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Introduction

The relationship between Physics and Mathematics is one of the most durable, suc-
cessful, and perhaps surprising synergies between different fields of human knowl-
edge. On one side, Mathematics has been the preferred language to describe nature
ever since Physics departed from Natural Philosophy to become an experimental
science. Galileo Galilei, one of the founding fathers of modern science, wrote about
the necessity of mathematical formalism to understand the universe:

[The universe] cannot be read until we have learnt the language and become familiar
with the characters in which it is written. It is written in mathematical language,
and the letters are triangles, circles and other geometrical figures, without which
means it is humanly impossible to comprehend a single word.

(Galileo Galilei, Il Saggiatore, 1623)

In the following centuries, representing Physical reality through Mathematics has
allowed humankind to achieve unprecedented precision in the description and fore-
cast of natural phenomena.

On the other side, Physics has always been one of the major sources of inspiration
for the discovery and development of mathematical theories. In fact, despite the
stunning level of abstractness that Mathematics has reached in recent times, the
origin of almost all its branches can be traced back to some problems that hu-
mankind had to solve in the real world.

String Theory is a striking example of the symbiosis between Physics and Mathe-
matics. It is a promising candidate for a theory of everything, allowing a descrip-
tion of the universe from Planck to cosmological scales. The core idea that led
to the development of String Theory is changing the dimension of the elementary
entity of Physics: moving from point particles to one-dimensional strings. The
reasons for the special and fundamental role that Mathematics plays in String
Theory are manifold, but one of the factors that contributed the most is the lack
of guidance from experiments in the search for new Physics that we have witnessed
in the last decades.
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While the Standard Model has proved itself to be the most successful theory cur-
rently at our disposal in terms of predictive power, we believe it cannot be the
ultimate theory of the universe. One of its major deficiencies is the failure to con-
ciliate the theories of General Relativity and Quantum Mechanics in a unique and
coherent framework. Unfortunately, at present time, there is little to no experi-
mental evidence on which direction to look for in the search for a more fundamental
theory of nature.

Left with the help of logical consistency alone, Mathematics has become a great
tool to shape and limit the possible candidates to a (perhaps) ultimate theory
of Physics. In fact, it turns out that the features of String Theory are quite con-
strained by the requirement of mathematical consistency alone. On the other side,
the surprisingly rich and complex structure of String Theory has provided an in-
valuable source of inspiration for the discovery of new Mathematics.

While the relationship between the two fields is broad and wide, in this thesis we
will restrict our focus mainly on some aspects of Number Theory that have re-
cently shown up interesting connections with some topics originating from String
Theory. In particular, we will study some appearances of mock modularity and
quantum modularity (both exotic deviations from modular invariance) in some
Physical quantities of interest. In this respect, the main research question mo-
tivating this thesis is to understand to what extent these complicated modular
behaviors can give fruitful insights about those quantities. As we will see in this
thesis, starting from this very particular aspect of Number Theory, in the context
of String Theory, we will encounter further relations to other different areas of
Mathematics, such as Group Theory and Topology, showing how deep and com-
plex its interconnection with Physics is.

The origin of the concept of mock modularity can be traced back to the genius of
the world-renowned mathematician Srinivasa Ramanujan at the beginning of the
20th century. In his last letter, he provided 17 examples of what he called “mock”
theta functions, but he did not provide a precise definition nor instructions on how
he constructed those distinguished examples. In essence, a mock theta function is
a function f on the complex upper-half plane H := {7 € C| Im(7) > 0} that:

1. has singularities with exponential growth in an infinite number of roots of
unity;

2. for each root of unity ¢ there is a modular form f¢ such that the difference
[ — fc is bounded as q := 2™ — ( radially;

3. f is not the sum of a modular form and a function that is bounded radially
at all the roots of unity.

The theory underlying mock theta functions had remained obscure for almost a
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century, until some light was shed by Zwegers in his PhD thesis [4] through the the-
ory of indefinite theta functions. We now know that mock theta functions belong
to the family of mock modular forms which are, roughly speaking, holomorphic
functions that can be “completed” to produce a modular form by adding to them
a suitable non-holomorphic function. Recently, mock modular forms have been
shown to be related to another class of objects with even more exotic modular
properties: quantum modular forms [5]. In particular, fixed a weight and a mul-
tiplier, there is a linear map from the space of mock modular forms to the space
of quantum modular forms with the same weight and multiplier whose kernel is
given by weakly holomorphic modular forms [6].

Before delving further into the details coming from Number Theory, we will give a
brief high-level overview of the two major topics that we will encounter in the rest
of this thesis, trying to underline the deep interconnections between Mathematics
and Physics that lay at their core.

1.1 Moonshine

The term Moonshine is used to describe a plethora of surprising and unexpected
relations between representations of finite groups and g¢-series possessing particu-
lar transformation properties under the action of the modular group. The known
examples of Moonshine differ greatly not only for the finite groups involved but
also for the peculiar modular properties of the g-series. Whether the plethora of
knows Moonshine instances are related to one another and what is the general
theory (if any) encompassing all Moonshine phenomena is still one of the most
important open questions in the field.

One of the aspects that makes Moonshine interesting to study from a Physics
point of view, is that the relations connecting the finite group theory side with the
modular objects for various Moonshine instances usually exhibit a very rich struc-
ture and in most cases involve objects of interest in Mathematical Physics. This
phenomenon has occurred since the very first example of Moonshine: Monstrous
Moonshine [7].

Monstrous Moonshine was born from the observation, due to McKay, that the
generator of (meromorphic) modular functions J, called the Hauptmodul, has a
g-series expansion

J(T) = ¢~ + 1968844 + 214937604 + 864299970¢° + - - - (1.1)

in which the coefficient of ¢ := €2™ can be decomposed as 1 + 196883, which are
the dimensions of the two smallest representations of the largest sporadic simple
group: the monster group M. Later Thompson observed similar decompositions
for some of the subsequent coefficients [8]. This striking observation was later

3
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enriched by extending it to graded characters, now commonly known as McKay-
Thompson series, of some monster group representations V,

Ty(r):= Y Trv,(9)g" (1.2)

n>—1

conjecturing that they should correspond to the Hauptmodul Jr, of some subgroup
I'y < SLy(R). In particular, when g is the identity element, we recover the original
case

J(r) =Y dim(V,)q". (1.3)

n>—1
For the sake of exposition, we will not go into the technical details of the statement
of the Monstrous Moonshine conjecture, referring the interested reader to [9] for
a detailed exposition.
The quest for the proof of Monstrous Moonshine has shown a very interesting in-
terplay between Physics and Mathematics, providing new ideas to both fields. In
particular, it has contributed to the development of the theory of Vertex Operator
Algebras, a rigorous formulation of the chiral algebra of conformal field theories.
A milestone in the understanding of Monstrous Moonshine was, in fact, the con-
struction of the monster module V¥ [10], [11] using ideas coming from Conformal
Field Theory. The main ingredient of the construction is a CFT consisting of 24
chiral bosons compactified on the torus R?*/A specified by the Leech lattice A,
the unique 24-dimensional even unimodular lattice with no roots. This provides
a CFT with central charge ¢ = 24 and thus its partition function will start with
g~ '. Since the partition function is invariant under modular transformations, this
fixes it to be equal to the Hauptmodul J up to an additive constant. To remove
this constant, one has to get rid of all the primary fields of weight one X*: this
is done by taking a Zy orbifold with respect to the action X* — —X*. V! is then
constructed as a direct sum of the twisted and untwisted sectors of this orbifold
theory. It was shown that the automorphism group of this theory is precisely the
monster and the proof was completed by Borcherds [12] by proving that the graded
characters
T? := Trysgq™o = (1.4)

indeed coincide with the Hauptmoduls Jr, predicted by the conjecture.

Around 20 years after Monstrous Moonshine was understood, a new type of moon-
shine was observed: Mathieu Moonshine. This time, the insight that led to the
formulation of this new type of moonshine came directly from Physics in the con-
text of 2-dimensional supersymmetric sigma models with target manifold a K3
surface. The elliptic genus of these theories is given by the trace over the Ramond
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sector (for both left- and right-movers)
E(r,2) = Trppp (— 1)t ToyToglo= 1 glo= 5 (1.5)

where y := €>™* and Jy is the zero-mode of the U(1) current of the N' = 2

superconformal algebra (and analogously .Jy for the right-movers).

In [13] it was noted that expanding the elliptic genus for K3 surfaces as !

9(’7’,2)2 1 o n
E(r,z) = ) 24p(r,2) — 2075 (1= Ang" ||, (1.6)

the first coefficients A,, are non-negative and can be decomposed in terms of di-

mensions of representations of the largest Mathieu group Msy. It was also noted
that this decomposition is very similar to the observation of that led to Monstrous
Moonshine. Equivalent versions of the McKay-Thompson series were proposed
shortly after [14] to connect the twining genera

g (7, 2) = Tryppg(—1)70 oy oglo=Frgho— 4 (L.7)

to graded characters of My, and of the N' = 4 superconformal algebra. Mathieu
Moonshine would have a natural explanation in terms of decomposition of repre-
sentation if Msy was a symmetry of non-linear sigma model on K3, however it was
proven that My, cannot be the symmetry group of any individual sigma model
with target space K3 [15]. While the existence of a module with a M, action
has been proven [16], a direct construction as the one for V¥, let alone its physical
interpretation, is still missing.

To conclude this subsection, we mention that Mathieu Moonshine revealed itself
to be just a particular example of a family of 23 groups giving rise to Umbral
Moonshine [17], [18]. These example also have relations to nonlinear sigma mod-
els on K3 [19] and, as for Mathieu Moonshine, direct constructions of modules
producing the relevant McKay-Thompson series as graded characters are missing
in many instances. We will delve into the matter in chapter 2, where we will pro-
vide a vertex operator algebra realization of modules for some instances of Umbral
Moonshine.

1.2 Topological Invariants and Physics

The study of topological invariants in connection to physical theories has a long
history and one of the most studied and famous examples born out of it is Chern-

We will encounter the theta function 6(r, z) and the Appell-Lerch sum pu(r, 2) in chapter 2
and provide definitions there.
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Simons theory [20]. Given a closed, connected, oriented 3-manifold M3 and a
gauge group G, the building blocks of Chern-Simons theory are the connections A
on a principal bundle of G. The Chern-Simons functional is given by

1 2
Secs(A) = o /M Tr (AA dA + 3A/\A/\A> . (1.8)
3

™

and the partition function for level k£ Chern-Simons theory is
Zos|k; Ms] = /DAei(k_Q)SCS(A). (1.9)

Gauge invariance of the partition function requires k£ to be integer. As the par-
tition function does not depend on the metric of the manifold Ms, it should be
determined by its topological properties alone. In fact, the following normalization
of the Chern-Simons partition function

Th(Ms) := ;7\/%_;203[/6;1\/!3] (1.10)

qz —q =

with ¢ = e , coincides to what is know in the literature as the Witten-Reshetikhin-
Turaev (WRT) invariant 75, [21]. More generally, in the context of Chern-Simons
theory, a broader family of topological invariants can be associated to links in M3.
Given an irreducible representation R of the gauge group G and a knot K, we can
define an observable, the Wilson loop, as the trace of the path-ordered exponential
of holonomy of the connection A around K

Wr(K) = Trg {Peﬂgx A’id”f} (1.11)

where P stands for the path ordering of the exponential.

n
Given a loop L = |J K, as the union of the non-intersecting knots K,, and

a=1
chosen an irreducible representation R, for each K, we can define the following
invariants

. _ 1 i(k-2)Ses(A) T
Z[k; Ms, L] = ch[k;Ms,]/DAe( )Ses( )al;[lWRa(Ka). (1.12)
For G = SU(2), these coincide with the famous Jones polynomials of L [20].
It turns out that the invariants 75, (1.10) admit a mathematical definition for ¢
being an arbitrary root of unity [21]. It is thus natural to ask whether invariants
of 3-manifolds can be defined, more generally, for any complex value of ¢q. Such
invariants have been proposed in [22] as a refinement of the WRT invariants.
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The root source of inspiration for these new invariants came, once again, form
Physics and it originated in the context of 3d-3d correspondence. We will give
here only a brief overview of these invariants focusing on their physical origin and
motivation, leaving most of the technicalities to chapters 3 and 4. In essence, the
3d-3d correspondence associates to a 3-manifold M3, a 3d A = 2 supersymmetric
gauge theory T[M3] by compactifying a 6d A" = (2, 0) superconformal field theory
on Ms. For the sake of exposition, we will restrict here to gauge group SU(2). We
will discuss generalizations to higher rank gauge groups when we will encounter
them in chapter 4. The quantity realizing the new invariants is the supersymmteric
partition function of the theory T[M3] on D? x S!, also called the “half-index”,
associated to particular boundary conditions B, along the boundary of the disk.
Such boundary conditions correspond to the choice of an Abelian flat connection a
and thus we will have a family of invariants Z, labelled by Abelian flat connections.
One of the interesting properties of these new invariants is that the coefficients of
their g-series are integers, i.e.

Zo() =" cnd" cn €L

for some § € R. In the context of 3d-3d correspondence the integers ¢, can be
identified (up to signs) with some homological invariants given by the BPS sector
of the Hilbert space of the 3d theory. Because of this, the 21 invariants are
also known as homological blocks. These new invariants have been studied under
various different aspects in the recent literature. A full recount of the status of the
undergoing research is out of the scope of this thesis, we will refer the reader to
[23, 24, 25, 26, 27, 28, 29, 30, 31, 32] for a list of references. This list is definitely
incomplete considered the size and breadth of the recent literature on the topic,
but its elements have been selected by relevance and similarity to the contents of
subsequent chapters.

In this thesis we will focus on the peculiar behaviors that the Za invariants can
exhibit under modular transformation. In this respect, these new invariants can
be seen as a 3d generalization of the elliptic genus of 2d theories. In fact, the ZL
receives contribution from the 3d “bulk” theory as well as from the 2d edge modes
of the boundary theory and, when the contribution from the former is trivial,
it reduces to the elliptic genus of the boundary theory. However, in the general
case the 3d contribution will spoil the modularity properties of the elliptic genus
leading to more complicated behaviours. Conjecturally the Z, will still exhibit
some properties under modular transformations, albeit in a more complicated
form. More specifically, in many known classes of examples, it has been shown
that the Z, is a (higher-depth) quantum modular form [33], [34] [35], [36]. We will
delve into this topic and its implications in chapters 3 and 4.
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1.3 Background: modularity

In this section we will summarize a series of facts regarding modularity that will
be needed in the rest of this thesis. The purpose of this section is to establish
a common ground of definitions and conventions needed throughout the thesis as
well as to introduce some basic notions to a reader (and in particular a physicist)
new to these concepts. When needed, we will repeat the relevant definitions and
properties in later chapters, possibly adapting the conventions as suitable. Given
the variety and broadness of the notions presented, it is not intended to give
here an exhaustive and organic overview encompassing the different areas of the
field. The interested reader is encouraged to read the references provided in each
subsection to delve deeper into the corresponding concept.

1.3.1 A plethora of modular properties

In this section we give a brief account of a variety of objects exhibiting different
kinds and degrees of modular properties. The aim is to introduce the definitions
needed for later sections. There are many standard reference covering these topics,
we will mostly follow [37], [9], [38].

In the following we will use the standard notation q := €?>™7 with 7 € H := {7 €
C : Im(7) > 0}.

We start by recalling that the special linear group SL(2,R) acts on H through

Mobius transformations
at +b

ct+d

T =T = (1.13)

for v = (2%) € SL(2,R). In what follows we will consider a variety of objects
with interesting transformations under the action of SL(2,Z) or its congruence
subgroups, i.e. subgroups of finite index of SL(2,Z) that are determined by con-
gruence conditions on the matrix entries. Notice that the matrices +v have the

same action, so we can restrict the attention to PSL(2,7Z) := SL(2,Z)/{%1}.

Modular forms

The simplest objects we can define are functions that are invariant under (1.13)
with respect to the full modular group, i.e. functions f : H — C such that
f(yr) = f(r) Vr € H,~y € SL(2,Z). However, this definition turns out to be too
restrictive if we want also to require the functions to be holomorphic. In fact, as
all the cusps ico U Q are equivalent under the action of the modular group, the
only functions satisfying these requirements are the constant functions. There are
many ways to generalize the previous definition in order to get more interesting
functions, we will focus here on generalizations that trade the simplicity of modular
invariance with more complicated transformation properties. As we will see in the
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rest of this thesis, this is the silver lining that relates the various modular objects
that we will encounter along the way: by considering more involved modular
transformations we discover objects with richer properties. To this extent, for any
I' congruence subgroup of SL(2, Z), we define the slash operator (-)|x 7 for weight
k, multiplier x : SL(2,Z) — C, and v = (’CI Z) € I, acting on functions f : H — C
as

FOlkr = e+ xf (0. (1.14)

The definition can be easily extended to the case of vector-valued functions f :
H — C™ in which case x(7) is a n x n matrix. With this notation, we will call a
holomorphic function f: H — C (f : H — C", respectively) satisfying

FO)lexy = f(1) =0 (1.15)

Vv € T'and V7 € H, a (vector-valued) modular form for ' of weight & and multiplier
x. For consistency, the multiplier must be a representation of I' when k is integer,
while otherwise it must be a projective representation of I'. Furthermore, for the
existence of non-trivial examples we also need x(12) and e~ ™*y(—15) to be the
identity matrix 1,. In what follows we will restrict to the case k € %Z.

