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ABSTRACT OF THE DISSERTATION
Role of Wilson Lines in 3D Quantum Gravity
by

Ashwin Dushyantha Hegde
Doctor of Philosophy in Physics
University of California, Los Angeles, 2019

Professor Per J. Kraus, Chair

Gravity in three dimensions and AdS;/CFT; is an interesting playground to study some
of the issues of quantum gravity. Using the Chern-Simons description of 3D gravity, we
construct gravitational Wilson lines in asymptotiacally AdS spacetimes. In this thesis, we

study the role of gravitational Wilson lines and find the correct dictionary to the dual CFT.

On the CFT side, networks of Wilson lines correspond to semi-classical limits of conformal
blocks. We establish some of the dictionary in Chapter 1. By explicit computation, we verify

these for the cases of pure gravity and particular instances of gravity with higher spin fields.

In chapter 2 we develop the quantization of this Wilson line. We compute the gravi-
tational self energy of a particle in AdS; to first non-trivial order using a single boundary
to boundary Wilson line. In the CFT, this reproduces the 1/¢ correction to the two point

function of the corresponding primary operator.

Various renormalization ambiguities arise at higher order. We study these in Chapter
3 and extend the previous computation to order 1/c?, finding agreement with CFT results.

Renormalization ambiguities are fixed by imposing conformal invariance.
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CHAPTER 1

Holographic Conformal Blocks from Interacting

Wilson Lines

We present a simple prescription for computing conformal blocks and correlation functions
holographically in AdS3 in terms of Wilson lines merging at a bulk vertex. This is shown
to reproduce global conformal blocks and heavy-light Virasoro blocks. In the case of higher
spin theories the space of vertices is in one-to-one correspondence with the space of Wy

conformal blocks, and we show how the latter are obtained by explicit computations.

1.1 Introduction

This paper continues a program aimed at determining the AdS gravity description of con-
formal blocks. For previous work see [5}13},/17},29,45,46,56,58-60]. The conformal block de-
composition of correlation functions, combined with the constraints of unitarity and crossing
symmetry, is a powerful nonperturbative framework in which to study strongly interacting
conformal field theories [35,72,(74,|76]. It has also proven to be very effective in eluci-
dating the AdS/CFT correspondence, in particular the emergence of local physics in the
bulk [36}40,44,45.|54}|55| 164, 68].

To push this program forward it is very useful to have in hand bulk AdS representations
of conformal blocks. In [59] it was shown that global conformal blocks with external scalar
operators have a simple bulk representation in terms of “geodesic Witten diagrams”. This
refers to a tree level exchange Witten diagram with a pair of cubic vertices, except that the
vertices are not integrated over all of AdS, but only over geodesics connecting the boundary

points hosting the external operators. This result leads to a strikingly simple procedure for
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expanding the full Witten diagram in conformal blocks.

In the case of AdS3/CFT, the story is especially rich since the global conformal algebra
is enhanced to an infinite dimensional algbebra, namely Virasoro or something larger, such
as a W-algebra. Here one focusses on the regime of large central charge, since this is the
regime where the bulk becomes classical. In [5]13,45,58,60] it was shown that heavy-light
Virasoro blocks (defined by scaling some operator dimensions with ¢, while keeping others
fixed) are reproduced by geodesic Witten diagram operators, now not in pure AdSs but in a

new geometry produced by backreaction from the heavy operators.

Conformal blocks for W-algebras are relevant to the recent interest in higher spin AdS/CFT
dualities. In particular, Gaberdiel and Gopakumar [47] proposed to consider the minimal

model cosets
SU(N), @ SU(N),
SU(N )41

in the 't Hooft limit k, N — oo with A = N/(N + k) fixed. This was argued to be holograph-

(1.1.1)

ically dual to the higher spin theory of Prokushkin and Vasiliev [71]. The theory in the 't
Hooft limit has left and right moving W, () algebras [48,49]. These are nonlinear algebras
with an infinite tower of conserved currents. It is then of interest to know the correspond-
ing conformal blocks, but these are rather challenging to obtain directly on account of the

complexity of the algebra.

At fixed N the algebras are Wy, with conserved currents of spins s = 2,...N. One of
the main results of this paper is to provide a very simple bulk prescription for the conformal
blocks of these algebras in the large ¢ limit. Furthermore, this can be used as a backdoor
approach for obtaining (some of) the W.,(\) blocks, as this can be achieved by the analytic
continuation N — —\; see [21},56] for examples of this approach. We also note that upon

setting N = 2 the conformal blocks are those of the Virasoro algebra.

The setup we use can be motivated as follows. We note that the central charge of the

coset theory is

NN +1) ) (1.1.2)

c=(N-1) (1_(N+k)(N+k+1)

To take ¢ — oo at fixed N we can take the limit kK — —N — 1, dubbed the “semiclassical
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limit” in [70]. The negative value of k results in a non-unitary theory, manifested for example
by negative dimension primaries in the spectrum. As a result, this limit does not provide
a healthy example of the AdS/CFT correspondence in Lorentzian signature (see also [69]
for related discussion). However, as noted above it does act as a useful stepping stone for
obtaining results in the unitary 't Hooft limit via analytic continuation in N. It is also of
interest — perhaps as a warmup example — as a very explicit and tractable setup where

many details of AdS/CFT an be worked out.

For example, all coset primaries in this limit can be identified in the bulk, at least below
the black hole threshold. The bulk description is in terms of SL(N)XS/\(]V ) Chern-Simons
theory coupled to matter. Coset primaries are labelled by a pair of SL(N) highest weights,
(A4, A_). These are highest weights of finite dimensional representations of SL(N). Primaries
of the form (0, A_) have scaling dimension A ~ ¢; they are “heavy” operators, and are
described in the bulk by flat SL(N) ><S/L\(N ) connections [23]. On the other hand primaries
of the form (A4, 0) have A ~ O(1); these light operators are described by perturbative matter
in the bulk. The general (A;, A_) is then described by light matter fields propagating in the

heavy classical background [57}70].

The main result of this work is a simple and usable expression for computing correlators
of these operators, significantly extending previous work. Let us first consider the case of
n light operators. The correlator is described by n bulk-to-boundary propagators meeting

at an n-point vertex, according to the following rules. Each light operator corresponds to a

representation of SL(N)xSL(N) with highest weight state |hw);|hw);, i = 1,...n. We then
attach a Wilson line to each such stateE], emanating from the associated boundary point x;
to a point in the bulk, Pelt Apelt 4. Since the connections are flat, the choice of path
does not matter. The bulk vertex located at x;, is defined by choosing a singlet state |S) in
the tensor product of representations corresponding to the boundary operators. In general,
there are many choices for such singlet states, and as we discuss below these are in one-to-one

correspondence with conformal blocks, as can be seen by taking the tensor product of pairs

1 Wilson lines first made an appearance in these theories in the context of entanglement entropy [8,30],
and have appeared more recently as a probe of black hole solutions [24].
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of operators, and then combining terms in the product into singlets. With these ingredients
in hand, the correlator iﬂ

Gs(z.2;) = (S| [] P! *hw): Pl A hw), (1.1.3)

i=1

The correlator is independent of the choice of x;, as seen by noting that changing x;, just
introduces a group element that acts on the singlet state as the identity. To include heavy
primaries (0, A_) we still use (1.1.3) but now with (A4, A) taken to be the flat connection
representing the heavy background; this is especially simple in the case of two heavy operators
in conjugate representations, which is all that we consider in this paper, while more generally
one needs to solve a nontrivial monodromy problem [29]. The general (A;, A_) primary is
included by taking the location of a light (A, 0) primary to coincide with the insertion point
of the heavy (0, A_) primary.

Our master formula reduces the problem of computing correlators to computing
SL(N) matrix elements. We will verify that we correctly reproduce various known results for
four-point functions. First, it’s easy to see that we reproduce all previous results [29,45.(56,57]
for vacuum blocks. Setting N = 2 and taking all operators to be light we obtain the well
known formula for global conformal blocks. Taking two operators to be heavy we correctly
reproduce heavy-light Virasoro blocks. For N = 3 with four light operators we obtain the
result for Wy blocks found in [38]. Allowing N to be arbitrary and taking light operators in
the fundamental and anti-fundamental representations we reproduce previous results derived
using the Coulomb gas formalism [67]. In all these cases, the primaries we consider have
negative scaling dimension, due to the underlying non-unitarity. However, it is easy to

analytically continue to positive dimensions and obtain results in the unitary regime.

In our construction, each choice of singlet state yields a correlator. As we already men-
tioned, there is a natural basis for such singlet states that gives a one-to-one correspondence
with conformal blocks. The general correlator is then a general sum over products of left

and right moving conformal blocks. Of course, any particular theory will lead to particular

2An equivalent formula was proposed and studied in the N = 2 context in the recent paper [17], which
appeared while this work was in progress.



coefficients in this sum. For example, this would be the case if we had derived (|1.1.3)) starting
from, say, a Lagrangian. In principle, it should be possible to start from the equations of
Prokushkin and Vasiliev and derive the precise correlators that reproduce those of the coset

theory, and it would be very interesting to do so.

Apart from a relation to any particular CEF'T, what the Wilson line approach does is allow
one to compute conformal blocks for operators in degenerate representations of the chiral
algebra. For example, in the N = 2 Virasoro case the dimensions of degenerate primaries

are given by the famous Kac formula, h = h, 5(c). As ¢ — oo,

s—1 r2—1
+0(1/c), hpi(c) =— o

hys(c) = — c+0() . (1.1.4)

Light operators of dimension h s will be seen to be described by Wilson lines in the spin
Jj = (s — 1)/2 representation of SL(2), while heavy operators of dimension h,; correspond
to flat connections whose holonomy around the boundary has winding number r. Since
minimal models are built up out of degenerate representations, we can use Wilson lines and

flat connections to compute correlators in these theories.

1.2 Correlation functions: general formulation

In this section we motivate and present our general expression for correlators and conformal

blocks, and illustrate with a few simple examples.

1.2.1 Preliminaries

P

We will be dealing with the group SL(N)xSL(N). The generators of the principally em-
bedded SL(2) are denoted as’| T}, i = —1,0,1 and obey [T}, T;] = (i — j)Ti+;. We similarly

—~—

introduce T} generators for SL(2).

Each primary O; will be associated with a finite dimensional representation (R;, 7%1) of

SL(N)xSL(N). We denote the highest weight state in this representation as |hw>i|}/L;;U>i,

3These are typically denoted as L;, but we reserve L; for SL(2) matrices in the N dimensional defining
representation of SL(N).



where the notion of highest weight is determined by maximizing the eigenvalues of Ty and

Ty. The scaling dimensions of these operators (hi, ﬁl) are determined by the highest weights:

—_~—

The connections for SL(N) and SL(N) are denoted A and A respectively. AdSs with

planar boundary is described by
A=elTidz+Todp, A=eTidz — Todp (1.2.2)

As is standard, a gauge transformation can be performed to effectively remove all reference
to the radial coordinate p, so that we work with a = Tidz and a = T,dz. More general
backgrounds are obtained by replacing the generators Ty and T} by other group generators,
and we describe these later as needed. More details can be found in any number of references;

e.g. |9,20]

1.2.2 Correlators

We start out by considering the correlation function of n primary operators on the plane

G(z:) = (Oy(21) ... Op(z)) . (1.2.3)

An n-point correlator is built out of n bulk-to-boundary propagators meeting at a bulk
vertex located at the point (py, 2, Z). Since results will not depend on the choice of p, we
suppress it throughout. Neither will results depend on the choice of (2, Zp), but intermediate
computations simplify for certain choices, so dependence on these quantities will be retained.

The bulk-to-boundary propagator emanating from boundary point (z;,Z;) is

Peféba|hw>iefj¢ba|ffz\[u>i = ez*”'Tl(i)|hw>iezbifl(i)|f/ﬁ0>i : (1.2.4)

where zy; = 2, —2; and Z; = Z, —Z;. Note that (|1.2.4)) is a state in the representation (R;, R;).

The bulk vertex is defined by choosing a singlet state in the tensor product (R4, 7%1)®. L®
(R, 7@,1) As discussed below, a particular basis for such singlet states corresponds to a basis

of conformal blocks in which to expand the correlation function. Certain linear combinations
6



of these basis states can then be used to construct a correlation function obeying crossing
symmetry. Given a choice of singlet state |S), the corresponding correlator is given by the

matrix element

Gs(2, %) 5|H w11 | ) s | ), (1.2.5)

We show below that this object transforms correctly under the global conformal group.

It is natural to adopt a basis of singlet states which factorize as |S) = |s)|5). The general

correlation function is then a sum of holomorphically factorized terms,

= Assws(2)5(%) (1.2.6)

with
= (s Hezbini>|hw>,- , and  ws(%;) |H ! |hw (1.2.7)

Once we have computed ws(zz) the corresponding result for w;(z;) follows by making obvious

replacements.

We now note a few key properties satisfied by ws(z;). First, we establish that the ex-
presssion in (|1.2.7)) is independent of the choice of bulk point z,. Suppose that instead of z,

we place the vertex at zj; this gives back the same result:

:<S|ﬁezb' |hw); |H S H 2T | = wy(z;) | (1.2.8)
=1

where we used the fact that (s| is a singlet, and hence invariant under the action of the group

@
element [}, e®n’

A similar argument explains why we do not have to consider any additional “exchange”
type diagrams in addition to the “contact” diagram defined above. An exchange diagram
would have bulk vertices connected by bulk-to-bulk propagators. But since the location of
bulk vertices is arbitrary, we can always choose to move them all to a single point, in which
case the bulk-to-bulk propagators are absent, and we simply recover a contact diagram. The
completeness of contact diagrams will be corroborated by the fact that these will be seen to

yield a complete set of conformal blocks, out of which any correlator can be assembled.
7



We next establish that ws(z;) transforms as it should under conformal transformations,

namely

/ T (0% o az; +b
ws<zi>:[H(aZ,> ]ws@), g=t (12.9)

=1

We do this by applying a gauge transformation that acts as z; — 2/. The details are given
in appendix [I.9

While our main focus will be on 4-point functions, let us first illustrate by considering
the computation of 2-point and 3-point functions. Given , the dependence on z is

guaranteed to come out correctly in these cases, but verifying this is a useful warmup.

For the 2-point function, in order to construct a singlet state we need that the represen-
tations R; and Rs be conjugates of each other. In particular, this implies the familiar fact
that the 2-point function vanishes unless the two operators have the same scaling dimension.

We use the freedom to choose z;, arbitrarily to set z, = 2o, which yields
(
w21, 22) = (sle=2 T | haw)y [haw)s . (1.2.10)

The singlet state is |s) = | — hw);|hw)s + . ... The omitted terms contain states other than
|hw)s, but it’s clear from ((1.2.10]) that these won’t contribute, and so

wy(z1,22) = (—hwle ™ |hw), =

(1.2.11)

for some constant C'. To arrive at (1.2.11)) we just used that the highest weight has Tj
eigenvalue —h, together with the fact that 77 lowers the weight by one unit, to note that
the only contribution comes from picking out the —2h power from the expansion of the

exponential. The result (1.2.11]) is of course the one dictated by conformal invariance.

We now turn to the three point function. For this to be nonzero we need that R1®R.®Q@R3
contains a singlet. Although R; are representations of SL(N) with highest weights —h;, for
the purposes of this computation we can take them to be representations of SL(2) of spin
ji = —h;, and the singlet to be the SL(2) singlet built out of these three representations.
The reason is that in we are acting with SL(2) group elements on the highest weight

states, and these can only yield states in the same SL(2) representation. That is, terms in

8



the SL(N) singlet containing SL(2) spins different from j; yield no contribution. With this
in mind, the singlet is given by the Wigner 3j symbol as
JioJ2 U3 . . :
sy =" > ljima )| jama)|jsms) - (1.2.12)

mi,ma,m3 myp Mg Mg

Using our freedom to choose the location of the bulk vertex, we take z, = z1, and note that

this implies that only the term m; = j; in the sum contributes. The three point function is

ws(Zh 22, 23)

J1 J2 U3 . W ., @ @)
= 2 (ima e jugn) (Game| €20 | joga) (Gamale™ 1 |3 ja) -
mi,ma,ms mi Mg M3

(1.2.13)

The sum can be evaluated using the known expression for the Wigner 3j symbol. Alterna-
tively, we can work in terms of tensors. The latter approach generalizes more readily to our

four-point computations, and in appendix we show that this yields

w (Z o 2 ) _ C(]17j27]3>
s\<1y 2, 23) ™ " hy+hy—hs hi+hs—hs hothz—hy ’
<12 £13 <23

(1.2.14)

where C(j1, jo, j3) is nonzero provided the product of the three representations contains a

singlet. Again, this is the standard result dictated by conformal invariance.

1.3 Four-point functions

This paper focuses mainly on the study of four-point functions of primary operators on the

plane.

G(.TZ) = <01(I1)02($2>O3(I3)O4<I4)> . (131)

As in the previous section, each primary corresponds to the highest weight state of an
irreducible representation of SL(N) xm ) that we denote (R;, R;). In the following sub-
sections we review the conformal block decomposition of four-point functions, we explain the
construction of conformal blocks through the assembly of singlets, and we discuss restrictions

due to crossing symmetry.



1.3.1 Conformal block decomposition

We now quickly review the conformal block decomposition of four-point correlators on the
plane. The correlator is expressed as a sum of conformal partial waves (CPWs), each of which
corresponds to inserting a projector onto a single representation of the relevant symmetry
algebra,

(O1(21)Oq(2) PpO3(13) Oy (4) = CLOEWp(;) (1.3.2)

The projection operator Pp projects onto the space of states in a representation labelled by
the primary operator Op. Pulling out the OPE coefficients renders Wp(z;) an object that is
completely determined by symmetry, and in terms of which the full correlator is expanded

as

G(x;) =Y  CHLCEWp(x:) . (1.3.3)

Since the symmetry algebra factorizes into commuting left and right moving algebras, the
same is true of the CPWs,

Invariance under the global conformal group allows us to reduce the dependence to

224 a2 214 ot 234 faths g, (Z)
'4
= (2)" ()" ()™ e 159

214 213 13 Zoq 234

where h;; = h; — hj, z;; = 2; — 2, and z is the conformally invariant cross ratio

p = 25 (1.3.6)

213224
The analogous result holds for @w;(Z;) upon making the obvious substitutions. We note that
gp(2) depends on the quantum numbers of the primary operators appearing in the correlation

function as well as those of the exchanged primary.

Another way to express the above is to use conformal invariance to set x; = z, o = 0,

10



r3 = 0o and x4 = 1. We then have []
<01(Z, 7)02(07 0)Pp03(00, OO>O4(1, 1)>
= CHCL (1= 2 gy ()] [ =2 Pgy2)

where O3(00,00) = limg, o0 2213723 O, (14) inside the correlator. The form of gp(2) de-

(1.3.7)

pends on what symmetry algebra is controlling the conformal block decomposition. Explicit

formulas will be given below.

1.3.2 Conformal blocks from singlets

In this subsection we describe how to holographically construct conformal blocks which can
be combined to give crossing symmetric four-point functions of primary operators. We will
focus on the holomorphic part of a conformal block denoted g,(z). This implies that we will
ignore the representations R; and deal only with the construction of singlets in the tensor

product ®;R;.

Following the discussion in section we consider four representations R; of SL(N) and

separate the operators into two pairs (12) and (34). These give rise to the tensor products

Ri @Ry = B RI?, R ® Ry = DRV, (1.3.8)

a

Picking complex conjugate representations from the two sums we can construct singlets. We

(12)

choose a representation Rq = = R, in the first sum, its conjugate REY = R, in the second

12, 34)

sum and denote by |[s, the singlet in R, ® R,. Each singlet defines a conformal block

when used in ([1.2.7)) which we adapt here to the case in consideration
4 .
wy(z) = (s T e ) (1:39)

Figure shows a picture of this object.

Once we have obtained the blocks, the four point function can be constructed as

G(x;) = (O1(21,71) - .. Oa(24,74)) ZA1234wp 2)W5(Z;) (1.3.10)

4The prefactor in (1.3.5) was chosen such that the w, reduce to g, for pairwise identical operators at
these distinguished positions. In the sections to follow we will assume that the prefactor has been chosen so.

11



‘hW>2 |hW>3 R2 R3
a) b)

Figure 1.1: a) Holographic calculation of a conformal block. Four bulk-to-boundary prop-
agators consisting of Wilson lines in some representation R; meet at a common bulk point
where a singlet state is assembled. b) Construction of the singlet state [s,>%!). A represen-
tation R, is chosen from the tensor product R ® R, while its conjugate Rp is chosen from

the tensor product R3 ® R4. The singlet state is the one appearing in R, ® R,.

where A%M are in principle unknown constants related to the OPE coefficients as A12 M

C3C32. Alternatively, denoting the tensor product basis elements by |S;§’34> 5374 |s12 My
we can define the singlet
ZAIQ 34 512 B4y (1.3.11)
and then write the four point function as
= (@) 7(i) —~—
G(z,7) = (S| e*™ [hw)ie™ ™5 |hw); . (1.3.12)

i=1

1.3.3 Crossing symmetry

In the above we expanded in the (12)(34) channel and wrote the corresponding basis of
singlets as {\5;2’34)}, but we can expand in other channels as well, for example (14)(32). The

corresponding basis of singlets will differ from the previous one and we denote it {|S;f;’,32>}.

12



We can expand the singlet (1.3.11)) in the new basis
_ 12,34) 12,34 _ 14,32) 114,32
[S) =Y ARG =3 ARSI, (1.3.13)
P P’
The bases appearing in 1) are complete and given coefficients A12 3 we can find coef-
ficients A}Dfl;’z such that 1) is obeyed. Crossing symmetry in the case that all R; are

distinct relates OPE coefficients in one channel to those of another. The set of operators

that appears in each channel has already been fixed by the rules above.

The situation changes if two of the operators carry the same representation; for example
suppose Ry = Ry4. Then G(x;) should be invariant under x5 <+ 4. Looking at (1.3.12]), this
implies that |S) should be invariant under interchanging the states associated with Ry and

R4. This crossing symmetry condition imposes a constraint on the OPE coefficients. To see

this we study the holomorphic singlet states [s)>*).

The change of basis associated with x5 <> x4 is given by

1234 Zopp |31432 (1314)

for some orthogonal matrix O,, which we call the exchange matrix. We then have

|S> — ZA1%,34|S12,34>|§1~2,34>

— Z 1A12 340 pp|314 32> Sl~4 32> :

(1.3.15)

which implies A%32 = O~1A'2340. This constraint on the OPE coefficients will play a role

in section when we build four-point functions as sums over SL(N) conformal blocks.

1.4 General SL(2) result

We turn now to the evaluation of conformal blocks for the case of SL(2) representations. Each
operator is associated with the highest weight state of a finite dimensional representation of

SL(2). The Young tableaux for the representations R; consist of a single row whose length

13



is the Dynkin label \.

Ri= ={\i} . (1.4.1)

-
A

The Dynkin label is related to the spin of the representation as A\; = 2j;. The conformal
dimension associated to the highest weight state |hw); is given by h; = —\;/2 = —j;. The
negative value of h is a manifestation of the non-unitary nature of the theory in which the
primaries lie in finite dimensional representations of SL(2). This will not pose any obstacle
towards verifying precise and detailed agreement between bulk and boundary observables in

the limit of large central charge.

In this section we examine the calculation of a holographic conformal block whose external
primary operators are highest weight states of representations R; with Dynkin labels \;
placed at the points z; on the plane. Likewise, the exchanged primary is associated to a

representation R, with Dynkin label A,. As explained above (1.2.7), the object we need to

evaluate reads
(D)
wy(z) = (s| [[ ™ hw)i (1.4.2)

where |s) is the singlet state corresponding to the exchange of the representation R,. Figure
shows an intuitive picture of the setup. We will implement the following strategy. First,
we will construct the states of the representation R, out of the states of R; and R,. Likewise,
we will obtain the states of R, out of those of R3 and R4. The singlet |s) is built by
contracting all the SL(2) indices of the states in R, with those of R, using the Levi-Civita
symbol, which is an invariant tensor. To make the calculation easier, we will perform certain
tricks involving gauge invariance. First, we will exploit conformal invariance to move three
of the external primaries to z; = 00, zo0 = 1, and 23 = 0. After this, the configuration of

external primaries reads

=00 : Ri={M\}, =1 1 Ry={ A}, (1.4.3)
23:0 : Rgz{)\g}, 24 =2 R4:{>\4}

Before attempting to write the singlet state |s), it is useful to notice that the Wilson line

operator coming from infinity projects the highest weight state |hw); to the lowest weight
14



state

Z}l_{noo thlez’mTl(l)]hW)l x |—-hw), . (1.4.4)

This observation simplifies the calculation of the singlet greatly, as we now need to focus
only on the terms in |s) that are lowest weight for the primary O;. A further simplification
of the calculation consists in choosing the bulk point where the Wilson lines meet to be at
2z, = 0. This gauge choice immediately implies that the Wilson line operator coming from
the boundary point z3 = 0 corresponds to the identity, and so it projects the highest weight
state to itself.

lim e |hw)y = [hw)s . (14.5)

20

As a consequence the only terms in |s) contributing to ws(z;) are highest weight for Os
and lowest weight for O;. Instead of writing down (s| we will compute wg(z;) directly by
replacing the states |e;); by the objects q;.” = <ej|ezbiT1(i)|el>i, where |e;); are the states in

the defining representation of SL(2) and the subscript 7 refers to the representation R; (see

appendices [1.10| and [1.11.1)). We start with the following expressions for the Wilson line

matrix elements involving states of the boundary representations

(1)
i>‘1 |€Zbl,T1 ’hw>1 = 6121 e (S’LZ/\1 ’

((R1)i

(2)
. z2p2 T _ (2 (2)
in, €1 [hw) = g7 . .. %) o

)

(1.4.6)

)

o~ o~
~~ ~—~
Aad X
w N

.
71" |hw)s = 6L ... 6

i>\3 g )

)i
)i
)i
(Ra)i...

