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Abstract

We explore the connection between Eynard-Orantin Topological Recursion
(EOTR) and the asymptotic solutions to differential equations constructed
with the WKB method (named for its creators Wentzel, Kramers and Bril-
louin). Using the Airy spectral curve as an initial example, we propose a
general connection between topological recursion and WKB solutions to the
quantum curve generated via quantization of the defining algebraic curve.

We proceed further by examining the proposed connection in the con-
text of the genus one family of Weierstrass spectral curves. We construct the
perturbative wave-function and show that it is annihilated by a differential
operator which is not a quantization of the spectral curve. Furthermore, as a
consequence of equivalent approaches we also obtain an infinite collection of

identities relating cycle integrals of elliptic functions to quasi-modular forms.
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Chapter 1

Introduction

A spectral curve can, for the purpose of the introduction, be described as
an irreducible algebraic curve (call this ¥) on C?. By definition we can ex-
press this curve as the zero locus of some polynomial expression P(z,y) = 0.
Eynard-Orantin topological recursion (or EOTR) is a recursive algorithm that
takes in the data of a spectral curve, and outputs an infinite sequence of ob-
jects known as correlation functions. Despite their name they are actually

symmetric meromorphic differentials on " with ¢ > 0 and n > 1.

These correlation functions can be prescribed a meaning depending on the
spectral curve. For example they can be related to a number of enumerative
invariants such as Gromov-Witten invariants, Hurwitz numbers, knot invari-
ants, and others (See for example [5, 6, 11, 12, 13, 15, 16, 18, 20, 19, 24, 27,
25, 26, 28, 30, 29, 32, 34, 36]).

EOTR’s origins are firmly rooted in the context of matrix models [14, 21,
27, 25] and as it turns out these origins can suggest connections between EOTR

and some a prior: unrelated mathematical constructs.



For example it is not immediately obvious that a method typically used
to solve the Schrodinger equation in non-relativistic quantum mechanics is
related to a set of objects generated from a quantum field theory. However
matrix model theory tells us that EOTR and the WKB method! are in fact

related to one another, albeit indirectly.

More concretely matrix model theory provides us with a method for ex-
tracting a perturbative wave-function 1 (z) from topological recursion. It is
then expected that for some spectral curves this perturbative wave-function is

“killed” by a differential operator ﬁ(i, ) such that,

P(2,9)(z) = 0. (1.1)

This operator is a quantization (a mapping of variables to operators) of
the defining algebraic curve (i.e. P(z,y) — P(#, 7)) known as a quantum
curve. Furthermore this implies that the perturbative wave-function should
be the WKB asymptotic solution for the above differential equation, since they
have the same exponential form. This expectation follows from determinantal

formulae in matrix models [2, 3].

We can explore the existence of such quantum curves using only topolog-
ical recursion with no reference to its matrix model roots. In fact there is
a straightforward method for constructing ¢(z) directly from the correlation
functions generated by topological recursion. However the question remains
is this expectation from matrix model theory a fact? That is to say, is this

perturbative wave-function in fact the WKB asymptotic solution to the quan-

!The reader may refer to [1] for more details about the WKB method in particular.



tization of the spectral curve?

This question was answered for a large class of genus zero spectral curves in
8] using the formulation posited in [10, 9]. More precisely: all spectral curves
whose Newton polygons have no interior point and that are smooth as affine
curves?. One such curve that belongs to this class is the Airy curve, which we
will explore explicitly.

We can then pose another question, does this connection hold for higher
genus spectral curves? In [7] we set out to answer this question for a family of

genus one spectral curves known as the Weierstrass spectral curves, given by

y* = (42° — gao(7)x — g5(7)) = 0. (1.2)

This work was split among three approaches, all of which were seeking a
quantum curve generated by building a wave-function 1(z). The first approach
adapted the work presented in [8], producing a perturbative wave-function and
subsequently a quantum curve.

The second approach is equivalent to the first, and produces the same
perturbative wave-function. The quantum curve, although equivalent, had a
much different form which led to an infinite number of identities for cycle
integrals of elliptic functions. This approach will be the main focus of this
document, as it was my contribution to [7].

Both perturbative approaches generated the quantized spectral curve but
with an infinite number of corrections that are unobtainable from the quanti-

zation procedure. Implying that the perturbative formulation is not the best

2For a more detailed explanation of these properties see [8].



approach to generating higher genus quantum curves.

This spurred the exploration with the third approach, which is nonper-
turbative in nature. This approach also generated a quantum curve with an
infinite number of corrections. These corrections however are “nicer” since
they certainly can be generated through a quantization of the classical equa-
tion.

The primary goal of this document is to elaborate and expand on my
contribution to [7], namely the second perturbative approach eluded to above.
As a secondary goal, we intend to fill a gap in the literature by providing
a more informal exposition of the connection between WKB and topological
recursion, with the hopes that an advanced undergraduate or new graduate

student may be introduced to the topic via this document.

1.1 Outline

In Chapter 2 we introduce the background material required to define Eynard-
Orantin topological recursion (typically referred to as simply topological re-
cursion). We then proceed to explicitly define the structure of topological
recursion, including both the input data and the objects it produces.

In Chapter 3 we start with the simplest genus zero case as a foothold, the

Airy spectral curve, satisfying the following equation,

Y = . (1.3)

We focus on the second perturbative approach from [7] to find the quantum
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curve directly from topological recursion. The known result is replicated and
the connection between topological recursion and the WKB expansion is then
stated more formally.

In Chapter 4 we introduce the background information required for topo-
logical recursion on a genus one spectral curve. Namely we introduce the torus,
and the elliptic functions on said torus.

In Chapter 5 the original results are tabulated and proven. We explore the
connection between WKB and topological recursion for the family of genus

one spectral curves, described by the Weierstrass equation, given by:

y? = 42 — go(T)x — g3(7). (1.4)

More precisely we will construct the quantum curve from the correlation
functions produced by topological recursion on this family of curves.

In doing so we obtain a quantum curve which, as expected (from matrix
model theory), is not a straightforward quantization of the spectral curve.
Instead we obtain an infinite number of corrections, which cannot be resolved
by the ambiguity in the defining classical equation.

We then compare this result to that obtained from the approach given in
[8]. The equivalence of these two approaches leads to an infinite collection of

identities for elliptic functions, the first of which we calculate explicitly.



Chapter 2

Topological Recursion

2.1 Spectral Curve

Definition 2.1.1. A spectral curve is a triple (X, z,y) where X is a Torelli
marked, genus §, compact Riemann surface® and z and y are meromorphic

functions on X, such that the zeros of dx do not coincide with the zeros of dy.

In topological recursion we are interested in the branched covering 7 :
¥+ P! given by the meromorphic function z. Given this branched covering
we define the set of ramification points as the points that satisfy de = 0 or
the poles of x of order greater than or equal to two. Essentially, a ramification
point is wherever the function behaves locally as either 2" or zin forn > 2. We
will denote this set of ramification points as R.

For the remainder of the document we will assume that the meromorphic

functions x and y satisfy a polynomial equation of the form:

3A Torelli marked compact Riemann surface ¥ is a genus ¢ Riemann surface ¥ with a
choice of symplectic basis of cycles (Ai,...,A4;,B1,...,B;) € Hi(%,Z).

6



P(z,y) = y* — f(z) = 0. (2.1)

This requirement implies that x generates only a double cover, hence there
are only two sheets to this covering. Furthermore this implies that all ram-
ification points are simple (since there are only two sheets that can meet).
This simplifies both the formulation of topological recursion as well as the

properties of the extracted objects.

Figure 2.1: Pictorial representation of a double covering with the deck transforma-
tion s,(z). Every point in P! is mapped by the inverse projection 7! to two points
in X. The deck transformation sends one point to other and vice versa. These two
points meet at the simple ramification points.

For a given ramification point a in R we can define a local deck transfor-

mation map s,(z) that satisfies the following two properties:

7



x(84(2)) = x(2) and s4(a) = a. (2.2)

This deck transformation map jumps from one sheet of the covering to the
other. We can visualize this double covering alone with the deck transforma-
tion map in figure 2.1.

We now define a number of objects essential to formulating topological

recursion.

2.2 Fundamental Objects

2.2.1 Billinear Differential

Definition 2.2.1. The canonical bilinear differential of the second kind (de-
noted B(z1,27)) is the unique bilinear differential on 2 satisfying the condi-

tions:
o It is symmetric, B(z1, 22) = B(22, 21);

e [t has only one pole, of order two, along the diagonal z; = 2z, with

leading order term (in any local coordinate z)

ledZQ
(217 22) 2122 (21 - 22)2 " ’ ( )
e [t is normalized on A-cycles:
j{ B(z, 2) = 0, fori=1,...,4. (2.4)
z1€A;



Remark 2.2.2. This definition refers to being normalized over the A cycle. This
is trivially true for genus zero spectral curves and as such we will withhold the
discussion of cycles for the time being, introducing it more explicitly in the

context of the genus one case.

2.2.2 Recursion Kernels

Given a spectral curve £ = (X, z,y) we can define a recursion kernel for each

of the ramification points resulting in a “family” of recursion kernels.

Definition 2.2.3. For each a in the set of ramification points R, we define a

meromorphic one form in zg, known as a recursion kernel:

f;a B(t, z9)
(y(2) — y(sa(2))) da(2)’

Ka(z052) = (2.5)

where o € X is an arbitrary base point.

Remark 2.2.4. 1t is important to note that ﬁ(z) is actually the contraction

operator with respect to the vector field (3—2)_1 %. It can be assumed that
for the remainder of the document “division” by a differential means precisely

this contraction.

2.3 Eynard-Orantin Topological Recursion

With the preliminary definitions settled we can now define Eynard-Orantin
Topological Recursion, which will be referred to as simply topological recursion

for the remainder of the document.



Definition 2.3.1. Given a spectral curve £ = (X, z,y), where z gives rise to
a double covering, a set of simple ramification points denoted R, and corre-
sponding deck transformations s,(z).

We first define the “initial conditions” by the following:

Woa(z) =y(z)dx(z) and Wya(z, 22) = B(z1, 22). (2.6)

For all g,n € N such that 2g+n—1 > 1 there exists the following relation,

Woni1(20,2) = Y Res K (20; AROW,1(2, 54(2); 2), (2.7)

a€R

with the “recursive structure” explicitly defined as:

R(Z)ng-i-l('zv 54(2);2) = Wg—17n+2(zv s4(2),2)

- Z Z W917|1\+1(ZaI)ng,u\ﬂ(sa(z),J). (2.8)

g1+g2=g IUJ=z

The primed sum in (2.8) denotes that we are excluding the cases where either

(g1, |1]) or (g2, |J]) equals (0,0).