As an example let’s consider the Eisenstein series

0o _
an lqn

Eoy(7) ::1—|—<(132]€)n¥1 ¢ (1.16)

where ((z) is the famous Riemann’s zeta function defined by

¢(s) = % (1.17)

n=1
For k > 2, it can be shown that FEy; is a modular form of weight 2k. The
significance of Eisenstein series in the context of modular forms is given by the
fact that F4 and Eg are the generators of the ring of modular forms over the
full modular group SL(2,Z). Thus, every modular form M}, of weight k € Z for

SL(2,Z) admits a unique expansion as a sum

Mi(r)= > capEfEy] (1.18)

a,BEN
4a+68=k

where the coefficient ¢, g € C are non-zero only for a finite number of «, .
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Jacobi forms

In this subsection we will introduce Jacobi forms. We will limit the account to
the basic definitions and properties needed in later sections, following closely §3
of [39]. A complete account of the theory of Jacobi forms can be found in [40].
We begin by defining elliptic forms. We call a smooth function ¢ : H x C — C an
elliptic form of index m if 2 — ¢(, z) is holomorphic? V7 € H and V(\, u) € Z?

o(1,2) = e2ﬂi(m)‘27+2m>‘z)¢(7, 24+ AT+ w). (1.19)
Every elliptic form admits a theta-decomposition

(1, 2) = Z by (T)0p,r (2, T) (1.20)

r  mod 2m

in terms of smooth functions h : H — C, called the theta coefficient of ¢, and the
unary theta functions

. 2
O (T, 2) := Z 2 gt (1.21)

nez
n=r mod 2m

We will also define the modular and skew-modular action of v = (2 %) € SL(2,Z)
on the elliptic functions of index m as

72,n_icm22
e cr+d ar +b z
(T, 2) 1= , 1.22
Olkm(7,2) (c7+d)’“¢(cr+d c7'+d> ( )

(1.23)

_Qﬂ_ic'mzz _
¢|il,€m7(77 2) = e er+d T +d (aT—i— b z )

(F+d) |eT+d|" \er+d er+d

Given an elliptic function ¢ with theta decomposition as (1.20), we will say it is a
weak (skew-)holomorphic Jacobi form of weight k& and index m if all its theta co-
efficients h,. are (anti-)holomorphic on H, it is invariant under the (skew-)modular
action for all v € SL(2,Z) and the function 7 — ¢(, z) is bounded as Im(7) — oo
Vz € C. We notice that holomorphicity and translation invariance imply that a
weak Jacobi form admits a Fourier expansion

2
o(7,2) = Z Cy(D,1)q 3 gimy! (1.24)
D,leZ
D=I? mod 4m
for some functions Cy(-,{). We will say that a weak holomorphic Jacobi form is a
holomorphic Jacobi form if Cy(D,1) = 0 for D > 0 and a cuspidal Jacobi form if

2As in [39], we only require ¢ to be real-analytic in 7 and not holomorphic.
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1.3. Background: modularity

Cy(D,1) =0 for D > 0. Analogous definitions can be given for skew-holomorphic
weak Jacobi forms.

An important example of Jacobi forms, that will be relevant for the rest of the
thesis, are theta functions. Let A be a r x r positive definite symmetric matrix
with integral coefficients. Define the associated bilinear form B(v,w) = vT Aw
and quadratic form Q(v) := $vT Av. Given x¢ € Z" we can define

©0.x,(T; 2) Z gy Brxo) (1.25)
nezr

This is a Jacobi form of weight § and index Q(xo) [37].

Mock modular forms

In this section we will introduce the concept of mock modular forms. We will
follow section §2.2 of [9] and refer to some notions from section §2 of [38].
Given a cusp form g, i.e. a modular form with zero constant coefficient in the

Fourier expasion g(7) = > ¢4(n)q", of weight 2 — w with w € $7Z, we define the
n>0
non-holomorphic weight w Eichler integral of g

g (r)=C OO(T/ + 1) Yg(—7")dr. (1.26)

-7

There is no canonical normalization C' of the shadow, we choose here for simplicity
C = 2v~1wtl following the conventions in [38]. In later sections, we will specify
when a different choice of the normalization is made.
Let h : H — C be a holomorphic function on H with at most exponential growth at
all cusps. We say that h is a mock modular form of weight w € %Z if there exists
modular form ¢ of weight 2 —w such that, defining its completion as h := h+g*, h
transforms like a modular form for some subgroup I' € SL(2,Z), i.e. h(T)|wyy =
h(t) V7 € H, v € I'. Notice that, by construction, % is not holomorphic. If we
define the “shadow operator”

&w = 2iIm (7)™ (1.27)

%7
its action on the Eichler integral of a cusp form g of weight 2 — w will be given by
(g™ (1)) = g(7) (1.28)

and thus, when applied to a mock modular form of weigth w it will return its
shadow. Furthermore, this implies that given a mock modular form h of weight

11



1. Introduction

w, the completion h of h is annihilated by the the weight w Laplacian
Ay = Im(7)*70,Im(7)" 0= (1.29)

ie. Ayh(r)=0Vr € H.
Smooth functions transforming as modular forms annihilated by the Laplacian
(1.29) (growing at most exponentially at the cusps) are called harmonic Maass

forms. Given a harmonic Mass form f of weight w, it will have a Fourier expansion
of the form [38]

flr) = Z c}'(n)q” +c; (0)Im(7)' ™ + Z ¢ (n)I'(1 —w, —4rnlm(r))q".
n>>>—oo nn<§é%o

(1.30)
We will call

o= Y g (1.31)

n>>—oo
the holomorphic part of f, and
(1) =¢; (0)Im(7)* ™% + Z ¢y (M)I'(1 —w, —4rnlm(r))q" (1.32)

the non-holomorphic part of f.

In this language, we can more generally define a mock modular form h as the
holomorphic part f of a harmonic Maass form f. Furthermore we will define its
shadow ¢ as the action of the shadow operator (1.27) g := &, (f) = & (f 7).

Quantum modular forms

We will now introduce quantum modular forms and their higher depth generaliza-
tion. We will follow closely section §2.2 of [1] and supplement it with notions from
the original references for quantum modular forms [5] and higher depth quantum
modular forms [41].

The concept of quantum modular forms (QMF) was first introduced by D. Zagier
[5]. Roughly speaking, a quantum modular form is a function defined on Q with
a certain modular-like property: the deviation from modularity, measured by a
modular difference function denoted by p,, has nice analytic properties that are
not a priori manifest or expected. More specifically, a function @ : Q — C is called
a quantum modular form of weight w and multiplier x for T if for every v € T" the
modular difference function p,(z) : Q\{y~!(c0)} — C, defined by

Py(@) := Q(z) — Qluwx(x) (1.33)
is a real-analytic function of R\ S, where S, is a finite set depending on ~.

12



1.3. Background: modularity

Most of the cases that will be considered in this thesis belong to a family of
quantum modular forms satisfying stronger conditions. These are called strong
quantum modular form. A strong quantum modualar form associates to every
rational number z € Q not just a complex number but a complex formal power
series Q(x + te). Since p, was required to be real-analytic on R\ S, it extends
holomorphically to a neighbourhood of R\ S, and in particular it has a power
series expansion around each point z € Q that is convergent for some positive
radius r, > 0. We require strong quantum modular forms to satisfy the stronger
requirement that

py(x + 7€) = Q(z + i€) — Qluw (T + i€) (1.34)

holds as an identity between countable collections of formal power series. Before
giving examples of quantum modular forms, we define their higher depth gener-
alizations. We will define depth n quantum modular forms recursively starting
from quantum modular forms that will constitute the depth-1 quantum modular
forms. In words, a depth-IN quantum modular form will be a function on the
rationals such that its modular difference is a linear combination (with coefficients
in the space of analytic functions) of quantum modular forms of depth smaller
than N. To give a precise definition, we will write QY (T, x) to indicate the space
of depth-N quantum modular forms of weight &, multiplier x for I'. We will use
the convention Q9(I',x) = 1. We will denote with O(R) the space of analytic
functions on R. We will say that a function @ : Q — C is a quantum modular
form of depth-N if

Q@) = Qlux¥(x) € @D Q4 (T, x;)O(R) (1.35)

JjET

for some finite set J, and N; < N Vj € J. As an example of higher depth
quantum modular forms, we notice that the product of two depth one quantum
modular forms is a depth two quantum modular forms. To be more precise, if
Q1€ Q;, (T1,x1) and Q2 € Q; (T2, x2) then Q1Q2 € Q) 1,(T'1 NT2, x1x2).

We will encounter and discuss in more detail examples of quantum modular forms
in following chapters of this thesis.

1.3.2 Indefinite theta functions

In this section we will review some basic properties of indefinite theta functions of
signature (r — 1,1). We will mostly follow the exposition present in chapter 8 of
[38].

We will start by introducing some notation. Let us set, as it is usual, q := 2™,

y := e*™*  Given a symmetric matrix A with integer coefficients, we define the

13



1. Introduction

associated bilinear form B(v,w) := vI Aw and, correspondingly, the quadratic
form Q(v) := %B(v7 v). As mentioned in section 1.3.1, when @Q is positive definite,
fixed xg € Z", we have that

OQuo (T12) 1= Y gy Blnxo) (1.36)
nezr

is a Jacobi form of weight § and index Q(xp). This result, however, does not
hold when @ is not positive definite. In fact, when the quadratic form is non-
positive definite the series in (1.36) does not converge. For quadratic forms of
type (r — 1,1), i.e. the largest linear subspace on which @ is negative definite has
dimension 1, generalizations of (1.36) where studied by Zwegers [4]. In this case,
the set {c € R" : Q(c) < 0} splits into two connected components, we fix one of
these and denote it Cg. Explicitly we choose a ¢ such that Q(cp) < 0 and define

Cg:={ceR":Q(c) <0,B(c,cy) < 0}. (1.37)
We also define
Sg ={c=(c1,...,¢;) €Z" : ged(cq,...,¢r) =1,Q(c) =0, B(c,co) < 0} (1.38)
and consider the compactification of Cg, C := Cq U Sg. We furthermore define,
Ve € 6Q,
R" if c € Cg,
R(c) := reste (1.39)
{a€R":B(a,c) ¢Z} ifce Sq.

With the above notation, given a symmetric matrix A, c1,co € 6(;), a€ R(c)N
R(cz), and b € R", we can define the indefinite theta functions

Oap(r):= Y p(n;7)emPEm QM (1.40)

ncacz”

where we have written

p(n;7) = p® (n;7) — p®(n;7) (1.41)

with

E (B“‘)) if c € Cg
p(n;7) = —Q(e) (1.42)
sgn(B(c,n)) ifce Sy
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1.3. Background: modularity

in which v = Im(7) and F is the error function

E(z) == 2/02 e~ dt. (1.43)

Furthermore, defining

Im(z)
Im(7)

D(c) := {(Z,T) eC" xH: € R(c)} (1.44)

setting z := ar + b, for (z,7) € D(c) we can also define

O4er,e, (2 T) 1= Z p(n +a§7)32ﬂiB(n’z)qQ(n). (1.45)
nezr

Notice that the following relation to the one-variable indefinite theta (1.40) holds
O A .o (z;7) = 6727riB(a.,b)q*Q(a)@ab(q—)_ (1.46)

It has been shown [4] that, with the assumptions above, the series in (1.40) and
(1.45) converge absolutely. For convenience, we will sometimes omit to write the
matrix A and the vectors ¢y, co and write ©(z; 7). It has been shown in [4] that
the function ©(z; 1) satisfies the following transformation properties

- Forall \€ Z" and pu € A=17Z"
O(z + A7 + p; 7) = e 2mBEN =N Q(g; 1), (1.47)
- Writing A* = (Ay1,..., 4.)7,

1
O(z;7+1)=06 (z + §A*1A*; 7') . (1.48)

- For (z,7) € D(c1) N D(c2)

o <Z; _1> _i(zin)® S FREIQE 4 nrr)  (149)

T T \/—det(A) neAIZr 2"

The analogous properties for the one-variable indefinite theta defined in (1.40)
can be easily obtained using equation (1.46). Furthermore, it has been shown [38]
that for ¢1,c2 € Z" N Cg with relatively prime coordinates, a,b € R(c1) N R(cz)
the indefinite theta in (1.40) is the component of a vector valued mixed harmonic
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Maass form of weight 5 with holomorphic part given by

O/ p(r)= > I[sen(B(c1,n)) — sgn(B(cy,m))] 2B P2 g, (1.50)
nezZr+a

In particular, the action of the shadow operator (1.27) on the indefinite theta
function (1.40) is given by

§5(Oaberen(r) =V LY (1Y D7 goiepa o (-2Q(e)))
jeT toeh,; 29D
% Z e2miB(v,bh) gQ(v)
Vel +(c;)
(1.51)

where we have indicated with L the component orhogonal to c;, so that e.g. g :=
B ]‘l L ro. — . : .

lo— 551c;, (ej)y = {A € Z" : B(ej,\) = 0}, J = {j € {1,2} : ¢; € Cq},

Py ; is a finite set such that

-, Blej, ) _
{é ca+Z": 20(c)) € o, 1)} = UZOePM (Lo + (cj)7) (1.52)

and g, is the unary theta function

2
Gap(T) 1= Z ne?minbg T (1.53)
n€a+7Z

It is also shown [4], [42], [43], [38] that Ramanujan’s mock theta functions (and a
further number of mock theta functions discovered later) can be written in terms
of a linear combination of modular forms and indefinite theta functions (1.50) with
r = 2. This can be viewed as a generalization of the following relation between
the indefinite theta functions and the Appell-Lerch sum

n n(n+1)

1
yi (=1)"ybq™ =
, 295 T) 1= E , 1.54
lu’(zl V) 7—) 9(2277_) = 1 . qun ( )

where 21,20 € C/(Z + 7Z), y; = €*™% for j = 1,2, and 0(z;7) is the Jacobi theta
function
) . 1
O(zi7):= Y emnirremin(=ri), (1.55)

nEZ-{-%
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1.3. Background: modularity

Namely, it can be shown [38] that, for 0 < IITH((ZTI)), Im(zfrllzir;l(zl) + 1 <1, we have

the following relation

1
2 T+1
w(z1, 29;7) = %@Xclm (zl,ZQ — 21+ 5 ;T) (1.56)

for A=(1}),¢1=(0,1), co =(—1,1).
Notice that, writing z = a7 + b with a € R(c1) N R(cz), b € R", equation (1.56)
can be related to expression (1.50) through

O ¢,.c,(aT + b,7) = 2T B@D)CEQT, (7). (1.57)

The relation to Ramanujan’s mock theta functions follows via their expression in
terms of the universal mock theta functions go, g3 [42] which in turn can be related
to the Appell-Lerch sum (1.54) [44].
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Cone Vertex Algebras, Mock
Theta Functions, and
Umbral Moonshine Modules

In this chapter we will present the work of [2]. We will explore how the relation
between Ramanujan’s mock theta functions and indefinite theta functions can be
exploited to construct vertex operator algebra modules whose graded characters
reproduce some instances of the McKay—Thompson series predicted by Umbral
Moonshine. Since vertex operator algebras describe the chiral algebra of 2d Con-
formal Field Theories, we will catch a glimpse of some connections between Group
Theory, Physics and Number Theory. The explicit construction of modules for Um-
bral Moonshine is, in fact, interesting not only from the mathematical perspective
but also to gain better insight of the appearance of the Umbral Moonshine phe-
nomenon in the context of non-linear sigma models on K3 surfaces. Furthermore,
the construction of modules whose trace functions reproduce a certain family of
indefinite theta functions can be interesting to get more insights on the role of
mock modularity in Physics.

We will begin this chapter by giving some context and a brief introduction to
Umbral Moonshine and recalling some basics definitions of lattice Vertex Algebras
before delving into the construction of the vertex algebra modules.

