Thermalization in Pure States and Black

Holes

A THESIS
SUBMITTED TO THE
TATA INSTITUTE OF FUNDAMENTAL RESEARCH, MUMBAI
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

IN PHYSICS

BY

Ritam Sinha

DEPARTMENT OF THEORETICAL PHYSICS
TATA INSTITUTE OF FUNDAMENTAL RESEARCH
MuMBAT - 400 005, INDIA
AvucusT 2018

( tifr

FINAL VERSION SUBMITTED IN November 2018



© Copyright by Ritam Sinha, 2018.

All rights reserved.



Declaration

This thesis is a presentation of my original research work. Wherever contri-
butions of others are involved, every effort is made to indicate this clearly,
with due reference to the literature, and acknowledgement of collaborative
research and discussions. The work was done under the guidance of Professor
Gautam Mandal, at the Tata Institute of Fundamental Research, Mumbai.

R el

[Ritam Sinha]

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

Gotze, 1

[Prof. Gautam Mandal|

Date: 02 August, 2018







il

To Ma, Baba and Jethu



Acknowledgements

When I was young, my parents used to subscribe to a Bengali daily newspaper which, on
every Sunday, used to feature a column titled ”Haal Chhero Na!”, or ”Do not give up!” in
Bengali. It featured a story about an influential personality from one the fields of Music,
Science, Mathematics, Arts or Literature, who had faced various odds in their personal lives
and had despite made great contributions in their respective fields. It was this column that
had introduced me to the likes of Ramanujan, Beethoven and many more. If nothing more,
the snippets from the life of these great men is what I reminisce very fondly and often they
have acted like a magic potion, pulling me up whenever I felt low in life. This thesis is a
culmination of many such moments of struggle, that easily outnumber the times I have truly
felt triumphant and in control of my work. However, working towards this thesis has been a
life lesson for me, teaching me to move on no matter how rugged the terrains appear. The
satisfaction and joy that I feel at having reached the goal is beyond words. However, I would
certainly not have made it thus far, had it not been for help and support of numerous people,

only a handful of whom I will manage to thank here.

It is said that the gift of knowledge is the greatest gift in the world. The most important
people I have to thank for this gift are my parents. Ma, for spending countless hours toiling
after me trying to teach me the virtues of life. It is you who make me what I am today.
Baba, for making me see the world through your eyes and in the process, opening new worlds
for me. For inculcating in me the love for literature, sports, politics and music. These are
some of the things I cherish the most in the world. To the both of you, for teaching me how

to love and care selflessly.

To Mr. PK Chatterjee and Mr. Ashok Bangabash, two exceptional teachers and
wonderful gentlemen who opened my eyes to the beauty of Physics. I shall forever be
indebted to you. To the best physics teacher I have had in college, Dr. Dhruba Banerjee.

Your amazing quality to simplify the most complicated concepts still mesmerises me.

v



To the person I adore the most at TIFR, my advisor, Prof. Gautam Mandal. You are
an amazing mentor and an exceptional human being. All the reasons why I can call myself
a physicist, I owe to you. I have immensely enjoyed all our academic and non-academic
discussions. 1 would forever be indebted to you for introducing me to black holes and
ethanol, both of which I enjoy tremendously. Most importantly, thank you for being a friend

and a guardian to me all through these years.

I would like to thank Shiraz and Sandeep, for being the brilliant mentors that they are,
and creating a fantastic atmosphere for learning and research at TIFR, especially for young
physicists. I have learnt some of my most valuable lessons about physics and research during
my discussions and conversations with you. To some of my most wonderful seniors, Nilay,
Umesh, Tarun, Shiroman and Shouvik, for being great friends and equally good teachers
that any young student would hope for in this field. I have always learnt a lot from all of

you.

To all the DTP Members in C338, for being an extremely hard working and fun-loving
team, working together with the goal of understanding the mysteries of the universe a bit

more, a bit better. Being a part of you will be one of the most cherished phases of my life.

What is life without friends, and by all means I made plenty at TIFR. With these people
I have shared the best of times and the worst of times. Here are a few who deserve to be
mentioned. Chitrak, for the one year you were at TIFR, it was the best year I had. You
are my brother from another mother. Nairit, for sponsoring my TIFR life, literally. I would
always remain indebted to you for the things I learnt from you, about life and the world at
large. Atreyee, for all the fights I had (and still have) with you, that make us understand
each other better. I hope to fight harder and travel farther with you over many more years
to come. To all the three of you, for making me a better person and for all the evenings
we spent together reflecting upon the wonders of the universe. Soureek, Debjyoti, Khadiza,
Subhadeep, Gourab, for all the wonderful moments we have spent together, at and outside
TIFR. I especially cherished the times we shared during the festive occasions, like Durga pujo

v



and Diwali. I will always miss the gossips we shared and the late night chit-chats (except
Debbie’s pj’s) and canteen trips. Geet, for being my partner in crime and my daily dose
of entertainment in an otherwise monotonous life. I feel we share a special bond since we
grew up together as physicists and as individuals. With Rahul and Nikhil, we had the most

awesome (and untidy) row that C338 has ever seen or will ever do in the near future.

To Nilakash, for being a wonderful friend and a delightful colleague. I learnt a lot of
physics from you and I thoroughly enjoyed our collaborations. I really admired your capacity

for original thought. It has had a great impact on me and this thesis.

A special mention must be made of the 1004 restaurants that I visited with various
subsets of these people, during my stay at TIFR and the wonderful people working there,

sharing and serving joy each day in the form of their wonderful cuisines.

Finally, Ayesha, for making me the sociable person I am today, for putting up with my
oddities and for the sacrifices you made. I am already a much better person because of you.
Your smile has always been the cure for all my worries. This journey would be incomplete

without you. This thesis is as much yours as it is mine.

Ritam Sinha

Date: 3rd July, 2018

vi



List of Publications

Publications by the author summarised in this thesis

1. ”Dynamical Entanglement Entropy with Angular Momentum and U(1) charge”,
Pawel Caputa, Gautam Mandal, Ritam Sinha,
JHEP 1311 (2013) 052, arXiv:1306.4974[hep-th]

2. "The inside outs of AdSs/CFTy: exact AdS wormholes with entangled CFT duals”,
Gautam Mandal, Ritam Sinha, Nilakash Sorokhaibam,

JHEP 1501 (2015) 036, arXiv:1405.6695v1[hep-th]

3. "Thermalisation with Chemical Potentials, and Higher Spin Black Holes”,
Gautam Mandal, Ritam Sinha, Nilakash Sorokhaibam,

JHEP 1508 (2015) 013, arXiv:1501.04580 [hep-th]

4. "Higher Point Conformal Blocks and Entanglement Entropy in Heavy States”,
Pinaki Banerjee, Shouvik Datta, Ritam Sinha,

JHEP 1605 (2016) 127, arXiv:1601.06794 [hep-th]

5. "Finite Size Effect on Dynamical Entanglement Entropy: CFT and Holography”,
Gautam Mandal, Ritam Sinha, Tomonori Ugajin,

arXiv:1604.07830 [hep-th], Prepared for submission to JHEP

The second and third paper are based on a joint work with Sorokhaibam Nilakash Singh
and have partial overlap with his thesis. The contents of the first, fourth and fifth paper are

exclusive to this thesis.

vil



Other Publications by the author during the course of graduate

studies at TIFR

1. 7Spectral Form Factor in Non-Gaussian Random Matriz Theories”,
Adwait Gaikwad, Ritam Sinha,
arXiv:1706.07439 [hep-th], Prepared for submission to PRD

2. 7A Complex Fermionic Tensor Model in d Dimensions”,
Shiroman Prakash, Ritam Sinha,

JHEP 1802 (2016) 086, arXiv:1710.09357 [hep-th]

3. "Dual Superconformal Symmetry of N=2 Chern-Simons theory with Fundamental
Matter and Non-Renormalization at Large N7,
Sachin Jain, Ritam Sinha, et.al.,

arXiv:1711.02672 [hep-th], Submitted to PRL

viii



Contents

[Acknowledgements| . . . . . . . .. ... iv
[List of Publications . . . . . . . . . . . . . . vii
[1_Introduction 1
(L1 Thermalizationl . . . . . . . . . . .. 1
[L2 Pure Statesl . . . ... ... .. 18
[L.2.1 The Thermofield Double State . . . . . . ... ... ... ... .... 18
[1.2.2  The Pair-Production Representation| . . . . . . ... ... ... ... 22
[1.2.3 The Hartle-Hawking Representation|. . . . . . . . . . ... ... ... 23
[1.2.4 CCstatesl . . . . .. . . . . 26
[1.2.5 Heavy states|. . . . . . . . . . . . . ... 30

[L3  General Notions . . . . . . . . . . . 32
(1.3.1 Entanglement Entropy| . . . . . . . . .. ... ... ... ... .. 32
[1.3.2  Eigenstate Thermalization Hypothesis (ETH)| . . . . ... ... ... 34

2 Dynamical Entanglement Entropy with Angular Momentum and a U(1) |

37
[2.1 Introduction and Summary|. . . . . . . . .. ... L 37
[2.2  Entanglement Entropies with spin: CFT| . . . . . ... ... ... .. .... 40

X



[2.2.2  Single CF'T', arbitrary state . . . . . . . ... ... ... ... .... 46
2.23 TInformation loss . . . . . . . . . ... 49
[2.3  EE with spin: holographic calculation . . . . . . . ... ... ... .. ... .. 50

[2.3.1 A ‘proof’ of Ryu-Takayanagi formula for 14+1 dimensional CFT| . . . 51

2.3.2  Conclusion of this section] . . . . . . . ... ... . ... ... .... 54

[2.4 EE for a charged state: CF'T|. . . . . . . .. ... ... ... ... ...... 55
(2.5 Holographic EE with charge: BTZ plus CSU(1) . . . .. ... ... .. ... 57
2.5.1 Avpuzzle . . . ... 57
[2.5.2  Higher Spin| . . . . . . . . . ... 59

2.6 Universal Hmits . . . . . . . . . . o 59
[2.7 Relation with quantum ergodicity| . . . . . . . . . .. .. ... ... ... .. 61
2.8 Non-CFT: EE for charged, massive scalar field| . . . . . ... ... ... ... 63
2.9 Appendix| . . . ... 66
[2.9.1 Microcanonical vs grand canonical quantities . . . . . . . . . ... .. 66
2.9.2 Proof of R.661 . . . . . ... 68

I3 The inside/outs of AdS;/CFTs| 70
[3.1 Introduction and Summary|. . . . . . . . ... 70
3.2 Thesolutions . . . . . . . . . . .. . 75
[3.2.1  The eternal BTZ geometry| . . . . . . . .. .. ... ... ... .... 76
13.2.2  Solution generating diffeomorphisms (SGD) . . . ... ... ... .. 78
B23 The full metric . . . ... ... ... ... ... L 82
B.24 Horizonl . . . . . . . .. 85
[3.2.5  On the nontriviality of solution generating diffeomorphisms| . . . . . 86

X



[3.3  The Dual Conformal Field Theory | . . . . . ... ... ... ... .. .... 87

[B.3.1  Correlators . . . . . ... . 89
13.3.2  Strategy for checking AdS/CFT| . . . .. ... ... ... .. ..... 91
[3.4 Holographic Stress Tensor| . . . . . . . .. . ... .. ... ... .. ..... 92
[3.5  General two-point correlators| . . . . . . .. .. ... ... ... 94
[3.5.1 Boundary-to-Boundary Geodesics| . . . . . .. ... ... ... .. .. 94
[3.5.2  General two-point correlators from CFT| . . . . ... ... ... ... 97
[3.6 Entanglement entropy| . . . . .. ... ... 98
[3.6.1 Dynamical entanglement entropy in a specific new geometry . . . . . 102
...................................... 103
[3.7.1 Equilibrium| . . . . . . ... 103
[3.7.2  New metrics: non-equilibrium entropyl . . . . ... . ... ... ... 105
[3.8 Conclusion and open questions . . . . . . . . .. . ... ... ... .. 108
3.8.1 FER=EPRI| . ... .. . . . 108
[3.8.2  Generalizations and open questions| . . . . . . . ... ... ... ... 111
[3.9 Appendix| . . .. .. 112
[3.9.1 Coordinate systems for the eternal BTZ geometry | . . . . . . .. .. 112
3.9.2 The new metrics in the charts EF3 and EF4l . . . . ... .. ... .. 119
£3.9.3 UV/IR cutoffs in EF coordinates| . . . ... ... ... .. ... ... 119
[3.10_An alternative to Banados’ metric| . . . . . . ... ... 0oL 120
[3.10.1 Unitary realization of conformal transformation|. . . . . . . . .. .. 121

Thermalization with chemical potentials and Higher Spin Black Holes| 124

4.1 Introduction and Summary|. . . . . . . . .. .. 124

[4.2  One-point functions|. . . . . . . . . . . ... L 131




[4.2.1  One-point function on the cylinder with chemical potentials . . . . . 134

[4.2.2  One-point function on the strip with chemical potentials| . . . . . . . 136
.3 Calculation of I() . . . . .. .. .. 145
M.3.1 Proof of thermalizationl . . . . . . . ... ... ... ... .. ... 146
4.3.2 Thermalization ratel. . . . . . . .. ... L 147
|4.3.3 Properties of Q .............................. 148
4.4  Decay of perturbations of a thermal state|. . . . . . .. ... ... ... ... 149
[4.5 Holography and higher spin black holes| . . . . . . . ... .. ... .. ... .. 153
M6 Discussionl . . . . . . ... 154
4.7 Appendix| . . . ... 156
[4.7.1 Some details on one-point functions| . . . . . . ... ... ... ... 156
[4.7.2  Short interval expansion . . . . . . . .. ... .. ..., 159
Non-Thermalization and Revivals in Cardy-Calabrese States| 164
[5.1 Introduction and Summary|. . . . . . . . . ... ... L 164
[5.2  CFT with finite spatial boundary| . . . . . . ... ... ... ... .. .... 167
[5.2.1 Mapping the rectangle to the upper half plane . . . . . . . .. .. .. 168
5.2.2  Ome Point Functionl. . . . .. ... ... .. ... ... . ... 170
[5.2.3  Behavior of the Energy density| . . . . . ... ... ... .. ..... 173
[5.2.4  Thermalization and ‘revival’ of a local operator| . . . . . . ... ... 176
[5.3  Evolution of entanglement entropy following a quench|. . . . . . . . . .. .. 177
[5.3.1  Method of Images|. . . . . . . ... . ... ... ... ... ... 179
[.3.2 Large L/B limit . . . . . .. ... 180
[5.3.3  Low temperature (L/Fsmall) . . . ... ... . 00000 181
[5.3.4  Universality of the Entanglement Entropy at large central charge . . 183

xil



[>.4.1  Holographic quantum quench and entanglement entropy | . . . . . . . 190
[5.4.2  Evolution of holographic entanglement entropy|. . . . . . . . . .. .. 193
[5.5 The quasiparticle picture of the evolution of the entanglement entropy|. . . . 197

[5.5.1 The quasiparticle interpretation for global quench for infinite spatial size197

[5.5.2  The evolution of entanglement entropy in the presence of boundaries 198

553  L>A 199
B4 L<dl 200

5.6 Conclusionl. . . . . . . . . 202
[5.7 Appendix| . . . . .. 203
[5.7.1 Derivation of conformal maps . . . . . .. ... ... ... .. .... 203
[5.7.2  Map from the rectangle to the complex plane (Euclidean) . . . . . . . 203
[5.7.3  Decay rate in the high temperature limit . . . . . . . . ... ... .. 211
[>.7.4  The BTZ and the global AdS metric| . . . .. .. ... ... ..... 211

6 Higher-point conformal blocks and EE in Heavy States| 214
6.1 Introductionl. . . . . . . . . . ... 214
[6.2  On heavy-light correlators and Riemann surfaces|. . . . . ... ... .. ... 218
[6.3 Monodromy problem for conformal blocks| . . . . . ... ... ... ... .. 221
[6.3.1  Warmup examples| . . . .. ... ... 224
[6.3.2  Conformal block for an arbitrary number of light operator insertions|. 239

[6.4 FEntanglement entropy and mutual information of heavy states . . . . . . .. 249
[6.5 Conformal blocks and entanglement entropy from holography|. . . . . . . .. 254
[6.6 Moduli space of the correlation function| . . . . . .. .. ... .. ... ... 263
6.7 Conclusions| . . . . . . . . . 264



[7__Conclusion|

[7.1 A Summary]|

(Bibliography|

Xiv



Chapter 1

Introduction

1.1 Thermalization

A BRIEF HISTORY OF QUANTUM STATISTICAL MECHANICS

By the end of the 19th century, the field of classical statistical mechanics was extremely
well developed. It owed most of its tremendous success to having provided a microscopic
understanding of some of the very fundamental ideas in classical thermodynamics, namely
temperature and entropy. The framework of classical statistical mechanics is very general, in
that it can accommodate a description of not just systems that are in equilibrium, but also
systems that are far away from it. So much so, that in the year 1894, the famous experimental
physicist Albert A. MichelsonE] remarked that, ”"The more important fundamental laws and
facts of physical science have all been discovered, and these are so firmly established that
the possibility of their ever being supplanted in consequence of new discoveries is exceedingly

remote. ’ﬂ His statement, however, turned out to be far from the truth.

The dawn of the 20th century marked the discovery of two immensely profound ideas in

the history of mankind, Quantum Mechanics and General Relativity. Although developments

LOf the Michelson-Morley experiment fame, who also won a Nobel Prize in physics in 1907
2Fun fact: This quote is often misattributed to Lord Kelvin



in General Relativity took a backseat during the first half of the century, Quantum Mechanics
was being developed at a break-neck speed during the 1920’s. In fact it required less than
a decade for the stalwarts of the time to lay out a complete and consistent mathematical
framework for this New Mechanics! Quantum mechanics turned out to be an extremely
important tool for understanding the physics at the small scale. With its staggering success
in explaining phenomena such as the Zeeman effect and the spectrum of Hydrogen, there
remained no doubt, whatsoever, that this was indeed the correct theory for describing the

physics of atoms and molecules.

This immediately inspired the pursuit for trying to understand how ideas in classical
statistical mechanics could be applied to quantum many body systems. Leading this
endeavour was the famous theoretical physics John wvon Neumann who, in 1929 and
thereafter, put forward some brilliant ideas. Using the newly developed language of
operators and Hilbert spaces, he proposed the idea of entropy maximisation to address the
issue of thermalisation in many-body, out-of-equilibrium quantum systems. These efforts
led to the very beginning of an entirely new disciple called Quantum Statistical Mechanics.
The amalgamation of the two ideas, however, had very deep-rooted problems, precisely
concerning the issue of how closed, isolated, quantum many-body systems thermalise. It is,
therefore, extremely important to understand how to define thermalisation in such quantum
systems that are described by pure states. It is important to mention that a comprehensive
list of necessary conditions for the thermalisation of such out-of-equilibrium quantum
systems, is still an open question, that has eluded a complete and satisfactory answer for
almost a century now. What has been formulated, however, is a list of sufficient conditions,
which when satisfied, lead to the thermalisation of the quantum system. We shall discuss

some of these ideas and conditions in detail.
WHAT IS THERMALIZATION?

Systems in thermal equilibrium are very well understood, both classically and quantum

mechanically, as being characterised by a set of mutually commuting, conserved, macroscopic
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observables that label the final (Gibbs) density matrix of the system. The trouble occurs
when quantum many-body systems are driven out-of-equilibrium. Starting from a pure
state, that describes the many-body system, one unitarily evolves it using the Schroedinger’s
equation. From the tenets of quantum mechanics, one knows that unitary evolution will never
allow for a pure state to transition over to a mixed state. Since thermalisation requires the
appearance of a mixed state, it is, therefore, not clear whether and how such states would
ever attain thermal equilibrium. At this point then, it seems impossible that such states
would ever thermalise! However, what saves the day here are a special class of pure states
that are called typical. A typical state is such that the expectation value of any observable
in this state, integrated over a Haar measure of similar states chosen from a uniform random
distribution, is very close to its micro-canonical average. If in addition, the state has a small
variance, then one can further say that the expectation value in a single micro-state is well
approximated by the micro-canonical expectation value. In case the state describes a large
system, one can use the equivalence of ensembles to approximate the expectation values
with there canonical average values. In such an ensemble, all the thermodynamic notions of
macroscopic observables are very well defined. This realisation is extremely important, since
it tells us at least one way in which we understand how pure states can resemble thermal
states. Having said that, one must remember that such a definition is merely indicative.
It does not tell us about how generic pure states can dynamically achieve thermality (or
typicality). There are, in fact, quite a few other conditions that such states need to fulfil
in order to thermalise under a unitary time evolution. Motivated by this observation, we
shall, henceforth, describe and try to look for thermalising pure states in the two following
ways, 1. in terms of complete pure states that show the requisite microscopic properties
(for the equivalence of ensembles to hold), via ETH; 2. in terms of subsystems of pure
excited states that are mixed and hence allow for a description by a canonical ensemble
under time evolution. We shall deal with both these kinds of states in this thesis. However,

we shall postpone the discussion of ETH for the time being and focus only on the sufficiency



conditions for thermalisation of subsystems (which is what we would mean by a system
henceforth). We shall define a number of these sufficient conditions that have been found
to apply to a wide class of systems (including conformal field theories, that are the focus of

this thesis).

WHAT IS EQUILIBRATION?

One of the most important sufficiency conditions for understanding thermalisation
is equilibration. An out-of-equilibrium quantum system is said to have equilibrated, if
correlation functions of the system display tiny fluctuations around some fixed value for a
sufficiently large amount of time. If the fixed value is the long time average of the correlation
functions themselves, then the process is referred to as equilibration on avemgeﬁ If the
operators, in this case belong to only a particular sub-system, then the above statement
would refer to the equilibration of such subsystems alone. This process is then referred to
as subsystem equilibration. One must mention that while considering subsystems, there is
an additional class of observables that can be used to display equilibration of the system,
namely the reduced density matrix of the subsystem itseliﬂ It is important to note that
not all initial states equilibrate. This condition of equilibration rather singles out a very
specific class of initial states, by imposing constraints on the amplitudes of individual energy
eigenstates that comprise it. In other words, as mentioned above, if a pure state describing
a large enough quantum system approaches a typical state, then any of its sub-systems will
equilibrate under time evolution. This class is seemingly larger than the class which requires

the full state of the system approach an equilibrium configuration.
OTHER SUFFICIENCY CONDITIONS
One of the other very important sufficiency conditions is that the final equilibrium state

of the system be completely independent of any microscopic details of the initial state.

This is the property that is often referred to as coarse-gaining and is what results in the

3There is another sense in which systems may equilibrate, namely equilibration over intervals. However,
for the purpose of this thesis, by equilibration we shall always mean equilibration on average.
4In fact, we shall make exclusive use of this tool in chapter 4 of this thesis.
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loss-of-information about the initial state of the system. This implies that a large class of
initial states, with a given set of conserved macroscopic observables, would all correspond
to the same final equilibrium state as an end result of a unitary evolution. One needs to be
more careful for the case of sub-systems, since there might be some locally exact conserved
quantities that do not characterise the full system, but are important to describe the final
equilibrium state of the sub-system’} This also inherently implies that the final state of the
sub-system is in a way, completely independent of state of the rest of the system. There are
numerous reasons why such a loss of information corresponding to the microscopic details of
the system might happen. Intuitively, one may think of this information loss as happening
due to the rest of the system acting as a bath for the subsystem under consideration.
Such a process generally includes various mechanisms via which higher corrections to the
leading thermal behaviour are suppressed. Since this is a dynamic scenario, the corrections
generally involves functions of time that get smaller the longer we wait (indicating dissipative
behaviour). The suppression could also be facilitated due to the presence of a large number
of degrees of freedom of the quantum system. Another possibility is to look at only a specific
class of observables that very naturally coarse grain over the microscopic degrees of freedom
of the system. It is one of the goals of this thesis to explain some of these mechanisms in

the case of time evolving CFTs and even otherwise.

In the process of approaching thermal equilibrium, coarse-graining over the initial micro-
state generally requires the final density matrix to asymptotically approach a diagonal form.
This subsequently makes the off-diagonal elements of the density matrix of the subsystem
approach a vanishingly small value, while making the state more mixed. The ETH employs
this idea at the operator level in a very efficient way which we shall explain shortly. For
the subsystems, the density matrix can be shown to dynamically become more diagonal.

We shall show this for a special class of initial states in Chapter 4. It is suggested that this

5Some examples of this include many-body localisation, discrete symmetries arising from broken
ergodicity, local magnetic fields, etc.



happens mostly because of interactions between the subsystem and the bath, as stated above.

The vanishing of the off-diagonal elements is sometimes also referred to as decoherence.

Finally, fulfilling all the above conditions may still not be enough for the system to
thermalise. One ultimate requirement is for the density matrix of the sub-system to be very
close (in the sense of distances on the Hilbert space) to a Gibbs’ ensemble. Whether it is a
canonical or a grand canonical or a generalised Gibbs’ ensemble (GGE) will depends on how
many local exactly conserved quantities the subsystem has. We shall show how this idea
is realised for observables in the system in Chapters 2 and 3 and for the density matrix in

Chapter 4.

We are finally in a position to define what we mean by thermalization, at least in the
context of this thesis.
An out-of-equilibrium, many-body, quantum system undergoing unitary time evolution is said
to have thermalised, if the observables in the system equilibrate to a fized value, where the
reduced density matriz of any sub-region admits a description in terms of a Gibbs and other
Generalised Gibbs ensembles.
Since, most of these conditions have been formulated for subsystems, we shall refer to this
phenomena as subsystem thermalisation. As has been emphasised throughout, these are
only the sufficient and not the necessary conditions for thermalisation. Also, there are no
rigorous proofs for most of these conditions, but only general observations that have been
accumulated through a case by case study of numerous quantum systems. Nevertheless, this
definition of thermalisation is exactly what is relevant in the context of this thesis, as we

shall see in the chapters to follow.
ISSUES WITH (SUBSYSTEM) THERMALIZATION

Having defined thermalisation, what now remains to be understood are the problems one
faces with these definitions. In a recent review, Cardy [72] listed some of the important
problems in the field that need to be addressed, accompanied by the answers to some others

that have already been solved. We shall paraphrase the problems here in a manner suited
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to the style of this thesis. The reason being, many of the problems listed shall be dealt with

in this thesis. The following is a list of some of the important questions:

1. To quantify how close the reduced density matrix (RDM) of a subsystem can approach

a thermal density matrix.

This problem was first dealt with in a paper by Cardy [71] himself, where he suggested
a particular measure (a variant of the trace distance in quantum information theory) to
study the overlap of the RDM with the thermal density matrix. In Chapter 4, we shall
study this problem in detail where we not only perform the explicit calculation for the
Candy-Calabrese state, but in fact generalise it to the generalised CC (gCC) state to
include an arbitrary number of higher spin conserved quantities. In general, this is a
difficult question and a proof of the statement for any arbitrary quantum many-body

system is still lacking.

2. To understand how additional conserved quantities affect the final thermal state of the

system described by a CF'T.

Unlike the previous case, this phenomenon is much better understood in a plethora of
integrable models where the final state appears to be the Generalised Gibbs’ ensemble.
Again, Cardy [72] himself has tried to answer this question by generalising the CC
state to include various higher power and derivatives of the stress tensor. In Chapter
4, we too shall work with a more generalised CC state that include a different set of
higher spin conserved currents and show precisely how the density matrix of the CFT

approaches the GGE.

3. To understand the effects of relaxing the CC ansatz on the thermalisation of the

systemﬂ

6This should be understood in conjunction with the section on Quantum Quenches where the CC ansatz
is explained in detail.




The answer to this question is somewhat related to which final state the system reaches,
in the manner in which it is dealt with in this thesis. This is because one way to relax
the CC state is to use conserved charges to perturb away from the CC state. However,
one could use non-conserved operators to deform the CC state. The understanding
then is that all such perturbations are microscopic details of the initial CC state that
should be lost in the unitary time evolution to obtain a truly thermal state. So, the
nature of perturbations should play an important role in understanding the effects it

has on the thermalization of the system.

. To understand how thermalization is affected by the presence of spatial boundaries in

the system.

In [71], Cardy introduced a measure called the revival function that basically measures
the overlap of the CC state with its time-evolved version. If the overlap is low at all
times, it implies that the states are far away from each other and there is no revival at
any point. If, however, the overlap function is close to one after a sufficient amount of
time has lapsed, then that implies a revival of the full system to its initial state. He
showed that revival occurs in the presence of boundaries. We dedicate the entirety of
Chapter 5 to the study of revivals, where we try to understand the effect of boundaries

on correlation functions of operators and the entanglement entropy of subsystems.

So to summarise, the important problems in the current literature, with respect to the

dynamics of quenches and thermalisation thereafter, deal entirely with the issue of how

systems approach thermal equilibrium. Many of them have been addressed in the Chapters 4

and 5 of this thesis. However, the proofs mostly remain within the confines of conformal field

theory. Nonetheless, any analytical result plays a key role in understanding the underlying

mechanism for the thermalisation of pure states. Especially since they are very hard problems

to be addressed in complete generality. In fact, most of these problems have been around

since the very inception of quantum statistical mechanics . The reason they have re-appeared
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in the recent literature is two-fold. The first reason is due to the tremendous advances that
have been made in the realms of experimental physics, in particular in the field of cold-atom
physics. The invention of ion-traps has made it possible to simulate 1-D lattices with the
trapped cold-atoms playing the role of the degrees of freedom on the lattice. They have,
therefore, formed a testing ground for a huge array of theoretical ideas pertaining to low
dimensional statistical mechanical and condensed matter systems. The second reason (more
relevant to the subject of this thesis) is the advent of the AdS/CFT correspondence, which
has been used to map the physics of strongly coupled gauge theories to that of weakly
coupled gravity. The CF'T part of the correspondence implies that every statement that we
made in field theory should find a corresponding analogue on the gravitational side. The
correspondence has therefore given us a hope to relate problems in black hole physics to
that of table-top experiments, which is an extremely exciting idea in itself! We shall hereby
embark upon a more detailed discussion of the gravitational problems addressed in this thesis

in lieu of the aforementioned correspondence.
WHAT IS THE ADS/CFT CORRESPONDENCE?

There are many versions of the AdS/CFT correspondence that appear in the current
literature. ~ We shall start by providing a precise statement for the version of the
correspondence that shall be of most concern to this thesis. The AdS/CFT correspondence
is originally a duality between string theory and superconformal gauge theory that was
proposed in [176,238]. Since the Einstein theory of gravity emerges in the low-energy limit
of string theory, and the correspondence has been generalised to various dimensions, the
AdS/CFT correspondence in its modern avatar is essentially a duality between conformal
field theories (CFTs) in d-dimensions and theories of Einstein gravity in d+1 dimensions
in asymptotically AdS (AAdS) spaces. Owing to the time-like structure of the asymptotic
boundary in AAdS spacetimes, the CFTs can be thought of as living at the asymptotic
boundary of the d+1 dimensional gravitational theory (thereby, being described in one

lower dimension). There is a version of the duality involving higher spin theories of gravity
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in 241 dimensions and higher spin fields in the CFT in 2 dimensions describing a non-
supersymmetric set-up. This understanding is key to the realisation that supersymmetry
is not an essential ingredient for holography ﬂ As is true with any standard duality, the
AdS/CFT correspondence provides a map for the interpretation of all quantities on the
CF'T side with corresponding quantities on the gravity side. It is a non-perturbative duality
that is true at the level of the partition function (and therefore, the Hilbert space) of the
theory. Namely,

Zaise M) = Zopr,[OM = X (1.1)

Where OM is the boundary of the manifold OM. The gravitational picture emerges at the
large N limit of the CFT, where N corresponds to the SU(N) in a gauge theory or to the
number of degrees of freedom for a more general CFT. At the operator level, the AdS/CFT
dictionary suggests that single trace operators in the CF'T must correspond to single particle
states in the bulk AdS. One way to see this is to consider a scalar field in the bulk, and solve
for its equations of motion with a negative cosmological constant. There are two possible
asymptotic solutions that appear: one solution (the normalisable mode), dies off at infinity
and is associated with the expectation value of the spin zero single trace primary operator
in the CFT; the other solution (the non-normalisable mode) grows at infinity and acts as
a source in the boundary CFT for generating correlations of the same scalar primary. For
higher spin fields, the normalisable mode is associated with the corresponding higher spin s
current in the CFT. The non-normalisable mode, again sources the correlation functions of
the higher spin currents in the CF'T. Of course there is a lot more to the duality, but this
is as much as we would be required to know to discuss the problems that concern us. Any

additional details shall be provided as we require them along the course of this thesis.

"The same, however, cannot be said for conformal symmetry with absolute certainty yet.
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HAWKING’S INFORMATION PUZZLE

One of the most intriguing objects in general relativity is a black hole. A black hole is a
solution to Einstein’s equations that has a horizon which divides the spacetime into interior
and exterior regions. In the language of mathematics, the horizon is a null surface which
hides the singularity from the outside world. Having said that, in classical general relativity,
the horizon is not a special place. This is because an observer falling into the black hole,
never senses the presence of a horizon. This fact becomes evident in an appropriate co-
ordinate system used to parametrise the black hole solution. For instance, consider the case
of a black hole whose metric is described in Schwarzschild co-ordinates. The metric displays
a singularity at the position of the horizon, which is just a co-ordinate singularit However,
if we go to the Eddington-Finkelstein (EF) co-ordinates (or the Kruskal co-ordinates), the
singularity disappears. One simple physical reason for that is, at least in the EF co-ordinate
system, we move to the frame of the in-falling observer, where we can cross the horizon
without any trouble. However, owing to the property of null surfaces, it is easy to see that
the nothing can escape from the interior of a black hole due to the presence of the horizon.
In this sense, the horizon somewhat safeguards the interior of a black hole. Thereby, the
ultimate fate of any in-falling observer would be to plunge to its death by falling into the

black hole singularity!

Based on this observation, in the year 1972, Jacob Bekenstein suggested an intriguing
thought experiment [35]. He suggested throwing buckets of hot water into a black hole! His
motive was very simple, to bring to light a contradiction. He argued that the hot water has
a finite amount of entropy. When thrown into the black hole, this entropy gets completely
lost to the outside world, thereby decreasing the entropy of the Universe! That, however,
cannot happen simply because it would violate the second law of thermodynamics, which
suggests that the entropy of any system can only increase. The second law is one of the most

fundamental laws of nature, much like the conservation of energy, and hence would lead to

8This is because the Ricci scalar and all other quantities related to curvature are regular at the horizon
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devastating consequences, if violated by physical systems. The only way out of this puzzle,
without dismissing the existence of black holes, was to associate some amount of entropy
to them. This way, when objects with finite entropy fall into the black hole, the entropy
of the black hole would increase by more than the amount falling in, thereby preserving
the second law. This simple suggestion had remarkable consequences for black hole physics.
That is because once you associate an entropy with a system, you usually also have to
associate a temperature with it. This observation then suggested that black holes must also
have a finite temperature. In fact, one could view a black hole as a complete thermodynamic
object [32436,37]. In [139], Hawking famously calculated the temperature of a black hole using
semi-classical approximations. An important consequence of this realisation was that, as a
finite temperature thermodynamic object, the black hole could now emit thermal radiation
and evaporate away completely! This phenomena led to the formulation of Hawking’s famous

Black Hole Information Paradox!

Before we state the Black Hole information paradox, it is important to mention that
there exist numerous versions of the paradox in the literature that have been formulated
over the last 40 years. Some of them have been solved for, most still remain unsolved. One
way or the other, the paradox has exposed the grave shortcomings in our understanding
of the quantum structure of spacetime, besides underlining the approach to a viable and
acceptable candidate for the theory of quantum gravity. The older versions of the paradox
are too numerous, including a case by case discussion of the associated problems in spacetimes
with positive, negative and a zero value of the cosmological constant, and are way beyond
the scope of this thesiﬂ A relatively newer version of the paradox was formulated in the
context of the AdS/CFT correspondence and is much more in line with the topics discussed

in this thesis. That version goes by the name of the Firewall Paradoz [14}/15].

9For a discussion, one should see [153}[177,/1841/1861/230] and references therein
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THE PROBLEM WITH BLACK HOLE FORMATION

Before the advent of the AdS/CFT correspondence, the information paradox was
formulated by Hawking in the following language. Suppose we consider an in-falling
shell of matter, which is collapsing under its own gravitational pull. This matter maybe
characterised by its mass, charge and various other parameters, all of which form the initial
state. Once the collapse starts and a sufficient amount of matter enters its Schwarzschild
radius, an apparent horizon begins to form which now no more allows anything inside of it
to escape. This apparent horizon gives way to the event horizon at the end of the collapse
process. However, once the black hole has formed, it is characterised by only its mass,
charge and angular momentum, all of which are macroscopic observables. These specify
the thermal Gibbs’ ensemble used to describe the state of the black hole. The information
about the specific initial state (all the microscopic details), which caused the black hole
to form in the first place, is no longer retained in the final state. This is the first version
of the information problem that we shall address in this thesis. This paradox becomes
much sharper in the context of AdS/CFT. The entire process can be viewed in the CFT
independently owing to the correspondence. We start by defining a pure state that contains
not just the macroscopic variables, but also the microscopic details of the specific initial
state dual to the pure shell of in-falling matter in the bulk. The CFT hamiltonian then
unitarily evolves this state, causing the matter to collapse in the bulk. After evolving the
state for a sufficiently long amount of time, a black hole appears in the bulk, although the
CFT state remains pure due to the constraints of unitarity! As one can observe, this is
precisely the problem we faced while defining the process of thermalisation entirely from the
field theory point of view above. So, the AdS/CFT correspondence makes the information
paradox much sharper by equating it with the problem of thermalisation in the CFT. It is
then a viable approach to start looking for a solution in the field theory itself. At this point,

it must be mentioned that in the Chapters 4 and 5 of this thesis, we shall address the black
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hole formation problem in conjunction with the thermalisation problem in field theory by

trying to understand how pure states correspond to black holes.
THE PROBLEM WITH BLACK HOLE EVAPORATION

The second version of the information problem, involves the evaporation of an already
formed black hole and problems therein. This version, therefore, mostly concerns the smaller
black holes that evaporate in all spacetimes (including AdS). Soon after Hawking’s paper,
outlining the evaporation of a Black Hole by emitting Hawking quanta, Page realised a very
peculiar feature of this process. His observation can be best stated from the point of view of
an observer at asymptotic infinity who wants to collect all the Hawking quanta coming out
of an evaporating black hole. We also suppose that such a black hole has been created by the
collapse of some pure shell of matter. Then, owing to the unitarity of quantum mechanics,
the observer at infinity must have a bunch of Hawking quanta, at the end of the black hole
evaporation process, all of which are described by a pure state. Having understood what to
expect at the beginning and in the end of the process of evaporation, let us ask what happens
at the intermediate time-scales. The quantity that the observer at infinity is measuring as a
function of time is the entanglement between the quanta it collects and the quanta that are
still to be radiated. According to Hawking, the quanta emitted by the black hole are a result
of the process of pair production happening very close to the horizon, where one particle
falls in while the other escapes to infinity. Needless to say, the pair of particles are entangled
amongst themselveﬂ Each such quanta that is collected at infinity results in an increase in
the entanglement. One might naively think that the profile of entanglement would keep rising
linearly till all the quanta have been radiated out. However, the end result of evaporation
should have been a pure state with zero entropy and not a finite value. So, effectively, the

profile of entanglement (also called the Page Curve), must have a dip at some point in time

0L arge Black Holes evaporate in flat spacetimes but in AdS, they may be in stable equilibrium due to
the timelike nature of its asymptotic boundary

' This pair is almost in a pure state and the entanglement between this pair is essential for the smoothness
of the horizon.
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and return to zero in the end. A possible resolution to the problem could come from taking
into account the entanglement between the early quanta (A) that was emitted a long time
ago, and the quanta that is recently produced via pair production near the horizon (B)2
However, very recent arguments from strong-suadditivity of entanglement have suggested
that the entanglement between A and B (the early and late quanta) as a system with C (the
quanta inside the BH) is greater than the entanglement of A with the rest of the quanta. This,
however, is the paradox! Since, adding an additional quanta B to the additional radiation A
must decrease the the entropy of the observer beyond Page timelﬂ. Stated in another way,
the paradox brings to light an underlying tension between the unitary nature of quantum
mechanics (entanglement between A and B) and the monogamy of entanglement (B and C).
One way to resolve the paradox might be to modify the entanglement structure between the
various quanta. Trying to preserve unitarity and modifying the assumptions regarding the
entanglement between B and C, [13]/16,|187,/188] realised that the expectation value of the
stress-energy tensor increases drastically near the horizon, allowing for a firewall to open
up. By a firewall, they implied a very high number of highly energetic photons that reside
somewhere near the horizon, and were simply a result of severing the entanglement between
the outgoing quanta and the quanta inside the black hole. This implies that any in-falling
observer would instantly burn and perish at the horizon! However, what is more noticeable
is that the in-falling observer would in-fact perceive the horizon as a special place, which
(as we had discussed above), it should not! So, then trying to preserve unitarity and resolve
the information paradox, we would have compromised the diffeomorphism invariance of the
bulk. After a lot of heated debates going back and forth, the most satisfactory resolution we
have till date is the work of Pappadodimas and Raju [204,205]. However, in Chapters 2 and
3 of this thesis, we would like to partially address this issue (based on the works |138,/175],

by showing that at least in the eternal black hole case dual to the TFD state, the spacetime

12We shall denote the quanta inside the black hole as C
13The time when half of the total quanta have been emitted by the black hole and the Page Curve has
started to dip.
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behind the horizon is smooth and can be probed by space-like geodesics that run between
the two boundaries through the black hole interior. Had there been a firewall, such a thing

would not have been possible.
ABOUT THE THESIS

In the above discussion, we have tried to present a general flow of ideas that have inspired
the works in this thesis. There are five different projects that have been presented in the form
of five different chapters. The context for each of these works has been introduced wherever
possible, in the discussion above. Nonetheless, it is necessary to once again highlight the
underlying theme of this thesis. In all of these works, we have tried to explore how to
understand thermalization in pure states. Owing to the AdS/CFT correspondence, we have
been able to apply these ideas to the physics of black holes in the bulk and answer some
questions with regard to their formation and evaporation. Below, we present a summary of

the thesis.

In Chapter 2 of this thesis, we add additional charges to the TFD state and study the
behaviour of time dependent entanglement entropy in it. The eternal black hole in the dual
bulk theory geometries this entanglement in the form of geodesics that pass through the black
hole interior, thereby suggesting the presence of a smooth geometry (and simultaneously, the
absence of a firewall). The growth of the EE in the CFT suggests a growth in the length of
the geodesics passing through the interior of the black hole, which in turn implies a growth
in the volume of the black hole interior. In Chapter 3, we try explore a bit further by starting
from the Fefferman-Graham metric describing the exterior geometry of a black hole in and
AAdS space, and constructing a set of co-ordinates, analogous to the Eddington-Finkelstein
co-ordinates, that allows us to go inside the black hole. The metric in these co-ordinates
is smooth beyond the horizon. In fact, we invoke four different sets of the metric covering
four different patches of the eternal black hole and smoothly transforming into each other
in the regions of overlap, which happen to the the interiors. A fifth patch smoothly patches
up the bifurcate horizon with the other metrics. This metric is special since it also describes
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perturbed black hole geometries obtained by applying unitary (Virasoro) transformations
independently on either boundary. In Chapter 4, we revisit the discussion of thermalisation
in the context of quantum quenches in 1+1 dimensional conformal field theories. Using the
aide of one-point functions of quasi-primary operators as well as the reduced density matrix
pertaining to a sub-system, we show how thermalization occurs in the case of a quench
from a gapped to a gapless phase; the ground state of the gapped phase being viewed as
a Cardy-Calabrese (CC) state. We then generalise the CC state to include a number of
higher spin conserved charges, pertaining to the currents in the W, algebra, to try and
understand its effects on thermalisation. We discover that the rate of decay gets modified by
a term proportional to the charges of the primary operators under the additional conserved
currents. Interestingly, we are able to match the rate of decay with the quasi-normal modes
of a black hole in AdS, with and without a higher spin charge, indicating at a connection
between the time-dependent CF'T and the black hole geometry. In Chapter 5 of this thesis,
we try to understand the effect of finite size on thermalization in the previous quench set-up.
We discover that quantities such as the one-point function of quasi-primaries, including the
stress tensor, and entanglement entropy, which intially thermalised in the infinite system,
now display a revival at time scales proportional to the system size. The same can be seen
on the gravitational side, where we discover a geometry oscillating between a black hole
and a thermal AdS. However, there are many open questions which are discussed further in
detail. In Chapter 6, we move to the regime of a large central charge CFT where we consider
the vacuum state perturbed by a heavy primary operator. We show the way such heavy
states are perceived as thermal states by the light primaries, presenting them as examples of
thermal eigenstates. These states can be understood as being dual to a black hole. This is
one instance where the sub-leading corrections, that render the state pure, are all suppressed
by 1/c. The crux of this chapter, however, is to show that the thermal behaviour persists

even if we consider higher point correlation functions. Such correlators are extremely useful
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in the present context to calculate quantities like, mutual information, out-of-time-ordered

correlators, etc. We end with the conclusion and a discussion of possible open problems.

Before we proceed further, we would like to introduce some very important concepts that

shall be extensively used throughout this thesis.

1.2 Pure States

1.2.1 The Thermofield Double State

The Thermo-field double (TEFD) state was introduced in the 1970’s in the field of statistical
mechanics to facilitate the calculation of correlation functions in thermal systems. Usually
calculating the expectation value of an observable, A say, in a thermal state involves
performing a sum over the energy levels of the systems, each associated with a particular
weight. Performing this sum can, however, be a daunting task. Instead, an easier way is to
introduce an exact second copy of the system and create a very particular pure state out of

it. This state is what is referred to as the TFD state, and mathematically it is defined as,

) =Y e n)y @ |n), (1.2)

n

where |n) is an energy eigenstate with energy F,. The subscripts denote the system to which
the eigenstates belongs. This state has the curious feature that if one of its constituent
systems is traced over, we recover the thermal density matrix corresponding to the other
system. So the construction of a pure state like is what is fittingly called purification.
This is a very general feature, where any mixed state can be made pure by adding additional
d.o.f. and entangling them in a specific way to the d.o.f. of the original system. More often
than not, the system and it’s complement do not even have the same size (or d.o.f.). The
TFED state is, therefore, very special since it is constructed out of two copies of the exact

same system.
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Coming back to the issue of calculating expectation values of observables, an operator on
either one of the systems acts as a very effective coarse-grainer, since its expectation value

in the TFD state doesn’t care about the presence of the other system. Thus,

(| AL]) = Try(p1B1A)) (1.3)

All calculations involving traces reduce to that of expectation values in the TFD state. Since
calculating expectation values is seemingly simpler, this serves the original motivation for

introducing this state.

The TFD state was, however, re-introduced in its recent context of the AdS/CFT
correspondence, in a paper by Maldacena [177] in 2001. In this paper, he conjectured that
the TFD state describing entangled CF'Ts in d-dimensions, was dual to an eternal black hole
in d+1 dimensional asymptotically AdS spacetime. Such a black hole has a common interior,
two horizons, two exteriors and two asymptotically AdS boundaries where the CFTs live.

The system has two Hamiltonians, namely,

Hy=Hp+H,, H =Hp—H, (1.4)

It is easy to check that the TFD state is an eigenstate of the H_ Hamiltonian, while it

undergoes a non-trivial time evolution under the H, Hamiltonian.

The TFD state prepares an initial entangled state for the boundary CFTs, while
simultaneously inducing a Hartle Hawking state for the bulk gravitational theory, at the
t = 0 slice. Thereafter, evolving the state with the H, Hamiltonian, creates a black hole
in the bulk with two exteriors and a common interior. In the bulk theory, one can reflect
about the t = 0 slice to get the entire eternal BH geometry, while always remembering that

the two boundaries and hence the two exteriors are entangled.
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For the two exterior regions , each of which is hidden from the other by its own horizon,
the other exterior is just part of the spacetime forming the interior of the black hole. Living
at the asymptotic infinity of these exterior regions, each of the two CF'Ts are also oblivious

to the presence of each other. Hence,

(WI[OL, Oxll) = 0 (1.5)

where (O, Og) are generic operators on either CFT. This implies that the two CFTs are
completely causally disconnected. However, a very intriguing feature of this construction,
despite the causal dissociation of the CF'Ts, is that the two sided correlation functions, in
this state, are non-zero! It is very important to emphasise that this is a property of the state

in which this expectation value is evaluated.

Ideally, the two CF'Ts belong to two different Hilbert spaces Hy and H g respectively. So,
operators in these two disjoint CFTs do not allow for any OPE between them, and hence
their correlation function is zero. However, if we consider a state in the enlarged Hilbert
space Hy ® Hpg, which entangles the two CFTs, then the correlation function between the
operators of the two CFTs becomes non-zero, when evaluated in this state. This happens
because the state induces a map between the operators in the two CFTs which then allows
for them to have a non-zero OPE and therefore a non-zero correlation. The TFD is one such
realisation of an entangled state in the enlarged Hilbert space that induces a map between
two CF'Ts. For the TFD, this map can be better understood as an analog of the KMS

condition, which is stated as,

Tr(pY2AL(t)pY2Br(0)) = Tr(pBr(0)Ag(t —i3/2)) = Tr(p*?Br(—13/2)p"? Ag(t —i3/2))
(1.6)
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This relation just emphasises that within correlation functions in the TFD state, operators
on the left CFT can be understood as operators on the right CFT with a shift of —ig3/2

along the Euclidean time circle.

This short description makes clear the importance of the TFD state as a unique state
with very interesting properties. The most interesting of these is the fact that it is the only
kind of purification that has a holographic dual. This raises the question as to whether it is
really fine-tuned for the purposes of holography or whether there are other generalisations
of it that allow for a holographic dualﬁ. It is also important to ask how stable it is to

perturbations. That would tell us how stable its dual gravitational theory iﬂ.

An important physical idea, that came about more recently [138,/175], is the way the
entanglement between the CF'Ts is realised in the dual bulk theory. It was suggested that
a physical realisation of the entanglement comes about by realising that there are space-like
pathways, also called wormholes, that run between the left and right boundaries through
the black hole interior. In fact, there had been speculations, since the discovery of the Ryu-
Takayanagi surfaces [149.,[220], about space-time being completely made out of entanglement
in the underlying quantum theory. This physical realisation of the CFT entanglement has
been suggested to give rise to the geometry of the interior of the eternal BH. Further still,
this seems to be a very efficient set-up (and currently, the only one) that allows access to
the interior of the black hole using non-local boundary operators. We shall elaborate on this
further. More immediately, we shall elaborate on some other ways to understand the TFD

setup and how it induces a Hartle-Hawking wave function in the bulk.

14 As far as we know, with a factor of 3/2 separation along the thermal circle, this is the only state with
a holographic dual. Whether there are other kinds of holographic duals possible for arbitrary separations
between the CFTs is not known.