Remark 2.3.2. Tt is worth emphasizing that we always exclude the cases where

g is negative, effectively setting any W,,, = 0 with g < 0.

We call the W, ,, objects correlation functions, however they are not func-
tions but instead differential forms. Nevertheless we will stick to this nomen-
clature as it is standard throughout the literature.

We can segment the correlation functions into levels characterized by the

number 2g +n — 1 = k. We call the forms found via recursion “stable forms”

10



i.e. those on the levels k£ > 2, and those not found with recursion (Wy; and
Wo,2) unstable forms.

Using the recursion structure we can write down the general form for the

k=1,2 and 3 levels.

Woa(21, 22) = B(z1, 22) (2.9)

Wos(20, 21, 22) = Z E{:eC?KCL<ZO7 2) {Woa(z, 21)Wo2(s4(2), 22)

a€ER

+Wo2(sa(2), 21)Woa(z,22)} (2.10)

Wia(zo) = Zl;{:easf(a(zo,z)wog(sa(z), z) (2.11)

a€ER

W0,4(Zo7 21, %2, 23) = Z lj:eaSKa(Zm Z)

a€ER

X {Wo3(2, 21, 22) Wo 2(84(2), 23) + Wo3(Sa(2), 21, 22)Wo 2(2, 23)
+ Wos(z, 29, 23) Woa(sa(2), 21) + Wo3(sa(2), 22, 23) Wo.2(2, 21)
+ Wos(z, 21, 23)Woa(sa(2), 22) + Wo3(sa(2), 21, 23)Wo2(z, 22) }

(2.12)

11



Wia(z0,21) = ) Res Ka(20, 2) {Wo,3(2, 5a(2), 21)+

a€ER

+Wi1(2)Wo2(sa(2), 21) + Wia(sa(2))Woa(z,21)} (2.13)
We can also list a number of useful properties for the stable forms.

2.3.1 General Properties of Stable Correlation Func-

tions

The correlation functions at levels £ > 2 have a few general properties that

are worth elaborating.

1. Symmetric with respect to exchange of coordinates

If we define a map that exchanges the ith and jth entries in the argu-
ment vector (denoted o;;(z)), it can be proven that the stable correlation

functions satisfy the following property:
Won(0ij(2)) = Won(2). (2.14)

That is to say that the correlation functions are symmetric.

2. Poles only at Ramification points
It can also be proven that if a stable correlation function has poles they
must be at ramification points.

3. Stable Forms are odd

It is also possible to show that when x gives rise to a double cover, all of

the correlation functions are odd except for Wy (21, 22). In other words

12



they satisfy the property:

Wg,n(zb ce ;Zn) + Wg,n(_zb e ;Zn) =0 fOI' (gv Tl) # (07 2)7 (215>

which by the symmetry property extends to all variables in the argument

vector.

Wo.a(z1, 22) on the other hand satisfies its own special property:

dz(z1)dx(29)
(2(z1) — 2(2))*

Woz(21, 22) + Woa(—21, 22) = (2.16)

13



Chapter 3

Airy Spectral Curve

With the general framework of topological recursion established, we can now
demonstrate more explicitly how to work with this structure to calculate the
correlation functions. We will then replicate the known quantum curve result

(for example see [17]).

3.1 Topological Recursion on the Airy curve

The Airy spectral curve is given by the spectral curve £ = (P!, z,y), with x

and y taking the following forms:
x(z) = 2%, and y(2) = 2. (3.1)

x and y obviously satisfy the following characteristic equation:

y°—x=0. (3.2)



There are two ramification points, one coming from the single zero of dx
at z = 0 and the other from the double pole of z at z = co. Thus the set of
ramification points is R = {0,00}. The deck transformation map is globally
defined in this case and is the same for both ramification points, it is given by
Sq(2) = —z.

We must also nail down the “initial conditions”, to do this we need to
find an appropriate differential for B(z1, z2) that satisfies all the conditions in

Definition 2.2.1. The only option we have is

le dZQ

B(z1,29) = m,

(3.3)

since there is no holomorphic differential on P!, and hence nothing we can add

to this.

Finally we can write down our recursion kernel which is identical for both

ramification points,

dZO 1 1
K(z;20) = — — : 3.4

(23 20) 422dz [z—zo Oz—ZO:| (34)
Remark 3.1.1. It can be shown via recursion that the pole at z = oo does not
contribute a residue for any correlation function calculation using topological

recursion. Hence we will exclude it from the sum over residues.

We can now use topological recursion to calculate the first few correlation
functions (those at the k = 2 level), beginning with the general form for
Wo.s(20, 21, 22) given in (2.10) and making the appropriate substitutions (again

noting that the residue at z = oo does not contribute) results in:

15



1 1 1
W, = —dzR —
0.3(20, 21, 22) NS 2 L — 2 a— Zo}

y { dzdz;  —dzdz —dzdz;  dzdz } (3.5)
(z—21)2(2+2)? (+2)(z—-2)2)

It is easy to see that none of the terms in brackets have a pole at z = 0. This
means that the residue will pick out the linear term in the bracketed part’s
power series. That is to say that we simply evaluate the partial derivative
(with respect to z) of the bracketed parts at z = 0. We can calculate this

derivative quite quickly by noting that

0 1 1 1 1
it = 0. 3.6
0z (z — 21)2 (Z + 22)2 * (Z + 21)2 (z - z2)2 2=0 ( )

We obtain the following result:

dZOle dZQ

22,2 °
2257175

W()’g(Zo, 21, Zg) = — (37)

We can proceed in a similar fashion to obtain Wy 1(z), starting with the

general form given in (2.11) and continuing as before

W171 (Zo) = —dZOReS

3.8
2=0422dz (3.8)

B 422

1 1 1 —dz?
Z— 20 a — 2p
Again the bracketed part has no pole at z = 0, meaning the residue will pick

out the cubic coefficient in its power series, leading to:

dZQ

Wiiz0) = = 16234
0

(3.9)

16



We can continue this process indefinitely to calculate any W,,, however

for both brevity and sanity we will move onto something more exciting.

3.1.1 Seemingly Arbitrary Combination

Now we will calculate a few quantities that appear to be pulled from thin air,
but as we will see this single calculation in conjunction with the next section,

will provide the core for the rest of our investigation.

So(z) = / Zy(z)dx(z): /OO 22%dz, (3.10)

o0

Si(z) = /z /Z Woa(—21, 22), (3.11)

1
SQ(Z = 3—/ / / W()g Zo,Zl,ZQ 1'/ W11 ZO (312)

Proceeding with these calculations, ignoring the infinite constants* that

arise in Sy, and S} (as physicists love to do), and expressing the results in

2

terms of x = 2° we obtain the following:

So(z) = §x3/2, (3.13)
Si(x) = —i log(z), (3.14)
Sa(z) = 4823/2 (3.15)

With these quantities lodged firmly in the back of our minds we will shift

the focus to a topic that seems unrelated to the preceding discussion. However

“More precisely we are not simply “ignoring” the constants, this is a perfectly well defined
regularization.

17



as we was previously eluded to, there is a very interesting thread tying it into

the web we have woven thus far.

3.2 WKB Method

Typically discussed within the context of non-relativistic quantum mechanics,
the WKB method (named after its creators Wentzel, Kramers, and Brillouin)
is used to provide approximate solutions to ordinary differential equations,

more specifically the Schrodinger equation.

The treatment presented in most undergraduate textbooks focuses only on
a very rough version of this approximation, that is to say it only includes the
first term in a much larger asymptotic solution. In addition to this they also
obtain so called “connection formulae” for stitching a series of these solutions
together at special points. Most of this is irrelevant to the current discussion

and instead we will focus on the expansion itself.

3.2.1 Calculating the Expansion

Beginning with a differential equation of the following form?:

2
{Fﬂ% — V(a:)} P(z) =0 where 7 is a small parameter, (3.16)

5The WKB method can be used to provide asymptotic solutions to higher order differ-
ential equations, but since we deal only with second order equations in this document we
restrict its definition here.

18



and inserting the ansatz given by

W(x) = exp (% > hkSk(:c)> : (3.17)

we obtain the following equation:

(Z h’f+1s,;’(x)> + (Z hkS,;(m)> —V(z)| ¢(x) =0. (3.18)

Collecting terms according to powers of i leads to

k

Z " (S,Z_l(x) + Z S;L(:E)S,'g_m(x)> + S)(z)? = V(z) = 0. (3.19)

m=0

Solving this order by order in A we obtain a recursion relation for the con-

stituent functions Sk (z):

k

Sty (@) + > S (@) S, (x) = 0. (3.20)

m=0

Expanding this for the first few orders we see that the initial case Sy(z) is
completely determined by the function V' (z), and the rest are recursively de-

termined via the general formula:

O (Sy(a))? = Vi), (3.21)
o) Si(a) = ~5o k. (3.22)
O)  Siio) = gz (Sl +(Si@F].  B2)

19



As you may have guessed by now these quantities are related to the ones

calculated above from the topological recursion.

3.2.2 Constructing the Operator

Let us outline a way of constructing a differential operator from the spectral
curves characteristic equation P(x,y) = 0. We will assign operators to each

variable in this equation as follows:

d
yHQ:hd— and z+— T =ux. (3.24)
x

Remark 3.2.1. There is ambiguity in the ordering of terms involving products
of x and y, since the operators do not commute but the classical variables
do. This will be discussed when stating the connection between WKB and

topological recursion formally.

Labelling the resulting differential operator as ]3(51?, y) and having it act on

its homogeneous solution denoted () results in the differential equation:
P(z,9)y(x) = 0. (3.25)

We will now construct an operator from the Airy spectral curve with this

mapping and apply the WKB method to the resultant differential equation.

3.2.3 Airy Operator

If we apply this mapping to the Airy spectral curve we obtain the following

differential equation:

20



[th—Q - x} P(z) = 0. (3.26)

If we apply the WKB “algorithm” to the above differential equation, we

obtain the following results for the first few S’s:

Shl) = V, (3.27)
Si(a) = —

() =

1
— 3.28
= (3.28)
5

_W. (3.29)

Integrating each of these expressions and comparing the results to (3.13), (3.14)
and (3.15), we see that they are identical! Surely this hints to the deeper

connection between topological recursion and the WKB expansion.

