gauge constraint of the gravity, the definition of sub region is

ambiguous.

3. Most computations of replica wormholes are based on Euclidean methods, with
the number of Hawking quanta interpreted as time. To be precise, one should
consider gravitational Schwinger-Keldysh computations. In that case, there is
a new contribution called the bra-ket wormhole, which connects the bra and

ket states in the gravitational path integral.

4. The detailed mechanism of double holography is not fully understood. In
particular, we do not know what happens to the (d — 1)-dimensional holo-
graphic CF'T that is dual to the d-dimensional AdS region in the second pic-
ture. Naively, we deform the CFT with some dissipation. The holography of
open systems is itself an interesting subject, since we may obtain theoretical

predictions for strongly coupled open systems.

5. Islands in dS: Actually, its is known that the island formula (9.1) does not
work in some set up involving de Sitter gravity. In [9], we consider spacetime
dSs couple to flat bath similar to Figure 33 instead of AdS blackhole. By

naively applying (9.1), we found there is no nice solution of optimization. In
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concrete, we consider double holography with AdSs; bulk with dS EOW brane
and find that HRT surface for interval intersects and its non-extremal points.
By considering the original treatment of one point function in AdS/BCFT we

can obtain the correct non-extrema 1 island.

In this thesis, we discuss parts of these questions based on our papers [2-5].

9.2 Open Quantum Systems

Before moving to the holographic discussion, we give a short review of open quantum
systems [42]. Quantum open systems are systems in which we divide the degrees of

freedom into a main system and a bath:

Htot = HS + HB + Hinta

(9.2)
Hiot = Hs @ Hp.

We consider a total system evolving unitarily with e 22,

The main focus in the literature is the time evolution of the reduced density
matrix of the system, pg(t). In general, the time evolution is very complicated,
but under some assumptions we can approximate it by a simple equation called the

Lindblad equation or the GKSL equation:

9 ps(t) = —ilHs,ps(t)] — 3 (Lk,osLL - %{LkLLpsm}). (9.3

k

This Lindblad equation also arises in quantum dynamics with continuous mea-
surement. For example, as an effective description of continuous measurement, we

can consider a stochastic Schrodinger equation

A((e)) = ~H 100} dt = 5 YLl - (LLL) ) o) de

P3| Ay | - am,

; <L Lk>
P(t)

where d/Vy, is a Poisson increment and thus is a classical random variable following
E[dN,] = <L£Lk> o 0 dANKAN: = BNy (9.5)
Pt

Each realization {d Ny} is called a trajectory and describes a specific set of measure-

22Even if the systems we are interested in are not unitary and are given by some generic CPTP
map, by adding auxiliary systems to the bath we always obtain unitary time evolution.
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ment outcomes. We then consider the averaged density matrix

p(t) = E[[y () (Y (@)]] - (9.6)

One can easily confirm that the averaged density matrix follows the Lindblad equa-
tion. In this sense, the stochastic equation contains much more information than
the Lindblad equation, particularly the correlations between trajectories, which are
important in measurement-induced phase transitions.

Now consider another expression of the Lindblad equation or stochastic Schrodinger

equation. We can write

% (t) = —i[Hegr, p(t)] + Z’YkLkPLich (9.7)

where Hog = H — % > LkL};. Then we can divide the dynamics into two parts:

1. Non-Hermitian dynamics: evolution under the non-Hermitian Hamiltonian
Heg.

2. Jump term: the last term is called the jump term. For example, if L, is a
projection onto some classical state k, then Ly pL,TC gives a jump to that specific

state. This is indeed what happens in the measurement case.

For the Lindblad equation, it is also useful to consider the doubled picture. We
can always map the mixed state p € S(H) to a pure state |p) € S(H ® H):

5 1Pt) = (—i(Heff)+ ®I+ilL @ (Her)- + Y (Li)4 (Lk)> p(t)) . (9.8)
k
Similar to the in—out formalism, we can represent the amplitude by path intgeral as

Tip(8) = (11p(6) = [ DX expliStimana Yo X,
Stindblad[ X+, X_] = Sé” (X4 — S(()_)[X—]
+ / S [Lk[X+]LL[X+] el aEsAraliall
¢ k

(9.9)
Here S(()i) correspond to the actions of H. We see that the jump term is given by
the interaction between the forward and backward paths. When we take L, to be

some single-trace operator O(z), the Lindblad equation is essentially a double-trace
deformation [214].
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To understand Lindblad dynamics, we consider non-Hermitian dynamics and
jump (or measurement) dynamics individually. In the upcoming sections, we discuss

their holography.

10 Non-hermitian holography and wormholes

As one of realizations of a traversable wormhole in AdS, we consider a Janus solution
with the Janus deformation parameter taken to be imaginary valued (i.e. model A).
This model has an advantage that we can clearly understand its CF'T dual in terms

of the transition matrix of two different thermofield double states.

10.1 Traversable wormholes from Janus solutions
Now we consider the Janus solution with AdS, black hole [115,116,215-217]

ds* = dy® + f(y)dsidSy
fly) = %(1+\/1—272cosh2y), (10.1)
).

dsigs, = —d7° + 17, cos® 7d6?, (-

NN

<7<

N[N

In previous section, in order to keep the metric and scalar real valued, we need
to require 0 < 42 < % In this case, we have o > 7 and the left and right boundary
are not causally connected, as depicted in the upper right picture in Fig.35.

Now we allow the scalar field to take imaginary values, though we require the
metric remains to be real valued. This condition is satisfied when v is imaginary
i.e. v2 < 0. In this extended case, we can easily show py < 5. Thus the left and
right boundary is now causally connected and it becomes a traversable wormhole
as depicted in the lower right panel of Fig.35. In this case the scalar field takes
imaginary values. This leads to the negative energy background which allows the
traversable wormhole.?® Notice that our metric is real. This is highly non-trivial.
To see this for example let us consider the 7T deformation with complex coupling
i € C. Naively we will have complex finite cut-off r. € C and we have complex

geometry.

10.2 Computing geodesic length

To explicitly confirm that the solution describes a traversable wormhole when ~
takes imaginary value, let us compute the geodesic length between two points, each

at one of the two different boundaries.

23n [217], the Janus black hole solution for a real value of v can be made traversable if we
further deform it by a double trace deformation. In this paper we do not consider any double trace
deformation when we talk about Janus solutions.
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Figure 35: The Penrose diagram of the BTZ black hole (aboveleft, v2 = 0), time
dependent Janus (above right 4% > 0) and the traversable wormhole (below 72 < 0).
The orange line denote the null geodesics. For 42 < 0 case, the null geodesics from
left reaches to the right boundary. The blue line denotes the geodesics connecting
between two points locates in left and right boundaries.

We consider the geodesics connecting two point (7'52), Yoo) and (Tb(l), —Yo). See
Fig.35 for intuition. The asymptotic values 7., and y., are related to the boundary
values £= ~ 2, 1,0 &~ t;, by

f(Yoo) = 162’)“’ cosh® 7ty
= (10.2)

tan 7., & sinhryt,

where t, is the time at which the subsystem is defined. Then, we consider the
geodesics which connects two asymptotic boundaries. The geodesics is along 6§ =

const.. Thus, we consider the curve 7 = 7(y). The geodesics is determined by
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Figure 36: Plots of the geodesics length with y = 1.5 (black), x = 1 (red), x = 0.5
(blue). We set € = 0.01. For y = 1.5 > 1, we observed that the geodesic length
getting zero when rxt{ ~ 2.16.

varying the functional

Sl = [ : dy\/ 1 f(y) (j—y) (103)

The equation of motion is simply obtained by §Sgeodesics|y] = 0 and

d f(y)™'(y) e W |
dy (\/1 - f(y)(T’(y))2> R 7)) (10.4)

where C' is a positive integration constant. By solving the equation, we obtain,

Ale / dy\/ (10.5)

tanhy ds
. 1 _ 1—x+42C 52
1+x 1+x+2C

Importantly, A(—y,C) = —A(y,C) and we find that

\/(1+x 1+x+20 /

T(y — o0) = B + A(oc; C)—Tb)
7(y = —o0) = B — A(o0; C) = 7V (10.6)
(2) (1) 2 M

The conditions with function A(oco; C') determines the value of C' in terms of the
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boundary time. The simple case will be Tb(l) = Tb(Q) = 73 and in this case B = 715, C' =

0 and thus 7(y) = 79 even for non zero 7.

Next we discuss the on-shell action. It is analytically obtained as

(2)
d 1/
_geodesms / (2) Y (107>

—QSyOO,

where we introduce

oy

S(y;c):/dy f(y;ﬂzc
\/W/tanhyoo 1_%{52
1+ x+2C 1= 52\ 1— {250

One simple case is tl(,l) = tl(,z)

(10.8)

= t, and we have C'= 0 and 7(y) = tan~! sinhrgt,. In

this case,

12
§geodesics = 2y<(x2>) = 210g (__ cosh I'th> . (109>
X €

This results is similar to the linear growth in [204]. The interesting case is when we

t(l) t(2) = t,. In this case, we find that at some critical time the geodesics

set
length approaching to zero (See Fig. 36) for x > 1. This is because that we have a
traversable wormhole in the bulk and we can connect the two points causally. When
X = 1, S(Woo; C) = pso = const. because of the isometry of the BTZ blackhole or
thermofield double state is invariant under the time translation with opposite sign.
On the other hand y < 1 case (e.g. real valued Janus deformation), we find the
geodesic length monotonically increasing because the ER bridge getting long.

For xy > 1, the critical time can be analytically derived as follows. Since the
critical time is the time that the geodesics getting null, we demand i () ~c = 0 for
any y € [— yg),yoo] Since f(y) > 0 for x > 0, this is a case when C' = +o0. In this

case, the expression of 7, = A(oo, C) simplifies to

[ 2 1 —x
crit —
= A(oco; C — 00) = 1+XK(1+X) = lp. (10.10)

Thus the critical time is given by

1yt = arcsinh (tan pyg) . (10.11)
We see that 5" is positive finite only when x > 1.
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10.3 Thermodynamic entropy and pseudo entropy

We previously pointed out that a black hole possesses entropy, which corresponds
to the thermodynamic entropy of the boundary theory when it is in thermal equilib-
rium. Moreover, this entropy can alternatively be interpreted as the entanglement
entropy between two replicated systems in the thermofield double state |TFD(/3)).
From this viewpoint, the entropy is given by the minimal cross section of the Ein-
stein—Rosen bridge.

As ER=EPR, it has been widely conjectured that wormholes are closely tied to
certain patterns of quantum entanglement. A natural question then arises: what
sort of entanglement structure underlies a traversable wormhole? To explore this, we
investigate a deformation of the thermofield double state induced by an imaginary
Janus deformation.

Analogous to the standard Janus configuration, this deformation introduces a
conformal interface into the thermofield double state. However, a crucial difference
is that the interface Lagrangian vLipterface 1 Now non-Hermitian. Furthermore, the

deformation causes the two CFTs to acquire non-Hermitian Hamiltonians,

HCFT<1/2) = Hundeformed CFT (19 + ’)/V (1012)

for a certain Hermitian operator V. Defining H = Hcpr,,, we then have Hf =
Hepr,, . The Euclidean boundary path integral dual to the traversable wormhole

described in the previous section is expressed as

[

Tr [e_gHe_ H*} . (10.13)

See Figure 37.
These features substantially modify the structure of the thermofield double

states, leading to
(TFD(8)|[TFD(3)) — (TFD(8; 1) TFD(5; 7)) (10.14)
Here |TFD(3,v)) and |TFD(3, 7)) are defined as purifications of
p(2) X e il g3 H =G H! (10.15)

and

p(1) X e’gHe’gHTe’gH, (10.16)
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Trle"2e™ 2 ]=(TFD|TFD)

Figure 37: Schematic representation of the FEuclidean path integral for
BH

!
Tr [6’76’%] . The red dots indicate the defects connecting the two distinct Hamil-
tonians H and H'. The red line prepares the state |TFD) and its conjugate (TFD].

respectively [218]. More explicitly,

_pH __pHl . .
ITFD(B8,7)) =e 7+ ®@e 4 Z|E’r(z)>1|E7(z)>2v
" st (10.17)

(D5, = 3 (B0, (B, % et

n

where |E7(f)) and <E7(zl)\ denote the right and left eigenvectors of the non-Hermitian
Hamiltonian H.