15A lot of work has been done recently in trying to understand perturbations of the TFD state and its
consequences for holography. We will not cover this question in detail in this thesis. However, some of the
recent works in this direction include [225(226]
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1.2.2 The Pair-Production Representation

On the CFT side, the path integral that prepares the TFD state, is over an interval of length

(/2 times a sphere. In other words,
Y= Igp x S41 (1.7)

To get a pictorial understanding of the geometry, let us confine ourselves to d = 2, where X
is just a cylinder of length 5/2. The two ends of the cylinder are the two boundaries that
specify the initial state of the two CF'Ts. The cylinder itself is a geometric realisation of the
entanglement between the CFTs. In order to check if this manifold really produces the TFD
state, one should be able to reproduce the matrix elements of the TFD state starting from
the transition amplitude of the state on the left CFT (|¢r)) to the state on the right CFT

(|¢r)) along 3. Thus,

(Gl exp(—BH/2)|¢r) = ) _ exp(—BE,/2)(dr|n)(nlér)
= 3 exp(—BEa/2)(nlér) (nlér)

= (01(161) ® |#r)) (1)

This proves that the TFD state is indeed equivalent to doing the path integral over ». A
similar statement carries forth in higher dimensions, where instead of a circle we would have
a d — 1 dimensional sphere. Now, the bulk dual of this state should be a Euclidean gravity
solution, on a manifold M, that has the surface OM = X as its boundary. Next, we shall

discuss one such possible solution in gravity.
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1.2.3 The Hartle-Hawking Representation

Euclidean geometries necessarily use the imaginary time prescription, which has been very
successfully understood and applied to various problems relating to quantum gravity by
Hawking and collaborators since the 1970’s. One such solution is simply the Euclidean

version of the Schwarzchild solution in AdS space, given by

d 2
a0l (1.9)

d2: . 2d2
s° = (r—ro)%dr +(T—T0)

As is understandable from the above metric, it describes a Euclidean black hole with r > 7,
where 1 is the black hole radius. Interesting properties of the geometry are revealed in a
set of near -horizon co-ordinates, defined in terms of (p, 7). The first simplification happens
in the form of a factorisation of the 2-sphere from the rest of the geometry. In the (p,7)
co-ordinates, the geometry resembles a cylinder, a little far away from the horizon. At
this point, 7 ~ 7 + . Near the horizon, however, one must carefully define the boundary
conditions so as not to get a singularity at p = pg. This regulated solution happens to be disc
near the horizon. The entire geometry is sometimes referred to as the cigar solution, owing
to its appearance. Choosing the correct periodicity defines for us the Hawking temperature,
which is related to the inverse of 5. One can now imagine the surface ¥ appearing as the
boundary of this geometry, if we only let 7 € [0, 5/2]. This is exactly the geometry in the
Euclidean section of the eternal BH and hence appears to be the dual of our solution above.

This, of course, does not prove the uniqueness of the solution@.

The Schwinger-Keldysh Representation

The Schwinger-Keldysh formalism, also called the in-in formalism, was introduced

independently by Schwinger [222] and Keldysh [155] to study specific out-of-equilibrium

I6For more details one must look at the comprehensive lecture notes by T. Hartman, and the original
paper of Maldacena [177]
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quantum systems. It was later generalised to study many-body out-of-equilibrium quantum
systems, by Feynman and Vernon [109]. Since then it has found applications in numerous

areas such as cosmology, hydrodynamics and various other open quantum systemsEl

The basic idea of the SK formalism is to understand how the density matrix can be
used to study physical observables such as expectation values and correlation functions, in
an out-of-equilibrium quantum system. The difficulty in performing such calculations, in a
time-dependent system, lies in the fact that the final state, as an end-result of the evolution,
is not always known ﬁ To remedy this problem, the SK formalism completely by-passes
the final state by introducing a second copy of the original system which evolves in exactly
the same way, but in the opposite time-direction. The two copies do not interact in any
physical way, except at the boundaries where the (right-most) fields on either contour are
identified. As for the initial state, it is assumed to be the same for both the systems, since
they are exact replicas of each other. In fact the initial density matrix determines the exact

entanglement pattern between the two systems@.

To understand the mathematical set-up better, let us define the time-evolved density

matrix as:

p(t) = U, T)p(T)U(t, T) = U(t, T)p(T)U(T 1)

where U(t,T) is just the unitary evolution matrix from ¢ to 7. The generating functional
can then be defined as,

Zsk(TL, Tr) = Tr(U(Tr)pU(TL)Y) (1.10)

where (J1, Jr) are the sources for the operators on the left and right contour, respectively.
This generating functional can be used to compute all possible correlation functions of

operators placed on either boundary. It is easy to see that all possible combinations would

17See [132,/133] for a recent review.

18This is in contrast with an equilibrium system, where the final state for an interacting theory differs
from the initial state by just an overall phase factor.

19Tf the initial density matrix is thermal, then there are additional analytic properties that arise, such as
the KMS condition, which can be visualised by considering the Euclidean time direction to be a circle.
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calculate the advanced, retarded, Feynman and anti-Feynman correlators. Putting the left
and right sources to be equal projects us onto a sector of the theory that has an additional
U(1)r topological symmetr.
The reason for introducing the SK formalism is that the TFD state can actually be viewed
as an SK contour, with equal sources, but now with the two time contours separated over a
distance of /2 along the imaginary time direction. For calculating correlation functions
of operators in the TFD set-up, one can consider the initial density matrix to be the
TFD density matrix and view the real time contours as containing the left and right CFT
operators. This implies that each of the two copies of the Hilbert space, Hr ® Hj, belong
to one of the two time contours. The TFD calculates the same out-of-equilibrium quantities
as the original SK contour. This is because, as in the case of a thermal state, the TFD state
also has a time circle. This gives rise to certain additional analytic properties (related to
the KMS condition). From , we can derive the analogous generating functional for the
TFD system as,
Zrrp(Jn = Tr) = Tr(p2U(T)p2 U(T)) (1.11)

Although not obvious how this calculates the same correlation functions as the SK contour,
the circle along the imaginary time direction gives rise to additional analyticity properties
(1.6, and the condition,

U(T) = p 2 U(T)p? (112)

Which makes clear how they are the same. The most important application that this property
has found is in the recent developments of discussions on chaos and scrambling in many body
systems, where it has been used extensively to calculate out-of-time-ordered correlation

functions |172].

208ee [1324[133] for a recent review for the consequences of such an additional symmetry
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1.2.4 CC states

One often hears about quenching in the context of metallurgy, where certain metals, mostly
iron, is heated to extremely high temperatures and then cooled suddenly, mostly to obtain
certain desirable properties. On a broader context, the word quenching refers to the process
of a rapidly changing environment around a system to drive it out-of-equilibrium. In the
context of theoretical and experimental physics, the word quenching has now come to refer
to both rapid and not-so-rapid processes to drive quantum systems (including relativistic
QFTs) out-of-equilibrium.

The way it is achieved in theoretical systems is very simple. To begin with, the system is
prepared in an eigenstate of a given Hamiltonian Hy({\;}). Thereafter, a certain parameter
(could even be more than one) of Hy({\;}) is changed suddenly to a new value. Let us call
the new Hamiltonian H({\;}). It is important that the change of the parameter(s) happens
over a time-scale which is smaller than the relaxation time of the system. This then does not
allow for the system to relax and adjust to the change in the parameter, thereby driving it
out-of-equilibrium. This process is what has come to be know as a quantum quench. The old

eigenstate now evolves non-trivially under the new Hamiltonian, since it is not an eigenstate

of H({As}).

There is a huge literature dealing with how to compute correlation functions of operators
following a quantum quench in various statistical mechanical model?”] Of much interest
are states that describe closed, isolated quantum systems undergoing a quantum quench.
The interest in such systems stems from trying to understand whether such states reach an
equilibrium following a quench, and if so, via what underlying mechanism. It is a separate
question altogether to understand if the equilibrium values can be described by some Gibbs’

ensemble. In case it is so, the system will be understood to have thermalised.

21Gee [56158,1209] for a comprehensive review and list of references.
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Usually, calculating physical observables, such as correlation functions and entanglement
entropy, analytically, in time-dependent systems is very difficult. One can still make
considerable progress by considering integrable systems or resorting to numerical computations.
However, in recent years, performing analytic computations has received a tremendous boost
due to the insights of Cardy and Calabrese [55,59,61,65] who suggested that one could gain
a lot of mileage by carefully choosing the final values of the parameters in a quench. They
suggested that at least in case of the simplest 1+1 dimensional quantum systems, we could
choose the final values of the parameters to be the values defining a critical point of the
system. The critical point is a point in the phase space which is scale invariant and often
allows for a description by a conformal field theory (CFT). Thus, all correlation functions
in the time-evolving, post-quench phase of the system could be evaluated using symmetries
of the CFT. This makes it possible to obtain analytic results for any quench achieved via
any protocol, as long as the end result of the quench puts the system in a gapped phase. It
is of course true that these ideas apply to only a very small class of quenches. In fact, one
might consider more exotic quenches across critical points [84-87}/158,192,247], or quenches
from an ungapped to an ungapped phase through a gapped phase (which maybe useful in
holography), or even fermionic quenches [206,215]. There has been a significant amount of
progress made in performing analytical calculations along all these directions. However, in

this thesis, we shall only concern ourselves with gapped to gapless quenches.

Let us outline the proposal of Cardy and Calabrese for the simplest case of a 141
dimensional free massive bosonic QFT, undergoing a mass quench. We begin by preparing
the system in an eigenstate [¢)) of the initial Hamiltonian Hy(mg) and subsequently tuning
the mass to zero (mg — 0) over a time scale much smaller than my' (which is the typical
relaxation time scale in this case). The final Hamiltonian, of course, describes a Gaussian
fixed point, which is scale invariant. Since the change is very sudden, the state |¢)) remains
oblivious to the change in the Hamiltonian and hence, is no longer an eigenstate. It thereby

undergoes non-trivial time-evolution when evolved with the new Hamiltonian. The insight
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of Cardy and Calabrese was to suggest an ansatz for the form of this eigenstate in terms of
a conformal boundary state |B) which is perturbed away from its fixed point by a relevant

(or marginal) operator. In the case of the mass quench, their ansatz reads,

1) o< exp(—=THcrr)|B) (1.13)

Here, Hopr refers to the final Hamiltonian at the Gaussian fixed point. However, for more
general Hamiltonians, it could be any other fixed point of the system. In 1+1 D, the
Hamiltonian is a relevant operator, being obtained from the spatial integration of the stress
tensor. The factor of 7y is related to the initial mass of system in the gapped phase. This
factor is fixed by requiring that the expectation value of Hopr in [¢0) is the same as in the
deformed boundary state. This also fixes the proportionality constant to 1. This ansatz
raises a lot of questions and we shall dedicate Chapters 4 and 5 of this thesis discussing
various generalisations and subtleties of this ansatz alone. For the time-being, we shall try

to motivate this ansatz further along the lines of [59,65].

Although has been presented in the context of a massive quench in a 1+1 D bosonic
QFT, it describes a much larger class of systems. To begin with, the initial state must be
translationally invariant and must correspond to a system with short-range correlations.
Ideally, the ground state of a gapped Hamiltonian displays such properties, although other
excited eigenstates may also be considered. The conformal boundary state |B) usually
appears as the boundary conditions of a CFT (for eg. the Ising model at its fixed point), so
as not to break the conformal invariance of the bulk. The reason why it makes an appearance

here can be explained in two ways,

1. In the quench from a massive to a massless phase, all possible modes of the final system
are excited. This leads to a non-renormalizable state which is the state |B). However,
to describe subsequent time evolution of the system, such a state is useless and must
be supplied with a UV cut-off. The factor of exp(—7H¢cpr) serves exactly that purpose

28



to make the state normalizable. The normalised state describes only long wavelength
(low-energy) modes with the pre-factor correlating it over scales of 7. This way the
cut-off parameter also gets related to the energy pumped into (or taken out-of) the

system. In the simple case of the mass quench, 7 = 3/4 = 1/(4m P}

2. Every bulk CFT has its own set of allowed conformal boundary states that sit at a
fixed point of the boundary RG flow. Each such state has its own basin of attraction
that contains the ground states of all possible gapped Hamiltonians. Hence, starting
from the ground-state of a gapped Hamiltonian, one can reach the conformal boundary

state by acting on it with relevant deformations. This is exactly what is expressed in

(T.13).

Having argued for the use of as an ansatz, it is important to state what
simplifications it brings about in the calculations. Confining our attention only to CC
states, we can’t help but notice the intriguing geometrical picture that it reveals. We
can imagine the state |B) to be defined along the imaginary time slice 7 = 0. Then the
deformation can be thought of as an evolution along the imaginary time direction for a
duration of 7 = /4. This gives us a strip geometry of width 5/4. Similarly, we can consider
the ket state as another strip geometry of the same width. Together then the normalised
state (1|1)) corresponds to a strip of width §/2. Note that the width is not 3, which
would correspond to a cylinder geometry representing a thermal state. Instead, this is the
geometrical representation of a state following a quench to a gapless phase. For convenience,

we can re-label the state as running between 7 € [—(3/4, 3/4]. The simplification comes

22Tn the original work of CC, they suggested that starting from the ground state of a free massive scalar
theory, and quenching the mass parameter to zero, gives rise to . This was pointed out to be an
erroneous conclusion in [180], in which they suggested that starting from the ground state in such a quench,
one can never discard the other irrelevant operators that may arise in a generalisation of and whose
conjugate variables are higher inverse powers of the mass. The argument was based on the absence of a
second scale in the system, with respect to which the mass could be taken to zero. One instance of such a
general state has been discussed in Chapter 4 of this thesis. The authors of [180], however, also suggested
that the CC state could be produced if one instead started with an excited state of the gapped Hamiltonian.
In such a case, the excitation scale provides for the second scale factor with respect to which the coefficient
of the higher irrelevant operators could be taken to zero.
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about from realising that the states along the boundaries of the strip are conformally
invariant, as the bulk itself. Thereafter one can calculate all correlation functions in the
time-evolving, post-quench state as operator insertions on the strip along the 7 = 0 slice,
analytically continued along the real time-direction and using conformal symmetries to map
them to suitable manifolds (the upper-half plane or the full plane) for evaluation. We shall

discuss more about such calculations in Chapters 4 and 5.

It is intriguing to understand how robust this ansatz is and what are the possible
generalisations of this state that one might consider. One very obvious generalisation is
to add more irrelevant terms in the exponent in (|1.13) and understand the consequences
within correlation functions. Cardy has already considered a generalisation of the state
by adding higher powers and derivatives of the stress tensor, integrated over space, in the
exponent [72]. Another possible generalisation is to perturb the state by adding the higher
spin conserved charges, W,, of a 2D CFT. This analysis has been carried out in [182] and is

the subject of discussion in Chapter 3.

These states also have the property that correlators of quasi-primary operators in a
CFT, thermalise in them [72,[182]. This property has necessitated the use of such states in
studies of thermalisation of closed, isolated, out-of-equilibrium quantum systems. However,
they have also been shown to display non-thermal behaviour in case the system has finite
boundaries |71,[73,]163,/183]. A detailed discussion of this issue and possible ways to re-

approach thermalisation shall form the subject matter of Chapter 5.

1.2.5 Heavy states

Heavy states are the simplest of the pure states that we consider in this thesis. They are

created by acting upon the vacuum with a "heavy” primary operator in a two-dimensional
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CFT. Thug®|
|On) = Og(0)|vac) (1.14)

By heavy, we mean here an operator whose conformal dimension scales with the central
charge with (at least) an order one coefficient. Thus, hgy/c ~ O(1) in the ¢ — oo limit.
These operators were used for the first time in the context of Liouville theories [223], and
have been recently revived in the context of 2D CFTs [20,31,|135] to understand black
holes. This part is owing to a novel property of such heavy states: when viewed from a low-
energy theory, they appear to be thermal. This was shown to be the case, in the context of
calculating correlators of ”light” quasi-primary operators in these states. By "light” again,
we mean here operators that scale with the central charge with a coefficient much smaller
than one, however. Thus, hy/c < hg/c, in the ¢ — oo limit. In this sense, these heavy
states are like micro states of a black hole. The one point function of a light primary in this

state (calculated on a cylinder with a compact spatial direction) is,

(Ou|OL(7)|Og)
(On|Own)

~ CHHL exp(—th) (115)

The decay of a primary operator is the characteristic signature of its expectation value in
a thermal state. This, therefore, proves the statement regarding the thermal behaviour of
the pure heavy state. The two point function can be similarly shown to be thermal, but
requires a bit more work. A two-point function of light operators in the heavy state becomes
a four point function in the vacuum and starts receiving contributions from the conformal
blocks of all primary operators in the theory. The interesting part of the large central
charge limit is then that, 1. conformal blocks corresponding to all primary operators can
be exponentiated as exp —cf(z;, h;/c), 2. the conformal block corresponding to the identity
operator contributes the most, thereby dominating the sum, in this limit. So, the two

point function of light operators in the heavy states is given by the exchange of the identity

ZThe conjugate state is (Oy| = <vac\OL(oo).
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operator and its descendants [135]. The exponentiated vacuum (and even the non-vacuum)
conformal block can be computed using certain monodromy methods that shall be outlined
in detail in Chapter 6 of this thesis. The result then is a thermal two point function that
decays at large times. The interesting and extremely educational part about this calculation
is how leaving out the 1/c corrections in a vacuum correlator gives us a thermal result! This
is also one of the ways in which we would want to understand pure states as describing black
holes. In Chapter 6, we shall show how to calculate higher point correlations in these heavy
states and whether and how, they too appear to be in a thermal background. Finally, we
should mention that inserting a heavy operator in the vacuum backreacts on the geometry
non-trivially, providing it with a description in terms of a stress-tensor. In [20,31,135], it
was shown how to write down a metric corresponding to this perturbed geometry in the
Fefferman-Graham co-ordinates. The two point functions and entanglement entropy results
were matched between the bulk and the CFT providing evidence for the validity of this
conjecture. In Chapter 6, we shall provide further evidence by providing a match at the

level of higher-point functions.

1.3 General Notions

1.3.1 Entanglement Entropy

In Conformal Field Theory

Entanglement provides a way to understand and quantify correlations between the degrees
of freedom (d.o.f.) in quantum systems. One possible measure of such entanglement is the
entanglement entropy (EE), which is defined along the lines of von Neumann entropy, but
now for reduced density matrices describing the d.o.f. in spatial sub-regions (A = U;4;). Tt
is defined as,

Sa=—Tr(palogpa) with ps =T7 scpror (1.16)
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For most states (including the ground state of simple models), the reduced density matrices
are horribly complicated objects. This makes EE a hard quantity to compute. In 2-d CFTs,
however, this calculation was performed analytically using the replica method in [61,/64].
The idea is to first calculate an auxilliary quantity, called the Rényi entropy and obtain the
EE from an analytic continuation of that. The calculation of the Rényi entropy relies on
considering n replicas of the original CFT and sewing them along the intervals A; using twist
and anti-twist operators. With appropriate conformal transformations to a single sheet, one
can reduce the calculation to that of a two-point function of n-th order twist operators (o)
on the appropriate geometry. The mathematical expression for the Rényi entropy of a single

interval A is,

n 1 n > Z
51(4) T 1-n log(Trp) = (04 (21, 21)0- (22, 22)) m (L.17)

The EE is then obtained from the above quantity by analytically continuing n — 1. An
extension of this calculation to very specific time-dependent states was done in [59] where
the EE also becomes time-dependent. We shall use these ideas explicitly in Chapters 2
and 3, and again in Chapters 5 and 6 to obtain various results with interesting physical

interpretations.

In AdS Gravity

Due to the AdS/CFT correspondence, one might expect an extension of the idea of EE into
the bulk as well. The first prescription for calculating EE in the AdS bulk was outlined
by Ryu and Takayanagi in [220] (also called the RT prescription). For every region A in a
d-dimensional CFT, the prescription requires one to construct a minimal surface ¥ in the
d + 1-dimensional AdS bulk, such that the boundary of the surface 0% intersects 0A at the
asymptotic infinity. The EE is then given in terms of the area of the d-dimensional minimal

surface in the following way,
Area(X)

Sa = 4Gy

(1.18)
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where Gy is the Newton’s constant in d 4+ 1-dimensions. Since, we know how to analytically
obtain the EE in a 2-d CFT, we would be interested in the analogous 3-d gravity calculation.
In 3-dimensions, the area of the minimal surface corresponds to the length of the geodesic
that joins the two end-points of the interval in the CFT, through the bulk. The single interval
EE in the vacuum and the thermal state of the CF'T were shown to match the corresponding

calculations in a Global AdS and a BTZ black hole background, respectively [220].

The prescription was extended to include time-dependent geometries in the bulk (dual to
time-dependent CFT states) in [149]. The EE is also time-dependent in such states. The new
prescription in the bulk is now to compute the area of the extremal (instead of the minimal)
surface that intersects the boundary of the entangling region at asymptotic infinity. We
shall use these ideas related to time-dependent pure states and their bulk duals extensively
(in Chapters 2 and 5) to explore a great deal about universal behaviour during approach to

thermalization in both field theories and their gravitational counterparts.

1.3.2 Eigenstate Thermalization Hypothesis (ETH)

The eigenstate thermalisation hypothesis was first proposed my Srednicki, as a condition
that systems should display in order they thermalize. Details about the ETH can be found
in the original paper [229] and a number of recent reviews [83}/124]. Here we wish to just

provide the statement for what we mean by the ETH.

The ETH is a very general statement made at the level of a class of operators in any
system. The statement begins by supposing that we have a pure state [¢)) that can be
written in the energy eigen-basis |n), with the support of n € [E, F + AE] and AE < E.
This implies that [¢) is a micro state with support on a certain band of the spectrum. Now
suppose we have a class of operators { A}, whose expectation values we wish to calculate in

the above state. For that, we consider the time dependent expectation value of an operator
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A belonging to the above class,

(W(t)|AJp(t) Z]cn|2Am+Zc Cn A exp(—i(E, — Ep)t) (1.19)

n#m

In the above expression, we have taken the liberty to separate out the diagonal and the off-
diagonal components of the matrix corresponding to the operator. Usually, while calculating
long time averages, one simply integrates over a sufficiently long time interval. That is good
enough to Kkill all the oscillating time phases and provide one with a fixed value for the
one-point functions. The idea of ETH instead is to get rid of the time dependent phases in
the off-diagonal sector by putting certain assumptions on the off-diagonal matrix elements
of the operator in the energy eigenbasis, namely the A,,,’s. The first condition of ETH is
to assume that the off-diagonal elements A,,,,, are exponentially small in the no. of d.o.f. of
the system, namely A,,, ~ exp(—O(N)) with n # m. The idea behind this is the following:
at t = 0, all phases in the system are aligned and the second term (a sum over O(N?) terms)
is comparable to ( or probably even larger than) the first term in (1.19). However, soon
after the beginning of time-evolution of the system, the phases corresponding to various
energy intervals begin to decohere, leading to a fall in the amplitude of the term. However,
if the A,,, are not considered to be small, there is a possibility that these terms would
still be comparable to the first term. Thus, at long times, only the first term survives.
This is indeed the phenomenon of equilibration, as discussed in the introduction. Now,
although the first term appears to be diagonal, it is still not thermal since it does not admit
a description in terms of an ensemble. This can however, be achieved by making a second
assumption on the diagonal matrix elements, as dictated by ETH. This assumption says that
the diagonal matrix elements A,,, are the same over all the basis states, while being an O(1)
quantity. This in a way implies that the operator ”coarse—grains”@ over the energy levels in

the energy band AFE around F. This allows for A, to be taken out of the sum. The sum

24By ”coarse-graining” we mean the mechanism via which the operator forgets about the initial state.
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then just evaluates to one, owing to the normalisability of the coefficients ¢,,. Thermalisation
is, hence, achieved where the time-dependent one-point function of the operator equals its

micro-canonical ensemble average value. Thus,

(WOIAJ(1) = Apn (1.20)

For sufficient degrees of freedom in the system, this value can be equated with the canonical
and grand canonical ensemble average values, via the equivalence of ensemles thereby

introducing the notion of temperature and chemical potentials in the system.
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Chapter 2

Dynamical Entanglement Entropy
with Angular Momentum and a U(1)

charge

2.1 Introduction and Summary

Entanglement entropy (EE) of a quantum system has turned out be a useful observable in
many areas of physics; see reviews [61,/62,99,198|. In this chapter, we will primarily use EE
as a dynamical tool, especially to describe equilibration in 141 dimensional quantum field
theories. Time-dependent EE in 1+1 dimensional CFT has been studied in detail in [59./61].
Let us consider a CF'T with an infinite spatial direction; the EE for a single interval of length

[, is found to saturate, according to the formula

Sent (£, 110) Z5 1 Seqm(E),  Seqm(E) = \/27cE/3 (2.1)

n [59,[61], the entropy density is given by Seqm = cm/(33), where 3 is the inverse temperature of a

canonical ensemble equivalent to a microcanonical ensemble at energy E, given by 5 = y/m¢/6E. With this,
we recover the RHS of
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In the above equation, the LHS is the EE of an interval of length [, computed in the state
|¢) at time ¢; we will denote the energy density of the state as E. Seqm(E) is the equilibrium
entropy density in the microcanonical ensemble as a function of energy density E. It is
assumed here that length of the interval [ is greater than the characteristic length scale 1/ VE
associated with the state [¢) (this condition will play an important role in Section [2.8)). [138]
showed that the time-development in [2.1| can be interpreted holographically in terms of a
BTZ black hole, and derived using the Ryu-Takayanagi definition of holographic EE [220]
(see [2,[7,[25,|168] for other recent works on holographic thermalization using dynamic EE).
The linear growth in time was given an intuitive explanation in terms of oppositely moving
entangled pair of excitations [59]; one of the objectives of this chapter is to explain the

saturation value in terms of quantum ergodicity. An important point to note about is

the information loss aspect of this equation: on the RHS of all information about the
specific state [1)) appears to be lost, other than energy FE of the state. We will elaborate on
this further in Section [2.2.3. Indeed, the above statement of equilibration is similar in spirit

to the following statement of quantum ergodicity (see [209], Section III-A)

Tr (Ppuse0) 25 Tr (puc0) s ppure = )] pmczﬁZwu, (2.2)

i€HE

which is believed to be true for a class of “macroscopic” observables O. Here, py,. defines a
microcanonical ensemble at energy E; Hp denotes the subspace of states with this energy,
and Q(F) is the dimension of Hp. We will, in fact, derive from modulo some
assumptions, in Section Thus, in the time-development described in not only is the
memory of the initial state lost, the RHS is given in terms of a mixed state. It is worth noting
that in no mention is made about the time scale of change; thus, the time-development

in provides a time scale for equilibration. In this chapter, we will show that the above

statement of equilibration also holds in the presence of additional conserved charges, besides

the energy E. In particular, we will show that if the initial state |¢)) has a non-zero angular
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momentum J [ and a U(1) charge @, we have ]
Sent (1, 110) % Useqm(E, 1, Q) (2:3)

Here Seqm(E, J, Q) equals the equilibrium entropy density in a microcanonical ensemble,

described in Eqs{2.23| and [2.49, which give the detailed form of the time-dependence. Eq.

is the main result of this chapter; it is presented here in the limit in which the excitation
energy of the initial state is much higher than 1/¢,1/l. The precise version of this statement
as well as the exact expression for the LHS without this restriction is given in Sections [2.2|and

. We derive also from a holographic set-up (Sections and . The holographic

dual consists of a spinning BTZ black hole plus a U(1) gauge field described by a CS theory.

Eq. leads us to the following natural conjecture for an integrable 1+1 dimensional
CFT. Suppose the initial state |¢)) has an infinite number of non-zero conserved charges
Qi,1 = 1,...,00 (including energy). We conjecture that the long time behaviour of the EE

in this case is given by

Sent(t7 LW) _t2>£> [ Seqm<{Qi})

Seqn({Qi}) = scan({i}) (2.4)

where p; are values of chemical potentials conjugate to the infinite number of charges @;
carried by the quantum state |¢)). In the second line, we have used the equivalence between
the microcanonical ensemble (with infinite number of charges) and the generalized Gibbs

ensemble (GGE). The corresponding generalization of|2.2|to 2-dimensional integrable systems

2In this paper, we will mostly be concerned with a non-compact spatial direction, so J is actually a linear
momentum. However, we regard this non-compact direction as arising in the limit of a large circle (the bulk
dual is a BTZ black string which can be regarded as the limit of a BTZ black hole), and will continue to call
J an ‘angular momentum’.

3The divergent piece Sgiy is the same as in the previous literature, including in [59,(138]. We do not have
anything new to add regarding this term; for a recent discussion, see |167].
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has already been proved [57,(179,216]. A natural speculation about a holographic dual of

the above involves higher spin black holes [18] (see Section [2.5.2 for a brief discussion).

A few remarks are in order:

1. We reproduce the CEFT results In this chapter from AdS in two ways: (a) by an explicit
evaluation of the Ryu-Takayanagi (RT) formula for holographic EE and matching with
CFT, and (b) showing that the RT formula follows from a conventional AdS/CFT dual
of the CFT correlators of twist fields in a double scaling limit. Method (b) constitutes a

‘proof” of the RT prescription for 141 dimensional CFT (see Section [2.3.1 for details).

2. We encounter a puzzle in applying the RT prescription for holographic EE in the
presence of the U(1) charge. The U(1) charge we consider is implemented in the
AdS dual by a U(1) Chern-Simons (CS) theory, and addition of a U(1) charge does
not change the metric. Therefore the RT holographic EE is independent of the U(1)
charge, which seems to be in conflict with the CF'T expressions which clearly depend

on this charge. We resolve this puzzle in Section [2.5.1.

2.2 Entanglement Entropies with spin: CFT

2.2.1 Thermofield double

Let us consider a 2D CFT at a finite temperature, which is represented by a thermofield
double consisting of two identical copies of the CFT [231]. Consider the following initial

(pure) state, belonging to the thermofield double, on the time slice ¢ = 0:

) = C Y exp[=B(E; + QJ:)/2] i) ® i) (2:5)
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The normalization constant C'is given in terms of the partition function

10172 = Z(B,Q) = Tre PHHY) — Troxp|—F, Ly — f_ L), (2.6)

and we use the following identifications

H = Ly + Ly, J = Lo — Lo, Br=pB(1£Q) (2.7)

The index i of the sums goes over a complete set of states of H; (equivalently Hs). The
definition implies that the expectation values (E), (J) in this state are non-zero, and are
related to the inverse temperature [ and the ‘angular velocity’ €2 (which is essentially a
chemical potential for the conserved angular momentum). In a Euclidean spacetime, (2

must be chosen to be purely imaginary:

Q=iQp (2.8)

Now, consider two identical entangling regions A C R in both copies of the field theory and
compute the time evolution of the EE. First, we take A to be a semi-infinite line. Following
the prescription in [64] (see review [61]) the entanglement Renyi entropy (ERE) is given by
the CF'T functional integral over a Riemann surface obtained by gluing n copies of a cylinder
along two semi-infinite cuts from z; = z; = 0 and from zo = if, /2, z, = —if5_/2, both
running off to infinity (see Figure 1). Such a partition function, in turn, boils down to the
two-point function of twist fields ¢4 [64] at the two branch points. Thus, the ERE is given
by

5 = - L log(6* (21, 21)6 (22, ) (2.9)

—n

4As mentioned in footnote |2| for a non-compact spatial direction, J is actually a linear momentum; Q is
the corresponding chemical potential.

SWe will use complex coordinates (z, %) = o1 + 02 on the cylinder, with —H and iP as the generator
of translation along oy and o;. The formula implies the following twisted identification (o7,09) =
(01 — BQE, 09 + B); in terms of the complex coordinates z = z + 4,2 = Z — i, where we have used

and
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Figure 2.1: The lower branch cuts on left and right represent the (holomorphic and
antiholomorphic coordinates) of the entangling interval in the first copy of the CFT. The
upper branch cuts represent the second CFT.

To obtain this two-point function we first map the cylinder to the plane with coordinates

given by
21 2 L 2z
w(z) =exp | —— ), w(Z) =exp | —— (2.10)
By p-
The two-point function on the plane of an operator O with conformal dimensions (h, k) is

given by
. . 1
<O<w17 wl)o(w27 'LU2>> - ('Z,UQ _ w1)2h(u_)2 _ 11_}1)2;” (2]‘1)

Now, under a conformal mapping (w,w) — (z, z), correlators transform as

(0(z1,2)0(2,2)..) = ] <‘;f:>h (‘fl’f)h (O(wi, @)O(ws, @)... (2.12)

7

The ERE can be obtained by using these results and the fact that for the twist fields ¢

of order n

1 - c 1

As explained in [64], the EE is obtained by taking the n — 1 limit. This gives

_om_ € BB . w(—2) . w(Z%—7)
Sgp =S G log ( o sinh o sinh i (2.14)
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The cut-off € is used to regularize the expression, as in [64]. ﬁ To explicitly evaluate we

substitute the values of (212, Z1 2) mentioned above and obtain the divergent value

Ser = SEpo = Zlog (%) (2.15)

6 m2e2

Here the subscript zero indicates that the EE is computed at ¢ = 0.

Time-dependent EE

We will now consider the (Lorentzian) time-evolution of the thermofield state [2.5]

(1)) = exp[—iHt][y) = CZ exp[—B(E; + QJ;) /2 — i2BEit] i) ® |i) (2.16)

and will compute the time-dependent ERE and EE based on this time-dependent state. In
the notation of footnote |5, the total evolution operator in translates (o1, 02) = (0,0) —
(01,09) = (—PBE/2, /2 + 2it). This implies the following analytically continued location

of the two branch points
21:21:0, 22:—2t+Zﬂ+/2, 22:275—7,57/2 (217)

Note that zy # z3; this happens because o3 is now complex. By using the new locations of

the branch points in [2.14]

h — cosh —
3z 008 3, cos 5

6This equation appears in Ref. [149], where it signifies the equilibrium EE of a finite interval of length
|ZQ — 21 |

SEE = Elog

; (2.18)

( BB 27t 27t )

43



Clearly at large t > 3, 8, the cosh terms can be replaced by exponentials, which show

that the finite part grows linearly with time:

e

Ser(t) = Sepo + 1 (25eqm);  Seqm =

where seqm is the equilibrium entropy density, further elaborated below SEg, is already
defined in [2.15]

Finite interval
Now, take A be a finite interval of length [. In this case, we need to consider a functional

integral over the cylinder with two finite cuts. The locations of the branch points (z;, z;) are

21:21:0, ZQIZQIZ,

As described in [59]/138], the entanglement Renyi entropy is given by the four-point correlator

of the twist fields

Sy = 1 i - log(d™ (21, 21) 9™ (22, 22) 0™ (23, Z3) 0~ (24, Z4)) (2.21)

As before, a way to compute this would be by mapping the points to the plane using ([2.10)),
computing the correlator there and transforming back to the cylinder by using The
details of this calculation are similar to the €2 = 0 case discussed in [138]. The 4-point
function on the plane depends on the cross-ratio
. 2 7l _ : 2 7l
_ wipws 2 sinh n ey 2 sinh B

- T = = 2.22
wizway  cosh Z 4 cosh WisWey  cosh 2% 4 cosh 4t (2.22)
B+ B+ B_ B_
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where w;; = w(z;) — w(z;) and similarly for w. Let us assume that [, > 3, 5Qp. We then

have: z ~ (1 + exp[é{(t —1/2)])7" up to O(exp[—t/By], exp[—1/B4]).

Case (i): For t < 1/2|"} we then have x — 1, which, in terms of the original coordinates,
implies zo — z3 and hence a factorization (1 4)(2 3). Once we realize this, we can go back

to and evaluate the four-point function as
(0" (21,21)0™ (24, 24)) (9™ (22, Z2) 0™ (23, 23))

Case (ii): For ¢ > [/2 ] by similar reasonings, we have z — 0, which implies the other

factorization for the 4-point function

(07 (21,21)9™ (22, 22)) (9" (23, Z3) ™ (24, Z4))

Using our results from the previous subsections about the two-point function, we find the

following behaviour of the EE:

9 (25eqm) + Sare ¢ < 1/2

SEE:

) (QSeqm) + Sdiv t 2 Z/Q

T T T
= = (B “(F - 2.2
sean = 35—y =\ 5 B\ 5B (2:23)

Clearly the EE saturates after time ¢t = [/2. Here Seqm is the equilibrium entropy density
of (either copy of) the CFT; the first expression on the second line gives its value in the
canonical ensemble and the second expression gives the microcanonical value (see Section

2.9.1 for the relation between the two ensembles). For €2 = 0 the results of this section

Strictly speaking, we need here (I/2 —t) > B4, to ensure z — 1.
8We actually need (t —1/2) > B4. See footnote
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correctly reduce to those derived in [138]. ﬂ The divergent part Sy, is the same as Sgg is
.15 and 2.19]

We have thus proved starting from a rather special pure state of the form We

will now present a more general derivation starting from an arbitrary initial state.

2.2.2 Single CFT, arbitrary state

Let us now consider a single CFT, defined on a cylinder (with coordinates described in
footnote [5). We start with a pure state |B) at time o5 = 0, and evolve it by (i) translating

in oy by /4 (as in [138]) and (ii) in oy by —f€2g; this leads to another pure state

|¥) = exp[—=B(H + QJ)/4]| B), (2.24)

We will regard this as the initial state for further, Lorentzian, time evolution, and compute

the time-dependent EE for a single interval in the state

[¥(t)) = exp[—iHt][¢)) = exp[—(5/4 + it)H — 5Q.J/4]| B). (2.25)

By choosing | B) arbitrarily, we can obtain an arbitrary initial state [¢)). We will comment in

Section [2.2.3 on the independence of the EE with respect to the choice of this initial state.

Let us first consider the case where the interval is a half-line. Suppose at o5 = 0, the half-
line ends at o; = 0. Then after the evolution, this point is translated to oy = —Qg/4, 09 =

B/4+it|"%} or, in terms of the z, Z coordinates (see footnote , to the point

9 The expression for the time-dependent entanglement entropy for the finite interval, in is twice
that for the half-line as observed in [138] for @ = 0. We will encounter the same feature for a single
CF'T, as well as for the bulk duals.

0Recall that in —H,iJ are, respectively, the translation operators in 09,07, and 2 = iQg. See

below
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The computation of the time-dependent EE, in part similar to that described above, involves
a generalization of the techniques in [59,(138]. The entanglement Renyi entropy involves
computing the one-point function of the twist fields ¢*(z1, z1) (of on an (analytically
extended) strip (o7 € R,0 < Re(oy) < 3/2,Im(09) = t > 0) with boundary conditions
specified by the state |B). As before, we will map this geometry to the (upper half) plane
by using [2.10] where the boundary condition now applies to the boundary of the UHP. As
discussed in [74], as long as the state | B) represents a conformally invariant condition (more

on this in Section [2.2.3), the one-point function (¢ (wq,w;)) in the UHP is given by
(& (wi, 1)) |orp = (wy — @) " (2.27)

which equals the two-point function of ¢* at w; with its image ¢~ at w; in the full plane.

The original one-point function on the strip is now obtained by

(6 (21, 51)) = <6—+sinh (E—E»_h <6—_sinh (E—E»_h (2.28)
DT e By B e B B ‘

By putting the values we can compute the Renyi entropy. Taking the n — 1 limit, we
obtain the EE

_c 2t c B%(1 —Q?)

For large t > (, 82, the EE evolves linearly with a coefficient equal to half of the one for

the thermofield double. For Q = 0 we recover the result of [138].

In the case of finite interval, let us suppose that the interval stretches from oy = —1/2
and o1 = /2 at 09 = 0. At time ¢ these end-points are translated to (z1,z;) and (22, Z2),

where

[ _ [
'B—i_ 21:———i6—+t, 22:—+i6—+—t, 22:

b
2 "4 2 7' iy Tt

DO | =~
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The computation of the EE follows by using a slight modification of [59,(138]. The Renyi
entropy is given in terms of a two-point function on the above-mentioned strip which can be

obtained, from the UHP result

N |wy — Wa||wy — w4 hth
(64 (1) (1) ( by = 1w — w2|) (2.30)

lwy — w2||w1 - w2||w1 — wy ||wy —

using the conformal transformation (2.10). The EE turns out to be

(2.31)

n=
6 m2e2 cosh —27L_ 2“ + cosh 27t __

2721
S Elog (5+5 (cosh Aoz + cosh T Q2))smh 1+Q) sinh g Q)>
B(1-02)

BI-%)

As in case of the thermo-field double, we again have, for large t/8 and [/3, two cases
(depending on the relative magnitude of ¢ and [/2), that clearly illustrate the saturation of

the entanglement entropy (see Fig 2.2)

U Seqm + Sarv ¢ < 1/2
SgE = (2.32)

lSeqm+Sdiv tZl/Q

where Seqm is the equilibrium entropy density given in Note that the saturation value
of the entanglement entropy for the single CFT is expectedly half of that in the case of the
thermofield double given by Also note that the saturation value depends on the angular

momentum (see Fig 2.2).

The above equation is again of the form of Thus, we have now proved this

equation starting from an arbitrary initial state [2.24]
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Figure 2.2: Saturation of the Entanglement Entropy for different values of €2

2.2.3 Information loss

We wish to mention a rather remarkable feature of the EE described in this subsection. By
choosing the state |B) in appropriately, we can make the initial state |¢)) completely
arbitrary (contrast this with the state [2.5{ which is fixed by the choice of 3, €2); however, the
entanglement entropy of an interval in any such state is independent of the choice of the state
(this statement is even true for EE at any finite time). The feature of the calculation that
makes this happen is the following. Recall that the choice of |1)) corresponds to the choice
of a boundary condition for the two-dimensional CFT (in an appropriate coordinate system,
the state specifies a boundary condition on the boundary of the upper half plane (UHP)).
As has been shown in [59], as long as the state [¢) is a conformally invariant boundary
state, the correlation function of twist fields in the UHP, involved in computing the Reny
entropy boils down to correlators on the plane involving the original twist fields and their
images in the lower half plane. This result is universal and is independent of the choice
of the specific conformal boundary state, of which there is an infinite tower (the so-called
Ishibashi states). Furthermore, as emphasized in [59], even if our initial state is not one of
the conformally invariant boundary states, RG flow takes it to the nearby Ishibashi state;
thus, for sufficiently large length scales/time scales the result becomes completely universal.
From the holographic viewpoint, the universality is encapsulated by the fact that the bulk

is given by a BTZ black hole geometry. These features have already appeared in the work
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of [138]. Such universalities with respect to the initial state have also been remarked upon

in [25][168).

2.3 EE with spin: holographic calculation

As shown in [151,/177] (see also [54}|138,|149]) the above CFT calculations find natural
duals in BTZ geometries. For non-zero angular momentum J, the holographic dual of the
thermofield double involves (a Euclidean continuation of ) the eternal (2+1)-dimensional BTZ

black hole 23], given by

(7'2 - 7”3-)(7“2 - T%) 2 r? 2 2 TeT— 2
5 W+ oy (do — St

ds* = — (2.33)

Here ¢ ~ ¢ + 27 for the BTZ black hole, and ¢ € R for the BTZ black string. E The
mass M, angular momentum J, temperature 7" and angular velocity {2 are determined by

the inner (r_) and outer (r;) horizons, as follows:

2 _
M:Ti—i-?"%, J=2ryr_, Tzl/ﬁzr;in;w Q:% (2:34)
J’_ —

The BTZ metric can be mapped into the Poincare patch of Euclidean AdSs (ds? = (dy?* +

dwydw_)/y?) via

r? — T—Qi— 2muy /B T'QF —r2 m(ut/B++u—/B-) (2.35)
Wy =y 5—o3€ o2 e o |
+ r2 —nr2 Y rt—r2

where uy = ¢+ ¢, and 3 = B(1£9) (see, e.g., [157], Eq. (21)). The Euclidean continuation

of the above geometry is given by t — it, ux — (2,2), we — (w,w), @ — iQp. Note

1 The BTZ string can be obtained from the BTZ black hole by scaling (r,r,t,¢) with a parameter A
such that, as A — oo, Ar, Ary, t/X, ¢/ are held fixed. In this chapter, we will mostly be concerned with the
black string, since the dual CFT has non-compact space. For the black string, the angular momentum J
actually becomes the linear momentum; however, as declared in footnote |2 we continue using the notation
J and the misnomer ‘angular momentum’.
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that in the limit » >> r, the (Euclidean continuation of the) map precisely reduces to

the transformation (2.10) in the CFT, as it must for consistency with holography.

We will now compute the holographic EE (hEE) for an interval A by using the Ryu-
Takayanagi (RT) proposal [220], or more precisely the generalization in [149] for computing
covariant EE, according to which the hEE is given by the length of the extremal geodesic(s)

that connects the boundary of A. The precise formula reads

L(v)

— 2.
G (2.36)

ShEE =

where, in our case, £() is the length computed with the metric (2.33) and Gy is the Newton
constant in 3 dimensions. Following along the lines of [138], it is easy to verify that
indeed reproduces the CF'T results and [2.32] We will skip the explicit expressions since
they are a straightforward generalization of [138] (we will make some more remarks on the
geodesic lengths below in Section m, and prefer to include an alternative ‘derivation’,

which is more closely related to standard AdS/CFT arguments.

2.3.1 A ‘proof’ of Ryu-Takayanagi formula for 141 dimensional
CFT

Recall that, in CFT, Entanglement Renyi Entropy (ERE) of a single interval [u,v] is

computed by the two-point function of the twist fields (® (u)®_(v)) with dimension™|

c 1 1 1

12The original RT prescription faces a subtlety for Lorentzian backgrounds. Namely, in general, geodesics
that connect the boundaries do not lie on fixed time slices. In these cases EE is given by the area of the
extremal surface given by the saddle point of the area action |149].

13Tn the second equality we inserted the Brown-Henneaux relation Ra45/Gn = 2¢/3. In our formulas

Rags = 1.
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Twist Correlator n——>1 CFT EE

(dim =h{n))
(Cardy—Calabrese)
AGSCET Ryu-Takayanagi
our work
Bulk correlator h——> 1 Holographic EE

(m=h({n) geodesic)

Figure 2.3: A sketch of the ‘proof’ of the Ryu-Takayanagi formula. The use of AdS/CFT
map in the left vertical arrow is justified in the limit of n = 1 + € (see text).

More precisely the ERE, from CFT, is given by

(n) _
Sual = T

log(p+(u)o—(v)) (2.38)

We will now show how in a double scaling limit fixed, the expression reduces to the

Ryu-Takayanagi expression through more or less standard AdS/CFT arguments.

Our strategy of computing would be to compute the CFT two-point function
holographically. We need to take the limit ¢ — oo to ensure semiclassical gravity. The CFT
two-point function will be given in terms of a bulk propagator of a dual scalar field whose
mass m (see the paragraph around for subtle assumptions involved in the existence
of such dual scalar fields), by the standard mass-dimension formula for large ¢, will be
m = h. The bulk propagator between two points, on the other hand, is given in terms of

the geodesic length of a particle of mass m connecting the two points. Using these results,

the CFT two-point function in boils down to

AdS;g/CFTg e*QhE(’Y[ ])
- u,v

lim (¢ (u)¢—(v))

c—00

(2.39)
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where L(7}u,)) is the length of the geodesic, in the BTZ geometry, connecting the two
boundary points u and v. Using this and [2.37], the holographic entanglement Renyi entropy

[2.38 reduces to

— 2 —= 2 1 1 24

Taking the n — 1 limit, we recover the formula prescribed by Ryu and Takayanagi ([2.36)).

The steps mentioned in the above ‘proof’ are symbolically represented in the

‘commutative diagram’ in Fig 2.3.

The importance of double scaling: In order to have a semiclassical gravity dual, we
must take the limit ¢ — co. Now, the conventional relation between two-point functions of
CFT primary fields and two-point functions of the corresponding bulk duals assumes that
dimensions of the CFT fields do not scale with the central charge (this ensures the use of
linear response under deformation of the CFT by these fields). This assumption appears
to be, a priori, violated by the twist operators with scaling dimensions [2.37, However, we
should recall that eventually we are interested in the entanglement entropy which involves
taking the limit n — 1. What we propose here is that we should take a judicious combination

of the ¢ — oo and n — 1 limits; to be precise, let us define the following double scaling limit

c—oo,n—1,¢(n—1)=fixed (2.41)

It is easy to see that in this limit the dimension A of the twist operator remains finite; hence
computation of its two-point function by the method described above should be justified. In
terms of the commutative diagram Fig. 2.3, the above remarks justify the use of AdS/CFT

in the left vertical arrow for n =1 + €.

A remark: it would be interesting to understand the connection of the above argument
with that of Lewkowycz and Maldacena in [165]. If one took the ¢ — oo limit without

the concurrent n — 1, the bottom left of the commutative diagram in Fig. 2.3 would
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be represented by the back-reacted conical geometry sourced by the world-line of the very
massive quantum of the scalar field described above [94]; this is, at least qualitatively, similar
to the picture of [165]. However, in view of the above discussion, it appears that in the double
scaling limit described above, the bulk partition function with the conical geometry is given
in terms of a propagator of the scalar particle in the undeformed geometry. We hope to

come back to this interesting issue in the future.

2.3.2 Conclusion of this section

In the light of our arguments above, the holographic computation and its agreement with
results of Section become very transparent. In fact, to reproduce the CFT results now,
we only need to know the length of a massive geodesic (with mass equal to h) between two
points at the boundary of the spinning BTZ background. This length was found in [157]
(formula (34)[™] Using it in our algorithm precisely reproduces the CFT two point function
from bulk:

—92h N —2h
(6F (21, 21)6™ (22, 52) = (B—Jrsinh ll) (5—_sinh g—l> (2.42)

mE L TeE _

Since the CFT two-point function itself is reproduced, we get the same entanglement entropy

as in the CFT.

For two finite intervals (which appear here for the thermofield double) we use the same
arguments since the four point correlator factorizes into a product of two-point functions
(see also [135]), which are then computed using the bulk propagator, as above. Similarly,
the holographic EE for the pure B-state is just the half of the full space answer, as found

earlier in the = 0 case in [138]).

We have thus holographically derived and and hence holographically proved

for the case with non-zero angular momentum.

Hgee also [169] for more discussion on the geodesic length and AdS/CFT correlators
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2.4 EE for a charged state: CFT

In this section, we will suppose that the CFT has a global U(1) charge, and that the initial
state has a non-zero value of this charge. For simplicity, we will first consider the case of

zero angular momentum. In this case, the counterpart of will be given by
[¥) = Czexp[—ﬁ(Ei — 1Q:)/2] 1) © i) (2.43)
The U(1) symmetry implies that the CFT has a U(1) Kac-Moody algebra
J(2)J(0) = k/(22*) + regular terms (2.44)

plus its antiholomorphic counterpart. The Kac-Moody currents have the usual OPE with

the stress tensor T, Tss.

It is well-known, e.g. in the context of N' = 2 superconformal field theories, that the Kac-
Moody and Virasoro algebras admit an automorphism called “spectral flow”. By choosing
a flow parameter 7 = p/2, (using the conventions of [161], Eq. (2.7)) we find the following

expression for the automorphism
((L) u u
L0—>LQ *LO—EQ/2+—I€,Q—>Q()*Q_N/]€ (2.45)

where k is the level of the U(1) Kac-Moody algebra, defined in Although it is perhaps
best studied in the context of A" = 2 superconformal theories, the phenomenon of spectral

flow is very generic; it exists for simple systems such as free massless charged fermions (see
Section for which half-integral spectral flows connect the NS and R sectors; indeed in

[120] arguments have been presented for its appearance under rather general circumstances.