We will first more formally define the general form of this connection. After
this we will explore it in the context of the Airy case, recovering this differential
operator (known as a quantum curve) from topological recursion, and in doing

so proving these identities for the Airy case at all orders of A.

3.3 Definition of TR-WKB Connection

Conjecture 3.3.1. Given a spectral curve L = (X, x,y) we first submit its

data to topological recursion and construct the following perturbative wave-

21



function:

2g+n—1 z z
w(z):exp{% 5 hgn! /Q,,_/Q (Wg,n(zl,---,zn)

) dr (1) dx(z)
59,0671,2 (:L‘(Zl) — 513(2'2))2> } .
(3.30)

where @Q is a chosen pole of the meromorphic function x(z).

It is then proposed that there exists a differential operator ﬁ(i, J) such that,
P(z,9)Y(z) =0. (3.31)

This operator is constructed by applying the mappings given by

d
y|—>g):hd— and xw+— T =x, (3.32)
x

to the spectral curve’s characteristic equation P(x,y) = 0. We call this process

quantizing the spectral curve and the result is known as a quantum curve.
There is ambiguity in the ordering of non-commutative operators, and as a

consequence this quantization is not unique, and the choice of 15(:%, y) 1s related

to the choice of pole Q.

To elaborate on the uniqueness issue, suppose we have a spectral curve
that includes terms with products of x and y (i.e. a term of the form zy).
When quantized the resulting quantum curve has some ambiguity, since & and
g do not commute. What this implies is we have a choice of ordering when
dealing with terms that commute in the classical equation but do not after

quantization.
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It is shown in [8] that the choice of pole @ used in the construction of ¢ (z),
affects this ordering. That is to say that if we pick a pole () and the “correct”
ordering this conjectured connection is uniquely satisfied. How to choose this

correct ordering based solely on the pole @) is not clear however.

This ordering issue does not arise in the following investigation since both
the Airy and Weierstrass spectral curves do not have terms involving products

of x and y. There is however, another issue pertaining to commutativity.

Using the Airy spectral curve as an example we see that classically the

following two polynomial expressions are equivalent:

v’ —r=0 and y*>— 2+ (zy —yx) =0. (3.33)

However upon quantizing, the latter equation gains an extra additive constant
h due to the commutation relation of the operators. What this means is it
is possible to have classically “transparent” terms that become opaque upon
quantization. This will be relevant when discussing the quantum curve in the
Weierstrass case since we end up with an infinite number of corrections in A

to the quantum curve.

As previously mentioned, this conjecture was proven for a large class of
genus zero curves (see [8]), which includes the Airy spectral curve. In the
following section we will provide a proof for the Airy curve through alternative

means.
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3.4 Airy Quantum Curve

We will seek to show that the quantization of P(z,y) = 0, kills the perturbative

wave-function ¢ (z) by following the steps outlined below.

1. Residues: We must first find the correlation functions, instead of ap-
pealing to a direct approach (which would be infinitely time consuming)
we use the fact that the sum of residues of a meromorphic differential
on a Riemann surface is zero. Using this fact we can generate a new

recursion relation that does not contain a residue calculation.

2. Integration: We then integrate the resulting expressions in all variables

along a path with base point at the single pole of z(z) at z = oc.

3. Specialization: We then specialize the result of the previous step by

setting all variables to the same value, i.e. send z; — 2z for all ¢ €

{0,1,--- ,n}.

4. Summation: Finally we sum over these expressions in the same fashion
as the exponential argument of the perturbative wave-function, that is
we couple each W,, with an appropriate factor of A and sum them

according to their level 29 +n — 1 = k.
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3.4.1 Residues

Proposition 3.4.1. For2g+n—12>1,

Wg,n-&-l (ZOv Z)

dZ()
!
1
1240 Wo—1n+2(20, —20,2) + Z Wi in+1 (20, Wy 17141 (=20, J)
o g

Zi —Zy 2+ 20

Proof. Starting with the Airy topological recursion (yet again noting that the

residue at z = oo does not contribute),

Wyn+1(20,2) = —Res

dZo 1 1
2=0422dz

— } ROW, i1(2,—2;2). (3.35)

zZ— 20 o — 2p

Now using the fact that the sum of residues of a meromorphic form on a
compact Riemann surface is zero, we can replace the residue calculation above

with an equivalent expression,

dZO 1 1
W, => — ROW, i1(2, —2;2).
gr+1(20,2) — z:egélz?dz [z —2 - 20:| 1% =%2)
Q¢R

(3.36)

Clearly there is a pole at z = z; but there is also a collection of second
order poles at each of the marked points z = +z;. To see where these extra
poles come from we must examine the recursive structure in (2.8) more closely.

More specifically we need to dissect the following summation
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!
Z Z W in+1(z, DW, 1741(=2, J)

g1+g92=g IUJ=z

= Z ng7\1|+1(zaI)Wg2,|J\+1(—Z7 J)

stable
+ Y Won(z, 2)Wyn(—2,2\ {z:}) + Woa(—2, 2)Wya(2,2 \ {2}),
- (3.37)
where the stable® sum indicates that we exclude the terms with (g1, |1]), (g2, |./])
= (0,0) or (0,1).

Keeping in mind the fact that all the correlation functions only have poles
at z = 0 except for Wy o means we only need to seek out such terms containing
Wo,2. If we focus on the last line in (3.37) we see that there are two instances
of Wy for each marked point z;, these are the source of the additional poles

because of their limiting behavior

dzdz; dzdz;
m as z — z;, WDQ(—Z,Zi) — —m

Woo(z, 2) — as z — —z;.

(3.38)
All of this together means we only need to calculate the residue around 2, and
each of the marked points z = z; for i € {1,--- ,n}.

For the pole at z = 2, we obtain

1 /
2 Wo—1nt2(20, —20,2) + Z W in+1 (20, Wy 17141 (=20, J)
o N

(3.39)

6We define the stable correlation functions as those calculated via recursion. In other
words all correlation functions except Wy o and Wy ;.

26



The contributions from the poles at z = +z; is given by

dzi< ! [ L 2 Wg,n(—zi,z\{zi})>dzo. (3.40)

4zi2dzi Zi— 20 Zi+ 20

Summing up all the contributions and dividing everything by dz; results in

the proposed expression. O

Corollary 3.4.2. For2g+n—12>0,

e 2 ) ()

91+92=9
IuJ=z

> (e )

s ((JC(ZO) i x(z)) ng(_dj(;)\ {Zi}))> =0,

(3.41)
while for (g,n) = (0,0),

Wo,l(—Zo) Wo,l(—Zo)
dx(zo) dz(zo)

—x(z9) =0. (3.42)

Proof. Starting with the previous proposition, we must massage this into a
form more suitable for integration and specialization. To do this we must deal

with any Wy 2(21, 22) terms in this expression since
Woa(z1, 22) = 00 as 21 — 2. (3.43)

However if we negate an argument, this issue disappears:

dz?
422"

W072(—Z,Z> = (344)
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Therefore we must seek to replace any instance of Wy o(z1, 22) with Wy o(—21, 22)

and deal with the singularity later. To begin we note that

ledZQ _ ledZQ _ (221d21)(222d22) (3 45)
(21— 22)% (21 + 22)? (2f — 232 '
rewriting this in a more convenient form we see
dz(z)dz(z
W0,2<21, 22) -+ WO’Q(_Zl, ZQ) = ( 1) ( 2) (346)

(2(21) — 2(22))*

This along with the fact that all other correlation functions are odd in all ar-
guments implies that we can simply switch the argument’s sign in the relevant

correlation functions.

n

Wy n+1(20,2) _ 1 dz(z)dx(z;) B ‘
R DD Won(—20,2\ {=:})

dzg — dzgdzg \ (z(20) — 2(2))?

/
1
+ 422422 Wg—l,n+2(207 —Z0, Z) - E W91,|1|+1(_207 I)W92,|J|+1<_207 J)
0770 g1+g2=g
IuJ=z

n 1 1 1

> d., W (e i
+¢:1 Z(4Zi2dzi |:Zi_ZO+ZZ'+ZO:| 9 ( 2 Z\{z}))

(3.47)

We can also clean up the final line by noting that

1 1 1 1 1
= — . 3.48
422dz; [zi — 2 - 2 + z(]} (348)
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Finally we make the following substitution ,

Wg,n—‘rl(ZOa z) _ _Wg,n+1(_ZOaz> _ 2W0,1(—Zo) Wg,n—l—l(_ZOv z)

dzg dzg dz(2o) dz(z) 7

(3.49)

which results in the given corollary. O]

3.4.2 Integration

The next step is to integrate the expressions from Corollary 3.4.2 in each of the
coordinates except zy5. These integrals are along a path with the base point at
the single pole of z(z) to the marked point itself. As was mentioned previously,
the correlation functions only have poles at z = 0, hence these integrals do

converge.

Definition 3.4.3. We define the following quantity:

21 Zn
Ggnt1(z0;2) ::/ / Wyns1(—20, 21, Zn). (3.50)

o0 [e.°]

It is important to note that the first variable is negated and we do not integrate

over it.

"This is true since Wp 1(—20) = y(—20)dz(—20).
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Lemma 3.4.4. For2g+n—12>0,

_( 0 Ggl,n+2(zO;Z,Zn+1))
8x(zn+1) d.T(ZQ) Zn4+1=20

- 5 ot o)

g1 +92 =g

&1 (Gauler\ ) Gualmz\ L))
; x(z0) — (%) ( dx(zo) dx(z;) > 0, (3:51)
while for (g,n) = (0,0),
Coalz) Goalzo) oy (3.52)

dr(z9) dx(z)

Proof. For 2g +n — 1 > 0, all of the terms follow directly from the definition
of G, except for the last term, where we must be careful of the base point
evaluation:

.
e x(z0) — (%)

1 Gon(z0:2\{z:}) _ Gon(zz\{z})) _
( dz(29) a dz(z) ) =0 (359

This is true since we know that z(z) has a pole at z = oo and the W, ,’s only
have poles at the ramification point z = 0.
For (g,n) = (0,0) we do not need to integrate the expression so it follows

directly with the identification Wy 1(—29) = Go1(20)- O

3.4.3 Principal Specialization

Now we will send all of the variables to the same value, in other words we will

send z; — z for all the coordinates, including zj.
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Definition 3.4.5. We define the partial specialization of G ,+1(20;2) as:
@g’nﬂ(zo; 2) = Ggni1(20; 2, -+, 2), (3.54)
and the full specialization is then given by
ég,m_l(z; z). (3.55)

Before we can specialize the entire expression in Lemma 3.4.4 we must first
focus on the derivative term, which requires a few general results related to

specialization.

