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Abstract

Since the gravitational theory is not renormalizable, it is necessary to formulate the
quantum gravity by using the other framework. The AdS/CFT correspondence is one of the
candidates to describe quantum gravity. According to this correspondence, a gravitational
theory is equivalent to a gauge theory on the boundary, which does not contain the gravity.
Although the complete proof of the AdS/CFT correspondence has not been obtained, a
lot of evidence, which guarantees the existence, have been reported. In this paper, we will
study the duality between the three-dimensional spin-3 gravity coupled to a scalar field
and the W3 extended conformal field theory. Although the three-dimensional spin-3 gravity
is well-studied owing to its equivalence with the Chern-Simons gauge theory, the spin-3
gravity coupled to matter fields is less understood. This is because the action integral of the
spin-3 gravity coupled to matters is unknown. The AdS/CFT correspondence gives a new
point of view. It is known that the three-dimensional spin-3 gravity is equivalent to the W3
extended conformal field theory. By considering the bulk scalar field as the operator in the W3
extended conformal field theory, we find the clue to the difficulty. In this Thesis, we formulate
the spin-3 gravity coupled to a scalar field in terms of the action integral. In the large
central charge limit, the W3 algebra reduces to the SU(1,2) algebra. By using this algebra,
the state of the bulk scalar is constructed. The commutator [W,,, W,,] gives the Virasoro
generator L, ., and in order to formulate the SU(1,2) invariant theory, it is necessary
to introduce an enlarged spacetime by introducing five auxiliary coordinates as in the case
of the supersymmetry. When the scalar field exists, half of SU(1,2) invariance is broken.
The remaining invariance gives equations, which determine the state of the scalar. The
state is an eigenstate of the quadratic Casimir operator of SU(1,2) algebra. The eigenvalue
equation is interpreted as the equation of motion for free scalar in the eight-dimensional
enlarged spacetime. The action integral is given by the one for the free scalar in the enlarged
spacetime. Further, it is shown that the standard AdS/CFT dictionaries hold. The action
integral for gravity is also studied. The scalar state is eigenstates of the cubic Casimir
operator as well as the quadratic Casimir operator. The metric and the spin-3 gauge field are
uniquely determined from the differential equations associated with the Casimir operators.
It turns out that these fields are expressed in terms of SL(3,R) gauge connections.
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1 Introduction and Brief Summary

What is gravity? Scientists have been asking this question for a long time. In 2012, the Higgs
particle was discovered and the standard model of particle physics was experimentally proved to
be correct. In the universe, it is known that there are four fundamental forces: the electromag-
netic interaction, the weak interaction, the strong interaction, and the gravitational interaction.
The standard model describes three of them except for the gravitational interactions.

In usual quantum field theory, there are divergences at a small distance. These divergences
are renormalizable if the dimension of coupling constant is never negative. Since the gravitational
constant G has a dimension -1, the gravitational theory is not renormalizable. The authors of
[1] obtained proof of non-renormalizability by using loop calculations. Therefore, a new theory,
which describes the quantum behavior of gravity, is needed. Fortunately, several theories that
avoid these problems appeared. The superstring theory is one of the powerful candidates for
quantum gravity. The superstring theory has a typical length scale. This scale plays a role of a
cut-off and problematic divergences do not appear.

The superstring theory predicts a non-trivial equivalence between totally different theories.
One of the examples is called the AdS/CFT correspondence, which was first discovered by
Maldacena [2]. Scientists and mathematicians have been studying this duality and its extension
since the birth of the AdS/CFT correspondence. Maldacena showed that Type-IIB superstring
theory in ten-dimensional spacetime manifold, which is a product space of five-dimensional
AdS spacetime and five-dimensional sphere, is equivalent to N' = 4 super Yang-Mills theory
in four dimensions. The superstring theory contains a rank-2 tensor field, which is called a
graviton, while super Yang-Mills theory does not contain the graviton. Roughly speaking, d + 1
dimensional gravitational theory can be described in terms of a non-gravitational theory living
on d dimensional manifold. This map is holographic. This correspondence is one example of the
holographic principle, which was proposed in [3] and [4]. According to the holographic principle,
the information of quantum gravity is encoded at the boundary of a manifold. For example,
the black hole entropy can be quantified by its horizon surface area[5][6]. This implies that
the information inside the black hole is encoded at the horizon. Similarly, in the AdS/CFT
correspondence, the boundary theory might have complete information to describe the quantum
gravity in AdS space. One more important point is the following. the AdS/CFT correspondence
is a strong/weak duality. The perturbation theory is a good tool to analyze quantum field theory
with small coupling constants. When the non-gravitational theory is strongly-coupled, we can
study it using the weakly-coupled string theory and vise versa.

Although the complete proof of the existence of the AdS/CFT correspondence has not been
given, a lot of evidence has been reported until now. In [7][8][9], the mathematical methods to
calculate correlation functions in the conformal field theory in terms of dual bulk fields were
proposed. According to [7][8], a generating functional of correlation functions in the conformal
field theory is equal to a partition function in the semi-classical AdS gravity. This prescription is
called the differentiating dictionary. Also, it was shown in [9] that the boundary behavior of bulk
correlation function coincides with the correlation function in the conformal field theory. This
is called the extrapolating dictionary. These two dictionaries are equivalent[10]. Conversely,
prescriptions to express a bulk fundamental field in terms of operators in the conformal field
theory has been also studied. Local bulk fields can be reconstructed by non-local boundary
conformal field theory operators[11][12]. In [13][14][15], it is proposed that a state excited by a
fundamental field in AdS spacetime can be expressed as a state in conformal field theory. This
prescription is equivalent to that in [11] and [12]

It is worth studying the extension of the applicability of this correspondence. One possible
extension will be the three-dimensional higher-spin gravity coupled to a matter field. In partic-



ular, we will consider the three-dimensional spin-3 gravity. According to [18], the spin-3 gravity
is dual to the W3 extended conformal field theory. In general, the conformal field theory is
characterized by Virasoro generators L,. The symmetry algebra is sl(2,R) ® sl(2,R). The con-
formal field theory can be extended by extra symmetries. For example, extra gauge symmetries
may be realized by adding a current operator with a conformal dimension 1. The W3 extended
conformal field theory is one of the extensions of the Virasoro algebra, which is obtained by
adding a current operator with conformal dimension 3[16]. The symmetry algebra is generated
by Virasoro generators L, and W3 generators W,,, which correspond to Laurent modes of extra
current operator, and called the W3 algebra. In [17][18], it was proposed that three-dimensional
higher-spin theories with Wy symmetry is dual to a Wy extended conformal field theory. The
higher-spin gravity contains a metric tensor and a spin-N symmetric tensor. The metric and the
spin-N field are described by the three dimensional SL(N,R) x SL(N,R) Chern-Simons gauge
theory[19]. The authors of [20] [21] studied the three dimensional SL(3,R) x SL(3,R) Chern-
Simons gauge theory and showed that the W3 algebra can be obtained from the infinitesimal
gauge transformation of the Chern-Simons gauge connections. Then, it was proposed that the
three dimensional SL(3,R) x SL(3,R) Chern-Simons gauge theory is dual to the two dimen-
sional W3 extended conformal field theory. In [21], two solutions to the equations of motion for
gauge fields was studied. Both of them gives the AdS metric. These correspond to two inequiv-
alent embeddings of SL(2,R) in SL(3,R). In one of the two embeddings, SL(2,R) is generated
by Virasoro generators (Lj, Lo, L_1), while in the other it is generated by (Wa, Ly, W_2). The
vacuum in the former is often called a W3 vacuum, on the other hand, the one in the latter is
called a W?EQ) vacuum. Furthermore, they discovered another solution that interpolates between
these two spacetime. At the boundary, this solution gives the W3 vacuum, while this solution
also gives the W?52) vacuum far from the boundary. They also obtained black hole solutions.
Boundary conditions must be imposed on Chern-Simons gauge connections A and A to make
the variation problem well-defined. At the boundary, conditions Az = A, = 0 are often adopted.
The authors of [20] [21] adopted other boundary conditions by adding a local term to the action,
which deforms the boundary conformal field theory and proposed a black hole solution with both
a mass parameter and a spin-3 charge parameter.

There are several remaining problems. The action integral for the gravity sector is well
studied. However, the situation is different when a matter field couples to gravity. First, the
action integral for a scalar field which has a spin-3 charge has not been found. Then, it is not
clear whether standard AdS/CFT dictionaries can be applied or not. Furthermore, in the spin-3
gravity, even the bulk scalar state have not been constructed in terms of boundary W3 extended
conformal field theory. Our motivation is to improve these situations.

The approach is the following. At first, we will construct the bulk scalar field as the operator
in the W3 extended conformal field theory by using the following procedure of [14][15]. The W3
algebra is different from the Virasoro algebra and the current algebra in usual sense:

(L L] = (1 — 1)L + 1—C2m(m2 — 1)omin (1.1)
[Ln,Wn] = (2n—m)Wyim (1.2)
(W, Wil = ——n(n2 — 1)(n® — 4)5o.mn (1.3)

360
1
—i-% (n —m)(2n® —mn +2m? — 8) Lyt + B(n — m)Apim (1.4)



plus the similar algebra for anti-chiral counterparts L,, and W,,, where n,m € Z. Here,

16
p— 1.
B 22 4 5¢ (1.5)
Ay = Z Ly Ly + Z LyL,_y. (1.6)
k>—2 k<2

L,’s denote the Virasoro generators and W,,’s denote extra gauge symmetry generators. c is
a model dependent constant and often called the central charge. In [22], this is related to the

gravitational constant G
3

T 2G
We restrict the wedge modes subalgebra, which consists of L,, and W,,, with —1 < n < 1 and
—2 < m < 2. In the large ¢ limit, the third term proportional to £ is dropped. By changing the
normalization W,, — W,,/ V10, the subalgebra can be rewritten as

c (1.7)

(L, Lin] = (n — 1) L
(L, Win] = (210 — 1) Wi (1.8)

1
(Wi, W] = g(n —m) (2n2 —mn + 2m? — 8) Lysm.

This subalgebra is called su(1,2) ® su(1,2) algebra. The commutator of two Wy,,’s gives Virasoro
generator L,. This is similar to the case of supersymmetry. In supersymmetric theory, a theory
is invariant under the Pincaré transformations and supertranslations, which is generated by
supercharges. The anti-commutator of supercharges gives the translation generator. In order
to construct Poincaré invariant and supersymmetric formulation or equivalently Lagrangian,
Grassmann odd coordinates, which correspond to supertranslations, are introduced and the
dimension of spacetime must be enlarged. For example in A/ = 1 supersymmetry in four
dimensions, there are two supercharges @ and @ and corresponding translations are written by

G(0,0) = ¢! Qaei?”Qa (1.9)

Two Grassmann odd coordinates are introduced and the spacetime dimensions are enlarged to
six. In the case of the W3 extended conformal field theory, we will introduce auxiliary coordinates
corresponding to the generators W_o, W_; and their anti-holomorphic counterparts. Since the
commutator [W,, W,,| gives the generator of the conformal transformation L, ,, auxiliary
coordinates mix with the ordinary two-dimensional coordinates. Hence, we need to regard
these coordinates as the spacetime coordinates instead of the internal gauge variables. In the
context of the AdS/CFT correspondence, there are two more coordinates, which correspond to
transformations generated by Lo+ Lo and Wy + Wy. Hence, the dual theory will be formulated
in eight dimensions. We consider a massive scalar field at the center of the bulk. Due to the
existence of the scalar, half of the isometry is broken. The remaining isometries give conditions,
which determine the state of the scalar field at the center of the bulk[14]. In three dimensional
AdS spacetime, these conditions are expressed in terms of the Virasoro generator as

(Ln = (—=1)"L-n) [$(0)) = 0 (1.10)

where n = 0,£1 and |¢(0)) denotes the scalar state. In the case of the W3 extended conformal
field theory, there are more isometries, which come from the W, generators. Although it is not
easy to determine conditions for W, from the isometry, it is possible to show that the state,
which satisfies conditions

(Wn - (_1)mW—m) W’(O)) =0, (1‘11)



where m = 0, +£1, £2, agrees with the W-primary state, when it is transported to the boundary.
Hence, total eight conditions determine the scalar state at the center of the bulk. The state at
an arbitrary point can be obtained by multiplying the transformation operator, which contains
eight coordinates associated with (L_1, L_q1, W_o, W_o, W_1, W_1, Wy + Wo, Lo + Lo).

When the bulk scalar state is obtained, the Killing vector fields, which correspond to the
differential representation for generators, can also be obtained. Further, there is two Casimir
operator in the W3 extended conformal field theory, which is called quadratic and cubic Casimir
operators. The bulk state is the eigenstate of these Casimir operators. Since the quadratic
Casimir operator is written by the sum of the product of two generators, the eigenvalue equation
for it gives the second-order differential equation. When we interpret its eigenvalue as the mass
of the scalar, the equation of motion can be interpreted as the Klein-Gordon equation for the
free massive scalar in eight dimensions. Therefore, the action integral can be written by a sum
of the kinetic term and mass term of the scalar in eight dimensions.

We will consider the solution to the eigenvalue equation for the quadratic Casimir operator.
Although the differential equation is very complicated, an exact solution will be obtained. The
solution has interesting properties. When extra coordinates, which are introduced in order to
enlarge the spacetime, vanish, the solution coincides with the bulk to boundary propagator for
the scalar in the usual three-dimensional AdS spacetime. Of course, it can be shown that this
is invariant under SU(1,2) x SU(1,2) transformations. Hence, this is interpreted as the bulk to
boundary propagator for the scalar field in the enlarged spacetime.

We will also discuss the AdS/CFT dictionary. The differentiating dictionary [7][8] tells us
that the partition function in the semi-classical AdS gravity is equal to the generating functional
of correlation functions in the conformal field theory. We will investigate whether this statement
holds or not in the W3 extended conformal field theory. The classical solution to the Klein-
Gordon equation is constructed in terms of the bulk to boundary propagator with a boundary
condition that the scalar field approaches the value ¢y at the boundary:

oy, 7) = / 0 K (y, 23 2o ') (1.12)

where K is the bulk to boundary propagator. By substituting the solution into the action and
integrating by parts, the boundary action Sp[¢o] is obtained. The partition function in the
semi-classical AdS gravity is defined by exp[Sp[¢o]]. By functionally differentiating this with
respect to the boundary value ¢g and setting ¢g = 0, the boundary two-point function will be
obtained. Hence, the differentiating dictionary will be established.

Since we enlarge the spacetime, it is also necessary to construct a new action integral for the
gravity sector. In three dimensions, the SL(3,R) x SL(3,R) Chern-Simons action is equivalent
to the action for the gravity sector. In even dimensions, however, there is no Chern-Simons
action. Hence, we must consider an alternative action for gravity. The vielbein formulation
will help us to construct it. From the quadratic Casimir operator, we can read off the metric
tensor. Also, there is the cubic Casimir operator and the scalar state is also an eigenstate. This
eigenvalue equation gives the third-order differential equation. From this equation, we can read
off the completely symmetric rank-3 tensor, which is often called the spin-3 field. When the
metric and the spin-3 field are determined, a vielbein field and a spin connection are uniquely
determined up to a local frame and two gauge connection as in Chern-Simons gauge theory
are defined by taking an appropriate linear combination. These gauge connections satisfy two
flatness conditions, which mean that field strengths for two gauge connections vanish. On a
hypersurface with constant extra coordinates, these coincide with the equations of motion for
the SL(3,R) x SL(3,R) Chern-Simons gauge connections. Then we should adopt the local frame
as SL(3,R) x SL(3,R) symmetry. We will consider these flatness conditions as the equations of



motion for the vielbein and the spin connection. We will construct the action integral for the
gravity sector, which yields the equations of motion.

There exists a new renormalization group flow parameter. In the AdS/CFT correspondence,
it is known that the radial coordinate plays the role of a renormalization group flow parame-
ter [24]. For example, in spin-3 gravity [21] studied the holographic renormalization flow and
discovered a solution that interpolates between two spacetimes. In the ultraviolet region, this
solution gives the W3(2) vacuum, while in the infrared region this gives the W3 vacuum. This
result can also be observed in our formulation. We will find another renormalization group
flow. Two coordinates, which correspond transformations generated by (W_1, W_1), play the
roles of renormalization group flow parameters. In general, the conformal symmetry is broken
at arbitrary points because of the extra five coordinates. However, there are points that the
conformal symmetry is recovered. One point is the one with vanishing two coordinates, while
another one is with infinitely large two coordinates. At the former point, the W3 vacuum will
be realized, while at the latter the Wéz) vacuum will be realized. Also, we will study the action,
which triggers the renormalization group flow. Although the boundary theory at the other hy-
persurfaces is no longer conformal, the theory is a quantum field theory. It will be shown that
fields of the quantum field theory O are dressed by g(«, 8) = oWy ePWh and given by

0" = g(a, $)Og~ " (a, B) (1.13)

where O denotes the operator in the conformal field theory.

Also, we will consider other solutions to flatness conditions. The authors of [21] studied a
black hole solution. We will obtain new black hole solutions by solving the flatness conditions.
In the case of the black hole without the spin-3 charge, we will obtain the exact solution. Taking
a hypersurface with vanishing extra coordinates, it coincides with the BTZ black hole [23]. The
Hawking temperature can be obtained by solving holonomy condition[25] and it coincides with
that in [21]. In the case with the spin-3 charge, however, the situation will be different. The
gauge connection corresponding to the black hole with the spin-3 charge is also obtained by
solving the flatness conditions perturbatively. It turns out that the perturbative expansion
continues as an infinite series. In this Thesis, we carried out up to the third-order perturbation.
Interestingly, perturbations more than fourth-order do not affect physical quantities, such as
the Hawking temperature or entropy: two holonomy conditions are precisely determined up to
the third-order perturbation. Furthermore, it will be shown that holonomy conditions do not
contain extra five coordinates. Then, it will be shown that the partition function for the black
hole is exactly the same with that in [21]. Although the partition functions are exactly the same,
the geometry is totally different. Our gauge connections satisfy the usual boundary conditions
Az = A, = 0. These are gauge inequivalent with gauge connections in [21]. In general, the
gauge transformation for the gauge connection A and A are determined by using the common
matrix U and given by

A =U1AU + U dU (1.14)
A =UAU ! +UdU . (1.15)

There is no matrix U from our gauge connections to the ones in [21].

This Thesis is organized as follows. There are three parts. Before discussing our result,
we should give several fundamentals in the first part. The first part consists of four sections.
In Section.2 and Section.3, we will review fundamentals for the conformal group, operators
in conformal field theory and extension to W3 conformal field theory. Fundamentals of AdS
spacetime will be introduced in Section.4 and in Section.5 we will review more general three-
dimensional spacetime with a negative cosmological constant. The second part is for the reviews



of recent researches by other groups. This part consists of three sections. In Section.6, we will
focus on the AdS/CFT correspondence and see how to obtain correlation functions in conformal
field theory in terms of bulk language. Conversely, we will introduce the method to express a
bulk fundamental field as an operator in conformal field theory in Section.7. It will be shown
that a state excited by this filed is expressed in terms of the dual primary operator and its
descendants. Also, we will review recent works on spin-3 gravity. The spin-3 gravity can be
described by the SL(3,R) x SL(3,R) Chern-Simons gauge theory. There are several black hole
geometries in the spin-3 gravity. We will see these works in Section.8. The third part is the main
subject of this Thesis. In this part, the holography between three-dimensional spin-3 gravity and
the boundary W3 conformal field theory will be studied. This part consists of seven sections. In
Section.9, we will consider boundary W3 extended conformal field theory. The bulk scalar field
is reconstructed not only by a conformal family generated by the Virasoro generators but also by
the one generated by W, generators. The eigenvalue equation of the quadratic Casimir operator
on this field corresponds to the Klein- Gordon equation for the bulk scalar field. In Section.10, the
bulk geometry is studied. When we read the metric from the Klein-Gordon equation, the metric
field becomes 8 x 8 symmetric tensor. The role of extra coordinates is studied in Section.11.
We will find one of the extra coordinates play the role of a new renormalization group flow
parameters. In Section.12, we will introduce the SL(3,R) x SL(3,R) gauge connections. These
are 8 X 8 matrix, one of whose indices corresponds to spacetime one and the other to the local
SL(3,R) frame. These connections satisfy the flatness conditions. Several gauge connections for
black hole metrics will be studied in Section.13. These are parametrized by the mass and the
spin-3 charge. On the hypersurface with constant five extra coordinates, the gauge connections
are solutions to the three dimensional SL(3,R) x SL(3,R) Chern-Simons theory. Also, we will
study the action integral for the gravity sector in Section.14. In even dimension, it is known that
there is no Chern-Simons action. Instead of the Chern-Simons action, we will seek the action,
which yields the flatness conditions for the gauge connections. Finally, we will summarize our
works and discuss future works in Section.15. There are several appendices. Appendices. A and
B contain some technical details for obtaining constraints on the boundary scalar state and the
local scalar state in the bulk. Appendix.C contains a convention for SL(3,C) symmetry algebra.
In Appendix.D, we will express the complete result of the spin-3 field for the black hole without
the spin-3 charge. Appendix.E contains some technical details for obtaining the spin-3 field and
the black hole solution with the spin-3 charge. This Thesis is based on [26] and [27].
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Part 1
Fundamentals

2 Fundamentals in Classical Conformal Field Theory

The purpose of this section is to obtain fundamentals for conformal field theory. We refer to
instructive textbooks [28] and [29].

2.1 Conformal Group

We start by introducing conformal transformations and determining some conditions for the
conformal invariance. Let a metric field in d dimensional spacetime be g,,,. In general relativity,
the metric transforms under a general coordinate transformation z — 2’ as

oxP 0x°
(@) = 5 o oo (T)- (2.1)

The meaning of ”conformal” is transformations that locally preserve the angle between arbitrary
two curves crossing each other at some point. In more mathematical language, a conformal
transformation is defined as follows. Conformal transformations are differentiable maps = — 2’
which satisfiy

9 (@) = M@) g (2), (2.2)
where the positive function A(x) is called the scale factor. For simplicity, we assume that the
spacetime is flat with a metric n = diag(—1,1,---,1). Notice that for flat spacetimes the scale

factor A(x) = 1 corresponds to the Poincaré group consisting of translations, rotations or boosts.
Next, we will consider some conditions for the conformal invariance. Let us investigate an
infinitesimal coordinate transformation «’ = « + ¢(z). The metric changes as follows up to first

order in e:
Nuv = N — (Op€w + Ovey). (2.3)

Requiring that the transformation is conformal, the second term in (2.3) must be proportional
to the metric
Opev + 0vey = f(x)Nu. (2.4)

The factor f(z) is determined by taking the trace on both sides
flz) = gﬁpep. (2.5)
By applying an extra derivative 0¥ on (2.4) and substituting (2.5), we obtain
20%¢, = (2 — )0, f. (2.6)
Furthermore, by taking the derivative 0, (2.6) reduces to
(2= d)0u0,f = 77w/62f- (2.7)
Finally, by contracting with n*¥, we can obtain
(d—1)0%f =0. (2.8)

Equations (2.4), (2.7) and (2.8) are constraints for conformal transformations. Notice that
if d = 1, there are no constraints for the factor f(x). Then, in one dimension, any smooth
transformations are conformal.

11



2.2 Conformal Group in d > 3

In this subsection, we will focus on the conformal group in the case of dimension d > 3. From
the above discussion, there are some constraints for the factor f(x) and in this case there are
three constrains

D*f=0 (2.9)
00y f =0 (2.10)
Oper + 0pey = f(2)Nu (2.11)

The above equations imply that the factor f(x) is at most linear in the coordinates
f(x) = A+ Buat, (2.12)

where A and B,, are constants. When we substitute this expression into the third constraint,
we can find that the infinitesimal transformation € is at most quadratic in the coordinates. So
we can write the general expression

€y = ay + b’ + cppr’al, (2.13)

where a,, b,, and c,,, are constants and c,,, is symmetric under a permutation in the last
two indices. It is clear that the parameter a, is free of constraints. This term corresponts to an
infinitesimal translation. From the third constraint, b,, must satisfy the following equation

2
b;w + bu,u = gbgnmxa (2'14)
and this implies that b, is the sum of a trace and an antisymmetric part
bw/ = anu + M,uz/ (215)

where o = b),/d and M, is an antisymmetric constant. The trace part represents an infinitesi-
mal scale transformation or dilatation, while the antisymmetric part represents an infinitesimal
rotation. Finally, we will consider the quadratic part. From the third constraint, c,,, must
satisfy

2
Cuvp + Copp = gcgpn;uz- (216)

By taking appropriate linear combination, we can find
1
Cuvp = g(cgpn;w + Couup — Cgunpv) = Nuwbp + Nupby — Moy, (2.17)
and the corresponding infinitesimal transformation is called a special conformal transformation
et = 22Pbjat — bHa?. (2.18)

Notice that conventionally we define a parameter b, but there are no relation to b,
The finite transformations corresponding to the above are the follows.

1) translation
o't =t + at (2.19)

2) dilatation
ot = azt (2.20)
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3) rotation
't = Mbax” (2.21)

4) special conformal transformation

xh — g2

’N:
YT I % 1+ 022

(2.22)

Also, the generators for the above transformations are listed below.