A crucial observation is that

(ITFD(8,7)))" # (TFD(5,7)! , (10.18)

so the total density matrix p1o = |TFD(3,7)) (TFD(8,)| is non-Hermitian. In
general, the entanglement entropy defined for such non-Hermitian density matrices
or transition matrices is known as the pseudo entropy. A more formal definition and
interpretation will be presented in Section 12.

The pseudo entropy between the two CFTs can be computed via the minimal

surface dividing the time slice ¢t = 7 = 0, leading to

TCr

Slow] = Slpe)] = 1+/1-792% (10.19)

Even though the reduced density matrices (10.15) and (10.16) are non-Hermitian,

the resulting entropy is nevertheless real, since Tr[(p(l /2))”} is real. This follows
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from the replica method,

pH gt gH  pHT

Tr[p}] = Tr[py] =Trle” 2e 2 ---e” 2e 2 (10.20)

which, owing to the cyclicity of the trace, yields a real quantity. The von Neumann

pseudo entropy is also real because

1 Tr[py]

Sv.N.[pl] - SV.N.[p2] = lim log

. 10.21
n=11—n 7 Tr[p]" ( )

Nevertheless, the pseudo entropy exhibits a qualitatively different behavior from
conventional entanglement entropy. The expression (10.19) is a monotonically in-
creasing function for v2 < 0 and can become arbitrarily large. In contrast, ordinary

entanglement entropy is always bounded above by log dimH;.

11 Gluing two AdS

In this section we study a geometric construction in which two AdS spacetimes are
glued along a codimension-one hypersurface [4]. The resulting configuration induces
a dynamical theory on the gluing surface, providing a possible realization of “open
holography” without assuming an asymptotic boundary.

The motivations for considering such a construction are the following:

1. By taking a flat limit Lxqs — 0 on one side, one recovers the AdS—bath systems

widely used in studies of black-hole evaporation and information dynamics.

2. Real cosmological spacetimes such as de Sitter do not possess timelike bound-
aries. Holography for half of dS has been recently proposed; by gluing two

halves, one may aim to construct holography for full dS.

AdstY, =" AdST),

Conformal boundaries

Figure 38: Gluing two AdS geometries along a hypersurface.
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11.1 Gluing AdS Spacetimes

We begin with some geometric preliminaries. Consider a codimension-one hypersur-
face ¥ with outward normal n?, tangent vectors e, and induced metric hy,. The

extrinsic curvature is defined by
Ko = eefVang, K =h"Ky,. (11.1)
As an example, consider vacuum AdSy,; in Poincaré coordinates with a constant—

n surface. The metric is
B dn? + hagpdz®da®

ds? = (11.2)
A direct computation gives
1 0 1
Ka — __—ha — "5 ![ab,
b 2 alnn b(n) o g /’7 b
K—d (11.3)

Koy — Khay + (d — 1)hey = 0,

Poincare AdS
o
E -
1) 4— -
n="o

Figure 39: Constant-n slice in Poincaré AdS.

We now consider two AdS,4; spaces (denoted AngﬂBl and AdSEﬁl), each cut
by hypersurfaces ¥; and 5. Gluing them requires satisfying the Israel junction

conditions:
L _ 12
hab - hab )

11.4
KY — KWhy+ K@ — K®hgy, + 2T he, = 0. (114)
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The action consists of two bulk contributions and two boundary terms,

T = ) : / Ay V-G (R[G] +M),

— 167Gy L3gs.,
o . (11.5)
Toary = A%z \/—h@ (K@ —T).
bdry QZ]:QSWGN/EQ x ( T)
When both bulks are AdS vacua, the metrics are
dn? + da? dn? + da?
ds? . — u, ds2, = YT AT (11.6)
1) 7?2 () 72
The Hamiltonian constraint on each side takes the form
d(d—1
R=K?— K™k, — 241, (11.7)
L
AdS
Using the junction conditions yields constant mean curvature:
K drT +d(d_1)( 11 )7
d—1 AT Lidsl LidSQ
(11.8)
K@ _ drT +d(d—l)( 11 )
d—1 AT L?AdSQ Lidsl
11.2 Stress Tensor and 7T Structure
In AdS; , the Brown-York tensor on each side is
Tél?) = Ki?f) — K™y, + T hap, a=1,2. (11.9)
The Israel condition requires the total stress tensor to vanish:
Y+ =o. (11.10)

If we think this is kind of Virasoro constraint in two dimensional gravity, we can think
the holographic theory on junction surface is two coupled CFTs with dynamical two
dimensional gravity®*. Since the Brown York tensor can measure the energy of the
bulk like blackhole mass, the constraint is actually also the constraint of the three
dimensional bulk gravity. Possibly this is related we have closed universe and no

local gauge invariant expectations which carry mass. From the definitions,

7@ = pr® =0 pirl o (11.11)

24Here we mean dynamical gravity that we need to do path integral over the metric.
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The Hamiltonian constraint becomes

R[A) + p@ + 7078 — (7@)2 =,
@ _ dd-1) d

— (T2,
Ligs, d—1

(11.12)

i

which reproduces the flow equation of a TT deformation 4.52. The constant part
1@ arises because of our stress tensor here is Brown York tensor.

A trivial Zo-symmetric solution obeys
K = Tha, (11.13)
whose general form is
A(@*+n* —t*)+ Bn+Cz+ Dt + E = 0. (11.14)

Depending on T, these are completely classified into three types:
1. AdS-type (T Lags < 1),
2. flat (T Lags = 1),
3. dS-type (T Lags > 1).

11.3 Chiral Gluing Solutions

To study nontrivial solutions, introduce light-cone coordinates:

dn? — dU dV di? — dU dV
Gipdetde® = L2200 @B datde® = 2T (11.15)
n n
Consider the surfaces
n=eU  j=e0) (11.16)
The induced metrics become
ds?|s0) = (¢")2dU? — e22dUdV,
o @,) ) L (11.17)
ds?|ge) = (¢/)?dU? — e2*dUdV,
and the stress tensors are
Tl(]l[} — _(b// _'_ ¢/27 7_[(72[2] — _gg// _|_ &/2. (1118)

The brane curvature satisfies R[h] = 0.
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The two coordinate systems may be related by

U=PU), V=V+QU).

Matching the induced metrics gives

20 _ 29PW) p/(17)

Y

and determines Q(U):

B P// 1 P//2
QU)=e? (_F(b/ + Zﬁ) :

The Israel condition becomes
—¢" + ¢ = §1+<b): ——1SCh(D,U),

where

1 3

Special examples of these equations include:

e I (U)=0: P(U) € SL(2,R).

e constant 7. = a2 P(U) = 2v2eU,

e small deformation: P(U) =U + 7%a.
These are non-trivial solution does not posses Zy symmetry.
11.4 Non-Chiral Solutions (Perturbative)

A general surface can be written as

77 — €_¢(U»V) ,

A

Expand ¢ as
O=¢€f +eg+eEh+ 0(64).

The curvature and extrinsic curvature expand as

p 2 1 p"
) -3

=0V T=AUV), V=BUV).

(11.19)

(11.20)

(11.21)

(11.22)

(11.23)

(11.24)

(11.25)

RW =8(0ydy f)e — 8 [2f(0udv f) — (Oudv [)* — dudvg + (DL )0 f)] € + -+,

K(l) =2+ 4(8Uavf)€ + (—8f 8U8Vf + 48(]8\/9) 62 + .-

226

(11.26)

(11.27)



Requiring K = 2 yields
f(U,V)=PU)+Q(V), g(U, V) =aU)+ B(V). (11.28)

The Brown—York tensor becomes

Ty = —P"e+ [(P')? — "] + [2P'a’ — 2P'Q'P" — 92h]é® + O(eY), 11.29)
7_‘(/1‘)/ _ —Q”E + [(@/)2 B ﬁ”} e 4 [QQ/ﬁ/ . QQ/PIQ” . a‘Q/h] 3+ 0(64). ’

To leading orders, the Israel conditions imply

~\ 2 ~ 0\ 2
1 dU 2 1 dV 2
50 + (@) T =0, Tyt <5> T = 0. (11.30)

This is equivalent to the Virasoro constraint again.

11.5 Application: Half-dS Holography

This gluing construction motivates a possible framework for holography in de Sitter

space. A key component is the recently proposed holography for half of dS [8]:

(brane theory at # = 6;) <= (cut dS spacetime). (11.31)

The holographic entanglement entropy on generic time slices exhibits super-
volume-law behavior,
Sa ox |A]P, p>1, (11.32)

violating strong subadditivity. This sharply contrasts with ordinary QFT in dS.
One explanation is that the brane theory is highly nonlocal. For instance, a

nonlocal model of the form
I = /ddx¢>e<—52>q¢ (11.33)

predicts
Sy oc |A|FT2T2 (11.34)

As an interesting future problems, we can consider gluing two half dS spacetime
and contain full dS holography.
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Figure 40: Super-volume-law entanglement in half-dS holography. The ffigures are
cite from [§]

12 Measurement and holographic BCFT and ICFT

12.1 Final state projection and its relation to Page curve

Here we introduce another way of solving the information loss problems with black-
hole final state projections based on [5]. In this chapter, we discuss one proposed
resolution due to Horowitz and Maldacena and analyze the Page curve in that model.

The central question in the information loss problem is whether semiclassical
gravity can exhibit unitarity. A key issue in the semiclassical picture is that physics
at the black hole singularity is beyond the regime of validity of general relativity.
Horowitz and Maldacena showed that by introducing the following modification to
otherwise standard semiclassical gravity, the theory can be made unitary [219,220]:
At the black hole singularity, impose a fixed final state via post-selection. To see
how unitarity is preserved under this modification, consider quantum teleportation

in quantum mechanics with a fixed final state (post-selection) [221,222].

12.1.1 Post-selection and quantum teleportation

Quantum mechanics is a framework for the time evolution of a given initial state
|W;) and for measurements performed on that evolving state. What we can access
are the outcomes of a sequence of measurements { P,, (t) } at times ¢, ¢, ..., ¢, and
the probabilities for those outcomes. Define the composite measurement operator
I(a) = P,, (ty) - Py, (t1). The decoherence functional D(«, ') for two outcome
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histories a = (a) and o’ = (a}) is

D(a, ) := Tr[II() |¥;) (¥, TI(a)] . (12.1)
The probability that the outcome is « is then
p(a) = D(a, a). (12.2)

By the definition of measurements, ) p(a) = 1.

We may also consider quantum mechanics in which a fixed final state is imposed
at time t = T'. Such a setup applies, for example, when among all processes starting
at t = 0 we are only interested in those that yield a specified measurement outcome
for some observable at ¢ = 7. Imposing a fixed final state |Uy) is referred to as
post-selection on |W). In a theory with both a fixed initial state |¥;) and a fixed
final state (¥¢|, the state at times 0 < ¢t < T' is characterized by two vectors

Uy (1)) = e BWH [0 (Wy(t)] = (W e A (12.3)

see [223,224]. One can formulate measurements on states specified by the pair

|W1), |Ws). A natural generalization of the decoherence functional is

Tr[I(e) p2 11(a’) p1]

D(a,d) = 12.4
( ) Tr[p2p1] ( )
p2 = |Vq) (Vs p1 = [V1) (Vq]. (12.5)
The probability for outcome « is then
p(a) = D(a, «). (12.6)
Another definition is the Aharonov-Bergmann-Lebowitz (ABL) rule,
Tr|{IT(a) poll(c) p
Do TrII() poll(a’) p1]
These two agree, e.g., when py commutes with all ITI().
Furthermore, defining the transition matrix from |¥;) to |¥y) by
Uy) (Vs
L EVALE 12.8
(o) 12
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one may generalize the probability as

Tr [H(a) 71‘2}
pla) = W

In general, p(a) defined this way is complex.

Now consider quantum teleportation with a fixed final state. Suppose Alice
post-selects onto the Bell state |Bell). This corresponds to the Bell measurement
outcome (0,0) being predetermined in standard teleportation. In this case, Bob’s
final quantum state equals the state |¢)) that we wished to transmit. Unlike standard

teleportation, no classical communication from Alice to Bob is needed.