Umbral Moonshine consists of a family of 23 moonshine instances associated to
appropriate quotients of the automorphism groups of Niemeier lattices, the 23
even unimodular positive-definite lattices of rank 24 with non-trivial root systems.
Given the root system X of a Niemeier lattice L~ , the umbral group G¥X associated
to it is given by the quotient of the automorphisms group of L~ by the Weyl group
WX associated to the root system

GX = Aut(L*)/ W™, (2.1)

Following [17, 18], we will often refer to twenty-three instances as the different
lambencies of umbral moonshine. To each conjugacy class [g] of G is associated a
vector-valued mock modular form, the umbral McKay—-Thompson series H, ;{ . The
umbral moonshine conjecture predicts, for each Niemeier lattice, the existence of
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

a naturally defined bi-graded G*-module

IV(X = @ @ f(i,(—D/47n (22)

relX DeZ,D<0
D=r? mod 4m

such that the corresponding McKay—Thompson series H ;( = (HX,

o) is related to

the graded trace of g over K by

o _ D
H (1) = =276+ D trgx - (g)g 7 (2:3)
DEZ,D<0
D=r? mod 4m

where m is the Coxeter number of any simple component of the Niemeier root
system X, and IX C Z/2mZ is specified by

{1,2,3,...,m —1} if X has an A-type component,

X . {1,3,5,...,% if X has a D-type and no A-type components,
{1,4,5} if X = B,
{1,7} if X = E3.
(2.4)

The existence of the modules (2.2) has been proven in [16] for the case of Mathieu
Moonshine, and then in [45] for the remaining cases. These proofs, however, do
not prescribe how such modules can be built nor offer much insight on possible
further algebraic structure.

Since Monstrous Moonshine [7], the very first example of a moonshine phenomenon,
vertex operator algebras have proven to be an invaluable tool to understand the
underlying structure behind the moonshine properties [10], [11], [46], [12]. It is
thus natural to ask if a similar approach could provide interesting insights in the
case of umbral moonshine. For some instances of umbral moonshine, it has already
been shown that suitable (super) vertex operator algebras can be used to explic-
itly construct the modules K [47], [48] or to solve the so called “meromorphic
module problem”; i.e. building modules such that specific trace functions give the
meromorphic Jacobi forms associated to the H, of Umbral Moonshine [49], [50],
[51]. In particular, in [47] the authors built the module K= through the means of
particular vertex operator algebras obtained from lattice cones. Their construc-
tion makes use of the relations between the umbral McKay-Thompson series for
E3, the fifth order Ramanujan’s mock theta functions ¢g, ¢1 and their expressions
in terms of indefinite theta functions. It is natural to ask if the techniques of [47]
can be extended to build modules for other instances of umbral moonshine. In this
work we employ a particular class of cone vertex algebras and construct modules
for instances of umbral moonshine corresponding to root systems A2D2, A1 D7 Eg,
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A15Dg. In order to achieve this, we will establish intermediate results relating cone
vertex algebras to indefinite theta functions that are mock theta functions. In par-
ticular, we first describe a specific family of indefinite theta functions which can
be expressed in terms of trace functions of cone vertex algebras. Then, expressing
the umbral McKay—Thompson series H ;]X in terms of indefinite theta functions,
we relate H gX to suitable linear combinations of the traces of cone vertex algebra
and other known (super) vertex operator algebras. In the cases considered, we
find that the respective umbral groups act trivially on the underlying cone vertex
algebra modules. Thus the modules realizing the McKay—Thompson series ap-
pearing in these examples have the structure of a tensor product R ® M of a finite
group representation R and a (super) vertex algebra module M. In particular, the
umbral finite group G acts on R ® M as G ® 1y, while the vertex algebra V acts
as 1¢ ® V. This makes the analysis particularly simple as the representation of
the umbral group can be determined independently from the relevant cone vertex
algebra structure.

As an intermediate result, we also show that the following Appell-Lerch sums

ui (1) ypg™ 5
21,%22;T) 1= , 2.5
w21, 225 7) 0(20;7) % 1— y1q" (2.5)
m,m wq +1
fimalzy) = 3 g VL, 26)
keZ

admit an expression in terms of indefinite theta functions and cone vertex algebra
characters. These are distinguished examples connecting cone vertex algebras
to mock theta functions and umbral moonshine. In fact, all Ramanujan mock
thetas can be expressed in terms of (2.5) [4], [42], [43], [38], while (2.6) appears
in the construction of the optimal meromorphic Jacobi forms associated to the
umbral McKay—Thompson series [18], [45]. The latter fact allows us to draw a
connection between the construction of modules for the McKay—Thompson series
(as considered in this chapter) and the meromorphic module problem considered in
[49], [51]. Furthermore, the specialized Appell-Lerch sum (2.6) is also interesting
because it captures the non-modular part of the elliptic genus of non-compact
supersymmetric coset models, as featured in [52], [53], [19]. The techniques used
in this chapter can be easily used to build an alternative module for the elliptic
genus of such theories in terms of cone vertex algebras trace functions.

This chapter is organized as follows: in subsection 2.1 we recall basic notions and
notations of cone vertex algebras that will be used in the rest of the chapter; in
section 2.2 we present a core result (Theorem 2.2.1) relating trace functions of
cone vertex algebras to indefinite theta functions; in section 2.3 we give expression
specifying the umbral McKay-Thompson series for lambencies { = 8,12,16 in
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

terms of indefinite theta functions and modular forms; finally, in section 2.4 we
specify the umbral McKay—Thompson series considered in section 2.3 in terms of
trace functions of vertex algebra modules (Theorems 2.4.2, 2.4.3, 2.4.4).

2.1 Background: Lattice Vertex Algebras

In this subsection we will briefly summarize the construction of vertex algebras
associated to lattices, closely following the exposition in [47]. The main goal is to
introduce the notation and conventions that will be used in the rest of the chapter.
A full introduction to Vertex Operator Algebras is out of the scope of this thesis,
we refer the interested reader to, e.g, [46], [54], and [55] for an overview.
Consider a lattice L. Let’s define h := L ®z C with the symmetric C-bilinear form
(-,+) naturally inherited from the bilinear form on L. Given a formal variable ¢,
define f := h[t,t!] ® Cc with the Lie algebra structure given by [u ® t™,v ®
t"] = m (4, V) Sminoc With ¢ a central element. The algebra h has a natural
decomposition as h = h~ @ 50 @ bt with h* := p[t=!]¢t* and §° := h @ Ce. Given
an ordered integral basis {e;} for the lattice L, define

0 ifi<j

extended linearly over L, and set B(\,u) := (—=1)’**). We then consider the
ring Cg[L] generated by v, A € L, satisfying vav, = B(X, p)vaypu. Give CglL]
a b9 @ hT-module structure by setting, for h € h and A € L, cvy = vy and
u(m)vx = dm,0 (u, A) vy, where we have used the standard notation u(m) = u®@t™.
Finally, we consider the module

Vi = U(G) ®U(?}0®6+) Cﬁ[L] (28)

We can equip this module with a (unique) vertex algebra structure with vacuum
vector 1 ® vy, vertex operator map Y : Vi, — (EndVp)[[z, 271]] given by, for u € b
and A € L,

Y(u(_l) X vo, Z) = Z u(n)z—n—l

nez

(2.9)
Y(1®vy, z) =exp ( Z AEZL)Zn) exp < Z )\(nn)zn) vy 2 (0

n<0 n>0

where v in the right hand side denotes the operator p ® v, = B(\, 1)p ® Vayp,
and 220 (pav,,) := (p@v,)zM* . Furthermore, given the basis {¢;} for L and the
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dual basis {€}, € € L ®z Q satisfying (e}, €;) = d;j, we can define the conformal
element
wi= 35 €(—=1)e(—1) @ v. (2.10)

Writing Y (w, 2) = 3_ L(n)z~""2, we have [L(0),v(n)] = —nv(n) and L(0)1®v, =
nez

O‘#’\)l ® v. In particular, when the bilinear form on L is positive definite, this

give Vi, the structure of a vertex operator algebra. In the more general case,

vector of zero length give infinite dimensional eigenspaces for L(0). We can define

a finite order automorphism of Vi, by choosing h € L ®y Q acting as h(0)pQ vy =

(h, \)p® vy with p € S(h~) and defining
g = >0, (2.11)

In order to build twisted modules for the lattice vertex algebra , let’s consider
Cg[L+h] generated by v, 1, with u € L and h € L®7zQ, equipped with the Cg[L]-
module structure given by vav,in = S\, 1)V urn and the U(h° @ hT)-module
structure cv, 4 = Vi, U(Mm)Vurn = Omo (U, 0+ h) vuqn for w € h, A € L.
We can then define gp-twisted modules for the lattice vertex algebra Vi, by setting
Vien == U(b) Oy (pogh+) CslL + h] and defining Yy, := Vi — (EndVi44)|[2, 271
similarly as before but with vy acting as va(p ® vu4n) = B\ )P @ Vayuth-
When & belongs to the dual lattice L* = {A € L ®z Q| (A, L) € Z}, the modules
are untwisted. Furthermore, all the gj-twisted modules of Vi, are given by Vi
for some h' € L ®7 Q congruent to h modulo L*. The action of L ®7 Q on V},
specified by g5 extends to g, -twisted modules through

_ 627Ti<h,/\>

(P @ Vi) POV (2.12)

In order to include vertex algebras associated to cones, as opposed to the full
lattice, we will describe a family of sub-vertex algebras of V;. For a K C L
that is closed under addition that contains 0, the submodule Vi of V}, generated
by vy for A € K has the structure of a sub-vertex algebra of V}, with the same
conformal element. Furthermore, given v € L ®7 Q, for any K’ C L + v such that
K + K' C K', the corresponding V- with the restriction of the vertex operators
a®b— Y(a,z)bto Vi ® Vi has the structure of a twisted module over V.
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2.2 Indefinite Theta Functions and Cone Vertex
Algebras

In this section we will describe a family of trace functions of vertex algebras mod-
ules that can be expressed in terms of indefinite theta functions.
Consider a symmetric 2 X 2 matrix A with integer coefficients, the associated bilin-
ear and quadratic forms B and @ as in section 1.3.2, and the vectors ¢, co € C’Q
satisfying

ciA=k(1,0), cTA=FK(0,-1), (2.13)

with k, k' € R* and sgn(k) = sgn(k’). With the above constraints, we will consider
the family of rank 2 indefinite theta functions !

Oun(VT) = 3 [sgn(Bler,n)) — sgn(Blcz, n))] 2 EBINA  (214)
neZ2+a

with N a positive integer, b € R? and a = (a1,a2) € Q* N R(cy) N R(cz). As
we will show in later sections, in the cases considered the components of umbral
McKay—Thompson series can be rewritten in terms of indefinite theta functions
with such quadratic form A and vectors ¢y, cs.

Let’s now define the relevant cone vertex algebras. Following the construction in
section 2.1, we start by defining the underlying lattice. We consider the rank 2
lattice L) generated by €, €5 with the bilinear form (-, -) specified by the matrix
A and a positive integer N as

(€i,€5) = NA;;. (2.15)

Consider the cone inside of L(Y)

2
pW) — {ZaieiGL(N)®Q:ai>07Vi:172} (2.16)
i=1

and its shifted version PUY) 4+~ := {u+ v|u € PN}, As described in section 2.1,
Vpvy, generated by vy for A € PW) g a sub-vertex operator algebra of V; (v). For
a:= (ai,az) € Q% let’s define p} := aje; +azez and p; := (1 —ay)e; + (1 — az)es.
To any lattice L) we thus associate a module VaN) given by the following direct
sum

VN = P4t © Vv 4 p- (2.17)

where Vpv) - and VP<N>+p; are the modules of the vertex algebra Vpv) built
from PUY) + pt and POY) + po respectively. Notice that, when pf € LM as s

1From now on we will omit the + apex from the symbol @:b
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12 N-1 :
the case when aq,as € {0, NN T}’ the modules VP(N>+p§ are untwisted.

For A = nie; + noeg + pf € PV + pF b = (by,by) € Q2 and write n = (ng,ny),
let’s define the operator gy, : Va(N — V;N) acting as

eQ”iB(“’b)p ® Vi if vy €V, +
vy =4 _ P+ pa (2.18)
—_e—2mt (n+1, )p@V)\ if V) € VP(N)+p;
The main object we will be interested in is the trace function
N —c
T (7)== Try, v (gqu(O) /24) : (2.19)

To ensure that Ta(f;i) converges in the upper-half plane, we restrict to the case
where vT Av > 0 Vo € P(N) + pE, namely that the quadratic form associated to A
is positive definite in the two shifted cones. Under such assumptions, we have the
following relation between the trace functions Téf\g) (1) and O b(NT).

Lemma 2.2.0.1. Let A and Q be as above, and consider c1,cs € Cq satisfying
TA — TA_ /(0 _
ci A=k(1,0), c3A=K(0,-1), (2.20)

for some k, k' € R* with kk' > 0. Given a = (a1,a2) € Q> N R(cy) N R(cz) with
0 <ai,as <1, we have
6727riB(a,b)

TV (r) = son(h) =5

Oab(NT). (2.21)
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Proof. Explicitly, (2.19) equals

(N) o 1 27iB(n,b [T —27iB(n+1,b (usp)
R D P
nEPMN) +pf nePMN) 4o

1 2miB(n,b) Q(n+a) —2miB(n+1,b) Q(n+1—a)
:77(7')2 Z € q - Z € q
nez? nez?
n1,n2>0 n1,n2>0
1 27iB(n,b) Q(n+a) 2miB(n—1,b) Q(n—1+a)
T ()2 Z € q o Z € S
nez? nez?
ni,m2>0 n1,m2<0
1 27iB(n,b) Q(n+a)
:77(7')2 Z - Z ¢ q
nez? nez?

ni,n2>0  ni,n2<0

(2.22)

where we have written p = (n1 + a1)e1 + (n2 + az)e2 and n = (nq, na).
On the other hand, since 0 < a1, as < 1, the factor pc’cl (n) in (2.14) equals, using
(2.13),
sgn(B(c,n)) —sgn(B(c’,n)) = sgn(k)sgn(ny + a1) + sgn(k’)sgn(na + az)
2sgn(k)  ifny,me >0 (2.23)
=4 —2sgn(k) ifni,ne <0
0 otherwise

where we have also used sgn(k) = sgn(k’). By comparison it is immediate to
see that the difference between the two sums in (2.22) equals the indefinite theta
function defined in (2.14) up to the overall ‘%ﬂsgn(lﬂ) factor. O
The result can be easily generalized to the cases where a; or as is equal to 0. In
that case we will have an extra one-dimensional theta series appearing in the right
hand side of (2.21). In fact, let’s consider for example the case a; = 0,a2 # 0. We
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have

sgn(B(c,n)) —sgn(B(c’,n)) = sgn(k)sgn(ny) + sgn(k’)sgn(ng + az)
2sgn(k) ifng >0,n2 >0
—2sgn(k) ifny,ne <0

= { sgn(k) ifny >0,np=0
—sgn(k) ifn <0,ny=0

(2.24)

0 otherwise

so we have to add some series to account the case no = 0 correctly. An easy
calculation for the general case shows that we have the following

Theorem 2.2.1. Let A, Q, ¢1, ca, be as in Lemma 2.2.0.1 and a = (a1,a2) €
Q2 N R(c1) N R(cz) with 0 < aj,as < 1. We have

(N) e~ 2miB(a.b) 2miB(n+a,b) NQ(n+a)
7iB(n+a, n+a
Ty (7) :Sgn(k)w Oa,b(NT) + da, Zoe q
ny=
nact (2.25)
+ 5(12 Z e?wiB(n+a,b)qNQ(n+a) o 6a15a2627ri3(a,b)q62(a) ’
ni1€Z
n2:0

where 0; is the Kronecker delta 6; 0.

We will now show that the Appell-Lerch sums (2.5) and (2.6) can be written in
terms of the trace functions (2.19). These functions will also be important for later
sections. Let’s first consider the Appell-Lerch sum (2.5). We have the following

n(n+1)

1
N YE (=D ydq =
M(zl,zz,f)_a(zgﬂz e (2.26)
! nez

We have the following

Corollary 2.2.1.1. Leta = (a1,a2) € Q? such that0 < a; <1,0< 62—611—&—% <
1,b=(b,by) e R2, N e N* . Let T;]? be the trace function (2.19) associated to
the lattice with quadratic form N (1{). We have

Naq
2q7= (1)
9((&2 +ay — 1/2)7’+b2 +b1 — 1/27NT)

p(ANT +b; N7) = ¢ NO@TN (7).

(2.27)
where a := (a1, a2) = (dl,dg — a1 + %) and b := (by,bs) = (51,62 — b+ %)
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Proof. The result follows by the rewriting of y in terms of indefinite theta func-
tions. In fact, using equations (1.56) and (1.57), we have

q% eﬂ'ibl

9((&2 + a1 — 1/2)T+b2 + b1 — 1/2,7’)

pwar +b;7) = e_QWiB(a’b)q_Q(a)@a,b(r).

