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Abstract

We study matrix models as a toy model for ' = 4 Super Yang-Mills (SYM) theory which is a
quantum field theory. In particular we are interested in the gauge/gravity duality which conjectures
an equivalence between A/ = 4 SYM and IIB string theory on AdS5 x S°. We discuss the planar
't Hooft limit where we fix A = ¢%,,N while taking N — oco. In this limit we find 1/N? in the
matrix model is equivalent to A of the string theory. When we study the N dependence of ribbon
graphs, we find that the % expansion in the gauge theory can be interpreted as a sum over surfaces
suggestive of the perturbation expansion of a closed string theory. We then consider a non-planar
but large N limit, allowing us to discuss the giant graviton. We find that the group representation
theory of the symmetric group and unitary group organizes the physics of giant gravitons. We
compute two, three and multi point functions of giant graviton operators. The large N expansion
of giant graviton correlators is considered. Giant gravitons are described using operators with a
bare dimension of order N. In this case the usual 1/N expansion is not applicable and there are
contributions to the correlator that are non-perturbative in character. The machinery needed to
determine the non-pertubative physics form the pertubative contributions is the origin of the term
resurgence. By writing the (square of the) correlators in terms of the hypergeometric function
o F1(a,b; ¢; 1), we clarify the structure of the 1/N expansion.
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1. Introduction

Pertubation theory is a systematic technique to explore the weak coupling limit of a quantum field
theory. When the coupling is small enough, it gives accurate results. It makes the assumption
that the observable being studied admits a power series expansion in the coupling constant of the
theory. Although this assumption leads to a useful practical calculational scheme, it is usually
wrong. Most obervables recieve non-pertubative contributions, which can't be expanded as a
power series in the coupling. A remarkable recent discovery, called resurgence, provides a deep
and unexpected link between pertubative and non-pertubative contributions [1]. Indeed, the
non-pertubative contributions are completely determined by the pertubation series.

In many quantum field theories, the sources of the non-pertubative contributions can be identified.
An important example is provided by instanton contributions [2]. These are non-trivial saddle
points of the Euclidean action that play a crucial role in determining the vacuum structure of
the theory. For theories of quantum gravity, where we do not have a complete description in
terms of an action, determing these non-pertubative contributions may seem like a hopeless task.
The goal of this MSc is to show that, by using the ideas and framework of resurgence, these
non-pertubative contributions can be identified.

The setting for our study is the % BPS sector of A/ = 4 super Yang-Mills theory. This sector of
the theory preserves one half of the supersymmetry of the theory and, as a result, the correlation
functions of the theory do not recieve any h corrections. This implies that it is possible to
compute these correlators exactly [3, 4], expand them and then study the features of the resulting
expansion. The dual description of this sector of the theory is also well understood making it the
ideal setting in which to explore holography.

N = 4 super Yang-Mills theory is holographically dual to string theory on asymptotically AdS;xS®
spacetime [5, 6, 7]. This implies that all excitations appearing in the spectrum of string theory
must appear in the CFT Hilbert space. The usual perturbative spectrum (which consists of
supergravity excitations, as well as closed strings) is captured by the planar limit of the dual
CFT [8]. There are also many non-perturbative objects, including branes[9, 10, 11, 12] and LLM
spacetime geometries [13], an interesting example being spacetimes containing black holes, that
must be found in the CFT Hilbert space [14, 15]. These non-perturbative configurations are dual
to operators with a bare dimension that grows parametrically with N (~ N for branes or ~ N?
for new spacetime geometries). To explain how this works, we consider the half-BPS sector where
a useful basis for the operators of the theory is given by the Schur polynomials. Consider a Schur
polynomial labeled by a Young diagram consisting of a single column, x(;7y(Z) of J boxes. For
J ~ O(1) the operator is dual to a collection of (point like) KK-gravitons. As .J is increased to
J ~ O(\/N) long single trace operators dual to stringy states start to participate. Increasing J
further to O(N) we obtain a giant graviton brane. Thus, the dual to the single CFT operator
X1/ (Z) transitions through different physical descriptions (particles, strings and branes) as the
parameter J is varied. It is natural to ask how these different partial representations are combined
into a single coherent description.

The character of the large N expansion changes in transition between these different partial
representations. For J < v/ N we can take the usual 't Hooft limit and the large /N theory is just



the planar limit. As N goes to infinity and J > +/N one must sum much more than just the
planar diagrams (see [9, 16] for clear and relevant discussions). For this reason we will refer to
these limits as large N but non-planar limits. In large N but non-planar limits one does not have
the usual 1/N expansion. The ribbon graph expansion is not of much help because enormous
combinatorial factors imply that the usual higher genus suppression is overwhelmed by the sheer
number of diagrams of a given topology[9]. Different trace structures do mix and it is not at all
clear how the large N expansion can usefully be organized. This is a key question that we wish to
address, albeit in the limited setting of a specific example. A nice class of correlators that we will
use to explore this issue are three point functions of %-BPS operators as well as extremal n-point
functions of %—BPS operators. There are rigorous non-renormalization theorems[18] that prove
that these correlators do not receive 't Hooft coupling corrections. Thus, they can be computed
exactly, in the free field theory limit. Even this problem is one of considerable complexity, due to
the very large dimensions of the operators. Fortunately, using group representation theory, this
problem has been solved exactly, as we briefly review in Section 3 and Section 5. Our goal here
is to explain the structure of the 1/N expansion for some correlation functions of giant graviton
branes. In this way we will take a small first step towards defining the structure of the 1/N
expansion in large N but non-planar limits.

Since & of the dual gravitational system is 1 /N, the different large NV limits that can be taken lead
to different classical configurations of the gravitational theory [6]. This is inline with conventional
wisdom: when performing a path integral quantization there are many possible saddle points
so that typically a quantum system has many perturbative series, each associated to a different
classical configuration. These series are the basic building block in many computations. Although
summing a few terms gives a good approximation, these series are almost always divergent.
One needs a theory that can organize these different series into a coherent description of the
quantum system. This is precisely what the theory of resurgence does. The first step entails
converting the divergent series into meaningful objects by Borel resummation in the perturbation
parameter. Typically one considers a loop expansion and the small parameter is A. The second
step entails exhibiting a relation between the different series, which is manifested through the
Stokes phenomenon®. This relation implies that, given a specific series, the discontinuities of its
Borel transform encode the information about other series in the problem. In this way, one can
(for example) synthesize the usual perturbative expansion, together with the expansions in the
(typically many) different instanton sectors, to recover exact results. From this point of view,
the Stokes lines of the perturbative expansion simply demarcate where contributions from other
saddle points become dominant.

Given this discussion, it seems that resurgence has a crucial role to play in understanding the
large N limit of Yang-Mills theories. Specifically, resurgence should be relevant to understand
how the different representations (i.e. the different possible large IV limits) fit together to provide
a complete and coherent description. If the ideas of resurgence are relevant, there should be a
Stokes phenomenon present as the parameter J (and not &) is varied. As a first step in exploring
this possibility, we will look for and exhibit this Stokes phenomenon in this dissertation. To
approach this problem we use the exact WKB method[19]. The different perturbative series

The Stokes phenomenon is the basic fact that, in general, Borel resummations are discontinuous along rays
in the complex plane. These rays are the Stokes and anti-Stokes lines.



that appear are the WKB series around different classical trajectories. The basic objects are the
(Borel resummed) perturbative series in /. The series can be characterized by two types of data:
their classical limit and their discontinuity structure [19, 20, 21], which is encoded in the action
of the so-called Stokes automorphisms. A simple characterization of the Stokes discontinuities
is in terms of Voros symbols, which are simply the exponent of the WKB series. Our analysis
starts with the observation that the (square of the) correlators we compute can be expressed in
terms of the hypergeometric 2 Fj(a, b, c,x) function. This is a useful observation because the
differential equation obeyed by the hypergeometric function is easily mapped into a Schrodinger
equation, which can be approached using an exact WKB analysis. The relevant Schrodinger
equation has 1/N playing the role of i so that the WKB expansion of the wave function of
this Schrodinger equation gives the 1/N expansion of our correlator. Fortunately, the relevant
Schrodinger equation has been studied in detail in [22, 23, 24, 25, 26]. In particular, the Voros
symbols have been studied and their singularity structure in the WKB plane is well understood.
The relevant WKB solutions have been proved to be Borel summable[27]. The solutions do
exhibit Stokes phenomena in the parameter J and this has been studied in detail: the Stokes
lines and Stokes regions for this equation can be described quite explicitly and connection formulas
relating solutions in different Stokes domains are known. This implies that the singularities of the
Borel transforms of the WKB solutions are well understood and that the Alien calculus for this
problem is completely worked out[22, 23, 24, 25, 26]. These are the only ingredients needed to
give the trans-series expansion for the hypergeometric function and hence of our giant graviton
correlators. In Section 7 the exact WKB method is applied to unravel the structure of the large
N expansion of the giant graviton correlation functions.

A key result of this project is the expansion of extremal n-point correlation functions of normalized
Schur polynomial operators O, labeled either by a single column or a single row containing J
boxes with J of order N. It is useful to introduce the parameters j = % which are held fixed as
we take N — o0o. The expansion is of the form

€ -n
(Og, 05,00 4. )) = Vo > N (1.1)

The coefficients « and ¢,, are functions of the fixed parameters ji,j2,- -+ jr. We find that «
can be both positive and negative. The series (1.1) is an asymptotic series. For the special
case of three point functions we discuss the Borel summation of the series and gives the Stokes
region in which the resummation converges. The details of the Stokes regions depend on the
parameters (functions of the j;s) appearing in the Schrodinger equation, so that we can dissect
the (complex) parameter space into regions with the topology of the Stokes graph constant in
each region. The boundary of the region relevant for the three giant graviton correlator has a
transparent physical interpretation and corresponds to points at which a giant shrinks to zero
size or expands to maximal size. These are exactly the limits of the giant graviton description,
so that this parametric Stokes phenomenon does indeed seem to be connected to the transition
from one physical representation to another. Identifying the coupling gs = N~! we see that
(1.1) is a particularly simply transeries with a single nonperturbative term parameter eV = evs.
These non-perturbative contributions have been identified[28] with instantons in the tiny graviton
matrix model[29] description of giant gravitons. Finally in Section 8 we discuss our results and
suggest some possible directions for further study.



2. The Planar Limit of Matrix Models as
a Free String Theory

In this chapter, the techniques needed to study the planar limit of matrix models are reviewed.
Our goal is to demonstrate the equivalence of the planar limit of a matrix model and a free string
theory. Firstly, we will study the free theory by defining the model and the generating function of
interest. After a thorough study of the free theory, the more complicated case of an interacting
theory is examined, in the next section. This amounts to adding an interaction term to the free
theory and studying its effect perturbatively. We will introduce the Feyman diagram expansion.
The Feynman diagrams for the matrix model are called ribbon graphs. Using ribbon graphs to
study correlation functions of the trace operators, we will show that the large N limit simplifies
dramatically. The key to this simplification is factorization, which implies that the theory is in a
classical limit. We also define the 't Hooft limit and use it to define the genus expansion.

2.1 Free field theory

The elementary field of the theory is a Hermitian matrix M. Recall that Hermitian matrices have
the following defining properties:

e There are N diagonal elements which are all real.

e The elements below the diagonal are the complex conjugates of the elements above the
diagonal. There are a total of N2 matrix elements in M. There are N elements on the
diagonal and N2 — N elements off the diagonal. The off diagonal elements are all complex
numbers. Thus, there are N2 — N real numbers needed to specify the off diagonal elements.
In conclusion, M is specified by a total of N2 real numbers.

We define the model that we will study as follows
(Mij... M)y =N / [dM]e” 5T A M. (2.1)

The subscript 0 reminds us that this is a free theory. M is an N x N complex Hermitian matrix,
N is a normalization factor and w is a number. [dM] is the measure of the field and [[dM] is

defined as:
/ =N H / dM;; H / dM7, / dMi,... (2.2)

kl=1k>1

The normalization of the measure is fixed by requiring

/ (AM]e=3T0P) — 1 5= 1. (2.3)



To study the correlators defined in (2.1) it is useful to introduce the following generating function
N/ dM —YTr(M?)+Tr(JM) (2_4)

where Tr(JM) = J;;M;; and repeated indices are summed over. We will now summarize a few
identities that will prove to be very useful when we compute correlators.

— 50l 2.
aMkl 5zk5jl ( 5)
d d
Tr(JM) = Ju M
g, UM = g M)
d My
=J
kl dll,
= Jr101:0k;
= Jji. (2.6)
d d
(JM) r(JM)_T JM
dJ; ai; "IM)
d
_ S Tr(JM) (J M )
e k1 Mg
dJi;
=€Tr(‘] Mzk5ki5lj
= €Tr(JM)Mji. (27)
d ief%Tr(MQ)JrTr(JM) — 8T d ieTr(JM)
dJZ'j dJkl J=0 sz] dJkl J=0
w 2y d
=% Tr(M?) Tr(JM)
=e 2 — e My,
dJij( ) J=0
_ T [ TH(IM) sz‘Mlk‘
= e_%Tr(Mz)MjiMlk- (2.8)

In the second and third lines of the last identity derived above, we used (2.7). To evaluate Z,|J]
we need to evaluate a Gaussian integral. This is most easily done by completing the square in
the exponent of (2.4)

—%Tr(MQ) +Tr(JM) = —= | Tr(M?) - %Tr(JM)}

Tr(M? — %JM)}

o2 o ()

Tr( ‘])2 + %Tr(ﬁ). (2.9)
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(2.4) now reduces to

=N / [dM]e™ 5 (M=) 45T, (2.10)
To perform the Gaussian integral it is useful carry out the following change of variables
M =M — J = dM' =dM and then [dM]= [dM']. (2.11)
w

When performing this change of variables, it is important to keep in mind that J is a fixed
constant matrix which does not depend on M. After this change of variables, we find

N/ [dM)e Tr(M"?)+ 5= Tr(J?)
— o) (2.12)
where we have used
/ [dM)e 5T ™) — 1. (2.13)

This equation defines our measure. The two point function can be obtained by taking derivatives
of the generating function, as usual

d d

(M M), = @EZOM (2.14)

J=0
We now use eqn.(2.12) to rewrite this as
AL
dJi; dJy J—o
d [ 1 142 d
— — ez ") _Z_Ty(J2 . 2.15
dJ; {2006 i >1 o (2.15)
To complete this computation, note that
d

— Tr(J?
AT "(J5) =

<MiJ'M’fl>o -

d
dJ (‘]'LJJ]Z)
d d

= Jpi—Ju+ Jii——J;;
J dJ J + J dJkl J
= J;j0x0u + J5i0irdji
d
—Tr(J?) = 2Jp. 2.16
i r(J%) = 2Ji (2.16)
Using eqn.(2.16) in (2.15) we find

(M M)y = = [‘]‘“ Lw?)]

dJ J=0

1
d Jo+ Jia_d Tr (JQ)} e2st7(%)

{Zdjﬂ 2w dJj;
_ |:5il5jk + Jli]z:|
J=0

1

J=0

w w

<Miijl>0 = ;5¢z5jk;- (2.17)



This result is the propagator of the matrix model. This propagator is one of the building blocks
of the Feynman rules for the matrix model. We represent the propagator using the following
ribbon diagram

Figure 2.1: The propagator for <sz‘Mlk>o-

where the indices of each matrix are placed in pairs in order on a line. Pairs of indices are
connected by a ribbon which is then translated into Kronecker delta symbols. In the ribbon graph
shown, the index "i" is connected to index "I", which is translated into the Kronecker delta ¢;;
and the index "j" is connected to "k" which translates into the Kronecker delta d,,. For each

ribbon we include a factor of %

The general correlator is computed as follows
E— . (2.18)
ji

The gauge theory has a local gauge invariance. The physical observables in the theory are gauge
invariant operators. The matrix model represents local gauge symmetry as a U(N) symmetry
under which we have M — UTMU. Since we have declared that this is a gauge symmetry, the
physical observables of the theory should be invariant under this symmetry. The trace of any
power of M is invariant under the global symmetry and traces of powers of M generate the
complete set of physical observables of the model. With this motivation in mind, we will now
study correlators of traces of powers of M. One of the simplest correlators we might consider is
given by
<TF(M2)>0 = <MZJMJZ>
1
= —0idjj
1y (2.19)
w
All indices are repeated and hence summed. Thus, the result for this correlator is not a tensor,
but rather it is a polynomial in N. This is in fact generally true: any correlator of traces of
powers of M is given by a polynomial in N. This strongly motivates us to improve our ribbon

graph rules. The indices of any gauge invariant quantities are all summed. Indicate these sums
by solid lines



Figure 2.2: The ribbon graph notation for <Tr(M2)>O.