V) B e

CC |
-f\ X'z (Bell| 4

WAy [Bell) 4, WAy [Bel) 4,

Figure 41: Standard quantum teleportation (left) vs. post-selected teleportation
(right).

12.1.2 Pseudo-entropy

In quantum theories with post-selection on a specific state, the measure of entangle-
ment for pure states is given by the pseudo-entropy [225,226]. Consider two states
|Wy),|Us) in a Hilbert space H = Ha ® Hp and the transition matrix

2 W) (0o

= (12.9)
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The reduced transition matrix on subsystem A and the pseudo-entropy are defined
by

= Trp[r'?], (12.10)
S\ .= Ty, [T;'Qlogfjl'?] . (12.11)

Only when |¥;) = |W5) do these reduce to the usual reduced density matrix and the

entanglement entropy. In general, 722 is not Hermitian and Si‘l? is complex. Next,

we show that the real part Re [5}4‘2} quantifies entanglement in quantum mechanics

with post-selection on |W¥s). For simplicity, consider a qubit system

(1) = ¢1|00) 45 + 51 [11) 455, (12.12)
[Ws) = ¢2|00) 45 + 52[11) 45, (12.13)

and we try to distill Bell pairs. The average number of distillable Bell pairs is

log »C. + log
n=>3" Dy o8 C’“; 08nCe (12.14)
ke

Define the “pseudo-probabilities” II; by

(W[ 1T, [ W)
M, = Ak (12.15)
(W [W;)
so that Dy, = IIxp;. Then
. n 1]2
lim -~ = Re|— S I log Il :R[S]. 12.16
i = Ref= > _TilogIl| = Re|S) (12.16)

Pseudo-entropy can also serve as an order parameter distinguishing whether two
states belong to different phases.
12.1.3 The Horowitz—Maldacena proposal

Set up. Consider matter fields @, a classical gravitational solution that undergoes
collapse to form a black hole, small quantum fluctuations of the gravitational field
around that solution, and quantum field theory of the matter on that classical
background. Decompose the total Hilbert space as H = Hyr ® Hin ® Hout, Where:

e ;. the Hilbert space obtained by embedding the classical configuration of
the infalling matter that forms the BH into a quantum Hilbert space;

e 7;,: the Hilbert space of quantum fluctuations around the classical solution
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on the portion of a Cauchy slice inside the horizon (obtained by splitting a

Cauchy surface of the classical solution into interior and exterior parts);

e M.y the Hilbert space of quantum fluctuations on the exterior portion of that

slice.

Take the initial state

1) 00 = 1) a1 @ U)ot » Z\/_l i)y, N =e€5Pr (12.17)

That is, we consider a situation in which, after the BH forms and enough time
passes for Hawking radiation to occur, the interior and exterior modes, H;, and
Hout, are highly entangled. In what follows, “interior degrees of freedom” will refer
to Hyr ® Hin. If the information prior to BH formation is to be recoverable after
evaporation, the S-matrix S : Hyr — Hous must be unitary. We further assume that
this S-matrix can be treated as a highly chaotic, complicated random unitary.

Next, at the singularity we post-select onto a state called the black hole state
|IBH), defined on the interior Hilbert space by

(BH| := Zs,m (Bl y (il - (12.18)

B Restoration of unitarity and relation to Hawking’s calculation.
After performing the measurement (post-selection), the state becomes

D)oue = N2 san(BH] 19)p7 [0 oue = D Soni (Bralyg [9)3) [oe - (12.19)

mz

out

Since S : Har — Hin is unitary, |¥)_ ., represents a unitary evolution from |¥). We
may also include an interaction U between H,; and H;,. In that case, unitarity
is recovered only if (BH|U is a maximally entangled state [220], precisely as in
post-selected teleportation, which works only when the post-selected final state is
maximally entangled.

Moreover, recalling the assumption that the S-matrix can be approximated by

a random unitary, we find for the coarse-grained post-measurement state
(il 5 17) = (@[W) (T5) Z S Sr; (] 19) 0) ({0l g 10D 0" (12.20)
= % (12.21)

Thus the coarse-grained state is microcanonical, reproducing the result of Hawking’s
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calculation.

Project out &
Post-select <BH‘

Figure 42: Setup of the Horowitz—Maldacena proposal.

12.1.4 A CFT toy model of the Horowitz—Maldacena proposal

As a toy model of the proposal, consider the time evolution of pseudo-entropy in a

two-dimensional CF'T with post-selection. We study three models. The first applies

(BH]
<1/)f |z<0

=

[44)

Figure 43: Post-selected 2d CFT and its relation to the Horowitz—Maldacena pro-
posal.

post-selection uniformly over the whole system; the second applies post-selection
nonuniformly in a manner closer to the final-state proposal setup.
B Uniform post-selection model.

At time t = T, post-select onto a fixed conformal boundary state e~ |B). For

simplicity, take the same state as the initial condition. The transition matrix at
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time ¢ is

V1) (Uy

12 _ ‘1—2 12.99
T s .
ATy (12:22)
|T,) = e =0 |B) (12.23)
|Wy) = HT=8) =01 |B) (12.24)

The inner product (W,|W4) is given by a path integral on a strip of width L = 2§+iT".
Introduce lightcone coordinates on the strip w_ = = —t, wy = z +t. After Wick
rotation and defining complex coordinates w = x + i, w = x — it, the strip is
mapped to the upper half-plane by the conformal transformation z = eZ . The
reduced transition matrix corresponds to a path integral with a cut along A, and
the pseudo-entropy is obtained, as in the usual entanglement entropy, by inserting
twist operators at the endpoints of A and computing their correlators. To evaluate
the two-point function of twist operators, assume the CF'T is holographic. Recalling

the gravity dual of a strip, the dual geometry is

T? T2
ds® = = cosh? pdt? 4 dp® + = sinh? p da?, (12.25)
with an EOW brane
t
cosh p sin (%) = cosh 7. (12.26)

The EOW brane tension is 7 = — cothng < —1, and the induced metric is

SZ}Q = sinh? 7, (—dT2 + ;iz cosh? deQ) : (12.27)
which is that of dS5. The pseudo-entropy is computed from geodesics in this ge-
ometry. There are two candidate geodesics: one connecting the endpoints of the
subsystem (connected) and one that attaches to the EOW brane (disconnected).
Since the HRT formula arises from a saddle-point evaluation in gravity, we choose
the saddle with the smaller real part. Hence,

Re|S4?| = min{Re|S}%,, | Re[sh]}. (12.28)

A,con

In the present model, the time dependence is

oT —
Seon = glog {— &%%)] : (12.29)
c 2T mt . TC
Siw = 5 log [E sm(TH i+ 2Shay. (12.30)
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The boundary entropy, determined by the EOW brane tension, is

\7—|—1_i7r_c

TAESEST)

C
dery = 6 1Og

1]2
SO Sdi‘s becomes real:

12 _ ¢y 2r . (mt 8 T1-1
S 3Og[7resm )] 76 %1

(12.31)

(12.32)

The connected branch S&J)i coincides with the vacuum pseudo-entropy and is con-

stant; depending on the boundary entropy and the subsystem size, it is selected

between times t, and T — t, as the physical pseudo-entropy.

2.55
24
2]
2.2f
21

I P
20 2 4

Figure 44: Behavior of pseudo-entropy in the uniform post-selection model.

B Nonuniform post-selection model.

Consider a nonuniform final state |¥) = e ™7 |B), _; ® [0),-,.

The time evolu-

tion is represented by the path integral in Fig. 45. This path integral again maps

Figure 45: Path integral for the nonuniform post-selection model.
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to the upper half-plane via the conformal transformation

L 1+%2) L
w:\/z—glog{\/g Ll}_fi’ (12.33)
L
L 1+~ L
w:\/z—glog{ﬁ L1}+§m, (12.34)
L

with L = %(2(5 +4T). Using this map, one can compute the pseudo-entropy.
Although the functional form is not simple, it can be plotted numerically; see
Fig. 12.1.4. For a subsystem A = [0,24 > 0], the real part of the pseudo-entropy
follows a Page-curve behavior. When x4 = oo, the disconnected geodesic is selected
at all times. For finite x4, both connected and disconnected geodesics are finite;
which one is selected depends on parameters and time, but both exhibit qualitatively
similar behavior.

For t ~ 0, pseudo-entropy grows due to entanglement production from the
boundary state, with a logarithmic growth log(2t/¢). Near ¢ ~ T, entanglement
decreases; this can be understood as the effect of knowing the final state, which
increases the information about the reduced transition matrix. For x4 < oo, the
pseudo-entropy remains finite at ¢ = T" because the entanglement between A and

B = [x4,00] does not vanish.

— Re(55™)
— Re (S9)

Figure 46: Time evolution of pseudo- Figure 47: Time evolution of pseudo-
entropy for A = [0,00]. Parameters: entropy for A = [0,6]. Parameters:
T:6,€:5:0.01, dery:(). T:6,€:5:0.01, dery:().

B Partial post-selection model.

In the two models above, post-selection at ¢t = T" was imposed over the entire
space. In contrast, the Horowitz—Maldacena proposal considers post-selection only
at the black hole singularity. As a toy model closer to their setup, take the initial
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and final states to be
;) =N;e ™ [B),  |Tp) =Ny (IB) (B, ®Liso) e [B). (12.35)

This corresponds to the path integral shown in Fig. 48. The manifold for this path

Figure 48: Path integral for the partial post-selection model.

integral can again be mapped to the upper half-plane via

M
w(z) = Llog(l — z) + LMlog(Z il ),

7 (12.36)

where L = “% and LM = ‘S_%. In this case, as in the nonuniform post-selection

model, the pseudo-entropy follows a Page-curve behavior.

12.2 Conformal Defect and measurement like behavior

12.2.1 Possible relation between indirect measurement and spacelike
branes

One characteristic feature of quantum measurements is that they can reduce en-
tanglement entropy in Lorentzian path integrals. In the previous section, we saw
that the final-state projection reduces entropy. In actual quantum measurement
protocols, however, we often need to discuss the time evolution that follows the
measurement process. This naturally happens, for example, in the case of indirect
measurements.
B Indirect measurement

In general, it is often difficult to access the system of interest directly. In such
situations, it is useful to introduce an auxiliary bath system and correlate it with
the system in order to extract information. This indirect measurement can be

implemented using the following procedure:

1. Prepare an initial quantum state that is a direct product of the system and
bath Hilbert spaces:

Prot = PS @ pPB - (12.37)
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x4 € [0, +00]

0 1 2 3 4 5 6
t

Figure 49: Pseudo-entropy in the partial post-selection model (T' = 6, ¢ = 6 = 0.01).

2. Apply a unitary operator U to generate correlations between the system and
the bath:
prot — Ups @ pp U (12.38)

3. Perform a projective measurement {IIz}; on the bath. The probability of

obtaining outcome k is
I, = Trgp [y Ups ® pp U'TL,] . (12.39)

The post-measurement state of the total system conditioned on outcome k is
then

6 - Ly Ut 12.40

ptot_Hk kUps © pB k- (12.40)

4. Introduce an orthonormal basis {|¥,,)} for the bath, and write the spectral

decomposition of the initial bath state as pg = ¢ |®;) (P;]. Then the Kraus

operators and POVM elements are defined as

My = a (V| ILU @), i = (I,m),

12.41
By =) M} M;. (12.41)
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The resulting system state after obtaining outcome k£ becomes

b _ 1 f
ps’ == > MyipsMy,
i Z (12.42)

Hk = TI‘[Ekpg]
5. If the measurement outcome is not recorded, the resulting system state is

o= Tps’ = MyipsMy;. (12.43)
k

ki

B Spacelike branes from tracing out the bath

From the viewpoint of the total system, the dynamics can be described using the
Schwinger—Keldysh path integral. Suppose we are only interested in the system S
and trace out the bath. If the total unitary U acts instantaneously, we expect that

the effective action of the system acquires a spacelike brane contribution:
LS,eff - LS + 5(t0> Y Lsp. brane- (1244)

This follows in the same spirit as the Caldeira-Leggett model or, more generally,
the Feynman—Vernon influence functional formulation [227,228].