(4)
) 2paT] _ 4 (4)
in, [€7 [hw)y = q;) Givy) o

where we have projected the states of R; to their lowest weight, and the states of R3 to their
highest weight. We now build the representation R, out of the states in the first pair. This
representation must consist of A\, symmetric indices. There are a total of A\; 4+ Ay indices
and each contraction with the Levi-Civita symbol subtracts two indices. It follows that
(A1 + A2 — \,)/2 contractions are needed. The result reads

A1 +Ag—A
R ¥ 2 (@) (2)

(i1 Mp+>\217A2 Mp-s-,\Ql—Ag o irp)

((Rp)irein, |7 [hw) 17275 [hw) g = (g1”)

(1.4.7)

15



The same logic follows for the construction of the states in R,. In this case, there will be

(A3 + As — A,)/2 contractions with the Levi-Civita symbol

iap)

— 3 4 -
<(Rp>i1~-ixp |€Zb3T1 ’hW>3ezMT1 lhw)y = (q;4)) 2 5(11'1 - 511/\p+>\3 A ql(i)p“’)\S Moy g’

(1.4.8)
Finally, the singlet is obtained by contracting all the indices of (1.4.7)) with the indices of

(1.4.8) using Levi-Civita symbols:

A +A—Ap A3+Ag—Ap

— (A4 (4) 1] Iapd
9s(z) = (@) 2 (q") 2 €. e (149
1.4.9
2 2 (2) (2) 1 (4) (4)
X 0, - Mp+>\1 Ag qz,\p+A1 Ay g z>\p 5 e ]Ap+>\5 A4 q]xp+,\3 Ay Iap

The last step of the calculation is to evaluate the object - The strategy is the fol-
lowing: we first classify the different symmetric permutations that give rise to inequivalent
contributions to gs(z). We will then sum over all permutation classes, taking into account

their contribution and multiplicity.

In order to classify the different permutations, let us define “red” indices as the indices

appearing in the objects 6J1-. We also define “green” indices as the indices appearing in q](4)

Each permutation will contribute differently depending of how many red and green indices
appear in the delta functions §2 (Box 1) and the objects ¢i (Box 2). We then define our

permutation class as those with k red indices in Box 1. This also implies there will be

)\p+)\1—)\2

. . . A A3 —N\ . . . _ _
5 — k green indices in Box 1, 22428=2 _ - red indices in Box 2, and 24=2 ;’\2 Ak

2
green indices in Box 2. Each permutation of this class will contribute to the block as follows

9 (z) = (¢t”) (45")

A1tra—=Ap A3+ra=Ap
2 2

AptA3—Aa g AptAz—Aa o
2 2

_ (’LGJG (2) (4))>‘4_A32$+k

iRJR 52 §1 ZGJG 2 iRIR ,(2) 51

x (€m0} 07, ) (€974 07 q5) (€77 4; 05, Gig Yo
A3+Ag—=Ap Aa—A3+Aa—Ag

=z 2 1— Z) 2 +k

(1.4.10)

The multiplicity of each class consists of choosing k red indices out of a total of M,

AptAi=A2 AptAa=As
2 2

choosing — k green indices out of a total of A , and ordering the indices of

each box. We then have

Ap+Az—Ag Ap+Ag—A3
pTAI—AM R Ay + AL — Aa Ap+ A — A3
k 2 P P
o= ( k )(—AW;—M —k)I ( 2 1>I ( 2 1) - (141
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We are now ready to sum over permutation classes. This consists of a sum over k. The

result reads

AptAz—Aq
2
9s(2) = CPg® () = 2™ F, <_ = A22 ke g A24 —N Z)
k=0
(1.4.12)
This result can be written in a more suggestive way by replacing \; — —2h;
QS(Z) = 27h37h4+hP2F1 (hp + h21, hp + h43; 2hp; Z) . (1413)

This is the standard result for the chiral half of the global conformal block [34]. This result

was also obtained in [17].

1.5 SL(3) Result

After the warmup with SL(2), we can now move on to the more difficult task of computing
SL(3) blocks. Our goal here is to compute conformal blocks of W in the large central charge
limit with the operator dimensions and charges kept fixed as ¢ — oo. The Wj algebra reduces
to SL(3) in the large central charge limit. Our strategy as before will be to compute blocks
in finite dimensional representations of SL(3) and then continue the result to more general
representations. Finite dimensional irreducible representations of SL(3) are labelled by two
integers (the Dynkin labels) A\; and Ay. Alternatively, they can be written as symmetric
traceless tensors with A\; lower and A, upper indices where the lower and upper indices
denote states in the defining representation and its conjugate respectively (see appendix
for details). Our main goal in this section is to reproduce the result for W; conformal
blocks obtained in [38].

In terms of SL(3) tensors, constructing the singlet amounts to contracting all lower
and upper indices. It turns out to be computationally more tractable if we consider two
of the representations to have only upper (or only lower) indices i.e. the tensor product

(A1, A2) @ (0, 1) @ (0, 1) @ (N}, \y). Let the exchanged representation be R, = (z,y). Below

17



we list the Young tableaux associated to these representations

R 2 | A z1=0, Ro K =12z,
[ A2 | p
/ / /
Ry w=1, Ry ML, (1.5.1)
/ /
H 2
R, L Zp = 2
LY

To avoid cluttering, in the above Young tableau we have used to denote a row of A
boxes. To evaluate the conformal block in the (12)(34) channel, we first construct the tensor
products Ry ® Re and R3 ® Ry in terms of SL(3) tensors. The singlet is then obtained by
contracting all indices between the tensors coming from the two tensor productsﬂ To be a

little more explicit, the representation R, in the tensor product R ® R, can be written as

JiJy J1Jy\ A1 A
M; = (P/'"7")

~by ~by, =C1 SCu
i1 g i1y b1-~~b,\201~“cu |€a1 e er...e2et...e > (1.5.2)

eah

where the indices a and b denote states of the representation R; and ¢ of R,. As a con-
sequence all the a, b and ¢ indices are symmetrized and any contraction between a and b
vanishes. The tensor P projects onto the representation (x,y) and as we explain below must
be built out of 52’5 and €;,’s. Note that for the new tensor M to be irreducible, it must
be completely symmetric and traceless. The tensor N for the representation ﬁp can be
constructed out of the tensor product R3 ® R4 in a similar manner.

RV
91"'9A’2h1'

~h1 ~h, s ~g1 —g\!
1o it vy et . eMey, ... Cry €. e 2) (1.5.3)

where the indices f and g denote states of R4 and h of R3. In the full tensor product the

singlet state is then obtained as

|s) = MV v N (1.5.4)

inig g1y

5For a singlet to exist, the two irreps coming from the two tensor products must be conjugate to each
other. Since conjugating irreps of SL(3) is equivalent to switching the Dynkin labels, the singlet exists only
if the number of upper indices on the first tensor is equal to the number of lower indices on the second and
vice versa.
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Now let’s study the kinds of representations that can appear in ((1.5.2]). We start out with
A1 lower indices and Mg 4 i upper indices. The operations we can perform that are invariant

kim

under SL(3) are contraction with the invariant tensors &, €z, and €*'™. Taking the symmetry

properties of a, b and ¢ into account, we are allowed to do one of two things: contract indices

a

@ or convert indices b and c into a lower index using €;.. If we perform d

a and c using 0
contractions using d0’s and e conversions using €’s, a simple counting of indices requires the

relation

(z,y) = (M —d+edo+p—d—2e) (1.5.5)

We still need to make the tensor symmetric and traceless. The procedure for making a
symmetric tensor traceless is described in appendix We will deal with this later as it
doesn’t change the relation in (1.5.5)). Performing similar operations on the R3 ® R4 tensor

product with d’ contractions and €’ conversions, we obtain
(1,2) = (N — &' + ¢, Xy + 4 — d — 2) (15.6)

The projectors in ((1.5.2)) and ((1.5.3])) without the tracelessness constraint imposed now look
like

F1e Gy @10 _osar | sWy i g gigl gy )
(B, )bl...b,\201...cu =0 ‘5z'z1 Op, 5bl3 Ocx Oct, €ity abrg ey " Cisbager iy
Al +1 axy
5Cz4+12+1 e 5%
L fief 4 S .
11l 1 —_ fl P fn4 1 oo an Zn1+1 oo tx 3 AR y
(E)j1~.-jy )91-~~9A'2h1...hw - 5j1 5jn4 591 59711 5h1 6hn2 63n4+1gn1+1hn2+1 63y9"1+n5h”2+"5
glratt 5fA/1
hng+ng+1 oy
(1.5.7)

where the i’s and j’s are to be completely symmetrized. We have made the following defini-

tions for notational convenience

llz/\l—d, l2:€, l3:/\2—€, l4:,u—d—e
(1.5.8)

n=XNy—¢, no=p' —d—-¢, ny=N-—-d, ny=¢,

In simple terms, [, is the number of 7 indices that appear in 67, the rest of them (I in

number) being in €;.. Similarly, ny is the number of j indices that appear in 5i, the rest
19



of them (ny in number) being in 67 and so on. Recall that our final goal is to calculate the

Wilson line
4 (k)
wy(z) = (s| [ ™ [hw)s (1.5.9)
k=1

To make direct comparison with the results of [38], we choose the operator positions —

21 = 0,29 = 2,23 = 1, 24 = 00 where z;, denotes the position associated to the representation

Ri.. To this end we define

)

(k) (k
B = (eq]e™* len)y q_?m = (e’[eh

&%), (1.5.10)

using which we can directly write out the matrix elements rather than the states appearing
in the singlet |s). The contributions from the Ry ® Ry tensor product can then be written

as

(Moz)jl...jy _ ((MT)J'r"jy) ezblTl(l) ® ezb2T1(2)|hw>1|hw>2

11y i1l
_ W )~ ~ i Jig+1 —iy) 1511
apy+1 L. ax; (1) _Cly+lo+1 L) o
5Cl4+12+1 50# qd11+1 (2) quI 42

with ¢; = eibccjg’l)q‘é). In the tensor M,., it is clear that there are two types of lower indices:
ones that appear on ¢V and ones on . There are two types of upper indices too: ones on g,
and ones on §). As in the SL(2) case, we refer to these different types of indices by colors.
The indices on ¢V we call red, ¢ blue, g;,, green and q,, yellow. In this language, the l; defined
in ([1.5.8]) are just the number of indices of each color. There are further simplifications once
we fix the positions of the bulk and boundary points. We use our freedom of choosing the
bulk point to set z, = 0 such that the Wilson line projects out the highest weight state of R.

This forces all red and green indices to be highest weight indices i.e. ¢ and ¢, respectively.

A similar story plays out for the R3 ® R4 tensor product

N N B AR~ A SR L B L R B
(Moo)3y 50 = @) G, G G, 000+ A A -+ ) (1.5.12)
Frg+1 - 5f*'1 @  hmgtng+r @ -
hn2+n5+1 h,u' qf"4+1q(3) qfxl q(3)

with ¢ = ejghcja)cjfg). Again mimicking the SL(2) computations, we refer to the indices of

Niw as boxes. We call the indices on g,y and g, box 1 and box 2 respectively. Saving box
20



3 for a different purpose, we call the indices on ¢ and ¢’ box 4 and box 5 respectively. The
n; of ((1.5.8) count the number of boxes of each type. As discussed before in , setting
z4 — 00 projects out the lowest weight state from the singlet in the Wilson line. In other
words all box 1 and box 4 indices are forced to be lowest weight indices i.e. cj(14> and ¢3"

respectively.
The explicit form of the matrices Ly and L_; (see appendix [1.11)) in the defining repre-
sentation gives
¢ = (eqle L ey), = OF + V22,02 + 2253

o, = (e E1|e%), = 85 — V22,05 + 220}

(1.5.13)

Using z; = 0, 2z = z and the fact that all the ¢'¥ indices are highest weight indices we
have 0235, = 0Lqy"q5,, = 2*. Similarly, all ¢ indices are lowest weight giving 5,{(]}4)(]’;) =
5h¢]34>q<h3 =L

Next , let us deal with the issue of making the exchanged tensor traceless. As discussed
in appendix [1.12] we first subtract all possible traces of the tensor. Then we subtract out
traces of the new terms added and so on until we run out of traces. The result from ((1.12.10))
is

min(x,y)

Rt = D Gl o (1.5.14)

JiJy Jnt1dy) ki kn

where the C), are read off from . In doing this we have introduced new types of
upper and lower indices — the ones appearing on (5; We call the upper index box 3, and lower
box 6. A caveat here is that the trace of some indices vanishes like the ones coming from the
representation (A}, \}). In other words some terms in the symmetrization in (1.5.14]) vanish
depending on what indices are being traced out. Note that in the absence of this constraint
all terms in the symmetrization would contribute in exactly the same manner. To account
for the constraint we simply assume that all possible traces are allowed but then correct
by multiplying by the fraction of terms that would survive in the symmetrization. From
(1.5.12), we see Guy - ¢ =0 = G - ¢ = Gu, - ¢ allowing us to trace out only box 2 and box
4. The fraction of terms for a given value of n is then found as follows : choose n indices
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from box 2 and box 4 to trace out, multiply by the number of permutations that preserve

this structure and divide by the total number of terms. This gives an additional factor to

add onto (1.5.14))

,(n2\ (na\T(z —n+1I(y—n+1)I(n+1)?

C%‘<n)<n) o+ DIy + 1)
T+ Dy + 1INz —n+ DIy —n+1)
STy —n+1D)(ng—n+ )0(z+DI(y + 1)

(1.5.15)

We now have the two objects M[)z and ]\7100 and the only thing left to do is to contract the
indices between them in order to assemble the singlet. Note that since we are contracting
all indices, it is sufficient to make just one of them symmetric and traceless. Putting all of

this together, we have

gs(2) = (Mo2)}, 22 (N1oe) 3175,

_ M 1) ~ ~ =1 iz Jig+1 gy 2d
=y Gy Ty Qi) 0y D) oy X Z
min(x,y)
/ in o (4) (4) ~ In41 Znl+n+1 Znl+n+2 iy
X E Ch, O (5 2L iy Gy ™ quQ(4) TG qs) gy X 1

(1.5.16)

As for the SL(2) case, keeping track of the permutations is a combinatorial problem; we need
to find different ways to color boxes 1, 2 and 3 red or blue and boxes 4, 5 and 6 green or
yellow. The details are relegated to appendix|1.13] Ignoring all factors that are independent

of z and the integer n, we obtain

_sz > (—la)n(=1)n(=14)n
Eim —xn—ma—x—y—nn (15.17)

X o F'y(=ly,n = ng;n — x5 2)0 Fy (=ns,n — li;n — y; 2)
The representations we consider here are of the same form as the ones in [38]. The r; and s;
there are defined to be the negative of the Dynkin labels : 1 = —Ay, s; = —As and so on.
Using this we find the following map to the definitions in equation (2.65) of [38] : n5; — —a,

ly = =08, ng — —v and \y — —9d. With these relations our result in ((1.5.17)) agrees with
their CFT calculation of the W3 blocks in the large ¢ limit.

22



1.6 An SL(N) example

We now consider an example at arbitrary /N, but with simple representations so as to keep
the computation tractable. In particular, we will study the four-point function of two pri-
maries in the fundamental (defining) representation of SL(N), and two primaries in the

anti-fundamental representation of SL(N),

(O1(21)O2(22) O3(23) Oa(wa)) = (9 (21) .y (w2)$ (w3) by (w4)) - (1.6.1)

Using conformal invariance and identifying the conformal cross ratios

212234 _ Z12%234
z= zZ =

) p— —
213224 2137224

(1.6.2)

this reduces to
Gtons, = (64(00)8, (1, 1064 (2,2)8.,(0,0) , (1.6.3)
where O] = Oy = ¢, and O3 = O, = ¢ , are primaries corresponding to the highest weight

states of the following representations
b, : Ri=Ry=TR, — (D,o) and ., : Ry=Ry=R, = (D,o> .
(1.6.4)

We denote by |hw); the highest weight state of R;, and by |hw); the highest weight state of
R;.

The holographic calculation of the blocks corresponding to this four point function follows
the logic of section [[.3] We first construct the matrix elements of the Wilson lines acting
on the boundary states. We then build the states corresponding to the exchanged represen-
tations, and we end the calculation by assembling the singlet. We will work in the channel
where the pair ¢ (00)@, (1) exchanges states with the pair ¢, (z)¢, (0). In order to see what

representations can be exchanged, we decompose the tensor product of the representations

of ¢, and $+

[l®] |=1®Adj, where Adj=|: . (1.6.5)
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The adjoint representation is conjugate to itself, so there are two different blocks we can
construct. Omne of them corresponds to the exchange of the identity representation, the
other corresponds to the exchange of the adjoint representation. We construct each block in

a separate subsection.

1.6.1 Exchange of 1

We start by building the matrix elements of the bulk-to-boundary Wilson lines acting on
the highest weight states at the boundary.

(1)

R1)jle M hw)y = ¢

) )
Ro)Fle2lt [hw)s = ¢ (1.6.6)
Rs)jleHt hw)s = ¢,

) )

k L -k
R4 |ezb4 1|hW — C](4) ,

. ; () _ ) — . . .
with ¢i” = (e;le® ™1 |hw); and ¢}, = (eF|e® 1 |hw);. The next step is to build the trivial
representation out of each pair. We do this by contracting indices with the invariant tensor
Ut

((1)]e™ 5 [hw)r e [hw)y = ¢ 7507

o . (1.6.7)
(T)]e nw)ge+ [hw)y = g}, ] -

The last step is to assemble the singlet out of 1 and 1. No contractions with any tensor are

needed

_ — 1 . ;o
w1 (Zz) = <3‘€Zb1L1 ]hw)lele ’hW)Q’@ZbSLI ’hW>36zb4L1 ‘hW>4 _ N(Q;‘l)gé)di)(qé?)q_ﬁ)ai’) (168)

where we normalized the singlet. Using the explicit form of q;-i) and cj{i) we obtain

g1(2) = %le : (1.6.9)

1.6.2 Exchange of Adj

We proceed in the same fashion as in the previous subsection. We start with the expressions

for the matrix elements of the bulk-to-boundary Wilson lines acting on the highest weight
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states at the boundary. These are written in . The next step is to build the adjoint
representation using the matrix elements of the first pair, the same can be done for the
second pair. For this we need an object with one index down (index in the fundamental
representation), and one index up (index in the anti-fundamental representation). For the
representation to be irreducible we also must impose a tracelessness condition. The answer

reads

. Z 1 Tiear — 1 —i
(Mi2)"; = ((Adj)"yle™ ™ b e [hw)s = ¢G5, — <207,

o o 1 ' (1.6.10)

(M0)"; = ((Adj)’y e [bw)se™ M hw)y = 476 — 070" T »
where the second term in each expression ensures tracelessness. The singlet can now be
built by contracting all indices of (My,)"; with all indices of (May)¥; using Kronecker delta

functions
wagj(zi) = (s|e® ™ |hw);e®2M |hw)e®3M |hw) 3e™44 |hw) 4
_ 1 5]5]/ M K M. k
= o w (Mi2)% (Msa)" (1.6.11)
1 _ i 1 i _
= g (q}l)Qé>qzi3>q€4> - Wé-”@lﬁz)q;f%) -
Using the explicit form of q;-” and g/, we obtain

gaaj(z) = ﬁ ((z — )Nt - %zf“) . (1.6.12)

1.6.3 The four-point function G 648,643,

As explained below ([1.2.6]), we have only computed the holomorphic conformal blocks. In
order to obtain the four point function we need to sum over the products of holomorphic
conformal blocks gs(2z) and anti-holomorphic conformal blocks §z(Z). We then write
G605, = 2 Aw(2)3:(2) = ¢"(2)Ag(2) , (1.6.13)
p.i=1,Adj

where we introduced the matrix A and the vectors

g(z) = , 9(Z) = ) (1.6.14)
9adj(2) 9gaagj(Z)
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The correlator written explicitly in ((1.6.3) is invariant under the exchange x5 <+ x4. This
translates to a constraint on the matrix A in our construction. To see this we first observe

that the vector g(z) transforms under the exchange as

91(2) ¥ A 91(2)
9(z) = — i = Og(2) (1.6.15)
gAdj(Z) % —% gAdj(Z)

where O is the orthogonal exchange matrix defined in subsection and ¢(Z) transforms

similarly. This means that the correlator transforms as
g (2)Ag(Z) — g7 (2)0TAOg(Z). (1.6.16)

Demanding invariance of the correlator amounts to the constraint OT AO = A. Any linear
combination of the identity matrix and the exchange matrix O satisfies this equation and
will lead to a crossing symmetric correlation function when plugged in ((1.6.13]). We continue
to compute these crossing symmetric building blocks. With A = I we get

G1(zi,Zi) = 91(2)91(Z) + gaa;j(2)9aa;(Z)

- [OZP)N_I (=17 = (e~ )2 - S - 1>>N1} |

1

And with A = O we get
Gole7) = 1 (019 3) ~ oaas(Iaa®) + L (02)oa(3) + 9a()o1 2)
S [@(z D () ) A () Ry (P 1|2)N‘1} |

N?—1
(1.6.18)

One can see in (1.6.1)-(1.6.3) that the exchange x5 <+ x4 corresponds to (z,z) — (1—z,1—-2)
and (|1.6.17)) and (|1.6.18]) are indeed invariant under this transformation. A specific linear

combination of G; and G gives
Glz,z) = (2" + (]2 = 1) (1.6.19)

This is the semiclassical limit of the result computed in |67] using the Coulomb gas formalism.

Another linear combination of interest is the following

Glz,z) = (1) + (= 1) T+ (= D)V (- 1)V (1.6.20)
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For N = —1, this expression reduces to the following correlator of free complex bosons

G(2i, %) = (000 (1) 000 (2)0p0P(3)0pO(24))
= (219Z12) 2(234%34) "> + (214Z14) (223%03) > (1.6.21)
+ (212214) "% (234%23) 2 + (214Z12) % (203%34) >

after implementing coordinates as in ([1.6.2)) and (|1.6.3]).

1.7 Heavy-light Virasoro blocks

We now show how to use our approach to obtain Virasoro blocks in the heavy-light limit.
This refers to a limit in which we take ¢ — oo while scaling operator dimensions in a specific
way. In particular, we consider a four-point function of two light operators and two heavy
operators, (Or,0p,0m,Op,). Light operators have scaling dimensions h; o that are held
fixed in the limit, while heavy operator dimensions H; o scale like ¢, while their difference
H,5 = Hy — Hy is held fixed. Further, the exchanged primary is taken to be light, with its

scaling dimension h, held fixed.

Rather than working on the z-plane, in this section it will be more convenient to work on
the cylinder, z = ™, with w = ¢ + i7. Of course, the conformal blocks in the two cases are
simply related by a conformal transformation. We will further use conformal invariance to
place the heavy operators in the far past and future, and one of the light operators at w = 0.

With these comments in mind, the heavy-light Virosoro blocks on the cylinder are [46]

(Or, (w,w)0p,(0,0) P, Op, (T = —00)Op, (T = 00)) = F(hi, hy; w)f(izi, hy; )

(1.7.1)
with
. aw\ ~2hr, i hp+hi2 His iow
F(hi, hyyw) = <81n7> (1—6 ) 2F1<hp+h12,hp—7,2hp;1—e > .
(1.7.2)

Here

24h
a:\/l—THl. (1.7.3)
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Setting o = 1 yields the result for the global block. We then note that the heavy-light

Virasoro block is obtained from the global block by the replacements

H
w—aw, Hpy= —z (1.7.4)
o

We now show how this result comes out in our approach.

As shown in previous work, the relevant bulk geometry is a conical defect spacetime
whose energy matches the dimension of the heavy operators. The corresponding connection
is

o2

We now write

e(T1+aT2T—1)w — ecl(w)Tl [co(w)]2T06C_1(w)T_1 (176)
with
2
a(w) = atan% . co(w) = cos% , cq(w) = %tan% (1.7.7)

obtained by matching the two sides in the two-dimensional rep of SL(2).