In this figure each closed loop is a sum over a Kronecker delta and hence contributes a factor of
N, while each ribbon contributes % as usual. Since we have two closed loops and one ribbon, we
obtain the result N2

(Tr(M?)), = — (2.20)
The above discussion suggests that when computing correlators of gauge invariant operators, it

is useful to specialize the Feyman rules for these correlators as follows

e Draw two dots for each pair of indices on the operators.

e In the gauge invariant operator, all indices are contracted. Connect the contracted indices
with a line.

e Wick's theorem tells us that any correlator is computed by replacing pairs of fields by the
propagator of the matrix model. We carry this step out by connecting pairs of indices with
ribbons. Every possible way of performing these connections gives a different graph that
must be summed.

e Each ribbon contributes a factor of %

e Each closed loop contributes a factor of N.
Using these rules, the computation of (Tr(M?)), is not possible since in the new streamlined
notation we link dots that are labeled by the same index with a solid line (as shown in the

figure 2.2) and repeated indices are summed, they do not take a value. Indeed, (Tr(M?3)), =
<Miijlen>. The computation of (Tr(M?))g is as follows:

+. +

Figure 2.3: The propagator for <Tr(M4)>0.

OL O

In figure 2.3, the second diagram and last diagram are planar diagrams while the first one is a
non-planar diagram. The planar diagrams have more closed loops and hence they dominate the



large N limit. Our discussion up to this point has been concerned with the free theory. In the
next section, we will add terms to the free theory which will allow the fields to interact with each
other. It is in this more general setting that we will develop the connection to string theory.

2.2 Interacting theory

We now consider an interacting matrix model. To obtain an interacting theory, add a term quartic
in M. The generating function for the interacting theory is then given by

Z[J] =N / [dM]e 5T M) =g Tr(MH+Tr(IM), (2.21)

In order to derive the correlators in the interacting theory, we will first compute the generating
function. It is useful to use the above normalization condition, so Z[J = 0] = 1 when g = 0. We
will start this calculation by expanding e=9T (M) \which appears in the above expression. Then
we change the M's into derivatives with respect to J.

engr(M‘l) — i <_gTr(M4>>k

= <_kg!> (Tr(M*))F (2.22)

/[dM]e—gTr(MQ)—gTr(M‘*)JrTr(JM) _>§: (=9)'(d d d d k/[dM]e—éTr(WHTr(JM)
— k! dJ;; dJi; dJy, dJy

(2.23)

Using this in (2.21) yields

WK

—q)F k
Z[J] = (k') ( d d d d ) /\/’/[dM]e—iTr(M%JrTr(JM)

dJj; dJy; dJy, dJy

(— )k d d d d keimﬂ) (2.24)
KU\ dJy; dJy; ddy dJy ‘ '

k

Il
o

I
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o

Note that we can also write

— (=9)"
ZIT=0=)Y X (Tr(M*)F),. (2.25)
k=0
The correlators in the interacting theory are again given by
d d
M- My), =—.—2Z|J 2.26
< J k’l>0 sz] dJkl [ ] o ( )

The interaction is represented diagrammatically with a 4-point vertex as follows

9



Figure 2.4: Diagram for the interaction vertex.

The rules for the diagrams of the interacting theory associate a factor of —g with each vertex.
The four legs of the vertex represents each of the fields in the interaction term, which is a trace of
M to the power of 4. We can now compute the correlators in a perturbative expansion, treating
g as a small parameter. For example Tr(M?) is computed as follows:

d d
Tr(M?)) = =
() = o @ 21 =0
_d g d d d d]* o
L, W 2= | KL Ay dJy; Ay AT .
d d d d d d d d g ,
e — w r O
Ao e L A A Ay Ay e A T (g°)
= (Tr(M?)), — g(Te(M*)Tr(M*)), + O(g%)
N2
(Tr(M?)) = — - % (2N5 +9N? + 4N> + O(g?). (2.27)

In the second line we have used (2.25) and in the third line we have written out the sum over
k. In the fourth line we have again replaced the 7-'s by M's. We can easily check that this
correlator is reproduced by summing the following d|agrams

@+2 E"nrﬂ_h NG ﬁ\\+
| R+ 1Y)

Figure 2.5: Diagram for (Tr(M?)) to order g* in the interacting theory.

10



From this diagram we have

N2
(Tr(M?)) = — - % <2N5 + N3+ 4(N® + N + N3)) +0(g?)
N? ¢
=—-= <2N5 +9N? + 4N> + O(g?). (2.28)
w w

This reproduce (2.27). If we normalize the generating function of correlation functions to 1
when J = 0, for any value of g, we find that correlators are given by dropping vacuum graph
contributions. As an example, consider the computation of the two point function in the new
normalization

2 <Tr(M2)>
Tr(M = -
(D) Yot S (Tr(MY)R),

N_g (2N5 + 9N 4 4N) + O(g?)

_ (2.29)
14 (2N3 + 2N> + o (4N6 + 40N* + 61N2)) +O(g?)

where the subscript nn stands for new normalisation. Assuming that g is a small parameter,
expand this expression to first order in g to obtain

(Tr(M?)) o (E — L (2N® + N3 + 4N) + (9(92)) (1 + LN+ N)+ 0(93))

nn w w3 w2
N2 g

(Tr(M?)) =~ — — =5 (8N3 - 4N> + O(g?). (2.30)

nn w

It is not difficult to check that this result is reproduced by removing all vacuum contributions.
We have now developed enough background that we could consider the large N limit of the
interacting theory, so we need not pursue this further. In the next section we will describe a
significant simplification present in the large N limit, known as factorization. Factorization is one
of the main motivations for the gauge / gravity duality.

2.3 Factorization

Factorization is a property of the large N theory. It represents a profound simplification of the
theory. To explain what factorization is, in the simplest possible setting, we consider a statistical
description of our system. The system can be in any one of a set of states, labelled by an integer
i. The probability for the system to be in state i is given by p;, with

D pi=1 where y; >0 Vi, (2.31)

The system has a set of observables O;. The value of observable O; in state ¢ is denoted by
O;r(i). As usual in statistical mechanics, the expectation value of Oy is

<Op>=Y_ wOs(i). (2.32)

11



Using the ribbon graph formalism we have developed above, it is straight forward to check that,
in the large N limit, the expectation value of a product of the observables is equal to the product
of the expectation values of the individual observables. In equations, we have

< 011012...0171 >= 011 >< 012 > < O[n > . (233)
Using (2.32) and (2.33) we find the following

> w0 ()0, (i)...0y, (i) ZﬂuOh i Zuzzsz ia). Z#znOIn in)- (2.34)

The above expression forces us to conclude that the system is in a deflnlte state ¢* so that

1 =1
a {O 1 F£ 1 ( )

The interpretation of this conclusion is not difficult. When computing the path integral, we
sum over all possible states the system can occupy. In the limit that 4 — 0 we find that the
contribution to the integral is peaked more and more sharply around a single state. This makes
sense because as we send h — 0 we obtain classical physics and classically the system is in a
definite state. Thus, factorization is telling us that the large N limit is a classical limit. In this
limit we can simplify the computation of correlators.

To conclude this discussion we will give two examples which illustrate factorization in the large
N limit of the free theory. Note that

(Tr(M?)) = N{ (2.36)
(Tr(M*)) = é(zm + ). (2.37)
At the leading order for large N we have
(Tr(M*)Tr(M?)) = Z—: + O(N?)
=< Tr(M?) >< Tr(M?) > +O(N?) (2.38)

and
(Tr(M*)Tr(M*Y)) = %N5 + O(N?)
=< Tr(M?) >< Tr(M*) > +O(N?). (2.39)

2.4 1/N expansion

A naive approach to the study of the large N limit quickly runs into difficulties. Indeed, consider
the correlator (2.30) up to second order in g
N2

2
(Tr(M?)) = — -5 (8]\73 + 4N> + % (144N4 + 224N2) + O(g*). (2.40)

12



Notice that at highers order in perturbation theory in the small parameter g, we find ever increasing
powers of . In this case the large N limit simply does not make sense. To obtain a sensible
limit, we must use a double scaling limit, as suggested by 't Hooft [30], in which the coupling is
taken to zero as we take NV to infinity. Concretely, in this double scaling limit we take N — oo,
while holding A = gN fixed and small. The new parameter A is called the 't Hooft coupling.
Expressing the above expansion of the correlator in terms of A, we find

N?  gN3 4 g*N* 224
2 _ 3
N%Z N2\ 4 N2)\2 224
=—- — 144 + =— 2. 2.41
5 3 (8+N2)+ 5 ( +N2)+O( ) (2.41)
In the last line we see an expansion in two small quantities A and ﬁ In QFT, X is equivalent

to % (Planck’s constant) and w5 is 4 in the dual string theory. Thus 1z = i — 0 at large N.
Therefore the large N theory emerges as a classical limit of a string theory.

From the expansion in (2.41), it is now clear that there is a well defined leading term at large N
given by N2. Further, there are small corrections to this leading result, controlled by two small
parameters: # and A. It is now sensible to ask what the physical interpretation of this expansion
is. Towards this end, we use the rescaled variable M = v/NM’. The "action” of the theory now
becomes

N
- gTr(M% —gTr(MY) = —%Tr(MQ) — NATr(M™). (2.42)
Using (2.21) and the above expression we find
Z[0] =N / [dM]e™ 2 THM™)=NATH (M) (2.43)

The rescaling has produced the following change in our Feyman rules: each ribbon (i.e. each
propagator) now comes with a factor of L%N and each vertex now comes with —AN. Each closed
loop in the ribbon graph continues to contribute a factor of N. In order to interpret the N
dependencies of a ribbon graph, we denote by E, F' and V' the number of edges, faces and
vertices respectively, in the diagram. The N dependence of any graph is then given by N¥=£+V,
Thinking of the ribbon graph as a triangulation of a surface, the number F'—E+V is a topological
invariant of the underlying surface, called the Euler characteristic. To show this, we will consider a
triangulation and argue that F'— E'+ V is invariant under smooth deformations of the underlying
surface. First, consider stretching an edge so that it creates a new face

13
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Figure 2.6: A side of the triangulation is stretched to produce a new face.

Before we perform the stretch we have F' faces, F edges and V' vertices. After stretching the
edge into a face we have a new triangulation with F/ = F+1, V' =V +2and ' = E+ 3, so
that I/ — E'+ V' = F — E+ V. This shows that the Euler characteristic is invariant under the
deformation considered. Another deformation we could consider is to shrink an edge to nothing.

\

Figure 2.7: An edge of the triangulation is shrunk to nothing.

Before we shrink the edge to nothing we have F' faces, E edges and V vertices. After the
deformation we have F/ = F faces, I/ = E — 1 edges and V/ = V — 1 vertices. Thus,
F'— FE' +V'=F — E+ V. This again shows that ' — F + V is a topological invariant.

Now we will consider consider a deformation that changes the topology of the surface. We wish
to cut two holes in the surface and glue the edges of the holes together. In this way we add a

handle to the surface.

14



Figure 2.8: The first step in adding a handle entails cutting two holes as shown.

In the process of cutting two holes and then gluing, we lose 4 edges, 2 faces and 4 vertices
sothat B/ = F —4, " = F —2and V! =V — 4. Thus, we find that F/ — E' + V' =
(F—2)—(F—4)4+V —4=F — E+V — 2. This means that adding a handle to the surface
reduces the Euler characteristic by 2. For example, adding a handle to a sphere produces a torus
and adding a handle to a torus creates a pretzel.

o _‘--u.\\\ T _‘W‘\_I:

[ - ) f.f" i :!_ Y ¥

Figure 2.9: The figure shows a sphere (of genus 0), a torus (of genus 1) and a pretzel (of genus
2). The Euler characteristic is given by 2 — 2g where g is the genus.

Every closed orientable two dimensional surface is topologically equivalent to a sphere with some
number of handles attached. The number of handles is called the genus of the surface. Our
Feynman diagram expansion can be understood as an expansion in the genus of the surface. This
expansion in terms of the genus of the surface strongly suggests a link to string theory, upon
identifying the surface triangulated by the ribbon graph with the worldsheet of a string. In the
string picture, quantum corrections are encoded by summing worldsheets of higher genus. The
one loop contribution corresponds to the genus 1 worldsheet, the two loop contribution to a
genus 2 worldsheet and so on.
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Figure 2.10: Loop expansion of the two point function in string theory.

This completes our discussion of the usual motivation for the connection between the planar limit
of a matrix model and string theory. We would now like to consider large N but non-planar limits
of the theory. Towards this end, in the next chapter we will review some background maths useful

to accomplish this goal.
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3. Background Mathematics

This chapter develops the tools and techniques we need to explore the physics of giant gravitons.
This requires the use of group representation theory of the symmetric and unitary group. We will
provide a dictionary between half-BPS representations in the N' = 4 super Yang Mills theory with
gauge group U(NN) and giant graviton states in the dual gravity description. It turns out that the
space of Schur polynomials of U(N), which are labeled by Young diagrams with no more than
N rows, can be mapped to the space of half-BPS representations [3].

3.1 Half-BPS Operators

The N = 4 super Yang-Mills theory can be written in terms of an A/ = 1 vector multiplet and
three chiral multiplets. The scalars of the chiral multiplets are three complex scalar fields, given
as linear combinations of the six hermittian scalars as follows

Z=X"+iX' X=X*+iX°, Y =X>+iX" (3.1)
where all the fields takes values in the adjoint of U(N).

The operators in N’ = 4 SYM theory built from a single complex matrix Z are half BPS operators.
This means these operators are invariant under half of the super symmetry of the theory. In V' = 4
SYM, the half-BPS operators are constructed from traceless symmetric S0(6) tensor combinations
of the six hermittian scalars. We will focus on the half BPS operators that are invariant under an
S0(4) subgroup of the S0(6) symmetry. They include both single trace operators and multi-trace
operators. For a fixed R charge n, there is a distinct operator for each partition of n of the form

[Tr(z)) (3.2)

lik;

where the integers [;, k; define a partition of n as described below

m

n=> lk. (3.3)

i=1

We have then a one to one correspondence between half-BPS representations of charge n and
partitions of n. The Schur polynomials of degree n, for the unitary group U(N), gives a useful
basis in the space of local operators constructed using n fields. A Schur polynomial in the complex
matrix Z will be associated to each short representation. We can consider the calculation of
correlators of holomorphic Schur polynomials and their conjugates. These correlators enjoy a
non-renormalization theorem. Consequently weak coupling computations can be trusted in the
strongly coupled limit of the theory.
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3.2 Free Field Combinatorics

The basic two point function is obtained using the free field correlator
k051

(x —y)

We will focus on the dependence of the correlators on the rank N of the U(N) gauge group. The

space time dependence of the correlator is determined by conformal symmetry and is trivial, so

we will often suppress this dependence. Evaluating the free field contractions in U(N) frequently
involves evaluating sums of the form

< Zij(x) Z5(y) >= (3.4)

Z 5i;<1)6ij<2) "'5i:(n> (3-5)

11,020

where iy, ..., run from 1 to N and o € S, is a permutation. If o is the identity, i,(;) = 7; and
the above sum produces N". Notice that the identity is a product of n one-cycles. Next consider
a permutation o with one cycle of length 2 and the remaining cycles of length 1. For example,
consider o = (12)(3)(4)(5).....(n). It is clear that we have ¢(1) =2, ¢(2) =1 and o(k) = k for
k =3, ...,n. The above sum now gives

D ansEaEs. s = N (3.6)

12 711 13 74"
11,02...0n

since the first two Kronecker deltas are only non zero when i; = i5. Notice that o has n — 1
cycles, which is again equal to the power of N we obtain upon performing the sum. In general,
the sum in (3.5) is
i gio in _ AfC(0)

| Z 07l O gy o0ir, = N, (3.7)

11,02...0n
In the last formula, C'(0) denotes the number of cycles in 0. We can improve our notation by
denoting a collection of n indices iy, is, ..., i, with a multi-index notation I(n). Further, we use
I(o(n)) to denote the same collection of n indices after their labels are shuffled by a permutation
o. In this notation (3.7) becomes

D Oiota = N9 (38)

3.3 Symmetric groups

The symmetric group S, is isomorphic to the group of permutations of the integers {1,...,n}.
To develop the representation theory of the symmetric group it is useful to introduce the group
algebra. To obtain the group algebra, we consider formal sums over symmetric group elements.
The product on this algebra is the usual composition law for permutations. An interesting function
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on the group algebra is the delta function, which is 1 when the argument is the identity and 0
otherwise. The expansion of this function in group characters of .S, is

= = > dixalp) (39)

where the sum is over the irreducible representations R of S,,. The label R can be associated
with a Young diagram constructed using n boxes. xg(p) is the character of group element p in
the representation R. The character of the group element is given by the trace of the matrix
representing the group element. Finally, dg is the dimension of representation R.

In any irreducible representation R, the product of an element C' of the group algebra, which
commutes with every element of the group, can be factorised into a product of characters as

follows
_ xr(C)xr(o)
XR(CU) = —dR .