Here, v can be interpreted as the strength of the measurement. This interpreta-
tion arises because the spacelike brane term emerges upon tracing out the bath: if
the unitary U factorizes into a tensor product, then v = 0. In measurement terms,
if the unitary is decoupled, the bath carries no information about the system, and
effectively no measurement has been performed.

Here we introduce an instantaneous spacelike brane, i.e. a thin brane localized
at t = 0 in the Lorentzian path integral. One may also consider a thick brane.
It is known that certain soliton configurations in quantum field theory and string
theory correspond to thick spacelike branes [229]. In such cases, the system fields
exhibit dissipative radiation associated with tachyon condensation. It is plausible
to interpret this radiation as representing the energy flow between the system and
the bath in the indirect measurement process.

Of course, not all spacelike branes provide an effective description of indirect
measurement. For example, in the models discussed in Sec. 12.1, the pseudo entropy
satisfies S4 = Sac, which holds because the geodesic is determined solely by the
entanglement surface. This implies that no decoherence occurs, and the path integral

should instead be interpreted as producing a two-state amplitude.
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Figure 50: A schematic illustration of the indirect measurement process. After trac-
ing out the bath system, the system dynamics is modified by an effective spacelike
brane term.

12.2.2 Janus solution for spacelike branes: Analytic continuation from

Euclidean path integrals

We now discuss the entanglement evolution in the presence of spacelike branes.
To this end, we consider another variant of the Janus solution. As we have seen in
previous sections, the gravity dual of Janus solutions is given by soft—wall geometries
[7]. In this sense, the present setup is a generalization of that in Section 12.1. We
have two strategies for obtain the spaceline branes in Lorentzian path integrals and

their gravity duals

1. We firstly consider branes in Euclidean path integrals. This is usual ICF'T and
the gravity dual is usual Janus solution. We compute some physical quantities

like pseudo entropy with Euclidean time. Then, we do the Wick rotation.

2. From the first sight we consider a Lorentizan path integral directly. Formally,

we can construct the time-like Janus solution via double Wick rotation.

B Euclidean path integrals

First, we consider the Euclidean solution to gain some intuition. We place the
brane at 7 = 0; see figure 51 for the boundary path integrals dual to the present
bulk—field—based model. Because the Euclidean path integrals extend over an infinite
range, the path integral prepares a transition matrix between two vacuum states of

CF'Ts that differ by a marginal deformation. More concretely, we consider two CFT's
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with Hamiltonians

and denote their vacua by |04). Here ¢4 are the boundary values of the dilaton
field, which are holographically dual to the deformations on the brane. We then
consider a constant Euclidean time slice 7 = 7y, on which the transition matrix is

defined. In this setup, the transition matrix 7 for 75 > 0 can be written as

T(r0>0) =N+ lim e ™ e TH-10_) (0, ] e H+{T70)
T—o0
(12.46)
=N e ™ 0-) (041,

where N is a normalization constant. Similarly, for 7y < 0, we obtain
T (10 <0) =N -]0_) (04| e™-. (12.47)

Compared with more standard holographic constructions of interface CFTs, our
setup is slightly different in that the defect is placed on a time slice, and we consider

the pseudo entropy of a subregion that is parallel to this defect.

T

CFT,,

T=0— defect

CFT,,

Figure 51: The model with bulk fields. The bulk dilaton interpolates between two
CFTs, CFT,, and CFT,,. On the CFT side, this corresponds to a defect along
T=0.

We now discuss the gravity dual in more detail. Explicitly, the Euclidean Janus
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solution with the defect on the time slice 7 = 0 can be written as

2 2
ds* = dy* + f(y)dxg;gdg, fly) = %(1 + /1 — 292 cosh 2y),

124
1++/1—292++2vytanhy (12.48)
14 +/1—2v2 —2ytanhy )’

where we have adopted the hyperbolic slice coordinates (y,&, ). The parameter

1

o(y) = 7 log (

~ controls the strength of the deformation by the spacelike defect, as in standard
defect setups. In particular, for v = 0 the defect is absent on the CFT side, and the
dual geometry reduces to vacuum AdS;. We restrict to the range |y| < 7. = \%

The asymptotic values of the dilaton field are related to v as

b 1+1—-292+2y
w(y%ioo)—ﬁlog (HMHF\/%)' (12.49)

Figure 52: Janus solution (12.48). The dashed lines denote constant-y surfaces,
Yy = const..

B Pseudo entropy from the Euclidean Janus solution

We now move on to the computation of the pseudo entropy in this setup. As
illustrated in figure 51, we choose the subsystem A to be an interval parallel to the
defect. This differs from earlier studies such as [230,231], where the interval is taken
perpendicular to the defect. We compute both the Euclidean and Lorentzian time

evolution of the pseudo entropy by essentially the same strategy as in the previous
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sections: we take A to be the interval [—[,1] on a constant Euclidean time slice
T = const., perform the computation, and then analytically continue to Lorentzian
time via Wick rotation. Thus, our pseudo entropy is simply the entropy of the
transition matrix constructed from two distinct vacuum states, together with its
Lorentzian time evolution.

A subtlety here is that the bulk geometry is no longer pure AdS, so the natural
time coordinate in the bulk is different from the standard one. We relate the bulk
time coordinate and the boundary time coordinate by using an analogue of the
coordinate transformation used for vacuum AdS;. We will explain this in more
detail below.

Finally, we turn to the holographic computation of the pseudo entropy. Our task
is to evaluate the geodesic length connecting the endpoints of the entangling surface
0A in the Janus geometry (12.48).

The geodesic equation
To find the geodesic x = x(y), £ = £(y) and its length, we consider the Lagrangian

2 4 £2
L= \/1 + f(y)f—f, (12.50)
where the dot denotes a derivative with respect to y. Because of the nice AdS,
isometry, we can solve the geodesic equation of motion for any f(y). Concretely, the

Lagrangian (12.50) has the following two symmetries:

1. AdS, isometry
r—=x+Ar, £—E+ N (12.51)

The associated Noether charge is

fy) €€ + i
= . 12.52
(QAds, L & (12.52)
2. z-translation
r—x+c (12.53)

The corresponding Noether charge is

 fly)
Or = ot (12.54)
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By dividing (12.52) by (12.54), we obtain

d
s (€@ ),
T 0 (12.55)
Ex) +2° = 2%33 +C,
T

where C' is an integration constant. Thanks to the Zy symmetry x — —z, we have
Qads, = 0. Thus, we obtain
&+at=0, (12.56)

with some constant C' > 0. Notice that this relation does not rely on the explicit
form of f(y); it only uses the AdS, structure.
Combining (12.50), (12.56) and (12.54), we obtain the geodesic equations

C — a2 FW)(fly) — ) (12.57)

=tV g

fly) —a’

~—~

From the first equation in (12.57), we obtain the solution

S

) = tanh (— %F(W(y)“f) +B>=

v — 2
W (y) := Arcsin 1\/(2CY X=Dlxooshyt Doy (12.58)
ax
4oy

SRR Tor—

where x = /1 — 272, B is an integration constant and —§ < Arcsin(-) < 7. Here
F (z]m) denotes the incomplete elliptic integral of the first kind.

Cutoff surface

Now we take some UV cut-off surface. We have some remark. In the case of
the Janus geometry dual to interface CFTs, it is known that a single FG coordinate
chart cannot cover the entire spacetime [232]. Practically, this means that there
can be several inequivalent choices for the coordinate transformation from the H,
slice coordinates (y,&,z) to a Poincaré-like coordinate system (z,t,z). Various
prescriptions for choosing the cutoff surface in such geometries have been discussed
in [233].
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In our analysis, we define the regularized AdS boundary by

§=eVfy) (12.59)

This definition is motivated by two considerations. First, in the pure AdS limit with

v =0 and x = 1, this surface exactly coincides with z = ¢ in Poincaré coordinates.

Second, with an appropriate definition of the boundary time 7, the induced metric

on this cutoff surface (which is identified with the CFT metric) becomes flat.
Indeed, from (12.59), the induced metric takes the form

_ 4 + 12 (1 + ﬁ) de?. (12.60)

ind €2 € f’2

ds?

We now introduce the boundary time 7 via

2
dr? = (1 - ?> d¢? = [ 1+ 5 s d¢?, (12.61)
-+ (2(9)° 1)
so that the boundary metric becomes
2 2
ds? = M. (12.62)
€

We can in principle obtain 7 = 7(§) by solving (12.61). For 7 > O(e), one finds

7 ~ &, whereas for 7 ~ O(e) there is a small deviation from &.

Determination of the constants C, B, «

We first determine C. As mentioned above, the relation (12.56) follows only
from the AdS, structure and does not depend on the explicit form of f(y). It is
therefore natural to assume that the constant C'is universal and coincides with the

one in the vacuum AdS case, namely
C=Pr+7. (12.63)

This should be reliable at least when 75 > €. Next, we determine B using the
boundary condition at the turning point x = 0,y = ;. At the turning point, (y)
diverges. From the first equation in (12.57), we find that f(y;) = «, i.e.

1 + x cosh 2y, = 2av. (12.64)
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Using this, we also obtain
T

Wiy) = 5

> (12.65)

Substituting y = y;, z = 0 into (12.58) gives

—k
B= [ KW, (12.66)

where K (k) = F (3| k) is the complete elliptic integral of the first kind.

To fix «, we introduce y., as the value of y where the geodesic intersects the
cutoff surface (12.59). We thus have

§Wso)

o (12.67)

Using (12.58) at the cutoff surface y — yo, with z — [, we determine a from

l —k
75=—mm( —ﬂwwwmm—KwQ. (12.68)

X

The geodesic length
Next, we evaluate the length of the geodesic.
Since the geodesic equation can be solved in terms of elliptic integrals, the

geodesic length can also be written explicitly. The length of the HRT surface I'4 is

given by
Yoo
AreaFA—Q/ dy“ /)
y —

Yoo

= [\ vF Im) + o - x = (s @]
Yt
(12.69)

where II (n; z| m) is the incomplete elliptic integral of the third kind and

H(y) := Arcsin 1\/(X +1)(—2a + x cosh(2y) + L)esch®(y)
. 2 g
(12.70)

dary 2c

= , n: .
(x+1)2a+x—1) X+1
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At the turning point (12.64), we have H(y;) = 0 and hence
F(H(y)|m)=0, I (n;H(y)|m)=0. (12.71)

We now simplify the contribution at y = y, in (12.69). For this purpose, we use
the following identity:

H(n;z]m):F(z|m)—H(%;z‘m)

1 %tanqu\/l—msinZz

+ ———=—log .
2 —("77”7)1(”71) —/ —(nfm?l("*l) tanz 4+ /1 —msin® 2
(12.72)
Using this, we obtain the final expression for the geodesic length:
Area[l' 4] =, /ﬁ<2aF(H(yoo)| m) — (2a — x — DII <T;H(yoo)‘ m>>
ax n
—("_mi("_l) tan H(yoo) + /1 — msin® H (ys0) (12.73)

+ log

— /= b H () + /T — o sin® H (o)

n

The pseudo entropy Sy is then determined by the standard HRT formula (3.91). As
in the previous subsection, we also perform an analytic continuation at 75 = 0 to
obtain the Lorentzian time evolution, formally by replacing 7o = ito + €.

We show the Euclidean and Lorentzian time evolution of the pseudo entropy S
in figure 53 and figure 54, respectively.?” In Euclidean time, the pseudo entropy
grows mildly as S4 ~ log 7, and in Lorentzian time it shows similar behavior up
to times of order ¢ty ~ /2. At late times, S4 approaches the vacuum entanglement

entropy

Cc
So = glog

For Euclidean evolution, this is natural: the long Euclidean evolution projects the

gt (12.74)
state onto the vacuum of the Hamiltonian. For Lorentzian evolution, we can inter-
pret this as follows: the reduced transition matrix on A loses information about the
presence of one of the defects, even though the full transition matrix still retains
this information. The pseudo entropy becomes small near the defect, reflecting the
fact that for v # 0, the two vacuum states are distinct.

