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ABSTRACT: We study particular integrated correlation functions of two superconformal
primary operators of the stress tensor multiplet in the presence of a half-BPS line defect
labelled by electromagnetic charges (p, q) in N = 4 supersymmetric Yang-Mills theory (SYM)
with gauge group SU(N). An important consequence of SL(2,Z) electromagnetic duality in
N = 4 SYM is that correlators of line defect operators with different charges (p,¢) must
be related in a non-trivial manner when the complex coupling 7 = 0/(27) + 4wi/g2  is
transformed appropriately. In this work we introduce a novel class of real-analytic functions
whose automorphic properties with respect to SL(2,7Z) match the expected transformations
of line defect operators in N'=4 SYM under electromagnetic duality. At large N and fixed
7, the correlation functions we consider are related to scattering amplitudes of two gravitons
from extended (p, ¢)-strings in the holographic dual type IIB superstring theory. We show that
the large- N expansion coefficients of the integrated two-point line defect correlators are given
by finite linear combinations with rational coefficients of elements belonging to this class of
automorphic functions. On the other hand, for any fixed value of N we conjecture that the line
defect integrated correlators can be expressed as formal infinite series over such automorphic
functions. The resummation of this series produces a simple lattice sum representation for
the integrated line defect correlator that manifests its automorphic properties. We explicitly
demonstrate this construction for the cases with gauge group SU(2) and SU(3). Our results
give direct access to non-perturbative integrated correlators in the presence of an 't Hooft-line
defect, observables otherwise very difficult to compute by other means.
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1 Introduction

Four-dimensional N = 4 supersymmetric Yang-Mills theory (SYM) [1] is famously conjectured
to display a generalisation of electromagnetic duality usually called S-duality [2-5]. S-duality
is non-perturbative in nature, connecting in a non-trivial way the theory at weak coupling
with the strong coupling regime. As a consequence of this non-perturbative aspect, it is
challenging to investigate directly the implications of S-duality on the non-trivial physical
observables of the theory, such as correlation functions of local operators as well as of extended
defect operators. Observables in N’ = 4 SYM are in general, functions of the space-time
coordinates as well as functions of the complexified Yang-Mills coupling,
T:7'1+i7'2::2£+?, (1.1)
T ’gYI\/I
with 6 the topological theta angle and g,,, the Yang-Mills coupling constant. A striking
consequence of S-duality is that different correlators might be related to one another upon



transforming the coupling 7 via the usual SL(2,Z) action

at +b
cr+d’

ToT =57 = with v = <Z Z) € SL(2,Z) . (1.2)
It appears manifest that to explicitly verify or exploit the predictions coming from S-duality,
it is necessary to compute non-trivial correlation functions at finite 7, which is of course an
extremely difficult task to achieve even for a highly symmetric theory like N' =4 SYM.

In recent years it has been shown that with the aid of S-duality predictions, it is possible
to provide exact expressions as functions of the coupling constant 7 for a class of observables
closely related to correlation functions. These observables, often referred to as integrated
correlators, are correlation functions of certain half-BPS local operators whose spacetime
dependence is integrated out over some specific integration measures [6, 7]. Remarkably,
such integrated correlators can be computed using supersymmetric localisation [8] and are
expressible [6, 7] as (N — 1)-dimensional matrix model integrals, where (N — 1) is the rank of
the gauge group, which for the rest of this paper we will take to be SU(NV). For a large class of
cases, the matrix model integral can be evaluated explicitly and the corresponding integrated
correlators are expressed in terms of modular forms with a non-holomorphic dependence
from the coupling constant 7, thus providing manifest realisations of S-duality on physical
observables in N’ =4 SYM [9-21], see also [22] for a review and further references therein.
Similar analysis have then been carried out for four-point functions in 4-dimensional theories
with fewer supersymmetries [23-27], as well as for 3-dimensional theories such as the ABJM
model [28-31]. While integrated correlators provide crucial exact results which bring us
one step closer to understanding the non-integrated correlators, we stress that they are also
extremely important from a practical perspective since they furnish additional constraints
which can be effectively included in the numerical bootstrap programme, aimed for example
at obtaining coupling-dependent bounds on the anomalous dimensions and OPE coefficients
of unprotected operators [23, 32-34].

While so far most of these successful studies have focused on the analysis of integrated
correlation functions for local operators, the implications of S-duality extend in a very
non-trivial way to the case of extended objects such as defect operators. A key example
of an extended operator is the Wilson-line defect, which can be thought of as a measure
of the coupling between a heavy electric particle probe and the gauge field of the theory.
Under N' =4 SYM electromagnetic duality we have that upon the inversion 7 — —1/7, a
Wilson-line defect must be related to an 't Hooft-line defect [35], which instead describes the
insertion in the path-integral of a magnetic monopole. A natural question then arises: what
is the class of SL(2,Z) automorphic forms relevant for discussing correlation functions of local
operators in the presence of line operators such as Wilson and 't Hooft defects? The aim of
this work is precisely to address this question for a family of integrated correlation functions
of local operators in the presence of particular line defect operators which we now introduce.

While Wilson-line defect operators can be described in the path-integral via a path-
ordered exponential of local fields along the line supporting the defect, an 't Hooft operator
is an example of a disorder operator and its path-integral definition [36] involves specifying a
certain singular gauge transformation around a path that links non-trivially the line supporting



the 't Hooft defect, thus creating a magnetic flux tube along the loop effectively measured by
71(G). As a consequence of electromagnetic duality in /' =4 SYM, Kapustin [35] has shown
that while Wilson-line defects are labelled by a representation R of the gauge group G, 't
Hooft defects must be labelled by a representation “R of the Langlands (or GNO [5]) dual
magnetic group “G. A Wilson-line defect can then be thought of as having inserted in the
path-integral the world-line of a point-like electric particle transforming in the representation
R of the group G, and analogously an 't Hooft-line defect inserts a magnetic monopole
transforming in the representation R of the dual group “G. Furthermore, given that 7 (G)
is isomorphic to the centre Z(*G) of the dual group “G, we have that the magnetic flux
created by an 't Hooft-line defect operator in the representation “R is given by the charge
q € Z(*G) c LG of the representation “R of the magnetic group *G.

In this paper we consider half-BPS Wilson-line defect operators in the fundamental
representation of the gauge group which we will take to be SU(/V). Thanks to the holographic
principle, N' = 4 SYM has a dual description in terms of type IIB superstring theory
on AdSs x S° where the Wilson-line defect operators is identified with a fundamental
string [37, 38]. More in general we consider a dyonic half-BPS line defect operator [35]
labelled by electromagnetic charges (p, q), with (p, q) two co-prime integers. The half-BPS
't Hooft-line defect operator correspond to the case (p,q) = (0, 1), which is holographically
dual to a D1-brane, while generic (p, q¢) Wilson-'t Hooft-line defects are dual to (p, ¢)-strings
in the bulk [39].

It is important to emphasise that the fundamental 't Hooft-line defect should really be
labelled by a weight vector corresponding to the fundamental representation of the Langland
magnetic dual group. To properly understand defect operators in N' =4 SYM, one must keep
track of how the global form of the gauge group as well as the associated discrete theta angles
transform under the electromagnetic SL(2,Z) action [40]. In particular, under S-duality
the SU(NN) Wilson loop is mapped to the 't Hooft loop of the Langland dual gauge group
(PSU(N))o, where the subscript denotes the value of the discrete Zy theta angle for the
PSU(N) gauge theory. In the present work we consider only the case where the 4-dimensional
space-time is either R or S§* for which these subtleties are not important. We will then
study the relations imposed by electromagnetic duality on correlation functions of line defects
operators defined in the same SU(N) gauge theory.

The physical observables we here consider are correlation functions of local operators
in the presence of a half-BPS line defect in the fundamental representation of SU(N) with
electromagnetic charges (p,q) with p and ¢ coprime, schematically denoted by Lpg- To
be precise, the main character of our story is the integrated line defect correlator in NV = 4
SYM with SU(N) gauge group first introduced in [41],

Ly (pai7) = [(Oa00)Ou(a2) L) dp(). (13)

"We also consider simpler observables such as (L, ) ), i.e. the expectation value of the line defect
without any insertions of local operators, as well as the one and two-point functions (Oz(x1) L, q)) and
(O2(x1)O2(x2) L(p,q)) with special choices for the space-time insertion points and for the R-charge polarisation
vectors of the local operators and the line defect. These simpler line defect correlation functions can all be
computed from (L, q) ) by acting with certain covariant derivatives with respect to 7. These observables can
all be expressed in terms of a special simpler subclass of the more general automorphic forms we introduce in
this work.



where Os is the dimension-two half-BPS superconformal primary operator in the stress tensor
multiplet. The Wilson-line defect, with charges (1,0), will be denoted as W = IL(; oy while
T = Lg,1) refers to the 't Hooft-line defect, with charges (0, 1).

Similar to the integrated correlators of four local operators Oy introduced in [6, 7], here
as well in (1.3) we integrate out the non-trivial spacetime dependence of the insertion points
of the two local half-BPS operators Os. The explicit form of the integration measure du(x;)
in (1.3) as well as the precise form for the correlator can be found in [42, 43|, importantly
we stress that this measure is dictated entirely by supersymmetry. More precisely, the
half-BPS Wilson-line defect integrated correlator is derived from the well-known matrix
model formulation for the partition function of A" = 2* SYM, which is a mass deformation of
the superconformal A" = 4 SYM theory with mass parameter m. The expectation value of the
half-BPS fundamental Wilson loop in SU(N) A = 2* SYM on S, denoted by (W) ar—o+, was
determined by Pestun using supersymmetric localisation [8]. As shown in [41], the Wilson-line
defect integrated correlator Zyy n(7) introduced in (1.3) is then related to the expectation
value of the Wilson-line defect in AN/ = 2* SYM as follows,

Ty n(7) = |03, log(W) NZQ*(m,T)}miO. (1.4)
It is important to stress that even though we have not made it manifest, the quantity Zy n(7)
is a non-holomorphic function of the coupling constant 7. The main goal of this paper is
exploiting supersymmetric localisation combined with the electromagnetic duality properties
of N'=4 SYM to understand which class of SL(2,7Z) automorphic forms can possibly describe
the line-defect integrated correlators Zp, n(p, ¢; 7).

The transformation properties of Zr, x(p, ¢; 7) under N = 4 SYM S-duality are determined
by the modular properties of the corresponding line defect L, ;) and of the local operator
Oz. While the local operator Oy is invariant under SL(2,Z), the line defect L, ;) transforms
non-trivially. In particular the integers (p, q), which denote the electromagnetic charges of
the defect, do transform under the action of the SL(2,Z) electromagnetic duality group, as
we have commented. For the theory with coupling constant 7/ =~ - 7 given in (1.2), the line
defect L, 4) is mapped into a defect with charges (p',q') given by

. a —cC
Lpg = Loy, with (0,¢) = (p.q) <_b d>. (1.5)

This implies that correlation functions in the presence of a line defect operator must obey
the following transformation properties,

Tinp.¢T)=Tun®,d;7), (1.6)

valid for all v € SL(2,Z) where the coupling constant 7/ = 7 - 7 and the charges (p/, ¢') have
been transformed accordingly to (1.2) and (1.5).

The key result of our analysis is that by exploiting the above relation (1.6) and the
explicit matrix model computation from supersymmetric localisation, we conjecture the lattice



sum integral representation of 7y, n(p, ¢; 7) valid for any N and any defect-charges (p, q),

Tun(p, ¢ T) = (1.7)
2 _ Int4+m|?  _ 2 _ 2
- W|q7+p‘2) Z / R tam {2 (P —ma) By (t1,ta,t3) d3t,

(n,m)€Z?

1
LN—l

where By (t1,to,t3) is a function of the three real variables t1,t2,t3 and of the number of
colours N. The overall factor in (1.7) given in terms of a Laguerre polynomial, LY _,(z),
arises from the normalisation for the integrated correlator (1.3) where we divide by the
vacuum expectation value of the line defect operator.

We will show that the lattice sum integral representation (1.7) for 7y, y(p, ¢; T) satisfies
precisely the correct automorphic property (1.6) under SL(2,Z) electromagnetic duality. The
function By (t1,te,t3), whose general properties will be discussed in section 4, holds all the
dynamic information of the integrated correlators in the presence of the line defect. In support
of the conjectural expression (1.7), we first outline the general construction for By (t1,t2,t3)
with generic N, and then present a complete analysis for the cases of SU(2) and SU(3) gauge
groups, for which we derive the corresponding functions By (t1,t2,t3) in (4.32) and (4.37).
Furthermore, we verify the consistency of our proposal with the large- N fixed-7 expansion of
the line defect integrated correlator which was the subject of [41].

Outline.

The rest of the paper is organised as follows. In section 2, we introduce various integrated
and non-integrated correlation functions of local operators in the presence of a line defect and
discuss how these physical quantities can be computed from a matrix model derived from
supersymmetric localisation and their modularity properties under electromagnetic duality.

Section 3 is devoted to the analysis of the large-N fixed-7 expansion of the integrated
Wilson-line defect correlator (1.4). We show that each order in the 1/N expansion receives
contributions from an infinite number of instantons. Combining these non-perturbative
results with the expected transformation properties of line defect correlators under SL(2,7Z),
we introduce a novel class of real-analytic automorphic forms and show that the expansion
coefficients of the large-N expansion at fixed 7 can be expressed as finite rational linear
combinations of such automorphic functions.

In section 4, we propose an extremely simple lattice sum integral representation for the
integrated line defect correlators (1.3) for generic values of N and arbitrary 7. Interestingly,
we can rewrite this lattice sum integral representation as a formal series over the same class
of automorphic functions appearing in the large- N fixed-7 expansion. We show the validity
of our conjecture by explicitly determining the lattice sum integral representation for the
integrated line defect correlators (1.3) with gauge group SU(2) and SU(3) starting from their
corresponding matrix model formulations.

We conclude in section 5 where we also comment on future research directions. The
paper also includes three appendices. In appendix A we provide details on the perturbative
and non-perturbative contributions to correlators involving a Wilson-line defect from their
matrix model formulations. The novel class of automorphic functions relevant for describing
integrated line defect correlators is introduced in appendix B, where we also discuss their key



properties such as modular transformations, Fourier modes decomposition and asymptotic
expansions. In appendix C, we provide more technical details for the cases of the integrated
line defect correlators with gauge group SU(2) and SU(3) expressed as formal infinite series
over the new class of automorphic functions.

2 Line defect correlators from matrix model integrals

In this section we briefly review how certain correlation functions of half-BPS local operators
in the presence of line defects can be computed in N'= 4 SYM with gauge group SU(N)
starting from an (N — 1)-dimensional matrix model. We will furthermore highlight how such
correlation functions transform under electromagnetic duality.

2.1 Matrix model setup

Our analysis of N' =4 SYM line defect correlators, in particular half-BPS Wilson-line defect
correlators, is based on the well-known matrix model formulation for the partition function of
a different supersymmetric theory known as A = 2* SYM, which is a mass deformation of the
superconformal N' = 4 SYM theory with mass parameter m. The partition function of SU(N)
N =2* SYM on S*, denoted by Zy(m,7), was determined by Pestun using supersymmetric
localisation [8], where it was shown to have the form

Zn(m, 1) = /6727”-2 29 Ala;) Z%"(m, ai;) | 238 (m, 7, i) > AV " a. (2.1)
The integration is over N real variables a;, with ¢ = 1,..., N parametrising the Cartan

subalgebra of the gauge group. For SU(N) the a; are subject to the constraint ), a; = 0,
whereas in the case of U(V) the a; are free variables without this constraint, furthermore
we define a;; = a; — aj;.

We denote the square of the Vandermonde determinant as
A(a;) = H |a; — a;|*, (2.2)
i<j
while the perturbative factor in (2.1) is given by

R H(as;)
25" (m; aig) = H(m) H H{(a;; im) ’
Z7j

(2.3)
where the function H(z) is given by H(z) := e~ (117 G(1+iz) G(1—iz) with G(z) is a Barnes
G-function, and ~ is the Euler-Mascheroni constant. The factors of |ZA}{}5t|2 = 2}\‘}“ Z}{;St

are the Nekrasov partition function [44] describing the contributions from instantons and

anti-instantons localised at the poles of S*; we will discuss the explicit form of Nekrasov
partition function later, especially in the small-m expansion which is relevant for the integrated
correlators. We notice for future reference that when m = 0 which is exactly the case in
which the deformed N = 2* theory reduces back to N' =4 SYM, we have:

Zy" (m=0, aij) = Z¥*(m=0,7, ai;) = 1. (24)



In what follows, we will denote expectation values in the hermitian matrix model using
the double parenthesis notation {O(ay))) defined as

B 1
- Zn(m)

The normalisation factor Zy(72) is simply given by

(O(ar)) :

/672#72 24 A(a;) O(ay)d¥a. (2.5)

Zn(r2) = Zn(m=0,7) = / =22 30,0 A(a;) AV a, (2.6)

and it is chosen so that (1) = 1. The N' = 2* SYM partition function on S* presented
in (2.1) can then be written as

Zn(m, 1) = Zn(12) (ZR7 (m, aig) | 2R (m, 7, aij) 7)) - (2.7)

More details on the one-loop determinant factor Z5™*, the instanton partition function
Z}{}St and computations of such matrix model integrals are presented in appendix A, while
in the next section we focus on what type of defect correlators can be computed starting
from this matrix model formulation.