The element C' is constructed out of averages over the symmetric group of the form Zpg(p)p
where g(p) is a class function. A class function is a function that takes the same value for all
elements in a conjugacy class. Now, we consider the operator

> xrle™")Ds(o) (3.11)

(3.10)

where Dg(0) is the matrix representing o in the irreducible representation S. We will see that
this operator defines a projection operator. The matrix written down in (3.11) commutes with
any permutation 7 acting in the representation S. So, by Schur's Lemma, it must be a constant
multiple of the unit matrix, i.e

> xrle™")Ds(o) =cI (3.12)

where ¢ is a constant. Thus,

ZXR " Ds(oa) ZXR ) xa( )Ds(a) (3.13)

R

where we have used the result explained in eqn.(3.10). The orthogonality relation for characters
is

> xrle)xs(0) = dps nl. (3.14)
From eqns.(3.13) and (3.14) one can easily establish that
535 n!
ZXR YDg(oa) = : Dgs(a). (3.15)

where dg is the dimension of representation S of S,,. Finally, we take a trace to find

drs n!
ZXR Yxsloa) = RSS Xs(a). (3.16)
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3.4 The Schur polynomial

The symmetric group S,, is a group of finite order n! while the unitary group U(N) has an
infinite number of elements. The connection between the symmetric group and the unitary group
is known as Schur-Weyl duality. Let V' be the fundamental representation of U(N). The space
Sym(V®™) is also a representation of U(N). It admits a commuting action of the symmetric
group S,,. We can then organize the actions of the symmetric group and the unitary group into
collections of states which are irreducible representations of both. This is the reason why Young
diagrams can be used to label both U(N) and S,, representations. We will develop some results
following from this connection.

The Schur polynomials can be defined as the characters of the unitary group in their irreducible
representations

1
Xr(U) = > xr(0)Tr(oU) (3.17)
’ O’GSn
where yg(0) is the character of o € S, in representation R. The trace which appears in this
equation is given by
_ 11 i2 in
Tr(oU) = Z up LUz, U (3.18)
11,22,5-+ytn

By taking U = 1 we find Tr(c) = N Therefore

xr(1) = Dimy(R ] Z Xr(o)N® (3.19)

O'ESn

where Dimy(R) is the dimension of representation R of the unitary group U(N). In the context
of this dissertation it is convenient to consider the extension of the Schur polynomials from unitary
to complex matrices

Z Yr(0)Tr(0Z) (3.20)

O'ESn

where the representation R of S,, can be labelled by Young Diagrams with n boxes and Tr(cZ)
is given by

TroZ)= Y Z} 72,20 (3.21)

S

where we used the compact notation introduced in section 3.1.2. We can also consider the fusion
coefficients of U(N). We denote these coefficients by g(R;, Rs;S). They give the multiplicity
of the representation S in the tensor product of the representation R; ® R,. Consequently, we
have the character decomposition

Xs(o1002) = Y D g(Ry, Ra; §)Xr, (01) Xk, (02). (3.23)

R1€Rep Ro€Rep
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This coefficient can also be computed using the Littlewood-Richardson rule which counts the
numbers of times the representation S appears in the tensor product of R; and R,. The coefficient
g(R1, Ry; S) can be written in terms of a U(N) group integral as follows

g(Ry1, Ry S) = /dUXR1(U)XR2(U>XS(UT)' (3.24)

In general we have
Ry, Ra, - Ry S) = /dUXRl(U)XRQ(U)....XRn(U)XS(UT)
- [T Txn @@ (325)

The product of Schur polynomials of irreducible representations R; and Ry can be written as

X (U)xa, (U) =Y g(Ry, Ry; S)xs(U). (3.26)
S

Repeated use of this expansion in the integral (3.25) gives

g(Ri, Ry, . Rp;S) = Y g(Ri,Ry; S)g(Sh, Rs; Sa), -..9(Sn2, B3 S). (3.27)

This concludes our quick review of the representation theory of the symmetric and unitary groups.
In the next section we turn to consider relevant mathematical tools from the theory of resurgence.
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4. Resurgence

In this chapter we will develop mathematical tools that allow us to recover non-perturbative
contributions given the pertubative contribution to the quantity of interest. The tools we will
review are collectively refered to as methods of resurgence. Resurgence is a collection of ideas in
mathematics which show that the coefficients of an asymptotic series contain information about
nonperturbative contributions. Our goal is to develop these ideas for the %—BPS sector of N =4
super Yang-Mills theory. We begin by introducing the Borel transform and resummation methods
of asymptotic series to see how to associate values to (factorially) divergent sums [1].

4.1 Borel Resummation

To simplify the discussion, we will use a concrete toy model to develop the ideas and methods
motivating resurgence. For the toy model, we consider evaluating the integral

I(g) = /_OO dpe™s 09" (4.1)

We can study I(g) using pertubation theory. This amounts to expanding the integrand as a
power series in g

o0

00 2 _ A\n Adn
I<g>=/md¢e%’§_%—( Ve
:\/_Z 1)"4”—1) '

= \/%Zang”. (4.2)

Truncating the sum, we find the following approximation to I(g) at n'® order in pertubation
theory

I, =V2r Z ang". (4.3)
i=0

It is easy to verify that, for example, when ¢ = 0.1 and n = 6 we find a very good agreement
with the exact answer. Proceeding to higher order, we find that the accuracy becomes worse
and worse and I,, starts to diverge. See figures 4.1 and 4.2 which illustrate numerically obtained
results. The plots show I,,(g) versus n. Clearly, the pertubation expansion defines an asymptotic
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expansion. To really prove this is the case, we shall study the behaviour of the coefficients a,, for
large values of n.

2448

5 a4zl ; |||
] a

2sa0| |

Figure 4.1: 1,,(g) versus n for g = 0.01.

(]

Figure 4.2: 1,,(g) versus n for g = 0.01.

It is easy to see that the accuracy becomes worse as we increase the order in pertubation theory.

To prove that the pertubation series is an asymptotic expansion, we need to consider the behaviour

of the coefficients a,, as n — oco. Towards this end we will employ Stirling’s approximation.
Rewrite a,, as follows

N Vi CD)]

= —"——". 4.4
22nn!(2n)! (44)
Using Stirling’s approximation we have

n

n! ~V2mn

|3
~——

(4.5)

)2" (4.6)
)4n. (4.7)

N o
S

(4n)! ~ V8mn

(
(2n)! ~ 47m(
(

° |5 o
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Thus,

~ (—4n)". (4.8)

Equation (4.8) is obtained after a little computation using Stirling approximation. For the per-
tubation series to converge, we need 4ng < 1. But 4ng becomes arbitrarly large for n large
enough, no matter how small g is. Thus, the series expansion for I(g) does not converge. The
pertubation theory fails to give a good approximation for I(g) since the sum on the RHS of (4.2)
diverges for every value of g. This proves that this pertubation series is indeed an asymptotic
expansion. The Borel transform of the formal power series is given by

E

. a (4.9)

3

Ip(s) =Y

From the Borel transform we can, under favorable circumstances, get I(g) by Borel resummation.
Borel resummation is a way to construct a function that has a given asymptotic expansion.

Denote C[[27!]] the set of all the formal power series in z7!.

F(z) for z ~ oo defined by

Consider a formal power series

F(z) = Z a2t (4.10)

The Borel transform of F'(z) is defined by

BIFIQ =Y 5

n=0

(4.11)

We will now spend some time developing the mathematics of the Borel transform. Given two
formal power series Fi(z) and Fy(z), the product F(z)F»(z) is a formal power series of the form

Fi(2)Fy(2) = (Z bnz"_1> (Z cnz"_1> (4.12)

n=0
=Y d,2"! (4.13)
n=>0
where
dy= Y by n>1. (4.14)
pt+q=n—1

When we pass to the Borel transform, the natural multiplication of formal power series becomes
a convolution (x) in C[¢]. Indeed, the Borel transform of this product is given by
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(BIR]*BIE)QO = Y

n,m>0

n

bnCm < . .
!m!/o dG G (¢ —¢1) (4.15)

To prove this we need to make use of the formula for the beta function

B(n+1,m+1) :/Oldglgm—gl)m - (nf‘Tmlrn' (4.16)
which implies
/0< d¢iCP (¢ —¢G)™ = B(n+1,m+ 1)¢"m+, (4.17)
Thus, (4.15) becomes
(B[R] * BIFR))(¢) = Y mf;(m Lm+ )¢t (4.18)

_ Z bncm nlm! Cn+m+1
,iml (n+m+1)

n,m>

= Z _bncm Cn-i-m—i-l
(n+m+1)!

n,m>0

d” n

= HZZI i (4.19)
Note that the Borel transform (4.11) has a finite radius of convergence if and only if F'(z) is
of Gevrey-1 type. A formal power series F'(z) = > .>°  a,z "' is of Gevrey-1 type if there
exists somes constants A, « such that |a,| < aA™n!. When the formal power series F'(z) =
> yanz ""1is of Gevrey order--L there exist somes constants A, a such that |a,| < aA™(n!)™.
In what follows, we will assume that F' is of Gevrey-1 type and its Borel transform B|[F’| defines
a convergent expansion about the origin. After having improved the convergence of the original
formal series ' — BJ[F'|, we need an operator that can be used to define the analytic extension
of the original formal power series, that is the Laplace transform along 6,

SolF)(z) = /0 ) oodg(fZ<F(z) (4.20)

We can compute the Laplace transform S on the real positive line in the direction # = 0 using
the usual Laplace transform as follows:

Sic) = [ e (4.21)

Changing variable to v = z( in (4.21) gives

1 00
So[ca] = ] /Ov dve *v®

_ o+l (jajll)- (4.22)
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The inverse Laplace transform of this is

(So) "Mz = ﬁ (4.23)

We want to compute the Laplace tranform along direction 6 of the formal power series

o

F(z) =Y (—n)"nlz™"". (4.24)

n=0

This will give the analytic continuation to the half-plane Re(z) > 0. The Borel transform of
(4.24) is

- 1
BIFIQ) = Y (-1¢" = ——, Il <1 (425)
n=0
The Laplace transform along 6 =0 is
o 1
_ —2z(
SolF)(2) = /0 de (4.26)

& 1
SolFl(2) = ¢ / due— L. (4.27)
0 u
Again change variables to zu =t to find
SolFl(2) = ¢ / dte='t" = ¢*T(0, ) (4.28)

where I'(0, z) is the incomplete gamma function. The last expression above gives the analytic
contiuation to the half-plane Re(z) > 0.

When computing the Laplace transform in direction €, we might run into singular points. Since we
cannot integrate through the singular point we must deform the contour to dodge the singularity
points. A suitable method to achieve this uses the Stokes automorphism.

4.2 Stokes automorphism and Alien Derivatives

To avoid singular points along a direction 6 we will relate two Borel transforms in the directions
0" and 0~. This allows us to understand how the resummed series jumps across a Stokes lines
(see the figure below).
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Figure 4.3: Lateral Borel summation along 6.

Considering this lateral Borel summation, the Stokes automorphism 29 can be defined as follows

Sy-F = Syt o Z F (4.29)
0
The Stokes automorphism can also be written as
Sg+ = Sp- 0 Z = Sp- o (Id — Discy) (4.30)
0
S@+ - Sg— = —Sg— o DiSC@ (431)

where Discy encodes the full discontinuity across 6. If there is no singularity we have Sy+ = Sy-
and this leads to ), B[F| = B[F| where Discy = 0. F is called a resurgence constant and
the Borel transform of F has no singularity along 6. This gives a convergent power series. The
difference between the 8" and 6~ transforms is nothing but a sum over contours around each
singular point and the discontinuity of S across 6 is given as an infinite sum of contributions
coming from each one of the singular points.

The logarithm of the Stokes automorphism defines the Alien derivative A, as follows

Z = exp (Z e_”ZAw> (4.32)

0 weN

where € is the set of singularities in the complex plane along the 6 direction. Using (4.32) we
can rewrite (4.30) as follows

Sp+B[F](2) = Sp- B[F|(2) + Sp- exp(D _ e **A,)B[F)(z)

weN

= Sp-B[F](z)+ ) Y eemtremdg, (A, - A, B[F](z)) (433)
=1 mp---m;>1
To understand how the Alien derivative works, we will construct some examples. Consider a
formal power series
o

F(z) = il — o) + %G(z — w)log(z — w) (4.34)

27



The Borel transform of this is

o 1
srite —w) T 3 BO(C @) log( — ) (4.35)

BF(¢) =
where at ( = w there is a simple singularity. Perform a contour integral along a closed path C,,

around w. This contour integral is equal to the sum of the integrals going from 0 to ocoe? and

.t ..
from 0 to coe® plus the integral over a path that closes these paths at infinity. We have

ooei97 0 ooewJr
—2( — —2( —2( —2(
]{C w dCe *BF(¢) = /0 dCe *BF(¢) + /OO " dCe *BF(() + /OO . dCe *BF(()

== S@—F(Z) — 59+F<Z) (436)

Choose C,, to be small and use (4.35) to obtain

7§ w dCe™* [m + %BG(C — w)log(¢ — w)] = Sp-F(2) — Sp+ F(2)  (4.37)

Let's change the variable to ( = u + w such that C,, will change into a path Cj that encloses
the origin in the u-plane. Thus,

So-F(2) — Sp+ F(2) = ]{ due— ) 2 +7{ du%BG(u) log(u)
C[) CO

2miu m
= ae*. % s + e_zw/ due " BG(u)
2 Je, U 0
=ae ™ +e *G(2) (4.38)
Now use (4.37) to obtain
(Sg+ — Sp-)F(2) = e Sy~ (ALF(2)) (4.39)

From this we see that when the Alien derivative act on a simple resurgent function of the form
(4.33) we have

SALF(z) =a+ SG(z) (4.40)

where the Borel transform has a simple singularity and the difference between the two Borel sums
from integrating across the singular point gives the Alien derivative A,,. Note that A, is a linear
operator such that A, = 0 if the Borel transform of F' has no singularity and A, # 0 if the Borel
transform of F' has a singularity or a pole.

Consider now the series expansion, as an example,

o

Z g +1 Agzg+1 (4'41)
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The Borel transform of this series is

= 1 (¢ A ¢

We have singularities at ( = {0, A} where ( = 0 is a pole and { = A a branch point. Motivated
by this example we will now introduce a few more ideas.

A holomorphism function BF'(() in an open disc D C C has a simple singularity at w if there
exists o € C and two germs of analytic functions at the origin such that

«Q
BF(¢) = (C ™) + —BG(C — w)log(¢ — w) +reg(¢ —w) (4.43)
For o = 0 we have
BGs—4) _ A BG(s — A) = — 274 (4.44)
21 S S
From this,
271 - S\9Y S
BG(s) = —15 — 27y (—1)9(2) , ‘Z’ <1 (4.45)
A g=0
and the formal series is
= —2mi Z g' Ay 29+1 (4.46)

Using (4.40) and the fact that the singularity at w = A is on the real axis, together with a = 0,
we find that the Borel sums give us back the asymptotic expansion

ALF =G(z) = —2ng' (4.47)

g 29'1'1

4.3 Transseries

In this section we will introduce some basic concepts regarding the transseries expansion. We
start by defining a log-free transseries as a formal power series

J

where the coefficients C; are real and g; are log-free trans-monomials which are a symbol of the
form

g=z%" (4.49)



with a € R. The height of a trans-monomial is defined as the number of times we compose the
formal exponential symbol, i.e ze®” + z has height 2.

Transseries inherits almost all the standard properties of usual power series when treated as formal
sums. For example, differentiation of a trans-series is defined by the standard differentiation of
the trans-monomials

g = (2% = az* e + 2T, (4.50)

T — (Z Ojgj>/ _ Z ng;' (451)

A general transseries is obtained by using the symbol log,, z such that
log,, z =logo---ologz (4.52)

where we composed the logarithm m € N times and the integer m is called depth of the
transseries. Note that finite depth transseries arise naturally when we are dealing with instanton
contributions to physical observables. The question we should ask now is how we can obtain a
consistent formal solution to our physical problem since the perturbative power series expansion
is usually insuficient to recover the solution. We know from the study of the analytic properties of
the Borel transform of the pertubative series that the non-perturbative terms have to be included
to obtain a consistent solution. Therefore we consider a transseries of the form

F(z,0) = i o F™)(z) (4.53)

where F(™(z) are n-instanton contributions defined as
F(2) = e "2, (2) (4.54)

A is the instanton action, ¢ is a complex parameter to keep track of the resurgence symbols
e~** and ®,(z) is a formal asymptotic power series. The problem we want to solve in the next
section is how to compute the Alien derivative of the transseries (4.53). We will relate the Alien
derivative to the standard derivation through a bridge equation.