In Lorentzian time, the pseudo entropy exhibits oscillatory behavior around ¢y ~

[. This feature should be cross—checked from the boundary CFT side, and we leave

250One must keep track of the branch of 4/ %
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this point as an interesting open problem.
To analyse the dependence on the cutoff and time more systematically, we in-

troduce the parameter

22a — x — €

o D) o _ 2020 — x — 1) (2—70)2 (12.75)

5:

This definition is motivated by the expression for y.,. For time scales satisfying

€ < |70/, we can safely assume that ¢ is small. Since H(y,,) ~ Arcsin 1%5 for small

0, we find

log (4 (725 + 727"

2 (n—1)(n—m)

n

T (n; H(yo) | m) = F (Hoclm) = T2 oo | m) + +0(0),
(12.76)
where we have introduced H,, = Arcsin\/%. Note that F' ( Hy|m) and I1 (%, HOO| m)

are of order O(4°).
Plugging this into (12.73), we finally obtain

Area[l' 4] = \/?—X<2aF(Hoo|m) —(2a—x—-1II <%;H®O‘ m))
+ log (%l (n ﬁ S T_nm>_1> + O(0).

We see that the pseudo entropy exhibits a logarithmic dependence on the cutoff,

(12.77)

just like the vacuum entanglement entropy in CFT5. The formula is valid in the
regime [79] > €, ie. § < 1.
B Late time behavior of the pseudo entropy

Late Euclidean time 75 > [

In the limit 7p — oo, the entangling region is located far away from the defect,
and we naturally expect the situation to approach that of the vacuum. In the
vacuum case 7 = 0 (so that y = 1), we have o = 1 + %i and thus a — oo as
To — o0. For general v, we can confirm similar behavior by analyzing the large 7
and large a limits of (12.68). A short calculation yields

(PR O((;Oy”),
(rhs) = \/g + 0(#).
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Figure 53: Pseudo entropy S4(7) under Euclidean time evolution. We set v =
0.35,¢ = 0.01,1 = 1. The black line represents the entanglement entropy in the
undeformed CFT, Sy = £ log %l
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Figure 54: Pseudo entropy under Lorentzian time evolution obtained by Wick rota-
tion. We plot Sa(to) with v =0.4,e =¢ =0.01,0 =1 for ¢, € [0,5]. The left panel
shows the real part, and the right panel the imaginary part of Sa(ty).
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Thus, we again obtain o = (%)2 + .- for general 7. Evaluating the geodesic length

(12.77) in the regime 79 > [ > €, we find

Sy = glog (%l) + O((TLO)Q), (12.79)

i.e. the pseudo entropy relaxes to the vacuum entanglement entropy at late Eu-

clidean times, as expected.

Late Lorentzian time tg > [
We now consider real-time dynamics obtained by the Wick rotation 7y = ity +
€, to > 0. The late-time behavior can be analyzed in a similar spirit, although

one must be more careful with branch choices. As in the Euclidean case, we expect

to 2a0 !

— tanh <\/%(F (Arcsin\/ 1 — Yo

7_2 t2 s .
an~ 5~ —l—3< — 2i> Introducing y, = =, we find

k:> _ K(k:))) =)o),

1+ x
1 1 3
72 t2 t
e
(12.80)
in the limit « — —o0,ty — 0o. We thus confirm a = —§—§ +

Next we examine the late—time limit of the pseudo entropy. We first evaluate

the expression inside the square root in (12.70) at ¥ = Yuo:

(x + 1)(—=2a + x cosh (3o ) + 1)esch? (o) 1+ X(l2 2y(1 4 412 ¢
2arx 2t2 12 —¢€ty
(12.81)
Since ¢ is complex, we must choose the branch of the square root carefully.?® We

choose the positive branch; the other choice would simply give the pseudo entropy

2We use /g = exp (3 log|q| + 3 Argg + inm) = £1/|g| exp (3 Argg), where Arg- € (-7, 7].
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with the opposite sign. Using Argg = —7 —|— for to > 0, we find
1—|—X €? 4 : e\’
e ()G
L1+ €2 4 ’ e\ 2¢
D () )

VIZ — 2 4]2 2/ .\2 2¢/
H(yo) = Arcsiny/q = —i—ex/l +xt/1+ (lz——2> (6—) exp (1—6) + .-
o ¢ to

to
(12.82)

We similarly take the same branch for /a:

i t 4e”? 2¢
Va = +/|alexp (%Arga) —i2 1+ —5 exp (—i—e). (12.83)
For small z, one has
2aF (zlm) — (2a — x — DII (T; z‘ m> = (1+2a+2ax)z+0(z%). (12.84)
n

Using this expansion, the first term of (12.73) behaves as

\/QEX(ZaF(H<yoo)I m) — (20— x = DI (2 )| m)) =201+ 1) +
(12.85)
Similarly, we find

(n—m) (n—1)
log

tan H (yoo) + /1 — msin® H(yoo) 412 2 e
= log +0|—=,= |-

(n—m)(n—1) 27 ¢2

—y/ =D tan H (yoo) + /1 — msin® H (yoo) 00
(12.86)

Combining these results, we confirm that in the Lorentzian late-time limit, the

pseudo entropy again approaches the vacuum entanglement entropy.
Early time behavior We now consider the regime € < |19| < [, i.e. early times

compared with the subsystem size. We still take the subsystem A to be the interval

[—1,1] at Euclidean time 75 ~ £(00). The relation between the turning point y; and
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the ratio [/£(o00) is given by

LR I b dy | (12.87)
e = \/f(y)@((i))_l)

Let us take the limit y; — 0, or equivalently @ > 1. Since the dominant con-

tribution to the integral comes from the region around y ~ 1;, we can approximate
f(y) by f(y;) in a rough estimate. For small y;, we have f(y,) = a = HTX Then

/ \/ /@) ) = —ilog [\/T;—i%] +0(y7). (12.88)
fy 51>

Using 79 =~ £(00), this gives

1
l 1 1T—xy\ VX
—~ = — = . 12.89

The UV cutoff can be estimated for 75 > € from ¢ ~ —=— which implies

vV J(yoo)

2
Yoo = log (—@> . (12.90)

2

We can now estimate the area of I'4 in the early—time limit y, — 0:

Area[l'4] = 2/ dy” f )
1 X L —xu
~ - AdE 12.91
2o " og(wl X4>+O(1) ( )

2(1 2(1
~ —2loge + (2— M) long—i-Mlogl.
X X

The first term originates from the integral near y.,, where f(y.) is large. This
shows that, in the early-time regime ¢ < |75] < [, the pseudo entropy grows

logarithmically with time for both Euclidean and Lorentzian evolutions.
Entanglement entropy on the defect; at 7o = tg = 0 At 79 = tg = 0,

time-reversal symmetry simplifies the computation. In particular, the geodesic cor-

responding to the subsystem on the defect lies entirely on the y = 0 slice. On this
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slice, the metric takes the same form as the constant—time slice of Poincaré AdSs:

dé? + da?

dsQ‘yzo = £(0) & (12.92)
The cutoff surface is located at £ = €f(0). Consequently, the entanglement entropy
on the defect is identical in form to the vacuum entanglement entropy, but with an

effective central charge and cutoff,

~ 2lags _
Cot = 3070 £(0), et = €(0). (12.93)

Thus we obtain

Cof , 2l [1+xc 2 2
SA(TO 0 O) 3 og o 5 3 0g (1+X c ( 9 )

Note that the effective central charge c.q is independent of the choice of the cutoff
and decreases monotonically as the deformation strength v is increased. This sup-
ports the interpretation that the defect plays a role similar to that of a measurement,

effectively reducing entanglement.

12.2.3 Lorentzian path integrals: time like Janus

B The setup

In this subsection, instead of obtaining the Lorentzian dynamics by analytic con-
tinuation from the Euclidean setup, we directly consider a Lorentzian path integral
in the holographic CFT with a spacelike brane at ¢ = 0. The path integral again
produces a transition matrix between two distinct vacuum states of the two CFTs.

More explicitly, on a constant time slice t = ¢y, we define the transition matrix

T (ty) = Jim e i(T=oDH— 10 (0 | eHTH+iltol H-
o 12.95
= 0 (0] el )

The second line is identical to the analytic continuation of the Euclidean model
discussed previously. We will confirm later that this indeed leads to the same pseudo
entropy profiles. Note that if the initial and final states are not vacuum eigenstates
of the Hamiltonians, the resulting transition matrix would no longer coincide with
the one obtained by analytic continuation; see figure 56 for a schematic comparison.
As we now explain, this Lorentzian path integral is holographically dual to the
time-like Janus solution, which describes a thick spacelike brane in the bulk gravity

theory.
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Lorentzian time

t=0 - spacelike defect

Figure 55: Schematic Lorentzian path integral for the spacelike brane model. We ex-
pect that the spacelike defect reduces entanglement in a measurement—like way. The
left panel would correspond to a vacuum process, while additional quenches/defects
could lead to competing entanglement creation and suppression, suggesting possible
entanglement transitions.

0-)

Figure 56: Contours of the path integrals in the complex time plane. Vertical seg-
ments correspond to Lorentzian evolution and horizontal ones to Euclidean evolu-
tion. Left: analytic continuation of the Euclidean model. Right: Lorentzian model.
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To construct the gravity dual of this Lorentzian time evolution in a CF'T with
a spacelike interface, we begin with a convenient coordinate description of vacuum

AdSs. In Poincaré coordinates, the metric is

,  —dt? +dz? 4+ da?

ds = (12.96)
We now introduce new coordinates (y, &, z) via
z= £ , t=¢Etany,
iosy (12.97)
siny = —, 2% —t?=¢
z
In these coordinates, the metric becomes
d¢? + da?
ds? = —dy* + cos? yT (12.98)
If we restrict (y, &) to
T T
—— <y < = >0 12.99
5Sys<g £€20 (12.99)
this covers the region
—2<t<z (12.100)

in the Poincaré patch. We will refer to this as region II.
The other regions of AdS3 can be covered by analytically continuing (y,&) to

complex values. For the region ¢ > z (called region I), we define

. ™ .
y=—m+§,pZQ §=in, n=0,

(12.101)
z = ,77 , t=mncothp.
sinh p
Similarly, the region ¢ < —z (called region Il) is described by
. 7T .
y=ip—g, p20, &=in, n=0,
n (12.102)
Z = — , t= —ncothp.
sinh p

The gravity dual of the Lorentzian time evolution (12.95) is obtained by solving

the Einstein equations with a dilaton field. This solution can be constructed by a
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[ ] RegionI

. Region II

B Region III

Figure 57: Three regions in vacuum AdS3 with dSs/Hs slice coordinates. The blue
region is I, the yellow is I, and the red is III.

Constant
¢ Constant r

|
.

Figure 58: Contour plots of constant £2 surfaces (left) and constant y surfaces (right).
The figure is cited from [7]
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double Wick rotation of the original Janus solution [115]. The final form is

dg? + da?
ds® = —dy%ﬂ‘(y)%,
: f()—1<1 1—220082>
Region II : Y =735 Y Y)s (12.103)

) 1 | 1+ /1 —292+iV2ytany
=—1Io :
o V2 & 1++/1—-292—iv2vytany

If we focus on region Il where y is real, and take 7 real with || < \%, the dilaton is

purely imaginary:
2ytany

ey) = iw- (12.104)

This solution coincides with the Wick-rotated Euclidean Janus geometry (12.48)
under the particular continuation y — iy. By analytically continuing further, we

obtain the solution in the other two regions:

—dn? + da?
ds? = dp* — f(P)T;
1
Region I: [f(p) = 5(1 — V1= 27%cosh 2p>, (12.105)
(o) = Llog 1+ +/1—292++/2vycothp
V2 14+ /1 =292 —V2ycothp )’
—dn? + da?
ds® = dp? — f(P)T,
1
Region I :  f(p) =3 (1 — V1= 2y%cosh 2/)), (12.106)
() = Llog 1+ /1 —292—+/2ycothp
V2 1+ /1 —292++2ycothp

We make two remarks about this geometry. First, there exist lines p = p. such that

fpe) =0, (12.107)

where the dS, slices shrink to a point. On this line, we also have

14 /1 — 292 —v2ycothp, =0, (12.108)

so the dilaton diverges, and the solution becomes singular at p = p.. Nevertheless,

since we are effectively describing a non-Hermitian evolution, we assume that such
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flp)>0 flp)<0 .- p=0y=3

>0 . <0~ 7r
f(p) I (p) Cp=0y=-1

P = pe

Figure 59: Sketch of the Janus spacetime dual to a CFT with a spacelike interface
and nonzero v. The red and light red regions represent III, the yellow region is II,
and the blue and light blue regions are I. The green line indicates the schematic
position of the cutoff surface.

exotic behavior in the gravity dual is acceptable and proceed. Moreover, for 0 <
p < pe, we have f(p) > 0 and ®(p) is complex, reminiscent of our brane-localized
scalar model.