2.2 Expectation value of line defect operators

In [8] it was shown that it is possible to compute the expectation value of a half-BPS
supersymmetric Wilson-line defect wrapping the equator of the space-time S* directly from
the hermitian matrix model (2.1). In particular, the expectation value of a fundamental
half-BPS Wilson-line defect in /' = 2* SYM can be computed via the matrix model (2.5)
and it is given by

(28 (m, aig) |23 (m, 7, 0) [P (5 0 €27))
<W>N:2* (m’ T) = ’\pert Ain t 2
(2N (m aiy) |25 (m, 7, a45)2)
Setting m = 0 and using (2.4) we derive the expectation value of a fundamental half-BPS
Wilson-line defect in NV = 4 SYM,

(2.8)

1

N
N(Zemi)». (2.9)

From now on we focus our attention solely to the case where the gauge group is SU(N),

(W) (1) = (W)r=2-(m=0,7) =

although a similar analysis can be carried out for U(V), furthermore since we are setting the
deformation mass parameter m — 0, the matrix model simplifies dramatically due to (2.4).
More concretely, using (2.5), the fundamental Wilson-line defect expectation value can be
written in the following form

1
(WY(r) = —— / A(a)exp [ — 277 Tr(a?) — 27 Tr(B a)] §(Tra) dVa, (2.10)
ZN(72)
where we use the matrix notation a := diag(ai,...,ay) and introduce the matrix B
B = Ldiag(1,..., 1,1~ N) = —1 — diag(0,...,0, 1) (2.11)
= qdiag(l,... 1 =N iag(0,...,0, . )



Shortly the matrix B will play the role of magnetic field in the case of the fundamental
't Hooft-line defect. We complete the square at exponent in (2.10) and eventually arrive
at the well-known result [45],

(W)(1) = exp [27:_2]\]]\71} ZNl(TQ)/A(a — 22) exp [ — 277 Tra?] §(Tra) dVa, (2.12)
e fa i (2)

with L}V(:E) denoting the generalised Laguerre polynomials. We note that given the form (2.11)
of the matrix B, the shifted Vandermonde determinant appearing in (2.12) simply amounts to

2 N-1 2
A(a—B) :H<ai—aj—B227_zB]> = - H (ai—aj)Q 1:[ (ai—aN—;Tz) . (2.14)
1<j<N =1

We now turn our attention to the expectation value of a half-BPS fundamental 't Hooft-
line defect in /' =4 SYM. As a consequence of modularity [35], we know that under the S
duality transformation 7 — —1/7, a half-BPS "t Hooft-line defect in the representation R of
LG is mapped into a half-BPS Wilson-line defect in the representation “R of G. Starting
from a path integral definition of an 't Hooft-line defect operator, [46] computed to leading
order in perturbation theory the expectation value of a circular half-BPS 't Hooft defect
in V=4 SYM with arbitrary gauge group G and showed that it agrees with the leading
order of the S-dual Wilson-line defect.

Furthermore using supersymmetric localisation arguments, [47] proposed a matrix model
formulation for computing the expectation value of a half-BPS ’t Hooft-line defect in a general
N =2 SYM theory. For the particular case of N' = 2* SYM with gauge group SU(2), [47]
checked numerically that this matrix model agrees for different values of coupling 7, mass
deformation parameter m, and 't Hooft-line defect charge p, with the respective expectation
value of the S-dual Wilson-line defects.

We now show that using the results of [47] it is possible to prove that the expectation
value of the fundamental 't Hooft-line defect in A/ = 4 SYM is indeed equal to the S-dual
of the fundamental Wilson-line defect (2.13). If we consider a half-BPS ’t Hooft-line defect
in A/ = 2* SYM positioned on the equator of S* carrying a magnetic charge labeled by a
coweight? B of the gauge group G, then its expectation value is given by the matrix model [47],

(T (m7) = 3 12770 (7., = o) 229, 0,0, B)d'a, - (215)
v

where as in (2.1) the integral runs over the Cartan subalgebra a € b of G. Since the magnetic
charge B is a coweight it can be thought of as the highest weight for a representation “R of
the GNO magnetic dual group “G, hence the sum appearing in (2.15) is over coweights v of
G such that their corresponding weights of G appear in the representation defined by B.

The analysis of [47] showed that the localised path integral receives two types of contribu-
tions. The first is schematically denoted as Z""™(r,m,a — Lv) in (2.15), and captures field

2Coweights are elements of the Cartan subalgebra h of the gauge group G such that « - B is an integer for
all roots a € h*.



configurations localised only at the north and south pole (from the complex conjugate term)
of 8. These contributions are directly related to the perturbative one-loop determinant and
instanton partition function previously presented in (2.1). In particular we note that when
m = 0 the N = 2* SYM theory reduces back to N' = 4 for which we have

‘Znorth (T,m =0,a— ;’U) |2 =A <a — ;’U) |ZCI (T,Cl — ;’U) |27 (216)

where the Vandermonde determinant is given in (2.2) and the classical action Z¢ is defined as
Z%7,a) = exp [’iﬂ'T Tr(a2)} . (2.17)

The second term appearing in (2.15), denoted with Z®Ut°r contains all contributions
to the path-integral which have support precisely on the equator of the S* where the 't
Hooft-line defect has been inserted. This equatorial factor can be furthermore split into two
different sources. Firstly, in defining the path-integral with an 't Hooft-line defect insertion
one must impose particular boundary conditions along the defect which produce further
contributions to the one-loop determinant factor (2.3). Secondly, by inserting along the
equator an 't Hooft-line defect we source a singular magnetic monopole with charge B. The
sum over “smaller” coweights v in (2.15) is due to monopole bubbling effects where we need
to include in the path-integral contributions arising from smooth monopoles which screen
the magnetic charge B down to v. While [47] computed exactly the equatorial perturbative
contribution to Z¢aUar for a general N' = 2 theory with arbitrary gauge group, the monopole
bubbling effects are more difficult to compute (and beyond the scope of this paper) and
in [47] an exact expression for the complete Z°1"#°" is provided only in the case of N' = 2*
SYM with gauge group G = SU(2).

Importantly, in this case we find that the equatorial contribution reduces to 1 when
m = 0 and the theory becomes N' = 4 SYM, i.e.

250y (m = 0,a,9,p) = 1, (2.18)
where in SU(2) the integers p, g denote the coweights B and v respectively, with p — ¢ an
even integer. We claim that this result is enough to show that an S-duality transformation
of the N/ = 4 SYM fundamental Wilson-line defect given in equation (2.10) reproduces
identically the 't Hooft-line defect expectation value for general gauge group G = SU(N)
which can be computed from (2.15).

Since we have considered a Wilson-line defect in the fundamental representation, its
S-dual 't Hooft-line defect must have minimal magnetic field (modulo Weyl reflections)

1 1
B = Nﬂ — diag(0,0,...,0,1) = Ndiag(l,...,l,l —N). (2.19)

Given that this magnetic field is effectively selecting an SU(2) sector within the full gauge
group G = SU(NV), similar to (2.18) it is therefore natural to argue that in SU(N) as well
the equatorial contribution for a minimal magnetic field trivialises in N' = 4 SYM, i.e.
we conjecture

Zginy (m=0,a,B,B) = 1. (2.20)



Under this assumption, the expectation value for the minimal fundamental half-BPS ’t
Hooft-line defect in N/ =4 SYM is obtained from (2.15) by setting the mass deformation
parameter m to zero and making use of (2.16)—(2.20), thus taking the simpler form

(TY(r) = (T prge (=0, 7) = 172) /A (a - ;B) 17¢! (T, o ;B> 26(Tra)d¥a,

= Ini
(2.21)
where we introduced back the matrix model normalisation factor Zx (0, 2) given in (2.6).
To show that (2.21) is the S-dual of (2.13) we start by rewriting the classical action

as a quadratic form

. _ - B2
|ZC1 (7‘7 a — ;B) ‘2 = eXp [47‘(’ (qu—%) TI(B/2)2:| eXp |:7Ti(7' — %)TI'(Q + ’L(77-'—+;77—_')2) :|
(2.22)
We then use (2.11) to compute the overall a-independent term which is given by
TT ™ N-—-1
dr——Tr(B/2)? = —— ——— 2.23
T B/ = T (2:23)

where 7| = Im(S - 7) = n/|7]* with S = (? ') € SL(2,Z) is the S transformation of
7o = Im7. This factor is exactly the S transformation of the exponential factor present
in the Wilson-line defect (2.12).

With these observations we simplify (2.21) to

(T)(1) = exp (27;5 N]\_[ 1) ZN1(T2) /A (a - z§> exp {QTFTQTI“(CL - 27:23)2] §(Tra)dVa.
(2.24)

Since the overall exponential factor is already expressed as the S-dual of the corresponding

factor in the Wilson-line defect, we simply need to check that the remaining matrix model
integral produces the S-dual transformation of the Laguerre polynomial term (2.13). For
simplicity we perform an S-duality transformation to (2.24) and consider

()=o) gy /2 () e e+ )

|7[*

x §(Tra)dVa.
(2.25)

We then perform the change of variables a = a|7| — 277123 and notice that after the inversion
Ty — % the normalisation factor (2.6) becomes ZN(%) = |7|N*~1Zy () thus cancelling the
fr| V=1

overall scale coming from the change of variables at numerator (and the contribution

from the delta function), thus leaving us with

(T) (—j_) = exp (%J\T)Z;@/A (EL — 27_;T’B) exp [— 277y Trdz}é(Trd) dVa.

(2.26)
We now focus on rewriting the Vandermonde determinant appearing in (2.26):
T 9 Nt 1\?
Ala— B) = 5o a G 5o &
(a 27|7] > <H @ —ap* 11 Ka o 272) (@ aN)} !
J<N i=1
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where for convenience we introduced the combination

s

(2.27)

2| T|

We find that the right hand side of (2.26) is independent of 7 due to the following matrix
model identity,

N-1 k
/dNa e s, a? ( 11 afj) IT aix JJ aiv =0, (2.28)
i<j<N i=f j=1

valid for integers ¢ and k such that 1 < k < ¢. This identity is non-trivial only when k
is even and we have verified its validity for all values of £,k and N < 7, although we do
not have a proof for it.

With this observation we can then rewrite the S-dual 't Hooft-line defect (2.26) matrix
model integral exactly as the Wilson-line defect (2.12), i.e.

(T) <—7l_> = exp (2:2]\[]\_71)Z]\71(7_2)/A(& — 21_23) exp { — 27Ty Tr(zﬂ §(Tra)dVa
= (W)(1). (2:29)

We now consider correlation functions of local operators in the presence of line defects,
for which electromagnetic duality plays a more prominent role.

2.3 Non-integrated line defect correlators

An interesting class of correlation functions with a half-BPS Wilson-line defect insertion
can be constructed directly from the expectation value of the Wilson-line defect (2.9). We
define two such defect correlators as follows:

Cw(r) = 21'72887_ log(W)(7), (2.30)
Ew(T) = Arlog(W)(7), (2.31)

with A, = 4720,0; the SL(2,R)-invariant Laplacian. Note that we suppress the explicit
dependence of these correlation functions from the number of colours, N, since it can be
easily retrieved from (2.13) and it will not play any role for the following discussion. From a
path-integral perspective one would naively think that (2.30)—(2.31) naturally yield defect
correlation functions with the insertion of respectively one and two S* integrals over the
insertion points of some local operators. However, due to supersymmetry, these particular
combinations of derivatives of the N' = 4 half-BPS Wilson-line defect expectation value,
correspond to non-integrated one and two-point line defect correlators, with operators inserted
in a specific way, corresponding to certain well-known topological correlation functions of
twisted local operators and defects [48-52].

We begin with (2.30). It is know that the one-point function of a superconformal
primary operator in the presence of a half-BPS defect determines (modulo a proportionality
constant) all defect one-point functions for the conformal primaries in the same superconformal
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multiplet [53]. In particular, the line defect one-point function of every operator in the stress
tensor multiplet is determined by that of the dimension-two superconformal primary operator
Os(x,Y) which is constructed as a bilinear in the N' = 4 SYM scalar fields ®;, with
I =1,...,6, belonging to the adjoint representation of the gauge group,

Os(2,Y) = T‘r(@I(:J:)(I)J(:L'))YIYJ , (2.32)

with Y/ a null-polarisation vector for the SO(6)r R-symmetry indices.
If we canonically normalise the operator Oz(z,Y), it was shown in [41] that (2.30)

corresponds to the non-integrated one-point function:3
(O2(2, V1) W(Y2)) _ 2V2 Vi

W = CW(T)W ;

(2.33)

with ¢ = (N? — 1)/4 the central charge of the SU(N) theory, while Y; denotes the two
R-symmetry polarisation vectors and Yj; :=Y; - Y;. Furthermore, since a general half-BPS
superconformal defect breaks the SO(6)r R-symmetry down to an SO(5)r subgroup, it must
be labelled by an R-symmetry polarisation vector of unit norm and real entries, hence we
denote this particular defect by W(Y).

Note that while the Wilson-line defect expectation value (2.13) does not depend on the
particular R-symmetry polarisation, the one-point function (2.33) does. However, this depen-
dence is completely fixed by superconformal invariance. Furthermore, the four-dimensional
Euclidean coordinate = can be split as # = (2, z*). The half-BPS Wilson-line defect lies
along the direction x* while being localised at x; = 0, so that the distance |z, |? appearing
in (2.33) denotes the transverse distance of the operator Oz(z, Y1) from the Wilson-line defect.

The second quantity (2.31) yields a particular two-point defect correlator which lies in
a special two-dimensional topological sector of the full N'=4 SYM theory algebra of local
and extended operators [48-52]. As reviewed in great detail in [41], the quantity (2.31) can
be shown to reproduce a second topological and non-integrated two-point defect correlation
function, namely

— _ 8&w(T)

(02(21,Y)O02(22, V) W(Y3))e = — (2.34)

where the subscript ¢ indicates that this is the connected part of the correlator, and the
insertion points are fixed at ; = —Z2 = (1,0,0,0) with the Wilson-line defect being located
at z = 0 and stretching along the x4 direction. The R-symmetry polarisations are fixed to
be Y =(0,0,0,0,—4,1) and Y3 = (0,0,0,0,0,1). We refer to [41] for details on the derivation.

Thanks to electromagnetic duality, in N' = 4 SYM we can relate a defect correlator
with a Wilson-line defect insertion to that of a general defect L. with charges (p, q). Rather
than using the vector (p,q) of electromagnetic charges, we find it convenient to label the
defect in terms of an equivalence class

o] = <* *> € B(Z)\PSL(2,2), (2.35)
qp

3We note that line defect one-point functions similar to Cw(7) have also been studied in perturbation theory
for higher scaling-dimension local operators in N’ = 2 SYM theories [54].
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where PSL(2,7) := SL(2,Z) /{1, —1} while the Borel stabiliser of the cusp is denoted by B(Z)
and it is simply given by B(Z) := {£T" |n € Z} with T := (} 1). The coset B(Z)\PSL(2,Z)
results precisely isomorphic to?

B(Z)\PSL(2,Z) ~ {(p,q) € Z* | ged(p,q) = 1,9 > 0} . (2.36)

In the coset notation, a Wilson-line defect corresponds to the coset element [p] = [1], while
an 't Hooft-line defect correspond to [p] = [S] where S = (9 ').
Under an electromagnetic duality transformation v € SL(2,Z), the defect L, ;) is then

mapped into a different defect L,/ .y whose charges are given in (1.5) or in coset notation

o] = ( ) S =[] = < ) . (2.37)
qp q p

We then rewrite the transformation property (1.6) for an arbitrary correlation functions,
T1.([p]; T), of local modular invariant operators in the presence of a line-defect L with charges
parametrised by [p] as

Zu(plim) =Tullpy 'sv-m) & Zullphy - 7) =Tullpv):i7). (2.38)

In particular, if we start with a Wilson-line defect insertion and act on it with an SL(2,7Z)
transformation p € SL(2,Z) such that [p] = () € B(Z)\SL(2,Z), we transform the line
defect W to a different line defect L with charges (p, q), i.e. we derive from (2.38)

Iw(p 1) =ZL([L];p-7) = ZL([p]; T) - (2.39)

Note that this equation implies that any correlator of modular invariant local operators,
such as O, in the presence of a Wilson-line defect must be invariant under the action of
T =(}1) € SL(2,Z), i.e. for all n € Z we must have

To(r +n) = T T™ - 7) = ([T 7) = T (7). (2.40)

However, we need to be careful on how this SL(2,Z) action affects the other fields inserted
in the correlation function when these are not modular invariant. For the correlator (2.31)
the consequences of such an SL(2,7Z) action are immediate and we find:

EL(lpl; ) = Arlog(L) (1) = Ew(p - T), (2.41)

thanks to the fact that the Laplacian A, is invariant under the SL(2,7Z) action, hence exactly
of the form (2.39). In particular we must have the identity between defect correlators
- _8&.([p;7)

(O(@1,Y)Onl, V) L(¥a))e = —= P22 (2.42)

4Note that throughout this paper we will assume the magnetic charge of the defect to be positive, g > 0.
Defects with negative magnetic charges can be obtained by acting with charge conjugations. However, the
integrated correlators here considered are invariant under charge conjugation, i.e. they will be real analytic
functions of the coupling constant 7.

,13,



For the correlator (2.30) the story is a little bit subtler. If we choose p € SL(2,Z) and then
apply the corresponding electromagnetic duality transformation directly to (2.33) we deduce:

(Og(z, Y1) L(Y2)) _ (Oa(z, Y1) W(Y2))

{L) (W) ’pi c e

(2.43)

However, we will promptly argue that as a consequence of modularity for a general [p] # [1]
we have

Cw(p - T) # 2im20; log(LL)(7) .

To better clarify this point, we firstly note from the definition (2.30) that the action of 70,
on the vacuum expectation value of the half-BPS Wilson-line defect W should really yield
an insertion of the integrated chiral Lagrangian operator O, rather than Os.

The chiral and anti-chiral Lagrangian operators are super-descendent operators of Qs given
by O, = 60y and Oz = §*Oy [55], where & (respectively d) is a (anti-)chiral supersymmetry
transformation. Just like Oq, these operators belong to the stress tensor supermultiplet but
carry non-zero holomorphic/anti-holomorphic modular weights (1, —1) and (—1, 1) respectively,
so that under SL(2,Z) they transform via a U(1) rotation usually denoted by U(1)y. Here
U(1)y was termed as the ‘bonus U(1)y symmetry’ in [56], which is the holographic image of
the U(1) R-symmetry in type IIB supergravity and breaks to Z4 when stringy corrections
are turned on. The N' =4 SYM Lagrangian can be expressed as the sum of two complex
conjugate parts

7

L= (ro, - 705) , (2.44)

2’7’2

where the chiral and anti-chiral Lagrangians are defined by

To 1 _ 1- -

with Fg, Faﬁ' the self-dual and anti self-dual Yang-Mills field strengths and where “...”

indicates terms involving fermions and scalar fields in the Yang-Mills supermultiplet.
Hence, from a path-integral perspective we expect that (2.33) should be schematically

written as®

( Jps O-(2) da)W)
(W) |

Cw(r) = (2.46)
Note that naively such an integrated one-point point function would result in a divergent
quantity since the non-integrated one-point function must take the form

aop,

()W) = 2%,

(2.47)

®More precisely, given our definition (2.30) we have to consider f g4 OPere (1) where the dimension-4
operator O5Per® ig related to the flat-space operator given in (2.45) by OSPP™(z) = Qgphere(2)* Or (), with
the sphere conformal factor given by Qsphere(z) = (1 + 22)/2. However, thanks to conformal invariance we
have <( fs4 (’)iphere(x)) W)ge = <(fR4 O- (x)) W). For related discussions see [43].
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with ap, a coupling dependent space-time constant. However, supersymmetric localisation
provides for a natural regulator of the divergent right hand side of (2.46) since no divergences
arise by computing Cyw(7) starting from the matrix model result (2.13). We conclude that
besides (2.33) we must also have the defect one-point function relation

<OT<(WV?>W> = OzCW(T)L (2.48)

lwy |t

with @ € R a constant. This is not surprising since as mentioned above the defect one-
point (2.33) of the superconformal primary operator O fixes all defect one-point functions
for conformal primaries in the same multiplet, hence in particular of O,.