(2.28)

The choice A = (}}), 1 = (0,1), co = (—1,1) satisfies (2.13). Furthermore, while
PW) has infinitely many vectors of the form nges Vno € Z, that have null norm,
the scalar product (A, A\) = N(ny +a1)?+2N(ny + a1)(ng + az) is strictly positive
YA e PV) 4 p;t with for 0 < as < 1,0 < a; < 1. Thus, using Theorem 2.2.1, the
conclusion follows. O

As already mentioned, all Ramanujan’s mock theta functions can be written in
terms of the Appell-Lerch sum (1.54) (up to modular functions) with the choice
of z = a7 + b discussed above [38], [4], [42], [43], thus they can be expressed in
terms of cone vertex algebras trace functions using the previous Corollary.

Let’s now consider the specialized Appell-Lerch sum (2.6). This function ap-
pears in the definition of the meromorphic Jacobi forms associated to the umbral
McKay—-Thompson series [18], [45], [56]. We will see that it also admits an expres-
sion in terms of the trace function (2.19). Specifically, we have the following

Corollary 2.2.1.2. Let a € Q*, |a] < 1, b € R, N € N*. Consider the lattice
with quadratic form A = N (27 §) with m € N, and the trace function (2.19) Téf\g)
associated to it. We have

pmo(aNT +b,N7) = =2f(0)q~ "N n(r) 2T (1) — Y e2rinbg2mie® (2.29)
neZ+a

where b = (b,0) and a = (a,0), f(b) = 1 when a > 0 while a = (1 + a,0),
f(b) = e 4™ when a < 0.
Proof. Let’s show first that, for ﬁ;lgig

terms of indefinite theta functions satisfying the conditions of Theorem 2.2.1. We
write pm.o0(2,7) = fi(z,7) + fo(z,7), with

< 1, Im(z) # 0, we can write i, o(2,7) in

2km _mk?2 2km+1, mk2+k
filz, 1) 2:*k62%7 fa(z,7) I:*kez% (2.30)

A= (2;” (1)> . o= (?) o (2_771@) . (2.31)
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Im(z)
Im(7)

expansion for the denominator in the range 0 <

Let us first focus on the domain 0 < < 1. Using the geometric series

Im(z)
Im(T)

< 1, we can rewrite f; as

Az == = > |y R

k,l>0 k<0

1 I |
- . [Sgn (k N m(z)> ©san (1)} 2B, (-0, QD) (2.32)

(k,1)ez? Im(r)

- % Z y2mkqu2

keZ

where the second sum has to be introduced to fix the contributions for [ = 0. It is
then immediate to see that we can write

filz,T) = ®A c1,e0(2,0;7) Zmek mk? (2.33)
keZ

Analogously

_ 2km+1+1, mk?+k(1+1
fa(z,7) = — — y q (+1)
k,1<0

_ 2km+1, mk+kl
= - - E Y q

£>0,0>1

1 [ Im(z)> 2miBl(k,0),(2,0)] Q1)) (2-34)

=—c sgn ( k+ + sgn (1) | e P BRI R,
2 (k%e:ZQ Tm(7)

2
@Am [} Z 0 T E y2mk mk
kGZ

where in the second line we have sent [ + 1 — [ and the second sum is again due
to the [ = 0 terms. Interestingly, when summing f; and fs, only the contribution
of the indefinite theta survives, and we have

Hm.0(2,T) = =04 ¢y e (2,0; 7). (2.35)

In particular, notice that ¢; and co satisfy (2.13). When 2z = ar + b with a € Q,
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0<a<l1,beR,forany N € N, using Theorem 2.2.1 we have

Hmo(aNT +b,NT) = —9e—4mimaby—2mNa® g b(NT)
,QmNa’"n( Té}\g Z 627””1, 2mNn? (236)

n€Z+a

with a = (a,0) and b = (b,0).
The same result still holds in the domain 0 < ,ﬂjg < 1. In this case we have

lyg®| < 1 for k > 0 and |yg¥| > 1 for k < 0. Thus we get

Z Z 2km+l mk? +kl (237)

k>0 k<0
>0 I<0

On the other side, in this domain

2 it k>0,1>0,

1 ifk>0,1=0,

) +sign(l) = ¢ -1 if k<0,l=0, (2.38)
2 ifk<0,<0,

0 otherwise.

So we have again

1 I A
fen=-L % {Sgn (k N m(Z)> +sen (l)] £27iBI(k.1).(2.0)] (Q((k.D)
2 Doz Im(7)
& (2.39)
2
_ 5 § y2mkqu )

kEZ

Proceeding in the same way for fo(z,7), it is possible to show that equation (2.35)

still holds in the domain 0 < —ﬁéjg < 1. In particular, we have

pmo(aT +b,7) = 2~ tmimaby=2matg \ (7) (2.40)

where a = (1+a,0) and b = (b,0) and we have used the property ©a b = Oats b
for all s € Z2. Notice that 1 +a > 0 and thus we can use Theorem 2.2.1. We then
get

Mm,O(aNT + b, NT) _ _26—47rimbq—2mNa2n(T)QT;]z)(T) _ Z eQ-rm’anQman.

n€l+ta
(2.41)
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O

2.3 Umbral McKay—Thompson Series, Mock Theta
Functions and Indefinite Thetas

In this section we will write the umbral McKay-Thompson series appearing for
lambency ¢ = 8,12,16 in terms of mock theta functions, eta quotients and Jacobi
theta functions. In particular, all the mock theta functions encountered in these
cases can be rewritten in terms of the indefinite theta functions [4], [38], [42],
[43], with data satisfying the properties of Theorem 2.2.1. All the indefinite theta
function have bilinear form A = (1 {) and vectors ¢; = (0,1), ¢ = (—1,1). The
relations between mock theta functions and indefinite theta functions relevant for
the cases considered are collected in appendix A.

In some cases it is not possible to directly specify the individual Umbral McKay—
Thompson series in terms of mock theta functions. When this happens, we will
specify suitable linear combinations of the umbral McKay—Thompson series with
disjoint sets of g-powers. In this way, the individual series can be retrieved by
projecting onto the desired set of g-powers. In fact, given an instance of umbral
moonshine with Coxeter number m, the r-th component of the corresponding mock
modular form will have a series expansion in which the appearing g-powers will
have the general form q*%“v with N € N. Thus, the g¢-series of components
with different values of 2 mod 4m will have no common g-powers and therefore
a linear combination of such components contains the same information as the set
of the individual components.

The expressions provided are obtained by making use of the explicit specification of
some umbral McKay—Thompson series in terms of mock theta functions combined
with the multiplicative relations among different lambencies, as provided in [18].

2.3.1 Lambency Eight

Lambency ¢ = 8 corresponds to the Niemeier root system A2 D2 with umbral group
Dihy. The McKay—Thompson series appearing for £ = 8 can be expressed in terms
of mock theta functions and eta quotients by making use of the multiplicative
relations with £ = 4 and the explicit specifications in [18]. In particular, we
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encounter the order 2 mock theta functions

— "= ¢*)n

A(q) :: ,;0 (Q§ q2)n+1 (2'42)
q"
nzo P (2.43)

and the order 8 mock theta functions

Z 7 , (2.44)
n=0

X nn+2)(_,. .2
q ( 9% )n
Si(q) = S (2.45)
—= (%)
© (n+1)(n+2)(_ 2. 2
q (=4°%;q%)n
To(q) = ; (2.46)
’ ,;) (—Q;q2)n+1
n(n-i—l) )
E q 2.47
—¢;q )n+1 (2.47)

The expressions specifying all the components for all conjugacy classes of Dihy in
terms of the previous functions are

(HE — B )(@27) = Hyg (1) = ¢7 15 (~280(q) + 4T0(a)),

HE, ,(r) = HE (1) = 4477 A(g),
Hl(il)zl( ) = 4¢% B(q),

T

(Hf,zg—HlAa( 27) = Higy(7) = 45 (281(9) — 4Ti(q)), (2.48)
(H 21301 H§8307)(27') 401(7):_2‘17%'90((1)

(H 2BC3 H§205)(2) Hziélc)3(7')*2q1%51(‘ﬁ

(H

(8) (8) (8) _ @ (4)
4A 1 — Hyg 7 —Hyy4 3T H4A 5)(27) = H4B,1(T) - H4B,3(T)a
together with the identities Hngc,r = HfA’T = 0 for r even, and the pairing

relation

H2(8A),r + (71)TH£?4),T =0. (249)
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We can furthermore express the difference between components » = 1 and r = 3
for £ = 4 appearing in the relation for class 4A in terms of an eta quotient 2 [18]

(% n(27)*
77(7)277(47)2

We can further simplify the previous expressions by making use of the following
lemma

HY (1) — H 4(7) = (2.50)

Lemma 2.3.0.1. The order 8 mock theta functions Sg, S1, Ty, T1 satisfy
& n(Z 3 )8
o)+ 200(0) = 47 (4 D),

% z)3 .
S1(q) +2T1(q) = (_n(n§2> + né

(2.51)

Proof. Using the expression in appendix A of [38]

(—iq%: — @)% (~ — @)oo (0% ¢%) oo (%5 ¢*) oo
(=45 0*) 00 (=% %) 0o (4% ¢*) o
(—iq?; =) % (~ ¢ — @)oo (— 4 1) oo (—0"; ¢¥) oo
(=43 0%) oo (=% 4%) o0 (0% 4*) o

1 .14 —7,%’—2 ;— 7800_5;800
To(q) =iq2 g2(iq?;q") — (ig Q(q_)q’i] )qOO(Q) (43100((14) qi)j z)
1 (g%:q2)% 1 (4:9)%,
4 0)oe(@%0%) o0 4(q%:02)3% (% ?)L
340 - (—ig% ;1 —0)% (0 — Qoo (— 4 6*) o (—0": %)
2(—4;¢%) oo (=% 4*) 0o (0% ¢*) o

L1 L1
So(q) = —2iq? g2(iq?; q*) +

b

L1 . 3
Si(q) = —2iq? ga(—iq?; q") +

Ti(q) =ig* go(—iq

n+1 C Q)n+1

CgF (g%q%)% N gt (¢ 9%
4 (60)(@%d%) 0 4 (g7;97)3 (g% ¢4
(2.52)
where g5 is the universal mock theta function
00 n(n+1)
92(C;q) = Z (2.53)

we can express Sy (S respectively) in terms of Ty (71) and eta quotients. In fact,

2This formula has a typo in the original paper.

33



2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

we can express the linear combinations Sy + 27y, S; + 277 as

1

1 (g%;4%)3 (4:9)°
So(q) +2To(g) = 5 Nty > )
2(6:0)0 (0% 0% 2(q2:97)3, (g% ¢%)4% (2.54)
g (¢3;q2)3 ¢ (4:9)3 |
S1(0) +2Ta(q) = — 5 S TR
(@ @ 2 (¢0)(0%d%) 2 (q2:q%)3,(¢% )4
from which the conclusion since 7(7) = ¢23 (¢; ) oo- O

Using the previous relations we can rewrite the expressions for the components
specifying the Umbral McKay—Thompson series for all conjugacy class of the Um-
bral group Dihy as

8 8 8 8 -1 Z 77(7')8
(H1(A),1 - H1(A),7 - H1(A),3 + HI(A),S)(2T> =q 198Ty(q) + q8T1(q) — 217(1)377(27,)4*’
2
8 8 8 8 _ L1 z 77(7)8
(R = H33r = HELa o Hills) (2r) = a7 58To() + q758T1(0) = 255 5
2

8 8 8 8 L :
(H2(B)C,1 - HéB)C'J - H2(B)C',3 + HQ(B)C;))(QT) = 4q 15 Ty(q) + 4975 T1(q)

8 8 8 8
(H3 — B3 = g+ B ) (2r) = —2 730y

(2.55)

We can finally use the relations collected in appendix A to write all the appearing
mock theta functions in terms of indefinite theta functions.

Proposition 2.3.0.1. The expression specifying all the Mc-Kay Thompson series
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for £ =8 at all conjugacy classes of the umbral group Dihy are

(Hl(il)l_Hl(A)7_HS4)3+H§i)5)( ):
_8mi n(4t) . n

4 —— 5 1 1 - 7 3 1 _27

S ) L2310~ 10(1.,(3.0) 7)) (2Pt

(Héil),l - H2(?4),7 - Hz(i),g + Hz(i),s)(QT) =
_ 3w 17(47') . n

4 —— 5 1 1 - 7 3 1 _27

S ) L2(80.(10)5) ~10(1..(3.0) 7] (2Pt

(Hégcg - H2(83)C,7 - Hé?c& + Hz(gc,5)(27) =
_am n(47) n

4 4 —— 5 1 1 - 7 3 1 _27

T () 19140087 ~10(3.),(3.0)57) (2Pt

)

8 8 8 8
(Hng),l - HAEA)J - HziA),:s + HiA),s)(QT) =-2

n(T)2n(47)?’
H{o(r) = H{o(7) = 207F ;7((2432 O (3.4, (0.4) (47):
_ami n(27)
Hl(i),zl(T) =2 4 77(7_)7’(47_)6(%,%) (O,%)(4T)

(2.56)

Note that for the same components H§8)7r with different conjugacy class g, the
same indefinite theta function appears multiplied by a (possibly vanishing) prefac-
tor. Thus the vertex algebra structure is invariant under the action of the umbral

group.

2.3.2 Lambency Twelve

At lambency ¢ = 12, we have Niemeier root system A;1D7Fg and umbral group
Zo. The mock theta functions relevant in this case are the order 3

oo

=27

2 )
n:O - q
s 2n(n+1

Z (2.58)

n=0 q; 9 n+1

(2.57)
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and the order 6

(n41)(n+2)

R 2 (= @)n

B Z% (q;q2>n+1 ' (2:59)
3 ”+1>2<q-q2>n
z:: —¢;Q)2n+1 ' (2.60)

All the McKay—-Thompson series for conjugacy class 24 are specified in terms of
the ones for conjugacy class 1A by the pairing relation HQ(ZQ) + (-1 )’"Hffzﬂ = 0.
In [18] we find the following identities in terms of mock theta functions

12 12 _ 4
HD(r) = B, (1) = 24" %o (q),

(2.61)
12 12 2
Yy (r) = Hyyy(r) = 20%w(q).
The multiplicative relations between { = 12 and ¢ = 6
12) _ p(12 6
(Hywy = Hygh)(2r) = Hyg (7).
12 (6
(Hyxy = Hiy)(2r) = Hip 5(7), (2.62)
12
(Hywy = Higp) (2r) = Hip (7).
together with the multiplicative relations for £ = 6
6 6 6 2
Hyp 1 (37) — Hyp 4(37) + Hyyl 5(37) = HZ 1 (7). 263

6 6 3
Hyp, (27) — Hyl5(27) = Higl(7),
and the following further explicit expressions in terms of mock theta functions
3 _1
Hi&l(r) = —2¢7 12 f(¢%), .60
6 _3 :
HY) 5(r) = —2¢736(q),

allow to specify all the components with r odd in terms of mock theta functions
; 2
and the function H A as

1 T _3 _1
(B0 - HD) @n = 5HR, (5) - @) - F £(@),
1 T _3 _L
(Hl(,lf)s - Hl(,»142)7) (27) = S Hgd (g) —q 56(a) + a7 f(a), (2.65)

2 12 6 _3
(B2 = HD) 2r) = H (1) = 20~ o(a).
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Finally, the multiplicative relations with ¢ = 4 give the component r = 6
12 12 12 4 1 4
HY3(37) = Hyyy (37) + Hy o (37) = Hyl o (1) = —dat (%) — Hyl (7). (2:66)

For H. éi) 5 and Héi) 1 & simple expression in terms of mock theta functions and/or
eta quotients is not known, so we need to deal with them separately. It is conve-
nient to write everything in terms of £ = 4 functions by using the multiplicative
relation

4 4 2
(H{2, — HS, ) 2r) = HE, (7). (2.67)
Components of the McKay—Thompson series at £ = 4 for conjugacy class 3A are
specified by different powers of y = €2™%* in [45]
2i01(37,62)01 (2, 7) 101 (37,32) " 'n(7)? = — 2ul o (2, 7) — 2u4 o (2, 7)
+ S HY 04,z (268

r  mod 8

Where we have made use of the following functions

01(2,7) = —igry® [J(1 -y '¢" " H(1 —yg") (1 —q"),
n>0
Oa(z7) =g y? [J(L+y " A +yg) (1 —g"),
n>0 (2 69)
Hm,r(za 7_) — Z y2mk+rq(2m4k71—r)2 ’ .

keZ

1 1
IJ/::%O(Z’T) = 5 (:U/m,O(z7T) + <_1)k/~’/m70 (Z;T + 2)) .

