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Abstract

We perform exact computations of correlation functions of 1/2-BPS local operators and pro-
tected operator insertions on the 1/8-BPS Wilson loop in /' = 4 SYM. This generalizes the
results of our previous paper arXiv:1802.05201, which employs supersymmetric localiza-
tion, OPE and the Gram-Schmidt process. In particular, we conduct a detailed analysis for
the 1/2-BPS circular (or straight) Wilson loop in the planar limit, which defines an interest-
ing nontrivial defect CFT. We compute its bulk-defect structure constants at finite 't Hooft
coupling, and present simple integral expressions in terms of the Q)-functions that appear in
the Quantum Spectral Curve—a formalism originally introduced for the computation of the
operator spectrum. The results at strong coupling are found to be in precise agreement with
the holographic calculation based on perturbation theory around the AdS, string worldsheet,
where they correspond to correlation functions of open string fluctuations and closed string
vertex operators inserted on the worldsheet. Along the way, we clarify several aspects of the
Gram-Schmidt analysis which were not addressed in the previous paper. In particular, we
clarify the role played by the multi-trace operators at the non-planar level, and confirm its
importance by computing the non-planar correction to the defect two-point function. We
also provide a formula for the first non-planar correction to the defect correlators in terms
of the Quantum Spectral Curve, which suggests the potential applicability of the formalism
to the non-planar correlation functions.
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1 Introduction

Wilson loops are important observables in gauge theories: They describe the coupling be-
tween a heavy probe particle and gauge fields, and are an efficient tool for distinguishing
different phases of the theory. In N = 4 supersymmetric Yang-Mills theory, one can also
consider supersymmetric generalizations of the Wilson loop which couple to the scalar field
as well as to the gauge field. Such Wilson loops—in particular the 1/2-BPS Wilson loop,
which preserves a maximal amount of supersymmetries—played a significant role since the
early days of the AdS/CFT correspondence [1,2]. On the gauge theory side, the exact ex-
pectation value of the 1/2-BPS Wilson loop was computed first by resumming a class of
ladder diagrams in [3,4]. This computation was later justified by a rigorous argument based
on supersymmetric localization in [5]. On the string theory side, the leading strong coupling
behavior can be computed by evaluating the regularized area of the minimal worldsheet
surface anchored on the Wilson loop at the boundary [6,7]. The perfect matching with the
strong coupling limit of the exact result [3,4] provided one of the first important evidences
for the existence of the holographic gauge/string duality. Subleading corrections at strong
coupling may also be computed by evaluating the partition function for the quantum fluc-
tuations around the classical string solution [8]. Very recently, a precise match between the
localization prediction and the one-loop term on the string theory side was obtained [9].

The study of the 1/2-BPS Wilson loop recently gained new interest also from the point of
view of conformal defects. Indeed the 1/2-BPS Wilson loop, being defined on a straight line
or circular contour, preserves a SL(2, R) subgroup of the full conformal group [10]. Owing to
this fact, it can be viewed as an example of defect conformal field theory and has been studied
from various perspectives. At weak coupling, the correlation functions of insertions on the
Wilson loop were computed in [11,12], while the correlators of “defect-changing operators”
which change the scalar coupling of the 1/2-BPS Wilson loop were analyzed in [13]. At
strong coupling, an extensive study of the correlators of the insertions was performed in [14]
by using perturbation theory around the AdS, worldsheet. Furthermore the generalization
to the non-supersymmetric loop which interpolates between the 1/2-BPS Wilson loop and
the standard Wilson loop was explored in [15-17] both at weak and strong coupling.

In the previous paper [18], we showed that a certain class of correlators on this defect
CFT! can be computed exactly by using the combination of supersymmetric localization,
OPE and the Gram-Schmidt process. The results of the computation depend nontrivially
on the coupling constants and give an infinite family of defect CFT data including the
structure constants of the defect BPS primaries of arbitrary lengths. Such data would
provide crucial inputs for performing further analysis, for instance in the context of the
conformal bootstrap [19,20].

The results described above mostly concern the correlators of insertions inside the Wilson
loop. However, from the point of view of the defect CFT, there is yet another important class
of observables: the correlation functions between the “bulk” local operators defined outside
the Wilson loop and the defect operators inserted on the Wilson loop. Such correlators play

!The computation in [18] applies to more general 1/8-BPS Wilson loops. However, the relation to the
defect CFT exists only for the 1/2-BPS Wilson loop.



a central role in formulating the defect crossing equation [21,22], and allow us to connect
the defect CFT data and the CFT data in the bulk. A special example of this, which
has already been studied before, is the case of correlation functions of local operators and
supersymmetric Wilson loop with no insertions [6,23-27]: in the defect CFT language, this
gives the bulk-defect OPE coefficient of the bulk operator and the identity insertion on the
defect.

The main goal of this paper is to generalize the analysis in [18] to such bulk-defect
correlators: More precisely we consider the correlators of the scalar insertions ®F on the
Wilson loop and a single-trace operator tr[fi)‘] | defined outside the Wilson loop (the case of
several bulk insertions can also be obtained from our methods). The scalar ® is a position-
dependent linear combination of the scalar fields which is chosen so that the correlator
becomes independent of the positions. It has another important property that the insertion
of single @ is related via localization to an infinitesimal deformation of the Wilson loop.
This property allows us to compute the correlators involving ®’s by the area derivatives of
the expectation values of the Wilson loop, or of the correlator of the Wilson loop and the
local operators, both of which are computable from localization [5,26,27]. As we explain in

this paper, the computation can then be generalized to the correlators involving insertions
of higher charges ®*’s (L > 2) with the help of OPE and the Gram-Schmidt analysis.

Although the general framwork we present can be applied to the correlators at finite IV,
in this paper we mostly focus on the leading large N, limit of the bulk-defect correlators.
In the planar limit, we find that the results for the bulk-defect correlators can be expressed
simply in terms of integrals,

T 84108") ~ $ du Bo(o) [] Quala). (L)

where the definitions of the quantities in the formula are given in section 4.2. This formula is
the generalization of the one found in our previous paper [18]. As was pointed out there, the
function @ (z) that appears in the formula coincides with the so-called Q-function in the
Quantum Spectral Curve formalism [28]. This appearance of the Q-function is unexpected
and strongly suggests that the Quantum Spectral Curve (QSC), which was originally invented
for computing the spectrum of the operators, can be useful also for analyzing the correlation
functions. Using this integral representation, we expand the results at weak and strong
coupling. At weak coupling, the results match the perturbative answers N' = 4 SYM, while
at strong coupling they reproduce the correlation functions of fluctuations of the string
coordinates and the vertex operator on the AdS, worldsheet, which we explicitly compute
to leading order in the o/ ~ 1/v/A expansion.

In the course of the computation, we also clarify several aspects of the Gram-Schmidt
analysis which were not discussed in our previous paper. Most importantly we point out
the necessity of including the multi-trace-like operators W[®F] ], tr[®”+], which may be
viewed from the dual perspective as bound states of open strings and closed strings, which
have to be included in the defect CFT spectrum. Such operators are negligible in the planar
limit but can affect the computation at the non-planar level. To confirm this effect and check
the validity of our formalism, we compute the non-planar correction to the defect two-point



function explicitly and check the results against the direct perturbative computations. We
also provide an integral representation for the first non-planar correction in terms of the
Quantum Spectral Curve (see (6.43)), which suggests the potential applicability of the QSC
formalism to the nonplanar corrections.

The rest of the paper is organized as follows: In section 2, we review the definitions of
the BPS Wilson loops and the results of the supersymmetric localization. After doing so,
we introduce the correlators that we analyze and discuss their relations to the defect CFT
data. We then explain in section 3 how to compute such correlators using OPE and the
Gram-Schmidt analysis. We first present a general formalism for constructing higher-charge
operators applicable to finite V., and then discuss the simplification at large N.. Using the
results in section 3, we then evaluate the bulk-defect correlators in the planar limit in section
4, deriving the integral expression and obtaining the weak- and strong-coupling expansions.
These results are in perfect agreement with the direct perturbative computations at weak and
strong coupling in section 5. We then discuss the non-planar corrections to the defect two-
point functions in section 6. Finally in section 7 we conclude and discuss future directions.
Several appendices are included to collect some explicit results of the computation.

2 Set up

Before delving into the computation, let us first explain the set up by reviewing the super-
symmetric subsector of N'= 4 SYM and showing its relation to the defect OPE data.

2.1 Supersymmetric subsector of ' =4 SYM

The central object in this paper is the 1/8-BPS Wilson loop defined by

1 A
W = FtrPexp [}I{ (iA; + eppa* @) da? (1,5,k =1,2,3). (2.1)
c

Here the Wilson loop couples to three out of the six real scalars ® and the contour C' is
placed on a S? subspace of R?* (see figure 1). In the rest of this paper, we choose S? to be of
unit radius (namely x? + x3 + x32 = 1) and consider only the Wilson loop in the fundamental

representation. Owing to the specific choices that we made for the contour and the scalar
couplings, this Wilson loop preserves four supercharges and therefore is 1/8-BPS.

One can also add local operators without breaking two of the four supercharges. A
prototypical example is the single-trace operator which is given by

Os(z) =Ny x tr[®(z)] 2 € 5?, (2.2)

where @ is a position-dependent linear combination of the scalar fields,

O(z) = 210" + 290 + 230° + id* (2.3)



and we chose the standard normalization for the chiral primary operators? (see [26,27]),

_ i (2m)7
Ny =27 (2.4)

In addition to single-trace operators, there are also multi-trace operators defined by
n
Opni(@) =[] On (@) wes® (2.5)
k=1

These operators, together with the 1/8-BPS Wilson loops, form a supersymmetric subsec-
tor of N/ = 4 SYM. Based on perturbation theory and AdS/CFT, it was conjectured in [29,30]
that the correlators in this subsector can be computed by the bosonic two-dimensional Yang-
Mills theory on S? (in the zero-instanton sector) with the coupling constant

2 QZd
= —=, 2.6
924 o (2.6)
The relation between the observables in 2d and 4d is given by

W & trPeffa Oy(x) < tr(iseq Fog)” . (2.7)

The conjecture was supported later by supersymmetric localization [5] and tested against a
number of nontrivial checks [25-27,31-35].

Thanks to its topological property, the computation in the two-dimensional Yang-Mills
theory can be further reduced to simple Gaussian (multi-)matrix models [26,27], and the
results depend only on the area of the region inside the Wilson loop. For instance, the
expectation value of the Wilson loop is given by

1 1 ___Gm? o (x?
W) =~ / ax] (e o ), (2.8)

where A is the area of the subregion on S? surrounded by the loop C (see figure 1). Similarly
the correlators of the Wilson loop and single-trace local operators are given by

. __Gm® L (ay?

wo,) =52 J1ax)ay) (e (e Tl L),
¢ (2.9)

A A NJlNJQ 1 X J J: —SrAo

WO,O) == [dX][aYh][dYa] 5 tr(e™ )tr(Yy™ )tr(Yy™)e ™ woo
with

 (dn)P(ar - A) X? 5 oy 8TY1Ys  2(Yi+Y5)X

Swoo = 97 e A @m—apg TV Y Tt T A (2.10)

2Note that the convention here is slightly different from the one in [26,27]: In that paper, the gauge
group generators are anti-Hermitian while in this paper we stick to a more standard convention in physics
in which the generators are Hermitian. This explains the extra (—i)” factor in [26,27].

6



Figure 1: Correlators of the 1/8-BPS Wilson loop and local operators. The 1/8-BPS Wilson
loop, denoted by a red curve, can be defined on a arbitrary contour on S? and its expectation
value depends only on the area A of the subregion inside the loop (shown as the red-shaded
region). In addition to the 1/8-BPS Wilson loop, one can consider the bulk single-trace
operators O ;- In this paper, we always assume that the bulk single-trace operators are on
the same side of the Wilson loop, namely in the red-shaded region in the figure.

Here we assumed that both operators are on the same side of the Wilson loop (see figure 1).
These results can be straightforwardly generalized to the multi-trace operators. For instance
the correlator of the Wilson loop and a double-trace operator is given by?

1 _2(4¢ r 2
<WOJ1,J2> NJlNJQ /[dX] [dY]Ftr(ex)tr(YJl)tr(Yb)e 29YM<47"*A)t (AY +2XY)

C

(2.11)

In the large N, limit, these correlators can be expanded in terms of the modified Bessel
functions. For instance we have

!/

A8N?

W) = 2 L(VN) +

o L(VN)+O(1/N?),

2T [om— o\ 2 (242
wo,) =2 (27T+a) 1,(VX) + O(1/N2),
where A\ and a are given by
_ a’ _ 2
a:A—Qﬂ', )\ A 1—m s )\:gYMNC' (213)

On the other hand, the large N, expansion of the correlator (WO, O J,) consist of
two terms; the disconnected term and the connected term (WO, 0.) = WO ;01 )disc +

3Note that the correlator (WO 0y,) is different from the correlator WOy, ;,). The former is the
correlator of two single-trace operators inserted at two separate points in the bulk while the latter is the
correlator of a double-trace operator inserted at a single point in the bulk. Diagrammatically, the former
includes the contractions between two single-traces while the latter does not.



