QUANTUM ASPECTS OF BLACK HOLES: THE
BAGS OF GOLD AND MONOGAMY
PARADOXES

A thesis
submitted to the

( tifr
Tata Institute of Fundamental Research
Mumbai, India - 400005

for the degree of

Doctor of Philosophy
in Physics

by
Joydeep Chakravarty

(Advisor: Suvrat Raju)

International Centre for Theoretical Sciences

Tata Institute of Fundamental Research
Bengaluru, India - 560089

May, 2022
(Final Version Submitted in September, 2022)



DECLARATION

This thesis is a presentation of my original research work. Wherever
contributions of others are involved, every effort has been made to indicate
this clearly, with due reference to literature, and acknowledgement of
collaborative research and discussions.

The work was done under the guidance of Prof. Suvrat Raju, at the
International Center for Theoretical Sciences of the Tata Institute for
Fundamental Research, Bengaluru.

Joydeep Chakravarty
Date: | 3[ o9 12022,.

In my capacity as the supervisor of Joydeep’s thesis, I certify that the
above statements are true to the best of my knowledge.

. N
%\J\M s Voo

Prof. Suvrat Raju
Date: \3\ o1 {2@}%



1il

List of publications

Publications relevant to the thesis:

e Overcounting of interior excitations: A resolution to the bags of gold
paradox in AdS [1]
Joydeep Chakravarty
arXiv: 2010.03575 [hep-th], JHEP 02, 027 (2021)

« Monogamy paradox: A toy model in flat space [2]
T. Chakraborty, Joydeep Chakravarty, P. Paul
arXiv: 2107.06919 [hep-th]

Other publications:

« Nonlinear Langevin dynamics via holography [3]
B. Chakrabarty, Joydeep Chakravarty, S. Chaudhuri, C. Jana, R. Loganayagam,
A. Sivakumar
arXiv: 1906.07762 [hep-th], JHEP 01, 165 (2020)

o Critical exponents for higher order phase transitions: Landau theory and
RG flow [4]
Joydeep Chakravarty, D. Jain
arXiv: 2102.08398 [cond-mat.stat-mech], J. Stat. Mech. 09, 3204 (2021)

o Small corrections to semiclassical gravity and their role in information
paradoxes [5]
Joydeep Chakravarty
arXiv: 2105.09924 [gr-qc]

« Normalization of D instanton amplitudes in two dimensional type 0B
string theory [6]
Joydeep Chakravarty, A. Sen
arXiv: 2207.07138 [hep-th]

« On the positivity of Coon amplitude in D=4 [7]
Joydeep Chakravarty, P. Maity, A. Mishra
arXiv: 2208.02735 [hep-th]


https://arxiv.org/abs/2010.03575
https://link.springer.com/article/10.1007%2FJHEP02%282021%29027
https://arxiv.org/abs/2107.06919
https://arxiv.org/abs/1906.07762
https://link.springer.com/article/10.1007%2FJHEP01%282020%29165
https://arxiv.org/abs/2102.08398
https://iopscience.iop.org/article/10.1088/1742-5468/ac1f11
https://arxiv.org/abs/2105.09924
https://arxiv.org/abs/2207.07138
https://arxiv.org/abs/2208.02735

iv

Acknowledgements

A=A TTEATET 772 T =0T |
TARATIST: IS T2 FTARHT 7 |

Translation: One gains quarter of their knowledge from their acharyas (mentors),
quarter from their own self-study and intellect, quarter from their peers and the remaining

quarter is gained with time.

Regarding mentors, I am deeply grateful to Suvrat for his help and guidance during my
graduate studies, for valuable suggestions and assistance which have shaped my research
career till date, and which will keep shaping the same in the future. I am also deeply
grateful to Loga from whom I have learnt a lot about various aspects of physics, and
for various important discussions that shaped my research philosophy. Both of them,
through different means, encouraged me to develop a better understanding of physics
from various viewpoints, and use the same to analyse new developments and explore new
connections. I am also thankful to Spenta for sharing his deep physical insights and

valuable assistance, and also to Ashoke for teaching me various aspects of string theory.

I am also indebted to my peers, some of whom are my collaborators as well. I have
learnt many different aspects, both academic and non-academic from them. In particular
I deeply thank Diksha and Akhil, many discussions with whom have enriched my under-
standing of high energy physics, and from whom I have probably learnt the most among
my peers. Similarly, I am also highly grateful to Chandan, Arnab, Tuneer, Priyadarshi,
Omkar and Victor, each of whom have helped me understand different strands of string
theory and quantum field theory. I also thank Varun, Manisha, Kohinoor, Santhosh, Ba-
sudeb, Parita, Sowrabh, Kasi, Sugan, Prashant, Ajit, Srikanth, Uddeepta, Bhanu, Souvik,
Shivam, Pronobesh, Siddharth, Chandramouli, Amiya and Aditya; and other members
of the string group and the football group for various academic and non-academic dis-
cussions. I sincerely apologize if I have missed out on any names due to my short-sighted

memory.

I thank my parents for always encouraging me to pursue higher education inspite of
our humble situation early on, which they still consider as a duty. I also thank Diksha for
her generosity to help at any point of time, and being a constant source of excitement in
life. T am also grateful to my undergraduate friends Abhinav and Love, whose impact on
my outlook is way too "based" to be described, as well as Bhati, Akshay and Takki. Lastly,
I acknowledge gratitude to the people of India for their steady and generous support to

research in basic sciences.



Abstract

In this work, we address some puzzles about the black hole interior from the bulk
perspective. In the first part, we discuss how black holes in AdS can host an enormous
number of semiclassical excitations in their interior, which is seemingly not reflected in
the Bekenstein Hawking entropy. In addition to the paradox in the entropy, we argue
that the treatment of such excitations using effective field theory also violates black holes’
expected spectral properties. We propose that these mysteries are resolved because appar-
ently orthogonal semiclassical bulk excitations have small inner products between them,;
and consequently, a vast number of semiclassical excitations can be constructed using the
Hilbert space which describes black hole’s interior. Further we verify our resolution using
consistency checks using the dual CFT. In the second part, we discuss a toy model in
empty flat space which captures the essential features of the monogamy paradox for old
flat space black holes within a clean calculational framework. The chief non-trivialities
here are a consequence of flat space gravity having a unique vacuum and infrared struc-
ture, say in contrast to AdS. We formulate the paradox in terms of monogamy of CHSH
correlations, which we use to quantify the monogamy of entanglement, and use it to write
a sharp statement of the violation of the monogamy of entanglement. We argue that the
resolution of the paradox is that the Gauss constraint is not properly taken into account

while posing the monogamy paradox.
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Chapter 1
Introduction

A major, if not the most significant, development in 20th-century physics has been the
development of the formalism of quantum field theory, which is the adequate formalism
to study different aspects of high energy physics. In particular, a significant revelation in
the development of this formalism was the advent of effective field theory, which enables
us to describe physics using a description conveniently (e.g., a path integral description)
that is valid in a chosen energy range.

Another significant development in 20th-century physics was discovering and further
studying the general theory of relativity, which works very nicely as a classical theory.
However, providing a consistent formulation wherein the classical general relativity theory
has an underlying quantum mechanical description has proven tricky, with only a few solid
promising avenues. There are many issues related to quantum gravity, and some of them
are apparent at the level of quantum field theory on background spacetime itself. An
important subclass of these problems arises when the background spacetime is a black
hole.

In this regard, although originating from a different perspective of bootstrapping the
S-matrix, string theory emerged as a strong candidate that describes gravity and low
energy effective field theory in terms of underlying strings and other extended objects. In
addition, string theory has provided insights into intricate relationships between entirely
different theories, referred to as dualities.

Despite the tremendous progress that string theory has offered, we cannot completely
understand the consequences of a stringy description when formulated in arbitrary back-
grounds. Nevertheless, we can exploit the resulting dualities and other state-of-the-art
tools better to understand traditional problems and newer aspects of quantum gravity.

In this regard, AdS/CFT [8-10] has provided us a robust framework to decipher
features of black holes and quantum gravity in AdS in terms of boundary non-gravitational
observables. The hope is that many of the issues arising in quantum gravity will be
clarified with progress in fundamental aspects of string theory.

Regarding quantum gravity, black hole information paradoxes [11-13] have tradition-

1



2 CHAPTER 1. INTRODUCTION

ally served as beacons in the dark regarding physicists’ quest to understand quantum
aspects of black holes. Such paradoxes constitute an inter-related web of puzzles that
arise due to the existence of the event horizon. Some important works discussing the
black hole interior are [14-33].

In particular, the study of paradoxes related to the black hole interior is a promising
avenue for understanding quantum mechanics in the black hole interior and for a precise
realization of how quantum information is encoded in gravity. With this motivation, the
chief objective of this work is geared towards understanding certain aspects of quantum
gravity, guided by insights from the AdS/CFT correspondence and canonical gravity. In
this light, the central theme of this thesis is to pose two such paradoxes: the bags of
gold paradox [34] and the monogamy paradox [12, 35] using bulk effective field theory,
and to precisely understand what goes wrong while using such a description. Much of
the motivation and intuition behind such modeling comes from the setup of AdS/CFT.
These paradoxes serve as valuable frames of reference illustrating the interwoven web of

mysteries regarding the black hole’s interior.

A very brief overview

We will briefly summarize these aspects now, which we will motivate and further delve into
in the rest of the introduction. In [36], we investigated how single-sided and eternal black
holes in AdS can host an enormous number of semiclassical excitations in their interior,
naively leading to an entropy much larger than the Bekenstein-Hawking entropy. This
paradox in entropy is known as the bags of gold paradox and is visually represented in
Fig. 1.1. We argued that the EFT treatment of such excitations also violates the spectral
properties expected of black holes.

Using state-dependent maps [33] from the dual boundary theory to the bulk gravita-
tional theory, we concluded that these mysteries are resolved because seemingly orthog-
onal EFT bulk excitations have small inner products between them. Consequently, we
can construct many excitations using the EFT Hilbert space describing the black hole’s
interior, giving rise to a far greater entropy than the Bekenstein-Hawking entropy. As a
test, we also demonstrated our proposed resolution in the context of small N toy matrix
models.

Apart from the bags of gold paradox, which small corrections to the inner products
can potentially cure, we also studied a paradox that cannot be resolved using small
gravitational corrections (as in the case of small inner products) but requires corrections
of order one. In [37], we investigated a toy model in empty flat space, which captures
essential features of the monogamy of entanglement paradoz [12, 20] for old flat space black
holes within a clean calculational framework. We formulated the paradox in terms of the

monogamy of Bell correlations, which we used to quantify the monogamy of entanglement.
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Within EFT, we showed that the entanglement of smeared bulk modes just outside
a light cone with modes just inside the light cone and with modes situated at the past
of future null infinity gives rise to an O(1) violation in the monogamy of entanglement.
These regions mentioned above are denoted in Fig. 1.2. We argued that the resolution
of the paradox is that spatially separated observables probe the same underlying degrees
of freedom, i.e., such observables act on a non-factorized Hilbert space.

In our work, we will see that studying puzzles regarding the black hole’s interior allows
us to better understand specific issues related to gravity. We hope that a study of such
inconsistencies leads to an enhanced understanding of quantum aspects of gravity and
quantum mechanics of black holes.

In the later part of this chapter, we will describe the paradoxes first, stating the
underlying motivations and the problem statements. We will also briefly motivate our
resolutions to the paradoxes while not going too deeply into technical aspects, so that
reader can skim through this trailer and expect what lies ahead in the rest of the work.
Later on, we will give a technical overview of some of the pre-requisites in §2 and analyze

the paradoxes in significantly more detail afterward in §3 and §4.

1.1 The bags of gold paradox

The Bekenstein-Hawking entropy is a coarse-grained thermodynamic measure that states
that the entropy of the black hole is proportional to its area [38, 39]. It tells us that
a microscopic description of the black hole exists, with the number of the constituent

microstates being the exponential of the entropy.

A

Spiy = T (1.1)

A thorough understanding of black hole microstates’ features is a fundamental question

in itself with important implications for quantum gravity.

1.1.1 The paradox

We will briefly discuss the paradox now, which is essentially a question about the correct
counting of these microstates. Specific spacelike slices which go inside the black hole
interior become very large in volume for a choice of boundary time. Therefore these
slices can host a considerable number of semiclassical excitations far higher than what
the Bekenstein-Hawking entropy suggests, which leads to the paradox. We select these
excitations such that they live far apart from each other on the Cauchy slices, thereby
having zero spatial overlaps. The central question raised by the paradox is: How do we

understand these states in the interior, given that they are seemingly not reflected in the
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Figure 1.1: The left figure displays the maximal volume slices for the eternal AdS Schwarzchild black hole.
The volumes of these slices increasingly grow with boundary time ¢ thereby becoming very large at late times.
The right figure demonstrates the bags of gold paradox for the eternal black hole on the maximal volume
slices. We can accommodate an increasingly vast number of excitations placed far apart from each other on
these slices which leads to the paradox.

Bekenstein-Hawking entropy?

In our analysis, we work with black holes in AdS, where we formulate the paradox
on "nice spacelike slices" of AdS black holes. These slices stay away from singularities
and significant curvature invariants everywhere. We pose the bags of gold problem in
this spacetime, allowing us to utilize the AdS-CFT machinery to dissect the problem.
We consider the eternal black hole [40] first, where we will demonstrate the paradox to
its greatest extent by considering slices which possess the largest volumes for a given
boundary. Maximizing the spacelike volume for a given value of the boundary time
constructs the aforesaid nice slice. The salient feature of such a slice is that its volume in
the interior becomes increasingly large as the boundary time grows. Consequently, at late
times we have slices with gigantic volumes. On these late time slices, we will fit in a high
number of semiclassical bulk excitations placed spatially far apart from each other such
that they have zero spatial overlap, and consequently are independent of each other. The
number of such excitations is much more extensive than what is stated by the Bekenstein-
Hawking entropy, which leads to our paradox. Figure 1.1 displays the physical picture
of the paradox. We are thus led to the question: Given that the Bekenstein-Hawking
entropy is the area divided by 4, how do we account for the ever-increasing number of
bulk excitations? Stated differently, does the entropy in equation (1.1) correctly count

all these excitations or not?

In addition to the standard formulation of the bags of gold paradox as described
above, we also argue that the effective field-theoretic description of the bags of gold
excitations is inconsistent with the late time description of black holes using random

matrix ensembles [19, 22, 41-49]. We will study spectral observables such as the energy
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level spacing distribution and the spectral form factor, which we expect to behave in
specific fashions for Gaussian unitary ensembles [41, 50-52]. We will show that an EFT
description of bags of gold excitations will violate these observables’ expected features

either qualitatively or quantitatively or in both fashions, thus leading to inconsistencies.

1.1.2 Proposed Resolution

Our proposed resolution to the above paradoxes is that we have tremendously overcounted
the bulk states in the interior. Semiclassical bulk states placed far apart from each other
in the interior are seemingly orthogonal. However, these states have small and significant
inner products between them, which deviates from the semiclassical expectation of zero
inner products. This is because in gravity, two coherent states corresponding to even
vastly different classical configurations have a small non-vanishing inner product. In other
theories such as a theory of electrodynamic interactions, two such coherent states can have
a vanishingly small inner product. In contrast, the inner product between coherent states
in gravity does not go to zero but saturates to a number that is larger than O(e’%). The
non-vanishing of inner products between two sufficiently distinct coherent states is the
primary reason leading to overcounting.

More generally, we will show that the maximum number of vectors with small inner
products that can be accommodated in a Hilbert space is exponentially larger than the
dimension of the Hilbert space. This kinematical statement justifies the existence of an
enormous number of interior bulk excitations leading to our paradox. As an example, if
the bulk Hilbert space’s true dimensionality is ¢ and the inner products between bulk
excitations are of order e‘g, i.e. greater than O(e‘g); then the maximum number of

bulk excitations (m) with such small inner products is a vast number given by ':

el
m~ e’ x exp{(a;}. (1.2)

If we consider even a small system with dimension ¢® = 3.6 x 10° with inner products

of the order e~7 then we can fit in up to 10° x 3%

vectors in the Hilbert space which
is a huge number, far more sizeable than the number of atoms in our known observable
universe (~ 107 - 10%2),

We will pause here to discuss some points. A natural extension to our present discus-
sion is to study the paradox for single-sided black holes. We will do so using a setting
similar to the eternal black holes, which we display in Figure 3.3. We advocate the same
resolution for the single-sided paradox as we have for the eternal case. Another point is
that there exists an entirely different way to arrive at this paradox. The paradox also

arises if we glue inflating or FLRW regions inside the interior by using junction conditions

183.2 gives the details of this calculation.
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[53-57]. These glueings result in similar spacelike slices which have huge volumes in the
interior. As a consequence of the paradox, it is also argued that the CFT does not con-
tain the interior states. In our work, we assume that a state-dependent map reconstructs
the black hole interior, thus describing the states behind the horizon [29-33]. Thus, by
definition, the CFT captures our bulk interior excitations. On a related note, [58, 59] also
discuss various subtleties regarding the problem of large interior volumes and advocate a

similar resolution.

1.2 Monogamy paradox in flat space

Next, we move on to the monogamy paradox in flat space. Originally proposed in [12],
the paradox was extensively discussed in [13, 20, 21, 29, 30, 33, 35, 60-78]. In particular,
Raju [60] showed that the essential features of the monogamy paradox for old flat space
black holes could be modeled using a setup in empty AdS, leading to a violation in
the monogamy of entanglement there. The salient point of this setup was that it did
not require the existence of a horizon, in contrast to the previous discussions of the
paradox. A physically interesting question is whether such a violation in the monogamy
of entanglement can be described within empty flat space, which resembles our observable

universe to a good approximation. Our present work deals with addressing this question.

1.2.1 The paradox

We will briefly discuss the paradox below. Consider an old evaporating black hole in flat
space at time ¢, such that ¢ > tp,e”. The outgoing near-horizon Hawking modes are
strongly entangled with the near-horizon interior modes. For the final state to contain all
information about the initial state, the near-horizon outgoing modes must also be entan-
gled with Hawking modes that came out of the black hole at early times. However, this
situation points to a violation of the monogamy of entanglement, which is an unavoidable
consequence of quantum mechanics. This paradox is also closely related to the cloning
paradox, which states that within effective field theory, a nice slice can capture both a
diary thrown into a black hole and a reconstructed copy of the diary from the outgoing
Hawking radiation, thereby violating the no-cloning theorem.

The physical picture portrayed by both the cloning and the monogamy paradoxes is
that the interior should contain a copy of the exterior to resolve contradictions with basic

assumptions of quantum mechanics (more precisely, with quantum information theorems).

2For a black hole with initial entropy given by S which has evaporated to S’, the number of states
in the exterior is approximately e®~% ". We thus pose the paradox for old black holes when the exterior
contains enough degrees of freedom, i.e., S’ < g Later on, in line with the principle of holography of
information [79-81], we will argue why we do not need to necessarily go beyond the Page time in order
to set up the paradox, as is done in the standard case.
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This picture is reflected within the important idea of black hole complementarity as
explored in [14, 15, 82-84].

A key idea here is that the monogamy paradox for flat space black holes depends only
on the entanglement of near-horizon exterior modes with near-horizon interior modes
and also with modes far outside the horizon (e.g., at past of the future null infinity, i.e.,
Z%). Consider the simple situation of a radially outgoing light cone at r = 7 in an
empty flat space, as shown in Figure 1.2. A monogamy-type paradox arises here also if
we study the entanglement of the modes smeared just inside the light cone (region A)
with modes smeared just outside the light cone (region B) and with another spacelike

separated region (region C') (See Fig.1.2).

1.2.2 The toy model in flat space

We will extend the construction of [60] which investigated the monogamy paradox in
asymptotically AdS using Bell inequalities to asymptotically flat spacetime to under-
stand the case of old flat space black holes. As done there, we will formulate the paradox
using CHSH inequalities [85], a convenient restatement of Bell inequalities [86]. This
formalism allows us to make quantitative statements regarding the monogamy of entan-
glement [87, 88], in particular, it allows us to rephrase statements about the monogamy
of entanglement in terms of statements regarding the monogamy of CHSH correlations.

An essential ingredient that facilitates calculations in this setup compared to the
original paradox is that the Hamiltonian of gravity is a boundary term [89], and thus
can be used to construct a projector that projects onto the degenerate subspace of vacua

labelled by supertranslations.

Important features unique to our toy model in flat space

The vacuum and low energy structure of the Fock space of canonical gravity in flat space
is completely different from the same in AdS, due to the presence of supertranslations
and the absence of a mass gap. In particular, AdS has a unique vacuum, while the flat
space vaccua span a degenerate subspace, and should be specified by their value in the
supertranslation sector as well. We build upon previous works [79, 90-93] which have
clarified the vacuum structure of flat space, and our definition of relevant operators and
their subsequent representation in terms of the Fock space rests on the same. Here,
supertranslations are not crucial to setting up the monogamy paradox in flat space but
necessarily complicate the rather straightforward analysis in AdS since they introduce an
additional vacuum structure.

Note that in the treatment for the AdS case in [60], there exists a natural cutoff scale
set by the cosmological constant. However the issue for flat space gravity in d = 4 is more

complicated, and one needs to specify an infrared cutoff in order to properly define the
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7

Figure 1.2: Here the red line U = 0 denotes a radially outgoing light shell. Regions A, B, and C' are marked
in blue. We will study the entanglement of modes smeared over region A with modes smeared over B and C
and arrive at a paradox.

theory. Therefore in our work, we have introduced a new physically motivated projector
Ps, which projects onto energy scales below an infrared cutoff denoted by 4, and utilize
the same to construct relevant operators which demonstrate the violation in monogamy
of entanglement in our toy model. Physically this means that in practice, we do not
work with operators that project onto the vacuum exactly but project onto states with
very low energies below an IR cutoff, say F < §. This also generalizes the more abstract
projector onto the vacua introduced in the context of AdS [84] and in flat space [79], and

their subsequent role in how information is stored at the boundary [80].

While we can set up the monogamy paradox in flat space using the abstract projector
introduced in [79] (as we demonstrate), the main thrust of our work is to utilize our
physically motivated projector Ps and use it to set up the monogamy paradox. In our
work, given the infrared issues, we firstly demonstrate how operators C; living in Region
C in Fig. 1.2 which have almost the exact correlation with operators A; in A as operators
B; defined over B have with operators A; up to O(v/Gy). Afterwards we then construct
them using our physically motivated projector Ps. This requires certain conditions on the
smearing functions of relevant observables as we will qualitatively as well as rigorously

explain in detail in our work.

Since these operators in C' are constructed such that the AC' system has almost

identical CHSH correlators as the AB system and consequently the same entanglement,
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we have a quantum information-theoretic contradiction.

Other details about our toy model

Given that we define our operators A;, B; and C; supported in regions A, B and C' respec-
tively, the reader may ask what we mean by operator insertions in a theory of gravity. As
opposed to local quantum field theory, there exists no definition of local gauge-invariant
operators in a theory of quantum gravity. However, we will work with approximately
local operators in our case, which involves taking an operator and smearing it over a
small spatial interval. One way of thinking about such approximately local operators is
to regard them as gauge fixing (i.e., up to small diffeomorphisms) in the bulk. We will not
work with explicitly diffeomorphism invariant operators constructed using gravitational
dressing, like ones formed by attaching geodesics from the boundary. This is because the
paradox necessarily requires us to look at local bulk observables and such constructions

are by definition non-local.

1.2.3 Proposed resolution

We note that the violation in the monogamy is O(1), and cannot be removed by including
minor corrections of O(y/Gy), which are essential to the resolution of Hawking’s original
paradox and the bags of gold paradox [1, 5, 28, 40, 58, 94-96]. As we discuss below, this
is an important observation that strongly hints towards a resolution of the paradox via
complementarity, i.e., the interior degrees of freedom are complicated polynomials of the
exterior degrees of freedom. The commutators are of O(1) because in principle, we are
acting upon the same degrees of freedom in the interior and the exterior, and complicated
enough exterior operators can probe the information contained in the interior. The
resolution is not surprising given that the Hilbert space does not factorize upon spatially
partitioning a given manifold in a theory of gravity. This simple fact follows from the
Gauss constraint of gravity. An implicit ingredient in our local quantum field theoretic
construction is that the system partitioned into regions A, B, and C has factorized Hilbert
spaces. However, the monogamy statement here is not violated since upon turning on
gravity, the Hilbert space does not factorize, and consequently, the interior and exterior
degrees of freedom are not independent degrees of freedom. This is the primary origin of
the O(1) violation, demonstrating why local quantum field theory is not a good framework

for dealing with questions regarding quantum information and entanglement in gravity.

1.3 Organization of the thesis

After this initial motivation, we will discuss some essential aspects of quantum aspects

of black holes in §2. In particular, we will stress how QFT in curved spacetime leads
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to puzzles about quantum information and use it to study some standard information
puzzles regarding the black hole interior. In the same chapter, we will also develop
necessary tools relevant to understanding later discussions regarding the paradoxes.

In §3, we will discuss the bags of gold paradox in detail, while in §4, we will discuss
the monogamy paradox in flat space. We will first set up the paradox in detail in both
cases and then discuss our resolution. In the case of the bags of gold, we will perform
various consistency checks that demonstrate our proposal.

Finally, in §5, we will summarize the thesis, discuss various aspects, and outline related
directions. The Appendices contain results and calculations which are too detailed to be

included in the main body of our work.



Chapter 2
Brief review of relevant topics

This section will first develop the necessary tools to understand quantum field theory in
curved spacetime. In particular, we will stress how the regularity of correlators across
horizons plays an essential role in understanding the physics of horizons. We then discuss
black holes, the properties of black hole horizons, and, consequently, the laws of black hole
thermodynamics. We then formulate QFT in black hole spacetime and deduce interesting

properties for black holes like Hawking radiation and black hole evaporation.

In the later part, we use these essential tools to probe the black hole’s interior and ana-
lyze related puzzles. In particular, we demonstrate Hawking’s paradox and use statistical
properties of pure states to demonstrate why the paradox is not on a firm footing. We
then introduce two related paradoxes: the cloning and the strong subadditivity paradox,
and briefly argue their resolutions. The notion of black hole complementarity is then
introduced to discuss these issues. Finally, we discuss how to write interior operators

using state-dependent formalism.

These tools serve as primary foundations, building upon which we will discuss our

thesis work on the bags of gold and the monogamy paradoxes.

2.1 QFT in curved spacetime

First, let us review some basic tools involving quantum field theory in curved spacetime,
which is the leading order contribution to quantum gravity. The basic idea here is that of
a fixed background upon which quantum fields can fluctuate without changing the space-
time geometry. These fields include not only matter but also gravitons. The Lagrangian

density of a minimally coupled real scalar field is given by

PR (gwauasaucb - mW) 1)

2

11
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where g, is the metric and g = det(g,,). The action is the integral over the Lagrangian

density
S = / dzL. (2.2)

The corresponding equations of motion are given by

.
V=9

As in any quantum field theory the key observables are the vacuum correlators,

/=99 0, +m*¢p = 0. (2.3)

(Olg(z1)o(22) ... P(za)|0) (2.4)

The critical feature that distinguishes QFT on a generic curved spacetime compared to
QFT in Minkowski space is that the vacuum is not invariant, i.e., not all observers moving
in the geometry will agree on a common vacuum. Consequently, the particle number is
not an invariant measure as well. This is a consequence of the fact that there is no
canonical choice of time.

We can quantize the scalar field system by imposing equal time commutation relations.
Since there is no canonical choice of time, we make a choice of time by hand, i.e. we fix a
spacelike slice upon which the canonical commutation relations are imposed. The metric

then splits up into the so-called ADM form
ds® = N?dt* — hy;(do' + N'dt)(dx? + N7dt), (2.5)

where we have \/—¢g = N+vh. The commutation relations on a fixed spacelike slice
labelled by t are given by

[p(z, 1), (2", t)] = id(x — ') (2.6)

2.1.1 Bogoliubov transformations

We write the mode expansion of the solution to the field equations in (2.3) as follows

where ¢ labels the quantum number over which the sum takes place, such as, the energy.
Substituting (2.7) in the canonical commutation relations gives us the commutators for
the creation and annihilation operators

{CLZ‘, CLT} = (51‘]‘ (28)

J
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provided the mode functions satisfy the following relation:
Z vV—g [fl(ta x)gouaufi*<t7 .CE) - fz*(t? x)goua,ufi(tv iIZ’):| = 5(.%' - I/) (29)

One can now use the creation and annihilation operators to construct the Fock space.
The important point here is that one can perform the mode expansion of equation (2.3)

in terms of a basis of completely different modes as well, i.e.
¢ = bigilt,x) + blgi (t, ). (2.10)

However since ¢ is the solution of a linear differential equation, therefore both mode

decompositions are just a simple change of basis related by a linear transformation.

a; = ZOéijbj + ﬁl*]b;

T ’ T (2.11)
CLJ- = Zﬁwb] + a:jbj
j
and consequently the mode functions similarly satisfy
9= aifi+ Bif;
’ (2.12)

g; = Zﬁ;fg + ag; f;
J

This implies that the positive frequency modes in one basis are just a linear combination
of positive and negative frequency modes in another basis. Let us define the different

vacua as

@ Q) =0;  b0)=o0. (2.13)

By imposing the canonical commutation relations in the other basis, one can show that
the vacuum in not invariant, but rather there is a relation between the two vacua. In
particular one vacuum written down in terms of oscillators acting on another vacuum

resembles a squeezed state:
1
|2) = exp <2b}cjkbz> |0) (2.14)

where the matrix ¢,,; is defined as
Cmj = — Z ﬁ}km%j (2-15)
i
such that the matrix v;; represents the inverse of the matrix a;:
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Note, however, that the correlators defined in equation (2.4) are still the invariant quan-
tities since the field operators remain unchanged under the Bogoliubov transformations,

which compensate for the transformation of the state.

2.1.2 Rindler / Unruh modes and Bogoliubov coefficients

To initially define the Rindler and Unruh modes, we first work in flat space in two

dimensions where the metric is simply given by
ds* = dt* — da? (2.17)

Here we can define the coordinates U =t — z, and V =t + x. In the region = > [t|, we

define the Rindler coordinates

1
U= - exp(—au,)

1
Vv = exp(av,).

(2.18)

U=0,ur =00,t, = 00,2, = —00
11
II1 I
IAY%
V=0,v, =—00,t, = —00,2, = —00

Figure 2.1: The Rindler coordinates

We call this region quadrant I which is depicted in Figure 2.1. The metric in these

new coordinates takes the conformal form

e exp(2ax,.)

(2 — da?) (2.19)

a?

where u, = t, — x,, v, = t, + x,. One can define other quadrants similarly by changing

the signs in front of the exponential, e.g. in quadrant 111 given by z < —[t|, we can define
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the coordinates

1
U= — exp(—au,)
a 1 (2.20)
V=— )
- exp(av,)
while in region II given by ¢ > |z|, we have
1
U= — exp(—au,)
Cll (2.21)
V=- r)s
- exp(av,)
while correspondingly in region IV given by ¢t < —|z|, we have
1
U=—-=exp(—au,)
Cf (2.22)

g ).
- exp(av,)

Rindler mode expansions

Since the modes are conformally flat, we can define a mode expansion similar to the

Minkowski expansion. For region I, this takes the form:

dw
o= [ 7

The mode expansion takes a similar form for Region III, which is given by

(awe’w“ + boe ™ 4 h.c.) : (2.23)

oy = [ 22

N

Note that the exponential signs here are different since the Rindler time ¢, runs in the

Gy €™ + bye™r + h.c.) . (2.24)

opposite direction in Region I1I compared to Region I. Consequently, on the slice at ¢t = 0,

we have the following mode expansion:

d A A A ~
6= [ B2 (mue e b b e b he). (220)

Similarly in global modes, the left moving and the right moving modes of the Minkowski

space can be written as:

dw 4 .
¢ = / T (ewe™ ) 4 d e ) | (2.26)
Vw
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Unruh modes

In general, finding Bogoliubov coefficients denoting the change of basis from Minkowski
to Rindler modes is cumbersome. However, one can define Unruh modes and use them
to find the Bogoliubov transformation conveniently between the Rindler and the Unruh

modes.