1) translation

P, =—id, (2.23)
2) dilatation
D = —iz"0, (2.24)
3) rotation
L, =i(x,0, — x,0,) (2.25)
4) special conformal transformation
K, = —i(2z,2"0, — x*0,) (2.26)

These generators obey the following commutation relations, which define the conformal algebra:

[D,P,)] = iP,
(D, K,] = —iK,
Ky, P)| = 2i(nuwD — L)
[Kp’ LW] = i(npuKu - anKu) (2.27)
[Py L] = iMooy — 1p Pp)
Ly Lpol = i(upLyo + MuoLup — MppLve — MuoLpp)-

The commutator except for the above equals to zero. When we redefine the generators as follows

1 1
Jm/ = Luw J—LO =D, J—lu = 5(13# - Ku)a JO,H = i(Pu + Ku)a (2-28)

where Jg, = —Jp, and a,b € {—1,0,1,--- ,d}, these new generators obey the so(2,d) algebra

[Jab7 ch} = Z‘(nadLbc + nbcLad - nacLbd - ndeac) (229)

where the metric 7, is diag(—1,—1,1,--- ,1).

Next, we will seek a matrix representation of the conformal group. Given an infinitesimal
conformal transformation parametrized by w, we are able to seek a matrix representation 1" such
that a field ®(z) transforms as

' (2') = (1 —iwT)®(z). (2.30)

In order to find out the concrete form of these operators, we will start by studying of the Poincaré
group. Let us consider the Lorentz transformation. We introduce a matrix representation S,
to define the action of infinitesimal Lorentz transformation on the field ®(0)

Ly ®(0) = S,,®(0) (2.31)
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where S, is the spin operators associated with the field ®. Next, we consider to translate L,
to a non-zero value of x. This is done by transforming L, into eiw P L,,J,,eﬂmp . By using the
commutation relation, we obtain

e L e ™ =8, —x,P, +x,D,. (2.32)

Here, we use the Baker-Hausdorff-York formula
1
e"Be ™ = B+ [A,B] + A A Bl + -+ (2.33)

where A and B are operators. This allows us to write the action of the generators

P,®(x) = i0,P(x) (2.34)
L,®(x) = Suw®(x)+i(r.0, —2,0,)P(x). (2.35)

Similarly, we can obtain matrix representations for dilatation and special conformal transforma-
tion. When we denote the respective values of these generators D and K, at the origin by A
and k,, we obtain representations for these operators at an arbitrary point x by

D®(z) = (—iz"0, + A)P(x) (2.36)
K@) = (ku+22,A—2"S,, — 2iz,2”0, +ix%0,)®(z). (2.37)

Also, we can obtain the change in ® under a finite conformal transformation. For simplicity, we
restrict spin-less fields that is Sy, = 0. Under a conformal transformation = — 2/, a spin-less
field ¢(x) transforms as

A
d

o() (2.38)

jow
| oz

where |0x'/0x| is the Jacobian of the conformal transformation of the coordinates. Fields
transforming like the above are called a quasi-primary field.

$(x) = ¢/ (2)

2.3 Conformal Group in d =2

The conformal group in two dimensions is larger than that in d > 3. In the preceding subsection,

we found that in d > 3 dimensions conformal transformation consists of translation, rotation,

dilatation, and special conformal transformation. The situation is different. In two dimensions,

there is only one constraint (2.4). In this subsection, we will consider the conformal group in two

dimensions. We will work a FEuclidean signature by Wick rotating a time direction as t = —ir.
The condition (2.4) tells us that a infinitesimal parameter € satisfies

Orer = Op€y , Or€p = —0Oger, (2.39)

which is just the Cauchy-Riemann equation appearing in complex analysis. It is clear that (2.8)
is satisfied trivially by using these condition (2.39). When we introduce complex variables in
the following way

z=x+IiT, Z=x —IT (

2.
e=¢€" 4+, e=¢€" —ic", (2.

0)
1)

a holomorphic function f(z) = z + €(z) and an anti-holomorphic function f(2) =z + &z) give
rise to an infinitesimal conformal transformation z — f(z) and z — f(2). The metric transforms
as _

of of

ds® = d7? + da* = dzdz — 52 550207 (2.42)

4
4
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which implies that the scale factor is equal to |0f/9z|?.

All that we have inferred from (2.39) is purely local. It is not obvious that there are any
conditions that conformal transformations in two dimensions are defined everywhere or invert-
ible, which must be imposed in order to form a group. Therefore, we should distinguish global
conformal transformations, which satisfy the above requirement, from local conformal transfor-
mations. The set of global conformal transformations forms the special linear transformation
SL(2,C)

az+b

z— f(z) = 1 d (2.43)

where a, b, c and d are complex constants and satisfy ad —bc = 1. These transformations contain
translations, dilatations, rotations, and special conformal transformations.

Next, we will consider the algebra of conformal group. Any holomorphic infinitesimal trans-
formations are expressed by Laurent expanding € at z = 0 as

[e.e]
Z=z+ez) =2+ Z cn2" L (2.44)

n=—oo

The effect of such a mapping on a spin-less field ¢(z, z) is

(7)) = ¢(2,2) = ¢(2,2) — (N P(,2') — &(Z)d p(#', Z) (2.45)

where 0 and 0 are differential operators with respect to z and z. By introducing the generators
I, = —2""9 (2.46)

I, = —z""19, (2.47

a variation on spin-less field d¢ is expressed as

[e.9]

3¢ = —e(2)00(2,2) — €(2)0¢(2,2) = > (caln + Culn)d(2, 2). (2.48)

n=—oo

These generators obey the following commutation relation

[lns ] = (0 = m)lngm
Iy b] = (. — M) lpim (2.49)
[l lm] = 0

where n, m € Z. The first two algebras are so-called the Witt algebra. Each of these two infinite
dimensional algebras contains a finite dimensional algebra generated by l4+; and lp. This is the
sub-algebra associated with the global conformal group. Also there is a familiar algebra that
is obtained by central extending the Witt algebra by a central charge ¢ namely the Virasoro
algebra

Cc
[Lny Lin] = (n— m) Lypon + En(n2 — 1)00.ntm- (2.50)

A central charge ¢ in conforomal field theory is a model dependent quantity. For example, it is
equal to 1 for a free boson and 1/2 for a free fermion. We will explain later why it is necessary
to central extend the Witt algebra.
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2.4 Primary Fields

In this subsection, we will focus on conformal field theory in two dimensions and establish several
basic definitions. Let us define two types of fields. First, we will define chiral or anti-chiral fields.
Chiral fields are defined as fields only depending on z, while anti-chiral fields are defined as fields
depending on an anti-holomnorphic variable zZ. An another type that we will define is called a
primary field. Primary fields are defined as fields that transform under conformal transformation
z — f(z) according to

8(2,7) = & (2,7) = ((;;) <a£> 6(2, %) (2.51)

where (h, h) are the holomorphic conformal dimension and its anti-holomorphic counterpart. In
two dimensions, given a field with scaling dimension A and planar spin s, we can define the
holomorphic conformal dimension and its anti-holomorphic counterpart as

h= %(AH), h— %(A—s). (2.52)

In a special case that a field transforms as (2.51) for global conformal transformation, the field
is called a quasi-primary field. By definition, primary fields is always quasi-primary fields but
the reverse is not true.

We will consider infinitesimal conformal transformations and the variation of primary fields.
If we consider an infinitesimal map 2 — z + ¢(z) and z — z + f(Z), the variation of primary
fields up to first order in € is given by

&' (2,2) = ¢(2,2) +€(2)00(z, 2) +hde(2) (2, Z) +€(2)0¢(z, 2) +hde(2) (2, Z) = ¢(z, 2)+5¢Ez, 2))
2.53
2.5 Stress-Energy Tensor

In usual field theory, there is a Lagrangian that is a functional of fundamental fields. This
quantity is determined by the symmetries of the theory. The Noether’s theorem tells us that there
is a conserved current j* for all continuous symmetry transformation. For example, a stress-
energy tensor is a Noether current corresponding to infinitesimal coordinate transformation. We
denote the Lagrangian as £. When the fundamental field ¢ changes

d(x) = ¢'(2') = ¢(z) + €dgp(z) (2.54)

under the infinitesimal coordinate transformation, the Lagrangian changes

oo (i) [ i) o

The third term is just the Euler-Lagrange equation. If this transformation is a symmetry
transformation, we can allow the Lagrangian to change by a total derivative

L— L+ ed,T" (2.56)

Therefore, we find a conserved current

oL

) 5 — J" (2.57)

"=
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In this section, we will focus on a current corresponding to the conformal transformation.

In order to obtain the current for conformal field theory in d dimension, let us recall Noether’s
theorem. We are interested in current for a conformal transformation z# — x* + ¢*(z) and we
have a current

Ju = Tu€” (2.58)

where the tensor 7}, is a symmetric tensor. We often call this a stress-energy tensor.
As this current conserves, for constant €, we have

8, TV = 0. (2.59)

For more general transformation e(x), a conservation law of this current implies
v 1 v 14 1
T,,0"e” = ETW(a“e +0"e!) = §T,‘jf =0. (2.60)

In the last equality, we use a constraint for conformal transformations (2.4). Above two equation
imply that in the conformal field theory, the stress-energy tensor is conserved and traceless.

In two dimensional conformal field theory, it is shown that the stress-energy tensor can
be decomposed into chiral and anti-chiral part. To do so, we again perform the change of
coordinates from real to the complex ones and we find

1 .
T,. = Z(Ttt — Ty — 22th)
1 )
TEZ = Z(Ttt - Txac + 22th) (261)

1
Tzé - TZ :Z(Ttt"i_Tacx)

We adopt a Euclidean flat metric 7, = diag(1,1). Since a stress tensor is traceless, we find
T,y = —T,,. By substituting this relation, non-diagonal component in (2.61) vanishes. Finally
by using a conservation law (2.59), we find

atirtt + 8xTa:t = 07 8tTtx + 8&:T:5x = 07 (262)

from which it follows that
azng == 82Tzz == 0 (263)

This implies that two non-vanishing component of a stress-energy tensor are chiral and anti-
chiral field and we define
T(z) =T..(2), T(Z) = Tzz(2). (2.64)

3 Operator Formalism of Conformal Field Theory

In the preceding section, we introduced the fundamental definition of the conformal transfor-
mation and the classical field theory. When we treat the field theory quantum mechanically, we
must quantize fundamental fields by an appropriate procedure like the canonical quantization.
In the conformal field theory, one of the appropriate methods is called the radial quantization.
In this section, we will review a procedure of the radial quantization and treat the field or current
as operators.
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3.1 Radial Quantization

The operator formalism distinguishes a time direction from a space direction. We choose the
space direction along a circle centered at the origin and the time direction to be orthogonal to
the space direction. Then, the whole spacetime forms the cylinder. This choice of spacetime
leads to the radial quantization of two-dimensional conformal field theory.

In order to make this choice, we will define conformal field theory on an infinite cylinder
with a time ¢ going from —oo to oo along an orthogonal direction of a circle and space being
compactified with a coordinate = going from 0 to L. Here, the points (0,t) and (L,t) are
identified. If we analytically continue to Euclidean signature, the cylinder is described by a
single complex coordinate & = t 4+ ix. We perform a change of variable by mapping the cylinder
to the complex plane via

2 =eTE, (3.1)

Then, gormer time translations ¢t — t + g, with a positive ty, are mapped to com%le;c dilatation
z = ez and space translations * — x + zg are mapped to rotation z — eT 0y, Then,
according to the change of variable (3.1), a time direction corresponds to a radial direction of
circles on the complex plane and a space direction corresponds to a angle direction, which is

depicted in Figure 1.
[

Figure 1: Conformal Transformation from cylinder to circle

We assume the existence of a vacuum state [0). From now, we will consider a primary
field ¢(z,%) with conformal weights (h,h), where z = eT€ and ¢ =t —ir. We assume that
interactions are weakened as t — —oo, and the asymptotic field is given by

¢Gin x lim ¢(z,t) = lim ¢(z,2). (3.2)
t——o0 z,2—0
This field reduces to a single operator, which create a single asymptotic in-state acting on |0)
@i = Jlim ¢(2,2)10) - (3-3)

Next, we will consider the Hermitian conjugation of this asymptotic state |¢),,. In Euclidean
signature 7 = it, the Hermitian conjugation of the field ¢(,z) is proportional to ¢(—7,x). So,
in radial quantization, this justifies the following definition of Hermitian conjugation

7 (11
¢'(z,2) = 27" ( ) (3.4)
zZ' z
where a coefficient on the right hand side is necessary to obtain definite inner product of ¢. We
define am asymptotic out-state as

out (6] = [0)1,, - (3.5)
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Finally, we comment on some constraints for asymptotic state. A primary field ¢ is expanded
as

3(z,2) =Y 2R (3.6)

n,m

where ¢y, ,’s are Laurent coefficients around z = Z = 0 given by

1 mah_1 1 B _
P = My{dzz th lmfdzz th=1l4(2, 2). (3.7)

A straightforward Hermitian conjugation tells us

$(z,2) =Y zmmhmohgl (3.8)
while from (3.4) we obtain
$l(z,2) =Y zm TG (3.9)

Comparing these two expressions, we can obtain the Hermitian conjugation of modes cbinm =
®—m,—n. In order to obtain a well-defined in-state, a constraint that an in-state is not singular
at any point is imposed. It tells us that for m > —h and n > —h,

Gm,n |0) =0, (3.10)

and the in-state simplifies
0)in = —n—710) - (3.11)

In later discussion, we will omit subscripts in or out.

3.2 Operator Product Expansion

In the preceding subsection, it was shown that a time direction corresponds to a radial direction
of circle on the complex plane. This fact tells us that the time ordering, which appears in
correlation functions, becomes a radial ordering, which is defined explicitly as

A(z)B(w) for |z] > |uw]

(3.12)
B(w)A(z) for |z] < ul

R(A(z)B(w)) = {

for arbitrary operators A and B.

With this definition, it is clear that equal time commutators or operator product expansions
for some operators are given by a contour integral of radial ordering. Let a(z) and b(z) be two
holomorphic operators and consider the integral

% dza(z)b(w) (3.13)

w

where the contour Cy, is a circle counterclockwise aroud w. When we split the contour into two
parts depicted in Figure2, the integral reduces a commutator

§ dzRiaEp0) = § a(2)b(w) - A o(e)b(u) = sl bw). @

w
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Cy

Figure 2: Contours

An equal time commutator [a,b] can be obtained by integrating with respect to w

[a, b] :ji dw% dzR(a(z)b(w)) (3.15)

where Cj is circle counterclockwise around the origin.
In quantum field theories, the Noether charge associated to symmetry transformations @)
relates to a variation of fields d¢ and it is given by

6 =Q, 8] (3.16)

Recall that the conserved current associated to the conformal transformation is the stress tensor
Ju = Ty€”. There exists a conserved charge

Q= /dxjo (3.17)

where the integral is performed at a hypersurface with constant ¢. In radial quantization, we
refer that the hypersurface corresponds to one with constant |z|. So, the integral f dx reduce to
a contour integral ¢ dz. we define a conserved charge by dividing by 27 in our convention

1 1 _
= — T — ZT(2)e(z). 1
Q=5 ?{ AT (2)elz) + 5 7{ d=T(2)(2) (3.18)
By substituting this into (3.16), we obtain the relation between a variation of a field and the
radial ordering

_ 1 _ 1 RN = _
So(w,0) = 5 f BTl o )]+ - f dTEEE). o 0). (319)
In the case of a primary field, since d¢ is given by (2.53), we find that the left hand side of (3.19)
is given in terms of contour integrals by

1 h 1
0p=— Qdz | ——5¢(w,w) + ——0¢p(w, w
6= z((z_w)qu(w ®) + 0w w))
where anti-holomorphic parts are omitted for simplicity. Therefore, we obtain operator product
expansions for the primary field ¢ as

h 1

R(T(z)p(w)) = m¢(w7@)+

P w@qﬁ(w,ﬁ)) + - (3.20)
RIE6(W) = rorzdlu,o) + = 00(w.a) + - (3.21)
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where we omit regular terms at z = w and the dots symbol denotes these terms. The operator

product expansion with the stress tensor is often regarded as an alternative definition of a

primary field. In later discussion, we will omit the radial ordering symbol R in our convention.
Finally, we will comment on the operator product expansion T'(z)7T'(w). If the stress tensor

was a primary field, one could obtain

Ar 1

mT(w) +

T(z)T(w) = AT (w) + - - -

Z—w

where A7 denotes a conformal dimension of the stress tensor. Unfortunately, it is not correct.
For example, we will consider a theory containing a free boson (. This theory is described by
the action

1
S = 2/d2x8#908“<p. (3.22)
The propagator is given by
(6 (2, 2)p(w, ) = — log (= — w)? — log (= — W) (3.23)

the holomorphic part and the ant-holomorphic part are separated by taking the derivatives and
we read the operator product expansion for dp or dy as

Ip(2)0p(w) = ————5+ - (3.24)

Bp(2)0p(T) = —— g (3.25)

In this theory, a stress tensor is defined by

1 1.
T(z) = =5 : 0p0p : (2) = =5 lim [9p(2)dp(w) — (9p(2)0p(w))]- (3.26)
By using Wick’s theorem, we can obtain

1
T(2)T(w) = € —2w)4 + 2 5T(w) + !

AT (w) + - - . (3.27)

(z —w) z—w

In the free boson theory, an anomalous term appears. In the free fermion theory, an anomalous
term also appears, however, the coefficient is one quarter. In ghosts system, an anomalous term
with coefficient 1 appears. Due to this term, the stress tensor is not strictly the primary field.
In general, the operator product expansion T'(z)7T'(w) is written by

< 2 1
2 i 51 (w) +

T(2)T (w) = T (w) + -

(z —w) (z —w) z—w

where c is a model dependent quantity, for example ¢ = 1 for a free scalar, and called the central
charge. It is well-known that an extra term is added into the conformal transformation z — w

of the stress tensor
T(w) = (& _QT(Z) + Sz w) (3.28)
- \dz 127 '

where the second term is the Shwarzian derivative given by

B f”’(z) _§ f”(Z) 2
=3 -3 (55) (529

It is clear that the Shwarzian derivative exactly vanishes when conformal transformations are

global transformations. This means that the stress tensor is a quasi-primary operator with
conformal weight 2.
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3.3 Virasoro Algebra

In the last subsection, we stated that the operator product expansion of a stress tensors reads

T(x)T(w) = (2 —gw)4 ’ s T(w) + :

OT (w) + - - - (3.30)

(z —w) zZ—w

with the central charge c¢. In this section, we will focus on the equal time commutator or the

algebra of stress tensors. Since a stress tensor is quasi-primary, we perform a Laurent expansion
of T(z) as

[e.9]
T(z)= Y 2z "Ly (3.31)
n=-—oo
where L,, is a Laurent coefficient defined by
L, dzz"TT(2). (3.32)

" 2mi

The equal time commutator is given by (3.15) and after performing the contour integral, we can
obtain

c
(Lo, Lin] = (0 — m) Ly + E(SO,Wn(n3 —n). (3.33)
Taking the anti-chiral stress tensor into account, one can obtain the Virasoro algebra
c
[Lny Lm] = (n—m)Lyim + E(sﬂ,n-i-m (n3 —n)
o - c
[Ln, L) = (n—m)Lyym + an,mm(n?’ —n) (3.34)
[Ln, L] = 0.

This is a central extension of the Witt algebra. We can interpret Ly, L1 as global conformal
transformation generators.

Finally we will comment on the definition of a primary field in terms of Laurent modes. A
operator, which can be expanded in terms of Laurent modes

d(z) = 27" ", (3.35)

n

is called a primary operator with a conformal dimension h, when it satisfies the equal time
commutator

[Lna ¢m] = ((h - 1)” - m)d’ner (336)

If the above condition is satisfies only for Lg, L+1, a operator is called a quasi-primary operator.
When we restrict global generators, the second terms in (3.34) are eliminated and the stress ten-
sor is interpreted as a quasi-primary operator with a conformal dimension 2 from the definition
(3.36).

3.4 Correlation functions of Chiral Primary Operators

The objects of interest in quantum field theory are correlation functions, which is calculated by
a perturbative method. In usual quantum field theory, it can be obtained using either canonical
quantization or path integral. To do so, we must consider an action integral. In contrast,
conformal field theory is very powerful and some correlation functions, such as two-point or
three-point functions, are determined by the conformal invariance. In this subsection, we will
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see how to obtain the correlation functions by the conformal invariance. These expressions will
allow us to derive a general formula for operator product expansion of quasi-primary operators.

First, let us focus on the two-point function of two chiral quasi-primary operators. Let two
chiral quasi-primary operators with conformal dimension h; and hg be ¢1(z) and ¢2(z). We will
write two-point function of these as

(91(21)p2(22)) = g(z1, 22). (3.37)

The translation invariance generated by L_j tells us g(z1, 22) = g(21 — 22). g is invariant under
an identical translation z; — z; + a. Next, we consider scale transformation z — Az generated
by Lg. The invariance under rescaling implies that

(¢1(21)p2(22)) = N1H12 (61 (A21)ha(N22)) = glz1 — 22)

from which we conclude

(2 _Z)_L
91 = 22) = - S

where a constant dis is called a structure constant. Finally, the invariance under L implies the
invariance under inversion transformation z — —1/z for which we find

—oh, — di2
(@1(2)02(22) = 57" ™ Ty, = 93— =)
21 z9

This is satisfied only if the case hy = hy. We conclude that the two-point function of two quasi-
primary operators is determined by global conformal transformations and the form is given
by

d120p, n
(1(21)@2(22)) = m (3.38)
For example, in the case of stress tensors, we find
(T'(21)T(22)) = m- (3.39)

Next, we go to the three-point function. Let an extra quasi-primary operator with conformal
dimension hg be ¢3(z). The translation invariance tells us that the three-point function is a
function with respect to the difference z;; = z; — z;

(¢1(21)B2(22)d3(23)) = [ (212, 203, 213)- (3.40)

Similarly in two-point function, scale and special conformal invariance are required and we
actually obtain the three point function by solving these constraints

C123
(@1(21)d2(22)P5(23)) = hi+ha—h3 ho+hs—hi hi+hsz—h2
212 223 213

(3.41)

with some structure constant C1a3.

3.5 Normal Ordered Product

Consider the product operator of free bosons at the same point dpdyp(z). This is singular, since
the operator product expansion of free bosons (3.24) has a singularity at z = w, and we should
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regularize to define the product operator. This is simply done by subtracting the corresponding
vacuum expectation value. We define the regularized product by

 0pdp - (=) = lim [p(=)Dp(w) — (Dp(2)dp(w)). (3.42)

This is just the stress tensor for a free scalar theory. In terms of modes, this is equivalent to
the normal ordering in which the operators annihilating the vacuum are put at the rightmost
position.

However, this prescription does not work for some operators. For example, we consider a
product of stress tensors at the same point T7(z). Even if we subtract the vacuum expectation
value of T'(2)T(w), only most singular term is eliminated and two singular terms remain.

It is clear how this prescription should be generalized. Instead of subtracting only the vacuum
expectation value, we should subtract all singular terms of the operator product expansion. This
is just a definition of the normal ordered product operator. We will write the normal-ordered
version of A(z)B(w) by (AB)(z).

More mathematically, if the operator product expansion of A and B is written as

o0

A(z)B(w) = Y (z—w)"{AB}n(w), (3.43)

n=—N
where N is some positive integer, then

(:)B(w)

(AB)(w) = {AB}o(w) = % f{ i (3.44)

Z—w
It is convenient to define the singular operator product expansion or contraction as the singular
parts of operator product expansion by

-1

A()B(w) = > (z—w)"{AB}n(w). (3.45)

n=—N

Hence, the normal ordered product can be rewritten as

(AB)(w) = lim

lim [A(@B(w) = fll(Tl)B(w) : (3.46)

In the case for a stress tensor, the operator product expansion containing the normal order
product is given by

N 2 1

T(2)T(w) = T(w)+——0T (w)+(TT)(w)+(z—w)(OTT)(w)+--- . (3.47)

(z—w)* (2 —w)? z2—w

Notice that the operator (7'T) is not primary. This is because the operator product expansion
of (I'T) with T is given by

T)(TT)(w) = 10¢ + 12 T(w)+(z_10w)30T(w)+ 4

(z—w)b  (z—w) TT)(w)+

(z—w)Q( Z—w

A(TT)(w).

However, by subtracting a term proportional to 9?7, one can construct a new quasi-primary
operator

A(z) = (TT)(2) — 1—3082T(z) (3.48)
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Assume A can be expanded as

Az)= > 2", (3.49)
with )
A= 75 dz2m A (2). (3.50)
21

Then, the equal time commutator [L,, A,,] is given by
8
(L, A = ﬁn(n2 — 1) Lptm + (30 —m)Apim (3.51)

where  is constant related to the central charge

16

5:22+5c'

(3.52)

If we restrict to global conformal transformations (L_1, Lo, L1), the first term in right hand side
vanishes. Then, it turns out that the operator A(z) is a quasi-primary operator with a conformal
dimension 4.

Finally, we will summerise several properties of the Hilbert space of conformal field theory.
First, we consider the stress tensor T'(z). For Laurent expansion of T'(z), we find an asymptotic
in-state, which corresponds to an excited state by the stress tensor

T(2) 4 lim 7(2) 0) = L—210) (3.53)

where we employ similar procedure for the primary in-state in the previous subsection. Similarly
for the derivative of that and normal ordered product, we find

OT(2) «» L_5|0)
(TT)(2) 4 L_sL_50) .