With this proviso, we will assume that the charged models we have possess a spectral

flow. It is easy, then, to see that the CFT calculations in previous sections can be simply
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generalized by using the unitary transformation implementing the spectral flow. For example,
consider the Renyi entropy for the CF'T on the plane which has the generic form

S(n)

Renyi

= Z,/2" (2.46)

where Z,, is a partition function of an appropriate n-sheeted surface and Z; is the partition

function on the plane. Now note that, by spectral flow (using H = 2L for J = 0),

Trexp|—B(H — uQ + ku?/2)] = Trexp|—BH], (2.47)

which trivially leads to

Tr exp[—B(H — pQ)] = Trexp[~B(H — 2 /4k)] (2.48)

Thus, the effect of adding the p@ term is equivalent, in the partition function and hence in
to the universal shift to the Hamiltonian. Using this line of reasoning, it is easy
to show that the time-dependent EE is given by applying this shift to the energy E in the
expression for seqm. The generalization to non-zero J is straightforward, in that the same
shift again applies to the energy E. Using this shift to[2.23] and the relation between p and
@ as in Section 2.9.1 (this relation is also discussed in [120,[161]), we now get the general

result for the dynamical EE for non-zero E, J and @)

L Seqm(E, ), Q) + Saiv, <12

Sent(ta lW’) =
lseqm(Ea Ja Q) + Sdiw t> Z/Z
_ . /TC _ "2 E_g_ "0
Seqm \/6(E+J 2kQ)+\/6(E J- Q¥ (2.49)

The dynamical EE for the pure state and single CFT with non-zero ) follows similarly and

it is given by half of the above result for the thermofield double.
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We have thus derived the form of the dynamical EE, [2.3] for arbitrary E, J, Q.

2.5 Holographic EE with charge: BTZ plus CS U(1)

The bulk dual of the above CF'T has been described in various places; in particular, we will
follow the account given in |[161]. The bulk dual consists of AdS gravity plus a bulk U(1)
CS gauge field. The metric is given, as in Sec by a spinning black hole [2.33} in addition,

there is a bulk gauge field solution given by the flat connection

A=

E RS

(dz + dz) (2.50)

Before proceeding, we now encounter an obvious puzzle.

2.5.1 A puzzle

In the previous section (Section we found that the entropy density clearly depends
on the charge (). The grand canonical expression of such an entropy density is, therefore,
expected to be of the form s(/3,€2, ). In the bulk dual, as we just mentioned, p appears
only in the gauge field solution and not in the metric which retains the y = 0 form,
The Ryu-Takayanagi prescription, therefore, will give the time-dependent EE as in the
uncharged case. In particular, we will again obtain and [2.32] This clearly appears to
contradict [2.49 which we derived in the CFT.

Indeed, rather than for the EE, one could ask the same question about the BH entropy.

By the black hole area law,

s = s(8) = mc/(35(1 — %)) (2.51)
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which is clearly independent of the chemical potential p for the charge. Indeed, in terms
of the microcanonical ensemble, the above entropy density precisely agrees with The

puzzle is, how can we get the entropy density in from gravity?

The resolution of this puzzle can be described in two equivalent ways, one in the language
of the microcanonical ensemble and the second in the language of the (equivalent) grand

canonical ensemble.

e ‘Microcanonical’ resolution:

Although the U(1) CS action in the bulk is topological and hence does not couple to
the metric, it has a boundary term of the form A? (see, e.g. [161]). This leads to an

additional contribution to 7)., at the boundary, resulting in the following shift

Lo = Lo puk + Qz/(4/€); Ly = Eo,bulk + QZ/(‘Uf)v (2.52)

This shift, in fact, is the bulk equivalent of[2.48] See also Sec[2.6]for another application

of this shift.

e ‘Grand Canonical’ resolution:

The microcanonical expression for the entropy density in can be converted into
the grand canonical form using the formulae in Section [2.9.1. Surprisingly, from that
expression, the pu-dependence drops out, leaving the expression [2.51] The temperature
and the two ‘chemical potentials’ €2, i1 are of course the same in the CFT and in the

AdS dual; hence we get agreement between the bulk and boundary expressions.

Summary We have thus proved holographically in the presence of both angular

momentum and charge.
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2.5.2 Higher Spin

It is natural to speculate how to extend the above calculations to the case of further additional
charges. A natural setting for this is to consider higher spin black hole backgrounds whose
CFT dual corresponds to coset models [119] (this speculation was made earlier in [179]).
There exist limits of the parameter space of this duality, which are described by free fermions
which describe a particularly simple form of an integrable CFT. A similar integrable system
of free fermions was recently discussed in [179] where a version of [2.2] was found to be true
in the framework of the generalized Gibbs ensemble, and it was speculated there that the
equilibrium configuration of the Gaberdiel-Gopakumar free fermions could be given by the
higher spin black holes. This makes it rather natural to conjecture that should be true
in this case, where the bulk dual geometry should be that of a higher spin black hole. See

the most recent progress in this direction [17,93].

2.6 Universal limits

By now, there is a lot of evidence that in the limit of a small entangling regionﬁ A, EE

obeys the analogue of the first law of thermodynamics [9,42.200,240]

AE, = To ASa (2.53)

Here, the increase of energy in an interval A = [ is computed by integrating the holographic
energy-momentum tensor Ty over the entangling interval, AS, is a leading-l difference
between the EE computed in an excited state and that in the vacuum, and 7, is a universal

constant that depends on the number of dimensions. More explicitly

MRI
167TGN

Am:/dﬂpz (2.54)
A=l

150r in the limit of 8 — oo
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where R is the radius of asymptotically AdS3 background with time component of the metric

given by f(z)7t ~ 1+ Mz

For spinning BTZ solution (2.33), the increase EE of a single interval of length [ |149] is

given by
c BB . owl . wl c. 1l cm?(14+Q3)T??
AS = =1 —— sinh — sinh — | — = log - ~ 2.
S - log ( 5.2 Sii A sin 5 5 108 - IS(1— Q2 (2.55)
Using the relation between the mass and the temperature
1+ Q2
M= 27T)* ———— 2.
T (256)
the first law relation for EE becomes
3
AE, = —AS, (2.57)

7l

in agreement with [42].
On the other hand, in the limit of large [ or large temperature T', the EE reaches the extensive

form given by the thermal entropy of the system (see the review [61])

S 2 1 Sequ () (2.58)

For spinning BTZ, seqm can be read off from [2.23] Thus,

cerml

%™ 350 - )

(2.59)

The result depends only on the central charge of the CFT and on  and €2, and is, therefore,

a universal limiting value.
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Let us now look how the universal limits incorporate the presence of the U(1) CS fields. As
explained in the previous section, U(1) gauge fields give an additional boundary contribution

to the energy-momentum tensor

MR [T T u?
Ty = TE™ + TS5 = —=—+4— = F, -_— 2.60
* i+l 167Gy + 2w 65%  4Ark bulke + Ak ( )

This is consistent with (5.4) noting Ty = Lo/m. This way, using the spectral flow argument,

we have, as in [2.52]
2

Epuk = Epary — 4/;—]{; (2.61)

and the first law-like relation remains the same.

The value of the thermal entropy at which EE saturates can be expressed in terms of
microcanonical energy density £ and potential u. However, in the grand canonical ensemble
it is only a function of S that matches the holographic prescription that is“blind” to the

gauge fields, as we noted in the previous section.

2.7 Relation with quantum ergodicity

The idea of ergodicity is that given sufficient time, the “time average of various properties
of a system”, evolving from some initial state 8¢ can be equated to an “ensemble average of
those properties”, where the ensemble is constructed out of all possible states 8 of the system
which have the same conserved charges as 8. In the classical version, the initial state is a
point in the phase space; ergodicity says that under dynamical evolution the point moves
“democratically” in the submanifold M of the phase space, allowed by conservation laws,
so that the time average of a phase space function f(g,p) can be equated to an average of

f taken over M with uniform weight. In quantum mechanics, under the usual conservation
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law of energy, the statement boils down to (see, e.g., the review in [209])

T
(1/7) /O At Tr (ppure(t) O) T2 Tr (piero O) 1 prouse = 1) (1],

1 1
Prmicro = N 1) (i| & Pthermal = 7 exp[—f[H]| (2.62)

=1

Sometimes an alternative statement (Eq. is made [209]
Tr (ppure O) H—OO> Tr (pthermal O) (263)

with respect to a certain class of “macroscopic” observables, for which the time averaging
in is not necessary. Let us now consider a partition A U B of space, say for quantum
field theory, or for spins on a lattice. Consider a basis of states |is)|ng) where the states
lia) are supported entirely on A, and the states |ng) are supported entirely on B (it could
consist of spins in A and B. Let us consider the projection operator Pz =) |np)(ng| onto
the states of B. To make connection with the discussion above, we choose O = Pg |ia)(ja]
in assuming that this is an appropriate “macroscopic” operator. Eq. then gives
us the following limiting value of the matrix element of the reduced density matrix py =

Tr(Pp ppure)

t—o00

(ialpalja) — (ialpaplia),  pap=Tr(Pp exp[-BH]/Z) (2.64)

The asymptotic value of the time-dependent EE, then would be

t—o00

Sge — S[pasl = —Tr (paslogpas) (2.65)
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The latter entropy measures the von Neumann entropy of the reduced density matrix in an

overall mized state. Now we expect that for a large enough [ =14

Slpasl/l = s(B) (2.66)

where s(f) is the thermal entropy density at an inverse temperature 3. In Section [2.9.2
we present a proof of this statement using a discrete system and assuming the equivalence
between microcanonical and grand canonical ensembles. Additionally, in Section we

explicitly verify in the case of a massive, charged scalar field.

We have therefore proved

This is the same as where a time scale of saturation is set by [.

The proof of saturation outlined above holds in principle for any field theory and in any

number of dimensions. Hence, we expect the behaviour to be valid quite generally.

For integrable systems and the generalized Gibbs ensemble, the story of quantum
ergodicity is less developed, although we still expect an equation of the form to hold

for a suitable class of “macroscopic” observables (see [209)]).

2.8 Non-CFT: EE for charged, massive scalar field

In this section, we consider an a priori calculation of EE for a charged, massive scalar
field. The motivation for this calculation is to have an additional evidence for [2.66. Our
CF'T calculations for the saturation value of the time-dependent EE already provide indirect
evidence for this formula. However, in this section we consider a non-conformal system and

perform a direct computation of the EE using the methods of [144].

6These observables typically display some non-locality; however, see [76] for the behaviour of local
observables.
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Figure 2.4: Plot of S[pags]/l (the LHS of vs Bu, for fm = 10. The plot marked
with squares has [/ = 10; the plot marked with triangles has [/ = 25. The solid line
corresponds to the RHS of 2.60], viz. the thermal entropy density, which is obtained using
standard formulae, and Mathematica. It is clear that holds to a good accuracy. The
agreement is better for small Su than for large Su; however, this could be due to some
numerical instability.

The charged scalar field is described by a Hamiltonian

H= / dz (mim + (V) (Vo) + m*¢l o) (2.68)
and a conserved U(1) charge
Q=1 [ dx(n'¢p — ¢'7) (2.69)

We will suppose that the full system (with spatial partition A and its complement B) is in

a grand canonical ensemble

o — GBI~ Q)]
T Trlexp[-B(H — pQ)]]

(2.70)
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We are interested in computing the reduced density matrix pas = Trppiota;, and the EE
Sa = —Trpalogpsa. We will proceed using a generalization of the formalism described
in [144], and describe only the essentially new features. Note that formalism in [144] permits
a straightforward generalization from the case of a single scalar ¢ to multiple flavours ¢,,a =

1,2, ..., N¢, with the C-matrix generalized to

(C*) =) < ¢ >< mim) > (2.71)

k=1
The EE is given by (using the notation from [2.65)

Slpas) = Tr((C +1/2)log(C + 1/2) — (C — 1/2) log(C — 1/2)] (2.72)

where the trace is now over both the {7, j} and {a, b} indices. For the free complex scalar at

hand, Ny = 2, and C’fjb = (;;6°°. We compute C? using and the following ingredients:

N-1
1 1 w; + w; — b 2T .
N 2Cali —
< Py > 5N E: 2e [coth( T ) + coth( 5T )] cos[Na(j k)]
1 A= ew w; +p w; — [t 27
fe b i i i — 2
<M >= o aE: 5 [coth( 5T ) + coth( 5T )] cos[Na(j k)]
<mm >=<mim >, < g6l >=< ¢ley > (2.73)

The computation of is performed numerically. We reproduce a representative plot in
Fig. [2.4]
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2.9 Appendix

2.9.1 Microcanonical vs grand canonical quantities

Consider a grand canonical ensemble given by the following density matrix and partition

function
p=(1/Z)exp[-B(H + QP — pQ)], Z = Trexp[-B(H + QP — Q)] (2.74)
The partition function can be written as

Z = exp[—fG] = Z exp[S(E,Q,J) — B(E + QP — uQ)] (2.75)
E,J,Q

If the summand in the last function has a single sharp maximum around a unique set of
values F, P,(Q, the distribution essentially becomes equivalent to that of a microcanonical

ensemble, where we have
0S/0E =, 05/0J = —pQ, 0S/0Q = —Bu (2.76)

This gives us the grand canonical parameters in terms of the microcanonical ones. The

converse relations are also easy to derive:
APG)/9B = E—-QJ —pQ, —1/60(8G)/0=J, —1/60(BG)/0n=CQ  (2.77)
This gives us the following relation

S = B20G /0P (2.78)
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Using the above relations, we can prove that if the microcanonical entropy density is given

by

S =+aFE +bJ —dQ*+ \/aE — bJ — dQ? (2.79)
the grand canonical expression for the entropy is

- 2a 2.80
T B - 222 (280

Surprisingly, S(8, €, u) = S(B, ), which is independent of 3.

Notation: In the body of the chapter, we have used the notations F, J, ) as the energy
density, J as the angular momentum density and () as the charge density whereas s
denotes the entropy density. Equations and hold for the densities with trivial

modifications.

Free massless charged fermion in 1+1

We consider free massless charged fermions in 1+1 dimension, at a temperature 1/5 and

chemical potential . Explicit calculation gives the following Gibbs free energy

9(B,p) = — (6%2 + g) (2.81)

The energy density e and the charge density ¢ are given by

= — = 2.82
For this system the grand canonical entropy density is given by
(B,1) = s(8) = 5 (2.83)
s =s(8) = — .
Y ILL 3/8
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and the microcanonical entropy density is given by

2T

s(e.q) = |/ F (e~ 5) (2:84)

2.9.2 Proof of 2.66

Consider a basis of the Hilbert space {|i, A), |k, B)},i =1,...,Na;k = 1,...Ng, where N4, Np
denote the number of independent states |i, A) belonging to the partition A, and similarly
for Ng. A microcanonical density matrix py,. is given by

1
~ N4Np

> i, A)|k, B)(i, A|(k, B) (2.85)

i, Ak, B

me
By tracing over the B states, we get
T =3l A) A
me = LTBPmec = 7 2, 2
PA, BpP N, 2
The von Neumann entropy of this density matrix is given by
Sx =log Ny

Now imagine that our system is a lattice of n-level ‘spins’ (n = 2 is Ising), and that there

are 4 spins in the partition A; then
Sy =lalogn
Now we can easily show that the von Neumann entropy of is

S=(s+1p)logn
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Hence the entropy density is

s =logn

Now by denoting [4 as [, and assuming the equivalence between the microcanonical ensemble

in [2.85] and the canonical ensemble as in 2.64] we obtain [2.66]
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Chapter 3

The inside/outs of AdS;/CFT5

3.1 Introduction and Summary

It has been a matter of lively debate whether the standard description of a large black
hole with a smooth horizon is quantum mechanically consistent, and is, in fact, consistent
with AdS/CFT. While the firewall hypothesis [13,|16] || argues against the validity of the
standard description, Maldacena and Susskind [175] have suggested that the region inside
the horizon is a geometric representation of quantum mechanical entanglement. Both the
above proposals, and related issues, are discussed in a number of papers; for a partial list,
related to the discussion in this chapter, see [13,[16,22,[27,/185,1204,205,[225,226,1235]. The
proposal of [175], summarized by the symbolic equation ER = EPR, ]| is illustrated by the
eternal black hole geometry which is dual to the thermofield state [177] . It has been argued

in several papers (see, e.g., [27,[185]) that although the proposal holds for this illustrative

!The contents of this chapter have partial overlap with the thesis work of Sorokhaibam Nilakash Singh.
The conclusions arrived at are results of joint effort.

2See also [48].

3Einstein-Rosen (wormhole) = Einstein-Podolsky-Rosen (entangled state).

4See [138] for an AdS/CFT check on the dynamical entanglement entropy which involves the wormhole
region, and [67] for generalization to include angular momentum and charge.
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case, it does not hold in general. One of the objectives of the present work is to explicitly

construct a general class of two-sided geometries E which represent entangled CFT’s.

A useful approach to construct the geometric dual to a CFT state is by using a Fefferman-
Graham (FG) expansion, with boundary data provided by the CFT state. To begin with, let
us consider the case of a single CF'T. Since we are primarily interested in the metric, let us
focus, for simplicity, on states in which only the stress tensor is excited. The dual geometry
would then be given by the solution to the appropriate Einstein equations subject to the
boundary data provided by the stress tensor. This approach has been particularly fruitful
in the context of the AdS3/CFTy duality where the Fefferman-Graham expansion has been

shown, for pure gravity, to terminate [30] , yielding the following exact metricﬁ

dz? 1 Lz )L(z_ 1 _
ds* = 7 — drydr (; N g%) 1 (Ledad + L )da?)  3)

The boundary data (z — 0) is represented by the following holographic stress tensors (we
choose —A =1/0*=1)
L(z) L(z-)

8'/TG3T++((E+) = T, 8'/TG3T,7($7> = (32)

The above metric becomes singular at the horizon

—1/4

z=12=2(L(zy)L(z_)) , (3.3)

and therefore the metric describes only an exterior geometry. E

How does one carry out such a construction with two boundaries, with two sets of

boundary data? Indeed, it is not even clear, a priori, whether simultaneously specifying

5By two-sided, we mean geometries which have two asymptotically AdS regions.

5Tn x4 =t +x, with € R. For L, L constant, this corresponds to the BTZ black string.

"The inverse metric g™* blows up at the horizon, as in case of Schwarzschild geometry. However, unlike
there, here the other region z > zy does not represent the region behind the horizon; rather it gives a second
coordinatization of the exterior region again. In this chapter, we will use a different set of coordinate systems
to probe the interior and a second exterior region.
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two independent pieces of boundary data can always lead to a consistent solution in the
bulk (this question has been raised in several recent papers, e.g. see [235]). A possible
approach to this problem is suggested by the fact that the eternal BTZ solution, which
contains with constant stress tensors, admits a maximal extension with two exteriors,
which are joined to an interior region across a smooth horizon. The maximal extension is
constructed by transforming, e.g., to various Eddington-Finkelstein (EF) coordinate patches
(described in Appendix . A naive generalization of such a procedure in case of variable
L, L, of transforming the metric to EF type coordinates, does not seem to work since
it leads to a complex metric in the interior region ﬁ A second approach could be to solve
Einstein’s equations, by using the constant L, L (eternal BTZ) solution as a starting point
and, incorporate the effect of variable L, L perturbatively, either in a derivative expansion
or an amplitude expansion. While this method may indeed work, at the face of it, it is far

from clear how the variation in L, L can be chosen to be different at the two boundaries.

In this chapter, we will use the method of solution generating diffeomorphisms (SGD).
In gauge theory terms, these are asymptotically nontrivial gauge transformations which
correspond to global charge rotations; the use of these objects was introduced in 123,
214,1236], and used crucially by Brown and Henneaux [50] to generate ‘Virasoro charges’
through asymptotically nontrivial SGDs that reduced at the AdS boundary to conformal
transformations. (We discuss these in more detail in Section[3.2). Brown and Henneaux had
discussed only the asymptotic form of the SGDs. We apply two independent, exact Brown-
Henneaux SGDs E| to different coordinate patches of the eternal BTZ geometry, yielding
a black hole spacetime with two completely general stress tensors on the two boundaries.
In other words, our strategy for solving the boundary value problem can be summarized
as: given arbitrary boundary data in terms of stress tensors Tr, Tr, and Ty, Ty, we (i) find

the two specific sets of conformal transformations (which we are going to call G, G_ and

8Such a coordinate transformation has been discussed in [129] in an asymptotic series near the boundary.

9 Tt has been shown by Roberts [218] that the exterior metric can be obtained by an exact Brown-
Henneaux type diffeomorphism applied to the Poincare metric. See Appendix for a discussion on this
and a different, new, transformation which is closer to the ones we use in this chapter.
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H., H_) which, when acting on a constant stress tensor, gives rise to these stress tensors, (ii)
find the SGD’s which reduce to these conformal transformations and (iii) apply the SGD’s

to the eternal BTZ metric.

This solves the boundary value problem we posed above.

The results in this chapter are organized as follows:

(1) The new solutions: In Section we describe the explicit solution generating

diffeomorphisms (SGDs) and construct the resulting two-sided black hole geometries. The
diffeomorphisms reduce to conformal transformations at each boundary, parameterized by
functions G+ on the right and H. on the left. The SGD parameterized by G. is applied
to the Eddington-Finkelstein coordinate chart EF1 (which covers the right exterior and
the black hole interior, see Figure and to EF4 (right exterior + white hole interior),
whereas the SGD parameterized by H. is applied to the Eddington-Finkelstein coordinate
chart EF2 (left exterior 4+ black hole interior) and to EF3 (left exterior + white hole
interior). To cover the entire spacetime we also use a Kruskal chart K5 which covers an open
neighbourhood of the bifurcate Killing horizon; here we leave the original Kruskal metric
unaltered. The effect of the above SGDs is that we have a description of different metric
tensors in different charts. In Section [3.2.3 we show that all these can be pieced together to
give a single (pseudo-)Riemannian manifold; we prove this by showing that in the pairwise
overlap of any two charts Ny N N, the different metrics constructed above differ only by a
trivial diffeomorphism (see the definition ; the full metric, specified with the help of
the various charts, is schematically represented in Figure [3.3] An important manifestation
of the asymptotic nontriviality of the SGDs is to move and warp the infra-red regulator
surface (see Figure ; the change in the boundary properties, as found in later sections,

can be directly attributed to this.
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The new spacetime so constructed inherits the original causal structure, with the event
horizon, the bifurcation surface, and the two exterior and interior regions (see also footnotes
and . The horizon is, therefore, regular by construction. In the new EF coordinates

(the tilded coordinates) the horizon consists of smoothly undulating surfaces (see Fig .

(2) The CFT duals: In section we use the observation that the SGDs reduce

asymptotically to conformal transformations to assert that the CFT duals to our geometries
are given by unitary transformations Uy, ® Ug to the thermofield double state. Since the
unitary transformations implement conformal transformations, AdS/CFT implies that CFT
correlators in the transformed state are holographically computed by the new spacetime

geometry. We posit this as a test of the proposed AdS/CFT correspondence.

(3) The AdS/CFT checks: In section 3.4 we carry out this test for the stress tensor. We

compute the holographic stress tensor [28,227] in the new geometry and show that it exactly
matches with the expectation value of the conformally transformed (including the Schwarzian
derivative) stress tensor in the thermofield double state. In section [3.5( we compare AdS and
CFT results for both (O;Og) and (OgOg) types of correlators. The holographic two-point
function is found by computing geodesic lengths in the new geometries and we find that
it correctly matches with the two-point function of transformed operators. This can be

regarded as an evidence for the ER=EPR relation in the presence of probes.

(4) Entanglement entropy: As a further check, in section we apply the above result

for two-point functions to show that the entanglement entropy EE in CFT matches the
holographic EE [149,1220] including when the Ryu-Takayanagi geodesic passes through the
wormhole. This constitutes a direct proof of the ER=EPR conjecture for the entire class of
geometries constructed in this chapter. We work out the dynamical entanglement entropy

in an example (see fig [3.5)).

(5) Holographic entropy from horizon: In section [3.7, we make crucial use of the existence

of smooth horizons on both sides to compute a holographic entropy along the lines of [43].

We are able to compute the entropy in the CFT by using the Cardy formula and an
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adiabatic limit (which allows the use of the ‘instantaneous’ energy eigenvalues to compute
degeneracies); the holographic entropy agrees with this. The entropy turns out to be
divergenceless, reflecting the dissipationless nature of 2D CF'T. There is, however, a nontrivial

local flow of entropy (see fig [3.6).

(6) ER=EPR: In Section we discuss some implications of our solutions wvis-a-vis
the ER=EPR relation of Maldacena and Susskind [175]. Our solutions establish an infinite
family of quantum states entangling two CF'T's which are represented in the bulk by wormhole
geometries. We show, in particular, that out of a given set of quantum states we consider, all
characterized by the same energy, there are states with low entanglement entropies, which
nevertheless are still represented by wormhole geometries; this is in keeping with the picture

of geometric entanglement suggested in [175].

3.2 The solutions

In this section we obtain the new solutions by carrying out the procedure outlined in the
Introduction. As explained in Section @, for constant L, L, the metric represents
a BTZ black hole of constant mass and angular momentum In that case, one can
construct EF coordinates (see Section to extend the spacetime to include the region
behind the horizon and a second exterior. We will, in fact, use five charts to cover the

extended geometry (see Fig|3.1)).

5



Nk 4=

Figure 3.1: The (green parts of) the five figures on the right depict the five coordinate charts
used in this chapter to cover the eternal BTZ solution["The coordinate chart K5 is needed
to cover the “bifurcation surface” where the past and future horizons meet (it is a point in
the Penrose diagram). The leftmost diagram (in blue) represents the coordinate chart used
in [5.57} Each of the coordinate charts is shown, for facility of comparison, within a Penrose
diagram where the parts not within the chart are shown in gray.

Banados

3.2.1 The eternal BTZ geometry

We will now briefly review some properties of the eternal BTZ geometry. The maximal
extension of the eternal BTZ geometry, starting from is described in detail in Section
3.9.1. We will briefly reproduce some of the formulae relevant to the coordinate system
(“EF17”) describing the right exterior and the interior. The EF1 coordinates are obtained

from the coordinates of by the transformations

z 1 1 >\—>\0 1 )\—)\0
RR— _ )\_ >\2_>\2 — . 1 = o 1
P \/A0< v 0)“ 'TOVT Og<>\+>\o> T TOVT Og(AHo)

The metric, in these coordinates, becomes

VL VL
dvd) + —=_dwd) (3.4
v+ o gy ddA - (34)

d\?

ds? = —
T T A+ )2

L L
“dv® + =dw® — \ dvd —
+4v—|—4w vw+2()\+>\0)

10 This is the entire geometry for the non-spinning BTZ; for spinning BTZ solutions, we do not attempt to
cover the region beyond the inner horizon, since in this chapter we are interested in the asymptotic properties
in the two exteriors mentioned above. See also footnote
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The event horizon Ay, the inner horizon );, and the singularity \; are at

ll

/\H:)\O

1 _
A= =do, A= (LA L) (3.5)

Note that for BTZ black holes without angular momentum L = L and A\; = \,. The location
of the event horizon corresponds to (3.3

In order to regulate IR divergences coming from A — oo, we define a cut-off surface ¥p

at a constant large A = \;;; the metric on Y p turns out to be

A=\ = 1/ = ds’|z, = —(1/€%) dv dw(1 + O(e?)) (3.6)

By the usual AdS/CFT correspondence the leading term defines the boundary metric (see
Section [3.9.3)

dsgdry = —dv dw

(3.7)

The subleading term in the metric corresponds to the normalizable metric fluctuation, which

gives the expectation value of the stress tensor; this is the holographic stress tensor 28], and
is given here by

L
8nG3Tyy(ry) = T 8mG3T () =

|t~

(3.8)
It is easy to see that we will get the same boundary metric and stress tensor from an
analysis of the coordinate chart EF4. It is also straightforward to derive similar results for

the left exterior (which represent a state with the same mass and angular momentum) using
EF2 and EF3.
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3.2.2 Solution generating diffeomorphisms (SGD)

We will now proceed to construct new solutions with arbitrary boundary data at the two
boundaries (represented by two arbitrary holographic stress tensors g, (z) and Ty, ., (z))
by applying the method of solution generating diffeomorphisms to the above geometry, as

explained in the introduction.

The solution generating diffeomorphisms can be described as follows. Suppose we start
with a certain metric gy (x)dx™da™ [1|in a certain coordinate chart Up containing a point
P. The new metric gy, in this coordinate chart, is given in terms of a diffeomorphism
(active coordinate transformation) f : #M = #(z), by the definition

. . . ~ ozt 0z
g—=0=f9: gun(@) = %—ngpQ($) (3.9)

In the above, f*g is a standard mathematical notation for the pullback of the metric g under
the diffeomorphism f. For diffeomorphisms differing infinitesimally from the identity map:

M =M — M (1), we, of course, have the familiar relation

dgun(r) = Dyén + Dnéur (3.10)

Normally, a diffeomorphism is considered giving rise to a physically indistinguishable
solution; this, however, is not true when the diffeomorphism is non-trivial at infinity (this
is explained in more detail in Section [3.2.5).

As explained in Section [3.9.1, we use five charts to cover the entire eternal BTZ geometry
(see Fig. These charts are labelled as EF1, EF2, EF3, EF4 and K5. We use a nontrivial
diffeomorphism in each of EF1, EF2, EF3 and EF4, which overlap with the boundary and

the identity transformation in the Kruskal patch Kb5.

UNotation: zM = {\, z#}, z* = {v,w}.
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The metric in the coordinate chart EF1

The diffeomorphism in the EF1 coordinate chart is given by

A
)\ = == U = _ U ]_1
The new metric gy, written in terms of Z (5\, 0, W), is

Gun (2)dzMdiY = ds* = AN + A2 d* + A2 dw? + 2A, dod\ + 2A_diwd\

7
i B2 “(w) GLo)  GLOGT(@)\
- )\(B +2<A+G,( )+A_GI(@) +AGI(ﬁ)GL(w>>)dvdw] (3.12)

where

Ay = \/ZG;(@)(S\ + 5\0) - S\GH 53;7
/ G”( )

= VIG (@) () + No) — AG,_(~),

B=2A+X\)

For infinitesimal transformations Gi(x) = x + €4(x), this amounts to an asymptotically

nontrivial diffeomorphism ¢ (see [3.10)["

gf = €+(U)7 é.'{u = 6_(’(1))7 gi\ =—A (6,+<U) + El—(w)) (313)
The behaviour of the metric [3.12] at a constant large A surface is given by

ds? = =\ dod (1+ O(1/N)) (3.14)

12The subscript in &7 refers to the chart EF1.
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This, by following arguments similar to the previous case (see Section [3.2.1), identifies the
IR cutoff surface as

Nip = (1/%) (3.15)

and the boundary metric as
dspy, = —dvdw (3.16)

The subleading term in [3.14] as explored in Section gives the holographic stress tensor.
We will see there that the subleading term depends on the SGD functions G4 ; this feature
is what makes the SGD’s asymptotically nontrivial (see Section for a more detailed

discussion on this).

In terms of the old A-coordinate, the surface is
A =1/(EG(D)G_(0)) (3.17)

Note that this surface is different from and is nontrivially warped, as in Figure[3.2] This
is another manifestation of the asymptotic non-triviality of the diffeomorphism which

is responsible for nontrivial transformation of bulk quantities, such as geodesic lengths.

EF(2+3) EF(1+4) Kruskal

Figure 3.2: This figure shows the IR cut-off in the new geometries. The effect of the
SGDs, in the old (un-tilded) coordinates, is to deform the IR cut-off surfaces. The surface
deformation on the right exterior is given by the change from to[3.17} there is a similar
surface deformation on the left exterior.
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We note that the leading large A behaviour of is that of AdS;

d/\2

As mentioned before, and will be explored in detail in Section the subleading terms,

represented by the ellipsis ..., are nontrivially different from that of AdSs.

The metric in the coordinate chart EF2

The diffeomorphism (SGD) used in the coordinate chart EF2 (see Fig [3.1), which is

independent of the one above used in EF1, is given by

M

T H A @)

u=H,(a), w=H_(0) (3.19)
which leads to the metric

ds’ = = [dv + AZd@® + A2 A — 24 dad, — 2A_diod),

Al O A o]

where

"

H" (& N B
VI @)+ k) + M ED) B ok 43

o H
Ay = VLH (@) (M + Xo) + M= H (@)’

H’(il’

For infinitesimal transformations H.(z) = -+ (), this implies a diffeomorphism £ where

& = —er(u), & = —e-(w), & = —A (e} (u) + £ (w)) (3.21)

Note, once again, the asymptotic nontriviality of the above diffeomorphism.
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3.2.3 The full metric

In a manner similar to the above, we apply the SGD characterized by G+ on EF4 (which
shares the right exterior with EF1, see Appendix |3.9.1): and the SGD characterized by Hy
on EF3 (which shares the left exterior with EF2):

A
EF4 . = = U =G_(&
)\ G;(al)G’_(@l)’ U1 G+(U1), w1 G (wl)

infinitesimally (€, €21, £7) = (~A(€y (1) + € (@), €4 (1), e (1)

M
EF3: A= =H, (v
H_,;'_('ﬁl)Hl_(wl)7 0 Jr(vl

~—

, W1 = H,(’le)

infinitesimally (£3,&0", &) = (=A(e" (v1) + €7 (wr)), e (v1), e—(wy))  (3.22)

The infinitesimal transformations are similar to those in egs. and As mentioned

above, we use the identity diffeomorphism of Kruskal patch K5 (with &4 = 0). The

expressions for the metric in various coordinate charts are given in [3.12] [3.20] [3.113] [3.114]

and [3.103!

We will now show that the five different metrics in the five coordinate charts define a single
metric in the entire spacetime. To see this, note that although the SGD’s applied on the five
charts are different, (equivalently, for infinitesimal transformations, the diffeomorphisms &M

in the five charts differ from each other), they satisfy the following sufficient criteria:

(i) At both the right (and left) exterior boundary, the diffeomorphisms coincide. For
example, in case of the right exterior (see , as A — 00, up — U, W — w.
Hence i, = G7'(u1) — G5! (v) = 9. In other words, for infinitesimal transformations
EM(P) — ¢M(P) for a given point P with A — oo. This implies that the metric [3.12]
coincides at the right boundary with the similar metrid3.113]obtained by applying the

G transformations on the coordinate chart EF4. Similarly, the metric [3.20] obtained
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by the H. transformations in EF2 and the similar metric [3.114] obtained by the H.

transformations in EF3 coincide at the left exterior boundary.

(ii) Away from the boundary, the metrics obtained in the various EF coordinate charts
differ from each other only by trivial diffeomorphisms which become the identity
transformation at infinity. Since the physical content of each of these metrics is
represented only by the boundary data, the above point (i) ensures that all the different

metrics represent the same single spacetime metric in different charts (see Figure |3.3)).

(iii) It is clear that the SGDs lead to a smooth metric in each chart, provided G4 (z), Hy(x)
are differentiable and invertible functions. In the rest of the chapter, we will only
consider such functions. It can be verified that such a class of functions is sufficiently
general to generate (through transformations such as any pair of physically

sensible holographic stress tensors at both boundaries.

Analogy with the Dirac monopole

It is important to note that our new solutions can only be specified in terms of a different
metric in different coordinate charts which are equivalent to each other. This is analogous
to case of the Dirac monopole: the gauge field A, for a static U(1) magnetic monopole of

charge ¢, at the origin needs to be specified separately on two separate coordinate charts:

F=qnsin0 df dp: Axy = ¢n(l —cosf) dp, As = ¢n(—1 — cos ) do (3.23)

Here R?® — {0} is viewed as R x 5% where S? is described by two coordinate charts Ny and
N5 (such as obtained by a stereographic projection on to the plane) which include all points
of S? minus the south and north pole respectively. A% vanishes (and is hence regular) at the
north pole = 0, but develops a string singularity at the south pole = & (for each r > 0).
Similarly, Ag is regular at the south pole, but has a string singularity at the north pole. The
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g
=~
g5 —
; gt  rewEFE 13
§ — @WEFQ new {
E
>

EF3 (9 EF4 (99)

EF2 (9 EF1 (5)
left boundary left exterior black hole interior right exterior right boundary

Figure 3.3: A schematic illustration of metrics in this chapter related by trivial and
nontrivial diffeomorphisms (see the definition [3.2.5). The metrics 13.92} 3.95| and (3.98]
represented by the blue lines, define the eternal BTZ geometry; they are all related by
trivial diffeomorphisms, which either do not extend to the boundaries or when they do, they
become identity asymptotically. The metrics [3.12] [3.20] [3.113] and [3.114] represented by
the green lines, define our new solution characterized by the functions G, Hi. These are
also all related by trivial diffeomorphisms, which satisfy the same criteria as above. The
two sets however represent physically different metrics since they are related to each other
by nontrivial diffeomorphisms; for instance, and are related by a diffeomorphism,
schematically represented by their separation, which does not vanish (become identity)
asymptotically.

important point to note is that in spite of appearances, Ay and Ag describe the same gauge
field in the region of overlap Ny N Ng. This is because in this region, Ay = Ag + dx where
X = 2¢md¢ represents a pure gauge transformation for appropriately quantized ¢, (Dirac
quantization condition).

In the present case the metric [3.12| written in EF1, although non-singular on the future
horizon, is singular on the past horizon for general G.. In order to describe the metric in a
neighbourhood of the past horizon, we must switch to the metric in EF4. Similarly, in order
to describe the diffeomorphism at the bifurcation surface, we must use the metric in

the K5 coordinate chart.
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Summary of this subsection:

The metrics [3.12] [3.20] [3.113] [3.114] and [3.103] valid in the coordinate charts EF1, EF2,

EF3, EF4 and K5 respectively, define a spacetime with a regular metric. The metrics are
asymptotically AdSsz at both the right and left boundaries; the subleading terms in the metric
are determined by the solution generating diffeomorphisms G, Hy and can be chosen to fit
boundary data specified by arbitrary holographic stress tensors. A schematic representation

of our solution is presented in Figure |3.3]

3.2.4 Horizon

In Section [3.2.2 we viewed the SGDs as a coordinate transformation. Alternatively, however,
we can also view the diffeomorphism as an active movement of points: z™ — #M = zM 4- &M,

In this viewpoint, the future horizon A = Ay = A\g (see on the right moves to

A = G (D) G (W) ho, Mg = H', (@) H (&) (3.24)

10 5 i, 0 0 5 10

Figure 3.4: The figure on the right shows the location of the horizon on the right in the
A, 0, coordinates. The figure on the left shows the location of the horizon on the left in
the A1, @, coordinates. These are described by These surfaces are diffeomorphic to
the undeformed horizon depicted in Figure Although the horizon has an undulating
shape in our coordinate system, the expansion parameter, measured by the divergence of the

area-form, vanishes (see Eq. [3.73)).
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Similar statements can be made in the other coordinate charts. The horizons represented

this way are smooth but undulating (see figure [3.4).

The geometry of warped horizons in [43,44] was used to yield a holographic prescription
for computing local entropy current of a fluid. In Section we use a similar technology to

compute a holographic entropy in our case.

3.2.5 On the nontriviality of solution generating diffeomorphisms

It is natural to wonder how a metric such as provides a new solution since it is
obtained by a diffeomorphism from [3.4) however, the fact that the diffeomorphism is
asymptotically nontrivial makes the new solution physically distinct. Thus, in A remains
different from A in the asymptotic region. Indeed, as we will see, the first subleading term
in the metric carries nontrivial data about a holographic stress tensor on the right

boundary.

Asymptotically AdS; diffeomorphisms were first discussed by Brown and Henneaux [50]
who showed that such transformation led to an additional surface contribution to conserved
charges of the system. These observations were preceded by a general discussion of such
surface charges in the context of gauge theories and gravity in [123]214,236]. These
authors identified asymptotically non-vanishing pure gauge transformations as global charge

rotations.

In the current AdS/CFT context, the surface charges are encapsulated by the holographic
stress tensors on the two boundaries. As we will see shortly, they change nontrivially under
the solution generating diffeomorphisms (SGD’s). In fact, the SGD’s reduce to conformal
transformations on the boundary. As a result, the ‘global charge rotations’ mentioned above

correspond to a conformal transformation of the stress tensor. The important point is that
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starting from a given constant stress tensor on each boundary, the two independent SGD’s

can generate two independent and completely general stress tensors by this method.

We should note that the diffeomorphisms define a new theory in which the appropriate
choice of the IR cutoff surface is In this description, the horizon becomes an undulating
surface as in Fig[3.4 An equivalent (‘active’) viewpoint is to describe the new geometry in

terms of the old coordinates but to change the IR-cutoff surface from [3.6] to In

either case, the holographic stress tensor changes.

We conclude this section with the following definition of a nontrivial diffeomorphism,

which has been implicit in much of the above discussion.

Definition

A local diffeomorphism which does not extend to either boundary (left or right), or a
diffeomorphism which extends to a boundary but asymptotically approaches the identity
diffeomorphism there, is called a ‘trivial’ diffeomorphism. Contrarily, a diffeomorphism
which extends to a boundary where it does not approach the identity diffeomorphism, is
called ‘nontrivial’. Quantitatively, a nontrivial diffeomorphism (f) is one under which the
holographic stress tensor computed from the existing metric g at the boundary is different

from that computed from the pulled back metric f*g.

3.3 The Dual Conformal Field Theory

As we saw above, the SGD’s reduce to conformal transformations at the boundary. We will

construct the CFT-dual to the new solutions using the above idea.
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Note that the eternal BTZ black hole geometry, described by and corresponds
to the following thermofield double state [67,138.(149,/177]

(o) = Z(B+, 8-)"2 Y expl=B4 By n/2 = B-E_n/2]In)n) (3.25)

The states |n) € H denote all simultaneous eigenstates of Hy = (H £ J)/2 with eigenvalues
E. ... |to) here is a pure state in ‘H ® H obtained by the ‘purification’ of the thermal state

3.26] [

Z(By,B-) =Trpa. s with  pg, 5 =exp[—BiH, — f_H_| = exp[—B(H + QJ)]
(3.26)
represents the grand canonical ensemble in ‘H with inverse temperature S and angular
velocity €2 (which can be viewed as the thermodynamic conjugate to the angular momentum
J). Also By = B(1+9).
Note that [1)) is a pure state in H ® ‘H , and is a ‘purification’ of the thermal state m

The non-spinning BTZ: The CFT dual for the more familiar case of non-spinning eternal

BTZ black hole (2 = 0 = J) is the standard thermofield double:
[Voo) = Z(8)71/2 ) _ exp[—~BEn/2]|n)n) (3:27)

where |n) now denotes all eigenstates of H.

BFor definiteness, we will sometimes call the two Hilbert spaces Hy and Hp, where L, R represent ‘left’
and ‘right’; corresponding to the two exterior boundaries of the eternal BTZ. Indeed, L, R also have an
alternative meaning. The left/right boundary of the eternal BTZ geometry maps to the left/right Rindler
wedge of the boundary of Poincare coordinates, respectively.

14The thermal state pg .8 (see implies a field theory geometry where the light cone directions have
periods (4.

15An entanglement entropy for this state was calculated in [138] and matched with a bulk geodesic
calculation. This was generalized to the spinning eternal BTZ black hole in [67]
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CFT duals of our solutions Following the arguments above [3.25, we claim that the
CFT-duals to the new solutions described in Section [3.2.3 are described by the following

pure states in H ® H:

() = UrUglto) = Z(B4.8-)""2 Y expl=B1 B /2 = B-E—n/2)Ur|n)Urln)  (3.28)

where Uy is the unitary transformation which implements the conformal transformations on
the CFT on the right boundary (characterized by G4 ), and Uy, is the unitary transformation
which implements the conformal transformations on the CFT on the left boundary
(characterized by Hi). See Appendix for an explicit construction of a unitary

transformations Ug.

In the following sections, we will provide many checks for this proposal. However, first

we shall discuss how to compute various correlators in the above state |3.28

3.3.1 Correlators

Let us first consider correlators in the standard thermofield double state [3.25l It is known
that correlators of one-sided CFT observables, say Og, satisfy an AdS/CFT relation of the
form

(Y0|OR(P1)OR(Py)..Or(Po) o) = Tr (pg, 5 Or(Pr)OR(P2)...0r(Py)) = Gouk(P1, Py, ... P,)
(3.29)

where the bulk correlator Gy, is computed from the (right exterior region of) a dual black

hole geometry with temperature 7" = 1/ and angular velocity 2. Two-sided correlators,

similarly, satisfy a relation like

(Wo|OR(POR(P)...0r(P)Or(P))...0L(P)tho) = Goutc(P1, Po, . P P, .. 1) (3.30)

16We will mostly use unprimed labels, Py, P, ... for points on the spacetime of the ‘right’ CFT, and primed
labels, Pj, Py, ... for the space of the ‘left’ CFT.
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where the bulk correlator on the RHS is computed from the two-sided geometry of the eternal
BTZ black hole [67[138,149,177], represented in this chapter by 3.4 and[3.92] The bold-faced
label P above represents an image of the field theory point P on a cut-off surface in the bulk

under the usual AdS/CFT map. E.g. in the coordinates of the map is given by
P—P=(0\=\,=1/¢P) (3.31)

where € is the UV cut-off in the CFT, cf. [3.6]). There is a similar map for the left boundary.
In particular, the holographic correspondence for the two point functions of scalar operators

can be written simply as [169]:

(Yo|Or(P)OR(Q)[¢0) = Tr(ps, 5_Or(P)Or(Q)) = exp[-2hL(P, Q)]

(Yo|Or(P)OL(Q)|th) = exp[—2hL(P, Q)] (3.32)

where L(P, Q) is the length of the extremal geodesic connecting P and Q (similarly with

L(P,Q)).
It is easy to see that correlators in the new, transformed, state |1)) can be understood

as correlators of transformed operators in the old state [1), i.e.

(|Or(Py)...OR(Pn)OL(P)...OL(Py) ) = (0| Or(P1)...Or(P)OL(P))...OL(F;)|¢0)
(3.33)

where

Or(P) = ULOR(P)Ur,  OL(P')=UlOL(P)U, (3.34)
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For a primary field Op with conformal dimensions (h,h), the conformally transformed

operator satisfies the relation

Or(, W) = Og(v,w) (%)h (%)5 (3.35)

3.3.2 Strategy for checking AdS/CFT

To check the claim that the states are CFT-duals to the new bulk geometries found in
Section |3.2.3, we need to show a relation of the form (cf. |3.30))

(| Or(P1)..0r(Pr)OL(P))...0L(P) o) = Goun(Pr, Po, . P P P (3.36)

where the RHS is computed in the new geometries. Here P represents the image of the CFT
point P, under AdS/CFT, on the cut-off surface in the new geometry. In the language

of [3.12] the map is
P—P=(0\=\,=1/&P) (3.37)

Two-point correlators: In the particular case of two-point functions

<¢0’OR(P)OR(Q)|¢0> = TT(PB+,670R(P)OR(Q)) = eXP[—thJ(R Q)]

(¥o|Or(P)OL(Q)|thy) = exp[—2hL(P, Q)] (3.38)

where f/(15, Q) is the length of the extremal geodesic connecting P and () in the new geometry
(similarly with L(P,Q’)). The discerning reader may justifiably wonder how a geodesic
length in the new geometry can be different from that in the original, eternal BTZ black
hole geometry, since the former is obtained by a diffeomorphism from the latter; the point is
that the bulk points P, given by are not the same as the bulk points P given by .
For example, a geodesic with endpoints at a fixed IR cut-off A = 1 /e? (both on the right
exterior) corresponds, in the eternal BTZ black hole, to a geodesic with two end-points at
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A =1/(G (0)G"_(w)). As we will see below, it is this shift which ensures the equality
in This is one more instance of how our geometries are nontrivially different from the
original BTZ solution although they are obtained by diffeomorphisms (see Section [3.2.5 for

more detail).

3.4 Holographic Stress Tensor

In this section we will discuss our first observable O: the stress tensor. We will first consider
the stress tensor of the boundary theory on the right. The generalization to the stress tensor
on the left is trivial. The equation now implies that we should demand the following

equality

(U Tou(P)|Y) = Tr (Pm,,fi_ UJETU’U(P)UR> = Thuns(P) (3.39)

and a similar equation for the right-moving stress tensor T, (w).

Bulk The RHS of this equation is simply the holographic stress tensor, computed in the
new geometry We use the definition of holographic stress tensor in [28/[227]{"]

87 G Ty = lim (K — Ky, = hy) (3.40)

where h,, is the induced metric on the cut-off surface ¥ : A = /N\,-T = 1/€, chosen in
accordance with which is the natural one in the new geometry (note that it is different

from the cut-off surface implied by [3.31]). K, and K are respectively the extrinsic curvature

1"We drop the subscript buik from the bulk stress tensor, as it should be obvious from the context whether
we are talking about the CFT stress tensor or the holographic stress tensor.
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and its trace on X. It is straightforward to do the explicit calculation; we find that

3G4(0)? — 26, (0)GL(0)

L
87TG3T{)5 = ZG;(TP})Q +

i, (o |
L, 3G ()2 — 2G (W) ()

This clearly looks like a conformal transformation of the original stress tensor We will
explicitly verify below that it agrees with the CF'T calculation. The generalization to T,
and to the stress tensors of the second CF'T is straightforward.This clearly has the form of a
conformal transformation of the original stress tensor [3.8. We will explicitly verify below in
the CF'T that it indeed is precisely a conformal transformation, as demanded by The

generalization of to the stress tensors T4, T; of the second CFT is straightforward.

In this chapter, we will sometimes use the notation Tx, Tx for Ths, Ty 5, and Ty, Ty, ['¥| for
Tha, The respectively. It is clear that by appropriately choosing the functions G4 and H.,
any set of boundary stress tensors Tr 1, gy can be generated. This is how our solutions

described in Section |3.2.3 solve the boundary value problem mentioned in the Introduction.

CFT The unitary transformation in the LHS of implements, by definition, the
following conformal transformation (see Appendix [3.10.1| for more details) on the quantum
operator

ov

VT (P)Us = (a—) T30(5) — - (0. 5) (3.42)

From the relevant conformal transformation here is v = G, (). Using this, the
definition [3.121] of the Schwarzian derivative S(v,0), and the identification [50]

G = 3/(2¢), (3.43)

we find that exactly agrees with [3.41]

1874, Tr represent the left-moving and right-moving stress tensors on the Right CFT; similarly for 17, T7,.
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This proves the AdS-CFT equality for the stress tensor.

3.5 General two-point correlators

In this section we will discuss general two-point correlators, both from the bulk and CFT

viewpoints following the steps outlined in Section |3.3.1.