Then the task of calculating Minkowski to Rindler Bogoliubov coefficients simplifies
since the Unruh and Minkowski vacuum is essentially the same. We will not compute
the Minkowski to Rindler coefficients explicitly but will outline the construction of these

modes.

The Unruh mode is defined as follows:

Up(u,) =e ™" In Region III

Tw (2.27)
=e'a e WU, In Region 1
which can be essentially written as
Up(u,) = a= U (2.28)

Note that U’ has a branch cut, which we can choose in the upper half plane. Apart
from this U does not have any singularities in the lower half plane. Consequently one can
analytically continue U in the lower half plane from Region III to Region I. This gives

rise to the extra factor of e’ in eqn (2.27).

Since these modes are analytic in the lower half-plane, it is easy to see that the modes

satisfy the following property
/ UUS eV =0, for o >0 (2.29)

since the integral can be continued analytically in the lower half-plane and is zero. Thus
the Unruh mode has only positive Minkowski frequencies, and since there is no mixing
of positive and negative frequencies, both the Unruh vacuum and the Minkowski vacuum

are the same.

Using the u, coordinate one can similarly define the other Unruh Uy (u,) mode as

Uy (u,) =™, In Region III

Y jwu

(2.30)
=e o ", In Region 1

We can similarly define the corresponding Unruh mode using the v, Rindler mode,
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which is given by

Vi (v,) =e v, In Region III

rw (2.31)
=ea e ", In Region 1
while the other Unruh mode Vi (v,) is given by
Vi (v, =gl In Region III
v(vr) N g (2.32)
—e o e, In Region I
The mode expansion of the scalar field in the Unruh modes is given by
¢ / ewUU ur) + ewUU(ur) + waU(UT) + waU(vr) + h.c. ) (233)

From the Rindler oscillators defined in eqn (2.25), we can simply read off the Rindler to

Unruh coeflicients:

a e~ al a e al

w a W, ~ w @

ew=—m = and &, = —_Qﬂw (2.34)
€a —E€ a 1 — € a

Using these Bogoliubov coefficients and equation (2.14), one can write the Minkowski

vacuum in terms of the Rindler vacuum as
|Q) = exp <Z e~ walal + b—terms) Qr.111) (2.35)

One can expand this state which results in the well-known property of Minkowski vacuum

that it looks like a thermofield doubled state when written in terms of Rindler modes:

[ gEje—‘ZE |E, E) (2.36)

where 3 = =% and E = 3~ wn,, is the energy of the state. Note that if we sum over one of

either the regions I or III, we get the canonical density matrix for the other region, i.e.

e PE

W (2.37)

p(E) =
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2.1.3 Bogoliubov coefficients from the universality of two-point

function

Consider a d + 1 dimensional spacetime where we introduce the coordinates U =t — r
and V =t + r, such that the metric takes the form

ds* = —dU dV + ..., (2.38)

where dots denote the contribution from d — 1 transverse directions. Then any two-point
function on this spacetime has a universal part, which nicely reflects itself at short enough
distances. This arises from the fact that zooming into a region of spacetime reveals a
universal Minkowski-like behaviour at the leading order. In particular, given a state [t))
dual to a given geometry, the two-point correlator at short distances takes the universal

form:
(U[p(x1) p(22)| V) = %(1+0(|xl — 3])) (2.39)

[Ty — 29 2

where C' is a constant that can be fixed using the free scalar theory, i.e.

(2.40)

Extraction of modes and Bogoliubov coefficients

An interesting property follows from here, which is relevant to our later discussion of
the monogamy paradox. Consider the regions A and B, which are situated just inside
and outside an outgoing light cone as shown in Fig. 1.2. Given the scalar field, one
can construct any general correlator by extracting the oscillator creation/annihilation
operator.

We will consider the case of Rindler smearing. To perform this, we introduce a tuning
function 7 (U) such that it is supported only on the small bounded regions and smoothly

dies off. Thus we define the smeared operators on the regions A and B by

= [V d“ﬂrﬁff) (LY ) 0(0a0). 140, 9)

Uy
dU
i 29
aB = m/ / "5

)_WO U)&(t5(U), rp(U), )

dU ( . (2.41)
o, = m/ /dd 202 ( ) (U) B(ta(U), ra(U), )
of, — m/dU/dd 20, ( ) U)D(t(U), ru(U), Q)

Here r, and t,, where s = A, B denote the coordinates on the regions A and B. The
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key idea here is that the smearing function oscillates increasingly as we tend to go near
U = 0, and thus even a small interval very close to U = 0 is useful to extract out the

Rindler modes.

One can use the above oscillators to calculate the two-point function involving the
creation and annihilation operators. This ultimately gives us the Bogoliubov coefficients

as derived in equation (2.34). This is demonstrated in detail in [80].

The above statement is quite general, and one can use such correlations across a null
surface to extract details of the Bogoliubov coefficients, with the key feature here being
the fact that there is a universal part of the correlator that, in some instances, can be
extracted out by smearing over a bounded region. We will discuss further details of this

construction in §4.

2.2 Black holes

We will now move on to a brief review of black holes and their properties.

2.2.1 Schwarzchild black hole

The metric of the Schwarzchild black hole in four dimensional asymptotically flat space

is given by
2 2
ds? — — (1 _ m) a2 g (2.42)

r ] — 2m
T

On inspecting the metric, we observe two different singularities, one at » = 0 and another
at r = r,. The singularity at » = r}, is not a real singularity but a coordinate singularity;
however, the one at r = 0 is a real singularity. This can be seen because scalar curvature

invariants diverge at » = 0 but not at r = ry,.

We can also use other convenient coordinate systems to see that the singularity is
essentially due to our choice of coordinate system. Omne such coordinate system is the

Tortoise coordinate system.

In addition, we can calculate the proper time it takes for an observer to fall into a
black hole. Using this, we can see that it takes a finite proper time to pass through the
horizon as well as the observer reaches the singularity in a finite proper time. Hence
we can see that the proper time analysis indicates that the observer should eventually
cross the horizon, even though by computing the redshift, they never appear to cross the

horizon.

As argued before, he coordinate singularity can be replaced using an appropriate

coordinate redefinition such as the Tortoise coordinate system. These coordinates can be
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defined so that the metric looks like
ds* = f(r,) [—alt2 + d?ﬂ + g(r.)dQ. (2.43)

To do this, we need to define

2m

(1 - r) dr? = (ld_rzm); ie. dr, = @ (2.44)

which leads to

(2.45)

-2
re =1+ 2mlog ! m"

2m
This has the following falloff for the Tortoise coordinate: as r — 2m, then r, — 0. Next,

we define the following Rindler like coordinates:

U=—expa(r.—1t), V =expa(r.+t) (2.46)
Using these coordinates, the metric takes the form

dU dV = —a? (dr, — dt) (dr, + dt) exp 2ar, (2.47)

Now near the horizon the exponential part, i.e., exp 2ar, can be expanded as

) dma
r m) (2.48)

exp 2ar, = exp 2ary (
m

Setting 4ma = 1, the near horizon metric becomes proportional to dUdV. The exact

metric then becomes o
32M3 e 2m
r

§° = — —+7r .
ds? dUdV 2402 2.49

which is non-singular as we take the limit » — r,. Here the horizon is at U = 0, and
we can smoothly extend the metric into the region U > 0, reminiscent of Rindler space
as discussed earlier. The true singularity at » = 0 cannot be removed by any coordinate

redefinition and can be seen from the divergence of scalar curvature invariants.

Once again, as in the case of flat space, we can define coordinates in different regions.

We can similarly define coordinates in "Region IV" where (U < 0,V < 0):
U=—expa(r.—t), V=—expa(r,+t1). (2.50)

Here surfaces of constant ¢ are given by fixing %, while surfaces of constant r are given
by fixing UV'. So constant r surfaces are hyperboloids in the U — V' plane while constant

t surfaces are straight lines passing through the origin.

In terms of the Tortoise coordinate, the singularity » = 0 is same as r, = 0 and
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Figure 2.2: Penrose diagram for Schwarzchild black hole in asymptotic flat spacetime. Image taken from
Google.

Uvv =1.

2.2.2 Penrose diagrams

In our work, we will use Penrose diagrams to study various spacetimes. These diagrams
are very useful to study classical solutions. They help visualize the causal structure by
compactifying the spacetime, especially the boundary structure. As an example, for the

case of the Schwarzchild black hole, we can define
xr = arctan U; § =arctanV (2.51)

while compactifies the spacetime to the region x € {g, —g] and similarly £ € [g, —g},
except the cutoff at UV =1 or tanxtané = 1.
We can now rotate the resultant diagram by 45 degrees in the anti-clockwise direction

in order to make null rays at 45 degrees. This gives us the diagram in Figure 2.2.

Flat Schwarzchild black hole

Let us briefly discuss Figure 2.2. The rightmost region is the exterior of the flat Schwarzchild
black hole. The lightlike asymptotic boundaries of this region are called the future null
infinity Z* and the past null infinity Z—, while the spacelike boundary is denoted by 7°.
The timelike boundaries are denoted by i*. Note here that the causal structure of light
rays is preserved as can be seen from the horizons, i.e., the light rays are either at 45
degrees or 135 degrees.

The leftmost region and the bottom part are the Kruskal extensions of this Penrose
diagram. This Kruskal extension corresponds to a wormhole-like geometry, indicated
by a common shared interior region connecting two different exterior boundaries. As

indicated in the figure, this region is causally disconnected from the exterior in the right
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Figure 2.3: Penrose diagram of eternal black hole in asymptotically AdS, where the blue slice is a nice slice,
i.e. a spacelike Cauchy slice that stays away from singularities.

region.

Eternal AdS Schwarzchild black hole

The Penrose diagram for the eternal black hole in AdS is similar apart from the asymptotic
boundary structure, as shown in Figure 2.3. This again has the wormhole connecting two
different exterior regions. The only difference from the Kruskal extension of the flat space
two-sided Schwarzchild black hole is in the presence of timelike boundaries in AdS, which

is different from the asymptotic structure of flat space.

Limitations of Penrose diagrams

While Penrose diagrams are handy for studying classical geometries, they may be mis-
leading when one tries to visualize certain features of gravity, especially quantum effects.
One crucial effect in black hole spacetimes is the infinite blue shifts that emerge when we
backtrace light rays to the past, which naively is not apparent in the Penrose diagram.
Another important example is an evaporating black hole, where the final state after
evaporation becomes a flat spacetime with propagating gravitons and matter. One may
try to modify the Penrose diagram here by adding an extra wedge to denote the final state
of the evaporating black hole. However, this conflicts with how information is localized

in a theory of quantum gravity [80].

2.2.3 Astrophysical black holes

If we restrict ourselves to classical general relativity, then the Schwarzchild black hole in

flat space is eternal. However, even in classical general relativity, the eternal black hole
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is not a very physical scenario since most astrophysical black holes are formed from an
initial state of gravitationally collapsing matter.

A very general class of such solutions is the Oppenheimer-Snyder-Datt solution. A
crucial ingredient leading to this solution is the Birkhoff theorem: any spherically sym-
metric solution of Einstein field equations is static, i.e., the Schwarzchild solution is the
unique solution in the absence of matter.

Now consider two regions, the collapsing matter, and the external region with no
matter. As Birkhoff pointed out, the external solution is just the Schwarzchild solution.
Regarding the solution in the region of constant matter, we can write the candidate metric

as

ds* = —d7* + Adr® + XdO? (2.52)

One can systematically solve for this metric, i.e., the coefficients A and X using a partic-

ular form for the stress-energy 7,

w, and glue it appropriately with the exterior solution

to extract the physics of the solution. The solution’s causal structure involves forming
an apparent horizon that merges into the Schwarzchild event horizon towards the end of
gravitational collapse.

As we will see later, by incorporating quantum effects, the late time state of a black

hole is not a stable black hole solution but is a final state involving Hawking quanta.

2.3 Focussing, light rays and black hole horizons

In this section, we will first develop the necessary mathematical tools leading to the
derivation of the Raychaudhuri equation. Using the Raychaudhuri equation, we will
describe the focussing effect of light rays given certain restrictions on the energy condi-
tions. Finally, we will apply our understanding to black hole horizons and use it to prove

theorems regarding the same.

2.3.1 Lie transport

Let us start with the weel-known notion of parallel transport. Recall that parallel trans-
port is necessary to define geodesics, i.e. to implement £2V,£% = 0 where ¢ denotes the
velocity field. The reason is clear when we write the geodesic equation

d?z® p dx® dx® dz® _ da?

r - S v 2,
dr? T hae dr dr 0 = dr Vv dr 0 (2.53)

Now if we set &= = ¢, then it follows that (£°V,£%) = 0.
We can similarly parallel transport a vector 7% around a curve £ = % by £V, T° =
0. The implication here is that the T%’s angle with the curve £* will not be the same but

depend on the manifold’s curvature.
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However, consider the following physical situation. Consider a fixed observer at a
certain altitude over the earth (not the geosynchronous orbit, but say the observer is
kept afloat by some rockets). The observer wants to keep their telescope oriented directly
outward. How can the vector describing their telescope’s direction be transported along
the observer’s worldline? In other words, how is the telescope vector T shifted along the
observer’s vector field O7

The Lie transport LoT = 0 is designed to describe this situation. Consider a curve

C which is parametrized by x* such that the tangent vector is given by

dz*
b= — 2.54
Y (2:54)
Then the Lie derivative is given by
L,o" = u’V, ot — o'V, ut (2.55)

This definition can be extended to tensors as well.
More precisely, Lie transport preserves the observer’s angle with the telescope, and
the Lie derivative is the generator of the telescope’s transport along the observer’s curve.
Another way to understand the same is that parallel transport depends on the mani-
fold’s intrinsic properties like connection, curvature, etc., while Lie transport depends on

the curves only and is independent of the manifold’s properties.

Isometries

The defining property of a Killing vector field { is that it satisfies the Killing equation,

i.e., the equation where the Lie transport is precisely zero.
LCguu = V,ugz/ + vygu =0 (256)

One can study the transport of metric along Killing vector fields and use it to define
spacetime isometries. Spacetimes in which the above equation has a maximal number of
solutions to the Killing equation, i.e., @ Killing vectors are called maximally symmet-
ric spacetimes. Important examples of such spacetimes are flat space (where the Poincare

group constitutes the isometries), Anti-de Sitter space, and de Sitter space.

Static and stationery spacetimes

Stationary spacetime means a spacetime with an asymptotically timelike Killing vector.
Static means a stationary spacetime in which the asymptotically timelike Killing vector

is hypersurface orthogonal, and therefore the metric components go,, vanish.
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2.3.2 Raychaudhuri equation

Consider a congruence of null geodesics, which is defined by each geodesic passing through
a point through which no other geodesic passes. Therefore one can define a notion of
distance between the geodesics, which is a vector field measuring the deviation between

the geodesics. We will call the deviation vector field 7.!
Let the tangent vector field be denoted by £*. We can define the following tensor

using the tangent vector field
Bab = vafba

which tells us how the deviation vector field n is parallel transported, as we shortly see.
Since the deviation vector field 7 is Lie transported along a geodesic, the Lie derivative

with respect to the tangent vector field ( is zero.
LgT] =0 = &V%% —n V%G =0 = £,V =1,V = UaBg (257)

The above equation demonstrates that B tells us how the deviation is parallel transported

along a geodesic &.

Note here that the deviation vector field is not unique. One can have different notions

of the deviation vector, and the above equation is valid for all.

Now consider the following expression

E°Va(€'m) = (§°Va&)mp + (£ V)" (2.58)

Here we have used the fact that £¢ satisfies the geodesic equation given by (£2V,£%) = 0.
The second term in the above equation is zero as well. One way is to choose the deviation

vectors such that £.n = 0.
Another way to see why £V, (£%n,) vanishes is to note that

b
EV () = (€°V )" — (" V") &+ (1" V)& = (Len)*&+n"Va (52&’> =0. (2.59)

We have thus shown that the transport of the non-orthogonal part of i (i.e., 7.£) along
the vector field ¢ is uninteresting as it is constant. We now focus when 7 is orthogonal

to &, i.e. n.£ = 0. Consider the case when we have the null geodesics
£E£=0 (2.60)

Given this class of geodesics, we consider the equivalence class of the deviation fields

I'Note that the choice of the deviation is not unique, as we will shortly demonstrate later on.
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given by shifting the deviation along & and parametrized by A
n =1+ A, (2.61)

which leads us to consider the two-dimensional vector space spanned by n and £. This
space is convenient to consider because (1.£) = 0. Let us now consider the induced metric

on this two-dimensional space hgp.

Note here that picking up different representations of 1 does not lead to two different

answers. This is because of the fact
haon®(° + AE") = 0, (2.62)

since (n,€) = 0. The tensor B also has a well defined action on this two dimensional

space because
(Bina)&" = 0. (2.63)

The action is well defined because taking n — 1 + A¢ doesn’t change (Bgn,)E" = 0. We

now want to decompose the tensor B, in the following fashion
1
Bab = §9hab + Oab + Wab (264)

which resembles the standard stress energy decomposition of a fluid. Here the different

stress energy components have the following relations:
Ogp = Opg  Waep — —Whg O’abhab =0 (265)

Given the decomposition, we can multiply the same with h% on both sides, and write
down 6 in terms of B,, and h?.
0 = Bah™. (2.66)

Our goal is to study the evolution of # as we move along the geodesic flow. More precisely,
we want to study how % changes along the vector field £. Substituting the form for By

in eqn. (2.66) and taking appropriate covariant derivatives, we get
£9V 0 = £V .V & h. (2.67)
Let us now analyse the term given by £°V .V, &, which takes the form
EVNVaby = EVaV et Riglal” = —(Vab)(Vel') +REEES = Riyaé®—X ;X (2.68)

If we take the trace after substituting the above simplification in eqn (2.67), we get the
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following expression for change of 6 along the affine parameter

df 1
a §'Vab = —Realal® — X X0 = _592 — 00" + W™ — Reaba. (2.69)

Next we consider geodesic congruences which are hypersurface orthogonal. In other
words, we restrict ourselves to the class where & = fdg. Since d? = 0, acting with the
differential operator on & gives us

dé =df Ndg = o NE = V& — Vil = V& — Vila. (2.70)

f

This sets wy, = 0, as now we have
Vie&yninh = 0. (2.71)

We will now enforce the weak null energy condition, which is a classically reasonable
assumption 2
Reg€®€" = Gegt®€" = 8nTogt€" > 0. (2.72)

Consequently we arrive at the following equation:

de 1

— < ——62 2.73
dx — 2 (2.73)
Integrating the same with respect to the affine parameter A gives us an useful result for

focussing of light rays,

1 1 1

— —— < =(Ar=N). 2.74

55 < 30N (274
This implies that 6§ always decreases. Once you have a negative value of 6, = —6,,

therefore in affine time Ay = 26, 0y — —ooc.

2.3.3 Key properties of black hole horizons

Recall that in a black hole, the horizon bounds the interior region where gravity is so
strong that massless signals from the interior cannot escape to its complementary region,
especially to the asymptotics. In other words, say in asymptotically flat space, a black
hole horizon in asymptotically flat spacetime is the boundary of the causal past of the
future null infinity. This implies that the horizon is a global aspect of general relativity.

We will now list some theorems about the black hole horizons in asymptotically flat
space and sketch rough proofs. Note that all theorems are generalizable to other space-
times if we replace the asymptotic structure of flat spacetime with another asymptotic

region. In particular, we can replace the spacetime boundary given by future null infinity

2but not quantum mechanically, as we will see for the case of Hawking radiation
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(Z") using a timelike boundary such as that of Anti-de Sitter. The focus is more on the

physical aspects of the proofs and not on mathematical rigor.

e Theorem 1: Let the horizon be denoted by H. If events P, € H and P, € H, then

P, cannot be in the causal past of Ps.

Proof: If P, is in past of P, then there is a timelike curve connecting the two
events. Then by continuity, in the neighbourhood of P, there are timelike curves
from P; which connect to P,. By definition the neighbourhood of P, is in the
causal past of J*. Therefore there exist timelike curves from P; € H to J*, thereby

contradicting the statement that P, € H.

e Theorem 2: A horizon cannot be an entirely spacelike surface.

Proof: Consider a point P’ in neighbourhood of P € H. From the point P’, there
are timelike curves from P’ to J*. As we move P’ to P, the timelike curves have no
choice but to become null, as null curves are the boundary between timelike and

spacelike. Therefore the horizon is composed of spacelike and null curves.

Note that one could use Theorem 2 as a starting point to prove Theorem 1 as well.
o Theorem 3: Null curves cannot intersect. Consider two null curves, curve A

passing through points A, O, and C; and curve B passing through the points B, O,

and D, which pass through the common point O. Then there exists a timelike curve

from Curve A to Curve B.

Proof: If AB,C,D are infinitesimally close together, then the segments AO, OD
are future directed null vectors. So (AO + BD)? < 0.

Therefore the null generators of the horizon do not intersect.

e Theorem 4: Null generators are hypersurface orthogonal.

Proof: Let £ be the null tangent vector to the horizon. Let us consider a spacelike

cut of the horizon. If ¢ is not orthogonal to this cut, we have
E=h+0 (2.75)

where h lies along the horizon and (O,h) = 0. Then h must be spacelike as the
horizon can have only spacelike and null tangents, and a null tangent can be formed
only from the addition of two spacelike. Therefore O = £ — h is also tangent to the

horizon, and since it is on the horizon, it is also null. But then we have
¢ = (h+ 0)* = (h,h) + (0,0) + 2 (h,0) > 0. (2.76)

which contradicts the fact that £ is a null vector.
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Therefore the tangent vectors are hypersurface orthogonal. There exists no com-
ponent h of £ that lies along the horizon, which has a non-zero overlap with the
spacelike cut of the horizon, and hence the null generators are orthogonal to any

spacelike slicing of the horizon.

2.4 Laws of black hole thermodynamics

This section will briefly describe how our discussion leads to the laws of black hole thermo-
dynamics. For simplicity, we will start with the second law of black hole thermodynamics

and then move on to the other laws.

2.4.1 The area Law

The area law is the second law of black hole thermodynamics. Recall that the horizon is

made up of hypersurface orthogonal null geodesics which obey the following properties:

1. As shown previously, null rays constituting the same can not intersect by theorem
3.

2. The null rays cannot hit a singularity by assumption.

Keeping in mind these properties, we are led to demand # > 0 in the Raychaudhuri

equation (see (2.69) and (2.73)), which essentially implies that

dA

— >0, 2.77
dx — (277)

i.e., the horizon’s area always increases classically, provided weak energy condition is

satisfied.

2.4.2 First law of black hole thermodynamics

We will now move on to the first law of black hole thermodynamics. In order to go into

the same, we first outline the notion of surface gravity.

Surface gravity and Killing/Affine parametrization

Consider a stationary spacetime with a timelike Killing vector y at asymptotic infinity.
This vector y becomes null at the horizon for the stationary black hole. We normalize at
asymptotic infinity

(X, 2) = —1. (2.78)
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Since the Killing vector becomes a null vector at horizon, (x,x) = 0. In general, if a
surface is given by f(x) = 0, the normal to it is V,f(z) = V,, (x.x). Then the defining

equation for surface gravity is given by

Vi (X-x) = =26, (2.79)

Using the Killing equation, the above relation becomes

XavaXu = KXpu- (280)

Parametrizing geodesics on the horizon using an affine parameter would have given us a
vanishing result on the right-hand side of the above equation. Therefore x measures the

failure of the affine parameter to be a Killing parameter.

Now let x = Z—"Z, where v is the Killing parameter. Set % = e", and a new vector
kH = %. Therefore we have A = %e’“’ from % = e". Using this we can see that
d\
X" = %k“ = e"k! = KAEF, (2.81)

which is the standard relation between the Killing vector on the horizon with the Killing

parameter and the null vector with the affine parameter. One can also show that
'V B =0, (2.82)

which is expected of a null geodesic.

1st law of black hole thermodynamics

In order to focus on the physical aspects concerning black hole thermodynamics, we
consider non-rotating black holes first. Let us begin by throwing some matter into the

black hole. The energy current is given by
Ju="T/xv (2.83)
and therefore the increase in mass is given by
JE — / judatdA = / JuktdAdA = / TV X K dAA = / T, (kN) KKPANDA,  (2.84)

where the last line follows from the earlier definitions. Using the Einstein equation, we

have

K
0F = ¢ = / Ry (KX) Kk ANdA, (2.85)
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Consider the stress-energy that is thrown in in the form of a shockwave. One can locally

make the shear, and the strain vanishes up to the first order. Therefore we have

db
N Reqk°k". (2.86)

This gives us the first law of black hole thermodynamics

sE— " [9\ naa— "

KR
o5 e / gdrdA = A (2.87)

&G

where in the second step the boundary terms were dropped as 6 = 0 at the beginning
and the end of the process.
We can similarly generalize the first law to the case of rotating black holes, which we

will not perform here, but the proof is straightforward.?

2.4.3 Zeroth and the third laws

In addition, there are two other laws of black hole thermodynamics as well. We will list

them below with brief motivation:

o Zeroth law: For a stationary black hole, the surface gravity « is constant through-
out the horizon. This is the thermodynamic analog of constant temperature through-

out a body.

o Third law: Naively, one would guess that the statement for the third law takes
the form S — 0 as T' — 0. However, this definition does not hold for a specific
class of black holes. In particular, the entropy is finite for charged black holes, i.e.,
Reissner-Nordstrom black holes, as the temperature goes to zero, i.e., T'— 0, since

the black hole has a finite area for extremal solutions.*

Therefore a better formulation of the third law is that one cannot reach 7" — 0

through a finite process. Again this mirrors the third law of thermodynamics.

Further details of these laws and the proof of the first law for rotating black holes are
given in [97].

3A rotating black hole in asymptotically flat space, or the Kerr solution, has an angular momentum
J about an axis and charge M. The presence of two horizons characterizes such a solution. In addition,
there exists a region called the ergosphere, where an observer is dragged so strongly that it cannot rotate
around the black hole in a direction opposite to the angular momentum of the black hole. Note that
there is no analog of the Birkhoff theorem for such solutions.

4A Reissner-Nordstrom black hole is a black hole with a charge @ and mass M. The crucial property
of this black hole is that it has two horizons; as we take the limit Q — M, both horizons coincide while
the temperature goes to zero. The entropy, however, is still finite.
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2.5 Black hole evaporation and Hawking’s paradox

We will calculate the temperature of the Schwarzchild black hole here and show that
a black hole solution is not a static solution but evaporates after a finite time due to
quantum effects.

Originally used by Hawking, a convenient and physically illuminating way to derive
the temperature of the black hole is through ray tracing. We will briefly sketch the picture
here. Consider a black hole formed from the gravitational collapse of a shell. Then the
evolution of the state in the exterior can be understood as the evolution from Z~ to
H UZ", where H denotes the horizon. Let us start with the following mode expansion
onZ~

¢ = /\%er (Q) + h.c. (2.88)

The universe in given in the initial state |2) such that
a, Q) = 0. (2.89)

Let the coordinate V, denote the last ray that gets stuck at the horizon rather than
escaping from the black hole. Now modes that escape to ZT can be related to modes
with support just before the last ray at Vj by ray tracing. Appropriately mapping such

rays gives rise to the ray-tracing formula
out (5‘/
U :4m—|—(5V—|—4mlog4——VS (2.90)
m

where V is the coordinate of the collapsing shell, and 6V denotes the distance from the

last ray at V. Very close to the last ray, the relation approximately becomes
U™ = 4mlog 6V (2.91)

Therefore a solution of the form ¢V on ZT can be backtraced to

(% . V>4in

2.92
o V<V (2.92)

using the ray tracing formula on Z~. Then at late times, we can consider the mode

expansion
" . Ve 4iw M
= )
Vw 4m
/ V V 4iw M

Y, (Q) +he. V<V
(2.93)

Y, (Q)+he. V>V

where we demand that the final state is in the b — ¢ vacuum. Then the transformation
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between the initial and the final state is just the Minkowski to Rindler transformation
which we discussed in detail before. Consequently an observer at Z* who observes only
the b modes finds the state |2) to be appearing as a thermal density matrix, whose
temperature is

B = 8rM; (2.94)

which is the Hawking temperature of the Schwarzchild black hole.

Note that there is a caveat to this analysis: from the ray tracing formula, an infinite
region near Z7 is filled from a small region near V; on Z~. This leads to the blueshifting
of rays at O(1) frequencies at Z* when traced back to Z=. This potentially takes us

outside the domain of effective field theory.

A better derivation of the temperature is by using universal properties of the two
point correlator to argue that the expectation value of the number operator is exactly
thermal. More precisely, the number operator of b modes have to satisfy

e~ Bw

i - 2
ik} =~ (2.95)

in order to reproduce the correct near horizon properties of the correlator

(p(t,r, )t r", Q)). (2.96)

Note that a failure to reproduce the correct near horizon properties implies that the
geometry is not regular near the horizon, which is not the case. Hence we infer that the

Hawking temperature of the black hole is § = 87 M.

2.5.1 Hawking radiation

One can further use the properties of near horizon correlators to find pair production
across the horizon and, consequently, show that radiation is emitted from the horizon.
In order to understand this, we need to look at the correlation of right moving operators
d,, behind the horizon and right moving operators b, outside the horizon. Note that the
annihilation operators d,, in the black hole interior carry the opposite energy due to the

flipping of space and time.

Again in order to get the correct behaviour of the two point correlator (¢(t, r, Q)p(t', 1", Q')

across the horizon, one needs to impose

_Bw
e 2
<bwdw> — 1 pw
L=e (2.97)
(bldi) = —

1 —ehw
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Therefore, we develop a physical understanding of Hawking radiation from the above
equations. There is a pair of positive and negative particles at the horizon, and the
positive particle escapes to infinity. In contrast, the negative particle falls into the black
hole and decreases the mass of the black hole. Note that both particles are entangled in

this description. This is the basic process through which black holes evaporate.

This statement can also be understood as the fact that there is a positive outward flux

of energy at asymptotic infinity, while there is an inward flux of particles at the horizon.

Note that the quantum effects leading to Hawking radiation due to pair production
violate the weak energy condition that we used to derive the second law of black hole
thermodynamics. Therefore the weak energy condition used in the Raychaudhuri equa-
tion to obtain the focussing effect is no longer valid, and as a consequence, we can violate
the second law of black hole thermodynamics in the presence of quantum effects, i.e.,, the

area decreases as Hawking quanta escape the black hole.