These exapmle motivates the following statement: For each state |®) in the Verma module

N
Ly, ) 10); Kk, < =25, (3.54)
(=]
n=1

we can find a field F' € {T,0T,--- ,(TT),---} with the property that lim,_,o F'(2) |0) = |®).

Now let us consider a primary operator with conformal dimension h. This gives rise to the
in-state |p) = ¢_j, |0) = |h). For n > 0, this state satisfies L,, |¢) = 0 by definition of a primary
field. While for n < 0, the states that L,’s are multiplied give rise to descendant states. For
example, L_1 |h) ¢> 0¢, L_1L_1|h) > 0%¢, L_o|h) <+ (T'¢) and so on. The L, for n < 0 work
as the raising operators and the lowest state |h) is called a highest weight state. Each primary
operator ¢ gives rise to an infinite set of descendant operators by taking derivatives and taking
normal ordered product with T'. The set of these operators

N
(6] = (6,06, ,(T¢),--} = { (H Lkn> Gikn < —1} (3.55)
n=1

is called a conformal family.
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3.6 Current Operator and Its Algebra

The conformal symmetry is generated by the stress tensor and characterized by the Virasoro
algebra (3.34). One can ask the following question. How about the conformal field theory
with Lie-algebraic symmetry? The Noether’s theorem tells us that an additional symmetry, for
example, gauge symmetry, is generated by its corresponding current. Hence, when we consider
the conformal field theory with an additional Lie-algebraic symmetry, we should introduce the
chiral current .J(z) and the anti-chiral current .J(2) associated with the symmetry transformation.
It is well-known that in the case of theory of a free boson with su(2) symmetry the current is
expressed in terms of a free boson ¢ as J3(z) = idp(z), J= = eFiV2e(2),

Let us investigate the algebra of the additional symmetry more precisely. We consider the

following action

1 2 —1
So = 12 d“xTr[o"g™ " 0,9 (3.56)

where a? is a positive constant and g is a matrix bosonic field living on the goup manifold G.

The trace is taken over a representation of the group t,
Trtatb = Nab- (357)

where 7 is a Killing metric, which represents the group manifold. From the equations of motion
050p/dg = 0, one can find a conserved current

Ju =9 10.9. (3.58)

However, the components J, and Jz are not separately conserved. In order to conserve the

current components separately, we should add a more complicated action to the above action
i e laaee1a8———1ay -
I = ~o1r |, BPrenp, Tr(g~ 059 198g5107g). (3.59)

This is defined on a three dimensional manifold B, whose boundary is original two-dimensional
space. the expansion of the field g is denoted as g.
Then we consider the action
S =S+ kI (3.60)

where k is an integer. By taking the variation, we find

CLQIC -1 CLQIC —1
<1 + 47r> 0.(g~10:q) + (1 - 47r> 9:(97'0.9) = 0. (3.61)

Thus, for a® = 47 /k, we find the desired conservation law. The conservation of the dual current
is obtained for a®> = —4m/k with a negative k. The separate conservation implies that the action
S is invariant under the following transformation

9(2,2) = Q=)g(2, ) (2) (3.62)
where Q and Q are arbitrary matrices valued in G. For infinitesimal transformation
Q(z) =1+w(z), Qz)=1+w(2),

the action is transformed as

0S = % /deTr[w(z)az(azgg—l) _ @(5)32(9_1859)] (3.63)
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with a? = 47 /k. The first term vanishes by integrating by parts. Thus G x G invariance is
extended a local G(z) x G(Z) invariance.
We redefine the conserved currents by

J=—kd.gg~" (3.64)
J = kg '0sg. (3.65)

The conserved charge is calculated by a contour integral using an analogous discussion in Sec-
tion.3

1 a 1 =—aT7
Qa = ~5 j{dzw Jo + ot fdzw Ju (3.66)

here we perform the trace by using (3.57). A variation of field §¢ is also obtained by d¢ = [Qg, @]
When we consider ¢ = J, we can find the operator product expansion between current operators

J(2)J" (w) = (kTCZ)Q + ifabcjc_(uzg e (3.67)
Here we use the Lie algebra
[ta, te] = ifopte. (3.68)
Introducing the Laurent modes .
Jz)= Y 2L (3.69)

the operator product expansion briefly reduced to an affine Kac-Moody algebra
[Jff, ng] = ifabcjg-t,-m + knnab5n+m,0- (3-70)

It turns out that an integer k denotes central extension and we call this c-number the level of
the Kac-Moody algebra. Also it is easily shown that the current operator is a quasi-primary
operator with conformal dimension 1.

3.7 Wh-extended Conformal Field Theory

The Hilbert space is spanned by the stress tensor and the current with conformal dimension
1. Here, one natural question occurs. Is it possible to extend the conformal symmetry by a
current with conformal dimension h > 27 The answer is yes. Zamolodchikov [16] discovered
an extension of the Virasoro algebra by including a current with conformal dimension 3. This
extended conformal field theory and its algebra are called Ws-extended conformal field theory
and Ws algebra.

The Ws algebra [30] has the stress energy tensor 7'(z) and a primary field W(z) whose
conformal weight is 3. Their singular operator product expansion are given by

5 N 2T (w) n 0T (w)

T(2)T(w) = E _Zw)4 Cow? Tow (3.71)
T()W (w) = (i”_/(z’))g + i”i(zj) (3.72)
W ()W (w) = 3, M) | OT(w) (3.73)

(z-w)®  (z-w)! (z-w)?

[ﬁ@A(w) + 11533T(w) (3.74)



where

3
A(z) = (TT)(z) — 1—082T(z) (3.75)
and ( is given by
16
= ) 3.76
P 22 + 5¢ ( )
c is the central charge. These operators have following Laurent expansion:
W(z)=> Wnz " (3.77)
The commutators are given by
[Lns L) = (0 =m)Losm + 55m(m* = 1)00min (3.78)
[Ly, Wi,| = (2n — m)Wyim (3.79)
(Wi, W] = %n(ﬁ — 1)(n% = 4)50,mn (3.80)

1

—I—% (n —m)(2n* — mn +2m* — 8) Lyt + B(n — m)Apsm.  (3.81)
Here, A, is a Laurent mode for A(z) and defined by (3.50). Taking the limit ¢ — oo and disre-
garding the normal-ordered operator, we can obtain the subalgebra of the wedge modes, L,, (n =
0,£1) and W,,, (m = 0,£1,+£2). Choosing one normalization W,, — W,,/+/10, the subalgebra
is rewritten as

(L, Lin] = (n—m) Ly (3.82)
(L, W] = (2n — m)Wpim (3.83)
(Wi, W] = é (2n® — mn + 2m* — 8) Ly ym. (3.84)

We call this subalgebra su(1,2) algebra. While choosing other normalization W;,, — iW,,/v/10,
a different subalgebra appears:

[Lyn, Lin] = (n —m)Lptm (3.85)
(Lo, W] = (20 — m)Wyam (3.86)
(Wi, Wi = —% (2n* — mn + 2m* — 8) Ly jm,. (3.87)

We call this subalgebra sl(3,R) algebra.

4 Anti-de Sitter space

In this section, we will review a spacetime that has a negative curvature, named anti-de Sitter
space or AdS space. An AdS space is a maximally symmetric spacetime. Due to this property,
this spacetime is defined as an embedded space in one higher dimensional Minkowski space. We
will also discuss a symmetry of AdS space. The isometry of d dimensional AdS space is SO(2, d).

4.1 Definition of AdS space

AdS space is one of solutions to the Einstein equation with a negative cosmological constant
and it is a maximally symmetric spacetime.

1
R, — §ng, +Agu =0, (4.1)
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where R and R, are the Ricci scalar and the Ricci tensor and A is a cosmological constant,
which is negative. We define the Ricci tensor, the Ricci scalar and the Christoffel symbol by the
below expressions|31]:

e the Ricci tensor

R, = 8PFZV + I‘gal“ij — &,Ffbp — F,’jafﬁp (4.2)
e the Ricci scalar
R=g¢""R,, (4.3)
e the Christoffel symbol
1
F/ij - igua (81/gap + 8pgz/a - agz/p) (4.4)

Here, g,,,, denotes the metric tensor and g"” denotes the inversion of the metric tensor. We often
call d + 1 dimensional AdS space AdSgy1.

Due to maximally symmetric, AdSs4; has the maximal number of spacetime symmetries
(d+ 1)(d + 2)/2. This is same with one of the hyperboloids embedded in d + 2 dimensional
Minkowski space M (24,

For a while, we will discuss the hyperboloid embedded in M2 This space has a flat metric

NAB :dzag(—l,—l,l, a]-) (45)
The hyperboloid is defied as

d
XaX4 = napXAXP = (X0 — (X2 43 (X)? =~y (4.6)
i=2
where [445 is a constant. Subscripts are raised by the inversion of (4.5) and superscripts are
lowered by (4.5). Generators of symmetric transformation are 2d boosts and (d — 2)(d —1)/2
rotations namely SO(2, d) generators. In general , AdS;,1 is defined as a hyperboloid (4.6) and
lags is called the AdS radius. Roughly sketch of two dimensional AdS space is Figure3.

Figure 3: AdS space in two dimension

We can solve (4.6) with respect to one variable X .4

d
Xar1 = | Gigs + Z(Xi)z = \/5124(13 + N XH XY, (4.7)
i=0
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where 7, = diag(—1,1,---,1). Substituting it into the line element ds* = nadXAdX?B, the
induced metric can be obtained

X, X

ds® = <77W -5 g ) dXHdX". (4.8)
Faas + Muw XHXY
From this expression, we can calculate the Ricci scalar and it is given by

dd+1

r=-2TD (4.9)
l
AdS

Furthermore, from the Einstein equation (4.1) and the Ricci scalar (4.9), the cosmological con-

stant is given by
d—1 d(d—1)
A=——R=——+—=<0. 4.10
2(d+1) 212 ;g < (4.10)

The AdS space has a negative cosmological constant and a negative curvature. Also AdSgi1
space has the isometry SO(2,d). All of these transformation are generated by the following
Killing vectors

e Boost
Jap = X205 + XBo, (4.11)

in A€ {0,d+ 1} and B ¢ {0,d + 1} planes, and

e Rotation
Lap = X0 — XBo, (4.12)

in A, B ¢ {0,d + 1} planes.

Also there is a characteristic SO(2,d) invariant quantity. We denote two point as X{' and X3'.
The invariant distance or AdS distance can be defined by

P(X1]X2) = nap(X{ — X3 (X — X7). (4.13)

4.2 Coordinates System of AdS Space

From the definition of AdS space (4.6), it is shown that AdS;;;1 can be parametrized by d + 1
coodinates. Although we can parametrize AdS space in arbitrary dimensions, we restrict three
dimensional AdS space for simplicity. There are two typical coordinates that represent AdSs
namely global and Poincaré. Note that for simplicity we set [ 445 = 1 in the following discussion.

e the global coordinates (p, T, ¢)
The global coordinates of AdS3 can be embedded as follows:

X% = coshpcost
X! = sinh pcos ¢ (4.14)
X? = sinh psin ¢

X3 = cosh psint
The metric in this coordinates is given by
ds* = — cosh? pdr? + dp® + sinh? pd¢? (4.15)

where 0 < p < 00, —00 < 7 < 00,0 < ¢ < 27. The boundary is located at p — co.
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e the Poincaré coordinates (y, =, T)
The Poincaré coordinates can be defined as

X0 =
2y
1— 2 t/2 2
e s (4.16)
2y
x2=2
y
xs_ 1
Yy

Furthermore, we define a light cone coordinates x =t — x’ and Z = t' + 2/ and the metric

can be given by

1
ds* = = (dy?® — dzdz) (4.17)

2
Yy
where 0 < y < 00,—00 < z,Z < 0o. From the definition of embedding, this coordinate
system covers half of the hyperboloid. The boundary direction is y direction and the
boundary of AdSs is located at a hypersurface y = 0.

4.3 Killing Vectors and s/(2,R) Algebra

As we discussed in the above, d dimensional AdS spacetime is defined as a hyperboloid in
d + 1 dimensional Minkowski spacetime (4.6). This hyperboloid is invariant under the SO(2, d)
transformation. So, AdS spacetime has two kind of Killing vectors, which corresponds to boost
and rotation given by (4.11) and (4.12).

In three dimensions, this symmetry is holomorphic to SL(2,R)z x SL(2,R)g symmetry and
those generators can be given by the linear combination of Killing vectors for AdS spacetime.
The SL(2,R)[, generators are given by

Los — L Ji J: J32 — Ji
Jo = 03 21’ gy = 202 + 317 Jy = 732 017 (4.18)
2 2 2
and the SL(2,R)r generators are given by
- L L - Joz — J. - J: Ji
Jo = 03 + SIS AL Bl 1 A 32 + 01 (4.19)
2 2 2
They satisfy the commutation relations
[Ja, Jp) = —€ap e, (4.20)

where €4, © is the Levi-Civita symbol that equals to 1 for even permutations of (0,1,2). Similar
relations are holds for the J generators. Of course, Killing vectors are uniquely determined
in arbitrary dimensions. Those in general dimensions are given in the review of AdS/CFT
correspondence [32]. For simplicity, we omit the symbols L, R in the following.

We will review some representations for SL(2,R) generators. Here, we will focus on holo-
morphic parts J,. Anti-holomorphic parts are discussed similarly.

First, we will consider the global coordinates in three dimension given by (4.15). Substituting
embedding coordinates into SO(2, 2) generators L 4p and J4p and taking the linear combination
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in order to form J,, we obtain the Killing vectors

1
Jo = 5(87 + )
Ji = sin(t+¢)0, + %cothpcos(T + ¢)0p + %tanhpcos(T + ¢)0;r (4.21)
1 1
Jo = —cos(t—¢)0, — B coth psin(r — ¢)0g + B tanh psin(7 — ¢)0;.

We consider to diagonalize Jy and obtain the representation in the eliptic basis
Lo =1iJy, Lyi =i(J1 £ J2). (4.22)
They satisfy the global Virasoro algebra
[Lo, L:I:l] = :FL:H, [Ll, L_l] = 2L0. (423)
The Killing vectors can be rewritten as follows
Ly = 0.+
. tixt inh 2 ’
Ly, = e coth2p0,+ — sinh™* 2pd, - F 58,) (4.24)

where we define 2+ = 7 4+ ¢. Notice that Lo is a Hermitian operator while Ly; are adjoint
operators. It is appropriate for the global coordinates since it diagonalizes the Hamiltonian in
the global coordinate. Anti-holomorphic parts are obtained by replacing L,, and (zT,27) by L,
and (z—,2™).

Second, we consider to diagonalize Jo as

Lt =—J, LM, =i(Jy T J). (4.25)

These also satisfy the Virasoro algebra, however, Lg is anti-Hermitian and L}jﬂ are Hermitian.
This representation is appropriate for Poincaré coordinates, which have basis diagonalizing the
dilatation operator. The Killing vectors can be rewritten as follows

Yy
", = io, (4.26)
L]f = —ixy0y — 120, — iy*0;.

It turns out that the explicit relation between the basis for the global coordinates and ones for
the Poincaré coordinates is given by

1 1
Lo=—5 (L4 = L"), Liy = £L{+ 5 (L + L), (4.27)

Anti-holomorphic parts are also obtained by replacing L” and (z,z) by L" and (z, ).

5 Gravity in Three Dimension

5.1 Einstein-Hilbert Action

In three dimensions, the action integral for the gravity sector is written by three dimensional
Einstein-Hilbert action

Spy = le/d?’x\/—ig(R — 2A) + (boundary terms) (5.1)
T
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where G is gravitational constant, g is a determinant of the metric ¢ = detg,, and A is a
cosmological constant. The spacetime is distinguished by a value of A, which can be positive,
negative or null.:

1) A > 0: de Sitter space or dS space
2) A = 0: flat space

3) A < 0: Anti-de Sitter space or AdS space

Here, we will focus on AdS space. Boundary terms must be added in order to make the action
principle well-defined. This action (5.1) gives an equation of motion for the metric by taking a
variation with respect to g,

1
R, — §gWR +Agu = 0. (5.2)

Pure AdS spacetime (4.6) is also one of the solutions.

An important point is that any solutions of this vacuum equation with A < 0 is locally AdS.
In three dimensions, the full curvature is determined by the Ricci tensor, since the Weyl tensor
identically vanishes,

1
R,uupa = g,upRua + .gVO'R,up - g,uaRVp + gl/pR/J,O' - §R(g,upgl/cr - gua.glxp)' (53)

By substituting (5.2) into this expression, it turns out that any solutions of Einstein equation
have a constant curvature

R/u/pa = A(Qupgua - guagup)‘ (54)

This means that there are no local degrees of freedom on three dimensional Einstein manifold.
So, gravity in three dimensions is not dynamical but topological.

Although there are no degrees of freedom, gravity in three dimensions has interesting prop-
erties. Every spacetime is equivalent locally, however, causal structures may be different. For
example, it is known that there exists an AdS black hole solution.

5.2 Black Hole Solution for the Einstein Equation

A three-dimensional AdS black hole was first discovered in 1992 by Banados, Teitelboim and
Zanelli [23]. We call this black hole solution the BTZ black hole.

First of all, we will give the metric for the BTZ black hole. The BTZ black hole is a solution
for the Einstein equation with a negative cosmological constant. The Einstein equation gives a

solution
ds® = —=N?(r)dt®> + N72(r)dr® + r2(N®(r)dt + do)?, (5.5)

where the squared lapse N2 and the angular shift N? are given by

1 2 72
N%(r) = —8GA1+r2+4§%§17 (5.6)
4G J?
N°(r) = -5 (5.7)

with —o0 <t <00, 0 <r < oo and 0 < ¢ < 2w. The two constant parameter M and J are
the conserved charge associated with asymptotic invariance under a time displacement and a
rotation namely a mass and an angular momentum.
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The BTZ metric (5.5) is stationary and axially symmetric. There are two horizons at the

point N(r4+) = 0, which is given by
1
J? :
4GM (1£4/1- 5 ]| (5.8)

When |J| < M, the BTZ has an event horizon at » = r4 and a inner horizon at r = r_. If
|J| = M, both horizons coincide. This solutions is the extremal BTZ black hole.

When M < 0 or J > M, the horizon disappears and a naked singularity appears at r = 0.
Therefore, the condition |J| < M plays the role of a cosmic censorship condition. However,
there is a special case M = —1/8G and J = 0. In this case, the metric exactly coincides with
global AdS space

re =

dr?

142
AdS spacetime is separated from the continuous spectrum of the BTZ black hole since the

solution with —1/8G < M < 0 corresponds to naked singularities. While in the case of massless
M = J =0, the black hole looks like the Poincaré AdS

ds? —(1+r?)dt* +

global — + T2d¢2' (59)

dr?
ds%massless = —r’dt? + ’I“T + T2d¢2 (510)
with an identification ¢ ~ ¢ + 27. It seems a little odd that global AdS differs in mass from
the Poincaré AdS. The difference arises since the time directions of these patches do not agree.
This is because it gives rise to different definition of energy. The spectrum of the BTZ black

hole is summarized in Figure 4[33].

M
\é’ . a , Q
X ‘\ // //
1 N /// /5
AP BTZblackhole - 8
Z2N »
N i
\\\ /,
N ol Massless BTZ
A ,
\\\ //,
‘1{ > J
v’ N
7 N
L Global AdS
Naked singlarity
// I \\\
’ ‘\
,/ M=—-1 >
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Figure 4: Spectrum of the BTZ black hole

Since the horizon size is 27r,, the Hawking-Bekenstein entropy [5][6] is given by

27T7"+

S=G

, (5.11)
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From (5.11), one can determine the Hawking temperature of the BTZ black hole

oS\t -2

It was shown in [35], the most general asymptotically AdS solution to the Einstein equation
is given by

— - <rda: - iL(m)dw) (rda: - 1E(m)dw) (5.13)

where L and L are two arbitrary functions and we introduce light-cone coordinates z =t — ¢
and £ =t + ¢.

5.3 Boundary Action Term

Before continuing the discussion of three-dimensional gravity, we will comment on the boundary
action terms in (5.1). The boundary action contains the extrinsic curvature term, which makes
the variation problem well-defined, and the counterterm action, which regularize the boundary
stress tensor. The former is called the Gibbons-Hawking-York term and given by

1
Scgy = ——— d2:L‘\/—’7K (5.14)
87TG OM
where K is the trace of the extrinsic curvature and dM expresses the boundary region. In [34],
Brown and York defined the quasilocal stress tensor associated with a spacetime region. This is
given by variation of the gravitational action with respect to the boundary metric v,,,

2 68
V= 57uu .
Let us investigate a concrete expression for the stress energy tensor. The three-dimensional

gravitational action S consists of the Einstein-Hilbert action, the Gibbons-Hawking-York term,
and a counterterm action

TH

(5.15)

1
S:SEH‘FSGHY‘F%S@[’YL (5.16)

The Gibbons-Hawking-York term is required to make a variation principle well-defined. On the
other hand, the counterterm action S is introduced in order to make the stress tensor finite.

To compute the concrete form of the stress tensor, we have to know the variation of the action
with respect to 7,,. The Einstein equation comes from the variation of the first action. When
we consider the solution for the Einstein equation, the first term vanishes. So, only boundary
terms contribute to the stress tensor

1 2 0S4
0S = / d4ax/ =6~ <K’“’ B G e ————— > : 5.17
871G Jom - V=Y Y (617
Thus the quasilocal stress tensor is given by
1 2 0S4
W%:KW—KW+C)” 5.18
8nG ( ! V=7 v ( )
Here, the extrinsic curvature tensor is given by
1
K" = —§(V“n” + V¥nt), (5.19)
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where n# is an outward pointing unit normal vector to the boundary oM.
For example, in the case of Poincaré AdS space or massless BTZ

1 1
ds® = <dy? + — dzdz,
y? dy?
the normal vector on constant y is
nt = yoty.

Substituting this into (5.18), it is find

L L1 2 6
T8rG \ 2y2 =y 6T )

(5.20)

(5.21)

(5.22)

It is clear that up to a contribution from the counterterm action, the stress tensor is diverge
at the boundary y — 0. Thus, we have to choose the counterterm action to cancel such a

divergence

Sct = /d2$m

(5.23)

As we choose such an action, we can obtain T}, = 0, which is obviously free of divergence. In
higher dimensions, it is necessary to add additional counterterms proportional to R and R2.
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Part 11
Reviews of Recent Researches by other
groups

6 AdS/CFT Correspondence and Dictionaries

The AdS/CFT correspondence, which was originally conjectured by Maldacena [2], says that
there is an equivalence between two totally different theories.

The key points of AdS/CFT correspondence are the following. First, there is a mapping be-
tween a quantum gravity namely string theory and non-gravitational quantum theory. Accord-
ing to this feature, we may describe a quantum gravity in terms of non-gravitational language.
Secondly, the AdS/CFT correspondence is a strong/weak duality. When the non-gravitational
theory is strongly-coupled, we can study it using the weakly-coupled string theory and vise versa.
Thirdly, This map is holographic. A d 4+ 1 dimensional quantum gravity can be described by
using a d dimensional non-gravitational theory. Indeed, Maldacena showed the duality between
five-dimensional gravity and four-dimensional non-gravitational theory.

Scientists and mathematicians have been studying this duality and its extension since the
birth of the AdS/CFT correspondence. Two convenient dictionaries, which describe the equiva-
lence at the correlation function level, are discovered. One of them tells us the relation between
the generating functional of conformal field theory and that of the AdS gravity [7][8]. This
dictionary namely GKP/W or differentiating dictionary says that the generating functional of
correlation functions in the conformal field theory is equivalent to the partition function of the
semi-classical AdS gravity

ZorT = ZAdS- (6.1)

where Zopr is the generating functional of correlation functions in conformal field theory and
Z aqs is the partition function of gravitational theory. We will review the details in the next
subsection. Another one, which is called BDHM or extrapolating dictionary[9], says that a state
in conformal field theory is proportional to that in an AdS space on the boundary limit.

|¢1>CFT ~ |¢>Ads |boundary- (6.2)

Then, the correlation functions in conformal field theory are obtained from the bulk ones by
taking the boundary limit.

6.1 GKP/W Dictionary

Let us consider d + 1 dimensional Euclidean AdS space, which is obtained by Wick rotating a
time direction. Then, the metric is given by

1
ds?® = ?(dyz +dt? +da? +dad + -+ daky) (6.3)
where y direction is boundary direction and y = 0 corresponds to the boundary of AdS space.