3.5.1 Boundary-to-Boundary Geodesics

As mentioned in the holographic calculation of a two-point correlator reduces to
computing the geodesic length between the corresponding boundary points. We will first
calculate correlators in the thermofield double state[3.25] which involves computing geodesics
in the eternal BTZ geometry [3.4]

In the eternal BTZ geometry

RL geodesic: Let us consider a geodesic running from a point P(1/€%,v,w) on the right
boundary to a point Q' = (1/€2,u,w) on the left boundary/['| As shown in Section [3.9.1
(see [138]) both the right exterior (C EF1) and the left exterior (C EF2) can be mapped to a
single coordinate chart in Poincare coordinates. Let the Poincare coordinates for P and Q’,

be (X;g, X_g,(r) and (X 1, X 1, (;) respectively. By using the coordinate transformations

given in (3.111)) and (3.112]), we find, upto the first subleading order in €g and €y,

Xp=e"", X p=—eVi¥4 Le%e‘ﬁ“’, (% = Ley V(=) (3.44)

Xy =—eVTt 4 Le2eVin, X ;= Vv (2= [ VEiu-w)

DFor the calculation at hand we need to put €;, = e = €; however, we keep the two cutoffs independent
for later convenience.
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with L = E The geodesic in Poincare coordinates is given by

—AB
cosh T

Xy =Atanht+C, X_=Btanh7+D, (=

where 7 is the affine parameter, which takes the values 7z and 77, at P and Q' respectively.
The constants A, B,C, D, 1, and 7 are fixed by the endpoint coordinates given above. In

the limit eg, e, — 0, we obtain

| [6—(ﬁv+ﬁw)/2 (ex/fv + eﬁu>(e\/fw + e\/fw)}
TR = lo
R & \/i )\06%

e VLutw)/2 [ (eVIv 4 oVIu)(eVIw 4 ViIw)
7, = —log [ 2 }

where \g = L/2 (see . The geodesic length is now simply given by the affine parameter

length

(3.45)

LP,Q) = 15 — 71 = log [4 cosh[VL(v — u) /2] cosh[v/L(w — w)/2]]

L€R€L

For comparison with CFT correlators in the thermofield double, we will put, in the above

expression, €;, = €g = €, where € is the (real space) UV cut-off in the CFT.

RR geodesic: If we take the two boundary points on the same exterior region, say on the

right, Py(1/€%,v1,w1) and Pa(1/€3, vg, wy), then the corresponding Poincare coordinates are

(using (3.111))

Xy = eV, X =—e Vo4 Le%e_ﬁwl, (¢ = Lé eVE(u1—w) (3.46)

Xyo = eﬁ”, X o= e VIwz 4 Leze_ﬁw, (2 = Les eV E(va—w2)

20For simplicity, we present the calculation here for L = L; the generalization to the spinning BTZ is
straightforward.
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Following steps similar to above, we have, in the €, e; — 0 limit,

*(U1+w2)/2 V1 . pU2 __pW1 w2
T = log[e e ‘ )(26 re )}
V2 Ao€q
—(vi+w1)/2 U1 Vo w1 _ pW2
Y — —log[e (—evt +e )(26 e )}
V2 Ao€s

The geodesic length is then

(3.47)

L(P1,Py) =741 — 740 = log {4 sinh[(vy — vy)/2] sinh[(w; — w2)/2]}

L€1€2

For comparison with CFT, we will put €; = €5 = €.

In the new geometries

As explained in Section the IR boundary in the new solutions, obtained by the SGDs, is
given by the equation [3.15 or equivalently by and analogous equations on the left. This
is encapsulated by the CFT-to-bulk map[3.37 In case of the RL geodesic, the CFT endpoints
(P, Q") now translate to new boundary points (15, Q ) with the following new values of the

old (A, A1) coordinates:

1

1 1
e G (0)G_ ()’

- (3.48)

1
A =
e eH\ (u)H (o)

which just has the effect of conformally transforming the boundary coordinates// eg = € —

erp = €/GL(0)G_(W), €, = € = €, = e5/H! (0)H' (). Using these new values of €, p, we

get

4cosh[VI (G (0) — Hy(@)/2] cosh[VI(G_ (@) — H_(2))/2]

VLe\/G' (0)H', (1) VLe\/G_(0)H" ()

=

sl

O
|

(3.49)
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Similarly,

4sinh[VL(G4(01) — G1.(0,))/2] sinh[VL(G_(@1) — G_(0,)) /2]
VLe\/G(01)G, (7y) VLe /G (1) G (1)

L(lsl, 152) = IOg

(3.50)

3.5.2 General two-point correlators from CFT
In the thermofield double state

RL correlator: For the eternal BTZ string, the coordinate transformations from the EF to

Poincare (see Appendix reduce, at the boundary, to a conformal transformation from
the Rindler to Minkowski coordinates, so that the boundary of the right (left) exterior maps
to the right (left) Rindler wedge |138]. It is expedient to compute the CFT correlations first
in the Minkowski plane, and then conformally transform the result to Rindler coordinates.
Using this method of [138], we get the following result

(Ve Py (Lo VP (v LV Py (VLo /)

eﬁ”—i-e\/f“‘ 2h _e—\/fw_e—\/fw 2}_1
(=) )

(VolO(Xyr, X_r) O(X 11, X 1)|to) =

€

_ <4 cosh [V/L(v — 1) /2] cosh [V L(w — w) /2] ) _on
Le?

where the operator O is assumed to have dimensions (h, k) and we have used a real space

field theory cut-off e. We have related the temperature of the CFT to L(= L) by the equation

VL =2n/B. // It is easy to see that this correlator satisfies the relation m
(o|O(X 1k, X_r) O(Xip, X_1)|th) = e 2HPQ) (3.51)

where in the expression on the right hand side for the geodesic length (3.45)), we use eg =

€, = € as explained before.
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RR correlator: By following steps similar to the above, the two-point correlator between

the points (3.46) is given by

(Ve Py (Lo VP i LeVPe) (VT Vo'

((eﬁvl —eVIv2 )2h —e~VIwife—VIvy )2h

(YolO(X 11, X 1) O(Xy2, X 2)|tho) =

€ €

_ (4 sinh [v/L(vy — v3) /2] sinh [v/L(w; — ws) /2] ) _oh
Le?

It follows, therefore, that
(ol O(X 1, X_1) O(Xy2, X p)thg) = e PP (3.52)
where, again, the geodesic length on the right hand side is read off from with e, = €5 = €.

In the new states

As explained in correlators in the state [i) can be computed by using a
conformal transformation |3.35| of the operators. The new correlator is, therefore, found
from the old one by a conformal transformation of the boundary coordinates and an

inclusion of the Jacobian factors. The latter has, in fact, the effect of the replacement

e — /G (0)G"_(w)H' (a)H' (). With these ingredients, it is straightforward to verify
that is satisfied. Similar arguments apply to RR and LL correlators.

3.6 Entanglement entropy

We define an entangling region A = Ar U Ap, where Ag is a half line (v — w)/2 > xg on
the right boundary at ‘time’ (v + w)/2 = tg and Ay is a half line (u — w)/2 > xp of the

left boundary at ‘time’ (v + w)/2 = t;. The boundary of the region A consists of a point
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P(vga,wya) on the right and a point @' (uga,wsa) on the left, with coordinates

P: wvgpy = tr+2xR, wha =1tr— xR (353)

/
Q1 upa = tp+wp, woa=tL— L

Bulk calculations
In the BTZ geometry

We calculate the entanglement entropy S4 of the region A wusing the holographic
entanglement formula of [149/220]. The HEE is given in terms of the geodesic length
L(P,Q'). The geodesic length, as calculated in (3.45)), is

L(P.Q) = log 4 cosh[v/L(vga — uga)/2] cosh[v L(wgs — waa)/2]
Me?
(3.54)
The HEE is then given by S4 = L(P, Q’)/4G3. Using [5.60] we get
S, — c log 4cosh[VL((tg + xg) — (tr + 1)) /2] cosh[VL((tg — xg) — (tr, — x1))/2] (3.55)
6 Me?
Note that for xp = x; = 0 and t = tg = —t;, (which correspond to a non-trivial time
evolution in the geometry) the HEE m reduces to
27t
Sy = glog [cosh %} + g log [@] (3.56)

which reproduces the result for the HEE in [138] ]

21The UV cutoff in [138] is half of the cutoff, € used here.
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In the new geometries

The HEE corresponding to the conformally transformed state [3.28| is given by the length
L(f’, Q ) connecting the end-points P and @ in the new geometries described in Section

3.2.3. Working on lines similar to the derivation of the HEE is given by

IS _c 1 [4 COSh[\/E(G+(£R + 923) — H+(£L + (%L))/Q]
A = zlog
6 \/ZE\/G;<£R+.%R)HQ_<£L+3~?L)
COSh[\/Z(G_(ER — i’R) — H_(fL — i’L))/Q]]
VIey/G(ir — Fr)H.(Ff, — 51

(3.57)

CFT calculations
In the thermofield double state

The technique of calculating the entanglement entropy in the thermofield double state is
well-known [75]. The Renyi entanglement entropy 51(4") of the region A is given by
the trace of the n'™ power of the reduced density matrix p’j. The latter can be shown to be
a Euclidean path integral on an n-sheeted Riemann cylinder. This can then be calculated
in terms of the two point correlator, on a complex plane, of certain twist fields O, with

conformal dimensions

(3.58)

inserted at the end-points (P, Q") of A. The two-point correlator is given by a calculation

similar to that in the previous section. Thus,

Sin) = (Or(vga, woa) Or(uga, woa))
<\/Z)2h+2h
(4 cosh[V/L((tg + xr) — (tL + x1))/2]/€)* (cosh[VL((tg — xr) — (tz — x1))/2]/€)*"
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The entanglement entropy S = —GnSI(L‘n)|n:1 is

_c 4cosh[VL((tg + xg) — (tr + 21))/2] cosh[VL((tg — xg) — (tr, — x1))/2]
Sa 6 log Le2

(3.59)

This proves that the CFT entanglement entropy and holographic entanglement entropy ((3.55|)
are equal.

In the new states

The EE of the region A, computed in the new state|3.28| is given in terms of the conformally
transformed two-point function described in The conformally transformed points are

given by

VoA :G+(1~)3A) :G+({R+ZER>, w:G,(’JJaA> :G,(ER—LYJR)

UQA:H+<?~L,9A>IH+(EL+£L>, w:H,(J}aA) :H,(fL—fL)

It follows that the entanglement entropy is

S . Cl 4COSh[\/Z(G+(ER+ZZ‘R) —H_‘_(EL—FZ%L))/Q]
ACFT = = og[ = =
6 E\/Z\/G;(tRJraER)H;(tL + )
cosh[\/f(G,(fR — ZiR) — H,(fL — ZfL))/2]]
Eﬁ\/G/_(ER — ZiR)H,_O?L - jL)

(3.60)

which matches with the HEE (3.57)).

101



3.6.1 Dynamical entanglement entropy in a specific new geometry

We now compute the entanglement entropy in an illustrative geometry specified by a

particular choice of the functions G4 and H.. In this example, we take

Gi(x)=G_(x) =G(x), Hy(r)=H_(z)=H(x)

The expression for the HEE ({3.57)) then reduces to

g, Elog 2 cosh[vL(G(t) + H,(1))/2]
s RVNEIOVRG

where we have defined the notation —H (—t) = H;(t).
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(3.61)
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Figure 3.5: Time evolution of HEE. The red-line represents the linear growth of HEE for a
region consisting of spatial half-lines of both sides of a constant 2-sided BTZ geometry. The
blue-line represents the HEE growth of the region consisting of half-lines of both sides of the
SGD transformed geometry, for G(f) = ¢+ § cos(3t) and H;(f) = i+ 2 sin(f). The undulating
curve can be explained in terms of the quasiparticle picture of [59]; the entanglement entropy
departs from its usual linear behaviour as the quasiparticle pairs locally go out and back in
to the entangling region as the region is subjected to a conformal transformation.

3.7 Entropy

As discussed in previous sections, our solutions of Section [3.2.3 are characterized by a
smooth, albeit undulating, horizon (see Figure [3.4). This allows us, following [43], to define
a holographic entropy current. We will first review the equilibrium situation (static black
string), and then describe the calculation for the general, time-dependent solution. We will

include a comparison with CFT calculations in both cases.

3.7.1 Equilibrium

Bulk calculation: In case L = L = constant, our solutions represent BTZ black strings

3.4/ with a horizon at A = \y. The horizon H is a two-dimensional null surface, described by
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the metric

- 2
ds®|y = H,,datdz” = (\/Edv/Q — \/Zdw/2> (3.63)

Since the normal to H at any point, given by n™ = dM\(M = {)\,v,w}), also lies on H,
‘H possesses a natural coordinate system (7, ) where a labels the one-parameter family of
null geodesics, and 7 measures the affine distance along the geodesics. In such a coordinate
system, we get, by construction

ds®|y = gdo? (3.64)

The area 1-form and the entropy current on the horizon are defined by the equations [43] ,
a = 4Gse,, JEdx” = \/gda, (3.65)

By inspection, from [3.63] and [3.64], we find the following expressions for the area-form and

the entropy current

a=VLdv/2 — \/zdw/Q

T 8G3\/_ JS_EJZ (3.66)

The holographic entropy current on the boundary B is obtained by using a map f: B — H
and pulling back the area-form (or alternatively the entropy current Jg,) from the horizon
to the boundary. It turns out @ that the natural pull back retains the form of the area-form

or entropy current, namely the expressions still hold at the boundary.

To find the entropy density, we define the boundary coordinates ¢t = (v + w)/2,x =
(v —w)/2 (see Section [3.6)), (so that [3.7 has the canonical form —dt? + dz*). With this the

entropy density becomes

(f +VI) (3.67)

SES

3G

220Qur convention for €up 1S €4y = —1.
23The map f is defined by shooting ‘radial’ null geodesics inwards from the boundary, and is found to be
of the form f: (A, v,w) = (N, v+ C1,w + Ca).
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CFT calculation: The entropy density from the Cardy formula is [*/]

s =/cmTy/3 + /e Tuw/3 (3.68)

Using the identification [5.60| and [3.8, we can easily see that the two expressions [3.67] and
[3.68] exactly match.

3.7.2 New metrics: non-equilibrium entropy

Bulk calculation: We will now follow a similar procedure as above, for the general solution

in Section [3.2.3. We find that (in coordinate chart EF1)
5]y = idoﬂ _ %(\/EG;(ﬁ)dﬁ _VIG (@)di)? (3.69)
leading to the following area one form on the horizon
o= %ﬁa;(a)da - %\/EG’_(w)dw (3.70)

Note that this could alternatively be obtained from the area form in by a diffeomorphism.

The resulting expression for the entropy current, following the steps above, is

~ 1 = ~ - 1
D L ! ~ w L (5 . 1
J! = TeN \/_G_(w), Jg = —8G3\/_G+(v) (3.71)

Let us define, as before, the spacetime coordinates as #,t with (#,%) = t & . The entropy

density is then given by

§5=JL = 1 (%\/EG;(@) + %\/EG’(uv)) (3.72)

24Recall that both Ty, Ty are constant in this case. The more familiar f0r£n of for a circular
spatial direction of length 27, is obtained by putting S = 2ws, Ly = 27Ty, and Ly = 2aT,,,, which gives

S = 2n(\/cLo/6 + \/cLo/6).
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Note that the entropy current is divergenceless

OuJl = 05 Jo + 03] =0 (3.73)

This has two implications:

1. No dissipation: We have entropy transfers between different regions with no net entropy

loss or production (see Figure |3.6)).

Figure 3.6: The undulating horizon of Figure leads to the non-trivial entropy current
In this figure, we plot the entropy density § as a function of o, for the right CFT.
Note that although the entropy density fluctuates, the entropy flow here is such that there
is no net entropy production (or destruction) (see Eq. [3.73)).

2. Total entropy is not changed by the conformal transformation: The other implication

is that the integrated entropy over a space-like (or null) slice X

S:/eWJgdo” (3.74)
>

is independent of the choice of the slice. In particular, choosing the slice to be ¥y : t =

v+w =0, we get

S= o [ (VIG @ao— VIE @) = | (VId—VIdw) (3.75)

8G3 o B 8G3
1 —
:8_Gg, d;U(\/Z—i—\/Z):/dxs:S (3.76)
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Hence although the entropy density is clearly transformed, the total entropy is not

changed by the conformal transformation.

CFT calculation:

In a non-equilibrium situation, there is no natural notion of an entropy. However under the
adiabatic approximation, the instantaneous eigenstates of a time-dependent Hamiltonian are
a fair representation of the actual time-dependent wave functions. The consequent energy
level density can thus be used to define an approximate time-dependent entropy. Generalizing
this principle to slow time and space variations, and applying this to the stress tensor, one

expects a space-time dependent version of |3.68 namely

T ~ TC ~
§= ) —Ths T 3.77
3 \/ 3 + \/ 3 (3.77)

where the stress tensors are given by [3.41] Since we have made the adiabatic approximation,

we expect the above formula to be valid only up to the leading order of space and time

derivatives. Under this approximation, we have
L ! (~\2 I_’ ! ~\2
87TG3T@5 = ZG+(U) 3 87TG3T@@, = ZG?(’UJ) (378)

which exactly agrees with the holographic entropy density in [3.72 ]

Total entropy for Hp is unchanged by the conformal transformation:

Under the conformal transformation the reduced density matrix pgr is changed by

a unitary transformation:

pr = Tra, W)W = Urpor Uk, po.r = Tra,|to) (%ol (3.79)

25Note that throughout this chapter, we have not used the adiabatic approximation anywhere else. Thus,
it is unsatisfactory to use this approximation here. It is, in fact, tempting to believe that the entropy
density in|3.72] and not that in[3.77] actually gives the CFT entropy in general; however, this requires more
investigation.
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The total entropy of the system after the transformation is given by the von Neumann
entropy S = —Trpglog pr which, therefore, is equal to the entropy before; it is unchanged

by the unitary transformation.

3.8 Conclusion and open questions

In this chapter we have solved the boundary value problem for 3D gravity (with A < 0)
with independent boundary data on two asymptotically AdSs exterior geometries. The
boundary data, specified in the form of arbitrary holographic stress tensors, yields spacetimes
with wormholes, i.e. with exterior regions connected across smooth horizons. The explicit
metrics are constructed by the technique of solution generating diffeomorphisms (SGD)
from the eternal BTZ black string. By using the fact that the SGD’s reduce to conformal
transformations at both boundaries, we claim that the dual CFT states are specific time-
dependent entangled states which are conformal transformations of the standard thermofield
double. We compute various correlators and a dynamical entanglement entropy, in the bulk
and in the CFT, to provide evidence for the duality. We also arrive at an expression for a

non-equilibrium entropy function from the area-form on the horizon of these geometries.

Our work has implications for a number of other issues. We briefly discuss two of them

below; a detailed study of these is left to future work.

3.8.1 ER=EPR

As mentioned above, our work constructs an infinite family of AdS-CFT dual pairs in which
quantum states entangling two CFTs are holographically dual to spacetimes containing
a wormhole region which connects the two exteriors. Both the quantum states and the

wormhole geometries are explicitly constructed (see eqns. and (3.123.20)). Our

examples generalize the construction in [67]|138, 177‘] (for other remarks on unitary

268ee [1754225,226]
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transformations of the thermofield double and related geometries see [22,27,/185,225,226])
and provide an infinite family of examples of the relation ER=EPR, proposed in [175]. Since
this relation has been extensively discussed and debated in the literature ( [22,27,225,226]),

we would like to make some specific points pertaining to some of these discussions.

RR correlators vs RL correlators

It has been argued in [27], [226] and [225] that for typical entangled states connecting two
CFTs, Hr and H,, correlators involving operators on the left and the right are suppressed
relative to those involving operators all on the right. In particular, according to [27],
correlators of the form (OgOp) are of the order e=*(OxrOg), where S is the entropy of

the right sided Hilbert space.

In Section we have computed general two-point functions, both of the kind
(Or(P)Or(Q)) and (Or(P)OL(Q"))FT In case of the eternal BTZ (dual to the standard
thermofield double), an inspection of and suggests that as the boundary point P
goes off to infinity, the cosh and sinh factors tend to be equal, thus L(P,Q) ~ L(P,Q),
thus there is no extra suppression in the two-sided correlator (Or Or). Of course, such a
statement, regarding the standard thermofield double, has been regarded as somewhat of a

special nature.

We are therefore naturally led to ask: what happens in case of the new solutions found
in this chapter? The geodesic lengths L(P,Q) and L(P,Q’) are now given by and
Once again, if the point P goes off towards the boundary of the Poincare plane,
0 — o0o. Hence G4 (0) — oo (since G is a monotonically increasing function). Hence,
both the geodesic lengths approach each other. Thus, we do not see any peculiar additional
suppression, even for our general entangled state, arising when the second point of the

correlation function is moved from the right to the left CF'T.

2"We use unprimed labels for operators on the right and primed labels for those on the left.
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On the genericity of our family of examples

We start with the following Lemma.

Lemma: Any state € H ® H,

B) = Cylidly), Ciy €C, (3.80)
2
can be expressed in the form
W) =) e UpinUn jnln)|n) (3.81)
%,J,m

where Ug, U, are two unitary operators and A,, > 0.

Proof: Using the canonical map H @ H — H ® H*, we can regard the above state |¥)
as an operator ¥ in H, with matrix elements Cj;. Using the singular value decomposition
theorem on a general complex matrix, we can write C' = U LDU,T% where D is a diagonal

matrix with real, non-negative entries. By denoting D as diag[e=*], we get [3.81]

The state[3.81]can be regarded as a thermofield double with Hamiltonian H =3, A,,/B|n)(n/|
transformed by unitary operators Uy on the left and by Ug on the right. Thus, the above
Lemma suggests that the most general entangled state can be written as a unitary
transformation of some thermofield double state. Now, note that the state is of the
same general form as that of discussed in this chapter. Are our states the most

general entangled states then?

The answer is no, since the Ur g we use are made of Virasoro generators (see Appendix
3.10.1), and are not the most general unitaries of [3.81, However, in spite of this restriction,

it is clear that the states do form a fairly general class. Furthermore, if the states |3.81
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are states in which only the stress tensor is excited, then indeed these states are all contained

in our class of states [3.28

Weakly entangled states

To assess the genericity of our states, we ask a different question now: do our set of states
which are all explicitly dual to wormholes, include those with a very small entanglement
entropy S for a given energy Eﬁ The answer to this question turns out to be yes. As
we have noted in the remarks around and the entropy S, which is actually the
entanglement entropy of the right Hilbert space, is the same for all our states. However, the
same manipulations as in [3.76]shows that the energy of these states are not the same; indeed
by choosing the derivatives G', to be large, we can make the energy of the transformed state
to be much larger than that of the standard thermofield double. Stated in another way, for
states of a given energy, our set of states includes states with entanglement entropy much
less than that of the thermofield double. This is consistent with the proposal of [175] that

even a small entanglement is described by a wormhole geometry.

3.8.2 Generalizations and open questions

It would be interesting to rephrase the results in this chapter in terms of the SL(2, R) x
SL(2, R) Chern-Simons formulation [237] of three-dimensional gravity. By the arguments
in [237], all diffeomorphisms (together with appropriate local Lorentz rotations) can be
understood as gauge transformations of the Chern-Simons theory. The Chern-Simons
formulation has been extended to the gauge group SL(N,R) x SL(N,R) to describe
higher spin theories [30,/66]. It would be interesting to see whether the nontrivial gauge

transformations in this chapter generalizes to these higher gauge groups, and hence to higher

28If a CFT dual to pure gravity were to exist, then our states in such a theory would indeed be the
most general state of the form m However, such a unitary theory is unlikely to exist [118}/178|, although
chiral gravity theories which are dual to CFTs with only the Virasoro operator have been suggested (see,
e.g. [5]). We would like to thank Justin David for illuminating discussions on this point.

29This question was suggested to us by Sandip Trivedi.
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spin theories. A possible application of our methods in this case would be to compute HEE
by the prescriptions in [17] and [93] in the nontrivial higher spin geometrief®®] We hope to

come back to this issue shortly.

The solutions presented in this chapter are generated by SGDs which can be regarded
as forming a group (VNlr X \71/1") L ><(VNlr X \71/1") r. Here the first Vir denotes a group of
SGDs which is parametrized by the function G, and so on. As we emphasized in [3.79] the
reduced density matrix on the right pr undergoes a unitary transformation under this group
of transformations, leaving the entropy unaltered. The family of pure states considered
in this chapter can, therefore, be considered as an infinite family of purifications of the class
of density matrices pg; it would be interesting to see if these can be regarded as ‘micro-states’

which can ‘explain’ the entropy of pg. We hope to return to this issue shortly.

It would also be interesting to use our work to explicitly study various types of
holographic quantum quenches involving quantum states entangling two CFTSE-] It would
be of particular interest to study limiting cases of our solutions which correspond to

shock-wave geometries.

3.9 Appendix

3.9.1 Coordinate systems for the eternal BTZ geometry

As we explained in the Introduction, the metric describes only the region exterior to
the black hole horizon . As is well-known, for constant (L, L), describes a standard

BTZ black hole with mass M and angular momentum J given by

L =8Gs5(M +.J), L =8Gs(M —.J) (3.82)

30We thank Rajesh Gopakumar for a discussion on this issue.
31For a single CFT, a similar computation was done in, e.g., [218}[234].
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In this section we will describe various coordinate systems for this case. In particular, we
will describe the five coordinate charts of Figure which cover our spacetime.
Eddington-Finkelstein coordinates

EF1 (Right Exterior + Black Hole Interior) For a black hole with constant mass
and angular momentum, it is straightforward to find a coordinate transformation from the

(z,z4,x_) coordinates to a set of Eddington Finkelstein coordinates which we denote by

EF1 (A, v,y)

1 )\—)\0) L 1 ()\2—)\3)
ry=v— —=log| —— |, v_ =y+/=v— —lo — 3.83
¥ I g(/\+>\0 YINIY Tyt UL (3.83)

.= \/%3 (/\ - M) (3.84)

Under these transformations, we obtain the following metric

2 1 L
ds® = _f)\O(/\ — Xo)dv® + ﬁdvd}\ + Zd?f — (A = Ao)dvdy (3.85)

The horizon of the metric is now located at \g = V'LL/2. The metric is obviously
smooth and describes the black hole interior@ To achieve a symmetry between the boundary

coordinates, we find it convenient to make one further coordinate transformation from y to

In these new coordinates (A, v, w), the metric becomes

w

d\? L L VL VL
ds* = ————— + —dv?® + =dw® — \dvd —————dvd\ + ———dwd\, (3.87
s 4()\+>\0)2—|—4 v+4 w vw+2<>\+)\0)v +2()\+>\0>w , (3.87)
32 Tt develops a coordinate singularity at the inner horizon A\ = —)g; we do not discuss interpolation

beyond the inner horizon in this chapter, although it can be easily done. In any case, there are strong
reasons to believe that generically, the inner horizon and the associated exotic feature of infinitely repeating
universes are unstable against even infinitesimal perturbations.
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which is clearly symmetric between the ‘boundary coordinates’ v and w.

EF2 (Left Exterior + Black Hole Interior)

We can invent a second set of coordinate transformations starting from the metric in the
(z,z4,2_) coordinates which would describe the left exterior region of the black hole along

with the interior. This transformation is the following

1 /\1—/\0) L 1 (A%—A%)
Ty =u-+ lo , T =Y +14/=u+ —lo = 3.88
" 2L s ()\1 + Ao " L 2L & 4L ( )

z—¢%(&—¢§tja (3.89)

The Eddington-Finkelstein metric obtained via this transformation is

2 1 L
d82 = —f>\0(}\1 — )\0)dU2 - ﬁdud)\l + Zdy% - ()\1 - )\o)dudyl (390)

As before, we make a further coordinate transformation y; to w

L 1 A+ AO)
=w—\/=u———=1o = 3.91
N VL %Zg(2%i (3.91)

to obtain the following metric in the (A1, u,w) coordinates

VL dwd\; — L
2(A1 + o)

N2 L

gt = ¢ L
TS WS Wl

L
du® + Zde — Mdudw — 5 dudX(3.92)

(A + o)

EF3 (Left Exterior + White Hole Interior)
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Starting from (z,z,,z_) coordinates, we do the following transformations

Ty = v — ! lo (/\1_/\0> T =w — ! lo (/\1_/\0) (3.93)
T B ) T T T v P '

. %3 (30— i) 9)

The metric obtained is

d\? L L L L
d52:—1+—dvf+—dwf—/\1dv1dw1+2 VL dv1d)\1+2 Vi

- ———dwd)N; (3.95
TR A LA T O 2 11 (399

This metric covers the left exterior and the white hole interior.

EF4(Right Exterior + White Hole Interior)

Starting from (z,z,,z_) coordinates, we do the following transformations

1 A— X 1 )\—)\0)
=u + | , T =wq+ —1 3.96
e wzog(ﬂxo) e wzog(MAo (3.96)

- \/ %g ()\ _ M) (3.97)

The metric obtained is

2 L L L L
ds® = A + —duf + —dw] — Aduydw, — 5 Vi durd\ — 5 Vi

_— —————dwd\ (3.98
4N+ o) 4 4 (A4 o) (A+ o) “ (398)

This metric covers the right exterior and the white hole interior.

Regions of Overlap
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Right Exterior The ‘Right Exterior’ region is described by both the EF1 (A, v, w)
and EF4 (A, uj,w;) coordinates. These are related by the following smooth coordinate

transformations

- 1 A= Ao B 1 A= Ao
v—u1+\/zlog()\+/\0> w—w1+\/zlog<)\+)\0> (3.99)

Black Hole Interior The ‘Black Hole Interior’ region is described by both the EF1
(A, v,w) and EF2 (A1, u,w) coordinates, which are related by the following smooth coordinate

transformations

1 )\0—)\1> 1 <)\0—)\1>
v=u+—=I1o , w=w+—=Io ;O AL=A 3.100
\/Z g(/\0+)\1 \/Z & /\0+>\1 ! ( )

Left Exterior The ‘Left Exterior’ region is described by both the EF2 (A, u,w)
and EF3 (A;,v1,w;) coordinates, which are related by the following smooth coordinate
transformations:

1 )\1—)\0) 1 ()\1—)\0>
vy =u+ —=1o w; =w-+ ——=10 3.101
1 VL g<)\1+>\0 1 VI P\ (310

White Hole Interior The ‘White Hole Interior’ finds a description in both the EF3
(A1, v1,w1) and EF4 (A, u;,w;) coordinates, which are related by the following smooth
coordinate transformations:

1 )\0—)\) 1 ()\0—)\1>
v =u +—=1o , w; =w; + —=1o ;A=A 3.102
1 1 \/E g()\0+)\ 1 1 \/E g Mo + A 1 ( )

Kruskal coordinates

The union of all the above coordinate patches, together with a neighbourhood (indicated by
K5 in Fig of the bifurcation surface (the meeting point of the past and future horizons in

the Penrose diagram) can be described by a set of Kruskal coordinates, in which the metric
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reads

1 1 L
ds? = —2—)\0dUdV + ﬁUdde + Zdy2 (3.103)

The coordinate transformation between various EF coordinates and the Kruskal coordinates

are given below.

1. Right exterior + Black Hole Interior : EF1 to Kruskal

The transformation from EF1 to the (U, V,y) coordinates is

U= —exp(—VLv)(A = Ao), V =exp(VLv), y=w - % ; ()\Jr)\o

\/_ N3 ) (3.104)

In the ‘Right Exterior’ region, A > )y, while in the ‘Black Hole Interior’; A < Ag. The

above transformations give us the metric [3.103|in both the regions.

2. Left Exterior + Black Hole Interior : EF2 to Kruskal

The transformation from EF2 to (U, V,y) coordinates is

AL — A L 1
U = exp(—VLu)(A\ + \o), V =— exp(\/_u) Ly =w— \/;u + —=log(A1 + Ao)

+ Ao’ VL
(3.105)
with,
2 A1+>\0)
Y=Yy — lo ( 3.106
1 NG g I ( )

In the ‘Black Hole Interior’ A\; < Ag, while in the ‘Left Exterior’ region A\; > A\g. These

coordinate transformations give us the metric |3.103|in both the regions.

3. Left Exterior + White Hole Interior : EF3 to Kruskal

The transformations from EF3 to the (U, V,y) coordinates is

— exp(—VLv1) (M — No), V = —exp(VLvy), y=wy — \/%vl + % log ()\12;%\0

(3.107)
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In the ‘Left Exterior’ region A\; > \g, while in the ‘White Hole Interior’, \; < A\g. These

transformations give us the metric |3.103|in both the regions.

4. Right Exterior + White Hole Interior : EF4 to Kruskal

The transformation from EF4 to the (U, V,y) coordinates is

A— A L 1
U=— exp(—ﬁul)()\ + X)), V = exp(\/Zul))\ n 0, Y =w — \/;ul + —=log(A + \o)

Ao VL
(3.108)
with,
2 A1+A0)
—y _1Og( ’ 3.109
N A Y5 (3.109)

In the ‘White Hole Interior’ A < \g, while in the ‘Right Exterior’ region A > Ag. The

above transformations give us the metric |3.103|in both the regions.

Poincare

In this section we show how the EF1, EF2 coordinates can, in fact, be obtained from Poincare

coordinates ¢, X4 = Xy + Xj, in terms of which the metric is written as
1
ds® = E(dCQ —dX,dX_) (3.110)

We will choose L = L for simplicity, so A\g = L/2.

The coordinate transformation from X, ( to the EF1 coordinates is given by

log(X,) 1 (—X+X_ + 42> A 2XL X 4¢P (3.111)

= _——1 Z =
v o8 X, " o ¢

VL VL

whereas the coordinate transformation from X, ( to the EF2 coordinates is given by

1 <—X+X_ + 42> log(X_) A\ —2X,X_+(?
log , W= — =

i e e - (3.112)
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There are similar coordinate transformations between the other charts EF3/4 and Poincare

3.9.2 The new metrics in the charts EF3 and EF4

1 1 -~ - -
BF3: ds? = — [dA% + A2 A% + A2 di? + 2A, dityd), + 2A_diiyd

-\ <32+2(A+H (@) | 4 Hi(®) +XH1({’1)HZ(@1)))dwldﬁl} (3.113)

H! () H (0)  HY(0)H. (i)
where
G 45 LU NG A () %+
Ay = VLH (5,)( M + Ao) — AlH, e ), LH' (01)(M + M) — AlH, )’ B =2(M + A\o)
BFd: ds’ = — [d/\2 + A2 i + A2 di? — 24, diiyd) — 2A_di dA
G” (@) G'(a) GY (ul)G_(w1)>) . ]
M B2=2(4 LA )\ ~ dinda 3.114
( ( @) ) @) Gy ) )| B
where
G// G// - -
Ay = VLG, () (A + Xo) + A ,(~ C AL = VLG (@)(A+ X)) + A ,(~>,B:2(A+)\0)
G (1) G (@)

3.9.3 UV/IR cutoffs in EF coordinates

From AdS/CFT it is well-known that in a Fefferman-Graham coordinate system such as in
an IR cutoff surface z = € in the asymptotically AdS spacetime corresponds to a UV

cutoff € in the CFT. We wish to express the IR cutoff in the geometry in terms of the EF

33 As explained in [138] , it is possible to describe the BTZ black string in terms of a single Poincare
chart. The BTZ black hole is a quotient of AdSs, which in appropriate coordinates [29] corresponds to
the periodic identification of the spatial direction; the BTZ string discussed in this chapter is obtained by
decompactifying the spatial circle, which gives back AdSs.
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coordinates. By using the relation

- \/%3(>\—\/m> (3.115)

we clearly see that z = € for € small, corresponds to A = 1/€%.

3.10 An alternative to Banados’ metric

In a beautiful paper [218], Roberts showed that the Banados metric can be obtained
from the Poincare metric by a Brown-Henneaux type diffeomorphism (an ‘SGD’ in the

language of this chapter), given by

222 fi ()[4 (25)
8f4(vs) fr(ax) — 22 fL(zxa) fE (%)
(4fL(zy) fr (x2))?

© e 8fi(wy)f(z) — 2" (wy) f" (z_) (3.116)

Xe = fe(wg)+

It was shown in [218] that the above diffeomorphism reduces to a conformal transformation

on the boundary, with the the following asymptotic form (as z—0)

Xy = felze)+0(2%)

¢ = 2/ filz)f(a-) + O(F) (3.117)

It was also shown in this chapter that L(z,), L(z_) appearing in can be obtained from

the zero stress tensor through the conformal transformation f..

A different choice of gauge: The SGD [3.116] used by Roberts seems fairly involved

compared to the ones we use in this chapter, e.g. Can we obtain the metric [5.57]
by a simpler SGD similar to ours, which nevertheless has the same conformal asymptotic

form |3.117? The answer turns out to be yes. Indeed the simplest way of inventing such a
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transformation is to take the asymptotic form |3.117|and gauge fix all the higher order terms

in z to 0. We then have a new, exact transformation of the form

Xy = fe(zg), ¢ =2/ filzy)f () (3.118)

Note the similarity with our SGDs, say (recall that z ~ 1/v/A near the boundary).

[3.118] transforms the Poincare metric to

A fl(e) f(z-) (), )
e e (e )
2 i(iﬁ)fﬁ (z-)

R (_ - 2f’+(x+)f’_(w—)) dedo- (3.119)

ds?

A priori this is a new metric different from [5.57] However, the holographic stress tensor [28]
obtained from this metric is the same as obtained from given by As discussed in

Section [3.2.5 and [3.2.5, the above metric and differ only by a trivial diffeomorphism,

and are hence essentially identical@ Note that this example shows the enormous gauge
ambiguity in the choice of a metric in AdS3 (whose physical content is manifested in the
boundary behaviour). Indeed, by the same token even the SGD’s employed in this chapter
are ambiguous; the solutions presented in Section are one of a gauge equivalent class of

metrics.

3.10.1 Unitary realization of conformal transformation

Under a finite, non-trivial, holomorphic coordinate transformation, w — w’ = f(w), the

stress tensor of a 2D CFT transforms as

T(w') = @Z’;)_ [T(w) — 1—025(w',w)} (3.120)

34Note that in this new metric[3.119] the position of the horizon is at z = co. Of course, it can be brought
to a finite value by an additional coordinate transformation involving the radial coordinate.
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with the Schwarzian derivative S(w’, w) given by

Fuw'\ (ow'\ " 302w\ ow
/ _ = -— 121
S(u',w) <8w3>(8w> 2(6102) ((%J) (3.121)
For an infinitesimal transformation w — v’ = f(w) = w + €(w), the Schwarzian derivative

turns out to be

S(w',w) = €"(w) + O(e?) (3.122)

The change in the stress tensor, under such a transformation, becomes

3T (w) ~ —e(w)T" (w) — 2 (w)T(w) — 1—626’”(10) +0(&) (3.123)
Now, the Laurent expansion of T'(w) and e(w) is
Twy= Y Lr =3 e (3124)
w) = 2. e(w) = 2 EmW :

where LIL =L_,, GIL = —e_, and the L,’s satisfy the Virasoro algebra

(Lns L] = (m — 1) Ly + 1—02m(m2 — 1)0mino (3.125)

Plugging [3.124] into [3.123] we get

S C
OLm= D {(m + 1) Linnn + 75n(n” = 1)en5m_n,o} (3.126)

We wish to construct a unitary operator U = U(e) which implements the above conformal

transformations, namely that it satisfies

U(e)' LyU(€) — Ly = 8Ly + O(€%) (3.127)
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The required unitary operator, in fact, is
oo

Ule) =exp( > enL_y) (3.128)

n—=—oo

The proof is straightforward. Note that the LHS of |3.127] becomes

oo

1= enL)lm(1+ Y el p) =Ly =— Y €n(Lnln)+ i en(LinL_y) + O(e?)

n n=—oo n=—oo

After flipping the sign of n in the first sum, this becomes
€n[Lim; Ln]

which reduces to the expression [3.126| upon using the Virasoro algebra [3.125!.

Thus, we have explicitly constructed a unitary operator U such that UTT(w)U — T'(w) is
given by [3.123
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Chapter 4

Thermalization with chemical

potentials and Higher Spin Black
Holes!|

4.1 Introduction and Summary

In this chapter, we will focus on two-dimensional conformal field theories (CFTs) on an

infinite line 0 € R. We will consider the system at ¢ = 0 to be in a “quenched state”

[0) = exp[—exH = Y ,W, ]| Bd) (4.1)

with |Bd) being the conformal boundary state (as discussed in the introduction). The

exponential factors cut off the UV modes to make the state normalizable. W, denote

'The contents of this chapter have partial overlap with the thesis work of Sorokhaibam Nilakash Singh.
The conclusions arrived at are results of joint effort.
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the additional conserved charges in the theoryP] This choice of the quenched state is a

generalization of that in [59] for which €, = 0, for n > 3.

The wavefunction for ¢ > 0 is given by
|4(t)) = exp[—iH1][to) (4.2)

The questions we will explore, and answer, are: what is the long time behaviour of various
observables in [¢(t))? In particular, does the expectation value of an operator (or a string
of operators) approach a constant? In other words, do they equilibrate? If so, (i) is the
constant value characterized by a thermodynamic equilibrium, and (ii) what is the rate of
approach to the constant value? More generally, we would also address, and partially answer,
the questions: how does the existence and rate of thermalization depend on the initial state

and the choice of observables?

Thermalization We find in this chapter that the expectation values of local observables
(supported on a finite interval A : o € [—1/2,1/2]) asymptotically approach (see for the

precise statement) their values in an equilibrium ensemble,
1
Peam = - exp|—BH — Xn:,uan], Z = Trexp|—fH — Zn:,uan] (4.3)
whose temperature and chemical potentials are related to the cutoff scales in as follows
B =4ey, p, =4e,, n=3,4,.. (4.4)

The relations 4.4] are uniquely dictated by the requirement that the expectation values of

the conserved charges H, W3, Wy, ... in the initial state match those in the mixed state [4.3

2For the purposes of this chapter, we will identify them with W,,-charges of 2D CFT, n = 3,4, ... (with
Wy = H), although much of what we say will go through independent of this specific choice as long as these
charges mutually commute and are defined from currents which are quasiprimary fields of the conformal
algebra.
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(see [4.52). In the absence of the extra parameters €,,n = 3,4, ... this result is derived by
the elegant method of conformal transformations [59]. In the presence of these parameters,
this method is not available. In this chapter, we deal with the extra exponential factors in

terms of an infinite series and do a resummation.

We emphasize that the thermalization we found above persists even when we have an
integrable model with an infinite number of conserved charges. Relaxation in integrable
systems has been found in recent years in the context of, e.g., (a) one-dimensional hardcore
bosons [216], (b) transverse field Ising model [56], and (c¢) matrix quantum mechanics
models [179]. The equilibrium ensembles in this context have been called a generalized
Gibbs ensemble (GGE). Our present result on integrable conformal field theories adds to the
list of these examples. Interestingly, the thermalization we find works even for free conformal

field theories, e.g. a free scalar field theoryﬁ

With the above identification of parameters, we will rewrite the initial quenched state

[4.1] henceforth as
[) = exp[—(BH — Zun )/4]| Bd) (4.5)

We find the following specific results:

1. Thermalization time scale for single local observables: We find that at large

times

(WO o)) = Tr (6r(0)peqm (B, i) + ar e + ... (4.6)

where ¢ (o) is an arbitrary quasiprimary field (labelled by an index k). Below we compute

the thermalization exponent 7, in a perturbation in the chemical potentials and to linear

3This happens essentially due to the fact that we consider here thermalization of local observables and
that local field modes are mutually coupled even in a free field theory. Thermalization happens at times
greater than the scale of localization, as we will see below.

126



order it is given by

_27r

Vi 3

B+ 3 fuQui+ O?) | fin = L2 (4.7)

Here Ay, = hy, + hy, is the scaling dimension and Qnr are the (shifted) W,-charges (see m
for the full definition) of the field ¢, (in case of primary fields) or of the minimum-dimension
field which appears in the conformal transformation of ¢;. To obtain this result, we perform
the infinite resummation mentioned below At large times, the perturbation series for the
one-point function in the chemical potentials exponentiates (see , to give the corrected
exponent in the above equation. In wvarious related contexts, finite orders of perturbation
terms in chemical potentials have been computed before [34,89,/121]. Our finding in this

chapter is that at large times, there is a reqularity among the various orders leading to an

exponential function as in[{.0] (see Section[{.2.2 for details).

Universality: In the case of zero chemical potentials, it has been noted in [60], that although
the relaxation time 7, = mey/(2A) = 2m/5/(Ag) is non-universal (in the sense that it depends
on the specific initial state , the ratio of relaxation times for two different fields, namely,
Thy [ Thy = Ok, /Ay, is universal (it depends only on the CFT data and not on the initial state
and is hence expected to be valid for a general class of initial states). In the presence of the
additional cut-off parameters €;,7 = 3, ... in the initial state[4.1] the ratio 7y, /7h, = Viy/ Ve =

(Agy + >, nQny) [ (Dky + >, in@nk,) is, however, not independent of the initial state.

However, as we will briefly discuss in Section [4.6] for a large class of quench states
(e.g. where the energy density is uniform outside of a domain of compact support) the (-
dependence of 73, in the absence of chemical potentials, can be understood as the dependence
on the uniform energy density (see a related discussion in [129]). The time scales 73, therefore,
do have a limited form of universality in the sense that it depends on a rather robust feature
of the initial state. Our calculations in this chapter leads us to believe that this feature will

continue in the presence of chemical potentials, in the sense that the additional dependence of
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the time scales 1/, on the p, is fixed by the charge densities corresponding to the additional

conserved charges.

2. Multiple local observables, reduced density matrix: Besides the one-point
functions discussed above, it turns out that we can demonstrate thermalization of all

operators in an interval A of length [. It is convenient to define a ‘thermalization function’

IA(t) [71] as

Tr(Payn, (1) Pegm,a (B, bin))
(T (g, 4 () Tr (peqm,a (8. 12)2)]'7*

payn.a(t) = Trz [YO)) (WD), peqm.a(B, pn) =TT 7 Peqm (B, i) (4.8)

I4(t) = Tr(ﬁdyn,A(t)ﬁeqm,A(ﬁ’Mn)) =

Here p = p/y/ Trp? denotes a ‘square-normalized’ density matrix.ﬁﬂ We show below that at

large times the thermalization function has the form
Lit)y=1—a() et +  1=1/8 (4.9)

where 7, refers to the exponent for the operator ¢, with minimum scaling dimension [
a(l~) is computed as a power series in | which we find using the short interval expansion,

valid for [ < 1, i.e. [ < .

Two immediate consequences of [4.9) are

(i) Thermalization of an arbitrary string of operators: Note, from that

La(t) 221, (4.10)

4Note that operators in a Hilbert space H can themselves be regarded as vectors in H x H*; under this
interpretation Tr(A B) defines a positive definite scalar product. With this understanding, we will regard
the hatted density matrices as unit vectors.

5Throughout this chapter, we will consider field theories with an infinite spatial extent. The entire Hilbert
space is assumed to be of the form H4q ® H 3. Tr; implies tracing over H 7.

6We will assume here that the spectrum of such A’s is bounded below by a finite positive number. In
case of a free scalar field theory, we can achieve this by considering a compactified target space.
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Since the square-normalized density matrices can be regarded as unit vectors (in the
sense of footnote , and [4(t) can be regarded as the scalar product payn, a(t):Pegm. A
[4.10] clearly implies

lédyn,A(t) H_OO> ﬁeqm,A (411)

This implies the following statement of thermalization for an arbitrary string of local

operators (with oy, 09, ... € A)

(()[O0(01,t1)0(02, t2)...[¢0(t)) = Tr(Payn,a(t)O(01,11)O(02, t2)...)

— TT(/A)eqm’AO(O'l, t1)0<0'2, tg))
(4.12)

Long time behaviour of reduced density matrix:

Carrying on with the interpretation of I4(¢) as a scalar product, we can infer following

asymptotic behaviour of Py, (t) from [4.9}

PagnA(t) = Pegma(By i) (1 —ae™@mt 4 ) +Q (\/ﬁ e Imt 4 ) (4.13)

where TT(QQ) =1, Tr(,éeqm,A(B,ui)Q) = 0. We will specify further properties of

later on.

Importance of local observables: In case of a free massless scalar field, it is easy
to show that quantities like (1)(t)|a2al|y(t)) perpetually oscillate and never reach a
constant (see a related calculation in [179]). The modes «,, represent Fourier modes
and are non-local. Indeed, as [60.(65,71] showed, in the absence of chemical potentials,
the exponential term in is e=2m(=1/2) and the thermalization sets in only after ¢
exceeds [/2. Thus, for | = oo, there is no thermalization, which is consistent with

the above observation about perpetual oscillations. We expect the form e=21m({=1/2) tq
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continue to hold in the presence of chemical potentialsﬂ since the effect of the chemical
potentials on the exponent 7, can be viewed as a shift of the anomalous dimension
A, =Y itnQui + O(ii%) (see, e.g. [4.64). This shows that, as in the case of zero
chemical potentials, equilibration sets in only after ¢ exceeds [/2. We will see a similar

phenomena next in the context of a decay of perturbations to a thermal state.

3. Decay of perturbations to a thermal state: We compute (see Section for
details) the time-dependent two-point Green’s function G (¢,1; 8, ) for two points spatially
separated by a distance [. We find that for t,[,t—1 > (3, the time-dependence is exponential,

with the same exponent as in [4.6}
1
Gi(t,1;8,p) = ZTr (¢x(1,1)p1 (0, 0)e PH=2nimWn) = const ¢! (4.14)

Note that the above thermalization sets in for ¢ > [. For t < [, the two-point function has

an exponential decay in the spatial separation (see Section and Figure .

The computation of the above relaxation times in the presence of an arbitrary number of
chemical potentials uses the technique, described above, of summing over an infinite number

of Feynman diagrams, and is one of the main results of this chapter.

4. Collapse to higher spin black holes: In [138,/177] the bulk dual to the time-
dependent state corresponding to initial condition [5.1], for large central charges, has
been constructed in the case of zero chemical potentials. The dual geometry corresponds
to one half of the eternal BTZ (black string) geometry, whose boundary represents an end-
of-the-world brane. In [67] the result has been extended to the case of non-zero angular
momentum and a Chern-Simons charge. In case of an infinite number of chemical potentials,

a bulk dual to the equilibrium ensemble has been identified, in the context of the

7Although, in the short-interval expansion employed in this chapter to derive which uses t > 8 >,
such an [-dependence in the exponent cannot be easily seen from the pre-factor a(l) unless one sums over
an infinite orders in [.
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Gaberdiel-Gopakumar hs(\) theory [119], as a higher spin black hole with those chemical
potentials [131,/162]. It is natural to conjecture [67,/179] that the time-development
should be dual to a collapse to this higher spin black hole. At late times, therefore, the
thermalization exponent found above should correspond to the quasinormal frequency of the
higher spin black hole. We find that (see Section this is indeed borne out in a specific

example.

The plan of this chapter is as follows. The results 1, 2, 3 and 4 above are described
in Sections [5.2.2, [4.3] and respectively. The resummation of an infinite number of
Feynman diagrams (corresponding to insertions of arbitrary number of chemical potential
terms) is discussed in Section @, which uses results in Appendix @ The calculation
of the overlap of reduced density matrices in Section needs the use of the short-interval
expansion, which is described in Appendix [4.7.2. In Section we present our conclusions

and make some remarks on inhomogeneous quenches.

