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SUMMARY

This thesis focuses on aspects of the AdS/CFT correspondence which are directly
relevant to problems in quantum and classical gravity. Specifically, we use geodesic
Witten diagrams, and gravitational Wilson lines in AdS/CFT to explore bulk
gravitational physics. Here, we will very briefly summarize our results.

Introduction

In Chapter |1} we start by reviewing the holographic correspondence, focusing on
the features that are essential to this thesis. This will establish the context for
the novel results that are presented in the rest of the chapters. This introduction,
as well as the thesis, has two distinguishable parts. The first one examines some
aspects of the duality in general dimensions, and the second one focuses on the
peculiarities of AdS3;/CFTs. A recurrent leitmotiv is higher spin fields. We will
use theories containing spinning fields, as a framework to study the AdS/CFT
correspondence.

Spinning geodesic Witten diagrams

In conformal field theories, symmetries play a crucial role. The exploitation of the
conformal group gives an efficient organizational principle for the observables in
the theory. An example of such a principle is the conformal block decomposition
of four-point correlation functions, which makes an explicit distinction among
portions that are purely determined by symmetries and the theory dependent
data. A very natural question arises in holography: can we organize observables
in gravity as efficiently as we do in the dual CFTs? This issue has been addressed
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since the beginning of holography using, for example, Witten diagrams. However,
it was not until very recently that geodesic Witten diagrams were proposed as the
dual of the conformal blocks. Geodesic Witten diagrams shed new light in the
program of holographic reconstruction: they give a holographic meaning to the
conformal block decomposition of four-point Witten diagrams, and they allow us
to write the complicated d-dimensional volume integrals of the Witten diagrams
in terms of simpler line integrals.

While the original proposal of geodesic Witten diagrams was formulated for
only external scalar fields, we extended it to spinning external legs in Chapter
2l We found a systematic way to evaluate geodesic Witten diagrams for external
fields of arbitrary spin, and we decomposed the original Witten diagrams in terms
of those. Despite the success of geodesic Witten diagrams, we found some prob-
lems that remain unsolved. We observed that the same spinning conformal block
can be expressed in terms of different geodesic Witten diagram with inequivalent
bulk interactions. This shows that geodesic Witten diagrams do not treat bulk
interactions as fundamental.

Wilson lines in AdS;/CFT,

In Chapter [3]and [4] we focus on gravity in three dimensions. In this case, gravity
does not have propagating degrees of freedom, and it can be recasted as a Chern-
Simons theory of gauge connections. This is in general much simpler to manipulate
that the formalism of Einstein’s general relativity. In Chern-Simons formulation,
the coupling of matter is done by using gravitational Wilson lines. In the context
of AdS/CFT, these objects are considered to properly probe the bulk from the
boundary degrees of freedom, since they are related to quantities such as CFT
correlation functions, and entanglement entropy.

In this thesis, we will exploit gravitational Wilson lines in AdS3/CFTs with
two different, but related purposes. In Chapter [3] we will show that they can be
used to compute the overlap of two local bulk states. This g. In Chapter 4 we use
the Wilson line in the context of higher spin theories. We use them to explicitly
provide a notion of causality in higher spin gravity, which allows us to associate a
Penrose diagram to higher spin black holes.
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INTRODUCTION

OR HOW I LEARNED TO STOP WORRYING AND LOVE HIGHER SPIN THEORIES

This Chapter is a self-contained introduction to topics and concepts that are
relevant for this thesis. We start by presenting the AdS/CFT correspondence, and
we later focus on an specific case: the AdS;/CFTy duality. We will review as well
some aspects of higher spin theories in AdS backgrounds, and their role in the
context of holography.

1.1 Motivation

Einstein’s theory of General Relativity provides a successful description of classical
gravity, which treats the gravitational force as a geometric property of space-time.
However, General Relativity fails to describe interactions at a subatomic scale.
A reason is that gravity is non-renormalizable, and the tools of QFT are not
useful to explore its high energy behavior. One of the most ambitious goals of
modern physics is to find a UV complete theory of gravity, or quantum gravity,
which describes the quantum behavior of the graviton. At high energies, this
theory should suppress the non-renormalizable terms of General relativity, and
describe interactions in quantum field theory. And at low energies, it should
recover classical gravity.

There are other aspects we do not understand about gravity, even at the semi-
classical level. A notorious example is that of the black holes space-times. They
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1. Introduction

are solutions to the classical Einstein field equations which have curvature singu-
larities at the origin, and event horizons. The event horizon is a region of the
space-time beyond which light cannot scape, and therefore their interiors are not
accessible to an external observer. Even though unexpected from Einstein’s for-
malism of general relativity, black holes have a thermodynamical interpretation.
Their entropy is given by the Bekenstein-Hawking formula [6-8]:

A

Spy = —— 1.1
BH 4GN ) ( )

where A is area of the event horizon, and Gy is Newton’s constant. This is an
example of holographic behaviour, where all the information contained inside a
volume is represented over the surface that surrounds it, just like in traditional
holograms. Formula contradicts classical expectations: due to the no-hair
theorem, black holes are single-state systems which would have associated a null
entropy. One expected resolution is to find the space-time as emergent from an
effective description of some underlying microscopic theory, with all degrees of
freedom encoded in the area of the black hole.

Holography does not only make its appearance in black hole space-times, but it
is conjectured to be a general property of quantum gravity [9,|/10]. This statement
is known as the holographic principle and states that all the information contained
in a region of space-time in quantum gravity can be described by the degrees of
freedom of its boundary. A concrete realisation of this principle is the AdS/CFT
correspondence, conjectured in [11]. This is a duality that relates quantum and
classical gravity theories in AdSyy; backgrounds to quantum field theories with
conformal symmetry living in d-dimensions (CFTy). AdS space-times have a flat
conformal boundary, where the CFTy; is thought to live in. The gravitational
theory in the interior AdS,41 spacetime is commonly regarded as the bulk theory.
This correspondence is a very valuable theoretical framework in which we can ask
crucial questions about quantum and classical gravity. The two main reasons are:

AdS/CFT is a powerful toolbox. The correspondence allows us to write
gravitational theories of gravity using quantum field theory variables, and vice-
versa. Therefore, depending on the problem we are addressing, we can choose
the formalism which is more convenient for us. This property will serve us to
answer questions in (quantum) gravity by recasting them in the language of the
dual boundary theory. Moreover, the correspondence has a weak/strong charac-
ter, which means that a theory of strong interactions has a weakly coupled dual
description. For example, this has been exploited to analytically study strongly
coupled field theories using simpler tools from classical gravity, which was the
primary motivation in [11].

14



1.1. Motivation

quantum field theory (boundary) gravity (bulk)
conformal transformations AdS isometries
operators O fields ¢
conformal dimension A mass m
correlation functions Witten diagrams
algebra of conserved charges asymptotic symmetries
conserved current gauge symmetries
thermal state black hole geometry

Figure 1.1: A sample of entries of the AdS/CFT dictionary.

AdS/CFT is a toy model for emergence. The AdS/CFT correspondence
is a concrete example of the holographic principle, over which we possess a lot of
control. The study of this duality can serve us to achieve a better understanding of
the holographic behavior of gravity, and how the gravitational degrees of freedom
should emerge from a quantum field theory. In particular, in a theory of quantum
gravity, the graviton can be thought of as arising in the low-energy effective theory
from the degrees of freedom of the UV. AdS/CFT is a wonderful framework to
investigate this behavior. For example, an interesting idea arising from AdS/CFT
is that the space-time should emerge from entangling the degrees of freedom of
the quantum field theory [12].

In this chapter we will review basic aspects of the holographic duality; specif-
ically, we will focus on some entries of the AdS/CFT dictionary. This dictionary
is a map between bulk and boundary quantities, which allows us to switch from
gravitational to quantum field theoretical language at our convenience. Some of
the equivalences are collected in the table in Fig. The first four lines in Fig.
will be carefully developed in Sections [I.2] and In section [T.4] and we
will focus the rest of the entries in the context of AdSs/CFT5 holography.

We have outlined some of the advantages of the AdS/CFT correspondence.
However, the holographic duality is as powerful as puzzling: the lack of understand-
ing of some fundamental issues in gravity generates problems in the formulation
of the holographic duality itself. Many elemental aspects of the correspondence
remain still unclear 20 years after its formulation. This thesis addresses questions
in the AdS/CFT correspondence and its relevance to problems in gravity. We
work in the weak field expansion of gravity, and the conformal field theories are
strongly coupled.

In Chapters[2} 3] and[d] we will refine some details of the holographic conjecture

15



1. Introduction

in this limit, and our findings will lead us to learn about gravitational theories.
Especially, we will focus on theories with higher spin fields, and 3-dimensional
gravity. Both of them will be reviewed later on in this chapter. We will use them
as a framework to study holography, but at the same time, we will learn more
about them by using this very powerful duality.

1.2 The AdS/CFT Correspondence

In this section, we reproduce the first entries of the AdS/CFT dictionary in Fig.
. We start by reviewing some basic features of conformal field theories in
Then, in Sec. [I.2:2) we focus on the study of a scalar field in AdS background. We
show that it can be interpreted as a source field in a conformal field theory that
lives in the AdS boundary. In Sec. we introduce Witten diagrams, which
are used to compute CFT correlation functions holographically.

1.2.1 Correlation functions in CFT

We consider a d-dimensional space with line element ds? = g;;(z)dz'dx?. A con-
formal transformation is defined as the coordinate change that leaves the metric
g;j(z) invariant up to a scale, i.e.,

gij(fﬂ/) = Qz(x)gij (). (1.2)

The scaling factor Q(z) guarantees that angles between vectors do not change after
this type of transformations. In this thesis we will focus in quantum field theories
in flat backgrounds, i.e. g;; = 75, where n;; is Minkowski’s metric. In this case,
the conformal transformations are:

translations 2 =2x'+a',
Lorentz ' = Alj al
scalings 2 =az,
i i .2
) . ; ' —bx
special conformal transformations x" (1.3)

T 12+ b222]

where A’ ; are the matrices of Lorentz rotations, and a?, b*, a are real and constant
parameters. The generators of these transformations follow the algebra of SO(d, 2)
in Lorentzian signature (—, +, .., +). In Euclidean signature (+, +, .., +) the group

16



1.2. The AdS/CFT Correspondence

would be SO(d + 1,1). The scale factor in ([1.2)) is related to the Jacobian of the

transformations as:

oz’

S| =07@). (1.4)

A central element in the study of CFTs are local scalar operators that transform

as:
—A/d

o’ O(a). (1.5)

O

under conformal transformations. These are called quasi-primary operators, and

o' =

A is its conformal or scaling dimension. For simplicity and abuse of notation, we
will often call them primary operatorsﬂ In CFTs we have an extensive control over
correlation functions of primaries due to the symmetries . For example, the
correlator of two primary operators can be fully determined by requiring invariance
under the conformal transformations:

(O(21)O(2)) = xllg , (1.6)

where we define 12 = |1 — 23|, and A is the conformal dimension of both op-
erators. If the operators have different dimension, the correlator would be zero.
Three-point functions can also be found by requiring invariance:

A123
(O1(21)Oa(12)O3(23)) = (12) 1 H B2 =50 /2 (1) Bat D= A1) 2 (1) (Br 83— 53)/2

(1.7)
where Aj23 is a dynamical coefficient. For higher point functions, the solution is
not uniquely fixed by conformal invariance. However, we can exploit an important
property of conformal field theories: the operator product expansion (OPE). This
expansion states that we can approximate two local operators at different points
by a sum of operators at one of the points:

O1(21)Oa(22) = > M120 C(212, 0, )iy iy O™ (w2) (1.8)
o

where the sums runs over all primaries O % contained in the theory characterized
by their dimension A, and spin I. The OPE coefficients A12¢ are theory dependent
factors that appear in the three-point functions, and the differential operators
C(x12,0x,)i;...i, are determined by the form of the two, and three-point functions.
Using OPEs for the pairs 0105, and O30, we can decompose four-point functions
as

(01(21)Oa(22) O3(x3)Oa(24)) = Y MaoAssoWap (w1, w2, 23, 24) , (1.9)
o

IPrimary and quasi-primary are different operators in the context of CFT2. We explain the

details in Sec. @
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1. Introduction

where WAU(:El, To,T3,T4), it is known as conformal partial wave, and it is defined
through the differential operators in the OPEs, and two-point point functions
of the exchanged operators [13115]. Using conformal invariance, the conformal
partial wave can be reduced to a function of two variables:

Ap—Aoy Az3—Ay
Way(z1, 20,3, 74) = Taa) 7 T C Gap(u, )
AT, T2, X3, T1a T13 (219)(B1+82)/2(g5,)(Bs+A4)/2 7
(1.10)
with
_ L1234 Cu= T14t23 (1.11)
T13%24 T13T24

G aji(u,v) is known as a conformal block, and explicit expressions can be found in
e.g. |16H18] among many other places.

1.2.2 Scalar fields in AdS

Now we take a turn, and analyse theories of gravity. In particular, we start by
considering the Einstein-Hilbert action in (d+ 1)-dimensions, with no matter, and
negative cosmological constant A:

Sen

_ d+1 _
f167TGN/dy Va(R—2A) (1.12)

where g = det(g,,) in Euclidean signature, R is the Ricci scalar, and Gy is the
gravitational constant. The solutions to that are maximally symmetric with
constant negative curvature, are known as Anti de Sitter spaces-times (AdSg41).
They can be thought as embedded in the (d + 2)-dimensional hyperboloid:

— Y7+ Y7 +YiY =0, (1.13)

where ¢ is the AdS radius defined as A = —d(d —1)/2¢%, and Y;Y* = §7Y;Y;, with
i =1,...,d. The metric on this geometry is (d + 2)-dimensional Minkowski:

ds® = —dY2 + dY2,, +dYidY' (1.14)

We can parametrize the hyperboloid using a (d+ 1)-dimensional set of coordinates
y* = (z, x%), with the following change

2 2 _ 52 2 )
Yoze%ﬂ, Yd“:elzix, yi—eZ. (1.15)
z z z

2

where 22 = z'z;. This results in the AdS44; Poincare metric:

72 ;
ds® = ?Q(sz + dz'dx;) . (1.16)

18



1.2. The AdS/CFT Correspondence

with boundary located at z — 0. The isometry group of Euclidean AdSg4; is
the d-dimensional conformal group SO(d+ 1,1). For simplicity we have restricted
ourselves to AdS with Euclidean signature, but everything is easily generalizable to
Lorentzian signature via the appropriate Wick rotations. The isometries of AdSy11
match with the symmetries of a CFTy. This is the first indication that there are
relations between gravity theories in AdS backgrounds, and quantum field theories
with conformal symmetries. In the following, we will see more examples of this.

Free scalar field in AdS

The AdS/CFT correspondence describes conformal field theories as living in the
boundary of gravity theories in AdS background. In the following, we will ex-
plain explain basic aspects of the correspondence using a specific simple example.
Consider a massive free scalar field in AdS background:

d 1 m?2
Sl = /d "y (2vu¢v“¢+ 2¢2> , (1.17)

where V, is the AdSg44; covariant derivative, and m is the mass of the field. The
previous action has :
(V2 = m)g(y) = 0. (1.18)

In this section we use Poincare coordinates (1.16)), and y* = (z, z*). Consid-
ering the equation ([1.18)) close to the boundary z — 0, we observe that the field
behaves asymptotically:

2
P(z,2) ~ 25% | Aizgi\/dz—kmz, (1.19)

where Ay are the positive and negative roots of m?2¢? = A(A — d). We choose
the negative root, since it is the dominant contribution at the boundary z — 0.
We define A = A, and impose the following boundary conditions:

- d d?
. A—d _ _ 2
;1_>moz o(z,2) = ¢(x), A= 5 + vy +m?2. (1.20)

We refer to ¢(z) as the boundary value of ¢(y). For simplicity we fixed £ = 1,
and we will restore it if needed. A solution to (|1.18]), which fulfils the boundary

conditions (1.20]) is:

mwzjﬁ%@%wwwuv, (1.21)
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1. Introduction

where GbAa(y7 x) is a bulk-to-boundary propagator which solves the wave equation
(1.18)) for the bulk coordinate y. Its explicit expression is:

Gp(z,m;2') = (M)A , (1.22)

which has the appropriate asymptotic behaviour:

lim ATAGE (2, z2") = 6(z — ). (1.23)

So far in this section A is just a quantity defined in terms of m. However,
we have already chosen it to match the notation for the scaling dimension of
CFT primary operators, and we will explain the reason in Sec. It will be
important to keep in mind that for scaling transformations the boundary field
behaves as

F(@') = ab(z) . (1.24)
The previous can be found imposing that ¢(y) transforms as a scalar in (1.21)).

Scalar field with cubic interaction

We will now analyse the AdS/CFT correspondence beyond the free fields. For
example, let us consider a cubic interaction:

2 A
Sle] = /dd“y\/é (;vmvw - %& - 3¢3) : (1.25)

We would like to find solutions to the classical action in terms of the boundary
fields ¢(x), as we did in (1.21]). In the interacting case the equations of motion are
difficult to solve exactly, but expanding perturbatively around A — 0 we find the
solution:

o(y) = 61 () + A / Ay G (5, )61 () + e

o1(y) = /ddx’GbAa(z,x —2)p(z'), (1.26)

where ... stands for higher orders corrections in . Gﬁ] is a bulk-to-bulk propagator
which follows equation:

(V2 — m®)Ga (. y) = —5(%" L mPoA(A—d. (2))
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1.2. The AdS/CFT Correspondence

where V; is the covariant laplacian in the coordinate y. It is interesting to note
that the bulk-to-bulk and the bulk-to-boundary are related by:

Z/A

leiLHO A d Go(z, 2,2, 2") = Gy (2, x; ') . (1.28)
It is important to notice that the boundary conditions in ((1.20)) still hold for

interacting solution (|1.26)).

1.2.3 Boundary correlators in AdS: Witten diagrams

It is crucial to notice that the following term is invariant to conformal transfor-
mations:

/ddac O(z)p(z) . (1.29)

This can be shown for scalings considering , together with d%z’ = a?d%z, and
O'(z') = a~20O(z), and similarly for the other conformal transformations. The
fact that the term is invariant under conformal transformations suggests
that there is a relation between partition functions of conformal field theories, and
gravitational theories in AdS. Based on this observation, it was conjectured [19]:

Zorr [(5(33)] _ <ef A O(£)$(m)>CFT — Zads {ZA_d¢(y)‘z_>0 _ qf’)(m)} ) (1.30)

where ¢(x) behaves as a source field for primary operator O(z), with dimension
A. The gravity partition function corresponds to the following path integral:

1
Zads = /D¢9XP [_GSAdS [¢]] ) (1.31)
N
where Saqgg is defined as:
iS = Sgy + iS (1.32)
GN AdS = OEH GN matter - .

where Sgg is the Einstein-Hilbert action , and Spatter is the action corre-
sponding to the matter fields in AdS background. For the CFT partition function,
Zcopr, the fields ¢ act as sources, and (...)crT stands for the path integral over
boundary fundamental fields weighted by the CFT action. Formula pro-
poses that n-point correlation functions of CFT operators O(x) can be computed
using the partition function of the gravitational theory with

(04 (21)...0p () = m
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We will be intereseted in connected n-point functions. Therefore, we consider the
free energy density F' = —log Z:

6" Faas [¢(z)]

<Ol(x1)~~~0n(xn)>conn = 5&(3}1)5&(,% )

o (1.34)

The path integral in ((1.31]) is generally very difficult to perform exactly in terms
of the fields. We will work in the classical limit, Gy — 0, and perform the saddle
point approximation

Zaasld(@)] = exp —GiNsAds 61| | (1.35)

where (b[é] is the classical solution to the action in terms of the boundary source.
The gravity constant G dividing in the exponent causes the need for a rescaling
of the fields. For concreteness, we consider the massive scalar field in as
the only matter content of the theory. We see we need ¢ — /G ¢ to get the
quadratic term to be zero-th order in Gy.

1 1 2 WG
——Saas [¢] = Sem + /dd+1y\/§ <2V#¢vu¢ + %¢2 + 3 ad

e ¢3) . (1.36)

If we consider higher order interactions terms, they would have been accompanied
by higher powers in v/G . Since the Einstein-Hilbert action is of order 1/Gy, we
have performed a weak-field expansion around the background solution in powers

of the field fluctuations. Now, using ((1.34)), and ((1.36]), we find:

1 0"Saas [910]]
GN 6¢(x1)... 5 ()

Therefore, to compute connected a n-point correlation function we only need to
substitute in the action the classical solution for the field ¢ in terms of boundary
sources ¢, and take the appropriate variations. For the example , we would
use the solution with A — A\/Gx. We can see that the correlators are given
by a generalized type of Feynman diagrams organized in powers of G .

<Ol(x1)-~-on(mn)>conn = (137)

é=0"

The first diagram in Fig. represents a two-point function of primary oper-
ators. It can be found from the bulk-to-boundary progragator:

1
o (1.38)

(O@)O(@)) = lim Gl (z w13 22) = & oz

where € — 0, and should be considered as a boundary cuttoff. The second diagram
in Fig. corresponds to a three point function, and in integral representation
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1.2. The AdS/CFT Correspondence

X
X1 X2 3

Figure 1.2: Examples of Witten diagrams in AdSat+1. The interior represents the bulk

of AdS, and the circumference is its boundary, where the CET operators O;(x;) live. The

lines represent the bulk-to-boundary and bulk-to-bulk AdS propagators defined in
and . The bulk vertexes are integrated over the bulk coordinates.

reads:

(O1(21)O2(22)O3(x3)) = A@/dyd+l¢§GbAal (y,xl)GbAaz(ya@)GbAag(yax?y)

1
=M/Gn (12) BrH82=85)/2(755) (Bt 85— A1) /2(g1,5) (B TA5-52)/2
(1.39)

where in the last inequality we ignored an overall normalization that depends on
the conformal weights. The third diagram in Fig. is the 4-point function when
the theory has only scalar fields, and a non-derivative cubic interaction:

(O1(21)O02(22)O3(23)O4(14)) =
:AQGN /dyd+1/dy/d+1 G[)Aal(y7xl)GbA(;(yvxQ)G?ba(yl7y)GbAaS(y,7x3)GbAB4(yl7x4)'
(1.40)

Performing the previous double integral for generic d and conformal dimensions is
not an easy task. Some results can be found in [20], where they manage to write
as an infinite double sum, which simplifies for some specific dimensions
of the operators. In they follow a more successful approach which consists
on decomposing the integral as finite sum over contact diagrams with an
interaction ¢*, whose closed form can be obtained .

1/N-expansion in CFT

To compare the correlation functions obtained using bulk methods (Sec. [1.2.3)),
with those in the boundary (Sec. , we need to know what the weak-field
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1. Introduction

expansion means in the CFT. In the AdS/CFT correspondence, the degrees of
freedom of the CFT, Ngt, are related to the gravitational constant via

gd—l
Gy’

For concreteness, in the rest of the this section we assume Ngof = N2. This

Ngof =

(1.41)

choice is widespread in the literature since it corresponds to a gauge theory with
group SU(N) in d = 4, the first and most explored example of the AdS/CFT
correspondence. From we infer that a weakly coupled gravity theory implies
a large number of degrees of freedom in the dual CFT, and the expansion around
Gy — 0 should be translated in the CFT side as an expansion in N — ooc.
Therefore, for CFTs with weakly coupled gravity duals the free two-point functions
do not scale with N, and the connected n-point contribute as

1
Nn—2 :
where the symbol ~ means that we just show the leading order in 1/N for each
correlator, but ignore their explicit form.

<Ol(x1)~--on(xn)>conn ~ (142)

There is another peculiarity of CFTs with weakly coupled gravity duals. If the
their spectrum contains two primary operators O; and O,, it necessarily contains
as well multi-trace primary operators, which are composed by conglomerations of
01 and Os. For example, primary double-trace operators are schematically:

[0102],%[ ~ 0182"8,“ ...8,“(92 s A2 A1 +Ag+2n+1... (143)

n,l —

where the symbol ~ means there is a linear combination of operators of type
010?"9,,,...0,,02, which together result in the primary double-trace operator
[0102]n,. A% is its conformal dimension to first order in 1/N theory , and
the dots ... stand for corrections in the large N limit. As a consequence, in the
large N limit the OPE of two operators will contain single and multi-trace oper-
ators whose OPE coefficients should be expanded around 1/N. For a single trace
operator O in the OPE of 010, the scaling of the three-point function
shows that its OPE coefficient can be expanded as:

A20 = Al /N + ... . (1.44)

Following an analogous logic, for a generic double-trace trace operator [0;O;]n 1,
with 4,7 # 1,2:

Al?[oioj}n,z = )‘522)[(91.(91-]”,1/]\[2 Rl (1.45)
For i,j = 1,2, there is a contribution from the disconnected piece of (01 O2[O10z]n.1),
which is of order NV:

0
M2(0, 021 = Malo,0a), 0 + o - (1.46)
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Now we are ready to compare the results of the n-point CFT correlators ob-
tained in Sec. with their holographic computation in Sec. At order
1/N°, the CFT two-point function is already equivalent to (1.38). For three-
point function, we see that is equivalent to . Using , we can
relate the OPE coefficient to the gravity coupling constant as A = )\%)3 The
1/N-expansion of the four-point functions does not have such a direct comparison
on both sides of the duality. In the CFT side, we have restrictions over which
operators will appear in the conformal block decomposition at each order.
Using and , we infer that to order 1/N? there are contributions to the
4-point function of conformal block of single trace operators O, and double trace
operators [010s),, and [O304],,;. We should be able to observe the same be-
havior on the AdS side. In 23], they use Mellin integrals to identify the following
conformal block contributions in the scalar exchange Witten diagram:

(1.47)
where the sums run over the double trace operator defined in . Double trace
operators with [ # 0 would appear in when considering derivative scalar
interactions in the Witten diagram. The result can be alternatively found
by imposing crossing symmetry for the CFT four-point function at order 1/N?
(following the program initiated by [24]).

1.3 Spinning fields and holography

In the previous section, we have introduced the holographic correspondence with
a simple example: we have shown that a scalar field in AdS4; behaves as a source
for a primary operator in a CFTy, from which we can compute CFT correlation
functions using Witten diagrams. However, these are two of the many entries of
AdS/CFT dictionary, which we briefly reviewed in Fig. This dictionary maps
bulk to boundary quantities, and it is continuously improved and put to the test
by the community. In this thesis, we focus on theories containing spinning fields
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in AdS as a framework to analyze different entries of the AdS/CFT dictionary.
In this section, we will first present the symmetric traceless tensors which will
represent the massive spin fields. Then, we will see that the arguments we gave in
Sec. [[.2:2] for the scalar field is easily generalizable for fields carrying spin. This
will set up the context for the research carried out in Chapter 2] In Sec. [[333]
we will briefly comment about holography for massless spin fields. The relevance
of theories of higher spin massless fields will be reviewed in Sec. where we
focus on three-dimensions, and they will be center of Chapter [4

1.3.1 Primary operators and AdS fields with spin

In Section we explained how a scalar field ¢(y) in AdSgq; is related to a
primary operator O(z) in a CFT,. However, we can consider more generic theories
containing different types of fields. We consider the tensorial generalization of the

primary operator in (|1.5)):

—A/d i Oxls

ox'
ox't T 9atis Ojy..j. (@) . (1.48)

Oz

Ogl.i.is ($/) =

where i,,j, = 1,...,d, are boundary indexes. We can rewrite (1.48) in terms of

S0(d) transformations, R, = %—2’ ~i/d ji",] We can then rewrite:
ox’ -5 .
O;l_“is (I‘l) = ‘ Oz RJ%I ‘e RJ‘;S Ojl---js (I), (149)

Therefore i4, j, transform SO(d) indices (plus a scaling) under SO(d + 1,1). The
generators of SO(d) allow for unitary, irreducible, and finite-dimensional spin rep-
resentations labelled by s and A

AdS;41 spacetimes have the same SO(d+ 1, 1) symmetry than conformal field
theories. A natural condition for the bulk field is to be in the same representation
of SO(d + 1,1) than its dual primary operator. In AdS, particle representations
labeled by mass m and spin s, correspond to the following free field equations [25]:

(V2 - mz)(bm.-.us =0, Ve =0, 9 buy ., =0, (1.50)

where V, is the AdS441 covariant derivative, and p1, = 1, ...,d+1 are bulk indices.
The two last equations impose transversability, and tracelessness, and they are
commonly known as Fierz-Pauli conditions. In this work, we will consider for
simplicity representations which result in fields and operators symmetric in all
their indices.
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1.3. Spinning fields and holography

We would like to make the relation between spinning AdS fields and CFT
operators more precise. The following procedure is a generalization from the scalar
field case in Sec[T.2.2] and we will briefly highlight some interesting points. At the
boundary, we have just to consider the tangencial components of the spin indexes
tte This means that at = = 0 we have ¢, ,, — 0, and the boundary field will
carry indexes i,. Analysing close to the boundary, we see that its solution
behaves asymptotically

d d?
Bz, x) ~ 2B5E5 Aiziiﬂz—i—s—l—m27 (1.51)

where Ay are the positive and negative roots of m? = A(A — d) — s. We define
A = A, and we consider solutions with following boundary conditions:

i . - d /d?
lli% At d¢u1...u5(2, x) = ¢iy. . (T), A= 3 + v +s+m2., (1.52)

We refer to ¢;, i.(r) as the boundary value of ¢,, . (y). Setting s = 0, we

reproduce the result (1.20). As in (1.21]), the solution to the free equations of
motion ([1.50)) can be written using bulk-to-boundary propagator:

Gronons () = / 2 Gy, )i G (o), (1.53)

where G&(y, ') f}{ff.iﬁs is the spinning bulk-to-boundary propagator which solves

(1.50) for y, and carries both bulk, and boundary indexes.

So far, we considered free fields, but we can add interactions. An example of
cubic interaction between two scalars and one spin-s field is

DV gV oo P (1.54)

We can consider other cubic interactions, as well with spin in all the three fields.
The solution must be modified when adding interactions, considering a
bulk-to-bulk propagator, as we did for the scalar field in . The propagator
is completely determined from the equations with m? = A(A —d) — s, and

carries bulk indexes, i.e., Gy (y,y')|72 s .

1.3.2 CFT correlators and Witten diagrams with spin

We can show that f dz Oilmiséil“'is is invariant under conformal transforma-
tions, analogously as we did for the scalar case in (1.29)). Then, the boundary field
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1. Introduction

¢"% () should be interpreted as a source for the operator O;, ;. () with scaling
dimension A. The correlators of CFT primary operators can be computed holo-
graphically using Witten diagrams that take into account all relevant interactions
of the theory. A simple example is the four-point function of scalar operators.
Considering only cubic interactions, and leading order in 1/N, this correlator is
computed by the following sum over Witten diagrams:

X3

(O1(21)O02(22)O3(23)O4(74)) conn = >

X4

(1.55)
where the wavy line represents a spin-s bulk-to-bulk propagator, which will be
contracted derivatives of the scalar bulk-to-boundary propagator to reproduce the
interactions of the type . Therefore, the sum s runs over all the possible
interactions in the theory. The comparison of the spinning exchange Witten dia-
grams with the conformal block decomposition can be done as in , although
the details are more complicated. It was demonstrated that the conformal blocks
for the double trace operators [O10s],, 1, and [O304],,; with [ = 0, ..., s should
appear in the decomposition of a spin-s exchange Witten diagram [24126H28].

The analysis becomes even more complicated for correlators with primary oper-
ators that carry spin. For example, conformal symmetry does not fix a single form
for the three-point function as in the scalar case , or a single conformal block
as in , but we have different possible independent tensor structures. In the
holographic of computation, we need to consider the Witten diagrams with all the
relevant interactions. The difficulties come into play because the number of pos-
sible tensor structures and interactions increases very fast as we increase the spin
of the external operators. Our focus in Chapter [2] will be these type of spinning
correlators. Specifically, in Sec. we will introduce the embedding formalism,
which is an indispensable tool to study tensors in AdS, and CFT. In Sec. we
will review the calculation of spinning three-point function in both sides of the du-
ality, mapping the CFT tensor structures to the bulk interactions. The rest of the
sections in Chapter [2] will be aimed to find an efficient way to decompose spinning
4-point Witten diagrams in terms of the spinning conformal blocks. For the latter,
we will use geodesic Witten diagrams, which give a holographic interpretation to
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1.4.  8d/2d holography

the conformal partial waves.

1.3.3 Conserved currents and massless fields

Before moving on, we would like to comment about the special situation when
A = s+d—2. In this case, the dual bulk field has mass m? = (s+d—2)(s—2) —s.
This mass is related to the so-called unitarity bound:

m? > (s+d—2)(s—2)—s, (1.56)

below which states with negative norm appear in the particle representation as-
sociated to . The saturation of this bound corresponds to zero norm states,
and, therefore, the equations in this limit represent massless spin fields.
The massless spin field equations will be analysed in further detail in Sec. [L.5] but
for now it is important know they admit an additional gauge symmetry:

O¢Ppy..pe = Vi Spz o) - (1.57)

where §,,, ..., is the symmetric and traceless gauge parameter. Therefore, we often
refer to massless fields as gauge fields. The source term [ d%z O;, ;. ¢"*, should
be invariant to this variation:

0= /ddx Oh...is(s(giluis = _/ddx aiIOiL..iS gilmis ) (158)

where in the second inequality we have used (1.57)) at the boundary, partial inte-
gration, and the fact that O;, ;. is symmetric in all its indices. Equation (1.58)

implies that
"0y, i = 0. (1.59)

s

Therefore, gauge fields in AdS backgrounds are dual to conserved currents in the
CFT. This gives us evidence supporting the sixth entry our AdS/CFT dictionary

in Fig. (1.1).

1.4 3d/2d holography

A part of this thesis addresses a particular situation of the holographic duality: the
AdSs5/CFTs correspondence. In the bulk, the theory is very interesting mainly due
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to its simplicity: gravity in 3-dimensions does not propagate degrees of freedonﬂ
This feature makes it a useful framework to study aspects of quantum and classical
gravity avoiding some complications we encounter in higher dimensions. Moreover,
gravity theories in AdS3 backgrounds are dual to conformal field theories in two
dimensions. In this case, the conformal algebra becomes infinite dimensional,
which results in constraints for the spectrum of the theory. These restrictions lead
to a more controlled version of the holographic duality.

The real power of 3d gravity is that it still contains exciting features despite
circumventing problems from higher dimensions. For example, we can construct
3-dimensional black holes solutions when adding a negative cosmological constant.
Black holes are fascinating objects which enclose essential questions associated to
quantum gravity, as exemplified by . Moreover, they pose difficult puzzles for
the holographic correspondence. For example, it is challenging to map bulk and
boundary observables in black hole geometries as a result of their event horizons.
In this thesis, we will exploit the simplicity of 3-dimensional theories to address
questions about black holes geometries in the context of holography.

In this section, we explicitly review some aspects of conformal field theories
in two dimensions, and Einstein-Hilbert gravity in AdSs backgrounds, highlight-
ing the features that make them special. Moreover, we give explicit evidence of
the AdS3/CFTs duality, mapping their infinite-dimensional algebras, and their
observables. In Sec. [[.4.2] we review the reformulation of AdS; gravity as a the-
ory of gauge connections. This formalism makes explicit the lack of propagating
degrees of freedom of 3d gravity, and the variables are easier to manipulate. For
example, the information about the metric is encoded in the flat connections, and
the diffeomorphisms become gauge transformations. This formalism will be very
useful in Sec. where it will allow us to easily describe in a treatable manner
theories of higher spin gravity.

1.4.1 Briefest review to AdS;/CFT,

CFT,

This is a very brief review of some aspects of CFTy which will be interesting to
us. For more details, we refer the reader to the very nice review [29].

2This holds for 3-dimensional Einstein-Hilbert gravity, which consists of a massless graviton.
One could consider other gravitational theories which carry propagating degrees of freedom in
three dimensions, such as theories with massive gravitons.

30



1.4.  8d/2d holography

In Sec. we found that the conformal transformations for a d-dimensional
field theory in flat space were scaling, translations, dilatations, Lorentz, and special
conformal transformations ([1.3)). However, when the number of dimension is two,
the conformal transformations are generalised to all possible analytic coordinate
transformations:

z— 2(z2), z— 2(2), (1.60)

where we used ds? = dzdZ in complex coordinates: z, Z = x & itg, and tg is the
Euclidean time. This makes d = 2 a very interesting special case in conformal field
theories. A primary operator in CFT5 is defined by the transformation law:

069~ (2) " (£) ot o

where (h,ﬁ) are the scaling dimensions. Primary operators are different form
quasi-primary operators in (1.61). All primary fields are by definition quasi-
primaries, but the opposite statement is not true.

A crucial object in our analysis will be the stress tensor. It is usually defined
in quantum field theories through the usual Noether procedure as the conserved
current associated to translations In CFTy, the stress energy tensor takes a very
simple form, with only two non-vanishing components:

T..(2)=T(2), T::(2)=T(2). (1.62)
Consider the following infinitesimal version of the conformal transformation:
z— z+€(z), Z—Z+€(z). (1.63)

The conserved current associated to (1.63) can be written in terms of the stress
tensor:

J(z) = e(2)T(2), J(z) = €(2)T (%), (1.64)

which allows us to write the usual Ward identities for a conformal transformation
as:
3:0(z,2z) = —Res[e(2)T(2)O(z, 2)] . (1.65)

As a consequence of the previous formula, we can obtain the transformation prop-
erties of the operator O under a conformal transformation from the singular terms
in the OPE of TO. From symmetry considerations we can find the OPE of the
stress tensor with itself:

c/2 2

TETw) = o + o 1)+ ﬁ&T(w) +.. (1.66)
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where c is a theory dependent constant, and it is known as central charge. There-
fore, the transformation of the stress tensor under conformal transformations is

8.T(2) = e(2)dT(2) + 20€(2)T(2) + %336(,2) . (1.67)

The transformation for 7" is analogous, and we assume ¢ = ¢. Now we can consider
the mode expansion of the stress-energy tensor:

T(z) =Y 2 "Ly, T(z)=Y z " °L,. (1.68)

ne”Z neZ

These series can be inverted, and using (|1.65))-(1.67)) it can be shown that L,, form
an infinite dimensional algebra:

&
[Lma Ln] = (m - n)L77l+7l + — 3

12 - m)5m+n (1'69)

(m

and likewise for L,,. This is the infinite-dimensional algebra of conserved charges
of CFT5, known as the Virasoro conformal algebra.

AdS;

We will now turn our focus to gravitational theories in three dimensions. We start
by considering the Einstein-Hilbert action:

1
].6’/TG3

Sen = / V—g(R—24), (1.70)
M

where G3 is the gravitational constant, A the cosmological constant, and the inte-

gral is performed over a generic 3-dimensional manifold M, which we consider in

Lorentzian signature. The equations of motion are

Ry +9uwR+gu,A=0. (1.71)

In three dimensions the Riemann tensor, R, s, has six independent components,
the same as the Ricci tensor, R,,, and the metric. The Riemann tensor is com-
pletely determined once the metric and the cosmological constant are fixed via the
equations of motion:

R[U/po’ =A (gupgl/o - guO'gl/p) (172)
This implies that there are non-propagating degrees of freedom for gravity in three
dimensions, which is an enormous simplification respect the higher-dimensional

cases. All metrics that are a solution to the vacuum equations (1.71)) in three
dimensions are locally equivalent to each other.
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1.4.  8d/2d holography

Figure 1.3: Geometry of the Euclidean BTZ black hole where the compact direction is

Fuclidean time t = itg. The red curve depicts the cycle along which the smoothness

condition is imposed. In Euclidean signature, the geometry ends at a finite value
of r = ry, which corresponds to the horizon.

Despite the simplicity of the local features of three-dimensional gravity, the
analysis of its global properties still leads to very interesting physics, even at the
classical level. In the following we develop some examples which support this

affirmation. We fix the cosmological constant as A = —1/¢2. A solution to the
3-dimensional equations in (1.71)) is:
dsias = € (— cosh? pdt? + dp? + sinh? pdg?) . (1.73)

with ¢ ~ ¢ + 27. The metric is known as the global AdSs space-time.
This is another parametrization for the hyperboloid metric , from which we
have already studied the Poincare metric . Another solution to the vacuum
Einstein equations with A = —1/¢? is:

2 ,2Y(p2 _ 2 2,.2
o (=D =r2) O 9 o ( ryr_ )2
dsgryz = 272 dt* + (7‘2—7“1)(7“2—7‘3)61” +7r° (do+ 02 at) ,

(1.74)
which is known as the BTZ black hole, and we consider r > r_. Global AdS3 and
BTZ spacetimes are locally equivalent to each other, and we can find a change of
coordinates that relates them which evidences this fact. However, we can consider
global properties that allow us to distinguish them as physically different solutions.
The topology of global AdS3 is a cylinder with compact direction ¢ ~ ¢+ 27. Let
us now analytically continue to Euclidean time with ¢ = itg, and consider the
complex coordinates z = ¢ + itg /¢, and zZ = ¢ — itg /L. In these coordinates, the
BTZ metric (|1.74]) requires the following smoothness condition to avoid a conical
singularity at r = ry:

27l

~z+if, Ze~Z4i8_, =
z~z+ify Z~ZzZ+iap B+ Er

(1.75)
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These conditions result in a smooth cigar-like geometry (Figure 7 which corre-
sponds to a solid torus topology with contractible cycle along tg-direction. With
we can interpret BTZ solution as a black hole with event horizon at r = r,,
to which we can associate thermodynamical properties. From , we can find
that the BTZ entropy is

27y
4Gy

S (1.76)

For a review of the BTZ black hole, and its thermodynamical interpretation, see
[30].