It is well-known [57] that while the stress tensor sits in the A/ = 2 supercurrent multiplet,
the operator O, sits in the A/ = 2 anomaly multiplet. Although it will not be discussed here,
using an argument based on superconformal Ward identities akin to that of [58—60] for the
defect one-point function of the stress tensor, it is possible to fix the proportionality constant
a in (2.48) for the chiral Lagrangian operator. Here we are more interested in the modularity
properties of the relation (2.48): while it is true that for the case of the Wilson-line defect the
insertion of the chiral Lagrangian in (2.46) can immediately be related to the insertion of Os
as in (2.33), the story is slightly more complicated in the case of a general line defect insertion.

Importantly, as stressed above the superconformal primary operator Oy is modular
invariant but the chiral Lagrangian operator O, does transform with a U(1) weight corre-
sponding to having holomorphic/anti-holomorphic modular weights (+1, —1).% Hence if we
act on (2.30)—(2.46) with the SL(2,Z) action given by p we find:

Cw(p-7) = Z:ii%([ﬂ]ﬂ') ; (2.49)
.0 O, (x)L 1
ol = 2img logLn) = OE —ac(dinn, @0

i.e. the p € SL(2,Z) action changes the charges of the defect, while simultaneously introducing
the (4+1, —1) automorphic factor (¢7 + p)/(¢7 + p) due to the O; insertion, which is of course
consistent with how the operator 70, transforms under the SL(2,7Z) action specified by p.
By combining (2.43) with (2.50) we then conclude that while for the Wilson-line defect
case the insertion of Oy and O, are actually identical, i.e. we can write either (2.33) or (2.46),
the same is not true for a generic line defect where instead we have
Vi
>

(O2(x, Y1) L(Y2)) (1) _ 22 (fﬁ +p (2.51)

(L) ¢ \gT+p

)euttahn) -
The phase factor (¢7 + p)/(q7 + p) reduces to 1 for the Wilson-line defect case (p,q) = (1,0),
and in general it compensates the non-trivial SL(2, Z) transformation of 720; in the definition
of C, as given in (2.50). The ’t Hooft-line defect one-point function has been analysed in
the large-N planar limit using integrability methods [62]. However, in this regime 7 is
effectively set to 0, hence the phase factor in equation (2.51) reduces to —1 and no difference

See [13, 61] for a detailed discussion of the modular properties of correlation functions involving the
operator O.
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is practically observed between an Oy and an O, one-point function in the presence of an
't Hooft-line defect.

We now move on to discuss a more interesting class of non-topological integrated
correlation functions of line defect operators.

2.4 Integrated line defect correlators

Lastly, we present the defect integrated correlator firstly introduced in [41] and defined
starting from the more general matrix model formulation (2.8) as

Ty (7) = [ 02, log(W) o (m, )] (2.52)

)
m=0

which is a much more interesting quantity when compared to (2.30)—(2.31) and it will be
the main character of the present work.

As argued in [41] and then further clarified in [42, 43, 63], the matrix model quantity
defined in (2.52) corresponds to the connected part of a particular integrated correlator of
two superconformal primary operators Oz (x,Y’) in the presence of a fundamental half-BPS
Wilson-line defect schematically of the form

IWJV(T) = /<(’)2(x1, }/1)02(1'2,}/2) W(Yg))c du(azz) . (253)

We refer to [42, 43] for the precise form of the integration measure du(xi,x2) over the two
insertion points, as well as for the precise dependence from the R-symmetry polarisations.
Our focus here is to understand the exact expression for Zy n(7), and the non-holomorphic
automorphic forms that describe this physical observable. As already argued for in the
previous section, thanks to the electromagnetic duality transformation (2.39) we expect that

Tun([pli7) = [0 log (L= (m,7)] _ =Tw(p-7), (2:54)

and consequently we must have

Tun(piT) = /(02(371,Yl)Oz(mYz)L(l%»c dp(i) - (2.55)
Since we know that the Wilson-line defect corresponds to the coset element [p] = [1], while the
't Hooft-line defect case corresponds to [p] = [S] where S = (9 '), we denote accordingly:
Iwn(T) =T n([1];7), Iy N(T) =T Nn([S]; 7). (2.56)

We stress again that as an immediate consequence of electromagnetic duality the Wilson-
line defect integrated correlator must be invariant under a T transformation, that is for
all n € Z we have

IWJV(T +n) :IL’N([]I];TH . 7') :ILN([T”];T) :IWJV(T) . (257)

However, under S-duality the Wilson-line defect is mapped into the 't Hooft-line defect,

IWN( - i) — o n([1:5 - 7) = Tn([S);7) = Ton (7). (2.58)
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Starting from the matrix model definition (2.52) for the Wilson-line defect integrated
correlator, we will derive general expressions for an arbitrary line defect integrated corre-
lator (2.54) for which no matrix model formulation is currently available. For the special
case of the 't Hooft-line defect with gauge group SU(2), in principle one may compute the
integrated correlator directly from (2.15).

The analysis we will carry out in the next sections will show that the Wilson-line defect
integrated correlator (2.52) has an exact expression in terms of the given novel automorphic
functions satisfying electromagnetic duality (2.38). Hence we expect that a direct matrix
model calculation for the ’t Hooft-line defect integrated correlator will reproduce our lattice
sum results (1.7) simply specialised to the case [p] = [S]. In the case of SU(2) gauge group
where the matrix model expression is available (see eq. (7.66) of [47]), this has indeed been
verified numerically.

In section 3 we show that the large-N expansion at fixed-7 of (2.52), already consid-
ered in [41], can be written order by order in 1/N as a finite rational linear combination
of a class of beautiful novel automorphic functions which satisfy the electromagnetic du-
ality condition (2.38). Then in section 4, we show that the same class of automorphic
objects is responsible for the lattice sum integral representation (1.7) of the defect integrated
correlator (2.52) at generic N.

3 An automorphic large-IN expansion

In this section we revisit the large-IV fixed-7 expansion for the Wilson-line defect integrated
correlator (2.52) first analysed in [41]. We show that order by order in 1/N the line defect
correlator can be written as a finite linear combination with rational coefficients of a novel
class of automorphic functions whose transformation under SL(2,Z) is precisely the one
dictated from N = 4 SYM electromagnetic duality presented in equation (2.38).

3.1 Defect integrated correlators at large IV

From the definition of the Wilson-line defect integrated correlator (2.52), it is clear that to
understand its modular properties in the large-N limit, we must consider the large- N fixed-7
expansion of the underlying hermitian matrix model discussed in section 2.1. This task
has been carried out in [41], where the authors expressed the perturbative and instantonic
sectors of the integrated correlator (2.52) in terms of matrix model n-body resolvents, whose
large-N expansion can be computed systematically using topological recursion [64]. We
will not discuss the details of this analysis here but refer to [41] for further clarifications.
However, in appendix A we present an alternative calculation of the instanton sectors for
the large- N expansion of the integrated correlator (2.52) which present some discrepancies
with the results of [41]. Although these differences do not alter the beautiful story presented
n [41], they will shortly be of importance for us in understanding the systematics of the
large-N fixed-7 expansion in terms of a family of novel automorphic functions.

From the analysis of [41], we know that the large-N expansion of the Wilson-line defect
integrated correlator (2.52) takes the form

Twn(r) = TN (1] 7) = i N2 (1), (3.1)
=—1
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The first three orders in 1/N are rather simple and are purely perturbative polynomials
in o = ImT,

m2 3

ZTQ 2 . (32)

—_

2 (1) 3
57 3> IW(T)_lﬁﬁ

) =2van I = s -
These purely perturbative terms which will keep on appearing at every order in the 1/N expan-
sion and are somewhat spurious remnants of the Wilson-line defect expectation value (2.13),
which appears as the normalisation factor for the integrated Wilson-line defect correlator,
thus effectively obfuscating the novel automorphic structures arising in the integrated correla-
tor (2.52). From an SL(2,Z) electromagnetic duality point of view, any isolated perturbative
term 75 in a Wilson-line defect correlator, being that the integrated two-point function (2.52)
or the previously discussed expectation value (2.9), one and two-point correlators (2.30)—
(2.31), corresponds to the simplest family of automorphic functions (B.3) relevant for line
defect correlators in N' = 4 SYM. We refer to appendix B for more details.

While the Wilson-line defect observables (2.9)—(2.30)—(2.31) are completely contained
in this easier family of automorphic functions (B.3), to fully describe the integrated correla-
tor (2.52) this class of functions is not enough. We will have to disentangle such perturbative
contributions from a genuinely new and different family of automorphic functions. The same
phenomenon will be even more manifest when discussing the finite- NV exact results for the line
defect integrated correlator in section 4. However, in that case we will be able to isolate such
polluting terms and neatly highlight the novel automorphic sectors contributing to (2.52).

Already starting with the next 1/N order it becomes obvious that the Wilson-line defect
integrated correlator (2.52) does contain something else besides the perturbative 75 terms.
In particular building on the results of [41] we find

I2(r) = W + 17;7;3 _ ]gcos(znkfl)%;ii@ffg(zkm) . (33)
I&;)(T) = Z}E;g)_i(r) —I—Z\(@)'ii(r) + 1055%3 ng + Eigi T;% , (3.4)

with
7Ori(7) = _3;3((3)723 _ ;50723 n Ig;) cos(zwkﬁ)gi:/?%f@(zkm) : (3.5)
T () = 321i§<(3)723 - 37;2 i : +I;)cos(27rkﬁ)MK3(2kwm), (3.6)

and K(y) is the modified Bessel function of the second kind and os(k) = 374, d° is the
divisor sigma function. From this order onward we have that instanton contributions are
present in the integrated correlator (2.52) and do in fact play a crucial role. In particular, we
notice the similarity between the Fourier series (3.3) with respect to the #-angle, 8 = 277y,
and that of the modular invariant non-holomorphic Eisenstein series E(s;7) conveniently
presented in (B.31). We have also computed the next coefficient I\(;ji) (1) at order N=2 as
given in (A.71), where a similar structure is found.
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As anticipated, we find some discrepancies between the large- N instanton sectors derived
in [41] and the results here presented in (3.5)—(3.6) (see also (A.71) for the next coefficient
Ié;;l) at order N~2), although we want to stress that despite this disagreement the main

3/2

results of [41] are still perfectly valid. In [41] it was shown that starting at order N2/ i.e.

(3), the instanton sectors contain terms proportional to sin(27k7;) = sin(k6).

starting with Z,
Such terms are odd under the upper-half-plane involution 7 — —7 which is indeed consistent
with the fact that in the presence of a Wilson-line defect time-reversal symmetry is broken.”
However, in appendix A.2 we show how to systematically extract the instanton sectors
from the large- N matrix model integral and prove that no term proportional to sin(kf) is
present. Furthermore, from the discussion we present in appendix C for the calculation of
contributions coming from Nekrasov partition function, it appears clear that for the finite- N
matrix model the instanton sectors do not present any term proportional to sin(kf) either.
We believe that it would be rather odd if such terms were not to be present at finite N
but did appear in the large-N limit.

At this point given the first few orders of the large-N fixed-7 expansion for the Wilson-
line defect integrated correlator (3.3)—(3.4)—(A.71), we need to understand whether such
terms can be identified as elements (or linear combinations thereof) of some special class
of automorphic functions. As discussed in [9, 11], each order in the large-N expansion
of a particular integrated correlator of four superconformal primary operators Os can be
written as a finite linear combination with rational coefficients of non-holomorphic Eisenstein
series. However, this cannot possibly be the case for the present discussion for two main
reasons. Firstly, each E(s;7) is modular invariant with respect to the v € SL(2,Z) action
7T — v - 7, while the Wilson-line defect integrated correlator is expected to transform to a
different line defect operator following the automorphic property (2.38). Secondly, from the
Fourier mode expansion for the non-holomorphic Eisenstein series (B.31), it appears clear
that in the instanton sector the index of the Bessel function and that of the divisor sigma
function are related in a way which is not compatible with the matrix model results listed
in (3.3)—(3.4)—(A.71), even though they look similar.

We therefore conclude that a novel class of real-analytic functions satisfying the auto-
morphic property (2.38) is required to express the line defect integrated correlator (2.52).

3.2 Large-N expansion and novel automorphic functions

Guided by this similarity (and differences) between the large- N expansion coefficients Iéé) (1),
see e.g. (3.3), and the non-holomorphic Eisenstein series we now introduce a novel class of
automorphic functions inspired by the Eisenstein series lattice-sum representation (B.31). We
conjecture that the integrated correlator Zy, y([p]; 7) for a line defect . whose electromagnetic
charges (p, ¢) we parametrise by [p] = (g ) € B(Z)\SL(2,Z) can be written in terms of the
family of real-analytic functions defined via the lattice sum

(12/m)% (12/m)%2
Fsy 50,55 ([p T) = > T —[m(np — mq)|**, (3.7)
a7+ PP ez 7T ™

"We thank Yifan Wang for discussions on this issue.
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where for convergence we must require Re(sg — s3) > 1, although we can analytically continue
this class of functions to general si1,s9,s3 € C.

Appendix B is devoted to presenting a detailed analysis of the class of functions defined
in (3.7), here we simply state some of their key properties. Firstly, the lattice sum (3.7) is
constructed precisely in such a way that under the action of the electromagnetic duality (2.37)
it transforms with the desired automorphic property (2.38), i.e. for all v € SL(2,7Z) we have

F81782,83([p]§ v-T) = Fsl,52,53([/)7]; 7). (3-8)

For the particular coset element [p] = [1] that is the relevant one when discussing a Wilson-
line defect, the function Fj, s, o, ([1]; 7) admits the Fourier mode decomposition with respect
to 71 given by

F51,32,53([1]; T) = Z EQﬂik71F§f,)sz,s3([]l]3 )

keZ
1

2ratss=si=aa] (55 — 1) ¢(259 — 83 — 1)

_ ( 2) 7251+1—32 (3.9)
['(s2)

{351 1

+ Z cos(27rk:7'1)k52*%053+1_232 (k)T§1+2K527;(2k7T7'2) .
F(SQ) k>0 :

In contrast with the non-holomorphic Eisenstein series (B.31), we note that in this Fourier
mode expansion the index of the Bessel function and that of the divisor sigma are not
constrained any longer hence lifting any ‘tension’ with respect to (3.3).

Either using the lattice sum representation (3.7) specialised to [p] = [1], or the Fourier
mode expansion (3.9), it is easy to show that Fj, g, s,([1]; 7) satisfies the homogeneous
Laplace equation

[AT — 28179 09 + (81 + 52)(1 + 851 — 32)]Fsl,sg,33([ﬂ]§7) =0, (3.10)

with A; = 73(0? + 03). Furthermore, we find in (B.30) that it is possible to add to
Fy, .55 ([1]; 7) a multiple of the homogeneous solution 75'"*? to (3.9) such that the resulting
function has a softer behaviour in the small-75 limit. As a consequence of electromagnetic
duality (2.38), the small-7 (i.e. the strong coupling regime) expansion of the large-N Wilson-
line defect correlator is directly related to the large-7» (i.e. the weak-coupling regime) expansion
of the 't Hooft-line defect correlator. Importantly [41] showed that such softer small-o
behaviour for each 1/N coefficient Ié;s) (1) is directly related to the requirement of having
a consistent genus expansion for the 't Hooft-line defect correlator. This ‘dual’ large-N
behaviour can be inferred from the fact that an 't Hooft-line defect operator corresponds
to a D1-brane on the holographic side. Hence, a two-point function of local operators Oy
in the presence of an ’t Hooft-line defect can be interpreted as a scattering process of two
gravitons from a D1-brane in string theory. In this case open-string states propagate as
intermediate states, therefore the weak coupling expansion is controlled by the open-string
coupling constant (in contrast with the closed-string expansion for the F-string dual to the
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Wilson-line case).® More precisely, we expect that the 't Hooft expansion for the 't Hooft-line
integrated correlator should behave as

o)

Trn(f) = Y N'"9ZE(N), (3.11)
g=0

where 7y is related to 7 via S duality (for simplicity we set 71 = 0), i.e. T2 = 1/79 or
equivalently A = 47N /7 = (4w N)?/\ with X = g2, N; in the dual 't Hooft limit we consider
N > 1 with X fixed.

Therefore, we are quite naturally led to consider the family of ‘improved’ automorphic
functions,

Fyy 50,55 ([1;7) = Fay 5 ([L]5 7) — 4m%9751752( (25)¢ (—s5) 75" 2 (3.12)

o5 tss—si—sa (82 - %) ((2s2 — 3 —1)
['(s2)

7.51+1752 _ 47T53_81_SQC(252)C(—53)7’51+82

{s3—51 ol it
+ T(oa) I;)cos(%rkﬁ)k 205541255 (k)T KSQ_% (2kmTs) .

As previously commented on, the additional term 75152

is a homogeneous solution to (3.10),
and the coefficient is determined by requiring a softer small-7 behaviour when 7 = 0.
Indeed, in appendix B we show that the factor proportional to 75 1752 cancels out precisely
the most singular term originating from the infinite sum of instanton contributions in the
small-7o expansion (with 7 = 0).