4.4 Bridge equation

The Alien derivatives can be constructed using the bridge equation, which is obtained from the
commutation relation of the dotted Alien derivatives and the partial derivative of the transeries
F(z,0). The dotted Alien derivative is defined as A, = e “*A,,. Note that the dotted Alien
derivatives A4 F(z,0) and the partial derivative of the transseries 9,F(z, o) are proportional
since they satisfy the same differential equation

AiaF(z,0) = Si(0)d, F(z,0) (4.55)
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where S;(o) is the proportionality factor which depends on 0. The name “bridge” comes from
the fact that this equation relates the alien calculus with the ordinary calculus. To determine the
proportionality factor S;(c) apply the dotted alien derivative to the transseries F'(z,0)

AaF(z,0) Za e AN D, (2) (4.56)

n=0

The ordinary derivative of F(z,0) is

= Z no" e ", (2) (4.57)

To match these two equations term by term we expect that S;(o) has the form

Sie) =Y sk, P ecC (4.58)

Now we can determine Sl(k) by computing the RHS for a simple resurgent function of the form
(4.55), using (4.57) and (4.58)

Si1(0)0,F(z,0) ZZnSl(k)U”+k_le_"Azq)n(z) (4.59)

n=0 k=0

Comparing this equation with (4.56) we find that £ = 1 — [ and this leads to

(k) 0 if I>1
S = -1
SZ(U) = SZO if (<1

Using the last equation above in (4.59) we obtain

S1(0)0,F (2, 0) ZnSlan e 42, (2) (4.60)

n=1

Let's change the variable to p =n —

Si(0)0,F(z,0) = Z (p+1)SioPe”HPA2p, (2), 1<1 (4.61)
p=1-1

Comparing this equation with (4.56) we find

0 if [>1

Sin + D,u(z) if 1<1 (4.62)

Aja®,(z) = {

For a simple resurgent function ®,,(z) with a singularity at w = [A, by making use of (4.40) and
(4.43), the Borel transform of this function ®,, is

BO(C) = 5= B¢~ 1A)Si1 4+ ) log(C — ) (4.63)
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Note from this that the singular behaviour of the Borel transform B®,({) close to w = [A is
entirely governed by B®,,,((). It is important to note that the bridge equation not only allow
us to reconstruct the entire behaviour of our transseries close to a singular point but also makes
manifest the appearance of the Stokes phenomenon along the singular lines ¢ = 0 and 6 = .
To understand this, let us go back to the expression for the Stokes automorphism in term of the
alien derivative (4.32)

Z = exp (Z e_szw> (4.64)

0 we)

where €2 is the set of singularities in the complex plane along the 6 direction. Let us specialise it
to the singular direction §# = 0. Since the singular behaviour of our Borel transform B®,(() is
close to w = [A we can rewrite the last expression above as

Z = exp (Z e_lAZAlA> (4.65)

0 =1

We know from (4.62) that Aj4®,,(z) = 0 for all n if [ > 1. Using this, the above equation
simplifies to

=> %NA@”(Z) (4.66)

We can also use the second part of equation (4.62) to conclude
Ap®,(2) =S1(n+1)Py11(2) (4.67)
and this leads to

Agy®n(2) = Sy (n)i®na(2) (4.68)

where we use the Pochhammer symbol (n), = ]_[ 1(n 4+ ). Therefore

DX NE Z Cn,St(n)e 2D, 4 (2) (4.69)
0 =0

where C7', | = We can now use (4.66) and (4.69) in (4.30) to obtain

l(n nr

So+ F(z,0) = Sp- oZan

= (1+ e AL - (Z HenAzq)nH(Z))

= So- © ( CZLHSZ ne” (1042, +l(z)> (4.70)

n=0 [=0
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Changing the variable (n + 1) to m we have
So+ F(z,0) = So- (Z e 2, (0 + Sl)m> (4.71)
m=0

Now use (4.53) to conclude
F(z,0+5) = Z e P, (0 + 5™ (4.72)
m=0

Plug this back into (4.71) to obtain
So+F(z,0) = So-F(z,0 + 51) (4.73)
We obtain the same results using the following Bridge equation
AuF (z,0) = S0t 710, F(z,0), 1<1 (4.74)
Therefore the Stokes automorphism along # = 0 is

Z F(z,0) = exple ™ Ay) = F(z,0 + 5) (4.75)

where the singularity is at [ = 1. Now consider the Stokes automorphism along the direction
0 = 7. Let us again go back to the definition for Stokes automorphism in term of alien derivative
and apply this to 6 = w. We have,

Z = exp (Z elAZA_lA) (4.76)

™ =1
Here the singular points are {—A, —2A, —3A,--- ,—lA,---} so that the Stokes automorphism
is

Z =1+ eMA_ 4+ A gu+ - (4.77)

™

Note that the contributions to each resurgent symbol ¢!4*

in > come from
A—llA s A—ZNAq)n(Z) (478)
Using (4.62) and the Pochhammer symbol we have

A—llA(A—ZQA(Pn(Z)> = A—llA(S—ZQ (n - 12)®n—l2)
= S,lz (n — 12)5711 (Tl — lg — llq)nflz — ll) (479)

and

A a(Aa®n(2)) = Ajpa (S, (n — 1) Pryy)
= S—ll (n — ll)S_ZQ (TL — ll — ZQq)n_ll — lg) (480)
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where we use the fact that the alien derivatives at different points do not commute, i.e,
[A—hAa A—ZQA](I)n(Z> = 5_115_12 (ll — lg)(n — l1 — l2)q)n—l1—lg (481)

Therefore, the multiple alien derivatives can be written as

A—llA s A—INA(I) H S—lz H n — Z kﬂ>q)n—21 ki (482)
i=1 j=1

Note that this expression vanishes as soon as sz\il l[; > n. The Stokes automorphism along the
direction # = 7 on the transseries F'(z,0) is then given by

> F(z,0) =exp <Z elAZA,A> F(z,0) (4.83)

where we use (4.76). Using (4.74) we can rewrite this equation as

ZF Z,0) = exp (Z S_ 10", F (2, 0)) (4.84)

=1

Assuming that all the Stokes constants vanish except S_; # 0, the Stokes automorphism along
the direction ¢ = 7 is simply given by

Z F(z,0) = exp (S_;0'"0,F(z,0))

_an

OLF(z,0) (4.85)
with
OF(z,0)= Zz i— 1) (i — k4 1)o" e 2D, (2) (4.86)
=0

Finally the Stokes automorphism along the direction § = 7 is

ZF(Z>J chk l+l k z k 71Az(I)( )

=0 k=0
ZO_+S 0_1+lz —zAZ(I)( )
=0
= (z,0+S_lal+l) (4.87)

- . . . . .
where CF = m This concludes our discussion of resurgence. In the next section we will

introduce the correlators of most importance in this dissertation.
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5. CFT Correlators

The contents of this section, as well as the sections 6, 7 and 8 have been reported in [17].

The space of half-BPS representations can be mapped to the space of Schur polynomials of
U(N), that is, to the space of Young diagrams characterizing representations of U(N)[3].There
are rigorous theorems[18] that imply that extremal correlation functions of Schur polynomials do
not receive any 't Hooft coupling corrections and hence they are given exactly by their values in
free field theory. The Schur polynomials that correspond to giant graviton branes have a single
column with order NV boxes, while those corresponding to dual giant graviton branes have a single
row with order N boxes[3]. Computing correlators of these operators is still a highly non-trivial
task, even in the free field theory limit, because the number of fields in each operator is going to
infinity as we take N — oco. Fortunately, using techniques based on group representation theory,
this problem has been completely solved in[3, 31] for operators constructed using a single field
(say Z) and in[32] for operators constructed using more than one matrix (see also [33, 34, 35]).
We give a quick review of these results in this section and then use them to explore different
possible behaviors of these correlators at large N.

Let V' denote the N dimensional vector space carrying the fundamental representation of U(N).
The space Sym(V®") is also a representation of U(/N) but it carries in addition a commuting
action of S,,. These actions can be simultaneously diagonalized leading naturally to the operators
of interest to us, the Schur polynomials. After diagonalizing, the representations of both groups
can be labeled by a Young diagram that has n boxes. A further consequence is that the two
point function is also diagonalized. The simplest way to achieve the diagonalization is by using
a projection operator. The Schur polynomials are given by

Xr(Z) = Tr(PrZ%") (5.1)
where Py is a projection operator
1
Pr=— > xulo)o (5.2)
O’ESn

It is rather natural to study operators with a two point function normalized to 1. The Schur
polynomial has two point function

Ors[r
X)xE(Y) = 2

where R is a Young diagram with n boxes and fg is the product of the factors of the boxes in
R. Recall that a box in row ¢ and column j has factor N — ¢ + j. The normalized version of the
Schur polynomial is given by

(5.3)

_ xr(z)

The normalized three point correlator is given by

(On(2)(w1)0s(2)(22)0r(Z1) (@) = || 22 gt (5.5)

Trfs |1 — x3]*"R |29 — 23]2"8
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Recall that g(R, S;T) is called a Littlewood-Richardson coefficient. It was introduced in equation
(3.24). Young diagrams R and S have np and ng boxes respectively. These are the correlators
we will study in this article. In what follows the spatial dependence plays no role and consequently
from now on we omit it. This dependence is easily reinstated using simple dimensional analysis.
Use A, to denote the antisymmetric representation with J boxes (i.e. the Young diagram A;
has a single column) and S to denote the symmetric representation with J boxes (i.e. S has
a single row). It is straight forward to see that

(04,,04,,04,) = \/(N (_]\}]1_)!5]];7!];!J2)! (5.6)

where J = J; + Jo. We stress that this expression is the exact answer, valid for any values of .J;
and .J,. For operators in the planar limit we would hold .J;, J5 fixed as we take N — oo in which
case expanding the correlator leads to a well behaved power series in N=!. To make this point
we can consider J; = J5 = 2 in which case

(N —2)(N -3)
<OA20A204> = \/ (N _ 1)N

1 1 1 31 1 1 7

This expansion in 1/N converges absolutely in the range 0 < % < % that is, for N > 3. This

planar limit is the regime in which we study perturbative string theory, so it is perhaps not too
surprising that we can perform a 1/NN expansion. This result is however, better than we may have
expected: most perturbative expansions are only asymptotic expansions. If we were to increase
J1 and J; the radius of converges would shrink further.

We could also consider the case that J; = O(N) with % fixed and much less than 1. The result
(5.6) is exact, so it continues to hold in this limit. Since J; is order N, O, is a giant graviton.
We can then take J, = 2n = O(1), so that Oy, is some collection of point gravitons. The
correlator (5.6) then describes the emission or absorption of gravitons by a giant graviton. In this
case we find

(02,00,01) = (1-3) =00 (5.8

and there is again no obstacle to carrying out a 1/N expansion. A simple case study is provided
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by taking J> = 2 in which case we have

(N = )N —2)!
(O4,,04,,04,) = \/ (N — J; — 2)IN!

 J(N=J)(N = J 1)
B N(N —1)

— (1-j1) —%+%+o(w—3) (5.9)

where j; = % This is again an absolutely convergent expansion for % <1-—7.

To obtain giant graviton correlators we should set J; = Nj; and hold j; fixed as we take N —
0o. Giant gravitons are spherical D3-brane states which are not part of the perturbative string
spectrum|[10, 11, 12], so we might expect that this correlator does not have a 1/N expansion. In
this limit the normalized correlator behaves as[36]

N — J)OHUN — Jp)! .

The exponential on the right hand side of the above correlator does not admit a % expansion

and it therefore constitutes a genuine non-perturbative contribution. The corresponding result
for the dual giant graviton correlator is

(N+ = DN+ Jp— 1)
108 O O] = \/ wriogw—n = (5.11)

which is again a non-perturbative contribution. One of the main results of this article is the
trans-series expansion of (the square of) these giant graviton correlators. The starting point for
this analysis uses Gauss' Hypergeometric Theorem, which says

I'(e)l'(c—a—Db)

Fi(a, b;e;1) = 5.12
2 1((1, ;G ) F(C— a)F(c— b) ( )
Clearly then, we can write
(<OAJ10AJ20AJ>)2 = oFi(=J, Iy N —J1 +1;1) (5.13)
(<OSJIOSJQOSJ>)2 = 2Fi(J1,—Jo; N + Ji;1) (5.14)

It is possible to transform the hypergeometric differential equation into the Schrodinger equation
and then use any of the techniques developed for quantum mechanics. To explore the structure
of the 1/N expansion of the giant graviton correlators, we will use known results for the exact
WKB expansion for the hypergeometric function.

The language of Schur polynomials generalizes to the case of multi matrix models. The Schur
polynomials are replaced by restricted Schur polynomials. For concreteness focus on restricted
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Schur polynomials constructed from two complex matrices Z and Y. These restricted Schur
polynomials are labeled by three Young diagrams! XR,(rs)(Z,Y). For an operator constructed
using n Z fields and m Y fields, the Young diagram r has n boxes, s has m boxes and R has
n + m boxes[32]. A giant graviton operator would be given by the restricted Schur polynomial
X Anims(Am,An)(Z,Y), while a dual giant graviton operator is given by xs,. ... (s..5.)(Z,Y). The
normalized correlator of three giant gravitons is given by[37]

)

T
<XA"1+m1 J(Any Am ) XAngtmo ,(Any ’AmZ)XAn12+7n12 [(AnigAmyy)

_ \/(N —ny —m)!(N — ny —my)! \/mz!mm!(m +m)l(ng + mo)! (5.15)

- NN — nyg — mio)! nnglmylma!(ns + mis)!

where n1o = nq + ny and mqia = mq + mo. This result is a product of two square root factors.
The first factor has the same form as the one matrix result. The second factor is always < 1. To
see this, consider the binomial expansion of

- m!
1 mo_ m k h my _
( —|—37) ;(k)x ) where (k) k'(m—k‘)'
By comparing the coefficient of "% coming from the expansion of (1+ )™ times the expansion
of (1 4+ )" to the coefficient of 2""* coming from the expansion of (1 + x)™*™, we learn that

m-+n

(") () + nonnegativeintegers = (J/1").

Thus N
() ()
m+n
()
which proves that the second factor is < 1. Notice that when m; = my = 0, the second factor
is identically equal to 1 so that our result correctly reduces to the one matrix result we discussed
above. It is equally easy to compute the correlation function for three dual giant gravitons. The
result is[37]

<1,

T
<Xsn1+m1 7(Sn1 ,Sml )X(S7L2+m2 7(Sn2 ’SmQ)XSn12+m12 7(Sn12 7Sle)>

. (N + N9 + Mg — 1)'(N — ].)' nlglmm!(nl + ml)!(n2 + m2>'(5 16)
(N +m;+ny — 1)'(N + ng +mo — 1)‘ nl!nglmllmgl(nlg + mlz)! -

It is again easy to verify that if we set m; = 0 = msy, we recover the correct one matrix result.

There are again a number of physical processes described by our correlators (5.15) and (5.16): a
three point correlators of point like graviton or of string states, a three point function involving
two giant gravitons and one string or point like graviton or a three point correlator involving only

YIn general we also need some extra multiplicity labels. These labels however will not be needed for the giant
graviton correlators we study so they will be omitted from our discussion for simplicity.
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giant gravitons. We will only quote the result for a correlator involving three giant gravitons.
Setting ny = ny = n = Nn and m; = my = Nm we find

[2(n +m)
T Y p—2N(n+m)
<XAn+m7(An7Am)XAn+Tn7(An7Am)XA2n+2m7(A2n7A2m)> € ﬂNnm (517)

62N(r1—|—m) 2(Il+ m) (518)

t ~
<XS"+m’(S”’Sm) X(Sn+m’(5” ’Sm) XSQTL+27YL7(S2TL 752m) > '/TNnm

Both of these correlators again are quantities that can not be expanded in a power series in N~ 1.

It is also interesting to consider extremal n-point functions since these are also protected. The
result is

Jr

JrRi SRy "+ IRy, (5.19)

(ORr,Og, - ORkOTT> = YR Ry-R,T

where gg, r,..r, 7 counts how many times 7" appears in B} ® Ry @ --- ® R. We will see, in
explicit examples considered later, that these correlators also exhibit interesting behavior that is
non-perturbative with respect to the 1/N expansion.
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6. Review of Exact WKB

In this section we will review the exact WKB solution to the Schrodinger equation[19]. This
is useful because as we review in the next section, the hypergeometric differential equation can
be mapped into the Schrodinger equation with a specific potential. The exact WKB method
starts from the usual WKB expansion to write the wave function as an infinite series. The Borel
sums of these WKB solutions exhibit parametric Stokes phenomena[24] (see summary of the
first two chapters in appendix B), which is a Stokes phenomena in the asymptotic behavior of
WKB solutions with a change in the parameters of the problem!. The space of parameters can be
partitioned into regions by the Stokes graph. The vertices of the Stokes graphs are singular points
as well as turning points associated to the Schrodinger equation. The Borel sum of the WKB
solutions converge within each face of the Stokes graph, but are discontinuous across the Stokes
lines. This parametric Stokes phenomena is nicely captured in Voros coefficients, which describe
the relative normalization of wave functions normalized? at well chosen distinct points. The whole
analysis can be phrased in terms of Stokes' automorphims and Alien derivatives, introduced by
Ecalle[38] in his theory of resurgence. This analysis explicates the singularities of the Borel sum
and these are the seeds of the non-perturbative contribution to the wave function.