Global properties are as well the key to the holographic correspondence for
AdSs. In this context, they are tightly related to the choice of boundary conditions.
In three dimensions, boundary conditions are specially relevant, since there are no
propagating degrees of freedom in the bulk and the physics is encoded at the
boundary. To explore the importance of boundary conditions, let us start by
considering a set of coordinates where the metric takes Fefferman-Graham form:

ds? = 02dp* + gij (2", p)dax'da?, (1.77)

where ¢,7,k = 1,2, and co > p > 0. We assume that g;; has the following p-

expansion:
0 2
9ii (2", p) = g (28 + g7 (28) + ..., (L.78)
where g(Q) acts as a boundary metric, and the dots ... stand for sub-leading terms

¥

in e”. Metrics with the behaviour — are known as asymptotically AdS
space-times, since these conditions are fulfilled by when 2* = 21,2, with ,
with 2% = t 4+ ¢. We need to specify the boundary terms for the action, such they
are consistent with —. We consider the Gibbons-Hawking boundary
term, and a counter-term:

1
/ d*x/—gTr (K) , Set = — / d?x/~g, (1.79)
oM 87G3 Jom

SGH - 87TG3

where K;;j = 0,9;;/2 is the extrinsic curvature, and OM is the boundary of the
3-dimensional manifold M. The choice of (1.79) ensures that the action

S = Sgu + Sagu + St , (1.80)

has a well defined variational principal, it fulfils Einstein field equations, and its
solutions are asymptotically AdSs [31]. The on-shell variation is:

1 g
55 = 5 /@M /=g T 59 | (1.81)
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with: 1
T, = ((@_T @)@0, 1.82
= Tongat 9~ 979y (1.82)
where T;; is the boundary stress tensor. Let us assume that the boundary metric
is ¢(© = —dztdz—. In this case, Einstein’s equations imply:
2 2 2 2
0P =¢% =0,  0.¢¥ =0,9? =0. (1.83)

In this case, the stress tensor is traceless and conserved stress tensor at the bound-
ary ¢(°), and has only two non-vanishing components:

Tos = gmgofl @), T = ™ @), (1.84)
Using the boundary stress energy tensor we can compute conserved charges in
gravity [32]. For example, global time translations are associated to the energy,
and rotations to the angular momentum, and they are defined at the boundary. It
is convenient now to comment about the distinction between coordinate transfor-
mations (local diffeomorphisms), and true isometries of the theory (global diffeo-
morphisms). The coordinate transformations relate physically equivalent solutions
which only differ by a choice of gauge. However, diffeormophisms that reach the
boundary change the global structure of the solution, and connect solutions which
are physically distinct. The boundary conserved charges in gravity are associated
to these global symmetries of the space-time.

We can observe that the AdSs; boundary tensor shares features with
the CFT, stress-tensor : they are both traceless, conserved, and have a
holomorphic/anti-holomophic factorization. This opens the door to the AdS3/CFTy
duality, for which we will give more evidence in the following. Consider the in-
finitesimal coordinate transformation:

1
p=rp= 50" +0-€),

62
et st +et — 56_2’)836_ ,

62
T = +e — 56_2”&%6"' (1.85)

where €™ = e¢"(z7), and € = ¢ (z7) are the parameters of the transformation.
Notice that are the conformal transfomations at the boundary p.
This change preserves the form of the metric (1.77)-(L.78), leaving invariant gl(;)),
but modifying gﬁ). This induces a transformations for the stress tensor :

4
(ST++ = €+6+T++ + 28+6+T++ + Wai&_ . (186)
3
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and similarly for 7 _. We see that the AdS3 boundary stress tensor transforms as
the CFTy stress tensor under conformal transformations , and we identify
gf?) as the CFTy metric. This is another manifestation of the duality we observed
in Sec. [[.3:3] between boundary conserved currents, and bulk gauge fields. More-
over, comparing with we can relate the gravitational constant to the

CFT central charge
3¢

2G5’
The previous equality was first encountered by Brown and Henneaux in their
article [33], which is considered one of the precursors to the holographic corre-
spondence. In this work, they analyse the asymptotic symmetry group of AdSs,
which is found by computing the Poisson brackets of the boundary global charges.
They find that the Poisson structure follows two copies of the algebra with
, when imposing asymptotically AdS3 conditions. Therefore, the asymptotic
symmetry group of AdS3 is two copies of Virasoro, which coincides with the infinite
dimensional algebra of the dual CFTs.

c (1.87)

Before moving on, we would like to introduce the following exact solution of
the vacuum Einstein field equations with A = —1/¢2 [34]:

ds* = ?dp® + 87 G5l (L (dz™)? + L (dz7)?) — (£%e*” + (8nG3)?LLe™ %) datda™,

(1.88)
where £ = L(z%), and £ = L(2~) are arbitrary functions. This metric is in
Fefferman-Graham form (L.77)), and it is asymptotically AdS; (1.78). Since
is an exact solution of the equations of motion, the sub-leading terms in are
zero. We can identify the boundary stress tensor with

T,y =L, T _=L. (1.89)

It is very interesting to notice that performing the change of coordinates
does not modify the form of the solution (T.88). However, the functions £, and £
undergo a tranformations: £ — £ + §L, where 0L is just the transformation for
the stress tensor in (and analogously for £). The transformation is
the residual conformal symmetry we find after we have fixed the set of local dif-
feomorphisms. It acts non-trivially on the boundary elements £(z "), and £(z7),
relating two different solutions which are globally distinct.

1.4.2 Chern-Simons formulation of AdS; gravity

In the previous section, we have seen that three-dimensional gravity does not have
propagating degrees of freedom. There exists an alternative description in terms of
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1.4.  8d/2d holography

Chern-Simons (CS) gauge connections that makes the topological character of 3d
gravity explicit. In this section, we briefly review this formalism, and for further
details, we refer the reader to the original articles |35,/36] and more recently in,
e.g., [34,37]. Let us start by considering the Chern-Simons action:

Scs[A]zﬁ/ Tr (A/\dA+2A/\A/\A) : (1.90)
Am g 3

where A is gauge field, the trace Tr(...) is a shortcut notation for the contraction
using the Killing forms of the algebra, and k is the Chern-Simons level. The gauge
group is chosen to match the symmetry group of AdSsz, which in Lorentzian signa-
ture is SO(2,2) = SL(2,R) x SL(2,R). Therefore, we consider gauge connections
A, A valued in two independent copies of sl(2,R) |’} which algebra is given by

[Lo, L+] = FL+, [Li,L 1] =2Lg, (1.91)

To show the equivalence among both theories, we need to consider the vielbein
formulation of general relativity. In this formalism, the choice of coordinates is
replaced by the election of a local basis on the tangent bundle. This basis is formed
by three independent vectors: e* = ejida*, with a = 1,2, 3, known as vielbein. We
can relate the metric of a curved manifold g,, to a flat (non-coordinate) metric
Nap using the vielbein:

Juv€a €y = Tab - (1.92)
The Einstein-Hilbert action in 3 dimensions can be rewritten in vielbein formalism
as:

. 1
Semle,w| = /e“ A (dwa + €apew® AW + ?eabceb A ec) ) (1.93)

87TG3 6
M

where w® is related to spin connection via w® = €%“wy./2, and €qp. the Levi-
Civita tensor. In our particular case, we choose the flat indices “a” to be valued
in si(2,R). We define the gauge connections as:

A= (w*+ %e‘l)La , A= (w*— %ea)ia . (1.94)

With (1.94)), one can show that the following actions are equivalent up to total
derivatives:

SEH[e,w] = Scs[A] — Scs[A] . (1.95)
The gravitational constant is related to the Chern-Simons level via
L
k=— 1.96
4G5’ ( )

3The lower case in sl(2,R) refers to the algebra generators, in contrast to SL(2,R), which
represents the group elements.
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and the space-time metric can be recovered directly from the connections through

uv = 2trf(ep,el/) 3 (197)

where we are taking the trace in the fundamental representation of si(2,R).

The advantage of the Chern-Simons formalism of 3d gravity is that in most sit-
uations the gauge connections are easier to manipulate than the space-time metric.
For example, the Einstein field equations are reduced to the flatness condition on
the gauge connection:

dA+ANA=0, dA+ANA=0. (1.98)

Moreover, the diffeomorphisms and Lorentz symmetries of the Einstein-Hilbert
action are just the gauge transformations:

A= LA+d)L™! A= R YA+ dR, (1.99)

with L, R € SL(2,R), which we will often call left, and right gauge groups. The
transformation is extremely useful, because with it we can conveniently
reparametrise any connection. For example, the radial dependence can be gauged
away, i.e. we can always find a gauge transformation that rewrites the connections

as [38]:
A=0b(p)~" (alzt,27) +d)b(p), A=0b(p) (a(zt,27) +d)b(p)~". (1.100)

Here p is the holographic radial direction, and z™, z~ are boundary coordinates.
The advantage of this reparametrization is that we can isolate the boundary values
of the connections, where the global charges are encoded, and interpret the radial
direction as emergent from the gauge transformation. With , we can find
that the following connection is a solution of

+ ~ —_
a:(L+—M@;)L_>dx+, a:—(L_—%EI{:(JC)L+)dm_, b(p) = erko.

k
(1.101)
Using the definitions (1.94))-(1.97), we can see that the previous connections are

equivalent to the metric ((1.88)), with (1.96)). We will extensively use (|1.101)) in the

main text, because these connections parametrize the space of all solutions that
are asymptotically AdS3. We can observe this explicitly by fixing different values
for £, and L. For simplicity, we will set from now on the AdS radius to £ = 1. For
example, with £ = £ = 0 we have:

Apoin = €’ Lyda™ + Lodp , (1.102)
Apoin = —€PL_dz™ — Lodp . (1.103)
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The previous connections represent the Poincare metric in (1.16)) after the change
z=eP. For 2nL/k =2nL/k = —1/4:

e PL_

Anas = (ePL+ + ) dz™ + Lodp, (1.104)
_ —PJ,
Apas = — (e”L_ + T) dx™ — Lodp, (1.105)

we recover global AdSs ; after a rigid rotation of p. And when £ and L are
constant and positive:

2
Aprz = (epL+ - %ﬁ e"L_) dzt + Lodp, (1.106)
Aprz = — (epL_ - % epL+) do~ — Lodp, (1.107)

with 27L/k = W, and 27L/k = W. In this case the connections are
equivalent to the BTZ (6.65) after the change 1% = r2 cosh®(p— p.) +72 sinh*(p —

ps), with e? = (ri —r?)/4.

We will now revisit some aspects of 3d gravity from the Chern-Simons perspec-
tive. We have already studied all the following properties in metric formulation,
but rewriting them in Chern-Simons formulations will be particularly useful in the
next chapter, where we consider theories with a generalized gauge group.

Asymptotically AdSs3: A space-time is considered asymptotically AdSs
when ([1.77)) and (1.78)) are fulfilled. We will define the analogous of these condi-
tions in Chern-Simons formalism. By comparison with (1.104)), we infer:

A,- =0, Ay =0, (1.108)

which assuming the radial gauge ([1.100]), implies the following boundary condi-
tions:
a,- =0, Gz+ =0. (1.109)

Moreover, the radial component of the connection tends to the global solution at
the boundary:

A — Apgs| =0(1), A — Apgs| =0(1) (1.110)

p—r00

This condition means that the term of order one in the p—expansion of A is fixed by
Apas- Conditions (1.109) and (1.110) are considered as a generalisation of asym-
totically AdSs in Chern-Simons formulation, and their imposition will be crucial

in the following section. It is important for these later purposes to highlight that
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the form of b(p) is not specified by the boundary conditions. The only constraint

in b(p) is that (1.110) is fulfilled.

Conformal residual symmetry: In metric formulation, we found that the
global diffeomorphisms left the metric invariant. An analogous proce-
dure in Chern-Simons variables is finding the gauge transformations that preserve
the form of the connections (1.101)). To see that explicitly we consider the in-
finitesimal version of the gauge transformation on a:

da = [a, A\] + dX, (1.111)

where A € sl(2,R) is the infinitesimal gauge parameter, defined from with L =
e = 1+ X+ .... Requiring that the form of a does not change after the previ-
ous gauge transformation, we get some constraints on the gauge parameter, which
result in the same transformation behavior for £ found in . Moreover, the
analysis of the global charges can be formulated in terms of Chern-Simons vari-
ables, and, as expected, it results in two copies of Virasoro algebras as asymptotics.
We will not review this here, and we refer to [34,/39,40].

Smoothness condition: We would like to characterize black hole solutions
in the Chern-Simon formalism. We have seen in the previous section that the
essential feature that distinguishes the BTZ black hole from other solutions is
the smoothness condition in Euclidean signature. This condition implies a
torus topology with a contractible cycle around the Euclidean thermal direction.
In Chern-Simons formalism, this is equivalent to impose that the holonomy along
this cycle belongs to the center of the group, i.e. it is a trivial holonomy. This
ensures that the connection is single valued around the thermal cycle of the torus,
and smoothly goes to zero at the horizon. It was proposed in [41] the following
smoothness condition for the BTZ connections:

P exp (7{ ABTZ) = eZmilo P exp (% ABTZ) = e?milo (1.112)
Cg Ce

where Cg represents the thermal cycle z ~ z + iy, and z ~ z 4+ i_, and the
BTZ connections are . The holonomy is trivial because e2™*%0 belongs to
the center of the group, i.e. commutes with all the other elements EL Considering
the fundamental representation of the algebra, the holonomy conditions (1.112))
are fulfilled if

efras = g2milo Pz = ¢2miko (1.113)

where a, and a are the BTZ connections in the parametrization (|1.100), and =2
means equal up to conjugation. Equation (1.113)) boils down to a condition over

4Other choices for the center are possible, but Hol=e2"*L0 ensures that we reproduces the
BTZ smoothness condition found in metric formalism (1.75]).
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the eigenvalues of a, and a:

Az = 27TiL0/ﬁ+ 5 )\2 = 27T’L.L0/6_ . (1114)

This finally imposes S+ = - 2;47 , and we recover the smoothness condition found

in the metric formalism (1.75)), with ¢ = 1.

1.5 Higher spin gravity in 3d

Higher spin gravity theories are an extension of Einstein gravity coupled to an
infinite tower of massless spinning fields in AdS backgrounds. They are an inter-
esting topic of study in the context of quantum gravity since they can be thought
as a bridge between Einstein gravity and string theory, which possesses an infinite
number of massive higher spin states. Moreover, they are as well attractive for
holography. For example, higher spin theories in AdS4 are conjectured to be dual
to rather simple CFT, such the free O(N) vector model in d = 3 [42,43]. Higher
spin gravities can be used as a framework to study the holographic correspondence,
or use holography as a tool to learn about the higher spin theories themselves.

There is a lot of potential in higher spin gravity due to the enhanced gauge
symmetries they possess. However, these theories are complicated to manipulate:
they have highly non-linear equations of motion, and the infinite number of fields
is required to obtain consistent interactions in d > 4 [44}/45]. This situation greatly
simplifies in three dimensions. Analogously to Einstein-Hilbert gravity, higher spin
gauge theories do not carry propagating degrees of freedom in three dimensions,
and they can be rewritten as a theory of gauge connections [38]. This formalism
hides very well the complicated dynamics of the theory and makes higher spin
gravity much more treatable. Moreover, in three dimensions, the theory admits
a truncation, where the addition of infinitely many fields is not necessary [46].
These features make higher spin gauge theories in 3d an excellent toy-model for
their higher-dimensional cousins.

In this thesis, we use higher spin gravity in AdSs as a playground for the
holographic correspondence. These theories possess an enlarged number of gauge
symmetries which make the metric field behave in a peculiar way, very different
from what we expect from usual Einstein-Hilbert gravity. Therefore, the notion of
space-time is ill-defined. However, using the holographic correspondence, we can
make sense of geometrical objects such black holes in higher spin gravity, defining
them from their thermal properties and their dual CFT states. How the geometry
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in the gravitational theory emerges from the purely quantum degrees of freedom
is one of the most fundamental questions of the holographic correspondence, and
it still remains unsolved. In the context of higher spin gravity, we can tackle
this problem from a different angle: since there is no notion of geometry in these
theories, we can try to define it taking the degrees of freedom of the CFT as
fundamental. This will be the aim of Chapter [4

In this section, we will first explain how to reformulate AdS3 higher spin gravity
as a Chern-Simons gauge theory. Then, we will analyze these theories in the
context of the holographic duality, and we will finish by reviewing how to construct
higher-spin black hole solutions.

1.5.1 Higher spin gravity as Chern-Simons theory

We will start by considering free massless spin fields in AdSgy1 background. A
Lagrangian formulation of their equations of motion was first found by Fronsdal
[47):

Foroos = (8 +d=2)(5 = 2) +8) by s + 29012 Py pyp =0 (1.115)
with
]:Mln-lts = V2¢N1~~Hs - V(#1|V)\¢|H2m,us>\) + V(M1VN2¢;\LS...MS)/\' (1'116)

where V is the AdS covariant derivative. This system is invariant under gauge
transformations of the type:

6E¢IJ«1~~MS = v(plg,urz...,us) . (1117)

where £, .. ,,, is the symmetric and traceless gauge parameter. These equations
are equivalent to when fixing m? = (s +d — 2)(s — 2) — 5. As we have
explained in Sec. in this case the equations represent massless spin
fields, which are dual to conserved currents in the CFT. We will explore more this
duality in Sec. in the context of 3d gravity.

We have now the free equations for massless spin fields, and the next step is to
consider interactions. In general, this is a very complicated task, mainly because
we need to do it without spoiling the gauge invariance of the equations of motion.
Avoiding many difficulties, Vasiliev managed to find a consistent theory of massless
interacting fields in AdS background for general dimensions [44L[45]. However, his
construction necessarily requires an infinite number of spin fields. The analysis is
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greatly simplified for the 3-dimensional case, where consistent interactions can be
found without the necessity of adding an infinite tower of fields (See [46] for an
example). However, it was not until |38/48] that the study of truncated higher
spin 3-dimensional gravities was placed into a more treatable framework. In these
papers, they exploit the fact that the equations in three dimensions do not
have propagating degrees of freedom for s > 2. Inspired by the pure gravity case,
they consider two Chen-Simons theories with the gauge group now generalized to
SL(N,R)xSL(N,R). In analogy with the pure gravity case, the gauge connections
are defined as:

A= (W +e), A= (w"—e), (1.118)

where e, and w?®, are a generalized version of the vielbein, and spin connection,
where now the flat indexes “a” are valued in si(N,R). The basis we will use for
the sl(N,R) algebra is found in , and it is convenient to appreciate that
contains a sl(2,R) subgroup formed by {Lg, L1, L_1}. They propose that the

following action represents a theory of higher spin gravity:

SHS[e,w] = Scs[A] — Scs[A] , (1.119)

where A, A € sl(N, R We can see this by substituting in the right-hand-
side of the previous equation. Then, it is found that the si(2, R)-valued component
of e and w® reproduces the Einstein-Hilbert action in vielbein formalism, and the
rest of components represent massless field with higher spin, and their interactions.
The field formalism is recovered via the identification:

v pe ~ Ir (e(ﬂ....eukleﬂs)) , (1.120)

where the ~ means that we have ignored a normalization that depends on the Lie
algebra metric. As a consistency check, it can be shown that the Chern-Simons
equations of motion

dA+ANA=0, dA+ANA=0, (1.121)

at linerised level around the AdS connections are equivalent to the free Fronsdal
equations (|1.115)) for a tower of N — 1 massless fields with spin s = 2,...N [38] El

The Chern-Simons formulation of higher spin gravity is a great tool to study
these theories. As it happened for pure gravity, the topological character of the
theory is made explicit, and the very complicated equations of motion can be seen

5 To make contrast, we will often call pure gravity to the theory with A, A € sl(2,R).

6We chose {Lo, L1, L_1} as sl(2,R) subgroup in sl(N, R). Other choices of sl(2, R) embedding
are possible, and they result in a different spectrum for the theory |49]. For example, choosing the
sl(2,R) subgroup {%Lo, iWiQ}, a SL(3,R) x SL(3,R) Chern-Simons gauge theory is equivalent
to AdS gravity coupled to spin-1, and spin-3/2 gauge fields [50].
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just as flatness conditions over the gauge connection. In the following sections,
we will exploit these advantages. Before doing so, we would like to highlight an
interesting feature of higher spin gravity. The symmetries of the fields can be found
from the gauge transformations , with L, R € SL(N,R). Using this, we can
observe that the spin-2 metric field has an enlarged number of symmetries respect
to the pure gravity case. As a consequence, the symmetries of the theory allow
for changes in the causal structure and curvature of the space-time (see [51] for
example). This does not fit our usual notion of geometry, which implies that higher
spin theories do not have a geometrical description. This strange characteristic
will be at the center of our research in Chapter

1.5.2 Higher spin holography in 3d

We want to find the connections A, A € sl(N,R) which are solutions to the flat
equations of motion . As proposed in [38], we consider solutions that follow
the conditions for asymptotically AdS as defined in (1.109)-(1.110). The previous
conditions ensure that the associated background field g,, asymptotes to global
AdS at the boundary. In the following, we will explain how these requirements lead
to a generalized version of the 3d/2d holographic correspondence as the one formu-
lated for pure gravity in the previous sections. In [38], they find the most general
solution fulfilling the conditions for asymptotically AdSz. Assuming (L.100)), this
is:
N
apt = L1+ Y J@HWE, G- =L+ Z Ty )W (1.122)
s=2
where Ji,)(z), and j(s)(x*) are any arbitrary function, and a,- = a,+ = 0. Here
{Lo, Ly1} are the generators of the sl(2,R) subalgebra in si(N,R), and Wj(s) are
the spin-s generators with j = —(s — 1),...(s — 1), which follow the algebra in
(16.44).

In Sec. we discussed the global residual symmetries for asymptotically
AdS3 space-times in the Chern-Simons formalism. Let use the same procedure for
higher spin gravity. We would like to find if there is any gauge transformation

that does not change the form of the connections (|1.122)). Using (1.111)), it can be

shown that this transformation exists, and it comes associated with a change:
J(S) — J(S) + 5J(s) , j(s) — j(s) + 5j(s) , (1.123)

where 0.Jy), 5j(s) can be found explicitly, but we will not repeat them here (for
more details see [38]). The transformation properties found for J(s) and j(s) show
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that they behave as CFT conserved currents of conformal dimension s, where
Ji2) acts as the stress-energy tensor. In [38], they find the charges in Chern-
Simons formalism that correspond to the global transformations. Their Poisson
structure corresponds to two copies of the Wy algebra. These algebras are an
extension of Virasoro, where the case W explicitly corresponds to . This is
a generalization of the Brown-Henneaux procedure for computing the asymptotical
symmetries in 3d gravity: imposing the generalised asymptotically AdSs boundary
conditions implies that the asymptotic algebra is Wy x Why.

1.5.3 Black holes in higher spin gravity

We have seen above that higher spin gravity can be very easily analysed in its
Chern-Simons formulation, which is a straightforward generalization of the pure
gravity case. Moreover, the asymptotic symmetries are two copies of Wy algebra,
a generalization of Virasoro. An interesting solution in the pure case is the BTZ
black hole, whose charges are associated to the Virasoro zero modes. Therefore,
the natural question to ask is if there exists a generalization of the 3-dimensional
BTZ black hole which carries the charges related to the Wy, algebras. Since
higher spin gravity does not admit a geometrical description, this generalized black
hole is defined through its thermal properties, and considering a dual thermal
CFT. Therefore, the following analysis is centered in the Euclidean aspects of
the solution, which is posteriorly continued to Lorentzian. There is extensive
literature that studies higher spin black holes, and here we will briefly review their
main features, and write two explicit solutions in SL(3,R) x SL(3,R). For a more
complete view we refer the reader to the original works [37/41,51H54].

We start the analysis by considering source terms for the spin-s currents J),
and Ji,). We will consider two types of deformations, some modifying the CFT
Lagrangian, and others the Hamiltonian:

S = Scrr +/dZZJ(s)u(s) +/diz J(s)ils) »

H:HCFT+/d¢ZJ(s)M(s) +/d¢z J()fi(s) (1.124)

where fi(4), and fi(s) are the spin-s sources, and the sum runs over s = 3,..., N.
In [54], they extensively study how the two deformations affect differently the CFT
properties: they lead to distinct Ward identities, and partition functions. Now,
the interesting question is how these deformations are translated into the bulk dual
theories. The first thing to notice is that the boundary condition should
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be relaxed to take into account the presence of deformations. To exemplify this,
let us focus in the focus in the SL(3,R) x SL(3,R). Assuming (1.100]), we define:

2L 4%
ap = L;— TLA - %sz’
47 W oL\ 2 4L

(e () e )
_ oL W
a_ = — <L1 — TLI — %Wg) s (1125)

—_ —_ 2 —
_ _ 47V 2L 4L
ay = [ (Wz + TLI + (k’) Wy — kWO> .

where £ and £ are related to stress tensor, W, and W to the spin-3 current, and
1 is the spin-3 source, and we consider the previous parameters constant. The
component a_ and a. are determined using [a4,a_] = [a—,as] = 0. This ensures
that differents linear combinations of satisfy the equation of motion. It
was shown in [41] that for Lagrangrian deformations, the currents are encoded in
az+ and the sources in a,-, and vice-versa for a as:

ap = aydrt +a_dx”, ap = ardr™ +a_dz, (1.126)

These boundary conditions are called holomorphic. See [41] for an explicit proof
how this solution recovers the Ward identities expected from a Lagrangian defor-
mation of the CFT For the Hamiltonian deformations, the components (ag,ay)
carry the information about the currents [55-58|.

ae=aydd+ (ay +a_)dt,  a.=—a_do+ (ay +a_)dt. (1.127)

This is called the canonical prescription. The canonical boundary conditions are

more natural from the gravitational perspective, while the holomorphic resonate
with the CFT.

Now we will analyze the thermal properties of the solutions (T.126)) and (T.127),
to relate them to stationary Euclidean black holes. We start by assuming a torus
topology, and sources and currents that do not depend on the coordinates. In pure
gravity, the feature that distinguishes the BTZ black hole from other solutions is
the trivial holonomy , so it is natural to assume a similar condition for
higher spin black holes [41].

P exp (% A) = e?miko | P exp (f_ A) = eZmilo (1.128)
Ce C

where Ly denotes the Cartan element of the si(2,R) subgroup in si(N,R). The
choice of the center in the right hand side of (1.128)) ensures that the solution is
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smoothly connected to the BTZ when we turn off the higher spin sourcesﬂ For
simplicity, we turn off rotation, i.e. 4 = 6_ =3, L = L and W = =W, and
@ = —p. Using the parametrization ((1.100]), the previous condition reduces to:

eBaty — p2milo ePite = ¢2milo (1.129)

)

which reduces to a condition over the eigenvalues of a;, and a;
N\ =27Lo/B , e =2mLo/B . (1.130)

where ¢ is the Lorentzian time ¢ = itg. Since a. and aj have the same time compo-
nent a;, demanding the holonomy condition in the non-rotating case is equivalent
for both solutions (1.126)), and (1.127). Equation imposes relations among
the parameters £, W, p, and , which are fulfilled when [41}[(51]:
wo dC-1L [orL _3/C k w3 (C=3)ViC =3
NI o PTaec—3VNaeer BT 4r (3-2002
(1.131)
where C' > 3 is a dimensionless parameter which helps us to solve the contraints.
The limit C' — oo makes the higher spin charges vanish, and we recover the BTZ
case. It can be deduced from the constraints that:

oL ow

o 0B
This is the integrability condition corresponding to the existence of the first law
for a higher spin black hole, where 8 and p are chemical potentials associated to
the charges £, and W, respectively. We can, therefore, associate an entropy to the
solutions — . In [52//54], they do this by computing the free energy
related to the different deformations . Assuming the smoothness condition,
the higher spin black hole entropy in both cases is:

(1.132)

S =2rkTr [(As — Ap)Lo] (1.133)

where A\, and A, are the matrix of the eigenvalues of a,, and a,. We observe that
the smoothness condition is a robust and successful definition of Euclidean black
holes. It reproduces in an elegant manner many of the properties we expect in
solutions with a thermodynamical interpretation. Therefore, when the constraints
(1.131) are fulfilled, we define the connections as the holomorphic higher
spin black hole, and as the canonical higher spin black hole. It is important
to comment that even though in the literature b(p) is commonly chosen in analogy
to the pure gravity case (1.101), we are free to pick any as long as it fulfils (1.110).
This will be crucial in Chapter [4

"The choice of center in the right hand side of (I.113)) is not unique [50]. The interpretations
of other choices are discussed in [59-61].
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SPINNING (GEODESIC
WITTEN DIAGRAMS

OR HOW TO RELATE GRAVITATIONAL INTERACTIONS & OPE STRUCTURES
USING GEODESIC WITTEN DIAGRAMS

In Sec. we have introduced Witten diagrams which are used to compute
boundary correlation functions holographically. In a similar fashion, geodesic Wit-
ten diagrams were recently proposed as dual objects of the CFT conformal partial
waves [62]. Geodesic Witten Diagrams give holographic meaning to the conformal
block decomposition of four-point Witten diagrams. This chapter is based on [1],
and focuses on these objects. While the original proposal of geodesic Witten dia-
grams was formulated for only external scalar fields, here we extend it to spinning
fields. We find a systematic way to evaluate geodesic Witten diagrams for external
fields of arbitrary spin. Using this procedure we discuss how to draw a line between
the tensor structures in the CFT and cubic interactions in AdS. We contrast this
map to known results using three-point Witten diagrams: the maps obtained via
volume versus geodesic integrals differ. Despite these differences, we show how to
decompose four-point exchange Witten diagrams in terms of geodesic diagrams

2.1 Introduction

Conformal field theories (CFTs) have a unique position within quantum field the-
ory. They are central to the ambitious questions that drive many theorists: the
quest of classifying all possible fixed points of the renormalization group equations,
and unveiling the theorems that accompany the classification. And in modern
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2. Spinning Geodesic Witten Diagrams

times, they are also at the center of the holographic principle, as we have seen
in Chapter [I] Therefore, conformal field theories are key to unveil novel features
about quantum gravity in AdS.

In a CFT, symmetries play a crucial role. The exploitation of the conformal
group gives an efficient organizational principle for the observables in the theory.
An example of such a principle is the conformal block decomposition of four point
correlation functions. As we have seen in Sec[I.2.1] 4-point functions can be decom-
posed into portions that are purely determined by symmetries (conformal partial
waves) and the theory dependent data (OPE coefficients). Having analytic and
numerical control over this decomposition has been key in recent developments.
This includes the impressive revival of the conformal bootstrap program [63-65],
and we refer to [66-68] for an overview on this area.

Our aim here is to apply the efficiency of the conformal block decomposition to
holography: can we organize observables in AdS gravity as we do in a CFT? This
question has been at the heart of holography since its conception [19}/69,/70], with
perhaps the most influential result the prescription to evaluate CFT correlation
functions via Witten diagrams, as we reviewed in Section [1.2.3] However, there
is an obvious question that remained unanswered until very recently: what is the
holographic dual of the conformal blocks? The idea placed forward in [62] was
to consider geodesic Witten diagram in AdSgz4+1 as the counterpart of a CFTy
conformal partial wave. An example of geodesic Witten diagram is

Wajolwr, 22, 25,20) = [ dX [ dN G (y(N), 2GR (y(N), 22)

x G " (y(N), o' V)G (5 V), 23) G (y/ (N, )

where 7;; is a geodesic that connects the boundary points (x;,z;), which are
represented by the dotted lines; A is an affine parameter for v and A for 734.
Like the conventional Witten diagrams (Fig. , this one involves bulk-to—
boundary and bulk—to—bulk propagators in AdS, with the important difference that
the contact terms of the fields are projected over geodesics rather than integrated
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over the entire volume of AdS. In [62], it was shown that the scalar geodesic Witten
diagram in (2.1)) was equivalent to the scalar conformal partial wave E|7 ie.,

Way(@1, w2, 23, 24) = Wap(w1, 22,23, 24) (2.2)

where Wx; is the geodesic Witten diagram generalized to include a spin-
| exchange, and Wy, is the conformal block in . Moreover, they set up a
procedure to decompose the scalar Witten diagram in terms of geodesic Witten
diagrams, and, therefore, in terms of conformal blocks

In this chapter, we will study geodesic Witten diagrams when with spinning ex-
ternal legs. Our goal is two-fold: to give a method to evaluate a spinning conformal
partial wave using holography, and to show how Witten diagrams decompose in
terms of these building blocks. The first step towards this direction was given [71],
where only one external leg had non-trivial spin. Here we expand that discussion
to include spin on all possible positions of the diagram, and our current limitation
is that we are only considering symmetric and traceless fields in the external and
exchange positions. Our strategy is to cast the CFT construction of conformal
partial waves in [72] along the lines of the AdS proposal in [62]. In particular,
we will show how to decode the tensor structures (i.e. OPE structures) appearing
in three point functions and conformal partial waves in terms of bulk differential
operators acting on geodesic diagrams.

Witten diagrams with more than three legs, and beyond tree-level are infamous
for how difficult are to evaluate. The integrals involved become quite cumbersome
as the specie of the field changes, and even more intricate if internal lines are
involved. The first explicit results are those in [20}22}23}|73H77],and more recently
the subject has been addressed by using a Mellin representation of the diagrams
(see e.g. |261/78-83]). Specially, this formalism simplifies the complicated task of
decomposing Witten diagram in terms of conformal partial waves of multi-trace
operators. Having a clean and efficient decomposition of a Witten diagram in
terms of geodesic diagrams is a computational tool that allow us to tackle these
problems in a novel manner. Our method to decode the tensor structures provides
a step forward in this direction which optimises the evaluation of correlations
functions in AdS/CFT.

This chapter is organized as follows. Sec. [2.2.1] is a review on the embed-
ding space formalism to describe CFTy and AdS441 quantities. In section [2.2.2]
we review CFT three-point functions for spinning fields, and their holographic

1We use the term scalar conformal partial wave to denote that the external fields are scalar
operators; the exchanged field can be a symmetric traceless tensor. A spinning conformal partial
wave is when at least one external fields is a symmetric traceless tensor.
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2. Spinning Geodesic Witten Diagrams

computation via Witten diagrams, which maps OPE tensor structures to bulk in-
teractions. In Sec. 2.2.3] we will review how to obtain the OPE tensor structures
via suitable differential operators. Our main result is in Sec. 2.3 where we give an
AdS counterpart of the differential operators found Sec. 2:2.3] This shows how one
can obtain any spinning conformal partial wave via an appropriate geodesic Wit-
ten diagram with perfect agreement with the CFT. In Sec. we discuss certain
features of this method by focusing mostly on low spin examples. We first discuss
the relation among gravitational interactions and OPE structures using geodesic
diagrams, and contrast it with the reconstruction done using Witten diagrams,
which we reviewed as well in [2.2.2] Even though there are non-trivial cancella-
tions in the geodesic diagrams (which do not occur with volume integrals), in Sec.
we show how to decompose four point exchange Witten diagrams in terms of
geodesic diagrams. We end with a discussion of our results and future directions
in Sec.

2.2 Practicalities for spinning correlators

This section is a compilation of previous results from the literature that will be
useful in this chapter.

2.2.1 Embedding space formalism

The analysis of objects carrying indices in CFTy and AdS4, 1 is simplified using
embedding space formalism. In this section, we will review its basics, and use it
during the rest of this chapter. This formalism was recently revisited and exploited
in [27/84,85], and we mainly follow their presentation. All of our discussion will
be in Euclidean signature, in which the symmetry group of CFT; and AdSg41 is
SO(d+1,1).

CFT side of embedding

A natural description of SO(d + 1, 1) is in the embedding space M?*2: this makes
conformal symmetry constraints simple Lorentz symmetry conditions (which are
more easily implemented). In this section we will show how to uplift the CFTy
fields on R? to M%*+2, and write correlation functions in this language.
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2.2.  Practicalities for spinning correlators

We start defining the dot product in M%+2 as

1

P, -Py=PAPPyap = 5

PPy - %PJPJ + 0, PP Py (2.3)
where we are using light cone coordinates
PA = (Pt P, PY). (2.4)
A point 2% € R? is embedded in M2 by null stereographic map of the coordinates
z® — P4 = (1,222, a=1,...,d. (2.5)
This implies that the CFT,; coordinates live in the projective light cone

P2=0, P=XP, )eR. (2.6)

In the embedding formalism there is a very economical way of manipulating
R? symmetric and traceless tensors. This is discussed extensively in [84], and the
bottom line is to encode the tensorial properties in a polynomial. One defines an
auxiliary vector Z4, and considers the contraction

T(P,Z)=Z" - Z4 Ty, .4, (P), (2.7)
with the following restrictions and properties:
1. Z? = 0 encodes the traceless condition.

2. T(P,Z + aP) = T(P, Z) makes the tensor tangent to the light cone P? = 0.

3. Homogeneity defines the conformal weight A and spin [ as T(AP,aZ) =
A"2AlT(P, Z).

All of these condition are conformally invariant which makes T'a, ... 4, (P) an SO(d+
1,1) symmetric traceless tensor. From here, a symmetric traceless tensor field on
R? is given by

; _opM gpte
arhn T ggar T ggan

with P4 given by (2.5). It is important to note that any tensor T4, .., (P)
proportional to P4 projects to zero: such tensor will be pure gauge. And hence,
without loss of generality we can require the orthogonality condition

Ta,n, (P) (2.8)

Z-P=0. (2.9)
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2. Spinning Geodesic Witten Diagrams

We can as well extract tq,...q, from the polynomial directly. First, the poly-
nomial in (d + 2)-dimensions can be brought into d-dimensional variables via the
relation

T(P,Z) =t(zx,2), with Z4=(0,2z-22), P*=(1,2%2%). (2.10)

Then the components of the tensor in R? are

1

tal"‘lln = mDal . e Dant(x72) 3 (2.11)

where (d); = I'(d + 1)/T'(d) and D, are differential operators that do the job of
projecting the polynomial to symmetric traceless tensors:

d o o 1., o
Da_(2_1+zaz)aza_2zazaz (212)

This operator is also convenient for other purposes. For example, we can do full
contractions via the polynomial directly: given two symmetric traceless tensors in
R?, their contraction is

1

faria, g™t = mf(%l))g(%z) : (2.13)

In the (d + 2)-dimensional variables we have

arean 1
fal“'an,g - n'(d/2 _ 1)nF(P7D)G(Pa Z) ) (214)

where

(2.15)

d o\ o 1, o
DA<21+Z'52) 972 " 2797 07

AdS side of embedding

The embedding formalism is as well useful to encode tensorial structures in AdS.
Here we will follow [27,[86], and we highlight [28]85,|87,88] for its recent use in
the context of higher spin gravity. We consider euclidean AdSyy; in Poincare
coordinates:

1
ds* = = (d2? + dadz,) . (2.16)

where we are taking the AdS radius to be one, and a = 1,...d . We have seen
in Sec. that AdSg441 spaces can be embedded in the (d + 2)-dimensional
hyperboloid ([1.13]). In this Chapter we consider instead the light-cone embedding
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2.2.  Practicalities for spinning correlators

coordinates, defined as Y+ = Y0 4+ Y4+1. In this case, we recover Poincare with
the change:

1

—(1,2% + 2% 2) . (2.17)
z

where the index A is defined as in (2.3)), and (2.4). The AdS boundary points are

obtained by sending Y — oo, and in this limit we approach the light cone (2.6).
The induced AdS metric is

P (o) o YA =

Gap =Nap+YaYp, (2.18)

which plays a role as a projector.

Following the CFT discussion, we can as well describe symmetric and traceless
tensor in AdS411 as polynomials [27]. Adapting the conditions in (2.7) to AdS

gives
T, W)=Wh o WAT4 o, (V) (2.19)

where we introduce now a auxiliary tensor W4. The restrictions and properties
are

1. W2 = 0 encodes the traceless condition.
2. W .Y =0 imposes an orthogonality condition.

3. Requiring that 7(Y, W +aY) = T (Y, W) makes the tensor transverse to the
surface Y2 = —1.

4. Homogeneity (Y -0y + W - 0w + )T (Y, W) = 0 for some given value of uE|

The components of the tensor can be easily recovered by introducing a projector.
Given

d—1 0 0 0 0
KA_2<W+YAYW)+WWW (2.20)

0 0 1 02 0 0
Y )y =)= - L YyV.—Vv.=
ra (W aW) ( aw) V4 (aw-aw W aw)’
we obtain symmetric and traceless tensor in AdS via

1
Tay-a,(Y) = =5~
nt (%),

2For a bulk massive spin-J field in AdS4y1, we have = A + J with M2 = A(A —d) — J.

Ka, - Ka, T(Y,W) . (2.21)
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2. Spinning Geodesic Witten Diagrams

And the component in AdS441 space is

oy A4t gy 4n

t/”'l"'lz‘fn = W oo ayTTAl...An (Y) 5 (222)

If a tensor is of the type Ta,..a, (Y) = Y4, Ta,...a,)(Y) it is unphysical, i.e. it
has a vanishing projection to AdSg41.

A covariant derivative in AdS is defined in the ambient space M%t2 as

0 0 0

When acting on an transverse tensor we have

0
VETaa,Y) =GR G - -GZZWTCIWCH Y), (2.24)

where G 4p is the induced AdS metric. Using the polynomial notation, we can
write the divergence of a tensor as

V- (KT(Y,W)), (2.25)

which after projecting to AdS4y1 would give V#¢,,,,, . 4,.. And we can as well write

b VP Vi = — Ty )W V)e(Y)
n! (451),
1
tpl...pnfulmun = lTT(Y’ K)]:(K W) . (226)
’I’L( 2 )n

where ¢ and f are symmetric and traceless tensors. Note that for transverse
polynomials, we have
V-K=K-V, (2.27)

It is useful to notice that for polynomials of the form where the tensor
is already symmetric, traceless and transverse, the projector reduces to K =
(% +n— 1) Ow - Since this will be the case in all our calculations, we will simply
use Oy to contract indices.