We now proceed to rewrite the large-N expansion coeflicients I&;)(T) as finite linear
combinations of Fj, s, s, ([1];7) with rational coefficients. Tt had already been noted in [41],
that the building blocks appearing at each given order in 1/N seem to be solution to
homogeneous Laplace equations of the same form as (3.10). In particular for the orders
given in (3.3) and (3.4), we have

(A +3m202 - 3) 17 (7) = 0, (3.13)
(A + 27205 - ?) () =0, (3.14)
(A + 47205 217) 777 =0. (3.15)

Each of these Laplace equations can be combined with (3.10) to construct two possible
automorphic functions ﬁ81,52753([ﬂ]; 7) which solves the same equation. Finally, we use the
Fourier mode decomposition (3.12) to show that all I%)(T) are indeed captured by this novel
family of automorphic objects, at least up to the order 1/N? here computed.

8A similar behaviour can be seen for the integrated four-point function (O2O2DD) studied in [65], where
D is the determinant operator with scaling dimension N, holographically dual to a D3-brane. From the
superstring side, this four-point function is interpreted as a scattering process of two gravitons off a D3-brane
propagating along a geodesic [65, 66]. This interpretation leads to the same large-N behaviour as (3.11).
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Omitting the argument of Fi, , ., ([1];7) since it is understood here that we are focusing
on the Wilson-line defect correlator, we can rewrite (3.3)—(3.5)—(3.6) in terms of Fy, s, s, as

2 = 3

7)) (r) = R N e s (3.16)

5

(3) (3)-i (3)-ii 63 3 brz -3

Iy () =Ty (7)+ Ly (1) + 75 2, 3.17

with
(3)-3 35 (3)-ii 34
Iy (1) = F1 3 o Iy ) = 5 F L s - (3.18)

At order 1/N? the calculation is presented in appendix A.2 and the resulting contribution
Ié;;l) (1), given in (A.71), also admits the decomposition in terms of the automorphic functions

F817827837
@y _3p 15 _1p a 15
IW (7—) o 32 T2y 9 2 8F7377%772 4F %7 %7 2 + 3Fi%7fgai4 + 4F7%97%774
PN 15 2773 1 1372 m
_F _F —_— .~ —— 3.19
Tt T 56 T 51ox? T 128 T 38472 86472 (3.19)

We stress that although the expressions just displayed do present some spurious purely
perturbative powers of (72/m) with rational coefficients at each order in 1/N, our large-N
results are nonetheless very non-trivial.” We managed to write each coefficient Ié,é) (1) in
a manifestly SL(2,Z) automorphic way, and the class of functions }?’51752753 captures the
complete instanton sectors as well as all perturbative coefficients (72/7)® whose coefficients
are non-trivial rational multiples of Riemann odd zeta values.

It is also important to note that in the small-7o limit, the term proportional to 1/73
in (3.19) cancels precisely the contribution arising from the infinite sum of instanton with
71 = 0. This is a consistency check of the large-IN behaviour of 't Hooft-line integrated
correlator as shown in (3.11), which can be obtained by an S-transformation of (3.19).

The above large-IN results resemble very closely the large-N fixed-7 expansion of the
integrated correlator of four Oy considered in [9, 11, 12], where the functions }?’81’52,83 are
replaced by non-holomorphic Eisenstein series. Inspired by these results, our large- N analysis
strongly suggests that at finite IV, the line defect integrated correlator (2.52) should be given
by a formal series over the same automorphic functions (3.7). In the next section we show that
this is indeed the case and present the conjectural lattice sum integral representation (1.7)
for the line defect integrated correlator Zy, n([p]; 7) with arbitrary N.

4 Exact integrated line defect correlators at finite IV

In this section we provide general arguments leading to the conjectural lattice sum integral
representations (1.7) for the line defect integrated correlator (2.52) in NV = 4 SYM with gauge
group G = SU(N) at finite N. In particular, starting from the matrix model definition of
the line defect integrated correlator we show that (1.7) hold when the gauge group is SU(2)
and SU(3), and determine explicitly the function By (t1,t2,t3) for these cases.

9These pure perturbative terms are described by the simpler automorphic functions (B.3), which can also be
seen as special cases of Fi o,0([1];7) where an analytic continuation in the parameters s2 and ss is understood.
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4.1 General lattice sum integral representation

To analyse the line defect integrated correlator 7y, ([p]; 7) at finite N we first want to simplify
the object under consideration and remove any “polluting” effects which may appear in
the weak coupling expansion 7o > 1. From the matrix model definition (2.52) we see that
Zw(T) can be rewritten as

_ [0 {W) =2 — (W)n—2+ 05, Zn (m, T)
(W) ar=2- ’

m=0

Zw (T) (4.1)
where the ' = 2* SYM partition function Zy(m,7) is defined in (2.1) and the N' = 2*
half-BPS fundamental Wilson loop expectation value (W)ar—o«(m,7) is given in terms of
the matrix model integral (2.8).

From the expression (2.13) for the Wilson-line defect expectation value, we see that the
denominator in the above expression besides removing an exponential factor, it introduces in
the weak coupling expansion 72 > 1 an infinite number of perturbative corrections coming
from the expansion of the Laguerre polynomial, thus polluting the weak coupling expansion
of Zyy (7). Furthermore, given that the Wilson-line defect expectation value is only a function
of 79 = Im(7), it can be easily made automorphic with respect to electromagnetic duality
using the easier class of functions presented in (B.3), i.e. from (2.13) we deduce

1 r N—1 ™ 1 T N-d -
(L)(r) = exp l%N]L}V_l (%) |,,:Nexp [WN]L}V“(_WW)

1 71'|q7'+p|2 N—-1| 4 7r|q7'—i—p|2
] [ A k- AL 4.2
= expl 27_2 N N-—1 T ) ( )

which we have checked explicitly in (2.29) for the 't Hooft-line defect case (p,q) = (0,1).

Rather than carrying along for the ride this unnecessary automorphic factor, we define a
cleaned-up version of the line defect integrated correlator and introduce a ‘reduced’ version
of the integrated correlator,

- Ly (=5
Tun(loli7) = — 1(Nlm<"'”> Tun (ol 7). (4.3)

We proceed to justify the lattice sum integral representation for the reduced correlator
Zr.n([p];7), and then an expression for Zy, n([p]; 7) can of course be obtained inverting the
above relation.

From our large-N analysis of section 3, we have seen that order by order in 1/N we
can write the line defect integrated correlator as a finite linear combination of automorphic
forms (3.7). As commented earlier, in previous works [11, 16, 17] on integrated correlators
of four superconformal primary operators of the stress tensor it has been observed that in
the transition from large-N to finite N the automorphic building blocks do not change in
nature, being that non-holomorphic Eisenstein series as in [11, 16] or generalised Eisenstein
series in [17]. However, while at large-N it is possible to isolate order by order in 1/N finite
rational linear combinations of the relevant automorphic building blocks, at finite N one
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must include a formal infinite series over such building blocks, which has to be resummed,
possibly via a lattice sum integral representation.

Guided from experience, we assume that a similar phenomenon takes place for the present
discussion of the line defect integrated correlator and work under the verifiable hypothesis
that at finite-N the correlator 7, ~([p]; 7) admits a representation as a (formal) infinite series
involving solely the automorphic functions Fy, s, s, ([p]; 7) presented in (3.7). In appendix B
we discuss various properties for the novel automorphic building blocks, in particular we
highlight here their integral representation,

F_s—s3,50,— 255 ( P]ﬂ')_

mipr |mtnr|?
Z / —t; ! (” ) e 2T g~ tamIm(p-7)(np—maq)
(n,m)€Z2\{Z(q,p)}

5 tsl 1 tSQ 1 t53 1
T(s1) D(sz) T'(ss)

d3t,
(4.4)

valid for Res; > 0, with ¢ = 1,2, 3, where this particular combination of indices has been
chosen for future convenience. Once again inspired by the results of the integrated four-
point correlator [11], given (4.4), it is natural to assume that the finite-N expression for
the integrated correlator ZL, ~([p]; 7) will be a lattice sum expression akin to the equation
above without any constraint on the summation variables, i.e. (n,m) € Z2, and where
the monomial ¢35 '#52~ 17553 ! gets replaced by a more general function of t1,ts,t5. More
precisely, we conjecture

L= % [

(n,m)€Z?

Im(P 7) 7t2ﬂ—m
T2

e—t37rIm(p~T)(pr—mq)2BN(tl7 ta,t3) d3t. (4.5)

Note that despite the explicit appearance of the representative p € SL(2,7Z) of the equivalence
class [p], equation (4.5) is actually well-defined on the coset B(Z)\SL(2,Z) parametrising all
possible electromagnetic charges of the line defects here considered since we have

L

ap

Im(p-7) = Vpelp]= ( ) € B(Z)\SL(2,Z). (4.6)

7
lam +pf?
From the general expression (4.5) combined with (4.3) and (4.6) we obtain the lattice

sum integral representation (1.7) presented in the introduction, which is straightforward to
specialise to the case of the integrated correlator of a half-BPS 't Hooft line defect,

Ir,n (1) = ILn([S];7) (4.7)

o0 T2 \n7‘+m|2 2 T2
—t1—=25 —tor—"L —tsamm—=5
2 > / e Trite T e P B (ty, ta, t3) A%t .
— 0

=

Let us analyse more in detail the general lattice sum integral representation (4.5). As
we will see, it is straightforward to integrate out ¢, which then leads to an alternative
representation,

Lalin= X [Te

(n,m)eZ?

\m+n7\

7t37r1m(p-7—)(npfmq)2EN(Im(p . 7')7 t2’ t3) d2t s (48)
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with By (y; ta, t3) related to By (t1,t2,t3) via
— o
By (y;ta,t3) iZ/ e BN (t1,ta, t3) dty . (4.9)
0

An immediate consequence of the conjectural lattice sum integral representations (4.5)—
(4.8) is that by performing a double Poisson summation over n and m and then changing
integration variables to

ty — (ta +t3)7 L, t3 —tyt — (ty +t3)7 ", (4.10)

we see that the functions By and B ~ must satisfy the inversion relations

1 11 1
Bn(ti,t2,t3) = 35BN |t — - — 11
N( 1,02, 3) [tg(t2+t3)]3/2 N( 17t2+t37t2 t2+t3>’ ( )

N 1 _ 1 1 1
Bulptat) = — L g, L 11 4.12
N(y 2 3) [tg(t2+t3)]3/2 N<y to + 13 1o to +t3> ( )

It is useful to specialise (4.5) to the case [p] = [1], equivalently (p,q) = (1,0), relevant
for the Wilson-line defect case. For this particular case we write Zyw n(7) = Zp, y([1];7)
and divide the lattice sum (4.5) as

~ [e.9] ¢ T _t27rm2 3
Twn(r) =) /o me ™ By(ti,to,t3)d’t

n=0
meZ
© L ny g wlmam)?®i(r)?]
+ Z/ € f Te 72 e tamn T2BN(t1,t2,t3) dgt. (413)
n#0 0
meZ

Furthermore, we can combine the integral representation (4.4) with the Taylor expansion

™) ts1—1 t52 1 t83 1
BN(t17t27t3) = Z dshsz,sd F( ) F(Sg) ’ P($3) ) (4'14)

81,52,83=1

and rewrite the second term in (4.13) to arrive at

IW N(T Z / Fe
mGZ

tomm? 00
2 BN(tlv t2, t3) d’t + Z dg]l\{gg,sg, F751783782,*253 ([ﬂ] ; T) .

$1,82,83=1

(4.15)

To better understand the first term in the above expression, it is useful to consider the large-7
asymptotic expansion of (4.13). This can be done in a standard manner by performing a
Poisson resummation with respect to the summation variable m — m, which also yields
the Fourier mode expansion where the Fourier mode is k = mn hence only the second term
in (4.13) will contribute to the k # 0 Fourier sectors. The Fourier expansion of (4.13) can
be written neatly as

Twn(r) =Y "1 I (), (4.16)
keZ
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where the Fourier zero-mode is given by

o T N _3
= Z \/E/O e_tlfe_tzﬁm%—z t, 2 BN(tla t;l,tg) d3t (417)
ez
+ Z \/>/ - e (t2+t3)mn? T2t : BN(tl,tQ,tg)d t.
0
Kiar)

Similarly, the Fourier non-zero modes with k = mn # 0 are entirely captured by the second
term in (4.13) and are exponentially suppressed at large-7o as manifest in

72|
Z Ty e~ 2 lkIT2 /oO e hm2/me 72 (Il \/>) s T2 t;% B (t1,ta,t3) d3t.
n,m£0 0
nm==k
(4.18)
Based on the particular finite-N examples we will analyse promptly, it appears that, in
a direct analogy with [11], the (n,7) = (0,0) contribution to the zero mode sector (4.17)

vanishes identically, i.e.
© 1
/ tQ QBN(tl,tQ,tg) dtgdtg :0, Vt1 €R. (4.19)
0

Furthermore, this observation combined with the inversion relation (4.11) leads to the result
that the two terms in (4.17) are actually identical, that is the Fourier zero-mode must
be given by

v(T2) =4 Z \/?2/ i1 gmtamy 4 : By (ti,ty 1, t3) d3t (4.20)

_ 42 \/>/ —(ta+t3)mn? N 3 BN(tl,t27t3)d t. (4.21)

When combined back with the purely perturbative factor we removed in (4.3), we claim
that the zero Fourier mode sector (4.20) fully captures the perturbative expansion of the
Wilson-line defect integrated correlator, while the non-zero modes (4.18) reproduce the
non-perturbative instanton and anti-instanton contributions.

The strategy to reconstruct the lattice sum integral representation (4.5) starting from
the matrix model formulation discussed in section 2 is as follows:

(i) We start by focusing our attention to the instanton sectors of the Wilson-line defect
integrated correlator and uniquely identify the coefficients dgﬂm for the formal
expansion (4.15) in terms of automorphic functions Fy, s, s, ([1];7);

(ii) Using the integral representation (4.4) we resum such a formal infinite series and
construct the integrand By (t1,te,t3) for which we can verify the conjectural identi-
ties (4.11)—(4.12)—(4.19);

(iii) Finally we check that the complete perturbative sector is indeed encoded in the zero
Fourier mode expression (4.20), thus justifying the unconstrained nature of the complete
lattice sum i.e. as a sum over the full lattice (n,m) € Z2.
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To provide evidences that our analysis is indeed correct we now follow the strategy
just outlined and present the detailed analysis for the Wilson-line defect correlator (2.52)
computed from the specific matrix model integrals with NV = 2 and N = 3. It should be
stressed that even though only these specific examples of N are here considered explicitly, as
we argue below it appears clear that the general strategy should apply to general N.

4.2 Finite-N exact results

In this subsection, we follow the general strategy outlined in the above subsection and show
that the matrix model integral for the integrated two-point correlator in the presence of
Wilson-line can be expressed in the form of (4.13) for N = 2 and N = 3. We begin by
determining the coefficients dg]l\{gw?, in (4.15). This is done by comparing the expression (4.15)
with the explicit results from matrix model integrals, order by order in the large-7o (or weak
coupling) expansion. We leave the details of the matrix model computation and their results
in appendix A.

We begin by considering the instanton contribution to the integrated correlator in
the presence of Wilson-line defect, i.e. the Fourier modes j&;}N(Tg) with k£ # 0 in (4.16).
From (4.1) and the matrix model integrals (2.7)—(2.8), the k-instanton contribution to (4.3)

can be expressed as

), () = W o rlkim: 3 <<W(a)fpxq(a)>>\xgl(<§)f%>;(a)>><<Ipxq(a)>> 7 (4.22)
p,q>0
pq=k

where the overall factor comes from our definition (4.3), and as in (2.9) we denote with W(a)
the matrix model integrand for the Wilson loop expectation value in N’ = 4 SYM, i.e.

1 2ma 1 al 2ma;
W(a) = NTre T = N(Ze g 1) . (4.23)
i=1

The matrix model integrand I,x,(a) instead denotes the order m? term in the small-mass
expansion of the k-instanton contribution to the Nekrasov partition function (A.9), shown
in [9] to be given by

[z—ajw—i(a+b—2)}2

2
j=1" a=1lb=1 {z—aj—i-i(aﬁ—b—?)] +1

ilp+9)p—9?° dz
+]z::1 (pa)lz —aj +i(p+g=Dllz—aj+ilg =Dz —a;j+ilp— ]| 27"
(4.24)

where the integration contour is a counter-clockwise contour surrounding the poles at z = a;+1
with 7 =1,..., N. For the purpose of determining the coefficients dgi\{22753, the expectation
values in (4.22) can be evaluated perturbatively in a large-7o expansion. We find that the
k-instanton contribution can be expressed in general as

Ty (12) = 7 01-05(k) Py (2, k) e~ 27IHI™2. (4.25)
s=2
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where Py s(72,k) is a polynomial in 75 Land k. From the analysed cases, i.e. N = 2 and
N = 3, the degree in 72_1 of the polynomial Py s appears to be 2s + N — 2, in particular
it does increase as s increases. More explicitly, for SU(2) and SU(3) the first few orders
of (4.25) are presented in (C.8) and (C.17).

Given the similarity between the above expression and the non-zero Fourier modes (3.9)
of the automorphic functions Fy, s, s, ([1];7), we can try and write (4.25) as an infinite series

~(k ? k
IéN?N(TQ) = Z dg]1\22153F£8)1—83752,—283([]]']; TQ)

51,582,853

4ms1—ss - 4 +1
= > a,., () k%2720 g4y sy (k)75 2 K,,_1(2k7rs). (4.26)

51,52,53

The coefficients dg]l\{g%sg, are uniquely determined by comparing (4.25) with (4.26). More
concretely, we expand the modified Bessel functions in (4.26) at large 7o and then impose
that the coefficient of each divisor sigma function oj_ss in (4.25) must equal that of (4.26)
as a polynomial in k and 79, i.e. we impose that (4.26) equals (4.25) separately for each term
01_25 k%78, This process yields a system of linear equations for the coefficients dgﬁg,% which
turn out to have a unique solution. It is worth noting that since the degree in 7, L of the
polynomials Py (72, k) increases with s, this leads to having an infinite set of linear equations
so that it is absolutely non-trivial that a solution actually does in fact exist.