The conformal block is given byf

4

0 (w) = D Smrmamams | [Gimmale 0 feo )P i) (1.7.8)
fme} =1
where we have written the singlet state as (s| = >y, 1 Siy,mamsma [T, Gimi|. We will

think of the first two spins as representing the light operators, so h; = —j; and hy = —J».
The insertion point of last two spins will be taken to 7 = 400, since this is where the heavy
operators are inserted. The heavy operators correspond to the background connection with

the contribution of the spins added on top. Below we will see that Hio = —a(jsz — j4)-

We use conformal invariance to set

wy —w, wy—0, ws— —ico, wy— +ico, wy—0 (1.7.9)

6To avoid confusion with the cylinder coordinates w;, we use w, to denote the conformal blocks in this
section.
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The functions behave as

cr(we) ~ 0, colwpp) ~ 1

2. 1 Taws
cl(wb3) ~ EZQ" Co(wb3) ~ 561 23. — 0
1 (wpy) ~ —EZ . Co(wpy) ~ 56_% — 00 (1.7.10)

The first limit picks out my = j, from the sum. After stripping off the ws 4 dependent factors

(which are absorbed into the definition of the operators at 7 = +00) we are left with

aw . o ; . —2 aw ..
oy (w;) = (0057)211 Z St gaamgana (Jrma e s 0 i)

mi1,m3,m4

<]3m3|€"T1|J333><J4m4|6 ol |7474) (1.7.11)
Now, starting from the o = 1 case we obtain ((1.7.11]) by the replacements
1
w—oaw, T — -1 (1.7.12)
!

We first establish that the rescaling of 77 has no effect other than contributing an overall
multiplicative constant. This is because upon expanding the exponentials only a fixed overall
power of 17 contributes, since my + jo + m3 + my = 0 by the singlet condition. We simply
pick up one power of a for each power of T}, which as noted above just yields a fixed overall

constant which we ignore.

Besides the rescaling of w, we also need to account for the rescaling of Hyy in . At

a = 1 we have only light operators and we would write Hyjy = —(j; — j4). For general «

we can read off the contribution to the scaling dimension from js 4 from the ws 4 dependent

prefactor that we stripped off. From the behavior of the functions cq(wpy3) and co(wps) we see
iajgwy _iajgwy

that this factor is e~ 2 e~ 2 . This tells us that it is o34 that contributes to the scaling

dimensions, and so —(j3 — j4) = % This accounts for the rescaling of Hjs.

Altogether, we see that if we have established the correct result for the global conformal
block, as we have indeed done in section[1.4] then agreement for the heavy-light block follows.

This completes the argument.
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1.8 Discussion

We close with a few comments. The main result of this work is formula (1.1.3)), yielding
large ¢ correlators and conformal blocks of Wy theories. We showed by explicit computation
how the choice of light external operators yields global blocks, recovering known results in
a new way that is well adapted to holographic considerations. We can equally well obtain
heavy-light blocks, as was demonstrated in the N = 2 case where we obtained heavy-light
Virasoro blocks. Similarly, heavy-light blocks for Wy can be obtained through more work,
if desired. In all these cases, all our results directly pertain to the case where operator
dimensions are negative; however, after the result has been obtained one can analytically
continue to positive dimensions. Of course, this requires some knowledge of the analytic
structure as a function of operator dimension. This is usually no obstacle: for example, one
knows that each term in the series expansion of a conformal block in the cross ratio is a
rational function of operator dimensions, rendering analytic continuation trivial. Similarly,

one can analytically continue in N to obtain blocks of W, ().

Looking ahead, it would be very interesting to obtain directly from the equations
of Prokushkin and Vasiliev. At present, we only know how to do this in the case of two
light operators, corresponding to computing a two-point function in a heavy background.
Starting from the Prokushkin-Vasiliev equations, it is well known (e.g. [10]) how to linearize
in the matter field to obtain a description of a free scalar interacting with Chern-Simons
gauge fields, and how the computation of two-point functions leads to a special case of
(L.1.3). However, the system of equations becomes much more complicated when matter
self-interactions are included, and they have so far not been put into a usable form. We also
note that the case of two light operators includes all existing computations of entanglement
entropy in higher spin theories, which correspond to two-point functions of operators with

quantum numbers chosen to match those of twist operators [8,25],30,56].

Results obtained here pertain to the large ¢ limit, which corresponds to the classical limit
in the bulk. On the CFT side one can work out 1/c corrections [41], and it is interesting

to ask how these might arise in the bulk as quantum corrections. For example, one might
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entertain computing loop diagrams in the bulk via Wilson lines. However, the most obvious
way of defining such diagrams does not lead to anything new when we recall that gauge
invariance implies that the location of bulk vertices can be moved without changing the
result. The same argument that said that tree level exchange diagrams can be reduced to
contact diagrams by merging vertices also tells us that such loop diagrams can be reduced to
tree level contact diagrams. Apparently some new ingredient is needed to compute quantum

corrections.

Appendices

1.9 Conformal invariance of correlators

Here we show that our correlation functions transform properly under global conformal

transformations, as in . We start from our general expression for an n-point function

wy(z) = (8] ﬁezﬂf”mw)i . (1.9.1)

i=1
Under a gauge transformation of the connection
a— LaL™' + LdL™" (1.9.2)

a Wilson line transforms as

Pels @ — L(y)Pels * L7 () (1.9.3)
An arbitrary SL(2) transformation can be written as

L(z) = ef-111 g2loscoTo gy (1.9.4)

where the ¢; are functions of z. Starting with the connection corresponding to pure AdS in

Poincaré coordinates , a = Tidz, a gauge transformation by L(z) gives

., [1—¢ 2(c_y + cocy — c_1c)) cAd | — 2coche_y — 2, +
= D)

€o €o Co

10
T 1| dz (1.9.5)



To verify this one can first work out the result in the 2 x 2 matrix representation of SL(2)
and then use the fact that the group multiplication is independent of the representation. We
demand that a’ o< T7, so that the coefficients of Ty and 7 vanish. It will prove sufficient to

take
c1(z)=0, co(z)=cz+d, c_1(z) =—ccy(z) (1.9.6)

corresponding to the new connection

Tle
= ———  =Tyd 1.9.7
¢ (cz 4+ d)? 14 ( )
where
, az+b
= —bc=1. 1.9.8
z ot d’ ad — be ( )

Returning to ((1.9.1)) we write
ws(z;) = (s HL_l(zb)L(zb)ezbiTl(i)L_l(zi)L(zi)|hw>i
i=1
= (s T[T ™" L(z0) | huw)s (1.9.9)

i=1

We further have

L) ), = 1T cowea ),
— 6—2hi log co |hU1>Z

= (cz; + d)"*" |hw), (1.9.10)

which yields
ws(z;) = [H(czi +d)2hi] we(z)) (1.9.11)

This is equivalent to (1.2.9)).

1.10 Computation of three-point function

In this appendix we give the details for deriving (1.2.14). We work with a description of

SL(2) representations based on symmetric tensors, or equivalently Young tableau with a
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single row. We start with Young tableaux with one single row of length A = 2j for a spin
J representation. In tensor notation the states of this representation are A% le,, ...e€q,)
where A is a symmetric tensor, and |e;) and |ey) are the spin up and spin down states of
the spin half representation of SL(2), respectively. In other words, |e;) and |es) are states
in the fundamental representation of SL(2). The highest weight state is |e; ...e;). Wilson
lines emanating from the boundary points z1, 29 and z3 carry Dynkin labels Ai, Ay and A3,
respectively, and we take \; > Ay without loss of generality. The tensor product of the first

two representations decomposes as

A1+
MO l= D (1.10.1)
A=[A1—a|
where representations of label A € {|A; — Xa|,..., A1 + Ao} appear. If A3 lies in this interval

we can build a singlet out of the three representations. Once we have the singlet we need
to evaluate the bulk-to-boundary Wilson lines. These act independently on each state of
the fundamental representation so it is convenient to first evaluate matrix elements on these
factors and then assemble the singlet, which will then lead directly to the three point function.
We denote by ¢ the following matrix element of the Wilson line

O = (eq] T Jey), = 6 — 2402, (1.10.2)

«

We now exploit gauge invariance to set z; = z,. After this we see that ¢V = 4!, which
simplifies the calculation. We now define the tensor (M;);, j, = ((Ri)jlu_jki|ezbiL1|hw)z~

representing the matrix element of the Wilson line for any state in the representation R;.

Zl : (Ml)al,,,aAl — (5&1 e 556/\1
2 (Ma)srs, =405 - 45 ) (1.10.3)
5 (g, = a0,

We now build a tensor of A\3 symmetric indices out of M; and M,.

238 _
(M12)71_._7A3 — bt 60‘*1+A22 Az PA1+A0 =g (Ml)

Q1@ N+ a0 A3 (VYA 4232
3 3

(M2)7A1+>\37)\2 +1~~~7A3)B1~~~5A1+Ar)\3 (1'10'4)
— —
_ ( (2))%51 1 2) (2)
92 (1 YA tag—Ag q’YAlJrAgf/\Q T yng)
3 3 +1
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where we have contracted indices with the invariant tensor €. Finally we bring M, and

M3 together and construct the singlet

ws(21, 22, 23) = €M €3N (M), ay, (Mi2)s,. 5,

A1+Ao—A
— (g TF R B axgBrg o (3) 3 sl 1 (2) (2)
= (¢") € ...€ Qoyy - - - qo%%l 08, ae Dasiag g Ly
2 2
(1.10.5)

where we have made use of the symmetric structure of M3 and M;,, and discarded constant

factors. Using now the explicit form of ¢V from (1.10.2)) we obtain

A1+Aa—A3 A1+A3—29 Ag+A3—A1
— 2 2 2
ws(21, 22, 23) = 219 213 Zos (1.10.6)

This yields the result ([1.2.14)) upon using h; = —\;/2.

1.11 SL(N) Conventions and Facts

1.11.1 Conventions

We use the same conventions as in [23]. All the Wilson lines that appear in this paper are
valued in the SL(2) subgroup of SL(N). The matrices we then need are for the generators of

SL(2) which in the N dimensional defining representation are

0 0

N -1 0

0 2(N—-2) 0
Li=—

(N =4 0 (1.11.1)

0 N=1 0
Lozdiag(N_1,N_3,...,N_2i+1,...,—u)

2 2 2 2
L_i=—(L)T
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Using these matrices, we find for the defining representation
SN-1 Nl
——— (=hw|(Ly)" '|h

= (=)

(=hw|e* 1 |hw) =
(1.11.2)

1.11.2 Irreducible Tensors

We denote states of the defining representation of SL(N) by an n-dimensional lower indexed
vector |e;), i = 1,..., N. It is natural then to denote states of the conjugate representation by
upper indexed objects |€'), such that the invariant tensors are given by 6g , €iy.iy and efIN,

Their invariance follows from the fact that the matrices of SL(N) have unit determinant.

This characterization is useful for the SL(3) calculations of section [L.5| The invariant
tensors are now 5? , € and €%, Consider a tensor with arbitrary number of lower and upper
indices. First focus on a pair of lower indices. The part that is antisymmetric in these two
indices can be converted into a single upper index using an €*. Next we do the same with
pairs of upper indices. We can keep doing this until we have a tensor that has completely
symmetric upper and lower indices. We can also contract an upper and a lower index using
5? to give a lower rank tensor. Thus an irreducible tensor of SL(3) should be completely

traceless and symmetric in upper and lower indices.

We can construct a symmetric traceless tensor with m lower and n upper indices, 77! /"

21.-.2m ?

by taking a tensor product of m copies of the defining and n copies of its conjugate represen-

tation, symmetrizing and subtracting out traces. Since the traces are all lower rank tensors,

we have
n|m
g N (1.11.3)
where the ... on the right denote Young tableau with boxes < m + 2n. So we conclude
ijl 1.:";{: ~ (m,n). Conjugation of a representation simply conjugates each factor in the tensor

product above which is equivalent to exchanging upper and lower indices or (m,n) = (n,m).
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1.12 Removing Traces of Symmetric Tensors

Zl'LL )

Consider a tensor with = lower indices and y upper indices, A where the upper and lower
indices are completely symmetrized. For the purposes of having an irreducible representation
of SL(3) we also need this tensor to be traceless. Since all the indices are symmetric we can
consider a particular trace, say (5;»1, all other traces being equivalent. The trace of the
tensor Afllf;’ gives a term with one upper and one lower index contracted — a single trace
expression. To make this tensor traceless, we need to subtract out single trace expressions
with appropriate coefficients while maintaining the symmetry of the indices. Trace of the
single trace terms we just added to our tensor gives new double trace expressions. We then

subtract those double trace terms and keep on going until we run out of indices to contract.

In general, the expression for the traceless tensor looks like

min(z,y)
A=Al Y g sl (1121)
n=1

where the parentheses denote symmetrization. Our goal is then to fix the coefficients C,,.
First note that since both 7 and j are symmetrized, a lot of the terms have the same tensor
structure. For example, (5511 (5322 is the same as (51?22(5511 (but different from 5ff5f21) To account
for these degeneracies (given n), fix the indices that appear on the tensor A. There are
(x —n)!(y — n)! terms which are the same, coming from permutations of the (z — n) lower
and (y — n) upper indices on A. Further, we have a total of (n!)? terms coming from the
permutations of the lower and upper indices on the Kronecker deltas but only n! of them
are distinct corresponding to keeping the sequence of lower indices fixed while permuting
the upper indices. This gives an additional degeneracy factor of n!. We then redefine our
constants

(1,

Cn = (x —n)l(y —n)n!

(1.12.2)

such that each tensor structure appears with a factor of ( —1)”C'n in the sum. Note that we
have included a sign since the single trace terms cancel the zero trace terms, the double trace

cancel the single trace terms and so on. We will use induction to determine C,. Consider
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the term with n traces and n + 1 traces respectively.
(_1)n0” (| 5jnAjn+1“'jy)k1“"fn
(x —n)l(y —n)ln!" tn inrda)ky ko

(_1)n+10"+1 (1, gin+1 gint2dy)krknis
(z—n—Dly—n—1)(n+ 1)1 G Tnsr i)k ko

n:

(1.12.3)

n—+1:

To facilitate counting, further restrict to a particular tensor structure after contracting with

o

‘_(5.‘]'n+1Ajn+2"'jyk1"'kn+l
Ju? 2

; e e T This tensor structure can arise from the n+1 trace terms
n+1 In42"lxK1 n+1

say 0;; -

in one of 4 ways.

1. Both the indices 7; and j; are among the Kronecker deltas and on the same Kronecker

delta.

56 . g gz (1.12.4)

i1 Vg In41 " int2igkl o kna

There is exactly one such term after accounting for the degeneracies. Contracting with

5311 gives an additional factor of 3.

2. Both the indices i; and j; are among the Kronecker deltas but are on different Kro-

necker deltas.

5]a6]2 N 551 o 5jn+1Ajn+2~--jyk1---kn+1 (1.12.5)

11 “12 In41 " Ting2tiekl ka1

where 2 < a < n+ 1. There are n such terms and each gives a factor of 1.

3. iy is on a Kronecker delta but 7; is on the tensor A.

Iy (1120

11 712 In41 " Ting2tieklkngl

where n + 2 < b < y. There are (y —n — 1) such terms and each gives a factor of 1.

4. On a similar note, we can have j; on the Kronecker delta but i; on A.
g gt g s (1.12.7
T “19

Int1* Tipgoir iz ke kg

where n + 2 < b < z. There are (x —n — 1) such terms and each gives a factor of 1.
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It is easily checked that no other possibility gives the right tensor structure. Combining all
this we get a factor of (z+y—n+1) accompanying the required tensor structure in the n+ 1
trace terms. Looking at the terms in with n traces, the required tensor structure
can appear only when both the i; and j; indices are on the tensor A and the Kronecker
deltas are in the correct form. This term occurs exactly once after removing degeneracies.

Hence, we get the recursion relation

_— c,

_ _ 1.12.8
ety —n+l ( )

Note that we can think of the original tensor as the n = 0 term with Cy = 1. The coefficients

are then given by

. 1

where [a],, is the descending Pochhammer symbol, [a], = a(a — 1)...(a —n + 1). Putting
all of this together, the traceless tensor is given by

min(x,y) n
B =S )Tty —nt2) 51 .. gn gtk
e Nz+y+2)0(z—n+1)(y—n+1I(n+1) @ inCing1 i)k

n=0

(1.12.10)

1.13 Details of SL(3) Calculation

In this appendix, we present some details of the SL(3) calculations of section|1.5l The singlet
in terms of tensors of SL(3) was found in (1.5.16)). All that is required now is to contract all

the indices while keeping track of all the combinatorial factors and powers of z.

(1) )~ ~ g1 iy Jig+1
gs(z) Qzl qil Qi 11 iy " 4y D2 o Q<2y)
mzn
1 s(i1 in (4) (4) int1 _ing4n+1 —ing+n+t2 i
X E C Codg 05, - q]n4q]n4+1- AR ) )
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As mentioned before we refer to the indices on the first line by colors and the second line by

boxes. The various labels we use for indices and the number of them are collected below

Label Index on Number

Red q® L=XMN—d

Blue q lh=e

Green do ls=MX—e

Yellow d2 ly=p—d—e (113.2)
Box 1 Qi ny =X\, —¢

Box 2 des) ne=p —d —¢

Box 3/6 4] n

Box 4 q® ng =N —d

Box 5 q ns =€

Each permutation will correspond to a particular way of coloring the boxes. Note that we

are allowed to color boxes 1, 2 and 3 red or blue only and boxes 4, 5 and 6 green or yellow

only. Taking this into account, the various contributions from different combinations are

Coloring Contribution Number

Box 1 Red q" - quy u

Box 2 Red q" - G I —u—u
Box 3 Red q;" u

Box 1 Blue q - qu ny —u

Box 2 Blue q- s lo —ni—n+u+u
Box 3 Blue g n—u (1.13.3)
Box 4 Green doy - g v

Box 5 Green doy - G ls—v—1

Box 6 Green i v’

Box 4 Yellow J2y - g™ ng—mn-—uv
Box 5 Yellow do - G Iy —ng+v+0
Box 6 Yellow oy n—uv
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Note that box 3 and box 6 must be contracted as they refer to lower and upper indices
appearing on ¢. Our definition ¢; = ejbc(j?m(j&) automatically gives ¢- @) = 0 = ¢ ). Since
R is represented as a symmetric traceless tensor, we also have ¢ - g,, = 0. We are then left
with just one possible combination — color box 3 red and box 6 yellow giving a contribution

of ¢V - Gy In the above table this means v’ = n and v' = 0.

Choosing the bulk point to coincide with z; = 0 and imposing 2, — oo constrains ¢,
qu) to be highest weight (¢;" and @) and ¢, ., to be lowest weight (¢5” and ¢,)). All
the contributions can then be found by our knowledge of the matrix elements in the defining
representation ([1.5.13)). For example we have

0 G = By =1 (1.13.4)

G- Qo = €inelly) @y = V22(1 = 2)
The next task is to find the combinatorial factors accompanying each combination and to
sum them all up. As an example consider boxes of type 1 i.e. the first and fourth rows of
table . We need to color u boxes red and the rest blue. First choose u red indices
and n; — u blue indices which can be done in (l;) (li) ways. The coloring of the ny; boxes of
type 1 can then be done in I'(n; + 1) ways. Proceeding in a similar manner with the rest of

the boxes, we obtain

demi’ycc’ig( )(nl_ )r n1—|—1( 7ZU>F(n+1)F(nz—n+1)

u=0 v=0
l l I —
x(3)( 4 )Fn4—n+ (4 n4+n+v)F(n+1)F(n5+1)
(% ng —n —v
X (\/5,2)”17“(\/52(1 . Z))lg n1+u 2 l3 v( \/§<1 . Z))l4fn4+vz2n
min(x,y)
n+1) B -
2d+l2 C “\e 2n 1— lo—ni+li—ng

X 2F1(—n1,n —l;; 1+l —ny 1 —2)F (—lg,n —ng; 1+ 13 —nyg; 1 — 2)
(1.13.5)

where the ~ indicates that we have ignored factors that are independent of z and the

summation variable n. We can put the hypergeometric functions into standard form using
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the identity

_1)m
2F1(a,b;b—m;z):%(1—z)_“_mgFl(—m,b—a—m;l—a—m;l—z), meN

(1.13.6)
where (a),, = a(a+1)...(a+m—1) is the ascending Pochhammer symbol. We also use the

following reflection formula for gamma functions

I(s—a+1) INUEE

B /A S b—a
F(S-b—i—l) ( ) F((I—S) 9 CL,bEZ,S E(C (1137)

With a = n and b = 0, we obtain

I'(s—n+1)

I
—~
|
—_
~—
N
)1
—~
|

(1.13.8)

The only other ingredient required is the factor C,,C! which is obtained from (|1.12.10f) and
(1.5.15]) to be

(=) I'z+y—n+2)
F'n+1)T'(ngy —n+1)l(ng —n+1)

CpC! ~ (1.13.9)

We then put all the factors and identities together into (1.13.5)) and after the dust settles,

we have

min(z,y)

gp(z) ~ Zhare Z

n=0

ﬁ(_n2)n(—l4)n(—l1)n(—n4)n
n! (_I)n(_y)n(_x -y — 1)n (1.13'10)

X oFy(=la,n —ngsn — x5 2)9 Fy (—ns,n — lyyn — y; 2)

Note that we have the relations n; +ny = x =11 + I, and ny + ns = y = I3 + 4 with all of
the I’s and n’s being non-negative integers. We can then take the upper limit of the sum to

be oo as all the extra terms in the sum vanish.
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CHAPTER 2

Anomalous Dimensions from Quantum Wilson Lines

We study the self-energy of a gravitating point particle in AdS3, and compare to operator
dimensions in CFTs. In particular, we compute the one and two loop diagram contributions
to the expectation value of an open Wilson line in the SL(2,R)x SL(2,R) Chern-Simons
formulation of AdSs gravity. This gives the two-point function of CFT primary operators
to second order in a large ¢ expansion, and hence yields the scaling dimension h(j,c) as a
function of the SL(2,R) spin j. Comparison to CFT is made in the context of constructing
Virasoro representations starting from representations of SL(2,R) current algebra. Our Wil-
son line computations follow the framework advanced recently by Fitzpatrick et. al., which
is based on earlier work by H. Verlinde. We encounter some renormalization scheme ambi-
guities at the two-loop level which we are not able to fully resolve, hampering a definitive

comparison with CF'T expressions at this order.

2.1 Introduction

In this paper we study the gravitational self-energy of a point particle in AdSsz, and in
particular the relation between the energy of the particle when Newton’s constant is vanishing
or finite. Typically, the relation between these energies is not very interesting since it is cutoff
dependent: the self-energy suffers from the classic UV divergence problem, necessitating a
short distance cutoff, and there is no universal relation between the bare and renormalized
energies. However, for a particle in AdSs the situation appears to be more favorable, as we

now discuss.

The Hilbert space of a particle coupled to gravity in AdS; corresponds, via the AdS;/CFTy
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duality, to a representation of the Virasoro algebra. The lowest allowed energy of the
particle maps to the dimension of the primary operator which labels the representation,
Ey=h+h-— 5. We will use the well-known fact [14], reviewed below, that representations
of the Virasoro algebra can be obtained by starting from SL(2,R) current algebra and im-
posing constraints on the currents. Starting from an SL(2,R) primary of spin-j, one thereby
obtains a Virasoro primary of dimension h(j, ¢), which depends on j and the central charge
c. The formula can be written as

m+1 6
h(j,c)=—7+——j(1+1 =1-— . 2.1.1
o) =—j+——jli+1), «c P CESY (2.1.1)
Recalling the Brown-Henneaux formula [19], ¢ = 31/2Gy, sending Gy — 0 corresponds to

¢ — 00, which can be accomplished by taking m — —1. h(j, ¢) admits an expansion in 1/c,

. . 6. (P
h(j,c):—j—zj(]+1)—§](j+1)+... : (2.1.2)
We aim to give the subleading terms an interpretation in terms of gravitational self-energy!T]

The relation between the SL(2,R) current algebra and the Virasoro algebra has an ana-
log on the AdS; side that is also well known; see |12] for a review. Starting from SL(2,R)x
SL(2,R) Chern-Simons theory, which is equivalent [1,[78] (in perturbation theory) to three-
dimensional Einstein gravity with a negative cosmological constant, imposing the boundary
conditions that imply asymptotic AdSs-ness has the effect of implementing the aforemen-
tioned reduction of the symmetry algebra. Our particle is described by a Wilson line in the
spin-j representation of SL(2,R). An open Wilson line with endpoints on the AdS boundary
computes a boundary two-point function, from which the dimension h(j, c) can be deduced,
and hence our task is to compute such a Wilson line perturbatively in 1/c. Wilson lines in
the context of AdS;/CFTy duality first appeared in [8,30] as a tool to compute entanglement

entropy in higher spin theories.

Our setup is motivated by ongoing work [5}/17},29,41.|45|46|,52,58.|/60] on the bulk inter-

pretation of conformal blocks in two-dimensional CFTs, which is in turn aimed at gaining

'In much of this paper we will take 2j to be a positive integer corresponding to a finite dimensional non-
unitary representation of SL(2,R). This of course yields a negative “bare” energy. However, we stress that
our analysis carries over immediately to j-values corresponding to positive energy unitary representations,
as we discuss later.
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insight into the emergence of local bulk physics — and its ultimate breakdown — starting
from CFT. In particular, conformal blocks were given a bulk formulation in terms of particle
worldlines in [4H7,22,26,28,43/|45,/46,51,58-60]. A Wilson line version of these constructions
in the large ¢ limit, with generalizations to higher spin theories, was given in [15,|17,29|56].
The fully quantum version incorporating 1/c corrections appears in [42]. We should also
note that the main features of these Wilson line constructions already appeared long ago
in |77], building on the famous connection between Chern-Simons theory and CFT developed
in |79], albeit at a somewhat formal level that did not take into account such issues as UV

divergences. This early work is reviewed in the modern AdS/CFT context in [42].