2.2.2 Spinning three-point functions

In Chapter [T} we have reviewed that CFT correlation function can be alternatively
computed using Witten diagrams in AdS. We focused on correlation functions for
scalar operators, and in this chapter will consider external symmetric spinning
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2.2.  Practicalities for spinning correlators

operators. In this section, we will review the calculation of 3-point functions for
operators with generic spin in both sides of the duality. This analysis will prove
to be useful later in this chapter since a 4-point function can be roughly thought
as two 3-points functions. This section is mostly a summary of some the results
in [841[85].

OPE tensor structures

The main appeal of the embedding formalism is that one can conveniently describe
n-point functions for symmetric tensors which automatically satisfy the constraints
of SO(d+ 1,1). Here, we will focus on 3-point functions. We will find them by
identifying polynomials in (P;, Z;) of the correct homogeneity modulo terms of
order Z? and Z; - P;.

As a warm up, consider the two point function of a spin [ primary of confor-
mal dimension A, which we call G, . a,5,.. 5, (P1, P2) in embedding space. This
correlation function is a 2! tensor which we encode in a polynomial as

Gap(Pr, Zy; Po, Zo) = Z{ .. Z{M" 20 . ZY'Ga,y oy (P P2) . (2.28)

and projecting further to R? is done via (2.8) or (2.11). Up to a constant, the
appropriate polynomial is

Gap(Pr, Z1; P, 7o) = (HU)AZ ; (2:29)
(Pr12)
where we have introduced
Z1-P)(Zy - P
Py =-2P - P, H12(Z17Z2)521'ZZ+2( 1 F2)(Z:- 1) . (2.30)

Py

The numerator in assures that we have a polynomial of degree [ (encoding
the tensorial features), while the denominator contains the homogeneity property
we expect from conformal invariance. One can check as well that all other prop-
erties listed below are satisfied, and the solution is unique up to pure gauge
terms.

Three point functions of symmetric traceless operators have an elegant descrip-
tion in this language as well. Consider three primaries of conformal dimension A;
and spin [;: the three point function is expected to take the form

Q3(P;, Z;)

GAl,AmAS”l,lz,lz(Pi’Zi) = (P12)(A1+A2_A3)/2(P23)(A2+A3_A1)/2(Plg)(A1+A3_A2)/2 :
(2.31)
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2. Spinning Geodesic Witten Diagrams

The denominator is chosen such that the homogeneity with respect to P; is explicit.
The numerator @3 should be a transverse polynomial of degree [; for each Z;, and
homogenous of degree zero for each P;. Given these properties, we can cast the
desired polynomial in terms of 6 building blocks |84|E|

Vipz, Vasi, Vio1,
Hyy, Hiz, Hos, (2.32)

where

(Zi - Pj) Py, — (Zi - Py) By

‘/i,"k = ’
! v/ Pij P, Pjy,
Z;-P)(Z; - P;

P,

Different tensor structures built from contribute to the three-point function. Gen-
erally, 3 then takes the form

Q3(Pi, Z:) = Y Crymymy (Vi23)" 77277 (Vo,31) 27" (Vi 01)o ™™ " HYY H{S H3%

(2.34)

giving us the expected homogeneity and transverse properties. Here C,,, ,,, n, are
constant (theory dependent) coefficients. Note that each of the powers of V; j, in
have to be positive, and this restricts the number of possible combinations.
For fixed [; the number of tensorial structures is

1
6

(h+ 1)1 +2)(3 — 1 +3) — 5op(p+2)(2p+5) — 71— (-1)7)

N(ly,l,13) = 2
(2.35)

with [; <y <l3and p = maX(O,ll + 1l — 13)

Spinning Interactions

In Sec. [I.3] we have seen that symmetric spinning operators in CFT are dual
fields carrying spin in AdS backgrounds. We will consider symmetric-traceless
fields Ppsoopug, of spin J; and mass m; (i = 1,2, 3), with free equations of motion:

(V2 - m?)ﬁﬁmmwi =0, Vﬂld)mm/m =0, gmm(bmmM =0. (236)

To reproduce the boundary CFT spinning three-point correlator using Witten
diagrams in AdS, we need to consider all the relevant interactions among the

30ur conventions for Vi,jk and H;; are very similar to those in 89, which differ slightly from
those in [84]. Note that our definition of V; ;i differs to that of [89] by a minus sign.
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2.2.  Practicalities for spinning correlators

symmetric-traceless fields ¢, .., . In [90,91], they take advantage of the embed-
ding formalism to find the most general vertex of cubic interactions (modulo field
re-parametrization and total derivatives)

Ji
Va= > g(na) I} 5202 (V) ly=y (2.37)

Uz =0

where g(n;) are arbitrary coupling constants, and

Jon2ans (E) _ y{l*n2*n3y572*n3*n1 yé]3*n1*n2

J1,J2,J3
X HUHY2HE Ty (Y, Wa) T, (Yo, Wa) Ty, (Y, W3) . (2.38)

Here Ty, (Y;,W;) are polynomials in the embedding formalism that contain the
components of the symmetric traceless tensor field in AdS. This cubic interaction
is built out of six basic contractions which are defined as¥

Vi =0w, 0Oy, , Yo=0w, 0Oy,, V3s=0w, 0Oy,
Hi=0w, - Ow,, Ho=0w, Ow,, Hs=O0w, Ow, . (2.39)

For more details on the construction of this vertex we refer to [86]. It is important
to highlight that the number of terms in the interaction vertex (2.37) is also the
number ([2.35)) that counts the independent tensor structures.

The spinning CFT 3-point function in (2.31]) can be computed holographically
using the Witten diagram associated to the vertex V3 [85]:

NN A 1Py (2.40)

The explicit computation of this Witten diagram involves an integral over spinning
bulk-to-boundary propagators, which are found in Appendix using the advan-
tages of the embedding formalism. The spinning propagators will be contracted
accordingly to reproduce the different interactions in V3. As an example, in Ap-
pendix we perform the integrals for some of the simplest interactions in V3.

4All derivatives here are partial, but by using the homogeneity of T, (Y, W;) one can relate
them to covariant derivatives.
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2. Spinning Geodesic Witten Diagrams

As expected, the results are some combination of tensor structures that appear
in . The general result for all interactions in V3 can be found appendix A
of [85], and it is a lengthy expression we will not reproduce here. However, it is
interesting to notice that since the number of independent interactions in
is exactly the same as the number of independent structures the CFT three point
function , there is a one-to-one relation between the coupling constants of
gravity interactions and the OPE coefficients Cyy, ., in ([2.34).

2.2.3 Spinning 4-point functions from CFT differential op-
erators

In Sec. we have seen that three-point function of spining primary operators
can be rewritten in terms of the 6-basic tensor structures.

Vips, Vagsi, Vzor,
Hiy, Hiz, Hss. (2.41)

For operational purposes, and later on to evaluate conformal partial waves, it
is more convenient to generate the tensorial structures in via differential
operators. This was originally done in |72], and the basic idea is as follows. Say
we look at the OPE of two operators which carry spin:

O (21)OF (w) = Z M20C (212, 02) 12 O (20) (2.42)
o

The OPE structures now carry the tensorial properties of the external operators,
relative to cases where the left hand side operators are scalar primaries. The point
made in [72] is to view these more complicated objects as derivatives of the basic
scalar OPE we analysed in Sec. [[.2.1] More explicitly, if the OPE between two
scalar primaries is

O1(21)O03(x2) = Z AM20C(212,02) O (22) | (2.43)
o
then
C(212,00) 112 = D2 C(a15,05)" (2.44)

where chll’,l;z is a differential operator that creates the tensorial structure for I,
and 5. Taking this relation for granted, it would then imply that the three point
functions would be related as

(OF (21)OF (22) OF (23)) = DiL'2 (O (21)Os(22) OF (w3)) - (2.45)

Z1,T2
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2.2.  Practicalities for spinning correlators

The idea is that we can represent any three point function of symmetric traceless
structures as derivatives of a scalar-scalar-spin correlation function.

One can cast as well (2.45]) as a polynomial relation in embedding space: given
a function Ga, A, Agliyis.05 (Pis Z3) of certain degree in Z;, we would like to relate
it to a polynomial of lower degree via suitable differential operators, i.e.

o 0

Gay,n0,8si 000 = D (Pz‘, Zi, OB 07,

) Gayaya0000 +O(ZF, P2 Zi - By)
(2.46)
with ¢ = 1,2. The differential operators have to satisfy certain basic properties:

1. D must raise the degree in Z; up to l; and Z5 up to Is.

2. D must take terms O(Z2, P2, Z,, - P,) to terms of the same kind: keep pure
gauge terms as pure gauge.

3. D must map transverse functions to themselves.

A basis of operators that will satisfy these requirements are

1 B, B, o
Diyj=-3P; (Z : an) —(Z;- P)) <Pi : an> —(Z; - Z;) <Pi : azj) (2.47)

0
+(Z; - P) <Zi : 82) :
J
1 9 0 i
Dy i =— §Pij (Zi ’ 8H> R (Pi ' 513@‘) (% B (Zi . 8Zi) 7

(2.48)

in addition to H;; in . The operator D ;; increases the spin at position 7 by
one and decreases the dimension by one at position 7; Dy;; increases the spin at
position ¢ by one and decreases the dimension by one at position j. H;; increases
the spin by one at both ¢ and j and leaves the conformal dimensions unchanged.
The commutation relation between these operators are

[D112, D121] = %P12H12 (Zy-0z, — Z2 -0z, + P1-0p, — P2+ 0p,) , (2.49)

[D212,D221] = %P12H12 (Z1-0z, —Zy- 0z, — P1-0p, + P»-0p,) , (2.50)
and all other pairings are zero, including [Dy;;, Hi/ /] = 0.

To see how this works, it is useful to just state the map for a few examples.
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2. Spinning Geodesic Witten Diagrams

Defining the three point function of three scalar primaries as
1
(P12)(A1+A2_A3)/2(PQS)(A2+A3_A1)/2(P13)(A1+A3_A2)/2
(2.51)

T(Ala A27 A3) =

we have that increasing the spin by one at position ¢ = 1 is achieved by

G AL A, A511,0,0 = V13T (A1, Ao, Ag)
_ 2
A+ A A -1
B 2
A3 — Ay + A -1
In the first line we wrote it as in —, and in the last two lines we casted
the same answer in terms of differential operators acting on the scalar correlation

D112T (A1 +1,A5,A3)

Ds10T(A1, Ax+1,A3) . (2.52)

function. The three point function of two vectors and a scalar is the superposition
of two tensorial structures:

GAL A, Ag01,1,0 = C1V123Vo 13T (A1, Ao, Az) + CoHioT (A, Ao, Az) - (2.53)

The first term can be written in terms of derivatives as
4
V1,23V 13T (A1, Ag, Az) = AT (A, — A, Dy12D121T(A1 +1,A2 4+ 1, Ag)
L He
A3+ Ay — Ay

T(Ala AQ, A3) .
(2.54)

How to map the polynomials V; ji.’s to D; ji.’s is not one-to-one, as reflected explic-
itly in among other cases. Nevertheless, one can always go from the basis
of Vi ji’s to D ji’s, and this transformation can be implemented systematically as
discussed in [72]. In appendix we give further examples and discuss briefly the
conditions on @3 imposed by conservation.

The interesting application of these differential operators is to evaluate spinning
conformal partial waves as done in [72]. Analogously as done for the scalar case
in , we can find the conformal partial wave expansion of the spinning 4-point
functions using the OPE (2.42):

11,l2,03,1
(OF (1) 05 () OF (w3) O (w4)) = ZA120)\340WA1|’12 (@1, @2, 03, T4)
o
(2.55)
To find the spinning conformal partial wave WlAl"ll2’l3’l4 (x1,22,%3,24) is & more
complicated task than to find its scalar version Wa (21, x2, 23, 24). This is mainly
due to the fact that in the spinning case there are many different invariant struc-

tures that can be fixed by conformal symmetry. Then, it is useful to write the
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2.8. Spinning geodesic Witten diagrams

spinning partial waves as simply derivatives acting on the known scalar partial

wave using (2.44) or (2.45):

11,0203,
WA (@, w2, w3, 04) = DVl DB WA (21, 22, 23, 24) - (2.56)
And in the embedding space formalism, the conformal partial wave is a suitable
polynomial with the basis of differential operators that generate the tensor struc-
tures are given by (2.47) and H;;. More explicitly

W' (Pi; Z;) = Diete DeigniWau(Py, P, Ps, Pa) (2.57)

with Dier, is a chain of powers of D, j, and H;; operators acting on (Pp, Py),
and similarly for Djgn acting on (Ps, Py). The exchange field O is neccesarly a
traceless symmetric tensor.

2.3 Spinning geodesic Witten diagrams

As explained in Sec. the AdS441 object dual to a scalar conformal partial
wave Wajo(21, 72,23, 74) is the following geodesic Witten diagram [62:

Wajo(w1, 22,73, 24) Z/ d)\/ d)\leAal‘O(y()\%561)01?32‘0(3/()\)7562)
Y12 Y34

x Gl (y(N), 5 W) Gy (N, a3) Gt (' (X'),a) - (2.58)

The geodesic that connects the boundary points (x;,z;) is v;;, and A is an affine
parameter for 775 and X\ for 734. This integral involves bulk—to—boundary and
bulk—to—-bulk propagators in AdS projected along geodesics connecting the end-
points, as depicted in Fig. I} Geodesic Witten diagrams will be the center of
the rest of this chapter.

Our interest here is to explore cases where the external and internal lines have
non-trivial spin. In this section we will give a prescription on how to obtain
Wk"llz’l&l[‘ (21,2, 23,24) by using a basis of AdS,; differential operators which
will act on . This should be viewed as the gravitational version of the re-
lations in , where suitable tensor structures are built a by a set derivatives
acting on x;. We stress that we will not use local cubic interactions to capture the
conformal partial wave in this section. We postpone to section the interpreta-
tion of this construction in terms of cubic interactions in the bulk.
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2. Spinning Geodesic Witten Diagrams

Figure 2.1: Examples of geodesic Witten diagrams in AdSq+1. The doted line indicates
that we are projecting the propagators over a geodesic that connects the endpoints. Straight
lines correspond to scalar fields, while wavy lines are symmetric traceless tensors of spin
J. The first diagram corresponds to the scalar block in . The middle diagram (with
scalar propagator in the exchange) will be the focus of section and the last diagram

(with a spin-J field exchanged) is the focus of section

2.3.1 Construction of bulk differential operators: scalar ex-
changes

To start we want to give an AdS analog of the CFT operators that generate tensor
structures in spinning conformal partial waves. We recall that there are two class
of operators

D; i , and H;, . (2.59)
The operators D; jj, defined in , are differential operators that basically raise
spin at position j; these operators we will map to differential operators acting on
bulk coordinates. H;;, defined in , raises the spin at position ¢ and j; it is
not a differential operator, so its action will remain unchanged. H;; does induce
a cubic interaction and we will discuss its effect in section 2.4l

The action of a single operator in on a conformal partial wave Wa;(F;)
will affect either the pair (Pi, Py) or (Ps, Py), but not all points simultaneously.
So let’s consider the components in the integral that only depends on 712
which connects (P, P»):

/ A Gy (Vs PG (Va, Po) G (Y, YY) (2.60)
Y12

We casted the propagators in embedding space, and their explicit form is found
in Appendix Fig. depicts diagrammatically the content in (2.60]), and

5We recall our notation: Y4 denotes AdS points and W4 are the auxiliary vectors that soak
up bulk spin. The analogous CFT quantities are P4 and Z4, respectively.
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2.8. Spinning geodesic Witten diagrams

Figure 2.2: A precursor diagram where two legs are in the boundary and one in the
bulk. This type of object appears at intermediate steps when evaluating conformal blocks.

we note that Y’ is not necessarily projected over vs4. Here GbAal‘O(Y, P =
GbAal‘o(Y7 Py;0,0) given in (6.2)); in general we will omit dependence on variables
that are not crucial for the equation in hand.

Using Poincare coordinates, a geodesic that connects x; with x; is

(a3))2 o +a3

C () — a(y)) — i (@ij)*
Yij y()\)_(r(/\)’x()\))_<2cosh()\)’ 5 T tanh(A)> , (2.61)

with z;; = x; —x;. Passing this information to the embedding formalism, we have

e APA + e)‘PJA

Vij : v = 5 , P,——2P-P, (2.62)
ij
where we used ([2.5) and (2.17). Evaluating (2.60) along ;2 gives
! = —ApaX A0
W [m d\e 12 be| (Y)\,Y’) , Ajg=A; — Ay . (2.63)

To increase the spin at P; and/or P we would act on with a combination
of the differential operators in . By inspection of the integral in , D; ik
has only a non-trivial action over the bulk—to—bulk propagators: Gps plays no role
in building the OPE structures. Another way of staying this is to note that

DyiiGoy (Vs P) =0, n=12. (2.64)

Hence, the task ahead is to build a bulk differential operator that acts on the third
leg of the diagram: Gfblo(YA, Y.

Let’s consider then a general function G(Y) -Y”) that doesn’t depend explicitly
on P; (only through the geodesics in Y} ), and further more with no W dependence.
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2. Spinning Geodesic Witten Diagrams

We want to find differential operators D such that
DyijG (YA -Y') = DyyyG (Yo Y') (2.65)

where Dy ;; has derivatives with respect to Y’ only. This equality implies that D
has to satisfy the same basic properties those in D, listed in section [2:2.3] The set
of differential operators that satisfy our requirements is

1
Dyij=Zi-Y' P~ 0ys + S Viv Zi - Oy,
1
Dyij = Hij(Zi,Y')Pj - Oyr + ill'jY/Hij(ZiyaY’) . (2.66)

where U,; is given in and H,;(Z;, Z;) is defined in . The key property
to constrain is to demand transversality of the operators (i.e. that it com-
mutes with P; - 0z,), and the rest follows from demanding (2.65)). Note that these
operators do not scale under Y’ — aY”, which leaves the homogeneity properties
of the third field intact. D;;; is increasing the spin by one and decreasing the
dimension by one at position ¢, while D, ;; increases the spin at position ¢ by one
and decreases the dimension by one at position j. The extra subscript (1,2) in

(2.66)) is to keep the notation in the same line as in (2.47)).

To verify that D has exactly the same effect as D, it is instructive to go through
some identities. One can show the following relation by direct calculation

[Drijs Drrirje) f(Y') = [Drij, D aryr | F(Y7) (2.67)
Let’s call Dy, Dy two generic operators of the form Dy 4, then
Di1Dy(Yy - Y') = (D1Yy) - (DY) + Yy - (D1 DoY)
=Y, (D2D1Y/) +Y,- ([Dl,DQ}Y/)
=Y, (D1DyY') = DiDy(Yy - Y') (2.68)

where in the third line we used (2.67]). Then for the product of an arbitrary number
of operators,

DiDy--DyYy-Y' =Yy (Dy--DpyDiY') + Yy (D1Dy---D,Y)
=Yy (D1Dy-- DY) =DyDy---D,Yy Y (2.69)

where in the first line we used the induction hypothesis for n — 1 operators and in
the second line we pushed D; through and used to put everything in terms
of D. The conclusion is that boundary derivatives on geodesic integrals can be
replaced by bulk derivatives:

n12 1 n2 my mo ni no mi mo
Hy; (D2,12D2,21D1,12D1,21 - D2,12D2,21D1,12D1,21)

></ NG ' (Vy, PG (Y, PG (Y, Y =0, (2.70)
Y12
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2.8. Spinning geodesic Witten diagrams

We just found that the dual of D are derivatives with respect to Y’. However,
the generic form of this differential operators is D(Y”) = Y'AZBS,pc0%,, where
S is antisymmetric under A <+ C due to (2.66]). Hence

Y'AZPSapcdf Ya Y = Y ZESapcof Yy - Y
= Dk ij (Y/)Y)\ Y = —Dk ij (Y)\)Y)\ Y. (2.71)
Using (2.71)) it is easy to show that for more derivatives,

Dy iy (Y') - Dryi Y)Y Y = (=1)"Di 4,5, (Y2) -+ Diy iy (Ya) Y2 - Y
(2.72)

This of course also holds when the derivatives act on G(Yy - Y”). It is interesting
to note that the action of D(Y)) on bulk—to-boundary operators is trivial, i.e.

A
Diij (Ya)Gyy (Y2, Pr2) =0 . (2.73)
However,
Dy irjr -+ Diij(Ya) G ' (Ya, PLa) 0, (2.74)

because (2.73]) relies on properties of the geodesic 712, and in (2.74]) the operation
of taking derivatives with respect to Y does not commute with projecting on ~y;
Hence, as we generate tensorial structures using D(Y)), it only acts on G, i.e.

0V [ NG, PGE 0, P DTDE DE G (1, ) =
Y12

n n m m A Ao
DR,y DT DY3 [ dGy (Va, PG (Va, PG (VY
Y12

(2.75)
where N = mq + ms + nq + no.
From here we see how to cast conformal partial waves where the exchanged

field is a scalar field (dual to a scalar primary O of conformal dimension A): the
version of (|1.9) in gravitational language is

W (Ps; Zi) = Wajo[Dieft (YA), Drignt (Y30)] (2.76)

where
Wao[Diert (Ya) Drigne (V1)) = / / G0y, PG (v, Py)
Y12 Y Y34

x [Dleft(Y,\)D“ght(Y/\,)GA‘O(Y,\,Y/\,) GE10(Py Y] )GE 0 (P, YY)
(2.77)

SFor D121 and Da12, (2.73) is true without projecting on ~12. Furthermore, (2.74) is true
only if the D’s do not commute. However, we will use (2.75)) to treat all the D’s in the same
footing.
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2. Spinning Geodesic Witten Diagrams

To close this discussion, we record another convenient way to re-write (2.66)):

v,
D1ij(Ya) = T)\HM(ZZ"(?Y,\) ,

\Ij,
Dy (Yy) = Tj)‘ [(Hir(Zi, 0v,) + 2V jx(Zi) Vb 2,i5(0v,)] » (2.78)

where H;; is given in (6.3), and we defined

_ VimZi - Py — Py Z; - Yy,

Vai,im(Z;) , (2.79)
VUi ¥ m Py
me,ij(Wm) = J (2.80)

AV qum\Ijijj ’

which can be viewed as the analogous CFT in (2.33]).

2.3.2 Construction of bulk differential operators: spin ex-
changes

We now generalize the discussion to include spin fields in the exchange diagram.
The prescription given in [62] for spinning exchanged operators is that the bulk—
to—bulk propagator for the spin J field is contracted with the velocities of Yy and
Y, ie.

(2.81)

dyy dyl,
Gfle(YA,Y,(,)ZGfle<Y,\,Y,\’,; A *)

A\ dN

This corresponds to the pullback of the propagator along both geodesics in
the diagram. Hence, a geodesic diagram that evaluates the conformal partial wave
with a spin exchange is

W s (Pr, P2, P3, Py) =
/ GbAgllo(Ym Pl)GbAaglo(Y/h P2)GbAb‘J<Y)\’ Y,\/'>GbAaB‘O(Y,\//,P3)GbAa4|0(Y,\/w Py).
Y12 Y Y34

(2.82)

In manipulating (2.81) to increase the spin of the external legs, we need to

treat the contractions with dﬂ% with some care. First, it is important to note
that Dy ;; commutes with &, and hence its action on GbAb‘J(YA,Y/\’/) in (2.82) is
straightforward. However, we need to establish how Dy ;; acts (2.81)), and this
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2.8. Spinning geodesic Witten diagrams

requires understanding how to cast % as a covariant operation. It is easy to check
by direct computation that this can be done in two ways:

d _ _
oo —2P'Uos P, - Vy, = 2P U\ Py - Vy, . (2.83)

But the commutator of Dy, ;; with % will depend on which equality we use. For

example
dY; _
Dmd—; = D1 12(YA)(=2P5 Usn Py - Vy, )Y | (2.84)
dY; _
Dw—d; = —Dy01(Y3)(—2P5 Ug\ Py - Vy, )Yy , (2.85)

which is the expected result by (2.69] and (2.72). Unfortunately, the two other
D’s have the wrong sign relative to and ( -

dYy _

Dyo1—2 0 = D121 (YA) (2P  Ua\ Py - Vy, )Yy , (2.86)
dY, .

D2 12— d)\ = D2 12(Y)\)(—2P12 \112)\Pl . VYA)Y)\ . (287)

Using the other implementation of % alternates the signs. In order to avoid this
implementation problem, we formally define

[pk”(m) dﬂ ~0. (2.88)

This implies that as we encounter quantities that contain explicit derivatives of
A we will manipulate them by first acting with Dy ,;(Y)) and then taking the
derivative with respect to A. For instance,

dyy dy!, d d

Dyij—o —2 = — —— Dy iV - VY,

RUTON AN dhdn T RETA A
d d

= d)\dXDk”(YA)YA Yy . (2.89)

Given this implementation of the differential operators, the partial wave in grav-

itational language (2.76)) generalizes to spinning exchanges by using (2.81) and
1) This shows that for each partial wave WlAl"jg’l3’l4 (P;; Z;) in the bound-

ary CFT there is a counterpart geodesic integral in AdS WlAl"?’l?”l“ (P;; Z;) that
reproduces the same quantity.
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2. Spinning Geodesic Witten Diagrams

2.4 Identification of gravitational interactions via
geodesic diagrams

We have given in the previous section a systematic procedure to build the appropri-
ate tensor structures V; ;. and H;; appearing in conformal partial waves by using
directly bulk differential operators D; jx(Yy). Using this method, we would like to
identify the gravitational interactions that the operators D; jx(Y)) are capturing.

As explained in Section [2:2.2] the identification of tensor structures with grav-
itational interactions has been successfully carried out in [85]: all possible cubic
vertices in AdSg41 where mapped to the tensor structures of a CFT, via Witten
diagrams for three point functions. Here we would like to revisit this identification
using instead as a building block diagrams in AdS that are projected over geodesic
integrals rather than volume integrals; and as we will show below, the geodesic
diagrams do suffer from some non-trivial cancellations for certain derivative inter-
actions.

For the discussion in this section it is sufficient to consider the following object

/ A G (y(0), 1) G (y(N), 22) G (y (M), 3) - (2.90)

ij

Here ~;; is a geodesic that connects a pair of endpoints (x;,z;). Rather interest-
ingly, it was noted in |71] that this integral actually reproduces the CFT three
point function for scalar primaries; this equivalence is regardless the choice of end-
points, with different choices just giving different numerical factorsm The type of
diagrams we will be considering are depicted in Fig. [2.3] where the dotted line
represents which geodesic we will integrate over. We will first attempt to rebuild
interactions using these geodesic integrals, and at the end of this section we will
contrast with the results in [85].

2.4.1 Sampling three point functions via geodesics diagrams

In this subsection we will go through some explicit computations of three point
functions using the method developed in section Our goal is not to check
that our bulk results match with the CFT values (which they do); our goal is to

"The results in [92}[93] as well suggested that (2.90) reproduces correlation functions of three
scalar primaries.
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2.4. Identification of gravitational interactions via geodesic diagrams

Figure 2.3: Ezamples of geodesic Witten diagrams in AdSay1 that capture three point

functions. Straight lines correspond to scalar propagators, while wavy lines denote sym-

metric traceless spin-J fields; P; is the boundary position in embedding formalism. The

dotted line denotes the geodesic over which we integrate. Note that the second and third
diagram only differ by the choice of geodesic.

illustrate how these operators D; ;5 (Yy), and hence (V; i, Hi;), map up to local
AdS interactions.

Our seed to all further computation is the three point function of three scalar
primaries. In terms of geodesic integrals, we can write the scalar three-point
function in the boundary as

T(Al,AQ,A3):cA1A2A3/ NG Y (Y, PG 0 (i, Po) G (Y, Py)
Y12
B 1
= (plg)(AlJrA?*A@/Q(Pzg)(A2+A37A1)/2(P13)(A1+A37A2)/2 )
(2.91)
where
o (A
(Ag) (2.92)

CAL A A3 = T (7A1+2A2+A3) T (A1*A22+A3) .

Here we are ignoring the normalization of Gpg in (6.2)) and the gamma functions

in ca,a,n, Tesult from the integration over the geodesic v12. G, A, A400,00 =
T(A1, Az, A3) is the CFT, three point function in (2.51)) casted as a geodesic
integral in AdSg1.

Example: Vector-scalar-scalar

To start, we consider the three point function of one vector and two scalar operators
as built from scalar operators. Following the CFT discussion in Sec. in this
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2. Spinning Geodesic Witten Diagrams

case there is only one tensor structure which can be written in two ways:

GALA00401,00 = V23T (A1, Az, Ag)

2D 12
= T(A 1,A5, A
gy wery ey Wl CHMEE RS

2D 12
- T(Ay, Ay +1,As) . 2.93
14+ A1 — Ay + Aj (A1, A2 + 3) ( )

We would like to extract which local bulk interaction can capture the left hand
side of (2.93]). Let’s choose the first equality for concreteness. Using (2.75]), and
(2.78) the bulk calculation is

—2D112T (A1 +1,Ag, A3)

= 2CA, 4150, / dAGay TV, PG (YVa, Po)Dy 1o (Ya)Gad O (Ya, Ps)

Y12

= CA,+1A5A4 X GbAaIH‘O(YA, P1)GI7A@2|O(YA, Po)W i H1 (21, Oﬁ’YA)Gﬁ;lO(Y/\, P3)
Y12

:0A1+1A2A3/ AN G (Y, Pr; 0w, Z1) G2 (YVa, Po)(W - 0y, )Gat O (Y, Ps) .
Y12
(2.94)

The contraction appearing inside the integral can be attributed to the following
local AdS interaction

Al $20,93 , (2.95)

where ¢, is a bulk scalar of mass m? = A;(A; —d) and the massive vector A, has
m? = A1(A; —d) — 1. It is interesting to note that from this computation alone
we could not infer that there is another potential interaction: A}'¢30,¢2. This
particular interaction is absent because A}, ¢2 vanishes when evaluated over the
geodesic 12 due to . However, it would have been the natural interaction if
we instead perform the integral over 7,3 in . Hence a natural identification

of the tensor structure in (2.93]) with gravitational interactions is
‘/1723 . A’fgbgﬁﬂqﬁg and A'T(;Sga‘ugﬁg . (296)

If we used gauge invariance we could constraint this combination to insist that
A; couples to a conserved current (for us, however, the vector A; is massive).
From the perspective of the usual Witten diagrams, which involve bulk integrals,
these two interactions are indistinguishable up to normalizations, since they can
be related after integrating by parts. In a geodesic diagram one has to take both
into account; in our opinion, it is natural to expect that all pairings of endpoints
P; have to reproduce the same tensor structure.

72



2.4. Identification of gravitational interactions via geodesic diagrams

Figure 2.4: The diagrams here differ by the choice of geodesic. Depending on this choice,
a given interaction will give rise to a different tensor structure.

Example: Vector-vector-scalar

Moving on to the next level of complexity, we now consider the geodesic integral
that would reproduce the three point function of two spin-1 fields and one scalar
field. There are two tensor structures involved in this correlator, and similar to
the previous case, there are several combinations of derivatives that capture these
structures. Choosing the combination in , we have in CFT notation that
one tensor structure is

Vi,23Va 13T (A1, Ag, Ag) =
~4D112D1on T(A1 +1,A0 +1,A5) | HioT(A1, Ay, Ay)
(A1 — Ag)? — A% —A1+ Ay + Ay
(2.97)

whereas the other tensor structure is simply
H12 T(Al,Ag,Ag) . (298)

GA,,Az,05)1,1,0 18 the linear superposition of (2.97)) and (2.98).

As it was already hinted by our previous example, the identification of the
interaction will depend on the geodesic we choose to integrate over. To start, let
us consider casting T(Aq, As, A3) exactly as in ([2.91): the geodesic is 12 which
connects at the positions with non-trivial spin (first diagram in Fig[2.4]). For this
choice of geodesic, the second tensor structure is straightforward to cast as a bulk
interaction integrated over the geodesic. From the definitions and , one
can show that

Hip = Hix(Z1, 0w)Hor(Z2, W) , (2.99)
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2. Spinning Geodesic Witten Diagrams

where the right hand side is evaluated over the geodesic ;2. Replacing this identity

in , we find
His T(A1, Ao, As)
= %AQ,Aa/ Gy " (Yo, Pi; 0w, Z1) G (Yo, Po; W, Z2) Gt (Ya, Ps)
712 (2.100)
This contact term is simply in physical space the interaction
Hyp: Ay Algs . (2.101)

This contraction will be generic every time our tensorial structure involves His.
In general we will have the following relation

(Hi2)" = (Hix(Z1, 0w ) Hoa(Zo, W)™ : Prps e @b D3, (2.102)

where (H12)™ generates one of the tensor structure for a tensor-tensor-scalar three
point function, and the natural bulk interaction is the contraction of symmetric
traceless tensors coupled minimally with a scalar.

For the other tensor structure, a bit more work is required. Let’s first manip-

ulate the first term in (2.97)); using (2.72)) we can write
Dy12D; 21G653|0(YA7 P3) = D121(Y\)D:1 12(Y/\)G 3[0 (Y, Ps)

= *‘1’1,\\1’2,\7'11,\(21, Ow ) Hax(Z2, 0w ) (W - Ov,) GA3|0(Y)” P3)

8
+ 15(12\1/%131 Oy, God (s, P3) . (2.103)
Applying this expression to glveﬁﬁ

~ ADy12Di
& AP A

T(A1+1,A0+1,A3)

4CA
_ 1+1,A2+1,A3 GA1+1\0GA2+1|0D D G
= - 3 1,211,12 ba
(A1 — Ag)? — A3

Y12

1 ea+1,0,41,0 Ay Az Bs
= Ay Ay AT / Gy (Ow) Gy (0w ) (W - 0y, )Gy
Y12

1
AL+ A+ A

8The fastest way to reproduce from is by using the explicit form of
GAg‘O(YA,Pg) An alternative route, which is more general, is to use : from here we
can integrate by parts and rearrange the terms appropriately. This second route allows us to
use when at the third leg of the vertex we have bulk—to—bulk propagators rather than
bulk—to—boundary.

Hi,T (A1, Ag, Ag) (2.104)
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2.4. Identification of gravitational interactions via geodesic diagrams

Replacing (2.104)) in (2.97) results in
V1,23V213T (A1, Ag, A3)

_ CA;+1A2+1A5 Aqll Aol ) 2 ~A3]0
- 2((A1—A2)Q—A§) MQGba (aW)Gba (8W)(W 3Yx) Gba : (2~105)

From here we see that another natural relation arises between the OPE structures
and interactions:

ViasVaas: AYA50,0, 03 ~ AlAS (V(HV,,) + Asguw) ¢3 - (2.106)

where the sign ~ here means that the relation is schematic: to rewrite interac-
tions with partial derivatives as covariant derivatives, we are using homogeneity
properties of fields in the embedding formalism in . In what follows we will
keep most of our expressions in terms of partial derivatives.

Now let’s consider building Ga, A, a,1,1,0 starting from a geodesic diagram
where we integrate over 713 instead of 12 (second diagram in Fig. [2.4). The
diagram with ;2 already suggested as candidate interactions (2.101)) and ([2.106)).
If we integrate those interactions over y;3 we ﬁncﬂ

/ AL ASD, D, b3 =0, (2.107)
Y13

and A} Ay, ¢3 gives a linear combination of Vj 23V2 13 and Hyz. The identifica-
tions we made in (2.101) and (2.106) are obviously sensitive to the geodesic we

select (there is a non-trivial kernel), and this is somewhat unsatisfactory. We can
partially overcome this pathology by considering a wider set of interactions. By
inspection we find that the tensor structure V; 23V5 13 is simultaneously captured
by 713 and 712 by the interactions

ViasVans: a1 AVALD,8,05 — B ((A1 + Do) 30, AY 8, A
(14 AlAg)ng&,A’f@MAg) . (2.108)

The choice of geodesic affects the overall normalization, controlled by the choice
of constants «; and ;. The terms multiplying $; when projected over 7y;s, are
proportional to the tensor structure Hy5 and their coefficients are chosen such that
they cancel each other. The interaction multiplying «; is identically zero when
integrated over v13. To capture Hio along both 713 and 12 we just need

H12 : (ZSgFl#UF;V . (2109)

9We are being schematic and brief in (2:107)): it is implicit that we are using bulk-to-boundary
propagators.
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2. Spinning Geodesic Witten Diagrams

Here it is important to note we are not using A/’ A, ¢3 as we did in , and we
still find the correct result when using ;2. This is because there are many ways
we can cast Hio as bulk quantities along v;5: the relation is not unique.
For instance, one can check that

Gy M (Ya, Pu; 0w, 20) G2 (Y, Po; W, Zs)

-1 / 2

- mww Oy ) (O - Oy )Gy (V! Py W, Z20) Gt (Y, Py W, 20) |y
-1 o As

= 2(1 + AIAZ) (aY 8Y/) bO ‘1(Y/ Pl;aW,Zl)G |1(Y PQ, W ZQ ’Y:Y’:YA y

(2.110)

G (Ya, Pr; 0w, 20)GE (Yo, Py W, 2Z3)
- (8w2~(6§;>i82v;)~ W W )G P W 2) )
~ (Oy - 0y)
21+ AL A,)

=Y

G (Y, Pr; 0w, 20) Gy (Y, Py W, Zo) |, (2.111)

=Yy’

This type of relations are due to the projections over the geodesic, and they gen-
erate quite a bit of ambiguity as one tries to re-cast a given geodesic diagram as
arising from a cubic interaction. Establishing relations such as (2.108]) and (2.109)
are not fundamental, and their ambiguity is not merely due to integrating by parts
or using equations of motion. In appendix we provide some further examples
on how to rewrite certain tensor structures as interactions, but we have not taken
into account ambiguities such as those in (2.111]). Generalizing (2.108) and (2.109)
for higher spin fields is somewhat cumbersome (but not impossible). We comment
in the discussion what are the computational obstructions we encounter to carry

this out explicit.

2.4.2 Basis of cubic interactions via Witten diagrams

In the above we made use of our bulk differential operators to identify which
interactions capture the suitable tensor structures in terms of geodesic diagrams.
It is time now to compare with the results in |85, where the map between cubic
interactions and tensor structures was done using bulk Witten diagrams. We
briefly reviewed their method in Sec. and here we collect the first few terms
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2.4. Identification of gravitational interactions via geodesic diagrams

of their map, which will be useful for our analysis E

I?:g,’g = A (0, ¢2) 93 — V1,23
Ii’?,’g = AY Az, 3 T (A1 = Ag)? — A3) Via3Va 13
— (—2A1A2 + Ay + Ay — A3)Hio
e = A (0,A5)0,¢3 — (A1 + Ay — Az —2)V1 23V 13 + Hip (2.112)

bulk

In appendix [6.3] we derive specific examples to illustrate the mapping. Using this
same basis of interactions and integrating them along 15 gives the following map

150 = AY(@ud2)ds — 0
I%,’?,’nglwa(bg ? Hy
IV = AY(0,A%)0,¢3 — Hi (2.113)

Clearly there is a tension between the tensor structures we assign to an interaction
if we use a regular Witten diagram versus a geodesic diagram. The mismatch is
due to the fact that certain derivatives contracted along v;; are null. This reflects
upon that a geodesic diagram is sensitive to the arrangement of derivatives which,
for good reasons, are discarded in .

Some agreements do occur. Let us reconsider the basis of interactions found by
using geodesic interactions; from (2.109)) we have (up to overall normalizations)
¢sFi W FyY —  Hi (2.114)
Yij

If we use these interactions on Witten diagrams, we obtain exactly the same map

Gabuw 3" 5 Hia . (2.115)

The details of the computations leading to are shown in appendix
Moreover, we find that the interaction , which is Vj 23V5 13 for the geodesic
Witten diagram, gives the same tensor structure if we integrate over the bulk, as
shown in . These relations indicate that it is possible to a have a compatible
map among interactions in geodesic diagrams and Witten diagrams, even though
there is disagreement at intermediate steps. However, from a bulk perspective
the interaction selected in is not in any special footing relative to those in
(12.37)).

10Here the notation —— means that the identification between the interaction and tensor
bulk
structure is done via a bulk integral, i.e. a three-point Witten diagram. Similarly, — denotes
Vij
an analogous integral over a geodesic.
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2. Spinning Geodesic Witten Diagrams

2.5 Conformal block decomposition of Witten di-
agrams

For a fixed cubic interaction, there is generically a mismatch among tensor struc-
tures captured by Witten diagrams versus geodesic Witten diagrams. In this
section we will analyse how this affects the decomposition of four-point Witten
diagrams in terms of geodesic diagrams.