6.1 Orientation

Broadly speaking the collection of ideas that we are drawing on go under the name of resurgence.
Since much of the background maybe a little unfamiliar, in this section we will give a very
brief overview of the relevant ideas. For very helpful background reading, aimed at theoretical
physicists, we suggest the reader consults [1, 39, 40, 41].

Use ¢ to denote the coupling constant. The perturbative expansion of an interesting observable
O will take the form

n=0

Typically the coefficients ¢,, grow as n! so that this series does not converge, but rather it defines
an asymtotic expansion. In this situation, we would typically carry out a Borel resummation.
This is a two step process, in which we first perform a Borel transform of the sum and then we

perform a Laplace transform. The Borel transform of a given term B[g"™|(s) = F(Z—j-l) so that

BlO)(s) = FC" s (6.2)

n=0 (n)

1One could also consider Stokes phenomenon arising as a consequence of changing h. This is typically
considered when analyzing the Borel resummation of WKB solutions and it is not what we are considering here.

2By a wave function normalized at a point xy, we mean the overall amplitude of the wave function v(x) is
chosen so that ¢¥(zg) = 1.



This sum is much better behaved that the original sum and, if it converges in some region it
can be used to define a function analytic in s, except possibly at a few singular points in the
complex s plane. We can then perform an inverse map of the Borel transform (which is the
Laplace transform) to complete the resummation

S0 = /0 T BOl(s)e S ds (6.3)

This Laplace transform is not well defined if singularities of the Borel sum lie on the contour of
the s integration. Indeed, the result of the transform becomes ambiguous since it will depend
on whether we go above or below the singularity. By slowly increasing 6 so that the contour of
integration moves past a singularity, we find a jump in the value of the Borel resummed observable.
This is nothing but the familiar Stokes phenomenon, signaling a change in the behaviour of the

asymptotics of the observable O. A pole in B[O](s) would produce a jump proportional to e o
where A sets the location of the pole. The form of the jump is reminiscent of an instanton
contribution and indeed, it can be reproduced in this way. One finds that A is the classical action
of an instanton. This is a rather remarkable claim: by Borel resumming the perturbative series we
can learn about non-perturbative phenomena in the problem?®. Further, it explains how to make
sense of the full non-perturbative structure of the problem: the usual perturbative series should
be replaced by a trans-series, which takes the form

0= ia"(’)(")(g) (6.4)

where O™ (g) is the contribution of the n-instanton sector. It takes the form

O =5 Z cmgm (6.5)

m=0

These sums are themselves asymptotic and need to be resummed. However the trans-series
restores uniqueness to the Laplace transform: although each of the individual sums O™ jump
as we pass a singularity, the complete sum O does not. The parameter ¢ is called a trans-series
parameter and its role is to track instanton number.

Our goal is to determine the trans-series expansion for the giant graviton correlators we wrote
down in the previous section. This will explain the structure of the large N expansion for these
correlators and it will make it clear what the non-perturbative contributions to the correlator are.

3This is a result with a lot of history[2, 42, 43, 44, 45, 46] that has recently been understood in a remarkable
way [53].
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6.2 WKB Solutions

We study the Schrodinger problem

<—dd—; + N2Q) =0 (6.6)
where
Q=T NIQ) Qi) = g (67)

We assume that G(z)Q;(x) are polynomials in . The small parameter N~ plays the role of A.
As usual, a turning point of the classical motion is given by a zero of QQy(z). A simple turning
point is a simple zero of Qo(x). The poles of Qy(z) are singular points of the differential equation
(6.6). In the exact WKB analysis the poles and zeros of Qy(x) will play an important role. The
usual WKB ansatz

P(z) = el SN (6.8)

leads to a solution of the Schrodinger equation as long as S solves the Riccati equation

as 9 9
—+S5"=N :
—+S Q (6.9)
To solve (6.9), plug the ansatz
S(z,N)= 3" N75,(x) (6.10)

i=-1

into (6.9) and equate each power of N to zero (see appendix (B.2) for the computation). This
process yields

5%, = Qo (6.11)
as well as the following recursion relation
S ! (dsj+2j:5 Sk —Q > = —1,0,1,2 (6.12)
i+1 — 5o | 7 j—kRPk T Wj+2 J=—L4LU L 4... .
25_1 dx 0
There are two possible solutions for S_;
S% = £1/Qo(x) (6.13)

and hence there are two possible formal series solutions to the Riccati equation

S&E)(z, N) = i NS () (6.14)

=1
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Here “formal series” means formal Laurent series in N~!. These functions are multivalued and
holomorphic on the complex plane once the zeros and poles of Qy(z) are removed. It is known
that the series (6.14) is divergent in general. In the framework of the exact WKB analysis, the
Borel resummation of the WKB solution is used to arrive at exact results. It is useful to introduce

Sodd(z, N) = % (81 —50) = f: N7 Soqa,()
j=—1
Seven(z, N) = % (S + 85 = i N7 Seven () (6.15)
=0
An identity that we will use below is
—%% log Sodd = Seven (6.16)

All that is needed to prove this identity is a simple application of (6.9). Our two possible solutions
are S = S = S, ey + Soaa. If we use (6.16) we can simplify our solution as follows

wi (l‘) e efaczo d‘I/(Seven($,,N):|:Sodd(x/7N))

e [, da’ (=3 4% log Soaa(a’,N)£Seaa(2',N))

Sodd(x[b N) ei f;() dx'Soqq(z’,N)

6.17
Soad(z, N) ( )
Since we can always multiply or divide 1) by a constant* we can equally well take
1 x / /
Vy(z) = = E L4 Seaa(@’ V) (6.18)

Sodd(z, N)

Recall that since

Sodd = N/ Qo(x) + O(l) (619)

the WKB wave function () blows up at the simple zeroes of (QQy(x). This is nothing but the
familiar breakdown of the WKB approximation at the turning points of the classical motion.

The Borel sum of the WKB solutions ¢)(z) have been studied in [27]. Consider the complex
plane of parameters C, of the Schrodinger equation. The asymptotic behavior of the solutions to
the Schrodinger equation (in z-space) depends on where the parameters take their values on the
complex C, plane, hence the name “parametric” Stokes phenomenon. These regions are bounded
in x-space by Stokes lines. The Stokes line is the integral curve of Im(/Qp)dz = 0, emanating
from a turning point. Each Stokes line can either end on a singular point or on a turning point.
The complex z-plane is dissected into Stokes regions, each of which is bounded by Stokes curves.
The graph formed by taking the singular points and turning points as vertices and the Stokes

4This is because (6.6) does not fix the normalization of ).
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lines as edges is called a Stokes graph. If every edge of the Stokes graph starts on a turning point
and ends on a singular point, we say that the graph is non-degenerate. The singularities of the
Borel sum (which is our main interest) will lie on these Stokes curves, so it is useful to consider
them in detail. Three Stoke's lines meet at each simple turning point. To see this, note that
close to a simple turning point at = ay we have

\/@ =V — agRo(x) (6.20)

with Ro(z) a polynomial. At the turning point imagine that Ry(z = ag) = Ape’®. Change
variables as follows: (z — ag) = re®, hold ¢ fixed and let 7 vary. In this case

dx = dre (6.21)
and thus
vV Qodr = A§6i¢°+i%¢dr (6.22)

The condition for the Stokes line Im(1/Qg)dx = 0 becomes

6= (xn — ) (623)
There are 3 distinct directions (for n = 0, 1,2) and hence there are 3 Stokes lines meeting at each
turning point. We will assume that all of the singular points are poles of order 2 (this is indeed
the case of interest to us as we will see in the next section). In this case, an analysis which is
very similar to what we just did above, leads to the conclusion that two Stokes lines end on each
singular point. To proceed further we should specify the potential which would determine the
number of singular points and turning points and hence the details of the Stokes graph. Following
this logic, we will characterize the Stokes graph for our problem in Section 7. To complete our
review of the exact WKB method, in the next subsection we will describe the jumps in the WKB
solution as we pass through a Stokes line.

6.3 Borel Resummation and Voros Coefficients

Under some conditions (that we will spell out below) a suitably normalized WKB solution is Borel
summable in each Stoke's region. There are singularities on the edge of each Stoke's region that
we would like to identify. This can be accomplished by studying the Stokes phenomena of the
WKB resummed solutions across the Stokes curves, since the singularities are the origin of the
Stokes phenomenon. If we take a solution to (6.6) and continue it along non-trivial paths in the
space of parameters, we find that the solutions transform under a non-trivial monodromy group,
which is another way to describe the Stokes phenomenon. One can introduce Voros coefficients,
which relate WKB solutions normalized at a turning point to WKB solutions normalized at
a singular point. The importance of the Voros coefficients follows because they capture this
non-trivial monodromy group, and consequently they provide a complete characterization of the
singularities of the Borel sum. Denote the Borel sum of 9 in region D by W?. Consider v, with
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zo chosen to be a simple turning point 2y = ag. Consider the solutions WX and W4 which are

the Borel sums of ¢/ in two distinct regions I and /1. If Re (f;) \/Qodx> > 0 on the boundary
Stokes curve between regions I and I, then we have[19]
I I Il
Ul = Ul + U

ol =gl (6.24)

We say that ¢, is dominant and ¢ _ is recessive on the Stokes curve. The above formulas

are called connection formulas and they clearly exhibit the Stokes phenomenon for the dominant
solution. The recessive WKB solution does not have Stokes phenomena across the Stokes curves.

Consider WKB solutions normalized at a regular singular point, located at x = r. In this case, ()
has a double pole at x = 7 and, to simplify the analysis that follows, we assume that (z —r)Q);
for 7 > 0 are holomorphic at = = r. With this assumption it follows that S,qq has a simple pole
at x = r. To define the WKB solution at the regular singular point, we subtract this pole from
Soada and handle it analytically on its own. To do this it is useful to introduce the expansion

p=po+N"1p+N2py+... (6.25)
of the function

p = Res,—, V/Q where Q= Z N7Q; (6.26)
=0

Proposition 3.6 of [25] computes the residue (this formula assumes that p is an even function of
N as explained in Appendix A)

Resx:T Sodd =oN (627)

/ 1
g =p 1+W (628)

The WKB solutions normalized at the regular singular point = = r are given by

where

(z — T)iUN ot

— 7 (Soda— 225 )da (6.29)

The integrand in the above exponential is free of singularities throughout the integration domain
because we have subtracted the pole at x = r from Syqq. The factor (z — r)*°Y upfront comes
from an analytic treatment of the pole contribution. This manipulation is performed so that the
integrand Soqq — ;’—ivr is regular at the singular point, ensuring that the formula (6.29) is well
defined.

) =

We will now consider the recessive WKB solution at the regular singular point x = r. Assume that
Re(pg) > 0. Then zﬁg) is recessive on any Stokes curve flowing into z = r. By the connection
formula, (6.24), the recessive WKB solution does not have Stoke's phenomena on the Stokes
curves. We now quote a Theorem from [22]
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Theorem 1: Set @Sf) = (z — r)_%_"Nle:). There is a neighborhood U of & = r such that 1%:)

is Borel summable in U — {r} and x = r is a removable singularity of the Borel sum \iJS:). Hence

it is holomorphic in U x {N;Re(N) > 0}. Moreover
T N) =V (r, N) = (oN) 2 (6.30)

holds.

The significance of this theorem is easy to appreciate: the factor (z — r)%J“’N does not admit
an expansion in 1/N. The above theorem implies that this factor appears in the WKB solution

1/}@, but this is the only non-perturbative contribution and it appears as a multiplicative factor.

Indeed, as soon as it is removed (to obtain @/;5:)) the result is Borel summable. If Re(py) < 0 we
have to exchange + and —.

We are now ready to introduce the Voros coefficient[19] which will play an important role in
the next section. The Voros coefficient V; describes the discrepancy between WKB solutions
normalized at a turning point a (denoted 7)) and those normalized at a singular point b; (denoted

ng)) where j specifies which singular point we consider. The definition is
Y = Vi, (6.31)

This completes our review of the exact WKB solutions. In the next section we apply the method
to the hypergeometric differential equation.
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7. Application of Exact WKB to Giant
Graviton Correlators

We have seen in Section 5 that the normalized three point function of giant graviton correlators
can be expressed in terms of the hypergeometric function 2 (a,b;¢;1). In this section we will
map the hypergeometric differential equation into a Schrodinger equation. We can then apply
the results of the previous section to perform an exact WKB analysis. Under the mapping to the
Schrodinger equation, 1/N maps to & so that the semi-classical expansion for the Schrodinger
equation is the 1/ expansion of our correlators. This implies that through this map we are able
to understand the structure of the % expansion in this large N but non-planar limit.

7.1 Mapping to the Schrodinger Equation

The hypergeometric differential equation is

d? d
x(l—x)d—;;}jL(c—(a—irb—i—l)x)%—abw:O (7.1)

Notice that it has regular singular points at by = 0, by = 1 and by = oo. The parameters of the
hypergeometric function are

1 1

where N is taken to be large. This particular parametrization of a,b,c follows [22] and will
simplify many of the formulas that follow. Introduce the wave function v as follows

Plugging this into (7.1) we find that 1) obeys the following Schrodinger equation

<—$% + Q(:c)) =0 (7.4)
where
Q) = Qo(x) + N72Qy(x) (7.5)
_ (a=pB)"2* +2(2a8 —ay = By)r +9°
Qo(z) = 12z — 1) (7.6)
2 —r+1
Q2(z) = T2z 12 (7.7)
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An important and non-trivial feature of this mapping is that we see that % plays the role of h.
This is in complete agreement with the usual holographic dictionary between CFT parameters
and the parameters of the dual gravity, so one may wonder if this Schrodinger equation has a
natural gravitational origin. We will not explore this possibility in this article. Since Qq(z) is
quadratic, there are two turning points {ag, a1}, given by the zeros of the numerator of (7.7).

To properly define the coefficient S_; = /Q)y of the WKB solution, we need to explain what
branch of \/()g we use. The branch cut runs between the two turning points avoiding the singular
points b,. The branch we use is specified by choosing

vV Qo ~ % at =20 (7.8)
VQo ~ 0[2(2—5__1)7 at r =1 (7.9)
N 52;6“ at = oo (7.10)

7.2 Stokes Graph

The (complexified) position space with coordinate = on which the wave function is defined is
divided up into regions by the Stokes graph. The Stokes graph of (7.1) is the graph drawn on the
sphere with vertices given by the turning points {ag, a1 } and the regular singular points {bg, b1, b2}
and edges given by Stokes lines. The WKB solutions jump discontinuously across the Stokes lines,
which is the usual Stokes phenomenon. The Stokes graph of (7.1) is well understood[26]. Since
this will be needed in what follows, we review the relevant results of [26] in this section.

The topology of the Stokes graph can change depending on the values of the parameters appearing
in the potential. We imagine that the parameters «, 5 and v are arbitrary complex numbers taking
values on the Riemann sphere C,. We can divide this space up into regions, such that the topology
of the Stokes graph is fixed in each region. Towards this end, introduce the following three sets

Ey = A{(, 8,7) € Clapy(a— B)(a =) (B —7)(a+ —7) =0}
Ey = {(a,8,7) € C*|Re(a)Re(B)Re(y — a)Re(y — 8) = 0}

By = {(a, 8,7) € C’|Re(a — B)Re(a + B — 7)Re(y) = 0} (7.11)
To get some insight into the definition of the above open sets, note that

afy(a—=B)a—=7)B—=7)(a+B8—7) #0 (7.12)

is the condition that there are two distinct turning points and further that neither turning points
coincides with a singular point. The conditions

Re(a)Re(B)Re(y — a)Re(y — B) # 0 # Re(a — B)Re(a + 8 — 7)Re(y) (7.13)
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ensure that there is no Stokes curve connecting distinct turning points (the first condition) or the
same turning point (the second condition). If turning points are connected by a Stokes curve,
the Stokes geometry is said to be degenerate. The conditions under which the Stokes graph is
degenerate is summarized in the following theorem

Theorem 2: Assume that («, 3,7) is not contained in FEy. (i) If two distinct turning points ag
and a; are connected by a Stokes curve, then (o, 3,7) belong to E;. Conversely, if (o, 3,7)
is contained in E; — Es, the Stokes geometry of (7.1) has a Stokes curve which connects two
distinct turning points ag and a;. (ii) If a Stokes curve forms a closed curve with a single turning
point as the base point, then («a, 3,7) belongs to Fy. Conversely if (a, 3,7) is contained in
Ey — E;, the Stokes geometry of (7.1) has a Stokes curve which forms a closed path with a
turning point as the base point.