2.5.2 Hawking’s information paradox

Let us now look at a puzzle related to the black hole interior, which arises due to black
hole evaporation. From the two-point function, the black hole emits information just like
a blackbody®. Therefore the black hole loses mass at the rate

dM

= —o AT* (2.98)

Since the area of the horizon A and the temperature T' of the black hole go respectively
as A oc M? and T ﬁ, we find that the lifetime of black holes is of the order

tige 0< M. (2.99)

Now consider a black hole formed from gravitational collapse, which is a pure state. Our
analysis of Hawking radiation suggests that the quanta that went out constitute a thermal
bath at a temperature given by § = 87 M. This implies that the escaped Hawking quanta
obey a thermal ensemble of uncorrelated particles, and the final state on Z" is a thermal
density matrix. This leads to a picture where there is an evolution from an initial pure

state to a mixed state described by a thermal density matrix.

However, this paradox is not a paradox since a large class of pure states can mimic
mixed states to exponential accuracy, as described in the next section. Consequently,
the above analysis of Hawking quanta is not sufficient to distinguish between a final pure

state and a final mixed state.

5Strictly speaking greybody factors may also be involved.
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2.6 Statistical properties of typical states

This section will attempt to precisely understand how certain states in a statistical en-
semble, called typical states, mimic thermal behaviour. We will revisit some properties

of typical states within a general formalism.

We consider a n dimensional Hilbert space such that n = exp S. Let us work with
an orthonormal basis of states |¢);) where i € [1,n]. We will now write down the most

general pure state living on this Hilbert space:
W) =>"civy) where > |ef” =1. (2.100)
1=1 i=1

Equation (2.100) describes a sphere S?"~1 where all these vectors live, which we previously
encountered in §3.2.1. We define the Haar measure on the pure states which guarantees

that each pure state is equally likely.
du = adey dey dea dcs ... dey de § (1 -> |cz-|2> (2.101)
i=1

Here a is fixed using the following condition:

/du ~1. (2.102)

The measure dy is invariant under independent rotations of phases ¢; — e™ic;. Now
consider a linear operator O acting on this Hilbert space H. We want to study the
properties of the expectation value (¥|O1) and also how it depends on ¢;’s. We argue
that for most choices of ¢;, the expectation value is independent of the typical state

provided that n is very large. Firstly the average (1|O|i) over all states is given by
WIOW) = [ du Wl0w) =Y 0y [ dpuc; ;. (2.103)
4,

This integral is non-zero only if i # j due to invariance of dy under independent rotations

of phases ¢; — €'®i¢c;. Therefore we write
/d,u cic; =A;0;;, where A;= /du\cl-\z (2.104)

Since all ¢;’s enter the measure in an equivalent way and du is independent under per-
mutations of ¢’s, the index i on A; is redundant. Therefore A; = A = [ dp|¢;|*. In order

to evaluate A we now sum over all ¢;’s in equation (2.104).

= 1
A:/dulzﬁ. (2.105)
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We use the value of A to imply that:
/dﬂci G = H% = (Y|Oy) = ZOij/dﬂ G G = ﬁOij = Tr [po O], (2.106)
i7j

where pg = % is the microcanonical density matrix. We thus conclude that the the average
of the expectation value of operators over all typical states is that of the maximally mixed
state. We now want to understand how close is the expectation value of an operator is
to the maximally mixed state. In order to do this we need to look at the variance which

can be similarly calculated in the following equation:

(WIO) ~ T (pa O)F = —— [T (s O) ~ Te (s OF]  (2107)

We see that the variance is exponentially small in entropy. Therefore we conclude that
most pure states must look exponentially close to the mixed state, or else we will obtain
a more significant number in the variance. Therefore almost all states mimic thermal
behaviour, which justifies our claim that almost all states |¢)) are typical |[TYP). As a

result, we write for almost all such states:
1
(TYP|O|TYP) = Tt [pn O] + O <€S> . (2.108)

An important assumption that goes into calculating the variance is that the degree of the
operator k is small compared to the dimension of the Hilbert space k < n. A violation
of this property leads to a more substantial variance. Therefore, we demand that the
number of operator insertions is much smaller than the Hilbert space’s dimension. The
degree k being small provides a statistical basis for imposing this condition on operators
in the small algebra and is the boundary counterpart of demanding that the backreaction

due to operator insertions is small.

Now consider the case where we are looking at energy eigenkets spread over AE such
that AF < E. In this limit, the canonical density matrix approaches the microcanonical

density matrix. Each typical state therefore satisfies the following property:

(TYP| Oy Oy ... Oy |TYP) = Tr [e—ﬁH 0,0, ... ok] +0 (1> (2.109)

1
Z(B3) S
where we have replaced the microcanonical ensemble with the canonical ensemble. Here
again the number of operators k is much smaller than the entropy of the state, k£ < n.
(2.109) essentially says that k-point correlators on the typical state are indistinguishable
from thermal k-point correlators up to O(%) corrections. This kinematical statement

about the correlators is quite surprising; any typical state exhibits such behaviour.

We will clarify a physical question here. How does the typical state know about the



2.7. THE CLONING AND STRONG SUBADDITIVITY PARADOXES 37

inverse temperature 47 This information is contained in the number of energy eigenstates
comprising the typical state and the energy interval where the states live. Hence the
system knows about the temperature.

The analysis in this section also addresses the question of Hawking’s paradox. Since we
have established that typical states are exponentially close to mixed states in an ensemble
and constitute most of the states in a statistical ensemble, Hawking’s calculation is not

precise enough to determine that the final state is a thermal state.

2.7 The cloning and strong subadditivity paradoxes

This section will look at two closely related puzzles regarding the black hole interior: the

no-cloning and the strong subadditivity paradoxes [12].

2.7.1 Cloning paradox

Consider a nice slice in a black hole spacetime that stays away from singularities and is
spacelike everywhere. We call such a slice a nice slice. Now consider an old black hole
that has evaporated past the Page time.°

We are concerned with slices that asymptote to substantially late times in the exterior.
This captures almost all the outgoing Hawking radiation. Now consider some infalling
matter, whose state is given by |¢)). Therefore, this slice has two copies of information
from different regions, one from the infalling matter itself and another reconstructed from
the Hawking radiation. In other words, it seems that the Hawking process leads to the

following situation with two copies of the state on the nice slice:

) = [¥) ®[¢) . (2.110)

However, the above scenario contradicts the no-cloning theorem, which follows from a
fundamental assumption of quantum mechanics, i.e., the unitarity assumption. We will

now describe the proof of the no-cloning theorem in quantum mechanics.

The no-cloning theorem in quantum mechanics

Consider a factorized Hilbert space H = Hx ® Hp denoting two subsystems A and B,
such that H4 = Hp. Using unitary operations, we want to copy a generic state |¢) , over

an "ancilla' state of the subsystem B given by |e) 5 to obtain |¢) 5. In other words, we

6The Page time as defined here is half of the black hole evaporation time. The original motivation
of Page was to treat a black hole as a factorized system where we have separate interior and exterior
subsystems and quantify the flow of information between these subsystems. However, as we shall argue
later on, this assumption conflicts with the Gauss constraint of gravity.
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want to start with the initial composite system given by

[ X)in = |0)a @ l€)g (2.111)

and show that there exists no unitary operator U 7 that takes us from the above initial

state to the following final state

[ XD ous = 10)4 @ |d) - (2.112)

To demonstrate the proof, we consider two arbitrary states |¢) and |¢) in the Hilbert
space H,4. Then the unitary operator U operates on the initial state and takes it to the

final state
D) 4@ e} = [0)4 @ [D)p (2.113)

and similarly

(W) a@le)s = V)4 ©Y)p (2.114)

Since the operator is unitary the inner product between the two initial states and the

two final states must be the same. This implies

{l)]* = [(]¥)] (2.115)

which implies that either [(¢|¢))| = 1 or [(¢|¢))| = 0. But his implies that the states |¢)
and |¢) in the Hilbert space H4 are specially selected and not arbitrary. Hence such an
operator U does not exist for a generic state.

One can also write down the representation of the unitary operator on the two-
dimensional subspace of initial and final states, and using unitarity show that such an

operator has a particular action and does not exist for a generic state.

Why the paradox may be ill posed

Note that this paradox cannot be resolved through small corrections of O(y/Gy) and is
an O(1) paradox.

In this regard, one might state the following reasons why the paradox can potentially
be ill-defined:

1. The paradox is difficult to observe since one needs to collect all the escaped Hawking
radiation and then perform a quantum computation of the radiation. Then in
order for the infalling observer to violate the no-cloning theorem, the details of this
quantum computation have to be sent to the infalling observer, which then has to

perform a measurement that demonstrates the violation of quantum mechanics.

“which in our case is the unitary time evolution operator
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Such a violation is seemingly hard in practice.
2. There exists a firewall at the horizon.

Even though the measurement of violation may be hard, a copy of the information on
the nice Cauchy slice still exists. In addition, firewalls imply a breakdown of effective
field theory, especially the two-point correlator across the horizon, which apriori seems

unnecessary. We will not further look into the firewall story in our work for these reasons.

2.7.2 Strong subadditivity paradox

This paradox is closely related to the cloning paradox, as described earlier. We will first
explain the statement of strong subadditivity, which is a fundamental theorem involving
Von Neumann entropies of subsystems.

Consider a tripartite system’s Hilbert space denoted by
H=H,® Hp ® Hc. (2.116)
The strong subadditivity theorem states that
Sapc+ S < Sap + Spe (2.117)

Stated a different way by adding and removing a system D on this tripartite description,

one has the following relation
Sag+ Spc > Sa+ Sc. (2.118)

We will be concerned with this above statement of strong subadditivity in our work.

The paradox
We look at three different regions given a black hole.
1. Region C just inside the horizon.
2. Region B just outside the horizon
3. Region A which is the rest of the slice outside the horizon.

In our discussion, we will neglect the entropy of the vacuum and will subtract this leading
correction. For our discussion, we assume that the entropy of region A follows the Page
curve, i.e., it attains a maximum value at the Page time tp,e and gradually reduces
afterward till the black hole completely evaporates. We consider the situation where we

are after the Page time.
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All the three regions A, B, and C have Hawking quanta in them, which dynamically
shifts between these three regions, i.e., the quanta in Region B move out to region A after

a certain time interval. As a result, we can write
Sa(t+t) = Sap (2.119)
where 0t is the light crossing time for Region B. Then it trivially follows that
Sap < S4. (2.120)
Next the Hawking radiation in Region B and C are highly entangled. This means that
Spe < Sp ~ Sc. (2.121)

Both B and C are approximately thermal when viewed independently but are almost

pure when viewed together. As a consequence, adding Syp and Spc up we obtain
Sag+ Spc <S4+ Sc. (2.122)

This indicates a violation of strong subadditivity as quantitatively posed in equation
(2.118). The violation of strong subadditivity is a statement about the violation of
monogamy of entanglement: If Region B is entangled with Region A, then it cannot
be entangled with Region C. Here Region B is entangled with Region A due to unitary

evolution and with Region C due to the smoothness of the horizon.

Just as in cloning paradox, the strong subadditivity violation is an O(1) violation and
is closely related to it as well. The fact that B is entangled with A and C is similar to

the paradox that quantum information is cloned on A and C.

2.7.3 Resolutions

One trivial way these paradoxes are resolved is due to the appearance of structure at the
horizon, i.e., fuzzball/ firewall kind of proposals. However, we focus on a more plausible

aspect that does not deal with the breakdown of effective field theory at the horizon.

The essential feature here which resolves the paradox is the fact that in gravity, the

regions A, B, and C are not independent, i.e. the decomposition assumption
H=H,® Hp® Hc. (2.123)

is incorrect. This essentially gives rise to the above-mentioned O(1) violation.
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2.8 Black hole complementarity

The key idea of black hole complementarity is that different observers observe physics
differently, with none spotting a violation, i.e., one can have two alternative descriptions
of the black hole [14, 15]. These descriptions can be listed as follows, and the goal of this

section is to explain these statements in detail:

1. An outside observer who can think of a "membrane" at the stretched horizon and

consider unitary evolution. Here the stretched horizon is defined as

l2
r=r1ry+ —P_ (2124)
Th

The above equation implies that the stretched horizon area is I3 larger than the

event horizon.

2. An infalling observer who sees a smooth horizon but cannot verify unitarity since

they perish into the singularity before being able to perform any such experiment.

As we will show later on, one can formulate a stronger statement of black hole com-
plementarity using the non-factorization mentioned above of the Hilbert space while

considering high point correlators.

2.8.1 Thought experiments involving complementarity

We will briefly review the approach of [14, 15] here, who considered thought experiments
to show that no observer can detect complementarity without knowing about Planck scale

physics.

Existence of a stretched membrane

Consider an infalling observer who sends messages reporting the smoothness of the hori-

zon to an asymptotic observer. The redshift factor here is given by

Th

Woo = 1/1 — —wjp, (2.125)
r
which at the stretched horizon becomes
Th lp
Woo = |1 — T Win = —~Win (2.126)
Th + £ T'h
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The asymptotic observer is in a bath of radiation at temperature 7'oc M ~1. To be able

to read a message the outside observer requires a frequency

Weo > :h = Wiy > l; (2.127)

Consequently, beyond the stretched horizon, the infalling observer has to use Planckian

frequencies to communicate the absence of a membrane to distinguish the signal from the
bath.

Alternatively, one can say that the acceleration required by an observer to go up to

the stretched horizon and then escape outside is of the order

1
an~ — (2.128)
lp
which again requires the knowledge of Planckian physics to confirm the existence of a

stretched membrane.

Is cloning possible?

Let us study whether the infalling and the exterior observer who falls in later can detect
information cloning.

Consider a situation where the first infalling observer crosses the horizon at V' = 1.
The second observer waits for a time longer than the Page time, decodes the Hawking

radiation, and then jumps in at a late enough time, say of the order

ZfPag
QT‘h

V = exp ( e) =expr,K (7) (2.129)

P

where K is a numerical constant. Recall that the singularity is at UV = 1. Consequently

the first observer has to send a message before

t age
U = exp (— g g ) (2.130)

Th

in order for the second observer to receive the same. It can be shown that the maximum

proper time for the first observer to send this signal is

ThEXP | — 75 (2.131)

which is simply the fact that the first observer has to use Planckian frequencies to send

the signal. In general, as long as the later observer jumps after

t =1y log - (2.132)
lp
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the first observer has to use Planckian frequencies.

Preskill Hayden time

Consider the following question: Suppose a black hole has evaporated past the Page time,
and someone collects all the radiation till that time. Now, if you throw new information

into the black hole, how long will it take before it emits the same?

It was argued in [19] that the black hole will emit this radiation in the time
t =y log T (2.133)
lp

The key idea in [19] is that the time it takes for the black hole to collect the information
about the diary is the same time that it takes for the black hole to scramble the infor-
mation of the diary over its degrees of freedom, which is a much shorter time scale as

compared to the evaporation time scale.

This time scale is reminiscent of the time scale encountered in the cloning process
and, more generally, is the threshold bound for black hole complementarity. In a certain
sense, the existence of this time scale demonstrates that it is impossible to obtain the

cloning of quantum information without going to Planckian frequencies.

2.8.2 Loss of locality in high-point correlators

The description here follows the analysis of [29-33]. Previously, the focus was not on
how to read information in Hawking radiation using local observables. The focus of this
subsection is that the exterior and interior regions are not independent. More precisely,
on a nice slice, the statement of complementarity that resolves cloning paradox (and also

has implications for the strong subadditivity paradox) is given by

p(a™) = P (p(x"), $(x"), ..., (@) (2.134)

Note that in ordinary quantum field theories such as scalar field theory such a relation is
manifestly wrong since causality implies that for spacelike points z; and z;, with x; # z;

on a slice

[(x), ¢(;)] = 0. (2.135)

The roots of this statement lie in the fact that there is a Gauss constraint in gravity. A
qualitatively similar statement can also be displayed in the case of gauge theories. We

will further look into such issues in §4.
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2.9 Interior operators in the state-dependent formal-
ism

In this section, we review the construction of state-dependent operators describing modes
behind the horizon [29-33]. This construction is similar to both pure and eternal black
holes. For eternal black holes, the CFT observables mean the right CFT’s observables,
which are our objects of interest.

We start with the black hole state [¢)) whose average energy is given by E. Firstly an
algebra A% is generated by simple operators which are defined as operator polynomials
of degree n such that n < N, where A is the central charge of CFT (N = N?). We will
call this algebra the small algebra. The small algebra is associated with the state |¢)) and
omits the Hamiltonian. We exclude the Hamiltonian because we do not want to include
any annihilation operators in the algebra, and the Hamiltonian annihilates the state, i.e.,
(H — E) [¢)) = 0. However, we want the algebra to be approximately closed under time
evolution.

Keeping these aspects in mind, we construct and work in the small Hilbert space,

which is obtained by the action of these simple operators on the state [1)).
Hiy = Al) (2.136)

By doing this, we have laid out the basic framework in order to derive various ax-
iomatic/algebraic QFT results. Note that this construction does not involve a doubling
of the Hilbert space. In particular, provided the algebra A is a Von Neumann algebra,
we can derive the Tomita-Takesaki theorem, which constructs a commutant algebra A’
for us.
To state the theorem, we firstly define the following antilinear map from S : Hy —
Hyy and O € A.
SO) =O0"y) (2.137)

We now decompose the operator S as S = JAY2 where J is an anti-unitary operator
and A is Hermitian. Consequently we have STS = A. The Tomita-Takesaki theorem
says that there exists a commutant algebra A’ = J A J, with the property that operators
O € A defined by O = JOJ commutes with all elements O’ € A

0,0 =0. (2.138)

8The picture to keep in mind is that of a Von Neumann algebra, which is basically a set of bounded
operators closed under certain operation. More precisely, in quantum gravity, we do not deal with Von
Neumann algebras, but rather a subspace of bounded operators (constructed using smearing), which
approximates a Von Neumann algebra to a good degree. This is because the space of bounded oper-
ators is not closed under multiplication of operators, and one can go out of this space using repeated
multiplication.
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Since A is Hermitian, we express it as A = exp{— K}, where K is defined as the modular
Hamiltonian for the algebras A and A" generating the Hilbert space H|y), and is expressed

in terms of the antilinear operator S as:
K =—logs's. (2.139)

Our job now is to construct the precise form of the modular Hamiltonian and the tilde
operators. To construct these, we will apply the above construction to a system with
Hamiltonian H acting on the state |¢). As given in [98], the modular Hamiltonian up to

the leading order in N takes the form:

K=B8(H=-FE)+0 (;) (2.140)

where F is the average energy of the state 1 on which it is acting. Therefore to the
leading order in N one can give a precise form for the O operators. Using the definition
given in equation (2.137) with the definitions given by STS = A and O =JO1J, we can

write down the action of the O operators on the Hilbert space:
O(w) O/ |0) = 0’ e Ol (W) [0) & [H,0w)]0'[t5) = wOwW) O'|v).  (2.141)

The state-dependent operators O describing the right moving modes in the interior are
thus constructed in the above fashion. The commutant algebra allows us to impose
causality and locality between the interior and the exterior operators. The role of modular
operators is to push the excitations behind the horizon. The unique feature of this
construction is that this follows naturally for any well-defined quantum field theory,

provided the algebra of simple operators satisfies the requirements mentioned above.



46

CHAPTER 2. BRIEF REVIEW OF RELEVANT TOPICS



Chapter 3

The bags of gold paradox

Overview of results

Following our initial motivation and basic tools, we will now overview our results quickly.
§3.1 poses the paradox discussed above for eternal black holes in detail. §3.2 discusses
our proposed resolution, where we also determine the maximum number of vectors that
can be fit inside a Hilbert space with small inner products. In §3.3, we demonstrate
that the paradox does not show up in the fine-grained entropy of the CFT. From the
CF'T perspective, the action of state-dependent operators on the state of the black hole
generates the interior bulk states in our construction. We show that the bulk state
produced by the action of interior operators on the thermofield double state [40, 99, 100]
does not lead to any change in the Von Neumann entropy of the CFT. We also calculate
the fine-grained entropy using quantum extremal surfaces for the eternal black hole. These
surfaces do not enter the black hole interior and, therefore, do not capture our interior
excitations. Consequently, there is no paradox in the dual CFT. These observations
strongly support our claim that the interior states arise due to overcounting and are not
independent excitations in quantum gravity.

In the bulk description, it is essential to understand the behaviour of the interior
excitations. From the CF'T perspective, our excitations appear to be in equilibrium when
probed using simple operators in the right side CFT. However, they are out of equilibrium
when probed with operators belonging to the complement of the small algebra of simple
operators '. These properties of the excitations lead to a bulk picture of the excitations
arising from the left-past horizon of the eternal black hole and travelling through the left
side. Afterwards, they fall into the left future horizon where they go on and intersect
the nice slices. The above nature of the excitations physically demonstrates the paradox
in Figure 3.1 where different excitations come out of the left horizon at particular times

governed by the unitary operator U(t). The initial bulk state of the excitations on the

1See §2.9 for the definition of simple operators, the small algebra and its complement

47
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black hole is a Euclidean black hole glued to the Lorentzian geometry [101, 102]. Here
the excitations are generated using operators at the Euclidean AdS boundary (See Figure
3.2).

We estimate that two excitations placed far apart on the nice slices of single-sided
black holes have an overlap larger than O(e‘g). Such an overlap strongly backs our
resolution involving small inner products and is the topic of §3.5. We discuss how the
treatment of bags of gold excitations using effective field theory violates black holes’
expected spectral properties in §3.6. We provide some toy examples of bags of gold con-
figurations there, which violate the qualitative and quantitative features of spectral form
factor and energy level spacing distribution. We also argue how our resolution fixes these
issues. Next, we explicitly demonstrate that there can be a large number of excitations
living in the black hole interior using toy models in §3.7. These toy models are small
N matrix models in which we first construct a typical state [103-105] in order to model
single-sided black holes. We then use the typical state and the small algebra to construct
the small Hilbert space? describing interior bulk excitations. Random combinations of
operators living on this small Hilbert space gives rise to smeared bulk excitations. We
see that the small Hilbert space can embed a large number of states having small inner
products with each other. We then construct states resembling excitations placed far
apart from each other on the Cauchy slice in these matrix models. These states have

small inner products, thereby confirming our resolution discussed in §3.5.

It is natural to ask why such an overcounting does not occur for quantum statistical
systems and is special to black holes. Consider a statistical system which has a Hilbert
space of dimension m. One can apply our resolution to this system and ask whether this
system has a much smaller dimension n, with m > n. While we can kinematically pose
such a statement, such a situation leads to discrepancies in thermodynamic observables.
Another consequence of such a modelling is that forbidden quantum state transfers can

occur in the larger system modelled with n vectors. We discuss these issues in §3.8.

3.1 The bags of gold paradox for the eternal black
hole

This section will outline the construction of the maximal volume surfaces. Afterwards,
we will place excitations on these slices. Lastly, we will pose and discuss the paradox in
detail.

2See §2.9 for a review of the state-dependent formalism and associated definitions. Loosely speaking
this is also known as the code subspace.
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3.1.1 Maximum volume slices in the interior

Consider an eternal black hole at boundary time ¢ as in Figure 1.1. We want to construct
nice slices which stay away from singularity everywhere and possess the maximum volume
for a given boundary time t. We will work with the AdS Schwarzchild metric in d + 1
dimensions is given by

4 ’ *
d32 — _M e_f (rp)r dUk; dvk —+ TQdQ?i—U (31)

f/(,rh)Q
where f(r) =r?+1— —&5, ry, is the black hole horizon and r* is the tortoise coordinate.
The subscript k& denotes Kruskal coordinates. Our goal is to show is that the interior’s

volume grows as we increase the boundary time .

Since the paradox involves only the interior, a demonstration of the growth of the
interior volume will be sufficient for our purposes. Instead of parametrizing the slices
with the boundary time, we will parametrize them using the Kruskal coordinates (ug,0)
on the left horizon and (0, vy) on the right horizon, as shown in Figure 3.1. Thus we change
our problem to a similar one where we compute the maximum volume of slices which end
at (up,0) on the left horizon and (0,vg) on the right horizon. This problem has two
advantages. We see the first advantage of calculating the maximal volume surfaces in the
case of single-sided black holes in §3.5. These black holes possess the entire interior region
but do not have a boundary time on the left. Therefore we can utilize this construction
of maximum volume slices for the single-sided case. This problem also overcomes the

problem of infinite exterior volumes 3.

We set uy = vy using the isometry of AdS spacetime. It is convenient to use the
infalling Eddington-Finkelstein coordinate v =t + r* in order to calculate the maximum
volume surfaces.

ds* = — f(r) dv* + 2dr dv + r*dQ;_, (3.2)

Note that v here is different from the Kruskal coordinate v,. We define an affine
spacelike parameter o to parametrize the nice slice. We now need to extremize the

following volume integral to obtain the maximum volume of these surfaces.
1
V=V, / dor=t (= f(r) 6 + 27 0)* | (3.3)

where V;_; is the volume of the (d — 1) spherical ball. We end up with the following
expression for the volume [106-108]:

2

V= logup + O (1) (3.4)

3though this can also be tamed by introducing a boundary cutoff.
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where A(7i,) and O (1) are terms of order one which do not grow with ug. In equation

(3.4), Tmin is determined using

fFanin) T+ E* =0, (3.5)
where F is a conserved quantity £ = —g—ﬁ with L denoting the integrand of equation

3.3. The volume extremization, derivation of the resulting equation (3.4) and A(r,,;,) are
calculated in Appendix 6.3. The important observation here is that the interior volume
of the nice slice increasingly grows with the Kruskal time. The physical reason is that

the wormhole grows larger and larger with Kruskal time.

3.1.2 Placing semiclassical excitations on the nice slice

Since the volume of the nice slice in the interior keeps increasing with the Kruskal time,
the interior can accommodate an increasingly large number of semiclassical excitations
far apart from each other such that their spatial overlaps with each other are zero. At
late times the slice’s volume goes to infinity, and therefore a high number of excitations
can be placed far apart from each other. These interior excitations are created by acting
with unitary operators on the right CFT in the thermofield double state. Eqn. (3.6)

describes an interior excitation,

BH

[0S) = Cy e 2" Uy(O(ty)) e =" |TFD) . (3.6)

Here U(O(ty)) is an unitary operator acting on the right CFT, C is the normalization
constant, Hp is the right CFT’s Hamiltonian. Here O(t;) is can be thought of as a
simple operator, i.e. a smeared single trace operator of low conformal dimension. The
state |1.) represents our excitation. These states are motivated by the state-dependent
formalism, which we review in §2.9%. The unitary operator U; controls the position of
these excitations on the slice. This control results due to the timelike coordinate ¢ in
the exterior becoming a spacelike coordinate in the interior. We now create another
excitation in the interior:

BH
2

) = Cy eHRT 6= 73 Uy(ty) €5 e HRT | TFD) | (3.7)

4Since the unitaries that we are looking at are of the form U(O(tp)), indeed one can express them
in the form U(O(ty)) = e'PO(t0). Since this is an exponentiated operator, it is not really a monomial
constructed out of creation operators. Still in a certain sense, the above operators are motivated by the
state dependent picture, since the modulation by factors of et pushes them inside the interior. The
state dependent formalism was invoked since a similar picture is arises there as well. Otherwise they could
be treated as independent excitations on their own. Thus even though these operators do not have the
standard form of being a monomial of creation operators, the reason why they describe (non-equilibrium)
insertions behind the horizon is essentially the same as the state dependent construction.
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The action of the Rindler Hamiltonian using factors of e *rT

spatially separates
this second excitation from the first one. Since the exterior timelike coordinate becomes
spacelike in the interior, these excitations are placed far apart from each other if T is large
enough. We now generate m number of such excitations similarly, with each excitation
iHT

)

placed far apart from the previous one as a result of modulating with the factor e~
where T denotes the time difference between consequent excitations. We will discuss the
nature of these excitations in more detail in §3.4. Therefore a physical picture of placing
the excitations on the nice slice is as follows: Consider an excitation created at time ¢;.
This excitation proceeds into the interior of the black hole and intersects the nice slice.

Other excitations are created at time t5, and so on at t3,t4 up to t,,.

Physical properties of the excitations

We now demand certain physical properties which these excitations should satisfy. We
generate the excitations such that the backreaction is very small as compared to the mass
of the black hole. If we have m excitations each having energy of the order of Ej, then

the condition for preventing backreaction is given by

We will ensure that the density of excitations p = 7+ is a finite quantity in the
thermodynamic limit, i.e. with m and V' large. Fixing the density allows us to calculate
the entropy of these excitations in the effective field theory approximation by treating
the system as a "dilute gas" of excitations living on the nice slice of the black hole. We
also want that the separation between any two excitations is quite more substantial than
the smearing time scale dt associated with each excitation which leads to the following
condition.

Ot < [t — 1],V #i (3.9)

We also impose an IR cutoff for the excitations which restricts them completely to
the interior of the black hole. In the late time limit, we demand that the excitations
have a length scale shorter than the volume of the black hole divided by the number of

excitations, which gives rise to the following bound:

> (3.10)

where V;_; is the volume of the unit spherical ball as defined previously. Thus our
construction defines a "dilute gas" of excitations living in the black hole interior, such
that each of these excitations has zero spatial overlap with the others. We will clarify

further details regarding the physical behaviour of the excitations in the bulk in §3.4.
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3.1.3 The paradox in the bulk

We will now roughly calculate the entropy of the "dilute gas" of excitations in the bulk
interior using the microcanonical ensemble, assuming that our excitations behave classi-
cally’. Let E denote the total energy of the configuration. The volume %, of a shell with

uncertainty Ag centred about E in the momentum space is given by:

_ VM a
EP_WE Ap. (3.11)

Using this we calculate the volume of the phase space spanned by the gas.

v \/m m—1

The phase space volume enables us to calculate the entropy of the ensemble. We use
Stirling approximation and ignore the subleading terms in m. Finally, the expression for

entropy with p = 7 is obtained to be

V Ey

VE E
S(E,V,m) =mlog — = mlog = Vplog —2, (3.13)
m p
where £ = mE,, with Fy being the average energy of a single excitation. Since we have
imposed that the density p is a finite non-zero quantity, (3.13) indicates that the entropy
scales as the volume. This scaling gives rise to the paradox that the entropy of the dilute

gas is larger than the Bekenstein Hawking entropy of the black hole at late times.

3.2 The resolution: Overestimation of the Hilbert

space’s dimensionality

The reason why the paradox arises is due to a colossal overcounting of the bulk Hilbert
space. In our construction, we ensured that the semiclassical excitations have zero spatial
overlap, which is sufficient for two different excitations to be independent in effective field
theory, i.e. with a vanishingly small inner product. This section motivates why the above
assertion is not correct in quantum gravity and demonstrates that we can embed many
more vectors in a Hilbert space with small inner products than given by the dimension of
the space. Some results in this section were also discussed in unpublished notes in [109].

We first review why semiclassical gravity predicts that the inner product between two
vectors in the Hilbert space can be arbitrarily small. Afterwards, we will look at why

such a prediction does not hold true in quantum gravity.