Our discussion is based in the four-point exchange Witten diagram for four
scalars fields, which just involves scalar fields with external legs with dimensions
A;, and exchanged dimension A. The corresponding Witten diagram is depicted
in Fig. and its integral representation is:

ASs0.0(Ps
/dY/dY G0y, PG (v, PG (v, Y Ga P (!, Pa) Gt O (Y Py)
(2.116)
Here “dY” represents volume integrals in AdSy; 1. The previous diagram has been
decomposed into geodesic diagrams in [62]. Here, we review this procedure. To

write the volume integral (2.116f) as geodesic integrals, the crucial observation the
authors make is that

G0y, PG (v, Py) = Zaﬂhﬂz (A1, Ag;Y) (2.117)

where

on(A1,Ag;Y /GA1‘° Yy, PGV, P) G0y Y) . (2.118)

The field ¢,(Y) is a normalizable solution of the Klein-Gordon equation with a
source concentrated at 12 and mass m2 = A, (A, — d), and (z), stands for the
Pochhammer symbol. The equality in (2.117)) holds provided one sets

Ava; _ (2" (A1)n(A2)n
De2 = A, =A A 2n . 2.11

The constant [, soaks the choice of normalizations used in (2.118]). Replacing
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2.5. Conformal block decomposition of Witten diagrams

(12.118)) twice in (2.116f) gives
Aio(P) = a2 srapea |

m,k Y12

/ G (v, PG (Y, PG (YL, Ps)
Y34

x Gfa4‘0(Y,\’,,P4)/dY/dY’GbAb”O(Y,\,Y)Gfb‘O(K YOG (Y, YY)
(2.120)

where Ar = A3+ Ay +2k. The integrals in the last line can be simplified by using
A0V, YT) = (V] =¥ AY|Y) (Y| =1 (2.121)
bb bl - vz _ m2 bl - I M
which leads to

/ ay / aY'Go (v, V)G (v, Y G (v, YY) =

Gl (va, Y1) G (va, Y1) N G (v, YY)
(mi —mg)(mi —m?) (m%—m’i)(m%—mi) (mf —mR)(mi —m2)

(2.122)

And hence the four-point exchange diagram for scalars is Moreover, the scalar
Witten diagram can terms or geodesic Witten diagrams Wa|o:

AGSD0(@i) = CaWap(xi) + Y Ca,Wa,jo(@i) + Y Ca,Wa,jo(wi) , (2.123)
n k

where we organized the expression in terms of the geodesic integral that de-
fines Wa|o in ; the coefficients Ca basically follow from the contributions
in and . The formula shows the decomposition of the
scalar Witten diagram with scalar exchange in terms of conformal blocks, since
Wajo(w1, 22,73, 24) = Wajo(21, 72, 23,74). It is important to realise that A, and
Ay are the dimensions of scalar double trace operators of the type with
I = 0. This was expected from the conformal block decomposition at order 1/N?2,
as explained in sec.

2.5.1 Four-point scalar exchange with one spin-1 field

Now let’s see how this decomposition will work when the external legs have spin.
And the first non-trivial example is to just add a spin-1 field in one external leg
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2. Spinning Geodesic Witten Diagrams

Figure 2.5: Four-point exchange Witten diagrams in AdS4+1, where the euhanged field
is a scalar field of dimension A. The first diagram corresponds to AOE’(‘)CB 0 in , the
second diagram to A]{:’(‘fg‘ o in (2.124), and the third diagram to A]{:’icg‘ 0 in l|

and all other fields involved are scalar. The diagram is depicted in Fig. 2.5] and
the integral expression is

Aiiiso = /dY/dY GV, Py Zuow) (W -0y G (Y. Py)) G5 (YY)
x GO (Y PG 'Y Py, (2.124)

where we used one of the vertex interactions in (2.37). Using (6.4) and (6.6) we
can rewrite this diagram in terms of the four-point scalar exchange (2.116) as

2A
APSE (A1, Ao, Ay, Ay) = A—ngleoE’ng’O(Al,Ag+1,A3,A4)7 (2.125)

and Dg 19 is defined in (2.47). And from here the path is clear: using the geodesic
decomposition and trading Da12 by —D212(Y)) we obtain

ATS60 = CaWn g™+ Ca, Walic? +)  CaWilio? (2.126)
n k

with suitable constants C' and
WZ%’O’O(Ah Ao, Az, Ay) = Da1aWao(Ar, A +1,A3,Ay)
= —*/ GAlu Y,\7P1,Z175W)G 210 (Y, P2)
734

X W -y, Gl (Va, Y1 Go 10V, P) GO (Y, Py)
(2.127)

where we used (2.94). It is interesting to note how the interaction gets slightly
modified due to the cancellations that occur in the geodesic integrals: in (2.124))
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2.5. Conformal block decomposition of Witten diagrams

the derivative is acting on GbA;‘O, but the geodesic decomposition moves it to
position of the exchanged field.

In this example it is also worth discussing the generalization of (2.117). Our
decomposition of the bulk—to-boundary operators on position 1 and 2 reads

GA]H(Y Py, Zy, 0w )W - ayGAQ‘O(Ya P)
27,

Ay Ao
= K Do (G |O(YP1)de+1|O(YP))

2A
= 72 a5t 22Dy 15 (V) (A1, Ag + 1;Y)

1 n=0

A o0
2N T apeAtt [ G (v Py 20, 0w )Gl (Ya, P) W 0y, Gy (Y, Y)

Y12

(2.128)

It is interesting to note the different interpretations one could give to the product
A9, ¢ (first line) in terms of resulting bulk fields. Very crudely, from the third
line one would like to say that we just have a suitable differential operator acting
on the field, while from the fourth line we would say that the product induces
an interaction integrated along the geodesic. This type of decompositions of bulk
fields would be interesting in the context of developing further a relation between
an OPE expansion in the CFT to local bulk fields as done in [92194].

2.5.2 Four-point scalar exchange with two spin-1 fields

It is instructive as well to discuss an example with two spin-1 fields as shown in the
third diagram of Fig. 25 For sake of simplicity we will use the cubic interaction
Ay, AL ¢, which is part of the basis in (2.37). The four-point exchange is

Aliﬁl)],o :/dy/dY/GbAalll(Yyphzhaw) 2‘1(Y PQ,ZQ,W)GQ‘O(Y’Y/)

x GO (Y PG 'Y Py . (2.129)

The new pieces are due to the presence of the spin-1 fields so we will focus on how
to manipulate the propagators at position 1 and 2; the rest follows as in previous
examples. Using (6.4]) allows us to remove the tensorial pieces in (2.129)) and recast
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2. Spinning Geodesic Witten Diagrams

it in terms of tensor structures. For this case in particular we have

Ga MY, Py, 71, 0w) G2 (Y, Py, Zo, W)

1
=5 A, 7n 0w 20) T, (W, Z5)Go (Y, P1) Gy (v, P)
1
A4 gpl(aw,zl)@pz W, Zs) Zaﬁlvﬂfz n(A1, A Y)

n=0
(2.130)

From here we can relate the combination of Zp’s acting on ¢,, to tensorial struc-
tures:

Dp, (0w, Z1)Dp,(W, Za2)pn (A1, A0;Y) =

—2D112D121 G;,Aal“‘o(Y,\, Pl)GAnglO(YA, Pz)GA ‘O(Y,\, Y)
Y12

—A(1— AQ)HH/ G0y, PG (v, )Gy (v, Y) L (2.131)
Y12

This equality can be checked explicitly from the definitions of each term involved.
A faster route is to infer it from the map given in [95]: from we know the
suitable structures in the interaction (which we just rewrote in terms of differential
operators in ), and ,, behaves close enough to a three point function that
the map is unchanged. From here we can trade D; ;i for D; j, and then further
use ([2.104) and (2.100) to write them as smeared interactions. Without taking
into account any normalizations, what we find for the contraction of two gauge
fields decomposed in terms of geodesic integrals is

Got (Y, Py, 2y, 0w)Ga N (Y, Py, Za, W) ~

> G (Vs 0w ) G2 (YVas 0w ) (W - 0y, ) %Gy (3, Y)

n Y12

+ 30 G (s aw) G (s WG (1Y) (2.132)

n Y12

where we are suppressing as well most of the variables in the propagators. This
example illustrates how more interactions are needed when we decompose a Wit-
ten diagram in terms of geodesic diagrams; or in other words, how the product
expansion of the bulk fields requires different interactions than those used in the
direct evaluation of a three point function. But more importantly, we should high-
light that casting GbAalll(Y, Py, 7, BW)GA2|1(Y Py, Z5, W) as local interactions in-
tegrated along a geodesic is ambiguous. Consider as an example the last term in
(2.132)). We could have written it in multiply ways due to the degeneracies shown
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2.5. Conformal block decomposition of Witten diagrams

in : the product of two gauge fields could be casted as integrals of the
interaction of ¢A, A" or ¢F,, F'* or similar contractions. And these interactions
are not related by equations of motion nor field redefinitions. As we discussed in
section[2.4.2] the identifications of gravitational interactions in a geodesic diagram
is not unique and seems rather ad hoc. It would be interesting to understand if
there is a more fundamental principle underlying products such as those in .

2.5.3 Generalizations for scalar exchanges

In a nutshell, this is how we are decomposing a four-point scalar exchange Witten
diagram in terms of geodesics diagrams:

1. Consider a cubic interaction I’;1"72* of the form (2.96), where at position
1 and 2 we place bulk—to—boundary propagators and at position 3 we have
a bulk—to—bulk propagator. From ([6.4)) and we will be able to strip off
the tensorial part of the interaction, i.e. schematically we will have

e =99 Igos - (2.133)

Here “Z - - - 27 symbolizes a chain of contractions of operators appearing in
and , and the precise contraction depends on the interaction. The
important feature is that -+ Z involves only derivatives with respect to
Z; or P; (and not Y') which allows us to take this portion outside of the
volume integral in a Witten diagram. Here I 0 0 is a cubic interaction for
three scalars with the appropriate propagators used, i.e.

1098 = Goo(v, PG (Y, P) Gy (YY) (2.134)

s

2. The map among tensor structures and cubic interactions in [95] implies that
we will always be able to write the combination of 2’s in terms of CFT
operators:

79Iy =D--DIJ0y . (2.135)

Uy

This tells us which are the tensor structures appearing in the Witten dia-
gram.

3. Next we can rewrite Ig 0.0 as a sum over geodesic integrals via (2.117). This
allows us to trade D for our geodesic operators D(Y') as given in (2.70)):
D DI =D -DIYSS =D---DISOY . (2.136)

sy Yy Yy
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. . . . 0,0,0 . .
4. And if desired, we can as well write the action of D on I;’;’, as an interaction

via the map in (6.43]). This gives a more local description of the OPE of the
bulk fields in I';!"72* in terms of smeared interactions along the geodesic.

A four-point exchange Witten diagram, where the exchange particle is a scalar
field, is build out of two vertices of the form I';""725*. So, keeping the loose
schematic equalities, we can establish the following chain of equalities

exch exch
AJ17J2»J3>J4 ~ %cft-@rightAo,o,o,o

exch
~ Diet Dright AG6.0.0

~ > Wa, 0[Dieit (Ya), Drigne (Y3)] - (2.137)

where Zes; corresponds to product of differential operators that recast the ver-
tex to the left in terms boundary operators acting on position (P;, P2), and the
analogously for Zgn acting on (Ps, Py).

2.5.4 Four-point spin exchanges

In this last portion we will address examples where the exchanged field has spin,
and illustrate how the four-point exchange diagram can be decomposed in terms
of the geodesic integrals. First consider the following Witten diagram

A = [ay [avePw pow(ovGis v m) 65 W)
x W' (8y/GbA83|O(Y’,P3)> G0y Py . (2.138)

In this diagram we are using the interaction ¢10,¢2A* on both ends, and it is
depicted in Fig. The decomposition of in terms of geodesic integrals
was done in [62] and we will not repeat it here. Next, let’s consider a diagram
where the field at position P, is a massive vector, i.e.

Ao = /dY/dY’G?al'O(K PO)GAIN(Y, Py; 0w, Zo) G (Y, Y, W, Oy
X W' - By [GbA(;lO(Y’,Pg)} G0y Py . (2.139)

This would be the second diagram in Fig. 2.6] and we decided to use the interac-
tion ¢1 A5 A, for the cubic interaction on the left of the diagram. We can relate
(12.139)) to (2.138]) by noticing the that the bulk—to—boundary operators satisfy the
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following series of identities

G0y, PG (Y, Py; 0w, Zo) = %Q(aw,zg G0y, PG (v, Py)

1 _
_ 7D1 01 |:P12GbAa1 1|0(Yv7 P1)(3W . 8Y)GA2|(]<Y PQ):|
1

— D2 [

e GO (Y, P) (0w - 0y )G~ 1|0(Y,P2)]
12

(2.140)

Here we used , and then using the explicit polynomial dependence of GbAa‘O(Y, P)
to obtain the equality in the last line. It is interesting to note that we can now
write
AT = LDy [ A (81— 180 20,00
1
A1

1 Exch|spi
Dy {PAO,O?O,SPIH(AL Az —1,As, A4)} (2.141)
12
. . . s Exch|spin
And from here we can proceed by using the explicit decomposition of Ay o
in terms of geodesic diagrams in [62] and then trading D; ;i by D; ji (just as we
we did in the previous examples in this section)ﬂ

The manipulations shown here are very explicit for the interaction we have
selected, but they are robust and not specific to the example. We expect that in
general we will be able to carry out a decomposition such as the one in
and have generalizations of without much difficulty. It would be interesting
to generalize this discussion and give a more systematic algorithm to decompose
Witten diagrams in terms of geodesic integrals when the exchanged field has non-
trivial spin.

2.6 Discussion

Our main result in this Chapter is the presentation of systematic method to eval-
uate conformal partial waves as geodesic integrals in AdS. From the CFT perspec-

1INote that the factor of Pi2 can be reabsorbed into bulk-to-boundary propagators projected
along geodesics, i.e
1
Pr2
Hence, as we cast as a sum over geodesic integrals, all terms will have a bulk interpreta-
tion.

Gl (v, PGR21° (Y, P2) = Gt T10(va, PGz T 0, P2)
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2. Spinning Geodesic Witten Diagrams

Figure 2.6: Four-point exchange Witten diagrams in AdSiy1, where the exchanged field
is a symmetric tensor field of dimension A and spin J. In (2.138]) and (2.139)) we consider

explicit examples where J = 1 for the external and exchanged field.

tive, a spinning conformal partial wave is built from differential operators acting
on the scalar conformal partial wave |72]; here we presented the analog of these
differential operators in AdS and showed that they reproduce the same effect as
in the CFT. More succinctly, we established
W21 (Py; Z) = Diett Drignt W (P, P2, Ps, P1) = Wap[Diest (Y2), Drigne (V3]
(2.142)
where the last equality is a purely AdS object build out of geodesic integrals, while
the left hand side are CFT quantities. Our construction of D and its equivalence
to the CFT analog is given in section [2.3] We emphasise that this equivalence
holds for any symmetric traceless field of spin J; and conformal dimension A;. We
did not assume conservation of the fields, and the method works when all fields

are of different species.

The immediate use of an object like Wx; is to evaluate correlation functions
in holography. But relating the geodesic diagrams to regular Witten diagrams
is a non-trivial task: interactions projected on geodesic integrals behave starkly
different to interactions in volume integrals as we have seen explicitly throughout
section 2:4] This mismatch between the two objects makes more delicate the
decomposition of a Witten diagram in terms of geodesics. We carry out explicit
examples in section[2.5] and discuss the general relation when the exchanged field is
a scalar. The strategy we adopt for this decomposition is inspired by the identities
used in [85]: one rewrites all tensorials properties of the interactions among bulk—
to—boundary fields in terms of boundary operators acting on a scalar seed. This
allows us to identify the CFT operators D; i, and use then our bulk operators
D; ji to write a final answer in terms of a sum of geodesic integrals. As a result,
the set of cubic interactions needed to decompose a Witten diagram in terms of
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geodesic diagrams is larger than the basis in (2.37). Each individual geodesic
integral is, however, much easier to evaluate.

We have not discussed contact Witten diagrams here, but actually they can be
treated very similarly as we did in section The scalar case was done in [62],
so the task is to manipulate the vertex along the lines of the discussion in section
the analog of for a quartic interaction would allow us to identify
the suitable tensor structures. Note that in a quartic interaction all propagators
involved are bulk—-to—boundary and hence we can strip off its tensorial features.
We have not done this computation explicitly for quartic interactions, but a priori
we do not expect major obstructions.

In section 2.3:2] we gave a prescription on how to evaluate conformal partial
waves via geodesic diagrams when the exchanged field has non-trivial spin. And
the general strategy we have adopted in this work allowed us to relate the geodesic
diagrams to Witten diagrams, as we discussed in section From this method
it is not straightforward to infer the gravitational interaction, as we did in sec-
tion with the main obstacle being the contractions of dY*/d\ appearing in
the integrand. It might be interesting to improve our prescription, to make this
connection more evident. One reason it might be interesting to have this con-
nection is to discuss conformal partial waves for anti-symmetric fields, and the
differential operators that generate them. This is a case where the gravitational
techniques can elucidate an organizational principle for those class of partial waves
in the CF'T. Until now the literature on conformal partial waves for non-symmetric
structures is limited to [89,/96-102], and finding a basis of differential operators
that generates them would be very interesting.

Another future direction that would be interesting to pursue is the addition of
loops on the gravitational side. Very little is known about how to evaluate Witten
diagrams beyond tree level, with the exception of the recent work in [103}/104]. It
would be interesting to see how the geodesic diagram decomposition of a Witten
diagram is affected by the presence of loops: since the geodesic diagrams are con-
formal partial waves, we would expect that loops only modify the OPE coefficients
in the decomposition and the relation between masses in AdS and conformal di-
mensions in the CFT. Answering this question requires understanding also how
loops alter the geodesic diagram itself and its CFT interpretation. Since conformal
partial waves are dictated purely by symmetries, we expect that its holographic
dual is robust against loop corrections, and its relation to loop diagrams in AdS
can be made clear and straightforward. We leave this line of questions for future
work.
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(FRAVITATIONAL
WILSON LINES IN

ADSg/CFTQ

OR HOW TO CONSTRUCT BULK LOCAL STATES IN ADS3 GRAVITY FROM CFTy
ISHIBASHI STATES

This chapter is based on [2], and it focuses on gravitational Wilson lines in
AdSj3. These objects are known to properly probe bulk physics, by coupling matter
to 3-dimensional gravity in Chern-Simons formalism [1054107]. This idea was
placed in the context of holography in [61}/108], where the Wilson lines are used
to compute probe scalar two-point functions at the boundary of locally AdSs
geometries. Their analysis was performed in the semi-classical approximation of
the probe field. Here we evaluate the Wilson line beyond this limit. We provide a
refined interpretation of the gravitational Wilson line in AdS3 in terms of Ishibashi
states in the dual CFT5. This gives us a novel way to explore and reconstruct the
local bulk dynamics: we can reinterpret the Wilson line as an overlap of two local
bulk states. We use this to find local bulk fields dual CF'T operators, even in black
hole space-times.

3.1 Introduction

In this chapter we focus in 3d gravity with negative cosmological constant. As
explained in Sec. this is a topological theory with no local degrees of freedom.
This fact can be made manifest by rewriting 3d gravity as a Chern-Simons the-
ory with gauge group SO(2,2) = SL(2,R) x SL(2,R) [35[36]. The Chern-Simons
formulation has many advantages: BTZ black holes appear very naturally as topo-
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3. Gravitational Wilson Lines in AdSs/CFT,

logical defects around which the si(2,R) gauge fields have non-trivial holonomies.
Diffeomorphisms may be easily understood on-shell as gauge transformations [36].
Finally, the Chern-Simons formulation is also very convenient for the extension to
theories of higher spin gravity [38,46.48./109,/110].

While the Chern-Simons formulation makes manifest the topological character
of 3d gravity, it does so at a cost, by greatly obscuring geometric aspects. Simple
geometric concepts such as proper distances or volumes are not at all transparent
in the Chern-Simons formulation. The problem becomes even more acute if we
consider coupling matter — e.g. a simple scalar field — to 3d gravity: this is very
difficult to do in the Chern-Simons formulation, presumably because the theory is
no longer purely topological. These facts make it very difficult to probe local bulk
physics in the Chern-Simons formulation. This appears to be related to the fact
that typical bulk observables such as (e.g.) the bulk-to-bulk propagator of a probe
scalar field are not actually invariant under diffeomorphisms, and thus are difficult
to formulate in a suitably gauge-invariant manner in Chern-Simons theory.

Nevertheless, in AdSs the presence of a boundary allows the formulation of
suitably diffeomorphism invariant observables — the correlation functions of the
dual CFTy — and thus one would expect that it would be possible to compute
such objects in the Chern-Simons formulation. Some progress in this direction was
made in [4)61}/108111}j112], motivated largely by the computation of entanglement
entropy of field theories dual to 3d bulk higher spin gravity. In this work we
will develop further the approach initiated by [108|], where it was argued that a
Wilson line in an infinite-dimensional highest-weight representation R under the
bulk SL(2,R) x SL(2,R) gauge group could be used to compute boundary theory
correlators, i.e.:

Walveuy) 5. (VO@)O@)I¥) (31)
where we have picked coordinates y* = (r,x%) with 7 an AdS holographic coordi-
nate and x* a CFT coordinate. Here the Wilson line Wx ends on the boundary
at r — oo, and ¥ denotes the CFT5 state dual to a particular configuration of
Chern-Simons gauge fields that constitute the gravitational background in the
interior.

The representation space R was generated from the Hilbert space of an auxil-
iary SL(2,R)-valued quantum mechanical degree of freedom U (s) that lives on the
Wilson line. The quadratic Casimirs of the representation R mapped in the usual
manner to the conformal dimensions (%, h) of the dual CFT operator. While this
represented progress towards extracting geometric observables from the Chern-
Simons formulation of 3d gravity, several issues remained obscure:
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1. The relation was understood to hold only if a particular boundary
condition was used for the auxiliary field U, demanding that it approached
the identity element of SL(2,R) at the two endpoints of the Wilson line.
While this is perhaps a somewhat natural choice, its precise interpretation
in the CFT was not made clear.

2. All previous treatment of the U(s) path integral was performed in a semi-
classical limit, i.e. one in which h > 1. At a calculational level this allowed
the path integral to be evaluated using its saddle-point; nevertheless this
restriction seems somewhat artificial from the point of view of the dual CFT.
Is it possible to go away from this limit?

3. How can one obtain other bulk observables from the Chern-Simons formula-
tion, e.g. bulk-to-bulk propagators or one-loop determinants for scalar fields
on the gravitational background?

In this work we answer these questions by providing a careful and fully quantum
mechanical treatment of the Wilson line described above. In particular, we will
show that the U(s) worldline degree of freedom originally introduced in [108] can
be understood as a particular SL(2,R) rotation of the global part of an Ishibashi
state (familiar from boundary CFT). We use this technology to develop a purely
algebraic method for computing open-ended Wilson lines, and demonstrate equiv-
alence (in the semi-classical limit) with the path-integral techniques used in [108].

The outline of this chapter is as follows. In Sec. [3.2] we review the path integral
representation of Wx(y;,ys) proposed in [108], which will serve as a comparison
to our quantum mechanical analysis. In Sec. we turn to a detailed analysis
of the quantum mechanics responsible of the geometrical features in Wy (y;, ys).
This motivates the introduction of coherent states which we denote as rotated
Ishibashi states. Using these states, we relate Wg(y;, yy) to their inner product;
we rederive the path integral formulation by discretizing this inner product; and
we show that Wx (ys,yy) is a Green’s function on the group manifold SO(2,2). In
Sec. we tie the quantum mechanical aspects of W (y;,yf) to its geometrical
features. We show that Wr(y;, ys) is a Green’s function on spacetime created by
the Chern-Simons connections (which is a distinct statement from the properties
on the group manifold). For global AdS3 and the BTZ black hole, we show how
to build local bulk fields by a suitable decomposition of Wx (y;,y¢). This provides
a new local probe of AdSs in the Chern-Simons formulation of 3d gravity. In Sec.
we discuss the CFT interpretation of our results. And in Sec. [3.6] we discuss
future directions and related results in AdS/CFT that make use of Ishibashi states.

91



3. Gravitational Wilson Lines in AdSs/CFT,

3.2 Path integral representation

In this section we will consider the path integral representation of a Wilson line
operator in the Chern-Simons theory. As we review below, this object should be
thought of as the Chern-Simons description of the worldline of a massive particle
moving in the bulk. This section is a brief summary of the results in [108§].

As reviewed in Sec. [[.4:2] the gauge group of the Chern-Simons theory is
S50(2,2) ~ SL(2,R) x SL(2,R), and the bulk si(2,R) gauge connections are A,
A. The natural observables in Chern-Simons theory are Wilson loops in a certain
representation R of the bulk gauge group; in this work we will always take R to be
a product of two infinite-dimensional highest-weight representations in sl(2,R) &
sl(2,R).

We may now consider the following Wilson loop operator:

Wr(C) = Trr (Pexp (—ﬁA) P exp (—ﬁA)) , (3.2)

and C'is a closed loop in the bulk of AdS3. This observable is fully gauge-invariant,
and will typically be an interesting observable if the bulk loop wraps some non-
trivial object in the bulk (e.g. the horizon of a BTZ black hole). Note that the trace
involves a sum over the infinitely many states of the highest-weight representation.

We may also consider an open-ended Wilson line operator. To define this object
we specify the locations of its endpoints (y;,ys). We must also specify boundary
data in the form of two specific states |U;), |[Uy) € R at these endpoints. We may
then define the following operator:

Wr(us,17) = (0slPex / A) pexn / I RCE

where now y(s) is a curve with bulk endpoints (y;, ys) parametrized by s. W (y;, yy)
is no longer fully gauge-invariant; clearly it depends in a gauge-covariant manner
on the choice of boundary data |U;), |Uf). Nevertheless, for flat connections,
Wx(yi,yy) only depends on the topology of v, but not on the shape of the curve.

From a geometric point of view, the Wilson line described above describes the
physics of a massive point particle propagating from y; to yy on AdSs. A point
particle in the classical limit is characterized by at least one continuous parameter:
the mass m. This data is stored in the choice of highest-weight representation R
that defines the Wilson line. Further details of this representation are given in
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full detail in Sec. For now we require only that the representation is specified
by two constants (h, h) which determine the Casimirs of the sl(2) algebra. Their
identification with the mass m and orbital spin § of the particle is given by

m2=co+¢é&, 8§=h—h, (3.4)

where ¢y = 2h(h — 1) and ¢ = 2h(h — 1) are the quadratic Casimirs; note that
the AdS radius is set to unity.

From the point of view of AdS/CFT, the developments in [4,61,[108}|111L{112]
show that if the endpoints y;, ys are taken to the boundary, the Wilson line
operator defined in is a bulk observable that computes correlation functions
of light operators (¥|O(x;)O(z )| ) in the dual CFT. Here | ) is a “heavy” state
whose gravitational dual is given by the bulk connections (A, A) and O(z) is
a “light” operator whose scaling dimensions (hjz) are encoded in the choice of
representation R. Here “light” denotes an operator that, as the central charge
c goes to infinity, its conformal weight is fixed, while a “heavy” operator has a
scaling dimension that is linear with c.

In what follows we limit the discussion to h = h; see [113,[114] for a discussion
when § # 0.

3.2.1 Path integral representation of the Wilson line

This particular Wilson line is somewhat more complex than those normally studied
in compact gauge theories, simply due to the fact that R has infinitely many states
in it. We now review the work of [108], who constructed R as the Hilbert space of
an auxiliary quantum mechanical system that lives on the Wilson line, replacing
the trace over R by a path integral over a worldline field U. We pick the dynamics
of U so that upon quantization the Hilbert space of the system is the desired
representation R. More concretely, we rewrite (3.2 as

Wr(yirys) = / DU e SWAA), (3.5)

where the the auxiliary system can be described by the following action:

S(U,AA), = \/(Z/dsx/Tr(U—leU)Q (3.6)

The variable s parametrizes the curve +, and we pick s € [s;, s¢]. Here the trace
Tr(...) is a short-cut notation for the contraction using the Killing forms, i.e. if
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P € sl(2,R)
Tr(P?) = na, POP" (3.7)

where P = P*L, and L, is a generator of sl(2,R). There is also a (classically)
equivalent first-order formulation of this action that is more convenient for certain
applications (such as the generalization to higher spin gravity). In the first order
formulation it is manifest that ¢y is the Casimir of the representation, and satisfies
¢a = 2h(h —1). This action requires that h = h. As the entire action is multiplied
by a factor of \/cz, h — oo defines a semi-classical approximation on the path
integral, and for the remainder of this section we will follow [108] and work in this
limit. In subsequent sections we will relax this restriction.

This action is invariant under a local SL(2,R) x SL(2,R) symmetry: in par-
ticular the covariant derivative is defined as

d - dy“ - - dy“
DU=—-U+AU-UA,, A=A , As= , 3.8
ds + Hds Hds (38)
where A(y) and A(y) are the connections that determine the background, and in
the action (3.6) they are pulled back to the worldline y#(s). Under an SL(2,R) x
SL(2,R) gauge transformation by finite group elements L(y), R(y), the gauge
fields transform as

Auly) = L) (Auy) + 0L (),
Auy) = RTH)(Auy) + 9)R() - (3.9)

The worldline action is then invariant under the following transformation of the
worldline field:

U(s) — L(y"(s)U(s)R(y"(s)) (3.10)

Now for an open ended Wilson line as in , we must still specify boundary
data on U(s) at the endpoints of the curveE| We thus pick two SL(2,R) elements
U;, Uy and require that U(s = s;) = U, U(s = sy) = Uy. For a semi-classical
level this is sufficient, and in later sections we will explain in detail the relationship
between this choice of boundary data and the quantum states |U;) and |Uy) defined

in .

We now consider the evaluation of this Wilson line on a frozen classical back-
ground defined by A and A. In the semi-classical h — oo limit, this can be done by
evaluating the on-shell action for the field U(s) subject to the boundary con-
ditions described above. This computation was explained in detail in [108]. Here

IFor a closed Wilson loop as in (3.2), we simply require that the field U(s) be single-valued.
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we write the answer in a way that will generalize simply to our results in the next
section. In particular the answer only depends on the SL(2,R) evolution of the
state from the starting point to the endpoint. If we thus consider flat connections

Aly) = g9W)dgr()™", A(y) = gr(y) 'dgr(y), (3.11)

and the following group elements
1 v 1 vro_
9r(yr)gr(yi) ™" = Pexp <—/ A) ., 9r (Yr)9r(yi) = Pexp (—/ A) ;
i Yi

then the on-shell action S can be written as

Son-shell = \/?a . Vexp(—aLg)V~'= gL(yf)gL(yi)_lUigR(yi)_lgR(yf)Uf_l ;

(3.13)
where « labels the conjugacy class of the group element on the right-hand side of
the second equation. The Wilson line in this state is then given by

Wr(yi, ys) = exp (— C;a> . (3.14)

Note that the role of the boundary data U;, Uy in (3.13)) is to tie together the two
sectors, left and right; we will return to this point in what follows.

3.2.2 Geometric interpretation: proper distances

So far, our review has been very abstract, with no physical interpretation given to
A and A. However we know that for appropriate choices of these gauge connec-
tions, this system should represent the physics of a particle moving on AdSs; we
now explain how the result above is related to geometry. In particular, o defined
in turns out to be related to the proper distance from y; to yy.

To understand this, note that the action (3.6)) can be suggestively written as

s=va dsw (4 3) (- 2) 29 g

where the dependence on U(s) in (3.19)) has been hidden in the definition of /L:

da

;155 fls -1
UAU Is

vut. (3.16)
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Note that if we now define a generalized vielbeirﬂ along the trajectory as

e =75 (A 4,) (3.17)

then we may write the action very simply in terms of the metric associated to this
vielbein as g,, = 2 Trye,e,, ie.

dy* d
S:\/202/ds 9 (Y) ci!s v
¥

(3.18)

which is manifestly the proper distance associated to the metric g,,. Thus the
Wilson line is probing a geometry that is assembled in a particular manner from
the connections A, A, where the dynamics of the auxiliary field U is playing a role
in tying together the two connections into a vielbein. Note that the prefactor \/ca
indicates that the value of the Casimir controls the bulk mass of the probe, as we
alluded to previously.

We also consider the equations of motion obtained from varying (3.6) with

respect to U:
d = dy* dy* dy¥
I ((A A)y I ) [A A)l— I ds = =0. (3.19)

Normally one considers these as equations for U(s): nevertheless, if one fixes U(s)
and thinks of the variable as being the choice of path y*(s), then this is precisely
the geodesic equation for the metric g,,. From here it is clear that the value of

the Wilson line between any two bulk points is

Wr(yi,yr) ~ exp (—2hD(yi, ys)) , (3.20)

where D(y;,yr) = 2« is the length of the bulk geodesic connecting these two
points. Here ‘~’ denotes the limit of large ca, where cy = 2h(h — 1) ~ 2h%, and
hence the classical saddle point approximation is valid.

In what follows we will provide a proper quantum-mechanical treatment of this
Wilson line.

3.3 Hilbert space representation

The path integral approach to evaluate (3.3)) provides insight into the transfor-
mation properties for the field U: this choice is in great part responsible of the

2Technically we can only define the components of the vielbein along the trajectory; in the
considerations of this section this does not matter.
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geometric interpretation of Wg(y;,ys) in AdSs gravity. Based on this, in this sec-
tion we will carefully explain the relationship between the field U(y) and quantum
mechanical states in the highest-weight representation. This will allow us to eval-
uate Wr (i, yy) without the need of taking a classical limit —in contrast to (3.20])-
and, in later sections, have a refined geometric and holographic interpretation of
our Wilson line.

3.3.1 Highest weight representations

We first review some facts associated with highest-weight representations. Some
words on notation are appropriate: when we are discussing an abstract realization
of the sl(2,R) algebra with no particular representation in mind, we will denote
the generators with capital L,. We denote the generators of sl(2,R) acting on the
highest weight state by £,. A highest-weight representation is defined with respect
to a reference state |h) that is an eigenstate of ¢y and is annihilated by ¢1:

Colh) = hlh) ,  G|h) =0 (3.21)

We may now define excited states by acting on |h) with ¢_;, and the correctly
normalized states are defined by

01 |h, k) = /(k + 1)(k + 2Rh)|h, k + 1), Gl kY = VE(k+2h — 1)|hk — 1),

(3.22)

where the state |h, k) has L eigenvalue (k+ h): i.e. k counts the energy above the
ground state, and |h,0) = |h). The Casimir of this representation is 2h(h — 1):

Nl ly|h, k) = 2h(h — 1)|h, k) , (3.23)

where 1% is the Killing form.

We will be interested in states that transform in a highest-weight representation
under a tensor product of two independent copies of si(2,R) x sl(2,R) with h = h,
and so we will label them as |h,k) ® |h, k) = |h; k, k), where the ground state
is |h,0,0). We denote the sl(2,R) generators acting on the first k& index (the
“left”) by £, and those acting on the k index (the “right”) as ¢,. These form two
independent sl(2,R) algebras, and we have

[a,0a] =0 . (3.24)

The group action of each copy of SL(2,R) on these states is the usual one: in
particular, we have

GM™),G(M) =D," (M)lw ,  GM "),G(M)=D, " (M)ly , (3.25)
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with the D’s the representation matrices for the adjoint representation of sl(2, R).
Note that we have

G(M)G(My) = G(MMy) , D, °(M,)D, (M) = D, ¢ (M, M) . (3.26)

3.3.2 Rotated Ishibashi states

We will now define a family of quantum states that have the same transformation
as the classical field U(y) in (3.10). To do so it is convenient to consider the
following triplet of si(2,R) operators, labeled by an element U € SL(2,R):

Qu(U) = lo+ D, (Ul - (3.27)

This is a linear combination of the generators on the two sides, with one side
rotated by U. We will denote a state that is annihilated by Q,(U) for all a as |U),
ie.

Q.U)=0. (3.28)

This defines a rotated state, each labeled by an element U of SL(2,R). We now
explore some of the properties of these states. First consider commuting G(L)G(R)
through @, (U). We find

G(L)G(R™)Qu(U) = D, “ (L™ ")Qu (LUR)G(L)G(R™) . (3.29)

Acting with this relation on the state |U), we find that the state G(L)G(R™1)|U)
is annihilated by Q,(LUR). But by the definition of the U states, this means that

G(L)G(R™Y|U) = |LUR) . (3.30)

Thus we see that acting on a U state with an element of SL(2,R) x SL(2,R) causes
it to transform inhomogenously precisely as the classical U field did in (3.10). We

also note that every U state is left invariant under some diagonal subgroup of
SL(2,R) x SL(2,R), that with L = UR™'UL.

It will be useful to have some explicit examples of |U) in terms of the highest
weight representation discussed above. As a start let us consider the state |U) =
|21sn) whose action on the generators is

Da o (leh)za/ = EIsh Za 21_5}1] = _z—a s (331)
and as a group element is
Sian = exp (—%(L1 _ L,l)) . (3.32)
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Using (3.31)), (3.28) becomes
(la —C—q) |S1sn) = 0. (3.33)

This equation has the following unique solution,
Sren) = Y b5k, k) (3.34)

which is (in its Virasoso incarnation [115]) called the “Ishibashi state.” Another
choice for our states is setting |U) = |Z¢ross) whose action is

’

Da @ (Ecross)za’ = crossé Ecréss = _(_1)a2—a 5 (335)
and as a group element it reads
77
Seross = €XP (§(L1 n L_l)) : (3.36)
For this choice ([3.28) becomes
(60« - (_1)a2_a) |Zcross> =0, (337)

and the unique solution to this equation is

o0

Seross) = »_(—1)*|h; k. k) (3.38)

k=0

which is usually referred to as the “crosscap (or twisted) Ishibashi state” |115].
The state |Seoss) (rather than |Yrg,)) will play an important role in section
for reasons that we will elaborate on there.

If we can construct any reference state in this family, then we can find any other
state by acting on it with an appropriately chosen G(L) and/or G(R I Bl And
for this reason we will call the states |U) (in a slight abuse of notation) rotated
Ishibashi states. Our rotated Ishibashi states are coherent states that live in the
product of two highest weight representations and only involve the global part of
the conformal group, unlike the states used for boundary CFT [115}[116].

3Note that we are allowed to rotate a |U) state if G(L) has a well defined action on the
representation. This implies that not any rotation is allowed. For example, we cannot rotate
[Zcross) to the state |U = 1), which is ill defined since setting U = 1 in has no solution
in the highest weight representation. The reason is that Ycross iS an outer automorphism: it
has a well defined action on the group elements as signalled by , but not on the states of
representation (it would flip the sign of Lo eigenvalue). Similar statements hold for ¥ig.
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3.3.3 Inner product

An important object in our analysis is the inner product of a rotated Ishibashi
state. These states are not orthogonal— they form an overcomplete basis— which
leads to a non-trivial expression. The relevant matrix element to evaluate any
such inner product is

(BIGL)GRT[) , (3.39)

where |X) is a reference state from our family of rotated Ishibashi states. For
concreteness we will take |Z) to be either

‘Elsh> or |Zcross> I} (340)
as defined in (3.34]) and (3.38]).

Evaluating leads to
(BIG(L)G(RTHIZ) = (Z|G(LERETT)

= lar*(h, k|G(L S RE™)|h, k)
k=0

=> (hElG(LSRE™")|h, k)
k=0

°=O e—ah
= Zexp(—a(k +h)) = T o= (3.41)
k=0

In the first equality we used (3.30)). In the second line we used (3.34]) and (3.38));

the coefficient ay, is equal to 1 and (—1)¥, respectively. In the third line we used
that |agx|?> = 1, which reduces the computation to a trace of the group element
inside the bracket. In the last line we decomposed the group element as

LYRY™' =Vexp(—aLy)V™!, (3.42)

where « controls the conjugacy class of the group element in question. The last
equality is our final result, which is just a sl(2, R) character of G(LX R¥X~!). From
here the role of |X) is becoming more evident: it controls how the right element R
would act as left element relative to L and vice versa.

The result (3.41)) immediately generalizes to the inner product between any
two of the U-states as defined in (3.28)): any rotated state continuously connected
to X will satisfy

e—ah

U1|Uy) = ———
({OilU2) = T— =

U Uy = Vexp(—aLo)V—!t . (3.43)
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In other words, the inner product between any two U-states Uy and Us is a function
only the “magnitude” « of the conjugacy class of the group element that relates
Uy to Us. « can be thought of as an invariant distance between the two elements
on the group manifold (and indeed we will develop its geometric interpretation in
the next subsection). Note that as U; approaches Us, @ — 0 and thus the norm of
any U state itself is infinite: this divergence can be seen immediately from noting
that the norm of |X) diverges.

Finally, the U states satisfy a completeness relation. It is shown in Appendix
[6-6] through explicit computation that for 2h > 1 we have

T 2
/dU|U><U\ _ 2(;2}111)]1 , (3.44)

where dU is the Haar measure on SL(2,R). In pedestrian terms, this simply means
that we treat SL(2,R) as being locally AdS; and integrate over it using the usual
volume measure, taking care to integrate over SL(2,R) and not over its universal
cover.

3.3.4 The Green’s function on the group manifold

Here we discuss a few further properties of the inner product (Uy|Us) computed
above. In particular, the inner product ([3.43) is actually a Green’s function with
respect to the invariant Laplacian on the SL(2,R) group manifold.

We begin by placing coordinates o® on the group manifold SL(2,R). Let us
denote the usual generators of si(2,R) in the fundamental representation by L,.
As SL(2,R) is a group manifold, there exist vector fields £ and £ that generate
the group action on a point in the manifold from the left and from the right, i.e.

2 0U(0) _ 7 0U(0)
& Soa = L,U(o) , & Boa = U(o)L, . (3.45)
As the U-states (3.30) transform in the same way, they satisfy:
§a0a|U(0)) = |LaU(0)) = La|U(0)) (3.46)

as well as a similar relation for the barred sector. Now we act with this relation
twice on the oa coordinates parametrizing the inner product (U(c1)|U(02)) with
U(o1) # U(og). In particular, denote the Killing form on si(2,R) by 7% and
compute

1 (U (o1)I€80a (01U (02))) = 0™ (U (01)|00£alU(02)) = 2h(h=1){U (1) U(02)) ,
(3.47)
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where in the last equality we have used the Casimir relation . It is straight-
forward to verify that the second-order differential operator on the left-hand side
of is (up to a factor of ) the invariant Laplacian on SL(2,R), which we
denote by Oy. As our analysis holds only for non-coincident Uy, Us, we conclude
that

(500 — 201 - 1)) @hlta) = 60,0 (3.49)
Here 0(Uy,Us) is a delta function on the group manifold that is nonzero only if
Uy = Us, and which is normalized to satisfy [dUd(Uy,U) = 1 with dU the Haar
measure on SL(2,R) and Uy a reference group element. This can of course also
be checked by explicitly verifying that satisfies the appropriate Laplacian;
this is also the fastest way to verify the existence of the delta function on the
right-hand side.