(WO Jlé Jo)eonn- FOr the purpose of this paper, we only need the disconnected term since the
connected term is subleading. Written explicitly, the disconnected term is given by

. 1N\”"
<WOJ10J2>disc = (_5) 5J17J2 <W>

(2.14)

_ <_%> 15J1,JQ [%Il(\/ﬁ)nt48A]/V§Iz(\/y)+0(1/Nf’> :

The explicit expression for the connected term can be found in Appendix A.

2.2 Operators on the Wilson loop and the area derivatives

In addition to the operators discussed in the previous subsection whose correlators can be
computed by localization rather directly, there is another interesting class of operators which
are obtained by inserting scalars inside a Wilson loop trace:

WMol .. b = —trP [Z(I)Ll(Tl)Z i@ (1) efe (i teruat @!)dal | (2.15)

1
N,
Here we parametrize the loop by 7 € [0, 27]. Note also that we put a normal-ordering symbol
to ®~ in order to emphasize the absence of self-contractions inside each operator. At this
point this may seem unnecessary complication, but the reason for doing this will become
clear in the next section.

As shown in [5], the insertion of a single scalar corresponds to the insertion of a dual
field strength of the two-dimensional Yang-Mills theory,

d ik [y, (2.16)

which in turn is related to a small deformation of the (2d) Wilson loop. This correspondence
allows us to relate the correlators of multiple ®’s to the area derivatives of the Wilson loop
expectation value?,

W[B---B]) = %%’2. (2.17)

n

As discussed in the previous work [18], it is also possible to relate the insertion of higher-
charge operators W[: ®* :] to the area derivatives. This however requires the use of the
Gram-Schmidt orthogonalization, which we will review and refine in the next section, and the
results in general take a more complicated form (although they can computed systematically
from the localization results).

Now, putting together these operator insertions with the operators discussed in the pre-
vious subsection, one can consider a variety of correlators of the form,

n m

GLyLn| Jrreodm = <W[H Ll :] H OJk> : (2.18)

k=1 k=1

4Owing to the relation to the 2d Yang-Mills theory, these correlators are also independent of the postions
(namely 7’s).



In what follows, we call these correlators topological correlators since they do not depend on
the positions. The main goal of this paper is to analyze these correlators® by generalizing
the arguments in [18].

2.3 Relation to the defect CFT data

When the contour is a circle along the equator of S?, the Wilson loop preserves higher
amount of supersymmetries and becomes 1/2-BPS:

1 .
Wi jo_pps = FtrP exp L(I{ (z'Aj:'c] + @3\3'3]) dr| . (2.19)
c equator

An important feature of this Wilson loop is that it preserves the SL(2,R) conformal sym-
metry® and therefore can be regarded as a conformal defect. This in particular implies that
one can extract the defect CFT data from the correlators in the supersymmetric subsector.

Before discussing how to do so, let us first introduce the normalized correlators, defined
by

W[---]--) = o (2.20)

where --- denote either the operators on the Wilson loop or the operators in the bulk
depending on whether it is inside W[ | or not. Taking such a ratio renders the expectation
value of the identity operator to be unity and make the correlators obey the standard defect
CFT axioms. We then consider the following correlators of the protected operators,

Grro = (WI(ur - ®)" (1) (us -

)L2 (72)] >>circle )
GryLony = (W1 - @) (71) (uz - ©)52 (1) (us - )52 (73)] Deivete (2.21)
Gris = (Wl(u- ) (7)] tr(U - @) (/) cirete -

-

AL

(S

Here & = (D1, Dy, 3, Dy, 5, Pg) and U’s and u’s are six-dimensional null vectors satisfying
U-U =uwu-u=0. In addition, we require the third components of u’s to vanish in order to
make the operators (uké)Lk to have protected conformal dimensions (in other words, the null
vector u projects onto a symmetric traceless representation of the SO(5) C SO(6) preserved
by the 1/2-BPS Wilson loop). Unlike the correlators in the supersymmetric subsector that
we discussed in the previous subsections, these correlators depend on the positions of the
operators. However, thanks to the conformal symmetry and the R-symmetry, the position

5 Although we mostly focus on the simplest correlators (W[: ®Z:]O;) in this paper, the general method-
ology that we develop is applicable also to more complicated correlators (2.18).
6The full symmetry group preserved by the circular Wilson loop is OSP(4*|4).



dependence can be completely fixed to be

01,1, (g - ug)™t
(2sin 72)20 ’

thLz =ng, X

(Ul . UQ)LH‘?’(UQ . U3)L23‘1 (U3 . ul)L31|2

gL1,L2,L3 = CLy,Ly,L3 (2 sin %)21112\3(2 sin 7—273)2L23‘1(2 Sin %)21131\2 s (222)
(u- U)"(Us)"~"
= X
T = X P
where 7;; = 7, — 7j, Ly = (Li + Lj — Ly)/2 and |2/ | is given by
, \/[1 + (@) + (25)? + (25)2 + (@) — 4 [(21)? + (25)?]
|| = (2.23)

2

The constants ny,, Cr, 1, 1, and cg); are the defect CF'T data which are nontrivial functions
of the 't Hooft coupling and the rank of the gauge group. One can also perform the conformal
transformation to map the Wilson loop to a straight line. In that case, one simply needs to
perform the following replacement for Gy, 1, and Gr, 1, L,

2sin % = |x(n) —x(7y)|, (2.24)

while the expression for Gy still applies if we interpret |2/, | as the distance in the direction
perpendicular to the Wilson loop.

These correlators reduce to the topological correlators (2.18) upon the following specifi-
cation of the parameters

u; = (cos 7;,sin73,0,4,0,0) U = (2,2}, 2%,4,0,0), z' e S?. (2.25)

The results read

Li+Lo+Lg
2

Grr - Grytar 1
W = (—5) X 5L1,L2nL1 ) W = —5 X CLy,Ly,Ls »

Gro _ (1 t e

W) 5 L|J -

This shows that the topological correlators coincide with the defect CFT data up to trivial
overall factors.

(2.26)

It is sometimes useful to unit-normalize the two-point functions on the Wilson loop. In
such normalization, the structure constants are given as follows:

CL1,La,L3 CrlJ
) ) CL|J p—

,—nLl nL2nL3 ) - ;—nL . (227)

CL17L2,L3 =
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3 Construction of higher-charge operators

In this section, we construct general operator insertions : ®L : on the Wilson loop in the
supersymmetric subsector using the OPE and the Gram-Schmidt process. The same idea
was employed already in the previous work [18], but here we elucidate several important
points which were not accounted for in [18]. Although they are largely negligible at large
N,., they have important consequences on the bulk-defect correlators and the non-planar
corrections, as will be shown in sections 4 and 6.

3.1 Basic idea

Before presenting a general construction, let us explain the basic idea of our approach using
simple examples of correlators on the 1/2-BPS circular loop. Along the way we clarify three
important aspects (bound state, degeneracy and mizring with multi-trace operators) which
were not discussed in our previous construction [18].

The basic strategy is to construct complicated operators from simpler operators using
the OPE. The simplest operator (apart from the identity) on the 1/2-BPS Wilson loop is
the single-scalar insertion W[: o :]. As discussed above, the correlator of this operator can
be computed directly by taking area derivatives of the localization result.

Bound state In addition to WI: o 1], there is yet another operator on the Wilson loop
with the same R-charge, : W tr[@] :,” namely a single-trace operator placed at a point on the
Wilson loop. On the string-theory side, this operator, and its higher charge generalizations,
correspond to a bound state of open and closed strings. Although it might not be so obvious
why it must be included in the defect CF'T spectrum, one can show that such operators are
necessary for the consistency of the bulk-defect crossing equation as explained in Appendix
A. Unlike the insertion W[: ®:], this operator is not related to the area derivatives of the
Wilson loop expectation value. To construct this operator, we instead need to consider
a correlator of the Wilson loop and a bulk single-trace operator. Since the correlator is
independent of the positions, we can bring the bulk operator arbitrarily close to a point on
the loop without affecting its expectation value. After doing so, we perform the bulk-defect

OPE to get

wl@)| ow o PEEETOE W ad): . (3.1)
As shown above, in addition to :Wtr[@ ., this process produces another operator, which
is the identity operator on the Wilson loop (or, equivalently, the Wilson loop itself). The

coefficient ¢q then corresponds to the bulk-defect structure constant between tr[®] in the
bulk and the identity operator on the Wilson loop, and is given by the expectation value

co = (W uf@]) (= Wuld)/m)) . (3.2)

"In this paper we take the gauge group to be U(N) for simplicity. In the case of SU(N), this type of
operator would appear first at charge 2, i.e. : W tr[®?]:.

11



Inverting the relation (3.1), we obtain

W tr[®]: = tr[®] LW (3.3)

This expression allows us to relate the correlators of : Wtr[®]: to the correlators that are
computable from supersymmetric localization.

Degeneracy and orthogonalization Let us next consider the length-2 operators. In
general, there are four different length-2 operators,

W[:d?:], W[D]tr[D]: Wir[®F]: | W (tr[®])?: . (3.4)

Among these four operators, the first operator WI: P2 :] can be constructed by taking the
defect OPE of two scalar insertions,

Wdd]  LOPE W2 4 oW, (3.5)

where the second term on the right hand side comes from the self-contraction of the two
scalars and ¢; is the defect structure constant of two ®’s and the identity operator,

¢ = (WIBB1]) (= (WIBB])/ M) . (3.6)

Then by subtracting this extra contribution, we can single out W[: ®* :]. To compute
other operators, we need to consider bulk-defect correlators as was the case for the operator

WI: @ :]. For instance, the second operator : W[®]tr[®] : can be obtained by taking the
combination of the defect OPE and the bulk-defect OPE of tr[®] in the bulk and W[®],

namely
= OPE

tr[P] - W[&D] = :W[é]tr[@] : —i—CQW[:(i) W (3.7)

Here the second term comes from the contraction of the bulk tr[®] with the Wilson loop

while the last term comes from the contraction of tr[®] and the insertion on the loop ®. The
OPE coefficients ¢, and c3 are given by®

(V[ DD][D]) e
o= aan = Vi), (3.8)

Repeating the same procedures for the other two operators, one can define sets of normal-
ordered operators. The resulting operators are free of admixiture of operators with different
R-charges and they are all equally good defect primaries. However, they have one unsatis-
factory feature that they are not necessarily orthogonal to each other; namely the two-point
functions of different operators do not vanish in general. To make them orthogonal to each
other, one has to take appropriate linear combinations of these four operators. The choice
of the linear combinations is not unique since all these operator have the same quantum

8Note that, for ¢y, one needs to divide by the norm of the resulting state W[@] in order to have the
correct OPE expansion.

12
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Figure 2: Wick contractions of the insertions on the Wilson loop. (a) In the planar limit,
the Wick contractions (denoted by red double lines) can only connect neighboring inser-
tions. Therefore, the resulting operator is again an insertion on the Wilson loop. (b) On
the other hand, at the non-planar level, one can connect non-neighboring insertions by a
propagator. This produces a closed index loop for the remaining fields and converts them
into a single-trace operator. It is therefore necessary to include the “multi-trace” operators
in the spectrum on the Wilson loop.

number and physically indistinguishable especially at finite ., where the distinction by the
number of traces becomes obscured. In this paper, we make a choice that is most suited for
studying the correlators at large N.; namely we define W|: Pk :] without performing further
subtraction while for the rest of the operators we take appropriate linear combinations so
that they become orthogonal to each other and also to W[: ®*:].

Mixing with “multi-trace” operators In the examples discussed so far, the self-contraction
of insertions on the Wilson loop WI[® - - - @] only produced the operators of the same kind,
WI[® - - ®]. However, starting from length-3 operators, a new effect shows up which in-

evitably mixes the operators of different types, namely the operators involving multi-traces’
e.g. W[®- .- d|tr[®7].

To see this explicitly, let us consider the OPE of three ®’s inserted on the Wilson loop.
At weak coupling, the OPE simply amounts to performing the Wick contractions. At large
N, due to planarity, the only allowed contraction is to connect two neighboring ®’s as shown
in figure 2-(a). As shown in the figure, we then get a single insertion ® on the Wilson loop,
namely W[é] However, at the non-planar level, we can Wick-contract non-neighboring ®’s
as shown in figure 2-(b). This produces a closed color-index loop for the remaining ® in the
middle, and converts it into a single-trace operator tr[(i)]. Thus the OPE of three ®’s takes
the following form:

W[PDD] = W ®3:] + e, W01 ] + ;W[ D] . (3.9)

This shows that, even if we are only interested in the operators of the form W[: ®F :],
we cannot neglect other operators since they mix with each other through the OPE. (The
only exception is at large N, which we will discuss in section 3.3.) Such a mixing was not
discussed in our previoius work [18], but as we will see later it has important consequences
at the non-planar level.