Figure 2.1: Wilson line diagrams to order 1/c?

We compute a Wilson line two-point function to the first two subleading orders in the

1/c expansion, corresponding to the diagrams shown in figure E] These diagrams are

Figure 2.2: Graviton self energy

UV divergent, as expected. The proper treatment of these divergences is not completely
straightforward, as we are not starting from the standard framework of a local Lagrangian

to which we can add counterterms, and this gives rise to some ambiguities. At order 1/c

2The graviton self-energy diagrams in figure [2.2| are implicitly taken into account, as will become clear.
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simply removing power law divergences yields the first correction in . At order 1/c?
the two loop diagrams include contributions that can be unambiguously associated to the
exponentiation of the order 1/c result, but ambiguity arises in trying to deduce the 1/c?
correction to h(j,c), essentially due to the need to remove a divergent term of the same
form as the finite term we are after. It seems likely that to resolve this ambiguity one needs
to study in more detail how the Virasoro generators act in this setup and require that the

symmetry is being implemented consistently.

2.2 CFT results

We begin by reviewing how imposing constraints on SL(2,R) current algebra representations
yields representations of Virasoro |14]. The SL(2,R) current algebra at level k is

(/2™ | e J0)

22 z

J(2)J%(0) ~ (2.2.1)

Here 7% = (1,1, —1) and €'23 = 1. We also define J* = J! £4.J2. The stress tensor is given

via the Sugawara construction

1
Tsr0) = ="’ (2.2.2)

Its modes obey a Virasoro algebra with central charge

= — 2.2.
C5L(2) = 35 (2.2.3)

Current algebra primaries sit in representations of SL(2,R), as labelled by the quadratic
Casimir Cy = 14, J%J° and the J? eigenvalue. For ease of comparison with our later formulas
it turns out to be convenient to focus on representations with J2 bounded from below, and
to define j as the negative of the smallest value of J? in the representation, so that the
quadratic Casimir is Cy = —j(j + 1). In this notation, taking 2j to be a positive integer
yields a finite dimensional, non-unitary, representation of SL(2,R). The scaling dimension of

a spin-j primary is
iG+1)

hsp@)|®] = = —

(2.2.4)
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The reduction to Virasoro proceeds by imposing the constraints J~(z) = k and J°(z) = 0.
For conformal invariance to be compatible with the J~ constraint the stress tensor needs
to be modified so that J~(z) acquires vanishing scaling dimension. This is accomplished by
adding to the stress tensor a term proportional to 9.J3(z). Also, ghosts are introduced so
that the constraints can be implemented by a BRST construction. The full stress tensor is
then

T = Tsp) + 0J° + Ty (2.2.5)

with central charge

3k
= — -2 2.2.
c k—2+6k (2.2.6)

with the —2 coming from the ghosts. The improvement term yields a contribution J? to

the dimension of the original current algebra primaries, so the dimension of the Virasoro

primary is
- JG+1)
h|®;| =—j — —-— 2.2.7
@) = —j - 1 (227)
since J® = —j yields the lowest dimension operator. It is convenient to write the central

charge in the standard minimal model parametrization
c=1——— k=——, (2.2.8)

so that
. oom+1
h(j,c) = h[®j] = —j + T](j +1) (2.2.9)

To put this in context, recall that the dimensions of the Kac degenerate representations

are )
(r(m+1) —sm)” —1
hy s = : 2.2.10
’ 4m(m + 1) ( )
We have
h(j,e)=hys, r=2j+1,s=1. (2.2.11)

Of interest to us is the large ¢ limit obtained by taking m — —1, which yields

6i(+1)  T8iG+1)
2

h(j,0)] = —j — (2.2.12)

C C
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The alternative case m — 0 is commented on below. As we have discussed, we expect
the terms appearing in the expansion (2.2.12)) to correspond, in the bulk, to perturbative

gravitational self energy diagrams.

2.3 Bulk side: preliminary comments

The 1/c expansion on the CFT side maps to an expansion in the 3d Newton constant G, so
we can hope to recover (2.2.12)) by gravitational perturbation theory in AdS;. The Brown-

Henneaux formula ¢ = 31/2G relates the expansions.ﬂ

Let us first give a heuristic explanation for the part of which is due to classical
self-energy. We consider a spinless point particle of mass ml = 2h > 1. In higher than three
dimensions, as soon as gravity is turned on the particle would collapse into a black hole,
but in three dimensions and for sufficiently light particles one instead gets a conical defect
solution. In the absence of a cosmological constant, a particle of mass m yields a solution
described by Minkowski space with a wedge of angle A¢ = 8tGm cut out [32]. Let us now
think of placing this particle in AdS;. We do so while keeping m fixed, meaning that we hold
fixed the deficit angle computed by examining the geometry in the immediate neighborhood
of the solution. Now, a conical defect solution in AdSs takes the form

12dr?

ds?> = —(r? = 8GMIP*)dt? + ———————
S (r G ) +7’2—8GMl2

+ r2de? (2.3.1)

where ¢ = ¢ + 2m. Here M is the total energy measured at the asymptotic AdS boundary,
with M < 0 for a conical defect. By rescaling coordinates, this metric can be written
in standard form ds* = —(r? + (®)dt* + 12dr?/(r* + 1) + r?d¢ but with an angle A¢ =
27(1 — /—=8GM) cut out. Equating our two expressions for A¢ yields the relation between

the “bare” mass m and the physical energy M,

1 2
M = —c o +m—2Gm’ . (2.3.2)

3More precisely, we should recall that the Brown-Henneaux formula is a classical result in Einstein gravity.

In the presence of higher derivative terms it is replaced by the Wald-like formula |65}/75] ¢ = % gwﬁ.

47



Writing M1 = —5 + 2h, ml = —2j, and using the Brown-Henneaux formula, this becomes

652
h=—j— % . (2.3.3)

The j2/c contribution matches (2.2.12). To capture the j/c term we need to go beyond
treating the particle as having a definite position and include the effect of its finite size
quantum wavefunction, which is suppressed for j > 1. This effect is incorporated in the

perturbative treatment given below.
Before turning to that analysis let us return to (2.2.9) and now expand around m — 0,

. (7 +1 o 13900+ 1 67(7 +1
h(;,c):—j(]T)c—ﬁ ‘7(‘76 ) 4 J<Jc )y (2.3.4)

This result was given a nice bulk interpretation in |73|; to compare, set j = (s—1)/2 and write
Lo = h(j,c) — 5 = —32140 + % + .... These states correspond to classical solutions
with conical excess angle 2m(s — 1). The O(c") contribution comes from quantizing the
solutions using the method of coadjoint orbits. For s a positive integer these representations

correspond to the degenerate h s representations of the Virasoro algebra, examined at large

C.

2.4 Perturbative self-energy computation

2.4.1 Chern-Simons formulation, and correlators from Wilson lines

The Chern-Simons formulation of 3d gravity is perfectly adapted to our problem, since the
above procedure of going from SL(2,R) current algebra to Virasoro has a precise counterpart
in terms of imposing boundary conditions on the connection in SL(2,R)x SL(2,R) Chern-
Simons theory. In the bulk, the Virasoro symmetry arises as the symmetry algebra preserving
the asymptotic boundary conditions. We will not review the details of this, as it is well
described in many references, e.g. [12]. We just note the following. AdS;3 in the form
ds®> = dp* + e*dzdz is represented by the connection A = Lodp + €L dz, along with a
similar expression for the second SL(2,R) factor which we henceforth suppress. Here L,, are

standard SL(2,R) generators obeying [L,, L,] = (m — n)Ly,4,. More generally, a metric
48



with boundary stress tensor T'(z) is represented by A = Lodp + (L1 + T'(z)e ?L_;)dz. The
p dependence can be removed by a gauge transformation by e™®lo  allowing us to work
with the reduced connection

a=(Li+ gT(z)Ll)dz : (2.4.1)

Given a connection of the above form, the rule for computing correlators is extremely
simple. More precisely, we focus here on the conformal blocks, and in particular just the
holomorphic half of the conformal block. Each operator in the CFT corresponds to some
spin-j representation of SL(2,R).

In the large ¢ limit the rule for computing conformal blocks is as follows [15,|17]. We
set T'(z) = 0 corresponding to the vacuum state. Each primary operator is represented
by its corresponding highest weight SL(2,R) state |j;j;). We then attach a Wilson line
Wi, [z, 2] = Pel= @ divected from the operator location to some arbitrary location z,. At z,
there resides a singlet state (S| in the tensor product of the representations of the primary
operators. The large ¢ conformal block is then simply

G(21, J1; 22, J2; - - - Zny Jn) = (S H Wi =i, 2] | i) - (2.4.2)

i=1

This expression satisfies two basic properties. First, it is independent of the choice of z,, as
moving z, is easily seen to be realized by a gauge transformation, which acts trivially on the
singlet state. Second, gauge invariance implies that it transforms as it should under conformal
transformations. We also remark that there are in general multiple ways to construct singlet
states out of the representations hosted by the primary operators, and this corresponds to
the space of conformal blocks. A full fledged correlation function is constructed by combining
holomorphic and anti-holomorphic conformal blocks in a manner compatible with crossing

symmetry.

The above large ¢ construction yields the global conformal blocks, in which exchanged
operators fill out representations of the global conformal group SL(2,R). These conformal
blocks can be viewed as the large ¢ limit of Virasoro blocks, which are much richer objects.
From the bulk point of view, the Virasoro blocks capture the effect of gravitational interac-

tions, including both classical and quantum effects. Indeed, at finite ¢ the Virasoro blocks
49



in some sense contain non-perturbative quantum gravity effects [43,66], and indeed this is

the main motivation for trying to formulate them in bulk terms.

At finite ¢ the same construction (2.4.2)) applies, at least formally, except now we should

integrate over all connections compatible with asymptotically AdS boundary conditions,
G(Zlajl; ZZajZQ <o Zn, ]n) = /DAM€SCS(A)<S’ H Wz [Ziv Zb] ’]Z]l> . (243)

i=1

Rather than performing the explicit path integral we can follow [42] and take the point of
view that the effect is simply to produce correlation functions of the stress tensor appearing
in (2.4.1). That is, we expand the path ordered exponentials in powers of T'(z), and then
replace a string of T'(z) operators by the corresponding vacuum correlator, recalling that
these are uniquely fixed by Virasoro symmetry. At a formal level this recipe is justified [77]
on the grounds that the objects it produces satisfy the Virasoro Ward identities, and some

explicit checks of the 1/¢ expansions applied to four-point blocks were carried out in [42].

We focus here on a two-point function since our goal is to compute scaling dimensions.
To get a nonzero result the two representations appearing in should be conjugates
of each other, in order that their product contain a singlet. We then simplify by using the
freedom to choose z, to place z;, coincident with one of our operator insertions. The result

is that the two-point function is
Gj(21,22) = (4, —j|Wjlz1, 22]157) - (2.4.4)

As already mentioned, we are taking j to be a non-negative integer, so that we have a finite
dimensional representation with states [jm), m = —j, —j+1,... 4, but this is essentially just
for notational convenience. Using the prescription of [42], the same functional j dependence
arises order by order in perturbation theory for the infinite dimensional representations.

More explicitly, we have the following

. 22 a(y)dy | - - [ Yn b2 . .
Gj(21, 22) = (j, —j| Pel “@¥|j5) 22/ Yy | dyn-1--. [ dyi(d, —jlalys) ... aly)lid) ,
n=0 v %1 z1 21
(2.4.5)
with a given in (2.4.1)) and where each string of stress tensors is replaced by its vacuum

correlator.
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If the CFT operator has a definite scaling dimension the result should take the form
Gj (Zh ZQ) = 022—12h(j,c) s Zij = Zi — Zj. (246)

In the 1/c expansion we write

i) = Y2 ") (2.4.7)
n=0
so that

—9ho (i 2h1 (g 2hs(g 2h,(5)?
Gj(Zl, ZQ) = 02212h0(j) (1 — ﬁ In Z91 — 022(3) In Zo1 + 16(2]) (111 221)2 + .. ) . (248)

c

The overall constant C' will itself have a 1/c expansion. Based on our CFT discussion, we

expect the results,

ho(j) = =g, m(j) =—=6j(G+1), ha(j) = =78(j +1). (2.4.9)

Our explicit computation of G,(z1,22) will encounter UV divergences due to the collision
of stress tensor insertions on the Wilson line. In the analogous computation of four-point
conformal blocks in [42] a normal ordering prescription was adopted such that there were no
contractions between any pair of stress tensors on the same Wilson line. That is of course
not an option here, since we just have a single Wilson line and the entire result comes from

such contractions.

2.5 Computation of the two-point function

2.5.1 Expansion in 7(z)

We now perform a simple transformation so that we can expand the Wilson line in powers

of T'(z) rather than a(z). Starting from
Wlz1, 25] = Pel=t (L1427 )ty (2.5.1)

we define V[z1, 2] = e 11221 W |2y, 2] which obeys

d
—Viz, 2] = e’LlZmgT(zg)L,lelemV[zl, 2] (2.5.2)
dzo c
6
= Z<L71 — 2221L0 —+ Z%lLl)T(ZQ)V[Zl, ZQ] . (253)
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Solving this by a path ordered exponential then yields

W[Zj, 22] _ elemPGg fzzf (L—1—2(y—z1)Lo+(y—21)?L1)T (y)dy ' (2.5.4)

To implement the 1/c expansion we now just need to expand the second exponential factor.

To streamline our expressions we now set

o=z, 2z2=0 (2.5.5)
so that zy1 = 2.
2.5.2 Order °
At leading order we have simply
GO(z) = (j,—jle"*|jj) ~ 2% (2.5.6)

so that ho(j) = —J as expected.

2.5.3 Order 1/c

Since (0|7°(2)|0) = 0 the first nontrivial correction comes from expanding the second expo-

nential factor in (2.5.4)) to second order, yielding

GW(z) = i—z/zdyl /yldyzﬁa —jle"* (L =2y1 Loty L) (L1 =242 Lo+ys L) [77) (T (1) T (y2))
v (2.5.7)
The SL(2,R) matrix element is easily computed by the following strategy, which extends to
more complicated higher order cases. Use the commutation relations to put the generators
in the normal order (L1)™ (Lg)™(L_1)"~'. Using L_1|jj) = 0 and L¢|jj) = j|jj) we are left
with only L; insertions, and only the power (L;)* has a nonzero matrix element. This gives

<j7 —j|6le(L—1 — 2y Lo + y%leL—l — 2yaLo + ?JSLl)Uj) (2~5-8)

le|jj>2jyz(z — 1) (ijl(»;— y2) = y2(z — 1))

= (J, —jle (2.5.9)

As for the stress tensor correlator, we have the usual expression

c/2

(1 —y2)* (2510

(T(y1)T(y2)) =
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Note that ¢ is the full central charge; this is why the self-energy diagrams of figure
is implicitly included. The integral in diverges when y, — y; and needs to be
regulated. Our strategy will be as follows. In general, stress tensor correlators will be built
out of products of factors of the form 1/(y; — y;)?, and we regulate these by making the
replacement

1 1
— (2.5.11)

(i — ;)2 (yi —y;)? + €2’

so in particular we now take

c/2
(T T(w) = —— L
((yl —y2)? +e )

One way to motivate this is to express the stress tensor in terms of ¢ free bosons, T'(z) =

(2.5.12)

> 00i(2)0¢;(%). Stress tensor correlators are then obtained by Wick’s theorem. If we
regulate the basic two-point function as (9¢(z)9¢(0)) = 1/(2* + €*) then we recover the
above procedure. The advantage of this regulator is that it is computationally tractable.
On the other hand, introducing a nonzero € of course breaks conformal invariance, and it
is not immediately obvious how to subtract divergences such that conformal invariance is

recovered as € — 0.

We now compute

1367 7 vz = yn) (20y1(2 — y2) — y2(2 — 1)
GU(z) = (G, —jle"[i) = / dyr / dys ( . )
¢ Jo 0 2((y1 — 12)? + €2)
o 1367 [ (27 — w23 22 J+Dmz 5741, 2z 27—1
= (j,—jlet )i L - I’ 0
Us =ale™ i = [ 12068 | 1222 etz ot g tO0
(2.5.13)

We now perform a “minimal subtraction” and simply remove the divergent terms and then
set € = 0, even though there is no clear relation at this stage to adding local counterterms

to an underlying action. This gives

25(25 —1 125(5 + 1
G0 (2) = (4, —j\eleyjj)[ 12— | 120G+ )lnz} . (2.5.14)
c c
Combining this with the order ¢ contribution, we have
, 125(5+ 1 1
GO(2) + GV = C2¥[1+ 12iG+Y +0(5)], (2.5.15)
c c

from which we read off hi(j) = —6;(j + 1) in perfect agreement with (2.4.9).
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2.5.4 Order 1/c?

At this order there are four contributing diagrams. One diagram comes from expanding the
exponential in to third order and using (T'(y1)7T (y2)T (y3)) ~ ¢. However we can also
expand to fourth order and use the fact that (T'(y1)T(y2)T (y3)T (y4)) has order ¢?
contributions, which can be thought of as the disconnected diagrams. There are three such

disconnected diagrams. The four contributing diagrams are shown in figure [2.3]

Figure 2.3: Diagrams contributing at order 1/c?, with stress tensor insertions on the Wilson

line as indicated.

We evaluated these four diagrams using the approach described in the appendix. As in

the above, we renormalize by dropping divergent terms.

2.5.4.1  GOL(2)

Here we use the regulated three-point function

Cc

(T(y)T(y2)T(y3)) = TR e [T e oy orape (2.5.16)

The result is
Gin(2) o 168i(j +1) — 14457 44§ +1) .,

Tl - L > Inz— 0—2(111 2)%| . (2.5.17)
2.5.4.2  GQy(2)
We use

/4
(T'(y1)T(y2)T (y3) T (ya)) ‘12;34 = : (2.5.18)

(Y1 — y2)* + 22[(y3 — ya)? + €2]?
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which yields

Gsu(2) 1 (72 384 , 1776 14452(j + 1)?
i I __2642 Q0% .3 .4 1 1 2:|'
(4, —jleE=|57) [02 (5 J )"+ 5 Jo+ 5 J ) nz-+ B (In 2)
(2.5.19)
2.5.4.3  G(2)
We use
(PTG T ()T — A (25.20)
yl y2 y3 ?/4 14;23 - [(yl . y4)2 + 62]2[<y2 . y3)2 + 62]2 ] .J.
which yields
G123 (2) 1/ 324 492, 1824 , 1992 72720 + 1)2
; N N . . . . ] 1 2] .
<j’_j’eL1Z‘jj> |:C2< 5 j 5 j + 5 j + 5 j) nZ—l— 02_(n2)
(2.5.21)
2.5.4.4  GU(2)
We use
/4
(T(y)T(y2) T (y3)T (Ya)] 15,00 = , (2.5.22)

[(y1 = 93)? + €2[(y2 — ya)? + €]

which yields

c2

Gioaa(2) [1 (396 1908 , 2736 , 3528 4) 1
s IRy 20 20 090 Ly (1445 — 2885° — 14451 1nz2}.
G, —dleE137) 5 5 2 ) (1n2)

5 5
(2.5.23)

2.5.4.5 Complete result at order 1/c?
We now combine all of our results for the complete correlator up to this order. The result is

Gz) = GO +GYR)+GP(:)+...

. . . - . . .2 . 2
125(j + 1) 243 =200+, L 727G+ (In2)?+0 1
5¢2 c? 3

= C2¥ |1+ Inz+

(2.5.24)
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Note that the 2j(25 —1)/c term in (2.5.14)) contributed to this, since we have set the leading

term in [...] to be 1 by absorbing the overall constant factor into C'.

Comparing with expectations, we see that the (In 2)? term is in agreement with ,
so that the result to this order takes the form of a single power of z. This is quite nontrivial
from the diagrammatic point of view, as there are (In z)? contributions from all four of the
1/c? diagrams which must all combine together to give the correct coefficient. On the other

hand, the % Inz term does not have the expected coefficient —2hs(j)/c? = 1565 (j + 1)/c%.

We now make a few comments about this result. A feature that emerges at order 1/c?
but which is absent at order 1/c is the appearance of divergent terms of the form ﬁ In z.
If we take the general point of view that when removing a divergence we can also subtract
a finite term with the same z dependence, then this renders the coefficient of the c% In z
term ambiguous. By contrast, the absence of divergences of the form c%n In z and #(m z)?
suggests that the coefficients of the terms %lnz and C%(ln z)? are unambiguous, and indeed
these coefficients precisely match expectations. Of course, what this emphasizes is the need
for a more systematic renormalization approach. On the other hand, we again note the
fact that our result to this order takes the form of a single power law in z, suggesting that

conformal invariance is being respected by our procedure.

2.6 Discussion

We have computed the expectation value of an open Wilson line to order 1/c?. From this
result we read off the scaling dimension of the corresponding primary operator and compared
it to expectations from CFT considerations. This revealed partial agreement with CFT
predictions as well as some unresolved issues. The order 1/c result was as expected, and
furthermore we found that at order 1/c? the result takes the form of a single power law,
as dictated by conformal invariance. On the other hand, the order 1/¢? contribution to the
scaling dimension is at odds with our expectations. More accurately, the result is ambiguous

within the framework of our computation, as the desired coefficient of a c%lnz term is

162 Inz UV divergences requiring renormalization. This

en

“corrupted” by the presence of
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clearly points to the need for a more principled renormalization scheme.

There are of course other ways to regulate the stress tensor correlators. For example,
instead of making the replacement in (2.5.11)) we can implement a simple version of dimen-
sional regularization. In particular, we can replace the exponent 2 in the denominator with
(2 — €), taking € to be sufficiently positive so that the integrals converge, and then analyt-
ically continue the result to € near 0. After a minimal subtraction of pole terms, the 1/¢

contribution we find is still in agreement with (2.4.9)) but the 1/¢* contribution is not.

It is worth contrasting what we have found here with what one encounters in the com-
putation of closed Wilson loops in ordinary Chern-Simons theory, which yield topological
invariants [79]. The leading order contribution comes from a gluon exchanged between two
points on the Wilson loop. This leads to an integral which is UV finite, but the result is not
a topological invariant. To rectify this one needs to introduce a “framing”, corresponding
to displacing the worldines on which the two gluons are inserted. The result is a topological

invariant that depends on the choice of framing [504|79].

Our primary operators are labelled by an SL(2,R) spin j, which from the CFT side
comes from constructing Virasoro representations by applying constraints to SL(2,R) current
algebra representations. An SL(2,R) spin-j also naturally appears in the bulk, via the
formulation of gravity in terms of SL(2,R) Chern-Simons theory, and it therefore seems
meaningful to compare scaling dimensions in the two descriptions as a function of 5 and the
central charge c¢. On the other hand, strictly from the Virasoro point of view, j is simply
a label, so one might wonder if there is perhaps some ¢ dependent relation between the
J labels in the two descriptions. To address this we note that degenerate representations
correspond to 25 being a positive integer, which precludes such a ¢ dependent relation for
such representations. This is to say that we certainly expect to be able to meaningfully
compare the scaling dimensions of degenerate representations on the two sides as a function
of c. Of course, these scaling dimensions are entirely fixed by Virasoro representation theory,
but we do not want to use this, as the entire point here is to develop computational rules in

the bulk that will apply more generally.
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We have tried to extract scaling dimensions from two-point functions, but another ap-
proach is to adopt canonical quantization [37]. In particular, we can consider a single parti-
cle, associated to a spin-j representation of SL(2,R), coupled in a gauge invariant fashion to
SL(2,R) Chern-Simons gauge fields. One should be able to realize the Virasoro generators
on this Hilbert space, and demanding that the algebra is realized consistently may resolve
the ambiguities associated with renormalizing UV divergences. We hope to report on this in

the near future.

Appendices

2.7 Evaluation of integrals

We encounter nested integrals of the form

z 1 Yn—1 P(Z y’L)
I(z :/ dy / dy / dy, - — 2.7.1
=) o o 0 [Ticl(yi — y;)? + ] ( )

where P(z,y;) is a polynomial and n;; are non-negative integers.

We first rewrite this in terms of unconstrained integrals by introducing step functions,
Yn—
0

/Ozdyl /Oyldyz . / 1dyn — /d”y 0z —11)0(y1 —y2) ... O(Yn—1 — Yn)0(yn) , (2.7.2)

and use the Fourier representation

dp ety
Oy)= [ ———, §>0. 2.7.
() omip i 070 (2.7.3)

We also write the denominator factors in momentum space using

1 1 [ .
——— = — | dke™vlkle 2.7.4
y2 e 2e ) o ¢ ( )

The y-integrals can then be carried out, yielding n delta functions involving p and k. These
delta functions soak up all but one of the p integrals, and the remaining p integral can be
done by computing residues. This leaves some k-integrals, where the integrand is a sum
of terms taking the form of exponentials time rational functions. Some of the denominator
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factors can be removed by differentiating with respect to z, and the other by using relations

like

1 [ ‘
P —% /_oodu sgn(u)e'Fr—ku (2.7.5)

The k integrals are then carried out, followed by the u integrals. The result is then expanded
for small €, and we finally integrate to undo the earlier z differentiation. Due to the last step,
this procedure will only determine the result up to a polynomial in z. However, if desired,
this polynomial can easily be determined by directly studing the small z expansion of the

original integral.