Proposition 3.4.6. For2g+n—12>0,

0 Gg1n2(2052, 2pt1) I 1 0 ag—1,n+2(20;2)
0z(2p+1) dx(zp) ’ n+1\ dz(z) dx(zo) -

Zn+1=%

(3.56)

Proof. Letting each variable be a function of z except for zy which we will

treat as independent of z:

0 Gy 1ny2(20;2, 2ni1) _ nZH( 9 Ggl,n+2(z0;zazn+1)> <(936(Zz))

0x(z) dz(zp) — \ 9z(z) dz(zp) 0x(z)
(3.57)
Letting z;(2) = z for each ¢ € {1,--- ,n+ 1} in the preceding expression leads

to:

0 Gg—1,n+2(20;2’, T ,Z) _ nZH 0 Gg—l,n+2(20;zazn+1) .
0z(z) dz(20) : 0x(z;) dz(2) T

=1 .
Zn+1=%

(3.58)
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Finally using the following fact that the derivatives are symmetric when spe-

cialized:

0 Goapni2(20i% 201) ) 0 Goini2(20322n41) |
0x(z;) dz(zp) ' 0x(zp41) dz(z9) '

Zn4+1=% Zn4+1=%2

(3.59)
for all ¢ # 0. Setting zyp = 2 after this substitution leads to the proposed

result. O

Lemma 3.4.7. For2g+n—12>0,

. 1 a égfl,nJrZ(ZO; Z)
n+1\ 0x(z) dz(z) -

. n! Ggl,m—i-l(z; Z) agg,n—m-H(Z; Z)
* Z Z ml(n —m)!  dx(z) dz(z)

g1+g2=g m=0
0 ag,n(zo;z) B
" (&U(zg) dx(z) > - 0, (3.60)

while for (g,n) = (0,0),

GO,l (Z) GO,I (Z)
dr(z) dx(z)

—x(z) =0. (3.61)

Proof. We proceed to specialize the expressions in Lemma 3.4.4.

For 2g +n — 1 > 0 the first term follows directly from the preceding
proposition.

The second term specializes trivially, however once specialized the choice of
the sets I and J are no longer relevant, only their sizes. Hence the coefficient

is simply the number of ways to partition the variables into these sets, which
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happens to be ((}').

To calculate the final term we will treat each term in the sum separately

and combine them at the end. To begin we first send z; — 2, leading to

lim 1 (Gg,n(zo; z\{z}) Gynlzi2\ {zi}))
2;—>20 .x(Zo) — x(zz) dx(zo) dl'(Zl)
— lim 1 (Gg,n(zz'; z\{z}) Ggnl20:2\ {zi}))
2;—+20 J;/(z0)<zi — Zo) dx(zl) dSL’(Zo)

_ 0 (Gynl202\ {z})
— 0x(2) ( dz(zo) ) - (3:62)

Then setting all variables to z and summing up all the contributions results

in
0 ng(20§2,"‘72))
n : . (3.63)
(ax(zo) dz(z) oz
Finally the (g,n) = (0,0) case is again trivial, we simply make the substi-
tution zg = z. ]

3.4.4 Summation

Now we must sum up these G,,,’s and pair them with the small parameter h

accordingly.

Definition 3.4.8. We define the following quantity:

, < petn G 2z
(i) = - Y oGt (3.64)

g,n=0
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Proposition 3.4.9.

L L K29+n 0 @g_l,n+2(zosz)
e iICE 2 ((n+1)! (6‘x(z) dx(z0) )

2g+n—1>0
N p2otn 0 Gynlz0;2)
(n—=1)!'\02(20) da(z) /)._.)

(3.65)

Proof. Rewriting the sum in the proposition as:
L Z 29— D+(n+1) 0 Gy1n42 207
(n+1)! 0x(z) dz(2)
20=

ZTiZ;( e QZY@S))ZF4>’
(3.66)

and reindexing the first term by sending g —1 — ¢g and n+2 — n, we see that

the sum becomes:

B h29+n—1 0 @g,n(zo;z) 0 Ggnl(z0;2)
DY (n—l)!<<8x(z) dz(z0) )ZO:Z+(8x(z0) A (z0) ):>

2g+n—1>0

Making a substitution in the preceding expression according to

d @g,n(z;z): 0 Gynlzo:2) N 0 Gynl(20;2)
dz(z) dxz(z) 0x(z) dx(z) s 0x(z) dx(z) ZO:Z’

(3.68)
results in the proposed expression. O
Lemma 3.4.10.
h () (2 2) — a(z) = 0 (369
—&(2 2 z;2)" —x(z) = 0. :
dﬂf(Z) 1\~ 1\~
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Proof. Multiplying the expressions in Lemma 3.4.7 by hzi# and summing over

g,n, in conjunction with Proposition 3.4.9, leads directly to the result. O

Now we define the perturbative wave-function which we will extract a quan-

tum curve from.

Definition 3.4.11. The perturbative wave-function is given by:

2g+n—1 z z
w(z):exp{% 5 hgn' // (Wg,n(zl,---,zn)

2g+n—1>0 ) o0 o0

B da(z1)dz(z2)
0g,00n,2 (z(z1) — x(zg))2> } .

(3.70)

In addition to this we also define the following quantity:

(25 2) = (2)& (7 2). (3.71)

We can relate the two quantities in the definition via the following propo-

sition.

Proposition 3.4.12.

hdx(z)w(z) = 11(z; 2). (3.72)
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Proof. Taking the derivative of ¢ (z) with respect to x(z) results in:

G 2 L L (e

2g+n—1>0 o0 o0

5,000 dz(z1)dz(z2) )}

(z(21) — 2(22))?
(3.73)

If we focus on the term in curly brackets and assume that each z; is a function

of z, then application of the partial derivative chain rule leads to:

1 d Zl(z)“. #n () R dz(z1)dz(22)
FERE (L R 59’05"’2@(21)—91;(22))2)

(3.74)
Substituting the preceding expression into the derivative of 1(z) results in the

proposed result. O

Corollary 3.4.13.

hzi (2) = 1(z;2)& (25 2) + hw(z)d—igl(z; 2). (3.75)

dx?

Proof. Starting with the definition of 1;(z;2) and taking its derivative with

respect to x(z) results in:

gy (hir0) = (), (3.76)
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applying the product rule on the right side of this expression leads directly to

the result. 0

Now we can construct the operator that acts on this perturbative wave-

function

Theorem 3.4.14.

(h2 d;(i>2 — :L'(z)) Y(z) = 0. (3.77)

Proof. Starting with 3.69, multiplying it by ¢(z) and utilizing the definition

of 11(z; 2) results in

hp(z)

d
dx(z)fl(z’ 2) + &1(z; 2)1 (25 2) — x(2)Y(2) =0, (3.78)

recognizing the first two terms as precisely the right hand side of corollary
3.4.13, leads to the result.
O

Theorem 3.4.14 proves that the Airy spectral curve does satisfy Conjecture
3.3.1. That is to say that we recover the straightforward quantization of the
spectral curve from topological recursion. In fact this is true for a large class

8 as proven in [8].

of genus zero spectral curves
This begs the question: Is this true for higher genus spectral curves? From
matrix model theory we expect that this is not the case, and as we will see for

the Weierstrass spectral curve, Conjecture 3.3.1 is not satisfied. Instead the

constructed quantum curve has an infinite number of corrections in h.

8 As mentioned previously, this is true for all spectral curves whose Newton polygons
have no interior point and that are smooth as affine curves.

37



Chapter 4

Elliptic Functions

We wish to apply an analogous analysis to a spectral curve with a higher genus
Riemann surface, namely a torus. To do so we must first get a brief overview
of both the structure of this Riemann surface as well as the functions that live

on it, known as elliptic functions. A good reference for the following is [33].

4.1 Complex Lattice

Given a pair of complex numbers 7 and ¢ such that Arg(r) # +Arg(o), we
can construct a collection of evenly spaced points in the complex plane called
a lattice. This lattice, denoted by A, is the set of integer combinations of the

two parameters 7 and o:
A = {m7 +no|(m,n) € Z*}. (4.1)

We can simplify this definition by requiring that one of these parameters be

unity and the other be contained in the upper half complex plane:

38



Definition 4.1.1. We define complex lattice as the set of points given by
A = {m7 +n|(m,n) € Z*}, (4.2)

where 7 (known as the structure parameter) is a complex number with Im(7) >

0.

This definition automatically segments the complex plane into a collection
of parallelograms, with the vertices lying on adjacent lattice points.

We can pick any one of these tiles to be the fundamental parallelogram (or
fundamental domain). The most obvious choice ? is the tile whose bottom left

vertex lies at the origin. This can be visualized in Figure 4.1.

Imaginary
A ,
T 1+ 7 )
L ) . -
T \1 - » Real

Figure 4.1: Lattice points define a “tiling” of the complex plane with copies of the
fundamental parallelogram (the tile with a heavy outline).

As it turns out if we identify opposite sides of this fundamental domain

9This tiling of the complex plane can also be shifted by a universal translation, that is to
say that the vertices don’t need to coincide with the lattice points, it is merely convenient
to define it this way initially. Furthermore, it becomes necessary to introduce a translation
when dealing with certain integration paths.
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with one another, we end up with a space that is topologically a torus. That
is to say that the quotient space C/A is the genus one Riemann surface known

as a torus. Again we can visualize this in Figure 4.2.

=

Figure 4.2: Identifying opposite sides of the fundamental domain results in a space
that is isomorphic to the torus (donut shape pictured on the right).

The functions that live on this surface are known as elliptic functions and
before we venture to describe them we should first discuss a vital consequence

of having a hole in our surface.

4.2 The Torus and its Cycles

On the Riemann sphere it is true that any two paths with the same endpoints
are homotopic. That is to say they can be continuously deformed into one
another. What this means is that integrals of a meromorphic function over
(non-closed) homotopic paths are equivalent. As a consequence of this we only
need the endpoints to fully describe a path integral on the Riemann sphere,
ie.

/a " H2)de (4.3)

On the torus however, it is possible for two paths with the same end points

to give different results. This is because we can “wind” around the torus an
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arbitrary number of times, effectively multiplying the result.

More precisely we say that paths with the same endpoints are not necessar-
ily homotopic. Instead they are grouped according to how they “wind” around
the torus. This is called a homology class and we say that any two paths with
the same endpoints and the same homology class are homotopic. These homol-
ogy classes are distinguished based on the paths decomposition in the basis
of cycles (more informally these are the directions we can wind around the
torus). We define this basis as the edges of the fundamental domain, as in

Figure 4.3.