Implementing the above general procedure and using the explicit results for f&f)]v (1) for

N =2 and N = 3, as presented more in detail in appendix C we find for SU(2)

o
~(k k
IV(W,)2(T2) - Z dg?swsF£8)1—53,32,—253 (72) (4.27)
81,52,83=1
with coeflicients given by
d?,, o, = (—1)2T9347% (255 4 253 — 1) 2 [sg + (s1+ 82— 1) 83+ 51 — 5182 + 82 — 1] (4.28)
« F(283)F(81+52—|—83—1)

F(281)F(83 — 51 +2)F(51 + s3 + 1) '
Similarly for SU(3), we have

o0

F(k k
Iév,)f}(TQ) = Z dg?282,53F£8)1783,8277283 (T2) ? (429)

81,582,83=1
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with the coefficients given by

g 1)52+534753 (2594253 —1)° T (283) T (51 + 50+ 53 —2) (4.30)
51,8253 3F(281)F(83—81+3)F(S1+83+1) '

X {sg—i—sg [351+4s9—4] +53 [23%—1—(732—3)51+6s%—932+6}

53 [~ 257 +2(54+9) 5T+ (52 —2) (352+14) 51+ 52 (52 (455~ 3) —2) +13]

+53 [—3s{+2851— (52— 16) 52+ 66) s+ (52 (22— 355) 53— 54)+83) 51

+53 [+52 (52 (52 (52+5) —20) +46) — 48] + 53 {—3?4—2(324—5)3‘11—1—((32—12)32—20) sﬂ
53 [(9-3(s2-10) 85) 57+ (52 —1) (52 (52 (352 = 7) +18) ~8) ~2s1 (((55—4) 52+ 8) 53 +3)

+(s1-2) (s1-1) (s —1) [ 53~ (50+9) 5T+ (8 (s2—4) 2) 51+ (55—2) (52— 1) 52+ 6) }

Note that from the explicit expressions (4.28)—(4.30), we easily see that for the s; variable
the series in both (4.27) and (4.29) are actually sums over finitely many terms.

At this point we use the integral representation (4.4) to rewrite infinite series like (4.27)
and (4.29) via the lattice sum integral representation

o0

N
S0 A, o Fosimssa-2s (11 7)
s1,52,53=1
T2 ‘”T+m| (431)
= X [T e syt @
(n,m)€Z?
n#0

where we defined By (1, t2, t3) in (4.14) and we furthermore have included in the above series
the Fourier zero-mode of F_g _g, 5, —2s, as well.

With our conjectural expressions for the coefficients déf?sz,,s and dg‘??% s given in (4.28)-
(4.30), we simply use the definition (4.14) to obtain the corresponding generating functions,
BN(tl,tz,tg). For SU(Q) we ﬁnd,

1F2(2, ,2| )t1+60F1( *%)

Ba(t1,t2,t3) = Dy 54 2372 : (4.32)
where for convenience of presentation we have defined the differential operator
D, F(z) = 4ty {[t —1]292 B
. = 4ty o (te +1t3) — 1170, +t3[ta (t2 +t3) + 1] 0x ¢ F(2), (4.33)
and have introduced the auxiliary variable x is given by,
1 1
oo QHt)d+ta+ts) (4.34)

t3

We note that z is actually invariant under the inversion of ta,¢3 defined in (4.10). With this
property, it is straightforward to verify that Ba(t1,t2,t3) indeed obeys the transformation
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rule (4.11). From (4.32), we can furthermore derive the integral representation (4.8) expressed
in terms of the alternative kernel By defined in (4.9), which for the case N = 2 is given by

Bo(y;ta,t) = / T e IBy (1, by t3)dy = exp [~ gy D G rarD)]
2(Y;t2,13) = 0 2(l1,12,13 y_8y3(t2+1)11/2(t2+t3+1)11/2

{12y2(t2+1)2(t2 tt3+1)2 [(tQ —3)(3ta—1)(ta+1)2+2(3(ts—2)ta— 1) (ta+1)ts+12 (3t —2)t§]

+2y(t2+1) (ba 15+ 1) (t2=3) (Bt — 1) (t2+ 1)+ (t2(3t2(3t2 —T) = 1) = T) (t2+1) 43
+3(3t2—T)13+3(ta —2)ta (3t~ 1) (o + )83 ~talta(ta+15) — 12 [bato+15+2) +1]}. (4.35)

Although the identity (4.27) shows that the integrated correlator can be written as an
infinite sum over automorphic functions solely at the level of instanton sectors, as previously
argued it is enough to remove the restriction n # 0 in (4.31) to obtain the lattice sum integral
representation (4.8) for the complete integrated correlator. In particular, we stress that the
purely perturbative sector for the N = 2 integrated correlator, derived from the N = 2* SYM
matrix model in (A.23), can be retrieved identically from the integral representation (4.20)
expressed in terms of Ba(t1,t2,t3). The two different integral representations (A.23) and (4.20)
for the purely perturbative sector are simply related via the integral transform identity (see

e.g. [16])

= Blw) & [ 27
——— dw = B(t)dt h B(t) = — & w Oy B(w)dw .
/0 sinhZ(w) w mzﬂ ; e (t)dt, where (t) T s e w (w)dw
(4.36)

As briefly reviewed in section 2, the expectation value of a half-BPS ’t Hooft loop in
N = 2* SYM can be written via supersymmetric localisation [47] in terms of a matrix model.
However, monopole bubbling effects are only under full control for the case of SU(2) gauge
group. It would be extremely interesting to compute the integrated correlator of an ’t Hooft
line defect in /' =4 SYM starting from the N' = 2* SYM supersymmetric localisation results
of [47] as in (2.54) and check against the predicted expression (4.7) at finite coupling 7. For
general N, our expression (4.7) would provide for extremely stringent constraints against
monopole bubbling effects in the NV = 2* SYM theory with gauge group SU(N).

Similar arguments hold for SU(3). Using the coefficients (4.30), we find

1 ) 9 3,7 t1
Bg(tl,tQ,tg) = Dx{m |:t1 |:—24(27' + 1)1’ + 32x + 15:| 1F2 <2,37 5’ - 41,)
5 7 3]
2| 2 > S
+ 2t7 { 24(2r + 1)z + 32z —1-15] 1F2 (27372‘ 4$>

t
+12027 |=24(2r + 1)z + 322% + 15| o Fy (; 1| - 41>
xr
t
+20aty [~48(2r + 1) + 642% + 30] oFy <; 2| - 4;)
+ 20zt [~16(9r + 10)2? + 3(687 + 49)z + 962° — 60] |}, (4.37)

where the auxiliary variable r := ty/t3 is also invariant under the inversion (4.10). It is
then easy to check that Bs(t1,t2,t3) obeys the transformation rule (4.11). From (4.37) it is
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possible to derive the alternative integration kernel B3 as defined in (4.9). The structure
is very similar to the N = 2 case presented in (4.35), only the expression for Bs is more
cumbersome than its N = 2 counterpart, and hence we do not present it here.

We stress again that although to derive the identity (4.29) we only used the instanton
sectors for both integrated correlator and automorphic functions, by simply removing the
restriction n # 0 from the lattice sum the expression (4.29) gets promoted to the lattice sum
integral representation (4.8) for the complete integrated correlator. The purely perturbative
sector for the N = 3 integrated correlator, derived from the A/ = 2* SYM matrix model
in (A.24), is reproduced identically from the integral representation (4.20) in terms of Bs,
thanks to the integral transforms identity (4.36).

These particular cases, N = 2 and N = 3, combined with the large-N fixed-7 results
derived in section 3, provide very strong evidences for the general conjectured lattice sum
integral representation (4.8) for the line defect integrated correlator at arbitrary N and 7.

5 Conclusions and outlook

In this paper, we investigated correlation functions of local operators in the presence of a
half-BPS line defect for N' = 4 SYM theory with gauge group SU(NN). These correlators
can be obtained by taking derivatives with respect to either the coupling constant, 7, or the
deformation mass parameter, m, of the vacuum expectation value for a corresponding line
defect in N' = 2* SYM. We considered two distinct classes of such physical observables. The
first class is obtained by considering only derivatives with respect to the coupling constant 7.
This procedure yields non-integrated line defect correlators with some specific insertions of
local operators, such as the superconformal primary operator O, or the chiral Lagrangian
O,, and with very particular kinematics.

The second class of line defect correlators, which is the primary focus of this paper, has
been introduced in [41] and it is constructed by taking two derivatives with respect to the
mass deformation parameter of the expectation value of a half-BPS fundamental Wilson line
defect in NV = 2* SYM and then set the mass to zero. This yields a two point function of the
superconformal primary operators Oy in the presence of a half-BPS Wilson-line defect where
the space-time dependence of the local operators is integrated out using a carefully chosen
integration measure. The integration measure is implicitly determined by supersymmetric
localisation formula and has been worked out explicitly in [42, 43]. In contrast with the
integrated four point correlation functions of local operators introduced in [6, 7], relatively
little is known about these integrated line defect correlators. In particular, since line defect
operators transform non-trivially under N' = 4 SYM electromagnetic duality, such integrated
correlators are no longer modular invariant functions of the coupling constant 7 and it is
unclear which class of automorphic objects, if any, we have to consider to describe these
physical observables. The main goal of this paper is precisely addressing this question.

We constructed a novel class of automorphic functions whose properties under SL(2,Z)
electromagnetic duality are exactly those of fundamental line defects in N/ = 4 SYM and
showed that the particular integrated line defect correlators considered can be expressed in
terms of elements belonging to this family of functions. This novel family of automorphic
functions is introduced by considering a non-standard Poincaré series approach, where the
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associated seed functions display an explicit dependence from the electromagnetic charges
(p,q) carried by the line defect. The mathematical details of our constructions can be
found in appendix B.

To support the proposal that integrated line defect correlators can be expressed in
terms of this class of automorphic functions, we present compelling evidences in both the
large-N expansion at fixed 7 and the finite-N results for the fundamental Wilson-line defect
integrated correlator:

(i) In the large-N fixed-7 limit, following the analysis of [41] we worked out the large-N
expansion of the integrated line defect correlators up to order 1/N2. We explicitly
verified that each order in the 1/N expansion can be written as a finite linear combination
with rational coefficients of the proposed automorphic functions.

(ii) For finite N, we exploit the instanton corrections to the integrated line defect correlator
to conjecture a lattice sum integral representation which can be written as a formal
series of exactly the same automorphic functions appearing at large-N. To provide
evidences in support of our proposal, we present a detailed analysis for the cases with
gauge group SU(2) and SU(3). Our expressions are very reminiscent of the exact
results derived in [11, 12] for the integrated correlators of four superconformal primary
operators Os.

We stress that both at large N and at finite N, our lattice sum integral representation
for the integrated line-defect correlators in terms of automorphic objects is not a mere
rewriting of matrix model results. The proposed expressions manifest very non-obvious
and extremely intriguing modular structures for non-local physical observables due to the
presence of a line-defect.

One of the key consequences of our analysis is that we can predict the integrated correlators
of two local Oy operators in the presence of a line defect with general electromagnetic charges,
i.e. not necessarily a Wilson-line defect. This is a highly non-trivial result since a putative
localisation formula is not known for general line defect. For the case of an 't Hooft loop with
gauge group SU(2) a concrete localisation formula does exist [47]. It would be interesting
to compute the SU(2) integrated correlator of an 't Hooft line defect in N' = 4 SYM
starting from the A/ = 2* SYM supersymmetric localisation results of [47] and check against
our predicted expression (4.7) at finite coupling 7. We have verified this agreement by
performing a numerical evaluation of the matrix model integral for the SU(2) ’t Hooft line
defect integrated correlator.

There are many future directions worth of attention. Firstly, the large- N expansion at
fixed 7 is almost certainly an asymptotic formally divergent series in 1/N. In the context
of integrated correlators of four superconformal primary operators, it was shown in [14]
that a consistent large-N expansion necessitates the presence of additional exponentially
suppressed yet modular invariant corrections. We believe something similar should happen
for the large- N expansion of integrated line defect correlators where, based on the results
of [14], it is tantalising to conjecture that at large-N we should encounter exponentially
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suppressed, yet automorphic non-perturbative corrections possibly of the form

- 7.31 _ 4N|nT+m|? TSQ '
Dy (s1,582,83;[p]; T) = —2—— Z e V 7 2 _ _(np—mq)*. (5.1)

e - mf

When the systematic of the large- N expansion for the integrated line defect correlator is
under control, a suitable modification of the resummation procedure introduced in [67] should
yield such non-perturbative and automorphic large-/N corrections.

On the other hand at finite N, the mathematical and physical structures of integrated
line defect correlators remain largely unexplored. In contrast, integrated four-point correlators
of local operators exhibit a plethora of elegant properties that have been well-studied. For
instance, such physical observables have been shown to satisfy intriguing Laplace-difference
equations [11, 16-18]. These equations both link in a non-trivial manner different integrated
correlators and provide for a set of recursive relations allowing us to determine some of
these integrated correlators for all classical and exceptional gauge groups starting from the
SU(2) gauge group case. We believe that the homogeneous Laplace equation (B.17) satisfied
by the elements of the presented class of automorphic functions will almost certainly play
a key role in understanding possible similar Laplace-difference equations satisfied by the
integrated line defect correlators at finite-IN. Thanks to the proposed lattice sum integral
representation (1.7), rather than studying directly the integrated line defect correlator for
arbitrary /N we can analyse the easier integrand functions By, here presented explicitly for
N =2 and N = 3. Any putative Laplace-difference equation for the integrated correlator
will be translated into a much simpler relation satisfied by the By’s. For this reason it is
definitely worth extending our analysis to integrated line-defect correlators for gauge groups
with higher ranks by exploiting the general methodology outlined in section 4.

Furthermore, in this paper we have only considered line defects in the fundamental
representation of the gauge group SU(V). It should be possible to generalise our results to
line defects belonging to other representations of the gauge group as well as extending our
analysis to more general classical (or possibly even exceptional) gauge groups. Importantly as
discussed in the introduction, electromagnetic duality for extended operators does in general
need to keep track of the global form of the gauge group as well as of possible discrete theta
angles. However, for our observables to be sensitive to such data we have to consider N' = 4
SYM on more complicated space-time manifolds, such as RP* considered in [68-70]. We do
not know which class of automorphic objects could possibly describe integrated line defect
correlators in either higher representations or in such non-trivial space-time backgrounds.

From a broader perspective, we highlight that the A/ = 4 SYM bootstrap programme
has been extended to include correlation functions in the presence of defects operators, see

g. [53, 7T1-73]. As discussed in [41], the integrated correlators considered in this paper
impose strong and exact (as functions of the coupling 7) constraints on the two-point
function line defect correlators. Similar to the case of integrated four-point functions of
local operators, integrated line defect correlators furnish extremely valuable inputs for the
defect-CFT conformal bootstrap programme both from an analytic and a numerical point of
view. In this spirit, it would be of interest to consider integrated correlators involving more
general superconformal primary operators with higher scaling dimensions. Unfortunately
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there is no obvious supersymmetric matrix model that would generalise (2.52) to these more
general integrated line defect correlators. However, it may be feasible to try and address this
problem by the approach similar to [74] with inputs coming from high-order perturbative
results for these more general integrated line defect correlators. Obtaining results for line
defect correlators involving higher-dimension local operators would also lead to pathways for
studying potential hidden relations between defect correlators in N’ = 4 SYM, analogous to
what has been discovered for four-point correlators of local operators [75, 76].
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A Matrix model details

In this appendix we summarise some of the more technical details regarding the matrix model
calculations for the line defect integrated correlator following the setup introduced in section 2.

The main object under consideration is the SU(N) hermitian matrix model whose
partition function is given by

Zn(To) = /6_27”2 2 af Aa;)dVta, (A.1)

where the integral is over N — 1 real variables parametrising the SU(N) Cartan subalgebra
and A(a;) denotes the square of the standard Vandermonde determinant

A(a;) = H la; — aj|*. (A.2)

i<j
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Expectation values in the this matrix model are denoted using the double parenthesis
notation (O(ay)) and are defined as

1
ZN(TQ)

where in our normalisation we have (1)) = 1.

From the A/ = 2* SYM partition function (2.7) and the definition (2.8) for the half-BPS
Wilson-line defect expectation value, we see that the A =4 SYM integrated correlator (2.52)
in the presence of a half-BPS Wilson-line defect can be decomposed as

(O@) = 5 [ ™2 M) Oa) d¥ o, (A.3)

Twn(r) = Tiyn (1) + TR (1) (A.4)
where for the perturbative part we have

(W(ai) Zpert (0, aij) )
(W(ai))

NGO — (Zfert (0, aij)) (A.5)

while for the instanton part we find

i) = Y (200 + e (A6)

(0,a;5) and Z{,

inst

In the above formulas Z”

pert (0, ai;) denote the two mass derivatives of the

one-loop perturbative and non-perturbative instanton contributions of the partition functions
in the supersymmetric localisation formula as given in (2.1), i.e

Z//

1t (0, ai5) = 02, ZR (m, aij) [ m=0 , Z,

inst

(0,ai5) = 02, 2% (m, aij)|m=o0 - (A.7)
Explicitly, they can be expressed as follows. For the perturbative part defined in (2.3),
we have [77],

o 2w|1 — 2
Z00) = K'lag),  with ()= [ 2B, )

sinh?(w)

The instanton part has been worked out in [9] and it can be expressed as

e} o

lerllst 0 al] Z 2mikT Zlnst O aU = Z ﬂ—sz( Z Iqu(ai)) ’ (Ag)
k=1 k=1 p,q>0
pg=k

where I,«4(a;) is given as a contour integral in (4.24). With these ingredients, in the next
subsections we will compute I{;@f](ﬂ and Zii(7) separately.

A.1 Perturbative expansion at finite IV

We begin with the analysis for the perturbative contribution (A.5) to the integrated Wilson-
line defect correlator. The disconnected term in (A.5), given by (Z7.,(0, a;;)), is essentially
the perturbative contribution to the integrated four-point correlator which has been evaluated
n [78], therefore we only focus on the first term in (A.5).
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We start by noting that the ratio (W(a;) 2/,

pert (0, @i5) ) /{W(a;)) is independent on whether

we consider an SU(N) or a U(N) gauge group and, thanks to invariance under permutations
of the a;, we can further simplify its evaluation by using the relation

(W(a:) Zyers (0,ai5)) = D %((62”‘%’(%)» =D (" K (ai;)) - (A.10)

4,5,k 1]
Using (A.8) the above expression becomes

0 2w dw
" N 2may |1 _ . I
(W(0:) Zjen (0. ) = [ <%:((e 1= cos(uai))) Sz (A1)
which we now proceed to evaluate term by term.