We present a representative example to make the procedure concrete,

z Y1 Y2 1 1 1
_ {7 /d /d (276
o o | e e e 279

Proceeding as above, we have

d3 ip1 (z—y1)+ip2y12+ip3ye3+ipayz+iki1yi12+ikoyoz+iksys,

1 pd3k o—lk1le—[kale—|ksle
I3(z) = 8_/ (2mi)* (p1 — Z§)(p2 —i0)(p3 — i0)(py — i0)

X
dpld?’kj 67‘k1|6*‘k2|6*‘k‘36 inr
- 863/ 2mi P1—i5)2(p1—k1+k3—i5)(p1—k2+k3_i5)6
_ / ke k1 |e—|k2)e—|ksle 6i<k1_k3)z B ei(kQ—kg)z
(k1 — k3)?(ky — ko) (ko — k3)2(ky — ko)

_I_(klkg + k% — klkg — kgkg)Z -+ kl -+ kg — 2]€3
(kv — k3)?(ky — k3)?

(2.7.7)

In getting to the final expression we performed the p; integral by residues, but discarded the
contribution from the pole at p; = 19, since this will only contribute a degree 1 polynomial
in z that will anyway be killed by the derivatives that we will apply in the next step. On
the other hand, convergence of the k integrals in the above undifferentiated expression does
require the presence of this polynomial part, as it is needed to render the integrand finite at

the locations where the denominator factors vanish.
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We now differentiate twice to get

. ik1z ikoz
0% _ v d3k67|k1|ef|k2|ef|k3|e€fik3z6 —e
022 8e3 ky — ko
Z‘ 1 eilﬂz _ eikgz
_ _t P rlelhale €77 = €7 2.7.8
46222+62/ c ki — ko ( )
Using (2.7.5)) gives
82[3 1 1 > 2 i(k1—ko)u —|ki|e—|kale ik1z ikoz
92 = —@%—W/_wdusgn(u)/dk‘e( Juemlkilemlhale (gikiz _ pihaz)
2z /‘X’d () U
= — u sgn(u
2xe | Y e (ut 22 + lu—2)2 + €
tan—! (f) + <ln (1 + i—j)
= 2
€(22 4 €2)(22 + 4€?)
T 4 z 2
and so we arrive at
T 1 z

where we fixed the integration constants by examining the original integral.

All of our integrals can be worked out this way. This somewhat circuitous procedure has

the advantage that it can easily be automated.
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CHAPTER 3

Renormalization of Gravitational Wilson Lines

We continue the study of the Wilson line representation of conformal blocks in two-dimensional
conformal field theory; these have an alternative interpretation as gravitational Wilson lines
in the context of the AdS;/CFTy correspondence. The gravitational Wilson line involves a
path-ordered exponential of the stress tensor, and its expectation value can be computed
perturbatively in an expansion in inverse powers of the central charge c. The short-distance
singularities which occur in the associated stress tensor correlators require systematic regular-
ization and renormalization prescriptions, whose consistency with conformal Ward identities
presents a subtle problem. The regularization used here combines dimensional regularization
and analytic continuation. Representation theoretic arguments, based on SL(2,R) current
algebra, predict an exact result for the Wilson line anomalous dimension and, by building
on previous work, we verify that the perturbative calculations using our regularization and
renormalization prescriptions reproduce the exact result to order 1/¢® included. We also
discuss a related, but somewhat simpler, Wilson line in Wess-Zumino-Witten models that
yields current algebra conformal blocks, and we emphasize the distinction between Wilson

lines constructed out of non-holomorphic and purely holomorphic currents.

3.1 Introduction

Wilson lines and Wilson loops are obtained by the path-ordered exponential integral of a
connection respectively along an open interval and a closed contour. In gauge theory, the
connection is the canonical gauge field and the resulting Wilson loop operator is a gauge-

invariant observable with applications to elucidating the phases of gauge theory and beyond.
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A different type of Wilson line operator has recently found use in two-dimensional conformal
field theory; in this case the connection is a composite field involving the stress tensor of
the CFT. What this object yields is a conformal block associated with a pair of primary
operators, one at each endpoint of the Wilson line. Actually, the two types of Wilson
lines just mentioned are closely related objects if viewed in the context of the AdS/CFT
correspondence: the CFT Wilson line is the boundary image of a bulk Wilson line, and
for this reason we often refer to it as a gravitational Wilson line, although it exists as an
object in CFT independent of the AdS/CFT correspondence. In this paper we continue the
study of these Wilson lines, focussing in particular on their status as well defined quantum
mechanical operators. Their renormalization poses a rather subtle and nonstandard problem

which we aim to understand better.

The general connection between Wilson lines in three dimensions and conformal field
theory in two dimensions arose in [79], and the relation to the Virasoro algebra appeared
in [77). More recently, Wilson lines arose in the context of the AdS;/CFT; correspondence,
first as a tool for computing entanglement entropy in higher spin theories [8,30], and then
in the more general context of computing conformal blocks [15,/17]. Quantum aspects of
these Wilson lines have been studied in [11}/16,42,/61-63]. The related representation of CFT
conformal blocks and OPE structures in terms of AdS appeared in [59] and in [28]. We also
note that the notion of integrating the stress tensor over a contour arises in the context of
the averaged null energy condition (proven in flat space in [39,53]), and the related notion

of a “length operator” discussed in [2] has connections to the Wilson line discussed here.

More motivation and details on the form of the Wilson line will be given in the next
section, but for now it suffices to write,
= 6
Wiea, 2] = (j, —jlPesp { [ a1+ ET(z)Ll)} 5,3 (3.1.1)
Except for the non-holomorphic Wilson line discussed in section [3.4.2] our formulas refer
to a chiral half of a CFT and z denotes the corresponding holomorphic coordinate on the
plane. The shape of the integration contour from z; to 2o used to define the Wilson line is

inconsequential, except when we introduce a regulator and break conformal invariance, and
62



then it is taken to be along the real line. Ly and L., are generators of the Lie algebra of
SL(2,R), with the states |j, £7j) being highest /lowest weight states of a spin j representation,
corresponding to a primary of dimension h = h(j,c), as will be discussed in more detail
below. T(z) is the stress tensor operator, such that Wz, 2] is supposed to represent
the Virasoro vacuum OPE block corresponding to the bi-local O(22)O(z;), where O(z) is a
primary operator of dimension h(j, ¢). That is, W|zg, 21| captures all terms in the O(z2)O(2;)

OPE involving only stress tensors.

The Virasoro vacuum block is a rich object, capturing as it does the effect of an arbitrary
number of stress tensors. Phrased in terms of AdS, it encodes the gravitational interac-
tion [52]. The Wilson line provides an expression for the Virasoro vacuum block in a form
admitting a convenient 1/¢ expansion, which in the bulk corresponds to an expansion in
Newton’s constant. Our goal here is to understand this perturbative expansion; once that is
under control one can contemplate using the Wilson line to study non-perturbative effects

as well.

The Wilson line as defined in is a singular object due to the appearance of stress
tensors at coincident points, and thus requires regularization and renormalization [16,42]
61]. Here we adopt a type of dimensional regularization [61], in which the stress tensor is
taken to have dimension 2 — €. Renormalization of the Wilson line then requires an overall
multiplicative renormalization by a factor N(e), as well as a vertex renormalization factor
a(e) multiplying T'(z), where both N(¢) and «a(e) depend on the regulator € as well as on ¢
and j. This regularization scheme breaks conformal invariance at intermediate stages, and
from the point of view of diagrammatics it is highly nontrivial that conformal invariance is

restored upon renormalization.

The most basic quantity to consider is the Wilson line expectation value itself; given

what we have said, this should take the form of a conformal two-point function,
<W[ZQ, Zl]> ~ |ZQ — Zl|_2h(j’c). (312)

At lowest order in the 1/c expansion one finds h(j, c) = —j, but this value receives corrections

order by order in an expansion in powers of 1/c. There is in fact an expectation for the
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exact answer based on general conformal field theory considerations. The Wilson line, as
we have defined it, is based on a representation of SL(2,R) but once the stress tensors are
included it describes an object in Virasoro representation theory. Hamiltonian reduction
supplies a procedure for constructing a representation of the Virasoro algebra by imposing
a constraint on a corresponding representation of SL(2,R) current algebra. This procedure
has an analog in bulk gravity, where the constraints are precisely those that correspond
to imposing asymptotically AdS boundary conditions. The resulting relation between the

SL(2,R) spin j and the Virasoro dimension h(j, ¢) is given by, (see e.g. [14]),

m + 1 6
hj.c) = —j 4+ —""i(i+1 P 1.
(j,¢) J+ WLJU+)> c o (3.1.3)

Expanding h(j,c) in powers of 1/c the first few contributions are given by

. 6., 8 1230 . B
hij.e) = =j = -G +1) = Zil+1) = —3-3G+ 1)+ 0™ . (3.1.4)

and provide a prediction for the perturbative expansion of the Wilson line expectation value.
One of the main results of this paper is to verify, by explicit calculation, that the procedure
of dimensional regularization and renormalization via the inclusion of the factors N(e) and
a(e), does indeed reproduce the dimension formula to the order indicated, thereby

extending previous results [16,61].

It is also useful to give a bulk gravity perspective on the result (3.1.4) in terms of grav-
itational self-energy. If we take the classical point particle limit, ¢,j — oo, with j/c fixed
2G 2

we can write the result as m = my — =7mg. To obtain this we used the Brown-Henneaux

3¢

formula ¢ = 57,

the relation between the mass of a particle in AdS and the corresponding
conformal dimension mf = 2h, and similarly mol = 2hy = —2j. The relation between m and
my is the same as that obtained from considering the classical gravitational self-energy of a
point particle in AdS [16]. The general formula can thus be thought of as supplying
quantum corrections to this result. This is interesting, because the gravitational self-energy

is typically ill-defined, or rather sensitive to unknown UV physics, but the situation in three

dimensions appears to be under better control.
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3.1.1 Organization

We now summarize the remainder of this paper. In section we review the logic behind
the construction of the gravitational Wilson line. In section |3.3| we discuss the analog of the
gravitational Wilson line for a level k current algebra with conserved current J(z) given by
the Wilson line P exp % [ J*T“. Here T denote the generators of the relevant Lie algebra,
and we denote by G the corresponding Lie group. This object yields the current algebra
vacuum OPE block for a bi-local primary operator. Its evaluation poses a similar, but
somewhat simpler, renormalization problem as compared to the stress tensor case. In this
case the 1/k expansion should yield the standard expression for the scaling dimension h of
a current algebra primary in terms of quadratic Casimirs, h = Cy(r)/(2k + C2(G)). In order
to better understand the origin of the Wilson line, we study an alternative construction
starting from the WZW model. We consider the bi-local operator g~ (x3)g(z1) constructed
from the basic WZW primary g¢(z) which lives on the group manifold G. This can be
written identically in terms of a Wilson line for a non-conserved current, J, = —kg~'0,g,
and admits a relatively straightforward perturbative expansion using standard dimensional
regularization (modulo subtleties associated with the appearance of epsilon tensors). What

is not manifest in this approach is why this operator holomorphically factorizes.

In section [3.5| we turn to the gravitational Wilson line. We describe the systematics of
the renormalization procedure and compute the expectation value of the Wilson line with
zero and one additional stress tensor insertions through order 1/c®. Consistency of these two
computations uniquely fixes all renormalization constants and yields an unambiguous answer
for the anomalous dimension, which indeed reproduces the expansion . In section
we discuss an alternative regularization procedure. Rather than modifying the dimension
of the stress tensor we adopt another method for softening the short distance singularities
arising from collisions of stress tensors. This approach also involves a dimensionless regulator
€ and a priori seems just as sensible as the prior scheme. However, our explicit computations
reveal that conformal invariance is not recovered in this scheme. This serves to highlight the

subtleties involved in renormalizing the Wilson line. We close the paper with some comments
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in section Various technical results appear in appendices.

3.2 The gravitational Wilson line operator

Consider a primary operator O(z, z) in a two-dimensional CFT. As most of our consider-
ations involve one chiral half of the CFT, we henceforth write O(z). Under a conformal

transformation, 2z’ = f(z), the bi-local operator O(z3)O(z1) transforms as

O(4)0() = (f'(22)f'(21)) " O(22)0(=1) , (3.2.1)

which identifies the scaling dimension h of O.

3.2.1 Wilson line covariant under global conformal transformations

We first discuss how to write down a Wilson line whose transformation is given by ({3.2.1])
under global conformal transformations, f(z) = (az+b)/(cz+d), which describe an SL(2,R)
subgroup of the full Virasoro symmetry. To this end, let (L_1, Lo, L1) be SL(2,R) generators

obeying [L,, L,] = (m — n)L,1+,. We then consider the matrix element

22
Wlza, z1] = (h; out| P exp {/ dle} |h;in) | (3.2.2)
z1
for suitable in and out states to be defined momentarily.

To see how to implement the conformal transformation, consider the more general path
ordered exponential P exp f;f a(z), where the connection a(z) = a,(z)dz takes values in the
Lie algebra of SL(2,R). Under the action of an arbitrary group element U(z) € SL(2,R),
the connection transforms by U™ (2)a(2)U(z) — U~ (2)dU(z) = ay(z) while the Wilson line
transforms by

U= (2) P exp { / a(z)} U(z) = Pexp / " anlz) | (3.2.3)

21
In the present case, a(z) = Lijdz. The following transformation leaves a(z) invariant, i.e.

ay(z) = a(z), and hence represents a global conformal transformation

U(z) = M (2)L1 Ao (2) Lo pA-1(2) L1 (3.2.4)
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with

B f”(z)
2f'(2)

and f(z) = (az + b)/(cz + d) as above. Together with (3.2.3]) we then have

A =z2— f(2), Xo(2) = —In(f'(2)), Ai(z) = (3.2.5)

! Zé !
Wz, 21] = (h; out|e -1 L1l (z2)lLo p oy, {/ dle}efln[f ElLoA-1 (=011 b in)3.2.6)

A
21

again with 2’ = f(z). We now observe that if the states are taken to obey

L_4lhyiny =0, Lglh;in) = —h|h;in)
Ly|h;outy =0,  Lglh; out) = hlh;out) | (3.2.7)

then we obtain the desired transformation law

W2y, 2] = (f'(22)f'(21)) W22, 21] - (3.2.8)

It will be convenient to write h = —j, since if 25 is a non-negative integer the L, can be
taken to be a finite dimensional matrix representation of SL(2,R). One can then carry out
computations for such 5 and at the end set j = —h for h > 0. This is just a computational
shortcut, and the same results are obtained by working with representations with A > 0

throughout. A convenient representation for A > 0 is discussed in appendix [3.8]

With this in mind, our Wilson line is at this stage written as
22
Wiea,) = Go—d\Pesp { [ dsLa}li) (3.2.9)
2
with Lo| £ j) = £| £ j) and L4;| £ j) = 0. The matrix element is readily evaluated using
the fact that L, lowers the Ly eigenvalue by one, and we have W|zq, 2] ~ 2% = 272" The
Wilson line thus gives the coefficient of the identity operator in the OPE expansion

of the two primaries: O(z2)O(z1) ~ Wza, 21]+(other operators).

The Wilson line (3.2.9) emerges naturally in the AdS/CFT correspondence when we
describe gravity in the bulk in the Chern-Simons formulation. The AdS metric ds?® =
dp® + e*dzdz is represented by the pair of connections A = e’Lidz + Lodp and A =

e?L_1dz — Lodp. See, e.g. [20]. The Wilson line in the Chern-Simons theory Wzs, 21| =
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(4, —j|Pexp { fzzf A}lj, ) reduces to the Wilson line || upon substituting for A with

the reduced connection a = Lidz, as the p dependence can be gauged away.

This “global Wilson line” of forms the basis of a convenient description of arbitrary
global (i.e SL(2,R)) conformal blocks. Rather than a single Wilson line, one considers a
network with trivalent vertices. Each vertex is represented by a singlet state in the tensor
product of the three representations that enter the vertex. The space of conformal blocks is

in one-to-one correspondence with the space of such networks; see [15,|17].

3.2.2 Wilson line covariant under local conformal transformations

The main point of the preceding subsection was to motivate the form of the Wilson line
that incorporates the stress tensor. It should yield the Virasoro OPE block, which is to say
that it should capture all contributions to the O(z2)O(z;) OPE involving only stress tensors.
One way to motivate the proposal is to repeat the analysis that led to but now for
an arbitrary local conformal transformation 2’ = f(z). In this case, a(z) cannot be left

invariant, but must transform as follows

ay(z) = (Ll + ST(Z)L_l) dz (3.2.10)
with T'(z) given in terms of f(z) by
1) = S50, Syl - J;f((j)) . (J}fz))) , (3:2.11)

where S¢(z) is the Schwarzian derivative. We then obtain

(j, —j| P exp { /1 dz (L1 + §T<Z)L1> }\j,j> = [}{;SQF}((Z))];}L , (3.2.12)

where we again have h = —j. In this expression T'(z) is the classical function given in (3.2.11]),

not the stress tensor operator. However, this result naturally suggests an expression for the
Virasoro vacuum OPE block as the gravitational Wilson line Wz, z1] given by,

Wieso o1l = Go—ilPesp { [ do(Li+ 21)L20) Ji) (3.2.13)

21

where now T'(z) is the stress tensor operator. In particular, suppose we take the expectation

value of W in a CFT state with a classical stress tensor expectation value in the large ¢ limit.
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Such a stress tensor can be generated from 7'(z) = 0 by some conformal transformation
2z = f(z). The Wilson line expectation value should then be equal to the primary two-
point function transformed by f(z), and this is precisely what says. At the level
of correlation functions, the statement that W]z, 1] is the Virasoro vacuum block is the
statement that it equals O(z2)O(z1) inside any correlation function involving just stress

tensors,
(O(22)0(21)T (23) .. . T(2)) = (Wl2a, 21]T (23) ... T'(2n)) - (3.2.14)

See [42] for more discussion and tests of this proposal.

This Wilson line also arises naturally from the bulk Chern-Simons description. The most

general asymptotically AdS; solution of Einstein’s equations corresponds to the connections

A = (L1 + §e_pT(z)L_l)dz + Lodp
c

A = ("L + e/ T(2)L0)d= — Lodp (3.2.15)
C

where the holographic dictionary identifies T'(z) and T(Z) as the components of the dual
CFT stress tensor (e.g. [20]). The Wilson line therefore corresponds to Pexp [a where
a = (L1+%T(2)L_1)dz is the reduced connection. In the quantum theory we should integrate
over all asymptotically AdS connections weighted by the Chern-Simons action. On general
grounds, this should have the effect of replacing any string of stress tensors by their vacuum
expectation value, and this is precisely what was meant above in saying that T'(z) appears

in the Wilson line as an operator.

3.3 Current algebra Wilson lines in the WZW model

Just as the gravitational Wilson line defined in terms of the stress tensor encodes conformal
blocks of the Virasoro algebra, we can define a Wilson line built out of a spin-1 current that
encodes current algebra conformal blocks. The current algebra Wilson line is a somewhat
simpler object, and we also have the useful Lagrangian realization of current algebra in

terms of the WZW model. In this section we explore this current algebra Wilson line from
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several complementary points of view. We first define a holomorphic Wilson line that is
the direct spin-1 analog of our gravitational Wilson line and discuss its renormalization.
We then turn to a non-holomorphic Wilson line, defined by a simple rewriting of a bi-local
primary operator. Its renormalizaton proceeds somewhat differently, but we show that the
anomalous dimensions of the two Wilson lines agree. We finally make some comments about

the connection between these two constructions.

3.3.1 WZW model and current algebra

We first review some background material; see, e.g. [33]. The action of the WZW model is

Sl = 1= [ eV T 0 00 + 5 [ Ty (33.1)
where the theory lives on the Riemann surface > with local coordinates z*, metric v,,,
and where v = det (7,,). The surface ¥ is the boundary of a three-manifold I". The field
g(z) takes values in a compact Lie group G, and the one-form w = g~ 'dg takes values
in the Lie algebra G of GG, in an arbitrary finite-dimensional irreducible representation 7.
Denoting the structure constants of G by f%¢ and a basis of Hermitian generators of G in
the representation r of G by T* with a,b,c =1,--- ,dim G, the structure relations are given
by [T°,T% =Y, ifw.T° and we use the normalization for the trace in the representation r
by Tr'(T*T") = $6°°. With these normalization conventions, the level k is quantized such
that 2k is an integer. We denote by Cy(r) the value of the quadratic Casimir operator
Cy = > ,T°T* in representation r. For example, for G = SU(N) and r the defining
representation we have Cy(r) = (N? — 1)/(2N), while in the adjoint representation r = G

we have Cy(G) = N.

Invariance of S[g] under global transformations g(x) — g1, g(z) g5' With (g2, 9r) € Gx G

implies the existence of two independent conserved currents, which take the form

k - k
JH = —5(7“” —ie")g 10,9 , JH = —§(¢W +ie")d,997 " . (3.3.2)
In a system of local complex coordinates z# = (z,Zz), the metric on ¥ takes the form

Ywdrtdx” = dzdz and the non-vanishing components of 7, and of the anti-symmetric
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%

Land e,; = —¢;, = 5. In terms of these complex

tensor €,, are given by v.; = vz, = 3

coordinates, the expressions for the currents simplify as follows

J.=—kg'0.q, J:=0,

J:=—ko:gg ", J. =0, (3.3.3)

and obey 0sJ, = 0.J; = 0. In view of these relations, J, and J; are respectively referred to as
the holomorphic and anti-holomorphic currents of the WZW theory, properties which will be
reflected in the notation of their coordinate dependence J,(z) and J;(Z). The holomorphic

currents J,(z) = Y JI(2)T* obey the OPE

22 z

J2(2)J2(0) ~ Kb Zz’fabcjzc—m) : (3.3.4)

and similarly for the anti-holomorphic currents.

Primary operators of the WZW theory are group elements g(z) taken in some represen-

tation r. They have conformal weight (h, h) where the dimension h is given by,

02 (’I‘)

=, 3.3.5
2k + C1(G) ( )
The basic two-point function is (g~!(z2)g(x1)), which is proportional to the identity matrix

by virtue of the G x G global symmetry |I| Expanded in powers of 1/k we have

(g7 (w2)g(1)) ~ (23)7*" (3.3.6)

1— CZT(T) In(a3;) + %(ln(x%))? n % In(22,) + O(k*)

up to an overall multiplicative factor. Here we use the notation x4, = x4 — 2/

In perturbation theory in powers of 1/k the scaling dimension h is extracted from the
correlator by computing Feynman diagrams. The algebraic approach to the WZW model
yields the full result , such that the perturbative series simply amounts to the shift
2k — 2k + C5(G). In diagrammatic terms it is not at all obvious how we just get this simple

shift. However, agreement is expected, since we have good reason to believe that the path

'In what follows we do not distinguish between a matrix proportional to the identity and one of its
diagonal elements, including in the cases of the holomorphic and WZW Wilson lines.
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integral and algebraic definitions of the WZW theory describe one and the same theory.
Examples of perturbation theory computations in WZW include [18,31]. However, we are
not aware of any prior computation of the anomalous dimension of primary operators in

perturbation theory.

3.3.2 Holomorphic Wilson line

Given the holomorphic current J(z) = J,(z) a natural object to consider is the Wilson line
operator P exp % fzzf dzJ(z), where P denotes path ordering along the contour from z; to
2. The basic claim is that, up to renormalization, this operator gives the current algebra
vacuum OPE block. That is, consider the bi-local operator g~*(z2)g(x1), with g taken in
some irreducible representation r. We can decompose the operator into irreducible repre-
sentations of the current algebra. The Wilson line then gives the representation containing
only holomorphic currents. An equivalent way of stating this is that the Wilson line should

reproduce correlation functions with any number of holomorphic current insertions,

(0~ (22)g (1) 7% (25) - .. ™ (2)) = Z (51, %) (P exp {% / szzJ(z)}J%(z;z,) T (5)B.3.7)

where the factor Z(z;, Z3) is independent of z3, - - | 2, and depends anti-holomorphically on
x1 and x5 through z; and z; only. At lowest order in 1/k this is easy to establish using the
OPE of the currents. At higher orders we encounter divergences requiring renormalization.
In this section we wish to check this relation in a perturbative expansion in powers of 1/k
in terms of suitably renormalized operators. Setting z; = 0 we consider the case of zero and

one current insertions, and we wish to establish

W(z) = lim (W.(2)) = 272,

e—0

lim (J*(2)W.(2)) = z_2h< ! —1) T (3.3.8)

r—z i

where we introduced the notation W.(z) for the regulated Wilson line operator and W (z)

for its renormalized vacuum expectation value.

Although the current algebra Wilson line can be understood on its own terms, it is usefully

thought of as existing due to the well-known equivalence between Chern-Simons theory on
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a three-dimensional manifold M and the WZW theory on the boundary of M [37.[79]. The
natural observables in Chern-Simons theory are Wilson lines Pexp [ A, and in the present
case we consider an open Wilson line with endpoints on the boundary. On account of the
flatness of the connection, the precise shape of the Wilson line contour does not matter, only
the location of its endpoints, hence the Wilson line is well-suited to represent the bi-local

operator g~ *(z2)g(x1) (or more precisely, its current OPE block).