Second, the asymptotic structure is as follows. In region II, the warp factor of
the Hy slices does not diverge as y — +7 due to the Wick rotation. In contrast,
in regions I and I, the factor —f(p) in (12.104) and (12.106) grows exponentially
as p — 00, so each of these regions is asymptotically AdS. We therefore place the
holographic CFT on these asymptotic boundaries.

B Time evolution of pseudo entropy

We now compute the holographic pseudo entropy in this Lorentzian solution. We
take the subsystem A to be the interval x € [—[, (] on the boundary time slice ¢ = t;
for definiteness, we focus on tg < 0 (the ¢ty > 0 case is analogous). In this situation,
the HRT surface starts in region IIl. We denote this codimension-two surface by

n =mn(p),z = x(p), and write the corresponding Lagrangian as

Lm—m¢1—fgaif%5ﬁ. (12.109)

As before, this Lagrangian has two symmetries:

1. AdS; scaling:
n—1+Nn, z— (14N (12.110)
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The associated Noether charge is

~_ flp)—im +az

= — 12.111

Due to the Zs symmetry x — —ux, there is a turning point at * = 0 where

% = 0. Hence Qaqs, = 0, leading to
n=at=C (12.112)

with some constant C. As before, the derivation does not rely on the explicit
form of f(p), so it is natural to assume that A is independent of v and agrees

with the vacuum AdSj3 result,
C=01F-1t. (12.113)

Equivalently, we impose the boundary condition (1) = t.

. x-translation:

n—n T—=x+c (12.114)
with Noether charge
fp) &
= 12.115

Combining (12.109), (12.112) and (12.115), we obtain

(526) = fania-ay .
2 _ f(p)
Ly = ) —a (12.117)

where we introduced o = CQ%. The first equation integrates to

z(p) = VC'tanh <—\/%F (W (p)| k) + B), (12.118)

= . (1 — x)(2a + x cosh 2p — 1)csch?p
W(p) = Arcsin \/ Tox 7 (12.119)

dary

b= I—)(—2a+x+1)
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The constants o and B are determined from boundary conditions on z(p):

e Because of the Zy symmetry, p(z) is an even function of = and has a turning

point at © = 0 where g—;’ = 0. From (12.116), this occurs when either f(p;) =0

or f(p:) = a. We assume the correct choice is
2a0+ x cosh2p, — 1 =0, (12.120)

in analogy with the vacuum AdSj3 case, where f(p) = 0 corresponds to = =
++/C. There are two possible branches for sin™!(0) in (12.119). Choosing
sin™'(0) = 0 gives B = 0, while choosing sin~*(0) = 7 leads to

—k
B=2 7K(lg). (12.121)

In the vacuum AdS; limit y — 1 (so & — 400), this second branch reproduces

the correct behavior: using the asymptotic expansion of K (k), we obtain

1
B — —log (—k) — +o0. 12.122
A (—k) ( )

e At the boundary p — oo, we require x — [. This fixes a:

1—x
2

p (12.123)
| = V/C'tanh <\/;F (W(poo)‘ k))

In figure 60, we show the resulting a(ty) for representative parameters. We

W(p — o00) = m — Arcsin

Y

see that o generally becomes complex around ¢y £ —!/. The small imaginary
part —i€’ ensures that the state is prepared as the vacuum and yields smooth

numerical plots.

Thus we obtain the geodesic

2(p; to) = v/C'tanh ( kg <W(p)‘ k)) (12.124)

X

A few comments are in order. First, the turning point p, depends on t, for generic
v < 9. For small 7, we expect that p;(ty) remains real and positive until it ap-
proaches p., which happens roughly around ¢y ~ —I. In this regime, p; and the
entire geodesic lie in the part of region Il where f(p) > 0; see figure 59. For later
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| — Re[a(ty)]

| — Im[a(to)]

Figure 60: Dependence of a(ty —i€’) on ty for I = 1,7 = 0.4,e = ¢ = 0.01. The
2

solid curve 1 — ;—8 shows the corresponding vacuum AdS; result (v =0, x = 1). The

figure is cited from [7].

times, the turning point enters the region where f(p) < 0, and may eventually reach
region I where p; becomes purely imaginary. This picture is accurate for sufficiently
small 7. However, for larger v (stronger coupling between system and bath), p,
can become a generic complex number after some time ¢y ~ O(l), reflecting the fact
that « itself becomes complex. In this case, the geodesic moves into another analytic
continuation of region I, rather than simply transitioning into region II.

Second, for sufficiently early times the geodesic can have time-like segments be-
cause parts of it lie in regions with f(p) < 0, leading to complex—valued holographic
pseudo entropy. In figure 62 we plot representative profiles of z(p).

The geodesic length is given by

- f(p)
Areallial = =2 [ Ao\ 5oy 100
K "

:[V%;n—xﬁwwwﬂ@+@a+x—UHUWWMWD ;

(12.125)

where

(12.126)

261



t 15f !
05? Re[p] 05%— Relp]
S |
I AN — Im[p¢] o) | = Im[p]
-10} —_— p 1 — p
-1 5 - 5 |
L =20 -15 -10 -05 00
-20 -15 -1.0 -05 0.0 t
t

Figure 61: Turning point p; as a function of ¢y. Left: v = 0.1; right: v = 0.4. We use
[ =1,e=¢€¢ =0.01. For small v, we see a transition from real to purely imaginary p;
around ty ~ —I[, whereas for larger v, p; attains generic complex values. The figure
is cited from [7]

5,
\ 1,0-/
08
3L
T — Re 06 1
Jf 1]
z | — Re[x()]
" ] Im
0 02 1 = Im[x(p)]
0 2 4 6 8 10 oy—_
p 0 2 4 6 8 10

Figure 62: Profiles of z(p) for ty = 5 (left) and ¢, = 0.5 (right). Parameters are
v =04,0l =1,e =¢€¢ = 0.0l. In both cases, x(p) approaches zero at p = p;.The
figure is cited from [7]
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We introduce a cutoff surface at p = p via

1
‘- . (12.127)

—to 1- f(poo)

This choice is convenient because the quantity under the square root is always
positive and reduces to the vacuum AdS result when v = 0. It provides a good
cutoff as long as |to] > e.

Using W(p;) = m and the identities

F(r—0|k)=2K (k) — F(0|k),

(12.128)
I (j;m—0k) =211 (j|k) — 11 (5; 0] k),

we arrive at

Areall'4] = ’/ W(poo))k:>+(2a+x—1)ﬂ (],W(poo))k:>>
(12.129)
As in the Euclidean case, we can use the identity (12.72) to obtain

Area[l'4] = \/ QQF(W )‘k> (20 +x - DI ( ‘
(12.130)
/G~ )](J 1)tanW (poo) _|_\/1—ks1n W (poo)

G=hkG=1) k)(] U tan W (poo ) —I—\/l—k:sm W (poo)

+ log

Using (12.123), this can also be written as

Area[l'4] = ;—;: (QQEarctanh(%) — (2a+x— DI (? W(poo)‘ k))
D a0 T () + /1 esin® W ()

—JEBED tan 1 (o) + /1 — ksin? W (p)

+ log

(12.131)

As illustrated in figure 63, the pseudo entropy obtained in this Lorentzian construc-
tion exhibits the same behavior as that obtained by analytic continuation of the
Euclidean model. This is consistent with the fact that, in our setup, the transition

matrix is the same in both descriptions.
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Figure 63: Time evolution of the pseudo entropy. We set v = 0.4,¢ = 0.01,7 = 1.
The reference value Sy denotes the vacuum entanglement entropy without defects,
So = £log 2.The figure is cited from [7]

12.3 Measurement-induced phase transition—like behavior in
holographic BCFT and its distinction from actual mea-
surement

In the above two examples we see that the interface or boundaries spreading in
spatial directions decrease the entanglement entropy, and this behavior is similar
to that of measurements. In condensed matter theories, there are nonequilibrium
phase transitions in chaotic Hamiltonians under continuous measurement, called
measurement-induced phase transitions. The measurement-induced phase transi-
tion is an entanglement phase transition. Suppose we have some many-body Hamil-
tonians and some measurement with a parameter which expresses the “strength” of
measurements. As a concrete example, in the original reference [234], they consider
unitary random circuit models with local Haar-random unitaries and measurements.

The measurement happens with rate p. They found that

1. for small 0 < p < p., the entanglement entropy for some subsystems grows
linearly S o t, similar to the quantum quench, and saturates after some time

with volume-law entanglement;

2. for the critical value p = p., the entanglement entropy grows logarithmically

Sy x logt;

3. for large enough measurement rate p > p., the entanglement growth becomes

constant S4 = const.

Similar behavior can be seen in a free fermion chain with stochastic Schrodinger
equations [235].

In these discussions, the essential point is the competition between entanglement
growth by unitary time evolution and entanglement decrease by measurement.

At this moment we may think that a similar entanglement phase transition can

be realized by holographic BCFTs or ICFTs. Since we know that the unitary time
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evolution from a smeared boundary state gives linear growth of entanglement, and
on the other hand we know that the final-state projection, i.e. the bra boundary
states in the Lorentzian time evolution, gives entanglement decrease. In [7], we con-
sidered Lorentzian path integrals with different boundary states |B(¢)) and |B(—¢)).
The parameter ¢ is an analogue of the measurement strength and is obtained by
inserting a boundary operator on the boundary. We then considered the following

path integrals in Figure 64.

7 (B(¢)]

9
I
)
N[

B(=9))

Figure 64: The model with different boundary states discussed in the above sections.

We consider the analytic continuation to the Lorentzian path integral, which
is one kind of generalization of the quench setup in 7.2. The holographic duals
of these path integrals are given by bulk AdS spacetime with an EOW brane and
a brane-localized matter theory. We compute the pseudo entanglement entropy
defined in the Lorentzian path integral and find that the following entanglement

phase transitions occur:
1. for ¢ < ¢uit, we see linear growth of entanglement Sy o t;
2. for ¢ = pey, we see logarithmic growth Sy o logt;

3. for ¢ > ¢, instead of linear growth, we see constant entanglement S, =

const.

This is very similar to measurement-induced phase transitions. However, it is not

the same, because
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e Measurement-induced phase transitions probe quantities that are nonlinear
in the density matrix, which follows a stochastic Schrédinger equation. Con-
cretely, we need to consider E[S, n.[p]] rather than S, x [E[p]] [235]. The latter
appears in the entropy of Lindblad equations. However, in our setup, at first
sight, there is no randomness, so it should be a different type of phase transi-

tion.

e Moreover, our phase transition concerns the pseudo entropy and not the en-
tanglement entropy. To be honest, it is not clear how the pseudo entanglement

discussion is related to that with continuous measurement.

However, at least one may possibly relate this to pseudo-Hermitian or non-
unitary CFTs. In [10, 11], we consider CFTs with non-Hermitian Hamiltonians.
In this case, we need to distinguish the ket and bra boundary states, denoted by
(B| and |B). Similar to the TFD states in imaginary Janus deformation, it holds
that (|B))" # (B|. In pseudo-Hermitian systems, interestingly, there exists a linear
operator V' such that

VHV™ = HT, (12.132)

and we can map the right eigenvector to the left eigenvector by
(EY| = (VE|ED), (12.133)
where K makes c-numbers complex conjugate. Then, with this operation, (VK |B)) =
(BJ.
The above discussion of the pseudo-entropy phase transition is for a Hermitian

Hamiltonian. If we consider some operator V' that effectively flips ¢ — —¢, we can

say

(1B # B(=¢)l,  (VIB(@)" = (B(-9)l, (12.134)

and obtain a similar boundary structure for the pseudo-Hermitian case. A more

concrete discussion will be an interesting future work.
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Part IV

Summary

13 Future problems and Conclusion

In this thesis, we have explored the deep connection between two seemingly distinct
problems in theoretical physics: the information loss paradox in quantum gravity
and the mechanisms of thermalization in quantum many-body systems. The key
framework that unifies these problems is the AdS/CFT correspondence, which re-
lates gravitational dynamics to non-equlbrium dynamics.