A Cycle

Figure 4.3: The representation of the canonical cycles on both the fundamental
domain, and the torus itself.

What this means is in order to fully describe a definite integral using only
the endpoints, we must also restrict the homology class of the path. The
easiest way to do this is to require the path does not wind around the torus
at all. Practically speaking it means that for an integral, we must enforce
that the argument of a function remains inside the fundamental domain on

the entire path. In other words the path does not intersect the basis of cycles.

Remark 4.2.1. For the remainder of the discussion, we will choose these cycles
such that: the A cycle is the linear path from zero to one, and the B cycle is

the linear path from zero to .
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We adopt the following notation to denote cycle integrals (remembering

that the path must remain in the fundamental domain.):

]i F(2)dz = /0 1 f(2)dz and j’i F(2)dz = /O Tfd: (aa)

Now that this has been specified, we can now move on to define the family

of elliptic functions that is essential to the forthcoming discussion.

4.3 Weierstrass Elliptic Functions

It can be shown that the only possible holomorphic elliptic function is the con-
stant function. The next best thing is a meromorphic function, with isolated
distinct poles of finite order. Suppose we also want this function to have zero
residue around said poles. We can construct an elliptic function with these
properties using a very simple idea:

Given a lattice A. We begin with Z% and add to it the translation of itself

by every possible lattice point w € A resulting in

) =3 ﬁ (4.5)

wEA

Ignoring convergence for the time being, this function is guaranteed to be
elliptic by construction, since any translation by a lattice point will be absorbed

into this sum:

1 1
f(z+w0):Z(z_<w_wo))2:Zm:f(z)' (46)

wEA
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As it turns out this function (with some appropriate modifications to guar-

antee convergence) is the Weierstrass p(z; 7) function.

4.3.1 Function Definitions

Following the immediately preceding discussion we can define the Weierstrass

©(z; 7) function (spoken Weierstrass p function) with the following expression:

oz 7) = % Ly (;2 - i) . where A" = A\{0}.  (47)

_ 2
N Gt R

This function is elliptic by construction and can be proven to be so with the
argument in the previous discussion. The extra % term is included to ensure

convergence. It is also worth noting that this function is even.

The Weierstrass ¢'(z;7) is the derivative with respect to z of p(z;7), its

definition follows directly from above:

o (z7)=-2 Z (z—;wﬁ (4.8)

Fortunately this is convergent and again elliptic by the translation argument

posed before.

Finally we also need the Weierstrass ((z;7) (not to be confused with the

Riemann zeta function), its definition is as follows:

C(Z;T)Z%-FZ(ZEOJ—F%—Fé). (4.9)

weA*
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((z;7) is not elliptic but instead quasi-elliptic since:
C(z+17) = ¢z 7) +2¢(1/2;7), (4.10)

C(z4+7;71)=C((2;7) + 2((1/2; 7). (4.11)

The Weierstrass zeta function is related to the Weierstrass p(z;7) via a

derivative with respect to z:

d

- ST = (), (112)

As it turns out these functions satisfy a rather neat differential equation.

4.3.2 Differential Equation

Taking expansions around z = 0 of both the Weierstrass p(z; 7) function and
its derivative, then comparing terms we can construct a differential equation

satisfied by the p(z) function:

O (27)° = 4p(27)° — ga(T) (25 7) — g3(7). (4.13)

Here the two coefficients go(7) and g¢3(7) are called elliptic (or modular) in-

variants and denote the following convergent infinite sums:

g2(m) =60 > é (4.14)

weA*

g3(1) =140 % (4.15)

weA*
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We also define the modular discriminant as,

A(T) = go(7)? — 27g5(7)°. (4.16)

4.3.3 Eisenstein Series

The sums used to define the modular invariants are called Eisenstein series
(we refer the reader to [38] for more detail) and they are given by the following

uniformly convergent sums:

1 1
Goa() =D, = o ornz2 (4.17)
wWEA* (m,n)#(0,0)

As noted this definition is only valid for n > 2, since for n = 1 the sum
is not absolutely convergent. That being said, if we define an order in the

summation we can define G(7) :

Go(T) = Z%+sz. (4.18)

m##0 n#0 meZ

The absolutely convergent Eisenstein series are called modular forms of

weight 2n because they possess the following transformation properties:

a b
Gon(y7) = (c7 +d)*"Gop(T), Vv = € SL(2,7), (4.19)
c d
with
ar +b
YT = p— (4.20)
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Go(7) however, is a quasi-modular form of weight 2, since it satisfies the

following property.

Gy (v7) = (e1 + d)*Go(T) — 2mic(er + d). (4.21)

4.3.4 Zeroes of the Weierstrass Functions

The zeroes of both the p(z;7) and ((z;7) functions are highly non-trivial
to find and express. In addition these are not relevant to the forthcoming
discussion. However the zeroes of ¢/(z; 7) are certainly relevant and very easy

to find.

Starting with the fact that the Weierstrass p(z;7) function is elliptic:

pz+ ;7)) =p(z; 1), (4.22)

then taking the derivative with respect to z of both sides

O'(z+1;7) = ¢ (7). (4.23)
Substituting z = —% in the preceding expression and using the oddness of
¢ (z;7) we see that
O (1/27) = —¢'(1/2;7), (4.24)
which implies that
o' (1/2;7) = 0. (4.25)
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Following a similar procedure we obtain two more zeroes:
O(t/2;7)=0 and ' ((1+7)/2;7)=0. (4.26)
We denote these half periods as follows:
wy = 1/2, wy =T7/2, wy = (1+71)/2. (4.27)

For convenience we also denote the value of p(z;7) at these half periods as

follows:

€1 1= p(w1;7)7 €y = p(w2;7), €3 1= @(UJ:SST)- (4-28)

It is also possible to define the modular discriminant in terms of e, e; and

A(T) 1= go(7)? — 27g3(7)% = 16(e1 — €2)*(e1 — €3)* (e — e3)”. (4.29)

4.3.5 Series Expansion

For completeness we will state the series expansion of p(z;7) about z =0
. 1 2k
@(Z, T) = ; + ; ng_;,_g(T)Z . (430)

4.3.6 Normalization

As in the Airy case we will need to define Wy o(21, 22) = B(#1, 22) such that it

satisfies the conditions given in Definition 2.2.1. In light of the fact that o(z; —
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29;T) — ﬁ as z1 — 29, it is clear that the p(z; 7) function satisfies the first
few conditions. That is to say that it is symmetric upon coordinate exchange,
with a double pole on the diagonal at z; = 25 and no other poles. However

upon examination of the A-cycle integral, we see that is in fact nonzero,
7{ (21 — 29;7)dzy = — (C(1 — 22;7) — ((29;7)) # 0. (4.31)
A

This means that we need to normalize the function (2, —z; 7) with respect
to the A-cycle. Before we can normalize the function, we must first understand

why the function isn’t normalized.

Examining the behaviour of the Weierstrass ((z;7) function under trans-
lations by 1 in its definition (4.9), we see that the offending is the term of the

form

> é (4.32)

wEA*

Assuming we sum appropriately, we can recognize this as the previously defined
Eisenstein series Go(7). Given this fact we can define a new function, denoted

as Py(z;7), with this offending term removed,
Py(z;7) := p(z;7) + Go(7). (4.33)

Now in order to prove that this indeed does satisfy the final normalization
condition we must first define its indefinite integral which we will denote as
Pi(z;7) given by

Pi(z;7) = /PQ(Z; T)dz = —((z;7) + Ga(1)z + A. (4.34)
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If we require that this function be odd, then the constant A is forced to be

Zero.

Using the properties of the zeta function we see,

Pi(z+1;7)=—Cz+ 1;7)+ Go(7) (2 + 1) (4.35)
C (T A/ G+ 1) (436)
= Pi(z;7) + (Go(7) — 2¢(1/2;7)). (4.37)

It can then be shown by a simple translation argument!'® that Py(z;7) =

Py(z + 1;7) hence we can conclude that

%GQ(T) —¢(1/2:7). (4.38)

Crafting a similar expression for a translation by 7 leads to

P(z+7;7)=—=C(z+7;7) + Ga(T)(2 + 7) (4.39)
= —(C(2;7) = 2¢(7/2; 7)) + Ga(7) (2 + 7) (4.40)

= Pi(z7) + (7Ga2(7) — 2¢(7/2; 7). (4.41)
Using the following identity from [37]

7C(1/2;7) — ((7/2;7) = mi. (4.42)

0There is an alternative argument for this translation invariance involving the g-
expansion for Pj(z;7). For more details we refer the reader to [35].
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In conjunction with (4.38), implies that

TGo(T) — 2((7/2;T) = 274, (4.43)

resulting in the quasi-elliptic relations for Py(z; 1) ,

P (z+41;7) = Pi(%;71), P (z+71;7) = Pi(z;7) + 2mi. (4.44)

This finally proves that the following differential can serve as the canonical

billinear differential for topological recursion on a genus one spectral curve,

B(Zl, 22) = PQ(Zl — Zg)dzleQ. (445)

20



Chapter 5

Weierstrass Spectral Curve

We will begin by calculating the first few correlation functions for the Weier-
strass spectral curve. Then proceed to construct the perturbative wave-function

¥ (2) to be compared with the quantization of the Weierstrass spectral curve.

As was mentioned in the introduction this chapter is an expanded exposi-

tion of my contribution to [7].

5.1 Topological Recursion on the Weierstrass

Curve

The Weierstrass spectral curve is given by £ = (C/A, z,y) where the defining
equation is
y? =42 — go(T)T — g3(7). (5.1)
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In light of the previous section we can see that this can be parametrized by

the Weierstrass @(z; 7) function and its derivative, i.e

z(z) = p(z;7) and y(z) = ¢'(2;7). (5.2)

As in the Airy case this is a double cover, with the ramification points!! given
by the zeroes of dz(z) = ¢/(z;7) along with the poles of x(z) = p(z;7) with
order > 2. The zeroes are precisely the half periods as written in (4.27) and the
double pole of x(z) is at z = 0. All together these form the set of ramification

points, denoted by R = {wy, ws, ws, 0}.

The corresponding deck transformation maps for the half periods are tech-
nically given by s;(z) = 2w; — z, but since it can be shown that the correlation
functions are elliptic in each coordinate, we can ignore the 2w; shift and simply
write the map as s;(z) = —z for i = {1,2,3}. In addition the deck transfor-
mation around z = 0 is given by s¢(z) = —z, meaning the deck transformation
map is the same for all four ramification points. This fact implies that the

kernel is the same for all four ramification points.