To flesh this out a bit more, the boundary components of the Chern-Simons gauge field are
mapped in the WZW model to the current and an external gauge field: (A,, As) <> (J., As).
In the Chern-Simons path integral we fix A; on the boundary but allow A, to fluctuate.
Such a path integral is equal on the WZW side to a generating function for the current
correlators, (exp [d?zJ?AZ). This is established by relating the Chern-Simons equations of
motion to the current algebra Ward identity. The same procedure can be carried out in the
presence of a Wilson line. The Chern-Simons gauge field now gets a source due to the Wilson
line, which maps on the WZW side to the Ward identity for the current in the presence of
a primary operator inserted at each endpoint. This then leads to the equivalence (3.3.8))
between current correlators computed in the presence of the bi-local g~ (22)g(x1) and in the
presence of the Wilson line P exp % f;f dzJ. This discussion explains why such a relation
exists, but it is purely formal, as it does not take into account UV divergences in the path

integral. Here, we are trying to establish that the relation holds in the full quantum theory.

3.3.3 Lowest order calculations

The regulated holomorphic Wilson line operator takes the form

W.(2) = N(e)Pexp {% /O ) dyT(w)} (3.3.9)

where € is a UV regulator. Expanding out the exponential and taking the vacuum expectation
value, we need to compute nested integrals of current correlators. All current correlators are

obtained from the corresponding modification of the standard recursion relation, which is
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determined by OPE and holomorphy considerations,

(S )T (yn) - - - T (Y1)

n

- Z > ﬁ@f (Yn) -+ T (i) S (9 T (i) - T (1))

n k’(SaLIi a @ @ "
+ Zl _(y _—yi)z <J ”(yn) cood Hl(yi-&-l)J 1—1(%_1) o l(ya1)> (3‘3‘10)

starting from (1) = 1 and (J%(y) = 0). Singularities arise from collisions of pairs of currents,

as in [61]. We implement a form of dimensional regularization in which we assign scaling

dimension 1 — ¢ to the currents. For example, the regulated two-point function is

kéab

)2—25 :

(1) I (1)) = =)=

(3.3.11)

Regulating correlators can be subtle since each term in the recursion relation ([3.3.10)) doesn’t

scale as the full correlator should. For example the three point function is obtained as

a b c _ i.fabd k(sdc Z‘facd k‘dbd
(T (y1) T (y2) I (y3)) = zd: oo ot Xd: TR

- i fabe (3.3.12)

(y1 —y2)(y1 — y3) (92 — ¥3) '

Our prescription then is to first compute the correlator and write it in a form where scaling of

each coordinate is manifest. Then simply replace every instance of (y; —y;) with (y; —y;)' ¢,

To illustrate the general procedure outlined above, we consider the Wilson line expecta-

tion value at order 1/k,

o) = N+ LS [ [ der )t + ]
a,b 0 0

ale)? . / /yl 1

= N(¢)|1+ Cy(r d dyp———5—5+ ...
( )[ k ¢ 2(r) 01 o 0 yz(yl — Ya)?7% ]

ale

= N(e) {1— p Cg(r)<%+lnz+1+0(5)> +} (3.3.13)
At this order we can take N(¢) =1+ C;T(;) and a(e) = 1. This gives the expected result
- 1 Cy(r) 1
2h G
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We can similarly verify the Ward identity at lowest order, which corresponds to expanding

the exponential to first order. This gives

(JU(w)Wo(2)) = TG/OZW+...
= T“( ! —1>+... (3.3.15)

which is the correct result at this order.

3.3.4 Higher order computations

We now make a few comments about the computation of the holomorphic Wilson line at
higher orders in 1/k. We will be brief here, as the most significant technical details will be

discussed later in the context of the gravitational Wilson line.

Since the correlation function of n currents contains a maximal power kP with p = ng,
to obtain the Wilson line at order 1/k™ we need to expand the exponential to order 2n. The
correlation function of up to 2n currents is obtained from the recursion relation .
The nested integrals can be evaluated by the methods discussed below. Finiteness of the
renormalized Wilson line as ¢ — 0 only partially fixes the renormalization constants N (e)
and a(e) up to the given order in the 1/k expansion. The unfixed part of N(g) can be
fixed by adopting a normalization convention, such as (W.(1)) = 1. To fix «, which is
needed to determine the scaling dimension, we need to demand that the Ward identity is
satisfied. Rather than the general Ward identity , various integrals greatly simplify
if we place the current at infinity, using the usual formula obtained from z — 1/z: J& =
—lim, o 22J%(2). So this amount to imposing

lim (JLW.(2)) = T*2W(z) . (3.3.16)

e—0

We carry this out order by order in 1/k, fixing the constants N and « up to that order as
we go. These considerations completely fix the terms in the ¢ expansion that contribute to
the finite parts of the correlators as € — 0. The program is in fact highly overconstrained,
since just from counting terms there is no guarantee that constants N and « can be found
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that satisfy these criteria. It is furthermore not guaranteed that the Wilson line correlator
will be a pure power law. Nevertheless, explicit computations demonstrate that all these

conditions are indeed satisfied, at least to third order in the 1/k expansion.

As an example, consider the Wilson line (3.3.9)) expanded to order 1/k*. Focussing only

on the term that involves three current insertions, we have

Na? arrbre z Y1 Y2 . , .
(We(z)) ~ 13 ™rT dy1 dys dys (J*(y1) " (y2) I (y3)) (3.3.17)
a,b,c 0 0 0
Na? z i Y2 1
= i fapeTOTOT / dy / dy / dy .
ke azbc ’ 0 1 0 i 0 3(91 =) (g1 —y3) o (g2 — )t E

The integral is discussed in detail in the gravitational case and we will skip its derivation

here. The Lie algebra factor multiplying the integral is easily computed as

2
a,b,c,d
1 § drpe
) fabcfade T ’
a,b,c,d

— —1C(@)Ca(r) (3.3.18)

Z.foLbciTaTYb{TC =1 Z ifabc[TayTb]Tcha

where we have used the anti-symmetry of the f.. in the first line, the structure relations to
obtain the second line, and the definitions of the quadratic Casimir values Cy(G) and Cy(r),

respectively, in the adjoint representation and the representation r.

The Lie algebra factors for other diagrams can be computed in a similar manner. All
the required integrals are simpler versions of the ones that appear in the gravitational case.
We skip them here for brevity. Evaluating the Wilson line, we find the expected anomalous
dimension to order 1/k3,

_Ga(r)  Gy(r)Ga(G) | Ca(r)Ca(G)?

h== e T sis

+O(1/k"Y) (3.3.19)

which reproduces the expansion of the current algebra result in (3.3.5)) to this order.
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3.4 Non-holomorphic Wilson line from WZW

In this section we discuss the computation of primary two-point functions in WZW models
in a manner that does not exhibit manifest holomorphic factorization. The virtue of this
approach is that computations can be carried out using familiar dimensional regularization
(modulo subtleties associated with epsilon tensors) with Feynman rules obtained from the
WZW Lagrangian, and there is a simple relation between the bi-local primary operator and
a Wilson line which holds even in the regulated theory. The drawback is the lack of manifest
holomorphic factorization, which in turn makes computations more laborious than those in

the previous section, although the results are mutually consistent.

3.4.1 Direct perturbative computation of (g~ (z3)g(z1))

We proceed by computing (g7!(z2)g(x2)) in perturbation theory, and then showing how
this computation can be recast in terms of a non-holomorphic Wilson line. To carry out
perturbation theory we parametrize the field g(z) which takes values in the representation
r of the group G in terms of the field X (x) which takes values in the Lie algebra G of G EI

o(z) = exp{ﬁX“(x)Ta} | (3.4.1)

Expanding the exponential in powers of k™2 and substituting into the WZW action yields

1 2 a a i 2 vya b c
S[g] == 8_7T /d x({)HX 8'U'X + W fabc /d et X @MX (9VX
1

. 2 avybauyc d —%
Y Kabcd /d r XX 0" X OMX —|—O(/€ ) (342)

where the metric is taken to be ds? = dz*dz*, and the tensor K is given by
Kapea = T (TT'TT? — T*TT*T?) = i fyee Tr' (T*T°T?) . (3.4.3)

We work in dimensional regularization, taking the spacetime dimensionality to be d = 2 —«.

The one subtlety is how to define quantities involving e*” in this scheme; this will be discussed

2In this section repeated Lie algebra indices are summed over.
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below. The position space free field correlator in d = 2 — ¢ dimensions is given by
(X*(2)X%(0)) free = A(z) 5% (3.4.4)

where A(x) is the free-field propagator given by

and 22 = ~,,2"2" the the d-dimensional norm of 2. As is familiar when using dimensional
regularization, we are setting self-contractions to zero: (X*(0)X°(0)) free = 0. Renormalizing
the two-point function of the primary field g to order 1/k by introducing a multiplicative
renormalization factor N(g) = 1+ 2Cy(r)/(ke) + O(1/k?), we find to this order

Ga(r)
k

Galr)

N(e) (g~ (2)9(0)) = N(e) |1+ 7

Alx) + Ok )| =1— In(2?) + O(k™%) (3.4.6)

(a) (b)

Figure 3.1: Feynman diagrams at order 1/k2.

At order 1/k? we have the diagrams shown in Figure . Figure comes from expand-
ing each of the exponentials in g~!(z) and g(0) to second order and taking Wick contractions.

Figure arises from bringing down two cubic interaction vertices. This yields

G @O = s i ) (Cor)? = HCr)Ca(C) ) )
O~ s e T CrIG(E)
X Vo€ €P[2(2 — d)x, 15 + 22,5](2?) 7. (3.4.7)

To proceed we need a rule for defining 7,,¢"€*® in d-dimensions. In d = 2 we have

Vuat P = 4P (3.4.8)
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One option is to adopt this rule in d dimensions. But there are alternative prescriptions as
well. For instance, we could first use the d = 2 identity e/ e®? = yranvBf — 4#B8~rva and then
contract with 7,, in d dimensions. This gives 7, e*” = (1 —£)v"?. More generally, we
could multiply € by any coefficient. These prescriptions differ in the sense that one can show
that the value of the anomalous dimension depends on the value of this coefficient. However,
conformal invariance singles out the rule . In particular, consider the current algebra
Ward identity

<gl(xz)g(:v1)J“(ms)>~( S )<91(fc2)g(aﬁ1)>T“- (3.4.9)

23 — 22 Z3 — 21

This Ward identity, together with the definition of the Sugawara stress tensor, is what fixes
the conformal dimension of g in the algebraic approach to the WZW model. Evaluating
both sides of in 1/k perturbation theory we encounter, at order 1/k? on the right
hand side the same diagrams as above, including the ambiguity associated with the product
of epsilon tensors. On the other hand, no epsilon tensors appear on the left hand side at
this order, and hence there is no ambiguity. We then find that demanding implies
that we should adopt . In fact, it turns out that under this rule holds for all
d. This discussion of course raises the question as to the proper rule at higher loop orders,
where higher powers of epsilon tensors will arise. There is a natural generalization of
in which one reduces all products of epsilon tensors directly in d = 2, but whether this is
compatible with the Ward identity at higher orders in 1/k is an open question that we do

not address here.

Returning to (3.4.7) we now have

d _ 1)2
(g (@)g(0))1y = 02(7”)]{52((;) S:d(—22<d1_) 3 (22)24 | (3.4.10)

where we used the Legendre duplication formula to simplify.

The computation of the renormalized correlator N(g)(g(x)g(0)) also receives a contri-
bution from the 1/k term in N (). However, we need not consider this as it has no bearing

on the computation of the anomalous dimension, since the latter can be extracted from

20, In{g~"()g(0)).
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Collecting all contributions through order 1/k* we have

@eo) = N[ EOTETD gyt GUETE D o

CGy(rG(G) (G~ 1) d -2
k2 8rd=2 d-—1

(z%)2d (3.4.11)

Since the scaling dimension h is identified via (g=!(x)g(0)) ~ (2%)72" we can extract it as

h = _}l lim 20, In{g~(x)g(0)) (3.4.12)

e—0
Plugging in (3.4.11)) we find

_ CQ(T) _ CQ(T)CQ(G)
2k 4k2

h + O(k™?) (3.4.13)

in agreement with the expansion of (3.3.5|) to this order.

3.4.2 Non-holomorphically factorized Wilson line

We can convert the bi-local primary operator considered above into a Wilson line type object
by using the identity
T2
g (@2)g(x1) = PeXp{ — / dy" g~ (y)0, (y)} : (3.4.14)
x1

This identity holds for any matrix-valued object g(x). In particular, if we compute the
expectation value of both sides we are guaranteed to get exact agreement even with a fi-
nite regulator in place. The computations of the previous section therefore establish that
perturbation theory will yield (P exp{ - ;’;2 g_l(y)aug(y)dy“b ~ (23,)7?"; finiteness also

requires the multiplicative renormalization factor N(e) that we will suppress.

We now write

(o @)oo} = (Pew {3 [ dy 2,)}) (34.15)

1

where the “vector operator” J, is defined as

T =—kg 0,9 . (3.4.16)
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This is not a conserved current, 07, # 0. Its components are related to those of the
conserved currents J, and jﬂ as J. = J., J: = g~ 'J:zg. The computations we have performed
so far establish that, as ¢ — 0,

<Pexp {%/mdy“ ju(y)}> - <Pexp {%/Z2dy Jz(y)}><Pexp{Z / 5Ty }§3 4.17)

@ 21

through at least O(1/k*). We note that the chiral Wilson lines on the right hand side
require vertex renormalization factors, while no such object is required on the left hand side,
as follows from the identity . Roughly speaking, we may surmise that the a factors

on the right compensate for the non-chiral correlators on the left.

To flesh this out a bit more, let us consider correlation functions involving the vector

operator J,. To order k° we find the two-point functions

ooy = 5 (5-1) Sawe,
waoy = (3-1) Lawer+ E o
(T4 (x)T2(0)) = g (g - 1) gA(a;)(S“b + <g - 1) @(G)Ai_—f)aab , (3.4.18)

where A(x) is the scalar propagator defined in . The fact that (7,J,) is uncorrected
at order k° is consistent with the fact that this is the two-point function of the conserved
current J,, and hence is unrenormalized. The mixed correlator in the second line, (7,.Jz) is
finite as € — 0, and this contributes to the non-chiral Wilson line expectation value at order
1/k?. The correlator in the last line (J;7;) diverges as ¢ — 0. We define the renormalized
operator j;,

VAR <1 - %f)) T (3.4.19)

After doing this and taking ¢ — 0 we get

(TH@T0) = a4 06)
(@D R0) = O,
(F@TN0) = A2 H 6+ 00) (34.20)
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for some constant A. J¢ has acquired scaling dimension (h, k) = (1 + %, %) Coming

back to the Wilson line, even if we rewrite it in terms of the renormalized vector operator
components (7., Jz) it is not correct to omit the contributions from (7..7z) even though this
correlator vanishes as ¢ — 0. This vanishing is compensated by 1/e divergences, yielding a

finite result. Thus, there is no manifest factorization.

3.4.3 Comments on holomorphic factorization

The conclusion of the above analysis is that the expectation value of the non-holomorphic
Wilson line built out of J, agrees with (the square of) the holomorphic Wilson line as the
regulator is removed. The former thus exhibits factorization to the order we have considered,
but this comes out from detailed computation rather than being manifest from the start.

Here we add a few more comments regarding this state of affairs.

The classical WZW model exhibits holomorphic factorization in the following sense. The
Euler-Lagrange equations are d;(¢g~'d,g) = 0. The general solution of this equation takes
the factorized form ¢(z, 2) = . (2)gr(2), for arbitrary and independent (ignoring any reality

conditions) matrices g, (z) and ggr(z). Formally, the quantum correlator of interest is then

(97" (%,2)9(0)) = (g7 ()7 (2)7.,(0)gr(0)) - (3.4.21)
We can try to argue for factorization from either the path integral or operator perspectives.
In terms of the path integral, we can imagine independently integrating over g, and gg.
Inside the g7, path integral g;'(2)g,(0) will be proportional to the unit matrix, and the
correlator thence factorizes. Of course, this argument is little more than handwaving as it
stands, since the fact that classical solutions take the factorized form does not imply that
we can perform independent path integrals over the two factors. On the other hand, writing
9(z,2) = §.(2)gr(2z) makes more sense in the quantum theory if we work in the operator
formalism. In this case, the outstanding issue is that although the oscillator modes can be
uniquely associated to one of the two factors, the same is not true of the zero modes, which
couples the two together.

We should also mention the argument by Witten [80] establishing the holomorphic fac-
82



torization of current correlators on arbitrary Riemann surfaces, which is formal in the sense
of ignoring UV divergences and anomalies. Starting from the WZW action S|[g| one gauges

the current J by coupling to an external gauge field A,
1 2 —1 1 2
Slg, Al =Slg]+ — | &2TrAs;g 0.9 — — [ d°2TrAA, . (3.4.22)
27 A
The path integral over g defines a wavefunction
U(A) = / Dg e kS04 (3.4.23)

which serves as a generating function for current correlators. The main result is to then show
that the partition function, Z (%), of the WZW model on the Riemann surface ¥ is equal to

the norm of the wavefunction, Z(X) = |¥|?, where |¥|? = voll(é) [DAV(A)¥(A). We might

contemplate extending this to our context by cutting holes in the Riemann surface with
prescribed holonomies to represent the primary operator insertions. Of course, one would
still need to confront what for us is the main issue, namely making precise sense of these
manipulations at the quantum level. We leave these questions for the future, and now return

to the main case of interest, the gravitational Wilson line.

3.5 Renormalization of gravitational Wilson lines

In this section we shall regularize and renormalize the matrix elements of the gravitational
Wilson line operator in two-dimensional conformal field theory in a perturbative expansion
in inverse powers of the central charge ¢. We focus on the scaling dimension h(j,c) of the
Wilson line operator, whose exact expression is predicted from the twisted SL(2,R) current
algebra representations of spin j as discussed in the Introduction. Using the regularization
and renormalization schemes developed here we shall calculate h(j, c) up to order 1/¢* and

find perfect agreement with the large ¢ expansion to the same order of the exact expression

(3.1.4), which we repeat here

. 6., 78 1230 . )
hij.e)=—=j == +1) = Zi(+1) = =3[+ 1)+ O0(c™). (3.5.1)
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As discussed in Section 3.2 the Wilson line is defined as a matrix element of

Pexp /0 Cay <L1 + gT@) Ll) . (3.5.2)

The first step in implementing 1/c¢ perturbation theory is to rewrite this in a manner analo-
gous to what one does when passing to the interaction representation in quantum mechanical

problems. In the present case this amounts to using the identity

? 6 z 6
Pexp/ dy <L1 + - T(y) L_1> = Pexp/ dy <E X(y) T(y)) (3.5.3)
0 0
where X (y) is given by,
X(y) = L_y —2yLo + y*Ly. (3.5.4)

We shall consider matrix elements between states |j, m), with 2j+1 € Nand 0 < j—m < 2j,
which are the tensor product of a spin j representation state of SL(2,R) with the ground
state of the two-dimensional conformal field theory. In the infinite ¢ limit, the Wilson line
operator reduces to e*%1 whose matrix element (j, —jle*L1|j,j) = 2% gives the classical

scaling dimension —j, in agreement with the leading term in (3.5.1)).

For large but finite ¢ we shall use perturbation theory in powers of 1/¢ to expand the
Wilson line in terms of correlators which are polynomial in the stress tensor. Such corre-
lators may be evaluated on the two-dimensional plane using the conformal Ward identities
expressed, for example, in terms of the OPE of two stress tensors at points w, z € C,

c/2 2T (w) = O0uT(w)
(z —w)? i (z —w)? * z—w

T(2)T(w) = +O((z —w)). (3.5.5)

The perturbative expansion of the matrix elements of the Wilson line operator is beset by
short distance singularities resulting from the first term in (3.5.5)), and require regularization.
The use of a Pauli-Villars regulator in [16] correctly reproduced the 1/c¢ term in (3.5.1)) and
the corresponding order 1/¢* term proportional to (In z)? in the expansion of the two point
function, but gave a 1/c? correction that disagrees with the corresponding term in (3.5.1]).
Dimensional regularization, and analytic continuation in € = 2—d as applied to this problem

in [61], is more successful, as we now discuss.
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3.5.1 Dimensional regularization

No regulator of short distance singularities which preserves the infinite-dimensional confor-
mal symmetry in two-dimensional space-time is known to exist. In fact most regulators
will break the finite-dimensional conformal group and its dilation subgroup. However, di-
mensional regularization, in which the dimension of space-time is continued from two to
d = 2 — ¢ dimensions, preserves dilation symmetry in dimension d in each Feynman diagram
contribution for all values of d where such diagrams are absolutely convergent. For this rea-
son, dimensional regularization and analytic continuation in € appears perhaps better-suited
for regularizing correlators in scale invariant theories than other schemes. Unfortunately,
the Ward identity , by which all correlators polynomial in the stress tensor can be
computed on the two-dimensional plane, no longer holds and cannot be used to this end in

d#2.

Therefore, we need a concrete quantum field theory representation or model for the
stress tensor which is valid for arbitrary dimension d and for arbitrary central charge c. Of
course, upon proper renormalization, the Wilson line expectation values are expected to be
independent of the model used to represent the CFT. To obtain an expansion for large c,
we may take ¢ to be an integer, without loss of generality. A simple model is then provided
by the free field theory of ¢ scalar fields ¢? with v = 1,--- ¢ in d space-time dimensions.
Parametrizing space-time R? by coordinates (z, z, Z) where z, Z are the complex coordinates
for C and Z € R?2, we readily evaluate the normalized two-point function of the field 9,¢7,
—V(d) (2 — w)?

(|2 — w2 + (7 — @)2)

(0:07(2)0,0" (w)) =

(3.5.6)

The normalization is given by V(d) = I'(¢ + 1)/72~, but we shall soon see that its effect
may absorbed by a renormalization, and therefore we shall set V' = 1. For two points in
the complex plane we have 7 = w = 0, and for two points on the real line the correlator in
d = 2 — ¢ dimensions simplifies to the following formula we shall use throughout,

—_5

(0™ (2)0:¢" (w)) = (3.5.7)

|z —w|?=
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In this model, the holomorphic stress tensor T'(z) for z € C is defined as the T, component

of the d-dimensional traceless stress tensor for the free field ¢7, which is given by,
1 C
T(z) = -5 Z :0:07(2)0:07(2) - (3.5.8)

where the normal ordering symbol :: instructs us to omit all self-contractions in the calcula-
tion of correlators of T'(z). An equivalent definition in terms of the OPE of two fields 0.,¢”

may be given but will not be needed here.

Given the rules for calculating correlators in the free field theory model for the dimen-
sionally regularized conformal field theory, it is straightforward to compute the correlator of
the product of an arbitrary number of stress tensors, arranged at points y; along the real line.
Evidently, we have (T'(y)) = 0. The Feynman diagrams for a correlator (T'(y1) - - - T'(y,)) for
n > 2 may be distinguished by the number of connected one-loop sub-diagrams. Each sub-
diagram may be labelled by a partition P into cycles of the set of points {yi,- - ,yn}, with
each cycle containing at least two points. Two partitions are equivalent if they are related
by cyclic permutations and/or reversal of orientation of the points in each cycle, and under

permutations of the cycles. This partitioning of a Feynman diagram into cycles is unique.

We shall denote a cycle of ordered points y;,, - ,y;, by a square bracket [iy, - ,i,] and

the value of the corresponding one-loop diagram along this cycle by,

c/2
TV i) = 1752 »
(T%)pi1.i2) i, — i |22
c
(T, : (>3. (3.5.9)
el Vi = Yia > Vi — Vi[> |y, — v [*7°
The y-dependence of (T)};, ... ;) is indicated through the indices 4y, 4, in the labeling

of the cycle. The correlator is given by a sum over all possible inequivalent partitions
P=CiUCyU---UC, into p cycles, with C; N Cy = () for s # s, of the set {y1,- -+ ,yn},

p

(T(y)--T(yn)) = > (T")p (T p =T, - (3.5.10)

P s=1
The c-dependence of the contribution of P is given by ¢”. For the calculation of the matrix

elements of the Wilson line operator to order 1/¢3, to be given in the next section, we shall
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need the correlators for n = 2,3 given in (3.5.9)), as well as those for n = 4 with one and two

cycles, for n = 5 with two cycles, and for n = 6 with three cycles, given as follows,

(L) T(ya) = (T2 + (THpsea + (T payzs
(T n2sa) + (T saz) + (T s2a),
(T(y1) - T(ys)) = (T°)pzpas + 9 more partitions + O(c),
(T() - T(ys)) = (T®)papape + 14 more partitions + O(c?). (3.5.11)

The contributions from each partition is given by (3.5.10) and (T*) gz = ()19 (1) 34,
<T5>[12][345] = <T2>[12] <T3>[345], <T6>[12][34H56} = <T2>[12]<T2>[34] <T2>[56} and their permutations.