4.2 One-point functions

In this section we will consider the behaviour of the following one-point functions of a

quasiprimary field ¢y (o)

(Or(0,8))ayn = ((1)|or(0)|1(1)),
(01(0))egm = Tr (04(0) pegm (B, 1in)) (4.15)

We will briefly recall how these are computed in the absence of the chemical potentials [59,96].
The first expectation value corresponds to the one-point function on a strip geometry, with
complex coordinate w = o +it, 0 € (—o00,0), T € (—(/4,/4) where 7 is eventually to

be analytically continued to 7 = it. This can be conformally transformed to an upper half
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plane by using the map
z = e /A (4.16)

For a primary field with hy = hy (of the form ¢, (w,w) = i (w)px(w)), this procedure gives

(for other primary fields, the one-point function vanishes)

(it Dham = ontes e = (22" ()" o e

(0

= ay (627”5/5 + 6_2”t/6)_2hk ~ age "ty - 7,(90) =21, /B =4rhy /B (4.17)
We have used the following result for the one-point function on the UHP:
(0(2 2))omp = Aler(2)or () omp = Ax(z = 2) 7, by = hy, 2/ =2 (4.18)

which follows by using the method of images where the antiholomorphic factor of ¢(z, z)
on the upper half plane at the point (z, z) is mapped (up to a constant) to the holomorphic
©; [ on the lower half plane at the image point (z/,%') with 2z’ = 2,7 = z [74,/96]. In the

above ay, A;, are known numerical constants. Note that

y = Z~627r(0+7$7')/,3 — ieZTr(a—t)/B’ S =5 = _Z~627r(a—i’r)/ﬁ _ _,L~€27r(0+t)/5 (419)
so that in the large time limit we have
t—o00=2—0,2z— —ioco. (4.20)

The second, thermal, expectation value in for u, = 0, corresponds to a cylindrical

geometry in the w-plane, with 7 = 0 identified with 7 = . By using the same conformal

8The subscripts str, cyl will denote a ‘strip’ and a ‘cylinder’, respectively.
9We distinguish ¢} from ¢y to allow for charge conjugation.
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map this can be transformed to a one-point function on the plane. For a primary field

the latter vanishes. Hence [4.6]is trivially satisfied.

For a quasiprimary field ¢y, its conformal transformation generates additional terms,
including possibly a c-number term ¢ (e.g. the Schwarzian derivative term for ¢, = Ty)
and generically lower order operators. The c-number term does not distinguish between a

plane and an UHP. This leads to the following overall result (for u, = 0):

<¢k(0)>eqm = <¢k(w’ w))cyl = Ck,

(D0(0, 1)) dgm = (D0, @)Yty = €1 + are ™% 4 ooy 40 = 202,/ B, (4.21)

where Ay now is the scaling dimension of the minimum-dimension operator in a 7'(z1)¢x(2)

OPE. This is clearly of the general form [4.6] for p,, = 0.

We now turn to a discussion of these expectation values in the presence of chemical
potentials p,,n = 3,4, ..., as in and We will denote the new conserved currents as
W, (w) and W, (), n = 3,4, .... The conserved charge, W,,, is defined as

1 1 _
w, = L / Wrrrdo = — [ (idwy Wa(wn) + (—i)din Wa(@r))  (4.22)
21 Jp 2 Jr

Here the contour I' is taken to be a 7 = constant line along which dw, = dw, = do. Under
the conformal transformation to the plane/UHP, the holomorphic part of the contour
integral becomes

. n— [n/2]
21 !
Wilho = — (—) /1“ dzy |27 W, (1) + Z an,n—2mz7f_2m_1Wn—2m(Zl) (4.23)
1 m=1

2r \ B
where the a,, ,,—2,, denote the mixing of W, (z1) with lower order W-currents under conformal
transformations [47,210]. The contour I'; is an image of the contour I onto the plane. The
expression for the antiholomorphic part W, |sntine is similar.
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As mentioned before, in this chapter we will regard the W,, as conserved charges of a
We-algebra, although the results we derive will be equally valid as long as these charges,
together with H, form a mutually commuting set, and the currents (W, (w), W, (w)) are

quasiprimary fields.

4.2.1 One-point function on the cylinder with chemical potentials

For simplicity we first consider the equilibrium expectation value in [4.15] Unfortunately,
unlike the thermal factor above, the factor e~ 2n#2Wn in cannot be dealt with in terms

of a conformal map. We will, therefore, treat this factor as an operator insertion, and write

e” ZntnWn gy (w.
(640 eam = Tr (930, D)pegm(B ) = @Q%fi;)hﬂzwmww»a (4.21)

cyl

We will now illustrate how to compute this for a single chemical potential, say us, using

perturbation theory Feynman diagramsm

2

(Dn (W, @)y = (Pr(w, 0) eyt — pa(Wagr(w, )™ + %( WsWady(w, w))e™ + O(ui3)

(4.25)

The first term in the above expression is the constant ¢, that we already encountered in [4.21]
For a holomorphic primary field ¢, the second, O(us), term, transformed on to the plane,

gives

2

<W3¢k(w)>22?n = BQ

Wﬁéfmwwmmmww&wA@ﬁmwwm%m

(4.26)

Here we have used the contour representations [4.22] and 4.23 The correlator inside the

second integral obviously vanishes (it factorizes into a holomorphic and an antiholomorphic

10The superscript conn denotes ‘connected’.
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one-point functions, leading to a vanishing connected part). The first integral vanishes unless
¢r = Ws (this uses the orthogonality of the basis of quasiprimary fields). In the latter case,

using
/3
(21— 2)

Ws(20)Ws(2))c
the integral evaluates to ¢/(9023); combining with the factor of 2* outside (hj, = 3 in this
case) we get a z-independent constant, as we must, because of translational invariance on
the plane. With an antiholomorphic primary field ¢, the calculation is isomorphic. For a
primary field with nonvanishing hy, hs, the result vanishes. For quasiprimary ¢y, as well as
for other W,, charges, the conformal transformation to the plane additionally generates lower

order operators (see, e.g. 4.23))), each of which can be dealt with as in m The result is a

finite constant which we will denote as

(Wn¢k(w, U_J)> = Cn,k

(this will be non-vanishing only for special choices of ¢y, e.g. ¢ = W,,). As explained above,
for n = 3 and ¢x(w, w) = Wa(w), cpi = —2mc/(9052).
In a similar fashion, the O(p3) term in can be transformed to the plane. Again, we

present the explicit expression for the simple case of a holomorphic primary field ¢y.

27r
WaWagulw)igr” = (5)7h [ [tz [ dzpmamiionz 42
I I's

—l /le /dZQ Wg Zl Wg(Zg)gbk( )>corm 2%23 + /le /d22<W3(21)W3(22)¢k( ))conn Z%Eg
Fl F F1 I

2

; / i [ dea @) W) 23] (4.27)

For holomorphic quasiprimary ¢y, additional, similar, terms appear due to the generation of
lower order operators under conformal transformation to the plane. Only the holomorphic

correlator survives (as in the O(us3) calculation). Thus, e.g. if ¢ = T'(2), the stress tensor,
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we have
c

(21 — 22)*(21 — 2)2(22 — 2)?

(Ws(20)Ws(22)T(2))e =

Again, after performing the integration over z; and zy, we obtain a z-independent constant,
as we must. The analysis of more general fields ¢, and two arbitrary W-charges is
straightforwardly generalizable. The result is a finite constant (can be zero for a particular

¢r) which we denote as

<WmWn¢k<wa w)) = Cmn,k

Note that in the result does not depend on the location of the contours I'y,I's on the

plane, since the W-currents are conserved.

Summarizing, we get

_ 1
<¢k(w7 w))?;,,z = C — Z Hn Cn,k + 5 Z Hm hn cmn,k + O(:u3) (428)

4.2.2 One-point function on the strip with chemical potentials

Similarly to the previous subsection, we will treat the p-deformations in as operator

insertions:

<¢k(av t))dyn = <w(t)‘¢k<0)|w(t>> = <e*zn Han/2>

= (Pk(w, W)ty

str

(4.29)

As before, we begin by illustrating the calculation of this quantity with the simplest case of

a single chemical potential u3, using perturbation theory Feynman diagrams:

(01w, D))o = (G110, ©))r = 52 (W, d(w, @)}

+ (“3> %(({WgWg,@bk(w,w)})iff” + 2(Wsp(w, w)Wa) ™) + O(pay,) (4.30)
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The { , } denotes an anticommutator. The operator ordering implies the following: when W3
appears on the left of ¢p(w,w), e.g., in (Wspr(w,w)), the integration contour for Wj
on the strip lies above the point (w, w); similarly when W3 appears on the right of ¢y (w, w),

e.g. in (¢r(w, w)Ws), the contour for W is below the point (w,w).

The first, p-independent, term in the above expansion is already calculated in [4.21]

O(u,) Calculation

As before, we find it convenient to use the conformal transformation The correlator on
the strip then reduces to that on the UHP, as in the = 0 case before. For a holomorphic

primary field ¢y, this gives

(Wags (w))eom = 22 . [ / dz1 22 (Wa(2)dn(2)) 3008 + (—i)° / dz1 22 Ws(2)n ()

(4.31)

where the operator ordering explained above implies that the contour I'; lies to the left of
the point (z, Z) on the UHP. Now, in the analogous calculation , the second connected
correlator on the complex plane vanished because of factorization into one-point functions.
Correlators on the UHP are, however, related to those on the plane by the method of
images (an example of which we saw in . In particular, Ws at the point (z1,2;) on the
UHP becomes the holomorphic operator Wi = —Wj5 on the LHP at the point (21, z]) with
21 = 7 [74,96]. The contour I'; gets mapped to its mirror image I"} on the lower half plane.

With this, we get

2ﬂ- N conn
Wasn(whgn = 0 | [ de 200 (an)anle (432
ﬁ F1+F/1
On the complex plane, the contour I'y on the UHP can be deformed to I'} on the LHP, hence

the two contours simply yield a factor of 2. In fact, combining with the other ordering, and

applying a similar reasoning, we get an overall factor of 4. Thus, combining with results
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from Section |4.2.1, we get, for holomorphic primary fields

B W, 6w = —pa (Wi (w) 57" (4.33)

A similar statement is true for an antiholomorphic primary field.

Let us turn now to primary fields ¢y (w,w) with hy, hy # 0 (of the form ¢ (w,w) =
or(w)pr(w), as discussed before in the context of 4.18). In the cylinder calculation in
Section [4.2.1 the u-corrections for these vanished. In the present case, they are non-zero for
operators of the form ¢y (w,w)= @y (w)@y(w), with by, = hy, (as in [£.17). After conformally
transforming to the UHP, we regard ¢, on the UHP as ¢; at the image point on the LHP
(up to a constant). Combining with the arguments used for the holomorphic operators, we

eventually get

({Ws, o (w, w) }) g™ ::isgf(zz)hlg(z,zﬁ,

(Or(w, ) str 2
Iy(z, 2') Efjé dz 271 (Wa(21)ei(2)or(2)E™ /(e (2)ek(2)E™ (4.34)

14T+ 4T

Figure 4.1: Various contours needed to compute the W, insertions in At late times, the insertion
of each contour, irrespective of the position of the contour, amounts to insertion of a given factor linear

in ¢t. This allows to resum arbitrary orders of arbitrary W,,-charge insertions, leading to the exponential
time-dependence as in See Figure [4.2] for more.
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The ratio of correlators inside the integral is given by

(2 —2')3

Ve ou( (N e ENE™ = b e

(4.35)

where g3 is the Ws-charge of the field ¢,. Integrals of the kind are discussed in detail in
Appendix[4.7.1. The final result (see|4.71)) is that the O(u3) correction, in the long time limit

is given by (using that all four contours I'y, I'y, I}, 1:’1 contribute equally, cancelling the

1/4 in —p1y/4)

2t
(Or(0, 1)) ayn = are 2"2kB (1 — Q3 k3 (% + constant) + O(uﬁ)) + oy

M3

Qs = 1°2q3,4(27), fiz = 5

Ay = 2hy, (4.36)

Up to O(us3), it agrees with

In case of a quasiprimary field ¢y (w, @), it mixes, under conformal transformation to the
plane, with lower dimension operators. The most relevant operator among these, which is of
the form ¢y (2)pr(2), is then to be used in for obtaining the dominant time-dependence;

in that case Ay, Qs refer to this operator (rather than to the original ¢y).

For higher W,, charges, the currents W, (w) are typically quasiprimary, and hence they
mix with lower order W,,(z) under conformal transformation to the UHP. Thus the O(pu,,)

correction to the dynamical one-point function (@)4y, is a linear combination of terms of

the form [4.68) (weighted by a set of coefficients ay, ,, as in below). Collecting all this,
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the O(u) correction with all chemical potentials is given by

2mt
mwﬁwfwm%mmG—}}%mm%"mmmm+ow0+m
n=3

i Hn_ A= by + hy = 20y,

Hn = W,
[n/2-1]
Qn,k =2 Z an,min_%n(27)n_2m_2Qn—2m,k
m=0

= i"(2m)" " 22qk + 1" 2 (270)" U2 2Gn ok + - (4.37)

Note that for W3 deformations, the expression for Q3 as in [4.36] corresponds only to the first
term in the above series expression for ),,. This is because the W5 current is a primary field
and does not mix with any lower W current under a conformal transformation. From n = 4
onwards, the additional terms in @), ;’s represent the mixing of W, currents with W, _o,

under conformal transformations.

Higher order p-corrections

Let us first consider that O(u2) correction:

(pp(w, @))eorn|hm = (:un2/!4)

(EWaWh, ¢ (w, w) )G + 2(Wa o (w, @)Wn)Z)  (4.38)

str str

Again, for holomorphic (or antiholomorphic) primary fields ¢y (w), it is straightforward to
generalize to this order.

2
(@n(w) s = S Wadn ()" (4.39)

cyl
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For a primary field of the form ¢y (w,w) = @r(w)pr(w), proceeding as in the previous

subsection, we get

1

conn n ~ 27T
(on()ty = o (@i

2
F) + 112 (constant x t + constant) + ... (4.40)

The essential ingredient in this calculation is

Lim(2, 2|11, Ty) = /dzl 27 /dzz 2 (21, 20, 2, 2,

o MWl ()
Fumlz10 222 2) = 0 e (141

By repeating the strategy of we get

Coefficient of [log(—2') — log(—2)]? in Lyn,(2, 2'|T1,T2)

= Residue esidue (Wh(21)Whn(22) 0 (2) i (2)E™ —
= Residue - Reside (PRSI | < s (102

where we have first used the W, (22)px(z) OPE, and then the W, (z1)px(z) OPE. In a manner
similar to that in Appendix [4.7.1, we conclude the following structure of I,,,,(z, 2'):

Ly (2,2’ |01, T2) = qn .k gm.k([log(—2") — log(—z)] 4 constant) x ([log(—z") — log(—z)] + constant) (4.43)

Note that at late times ¢ > 3, ([log(—2') — log(—z)] — 2(2nt)/$ and dominates over the
constant term (the precise sense is that of . Similar to Appendix @, the 4 x 4 =16
locations of the contour-pairs (I'y, T3),(I'1,I%), (I'y,T3),(I'1,I%), ..., all contribute equally,
therefore converting (ji,,/4)(ttm/4) = fnpm. Combining all these, we get The charges

¢n that are defined by the W, OPE and appear in [4.42] get multiplied by some constants

and shifted by lower W,,_o; charges to give the @), in as in [4.37

n n—1
""Each W, current comes with a factor of i~ (%“) , as in |4.23
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Arbitrary orders and Exponentiation:

It is straightforward to generalize the above O(ji?) calculation to higher orders in the
perturbation in chemical potentials. Thus, at the order [];_, u,,, there are r insertions

of W-currents, leading to integrals of the form

!/ — n1—1 1’L2—1 ny—1 . /
Lning.m, (2, 2|01, Tg, .. T)) = / dzy 2| /dZQ z5 / dzo 20" fring. me (215 22y ooy 205 2, 2,
Fl F2 T

Wy (21) Wi, (22).. Wi, (2) i (2) i (2) )&
(er(2) i (2))Em™

fnlng...nr(zlazb "'7ZT;Z7Z/) = (444)

Again, repeating the strategy of [4.75, we get the following leading (wviz. (log)") contribution
(see for the definition of the leading-log contribution)

Coefficient of [log(—2") — log(—2)]" in I ny..m, (2, 2'|T1, T2, ..., )
<Wn1 (zl)...Wn,r,l(Zr—l)Wn (ZT)SOk(Z)SOZ(Z/»%’"") }:|

* > conn

CREPACHE

= Residue,, —, [...Residuezrl_z {Residuezr—z (

=dAqny,k--9n,_1,k An, .k (445)

where we have first used the W, (z.)¢x(z) OPE, then W, (z,—1)¢r(z) OPE, etc. As in

the O(u?) calculation above, we obtain the following behaviour at late times

Inlng..‘nr(za Z/lrl, FQ; ceey Fr)

= Gny k---Qny 1k Gnok ([log(—2") —log(—2)] + constant) X ... x ([log(—z") — log(—=z)] + constant)  (4.46)

r terms

The two equations above show that the leading log contribution to[{.44] from every contour
integral of the W,, current contributes the factor g,,[log(—z") — log(—z)]. This is the first
basic ingredient for the exponentiation we are going to find. Furthermore, it is easy to see
that the leading log contribution is the same irrespective of where each contour I'; is placed
(out of 4 possible choices, e.g. T'1,T7, I, f’l in Figure . As before we must combine the
contribution of all positions of the contours, which, therefore, amounts to multiplying the

result for by 4" which converts the original coefficients coming from exp[— ), W, /4]
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as follows

H::l pi/4 N H::l l’di.
rl r!

This is the second basic factor leading to the exponentiation. Combining all these, and
incorporating some additional constants (see footnote we get the following, leading,

order (fin,...lp,) contribution

ontunz e = STT Qi %) + 06 (4.47)
=1

Once again, the constants @, are related to the ¢, as in [4.37) in a manner similar to the
O(f1) and the O(i?) calculation above. We note that the leading log contribution used in

this chapter can be isolated by considering a scaling

fin — 0,t = — — oo, such that fi,,t = constant. (4.48)

The second term in [4.47] or for that matter, in [4.40} is subleading at large times in the sense

of this scaling.
Using the above results, we now have, for primary fields of the form ¢ (w,w) =

pr(w)epr(w)

2wt

(Or(w,W)) st = age™ 7 1- Zﬁn an(% + const)

1 27t 2t
+§ % /ln,am Qn,k(% + COIlSt) Qm,k(% -+ COIlSt) + ...

1 L 2mt 2mt
+7T|ZH fin; Qni i | (—— + const)...(—— 4+ const) | + ...

{niyi=1 N ~ & g
r terms
= ape 2B+, inQuatO)) — ) o=t (4.49)
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where we have absorbed some constant factors in a;. 7, is given by ; Qn k. are the shifted
W, charges of ¢y, as defined in[4.37 The proof of the above equation for general quasiprimary
operators ¢ (w,w) works out much the same way as in case of the O(u) terms, as discussed
in Section [4.2.2. We emphasize that it is only the leading contributions at large times which
we have proved here to exponentiate. Thus, we do not claim that the constant terms marked
“const” in the above equation are all the same. As we have remarked before, the leading

contributions can be isolated using the scaling mentioned in [4.48]

The schematics of the above calculation is explained in the Figure [4.2

P
(sz z Wn 7 Pk Wn
Z 21 W
- + s Tt

Go(2) Go(2) £, log(2) Go(2) fuf log(z)*/2!

Figure 4.2: The schematics of the calculation of the one-point function. The first term represents the
zero-order boundary Green’s function without chemical potentials (the shading indicates the boundary
of the upper half plane). The second term represents the O(pu,,) correction, which involves one insertion
of a W,,~charge (which is an integral over the zj-contour. As explained in the text, at long times, this
insertion amounts to multiplying the zero order term by a term of the form f, log(z), where f,, is described
in m The third term represents insertion of two such W-charges; as we explained in the text (see m
and below), each insertion again amounts to multiplying by the factor mentioned above, along with a factor
of % The pattern continues, to ensure an exponentiation to Go(z) z2nfn | as in Since at long times

Go(z) ~ et (see , and z ~ e~ 2™/8_adding the chemical potentials amount to a shift of the exponent
'y,(co) — Y as in
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4.3 Calculation of I(t)

Let us rewrite the expression for the thermalization function I(t) in the form

t) = Zoe/\/ ZssZee = Zse/ Zees
Zse = Tr(payna(t) peqma(B: 1), Zse = Zso/ (Z,2.)
Zss = Tr(Payn,a(t) payn,a(t)), Zss = ZSS/Z527
Zee = Tr(peqm,a (B, 1) Pegma (B 1), Zee = Zeo) Z2,

Zs = Tr(payn(t)) = (Yo|to), Zc = Tr(ps,u) (4.50)

In Appendix [4.7.2 we explain how to compute I(¢) using the short interval expansion, valid
when the length of the interval [ is small compared with the other time scales 5 and t in the
problem. We reproduce the main formula for our purpose, where we explicitly denote
the dependencies on the length [ of the interval, the inverse temperature $ and the chemical
potentials p (the dependence on 5 on the RHS is implicit; the one-point functions depend
on both g and p— see Section m

sc l 5 ,U Z Ck1 kz ¢k1 w1>w1)>str<¢k2(w2’w2>>cyl>

k1,ko
ss l 6a Z Ckl k2 gb’fl wi, wl))str<¢k2 (w27 w2)>str7
k1,ko
=) Cryo (1) (wr, 1)) (B, (w2, W2)), (4.51)
k1,ko

It is understood, for the logic of the short interval expansion to go through, that all contours
which represent insertion of the W-charges (see Fig are drawn outside of the small
disc-like region of both sheets of Fig[4.4]
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4.3.1 Proof of thermalization

Using the short-interval expansion above, and the long time behaviour of one-point functions
from Section [5.2.2), it is easy to prove that the system thermalizes in the sense of or
411l

To prove this, note that it is only the holomorphic (or antiholomorphic) fields ¢ which

possibly have non-zero expectation values in the long time limit For these fields, the

one-point functions on the cylinder and on the strip agree (see [4.21] |4.33] |4.39| ). By virtue

of we therefore have in the long time limit Z,. = Z,; = Z... Hence using the expression
for the thermalization function we get I(t — oco) = 1 which proves and consequently
411l

The above-mentioned equality of one-point functions between the strip and cylinder
geometries for holomorphic (or antiholomorphic) fields imply the same for the conserved

Wi~ (or W,,)- currents. This, therefore, proves that

(WY@OIWalY(t)) = Tr(Wapegn) (4.52)

Note that in proving this, we have used the correspondence between the parameters of
the initial state and the putative equilibrium state. The above equation, therefore, proves

the correspondence 4.4
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4.3.2 Thermalization rate

To evaluate the rate of approach of I(t) to its asymptotic value 1, we organize the terms in

A

e, ZSS, Zee as follows

Zsc = Copo(1+57%), S7° = Z éa,0(<¢a>gtr + <¢a>5yl> + Z éa,b<¢a>§tr<¢b>5yl
a ab
Zys = Coo(1+ S + 55%), Si* =2 Z Cao(a)lr + Z Cop(Ga) i (Do) irs S5° = Z Cron({Dr))?
a ab k

Zee = Coo(1+457), 57 =2 Caplda)y + Y Cap(Ba)ley (B (4.53)
a ab

where a, b, ... denote descendents of the identity operator, k labels other primaries (than the

identity) and their descendents. c=cC /Co.0-

pw=70

Let us first consider the case of zero chemical potentials. Using the results in Sections |5.2.2,

and Appendices |5.7.3 and 4.7.2, we get

S5 = a2 (1 + O(Z)2> + applte®m/8 <1 + O(Z)2> + O~
S5 = —apl? (1 n 0(2)2) + 2applte (1 n 0([)2) + O(e8m)

k

[T — (1 n o@?)

ar — ﬂ, arr (454)

To this order, it is easy to see that the contribution to () from descendents of identity,
demarcated by ar, apg, vanishes. The leading contribution to /(t), demarcated by ay, occurs
only in Z,, and comes from ({(¢(z,Z))sr)” for which hy is the minimum (= h,,) (this could

be a field which appears after a conformal transformation of the original quasiprimary field).
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The time-dependence shown of S5° comes from Using this, we get

I(t) =1 — aexp[—27 4] + ..., ¥ = 27A,,/p (4.55)

m

This is of the form [4.9] for 4 = 0, with

A <E>4h’” (1) (1 + 0(5)2) (4.56)

N \2

«

The discarded terms in [4.55] are faster transients. This proves[4.9|for zero chemical potential.

This result has already appeared in [71]

w#0

The generalization of the above result to the case of non-zero chemical potentials is

straightforward. Once again, the dominant time-dependence arises from ({(¢,,(z,2))",)” in

the S5* or Z,,. The time-dependence follows by using in S5°.

4.3.3 Properties of Q

From the asymptotic behaviour of the thermalization function we indicated the
asymptotic behaviour of the dynamical reduced density matrix pg,,(t). By using the
long time behaviour of the one-point functions [4.6] we can easily deduce the following

dominant behaviour of overlaps of Q with various quasiprimary fields at late times

Tr(Qer(t)) oc e =)t Tr(Qe,,(t)) — constant.

120ur exponent differs from Cardy’s value by a factor of 2.
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4.4 Decay of perturbations of a thermal state

We found in the previous sections that the long time behaviour of the reduced density
matrix pgyn, 4(t) resembles that of a thermal ensemble plus a small deformation which decays
exponentially. We will find in the next section that the thermal ensemble (or more accurately
the generalized Gibbs ensemble) corresponds to a (higher spin) black hole geometry in the
bulk. The small perturbation of the equilibrium ensemble is thus expected to correspond to
a small deformation of the black hole geometry. Consequently, the exponential decay of the

deformation in the CFT should correspond to a ‘ringing-down’ or a quasinormal mode in

the bulk.

We will address the above issue in the next section which deals with bulk geometry.
However, in order to make the correspondence of the above paragraph more precise, in this
section we will directly present a CF'T computation of the decay of a perturbation to a
thermal state. Note that this computation is, in principle, different from the exponential
decay of the one-point function in the quenched state, 4.6, However, what we will find is
that the long time behaviour of an operator ¢x(0,t) in the quenched state is the same
as that of its two-point function in the thermal state (with chemical potentials).
The latter measures the thermal decay of a perturbation and is more directly related to a
black hole quasinormal mode. Throughout this section, we will assume that the conformal
dimensions of ¢y, satisfy hy = hy.

We define the thermal two-point function as [

G (t,0;8,p) = %TT(%(O, £)dr (0, 0)e P 2n b i) (4.57)

13We use the same notations as in [108].
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By the techniques developed in the earlier sections, a computation of this quantity amounts

to calculating the following correlator on the plane
(Or(2, 2) iy, G)e™ ZntnWn) 5 = je 2B 7 = _je?™ B 4y =i j=—i (4.58)

where the p,-deformations are understood as an infinite series of contours as in the previous

section.

For = 0, the above two-point function is standard. Including the Jacobian of

transformation, we get

2

B

G (t,0; 8,0) = (=) [(z’e’%t/ﬁ — i) (—ie>™/P 4 i)]_%k 2%, const e 2 (4.59)

which clearly matches the long time behaviour of the one-point function [4.6|in the quenched

state for = 0. Here Ay = 2hy.

In the above, we considered the thermal Green’s function for two points which are both
at the same spatial point ¢ = 0. It is easy to compute the Green’s function when the two

points are spatially separated by a distance [, say with oy =1 and g, = 0. We get

G (t,1:5,0) = S Tr(ou(l, 1ox(0, 0)e ) = [2—”6””5} (e [ L)) I

const e 2mAR/B (1 — 1) >
s i~ e

const e 2™AR/B (1 — 1) >
The coordinates of the two points, in the notation of are modified here to z =
12018 7 = _je2m(40/8 o — i 4 = —i. The prefactor with the square bracket comes from
the Jacobian of the transformation from the cylinder to the plane. The behaviour of the

Green’s function is shown in Figure 4.3, It is important to note that the exponential decay,

found in shows up only for time scales ¢ > .
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0.0003C}

0.00025"
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0.0001¢] I=8
0.0001c%—
0.00005-
2 4 6 8 10 12

Figure 4.3: Plots of the thermal Green’s function G (t,1;3,0) for 8 = 27, Ax = 1.5. The curve on the
left (blue) is for { = 6, and the curve on the right (orange) is for I = 8. Note that the exponential decay in
time occurs for times larger than .

The effect of turning on the chemical potentials can be dealt with as in the previous
sections. At O(u,), we will have, as before, a holomorphic contribution and an

antiholomorphic contribution. The former is proportional to

(0r(2) Pk (7)) X /leZ?_l<Wn(zl)¢k(2)¢k(y)> (4.61)

T

As we see, the structure of the integral is the same as in the previous section. As before,
logarithmic terms appear in the above integrals which give the leading, linear, ¢-dependence.
Similar remarks also apply to the antiholomorphic contour. Since the calculations are very
similar to those in the previous two sections, we do not provide all details. By resumming

the series over the infinite number of contours, we find in a straightforward fashion that
G (t,0; 8, 1) =2 G.(0,0: 8,0)b(p)e ™ (4.62)

where b(p) is time-independent, and is of the form b(u) = 14 O(p). This long time decay is
the same as that of the one-point function in the quenched state, as claimed above. For

points separated by a distance [, the above exponential decay shows up for ¢ > [, as in [4.60]
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In the above, we have discussed the two-point function in real space. It is straightforward
to convert the result without chemical potentials to Fourier space, which develops poles
at

27
Winl,eo = _ZE(A]C +2m), m=0,1,2,... (4.63)

Our results in can be interpreted as a shift, caused by the presence of the chemical

potentials p,,, of the dominant

27 - .
Wg,o = _ZF<AI¢ + Z,UnQn,k) = =Wk, (464)

where the notation is the same as that of In this chapter we will not address the question

of the shift of the subdominant poles (the current status of these can be found in [34,(52,/121]).

Two-point functions of the kind for a single chemical potential p3, and up to order
3, have appeared earlier in [121] (calculations up to O(u3) have appeared in [34]). What we
find in this chapter is that at large times, the perturbation series in u,,, up to all orders in all
chemical potentials, can be resummed, to yield the leading correction to the thermalization

rate in the presence of chemical potentials.

At a technical level, the one-point function in the quenched state corresponds to a one-
point function in a geometry with a boundary, and for operators considered here, these turn
into a two-point function on the plane, by virtue of the method of images. The thermal decay
naturally involves a two-point function on the plane E and agrees with the above two-point

function at late times.

14 Actually the thermal calculation involves a product of two such factors, one holomorphic and the other
antiholomorphic, but one of the factors just gives an overall constant and only one factor leads to the
important time-dependence.
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4.5 Holography and higher spin black holes

Zero chemical potential: As remarked in the Introduction, a global quantum quench
described by an initial state of the form [5.1] for large central charges and zero chemical
potentials, has been shown in [67,/138,177] to be dual to one half of the eternal BTZ (black

string) geometry, whose boundary represents an end-of-the-world brane.

In an independent development, it was found in [45] that the quasinormal mode of a scalar
field ®4(o,t, z) of mass m in a BTZ background (dual to a CFT operator ¢y of dimension
Ar = 14 1+ m?2) is of the form exp[—27At/f] at large times. This time-dependence
agrees with the CFT exponent in exactly. This shows that the exponential decay of a
CFT perturbation to a thermal state corresponds to the decay of the corresponding scalar
field in the bulk geometry. This result has been extended to higher spin fields in the BTZ

background in [8§].

Non-zero chemical potentials: In case the CFT has additional conserved charges, in
particular if it has a representation of a W, algebra (and consequently the hs()\) algebra
[119]), then the bulk dual corresponding to those conserved charges have been conjectured
to be the conserved higher spin charges of higher spin gravity. In particular, [131,162] have
shown that if one interprets the grand canonical ensemble (more generally, the GGE) in
the framework of an hs(\) representation, then the bulk dual corresponds to a higher spin

black hole.

Thus, we would like to conjecture that the bulk dual of the quantum quench with chemical

potentials, would correspond to a gravitational collapse to a higher spin black hole.

As an important consistency check, by analogy with the case with zero potential, in the

present case too, the leading quasinormal mode (QNM) of a scalar field ®(o,t, z) should
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have a time-dependence given by Following the results in [52] (see also [34,121]) [*°| we
find that at late times ¢t >  the QNM for the hs()\) scalar field &, behaves, up to O(us),

—zwk

t
as e ko' where

Wro = —@'%” (1 F A+ ,13%(1 N2+ /\)) (4.65)

where the index k here refers to the operator ¢, dual to the scalar field ®,. Noting that
for this operator we have Ay = 1+ A, and Q35 = 3(1 + A)(2 + ) [34,/121], we sce that
the QNM frequency wy o agrees, to the relevant order, with the pole of the thermal
2-point function which, in turn, is related to the thermalization exponent by the relation

Wr,0 = —17Yk, With v, given in

4.6 Discussion

In this chapter, 2D conformal field theories were considered with additional conserved
charges besides the energy. We probed non-equilibrium physics starting from global quenches
described by conformal boundary states modified by multiple UV cut-off parameters 4.1} It
was found that local observables in such a state thermalize to an equilibrium described by
a grand canonical ensemble [4.4f with temperature and chemical potentials related to the
cut-off parameters. We computed the thermalization rate for various observables, including
the reduced density matrix for an interval. It was found that the same rate appears also in
the long time decay of two-point functions in equilibrium (see and . In the context
where the number of conserved charges is infinite, and they are identified with commuting
W, charges, the equilibrium ensemble (a generalized Gibbs ensemble, GGE) corresponds
to a higher spin black hole [131,{162]. We found that the thermalization rate found above

agrees with the leading quasinormal frequency of the higher spin black hole; this constitutes

15We wish to thank Alejandro Cabo-Bizet and Viktor Giraldo-Rivera for informing us that the difference
between equation above and the corresponding equation (4.2) in a previous version of their paper [52]
was due to a typo, which has now been corrected in the new version of their paper.
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an additional, dynamical, evidence for the holographic correspondence between the global

quenches in this chapter and the evolution into the higher spin black hole.

One of the main technical advances made in this chapter is the resummation of leading-
log terms at large times, presented in Section [4.2.2, which leads to exponentiation of the
perturbation series, leading to the thermalization rate, presented in [4.6] [4.49] as a function
of chemical potentials. This allows us to also compute the effect of chemical potentials on
the relaxation times of thermal Green’s functions. Another technical advance consists of the
computation of the long-time reduced density matrix [4.9, using a short-interval expansion,

which allows us to prove thermalization of an arbitrary string of local observables.

One might wonder whether the results presented in this chapter are tied to the use
of translationally invariant quenched states such as 4.1} whose energy density and various
charge densities are uniform. It turns out that if the initial state has inhomogeneities in a
compact domain and has uniform energy densities outside, local observables again thermalize
asymptotically with exponents governed by the uniform densities. Other important issues
involve local quenches (see, e.g. [55,201]), and compact spatial dimensions. The issue of
thermalization when space is compact is quite subtle. It has been shown in [71] that at large
times one can have the phenomenon of revival (observables effectively returning to their
initial values). The dynamical entanglement entropy for a quantum quench in a space with

boundaries is an interesting, related, issue; which we shall discuss in the next chapter.

NOTE: We would also like to thank Juan Pedraza for drawing our attention to Ref. [53]
and Alejandro Cabo-Bizet and Viktor Giraldo-Rivera for a useful correspondence regarding

Ref. [52].
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4.7 Appendix

4.7.1 Some details on one-point functions

Here we collect some additional helpful material on the one-point functions discussed in this

chapter.

A few explicit one-point functions with zero chemical potentials

Case k = descendent of identity: In this case, ¢p(w,w) is of the form T,T, or :TT: or

some descendents thereof. Under a conformal transformation these operators pick up
a c-number term in addition to a term proportional to the corresponding operator on the
plane/UHP. We will give some examples to illustrate the calculation

1. cylinder: In this case

em?  Am? cm?
(Tw)) o1 = <( - T<z>)>UHp -
CTT (w0, @)y = <([—§iﬁ2 % 2 <z>n—§i52 - 451 ‘<z>])>m — <g—g2>2 (4.66)
2. strip: In this case
(Tw)) s = <(-gi; - ;—f%iﬁ(z)) o = £ = (T

CTT (w,©)) g = <([ e’ Ar 2T(Z)][_C_7T2 _ 4_”2-2T(z)]>>UHP

67 B 65  j2
2 2
= (T A= = (G e )

where App, app are constants as in and

Case k = descendent of other primaries: In this case,

1. cylinder: The one-point function vanishes as in the case of primaries.
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2. strip: The one-point function can be related to one-point function of primaries which is

dealt with above.

Some details on O(yu,) correction to the one-point function

In this section we will consider the following integrals which arise in connection with O(u,,)

correction to the one-point function (¢(a,t))ayn:

L,(z,7T) = / dzy 27 (21,2, 7)), gu(21,2,7) = /dz1 27 (2, 2, 7))
I'1

oy ) = (Wh(z1)er(2)pr () _ (z — )"
flon 2 (er(2)er () -k (21 — 2)"(z — 2/)" (4.68)

The second integral on the first line is an indefinite integral. The integrals above can be

explicitly computed. E.g.

22 Z/2

2(z1 — 2)? * 2(z — 2')?
222+ 2') 2(22' + 2)
(z =22 =2 (2=2)(z —2)

I3(2,2'|T1) = g3.x[R3(z, 2') (— log(—2) + log(—2")) + 32; i_ ji]

g3(z1, 2,2") = @3 k[ R3(z, 2")(log(z1 — 2) — log(z1 — 2')) —

(22 4+ 422" + 2?)
(z — 2)?

(4.69)

R3(z,2)

Note that I3 is essentially obtained from the lower limit of the integral, i.e. from —g(0, z, 2’).

The contour I'y in I3 specifies which branch of the log is to be taken. In particular
Is(z,2'|Ty) — Is(2, 2'|T) = —2migs s Rs(z,2') (4.70)
In the long time limit we get
I5(z,2'|Ty) = Is(z, 2'|T) = 2qs4t(27/B) 4 gsx X const + O(e”>™/7) (4.71)
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In this equation we have displayed the principal value of the relevant integrals (the

discontinuity tells us the coefficient of the log term or the linear ¢ term).

However, we would like to understand the above results more simply, by using the
Wh(21)¢r(z) OPE which is of the form:
or(2) e pnal2)
W, (2 2) = qn LA s —E) 4 vegular terms 4.72
(21)wn(2) ,k(zl — ) 22:1: o — )i g ( )
where ¢y ;(2) is of dimension hy + ZE Using this, we get an expansion for the connected

3-point function of the form:

(Wi (21)px(2) 3 (2)E™ Gk

Z o Cn,l
D ENE™ (=2 | (=2 i(z = o)

+O0(z —2)? (4.73)

Performing the integral in [4.68]

z
Gn(21,2,2") = Gnk (log[21 —z]—(n—1) + )
21— %

n,1

+ (z1 — 24+ (n—1)zlog[z1 — 2] + ...) + ...

z— 72

The ellipsis in each round bracket represents terms with higher powers of 1/(z; — z) (up to a
maximum of (z; — z)~"); successive round brackets themselves are arranged in higher inverse
powers of z — z/. Using the W, (21)p(2") OPE in a similar fashion and using the symmetry

property g,(z1,2,2") = (=1)"gn(z21, 2/, z) we can arrive at a general structure

9n(0, 2, 2") = gnr(log[—2] — log[—2")) R (2, 2') + ...

where R, (z,2') = (—=1)" 'R, (7, 2) is of the form P, (z,2')/(z — 2/)"' (P,_1(2,2') is a
homogeneous symmetric polynomial of degree zero). See the explicit form of R,, for n = 3

in [£.69] The omitted terms are all ratios of homogeneous polynomials in (z, 2’) of the same

16This is the general form; some of the «,, ; coefficients may, of course, vanish.
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degree in the numerator and in the denominator. This implies that we have, in the long time

limit [4.20)
L(2,2'01) = Is(2, 2'|T1) = 2¢nx(27/B)t + gni X const + O(e=2"/7) (4.74)

which, of course, agrees with

Note that the dominant time-dependence 2¢, xt(27/F) comes from the long-time limit

of the coefficient R,(z,2") of the log terms, which can be read off from the discontinuity

I.(z,2'|Ty) — I,(z,2'|T'1) (see|4.70). Now, the contour frlff‘l dz; can be deformed to a very

small circle § I',dz; around the point z; therefore the leading long-time behaviour R&O)(z, 2')
can be derived by using the leading OPE singularity in and computing the residue at

21 =z

Coefficient of [log(—2") — log(—2)] in I,(z, 2’)

it [(REAEGEDE
e (S ) =) s 0T

4.7.2 Short interval expansion

In this section we will explain a formalism suitable for computing partition functions of the
kind that appear in |4.50l For convenience we will first compute these quantities in Euclidean
time 7 = ¢t and later analytically continue back to Lorentzian time. With this, each of the

expressions Z., Zgs, Ze. is of the form

Tr(paipaz) = Dy, Doy §(F[p1, p2]) exp (=S[p1] — Slpa]) (4.76)

geometry 1 geometry 2

where S[p] represents the action for the CFT (with fields ¢) and the delta-functional in the

1

measure represents a gluing condition between a geometry ‘1’ and a geometry ‘2’ along a

‘cut’ which is the location, at a particular time 7, of the spatial interval A : o € (—1/2,1/2)
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E For Z,, both geometries are that of a strip of the Euclidean plane described by complex
coordinates (w,w) = o + iT defined by boundaries at 7 = +3/4 with boundary conditions
determined by the boundary state |Bd) introduced in [5.1] For Z., both geometries are
that of a cylinder cut of the Euclidean plane with identified boundaries at 7 = —(3/4,33/4.
The geometries for both Z,, and Z.. are familiar from calculations of Entanglement Renyi
entropy (of order 2) and can be calculated from appropriate correlation functions of twist
fields [64] which exchange two identical geometries. For Z., the two glued geometries are
different (that of a strip and a cylinder), hence the method of twist operators do not apply

in a straightforward fashion. (See Figure . In this chapter, we will therefore, employ the

method of the short interval expansion.

1= 3p/4

pe

= - P4

Figure 4.4: Two different geometries, the strip and the cylinder, glued along the cut as described in the
text. The method of the short interval expansion allows us to compute the functional integral over this
geometry by replacing a small tube enclosing the two glued cuts by a complete basis of operators ¢r, ® ¢,
where the operators live in the two Hilbert spaces.

The idea of the short interval expansion [63] is as follows. To begin, we express the

functional integral as an overlap of two wavefunctions in H; ® Hs, as follows

Zro =Tr(paipaz) = QoutlVin) = [D@;(w1) [DPy(w2) Vin[@1, Pa) V5u (@1, P2

w1 €D w2 ED2

Vin[@1, P2] = [Depr(wr) [Dpa(w2)d(p1lon, — 1)d(p2lap, — P2)0 (Fp1, pa]) exp (=S[e1] — Slwa])

w1E€D, w2 ED2

Yout[P1, P2) = Dg?l(wl) sz(w2)5(¢1|avl —01)0(p2lap, — P2) exp (—S[p1] — Slpa])
w1€¢Dq wo&Do

(4.77)

17To be precise, §[F] = §(p1(A<) — pa(As)) §(01(As) — pa(A<)), where A (As) represents the limiting
value from below (above) the cut.
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Here D; (respectively, Ds) is a small disc drawn around the cut in geometry 1 (respectively,
geometry 2).

Note that only |1);,) depends on the gluing condition since the delta functional in the
measure does not affect [1,,;). The basic point of the short interval is that in the limit
when the length [ of the cut is small compared with the characterizing length scale of the
geometries (in our case, when [ < ), the wavefunction ¥, [¢1, ¢2] becomes jointly localized
at the centre (wy,w;) of the disc Dy and at the centre (ws, ws) of the disc Dy , and hence

can be expanded in terms of local operators, as follows

[tin) = Z Cha ks @iy (W1, 01) Py (W2, W2)[0)1 ® [0)2 (4.78)

k1,k2

Here kq, ko label a complete basis of quasiprimary operators of the CFT Hilbert space. Each
term in the sum represents a factorized wavefunction (between geometries 1 and 2), which,

therefore, gives []

Zsc = Z C/ﬂ,kz <¢k1 (wh w1)>str<¢k2 (w27 w2)>cyl7

k1,k2

Zss = Z Ckl,kz <¢k1 (wl) U_)l)>str<(bk2 (w27 w2)>str7
K1,k

ch - Z Clﬁ,kz <¢k1 (wh wl»cyl <¢k2 (w27 w2)>cyl (479)
k1,k2

Here the subscripts str and cyl refer to “strip”, and “cylinder” respectively. The one-point
functions are evaluated on the respective geometries without any cut (see Section @ for
more details). The glued functional integral , is recovered by summing over ky, ko
with the coefficients Cy, x,; , as clear from these are determined by the gluing condition

and depend on the size of the cut [63] (see Section [4.7.2 for more details).

18We will take the centre of the disc in each geometry to coincide with the centre of the cut, which has
coordinates w = iT,w = —iT.

19Tn case geometries 1 and 2 are identical, the superscripts in w;, w;, 7 = 1,2 indicate which sheet we are
considering.
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The coefficients Cj, 1,

As explained in [63] (see also Section |4.7.2), the coefficients Cy, x, are determined by the

equation

Zs

1 . — — 7 h — —
Oy = 72 (R ne,) ™2 Hm (z120) M thee) (2, 2,) 2000 ) (6 (21, 21) iy (22, 22))
1 21—>001,22—>002

(4.80)

where C, represents two infinite planes glued along a cut A, Z, is the functional integral
such a glued geometry and Z; is the functional integral over a single plane. This equation
can be easily proved by inserting quasiprimary a operator at infinity in each plane in an

equation like or The two point function in the glued geometry is to be determined

by using the uniformizing map:

y=VET D12 (4.81)

The normalization constants n, are determined by the following orthogonality condition of

the quasiprimary operators

N _ N, Ok ke
<¢k1(21721)¢k‘2(22’22)>c - hkl"rh; T

212

(4.82)

_Bkl +Ek2
212

where ny, is a normalization constant. Note that C, x, = Ch,r,- Below we will use the

notation
ékl,k‘g - Ck1,k2/00,0 (483)

Case (k1, ko) = (0,0): We will denote the identity operator as ¢g = 1. It is obvious that

0070 = ZQ/le (484)
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Case (k1. ks) = (k.0): The only case where Cyo # 0 is when ¢k (z, 2) is a descendent of the

identity operator, e.g. T(z), T(2), : T(2)T(2) :, A(2), A(2) etc/| E.g.
CAVT,O = Crp/Cop = CA'T,O = —:Crpo= == - (4.85)

All other Cj o vanish as they are proportional to a one-point function of a primary operator

on the Riemann surface (and hence to that on the complex plane).

Case (k1. k») = (primary, primary): In case ¢y, , ¢y, are primary operators, [4.80] gives

R 1 leiw/2 2(hk1+ﬁk1)
Chyky = E(skl,kg ( 1 ) (4.86)

Case (k1. k») = (descendent, descendent): In case ¢y, is of the form L_,,, L_py...L_pp, Ly,

and ¢y, is of the form L_, L_,,...L_, L_,,...¢,, we can show that

A . 2(hy, +h
Chiee = 0ito 05 0,5 r 05 m > s A(N1, Mo,y ooy My, M, 571, T, oo,y 51, 82, ...) (g iy ),

by =hy, + Y 0, hgy=h, + Y m (4.87)

where A(...) is a numerical coefficient.

20Here A(z) = :TT:(z) — 82T is the level 4 quasiprimary descendent of the identity.
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Chapter 5

Non-Thermalization and Revivals in

Cardy-Calabrese States

5.1 Introduction and Summary

In the previous chapter, we understood how one could generalise the CC state to the more
general gCC state with a large number of additional conserved charges. In either case, both
the correlation functions and reduced density matrices, seemed to thermalise. This implied
that these states can be extremely useful in understanding the underlying mechanism via
which closed, isolated, out-of-equilibrium quantum systems approached thermal equilibrium.
In this chapter, we shall try to understand how such is not always the case. We shall do so
by restricting the spatial extent of the 1-D quantum systems to a finite value and trying to

understand its effects on thermalization of the system.

In much of the above discussion, the spatial extent of the system is infinite (or much
larger than any other length scale in the problem). The effect of a finite spatial extent on
thermalization has long been a topic of interest, e.g. in the context of the FPU problem
[90,/106,217]. From the point of view of experimental realizations, in case of 2D CFTs,

the spatial boundaries can be thought of as representing impurities in a quantum critical
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system. Thermalization, or lack thereof, for global quenches in a finite system of length
L has recently been studied in [71], where it has been shown that for rational CFT’s, the
quenched state returns to itself after a finite period of time which is a multiple of L/2.
The reason for this ‘revival’ was roughly that the time-dependence of the wavefunction, for
rational highest weights, is a sum of terms with rational periods. Correlation functions and
entanglement entropy of subsystems also follow a periodic behaviour. The periodic behaviour
of entanglement entropy was explicitly confirmed in the global quench on a circle for free
fermions in [233]. In [163], the periodic behaviour observed in [71] is explained by interpreting
the quenched state in terms of a Lorentzian-signature conformal transformation of the ground
state on the strip. The authors this paper also comment on a corresponding holographic
formulation. For other discussions on quenches on the segment, we refer to [82}/102}/128] and
the recent discussion [92]. Revival in higher dimensional field theories has been considered
in |73]; holographic entanglement entropy has also been discussed in 241 dimensional systems

with finite size [3] where a partial revival has been found.

The main focus of this chapter will be to study the effect of finite system size on various
time-dependent phenomena. Below we summarize the contents and main results of this

chapter:

(i) We study the time evolution of observables in a 2-D CFT starting from a quenched
state with a UV cutoff scale 1/8 (as described above) in the presence of finite spatial
boundaries (with system size L). The tool used in the CFT computations is a conformal map
(the Christoffel-Schwarz transformation), as in [163], which converts a rectangular geometry
to an upper half plane (see Section @ and Appendix . The map gets simplified in
the limits of large L and large ( respectively and can be identified with known versions of

the map from a cylinder to a plane.
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(ii) We show that the spatial boundaries lead to locally thermalized regions (characterized
by a temperature 1/) which merge and split periodically at regular time intervals given by
the system size. We also quantitatively compute thermalization of certain observables on
intermediate time scales prior to the occurrence of the ‘revival’ phenomena discussed above.

We show that in the limit of large L, the relaxation rate agrees with the known results

for infinite systems (see Sections [5.2.2, [5.2.3,[5.2.4 and Appendix [5.7.3). Part of the above

discussion has already appeared in [102,163] (see also [92]).

(iii) In Section we present a bulk dual of the CFT on a rectangle, following the
AdS/CFT proposal for CET with boundaries [95,117,154,203,232], coupled with [181,218,
234] which discuss a large diffeomorphism (see Eqn. (5.56))) that reduce to the (analytically
continued) conformal map discussed above. The periodicity of various observables mentioned
above can be interpreted in terms of the time-periodicity of the above large diffeomorphism,
which effects a time-periodic change of the (regulated) AdS boundary and, in turn, causes

changes in geometric quantities such as lengths of geodesics tied to the boundary.