To proceed further we need to define the following sets of parameters

w1 = {(a, 8,7) € C*|0 < Re(ar) < Re(y) < Re(f)}
wy = {(a, B,7) € C?|0 < Re(a) < Re(B) < Re(y) < Re(a) + Re(B)}
ws = {(a, B,7) € C*|0 < Re(y) < Re(a) < Re(f)}

wy = {(a, B,7) € C’|0 < Re(y) < Re(a) + Re(B) < Re(B)} (7.14)

as well as the involutions

Lo - (aa677) - (_a> B, _7)
u (e, B,7) = (v = 8,7 —a,7)

L2t (Oéaﬁﬁ) — (/B,Oé,’}/) (715)

The relevance of these involutions follows because they are symmetries of the potential Q(z), so
parameters related by the involution give the same solution. Let G be the group generated by ¢;
7 =20,1,2. G is then a discrete group of symmetries of (). Define the open subsets

M= Jrws) h=1234 (7.16)
reG

The union of the II;, covers most of C?:

4
Um=c’-u (7.17)
h=1
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where

U = {(e, 5,7)[Re(@)Re(5)Re(7)
x Re(y — a)Re(y — f)Re(a — B)Re(a + 8 — ) =0} (7.18)

The topological structure of the Stokes graph can be summarized by the triple of integers
(no,n1,n2) where n; counts how many Stokes curves flow into the regular singular point b;.
The topological structure of the Stokes graph is summarized in the following theorem

Theorem 3: Let n = (ng, ny, ny) denote the order sequences of the Stokes graph with parameters

(a, B,7). If (o, B,7y) € Iy then i = (2,2,2). If (o, 8,7) € Iy then i = (4,1,1). If (a, 8,7) €
I3 then n = (1,4,1). If (o, B,7) € 14 then n = (1,1,4).

7.3 Voros Coefficients

From the discussion in Section 6.3, it is straightforwards to see that the Voros coefficient ac-
counting for the discrepancy between the WKB solutions normalized at turning point a and those
normalized at singular point b are given by

Vi(a, B,7) = / (Soad — NS_1)dx (7.19)
b

The residues of S,qq and NS_; at the singular points coincide which implies that the Vi (a, 3, 7)

are well defined and that we can develop a formal power series in N~!. The explicit power series

are[23]

1 <~ B,N*™ e 1 1 1 1 2
Vo=— Z n(n — 1 [(1_2 )(an—1+ﬁn—1+(7_a)n—l+( _/3)71—1)—" }

,yn—l

1 Nln
2 n—l

)

1 B N1 1 1 1 1 2
Vi== (1 -2 + — — +
1 2 n(n — 1 [ (an—l g1 (y—a)yt  (y— 5)n—1> (a+ 3 —~)n1

1 1 1 1 2

Vs = (1—2"" ( - — + ) - ]

’ { a=l gt (y =)t (v =Bt (B a)nd
where B,, are the Bernoulli numbers defined by

— = Z —t" (7.21)

Noting the asymptotic growth of the Bernoulli numbers

Boy, ~ 4 (ﬁ)% Vrk (7.22)

e
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it is clear that the series expansions given above are asymptotic series. The Borel transforms of
the above series are well defined and are given by[26]

B[Vol(y) = —i [g1(:y) + 1 (Bsy) + 91(v — a5 y) + 91(v — By y)] + 9o (73 )

B[Vi(y) = }l [—g1(;y) =1 (B;y) + (v — s 9) + 91 (v = B59)] + gl + B — 73 9)
B[V2](y) = ;l [—gi(ey) + 91(B;y) + g1 (v — s y) — 1 (v = Bsy)] — go(B—asy)  (7.23)
where
go(t;y) = é <ei’1— -+ % - 5) (7.24)
gi(ty) = ! 2t (7.25)

6%—1+6%+1_y

These functions have singularities which signals both the Stokes phenomenon of the asymptotic
series and non-perturbative behaviour in the field theory. Both functions have simple poles at
y = 2tmmi with m any nonzero integer. The residues of these poles are

(7.26)

=™
Res tyy) = Res tyy) =
JRes aotiy) = 5 JRes ai(tiy) =
The results can be used to compute alien derivatives and the Stokes automorphims for the WKB
solutions. The interested reader can find a clear readable account in [26].

7.4 Trans-series Expansion of Giant Graviton Three Point
Function

Our primary goal in this section is to relate the Borel sum of the WKB solution to 2 Fi(a, b; ¢; x)
near z = 1. Our approach is based on the study [22] which established the relationship between
the Borel sum of the WKB solution to 5 F}(a,b; c; x) near x = 0. Specifically we will study the
leading contribution to the WKB solution and show that it reproduces the leading behavior of the
correlator, which is non-perturbative in 1/N. The relation between the hypergeometric function
and the WKB solution normalized at x = 0 is[22]

_1_atB—y
2 2 N

1 1
F(§ + aN, 5 + BN, 14+ yN;z) = \/gNlﬂe_NhOx_é(lﬂN)(l — )

X exp [N/ Sld.]?—F/ (Sodd — NS,1>d£L‘ (727)
0 0

odd

Note that we have normalized the wave function using the value of the hypergeometric function
at x = 0, i.e. F(a,b;c;z = 0) = 1. For the leading order at large N, we only need the first
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other contexts too. In the recent article [47] non—perturbative interpolating functions to probe the
physics of the cusp and twist-two anomalous dimensions were constructed. Finite N N = 4 SYM
is expected to be S-duality invariant. To probe this physics, [47] accounts for both non—planar
and instanton contributions by constructing modular invariant interpolating functions. At the two
ends the anomalous dimensions scale as ~ v/ or ~ 1. The cusp anomalous dimension emerges
in the large spin limit while the twist two operators are considered in the small spin limit. The
two descriptions are long spinning “spiky” strings versus small circular strings. It again seems
natural to guess there is a Stokes line separating these distinct saddles that must be crossed as
the spin varies.

In the usual planar limit, the 1/N expansion has a compelling physical interpretation [30]. The
Feynman diagram expansion is in terms of ribbon graphs. The small parameter of the expansion
is % and the power of N multiplying a given term has a nice interpretation as the genus of the
worldsheet corresponding to the ribbon graph. Is there an interpretation for the series multiplying
the non-perturbative term in (8.1)7 An approach towards this problem is suggested by recalling
that the giant gravitons are spherical D3 branes and their excitations can be described in terms
of open strings. The non-perturbative factor in (8.1) is naturally associated to the spherical D3
brane!, while the series multiplying this factor is naturally associated to the open string theory
living on the giant graviton. From this point of view, powers of N would be associated to
the genus of world sheets for the open strings. This provides a natural explanation of why the
perturbative factor is a series in % and not % We hope to further develop this point of view.

The mapping to the Schrodinger equation has allowed us to find the form of the % expansion and
to argue that the asymptotic series coming from the % expansion of giant graviton correlators is
Borel summable. If all that we are interested in is the form of the % expansion, then because
our correlators are ratios of I'(-) functions, we can simply use the known asymptotic expansion

1 1 1
T(2) = e "2 3v2r (1 4+ — 2
(2) =e*z°72 7r( + 125 + 98352 + ) (8.2)

Plugging this into the giant graviton correlators we easily recover the form we obtained from the
WKB analysis. Repeating this logic, we find the following form for the expansion of the general
giant and dual giant extremal correlators

o
- k=1 . _ _
<OAJ1 . -OAJk OLJ1+JQ+~»+A,C> — o NS = didi Z ¢, N1 (8.3)
n=0
oo
Os, ---Og, Ol — N didi ¢, N~nk-1 8.4
J1 T 7 ST+t Ay
n=0

Given our experience with the three point functions, we conjecture that these series will be Borel
summable in the physically allowed range of parameters, which is 5, > 0 fori =1,2,--- .k and
J1+ -+ Jkr < 1 for the giant gravitons. It would be interesting to explicitly prove this.

it is naturally interpreted as the exponential of the D3 brane action. The D3 action is multiplied by the
tension of a D-brane which behaves like ~ gi ~ N since g; ~ % .
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We have considered general extremal correlators between giant gravitons and between dual giant
gravitons. The complete class of extremal correlation functions of Schur polynomials is much more
general. It would also be interesting to study correlators involving operators with a dimension
of order N2. These would have a gravitational interpretation in terms of physics in an LLM
geometry[13], so that one is probing a back reacted version of the AdS;xS® spacetime. It is
interesting to ask what the structure of the large N expansion in this case is? Once again the
extremal correlation functions can be evaluated exactly. In simple examples [48] for well chosen
backgrounds, the only effect on the extremal correlators is a renormalization N — N.g. The

perturbative expansion in this LLM background becomes an expansion in Nl , which suggests

that the closed string coupling constant g, has been renormalized. This same effect has also been
observed beyond the half-BPS sector [49, 50, 51, 52]. Does this renormalization of N persist when
non-perturbative corrections are considered? This could be probed by studying giant graviton
correlators in the LLM background. If the closed string coupling is renormalized, then the tension
of the D3-brane ~ g—ls should be renormalized and we do expect the renormalization of N to
persist.

The true power of resurgence only comes into play when we have many non-perturbative sectors
as well as a perturbative sector. Resurgence then relates the series in these different sectors (see
[53] for recent results and references). Extremal giant graviton and dual giant graviton correlators
have only a single sector. Further, the form of our extremal correlators makes it likely that we
need to go beyond the half-BPS sector for correlators that have more than a single sector.

Finally, it maybe worth rexamining the “analytic bootstrap” for the exact WKB method, formu-
lated in [19]. The method considers WKB periods, which are (Borel resummed) perturbative series
in h. These periods are determined by their classical limit and their discontinuity structure, which
is encoded in the Stokes automorphisms. This data defines a Riemann-Hilbert problem, which
can be solved in terms of a TBA-like system, uncovering a remarkable correspondence between
ordinary differential equations and integrable models[54, 55]. It would be interesting to revisit the
analytic bootstrap, considering the role of discontinuities associated with the parametric Stokes
phenomenon.
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AppendixA. Residue of S

To determine the WKB solution normalized at the regular simgular point x = 1, we need to
evaluate the resdiue of S,qq at * = 1. This has been carried out in detail in [25] - see Proposition
3.6. Here we will give a quick summary of the argument, both to make the paper self contained
and to stress the differences between our case and the case of [25]. We will make use of the
Ricatti equation (6.9) which we repeat for convenience

s
ar-%sz N?Q (A1)

First, note that

Jaw = YE@ (A2)

2z(x — 1)
with
F(z) = (o — B)*2* + 2203 — ay — fy)x ++* — N2 (:p2 —z+ 1) (A.3)

It is trivial to see that

Res,y /Q(r) = VO 2CIZ 0 DRI NE Ly (g

The formal solution to the Riccati equation is given by a power sum
=Y Si(x)N (A.5)
j=—1

Plugging this sum into the Riccati equation leads to (6.11) and (6.12). From (6.11) we see that
S_1(x) has a pole of order 1 at x = 1, while from (6.12) we see that S;(z) with j > 0 has a
pole at x = 1. Consequently, for all ;7 we have the Laurent expansions

S;(x +§:ﬂnx—1 (A.6)
n>0
Thus, the residue of S(z, N) at z = 1 is given by
Resle S(Jﬁ, N) = Z fj7,1N_j (A?)
j=—1

To perform the sum on the right hand side, plug (A.6) into (A.5), and then plug (A.5) into the
Riccati equation. Equating the coefficient of (z — 1)~2 to zero, we find

- Z fi N7+ (Z fj,—lN_j> = N?p(N)? (A.8)

j=—1 j=-—1
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This quadratic equation is easily solved to obtain

Z fj,_lN_j = %—|—.]Vp(]\])\/1—|—W(AN,)2 :Resle S(I,N) (Ag)

j=-1

For the residue of S,qq We need to extract the odd powers of N which gives

Resy—1 Soada(z, N) = % (Np(N)\/l + Wl(]V)Z + Np(—N)\/l + W—N)Z> (A.10)

For even p(IN) we recover the result of [25] which says

1

NG (A.11)

Resz—1 Soaa(z, N) = Np(N)\/l +
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AppendixB. Parametric Stokes
phenomena of the Gauss hypergeometric
differential equation with a large
parameter

B.1 Introduction

In this Appendix we will review some of the relevant ideas and results of the paper [24]. The
main idea of this paper is to exhibit parametric Stokes phenomena of the Gauss hypergeometric
differential equation with a large parameter, in terms of a WKB analysis. The hypergeometric
differential equation can be mapped into the Schrodinger equation with a specific potential. The
Borel sums of these WKB solutions exhibit parametric Stokes phenomenon, which is a Stokes
phenomena in the asymptotic behaviour of WKB solutions with a change in the parameters. The
space of parameters are bounded by Stokes lines. To analyse the Stokes phenomena of WKB
solutions with respect to parameters in differential equations, the notion of Voros coefficients
have been introduced. Differents forms of Voros coefficients for the Weber equations have been
computed by Shen and Silverstone[56] and Takei[57].

The paper show that Voros coefficients can be defined for the Gauss hypergeometric equation
[57, 58] with somes modifications. The system of difference equations that characterise these
coefficients was computed. This system can be solved using the method of formal differential
operators of infinite order (Candelpergher, Coppo and Delabaere, [59]). One finds that Voros co-
efficients undertake such Stokes phenomena as exhibited through the Borel resummation method.
To analyze Stoke phenomena of Voros coeffients, it is also important to know how the Stokes
graphs depends on the parameters. For the equation we study it is possible to give a characteri-
sation of the types of Stokes graph in terms of the parameters.

B.2 The Gauss hypergeometric differential equation with
a large parameter

Consider the following Schrodinger-type equation

<_d_2+N2Q)\1;:0 (B.1)

dx?

Here N is a large parameter and «, 3 and y are complex parameters,

Q(z) = Qo(z) + N*Qu(x) (B.2)
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with
(o — B)*2® +2(208 — ay — fy)z ++°

_ B.3
@o(@) 4a?(x — 1)? (8.3)

and ) .

—r°—x+
= — B.4
Consider the hypergeometric differential equation

d? d

a:(l—a:)d—;;)—ir[c—(a—l—b—l—l)x]ﬁ—abw:O (B.5)

where a, b and ¢ are complex parameters. Introduce a large parameter IV by setting a = %+Na,
b= % + N and ¢ =1+ N+ where «, § and «y are complex parameters. We obtain

2(1 — m)% FlL4m— (a+ BN + 2)95]2—‘; - (% + Na> (% + Nﬂ)w —0  (B6)

Next we eliminate the first-order term of (B.6) by taking the unknown function

U — x(HW)/Q(l _ x)(H(O‘*ﬁ*'V)")/Qw (B.7)

Then we have (B.1). The WKB solutions of (B.1) is

U = exp (/ S(x,N)dx) (B.8)
o
where S solves the Riccati equation
s
§2 4 22 N2 B.9
+ 22 = NQ() (B.9)
associated with (B.1). Let
S = Sodd + Seven (B].O)
where
Sodd = Y _ NSy 4 () (B.11)
k=0
=S N'+ SN T+ SN+ (B.12)
and
Seven - Z N_QkSQk(x) (813)
k=0
= S0+ SoN 24+ SN 4. (B.14)
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Then (B.9) implies

d

e
d

S24+ 82+ QSoddSeven%(Sodd 4 Seven) = N2Q(z)

(Sodd + Seven)2 + Sodd + Seven) = NQQ(x)

Using the terms of odd powers of N~! from both sides, we find

d
2SoddSeven + _Sodd =0
dx

Thus,

- %Sodd
256dd
1d

= _§d_ log Sodd

Seven =

Using (B.10) the two possible solutions are
S = Si - Seven + Sodd
Substituting (B.18) in (B.20) yields

1d
S =5% = —§d—10g Sodd £ Sodd

Using (B.21) the WKB solutions ((B.8)) can be rewritten as

r 1d
U, =exp { / < T 5dr log Sodd &= Sodd)dx}
Zo

1 m z
= exp { —3 log Sogd(z,m)| =+ / Soddd37}
foits) xo

= exp { log Sodd (o, n)1/2 — log Soad(z, 77)1/2 + / Soddd:v}

Zo

= exp log M X exp (:I:/ Sodddx>
zo

Sodd (T, 1)

Then the WKB solution of (B.1) can be expressed as

‘I/:I: = SOdd (1’0, X exp ( / Sodddl’)
Sodd(z, N)

By dividing W by \/Sodd(o, V), we end up with

1 xr
U, =———exp (i/ Soddda:)
Sodd (7, V) z0
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(B.17)
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where zg is a fixed point. Note that each S is holomorphic except at a zero point (which is called
a turning point of (B.1)) and a singular point of Q9. A Stokes curve emanating from the turning
point ap(h = 0,1) is a curve defined by

Im / vV Qodx =0 (B.25)

A Stokes curve flows into a singular point or a turning point. We say that the Stokes geometry
of (B.1) is non-degenerate if any Stokes curve does not flow into a turning point. A Stokes graph
of (B.1) can be defined as a two-colored sphere graph consisting of all Stokes curves (emanating
from ag and a;) as edges, {ag,a;} as vertices of the first color and {by, b1, b2} as vertices of the
second color [65] where by = 0, by = 1 and by = oo are the singular points of (B.1).