3.5.2 The regularized Wilson line matrix elements

We define the regularized matrix element of the Wilson line operator in dimension d = 2 —e¢,

6a(e)

W.(2) = N(&)(j, —jle™™ Pexp { [ avxw T<y>} 5.9). (35.12)

0
X(y) was defined in (3.5.4) and the states |j, m) stand for the tensor product of the free
field theory ground state and the spin j representation state of SL(2,Z) of weight m. The
multiplicative renormalization factor N(e) is required on general grounds for an exponential

operator, while the factor a(e) renormalizes the coupling to the stress tensor.

It will be shown below that the parameters N(¢) and «(e) may be chosen, order by order
in powers of 1/¢, so as to cancel the poles in ¢, and to define a renormalized matrix element

whose scaling dimension is h(j, ¢),

W(z) = lim (W.(z)) = 22100 2> 0 (3.5.13)

e—0
up to order 1/¢® included. It will also be of interest to regularize and renormalize the matrix
elements of the Wilson line operator multiplied by a single stress tensor T'(z) for = € R,

6a(e)

Txm(z)=N<e><j,—er<x>rx\4QSeZLIPexp{ /ZdyX@)T(y)}u,j» (3.5.14)

0
By inspecting the scaling behavior of the correlators involving T'(z), it is clear that the

expectation value (T, W.(z)) tends to a finite limit as + — oo and defines a matrix element
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(TowW.(z)) whose behavior is predicted from the dilation Ward identity,

lim (T W.(2)) = h(j,c) 22 W (2). (3.5.15)

e—0

We verify that the parameters N(g) and a(e) required to renormalize W also renormalize

T, W, as may be expected on the basis of the dilation Ward identity in dimension d = 2 —e¢.

3.5.3 Perturbative expansion

(W.(2)) may be evaluated by expanding the path ordered exponential in powers of a/c,

o) =28 S [y [CanF i )T T) (6519

where we have suppressed the e-dependence of N and «, which will be understood through-

out. The SL(2,R) group theory factor F,, is defined by,

szFﬂ(’z; Yns ot 72-/1) = <]7 _j|eZL1X(yn) e X(Z/l)’j?j) (3517)

A recursive formula for F, is obtained in Appendix [3.9] while the calculations of the stress
tensor correlators were given in the preceding section. To proceed further, it will be conve-

nient to organize the calculation of (W.(z)) as follows,

(W.(2)) = szNioz" 2 Wiim (3.5.18)

n=0

where Wy = 1, W; = 0 and the contributions for n > 2 are given by,

6™ z Y2
Win = / dy,, - - / dyr F (259, o) (T (yn) -+ T(1)). (3.5.19)
0 0

C?’L ZTLE

The factors of 2" have been inserted to make the coefficients W7...,, independent of z for any

value of . To see this, we recall from Appendix that the combination 2" F,(2; yn, - ,¥1)

is a homogeneous polynomial in z,y,--- ,y, of total degree 2n, while the correlator of n
stress tensors is homogeneous in yy,--- ,y, of total degree n(—2 + ¢). Therefore Wj...,, is
homogeneous in z,yq, - - - , y, of total degree 0 and we may set z = 1 in the evaluation of Wj...,

in (3.5.19) so that all z-dependence of W_(z) resides in the coefficients z"¢ in (3.5.16]). The
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expansion of (T, W.(2)) proceeds analogously by replacing the correlator (T'(yy,)---T(y1))
with (T'(x)|z[*"*T(y,) - - - T(y1)) and then taking the 2 — oo limit.

The coefficients Wj...,, may be decomposed into a sum over inequivalent partitions P of

the set of n points {y1, - ,yn} by decomposing the correlator of n stress tensors in (3.5.19)
into a sum over P using ((3.5.10)),
6™ 1 Y2
Wiew =>_ Wp, Wp = c_"/ dyn--~/ dyr Fo (1Y, -+ 5 y)(T") P (3.5.20)
I3 0 0

The expression for Wp may be simplified using the scaling and translation properties of (T") p
and the polynomial nature of the function F,(1;y,, - ,y1) to resolve the nested ordering of
the integrals. We change variables from (y,, -+ ,v1) to (T, u, a1, -+, 1),

Y = Tp —UQp_1 — UQp_2 - — UL ]-Sk:Sn_L

Yn = Tn (3.5.21)

subject to 0 < u <z, <1 and 0 < o; as well as a,,_1 + ---a; = 1. Using the observation
that the integration range of the variables u, x,, is independent of the integration range of

the variables «;, we rearrange the integrations as follows,
6" ! ! = ./\/ (Ozl e, _1)
Wp = dog,_q -+ dayd | 1— Ul st 3 N R : 3.5.22
P 9p2 (=P /O Pn—1 /0 a < ; a/k) Dp(al, s 7an—1) ( )

The function Dp is given in terms of the contribution to the stress tensor correlator arising

from the partition P and is given explicitly by,
P u72n+n5

- %DP(QL L Q)

(T")p (3.5.23)

where p is the total number of cycles in P and ps is the number of 2-cycles in P. The function

N, is defined as follows,
1 1
No(a, - o) = / du u_"_2+”€/ dx, Fro(1; Y, -+ 5 41) (3.5.24)
0 u

where yy, - - -y, are given in terms of x,,u,ay, - a,_1 by (3.5.21)). Since F,(1;yn, -+ ,v1)
is polynomial in y;, the integral N, is polynomial in «; as well, with coefficients which are
rational functions of . Finally, one of the ag-integrals in (3.5.22) may be carried out by

satisfying the d-function, so that the number of non-trivial integrals left over is n — 2.
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3.5.4 Evaluation of W;..,

The details of the calculation of the functions Wp and their sum Wj.., are presented in
Appendix 3.10, They include the list of the denominator functions Dp and the evaluations
of some of the integrals over the parameters «;, but we do not give the functions F,, or
N,, whose length grows rapidly with n and were handled by MAPLE. The result may be
summarized as follows. The contribution Wi, is of order 1/c and is required up to order g2,
the contribution Wia3 is of order 1/c? while Wiy = Wf§§4 + Wf§’§4 has contributions of order

1/c* and 1/¢® and both are required to order £,

Wiy = @ + (105 + 4) + %(74;‘ + 98)e + %(418]' +196)e?,
AEWiag = —w + %(2;‘2 — 95 —5) + 1672 (5 + 1) + 65(185% — 1435 — 203),
AW, = gj(j DG+ + gj(20j3 + 1652 + 495 + 29)
125(995% + 13252 4 4365 + 460) — 245 (5 + 1)7?,
Sw, = ff%(j +1)+ %j(—zf +55 +3) + iﬁj(zj?’ — 1152 + 895 + 132)
+Ej(4j3 + 8% — 395 — 43)n2. (3.5.25)

5

Finally, the contributions Wi3s5 and Wigss6 are required to order 1/e and to order 1/c3,

for the calculation of the dimension h(j, ¢) to order 1/c?,

576 96
¢ Wiasss = — 5535+ 1)(55 + 55+ 11) + =i (1+ §)(55° + 5 + 197"
487
+5—€‘Z(30j4 —2057% — 15252 — 634 — 387)

47 77 - 6207
_|_5_‘i(1410j4 - 12341j3 — 186403'2 o87767 20 7),
367

8
= (G 4+ 1)(35% + 3 + 13)72

3

6
+E—‘g(30j5 + 365" + 20153 + 21052 + 3615 + 202)

& Wiazase G+ +i+2)(G 45 +4)

5
+—](372j5 4 468;5* + 387353 + 596752 + 101005 + 8684). (3.5.26)
g

The calculation of (T, W.(z)) is analogous. The results are given in the Appendix [3.12.3]
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3.5.5 Renormalization of W_.(z) and T, W.(z) to order 1/c?

To order 1/¢?, the regularized matrix element (W.(z)) of the Wilson line operator is given by

(3.5.18]), (3.5.25)), and (3.5.26|), as well as by the parameters N and o. We seek to determine

N and « by requiring that (W.(z)) obey as renormalization conditions the scaling relation
(3.5.13)) to order 1/c®. By inspecting the expansion of (W.(z)) in terms of the coefficients
Wi.., it is far from obvious that such a scaling relation can indeed be secured. However,

once it has been, the parameter N is trivially fixed as follows,
(W.(1)) = 1. (3.5.27)

This leaves the parameter a at our disposal to enforce the scaling relation (3.5.13)) by re-

quiring that the function In(W.(2)) be linear in In(z),
In(W.(2)) = —=2h(j,c)Inz + O(e) (3.5.28)

where h(j,c) is to be determined in the process. By inspecting the relation between the
order of expansion in powers of 1/c and the order of the pole in e, we find that for order
1/c¢™ the maximal order is 1/&™, thereby producing a polynomial in In(z) of degree m in
In(W.(z)), up to corrections of order O(¢). Therefore, to order 1/¢, the scaling condition is
automatic, while to orders 1/c? and 1/¢? the scaling condition imposes respectively two and

three conditions. These conditions are satisfied by a function « given as follows,

1/6 1 /30 55
a=1+- (— +3+ €a1> + (—2 +—+ay+ 5@3) + O(c™3,&%). (3.5.29)
c \¢e 2 \e €
The contributions proportional to ay,as and ag are not determined by the renormalization
scaling conditions, and neither are higher order terms in 1/¢ or € to this order in the expan-

sion. The scaling dimension resulting from the renormalization of W is given by,

| o 6 78  60as — 360a; + 2450 + 1927%(352 + 3j — 1
hw(J,c)=—J—J(J+1)(E+§+ 2 ! — 34"+ 35 >>(3.5.30)

up to contributions of order 1/c* and e. While the result for hy(j,¢) to the orders 1/c and

1/c? are uniquely determined by the renormalization procedure and precisely agree with the
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predictions of SL(2,R) current algebra in (3.5.1]), the order 1/¢? is determined only once the

particular combination as — 6a; of the coefficients a; and as is known.

The missing information may be obtained from the renormalization of the matrix element
ToWe(2). Its detailed calculation is given in the Appendix. Using the same renormalization

parameters N and « as we used for W.(z), the prediction of the scaling dimension derived
from (T, wW.(2)) is obtained via ({3.5.15)) and is given by,

. . 6 +1 ' .49 16 .
hrw(j,¢) = —j — % - % (78] + 3 + Eﬁ(iﬂj(] +1)—1) — 6as + ag) (3.5.31)

Matching the orders in 1/c* gives the following result for the combination,

185 1672
Ao — 6CL1 = - —

3 5

(3j(j+1)—1) (3.5.32)

which upon substitution in the 1/¢® term of hy (j,c) leads to perfect agreement with the

predictions of (3.5.1)) to order 1/¢3.

We note that renormalization of the gravitational Wilson line matrix elements consis-
tent with the conformal Ward identities has forced us to make the vertex renormalization
parameter «(g) dependent on j in the order 1/¢3 contribution to the Wilson line, and to
order 1/c¢% in a(g). This j-dependence of a(g) is a new phenomenon that was absent at lower
orders in 1/c¢, and raises two issues. First, in terms of renormalization theory, it suggests
that the gravitational Wilson line operator as originally defined cannot be renormalized at
the operator level, since a dependence on the states governing its matrix elements enters. A
slight modification of the original definition of the Wilson line can remedy this obstacle by
promoting a(e) itself to an operator which involves the quadratic Casimir of SL(2,R). Sec-
ond, to satisfy , we actually have a choice: setting a; = 0 we require a j-dependent
renormalization at order 1/c?, while setting ay = 0 we can get away with a renormalization
at order 1/c of an evanescent operator which, given its proportionality to &, would vanish at

the classical level as € — 0. The role of such evanescent operators remains to be understood.
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3.6 Regularization scheme in two dimensions

Instead of “changing the theory” by extending the free field model for a conformal field
theory with central charge ¢ from two dimensions to d = 2 — ¢ dimensions, we shall attempt
in this section to keep conformal invariance intact in d = 2, and regularize and renormalize
the operator W in this exactly conformal theory. As we shall show below, for the particular

though natural regulator we choose, this attempt will ultimately fail.

3.6.1 A two-dimensional regulator for the Wilson line

We introduce a regulator, order by order in the 1/c expansion of the matrix elements of the

Wilson line operator, in which the correlator of stress tensors (17)..,, is regularized by,

(T 1 = (Ty) - Tw)) T] w5 —wil (3.6.1)

1<i<j<n

and the correlator (T'(y) - - - T'(y,)) is evaluated using the OPE for the stress tensor of
of a conformal field theory with central charge ¢, valid strictly in two dimensions. We have
chosen the regulator to be symmetric under permutations of the points y,--- ,y, just as
the stress tensor correlator is, to be invariant under translations of the variables y;, and to
have good scaling behavior similar to, but different from, dimensional regularization. In the
&/c expansion, and with the regularization defined above, the Wilson line correlator may be
presented as a sum over contributions with a definite number of T-insertions [

(We(2)) = 24N Y am 22 Depy, (3.6.2)

n=0
The factors of 23"~ D have been extracted in order to make the coefficients Wy..,, inde-
pendent of z, using arguments analogous to the ones used for W.(z). The decomposition
of the correlator into a sum over contributions arising from inequivalent partition cycles P

proceeds as with dimensional regularization, and we have,

- ~ ~ 6n 1 Y2
Wiw = S W, Wo= S [y [ dnB (G )T (363)
B 0 0

C?’L

3Throughout this section, we shall use a tilde for the quantities defined with the regulator of ([3.6.1) in
order to distinguish them from those defined in the preceding section with dimensional regularization.
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where (T™)p is defined by (3.6.1)) for the partition P.

Using the change of variables (3.5.21)) we recast the expression for Wp as follows,

. 6" 1 1 ol No(ar, -+, an_1)
= do, 1 -+ da10 | 1— SR L .6.4
WP 2p2cn—p/0 Qn—1 /0 a1 ( ;ak> ) (3 6 )

Dp(a, -, 051

where f)p and N, p are defined by,

P u—2n+%n(n—1)a
T™p = ~—— ,
e 27 Dp(ay, -+, ap1)

1 1
Nn(ala e 7an—1) — / du u—n—2+%n(n—1)€ / d:L‘n Fn(17 Yns Yn—1," " * 7?/1) (365)
0 u

with (T™)p given in (3.6.1]), p and p, are respectively the total number of cycles and the

number of two-cycles in P.

3.6.2 Calculation of the coefficients V~V12, W123 and W1234

The coefficient Wm coincides with the coefficient W5 computed in dimensional regularization

after letting 2¢ — ¢, while W123 = Wis3, and are given by,

125G +1) P
cWiy = %+](10j—|—4)+é(74j+98)8+0(82),
965(j +1) 245, _
A Wips = _%‘1'?](2]2—9]—5)4-0(80). (3.6.6)

To order 1/¢?, the coefficient Wigs, receives contributions from the partitions [12][34], [13][24]

and [14][23], whose denominator functions are given by,

Dugsay = of “op a5 (o + a2) ™" (a2 + as) 7,
Dugjpy = a1y a3 (ag +ag)™ (g + a3)'™*,
Dugps) = a;°ay a3 (an +a) ™ (ag + ag) ™. (3.6.7)

The function /\74(041, aig, (v3) is a polynomial in its variables, with coefficients which are ra-

tional functions of £ with simple poles. We satisfy the d-function constraint by solving for
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as =1 — ay — ag, and decompose the polynomial Ny in the following, equivalent ways,

./\74(&1,1—@1—@3,@3) = Z MABa1a3 = Z /\/l (1— o)1 —a3)?

A,B=0 A,B=0
4 2
= Y Y M (1 —a) (1 - o —as)”. (3.6.8)
A=0 B=0

The expansion reduces the integrals to sums over basic families of integrals oY for i = 1,2,3

given and evaluated in Appendix [3.12.4]

C2 W[lg][34] = Z M(l) A 3 B — 3)
A,B=0

A Wispy = Z M, QP (A-3,B - 3),
A,B=0

Wiy = ZZM(3) Y(A+1,B - 3). (3.6.9)
A=0 B=0

The results are as follows,

- 56 o, . 2 . : .
E Whopy = 5_2]2(] +1)% + Ej(j +1)(7765% — 19245 + 273),
~ 16 2
F Wigjpa = J(] + 1)+ —1)— F](466] + 129242 — 215 — 487),
~ 8 9, 4 : .
¢* Wiaps = =) 2(G+1)°+ /U + 1)(2952 4 1195 — 69) (3.6.10)
giving a combined contribution of
207 16 . 9 . 45, - 4 5 _
" Wigza = 5—2j(j +1)35°+35+1)+ _5(60‘7 —965° — 1135 + 7). (3.6.11)
Expanding the parameter & in powers on 1/c,
~ 1 &1 ~ -2
ale) =1+ - — +as | +O(c), (3.6.12)
c

setting (W.(1)) = 1 and collecting all remaining contributions, we find,

- 12 24
In(W.(2)) = 2jlnz+ ?j(j +1)Inz+ CQ—gj(j +1)(65%4+6j — 8 +a1)Inz
L
+—§(60j3 — 2405 — 4125 — 76 4 5jay + 6jdg + 2a; + 6dy) In 2
C

12 . . N
+530 +1)(605° +60j — 12+ ) (In 2)* + O(e), (3.6.13)
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To obtain a finite result, we must cancel the pole in € and thus set a; = 8—6;(j+1). Having
done so, the value of the coefficient of (Inz)? becomes 24;j(j + 1)(275% + 27§ — 2) and no
further adjustment of N or & is available to cancel this obstruction to the scaling behavior

of (3.5.13)) for (W.(z)).

3.7 Discussion and Outlook

The main result of the paper is the computation of the expectation value of the gravitational
Wilson line to order 1/c¢3. To deal with the short-distance singularities which arise in the
integrations over stress tensor correlators, we have used a version of dimensional regular-
ization to dimension d = 2 — ¢ combined with a non-trivial analytic continuation in ¢, and
effectively treated the stress tensor as having dimension d = 2 — . Renormalization of the
gravitational Wilson line matrix elements consistent with the conformal Ward identities was
found to require, to order 1/¢® included, an overall multiplicative factor N(g) and a “ver-
tex renormalization” factor a(e). The multiplicative factor N(g) depends on ¢ and j in an
expansion in powers of 1/c. The vertex renormalization «(e) is independent of j to orders
1/c and 1/c? but requires dependence on j through its Casimir value j(j + 1) to order 1/c3.
This result suggests that, to sufficiently high order in 1/¢, the renormalization of the Wilson
line operator depends on the matrix element considered. Deepening the understanding of

this dependence is left for future work.

From a purely diagrammatic point of view, the emergence of a bi-local conformal primary
operator from the gravitational Wilson line matrix elements appears to be based on the
magic of remarkable relations between contribution at different orders in 1/c. For example,
a simple fact about the anomalous dimension is that it depends on j only through
the SL(2,R) Casimir eigenvalue j(j + 1). Yet each diagram by itself does produce higher
powers of j which do not form a polynomial in j(j + 1). No regularization scheme appears

to be known in which each contribution is polynomial in j(j + 1).

As a simpler example, we have computed the expectation values of Wilson line operators

of holomorphic currents appearing in theories with level £ current algebra symmetry to order
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1/k3. The computations are relatively simpler in this case but still retain a lot of the features
of the gravitational case. We have also performed a more standard field theoretic perturbative
calculation of the expectation value of a Wilson line for non-holomorphic currents using the
WZW model to order 1/k?. The results of the two approaches are consistent; however the

connection between the two calculations remains to be fully elucidated.

A promising approach towards a more geometrical understanding of the bi-local and
conformal primary nature of gravitational Wilson lines is via Hamiltonian reduction, which
produces Virasoro symmetry from SL(2,R) current algebra symmetry (see [14] for details).
The constraints we need to impose on the SL(2,R) currents J%(z) are given by J~(2) = k
and J°(z) = 0. Under these constraints, the current algebra Wilson line reduces to the

gravitational Wilson line (with central charge ¢ = 6k)
arpa 6
JT" — Ly + L, . (3.7.1)
¢

Further, it was shown in [3], that the geometric action can be obtained from the chiral WZW
action by the same reduction. The geometric action is written in terms of the function
f(z) appearing in and , and is the right object to compute stress tensor
correlators. Note that the same reduction is done in the bulk Chern-Simons theory when
we impose asymptotically AdS boundary conditions. As a consequence, at least formally,
the expectation value of the gravitational Wilson line can be obtained by reduction of the

SL(2,R) current algebra Wilson line
/ Dg e Swawld 17 () — / Df e Sl (z) . (3.7.2)

All this suggests that understanding the current algebra Wilson line might be sufficient
to understand the gravitational case. However, the transformation from g to f in (3.7.2))
remains formal. Addressing the subtle issues of regularization and renormalization of the

transformation, and the emergence of conformal symmetry, are left for future work as well.

Recently, the connection between the geometric action and AdS3 gravity was carefully
studied in [27]. The authors used the geometric action and certain bi-local operators to

calculate various quantities, such as the sphere and torus partition functions and corrections
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to Virasoro blocks. The bi-local operators used in [27] are simply the Wilson line operators
we consider (compare equation 6.9 there with (3.2.12)) here). It would be interesting to see

if their methods could be used to understand our problem better.

The advantage of our regulator over, for example, the Pauli-Villars type regulator used in
[16] is that it is dimensionless. This greatly constrains the form of the divergences and allows
a simple prescription to subtract divergences. Another natural dimensionless regulator was
considered in section [3.0] Surprisingly, we found that it is not possible to restore conformal
invariance in this case, as we take the regulator away. Understanding why dimensional

regularization is superior might shed some light onto the renormalization problem.

By computing the Wilson line anchored on the boundary, we are computing the boundary
to boundary scalar two point function in AdSs; with graviton loop corrections (up to 3 loops).
A conventional calculation would be quite complicated as we would have to use the bulk to
bulk graviton propagator and involves integrating vertices over all of AdS. The Wilson
line calculation is manifestly holomorphically factorized and needs only one integration per
vertex. This is much simpler. It would be interesting to see if we could reduce the standard

Witten diagram computation to the Wilson line one.

Ultimately, we are interested in finding a formalism that allows us to exploit Virasoro
symmetry to understand non-perturbative gravity corrections in AdS3;. We believe that

understanding the renormalized Wilson line better is a step towards this direction.

Appendices

3.8 SL(2,R) representations as functions on unit disk

In the bulk of this paper we based the Wilson line on finite dimensional spin j represen-
tations of SL(2,R). These representations are convenient to work with, but since they are
non-unitary one must analytically continue in j at the end of any computation to obtain

result valid for unitary representations. Alternatively, one can work directly with unitary
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representations, for example by realizing SL(2,R) in terms of functions of the complex vari-

able u defined on the unit disk D = {u € C, |u| < 1}. We write
L1 = 0u s Lo = u@u -+ h s L,1 = u28u -+ 2hu . (381)

The SL(2,R)-invariant inner product between functions f(u) and g(u) is defined as an

integral over the unit disk D,

{f1g) / L f(u)g(u) (3.8.2)
I= ), 0= wmz ! Y
This is defined to respect the relations L = L_, between adjoint operators.

As reviewed in section [3.2] the Wilson line was built on SL(2,R) states obeying

L_qlhyiny =0, Lglh;in) = —h|h;in)
Ly|h;outy =0,  Lglh; out) = hlh;out) , (3.8.3)

These states therefore correspond to the functions
hin) = u™" . [ouw) = 1. (3.8.4)
The Wilson line is then given by

Wiza, 21] = (s out| exp { / e+ gT(z)L_l)} B in) . (3.8.5)

21
It is easy to see that order-by-order in 1/c¢ this gives the same result as working with spin j

representations and then setting 7 = —h at the end.

3.9 SL(2,R) matrix elements

In this appendix, we derive a recursion relation for the SL(2,R) group theory factors which
enter into the calculation of the large ¢ expansion of matrix elements of the gravitational

Wilson line operator. The factors of interest are the functions F;, defined by,

(200, ) = (G, —3le” X (yn) - - X (1)1, 5) (3.9.1)
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where X (y) = L_; — 2yLo + y*L,. Furthermore, |j, j) denotes the highest weight state of a
representation of SL(2,R) with finite dimension 25 + 1 € N and thus satisfies L_4|j, 7) = 0.
Choosing unit norm for |j, j) sets Fy(z) = 1. To obtain a recursion relation for the matrix

elements F), we recursively define the states G,, by,

Gn(yna 7?/1) :X(yn) 6n—l(yn—lv"' ayl)a 60 = ‘ja])? (392)

or equivalently &, (yn, - ,v1) = X(yn) - X(v1)|4,7). Commuting the operators L_; and
Ly in each X-factor to the right and evaluating the result on |j, j) shows that &,, is a linear

combination of states L¥|j, j) with coefficients s,
k=0

Implementing the recursion relations on the states &,, given by (3.9.2)) produces the following
recursion relations on the coefficients Sgk),

n+1

> SELLE .5y = D0 SO (U0 =2 = DL = 201 (G = OLE + g2, L) 17, 5)- (39.4)
k=0 £=0

Assuming that j is large enough, namely for n+1 < 2j, the states L¥|j, j) for 0 < k < n+1
will all be linearly independent. Identifying their coefficients on both sides gives the following

recursion relations for 0 < k <n + 1,

SE = 9241 STV = 205 — B)yaaa 8P + (k + 1) (k — 25) S (3.9.5)

n

where Séo) = 1 and we set S = 0 whenever k < 0 or k > n. The truncations S = 0 which
arise for n > k > 2j, follow automatically from the recursion relations for j. Finally, we
derive the formula for F, in terms of S by using the matrix elements (j, —jle*L |, j) = 2%

and their z-derivatives,

n

(25 +1)z7* 5

T +l—h) " (Y= 1) (3.9.6)

Fn(z;yn)"' 7y1>:

k=0
By construction, the combination z"F,(z;yn,...,y1) is a homogeneous polynomial in the
variables z, 1, ...,y, of combined degree 2n.
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3.10 Gravitational Wilson line computations

In this appendix we discuss the calculations of the coefficients W;...,, and Wp required to
evaluate W.(z) in (3.5.22). The numerator functions N,, are given by in terms
of the functions F), computed in Appendix [3.9 They are polynomials in ay, - - - o,—1 with
coefficients which have simple poles in €. Their expressions rapidly become lengthy as n

increases, and were handled by MAPLE. The denominator functions Dp will be listed below.