(iv) The main results of this chapter, presented in Sections and concern the
computation of the entanglement entropy (EE) of a single interval of length [. We use the
conformal map described above, and the method of images, to relate the CFT computation of
EE to a four-point function of ‘twist operators’ on the plane. We also compute the EE using
holographic methods (Section , developing on earlier work by one of the authors [234].
The holographic result is universal and does not depend on the specific CFT (except on the
central charge). The CFT result, on the other hand, involves a four-point function which
generically depends on the specific CFT. At large L, the CFT four-point function factorizes,
becomes universal, and readily agrees with the holographic result. The analysis for general
L/j, however, is much more subtle. We show that (see Section , although the CFT
four-point function does not a priori factorize, it takes a universal form provided one takes
an appropriate large ¢ limit discussed recently [20,/112,|135[|164]. We show that this new

universal form then agrees with the result obtained from holography.
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(vi) Another novel computation in this chapter (see Section is that of the EE by
adapting the quasiparticle method [59] to the presence of spatial boundaries. The boundaries
lead to hard wall reflection of the quasiparticles, causing periodic entry and exit of EPR
partners to and from the interval of interest. We compute the resulting entanglement entropy.

The result quantitatively agrees with the large L results discussed in the last paragraph.

(vii) We should remark that in [71], revival was investigated by using the fidelity function
| (10| exp|—i Ht|o)|? ['} it was pointed out that no such revival was expected in the presence of
a continuum of (or more generally, incommensurate) conformal weights, e.g. in an irrational
conformal field theory. The periodicity we find in this chapter in entanglement entropy
and other observables is observed, however, in any CFT, including large ¢ theories with
a holographic dual. This is tied to the fact that these observables are not sufficient to

distinguish between rational and irrational theories (see [92] for a recent discussion).

5.2 CFT with finite spatial boundary

In this section, we will describe a quantum quench in the presence of a spatial boundary
using conformal field theory methods. We will review some known results |[71,163] and some
new results for time-dependent one-point functions. We will discuss CFT computation of

EE in the next section.

Lewt us consider spatial boundaries at * = £L/2 and, following [59], an initial state of

the form,
[to) = =74 B). (5.1)

where the state |B) is a conformal boundary state (the state |¢)y) can be regarded as an

approximation to a realistic quench state [85,87,180]). The parameter S can be regarded as

! This is a simpler version of the so-called Loschmidt echo.
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a length scale which cuts off the UV modes to render the state normalizable’| Following [59],
we will view this wavefunction as the result of a Euclidean time evolution from a boundary

state |B) at 7 = —f(/4 to |[¢) at 7 = 0. Real time evolution of (5.1 is described by

continuing 7 to complex values:

() = e Hapo) = e ™H|B), T = B/4 +it. (5.2)

We would be interested in time-dependent quantities such as (a) the equal-time correlators

(O1(21,1)...0n (0, 1)) = (Y (1)|O1(21)...On(20) [(1))- (5-3)

or (b) the entanglement entropy Sgg(t) of an interval A = [—1/2,1/2] when the system as
a whole is described by the wavefunction (5.2)). As discussed in [59] (see below), Sgg(t) is

related to a two-point correlator of the above kind.

As mentioned above, the boundary state |B) implements a certain boundary condition
on the time boundary 7 = —(3/4. When the same boundary conditions are also imposed at
the spatial boundaries = +L /2, then the correlators can be evaluated by a functional
integral over a rectangle (see figure , with boundary condition relevant to the boundary

state | B) imposed on all sides of the rectangle[

5.2.1 Mapping the rectangle to the upper half plane

Functional integrals over a rectangular region are not easy to compute directly. However,
since we are dealing with a CFT, and the boundary conditions do not break conformal

symmetry, the CFT correlators ([5.3)) are covariant under conformal transformations. We can

2We will find below that for large enough L/3, the energy of this state coincides with the energy of a
thermal ensemble characterized by an inverse temperature S (see ) Hence, from here on we will refer
to 1/8 as a ‘temperature’, although we should remember that we are still dealing with a pure state and the
nomenclature is only a formal one.

3In case the spatial boundary conditions are different from the temporal boundary conditions, one needs
to insert some boundary operators at the corners of the rectangle [74].
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Figure 5.1: Maps between the upper half plane and the rectangle. The colour coding represents the
mapping of the corners to the boundary of the UHP. See (5.88) and (5.87)). The time evolution contours in
the rectangle are mapped to the UHP as shown on the right. We have chosen L = 5 = 1.

thus reduce the computation to that on the upper half plane (UHP) by using a conformal map
from the rectangle to the UHP. The necessary map for this purpose is a Christoffel-Schwarz

transformation’] defined by

+ B, (5.4)

_ z dz
w(z) A/O \/(22 —12)(22 — &)

Here, z is a complex coordinate on the UHP (defined by the region Im(z) > 0 of the plane),
whereas w = x 447 is a complex coordinate parametrizing the above-mentioned rectangular
region (bounded by the lines [Re(w)| < L/2, [Im(w)| < B/4, see figure f.1). A, B are
constants which determine the images of the corners of the rectangle on the boundary of the
UHP. Without loss of generality, the four image points can be chosen to have z-coordinates:
(21, 22, 23, 24) = (—1/b,—b,b,1/b) with (0 < b < 1). We will look for a map which sends
these points to the following corners of the rectangle respectively:

1 L L L 1 L

4The transformation we use here is a little different from that found in literature. The reason is that we
want to explore both the low and the high values of L/f using this map by simply tuning the parameter b.
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The required map is discussed in [163] (see also Appendix [5.7.1). For convenience, we
reproduce here the map z(w) (5.88) from the rectangle to the UHP

(W) = bsn [4%’4) (w - g) ,b4} | (@) = bsn {“f g) (w - g) ,b"} (56

The parameter b determines the aspect ratio of the rectangle:

B AK(Y)
L= Ra— (5.7)

We show in Appendix|[5.7.1 that the map (5.6) can also be regarded as a map from the torus

(a product of two circles of sizes 2L, 5) owing to the periodicity properties (5.91). The map

also has a large L limit (5.96))

z(w) = texp|—2mw/ ], (5.8)

and a low temperatur limit (5.97)

z(w) = icot (% + %) . (5.9)

5.2.2 One Point Function

In this section, we will evaluate a one-point function (O(x,t)) as defined in (part
of the above discussion has already appeared in [102,|163], see also [92]). The evaluation
would include calculating the one point function in Euclidean time 7 and then analytically
continuing to Lorentzian time ¢. We shall however, first, use the map z(w) to relate

the one-point function on the rectangle to that on the UHP.

®We use the word ‘temperature’ to refer to 1/3 in the sense of footnote
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Primary operators For a primary operator O(w,w), of dimension (h, k), the one-point

function on the rectangle becomes

0w e = (2) (2 (00 9huue (5.10)

For a holomorphic operator, or an operator with h # h, the above one-point function on
the UHP vanishes. However, for a primary operator of the form Oy, ,(w, @) = é(w)e! (@),
(with b = h) ﬁthe above one-point function on the UHP is non-zero and is given by the
‘method of images’ [74]. According to this method, the conformal boundary condition on
the UHP amounts to replacing the antiholomorphic operator (/52(2) from the point P = (z, 2)
by a holomorphic operator ¢y (z') at the image point P’ = (2/,2') (with 2/ = z, 2’ = z). The

one-point function is now given by the holomorphic 2-point function on the planem

(Onp(P))ump = Ap(on(P)oh(P))e = Aylon(2)d}(2)c

Hence, the original one-point function, for primary operators Oy (w,w) = gbh(w)qﬁ};(w)

reduces to

(O (0,0t = (g—;)h(%)h<¢h<z>¢z<z'>>@ (511

Quasiprimary operators In case the operator O(w,w) is quasiprimary, it mixes with
lower dimension operators under conformal transformations, leading to additional terms
in (5.10). For example, for the holomorphic stress tensor T'(w) = Ty (w), the conformal

transformation to the UHP is given by

() = (g—w) o - 5z = - (2w} (5.12)

6Here we allow for complex operators ¢; ¢ denotes the hermitian conjugate.
"Up to a constant A, which depends on the operator O and the boundary state |B). We will assume that
Ay # 0; the precise value of this constant will be unimportant and we will drop it henceforth.
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In the second equality we have used the fact that (T'(z)) on the UHP is the same as that on
the plane (since it does not have an antiholomorphic factor), and hence vanishes. The last
expression contains the Schwarzian derivative

2(022)(0pz) — 3(022)?
S 2(D,2)?

(5.13)

A similar formula is true for the antiholomorphic stress tensor T'(w).

For the operator O(w, w) =: T(w)T(w) :, by using a combination of the above techniques,

we get a generalization of the formula (5.11)):
(T dea = (2) (L) rorepe+ | 61
. w W) rect = 8_[[) a—w z Z1))c E Z,w .

Analytic continuation to real time correlators

As discussed before, the time-dependent wavefunction (5.2), or equivalently the time-
dependent Heisenberg operators O(x,t) can be realized by analytically continuing 7 to
imaginary values 7 = it. Thus, O(w,w) = O(x, 7) can be interpreted as the time-dependent

operator O(z,it). In terms of the coordinates on the rectangle, the analytic continuation

reads’l
{wo}=z+titr =S rFt=a* (5.15)
This ‘Wick rotates’ the Euclidean rectangle to the Lorentzian geometry,
Mp=1xRry=xFt, xe€l=[-L/2,L/2],t eR (5.16)

Note that such an analytic continuation is possible since the Euclidean observables are

separately analytic in (z,z), and hence in (w,w). We will use this rule below to explicitly

8Note the convention z+ = z F ¢.
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compute the time-dependence of one-point functions and later on, the single interval

entanglement entropy.

We note here that although for these applications, we do not need to have an analytic
continuation of the complex z, zZ plane, we will indeed find an analytic continuation of the
Euclidean map , viZ. , from the the above geometry M to the Lorentzian R2.
The above map is many-to-one and one can choose a fundamental domain of the map to
be a diamond-shaped region D : {zy € (—=L/2,L/2)} C Mp, in Section [5.4] to build a bulk
geometry dual to a CFT on M. It has been suggested in [163], and further elaborated
in [92], that thermalization appears to happen when one confines to this diamond (which
is natural from the viewpoint of the R?, whereas the actual spacetime is all of M}, with
its built-in recurrence. In Section , the map is crucially used to construct a dual

geometry for the CF'T state. We will discuss this map in detail in Appendix [5.7.2.

5.2.3 Behavior of the Energy density

In Euclidean CFT, the energy density is given by

Epuilw, @) = (Trr) = = ((T(w)) + (T(@) = 5 {zwh+{z @) (G17)

where in the last step we have used ([5.12)) and its antiholomorphic counterpart. In the limits
of high and low temperature, (5.8) and (5.9) respectively, the Schwarzian derivative is easy
to compute, leading to the constant values

—cn? /362, B L
Ebua = /365 5 (5.18)

+em? /1212, B> L
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Using the methods of Section [5.2.2 and the analytic continuation(5.15)), the energy density

in the Lorentzian theory is,
E(@,t) = (Tri(vy) +T-(z-)) = (Tir) = —(T7r) = —Epualw = 4,0 =x_) (5.19)
Now, the high and low temperature limits are,

E(x,t) = +er?/36%, < L (5.20)

= —cr?/12L%, B> L. (5.21)

which can be identified with the well-known expressions for the thermal energy and Casimir

energy respectively.

We note here that some of the results in this subsection have been obtained and discussed

in [71,]163]; we include these here for the sake of completeness.

Time-dependence

Away from the above two limits, the energy density (5.19) is both space and time-dependent.

We display the behaviour of the ‘normalized’ dimensionless quantity

s_er

£ (5.22)

c

in Figures and In Figure [5.2] one can clearly see two crests getting reflected back
and forth periodically at the boundary walls. These correspond to the holomorphic and

antiholomorphic stress tensors respectively.
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Figure 5.2: The time evolution of the normalized energy density £ (Eq. (5.22)) in the quench geometry.
In both the figures we have chosen § = L = 10. Left panel: The time range is taken to be t € [0,2L]. Note
that there are two crests, one moving initially to the right (corresponding to Ty (x4 ) of (5.19)), and the
other moving to the left (corresponding to T__(x_)). Both are reflected at the wall at t = (n+1/2)L,n € Z.
Right panel: Here we display, in a 2D plot, some of the features of the 3D plot at t =0,L/4,L/2. At t =0
there is a single local thermal region in the middle. As time progresses, it splits into two separate regions

(see the curve for t = L/4), reaching the two ends at ¢ = L/2. After this time, the two regions turn back
and merge at t = L, as is clear from the 3D plot on the left.

Space dependence: Localized thermal region

In Figure [5.3] we plot the energy density at a fixed time ¢t = 0 as a function of x for various
values of the ratio /L, with temperature increasing from left to right. In the figure, we
see that for temperatures 7' < 1/L, the energy density profile has a localized region in the
middle where it agrees with the thermal density. In Section[5.4] we will provide a holographic

interpretation of this observation.

0.2 40
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thermal \
. X
2 4

D
) ) X

J

\

Bil=4

casimir

SN

thermal

ener y

BL=0.3

r

08 -4 2
-10
-10
r /

—eneld casimir — 5 20
Figure 5.3: Plot of the normalized energy density £(z,t) at ¢ = 0 for various values of % =4,2,0.3. Left:
% = 4. This can be interpreted as low temperature or small ‘box size’ L. The energy density approaches the
uniform limiting value, the Casimir energy density computed in 1' in the low temperature limit % = 00.
Middle: % = 2. The energy density approaches the thermal value in a small region near the middle. Right:

% = %. This can be interpreted as a high temperature or large box size L. The energy density matches in

a large region the uniform thermal energy density computed in 1' in the limit £ = 0. In the first panel,
the one-point functions actually have a periodicity with a period 2L (see Section i
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5.2.4 Thermalization and ‘revival’ of a local operator

In this section, we discuss some features of time and position dependence of one-point
functions, using the formulae derived in Section [5.2.2. We consider primary operators of
the form Oy, p(x,t) whose one-point functions are given by with 7 = it. We also
consider a particular quasiprimary operator TT(x,t), whose one-point function is given by
. The results are presented in Figure . An important feature of the time-dependence
of these operators, for a given = (see the left panel of Figure |5.4]), is that there is a time
window, t; < t < to, in which all these local operators ‘thermalize’, i.e., they approach their

‘thermal’ values:

(O(z,1)) = (O(x))p + aexp[—y(t — 11)] (5.23)

In case of primary operators the thermal average (O(x))s vanishes, whereas for T'T, it is

non-zero. It can be seen that the thermalization rate v is given by

v=2rA/B, A=h+h=2h (5.24)

As t exceeds ty (which is of order L/2 for the operator TT), the one-point function starts
deviating from the thermal value and eventually goes back to its original value at ¢ = nL
for some integer n (this is to be compared with the periodic behaviour termed as ‘revival’

in [71)).
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L=10,p=6
L=10, =3

Figure 5.4: Plot of one-point functions as a function of x and ¢. The left panel shows the time-dependence
of one-point functions of two primary fields (O(z,t)) with h = h = 1 (blue), and h = h = 3/2 (orange) at a
fixed spatial position z = 0 (see ) The right panel shows the z-dependence of the same operators at a
fixed t = L/4, which displays a homogeneous intermediate region. The middle panel shows (: TT : (x,t)) at
z =0 as a function of ¢ (see ) The left and middle panels show the exponential decay at intermediate
times to the thermal value and the eventual revival, at t = L/2 |71]. In the left panel the thermal value is
zero. In the middle panel, the horizontal (orange) line represents the thermal value, which is non-zero since
: TT : is a quasiprimary operator. More generally, arbitrary one-point functions show a time periodicity of

2L (see the derivation in Section .

5.3 Evolution of entanglement entropy following a

quench

In this section we would like to compute the time-evolution of entanglement entropy (EE)
of a single interval in a CFT with boundaries, following a quantum quench (as described
in Section . We will follow up the CFT calculation in this section by a holographic
computation in Section [5.4], and a computation using a quasiparticle picture in Section

Let us consider a 2D CFT, defined by the wavefunction representing a quantum
quench. As explained in Section the norm of the wavefunction , evolved over
Euclidean time 7 = (/4 ﬂ, is given by a functional integral over a Euclidean rectangle X.

Let us define the reduced density matrix for a spatial interval A = {—1/2,1/2} by

pa= % Trae [Go) (o], Tr(pa) = 1 (5.25)

9Quantities depending on real time are obtained by continuing to 7 = 3/4 + it.
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where Z is a normalization factor. The EE for this interval is then defined as

Sy = —Trpalogpa (5.26)

A standard procedure to compute this quantity, called the replica trick, is to first calculate

the Renyi entropy

n 1 n
51(4) =71 nTr(pA) (5.27)

and then take the limit (after analytically continuing n to real values).

~im g™ — 9 n
SA*}LI_%SA f—%‘nlerpA (5.28)

Computing (5.27) involves evaluating the partition function on the manifold ¥,,, which is
an n-fold cover of the rectangle ¥ branched over A. As shown in [64], this amounts to
computing a two-point function, on the rectangle, of the so called nth order twist and

anti-twist operators, o, (w,w) and o_(w, w) respectively, each with a conformal dimension

h, = h, = %An = 5:(n — %) Thus,
TI‘IOZ = <J+(w1’ wl) U—<w27w2)>rect- (529)

where (w;,w;),7 = 1,2 are the complex coordinates (5.15)) of the end-points of the interval

A. Let us choose the position of the end-points of the interval at a Lorentzian time ¢ to be,

l [ [ [
w =gt W=—gtt w=g =t W=+t (5.30)

This 2-point function is obtained by pulling back a corresponding 2-point function on the

upper half plane by the conformal maps (5.105)), (5.87)), in a generalization of Section |5.2.2.
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Hence,

T =] (4 ) (4 )E"<a+<zl, 7)o (22, 2 unr (5.31)

i=1

To evaluate such a 2-point function on the UHP one needs to use the method of images.
However, there are subtleties associated with this method which limits its range of validity.
We shall point them out in the next section before we proceed to calculate the above 2 point

function using the method.

5.3.1 Method of Images

In [74], Cardy showed that an n-point function on the UHP satisfies the same differential
equation (corresponding to a Ward Identity) as a 2n-point function of purely holomorphic
operators on the full complex plane C. The two-point function (o (21, 21)0_ (22, Z2))unp is

thus related, in this sense, to the 4-point function

<o—+<zl>a_<zl>o—_<z2>a+<22>>c—( (1 = 2)( = 2) )) P, (532)

(Zl — ZQ)(Zl — ZQ)(Zl — 21)(22 — 22

where function F'(n) is a (non-universal) function of the cross ratio

(2 (22— &)
= (21 — 22)(22 — 21)

(5.33)

The relation mentioned above does not imply, however, that the two-point function on the
UHP is always equal to the 4-point function on the plane, since, for one thing, the UHP
correlator involves information about the boundary condition on the boundary of the UHP

whereas the planar correlator does not involve any such information[]

Having said this, it turns out that there are certain limits where the two correlators are, in

fact, essentially E equal. One of them is the high temperature limit where both the 2 and the

10We thank Justin David and Tadashi Takayanagi for crucial discussions on this issue.
1Tn this subsection, we use the word “essentially” to mean up to an irrelevant proportionality constant.
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4-point functions factorize in one way or the other. In such a case, the UHP correlator does
turn out to be essentially independent of the boundary state. For intermediate temperatures,
however, there is no such factorization and the two-point function on the UHP is different

from the 4-point function on C due to the presence of the boundary.

There is another limit, as we will study, in which the equality holds (in fact, at all
temperatures this time). This is the large central charge limit. As we shall see in Section
[5.3.4, in this limit, the four point function is easily evaluated and becomes essentially equal to
the two-point function on the UHP. Here too the information about the boundary condition

is lost in the large ¢ limit.

5.3.2 Large L/ limit

In the limit of large system size , the conformal map is given by (5.8). The computation

of EE described above reduces, in this limit, to the analysis of [59,/138]. The complex

coordinates ([5.30) are mapped to

SE(ht) o B, B 5 _ B () (5.34)

on the upper half plane. Here we have assumed that ¢/l < L. Therefore, the cross ratio n

in ((5.33) becomes

2 cosh? % s
n_cosh%—l—cosh% (5.35)

When t/3,1/6 > 1, the cross ratio behaves as

o5
N> 5l (5.36)

es +es

12Defined in the sense of the limit (a) of footnote
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It is easy to verify that,

0fort <1/2
n — (5.37)
1 fort>1/2
where we have assumed |t — /2| > (. Both the limits of 7 correspond to a factorization
of the four-point function (5.32)) into a product of two-point functions in the two crossed
channels, respectively. This leads to a simpler calculation of the EE which gives

2cmt
35 fort < l/2

Sy = (5.38)

(:;,_7; fort > 1/2
where a divergent constant has been subtracted [59].

These results are universal since they depend only on the central charge of the CFT.
The behaviour represents the linear rise of the EE followed by the saturation to the
thermal value (see Figure , left part of the third panel). By the periodicity properties
mentioned in Section [5.4.2, we can also show that CFT results reproduce the right part of

the third panel of Figure One way to see this is to note that for L —¢,] < L the map
(5.6]) reduces to a map similar to (5.34), with ¢ — L — t.

5.3.3 Low temperature (/5 small)

In the low temperature limi, the conformal map is given by (5.9). Using this, the w-

coordinates ([5.30) are mapped to

o (2 TELZ0Y (2 202 0)

4 2L 4 2L
. T w(l/2—1) _ T 7w(l/2+1)
29 = i cot <Z + T), Zy = —icot <Z + —7 ) (5.39)

13Defined in the sense of limit (c) of footnote
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The cross-ratio ((5.33) now becomes

o ml
= — 4
1 = cos 5 (5.40)

Thus, unlike in the high temperature limit, the cross ratio does not take a special value.
Depending on the size of the interval [, it can lie anywhere between 0 and 1. Consequently,
the four-point function does not factorize into two-point functions. This implies that
the CFT EE remains a non-universal quantity, depending on the particular CFT under

consideration.

A puzzle The above remark immediately raises the following puzzle. We will see in Section
@, the holographic EE, as computed using and , is independent of the details
of the dual CFT (except for the dependence on the central charge ¢ which determines the
Newton’s constant through (5.60))).

The puzzle is that while the holographic EE is universal, the CFT EE certainly does
not appear to be so. How does one reconcile this with AdS/CFT? Also, what is the CFT

calculation which will agree with the hEE at all temperatures and exhibit universality?

Resolution This puzzle will be resolved in the next subsection, by appealing to the large

central charge limit.

14This is a recurrent theme in AdS/CFT. A similar observation is: many different CFT states appear to
evolve into states described by black holes. The emergence of universality in the bulk in that context is
related to the universality of thermal physics.
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5.3.4 Universality of the Entanglement Entropy at large central

charge
At Low Temperature

One way of obtaining universal results for the EE, (as will be shown in the low temperature
bulk calculations), from the CFT, is by looking at the large ¢ systematics (similar issues have
been addressed in |164]). As has been mentioned, the calculation of Trp’ on the manifold
Y., can be mapped to the calculation of the two point correlator of n-th order twist and
anti-twist operators on the UHP. Using the method of images, this is equivalent to a four
point function of two twist and two anti-twist operators on C. The four point function is

then,

s =TT () () 60 61= forerio (2o

dwi

=1

For convenience, we send the four points (21, z1, 29, Z2) to (00, 1,0,7n), such that

Ga = (212212) " Ga(n), Gn(n) = (g4(c0)o-(1)o(n)o-(0))c (5.41)

Consider the scaled 4 point function in the 7 — 0 channel. In the large central charge limit,

all the conformal blocks exponentiate ( [243]). The form of the function is,

Gn(n) = Z ape—%fp(hnm;m) (5.42)

p

Recent results ( |[135]) suggest that it is only the vacuum block that dominates the above

sum over intermediate operators. In that case, the 4-point function is,

G(n) m e & olmmne) (5.43)
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Taking the four points 21 2, Z1 2 to be given by (5.39), we get the cross-ratio to be,

211293 o ml
_ Jiime2 _ 5.44
" 213201 o8 2L ( )

From ( [135]), one knows that the result for the vacuum block (in the 7 — 0 channel) is,

fo(hn,m;nc) = 12alog(n) + O(a?) (5.45)

where a = L (n — 1)(= h,/c). Hartman’s result tells us that we can extrapolate the result

12
found around 1 = 0 up till » = 5 owing to monotonicity of the conformal blocks as a function
of n for light operator exchanges. A similar statement holds in the other channel around

1n = 1. The vacuum block in that case is,

fo(hn,m;nc) = 12alog(1 —n) + O(a?) (5.46)

Here, again, the results can again be extrapolated up to n = % This enables us to state that
the purely holomorphic Euclidean 4-point function is in fact equal to the 2-point function on
the UHP. Again, the interesting thing to notice is that the information about the boundary

gets completely lost in this equivalence at large c!

The Entanglement Entropy in the s-channel (n — 0) is then,

log(-~) — "1 120108(n) (5.47)

log Trp" — 1
08 £TPa = Y 2oL’ " 61—n

—1

) 4h,, s nc
SA:}Ll—%l—n [1—71

where the first term comes from the Jacobian and the prefactor in[5.41] With a = h,,/c and

n= COSQ(%), we get,

2L
Sa = ¢ log (— Ccos 7T—1) (5.48)
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This result is, of course, valid up to n = 1/2 and hence, for L/2 < [ < L. In the other

channel n — 1,

c 2L . mwl
SA = g lOg <% sin i) (549)

This is valid for 0 < 1 < L/2. In both the above cases, we have introduced the UV cut-off
a by hand to regulate the answers. As, we will see later, these answers match exactly with

the holographic results in the low-temperature limit.

For All Temperatures

The results obtained at low temperatures for large ¢ are much more general. In fact, we
would like to show the equivalence of these results with the lengths of the bulk geodesics,
which can be calculated for all temperatures. The analysis of the four point function on C
is completely general. The information about the initial nature of the geometry (a rectangle
in this case), is contained in the pull-back maps and hence in the Jacobian factors. Only
the cross-ratio on the plane knows about the initial geometry through the pull back maps.
Let us calculate the entanglement entropy on the plane and use an unspecified conformal

transformation to pull it back onto a non-trivial geometry.

On the plane,

2 (dz " dz "
Teplh = i i .
T} H( dwi) ( dwi) G (5.50)

i=1

Let us call the Jacobian factors J = H?Zl(jzii )(C‘Z}Z) for simplicity. Then (as we saw in the

previous section), for the n — 1 channel,

1 4
Sy = lim—— {hn log ((L> — %1204 logn)}

ns11—n 213212)?
o 2hy 212712
= }gqn_l{log (QZ\/j + nlog(n)

c n Z12%12
= -1 — 5.51
6 (a2 VI ) (5:51)
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Note, the factor of a* in the first line of the expression has been introduced for dimensional

and n = 122 the

reasons and has a length dimension. With the identifications, ¢ = et

2 3

above EE is,

1 211722
Sq= 1 5.52
A 41(;3 C“g <:CL2\/C75> ( )

This expression for the entanglement entropy exactly coincides the sum of the bulk
geodesic lengths between the boundary points (z1, z1) and (29, z2) (with the identifications
ze = f(x4)), in the geometry corresponding to the pulled back (non-trivial) surface, at all

temperatures. This is the ‘disconnected’ channel in ([5.66]).

Similarly, when n — 0, we shall have to use the conformal block in the other channel.

Now, (1 —n) = 2222, Using this, the entanglement entropy is,

213212

: 1 atJ
SA = lim m |:hn log <<—2

212212)

_ Elog (1 —n) 21321y
6 a? VI
1 212212)

= —1lo 5.53
= g(a2 4 (5.53)

This matches with the bulk entropy in the ‘connected’ channel in (5.66)) with geodesics

) - %1204 log(1 —n)

joining the points (21, 29) and (Z1, Z3).

5.4 Bulk dual

In this section we discuss a holographic dual to the above two dimensional quenches [234].
It is known that a class of two dimensional CFTs with a large central charge ¢ have an
equivalent description in terms of gravity in three dimensional anti de Sitter space (AdSs).

In Poincaré coordinates the metric of AdS3 is given by

d¢? + dz dz_
¢ '
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Here ¢ = 0 is the conformal boundary of AdS3. The boundary coordinates z+ = 21 F 2o
describe the plane where the dual (Lorentzian) CFT lives. We will also consider the Euclidean
continuation of the above metric where we will set zy = Fi{z,z} (see (5.101]), Appendix
. The corresponding dual CF'T on the complex z-plane will then be Euclidean.

A holographic description of the CFT on a space with boundaries (BCFT) has been
proposed in [95,/117,/154,203,1232]. According to this proposal, the holographic dual of the
BCFT on the upper half plane {(z1, z0)|20 > 0} is given by the zy > 0 region of the Poincare
AdS3. The zp = 0 plane serves as a boundary of the holographic spacetimﬁ, with the
boundary condition that the extrinsic curvature of the boundary vanishes K, = qﬂ and

ends (at ¢ = 0) on the boundary of the UHP. A schematic picture is presented in Figure .

BULK

C axis

Figure 5.5: Holographic dual to BCFT on the UHP (upper half plane). A one-point function in the UHP
is given by an extremal geodesic emanating from the relevant boundary point and ending on the boundary
plane (the length of this is half of the geodesic connecting the boundary point and its image). Entanglement
entropy of the interval connecting two boundary points P, and P» is given by the minimum of the
length of extremal geodesics connecting these points and their images pairwise. We call the ‘blue’ and 'red’
configurations the ‘connected’ and ‘disconnected’ channels respectively.

The above description gives the bulk dual of a Lorentzian CFT on the UHP; we would,

however, like to obtain the bulk dual for a CFT on a manifold (5.16), M = interval xR.

15Tn a recent proposal |[171] a stress-tensor has been ascribed to this plane as in the case of a D-brane.
16This boundary condition has a one parameter generalization [117,[232] which corresponds to available
boundary conditions in the BCFT.
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Now, in Appendix [5.7.2 we will find a map from the manifold M} to the UHP, given by
(5.102):

sn [41{;1;4) (x—L/2),1— bﬂ

4
cn [4Kéb Yz — L/2),1— b4}

ze = fo(zy),  fr(2)=f(2) = f(z) =-b

(5.55)

Bulk dual through large diffeomorphisms Our strategy to find a bulk dual to the CFT
on M, will be to find a solution to Einstein’s equations with a negative cosmological constant
whose boundary is M. This problem can be solved by the method introduced in [218],
where it was shown (building on the works of [50] and [30]) how solutions diffeomorphic to
the AdSs geometry (which are hence solutions to Einstein equations) can be found
where the diffeomorphism is non-trivial at the boundary and reduce to the map . The
diffeomorphisms alluded to here are analogous to ‘large gauge transformations’ [214,236] and
are called ‘large’ diffeomorphisms or ‘solution generating diffeomorphisms’ [181]. Of course,
large diffeomorphisms which reduce to a specific conformal transformation fi are not unique
since one can always compose with any local diffeomorphism which reduces to identity at
the boundary. This ambiguity can be removed, however, if one demands that the resulting
bulk metric is in the Fefferman-Graham gauge. These ideas have been used in the study of
quantum quenches in [181,218,234]. The quantitative form of ‘large’ diffeomorphism was
found by ( [218]) and is given by
(rer)"” 22117 f4

¢= 4277 ze = fr(vs) — D D =A4f"f + Zinfﬁ (5.56)

Note, as a check, that as ( — 0 (the boundary of the Poincare metric ), we have
z — 0 (assuming that D remains finite), and z4 — fy(z4). It is important to note that for
functions fi(z4) which are not one-to-one and have vanishing Jacobians at the boundaries
of fundamental domains, one must restrict the above transformation to a given choice

of fundamental domain.
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Applying this large diffeomorphism to the Poincaré metric, we get the following metric
30]
dZ2 2

1 1
ds? — = + T (L+d:vi + L_dx2_) + (; + i—6L+L_) drydx_. (5.57)

where L. are given in terms of Schwarzian derivatives ([5.13]) of the boundary conformal map

3112 = 26

Ly =—-2{zy, 24} = 72
£

(5.58)

The metric ((5.57))) is called the Fefferman-Graham metric and has been written in the
Fefferman Graham gauge. Note that as z — 0, the leading terms of this metric reduce to
that of the Poincaré metric . The two metrics, however, represent physically different
solutions of the theory due to the existence of the subleading terms of the metric
involving the L. terms which represent nontrivial stress tensors at the boundary [28]. These
L+’s capture the ‘surface charges’ of [50] characterizing the quantum state. The precise

relation ( [30], [28]) between L and the CFT stress tensors is,

Li C
—— :
16G5 24°* (5.59)

Tyi(xy) =

where we have used the following relation between the central charge of the CFT and the

3D Newton’s constant

= (5.60)

Properties of the metric: The metric (5.57)), therefore, provides the promised solution to
the Einstein’s equations (with A < 0) whose conformal boundary coincides with the manifold
M. Hence, gravity on this metric provides the geometric dual to the CFT on M), (which is

the CFT of our interest).
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We have shown in Appendix[5.7.4 the high temperature limits and low temperature limits
of the geometry represent the BTZ black hole and the global AdS respectively. We
can show that at sufficiently high temperatures the geometry contains a horizon. For the
purposes of the rest of the chapter, the important property of the metric (5.56) is that the
spatial direction z is compactified with a periodicity L (i.e. equal to the spatial size L).
This follows as a consequence of the periodicity properties of the Elliptic functions (see, e.g.

(5.91) and similar statements for the Lorentzian map).

The periodicity properties of the CFT observables can be holographically interpreted in
terms of the above periodicity property of the bulk metric. Thus, e.g. a two-point function,
which can be specified by the geometric properties of a geodesic with end-points at the
boundary, are periodic because the geodesic will come back to itself after a time period L.

We will find below an explicit example of how this happens in case of the holographic EE.

Other candidate bulk duals It is important to note that in related contexts, somewhat
different proposals for bulk dual geometries have appeared. For example, the bulk dual to
the large L limit of the CFT studied here, used by [138] is obtained by first dividing the
Penrose diagram of an eternal BTZ black string geometry vertically by an end-of-the world
brane and then taking the top half of it as the relevant bulk dual geometry. We are currently
investigating the relation between our proposal and this geometry. The hEE computed in
both geometries turn out to be the same. Some other proposals for bulk geometries dual to

quantum quench involve the AdS-Vaidya metric, see, e.g. [26].

5.4.1 Holographic quantum quench and entanglement entropy

As mentioned in Section [5.4] for a class of 2D CFTs with a large central charge c,
a holographic description is available in terms of a weakly coupled gravity dual in
asymptotically AdSs3 spaces. A computation of the CF'T partition function over the branched

cover X, maps to a computation of the bulk partition function over a dual geometry whose
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conformal boundary coincides with 3, [104,/135,/165]. As shown in [165], this observation
leads to the well-known Ryu-Takayanagi formula [149,220] for the holographic entanglement

entropy (hEE) of an interval A

Z(VA)
4G5’

Shol,A = ext (561)

where 7,4 is the extremal curve in the bulk ending at the boundary of the interval A, I(y4) is
the length of this curve, and G3 is Newton’s constant which is related to the central charge ¢
of the dual CET by (/5.60). The extremum is taken among all curves 4 which are homotopic

to the subsystem A.

Let us first compute in the bulk dual of the BCFT on the upper half plane. The
dual geometry is the upper half of the spacetime . Suppose that the boundary of the
subsystem A consists of two points Py = 2z,1= (241, 2-1),P» = 2u0= (212, 2-2), p =+, —.
In this case we have two extremal geodesics, as shown in Figure [5.5}

(i) One is a geodesic connecting P; and P,, which we call the connected geodesic, whose

length is

17 = Pl L= P A z?)(z’l — )

(74). = 2log (5.62)

where (i, denotes the UV cut-off in the CET which, by the rules of AdS/CFT, corresponds
to placing the asymptotic boundary at ¢ = (i, (this regulates the extremal surface area
which will diverge otherwise). |P; — P»| denotes the distance measured in the flat boundary
metric ds? = dz dz_.

(ii) The presence of the additional spacetime boundary at zy = 0, leads to the existence of
an extra geodesic consisting of two independent geodesic segments, each of which connects
Py (or P,) to this new boundary. We will call this the disconnected geodesic; the length of

each segment, say the first one, is half of that of a geodesic connecting P; to each its ‘image
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point’ P| below the boundary (similarly with P). Combining the two segments, we get

|Py — P | Py — Py
+ log

1(74)de = log (5.63)

The entanglement entropy ([5.61)) is determined by taking the minimum among these [149].

1 . .
Shol, A = 10 x min{l(y(A))e, 1(va)dc} = min{S, Sac} (5.64)
3

Fluctuation of the UV cut-off with a large diffeomorphism The construction here
gives the hEE for the bulk dual of a CFT on the UHP, which is with an additional
boundary. As we found in Section the bulk dual to the BCF'T on the rectangle, which is
of our original interest, is given by the geometry . Since the latter metric is related to
the former by a diffeomorphism (which is non-trivial at the boundary), the extremal geodesics
in the latter metric can be obtained by pulling back , into the geometry. This
prescription is known to reproduce the time evolution of entanglement entropy in various
quantum quenches [228,234]. The effect of the large diffeomorphism can be represented by
a fluctuation of the end-points Py, P, [181,234], while the inside geometry remains identical.
The effect of this is that the point Py, represented by the coordinates ((min,2+1) in the
Poincare geometry is transformed to (Zmin, 4 1) according to . We define the
original CF'T to be that on the rectangle, with a lattice cut-off a. In AdS/CFT, this instructs
to introduce a UV cut-off surface z,,;, = a in the geometry . Near the horizon, using
the z — 0 limit of , we have

Comin = ay/ Fl@e) fL(2-1) (5.65)

and similarly for the point P. In other words, insisting on a given cut-off in the original CF'T

leads to a local definition of the UV cut-off, as above. The prescription for generalization of
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formulae like (5.62) to take this into account is simple [181,234]: just replace (i in (5.62))

by V <1,minc2,min .

Expression for the hEE Using these ingredients we get the following formulae for the

extremal length of two geodesics in the new bulk geometry (5.57)):

o (f(zy1) = flap2))(f(z_1) = f(z_2))
e o e T ) Pt )
~log (f(zya) = fla_ ) (f(wy2) = flr_2))
0= a/f(xpn) f/(@_y) f/agp2) f'(2_2) (566)

Here f, = f_ = [ is as defined in (5.55).
The boundary points of interest in this problem are given by the coordinates (which are

Lorentzian versions of the points ({5.30))
Ty = —l/z:Ft, l‘i’gzl/QZFt (567)

These represent the end-points of the entangling interval (region A) at time ¢.

5.4.2 Evolution of holographic entanglement entropy

In this section, we compute time evolution of holographic entanglement entropy in the global
quench with boundaries, using the prescription we mentioned in the previous subsection.
We mainly focus on the low temperature limit % — 0 as well as the high temperature
limit % — 00. We also compare the result to the naive CFT entanglement entropy derived
by neglecting the function F(z) in ((5.32) which is the theory dependent part of the four
point function . We find that whereas they do not agree in the low temperature
limit, they do agree in the high temperature limit. This suggests that the behavior of the

entanglement entropy, as computed from the bulk dual, is universal, which coincides with
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the usual universality (coming from the factorization limit) at high temperatures, but it is

a new universality at low temperatures (see Section m

20

18 g\ :
o |3:2J_:1 ’|:2/3 15 c 10 |dc B:'] ’|_:4,|:2/3
Z : | 4 05 | \/ 5 |c
c dc
o2 e o e tﬁc 02 04 05 c‘zst 70 1 v 3 t n

Figure 5.6: Plot of the time evolution of the length of geodesics which determine, via , , the
entanglement entropy (Sgg) of an interval with end-points at FI/2 (for convenience we have rescaled the
geodesic lengths by a factor of % and adjusted the height of each curve by choosing the UV cut-off a in
appropriately). The length of the connected path, I, is shown in blue, and that of the disconnected, [4.
(5.63) is shown in red. The left panel corresponds to low temperature with L/8 = 1/6, the middle panel to
intermediate temperature with L/8 = 1 and the right panel corresponds to large L (or high temperatur
with L/ = 4. By the minimum prescription of [149], , SgE is given by the curve segments which lie
lower; these are represented by solid lines in the figures. The curve segments lying higher are not relevant
in the computation of EE, and are represented by dotted lines. Note the exchange of dominance (‘phase
transition’) for intermediate and high temperatures. The above EE is exactly reproduced by the CFT
calculations in the large ¢ limit (see Section . For the rightmost panel, except for the central dip, the
EE can be seen to match the CFT result even without the help of large ¢ asymptotics, using factorization
into appropriate two-point functions at large L/f.

Time periodicity of two-point functions and the hEE

Note that the map f(x+) appearing in the above expressions satisfies (cf. ) flzy) =
f(zy + 2L). Since the spatial locations of the boundary points are fixed as in , the
above periodicity implies a periodicity in time ¢ = t 4 2L of two-point functions of operators
whose AdS representation is in terms of geodesics. The periodicity here can be geometrically
understood as follows. The map with periodic fi = f effects a quotienting of the
Poincare geometry. As time progresses, each end-point of a geodesic climbs along a straight
line in the z-t plane; the light-cone coordinates both trace out a periodic path on the cylinder

(which is double the manifold My (5.16)), leading to the time-periodicity mentioned above.

For the hEE of a centrally located interval (with end-points located at x = FI/2), the

period, in fact, turns out to be L rather 2L, as in Figure[5.6] This periodicity holds for both

17Strictly speaking, we distinguish between L — oo and 3 — 0 in the sense of footnote
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the connected or the disconnected expression (I, or lz.) in (5.66). To see this, note that the
odd (even) parity of the sn (respectively, cn) functions imply that f(xyi + L) = —f(252),
f(ria+ L) = —f(x+1). Here we have used the definitions (5.67)). In a similar way we can

also show the symmetry [.(t) = I.(L — t), lge(t) = lg.(L — t), which is evident in Figure

Low temperature limit % — 0

In this limit the map fi of (5.55)) reduces to the analytic continuation of ([5.9), namely
zy(xy) = cot (/4 + mxy/(2L)) (5.68)

By using this conformal map, and the formalism described above, we can calculate the
contribution of the connected surface to the holographic entanglement entropy S, and the

contribution of the disconnected surface .Sy..

c 2L . 7l c 2L 7l
Se = 3 log [E s (Z)] ; Sde = 3 log {E cos (ﬁ)} (5.69)

In this case the entanglement entropy does not depend on time, hence we are interested in
how this depends on the size of the subsystem A. By taking the minimum between S. and

Sge we get,

Shep = (5.70)

NGBS

When the size of the subsystem is smaller than the half of the subsystem [ < %, the result is
the same as that in the vacuum state on a cylinder with circumference 2L. This is natural

because the local physics is the same in both cases. When [ > %,

they become different.
This is necessary because entanglement entropy has to vanish if we take the subsystem to

be the total system.
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Nontrivial agreement with CFT Note that the holographic EE obtained above exactly
agrees with the CFT EE, discussed in Section @ (see ) As explained before, this
is a nontrivial agreement, since in general, including at low temperatures, the CFT EE is, a
priori, non-universal, being given by a four-point function. However, as we found in Section
@, in an appropriate limit of large central charge, one recovers a universal result
which depends only on the central charge and no other feature of the CF'T. This then agrees

with the hEE obtained above.

Large L limit % — 00

If we slightly turn on the temperature, the area of the extremal surfaces starts to depend
on time. In the low temperature regime, the area of one extremal surface (the disconnected
one) is always smaller than the other one (the connected one) for a fixed subsystem size [

(see Figure |5.6). However above some value of the temperature, there are phase transitions.

When 0 < ¢t < L/2, it happens twice. We can check that for sufficiently large %, the area
of disconnected surface is smaller at early times, but since Sy, linearly grows in time, the
connected surface becomes the minimal surface at some critical time. This is the first phase

transition. As we will see in the next section, this critical time ¢. depends on the size of

this is given by t. = £t When | < L

2 5, this critical time

the subsystem. When [ > %,

is t. = % This is natural because if we take a small subsystem limit % < 1,% > 1, the

result should approach that of the usual global quenches without boundary walls (see Figure
. As is obvious from the periodicity mentioned in Section , we encounter a second
phase transition after ¢ crosses L/2, when the disconnected surface becomes minimal again.
The central dip in this figure cannot be understood from CF'T, but in the next section on

quasiparticles, we have an accurate understanding of the entire plot of the third panel.
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5.5 The quasiparticle picture of the evolution of the

entanglement entropy

The evolution of the entanglement entropy at sufficiently high temperatures limit can be
interpreted by the free-streaming quasiparticle picture of [59]. In this picture, one models
the quenched state as populated by entangled quasiparticles pairs at every point consisting
of a left- and a right-moving particle, each moving at the speed of light. The entanglement
entropy of an interval A increases by % when a quasiparticle goes outside (inside) the interval

while its entangled partner is still inside (outside) the interval.

5.5.1 The quasiparticle interpretation for global quench for

infinite spatial size

In this subsection we will review the interpretation of the time evolution of the entanglement
entropy in the global quench on the non-compact line R. The contribution of the quasi-
particle pairs, which are located in [—(|z|+d|z|), —|z|] initially, to the entanglement entropy
at a fixed time, depends on the value of |z|. If the quasiparticles are located inside the
interval, A = {|z| < i} at the initial time, the contribution to the entanglement entropy

s(Al)(|x|,t) is given by

il = £ [0 (= lal ) ~0 (¢ el + )] (5.71)

This is because, when t = —|x|+ %, the left moving partner of the entangled pair goes outside

the interval, and when ¢t = |z| 4+ £ the right moving partner goes outside the interval.

Similarly, the contribution of the quasi-particles outside the interval A is

sl = 2 [0 (1= ol = ) =0 (1= (el + 5)) (5.72)
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The total entanglement entropy S4(l,t) for the interval A is then given by

0

0o 1

Salt) =2 [ s (il tydlel + 2 [ 58], 0. (5.73)
L
2

Here we incorporate the factor 2 to include the contribution of x > 0 region. Performing the

integral we get

Sa(l,t) = 2§—gte (é - t) + Z—;le (t - é) . (5.74)

which gives us the result from a CEFT calculation [59,64].

5.5.2 The evolution of entanglement entropy in the presence of

boundaries

We would now like to discuss the time evolution of the entanglement entropy in the presence
of the boundaries. The new physics in this case comes from the reflection of the quasiparticles
off the boundary walls.The entanglement entropy consists of two contributions. One is the
contribution from the inside of the interval, and the other is the contribution from the outside
of the interval. As we will see below the form of the each contribution is further classified

by the ratio % of size of the interval [ to the size of the total system L.

Let us consider the motion of the left moving and the right moving quasiparticles which
are located inside the interval A, say —|z| € A at the initial time ¢ = 0. The left mover goes
outside A at t = L — |z, then it bounces off the boundary wall at ¢ = £ — ||, and becomes a
right mover. When t = L — |z| — %, it enters the interval A again. Similarly the right mover
goes outside the interval A at ¢ = £ + |z|, bounces off the boundary wall at £ + |z|, and

enters the interval again at t = L + |z — L.
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9.9.3 >

SIS
DO —

Let us consider the contribution of the quasiparticle pairs which are located in [—(|z| +
d|z|), —|z|] at the initial time ¢ = 0 to the entanglement entropy when + > 1. The
contribution of those inside the interval depends on the precise value of |z|. For |z| < £,

since |z| + L < (L — |z| = L),

gnly _ om {9 (t (L W)) .y (t— (é + |x|)>}
Lo {9 ( — |z| - é)) .y (t — (L + x|~ é))} (5.75)

When L4 < |z] < L, since (L — |z| — §) < |z +

i = o (-G -td) -0 (- w-lel- )]
+ l <t - (% + |x!)) 9 (t (Lt ]e] - é))] (5.76)

The contribution of the quasiparticles located outside the interval is

st =20t el =) ~0 (1= -1l - )]
+ g—g {9 (t — (é + |x|)> —0 (t — (L + |z] - é))] (5.77)

The total entanglement entropy is then given by integrating all contribution of the

QA o

D

quasiparticles.

SA(l,t):2/ 2 d|x!+/ S (|2, 1) + / (el Odz|  (5.78)
0 5

The form of the integral of sff(z) depends on whether L > % or not. The sum of the remaining

two terms also depends on the size of the interval, ie + > 2 % > % > % or % > % > % At
the end of the day, these different cases give the same net entanglement entropy.
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_— 2t, (0<t<Zh)y L1, (Bl<t<i) —204L (t<t<i
SA(l,t):—X

60 | at—1 (L<t<Zl)y L1 (L <<ty _opyor (B <t< )

In figure we plot the EE obtained above from the quasiparticle picture and compare

it to the holographic result. It is clear that the comparison works rather well.

It is important to note that in this case [ > %, and the entanglement entropy is not

thermalized at any time, i.e. it does not become proportional to the interval size [.

5.5.4 <

SIS
DO —

The contribution from inside the interval is now given by

si= {9 (t_(é_m)) —9<t—(é+!$|))]

+gl[9 (t—(L—m—%)) —e(t—<L+\x|—é)ﬂ (5.79)

The contribution of the region L < |z < £t is

- {9 (t —(le| - %)) 0 (t ~ (Ja| + %>)1
+%{9 (t—(L—|x|+%)> —H(t—(L+Ix|—%>>} (5.80)

The contribution of the region is £t < |z| < £ is

+C—W[9 (t—(L—|x|+é)> —G(t—(L+Iw|—é))} (5.81)
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Figure 5.7: Plot of the time evolution of entanglement entropy in the quench in the high

temperature regime (blue). We also plot the evolution of the entanglement entropy expected

from the quasiparticle picture (red). We take L = 1,8 = %,l = é (left panel),l =

2 (right panel).
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Figure 5.8: Plot of the time evolution of entanglement entropy in the quench in the high

temperature regime (blue). We also plot the evolution of the entanglement entropy expected

from the quasiparticle picture (red). We take L = 1,8 = %,l = 2 (left panel),l =

6
2 (right panel).

Combining everything, the total EE is

=T x ] B O<t<d) b Get<i) -2+l (F<t<y)
A\, = — X
65 20— L (f<t<i)y (B <t<t), —2t420, (Bl <t<)

As we can see, this behavior of the entanglement entropy is very similar to that of
global quenches for infinite spatial size . This is natural because it takes a while
until the reflections off the walls start affecting the entanglement entropy when the size
of the subsystem A is small. As a result the entanglement entropy is thermalized when

<t< LT_l This is expected from the analysis of [71]. When t > LT_I, it starts decreasing,

DN |~

leading to the ‘revival’ behavior discussed in this chapter.
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5.6 Conclusion

In this chapter we have explored the properties of single-interval entanglement entropy (EE)
in the presence of spatial boundaries. The distinguishing feature arising from such boundaries
is the appearance of time-periodicity of the observables, arising from a bulk geometry which
is a quotient of the AdS-Poincaré spacetime. The periodicity of the entanglement entropy
can be understood in terms of a periodic motion of geodesic end-points. Another feature,
for quench states corresponding{iﬂ to high temperatures, is the appearance of thermalization
with universal exponents, followed by a revival [71,|163]. For quenches corresponding to
intermediate or low temperatures, there is an apparent puzzle: the CFT EE depends on
a four-point function which does not factorize and is hence non-universal; the holographic
result however does not depend on details of the CFT except for the central charge c¢. We
apply recent large-c techniques to resolve this puzzle. The large ¢ limit of the CFT EE
becomes universal and exactly matches the holographic computation at all temperatures. It
would be interesting to see, following [111], whether corrections to the leading large ¢ limit

are captured by subdominant saddle points in the bulk.