Expanding out the matrix model expectation value appearing at the integrand in (A.11)

we can use

Do) = N (e, (A.12)
2V}

while the contribution coming from cos(2wa;;) can be expressed in terms of

Z<<627ra162iwa¢j >> — N<<627ra1 >> +

]

= N{e )+ (V- 1) |

Z <<€27ra1 einaij >> + Z<<e27ra162iwaj1 >> 4 (w N _w)]

i>5>1 i>1

<<627ra1 einagg » + <<€27ra1 einagl >> + (w — _w)

(N =2)
2

(A.13)
Each expectation value can be computed using the method of Hermite orthogonal polyno-
mials [79]. In general, if the insertion O, (a) only depends on a subset of the integration
variables a;, we can perform the gaussian integration over the variables that do not appear
in Op(a) and subsequently use

(O =37 X ¥ (-1 (Hd Pot=1{)Puotip-1() —2yzia?> Onla),

" oeSN neSH h o(i)-1
(A.14)
where
B = V3n(Ay) V2 pala) = (89) 2 Ha(\/2ya) (A15)

where H,,(z) is the Hermite polynomial. Importantly, these functions satisfy the integral
identities,

/dapm(a)pn(a)ei2ya2 = hnfsmna

, 2 (A.16)
/da e" VTP (a)Hy,(a) = e T 2™/amlz" L™ (—2%/2)
where L7 (x) is the generalised Laguerre polynomial.
We now consider each term in (A.13) separately. Firstly we have
<< 27ra1 . ' Z /d al)pa(l) 1<CL1) —2ya%€27ra1
" oeS (1)_1
o (A.17)

Z / al Sy 1 " U(l) 1<\/7a1> o(1)—~ 1<\/7a1> —2ya2 271'(117
!oeSN \/ﬂ( (1) — 1)!(dy)—o(D+1/2
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which after having used (A.16) it reduces to

{em) _6272* > Lo)-1 <—>

(J’GSN

1 = s
= et Ly_4 (—) : (A.18)

a well-known result [45] for the expectation value of a circular half-BPS fundamental Wilson-
line defect (W) in N'=4 SYM U(N). For the case of SU(NN) we simply need replacing the
2

N—1)n2

exponential factor e2v in (A.18) by e%Ty; this minor difference between U(V) and SU(N)
cancels out in the final result of the integrated Wilson-line correlator.

Similar computations can be done for the other terms in (A.13), and we find that
the expectation value {271 e?we21)) can be written as a sum of products of two Laguerre
polynomials, whereas (€271 e?%2)) is given by a similar sum of products of three Laguerre
polynomials. Putting everything together, we obtain the final expression for the perturbative
contribution to the integrated two-point function in the presence of a Wilson-line defect,
valid for general N and arbitrary coupling constant,

© 2wdw [Pi(w)+ P(w) 4+ (w — —w)
Ipert _/ [ _ Z// ] ’ A.19
w2 = 0 G ) (c2rar) (w) (A.19)
where Pj(w) encodes the contribution from (e27%1¢%wa32))  given by
Py(w)= (A.20)
N .
= R TN AL Y PN T T w?\ ey (w g (w?
e = Z v 1Ly (—1)Y*kL; Rt e G =

) () () () ()i ()
(&) () [ () () o (et ()]

while P»(w) contains the contribution from ({71 e2iwazt})

7r2— w2— LW N — 1 2 2
Py(w) = B > lLi—l <—(7T ylw) ) Lj (l[;)

ij=1

) )] e

Finally, Z"(w) is related to the disconnected term {Z..(0,a;;)) which is known to be

7 o 1 Uﬁ 2 al _1Yi—dri—t Uﬁ =7 11)72
Z"w)y=e"v | L., ) S (1)L ) L ) : (A.22)
i,j=1

For small values of IV, the perturbative contribution I{;; 5@(72) simplifies. For example, the
cases N = 2 and N = 3 are used explicitly in the main text and are given by

Ipert(ﬁ) = : /OO 6_%2{9 {29 + (m— inﬂ 67i;w+
W2 y (2y +72) Jo

imw } 2w dw

2 <2y + 7r2) <2w2 - y) +y [2@/ + (7 + 2iw)2} e m , (A23)
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and similarly

2

1 o w Tw
pert _ / —7{12 2 2 (102 —99) — (w* — 3wy +3u2) sin [ =2
W ()= e rerty e J, © 0 U ol (o) — (st in 5

+2¢/ [74w6+18w4y736w2y2 —t (w2 f2y) +? (13w4 —30w?y+ 12y2) + 12y3] cos <7T;})

+4y? (2w6 —why+18w?y? — 6y3) +2r%y (6w6 — 31wty +48w?y* — 12y3)
2wdw

+7t (2w — 9wty +14wy? —4y®) t ———. A.24
™ (2" 9wy vy )}sinhQ(w) ( )
Large-IN expansion.
The perturbative contribution (A.5) admits a large-N 't Hooft expansion,

<1

Tt Tt,
v =X sl (.- (A.25)
m=0

In the main text we are interested in the large-N fixed-7 expansion of the Wilson-line
defect integrated correlator. To compute the zero-instanton sector in this regime, i.e. the
perturbative terms in 79, we need examining the expansion of I&i l;flm(/\) in the limit of strong
coupling A > 1. This analysis has been discussed in detail in [41], and the results are given
in equation (2.25) of that reference hence we do not repeat the computation here. However,
we highlight that we have found some disagreement with [41] at order 1/N® | i.c. for Zb™?.
Our calculations for the large-A expansion of I{ﬁvert’g yields

9/2 4 7/2 3
A A 27\ 13\ (A.26)

Ipert,3 A) = — . . o
w () 1935360 430080 2293760 + 80640 + ’

and the discrepancy with the aforementioned reference starts at order A\*. In [41] the large-\
expansion is obtained by rewriting each genus expansion coefficient in (A.25) as an integral
involving products of two Bessel functions, in particular see their equation (B.3) for the
order 1/N%. The product of two Bessel functions is then replaced by its Mellin-Barnes
representation and the large-\ expansion is obtained by closing the contour of integration and
evaluating the residues. We believe the disagreement we have found is due to the fact that
there are additional poles which contribute in this case and that are missed in [41].10 As we
argue in the main text after equation (3.19), the coefficient of the A* term in equation (A.26)
is indeed consistent with the expected behaviour of the large-N large-\ expansion of the 't
Hooft-line defect correlator, which can be obtained from the S transformation 7 — —1/7
of the Wilson-line defect correlator.

A.2 Instanton contributions at large-IN and fixed T

In this section we discuss how to compute the instanton contributions to the integrated
Wilson-line defect correlator, Zyy inst(7), in a large-IN expansion at fixed 7.

We start by reminding the reader of some important properties of the large- N expansion
for matrix model integrals which can be derived from the method of topological recursion

9The discrepancy can also be verified by performing a numerical integration of equation (B.3) in [41] for A
large and comparing it with the asymptotic expansion (A.26).
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introduced in [64], see also [80, 81]. As it will become clear shortly, to analyse the large-
N asymptotic expansion of the k-instanton sector of the Wilson-line defect integrated
correlator (A.6), we need to control all matrix model correlation functions of the form

1 1 1
<(TrAg1 T]rz422 "'TrAZk Do s

computed from the hermitian matrix model (2.5) where we defined the diagonal matrix
Ay = a—x- 1 with a = diag(ay,...,an) and x € C. With the subscript ¢ we denote the
connected contribution to the correlation function. Using the differential identity

1 1 1

(A.27)

i A.28
A (n—=1)17" AL ( )

we can rewrite the generic matrix model contribution (A.27) as

S LS W Rt R Tl g\ wk
« I'A,rxll r@ rAiglk»C - <_ ) 1:[ (n,—l)‘ T; (xla-..,l'k) y
i=1 T1==Tp=T
(A.29)
where we have introduced the k-body matrix model resolvents
1 1
Wy, ... ) = N2 (1) (Tr—... T
(xla ,$k) ( ) « rA:rl rAxk >>c
Yoo Yoo
:Nk_2(<< ) o ( ) ). (A.30)
ilzz:l 1= Gy ikzz:l Tk~ iy )

Thanks to topological recursion [64, 80, 81], it is possible to show that each resolvent admits
the large-N genus expansion

[e.e]
Wk, .. ak) =Y N2 We (a, ..., ). (A.31)
(=0
and surprisingly all higher-body, higher-genus resolvents can be constructed from the one-
body genus zero resolvent

Wg (@) = 2p(par) (1= /1= (na1)2) (A.32)
where we defined
27 [TTTo [y
= —— = _— = —_— . A
The functions Wlf“ (21,...,x) are homogeneous in the z; and can be expressed as
Wi, . wy) = pF By (s pg) (A.34)

We then conclude that the generic matrix model term (A.27) at the leading order in the
large-N expansion with fixed 7 grows like

1 1 1
<<TrAn1 TrAn2 . ‘TrAnk >>C ~ u”1+"'+nkN2_k ~ N2_k_(m+"'+”k)/2 ’ (A.35)
X xr T

since each contribution Fj(t1,...,t) in (A.34) is finite in the limit ¢; — 0.
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We now move to show that the large- N expansion at fixed 7 of the k-instanton sector (A.6)
for the integrated Wilson-line defect can be extracted from the expansion at large A, of
matrix model correlators precisely of the form (A.27). We begin by analysing the large-N
expansion of the k-instanton contribution to (A.6) coming from the small-mass expansion of
Nekrasov partition function (A.9), denoted by I,x,. Following [41], we introduce a slightly
different integral representation for I,., compared to equation (4.24),

Ipxq(a) = /OOH6 l(cp,q + B(Z))QA(Z) ~Cpa|5_ (A.36)

)
—00+1€ 2

where the constant ¢, , and the functions A and B are defined as

N ) A
Cpq = 2 (12 + 1> ’ A(z) — Zlog [Z —a;+ (p — 1)2] [Z —a; + (q — 1)2} 7
=

P’ ¢ z—a;—i)lz—aj+(p+q—1)]
(A.37)

e i(p+q)(q—p)?
o) ._leptﬂzajJr(pﬂLq1)i][zaj+(q1)i][zaj+(p1m‘

The integration contour is chosen in such a way as to separate the poles located at z = a; +1
from the remaining poles located at z = a; —i(p+¢—1),i.e. weneed —(p+¢qg—1) <e< 1.
Note that when compared to the original contour integral appearing in (4.22), the integration
contour for I, has now been changed to a horizontal line in the complex z-plane. This
change in the integration contour can be performed only after having subtracted the constant
term ¢, 4 in (A.36) as to make the integrand decay sufficiently fast at infinity |z| — oo. This
subtraction does not modify the contour integral (4.24) and it allows us to ‘open’ up the
integration contour to any horizontal line [9] separating the poles located at z = a; + i from
the remaining ones located at z = a; —i(p + ¢ — 1).

At this point we find it convenient to shift the integral to a more symmetric configuration
by changing integration variables to z = = + (1 — Z’Qﬂ)i, so that the z integration contour
can be chosen to lie on the real x-axis and I,x, becomes

o0 8sd? —iAy +s1 A2+ d%1 dx
Tyxq(a) :/_Oo KC”“ k Tr(A%er?IL)(A%Jrs?IL))Det(A%+52]l) ~a| g
(A.38)

where we defined s := (p+¢q)/2 and d := (p— q)/2. It is important to note that the imaginary

part of the integrand is proportional to 4, and cannot possibly produce a non-vanishing
contribution after integration over x since the original expression for the Nekrasov partition
function is real. Although we do not have a direct proof for arbitrary IV, it is straightforward to
verify this fact by working at finite N and evaluate explicitly the contribution originating from
the factor proportional to ¢4, which vanishes identically after integrating over x. Therefore,
in what follows we simply discard the term proportional to iA,, and work with the expression

o 8s2d? 1 A2 +d?1 dz
I = T Det(—5—— ) — —.
pal®) /m KC”"I TR Ty A+ 82 Il)) ¢ (Ag, 7)) o
(A.39)
We find this form for the k-instanton contribution coming from Nekrasov partition function

to be the most convenient for deriving the large- N expansion at fixed 7.
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As previously discussed, in the large- N limit we have that the variable x appears in the
matrix model resolvents (A.34) always in the combination px with y = /y/N. We then
introduce the rescaled variable ¢ = ux and consider the expansion for large A, = a; — t/p in
the complex ¢ plane. As a function of the complex variable ¢, the integrand of (A.39) has
poles located at t = p(a; £1is), so the large A, expansion converges only when

|t — paj| > ps Va,. (A.40)

This means that in the N — oo limit the excluded region shrinks to the segment ¢t € [—1, 1]
on the real axis. One can furthermore show that the contribution to the integral coming from
this interval can be ignored in the N — oo limit since it is exponentially suppressed in N.
From our expression (A.39), we immediately see that the functions A and B (with a
slight abuse of notation we use the same symbol B even if we have discarded the term —iA,
which vanishes upon integration) defined in (A.37) can be rewritten conveniently as

A2 4 @21 242 1
t _ Sy (A.41)

Ale) =Trlog 7,757 @)= M@ ey

so that it becomes a straightforward task to expand either of them as an infinite sums of
powers of traces Tr A;2".

We can now consider the full k-instanton sector of the Wilson-line defect integrated
correlator (4.22) where we replace x4 with (A.39). To compute the large-N expansion
of (4.22) we furthermore need the identities

(Wel) — (Wifet) = [(We), — (Wheleet, (A.42)
(We'B) — (W) (eB) = [(WeBle + ((Wehe — (W) (e B)e|ele™71 . (A.43)

We then conclude that equation (4.22) can be rewritten as

(Wlpxg) — (WH{Ipxq)
w (A.44)

(W)
! A
(W) R\(/ . [ ((Wehe = (W) (cpg + (*Ble) + (WetB)e et

c_l g
o2

To extract the large-N fixed-7 expansion of (A.44) we need to analyse each term separately.
Firstly, as already noted in [9], at large N and fixed 7 we find

(e4)e—1 _ _ 1
e = exp {2]@ <1 a— +0 ~ ) (A.45)

using the notation y = 7y = 472/ 932(1\4‘ The presence of |t| is due to the requirement that

all the resolvents, at all orders in the genus expansion, must be analytic functions on the
complex plane except for a cut on the segment [—1,1].

Secondly, in (A.44) we immediately see the presence of Wilson-line defect insertions which
do not immediately seem to fall in the same category as the correlators (A.27) previously
discussed. We now show that these terms can be reconstructed as well from the resolvents
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and at a given order in 1/N only a finite number of terms need to be kept in the expansion.
We keep the present discussion rather schematic in nature without worrying about the precise
details, while in the next subsections we will show concretely how to extract the large- N
expansion of (A.44) up to order 1/N?

Since we have already argued that both A and B can be expanded in terms of mult-
trace correlators (A.27), the typical contribution to (A.44) that we still need to analyse
takes the form,

1 1

:(—1)kl<ﬁ18”?><(W(a)Tr L L | (A.46)
i=1 (nz_l)' " Aml Awk ) T|= =T =T

We now proceed to outline a procedure for evaluating the large- N expansion of the above
expression. Since the expressions will become rather cumbersome whenever we use the
symbol ~ rather than an equal sign it means that we have dropped numerical factors which
do not affect the large-N scaling. Firstly, from the definition of the resolvents (A.30) we
immediately see that the matrix model expectation value with an additional insertion of
W(a) = N~'Tre?™® can be rewritten as an inverse Laplace transform of an augmented
resolvent, i.e. we can write

! ! dw

WT T = —N‘k/ W (w, 21, ..., xp)e2™ A.AT
<< rAm Axk >>C ( ) Rew>1 (w o wk)e 271 ( )
Hence the generic contribution (A.46) can be written as
dw
C~NF {8”1_1...6”’“_1/ WE N (w, 2, ..., 2p)e®™ } , A.48
1 Tp, Re w>1 ( 1 k) i = —ai—a ( )

where the integral is performed along any vertical line such that Rew > 1 . Using (A.34)
and making a change of integration variable w — w/u combined with ¢; = px;, we obtain

0 2w
C ~ Y NTRR e gt ;jj‘l/ EfftHw, by, .. ty) e n dw} .
=0 Rew>1 ti1=...=tp=t
(A.49)
In the complex w-plane, ngﬂ(w, t1,...,tx) has a branch cut along the interval [—1, 1] with
a leading singularity of the form
EFL(w, 1)
ni—1 ne—1 k41 _ / 3
ot o (L ’t’“)le...:tk:t = R (A.50)
with Ff“ (w,t) a polynomial in w such that Ff“(l,t) # 0. We then arrive at
k1
C ~ iN—k—%Mm+~--+nk / by THw,t)  emw
—0 Rew>1 (w2 — 1)k+3[_%
0o (A.51)
—0 Rew>1 (w2 — 1)5
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2_1)7k= 35 in terms of a differential operator

where we have rewritten the singular term (w
1
acting on pyy3¢(w) (w? — 1)~ 2, with p(w) a polynomial of degree k — 1 given by

k

™ k _ 41 L

pe(w) = — YT (€><—w>k HI-D =@ = 1)F = (-1 + w@? - 1)} .
9kT (k - 7) =

(A.52)

We integrate by parts & + 3¢ — 1 times and then close the contour of integration to the

left half-plane arriving at

O~ 3 Nk / PR [ ) 25y Prael®) g (A.53)
prd v (w? —1)2

where the contour of integration =y is a path circling counterclockwise the segment [—1,1]
in the complex-w plane. The integral has thus been reduced to the evaluation of a simple
discontinuity across the branch cut of the function (w? — 1)_%. The derivatives acting on
ﬁ'lkﬂe%w/ # produce in general many terms which can be organised in powers of 1/N | i.e.

k{301 e 7 pryse(w)
C ZN_k 2 it +nk/'u1 30— k( Z IurarFk+1( )> —*31dw. (A.54)
=0 r=0 (w? = 1)2

Remembering that p = /y/N we see that higher powers of u correspond to more
suppressed terms at large-N. Keeping here for simplicity only the leading contribution,
i.e. only the r = 0 term, we are left with computing the final w-integral. To evaluate the
w-integral we first change variable to w — 1 — w and, since we are interested only in an
asymptotic expansion of the integral'! as a function of i, we can extend the integration
domain to w € [0, 0c| given that the difference is exponentially suppressed at large-N. Lastly,
we simply expand the integrand 6;13' k+1(w, 1) as a power series in w near w = 0 and integrate
term by term to arrive at

o
C ~ Z N*k*2fun1+---+nkulf3ffk
Z 0

NZ

/ (icm )*%Twe%ﬂdw—l—z,u

m=0

k+€+n1 +...+ng

3 c1(t)p 2n
,u2(co(t)+ g —i—...)eu +....