5By classically, here the assumption essentially means to perform such a counting while ignoring
particle production and related effects which may spoil the estimation.
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Inner products in semiclassical gravity

We will follow the work of [33] here in order to compute the inner product between
semiclassical states. We work with a background metric g, () in d + 1 dimensions, and
consider small linearized fluctuations g;“, = ggl, + /81Gndg, about it. In general these

linearized fluctuations can be expressed in terms of creation and annihilation operators
Oguw () = Z Z a'(k) gfw(k:) + h.c. (3.14)
ik

where ¢ denotes the W%M

the functions giw(k) such that the creation and annihilation operators obey the same

polarizations and k goes over the momenta. We choose

commutation relations for a simple harmonic oscillator. We will look at the coherent

states formed by the action of the creation operators which creates the excited spacetime:
) = C, e 2 s’ Rel®) |0y (3.15)

where C,, is the normalization constant and |0) is the vacuum such that a;(k) |0) = 0. The
expectation value of the metric operator on a coherent state |g9) gives us the classical

value of the metric:
9w = (9 G ()] 97) - (3.16)

We now consider the inner product between the background spacetime and the excited
spacetime, such that the two spacetimes are "distant" in the phase space. Here "distant'
means a substantial classical perturbation dg,, ~ ﬁ = AN, where N is the central
charge of the CFT (N = N? for gauge theories with gauge group N). For small linearized
fluctuations, we set A ~ O (1) < O(N) such that A < 1, which still allows us to
do linearized perturbations while not being vanishingly small. As shown in [33], the

semiclassical inner product between the two bulk states is given by

(g 195} = exp{ =N (¢" ¢) } (3.17)

where v (go, gd) is an O (1) quantity. Thus we conclude that the inner product between
two different semiclassical excitations can be arbitrarily small. This is a feature common
to a QF'T, coherent states corresponding to quite different classical excitations can have

a vanishingly small overlap.

Inner products in quantum gravity from the CFT description

Using the dual CF'T description, we will see why the analysis in the preceding subsection is
misleading when the phase space "distance" between the classical configurations becomes

large. Contrary to the semiclassical indication, the inner product between two different
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vectors might be a small but finite number even if the classical description is completely
different [32, 33, 110]. A simple example is the overlap between two factorized AdS
spacetimes and the thermofield double, which are very different classical configurations.

These two have an overlap given by:

(0,0|TFD) = —_ (3.18)

Z(P)

which is small but nonvanishing. The physical basis behind this small overlap is the
following: the semiclassical inner product is obeyed only up to a particular "distance"
in the phase space between two different classical configurations. Beyond this distance,

inner products are saturated and differ from the semi classical inner product.

An example of this saturation is given by 'time-shifted states" in the CFT [32, 33],
which represent different bulk configurations. Consider the time shifted state given by
time evolution on the left CFT acting on the thermofield double:

[vr) = LT | TFD) | (3.19)

On the thermofield double consider m = e distinct time shifted states each shifted by

a time (711,75 ... T,,). Now there exist a solution for a;’s given in the following equation:

S 2

ITFD) — Y o €7 | TFD)| > O (e™V). (3.20)
=1

This leads to the inner products developing a saturated "fat tail" of magnitude larger
than O (e=) which is our primary motivation for overcounting. This shows that these

bulk states are not really independent of each other.

We give another proof of the presence of small inner products from the CF'T descrip-
tion in §3.5.2 for single-sided black holes. Given a CFT dual to a single-sided black hole,
we will show that two far apart excitations have an inner product larger than O(e‘g),

which serves as the basis for overcounting in the single-sided black holes.

The fundamental reason why this saturation of inner products happens in gravity
is an obstruction to the lifting of classical observables living on the phase space to the
Hilbert space. The d-metric and its canonical conjugate momentum in the d +1 ADM
decomposition cannot be naively lifted to well-defined operators on the Hilbert space, as
they give rise to the semiclassical inner product. Apart from these examples, there also
exist other cases where the inner product in effective field theory receives small corrections
in quantum gravity. This "fat tail" is similar to the "spectral form factor" in [49]. Another
striking example is the statement that two states in quantum gravity might turn out to
be the same [111].
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3.2.1 How many bulk excitations can we possibly have?

We saw in the preceding subsection that all distinct bulk excitations are not independent
of each other. Since the inner products saturate, taking excitations far apart would not
make them independent. With this motivation, it becomes a natural question to ask how
many bulk excitations can we fit inside a Hilbert space of dimension n.

This question has a profound consequence: a black hole with coarse-grained entropy
Spy can still have a vast number of bulk excitations living on the nice slices, and hence

there is no paradox.

How many vectors can we fit inside a Hilbert space of dimension n?

We consider the following problem: In a Hilbert space H of dimension n, what is the

maximum number m,,(e) = m of vectors {v;} which satisfy the following relations:
1
v

We have m,,(0) = n trivially. The solution to this problem is as follows. Unit vectors

(vilvi) =1 & [uilvy)| <e, i#3j; €= (3.21)

in the Hilbert space live on the surface of an (2n — 1) dimensional real sphere. We can fix
one vector to be |v1) = (1,0,...,0,0). The remaining vectors |v;) = (a1, a2, ... ,an_1, ap)

will satisfy the following equation,
lar® + lasl* + ...+ Jan—a]® + laa|” = 1. (3.22)

For i # 1, (3.21) implies that |a;|* < €2. Therefore around a vector |v), there is an
exclusion zone where there can be no other vector. The boundary of this region is given
by

lao” + ...+ Jan_1 ]+ | =1 — € (3.23)

Since a, € C, we write ay = ¢ + idg, where ¢, di, € R. We perform the worst-case
estimate of the number of vectors by assuming all the inner products are of the order e.
We obtain the naive estimate for the number of vectors that satisfy the inner product
bounds by dividing the surface area of the 2n—1 dimensional real sphere (since |a;|* ~ €2)
with the area of the exclusion zone. The exclusion zone for each vector has the radius .

Therefore each sphere will have the volume given by

n 62
dg+di=1——. (3.24)

k=2 4
A more accurate computation would also require the packing fraction of such exclusion
zones. One can then count the number of vectors and multiply it by the packing ratio to

approximately get the highest number of vectors.
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PS - 1 2n—2 2\ —2n+2
m e =22l < ) — onP <1 _ 6) (3.25)
4

Vv2n—2 4

Here Sy,,_; is the surface area of the (2n — 1) dimensional sphere, the volume enclosed
by the (2n — 3) dimensional sphere is given by V5, o and P denotes the constant of
proportionality which gets contribution from the packing fraction and also takes into

account small errors which may have resulted from our rough counting method. We have
2 ) —2n+42

also used % = 27. Let us have a look at the function (1 — EZ

when n becomes very large. Now using the definition of the exponential function we

. We are interested

obtain

1 2n—2 ne? —2n2 ne? e 2
lim < ) = lim (1 — 4) ~ lim (1 — 4) —e'7. (3.26)
n—oo \ 1 — & n—00 n n—00 n

4

Note that the above expression is valid for any value of ¢, including our case where

ne? >> 1. We evaluate the value of m in the limit of large n to be

TLE2

m~2rPe 2 .

(3.27)

Since our small inner products in question are very close to zero, i.e. € = 0, we fix the
proportionality constant 27 P in the case when ¢ = 0, which sets 2 P = n. Therefore the

formula describing maximum possible vectors for small € is given by

manez. (3.28)

We pause here to reflect upon what our formula in (3.28) tells us. With tiny inner
products € < 1 such that € > e’g, we can obtain an extremely enormous overcounting
of the Hilbert space. As an example consider all inner products € ~ e~%. The maximum
number of states with such a small inner product that can be embedded in the Hilbert

space of dimensionality e° is given by:
3
m o~ e’ x exp{Q}. (3.29)

This counting suggests that even for a small S like S = 105, m is a vast number. Thus
a high number of bulk states can be embedded in the actual smaller Hilbert space with
tiny inner products, which is the surprising fact underlying our resolution.

In low dimensions equation (3.28) seems to contradict our intuition, for we do not see
such tremendous growth. Appendix 6.1 deals with the calculation of inner products for
vectors denoting the corners of regular polyhedra in general dimensions while building

up from low dimensional examples. Inner products of these corner vectors of regular
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polyhedra eventually reproduce equation (3.28) when the dimensionality becomes large.
This approach helps develop our intuition for large Hilbert spaces since it builds up

starting from low dimensional examples.

3.3 Resolution of the paradox from the boundary

perspective

As mentioned in the introduction, equation (1.1) is the coarse-grained entropy of a black
hole. The origin of coarse-grained quantities like the thermodynamic entropy is due to
inherent sloppiness since we measure only a small subspace of the Hilbert space. As
a result, coarse-grained quantities can grow under unitary time evolution. In contrast,
the fine-grained entropy or the Von Neumann entropy is a more accurate measure of
the degrees of freedom. The fine-grained entropy remains invariant under unitary time

evolution.

We hereby investigate the paradox from the boundary viewpoint and calculate the
Von Neumann entropy on the CFT side. We will show that the calculation of the entropy
of the CFT reveals the absence of any paradox because the insertion of the excitations

on the thermofield double preserves the Von Neumann entropy.

Computation of the generalized entanglement entropy also demonstrates that there is
no paradox in the CF'T. This computation involves a choice of quantum extremal surfaces

and does not depend on the precise details of the excitations.

We note an important point here: The proof that there is no paradox in the boundary
does not capture the qualitative picture of the paradox in bulk. However, this indicates
a crucial fact: the excitations do not increase the fine-grained entropy. The invariance of
fine-grained and coarse-grained entropy along with the assumption that state-dependent
operators reconstruct the black hole interior leaves us with no choice apart from over-

counting of vectors to resolve this paradox.

CFT excitations: No paradox

In this subsection, we will look at the entanglement entropy of the right CFT. Consider
the thermofield double state, which consists of the left and the right CFTs. Tracing over
the left region gives us the reduced density matrix for the right CFT, which is the thermal

density matrix pp.

e_ﬁEi
pr = Try |TFD) (TFD| = ¥

. Z(5) |Ei) g (Eilp = pr, (3.30)
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where pr is the thermal density matrix. Equation (3.6) describes an excitation in the
interior:

BHR

S) = Ny e~ 2% UL 2" |TFD), (3.31)

We will define the following unitary operators for our convenience:

Vi = eHRTyL e HRT, (3.32)

Note that here we have included the time evolution contributions e *#7’s inside
the unitary V'’s since they represent unitary contributions. Till now we have worked in
the semiclassical picture where we have treated the excitations as m different vectors.
However from the CF'T perspective, the boundary state with m interior excitations is
written as the action of a single interior operator on the thermofield double state. The

following expression is due to the specific form of the interior operators:

0°) = C' e 2 VI (1) Vil (o) - V(L) Vit (1) e |TFD) = C'e~ 2" Ve =" [TFD)
(3.33)
We now calculate the reduced density matrix on the right region for this system of
excitations.
P = Ty [0°) (0f] = [C2 e "% Ve 2" Try, [TFD) (TFD| ¢ 2" Vie 2"
1 BHp BHR BHR BHp
= e 2 Vge 2 e PRt Ylem =" 3.34
- ; 339

The above manipulations follow because Vg is a unitary operator. We expect the
thermal density matrix to remain unchanged under interior operator insertions because
the thermal behaviour arises due to the horizon’s existence and is irrespective of insertions
in the interior unless a large backreaction changes the horizon. The interior operators
are defined only in the effective field theory limit, i.e. the backreaction is small, and
hence the thermal density matrix remains invariant. Since the density matrix itself does
not change due to the excitations, the entanglement entropy does not change as well.
Therefore we see that there is no paradox in the CFT as interior excitations do not

change the entanglement entropy.

Generalized entanglement entropy of the CFT

Using the generalized entanglement entropy [112-117], we can again show that there is no
paradox in the CFT. Quantum extremal surfaces are defined as surfaces which extremize
the sum of area and bulk entanglement entropy contributions, given a boundary subregion

B. This extremized sum is the generalized entanglement entropy of B.
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Figure 3.1: Bulk excitations denoted by orange and magenta lines arise from the left past horizon and fall into
the left future horizon. These states come out of equilibrium as indicated in equation (3.38) around the time
t1 and ty for the orange and magenta excitations. In the bulk this out of equilibrium behaviour is indicated
by how far the excitations protrude out on the left. The unitaries control the position of the excitation on
the slice, and large |t; — t2| leads to large spatial separation. Interior excitations at late times are visible only
to later slices. Consequently, we can keep accomodating more and more excitations at later and later times
which leads to the paradox.

Area(X)

Sgen(B) = MinX EXtX [ 4GN

+ Shulk (Zé)] (3.35)

Consider B to the right boundary region R on which the right CFT lives. We will
consider the case with no excitations living on the black hole first. Quantum extremal
surfaces for this case end at the horizon, therefore the generalized entanglement entropy

is given by:
Area of black hole
Sgcn(R> = 4GN

(3.36)

Now consider a situation where the matter content due to excitations in the interior
is very large, which is our case of interest. Consequently, the bulk entropy Spui in the
interior of the black hole due to all the excitations is very large. In this case, the quantum
extremal surfaces are no different and go only up to the horizon, thereby not capturing
Spuk in the interior region. As a result, the fine-grained entropy again is given by (3.36).
Therefore we conclude that there is no bag of gold paradox. We note that we do not need

the precise form of the excitations in order to derive this conclusion.
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3.4 The nature of the excitations and the initial bulk

wavefunction

In this section, we are interested in understanding the exact nature of the excitations

created by interior operators as given in (3.6). The excitations’ behaviour also holds the

key to qualitatively understand the initial state in the bulk, which leads to the paradox.

From the CFT perspective, the states given in (3.6) are non-equilibrium states [98], which
BHR BH

we briefly describe. These states ) = Cye™ 2 Ui(ty)e 2 |TFD) arise from the past
1

left horizon and end up at the future left horizon. To see this, we first show that these

excitations are invisible to the small algebra Ag % Therefore the time dependence of

these observables cannot be seen by probing with O € Apg.

S wiomwn ~o () (3.37)

However, these states are truly non-equilibrium when probed by the Hamiltonian
[98]. The Hamiltonian has support on both Agr and A'g and therefore can detect the
excitations on the commutant A’'g. Writing the state as [¢¢) = W (t) |TFD), it can be
shown that

4 FD| W O(t) [H, W] |TFD) 4 O (1> L33

d e e\ __
il o) H1v) = 5 "

Equation (3.38) shows that the state [1f) is out of equilibrium. The bulk interpreta-
tion is now clear as the operators in the right exterior of the black hole cannot detect the
excitations |¢¢). These excitations emerge from the past singularity and are short-lived.
At around t ~ t; they arrive at the left part of the diagram. At a later time, they fall
into the future singularity. These non equilibrium states are out of equilibrium at around
t ~ t1, but remain in equilibrium for ¢ < #; and come back to equilibrium for ¢ > t;,
and are therefore transient.

It is now easy to generalize from a single excitation to many excitations as given in

—iHRT7

(3.33), where as before, we include the factors e s inside the unitaries V'’s.

%) = Ce "2 V() Vi Yt ... Vi2(t2) VA (1) e 2 |TFD) (3.39)

This state in (3.39) will be seen in equilibrium at ¢t > ty, ts, ... ,t, and t <
ty, ta, ... ,t,. However when probed by the Hamiltonian at intermediate times, say
at t ~ t1,t ~ ty or at t ~ t,, the state will appear out of equilibrium. The bulk picture
describing out-of-equilibrium behaviour of the excitations at these intermediate times is

understood as them coming out of the past left horizon and travelling in the left exterior

6The algebras A, A’ and the associated small Hilbert space formed by acting with them on the
thermofield double state are reviewed in §2.9.
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Figure 3.2: The initial state of the black hole is created by glueing the Euclidean AdS to the bottom half of
the Lorentzian Penrose diagram. Boundary deformations of the Euclidean AdS create our excitations. Just
after the initial time, all the bags of gold excitations are in the left exterior.

before falling into the future horizon (See Figure 3.1).

The nature of the excitations reveals the physical picture of the paradox as well. As
we have argued earlier, all excitations possess an energy FEj, where m Ey < Mpgy. This
small energy means that the excitations cannot protrude very much outside the interior
on the left-hand side, and all excitations protrude a similar distance after coming out of

the past horizon before travelling and falling inside the future horizon.

Now consider early excitations governed by small ¢’s; e.g. (t1, t2 ...t;), where i < m,
which come out from the past horizon and fall into the future horizon. These excitations
intersect the Cauchy slices with boundaries at earlier Kruskal times and keep intersecting
future Cauchy slices at later Kruskal times as well. In contrast, the excitations which
come outside the past horizon and fall inside the future horizon at late t’s will not intersect
the early Kruskal time Cauchy slices. However, these excitations will intersect the late
Kruskal time Cauchy slices in the interior (See Figure 3.1). These above features give
rise to the physical picture of the paradox. On the late time slices, there will be more
and more excitations where the number of excitations is tuned such that they constitute
a dilute gas of a fixed density p. Therefore we have slices which have an increasingly
large value of entropy at late times which becomes more substantial than the Bekenstein

Hawking entropy.

In the bulk Lorentzian description it naively seems that the excitations emerge out
of the past singularity. This apparent problem is rectified by writing down an initial
bulk state for the problem [101, 102]. The way we construct the initial state or the
Hartle Hawking wavefunction of the eternal Lorentzian geometry is by glueing it to a
Euclidean AdS part and then performing the path integral over the Euclidean part. We

can thus obtain the Hartle Hawking state. At ¢t = ty all excitations are in the exterior and
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Figure 3.3: We demonstrate the paradox for pure state black holes which are single-sided. The dotted line on
the left denotes the UV cutoff for the theory living on the right boundary, which prohibits us from reaching
arbitrary close to the left boundary. Since the interior region is similar for both the single-sided and eternal
black holes, the physical picture of the paradox and its resolution is similar.

propagate afterwards on the left side of the Penrose diagram. We write our initial state
at this t = t; when all excitations are outside the horizon. Here each excitation should
be treated as a small deformation of the initial wavefunction and can be generated by
inserting operators at the Euclidean AdS boundary as shown in Figure 3.2. This gives us
the CF'T state (3.39). The initial state in the bulk is a path integral performed over this
configuration of an eternal geometry plus small boundary deformations, which is given
in (3.39). This path integral qualitatively resolves the problem of constructing a valid

initial bulk state in order to pose the paradox.

3.5 The paradox for single sided black holes

Till now, we have discussed at length the paradox for the eternal black hole. We can also
pose a similar paradox for pure state black holes. These black holes are described on the
boundary by a pure state on a single-sided CF'T. Using a single side CF'T on the right, the
bulk description of the black hole can be reconstructed using HKLL reconstruction [118]
in the exterior right. The top and bottom regions of the fully extended Kruskal diagram
of AdS Schwarzchild black hole can be reconstructed using state-dependent operators
as given in §2.9. A part of the left bulk region can also be reconstructed; however, we
cannot go too far on the left side as one needs operators with higher and higher energies
to approach closer and closer to the left boundary. In other words, a UV cutoff on the
right boundary CFT prevents us from going arbitrarily close to the left boundary in the
bulk.

Single sided black holes are represented by typical states [103—105] on the boundary
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CFT. We define these states by considering a quantum statistical system at a temperature
T and average energy E. The relevant example in our case is a CF'T at a temperature 7.
Let us consider a small interval AE centred about E in the CFT energy spectrum with
AFE < E. We will be looking at n energy eigenstates |E;) in the interval AFE, each with
energy F;. The entropy is therefore given by AS = %, while the number of states n in
the interval is related to the entropy as n = e, We now define a state by randomly

superposing the energy eigenstates:

|1hs) = Xi:c |Ei) (3.40)

such that 3 |¢;|?

property: For a quantum statistical system, "almost" all the states |¢);) mimic thermal

= 1. Here ¢;’s are chosen at random. These |1);) states obey a surprising

behaviour, and we define such states which look thermal as typical states |TYP). Further
details of the construction of single sided black holes using typical states are reviewed in
§2.6.

3.5.1 The single-sided paradox and its resolution

We now state the paradox for the single-sided black holes. The construction of maximal
volume surfaces in §3.1 is the same for this case because the single-sided black hole
possesses the same interior region as the eternal black hole does. The excitations in the
black hole interior are also similar with the difference being their action on the typical

state rather than on the thermofield double state. A single excitation is given by:

[5) = Che™ T Uy () e 2" |TYP) (3.41)

As before, we can place similar excitations far apart from each other on the nice slice
by adjusting the unitary U to create a dilute gas of density p. Calculating the entropy
of this semiclassical configuration again violates the coarse-grained Bekenstein Hawking
entropy at late times in the bulk. The nature of the excitations is also similar, they emerge
out from the bottom interior by coming out of the left past horizon and propagate on the
left side for some time, and fall into the left future horizon.

Our resolution to the bulk paradox for the single-sided black holes is the same res-
olution which we have proposed for the eternal case. We have hugely overcounted the
excitations in this case as well due to small inner products between coherent bulk states
describing the excitations. The resolution for this case is unchanged because the interior
possessed by single-sided and eternal black holes is the same.

As before we see that the fine-grained entropy remains unchanged. This consistency
arises as the typical state is a pure state and the entanglement entropy of this system is

zero. Similar to what was derived in 3.3, insertion of multiple bulk interior excitations
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on the typical state leaves the density matrix unchanged. As a result, we again conclude
that there is no paradox in the CFT. Even though the fine-grained entropy of the system
is zero, the coarse-grained entropy is Spy. In the following §3.5.2 we justify our claim
that the enormous number of semiclassical bulk excitations arise due to an overcounting
of the bulk Hilbert space.

3.5.2 Why interior bulk states are non-orthogonal in the CFT
Hilbert space?

We consider typical states in the CFT which are dual to the single sided black hole in

the bulk and are centered about an average energy E with range 2AE:

E+AE

ITYP) = > ), (3.42)

i=E—AFE

where [1);) are normalized states and 3, |c;|* = 1. We will denote O,, as operators in the
boundary CFT with energy w. (3.42) is constructed by acting with a string of O’s on the
ground state such that the string’s total energy is E;, which then leads to the state |¢;).

We are looking at states of the form:

W) =Ke = U(O,) ez [TYP) (3.43)
where K is the constant of normalization, U(O,) is an unitary operator creating bulk
excitation generated by products of O,. These operator insertions do not change the
energy of the typical state much, i.e. w < O(N). Another requirement is that the
number of single oscillator operator insertions in U(O,) is lesser than O(N). These
conditions define the small algebra of observables A which act on the ground state to
give the small Hilbert space. For the CFT this means that the number of operator
insertions is very small as compared to the energy of the state, and the insertions don’t
have very high energy themselves. We now want to evaluate the inner product of the two
such states in the small Hilbert space, where as previously, V;(O,,;, T;) includes the etHt
insertions, i.e. V;(Oy,,T;) = e U;(0,, ) e .

) = Kie™ % Vi(0u, T €T [TYP) & ) =Kje 7 V,(0,,.T))eF |TYP)
(3.44)
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These states defined above live in the small Hilbert space and the indices ¢, 7 go over the

small Hilbert space. The inner product between these states is given by

BH _ BH
(W;]) = K, K; (TYP|e® VH(O,,T;) e V,(0;,T;) e = |TYP)

. BH _ BH
=K K; Z crcn (Exl e 2 |E,) (Bl V;[‘ ‘Ep> <Ep| e P ’Eq> <Eq’ Vi |E.) (Erle® |Ep)
k,l,0,p,q,r
=K Y hene e T e P (B VE[E,) (B,| Vi |B)
k,,p
(3.45)

We see here that in general, these states are not orthogonal. This non-orthogonality

arises since we are working with restricted energy operators on the typical states. Because
BE, BE;

these states are normalized and since e z e z e PZ» ~ 1 as the states lie in the small

Hilbert space; we can write the inner products as

(Wiles) = D_(ch) e, (3.46)

k,l
such that 37, |¢{]> = 1. Equation (3.46) gives rise to a small but finite number larger than
O(e~%), where the dimension of the Hilbert space is ¢$ 7. We thus see that the inner
product between the vectors is a small number if |1;) live in a huge dimensional Hilbert

space. These small inner products naturally give rise to overcounting in CFTs.

3.6 Spectral properties of bags of gold spacetimes:

Contradictions and Resolution

Till now we have discussed the paradox of the coarse-grained entropy of bags of gold
spacetimes. Let us now understand the spectral features of these spacetimes in the
context of effective field theory. Firstly we will work with the semiclassical Hilbert space
of the bags of gold spacetime spanned by the excitations placed far apart from each
other. We will argue that such an effective field-theoretic description of the Hilbert space
potentially contradicts with black holes’ spectral observables’ predicted behaviour.
Consider the phase space of a classical system exhibiting chaos. It was conjectured in
[41] that the quantum counterpart of such a system should have an energy level spacing
distribution which matches one of the three standard random matrix ensembles - Gaus-
sian orthogonal (GOE), unitary (GUE) or symplectic (GSE), depending on the inherent
symmetries of the system. Since black holes display scrambling properties, we expect

that their level spacing distribution matches the one given by the Gaussian unitary dis-

"The derivation of O(e’%) is straightforward, it is the same as calculating the expected displacement
in a random walk problem after n steps.
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tribution. Therefore a convenient way to model black holes is by using random matrices
constructed using Gaussian unitary ensemble. For GUE, the expression for the level

spacing distribution is [42]:

(3.47)

where s is the distance between two consecutive eigenvalues, which we expect to be the
energy level spacing distribution of black holes as well. The conjecture [41] proposes that
the quantum counterpart of a classical system exhibiting chaos possesses either above
level spacing distribution or that of its two cousins, the GOE or GSE. This is in contrast
to the level spacing distribution obeyed by non-chaotic systems. As a drastically different
example, for integrable systems, the Berry-Tabor conjecture states that the level spacing
distribution should be Poissonian P(s) = exp{—s} [119].

Using the formalism of random matrix theory, we will argue that the violations of
spectral observables can be classified into two types. The nature of the first violation
is characterized by qualitative deviation from the expected GUE energy level spacing
distribution. To overcome this violation, we will demand that the only bags of gold
configurations which are allowed are strictly consistent with a GUE description. Such an
imposition drastically constrains the space of allowed bags of gold configurations. We will
observe that even after enforcing this condition, bags of gold configurations can still be
captured using the spectral form factor; a spectral observable which quantifies the discrete
nature of the system. Thus the effective field-theoretic description of the bags of gold’s
Hilbert space suffers from serious contradictions as compared to observed characteristics
of black holes. Towards the end of this section, we demonstrate how our overcounting

hypothesis resolves these contradictions in the spectral form factor.

3.6.1 Spectral observables in random matrix theory and dis-

crete systems
Random matrix theory observables

In this section, we briefly review the spectral observables of random matrices belonging
to the Gaussian unitary ensemble. The Gaussian unitary ensemble of Hermitian matrices

H of dimension N x N is defined as follows
H2
Zg = / [dH] exp (1#) . (3.48)

Here v? is a real number which is O(1) and does not scale with N. A convenient

way to solve this integral is by decomposing these matrices in terms of their eigenvalues.
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From (3.48) the joint probability distribution of the eigenvalues \;,i € [1, N] belonging
to Gaussian unitary ensemble is given by

2
J

A
p(A, ... An) =Cexp [2) log|A; — N| =D

— | (3.49)
oyt r 202

The first term in the exponential of (3.49) arises from the Van der Monde determinant,
which comes from the Jacobian of the transformation in the measure, while the second

term arises due to the Gaussian potential from (3.48). The average density of eigenvalues

p(A), where p(A\) = [dXy...d Ay p(\, Ae... Ay); is given by

2V R? — \?
p(\) = """, R*=8°N, —-R<A<R. (3.50)
mR?
Given this setup, we focus on the fluctuations of the eigenvalues, which are indepen-
dent of the potential V() in the large-N limit. Regarding fluctuations, the vital quantity
of interest related to quantum chaos is the level spacing distribution given by P(s) as

given in (3.47).

Measure of discreteness: Spectral form factor

As we discussed, apart from the chaotic signatures, since the systems we are studying are
black holes which have discrete spectra, it is useful to look at physical observables which
can capture discreteness. In this regard, it is useful to understand the typical size of
the fluctuations at late times, which in turn characterizes the discreteness of the energy
spectrum. In order to define such a quantity, let us first generalize the partition function

of a system to include Lorentzian time along with the temperature:
Z(B+iT) = Tr [e-H-iH1] (3.51)

At late times, this generalized partition function oscillates, and the time average of
this quantity is zero. Using this partition function, we will now define the spectral form

factor which captures the magnitude of such oscillations:

Z(B+1iT) Z(B —iT 1 & in imp

Since the systems in consideration are chaotic, we now demand that the Hamiltonian
in consideration is described by a random matrix obeying GUE statistics. Therefore we

write the expression for the generalized partition function in Gaussian unitary ensemble:

(Z(B+iT))g = ZlG / [dH) e Ty [e—ﬁH—iHT} : (3.53)
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where Zg is given by (3.48). Equation (3.53) can now be used to calculate the spectral
form factor in (3.52). It was shown in [49] that the curve describing the logarithm of

spectral form factor versus the logarithm of 7" obeys the following features:

1. The curve starts from 1 and starts decaying with a constant slope at early times.
This behaviour can be understood by plugging in the level density in (3.50) into
(3.53), and then using it to evaluate the spectral form factor in (3.52). The late-
time decay of the spectral form factor at high temperature is captured by S(5 =~
0,T) ~T73.

2. The decaying behaviour continues until the dip time, after which the curve rises with
a constant slope. The physical reason behind this is as follows: S(T', /3) is roughly a
sum of connected and disconnected parts. The disconnected part contributes to the
decay which dominates until the "dip time". Equating the late time decay of the
spectral form factor and the ramp growth gives the value for the dip time, which is

N72 - After dip time the connected part dominates giving rise to the increasing

_r
2w exp{2N}"

the

ramp, which at high temperature is given by S(5 ~ 0,7T") ~

3. At a certain time called the plateau time, the ramp stops increasing and gives
rise to a constant plateau. Physically the plateau appears because oscillations in
the generalized partition function are random and out of phase at very late times,

contributing to a small but non-zero number. After the plateau time ¢, > 2¢", the

1
welN

constant plateau of the spectral form factor is given by S(5 ~ 0,7T) ~

This behaviour of the spectral form factor captures the discrete features of black
holes, which can be seen from the red curve in Fig. 3.5 for § = 1. We will now see that
treating the bulk effective degrees of freedom as independent degrees of freedom violates

the delicate structure expected from the above description.

3.6.2 Spectral properties of bags of gold excitations

As before, we construct several unitary excitations behind the horizon creating a bags of
gold configuration. These excitations are of the form given in (3.6), which we restate in
the frequency basis:

BH
2

) = K;e™ 2 Vi(Ou, T e'? |vpn), i€ (1,m) (3.54)

Here as previously, V;(O,,,T;) includes the " insertions, i.e.

V;(0y,,Tj) = " U;(0,,) e .
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Here O; € A, where A is the algebra of simple operators. As argued before, these
operator insertions have small energies w; << N = N?. Consequently the energies of
these excitations belong to a small interval (E — AE, E + AE), where E ~ O(N), and
AFE ~ O(1).

In the semiclassical description since states of the form (3.54) are spread wide apart
spatially, we naively think that such distinct configurations have zero inner product. Let
us represent the Hilbert space of the effective field theory of the bags of gold spacetime
by Hpoc = {|¥:i)}, ¢ € (1,m), which is m-dimensional. Following this semiclassical
logic, we saw previously that the m-dimensional space is very large as compared to the
n-dimensional black hole’s Hilbert space. Since the excitations are placed far apart, this
naive reasoning leads us to conclude that the vectors denoting the bags of gold excitations

in Hpoqg are orthonormal:
(Wi 1) =0, (] ™ uy). (3.55)

Violations of Type 1

We will now see how this naive EFT description violates the spectral properties expected
from §3.6.1. It is straightforward to construct bags of gold Hilbert spaces spanned by
vectors Hpoc := {|1;)} such that the difference in the energy levels of these vectors do
not obey the expected level spacing distribution given by GUE, which is given in (3.47).