We will now proceed to calculate Wy 5(20, 21, 22) and Wi 1(29). In order to
do this, we first need to calculate our kernel. As was mentioned above, the
deck transformation map is globally defined and the same for all ramification

points and hence we only have a single kernel given by

' More precisely the ramification points are the zeroes of dz and the poles of z that lie
within the fundamental domain
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dzo ) " — 295 7)d?’
KT(Z,Z()) = W (/a PQ(Z 05 )d ) (53)
—dZO yT) — o — 20, T
= 291(2;7_)2 [Pl(z — 20; ) Pl( 0> )] : (54)

Remark 5.1.1. It can be shown via recursion that the ramification point z = 0
does not contribute to the total residue. Hence we can, and will, exclude its

contribution from all of the following calculations.

Unlike the Airy case, the pole structure of the kernel is not immediately
obvious. We know that ¢(z; 7) has zeros at the half periods and hence m
has a pole at each of the half periods. We also know that P;(z— zg;7) only has
a pole at z = zy hence it will not have any principal part to its power series

about z = w;.

What this means is we need a power series expansion for both m and

3T

the bracketed term. Fortunately both are relatively easy to find. We begin by

re-expressing m in a more power series friendly form:

T~ A0 (Z<2OG4<T> - (s — i) - >) 69

i=1

Which we can expand around z = w; to obtain

1 12 ) L.
J= AR (QOGM - (e )

- (5.6)
+ Z Agp(w;)(z — wi)2k> :
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Where:

A%(wz) = (20G4(7’) — 6?)(2]{3 + 1)G2k+2(7')

for {i,7,k} ={1,2,3} with i # j £ k. (5.7)

Remark 5.1.2. This identity and its power series are proven in appendix B.

We also need the power series around z = w; of
Pi(z — 20;7) — P — 20; 7). (5.8)

Since this has no poles at any of the half periods, the power series is straight-

forward:

Pi(z — 20;7) — P — 20;7) = Pi(w; — 20;7) — Pi(av — 205 7)

i (k) W; — 20, T k
—i—(z—wi);PQ ((k:iH)! )z — w)*. (5.9)

Combining these two power series results in the desired power series about

z = w; for the kernel,

K (z,2) = dz A Z Br(w;)(z — wy)F. (5.10)
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With the first few coefficients given by:

B_s(w;) = 20G4(1) — €7, (5.11)
BLy(w) = (20Ga(r) — e2)(Palws — 20 7)), (512

Bu(ws) = (20Gu() - 2) (3P4 = 207) — 4 Pulo = 20) = P = 20) )
(5.13)

Bi(w;) = (20G4(1) — €2) (—4eiP2(wi —20,7) + épﬁ (w; — 2o ¢)> . (5.14)

The general expression for By(w;) is not required for the current discussion

hence we will leave it unspecified.

We now have the ability to calculate the k = 2 level correlation functions.
We will begin with W 3(20, 21, 22), using the general expression given in (2.10)

and inserting the relevant data we obtain

Wos(20, 21, 22) = Z l;{:easKT(z, 20)(Py(z — 215 7) Py(2 + 225 7)

a€ER

+ Py(2 — 20, T)Po(2 + 213 7)) (—d2*dz1dzs).  (5.15)

It is clear that the expression in the brackets has no pole at any of the half pe-
riods, hence the residue at z = w; will be B_;(w;) multiplied by the bracketed

term evaluated at z = w; , resulting in

Wo,3(20, 21722) =

3
—12
—A(T) dZQledZQ E (20G4(T) — 6?)P2(ZO — Wy, T)PQ(zl — Wy, T)PQ(ZQ — Wy, ’7').
i=1

(5.16)
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Finally we will calculate W1 1(29) beginning with the general form in (2.11)

and again inserting the relevant terms leads to

Wialzo) = ) ResK(z, 20) P(22;7)(—d2?). (5.17)

a€R

From this expression it doesn’t seem obvious that P,(2z;7) has a pole at the

ramification points, however using the elliptic property of P we see,
Py(2z;7) = Py(22 — 2w ) = Py(2(2 — wy); 7), (5.18)

which implies that P, has a second order pole around z = w;, meaning that
the two terms from the kernels power series that will contribute are (z — w;)*

and (z — w;) ! leading to:

3

Wi (20) = %dzo > (2064(r) - ) ((GQ(T) )Pyl — wii 7)

(5.19)
1
—l—IPQ(z)(ZO — w;; 7')) :

We will now proceed to obtain the quantum curve from topological recur-

sion and compare it to the quantization of (5.1).

5.2 Weierstrass Quantum Curve

We will follow the four steps set out in the Airy chapter to construct the

Weierstrass perturbative wave-function and the corresponding quantum curve.

Remark 5.2.1. For readability, we will suppress the 7 dependence in the elliptic
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functions and modular forms for the entirety of this section.

5.2.1 Residues

Beginning with the Weierstrass topological recursion:

? ROW, wi1(z,—2;2
Wn+1(20,2) = d2o Z Res (/a Py(z — Zo)dzl) 2;,(21)(2(12, ) (5.20)

The function given by u(z) = [~ Py(z' — 2)dz/, is well defined on the
complex plane, However it is not elliptic (and hence multiply defined on the

torus) since,

u(z+71) = /z TPQ(Z’ — zp)d2’
=u(z) + j{ Py(2' — 2z)d2’ (5.21)
= u(z) + 2mi.

A major consequence of this is that the sum of residues at all poles of the
right hand side of (5.20) is no longer zero. In fact this total residue is finite
and to calculate it we appeal to the Riemann billinear identity (For further

information we refer the reader to [4]).

Definition 5.2.2. The integral form of the Riemann bilinear identity can be

stated as follows,
T
5wk (e f e ff )
all poles b of un ==b m j=1 B Aj B A;

where 77 is a meromorphic differential on the compact Riemann surface ¥ of
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genus g, and (4;, B;), j =1,...,¢ is a symplectic basis of cycles. Moreover,

u(z) = /:w, (5.22)

where w is a residueless meromorphic differential, « is an arbitrary base point,

and the line integral is taken in the fundamental domain.

As it turns out this works perfectly for calculating the total residue of
the right hand side of the Weierstrass recursion (5.20). By noting that the
integral satisfies the properties of u(z) and the remainder meets the criteria

for n, meaning we can apply the bilinear identity directly, leading to

‘ R(Z)W ,n+1(27 2 Z)
Z E{:Gbs (/a Bz - ZO)dZI) 2;’(z)2dz

all poles b
1 R(2 )Wg n+1 —2,2)
" omi (7{ Pz = 20)d 7{ 2dz

7{ R gn+1 de Z’Z) jiPZ(z — zo)dZ) . (5.23)

We do not know the cycle integrals of the recursive part just yet, however

we do know explicitly the cycle integrals of Py(z — zy) (as established in the

quasi-elliptic relations of Pi(2)).

7{ Py(z — z9)dz =0, f Py(z — zp)dz = 2mi. (5.24)
A B
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Substituting these into (5.23) leads to the expression for the total residue

z ROW, 12, —2;2)
Z 1}:61;8 </a Bz - ZO)dZ’) 29 o' (2)%dz

all poles b
R g n+1 —2;2)
. (.25
-4 Ee G CED

We will denote the quantity on the right hand side as follows:

(5.26)

gn+1

7{ R >Wgn+1 —2;7)
2dz '

What this means is we can now do a similar replacement of the residue

calculation in (5.20) using B, ,+1(z) as the total residue, leading to

|44 m—i—l(ZO; Z) ‘ R(2)W ,n—i—l(zv —Zz; Z)
gd—zo = Byni1(z)— B:es /a Py(2' — z9)d?’ 2;’(2)2dz :

Q¢R
(5.27)

With that replacement we can now proceed to construct the quantum

curve.
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Proposition 5.2.3. For2g+n—12>1,

et 2 () )

g1+g2=9g
IuJ=z

2 (o) s

— 2By (2 +;dzl <2§1(Z;) Wonl d’Z’:)\ {ZZ}>> —0. (5.28)

For (g,n) = (0,1),
2W0,2(—Zo7 21) W0,1(—Zo) _ dI(Z1) Wo,l(
dz(zo) dx(2o) (x(20) — x(21))?  dx(

__ZO)
Zo)

1 LVbl Zo)
Zo

+d., (x(ZO) — ; ) — 2Py(z1)dz =0, (5.29)

while for (g,n) = (0,0),

Wo,l(—Zo) Wo,l(—Zo)
dr(zo)  dx(zo)

— (42(20)° — gaw(20) — g3) = 0. (5.30)

Proof. Starting with (5.27), we first note that the only poles not in R, are z

and the marked points z1,--- , 2,.

The residue at z = zp is given by

—1 /
W—, _2727Z + W,[ 1Z07IW’J 1_Z07J s
2@’(z0)2dz(2) g 1n+2(—20, 20, Z) glé_g g, |+ ( ) g2,|J |+ ( )
IuJ=z

(5.31)
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while the total residue at the poles z = £z; is

d, ((P1<Zi — 20) + Pi(zi + 20)) %) : (5.32)

Summing up all of the contributions results in

Wg,n+1 (Z07 Z)

dZO
_ 1 Wg—l,n—‘,—Q(_zOvZOyZ)_i_ Z,: W in+1(20, 1) Wey 15141 (=20, J)
20/ (20)? dz? w, dzo dzo
IuJ=z
Wgyn(—zi,z)

2¢'(z:)*dz; ) + Bynia(z). (5.33)

_ Z d,, ((Pl(zi —20) + Pi(z + 20))

i=1
We must prepare this expression to be integrated in a similar fashion to
the Airy case, in other words we must make sure that all of the correlation
functions have their first argument negated. As we know from experience all
of the W, ,’s are odd in all of the arguments except for W (21, z2) which has

the special property!?:

dz(z1)dx(29)

W0,2<Z17 ZQ) + WO,Q(_Zh Z2) = ([E(Zl) — {E(ZQ))Q '

(5.34)

Making the appropriate substitutions in the cross summation term (the

term with sums over I and .J) in order to negate the first argument of W, 141,

12This can be proven directly using (A.2) listed in appendix A
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we end up with:

Wg,n+1 (Z07 Z)
dZD

1 Wg—l,n+2<_207207z)_ i ng,|1|+1(z07])ng,\J\-i—l(_ZO»J)

20/ (20)2 dz? dz dz
' (20) 0 ' 0 0
UJ=z

x(20)d(z:) N\ L
" Z 420dz0 ( (20) — x(zi))QWw( 0,2\ { z}))