3.3.5 Relationship to path integral

In this section we will demonstrate that the in the large-h limit, the inner product
defined above can be computed from a path integral over a classical field U(s), as
used in [108] and reviewed in Sec. Essentially we will perform the analogue
of the usual construction of the path integral for quantum mechanical systems,
where the non-compact nature of the representation, and therefore of the U states,
provide some extra wrinkles.

Consider computing an inner product of the form
{UF|IG(L)G(R™Y)|US) - (3.49)

To give this a quantum-mechanical interpretation, we will represent the group
elements L and R as path-ordered exponentials of gauge fields A(s) and A(s),
where s should be thought of as “time”, i.e.

Sf Sfo_
L =Pexp (/ Asds) , R =7Pexp </ Asds> . (3.50)

To make contact with conventional quantum mechanics, one can imagine that A
and A define a Hamiltonian for the system defining time-evolution along s. We
will now derive a path integral expression for the inner product . We follow
the normal algorithm of dividing the path from s; to sy into many small intervals
of size €, discretizing the path as s;, Si+1,8i42 - Sf—1, Sy, where the time step is
S5 — Sj—1 = €.
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We may then break up each path-ordered exponential:
sf
P exp (/ Asds> = e As(sp)gmeAa(sr—1) . gmeda(si) — HefeAs(Sj) , (3.51)
Sq ]

and similarly for the right sector. The inner product takes the form

(U|G(L)G(R™ UfIH[ (e 1)@ (@) vy . (352)

We now use to insert a complete set of U states at each time step. We find
(U|G(L)G(R™)|Us) =
Uf|H { (e 1) @ (emtt) / dU|U<sj>><U<sj>|} )
(3.53)

where we have introduced an overall prefactor N to absorb factors of the form
(2h — 1) into the usual ambiguities in the measure of the path integral. We see
that we must evaluate many inner products of the form

(U(sja)|G (e74) @ (7 40)) [U(s))) (3.54)

To evaluate this inner product, we make the usual assumption that most contri-
butions to the path integral come from reasonably smoothly varying U(s), so that
we may assume that U(s;4+1) = U(s;) + e% + O(e?). Thus to lowest order in
€ we are evaluating

<U(sj) (11 n U(sj)lecwd(jj)> ’G (a“‘s(%‘)) G (e*ﬁs(%‘)) ‘U(sj)> . (3.55)

We use the transformation property of the U states (3.30]) to move all of the group
elements to the ket on the right to obtain

<U(3j)

e AN (55)e A 5) (]1 - U(sj)lefg(sj)) > : (3.56)

Next, we use the general form for the inner product (3.43]) to conclude that

efa(sj-)h

(Us;0)G (74D G (4 JU(s))) = 75 - (3.57)

where a(s;) is given by the conjugacy class of the SL(2,R) element

M(s;) = e (VT EAUTIAU-A,) , M(sj) =V texp(—a(s;)Lo)V, (3.58)

S§=S8j

103



3. Gravitational Wilson Lines in AdSs/CFT,

where to obtain this expression we expanded all terms up to order ¢, and then
re-exponentiated the resulting expression. It should be understood that this ex-
pression is correct only up to order e. We have encountered a version of
in and , and we will encounter again in subsequent sections. The a
simple way to read off a(s;) is by noticing that —and its counsins ([3.42))
and f are independent of the sl(2) representation. With these freedom, we
choose to solve this equation in the fundamental representation of sl(2), described
by the 2 x 2 traceless matrices, where « is given by a trace:

a(s;) = 26/ Tr; (U-1D,U)? (3.59)

s=s;
Here the gauge-covariant derivative D,U is that defined in (3.8)), and our conven-
tions for the fundamental representation are given in appendix

We have thus computed the contribution of one infinitesimal piece of the path.
Assembling all of these pieces by taking the product, we see that the full inner

product (3.49)) is given by

~ —a(sj)h
WAGEIG(E0) =N ] (fweni==e)

U(s:)=Ui,U(s7)=Uy
(3.60)
We now consider taking the continuum limit € — 0; the product of integrals dU (s;)
over each group element at each point on the path becomes a path integral [DU]
over a continuous worldline field U(s). We first consider the numerator of the
above expression: this naturally becomes an integral over a smooth action:

Hexp (—ha(s;)) — exp (—zh /f ds\/Try (UlDSU)z) , (3.61)

i.e. precisely the exponential of the action S[U] postulated on physics grounds
in [108].

We now turn to the denominator 1 — e~®(%3). In the limit e — 0, each a(s;) is
infinitesimal, and thus we may write:

s  CEU CE RS )

! (3.62)
where we have introduced a new auxiliary field o(s;) at each point on the worldline;
integrating out this field generates the denominator (up to an overall ill-defined
prefactor that depends on the discretization). The full path integral is thus

(s5)=Uys
/ (DU exp (—S[U, o)) - (3.63)
U(Sl):Ul
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where the full continuum action is

S[U, 0] = /f ds <2m/Trf (U-1D,U)* + %a(sf Try (U‘lDSU)2> . (3.64)

In the h — oo limit, we may ignore the second term in the action: this is then
precisely the path integral (3.5)-(3.6) which was proposed on symmetry grounds
in [108).

We can now see that at finite h, the path integral proposed in [108] must be
corrected by additional “quantum” terms arising from the measure of the path
integral when integrating over U states. This additional term —the wrinkle we
alluded to at the start of this subsection— arises from the fact that the inner
product of two nearby U states is divergent, which is itself a direct consequence of
the non-compactness of SL(2,R) and the resulting infinite tower of highest weight
states. It would be interesting to understand better the physical significance of
this term; however in this chapter we will not attempt to treat the path integral
(3.5) at finite h, and will instead simply directly compute matrix elements from
the algebraic approach developed above.

3.4 Wilson lines: Local Fields and Geometry

Our goal in this section is to give a geometric interpretation to the algebraic
construction in Sec. We will start in Sec. by going through the simple
exercise of casting our gravitational Wilson line in along the lines of the
discussion in Sec. 3:3:3] In Sec. [3:4.2) we will argue that for invertible connections
(A, A), we can interpret the transformation properties of the group elements in
the Wilson line as moving the endpoints of the operator in AdS3. This justifies
the geometric interpretation of the algebraic object. And finally, in Sec. we
will show how to build a local bulk field from our rotated Ishibashi states; these
constructions will be explicitly done for global AdS and the static BTZ black hole.

3.4.1 Gravitational Wilson line as an overlap of two states

The results in Sec. gives a prescription to evaluate overlap of states in the
highest weight representation. In this section we would like to implement those
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results to a gravitational Wilson line. More concretely, we would like to analyse
_[YF A _ _[¥r 4
Wr(ys,y:) = (E|G (Pe L. ) G (Pe L. ) 1), (3.65)

as an overlap of a suitable initial and final |U) state. We keep the reference state
|2) generic so far, and we will discuss the different choices Yrgp, and Yeposs in Sec.
As in Sec. 7v(s) is a curve with bulk endpoints (y;,ys); we use the affine
parameter s € [s;, sy] where y(s = s;) = y; and y(s = sy) = yy.

To recast (3.65)) as an inner product, it is useful to rewrite the flat connections
as

A(y) = gr(y)dgr(y)™",  Aly) = gr(y) 'dgr(y), (3.66)
Using the transformation of the path ordered exponential under (3.66]):

Pe bt eyt P b = g wpont) (3.67)

and therefore

- A\ = - | A 1N A —
16 (P b ) 6 (Pl I9) = (516 (00000200 ) 6 (05 om(e) 19
(3.68)
To write this expression as an overlap between to states, we define

U®) =G (9.(y)"") Ggr®)) ) . (3.69)

and with this, we can rewrite the previous amplitude as

sle (et ) e (P b m =Wy G

It is important to note that in this expression we have implicitly assumed that the

group element gy, obeys

gt =gl ,

and similarly for gr. All of our manipulations will use group elements that are
unitary. And we should stress that |U(y)) is not gauge invariant. In its definition
in we implicitly made a choice: we are splitting the path from y; to yy to
a mid point where g;, = gg = 1, and without any further specification of the
connections, we have not motivated nor justified this choice. This bug does not
affect , and we will ignore it for now. We will return to this point in Sec.

when we directly analyse |U(y)).

Having casted the gravitational Wilson line as an inner product in (3.70), we
can now use the same logic that leads to (3.41)) and (3.42)). In particular we find

106



3.4. Wilson lines: Local Fields and Geometry

that

(x| (73 e f#‘) a (Pe_ f#‘) iy = et (3.71)

1 — e—Wiyy)

where, following (3.42)) for this case, a(y;,ys) is given by the solution to

9L (i) gr(yi) " Gr(yr) =V exp(—a(yi, yr)Lo)V . (3.72)

and we define ~
Gr =X 'grY, A=x"1A% . (3.73)

Note that while, by definition, A and A act on different spaces, the role of ¥
is to tie together these two sectors; A can be thought of as the ‘left’ version of the
‘right’ connection. To solve for a(y;,ys) in (3.72), it is useful to note that this
equation is independent of the si(2,R) representation, and hence we can simply
use a finite dimensional representationﬁ Using the fundamental representation of

sl(2,R), and after taking the trace both sides of (3.72)), gives

cosh (Oé(y;yf)) = (;Trf (QL(yf)gL(yi)1§R(yi)1§R(yf))> . (3.74)

where Try is the trace in the fundamental representation. Using (3.66) together

with (6.61) and (6.62), we find that a(s;,sy) = 2D(s;,ss) is the geodesic length
of an effective metric given by

1 =~ jad
v = §Tr(AH —A)A, - A) . (3.75)

The relevant metric for global AdS and BTZ is given in . It is worth to
comment that the conventions for the AdS and BTZ connections used in this
Chapter are different to those used in Chapter [I} The formulation in the highest
weight representation used here requires unitary group elements (6.61), which
was not fulfilled by the connections ((1.101). For more details, see Appendix
Finally, the inner product is

Slte (Pe_va>(_}’(Pe_va) 5y = e (3.76)

1 — e—2Dwius) ~

This is the familiar bulk-to-bulk propagator of a minimally coupled scalar field
in a locally AdSs background [117,[118]. In the semi-classical limit, where the
numerator is negligible and h is large, the saddle point approximation of the path
integral in precisely agrees with . The background metric is in
agreement with , and is equivalent to .

4There is an ambiguity in the sign in front of a when (3.72) is considered in a finite dimensional
representation. However, a > 0 as required by the convergence of (3.41).
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At the level of evaluating (3.76)), the detailed nature of |3) can be overlooked:
provided the endpoint states satisfies

G(L)G(R™Y)|¥) = |LER) , (3.77)

we will obtain 7 and interpret it as the bulk-to-bulk propagator of a scalar
field with background metric . With this perspective, if the input is g,.,
we could just infer the values of (A, A) and use them in , without making
explicit reference to the difference between A and A, and hence neglect the role of
[2). However, |U(y)) is an object sensitive to |X), and as we will discuss in section
this will disentangle the different features that |X) captures as we build local
probes in AdSs.

3.4.2 Algebra meets geometry

An expression such as makes rather evident that the Wilson line is a propa-
gator, and hence its ties to geometry. The drawback however is the brut aspect of
the observation: it relied on evaluating explicitly the observable on AdS3 and the
BTZ background. In this section we will do better. We will show that the object

Wr(yssy:) = (SIG (Pe‘ 5! A) G (Pe_ 5! A) ) (3.78)

can be understood as a bulk-to-bulk propagator with respect to the bulk spacetime
metric associated with the flat connections A, A. The important improvement here
relative to our prior observations is that here we treat the Wilson line quantum
mechanically, and as such it will capture the geometry as perceived by a bulk field
of an arbitrary mass.

We begin by assuming that the bulk spacetime is simply connected (e.g. for
pure AdSs3). In this case all paths from y; to y; are topologically equivalent, and
(13.78)) is a well-defined function of the two endpoints.

We first recall that in (3.48)) it was shown that the object (U;|Us) was a Green’s
function on the group manifold SL(2,R). This is logically distinct from showing
that the matrix element (3.78)) is a Green’s function on the bulk metric defined by
A A

To make a connection between these two objects, we first need to establish how
the matrix elements in (3.78) change if we move, for instance, the point y¢. The
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dependence on endpoints y; and yy enters in (3.78) as follows: using (3.66)-(3.67),

the matrix element reads

Wr (s vi) = (SIG(9(yp)gr ()G (gr(ys)  ar(:))|S)
= (SIG(gr(yp)gr (i) gr(yi) " Grlys))|Z) - (3.79)

In the second line we made use of the transformation properties of our reference
states , and used the definition §r = X 'grY . We note that this is where
the choice of |U) to be rotated states is crucial: the state combines both sectors,
which will lead to a geometric interpretation of Wx (yy, y;) in the subsequent steps.
From , the full dependence on y; and ys enters through the following group
element

G(ys,yi) = gr(p)gr ()~ drlys) ' dryi) - (3.80)

Taking an y; derivative of this group element, we have

0 =
Tﬁg(yf,yi) = —AuWr)9Wi,yr) + 9, yr) Aulys) - (3.81)
Recall now that (3.48)) was shown by exploiting the fact that the left and right
action of the group generated a set of vector fields on the group manifold ((3.45)).

We would now like to extend this idea to the geometric bulk, i.e. we seek a set of
vector fields ¢, ¢# defined on AdSs such that

0 -, 0
85 m9Wryi) = LaG(ys,vi) 07579 i) =9 vi)La - (3.82)
oy Oy
Multiplying both sides of these equations by L; and taking a trace, we see that
the defining relations become

¢ty ((—Au+ G497 ) L) = w Gty (=071 400 + A) Ln) = s

(3.83)
These equations will have solutions for ¢, ¢ if the 3 x 3 matrices (with rows labaled
by u and columns by b) multiplying them from the right are invertible. However
from~7 we see that these matrices are closely related to the usual vielbein e ~
A— A in the metric formulation of 3d gravity, with one side rotated by the SL(2,R)
transformation defined by G(ys,v;). The condition that the generalized vielbeins
above be invertible appears to be required for a simple geometric interpretation of
the bulk spacetime.

If the generalized vielbeins shown above are invertible, then the ¢, ¢ exist, and
we have shown that movement in bulk spacetime is equivalent to movement on the
group manifold. Furthermore the condition (3.82)) guarantees that they satisfy the
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sl(2,R) x sl(2,R) algebra as Killing vectors on the bulk spacetime. Thus following
through the same steps as in (3.48)), we conclude that

<2Dyf —2h(h — 1)) Wr(yy, yi) = S?ﬁ (3.84)

where now [, is the Laplacian on the bulk AdS3 spacetime. The construction of
¢, ¢ will be carried out explicitly in Sec.

We now consider the case where the bulk spacetime is not simply connected,
e.g. the BTZ black hole. For a black hole the bulk connections have a nontriv-
ial holonomy around the black hole horizon. In this case the definition of the
open-ended Wilson line W (ys,y;) in is incomplete: as there are multi-
ple inequivalent bulk paths that connect y; and y;, we must specify a path, and
different choices of path will result in different answers.

In this case, if we would like to obtain an unambiguous answer that depends
only on the endpoints, one prescription is to sum over all inequivalent paths, i.e.,
we define a path-summed Wilson line as

Wr(ypy) = >, Wr(Clysv)) (3.85)

C(yr.yi)

where the sum is over all topologically inequivalent paths C(ys,v;) that connect
y¢ to y;. An example of such situation is nicely capture by the BTZ black hole.
In this case the inequivalent paths correspond to geodesics winding around the
horizon multiple times, and the resulting propagator is a sum over these windings.
For the static black hole, the resulting propagator is

e~ 2hDn(yisyy)
Wr(ys. yi)Brz = 1= e—2Du(viyy)
nez

(3.86)

with

E

D (yi,ys) = > (rfri cosh(ry A¢ + 27r n) — \/(r? —r3)(r? —r2) cosh(r+At)) .
+

(3.87)
Here we are using the geodesic length in , and n controls the number of times
the path encloses the horizon. In the metric formulation this sum can be under-
stood as the sum over images that gives the propagator the correct periodicity
condition (see e.g. [119]), which in complete agreement with our expression.
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3.4.3 Local fields

In the last portion of this section we will evaluate and interpret |U(y)) as defined
in (3.69). As mentioned there, this definition is gauge dependent. A definition of
|U(y)) that reinstates this dependence is

U(y)) =G (92.(0)9e () ™) G (97" (w0)gr(¥)) |1Z) . (3.88)

where y{j is a bulk reference point where |U(yo)) = |X). In other words, the point
yh defines where in the bulk we should locate the state |XZ). Once this choice is
made, |U(y)) is a prescription on how to move through the bulk the state |3) from
yb to a point yH.

We will decompose the state (3.88]) as a sum over local functions in the infinite-
dimensional representation

|U(y)> = Z (I);;)/}(y)‘mk?]a ) (3'89)
k,k=0

and evaluate ®; ;(y). Alternatively, the function @, z(y) is
;.5 (y) = (Ul k. k) = (h kKU ()" (3.90)

This function is the object that will provide local bulk information in the Chern-
Simons formulation of 3d gravity.

The explicit calculation of this @k’,;(y) can be a complicated task. A way to
proceed is by using the technique in Appendix A of [120]. The aim there is to find
a differential operators £, (y) whose action in the inner product (3.90)) is

<U(y)|€a‘h7 ka E> = Ea(y) <U(y)|ha kv ]_g> . (391)

where £, is the infinite-dimensional generator that acts as in (3.22), and L, (y) is
a differential operator acting on the y variables, whose explicit form depends on
the state |U(y)). Analogous formulas can be found for the barred sector. These
operators are precisely the vector fields introduced in , i.e. we have

cay =L L=l (3.92)

@ ayﬂ ’ @ 8yl’«
Equation (4.22)), together with ([3.22)), implies that

Loa®yi(y) = V(k+ 1Dk +20) P 5 (),
Lo1®y 5 (y) =/ (k+ 1)k +20) P 1 (y) - (3.93)
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) 0(y) can be fully determined by solving following differential equations
Lo(y)Po,0(y) = hPo,0(y) . L1(y)®o,0(y) =0, (3.94)

together with its barred version. Therefore, we will be able to infer the form of
@, x(y), by successively applying £_1(y), and L_1(y) to the seed ®go(y). From
here it follows that @, ;(y) obeys the Casimir equation

(L%(y) + L2(y)) 4 1 (y) = 4h(h — 1)@, 1 (y) , (3.95)

where £? = —(L_1Ly+ L£1£_1)+2L5. In other words, @, ;(y) is a local bulk field
of mass m? = 4h(h — 1) and whose boundary conditions are given by the highest

weight conditions ((3.93)-(3.94)).

Finally, once we have the explicit expression of the functions @, j(y), we will
compute the inner products of two states (3.89) as

Ul ) =D @ inlyr)®f (i) - (3.96)

k.k

Note that when we evaluate we will not make use of (3.41]), and hence the
derivations in this portion give an alternative and more direct derivation of .
In the following, we will carry out this procedure for two explicit backgrounds.
Sec. is devoted to global AdS3, which agrees completely with the results
in [120], and Sec. focuses on the static BTZ black hole.

Global AdSs

Let us consider the state |U) for global AdS3 and build explicitly @, z(y) for this
background. To start we will first infer the group elements from the standard
metric for AdSs, i.e.

ds? = —cosh? pdt? + dp? + sinh? pdep? . (3.97)

Using (3.75)), it is straight forward to read from (3.97) unitary group elements gy,
and gr. Details are presented in App. [6.7 and the resulting elements are

gr(y) = elli—t-1)p/2 ,—iloz™ , Grly) = e~ ior” g(li—t1)p/2 (3.98)
where 2 = t 4+ ¢. We will use the definition with g7, (yo) = 1 = gr(yo); this
places |X) at the origin of AdS in accordance with the results in [120H122]. This
gives

U(y))aas = G (90.(y) ") G (9r(v)) |T)
=G (9.(y) "gr(y) ") %)
= eizw"e*p(zl%*l)eizv"\E> , (3.99)
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where we used (3.30) and (3.98]). For most of the following derivations we will
drop the subscript “AdS” and restore it when needed.

The next step is to find the differential operators £,(y) in (4.22) for global
AdSs. For that we use the inner product as

) 1 (y) = (U)|h k. k) = (S|e= foerli—t-ne=ie bo|p k), (3.100)
Taking derivatives with respect to the global coordinates gives
Dot (U (y)|h, b k) = —i(Sle™e Coerl=tn)e=ie" gy p k k)
O,(U(y) b, k, k) = (S|e™ ™ Loepi=ta) (g — 0 )e ™ o, & k)
0o (U(y)|h, k, k) = —i(D]e™® bogoeri—t-v) =iz lo|p 1 (3.101)

and using commutation relations, we can move the generators that are not in the
exponents to the right, to get

O+ <U(y)|h’ k, ]_€> = _Z<U(y)|€0|hv k, ];;> )

Bp(U () |h, k k) = (U(y)| (e 0y — e £ 1) b, k. k)

- inh 2
0y (U(y)|hy k, k) = —i(U (y)| cosh 2p by + o

(7 0y + e 0_1)|h, K, k) .
(3.102)
Now, it is straight forward to obtain the differential operators that follow (4.22))
for global AdSs; these read
Lo =10+,

, sh 2p 1 1
Loy = ieFit [ €2 - 9, Tl . 3.103
1 =e sinh 2p ot sinh 2p T 2°F ( )

It is important to remark that these differential operators were built without mak-
ing direct reference to |X).

To find the barred differential operators we follow a procedure analogous to

what we did in (3.101))-(3.102)), but using the following inner product:
©, 1 (y) = (U®W)|h k. k) = (B[ teie heri-tngia by k), (3.104)

where we are rewriting the action of the left group elements as an action via the
right, i.e.

UW))aas = G (9.(v) ") G (9r(v)) |)
=G (S 'gr(y)gL(y)D) |T) . (3.105)
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While in (3.100)) we could ignore ¥, we are now forced to understand how X acts
on the states to infer the differential operators £,. A sensible choice is to require
that £, are related to £, by replacing 27 <> x7, i.e.

Lo =10, , (3.106)
+iz— | cosh2p 1

Eil =ie aﬁ F %8/, .

sinh2j “  sinh2p
This is the familiar assignment of Killing vectors in AdSs; the interesting twist
here is that not any choice of probe ¥ will achieve this assignment. A choice of |X)

that delivers (3.106)) for the group element (3.104)) is the crosscap state in (3.38):
|E> - |Ecross> .

The Ishisbashi state |Xgn) has a different effect. Using in would
lead to operators £, that are related to £, through % <+ —z~, and p — —p. It is
not clear if this choice has a natural interpretation in the geometrical description
of fields in AdSs, and it might be interesting to investigate this in the future.

Our starting point in this subsection was the metric for AdSz in (3.97)). Another
starting point is to use the fact that global AdSs3 is maximally symmetric, and the
group elements that label rotations and translations in this space is

‘U(y»AdS = ei€0x+ (31‘20%76_%(51_2714_21_271)|Zcross> ) (3107)

as it was done in [120,|122]. For the crosscap state, using (3.107) is in complete
agreement with (3.98) and leads to favourable features, while the choice |Zrgp)
would not lead to the usual notion of a local field in AdSs.

The differential operators (3.103)), and (3.106) are Killing vectors of global
AdS3, as advocated in Sec. Moreover, (£2(y) + £3(y)) in (3.95) is the

usual d’Alembertian for AdS;. Therefore, ®; ;(s) is a scalar field with mass m? =
4h(h—1) in a global AdS background. Now, we can solve (3.94) using the previous

differential operators, as done in [123]; the highest weight state is

672iht

Poo(y) = (UWIR,0,0) = o7 -

(3.108)

To find @, ;(y) we simply need to identify the solutions to (3.95) and organize
them as £_1(y), and £_1(y) acting on (3.108). This leads to

q)k,l;(y) _ ijc e—ih(aﬁ-l—z*)e—i(kw*—&-fsw*)(tanh p)’;_k(COSh p)_2hP]§E_k’2h_l)(X),
(3.109)
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where we define y = 1 — 2tanh? p, the function Py(La’b) (x) is a Jacobi polynomial,

and Cp 1 = (-1)* % is a constant that has been chosen to match the
normalizations in (3.93]). Therefore, we found the state (3.89) in a global AdS
background. This is in complete agreement with the known results of normalizable

wavefunction in AdSs as in, e.g., [124].

We are ready to compute the overlap of two states at different positions in the

bulk. Using (3.96) with (3.109)) gives

o~ ih(Azt £ Az —i(kAat kAT E(2h 4k —1)!

(UnIU(yi) = E'(2h 4+ k — 1)!

k

M

0

x (tanh py tanh pi)fg_k(cosh pf cosh pi)_%P,gE_k’ 2h—1) (Xf)P,gE_k’ 2h-1) (xi) -
(3.110)

The previous sum is performed in the Appendix If we choose 2 = tanh? p;,
y = tanh? pf, T = €% and s = e‘mfﬁ7 the left hand side of (6.75)) is equal to
(3.110). Applying (6.75]), we find

—(2h—1)
) e—2hD(vi,y5)

(U(yi,yf) + o (i yp) — 1
2\/0%(yi,yg) — 1 11— e 2w
(3.111)
where D(y;,yy) is the geodesic length of global AdS, given in with C = —1/4.
This in complete agreement with the result in .

(Uyp)lU(y:)) =

BTZ

As we did for global AdS3, we will now find the local functions ®; z(y) for the
static BTZ background. Our starting point is to build the group elements (g1, gr)
from the metric, which for the black hole reads

d 2
ds? = ~(r* ~ r3)de* + r o +17dg”. (3.112)
-3

In Appendix we build the appropriate connections for the black hole are ((6.62))
that are compatible with (3.112)) and unitary in the highest weight representation.
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The resulting BTZ state if’|

|U(y)>BTZ -G (gL(y)flgR(y)fl) |E> :efﬁ((8072)40*(4C+1)(41+471))x+efp(flfffl)
x e~ 1 (B +(UCT)(GiH-))z™ |3y

(3.113)
where we casted all the elements as acting on the left, and we introduced
r =17y cosh’(p—p.) , 4C = e =17 | F=t+¢. (3.114)

Following the same procedure as in Sec. we can find differential operators
defined as (4.22)) for the BTZ state. Usingﬁ

;1 (y) = (U(y)|h, k, k) =(|ed (BODOHACD G+ er( =)
x ei(BC=Dlo—(ACHD(E+t0)a® | | By - (3.115)

we find the non-barred differential operators

Lo = —2a;V/Csinh (2\/5x+) 0, + (a_ + Wa+ cosh (2\/5$+)> Dt
1—f(p)? ]
+gigy o cosh (Q\chﬁ) o,

Li1 = <j:; cosh (2\/5£E+) —2a_V/C'sinh (Q\FCx+)> 9,

+ (cu + L+ /(p)? (04,4\FCcosh (Q\Eﬁ) F sinh (2\@x+>>> Op+

8VCf(p)
1—f(p)? :
+ (Oz+ + SVCF (o) (a,4\/acosh (2\@:}34') F sinh <2\/5:v+))> Op—
(3.116)
with
e —AC (40 £ 1)
flp) = RN ax =~ (3.117)

In order to obtain the barred generators, we proceed as done for global AdS3 in

(13.104)-(3.105)), i.e. we rewrite the state |U(y))pTz as having an action only via

5Following the discussion around and (3.98)), we have chosen here g1, (yo) = 1 = gr(yo)-
In contrast to global AdSs, there is no physical motivation to make this choice for BTZ: it simply
makes some of the subsequent manipulations easier. It would be interesting to investigate what
is a physically sound choice of g in future work.

SFor simplicity, we will omit the subscript ‘BTZ’ in most of this section, and restore it when
needed.
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right group elements. This gives
By 1 (y) = (U (W)l b, By =(5[5Le (Dot (C4)ErtTn))o™
% ep(ZIJ,l)eg(7(8072)%7(4c+1)(21+2,1))z—Z|h7 k, ];> .

(3.118)

As before, we will fix ¥ such that the barred differential operators, £,, are equal to
the non-barred operators with z+ <+ 7, as it is natural in the metric formulation.
A quick inspection singles out |Y¢;0ss) as the appropriate choice rather than |y ).

Using |X) = |Zeross) in (3.118) we find

Lo = —2a+\/asinh (2\/595_) 0p + (a + WaJr cosh (2\/530_)) Oy

_ 2
+ 12fJE/(0§)a+ cosh (2\/533_) Op+

Li1= <:|:; cosh (2\@:17*) — 2a_+/Csinh (2\/513)) 0
2
+ (a + S\F;(;) (a 4v/C cosh (Q\fx ) F sinh <2\/51‘)>> Op—
i (a 4V/C cosh (Q\Fx ) F sinh (2\@96‘))) Og+ -
(3.119)

i (v
+(++8ffw

The differential operators (3.116)) and (3.119) might not look like the standard
basis for the local Killing vectors on BTZ. Nevertheless, they locally satisfy the
Killing equation for (3.112)) and the expected si(2,R)r x sl(2,R)g algebra.

Having evidence that the state |Xcyoss) 1S @ natural probe (with usual geometric
properties we associate to BTZ), we can infer from (3.113]) that

U (y))prz =e~ i (BC=2)bo—(1+4C) (ta+l-1)a™

£ ((8C—2)lo—(1+4C) (L1 +€—1) )z~

e i —5(41—471+21—Z—1)|2

cross> .

(3.120)

e

One can obtain |U(y))pTz from the gauge transformation that relates global AdS;
and BTZ, and using (3.107). We found, however, instructive to take a perspective
where the metric is the first input and from there build (3.120)).

It is very satisfactory that the same state, |Xcoss), leads to a geometrical
interpretation of (L, £,) for both BTZ and global AdSs3. In contrast, the Ishibashi
state |X1en) acting on leads to some tension: £, and £, for BTZ are not
related via z+ <+ —2~, and p — —p, as we found for global AdSs.
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3. Gravitational Wilson Lines in AdSs/CFT,

We now return to building @k’,;(y). To start consider (3.94)): given (3.116]), it is
clear that @ o(y) is non-separable in any of its variables, which makes (3.94)) very
difficult to solve. In order to simplify (3.94]), we will make a change of variables;

using we now have

L‘,O:—%G(ri—kl) ZPox+ +Z(r( X~ +1)+X —1)0y
+

+ (XD (0 =1 0x ),

Lar == 7 (i(rs F2220x+ + ((ry FOX ™+ 7y £0)(ry F1) 207

-
+((ry FOX 47y £0)° axf) : (3.121)

The barred operators are defined analogously with X <+ X~. The advantage

of (3.121)), relative to (3.116), is that the differential operators just involve powers
on the coordinates, and hence we can find a suitable polynomial solution to (3.94]).
The unique solution to (3.94]) reads

. . —2h
(- + 22) (0 + )
72

—2h
= (27" (r3 + 1) cosh(ryo) + /2 — 12 ((ry —i)?e "' + (ry + i)Qe”t))

where in the second line we have changed to BTZ coordinates in . And as
expected the solution not separable in this coordinate system. Acting with
L_1(y), and £_1(y) in (3.122)), and inspired by the the Jacobi polynomial form of
the global case (3.109)), the general expression for a descendant of reads

Doo(y) =27 | -1+

(3.122)

k

Z (X Fa) (Xt 41 - 22
i p () =Cri <(X— T ra) zz> (a X+ a)(XT ta)- z2>
(X~ +H(xt+L4)—22 . 5 2h (h—k, 2h—1)
(o) @ -V"A 1 (3:422)

where
L XX D) -2 (X DX ke -2 i
(X™+a)(XT+a) =22 (X~ +)(XH+5) - 2% —itry ]
(3.124)

and C i is same factor as in (3.109). It is straight forward to verify that @, z(y)
in (3.123]) satisfies the d’Alembertian equation on the static BTZ background.
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3.4. Wilson lines: Local Fields and Geometry

Having an explicit expression for @lﬁ’,g(y)7 we can compute the overlap of two
states (3.89)) for the BTZ black hole. Using (3.123]), we see that he sum we need
to perform in (3.96) is exactly equal to (6.75)), where

. Ty %A, TENE A
Sy [T [T TG
|7l s TeVf T TEVF i i
3.125
and
_ 1
Vi = (X +a)(Xf+a) =23, mp=X5+ a)(X;fi—i-a) ~Z3%,. (3.126)

Using the result for the sum (6.75)), with the previous definition for X,Y,r, and s,
we find the the overlap of the two states in the BTZ black hole:

—(2h—1)
(U(yi,yf) +02(yi, yg) — 1)

2y/02(yiyp) — 1

(Uyp)lU(yi)) = : (3.127)
where o (y;, yy) is the geodesic distance for Poincare (6.71)), which can be rewritten
as the geodesic length in BTZ (6.68) using (6.72). With no surprises, this is in
complete agreement with (3.76)).

It is interesting to analyse the behaviour of the field in the BTZ coor-
dinates. Looking at , we see that the BTZ boundary r — oo is located at
Z — 0, and in this limit we have ®; ; — 0. The horizon r = r4 is at the Poincare
boundary (X+, X, Z) — oo, where ®, 5 as well vanishes. This behaviour, to-
gether with the fact that solves the BTZ wave equation, shows that behaves
as a quasi-normal mode for the black hole. However, it is not a traditional BTZ
quasi-normal mode as those built in, e.g., [125128]. There are a few discrepancies,
and a few similarities, with this literature that are worth highlighting.

1. Highest weight condition. As it was observed in [129,|130], imposing the
highest weight conditions — leads to eigenfunctions that obey the
quasinormal modes conditions. This is a first indication that @, z(y) should
have been regular throughout, as they certainly are.

2. Separability of eigenfunctions. The most canonical way to find solutions to
the Casimir equation is by casting the basis of solutions in a Fourier
decomposition in (¢, ¢), which are the natural directions for the Killing sym-
metries of the black hole. This leads a eigenfunctions that are separable
functions in the coordinate system (r,t, ¢), in strike contrast to . The
construction of the operators £, in [129], which is used to build a basis for
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3. Gravitational Wilson Lines in AdSs/CFT,

quasinormal modes, is as well compatible with the separability ansatz. From
a technical point of view, our lack of separability could be attributed to the
unitary condition we enforce in ([3.120)): this leads to a group elements that
are simply different to those used in prior workm

3. Periodicity conditions. By design, the connections (A, A) that character-
ize BTZ in the Chern-Simons formulation have the following feature [41}
131]: they are single valued along the thermal cycle in Euclidean signa-
ture (smoothness of the Euclidean cigar geometry), and carry a non-trivial
holonomy around the spatial cycle (an indication that the connection has a
finite size horizon). This is reflected in by the fact that our eigen-
functions are not periodic as we take ¢ ~ ¢ + 27, but are periodic under
t ~t+i2mr/r,. This is clearly not a feature of the modes built in [125H128],
which are decomposed in periodic Fourier modes along the ¢ direction.

4. Inner Product. Despite the two differences above, it is interesting to note
that if we evaluated the overlap using the quasinormal modes in [126],
it would lead to . The derivations are shown in appendix This
indicates that the bulk-to-bulk correlation functions are not sensitive to how
we represent ®; z(y).

3.5 CFT interpretation

Here we discuss the CFT interpretation of the results above. In particular, consider
computing a Wilson line in AdS3, ending at the AdS boundary at the two boundary
points z1, zo at radial coordinate p;, po with generic boundary conditions Uy, Us
at each endpoint. What, precisely, is this object in the CFT?

The considerations of the previous section should make it clear that the result-
ing object is a suitably smeared two-point function, and here we simply provide
a purely boundary interpretation of this smearing procedure. The kinematics of
these procedure are very familiar from the language of the the HKLL construc-
tion [132[133] and this section may be understood as a translation of some of those
results into the language of Chern-Simons gravity.

Let us first consider what data we have; at each endpoint z; in the CFT we are

TWe could have parametrized the group elements in ([3.120)) so that we obtain the same basis
for Lq in [129] that leads to separability. However, with this choice the state is not unitary and
hence (U| # (JU)T.
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3.5. CFT interpretation

supplied with a length scale e™?¢ arising from the cutoff and an SL(2,R) element
arising from the boundary conditions on the Wilson line. There is a natural way
to associate this data with the global descendants of a boundary operator O:
first, act on the Ishibashi crosscap state |Zeposs) with the SL(2,R) elements U;
as explained in detail in Section to construct a state |U;), where the states in
the highest weight representation are understood as conformal descendants of O.
Next, remove two discs from the CFT, each centered at z; with radius e™?¢; on
each of these discs place the boundary data appropriate to |U;). This is the CFT
dual to the open-ended Wilson line with boundary condition Uj.

Mathematically this is essentially the same construction as [120H122]. There are
two main differences: in all of these works the specification of the SL(2,R) element
was interpreted to specify a point in AdS3 rather than a boundary condition on a
Wilson line. Furthermore in [121}|1341|135] the full Virasoro group was considered
rather than just its global subgroup. The former is just a matter of interpretation,
and we will touch briefly on the latter in the conclusion.

3.5.1 Example: CFT on the plane

We now present some elementary computations to explain how this works in the
basic case of Poincaré AdSs in coordinates:

ds* = dp* + *Pdzdz | (3.128)

dual to the CFT on the plane with complex coordinates z, z. Rather than working
with boundary data on the edge of an excised disc at each endpoint, it is more
convenient to perform the state-operator correspondence to map each descendant
on the edge to a local operator at the center of the disc. As there are an infinite
number of states in the sum, this is a very non-local operator which we denote
by Oy, (zi,2;). We will use a variant of the HKLL construction to compute the
two-point function

<OU1 (2’1721)0[]2 (22,22» 5 (3129)

and then reproduce this answer from a Wilson line computation.

Focus on the first endpoint at (z1,21). We first consider the case where the
boundary state Uy is the crosscap Ishibashi state |Xeross) itself. Consider the disc
centered at z; in the CFT, with radius e™”; we would like to place the boundary

)

data corresponding to the crosscap Ishibashi state:

Seross) = 3 _(=1)™m,m) = (=1)"c3, 0™ ™ |h, ) (3.130)

m m

121



3. Gravitational Wilson Lines in AdSs/CFT,

where the normalization constant in each sector is ¢, = 4/ % Wie now
use the state-operator correspondence to replace each state on the disc ™ ¢™;]0)

with the operator 9m9™O(z;) at the center. However, we should note that the
evolution from the center of the disc to the edge will cause each state’s amplitude
to be multiplied by a factor of et?(2h+2m)  Compensating for this, the operator
that creates the crosscap state on a disc of radius e ** is

Seross) = OX (21,71) = Y &2, (~1)"e nEH2mgmamO (2 7). (3.131)

The sum over derivatives of the local operator O can be written as an integral
over the following kernel |1364[137]

. —2p1 _ . > s 2h—2
ngl)(zl721) _ 2h —1 /dzdi (6 (Z Zl)(z Zl)) O(’LZ,ZE)
s

e P1

= K(pl,zl,il)[O] , (3132)

where in the last line we have introduced some new notation. We note that this is
nothing but the usual HKLL smearing kernel in Euclidean signature, though our
interpretation is somewhat different.

We now consider deforming away from the crosscap state to a more general
U-state. The SL(2,R) generators have a simple geometric action on the plane,
and this geometric action results in a transformation of the parameters in kernel
K. In particular, if we parametrize the SL(2,R) element U; in a convenient way

as
U, = e*wl%(*2LO*L17L—1)60'1(L—1*L1)ew1%(*QLO“’(LIJFL—I)) , (3133)

then it is shown in Appendix [6.10] that the appropriate smeared operator is
OI(Jpll)(zl,El) =K(p1 +o1,21 +e w21 +e 7w )[0] . (3.134)

We now pause to interpret this result from the point of view of HKLL. Recall that
the smearing function corresponds to the HKLL representation of a bulk
field in Poincaré coordinates , where the precise coordinate values of the
bulk reconstructed field are

(Pas Zay 2a) = (p1 + 0,21 + eM'w, Z; + e Prwy) (3.135)

In particular, the proper distance D within AdSs between two points with coor-
dinate values (pq, 2a, Za) and (py, 25, Zp) satisfies cosh D = o where
e 2 e 4 (2 — 2) (%0 — Zp)

o= —— . (3.136)
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3.5. CFT interpretation

Let us now consider computing the two-point function of two U states
inserted at distinct points on the boundary z1, z2. This is a well-posed CFT com-
putation involving integrals over two K kernels. Rather than repeat it here, we
simply note that it is a standard HKLL computation, and by construction the
result is the usual bulk-to-bulk AdS3 propagator between points with Poincare co-
ordinate values given by (and a corresponding relation relating (pq, Za, Za)
to (pQ,ZQ,EQ)% i.e.

6—2ha

(08 (21, 20087 (21,21)) = T - (3.137)

Such expressions are by now very familiar.

We will now reproduce this CFT result from a Chern-Simons computation.
In particular, we consider the following gauge connections for Poincaré AdS;3 in
Euclidean signature:
a=-(—2Lo+Li+L_1)dz, a= —% (=2Lo+ L1+ L_1)dz, b=el1-t05,
(3.138)
As usual the full connections are related to the objects recorded here by A =
b='(a+d)b, A= b(a+d)b~'. Full conventions are in Appendix in particular
these connections are equivalent to those in with C' — 0, together with
the usual Euclidean continuation x+ — 2,2~ — —Z and a rescaling of the field-
theory directions by a factor of 2; the last step is convenient so that the resulting
coordinate system is precisely equivalent to .

N | .