A trivial example of such an EFT Hilbert space can be constructed by using vectors of
the form (3.54) such that V; (O;(w;),T;) has energies w; in integer multiples of a constant
w; = kic, k; € R. The above example is an allowed bags of gold configuration because
the only physical condition we have enforced is Y-, w; < O(N), with no condition on
the individual energies of the excitations. As before, we have denoted the number of
black hole states as n and the bags of gold configuration as m with m > n. Thus the
Hilbert space is spanned almost exclusively by the bags of gold states, since m > n.
Therefore in this scenario, the level spacing distribution is that of a bunch of simple
harmonic oscillators, which is an integrable system and thus is drastically different from
the expected distribution in (3.47). In addition, we can see from Fig. 3.4 that the spectral
form factor does not qualitatively match with the curve expected of black holes. Thus
this bags of gold configuration contradicts with spectral features expected from a black
hole.

In general, we can construct various bags of gold spacetimes by spanning the Hilbert
space of the EFT using appropriate vectors such that the energy level spacing distribution
and the spectral form factor deviates from the spacing distribution and spectral form
factor predicted by GUE. We will call these examples where the energy level spacing
distribution and spectral form factor do not qualitatively follow the GUE distribution as

violations of type 1.
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Figure 3.4: The spectral form factors for different distributions obeying violations of type 1 (See Table 3.1).
The figure on the top left consists of random energy levels taken from a uniform probability distribution. The
figure on the top right has energy levels picked from a near-uniform probability distribution. Both plots are
for 1000 energy levels at 5 = 2 over 100 iterations. The bottom figures have uniformly spaced energy levels,
and as a consequence, are integrable. The bottom left figure is plotted with 50 energy levels, with 5 =1 over
50 iterations, while the bottom right figure is plotted with 250 energy levels, with § = 1 over 50 iterations.

Type

Energy level spacing distribution
P(s)

S(8,T)

Spectral form factor

Violation 1
Violation 2

No specified distribution
Follows GUE distribution

No correlation with black hole’s curve
Different t4, ¢, and plateau height

Table 3.1: The two types of violations in spectral properties between EFT treatment of bags of gold excitations
as independent states and black holes.

Configuration | Dip Time | Plateau time | Plateau Height | 2-pt function

(ta) ~ (tp) ~ ~ (O(t)0(0)) — G ~
Black hole Vn n nt texp{—2Spn} — exp{—Spu}
Bags of gold | \/m m m~! texp{—2Spoc} — exp{—SpBoc}

Table 3.2: Violation 2 - The dip time, plateau time and plateau height for a black hole and a bags of gold
configuration in EFT description obeying random matrix statistics in terms of the dimensionality of their
Hilbert spaces at 5 ~ 0.

Violations of Type 2

As seen from the type 1 violations, the effective field-theoretic treatment of bags of gold

scenarios can not only lose important features like scrambling etc. but may also result
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Figure 3.5: The spectral form factors for the "black hole" of 100 states in red and a "bags of gold distribution"
with 1000 states in blue plotted using GUE ensemble, over 50 iterations with 5 = 2. The dip height, dip
time, plateau time and plateau height are visible here which are different for both these configurations, which
exemplifies violation 2.

in a completely different description which is integrable. In order to overcome these con-
tradictions, one can demand to consider only those bags of gold spacetimes in which the
energy level spacing distribution matches with the GUE level spacing distribution. Such
a demand substantially reduces the space of allowed bags of gold spacetimes. Conse-
quently, we have a more refined version of the paradox formulated in the effective field
theory Hilbert space which is seemingly consistent with a few basic spectral properties

of quantum chaotic systems.

However, we will show that even this restricted space of bags of gold spacetimes which
obeys naive GUE level spacing statistics is inconsistent with quantitative features of the
spectral form factor involving the height and time of the plateau, dip time and the slope
of the ramp, which is due to the fact that m > n. We will call these examples where
the level spacing distribution follows GUE statistics along with a quantitative deviation
from the black hole’s spectral form factor as violations of type 2. For convenience, we
mention the properties characterizing these two classes of violations in Table 3.1. In order
to evaluate the plateau height, we need to look at the long term average of the spectral
form factor. The only terms which survive over large times are those with E;, = I}, as
the rest of the terms cancel out due to dephasing and thus die off. The long time average

of the spectral form factor is thus given by:

R 1 &
Z(ﬂ)g EQQ(Ei>e—2BE- _ Z(B)Q kgl 6—2,8Ek7 (356)

where g(F;) denotes the degeneracy of states at energy F;. For the EFT description of

1T
hm—/o dt S(B,1) =

T—00 T

the bags of gold spacetime, the plateau height is given by:

lim ~ / "t S(B,t) = ! ﬁ; G2 (E;)e 2Pk = ! ie_QBE’“ (3.57)
T Jo ’ Z(@)Q i=1 Z(B)Z k=1 ’

T—o0
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Here m is the number of the bags of gold states, such that m > n. Since m > n
there is a quantitative disagreement between the plateau height of the original black hole
and the bags of gold spacetime. For the high temperature case with § ~ 0 as described
in the §3.6.1, we can conclude that the plateau height is e ¥ = % for the original black
hole and e ' = % for the bags of gold spacetime. In addition the dip time is t4 ~ e
for the black hole and t4 ~ eNTI for the bags of gold respectively, while the plateau time is
t, ~ e" for the original black hole, while ¢, ~ eV " for the bags of gold respectively. These
values are collectively summarized in Table 3.2. Thus even if we choose the bags of gold
configurations in such a way that they obey naively obey qualitative spectral properties,
there are quantitative differences which are captured using the spectral form factor.

[49] also pointed out the behaviour of the two-point function with the assumption
that the system obeys the eigenstate thermalization hypothesis, and has a ramp at late

times. They predicted that the two-point function should be of the following form:

t 1
G(t) = (0()0(0)) ~ Gy + 75 — 7 (3.58)
where L ~ exp{S} of the system. Thus the two-point function for the effective field
theory of bags of gold and the black hole has different behaviour, as mentioned in Table

3.2.

3.6.3 Resolution of spectral puzzles using overcounting

We now ask whether our earlier proposed resolution to the paradox reconciles these
disagreements. We study the spectral properties in the context of pure state black holes
for convenience, and we are interested in the order of magnitude of the partition function.
Our conclusions can be extrapolated to general black holes as well. As before, we consider
typical states defined on the interval (E — AFE, E + AFE) to represent a pure state black
hole. The partition function of the dual CFT describing the original black hole over this

interval has the order of magnitude:
Z(B) =Tr (e_BH) ~ O(ne "F). (3.59)

Here we have considered AE < E, which gives us the above order of magnitude of the
partition function. We now evaluate the partition function of the bags of gold case where
we assume that the m states spanning the EFT Hilbert space are orthogonal. Therefore
the order of magnitude of the partition function is given by:

m

Zooa(5) = Tr (e#7) = 32 3 (iYlle 1)l = Olme™). (3.60)

1=114,5=1

This overcounting in the partition function manifests itself in wrong quantitative
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values for the entropy of the black hole, spectral form factor and the two-point function
at late times. As earlier, we will argue that the bags of gold states in quantum gravity
are not independent but have small inner products with each other. Therefore the actual
Hilbert space is spanned by n vectors, with m embedded Bags of gold vectors which
have tiny but non-zero inner products between each other. Thus we can arrive at the
correct conclusion that Zpog ~ O(ne ?F) by working with bulk states such that they
have small but finite inner products. The above conclusion holds as the correct sum over
[ in (3.60) is really up to n instead of up to m. The conclusion that Zgog ~ O(ne=?F) is
also consistent with the entropy of the black hole as seen before. Similarly we repeat this
analysis for Z(3,T) as well, and hence we argue that the correct spectral form factor for
the bags of gold spacetime should match the black hole’s spectral form factor by thinking
about the bulk interior states as embedded in the n-dimensional Hilbert space with small
inner products.

Another way to verify that overcounting resolves discrepancies is by observing that
the spectral form factor for the bags of gold configuration quantitatively matches with the
black hole’s spectral form factor in Table 3.2 if overcounting is taken into account. Given
that the actual dimensionality of the m dimensional overcounted Hilbert space is n, we
see that the dip time, the plateau time and the height of the plateau for the bags of gold
configurations match with the original black hole’s curve’s features. Similarly, overcount-
ing resolves the discrepancy between the 2-pt function in the bags of gold spacetime and
the black hole as well, in accordance with our earlier argument that Bekeknstein-Hawking

entropy gives the correct entropy of bags of gold configurations.

3.7 Study of the paradox using toy matrix models

In this section we explicitly demonstrate how overcounting allows us to construct an
immense number of bulk excitations in the context of toy matrix models. Even though
the bulk states arise from matrix models in the large N limit, we can understand aspects
of overcounting by performing computations even in small N toy matrix models. Such
matrix models have a small dimension of the Hilbert space, and it is possible to list out
the state-space explicitly.

By calculating the partition function of a matrix model at temperature T using the
canonical ensemble, we can extract out the average energy and entropy of the system.
Exponentiating the entropy gives us the dimension of the Hilbert space. We are interested
in the regime of small N and temperature such that the dimension of the Hilbert space
is less than 1000.

We will demonstrate overcounting in two different toy matrix models. The first ex-
ample is of a (0 4 1) dimensional two matrix model which has a U(N) global symmetry

group. We construct a typical state using the microcanonical ensemble. Afterwards, we
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will write down the small Hilbert space and demonstrate that we can embed a larger num-
ber of vectors compared to the dimension of the small Hilbert space. The second example
deals with a CFT consisting of 2 matrices defined on S3 x R. Here we will calculate the
Hagedorn temperature and construct the typical state above the Hagedorn temperature.
Again we will construct the small Hilbert space and demonstrate overcounting. These
toy examples show that overcounting with small inner products is natural in the small
Hilbert space.

A similar construction of states follows for bulk states at large N. Apart from com-
putational problems with enumerating the states explicitly, there is no further restriction
to doing the same for CFTs with holographic duals in the large N limit. Some results

obtained in this section are in agreement with recent related work [120].

3.7.1 Toy Model I: A (0 + 1)-d two matrix model

We will work with the two matrix model given by
L=l(04) —u2 (4) + (aBL) — 3 (BL) + AALB! 3.61
D) (t ij) _WA( ij) +(t ij) _WB( ij) + AA; By - (3.61)

Here we have put the interaction term with coupling A so that A’ and B’ are not inde-
pendently diagonalized. We also demand that A & 0, so that this coupling term does not
have a significant contribution to the energy and the low energy states are the same as
the states in the free field theory to a very good approximation. The w’s here enforce an
IR cutoff, and as a result, we do not have any soft modes in the problem.

We will also impose that our physical observables are singlets of the global group &.
Therefore we diagonalize B;; by using U™'B'U = B, with B being a diagonal matrix
comprising of the eigenvalues of B. Under the same transformation, U'A'U = A which
is a non-diagonal matrix. Note that this transformation is akin to gauge fixing and a
similar transformation in gauged matrix models removes most of the gauge freedom. In

the limit A ~ 0, the equations of motion of A and B are given by

0? . 0? .

In this case, we will have N2 + N number of independent oscillators, with N? coming
from A and N coming from B. In the large N limit, the N? oscillators are responsible for
the Hagedorn growth of states. We will quantize the system by imposing the commutation

relations

laij(k), by ()] = 6 6550 [bia(k), bl ()] = b b (3.63)

8In a sense this replicates features of matrix models in which the matrices transform under a gauge
group, where the relevant observables are gauge singlets.
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Figure 3.6: We display the inner products which arise from embedding m = 500 approximately equidistant
vectors in the n = 104-dimensional small Hilbert space of Toy Model | in the left figure and m = 800 vectors
in the same Hilbert space in the right figure. A point on these plots corresponds to the absolute value of
the inner product between vectors lying on the x-axis and the y-axis and hence x = y line has inner product
equal to 1.

The vacuum of this system is given in the following equation. We generate the state

space by the repeated application of these oscillators on the vacuum.

Typical states, the small algebra and the small Hilbert space

We work with N = 4 for Toy Model I, for which we have N? + N = 20 creation and
annihilation operators. We will set the zero-point energy of the matrix model to zero for
our case by subtracting it off from the energy and thus redefining it, and set w4 and wp
both to 1 while setting A = 0.01.

The first thing to construct here is the typical state. To do this we first select energy
eigenstates in a range AFE about average energy E such that the energies lie in the
interval £ + %. The typical state is now created using a random superposition of these
energy eigenstates. We take the £ = 16 with an interval % = 3. We now construct a
typical state with random ¢;’s weighing energy eigenstates in the interval AF such that
S leil” = 1. The inverse temperature 3 of this system is calculated using the first law
B =22 =10.92

We will now construct the small algebra and subsequently, create the small Hilbert

space. We will demand the following three conditions on the small algebra:

» None of the operators in the small algebra annihilates the typical state.

e The maximum number of operator insertions on the state is less than 20, i.e. should
be lesser than O(N? + N). We take the maximum number 4.
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Figure 3.7: We create m = 220 excitations in the small Hilbert space of Toy model |. Each excitation is
separated from the previous one by time T' = 0 in the figure on the top left, 7' = 1000 in the top right and
T = 10° in the bottom. We see that increasing time separation gradually washes out the inner products,
especially the correlations on the line z = y. This behaviour of the inner products indicates that spatially
separated excitations on the maximal volume slice have small inner products and hence a "fat tail" in quantum
gravity and deviates from the semiclassical zero overlap prediction.

e The maximum energy of the operator insertions is 3, i.e. much less than average
energy F which in our case is 16. The energy of operator insertions should not take

us outside AFE about E in order to ensure that the backreaction is small.

Using the above conditions we can identify all 104 possible operators and act them

on the typical state to generate the 104-dimensional small Hilbert space.

Hryp) = A [TYP), (3.65)

Although not orthogonal these vectors are all linearly independent. As a cross-check, we
computed the rank of the matrix constructed with all these vectors, which was found to
be 104.
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Kinematical demonstration of overcounting in toy model 1

We will now use the small Hilbert space to create the interior states as given in equation
(3.66) where O;(w) € A.

BH BH
2

i) =K;e” 2 Oi(w)ez |TYP) (3.66)

We now construct interior "bulk-like states" by taking combinations of singlet states
in (3.66). Each of these states corresponds to the action of an "interior bulk' operator
on the typical state. We generate m = 220 vectors |v’) spaced apart from each other in
the Hilbert space by defining an energy cost between them, which minimizes their inner
products. We implement this energy cost numerically by pushing the vectors around in
the small Hilbert space (the sphere discussed in §3.2.1) such that they roughly become
equidistant. We discuss this technique in detail in Appendix 6.4. The resulting "interior

bulk states" are given below where each of them depends on the choice of coefficients Zz-j
V) = Y2 ). (367

Here the choice of Zij is determined by the energy cost which we can manually select.
We plot the vectors’ inner products in Figure 3.6, where each point denotes the absolute
value of the inner product between a vector on the x-axis and a vector on the y-axis. The
x = y line has inner product 1, which indicates that these vectors are normalized. As a
consistency check, the 220 x 220 matrix generated by these "bulk states" has rank 104. It
can be seen from Figure 3.6 that there is a finitely non-zero inner product between these
bulk vectors. As we increase the dimension of the Hilbert space, these inner products

can be made quite small yet finite.

Excitations separated far apart in the "interior"

Till now, we have given a kinematical description of the "bulk excitations', i.e. we took
the Hilbert space and showed that there exist vectors which have small inner products. In
order to model the placement of the "bulk excitations" far apart on the maximum volume
slices of the black hole, we need to send in each excitation long after the previous one.
The static description corresponds to the excitations all sent in at the same time, which
means that independent excitations are lying nearby close enough on the Cauchy slice
and are not separated far apart. We now plot the dynamical case in Figure 3.7 where we
send subsequent excitations with a time 7' separated between them. We now model the
bags of gold paradox as given in §3.1 by placing the excitations far apart from each other
on the Cauchy slice which corresponds to large numerical values of T'.

We note a few interesting observations regarding the dynamical plot. The diagonal

line here is the inner product of a vector on the x-axis with time evolution acting on the
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same vector on the y-axis. At T" = 1000, we see that the diagonal line fades away a bit
and the larger inner products get slowly washed out. At a very late time, 7" = 10° the
diagonal line completely vanishes. This disappearance corresponds to the case when the
excitations on the bulk are placed quite far apart on the maximal volume slices. As we
can see, the time evolution washes out correlations between the vectors, and the larger
inner products cease to exist. Such a washing-out behaviour verifies the "fat tail" of inner
products, which means that at late times the CFT excitations have a small overlap and
is consistent with our derivation in §3.5.2. This numerical overlap becomes lesser and
lesser if the dimension of the Hilbert space increases because there is much more space

in the Hilbert space to accommodate all the vectors.

3.7.2 Toy Model ITI: A (3+1)-d CFT on S5 x R

Toy matrix model I illustrates basic overcounting features for a thermal state constructed
out of a matrix model. We will now proceed onto another example which is given by a
CFT toy model. Here we first write down the CFT partition function and use it to
calculate the Hagedorn temperature which allows us to work in the regime of big AdS
black holes. We will construct a typical state at a temperature just above the Hagedorn
temperature and demonstrate overcounting of bulk excitations. The metric on S5 x R is
given by:

ds? = —dt* + a® dy? + a*sin® ¥ (d6” + sin” 0 d¢?) (3.68)

where a is the radius of the S3; ¢ and 6 go from (0, 7) and ¢ goes from (0,27). On this
manifold, we write down a CF'T action of two matrix-valued bosonic oscillators A and B

transforming under the adjoint representation of U(N) global group in (3.69).

1 5 5 R
Serr == [ dov/=g (90,41,0,45 + 90,8, 0,8, + ¢ [(4,)* + (B)] ) (369
For the metric given in (3.68) the Ricci scalar is given by R = 5. As in the previous
toy model, we will add a small interaction term with a coupling A ~ 0. The small coupling
ensures that matrices A’ and B’ cannot be diagonalized independently, and the energy

eigenstates are approximately the same as that of free matrix models.

>\ / /
S:%m—§/#mﬁ@%&j (3.70)

We will again demand that the physical observables are global group singlets. This
time instead of fixing the U(N) matrices using diagonalization, we will perform a pre-
cise counting of the number of global group singlets constituting a thermal ensemble.
We are interested in the following physical observables: average energy, entropy and the

dimensionality of the Hilbert space. We will derive these quantities by evaluating the
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thermal partition function of the matrix model. We outline this calculation in Appendix
6.2 where we count the number of group singlets using characters of U(N) group and
use it to write down the partition function in terms of a Coulomb gas problem with an
attractive and a repulsive term. Counting only the group singlets allows us to model the
confinement-deconfinement phase transition in the matrix model [121-123]. We calculate
that the "Hagedorn temperature" of this system is given by Ty = 0.63. The thermody-
namic observables at a temperature slightly above Hagedorn temperature T' = 0.64 are
listed in Table 3.3.

N | Entropy | Average energy | Dimension of Hilbert space
(Sw) (En) (D = )

2 | 343 0.54 31

3 | 4.76 1.64 116

4 |5.68 3.25 293

5 | 6.59 5.63 725

Table 3.3: Entropy, Average energy and dimension of Hilbert space for small N Toy Matrix model Il at
T =0.64

Typical states, the small algebra and the small Hilbert space

We will work with the N = 5 case, which gives us N? + N = 30 independent oscillators.
We set the following parameters: the radius of S3 is given by a = 1.55, A = 0.01 and
T = 0.64. As in the previous model we now construct a typical state with T = 0.64,
which we accomplish by taking states in an interval AFE such that % = %. We take
energy eigenstates spreaded within AE = 3 about F = 5.63 and create the typical state
by random superposition of these vectors. This gives us a microcanonical description of
the matrix model for N =5 at T = 0.64, the canonical description of which is given in
Table 3.3.

We again construct the small Hilbert space by the action of the small algebra on this

typical state, where the small algebra satisfies the following conditions:

o The number of operator insertions on the state is much lesser than 30, i.e. should be
lesser than O(N?+N). We choose that the maximum number of operator insertions

on the typical state is 1.

e The maximum energy of the operator insertions is 1.5, i.e. much less than average
energy F which in our case is 16. The energy of operator insertions should not take

us outside AFE about E in order to ensure that the backreaction is small.

o None of the operators in the small algebra annihilates the typical state.
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Figure 3.8: In the left figure, we have m = 500 excitations embedded in the n = 61-dimensional small Hilbert
space of Toy model Il. This embedding corresponds to the static case where the time difference between
consequent excitations is "= 0. The right figure deals with m = 1000 excitations created from the n = 61-
dimensional Hilbert space. Here we have a time difference of T' = 10° between consecutive excitations. This
case corresponds to inner products between excitations placed far apart on the maximal volume slice. The
inner products saturate at late times which we can see from the washing out of inner products on the x =y
line.

Since the maximum number of operator insertions is 1, we have 61 states generated
by the creation and annihilation operators, and hence the dimension of the small Hilbert

space is 61. We will now construct the interior states using operators O;(w) € A:
W) =K;e™2 O;(w)ez |TYP) (3.71)

Kinematical demonstration of overcounting in toy model 11

The vectors in (3.71) constitute the interior bulk excitations in the large N limit, where
smeared semiclassical states correspond to combinations of these excitations living in the
small Hilbert space. These bulk excitations have the form given in equation 3.67. Using
the energy cost defined in Appendix 6.4, we now construct m = 500 bulk excitations as
in Figure 3.8, which are approximately equidistant from each other. Each point in Figure
corresponds to the inner product’s absolute value between a vector on the x-axis and the
y-axis. As expected, the z = y line has an inner product of 1 along it since the states are

normalized.

Excitations separated far apart in the "interior"

Till now, we have analyzed overcounting for the static case where the excitations are
all situated close to each other on the maximal volume slices in bulk. We now proceed
to the dynamical case where we separate the excitations in time, and the corresponding
bulk states are spatially separated far apart from each other on the maximal volume nice

slices. We expect from the previous toy model that the inner products between these



3.8. GENERAL PROPERTIES OF SYSTEMS WITH OVERCOUNTED HILBERT SPACESS1

excitations get washed out at huge time separations. We now model m = 1000 vectors
embedded in the 61 dimensional Hilbert space and confirm this in Figure 3.8. Here we
see that the inner products saturate at a minuscule value if the time difference between
two successive excitations is 7' = 10°. Thus we obtain the predicted 'fat tail" for this
CFT as well.

We have thus shown using two toy matrix models that the inner products between
excitations spaced far apart on the maximum volume slices deviate away from the semi-
classically predicted inner product. This is consistent with our finding in §3.5.2 that
the inner products in CFTs get saturated at a small number. These serve as examples
demonstrating our resolution in §3.2 that the inner products are essential to resolve the

bags of gold paradox.

3.8 General properties of systems with overcounted

Hilbert spaces

We pose the following important question in this section: Since our proposed resolution
says that the Hilbert space is overcounted due to small inner products between vectors,
what are the physical consequences of such a resolution? In other words, can physical
systems in our real-world also have a similar overcounting situation, thereby leading to a
much smaller Hilbert space than what we think they have? We see that there exist some

significant obstructions to such a situation.

Simulating a quantum system’s Hilbert space using a smaller

Hilbert space

Consider an m-dimensional "original" Hilbert space, which can be spanned by m orthonor-
mal vectors. We will now simulate the m-dimensional Hilbert space using a smaller n-
dimensional Hilbert space, such that m > n and see whether it leads to any inconsistency
in physical observables. We construct a nearly orthogonal basis of m vectors, which then

"spans' the larger space with the following inner products:

V|Vim) =0, (W|Vi))=VnlVi)=€¢ Vi=2,....m—1; (Vj|V;) =0 Vi,j=2,...,m—2
(3.72)
These vectors are simulating orthogonal states in the larger Hilbert space. We will

now consider the Hamiltonian acting on the m-dimensional space given by:

H =% [Vi{Vil. (3.73)
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This Hamiltonian time evolves the state |V}) to e |V}). Therefore starting from
|V1), time evolution will never lead to |V,,) in the original Hilbert space. We will keep
the form of the Hamiltonian same in the smaller Hilbert space in order to not tamper
with the energy spectrum. This time evolution takes place within the space spanned by

the vectors:

1 m—2
), [0 =———P S|V, [V,
V. ) = =P . V)

where P denotes a projector which projects a vector onto the subspace orthogonal to |V7)

and |V,). In this basis, the Hamiltonian in the above subspace takes the form:

me?  /me me?

~ | yvme 1 Vme |- (3.74)

me?  \/me  me?

The original Hamiltonian acting on the m-dimensional Hilbert space expressed in the

orthonormal basis is given by the following matrix,

(3.75)

o o O
o = O
o O O

These matrices are not the same and their physical properties are very different for
large m. The matrix given in equation (3.74) can almost perfectly transfer the state |V7)
to |Vi,) in a time ¢t = 7/(1 + 2me?) [124-126]. Therefore we arrive at a contradiction
here. If we try to simulate a system without compromising upon the Hamiltonian’s form,
then they can behave erratically under time evolution. Conventional quantum systems
thus cannot be described using a smaller Hilbert space as they can demonstrate forbidden
quantum state transfers. Such quantum state transfers are a generic feature of simulated
larger Hilbert spaces. Earlier, we argued that the semiclassical Hilbert space of gravity is
a simulated Hilbert space with small inner products. It will be interesting to understand
precisely what kind of such quantum state transfers occur in semiclassical gravity, and

what novel physical features do they display.

Simulating a thermal system using a smaller Hilbert space

Consider vectors in an n dimensional Hilbert space simulating a larger m dimensional
Hilbert space with m > n. Here we consider that the physical system is thermal. The

vectors in the Hilbert space satisfy the following conditions:

(vilvi)) =1 & Kuilvg)| ~ €, i # . (3.76)
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The thermal system under consideration is specified by energy levels spreaded over
(E + AFE) such that AE < E. We are interested in the order of magnitude of the

partition function, which is given by:

Z(p) =Tr (e‘ﬁH) =0 (m e‘mEl) : (3.77)

We will now see that the simulated thermal system’s partition function is has a sig-

nificant correction.

Zsm(B) = ( ) Ze PR3N [ —PE 2} =0 [m e PIEL (1 4 meQ)] . (3.78)

i#]

We can see that even with tiny corrections to the inner product of the order of |¢| ~ ﬁ
we will end up with an immense contribution to the partition function. Thermodynamic
observables in a system are functions of the partition function and its derivatives. It is
safe to say that such a significant contribution to the partition function messes up details
of the thermodynamic observables in the system.

As long as |e] < ﬁ we don’t have a problem with the thermodynamic observables.
This is consistent with our observation from (3.28) that such a situation does not lead to

the possibility of a big overcounting.
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Chapter 4
Monogamy paradox in flat space

We now discuss a toy model of the monogamy paradox in flat space. An essential feature
of the paradox is that such a paradox cannot be resolved using small corrections of O(G y)

as proposed in our previous analysis of the bags of gold paradox, but is an O(1) paradox.

4.1 Outline of our work

In §4.2 we review the construction of CHSH operators within quantum mechanics. We
generalize this construction in §4.3 and calculate the CHSH correlation between regions
A and B within a local quantum field theoretic framework for asymptotically flat space.

We now list the main non-trivial constructions and results of our work. In §4.4 we
outline the construction of the operators C; living on region C', which mimic the action of
operators B; on the global vacuum and write their CHSH correlation with A;’s. We then
use the CHSH correlations between AC' and AB to set up the paradox in monogamy. In
§4.4.4 we argue the resolution of the monogamy paradox in detail. In §5.2 we summarize
our work and discuss related perspectives. In Appendix 6.10, we give a Fourier analytic
proof for the existence of near boundary modes C; subject to the constraints in our

construction.

4.2 CHSH inequalities in quantum mechanics

This section reviews the CHSH inequality for quantum mechanical systems and uses them

to provide a factual statement about the monogamy of entanglement.

4.2.1 CHSH operator and monogamy of entanglement

Consider a tripartite system composed of independent subsystems A, B, and C. We label
operators belonging to the algebra of A as A; and so on for the other subsystems. Let us

look at two pairs of operators A; and B; where i € (1,2) which satisfy the commutation

85
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relations [A;, B;| = 0. These operators are constructed such that their eigenvalues lie in
the interval [—1, 1], or in other words ||AJ|, || B|| < 1. The CHSH operator is given by

Cap = ABy + A1 By + A3 By — Ay Bs. (4.1)

Classically, the maximum value of the CHSH operator is given by 2, which is the case
when A; and A, are independent while By = By or By = —B,. However, this bound
no longer holds in quantum mechanics if we evaluate the expectation value of the CHSH

operator over a general state [¢).

In order to estimate the quantum bound on the CHSH operator, let us square the
same, which gives us C%5 = 4 — [Ay, As] [B1, Bs]. Since the norm of the commutator is
given by |[A;, Ay]| < 2, we arrive at |[(Cap)| < 2v/2.

Now if we consider the square of the expectation value of the CHSH operators defined

over AB and AC, then the statement of the monogamy of entanglement is as follows [87]:
(Cup)® + (Cue)? < 8. (4.2)

The above relation statement quantifies the maximum entanglement that subsystem AC
can possess provided there is a given entanglement among the subsystem AB. An inter-
esting conclusion which follows is that there cannot be a scenario where the correlations
between AB and AC both possess a non-classical description, i.e. both (Cap) , (Cac) > 2.
Another outcome is that if the system AB is maximally entangled, i.e. (Cap) = 2v/2,
then AB cannot be entangled. Thus we have a precise statement regarding the violation

of monogamy of entanglement, which violates the inequality given in (4.2).

4.2.2 Baby example: Bell operators using simple harmonic os-

cillators

Consider a pair of commuting simple harmonic oscillators living in separate regions A
and B. We denote their corresponding annihilation operators as oy, and their respective
vacua as |0),, where s = A/B. We want to evaluate the expectation value of the CHSH

operator on the thermofield double state where 2% < 1,

ITFD) = v/I — 22 e™4%5 [0) 4]0) 5. (4.3)
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The above state reduces to the standard thermofield double case if we set 22 = e 7.

Denoting projectors onto the s-th vacuum as Ps, we now choose Bell operators as follows:

Al = PA — ai‘PAOéA

A operators:
Ay = OéLPA + Pjay
(4.4)

B operators: By = (PB - a%PBaB + ozTBPB + PBaB)

Hg\H
[\)

BQ = 7<PB—OATBPBQB—C(TBPB—PBQB)

S

These operators are inspired by the Bell operators for spin—% systems, and might look
confusing at first glance. However, expanding the operators in the number basis gives us

a much simpler looking form for the same.

Ap = 0)a(0]4 — [1) a(1]a
A operators:
Ay = 10)a(La + 1) a(0]4

(4.5)

B operators: By = —=(10)5(0]5 — [1) (1[5 + 0)5(1]5 + 1) (0] 5)

By = —=(10)5(0ls = 1) 6{1l5 = 10)5(15 — [1)5(0])

Sl =Sl -

These are precisely the operators used in the spin—% problem, with |0) /|1) denoting the
two states and the operators resembling combinations of Pauli matrices. We now evaluate
the expectation value of the CHSH operator on the thermofield double state, which gives

(Cup) =V2(1+2)* (1 —2). (4.6)

This takes a maximum value at # = § with the maximum value being (Cyp) = % ~
2.39 > 2. Therefore using the above construction we see that the thermofield double

state is entangled for x = %, though not maximally entangled.