Witten conjectured that the semi-classical approximation to the path-integral with the boundary
condition that at y — 0 fundamental fields ¢ approaches a boundary value ¢q

Z ads[¢o] = exp [=S]¢o]] , (6.4)
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where S is a classical gravitational action, is equal to the generating functional of correlation
functions in the conformal field theory

Zopr = <eXP/¢0(9> (6.5)

where O denotes operator in the conformal field theory. The boundary values of fundamental
fields behave as source functions. Then, we can calculate n-point functions by functionally
differentiating this generating functional with respect to ¢q

1 1) ) 1)
Zpas 0¢o(x1) 6¢o(x2)  b¢o(n)

For simplicity, let us consider a free boson ¢ with a mass m in d + 1 dimensional Eucliden
AdS space. The action is given by

(O(21)0(22) - - Oan)) opr = Z pasléo]- (6.6)

1 1
S(¢) = / Az /g (26@% + 2m2¢2) : (6.7)
and the equation of motion is given by
d—1 m?
<a§+a§+a§1+---+8§d_l+yay—y2>¢_o (6.8)

We set the boundary value of the free boson as ¢y and assume the solution as
o(0) = [ dGlyx /) on(s' (6.9)

where a function G is a Green function that is required to be regular at y — 0, x # 2. Thus

the solution is given by

yA

Ao =)= (e

(6.10)

where A = (d 4+ Vd? + 4m?)/2.
By substituting (6.9) into the action (6.7) and integrating by parts, we can obtain a surface
integral term

1 d,., 1-d 9 d dd_sPo(z)do(z’)
S(¢) = 2/d xy ¢o(w)8y¢(y,w)|z:o = 2/d zd®z! (t— )5 (6.11)
So, the classical generating functional for the free boson in AdS space is given by
d bo(x)do(2’)
Zaas = — [ d'zd’s’ 12
AdS eXP< 5 /d rd®w (o= 2) (6.12)

and by differentiating this with respect to the boundary value ¢y we can obtain the two-point
function of quasi-primary operators with conformal weight A

(O(21)0(22)) opr ~ (6.13)

1
(z1 — 29)22"
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6.2 BDHM Dictionary

There is another method to calculate the correlation function in conformal field theory. In [9],
the bulk n-point functions are considered. After calculating the bulk correlators and taking the
boundary limit, it turns out that the leading behavior can be extracted to give correlators of
the operators dual to the bulk fields

(O(1)O(z2) - - O(xn)) cpr = ilj{(l) Y (d(@1)B(w2) -+ ATyt - (6.14)

In this prescription, it is necessary to quantize the bulk field. So, let us seek the vacuum state
in the bulk.

As in the preceding subsection, let us consider a free boson ¢ with mass m in d+1 dimensional
AdS space. The action is given by (6.7) and the equation of motion is given by

d—1 m?
(aj O+ 4+, Tay - y2> ¢ =0. (6.15)

Assume that the solution to this equation of motion is given by

d ik
oy x) = y2 f(ky)e™ (6.16)
and a function f satisfies the following equation
d? 1d v?
- (14 = = 1
Tl L0 - (145 ) 10 =0 (6.17)

where z = ky and v = v/d? + 4m?2. This equation is just the modified Bessel equation and the
solution that is regular at z — oo is given by a modified Bessel function of the second kind
K, (ky). Then, the solution for (6.15) is written as

d

d .
Sy, ) — / (%d (v alk) K, (k)™ + (hc.)) (6.18)

where h.c. denotes the Hermitian conjugation of the first term.
Here, we consider the canonical quantization by requiring the following commutation relation

[a(k),al (k)] = 6(k — k), (6.19)

and we define the vacuum state |0) such that a(k)|0) = 0. Notice that (6.19) is hols only the case
of bosons, while in the case of fermions we should replace anti-commutation relations. Then,
the bulk two-point function between free bosons is defined by

Gbulk (y> -x‘y,v .’L'/) = <O| (Z)(y? :U)¢(y/> :L‘/) |0> (620)

and the correct form may be given by integrating double k integral. However, any correlation
functions should be SO(2, d) invariant and SO(2, d) symmetry tells us that the bulk correlator
can be rewritten in terms of SO(2,d) invariant quantity such as the invariant distance

_ y2 _|_y/2 _ (x _$/)2

Py,zly’,2") = . : (6.21)

The equation of motion (6.15) is rewritten in terms of P as

(P2 — 1)8%Gbulk + (d + 1)P8prulk — szbulk =0. (6.22)
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Here, we will comment on the boundary condition for the solution. There is a conservation
current

and from the conservation law, a Dirichlet condition that on the boundary the z component

of this probability density j, has zero value is imposed. Thus, the solution, which satisfies the
Dirichret condition, is obtained by

1

Gbulk(P> = m

d 2
FIAA—--+12A+1—-d;—— 6.24
(, 5+ L2A+ ’1+P) (6.24)
where F' denotes the hypergeometric function. By taking the boundary limit y,3" — 0, this
reduces to ( /)A
1 vy

G P)— — ~ ———
bulk( ) PA (QJ — 1")2A
and we conclude that the boundary behavior of the bulk two-point function between free bosons

is proportional to thetwo-point function of quasi-primary operators dual to the bulk bosons

Gyt (Y, 2|y, ')y 0 ~ vy (O(2)O(2')) . (6.26)

(6.25)

7 Bulk Reconstruction

The AdS/CFT dictionaries, which were reviewed in the previous section, are the prescription to
calculate the correlation functions in conformal field theory in terms of semi-classical bulk fun-
damental fields. Conversely, there are several prescriptions to represent fields in AdS spacetime
by using some operators on the boundary. This prescription is so-called bulk reconstruction.

In 2005, Hamilton et al [11] proposed that a free scalar field in two-dimensional AdS space
can be expressed in terms of operators living on a finite boundary region. Generalization to
arbitrary dimension or BTZ geometry are proposed in [12],[38],[39].

In this subsection, we will focus on bulk reconstruction and review these two methods.

7.1 HKLL Prescription

The extrapolating dictionary implies that the boundary behavior of a fundamental field corre-
sponds to an operator in conformal field theory. For example, we consider a d dimensional bulk
scalar field ¢ with mass m. By taking to have normalizable fall-off near the boundary, the field
behaves as

oy, z) ~ y=o(z) (7.1)

where A = (d++v/d? + 4m?)/2 and ¢y is a boundary condition of scalar field. Then, from BDHM
dictionary, the leading behavior of the bulk two-point function in gravity side coincides with the
two-point function in conformal field theory

((y, )8y, 2")) ~ y*y'* (O(2)O())) (7.2)

where O is a operator dual to ¢ with conformal dimension A. This implies that the boundary
behavior of the fundamental bulk field corresponds to the boundary operator dual to bulk field

do(x) < O(x). (7.3)

Then, this implies a correspondence between local fields in the bulk and non-local operators in
conformal field theory

o(y,z) <> /dw’K(y,x!x’)(’)(x'). (7.4)
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Here, we will refer to the kernel function K as a smearing function. Correlators in the bulk are
equal to that of the non-local operators dual to field

(d(y, 2)o(y',2")) = /dfﬂldsz(y,x!wl)K(y'aw'!fBz) (O(21)O(x2)) - (7.5)

We will review the construction of smearing function. For simplicity we will consider a free
scalar in three dimensional Lorentzian Poincaré AdS. The metric is given by

1
ds? = ?(dgf — dt* + da?). (7.6)

The scalar should satisfy the Klein-Gordon equation
1 m?
<a§ ~ 02+ 02+ -0, — 2) ¢ =0. (7.7)
Yy Yy
In this coordinate, the mode expansion of a scalar is obtained by solving the equation of motion
o(y,t,x) = / dwdk age” ey ], (Vw? — k2y) (7.8)
w> k|
where J, is a Bessel function of order v = A — 1. The boundary field is

oo(t,z) = lim —qﬁ(y,t x)

y—0 y

1

= — dwdk agp(w? — k?)2e etk (7.9)
2"T'(v + 1) /|w|>|k|

Therefore, we can express the bulk field in terms of the boundary field
o.0) = [ K (bl ool ') (7.10)

where the kernel function, which is so-called a smearing function, is written by

2T'(v +1) yAv io(tet!) k(o
K(y,t,z|t' 2") = / dwdk—"—— J,(Vw? — k2y)e Wt gikl@=2") (7 17)
2m)2 Sk (w? — k2)3

Evaluating the integral (7.11) is highly mathematical. Thanks to Poincaré invariance, we can
set t = x = 2/ = 0 without the loss of generality. Setting

w+k =rett, (7.12)

2vr

K(y,0,0[t,0) = V+ / /
Y CRUN (7.13)
- 27r2t’2 1 B /2 :

where F' is a hypergeometric function. So, we can conclude that the smearing function is given
by

we have

) 2irt’ cosh &

Ju(2ry

A

1 Yy
Kyt xlt', )= —— Fl1,1A:
(y7 7'%" ,.T) 27‘(2 (t_t/)g_(x_x/)g (7 » =

(7.14)

(t —1)? 32(96 - w’)2> '
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At a first glance it is correct, however, there is an ambiguity. The smearing function (7.14)
has support on the entire boundary of Poincaré AdS. Then, even the boundary field should
be constructed by dual operators living on the entire boundary. There is no correspondence
between the local boundary field and local primary operator in conformal field theory (7.3). To
manifest this requirement, we should make the support compact. It is realized to complexify
the boundary spacial coordinate x.

Again, we go back to (7.11), we now use the following integral

2w

2 Jo(rvw? — k?) = dfexp[—irwsin§ — kr cos 6]
0

1
2" I ()b T, (b) = / drr(1 — 72"~ 1y (br)
0

and we have

N/ ) —v )
Jl/( w k y) — y / deX(y2 _ T2 _ XQ)I/—le—ZwTe—k‘X (715)
((.Uz — k.2)1//2 21/1_‘(1/) T2+ X2<y?

where we define 7' = rsinf, X = rcosf. By substituting this into (7.11), we can obtain an
alternative expression for the bulk scalar by

2 _ 72 _ x2 v—1
by, t,2) = ”/ dTdX (y> do(t + T,z +iX). (7.16)
™ T24X2<y2 Yy

where v = A — 1. In this case, it is obvious that the smearing function has the support on
the finite boundary region and the boundary field can be constructed by single dual operator.
Finally we replace the boundary field by a dual primary operator in conformal field theory, we
can reconstruct the bulk field in terms of the boundary operators

2 _72_ x2 v—1
by, t,x) = ”/ dTdX (y> Ot + T,z +iX). (7.17)
T T2+X2<y2 y

Since (7.17) gives the correct two-point function in the bulk, this replacement can be guaranteed.
Notice that the above ambiguity is occurred in arbitrary odd dimensions, but in even dimensions
there are no ambiguities and the smearing function can be always written as (7.17).

7.2 Bulk Local State Reconstruction

The HKLL prescription for reconstruction of local bulk fields has several weaknesses. The map
assumes the existence of a gravity dual. It is assumed that the boundary value of the bulk field
is equivalent to the dual quasi-primary operator in conformal field theory. Next, the bulk field
is a state-dependent operator, since the smearing kernel is a solution to the equation of motion
for the bulk field and depends on the bulk geometry. Finally, it is difficult to prove the existence
of a well-defined smearing function for black hole geometries.

It is interesting to seek an alternative definition of local bulk fields, which may overcome the
above difficulties. It is required that bulk local fields are

1) determined by information of the conformal field theory
2) geometry-independent

3) applicable to black holes
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Miyaji et al [13] and Verlinde [40] proposed that a bulk local state and corresponding operators
can be constructed by using Ishibashi state |¢), which is defined by

(Ln— (~1)"L_0)|6) = 0. (7.18)

Nakayama and Ooguri [14] showed that the construction of bulk local fields is equivalent to
HKLL bulk reconstruction. Furthermore, Goto and Takayanagi [15] proposed that bulk state
on the BTZ black hole can be written by using Ishibashi state [41].
For simplicity, let us consider three dimensional global AdS space. Then, the metric is given
by
ds® = — cosh? pdt* + dp? + sinh? pd¢* (7.19)

where 0 < p < 00,0 < ¢ < 2w, —00 < t < 0. We consider a bulk local scalar operator ¢a (x).
The only requirement is that the actions of the conformal symmetry and the bulk isometry on
@A are compatible

[J, pa(@)] = iLyda () (7.20)

where J is a generator of the conformal symmetry and £ is the Lie derivative in the AdS
coordinates with respect to the Killing vector field J corresponding J. The SO(2,2) generators
can be organized by Hamiltonian H, anti-symmetric rotatons My, translations P, and special
conformal transformations K, where a,b =1, 2.

Let us investigate the implication of the requirement (7.20) when the bulk operator is located
at the origin of AdS space (p,t,¢) = (0,0,0). The isometry of this point is generated by My,
and P, + K,. In the case of scalar operator, the right hand side in (7.20) is equal to zero and
we have

[Map, 9a(0)] =0 (7.21)
[Pa + K, ¢A(O)] =0 (7.22)

Acting these on the conformally invariant vacuum |0), these condition are written by

Map |9a(0)) =0 (7.23)
(Pa + Ka) [9a(0)) =0 (7.24)
where we define |¢a(0)) = &a|0). When we rewrite these conditions in terms of Virasoro

generators, the requirement (7.20) are given by

(Lo — Lo) [64(0)) = (L1 + L#1) [a(0)) = 0. (7.25)

These are just the conditions for the Ishibashi state. These can be solved by introducing a
formal primary state |O), which satisfies

L1 |0) =L |0) =0 (7.26)
- A
Ly|0) = 1o|0) = 5 |0) (7.27)
and the solution is given by
[9a(0)) = 7;)( 1) quLq 10). (7.28)

Remarkably, the solution not only contains a primary state but also its descendant states. So,
we can reconstruct the bulk local state at the origin by using Ishibashi state, which contains a
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primary state and its descendant states. This prescription satisfies the requirement 1) bulk fields
is inherent to the conformal field theory since we use only conformal field theoretical properties.
The local bulk field at an arbitrary point is easily constructed. It is done by acting the
translation generator ~ ~ o
g= ei(LotLo)t i(Lo—Lo)¢ ,—§(Li—L-1+L1—L-1) (7.29)
n (7.28). The state is an eigenstate of the conformal Casimir operator Cy = Lg — (1L +
L_1Ly1)/2+ L — (LiL_y + L_1L;)/2 with the eigenvalue A(A — 2). The Killing vectors can be
defined in Section.4 and given by

Lo = 0y
Ly = e |coth 2p0,+ — sinh™22pd, - F %8p

When we substitute these into the quadratic Casimir operator, the quadratic Casimir operator
coincides with the d’Alembertian in the global AdS coordinates. So, we can interpret the
eigenvalue equation of Cy as the Klein-Gordon equation with mass m? = A(A — 2). From this
viewpoint, we can interpret the primary operator as the one dual to the bulk operator with
conformal dimension A = (1+4+/1 + 4m?)/2. Then, we conclude that the equation of motion for
bulk fields naturally appears as the eigenvalue equation for Casimir operator and requirement
2) bulk fields are state-independent is satisfied.

From now, we review the equivalence with the HKLL prescription[11][12] [15][38]. First, we
move from the global AdS to the Poincaré AdS. The coordinate transformations and the Killing
vectors are given in Section.4. The bulk state at arbitrarily points (y,x,Z) in Poincaré AdS
space are obtained by performing SL(2,R) translations

[9a(y, 2, %)) = g(y, =, ) |9a(0)) , (7.30)
where g(y,x, ) is given by
®)(Lh +L" ) o5 (e—2) (LM —L" ), LE+LE (7.31)

g(y,z,T) = e2 @) y

After a bit calculation, we can obtain a concrete form for |¢(y, =, %))

6y, 2, 7)) = Z A L) O ) ). (7.32)

The scalar fields are expressed in Lorentzian signature as

yQ 4 .’L‘lf,

A-2 )
, > O(x + 2,z + a'). (7.33)

¢rxLL(Y,T,T) =/ dx'dz’ <
'z <y

Expanding in Taylor series of a primary operator, we can obtain

T A 1,
¢rKLL(Y,T,T) = / de'dz’ | =—— > — 2O O O (@, 7)
' <y Yy mon mn

= = A Z n‘ A+2”(Lh1Lh )"O(z, T). (7.34)

Acting this operator into the vacuum state in CFT, it is found that this state is exactly same
with (7.32).
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8 3D Spin-3 Gravity as the Chern-Simons Theory

The Einstein-Hilbert action in three dimension (5.1) is equivalent to an action which describes
the dynamics of an ordinary gauge field namely the SL(2,R) x SL(2,R) Chern-Simons action
[42]. This equivalence can be extended to higher-spin gravity theories. It was shown in [19] that
the higher-spin gravity can be formulated as a Chern-Simons gauge theory when matter fields
are not coupled to gravity and higher-spin fields. In the case of spin-IV gravity, the gauge group
is SL(N,R) x SL(N,R).

8.1 Einstein Gravity and SL(2,R) x SL(2,R) Chern-Simons Theory

First, we will focus on the Einstein gravity. There is an alternative formulation to describe
Einstein gravity [43]. In this formalism, a fundamental field is an auxiliary quantity e*, with a
local frame index a = 0,1, 2. This is often called a vielbein. The vielbein can be thought as the
square root of the metric

gul/(x) = nabeau(x)ebu(x) (81)
where 7, is the local flat frame metric 7,5 = diag(—1,1,1).

From the definition (8.1), the vielbein transforms as a spacetime vector field. We assume
e, is not singular in order to make the determinant of the metric detg non-zero. Henceforth,
there is an inverse e#, such that e®,e,” = 6,” and e® e, = 0%, Notice that the vielbein is
not unique since all frame fields related with a local Lorentz transformation e;f = A“bebu are
equivalent.

In the general relativity, the covariant derivative of a tensor is given by its partial derivative
plus connections. Similarly in tetrad formalism, the covariant derivative of a tensor X%, is
given by its partial derivative and connections, however, it is necessary to replace the Christoffel
symbol T' by the antisymmetric spin connection, which is denoted by w® = w“bﬂdx“

VX% = 0, X% + (wu)* X% — (wp) X %. (8.2)
The relation between the Christoffel symbol and the spin connection is given by

b

bA bA b
w®, =€ e T\ — e 0 e’ . (8.3)

We define the one-form e® = e,dz". There are two Cartan structure equations, called a
torsion and a curvature

T = de® 4w A e
RY® = dw® 4w Aw®. (8.5)

We define the Levi-Civita tensor by
_ -1 a b _c
Cuvp = € €agbcf 'u,e v€ o (86)
and it turns out that the invariant volume element is rewritten in terms of vielbein

1
V—gd3z = geabcea Aeb A e

and we have

V—gd>zR = ep.e® A R

By substituting these into the Einstein-Hilbert action (5.1), the action is rewritten as
1 A
SpH = 167TG/ <2e“ AR, — geabce“ Aeb A ec> (8.7)
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where we adopt R%® = —¢®*R,.

In [36] and [37], it was shown that three dimensional Einstein gravity with A < 0 is equivalent
to the Chern-Simons theory for SO(2,2) gauge group. The Chern-Simons action for a compact
gauge group is given by

k 2
Scs[A] = — Tr |ANdA+-ANANA (8.8)
47 M 3
where k is a constant and A is a gauge field one-form A = A,dx". Integrated by parts, the
variation of this action (8.8) takes the form

k k
0Scs = / Tr[0AA (dA+ AN A)| — / Tr[A A JA]. (8.9)
210 J T Jom
The value of A is chosen to eliminate the second boundary action. The first one implies that

there is an equation of motion
F=dA+ANA=0. (8.10)

This equation solves by introducing an arbitrary function matrix G and the solution is given by
A=GlaG, (8.11)

which means that A is a gauge transformation of the trivial field and there is no physical degree
of freedom.

As we discussed in Section.4, the generators of SO(2,2) gauge group satisfy the following
commutation relation

[, J%) = —e®. ¢, [J2, T = —e®.J¢, [J%,J°] = 0. (8.12)

where €. is Levi-Civita symbol and it is isomorphic to SL(2,R) x SL(2,R) gauge group.
SL(2,R) x SL(2,R) generators can be defined by taking the following linear combination

1 1
Jo = Q(tl +1t3), J1 = §(t1 —t3), Jo = to. (8.13)

The superscripts are lowered by the metric hq, = Tr(t,t)/2 and the subscripts are raised by its
inversion.
Thanks to this splitting, we can rewrite the Chern-Simons action for SO(2,2) as the sum of

two Chern-Simons action Scs[A] and Scs[A]. Assuming that the Chern-Simons gauge field A
and A can be decomposed into vielbein and spin connection as

Ap = (W +el)ta, Ay = (W — €p)ta (8.14)

where we define w® = egcwzcdz:“, The Chern-Simons action can be rewritten as
A A k a 1 a b c
ScslA, Al = Scs[A] — Scs[4] = . 2¢“ N R, + geabce Ne Ne ). (8.15)
7r

Hence, it turns out that the Einstein gravity with a negative cosmological constant is equivalent
to a Chern-Simons theory with SO(2,2) gauge group, provided that the level acquires the value

k=15 (8.16)
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8.2 Boundary Conditions for the Gauge Fields A and A

To solve the equations (8.10) and the one for A, it is necessary to consider boundary conditions
for A and A. Boundary conditions are adopted in order to make the action principle well-defined.
The first variation for the action is given by

3Scs[A] = —ﬁ /M Tr[SAA (dA+ AN A)] + Tr[A A GA]. (8.17)

167TG OM

The first term in the above expression gives the equation of motion for A. Writing down the
second term in terms of components of A, we can obtain a radial boundary term

1
167G Jou

SplA] Tr[A,0Az — Az0A,]. (8.18)
To make the variation problem well-defined, the Chern-Simons gauge field should satisfy bound-
ary conditions A, = 0 or Az = 0. Similarly in the case for A, the gauge field A must satisfy
boundary conditions A, = 0 or Az = 0.

8.3 Spin-3 Gravity and SL(3,R) x SL(3,R) Chern-Simons Theory

Campoleoni et al generaliszd this situation to the case of the higher-spin gravity. As we discussed
in the above, a spin-2 field like the metric field can be described by a vielbein with one local
Lorentz frame index. Then, it is straightforward to consider that a spin-s fully symmetric tensor
field ¢y, iy, should be described by a one-form with s — 1 local Lorentz indeces e),"**"* .
However, due to the spacetime index, it carries a (1,s-1) component and it does not makes

Ouy -, Symmetric. To eliminate it, one consider the local Lorentz gauge transformation
66217,12...@3_1 _ Dugalaz-..a5_1 +éubAb,a1a2...as_1 (8.19)

where D), is the Lorentz-covariant derivative and é is the background vielbein. This leads to
bataz-as—1

introduce a traceless connection wy, . It is the higer-spin analogue of the spin connection
of gravity. It should be expressed in terms of ej;"**""*~" and its derivatives in order to guarantee

a appropriate torsion-less condition. In arbitrary dimension, the local Lorentz transformation
f bajag-as—1 . .
or Wy leads to introduce an extra auxiliary field

50}2’&1(12“.%71 — a’uAbyalCIQ"'asfl + é‘uc@bcaala?“asfl’ (8.20)

however, in three dimension the extra field © vanishes. Hence, a spin-s field can be described by
the pair of one-forms e, **""**~" and wZ’alazmaS’l and the fully symmetric tensor can be described

as
1

501 .. ps—1

Puipa-ps = ge(m g1 Cus)aras—1- (8-21)

It is convenient to introduce a spin connection wy,' " by contracting local Lorentz indeces by
the Levi-Civita symbol €. It is analogue of usual SL(2,R) x SL(2,R) Chen-Simons theory
wy, = eabcw#bc /2.

From now we will focus on the three dimensional spin-3 gravity. This theory has a symmetric
spin-3 field ¢, and it is described by the pair of one-forms e and wzb. We can define gauge

- 1
connections A and A by

A= (jiq + t2Ty)dat (8.22)
A= (jiq + t0T ) dat (8.23)
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where J, are SO(2,2) generators and Ty, are higher-spin generators. Here, we define

Jp = WZ + ez, jl‘j =wy, — € (8.24)
toh = w4 el 1 = Wit — e, (8.25)

Since tqT% must transform as SO(2,2) tensor, 7% must be symmetric and traceless. As J,
satisfy the commutator
[JCH Jb] = _Eabc‘]m (826)

Tup» must satisfy
[JaaTbc] = _Eamemc- (827)

Finally, the Jaccobi identity fixes the commutator between the higher-spin generators Ty as

[Taln Tbc] = U(na(ced)bm + nb(ced)am)Jm (828)

where ¢ is a normalization factor. By taking an appropriate linear combination

1 1 1

Too = Z(t4 +ts + 2t6), To1 = z(t4 — tg), Ty = Z(M +ts — 2t6) (829)
1 1

Too = §(t5 +t6), Too =tg, Ti2 = 5(755 —6), (8.30)

the Lie algebra for t, yields W3 wedge algebra

[Lns Lin) = (0 —m) Ly,

(L, Win] = (2n — m)Wyim

(W, W] = %(n —m)(2n® 4+ 2m? — nm — 8) Ly
where we adopt (Lla LO) L—17 W?a Wla WOa W—la W—Q) - (tlv t27 t37 t47 t57 t67 t77 ts) For o = _17
SL(3,R) gauge group is realized. Therefore, the spin-3 gravity is described by the SL(3,R) x

SL(3,R) Chern-Simons theory with the action (8.8). When we redefine the vielbein field and
spin connection by using generators ¢, as

e = e todat, w=w", t,dxt, (8.31)
(8.22) and (8.23) are rewritten as
A=w+e, A=w—e. (8.32)

Of course, in the case of the three dimensional SL(3,R) x SL(3,R) Chern-Simons theory, the
flatness conditions -

dA+ANA=dA+ANA=0 (8.33)
are the equations of motion. Then, The relations between vielbein and metric or spin-3 field are

given by

1
Juv = iTr(eueu) (834)

1
Puvp = gTr(e(ueyep)). (8.35)
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8.4 Solutions to Flatness Conditions

In the SL(3,R) x SL(3,R) Chern-Simons theory, the gauge connections satisfy the equations of
motion (8.33). The AdS spacetime is realized by the following solutions

t t
Apgs = —dz — 2dy (8.36)
y y
. t t
Apgs = —ﬁd.’i' + ﬁdy.
y y

More generally, we can consider solutions that approach this vacuum asymptotically. In [20],
the authors consider the following connections

o 2m T 9 to
A= (y . L(x)yts 2kVV(a:)y tg)dx ; dy (8.37)
- ts 2w 5, _ T 5\ 92 R D)
A= _(B_T - 2
(y L@ty — 5 W(2)y ts)da + » dy,

where £ and W are arbitrary functions.