9We call these operators multi-trace operators since the Wilson loop itself already contains a trace.
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3.2 Gram-Schmidt process

By repeating the recursive procedure described in the previous subsection, one can construct
arbitrary operators on the Wilson loop in the supersymmetric sector. This however is not
useful for writing down general and /or closed-form expressions. In this subsection, we explain
an alternative approach which is more algorithmic and applies straightforwardly also to the
general 1/8-BPS operators.

To explain the approach, let us first note that the normal-ordered operators constructed
in the previous subsection share two important properties:

e They are given by a sum of bare (un-normal ordered) operators, W[® - - - ®] [], tr®”x.

e They are orthogonal to each other i.e. the two-point functions of different operators
vanish.

As was pointed out in [18], the operators with such properties can be systematically con-
structed by the application of the so-called Gram-Schmidt process.'’

The Gram-Schmidt process is a recursive way of constructing the orthogonal vector basis
from a given set of vectors. For instance, starting from a set of vectors {vy,...,v,} (to
be called bare vectors in what follows) one can construct the following mutually-orthogonal
vectors {uy,...,u,}

(vi,v1) (Vi,va) o0 (V1, Vi)

. . (V27.V1) <V27.V2) (V27.Vk>

k-t (Vk—17V1) (Vk;—l,Vz) (Vk—lavk)

Vi V2 Vi (3.10)
(vi,vi) (vi,va) - (v, Vi)
_ (vo,v1) (va,va) - (Va,Vy)
My = : : .. : )

(Vi, vi) (Vs va) oo (Vi Vi)

where (%, %) denotes the inner product of two vectors. Written more explicitly, the first two
vectors are given by the following expressions:

(v, va)

TR (3.11)

u; =Vvy, Uy = Vg —

In our case, the role of the vectors vy is played by the bare (un-normalized) operators
while that of u;’s is played by the normal-ordered operators. The general bare operators are

10Recently, the Gram-Schmidt process has been used for the computation of various correlation functions
in supersymmetric field theories. See [36-42].
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simply given by a collection of single-letter insertions on the Wilson loop and a multi-trace
bulk local operator, namely

Vi Ornin doydn = I‘b"'(i)l] Ojl,...,Jn- (3.12)

L

Here the notation [*] means that the fields in the square brackets will be inserted on the
Wilson loop W when we evaluate the correlator. We chose this notation in order to avoid the
confusion between the correlators of insertions on a single Wilson loop and the correlators
involving several different Wilson loops. Throughout this paper, we only consider the former
correlators: In other words, when we evaluate correlators of multiple O’s, we insert all the
fields inside the square brackets into a single Wilson loop.

The inner products of these bare operators (x, x) are given by their two-point functions,
namely ) )
(OLnntadn s Oryar ay..ar) = (W ICI’ o (I’I] On...tn OJ{,...J;) . (3.13)
L+L
In what follows, we use the following shorthand notation for the quantities on the right hand
side,

Wiigodus dpst, = W@ @O, 5, Ot 1) = 0% [<WOJ1,...,Jn OJ;,...J;)] o (3.14)
L

where in the last equality we used the relation between the single-letter insertion and the

area derivative. Having understood what v, and the inner product are, we can then use the

general expression (3.10) to write down the expressions for the normal ordered operators

:OL g1 Jo,...00 ¢ - To see how it works in practice, below we construct explicitly operators with

small R charge.

L=0 : Let us first consider the operators without R charge. There is only one operator
with this property, which is the identity operator 1 on the Wilson loop, or equivalently the
Wilson loop itself. Since it does not mix with any other operators, the bare operator 1 is
already normal-ordered. We thus have

Oy =:[1]: (=W) . (3.15)

L=1: We next consider the operators with a unit R-charge. There are two bare operators
with this charge in the supersymmetric subsector:

0, =[], Oupp=] 10 (=Wt[d]). (3.16)

As mentioned in the previous section, there is some ambiguity in choosing the basis of the
normal-ordered operators because of the degeneracy, and in this paper we choose the basis
in which the normal-ordered W[: ®*:] is defined without subtraction of the operators with
the same charge. This can be achieved in the Gram-Schmidt process by bringing W[fl:)k] first
among the operators with the same charge.
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In the case at hand, this amounts to performing the orthogonalization to the ordered set
of vectors {Oy, O1,Opp }, and as a result we get

o _LlWw oW
I 7 Oy O |’
1 W Wy Won (3.17)
O = | W1 Wy Wi
VWl o, 00 o
Wy Wy

L=2: For L = 2, there are four different bare operators:

~

Oy =[], Oy =1[2]0;1, Og1=[]0s, Ogui=[]01. (3.18)
By performing the Gram-Schmidt analysis, we obtain for instance

w Wy Wy Wh
1 Wy Wy Wiy W
W Wy Won Wor Win Wopn,r Wap | (3.19)
Wy Wy Wi Oy O Oon @
Won Win Wopnin

10y =

We refrain from writing down the expressions for other operators since they are a bit lengthy.

By repeating this procedure, one can express any operators in the supersymmetric sub-
sector in terms of bare operators Oy, ... j,. Once we have such expressions, we can compute
their correlators by decomposing them into the correlators of bare operators, and relate them
from the results of localization as

"k

_ S L
<1;I Ops®,.a0) = (Da) =+

WII0,w__m >] . (3.20)
k

The correlator inside the square bracket on the right hand side is given by a multi-matrix
model as explained in section 2.1 and in the references [27].

3.3 Simplification at large N,

The method described so far in principle allows us to compute arbitrary correlation functions
in the supersymmetric subsector. However, as is clear from the examples shown above, the
number of operators participating in the Gram-Schmidt process proliferates as the charge
increases, making the computation quite complicated in practice.

Below we show that, at first few orders in the 1/N. expansion, one can truncate the
operator spectrum and make the formalism more tractable. Such truncation was already
implied by the analysis in our previous paper in which we neglected the mixing with the
“multi-trace” operators but nevertheless reproduced the correct correlators at large N.. The
goal of this subsection is to show the existence of a similar truncation also at first few orders
in the large N, expansion.
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%
- O(1)
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Figure 3: The structure of the Gram-Schmidt determinant at large N.. Owing to the large
N, scaling of the two-point functions (3.24), the Gram-Schmidt matrix for : Oy : consist of
O(1) diagonal blocks and O(1/N,) off-diagonal blocks. To faciliate seeing the structure of
the matrix, we drew gray dashed lines which indicate the diagonal entries. To read off the
contribution of each bare operator, one needs to compute cofactors (minors) of the elements
in the last row. The cofactor of the single-trace operator, an example of which is denoted by
a red square in the matrix on the left, is given by the determinant at the top-right corner.
As is clear from the figure, its diagonal entries are all O(1). On the other hand, the cofactor
of the multi-trace operator, an example of which is denoted by a blue square in the matrix
on the left, is given by the determinant at the lower-right corner and is O(1/N,).

Truncation at large N. Let us first analyze the strict large N, limit and see the decoupling
of the multi-trace operators.

As exemplified in the previous subsection (see figure 2), the planar self-contraction cannot
produce the “multi-trace” operators. This implies that the operators made up purely of
insertions on the Wilson loop W[&)L] decouple from the multi-trace operators and form a
closed subsector in the planar limit.

Let us now prove the decoupling more rigorously from the structure of the Gram-Schmidt
determinant (3.10). For this purpose, We simply need to use the fact that the inner prod—
uct between the “single-trace” operator'! Oy, and the “multi-trace” operator Opsy,, s, 18
suppressed by 1/N., which follows from the standard large N, counting;:

(O1, Opigy,n) = W@ - 8] Oy} ~ O(L/N,). (3.21)
L+

To actually prove the decoupling, we first rearrange the rows and the columns of the deter-

minant (3.10) and express the operator : Of : as shown in figure 3. Then, using the large

INamely the operators made up purely of insertions on the Wilson loop.
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N, scaling for the inner products (3.21), one can show that the off-diagonal blocks (shaded
rectangular regions in figure 3) are all of order O(1/N,.) or higher while the diagonal blocks
are of order 1. Now, the coefficient multiplying each bare operator can be read off from the
cofactors (also known as minors) of the elements in the last row. As shown in figure 3, the co-
factors of the insertions on the loop, 80,8 are O(1) since their diagonal entries are all O(1).
On the other hand, the cofactors of the multi-trace operators are at most O(1/N,) since one
always needs to take at least one O(1/N,) element when computing the determinant. This
shows that, in the strict large N, limit, the contribution from the multi-trace operators to
the single-trace operators is negligible and one can therefore focus on the insertions on the
Wilson loop.

Now, after the decoupling of all the multi-trace operators, the Gram-Schmidt analysis
simplifies greatly since there is only one operator left for each R-charge. We thus obtain the
following expression for the normal-ordered insertions at large N,

%% Wy - W
1 Wy Wy - Wiy
808 = Dy : D : , Dy =det; jWirj—o (1<i,7 <L), (3.22)
Wiy Wro-oo Wory
O, O, - O

where O is given by (3.12), namely O = W[®*], and the symbol § % 8 denotes the normal
ordering at large N.. This is precisely the expression we derived in the previous paper [18],
which correctly reproduces the perturbative results at weak and strong coupling.

For the analysis of the subleading corrections which we perform below, it is helpful to
extend the definition of the large- N, normal ordering also to the multi-trace operators. The
extension is simple; we simply define them as a product of 808 and the bulk multi-trace

operator: X
8O001,..7,.8=8018 Oy, . 1. - (3.23)

One can easily check that these operators are orthogonal to each other at large N,., namely

o(1) (L=1L'and J=J)

. , (3.24)
O(1/N,.) or higher (L#L or J#J)

(801138, 80L58) ~ {

where J and J’ denote sets of J’s, namely J = {J,...,J,} and J' = {J{,...,J/,}. In what

follows, we use these operators as the basis for analyzing the subleading corrections.

Correction at O(1/N.) At O(1/N.), the operators 80 8’s can mix with the double-trace
operators 80y ;8 ~ W|[®!|tr[®7] since their two-point functions, or equivalently the inner
products in the Gram-Schmidt language, are no longer orthogonal at O(1/N,):

(801 8 80;8) = Wiygj+--- ~ O(1/N,). (3.25)
To restore the orthogonality, we need perform the following subtraction from 8Op8,

:0p: =30, 8 -5+ O(1/N?), (3.26)
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where 57 is O(1/N,) and is given by

80, 880y;8
Sy = Z <°O£. ZJ'> 80y, 8 . (3.27)

Here the summation range is restricted to £ + j < L since the self-contraction of L single-
letter insertions only produces the operators with charge smaller than L as was exemplified
in section 3.1. At this order, there is no need for further subtraction since the two-point
functions with higher-trace operators are O(1/N?) or higher'? and their mixing effects can
be neglected. As we will see in section 4, the subtraction (3.26) is necessary in order to
reproduce the correct bulk-defect correlators.

Correction at O(1/N?) Now at the next order, there are several sources of corrections.
Firstly, the operator 8018 can now mix with the triple-trace operators 8Oy y;, ;,38. This
mixing can be resolved by subtracting the following term from 8Oy 3:

2 <oO..ooO,,o>° Ljr,g2 © -+ ( )
Ctjitga<t VO TGz © 01,520
0<4,1<71,52

Secondly, because of the subtraction added at O(1/N.) (3.26), different 80, 8’s are no
longer orthogonal to each other. For instance the two-point function of : Or : and : O; :
(L # 0) is given by

(801 8 80y;8)(30; 8 80y;8)
(:O0L:| Op:lyyn) = =
AR A (A H]Zd (804, 8 80;8)
0<4,1<j

Oe‘j 8 80g|j > (329)

Here, the first and the second terms come from the O(1/N,) corrections to 8018 and 80;8
while the third term comes from the corrections to both of the operators.

One can restore the orthogonality by further subtracting the following term from §Op8:

801,8,80,;8)(380; 8 80y;3
SO -y 3o 5 ‘"]é< AL (3.30)

Again the summation range is restricted to £ < L due to the structure of the self-contraction.

12This can be shown from the standard large N, counting.
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The last correction comes from the O(1/N?) correction to the expectation value of the
Wilson loop and its derivatives Wj. This correction can be easily taken into account by
taking the expression (3.22), and expand it to the next order.

Therefore, everything combined, we obtain the following expression for : Oy : at O(1/N?):

ZOLZ: 80L8|1/Nc2 - Sl _(Sél)_l'séz)) +O(1/N03)

O(1/Nc) O(1/N2)

(3.31)

Here the notation 8018], y. denotes the determinant (3.22) expanded up to O(1/N?). In
section 6, we will use this expression to compute the corrections to the correlators on the
Wilson loop and check them against the direct perturbative computation.