4.3 CHSH inequalities in local quantum field theory

In this section, we will extend the above construction of the CHSH correlator for simple
harmonic oscillators to analogously construct the CHSH correlator in a local quantum
field theory [60, 127-129]. We will then utilize this formalism to calculate (Cyp) for
smeared modes within a small interval on either side of an outgoing light cone in an

empty flat space. This section is computationally intensive, and readers not interested
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in the details of the computation can skip directly to §4.3.4, where we summarize the

contents of this section.

4.3.1 Basic conventions and choice of operators

We define Hermitian operators (X, II5) on the spatially compact regions A and B, such
that they satisfy canonical commutation relations. Consequently we can also define an-
nihilation operators given by a, = % (X +illy). These operators obey the simple

harmonic commutation relations

a0l ] =0 (4.7)

In addition to these modes, there also exist global modes for flat spacetime. These global

modes in flat space obey the canonical commutators
[aur, alyy] = 610 6(w — ). (4.8)
The global modes are related to as by Bogoliubov coefficients
Z/dw (w, Dagwy + g (w, Da, ) (4.9)
where the functions hs(w,!) and g¥(w,!) are related by
Z/dw (w, DR (w, 1) — g2 (w, 1) gs (w, )] = ds s (4.10)
We rewrite (4.10) in the following fashion for convenience
he. Wy — 5.9 = 0s s, (4.11)

where we have defined hs.hY, = 3, [ dw hg(w, )% (w,1). Let us now consider the scenario
where the CHSH correlators are evaluated on the global vacuum state, while the CHSH
operators are following combinations of a,/af, which are precisely the same operators in
(4.4).

A =Py — agPAaA

A operators: ;
Ay = ay Py + Pyag

(4.12)

B operators: B; = (PB — aBPBaB + aBPB + PBaB)

BQZ (PB—&EPBCYB—O(TBPB—PBCYB>

&\HE\H
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We will proceed using general o, in §4.3.2. Our physical case of interest is described in
§4.3.3, where we will take a, to be Rindler annihilation modes. Consequently, we have

an analogous interpretation of the global state as the thermofield double state as defined
n (4.3).

4.3.2 Vacuum projector and the most general two-point corre-

lator

In order to define Bell operators as given in (4.12), we need to construct projectors onto

the ground states of each oscillator, which are given by

t +t +H(95)(t1Xs—t2H5)

2T
Ps:—— dt1 / s | do, € (4.13)

efs —1 —¢
where k(0) = 2v/itand and € is a small positive constant. The detailed construction of
this projector is given in Appendix 6.5.

We can conveniently extract the CHSH correlator from the expression for the most
general two-point correlator. Using the definition of the projector in (4.13), the most

general two-point function is given by:

2y [ do.do G
79 ST - t / ; ;
Qlvs G / o TP (eifa 1 —€)(eifs — 1 —¢)
% <ev2a1§3 eﬁ(eg)(ylenyHB) €<2aB 61)1041:4 eN(GA)(hXAftQHA) €<1QA>

(4.14)
where t = (t1,t). Let us define §; = k(fg)y; and #; = k(Aa)t; so as to write the

expectation value in the above integral as

<g> = <ev2a§3 e(01Xp=9211p) C2an 61)1041:4 e('?lXA_EQYHA) 6<1QA> (4.15)

The above two-point correlator and its derivatives at v; = 0, (; = 0 can be used to obtain
the correlators of all relevant CHSH operators as defined in (4.12). As a demonstration,
the derivatives of Q[{v;, (;}] can be easily used to generate correlators of the following

form:

= g e 8?11@[{““@}]‘%:@:0:< " P o aly" Py alyt). (4.16)

We will write the expression for (G) in terms of the global modes. This is performed by
expressing «; in terms of global modes using (4.10). This computation requires repeated
application of the BCH lemma while working in a coherent state basis. The detailed

calculation is given in § 6.7, and we state the final result here.

4

(G) = exp (; > (fomfiy + I3 -fayrmmg — f) +0(y/Gy). (4.17)

p,q=1
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Here we have added corrections of O (\/G N) to include the effects of interactions in an

interacting theory of the scalar field coupled to gravity, since the interacting vacuum is
i v

different from the global vacuum upto O(\/G N). Defining (& = (C\/;)

for R is given by

, the expression

R = (mle’ + nggl_ + m3§2+ + Zm4<—2_) - U1C1 - UQCQ, (418)
where the quantities f;, m; are defined as:

fi=(ha+ga) ; fo=—ilha—ga) ; fs=(hp+gp) ; fi=—ilhg —gp) (4.19a)
mi=(+¢) s ma=(—a+i¢) ;ms=(h+¢) ;s ma=(—TF+i;) (4.19b)

We can use (4.17) to obtain an expression for Q[{v;, (;}] in (4.14), since the integrals
over i and h are Gaussian. The 6 integration involves a trivial calculation of the residue
in the complex plane. We will not write the expression for general h, and g, but will
calculate the same for the Rindler to Minkowski Bogoliubov coefficients in the following

subsection.

4.3.3 CHSH correlation between regions A and B in field theory

Note that our specific case of interest involves smearing operators on bounded regions
A and B close to the light cone (See Fig. 1.2). Our smearing choice is such that the
operators g denote the Rindler oscillators, and hg, g; denote the corresponding Rindler
to Minkowski Bogoliubov coefficients. While we express the CHSH operators in terms
of Rindler operators as given in (4.12), we take the expectation value in the CHSH
correlator over the global vacuum, which is a thermofield double state in terms of the

Rindler oscillators.

Massless modes in flat space

Consider a massless scalar coupled to gravity in d dimensional Minkowski space. The
modes of the massless scalar end up at future null infinity, a fact that will be important

in our posing of the monogamy paradox. The equation for the scalar field is given by:

9

oxH

od

[\/—g g’“’] =0. (4.20)
Oz

We solve the above equation in global spherical coordinates (valid for d > 3):

ds® = —dt* + dr* + r?dQ2_, (4.21)
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where €;_5 denotes the angles of the d — 2 dimensional sphere. The equation of motion
can be solved by putting in the ansatz ®(r,¢,Q) = T(t)x(r)Y;(2), where Y;(2) denotes

spherical harmonics of a d — 2 dimensional sphere. Here x(r) satisfies:

d?x(r) N d—2dx(r) 4 <w2 _ WCZ—S») x(r) =0, (4.22)

dr? r dr 72

where w is the frequency given by:

d*T () 2
proa T(t). (4.23)
The solution for x(r) is given by:
C C
x(r) = rf T (rw) + T{ Yin(rw) (4.24)

where J and Y denote the standard Bessel functions and m = [ + 2=2. We discard the Y

term since it blows up at the origin. Thus the complete solution is given by:

. rw)

o(r,1,Q) KZ/dwawl e~ Yy(Q) + h.c. (4.25)

Here K is a normalization constant used to impose the normalization of the canonical
commutator [aw, aI),J,} = 0 (w—w') § . Computing the momenta from the action of

the massless scalar and using the equal time canonical commutation relation:
[@(r,t,Q), T1(r", £, Q)] = id(r — r")5( — Qa), (4.26)

we obtain K = 7 Therefore the scalar field is expressed as

1 .
D(r,t,Q) = — Z/dw ool ngw) e 'Yy (Q) + h.c. (4.27)
\/§ 7 r2

Note that in the preceding discussion we have suppressed the extra indices of the spherical

harmonics. As an example, we can explicitly write them for d = 4, which gives us
e Y0, ¢) + h.c., (4.28)

where we have used Y™ to denote the standard spherical harmonics to avoid confusion
with m from (4.25).



92 CHAPTER 4. MONOGAMY PARADOX IN FLAT SPACE

Smeared operators on A and B

We now outline our construction of approximately local operators by smearing the scalar
field over the bounded interval in such a way that the Rindler modes are extracted out. To
perform this, we introduce a tuning function such that it is supported only on the small
bounded regions and smoothly dies off. Recall that the regions A and B are situated just
inside and outside an outgoing light cone at ry respectively. Thus we define the smeared

operators on the regions A and B by

wo

TU) ®(ta(U),raU), )

TU)2(ts(U),rs(U),Q)
(4.29)

T (U) ®(ta(U), ra(U), Q)

Q
w
|
EH
—
Slis
—
=
|
2
% 12
L
S/ N N N

wo

Sla &l Sls &ls

N N N~ ~—"
|
g
o

@z'l/w/%mﬁf< TU) & (t5(U), r5(0), Q)
el U B ; )

Here r, and t;, s = A, B denote the global spherical coordinates on the regions A and
B, as given in (4.21). The smearing function oscillates increasingly as tend to go near
U = 0, and thus even a small interval near U = 0 is useful to extract out the Rindler
modes. Consequently U is integrated from U, to Uy such that the tuning function 7 (U)
vanishes smoothly as it approaches U; and U,. We work in the limit Uy — 0, such that

U Un
log — — — and log — — oo. 4.30
gy, o and log g — 0o (4.30)
Note that in our convention, we have included the sphere metric determinant /7 inside

the angular integral in (4.29), such that
d—1
Vo= [d20= e
(&)
We assume that the errors due to these length scales are of O(e) such that O(e) >
O(v/Gy). In order to impose that the regions A and B remain causally disconnected, we
assume the following conditions:

U U
ta(U) = - — o ra(U) =rg—v— =

2 2 (4.31)

U U
tB(U):—§+U0 TB(U>:T0+00+§
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We also impose the following conditions on the tuning function, so that it is sharply

centred about a particular frequency wy

T() [go]w = [Tw) [(ﬂ w dy”\’r(y)f _1 (4.32)

T

using which we can recover the standard expressions for the commutator of the above
defined modes [a& aH = 0s¢ (See Appendix 6.6 for the detailed calculation). Another
relation which will be useful in the computation of (C4p) is

lim f(y)

v—0 U

—0 (4.33)

Bogoliubov coefficients for Rindler modes

In order to calculate (C4p), we first need to determine the Bogoliubov coefficients so as
to calculate the most general two-point correlator, whose simplification has been derived
in (4.17). Since we have smeared the field over the entire sphere in (4.29) on either side
of the light cone at r = rg, therefore we only need to look at the [ = 0 mode. This is
because the modes [ # 0 vanish due to the angular integral. The radial part of the [ =0

mode takes a very simple form in d-dimensions:

Jas(wr
X(r) ~ %3) (4.34)

r2

We also note that since we have smeared our operators on very small spatial regions A
and B, the smearing functions remain almost constant over the region. However using
(4.33) our tuning function vanishes for small frequencies. Consequently the Bogoliubov
coefficients in (4.9) have support only for large frequencies w, which we denote by w > /',
where ' is a large enough frequency above which the Bogoliubov coefficients are non-zero.

In the large frequency limit, the above radial function simplifies to

X(r) ~ \/zrdlf Cos (wr - <d_42>7T> (4.35)
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Using the large frequency limit, we evaluate the Bogoliubov coefficients. We refer to

Appendix 6.8 for the detailed calculation, and state the main result here.

e_iEI
PN
67;51
* 0 —
gA(w7 ) 2\/m
e~
NS
67'51

ha(w,0) /dl/ e™/2(wly) "I (iv) T (v),

/ dv e=™/*(wUo) T (i) T (v),
(4.36)

hg(w,0) /dy ™2 (W) T (—iv)T*(v),

/ dv =™/ (WU T (—iv) T (v).

(Cap) > 2 for entangled Rindler modes in flat space

We will now use the Bogoliubov coefficients given in (4.36) to evaluate (Cap), using
(4.17). In order to do this, we need to calculate the 4 x 4 matrix f, - f + f - f;. The

detailed calculation of this matrix is given in Appendix 6.8, and we state the final result.

1+ 22 0 2x 0
. i 2 0 1+22 0 —2x
0 —2x 0 14+ 22

Note that the matrix in (4.37) turns out to be the same as obtained for the Rindler-
to-global AdS case in [60]. Although solutions to the massless scalar field in AdS and
flat space are quite different, it is not surprising that the matrix turns out to be the
same. This is because the near-horizon local Rindler modes possess universal features as
explained in [80].

We now substitute (4.37) in (4.17) to derive the expression for (G). In order to do so,
we perform the Gaussian integrals over ¢ and h and evaluate the 6 integral by calculating
the residue about the pole. Using the expression for (G), we derive the result for (Cap),

which is again given by
(Cup) =V2(1+2)* (1 —x). (4.38)

The reader might ask why our expression for the CHSH operator’s expectation value in
QFT is precisely the same as the expression we had derived for the quantum mechanical
case. This is simply because our chosen operators and states were essentially the same in

both cases. Again the expectation value is maximized at « = 3, where (Cap) takes the

(Cap) = 271‘6/5 +0 (@) +0(e) (4.39)

value
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Here we have included corrections since the interacting vacuum of the scalar-gravity
theory is different from the free field vacuum using O (\/ G N). As defined before, we

denote small errors in length scales by O (e).

4.3.4 Summary of this section

The main goal of this section was to show that within a local quantum field theoretic
framework, using a careful choice of operators, we can violate the classical bound. To do
this, we first developed the formalism for looking at CHSH correlators in terms of the most
general two-point correlator acting on the global vacuum. The key here is to write down
the CHSH correlator in terms of Bogoliubov coefficients between the spatially compact
regions’ modes and the global modes. We then wrote down creation and annihilation
operators by smearing the massless scalar field with Rindler smearing functions on small
bounded regions A and B situated just inside and outside an outgoing light cone at r
and calculated the corresponding Bogoliubov coefficients between these operators and
the global Minkowski operators. We used these Bogoliubov coefficients to obtain (C4p),
where we take the expectation value over the global Minkowski vacuum, which looks like
a thermofield double in terms of the Rindler oscillators. In particular, our construction of
operators in the local QFT is the same as done for the quantum mechanical case described
earlier in §4.2. Consequently the CHSH correlator is given by (4.38), whose maximum

value is (Cap) ~ 2.39, which violates the classical bound.

4.4 The monogamy paradox in flat space

We will now outline the paradox in the monogamy of entanglement. Previously in (4.39)
we have derived that up to small corrections, we can obtain (Cxp) = 2.39 > 2, which
indicates non-classicality. We will now consider another region (' situated far away from
our system AB at Z", and consider operators C; supported on the same (See Fig. 1.2).
Applying (4.2) to a local QFT, we have the following upper bound on the CHSH corre-
lators between systems AB and AC

(Cap)® + (Cac)® < 8. (4.40)

In this section, we will show that using the Reeh-Schlieder theorem and the fact that in
a theory of gravity, the Hamiltonian is a boundary term [89], we can create operators
C; such that their action on the vacuum is the same as the action of operators B;.
Consequently, the expectation in (4.40) based on local quantum field theory is violated
up to an O(1) extent.

Unless indicated otherwise, from here on, we will restrict ourselves to describing the
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effects of gravity in four dimensions. Firstly we describe the Hilbert space of the theory
and construct operators relevant to our calculation. Then we calculate the (C'ac) corre-
lator and pose the paradox. We will further discuss conditions on the vacuum structure
under which we can similarly pose the paradox in general dimensions. Towards the end

of this section, we discuss the resolution of the paradox.

4.4.1 Gravity in asymptotically flat spacetime

In this subsection, we will describe the Hilbert space of the four-dimensional flat space
theory and construct a boundary projector onto low energy states. This projector will be
essential to construct bounded operators C; within a small region at the past of future
null infinity (ZT). Readers familiar with the details of this section can directly proceed
onto §4.4.2.

The Hilbert space

A good coordinate system which encapsulates the asymptotic large-r structure near the

future null infinity is the retarded Bondi coordinates [130].

ds* = —du®—2 dudr+r*yap dQ2dQP +r Cyp dQAdQBer—BduQﬂDADDCAB dudQP+. ..

' (4.41)
There is an infinite-dimensional symmetry group in the asymptotic region consistent with
the leading falloff given above [130-135]. These symmetries are called supertranslations

which are generated by the following charges:

1
47TGN

O = / VA PQm(u = —00,Q) Yin(Q) (4.42)

The Bondi news is given by the u-derivative of the shear, Nygp = 9,C'4p. This tensor has
a zero mode, which is used to split the supertranslation charges into two parts, a soft part
and a hard part. Technically it is the soft part that leads to the asymptotic symmetries,
while the hard part contains stress-energy contributions.

We will briefly talk about the Fock space of this asymptotic theory [90-92] which is
elaborated in more detail in [79, 93]. Since the news tensor contains a zero mode, the
vacuum must be specified not only by the annihilation of the positive frequency modes of
the news tensor and the scalar field but should also be labelled by the eigenvalue under

the supertranslation sector

Qum [0,{s}) = 51, [0, {s}) (4.43)

Here 0 denotes that the positive frequency modes of the field, i.e. the hard part of the

supertranslation charges annihilate the vacuum. By smearing over the energies using
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suitable tuning functions', where the smearing scale can be taken to be arbitrarily small,

the inner product between two states is given by

({na} A} H{nl} A} = TT00rtnty 8 (Stm = sim) - (4.44)

lm
where the Dirac delta function goes over the space of all [, m. Consequently, we can build
up the Hilbert space by acting with the massless scalar and the news field on the top
of each vacuum labelled by |0, {s}). Thus the Hilbert space is fragmented into different
sectors, with an element from one sector orthogonal to another from a different sector.

Thus Hilbert space of canonical gravity is given by

H=EPHs (4.45)
{s}

We will pause here to clarify some important aspects while working with the Fock space
as described in (4.43), (4.44) and (4.45). Physically in order to compute meaningful

quantities, we write the state of our scalar field as follows:

Hmhﬁz/(ﬂ%m>ﬂ&DHmL&H7 (4.46)

where we have smeared the supertranslation of the vacuum, with the peak of the smearing
function S({s}) centred about a particular s;,, to ensure normalizability of states. The
smearing function S({s}) is chosen such that our states have unit norm. Therefore using

(4.46) and (4.44), the inner product between smeared states is given by
({nw}, S1{n,}, 8") = 5.5 0(ny fns}- (4.47)

We note a critical assumption in our discussion: we have ignored UV corrections,
e.g., stringy effects, and assumed that the low energy effective physics correctly describes
the low energy structure of quantum gravity. This assumption seems quite reasonable
since gravity is an excellent effective field theory up to the Planck scale. In our work,
we pose the paradox within a low energy framework where we perform only tree-level
calculations, and hence we are not bothered by any possible modification to the Hilbert

space introduced by a UV completion of gravity such as string theory.

Finally, we also note that our construction manifestly ensures that our Fock space is

separable. This statement can also be motivated using constructive QFT [136-139].

1To see why smearing over energy kets is convenient, note that in QF T without the inclusion of gravity,
the vacuum is normalizable but the excited states are not. In order to work with states satisfying nice
properties, we smear over energy kets there as well. Also note that the Fock space in both cases, i.e.,
QFT with or without gravity is separable.



98 CHAPTER 4. MONOGAMY PARADOX IN FLAT SPACE

Boundary projector

We will now use the gravity Hamiltonian to write down a projector in asymptotically flat
spacetime [79]. We first write the Bondi mass, which is the integration of the Bondi mass

aspect over the sphere at infinity.

M(u) = / 2 /7 ms(u, Q) (4.48)

Note that the Bondi mass at u — —oo is the m = 0, [ = 0 component of supertranslation
charges Q);,,. The Bondi mass reduces to the canonical ADM Hamiltonian in the limit

u — —oo [89, 140, 141]:

im W (4.49)

u—=—o00 477G N

The ADM Hamiltonian can be expressed in terms of the boundary metric, which is given

by
M (u) 1
H= 1l = li
u%lrfnoo 4Gy ri\lgo 471G N

/ d*Q /7 (r hoo(r, Q) - (4.50)

Using this boundary Hamiltonian, we can write down a projector residing at Z*. The
projector onto the subspace of vacuum states labelled by supertranslations is constructed
by taking the following limit [79, 84]:

Po = lim exp (—aH). (4.51)

where the subscript 0 in the projector denotes that we are projecting onto the degen-
erate subspace of zero energy states spanned by supertranslations. We can express this

projector as an operator on the Fock space as follows?

o= [ (Hdsl,m) 10, {s}) (0, {s}|+o(ﬁ ) (4.52)

However, in practice, the projector written in (4.51) is defined only in an abstract sense.
A more physically motivated projector in flat space should project only up to energies
below an IR scale d, such that O(d) > O(Gy). We should be able to set the IR cutoff §
arbitrarily small, i.e.; it should not appear in answers to a well-defined physical problem.

The expression for the projector onto low energy states in the Fock space is given by

Ps=0(—H). (4.53)

2Throughout this work, we will use the basis ({s}) to denote the supertranslation elements within
projectors rather than the basis of smeared supertranslations (S) to do so. The smeared basis is utilized
while labelling the vacuum state denoting our system.
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Since our projector is a function of the Hamiltonian, it is given by a boundary term as
well. The representation of this operator over states labelled by the energy and super-

translations is given by

Pi= | (H dm) 5 00— E) 1B {sh) (Ei {3} + 0 (VG ) (4.54)

where for notational convenience we have relabelled the states as |E;, {s}). However it
should be kept in mind that states satisfy the inner product in (4.47). In particular states
with different energy distributions but with same total energy should be thought of as
labelled by different values of the index 1.

4.4.2 CHSH correlation between regions A and C

We note that our calculation of (C4p) in the absence of gravity remains unmodified when
we turn on gravity (up to O(y/Gx)) since we have simply fixed s;,, in (4.46). Physically,
our operator insertions within C'4p are hard, and such operator insertions do not change

the soft quantum numbers. As a result, the calculation of C'yp goes through in gravity.

Now we can construct a spacelike nice slice containing the regions A, B and C'. On
this slice, using the Reeh-Schlieder theorem [142, 143] we can construct local operators
Q; living on the region C' which replicate the action of hard operators living on region
B, such that

Qi10,{s}) = B; [0, {s}) + O (@) (4.55)

where as usual we have added contributions due to the interacting vacuum. Apart from
the theorem guaranteeing their existence, in d-dimensions the operators (); can be ex-
plicitly constructed as follows.

Consider region C' denoted by the Rindler wedge covered by the chart z = Z+( cosh T,
t = (sinh 7, in the domain 0 < { < 00, —00 < 7 < 00 s0 as to have z > Z + |t|. To make
this wedge spacelike separated from the region AB we keep Z > ry. The metric is

d—2
ds* = —=C*dr* +d¢* + > da;. (4.56)
=1

We take a separable solution of the form ®(7,(,x) = e {“T%k%)y(¢) in order to solve

0® = 0. The (-equation is given by

&y d
C2d;§+cd>g+ (w? = K¢ x =0, (4.57)

where k = |k|. Imposing boundedness of the solution in the limit { — oo at fixed 7 and
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X, the the field can be expressed as

dwdk |2 , K, (k
o(7,¢,x) = / % *bw,ke_l(m_k'x)ﬂ +h.c.. (4.58)
w>0 (27) T YW T (iw)|

where K, (k¢) is the modified Bessel function of the second kind. The w dependent
factors inside the integral ensure the canonical commutation relations®: [b,, bL,7k/] =
d(w —w)o(k — k') and [b, x, b ] = 0 [29].

On the complement of this Rindler wedge we can again write down Rindler-like co-
ordinates, where in addition to the crossed over modes b and b, there also exist a set of
modes with support on z < Z at t = 0 denoted by b and bf. Since these tilde operators
are spacelike to Rindler wedge operators, they commute. Thus within the complement
of the Rindler wedge, where the coordinates are t = —(sinh 7,2 = Z — ( cosh 7, the field

operator can be written as

dwdk 2= e Kiw (KQ)
— ettt B t(wr—k-x)
o(7, ¢, x) / 1 |/ boke Tw) +h.c. (4.59)

w>0 (27T) 2

This is precisely how the smeared operators A; and B; in the previous section can be
constructed from wedge operators and its complement. From the Bisognano-Wichmann

construction [143], the complement operators are related to the wedge operators as:

by 0, {s}) = e7™bL 10, {s}) s BL,10,{s}) = e™b. [0, {s}) (4.60)

where |0, {s}) denotes the global vacuum. Thus we systematically obtain (4.55). Using
this construction, the action of the complement operators B; on the vacuum can be
written in terms of the action of the wedge operators (); on the vacuum.

The operators @); constructed above are in general unbounded, whereas in order to
calculate CHSH correlations we require bounded operators. We will now construct oper-

ators C; such that they satisfy

ICi| = (B?) + 0O (\@) (A,C) = (A,B;) + O (@) (4.61)

firstly using the projector Py onto the flat vacua subspace. We will then use the physical
projector Ps, and show that there exist our required operators C;, and construct them

explicitly.

3We make use of
|5 K@) i) = I8 — )
0o T 2

T _dw N=Zas(z— o
|| g K@Kt = rote )
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Construction of C; using Py

In this part, we outline the construction of operators C; using the exact projector onto
the vacuum. For notational simplicity, we will suppress factors of O (\/G N) within this

subsection, and will reinstate the same in §4.4.3.

In order to construct bounded operators from @);, we take combinations of products
of (); with the projector Py. Consequently we recover the action of B; on the vacuum,
and therefore the resulting operator can be bounded. We define the operators C; by the

following expression

(B2) (QiPo+ PoQl — (B:) Py) — (B:) QP!

“ (B~ (B)? ’

(4.62)

where the cumulants are defined with respect to the smeared state |0, S). The operators
constructed in (4.62) might appear out of the blue, however they are systematically
constructed by considering the subspace spanned by {|0, {s}), B;|0,{s})}. For notational

convenience, we also define
B, {s}) = Bi|0,{s}) and B =\/(B}) - (B)".

Then the construction of C; is as follows. We start with a candidate C; with linear
combination of all possible outer products which do not involve cross terms from different

superselection sectors, i.e.:

{10, {s}) (0, {s}|; 10, {s}) (Bi {s}]; [Bi, {s}) (0, {s}[; & [Bi, {s}) (Bi, {s}|}

multiplied by undetermined coefficients. These coefficients can be systematically deter-
mined such that they satisfy the bounds in (4.61), which gives us (4.62). To demonstrate
this, we rewrite the expression for C; in (4.62) as a linearized sum of outer products with

determined coefficients

¢i= | (Hmdm) <§> (rBi,{s» (0, {s}] [1 -/ (11 ds;,m) |Bi,{s’2? <1>9{}r]>
+/ (p dm) <§;‘2> (m, {s}) (B:, {s}] [1 -/ (lH ds;,m> 0,{s'}) (0, {s'}r]) .

(4.63)

The proof of boundedness of C; as defined in (4.62) and (A,C;) = (A;B;) + O (\/GN> is
given in Appendix 6.9.
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Construction of C; using Ps

We will now proceed with the construction of C; using the more physical projector Pj.
Motivated by (4.62), we can write a similar expression for C;, which is valid up to an

O(e) correction.

(B?) (QiPs + PsQ] — (B:) Ps) — (By) QPsQ)]

Ci 3
(Bf) — (Bi)

(4.64)

To see why operators in (4.64) are valid operators upto O(e), we firstly decompose the
projector Ps as

Ps = Po + 0P. (4.65)

The claim holds provided the contribution to C; arises solely due to Py, with 0P not
contributing to C;. By acting operators C; on the vacuum |0, S), we can ensure that the

chief contribution to C; comes from Py by demanding
10, S| Qi |E;,S)| ~O(e) and [(0,S|A4; Qk|E;,S)| ~ O(e). (4.66)

where the net energy E; of the state satisfies 0 < E£; < §. This renders 6P’s contribution
within C; very small, and consequently the C;’s defined in (4.64) satisfy the constraints
in (4.61). Note that these extra contributions arise due to the last term in (4.64).

Note here that O(e) denotes minor errors introduced due to smearing scales, i.e., the
operator smearing and the wedge smearing scales. We group all such scales as O(¢) since
relatively these errors are of the same magnitude, in contrast to much more minor errors
of O(VGy).

Under what condition can we ensure (4.66)? To begin, consider a single-particle state

l7a) = agj |0,S), such that E; < 6. To ensure (4.66), we first evaluate the expression
Q1 ja)-

Q1 ljo) = Q1. al;] 10,8) + al;,@110,8) (4.67)

We will now argue that both the terms in (4.67) can be set small enough, thereby satisfy-
ing the conditions in (4.66). To see why the first term is small, let us discuss the energy
scales in the problem. Apart from the Planck scale, there are two other energy scales in
the problem: the energy ' as defined in §4.3.3 (below which the Bogoliubov coefficients

were close to zero); and ¢, which denotes the IR cutoff. Now recall that By is given by

1
By = —=(Pp — ol Ppap + ol Ps + Ppag) (4.68)

V2

where Pp denotes the projector onto the B-vacuum, i.e., Pg = |0p) (05|, and where we
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have suppressed the supertranslation labels for convenience. Note that the modes apg in
(4.68) are related to the global modes as given in (4.9), and consequently the vacuum

|0g) is related to the global vacuum |0) as follows:

|0p) = exp (Z ; a} Cik aL) |0) . (4.69)

jk

where Cjy, is the matrix outlined in the footnote?. Thus the operators B; can be expressed
.|.

in terms of the global modes as outlined above. Note that the global operators a; can be
constructed only if we have access to the entire spacelike slice ¥, i.e.:
otk la
al R 4.73
k / (b 27T)d 1 ( )

and consequently B; can only be written down provided we have access to the whole
entire spacelike slice. However, since we have access only to the wedge and not the entire
slice, an exact wedge reconstruction of the operator B; is impossible. In particular, any
attempt to reconstruct aJ,L will also necessarily include other creation and annihilation

operators.
d—1

/2/ ¢(z) fu(@) (;Zﬁ)d—l = aj, + Z cja;+ Yy d; (4.74)

J7#k

where >’ € ¥ denotes the spacelike part of the wedge and where fi(x) is a smearing
function with support on ¥’. In spite of this obstruction, the Reeh Schlieder theorem,

and in particular our wedge reconstruction analysis in §4.4.2 gives us (4.55), i.e

@110, {s}) = B1[0,{s})

The critical point here is that there exist smearing functions fi(x), with support on the
wedge, which convolves with field operator ¢(z) using which we can construct such an

operator ()1 from the wedge. Then the practical way to construct (), is as follows: we at-

4In general, for modes related by Bogoliubov transformations
a; = Z Q;j bj + ﬁlj b; (470)
,J
with a; |Q) =0 and b; | X) = 0, the vacua |Q) and |X) are related by:
) = exp ( bl G bT> 1X) (4.71)
where the matrix Cj; is given by

Crmj ==Y Brivis With Y ajivin = G (4.72)
i i

where ¢;;, denotes the Kronecker delta function.
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tempt to closely simulate B; by wedge reconstructing the global creation and annihilation
operators as in (4.74). We perform this attempt by choosing wedge smearing functions
appropriately and substituting the closely simulated operators in (4.68) (which is essen-
tially an infinite string of creation and annihilation operators from (4.9) and (4.69)).
Consequently, we have a vast choice in choosing the smearing functions since each global
operator insertion in (4.69) can be simulated using a reconstructed wedge operator. This
method gives us the action of By on the vacuum using Q1. As a result, (J; has additional
terms than B; since we cannot precisely reconstruct the operator Bj.