(A.55)
Finally, the t-integral has to be performed as in (A.44) and will produce finite expressions
thanks to the asymptotic behaviour (A.45). From this schematic argument, it becomes
clear that to obtain any given 1/N* order in the large-N fixed-7 expansion of the instanton
sector (A.44) for the Wilson-line defect integrated correlator we only need to keep finitely
many terms.
In the next section we will work out the numerical details omitted in the present rough
arguments, and use this procedure to compute exactly the first few orders in the large- N
expansion of (A.44).

'We have already omitted exponentially suppressed terms when we discarded the integration domain
—1 —1
—uTr <z <p
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Order 1/N.

We now follow the procedure outlined in the previous section and derive the exact coefficients
for the first few 1/N orders in the large- N expansion of the instanton sector for the Wilson-line
defect integrated correlator as defined in (A.44). The leading large-N asymptotics of each
term appearing in (A.44) are given by
2r 3 5 2 3 7
(Wehe — (W) ~ e p2N"2, (e*B)e~ N7",  (We'B)o~ewp2N"2,  (A56)
so at leading order we have

«WIPXq» — <<W>><<Ip><q>> _ Cp,q e«A» g
I N (7} R\(/ e )

where |y-1 denotes the fact that we only keep terms contributing at most to order N~!. The
integrand can furthermore be expanded at leading order to produce

1 k
a2 =N

€T

Do {(Tr 2™ Tr— (A.58)

(WA). = (d*> — s*)(WTr =

which, as anticipated in (A.47), we rewrite as an inverse Laplace transform of the resolvent,

dw

. A.
211 (A-59)

k
(WA)e="Fo, [ Wew,t/w e
Rew>1

Using topological recursion [64, 81], we compute the two-body genus zero resolvent W (z1, x2)
from (A.32) eventually arriving at

dw 2n 3 sign(t) 1
WQw,t 2™ —— — o { }—&—
/Rew>1 0 ( /'u) 271 H V2 -1 Ar(t — 1)

We substitute this expression back in (A.57) and write the leading order instanton correction as
2 3
(Wlpxg) = (W) {Zpxq) oky, Kk oerp? /°° t { i }
= —6e*e, — —2k dt
(W) ‘N—l ¢ PaNTTRe ) (2~ 1)3 B IOV e

(A.61)
where first we split the ¢-integral into the two domains t € (—oo, —1) and ¢ € (1,00), and

(A.60)

P

then combined both of them into a single integral. The integral can be performed explicitly
to obtain,

(W) = (WDpea)| 3% +0%) oty 1 L

(W) ‘N -1 2yk? N’

(A.62)

where Ks(y) denotes the modified Bessel function of the second kind. Remembering that
the sum over p and ¢ is constrained by the fact that pg = k, we finally find the instanton
contributions at the leading order in the large-N expansion (3.1),

60_o(k)

wp

I“()g)-inst(T) - _ Z cos(2mk™)
k>0

Ky(2knms), (A.63)

where 0,,(k) = > 4, d" is a sum over the divisors of k and we have expressed the result
in terms of 7 = T + im.
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Higher-order terms.

Instanton corrections at higher-order in the large-N expansion can be obtained in a similar
fashion. We now present all the terms which contribute to the instanton sectors up to order
1/N?2. Firstly, working up to order 1/N? we can simplify the integrand of (A.44) using

Ay Wy — (2 1y =) e L
(Werhe — (W) = (WA, = —(2 = @UW T e+ LW T
A 8s2d? , 1
{e"Bhe = (B) = —5—(s" =) (Tr 7)), (A.64)
8s2d? ’

(We'B). = (WB). =

(% — YW T

k2 :
where all of these identities hold to the order 1/N? we are working at. We then use the

inverse Laplace transform (A.47) combined with the resolvents genus expansion up to order
1/N? to write

(0 Teggde = —0 [ [Walw. /) + g WEw. /i) + 7 WE et/ 27 5
(). = —top [ Wit 5L
(A.65)
(135 = - Moo/ = i
Once again, the resolvents can be computed using topological recursion yielding
/Rew>1 W‘)Q(w’t/“)em% =¥z jﬁlg Lm(tl—l) N 6;:2(§tt31))2 - 155;&;@2%1_)33] ’
| Wy s e ﬁ;lg l o . 5 ;Efgff_‘f;l] , (A.66)

dw 2z _9sign(t) 7o
”72 t 2my 2 )
/Rew>1 2wt ey = e e | s 1)

We then substitute this expression back in (A.44) expanded up to order 1/N? and perform
the t-integral as previously discussed. In this way we finally find the instanton contributions
up to order 1/N? in the large-N expansion (3.1), i.e.

T (r) = N7 29 () + N2 28 (r) + N2 0™ (r) + O(N D), (A.67)
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where we defined

60_o(k)

Ié;g)_inSt (1)=— Z cos(2mkTy) Ko (2kmms), (A.68)
k>0 e
-ins 90 _2(k) 450 _9(k)
Tt () = 37 cos(2mkr) [K2(2k7r72)+f(3(2m¢2) ., (A.69)
Y ig) 2m\/TTy 27T]<?(7T7'2)%
G ) = (A.70)
= (373 +472) o2 (k) 5(m27304(k)— (1272 +72) 02(k))
kzzjl cos(2mkTy) [— T677k2r Ko(2mkma)+ pReyEm Ks(2mkms)
35 (2m204(k) —1504(k))
Sriking Ky4(27kTo) |,

As stressed in the main text, the result of our large- N expansion for the instanton sectors differs
from that of [41] in that we do not find contributions proportional to sin(k6). The instanton
contributions at order 1/N? were not computed in [41] and are here presented as a further
check of our proposed large-N expansion in terms of a novel class of automorphic functions.

To obtain the complete 1/N2-order term we must combine the instanton sectors just
computed with the perturbative part contained in (A.26) and equation (2.25) of [41] for
the lower order terms, this yield

6 4 2 2

(4) m m T (4CB)+1) | 975(7¢(3)+10¢(5)+3)
20y _ - T AT

w7 = 5670075 16803 3002 128 T 51272 (A1)

= (373 +472) o2 (k) 5(m?1304(k)— (1273 +72) 02(k))
—3I€Z::1cos(27rk71) T6r2k2r2 Ky (2mkto)— p Ks3(2mk™s)
35 (2204 (k) —1502(k))
_ 87T4k;4722 K4(27Tk7'2)

We remark that in the above expression only the first term, proportional to 1/79, has not
been computed directly from the matrix model. This term has been determined by requiring a
softer behaviour in the small-7, limit (with 7 = 0) dictated by the 't Hooft expansion of the 't
Hooft-line defect integrated correlator (see the discussion around (3.11)). Following an analysis
similar to [41], or alternatively using the asymptotic expansion (B.29), it is straightforward
to verify that in the limit 75 — 0 the 1/7$ term and the 1/73 term cancel against equal and
opposite terms originating from the infinite sum of instantons contributions, which stop being
exponentially suppressed when 7 — 0. It would be interesting, although rather laborious,
to compute the term 1/7$ directly from the matrix model by a large-N large-\ expansion,
which would correspond to the term A5/N® in the 't Hooft genus expansion at large-\.

B A class of automorphic functions for line defects

In this appendix we present more details on the novel class of automorphic functions, Fj, ¢, s,
which appear in the analysis of the integrated two-point defect correlator (2.52).

More in general, we want to define a family of real-analytic functions, F', defined on the
upper-half plane parametrised by 7 € H and carrying as input an additional label associated
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with a coset element [p] = (3 p) € B(Z)\PSL(2,Z), corresponding to the electromagnetic
charges (p,q) of the defect. Crucially, we require that under an action of SL(2,Z) on the
modular parameter 7 these class of functions F' transforms with the automorphic prop-
erty (2.38) which can be interpreted as electromagnetic duality, i.e. we want to construct
real-analytic functions F' such that

F:B(Z)\PSL(2,Z) x H - R, (B.1)
F(lpliv-7)=F(lpr);7),  VyeSL(2,Z). (B.2)

Firstly, we can immediately construct an easy class of functions satisfying the automorphic
property (B.2), namely

s S
F (i) = (rof '], = - (tmnp - ) = {20 (B3
were s € C and we used the standard |, action to denote f(7)|, := f(p-7). Note that (B.3) is
really defined on the equivalence class [p] rather than a particular representative thereof and
one can easily check that under an SL(2,Z) action on 7 the function Fg*¥ transforms as (B.2).
If we specialise F2Y to the case [p] = [1] corresponding to the Wilson-line defect, we
understand the reason why we denoted this class of functions with the superscript ‘easy’
since F$Y([1];7) = (12/m)* is simply a term in the perturbative expansion. Although not
particularly exciting, we see that the Wilson-line defect expectation value (2.13), the one-
and two-point defect correlators (2.30)—(2.31) can all be expressed solely in terms of (B.3).
We now define now a more interesting class of automorphic functions relevant for the
integrated defect correlator (2.52) satisfying (B.2) and based on a Poincaré series approach.
Poincaré series are a fundamental tool in constructing modular invariant functions and in
their simplest instance they take the form

F(r) = Y. ey ). (B.4)
~v'€B(Z)\PSL(2,Z)
However, for the Poincaré series to be well-defined over the coset B(Z)\PSL(2,Z) we must
require that the function ¢(7), usually called Poincaré seed, to be invariant under the Borel
stabiliser B(Z), i.e. it must be periodic with respect to 71 = Re 7 so that (1 +n) = ¢(7). A
simple Poincaré seed one can consider is ¢(7) = 75 and the associated Poincaré series (B.4)
is referred to as the non-holomorphic (or real-analytic) Fisenstein series.

Since we are interested in automorphic forms satisfying (B.2), we have to modify the
Poincaré series definition (B.4) which would otherwise produce modular invariant functions.
For the electromagnetic charges coset element [p] to ‘talk’ with the Poincaré series, we have
to somehow intertwine the two coset elements [p] and [¢/]. Crucially, we notice that given
two elements [p] = (3p) € B(Z)\PSL(2,Z) and [y/] = (L)) € B(Z)\PSL(2,Z), we can
construct the combination

(') [o)) = (p7' )21 = qd — pe, (B.5)
which is manifestly invariant under a right SL(2,Z) action, i.e.
(1 1ol = () [pa]) - Vv €SL(2,2Z). (B.6)

— 47 —



In (B.5) we denote with (p7/~1)2; the bottom left entry of the 2 x 2 matrix p~/~!

, and
note that this is the only element in that product of matrices which is well-defined on the

coset. As will be important later on, we note that

(Ll =0 = =, (B.7)
i.e. ¢ = cand p = d.
We can now define a family of real-analytic functions via the Poincaré series representation:
F(lim) = (n/m™], X (/w2 S ), (B)
~'€ B(Z)\PSL(2,Z)

where s1, so are complex numbers and f : Z — R is for the moment an arbitrary real-valued
function over the set of all integers. Presently we do not worry about convergence properties
of such a Poincaré series but shortly we will consider special cases for which (B.8) is indeed
convergent. It is an easy exercise to show that (B.8) obeys the requested automorphic

property (B.2). To this end we consider

F(lohy-m) = F(h |, = (/m™ ], X (m/m)=], FU0) D)

v'€B(Z)\PSL(2,Z)

=m/m,, X (/™2 " D)

~"€ B(Z)\PSL(2,Z)

=/, Y m/mL, FB ) = F(lerlin). (BY)

~v"€B(Z)\PSL(2,Z)

where in the first line we used the fact that

iy, = (L)

lqT + p|?®

_ (ro/m)" .
v |(ga + pc)T + (gb+ pd)|?s (T2/) |p7, (B.10)

with v = (¢%), then we changed summation variables 7/ — 7" := 7'y and finally in the last

line we made use of the property (B.6). We see that the transformation property (B.9) of
the Poincaré series (B.8) coincides precisely with the requested (B.2).

Note furthermore that if we isolate in the Poincaré sum (B.8) the single term [/] = [p],
which is the unique point for which the argument of f vanishes, this reduces to a multiple
of the easier functions previously constructed in (B.3), i.e.

(/™™ X W)= o) (/)L S D) = F(0) (rafm) 2,
~v'€B(Z)\SL(2,Z) (B.ll)

= f(0) Fi T[] 7) -
This observation leads us to consider a more refined version of the Poincaré sum (B.8) for
which we remove from the sum the single element [y'] = [p] . Furthermore, we specialise the
arbitrary function f : Z — R to the particular case f(n) = (mn)*? (the factors of 7 are chosen
as to have a nicer normalisation) to arrive at our novel automorphic building blocks

Fasss(im) = (m/m™|, X (/o= (f()L )" (B.12)
+'€B(Z)\PSL(2,Z)
Y #p
_
’q’r +p’281 (C,d)zl,CZO ’CT_'_ d‘282
(e, d)#(a,p)

[7(qd — pc)]*® . (B.13)
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Convergence of the Poincaré series requires Re(se — s3) > 1. However we will shortly
analytically continue this class of functions to arbitrary si, sz, s3 € C.

Rather than working with the above Poincaré series we find it more convenient to obtain
a lattice sum representation. To transform the Poincaré series (B.13) into a lattice sum we
multiply it by 2¢(2s2 — s3) which we then rewrite in terms of its Dirichlet series 2¢(2s —
83) = 23" nwo N 722753 We then change summation variables (c,d) — (n,m) = (N¢, Nd) so
that, under the assumption'? s3 € 2Z, we can rearrange the multiple sums as

2 > = > : (B.14)

N>0 (¢,d)=1,c>0 (n,m)€Z?
(e.d)#(g.p)  (n,m)#l(q,p) VLEL
We finally arrive at the automorphic building blocks considered in the main body of this
work and given by the lattice sum representation

F51,52,53 ([p};T) = 2€(232 - 33)F51,82753([p]; T) (B'15>

(ra/m)™ 3 (r2/m)*

_ MV — 2 7 _[n(np —mq)]*®.
|qT+p|231( 3 |n7'+m\252[ (np )l

n,m)€Z*\{Z(q,p
After having introduced this infinite class (B.15) of automorphic functions satisfying (B.2),
we now discuss some of their key properties.

Firstly, we notice that under the involution 7 — —7 the automorphic functions

F81,52733([ﬂ];7') are even, i.e.

F81782,83([p]; _7_—) = +F81,52753([p]; T) ) (B'lﬁ)

It is possible to modify the starting Poincaré series (B.8) as to produce a different class of
automorphic functions odd under the involution 7 — —7, thus leading to cuspidal objects
in the sense that their asymptotic expansion at the cusp 7o > 1 must necessarily be O(q)
with ¢ = exp(2mir).

Secondly, we can check by direct calculation that for general [p] € B(Z)\SL(2,Z) the
functions Fj, s, 5 ([p]; 7) defined in (B.15), satisfy the differential equation:

. [qT+p qT+Dp
lAT—msl (q?+p72 &—mm 0;) +(s1452)(1+51—52) | Fs; 50,85 ([p];7) =0. (B.17)

In particular, when [p] = [1] (the case relevant when discussing Wilson-line defect correlators)
the above equation reduces to the simpler differential equation

[AT — 28179 09 + (81 + 82)(1 + 851 — 82)]Fsl,32753([ﬂ];7') =0, (B.18)

where 0y = 0/012. Note that equation (B.17) can in fact be derived by acting with |,
on (B.18) and noting that 275 0o = —im2(0; — 07) where the Maaf} operators 720, and 7207
change the modular weights respectively by (+1,—1) and (—1,+1), i.e.

_qTH+p

qT +p
TF - - -
[7'26 (7')] P i tp

70-F(p-T), [120:F(7)]], = P

T0:F(p-T), (B.19)

thus justifying the automorphy factors appearing in (B.17).

12The condition s3 € 27 appears to be the physically relevant choice for the present paper. However, it is
possible to write similar lattice sums for the more general case when s3 is not an even integer.

— 49 —



Finally we want to derive the Fourier mode expansion of (B.15) in the special case when
[p] = [1]. We first note that only for the case [p] = [1], relevant for the Wilson-line defect
correlators, we can perform a sensible Fourier series decomposition of (B.15) with respect to
Re(7) = 71. The reason is simple, if we consider a translation 7" - 7 = 7 + n of a generic
function Fy, s, s,([p]; 7) this will in general change the coset element, i.e.

FS1,82783([p]; T+ n) = F81782,83([p];Tn : 7_) = FS1,82,83([:0 Tn];T) ) (B'QO)

and [pT"] # [p] unless [p] = [1]. This can be understood in physics terms as a consequence
of the Witten effect where for a dyon with electromagnetic charges (p,q) with ¢ # 0, a
translation of the # angle will induce a modification of the electric charge.

Let us then consider the Fourier mode expansion for (B.15) when [p] = [1] and use
the integral representation

\nT+m\2

so—1 ,—s3—1
’ et ~tam(np-ma) 13’ 13 2
Fyy 50,85 ([Pl 7) = (m2/7)""| > / BTt %,
p("’m)GW\{Z(q,p)} 0 ['(s2) I'(—s3)

(B.21)

which we then specialise to (p,q) = (1,0)

|nT m‘Q so—1 ;—s3—1
Fs, 50,55 ([1];7) = (r2/m)™ Z /Oo eitﬂ- 7J'r2 ~tsmn b2 3 d?t. (B.22)
(n,m)€Z2 0 F(s2) F(_S3)
n#0

We perform a Poisson resummation for the variable m — 1 thus arriving at

A -3 o
F, ([:HT) = (TQ/T[')Sl Z e?wiﬁﬂfn\/g/oo e—t27rn27'2—t27777"212—t37rnt22 2 t3 S3 9
51,82,8 ) -
1,52,83 (nn) €z 0 F(sz) F(—53)
n#0
(B.23)

The term m = 0 produces the single perturbative term in the Fourier zero-mode sector, while
for m # 0 we obtain the non-zero Fourier modes, both of which can be readily evaluated
from the integral representation above and take the form

Fypsnss([1;7) = D ™ ED, (1] 72)
k€EZ
27T%+53781782F <82 — %) <(282 — 83 — 1)
= Tt (B.24)
I'(s2)
o3 =51 _1 41
+ m Z (308(27‘(]{7’1)k‘82 2033+1—2$2 (k‘)T;l 2K82_%(2]€7TT2) .

k>0

Here K,(y) is a modified Bessel function of the second kind, while o4(k) := >_d d° denotes
the divisor sigma function.