In this chapter, we have particularized to quenches to critical theories and modelled the
quenched state by a Calabrese-Cardy (CC) type state [59,(64]. It would be interesting to
(a) generalize our results to more general states with higher chemical potentials as discussed
in [182], (b) explore realistic quenches with boundaries in the limit of fast ramping speed
(some interesting issues have recently been raised in this context in [85[87]) and (c) relate
our results to the study of spatial boundaries in non-conformal theories (see, e.g. [150]). The
presence of spatial boundaries can be regarded as a model for impurities or defects in a
one-dimensional lattice. It would be interesting to relate some of our results to experimental

situations.

1811 the sense of footnote
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An issue which has not been explored in detail in this chapter, and is currently under
investigation, is the precise nature of the bulk geometry found here. In particular, we would
like to understand the geometrical interpretation of the approximate thermalization of the
one-point function and EE and subsequent revival. These issues have been commented upon
in [92/|163]. However the explicit bulk metric we have found should shed more light on this
issue. It is also interesting to see if the phenomenon of revival has a bearing on the issue
of stability of the AdS geometry discussed in, e.g. |46,/51},97] . We hope to return to these

issues shortly.

5.7 Appendix

5.7.1 Derivation of conformal maps

In this appendix, we discuss in more detail the conformal map mentioned in Section [5.2.1.

5.7.2 Map from the rectangle to the complex plane (Euclidean)

We consider a rectangle parametrized by

o . L L 5 B
W=T+IiT,W=12—1iT, T € | 2,2],76[ 4,4] (5.82)
which we wish to map to the upper half plane
2=+ 12,2 =20 — 121, 21 > 0,20 €R (5.83)

19We thank Shiraz Minwalla for discussions on this issue.
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As mentioned in Section [5.2.1; such a map is given by the Christoffel-Schwarz transformation

63)

+ B,

B ? dz
w(z) = A/o \/<22 —B2)(22 — )

By definition this map satisfies the following conditions

It is easy to see that 3 is given by []

B = 2i(w(—b) — w(b) =—2¢A/_b \/( 05
e — z 2

where K (m) is the Elliptic K function

! dx
fm) = / VA=) —ma)

Similarly
L =w(b) —w(1/b) =iA bK (1 —b*)

(5.84)

(5.85)

(5.86)

The constant B can now be determined from, say, the first of the conditions ([5.85)). We get

B = L/2. The map, therefore, is given by
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where we have used the following result about the Jacobi sn function

—1/% 34
= Zb
sn (b’ )

z dz
/0 V=)= )

The inverse map is

where we can regard b as determined from

B AK(bY

L~ K(1—0b%

The antiholomorphic map reads as
zZ=">bsn {—%gf;) (w—g) ,b4}
Periodicity properties: Note the periodicity properties
z(w) = z(w+2L), z(w) = z(w +if)
and the parity property
z(w+16/4) = —z(w —if/4)

which follow from the following properties of the Jacobi sn function [4]

(5.88)

(5.89)

(5.90)

(5.91)

(5.92)

sn(u+ 2K (m),m) = —sn(u,m) = sn(u — 2K (m),m), sn(u+ 2iK(1 —m), m) = sn(u, m)

205



Map from T? — C: The above periodicity properties (5.91)) imply that the map w — z(w)

can be viewed from a complex torus to the complex plane:

AK (b* L
T?w — z(w) = b sn ( )(w——),b4 eC,
13 2
L 3L 3
W=T+IT, X € [—5, 7],7’ S [—g, Iﬁ]’ 2 =29+ 121, 21,22 €ER (5.93)

Here the torus is represented as a rectangle (whose opposite sides are to be identified). The

earlier rectangle ([5.82)) is the bottom left ‘quadrant’ of this larger rectangle.

We should note here that the rectangle (5.82) (or rather the Lorentzian continuation
of that) is the appropriate geometry for the quench problem, whereas the torus described
above is the appropriate geometry for a thermal problem (where we have a periodicity in

the imaginary time).
Large L limit: To see this limit, we note the following small m behaviour 4]
K(1—m)~ %10g(16/m) + O(m), K(m) = 7/2 + O(m) (5.94)
Thus, the large L limit corresponds to small b, with
o] 4K (b s

L KO—bY " log2/h) © o)

Using ((5.94) and

1
sn(u,m) = sin(u) — Zm(u —sinu cosu) cosu + O(m?),

sin(u/i) = —isinh(u) (5.95)
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we get from (|5.88))

z &~ —ibsinh (%TM - log(2/b)) ~ —ib(—%) exp <—27T7w + log(2/b)> ~ie”2™/8 (5.96)

Hence, in this limit, we recover the map (5.8) from the cylinder to the complex plane with
periodicity w = w+145. This periodicity is consistent with the (5.91)) described above, in the
limit where the aspect ratio /L — 0, which we can regard as an infinitely wide rectangle

with width 5 whose opposite sides are identified (hence, a cylinder).

Low temperature limit: Using (5.94), and (5.89)), we can find the following b — 1 — ¢

L7\,

which shows that b — 1 — € corresponds to the low temperature 3/L — oo limit. Using the

behaviour

formula

sn(iu,1 —m) = itan(u) + O(m)

we can then easily derive the following low temperature limit of ([5.88)):

z(w) = icot (% + %) (5.97)

This shows a periodicity w = w+2L, and is consistent with (5.91). The rectangle representing
the torus ([5.93)) becomes in this limit an infinitely high strip of width L (with opposite sides

identified, hence leading to a cylinder).

Lorentzian map

As we saw in the text, the map ([5.88)) described above helps convert observables computed
in the UHP (5.83)) to those in the Euclidean rectangle (5.82). As we indicated above, the
same map also converts the complex plane to the torus (5.93)). As described in Section |5.2.2,
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for real-time observables we are interested in a Lorentzian CFT on the manifold (/5.16))

M, =IxRzy=zFt rel=[-L/2,L/2),t€R (5.98)

which describes the Wick-rotated rectangle (5.82)) (it is an infinite strip of width L). We

obtain them by analytically continuing CFT observables on the rectangle according to (5.15)):

T=it,>w=x+iT=r—t=r,, W=r—IT=r+t=1_ (5.99)

For the holographic calculations described in Section we need to also analytically
continue the Euclidean z,z plane to a Lorentzian plane z,,z_ € R2. Thus, we need an

analytic continuation of the Euclidean map ([5.88)), ((5.90)). To do this, we note the identity [4]

sn(z,1 —m)

sn(x/i,m) = —i (5.100)

en(xz,1 —m)

Since under the analytic continuation ([5.99), both w,w become real, the above identity
implies that both z and z, become purely imaginary. We, therefore, define the following

analytic continuation of the complex z-plane to the real plane

Z =12y, Z=—12_,

—iz = —i(za +iz1) = 21 — 20, .
Zy = 20 = 129 (5.101)

+1zZ = +Z(ZQ — 7/21) =2z + 205

where, 2, are given by the following functions (using ({5.100]))

sn [4%64) (x —L/2),1— bﬂ
b

4
cn [4Kéb Yz — L/2),1— bﬂ

ze = fr(zs), fo(x) = fo(2) = f(x) = —

(5.102)
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Note that in this map, 24 =z F ¢, with x € I = [-L/2,L/2], t € R, whereas z+ = z F 2o,
201 € R. Thus the above map is a map from the strip M}, (5.16)) to the real plane R The
map is clearly conformal, which satisfies the property dz,dz_ = f'(zy)f (x_)dx dx_. Note

that the Lorentzian version of the high temperature map ([5.96) becomes the Rindler map:

2mxry

B

zy = exp(— ) (5.103)

A different Euclidean map

We note that the map ([5.88]) is not the unique one that maps the rectangle to the UHP. We

may consider, e.g., a different assignment of the corners to the boundary of the UHP:

w(—b) :§+—, wb) = —= + = (5.104)

By using methods similar to Section |5.7.2, we arrive at the following map

2K(bY), i

= —b 4 :
z S0 | —— (w 1 ), b (5.105)
where b now is given by
B _ K(1—0b%)
L Kb
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-L/2+ip/4 L/2+ipr4
0.2F ‘ ‘ ‘ ‘ 3

0.1F

0.0

-0.1¢

-L/2-ip/404 -0.2 0.0 0.2 04 L2-ip/a -6 i 2P b2 4 6

Figure 5.9: The second map between the upper half plane and the rectangle. The colour coding represents
the mapping of the corners to the boundary of the UHP. See and . The time evolution contours
in the rectangle are mapped to the UHP as shown on the right. We have chosen L = 3 = 1. It is clear that
this second map is roughly obtained from the first map by exchanging the horizontal and vertical axes of
the complex plane.

The periodicity property of this map is the same as in (5.91]). This map has the property

that its low temperature limit is the standard cylinder map (with periodicity 2L), as
w
P iexp(i%) (5.106)

The Euclidean map cannot be analytically continued to a Lorentzian map as in
(5.15). Here the continuation is w = iz, w = —ix_. This means that in the FEuclidean
theory we need to call w =: 7 + iz, w = 7 — iz, and then analytically continue 7 = it (here
x+ = x +t). The accompanying continuation of the z-plane is z = iz,,Z = —iz_. As a

simple check, note that (5.106) now becomes a real conformal map

T4+
Zr = eXP(—T)
Comparing with ([5.103]), we can see that this second map is indeed related to the first map by

an exchange of the horizontal and vertical axes, along with 3 <» 2L (also, compare Figures

and .
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5.7.3 Decay rate in the high temperature limit

We will consider a one point function at the point x = 0 and at time ¢ in the high temperature
limit, where % > é > 1. Using the high temperature Lorentzian map ([5.103)), we find that

the Lorentzian continuation of the connected correlator (...)c in (5.11)) gives

((Z+ ; 2)) ~ 92h eXp(—Q%(Qh)(t + g)) (5.107)

The Jacobian terms in ((5.11) become

(M)h ~ (2%)2’12—% (exp(%) +exp(%)>h (5.108)

In the limit % > é, the second term in the above expression dominates over the first.

Combining the above two expressions, we get,

(@ (w, ©))rect > (%)% exp (—%t) (5.109)

Thus, the decay rate of the one point function in the limit % > % > 1 matches exactly with

the decay rate obtained in [71] and [182] in the case of an infinite strip (L — o0).

5.7.4 The BTZ and the global AdS metric

We will work out the metric (5.57)) in case the maps fi(zs) are given by the non-compact

limit L. — oo limit (5.8) and the low temperature f§ — oo limits (5.9) of the general

transformation

21 We must distinguish between (a) the non-compact limit L — oo and (b) the high temperature
limit 8 — 0, although in both cases the aspect ratio L/8 — oo. The difference is that in (a), ratios
such as 8/L,zy/L,1/L — 0 while ratios such as xy/8,l/8 are not scaled, whereas in (b) ratios such
L/B,x4+/B,1/B — oo, while zy/L,l/L are not scaled. In other words, in (a) only L — oo and all other
length scales are held fixed, while in (b) only 8 — 0 and all other length scales are held fixed. Similarly
limits of (¢) low temperature 5 — oo (where L, x4, are held fixed) and (d) small system size L — 0 (where
B, x4, are held fixed), are different. In this section we consider the limits (a) and (c).
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Large L: BTZ Using the map we first find that
Ly =L_=L=4r%/p? (5.110)
which is consistent with and . This allows us to write the map as
2 = fu(zy) = exp|—VLay] (5.111)
The denominator D in becomes
D =L (L22 4 4) e 2V, (5.112)

The ‘large diffeomorphism’ (5.56)) in this case is, therefore, given by

e VIt (4 — L22) 42/ Le~VI(z—+a+)

= f(er) = L22 44 y B = f(ﬂ?) C = L22 44 (5113)
The resulting metric (5.57)), turns out to be (see [181,218,234] for more details)
dz?  (L22 —4)? (L22 + 4)°
ds = — — = qt* + =~ da? 114
T TR 1622 T e (5.114)

which represents a BTZ black hole with horizon at

2 =2/VL (5.115)

In the large L limit the size of the spatial cycle effectively becomes decompactified; thus
the above metric represents a BTZ black string. Thus, the BTZ black string is the bulk
dual of the CFT on the (analytically continued) cylinder, which, of course, is the Lorentzian
equivalent of the statement that the Euclidean black string is the bulk dual of the thermal

CFT which is represented by the Euclidean cylinder.
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The low temperature limit: Global AdS In the limit 5 > L, we apply the map (5.9))

to the transformation (5.56)). Here we find that
L,=L_=L=—-7%/L? (5.116)

which is consistent with (5.59) and ((5.21]).
By going through similar steps as the above, we find the final form of the metric ((5.57))

as

dz2  (Lz2+4) (Lz2 — 4)°
2 _ 2 2
e e IR TR (5.117)

which represents global AdS, since it is the spatial cycle = which shrinks to zero size at

z=2/vL.
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Chapter 6

Higher-point conformal blocks and EE

in Heavy States

6.1 Introduction

Much of the power and appeal of holography [176] rests on features of conformal field
theories which find natural analogues in gravity. There are several of these features of
holographic field theories which are universal and can be captured without reliance to a
specific theory. Examples of these include thermodynamic features like the Cardy formula
[75] and entanglement entropy [64,1220]. Moreover, it is of substantial interest to identify
and explore the ‘universality class’ of CFTs which admit a holographic description [38,/40,
411100,/134}/137.|{142,/156].

The evaluation of correlation functions by decomposing into conformal blocks is a
minimalistic and powerful approach to extract very general features of CFTs [98,/107,242,
244]. This direction, recently harnessed by the conformal bootstrap programme, has led to
strong results on anomalous dimensions of operators [101,213,219] and bounds on central

charges [212]. In the AGT correspondence, conformal blocks of Liouville theory (or more
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generally Toda theories) are related to the instanton partition functions of 4-dimensional
N =2 SCFTs [8241].

Conformal blocks also play an important role in the context of holography since they
serve as the CFT detectors of bulk locality and gravitational scattering [100,|{113,/142}|143,
152,173,207]. Conjunctively, there has also been very strong evidence that conformal blocks
are intimately related to geodesics in AdS [10-12.{145-147]. One of the important objects in
this context, for a 2d CF'T, is the correlator of two heavy operators with two light operators
[10-12,/113-115, 1457147]. As ¢ — o0, the ratio of the conformal dimension with the central
charge remains fixed for heavy operators, whilst that of light operators is much smaller than
unity. One can think of these heavy operators being responsible for creating an excited state
after a global quench [21,/68]. On the gravity side, this excited state corresponds to the
conical defect background [21]. It has been shown that the conformal block of this correlator
is precisely reproduced from holography from an appropriate worldline configuration in this
bulk geometry [145,/147]. Moreover, the correlation functions in this excited state mimic
thermal behaviour if the conformal dimension of the heavy operator exciting the state is
greater than ¢/24 [114,/115]. This is an example of a pure microstate (with a sufficiently
high energy eigenvalue) behaving effectively like a mixed state being a part of the thermal

ensemble.

In this work, we evaluate conformal blocks of two heavy operators and arbitrary number
(m) of light operators. We work in the heavy-light approximation and utilize the monodromy
method to derive the (m + 2)-point conformal block. We expand the correlation function
in a basis which involves pairwise fusion of the light operators (see Fig . In the strict

heavy-light limit and at large central charge, we show that, for this class of OPE channels :

1See references [77,|110,/141,(1664189-191}208] for further interesting aspects of conformal blocks in 2d
CFTs.
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e The conformal block having an even number of light operators and two heavy operators
factorizes into a product of 4-point conformal blocks of two heavy and two light

operators.

e The conformal block having an odd number of light operators and two heavy operators
factorizes into a product of 4-point conformal blocks of two heavy and two light

operators and a 3-point function involving one light and two heavy operators.

Our monodromy analysis is developed mostly based on the work [12] which made use of the
accessory parameters of the 4-point conformal block as a seed solution in order to obtain
those for the 5-point conformal block. Although the factorization we observe is special to
the OPE channel configurations we have chosen, the conformal blocks in other bases can be
related to ours by performing linear operations. Furthermore, since the correlator itself is
a basis independent object, all bases of conformal blocks are on an equal footing. We shall
demonstrate this picture by using the correspondence relating CFT correlators to punctured

Riemann surfaces.

Our results for conformal blocks from the CFT are reproduced from the bulk by
considering suitable generalizations of the worldline configurations considered in [147].

The choice of OPE channels in the CFT are in one-to-one correspondence to geodesic

Ty Ty Ty g Z Loy, Tm+1
L ‘L &L €L & €L & €L
€p €p €p €p
P e o0
€y € € €

Figure 6.1: The OPE channel which we shall consider here for the conformal block of an even
number light operators and two heavy operators. The conformal dimensions are scaled as €; = 6h;/c.
Note the pairwise fusion of the light operators into operators of conformal dimension izp which are
same in the intermediate channels shown in the figure — this provides a major simplification for the
monodromy analysis.
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configurations in the bulk. This implies that these higher-point conformal blocks can
be fully recast in terms of bulk quantities. This outcome nicely fits within the notion
of emergence of locality from a conformal field theory [100] and serves as an explicit
demonstration of the same not only for higher-point correlation functions but also for
non-vacuum states. It was also shown previously that correlation functions of free theories
can be rewritten in terms of closed string amplitudes in AdS [125-127]. Although our
correlator is in a very different regime of the parameter space of couplings, it bears in the
same spirit the pertinent analogue of admitting an Einstein gravity description instead of

the stringy one for free theories.

This circle of ideas finds a natural home in the context of entanglement entropy of heavy
states |21]. The light operators then correspond to twist operators, with conformal dimension
¢/24 (n — 1/n), (which implement the replica trick) in the limit n — 1, where n is the
replica index [64]. One can then utilize the higher-point conformal block to obtain the
entanglement entropy of an arbitrary number of disjoint intervals. Our choice of monodromy
contours, similar to those used in [105,/136], are well-suited to computing entanglement
entropy. Furthermore, these results can be straightforwardly used to evaluate the mutual

information of two disjoint intervals, A and B, which is defined as

I(A,B)=S(A)+S(B)—S(AUB).

On the holographic side, the Ryu-Takayanagi prescription [220] instructs us to calculate
minimal areas (or geodesics for the case of 3d gravity). Our CFT results for entanglement
entropy of disjoint intervals agree precisely with that obtained from the bulk using the
minimal area prescription. Furthermore, we show that for two or more disjoint intervals,
there are multiple geodesic configurations which are possible in the bulk and these are in
one-to-one correspondence with various OPE channels or monodromy contours which one

chooses to consider in the CFT.
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The outline of this chapter is as follows. In Section we introduce the correlation
function whose conformal block we wish to evaluate and specify the regime of validity of our
analysis. The relation of CF'T correlators with punctured Riemann surfaces is reviewed in
this section. Section contains the explicit evaluation of the conformal block. We consider
the 5- and 6-point conformal blocks before generalizing the result to arbitrary odd- and even-
point blocks. Specializing to the case of light primaries being twist operators, we evaluate
the entanglement entropy and mutual information in Section[6.4l In Section we consider
worldline configurations in the bulk and reproduce the CFT result for odd- and even-point
blocks. This section also contains the analysis of the holographic entanglement entropy using
the Ryu-Takayanagi formula. We describe the moduli space of the conformal block in Section

[6.6] Finally, Section [6.7] has our conclusions along with some future directions.

6.2 On heavy-light correlators and Riemann surfaces

Consider the following p-point correlation function of primary operators O;, each located at
the points (z;, z;) on a plane. By inserting (p—3) number of complete sets of states equivalent

to the identity (Fig[6.1]), we can expand in terms of the conformal partial waves as

<(91(z1, 21)02(22, 22) - - - Op(2p, zp)> = dgy F (2, hay ha) F (%, hi, ). (6.1)
{hi}

The complete set of states )h;, running in the (p — 3) intermediate channels, is labelled in

terms of representations of the Virasoro algebra which includes the primaries as well as their

descendants. Here, d (7} AT€ constructed out of the structure constants c;;, of the algebra of

operators in the theory. In what follows, we shall be interested in the following (m+ 2)-point
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correlator of two heavy operators and m light operatorsﬂ

m—+1

<OH<21721> H OL(Zi,Ei) OH(Zm+2,Zm+2)>. (62)

=2

We shall work with CFTs, which in the ¢ — oo regime, admit a holographic description
in terms of Einstein gravity. We make use of the property that, in this regime, the p-point

conformal blocks are expected to exponentiate as [242,244,245]
~ C -
F(P)(Zia hia hl) = exp [_éf(p)(zia €, 61)] . (63)

Furthermore, the points 21, 2o and z,, 19, in (6.2]), can be sent to oo, 1 and 0 respectively via

the projective transformation

(Zmi2 — 2i)(22 — 21)
(Zmy2 — 22)(2i — 21)

(6.4)

T; =

Upto factors of the Jacobians arising from usual rules of conformal transformations of primary

operators, the correlator of interest is now expressed in terms of the cross-ratios, x;, as

m+1

<oH@x»[oLa>IIcnxx0]oHan>. (6.5)

We shall be interested in contributions of Virasoro conformal blocks, F,)(x;, A, Bl), to the
above correlation function. In addition to the ¢ — oo limit, we shall also work in the

heavy-light limit, for which the dimensions of the operators scale as

6h 6h
eH=7§~OO% q:7§<1. (6.6)

In words, the ratio of the conformal dimension with central charge of the heavy operators

remains fixed and is of order-one in the ¢ — oo regime whilst that of the light operators

2In this section and the next we move back and forth between using p and m. p = m + 2.
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much lesser than unityf’] By referring to this as the ‘heavy-light limit’, we mean to consider

contributions to the conformal block to the leading order in €.

The four-point version of the above conformal block was considered in [113] and the
five-point in [12]. The conformal block was used to calculate the entanglement entropy of a

single interval in heavy states in [21].

It is important to note, that there are several choices of OPE channels along which one
can expand a CFT correlation function. Each of these channels correspond to different basis
choices of the conformal blocks to rewrite the correlator. The correlation function is a single-
valued real analytic function of the coordinates z; and Z;. However, this is not true for the
conformal blocks themselves (due to presence of branch cuts) and the correlation function
is, therefore, independent of the basis of conformal blocks. It can be shown that conformal
blocks in different bases are related by the linear operations of braiding, fusion and modular
transformation [152,/1935195]. These operations have finite-dimensional representations for
rational CFTs but can, nevertheless, be performed on conformal blocks of a generic CFT
since these are duality transformations purely arising from associativity of OPEs (crossing-
symmetry) and modular invarianc In this chapter, we shall work in a specific basis in
which light operators fuse in pairs. As we shall show, this basis admits a generalization to
higher point conformal blocks and is geared towards the analysis of entanglement entropy
of disjoint intervals [105,|136]. The OPE channel considered for the 5-point function in [12]
is different from the one we are about to use but is, however, related to ours by a series of

fusion operationg’}

The statements above can be manifestly portrayed if one associates, a Riemann sphere

with p punctures, og,, with a p-point CFT correlation function on the plane |152.{193-195,

3In Section we specialize to the case of the light operators being twist operators with conformal
dimension ¢/24 (n — 1/n) in the limit n — 1. Here, n is the index for the number of replicas.

4See, for example, [152] which explicitly constructs the duality transformations in terms of quantum 6;-
symbols for Liouville theory. Quite intriguingly, the authors also show that the braiding matrix is related to
gravitational scattering amplitudes.

5See Fig. 18 of [194] to relate the basis used in [12] to the one used here.
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248]. Strictly speaking, there is a vector space of conformal blocks H (o) associated to every
Riemann surface o [116]. The different bases of conformal blocks (or OPE channel choices)
are the various ways in which this Riemann surface can be sewn from 3-holed spheres (or as
is graphically called ‘a pair of pants’). Stated differently, the decomposition of the correlator
into conformal blocks is equivalent to the pant-decomposition of the punctured sphere. The
intermediate channels in the conformal blocks correspond to the states passing through the
sewed holes. The number of intermediate sewings necessary for the p-punctured sphere is
(p—3).

Moreover, a p-point CF'T correlation function on the plane is related to a moduli space,
Mo, (corresponding to the Riemann surface oy ,) [116,[194,248]. For our correlator
on the sphere, this is Mg ;,+2. There are (m — 1) complex moduli formed by the cross-ratios

{z;}. This picture will turn out to be relevant later on in Section [6.6]

6.3 Monodromy problem for conformal blocks

In this section we briefly review the monodromy method to evaluate the Virasoro conformal
block. The discussion closely follows [91,113]. We then proceed to use it for calculating 5-
and 6-point conformal blocks and then generalize to blocks with an arbitrary number of light
operator insertions.

Let us consider the correlation function we started with, { O1(z1)02(22)O03(23) - - - Op(2p)
As mentioned before, in order to decompose this p-point correlator into a sum of products
of 3 point functions we need to insert p — 3 resolutions of identity. In terms of these

intermediate states, a typical conformal block would read aﬁ

Fioy (20, hi, i) = <Ol(21)(92(22)>04 (03(23)) B (BO4(24))y - - - <§Op_1(zp_1)0p(zp)>. (6.7)

SHenceforth, we focus attention on the holomorphic part.
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Now, one can insert into this conformal block an additional operator, zﬂ(z), whose conformal

dimension remains fixed in the ¢ — oo limit. This defines the following quantity
U(z,2) = <(91(Zl)02(22)>04<Oél/3(z)o3(23)>5 ---<(Op_1(zp_1)op(zp)>.

It can then be argued [113] that the insertion of 7 changes the leading semi-classical

behaviour of the conformal block just by multiplication of a wavefunction
\II(Z,ZZ') = w(z,zi)f(p)(zl-,hi,iu). (68)

We can now choose that the operator z[) obeys the null-state condition at level 2.

3 . c— 00 1 9
Log———I? = th, hy = —= — —. .
Tl L N B (69)
Acting ¥(z, z;) by (L_g — 2(2+w+1)[’2*1>’ therefore, leads to
[L_Q + %L%l} U(z,2) = 0. (6.10)

Translating this into a differential equation by using the differential operator realization of

Virasoro generators, one arrives at a Fuchsian equation

=

d*(z)
dz?

+T(2)0(2) =0,  with, T(2) = G (6.11)

€
— [(z —2)? * z—z

Here, €; = 6h;/c and ¢; are the accessory parameters related to the conformal block as

af(p) (Zi7 €i) gl)

o (6.12)

C; = —

The function f(,) is the same as the one appearing in the exponential in equation (6.3

and forms the essential ingredient of the conformal block. Equation (6.12)) implies that the
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following integrability condition should be satisfied

@Ci @Cj
— . 6.13
8zj 821 ( )
The asymptotic behaviour T'(z) ~ 1/z%, at z — oo, imposes the conditions
p p p
da=0, ) (czte)=0 Y (2} +262) =0. (6.14)
i=1 i=1 i=1

We shall now work in the coordinate system x; as defined in (6.4) and also consider two
heavy operators at 0 and oo and (p — 2) light operators at 1, x3,--- ,x,_;. Using the above
three relations, we can re-express c; 2, in terms of other accessory parameters cs... ,_1 and

cross-ratios as

p—1 p—1
€ = Z(xl — 1)+ (p—2)eyp, cog=— inci —(p—2)ep, ¢, = 0. (6.15)
=3 =3

Substituting and (6.15]) in the expression for T'(z) we get

_H S p-2a  — m(l-wm) ..
T(z)—z2 z—l +§ (z—x:)2  z2(z—1) +Zz:;z(z—1)(z—xi) v (6.16)

One can solve for the accessory parameters, ¢;, by using the monodromy properties of the
solution v (z) around the singularities of 7'(z). The main ingredient of the conformal block
fp) (i, €,€) can, in turn, be obtained from the accessory parameters upon integrating,
¢; = —0fp)/0x;. Thinking of the conformal block Fy(x;, hs, h;) as a partition function
dominated by the saddle-point action (c¢/6)f() (i, €, €), the accessory parameters c; serve

as conjugate variables for the cross-ratios xi As emphasized in [147], the saddle-point

"It was pointed out in [152] that the corresponding Teichmiiller space inherits the complex structure
(24,7;) from the punctured Riemann sphere. The authors had also studied quantization arising from the
conjugate variables z; and ;. The wavefunction ¥(z, z;) in can then be thought to be living in the
associated Hilbert space.
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action dominating the conformal block is closely related to the worldline action in AdS. The

accessory parameter can then be identified as the momentum along the geodesic.

We shall now consider two warmup examples of the 5- and 6-point conformal blocks to
gain some intuition before analyzing the arbitrary p-point case. Let us reiterate the notation

for the number of insertions of operators

total number of operator insertions = p,
number of light operator insertions = m,

number of heavy operator insertions = 2.

Therefore, p = m + 2. The variable n is reserved for the replica index which will appear in
the context of entanglement entropy. Along the way, we also mention the procedure to be

used and fix the notation and conventions further.

6.3.1 Warmup examples

Warmup example I : 5-point conformal block

Let us consider the conformal block of the 5-point function

This is the case of m =3 or p = 5.

Perturbative expansion of the monodromy equation

We shall solve for the unknown accessory parameters cs4 in perturbation theory in the
parameter €, which is the scaled conformal dimension of the light operator . We shall

be following the procedure used in [12,|113}|147]. However, as mentioned earlier, unlike [12]
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which studied the 5-point block in much greater detail, our choice of monodromy contours
will be different and we shall be working only up to linear order in e which is the light

parameter of all our light operators.

The quantities in the monodromy equation (6.11)) can be expanded implicitly in powers

of the light parameter, €y, as

U(z) = P 0(2) + W () + 9@ () + -+
T(2)=TO%) +TW() + TP (2) 4 -, (6.18)

ci(z) = cgo)(z) + cgl)(z) + 052)(2) +---, fori=3,4,...,m+1.

For the case at hand, m = 3. Following [12], we also assume that the expansion of the
accessory parameters starts at linear order in €;, and hence Cgo) = 0. The equation (6.11)) at

the first two orders is

Py (2)

= T TOEWO(=) =0, (6.19)
dQTZ(Zl;(Z) i T(O)(z)w(l)(Z) — —T(l)w(o)(z). (6.20)

From (/6.16)), the stress-tensor at these orders is

TO(2) :GZ_I;, (6.21)
7O (2) - iL1)2 . 33)2 o —6L334)2 _ Z(je_ﬂ y (6.22)
x3(1 — z3) o z4(1 — 24) D

+z(z—1)(2—563) ’ +Z(2_1)<2_l’4)

As in |12], we shall also supress the superscript of cgl) and simply call it ¢; since the accessory
parameters at the linear order are sufficient information for the heavy-light limit. In other
words, we shall confine our attention to the linear order in €;, which is the extreme heavy-light
limit.
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The solution to the zeroth order ODE in ([6.19) is straightforward
O(z) = 2020)/2, a=+/1—4ey. (6.23)

Let us calculate the monodromy of this first order solution about the points 0 and oco. It

can be easily seen that taking z to e?™z, results in

21 i (0)
¢+ (e*'2) __|€ 0 v (2) . (6.24)
wg))(e%riz) 0 e*ﬂ'ia w(_o) (2)

The 2 x 2 matrix above is therefore the monodromy matrix for a contour containing the point
z = 0. In a similar fashion the monodromy around z = oo can also be seen by performing

the transformation y = 1/z

Wemy) e 0 ) (eP ) 625
O omiy | i 0) ' 25)
P (e*my) 0 e v (y)

Since a = /1 — 4ey, the monodromies above detect the conformal dimensions of the heavy

operators inserted at 0 and co.

The first order corrections (6.20)) can be obtained by the standard method of variation

of parameters. The Wronskian is W (z) = a. We have

) = o00) [ @I ) - 00 [ al T e )

00 = 2000) [TV - 100 [T ). (620)
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Monodromy conditions

T™M(z) has three singular points at 1, x3 and x5 i.e. at the location of the light operators.

Our choice of contours shall involve one contour enclosing a pair of points and another one

enclosing the remaining single point. There are three such possibilities
e O : v enclosing {1, 23} and 7, enclosing {4}
e O, : v enclosing {1, 2,4} and 7, enclosing {z3}

e Q3 : v enclosing {x3, 24} and v, enclosing {1}

These contour configurations are in one-to-one correspondence with the OPE channel along

which one chooses to expand. For instance, for €24, we consider the OPE, O (1)Op(z3). We

shall elaborate on this further below.

The monodromy matrix upto first order in €y, is

where, the I,()];) are contour integrals

-1 74 a0 @TO (), 1 =1 7{ 4z @ ()TD (2)60 (2)

Tk Tk

— 9

1
1% =~ ]{ =0T (0 (=), 19 = ]{ dz 0 () TV () (2)

@ Tk

Note that, [J(fl S

The monodromy conditions we shall impose are [113]

6+7ri1\ 0

M(,) = — . A=1-14G,.

0 —miA
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In words, the above equation means that the monodromy matrix picks up the conformal
dimension, fzp = c§,/6, of the operator O, which arises upon fusing the operators living
inside the contour. The tilde on Ml above denotes that this diagonal form of the monodromy
matrix is related by similarity transformations to . Comparing the eigenvalues of

with that of M(v;) we get the condition
2
X[y = (11’2) 0 (6.30)

Here, we have defined X'[yx] as the monodromy condition for the contour -y, at the linear order
in €. We shall now impose this condition for each of the contours in the configurations, €2;.
It is worthwhile remarking at this point that, these configurations of monodromy contours
are in one-to-one correspondence with the OPE channels. The residues provide information

about the singular structure due to the operators residing within the contours.

2; channel

The €2; channel — Fig — corresponds to case when we consider the fusion of the light

primaries O (1) and Op(z3). The monodromy conditions for this configuration is

A2y

X = ————les(@ = 1+ (a + 1)a§) + (25 — Dscs]

X [en(o =2+ (a+2)a§) + (2§ — 1)(csw3 + camy)] = —4n’e, (6.31)
and
X[yo] = —4n’e] = —Am’el. (6.32)

The last equation above is fairly obvious. The residue merely picks up the conformal
dimension of the single operator Op(z4) living inside the contour v,. Hence, €, = €1, which

is consistent with the conformal block diagram shown in Fig
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Oe ® 00
€y €y

Figure 6.2: OPE channel and monodromy contours for € for the 5-point block.

We are now presented with the task of solving for the accessory parameters c3
and c¢4. This is the point where one can utilize the method of seed solutions introduced
in . The idea behind this method is that, in order to solve the monodromy problem for
the conformal block having m light operators, accessory parameters can be inherited from
a lower point conformal block having (m — 1) light operators. More precisely, for the block
with m light insertions one uses the accessory parameters of the block with (m — 1) light

insertions as zeroth-order solutions and then deforms these by the light parameter €.

Following , we choose a seed solution for the accessory parameter c3 to be the same

of that of the 4-point conformal block [113].

—ep(a—1+a%(a+1)) + &5 %a )

P — +OE). (6.33)

C3 =

(Since, we shall be working the heavy-light limit — i.e. cz(-o) in (6.18)) — we shall drop the O(€?)

from now on for brevity.) Substituting this in (6.31]) we get

€L
= ——. 6.34
Cq s ( )

The integrability condition (6.13) is trivially satisfied.

It is crucial to note that in an additional expansion was considered in their parameter

€3 corresponding to one of the light operatorsﬂ In our case, all light parameters have the

8See equation (3.5) of .
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same conformal dimension €7. One can still consider a correction term of the form Ech:orr)

to c3 above. However, it can be explicitly seen that c§C°rr) = 0 because and
are indeed the solutions to linear order in €7 for the monodromy condition (6.31)). Hence,
unlike [12], there are no additional corrections to and the seed solution for cz fully
captures the accessory parameter in the heavy-light limit. This simplifying feature is special
to the OPE channels or the corresponding monodromy contours we have considered and is

also due the fact that all the light operators here have the same conformal dimension.

We can now use ((6.12)) to obtain the conformal block. Upon integrating the accessory

parameters, we get

1— % 5 1+ xa/Z
fe) (3, w45 €, €5 €p) = [eL <(1 — a)logzs + 2log - 3) + 2¢, log 4a—1 2/2 ]
+ €1, log 24
= faw(1,2s5€r, €5 €p) + €1 log 4. (6.35)

The integration constants are chosen to be such that f5) ~ (2¢; —€,)log(1 — x3) for x5 — 1

(113, 147]@ Here, f) is the function appearing in the exponential of the conformal block

(Fray = exp(—cf(a)/6)) of the 4-point function <OH(oo)OL(xi)OL(xj)OH(O)> [113].

& — g 2% 4 22
fay (@i, xji€0, €m3€,) = €r ((1 — a)logx;z; + 2log %) + 2¢, log l4a—i/2 ;/2
r;'" —
(6.36)

9This follows from ([6.7) and considering the behaviour of the 3-point function <O £(1)O L(a:3)6p(0)> in

the limit x3 — 1.
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We now use the exponentiation of the conformal block (6.3) to obtain

- & ~ _
F) (1,23, 245 €0, €15 6)), = exp [_éf(4)(17$3§€La5H;€p)} X g

= Fay(L, x5 €r, €m:6p) X thL. (6.37)

The first factor here is the conformal block of the 4-point function <OH(oo) Or(1)O0L(x3)0x(0) >

The second factor of z;"* is due to the 3-point function of OH(oo)OL(x4)OH(O)>

normalized by <(9H(OO)OH(O)>

It is worthwhile noting that this factorization shown above is true only at the level of
conformal blocks — and not correlators — for a generic Op. This is because not much is known
about precise spectrum at low conformal dimension. In order to make a rigorous statement
on the correlation function, one would require information about the structure constants
CLLa-

However, for the light operators being twist operators o,,, 7,, in the limit n — 1 (relevant
for entanglement entropy) the factorization shown above can be independently seen
(at the level of correlation functions) in terms of the OPE in the regime x3 — 1. This was

previously shown in [69]. It is known that twist operators fuse into the identity [64, 170]
on(1)a,(23) ~T+O((1 —x3)") rezt (6.38)

This means that €, is 0 in the intermediate channel after fusion of two light operators.
Moreover, the only operators which will arise in the intermediate channel are the identity
and its descendants — this includes the stress tensor and operators made of the derivatives

and powers of the stress-tensor [21].

10We shall be implicitly working in the n — 1 limit to ensure the operators are light.
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Let us insert a complete set of states in the 5-point function and make use of the OPE

(6.39)

<OH(oo)an(l)an(xg)an(x4)OH(O)>

xr3—1

= Z <OH(oo)an(l)Jn(:L'g)>Oé<a0n(l'4)OH(0)>- (6.39)

Since the leading term in the OPE ([6.38]) is the identity operator, the only non-zero
contribution will arise from )a =)Op, due to orthonormality of states. Hence, just a single

term in the above sum contributes and we have the factorization

<OH(oo)an(1)5n(:c3)an(cc4)OH(O)>

xr3—1

- <OH(oo)an(1)6n(x3)OH(O)><OH(oo)Un(x4)OH(O)>. (6.40)

The 4-point function above will receive contributions solely from the identity block owing to
(6.38)).
2, channel

The contour configuration for this case is equivalent to that of €2; upon the replacements
x3 <> x4 and c3 <> ¢4. The analysis for this channel is therefore exactly the same as that of

2, with these exchanges. The final result for the conformal block in this channel is
Fisy(1, 23, 045 €0, €m36p), = F(1, 24561, €13 €p) X xghL (6.41)

23 channel

This is the OPE channel which considers fusion of the light primaries Oy (z3) and Op(zy4).
The monodromy contours are shown in Fig.[6.3, The monodromy conditions (6.30]) for the
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Figure 6.3: OPE channel and monodromy contours for Q3 for the 5-point block.

two contours are

X[y] = —4n’e] = —4ne (6.42)
and
47_[_21_701/21,701/2
X[ys] = — 3042 L Jer((a — D 4 (a + 1)) + (25 — 25) w33
X [en((a = 1)a§ + (o + 1)ag) + (2§ — 2§)zacy) = —4n’el. (6.43)

(6.42) gives €, = €,. Inspired by the accessory parameters of the €, and €25 channels, one

can make an educated guess for the seed solution c3

—en(zf(a—1)+ 2§ (a+1) + €px§/2x2‘/2
ey = ER (6.44)
r3(7§ — 2%)
Substituting this in (6.43]) we obtain
o o ~ 2 2
o — —en(x§(a—1)+ 2§ (a+ 1)+ ep:vi‘/ xg/ (6.45)

4(2f — %)
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The integrability condition (6.13)) is non-trivally satisfied in this case. Integrating the

accessory parameters, we obtain

N N a/2 a/2
[y (L, 23, w45€r, €3 €p) = €1 ((1 — a) log 2324 + 2log = o ) +2plog [Em

(6.46)

This result can also be written in terms of f(4) appearing in the 4-point conformal block

[6.36)
fio) (L, 23, 245 €, €113 €p) = fay(1, 23,745 €1, €113 €,) + € log 1 (6.47)

The second term is obviously zero but we have retained it to preserve the structure we found

in the previous channels. Exponentiating the above expression using (6.3)), we get
Fis) (1, 23, was €, €013 6) s = F(@3, va5 €p, €13 6) % (1) 72 (6.48)

which is the same factorization observed in the channels €2; and €2.

Warmup example II : 6-point function

Our second example is the conformal block of the 6-point function

This is the case of m = 4.

Perturbative expansion of the monodromy equation

Once again, we start with the perturbative expansion in the parameter €;, for ¥ (z), T'(z) and

¢i(2) (6.18). The zeroth and first order equations are the same as that of (6.19) and (6.20)).
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Figure 6.4: The OPE channel and contour configuration of €2; for the case of the 6-point block.

The stress-tensor at the first two orders is

TO)(2) = Z—’; (6.50)

T(1)<Z) - (2 iLl)Q T (2 _eLx3)2 ™ (2 _ELM)z T ( _ELx5>2 N z(je_L 1) (6.51)
r3(1—3) () z4(l—24) (0 z5(1—25) ()
+z(z—1)(z—x3) 3 +z(z—1)(z—x4) 4 +z(z—1)(z—:1:5) 5

The solution to the zeroth order ODE in (6.19)) remains the same

f)(z) = (1E/2 a=+/1—4ey. (6.52)

Similar to the 5-point case, we proceed to study monodromy constraints of the first order

solution ¥(!)(2) which in turn is obtained by the method of variation of parameters (6.26).

Monodromy conditions

There are three choices of contours in this case
e O : v enclosing {1, 23} and 7, enclosing {4, x5}
e O : v enclosing {1, 25} and 7, enclosing {3, x4}

e Q3 : v enclosing {1, 24} and 7, enclosing {3, x5}
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The above channels are often referred to as s, t and u respectively. The monodromy contour

and the corresponding OPE channel for €, are shown in the Fig.[6.4]

The monodromy matrix for the contours v; above upto first order in €, has the same form
as the one which we encountered in the 5-point block case (6.27) with the elements given
by the contour integrals in (6.28)). Furthermore, we impose the same monodromy condition

X[v;] for each of the contours in the configurations above (6.30)).

2, channel

For the contours of the £2; channel we have

Xm|=— t—f:vgo‘ lep(o =14+ 25 (a4 1)) + czzs(x§ — 1)]

X [en(o =3+ a5 (o + 3) + (2§ — 1) (33 + cazy + cs25))] = —4n’e,  (6.53)
K] = = I e (0= 1108 4 0+ 1)) + aalaf — e

x [ep(a— D)a§ + (a+ 1)ag) — csw5(af — ag)] = —4n’el. (6.54)

We shall focus on the case when the conformal dimensions of the operators in the channels
right after fusion with the light primaries are the same. That is, €, = €,. This is a major
simplification, which was also used in [12], to facilitate the analysis. We use the result of the
accessory parameter cz from the 4-point (or 5-point) conformal block as the seed solution.

As we had seen in the previous subsection, this seed solution is

—ep(a—14+2§(a+1)) + xg‘/Qozép

Cq =
’ z3(z§ — 1)

(6.55)
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Substituting this into the monodromy conditions (6.53)) and (6.54)) we have two simultaneous

equations in ¢4 and c¢; which can be solved

_ —e(@g(o— 1) +ag(a+ 1) + 257250,
c) = - = , (6.56)
r4(2§ — 28)
@ @ a/2 al2 ~
B —ep(zf(a—1) +ag(a+1)) + 2, 5 ae€p
cy = - = ) (6.57)
z5(2§ — x%)

It can be verified that the integrability condition ((6.13]) is satisfied.

We can now use (6.12)) to obtain the conformal block.

f(6)(x37 Ty, T5,€L,€H, gp)

1 —af§ 1+ Ig/z
= ler | (1 — a)logzs + 2log +2¢,log 4@—/2 (6.58)
@ 1— x5
a _ o /2 a)2
+ €r, ((1 - CY) log T4Ts -+ 210g u) + ng log 4@% .
« 22 _ g

The structure of each of the terms in square brackets is yet again of the same form as that of

4-point conformal block case (6.36)). We now use the exponentiation of the conformal block

(6.3), to obtain

~ c B c .
Foy(1, 23, 4, T55 €1, €13 €y), = €Xp [—éf(4)(1;$3;6L,€H;€p)} X exp [—gf(4)($47I5;€L7€H;€q)

= Fay(L, z3;€r, €m; €) Fay (T4, Ts5 €1, €13 €g). (6.59)

The 6-point conformal block, therefore, factorizes into a product of two 4-point ones.

Note that this factorization is not due to a decoupling of equations involving accessory
parameters and is therefore not a mere doubling of the reduced problem for a single conformal
block. In particular, equation (6.53) contains all the accessory parameters and it is not a

priori obvious from the monodromy method that this factorization will happen.
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Just like the case of the 5-point conformal block this factorization can be anticipated for
the special case of twist operators (in the limit n — 1). Inserting a complete set of states in
the 6-point function and using the OPE channels (6.38)) relevant in the regimes z3 — 1 or

T4 — Ts we have

<OH(oo)an(1)6n(xg)an(:v4)5n(x5)OH(O)>

z3—1 and/or z4—xs

=> <(‘)H(oo)an(1)5n(x3)>a(ozan(x4)6n(x5)OH(0)>. (6.60)

Due to orthonomality of the complete set of states inserted, the only contribution will arise

from Yoo =)Op, leading to the factorization

<OH(oo)an(1)5n(x3)an(x4)5n(x5)OH(0)>

z3—1 and/or z4—xs

- <OH(oo)an(1)an(as3)OH(0)><OH(oo)Jn(a:4)0n(x5)OH(O)>. (6.61)

2, and 23 channels

The analysis in the €25 and €23 channels proceeds exactly in the same manner as that of

the €2; channel with the replacements z3 <+ x4 and x3 <> x5 respectively. We obtain the

factorizations
Fo)(1, 23, T4, 55 €1, €113 €p)ay = Fay(L, Tas €1, €m13 €) Fray (23, T3 €1, €13 €g) (6.62)
Foy(1, 23, T4, 55 €L, €13 €p) g = Fa)(1, T3 €L, €13 €) Fray (T4, T35 €1, €13 €g) (6.63)
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6.3.2 Conformal block for an arbitrary number of light operator

insertions

Equipped with the examples considered above, we now come to the discussion of the

correlator

m+1

<(9H(oo) [oLa) I] oL(g;i)] oH(0)> (6.64)
i=3
which has an arbitrary (even or odd) number of light operator insertions.

Perturbative expansion of the monodromy equation

We are interested in studying the monodromy properties of the ODE (6.11)) with 7'(z) given
in (6.16]). Just like the warmup examples considered above, we start with the perturbative
expansion in the parameter €, for the quantities ¢(z), T(z) and ¢;(z) (6.18)). The zeroth and

first order equations are the same as that of (6.19) and (6.20)). The stress-tensor at the first

two orders is

TO(2) = €H (6.65)

m+1 m+1

e e R M ey B e RO e e

z—1x)?  z(z-—1 z—1)(z — ;)

1=

The solution to the zeroth order ODE in ([6.19) is
PO (2) = 20592 o = /T— dey (6.67)

We now consider the monodromy constraints of the first order solution ¥()(z) which is

obtained by the method of variation of parameters (6.26]).
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Figure 6.5: OPE channel and monodromy contours for €2; for the 8-point block.
Contour configurations and their enumerations

The analysis of the 5- and 6-point conformal blocks posits that the choice of contour

configurations is slightly different for even or odd m.

For the case of an even number of light operator insertions, we can form contours

containing a pair of points each in v = m! /(2™/2(m/2)!) ways. Each contour contains

two light operators located within. The contours fall under two major classes.
® (1, : containing the points 1 and x, with r > 3.
® Y(pq : containing the points z, and x, with p # q and p,q > 3 .

We use €2; as a label for the ¢th contour configuration which includes information of all the

contours 7,(:)

Q= 1y (6.68)
{lr.0)}

See Fig[6.5] for an example involving 6 light operators and 2 heavy operators.

When an odd number of light operators are present there are p04D = /(2m=1)/2
((m —1)/2)!) such contour configurations. For each contour configuration, there is a single
contour containing just one light operator. All the other contours enclose a pair of light

operators. The classes of contours in this case are four.
® 7(1) : containing the point 1

® 7(s) : containing the point x, with s > 3
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® 71, : containing the points 1 and x,
® V(g : containing the points x, and x, with p # g and p,q > 3

The set of contour configurations are of two types

Q' =9V J 169 ad 97 =100 U 10 - (6.69)
{(p,9)} {r.0)}

An example of the A-type contour configuration is €2; for the 5-point case shown in Fig|(6.2

whereas the 3 shown in Fig[6.3]is a B-type configuration.

The contour configuration for the odd case (m = 2j + 1) is equivalent to that of the even
case (m = 2j) with an additional contour enclosing the extra point. Moreover, it can be

seen that Véj.ven) = Vé?i? . (This number is 3 for both the 5- and 6-point cases.)

It can be seen that there is a one-to-one mapping between the contour configurations
2, and the paired fusions of the light operators whose OPEs we consider to calculate the
conformal block. We label this set of pairs as {(p,q)}. Often, we shall denote this map

between the contour configurations and the set of fusions as

Q= {9}

Monodromy conditions

The monodromy conditions are the same as the ones which we had imposed for the 5- and
6-point blocks. The final constraint is X[y;] in equation (6.30). We shall now consider
the even and odd number of insertions of light operators separately. Additionally, we shall
perform the analysis for the specific case of the conformal block in which the resulting
intermediate channels from all pairwise fusions of light operators give the operators with the

same conformal dimension.
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Case I : Even number of light operator insertions

Consider a specific contour configuration €2;. The monodromy condition for a contour

enclosing 1 and x, with r =3,4,5,--- ;m is
) = = T len(a = 1)+ (o 1)) + (a5~ Ve (6.70)
m+1
X lep((a—m+1)+ (a+m—1)zd) + (22 — 1) Z cri| = —4m%€
i=3
and that for a contour enclosing z, and z, is
Xh(p,q)] ?(mpxq) [GL((Q - ]‘)xq + (a+ 1)37;;) + (xp — Ty )Cpxp} (6.71)
X [EL((a — 1)373 + (a+ 1)1‘3) + (xg‘ — x;o‘)cqxq] = —A4rn%,

As mentioned above, we shall set €, = €, = €,.