3.10.1 Computation of Wi, and W3

The denominator functions for n = 2,3 are given as follows,
D12 = 17 D123 = (1 - 042)2_6043_6. (3101)

The integration over oy may be carried out by using the d-function, and we have,

2 3 1
1—
6 NQ(l), W123 = 6—2 dCYQ NS( a2’a2)

2c ¢ Jo a5 (1 — ap)?s

which leads to the results on the first two lines of (3.5.25)). Since N3(1— s, as) is polynomial

W12 =

(3.10.2)

in ay, the only integrals required to evaluate W93 are of the Euler type given in (3.12.1)).

3.10.2 Calculation of W3,

For n = 4 the different partitions give the following denominator functions,

Dy = oy “oy s
Dpgjpea = (a1 + 042)4725(042 + 043)4728 s
Diyajes) = 0 a3
Diigsy = 0“0 "3 © as
Dpisoq = (o0 + a2)? s (o + a3)*° I
Dpigag = 2% (ay + @) (ay +a3)* ca; © Q9 (3.10.3)

where the right column lists a convenient choice of variable to be eliminated with the help

of the d-function. Since N is polynomial in a1, as, ag, the integrals required to evaluate
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Wii2)34, Wiis)24) and Wiigjeg) are of the Euler beta function type of (3.12.1)). They may be
readily evaluated and produce the results on the third line of (3.5.25|).

The evaluation of W[;234) proceeds analogously. For W[;324), however, a set of non-standard
integrals is required. They are denoted by K.(a, b, ¢) and are calculated in Appendix .
Similarly, for W34 another set of non-standard integrals is required which are denoted
J-(a,b) and evaluated in Appendix[3.12.1] Here and below, the nature of these non-standard

integrals is dictated by the structure of the denominator functions.

3.10.3 Calculation of Wiy345

For n = 5 the denominator functions are given by,

Dpizjsas) = a4 a5 (a3 + ) af ™ ay
Dpgjpas) = (1 + o)™ (g + a3)* (g + ag + ag)* ai* as
Diyjess) = (o1 + a2 + 3) s (g + s+ o)t (g )P0 a
Disjosa) = 5 a3 “(aa + ag)* ™ o
Dpgjpas) = (1 + a0 + a3)* g ] ° as
Dipgpiss) = (o + 2)* (g 4 a3) (s + ay)?E ay
Dpszg = (o + 042)275(041 + ag + 043)275(042 + ag + 044)4 25a§ € Qo
Dizyjp2s) = a3 (ap + az + ay)* oy E ay
Dizsjpi24) = 2 (o + g + a3)* (g + 3) P (g 4 ) Qo
Dysjioz = 3 (ag 4+ ap)? fadfay Q3 (3.10.4)

The integrals required for the coefficients Wioji345), Wiis)j234, Wiejnas), Wisajnzs), Wisayn2s), and
Wias)n23) may be reduced to integrals of the Euler type in ([3.12.1)) using judicious choices of
variables. For example, in W23 we integrate over as, keep the variable oy, and change
variable from oy, ap to t, f with ag = (1—ay)t5 and as = (1—ay)t(1—3),sothat 0 < ¢, 8 < 1.

In terms of these variables, and letting ay — 1 — oy, the integral becomes,

Ns(autB, aqt(1 — 8),aq(1 —t),1 — ay)
¢ Wisjpzs) = —/ da4/ dt/ ag Z 3a4 . ) 2€t53€4525(1—5)24€ . (3.10.5)
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To evaluate the decoupled integrals we expand the numerator N5 into powers of ay, t, 3,

4 6 2
Ns(autB,aqt(1 — 8), (1 —t),1 — ay) = Z Z Z a t% B Mg (3.10.6)

and use,

ait B p¢
/ dOé4/ dt/ dp 4 3a (1 — quq)4-2e ¢5-3¢ B2 (1 — [3)2—¢
['(A—3+3e) (=34 2)[(C —1+e)[(—=1+¢)

(B—4+3e)T(A—6+5e)0(C — 2+ 2)

(3.10.7)

The integrals for the remaining partitions Wisjas), Wissji24), Whajess), Wiesjjiza) are
closely related to one another. They may be evaluated in terms of nested integrals L.(a, b, ¢, f)
computed in the Appendix . For example, in W[3)245) We integrate over ag with the
help of the J-function, and change variables from as to f = aq + ag,

1—aq 1—ay 1_ —
Wii3j245) = —/ dOé1/ d064/ dj Ns(an, = . B = s ai) - (3.10.8)

) 54 25( _ 1)2 5(1 — o —Oé4)2 Ea,

The polynomial N5 is a quadratic in each variable ay, oy, 8. Expanding in powers of 3, for
fixed a1, ay, we obtain,

2

5
%.A/%(Oél,ﬁ — (g, 1-— ﬁ — Quy, 044) = Z 5BMB<041, Oé4) (3109)

B=0
where the functions Mp(aq, ay) are quadratic polynomials in a; and ay4. The integral over

£ may now be performed term by term in powers of 3,

2 1
Wiig)j2as) = Z % (3.10.10)
B=0
where,
wi = /1 da /1—a1 da M (e, 04)
B 0 ! 0 : ai’_B_QE(l —a)> (1l —ayg — a4)2—8ai_5 ’
1 J—

W /0 day /0 dos T afB(if;iﬁge(l - a4)3_3_%(3.10.11)

In the integral for Wg), we decouple the integrations by changing variables from a4 to

ay = (1 — ay)t, and then perform the integrations using (3.12.1). The evaluation of ng) is
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considerably more complicated. We expand Mg is powers of (1 — ay) and (1 — ay),

2 2
MB(al, 044) = Z Z(l - al)A (1 - 054)0 M%,)B,C

A=0 C=0
2
Wy = Y MU L(A-1,-1,B+C—2,-1) (3.10.12)
A,C=0

where the family of integrals £.(a, b, ¢, f) is defined and evaluated in Appendix |3.12.3]

3.10.4 Calculation of Wjg3456

Finally, the denominator functions for n = 6 are given by,

Dhgjaapss] = 0 -0y ag o
Dpojasias) = @1 > (s + ) (o + a5) ™ o
Dpajpeps) = o1 (1 — ay — ag)* ™ *ay™* o
Dp3jpape) = (a1 + ) 7% (g + o)t 2€a§ 2% o

Dpgjpspe) = (1 + a2) (1 — ay — a5)" " (o + a5)" o

Dsjasus) = (o1 + )™ (1 — o) 0™ as

4—2e 4—2¢ 4—2¢
Dpiagasse) = (1 + oo + ag)™ “ay “a; oy

(
(
(
(
Dirajsise) = (a1 + a2 + as) (1 — oy — as)* (a3 + oy + ag)* > »
(
(
(
(

Dpuaes) = (a1 + az + as) ™ (ag + ag) (1 — ag) '™ o

Dpsjape) = (1 — as)* 0y > (o + a5)* o

Dpsjpae) = (1 — as) (az + ag) (1 — g — )™ oy

Dpsjpea = (1 — a5)* a3 (1 — aq)* ™ ”

Dpig)[2345) = oy FayE o

Dpejpaps) = (2 + a3)' > (az + as)' ™ o

Dpgjastag = (a2 + ag + ay) a5~ as  (3.10.13)
The integrals required for the coefficients Whyase), Wnapsiue) = Whajease, Whojseizs),

Wiisjesue), Wisie)as), Whayes)se)s Wisjesjjael: Wiiel2ss), Wiel435), Wiie)[es)34) may be eval-

uated using judicious variables and the Euler formula of (3.12.1). The integrals required
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for the coefficients W[14][25][36], W[14][26][35}, W[15} [24][36]» W[15M26M34] may be evaluated using the
family of integrals with ICo. evaluated in Appendix |3.12, Putting everything together we get
the result reported in the first line of (3.5.26)).

3.11 Calculation of (T, ,W.(z))

The calculation of (T, W.(2)) is parallel to the calculation of (W.(z)) already given. The
expansion of the path ordered exponential (3.5.14) may be organized as follows,

(ToW (2)) = 27723 "™ 2070 T W (2) (3.11.1)
n=0
where the coefficients T'W,..., are independent of z and given by,
6™ 1 Y2
TWor.(2) = o / dy -+ / A (L g (T w1 (3.11.2)
0 0
where we use the following notation,
(L") = lim. <x4_25<T(I)T(y1) . ~T(yn)>>. (3.11.3)

The symbol z used in the subscript to TW,...,, and (To.T") ..., stands for a place-holder

indicating the position of the operator T'(z) in the correlator.

The stress tensor correlators are evaluated using the same decomposition into partitions
of one-loop cycles that we have used for the calculation of Wj...,,, and the relevant correlators
are given as follows. Evidently we have (T.cT°), = 0 and (To.T");1 = £, as well as the

following formula for cycles of arbitrary length n + 1,

c
ToeT et = v = yolPly2 — s> fynor =yl (3:114)
The correlators we need are as follows,
(TooT?) 1123 = <TooT3>[z1][23] + <T00T3>[w2][31] + <T00T3>[a:3][12]
+<TOOT3>[1‘123] + <TooT3>[:c132} + <T00T3>[x213]7
(T T p1935 = (TOOT4)[x1][234] + 3 more partitions
+(TOOT4)[I12] ;34) + 5 more partitions,
(TooT?) p12345 = (TOOT5)[I1”23”45] + 14 more partitions. (3.11.5)
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The contribution from a partition P is given by the product of the contributions of all the

cycles in the partition, just as in (3.5.10]), but including now also the point x.

The integrals in (3.11.2)) may again be simplified with the help of the change of variables
used for W in (3.5.21)), and we obtain the following final formula,

6" ! ! = TN CY1 L, _1)
TWp = doy,_q - d ’ “ 1.
P 2p2C”_p/0 1 /O a0 ( ZO"“> TDp(on,- 7%_1) (3.11.6)

where p is the total number of cycles in the partition P and p, is the number of 2-cycles.

The function TN, is given by,

1 1
TN, (a,- - 7%1):/ duu"H”l)E/ Ay F (13 Yn, Yn—1, - Y1) (3.11.7)
0 u

Note that the integrand of 7N, differs in the variable u from the one for N, used in the
calculation of W. The function 7Dp is given in terms of the stress tensor correlators by,

o & D)
T = . 3.11.8
< e 202 TDp(aq, -+, 0n_1) ( )

One of the ay-integrals may be carried out by satisfying the d-function, so that the number

of non-trivial integrals left over is n — 2.

3.11.1 Calculation of TW,;...,

Since T'W, involves the expectation value of a single stress tensor, it vanishes. One also
readily shows that TW,; = —j. For higher values of n, the expressions for TN, rapidly
become lengthy and the corresponding calculations have been carried out using MAPLE.
The a-integrals involved are less exotic than the ones that were needed for the calculation

of W.(z), and may easily be worked out. To orders 1/c and ¢ the coefficients are given by,

" .
cTWys = —2 — (185 +13) + 1‘7—2(162]' +259)e,
19
6. ) . 1 .
cTWyihy = ST 25(55° — 45 — 5) — %(74]’2 + 1285 + 107)e. (3.11.9)
19
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To order 1/c* we have the following contributions,

ETWS; = — 1?‘7 + %(9]' +8) — ZLSLZ)j(j? +j —2) — 85(365° + 1445 + 131),
ATW,o3q = %(71‘2 + 75 +8) — %(7&73 — 755% 4 2795 + 274)
—%(1242]‘3 —108635% — 217175 — 15880) — 16725 (5% + 7 + 4),
ETWaazas = —%(f +i+D(G2P+5+3) - %(20]'4 — 85 4+ 255% — 555 — 59)

—2;5(995* + 1025° + 7535 + 1065; + 622) + 2475 (5% + j + 2) (3.11.10)

where TWia3 = TW s + TW ..

3.12 Non-standard integrals

The most basic integral we use throughout is Euler’s beta function formula,

/0 daa® (1 —a) = % : (3.12.1)

Next, we evaluate various non-standard integrals, needed in an expansion in powers of ¢.

3.12.1 The J.(A, B) integrals

The integrals are defined by,
1 11—« OéAﬁB
(A, B) = d d 3.12.2
‘7( ) /0 a/O 5 042_5(1 _ a)2—552—6(1 _ 6)2—6 ( )
for integers A, B in the range 0 < A, B < 2. In view of the symmetry of the integration

under the interchange of o and 3, we have J.(A, B) = J.(B, A), reducing the number of

integrals needed from 9 to 6. We begin by evaluating the following auxiliary integrals,

1 11—«
Lop(s,t) = / da/ dB(1 —22)*(1 = 28)° " 1 (1 — ) 187 (1 - ) (3.12.3)
0 0
for positive integers a, b. Clearly, we have I,;(s,t) = I ,(t, s) and the integrals J.(A, B) are
linear combinations of the integrals 1,,(¢ — 1, — 1) for various values of a,b. In view of the
identity (1 — 2a)? = 1 — 4a(1 — «) and its analogue for 3, we have the following relations,
[a_,_g’b(S, t) = [a,b(s, t) — 4]a,b(3 + 1, t),

[a,b+2(57 t) = ]a7b(8, t) — 4]a’b(8,t + 1) (3.12.4)
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allowing us to restrict the range to 0 < a,b < 1. In view of these symmetries and relations,
the remaining integrals may be evaluated using (3.12.1)), and we have I 1(s,t) = 0 as well
as,

[(s)*I(t)*
9T (25)T(2t)

(s +1t)?

Ioo(s. 1) = STy
00(s,1) tT(2s + 2t)

Ioa(s,t) = (3.12.5)

Explicit expressions for the required J.(A, B) in terms of I,;(s,t) are given as follows,

J-(0,0) = Iyo(e —1,e —1),

T(10) = —fhole— 12— 1)+ 55(0.0).

T(2,0) = —Ipolere — 1) + Jo(1,0),

TALY) = 701,0) = 17(0,0),

T(2.1) = %10,1@,5—1)+J€(1,1)+%J€(2,0)—%JE(LO),

Jo(2,2) = Joar(0,0) +27.(2,1) — J.(1,1). (3.12.6)

3.12.2 The K.(a,b,c) integrals
We shall also need integrals of the following form,
1 -«
K.(a,b, c) = / da / B (1= a)™ (1 — B4 (1 —a— B (3.12.7)
0 0

for several sets of integers a, b, c. Clearly we have K.(a,b,c) = K.(b, a,c). We use the identity
(1—a)+(1—-p)—(1—a—p) =1, and integration by parts in « and in 3 to find the

following formulas,

1
b 39)K.(a+1,b¢) = K.(a,b,¢) + —— 3.12.8
(a+b+ et 3Kt Lhe) = (a+Kelab e+ —— (3.128)
1
b 3K (a,b+1,¢) = (b+e)K(ab,¢)+ ———
(a+b+c+3e)K(a,b+1,¢) (b+e)Ke(a c)+b+c+2e
1 1

(a+b+c+3e)K(a,byc+1) = —(c+e)K(a,b,c)+

a—l—c+25+b+c+26'

To initialize the recursion relations in all three integers a, b, ¢ it suffices to compute K.(a, b, ¢)
at a point in the domain of the variables a, b, ¢, e where it is given by a convergent integral.

For example, K (1,1, 1) is given by an absolutely convergent integral for —1 < Re (¢), and
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admits a convergent Taylor expansion in ¢ around € = 0. To order 2, it is given as follows,

1 5 11 72
Ko(1,1,1) = §_Z€+§€ + 125 2+ 0(°). (3.12.9)

The expressions for K.(a,b,c) for the values —1 < a,b < 1 and ¢ = —1 needed for the

evaluation of Wiy are obtained using the recursion relations through MAPLE.

3.12.3 The L.(a,b,c, f) integrals

The integrals are defined by,

1 11—«
L.(a,b,c, ) = /0 da/o dB (1 — @)* 1Tepb=1re(1 — gy 1+25(1 — o — 3)771%93.12.10)

for integer values of a,b,c, f. A first pair of recursion relations on the indices a,b,c, f is
obtained by inserting the identities (1 —a)+ (1 —fp)—(1—a—p)=1land f+ (1 —p5) =1
into the integrand, while a second set is obtained by evaluating the a and g-derivatives of
the integrand, in each case expressing the result in terms of £.-functions. We may solve this

linear system to obtain four one-step recursion relations, given by,

a,b+1,c,f) = (Z—c—2e)L(a,b,c, f) — R, (3.12.11)

Le( )

L.(a,bc+1,f) = (c+2¢)L(ab,c, )+ R,
(a+ f+2)ZL(a+1,b,c,f) = (a+e)(Z—c—2e)L(a,b,c, f)+(Z —a—¢e)R,
(a+ f+2)ZL( )

a,bye, f+1) = —(f+e)(Z—c—2e)L(a,bye, )+ (Z+f+e)R

where we have used the following abbreviations,

L(b+e)l(c+ f+ 3e)

Z=a+b —1+5 R =
a+b+c+ f—1+5¢, T it frd)

(3.12.12)

The recursion relations may be initialized by the absolutely convergent integral £.(1,1,1,1)

for € near 0, in an expansion in powers of ¢,

1
L.(1,1,1,1) == — ~¢ — + =2+ 0(?). (3.12.13)

The expressions for L.(a,b, ¢, f) for the other required values of a, b, ¢, f are obtained using

the recursion relations through MAPLE.
109



3.12.4 Evaluating the integrals Q”(a,b) for i = 1,2,3
The integrals are defined as follows,
1 l—a
Q(at) = [ da [ dsar e - oy - B (- a - g
O1 Ol—a
QP(at) = [ da [ dsats (- ey -5 1 a - By,
0 0
1 -«
Q¥ (a,b) — / da/ dBac(1— a) ™3 (1 — B (1 — a — B, (3.12.14)
0 0

The integrals are absolutely convergent for ¢ > —1 and Re(a), Re(b) > —e. We shall
be interested in evaluating these integrals in a small neighborhood of ¢ = 0, where they
are absolutely convergent for Re (a), Re (b) > 0. Beyond their ranges of convergence, the

integrals need to be analytically continued.

3.12.4.1 Recursion relations for Qél)(a,b) and Qg)(a,b)
The integrals QM (a,b) and Q@ (a, b) satisfy the symmetry relation,

QW (b,a) = Q¥ (a, b) i=1,2. (3.12.15)
To obtain recursion relations for Q) (a, b) we consider the following identity,

! e 0 a+e pb—1+¢ € € e\ _
/Oda/o 48 - (a9 (L= ) (1= P —a - ) ) =0, (312.16)

and its S-derivative counterpart, and express the individual contributions in terms of Q") (a, b).

As its turns out, Q®(a, b) satisfies the same recursion relations, and we have for i = 1,2,

(a+¢)QV(a,b) = (2a+2+4e)QWD(a+1,b)+ (a+¢)QW(a,b+ 1) (3.12.17)
—(a+2+3)Q%D(a+2,b) — (a+1425)QV(a+1,b+ 1),
(b+)0QW(a,b) = (2b4+2+46)QV(a,b+ 1)+ (b+)QW(a+ 1,b)

—(b+2+32)QV(a,b+2) — (b+1+2)QP(a+1,b+1).

The integrals we need (in a short series expansion in ¢) are for a,b > —3. The above recursion

relations do not proceed by single-steps, and are considerably more complicated than those
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for the earlier integrals. In particular, they cannot be initialized at a single pair (a,b).
Instead, the above recursion relations allow us to express Qgi)(a, b) for integer a,b > —3 as
a linear combination of Qg)(a, b) with @ > —3 and b > 1. These relations are relatively

involved and were handled with MAPLE.

3.12.4.2 Recursion relation for Qgg)(a,b)

Contrarily to Qél)(a, b) and Q@(a, b), the function Qgg)(a, b) is not symmetric in its argu-
ments a,b. By expressing the vanishing of the integral over partial derivatives with respect

to a and ( in terms of QS’)(@, b), we obtain two recursion relations,

0 = (a+1+429)0%(a+1,b+1)— (a+¢)Q%¥(a,b+1)
+(b+2)0% (a+2,b) — (b+)Q¥(a+ 1,b),

0 = (20+2+46)Q®(a+1,b+1) — (b+1+25)Q%(a,b+ 1)
—(b4+2+32)Q¥(a, b+ 2)

—(b+2)QP(a+2,0) + (b+2)Q% (a +1,b). (3.12.18)

The last lines of both equations are the only terms whose second argument is b. Adding the
equations eliminates those terms. Shifting the resulting equation by b + 1 — b, shifting the
first equation by a + 1 — a, and eliminating Qg?’)(a + 1,b) we obtain a formula for QS’)(@, b)

in terms of functions with second argument b + 1, and thus a recursion relation in b,

a+2b+ 1+ 6¢
(b+e)b+ 1+ 3¢e)

—(a—1+)0%(a—1,b+ 1)).(3.12.19)

QS))(CL, b) = Qgg)(aa b+ 1) +

<(a +26)0 (a,b+ 1)

Applying this recursion relation, the required quantities Q;E—g)(a, b), for b = —3, -2, —1,0 may

be obtained from Qgg)(a, 1), which we evaluate by convergent series.

3.12.4.3 Initializing O!"(a, b)

To evaluate the integrals le)(a, b) for a > —3 and b > 1 near € = 0, we change variables

from a to t by setting a = (1 — )t for 0 < ¢ < 1, expand the factor (1 — (1 — )t)° in powers
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of (1 — p)t, and use the Euler relation (3.12.1]) to evaluate the decoupled integrals over 3, t.

It will be convenient to recast the result as follows,

0 (ah) — Z“:F(k—s) Db+e)l(k+a+1+3) T(1+e)l(k+a+e) (3.12.20)

~T(—e)k! T(k+a+b+1+4e) I'k+a+1+2¢)

. Z Fk—e)l0+e)l(1+e)(k+a+1+3)(k+a+e)
RT(1—e)l'(k+a+b+14+4e)'(k+a+1+2)

k=a+1
where a = max(0, —a). The finite sum is readily expanded in powers of €. The summand
of the infinite series grows as k=27°73¢ for large k. Therefore the series converges absolutely
and uniformly in ¢ for b + 3 Re (¢) > —1 which allows for Re (¢) > —2/3 in view of the
assumption b > 1. The region of convergence includes the neighborhood of ¢ = 0 needed

here, so that the expansion of le)(a, b) is obtained by expanding the series term by term.

3.12.4.4 Initializing 0 (a,b)

The expansion for o (a,b) for b > 1 may be obtained by the same methods and is similar,
but not identical, to the one for le)(a, b). Starting with its definition in , we change
variables from (3 to t with 8 = (1 — a)t for 0 <t < 1, expand the factor (1 —¢(1 — «))’~1*¢
in powers of (1 — «), and perform the decoupled integrals using Euler’s formula. It will be

convenient to recast the result as follows,

b 2
0O, 1) Z (k—b+1—e)T1+e)T'(k+a+1+3)'(k+1+¢)

(—b+1—e)k!  T(k+a+2+4e)0(k+2+ 2)

(3.12.21)
k=0
L T(k—b+1—) (1 +e)T(k+a+1+3)(k+1+¢)

+Zr (—b+1—o)kl  T(k+a+2+4e)T(k+2+ 2e)

k=b+1

k—2—b—3a for

where b = max(b — 1, —a — 1). The summand of the infinite series grows as
large k and therefore the series converges absolutely and uniformly in € for b > 1 and ¢ near

zero. The expansion of Qg)(a, b) in powers of € is obtained as it was for le)(a, b).

3.12.4.5 Initializing O (a, b)

The recursion relation for QS)(a, b) is initialized by the value of the integrals Qgg)(a, 1). To

evaluate it, we change variables from § to ¢ with § = (1 — a)t for 0 < ¢t < 1, expand the
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factor (1 —t(1 — «))® in powers of t(1 — «), and perform the integrals using Euler’s formula.

The result is conveniently presented as follows,

, - Dk—e)T(14e)?T(k4+a+1+3e)(k+1+¢)
Qg)(a,l) = Z I'(— 6) Fk+a+2+42)T(k+ 2+ 2¢)

o0

_EZ T(k—e) TA+e)’T(k+a+1+3)T(k+1+¢)
[(1—e¢)k! Ck+a+2+4e)T(k+ 2+ 2¢)

(3.12.22)
k=a’+1

where o’ = max(0, —a — 1). The summand behaves as k=373 for large k and the infinite

series is absolutely and uniformly convergent in the neighborhood of ¢ = 0, and may be

expanded in €.
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