_ i d.. ((PM ~ 20)+ Pi(xi + %) M) + By(z). (5.35)

g,n
2@/(21)2(121
Finally making the following two substitutions

2 b —2g) = 2Py () + — )
P1(2z+ 0>+P1( i 0) 2P1< 1>+p(zo)_p<zz>, (536)

and
Won+1(20,2) _ Woi(=20) Wyni1(=20,2)
dzo dz(zp) dz(zp)

(5.37)

results in the final expression of the proposition for 2g +n — 1 > 1. For the
two remaining cases we do an explicit calculation involving terms that fit with

the overall structure. O

5.2.2 Integration

Now we must augment Definition 3.4.3 to reflect the poles of z(z). In the Airy
case we integrated from z = oo, however now the pole of z(z) we are interested

in is z = 0. Hence we now need to integrate with the base point z = 0:
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gn+1 Z(), / / Wg n+1 —Z0, %1, " 7Zn) (538)

Lemma 5.2.4. For2g+n—12>1,

B ( 0 Gg—l,n—i—?(z(); Z, Z'IH-I))
8:c(zn+1) dl‘(Z(]) Zn4+1=20

E ) ()

_ Gyn(ziiz \ {z}) . Gynl20;2 \ {2})
; x(z;) — z(z0) < dzr(z;) dz(z) )
2P (% Zi,Z \ 1%
_ 2/ / By (z Z > (;; gl dx(zz)\{ Do (539
For (g,n) = (0,1),
Goz(20;21) Goalz0) 1 Goi(z1)  Goalz0)) 2 —
dr(zo)  dx(zp) x(z1) — z(20) ( dx(z1) dz(zp) ) 2P (1) =0,
(5.40)
while for (g,n) = (0,0),
Go1(20) Goalz0) — (42(20)® — go(20) — g3) = 0. (5.41)

dr(zp) dx(zo)
Proof. We are integrating the expressions found in proposition 5.2.3.

For 2g +n — 1 > 1, the first, second and fourth term follow directly from

integration. The third term has a base point evaluation of the form:

— 1 <Gg,n(2z'; z\{z}) Gynl20:2\{z})

-1 zlllg%] ZL’(ZZ) - l'(Zo) dl’(ZZ) - d$(20) ) = 0, (542)
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which vanishes since zero is a pole of z(z) and the G,,’s have poles only at
the half periods.

The fifth and final term results in a limit of the form:

=0 (2 dz(2;) ’

znzzhm 2P1((Z;) Gyn(—2i,2\ {z}) (5.43)

which vanishes since ¢'(z) has a pole of order 3 at z = 0 and P;(z) has only a
simple pole at z = 0.

For (g,n) = (0, 1), the integration results in a limit of the form:

L (G Gl

210 2(z1) — 2(29) \ dx(z) dz(29)

= lim ————— (~¢/(21) + ¢/(0)) + 2Py (1), (5.44)

2 1 1
— —— — = P — ——
' (21) 23 o(z1) 22 1(21) 7

we see this limit vanishes.
Finally, for (g,n) = (0,0) we do not even integrate so the statement is

trivially true. O]

5.2.3 Principal Specialization

Using Definition 3.4.5 with no augmentations we proceed to principal specialize

the expressions from the previous lemma.

Lemma 5.2.5. For2g+n—12>1,
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_ 1 0 égfl,nJrQ(ZO; Z)
n+1\ 0x(z) dz(zo) B

~

g n! Ggl,m—i-l(z; Z) agg,n—m—H('Z; Z)
* Z Z ml(n —m)!  dx(2) dz(z)

g1+92=g m=0

. 0 @g7n(zo;z)
0x(z0) dr(zo) s

For (g,n) = (0,1),

@072(2;2> @071(2) d 6071(2)

2 de(z)  de(z)  de(z) da(2)

— 2P1<Z) = 0,

while for (g,n) = (0,0),

@071 (Z) 60,1 (Z)
dr(z) dx(z)

— (42(2)° — goa(2) — g3) = 0.

(5.45)

(5.46)

(5.47)

Proof. For 2g +n — 1 > 1, the first term follows from Proposition 3.4.6 since

this is a general result. The second and third terms follow from the same

arguments as in Lemma 3.4.7 which again are general arguments. The final

two terms follow trivially from specialization.

For (g,n) = (0, 1), the first and third terms follow trivially. The second

results in a limit of the form:
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dz(z1) dz(29)

L (Gl Guta

“a (e ) O

I
20 x(z1) — z(20)

1 (Go,l(zl) Go,l(ZO))

1530 2'(20)(z1 — 20)

setting 2o = z in the final line completes the proof for this level.

As for (g,n) = (0,0) we simply set 2y = z.

5.2.4 Summation
We now sum over the expressions in the previous lemma with appropriate

factors of A.

Lemma 5.2.6.

nﬁ‘@gl(z;z)m(z;z) (42(2)* — ga(7)(2) — gs)
—2h (ZZ)&( 2) — h2g+n/ / gn+1 )=0. (5.49)

( ) 29+n 1>1

Proof. Multiplying the equations in Lemma 5.2.5 by h2i$ results in the fol-

lowing expressions:
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For 2g4+n—-12>1,

. th—l—n g 1n+2(2072) h2g+n ( 0 Gg n(Zo, ))
(n+ 1)\ Ox(z dz(zp) e (n— 1!\ Ox(z) dz(20) /.._.

+
)
2914m G m+1 Z,Z h292+n mG o,n— m+1(2 Z)

h
g1+g2=g m=0 m! ) ! dx( )
- h29+n z Z) h29tn A (Z;Z) _
/0 /0 gn+1(2 o(2) ((n—l) dx() > 0. (5:50)
For (g,n) = (0,1),
@0,2(2’; z) @0,1(2) _ LM — z) =
2 (h dz(2) ) ( dz(2) ) hdf(z) dz(z) hhi(z) =0, 20

while for (g,n) = (0,0),

G01( )é

Noting the following fact
_ (Z) Go 1( )

we see that the 2AP; (z) term in the (g,n) = (0, 1) equation fits nicely into the

final term of the 2g +n — 1 > 1 set of equations.

Finally summing over g and n we obtain the result in the lemma. O]

We define the perturbative wave-function in the same fashion as the Airy

case except now we integrate from zero instead of infinity (since this is now
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the pole of z(z)):

h2+n1
ICRCR T ID Ve Ry i (RN
1>0

2g+n—
5,000 dz(z1)dz(29) )}

(#(21) — 2(22))?
(5.54)

with ¢y (2'; 2) := ¢¥(2)&(2; 2) as before.
Theorem 5.2.7.

R~ (42(2)° — go()a(2) — 0s(7)

PELICPES S hmn/ / (2 ] W(z) = 0. (5.55)

pl(Z) dz 2g+n 1>1

Proof. Multiplying the result from Lemma 5.2.6 and using the general results
of both Proposition 3.4.12 and its corollary 3.4.13 leads directly to the result.

O

What this means is we no longer recover the differential operator expected
from the spectral curve as we did in the Airy case. Instead we get additional
corrections in A including an additional first derivative term. This proves that
the Weierstrass spectral curve does not satisfy the proposed connection. Fur-
thermore the fact that the corrections are not combinations of  and ¢ means
that we could not construct this operator by taking advantage of the commu-
tativity in the classical equation. More precisely, this differential operator is
not a quantization of the spectral curve, since there is no way we could have

obtained it from a mapping of the characteristic polynomial.
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All of this points to the fact that clearly the perturbative formulation is
not what we should be using in this case but instead we need to appeal to
the non-perturbative formulation presented in [7], which was derived from the
general formulation in [5] (see also [22, 23]). However this non-perturbative
formulation has an extra “quantization condition” that must be satisfied. The
simplest way to satisfy this condition is to restrict the spectral curves to those

with go(7) = 0, i.e. curves of the form:

y? = da® — g5(7). (5.56)

In [7] it was found that this non-perturbative formulation gives rise to a
quantum curve with corrections as well. However these corrections are func-
tions of # and ¢ meaning it could be constructed by harnessing the ambiguity
in the classical quantum curve. This was verified up to order 5 in A with

symbolic software.

5.3 Additional Results

5.3.1 Identities for Elliptic Functions

Proposition 5.3.1. For2g+n—-12>1

By (z) = — (W_H) s < S@ Wan(—zi2 | {a})) |

dZ()
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Proof. Starting with a rearranged topological recursion

Wy ni1(=20,2)

Bgyn"!‘l(z) = - dZD
ROW, pi1(2, —2;2)
+ ) Res(Pi(z — 2) — Pi(a— gntins 27 (5.58
C%%z:eg( 1(z — %) 1o = 20)) 2¢/(2)2dz (5.58)
and taking the limit as zy approaches zero on both sides results in,
|44 TL+1(_ZOaZ)
Bya(a) = - (1
g dZQ 20=0
RAOW, i1z, —2;2)
Pi(z) - P g T2 (559
+ Z ieQS( 1(2) 1(0[)) 2@/(2)2d2’ ( )

QER

The only poles @) not in R are at the marked points z = £z;, we can calculate

the contribution at each of these points. Beginning with the residue at z = z;

we obtain
4 Pi(zi) — Pi(e) Won(—zi 2\ {zi}) (5.60)
1 20/ (=) dz(z)
While the matching contribution at z = —z; results in

Pi(2) + Pi(a) Wy (=212 \ {2})
("5 v ) (561)

Summing up all of the contributions leads directly to the proposed result. []

If we write down the expression in the proposition for (g,n) = (1,0) we

obtain the following,

Biy— — (%)ZO_O. (5.62)
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Which when explicitly written states:

f P2(2z;7)d _ Ga(7)(5Ga(T) — Ga(7)?) (5.63)

20/(z7)2 " 30(20G4(r)® — 49Ge(7)2)
We can provide an independent proof of this identity by calculating this cycle

integral directly. As it turns out this is non-trivial and is provided in appendix

C.

These identities could be interesting to study on their own and could po-
tentially be useful for evaluation. It is also possible that this result is related
to the work presented in [31]. In addition they also give rise to an equivalence

between two very different looking differential operators.