Upon normally ordering, ), takes the following form:
Q= Bi+ Y piylal) + Y a(ar) (4.75)
J J

where ¢;; contains at least one annihilation operator, while p;; contains the remaining
terms with zero or more creation oscillators (Note that the operator |0) (0] inside (4.68)
cancels the remaining terms). In order to demand (4.55), the complex coefficients multi-
plying operator distributions inside p;; in (4.75) are conveniently adjusted using smearing

functions such that the following inner product is ensured:
(0,81 Q1 Q1]0,8) ~ (0,S| Bl B1|0,S) . (4.76)

Now using (4.9), (4.68) and (4.69), we will argue that the wedge reconstructed operators
()1 in (4.75) satisfy (4.55) along with ensuring the first term in (4.67) is small enough,

provided that B; and the smearing functions fi(z) satisfy the following conditions:

1. B; has a small overlap with aE]_. In other words, the modes constituting B; are
sufficiently high energy modes which are constructed such that w’ > 0. This ensures
that

By, al,] ~ OCe) (4.77)

Here O(e) denotes the order of overlap between the high energy and the low energy
modes due to smearing scales. A physically intuitive way to understand why we
require w’ > 0 in flat space is to view the projection onto states below ¢ as noise
in our description over the ground state subspace. Naturally, we do not want
operator insertions inside the correlators characterized by frequencies within the
noisy regime, rendering measurements meaningless. Therefore the noise d needs to

be set sufficiently low enough for the construction to work®.

We also note that if w’ < §, the first term in (4.77) cannot be O(¢), but constitutes

an O(1) contribution.

5Note that in AdS, the AdS radius sets a natural length scale restricting § once and for all, which is
not the case here since the cosmological constant is zero.



4.4. THE MONOGAMY PARADOX IN FLAT SPACE 105

2. This leaves us with the third term (note that the second term commutes with

a;;l, and also has a very small magnitude) i.e., an infinite number of annihilator
strings ¢;;. These can provide a large contribution to the commutator in (4.67).
To circumvent this, we require that our smearing functions is chosen such that the

following contribution is ensured:

> aj(an), aly| ~ Ofe). (4.78)
J
In particular, the constraint in (4.78) implies that the third term of the operator
()1 given in (4.75) has a minimal contribution from annihilators below J, and hence

a slight overlap.

Thus using the conditions (4.76), (4.77) and (4.78) on @)1, we can ensure that the modes

constituting )1 are engineered such that the following commutator in (4.67) is ensured:
Q1. als,] ~ O(e). (4.79)

A more rigorous approach to showing the existence of a suitable boundary observable can
be found in Appendix 6.10.

Let us now look at the second term in (4.67). This renders (0, S]| aTEle\O,S) =0,
thereby satisfying the first condition in (4.66). Regarding the other condition in (4.66),
using (4.67), the second term gives us (0, S| A; anQl |0,S). Now consider the commutator

Aialy, = [Aiay | +aly A (4.80)

Since A; is again an operator with energy much higher than §, the first term in (4.80)
is O(€), and the second term is zero i.e. (0,S]| aJ};in B1]0,8) = 0. We can repeat the
analysis for multi-particle states as well as straightforwardly generalize the result from B,
to B;. We obtain similar conclusions for multi-particle states, with products of creation
operators replacing the single creation operator in the analog of (4.67) and (4.80). Given
the above discussed smearing conditions, operators in (4.64) represent valid operators C;
satisfying constraints in (4.61), with errors from smearing again giving rise to an O(e)

correction.

Existence of C; using Ps; and the boundary algebra

In this subsection, we argue that we can always construct C; using Ps and other elements
of the boundary algebra which satisfy constraints in (4.61). This differs from our analysis

in §4.4.2 since our expressions for C; satisfying (4.61) are exact here, without any factors

of O(e).
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In general, to exactly construct C; satisfying the constraints (4.61), we require other
boundary operators along with the projector Ps. We define

B g = P B

where N is a normalization constant. As an example, we can read off N; = ; from (4.63),
when we work with the exact vacuum projector Py. On the lines of the construction of C;
using Py, we write a candidate C;, which is a sum of all possible outer products multiplied

by undetermined coefficients

a- | (Hdsl,m> S 00— £, 006 — Bty |Ey {5} (e {5}

E;,Ey,

+ / (ZH dsl,m) ; 00 — Ej) (v} |B, {s}) (B, {s}| + h.c.) (4.81)

—|—/ (p dSl,m) Zi |B@J_7 {5}> <BzJ_7 {S}‘ :

Note that here the elements |E;, {s}) (Ej, {s}| belong to the boundary algebra as argued
in [79]. We will systematically fix some of the coefficients in (4.81) as follows, where
we will suppress corrections of O(y/Gy) for presentation. The Hermiticity of C; implies
zhy = (xz,])* and z; € R. ITmposing C; |0, {s}) = B; |0, {s}), we fix the coefficients

tho = [ (p dm) (B As}Bi{s}) . wh=N. (4.82)

which ensures (A4;C;) = (A;B;). Given that we still have undetermined coefficients in Cj,
we can always choose them in such a way that the absolute value of the largest eigenvalue
is given by \/@, thereby giving us ||C;|| = (B?).

As an example, we will demonstrate this for the case of the exact projector Py. Here

we have N; = ;. Consequently we obtain

0l = 5 (B + 2+ V/ag + (BY — =)

Now requiring that the bound is satisfied, i.e. ||Ci||* = (B?) gives us z; = — (B;), which

again leads to the seemingly serendipitously constructed C; in (4.62).

4.4.3 The paradox and generalization to higher dimensions

In §4.4.2, using the wedge reconstruction, the boundary algebra, and the fact that the

Hamiltonian in gravity is a boundary term, we have constructed operators living in the
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exterior region C' which essentially replicate the action of operators B; on the vacuum

state, in three different fashions. Subsequently, we arrive at the following conclusion:

(Cac) = (Cap) + O <\/G7> : (4.83)

Consequently at z = 3, the correlator (Cac) takes a maximum value (Cac) = M2 4

16
0 (VGx) + 0 (o).
After getting all our ingredients in place we will now pose the paradox in monogamy

of entanglement. For the maximum violation at x = %, we obtain

(Cap)? + (Cac)? = 114+ 0 (@) +0(e) > 8 (4.84)

Equation (4.84) contradicts the upper bound in (4.40) and gives rise to the paradox in
monogamy. As mentioned earlier, this is an O(1) violation. The violation does not have
a leading dependence on the IR cutoff §, an expected feature of a well-defined physical
observable.

An immediate generalization of the paradox in four dimensions is extending the same
to general dimensions. In d # 4, the low energy vacuum structure of gravity is not con-
cretely established (See [144-150] for recent discussions on the subject). Provided that the
vacuum structure of gravity in higher dimensions has a similar form, i.e., there is a unique
vacuum or degenerate vacua labelled by supertranslations, we can pose the paradox in
precisely the same fashion we have done presently. Regarding additional symmetries, we
can again treat them in a fashion similar to our treatment of supertranslations.

We will point out why analogs of supertranslations in general dimensions are not in
conflict with our calculation. The calculation of (C4p) does not require us to go to the
asymptotics since the operator insertions are deep inside the bulk, and hence our operator
insertions do not change the supertranslation of the state on which they act. More
precisely, these operator insertions are hard. The case of (C4¢) is a bit more subtle since it
involves the construction of operators (); and the projector Ps both of which have support
near Z". However, from (4.55), the action of @Q); on the supertranslation fixed vacuum is
precisely the action of the hard operators B; on the vacuum. In addition, the projector
Ps as defined in (4.54) is diagonal in supertranslation labelled vacua. Consequently, the
insertion of the operator C; within the vacuum to vacuum correlators does not introduce
any new complications because of our construction and the very nature of the vacuum

structure.

4.4.4 Resolution of the paradox

In our calculation, we have explicitly pointed out small corrections of O(\/G N) (See

(4.84)). Hence the paradox cannot be resolved by introducing small corrections, as is the
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case for Hawking’s original paradox and the bags of gold paradox [1, 28, 40, 58, 94-96].
Here the O(1) violation indicates the existence of a severe flaw in our basic assumption,
i.e., we have assumed that in the presence of gravity, our system admits a description in
terms of a local quantum field theory. Building upon this assumption, we have factorized
our Hilbert space into three different parts into three spatially disconnected and separated
regions A, B, and C.

However, it is a well-known fact that in gravity, the Hilbert space cannot be factorized
due to the Gauss constraint. Consequently, our factorization into a tripartite system each
described by a local QFT is incorrect, which resolves the paradox posed above. With
gravity turned on, degrees of freedom in the region B are secretly the same as degrees
of freedom in the region C'. Therefore it is incorrect to describe operators probing the
underlying degrees of freedom using local quantum field theory, and we explicitly see an
O(1) violation if we assume a local quantum field theory setup in our case of empty flat
space.

In a certain sense, we can observe this non-factorization of Hilbert space of the effective
field theory based on spatial partitioning at the level of commutators itself . Note
that since our operator insertions A;/B; introduce energy into the bulk, the commutator
[H, B;] # 0. Since C; is a function of boundary projectors, in general the commutator
|C}, B;] # 0. Following the Gauss constraint, this is a complementary objection to why we
should not expect factorization based on spatial partitioning within a theory of gravity,
even though effective field theory reasoning naively indicates otherwise.

Since our calculation is performed in a general fashion, we can equivalently inter-
change the operators A and B describing the interior and the exterior respectively in
(4.84) to set up an information-theoretic inequality again. The resolution for this sit-
uation is precisely what black hole complementarity states, i.e., the interior operators
are complicated polynomials of the exterior operators. In principle, our setup provides
an explicit demonstration of the complementarity principle in flat space. Our boundary
projector is a vital ingredient in this construction, allowing us to write down operators

far away from the light cone that can probe the interior of the light cone.

6We thank Simon Caron-Huot for pointing out this issue.



Chapter 5
Summary and discussion

The underlying theme of the thesis was to pose these paradoxes using bulk effective field
theory and precisely understand what goes wrong while using such a description. Another
theme was understanding how quantum information is localized in a theory of quantum
gravity. In this light, we conveyed the basic idea that studying puzzles regarding the
black hole interior allows us to understand such issues better.

As a brief recap, we started by motivating our work from various angles in our intro-
ductory Chapter. In §2, we provided the basic background and technical tools necessary
to study various aspects of the rest of the thesis. In this chapter, we will be discussing
our work in §3 and §4.

We have hereby looked into two paradoxes from the bulk perspective: the bags of
gold, which can be resolved using small gravitational corrections, while the monogamy
paradox requires O(1) corrections for its resolution. Both approaches demonstrate the
failure of local effective field theory and require us to go beyond it. The case of bags
of gold requires quantum gravity corrections, i.e., the fat tail effects for its resolution.
In contrast, the monogamy paradox arises due to the assumption that the Hilbert space
does not factorize upon spatial partitioning.

We will now summarize different aspects of our work, outline how our work connects

to existing literature, and conclude by mentioning future possibilities.

5.1 The bags of gold paradox

Regarding our work on the bags of gold, we have demonstrated a possible resolution
to understand the case of several excitations living in the black hole interior. We have
proposed that these numerous excitations living on large volume Cauchy slices in the
interior are not inconsistent with the Bekenstein Hawking entropy, as they have small
inner products and thus are not independent excitations. We advocate that such a

situation is not a problematic feature of effective field theory but an essential aspect of

109
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quantum gravity. This overcounting naturally arises in the context of boundary theories,
as shown using toy matrix models. We also showed that spectral observables like the
form factor and the level spacing distribution are violated in the semiclassical treatment
of the interior excitations, and our proposal also resolves these contradictions.

The reader, at this point, might wonder what exactly our proposal accomplishes since
the bags of gold can also be conveniently settled using the fine-grained entropy, as we
outlined in §3.3. In a certain sense, as outlined there, the fine-grained entropy quite
cleanly settles this question by giving us the correct quantitative answer. However, while
these calculations potentially give us the correct answer, quite a few aspects of bulk
physics remain unknown. An important aspect involves a precise understanding of the
physics of the interior. In this regard, one may ask that even though the fine-grained
entropy predicts that the Bekenstein-Hawking formula gives the actual entropy, what
exactly are the bulk criteria for discarding most of the interior excitations in the first
place. More precisely, given some semiclassical excitations, what are the criteria for
discarding them as not contributing to the fine-grained entropy. In other words, since
the entanglement wedge goes only up to the neck, by performing entanglement wedge
reconstruction, one can only reconstruct operators within the wedge without a precise
bulk understanding of what exactly happens to the interior operators.

In this regard, the quantum extremal surface, which calculates the fine-grained en-
tropy, correctly counts the necessary degrees of freedom. We can use this correct counting
to construct a suitable basis spanning the actual Hilbert space. The rest of the interior re-
gion, with numerous semiclassical excitations giving rise to the paradox, can be described
using overcounting within this Hilbert space (i.e., embedded into the actual Hilbert space
via small inner products). This provides a bulk understanding of what gives rise to the
paradox.

The notion of small inner products is consistent with the breakdown of locality in
quantum gravity. We expect locality to hold in ordinary effective field theories describing
nature. In contrast, we expect locality to hold only in an approximate sense in quantum
gravity. Here locality can break down in various situations, such as the case where we
act with too many probes on the spacetime [151]. Small inner products between spatially
separated excitations can be understood as another such situation that demonstrates the
breakdown of locality in quantum gravity.

We saw some examples of the grave problems associated with simulating a Hilbert
space with a much smaller one. So we naturally ask: why are black holes unique? Quan-
tum and thermal systems have macroscopic observables which can be measured experi-
mentally, and in a certain sense, we can find out the Hilbert space’s correct dimension.
Thus the possible kinematic overcounting of Hilbert space is not realized in these sys-
tems. For the case of black holes, thermodynamic observables do point out that the

Hilbert space is far smaller than what bulk semiclassical quantization indicates. As an
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example, we know that the thermodynamic entropy of a black hole should go as area.
Further, from the CFT side, we showed using various examples that spatially separated
bulk interior states indeed have small inner products. These small overlaps between the
dual bulk semiclassical excitations hint at how the Hilbert space of gravity embeds bulk

states.

We now ask why we do not see an overcounting using effective field theory in empty
AdS. Given a holographic CFT, the HKLL prescription wholly reconstructs the empty
AdS bulk. As a result, the CFT description captures all the bulk excitations, and con-
sequently, there is no question of any overcounting. The HKLL prescription also recon-
structs the exterior regions of eternal black holes. The only places where overcounting
using effective field theory can arise are causally inaccessible regions from the boundary.
The black hole interior is an example of such an inaccessible region, and reconstruction
using state-dependent operators allows us to resolve apparent paradoxical situations like

the one we have treated here.

An important aspect that we have briefly touched upon here is the subject of quan-
tum state transfers in semiclassical gravity. We showed via an example in §3.8 that
overcounted Hilbert spaces can lead to quantum state transfers which are forbidden if
orthogonal vectors span the Hilbert space. Since we have argued that effective field the-
ory in the black hole interior leads to an overcounting of the Hilbert space, it will be
helpful to understand which forbidden semiclassical quantum state transfers are allowed
in quantum gravity. We think this holds important implications for black holes in AdS

and possibly in flat space as well.

For the general reader not interested in details, we have thus answered a seemingly
interesting puzzle: Can there exist a giant universe inside an AdS black hole, with the
universe’s coarse-grained entropy exceeding the Bekenstein Hawking entropy of the AdS
black hole, while an external observer in the black hole spacetime is utterly oblivious to
the universe’s existence? The answer to this question is yes, provided that the Hilbert
space of this universe is constructed from the small Hilbert space of the AdS black hole
using small inner products. A significant number of excitations can be described using
the overcounted Hilbert space, provided that their backreaction on the black hole is
extremely small (or, in other words, their states belong to the small Hilbert space).
Careful measurements of thermodynamic observables and state transfers in semiclassical
gravity can conclude that the Hilbert space of this universe is constructed from the small
Hilbert space of the black hole itself. The initial state giving rise to this universe is a
Euclidean state as mentioned in §3.4, while the future of this universe is doomed anyway

since it will eventually fall into the black hole.
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5.2 The monogamy paradox

Regarding our work on the monogamy paradox, firstly, we introduced a formalism for
treating Bell inequalities in a local QFT in an asymptotically flat space. We utilized
the fact that monogamy of Bell correlations is a concrete measure for monogamy of
entanglement and consequently used our formalism to compute Bell correlation between
regions A and B. Then bounded operators C; were constructed in a spacelike separated
region C close to the boundary using the Reeh Schlieder theorem and the boundary
projector, replicating the operators B;’s action on the vacuum. Using this, a concrete
paradox was posed in the monogamy of entanglement between the regions A, B and C.
We argued that the resolution to the paradox is as follows: in a theory of gravity, one
cannot factorize the Hilbert space into subspaces describing spatially separated regions,
which is necessary to set up a paradox in the monogamy of entanglement.

As discussed in our work, in canonical gravity, the Hamiltonian is a boundary term
that plays a crucial role in constructing bounded operators in the region C' that replicate
operators B;. The fact that the Hamiltonian is a boundary term is an essential feature
of gravity, which strongly hints at non-local aspects inbuilt within theories of gravity!.
Note that this feature is unique to gravity and is not true of other theories, say theories
with Gauss constraints. Case in point, operator insertions with zero charge in gauge
theories do not affect the field strength residing on the Gaussian surface. In gravity,
an operator insertion necessarily changes the stress-energy tensor, and consequently, one
cannot introduce invisible operator insertions?.

We now discuss the relation of our model to the monogamy paradox for old black holes
in flat space. Since non-local effects of gravity play a primary role in our problem, it is
only natural to assume that such effects play a similar role in the black hole problem?®.
The operators C; in our problem are in a spirit similar to complicated operators situated
far away from a black hole used to extract information from Hawking radiation. Our
construction also emphasizes the usage of CHSH correlations in studying the monogamy
of entanglement paradox, primarily how CHSH correlations can be used to quantify
entanglement. The study of these correlators is necessary since standard measures of
entanglement like Von Neumann entropy are not well defined in gravity.

Note that the monogamy paradox is conventionally posed within the context of old
black holes. However, our discussion only relies upon the entanglement of modes across

the horizon and the boundary. Consequently, we do not require an old black hole to pose

Tn a certain sense, this is a generalization of the Gauss law in Newtonian gravity, where the effect of
any massive insertion at a point within a spacelike separated Gaussian surface is necessarily manifested
on the surface.

2This argument is also tied to why we cannot write diffeomorphism invariant local observables in
gravity.

3In fact, such non-local effects are a generic feature of quantum gravity, and manifestly reveal them
under extreme situations [151].
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the paradox, which is reflected in the fact that the validity of operators C; does not involve
any particular time scale. In line with the principle of holography of information [79-
81], this is because the information about the non-boundary regions is always contained
within ZF.

The issue with writing down a similar construction for evaporating black holes is that
we require a projector onto the space of black hole microstates, which we presently do not
understand how to construct. Consequently, it is not easy to write bounded operators in a
region far away from the black hole, which can be used to write down CHSH correlations.
However, there is no problem with calculating C'4p correlator between modes just inside
and outside the horizon. Formulating the paradox in our toy model’s fashion also shows
that we do not need any modified structure in the black hole interior, as with firewall and
fuzzball constructions. Instead, such a paradox in monogamy is a natural consequence of
wrongly treating gravity as a local quantum field theory.

Before we conclude, we list out some related open questions. In our case, we need
to go very close to future null infinity to construct a projector onto our ground state.
In line with our holographic intuition that gravity knows about quantum information
inside a given region, is it possible to construct a similarly approximate projector onto
the vacuum at a finite radius? Finding such a projector will be pretty valuable not
only as an independent problem for our flat space toy model but also to pose a similar
resolution of the monogamy paradox for dS black holes. Besides, such a projector will be
pretty valuable for understanding aspects of the principle of holography of information
for compact spacetimes, where naively, a projector will project onto all physical states
in the Hilbert space since there is no boundary. Consequently, we need a projector at a
finite radius.

Another problem is to write down the projector onto the space of all black hole
microstates in flat space and AdS, which will allow us to write down a more accurate
toy model. A distant direction is to understand the asymptotic vacuum structure in
general dimensions, which will help pose the toy model concretely in such dimensions.
We envisage our present work as a starting point to address some of these issues in the
near future.

While at the risk of trespassing into areas wherein the author’s expertise is almost
non-existent, we wish to state a couple of lines about the possible relevance of our work
to low-energy experiments. The work discussed here was related to potentially resolving
inconsistencies arising in quantum gravity from a theoretical standpoint. However, in
general, the analysis of CHSH correlators in flat space could be used in the future to test
the localization of quantum information in quantum field theories. Another important
direction is to analogously extend this formalism to understand information-theoretic
statements in cosmology, especially in the context of CMB experiments. We believe

these issues deserve further attention.
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Chapter 6

Appendices

6.1 Explicit examples of overcounting in small vector

spaces

In this appendix we explicitly demonstrate that there can be many more vectors than
n, where n is the dimensionality of the vector space if € # 0. We will demonstrate this
using regular polyhedra. The study of overcounting using regular polyhedra serves as an
easy way to develop our intuition for understanding overcounting by starting from small
dimensions and gradually building up to higher dimensional examples. Note that our
vector space defined over reals in contrast to the Hilbert spaces in quantum mechanics.
We will denote the maximum number of vectors as a function of € to be 7, (¢) in the

previous case. Now regular polyhedra are classified into three classes:

o Simplex: This polyhedra is defined by the condition that the distance between
any two vertices is the same. Examples are : equilateral triangle with n = 2 and
tetrahedron with n = 3. The vectors corresponding to neighbouring vertices have
an inner product given by p;.p; = —%. Therefore we have m,, (—%) = n+ 1 number

of vectors for the simplex.

o Orthoplezx: These polyhedra are defined such that they have a vector each pointing
towards each coordinate direction, suc that the inner product between the neigh-
boring vertices is given by p;.p; = 0. Consequently a simplex has 7, (0) = 2n

number of vectors.

o Hypercube: In the Cartesian coordinate system, these polyhedra have vertices sit-
uated at the coordinates (+1,+1,+1,+1...)/y/n. Examples are : square with
n = 2 and cube with n = 3. The neighbouring vertices have inner products given

by p;.p; = 1— % Consequently a hypercube has m,, (1 — %) = 2" number of vectors.
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We will now compute the inner products for representatives of these above-mentioned

classes of polyhedra. We will now give some examples in low dimensions below:

o Two dimensions: In n = 2 for a regular polygon, the scalar product between

position vectors of m neighbouring vertices is given by p;.p; = cos {%’T}, where

Mo (2”) =m.

o Three dimensions: In n = 3, the icosahedron has mg (%) = 12 vertices while the

dodecahedron has ms (‘[) = 20 vertices.

o Four dimensions: In n = 4, we consider the 24-cell which has total number of
vertices given by my ( ) = 24. Similarly the 120-cell has m, (H‘[) = 120 vertices

while the 600-cell has M4 (1+3\[> = 600 vertices.

Overcounting in the limit m — co?

We will construct a situation where m vectors are approximately equidistant on the sphere
f 27.(.7L/2
r(g) -

n/2 . .
n%’;i(ﬁ), where we cannot have any other vector. These exclusion zones have a radius r,
2

Sp—1 which has surface area o Each unit vector has an exclusion zone given by

71
e
solve for the radius of the exclusion zone as done in the following equation:

(WW)“? (6.1

r"=1. Therefore we can

with the volume of these n — 1 dimensional zones given by =

The distance between two neighbouring unit vectors is given by d & 2r. Therefore the
inner product between two neighbouring unit vectors can be easily computed and is found
to be:

| 9 /AT (nFL)\ 71
gl ——dP=1—2( 2 —-2 "~ ) 6.2
PAm L, (s o2

We can now solve the expression for inner products to obtain m. In the limit ¢ — 1

with 0 < 1 — € < 1, we obtain the following expression for m:

A ( _n—1
n(€) 212 ~ 2 (1—¢) 2. (6.3)
(%)
For 0 < € < 1, m takes the values:
2n ne
T (€) &~ 2 6.4
1 (€) " (n + 1) (6.4)

This expression for m is in agreement with our derivation of inner products between

neighbouring vectors of the simplex and orthoplex, which are given by m,, (—f) =14+n
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and M, (0) = 2n respectively. Equation (6.4) is also in agreement with our derivation for

the hypercube’s case, up to a minor factor of g.

2 n
lim m, (1 ——) = 2" x —. 6.5
T i, (1= =) 527 x (6.5)

6.2 Partition function of the U(N) two-oscillator model

We outline the calculation of the partition function of two bosonic oscillators denoted by
A and B transforming under the adjoint representation of U(N) global group [121, 122].
We hereby define z = e,

Since we are interested only in the global group singlets, we calculate the partition
function by summing over all Boltzmann weights multiplied by the number of group
singlets at each Boltzmann weight. With E; being the energy of the bosonic modes, the

partition function is given by

Z(x) =33 amPrgnat (All singlets sym,, [adj] X sym,, [adj]) (6.6)

ny no

Here the index n; goes over the A oscillators and ns goes over B oscillators. Note that
here we have set the ground state energy of the oscillators to zero. We now return to the
problem of counting the group singlets. A convenient way to count the number of group
singlets is by using properties of characters, which are maps from the representation of

the group to complex numbers defined as
xr:G—C (6.7)

satisfying the property that for g € G,
xr(g) = Tre(g). (6.8)
These satisfy the orthonormality relation, where [dg] is the Haar measure

/ [dg] Xk, (9) X&, (9) = OR,r; (6.9)

chosen such that [[dg] = 1. Since the character is the trace of the element, therefore

XR, xR, = XR; XR,- Lhe number of irreps can thus be counted using the above relation as
R, = / (dg] xiz, (9) IT xe, (9)- (6.10)
J

We will now use this relation to count the number of group singlets. For a singlet

representation, by definition we have xy, = 1. Therefore the number of singlets is given
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All singlets = / [dg] [T xz, (9) (6.11)

We will now use (6.11) to rewrite the partition function in (6.6) in terms of the
characters of U(N):

Z(x) / AU TT S 2™ g (U). (6.12)

i=A,B n;=0

We will utilize the following relation for the characters in order to simplify the partition

function:

i}t" Xsym, (9) = exp{i £ xl(g ) } (6.13)

I=1

We denote z4 and zp as the single particle partition functions for the A and the B
harmonic oscillators. Using (6.13), and using the bosonic partition function z(x) = za4+2p
and Xaqj(U) = Tr(U) Tr(UT) we get the partition function as

Z(x) = / [dU] exp Li Z(ik) TeU* TﬂUT)’f] . (6.14)

Rewriting this unitary matrix model in terms of the eigenvalues of the unitary matrix
easily solves the model [42, 152]. Denoting the eigenvalues of U by €™, we write the

measure of the model as:

/dU H/ [day)] Hsm a) (6.15)

1<j

Now the partition function is a function of the eigenvalues «; and is given by

Z(x) = / ldev,] eXp{ — 3 V(o — aj)} (6.16)

where the potential is given by

V(0) = —log

0 o) k
sin—| — > ) cos ko (6.17)
2| &=k

Equation (6.17) is reminiscent of the Coulomb potential for charges on a sphere where
the term coming from the measure is repulsive interaction between the like charges, and
the other term is attractive interaction due to electric field. The dynamics are similar to
the partition function of the Gross-Witten-Wadia model [153-155], and has a third-order
phase transition in the N — oo limit and has a free energy of O (N?). The average

energy is O (N?), and as a consequence, the entropy is also of the same order. Therefore
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we can see that the Hilbert space’s dimensionality is O (exp N?).

Entropy, average energy and dimensionality of the Hilbert space

for oscillators on S3 x R

We now proceed to calculate the Hagedorn temperature of the CFT, which is essential
because we want to describe black holes, and going above the Hagedorn temperature is
the regime where we have black holes in the bulk. We will then calculate the entropy,

the average energy and the dimensionality of the Hilbert space.

The single particle partition functions

We evaluate the single-particle partition functions for the CFT living on S® x R. With

A = 0 our bosonic harmonic oscillators A and B obey the equation of motion given by

(-0 +a?)A;=0 & (-0"+a?)B;=0 (6.18)

In four dimensions we utilize the conformal map from S® x R — R* to write the parti-
tion function Z = 35, e PEi in the form Z = Y e P2 where A is the scaling dimension.
The scaling dimension goes over all the local operators in the theory which are generated
by repeated applications of the derivatives 0, on the fields, i.e. (4,0,4,0,0,A...) and
similarly for the B field modulo the equation of motion. Since [0] = 1 a single derivative

gives rise to a factor in:

1
Dttt =

= (6.19)

Four such derivatives will give rise to ﬁ The mass dimension of the matrix

1
oscillators is [A],[B] = 1. Without incorporating the equation of motion, the naive
partition function constructed using all local operators arising in the matrix model is

given by

(1 =)t

We now need to take the modulus by the equation of motion. Notice that the equation

(6.20)

of motion imposes a condition on any local operator O of the theory:

(-0 +a?)O=0. (6.21)

The factor (—9% + a~2) has a mass dimension z? which we need to subtract off. The
CFT partition function for oscillators A and B upon this subtraction is therefore given

by
() = x— 3 _ x + 22
za(x) = zp(7) (I (6.22)
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The Hagedorn transition

We calculate the entropy in this subsection and deduce the dimensionality of the Hilbert
space from it. First of all we set my = mp = 1 for our convenience. The entropy from
the partition function with kg = 1 is given by

or 0(TlogZ) T0Z

=logZ + ——. (6.23)

S=—or = ot 70T

We can write the potential in (6.17) as

V() =log2+ Y —

k=21 - 2(x + %)
k

) cos k@. (6.24)
k=1

In the low-temperature phase, it follows from (6.17) that the attractive second term
goes to zero as T" — 0. Therefore at low temperature, the repulsive interactions dominate.
The way to solve this matrix model in (6.17) is to introduce the eigenvalue density and
solve using the mean-field theory approximation. The level density of the eigenvalues
is spread uniformly over the circle as T — 0. As we increase the temperature, this
distribution becomes more and more non-uniform, and the phase ceases to be stable
when the terms in the potential turn negative. The condition for the stability of the

potential then becomes

2(z + 2?)
(1 —z)?

Since 0 < x < 1 and x monotonically increases with temperature in this regime, the

<1. (6.25)

leading k£ = 1 order well approximates the above condition since it gives the strongest
contribution. The temperature at which this phase becomes unstable is the Hagedorn

temperature and is given by

2(z + 2?)
(1—x)?

Solving this the Hagedorn temperature is given by kT = 0.634484.

= 1. (6.26)

Evaluation of the partition function for small N/

We use the single-particle bosonic partition functions to expand the complete partition
function up to the first two powers in cosines, as the remaining terms fall off quite rapidly
and therefore have negligible contributions. We will demonstrate this for the N = 2 case

and will treat higher N similarly. The partition function for N = 2 is given by

T Lo [y — > dcosk (g — ;) o+ 22
Z(x) :[ﬂ[ﬂdaldag st( 2 5 1)exp Lgl (k2 ) 1—2)|" (6.27)
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Upon the expansion to the first two orders, we obtain the partition function to be

Z(e) = /Tr /7r dondar, sin? (a2 — al) exp 4(x + 2?) cos (g — 1) 2(z* + 2*) cos [2 (ag —ay)]
—nJ—n 2 (1 —x)3 (1 —2x2)3
(6.28)

We evaluate the partition function numerically for N = 2 using equation (6.28) at
temperature T" = 0.64, which is just above the Hagedorn temperature. Similarly, we can
explicitly write down the first two terms in the partition function, which are the leading
contributions and numerically integrate them for N = 3,4,5 at T" = 0.64. We use these
to derive the numerical values of entropy, average energy and use the entropy to calculate

the dimensionality of the Hilbert space. These values are given in Table 3.3.