4 Bulk-defect correlators at large NN.

In this section, we compute the bulk-defect correlators
Gry= WP ] 0y), (4.1)

at large NN, using the normal-ordered operators that we constructed in the previous section.
Generalization to two operator insertions on the Wilson loop, namely

GLyag = <W[:(I~>L1::<I~>L2:] OJ>, (4.2)

will be presented in Appendix B.

4.1 Generalities

To compute the result at large N, we simply need to substitute the large V. expansion of
:®L:=:0p: (3.26) to (4.1). The result is

A <SOL 880,y 8> R
Grs= (80, 30,) — > N0 (20p1, 80) +O(1/N?) . (4.3)
Li+J1<L (801111 8 801,11 8) ————
0<Ly, 1<y 7 O(1) or O(1/Ne)

O(1/N.)

As indicated, the first factor in the sum is always O(1/N.) due to the large N, scaling given
in (3.24). On the other hand, the second factor in the sum is O(1) if J; = J and L; =0
while in all the other cases it is O(1/N,). Owing to the range of summation, the case with
J1 = J and L; = 0 is included in the sum only if J < L, and when it is included it just kills
the leading term (8O, 8 0] 7). Therefore we arrive at the following result:

L (J <L)
Gy = {<3OL 30) + O(1/N?) (J>1L)" (44)
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In fact G|y for J < L actually vanishes at any order of the 1/N, expansion, not just at the
leading order. This is easy to see in the case of the 1/2-BPS Wilson loop from R-symmetry
selection rules, but it is also true in the general 1/8-BPS case.'?

To compute the leading expression (80, 8 O J), it is convenient to consider the following
polynomial [18]:

woow, - W,
1 Wi Wy o Win
Fr(X)=5-1 ¢ oo : (4.5)
L
Wiy Wpo-oo Wory
1 X ... XL

This reproduces the expression for 808 (3.22) once we replace X ¥ by Op. Now using the
fact that the insertion of the bare operators Oy (= ®*) can be traded for the area derivative
Ok, one can write down the following expression for (W[: ®£:]0,),

WEBE:10,) o0 = (801 8 Og) = Fi[0n] [(WO,)(A)]

e (4.6)

Let us make some clarification of this formula: In (4.6), A’ is the area of the region inside
the Wilson loop in (WO,), and the area derivatives only act on (WO;)(A’) not on the
coefficients of F7T.

One can also generalize this expression to the correlators involving several operator in-
sertions on a single Wilson loop. The result for the generalization reads

n

OV 8810 me = H Fu[ox] (WO (4.7)
For n > 3, this expression is valid when J > L; (i = 1,. . ,n), and otherwise there are some

corrections coming from the nonplanar corrections to : ®X*:. This rule is slightly modified
for n = 2 as will be discussed in Appendix B.

4.2 Integral representation and Quantum Spectral Curve

Let us now evaluate (4.6) more explicitly using the large N, expression for (WO J) given in
(2.12). For this purpose, it is useful to consider the following generating series'*

. ) > o +a\"?
eng(er;)ega(wf;) — Z [n(ﬁ) < ) xn’ (4.8)

2r —a

n=—0oo

13This can be seen to follow from the structure of the Gram-Schmidt process. Indeed, by using the bulk-
defect OPE, one can express the bulk operator Oy as a sum of defect operators with charges smaller than
or equal to J. As a result, the bulk-defect correlator is given by a sum of the defect two-point functions.
One can then use the orthogonality of the normal-ordered defect operators constructed in the Gram-Schmidt
process to show that all these two-point functions vanish.

v
14This can be derived from the usual generating function for the modified Bessel function, e 2 (vt3) =
S In(VN)y", after the change of variables y = /2549,

2m—a

21



where ¢ is related to the 't Hooft coupling A as

VA

= ) 4.9
9= (4.9)
Using this generating series, (WO J) at large N, can be expressed as
9—1J/2 -1
<WOJ \/_ f dx x 27'rg T+ )ega(xfé) ) (41())
2mi
In this expression, the area—dependence only shows up in the exponent and we therefore have
L 27 da 27 1\*
(04" WO, = \/_ 7{ “"; (x - —) e2ma(ety) ggale=3) (4.11)
i x

We can then convert (4.6) into a simple integral expression

- . 2— J/2\/_j§

W[:dF:)0;) = dp By(2)Qpr(z), (4.12)

where dpu is the measure introduced in [18],

de 1+ z72 e2r9(a+3) pgalz—3)

dp = — 4.1
P= o™ 2 g ’ (4.13)
and Qr(z) and By(x) are defined by
drgx’ Tt
Qule) = Fulglr—a7),  Bilw) = T2 (4.14)

As shown in [18], the functions Q1 (x)’s are orthogonal to each other under the measure u
and their overlap integral gives the planar two-point function of the operators on the Wilson
loop:

<W[ &)LZ Zi)L/I]>|planar = %d,u QL(ZE)QL/(I) = DDLZl 5LL’ . (415)

Furthermore, Q1 (x) coincides with the so-called Q-function in the Quantum Spectral Curve
formalism'® [28,45]. The appearance of the Quantum Spectral Curve in (4.12) is rather
striking and indicates the existence of the integrability-based description for the bulk-defect
correlators. We will come back to this point in the conclusion.

One can also write down the result for multiple operator insertions on the Wilson loop.
The result reads

<W[H 0Lr:0;) =

k=1

no A —J/2 n
% ]{ dp By (x) EQM (2). (4.16)

In what follows, we focus on the case of the 1/2-BPS circular Wilson loop (namely we set
a = 0) and derive the weak- and the strong-coupling expansions of the integral (4.12).

15The same orthogonal polynomials appeared before in the integrability-based analysis of the operator
spectrum on the Wilson loop [43,44].
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4.3 Weak coupling expansion

To perform the weak-coupling expansion of the integral (4.12), we need to expand both the
functions @), and By, and the measure p. The expansion of @), was computed in [18] and it
reads

Qr = (—ig)* (UL(COS 6) + gz%ﬂ-QUL_Q(COS 0)+-- > , (4.17)
where Uy, is the Chebyshev polynomial of the second kind and 6 is related to x by
r = —ie" . (4.18)
In terms of the variable #, the measure du, By, and their product read'®
and the weak-coupling expansion corresponds to expanding the exponential e295"%  Since

Uy is an order L polynomial, one has to expand ™% up to the O(g’~%) term in order to

compensate the factor e*/? and get a non-zero integral:
df &0 2J-L(27)7 L
dy By = — gl TP il ) 4.20
HET = on i ( L oy TR A (4.20)

Plugging in that term in the integral, we get

2772/ ] J+L (4m)"tg? [df

<W[5(§L : ]OJ>|leading = N, (—17) m %6

sin’~* 6 Up(cos )

(4.21)
B (_1)L27J/2\/79J (27.(.)]71/
B N. (J— L)’
where we used in the second equality,
_ sin(L +1)0
UL(COS 9) = W . (422)

One can also compute the higher orders in the expansion. At the order O(g’*!), one can
show by explicit computation that the contribution vanishes. This is of course in line with
the perturbation theory in which the corrections always come with even powers of g (recall
that g \/X) Now, at the order O(g”*?), the contribution only comes from the correction
to dpu By, not from the correction to Q7. Thus the result reads

2_J/2\/7(_@')J+L (47T)J—L+2gJ+2 d_aeue
N, (J—-L+2) | 2r

(_1)L27J/2\/79J+2 (27T)J7L+2
N.J-L)! J-L+2

sin’ 520 UL (cos 6)

(4.23)

WI: CiDL:]OJ>|next =

16 Note that we already set a = 0 since we are studying the 1/2-BPS Wilson loop.
"The correction to @, is of O(g¥*?) and proportional to Uz_5. In order to make the integral involving
UL_» nonvanishing, we need to take the O(g”7~£*2) term in the expansion of du Bj. In total, it is of order

O(gJ+4).

23



Figure 4: An example of the wrapping diagram for the bulk-defect correlator. The black
dots denote the field insertions ® and the black straight lines emanating from them are the
propagators. When the loop order ¢ is larger than L + 1, one can connect the two edges
of the Wilson loop (denoted by a black semi-circle) using a collection of gluon propagators

(denoted by red dashed lines).

Here in the second equality we assumed L is strictly larger than 0. We will comment on this
point later in this section.

By dividing these results by the expectation of the Wilson loop,

W) =1+2r¢+---, (4.24)
we obtain the normalized correlators
ey (CLR2RV T (2m) 1
-L:10 :( 1 -2 ——— 4+ 0O(¢H | . 4.25
(WE:10) e e I o] e

We can then read off the defect CFT data using the relations (2.26) and (2.27) as

2L=3y/Jg’ (27)7—L J—1L
_ 1 — o2t~ 4
“Liy N, (J—L)![ WgJ—L+2+O(g)}’ 126)
P ) Ly il PP (R S A WP |
L= N. (J—1L)! TIN\T-L+2 3 T\
where we used )
_(_ 2L |1 _ 2m°g 4
ne=(=¢)" |1 - —5—+0(g)|, (4.27)

which was computed in [18]. As we will see in the next section, these results are in perfect
agreement with the direct perturbative computation.

Before closing this section, let us make one remark: In the computation of the next-
leading correction (4.23), we assumed that L is strictly larger than zero. In that case one
can replace Uy, = sin(L + 1)f/sin@ in the integrand with —e *E+D%/(2isin#) since the
integral of the other exponential e*"2+1¢/(2isin §) vanishes. On the other hand, for L = 0
the other exponential does contribute and modifies the result to

2772/ ] s Am)T g2 rdg

<WOJ>|next - NC (—Z W % sin‘]+2 9 Uo(COS 9)
4.28
B 2_J/2\/7(27rg)‘]+2 ( )
 N(J+ 1)
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Because of this, one cannot simply analytically continue the L > 0 result to get the result
for L = 0. More generally, at ¢ loops, the other exponential starts to contribute when the
length L is equal to £ — 1 and the result therefore exhibits non-analyticity beyond that point.
Although it might appear peculiar at first sight, such non-analyticity is not unheard of, and
shows up also in the study of the anomalous dimensions'® of the single-trace operators [47,48];
in that context, it is known that when the loop order exceeds the length of the operator a
new type of planar diagrams which wrap around the operator show up and produce non-
analyticity in the length L. Such a phenomenon is called the wrapping correction.!” This
seems to be true also in our case since precisely at L = ¢ — 1 one can draw a new diagram
which passes through the defect operator and connects the two edges of the Wilson loop (see
figure 4). Tt would be interesting to make this connection more precise by directly analyzing
the Feynman diagrams.

4.4 Strong coupling expansion

To perform the strong-coupling expansion, it is convenient to rewrite the integral in terms

of

i(r — a1t
2

Y (4.29)

The result after rewriting reads
1
d 12
f@&z/——i—kw—f4wﬁ9”
—12my/1—y? (4.30)
(=1 — 32 —iy) e 4™ 1_y2] .
Here we converted the z-integral to the integral of y around the cut [—1, 1] and then further

rewrote it as an integral along the cut by summing the contributions from the contour above
and below the cut.

At strong coupling, the integral can be approximated by its saddle point. In particular,
if J and L remain finite, the saddle point equation is determined purely by the exponential

factors eIV 1=¥* and it sets the saddle point to be at y = 0. In this case, one just needs
to keep the first term in (4.30) since the second term is always exponentially suppressed:

1
dy . 2
du B N/ — 2 (1 —y2 —iy)letmIViTy >1). 4.31
% w By . 27T\/1—7y2( Yy y) (g ) ( )

To study the fluctuation around the saddle point, it is convenient to rewrite it in terms of

t=+/2mgy, (4.32)

18 An analogous phenomenon was found also for the structure constants of the single-trace operators [46].
19From the integrability point of view, these wrapping corrections correspond to the finite-size corrections
which are produced by the virtual particles going around the spin chain [49].
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as was done in [18]. The result reads

dt eA9e—t?
j{d,u / T { } (4.33)
Ty

2\ [ D= k)
BJ_ngZ k, ( —) =g (4.34)

g

Now, as discussed in [18], the functions @ form a set of orthogonal polynomials in ¢
whose highest power is given by?"

Qr(t) = (—i)* (Z—Q) v g (4.35)

™

This in particular means that @ (t) is orthogonal to any polynomials whose degree is less
than L under the measure du. Therefore, the leading strong coupling answer comes from
the O(t!) term in the expansion of By (4.34), which leads to the following integral:

[ thQuy =it (%)m [ v auvaute

L Amg |
|9 e*™L! 3 9 _g
==t/ = 1- 2L+ 2L +1
( Z\/ 27r> 2(2¢)3/?n? { 327?9( T2L+D+0lT)|

Here in the last equality we used the strong-coupling expansion of the overlap integral of
@1’s computed in [18]:

ama )| 3
i Qr(t)Qu(t) = —1L;(g) 1— 2 (202 + 2L 2| (4
[ dn Qi) = (0t 5 (L4 2L+ 10| . (437
Then the leading answer at strong coupling can be evaluated as
2=J/2\/] eAr9 (__1)L F[1+£+L]
N, 2v% ey

At the next order, there are two sources of corrections: The first one comes from the
subleading term in (4.36) while the second one comes from the 72 term in the expansion of
Bj (4.34), which gives the integral [ dut*?Q;. To evaluate this integral, we use the strong
coupling result for Q(t) [18]:

Qr(t) = (—i)" (%)m Hp(t). (4.39)

Here Hj is the L-th Hermite polynomial. We can then evaluate the integral using the
property of the Hermite polynomial as

[anaun=(4[2)" [ (@uatn - 2852 00+ ) @),

(4.40)
! \/7 GRS
_1(_2 %) 2(29)%/272 [1+0(g™h)] -

2ONote that this is true at finite g, not just in the strong coupling limit.