5.3.2 Alternate Quantum Curve

A further result was obtained in [7], where the perturbative wave-function was
constructed in a method adapted from [8]. This “alternate” quantum curve

has a form a priori much different from that in Theorem 5.2.7, and is given

by:
g € 2P, (z;
i~ W)~ l)a(e) — () — 20 (i)
B 5 ) o

Although they were constructed via two different methods we will see that as
a consequence of aforementioned elliptic identities, this equation and that in

Theorem 5.2.7 are indeed equivalent.
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Proposition 5.3.2.

S Bg7n+1<z>] e

Pl(Z) d

h? —

©'(z) dz * Z
2g+n—1>1

hP(z)— Y hf; (Gg’”*1(20;2)> ]w(z). (5.65)

dZQ
29—1+n>1

Proof. Integrating, Specializing, and summing the result in Proposition 5.3.1,

then multiplying the result by ¢(z):

[ Bt

| Z h2otn Gg,nJrl(ZO;Z)
n! dzo
2g+n—1>1 20=0

Py(z) pratn G (2 2)
+p’(z) 2g+nz—121 (n—1)! dx(z) ] ¥(2). (5.66)

>

2g4+n—1>1

Explicitly calculating the derivative of ¥ (z)

h?%wz):[hmz)— > (T’fff)!Gg’;ijf)]w<2>, (5.67)

2g+n—1>1

which when mulitplied by % results in

Pi(z) d Pi(2) Rt G (2 2)
241 1 g,n\~,
—(z) = |hP(2) — Y(2).
IO et P D sy e
(5.68)
Substituting this into (5.66) results in the proposed equality. O
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Chapter 6

Conclusion

We have constructed the perturbative wave-function for both the Airy and
Weierstrass spectral curves.

The Airy case served to exemplify the connection between topological re-
cursion and the WKB expansion. This prompted the general conjecture of the
connection, which was proven for a large class of genus zero curves in [8]. The
question remained, does this connection (as conjectured) extend to spectral
curves of higher genus? This question motivated an analogous treatment of
the Weierstrass spectral curve (a spectral curve of genus one).

The Weierstrass case was presented in a similar fashion and as was ex-
pected, for reasons from matrix model theory, the quantum curve was not a
straightforward quantization of the spectral curve. Instead there were an in-
finite number of corrections in A. These corrections were not functions of z,
which implied that the operator could not be constructed by taking advantage
of the commutativity /ambiguity of the classical equation.

The fact that the Weierstrass spectral curve does not satisfy the conjectured
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connection (as stated) implies that the perturbative wave-function is not the
right quantity to look at. Instead we need to look to the non-perturbative
formulation which is explored explicitly in [7].

Another consequence of the work presented in [7], is an alternate differential
operator that kills the perturbative wave-function. This alternate quantum
curve was constructed by adapting the methods in [8]. We showed that the
two quantum curves are indeed equivalent as a consequence of a nice side
result involving an infinite collection of identities relating elliptic functions
and quasi-modular forms.

There remain a number of interesting open questions:

1. As was mentioned in the introduction some spectral curves, when sub-
mitted to topological recursion, give rise to correlation functions that
correspond to enumerative invariants. So naturally we can ask, what
meaning can we attribute to the correlation functions for the Weierstrass

spectral curve?

2. Can we expand the non-perturbative treatment beyond the restricted

family in (5.56)7 And if so...

3. ... isit possible via the non-perturbative formulation to construct a wave-
function that will in fact be killed by the straightforward quantization?

i.e. is it possible to construct 9 (z) from topological recursion such that:

RQ% — (42® — go(T)x — g3(7)) | ¥(2) = 0. (6.1)

4. What would extension to higher genus spectral curves result in? It would
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be interesting to see treatment of higher genus spectral curves, with both

the pertubative and non-perturbative constructions.

. Are the infinite collection of identities for cycle integrals of elliptic func-
tions (from Proposition 5.3.1) interesting in the context of elliptic mod-
ular forms? As was mentioned this could be related to the expressions

in [31], it would be interesting to explore this possible connection.
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Appendix A

Identities involving Weierstrass
Elliptic Functions

For reference we include some well known identities involving the Weierstrass
elliptic functions.

A.1 Addition Forms

N N e O A Ch0 A N
oo+ i) = (SO pain —plan) (A

O (215 7)9' (22, 7)
it -l P

(21 — 22;7) — (21 + 223 7) = (

v tonm) =Gl clnr) 5 (SE=00) 4o

¢(2157) (A.4)

C(Z1 - 22;7') + C(Zl + 22;7') = QC<21§T) + @(21;7) — p(ZQ;T)

A.2 “Double Angle” Forms

©0(22;7) = —2p(z;7) + i (Z:((Z:))) (A.5)
C(2z;7) =2¢(2z;7) + %Z/l((j; :)) (A.6)
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A.3 Differential Equations

O (z7)° = 4p(z;7)° — ga(T)p(2;7) — g3(7) (A7)

Taking derivatives of both sides of this equation with respect to z, leads
to a number of additional differential equations satisfied by the Weierstrass
elliptic functions:

o (257) = 6p(z 7)? — 39:(7) (A3)

0" (27) = 120(2; 7)p' (25 7) (A.9)

81



Appendix B

Power Series Expansion for Part
of Weierstrass Kernel

Proposition B.0.1.

p/(zl’ = _ Al(i) (Z(20G4(7) —eD)(p(z —w;) — ei)> . (B.1)

=1

Proof. Suppressing the 7 dependence for the time being, we begin with the
Weierstrass differential equation in its factored form
1 1
—5 = : (B.2)
@' (2)? 4p(z) —e)(p(2) — e2)(p(2) —es)
Performing partial fractions decomposition on the right hand side of this ex-
pression yields

1 1 1

P'(z)? 4 ((61 —eg)(e1 —e3)(p(z) — e1)
1
" (62 —e1)(ex — 63)(@(2’) - 62)

1
e e — e (o(7) - e3>> - (B3)

Utilizing the well known identity

(ej —ei)(e; —ex)
p(z) — € (B.4)
for {i,j,k} ={1,2,3} with ¢ # j # k,
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and dividing both sides by (e; — e;)%(e; — ex)?, results in

plz —w;) —e; 1

(e; —€i)?(e; —ex)?  (e5—ei)(ej —ex)(p(2) — €) (B.5)
for {i,5,k} = {1,2,3) with i # j # k.

Using the definition of A = 16(e; — e)?(e2 — e3)?(e; — e3)? we can rewrite
the previous expression as:
16(e; — ex)*(p(z — wy) — ;) _ 1
A (ej —ei)(e —er)(p(2) —¢))
for{i,j,k} = {1,2,3) with i % j # k. (B.6)

We can simplify the previous expression further by making substitutions
according to the following identity:

(e; — er)? = 3(20G, — e§)

. R (B.7)
for {i,j,k} ={1,2,3} with i # j # k.

Making said substitutions results in

48(20Gy — €3)(p(z — w;) — €;) 1

A (e —e)(e; —en)(p(2) —¢;)
for {i,j,k} = {1,2,3} with i # j # k. (B.8)

Finally substituting this expression into (B.3) leads to the proposition. O]

Corollary B.0.2. The power series of ﬁ around z = w; 18 giwen by:
1 12 1 -
g2~ AR <( e ((z —wi)? ) £ Aulte ) ) |
(B.9)
where

Ago(w;) = (20G4(7) — €2)(2k + 1)Glapoya(7)
(200?;:)) !_ ) o (wy,)
(20Gy(7) — @Z) (2Kk)

(2k)!

(w;). (B.10)
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Proof. All the terms follow directly from the various power series of p(z),
except for the constant term which is simple to calculate:

(20Gs — €3)(p(w; — w;) — ¢;) + (20G4 — e§)(p(w; — wy) — ex) — €;(20Gy — €f)
= (e; — ek)(ef —e3) — €;(20G, — €3)
= (e — ex)*(ej + ex) — €i(20Gy — €7)
= 3(20G4 — €7)(ej + ex) — €;(20G, — €7)
= —3¢;(20Gy — €2) — ¢;(20G, — €?)
= —4¢;(20G, — €7)
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Appendix C

Direct Proof of First Elliptic
Identity

In this Appendix we provide an independent proof of the following identity,

Py(2z;7) . Ga(7)(5G4(T) — Go(7)?)
ji p’(z; 7.)2 dz = 30(20G4(7‘)3 — 49G6(7')2). (Cl)

Let us evaluate the period integral on the LHS explicitly and show that it is
indeed equal to the quasi-modular form on the RHS. In this Appendix we will
suppress the 7-dependence for brevity.

First we expand the integrand with a “double angle” identity:

Py(22) = Gy — 2p(2) + i (Z/:<(§>>> : (C.2)

hence our original integral splits into the following three integrals:

P(2 d 1 "(2)?
]{ Bz, G2]§ S —2% K‘,’(—Zldw—f @ g s
A ¢'(2) 4 ¢'(2) A9 (2) 4 J4 ¢ (2)
Let us focus on the third constituent integral. Using integration by parts and
the fact that " (z) = 12p(z)¢'(z) we see that it simplifies into a more familiar

form:
l p//(z)2 L 1 B KJ//(Z) 1 @(2) _ gg(z)
47i p/(z)4d 4 { 3¢/(2)% |, + 4?{\ p/(z)z} %4 MO0 (C.4)

This means our original problem reduces to solving the following two integrals
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on the right hand side:

§, 5 =6 7w~ B, s (5

To solve both we take advantage a very useful identity, which follows di-
rectly from the differential equation for the Weierstrass p-function (4.13) and
the fact that 2(p"(2) — g2) = 4p(2)* — g2 :

11 {2 p(2) (¢"(2) —g2) 1] . (C.6)

@'(2>2 B g3

3 ©'(2)?

As it turns out, using integration by parts we can express these two integrals
in terms of one another:

e

(.7)
Lo
AR ]
1 2 2
A e
For the last equation, we used the fact that
ﬁ o(2)dz = — G, (C.9)
e 0= ﬁ Py(2)dz = ﬁ (0(2) + Ga)dz. (C.10)

Solving the system of equations (C.7) and (C.8) results in the following
explicit expressions (with A = g5 — 27¢3):

dz 1893 — 12G292
= 11
7{; ¢ (2)? 2A ’ (G11)
@(2) 18GHg3 — 9%
dy = ———27° J2 12
b= o (C12)



As a result we see that the original integral (C.5) is given by:

) ¢ (2)? 2A 2A oA

(C.13)

Making the substitutions go = 60G4 and g3 = 140Gg into this expression
we arrive at the final expected result:

% PQ(QZ) = G4(5G4 - G%)
a4 9 (2)27 30(20G3 — 49G?)

(C.14)
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