From the Fourier mode decomposition (B.24), we can furthermore extract the asymp-
totic expansion near the origin 7 — 0 which, thanks to the identity Fy, s, s, ([1]; —1/7) =
F 50,5
[p] = [S], in the particular case 71 = 0. To proceed we run an argument similar to the

([S];7), we can relate to the large 7o > 1 expansion for the 't Hooft-line defect,
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analysis provided in [41]. Firstly, we use the Mellin-Barnes integral representation for the
Bessel function

K(22) :/Res:wr(sgt)r(sgt)z—s;;, (B.25)

with 4 > Ret. Substituting this expression in (B.24), we exchange the integral over s with
the sum over Fourier modes, k > 0, arriving at the Dirichlet series

S cos(2mlry) Zti=2sa (k) (B.26)
=0 ks+§—s2
Although no closed-form expression is known for generic —1/2 < 7 < 1/2, it should
be possible to adapt the analysis of [82] to obtain an analytic continuation of (B.26) for
71 € [-1/2,1/2] N Q. Here we simply consider the case 71 = 0 for which (B.26) reduces
to the well-known Dirichlet series
Zw:§<s—82+l)C(s+52—53—1>. (B.27)
=0 Esta—s2 2 2
However, note that by having exchanged integration over s with the sum over k, we have
now introduced additional singularities in the right half-plane Res > «, thus we have to
push the s-contour of integration past all poles as to obtain an integral representation which
is indeed exponentially suppressed as 75 > 1.
Proceeding as just discussed and performing the change of integration variables s — 2s +
s2 + 1/2 we arrive at the alternative rewriting of (B.24) specialised to 71 = 0,

o3 Tss—s1—sa (Sz - %) C(2s2 — 53— 1)
['(s2)

77%(537231)7,51—82 / F(S + 82)

[(s2) Res=y I’ (3 + 52— %3)

where £(s) = 77%/?T'(s/2)¢(s) = £(1 — s) denotes the completed Riemann zeta function
and v must be chosen such that the integrand is analytic for Res > ~. The small-

Fy, 50,55 ([1];i72) = 7'281+1_82 (B.28)

ds
25) £(25 + 289 — 25 7
f( 3) 5( S+ 289 33)72 omi’

+4

asymptotic expansion can now be computed by closing the contour of integration to the
left half-plane and collecting residues. Interestingly, for the case of physical interest we
have s3 € 27 and the integrand displays only a finite number of poles which are located
at s = 0,3, —s2 + s3/2, —s2 + s3/2 + 1/2, coming from the argument of £(s) being either
0 or 1, as well as at s = —sy —m with m € {0,...,1 — s3/2} coming from the gamma
function at numerator. When 7 = 0, we then find the terminating asymptotic expansion
near 7, — 0 of (B.15),

Fup ooy (1597) = Foper 00 ([5]- Z) (B.29)

)
T2

_ 27_[.82—81—%1’1(53—{-22—282 )I\(s;;;-l)

['(s2)

max(0,— =)

C(s3+2 — 2s9) 5t Ts27587 1 4 opsamsi=s20(95, — g3)7517%2

(_l)mW%iSliszr(SQ + m) s1+s2+2m 7‘2?;
+ ), 4 [(so)D(m + 1) C(2s2 4+ 2m)((—s3 — 2m)75 +0(e ™).

m=0
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We note that the single Fourier zero-mode term in (B.24) proportional to 7; 1H1782 cancels

out in the small-75 expansion. Furthermore, in the small-7» expansion the m = 0 term, which
reduces to 4m*3751752((2s9)((—s3)75'T** corresponds to the second homogeneous solution
to the differential equation (B.18). From the analysis of section 3, it appears clear that
for the range of parameters s, ss and s3 relevant for the large-N expansion of the defect

S1+s2

integrated correlator, the power 7, is the most singular term as 7 — 0. It is tempting

to consider as ‘fundamental’ the shifted building block

~

F51,52,53([1]§ T) = F81,52,83([]1]; T) - 4ﬂ53_81_SQC(QSQ)C(_33)7281+82 (B'30>

27T%+53_51_52F (32 — %) C(282 — 83 — 1)
['(s2)

{3751

1
4+ — Z cos(27rk71)/~c52_%053+1,232 (k)7_251+2 K, 1 (2kmTs),
['(s2) k>0 :

= —Am* TR ((2s2)( (—s3)m5 R e

which still solves the differential equation (B.18) and now has a milder behaviour as 7 — 0.
Although there seems to be a connection [41] between such singular terms and the requirement
of having a consistent genus expansion of the 't Hooft-line defect correlator (see the discussion
around (3.11)), we do not fully understand the mathematical reasons behind it.

To conclude this appendix, given the similarity with the present discussion it is worth
reminding the reader about the Fourier mode decomposition for the modular invariant
non-holomorphic Eisenstein series F(s;T),

E(s;7) = 2(¢(2s) > (/) = > _(m2/m)* (B.31)

2s
~/€B(Z)\PSL(2,Z) (m,n) (0,0) T +m|
- n\* 2VAl(s— L)C(2s - 1) |,
= 2((2s) (W ) + =T () 5
8 o1 1
+@ Z COS(27T]<J7'1)]€ 2 0'1,25(143)7'22 Ks,%(Qﬂ'kTZ) s

k>0

which is the solution to the homogeneous Laplace eigenvalue equation,
[A; —s(s—1)]E(s;7) =0. (B.32)

These modular invariant functions play a key role [11] in the study of integrated four-point
correlators of local operators in N' = 4 SYM, they do however differ quite significantly
from (B.15) not just from their automorphic properties. In particular, when comparing the
Fourier modes decomposition for the modular invariant Eisenstein series (B.31) with that

of the automorphic functions (B.24) we notice two key differences:
(i) the Fourier zero-mode of Fj, g, s,([1];7) does not include the analogue of the first term
in (B.31), i.e. the monomial 75"** is absent from (B.24); however such term is present

in (B.30) for the ‘improved’ class of functions Fy, 4, ¢, ([1]; 7);

(ii) while for the non-holomorphic Eisenstein series the index of the divisor sigma function
is (minus) twice the index of the Bessel function, the same is in general not true for

F51’527S3([Il];7').
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C Finite-N decomposition in automorphic functions

In this appendix we provide more technical details to show how to decompose the line defect
integrated correlator as an infinite series of automorphic functions, elements of the novel class
proposed in appendix B. As outlined in section 4, our method relies first in computing the k-

)

instanton contribution to the Wilson-line defect integrated correlator, I&; '~ (7). Secondly, we
impose for arbitrary instanton number k that Zé;]VC)N( ) can be written as a linear combination
of the non-zero Fourier modes of automorphic functions Fy, s, s, ([1];7), given in (B.24). A
careful analysis of the instanton sector produces a finite system of linear equations for the
coefficients of this linear combination which yields a unique solution for the cases SU(2)
and SU(3) considered.

As discussed in the main text, we consider the 'reduced’ version of the integrated

correlator, as defined in (4.3), i.e. we want to study

1 T
T () = TR (). )
The goal is to express f&f’)]v(m) as an infinite sum over the Fourier coefficients Fs(lk ,)52733([]1]; T2)
given in (B.24). In what follows we determine the precise form of this series for the explicit
examples N = 2 and N = 3, we stress however that our method can be utilised for higher
values of N, although at the present time we have yet to understand systematically the
N dependence.

Let us start with discussing the line defect integrated correlator with SU(2) gauge
group. In this case, the matrix model originating from supersymmetric localisation is a
one-dimensional integral. The k'™ Fourier mode I&C?Q(Tg) for k > 0 is given by (using the
variable y = 77y)

2

> 2y 1 F -3 -
zé532<72>:§<<z:;<8t><o aij)hn ( pfiin e i) —1) vy (C2)

where <(Z-”(k) (0, a;) ) denotes the coefficient of 1/y™ in the large y expansion of (Z; (k) (0, ai5)).

inst inst
We derive (C.2) by expressing Z, (

mst)(O, a;j) as a power series in a; (using the fact ax = —ay
for SU(2))

1nst 0 a’l] ZC a . (C3)

The explicit form of the coeflicient C), is not important for the following discussion. Then
I%Q)Q(Tg) can be computed from (A.6) and takes the form

(k) 27r|k|7‘2 27ra1a2n>> - 2n
Ly o(12) = ZC ey {a™) | - (C.4)

The above expression then leads to (C.2) by using the matrix model expectation values

(oay T(n+3) 1A (-n-13-4)
<<e27ra1 >> 4gn—1 yn71ﬂ_2n+%(2y + 1)

(@) =2t 2ngmegyonp <n + ;’) .
(C.5)
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The relation (C.2) is extremely useful since (7 (k)

inst. (0, ai5)) has been evaluated for any

instanton number k in [11],

(2090, ai;)) = 2¢~ 27kl 3 [— LD 2+ (1 +2(p — 0))

p,g>0
pg=|k|

— 4?2 me PO (02 4 ) + (0% — @) Py)eric((p+@)vy)|,  (C.6)

where erfc(z) = f [ e~ dt is the complementary error function. With (C.6) at hand, it is

then straightforward to obtain the k-instanton contribution Iéw’)2(72), or equivalently Z\\(/V?2(Tg),
in the large-y expansion. We give the first few terms in the large y expansion

~(k

I%(/V,)2<T2):

3 372 (3p? —10pg+3¢%) 72 (—150p%+420pq—150¢°) +m* (3p* —4p3q—14p3q® —4pg®+34*)
2 5 3 7

pa>0 2y*(p+4q) 4y*(p+q)

prq=

_ 15m% (=147p*+-378pq —147¢%) +- 157" (5p* —4p°q—18p*¢® —4pg° +5¢") N ]
8y*(p+q)° )
(C.7)
Next, we replace ¢ by k/p such that we have a single sum over all positive divisors p of
k. We then consider a large k expansion and perform the sum over p yielding divisor sigma
functions os(k) with different indices. We conclude by grouping all terms according to the
index of the divisor sigma function which accompanies them, i.e. we arrive at

~ 3t 9n? 5n¢ 757t 2572 (n?k+6)  THmk
e 55) <o
w2 =9 3(k) 4y3 1 22 () 1645 + 8yt + 443 + 242

Tn® 4978 7(2875k +8407t) 7 (8407*k + 252072)

_7(k .
+o_1( ){64y7+ G + 61,5 + 618 (C.8)
LT (22471k? + 3360m2k) N 14772 k>
64y3 yQ

We observe that only odd negative indices of the divisor sigma functions appear and their
coefficients are given by polynomials in 1/y and k. At this point we compare the above
expression with the Fourier expansion of Fj, s, s, (7) given in (B.24) and are led to the
following ansatz,

W2 - Z Z dSl 82,8 —51,82,282 2s (Cg)

s=2 51,52
25-1—251—1—252—% 1 1
= k%27 201 9 (k)yi_le _;(Qky)
5222312,;2 e F(SQ) ° 5272 ’

with s1 and so taking values in a finite set for a given s. In order to solve for the unknown
coefficients dg?@,g we match the index of the divisor sums on both sides, as well as the powers
of y and k. Working at fixed index s for the divisor sigma function, this yields a finite system
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of linear equations in the coefficients Jﬁ??w which has surprisingly a unique solution for
which we list all the non-trivial coefficients for 2 < s < 4,

q 9 52) 3
212 = 3127 g
KO B C T ¢ R C T ) B T () B S ) B
2,2,3 4 ’ 3,1,3 ) ’ 3,2,3 ) ’ 4,1,3 8 ’ 5,1,3 327 (C 10)
ng?)) 4 = 147 ?% 4= e d% 4= 2 NA(LQ% 4= (kg |
39y ) 34y 2 ) 39y 2 ) s Ly 16 )
F . 441 3(2) 735 3(2) 49 s2) 147 O 7
4,24 ].6 ? 5,1,4 32 ? 5,2,4 327 6,1,4 64 ? 7,1,4 128 :

We note that the summation indices sj, s9 in (C.9) only appear in certain ranges, namely
1<s9<s—1, 2<s<25—28+1, s +s3>s+1. (C.11)

By studying the coefficients Jg?sw for all values of 2 < s < 25 and s1, $2 as above, we were
able to find the conjectural expression
w2 (1) 7325 =1)% [s(s1+259 —2) — (259 = 1) (51 + 52— 1)] T(25 — 259)T (51 +52 = 1)
81,52,8 2252527 (51 4+ 1)'(25 — 51 — 259 +2)T'(2(51 4+ 52— 8)) ’
(C.12)

and the ansatz (C.9) combined with the summation ranges (C.11) becomes

=(k > 1 k
I\(W,)Q(TQ) = Z Z dg??SQ,SFES)l782,252728(7-2) . (Cl3>

s=2 1<s9<s—-1
2<51<25—2s2+1
S1+s2>s+1

We find it more convenient to change summation variables (s, s2,s) — (s1 + $3, S2, S2 + S3)
so that (C.13) becomes

F(k = k
IQ(W,)2 (TQ) = Z dg??s2,83F£5)1—53,327—253 (7—2) ? (014)

$1,82,83=1

where the new coefficients are simply given by d&?sm = CZg)Jrss,swz 3
dg?s%sg = (—1)82+534_S3 (282 + 253 — 1) 2 [S% + (Sl + So — 1) S3 + 81 — 8182 + s9 — 1}

(C.15)
I'(2s3)T (s1 4+ s2+s3—1)
X .
P(Qsl)F<83 —51+2)F(81 +83+1)

Note that due to the factor I' (s3 — s; + 2) at denominator in (C.14), the sum over s; ranges

only between 1 < s1 < s3+ 1. We present the expression (C.14) in the main text, see (4.27),
since we find it the most convenient to construct a lattice sum integral representation for
the full integrated line defect correlator.

The same method works for the case N = 3 as well, so we will be brief. The main
difference between N = 3 and N = 2 is that we no longer have a compact formula like (C.2)
for the k'™ Fourier mode sector, hence we must go back to the matrix integral and consider

3 627ra¢ ”(k) ai; "
Zf(ry = st e B00l) (2000, c16)
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and we evaluate this expression as a perturbative series for y > 1. We then run the same
procedure and group every term according to the index of the divisor sigma function it is

accompanied by, thus obtaining the following expression for I%(/V 3t

70 6rt 1272 )

~(k
Ié’\‘/??, :0‘,3([45) (g"‘yi‘}' y2

(C.17)

578 1070 5(307T6k+4207r4)+5(3607T4/<:+720772)+150772k)

—o_s(k
75 )<24y6+ s 2yt 2443 2

Again we observe that only odd negative indices appear for the divisor sigma functions and
their coefficients are polynomials in 1/y and k. We make an ansatz similar to (C.9),

Z Z d-g?{),sz,s 7121,527252 2s * (Cl8>

s=2 51,52

We impose that the polynomial in 1/y and & multiplying a particular divisor sigma function
with a given fixed index s in (C.17) equals that of (C.18). This yields a finite linear system of
equations for the coefficients of the corresponding polynomials in 1/y and k which produces
a unique solution for the coefficients Jg?),sw. We list here all the non-trivial coefficients
for 2 < s < 4,

3 (3 ~(3 1
dg,iﬁ =6, 2,2,2 =3, 4(1,%,2 = 4’
(3 (3 75 (3 75 (3 (3 55
d2,%,3 = =75, gizf, = T :(1,33 = T 4(1,%,3 = —25, dé,%,:a = 16’
7(3) 7(3) 7(3) 3) _ 2205 (G-19)
d2’374 - 8827 d37274 - 4:4:17 d37374 - 44:]_7 d471’4 — 8 5

~(3) 2499 ~3) 3675 ~@3) 735 ~(3) % 5(3) 77
124 = g 51 i 1 .

Compared to (C.11), for the case of SU(3) the ranges for the summation variables
s1,82 are given by

1<s9<s—1, 2<8<25—259+2, s1+83>s5+1. (C.20)

Again, after having analysed all coefficients dg??s2,s for 2 < s < 22 and s1, s2 in the above
ranges, we conjecture the general expression

+(3) :(—1)5(25—1)22252*251“(23—232)1“(31+32—2)

SLS28 3T (514 1)T(2s—51—282+3)(2(s1+82—9))

X [453(51+252—3)(3§+(51—3)82+51+2)+252 (s%—ks?l’(sz—ll)
+53(—115%—1359+33) — 51 (2153 — 5053+ 655 +23) — 1055 +5255 — 83534355246 )
+s (—s§+s‘{(15—752)+s§’(s§+7652—68)+s%(35s§+13s§—19252+120)

(C.21)

+251(2253—T1s3+1652+9450 —57)+2(8s5 — 475547853 — 1053 —5952+30))
+(259—1) (51452 —2) (51452 —1) (53 — 957 +51(—352—359+8) —2(3%—33%—432—1—6))] )
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Just as we did for SU(2), we change summation variables (s1, s2, ) — (81 + 83, S2, S2 4 S3)
so that (C.18) can be written as

[e.9]
F(k k
1&133(7_2) = Z dg??82783F£8)1—53782,—283 (7-2) Y (022)
S1,52,53=1
. . . (3) _ 53
where the new coefficients are simply given by ds\is;,s5 = dg, 55 55 50+55°
4 _ (—1)52+534753 (259 +255—1)2T" (253) T (51 + 52+ 53 —2) (C.23)
51,52,53 3I'(2s1)T (s3—s1+3) ' (s1+s3+1)

X {sg+s§ 351 +459—4] 453 [257+ (Tsy—3) 514653 — 952 +6]

+55[— 253 +2(s24+9) 57+ (s2—2) (352+14) 51 +52 (52 (459 —3) —2) +13]

+5%[ 357 +285% — (52— 16) 52+66) 57+ (52 ((22—352) 59— 54) +83) 51]

+55[+52 (52 (52 (524+5) —20)+46) — 48] +53[— 57 +2 (52+5) 5T+ ((s52—12) 52—20) %]

+53] (9=3(s2-10) 85) 57+ (s2—1) (52 (52 (352~ 7) +18) —8) ~2s1 (((53—4) s2+8) 53 +3) |

+(51-2) (s1=1) (52— 1) [s7— (52+9) 57+ (8— (52— 4) 82) 51+ (52— 2) ((52—1)52+6)]}~

Note that due to the factor I' (s3 — s1 + 3) at denominator in the coefficients dg‘?SQ,SS, in (C.22)
the sum over s; ranges only between 1 < s7 < s34+ 2.
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