(4.36)

<W[ CIBL : ]OJ> |leading -

(4.38)
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Here we used the orthogonality of ();’s and the overlap integral (4.37).

Combining the two contributions, we obtain the following expression for the next-leading
correction:

W@ :JON e BQRL*+2L+1) (J=L-1)(J+L+1)
L]0 [leadine 32w 87
B 1—4J%+2L — 22
B 32myg '
Now, by dividing these results by the expectation value of the Wilson loop,

647rg 3

_ 1 — e 4.42

W 2(29)%/272 { 32mg } ’ 42

we can compute the normalized correlator as

(WL @1:10,)

_2792/J 2mg T[HLHE] [ 2—2J°+L—L?

Nc (_ﬂ-)L F[1+é_L]

T67g +O(g—2)] . (4.43)

We can also read off the defect CFT data using (2.26) and (2.27):

2873/ T 2mg T[] . 2—-2J2+ L~ L? O

€Ly = N L F[lJrJfL] 167Tg + (g ) )

’ ’ (4.44)
oL=3(—i)L/T  2mg T 4—4J% 4+ 5L+ L2 _2
Crjg = i | ! +0(g7)]| -
Nc (Wg)Lﬂ\/EF[ D) ] 3271’9

Here we used the strong-coupling expansion of n;, computed in [18]:
= —Q>LU -3 @r 4 20)+0(g” 4.45
= (=2) L1 g 220+ 07 (4.45)

As we will see in the next section, the leading strong-coupling results computed above match
perfectly with the direct string theory computation.

In this section, we focused on the limit where the lengths of operators L and J remain
finite. There are also other interesting limits in which L and/or J become O(v/)) at strong
coupling. It would be interesting to perform the computation in such limits and compare the
results with the holographic computation based on nontrivial classical string solutions [24].

5 Comparison with the perturbative analyses

5.1 N =4 SYM at weak coupling

In this section we compute the leading weak coupling contribution to the bulk-defect correla-
tor by a direct perturbative computation in the gauge theory. Let us carry out the calculation
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Figure 5: Leading weak coupling contribution to the correlator of one defect insertion and
a bulk operator. There are (J — L) insertions of ®3 integrated along the line, which come
from expanding the Wilson loop exponential factor.

assumning the infinite straight line Wilson loop for simplicity. It is not difficult to see that
the leading contribution to the bulk-defect correlator (W[(u - ®):(to)] tr(U - @)’ (2'))) is ob-
tained by expanding the Wilson loop exponential factor to (J — L)-th order (picking the ®3
scalar contribution only), and performing the resulting free Wick contraction between the
bulk operator and the insertions on the Wilson line, as shown in Figure 5. Focusing on the
planar limit, there are J possible cyclic contractions that contribute. Furthermore, since the
integrand obtained by contracting the propagators is symmetric under permuations of the
insertion points, path-ordering is not important and we can extend the integrations over the
whole line. Recalling that in our conventions the free propagator is

<((I)A)ij($1)<q)3)kl<l'2)> _ Y9ym (5;(5]-

= 1
872 (7 = x2)25AB; (5.1)

OVl B0l NtV 8 ) = N0 (T )

o J-L
1 1
X dt
((to = 1)% + (/))* (/oo (t =)+ (fCl)2>
(5.2)
where N is the chiral primary normalization factor defined in (2.4). After evaluating the
integral, we obtain

N ., -3 J/2 w-U)E ; J—L
OV 80 Notn(0- 8()) = 2 VI S -
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This gives the leading weak coupling contribution to the bulk-defect OPE coefficient defined
in (2.22). Going to the topological configuration by using (2.26), we then find

1277 N

(W[:2L:]10 Veirate = (—1) TLN,(J — L)!

(1+0WN) (5.4)

which is in agreement with the leading weak coupling term of the localization prediction, eq.
(4.21).

5.2 Strong coupling from AdS; string worldsheet

At strong coupling, the 1/2-BPS Wilson loop is dual to an AdS,; minimal surface embedded
in AdS5 and sitting at a point on S° (the choice of direction on the five-sphere corresponds
to the choice of scalar field that couples to the Wilson loop operator). Using the Poincare
coordinates in Euclidean AdSs

1 P 1
ds* = = (d2® + (da®)? + da'da’) = ;dm“dw“ (5.5)
where ¢ = 1,2,3, and for later convenience we have introduced the notation z* = (2, 2%, 2),
the string embedding dual to the 1/2-BPS straight line is given by 2° = ¢, z = s (with
(t,s) being the worldsheet coordinates). We will carry out the calculations below using this

straight-line geometry for simplicity (the circular Wilson loop can be obtained by a conformal
transformation).

Fluctuations of the open string coordinates around this minimal surface are in correspon-
dence with defect operator insertions on the Wilson loop (see [14, 18] for a review and more
details). On the other hand, the single-trace “bulk” operators tr(U - @) inserted away from
the Wilson loop are dual to closed string modes that can be described at strong coupling as
fluctuations of certain light supergravity fields in the graviton supermultiplet. They couple
to the AdS, string worldsheet via a vertex operator V.

The bulk-defect correlators studied in this paper can be then computed from a mixed
“open-closed” string amplitude given by the correlation function of the vertex operator and
the (products of) fluctuations inserted at a point to the AdSs boundary:

(Wl - 8)"(t0)] Nstr(U - €)” (@) hsvm = ((u- y(t)) Vi (2';U) ) aas, (5.6)

Here y(ty) denotes (the boundary limit of) the five massless fluctuations in the S° directions
that arise in the expansion of the string action around the minimal surface: they are dual to
the protected insertions of the five A = 1 scalars that do not couple to the Wilson loop?!. As
explained in Section 2.3, v and U are auxiliary null vectors that project onto the symmetric
traceless representations of SO(5) and SO(6) respectively. The bosonic part* of the vertex

21For the relation between fluctuations on the worldsheet and the operator insertions, see [14,50,51].
22The full vertex operator will also include terms involving fermions, but we will not need them for the
leading order calculation carried out here.
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operator has the following explicit form [6,52] (for a summary and review of the derivation,
see also [26], whose conventions and notations we follow here)

/ \/X 5
meU):Z?aa/fa(w“%+v§>

J+1 J+1
VY =2J0,040,04 K, (a2 )Y’ (©,U) . (5.7)

-1 1 4
VJAdS5 = (Q—J(J )KJ(x“; x’);@ax“@o@“ + ———00 2" 002"V ,0, K s (2"; x')) Y7(0;0)

Here K is the AdS; bulk-to-boundary propagator

Kateid) = (o) 63

which describes the propagation of the supergravity mode dual to tr(U - ®)7 from the string
worldsheet to the insertion point z’ at the boundary (essentially this is the analog of the
plane-wave factor in the more familiar flat space vertex operators); Y/ is the SO(5) spherical
harmonic that comes from the KK reduction on S°

v/(e,u)=U-0)y, U?=o0, (5.9)

where ©4 are the six embedding coordinates of S°, which in our parametrization of the
fluctuations can be taken to be

1 1
@A: 17 271__ a a’ 3’ 47 5) , 5.10
—1+%1y“y“(yy VY Y Yy (5.10)
where y% a = 1,...,5 are the massless fluctuations in the fundamental of the SO(5) pre-

served by the Wilson loop.?® Finally, the constant C; is a normalization factor that corre-
sponds to the gauge theory normalization in (2.4), and is given by

NI (5.11)

Note that due this factor, the bulk-defect correlator goes as ~ 1/N. in the large-N limit, as
expected.

To leading order at large A, the correlator (5.6) is given by simply expanding the ver-
tex operator to L-th order in the y* fluctuations and performing the corresponding Wick
contractions with the AdS, bulk-to-boundary propagator for y:

1 S ab

“(t ot =" 5.12
<y ( >S)y ( 73)>Ad82 182+ (t _ t,)g ( )
A schematic depiction of the calculation is given in Figure 6. It is not difficult to see that only

VJA 455 contributes to this order, because expansion of VJS5 to L-th order in y® will always

23The particular choice of parametrization above is such that y = 0 corresponds to the Wilson loop that
couples to ®3.
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Figure 6: Depiction of the leading order contribution to the bulk-defect correlator at strong
coupling.

produce terms that vanish upon contraction with the (u - y)Y boundary insertion, due to

u? = 0. Then, the relevant part of the vertex operator expanded to L-th power in y is found
to be, after a bit of algebra:

, 4JCNN [ dtds |, s I PN
V(2 U) = - / [(Jfﬁ <32+(t—t’)2+($l)2) (U-y) (U3)J m—O—]

52
(5.13)
Plugging into (5.6) and performing the L! free Wick contractions, we find
4JCVA A
(- y(t) Vi (a'sU) Y aas, = ———=(u- U)"(Us)” == (a'1)*
T (J—L)!
" / dtds S e S L
ads; 80\ 4 (E =)+ () m(s? + (t —t0)?)
(5.14)
Evaluating the integral, for instance by introducing Schwinger parameters, yields
/ dtds S 2 S L B
ais, & S0P+ @)2) \ET0-wr) )
VITGU-L+2)T U +L+1) ()7 |
20(J +2) ((to — )%+ (a/)2)"
Putting everything together, we arrive at the final result
2= L/ IAT (L(J + L+ 1 w-U)L(Us) L
<(U . y(to))LVJ(m'7 U) >Ang _ — (21( )) / J(L ) ( I32) P’
Nem' (L + DT (3(] = L+ 1)) (2 )7=E ((to — ) + (%()5)1&
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Figure 7: Diagrams contributing to the next-to-leading order at strong coupling. The first
two pictures from the left correspond to bringing down the interaction vertices from the string
action while still expanding the vertex operator to L-th power in fluctuations. The third
diagram arises from expanding the vertex operator to (L + 2)-th order and self-contracting
two of the fluctuations.

Through (5.6) and (2.22), from this we can read off the bulk-defect OPE coefficient c; at

strong coupling. Now going to the topological configuration on the sphere by using (2.26),

we find B

L 27 WAL (B(J+ L+1))
NerlT(L+1)T (%(J — L+ 1))

which precisely agrees with the localization prediction (4.43). It would be interesting to
compute the subleading strong coupling corrections to this result and compare to localization.
To the first subleading order, there are two type of contributions: those that involve the
interaction vertices of fluctuations coming from the expansion of the string action, depicted
in the first two pictures in Figure 7, and those that involve expanding the vertex operator V
to (L + 2)-th order in fluctuations and self-contracting two of those fluctuations, as shown
in the third picture in Figure 7. We leave the explicit calculation of these corrections to
the future. It is interesting to notice that a precisely analogous structure of subleading
corrections also arises in the localization result, see the discussion below eq. (4.38). This
suggests that the insertion of B in the contour integral (4.16) essentially plays the role of
the vertex operator V; on the string theory side.

(WI:®1:10 1) circte = (—1) (5.17)

5.2.1 Two defect insertions and one bulk operator

More general correlators involving several defect and bulk insertions can be computed fol-
lowing a similar procedure. As an example, let us consider the case of two defect insertions
and one bulk operator:

(W1~ @) " (81) (g - €)"(t2)] t2(U - 8)” (2)svaa = ((ur-y(t1))" (uz -y (t2)) 2V (" U%Af;;
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AdS

Figure 8: Leading strong coupling contribution to the correlator of two defect insertions ®1,
dL2 and one bulk insertion tr®’.