In Part II, we established quantitative relation between the eigenstate thermal-
ization hypothesis (ETH) and non-perturbative gravitational contributions such
as wormholes without randomness. By employing large deviation techniques, we
demonstrated that the long-time behavior of thermal correlation functions is uni-
versally governed by ETH, and that toy models of holographic many-body systems
necessarily satisfy the strong form of ETH in any spacetime dimension. Note that
our results based on the validity of inequalities (6.32) and (8.23) whose complete
proof are still in open questions. However, we are missing is more strong evidence
of existence of wormholes in higher dimensions. And also our treatment of degen-
eracy of spectrum in CFTs are not sophisticated. Especially, in two dimensional
CF'Ts possess many degeneracies coming from infinite number of conserved charges
called quantum KdV series [236]. To understand, the ETH with these charges and
its implication to bulk spacetime is one of the most important topic for this di-
rections [237]. This provides a resolution of Maldacena’s information loss problem:
the late-time deviation from semiclassical decay is not mysterious but encoded in
the exponentially small off-diagonal ETH matrix elements, which capture the same
non-perturbative gravitational physics responsible for wormhole saddles.

In Part 111, we extended holographic duality to open quantum systems, motivated
by Hawking’s original formulation of the information loss problem in asymptotically
flat spacetime. By coupling AdS gravity to a bath and introducing controlled non-
Hermitian deformations such as the imaginary Janus interface, we identified the
building blocks of a holographic correspondence for dissipative and measurement-
induced dynamics. This provides a concrete setting in which the two essential com-
ponents of open quantum systems acquire geometric interpretations in the bulk.
The future problem is constricting the Lindblad holography by combining all of our
results. For light primary case, it is easy but to see interesting evaporation behav-
ior we need to consider back reaction or wait very long time. This is challenging

problems.
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Overall, the results of this thesis demonstrate that information preservation in
quantum gravity is intimately tied to the microscopic structure of quantum chaos
and thermalization. These insights not only contribute to the foundations of quan-
tum gravity but also open new possibilities for studying non-equilibrium dynamics

in strongly coupled quantum matter.
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A AdS spacetime, geodesic and its length

A.1 Geodesic in AdS spacetime via embedding method

B AdS space

First we explain AdS space and asymptotically AdS space [69,70,238,239]. The
(d+1)-dimensional anti-de Sitter space AdS;;; is a maximally symmetric spacetime
with negative curvature and has the isometry group O(d, 2). Its Riemann curvature

tensor is )
R[G]apcp = 72
AdS

(GapGpe — GacGrp), (A1)
and it satisfies the Einstein equation

d(d —1)

2
L AdS

1
R[G]AB — ER[G] Gap+AGap =0, A=— (AZ)

AdSg.1 can be obtained as a hypersurface embedded in the flat space R%? with
signature (d,2). The metric of R%? is

d
dsiyy = mand XMAXN = —dX?) —dXg + ) dX2. (A.3)

a=1
AdSgy,, is described by the hypersurface

d
XMX NN = —(X1)” = (Xo)? + ) (Xa)? = —Lias- (A.4)
a=1
B Global coordinates
The embedding

X_1 = Lpqgs coshr, cos 1, (A.5)
Xo = Lags coshrgsin,, (A.6)
d—1
Xo = Laggsinhrg 0y, > 00, =1, (A7)
a=1
gives the metric
ds® = L} 45(— cosh’r, dr} +dr? + sinh®r, dQ3_,). (A.8)

At this point 7, € (0,27), so the geometry contains closed timelike curves. The
global AdS metric is obtained by taking the universal cover 7, € R. The conformal

boundary corresponds to r, — oo.

270



[ | Poincaré coordinates
The embedding

1
X = Z(22 + LQAdS + xaxbnab), (A.9)
L a
X, = A8 g=0,....d-1), (A.10)
z
1
X, = ﬂ(z2 — LQAdS + x“xbnab), (A.11)

gives the Poincaré metric
2 dz? + nepdzdz®
= = .

ds

(A.12)

The conformal boundary is at z = 0. The Poincaré patch covers only part of global
AdS.
B BTZ black hole

For the AdS3 case, any vacuum solution of the Einstein equation is locally equiv-
alent and obtained by a coordinate transformation and an appropriate compactifi-

cation. Here we consider the black hole case. The BTZ black hole metric is

(r* =) (r? —1?) LA 4s1° o 2
d2:_ + dt2 AdS d2 Qd_ dt '
° r2 * (r2 —1r2)(r2 — %) v de Lagsr?
(A.13)
The mass and angular momentum are given by
2 2
2r r_
M=o (A.14)
LAdS LAdS

The embedding into R*? with coordinates Xy satisfies

—(X1)? = (X0)* + (X1)* + (X2)? = —Ligs,
ds? = —(dX_1)? — (dXp)? + (dX1)? + (dXL)%

(A.15)
and
X_1 = Laas/A(r) cosh ¢,
Xo = Laasy/B(r) sinh{, (A.16)

X1 = LAdS\/ A(r) sinh qg,
Xy = Lagsy/ B(r) cosht,
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where

2 —r? 2 — 2
A(I‘): 2 2 B(r):A(r)_]-:Q—JQra
Iy =1 I —I- (A.17)
. Ty r_ ~ Iy r_
t= t = — t
Lags  Laags ¢ ¢ Lags ¢ Lags
For simplicity, set r_ = 0. The metric becomes
ds® = —(r* — r3,)dt* + —Lids dr? + 1% d¢?
" r? -1y (A.18)

= L34s dp” + 13 (—sinh?® pdt? + cosh? pd¢?),

where r = ry cosh p.
The mass, angular momentum, and Hawking temperature are

1"2 Iy
M= J =0, Ty =p"'= . A.19
Lias " 27 Laas ( )

The embedding becomes

X = LAds— cosh < ) Ads cosh p cosh (
Laas Lpas
— 12 t t
Xo = Laqgs 2 H inh < il ) = Lagqs sinh p sinh il ),
Iy Las L aas (A.20)
X = LAdS_ sinh ( ) Laqs cosh p sinh ( )
r2 Iy t
X9 = Lags  cosh ( = Laqs sinh p cosh < )
\/ Laas
Boundary metric:
For large po,
2po
ds? ~12 © (e +de?). (A.21)
To understand the global structure, introduce coordinates (U, V'):
4s? — —413 4 dUAV +1%,(1 — UV)%d¢?
(1+UV)?
= % —dr?* +dp® + 2C0527d92 A
cos? [ LAdS (A.22)

2
= [R4s (dy2 + cosh?y ( dr? + ( ) cos® 7 d02)> .
Laas
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The transformations are

V =tan (H_TM), U = tan (T;'u), (A.23)

sin u = tanh y, Cos i1 = (A.24)

The embedding coordinates become

1-0V 19240 CoST rgo ry¢
X 1=1L h =L h =1L h h
1 ST CoS ( LAdS) Ads . cos ( s Ads cosh y cos T cos T )’

V+U sin T

Xo = e ——— =L hy si

0 AdS LUV AdS 08 11 Ads COSLYy SIN T,

1-UV

X1 = LAdS sinh ( rH¢ ) = LAdS cosT sinh ( rH¢ ) = LAdS COShyCOSTSiHh < I'qu ),
1+U0V AdS COS [4 AdS AdS
V-U .

Xy = Laas = Lagstan g = Lags sinhy.

(A.25)

A.2 Geodesic length of AdS spacetimes
Recalling that AdS space can be obtained as a hypersurface embedded in a flat

spacetime of one higher dimension, the problem of computing geodesics in AdS is

equivalent to solving the following constrained variational problem:

S = /ds L(XM(s)), L= %nMNXMXN — A(s) F(X™M), (A.26)

F(X™) = nun XMXN 4+ L2 6. (A.27)
Here XM = dXM/ds, and the normalization condition
XMXy =46 (A.28)

is imposed. The cases 6 = 1,0, —1 correspond respectively to spacelike, null, and
timelike geodesics. Below we consider the spacelike case.

The equations of motion for X™ and ) are

XM oA XM =, (A.29)
XMXn+ Ligs = 0. (A.30)
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Differentiating the constraint twice gives
XMxyy=—XMXy = —1. (A.31)

Using this together with the equation of motion, we obtain

1

A(S) = ———. (A.32)
2L3as
Substituting this back into the equation of motion yields
M L oM
XV ———X" =0, (A.33)
Lias
XM:pMCOSh( i )—l—quinh( i ), (A.34)
Laas Laas

where pM and ¢M are constant vectors in (d+2) dimensions. The constraint implies

that they are not independent:
PMpm = —¢Magn = _L/-Q\d57 PMam = 0. (A.35)
We shift the affine parameter s so that it vanishes at one endpoint P:
™M= XM (A.36)

Let the other endpoint be (), where the affine parameter takes the value sq.
Taking the inner product of

XM — Mcosh<S—Q> + Msinh( °Q ) A.37
@ =P Lags 1 Lags ( )
with XM yields
XMxN
Cosh( °Q ) — DPCQIMN (A.38)
L aas LAdS
Furthermore, we obtain
M 1 M 5Q M
¢ =—F—<X5 — cosh( )XP . (A.39)
sinh(S—Q> Laas
Laas

The geodesic length is simply the on-shell action and is given by

/ VAX - dX = sq = Laascosh™ (—w). (A.40)
P

L AdS

274



For example, for Poincare coordinate the geodesics distance connecting two points

P and @ is given by

Z2 + Z2 + o xa _ xa xb _ .Tb
Dist(P : Q) = Laas cosh™ ( P AT o Q)< P Q) ) (A.41)

2zpzq

For blackhole coordinate (A.22), the geodesics length between the two points P =
(yp, 7P, 0p), Q = (yo, 70, 00) is given by
Dist(P : Q)

cosh
Lags

= —sinh yp sinh yg + cosh yp cosh yg (Sin Tp sin 7g + cos Tp cos T cosh (LrH (Op — HQ)) > .
AdS

(A.42)

B Proof of Canonical typicality

1. The key technical tool is the following version of Lévy’s lemma: Let F' be a
continuous real-valued function defined on the sphere S?. Let £ denote its

Lipschitz constant, i.e., the minimal number C such that, for all ¥, ¢’ € S¢,
|F (1) = F(")] < Cly — 4] (B.1)

Let Prob[P] denote the probability of a condition P with respect to the uniform

measure on S?. Then for any € > 0,

d+1

Probl[F(0) — F(u/)| 2 d < 2exp |~ 15| (B.2)
Applying this lemma to

F@) = [lpg = pimellr, (B.3)

we see that the Lipschitz constant satisfies £ < 2. Indeed,
[F() = F@)P = llpf = pXells = o2 — pXells|” (B.4)
<llpy —pipll3 (B.5)
= [ Trxe(l) (| — [&') (W' DI (B.6)
<19 (ol = [ I3 (B.7)
= 4(1= 1wl F) = dh = 'P, (B.3)
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The steps use, respectively, the triangle inequality for the trace norm, mono-
tonicity of the trace norm under CPTP maps (in particular under partial

trace), and the relation between trace distance and fidelity. Hence £ < 2.