The most general asymptotically solutions are obtained as follows. First, we must consider
boundary conditions. As we discussed in Section.8.2, the gauge connection must satisfy Az = 0.
There is an additional condition. Asymptotically AdS solutions imply that its difference to the
AdS solution is finite at the boundary

(A = Auas)ly=0 = O(1). (8.38)

We consider the gauge connection at y = 1, since y dependence are realized by multiplying
translation operator b = 2 such as A(y, z) = b~ aA(x)b+b"'dband A(y,z) = bA(Z)b~ ' +bdb~.
We expand A in the SL(3,R) basis

Alx) =) 1M @)t + > w™(@)tm. (8.39)

Recall that we define (tl, t2, t3, t4, t5, t6, t7, tg) == (Ll, LU, L,1, WQ, Wl, Wo, Wfl, W,Q). The ad-
ditional boundary condition imposes the following condition on the components I, w™

r=1w*=w’=0. (8.40)

We set
=0, w®=w"=0 (8.41)

to fix the gauge degrees of freedom[19]. There are two physical degrees of freedom corresponding
to 13 and w®. If we take I3 = —27L(x)/k and w® = —7W(z)/2k, the connection coinsides with
(8.37).

Let us consider the symmetry algebra of this asymptotically AdS spacetime. It is done by
considering an infinitesimal gauge transformation. We consider the global gauge transformation

U =M@t (8.42)
with

3

8
X(z) = entn+ > Xmbm, (8.43)
m=4

n=1
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which leaves the structure of (8.37) invariant. When we set ¢ = €' and xy = x5, the other
parameters are given by

1 2w 41
2 _ 3 _ < =
€ =—¢€, e =g¢ + ’ el + - xW (8.44)
and
1 47
7 / 6 "
= = — —_— E
X X5 X 2X + L
1 107 47
5 " / /
"= =L - — A
X G 3k X L 3]<:X£ (8.45)
1 47 Vs 472 T
4 _ "n " " 2
XT =X + —ka L+ —kaﬁ + =3 xL —leW.

Here, the prime symbol denotes the derivative with respect to . Under this transformations
the functions £ and W vary as

k
L =el' + 2L+ 4—6”’ + 2XW' 4+ 3x'W (8.46)
T
/ / 1 nmn ! pll N ! n k n 647T / ! p2
oW =eW +36W—§ 2xL7 +9x' L7 + 15" L+ 10y £+EX +T(Xﬁﬁ +X'L?)
These are identical to the variations
1
50 =5 f{ dwJ (2)O(w) (8.47)
with the current
J =€eL 4+ xW. (8.48)

Here we use complex coordinate z = z. Then, we can read an operator product expansion
from (8.46). The result is just the W3 algebra with a central charge ¢ = 6k[22]. There is an
embedding of SL(2,R) with YW = 0, which is generated by generators (t1,%2,t3). This is often
called a principal embedding. AdS spacetime is realized by the following flat solution

t t
Apas = —dz — —dy
Yy Y

When we calculate the metric by using (8.34), it coincides with the Poincaré AdS metric given
by (4.17). The spin-3 field is identically zero. Notice that we set AdS radius unit 445 = 1.

8.5 Wg(?) algebra

The AdS spacetime is also realized by another configurations

t4 to

T lg . 12
Ao =-—d —dy.
Ads = 1, z+ 2 Y

This yields the Poincaré AdS metric with half an unit AdS radius

1
ds? = 4—y2(dy2 — dxdz) (8.50)
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and vanishing spin-3 field. This fact implies that there are two inequivalent embedding of
SL(2,R). As was discussed in [21], in the case of SL(3,R), there are two inequivalent embeddings
of SL(2,R). One is called a principal embedding in SL(3,R). In another type, SL(2,R) is
generated by (W_q, Lo, W2). We define new SL(2,R) generators L,, by rescaling as

A T 1
Ly= W, Lo= Lo, L1 =W (8.51)

and this embedding gives rise to a new algebra known as W3(2).
Let us consider the unbarred gauge connection

A= (ts — Tis + jte + g1ts + gats)da (8.52)
and the gauge transformation
A= 617?4 + 607?2 + 6_11?8 + vig + 01t + 0_1t5 + pit7 + p—_1ts3. (8.53)

Here, we define ({4,1,13) = (Wa/4, Lo/2, W_5/4). Defining new fields

9
—U
¢
T:—6T—§U2
G +G_- 8.54
g1 \[é( + ) ( )
Gy —G_
92 = fc( + )
and gauge parameters
€1 — €
1 9
’y——§n+%U6
1
01 = —=(aq + 8.55
1= \/5< +ta) (5.55)
52 2\/*(O[+_a )
the variations of (U, T, G4, G_) take the form
SU = U+ eU' — a Gra_G_ — <n
¢ 3 3
0T = Ee"’+2€'T+eT'+ o Gy + oz+G+—i— —o G_ + oz G +n'U (8.56)
3
5G+—6a + = 'G++EG+~|—a (T+ U2+ U)+3a U+ nG
5(;,:—%0/4 feG +eGL —oz+(T—|— U2+ U)—|—3a+U nG_

As we discussed in the preceding subsection, these can be translated into the following operator
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product expansion

U()U(0) = —5

U(2)Ga(0) = iGiZ ©

T()U(0) = Uz(f) 8Uz(0>

T(2)Ge(0) = 2?;2 G(0) + an(O) (8.57)
T(T(0) = 5o + 27(0) + T

G ()G (0) = —3% 4 %U(O) - %(T(O) + %UQ(O) - gﬁU(O)).

This is the W3(2) algebra. This contains a stress tensor T, current operator U with conformal
dimension 1 and two quasi-primary operators with conformal dimension 3/2 denoted by G. ¢ is
the central charge. The embedding of SL(2,R) with j = g1 = g2 = 0 is generated by generators
(t4,1o,%g). This gives the same SL(2,R) commutation relation. The only difference arises from
the rescaled trace relation. Generators (f4, 12, fg) have traces

1

Tr(foty) = 4Tr(t2t2) (8.58)
. 1
Tl"(t4t8) = ZTr(tlt?))- (859)

This implies that the Chern-Simons level is divided by four. According to [22], the level is

(2)

related to the central charge. Therefore, the central charge of the VV32 is modified and given by

o1 3k
c=-c= —.

€= (8.60)

In [21], the interpolating solution between W3(2) vacuum in the ultraviolet region y = 0 and
W3 vacuum in the infrared region y — oo is discovered. The connections are given by

A t t
Arnr = Stide + 5dz — —dy (8.61)
y 4y y
_ A t t
Ayt = ——1t3dz + 782d$ + —2dy (8.62)
Y 4y Yy

where the parameter \ plays the role of renormalization group flow. When A\ = 0, WéQ) vacuum
is realized. While for A — oo, we can find W3 vacuum is realized by rescaling y — Ay.
The corresponding metric and spin-3 field are

dy? 1 A2
2 _
A2 A2

At large y region equivalently large A region, the metric yields the ome for the Poincaré AdS.
At small y region region, the metric yields the one with half an unit radius. The spin-3 field is
asymptotes to zero at both region. Notice that x and z interchange when y goes from zero to
infinity.
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The central charge decreases after the flow occurs. It seems odd since it is inconsistent with
the c-theorem [44]. However, the proof of c-theorem applies to Lorentz invariant renormalization
flow. Although the fixed points of this flow are Lorentz invariant theories, the full flow is not.
Then, there is no contradiction.

8.6 Black Hole Solutions in Spin-3 Gravity

The BTZ black hole is realized as the Chern-Simons flat connection and it is given by

t
Aprz = <yt1 - at3) dz + 2 dy (8.65)
Y Y
- a t
Aprz = — (yt:z - Zh) dr — 5dy (8.66)

where a and a are parameters related to mass M and angular momentum J
a=2G(M —J), a=2G(M + J). (8.67)
Using these connection, the metric can be written as

P daedz

ds?
y? y?

+ adx® + adz? — aay’dxdz (8.68)

Notice that x and & has two periodicities: z ~ x 4+ 27 ~ x + 2mi. The Hawking temperature
can be determined by imposing a condition that the conical singularity at the horizon does not
appear in the metric (8.68). In Euclidean signature (x,Z) = (2, —Z), this constraint implies the
periodicity condition

(2,2) ~ (2 + 277,24 27T) (8.69)

and we can obtain ) )
i i

= F=_— 8.70

°ova | va (8.70)

This result is obtained by a different method. We use holonomy[25][45]. On a hypersurface with
y = 1, the flat connections are given by

.ABTZ = (tl — atg) dﬂf (871)
ABTZ = — (t3 — @tl) dzT. (8.72)

Translations to a point with an arbitrary y are realized by acting g = 32 on these connection

Aprz = gAprz9™ " (8.73)
Aprz = g " Aprzg. (8.74)

We can define the Wilson line as
xf _ Ty _
W(a:i;xf) = Pexp (—/ ABTZ) , W(i’i;ijf) = Pexp <—/ ABTZ) (8.75)

where the symbol P denotes the path-ordered product. Since Aprz and Agrz do not depend
on z and T, the Wilson lines take the form

W(a;i;:cf) = exp(ABTZ(a;f) — ABTZ(mi))a V_V(:IZZ, :L’f) = exp (./_lBTz(i’f) - ABTZ(@)) . (8.76)



We set (xf,2;) = (2 + 2n7,2). Then, the holonomy matrix is defined by w = logW. The
requirement that the flat connections are non-singular is equivalent with the statement that the
matrix w and w should be required to have eigenvalues 0, 27 or —2mi. So, we need that they
satisfy the following two conditions

detw =0 (8.77)
Trw? = —8n2 (8.78)

and similar equations for w. Solutions to these four equations coincide with (8.70).

In [20][21], the authors discovered a black hole solution with spin-3 charge. Two parameters
b and p related to spin-3 charge and its chemical potential are introduced. In order to obtain the
connections, which corresponds to a black hole with a spin-3 charge, they required the following
constraints:

1) The Euclidean geometry is smooth at the horizon.
2) When we take the limit g — 0, the geometry asymptotes to the BTZ black hole.
3) The thermal partition function should be written like

_ aT+bv
Z =Tre ,

where v is a function of (u,7), (a,b) should obey the integrability condition
da ab
— | == 8.79
().~ (30), 619
They proposed that the flat conditions that satisfy the above three requirement were given by
_(t 2 2.2 tg\ . t2
A=|— —ayts —by’ts | dx + p | 8byts + a”y“ts — 2ate + — | dz — —dy  (8.80)
Yy Yy Yy
_ ¢ _ _ t t
A=— (3 —ayty — by2t4> dT — [ (8byt1 + a2y’ty — 2ate + 82> dx + —Qdy (8.81)
Yy Yy Yy

where we define mass and spin-3 charge parameters as a and b. These are related to £ and W
in [21] by

2w T

The integrability condition is guaranteed by the four holonomy conditions

172802373 + 9b73(3 + 48a) + a®pur3(27 — 16aCp® — 9(—2 + 8ap?)) =0 (8.83)
3+ 12a7? — 144bpur? 4 64a* % = 0. (8.84)

plus counterpart conditions. First solving the second equation for b and differentiating with
respect to 7, we can obtain an expression 9b/Jd1. Next, by substituting b into the first equation
and differentiating with respect to v = 4ur, it turns out that the integrability condition is
satisfied and the thermal partition function can be given by

Z = Tress (7 +0) 35 @7 +0) (8.85)

where an overall factor i7/2G is introduced in order to obtain an appropriate energy of black
hole.
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Part 111
Original Works

9 Bulk Local State in 3D Spin-3 Gravity

In [17][18], it was proposed that three-dimensional higher-spin theories with Wy symmetry are
dual to a Wiy extended conformal field theory. In particular, for N = 3, the spin-3 gravity is
equivalent to the SL(3,R) x SL(3,R) Chern-Simons theory.

In this section, we will construct the bulk scalar state with spin-3 charge by extending the
prescription proposed in [14] to W3 symmetry. Before we go to the concrete construction, we
must take care about the dimension of manifold. As we discussed in Section.3, conformal field
theory is characterized by the Virasoro algebra and current algebras. In general, current algebras
come from additional gauge symmetries and the algebras are closed only among its generators.
One example is the Kac-Moody algebra discussed in Section.3. Zamolodchikov [16] proposed an
algebra by introducing a current with conformal dimension 3. The symmetry algebra is called
su(1,2) @ su(1,2) algebra

(Lo, L] = (n— 1) Lnsm + 1—62m(m2 — 1)60.mtn (9.1)
LWl = (20— 1) Wiim (9.2)
c
(W, W] = %n(rﬂ —1)(n* — 4)80.m1n (9.3)
1
—l—% (n —m)(2n* — mn +2m* — 8) Lyt + B(n — m)Apym (9.4)

plus the similar algebra for anti-chiral counterpart L,, and W,,, where

16
7= 1 se (9:5)
An= D Ln-kLi+ ) LiLnt (9.6)
k>—2 k<2

Here, L,,’s denote the Virasoro generator corresponding to the conformal symmetry transforma-
tion and W,,’s denote extra gauge symmetry generators.

In the large c¢ limit, the third term proportional to g is dropped. Restricting the wedge mode
L, with n = 0,£1 and W,,, with m = 0,41, +2 and changing normalization W,, — Wn/\/m,
the subalgebra can be rewritten as

[Lp, Lin) = (n —m)Lyptm

[Lpn, W] = (2n — m)Wpim (9.7)
1

(Wi, Wi = g(n —m) (2n2 —mn + 2m? — 8) Ln4m-

9.1 Enlarged spacetime

The algebra is different from the Kac-Moody algebra. The algebra (9.7) is totally closed, how-
ever, the commutator [W,,, W] is not closed. Twice action of W3 generators gives the conformal
transformation. This is similar to the supersymmetry algebra. The generators of supersymme-
try contain usual Poincaré generators, which consist of translations and rotations, and anti-
commuting spinors @ and its conjugates[46][47]:

{Qa, Qs ={QL, @} =0. (9.8)
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The anti-commutator of Q and Q' gives a translation generator

{ch QL} = 20‘de# (9.9)

where o is the Pauili matrices. The commutators of () and P vanish. We have to enlarge
the spacetime to include commmuting and anti-commuting variable in order to describe su-
persymmetric field theory. The enlarged spacetime is called superspace and contains ordinary
spacetime coordinates and a set of anti-commuting Grassmann coordinate (0,6). The finite
supersymmetric transformation

G(z,0,0) = e~ i PugifQ i6QT (9.10)

can be defined on the superspace (z*,6,0).
If there exists a current operator W(z) with spin-s, the primary conditions associated with
Wi's (k=—-s+1,—s+2,---,s—1) are given by

W [¥) =0 (9.11)
Wo [¢) = w |v) (9.12)

where m > 0 and w is a constant. In the conformal field theory, the primary state is annihi-
lated by L; and the descendant state is created by L_;. All descendant states are created by
multiplying [1)) by an exponent e**X-1. Similarly, in the case of W3 extended conformal field
theory, W_o and W_; create new descendant states. In order to create all descendant state
for W,,, it is necessary to introduce coordinates « and 3, which correspond to W_o and W_;.
Because of the commutator [W,,, W] « Lym, for example [Wy, W_1] gives a translation, these
coordinates o and  mix with ordinary coordinates under SU(1,2) transformations. Hence, we
need to regard new coordinates as spacetime coordinates instead of simple gauge variables, and
we must introduce an enlarged spacetime, which contain ordinary two coordinate (z,z) and
a set of coordinates (a, 3, a, 3) related to SU(1,2) transformation, in order to formulate the
SU(1,2) invariant theory. As we will discuss later, L_; moves an operator to an arbitrary point
of x. Similarly, W_, and W_; move an operator to an arbitrary point of a, 5. In the context
of the AdS/CFT correspondence, we must also introduce extra coordinates, which corresponds
to translation generated by diagonalized generator Lo, in order to move a boundary operator
to a bulk point. In W3 extended conformal field theory, there is another diagonalized generator
Wo. This generates extra transformation. Therefore, the total dimension of the bulk spacetime
becomes eight.

9.2 Boundary State

In this subsection, we will consider a local state of a scalar field with a spin-3 charge. In the case
of three dimensional AdS spacetime, the condition for the local state of a scalar field |1)) located
at the center of the bulk is given in terms of the genelators of the wedge algebra si(2,R)@®sl(2,R)
and given by [14][15]

(Lp — (=1)"L_p) ) =0 (n=-1,0,1). (9.13)

While in the case of the spin-3 gravity, the symmetry algebra su(1,2) @ su(1,2) is generated by
Ly, and W,,. Conditions for the local state of the scalar will be expressed in terms of generators
of the su(1,2)®su(1,2) symmetry which contains the above sl(2,R) @ sl(2,R). Then, conditions
for local scalar will be (9.13) and

(Wi — (1) Wo) 48} = 0. (9.14)
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The commutator [W,,, W;,] gives the Virasoro generator and it must satisfy the condition (9.13).
(9.14) is a sufficient and necessary condition such that the commutator [W,,, Wy, ] satisfies (9.13).

First, we will consider the boundary state. Since the conformal field theory is living on the
boundary in the text of AdS/CFT correspondence, it is convenient to rewrite down the state at
the boundary rather than the one at the center of the bulk. And for later convenience, we will
move the representation from the elliptic basis into the hyperbolic basis, which is discussed in
Section.4.

Let [¢) 5 be a scalar state extrapolated to the boundary. This state and [¢)) are related by
the following transformation:

Vg = Jim o) 1v). (9.15)
where
op) = exp|—2p(li— Loyt Li—Lo)|. (9.16)

The state on the boundary satisfies the following conditions instead of (9.13) and (9.14):

Tim g(p) (Lo = (~1)"E-n)g ™ (9) i) 5 = 0 (9.17)
T g(p) (W — (—1)"W-n)g™ () i) 5 = 0 (9.18)

First, let us consider (9.17). Before taking the limit, (9.17) are given by

_ 1 L .
(Lo — Lo) cosh p — §(L1 +L_1—Ly—L_y)sinhp||¢Y)g (9.19)

[1 - 1 _ _
= i(Ll — L_1 +L1 — L_l) + §(L1 +L_1 + Ll +L_1)COShp* (L() + Lo) smhp] |1/}>B

[1 - - 1 . _
= 5([/_1 — L1 + L_1 — Ll) + 5([11 + L_1 + L1 + L_l) COShp — (LO + Lo) s1nhp] |¢>B =0

In the limit p — oo, after taking an appropriate linear combination, the above conditions
degenerate into holomorphic and anti-holomorphic parts:

Lo- 3L+ L) )y =0 (9.20)

_ 1 - _
[Lo - §(L1 + L—1)} [)p =0 (9.21)
A solution to these conditions is constructed by the primary state
|0, q) = lim Oa4(¢=0,1)]0), (9.22)
t—ri00

where Oa, is a scalar primary operator with a conformal weight (h,h) = (A/2,A/2). This
state should satisfy

L1|Oaq) = L1|0a4) =0 (9.23)
- A
Lo[|Onaq) = Lo|Oaq) = 5 [Oa4) (9.24)
and extra conditions for W3 generators
W2 O0aq) = W |Oaq) =0 (9.25)
Wi|0aq) = Wy |Oaq) =0 (9.26)
Wo|Oa,q) = Wo |0aq) =19 |0a4) - (9.27)
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From (9.23) and (9.24), it turns out the boundary state |¢) 5 is solved as
) p = e 104, ) (9.28)

It implies that the boundary state of the scalar field can be represented by using corresponding
quasi-primary operator and its descendant. It can also be shown that the operator which
annihilates [¢) 5 coincides with the Virasoro generator L? in the hyperbolic representation in
Section.4.

1
Lt = —Lo+ L1+ L) (9.29)
1
Ly = 5(L1—Lo) (9-30)
1
" = Lo+ 5L+ L), (9.31)

Notice that Lg is anti-Hermitian and others are Hermitian. Similarly, there are relations for Eﬁ.
The state (9.28) satisfies the quasi-primary conditions for Virasoro generators in the hyperbolic
representation

h
1
Lyl =Ll g == ¥)g (9.32)

It can be shown that the exponential operator in (9.28) carries a quasi-primary state |Oa) at the
origin of Euclidean plane in the global coordinates to the boundary in the Poincaré coordinates.
In order to describe at an arbitrary point, we should act a translation operator g. (9.32) lead
to introduce parameters (z,Z), which correspond to a translation generated by (L",, L") and
the translation to y direction is generated by Lg + I_Jg. Then, the translation operator can be
written as

gy, o, 7) = e Ty L+, (9.33)

Notice that L"; is Hermitian.

Next, we will consider the quasi-primary conditions for W generators (9.18). Transformations
of W,,, under g(p) are given in Appendix.A. The boundary limits of the quasi-primary conditions
for W (9.18) are reduced to the following conditions:

(Wo — AWy +6Wo —4W_1 + W_o) [¢0) 5 =0 (9.34)
(WQ — AW +6Wy — W_q + V_V_Q) V) =0 (9.35)

As in the case of Virasoro generators, these conditions define generators W4 and W, which
annihilate the boundary state. Also the su(1,2) algebra defines remaining W,,, generators

wh = %'(W2 — AW, + 6Wo — AW_1 + W_y) (9.36)
wh = E(WQ —2Wy 4 2W_ — W) (9.37)
wh = %'(W2 —2Wy + W_y) (9.38)
wh = E(WQ +2W, — 2W_y — W_y) (9.39)
why, = %'(W2 + AWy + 6Wo + 4W_1 + W_3) (9.40)
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We adopt the rule of the Hermitian conjugation (W,,)" = —W_,,. Note that W#L with odd m
are Hermitian and the others are anti-Hermitian. The boundary state satisfies

W3 [) g = Wi [¢) g = 0
W(il W)B =q |¢>B~ (9-41)

and similar conditions for W2, Since the boundary state |t)) satisfies the primary conditions
(9.32) and (9.41), the state is a primary state in SU(1,2) algebra. The state at the center of
the bulk will be constructed in terms of this primary state on the hyperbolic basis.

From similar discussion in the above, we should introduce transformation from the bound-
ary to an arbitrary point. According to (9.41) and its counterparts, it is carried out to in-
troduce four parameter (o, 3,@, /), which are related with the transformations generated by
(sz, Wﬁl, WEQ, Wﬁl) plus one coordinate «, which are related with the transformations gen-
erated by Wy + Wy. Then, the transformation takes the form

9(y, 2,7, a, &, B, B,7) = eiocL}jl—i-ia’c[_/’jleianfz—i-iaV_VﬁQeﬂWfl—i-BWﬁle%'y(Wé”-i-Wg”)ng-i-[_/g. (9.42)

Since Wﬁl is anti-Hermitian, corresponding finite transformations can be defined without the
imaginary unit i.

9.3 CFT Description of Local State in the Bulk

We will solve the quasi-primary conditions for the local state at the center of the bulk |¢)). This
state will be built from the boundary state [¢) 5.

For a while, we will see the case without W extension. In [13], this was solved by a series
expansion. Here, we will obtain the state in terms of an integral form. Assume that the local
state is represented in a form

) = / dadz f(z, z)e" M 16" 1) (9.43)
Let us first consider the condition (9.13) with n = 0. When L{ is applied on [t) 5, we obtain
L) = [ dodef(o, @)t s (e P et )T ) (944

Calculating the commutator
e~ o lhiphet ™ — ph 4 gk (9.45)

and replacing Lg and L" | by A/2 and 9, we can obtain

A o
L) = /dmdx (2 - w8m> Fl, B)e e ) (9.46)
After a similar calculation for L is done, the condition (L} — L) |¢)) = 0 yields an equation
(x0y — 20z) f(x,z) =0 (9.47)
Similarly, the other two conditions yield the following equations:

(220, + Az) f(
(720z + AZ) f(
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From the above three equations, we can obtain a solution up to an overall constant
f,7) = (1+25)472, (9.50)

and the local state at the center of the bulk is obtained by

) = [ dudo(1 +2z)2 e ), 1_,AZn. (LI ) (95

Here, (A), = A(A+1)--- (A+n—1). This expression coincide with the one, which is obtained
by a different way in [15].

In the case of spin-3 gravity, it is necessary to introduce four extra variables, which correspond
to W generators. The state at the center of the bulk can be obtained in a similar way.