Let us assume without loss of generality that L; > Ls. The leading order contribution
at strong coupling comes from expanding the vertex operator to the smallest possible or-
der in fluctuations, namely to the (L; — Ls)-th order, contracting those fluctuations to
the boundary insertion (u - y)¥, and then connecting the remaining fluctuations with Lo
“boundary-to-boundary” propagators between the defect insertions. This is depicted in Fig-
ure 8. Evaluating this diagram, we find

((un -y ()™ (2 - y(t2)) Vi (2" U) ) aas, =

_4JCVA JILy! ,
™

(T £ Lo)i(Lr = L)

" (2_\5?2 (tqfl_' ::22)2> /Ad82 dicjs (82 + (t— ;)2 + (xl)2>J+2 <7r(s2 + (i — t1)2>>L1<L2 . |
5.19

(Ul X U)Ll—LQ(U3)J—L1+L2 )2><

Using the integral (5.15), the final result is then

w - Li(y, . Loy (- . (ug - UY=L (Uy)T=Ir+La (g )L
((ur - y(t2))™ (u2 - y(t2)) " Vi(2";U) ) Aas, Ll,LQ\J(xl)J—L1+L2 ((tr — )2 + (/)2) 712 (4 — ty)202

VJ2 g +Ea=2Le=1\5(La+1) [ 1T (A(J+Li—Ly+1))
Nerli#2al (Ly — Ly + 1) T (5 (J = Ly + Ly + 1))

(5.20)

CLy,Lo|J =

This gives the correlator on the straight Wilson line. Conformally mapping to the circular
loop, and choosing the null polarization vectors corresponding to the topological operators,
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we obtain the position independent result

L V2§ 2L \3(LaA 1) [ 1T (3(J+Li—Ly+1))
Tt T )
(5.21)

This is again in precise agreement with the strong coupling limit of the localization result
computed in the Appendix, see eq. (B.13).

(WI: ool 1] OJ>>circle =(-1)

6 Non-planar corrections to the defect correlators

As another application of the results in section 3.3, in this section we study the 1/N?2
correction to the correlation functions on the Wilson loop. As will be clear in the analysis
below, one has to take into account the mixing with the multi-trace operators in order to
reproduce the correct answer. For simplicity, we will focus on the two-point functions,

Gro = WL dL:]), (6.1)

but the generalization to the higher-point functions is straightforward (although it becomes
more complicated).

6.1 Generalities

The nonplanar corrections to G, ;, and Gy, 1,1, can be studied by using the expansion of
the operator determined in section 3.3. For convenience, let us display the formulae again:

0= SOLS\UNCQ - 51— (Sél) + S;”) +O(1/N¢),

(80, 8 80y;8)
Sy = 8 0y;8.,
iy (301;8804;8) =

t+j<L
0<t,1<y
S(l) _ § { (808 gOf\jldzg) Yo, o (6.2)
2 <o(9 09, . . o> © Mlj1.52°
£+]1+‘72<L ° £|J17]2 oo £|]17]2°
0<4,1<71,52

@ (80L8,80y;8)(80; 8 80y;
52 __Z Z < ].g< :

oo
S
o
<
oo
oo
S
S
<

By inspecting these expressions, we conclude that there are four sources of corrections to
the correlators at 1/N2:

e The first correction (to be denoted by first) comes from the terms involving a single
S1. The correction Sy itself is O(1/N,), but since the correlator involving a single
80,8 is O(1/N,), in total it gives O(1/N2) corrections.
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e The second correction (to be denoted by second) comes from the terms involving two
S1’s. They can contribute at O(1/N?) since the correlators involving two identical
8018 can be O(1) (cf. (3.24)).

e The third correction (to be denoted by third) comes from the terms involving a single
S8 This is by itself O(1/N2).

e In addition to the aforementioned corrections which are induced by the mixing with
the multi-trace operators, there are also corrections coming from the 1/N? correction
to the expectation value of the Wilson loop. Such corrections are already discussed
in the previous paper [18], and they can be computed by first expressing the planar
result in terms of the planar expectation value of the Wilson loop (W), and replacing
(W) with its O(1/N?) result given in (2.12). We will denote this correction by adding
the subscript |;/y2 to the planar expression.

Note that the terms involving Sél) never contribute at this order since the correlator involving
801,58 is O(1/N2), making the whole contribution O(1/N¢) or higher.

Let us now write down the results explicitly. For this purpose it is convenient to use the
large N, factorization and simplify the correlator as®*

(801,17 8801,158801,8---80¢,8) = (80, 880,880, 8---80.,8)(0,0,)

J (6.3)
=(—2)"" (301, 880.,880,,8---80.,3).
We can then evaluate the corrections to the two-point functions as follows:
(301 8 80y;8)?
GL,L|firs =-2 (_2)] )
© g;L (380, 8 30,8)
0<4,1<j
(301 8 80y;3)* (6.4)
GL,L second — Z (_2)] ° ° o ° )
2=, woes0s)
0<¢,1<y

Gr,rlthira = 0.
Note that the third term is zero owing to the restriction on the range of summation Ly < L.
Summing them up, we obtain the following expression for 1/N? corrections to Gy, r:
(301 880y;8)”
(80, 880,38)

Gri=(80,880.8) w2 — Y (-2) +O(1/N%). (6.5)

<L
0<é,1<j

As mentioned above, the first term (801 8 801 8)|1/n2 can be computed by taking the planar
expression and replacing the planar expectation value (W) with its non-planar counterpart.
Similarly, one can also obtain the expressions for the three-point function

GriLyr, = (W[OL:dl2: pLa]) (6.6)

24Here we used (0;0;) = (—%)J, which follows from our normalization of O (2.4).
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The results are summarized in Appendix C.

In the following subsections, we evaluate the expression (6.5) explicitly at weak and
strong couplings.

6.2 Weak coupling expansion

Here we evaluate the non-planar corrections for the two-point functions at tree level and
compare them with the perturbative answers.

Computation of $0r 8 |;/y2 Before performing the weak-coupling expansion of the cor-
relator, let us first determine the non-planar correction to the operator 8Oy 8 |/y2, which
comes purely from the non-planar corrections to the expectation value of the Wilson loop
(W). Note that, as we will see later, such corrections do not contribute to the two-point
functions. Nevertheless here we evaluate them explicitly since the results can be used for
the computation of higher-point functions.

As shown in the previous paper [18], the corrections coming from the non-planar cor-
rection to (W) can be incorporated by adding the following term® to the measure for the
integral representation (4.13):

d
e = 5D f2mg(a +1/1) .
£(2) (2mg)* 2% —32+3 '
z) = .
N? 324
At the leading order in the weak coupling expansion, we obtain
1 dx 1
dpir/nz (6.8)

weak N2 27y (1 4 )
Because of this correction to the measure, the planar normal-ordered operators §0p8’s are
no longer orthogonal to each other. For instance, the two-point function of 808 and 80,8
is given by

<8OL S 8OM8>|1/NZ, weak —

(—Z'g)L—&-Mf dx (Z’LxLﬂ_i_i—Lx—(LH)) (Z-MmM—f—l_i_Z'—Mm—(M—i-l)) (6.9)
Nc2 2mix (;p—k%)ﬁ ’

where we used the weak-coupling expression for the function @)y, (see also (4.17) and (4.22)):

Qule) = (-ig)* [v (52 + 0142
(6.10)

gL L+l + Z'fof(L+l)

- (ig)* | roi)]

1
:v—i—m

25Note that we already set a = 0 since we are analyzing the 1/2-BPS loops in this section.
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The integral in (6.9) can be computed by using the expansion

1 k: = j (j+k—1)! 2j
— x (k € Zy), (6.11)
(z+ )" ]Z (2k — 1)I(j — k)! =0
as
(it | (BFM2)r (B ) L—M:
<80L880M8>|1/Nc2,weak: 120Ng {(L;M_:;)! (L-;M_2>! ( ' even) , (6.12)
0 (L— M : odd)

where we assumed L > M. To restore the orthogonality, one simply needs to subtract $O,,8
from 808 as

(801 880m8) |1 1/N2, weak
O
o

L
8O 8 . 6.13
(300 8 x 80u (6.13)

0<M<L Ons)
Subtracting all the operators with smaller lengths, we arrive at the following weak-coupling
expression for 8Oy, 8 |1 /n2:

s 3 .0, (zig)" M | (55020 (B3,
OOL°’1/N§,Weak_°OL°+O<;<L 120N62 (M_g) _(%—QN 8O0ms . (6.14>

Here we used the weak-coupling expansion of the planar two-point function (80, 880,8) =
()" + -

Two-point functions Let us now compute the two-point functions at weak coupling by
evaluating each term in (6.5). The first term (8O 8 8018)1/n2 can be obtained by setting
M = L in (6.12) and the result is

(=9*)" (L +3)!

= Tonz @ -zl H oW (6.15)

Note that the correction to the operator (6.14) does not contribute” to the two-point function
due to the orthogonality of the planar normal-ordered operators; (80 8 80)8) = 0 for

L+ M.

The second term is expressed in terms of planar correlators which can be computed by
using the integral expression,

i/
(801 880y;8) = % /du B;(2)Qr(z)Qe(z) . (6.16)

260n the other hand, it does contribute for higher-point functions, but we will not perform such compu-
tation explicitly in this paper.
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Using the weak-coupling expansion of each object, we can compute it as®’

< OL ° OOE\] >|Weak
(—Zg L+€2 2\/_ / dx Z)?] A i_LJI_(L+1)) (Z'KIZ-H _|_Z'—Zl,—(l+1))
2mix (z+3) (6.17)

— gLHszf_ﬁ( )LHH (L+1) (L—0—j: even)
0 (L—{¢—j: odd)

We can thus obtain the following expression for the second term:

(30,3 30;3)? (—g?)" . (=) 1
— _2 J = — g 1 -
2. V05500 TP UL
l+j<L {+j<L
0<f, 1< 0<4, 1< (6.18)
(=) (L +2)!
120N2 (L — 3)!°

Adding (6.15) and (6.18) we obtain

GL,L|1/N weak — (619)

1 (L+2)! 1 (L+2
e 24N2 (L —2)! ~ N2 '

4

Let us now compare the result (6.19) with the (non-planar) Wick contractions in N = 4
SYM. The general structure of the O(1/N?) Wick contractions is depicted in figure 9. As
shown there, they are characterized by three non-negative integers a;, as and agz, which are
the lengths of three consecutive segments in the figure. Alternatively, they are specified by
the four end-points of these segments. If it were not for any restrictions on the lengths of
the segments, the number of ways to specify the four end-points is given by

(combinatorics)|paive = ( L I 1 ) . (6.20)

This however is not correct since if two of the three lengths a, 5 3 are zero, the Wick contrac-
tion reduces to the planar Wick contraction. To avoid counting such planar contractions, we
need to impose the condition a; > 0 and as > 0. After imposing this condition, the number
of Wick contractions becomes

(combinatorics)|correct = ( L I 2 ) , (6.21)

which precisely matches the result we computed (6.19).

Before ending this subsection, let us emphasize again that if we did not take into account
the mixing with multi-trace operators we would obtain (6.15), which does not match with
the result of the Wick contraction. The analysis in this subsection therefore illustrates the
importance of the mixing effect and also provides the evidence for our Gram-Schmit analysis.

2TTo compute the integral, we used the expansion (6.11).
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ag

Figure 9: The general structure of O(1/N?) Wick contractions for the two-point functions.
The O(1/N?) Wick contractions can be obtained by choosing three consecutive segments
(whose lengths are denoted by a;23) inside the operator and reconnect them as shown in
the figure. In order to make the diagram truly non-planar, one further needs to assume
that two of the three segments have nonzero lengths. One can count the number of such
contractions by counting the number of ways to distribute the four end-points of the segments
(denoted by short vertical black lines) inside the operator.

6.3 Strong coupling expansion

We next compute the non-planar two-point functions at strong coupling.

Computation of 80 8 |;/n2 As in the previous subsection, let us first determine the cor-
rection to the operator 8Oy, 8 |, /Nz. For this purpose, we again use the non-planar correction
to the measure (6.7). At strong coupling, the integral is dominated by the saddle point
x = 0 and by expanding the measure around the saddle-point in terms of the coordinate

used in [18],
V2rg — 2 — it it B
= =1- O(g~t 6.22
T Vo Vg ) 0:22)
we obtain

et 9g32 g [ > 6 — 6t2 4 t
d = — dte " |1—-—— " 1+ 0(qg | . 6.23
§ i NG / e [ o tl ol >] (6.23)

It is convenient to express it in terms of the strong-coupling expansion of the planar measure®®

P e P +0(g7?) (6.24)
H= (2757232 € 87g 9 7 :
* 247 32— 1)
gm "= -2
) = 1+ . 2
dpi1/nz SN2 du[ g +0(yg )} (6.25)

28Gee [18] for derivation.
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As was computed in the previous paper, the functions @ (z) can be expanded at strong
coupling as

L
2

{HL(M 1 <L!(2L—1) L

Loy 2+ MHM@)) + 0(92)] :

Lryg
Qr(z) = i (g)
and are orthogonal to each other under the measure du. They are however not orthogonal
any more at the non-planar level owing to the correction term in (6.25); 3(t* —1)/(4mg). For

instance, the two-point functions of 808 and 80,8 can be computed as

8mg

<80L S 8(9M8>|1/N627 strong —

90373 amg q LEM+1  roo (6.26)
éq]\;; (planar) + % LM (;) 2 / dt e_tQ(tQ — D H(t)Hu(t),
: 24 T

where (planar) is the planar result computed in [18],

(planar) e ( g>LL' 1= @2 +1)|0 (6.27)
anar) = —————=\ —— ! —_ . .
P 2(29)32m2 \ =« 327mg LM

The integral in (6.26) can be computed by using the following properties of the Hermite
polynomials:

/ dte_tZHL(t)HM(t) = 2LL!\/E(5L7M,

°° (6.28)
(2 — 1) Hy(t) = HMf(” + 2M2_ 1HM(t) + M(M —1)Hy_s(t).