Let us define the sets E,(j = 0,1, 2) of the parameters «, 3, v as follows:

Ey=A{(,8,7) €eCN\a-B-v-(a=p)-(a=7)-(—7) - (a+B—7) =0}  (B.26)
Fy = {(0,8,7) € C\Rea- Ref - Re(y — a) - (y — §) = 0}, (B.27)
Ey = {(, B,7) € C*\Re(a — B) - Re(a+ B — 7) - Rey = 0} (B.28)

If (v, 5,7y) is not contained in Ej, the two distinct turning points ag, a; and the singular points are
mutualy distinct. If («, 5,7) is contained in the set £ U Es, the Stokes geometry is degenerate.
Assume that («, [3,7) is not contained in the sets Ey U E; U E,. The topological type of Stokes
graph is characterized by its order sequence . = (ng, nq,n2) , where n; are the number of Stokes
curves that flow into 0, 1 and oo respectively. For the equation we consider ng + ny + ny = 6.

B.3 Voros Coefficients

Here we assume that (a, 3,7) is not contained in the set £y U E; U Ey and choose a closed
path C;(j = 0,1,2) going around a turning point a with the base point b;(j = 0,1,00) in a
counterclockwise direction . The following integrals, which are called Voros coefficients can be
defined:

1 a
Vo = Vi(a, B, 7: N) = 5/ (Soas — NS_1)dz (B.29)
0
1 a
V= Vil B N) = | (Suaa = NS (B.30)
1
1 a
Vs = Va(ar, B, 7: N) i= §/ (Soga — NS_1)da (B.31)

These integrals are well-defined for every homotopy class of the path of integration since the
residues of S,qq and N.S_; coincide [25]. Note that V;, V; and V5 are independent of the choice
of the turning point a. We can then define a Voros coefficient as a formal power series of N1
defined by the following integral

1 a
Vi Vita, goin) = [ (Suas = nS-1)do (B.32)
l
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where [ is a singular point of (B.1) and a its turning point. Let

vy =

exp (:I:/ (Sodd —nS_1)dx + 7]/ S_ldx> (B.33)
b a

odd '

be the WKB solutions normalized at the singular point b;. For j = 0,1 and 2, V;(«, 3,7; N)
describe the discrepency between WKB solutions normalized at a and those normalized at singular
points by = 0, by = 1 and by = oo respectively, that is, when we set

1 X
‘I’i = —F—— XD (:l:/ Sodddﬂf) (B34)
Sodd a
and . . .
\Ifgf) = exp (i/ (Sodd —nS_1)dx + 77/ Slda:> (B.35)
odd b; a
we have ' '
U = exp(£V;) U, = U,y = exp(FV;) 0} (B.36)

Next, we need the explicit forms of V. For this purpose, we need to specify the branch of
S_1(z) = v/Qo precisely. Consider the case where («, [3,7) is contained in the set w where w is
as follows:

w={(a,B,7) € C®\0 < Rear < Refl < Rey < Rea + Ref3} (B.37)
We consider ( 2y
x —_—
. i) = ———"— .
Q0(0.5,1,1; x) Tz — 1) (B.38)
where we take
(o, B,7) = (0.5+ 8,1 —e—di,1) (B.39)

inwy (0’, € and & are small positive numbers). The branch of /@)y is chosen by taking a segment
connecting the turning points as branch cut for /)y so that

Va2 (B.40)

2x

as r — oo. In this case, near 0 and 1, /() takes the form

VQo ~ - (B.41)

2x

and

/o~ _0‘21; 4 - (B.42)

respectively. Using the above choice of the branch of /@)y, we can write the explicit forms of
the Voros coefficients as follows:
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Theorem The Voros coefficients V; have the following forms:

1 <~ B,N'™
‘/1(0575’77]\[)___ -
24=n(n—1)
1 1 1 1 2
x [(1—2"" ( — ) }
02 (Gt - e ) e
(B.44)
1 < B,N'™
‘/2(047B7’7;N)__ -
24=n(n—1)
1 1 1 1 2
Y 1_21n( L ; )_—}
02 (G e et )~ e
(B.45)
where B,, are the Bernoulli numbers defined by
tet =\ B, ,
ol —1 Z Ft (B.46)

In what follows we will derive (B.43). Apply the ladder operator for the hypergeometric differential
equation in (B.5):

d

Hi(a,b,c) :33%4—@: S(a,b,c) = S(a+1,b,¢) (B.47)
d

Hs(a,b,c) :x%+b: S(a,b,c) = S(a,b+1,¢) (B.48)
d

Bs(a,b,c) = L +c:S(a,b,c+1) — S(a,b,c) (B.49)
T

where S(a, b, c) denotes the solution space of (B.5). These operators yields the following differ-
ence equations:

S(a+n71 B8,v2,m) — S, B,7v; 2, 1)

d
= _2(1;—1) + %bg{ - %WH 2(111@(1 + (a+ B —=7)n) +xS(e, B,7;2,1m) +ow7}
(B.50)
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S(a, 84+ N7 v2,N) — S(a, B,7;z,N)

L4 LNt E
= — —O —_— —
20 —x) dr 2\ 2" T2 —a)

(1+(a+5—7)N)+xS(oz,,3,7;x,N)+5N}
(B.51)

“—(a+B-9)N +aS(0. B2, )} (B52)

Now, we will prove (B.50). Using the change of variable a = %—i—Noz, b= %—l—Nﬁ andc =1+ N~
in (B.6) we obtain

1 1 d 1
H1(§+NO‘7§+N571+N7) :$%+§+NaS(a7ﬁ777N)%S(a—i_Nil’ﬁvaN)
(B.53)

Let 7(c, 8,7;x, N) be a solution of the Riccati equation (B.9). Then we have

z(1 —z) (Z—; + 72) +[1+9N — ((a+ B)N + 2)x|r — (% - Na) (% + Nﬁ>w =0 (B.54)

Let 7 be the logarithmic derivative of

d 1 1
— — Jrda — - J rdz
<xdx +aN + 2)6 (:137' +aN + 2)6 (B.55)
where
T=T+ d 1 +aN + ! (B.56)
=1+ loglaT+a 5 :

Replace a by a + Nt in (B.54):

d 1 1
r(l—x) (d—;+72) +[1+vN - ((a+N"'+B)N +2)x]r — <§+N(a—|—]\7_l)) <§+Nﬂ)w =0
(B.57)
Since 7 is a solution of (B.54), 7 =7 + - log (:m' +aN + %) is also a solution of (B.57). If S

is a formal solution of (B.9),

1+9N 14+ (a+B8—7)N

—q_ B.
=S, 21 — ) (B:58)
is a formal solution of (B.54) and
N 1 N 1 — )N
gopyp LN 1H(atf-n) (B.59)

2z 2(1 —x)
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is a formal solution of the equation obtained from (B.9) after replacing a by o + N~'-. Then,
S=S(a+N" B,z N) (B.60)
Combining (B.59) and (B.60) we have

1+9N 1+ (a+B8—-7)N

1 . A
Thus,
14+~N 1 _ AN
S(at N4 By, N) = S(au By, N = 34 LN IH@ BN g g0 vy
2x 2(1 —x)
(B.62)

Inserting (B.56) into (B.62) yields

Sla+n" B, vi2.m) — S(a, B,v;2,m) =

L+ 1+ (a+B8—9)n
2z 2(1 —x)

d 1
T+ — log (:v7'+a77+—) + — S(a, B,7;2,1m) (B.63)

dz 2

Substituting (B.58) in the last equation above, we have

S(Oé+7771a5a%75>77>—5(047577395,]\[)
IL+9n 1+ (a+B—7)N

=SBy Ny - — 2(1 - x)
+ %log (a:(S ! EZN Lt <§<IL_B;) WV) +aN + %)
i1 Z;N L (;XJ_B;) N S0, .72, N) (B.64)
- 50 L i d% log (x(S 1 ZZN ks (g‘(f_ﬁx_) Ny LN+ %) (B.65)
In what follows, we set
I(a, B, v; 29, N) = %/ﬁo(sm 4N Bysa, N) — (S(a, B,y N))da (B.66)
T, B0, N) = L (5N N) (S0 W) (B.67)
K(a, B,7: 0, N) = %/ (S(c, By + NN, N) = (S(a, B, via, N))dzw (B.68)

Yzq

I 1(a, B,y 20, N) = /<51<a+N1,6,v;x,N>—<s1<a,ﬁ,v;x,N>>d:c (B.69)

0

1
2
1
Jl(avﬁ77;x0>N):§/ (Sfl(()é?ﬁ—i_Nilufy;x?N)_(5*1(05577;:37]\]))(13: (870)
Yz

0
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1
K—l(aaﬁa’y;an]\U = 3

2/ (S_l(a,ﬁ,7+N_1;x,N)—(S_l(oz,ﬁ,v;x,N))dx (871)

RED)
Here ., is a path that runs from z, for a sufficiently small number (very close to the singular
point by = 0), encircles a in a counterclockwise manner and returns to xy. The notation
is used to distinguish the two branch points (the branch of S_; at the starting point of ~,, is
different from the branch at its end point). So % corresponds to the branch of S_; at the starting
point of ~y,,. Futhermore, since each coefficient of Seven = S — Sodq is single valued at x = a
and

1
Resm:aseven = Resx:aSO = _Z (872)
holds for (B.10), we have
1 1
—/ (Sodd — NS_l)dl' = —/ (S — NS_l — S()) (873)
2 ), 2 )y

Using (B.43), (B.44) and (B.45) and S, = ﬁ we can rewrite (B.66), (B.67) and (B.68) as

69



follows

1 d 1
Ie B, 7; @0, N) = 5/%0 %(10{2{{ B §7N+ 2(11;_$)(1+(0‘+5—’Y)N)+

xS, B,7;2,N) +OéN}>de“

:%[yzod(log{ —%VN—F 2(1$_x)(1+(a+5—’7)]\7)+

(B.74)

zS(a, B,v; 2, N) + @N}) (B.75)

{3+ st s+ =

1
= §log

LEOS(OC,B,’)/;‘%?()?N)‘FO{N}

—%log{ —%VN—i— 2(1x_x)(1+(a+5—7)]\7)+

Ios(@,/67”y;$0,N) +OéN}

1 d 1
Tl By 20, N) = 5/%0 @(bg{ TN 2(195_x)<1+<a+5—v)N>+

(B.76)

SCS(Oz,ﬁ,”y;l',n)—I—B?]})dl‘ (B.77)
1 1 T

— 5/%Od(log{ —§7N+ 2(1_x)(1+(a+ﬂ—7)]\7)+
xS(a,B,’y;x,N)—l—ﬁN}) (B.78)
:%log{—%7N+2<1x_0x0>(1+(0z+ﬁ—7)N)+
xOS(aaﬁ/.)/aaanN)_'_ﬂN}

— %log{ - %’yN—i— Q(Ix_x)(l—ir(a—l—ﬁ—fy)NH—

(B.79)

xos(a7ﬁ77§$07N) +BN}
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1 d 1 T
K 20N == [ L(10gd 2N+ 2
(a, B,7: w0, N) 2/%0 d$( og{ny +2<1 x>(a+6 y)n+

rS(a, B,y + N1z, N) + om})dx (B.80)
1 1 x

= 5/%Dod<10g{ —§7N—|—2(1—_x)(04+5—’7)N+

zS(a, B,y + Nl;:c,N)}) (B.81)

1 1 Zo
= Zlog{ — AN 4 —2 — )N
20g{ 57 +2(1_x0)(04+6 YN+

I'OS(O@/@)’Y—’_N_I;I?(DN)}

1 1 T
— Zlog{d — AN + ——— — )N
20g{ 57 +2<1_x)(a+6 VIN+

v0S(as B,y + N1, N)} (B.82)

Now, fix the semiaxis Re(x — 1) < 0 as a branch cut of the logarithmic function and use the
following conventions:

—T7e

—a=¢e¢ "aq,
— =",
N
a—vy=e"(y—a), (B.83)
B—y=eT(y—B),
v—a—y=e"(a+h-7),
a—pf=e"(f~a)
The above conventions correspond to:
0<arga <,
—m <argf <0,
—m < argvy <0,

—7 < arg(y — ) (B:84)

0 <arg(y — f)
—rm<arg(la+p—7) <0

0,
s

Y

We will now compute the explicits forms of V;(j = 0,1,2). For this purpose, let us compute the
leading terms and subleading terms of the Laurent series of S at © = by on the Riemann surface
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of Qp. Insert Eqn (B.11) into (B.10) to obtain the following recursion relations:

S, = Qo() (B.85)
dS_y
25_ = B.86
S_150 + 7o =0 (B.86)
ds
n—1 dS
25_1Sn + > SkSn_p-1 + d”‘l =0 (B.88)
k=0 v
It follows from (B.85) that
51 = VQule) = 5 (B.89)
From (B.86) we have
dS_q
150 = — B.
25150 = —— - (B.90)
Y
= B.91
This gives
1
= — B.92
S0 = - (B8.92)

Substituting (B.89) and (B.92) back in (B.54) we find the leading term of S, that is,

1+9N
B.93
5 (B.93)
Following the same procedure, the subleading terms of S is
272]\72 —1
_art - B.94
4(1+~N) ( )
Hence, near x = 0 on the first sheet we have:
1+yN 292N%2-1
:N) = - O B.95
xos(Oé,ﬁ,’}/,on, ) 'TO{ 2330 4(1 +’YN> + (x()) ( )
On the second sheet we have:
N 1—yN 292N? -1
:N) = - O B.96
$05<C¥,5,’}/,$0, ) ']:0{ 21_0 4(1 —’}/N) + (330) ( )

72



Using the last two equations above in (B.83) we obtain the asymptotic behaviour of I, J, K as
2o — 0 as follows:

y-—a—(N"'/2) 1
ot (N2 T glostotOw@) (B.97)

1 —B—(N"12) 1
J(a, B,v; N) = §log’y 5?_(]\&1/4 ) +§logxo+0(xo) (B.98)

1 Yy +NTY
K(a, B,7;N) = 5108 (v—a+ (N"1/2))(y = B+ (N"1/2))

— %log zo + O(zo). (B.99)

1

Proposition: The Voros coefficient Vj satisfy the following system of difference equations as a

formal power series in 1!

—a—(n"1/2
Volao+n7", 8,75m) = %10g7ai(n(_?/2; )

- g{aloga — (a+ N"Ylog(a + N1

+ 1= alogly ~ ) = (=~ N logly —a~ N | (8100

—B-(N"1/2)
B+ (N71/2)

- 5 {10 = (3 N og(s )

1
Vola, B+ N1 v N) = 510g7

(7= B)log(y— ) — (7~ B — N"") log(y — a — N*)} (8.101)

Y(y+ N7
Y—a+ (N71/2)) (v =B+ (N"1/2))

1
Volew, 8.7+ N7 N) = 3 log

- g{(’Y —a)log(y—a)— (y—a+NYlog(y —a+ N1
+(y=B)log(y =) = (v =B+ N""log(y =8+ N1
—2710g’y+2(fy+N1)log(’y—|—N1)} (B.102)
Let
w = u(a, B,7; N) +v(a, B,7; N) (B.103)

be the left hand side of (B.100). Then

1-a- (V12

eIy (B.104)

U(a75;%N) = —IOg
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and

v(a, B,7; N) = —g{aloga —(a+ N"Ylogla+ N1+ (v —a)log(y — a)

—(fy—a—Nl)log(fy—a—Nl)} (B.105)

We can decompose (B.100) as follows:
Vor(a + N7' 8,9 N) = Vou(a, B,7; N) = u(e, B,7; N) (B.106)
Virla+ N1 8,9 N) = Vis(a, B,7; N) = v(e, 3,7; N) (B.107)

If Vo1 and Vjy exist and are the solutions of (B.100), then 1V = Vi + Vi is also a solution
(B.100). Hence,

Voz(a,ﬂ,’y;N)zg{alogaﬂ’y—a)log(v—a)} (B.108)

To find the solution Vi («v, 3,7; N) of (B.100) we use the method developed by Candelpergher-
Coppo-Delabaere in[59]:

%1(0[ + N_1757’7; N) - %1(05757’7; N) = (eNilaa - 1)%1(047577; N) (B].Og)
where the expansion of the inverse of (¥ %« — 1) is given by:
- 9\ <= (-1)"B a\"
N—19 -1 n nr—n
a—1)" =N|— —— N — B.110
(e ) (8@) ;% n! (8@) ( )

with B, the n-th Bernoulli number and 9! is the indefinite integral operator. Using (B.109),
the solution Vy1 (v, 5,7;7n) of (B.100) can be written as:

Vo (o, 8,7 N) = (V% — 1) u(ar, B,7: N) + go(B, 7 N7) (B.111)

where go(3,7v;n™!) is an arbitrary formal power series in N~ which is independent of a. The
following formulas are also useful:

_ 1 1
Do(e™ % — 1) Mog 1+ — | = = B.112
(e o (14 ) =~ (B.112)
BN 1022 1) og (1 + L B (B.113)
2aN @
Equations (B.112) and (B.113) can be proved as follows:
0 1 1
—log|l4+—)=——— B.114
Oa og( +aN) a(Na+1) ( )
_ 1, N
~ a Na+l1
1 1
a  a+N-!
0 1 -1 1
—log (14+— ) = (" % —1)— B.115
getox (14 2 ) = (@7 - ) (8.115)



Thus,

1 . 1
Z=9,(eN % — 1)1 14+ — B.116
T =0 = og (14 1) (B.116)

Similarly we have (B.113). Let us rewrite equation (B.111) using (B.104). We have

(v —o— (N7'/2))

-1 1
Voir(e, B, N) = (eV % — 1)~ log

2 a+ (N-1/2)
= (N0 _ 1)_1%{ log(a+ N7'/2) —log(y — a — N_1/2)} (B.117)

Taking the a-derivative we obtain

Do = —Oale™ 0 — 1>‘1%{ log(a+ N7'/2) —log(y —a = N7/ 2)}

_ _%(61\“3& —1)'log {a(l + Q(XLN) }
%(ele’a —1)"'log {(’y —a) (1 - m) }

- %(GN_I‘%‘ — 1) {log(y — @) — loga}
eyt (1o gty ) s (15w
= TV 0 1) log(y — ) ~ loga}h+

Rewrite the first term of this last equation above using the inverse operator defined in (B.110):

On, N1 _

5 (€% = 1) {log(y — a) — loga} =

N{ON 'S (-1)"Bn . (0\"

5(0_0) nzzo—n! N (8_a> {log(y — a) — log a}

_N ) Bifl 1\ 15 Be (L 1

_2{log(7 Q) 10ga}+2(7_a+g)+2;nn ((’)/—04)”+04”>
(B.119)

The following identity
(6(1/2)N*18a + 1)4 _ (6(1/2)N*18a B 1)71 B 2(6N*18a _ 1)—1 (B.120)
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and the equations (B.112) and (B.113) are are useful to rewrite the second term of (B.118):

0, —1 —1 1 1
Ga (/DN 00 _ 1)1 4 (o(1/DN"10a | 1)-1]] P R 1o
3 e )T e 1) o {( 20y —a)N ) % 27N
_ 1( (1/2) N~1oo 1)—1 o Q(GNflaa o 1)—1 ( . 1 o l)

2 T—a o«
100 nB -n
-3 E a2 i - gy (- Lo - 1)
2n:1 T o«
By 1 B,n'™" 1 1
1 Z la— R ) | | — B.121
2 >+2 (5 ) (B121)

Combine (B.119) and (B.121) to obtain

_ Oé)n an

(B.122)

1 > B.n'™ 1 1
3a%1(04>ﬁ,7;N):§{N10g(7—@)—10g&}+ZT(2 - 2) (,Y—JF—
n=2 )

Using (B.108) and (B.116) together with the fact that V = Vi; + Vo2 we have

& 1-n

1 B,n
Vo, B,73m) = 527

n=2

1 . 1
(py _ a)nfl 05”*1

(21" — 2)( + 731> +90(8,7) (B.123)

Solving (B.101) and (B.102) by the same method as for (B.100) yields respectively:

Vola, B,7; N) = 12 Bun n(21_”—2)<( ! + ! + 2_ ) + g1(a,y) (B.124)

2 n) v — B)n—l 5n—1 yn 1

n=2

I <=~ B.,n'™ 1 1 2
%(a?ﬁ/‘y; N) = 5 ; :; (21 - 2)((,}/ _ Oé)n_l + (fy _ ﬁ)n—l + fyn_l) +92(@7B>

(B.125)

Combining (B.123), (B.124) and (B.125) we obtain (B.43).

76



References

[1] Daniele Dorigoni. An introduction to resurgence, trans-series and alien calculus. arXiv
preprint arXiv:1411.3585, 2014.

[2] Jean Zinn-Justin and Ulrich D Jentschura. Multi-instantons and exact results i: Conjectures,
wkb expansions, and instanton interactions. Annals of Physics, 313(1):197-267, 2004.

[3] Steve Corley, Antal Jevicki, and Sanjaye Ramgoolam. Exact correlators of giant gravitons
from dual n= 4 sym. arXiv preprint hep-th/0111222, 2001.

[4] Robert de Mello Koch and Rhiannon Gwyn. Giant graviton correlators from dual su (n)
super yang-mills theory. Journal of High Energy Physics, 2004(11):081, 2004.

[5] Steven S Gubser, Igor R Klebanov, and Alexander M Polyakov. Gauge theory correlators
from non-critical string theory. Physics Letters B, 428(1):105-114, 1998.

[6] Juan Maldacena. The large n limit of superconformal field theories and supergravity. arXiv
preprint hep-th/9711200.

[7] Edward Witten. Anti de sitter space and holography. arXiv preprint hep-th/9802150, 1998.

[8] David Berenstein, Juan Maldacena, and Horatiu Nastase. Strings in flat space and pp waves
from N= 4 super yang mills. Journal of High Energy Physics, 2002(04):013, 2002.

[9] Vijay Balasubramanian, Micha Berkooz, Asad Naqvi, and Matthew J Strassler. Giant gravi-
tons in conformal field theory. Journal of High Energy Physics, 2002(04):034, 2002.

[10] Marcus T Grisaru, Robert C Myers, and @yvind Tafjord. Susy and goliath. Journal of High
Energy Physics, 2000(08):040, 2000.

[11] Akikazu Hashimoto, Shinji Hirano, and N Itzhaki. Large branes in ads and their field theory
dual. Journal of High Energy Physics, 2000(08):051, 2000.

[12] John McGreevy, Leonard Susskind, and Nicolaos Toumbas. Invasion of the giant gravitons
from anti-de sitter space. Journal of High Energy Physics, 2000(06):008, 2000.

[13] Hai Lin, Oleg Lunin, and Juan Maldacena. Bubbling ads space and 1/2 bps geometries.
Journal of High Energy Physics, 2004(10):025, 2004.

[14] Vijay Balasubramanian, Jan De Boer, Sheer EI-Showk, and llies Messamah. Black holes as
effective geometries. Classical and Quantum Gravity, 25(21):214004, 2008.

[15] Vijay Balasubramanian, Jan De Boer, Vishnu Jejjala, and Joan Simon. The library of
babel: On the origin of gravitational thermodynamics. Journal of High Energy Physics,
2005(12):006, 2005.

[16] David Garner, Sanjaye Ramgoolam, and Congkao Wen. Thresholds of large n factorization
in cft 4: exploring bulk spacetime in ads 5. Journal of High Energy Physics, 2014(11):76,
2014.

7



[17] Robert de Mello Koch, Eunice Gandote, and Jia-Hui Huang. Non-pertubative string theory
from AdS/CFT. Journal of High Energy Physics, 2019(2):169, 2019.

[18] Marco Baggio, Jan de Boer, and Kyriakos Papadodimas. A non-renormalization theorem for
chiral primary 3-point functions. Journal of High Energy Physics, 2012(7):137, 2012.

[19] André Voros. The return of the quartic oscillator. the complex wkb method. Ann. Inst.
Henri Poincaré, 39:211-338, 1983.

[20] Eric Delabaere, Hervé Dillinger, and Frédéric Pham. Exact semiclassical expansions for
one-dimensional quantum oscillators. Journal of Mathematical Physics, 38(12):6126-6184,
1997.

[21] Eric Delabaere and Frédéric Pham. Resurgent methods in semi-classical asymptotics. In
Annales de I'Institut Henri Poincaré. A, Physique théorique, volume 71, pages 1-94, 1998.

[22] Takashi Aoki, Toshinori Takahashi, and Mika Tanda. The hypergeometric function and wkb
solutions (several aspects of microlocal analysis). RIMS Kokyuroku Bessatsu, 57:61-68,
2016.

[23] Takashi AoKl and Mika TANDA. Borel sums of voros coefficients of hypergeometric dif-
ferential equations with a large parameter (recent development of microlocal analysis and
asymptotic analysis). 2013.

[24] Takashi Aoki and Mika Tanda. Parametric stokes phenomena of the gauss hypergeometric
differential equation with a large parameter. Journal of the Mathematical Society of Japan,
68(3):1099-1132, 2016.

[25] Takahiro Kawai and Yoshitsugu Takei. Algebraic analysis of singular perturbation theory,
volume 227. American Mathematical Soc., 2005.

[26] Mika Tanda. Alien derivatives of the wkb solutions of the gauss hypergeometric differential
equation with a large parameter. Opuscula Mathematica, 35(5):803-823, 2015.

[27] T. Koike. Exact wkb analysis - borel summability of wkb solutions. RIMS workshop, 2010.

[28] Shinji Hirano and Yuki Sato. Giant graviton interactions and m2-branes ending on multiple
mb-branes. Journal of High Energy Physics, 2018(5):65, 2018.

[29] Mohammad M Sheikh-Jabbari. Tiny graviton matrix theory: Dlcq of iib plane-wave string
theory, a conjecture. Journal of High Energy Physics, 2004(09):017, 2004.

[30] Gerardus t Hooft. A planar diagram theory for strong interactions. Nucl. Phys. B, 72(CERN-
TH-1786):461-473, 1973.

[31] Steve Corley and Sanjaye Ramgoolam. Finite factorization equations and sum rules for bps
correlators in n= 4 sym theory. Nuclear Physics B, 641(1-2):131-187, 2002.

[32] Rajsekhar Bhattacharyya, Storm Collins, and Robert de Mello Koch. Exact multi-matrix
correlators. Journal of High Energy Physics, 2008(03):044, 2008.

78



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Thomas William Brown, PJ Heslop, and S Ramgoolam. Diagonal multi-matrix correlators
and bps operators in N= 4 sym. Journal of High Energy Physics, 2008(02):030, 2008.

Thomas William Brown, PJ Heslop, and S Ramgoolam. Diagonal free field matrix correlators,
global symmetries and giant gravitons. Journal of High Energy Physics, 2009(04):089, 2009.

Yusuke Kimura and Sanjaye Ramgoolam. Branes, anti-branes and brauer algebras in gauge-
gravity duality. Journal of High Energy Physics, 2007(11):078, 2007.

Tom Brown, Sanjaye Ramgoolam, Robert de Mello Koch, and Nick Toumbas. Correlators,
probabilities and topologies in N= 4 sym. Journal of High Energy Physics, 2007(03):072,
2007.

Rajsekhar Bhattacharyya, Robert de Mello Koch, and Michael Stephanou. Exact multi-
restricted schur polynomial correlators. Journal of High Energy Physics, 2008(06):101,
2008.

Jean Ecalle. Les fonctions résurgentes:(en trois parties), volume 1. Université de Paris-Sud,
Département de Mathématique, Bat. 425, 1981.

Inés Aniceto, Gokge Basar, and Ricardo Schiappa. A primer on resurgent transseries and
their asymptotics. arXiv preprint arXiv:1802.10441, 2018.

Gerald V Dunne and Mithat Unsal. Wkb and resurgence in the mathieu equation. In
Resurgence, Physics and Numbers, pages 249-298. Springer, 2017.

Marcos Marino. Lectures on non-perturbative effects in large n gauge theories, matrix models
and strings. Fortschritte der Physik, 62(5-6):455-540, 2014.

Gerald V Dunne and Mithat Unsal. Uniform wkb, multi-instantons, and resurgent trans-
series. Physical Review D, 89(10):105009, 2014.

Gabriel Alvarez. Langer—cherry derivation of the multi-instanton expansion for the symmetric
double well. Journal of mathematical physics, 45(8):3095-3108, 2004.

Gabriel Alvarez and Carmen Casares. Exponentially small corrections in the asymptotic
expansion of the eigenvalues of the cubic anharmonic oscillator. Journal of Physics A:
Mathematical and General, 33(29):5171, 2000.

Jean Zinn-Justin and Ulrich D Jentschura. Multi-instantons and exact results ii: Specific
cases, higher-order effects, and numerical calculations. Annals of Physics, 313(2):269-325,
2004.

Gabriel Alvarez and Carmen Casares. Uniform asymptotic and jwkb expansions for anhar-
monic oscillators. Journal of Physics A: Mathematical and General, 33(13):2499, 2000.

Aritra Banerjee, Abhishek Chowdhury, Somyadip Thakur, and Gang Yang. On inter-
polating anomalous dimension of twist-two operators with general spins. arXiv preprint
arXiv:1812.07331, 2018.

79



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Robert de Mello Koch, Tanay K Dey, Norman lves, and Michael Stephanou. Correlators of
operators with a large R-charge. Journal of High Energy Physics, 2009(08):083, 2009.

Robert de Mello Koch, Minkyoo Kim, and Hendrik JR Van Zyl. Integrable subsectors from
holography. Journal of High Energy Physics, 2018(5):198, 2018.

Robert de Mello Koch, Nirina Hasina Tahiridimbisoa, and Christopher Mathwin. Anomalous
dimensions of heavy operators from magnon energies. Journal of High Energy Physics,
2016(3):156, 2016.

Minkyoo Kim and Hendrik JR van Zyl. Semiclassical sl (2) strings on llm backgrounds. arXiv
preprint arXiv:1805.12460, 2018.

Robert de Mello Koch, Jia-Hui Huang, and Laila Tribelhorn. Exciting Ilm geometries. arXiv
preprint arXiv:1806.06586, 2018.

Gokce Basar, Gerald V Dunne, and Mithat Unsal. Quantum geometry of resurgent pertur-
bative/nonperturbative relations. Journal of High Energy Physics, 2017(5):87, 2017.

Patrick Dorey and Roberto Tateo. Anharmonic oscillators, the thermodynamic bethe
ansatz and nonlinear integral equations. Journal of Physics A: Mathematical and General,
32(38):L419, 1999.

Katsushi Ito, Marcos Marifio, and Hongfei Shu. Tba equations and resurgent quantum
mechanics. arXiv preprint arXiv:1811.04812, 2018.

Hujun Shen and Harris J Silverstone. Observations on the jwkb treatment of the quadratic
barrier. In Algebraic Analysis of Differential Equations, pages 237-250. Springer, 2008.

Yoshitsugu Takei. Sato's conjecture for the weber equation and transformation theory for
schrodinger equations with a merging pair of turning points (differential equations and exact
wkb analysis). 2008.

Tatsuya Koike and Yoshitsugu Takei. On the voros coefficient for the whittaker equation
with a large parameter ,ai some progress around sato’s conjecture in exact wkb analysis.
Publications of the Research Institute for Mathematical Sciences, 47(1):375-395, 2011.

B Candelpergher, MA Coppo, and Eric Delabaere. La sommation de ramanujan. ENSEIGNE-
MENT MATHEMATIQUE, 43:93-132, 1997.

Vijay Balasubramanian, David Berenstein, Bo Feng, and Min-xin Huang. D-branes in yang-
mills theory and emergent gauge symmetry. Journal of High Energy Physics, 2005(03):006,
2005.

B Eden, Paul S Howe, A Pickering, E Sokatchev, and Peter C West. Four-point functions
in n= 2 superconformal field theories. Nuclear Physics B, 581(1):523-558, 2000.

B Eden, Paul S Howe, E Sokatchev, and Peter C West. Extremal and next-to-extremal
n-point correlators in four-dimensional scft. Physics Letters B, 494(1):141-147, 2000.

80



[63] Antal Jevicki and Sanjaye Ramgoolam. Non commutative gravity from the ads/cft corre-
spondence. Journal of High Energy Physics, 1999(04):032, 1999.

[64] Juan Maldacena and Andrew Strominger. Ads3 black holes and a stringy exclusion principle.
Journal of High Energy Physics, 1998(12):005, 1999.

[65] Takashi Aoki and Takayuki lizuka. Classification of stokes graphs of second order fuchsian
differential equations of genus two. Publications of the Research Institute for Mathematical
Sciences, 43(1):241-276, 2007.

81



	Declaration
	Abstract
	Acknowledgements
	Introduction
	The Planar Limit of Matrix Models as a Free String Theory
	Free field theory
	Interacting theory
	Factorization
	1/N expansion

	Background Mathematics
	Half-BPS Operators
	Free Field Combinatorics
	Symmetric groups
	The Schur polynomial

	Resurgence
	Borel Resummation
	Stokes automorphism and Alien Derivatives
	Transseries
	Bridge equation

	CFT Correlators
	Review of Exact WKB
	Orientation
	WKB Solutions
	Borel Resummation and Voros Coefficients

	Application of Exact WKB to Giant Graviton Correlators
	Mapping to the Schrödinger Equation
	Stokes Graph
	Voros Coefficients
	Trans-series Expansion of Giant Graviton Three Point Function

	Discussion
	Residue of Sodd
	Parametric Stokes phenomena of the Gauss hypergeometric differential equation with a large parameter
	Introduction
	The Gauss hypergeometric differential equation with a large parameter
	Voros Coefficients

	References