) = /da:dydzda:dysz(x,y,z,a:,y, E)emwfﬁiwzewalwwﬁlBZLLJFEEL V) g - (9.52)

Here, Z,7 and z are complex conjugates of x,y and z. The function F' is obtained by solving
eight equations (9.13) and (9.14) and given by the following expression

1% _
F(z,y,2,2,9,2) = <g+> T, (9.53)
where
Ri=  14+201+ &+ 1 — 46 — 26 — &) (9.54)
Ro=  14+20]1— &+ L +46 + 26 — &) (9.55)
T= 14+4C(1+|&) +2¢° (146 + 26 + 3165 — 1)
HCL+ &) T L+ et - 6 — 1P + 41+ [&*)ér + 38 — & + & + &6
+CH1 = 1667 — 1661&, — 685 + & (9.56)
Here, ¢ and &; are variables defined by
_ T Yy
(=2% &=, &=" (9.57)

and the bar symbol denotes complex the conjugate. Substituting this solution F' into (9.52),
we can obtain the formal integral expression for a state at the center of the bulk. As in the
case of SL(2,R), a local state in an arbitrarily bulk point can be given by multiplying the
transformation g in (9.42):

®(y, 2, Z,0,a,5,B,7) = 9(y,x,Z, a,& B, B,7) [¥) , (9.58)
where

oLt izl | iaWPyriaWhy BWE +BWE Sy (WE+WE), Lg+LG

9y, z,z, @, 8, B,7y) = y

There are six integrals and it is technically difficult to perform. From the equivalence with the
HKLL reconstruction, however, we should reconstruct the local state at an arbitrary point by
using a bulk to boundary propagator for the bulk scalar field with a conformal weight (A/2, A/2).
In the next section, we will consider the bulk scalar field, which satisfies the Klein-Gordon
equation and solve this equation. Actually, it will turn out that a solution is invariant under
SU(1,2) transformation for the bulk.

60



9.4 Differential Representation for SU(1,2) Generators

In order to obtain the second-order differential equation, we should consider a differential rep-
resentation or an infinite dimensional representation for SU(1,2) generators. As we discussed
in Section.2, given an infinitesimal transformation parameter €, we can seek a differential repre-
sentation T such that a field ® transforms as

O (2') = (1 — 1) ®(x)

From now, we will seek a differential representation of W generators.

The local state at an arbitrary point is obtained by performing a transformation g(y, z, Z, o, &, 3, 3, )
for the center state [¢). By studying SU(1,2) x SU(1,2) transformation of this state, we will
be able to obtain an infinite dimensional representation of L and W/ in the bulk. First, let us

apply el on |®(y, 2, T, a, &, 3, 3,7)), where a parameter ¢ is an infinitesimal constant. We
have
eiEL}il |©(y7x7j:7 a? @7 /67677)> = |¢(y7x+167j7 a? @7/87677)>
= (1 —iedy) |®(y,z, T, a, &, 3, 3,7)) (9.59)
and this defines a representation L", = id,. In the below, we will omit the coordinates

(y,7,Z,a,a, B, B,7) for simplicity. For the other generators, the exponent of the generator
is moved to the right by using the SU(1,2) algebra until it reaches the center state [¢), and the
condition (9.13) and (9.14) are used and then the exponent is moved to the left. For example,

we consider an exponent ekt
e—eLg |(I)> _ 6—6Lg€ixL’11eéLge—ELgeaWEQ eng L. e—eLgng+Eg ‘w>
1
— (®) —e (wx + 200, + B0 + 2y8y> 1) + O(e2). (9.60)

In the second line, we use the Baker-Campbell-Hausdorff formula
1
Y e =Y 4+ 5[X, Y]+ o8 X (X Y]

By this procedure, we identify the following representations

", = o,
L= 20, +2ad, + B + %yay
L= —izyd, —i(a* + 3820y — 3iB0y — i(26° + 4za)dy — (226 + 40)dps
—iy? cosh 270z — iy? B cosh 205 — iy? sinh 2703
Why = id, (9.61)
Wi = —20, -0
W= —2iB0, —i(a® + 5%)0s — 2ixds — 0,
W= 329, + (628 — 4a)0, + (2° + 328%)0a + (8% + 32%)9s + Byd,
+?% sinh 270z + y? 4 sinh 2795 + 2 cosh 2703
W= —i(8a—4xB)yd, + 6i(x* — %), + (12622 — 48% — 1620)0,

+i(42® + 423% — 1608)d5 — i(38" — 2 + 1602 — 6222)0,
+i[y* — 4y*B(B cosh 2y — xsinh 2)]04 — 4i(Bsinh 2y — z cosh 27)y203
—4i(f3 cosh 2y — 2 sinh 2)y*0;.
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The expressions for L and W/ are obtained by replacing (z,Z,a, &, 8, 5) by (Z,z,a, a, 3, ).
These generators satisfy the wedge-mode algebra (9.7). In the following discussion, we will omit
the hat symbol for simplicity.

10 Correlation functions and Bulk Geometry

In Section.7, we reviewed the construction of bulk scalar state as a state in conformal field
theory. SL(2,R) x SL(2,R) symmetric theory has a quadratic Casimir operator. According to
[15], an eigenvalue equation of the quadratic Casimir operator for a bulk scalar state coincides
with the Klein-Gordon equation for the scalar. This implies that the Klein-Gordon equation
is inherent to the conformal field theory and the differential representation of the quadratic
Casimir operator corresponds to the Klein-Gordon operator.

There is a quadratic Casimir operator in the W3 extended conformal field theory. In Sec-
tion.9, the infinite dimensional representation of SU(1,2) generators was also obtained. Then,
the eigenvalue equation becomes a second-order differential equation and we should interpret
this equation as the equation of motion for the bulk scalar field. Since this theory has two
diagonalized generator Ly and Wy, eigenvalues contain both the conformal dimension A and W3
charge q.

Using this representation, we will study correlation functions of quasi-primary operators in
the boundary. the bulk to boundary propagators is constructed by solving an eigenvalue problem
of a SU(1,2) quadratic Casimir operator.

10.1 Correlation Functions on the Boundary

First, we need a representation of the holomorphic SU(1,2) generators on the boundary. At the

boundary y — 0, the boundary state |¢) is the eigenstate of Ly and Wy with the eigenvalue
A/2 and ig. Then, in order to obtain the representation, we replace

yoy — A (10.1)

oy, — q (10.2)

and take the limit y — 0. Generators on the boundary are expressed as follows:

Ly = id,
LO = —:Cax - 20&80[ —,88 — %
Ly = —i(z®+38%)0, —izA + 3igB — i(28° + 4aq)dy — (228 + 4) g
W_o = idy
W_1 = —a;c‘?a - 85 (103)
Wo = —2iB0, —i(2* + 20, — 22i05 — iq
Wy = (—da+628)0, + (22 + 328%)0a + (322 + 52)05 + BA + 3izq
Wy = —i(48% — 1282 +162a)d, — i(38* — 2* + 16a* — 6223%)0;s

+i(—1608 + 4z5° + 4:103)85 — 6i(z% — 5%)q + i(4z8 — 8a)A.

Similarly, generators L,,, W,, are obtained from the above by interchanging z — z,a — @, 8 —
B.

Let Oa, q, (24, v, Bi) be holomorphic quasi-primary operators at points (z;, o, 8;). Due to
the su(1,2) invariance, the two-point function of these operators

Gra(w1, a1, B1; 22, a2, B2) = (0| TOA, ¢, (71, 1, B1)Ony,q, (T2, 2, B2) |0) (10.4)
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where the symbol T' denotes the time-ordering product, must satisfy the following conditions:

(LY + L)ay (10.5)
(W W(2>)G12 =0. (10.6)

Here, superscripts (1) and (2) refer to each operator On, 4. By n = —1in (10.5) and m = —2
n (10.6), G2 must be a function of x1 — z3 and a; — a. Taking other constraints into account,
only if Ay = Ay and ¢ = g9, this function is non-zero and G5 is determined up to overall
constant. For a time order ¢; > tg, the two-point function is given by

A+dz A —31
Gia= (Do) "1 (D}y)~ 71, (10.7)
where D1y and D7, are defined by
Dy = 1'12 Bty — 2z12(B1 + B2) + dans (10.8)
Diy = afy— By +2512(B1 + o) — 4o (10.9)

Notice that in order to avoid the light-cone singularity we adopt the Feynmann prescription
and replace x12 by z12 — ie. We omit ie term for simplicity. The two-point function of anti-
holomorphic quasi-primary operator is calculable in the similar way but we need to take the
replacement D1s — D12 and D}, — Diy. Here Dy and D}, are defined by

D1y = iy — fBlo — 2212(B1 + Ba) + 4ana (10.10)
Diy = &1y — By +2%12(B1 + Ba) + 4ana. (10.11)
Next, let us consider three point function of quasi-primary operators:

Ghaz(w1, o1, B1; 22, a2, B2; a3, a3, B3) = (10.12)
(O] TOA, 1 (71, 1, B1)Ony g5 (T2, 22, B2) Oy 45 (T3, 3, 83) |0) - (10.13)

In a similar fashion, G123 is a solution to the following equations:

3
> LY Graz =0 (10.14)
3 .
> WGz = 0. (10.15)
=1

(G123 is non-zero only for ¢; + g2 + g3 = 0. Unlike the case of the conformal field theory, there
are three linearly independent solutions to these equations:

3
Gios = (D12DT2)*§(A1+A27A3) (D23D§3)*%(A2+A3’A1) (D13DT3)*§(A1+A37A2) Z ¢iK(10.16)
=1

where ¢; is constant and

=

(D13> ~ i <D23 ) ~iia:
1 . .
D1y D3

3. 3.
D 12 /D — 193
<D31> (Dil) (10.17)
21 31

K <D32>_iiq3 <D12>_iiq1
3= *
D3, D7,
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However, there are several restrictions. When one of the operator is an identity, this reduces to
a two point function. For example, let Oa, 4, be an identity. In this case, K; cannnot appear.
So, the coefficient ¢; should be a polynomial with respect to As and ¢3. Similarly, co and cg
should be a polynomial with respect to (A1, q1) and (A, g2).

For o, 3, @, 3, # 0, the conformal invariance is broken in these correlation functions, since
extra five coordinates are introduced. If « = f = @ = § = v = 0, the invariance is recovered and
the two-point function G12 and the three-point function G123 coincide with the ones discussed
in Section.3. It is natural, because the scalar state (9.58) at (o, 3, @, 3,7) = 0 coincides with
the usual conformal covariant state in Section.7.

At 8 =0, this leads to usual conformal invariant two-point function with conformal dimen-
sion A. There is another point where conformal invariance is recovered. That is the point where
8 — oo. After multiplying a normalization factor, the two-point function behaves as :EﬁA. This
implies that the conformal invariance is recovered and the dual operator with the bulk scalar is
a quasi-primary operator with conformal dimension A/2. We will discuss in detail in the later
section.

10.2 Bulk to Boundary Propagator

From the structure of the local state in the bulk, the scalar local state in the bulk satisfies a
differential equation which is associated with the quadratic Casimir operator of su(1,2)
Co(L,W) = (Lo)?

(LiL_y+L_1Ly) (WoW_g + W_oWs)

1 1
2 8
1 3

5 (MW + W) — 1(WO)Q. (10.18)

It can be shown that the eigenvalue of C5 on |Oa 4) is given by (A? —8A —3¢?)/4. Substituting
the infinite dimensional representation (9.61), a second-order differential equation for a scalar
field is obtained:

[ygﬁz — Ty0y + 385 — 4y cosh 279,05 — 4y? cosh 27(50,04 + S0z04)
—4y? sinh 2v(9,05 + 0z05) — 4y” sinh 2y(80405 + Badp)
+(y* — 48By? cosh 2)0n0a — 4y? cosh 270505 — mQ] |®) =0, (10.19)

where m is a mass of the scalar field and defined by
m? = A? — 8A — 3¢° (10.20)

This equation is interpreted as the Klein-Gordon equation for a scalar field in eight dimensional
enlarged spacetime. The spacetime is isometric under SU(1,2) x SU(1,2) transformation and
the scalar field transforms non-trivially under this symmetry transformation (9.58).

The construction of the bulk to boundary propagator is carried out by solving (10.19). Let
Ka 4 be the bulk to boundary propagator. Near the boundary, Ka , can be expressed as the
power series expansion in y:

o
Kaq(y,y, X1 X2) =Yy 2me ™ £, (v, X15 Xa), (10.21)

n=0

where X; denotes 6 cordinates (;, Z;, i, &, B, B;). The leading order term fj is just the product
of a holomorphic and an anti-holomorphic two-point functions in the boundary conformal field
theory:

_ A+3iq A—3iq

Jo=(D12D12)” "% (DjyDiy)” 4 (10.22)
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Substituting (10.22) into (10.19), an equation for f; can be obtained and it is easily solved. By
repeating this process sequentially, we can obtain other functions f,. Up to order y®t4, the
results are expressed in Appendix.B.

Up to order y214, the series (10.21) can be summed up and formed into

A ] = 2 _ 9 4 _ A+3ig
Kng=y~e™  [D1aDiz — 2y*(z12 + fra2)(Z12 + Pra)e™ > + ¢

_ — _ *q
[D1oD3y — 207 (212 — Br2) (12 — Pr2)e™ + ¢ . (10.23)

It can be proved that this expression solves the Klein-Gorodon equation (10.19) exactly. Also,
it is checked that this satisfies the bulk su(1,2) x su(1,2) invariance conditions:

(LD + LKA, = 0 (10.24)
W+ W Ka, = 0. (10.25)

Notice that in the above expressions, the superscript (1) denotes the generators in the bulk
(9.61) and (2) denotes the generators in the boundary (10.3). Hence, the solution (10.23) is
su(1,2) x su(1,2) invariant and the exact solution for (10.19).

By using the bulk to boundary propagator, the scalar field inside the bulk should be recon-
structed in terms of boundary operators. This provides a more explicit expression for the local
state at an arbitrary bulk point than that in Section.9:

®(y, 2,7, 0, BB, 7)) = / XK p (.7 X XY [6) 5 (10.26)

10.3 Geometry of 8D Manifold

In the quantum field theory in the curved spacetime, the Klein-Gorodon equation for a scalar
field can be expressed as

9"V = 9" 0 (V=90,0) = m*¢, (10.27)

1
V=9
where g, is a metric of the manifold and m is a mass of a scalar field. It is possible to read off
the metric from (10.27). Since the spacetime must be enlarged by five extra coordinates that
corresponds to W, transformation, the metric contains their components.

The equation (10.19) coincides with the Klein-Gordon equation for a scalar field (10.27).
Then, it is possible to read off a metric from this equation:

dsi = gudatda”
dy? 1 _ 4 1 _
= % — —4(y2 cosh 2y — 488)dzdz + — dada — —; cosh 2vydBdf
Yy Y Y Yy
4 - 1 - 1
——(Bdrda + Bdzda) + —; sinh 2y(dxdf + dzdf3) + gd’y2 (10.28)
Y Y
The determinant of this metric is g = detg,, = —y~18/12. This spacetime is no longer a 8 di-
mensional pure AdS space. One of the evidences is the number of minus signs. A pure AdS space
has a signature (—, +, +, 4+, +, +, +, +), but this metric has a signature (—, —, —, +, 4+, +, +, +).

Secondarily, it can be shown that this metric satisfies the Einstein equation

1
R, — §gwR + Aggu =0 (10.29)
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with a negative cosmological constant Ag = —36. However, the fact that a pure AdS space is
maximally symmetric spacetime tells us a cosmological constant should be —21. Furthermore,
the symmetry does not coincide with the one of the pure AdS space. In fact, (10.28) is invariant
under SU(1,2) x SU(1,2) rather than SO(2,7).

The ordinary AdS space can be realized by taking a three dimensional hypersurface >
embedded at « = @ = 8 = B = v = 0. Other hypersurface with constant «, @, 8,5 and v can
be also considered. An induced metric on this hypersurface X ¢ is given by

2
dsils. = C;% — ;4(112 cosh 2y — 485)dxdz. (10.30)
This geometry is interesting. For 3 = 3 = 0, the hypersurface is of course an AdS space with an
unit radius. When we set 3 = — = X and take the limit A — oo, the term proportional to y~*
dominates in the second term. So, hypersurface asymptotes to an AdS space with half an unit
radius. For 83 < 0, the spacetime is not an AdS, but asymptotically AdS. This is a solution
interpolating the W3 and W§2) vacua, which are discussed in Section.8. Wém vacuum is realized
in the ultraviolet region y = 0, while in the infrared region y — oo W3 vacuum is realized.

10.4 AdS/CFT Dictionaries in Spin-3 Gravity

In Section.6, we reviewed the AdS/CFT correspondence. There is an equivalence between
correlation functions in the AdS gravity and ones in conformal field theory. This equivalence
is described by two equivalent methods, which are called the differentiating and extrapolating
dictionaries, respectively.

Again we briefly recall the two dictionaries. The differentiating dictionary tells us that the
generating functional in both side are equivalent[7][8]

Zads = ZCFT

The partition function in AdS gravity is expressed in terms of a classical action S of fundamental
fields ¢ in Euclidean signature with a boundary condition ¢q

Zpds = exp [—S[¢o]] .

While the generating functional of correlation functions in the conformal field theory is expressed
in terms of the product between a quasi-primary operator O and its source ¢g

ZorT = <exp [ / ddwoo] > .

where the source function ¢g is the boundary value at the boundary of AdS spacetime on the
gravity side. Two-point function is given by functionaly differentiating the source function.

In another dictionary[9], the leading behavior of the bulk correlator is equal to the correlation
function in conformal field theory. More mathematically, we consider a bulk fundamental field ¢
and their correlation function. Then, the leading boundary behavior is equal to the correlation
function in conformal field theory with normalization

y*2 (p(21)d(w2)) ~ (O(21)O(2))

where O is a quasi-primary operator dual to the bulk field ¢. This dictionary holds in our
construction since the leading behavior of the bulk to boundary propagator (10.23) is equal to
the boundary to boundary propagator (10.22) up to normalization factor.
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Here, there is one question whether the differentiating dictionary is valid in the spin-3 gravity
or not. More explicitly, can we write down the classical action integral for scalar field coupled
to the spin-3 gravity? In this subsection, we will show that the differentiating dictionary also
holds in the spin-3 gravity.

We should switch to an Euclidean signature by a Wick rotation

x=z =1 a=1i( (10.31)
T=—% p=if, a=—il. (10.32)
Here Z, ¢ and C are the complex conjugations of z,& and (. It can be shown that in the region

212,&12,C12 ~ 0 and in the y — 0 limit, (10.23) behaves as
Kng= Ny e ™162(212)0%(€12)6% (Cr2) + - -

A+3iq 3iq

+yPe i (DEDE) T (DIE D) S 4 (10.33)

where the dots stand for terms with higher order powers of y and E means Wick rotated version
of Dis’s, according to the rule (10.31) and (10.32). N (1) is given by

_ A+3ig

N(w)Z/dQZdzéd?c (142" |z +i€[* + |2° + & — 2iz€ + 4i¢J*) 4

A—3iq

(1427 |z —i€)? + |22 + €2 + 2026 — 4i¢|*)™ ¢ . (10.34)

We define an action integral for a bulk scalar field coupled to spin-3 gravity by
Smatter = / dyd?zd*€d*Cdry/g (9" V @V, @ + m** D) . (10.35)
By substituting a solution for the Klein-Gordon equation

‘ID(ZU: 77 Z, €7 C? 27 g? E) = / dZZ/d2€/d2</KA7q(y, ’77 2, 67 C? 27 57 Ev zlu 5/7 C/’ 2/7 glv 6/)(1)0(2/7 5/7 </7 2/7 5/7 Ct/)
(10.36)

, where ®( is a boundary condition, into the action integral (10.35), a generating functional for

two-point function is obtained as a surface integral on the boundary

Smatter = (/oo dW\/(V)e_ti /d221d2€1d2C1d222d2§2d2C2f0‘I’3(21a517Ch2175_1751)‘1’0(22762742,52,52752)

—00

(10.37)

where fy is the boundary two-point function given by (10.22). Therefore, the differentiating
dictionary is established in the case of spin-3 gravity coupled to a scalar field.

11 Vielbein Formulation in 8D

In addition to a quadratic Casimir operator, there is one more Casimir operator in the Wj
extended conformal field theory. This is a cubic Casimir operator. Substituting (9.61) into
this operator, a third-order differential equation are obtained. Although this is an independent
equation in the context of the boundary theory, it will turn out that a solution (10.23) also
satisfies this eigenvalue equation. This equation allows us to read off a completely symmetric
rank-3 tensor field, which is called a spin-3 gauge field.

In this section, we will study the geometry of the enlarged spacetime. At a hypersurface
with vanishing extra coordinates, this coincides with the three-dimensional AdS spacetime. We
will discuss the vielbein formulation of this geometry analogous to Section.8. The vielbein is
uniquely determined by the metric and the spin-3 field up to a local frame transformation. We
will introduce 8 x 8 gauge connection matrices A and A with an analogy of SL(2,R) x SL(2,R)
case. Surprisingly, these field strengths are flat.
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11.1 Spin-3 Gauge Field and Vielbein Formalism

We will consider an another Casimir operator for SU(1,2) symmetry, which is called a cubic
Casimir operator. This is defined by

1 .
C3= — Z(L1L1W_2 + LyW_9Li + W_2L1L1) — Z(LQL()WD + LoWoLg + WoLoLo)
1
+ §(L1LOW_1 4+ Lol iW_1 + LiW_1Log+ LoW_1L1 + W_1LoL, + W_lLlLo)
1
— Z(LlL_1W0 + L LiWo+ LiWoL_1 + L.yWyoLy + WoL1L_1 + WoL_1Ly)

')
+ i(LoL—1W1 + L_1LoWh + LoWh L1+ L_yWi Lo+ WiLoL_1 + W1L_1Lyg)

(11.1)

1 1
— Z(L_lL_1W2 + L WoL_y +WoL_1L_4)— Z(WQW_1W_1 + W_ WoW_1 + W_1W_1W3)

+ %(W2W0W—2 + WoWoW_g + WoW_oWo + WoW_oWy + W_oWoWo + W_oWo V)

/) )
- Z(W2W71W71 + W WoW_q + W_iW_ W) — Z(W1W1W72 + WIW_oWh + W_oW1 W)

. 3
+ i(W1W0W—1 + WoWiW_1 + WiW_ Wy + WoW_1 W1 + W_iWoWyi + W_i Wi W) — ZZW{?-

The local state for the scalar field in the bulk also satisfies an eigenstate equation for the cubic
Casimir operator:

[C3(L,W) + C3(L,W)] |®) = —gz’q(AQ —8A 416 + ¢?)|®) (11.2)

After Substituting the infinite dimensional representation for generators into the above equation,
a differential equation for the scalar field ® is obtained. This can be written in the following
form

3
PPV NV, V0 = —iiq(AQ — 8A + 16 + ¢*)®, (11.3)

where V, is a covariant derivative for the metric (10.28). The tensor ¢, is completely sym-
metric and given by

¢ = Gupdatdx’dz’

1 _
= 35 [27Bdzda® + 27Bdxdz® — 27y sinh 2ydydzdz — 27dz*da — 27dz*da
Yy
+27dadB? + 27dadB? — 12dadady — 18y>dy?dy + 2y*d~® — 273dzd 5>
—278dxdB? + 72Bdzdady + 72Bdxdady — 728Bdxdzdy
+(27ydxdBdy + 27ydzdBdy — 9y>drdzdy — 9y?dSdBdy) cosh 2+
+(—27ydBdBdy + 9y*dxdBdy + 9y*dzdBdy) sinh 2] . (11.4)

On the hypersurface ¢, (11.4) simplifies to
Dlse = % [Bdzda® + Bdxdz® — ysinh 2ydydzdz] . (11.5)
Y

It is clear that ¢ is equal to zero at the hypersurface . It can be shown that 8 dimensional
covariant derivative of ¢, vanishes.
From now, let us show that the field ¢ coincides with a spin-3 gauge field. To do so, we

introduce a vielbein e, with SL(3,R) local symmetry. Here, the superscript a denotes local
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indices and the subscript p denotes spacetime indices. Notice that this is different from the
8 x 3 rectangular vielbein introduced in [19] but this is an 8 x 8 square vielbein.
We consider SL(3,R) gauge connections

A=w+e=1t,(w", +e,)dz" (11.6)
A=w—-e=1t,(w", —e,)dz" (11.7)
and require flatness conditions on them
F=dA+ANA=0 (11.8)
F=dA+ANA=0. (11.9)

Here, w denotes a spin connection and ¢, are generator matrices for SL(3,R) described in
Appendix.C. Note that in even dimensions there is no Chern-Simons action which yields the
flatness conditions. Taking a hypersurce with constant o, @, 3, 3 and v, there are the equations
of motion for the gauge connection, which are written by (11.8) and (11.9). On this surface that
frame fields (11.6) and (11.7) reduce to 8 x 3 rectangular connection, equations (11.8) and (11.9)
will coincide with the equations of motion for connections in SL(3,R) x SL(3,R) Chern-Simons
gauge theory.