Unlike the case of conformal blocks involving only an even number (m) of light operators
considered in [136], the system of monodromy conditions with the additional heavy operators
does not decouple into m/2 independent monodromy problems. It can be seen that the

monodromy condition (6.70]) involves all the accessory parameters.

The analysis of the 6-point conformal block strongly suggests a guess for the solution of

the above coupled equations

—ep(a—1+42%(a+1)) + 2008,

T (x2 — 1) ’
—er(ag(o—1) +ap(a+1) + (zpm.)* %08,
xp(xa — IS‘)

—ep (a3 — 1)+ 2o+ 1)) + (242,) %0,

= . 6.74
Cq xq(xa o x?) ( )

(6.72)

Cr =

: (6.73)

Cp:

This obeys the integrability condition 0,,¢, = 0, ¢,. Also, all other integrability conditions

get trivially satisfied.
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Let us now verify this is indeed a solution to the coupled monodromy constraints (|6.70)
and (6.71)). It can be easily seen that X[y, )] is obeyed by ¢, and ¢, above. Consider the
monodromy condition X[ )] in (6.70]) in which one of the contours contain 1 and x,. This

monodromy condition involves all the accessory parameters. Note that, equations (6.73)) and

(6.74) give

Cpp + Cqy = —2€p. (6.75)
From ((6.75)) and (6.72]), we have
m+1
Z cix; = ¢y — (M — 2)eg
i=3
B —eL((a—m+1)+(a—|—m—1)$?)+x?/za€p (6.76)
B (2 — 1) ' '

The first equality follows from and the fact that there are (m — 2)/2 pairs of contours
other than the one containing 1 and z,. Note that r is fixed and there is no sum over r in
the first term c¢,z,.. It can then be very explicitly checked that substituting along with
(6.72)) in the LHS of equation satisfies it giving —47T2€3 (with €, = €,).

We can now use to obtain the conformal block by integrating the accessory
parameters , and . The integration constants are fixed in the same manner

as the warmup examples, by demanding the expected behaviour (2¢;, — €,)log(z, — z,) as

Tp — Lg-

flmi}sen, en; &)

a o /2 /2
& —x
= g (eL(l — a)log xpz, + 2¢1 log L—2 + 2¢,log [404M
a

)

a/2 a/2
Qi—{(p.a)} T T
= Z fy(@p, Tg; €L, €13 6p). (6.77)
Qi—{(p.9)}
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Here the sum is over the set of m/2 contours containing a pair of light operators located at
x, and x, respectively. This set also includes the contour containing 1 and z,. Equivalently
the set {(p, ¢)} is also the OPE channel along which we perform the conformal partial wave

expansion.

Equation (6.77) upon exponentiation clearly shows the factorization of the (m + 2)-point

conformal block into m/2 4-point blocks.

- Is ~
Fmsy({wi}i e, €m56p) = H exp [—éf(4)(xp,xq; €L, €m; €p)
Qi—{(p.0)}
- H Fay(Tp, Tg; €1, €115 €p). (6.78)
Qi—{(p.0)}

This proves that the (m + 2)-point conformal block, in the specific classes of OPE channels
analysed above, factorizes into 4-point conformal blocks. This is a central result of this

chapter.

Case II : Odd number of light operator insertions

As noted before, the contour configurations for an odd number of insertions, m, is the sum
of the even number contour configurations for m — 1 light operator insertions plus another

contour enclosing a single point.

For the contour configuration of the first kind , the monodromy conditions are

472
Xvan] =— 5 xz, “lep((a—1)+ (a+ 1)zd) + (22 — 1)epay] (6.79)
m+1
o a _ 2~
x lep((a=—m+1)+ (a+m—1)zy) + (zy — 1) Zci:);,- = —47m%€,,
i=3
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and that for a contour enclosing z, and z, is

472

X)) == —5 (@p2q) " [er((a = Dag + (a + Dap) + (25 — 2,)cpw, (6.80)

«

X [e((a = 1)ab + (o + D)af) + (27 — x,%)cqny] = —4n°8,
For the contours enclosing the single points, they are

X[y = —4n’e; = —4An*e, (6.81)

X[y = —4n’e; = —An*&. (6.82)

X[vs) and X[yq)] imply that the conformal dimension of the operator living within the
contour is picked by the residue.

Similar to the previous cases, we shall now set €, = €, = €,. For the configuration of the
first kind, Q£ in , consisting of the contours 7.y, Y(p,q) and 7y, the solutions for the

accessory parameters are

—er(a— % (« &% qe
= ( 12&;j;»+ z, (6.83)
¢ = —ep(ag(a—1) +ap(a+1)) + + (2,1) %08, (6.84)

xp(x“ — %) ’

cy = _EL(x (a—=1)+ ( +1)) + (Iqxp)aﬂagp, (6.85)

xq(a:a xg)

(L (6.86)
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The above accessory parameters can be integrated (6.12]) to obtain the function appearing

in the exponential of the conformal block.

f({l"i};EL,EH;gp)

e — ¢ 1'5/2 + x?/Q
= ¢plogxs + Z er,(1 — ) log z,x, + 2¢, log L+ 2¢, log 4a—a/2 a2
QA {(pa)} T

= erlogx, + Z fay(@p, g €L, €5 €q). (6.87)
Q2 —{(p,9)}

This upon exponentiation gives

- e c -
f(m+2)({xz‘}; €L, €H; Gp) = (%) v H exp |:_6f(4)(xp7xq; 6L7€H;€p)]
Q1 ={(p,9)}

= (@)™ J] Folrprger end). (6.88)
Qi ={(p.a)}
This shows the factorization of the (m + 2)-point block with odd m into a 3-point function

(without the structure constant) and (m — 1)/2 number of 4-point conformal blocks.

For the second kind of contour configuration, QF in (6.69), consisting of Y1) and Yp.q)

we have

¢p = e mp(iiaj;pla))) (xpxq>a/2a€p’ (6.89)
—er(rp(o—1) +ag(a+ 1)) + (g;qxp)a/%gp.

xq(xg‘ — xg)

(6.90)

Cq:
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Integrating these, we obtain ((6.12))

f{@itier, ems )
a/2 /2
& —x
= ¢ logl+ Z (eL(l — a)log x,x, + 2z log - < 4 2¢,log l4a$p/2 +xq/2
a S

27 ={(r.a)}

o «

)

= erlogl+ Z fay(@p, xg; €L, €15 €q). (6.91)
QB ={(p,9)}

Exponentiating this to obtain the conformal block using (6.3)), we have

5 . ¢ 5
Fmroy({zi} e, ems &) = (1)7F H exp [—gf(4)($p,$q;€L,€H;€a)]
QB —{(p.9)}
= (1)~ H Fay(xp, g €L, €113 €a). (6.92)
QP ={(r.9)}

Hence, the factorization is also clear for the contour configuration, 2.

As we had seen the 5- and 6-point examples, the factorization for an arbitrary number
of light operator insertions can be expected for the light operators being twist and anti-
twist operators. Since, twist operators fuse into the identity , the correlator with 2NV
number of twist and anti-twist insertions will factorize into N 4-point functions each having
two heavy and two twists. This factorization will occur only in specific regimes in the space

of {z;} where one can use the OPEs within the correlator.

There is one additional caveat to our monodromy analysis. A curious feature of the
above conformal blocks is that they are apparently independent of the conformal dimensions
of operators in other intermediate channels — the horizontal channels €g g ... in Fig and
Fig [6.6l Let us evaluate the conformal dimensions of the operators in these intermediate
channels. Consider, é; in Fig [6.6f This can be obtained by evaluating the monodromy
around the contour containing Oy (0), Or(1) and Or(x3) — Y0105 in Fig At the
leading order (€}) the only contribution arises from z = 0. This is equation (6.24). At
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2(0,1,23,24,75)

Lm+1
€r,

Figure 6.6: Monodromy contours to calculate € and €g.

the linear order in €y, there is a vanishing contribution from the residue at z = 0 and the

monodromy is effectively the same as that of the contour v; in Fig. and leads to equation

(6.31). Hence, from ((6.24) and ([6.27]), we have

e 0 1) () 1% (72)

0 e [(—kl (72) ™ (72)

M(Y0,1,24)) = — , with, a = v/1 — 4ey. (6.93)

Therefore, comparing (6.93) with (6.29)) for the contour (g1, which has A = /1 — 4éq,
results in €y = eg + O(&,). Here, the O(€,) term arises from the second term in (6.93) or

equivalently from the contour ~; in Fig. as explained above.

We shall now make our only assumption on the spectrum and OPEs. This is, the
intermediate operator (é,) appearing after fusion of two light operators has €, < €, (and
this automatically implies, €, < €). This is a reasonable assumption since the exchanged
operators (similar to the identity and stress tensor in the case of twist operators) do not scale
as the central charge unlike the light and heavy operators. Hence, the dominant contribution

to this monodromy (6.93)) comes from the heavy operator at z = 0. This shows that in the
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heavy-light regime, this intermediate channel €; is dominated by a heavy operator exchange
€H

In order to obtain €g, one can repeat the above exercise by considering the monodromy
of the contour containing 0, 1, x3, x4 and T5 — Y(0,1,23,04,25) 0 Fig M Once again, the
dominant contribution will arise from the heavy operator at z = 0, which leads to égr = €.
Continuing in this fashion, it can therefore be seen, that all the horizontal intermediate
channels in Fig are dominated by heavy operator exchanges in the heavy-light limitle.
The dependence on the conformal dimension of these channels then enters the conformal
block via the relation €g = €z = --- = ey. Therefore, the assumption, €, < €, is necessary
to have the heavy exchanges in the horizontal channels which results in the factorization of

the higher-point block into 4-point blocks.

It is worthwhile mentioning that there are other branches of solutions to the monodromy
constraints for the accessory parameters. This point was emphasized in [12]. It was shown
in |12] that only one of these branches matches with the one obtained from gravity. In our
analysis above, we have restricted our attention solely to the branch which is relevant to

make contact with holography in Section [6.5]

6.4 Entanglement entropy and mutual information of

heavy states

The results on conformal blocks obtained in the previous section can be utilized to evaluate
the entanglement entropy of disjoint intervals in states excited by the heavy operator Og.

The single interval entanglement entropy of heavy states was considered in [21]. Using the

UThis fact is also supported by )a = O(0))0 in equations and (6.40). We shall also see the bulk
counterpart of €, < ey, in Section M which was also previously used in [147].

121t is reassuring to observe that this also gives the same spectrum of eigenvalues for M(Y(0,1,23, swms1))
and M(7(x)) — as one should expect from the Riemann sphere.
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state-operator correspondence, these ‘heavy states’ can be obtained from the vacuum aﬁ

Vip = O0x(0))0 and (i = lim 2422004 (2, 2).

2,Z2—00

We briefly review the definitions of entanglement entropy and the replica trick used to
calculate it. The entanglement entropy is defined as the von-Neumann entropy corresponding

to the reduced density matrix p4
Sy = —Trapalogpa (6.94)
whilst the Rényi entropy is obtained from the moments of p 4

n 1 n
554) =1 nlog Tra(pa)™. (6.95)

The reduced density matrix is, in turn, obtained by tracing out the Hilbert space lying
outside A, i.e. pq = Trap. The full density matrix p in our case in terms of the excited state
is p =)1(1b. The Rényi entropies are a convenient computational tool, as it can be used to
obtain the entanglement entropy by the analytic continuation to n — 1. It can be shown via
the path integral [64] that the quantity Tr4 (p4)™ can be written in terms of the partition

function of the n-sheeted Riemann surface (with each copy glued along A) as

Zn
Gn =Trg(pa)" = n
1

(6.96)

where, we have defined the normalized partition function G,. The replica trick can be
implemented by means of the twist operators, o, d,, which impose the required boundary

conditions as one moves from one sheet to another. The conformal dimensions of the (anti-

13There is a slight abuse of notation here. The 1) or ¥ appearing in this section is neither the same nor
related in any way to 1 or ¥ which appeared in Section
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A, A, An

1 T3 Ty T5 Ton ToN+1

Figure 6.7: Configuration of disjoint intervals on a line.

)Jtwist operators are

c 1
ho’n = hﬁn = ﬂ (TL — E) . (697)

Hence, these operators become light in the limit relevant for entanglement entropy, n — 1.

We shall focus on the case in which the sub-system A is made of N disjoint intervals
ie. A = UA; . As shown in Fig., these intervals are located at [1,x3], [z4, 5],
... [wan, xan41]. In this setup, z; < x; for all i < j. This ordering of the locations reduce
the number of possible OPE channels. Also, the OPEs are non-vanishing only for a twist
with an anti-twist operator and vanishing for a pair of twists (or a pair of anti-twists). The

number of allowed OPE channels for N disjoint intervals is actually, given by the Fibonacci

number Fyy_;. (This is discussed further in Section )

For heavy states, the partition function on the n-sheeted Riemann surface is the following

correlation function of twist operators

Gn(xi, ;) = (Vo,(1)0,(23) 00 (24) 00 (5) 00 (26) T (27) . . . 00 (Tan)Tp(Tans1)) V. (6.98)

Here, the state ) U is the state in the n-sheeted replica which has insertions of Oy throughout

all its copies. That is,

n

U =[](On)i, and hy = nhy. (6.99)

i=1

14 Tt might be worth mentioning here, that the replica geometry for N disjoint intervals is a surface of genus
(n—1)(N —1) from the Riemann-Hurwitz theorem [105]. However, since we are interested in entanglement

entropy (which is the n — 1 limit of the Rényi entropy, Sv(f)) this is the limiting case of genus-0 or a sphere.
We are therefore allowed use the results for correlation functions on the plane.
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The correlator (6.98) can be rewritten as

2N

Gl 7) = (0 U(00) 04(V)n(ws) [ onl(r:)an(rinr) ¥(0) )0, (6.100)

i=4,6,

One can evaluate this correlation function by decomposing into conformal blocks. As argued
in [21], for a CFT at large central charge with a sparse spectrum of low-dimension operators,
the dominant contribution to this correlator will arise from the identity block. We can
therefore use the results derived in the previous section for the conformal block with an
arbitrary even number of light operator insertions. However, it is important to remember
that the number of OPE channels in this case will be reduced for reasons we mentioned
earlier. We denote these allowed OPE channels by Q (which is a subset of the channels Q;
in the case of even number of light insertions considered in the previous section). Thus, from

equation (6.78), we have, with €, = 0 for the identity block

G (5, Ti) lns1 = Fonyo)({xi}; er, €5 0) Fant2) ({Ti}; €, €m; 0)

nc nc _
= H exp |:_€f(4)(xpaxq;€L,€H; 0)] €exXp [_Ef(fl)(xp?xq; 5L7€H;O)]
Qi—{(p.9)}

= H ]:(4)(%7%;%,611;0) f(4)<jpajq;€L7€H;0)' (6-101)
Q:—{(p.a)}

Note that the central charge above is nc owing to n replicas of the original theory. The

essential object here is the function f(4) given by ([6.36)). For this specific case, we have

I.Oé

Ja(xi, zj5 €, €m;0) = 2€p log : a-l”
a(zx;) 2

e
x]

(6.102)
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For the twist operators, €7, = %, from (6.97). Using the above relations in the limit n — 1,

the entanglement entropy is given by

. c ' & — ¢
S4 = lim 554) = —min Z log(”;i)1 . (6.103)
ol 3 S a(zpre) =
This is the final result for the entanglement entropy of N disjoint intervals in the heavy
state. The minimal condition above implies that one need to pick the relevant OPE channel
(€2;) depending on the values of the cross-ratios z; (cf. [136]). The cross-ratios above are
taken to be real (z; = ;) since in the Lorentzian picture the intervals are spacelike and one
can consider them to be lying on the time slice ¢ = 0 without any loss of generality. The

above result is the excited state analogue to the one for vacuum derived in [136, 140].

For the case of two intervals, the mutual information can be straightforwardly calculated

from ((6.103)). Its definition is
Laga; = Sa; + Sa; — Saua- (6.104)

Without any loss of generality, we can choose the two intervals to be [1,z3] and [z4, z5].
From the channels €2, 3 for the 6-point block (consisting of 4 twists and 2 heavy operators)

considered in subsection [6.3.1, we have

0 for s-channel or €4

Ta a4, = (6.105)

1 — g |ef — a5

g log

15This result was independently derived in [114] in the lightcone OPE limit. This requires the light
operators Oy, to be far from the heavy operators O.

for t-channel or €23
|1 —ag]|zg — 2]

253



6.5 Conformal blocks and entanglement entropy from
holography

In this section, we shall reproduce the conformal blocks considered in Section from the
gravity dual. This will involve a simple generalization of the bulk picture developed in [147].
As we had noticed before, the heavy operators in the CFT creates an excited state. In the
bulk, this state can be thought in terms of a deformation of global AdS; into a conical defect
geometry. From the conventional holographic dictionary, the primaries in the CFT are dual
scalar fields in the bulk. However, since the conformal dimension of these operators scale as
the central charge, the mass of the bulk scalar also scales as ¢ (M = \/hy(hy — 1) ~c¢> 1)
and can be approximated by worldlines of point-particles. It was shown in [147], that the

momenta along these worldlines are equal to the accessory parameters of the conformal block.

We work with asymptotically AdSs space in the global co-ordinates in which the dual
CFT lives on a cylinder. The metric of the geometry dual to the heavy state is given

by [10l[111[147]

2

1
ds? — & (—dt2 + —deQ +sin®p dq§2> ,  with a =+/1—24hg/c. (6.106)
a

cos?p

Depending on whether a? > 0 or o® < 0 the metric represents a conical defect with the
singularity at p = 0 or a BTZ black hole with the event horizon at p = 0, respectively. The
boundary is at p = 7. To avoid potential divergences, we use the regularization cos p| poI =
A~1 (where A is the UV cutoff in the dual field theory for momenta or energies). We shall
work with a constant time slice of which is a disc with radial and angular variables

as p and ¢ respectively.

The motion of the particle on the background above is described by the worldline action

At X .
s
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We restrict our attention to the constant time slice £ = 0. The required geodesic segments
between any two points on the disc can be obtained by extremizing the worldline action
(6.107). If we choose the parameter A\ as the proper length, the geodesic equation reads
[10,/147]

Lo P o
P+ gcot p=1, (6.108)

cos?p

where, p, = o? tan? ,ogb, is the conserved momentum conjugate to ¢. The solution to the

geodesic equation is

1 1

/1 +p<2b/a2 cosh \ ’

Using these relations one can compute the regularized length of geodesics which will be

cosp = (6.109)

shown to reproduce the corresponding conformal blocks.
In what follows, we illustrate the worldline configurations corresponding to the 3-point

function and the 4-point conformal block in the CFT. Then we shall generalize the bulk

picture for conformal blocks with arbitrary number of odd and even operator insertions.

Worldlines corresponding to 3-point function

Let us consider the bulk realization of the 3-point function (Og(00)OL(2)Ox(0)). This is
effectively a 1-point function in an excited state. In terms of the cylinder coordinates on
the CFT, (w = —i log z), this is realized in the bulk as a radial geodesic from the point of
insertion of the light operator to the singularity (see Fig . The corresponding conformal

block can be computed by determining the regulated length of the geodesic from the position
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Figure 6.8: Bulk picture of the 3-point function (left) and 4-point conformal block (right) in CFT.
Two of the operators are heavy which deform the background geometry (from the vacuum AdS
to the conical defect) and the other light operators are described by geodesics of massive probe
particles.

of defect p = 0 to the boundary i.e, cos p|p_>7r/2 =A%

cosp:Afl d . p P COSp:A—l
o [sin(8) +cos (8) .
lp = =lo =log(2A) + O(A™7) . 6.110
L /(; cos p g [COS (g) _ sin (g) g( ) ( ) ( )
The contribution to the correlator is given by
G(w) = e "l ~ (20) 7" (6.111)

This function is independent of w and just depends on the cut-off A. However, this is still
a result on the cylinder. To obtain the conformal block on the plane, we use the standard

exponential map z = e’ to obtain

G(z) =z "G (w)| = (202) 7" oc 27 (6.112)

w=—1 log z

There are no additional bulk worldlines possible in this case unlike the higher point
functions as we shall see below. Equation (6.112)) precisely reproduces the z dependence of
the normalized 3-point function, (Og(00)OL(2)0g(0))/{Oy(c0)Og(0)), which is fixed by

conformal invariance.
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Worldlines corresponding to 4-point conformal block

The conformal block of the 4-point function (O (00)O(x;)OL(x;)Ox(0)) is described in the
bulk by the geodesic configuration shown in Fig.[6.§] [147]. The configuration consists of a
geodesic anchored at the points of insertion of light operators, namely w; and w; on the
cylindeﬂ. In addition to this, there is another geodesic — which represents exchange of
primary operator with conformal dimension ilp — stretched between the singularity (p = 0)
and the former geodesic (see Fig . The point of intersection of the geodesic segments can
be determined by minimizing the worldline action [147]. For the case we are considering, in
which the two light operators have same conformal dimensions, the dotted worldline joins
the mid-point of the geodesic connecting w; and w; (see Fig . Therefore, the worldline

action becomes

S =¢€rlp + gplp, (6.113)

Here, [, is the length of the geodesic joining the light operators at the boundary whilst [,
is the length of the other geodesic joining the singularity and the mid-point of the former
geodesic. We also assume €, < €, such that the radial geodesic does not backreact to the
other one [147]. Recall, that in our CFT analysis, €, < €, led to the dominant contribution
by heavy operators in the horizontal intermediate channels. For the e, geodesic (here,

w;; = w; — w;), we have

sin (%)

— = 114
cosh A (6 )

cosp =

16This geodesic is same as the Ryu-Takayanagi one.
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The regulated €7, and €, geodesic lengths are given by

A
(i) = 22|,y 1 = 2 log (sin"T2 ) +2 log (§> , (6.115)
cos p:sin% dp QW
L (wi;) = — — log (tan ™). 6.116
) = [ 2 = log (tan} (6.116)

The limits of integration for [, are the ones corresponding to the singularity and the mid-point

of the €7, geodesic. The (w; dependent) contribution to the correlator is given by [147]

(1an222)’"
(522"

G(wi,wj) — 6—gs(wi,wj) — e e 1 (wij)—hyp lp(wij) _

(6.117)

Once again, to obtain the conformal block on the plane we need to perform the conformal

transformations, z; = " and z; = "%

Flay(@, ;) = J:;th;hLG(wi, w;)

(6.118)

w; j=—1 log x; ;

The extra prefactor comes due to the conformal transformation of the light operator O (x).

In terms of the following function

2, x;) = |eplog(x;x;) + 2¢r log sin2Wii\ _ ¢ log o S
j j 5 » - o
w; j=—1logx; ;

e
:26L logﬁ—i—ep logm 5 (6119)
(viz;) = x' " —

the conformal block F4)(x;, ;) is then given as

Fay (i, 25) = exp(—cf(wi, 25)/6) - (6.120)

which indeed agrees with the CFT result (6.36]) up to the constant (€,log4a — 2¢, log ).

258



Worldlines corresponding to higher-point conformal blocks

Largely motivated by the Ryu-Takayanagi proposal for disjoint intervals, the worldline
configurations above can be extended to conformal blocks of arbitrary (m+2)-point functions

of two heavy operators and an arbitrary number (m) of light operators

m+1

<(9H(oo) [oLu) H oL(:ci)] oH(0)>

The basic constituents of the holographic representation of these higher conformal blocks are
the worldline configurations for the 3-point function and the 4-point block. One then needs
to add up lengths of the geodesic segments in the bulk ([, ), weighted with the corresponding

scaled conformal dimensions (¢,), to obtain the worldline action

S(wi) =Y e, (6.121)

and the conformal block is given by exp[—¢£S(w;)]. Additionally, we need to perform
a conformal transformation to go from the cylinder to the plane. Like the 3- and 4-
point examples considered above, we shall mostly concern ourselves with the dependence
of conformal block on the cross-ratios (z;). We now describe the bulk pictures of the two

distinct cases.

Odd number of light insertions

Let us consider a [(2k + 1) + 2]-point function in the CFT where two of them are heavy
operators whereas an odd number 2k + 1 of them are light (k € N). Generalizing the
previous bulk descriptions, we can see that amongst these 2k 4+ 1 points, 2k points of light
operator insertions will pairwise form & geodesic segments (see Fig . These worldlines
joining a pair of points in the boundary will also have an additional geodesic segment

representing the intermediate exchange of primaries of dimension h, whose common origin is
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€r, H

€n

Figure 6.9: Worldline configuration corresponding to [(2k + 1) 4 2]-point conformal block (with
k = 2 above). There are k geodesics connecting 2k points of light insertions of the CFT whereas
one geodesic segment connects the remaining point of insertion to the singularity. Also, there are
intermediate exchanges described by the dotted geodesics from the singularity to mid points of the
boundary-to-boundary geodesics.

the singularity and each one ends on the mid-points of the boundary-to-boundary geodesic
segments. There is another geodesic segment originating from the remaining (or unpaired)
light operator insertion will anchor into the singularity at the centre (p = 0). This is precisely
the factorization of [(2k + 1) + 2] point conformal block into k& 4-point blocks and a 3-point
function. After summing the geodesic lengths, the net contribution to correlator is (here,

l7] = H;n:”gl w7t is the factor arising from the conformal transformation from the cylinder

to the plane z, = ')

Fiarsnysey = i1G (@) = |jle 850 = |jlehutia [ emhtulmle bl
2i—={(0.)}

=z," [ Falnz) . (6.122)

Qi{(i.9)}
The prefactor z;"t represents any one of the points of insertion which is left over after
connecting the others pairwise by the boundary-to-boundary geodesic segments. The choice

of pairings via the geodesics in the bulk is in one-to-one correspondence with OPE channels,
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€y

Figure 6.10: Worldline configuration corresponding to (2k+2)-point conformal block (with & = 3).
There are k geodesics connecting 2k points of light insertions on the CFT.

2;, in the CF Therefore, the above equation (6.122) precisely matches with the CFT
result for odd-point blocks — (6.88]) or (6.92)).

Even number of light insertions

For an even number (2k) of light operator insertions, we can form k boundary-to-boundary
geodesics joining a pair of light operator insertions (k € N). Again there are additional
worldlines starting from the singularity and ending on the mid-point of each boundary-to-
boundary geodesic which geometrically describe the intermediate exchanges (ﬁp). This case
is, therefore, effectively equivalent to the odd-point block upon removal of the extra geodesic

from the unpaired light insertion. The contribution to the correlator is given once again in

terms of the worldline action as

Fansa) = 1G(wi(a) = |fle 850 | [ etetutole ot

= H Flay(zs, x5) - (6.123)

1Tt may be of potential concern that the worldlines in channels other than the s-channel may intersect
each other. Such issues can be avoided by suitably considering infinitesimally separated constant time slices
each containing contributions for 4-point block(s) or a 3-point function. In any case, the sum of lengths of
geodesics will not change.
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(The factor |j] used here, once again, arises from conformal transformations from the cylinder

m+1 _hp

to the plane and is given by [, =, "%.) This agrees with the CFT result for even point

blocks obtained in (6.78]).

It can therefore be seen that, the conformal blocks in the OPE channels we have
considered bears a very natural interpretation in terms of bulk worldline diagrams.
Furthermore, the network of geodesics considered here are simpler compared to those
in [10,/11] which correspond to other OPE channels. Evidently, the basis, which we have
chosen to work with, admits the straightforward generalization to an arbitrary number of

light operator insertions.

Holographic entanglement entropy

The Ryu-Takayanagi prescription [220], prescribes that the entanglement entropy is given

by the minimal area of a surface in AdS anchored at the endpoints of the interval(s)

min[y.4]

Sa= 4Gy

For the case of AdS3, the minimal area surface is equivalent to a geodesic. For the case of
multiple intervals, there are several of these geodesic configurations, (;, which are possible
in the bulk, out of which we need to choose the one with the minimal length. Furthermore,
Gy is related to the central charge by the Brown-Henneaux relation ¢ = 3¢/2Gy [49).

For the metric , the length of the geodesic joining two points in the boundary
(CFT on the cylinder) has been calculated in — see also [218] and Appendix A
of [21]. Considering the CFT on the boundary to be living on a plane, the length of the bulk

geodesic joining the points z; and x; (both real) is

lj =2 log ——2+ (6.124)

a(zx;) 2
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Hence, summing over all the geodesics and applying the minimal-area condition, the result

for holographic entanglement entropy is

Ty — Ty
Sy=cmin{ > log—2 L.t (6.125)
3 | & iy a(zyry) =
k2 p7q)} p q
This agrees exactly with ((6.103) — provided the bulk geodesic configurations G; are identified
with the OPE channels €; in the CFT (cf. [105,(136,[140] for the vacuum case). Hence,
depending on the values of the cross-ratios x; the relevant OPE channel is chosen in the CFT
and analogously the geodesic configuration of minimal length is the one that reproduces the

corresponding entanglement entropy of the heavy excited stat

6.6 Moduli space of the correlation function

As remarked earlier, the correlation function of m light operators and 2 heavy operators
on the plane is associated with the Riemann sphere with (m + 2) punctures, g ,12. This
can also be seen by thickening the diagrams of the conformal blocks. The expansion in
terms of conformal partial waves is, then, the decomposition of this Riemann surface into
3-holed spheres. The moduli space of g 42 is Mg 42 Which has (m — 1) complex moduli
(2, T;) [194,]248].

The OPE channels, which involve the pairwise fusion of two light operators, located at
1,23, -, Tmy1, describe the moduli space around some specific regions. For instance, the
6-point function in the s-channel, €2;, is restricted to the disjoint regimes around z3 — 1
and x4 — x5. Whereas, the t-channel, €25, describes the region around x5 — 1 and z3 — 4.
The u-channel or €23 describes the region around x4 — 1 and x3 — x5. The three worldline
configurations are the bulk duals equivalently describing these OPE channels. In general,

at large central charge, the (m + 2)-point correlation function switches from regions of one

18See [68,/704(78,196}[199[202] for other results on entanglement entropy in excited states.
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OPE channel of M ,,4+2 to another in the moduli space upon tuning the cross—ratioﬂ.
Furthermore, the worldline configurations in the bulk also correspond to each of the possible

ways of decomposing the punctured Riemann sphere into 3-holed spheres.

In the context of entanglement entropy of N disjoint intervals, the correlator has N twist
and N anti-twist operators in addition to two heavy operators. It was shown in [105], that

the number of Ryu-Takayanagi geodesic configurations, Ny, is given by the recursive formula
Ny =3Ny_1 —Ny_s . (6.126)

Interestingly, Ay above is given by the alternating Fibonacci numbers, Foy_; [1]. As we
had seen, the geodesic configurations G; are in one-to-one correspondence with the contours
considered in the monodromy problem, ﬁl In fact, the contours in the CFT are smoothly
shrinkable into the bulk without ever crossing its corresponding geodesic [105]. Therefore,
Fyn_1 also counts the number of possible OPE channels of the conformal blocks (equaling the
number of allowed pant-decompositions of the (2N + 2)-punctured Riemann sphere) in the
basis of pairwise fusion of the twist and anti-twist operators. Each of these OPE channels

has its regime of validity in N disconnected regions of the moduli space, x;.1 — 1 and

Toj — $2k+1|ﬂ~

6.7 Conclusions

In this work, we have studied higher-point conformal blocks of two heavy operators and an

arbitrary number of light operators in a CFT with large central charge. We focused our

19Tt is worthwhile to note, that this jump is seemingly discrete since we are strictly working in the ¢ — co
limit. In fact, it can be explicitly shown that quantum corrections to mutual information smoothen this
discrete jump [33]. We are grateful to Arnab Rudra for pointing this possibility.

20The twist operators (located at 1 and Zeyen) have non-vanishing OPEs with anti-twist operators (located
at Toddq). The OPE of (anti-)twist with itself is zero. Moreover, the location of the endpoints of the intervals
are 1 < x3 < x4 <- -+ < Ty—1. This is the reason why the number of OPE channels gets reduced to Fon_1

from v\ = (2N)!/ (2N N).
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attention to a specific class of OPE channels in which the light operators fuse in pairs and
the conformal dimension of the operator in the intermediate channels (after fusion of two
Ops) are the same. In the heavy-light limit, we have been able to show that these blocks
factorize into products of 4-point blocks. This was achieved using the monodromy method
and the exponentiation of the block at large central charge. These CFT results could be
reproduced from bulk worldline configurations using the methods presented in [147]. We
have also applied these results to study the entanglement entropy of an arbitrary number
of disjoint intervals for excited states. Hence, this work serves as a twofold generalization
of the results of [136,(140] to excited states and that of [21] to multiple intervals. If further
information about the spectrum (like structure constants and operator content) of large-c
theories is available, these results can be possibly used to know higher-point heavy-light

correlation functions in holographic CFT

It would be interesting to find subleading corrections both in the light parameter €, as
well as in 1/c to the higher point conformal block [110]. The 1/c¢ corrections would lead to
corrections in entanglement entropy as well. One can then try to see whether these can be
holographically reproduced by considering one-loop determinants in handlebody geometries
obtained from orbifolding the conical defect [33]. Moreover, it can then be seen how 1/c

effects smoothen the jumps in mutual information.

An immediate application of our results on higher-point conformal blocks is to study
time-dependent entanglement entropy of disjoint intervals and mutual information in local
quenches. The evolution of entanglement entropy of a single interval in this scenario has
been studied in [21] and also the mutual information for joining quenches have been studied
in [19].

As we had mentioned in the introduction, there is a fascinating connection between
conformal blocks (of a specific pant decomposition) and Nekrasov partition functions arising

from the AGT correspondence [8,197,241]. This relation was utilized in [10] to derive results

21See [137.[156] for some progress along these lines.
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for heavy-light blocks. Although, their conformal blocks are in a different basis and explicit
results exist only for the 4- and 5-point blocks, it would be interesting to precisely relate the
results of [10] to those found here via fusion transformations. Furthermore, it also known
that the one-point function of chiral ring elements in the 4d gauge theory are related to CFTy
conformal blocks with insertions of conserved charges [6]. This presents the exciting prospect

of utilizing this connection to find the entanglement entropy of heavy states in presence of

chemical potentialg®?|

Another intriguing direction is to see how the above results for higher-point conformal
blocks generalize to theories with additional conserved currents — these include supersymmetric
and higher-spin extensions. Our analysis suggests that the factorization could happen for
conformal blocks of these theories as well. For the case of CFTs which have higher-spin
gravity duals, the bulk Wilson line prescription [91}/145] may also suggest such a factorization

of the higher-point blocks.

Finally, it would be exciting to see to what extent our analysis of conformal blocks have
analogues in higher dimensions. From the holographic side, one can make use of the geodesic
Witten diagram prescription of [146]. In a related context, correlation functions of heavy and
light operators have also been considered in the context of N’ = 4 super Yang-Mills and also
from the dual string theory [24//79./103,(148//246]. The heavy operators correspond to classical
string solutions and the typically protected light operators correspond to supergravity modes.
The heavy states can be expressed in terms of Bethe states in the spin-chain description of the
planar limit. The correlation function is then reduced to finding expectation values of light
operators in these states. Although the existing results (involving a sufficiently intricate
analysis) are mostly for the structure constant cyyr, appearing in the 3-point function, it
would be interesting to see a whether a higher point generalization of the same shares any

features with its lower dimensional counterpart considered here.

22We are grateful to Sujay Ashok for making us aware of this and for related discussions.
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Chapter 7

Conclusion

7.1 A Summary

In this thesis, we tried to explore the general idea of how thermalization occurs in pure states
describing out-of-equilibrium quantum systems. The motivation for this exploration was
many-fold and depended on what kind of states we were considering. Overall, we considered
three different types of pure states, namely the thermofield double (TFD) state, the CC (or
gCC) state and the heavy primary state. Based on the underlying mechanism for obtaining
thermal answers, we can classify the aforesaid states into two separate categories: 1. states
that show sub-system thermalization, namely the TFD and the CC (or gCC) state; 2. states
that display ETH, namely the heavy primary state. In the former class of states, we were
interested in studying time dependent scenarios that may help us understand how the sub-
system approaches thermal equilibrium. In the TFD state we used the entanglement entropy
as a very important tool for the aforesaid purpose. The entanglement entropy behaved in
a very characteristic fashion, showing a linear growth followed by a saturation at exactly
t =1/2, with [ being the length of the entangling interval. This behaviour was (previously)
shown to be related to how the volume of spacetime grows in the interior of an eternal black

hole, starting from a Hartle Hawking state (with the TFD state at its boundary) [13§].
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In Chapter 2 of this thesis we showed that the time for the saturation of entanglement
entropy remains unchanged when we add additional conserved charges to the TFD state,
including angular momentum and a U(1) charge. The only difference one could find was in
the final thermal value of entanglement entropy which now carried the additional conserved

charge and hence, corresponded to a grand canonical ensemble.

In Chapter 3 of this thesis, we wished to investigate exactly how fine-tuned the TFD state
was, and whether it could actually accommodate perturbations of any kind without allowing
for a firewall to open up near the horizon. To understand that, we acted on the left and
right CFTs of the TFD state separately with unitary transformations, made completely out
of the Virasoro generators. We found that the bulk geometry could very nicely accommodate
these changes by adjusting the position of the horizon (in a given set of co-ordinates). A
calculation of the two sided entanglement entropy via the bulk geometry confirmed that
the geometry was still smooth, especially the black hole interior. So, besides displaying
thermalisation at the level of entanglement entropy, these two chapters also provided more
evidence that despite the arguments of AMPS [16], the horizon seems to be a smooth place

and the firewall paradox definitely needs to be re-visited!

In Chapter 4 of this thesis, we used the method of quantum quenches to drive systems
out-of-equilibrium. We then used the ansatz of Cardy-Calabrese (CC) to model the ground
state of the gapped Hamiltonian. Using this state, we not only showed the thermalization
of the one-point function of quasi-primary operators, but also calculated their rate of decay.
Interestingly, this decay rate turned out to be proportional to the quasi-normal mode of a
bulk scalar field in a black hole background. This fact might be related to how the rest of the
system acts as a bath for a small subsystem where the operator is located. The calculation for
the time-dependent EE in these states was performed a long time ago [59,/65], and had turned
out to display the exact linear growth and saturation as was found in the TFD states, much
later. The prime reason for the similarity seems to be how the entanglement structure is

encoded in the state of the system. Like in the CC state, one can think of the second system,
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in the TFD state, as a bath for the first system. To further probe the thermalisation process,
in Chapter 4, we introduce another measure. First suggested by Cardy [71], the measure
involves computing directly the overlap of the reduced density matrix (RDM) corresponding
to a subsystem being evolved in time, with that of the RDM obtained from a thermal state
at inverse temperature (3, corresponding to the same subsystem. This is what we also refer
to as the quantum indistinguishability of states, which tells us about how far away two states
are in the Hilbert space. In the context of thermalisation, it is an extremely useful tool,
since it provides us with the exact sense in which subsystem thermalisation takes place.
Physically, the idea is to look at a small sub-region in a time-evolved system upto the point
where the d.o.f. of this local sub-region are so very entangled with the rest of the system,
that it is impossible to tell whether the global state of the system is pure, or whether it
is thermal! This, of course, happens only when there is a complete overlap between the
two RDMs suggesting that the system has thermalised. It is important to understand that
thermalisation takes longer and longer to set in with an increase in the size of the subsystem.
Thus, in the limit when the subsystem starts approaching the system size, the thermalisation
time scale also increases becoming almost infinite, suggesting that thermalisation never takes
place in this limit. This is exactly what we expect, since the full system is in a pure state. In
the later part of this Chapter, we repeat most of the analysis for the gCC state, which carries
an arbitrary number of higher spin conserved charges. The only change is in the decay rate
of both the one point function and the RDM, which now get shifted by the charges of the
primary operators under the additional W, currents. We even match the decay rate with

the quasi-normal mode of a scalar in the background of a higher spin three black hol.

In Chapter 5, we seriously discuss the question of the effects that spatial boundaries
might have on thermalisation, in quench scenarios. In the spirit of the discussion above and
still considering CC states, we see that introducing spatial boundaries never lets the system

truly thermalise. An earlier analysis [163] had shown this to be the case by analysing the

!The quasi-normal mode for black holes with spin greater than 3 have not been calculated. For such
cases, our CFT results remain a prediction.
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one point function of primary operators and the stress tensor, both of which had shown
revivals at times of the order of the system size. In Chapter 5, we additionally calculate the
entanglement entropy of a finite size interval and show that it revives in a similar way. The
reason for calculating the entanglement entropy is to be able to geometrise it in the form
of geodesics in the dual bulk theory. In fact, we are able to reconstruct the entire metric
for the oscillating bulk geometry that seems to interpolate between a BTZ black hole and
a thermal AdS geometry. This construction therefore seems very intriguing, since it might

then help us understand exactly how black holes form and tend to evaporate.

In Chapter 6 of this thesis, we work with the third kind of pure state, namely the heavy
primary state. The most intriguing feature of this pure state is that it looks thermal from
the low energy point of view. This means that if one computes correlation functions of light
operators in this state, they resemble the calculation in a thermal state. Thermalization, in
this sense, is more in line with the idea of ETH. The calculation for the one and two point
functions in the heavy states were already known. In this chapter, using the monodromy
method for evaluating conformal blocks, we show how the higher point correlation functions
behave in such states. We find a factorisation of the higher point conformal blocks in terms of
the four point conformal blocks. This factorisation boils down to the level of the correlators
in case all the external operators have the same scaling dimension. One instance of this
is the entanglement entropy where both the twist and anti-twist operators have the same
conformal dimension. Thus, the entanglement entropy of a number of finite intervals in such
heavy states can be expressed as all possible products of the entanglement entropy of single
intervals. The bulk dual of this state is easy to construct and is, in fact, given by a Euclidean
black hole geometry. The results for the entanglement entropy of multiple intervals is also
easily geometrised. The most interesting part of the result is how the thermal correlators
emerge from a seemingly simple vacuum correlation function. This is made possible by
suppressing the 1/c contributions to the correlators in the large ¢ limit. Including these

corrections order by order in ¢, one should be able to ”"purify” the thermal correlator. So,
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this is yet another way in which we get thermalisation starting from pure states, without

any time evolution whatsoever.

To conclude, the pursuit for understanding thermalisation has been a long sought after
goal. One of the greatest achievements of modern day physics is having related the problems
concerning thermalisation in closed, isolated, quantum systems to that of the problem of
black hole formation and evaporation, the understanding for which has remained equally
elusive. From the point of view of the AdS/CFT correspondence, solving one problem would
be tantamount to solving the other. Another reason why this problem is interesting from
the gravity side is because it involves understanding the quantum nature of black holes, in
terms of their micro states. A satisfactory solution to the problem in gravity would be a leap
ahead towards finding a satisfactory theory of quantum gravity. This makes understanding
the tenets of thermalisation all the more important. This thesis has been a small effort
towards understanding the very problem of thermalisation better, especially in the light of

recent developments.

7.2 Discussions

While the works presented in this thesis were still in progress, a lot of interesting work
had begun to appear surrounding the topics presented here. We would like to discuss some
that seemed to be the most interesting. One of the earliest developments took place when
the paper [226] initiated the study of shockwave geometries in AdS gravity to analyse the
sensitive dependence on initial conditions in strongly coupled field theories. The calculation
involved perturbing a TFD state at very early times and observing how such perturbations
grow, such that at exactly the scrambling time(t, ~ Blog N?) the two-sided correlations in
the TFD state get completely destroyed. This growth of mild perturbations at very early
times is what [226] attributed to the chaotic nature of black holes. In a follow-up work [225],

they sent out multiple shock waves by placing local operators at different times in the CFT
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to create longer and longer wormholes without severing the entanglement between the two
sides of the TFD state. Putting these works in the context of this thesis, there are two
possible things that one could think of. Owing to the work in Chapter 3, one could try
to realise such shockwave geometries by acting with our unitary operators on either of the
boundaries, to mimic the action of the aforesaid local primaries. From our calculations, it
seemed possible to accommodate the action of any unitary by re-defining the stress-tensor
dependent terms in the metric. It would be nice to see how the shockwave geometry arises
in our context. Another reason why this might be reasonable is because in Chapter 3,
we already commented about how to get geometries with very large wormholes without
destroying the two-sided correlations. Thus, the ideas in [225] seem to be realisable in the
context of unitary transformations alone. Another possible generalisation is to add a spin
to the eternal black hole (and hence to the TFD state) in the spirit of the construction in

Chapter 2, and try to see how the scrambling time is affected by it.

Owing to the calculation of scrambling time in shockwave geometries, two very
interesting papers appeared almost simultaneously. The first paper [69] wanted to calculate
the scrambling time from the CFT side of the shockwave geometries. For that, they
came up with the idea of calculating mutual information between the two boundaries
of the TFD state in the presence of a perturbation. The technical difficulty with this
calculation was to obtain the result for a six-point function. They made an assumption
on the factorisation of the six point correlation function of twist operators into a product
of two four point functions of twist operators in the perturbed geometry, which made the
calculation possible. The justification provided for performing the factorisation, however,
was not very rigorous mathematically. It just seemed to give the right answer as seen from
the bulk shockwave geometry calculation. In Chapter 6, we reasoned via calculations how
higher point correlation functions of twist operators in heavy states should factorise in
the large ¢ limit, thereby justifying the assumption of [69]. The second paper [172] that

appeared, seemed to take a very general stance on how to look at the CFT calculation that
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so far, had only been performed for the TFD state. They considered arbitrary large N CFTs
with a gap in the spectrum separating the stress tensor from the rest of the levels (basically,
the assumptions for a holographic CFT) in a thermal state. They generalised the TFD
calculation by considering two heavy and two light operators on the thermal circle while
always placing a heavy operator beside a light one, and analytically continuing only the
light operators in real time. They called this the out-of-time ordered correlator (OTOC).
The TFD state was only one special case of such a correlator. The idea of |172] was to
give a very general diagnosis for understanding chaotic systems. They proposed that the
decay of the OTOC correlators was enough to render a system chaotic. They went further
to provide a bound on the Lyapunov exponent in quantum chaotic systems. Note that this
bound was strictly quantum and went all the way to infinity in the classical limit of h — 0.
Since this proposal was made, a huge number of papers have appeared in the literature
discussing OTOCs in a huge variety of quantum systems. To the best of our knowledge,
most of these papers agree on the idea of the OTOCs as a diagnostic for quantum chaos.
However, most of these papers consider a quantum system in the thermal state. One very
interesting problems that might follow from the calculations in Chapter 6, in this context,
is to understand how chaos happens in pure states. The heavy states considered in Chapter
6 are not simple pure states, but rather look thermal from the low energy perspective. It
would be very interesting to see how OTOCs of lighter operators display chaotic behaviour,
while saturating the Lyapunov bound (since the heavy states are effectively like black holes).
However, the more interesting thing to understand would be the 1/c corrections to the
leading answer that take us away from thermality and hence should correct the Lyapunov
exponents in a systematic way. Such a calculation would then tell us one possible way in

which the chaotic behaviour emerges in quantum systems.

One of the most intriguing features of the diagnosis of chaos in the context of black holes
is that it gives us a new time scale t,, called scrambling time, much larger that the thermal

time scale of a quantum system. In the introduction and various chapters of this thesis, we
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studied extensively the phenomenon of thermalization, with an inherent time scale specified
by the temperature of the system, t; ~ 3. However, for systems with a large number of
d.o.f., there seems to be another parametrically large time scale present, which is more
relevant for the diagnosis of quantum chaos in the system. This implies that much after
these systems have settled down or thermalised, there is still an ”afterlife” that is invisible
from the point of view of the time-ordered correlators, and are only visible to the OTOCs.
In case of a black hole, one can imagine a scalar field decaying into it. The relaxation time
scale for the black hole is specified by the frequency of the lowest quasi-normal mode (as
shown in Chapter 3). However, it seems that there is a lot more that happens to the bits
of information that have fallen into the black hole, much after it has thermalised completely
from the point of view of an external observer. This could be attributed to the dynamics
on the horizon (or perhaps even in the interior of the black hole). One could gather some
clue from a much earlier work [224]. Since chaos and thermalization are usually thought of
as being closely related, this new definition of quantum chaos seems to open a whole new

window for exploring dynamics of thermal systems beyond thermalization.

Having said all the above, quantum chaos is not a new phenomenon. It was discovered
a very long time ago and there exists a huge literature on the subject. In the earlier days,
quantum chaos was best understood from the point of view of random matrix theories
(RMTs) (see [83] for a recent review). In fact, the best definition of chaotic quantum
systems is also formulated best in the context of RMTs. According to an earlier definition, a
system is said to be quantum chaotic, if the nearest neighbour spacing distribution (NNSD)
of its eigenvalues follows the Wigner-Dyson distribution. There is no satisfactory proof of the
statement. However, it has been verified in a very large number of quantum systems. The
question then is what is the relation between this definition of quantum chaos and the newer
definition in terms of the OTOCs. To the best of our knowledge, this still remains an open
question. A natural direction to look into would be systems where chaotic behaviour can be

diagnosed using both these techniques. Sadly, there are not many systems where such is the
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case. One such system is the RMT itself, where one could try to formulate a definition of
OTOCs and try to analyse the relation with the NNSD definition. Some attempts have been
made in this direction [80,/122]. Another system that has been at the centre of attention of

the high energy community is the Sachdev-Ye-Kitaev (SYK) model.

The SYK model was proposed a long time ago by Sachdev and Ye in the context of spin
glass systems for a wholly different purpose. They first came to light when Kitaev [159]
showed that, in a slightly modified version of the model containing Majorana fermions in
0+1 dimensions, the OTOCs of the system not only vanish but rather saturate the Lyapunov
bound, rendering the system maximally chaotic. This led to the speculation that they maybe
dual to black holes in 2 dimensional AdS spaces. The only trouble was that these models
were not conformal to begin with. In [174], it was shown in great gory detail that the model
admitted a near conformal limit in the IR and hence could be dual to a near AdS geometry in
the bulk. Thereafter, numerous attempts have been made towards constructing the correct
bulk dual for the SYK model (see [159] and [221] for a recent review and references therein).
In [81], the authors wanted to understand the similarities between the NNSDs of RMTs and
the way they become relevant for understanding quantum chaos in black holes. For this, they
modelled the black holes with the SYK model and showed a similarity with the NNSDs of
the two systems using a tool called the Spectral Form Factor (SFF). This work was however,
mostly numerical and a precise analytic calculation to understand the NNSD of the SYK
model remains an open question. Nonetheless, the SYK model is a very simple model that
perhaps holds the key to a lot of unanswered questions in the context of chaos specifically,

and black holes in general.

To conclude the discussion one must mention some other recent advances that have
occurred and that might drive future research. One such field is that of the tensor models.
The tensor models are truly quantum models, unlike the SYK model, that display the exact
same behaviour as the SYK models in the large N limit. By that we mean they have the

same form for the Schwinger-Dyson equations. The tensor models may contain bosons or
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fermions (complex and real) [130,[160,239], all of which would contain tensor indices in
the fundamental representation of the global symmetry groups. Due to their true quantum
nature, and the fact that they allow for a well defined large N limit, these models seem to
be very promising. One of the main purposes they serve is to allow for an extension into
higher dimensions [39,211] where the possibility of another AdS/CFT like correspondence
can be explored further. One only hopes that these models are able to pave the way for a

lot more interesting physics in the future!
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