The prescription above states that the two point-function (3.129) is calculated
in the Chern-Simosn representation by the following matrix element:

(0% (21,21) 08 (21, 21)) = (Us|G (Pe f#‘) G (pe f#‘) Uy) . (3.139)

We may easily verify this relation. (3.43) now tells us that the right-hand side of
this expression is equal to this matrix element is equal to

(UG (Pe_va) a (m‘ﬁ“‘) ) = fl : (3.140)

— e*a
where as usual « is defined as the L conjugacy class of the following group element:

Ve MoV = Gr(y2)Us "9 (y2)9r (1) " Urgr(y) ", (3.141)

with

Li—L_; _ _  Li-L_;

gr(y) =e¥*ef™ 7 . (3.142)
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3. Gravitational Wilson Lines in AdSs/CFT,

Computing « from here and the explicit representation of U; 5 as in (3.133)), we
find that it is precisely equal to o as defined in (3.136f); thus we find that the
Chern-Simons computation agrees with the CFT result, confirming (3.139)).

Note that everything in this computation is fixed by kinematics, and we have
simply shown how the SL(2, R) parameters characterizing the boundary conditions
combines with the geometric data to give the familiar HKLL result.

3.6 Discussion

We provided a full quantum mechanical description treatment of worldline degree
of freedom of a Wilson line in SO(2,2) Chern-Simons theory. This degree of
freedom allowed us to build a local probe in the Chern-Simons description of
AdSj3 gravity. There are a few striking features of this probe which we highlight.

1. We designed states in the worldline quantum mechanics such that they would
couple to both (A, A). This condition naturally introduced the notion of
rotated Ishibashi states, which we denote as |U), and their coupling to the
connections creates a background spacetime metric

1 ~ ~
G = iTr(Au —A) (A —A), (3.143)

where A = U7'AU. These rotated Ishibashi states are at the core of giving
a geometric, and hence local, interpretation to Wx(yy,y;). In particular,
we showed that Wg(yf,y;) is the bulk-to-bulk propagator of a scalar field
propagating on . The most natural choice of rotated state that leads
to regular background metrics is the crosscap state (3.38)), i.e. |U) = |Seross)-

2. Using purely the Chern-Simons formulation, we can build local bulk fields
that probe the background geometry . These local probes are defined
in and we investigated some their properties for global AdS3 and the
static BTZ black hole.

It is very satisfactory that our choice |U) = |Scoss) I8 compatible with the
proposals in [120H122], and we also reproduce the smearing functions of the HKKL
[132L|133] proposal for vacuum solutions. This is expected since the symmetries of
AdS3 constrain heavily the resulting bulk field, leaving little room for disagreement
at this level of discussion. Perhaps the interesting difference of our approach is
that our construction leaves room to consider other probes |U), and highlights
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3.6. Discussion

some of the gauge dependence in the construction of the local field ® k,;(y), which
we emphasised around . For black holes the situation is more delicate: for
instance, it would be interesting to compare and complement the proposals in
[136,|138H141] with our derivations in Sec. Along these lines it would be
interesting to carry out our derivations for the rotating BTZ black holes, and other
backgrounds in 3D gravity we have not explored.

We comment very briefly on one other aspect; as we have been able to repro-
duce bulk-to-bulk propagators from the Chern-Simons description of 3d gravity,
it is worth wondering whether all of the aspects of the quantum field theory of a
scalar field on a gravitational background can be obtained from the Chern-Simons
computation, e.g. can we obtain a one-loop scalar field determinant on a BTZ
black hole background? As this is essentially the same information as the bulk-
to-bulk propagator, we might think so. Indeed we expect the logarithm of the
one-loop determinant W to be the sum over connected Feynman diagrams, which
in our context is the sum of Wilson lines that each wrap the horizon n times on
topologically distinct paths C,,. We find:

=1 . 1 [ ehme \?

W—Z;E'g ['Pexp (—jin A) Pexp (—jin A)] —22795 (1 _ena> ,
(3.144)
Here we have assumed that the topologically trivial path does not contribute;
the factor of 2 arises from positive and negative n. The combinatoric factor %
is a symmetry factorﬁ and as usual « is the conjugacy class of the holonomy of
A (or A) around the black hole; on the BTZ background it evaluates to a =
2nry. The result above is then precisely the logarithm of the usual one-loop
scalar determinant on a black-hole background; see e.g. [142] for details and a

repackaging of this result in CFT language.

An important issue that we have not addressed is quantum corrections due
to fluctuations of the background connections. This would capture 1/c¢ correc-
tions, i.e. corrections controlled by the AdS radius in Planck units, or equivalently
subleading terms controlled by the level of the Chern-Simons theory. Work in
this direction has been done for SL(2) Chern-Simons theory, where Virasoro con-
formal blocks are known to be tied to appropriate Wilson line in Chern-Simons
[1051143//144]. Recent developments for this holomorphic theory include [145H149].
It would be interesting to evaluate 1/¢ corrections of our worldline quantum me-
chanics; in this case we expect that the intertwining of the two copies of si(2)

8To understand this symmetry factor, consider having n objects which must be connected
into closed paths; there are (n — 1)! distinct cycles (and not n!) as the starting point of the cycle
is arbitrary. Compensating for this overcounting results in this factor of n.
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3. Gravitational Wilson Lines in AdSs/CFT,

will produce interesting features. For example, we should be able to probe if the
global conditions in are enhanced to the Virasoro conditions on the Ishibashi
state [134}/135], or something completely different, such as the conditions proposed
in [137]. We leave these questions for future work.

Another natural direction forward is to use our construction to build probes in
SL(N) x SL(N) Chern-Simons theory. This would provide a unique way to build
local probes in higher spin gravity. The construction of Wilson line probes for
higher spin backgrounds is reviewed in the following Chapter, and a discussion of
Ishibashi states for Ws algebra was done in [150]. This is a natural starting point
for future investigations.
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ETERNAL HIGHER SPIN
BrLACK HOLES

OR HOW TO CREATE A NOTION OF CAUSALITY FOR HIGHER SPIN GRAVITY
USING GRAVITATIONAL WILSON LINES

In the AdS/CFT correspondence, it is still unclear how the notion of classical
spacetime is emergent from the degrees of freedom of the quantum field theory.
A good framework to tackle this problem are higher spin gauge theories in AdSs.
These theories have an enlarged number of symmetries that causes that the notion
of geometry becomes ill-defined. However, the Wilson lines studied in Chapter
can be extended to higher spin gravity theories, and can be thought as a higher-
spin generalisation of the proper distance. In this chapter, based in 3], we exploit
this fact. We use these Wilson lines to explicitly provide a notion of causality in
higher spin gravity, which allows us to associate a Penrose diagram to higher spin
black holes. We also provide new conditions for a higher spin black holes that
assure its thermo-field double interpretation. Therefore, we introduce a notion of
‘geometry’ for higher spin gravity which is based on the degrees of freedom of the
dual theory.

4.1 Introduction

Higher spin gauge theories of gravity provide toy models where one can examine
ideas of stringy geometry in a controlled setting. In this chapter we consider these
type of theories in three dimensions, and truncate of the number of spin fields
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4. Eternal Higher Spin Black Holes

to N — 1. In Sec. we reviewed the Chern-Simons formalism of higher spin
gravity, as well as the construction of higher spin black hole solutions. Much
of the literature about higher spin black holes deals with static properties and
thermodynamics, and so can largely be thought of as studies of the black hole in
its Euclidean section. In this chapter we study instead the Lorentzian structure
of eternal higher spin black holes. In particular, as we review below, it is well-
understood in AdS/CFT that an eternal black hole is dual to the thermo-field
state in a doubled tensor product of the dual field theory Hilbert space. In what
follows, we will discuss the interpretation of eternal higher spin black holes from
this point of view.

In particular, the standard identification of the two-sided black hole with the
thermofield state is tied to the causal structure of an eternal black hole. The fact
that the two copies of the CFT are decoupled but entangled is roughly dual to
the fact that the two boundaries of the eternal black hole are connected — but not
causally so — by an Einstein-Rosen bridge. To fully flesh out this interpretation
in the higher spin case, it would be helpful to give an operational meaning to
the “causal structure” of an eternal higher spin black hole. As explained in Sec.
this is a nontrivial endeavour: in higher spin theories, conventional notions
of geometry are not even gauge-invariant, and we will require different tools to
organize our thinking.

These theories do not admit a conventional geometric understanding; however
they do admit interesting higher-spin-invariant probes such the Wilson line op-
erator. These objects are a generalization of gravitational AdS3; Wilson studied
in Chapter [3] In this case, we will see that they should be thought of as the
higher-spin analogue of a bulk proper distance, and, therefore, they provide us
with a sensitive probe of bulk higher spin geometries. Interestingly, we find that
the study of Wilson lines on the eternal black hole background requires a refined
understanding of regularity properties on the bulk gauge connections. One of our
main results is the description of a particular bulk gauge choice — which we call
Kruskal gauge — that is in many ways the Chern-Simons analogue of the Kruskal
choice of coordinates that permit passage through the event horizon to the full
maximally extended spacetime. This gauge choice simply amounts to demanding
that the connections be smooth when evaluated at the Euclidean origin: while this
may sound like a very benign condition, it involves an interplay between the bulk
radial coordinate and Euclidean time, and so is novel from the point of view of
Chern-Simons theory. In particular, it is stronger than the familiar “holonomy
conditions” of Euclidean regularity that are normally used to define black hole
connections: however, given a black hole that satisfies the holonomy condition,
there is an algorithm that can be followed to place it into Kruskal gauge. Some
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4.2. Wilson lines in Higher spin gravity

work that also implements this stronger notion of regularity is in [151].

With an understanding of this bulk gauge choice we then proceed to study
the properties of eternal higher spin black holes. In this chapter, we present
computations in several gauges to illustrate potential pitfalls, and verify that in
Kruskal gauge, all correlators behave as expected for a thermofield state. We also
study some of the resulting physics: in particular, we demonstrate that the interior
of a two-sided eternal black hole “grows” with time (as measured by the action of a
bulk Wilson line). We also highlight some interesting features of purely one-sided
correlators, studying in particular the behavior of the extremal limit and providing
evidence for the emergence of an infrared AdSs.

The organization of this chapter is as follows. We begin in Sec. [£.2] by briefly
reviewing generalization of the gravitation Wilson line in theories of higher spin
gravity in AdSs. In Sec. motivating a more refined notion of regularity ade-
quate for Lorentzian eternal black holes, defining two forms of the Kruskal gauge
mentioned above and explaining their relation. In Section[f.4]we apply this formal-
ism to the familiar BTZ black hole and discuss the maximally extended spacetime
in the Chern-Simons formalism. In Section [4.5] we turn finally to the higher spin
black hole, where we present computations in several gauges that have appeared
in the literature previously as well as in Kruskal gauge. In Section [£.6] we discuss
some simple applications, including a determination of the entanglement veloc-
ity chracterizing the speed of entanglement growth for the higher-spin black hole.
We conclude in Section with a brief discussion and some directions for future
research.

4.2 Wilson lines in Higher spin gravity

This section is a summary of the results found in [4,/108,[111]. In these papers,
they show that the gravitational Wilson line in AdS3 higher spin gravity reproduces
boundary two-point functions, and entanglement entropy in the dual CFTs. We
will explain that this observable is the closest object that resembles a geodesic for
higher spin gravities.

We consider again the Wilson line operator introduced in Sec. [3:2]in the context
of AdS; gravity:

W (ysr ys) = (UP exp (—LA) Pexp (-/f) U (4.1)
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4. Eternal Higher Spin Black Holes

where R is the representation, (s) is a curve with bulk endpoints (y;,ys) parametrized
by s, and |U;),|Us) € R are two states located at these endpoints. We are now
interested in interpreting these Wilson lines as observables in AdSs higher spin
gravity. In Sec. [[.5] we have seen that the Chern-Simon gauge connections should

be chosen as A, A € sl(N,R). In order for the Wilson line to carry the quantum
numbers corresponding to a particle in the bulk, we choose R as the highest weight
infinite-dimensional representation of si(N,R)® sl(N,R). The highest weight rep-
resentation is defined respect to the reference state |hw) = |h, hg, ..., hy):

lolhw) = h|hw) , l1|hw) =0,

wy ’ |hw) = hglhw) , w;|hw) =0, j=1,..s5—-1.

where s = 2, ..., N, and the elements £y, {_1, w(()s), w§s) follow the sl(N,R) algebra
in (6.44). The use of lowercase means we are considering the generators in the
infinite dimensional representation, in consistency with the notation in Sec. [3.3]
An equivalent requirement to (4.2)) is imposed for the barred sector of the algebra,
and for simplicity we consider (h, hs) = (h, hs). .

The Wilson line is evaluated as a path integral over an auxiliary field U(s),
whose dynamics are chosen such that it carries the information about the repre-
sentation. This is analogous to what we did for pure gravity in Sec. but in
this case we need to consider a slightly generalized version of the probe action
(3-6), and U € SL(N,R). For more details see [4]. In the SL(N,R) x SL(N,R)
case, the Wilson still computes boundary two-point functions [61]:

Wy ) = (W]0()O))| W) (43)

where the heavy state |U) carries higher spin charges, and backreacts to create
a higher spin background, such as those studied in Sec. with connections
(A, A). The parameters of the representation (h,h,) are the dimensions of the
light operator (’)(m)lﬂ To reproduce , the boundary values of the auxiliary
field need to be fixed to U; = Uy = 1, which ensures that the answer is Lorentz
invariant. In Appendix [6.11] we review the explicit computation of these Wilson
lines, which is controlled by traces of the following matrix

M(yi,yr) = gr(i)gr Wi)ar We)gr' (vs) (4.4)

which assumes that the connections are flat, i.e.

A=grdgr', A=gp'dgr . (4.5)

1By analogy with the pure gravity case, light here denotes an operator whose eigenvalues are
fixed as the central charge ¢ goes to infinity. The heavy operator will have scaling dimensions
that are linear with c.
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It is important to remark that equation is only valid in the semi-classical
limit of the probe field, i.e. ¢ > h, hy > 1. In this case, the result for Wilson
line is just given by the saddle-point approximation in the path integral. In this
chapter we will only work with a semi-classical probe, in contrast with Chapter [3]
where the goal was to evaluate AdSs Wilson line beyond this limit.

The Wilson line (4.3)) was originally proposed in [108] to compute holographic
entanglement entropy in higher spin gravity. In this paper, they fix the parameters
of highest weight representation as:

hs=hs =0, h=h, (4.6)

and the value of h is chosen such that it creates a conical deficit in the bulk a
la [152]. In this situation, the Wilson line reproduces results for the entanglement
entropy in the dual CFTs [153]. Moreover, it undergoes some other non-trivial
checks. For example, the Wilson line with a closed path around the horizon of
a higher spin black hole appropriately computes its entropy [52]. The proposal
in [108] can be thought of as a generalization of the holographic entanglement
entropy of Ryu and Takayanagi [154]. They showed that the entanglement entropy
of a CFT region is equivalent to the length of a geodesic that connects its endpoints
through the bulk. By extension, the Wilson line with is considered as the
closest object to the geodesic length for higher spin gravity theories. In the rest
of this chapter, we will further develop this idea.

4.3 Eternal black holes

In general relativity, a Lorentzian eternal black hole can be maximally extended
to possess two asymptotic regions that are connected through an Einstein-Rosen
bridge. In the context of (ordinary, spin-2) AdS/CFT this is well-understood
[119.|155]: the two asymptotic regions correspond to two copies of the dual field
theory, and the black hole defines a thermofield state in the doubled field theory:

) = \% S e S EACD) my @ [n) g (4.7)

We included in the definition of |¢)) a chemical potential p that couples to a
conserved charge @ that commutes with H. Here |n) runs over a full basis of
energy eigenstates of the CFT, F, and @,, labels their energies and charges, and
U is the anti-unitary operator that implements CPT. The full Hilbert space is
composed by two copies of the original CFT Hilbert space: H = Hy ® Hg.
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We briefly review a Euclidean path integral “explanation” of this fact [119].
Consider performing the field theory Euclidean path integral on a manifold that
is the product of the spatial direction(s) and an interval of Euclidean time with
length g It is necessary to specify field-theoretical boundary data on the two
endpoints of the interval; the dependence of the path integral on the boundary
data defines a state in the doubled copy of the field theory. This state is precisely
(4.7). The suppression by exp (—’BTH) arises from the evolution through g of

Euclidean time.

Now consider implementing this procedure holographically. The path-integral
over a full cycle of Euclidean time 3 with periodic boundary conditions corresponds
to studying the usual Euclidean black hole described in Section [I.5] We may
however cut open this path integral after evolution through Euclidean time g and
analytically continue to Lorentzian time. The resulting Lorentzian manifold is the
eternal maximally extended black hole, and the arguments above indicate that the

resulting field-theory state is the thermofield state (4.7]).

Thus we expect that regular Euclidean gauge connections should (upon ana-
lytic continuation) map in a straightforward manner to the dual field theory in
a thermofield state. This has consequences: as we review in Appendix 2-
point functions on this state satisfy very specific periodicity conditions. Consider
a charged scalar operator O, and we denote Of, as an operator acting on H; and
similarly for Og. Two point functions that involve Op, g satisfy

(V|OR(ts)OR (L)) (V|OR(ty)OR(t; —iB)1))

(W|OL(=tf)OL(—t:)|¢)

= (|O0L(=ty —iB/2)Or(t:)|¢)
(V|OR(ty)OL(=ti —iB/2)]1)) . (4.8)

In a mild notational abuse, we will refer to these all as Kubo-Martin-Schwinger or
KMS conditions (even though technically only the first is “the” KMS condition).

We may now ask whether relations such as are satisfied for eternal black
holes in higher spin gravity. One immediate technical obstruction is that it is
difficult to couple matter to these theories: a procedure as simple as probing the
bulk with, for example, a scalar operator is cumbersome. This was one reason why
in [156] the question of the thermofield state was phrased in Vasiliev’s higher spin
gravity which includes a massive scalar field.

However, this is an obstruction that we can now overcome, using the Wilson line
(3.3)), with its higher spin generalization explained in section The key property
is that as we take the endpoints to the boundary, the Wilson line computes two-
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5
«— —
r

Figure 4.1: Topology of the eternal black hole, which contains at least two boundaries:

the right (R) boundary at v — oo and left (L) boundary at 1 — —oo. At this stage

the interior is undetermined (and hence the question mark). The different lines corre-

spond to various Wilsons lines we will study: blue lines correspond to Wr (tr,tyr) or
WR(t“L,tﬂL), and red to WR(ti‘R,t”L).

point functions of CFT operators as shown in . As explained in Section
this fact still holds when we extend the definition to higher spin gravity [61].
We will often be interested in the particular case when the state |¥) in
is the thermofield state : in that case we access operators in the left or
the right tensor factor of the Hilbert space by taking the bulk points y; to the
appropriate boundary. We will omit explicit mention of a radial coordinate and
use a subscript notation to indicate on which side the corresponding boundary
coordinate is located. For example, for a correlator between the right and left
boundary we have

Wr(xir, zfL) = (V|Or(z:)OL(xf)|¢) | (4.9)

with 1) the thermofield state. A schematic depiction of the configutations we will
study are shown in Figure

The Wilson line gives us a fairly sensitive probe of higher spin geometry, allow-
ing us to directly evaluate correlation functions such as those appearing in .
As we will see, establishing the validity of relations such as in a two-sided
black hole in the Chern-Simons formulation of gravity will require a more careful
definition of Euclidean regularity than the holonomy condition .
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4.3.1 Refined notions of Euclidean regularity

Here we describe the conditions required for a thermofield interpretation. Consider
first choosing a radial coordinate r so that we can form the Cartesian complex

coordinates o o
wzrexp( 7;7-> ) W = Texp (— 7;”) . (4.10)

We now claim that entirely regular physics on the Lorentzian section of a Euclidean
black hole background — i.e. the interpretation of in terms of a thermofield state
— requires that the spacetime-dependent gauge parameters gr,(y), gr(y) be smooth
functions of w,w near the Euclidean origin. In particular, we will allow only
non-negative integer powers of w,w in a Taylor expansion about the origin:

gL, gR(’LU, w — O) ~ Z C"anmwn . (411)

m,neZt

This is just the usual condition for smoothness of a scalar function at the origin
of a disc D?: nevertheless, interpreted from the Chern-Simons point of view, it is a
stronger constraint on the bulk gauge connections than those normally considered
in the literature. In particular, it is stronger than the holonomy condition
in that it involves radial dependence as well as the Euclidean time direction. This
same important observation was made recently in [151]. The difference in the
following will be the implementation of this more refined notion of regularity: the
authors in [151] considered directly the metric-like fields and our implementation
uses solely the Chern-Simons connections.

We will say that a connection satisfying (4.11)) is in strong Kruksal gauge: as we
explain, it is the gauge-theoretical analog of the Kruskal coordinate system that
permits passage through the horizon. Note that in this gauge we have

211

A(r=0)= gLangl‘T:o =7 (59L (e%aw — e TH" 3@) 921>

= 0 B
r=0
(4.12)
where the the smoothness condition (4.11)) ensures that the derivatives are regular

at the origin, establishing the last equality. The time components of all gauge
fields are zero at the horizon. This is a very natural condition for gauge fields

propagating on black hole background (and indeed is extensively used in the usual
understanding of the thermodynamics of charged black holes —see e.g. [157,/158]).
It is thus interesting to note that the BTZ black hole written in the usual choice
of gauge —despite being widely accepted as being “regular”— actually does
not satisfy it.
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There is, however a weaker gauge condition that one can impose. We see from
that the Wilson lines studied in this paper depend only on the combination
9r(¥)gr(y). Thus if we only care about such Wilson lines we might demand only
that the composite field gr(y)gr(y) be smooth as a function of w,w, and not the
individual functions gr(y) and gz (y) themselves. We will call this weak Kruskal
gauge. In weak Kruskal gauge we find only that A, —A, = 0 at the horizon, and the
usual BTZ black hole turns out to already be in weak Kruskal gauge. We note that
while the Wilson lines discussed in this paper cannot tell the difference between
strong and weak Kruskal gauges, other probes that couple less symmetrically to
the left and right connections — such as e.g. a particle with spirEIf will be sensitive
to the difference, and we expect such probes to display regular behavior only in
strong Kruskal gauge. Importantly, the higher spin black hole as written in
is not in either Kruskal gauge.

The need for such conditions is most easily understood with a toy model of a
flat U(1) gauge field B in two dimensions. As a proxy for the near-horizon region,
consider Euclidean R?:

ds® = dr? + r?dr? = dwdw , (4.13)

with w = re’™ as usual. As B is flat, it can be written in terms of a group element
g(w,w) € U(1):
B =g ldg, (4.14)

This is the U(1) analog of (4.5). The U(1) analog of the holonomy condition
(1.113)) merely states that g should be single-valued around the 7 circle, i.e

g(r,7+2m) =g(r,7) . (4.15)

Importantly, it makes no reference to the radial direction. In particular, consider

e.g.
) fw

=" =4/= 4.16

90(T7 T) € T ( )

which respects this holonomy condition. Consider now a particle with U(1) charge
q moving on this Euclidean background: its action contains a term ig fo B inte-
grated along its worldline C', and there are no obvious pathologies associated with
it.

Now we analytically continue Euclidean R? to Rindler space R! in the usual
way via
w=—v W = u. (4.17)

28ee [113l/159] for work towards constructing a Wilson line to describe such a particle.
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III

Figure 4.2: Four quadrants covered by the coordinates (u,v) on RY'. In quadrant 1:
u>0,v<0;in quadrant IV: v > 0, u < 0.

The Lorentzian metric is simply ds? = —dudv and is well defined for all u, v in all
quadrants in Figure However we now find that the analytic continuation of
the U(1) group element is

go(u,v) = —% (4.18)
This has a branch cut along the horizons uv = 0: in other words, without spec-
ifying more information, the phase acquired by a charged particle moving on the
Lorentzian section is ill-defined as we cross the quadrants in Figure Thus the
innocuous-seeming Euclidean group element does not result in well-defined
Lorentzian physics. The SL(N,R) analog of this pathology will manifest itself
later on when we attempt to compute two-sided correlators in the eternal black
hole and demonstrate consistency with the properties of the thermofield state.

Precisely to avoid such ambiguities when performing the analytic continuation
(4.17), the Kruskal gauge condition demands that g(x) — or rather its SL(N,R)
analogs g1, (y) and ggr(y) — be smooth functions of w, w, and thus also of u, v after
analytic continuation.

We now show that the relations follow from weak Kruskal gauge. We
now show that the relations follow from weak Kruskal gauge. As described
in , boundary theory correlation functions are controlled through the Wilson
line by the object

M (yi,y5) = gr(yi)ar vz (vr)gr' () (4.19)
where the points are at one of the two boundaries. We need to understand how
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to go from Euclidean to Lorentzian time: as is conventional, the mapping is

27 2

w=f(r)e? " = —v, w = f(r)e” BT , (4.20)

where f(r) is an odd function that vanishes linearly at the black hole horizon and
diverges at the AdS boundary. In quadrant I we have u© > 0 and v < 0, which we
parametrize in terms of a Lorentzian time coordinate tp as

u= f(r)e%ﬂtR , v = —f(r)e_%ﬂtR . (4.21)

In quadrant IV we have u < 0 and v > 0, which we parametrize as

27 2m ¢

w=—f(r)e 7 v=f(r)es . (4.22)

This identification uniquely fixes M in the entire maximally extended spacetime.
We may now verify the validity of the relations (4.8)), which require that the two-
point function (|Or(ts)ORr(t;)]1)) is equal to all of the following:

1. (¢|Or(ts)ORr(t;—ifB)[). A shift in 7 by a full period 3 has no action on u, v,
u — 2™y, and M is single-valued as a function of u,v. This property (and
only this property) actually follows from the holonomy condition
alone and does not require a Kruskal gauge.

2. (W|Orn(—ty —iB/2)Or(t;)|v). From the global coordinates and
we see that the point labeled by (r = ra,tr = ts) in the right quadrant is the
same as the point labeled by (r =rp,tp = —tp & zg) in the left quadrant.
Taking 7y — oo now relates M to the appropriate correlation function. The
equality with (|Or(—t; —i5/2)ORr(t;)|y) follows in the same way.

3. (Y|Or(—t;)Or(—t;)|v). This equality is most easily understood by moving
each point from the right quadrant to the left using the manipulation above,
and then translating both arguments in Euclidean time by g

These relations may seem like kinematic trivialities: however it is important to
note that if we do not pick the bulk gauge connections to satisfy , then branch
cuts in the u, v plane mean that the relations above do not hold — for example the
second relation was not satisfied by the scalar field correlators computed in [156].
We believe that are, however, crucial for a complete interpretation of the
black hole as a thermofield state.
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4.3.2 Parametrizing black hole connections in Kruskal gauge

Having established the desirable properties of these gauges, we now turn to their
explicit construction. As it turns out, any black hole can be placed in (either strong
or weak) Kruskal gauge. Recall from that the standard parametrization of
black hole solutions to Chern-Simons gravity involves two constant flat connections
a,a that point only in the field theory directions, in terms of which becomes

gr(y) = b(r) e T gr(y) = e b(r) L. (4.23)

From here we find that A,(r) = b=1(r)a,b(r) and thus is never zero for any
value of r. This presentation of the black hole is then not in strong Kruskal gauge.
To put it into strong Kruksal gauge, we will need to “unwrap” the effect of moving
in 7. Note that tells us that a, and a, are conjugate to Lg

2miL _ [/ 2miL _
aT:v< ™ O)V—l, aT=V( - O)V‘l. (4.24)
B g
Consider now the following gauge transformation:
(K) _ (K) _ A=l 2miLo
9, =Argr , dr ' = 9rAR, A, =AL =exp 3 T)G . (4.25)

Here G is a constant (arbitrary) element of the group. The gauge transformed
connections can be written

AT = B(r,7)7! (a) +d) B(r,7) , AT =B(r, 1) (@) +d) Eil(r, T).
(4.26)
Here the notation indicates that a(4) is a connection whose ¢ component is equal

to that of the original a but whose 7 component is zero. We have

B(r,7) = e*b(r)G le % F | B(r,7) = L Gh(r)e T . (4.27)
The gauge transformation is far from unique. There are two crucial features
of our choice. First, it is important that it winds once around SL(2,R) as we
traverse the time cycle. Second, it is a Lorentz transformation: this assures that

the gauge transformation does not affect which evaluates CFT correlators.

In the gauge (4.26) we can now impose the strong Kruskal gauge condition
(4.11). Focusing for now on the unbarred connection, we see that this new
parametrization treats r and 7 together in the new object B(r,7). It is conve-

nient to use (4.24]) to rewrite
B(r,7) = Ve F L"V_lb(r)G_ltfi%TTLO . (4.28)
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4.4. FEternal BTZ in Chern-Simons formulation

The full 7 dependence now enters in the conjugation of V=1b(r)G~! by ¢ *F Lo,
The smoothness condition (4.11]) tells us that in the expansion of B around the

neETHT With n integer, thus tying

origin we can only have terms of the form r
together the r and 7 dependence. This is a constraint on b(r): given a choice of
a, we can now explicitly solve for b(r). Typically we demand that b(r) approach
the standard choice at infinity so that our connections satisfy asymptotically AdS
boundary conditionsP] We note that there is still considerable freedom in the
choice of b(r): its behavior at infinity and at the horizon is fixed, but the topolog-
ical nature of the theory means that it is essentially utterly unconstrained in the
interior. In Appendix we demonstrate an algorithm to find a suitable b(r)

explicitly for the higher spin black hole.

We turn now to weak Kruskal gauge. Here there is no need for an “unwrapping”
procedure: instead, we may start from the original (4.23|) and using the explicit
diagonalization (4.24) we find

— 2miLoT\ &1+ _ 2miLoT _
r()an(s) =V exp (ZZT ) 7 (60 00r) ) Ve (- TR v
(4.29)
where we have omitted the ¢ dependence. We see that it is now the object
— — S 27T
V= (b(r)~ b(r)~') V that is conjugated by ¢! 5 Lo. thus the analyticity con-
dition applied to gr(y)gr(y) can be viewed as a weaker condition on the product

b(r)b(r).

To summarize: to put a black hole into weak Kruskal gauge we only need to
judiciously choose the product bb. To put it into strong Kruskal gauge we must
unwrap the 7 dependence via a Lorentz transformation and then judiciously choose

b(r), b(r).

4.4 Eternal BTZ in Chern-Simons formulation

In this section we warm up by studying the familiar BTZ black hole in the Chern-
Simons formulation of SL(2,R) gravity. We will demonstrate that the definitions
above permit access to all regions of the maximally extended spacetime. The
results here can be compared with those obtained from the usual metric description
of the BTZ black hole; see e.g. [119}[160L[161].

31t is very important that b(r) and b(r) asymptote e"0 as 7 — oco. Relations such as (.3
rely on this profile at infinity, and we do not want to tamper with it.
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As we rewieved in Sec. the connections corresponding to non-rotating
BTZ can be written using:

A=b(r)"" (a(zt,z7) +d)b(r), A=b(r) (a(zt,z7)+d)b(r)"". (4.30)
with
a= (L —2rLL_1)dxt, a=—(L_y—27LLy)dx™ . (4.31)

The black hole temperature can be determined by imposing the holonomy con-
dition (1.113) and is 3 = /5. In the literature there is a standard choice for

the radial functions b(r), b(r), which we considered in (L.I0I)). However, in this
section we will instead derive them by demanding Euclidean regularity in the sense
described in the previous section. The gauge connections can be diagonal-
ized as in . The definition of the similarity matrices V,V leaves unfixed the
normalizations of each of the eigenvectors. By adjusting these normalizations V, V'

can be made to have unit determinant and also satisfy the following relations:

V(L — L)Vt =-2Lg, V(L — L)Vt =-2Lg, (4.32)
as well as be related to each other via

_ 1
VVTt =exp(2p0Lo) , po = 51og(2w£) : (4.33)

The relations among V and V — which are unique to sl (2) and do not have a simple
analog in the higher spin case — permit simple computations to be performed in the
BTZ case. pg has been presciently named, but at this moment has no geometric
significance.

4.4.1 Strong Kruskal gauge

We would first like to put the connections (4.31) in strong Kruskal gauge. We
perform a time-dependent Lorentz transformation of the form described in (4.25)):

27TiL()

A =AR' =exp ( T) v lepoko (4.34)

With the benefit of hindsight, we have chosen G = V~tefoLo. Using (4.33)) this is
equivalent to

AL =AR' =exp (%;LOT> V—lempolo (4.35)
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We now find that the gauge-transformed connection in the unbarred sector takes

the form (4.26)) with

27miL 27iL
miLg 771'107_

B Yrr)=e"7 TV lerolopTl(r)Ve VL (4.36)
Consider now the Euclidean coordinates:
w = tanh (g) T w = tanh (g) e T (4.37)

Here (again with the benefit of hindsight) we have picked a specific radial function
tanh (g) of r: in order for this change of coordinates to be well-defined this function
must be odd and have a smooth Taylor expansion in odd powers of r (starting
with the linear term in r) near r = 0. We now demand that B(r,7) be a smooth
function of w,w. This is conveniently viewed as a constraint on the function

V—tepoLop=l(p)y.

We briefly digress from this specific example to discuss the general case: con-
sider expanding

V=terolop=l(r)V = exp (Z Fa(r)T“> , (4.38)

with the Fj,(r) a set of mode functions and the T running over the generators

27wil 27ihg

of the algebra. The conjugation by e~ 7 7 attaches a power of e~ 7 " to each
term in the sum, where h(a) is the weight of the generator 7% under Ly. The
analyticity condition then requires that Fy,(r — 0) ~ M@ so that the full radial
and time dependence can be expressed as a product of integer powers of w and w.
In the higher spin case this system of constraints must be systematically solved,
as explained in Appendix [6.14]

However for the purposes of the BTZ black hole it is sufficient to make a rather
simple and consistent choice for F}; we can take

Ve ko= (1) V = exp (% (Ly — L_1)> . (4.39)

This choice satisfies the condition above, as L1 have weight +1. Using (4.32)) we
then find

b(r) =exp ((r + po)Lo) - (4.40)

We can follow precisely the same procedure for the barred sector (using now the
form of the gauge transformation in (4.35))) to derive an expression for b(r) and
conclude that b(r) = b(r).
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Finally, to put this into a more familiar form we can define a new coordinate
p =71+ po, in terms of which we have

b(p) = b(p) = e’ (4.41)

This is of course the usual choice of radial gauge function used in for the
SL(2,R) gravity, which we have now derived. Note that the horizon — which has
physical significance as the fixed point of translations in Euclidean time, and the
place where the time components of the Kruskal connections vanish — is at » = 0,
which maps to the usual p = pg. In this approach pg appeared purely algebraically
from the original relation .

4.4.2 Maximally extended connections

From above we can now explicitly compute the spacetime-dependent gauge pa-
rameters gr,(y) and gr(y) on the Euclidean section in the strong Kruskal gauge
that we have constructed: in terms of w,w in (4.37) we find

_Te 27¢ _Te 27¢
1 e P leF —w|B e P (w+65>7r
gr(y) = _mp (2 _mg [ 2me _ )
2Bl —ww) \ e 7 (we B —1)ﬁ e s (eB w—|—1)7r

_m 27 ¢ 27
B

efPw—1|p

(4.42)

They are analytic and smooth functions of w, w near the origin. There is a singu-
larity at ww = 1: from (4.37)) we see that this is the AdS boundary.

We can now analytically continue to the real-time coordinates u and v via
to obtain gauge parameters that are well defined on the entire maximally
extended spacetime. Though we do not need it, we may also compute the metric
following from these connections:

9 4 21\° (uv —1\° 9

This is the usual BTZ metric in Kruskal coordinates, and the associated Penrose

diagram is depicted in Figure [{:3] It is important to note that this is nothing
but the coordinate transformation of the original BTZ metric (6.65)): the gauge
transformation that we performed on the gauge connections to put it into strong
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Singularity

II

Figure 4.3: Penrose diagram for static BTZ solution.

Kruskal gauge is in the Lorentz subgroup of SL(2,R) x SL(2,R), and so does not
affect the metric.

From the form of g1.(y) and gr(y) written above it is now straightforward to
compute the Wilson line. Using (4.4) we compute between the trace of M between
any two points (u;,v;) and (us,vy) (we set the spatial separation to 0); this gives

2
(1 +upvge) (1 + uiv;)

Te(M(yi,yr)) = ((1 = wiwi) (1 = ugvg) + 2(upvi + uivy)) -
(4.44)
In the pure gravity case, the Wilson line between two points is related to this
object via . Now by taking these points to the appropriate boundaries we may
compute boundary correlators. It is instructive to map back to boundary time
using the appropriate version of and : on quadrant I with v > 0 and

v < 0 we have

u = tanh (g) e ) v = —tanh (g) e~ 7" , (4.45)

and on quadrant IV we have u < 0 and v > 0, leading to

27t 27t
u = — tanh (g) e T v = tanh (g) e (4.46)

Note that the globally defined Killing vector corresponding to time translations is
u0,, — v0,, which is 0;, on the right side and —0;, on the left side.

Computing now the correlator between two points at the R boundary and
keeping track only of the universal information, we find

1
log W (tir.tfir) = —2hlog (—62 sinh? <;(tf — tl)>) , (4.47)
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where we have introduced a UV cutoff e that vanishes at » — co. On the other
hand, we may also compute a correlator between an initial point on the right
boundary and a final point on the left boundary. We then find

1
log W (ti|r,ts) = —2hlog (62 cosh? (;(tf + tz)>) . (4.48)

These are of course just the usual results for geodesic distance on the BTZ black
hole background. Note in particular that the two-sided correlator is related to the
one-sided correlator by the KMS relation (4.8]).

4.5 Eternal higher spin black holes

In this section we study the Lorentzian properties of higher spin black holes so-
lutions. In particular, we will consider three different gauges which differ only by
the radial parametrization of the connection:

Wormhole gauge: This corresponds to the choice of radial parametrization as
b(r) = b(r) = e"F0. The metric and connections are smooth for the entire
range of r, with no horizon: hence it is a ‘wormhole’. This gauge does
not satisfy neither the weak or strong Kruskal condition. However, it does
asymptote to AdS in the conventional sense at the R boundary, i.e. 7 — oo
in Figure [L.1] and hence reproduces CFT correlators.

Horizon gauge: This gauge is designed to give a horizon in the metric of the
higher spin black hole. An explicit constructions is given in [51]: this solution
does satisfy the weak Kruskal condition, however it does not asymptote to
AdS on either side of Figure [£:1]

Strong Kruskal gauge: An explicit construction of connections that satisfies
(4.11) and reproduces correctly the dual CFT correlators.

In higher spin gravity we lack the hindsight of BTZ due to the alternative metric
formulation in the spin-2 case. Our way to probe and test our definitions will be
to use the Wilson line on the three Lorentzian backgrounds listed above.
As mentioned around ({.3), Wx(C;;) captures boundary (CFT) correlators which
allows us to test the KMS relations for arbitrary probes. More importantly,
Wr(Cij) is the object that describes the dynamics of massive (charged or not)
particles in Chern-Simons theory: this gives a robust definition of causality and
connectedness of the geometry which we can easily implement and exploit.
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4.5. Eternal higher spin black holes

For concreteness, we will focus on higher spin black holes in s(3) x s/(3) Chern-
Simons theory. As showed in Appendix for this theory we can compute the
Wilson line in the saddle point approximation using;:

—logWgr(Cij) = Tr(log(M)Py) , Po= gLO +wsWy (4.49)
where Py governs the two quantum numbers of the representation R: h which is
the mass (or conformal dimension) and hg corresponding to the spin-3 charge of
the probe. For h # 0 and hs = 0, equation is the most natural definition of
‘geodesic’ in higher spin gravity; in particular, we will use the sign of log Wr (C;;)
to signal if endpoints are either spacelike, timelike or null separated. This is the
key to associating a Penrose diagram to a given solution, and justify why our
definition of Kruskal gauge actually gives rise to the desired definition of eternal
black hole.

4.5.1 Failures and successes of the wormhole gauge

The wormhole gauge corresponds to black hole connections of the form
with boundary components given by (L.125)-(1.127) and radial functions b(r) =
b(r) = Lo, This is the most commonly used parametrization of the connections
in the literature.

To probe the geometry we will evaluate Wr (y;,ys) for the configurations shown
in Figure[4.1] To start, we consider a Wilson line with no time separation At = 0,
and with both endpoints in the asymptotic region R: for both holomorphic
and canonical solutions, the result is

Bsinh(wgb)>4+ 122 [32# (mrA¢) ot (@)

Te B2 9 B B
2 (152 { (e (152 1) (2)')
(4.50)

where we used with hs = 0 and expanded around g — 0. Recall that in
this notation x;z denotes that the endpoint is placed at r — oo (while x;7, used
below will refer to r — —o0). The symbol ¢ has been introduced to differentiate
between the two types of black holes

—log Wr(zir,xf|r) = hlog <

+0(ut),

o = 2 : holomorphic black hole ,
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4. Eternal Higher Spin Black Holes

o =1 : canonical black hole . (4.51)

These are the results originally reported in [108/111].

The Wilson line has different features depending on whether the holomorphic
and canonical solution is used. When expanded to first order in p, the Wilson
line for the canonical black hole matches a perturbative CFT result found
in [153] when h = ¢/12(n —1): this corresponds to the dimension of the twist field
that evaluates entanglement entropy as n — 1. When interpreted as entanglement
entropy, strong subadditivity inequalities imply that the Wilson line must be non-
decreasing and concave down as a function of A¢ [162]. Direct examination of the
function above shows that this is true for the canonical black hole [4,[163], but is
not true for the holomorphic black hole [108}[111].

Another key requirement for the entanglement entropy is that when evaluated
for large intervals in a mixed state, it should saturate to a linearly growing result
Ser(A¢) ~ sA¢ where s is the ordinary thermal entropy density associated to
the mixed state. For most values of C' this is true for both kinds of black hole,
but for the holomorphic black hole there is an eigenvalue crossing at Cp = 3(9 +
V/33)/8 ~ 5.53, and for C' < Cj the asymptotic limit of the holomorphic black hole
entanglement entropy is then not consistent with its own thermal entropy density.
While we present computations in both kind of black hole for completeness, we
will restrict attention to the better-behaved canonical black hole when discussing
the physical implications of our results.