11.2 Solutions to Flatness Conditions

In the preceding subsections, we obtained the metric (10.28). In Cartan formulation, the metric

can be obtained by
1
G = itr[GQ] = habeZelb,, (11.10)

where hg is the Killing mertic for SL(3,R) and defined as
1
hab = §tl"[tatb]. (11.11)

It turns out there are two solutions to (11.8) and (11.9), which produce (10.28).
e Solution (I)

1 1 1
A= —dyty + —(coshydz — sinhvydp)ts + id’}/tﬁ
Yy Yy
1 1 -
+§(sinh7dx — coshydp)ty — ?(&iﬁc — da)tg (11.12)
- 1 1 _ . - 1
A= —gdytg — ;(cosh ~dz — sinh~vyd()t, — §d7t6
1 - 1
——(sinhydZ — coshvdB)t5; + — (Bdz — da)ty (11.13)
Yy Yy
e Solution (II)
1 1 ) 1
A= ;dth + ;(COSh vdx — sinhydf)ts — §dfyt6
1 1
+=(sinhydz — coshydB)t7 + — (Bdx — da)ts (11.14)
Yy Yy
- 1 1 _ . - 1
A= ——dyty — —(coshydz — sinhvydf)t; + §d’yt6
Yy Yy
1 - |
—;(sinh'ydi’ — coshydp)ts — ?(&if —da)ty (11.15)
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As 3 and f3 increase from 0 to oo, the leading terms in the solution (I) interchange between A,
and Az, while ones in the solution (II) does not interchange. It is found that the solution (I) has
both A, and Az components. This solution does not satisfy boundary condition Az = A, =0
on the hypersurface ¥¢. In the other hand, the solution (II) satisfies these boundary conditions.

For the solutions (I) and (II), the metrics are exactly the same and coincide with (10.28).

The spin-3 fields, which is defined in terms of a vielbein field

1
0= gtr(eg), (11.16)

are not the same. One for the solution (II) exactly coincides with ¢ in (11.4) up to an overall
constant. By performing an SL(3,R) x SL(3,R) gauge transformation U for A and A

A— A =UTAU + U 'dU (11.17)
A— A =UAU +UdUY, (11.18)
(11.19)

it is possible to change the spin-3 field. Although it may be possible to transform the solution
(I) into (II) by such a transformation, this will change the metric field. This is because the
solutions (I) and (II) are not equivalent.

Although there are two independent solutions for flat conditions (11.8) and (11.9), only for
the solution (II) both the metric and the spin-3 field, which is defined in terms of a vielbein field
coincide with (10.28) and (11.4). Hence, from the viewpoint of bulk reconstruction, the solution
(IT) is appropriate.

Both solutions satisfy the flatness condition (11.8) and (11.9). In the following section, we
will construct black hole solutions as extensions on this solution.

12 New Scale for the Renormalization Flow

InSection.9 and Section.10, we obtained the differential representation for SU(1,2) generators.
We also obtained the two-point function of the scalar fields on the boundary which is invariant
under the SU(1,2) x SU(1,2) transformations. Furthermore, from the eigenvalue equation for
the quadratic Casimir operator, we read off the metric field in Section.11.

In this section, we will analyze a boundary scalar two-point function and discuss a new scale
for the renormalization flow.

12.1 Conformal Dimension for Scalar Field

The scalar two-point function on the boundary is given by (10.22). This is determined by the
boundary SU(1,2) symmetry. For simplicity, we will focus on the holomorphic part of the two-
point function. However, a similar discussion holds for the anti-holomorphic part. So, we define
the holomorphic two-point function as

_ A+3i _ A-3i
Giz= (D) + (D)~ =+, (12.1)
where D1 and D7, are defined by
D1y = a2y — % —2x12(B1 + Ba) + daia (12.2)
1o = 2ty — Bl +2z12(B1 + B2) — oo (12.3)

If two operators are put on a hypersurface ¥ with constant o, £ and -y, then two-point function

reduces to
A+43iq A—3iq

Gm’zc = (:L’%z — 4%12,8)7 4 (a;%Q + 41’12,8)7 4, (12.4)
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This breaks conformal invariance in general. For g = 0, however, this corresponds to a two-point
function with conformal dimension (A/2, A/2). This result comes from ordinary conformal filed
theory, and on the hypersurface 3y conformal symmetry are recovered. Furthermore, conformal
symmetry is recovered by taking £ to infinity after changing the normalization of the quasi-
primary field by multiplying a factor 2/4. Then, the conformal dimension is reduced by half
and spin-3 charge ¢ vanishes at the end of the limit. The same conclusion can be reached for
the three-point function. Therefore, the conformal field theory flows to the another one.
To summerize, an operator

O(z,a, ) = B% Ly giaWhy o BWE, eL—l(’)(O)e_L—le_’BWiLl oWy g—ially (12.5)

where O(0) is the holomorphic primary operator with h = A/2 at the origin of Euclidean
plane, have conformal correlation function of conformal weight h/2 in the limit 5 — oo. This
renormalization group flow proceeds along 8 direction at y = 0 in the higher dimensional space
with the metric (10.28). This is similar to the renormalization group flow in the radial direction
y. Because 3 appears in the metric (10.28) in the combination 33/y* with y, the limit 3 — oo
corresponds to y — 0 that is ultraviolet limit.

12.2 Renormalization Group Flow between Two Vacua

As we discussed in Section.8, there are two vacua correponding to two types of the embeddings of
sl(2,R) in sl(3,R). One is called principal embedding in SL(3,R), where SL(2,R) is generated
by (L-1,Lo,L1). In another type, SL(2,R) is generated by (W_q, Ly, W3). We define new
SL(2,R) generators L, by rescaling as

. 1 - 1 A 1
Li=-Wy, Lo==Lg, L1 =-W_ 12.6
1= W2 Lo=glo 1= =2 ( )
and this embedding gives rise to a new algebra known as W3(2).
It is clear that in this embedding a scaling dimension A /2 changes to A /4, then the conformal

weight of primary field change one half.
Again, in a hypersurface 8 = 0, two-point function of scalar fields tales the form

1

Gi2lg=0 ~ —«

A

12

,while in a hypersurface 8 — oo it takes the form

1
Gi2lp—00 ~ —5-

T

(2)

So, this observation implies that vacuum change from principal vacuum to W;™ vacuum when
B goes from zero to infinity.

Our renormalization group flow will be triggered by some additional terms in the action. We
will argue that these terms are given by

AS = —iWh —ipWh,. (12.7)
Recall that under the flow, an operator O(x) transforms as
O(x) — eimL}ileﬁwﬁlO(O)e_BWﬁle_mL}ll

= AV (2)e PV (12.8)
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where
O'(z) = L2 AWVE) O(0)e (L2 =AW 2, (12.9)

In the above discussion, we omitted o dependence because [W_1,W_5] = 0. The fact that
L", change to L_1 —i3W", is consistent with the observation that for 3 = 0 the translation
generator is L | and for 3 — oo it is proportional to W",.
Then, arbitrary states of form [¢) = O1(z1)O2(x2) - - - Op(zy,) |0) are transformed according
to
BWh. A / /
|¢0) = 77101 (21) Oz(x2) - - - Oy () [0) (12.10)
In path integral formalism, this translation is done by adding a term AS = iBW", to the action.
We regard this additional term as the origin of the change of the translation generator L" .
Next, we will consider the geometry. If the renormalization flow from W3 vacuum to W?@
vacuum is realized, the geometry will change. More strictly, for § = 0 W3 vacuum is realized,
while for § — oo another vacuum is realized. As we discussed in the previous section, the metric
of eight dimensional spacetime is given by (10.28)
dy?
Y2
4 _— 1 . - _ 1. 5
—— (Bdrda + Bdzda) + —; sinh 2y(dzdf + dzdf3) + gd’y )
Y Y

1 - 4 1 _
dsg = — — (y* cosh 2y — 48fB)dxdz + — dada — —; cosh 2yd3dp3
Y Y Y

when we restrict a hypersurface ¥ with constant «, 3, @, f and 7, it reduces to

dy2

1 _
ds%]go = ? — E(y2 cosh 2y — 465)dxdz.

For B = B = 0, this yields the Poincaré AdS spacetime. While for 55 — 0o, this asymptotes to

dy?> 4
dsj|sg ~ —5 — —\dzdz
0’ C yz y4
where we set 3 = — = . After we rescale a variable y to 4\z = y?, we can find
dz? 1
2 —
dSOIEC ~ @ — @dxdx

It is just the Poincaré AdS with half an AdS radius. The roughly sketch of geometry is given
by Figure 5.

For 0 < 8 < oo, there is an interpolating geometry. When the ultraviolet region y = 0, W3(2)
vacuum is realize. While when the infrared region y — oo, W3 vacuum is realize.

This fact is almost consistent with the result in [21]. In our result, variables x and Z do not
interchange after and before renormalization flow occurs, however in [21], authors claim that
these variables interchange.

What field theories do live on the hypersurface? Of course, At the hypersurface ¥y and the
one where  — oo, the theories on the boundary are the conformal field theory. At the other
hypersurface, although there is no conformal field theory, there are operators dressed by W,
generators. We denote the operators as (O'. The relation between O’ and the primary operator
O in the conformal field theory is given by

0'(0) = W26V 0 (0)e W1 g0 W, (12.11)

This implies that at the hypersurface the boundary theory is the quantum field theory with
dressed operators (. When the extra coordinates go from zero to infinity, the theory living
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Figure 5: The flow of geometry

on the boundary flows from the conformal field theory to the conformal field theory. In the
intermediate region, however, the theory is not conformal. As a result of the flow, the conformal
dimension of the field operator changes from (A/2,A/2) to (A/4,A/4).

Finally, we will consider the role of 5. In the ordinary AdS/CFT correspondence, the radial
direction y corresponds to the energy scale of the boundary theory. The boundary conformal
field theory with a metric

dstpr = Muudatda” (12.12)

is invariant under a scale transformation z# — o’z¥, which rescales the energy £ — E/a’. In
the AdS spacetime, the metric is given by

1
ds® = ?(dy2 + N daztdx”). (12.13)

When we take a hypersurface with constant y, the induced metric is given by

1
ds?* = —5 Nuwdazdz” (12.14)
Y

and this implies that rescaled energy is given by E' o« 1/y. In the pure AdS spacetime, the
symmetry is SO(2,2). When we take the holographic screen at constant y, the symmetry on
the screen coincides with conformal symmetry. In general, asymptotically AdS spacetime, this
statement is not true because the bulk has less symmetry than pure AdS spacetime. Near the
boundary, however, the conformal symmetry is recovered. This means that the theory on the
holographic screen at a constant y change. In the large y or the infrared region, the theory is
not conformal. When y approaches the boundary, the theory flows to conformal field theory.
In the case of our model, the metric is given by (10.28). When we consider the hypersurface
Y with constant «, 8,7, the induced metric is given by (10.30). By performing the general

coordinate transformation 45z = y? with 8 = —f # 0, the radial coordinate changes to z.
dz? 1
ds® = 722 - @(cosh 2y + g)dm‘d:ﬁ (12.15)

We fix y = € < 1 where the two-point function of two scalar behaves as (12.1). Then, the radial
coordinate z determines the value of § uniquely. When z moves from the infrared region z ~ oo
to the ultraviolet region z ~ 0, 8 moves from 0 to oo. This is shown in Figure 6.
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At 8 = 0 the theory is a conformal field theory where the scaling dimension of the scalar
primary is A/2, on the other hand, at 5 — oo the theory is another conformal field theory
with the scaling dimension of the scalar A/4. At intermediate regions, the conformal symmetry
is broken because of a non-zero 5. The boundary theory is a quantum field theory where field
operators are given by dressed operators (12.11). Therefore, the theory flows from one conformal
field theory to another conformal field theory and 5 triggers off this flow.

B

Figure 6: Relation between z and S with constant y

13 Black Hole Solution for the Chern-Simons flatness condition

In this section, we will consider new solutions for the Chern-Simons gauge connections A and A.
In particular, we will focus on connections for black holes with or without a spin-3 charge. For
this purpose, we will consider a perturbation around the background (11.6) and (11.7). First,
we will consider flat connections at y = 0, which are denoted as A and Ay

Ay = (cosh ydx — sinhydp)ts — %dvtg

+ (sinhydz — coshvdB)t7 + (Bdz — da)tg (13.1)
Ap = (— coshvdZ + sinh vdB)t; + %dvtg

—  (sinh~ydZ — cosh~vdf)ts — (Sdz — da)ts. (13.2)

Gauge connections at an arbitrary y are obtained by carrying out the following gauge transfor-
mations

Ay = b y)Aob(y) + b (y)db(y) (13.3)

Ao = b(y)Aoh (y) + b(y)db™ (v), (13.4)
where b(y) = y*2. These connection (13.1) and (13.2) satisfy the flatness conditions

Fo=dAo+ Ay N Ay =0 (13.5)
Fo=dAy + Ay A Ay = 0. (13.6)
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From now, we add small perturbations ¢ and v to (13.1) and (13.2):

A=Ay +1h (13.7)
A= Ao+ (13.8)

We require that these satisfy the flatness conditions (11.8) and (11.9). The transformation b(y)
is used to obtain connections A and A.

When ¢ and ) are expanded as 1 = () + 2 +B) £ ... we can obtain the flatness
conditions to each orders of perturbation systematically. The i-th order perturbation ® should
satisfy

i—1
dyp@ + Ag A O A A+ "B AR = . (13.9)
k=1
Let us solve the above equation for i =1

dyp™ 4+ Ag Ay 49 A Ay = 0. (13.10)

By expanding ¢(!) and Ay into a basis of SL(3,R) generators as

) = pMay, (13.11)
Ao = At (13.12)

(13.10) is transformed into
dipe 4 o, Ab A e =0, (13.13)

where f?,. is the structure constant for s/(3,R) algebra given in Appendix.C. Explicit forms of
these equation are given by

dipM + 4(sinh ydz — coshydB) A M + dy Ap1® =0
dip™M? — 2(cosh ydx — sinhydB) A M + 16(Bdz — da) A pM* — 2(sinh yda — coshvdB) A (% =0

dip™M3 — (cosh yda — sinhvdB) A M2 + 4(Bdax — do) A p™M® — 2(sinh ydx — coshydfB) A M —dy A DT =0
dypMt =0 (13.14)

dypMs — 4(coshydx — sinhvdf) A YW gy AWt =0
dipM6 — 3(sinh vdx — coshvdB) A pMT — 3(cosh yda — sinhvdB) A ™M =0

dip™M7 — (sinh yda — coshydB) A M2 — 4(Bdax — do) A ™Mt — 2(cosh yda — sinhydB) A M0 — dy A M3 =0

dyp8 — 2(Bdx — da) A P2 4 (sinh ydz — coshydf) A (3 (coshydz — sinhvdf) A M7 =0

For a = 4, the equation is simple and solved by introducing an arbitrary function Q;: (M4 =
—dQ1. Other equations are also solved by taking appropriate linear combinations of some
equations and introducing seven arbitrary functions @); where ¢ = 2,3,--- ,7. Then, the most
general solutions are given by

YW = (dQ3 — 4Q1dx) sinh y + (dQy + 4Q1dfS) coshy

PN = —(168Q; + 2Q2)dx + 16Q1da — 2Q3df + dQ,

Y3 = [dQg + 4Qsda — 2Q5dB — (Q4 + 4BQ3)dx] coshy — [dQ7 — 4Qador — QudB — (2Q5 — 46Q5)] sinh y
e (13.15)
YW = —(dQs — 4Q1dx) coshy — (dQ2 + 4Q1df) sinh ~

P8 = —dQs5 + 3Q2df + 3Qsdx

B3 = [dQs + 4Qador — 2Q5df — (Qa + 4BQs)da] sinhy — [AQ7 — 4Qader — Qudf — (2Q5 — 45Qa)] coshy
YN8 = —dQs — QedB + 2Qudor + (Q7 — 28Qy)dx.

Similar calculation holds for the perturbation (1), Only we need is to replace variables, arbi-
trary functions and perturbations in (13.15) (z, o, 8, Q;, (DT, p (D2 4p(1)3 (14 4515 45(1)6 4, (1)7 4, (1)8)
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by (Z,a&, B, Qi, 13, p(2 (D1 4 (18 417 )16 4515 4 (D4) " Hence there are sixteen pertur-
bative gauge modes Q; and Q;. For static or stationary black hole solutions, these functions
must be chosen such that (") and ¢(!) are periodic in the direction of 2 and Z. Using results of
first order perturbation, we can solve the equations for second order perturbation. By continuing
these procedure, we can solve i-th order perturbation systematically.

13.1 Asymptotically AdS Black Hole Solution without Spin-3 Charge

The ﬂat_connections for a black hole without spin-3 charge are obtained by choosing suitable
Q; and Q;, which are determined to make ¢! and () are periodic in = and z

Q1=03=0
Q2 = —azx
Q14 = —az?
Q5 = —3azp (13.16)
1
Qe = —gaxg — 3azx?
Q7 = —az?B — daza
1
Qs = gafc% —2ax%a 4 ax (3.

Q; is obtained by replacing (Q;, r, o, 3,a) into (Q;, %, &, 3, —a). Then Y and D) are given by

P = [—a coshyt; — a(36% coshy — 4a sinh )t3
+asinhyts + 3aBts + a(4a cosh y — 332 sinhy)t; — af3tg]dx (13.17)
1/’,(1) - [a cosh~ts + d(SBQ coshy — 4asinh )ty

—asinhyt; — 3aBts — a(4a coshy — 332 sinhy)ts + af>t4)dz (13.18)
In the above equations, parameters a and a are the following constants
a=2G(M+J), a=2G(M —J), (13.19)

where M and J are mass and angular momentum, G is gravitational constant.

So far, we consider a first-order perturbation corresponding a stationary black hole. Gener-
ally, we have to consider the next order solution in order to obtain an exact solution. It is found
that a solution Ay 4 ¥(1) satisfies the full order flat condition (13.5). This is because the first
order perturbation has only z component. The second order equation contains a wedge product

M A () but this term vanishes and we can take a solution P2 = 0.
The vielbein e = (A — A)/2 yields the metric

ds? = ds + adz? + adz® — 2aBdydr — 2afdyds — %(aﬁ_ﬁ?’ + aBf?)drdz
+ ;12 (36% cosh 2y — 4asinh 2v)dxdz + %(332 cosh 2y — 4@ sinh 2v)dzdz
— aa (y2 cosh2y — 633 — %,8363 + 9ﬁy2252 cosh 2y + 1(;(;@ cosh 2y — 12522a sinh 2y — 125220¢ sinh 27) dxdz
- ;% (342 sinh 2y — 4a cosh 2y)dzdf — %(36_2 sinh 2y — 4a cosh 2v)dzdpS
+ ‘;—Zﬁ%xda + %Bi*dfda, (13.20)

76



where ds? is the metric (10.28). It also turns out that this metric satisfies eight dimensional
vacuum Einstein equation (10.29).
On the hypersurface ¥¢, the metric reduces to

dy* 1 ~ 4 _
ds?® = % - —4(y2 cosh 2y — 443)dzdz + adx® + adz® — —4(aﬁﬁ3 + apB?)dzdz

Y Y Y

+ % (36% cosh 2y — 4asinh 2v)dxdz + %(332 cosh 2y — 4@ sinh 2v)dzdz (13.21)
Y Yy

4 .-, 95257 16ax 125%a 1232
— aa (y2 cosh 2y — 685 — 7,8353 + p f cosh 2y + (;a cosh 2y — 62 ® sinh 2y — i 2 sinh 27) dxdz.
Y Y ) Y Y

The induced metric (13.21) is also a black hole solution to the equation of motion of three
dimensional SL(3,R) x SL(3,R) Chern-Simons theory. This black hole does not have a spin-3
charge. In particular, on a hypersurface ¥y with o = @ = f = § = v = 0, the metric coincides
with the one of BTZ black hole [23].

It also turns out that a spin-3 field ¢ = tr(e3)/6 for these flat connections A and A satisfies
the eight dimensional equation
Vuupe = 0. (13.22)

The complete result of the spin-3 field is very complex and it is expressed in Appendix.D. On
the hypersurface g, it vanishes
oln, = 0. (13.23)

13.2 Hawking Temperature for Black Hole Solution without Spin-3 Charge

The Hawking temperature of this black hole (13.21) can be obtained by holonomy conditions
[25]. We recall the procedure in Section.8. Let us consider the case of finite and non-vanishing
a and a. The flatness condition (11.8) solves for the more general form

A=U"taUu (13.24)

where U is a matrix function and U~! is its inversion. On the hypersurface ¥¢, this reduces
to Ay = U~ '0,U and U is given by U = exp(z.A;). On the three dimensional asymptotically
Euclidean AdS space, which is obtained by Wick rotating a time direction, the coordinate z = x
and Z = Z are identified as (z,Z) ~ (2 + 277,Z 4 277), where 7 and 7 are modular parameters
of the boundary tori. A holonomy matrix w are defined as a Willson line

eV =U(z,2) U (2 + 277, Z + 2n7). (13.25)

So, w is given by
w = 21T A,. (13.26)

Similar discussion holds for anti-holomorphic part and a holonomy matrix w is defined by
w =217 Az. (13.27)

By requiring that the flat connections are non-singular, the matrix w and w should be
required to have eigenvalues 0, 2mi or —2mi. So, we require that the holonomy matrices satisfy
the following two conditions

detw =0 (13.28)
trw? = —872 (13.29)
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and similar equations for w. The connections for the black hole without a spin-3 charge satisfy

the first condition trivially. Substituting this solution into the second condition, we find
1 1

_ T = . 13.30

2\/a 2V/a ( )

A periodicity of a time direction relates to the inverse of temperature 17" and we define the inverse

right and left temperature as
Br = —2miT, B = —2miT, (13.31)

where fgr = 1/Tx and B, = 1/Tr. Then we obtain

Br , BL =

“Va  \2G(M + ) Va RGO =)

13.3 Asymptotically Black Hole Solution with Spin-3 Charge

(13.32)

In this section, we will consider a black hole solution for (13.5) with the spin-3 charge. Although
procedures are similar in the preceding subsection, Solving the equations is more difficult. In
the preceding section, there are two parameters related to the mass and the angular momentum.
But, in this case, we have to add some extra parameters related to spin-3 charges and its chemical
potentials, which denotes b, b and y, fi. Furthermore, the integrability condition for the partition
function is imposed as in Section.8.

First, let us solve the equation (13.5) for a first order perturbation w(l). When contribution
from spin-3 charge is taken into account, it turns out that arbitrary functions @Q; takes form

Q1 = bx

Qo = QBTZ — 4bz s — 8ba

Q3 = 2bz?

Qs = Qf"% + 4ba”B — 16bza (13.33)

Qs = QETZ 4 2ba® — 5bx5? — 24baf
Qs = QP17 — b’ 4 4ba3 B — 4bx 33 — 24ba3?
Q7 = QFTZ —16bzap — 16ba® + 20232 + ba*

b
Qs = QFT? + px + 8bx’af — 2ba®B% — 16bza’ + 5:55 + bz 3* + 8baf?

where QPTZ are given by (13.16). Substituting these into (") (13.14), we can find that a
components appear in the connection A in addition to  components. In preceding subsection,
flat connections up to first order perturbation is exact solutions for (13.5). In this case, however,
these are not exact. the first order perturbation has a components and then /™ A (1) term in
the second order equation does not vanish.

Then let us consider the flatness conditions for the second order perturbation. The differential
equation is given by

dp® + Ao AP 4@ A Ay + D A D = 0. (13.34)
Inhomogeneous solutions for this equation are given by

pr)?’ = —96aba’® B cosh ydx — 32bpasinh ydx

52)6 = 48aba’dx
52)7 = —96aba’ B sinhy — 32bpa cosh ydz
}2)8 = —48aba’B?dx.
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There is an ambiguity associated with the solutions to the homogeneous parts for 1)(2). Making
@ periodic in z and keeping the Fefferman-Graham gauge for the metric (2?2 = 0, this
ambiguity is fixed. We take into account these contributions and obtain the second order solution

Wﬂ - Cobpusinh vdf + (obp cosh ydx

p@2 =

W@ = 9P+ 2Gaps coshyda + (4abuBda — 2(ab %) coshy — dCabpia sinh yda
Pp@t= (13.35)
PP = —(obp sinh ydx — (obp cosh ydf

6 = ¢§2)6 — Crapdz

p@7 = ¢§2)7 + 2C1app sinh ydx — 4Cabpua cosh ydx + (4¢bpfda — 2¢buB>dx) coshy
P8 = @ZJ?)S + GapBde + 2¢buBdo — %Czbﬂﬁ3d$

where (; and (s are constants and are determined by the integrability condition that we will
discuss in the later. By repeating this procedure order by order, we will obtain the solution for
i-th order perturbation ¢® in principle. The solutions for the third perturbation are written in
Appendix.E, which contain the extra constant parameter (3. Of course we can add higher-order
perturvations, which do not depend on «, 3, such as (4a%b? and (5a?u? and so on. These terms
are restricted from the holnomy conditions, which will be discussed later, and we find {; = 0
except for (1, (s and (3. Hence, we will consider only non-zero constant and omit other terms

in the following discussion.

Let us consider the holonomy up to this order. As in preceding subsection, a holonomy
matrix w can be defined and imposed two constraints (13.28) and (13.29). Those constraints
are given by

276221313 + 973 [3 4 a(—6(s + (1 (8 + Go)p?)] + a®ur? (27 — 2aliu? — 9[¢1 + 8alzp?)] = (4th order tems)
3+ 12a7% — 12b(—4 + Go)pur? + 4a® (¢ + 12¢3) 7% = (4th order tems).