We recall that the function p,, o(2, 7), defined in (2.6), has an expression in terms

| < 1 Im(z) # 0, setting = = a7 +b

with a € Q*, |a| < 1, b € R we can use the result in equation (2.35) to write

of indefinite theta functions. In fact, for

Z Héi)’r(T)G;m(aT +b,7)= —2@;4) L @ (a4 b,0;7)
r mod 8 DA (270)
+ 2i60y (6at + 6b,37)01 (a7 + b, 7) " 01 (3aT + 3b, 37) " 1n(7)3.

with Am) = (2m 1) ™ = (0,1), e{™ = (~1,2m). Notice also that equation
(2.68) implies that Héi),r have even coefficients. We can thus rewrite the umbral
McKay Thompson series in terms of indefinite theta functions using the relations
in appendix A as follows.

Proposition 2.3.0.2. The expression specifying all the McKay—Thompson series
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

for £ =12 at all conjugacy classes of the umbral group Zo are given by

(12 (12) _ Iz n(7)n(67)
(H{W) — i) (27) = —e WG(%,%),(%,%)(%)
2e %"
e ©(2.).(3:0)67)
B n(37)% (Higil)l _H?()ix),?)) (2 )
n(r)n(67)? 2 3"
(Hff?a - H1(}42,)7)(27) == ewm@(é,;),(;;)(?ﬁ)
2e~ %"
B RCO OISR -
N n(37)* N (H?(j),l H:)(,il),:s) (27)
n(T)n(67)? 2 3 )
(2, - ) en) = % IO 0, 1) (1) 3).
HUZ) = HDo(r) = 275 I 6 ) (04 (60)
1 1 2~ % n(67)*
H1(A2,Z;(T) = Hl(Az,)S(T) =0 O(1.1),(0,2)(67) + 277(27)77(37)27
A6 = —2F I 00, 1) (04) (187) ~ ()

together with the pairing relation H2(1142)T + (—l)rHl(fzn =0.

Again, we observe that the vertex algebra structure is invariant under the action
of the umbral group in this case. The only difference between conjugacy class 14
and conjugacy class 2A is an overall minus sign thanks to the pairing relation.

2.3.3 Lambency Sixteen

At ¢ = 16 we have Niemeier root system Aj5D9 and umbral group Zs. Again,
all the McKay—Thompson series for conjugacy class 2A are related to the one for
class 1A by the pairing relation HQ(ZG)T + (—1)TH£1467)T = 0. As a result, we only
need to specify H {11461 explicitly. Using the expressions in [18] we can specify all
the components of the Umbral McKay—Thompson series for class 14 in terms of

38
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Thetas

order 8 mock thetas: Ty(¢q) and T} (q) already defined in the previous section and

Uolg) ==Y qz(qzqzzf)i"7 (2.72)
n=0
. ¢ (—;6%)n
Volq) = —1 + 2n§:0 TN (2.73)

©  (n+1)2/_,. 2
q (—¢:q°)n
Vi(q ;:E M S L L 2.74
1@ = () (2.74)

as

(7)
(7)

H{yy(r) = H{3yo(T) = 247 T1 (—q), (2.75)
(7)

n 16 2 _1
ST () HY), L (87) = HE (1) = ~2q7 5 Us(q).
n=0,7

Using the relations in appendix A we easily obtain

Proposition 2.3.0.3. The expression specifying all the Mc-Kay Thompson series
for £ =16 at all conjugacy classes of the umbral group Zo are

ae) ([ L\ _ e 1N sm n(47)
Hiaz (T 2>_H1A714 (T 2)_26 o 2(3:4).(3.0)87)

3ni Q16

16 16 -
HfA,zl(T) = H1(A,)12(T) = 2ie”®

a) (1Y _ a6 1N o sm n(47)
Mias (T 2>_H1A71° (T 2)_26 " anlaryn(En) O3 (ho) B7)

mi _117 2r 3 (47_)
H(16) = —je s q 11 1 77( n
1A,8(T) ie N 87-)6(5’5)’(0 )(87) (e
n py(16) ) _ n(4r)
n;:?(_l) Hiaonn (87 = Hsp o (1) = =25, g 2901 1) 00 (47)

(2.76)
together with the pairing relation H2(1146)T + (_1)TH1(,146,3~ =0.

We observe that also in this case the indefinite thetas appearing in all components
are invariant under the action of the umbral group.
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Remark 2.3.1. The quantity q% 01(—7,87) is modular under the congruence sub-
group
I'1(8):={(2Y) €SL(2,Z) : a,d = 1 mod 8,c = 0 mod 8} (2.77)

generated by the transformations T: 7 —-74+1, S : 7 — as is easy to see

Cant
that from the transformation properties

O1(2,7 +1) = eT01(2,7), 61 (2,-1)= i/ TiTe 01 (2, 7). (2.78)

T T

2.4 Moonshine Modules

In this section we will build modules whose trace functions reproduce the specifying
expressions for the McKay—Thompson series provided in the previous section for
lambency ¢ = 8,12,16. As mentioned in the previous section, in these cases we
found that the the umbral groups act trivially on all the indefinite theta functions
appearing in the McKay—Thompson series. Thus, we can construct modules that
have the structure of a tensor product between an appropriate linear representation
of the umbral group and a direct sum of vertex algebras modules on which the
umbral group acts trivially. In the following, all the trace functions defined as in
(2.19) are trace functions of modules of subalgebras of the vertex algebra associated
to the two-dimensional lattice with the indefinite quadratic form A = (1}).

We first start by introducing some vertex algebra modules that will appear in
our construction, and then provide explicit expressions for the relevant umbral
moonshine modules.

2.4.1 Heisenberg, Clifford and Weyl Characters

In this section we collect formulas for characters of (super) vertex algebras that will
recover some of the functions appearing in the McKay—Thompson series specified
in the previous section. Here we will follow the notation and definitions in [47],
[49], [50] for the super vertex operator algebras and their modules.
The simplest character we will need is the character of the Heisenberg vertex
operator algebra H

1 1

H 7) = tr LO)—57 ) — = . .
() it (H07F) = AT (2.79)
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2.4. Moonshine Modules

Next, we will consider the graded characters of the irreducible canonically-twisted
modules of the Clifford vertex operator algebra AL, [47]

W)=t (p(0)HO ) =g [[(1 - ") =#n(r)  (280)
n>0

as well as the character of the (d-dimensional) Clifford super vertex operator al-
gebra canonically-twisted module Ay, [49]

4
2

XA (2,7) o= tra, (y"(o)q“o)*%) =yig [Ja+y ') (1+yg™)?. (2.81)

n>0

Finally, we will also make use of the canonically twisted d-dimensional Weyl mod-
ules Vi [49]

_d _d _d 1 ope1y_d g

X (2, 7) = try,, (7 Og" 073 =y~ Hm [T -y g™ ) 2 (1 —yg™) 2.
n>0

(2.82)

1

Remark 2.4.1. The previous formula holds when each factor (1 — X)~" is inter-

preted as > X™, which is possible in the domain 0 < —Im(z) < Im(7).

n>0
From now on, let’s fix d = 2 since this is the case that will be needed the following
subsections. In particular, for d = 2, we get the following relations with the Jacobi
theta functions defined in (2.69)

n(7)
01(z,7)°

X (z+ ;T> = —9177((2;’)7)-

Vtw(

X ™ (z,7) = —i

(2.83)

We will also need characters of 1-dimensional lattice vertex algebras. Let’s consider
the general 1-dimensional (even) lattice L' := {ae : a € Z} with scalar product
(€,€) = 2m. Let’s recall the operator gy, for h:= e®h € L' @7 Q defined in (2.12).
We have

1 _c 1 i 2
Xﬁ (T) = ’I‘I‘VLl (gth() 24) = ﬁ Z et thnqmn ) (284)
nez

Furthermore, the characters of the modules V1 ot for0 <r < 2m
L'+ e 1 ; @mnin?
X, (1) = TI‘VL1+2L (gthO ) = % Z e2mh(2m"+r)q . (2.85)
' €z

give the theta functions 6,, , defined in (2.69). Since they will appear frequently
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

Table 2.1: Character table of Dihy

1A 2A 2B 2C 4A
A1 1 1 1 1
A1 1 -1 -1 1
Bl1 1 -1 1 -1
Bl 1 1 1 -1 -1
E|2 -2 0 0 0

later, let’s give special names to the following characters of the vertex algebra V1
associated to the 1 dimensional lattice L' := {ae : o € Z} with scalar product
(€,€) = 2, and the vertex algebra Vi associated to K C L' = {ae : o € Z>o}.
Introducing the operator

g1(p®ne) = (—1)"(p ® ne) (2.86)

which corresponds to (2.12) with the choice h = t¢, we define

XLI (7—) = ’I‘I‘VL1 (qLO_;;L) = L Zq”27

() £
X5(7) 1= Try, (¢ 31) = — anz’ (2.87)
n(r) =
~ 0_2%1 _ L _ n n2
K(T) == T‘I‘VK (g%qL ) 77(7_) nZZO( ) q

2.4.2 Lambency Eight

The umbral group for lambency ¢ = 8 is G = Dihy. We will use the conventions for
the names of conjugacy classes and irreducible representations that are specified
in the character table 2.1. Using the results of the previous sections, we can
specify the McKay—Thompson series for £ = 8 in terms of characters of the VOAs
introduced before. The even components can be directly rewritten as
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2.4. Moonshine Modules

while the odd components are specified by
8 8 8 8
(Hy = Hy = H + HJ3)(2r) =

+
2tra, 0808, (9)x" (AT @)X (87)x"

(2.89)
V() (G (SN (5) e e+

(B ()

In rewriting the second addend we have used the following lemma so that the
prefactor multiplying the characters is integer

ata, (9 (O () (5) x et

Lemma 2.4.1.1.

n(%)n(2r)* n(r)®
n(m)2n4r)?  n(3)3n(2r)*

@)oo @ e (e Q) em

X )t (5) e (;)]

2o

Proof. Using the identities [57]

et = L4 =00, L = ¥ (-1 (291)
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

( ) (Y
n(r)?Pn(Ar)* - 030t n@r) ()P n(1)* \ 5 (3)° n(2r)?

S oyt e

= 2:77(<7-2))2 DONCEI LR S sl S S

n,mez n,mez n>0 n>0
n>0 n>0

(2.92)

and the conclusion follows easily using the expressions for the characters provided
in (2.87). O

In order to specify the trace functions that will give us the relevant umbral McKay—
Thompson series at £ = 8, let’s define the modules

mﬂ =45, o HP @ V((?;)a
8’8

M) = AL @ A, @ HP?2 0 V]

8)
(3.

)
M) = A, 0 Ko LY,
m®) = 45T 0 A, 0 HP 0 K o L,
9ﬁ§8§ =Al 9HOK,
m®) = AL 0 U 0 K,
me =4, 0K o L,
M) = A, AL, @ @ K @ I}
m) = A, O HO K,

MmE), = A, © A5, @ HP B K,

M), = Ay, © AL @ HOT,

®3
my = AL o V((;%),

8 ®3 4
m = A5, o H? @ V((%?%),
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2.4. Moonshine Modules

and for each of them let’s define the vectors

® . 9nm 4y Lo@ L Lod L p@ g0 4 Lo
Wyt + = 2 + = 2 + o\ 4+ 4w 2w ,
o) = 260 4 2@,<2> n ;w( ) L o® 4400 | %@«s),
o) = 4A<1> n 2@@) n 243)
®._ 1oy, e, e, low i lae 1o
14 4w +4w +4w +2w +2w +4w +4w s
1 1 1
wfs) — 1@(1) + 1(/:,(2) + Z@(S)’
o 1. 1. 1. 1. 1.
W = 200 1260 4 26® 4 2o 4 100,
1 1 1
wiy = 700 + 20 4+ 20,
®._ Loy, e, e, e, i e 1o
wig: 4w +4w —|—4w —|—2w +2w —|—4w —|—4w )
1 1 1
wfg — Z@(1) + §@(2) + 5@(3)
w® Lo oo Lie Law e
L1077y 4 2 2 47 7
o 1. 1. ) 1. 1. 1. 1. 1.
W), = 5”(1) + 560 RN 200 4 260 4 200 4 20 1 o4

A(9) + - A(lo) + a(ll) + Q(m) + @(13) 4+ UJ(M) + o A(15)
4 4 4

W = 40M + 0@ 4 6@ 4 20@W 4 250) 4 5O,
wf) =200 + 6@ 4 o0 4 0@ 44506 4 O

where, for brevity, we have written & = v®@ - - ® (w(i) - %v) ®--- @V to

indicate the tensor product of vectors that at position i has the factor w(?) — %v,

where w and c¢ are respectively the conformal vector and central charge of the
module at the i-th position, and the remaining factors are the vacuum vectors
v of the other modules. Let’s consider the operators® ﬁ(O) corresponding to the
0-modes of the vertex operators associated to the previous vectors. With this
notation we get

Theorem 2.4.2. The umbral McKay-Thompson series at lambency ¢ = 8 are

3To make the notation lighter we will not write the indices in L. Tt is understood that, for
each module, L corresponds to the vector associated to the module.
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

specified by

HS)(r) = HS)(r) = 2trp, (g)tr e (g 01) qL(o)) ,
H3)(7) = 2tr, (9)tryyeo (Q o1) qﬁ(O)) |
(Hg(?l) B HHE? - HS?? + Hfg)(T) = 2tr24,0B,@B, (g)trimfi@mf% (9(%,0)‘1“0))
+ s, (9)trpce) (giqm)) + 3,0 (9) Ty, (giqm))
00 0 ot oy (177) 478,00 s ot o, (477
+2tra, (9)tranes) (qﬁ(0)> ,
(2.93)

where gy, acts as specified in (2.18) on the cone vertex algebra module in the tensor
product and trivially on all the others. Analogously g1 is specified by (2.86) and
only acts non-trivially on the module K.

2.4.3 Lambency Twelve

The umbral group corresponding to £ = 12 is Z/27Z. There are only 2 irreducible

representations, we will call A the trivial representation and B the sign represen-
tation.

We can specify the McKay—Thompson series in terms of characters of vertex alge-
bras and H® functions. Let’s write

ea(r) = —H{Y (1) (2.94)
gw @
04(7) = (M) (§T> (2.95)
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2.4. Moonshine Modules

The odd components are specified by

(P - B (2r) =

9,1

T

tra(g) lXA (rx* (5)2 O RN BT

+ a4yt (%)2 XH(T)T((?%),(%,O) <g>

+ X 32t BN ()X (67) + 04(7)] ;

12 12
(Hg(z,f)) - Hg(,,7)) (27) =

tra(g) lXA (T)XA+ (%)2 XA+ (GT)XH(ZT)XH(?’T)T((?%),(%,%) (g)

() (5) WOTE ) 0 (5)
+ X BN BTN (67) + o4<f>] :
(1 - BD) (2r) =

2alol (X () O e e ) (5)-

The even components are instead given by

- + +
Hy) (r) = Hylig () = 2t (o) 67X (0x* @ox 601 ()
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We define the modules

MY = A, @ 45, e HP @ v(f’l),
352

m'y = AL eHe v(<§>l),

m'y = AL, @ AL, @ HP,
mi'? = A, @ Af, o U2V

(3.8)

m{? = A;, @ A5, P U V((f)l)

32
Mo = Al BV )
nD o, o
imgf) A ® A+ ®3 H®2 ® V((f)l)’

32
mi'y = A, ® Af, oH @ v((g)l)

3’6

w2 i A7, oW

M2 . A @ AT, ®3 0 23 o V(lsi)
’6

m\
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2.4. Moonshine Modules

and, to account for the different coefficients in front of 7, the vectors

w%lf) = }(:J( D4 w(2) + w(3) +30®W 406 4 w(G) + @(7)
! 2 4 2 4
L2 Lo L@ L(s) 1. @
Wyt 4w + 4w + 2w + 4w s
W12 = 350 L 350 4 30 4 Low 43060 43000,
! 2 2 2 2
wi? = oM 4 2@<2> +30® 4 60@ + 60O + 0O,
12 _ L. @ 1 3503 1 5@ 4 356) 4 340 L Lam
ws 5@ +4w + 30" +@ +2w +2w +4w ,
D o o,
Wiy =60 +60® + 60 + 60 + 20 + 30 + 3@<7>,
wélf) = }(:J( D4 w(2) + w(?’) +30®W 406 4 w(G) + oﬂ)
2 4 2 4
ICE I SN CO PN L(s) 1. @
Ws o 4w + 4w + 2w + 4w
12 _ 3,0 4 350 4 350 4 Lo 43500 4 350,
Ws 3 5% + 5% + 5@ + = 5% + 30V + 3w
Wi =20 4 3@ 4 %a;(s) + %@(‘0 +10® 4+ 600 + 60 + éa@),
where again we have written ¥ =v®.--® (w( 0 — ) ®---®v. As before we

write L(O) to indicate the 0-mode of the vertex operators associated to the previous
vectors. We also need modules for e4(7) and o4(7). It is possible to specify these
modules implicitly by making use of equation (2.70). In fact, using Corollary
2.2.1.2 we can rewrite i, 0(%,7) in terms of characters of cone vertex algebras
and 1-dimensional lattice vertex algebras. Furthermore, the theta functions 6, ,
also admits expressions in terms of trace functions of 1d lattice vertex algebras as
described in section 2.4.1. It remains to find a module for the meromorphic Jacobi
form

S8 (2, 7) = 2i6,(62,37)01 (2, 7) " 161(32,37) " n(7)? (2.98)

featuring in equation (2.68). Notice that constructing modules for these meromor-
phic functions is what is referred to as the “meromorphic module problem” in [49].
It is easy to see that (2.98) also admits an expression in terms of characters of the
modules discussed in 2.4.1. In fact we have, for 0 < —Im(z) < Im(7),

¢(4)(z,7) = 21’XA+(7')XA (1)x Avw (62—!— - 37'> Vf”(z,r)xvt”(Bz,ST). (2.99)
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

Using the relations Héﬂr(ﬂ = —H?()ZX’_T(T), and 0, (2,7) = Op,—r(2,7), We
can give a prescription for the construction of modules* for Héj),r starting from

equation (2.70). In fact, we can write OF as

+ : = s(ni,n2), 8ni+n 4n +nin Sn 4n
@A(4> @ @ (aT +b,0;7) =2 g (-1) (1 Z)y 1Fn2 p4ny+ning E y
T (n1,m2)eC nel

(2.101)
where C is the cone

C:= {(nl,ng) €Z%:ny>0,n9 > 0} U {(nl,ng) €Z%:n <0,ns < 0} (2.102)

and s corresponds to the sign automorphism

gy {1 20220, 2,103
s(ni,no) = .
b 1 ifny <0,ny <0.