The above result is only probing physics at the R boundary in Figure A} but
we can easily explore the properties of the geometry by moving the endpoints of
the Wilson line. To start we set A¢ = 0 and explore the dependence on the (r,t)
plane. The Wilson lines for various configurations in Figure reads

B
An2L2(C — 3)2(4C — 3)é ’

C? sinh? (“TN) (4(C -3) sinh? (LN> — 9)

—log Wr(tir, tsr) = hlog

(4.52)
472 L2 sinh? (’TTN)
- IOg WR(tz\L7tf|L) = thg C2(C — 3)2(40 — 3)64
9 . o [ TAL 9
+ hlog | (4(C = 3)((C — 6)C + 4)® sinh 5 ) (5(C —4)C +12)%|
(4.53)
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A(C — 3)((C — 6)C + 4) cosh® (%M)
(C —3)2(4C — 3)ed

—log Wr(tir,ts L) = hlog

(C(9C — 38) + 24) cosh? (”TM) 140 -3
(C — 3)2(4C — 3)e! :
(4.54)

+

where C' is given in , and we used . When both endpoints are at
the R (or L) boundary we have At = t; — t¢; when the endpoints are at different
boundaries we have instead At = t; +t5. We should note that this reversal of the
time coordinate on the left side may seem artificial, as in this gauge there is no
notion of the bulk degeneration of the Killing direction; we perform it here largely
for consistency with later sections, where it follows naturally. These expressions
are valid for finite (u, 8) (or alternative finite charges (£, W)).

From — we can draw many conclusions about the causal proper-
ties of the wormhole gauge. First, the solution is not symmetric with respect to
the two boundaries R and Lﬁ Wr(tir, tsir) # Wr(—ti, —ts ). This already
violates one of the equalities listed in . Second, it is evident as well that
Wr(tir, tf|r) # Wr(—tiyr —18/2,ts1): the wormhole gauge does not satisfy the
last equality in . This solution cannot be interpreted as thermofield state.

Related to the two above properties, a third feature is as follows: the argument
in the logarithm of (4.54) has a zero at

. (mt) 240 (38 - 9¢ — \/C(17C=60) + 36) .

g 8(C-3)((C—-6)C+4) ’

which has a real solution for At when v/5 + 3 > C > 3. This illustrates that a
two-sided correlator will change sign depending on the time separation for this
range of C; see Figure If we interpret as a geodesic distance between
the two boundaries, it means that the separation between gy, and gr can be either
timelike, null or spacelike depending on At. Hence we can send timelike signals
between the two sides in the wormwhole gauge, which obviously does not fit the
causal properties we would attribute to an eternal black hole.

It is instructive to compare our analysis with the one performed in [156]. There
they evaluated two-sided correlators in a first order expansion about y — 0 for

4This asymmetry is not an artefact of the position of the boundaries: the answers cannot be
made symmetric by a rescaling of the cutoff € at each boundary.
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4. Eternal Higher Spin Black Holes

the scalar field in Vasiliev theory. This field has a non-zero spin-3 charge: we may
mimic their analysis by considering a Wilson line with non-vanishing hs to find

3sinh (2w(A¢+At)> 1 20m89 (Cosh (M) + 2)

dhgmp —
Wr(zir, Tfr) = ;ﬁﬂ B Py (w) B
+ (At & —At) + ..., w56)
Wr (5, 211) :4h;7w sinh <2w(AZ+At)> + 20789 (cosh (%) 3 2)
B cosh? (%)
+ (At < —At) +..., s

where we are only displaying the linear term in p-expansion of the Wilson line.
The result above is in perfect agreement with the expression in [156,{164]. The first
order correction does not have a singularity, and this suggests that the two
boundaries are causally disconnected as argued in [156]. However, as illustrated
by , this apparent regularity is an artifact of the y expansion: over a finite
range of C' the correlator allows for timelike geodesics.

Based on this analysis, we would attribute to the wormhole gauge a Penrose
diagram with a rectangular shape where signals can cross from one boundary to
another. Even though this solution has no thermofield double interpretation, we
should keep in mind that the result for the R side correlators are compatible with
CFT computations. This agreement with the dual theory is an important feature
to preserve as we build the connections associated with the thermofield state.

4.5.2 Failures and successes of the horizon gauge

We could attribute the failure of the wormwhole gauge to the lack of a preferred
point in the geometry that we can associate with a horizon. The first attempt to
fix this feature was discussed in [51]. They considered connections for which the
radial function in is modified as follows

A(r)

(r)~!(a+d)b(r), b(r) = e roltog(r), (4.58)
A(r) '

=b(r
=b(r) (a+ d)b(r) ",

At this stage po is a free parameter, which in [51] is set to be equal to the BTZ
value(4.33). The group element g(r) is fixed by demanding that the connections

b(r) = g(r)e ko
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Figure 4.4: Plot for the universal part of Wﬁl(tim, trin) in the wormhole gauge (left),
and horizon gauge (right). We set h = L = 1 and the cutoffs are set to one (i.e. only
the universal piece is plotted). The different curves correspond to different values of C':
C = 3.3 (blue), C =4 (yellow), C =5 (green), and C = 7.5 (red). We see that for the
wormhole gauge the correlator can change sign, while for the horizon gauge it is always

positive.
satisfy
Ag(=r) = K1 () A (r)h(r), (4.59)
Ay(=r) = =h7H(r)As(r)h(r), (4.60)

with h(r) € SL(3, R) and arbitrary modulo the condition h(0) = 1. In [51], one
explicit combination of h(r) and g(r) is found that fulfils the above conditions.
These results are reviewed in the Appendix [6.13] This construction provides a
smooth horizon for the static holomorphic and canonical black hole. The motiva-
tion is quite natural: it is a generalization of the condition that the time component
of the generalized vielbein A;(r) — A;(r) vanishes at a point. Their construction
assures smoothness of the metric and spin-3 field around the horizon at » = 0, and
for this reason we denote this construction as horizon gauge.

The horizon gauge is compatible with weak Kruskal gauge defined in Section
4.3.1, Both conditions imply the vanishing of A;(r) — A;(r) at the origin, and
moreover we have verified that the combination gr(y)gr(y) is a smooth function
at the origin of the Euclidean disc. The real difference lies not at the horizon but
at infinity: essentially the relations imposed above between A and A at all values
of 7 seem to fix the behavior of b(r), b(r) everywhere. In particular, they do not
approach the usual asymptotically AdS choice b(r) ~ e"L0 at infinity: this means
that the CFT interpretation of this gauge choice is obscure, and has implications
for correlation functions as computed using the Wilson line.

As in the wormhole case, we would like to analyze the features of the Wilson
line for the horizon gauge. We consider first the case A¢ = 0, and we compute the
leading order of the Wilson line in the cutoff, which is denoted by ¢ in this case.
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4. Eternal Higher Spin Black Holes

Using the results in sections [6.13 and [6.11} we obtain

SBsmh(”At)
—log Wg(t;r,t = —log Wx(t;,t =hl -
og Wr(tir:tf|Rr) og Wr(tiL, triL) og Smue
16hm? u? (31 + csch? (%)) A
(4.61)
3ﬂcosh ”At
—log Wx(t; g, t =hl
og Wr( R f\L) og 87T/~L5
 16hn?y? (31— secn? (75¢))
+0(u?). (4.62)

932
The full expression for the time correlators in the black hole gauge is less gentle to
the eye than for the wormhole, and for this reason we only show the two first terms
in the expansion around g — 0. We see from — that at leading order in
© the KMS conditions in hold; this persists at all orders in the u-expansion.
Therefore, the correlation functions of the black hole gauge do have the features
of a thermofield double state.

To analyze if the two sides are connected or disconnected, analogously as we did
in we should consider all terms in the p-expansion of Wx(t; g, tf ). Since
the expression is more cumbersome for finite p, we plotted Wr (t;r,ts ) for a
wide range of values C, and found that it is always positive (see Fig. . This is
in complete agreement that the horizon gauge has two causally disconnected sides,
as it should.

However, there are some problems when we compare these answers with the
results from wormhole gauge (which itself agrees with the CFT, as described ear-
lier). For instance, if we expand the wormhole solution (4.52) around p — 0 the
result is

(4 sinh* (%)
mhet
16hu?m? (3 csch? (”At) + 5)
_ Tz

It is evident that (4.61]) is not equal to (4.63)) even if we try to adjust the cutoff
€ and . A similar problem occurs if we consider spatial separations. Thus the

—log Wr(tir,tsir) =h log

+0(ut). (4.63)
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4.5. Eternal higher spin black holes

horizon gauge does not reproduce the known results of two point functions for
spin-3 operators in a CFT with W5 symmetry.

4.5.3 A successful gauge

In this last portion we report on the values of the Wilson line for the strong
Kruskal gauge. As discussed in section [4.3] this gauge is defined by demand-
ing that ¢gr.(y) and gr(y) are smooth functions near the Euclidean origin. This
imposes restrictions on the radial functions b(r) and b(r); in Appendix we
demonstrate how to build a solution to these regularity conditions while preserv-
ing the asymptotic behavior. Note that once we know that a solution exists, we
do not actually need to use its explicit form to calculate correlators: since we
are imposing AdS asymptotics at the R boundary, one-sided correlators will agree
with those computed from the wormhole gauge above. Furthermore by design of
the strong Kruskal gauge, the Wilson line that interpolates between L and R is
related to the single-sided correlator via the expected half-shift in 5.

Thus for equal space separation the values of W (C;;) are

log Wr(tir, tyir) = logWr(tiL,ts L)

C? sinh? (%) (4(0 — 3)sinh? (”TN) - 9)
A2 L2(C — 3)%(4C — 3)et

C? cosh? (”TM) (4(C — 3) cosh? (”TM) + 9)
472 L2(C — 3)2(4C — 3)et

= —hlog , (4.64)

log W (tir,ts i) = —hlog . (4.65)

Recall that these expressions hold for both holomorphic and canonical black holes
since the time component of (A, A) is the same. Since C' > 3, the argument of
logarithm of is always positive: at zero spatial separation the two sides are
causally disconnected for all ranges of At. This gauge is so far compatible with
the expected properties of an eternal higher spin black hole, and it reproduces
correctly the known results in the CFT (which involve setting At = 0 and a fix
charge configuration without chemical potentials).

It is also useful to record the values of the Wilson lines for At = 0. If the probe
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4. Eternal Higher Spin Black Holes

is not charged, i.e. hg = 0, we have

(1 n 373) MAD 9 NG (1 __ 3 )6A3A¢

i Jic=3
log Wr (2i|r, 2 |r) = —hlog 87L(C —3)C~ e

(1 + \/ﬁ) e~ AP _ 9 o2 + (1 _ \/427_3) e~ A3lo

X

87L(C — 3)C~1¢2 ’

(1+ 3 )6A1A¢+26)\2A¢+ (1_ 3 )e,\BA¢

log Wr(zr, 2f1) = —hlog

V4aC—-3 V4C—-3
8rL(C —3)C~1e?

3 “A A N 3 N
<1+¢m)e 1P+ 2em +(1 \/m)e ’

X

8 L(C —3)C~1e?
(4.66)

These functions are plotted in Figure Here \; are the eigenvalues of ag com-
ponent of the connection which read

()\17)\27)‘3)
e 2C + 3(0 — 2) 20 + 3(0 — 2)
= C(—U+V4C—3M,20, _U_\/4C_3W

(4.67)
and o controls if the solution is holomorphic or canonical as defined in (4.51)).

It is also interesting to evaluate the Wilson line with A = 0 and hg # 0: this
would correspond to a probe that only carries higher spin charge. In Figure [£.6] we
plot the behavior of such a Wilson line between two spatially separated points on
the two boundaries. It is interesting that there is a reflection symmetry associated
with flipping the sign of the spatial direction together with the higher spin charge
of the probe: WR(x“R,xﬂL)’hS = Wr(—r, *$f|L)|_h3- The behavior shown
here may be interpreted as a potential well felt by the charged probe arising from
its coupling to the background spin-3 field. It would be interesting to explore
further the implications of such non-monotonic behavior.

4.6 Applications

In this section we explore various properties of the thermofield state in higher spin
gravity as accessed by the two-sided black hole in Kruksal gauge. We perform our
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Figure 4.5: Plot of the universal part of ng(mim,x“L) when h = 2, hg = 0 for

canonical (left), and holomorphic black hole (right). Here £ = 1 and we removed the

cutoff. The different curves correspond to different values of C: C = 3.3 (blue), C = 4

(yellow), C =5 (green), and C = 7.5 (red). We see that for both black holes the correlator
is always positive.

Figure 4.6: Plot of —log Wr(xi|r, xs|.) when h =0, hs =1 for in the canonical (left),
and holomorphic black hole (right). The different curves correspond to different values of
C: C =3.3 (blue), C =4 (yellow), C =5 (green), and C = 7.5 (red).
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4. Eternal Higher Spin Black Holes

computations in the canonical black hole: for the most part, the results for the
holomorphic black hole are very similar, except where the complications in the
holomorphic black hole discussed around (4.51) manifest themselves.

4.6.1 Higher spin black hole interiors and entanglement ve-
locities

It is well-known that the interior of a ordinary (spin-2) eternal black hole grows as
one moves “upwards” in time (i.e. in the time direction d;, +0;,, that is orthogonal
to the Killing direction). It was demonstrated in [165] that this growth can be
given a simple field-theoretical interpretation in terms of the time-dependence of
entanglement entropy.

We briefly review the setup: recall from (4.7) that the thermofield state is given
by

fzw Un)L® ). Hn) = (But+pnQuln) . (4.68)

where we have included the deformation by the chemical potential in the Hamilto-
nian. One can now define a one-parameter family of states by acting on this state
with the sum of the left and right Hamiltonians:

[Y(t.)) = e’ HetHmby) (4.69)

This action moves us “upwards” in time (note that the orthogonal action of Hy, —
Hp leaves |¢) invariant, and corresponds in the bulk to the Killing direction).
Consider now the entanglement entropy in the state |¢)(¢4)) of a region given by
the union of two intervals, one in the left CFT and one in the right, both of length
A¢. This may be computed holographically by considering the geometry shown
in Figure where the endpoints on each side are separated by a distance A¢
and are located at t;, = tgr = t,, where t, increases as we move upwards.

In our setup, there are two configurations of Wilson lines that contribute: one
set of Wilson lines joins each endpoint of an interval with its partner in the other
CFT by crossing through the black hole interior. Its contribution can be found
from with At =t +tr = 2t, to be

8ty

C?e™7
1672L2(C — 3)(4C — 3)e*

Sconn = _QIOgWR<tz\Ratf\L) ~ 2h10g
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” / o

- e
r

Figure 4.7: Configurations for time evolution of entanglement entropy in the thermofield
state. From the bulk perspective it is a competition between the connected configuration
(red lines), which gives (4.70), and the disconnected contribution (blue lines) in (4.71]).

16hrt,
_ 6; 4 Sy . (4.70)

where we have specialized to times t, >  and where
C2
1672L2(C — 3)(4C — 3)et

Sqiv = 2hlog (4.71)
The second configuration contains two Wilson lines that each remain outside the
black hole horizon. In this case, the result will be given by twice the one-sided
Wilson line in (4.66) with At = 0. We will consider the limit A¢ > §: extracting
the dominant long-distance contribution we find

O2(M1—2s)A6
(C = 3)(4C — 3)et
2nL(4C - 3)

C

Sdisc = 7210g WR(xi|R7xf|R) ~ 2h10g 1

= 4h Ap+ Sgip . (4.72)

Up till now we have focused on Wilson lines as computing two-point functions
of light operators. However, as was argued in [108]/111], these Wilson lines also
compute entanglement entropy if one evaluates them at the precise dimension
h — 5. It is convenient to write the above results in terms of the entropy density
in units of the inverse temperature:

5= g (g 200_33) . (4.73)

We now normalize the results with this entropy density to find:
Sconn = 4svt, + Sdiv ; Sdisc = 25A¢ + Sdiv ; (474)
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where for the time-dependent configuration we have defined an entanglement ve-
locity
C-3

3
C-3

v (4.75)

which interpolates from v — 1 at zero higher spin charge to v — 0 as we approach
the extremal higher spin black hole. We see that at small times the answer is
dominated by the connected configuration; however as time goes on the inside
of the black hole grows linearly in size, and the connected configuration becomes
energetically more and more expensive. Eventually there is a phase transition to
the disconnected configuration at ¢, = %, after which the entanglement entropy
saturates at its thermal value.

The interpretation of these results is standard [165,[166]. The time evolution of
entanglement entropy in 1+ 1 dimensional systems may be viewed in terms of a
quasi-particle picture: if the initial state is excited but has essentially only short-
range entanglement, then upon time evolution the entanglement entropy grows as
entangled pairs of particles stream across the endpoints of the interval, entangling
the interior with the outside. The two-sided time evolution in fits into this
picture with the slight modification that we now consider entanglement across the
two CFTs [165]. The entanglement velocity v defined above then quantifies how
quickly these quasiparticles move: apparently as we approach extremality the en-
tangling particles slow down to zero speed, perhaps due to scattering off of the
large density of higher spin charge present. A similar result for the entangling
velocity as a function of chemical potential has been derived in the context of
Reissner-Nordstrom black holes in higher dimensions [167,[168]. It would be in-
teresting to further understand the dependence of the velocity on the background
charge density from a field-theoretical point of view.

To summarize: as probed by the entanglement entropy, the interior of a two-
sided higher spin black hole grows with time, as expected from basic field the-
oretical notions of the time evolution of entanglement entropy. There are other
time dependent observables worth understanding on Lorentzian higher spin back-
grounds, in particular those recently reported in [169H171].

We could also probe the two-sided higher spin black hole with the “spin-3
entanglement entropy” S®) of [60]. In this context this corresponds to a probe
with h =0, and hs # 0 in , and taking again the arrangement of intervals in
Figure[L.7] Interestingly, however, now the configuration that interpolates between
the two boundaries is trivial: S§§2m = 0. As explained in Appendix this is
a simple consequence of the algebraic properties of the Wilson line for A¢ = 0.
More generally, there is no exponential in time behavior of two point functions of
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this class of higher spin correlators.

In the limit A¢ > 3 the contribution of the blue Wilson lines in Figure [£.7] is

(VAT =3 4 3) eMiHh)as
v4aC —3 -3

= —M@Mg%£A¢+S$3. (4.76)

Vv4aC — 3 +3

V4aC =3 -3
where there is no short range “entanglement”: S®) has no UV divergent pieces.
Note that in the regime of interest A¢ > [ this one-sided contribution might be

expected to never dominate the answer, as the two-sided contribution does not
grow with time as it did in the conventional entanglement calculation above. It

S$. = —2log Wr(zyr.xfir) ~ 2hslog

and we define

S = 2hylog (4.77)

would be interesting to have a better interpretation of these higher-spin correlation
functions on the thermofield state.

4.6.2 Extremal black holes and an emergent AdS,

We now turn to the zero temperature limit of the higher spin black hole. It is well-
known that charged black holes in higher dimensions generally develop an AdS,
factor when cooled down to zero temperature. The AdS; indicates an emergent
conformal symmetry at low energies that acts only on the time coordinate: this
manifests itself in field-theory correlation functions, which now exhibit power-law
correlations in time but have a finite correlation length in space |[172H174].

It is not clear whether an AdSs factor appears in the extremal limit for higher
spin gravity. However, it is rather straight forward to take the zero-temperature
limit of the correlation functions computed above. From we take % — 00,
while holding p fixed, by sending C' — 3 and holding £ fixed. Thus from

we may simply reduce sinh (%) — % to find:
A\ 2"
Wr(tir:tsr) ~ <H> ; (4.78)
up to a overall constant. This implies an emergent scale-invariance in the time
direction, where the IR scaling dimension is equal to the UV dimension (i.e. h).

Actually this power law behavior is guaranteed from the definition of extremality
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in [175]: in a nutshell, an extremal black hole is characterized by as being non-
diagonalizable. Using the fact that a; and ay commute and that a; is of the form
even in the extremal limit, it is straightforward to show that at extremality
ay is actually a nilpotent matrix. This means that that the exponentials of the form
eAt appearing in M (as defined in ) truncate after only a few terms, and
thus that the correlators have only polynomial (and not exponential) dependence
on At.

On the other hand, the spatial correlation function remains non-trivial as the
temperature vanishes; at large spatial separations we find

hV/3 Ag
WR(Ii|R7xf|R) ~ exXp (2M> ) (4.79)
indicating a nonzero spatial correlation length scaling with u. This is precisely
the behavior mentioned above: interpreted geometrically, it suggests an AdSs x R

factorization of the higher spin geometry [172]. We also note that the two-sided

—2h
correlation function across the two sides (4.65) vanishes as (%) we take the

5 — oo limit, as one would expect from the infinite “geodesic” distance down an

AdS, throat.

It would be very interesting to understand if there is indeed an emergent
SL(2,R) acting on the bulk gauge connections in the extremal limit, perhaps
following the algebraic approach of [175]. For this one would need a notion of
‘near horizon geometry’ in Chern-Simons theory, and within this region to argue
that there is an enhancement of the symmetries of the extremal solution.

4.7 Discussion and outlook

In this chapter we motivated and implemented a definition of eternal black holes
in the Chern-Simons formulation of higher spin gravity. Our definition introduces
the concept of strong (weak) Kruskal gauge as explained in Section A key
ingredient to test our definition was the evaluation of the Wilson line defined
in [108/111]. This object was used as a probe of causality of a given Lorentzian
background: it is the natural replacement of geodesic distances in higher spin
gravity. The basic configurations we considered are presented in Figure [4.1

Our proposal was tested in a variety of ways with the two most salient points
being
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II

III

Figure 4.8: Penrose Diagram for an sl(3) black hole. The green line correspond to
the past and future outer horizon. The dotted and dashed line would tentatively be the
locations of inner horizons and singularities.

1. In the Chern-Simons formulation of SL(2,R) gravity, we showed how our
prescription permits access to the entire maximally extended spacetime for
static (non-rotating) configurations. This illustrates explicitly that our re-
fined definition of regularity agrees with the Lorentzian definitions in metric
like formulation of gravity.

2. On general grounds, it is expected that an eternal black hole behaves in the
dual theory as the thermofield state. Two point functions on this state satisfy
KMS conditions (4.8)). Our definition exactly reproduces these conditions.

Using this definition we built explicitly the strong Kruskal gauge for a higher spin
black hole in sl(3) gravity. The tentative Penrose diagram that we would attribute
to this solution is shown in Figure What our analysis clearly establishes are
the existence of regions I and IV in the Penrose diagram. However there are
some further properties of this diagram that remain puzzling. In particular, some
concepts that are not addressed here include

1. Singularity: Due to the topological nature of the three dimensional gravi-
tational theories we are studying, there are no curvature singularities. The
line denoted “singularity” in the Penrose diagram for BTZ (see Figure
refers to a pathology of the quotient: after the dotted line there are closed
timelike curves [160]. It is not clear to us what is the description of this sin-
gularity in Chern-Simons formulation, and hence its generalization to higher
spin gravity remains an open question.
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4. Eternal Higher Spin Black Holes

2. Inner horizons: The sl(3) black hole we studied here has two free parameters:
its mass £ and spin-3 charge WW. Hence it is natural to speculate that its
global properties should mimic those of a Reissner-Nordstrom solution in
four dimensions. In particular, since the si(3) black hole has a non-trivial
extremal limit, there should be a notion of inner horizon and the extremal
case would correspond to the confluence of these horizons. However, this is
another definition that is not clear how to capture in Chern-Simons theory.
One reason this is puzzling is the following: what is the size of the inner
horizon of a black hole in Chern-Simons theory? There is no need to consider
higher spin gravity, since this question can be phrased for the rotating BTZ
black hole. By design, the holonomy of the connections along ¢ encode the
data of the outer horizon (a Wilson loop along ¢ evaluates the entropy of the
outer horizon), and it is unclear how to modify that computation to give the
“size” of an inner horizon since Wilson loops are independent of the radial
position. This would be a very interesting puzzle to solve!

In addition, there are many other interesting future directions to explore which
we discussed in section [£.6
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CONCLUSION AND
OUTLOOK

OR ABOUT GEODESIC WITTEN DIAGRAMS AND GRAVITATIONAL WILSON LINES

In this thesis we have made steps towards a better understanding of the holo-
graphic correspondence. Our strategy was to exploit the control we have over
correlation functions in CFTs to define meaningful objects in the gravity side:
spinning geodesic Witten diagrams, and gravitational Wilson lines. Then, we use
the newly acquired holographic tools to explore aspects of the gravitational theory.
In the following, we will summarize our results.

(a) (b) (¢)

Figure 5.1: Ezamples of geodesic Witten diagrams in AdSq+1. The doted line indicates
that we are projecting the propagators over a geodesic that connects the endpoints. Straight
lines correspond to scalar fields, while wavy lines are spinning fields.
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5. Conclusion and Outlook

In Chapter [2| the center of our analysis is the geodesic Witten diagrams rep-
resented in Fig. It was proposed in [62] that the diagram is dual to a
conformal block with four external scalar operators. Our focus is the diagrams in
Fig. [.1bland Fig. which involve spinning fields: we find a systematical way
to evaluate them, and relate them to the different CFT spinning conformal blocks.
Moreover, we show how to decompose bulk Witten diagrams in terms of geodesic
ones, when having spinning external fields. An interesting observation is that this
decomposition is not unique, which signs that the geodesic Witten diagrams do
not treat bulk interactions as fundamental.

(a) (b)

Figure 5.2: Gravitational Wilson lines in AdSs, where the representation carries the
quantum numbers of probe scalar (h = h). The Wilson line (a) hangs from the boundary,
while (b) has its endpoints in the bulk of AdSs

In Chapter [3} and 4} we study gravitational Wilson lines in AdS3/CFTs. The
Wilson line represented in Fig. can be used to compute probe scalar two-
point functions at the boundary of locally AdS3 geometries [61]. The background
must be thought as generated by a heavy operator with dimensions H = H, and
the probe scalar as dual to a light operator with h = h. This was proved in [61]
for the regime ¢ — oo, with the dimensions of the operators scaling as:

Ll

9

o |

- L h, h=0(), (5.1)
and a semiclassical limit for the probe h > 1[[] In Chapter [3| we relax the
condition h > 1 and show that when we move the end-points of the Wilson line
into the bulk (Fig. [.2b), it is equivalent to a bulk-to-bulk propagator in the
locally AdS3 geometry. Using this, we are able to propose an expression for local
bulk states in global AdS3, and BTZ backgrounds. In Chapter ] we consider the
boundary-anchored Wilson line in Fig. in the context of AdSs higher spin
gravities. We use the Wilson line to propose a notion of causality for these theories

IThe dimension of the light operator is h > 1, but still has to be smaller than the one of the
heavy operator. Therefore, ¢ > h > 1.
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based on the boundary degrees of freedom. This allows us to define eternal higher
spin black holes from their thermo-field double dual states.

It is interesting to draw a line between the two objects analyzed in this thesis.
In Chapter [2] we have considered geodesic Witten diagrams in generic d + 1 di-
mensions, which are dual to CFT conformal blocks. In d = 2, the global conformal
algebra has a Virasoro central extension as explained in Sec. In this case,
the relevant structures are the Virasoro conformal blocks. These are richer ob-
jects, which tend to the global conformal blocks when ¢ — oo, and the dimensions
of the operators are kept fixed. The holographic computation of Virasoro blocks
was addressed using geodesic Witten diagrams in [146]. They explicitly show that
the geodesic Witten diagram in Fig. computes the holomorphic part of the
Virasoro block in the ¢ — oo limit, and with

%7 %4, hi, ha, hexen = O(°). (5.2)

The anti-holomorphic part is computed by the same diagram with the barred
scaling dimensionsﬂ If we consider the so-called Virasoro vacuum block with:

hexch = hexen = 0, hi=hy=h;=hy=h, hy =hy=hs = hy

H,
(5.3)
we obtain the same probe two-point function than using the Wilson line in Fig.
as expected from the results in [176]. This argument nicely relates the two
central objects of this thesis. Moreover, Wilson lines have been very fruitful objects
in the quest for a holographic interpretation of the conformal blocks (the main
purpose of the geodesic Witten diagrams). It has been already known for some
years that Wilson lines in three dimensions are related to the global and Virasoro
conformal blocks [105,|143,|144], with the recent developments in the context of
holography, which as well include Wy blocks [148,(149,177]. In addition, in [178|
179] they use a generalized version of the Wilson line to compute scalar conformal
blocks in d-dimensions.

2The Virasoro blocks factorize in a holomorphic part, which depends only on the CFT2
coordinate z, and an anti-holomorphic part, depending just on z. Two geodesic Witten diagrams
such as the one in Fig. @ are needed to reproduce the full Virasoro block.
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5. Conclusion and Outlook

Figure 5.3: Geodesic Witten diagram in a 3-dimensional background created by the
back-reaction of two heavy operators (hs,h; ~ c). The background has a conical defect,
represented at the center of the diagram by the cross (X).

In this thesis, we have refined the roles of geodesic Witten diagrams and Wilson
lines in the AdS/CFT correspondence, and their importance in the reconstruction
of bulk physics from the boundary degrees of freedom. We have considered this
objects in Gy — 0, and we used them to solve problems in gravitational theories
in their semiclassical limidﬂ For example, we learned how to decompose tree level
spinning Witten diagram into simpler objects such geodesic Witten diagrams;
to couple matter in the Chen-Simons formalism of 3d gravity; and to interpret
Lorentzian higher spin black holes. However, our ultimate goal is to use the
holographic correspondence to learn about quantum gravity. As a future direction,
we would like to consider corrections due to the expansion in G for both the
Wilson lines and the geodesic Witten diagrams. More specifically:

— In Chapter 3] we have used Wilson lines to construct bulk local fields. How-
ever, non-localities are expected to appear when considering 1/¢ corrections.
This is due to the diffeomorphism invariance of gravity, which allows the
fields to interact in a non-local way. This behavior is manifested explicitly
as non-local singularities in the correlation functions. Therefore, generalizing
our proposal to include 1/c¢ corrections can shed some light on the under-
standing of the emergence of bulk physics, and the breakdown of locality.
Different proposals for the reconstruction of bulk fields beyond the semi-
classical level have already been considered recently in [134},/135], and [137].
Adding 1/c-corrections to our Wilson line will make possible the comparison
among these different programs.

3In the context of 3-dimensional gravity, this limit is commonly referred as ¢ — oo due to

()}

164



— In relation to geodesic Witten diagram, the next step is to use them to com-
pute loops corrections to the bulk Witten diagram. The study of loops is
important for several purposes, such as understanding if there is an under-
lying principle that organizes AdS amplitudes, or constraining the spectrum
of CFTs that have holographic gravity duals. However, loop corrections to
Witten diagram are very challenging at a technical level, and not so much it
is known about them, except the recent results in [103}/104]. Decomposing
Witten diagrams in terms geodesic of geodesic ones might avoid some of the
technical difficulties: since the geodesic Witten diagrams are dual to con-
formal blocks, and including corrections will just modify OPE coefficients
and operators dimensions. It is important to understand what this means
in the bulk language since corrections drastically change the anatomy of the
geodesic Witten diagram (at least naively). Moreover, computing correc-
tions might shed some light over why geodesic Witten diagrams do not lead
to a one-to-one map of the conformal blocks and the bulk interactions.
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APPENDIXES

6.1 Spinning AdS;,; propagators in embedding
formalim

Here we follow [27] and review some results of [180]; propagators in the AdS
coordinates can be found in e.g. [181,[182] among many other references. We are
interested in describing the propagator of a spin-J field. In Sec. [[.3.1} we have
seen that in AdS coordinates this field is a symmetric tensor that satisfies the Fierz
conditions

v2¢u1---MJ = ngbmmlw ’ vﬂl(blhmlw =0 ’ (bﬂuusmlu =0. (6'1)

These equations fully determine the AdS propagators, and the explicit answer are
nicely casted in the embedding formalism. The bulk—to—boundary propagator of
a symmetric traceless field of rank J can be written in a suggestive form

Hij (Zi, W;)”

AlJ
Gba‘ (Y;, P Wy, Zi) =Ca,g A ; (6.2)
ij
where Ca s is a normalization (which we will ignore), and
W, - P)(Z:-Y;
U= 2P Yy, Hy(ZoWy) = z0w, 12 W BT gy

The mass squared is related to the conformal weight A of the dual operator as
m? = A(A — d) — J. This is the analogue of the CFT two point function (2.29).
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It will be also useful to rewrite the bulk—to—boundary propagator as [180]

G/ (V.PiW.2) = 3(90(W.2))” (V. P) (6.4
where
Dp(W,Z) = (Z-W) (Z (9%7P £D>+(P-W) <Z~£D) . (6.5)

And it will also be convenient to cast the n-th derivative of GbAalJ in terms of scalar
propagators:

k) T(A+9)
X (W PY(W - 2)7={(W" - Z)M (W' - PY"="(Z - 0p) "GO (v, P) .

J i .
(W"-0y)"Gyy” (Y, PyW, Z) = 2"T(A+n) Y (‘]) (Z>(”_k+l)’“ (6.6)
1=0 k=0

The bulk—to—bulk propagator of a spin-J fields can be written asE|
J
G (Vi Y W, W) = S (Wi - W) =R (W - Y W5 Ya) () (6.7)
k=0

where u = —1+Y;;/2 and Y;; = —2Y; - Y;. The functions g, can be written in
terms of hypergeometric functions via

4 ; i\ ? h(-k)(u)
_ E 1Ytk [ O 4

where the recursion relation for h; is

hy, = ck((d — 2k 427 — 1) [(d+J — Dhxr + (1 +why_ (] + (2~ k+ J)hH) ,

(6.9)
where
1+J -k
- 1
*T T Rd 2 —k—2(AtJ—k-Dd-A+J—k_1)° (6.10)
and
F(A) —A 1 2
= 2 F(AA—h+2,20-2h+1,-2). (6.11
ho(uw) QWhF(AJrlih)(u) 21(, h+2, h+1, u> (6.11)

INote that (6.7)) is not a homogeneous function of Y. In solving for the bulk-to-bulk operator
the constrain Y2 = —1 is used, which breaks the homogeneity property of the polynomials in
embedding space.
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6.2. More on CFT three point functions

6.2 More on CFT three point functions

Following the summary in section |3.5] in this appendix we give some more explicit
information about the tensor structures appearing in the correlation functions.

In the main part of the text we have considered primaries operators with ar-
bitrary conformal dimensions. Unitarity CF'Ts have restrictions on the possible
dimensions, and is it well known the unitarity bound is

A>l+d-2, 1>1. (6.12)

The bound is saturated by conserved currents. The presence of a current implies
as well further restrictions on the correlation functions, which can be implemented
in the index-free framework of [84]. Conservation of a symmetric traceless tensor
requires that its divergence is zero; this implies that the entries of

1
RN CEEY )

)
(0-D)T(Z,P)+0(Z*,Z-P), 0-D= Spala
(6.13)

are zero modulo pure gauge terms. Here the operator D 4 is the projector intro-

duced in (2.15).

To see how conservation affects a three point function, consider the following
two spin-2 fields and one scalar. This correlation function is the combination of
three tensor structures:

Gayas,ng2,20 = (@HTy + BH12V1 23Va 31 + Vi3 Visr) T(A1, Az, Ag) | (6.14)
where
HioV1 23V 31T (A1, Ao, Az) =

—4H12D112D101T(A + 1,80 +1,A9)  H{HT(A1, Az, Ag)
(A12 — Az)(Ar2 + As) (A2 — Ag)

(6.15)

16H12D? ,D3 5, T(A1 +2, A0 + 2, As)

2 2. T(AL, Ay, A3) =
Vi2Vam (A1, A2, Ba) (A1g — As)(A12 + A3)(2+ A1z + Az)(—2+ A1z — Aj)

16H12D119D121T (A1 +1,A2 +1,A9) n 2HET(A1, Ag, Ay)
(A1 — Ag) (A2 + As)(—2 + Ay — Ag) (Az — A3)(—2+ A — Ag)
(6.16)

Conservation implies A1 = Ay = d and

o 4h(h —1)(2h + 1) — 4A3h(2h — 1) + A3(2h — 1)

28s(As +2)(h — 1) 8 (6.17)
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24407 + Az — 2h(A3 4+ 1)

T ety 019

where h = d/2. Further recent developments on properties of correlation functions
for conserved currents can be found in |95{183] and references within.

6.3 Tensor structures in Witten diagrams

In this appendix we will evaluate three point Witten diagrams explicitly to illus-
trate how the tensor structures appear in the final answer. We will focus on the
following interactions:

AR 9,0,00 AL, 0,AY 650, AY . 0, AY ¢ 0, AL . (6.19)

We will do this by using the techniques in [85{180|, where they write the J spinning
bulk to boundary propagator and its derivatives in terms of the scalar propagators.
This allows us to express the three point function of our interest in terms of scalar
three point functions. In our case, we will just need the following identities for the

spin-1 case, which follow from ({6.4)) and :
AGUYNY, P;W, Z) = 2p(W, Z) G (Y, P) , (6.20)
(W' -0y G (Y, Py W, Z) = Dp(W', W, Z) G (v, P) (6.21)

where Zp are differential operators defined as

Qp(W,Z)(Z~W)<Z-8azP~£D)+(P~W)<Z~86P>, (6.22)
Dp(W W, Z) = 2<(Z-W’)(P-W) +AP-W)(Z W) (6.23)
+(P-W)(P-W) (Z- ai) ) . (6.24)

These operators should not be confused with the D; o CFT operators in (2.47)) or
with the bulk diferential operators D; 2 in (2.66).

We start by evaluating a Witten diagram using the interaction A/ 9,0, ¢2 A%.
We have

/dY G (Y, Pu; O, 20) G (Y, Py; 0w, Z3) (Wi - Oy ) (W - 8y) Gt (Y, Po) .
(6.25)
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Here dY denotes an integral over the volume of AdS. Using (6.2)) and - gives

%/dy @PI (awl’Zl)GA ‘O(Y P1)9P3(8W3723)GA3‘0(Y Pd)
123
X (Wi Py)(Ws - Py) Gy P20(v, Py)
- %ﬁ%’l (P2, Z1) P, (Py, Zs3) /GA”O Y, PGy (Y, Py) G (Y, o)
3

4A2(A2 + 1)CA1,A2+2 As I
A1A3

(P2, Z1)Dpy (P2, Z3)T (A1, Ag + 2, Ag)
(6.26)

where

CAl,Az,As

:—I‘
2

<A1 + Ao+ Ay — 2h> (Artbe=Ra) T (Artla=fo) T (A2tla=Lu)
2 ['(A1)L(A2)T(As) '
(6.27)

Notice that Pp, (P, Z1) = D312, and Pp, (P, Z3) = D3 32. Now, applying the
differential operators to the scalar 3-point function we find that tensor structure
corresponding to the previous diagram is the following linear combination:

AP 9,0, A -
Ag(Ag +1)(A1 — Ao + Az —2)Ca, Apt2,n, (Hizg + (A1 — Ag+ Az —2) Vi 93V391)
A1As '

(6.28)

For the interaction 0,,AY ¢ 0,, A% we have

/dY(&W/-ay) Ga M (Y, Py; 0w, Z0) (W' - 0y )G (Y, Py W, Zs) G2 (Y, Py)
(6.29)

which using (6.21)) is equivalent to
Do (D1, 0w, 21) Do (W', W, Zg)/dY Go ™0y, PG 0y, Py) GO (Y, Py)

= Cay 41,080,851, (O, Ow, Z1)Dp, (W', W, Z3) T(A1 + 1,2, A3 +1).
(6.30)
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Contracting the W’s in the differential operators gives
D, (0w 0w, Z1)Dp, (W', W, Z3) =
(A1+A3)(Z1 - P3)(Z3 - 1) + (P -P3)<A1A3(21 “Z3) + (Z1 - Op,)(Z5 - Op,)
(14 83)(Py - Z)(Z1 - Op,) + (1+ A1) (Ps - 20)(Zs - Op,) )
(6.31)

which leads to the following identification
OuAY 20,45+ Cayirawagss ((An = g+ Ag — 281 Ag) Hig
— (A1 = Az = Ag)(Ay+ Do — Ag) ViggVaon) . (632)

The interaction 9, A} ¢ 9, A5 is computed analogously as the previous, but with
different W contractions

/dY (O - Oy) G (Y, Py, Z0) (W - 0y )GEIN(Y, Py W, Z5) G20 (v, Py)
= Cay41,80,8541Zp, 0w, 0w, Z1) Dp, (W, W', Z3) T(A1 + 1, A2, A3+ 1).
(6.33)

This contraction of the differential operators gives

Dp,Ow, 0w, Z0)Dp,(W', W, Z3)
= AMD3(Z1 - Py)(Zs - Pr) + (P Py) (A + D9)(Z1 - Zs) + (Z1 - 0p,) (2 Or,)
+ (14 Ag)(Pr - Z5)(Z - ) + (14 A)(Py - 21)(Zs - Op))

which applying it to the scalar three point function gives

OuAY 20, A% - CA1+1,A2,A3+1( — (A1 + Ag + A3 —2)Hq3
— (Al — A2 — A3)(A1 + AQ — Ag) ‘/1,23‘/3721) . (634)

Based on these three interactions, we can make the following map

His:  0,AY 6y 8, A% — 0, AY 6,8, AL |
V1723‘/3721 : «Q A’f 8M8y¢2 Ag — (Al + Ag)auAlll (bg 8HA5
+(1+ A1A3)0,AY ¢2 0, AY (6.35)

where

o (A1 — 1)(As —1)(A1 — Ax + A3)(24+ A1 — Ag + Ag) (6.36)
N (A1 4+ Ay — A3) (A1 — Ay — Ay) . '

Modulo normalizations, this identification is compatible with the identification

using geodesic diagrams (2.108]) and (2.109)).
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6.4 Tensor-tensor-scalar structures via geodesic
diagrams

Based on the two examples in sections [2.4.1] and [2.4.1] we can make a general
identification between tensorial structures and a minimal set of gravitational in-
teractions that will capture them for a fixed choice of the geodesic given by the first
diagram in Fig. 2.4 We saw that the simplest way to identify H;2 in the bulk is by
an interaction that contracts indices among symmetric tensors at position 1 and
2, and the V’s added derivatives on position 3 with suitable contractions on legs
1 and 2. Hence, it seems like each tensor structure HiyV\'53Vy 13T (A1, A, A3) is
reproduced by a geodesic integral of the form

d)\Hl)\(ZhaW)qu)\(ZlaaW’)p Hor(Za, Ow ) Haox(Z2, W')P
P Py
Y12 DY 2\

(W - 9y, )T 00
(6.37)

This is a claim we can prove. The proof requires the following identities which are
easily obtained by induction:

(W - Oy, )" W52 = (=2)" (= Az — o+ 1), (W - Py)"Wg s |

Pi3Wsy

(Hax (23, 0w))" (W - Py)! = (L= n 1) (W - Py)' ™" ( T,

V(')i,fi)\(Zi)) ,
H1A<Zl7 (9W/)p7'[2)\(Z2, Wl)p|712 = p'H{)? .
(6.38)

Applying these to the integral gives

q+r

2
P 19 r
) H12V1,23V2,13

Pyi3Po3
Pyo

N AR e e (R
Y12

27 plgl(=As — g — 7+ 1)gqr(g + 1), (

where we used

Pi3Ws, \/m Vies ifi=1
Voizi(Z;) = — ’ 6.40
NEEEA e I (6.40)

The remaining integral evaluates to

_ _ Aa—g— T(A1, A, Az +q+7)
Bt el e R 2 , (6.41)
[/12 A A 2 CA 1Az Az+g+r
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by (2.91). Therefore (6.37) results in
207 plgl(—As — g — 7+ 1)gur(g +1)
CALAsAz+q+r

THfQVf{zS‘/Q":l?)T(Al,AQ,Ag) , (6.42)

which completes the proof. Hence, from the analysis of the integrals over the
geodesic v12 (which connects the fields with spin), we find the following identifi-
cation

HY, V05 Vs g 0(1«-~aq¢2l‘1"'ﬂpﬂl"'ﬁ7‘8&1 0,0, 05,03 . (6.43)

¢1u1-~up

As we have noticed in section this identification is not unique. It is sensitive
to the choice of geodesic, and moreover to redundancies that appear as derivatives
are contracted along ;2 (i.e. generalizations of (2.111))).