6.3 Maximum volume slices for the AdS black hole

In this appendix we will maximize the volume of the nice slices of AdSy,; black holes
whose endpoints are at (ug,0) on the left horizon and (0, vy) on the right horizon. Using
the isometry of AdS, we will set ug = vy. The following calculation holds for both the
one-sided black hole and the eternal black hole. The metric in the Kruskal coordinates
for the eternal black hole is given by

4 ! *
ds? — _M eI (rn)r duy, dvy, + TQdQ?i,l, (6.29)

f'(rn)?
where f(r) =r*+1— rd%, 7y, is the black hole horizon and r* is the tortoise coordinate.
The Kruskal coordinates are denoted with a subscript £ in order to avoid potential

confusion with Eddington-Finkelstein coordinate v which we will be using later on.

The variational problem

In this subsection, we utilize the method given in [106, 107] to compute the volumes of
maximal slices. First, we will define a conserved quantity E and write the maximum
volume in terms of it. Afterwards, we will fix F in terms of the Kruskal coordinate uy.
Note that the method used to calculate the volume-maximizing slices is not restricted
to AdS black holes. As an example, we will calculate the maximum volume for slices in

the interior of a 2 + 1 dimensional AdS black brane.

Expression for the maximum volume in terms of the conserved quantity F

We write the black hole metric in infalling Eddington-Finkelstein coordinates where we

will be using v = t + r*. The method used to compute the volume does not depend on a
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specific f(r). In these coordinates, the metric takes the form:
ds® = — f(r) dv? + 2dr dv + r*dQ5_,, (6.30)

where again f(r) =r*+1— 'rd%' We assume that the nice slice of maximum volume has
the same symmetry as that of the (d — 1) sphere. Extremizing (6.31) gives the maximum
volume, where a dot denotes the derivative with respect to o, which is a parameter

characterizing the nice slices. Here V;;_; is the volume of the (d — 1) spherical ball.

V=i fdrit (<07 4 204)° 631

Extremizing the above equation follows the same procedure for extremizing action,

with the integrand playing the role of a Lagrangian. Since the Lagrangian does not

depend on v, therefore we have a conserved quantity F = —‘g—g.

The volume here (6.31) is reparametrization invariant as it does not depend on the

choice of 0. We will fix the parametrization as follows:

N =

(< f(r) 6+ 200)7 — 1 =0, (6.32)

We can now write down equations determining r(o) and v(o) using the fixed parametriza-
tion and the expression for F/, which allows us to write down r and v as coupled differential

equations in terms of E.

E—r? =D [f(r)o—7] =0 (6.33)
p2d=1):2 flr)— p2d=)p2 (6.34)

Eliminating © using the above equation, the expression for the maximum volume takes

the following form:

r d r Q(d_l)
v:2vd_1/hl=2va_1 ' !

(6.35)

dr ,
Tmin T Pmin \/f(r)TZ(d—1)+E2

where r in the integral goes to a minimum value of r,,;, which is determined by substi-
tuting 7 = 0 in (6.34).

F (i) 725D 4 B2 = 0. (6.36)

Fixing F in terms of Kruskal coordinate ug

Here we fix E in terms of ug. We see that E is negative since at r = r,,;, as we have

Pr=r,.., = 0and v|,—,, . > 0. From the definition of the coordinate v, and using equations
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(6.33) and (6.34) we get

. N Urp, _ Th E 1
t, + T, —T (rmm> /”Umm dv /Tmm dr |:f(r) \/f(r),,ﬂ(dfl) B + f(T)] (637)

£y (o
Inside the horizon, the Kruskal coordinate uy is related to r* and t as u = e 3 (=)

Expressed in Kruskal coordinates (6.37) is given by:

oglu = 108 Up; f/(rh) " r £ 1
log(uo) = 10g tmin + /rmmd [f(r)\/f(r)ﬂ(d1>+E2+f(7”)] (6.38)

Analytic expression for the volume growth of maximum volume

surfaces in terms of Kruskal coordinate u

We derive an analytic expression relating the volume growth of the maximum volume
surfaces in terms of the Kruskal coordinate ug. Notice that the integrands in (6.35) and
(6.38) are regular and don’t blow up at r,. The integrands are denoted below by V’ and

I’ respectively.

. Vair z(d_l)
, p—
Tlggh V' = T (6.39)
r 1 1f 2(d—1)
lim I' = lim + = 7% (6.40)
T, | (2 r%)\/(ﬂ —r2)r2 4 E2 f(r) 4 E
At 7,5, also both these integrands encounter a similar logarithmic blow-up.
V. 2(d-1)
lim V/ = a1 min (6.41)
= Tmin \/E2 + 7201 f(r)
E 1 "(r1) | E g
lim I'= lim - __ (Th”?((‘i_l) Dmin
T man T min | (p2 — r%)\/(ﬂ —r2)y24 g2 f(r) 2 (Tmin )T min \/E2 + r2d=1 f(r)
(6.42)

Since these integrands have similar blow up, one can relate the volume with ug as

follows using (6.36) and the definition of Hawking temperature 3,

V=
27

log up + O (1) (6.43)

Here O (1) is a subleading quantity which does not grow with w.
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An example: The 2+1 black brane

As an example of this above volume maximization we will take a look at 241 dimensional
branes. This provides us an oppurtunity to study the late-time behaviour of F, thereby
allowing us to understand how E characterizes the slice. The general d 4+ 1 black brane
metric is given by:

ds* = — f(r) dv* + 2dr dv + r*dx5_,, (6.44)

d
where f(r) = r? (1 — (%) ) The inverse temperature for the black brane is given by

b= f/%:h) = ;TZ' The expression for u,,;, takes the form
dr * )
Ui = € 2 Tmin) (6.45)

where 7,,;,, is calculated from (6.36) for d = 2 to be

T'min = $ " i . (646)

2

Note that (6.46) has 3 more roots, two of which are dropped because they are negative.

2_ /4 __ 2
The third root r = % is dropped as the integrand becomes imaginary once the

2 [/l 2
lower limit of integration goes below 7,,;, = M. The volume and the relation

of E with ug for d = 2 are respectively given by

Th 7‘2
V= dr (6.47)
Pmin \/<T2 —r2)p2 4 B2

and

(6.48)

10g - log T / " d)

Late time behaviour of r,,;,, and F

4
The indefinite integrals indicate that the volume tends to infinity as E? — %’L. We

took into account the largest root as 7,,;, while solving the minimization equation E? 4
r2 . f(rmin) = 0. |E| characterizes the nice slice and it increases monotonically with
Kruskal time. Therefore at late times 7, = lim(y)_c0) Tmin is an extremum of r2f(r),
which translates to [r?f(r)]’ = 0. By definition r,, is also a root of E? + rf(r) = 0.
Therefore we see at late times,

(6.49)
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Figure 6.1: We test the pushing technique for simplex in the left figure, orthoplex on the right and hypercube
in the bottom figure. We see that the inner products converge to their actual value after around 100 iterations
for the left and the right figures where we set the parameters o = 100, 8 = 4. In comparison, inner products
converge to their actual value after 200-220 iterations for the bottom figure which we perform with a =1
and g =1.

while late times E' is related to r, by

E? = %. (6.50)

The volume is given by (6.43), where we substitute r,,;, from (6.46).

6.4 Technique used to accommodate vectors on the

unit sphere in Hilbert space

In order to demonstrate overcounting, we construct a larger number of vectors on a sphere
than its dimension such that they are almost equally separated from each other. This

procedure is similar to the one we used to derive the worst-case overcounting formula.

In order to do this we define an energy function with a positive energy cost, i.e. a
repelling force if vectors are too close to each other. The energy is minimized when the
points are evenly distributed. We implement this numerically by pushing vectors away

from each other. For vector v; where i # j,
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(6.51)

This map drives a vector away from the nearest vectors and brings it closer to other
distant vectors. The action pushes the vector out of the sphere, and we compensate this
by normalizing the vector to bring them back on the sphere. « and [ are parameters
which make the pushing action more or less. As a result, the pushing action separates
the vectors until they come close to equilibrium and are almost equally separated from

each other.

As a test, we check our program for the inner products of simplex, orthoplex and
hypercube whose inner product we have already computed in Appendix 6.1. We push
these vectors 200, 200, 300 times respectively with a = 100, 100, 1 for these three cases
and § = 4,4,1, and find that there is convergence to the theoretically estimated dot
product after approximately 120 iterations in each case. Figure 6.1 demonstrates the

convergence of the maximum inner products to their theoretical values.

Figure 6.1 gives a nice description of what the method does. Stronger values of «
and [ means a stronger repelling force from nearby vectors and hence more energy cost.
Hence for a = 100, 5 = 4 we require about 120 iterations for the 300 points to converge.
However, for a much lower value of &« = 1, 8 = 1 the repelling force is not that strong, and
hence the energy cost is not great. Hence it takes many iterations for the inner products

to converge to their theoretical value.

6.5 Projectors onto smeared modes’ vacua

In this section we shall verify the expression for projector onto vacuum (4.13). We first
take a variable transformation, z = t; + ity and z* = t; — ity. With a, = %(XS + illy)

and using Baker-Campbell-Hausdorff lemma, we can write the projector as,

zz(l itanfs)

/ d*z / d6,° — o~ B:)z0l ,—B(05)za
ews —

where 3(f) = v2itan6. Let us calculate (is|Ps|js), where |iy),|js) are number states
corresponding to oscillator labelled by s. We get,

sm .n

zZ

NE 0:))" "~ (islal ™ ag i) (6.52)

ﬂ(@)iale 0)zas
|
=0 1—0 m:n

<i8‘€_
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S
A

A

Figure 6.2: Contour used in the smeared vacuum projector calculation. There exist two poles at 0 and 1 + ¢,
amongst which only the former contributes to the unit circle contour integral.

This is only non-zero if n +i, = m + j,. If we also perform the z, Z integral with z = re®

and Z = re”*, that further constrains us with a ¢;_ ;, factor. Hence,

1 2 > (2i tan O5)™ Oivja ;. ,
. P . :_7/ d@ S' 1s)])s tm_ n s
(is| Ps|Js) = Jo S;::O (1 —itan@,)" (e —1 —¢)| nl (islal™ag]gs) .
(6.53)
The term inside third braces is,
is! ¢ ,
1 beds T or n < ig,
i {islafmal|jy = ¢ 7 nl(n — )] (6.54)
ol .
0 for n > ;.
Summing over n and further changing variable w = €%, we have a contour integral
8; wsTHw? + 1)
WPl = =S f - d . 6.55
(sl ol 211 Jiw)=1 “ (w—1—¢€) (6:55)

With € > 0 as shown in Fig. 6.2 the contour evaluates to
(is|Psljis) = 0.3 0is0 (6.56)

Hence,

1 2m 1 2,42
P, — —;/dhdh 0 des767(t1+t2)*H(Hs)(ths*hHs) = [0,)(04] (6.57)

eifs —1 —¢
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6.6 Explicit commutator of smeared Rindler modes

Consider the commutator of the modes on region A first. The modes are given by:

o \/% / dUU / P20 (go)w TW) $(ta(U), ra(U), ), (6.58)
o, = ¢% / dg / P20 T (g()) T U) Slea ). ra (D). ) (6.59)

We integrate ozL by parts, and the only part of 042 that contributes to the commutator

[aA, au is

m/dd QQ/dUrAQ Oy (U, =20, )/ 1 )(go>_ (6.60)

Note that here we have used T (U) (U%)iwo = [dvT(v) (U%)w to perform the following

OUdg,/T( <U1>MO /d% ()V (6.61)

In terms of the light cone coordinates, the annihilation operator is given by

oy m/dU/dd 2Q7=A2 d)(U —2wy, §) /dl/T <go>iv (6.62)

Using the null surface canonical commutation [156] relation

replacement

i6(Uy — Us)(Q1, Q)

(U1, V, 1), 000Uz, V, Q2)] = 52 (6.63)
1
we get
d d dU U i(v1—12)
a3 [ 2T [ ()" oo
/ /dyldy2 T ()T (o) 276 (11 — 1) (6.65)
(6.66)

where we have used the normalization [ |7 (v)> = L.

6.7 Computation of (G)

We will discretize the frequency space with a A gap for ease of calculation. Towards

the end of this appendix, we will go back to the continuous limit by taking A — 0.
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Performing the discretization, the global mode commutation relation (4.8) becomes

O OL1
t _ Unn/0OL]
[, @ p] = =57 (6.67)

where we have labelled the frequency w with integer n. The global mode decomposition
(4.9) now looks like ooy = A Y, hy(n, D) an, + g5 (n, l)aLJ. Using the BCH lemma, we can

decompose the B piece in (G) in terms of creation and annihilation operators as

(G1+192) ) o, ; (v2 (G1+i72)

6?}204;6(@1)(3—3721_[3)6{2&3: (UQJF( f )O‘JJ§3+(CQ+ NG 2 V2 +C2(y1\7§y2)+1)262)'
(6.68)

Similarly decomposing the A piece and then writing both in terms of global modes, we

get
<exp (A l (uB(n [) + ua(n, l))anl + (uB(n l) + u/y(n, l)) nz> >
(G) = L __ — . (6.69)
6% (v2 (yl%y2)+<2 (yl\/%yQ)_i_vQCQ) 6% (v1 (t1\—7§t2)_’_41 (tl\fZ )+v1§1>
where
ua(n,1) = (v + 82D ga(n, 1) + (G + EH2 ) ha(n, 1), (6.70)
dy(n,0) = (v + ) (n,0) + (G + B2 g7 (0, 1), (6.71)
up(n,l) = (Uz + (g1$g2))g3(n,l) + (Cg + (gl\%g?))hB(n,l), (6.72)
wp(n,1) = (v + LB by (n, 1) + (G + D2 ) g (n, 1), (6.73)

Next we use a simple result involving coherent states of harmonic oscillators to simplify
our expressions further. Consider a system of oscillators with ground states |0;), where
(1=1,2,...,00), with commutation relations [d;, dj] = §;j. Define the combined ground
state of the system as |0) = &, ]0;). This setup is intended to mimic the global modes
ap,, as in our theory the global vacuum is indeed the tensor product of all the different
global mode vacua. A coherent state in the j'th oscillator is given by |z;) = 1% 10;),

and the inner product between two such states is (z;]2}) = %% [157]. Then we have

X2 G) 2* 6y 2 al
<0]e;zi +1:0>—e2zzm<‘zi:1 ¢ ”0> (6.74)
e DI ZH< %550, (6.75)
S D% ZH (212 (6.76)

—e T (6.77)
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To make use of this in simplifying (6.69), we identify \/Zan’l with &;. This gives us terms
like 3, Aua(n, l)uz(n, 1) on top of the exponential. Taking the limit A — 0, the sum ),

goes to an intgral and the whole expression simplifies to

1 / /
exp (5 (up +ua) - (ug +uy)
9) = 7 G (ﬂgzif/z) 1 gmfg)A >(51@-52) ; (6.78)
65 (vz V2 +C2 72 +v2C2)€§ (Ul V2 +C1 72 +U1C1>

where ug - up =3 [ dwua(w,)ug(w,l). Using the f, defined in (4.19), we obtain

us +up = \}i[fl(gl + )+ fo(—ta +iC0) + f3(0h + &) + fa(—F2 + i(5)] (6.79)
1

V2

Re-arranging the terms to gather the f,’s together and using the m, defined in (4.19),

uy +up = —=[fi(l + &)+ fo(—ta+il0) + f5(0 + &) + fi (=52 +14¢y)]. (6.80)

we finally obtain

(G) = exp (é Z (fp'f;+fq'f;)mpmq_7§) . (6.81)

p,q=1

6.8 Bogoliubov coefficients and (C4p) > 2

In this appendix, we demonstrate the calculation of the Bogoliubov coefficients and show
that (Cap) > 2.

Bogoliubov coefficients of local Rindler-to-global modes

From (4.35) we can read off the Bogoliubov coefficients using the large frequency limit,

which are given by

ae,0) = [ raremits cos oy - 22),
hp(w,0) = \/% Cgf (UUO>” F(U)e 19 cos (er ) (d_42)7r) | (6.82)
0= s [ () T (ora - 527,

The above Bogoliubov coefficients are written in terms of integrals over U. We can
perform these integrals using our conditions on the tuning function in (4.32) and (4.33).

Since the form of the integrals is similar, we will demonstrate this by evaluating the
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Figure 6.3: The red and the blue contours are respectively used for the integrals Iy = [ dx etieriv=1 Both
the curved contours Cy give 0 in the limit R — oo. Since there are no poles inside either contour (they are
slightly separated from the real axis), the total contours also give 0. This lets us equate the integrals over
the real and the imaginary axes for both the ¢ and e~ cases. We keep the branch cut (occurring due to
2" on the negative real axis so it doesn't interfere with the calculation.

ha(w,0) integral:

dU ;U\ ™ , d—2
ha(w,0) = N / Nid (U0> T(U)e ™" cos (er - (4)7T>
1 au ;U\ ™ L .
— e e —i&1 ,—iwU i€o
zm/ <UO) T(U) [0 4 ]
dU
dv —i&1 /dU Uu/ 1 —sz z{g/ U
2\/7rw / Uo [ + U
dv /d —1 —za:
2\/7rw / ng +0
(d=2)7 _ (d-2)w . . :
where & = 575 — wrg, & = 7 — w(rg — 2vp). The second term in the third line
vanishes because [ 4 (go)w = 276(v), and using (4.33) T (v) vanishes at v = 0. The x

integral can be evaluated by choosing a contour shown in Fig. 6.3. We encounter such
x integrals in the expressions for the other Bogoliubov coefficients as well, where we

similarly choose appropriate contours and obtain the following values for the integrals

/ do 2"~ 1et™ = T2 (i), (6.83)
0
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Thus the Bogoliubov coefficients can be conveniently summarized as

e_lgl
N
gA(wa 0) = QW

e_igl
2w

el

gB(w70) = QW

ha(w,0) /dl/ ™2 (wUo) T (iv) T (v),

/dl/ e ™2 (wly) "M T (i) T (v),
(6.84)
hB (w, 0)

/dy ™2 (WU T (—iv) T*(v),

/du e~ ™2 (W) T (—iv)T*(v).

Calculation of (C4p) > 2 for entangled Rindler modes

Here we will demonstrate the calculation of the element fi - f{f =h% -ha+ g4 -ga+h% -

ga + g% - ha. The typical integral encountered here is of the form

d ravt) 1oy o
ha-hjy = / ﬁ / dvydvs "2 (UG 27 T (i) T (ive) T (1) T (1)

! 7 = d ,
— 5/dyldl/g em(V1tr2)/2 F(im)r*(iyz)T(yl)T*(yz) / 27"0 (wUO)Z(VQ—yl)
W

1 - -
== / diydvs €2 D (iu T (ivs) T (10 ) T (1) 8(11 — 1)

_1 TV . 2| T 2

=5 [ave )P Tw)

B E em/ B )

2 /dy v sinh(7v) 7w
emen 1

T2 sinh(rwp) 1 —a?

where z = e~™0. Here in the fifth step, we have used the identity |T'(iv)]* = prEeT)

and used the fact that |7 (v)[?/v is sharply peaked around wy to go the sixth step. We

will now show that hy - g% is zero.

dw —i(ve+v . * [ - *
ha- gy = / - / dindus €2 (U TCD T (00T (10s) T (10T ()

1 -
=2 / diydvs €22 (10 T (i) T (11 ) T (12) (11 + 1)

1 ~
- / dv €T (iv\T*(—iv) T (v) T*(—v)
=0
The final step follows due to the fact that within the integral [dvT (v)T*(—v), when

T (v) peaks at v = wy, the other term goes to zero, i.e. T*(—v) = T*(—wo) ~ 0. The rest

of the terms are evaluated by straightforward replication of the above logic. We similarly
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evaluate the following expressions in order to completely determine the ff matrix.

1
ha-hy=hpg-hy=-——;
ATy B B 1 — 72’
22
9494 = 9895 = 1 3 (6.85)
x
hA'g,Z:hA'h*Bng'g*BZhB'gEZO-
Substituting the expressions in (6.85) in f, - f + f - fg, we obtain
1+ a2 0 2z 0
2 0 1+ 22 0 —2x
. FF N 6.86
fordy+Jardy 1—a22| 22 0 1+22 0 (6.86)
0 —2x 0 1+ a2

6.9 Proof of (A;C;) = (A,;B;)+ 0O (x/GN> and bounded-
ness of C; of §4.4.2

In this appendix, we will show that the operators C; constructed as

(B2) (Q:Po+ PoQl — (B:) Py) — (B:) QP!

“ (% — (B

(6.87)

do indeed mimic the contribution of operators B; in the two-point correlators and are
bounded.

Proof of (A;C;) = (A;B)

First we note that by construction we have @; |0, {s}) = B;|0,{s}) for all sectors {s},
which guarantees POQI = 730BZT = PyB;. Further, the fact that B; is block diagonal
in and independent of supertranslation sectors, allows us to write (0, {s}|B;|0,{s'}) =
K§({s} — {s'}). Taking the expectation value w.r.t. the smeared vacuum |0,S) gives us
K = (0,S8]B;]0,S). Thus we have

(0,{s'}1Bi[0,{s}) = (0,5|B;]0,5) 6({s'} — {s}). (6.88)
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So, we have

PoQl10,S) = PoB; |0, S)

-/ (Hdslm) ( dslm) 0.4} (04} BI0. {31} S ({s}) + O (/G
-/ (Hdslm) ( dslm) 0.4} (B 3({s} — (DS ({s) + 0 (/Gx

— ) | (g dm) S ()10, 451 +0 ()
— (B)]0,8)+ O <\/CTN) .

l,m

(6.89)

Now

(B?) (Qi10,8) +Po@L [0, 8) — (B:) [0,8)) — (B:) Q:PoQ} 0, S)
(B2) — (B’ +0(y/6w)

(B (Qi]0,8) + (B} [0,S) — (B))[0,8)) — (By) (B:) Q:]0,S)

B (B?2) — (B))? +0(y/Gw)

_ (<BE> - <Bi>2) Q:0,S) L0 <@>

T (B — (B

:Bi|0,$)+0<@>.

Ci|0,8) =

(6.90)

Thus we can clearly see that (A,C;) = (A;B;) + O (\/GN) from here.

Boundedness of C;

Let us define the orthonormal states |Bi, {s}) =
(B2) — (B;)*. Then C; can we written as

é (1 —"Py) B;|0,{s}), where ; =

-/ (H dm) (10.03) (0, s+ 8 (10 {s) (BE (s} + | BE () (0, {})
Im (691)

~ (B B Ash (B A )

In terms of the orthonormal basis {|0, {s},|B;") {s})}, it takes the form

C; = ((Bi> ) <ﬁB>> ®1+0 (\/a) (6.92)

Bi
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where the ®1 stands for C;’s identity action on supertranslation sectors. The eigenvalues

of C; are +1/(B?) + O (\/GN) and hence the norm is

ICi|1* = (B}) + O (@) <1 (6.93)

6.10 Proof of existence of C; of §4.4.2

Let’s split the boundary observable as C' = C© + C©® where C©) contains P, and C®)
contains 6P (CHSH label is suppressed). We know that the C(*) part gives the desired
correlators and is bounded in a desired way by constructing a boundary (); such that
Q:10,S) = B;|0,S), which Reeh-Schlieder guarantees can always be done. We need to
show that <AjC’i(5)) can be made arbitrarily small. We have

B2(A;0°) = (B2) (9] A;6P Q1 0,8) — (B:) (9] A;Q:6P Q1 0, S) . (6.94)
energy< d energy<

Both of these terms can be interpreted as the inner product of Qj |0,S) and a bra which
contains excitations on ()| with energy less than §. The latter is a linear combination

of bras of the kind (] ay, ay,...a,, such that >;w; < 0. Here we have suppressed the [

n

label of the global annihilators because they don’t contribute to energy. Each of these

terms is

(Q g, e, .00, QIO = (QUag, .., G, -, [0, Q) , (6.95)

where wj; is any of the n different energies. So these terms can be made arbitrarily small

individually if we can guarantee
[Qi,al] 0 VO<w<d. (6.96)

where /~ has been used to mean “arbitrarily close to”. This condition requires that @); in
addition to satisfying
Q:10,8) =~ B;|0,S) , (6.97)

needs to be constructed in a way such that it contains (arbitrarily) small contribution
from a,; for w < §. To make this condition more precise we inspect how smearing of the
field operator translates into smearing of creation and annihilation operators in energy
domain. Consider a smearing of the kind ¢y = [dtf(t)¢(t). We have suppressed the
position argument of both the field ¢ and the smearing function f for simplicity. This
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decomposes as,

oy = [ dtFBo()
= / dt f(t) /0 w (e “ay + e*al)
= / dw (f(w)al, + f(-w)a,)

—aA —|—af ,

(6.98)

where the hats represent time domain Fourier transforms, the subscripts on mode oper-
ators denote the frequency space smearing: a} L = [Zdw fE(w)al, and fF(w) = f(£w).
Again, we have suppressed the sum over spherical mode information [ for the creation
and annihilation operators for brevity. Evidently, creation and annihilation operators are
weighted by the positive and negative Fourier modes of f(t) respectively.

Now we make the condition set on @); more precise. Let A be the algebra generated
by all ¢ smearings in region C. Also, let Asg be the subset of A containing operators

of the kind ¢y, + ¢,z + ... such that >, 2
a subset of A in which all elements obey (6.96) up to precision # (this may not be the

A 2
i (w)‘ < 6. In simple terms, Asp is

maximal subset with this property). We shall argue for the existence of a @); obeying
both Egs. (6.96) and (6.97) by showing that Ay |0, S) is dense in the entire Hilbert space
‘H which is generated by field operations on |0,S) for any 6 > 0 however small. Notice
that the denseness of A|0,S) in H is just the statement of the Reeh-Schlieder theorem

and hence the denseness of Asg|0,S) in H is not too surprising.

To simplify things a little, we take A to be the algebra of all operator smearings with
support in some time band [0, €] (as a simplified model of region C'). We also simplify
the definition of Asg accordingly. Now, let us split the full Hilbert space into particle
number sectors as H = @;2, H,, where the n-particle sector H,, contains states like
a}l...a}n 10,S). We shall show that As4|0,S) is dense in both even and odd particle
sectors by induction.

Even sector: Consider the hypothesis: Asg is dense in H,,. By axiom, the global
identity operator I exists in Asy (A is a von Neumann algebra), and hence Asp |0, S)
contains |0, S). Therefore Asyp |0, S) is dense in 7-[0, i.e. the hypothesis is true for n = 0.
Consider a general (2n + 2) particle term a} ‘ a A |0 S). Because we have all the f;(w)
at our disposal, by the corollary stated and proved in §6.10.1, we can construct a g;(t)
with support in [0, €] such that ;" (w) ~ fi(w) and §; (w) &~ 0 for 0 < w < §. This gives

gy Pgs---Pganss 10,S) = a}la} f2n+2 0,S8) + (Hay, term) + ... + (Ho term) + (Hg term) .
(6.99)
The first term on the RHS is the one we need to approximate, but other lower particle

number terms show up due to the non-commutativity of creation and annihilation oper-
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ators. If the hypothesis is true for n = 2,4, ..., 2n, then these residual terms are also limit
points of A |0,S) and can be cancelled off to any precision by summoning a state from
As010,S). But this means the (2n+2) particle term is also a limit point of Aspg [0, S).
Hence the hypothesis is true for all even n (including 0) and we have proved by strong

induction that As |0,S) is dense in all even number particle sectors.

Odd sector: Consider a state a} |0,S) € H;. Just like in the even case, i (w) lets
us construct gy(t) with support in [0, €] such that §; (w) ~ fi(w) and §; (w) ~ 0 for
0 <w < 4. Then we have

0410, 8) ~ a}l 0,S). (6.100)

Since f1 (w) was a general smearing function, we know Asg|0,S) is dense in H; and the
hypothesis is true for n = 1. Tracing the exact same inductive steps as the above case,
we obtain that Asg |0, S) is dense for all odd n.

This concludes the proof for denseness of As]0,S) in H, and hence also the proof
for the existence of a @; localised in region C' and satisfying both Egs. (6.96) and (6.97).

6.10.1 Positive Fourier mode reconstruction

Lemma: Given §,¢ > 0, the space of L?R functions with support in [0, €] is dense in
L?R under the norm defined by || f||3 = /% dw ‘f(w) , where f(w) = [p & f(t)e™!. More
explicitly, given a function f € L?R, and §,¢,w > 0, there exists a function g € L?[0, ¢]

such that
r= / dw
)

Proof: Let P. be the projector onto the space of all functions supported in [0, €], and

’ 2

f(w) = g(w)

< w. (6.101)

P_s be the projector onto the space of all functions which contain no Fourier modes in
the range (—oo, —d). The quantity in question, r = [ dw ’f(w) — g}(w)‘2 is manifestly
equal to 5| P_sf — P_sg|?, where ||| is the standard L2 norm. Since, we need to show
the existence of a ¢ € P.L*R such that r can be made arbitrarily small, it is enough to
show that the subspace P_sP.L*R is dense in P_sL°R. Let CF(R) be the subspace of all
smooth functions with compact support in L2R. This subspace happens to be dense in
L?R. Let us first show the denseness of P_sP.L°R in the subspace P_sC(R). We shall

show this by contradiction.

Let P_sP.L°R not be dense in P_;C&(R). Then there exists a non-zero function
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X € P_sCZ(R) such that (¢, x) = [z dt ¢*(t)x(t) = 0 for all ¢ € P_sP.L*R. So,

(P_sPap,x) =0 Vv € L*R
= (¢, P.P_sx) =0 . both projectors are hermitian
= (¥,Px)=0 - Psx=x (6.102)
= P.x =0 - % is arbitrary
= x({t)=0 Vtele.

Now, since x(t) is a smooth function on R, identically vanishing over the interval [0, €]
means while we Taylor expand it around some point in this interval, say 0, all the Taylor
coefficients turn out to be 0. x(t) therefore vanishes identically all throughout the real
line. This is in contradiction to the hypothesis that x(¢) is non-zero. Hence we have
shown that P_sP.L*R is dense in P_sC&(R). On the other hand, P_sCZ (R) is dense in
P_sL*R because CF (R) is dense in L?R. Hence, by transitivity of denseness of topological
spaces, we have shown P_sP.L°R is dense in P_;L°R.
Corollary: Given a function f € L?R, and 6, ¢, w > 0, there exists a function g € L?[0, €]
such that . . A )
/_5 dw [§(w)]? +/0 dw|f(w) — §w)| < w. (6.103)

In other words, for any function f(t), there exists a g(t) supported in [0, €] such that
it approximates f(t) in the positive Fourier modes with its modes in the [—d,0) range
suppressed to arbitrary precision.

Proof: Given f € L?R, construct f; € L’R by deleting its Fourier modes in the [—§,0)

range. That is

. 0 if wel-6,0)

filw) =1 : (6.104)
flw) if wé[=0,0)

t)

Now applying the above lemma to f;(t) instead of f(t) proves the existence of the desired

g(t).
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