The vector space interpretation of the indefinite theta function (2.101), the vertex
algebra interpretation of 1/1(4) (2.99), together with (2.70) give a definition of a
bi-graded vector space H = @ H,,; with an additional Zy-grading, that satisfies

n,l

3
D a2 m) = Oap(—2m)] = Y sdim (M 1)q"y! (2.104)

r=1 n,l

where sdim stands for the super dimension that takes the Zs grading into account
by 1nclud1ng additional sign factors. We now define the operators Lg and J; acting
as Lov = nv, Jov=1v Vv € H,,;. We can thus define a supertrace on H through

STryq ™y’ = sdim(Hn,)g"y'- (2.105)

n,l

4We can also express modules for H(*) implicitly in terms of vertex algebra modules by
writing, for z = a7 + b witha € Q*, |a] <1, b€ R

Zﬂg‘gr ) [0a,r-(2,7) = B4, (—2,7)] = —de~10mibg=2ma%\ M (r)2F () ()
(2.100)

_ 1 1
T 2ixAT (XA (r)x At (6z + 5,37) X7t (2, 7)x 7t (32, 37) — 2x T T X (7)
16

where a = (1+a,0), b = (b,0) and we have written Ta,b to indicate the cone vertex algebra trace

function with quadratic form A = (Ef (1)) in order to distinguish it from the trace functions with

respect to A = (% (1)) Thus the McKay—Thompson series Héi) ,~ are specified by the different

y-powers in the right hand side of (2.100). Notice that the z dependence influences, through a,
which cone vertex algebra and one dimensional lattice modules will appear in the right hand side
of (2.100)
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Noticing that

"2
04,0 (2,7) = Osr(—2,7)] = Z <y4k+’“ — y*(4k+r)) qi(‘lkfe : (2.106)
kez

we can specify Héir for r = 1,2,3 with the previous notation through

a7 (r i To)?
3"‘#() = sTry, g0 (%) (2.107)

where

My = P Hui=r- (2.108)

With this notation, we can rewrite the functions (2.94), and (2.95) as

~ 7, 2
eq(7) :—QSTrﬂquoi(To) , (2.109)
- Ja\2 ~ Jo\ 2

We thus have

Theorem 2.4.3. The umbral McKay—Thompson series at lambency ¢ = 12 are
specified by

i T
'”%%me)+“MWMG)

)qﬁ(o)) ,

L L
0" ) +dirgn (900" )

=

12 12
() = D) (7) = 2a@)trggon (93,

12 12
(Hé,5) — H;j)) (T) = tI‘A(g) [trmélf) (g(

Nl=

1
25

L(0) T
+ iy (70) |+ tralo)on (3).

H'Y (1) = H})(r) = 2trp (9)trgnoo (9(0,%) qu)) 7
(12)( ) = H(182)( ) = 4trp(g) [trzmg;? (9(0,%)qL(O)) n 2trm<1z> @L(o))} )

(12) _ Lo T
Hg,ﬁ (1) = 4tTB(9)trmgm> (9(07%)11 ( )) +trp(g)es (g) )

(2.111)
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

where gy acts as specified in (2.18) on the cone vertex algebra module in the tensor
product and trivially on all the others.

2.4.4 Lambency Sixteen

The umbral group is G = Z/2Z. Using the same notation as before for the
irreducible representations, we can write all the McKay—Thomposon series in terms
of characters as

16 1 16 1
i (r-g) =R (r-3) =

HY (7‘ - ;) =H <T - ;) -

20 (9 (4 (P @OXTBTITE 4y (3 0y (7,
trp(9) <2qllﬁ><A+
@) (@)X (1) (8T)> :

n + +
(—1)"HS) , (87) = 2tra(g)x* ()" (r) 2 (87)T,
n=0,7

Let’s now consider the following tensor products of modules
' =45, P eone v,
(1:1)

' = AL F e u2 e v

)

)

—
ool
ool

M = A, @V @ VY,
(3:4)

—
ool

gﬁglﬁ) = A:_w ®Viw ® V((?%)a

m'y = 45,7 @ A, @ H?,
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and the respective vectors

W19 ;Au) n 8‘”(2) n 8“‘)(3) L@y ;w( )
W19 4o 4o 4 6@ §9p® 4 856) 4 o)
W19 i o) 4 5@ 4 @),

wélﬁ) = 46M + 0@ 4 06 4 8o® 4 2O,

W9 = oM 486 4 o®),

wélg) =200 4 26®@ 1 26®) 1 4o® 1 o) 1 56 1 gy

using the same notation as before. Defining L(0) as usual we get

Theorem 2.4.4. The umbral McKay—Thompson series at lambency ¢ = 16 are
specified by

H972 (T) = H9714 (T) = 2t1"3(g)tr£m;16) (g(%70)e7fiL(0)qL(0)) ,

Hg74(7') = Hg,12(T) = 2q_1716tI‘B(g)tI‘£m‘(116) (g(oyé)q_J(O)qL(o)) 5
Hy6(T)=Hg10(T) = 2trB(g)trmé1s) (g(%70)e7riL(0)qL(0)) ’ (2.113)

L1 _ J, [
H,s(7) = trp(g) |2¢ lo—m (9(07%)(] J(O)qL(O)) + try (qL(O))}7

Z (71)”H972n+1(’r) = 2tI‘A(g)tI‘£m(116) (g(070)qL(0)) ,

n=0,7

where gy, acts as specified in (2.18) on the cone vertex algebra module in the tensor
product and trivially on all the others. Analogously, J(0) acts non-trivially only
on the Weyl module V¢, .

2.5 Conclusion

In this chapter we showed how certain trace functions of cone vertex algebras are
related to a certain family of indefinite theta functions of signature (1,1). This
family possesses interesting number theoretic properties and it is related to Appell-
Lerch sums and Ramanujan’s mock theta functions. For three instances of umbral
moonshine, those with lambency ¢ = 8,12, 16, this allowed us to construct modules
for the relevant finite groups in terms of cone vertex algebras and other known
super vertex operator algebras modules. We end this chapter with a collection of
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2. Cone Vertex Algebras, Mock Theta Functions, and Umbral Moonshine Modules

open questions and possible future directions.

e We expect that the family of indefinite theta functions expressible as trace
functions of cone vertex algebras can be extended by studying vertex algebras
associated to cones with a more general shape than what used in (2.16). The
condition in (2.13) on the choice of ¢ is chosen to restrain the sum over the
lattice vectors on the first and third quadrant of the plane. More general
choices for the vectors ¢ will lead to a sum on different cones.

e Another natural generalization is to investigate more general cone vertex
algebras that can reproduce, through trace functions, indefinite theta func-
tions of general signature (r — n,n). In particular, it is worth investigating
whether cone vertex algebras could be useful to gain a better understanding
of the umbral moonshine phenomenon more generally, including the poten-
tial moonshine phenomenon involving all the optimal Jacobi theta functions
classified in [39]. As remarked in previous sections, all mock theta functions
appearing in the McKay—Thompson series of umbral moonshine can be writ-
ten in terms of the traces of cone vertex algebras discussed in this chapter.
The remaining challenge is thus to find expressions of the McKay—Thompson
series that are compatible with the umbral group actions. While here we
have limited our analysis to three instances of umbral moonshine with small
umbral groups that turn out to act trivially on the cone vertex algerba struc-
ture, more involved group actions can certainly appear in other examples,
akin to what happens in [47]. Furthermore, we note that the trace functions
of the cone vertex algebras seem to connect the McKay-Thompson series
to the meromorphic Jacobi forms associated to various instances of umbral
moonshine, as a consequence of Corollary 2.2.1.2.

e Finally, it would be interesting to investigate the physical significance of
the cone vertex algebras. Vertex operator algebras provide a mathematical
axiomatization of the chiral algebra of conformal field theories in two dimen-
sion and it would be interesting to understand what kind of conformal fields
theories cone vertex algebras are related to. For instance, it is known that
the specialized Appell-Lerch sum (2.6) captures the non-modular part of the
elliptic genus of non-compact supersymmetric coset models [53], [19]. This
could shed light on the still mysterious relation between umbral moonshine
and string theories compactified on K3 surfaces [19] (see also [9] for more
complete references).
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Three-Manifold Quantum

Invariants and Mock Theta
Functions

In this chapter we will explore the appearance of mock modularity in the context of
three-manifold quantum invariants and their relation to indefinite theta functions.
In particular, we will discuss the modular behavior of the 7 invariants introduced
in [22] and discuss a conjecture relating the invariants of manifolds with opposite
orientation. Inspired by this conjecture, we will propose a regularisation procedure,
exploiting the theory of indefinite theta functions, to construct the invariants for
the manifold with the opposite orientation.

We will present here the contents of [1] and discuss a further regularisation for
the quantum invariants of Brieskorn spheres that can be tuned to yield examples
explicitly satisfying conjecture 3.1.4.1.

To see how mock modular forms appear in the study of three-manifolds, we first
introduce a set of topological invariants, noted by 2,1, defined in [22] for weakly
negative plumbed manifolds. Roughly speaking, these are three-manifolds obtained
through surgeries along links that are in turn determined by weighted graphs (cf.
Figure 3.1), which moreover satisfy a certain negativity condition [33].

More precisely, the data we need is a plumbing graph, which is a weighted simple
graph (V, E,)\) specified by the set V of vertices, the set E of edges, and an
integral weight function A : V. — Z. Equivalently, the data can be captured by
an adjacency matrix M, which is a square matrix of size |V| with entries given by
My = AMv) if v =2/, 1if (v,0') € E and 0 otherwise. The data determines a
three-manifold!. We say that Mj is a weakly negative plumbed manifold if M ~!
is negative-definite when restricted to the subspace generated by all vertices with
degree larger than 2.

Definition 3.0.1. For M3 a weakly negative plumbed three-manifold and using
the above notation, we define the quantum invariants Z,(Ms; ) via the following

IDifferent weighted graph related by the so-called Kirby moves can lead to the same topo-
logical three-manifold Ms3. See [58] for a proof the Kirby-invariance of the quantum invariants

Ea(Mg) defined in Definition 3.0.1.
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

principal value |V|-dimensional integral:

R 30721) A(v)
Za(M3;7) :=(=1)"¢q 5

2-d
dw, 1 e&(v) _nTmzln o T
< 2wl 2miwy \ T wy ¢ ¢
ne2MzZViga  wvev ’Iwsl=1 v v

(3.0.1)
277 and w, 1= e2™*% ag usual, and use the bold-faced letters
to denote elements in Z!V!. When M~! is moreover negative definite, the above
can be rewritten as

where we write ¢ := ¢

/Z\a(M3; T)i=(-1)"¢— *

dw, 1 2—deg(v) Y
X VP H f _, 2miw, <wv — wv) 0,% (r,2)

vev /lwel=

(3.0.2)

In the above, m denotes the number of positive eigenvalues, and o is the signature
of M—1. The label a of the quantum invariants Za(Mg) can be identified with
elements of the set Spin®(Y) = moMa,(Ms) = (2Z!V! + 6)/(2MZV1), where 6 €
zV1/27V1 is defined by 6, = deg(v) mod 2, and M.y, (Ms) denotes the moduli
space of Abelian flat connections. Denote by a the corresponding element of
(2ZV1 +6)/(2MZIV1), the theta function reads

nlTM—1n -
o, M(r,2) = Z g T e, (3.0.3)
ne2MZIVi+a

A well-known topological invariant for three-manifolds is the Witten-Reshetikhin-
Turaev (WRT) invariant, defined for all three-manifolds. Physically speaking, it is
(up to certain well-understood prefactors) the partition function of Chern-Simons
theory on the three-manifold M3 which we denote by Zcs(Ms). For a given three-
manifold M3 (and a simple Lie group G which we will take to be G = SU(2)
for the sake of concreteness), we obtain a function Zcg(Ms) : Z — C defined
on all integers, namely the (shifted) Chern-Simons levels. Analogous to knot
theory, it would be desirable to have a g-series version of the invariants defined
on a continuous domain, such as the upper-half plane. This would then be the
first step towards a categorification of three-manifold invariants, analogous to the
categorification programme of knot invariants. It was shown for weakly negative
plumbed manifolds that the quantum invariants Za provide exactly such a g-series
generalisation of the WRT invariants. To be more precise, for weakly negative
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Plumbing graph T, Framed link L,
with weights A : V — Z with framing coefficients A(v;)

- 8
|

Adjacency matrix M

A(v1) 0 1 0 0 0 . Plumbed M3
0 A(v2) 1 0 0 0 obtained from surgery along L
1 1 A(vs) 1 0 0
0 0 0 1 A(vs) 0
0 0 0 1 0 A(ve)

Figure 3.1: Weighted graphs, adjacency matrices, links and plumbed three-manifolds.
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

plumbed manifolds one has [22]

(iV2k) Zos(Ma; k) =Y Xape®™ SO lim Z,,(Ms; 7). (3.0.4)

T3
a,b k

In the above equation, the sum over a is over the set ((2Z!V! + 6)/2MZIV1))/Z,,
which can be identified with the space of gauge-inequivalent SU(2) Abelian flat
connections on Ms, and CS(a) denotes the corresponding Chern-Simons invariant
when we regard a as a label for Abelian SU(2) flat connections. The sum over b
is over the set (ZIVI/MZIV1)/Z,, and the matrix X has as elements

eQﬂ'i(a/,Mflb/)
(a’,b")€{Z2XxZs orbit of (a,b)}

2y/|DetM|

To summarise, two steps need to be taken in order to retrieve Zgg from 21. First,
Z, has an extra label a indexing the SU(2) Abelian flat connections while Zcg

Xab =

(3.0.5)

does not, and this label needs therefore to be summed over. Second, a so-called
radial limit 7 — { taking 7 € H to the boundary QU {ico} of the upper-half plane
needs to be taken in order to relate the continuous variable 7 and the (shifted)
Chern-Simons level.

The modular-like properties of the quantum invariants Za is a rich subject that
has been in development since [33]. So far it develops in parallel to the study of
modular-like properties of knot invariants (see for instance [5], [59], [60], [61] for a
sample of work in this direction), although it is expected that the two topics are
related both in their physical and mathematical contexts.

For concreteness and in order to make direct contact with Ramanujan’s mock
theta functions, here we restrict our attention to the simplest non-trivial plumbing
graphs: the so-called three-star weighted graphs. These are, as the name suggests,
weighted simple graphs with one vertex of degree three, three vertices of degree
one, while the rest of the vertices (if any) have degree two. See Figure 3.2. We will
denote the unique vertex with degree three by vg. Such graphs are either weakly
negative or not, depending on the sign of (M ~1)go. When (M ~1)gg < 0, Definition
3.0.1 is readily applicable and it is not hard to show that the quantum invariants
Za are always holomorphic functions on the upper-half plane with well-defined
g-expansions and moreover have integral coefficients. In fact, a lot more is true:
up to a possible addition of a polynomial, the quantum invariants Za are linear
combinations of false theta functions multiplied by a rational g-power (cf. §3.1.1
and [34]).