. We next prove the bound

E[F()] = E{llpy — pme™h] < (B.9)

where

1 @[, xc
Defme 1= —————— = 57 lome]. B.10
e = () (B-10)

Using the inequality between the trace norm and the Hilbert—Schmidt norm,

Elllpy — piolli] < VDx E[llo} — pitella], (B.11)

and by convexity of the square root,

B[l - rkle] =B |y/Te (o3 — )] (512
< T [E[(0F - pX)?]). (B.13)

We now compute
E[(py — pmc)’] = E[(p3)7] = (pmc)*- (B.14)
Introduce a copy T'= X ® X¢and T" = X’ ® X'°. Then
Try [(pX)2] = Trxw [pw ® p SWAPXX,], (B.15)
where SWAP x x/ acts as

SWAPxx [0)x IX)xr = [X) x [9) x - (B.16)

Averaging over the Haar measure and using

1
Dgap(Dpap+1)

(0nmOpg + OngOmp), (B.17)

* * —
E [cncmcpcq} =
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we obtain

1
D ap(Depap+1)

Ell¥) (¢lp @ [9) ($lp] = (Ipgr + SWAP7rr).  (B.18)

Hence,
1
E[Trx[(py)?]] = DrasDoan i 1) Trrr [SWAPx x/ + SWAP xexer] (B.19)
< Trx [(pme)’] + Trxe [(ome)’]- (B.20)

Substituting this gives the bound (B.9).

. We now prove the auxiliary bound

Dx
Degre < . B.21
i Dgar ( )
Indeed,
Trxe [(piee)?] < lloielloo Tr[pime] (B.22)
= [lpme lloc (B.23)
AL (B.24)
|pyeH xe
1
S <¢1HT\¢>] (B.25)
E,AE |p)EH xc
Dx
_ , B.26
Dgag ( )

establishing (B.21).

. Applying Lévy’s lemma with n = 2Dg ap—1, F(1) = ||p} — pixcll1, and € = 2,

we have
1
Prob[|llp = pmelli = E[lloy — pimclh]| > €] < 2exp { o Dpar 621.
(B.27)
Hence,
Prob[llpf - pifclll > €+]E[||pw pmcll H (B.28)
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Combining this inequality with Lemma (B.9) and Lemma (B.21) yields canon-
ical typicality.

C Case without non-Resonant Condition

Up to this point, our analysis has relied on the non-resonance condition (5.46).
In particular, any conformal field theory inevitably violates this assumption, since
the underlying conformal algebra generates harmonic energy spacing. For instance,
in two-dimensional conformal field theories, each primary state |h,, h,) possesses an
associated tower of descendant states with energies h,+h,+N+N for N, N € NU{0}.
Consequently, there are numerous pairs of states with fixed energy differences such
as b, — E,, = 1.

In fact, we can extend the theorem (5.4) so that it remains valid even without

imposing the non-resonance requirement.

Theorem 17. Let € > 0 be arbitrary, and take any initial state |vo) € Hpap to-
gether with any bounded operator O € B(H). Assuming nondegeneracy of individual

energy eigenvalues® , the following bound holds:

2T D 3
(001 00) [6(0) - O] | < dallOf &+ P22 A o),
(C.1)
where dg denotes the mazimal degeneracy of energy gaps:
dg = 5, A%, {(Ex,E) € Egap | En — En = E, — E}. (C.2)
A second inequality also follows:
e 2 (5 (Dpap)?
(001 00) [6(0) - T | < inf(S(0) 1012 (4 22282 A o),
(C.3)
where
5(8) = =000 (25 P (C4)

and Z (B +it) denotes the analytic continuation of the thermal partition function.

The proof follows essentially the same reasoning as the inequality derived in [240].
A detailed derivation is provided in Appendix C.1. The key outcome is that large
degeneracies of energy gaps obstruct equilibration when probed through this type

of inequality.

2TEquivalently, we may regard O as confined to an appropriate super-selection sector if the
Hamiltonian displays degeneracy.
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As an illustration, let us determine dg in conformal field theories. In a generic
CF'T without special structure, dg effectively counts the number of eigenstate pairs
with energy difference E,, — F,, = 1. Each primary of conformal dimension A,
generates a conformal family, and such a family contains roughly |[E + AE — A,

degenerate descendant contributions. This yields

da= Y dA) [E+AE-A,], (C.5)
E<Ap<E+AE

with d(A,) the multiplicity of primaries of weight A,. An upper bound follows:

de< Y dA)E+AE-A)<AE Y dAy). (C.6)

E<Ap<E+AE E<Ap<E+AE

Using the known estimate [241],
dg < AF eSme(E)+000g Sme(E)) (C.7)

which holds for large E and large central charge.

In holographic settings, one may take € = 027 = O(e*mSmC(E)) with vy < %
Choosing AE < O(e’V/SmC(E))) for any +' > % guarantees equilibration for all initial
states within the shell. Since the width of the energy shell must remain large enough

Loy <1

to contain exponentially many states, we require 7/ < 1, and suitable 3

can indeed be arranged.

A parallel reasoning may be applied to the second inequality (C.3). In a general
chaotic theory, | Z(8 + it)|? relaxes to Z(28), and one estimates S(3) ~ e2#(F=F) ~
e2B5me(E) wwhere F is the free energy. In this situation, a yet smaller value of AE
becomes necessary.

Throughout the above arguments we did not incorporate the influence of degen-
eracies in the energy eigenvalues themselves. When O carries no charge under any
symmetry, including quantum KdV charges, the preceding treatment suffices. Ac-
tual CF'Ts, however, generally exhibit degeneracy, and thus a more refined analysis

is required when considering operators of broader type.

C.1 Proof of Theorem 17
We now sketch the proof of Theorem 17. The logic closely mirrors that of [240].

Here we refrain from imposing the non-resonance condition, while still assuming

non-degeneracy of the energy eigenvalues. We begin by considering the variance of
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the long-time average:

WOIOWW) - OO | = Y etEEEE

(1En)|Em))EER AR
(B ED)EEL AR

X cnCrcrC] (Em| O |E,) (Ex| O |E) .

(C.8)

Introduce a composite index a = (n, m) with n # m, together with

Mg = e (Bn—Bu)~ (BB
’ (C.9)
Vo = CnCry (| O |Epy) .
Then the variance rewrites as
(WO (1) = WO Oy (t)) ’ =D viMagvs < |IM|| Y viva,  (C.10)
o,B e

where ||[M]| denotes the matrix norm, and from the definition of dg we have the
upper bound

M| < max 3 [Ma| < do (C.11)

The quantity ) viv, can be controlled exactly as in Appendix 5.4.1. Another
estimate is obtained by

U:Magvg S ‘Ma5‘2 UaU;. (C.12)
o< 5
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The squared Frobenius norm of M satisfies

M5 =D [Masl”
aMB

< Z _i((En—Em)—(Ek—El))tTei((En—Em)_(Ek—El))tT

(1B, | Bm) | E1), | Ek))EEL Ap
_ e~ U (En—Em)—(By—E))(t=t')

lim d’f/ 2

(IBn),| Em),| E0),| Ex)) €€ A
T

< lim 1 df BETAR) Z ¢ B(En+ Em+E+Er) —i((En—Em)—(Ex—E))t
T T T 0

< cAB(E+AE) (’Z(ﬁ+it)‘2)2
(C.13)

D Numerical evidence for the upper bound (6.32)

We now comment on the bound (6.32)

T(1+m) s 11 [ (—ap)™ - A
{mk}émmax (1 — s)m+l g <—mk! ) < exp{Zs — ;tkaks } (D.1)
Since at s = 0, the left hand side is zero and right hand side is one we obtain the
inequality. The problem is when the inequality break down since the left hand side
is asymptotic series. We can numerically confirm the inequalities for small M with
moderate ag, Mmax and t;. For simplification we set a; = gopo?* = y* with y = %

where S = Poly(Suc). Then the left hand side is simplified
S CE

<LHS>=:§§%¥§E§2§ym > II(

{mr}: 3Ly kmp=m k=2

With a choice t, = 6/2* the right hand side is

(RHS) = exp{Qs — 6<£>2iyj/1_1} (D.3)

We show some numerical tests in Figure 65, Figure 66 and Figure 67. In the first
plot, we see the RHS exceeds LHS for s < 1/2 with y = 0.1. When we increase
M and mpyax, we observe the region where the inequality is valid is geeing narrow
as in Figure 66. Once we make y smaller then the inequality recovered. From

the usual discussion of the asymotic series, we expect the inequality is valid for
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M =10,y = 0.1, myax = 10

15 -o- LHS
RHS

0.1 0.2 0.3 0.4

Figure 65: The plots of LHS and RHS with M = 10,y = 0.1, my.x = 10.

M =30,y = 0.1, Myax = 30

30+ -o- LHS
RHS

S

0.005 0.010 0.015 0.020

Figure 66: The plots of LHS and RHS with M = 30,y = 0.1, myax = 30.

—O(Sme

M < mpax = O(1/y). In the physics discussion, we set y = e ), and we expect

we can set M and my.y to be ¢@Eme),

E Numerical evidence of the inequality (8.23)

We now address the conjectured inequality (8.23). The statement is following: con-

sider the two positive functions for vectors x = (x9, 3, ,xr)

Co(py e L (29)! T
G = gy 2 w1

{nk}:22) knk=q '

k=2

(E.1)

['(q)

ECD)(z) = Z I'(m + q) H mlk‘ (—ag)™
k=2

{mi}m<mmax

where indices n mean the function is normalized by 1/291¢!. For sufficiently small

x and for some positive integer my,.., we have

G2 () < B2 (). (E2)
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M =30,y = 0.01, mpax = 30

-o- LHS
15 RHS

0.1 0.2 0.3 0.4 S

Figure 67: The plots of LHS and RHS with M = 30,y = 0.01, mya, = 30.

For numerical calculation it is better to rewrite the summation to resolve the con-
straint. For function G\ (x), by using the relation ny = ¢ — > 1_, kny, and for

we have

specific case ['y, = %,

Coeffg(n ) ,
(2(1 — G 1 n
G 2q+1q| Z ((21) y

q— n1 )‘

o 1
Coeff(;(nl) = Z HZZQ((an)!)nk (nk)!

At )l —
n2, Mgid o kng=n}=q—m

@
where y = —=28 which is very small. Also for E&?, with identification go), =
=€ lop = — 55 = % and 0% = G((Ji)n’ﬁ , we have
Mmax F(q + m)
ER9(y) = ———Coeff m
) = 3 S Coelietmy
- " 5 ] (E.4)
Coeflg(m) = _
Mo, ,mM:ZiM_2 kmp=m HZ:2 (mk)'
We see y =0
2q — 1!
Gy = 0) = % <1=E(y=0). (E.5)

We set plots in Figure 68, 69, 70 and 71. We see the inequality is valid for large
enough Mmpy.., M and small enough y. For fixed ¢, when we small m,,, and M,
we see the earlier violation of inequalities. By making m,.x and M, we recover the
inequalies. We put the plot of crossing points of two function in Figure 73. We
find that the crossing points are given by ys01(¢) ~ 1/g. Note that we do not show

O(Smc)

the inequality for large ¢ = ¢ with physical value of Sy, and this is important
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open question.

M = 100, Muax = 5,q = 10

-o- LHS
06 RHS

0.002 0.004 0.006 0.008 0.010 y

Figure 68: Plots of G? and E(*? with M = 100, myax = 5, ¢ = 10.

M:5vmmaxz5aq:20

-o- LHS
06 RHS

0.002 0.004 0.006 0.008 0.010 y

Figure 69: Plots of G\2? and E(? with M = 2, mumax = 2, ¢ = 10.

M:2ymmax:27q:20

150

100

-o- LHS
50 RHS

-100

Figure 70: Plots of G?? and E(? with M = 2, Mmax = 2,q = 20.

284



M=5ammax:5aq=20

-o- LHS
06 RHS

0.002 0.004 0.006 0.008 0.010 y

Figure 71: Plots of G? and ES? with M = 5, myax = 5, ¢ = 20.

M =11, mpax = 11,q = 22

6 -o- LHS
RHS

0.01 0.02 0.03 0.04 0.05 0.06 y

Figure 72: Plots of GV and EP? with M = 11, mupax = 11, ¢ = 22.

o
0.15 °
VS
)
R , 010+
p—
2
> %o
0.05+
[ )
0.00t . | | | | | | =
5 10 15 20 25 30 35 40

q

Figure 73: Plots of crossing points of G2? and EX? up to g = 40. We set My =
M = |q/2]. The red curve denotes ysol(lo)%. In some ¢ we cannot find solutions.

For example there is no solution at ¢ = 22. See Figure 72.
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