The result reads

2¢3m3
<8OL S 80M8>’1/NC2, strong — %(planar)-i—
\ ‘ : ) (6.29)
e g g\ L T 2L —1 g
w7\ 2 (—;> L [—%éL—Q,M o0 — 5 (LA 2)(L + 1)or1am

As in the weak-coupling analysis, we can restore the orthogonality by performing the follow-
ing subtraction:

<8OL 8 8OL_28 | 2 stron,

sOr. 8 ‘1/1\762 =301 8 — ") 5 oZQl/NCo trong 8O0r_28

<o L—2 o o L72o> (6 30)

7T5/zg '
:gOL3+4N2 807 538
Here we used the planar two-point functions at strong coupling [18]
e47rg g L 3

303303:—<——) -2 1o . 6.31
(801 18) 2(29)32m2 \ { 32myg +0(g™) ( )
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Two-point functions We now proceed to the computation of the non-planar correction
to the two-point function. The first term in (6.5) can be computed by setting M = L in
(6.29),

(6.32)

Arg 3/2 2 _
e g 7r< g)LL! {1_3(2[/ 6L +5)

8O0 83803 strong — T =5 \ T _
< L L >’1/N,?, trong 6\/§N62 T 327mg

On the other hand, the second term, which comes from the mixing with the multi-
trace operators, is given in terms of planar correlators involving both the bulk and the
defect operators. They can be computed by taking the strong coupling limit of the integral
expression (6.16) as was done in section 4.4. However, it turns out that such an integral

always scales as
(801 3 80y;8) ~ e*™g" /2| (6.33)

and once divided by the two-point function it yields

(801 880;8)*
(80, 880,8)

~ Mgt (6.34)

This is always subleading as compared to the first term (6.32). Thus, at the first two orders
at strong coupling, one can completely neglect the effect of the mixing with the multi-trace
operators and the non-planar correction to the two-point function is simply given by

G . 647ngg/27'{' q L L‘ 1 3(2L2 _ 6L + 5)
L,L|1/N02,strong = W —= | _ 327Tg ‘

(6.35)

™

Using the result for the planar two-point functions (6.31) and the strong-coupling expan-
sion of the Wilson loop expectation value

) = s | (17 3o + 0 + 202 (1= 22 w0t ) + o0

we obtain the following expression for the normalized correlator:

(:0L::0L:) =
(—%)L L K1 _ —3%6;;2) + 0(9‘2)> + (7;?\)[? (1 n O(g_l)> + O(1/N§)] . (6.36)

As shown here, the leading non-planar correction at strong coupling is linear in L. It would
be an interesting future direction to reproduce this result from the string worldsheet by
extending the analysis in [14] to the non-planar surface.

6.4 Integral representation and Quantum Spectral Curve

As we already saw in the previous two subsections, the integral representation for the planar
correlators is useful for computing the weak and strong coupling expansions of the non-planar

41



two-point functions. At least formally, one can perform the same analysis also at finite 't
Hooft coupling and write down an integral representation of the full non-planar two-point
function using the Quantum Spectral Curve.

In particular, it is straightforward to express the first term (8O 8 8018)|1/n2 of (6.5)
in terms of an integral since this correction comes from the nonplanar correction to the
expectation value of the Wilson loop, which admits an integral representation. Namely, we
have?’

(80 3 8OL8>|1/NC2 = /dﬂl/NCQ Qr(x)Qr(x), (6.37)

where dji1/y2 is the non-planar correction to the measure given in (6.7).

On the other hand, the second term is given by a sum of ratios of planar correlators.
Although the expression might seem quite complicated at first sight, one can simplify it to
some extent using the properties of the orthogonal polynomials. To see this, let us first
express the summand using the integral expression for the planar correlators:

Qu(7)Q(y)
JdpQeQe

Since the function Qr(x) is an orthogonal polynomial of X = g(z — z™!), one can perform
the summation over ¢ using the Christoffel-Darboux theorem (see for instance [53]),

(6.38)

C (- / dpu()dpa(y) B () Qi () B () Qu () S ) 2Y)

le

Z fdu QeQz

= Kp—j(z,y), (6.39)

where K (x,y) is the Christoffel-Darboux kernel

1 Qr1(2)Qr(y) — Qr(x)Qri1(y) .

Kle) = TG sa—wt 1)

(6.40)

Using the Christoffel-Darboux kernel, one can express the sum as

PR AL / A dp() Ko (@, )Qr(@)Quly),  (6.41)

(6.42)

2INote that the function Qr,(z) used in this expression is the planar Q-functions given in (4.14).
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Note that, although we explicitly performed one of the two sums, the expression (6.41) is
slightly formal since the kernel still contains the sum over j. It would be interesting to see
if we can further simplify the expression.

Now, combining the two terms, we finally get the following integral expression for the
non-planar two-point function, which consists of single and double integrals:

Gr.rliynz :/d,ul/NgQL(x)QL(x) —/du(x)d,u(y)lCL(x,y)QL(J:)QL(y). (6.43)

Recently, the integrability-based methods were applied to the non-planar corrections [54-57].
It would be interesting to compare our formula with such methods and clarify the relation
between them.

7 Conclusion

In this paper, we studied the correlation functions of the bulk single-trace operator and the
insertions on the Wilson loop using the results from localization. The results are exact and
depend nontrivially on the 't Hooft coupling constant A\. At weak coupling, we checked the
results against the perturbation theory of N' = 4 SYM. At strong coupling, we evaluated
the correlation functions of fluctuations of the string worldsheet and the vertex operator,
where the former corresponds to the insertion on the Wilson loop and the latter describes
the single-trace operator. In both cases, the results are in perfect agreement with what
we obtained from localization. We also showed that the results at large N, can be simply
expressed in terms of the QQ-functions of the quantum spectral curve.

Along the way, we also clarified several aspects of the Gram-Schmidt analysis which were
not addressed in the previous paper [18]. Most importantly, we pointed out the necessity of
including the multi-trace operators in the operator spectrum for the analysis of non-planar
corrections. We then confirmed it by computing the two-point function and comparing it
with the perturbation theory.

One possible future direction is to apply our techniques to other theories, such as N' = 2
superconformal field theories in four dimensions and ABJM theory in three dimensions.
Supersymmetric Wilson loops in these theories were studied from the defect CFT point of
view in [58-62]. In particular, the correlators of a Wilson loop and chiral local operators
in the bulk were analyzed recently in [63] using the matrix model and the Gram-Schmidt
orthogonalization. It would be interesting to compute more general correlators involving
operator insertions on the Wilson loop by generalizing the analysis in this paper.

There are also several other interesting future directions. Firstly, both in this paper and
in the previous paper [18], we focused on the Wilson loop in the fundamental representation,
and it would be interesting to generalize the analysis to higher-dimensional representations;
In particular, when the size of the representation is of order V., the AdS dual is given by a
probe D-brane [64-66]. One can therefore try to test the results from localization at strong
coupling by computing the correlation functions of fluctuations on the D-branes. Work in
that direction is in progress [67]. Also interesting would be to consider the representation
with O(N?) size which corresponds to a nontrivial bubbling geometry [68-70].
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Secondly, it was recently shown that the algebra of operators on the Wilson loop in a
certain higher-dimensional representation in 2d BF theory is isomorphic to gl(K) Yangian
[71]. Their setup seems to be intimately related to our setup since the BF theory is a zero-
coupling limit of 2d Yang-Mills. It would therefore be interesting to compute the operator
algebra in our setup and see if there is an analogous structure.

Thirdly, it would be worth performing a more thorough analysis on the non-planar cor-
rections to the correlators on the Wilson loop and understand their underlying structure. For
the expectation value of a single Wilson loop [72] and the correlator of Wilson loops [73], it
was recently shown that one can apply the topological recursion [74] and systematically com-
pute the non-planar corrections. It would be interesting if such a method can be generalized
to the observables that we studied in this paper.

Yet another direction is to study these correlators using the conformal bootstrap as was
initiated in [19,20]. In supersymmetric theories with exactly marginal directions, one needs
to specify the values of the marginal parameters using some additional inputs in order to
pin down the theory one wants to bootstrap. The bulk-defect correlators and the defect
structure constants which we computed would provide such inputs and can be used as a
starting point for the numerical analysis of the defect bootstrap equation [21,22].

Finally, it would be interesting to try to reproduce the results in this paper by using
the integrability machinery. Thanks to the recent developments, we now have integrability-
based frameworks to study the correlation functions of single-trace operators [75,76] and
the correlation functions of operators on the Wilson loop [12,77]. By contrast, the correct
framework to analyze the bulk-defect correlators is not known at present time. It would
be interesting to try to figure out such a framework by performing explicit computations at
weak and strong coupling. Also, the appearance of Q-functions in our final results suggests
the utility of the quantum spectral curve for the study of correlation functions. So far there
have been three data points (including this paper) [18,78] which point to such a direction. Tt
would be interesting to connect these dots and try to come up with a fully non-perturbative,
integrability-based framework for studying the correlation functions.
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A Bulk two-point functions and multi-trace operators

In this appendix, we provide a brief argument on why the multi-trace operators must be
included in the defect CFT spectrum using the defect OPE expansion of the bulk two-point
function.

In general defect CFTs, the two-point functions of the bulk operators can be expressed
as a sum of products of bulk-defect two-point functions,

<Obulk0bulk> ~ Z <Obu1k0defect><Odefect0bulk> . (A]->

Odefect

This defect OPE expansion applies to physical correlators which depend on the cross ratios.
In supersymmetric theories, one can also write down a truncated version of it which is closed
in a supersymmetric subsector (called the “micro-bootrstrap equation”) as was shown in [19].

Let us now analyze the consequence of such an expansion on our bulk two-point function.
In the large N, limit, the bulk two-point function is given by a sum of the disconnected term
(2.14), and the connected term

o 27(J1+J2)/2 [T . o — (J1+J2)/2
<WOJ10J2>COHH = 172 T a X
N2 2r+a
min(Jl,JQ) 27T + a k
Z (—1)F (27r — a) (J1 + T2 = 2k) Ly, gy -2k (VV) (A.2)
k=1
+ Z(Jl + Sy + 2k — 2) 14 gyran—o(VN) | + O(1/NY).
k=1

To interpret them in terms of the defect CFT, one has to divide them by the expectation
value of the Wilson loop as was done in section 2.3. After doing so, the disconnected term

becomes
1

(©a0saee = (3) do (A3

Now, from the fact that this quantity is O(1) (rather than O(1/N?)), it immediately follows
that one has to include operators other than W[: ®* :] in the defect CFT spectrum: The
bulk-defect two-point functions of W[: % :] is O(1/N,) as was shown 4 and we would not
be able to reproduce the O(1) contribution if we only had these operators. In fact, one
can interpret (A.3) as a result of exchanging Og;, = WO,,. This explains the necessity of
including the “multi-trace” operators in the defect CF'T spectrum.

It would be interesting to perform a more thorough analysis of the OPE expansion and
the bootstrap equation in the supersymmetric subsector using the results computed in this

paper.
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B Correlators with two operator insertions on the Wil-
son loop

Let us now generalize the computation to the correlation functions of a single bulk operator
and two operator insertions on the Wilson loop,

Gripog = WO 19l ] 0,). (B.1)
Using the large N, expansion of Pl =, Oyp,: and pl2: =, Oy, :, one obtains

(801, 880y,11,8)
<8051\J1 8 8051\J18>

GLI’L2|J :<8OL1 3 3OL2 8OJ> — E <8Ozl|J1 3 30L2 8OJ>

Li+J1<Ly
0<t1,1<; (B.2)
(801, 8 804,1,8) 5 |
Y 0. 550 g 80k 8806 8 0) + O
o 2|J2 © © 2|J2©
0ZeAT

The second and the third terms are generically suppressed by 1/N.. The only cases
where these terms are not suppressed are 1. {1 = Ly and J; = J, and 2. ¢, = L; and
Jo = J. In the first case, the three-point function (30, 8 80r, $ O;) becomes O(1) and
therefore is not suppressed by 1/N,. while in the second case the same thing happens for
(801, 880,15, 8 OJ> Owing to the restriction on the range of the summation over ¢, and
Jr in (B.2), these additional contributions exist only for J < |L; — Lo].

These additional contributions, when they exist, cancel precisely the first term in (B.2).
Therefore we arrive at the following selection rule for the correlator G, 1,

0 (J < |L1 = L))
: ) A . B.3
bl {<30L1 880,80y) (J = L1 = La)) >

In what follows, we compute the leading large N, results at weak and strong couplings®
using the integral expression (4.16) assuming J > |L; — Lo|.