A puzzle immediately arises given the simple result for weakly negative three-star

o8



graphs: what happens when one flips the orientation of the three-manifold? While
this might sound like an innocuous operation, it can in fact have rather dramatic
consequences due to the pseudo-chiral symmetry (or CP symmetry in physical
terms)

Zeos(Mai k) = Zos(—My; —F) (3.0.6)

of Chern-Simons theory. From the relation (3.0.4) between the quantum invariants
Za(Ms; 1) and Zos(Ms; k), and in particular the relation “7 — %” between the

two variables, one is led to the guess
Za(—Ms;7) “=7 Zo(Ms; —7). (3.0.7)

There are a few immediate problems with this guess. Recall that for a weakly
negative plumbed manifold Mj, Definition 3.0.1 defines a function Za(Mg;T) on
the upper-half plane H, which is not preserved by the action 7 — —7. As a
result it is not clear what the right-hand side of the equation (3.0.7) even means.
More concretely, it is clear from (3.0.1) that for plumbed manifolds one has 7
—7 < M — —M, which flips the sign of the adjacency matrix and hence flips
the signature of the lattice for which the theta function ©; should be defined,
and as a result does not render a function on H when one tries to literally apply
Definition 3.0.1.

This is when the question starts to become interesting from the perspective of mock
modular forms. To be concrete, we let M3 be a weakly negative three-star plumbed
three-manifold. As mentioned before, for such cases Za(Mg; 7) are basically false
theta functions, which are known to furnish (rather simple) examples of the so-
called quantum modular forms, as will be explained in §3.1. The quantum modular
properties of the quantum invariants ZL are essentially what makes their relation
(3.0.4) to Zcg possible. At the same time, it can be shown that a mock theta
function and the corresponding false theta function lead to a pair of quantum
modular forms that are in fact basically equivalent (cf. Lemma 3.1.4.1), in a
way that precisely leads to the radial limit relation (3.0.6). This leads to the
natural guess that the quantum invariants Z, (—Ms; 7) for the orientation-reversed
three-star plumbed manifold are given by mock theta functions. This conjecture,
proposed in [33], will be discussed in §3.1.4.1.

In §3.2, we will review some recent results supporting the conjecture. The first
involves building the relevant orientation-reversed three-manifold via Dehn surg-
eries on knot complements [58], and the second involves employing the indefinite
theta series to extend the definition of Z,(Ms) to general plumbed manifolds [62].
To illustrate the various ideas discussed in this chapter, we will discuss in details
the specific example of the Brieskorn sphere M3 = %(2,3,7).
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

3.1 False, Mock, and Three-Manifolds

In this section we argue that mock modular forms play a role in three-manifold
quantum invariants. In §3.1.1 we introduce the relevant class of quantum invariants
and review their relation to false theta functions. In §3.1.2 we review the quantum
modular properties of false and mock theta functions and explain their relevance
for three-manifold topology. In §3.1.3 we discuss a mock conjecture for Z,, and its
motivation and consequences.

3.1.1 False Theta Functions and Negative Three-Star Graphs

For concreteness, we focus on the simplest type of non-trivial graph: the three-
star graphs (see Figure 3.2). These type of graphs correspond via plumbing (cf.
Figure 3.1) to Seifert manifolds with three singular fibers. The relation between
false theta functions and the WRT invariants for this family of three-manifolds
was first pointed out in [63] and later extensively studied in [64], [65], [66]. Here
we are interested in their quantum invariants Z,(Ms). It is easy to see [33] that
Definition 3.0.1 leads to a function well-defined on H if and only if (M ~1)go < 0,
namely when the resulting plumbed three-manifold M3 is weakly negative.

V2 U3
o @
"

@

U1

Figure 3.2: A three-star graph.

In order to describe the quantum modular properties of Z;(Ms), we will need the
following definitions.
Definition 3.1.1. Let m € Z~o and r € Z/2m. Define false theta functions
—_— 2
03, (T) := Z sgn(k) i (3.1.1)

kEZ
k=r (mod 2m)

Note that this is nothing but the usual theta function for one-dimensional lat-
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3.1. False, Mock, and Three-Manifolds

tice v/2mZ when the sign factor in the summand is removed. This leads to the
nomenclature [67, 68].

It will also be convenient to define, after [34], the following functions for m € Z<q
and j € Z

Fjm(T) = sen <k + ;) g+, (3.1.2)

keZ

Furthermore, we have
Ejm(m7) =0}, () 4 Dm.j(7), (3.1.3)

where py, ;(7) is the polynomial in ¢ given by

j—2mk)2
-2 5 ¢ if > 2m
k=1
Pm.j(T) =40 Jif 0<j < 2m (3.1.4)
_Lﬁj L omk)2
2 SIS <.

Note that the definition (3.1.2) can be extended to m,j € Q* since the right hand
side only depends on their ratio Z.

In terms of the above building blocks, it can be shown that given a 3-star weighted
graph, the corresponding Z\a(Mg) can be written in terms of F} ;, for some p and j.
See Theorem 4.2 in [34] for the result on a closely related quantity, denoted Z(q)
in [34], and [33] for numerous examples.

In particular, in what follows we will further restrict our attention to weakly
negative plumbed manifolds with three-star plumbing graphs with four nodes.
Denote by M the corresponding adjacency matrix, let A := —%M —1 and let vg
be the unique vertex with degree three. Moreover, assume that the corresponding
adjacency matrix M is unimodular. As a result there is only one quantum invariant
20(M3; T):= Za(Mg; 7) with @ = § mod 2MZ!V1| as defined in 3.0.1. Write also

m = 2A00

3 3
60:2ZAj07 bi:4AiO_2ZAjO
j=1 i=1 (3.1.5)

3
1
COZA12+A23+A31+§ZAjj7 ci=co— 2 Z Ajj

j=1 j€{1,2,3}
J#i

61



3. Three-Manifold Quantum Invariants and Mock Theta Functions

for i = 1,2,3. Note that d; := —%—i—cj satisfy d; = d; =: dfor all 4, j € {0, 1,2,3}.
In the above notation we have the following Proposition.

Proposition 3.1.1.1. [8/] Consider a weakly negative three-star plumbing graph
with four nodes and unimodular adjacency matriz, denote by M3 the corresponding
plumbed three-manifold. Its unique quantum invariant satisfies

(_l)ﬁ CZO M37 ZFm bj,m mT (316)

with ¢ = d+ M7 where m, b; and d are defined as above and where o and
w as defined as in Definition 3.0.1.

Note that, using (3.1.3) this immediately shows

4 Zo(Ms;7) Zemm b, () +p(7) (3.1.7)

where p(7) is a polynomial which one can work out explicitly using (3.1.3). Often
times, one has —m < b; < m for all j € {0,1,2,3} and p(7) = 0. In other words,
up to an overall rational power of ¢ and possibly the addition of a polynomial, the
quantum invariants Zy is given by a false theta function.

We mention that the same result discussed above can be proven more generally
for manifolds M3 that are Brieskorn spheres using the methods of [58]. We will
use this more general result in later sections.

Example. In this section, we will illustrate the computation of the quantum in-
variant and in particular Proposition 3.1.1.1, with the example of the Brieskorn
sphere M3 = %(2,3,7), which can be described as the intersection between the
algebraic surface {22 +y® + 27 = 0} and the five sphere {|z|? + |y|*> + |2 = 1}. It
can be obtained as a plumbed manifold with the plumbing graph shown in Figure
3.3. Note that M is indeed unimodular, consistent with the fact that Brieskorn
sphere is a integral homology sphere with trivial Hy(Ms;Z) = Z*/MZ* and there
is hence just one quantum invariant 20(M3; 7).

Plugging the adjacency matrix in (3.1.5) one obtains

m =42, (b;,4c;) = (1,1),(~13,5),(—29,21), (41,41) for j = 0,1,2,3. (3.1.8)
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-3 -2
-1
-1 1 1 1
1 -2 0 0
M= 1 0 -3 0
1 0 0o -7
=7

Figure 3.3: Plumbing graph and adjacency matrix for X(2,3,7)

Using Definition 3.0.1 (or (3.1.6)), one obtains that

Zo(32(2,3,7);7) = g5 (;) gt
| k20
PEL ) (3.1.9)

~—— e~

o [
83 (07 1 1 1
qres (942,1 — 04513 — 012,99 + 942,41) (7)

(1-qg—¢+q¢"°—q"+...)

Nl

=4q

which is indeed a false theta function of weight 1/2. The fact that Zcg(2(2,3,7))
is given by the above function by taking the limit

Zos(2(2,3,7): k) = lim (Zo(2(2,3,7); % +1)) (3.1.10)

W2k t—0+

was first established by [63].

3.1.2 False, Mock, and Quantum

As we have seen, a pre-requisite for a g-series to play the role of the quantum
invariants Za(Mg) is to have a specific behaviour when taking the radial limit, so
that it gives the WRT invariants via (3.0.4). This is demonstrated in the 3(2,3,7)
example in (3.1.10). This leads us to the concept of quantum modular forms
(QMF), first introduced by D. Zagier [5] and discussed in the introduction of this
thesis.

We recall here that, roughly speaking, a quantum modular form is a function
defined on @ with a certain modular-like property: the deviation from modular-
ity, measured by a modular difference function denoted by p., has nice analytic
properties that are not a priori manifest or expected. Here we work with a specific
version of the definition that is often referred to as strong quantum modular forms.

63



3. Three-Manifold Quantum Invariants and Mock Theta Functions

We refer to §7.3 of [33] for details about modular forms in the current context.

Let us also recall the usual definition of the slash operator acting on the space of
holomorphic functions on H for weight w and multiplier x on I', which we take to
be a subgroup of the modular group SLs(Z):

ar +b
et +d

fOwxy=f ( ) x()(er+a)y™™, y=(2})el. (3.1.11)

Definition 3.1.2. [5] Consider a function @ : @ — C. It is called a strong
quantum modular form of weight w and multiplier x for T if for every v € I the
modular difference function p,(z) : Q\{y (o)} — C, defined by

Py(2) = Q@) = Qlu,x V(%) (3.1.12)

is a real-analytic function of R minus finitely many points.

The false theta functions we encountered in §3.1.1 are examples of quantum modu-
lar forms. The simplest way to see this is to note that false theta functions defined
in (3.1.1) are examples of Eichler integrals. Given a cusp form g =" _a4(n)q"
of weight w € %Z, its Eichler integral is defined as

g(1) = Z n'""a,(n)q". (3.1.13)
n>0
It is easy to see that the false theta function G}nNr
constant, of the weight 3/2 unary theta function

is the Eichler integral, up to a

0L (1) = —— 0qv/Am 3.1.14
i (T) Tom Z% q ( )
£=r mod 2m

as the notation suggests.

Note that this is equal to the following integral 2
100
B =C [ g - )R (3.1.15)

where C' = (I%T(Z)j;. Letting Q(z) := lim; ,o+ g(x + it) in Definition 3.1.2, one
immdiately sees that the modular difference function p,(z) admits an expression

2We choose the branch to be the principal branch —7 < argz < 7.
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as a period integral

py(z) = C/wo g(2)(Z = z)*2dY (3.1.16)

~1(ic0)
and is hence equipped with the desired analytic properties.

An analogous argument demonstrates that mock modular forms also lead to quan-
tum modular forms. To see that, we first recall the definition of mock modular
forms, adapted to the classes of functions that are relevant for our context. In par-
ticular, we assume that the shadow ¢ is a cusp form with real Fourier coefficients,

namely g(—7) = g(7).

Definition 3.1.3. We say that a holomorphic function f on H is a mock modular
form of weight k and multiplier x on I' if there exists a weight 2 — k cusp form g
on I' such that the non-holomorphic completion of f, defined as

satisfies f = f |k for every v € I'. In the above, g* denotes the non-holomorphic
Eichler integral

g (r):=C 100(7" +7)"kg(r") dr’, (3.1.17)

—7F

defined for 7 € H.

Note that there is no canonical normalization for the shadow and we choose ours
to simplify the comparison between mock modular forms and Eichler integrals
(3.1.13). Assuming that the limit lim; ,o+ f(x + it) exists for a given z € Q, let
Q(z) := limy_,o+ f(x +it), and consider v € " in the notation of Definition 3.1.2.
The ~-invariance of the completion f leads to an expression for the correspond-
ing modular difference function p,(z) given by the modular difference function
associated to g*(7). Through the related function (given by 7 +— —7)

g*(r) = C[OO(T’ —7)Fg(r') dr’ (3.1.18)

and the fact that the modular difference function associated with §* is again a
period integral completely analogous to (3.1.16), it follows that mock modular
forms indeed lead to quantum modular forms. Moreover, the quantum modular
forms arising from a mock modular form and the Eichler integral of its shadow are
clearly closely related.

However, just as Ramanujan already pointed out in his original work [69], mock
modular forms inevitably encounter infinities when approaching certain rational
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

numbers from within the upper-half plane. Nonetheless, there exists a finite col-
lection of weakly holomorphic modular forms that can be used to “cut out” these
infinities and render a well-defined radial limit. More explicitly, we have the fol-
lowing theorem.

Theorem 3.1.4. [70, 6] Let f be a mock modular form of weight k and multiplier
system x for To(N) with non-vanishing shadow g, and let {x1,...,x:} C QU{ioco}
be a set of representatives of I'o(N)-inequivalent cusps, then

1. the function f(7) has exponential singularities at infinitely many rational
numbers,

2. for every weakly holomorphic modular form G of weight k and multiplier
system x for To(N), f — G has exponential singularities at infinitely many
rational numbers,

3. there exits a collection {G;}'_, of weakly holomorphic modular forms with
the following property. Given any cusp x, let x; be the cusp representative
that is T'o(IN)-equivalent to x and write G, = Gj. Then f — G, is bounded
towards x.

Moreover, following the arguments sketched above, the mock modular form and
the Eichler integral of its shadow leads to a pair of closely related strong quantum
modular forms.

Lemma 3.1.4.1. [38] With the notation of Theorem 3.1.4, let g be the shadow of
f, the asymptotic expansions of the Eichler integral § and the mock modular fomr
f — G, near x take the form

(f = Gy)(—z +it) Zax —t)" and §(z + it) Zax . (3.1.19)
n>0 n>0

In particular, when the shadow ¢ is a weight 3/2 unary theta function, the mock
modular forms are (up to an overall rational power of ¢) called mock theta functions
in the terminology of [5], and the Eichler integral are the false theta functions
encountered in §3.1.1. The false-mock pair satisfies

lim (f — Gy)(z +it) = tlir& g(—x +1t), (3.1.20)

t—0t

reminiscent of the relation (3.0.6) between Zcg(Ms) and Zeg(—Ms) when taking
T = % Focusing on the cusp z = 0, we can see that the false and mock forms have
the “same” asymptotic series, approaching from the upper- and lower-half plane,
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in the sense that the asymptotic expansions in the limit ¢ — 07 satisfy

(f — Go)(it) Zao ™ and g(it) Zao . (3.1.21)

n>0 n>0

On the three-manifold side, the cusp x = 0 is relevant for the perturbative in-
variants (the so-called Ohtsuki series), capturing the expansion around the semi-
classical k — oo limit.

To end this subsection, we provide an explicit example of such a false-mock pair.

Ezample. Consider the order seven mock theta function Fy(q) by Ramanujan [69].
It is, up to an overall power of q_ﬁ7 a mock modular form of weight 1/2

fr) = ™ Fy(@)=¢ ™ (L+q+¢+¢" +¢° +2 +0(¢*), (3.1.22)
whose shadow is given by the unary theta function
9(7) = (0l — Olo15 — Oiz 29 + Oioa1) (7)- (3.1.23)

Compared to (3.1.9), we see that the Eichler integral is (up to a factor gios)
precisely the quantum invariant of the Brieskorn sphere (2,3, 7):

Zo(X(2,3,7);7) = qi5 (7). (3.1.24)

3.1.3 A Mock Conjecture

n [33], the following relation between mock modular forms and three-manifold
quantum invariants is proposed?.

Conjecture 3.1.4.1. Let M3 be a three-manifold whose quantum invariants take
the form
Za(M3;7) = q°(3(7) + p(7)) (3.1.25)

where ¢ € Q, g(7) is the Eichler integral of a theta function g(7) of weight w = %
and p(T) is a polynomial in q, then

Zo(—Mz;7) = ¢~ (f(r) + p(=7)) , (3.1.26)

where f(7) is a weight 1/2 mock modular form whose shadow is given by g(T).