6.5 sl(N,R) conventions

A convenient basis for the si(N,R) algebra is represented by {Lg, L11}, the gen-
erators in the sl(2,R) subalgebra, and Wj(s), the higher spin generators with

j=—(s—1),..(s = 1). Their commutation relations are:
[Li,Lir] = (i —4)Liyir,
L, WS = (i(s—1)— W) (6.44)

In this notation, Ly and WO(S) are elements of the Cartan subalgebra. These
commutation relations represent the principal embedding of si(N,R). We can
construct N — 1 symmetric tensors which are regarded as the Killing forms of the
algebra. The m-th order tensor is:

Nay...am — trf(T(al .. Tam)) , (6.45)

where m = 2,..., N, and T, are all the generators of the algebra. Explicitly, the
Lie algebra for sl(2,R) is given by

[LO, L:i:} = :FL:I: y [LlaL—l] = 2L0 5 (646)

Our conventions for the fundamental representation of si(2,R) is

Lo = <1é2 _f/2> L= (_01 8) L L= (8 é) . (6.47)

With these conventions, the Lie algebra metric reads

1

Mo =75,  T4-=7-+=-1. (6.48)
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When working in sl(3,R), we explicitly label the generators as {L;, W,,} with
=—1,0,1 and m = —2,...,2. Their algebra reads

[Li,L;] = (i—j)Litj,
[Lis W] = (28 —m)Wiim ,
(W, Wo] = —g(m —n)(2m? +2n* —mn — 8) Ly yp - (6.49)

We work with the following matrices in the fundamental representation

000 10 0 0 -2 0
Ly = [100], L=l 00 0 |, Lu=(o0 0o -2 |,
01 0 00 -1 0 0 0

000 0 0 0 , (1 0 0
W, = 2 OOO>7W1:<1 0 0], Wo=3(0 —20],
100 0 -1 0 0 0 1
0 -2 0 00 4
wo, = [ o 2), W.o,=2[000]. (6.50)
0 0 000

The quadratic traces are

tI'f(LoLo) =
trf(W()WO) =

6.6 Completeness of rotated Ishibashi states

Here we establish a completeness relation for the |U) states:

(2m)?
/dU|U 202h - 1)]1 . (6.52)
We note that if the right-hand side exists, it must be equal to a multiple of the
identity by SL(2,R) invariance; thus the only question is whether or not the
integral converges, and what the normalization factor is if it does. As the group
is non-compact the convergence is not (to our knowledge) actually guaranteed.
Thus we perform an explicit computation in coordinates. In particular we view
the SL(2,R) group manifold as global AdS; and place on it the usual global
coordinates (p,t,¢). It is important to note that we work here not SL(2,R) and
not with its universal cover, and thus both coordinates ¢t and ¢ are periodic with
period 2.
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The explicit matrix elements between the |U(p,t,®)) states and the discrete
highest-weight states |h, k, k) can be constructed via the usual methods of finding
the highest-weight state and systematically acting with the raising operators. The
result is precisely that given in a (slightly) different context in Chapter :

(U(p.t.0)lhs . F)
= Cp e M MR ZO0R) (tamh ) (cosh p) PV (1~ 2 tanh p)
(6.53)

where P{*" are Jacobi polynomials, and Cri = (—1)’“1/%. Note also
that in these coordinates on the group manifold the Haar measure is just the usual
volume element on AdSs, i.e.

/dU = /dpdtd(b sinh p cosh p . (6.54)
With this in hand, we simply directly compute the following matrix elements:
Lk = /dU<h;m,m|U><U|h;k,15> : (6.55)

From the matrix elements above, we see that this integral is proportional to

e—it(k+k—m—m)—i¢(k—k—m+m). thug the integrals over ¢ and ¢ result in a van-

ishing matrix element unless & = m and m = k. We conclude then that
Lk e = Om k0 i Nk R - (6.56)

The normalization factor is given by

. - 2
Neg = (2)2 /dp sinh p cosh p ((tanh p)F 7% (cosh p)*th,gk_k’Qh_l)(l — 2tanh? p)) ,

(6.57)
This is difficult to evaluate for generic k. However by SL(2,R) invariance it must
be independent of k, k (a fact we have also checked directly by numerical evaluation
of the integral), allowing the integral to be performed for k = k = 0, resulting in

2m)?
Ny =Noo = 2((%1 ok (6.58)

Assembling the pieces we find

(2r)?

A LV S S 6.59
m,m;k,k 2(2h _ 1) 1,k k ( )

which is precisely the completeness relation (6.52)) that we set out to show.
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6.7 Metrics, connections, and geodesic distances

In this appendix we gather various properties used for global AdS and the BTZ
background. We present the relevant information in Chern-Simons formulation,
and the metric formulation. For the later, we gather the different coordinate sys-
tems used and the relevant geodesic distances.

In Chern-Simons formulation, we write the pair of sl(2,R) x sl(2,R) as

Aly) = 91 (y)dar(y)™" . Aly) = Grly) ' dir(y), (6.60)

In this section we add the tilde in the right sector, for consistency with the con-
ventions used in the main text. When the connections are constant in boundary
coordinates, we can cast the group elements as

gr(y) =blp) te Y | Gr(y) =e™Vb(p)"" Yyt =(t.¢), (6.61)

where b(p) parametrizes the choice of radial variable, and a,, and a, are constant
elements of the sl(2) algebra. In Chapter [3| we use the following conventions to
express the BTZ and global AdS metric, Witlrﬂ

a= _i (8C —2)Lo — (1+4C)(Ly + L_y)) dxt, b(p) = e~ (Fr=l-1)p/2
a— %((8072)L0+(1+4C’)(L1 +L_y))da. (6.62)

Here p is the radial direction and 2% =t & ¢ with ¢ ~ ¢ + 2. Via (3.75)), these
connections ((6.62)) correspond to the metric:

1 1
ds® = dp* — G 4CeP)2dt? + 1"+ 4Ce™P)2dg? . (6.63)
For C' > 0, it is useful to define

r =1y cosh®(p — p.) , 4C = e =17 | (6.64)

2We chose these explicit form of the connections because they result into unitary group el-
ements when we consider the highest weight representation with (ﬁn)Jr = {_,. This is
required by the purposes of Chapter It is comforting to know that is related to the
more familiar form of the (non-rotating) BTZ connections used in Chapters |1} and

a= (L5 -CL%)dat, a=— (LS —CLS)de™,  b(p) = exp(pLf).
via the following automorphisms:
L: LS =i(2Lo+ L1+ L_1)/4, L¢, =2iLo—4Ly —iL_q, Li=—(L1—L_1)/2,
R: LS =2iLo +iLy +4L_1, L¢, =i2Lo— L1 —L_1)/4, L§=—(L1—L-1)/2,

and C = 27 L. The automorphism labelled by R is performed in the right sector, and analogously
for the left sector.
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which brings (6.63)) to the more familiar version of the (non-rotating) BTZ black

hole:
2

dr 9 .9
22 + redeo”, (6.65)
For C < 0 the background (6.63) corresponds generically to a conical deficit.
Setting C' = —1/4, we recover from ([6.63) the global AdS3 spacetime:

ds®> = — cosh? pdt? + dp* 4 sinh? pdep? . (6.66)

ds® = —(r* —r3)dt* +

In the next sections, we will need as well that the geodesic distance between
two spacelike separated points in the bulk (yf,y;). For the metric in (6.63)), the
geodesic distance is D(yy,y;) = arcosho(yy,y;), with

o(ys,y;) = cosh(py — p;) cosh (\FC(At + A¢)) cosh (\@(At - A(j)))

ePstpi

- % (40 e~(prtri) 4 ) sinh (\FC(At + Aqﬁ)) sinh (\FC(At - A(b)) .

(6.67)
which in the coordinates in (6.65]) is :

o(yr,yi) = % (rfri cosh(ry A¢) — \/(r? —r3)(r? —r2) cosh(r+At)> . (6.68)
+

Moreover, the BTZ metric is locally isomorphic to AdS3 Poincare. Using the
following coordinate change

R2-T24X24 22 /7 —risinh(i)  RT  rcosh(ri o)

o U 4 6.69
2Z 4 ’ Z T4+ ’ ( )
R24T2—x2—72 \/r"—ricosh(rel)  RX  rsinh(ri¢)
27 B y Lz y '
the metric (6.65)) becomes
1
ds®> = ﬁ(—de +dX? +dZ%), (6.70)

Null coordinates in this system are defined as X+ = X + 7T, and X+ = X — T.

The geodesic distance is

(Ty =T+ (Xy = Xi)* + Z7 + 2}
27, 7; '

A solution of (6.69), in the quadrant where X,7,7Z > 0,1 >T? - X? - Z? > 0,

and T' > X is:

7 rye "+t T re "+ cosh(ry¢) v re "+t sinh(r,¢) .

b b
/2 _ .2 /2 _ .2 2 _ .2
T Ty r T r Ty
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6.8 Generating function of Jacobi polynomials

In this Appendix we will perform a double sum of multiplication of two Jacobi
polynomials which is used in the main text. For that, we use the review on
generating functions in [184]; formula (62) in Sec. 2.3 of [184] reads

— ’I’L'( a_ﬂ)! _ 1\n(,, _ 1\nyn pla—n,8—n) r+1 (B—n,a—n) L—’_l
Z—( a—B1n) (z—1)"(y—1)"t"P, ] P, -1

(z-Dy -1t )
(1 —at)(1 —yt)

n

=(1—at)(1 - yt)? o Fy (—a, —B,—a — 8,

(6.73)
We need also the identity
9a+p
PR (g R=+-2 241,
Z “ROTRE—2°(1+Rt2)7’ re A
(6.74)

Combining the previous formulas, with y — 1/y, and other basic identities of
hypergeometric functions, we can derive the following sum:

o0

o MEh+k—1) , 5, i
= Phgh kg () 52
(=) - Zk12h+k—1)r (xy)

(m_’_a_)lth |

XP(}Lk,th) 1— 9 P(I}fk,2h71) 1-9 _
(6.75)
where o is defined as
= —Vay(r+s)+rs+1 (6.76)
T2Vl —a/T—yrs '

For the examples worked out in section o is directly related to the geodesic
distance between two endpoints.

6.9 Inner product with quasi-normal modes eigen-
functions

In this appendix we explore what will happen if in (3.96)), given by

(U(yp)IU (i) Zq)k )@ (i) (6.77)
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we replaced (without justification) @ k. k the more familiar quasi-normal modes for
the BTZ black hole.

The quasi-normal modes are defined as the fields in black hole geometries that
are purely ingoing at the horizon, and that vanish at infinity. For the BTZ black
hole, solutions to (1?® = m?® with these conditions are found in [126], imposing
separability in its variables:

2

o 2h o
QNM/, N _ —iwt ile [T+ 5
0t = e () (1- )

2
i r
Fi(h+—(01-w),h—=—( 2h, =+ 6.78
<ot (W 5= e g o E) 6T
where we have considered the non-rotating case (r— = 0), and that the mass of

the scalar field is related to the conformal dimension as h = (14 v/1+m?2). The
vanishing boundary condition gives the left and right quasi-normal modes:

wy ==+l —2iry(n+h). (6.79)

Using the positive root in (6.79), and defining I = ir (k — k):

(I)QNM( ) = Ok,’_vefr+(2ht+kz++lgz_)

r2 —h P2\ 7 I kgho1 r2 42
4 _ I+ plk=k2h=1) (T4 6.80
() (-5) A () e

We have named the previous field @, ; by analogy with the global case, but it
does not follow (3.93)) for the BTZ differential operators in (3.116)).

Inspired by the global case, we will compute the overlap of two states (3.89)) in the

bulk. Evaluating (6.77)) with - ) gives

NM * NM
Uy (i) Z‘I)Q )2 M (y,)

- kk Aok

_ Z e—T+h(Aw++A:C7)—T+(kAaC++/_§Aw7)k!(Qh +k—1)! (1 _ 7&) : ( _ Ti)
- k! —1) 2 2
o kKl(2h+ k- 1)! r; L
9 “h / 2 —h 2 2 _ 2 2
T Ty ple—k2h-1) (T3 + 7y plh—k,2h=1) (T3 7

X TT_ T_ k 2 — 2 k 2 —r2) "
+ + 0 +

(6.81)
p2\ 1 P2\ 1 _
Using again (6.75]), this time with z = <1 — %) Sy = (1 - —*) ,r=e THAT
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and s = e_T+A’”+, we see that the result for the results is as well (3.111]), with the
geodesic length for the BTZ in (6.68)).

6.10 Integral kernels in CFT representation

In this Appendix we describe the mapping between a general |U) state at the
boundary in Poincaré coordinates and a CF'T smearing kernel in Euclidean
signature. Though our interpretation is different, the manipulations here are math-
ematically very similar to those in e.g. [136].

We parametrize the group element in terms of three parameters (o, w, w) as

Ul — e_U)l%(_QLO_Ll_L—l)eal(L—l_Ll)e"l‘wl%(_2L0+(L1+L—1)) . (682)

By acting on the Ishibashi state we can rotate it, where the splitting into G and
G is arbitrary and was picked in this way for later convenience:

G(e*wl%(*2110*[41*L—l)eUI(L—I*Ll))é(e*wl%(*2L0+(L1+L—1)))‘Elsh> _ |U> )
(6.83)
We now want to realize the SL(2,R) generators geometrically in terms of dif-
ferential operators acting on R%2. We note that this assignment of generators to
operators is not fixed by the algebra alone, as conjugation by any SL(2,R) ele-
ment (or an outer automorphism such as Xjg,) will leave the algebra invariant.
The assignment is instead fixed by the boundary behavior of the gauge connection
chosen to be the AdS3 connection; for the choice the assignment is:

9= 2(2e0+z1+£ " zaz—l(zl—z,l), 20— %(%—el—z D),
=1 (lo-T-T.), z0= %(zl—e ). P0= (ot hi4T)
(6.84)
Thus the operation we want to realize is
O (21, 7) = 2012071921 9021 (0, 21, 7,)[O] . (6.85)

We will now understand how these operators act on the integral kernel. Clearly
two of them are just translations in z; and z7:

eXp (w?l)K(pv 21721)[0] = K(P, z1 + w,fl)[O] )

exp (w0y) K(p, z1,71)[0] = K(p, 21,71 + 0)[0] , (6.86)
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where we use the notation from (3.132)). The more interesting one is the dilatation,
which acts by rescaling z1 (note: actually z1, not the second argument of K) by a
factor of €2:

exp (202101) K (p, z1,71) = K(p,e*7 21, 2)[0] . (6.87)
However, due to the form of the integral kernel, we have the following relation:
K(p,e*°21,21) = K(p+0,21,7) . (6.88)

(where this is now a relation that works for the arguments of K'). To see this, note
that

/dzdz (e_Qp (2= ea)(E 51))%2 Oliz, i7)

e~ P

e (-
_ / dzfdg< : ) O(i,iz),  (6.89)

e~ P

where p' = p+ 0, 2/ = e727z and we used the scaling property of O(\z,z) =

A"O(z, z). Thus we conclude that
exp (202101) K(p, 21 +w,21) = K(p+ 0,21 + e 2w, 7)[0] . (6.90)
We now construct the desired object:

OO (21, 7) = €% 72071951 09941 K (0, 21, 7,)[O)
= 01209191 [0(0, 21, 71 + w)[O)
= "1 K(0,21,7 +w)[0]
=K(0,21 +w,z +w)[0] . (6.91)

Now we finally need to act with the overall compensating p dilatation:

(’)gf)(zh Z1) = eP?0=1 P70z K(o,z1 +w, 2z + w)[O]

= K(o,e’z1 +w, e’z + w)[O]

=K(p+o,21+e Pw,z; + e Pw)0] . (6.92)
The final relation is thus
Og«p)(zl, z21)=K(p+o,z21+ePw,z; + e Pw)[0], (6.93)

which is (3.134]) in the text.

182



6.11. Wilson line operator in AdSs higher spin gravity

6.11 Wilson line operator in AdS; higher spin
gravity

This appendix is a brief summary of the results in [4,108] with emphasis on how
to evaluate the Wilson line. To recap, the operator is defined as

Wi (s ys) = (Us|P exp (LA) Pexp <LA> Uy, (6.94)

R is the infinite dimensional representation in , and v is a curve with bulk
endpoints (y;,y;). U(y) is a probe field that lives in the worldline v, and which
quantum numbers are governed by R. Its boundary values are chosen such that
U; = Uy = 1: this choice ensures that the Wilson line that the answer is Lorentz
invariant. In a saddle point approximation, the value of the Wilson line is

—log W (yi,ys) ~ tr(log(M)F) , (6.95)

where here ~ denotes the saddle point approximation, and Py is the conjugated
momentum of the probe field U. More importantly Py carries the data related
to the Casimir’s of the representation R. In the highest weight representation of
sl(N,R) @ sl(N,R) labelled by quantum numbers (h, hs) = (h, hy) we would have

N
h
Py= Lo+ ST hawi (6.96)

s=2
The matrix M in (6.95) contains the information about the background connec-
tions (A, A):
M = gr(yi)9r(vi)9r " (y)9r" (us) . (6.97)

with gr(y) and g1, (y) are defined according to (4.5). This expression makes evident
that the Wilson line is only sensitive to the endpoints of .

We will restrict now the discussion to Wilson lines in sl(3,R) & si(3,R). As
we send the endpoints of the Wilson line to one of the two boundaries, located at
r — 400, we only need to consider the asymptotic behaviour of the eigenvalues of

M to evaluate (6.95]). If asymptotically we have

b(r) =b(r) — e, (6.98)

r—00

the eigenvalues of M will asymptote to
4

AM~(m1e4, e mz) (6.99)
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where ¢ = e~” is the cutoff, and m and ms are related to the coefficients of the
characteristic polynomial as:

1
Try(M)=mye 4 ..., 5(Trf(zw)?—Trf(M?)):mze—4+.... (6.100)

Note that m1 = m1(y;, ys) and mae = ma(y;, yr) depend on the endpoints and the
background charges carried by the connections. The asymptotic behaviour of the
Wilson line close to the boundary is given by

h mims(y;, m1(Yi,
— log W (yi,yy) = 5 log (126(89%‘)) + hy log <M) . (6.101)

where we kept only universal terms as € — 0. It is important to highlight that we
have written an equal sign in , even though the expression is valid just in
the the saddle-point approximation, and at r — 4o00. For simplicity, we will use
this notation through this chapter.

It will be useful to note that for A¢ = 0, the solutions depends only a; and
az, which are elements of SL(2,R) subgroup in SL(3,R) due to the holonomy
condition . Therefore, M belongs as well to the SL(2,R) subgroup, which
implies that m; = my and

ti,t
—logWg(ti,ty) = h log (W) . (6.102)
€

In general we only need that at infinity

b(r), b(r) = e~ 180, (6.103)

~

where = means equal up to conjugation, and ¢ controls the UV cutoff as we
approach the asymptotic boundaries. If the conjugation matrices do not depend

on ¢, the formulas (6.99)-(6.102) hold with the substitution € by e. This will be
the case of the black hole gauge, detailed in Section [6.13}

We can perform a consistency check. When we have a just a theory pure gravity
and not higher spin charges, and it can be shown that equation (6.95)) reduces to:

1
—log Wg = 2hcosh™! (2trf(M)> . (6.104)

where we take the trace in the fundamental representation of SL(2,R). Using the

explicit form sl(2,R) connections in (|1.125), and the parametrization (4.23)), we
show that

cosh™ <;trf(M)> = D(yi,ys) - (6.105)

where D(y;,yys) is the geodesic distance related to this background metric (6.63]).
Therefore, that (6.104) is equivalent to what we found in (3.5, when U; = Uy = 1.
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6.12 Thermofield states and KMS conditions

In this appendix we review the definition thermofield state, and properties of
thermal correlations functions. We will denote the relations discussed below as
“KMS conditions” (even though only one of them is strictly speaking the KMS
condition).

Consider a system with a Hamiltonian H, and time-evolve operators in the
Heisenberg picture:
O(t) = eHtO(0)e 11 (6.106)

It is very easy to show that for two operators O; and O, we have
Tr (e PHO1(t — iB)02(0)) = Tr (e PHO2(0)01 (1)) - (6.107)
This is what one normally calls the KMS condition.

Let us now try this for a different density matrix p = e~ #H=8rQ with Q another
conserved charge of the system; for example, it could be a U(1) charge, or Q = W)
where W, is the zero mode of the W3 algebra. In this case we find

T (¢7R0,0)01 (1) = Tr (¢ PC0,(0)e= P20, (1)
= Tr (Oa(0)e~PH=F1Q [PHR0, (¢ — iB)e” PH4])
= Tr (e PH=PRRO, (t — i) 05(0)) e PHar
(6.108)

where in the last equality we have assumed that O; is an operator with definite
charge ¢;. Note that if O; was not a charge eigenstate we could stop at the
line above and still get a useful (but more complicated) KMS relation. Thus the
charged KMS relation is

Tr (e PHPRROL (t —iB)02(0)) = Tr (e PH7PH20,(0) 01 (1)) et . (6.109)

The extra factor involving the charge on the right-hand side appeared because of
the mismatch between the Hamiltonian used to evolve the system (i.e. just H)
and the Hamiltonian used to construct the density matrix (i.e. H + p@). If we
evolve the system using H + pu@ then there will be no extra factor involving the
charge, and the correlator will be strictly periodic, as in .

The thermofield double state is defined as follows. Let H = H; ® Hpr denote
the full Hilbert space which is composed by two copies of the original CF'T Hilbert
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space. The thermofield state is defined by the following wave function on H
1 8
_ —5(En+pQn)
= ez Un)r @ n)r . 6.110
) 7 En Un)L ® n)r ( )

Here we included a chemical potential, and the sum is over all energy eigenstates
of the system which carry as well @) charge; Z is a suitable normalization. U
is the anti-unitary operator that implements CPT; this is important since if one
constructs the thermofield state by cutting open a path-integral then this CPT
operator must be there (see e.g. [185|186]). Anti-unitary implies that

ut=ut  Ulue) = (ply) , (6.111)
and the fact that ¢ implements CPT means
U HU=—iH U roUu =0T, (6.112)

Note that U actually commutes with H, but anticommutes with i. We denote the
CPT conjugate of an operator with a superscript. For sake of simplicity, in the
following we will consider scalar operators and in this case O¢FT = Of.

Now let us carefully compute

(Y]|01,(tL)O2,r(tR) )

1 |~ |~ A |~ -
_ E Z<un|6thLolesztL |um><n‘ethR02671HtR|m>67§(En+Em) 7
m,n

(6.113)

where E,, = E,, + 1Q,,. Note that we are evolving the system with H=H+ nQ,
which is the natural choice from the gravitational side. Looking at the first term,
we find

un|uesztL Olc'PTelHth>

e—iﬁtL OlcPTethLm\m

(Z/{n\eimLOw*thL\Mm)
mle—iI:ItL (OlcPT)TeiﬁtL "fl>
mle= 1t Ot |p) | (6.114)

=
=
= {
=

The first equality uses (6.112) and the second uses (6.111)), the third equality
follows from the definition of the adjoint, and in the last line we used that the
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operator is scalar. Thus we find

(V|O1,(tL)Os, R(tR)|1/J>

_ Z E +E,, +th(E —Ep)+itr(En Em)(m\(91|n><n|(’)2\m>

=Z<m|e-f =il (teott) 0, o= 8 (A+HACLH) 1) (1] Oy |m)

o (o090, (<1 - ) 0ut)
(6.115)

These manipulations shows how (4|01 (t1)O2 r(tr)|¢) is related to the ther-
mal correlation function. With some slight abuse of language, and in analogy to
(6.107)), we will refer to this relation as a KMS condition. Note that the sign of
tr, is flipped: this relation explains what it means for “time to run backwards on
the other side”.

If instead we used H to evolve the system, instead of H ,

_ Bray

(0101 1{t1) Oz n(tmls) =T (1120, (<t ) Oafen) ) 5

(6.116)
where we assumed that O; is a scalar operator with a definite charge g;. For oper-
ators with more complicated CPT conjugations or that are not charge eigenstates,
we would find more complicated versions of ((6.115)).

From the above KMS conditions, we can derive further relation. Define the RR
correlator as a ‘one-sided’ correlator in the thermofield state which involves only
operators on Hg. For O = Oy = O, we find

(WIOR(t)OR(E)) = Tx (e PHO)O)) | (6.117)

where we have suppressed the indexes R in the right hand side of the equation
since they are redundant. Analogously, the LL correlator is

(104 (t1)OL(t)|9) = Tr (e O(~t)O(~t:)) (6.118)
For an LR correlator we have
(W|OL(t)OR(t:)]h) = Tr (e—ﬂff@(—tf - 2'5/2)0(@)) , (6.119)

and obviously, the RL correlator is given by
(WIOR(tA)OL L)) = Tr (e PHO(t)O(—t: — i8/2)) (6.120)
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These previous identities imply that the correlators should be related as

Y|ORr(ty)OR(t; —iB)))

(Y|Or(tp)ORE)IY) = | (
(YOL(=ty)OL(—t:)[¥)
( (—
( (

Y|OL(—ty —iB/2)Or(t:)]¥)
YIOR(t7)OL(—ti —iB/2)|4) , (6.121)

The relations between the one-sided (RR and LL) and two-sided correlators (RL
and LR) we denote as “KMS conditions”.

6.13 Horizon gauge for V5 black hole

In this appendix we present the solution to the horizon condition constructed
in [51]. This solution is valid for the non-rotating holomorphic black hole ,
however it is straight forward to check that it is also applicable for the non-rotating
canonical black hole . The ansatz used there is

A= g(r)~ () an +d)b(r)g(r), (6.122)
A= g(r)b(r) @ + d)b(r) "' g(r) ™",

where b(r) = e("t70) Lo with e™ = /2wL/k, and they take

g(r) = eFMWi=W_1)+G(r)Lo (6.123)

h(r) = () (Wi+W_1)

)

with F(r) = F(-r), G(r) = G(—r), and H(—r) = —H(—r); this implies that
g( ) = g(—r), h(r) = h=1(—r) and h(0) = 1. Using (6.123), a solution to (4.59)-
s
Y? = 1+C cosh’(r), (6.124)
C-1+4Y
1
G = ~v log(X) (6.126)
F Ve
a = 7 COSh(T) y (6127)
tan H = — sinh(r) . (6.128)

\/C — 2 — cosh?(r)
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In this new radial parametrization, the asymptotic boundary is now located at
r = 1, which is given by

cosh?(r,) =C =2 +— Y(r.)=C-—1. (6.129)

In the BTZ limit, C' — oo, we recover r = r, — oco. From equations —
(6.127), we observe that the parameter X diverges when r = r,, and Y, G, and
F have an finite value. At the boundary, we consider X! as the cutoff ¢, and we
can express Y, G, and F in terms of C. With these considerations, we diagonalize
g(r+), and find as eigenvalues:

A(r) = (71, 1, &) =e o8l (6.130)

The eigenvectors of g(r,) are finite, i.e., they do not depend in ¢.

6.14 Computation of Kruskal gauge for higher
spin black hole

Here we provide details of the computation of the radial functions b(p) and b(p)
that are required to put the higher spin black hole in Kruskal gauge. The basic
constraint on these functions arises from the demand that the Euclidean objects
defined as

B(r,7) = eaTTb(T)e_iLO%TT B(r,7) = 6iL°27rTTl_)(p)67aTT (6.131)
be smooth functions of the complex coordinates

2miT _ 2miT

w=re ? w=re B (6.132)

near the Euclidean origin. By smooth, we mean that the expansion of B(w,w)
contains only positive integer powers of w,w. As described in the bulk text, this
analyticity property guarantees that the gauge connections can be analytically
continued to a Lorentzian section that describes a two-sided black hole with a
smooth horizon.

On the other hand, to have a clean CFT interpretation of the bulk connec-
tions, we need to also demand that as it approaches the boundary b(r) blow up as
b(r) ~ exp(g(r)Lo) with g(r) some function that tends to infinity at the bound-
ary. Here we describe the construction of the functions b, b that satisfy these two
requirements.
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6.14.1 Setup

First, we use coordinates where the horizon is at r = 0, and which further match
onto the more conventional p coordinate at large r as p = €. In other words the
function g(r) = e". Now consider diagonalizing a and a: the holonomy condition
tells us that a, and a, are conjugate to Lo, so we have

2miL _ (27miLg\ -
aT:v( i 0>V‘1 aTzv( i O)V—l. (6.133)
g 5
Inserting these expansions into (6.131)) we find
B(r,7) = Ve 5 LOV_lb(T)efiszTLo, (6.134)

and a similar expression for B. We will focus for now on B. We expand

V7h(r) = exp <Z Fa(r)T“> (6.135)

where a runs over the generators of the algebra, F,(r) is a set of mode functions
to be defined shortly, and the T are the generators. Note that the demand
that B depend smoothly on w,w as defined in ties together the time and
radial dependence. In this basis the time-dependence is simply a conjugation by
Ly, multiplying each generator by a factor of e~ 27”}2*({”77 where h(a) is the weight
under Ly of the generator 7%, i.e. [Lg,T* = —h(a)T® Thus the analyticity

condition requires that near the origin we have:

Fo(r —0) ~ rlh@l (6.136)

as well as a parity condition on r (i.e. F,(r) should be either even or odd).

We also require that at infinity we approach b(r — o) ~ exp (e"Lg). It is
convenient to define a basis of functions f."(r) such that

(e = 0) ~ M@l fme o) ~e™r (6.137)

Such a basis is presented explicitly below and is easy to find as the functions are
otherwise unconstrained. We now further expand

Fo= ), c'fi(r) (6.138)
m=—1,0,---
By adjusting the coefficients ¢ we may reproduce any function at infinity to a
prescribed order in an expansion in inverse powers in e~". We will calculate only
the terms m = —1, 0 as this is sufficient to calculate any correlator in SL(3) higher
spin gravity: for SL(N) we require N — 1 terms.

T

190



6.14. Computation of Kruskal gauge for higher spin black hole

6.14.2 Diagonalization

We now explicitly calculate the matrix logarithm of
Q =V "'exp(pLo) (6.139)

to the first two orders in inverse powers of p = €” to find the expansion coefficients

m
a

c

It is easiest to diagonalize @) and take the logarithm of the eigenvalues. To
diagonalize ) in the asymptotic limit we follow an algorithm somewhat similar to
that normally used in quantum mechanical perturbation theory, with some modifi-
cations arising from the fact that @ is not Hermitian. Define x = ef. Denoting the
i-th eigenvalue and eigenvector as A(¥) and v(*) respectively, we expand everything
in powers of x to find:

(Qiz+ Qo+ Q_1z™ ") (v((f) +o@a 4 )

=Pz a0 40 (v“) +of gt +> (6.140)

The @, may be found explicitly and directly diagonalized without much difficulty.
The challenge is to extract from the Q. the behavior of the v(Y. We assume
the expansion in powers of the eigenvectors starts at O(x°): this can always be
arranged by rescaling the individual eigenvectors. We will determine each v only

to leading order, i.e. v(()l).

We first need to first determine the scaling behavior of the eigenvalues. Note
first that if we define Q,, = Tr(Q™), then the characteristic polynomial of @ is
given by

Po(A) = =N’ + Q1\* — %(Q? — Qo)A +1, (6.141)

where we have used the fact that product of the eigenvalues is 1 as @ € SL(3).
From direct computation we now find that as z — oo, Q1 ~ qrz + O(1), (97 —
Qo) ~ gox + O(1), where ¢; and ¢y are presented explicitly below. Now by bal-
ancing terms in the characteristic polynomial we find that the eigenvalues scale
as

i 1

A (@ = o0) ~ (qlx, = ) : (6.142)
q1 q27

Thus we see that the order of the starting term in )\,(xi ) depends on which eigenvalue

we are studying, e.g. /\§1) = q1 but )\(12) =0.
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We turn now to the eigenvectors. We begin with the largest eigenvalue, \(1).
The O(z') equation is
Qv = APyl (6.143)

In other words, v(()l) is an eigenvector of @)y itself with eigenvalue /\51) =q. If

we now examine the eigenvectors of ()7 we see that it has two eigenvectors with

zero eigenvalue, Dim(Ker(Q;)) = 2, as well as a single nonzero eigenvector with
. 1) . L

eigenvalue ¢;: thus v, is fixed to be this eigenvector.

We turn now to A(?). The O(z') equation is now
Qv =0 (6.144)

and thus we find only that v(()2) belongs to the two-dimensional kernel of ()1 dis-
cussed above. To narrow it down within this subspace, we study the O(z°) equa-
tion, which is

O + (Qo - A((JQ)l) o? =0 (6.145)

Thus (Qo — )\(()2)1) v(()?) lies within the image of @)1: but this means that it is
proportional to the only eigenvector of ()1 with nonzero eigenvalue, and so is
proportional to v(()l) found above. So we see that

1
v® = (QO - )\(()2)1) e (6.146)

fixing it up to rescaling. We turn finally to the eigenvector corresponding to A,
While presumably the above procedure can be systematized to arbitrarily higher
order, as A\(®) is the last eigenvalue, we may use a trick: the O(z') and O(z?)
equations are

Q¥ =0 QP =0. (6.147)

and thus vé?’) lies in the intersection of the kernel of (Q; and the kernel of Q2; we

may explicitly check that this intersection is a one-dimensional subspace, fixing
(3)
’UO .

Thus we have determined the eigenvalues and eigenvectors. We write now
Q(z — 00) ~ Wexp(D)W ™! = exp(WDW ™) (6.148)

where W is the matrix whose columns are the v(¥ and D is the following diagonal
matrix:

D= log(diag()\(i))) = Lo(logz) + A A = diag <log q1,log (q2> ,— log(qg))
q1
(6.149)
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We now equate WDW ~! with >°, F,(r)T* defined in (6.135), multiply by 7%, and
take a trace to find

SO> T st fit(r — 00) = Ti(WDW'T?) (6.150)

a m=-—1,0

where we have defined the Killing metric on the Lie algebra as 6% = Tr(T*T?)
and its inverse by d4,. Now from the explicit form of the W’s and of the mode
functions f;* we can find the expansion coefficients c'. Note that due to the

judicious choice of the mode functions, the term m = —1 corresponds directly to
the Lo(logz) term in (6.149) and the m = 0 term to the second (constant in x)
term.

el =0 TI(WLeWIT?) 0 = 6, Te(WAW 1T?) (6.151)

From (6.135) this fixes b(r) as
b(r) =V exp <Z S oarfir > (6.152)

a m=-—1,0

For the barred connection we follow precisely the same procedure to find instead

b(r) = exp <Z Z E;”fg"(ﬂ) 7 (6.153)

a m=-—1,0

In Appendix E.3 in [3], we collect expressions for b(r) and b(r) found by im-
plementing this algorithm.
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SAMENVATTING

Dit proefschrift gaat over aspecten van de AdS/CFT-correspondentie die direct
belangrijk zijn voor problemen in klassieke- en kwantumzwaartekracht. In het bij-
zonder gebruiken we geodetische Wittendiagrammen en Wilsonlijnen in AdS/CFT
om zwaartekracht te onderzoeken. Wat volgt is een samenvatting van onze resul-
taten.

Inleidein

In hoofdstuk [I] beginnen we met en overzicht van de holografische corresponden-
tie, met nadruk op de kenmerken die onmisbaar zijn voor dit proefschrift. Dit zal
de context scheppen voor de nieuwe resultaten die in de rest van de hoofdstuk-
ken worden gepresenteerd. Deze inleiding, evenals het proefschrift, heeft twee te
onderscheiden delen. Het eerste delen onderzoekt enkele aspecten van de duali-
teit in algemene dimensies en het tweede delen focus op de eigenaardigheden van
AdS3/CFTs. Een terugkerend leidmotief is hogere spinvelden. We zullen theorieén
gebruiken die spinnende velden bevatten, als een raamwerk om de AdS/CFT-
correspondentie te bestuderen.

Spinnende geodetische-Wittendiagrammen

Symmetrieén spelen een cruciale rol in conforme veldtheorieén. De exploitatie van
de conforme groep geeft een efficiént organisatieprincipe voitie van vierpuntscor-
relatiefuncties, die een expliciet onderscheid maakt tussen delen die puur bepaald
wordor de waarneembare theorieén. Een voorbeeld van een dergelijk principe is
de conforme blokdecomposen door symmetrieén en de theorieathankelijke gege-
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vens. Een heel natuurlijke vraag doet zich voor in holografie: kunnen we obser-
vabelen in zwaartekracht even efficiént organiseren als in de duaal CFT’s? Dit
probleem is sinds het begin van holografie aangepalst met behulp van bijvoor-
beeld Wittendiagrammen. Pas onlangs werden, geodetische Wittendiagrammen
werden voorgesteld als de duaal van de conforme blokken. Geodetische Witten-
diagrammen werpen nieuw licht op het idée van holografische reconstructie: ze
geven een holografische betekenis aan de conforme blokdecompositie van vierpunts
Wittendiagrammen en ze stellen ons in staat de gecompliceerde d-dimensionale vo-
lumeintegralen van de Wittendiagrammen te schrijven in termen van eenvoudigere
lijnintegralen. Het oorspronkelijke voorstel van geodetisch Wittendiagrammen was
alleen voor externe scalaire velden geformuleerd. In hoofdstuk [2 hebben we dit uit-
gebreid tot spinnende velden in de externe vertices. We hebben een systematische
manier gevonden om geodetische Wittendiagrammen voor externe velden met al-
gemene spin te evalueren en we hebben de originele Wittendiagrammen ontleed in
termen daarvan. Ondanks het succes van geodetische Wittendiagrammen vonden
we enkele problemen die onopgelost bleven. We hebben waargenomen dat het-
zelfde conforme blok met spin kan worden uitgedrukt in termen van verschillende
geodetische Wittendiagrammen met ongelijke bulkinteracties. Dit toont aan dat
geodetische Wittendiagrammen bulkinteracties niet als fundamenteel behandelen.

Wilsonlijnen in AdS;/CFT,

In hoofdstuk [3en [d] concentreren we ons op zwaartekracht in drie dimensies. In dit
geval heeft de zwaartekracht geen propagerende vrijheidsgraden en kan ze worden
herschreven als een Chern-Simons theorie. Dit is in het algemeen veel eenvoudiger
om het formalisme van Einstein algemene relativiteit theorie te manipuleren. In
de Chern-Simons formulering wordt de koppeling van materie gedaan met behulp
van Wilsonlijnen. In de context van AdS/CFT zijn deze objecten belangrijk om de
vrijheidsgraden van de theorie op de rand te analyseren omdat ze gerelateerd zijn
aan grootheden zoals CFT-correlatiefuncties en verstrengelings-entropie. In dit
proefschrift zullen we Wilson lijnen in AdS3/ CFTy gebruiken voor twee verschil-
lende, maar gerelateerde doeleinden. In hoofdstuk [3] laten we zien dat ze kunnen
worden gebruikt om de overlap van twee lokale bulktoestanden te berekenen. Dit
geeft ons een recept om lokale bulkvelden te reconstrueren van CFTs-operators in
globale AdS3- en BTZ-geometrieén. In hoofdstuk [4] gebruiken we de Wilsonlijn in
de context van hogere spintheorieén. We gebruiken ze om een idee expliciet van
causaliteit te bieden in hogere spinzwaartekracht, waardoor we een Penrosedia-
gram kunnen toewijzen aan hogere-spin zwarte gaten.
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