B.1 Weak coupling expansion

At the leading order at weak coupling, the function @), is given by (see section 4.3)

,sin(L; +1)0
sin ¢

Qr, = (—ig)""Ur,(cos ) = (—ig) (z = —ie”), (B.4)
while the expressions for the measure dy and Bj are given in (4.19). Let us now first
consider the case where the single-trace operator is sufficiently long, or more precisely the
case in which J > L; + Ly is satisfied. In this case, the analysis is similar to the one for

30For simplicity, here we only present the leading weak- and strong-coupling results.

46



Jo

Gy performed in section 4.3: Namely in order to compensate the factor e’’’ contained in

By, one has to expand €519 factor up to O(g’/~f17L2),

J—Li—Lo 2J—L1—L2 (271.).]—L1—L2
(J— L — Ly)

de iJO
du By = =.© <1+...+g

. J-Li—Ly
S sin 6+--~). (B.5)

Substituting this term into the integral, we get

27J/2\/‘7(_Z->J+L1+L2 (4m)/ T2l df 4,

GL17L2|J|weak =% (L — Ly 3¢ sin’ ML 0 Uy (cos 0) U, (cos 0)
B (_1)L1+L227J/2\/79J (27T)J7L17L2 (B 6)
B N. (J — Ly — Ly)!~ ‘
On the other hand, when J satisfies
|L1—L2|§J<L1+L2, L1+L2—JZ€V€D, (B7>
we do not need to expand e295"% to compensate e*/?. Therefore the integral is given by
272\ J do
GLLL?"]‘Weak = T\/_(_i)J-&-LH-ngLH-LQ / %eue U, (cos 0)Up, (cos )
‘ (B.8)
_ 2—J/2\/7 (—i)J+L1+L2gL1+L2(L1 +L,—J+ 2)
N. 2 '
When J satisfies
’Ll—L2‘§J<L1+L2, L1+L2—J:Odd, (B9>

we need to take the O(g) term in €295 and the result reads

4m)2IN T do ...
Gry Lol | o = Um2- v J )N (—Z)J+L1+L29L1+L2+1/%62‘]981116ULl(COS¢9>UL2(COS@)
_ 7T21;2ﬁ(_i>J+L1+L2—lgL1+L2+1 ' (B.10)

In summary, the results at weak coupling are given by the following expressions:

GL:[,LQ‘J ==

0 J < |Ly — Lo|

2_J/2ﬁPi)JHﬁLQng;LQ(LIJFLQ?JH) |Ly — Lol < J < Ly+ Ly, Ly+ Ly—J:even

Ne
n2 Tyt glakletl L Lo < J < Ly + Ly, Ly + Lo — J :odd

(C1)PE L2 /2Tg (2my b LitLy<J.

Ne (J—L1—Ly)!
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B.2 Strong coupling expansion

We now study the strong coupling limit. As shown in section 4.4, the strong-coupling limit
of the relevant quantities is given by

dt e47rg€—t oo (_1)k ‘ ) k F[1+J+k]
Qult) = (~i)* (i)” Hy (1),

2T

To get a non-zero answer, one needs to take O(t/*1=2l) term in the expansion of B;. Then
the integral becomes

eirg9— J/Z\/_ 1 Lmax g\ Lanin F[1+J+\§1—L2|]
G 1) gy L)
Lol

strong N(27T)3/2 1/2 |L1 2 1—\[1+J7\§17L2|]
X / dte Pt Hy () H (1), (B.12)

F[1+J+|2LrL2|]

L .
g min
F[1+J—|§1—L2|] ’

64W92_1_J/2ﬁLmax! 1 Lmax
 Nemy/2g Ly — Lo|! (__)
where L. = max(Ly, Ls) and Ly, = min(Lq, Ls).

Let us also consider the normalized correlator by dividing the correlator by the expecta-
tion value of the Wilson loop (4.42). We then obtain

Guisas|  _ (ZD)bre2ldghtnn /1, D[ Gt

. B.13
(W) mlmax=I N, |Ly — Ly|! F[1+J—|2L1—L2|] ( )

strong

This result coincides with the direct perturbative string theory analysis performed in section
5.2.1.

C Non-planar correction to the three-point functions

Here we show the result for the non-planar correction to the three-point functions on the
Wilson loop (6.6). By extending the argument in section 6.1, one can straightforwardly
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compute the corrections as

(801, 8 80y,);,8)(80,;, 8801, 8801,8)

G s == 3 >, (=2
Ly,Lo,L3 first — < OZ g gOZ g)
S S

{s;tiu} Ls+js<Ls
={1,2,3} 0<4s,1<5s

o o
Crgatalscns =, D >, D (=
1,L2,L3|second °O ° °O ° O °O o
{s,t,u} 1<j €s+j<Ls le+j<Li & o° £S°>< b €t°>
={1,2,3} 0<ts 0<t; (
C.1)

x (80y, 880y, 830, >

GL Lo,L —
1,L2,L3 third — o o o N )
{Z&t’u} ZZKLS . +ZJG<L§ (804, 880,,8)(80;, 880; 8)
={1,2,3}

x (80; 880, 880L,3).

S

Here the first sum {s,t,u} = {1,2,3} denotes the sum over cyclic permutations; namely
{s,t,u} ={1,2,3},{2,3,1},{3,1,2}. Thus, in total we obtain the following expression for

the correlator:

(C.2)

GL1,L2,L3 =
<°OL1 o OOLQ o OOLg >|1/N2 + GL1,L2,L3|f1rSt + GLl,Lg,Lg‘second + GL1,L2,L3|th1rd

Using (C.2), one can also compute the normalized three-point function at O(1/N?)

(P ple @l >>E—GL<11;\L;>’L3. (C.3)

Here we display some of the explicit results for the first two leading orders at weak coupling

31The results are correct up to the order O(1/N?2).
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it (10 )+ 5 (o )
(88707 == (147 ) + B
bt ()25 ).
(:@°:: 9% 9% gs< ;22 +:anggm

(C.4)

)
o (10 8) 4 2g)
)5 ()
<<;<i>5;;<i>3;;<i>2;>>=—glo( ]?\’%)ﬂ”?)g <1+z1v02>

135\  74r2gl
N2) N2

1

::<I)3::<i>1: =g8 <1—|—

The leading weak coupling terms are in precise agreement with the direct (planar and non-
planar) Wick contractions.

It would be interesting to perform more systematic analysis and also to compute the
correlators at strong coupling.

D Non-planar two-point functions at subleading order

Here we test our results for the non-planar two-point functions (6.5) at the next leading

order at weak coupling.

Using the expression (6.5), one can in principle compute the correlators at weak coupling
straightforwardly. However, at the next leading order, deriving a formula for general lengths
L becomes quite complicated in practice. Instead, here we display some explicit results for
small-length operators at first two leading orders®?:

32As in (C.4), the results are truncated at O(1/N2).
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Figure 10: The diagrams that show up at one loop; the self-energy of a propagator (denoted
by a black line), the gluon exchange (denoted by a red dashed line) between two propagators,
the scalar quartic interaction and the gluon exchange between a propagator and the Wilson
loop (denoted by a thick black curve).

by = -+ 2L (1o ). D.1)
(8% =o' (14 35) - 7 ( =) (D.2)
(828 ) = - ( §Q+%; (1+52) (D.3)

More generally, we find the following pattern for the first two orders at weak coupling:

(BE: B ) = (—g?)E 1+(LI2> 2y 1+<L12>_L . (D.7)

N? 3 N?

C

As shown in the previous paper [18] and in section 6.2 of this paper, both the planar results
and the tree-level non-planar correction can be derived analytically and they reproduce the
results from the perturbation theory. The goal of this appendix is to show that the non-

L+2>—L, is also

planar correction at one loop, in particular the combinatorial number ( 4

consistent with the perturbation theory.

To see this, let us first give a brief summary of the planar results at one loop computed
n [12]. At one loop, there are basically four different diagrams (see figure 10) that can
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Figure 11: The gluon exchange diagrams for the planar two-point functions. Here the
propagators of the scalar fields are denoted in the double-line notation. The thick black circle
denotes the Wilson loop and the red dashed lines are the gluon propagators. Regardless of
the lengths of the operators, there are always two such diagrams for the planar two-point
functions.

Figure 12: The non-planar correction to the two-point function of length 1 operators at one
loop. As compared to the planar correlator, the gluon is attached to the propagator from
the opposite side and this results in an extra minus sign.

contribute to the final answer; the self-energy of a propagator, the gluon exchange between
two propagators, the scalar quartic vertex, and the gluon exchange between the Wilson loop
and a propagator. Although all the four diagrams are separately divergent, the divergence
cancel out when we sum up these diagrams. After the summation, one finds that the finite
piece comes solely from the gluon exchanges between the Wilson loop and a propagator. For
the two-point functions, there are always two such diagrams (see figure 11) regardless of the
lengths of the operators, and the sum of the two gives

27.‘_292

(planar) = — 3 (D.8)

Multiplying this number to the planar tree-level answer, we reproduce the one-loop planar
answer in (D.7).

We now turn to the non-planar correction. Also at the non-planar level, the same four
diagrams show up at one loop and we expect®® that the finite piece comes purely from the

33We checked this for a few cases. Showing this in general requires more careful analysis which we leave
for furture investigation. Instead here we proceed assuming that it is true.
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Figure 13: The non-planar correction to the planar Wick contractions for the length-2 op-
erators. The diagrams depicted in the shaded blue regions come with extra minus signs (as
compared to the planar contribution). The result sums up to —(planar)

gluon exchanges between the Wilson loop and a propagator. The main difference from the
planar case is that at the non-planar level the number of such diagrams depends on the
length of the operator.

Let us now examine a few cases explicitly. For the length 1 operator, there are two such
diagrams as shown in figure 12. As compared to the planar diagrams, the gluon is attached
to the propagator from the opposite side and this produces an extra minus sign owing to
the anti-symmetry of the structure constant of the gauge group, fu.. We therefore conclude
that the leading non-planar correction at one loop for the length 1 operator is given by

27.[.292

(nonplanar)|;,—; = —(planar) = + 5 (D.9)

Multiplying this number to the planar tree-level answer, we reproduce the result in (D.1).

For the length 2 operators, there are two tree-level Wick contractions: The one is planar
and the other is non-planar. For the planar Wick contraction, there are six different ways to
attach a gluon propagator which makes the full diagram non-planar (see figure 13). Taking
into account the minus signs coming from the anti-symmetry of f.;., we conclude that they
sum up to —(planar). On the other hand, for the non-planar Wick contractions, one can
attach a gluon propagator from either side of a scalar propagator and they completely cancel
each other (see figure 14). Therefore the final result is given by

27T292
3 Y

(D.10)

(nonplanar)|;,—; = —(planar) = +

which matches with (D.2).

Let us also analyze the length 3 case. At length 3, there are one planar Wick contraction
and five non-planar Wick contractions. For the planar Wick contraction, there are ten
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Figure 14: The gluon exchange diagrams for the non-planar Wick contractions of the length-2
operators. For each propagator, one can attach a gluon from either side and the contributions
cancel out with each other.

different ways to attach a gluon which makes the diagram non-planar. However, most of
them cancel each other due to the minus signs coming from fu. leaving the two diagrams
drawn in figure 15, and we again obtain —(planar) in the end. Now, among the non-planar
Wick contractions, two of them have the same topology (“X-shape”) as the non-planar
contraction for the length 2 operator and therefore their contributions add up to zero. For
the remaining three diagrams, the cancellation is not complete and we are left with the gluon
exchanges drawn in figure 15. As a result, each of these three diagrams produces the same
contribution as the planar diagram, namely +(planar). Summing up all, we finally obtain

472 g?
3 )

(nonplanar)|;,—s = (3 — 1)(planar) = +2(planar) = — (D.11)

which is again consistent with what we got in (D.2).

By inspecting a few more cases, one can conclude that the planar Wick contraction
always produces —(planar) at the non-planar level while the non-planar contraction gives
+(planar) unless the diagram is of the “X-shape” (in which case the contribution is zero).
This leads to the following formula for the non-planar correction at one loop:

(nonplanar)|;, = [(# of non-planar contractions) ( )
D.12
—(# of X-shaped non-planar contractions) — 1] x (planar).

L+2
As computed in section 6.2, the number of non-planar Wick contractions is ( + )

4
On the other hand, the number of X-shaped non-planar contractions is L — 1 since such
contractions are specified by a point inside the operator at which we break the operator into
two and reconnect. Therefore, we obtain

(nonplanar)|;, — K e ) _ L] (planar) — —2”7292 K e ) —L} . (D3

This matches with the result we computed from localization (D.7).
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DD

Figure 15: Non-planar corrections to the two-point function of the length-3 operators. For
each diagram, we showed the gluon exchange diagrams that are not cancelled. (We drew
several gluon exchanges in one diagram but they should be understood as separate diagrams.)
The first diagram comes from the planar Wick contraction and comes with a minus sign.
The last two diagrams are X-shaped diagrams whose contributions add up to zero.
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