On the right hand side of the above equations, there are terms which are higher order in the
expansion parameter and these depend on o and . Surprisingly if we consider the next order
solution, fourth-order terms are exactly canceled out by a new contribution from the next order
and their terms do not change any terms in the left hand side. Hence, if we consider all order
perturbation, the holonomy conditions may reduce to the following form ultimately

2T6°C T + 907 [3 + a(—6C2 + Ci (8 + Co)p®)] + a’pur® (27 — 2al 1 — 9[¢C1 + 8alsp®)] =0 (13.36)
34 12a72 — 12b(—4 + C)pr? 4+ 4a> (¢ + 12¢) 7 = 0. (13.37)

In the following discussions, we assume that this observation is valid.

Then, we will solve holonomy conditions (13.36) and (13.37) with respect to a and b. (13.37)

is solved as
1 +4dar? 4+ (¢ +12¢3)v%a?

(G —4vr
where we define v = 4u7. By substituting this into (13.36) and differentiating the result with
respect to 7 and v. Then , we solve the differential equation for (0a/07), and (0b/0v), and
require that these two differential coefficients should satisfy

<gz)T N <§i)y' (13.39)

This equation is the integrability condition for the partition function of the black hole [20]

b (13.38)

7 = Tre%(aT+ibV)e%(af+igl7) (1340)
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The integrability condition tells us that non-zero parameter (; are determined uniquely and
given by
(G, €2, ¢3) = (=2, -8,1). (13.41)

As we discussed, we can add some higher order terms which only depend on z, such as (4a?b?
and (sa?u?. The constraint (13.39) eliminates ¢; for 4 > 4. Then, the right-mover temperature
is given by T = i/277.

A similar analysis for the left mover can also be carried out. The holonomy conditions for
bar parts require that a solution which guarantee the integrability condition should satisfy

(C1, G2, C3) = (2,8, 1). (13.42)

The entropy of this black hole S = Sy, + Sk can be obtained by solving differential equation
in [20]

i OSRr i O0Sg
- oy =T 13.4
T4 00 " T 4 b (13.43)
The right-moving pert Sg is given by
m 27h?
Sk = ﬁ\/&f <2a3> (13.44)

where

B x(2—1x)
f(x) = cos [arctan (6(1—3/))] .

Surprisingly, the entropy and partition function do not depend on « and £.

Thanks to the miraculous cancellation, holonomy conditions (13.36) and (13.37) do not
depend on the variables «, 3, @, and . This situation is similar to that in the black hole
without spin-3 charge. So, let us study the holonomy conditions for the flat connections on the
hypersurface ¥y with « = 3 =@ = 3 = v = 0. The flat connections are given by

Alsy = [(—a+ Gbu)ty +t3 — (b+ C3a’p)ty — Craputs — pts] dz (13.45)
Als, = [(C_Z + Cabii)ts +t1 — (b+ Cgt_lQﬁ)tg — Ciajite — ﬂt4] dzx. (13.46)
These are solutions to the equations of motion in three dimensional Chern-Simons theory with
the boundary condition Az = A, = 0. Since x component and Z component are decomposed,
the flatness conditions are trivially satisfied and there are no constraints for constants ;. These

are determined by requiring the integrability condition (13.39) and coincides with (13.41) and
(13.42). The metric is obtained by

dy? 16 _ 16
i = 4 (a + 12bp + 3a2u2> da? + (a + 1207 + 3a2u2> dz>
y

e 3y + 12ufi + Saappy® + 12y°(b + a®p) (b + a*f)| dvdz
Y
—y*(a + 8bp)(a + 8bja)dxdz. (13.47)
This coincides with the BTZ black hole when we take b =b = pu = fi = 0.
The most general black hole solution in the spin-3 gravity will be obtained by replacing all

constant parameter a, b, 1 into functions that depend on z. Similarly, constants with bar symbol
are replaced by functions of Z. The flat connections are given by

Alsy = [(—a(@) + Gb(x)p(@))t +t3 — (b(x) + Galz)p(x))ty
—Cra(z)p(x)te — p(x)ts)dx (13.48)
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Alsy = [(a(®) + &b(@)a(E))ts + t1 — (b(F) + Ga(Z)*u(T))ts
—Ga(@)p(z)te — jp(z)ta]dz. (13.49)

It turns out that (13.48) and (13.49) still satisfy the flatness conditions. In fact, when we
take b = b = pu = i = 0, the metric coincides with the most general BTZ black hole in the
Fefferman-Graham gauge [35].

Next we consider connections which do not satisfy the boundary condition Az = A, = 0,
which are introduced in [21].

A’ = (t3 — aty — bty)dx + p(8bty + a’ty — 2ats + tg)dz (13.50)
A = —(t, — atg — btg)dT + f(8bts + a’ts — 2ats + t4)da. (13.51)

To make the variation problem well-defined, the extra local terms

4 1
SErtra = k/ d*x [AQ + 62“14;;*} (13.52)
AT Jy—e Yy Yy

must be added. The metric is given by

dy?

1 _ 1 _
ds”? = 7 +3 [3a(1 + 8bay?) + 4a°u(3by™ + 41)| da” + 3 [3a(1 + 8buy?®) + 4a®p(3by* + 4p)| dz”

— yiz + ?—f + %(%y + 9bji + 2aapf) + 4y* (bb + a*a@*pji) + y* (aa + 64bbufi) | dzdz (13.53)

and this obviously does not coincide with (13.47). It is checked that the spin-3 field is also
different from that obtained from (13.45) and (13.46). Surprisingly the holonomy conditions are
exactly coincide with (13.36) and (13.37). The gauge connections are not equivalent to ours.
There are the following two reasons. First, the asymptotics of this metric is totally different
from the one of ours. Second, if the gauge connections are equivalent, there is common matrix
U to connect these

A =U"tAU + U taU (13.54)
A =UAU +UdU . (13.55)

It turns out that the matrix does not exist. Hence, although the partition function is exactly
the same, two sets of flat connections define two distinct bulk geometries.

14 Action Integral for 3D Spin-3 Gravity Coupled to a Scalar
Field

In this work, the formulation of the three-dimensional spin-3 gravity coupled to a scalar field in
eight-dimensional bulk space is studied. There is a natural action for the scalar field written by
(10.35). To make this formulation complete, we should consider an action for the gravity sector.

We introduced the eight dimensional vielbein e}, and spin connection wy in this work. The
gauge connections could be defined by A = w + e and A = w — e. By solving the flatness
conditions (11.8) and (11.9) for the connections, we found a new black hole solutions. If we
restrict to hypersurface ¥ with constant «, 8, &, 5 and v, the connections become solutions to
equations of motion of SL(3,R) x SL(3,R) Chern-Simons theory.

However, Chen-Simons formulations for even dimension does not exist and it is not possible
to formulate the gravity sector by means of the Chern-Simons action. So, we should consider
an action that reproduces the equations of motion for e and w at the semiclassical level.
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Let us consider flatness conditions (11.8) and (11.9) again. By taking an appropriate linear
combination, the conditions yields the equations of motion for e and w

de® + f WP Aef =0 (14.1)
1 1
dw® + gf“bcwb A w’+ §fabceb Nef =0. (14.2)

Here, the structure constant f and its contraction is written in Appendix.C. The first condition
is rewritten as a torsionless condition in terms of components

V,e;, + f“bchelc, —(u+v)=0. (14.3)

Recall the condition of metricity V,g,, = 0. The full covariant derivative of the vielbein should
vanish
Dej, =V, e; + fabche,C/ = 0. (14.4)

Then, we adopt this condition as the equation of motion for the vielbein. We solve the equation

with respect to wy; and the solution is given by

@ = 11—2 FeetV e (14.5)
We define the curvature for the local sl(3,R) transformation
wa(w) = Ouwy, — 8ywz + f“bcwfiwf/ (14.6)
then the second equation (14.2) is rewritten as
R, (@) + fabCeZef, =0. (14.7)

It can be shown that the following action yields this equation

1 - 10
Sgravity = 16ﬂ_(}/d8x6‘ (fabcegeZRZV(w) + 3A8) (148)

where we define |e| = detej; and Ag is a cosmological constant in eight dimension, which is equal
to —36.

In the preceding section, an action for a scalar field has been obtained and it is written by
(10.35). Then, We propose that the total action

S = Sg'ravity + Smatter~ (14.9)

describes the three-dimensional spin-3 gravity coupled to a scalar field. In the large central
charge limit, the action for the spin-3 gravity determines the geometry of the eight-dimensional
spacetime semi-classically. The action for the scalar Sj,qtter describes the scalar field in this
background.

15 Summary and Future Works

In this Thesis, the three-dimensional spin-3 gravity was studied from the point of view of the
AdS/CFT correspondence. According to preceding works by other groups, the spin-3 gravity
is dual to the W3 extended conformal field theory. Also, this theory can be described as the
SL(3,R) x SL(3,R) Chern-Simons theory. So far, this duality is guaranteed only at the level of
the operator product expansion. In [21][20], the gauge transformations for the gauge connection
A and A give the W3 algebra.

It was unknown how the bulk field can be expressed as operators in W3 extended conformal
field theory and how the matter action can be written. We found answers to these questions.
Our results are the following;:
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A bulk scalar state is reconstructed from a conformal family generated by the generator
in the W3 extended conformal field theory. Since the commutators [W,,, W,,| give confor-
mal transformations, we should enlarge the three-dimensional AdS spacetime to an eight-
dimensional spacetime in order to construct W3 invariant theory by analogy with super-
space. The enlarged spacetime is defined by introducing five extra coordinate (o, 3, &, 3, 7).
On a hypersurface with vanishing extra coordinate, the usual three-dimensional AdS space-
time is realized. We performed the bulk reconstruction by imposing conditions (9.13) and
(9.14), which is a natural extension of ones in [15]. The solution (9.58) is expressed in
terms of the primary operator and its descendants in terms of L_;, W_; and W_,.

There is a quadratic Casimir operator in the W3 extended conformal field theory. The re-
constructed state satisfies the eigenvalue equation for the Casimir operator with eigenvalue
(A% —8A —3¢?)/4. We interpreted this eigenvalue as the mass of the bulk scalar. Also, we
obtained the differential representations for generators. Substituting these representations
into the quadratic Casimir operator, then the quadratic Casimir operator yields a second-
order differential operator. This equation is interpreted as the Klein-Gordon equation for
a free scalar with the mass m? = (A% —8A —3¢?)/4 in the enlarged spacetime. The action
integral, which yields the Klein-Gordon equation, is just the action for the massive free
scalar.

There is also a cubic Casimir operator. The eigenvalue equation for the Casimir operator
yields the third-order differential equation. Thanks to the two differential equations, we
read off the metric and the spin-3 field. These allowed us to determine the vielbein and the
spin connection uniquely. We defined the SL(3,R) x SL(3,R) gauge connections. These
satisfies the flatness conditions in the enlarged spacetime (11.8) and (11.9). We adopted
these conditions as the equations of motion for the vielbein and the spin connection. We
also constructed the action for gravity sector (14.8), which yields the equations of motion.

Coordinates  and 3 play the role of a new renormalization flow parameter. The two-
point function for the massive scalar fields is obtained by solving SU(1,2) x SU(1,2)
invariant conditions (10.5) and (10.6). The solution violates conformal invariance since
the extra coordinates are introduced. There are two points where the conformal invariance
is recovered. One is the point where 3 = 3 = 0. Another is the one where (3, 3) goes to
infinity. At the former point, the metric coincides with the Poincaré AdS metric with a
unit AdS radius. At the latter one, the metric coincides with that of the AdS with half a
unit radius. This implies that a conformal vacuum changes when 8 and 3 go from zero to
infinity. There are two inequivalent SL(2,R) embeddings of SU(1,2) namely W3 vacuum

and Wéz) vacuum. The gauge connections of the former is expressed in terms of matrices
(t1,t2,t3) and corresponding metric is the Poincaré AdS metric with a unit radius, while
the ones of the latter is expressed in terms of matrices (t4,t2,ts) and the corresponding
metric is the one with half a unit radius. Therefore, coordinate 5 plays the role of a new
flow parameter. And when § goes from zero to infinity, the corresponding vacuum goes
from Wj3 to W?Ez). At the other points for other values of (3, 3), interpolating solution
is realized. The conformal invariance is broken on the hypersurface. So, the dual theory
living on the boundary is no longer the conformal field theory but a quantum field theory.
The field operators is dressed by g(«, ) = eioWlyiaWhy BWE, +BWE)

We obtained new black hole solutions by solving the flatness conditions. In the case of the
black hole without the spin-3 charge, taking a hypersurface ¥, it coincides with the BTZ
black hole. The Hawking temperature is obtained by solving holonomy condition and it
coincides with that in [21]. However, in the case of the black hole with the spin-3 charge,

83



the situation is different. The gauge connection corresponding to the black hole with the
spin-3 charge was also obtained by solving the flatness conditions perturbatively. In this
Thesis, we carried out up to the third-order perturbation. The perturbative expansion con-
tinued as an infinite series. It was checked that higher-order terms did not affect physical
quantities, such as the Hawking temperature and the entropy: two holonomy conditions
whose solution gives the Hawking temperature were determined by perturbations up to the
third-order perturbation. Then, the partition function for the black hole coincided with
that in [21]. Although the partition functions are exactly the same, the geometry is to-
tally different. Furthermore, our gauge connections satisfies the usual boundary condition
A; =A,=0.

There remain several problems to resolve.

First, we obtained the action integral on the enlarged spacetime. This will provide a starting
point to investigate higher-spin gravity. In the case of SL(2,R) x SL(2,R) Chern-Simons theory,
the corresponding action coincides with the Einstein-Hilbert action as we reviewed in SectionS8.
In the spin-3 gravity case, we obtained the action integral (14.8) in vielbein formalism. It is
still unknown whether the action can be rewritten in terms of the metric-like fields, such as the
metric g, and the spin-3 gauge field ¢,,,, because the number of degrees of freedom of the
metric and the spin-3 field is much larger than that of the vielbein: the number of degrees of
freedom of the vielbein is 56, while the one of the metric is 36 and the one of the spin-3 field
is 120. Because ¢, must satisfy the condition V,¢,,\ = 0, however, components of g,, and
©uvp are not independent. It may be necessary to leave the vielbein in the action. This is not a
drawback of the theory, because the vielbeins will be necessary when fermions are introduced.

Secondly, we obtained a new black hole solution with the spin-3 charge. Although the
geometry is totally different from that in [21], the thermodynamical partition function is the
same. So are the conformal field theories living on the boundaries the same?

Thirdly, the black hole geometry has less symmetry than AdS space intuitively in general.
In three dimensions, however, the AdS spacetime and the BTZ black hole are locally equivalent.
The BTZ black hole can be obtained by an appropriate coordinate transformation from the
AdS spacetime. It is worth investigating the existence of the coordinate transformation from
enlarged AdS to enlarged BTZ or black hole with the spin-3 charge in eight dimensions. If the
transformation exists, it will be possible to construct the scalar state in the black hole spacetime
and the bulk-boundary propagator for the black hole geometry.
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A Transformation of W,, under g(p)
Transformations of W,,, under
9(p) = exp —%P(Ll —Ly+Li— L)
are given by
g(p)Wag™(p) = %(cosh2 2rho + 2 cosh p + 1)Wy — sinh p(cosh p + 1)W;
—1—2 sinh? 2pW; + sinh p(1 — cosh p)W_;

1
—i—z(cosh2 2p —2coshp+ 1)W_,

1 1
g(p)Wig™t(p) = —§(sinh 2p + 2sinh p)Ws + §(cosh 2p + cosh p) Wy
3 1
1 sinh 2pWy + i(cosh 2p — cosh p)W_4

1
—3 (sinh 2p + 2sinh )W

9(0)Wog(p)

1 1 1
é(cosh 2p — 1)Wy — 5 sinh 2pW; + 1(3 cosh 2p 4+ 1)Wy

1 1
D) sinh2pW_; + g(cosh 2p —1)W_g

1 1
g(P)W_1971(p) = —g(sinh 2p + 2sinh p)Ws + i(cosh 2p — cosh p)W;
1
—% sinh 2pWy + §(cosh 2p + cosh p)W_4

1
—g(sinh 2p + 2sinh p)W_»

1
g(p)W_ag™(p) = Z(cosh2 2rho — 2 cosh p + 1)W5 + sinh p(— cosh p + 1)
—i—% sinh? 2pWy — sinh p(1 4 cosh p)W_;

1
—i—Z(cosh2 2p+2coshp+ 1)W_s.

(A1)

(A.2)

(A.5)

(A.6)

Similar relations are obtained for anti-holomorphic part. Then, at the boundary p — co W,,, —

(—1)™W_,, gives
g(p) Wy — W_9)g 1 (p) — ée%(w2 — AW, 4 6Wy — AW_1 + W_5)
%éﬂ(WQ AT+ 6T — ATV 4 T )
glp) W1 + W_1)g  (p) — %&P(—WQ + AWy — 6Wo +4W_1 — W_s)

1 _ _ _ _ _
—E€2P(WQ —4Wh + 6Wy —4W_1 + W_Q)

_ 1
g(p)(Wo — W_9)g  (p) — TGeQP(WQ — AW, + 6Wy — AW _1 + W)

1 _ _ _ _ _
—Ee%(w2 — AW, 4 6Wy — AW_; + W_5)
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It is clear that the following two independent conditions on the boundary state are obtained

(WQ —4Wi +6Wy —4W_1 + W72) |¢>B =0 (A7)
(WQ — 4W1 + GWO — 4W71 + ng) |’¢J>B =0. (AS)

B Solution to the Klein-Gordon Equation

We consider the bulk- boundary propagator, which is a solution to the Klein-Gordon equation
(10.19). We assume that the solution Ka 4 can be expressed as

oo
Knag(y,y, X5 X2) =Yy H20e ™™ £ (v, X1; Xo) (B.1)

n=0

near the boundary. Here, X; denotes (z;,%;, oy, &, 3, 3;). fo is equal to the boundary two-
point function of quasi-primary operators, which is given by (10.22). We can solve the equation
perturbatively. First, we consider the sub-leading equation at the order of y»*2. By substituting
the boundary two-point function, an equation for f; is obtained and it is readily solved

fi=  (A+3ig) (12 % 12)(T12 + 1) (927 )
2D12D12 B
+(A — 3ig) (12 — 5121(5612 — B12) e~(ia=21 f (B.2)
21)1213;2

By repeating this procedure, we can obtain the function f5 as

(A + 3iq) (A + 3ig + 4) (212 + B12)*(T12 + P12)? o (igta)y

f2= fo
8 (D12D12)2
(A = 3ig)(A = 3ig +4) (z12 — f12)*(@12 — B12)* _(iq—a)r
+ * 2 € fO
8 (D12D;2)
A? —4A +12ig + 9¢* _; A? — 4N - 12ig+9¢* _,
t *iq +9q e—zq'yfo + 7Zq +9q e_ZQ"/fO
16 D7, D7y 16D12 D19
A2 +9¢° ( 1 1 > ,
+ = + = e " fo. B.3
16 D12D7y  DijyD12 (B-3)
C 5l(3,C) Algebra
Generators of s/(3,C) in the fundamental representation are given by [19]
0 00 10 O 0 -2 0
t1=1 1 0 0 J,22= 0 0 O ,t3=| 0 0 =2
010 0 0 -1 0 0 O
000 0 0 0 2.0 0
tai=vV—0c| 000 |, ts=vV—0|1 0 0],t6=v—0c| 0 —3 0 |(C1)
2 00 0 -1 0 0 0 0
0 -2 0 0 0 8
tr=+—0c| 0 0 2 ,ts=+v—oc| 0 0 O
0 0 O 0 0O
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For o < 0, the algebra, t4,t5,--- ,tg are real and the algebra coincides with si(3,R). While
for o > 0, these generators are pure imaginary and the algebra coincides with su(1,2). The
Killing metric can be defined by

1
hap = itr[tatb]- (C.2)
Its non-zero components are the follows

4
hoo =1, hig = —2, hyg = —80, hsy = 20, hgg = —50'. (C3)

Indices of the local frame are lowered by the Killing metric hqp, and raised by its inversion h®.
The structure constant fu;. are defined by

[tasts] = fap'te- (C.4)

It is completely symmetric and non-zero components are given by

f123 = =2, fis8 = =80, fi67 = 40, foas =160, fos7 = —20, f3ar = =80, f356 =40. (C.5)

The completely symmetric tensor dup. is defined by

1
dabe = itr[{ta, tb}tc]. (06)
Casimir operators are given by
Cy = W T, T, (C.7)
C3 = d*T, T, T, (C.8)

where T, is some irreducible representation of si(3,C).
From the adjoint representation (7'%) . = 0 fi"., the following relations are obtained

12
fabcfbcd = ghad (Cg)
dCdefcaffdfgfegb = 0. (ClO)

D Spin-3 Field without Spin-3 Charge

Given the vielbein field e, the spin-3 field can be given by

1
Y= gtr(eg). (D.1)
The spin-3 field without mass parameters ¢ coincides with (11.4) up to a multiplicative constant.
In the case of a black hole, owing to the existence of perturbations ¢ and 1, the spin-3 field
becomes a polynomial of the second degree for a and a.
Complete result is

p=4¢+ op (D.2)
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where

op =

Gaﬁ 12a2a

v da dydz® — 3a*dz?da —|— S (16aa —2p8? — apt)dz*da

3 1 [-aB* +a® {=3ay'p® + p' —ap'p® + 16a2(—1 +aB?)} - a(—26% +aly* + 26°5%))
+ay?p { 1+ 3aB% + a(—p% + a(y* + 160a + 35° 3> }Cosh 27
—4ay?B(ad + a(—a + aaB? + 3aaf?)) sinh 27] de?dz

3af ﬁﬁ

3
— (—4aacosh2y + (1 + a3?) sinh 2v)dz2df + a(1 + 3a5?)dz?dy + ———dp%dz

2aBdy3dx — gadyd:zdﬁ - ?;L(w? cosh 2y — 4o sinh 2v)dydzdf
2?; [4(—aa + a(—a + 3aap® + 3aaB?)) cosh 2y

+(3aB8* + a(38* + a(y* — 16aa — 95%5?))) sinh 2] dydzdz
% [4B8B(—1+ aB?) — y*(—1 + 3aB?) cosh 2y + 4ay*a sinh 2] dzdzdo
3—4 [SQB(—I + af? 4 4ay’ap) cosh 2y — 32 B(—1 4 3a3?) sinh 27] dxdzdp

[~y {—3a8% + (=382 + a(y* + 16aa + 95252))} cosh 2y

24
+4BB(3aay* + 2a8* + 2a3* — 2aaB*5?) (D.3)
+4y2(—aa — aa + 3aaaf? + 3ada52) sinh 2’y] dxdzdy

24a5 6a2 24 8a 63

drdoda — — sinh 2ydxdadf — —aadrdadf — — —dxdady
y! Yy yl yt
3aﬁ cosh 2vydxzdBdB + (4a cosh 2y — 32 sinh 27)dzdBdy

(xHx,aHa,ﬁHB,aHd).
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E Solution for Third Perturbation

Third-order perturbations for flatness conditions are given as follows

¢(3)1 = cosh~(H; + dQéS)) — sinhyHy — 4¢3a? 11 cosh vdx — 8¢za’p cosh yda
B2 = 0
MG coshyHs + sinhy(—Hy — 46Qg3)dx + 4Q§3)da)
—4¢3a? B3 cosh dz — 24¢3a®1B? cosh ydo
YOt = GabuBdr + 26b%pBPde + 8Cb? pBda — (pa’dx
YBP® = coshyHy — sinhy(H; + ngS)) + 4¢3a®pB sinh ydz + 8Cza’psinh vda (E.1)
PO = 4802 (8 + (o)aldx — BabulaBPdr — 86 ulaBld
—64b2uCa B3 da + 3QS) dB + 6¢sa2pBda + 24¢sa2pBda
YT = ginh~yHs + coshy(—Hy — 4BQ§S)dac + 4Qg3)da)
—4¢3a® B3 sinh ydz — 24¢3a® 3% sinh vdo
YO8 = 48V (G + 8)a?BPdx + 256ab o’ Bdx — 32abulya’Bda

2
+§b2ug‘266d:v + 2buCo2da + abula B dx 4+ 8bucafPdor — (za’uBide — 8¢za®uB3da.

Here, one-form H; and the function Qé‘g) are given by

2

Hy =  5abulaBidz + §0b2ug2ﬁ3dx + 4062 uéa B2 da

Hy = 256ab’a’dr — 16abuéyadx

Hz = 96b%u(Ce + 8)aBdx + 256ab*a’tde — 32abucia’dx (E.2)
+4b% o B0 dx + SabuleBrdr + 4bu?Cafda + 406%uéa Bt do

Hy=  —256ab’a’B2de + 4abu(4¢; + G)af?dx

B = _256ab%a®B + dabu(4¢y + Co)aB. (E.3)

$3)a is obtained by the following replacement (z,a, B, Qi P p D2 413 (14 (15 416 (17 w(l)s)

by (‘/E’ Q, Bv Q’ia @5(1)3a &(1)27 11_}(1)17 ¢(1)87 w(l)’?a &(1)6’ 11_}(1)57 7;(1)4) and (av b’ 122 Cla C27 C3) by (—(_Z, l_)a /17 517 627 (3)
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