3Note that when — M3 is not a weakly negative plumbed manifold, the mathematical definition
3.0.1 does not apply and this conjecture can be seen as rather a definition. However, recall
that a physical definition of EQ(MJ) does exist for all closed three-manifolds [22]. As a result,
independent computations can in principle be carried out for —M3, as we will demonstrate in
§3.2.1 for certain classes of —M3. With this in mind we regard (3.1.26) as a conjecture.
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The relevance of the above conjecture can be seen in Proposition 3.1.1.1, which
guarantees the existence of M3 satisfying the condition of the conjecture. More
generally, we also expect mixed weight and higher-depth mock modular forms to
play a role in three-manifolds quantum invariants. See [33] and [31]. In what
follows we briefly describe the three general motivations for the above conjecture,
first discussed in [33]. In §3.2 we will present explicit calculations which render
results predicted by Conjecture 3.1.4.1, and hence constitute further evidence for
it.

o As mentioned in the previous subsection, the asymptotic values (3.1.20) and
expansions (3.1.21) of a false-mock pair are analogous to the relation (3.0.6)
among the WRT invariants of a pair of three-manifolds related by a flip in
orientation.

e Some false theta functions have known expressions as g-hypergeometric se-
ries, which converge not only inside but also outside the unit circle (when
considered as a function of ¢). In some cases the expression on the other side
is given by a mock theta function. See §7.4 of [33] for details.

e When a weight 1/2 mock modular form can be expressed as a so-called
Rademacher sum, one can prove in general that the same Rademacher sum,
now performed in the lower rather than the upper half-plane, yields precisely
the corresponding Eichler integral. In other words, the Rademacher sum
yields a function defined on both H and H~, where they coincide with the
mock resp. false theta function in question.

We refer to §7.4 of [33] for a detailed discussion of the third point above. To
illustrate the second point, let us consider an example that is again relevant for
the Brieskorn sphere M3 = 3(2,3,7).

Ezample. Let us define a function ¢ : HU H™ in terms of the ¢-hypergeometric

series:
77,2

w(r) =) (qnifn

(3.1.27)
= 1q)

Note that the g-hypergeometric series converges both for |¢| < 1 and |¢g| > 1. Tt
can be shown that [65]

. q_ﬁg(T) , TeH
Y(r) = {Fo(q—l) Crem (3.1.28)

See also [71] for a more general discussion. As a result, since Zo(X(2,3,7),7) =
q%w(T) for 7 € H, we can try to extend the definition of LHS to H™ using the
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3.2. Explicit Calculations

RHS. Tt is hence natural to guess that (cf. (3.0.7))

Zo(=%(2,3,7),7) “ =7 Zo(2(2,3,7), —7)* = "¢~ 2 Fy(q). (3.1.29)

We now end this section with a discussion on certain important open questions.
First, note that Conjecture 3.1.4.1 does not specify, given a shadow, which mock
modular form f should be the correct quantum invariant for the orientation-
reversed manifold M3. Recall that two mock modular forms differing by a (weakly
holomorphic) modular form have the same shadow. This question is of crucial
importance since, as proposed in [22], the Fourier coefficients of the quantum
invariants Zl are (up to a possible factor of 2) integers which have the physi-
cal interpretation of counting supersymmetric quantum states in the underlying
quantum physical theory. This said, we do expect the leading term of Za in the

T — 100 expansion to obey the naive ¢ <+ ¢!

relation and this puts meaningful
constraints on the mock modular forms. Second, as we have seen in §3.1.2, mock
and false theta functions relate to the WRT invariants in a slightly different way.
While the radial limit of false theta functions are well-defined, for many cusps z
one has to subtract the singular terms (by subtracting a modular form G, which
cuts out the singularity for instance) of the mock form in order to have a well-
defined limit when approaching = from within the upper-half plane (cf. Lemma
3.1.4.1). The asymmetry might not be so surprising from the physical point; the
Mb5-brane theory is known to be a chiral theory. It would be extremely interesting
to understand the physical or topological interpretation of the singular terms when
taking radial limit of mock theta functions.

3.2 Explicit Calculations

In this section we summarise recent developments which make it possible to define
and to compute the quantum invariants Za(—Mg) for certain three-manifolds — M3
that are relevant for the mock conjecture discussed in §3.1.3. We illustrate these
methods with explicit computations for the Brieskorn sphere M3 = (2, 3, 7).

3.2.1 Quantum Invariants via Knots

In this subsection, we review a (conjectural) way, introduced in [58], to compute
the quantum invariants Za for some of the three-manifolds that are relevant for
the mock conjecture 3.1.4.1, by constructing them via Dehn surgeries of knot
complements.

Consider a knot K. Let Y (K) be the knot complement of K in an integral ho-
mology sphere Y. A closed manifold Y,/,.(K) can be obtained by Y (K) via Dehn
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

surgery with coefficient p/r € Q*. Roughly speaking, p/r specifies the diffeomor-
phism of 9Y(K), dictating the way a solid torus is glued along dY (K) to obtain

Now consider the special case when Y = S3. Given this choice, one associates to
a knot K a two variable series

Fx(z,q) € 27°¢*Z[z"/*, 27 /3][¢7 ", q]] (3.2.1)

where ¢ € Z, and A € Q. For instance, for K a positive torus knot, an explicit
expression for F (z,q) has been given in [58]. Define a “Laplace transform” E;‘;)r,
given by (see also [72])

o (3.2.2)

E(a) . JL‘qu N qf'u,z'r‘/p ' qv ifru—ac pZa
0 otherwise.

It has been shown for positive torus knots K (Theorem 1.2 of [58]) and conjectured
for general knots (Conjecture 1.7 of [58]) that, for values of p/r such that the right
hand side is well defined and for some d € Q and € € {1}, one has

7 3 d . pla)r 3= T

Za(7, 8,0 (K)) =eq” - L) [(x2 — 2727 ) Fr(z,q)] (3.2.3)

/T

where we canonically identify the Spin‘-structure of S? /- (K) with

1
acZ+ % mod pZ. (3.2.4)

Now it remains to compute Fy for general knots. It is convenient to define a
rescaled version of Fg(q,x):

fr(2,q) = %. (3.2.5)

Based on physical expectations, a relation between the Borel resummation of the
colored Jones polynomial J,(e") and fx(x,q), where ¢ = € and x = €™, is
conjectured in (Conjecture 1.5 of) [58]. Drawing inspiration from the analogous
conjectures for the Chern-Simons partiton function on the knot complement [73]

or for the colored Jones polynomials [74], the following was proposed in [58]

Conjecture 3.2.0.1. For any knot K C S3 the quantum polynomial A of K
annihilates the series fx(x,q)

Af(z,q) =0 (3.2.6)
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and

. 1
é% fr(x,q) = S'e'AK(x) (3.2.7)

where the symmetric expansion s.e. denotes the average of the expansions of the
given rational function as © — 0 (as a Laurent power series in z) and as x — 00
(as a Laurent power series in x~1).

Note that (3.2.6) sets up a recursion relation for the coefficients f,,(q) in fx(q,z) =
> fm(q@)xz™, while the relation (3.2.7) to the Alexander polynomial Ag(z) pro-
m

vides a boundary condition for the recursion equation. This is often sufficient to
determine F'x to any desired order.

Example. For the figure-eight knot K = 4;, the above-mentioned procedure leads
to the leading order expansion[58]

F41 (1‘, Q) = (E(l‘, q) - E(x_1>Q)) (328)

DN =

where

E(z,q) = 2242232 4 (¢ 434+9) 2% 2 +(2¢7 2 +2¢7 145420 +2¢3) +. ... (3.2.9)

The orientation-flipped Brieskorn sphere —%(2,3,7) can be constructed through
surgery on the complement in S® of the figure-eight knot 4;, namely —%(2,3,7) =
S3,(41). Exploiting the conjecture (3.2.3) and plugging in (3.2.8)-(3.2.9), we ob-
tain the result:

Zo(—%(2,3,7)) = —¢ 2 (14+q+@P+¢* +°+2¢"+5+2¢°+¢"°+2¢" +. . ). (3.2.10)

Note that the above leading terms in the g-expansion coincide (up to a sign) with
the guess (3.1.29) based on quantum modular properties and on ¢g-hypergeometric
identities. However, the procedure outlined in this subsection does not immedi-
ately lead to a way to prove the modularity of (3.2.10). We will see yet another
way to compute 20(—2(2, 3,7)) in the following subsection.

3.2.2 Relation to indefinite theta functions

As mentioned earlier, one immediate problem with the proposal
Za(_M?); T) “=7 Za(M3; _T)

from (3.0.7) is the fact that in Definition 3.0.1 one has 7 <+ —7 < M < —M, and
after this flipping of signature one no longer obtains a theta function ©;* (3.0.3)
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

(and an integral (3.0.1)) that makes sense on the upper-half plane.

While it seems to be the end of the road as far as Definition 3.0.1 is concerned,
a natural possibility is to replace the naive theta series with a regularised theta
function. Indeed, building on previous work by Vignéras [75], Zwegers [4] has
devised a way to define a regularisation for theta functions of signature (1,n)
which retains its holomorphicity, and moreover established the relation to mock
theta functions. The regularisation of general indefinite theta functions and the
relation to higher-depth mixed mock modular forms has recently been developed
n [76], [77], [78], [79]. In [62], we apply these results to define and to compute
quantum invariants for plumbed three-manifolds that are not weakly negative.

For the sake of concreteness and in order to establish a direct relation to Ramanu-
jan’s mock theta function, we focus on the class of three-manifolds discussed in
Proposition 3.1.1.1. In the notation of Proposition 3.1.1.1 and of Figure 3.2, after
performing the integration over w,, for i € {1,2,3} and write the w,, = w, we

obtain
R 30 Zv7n(v) dw
Zo(Ms; 1) = (1) — —h 3.2.11
(M) = (g ki) (321
where

3
=3 N e Y gE ke k| (3.2.12)

j=0ee{+1} kel+2Z

Note that naively taking 7+ —7 in h(7, z) gives

L
24 Z Z Z Z nLk, + J k*C]‘+3n227n wk

] =0 ae{j:l} k€14+2Z neZ

o5 (3.2.13)
j=0ee{£1} VEA;
2714 Z ( 1)" 3n22—n
where we have inserted 1 = % =1 "'EZW(T) 1 , and the bilinear form in
the second line is given by
/ T _% 0
(vi,v):=v ' Kv, K:= , (3.2.14)
0 3
and the set of summation is given by
v Eb]' 1
Aj,E: V:(U;)|U1€2Z+1—7,’U2€Z—6 . (3215)
m
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3.2. Explicit Calculations

In other words, the key ingredient h(,z) of the integrand becomes, after taking
7 — —7 and multiplying by n(7), a sum of theta functions of signature (1,1) that
we would like to make sense of. As a result, we propose the following definition
for Brieskorn spheres:

B 30721) m(v)
4

~ (=1)™q 7{ dw M
Zo(—Ms:; 1) := —_— 9 3.2.16
o(=Msi) 0P S (e — ey e (72) (3:216)
where
M d =i 3 ebj (v,v) i 1
M (r,2) =g e E cwm E p(v)g = e*milz 2)v (3.2.17)
J=0 ce{%1} veA; .

for an appropriately chosen “regularisation factor” p(v) which will be described
explicitly in the example below.

Ezample. We will again take the example of M3 = ¥(2,3,7), with the plumbing
graph and the adjacency matrix given in Figure 3.3. The relevant parameters m,
bj, and ¢; are given in (3.1.8). Adapting [4] to preserve the symmetry* 92 (7, 2) =
—9M (7, —2), we choose the regularising factor

p(v) = p@¢ (v) := % (sgn(v,c) —sgn(v,c)) (3.2.18)

where v = (%‘ ) for v = (31 ) and the two timelike vectors are chosen to be

c=(1,0), ¢ =(8,21). (3.2.19)

Putting things together, we have the following result

Proposition 3.2.0.1. When the reqularisation factor p(v) is given as in (3.2.18),
(3.2.19), the definition (3.2.16) leads to

0*Zo(-2(2,3,7;7) =1+ q+ ¢ +¢" + " + 20" + O(¢%) (3.2.20)
and the g-series agrees with the order 7 mock theta function of Ramanugjan.

Note that this result, given by the order 7 mock theta function, was precisely what
was expected in [33] (3.1.29). Moreover, at least the leading orders of ¢-expansion
also, up to a sign, coincides with the result (3.2.10) which was obtained via a
totally independent computation. These results constitute supporting evidence

4In this case, as noted in [34], the principal value contour integral renders the same result as
integrating over a contour lying inside (or outside) the unit disk.
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

for Conjecture 3.1.4.1.

A Regularisation with a Controllable Shadow

In this paragraph we will discuss an alternative regularisation factor to (3.2.18)
that has the advantage to make the computation of the shadow of the regularised
A (—Ms3, 1) simpler. Using this regularisation it is possible to construct examples
that explicitly satisfy conjecture 3.1.4.1.

In order to do so, we go back to equation (3.2.11) but this time we introduce
the factor 1 = 83 in which we have scaled the argument of the Dedekind eta

by a positive integer x € Ns(. This introduce an extra parameter that can be
tuned in order to recover the desired shadow and/or g-series of the regularised
7 (—Ms, 1), giving the regularisation more capacity to reproduce a wider range of
mock modular forms.

We thus get
80-5" mv)
oMy 7) = 20 > ]{ W gers) (3.2.21)
—Ms;7) = v T 2.
0 8 n(xT) P lwj=1 2miw(w —w=t) T
with
.3 b (v,v) o
OL(r,2) =g “e® > cww Yy g7 2D (3.2.22)
j=0eec{£1} VEA; -

where the scalar product (-,-) is the one associated to the matrix

_ _m
A= 2 . 3.2.23
( 0 3x> ( )
Forgetting the overall factor for simplicity, and expanding as in [58]
A L > sign(l)w' (3.2.24)
_— = — — S191 L.
W= 5 sign(l)w’,

the integral in (3.2.21) equals

Vp?{ Z Z Z )sign (20 + 1)q Q(am+1-e3t =) 2 (k1)
=1 27T'L

§=0ce{+1} k,l,n€Z

(3.2.25)
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where Q(v) = %VTAV is the quadratic form® associated to A. For convenience,
we consider the following scaled matrix

A= <_§m 3&) (3.2.26)

and denote with Q its associated quadratic form. With this notation, after some
manipulations, we can rewrite equation (3.2.25) as

3 m—b;
vp% E E [&gn (20 — 1)q Q(k+ Tt )
|=1 2miw

i=0k l,nGZ

m—b;
— sign (2l + 1)qQ<’“*W7” a)] w2+

(3.2.27)

At this point we introduce two different regularisation factors for the two addends
inside the square brackets in equation (3 2.27). In particular we multiply the

first addend by sign(2] — 1)pc, (k +mbi oy é) and the second by —sign (2] +

2m

1)pe, (k - m%fJ ,n— —J) with €; € {1} that will be specified later to match the

exact g-series. We have defined pc(v) = % (B(v,c) — B(v,c’)) (notice that we now

don’t take the absolute value of the first entry of v), and c; and &; differ only for
the sign of their first entry at different indices j as follows

(e, c(2)) for j=1,2 (3.2.28)

cj = , 2.
T (=M, @) for j=0,3

. (=M @) for j=1,2 (3.2.20)
¢ = . 2.

’ (M, @) for j=0,3

and analogously
/(1) #(2) P —

¢ = () or j=1,2 (3.2.30)
/ (=W, @) for j=0,3 ,
g JEdW @) for j=1,2 (3.2.31)
I (W, @) for j=0,3 o

Up to now we just require c;,c’;, €, é; to satisfy the conditions for the conver-

5With a slight abuse of notation we denote, for a bidimensional vector v = (z,y), Q((x,y)) as

Q(x,y)-
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

gence of the indefinite theta functions as specified in 1.3.2. We will impose further
constraints later that will make the shadow easier to compute explicitly.

Notice that, in particular, the integrand is invariant when sending w — w~'. The
integral thus reduce to the computation of the constant term in w [34]. Further-
more, since the sum in (3.2.27) is invariant sending n — —n, we can exchange
n— % with n — % inside the quadratic form. After some computations, we are left
with

_b. . m—bj <
(~1)"pe, (’“+ b 6]) QU d) (3.2

where we have written @ij for the indefinite theta function defined as in (1.50)

30—
with respect to the vectors c¢; and ¢’;, § := —M —d and

a; = (", =9), b= (0.4) (3.2.33)

2m 6x

We are now reduced, up to an overall factor, to a sum of 4 indefinite theta functions
defined on a double-sided cone (rather than the single-sided cone given by (3.2.18)).
The shadow can be extracted using the expression (1.51) for the action of the
shadow operator £ (1.27) on indefinite theta functions.

In order to do so, let’s start with proving a useful lemma.

Lemma 3.2.0.1. Let ¢c; = (c(li),chgi)) with Q(c;) = —m and cl(i) € Z fori,l e
{1,2}. With the notation of (1.51), the action of the shadow operator (1.27) on
Oa; b.ci,co, With a; and b as in (3.2.33) , has the form

j 77(5”7') —ime, i+é
1O ,e1.c (7)) = 5~ V2Im(T)e™ & z;(_l) ' 9—73(325j>,—3(ci7b)(2mT)
i€
(3.2.34)

where ¢ € 7 is determined by writing ¢, = € + 6¢ with € € {£1}.
Proof. Let us for simplicity focus on only one of the two summands in the sum

over j in (1.51). To make the notation lighter, let us also drop the j index on
the c-vector and write ¢ = (¢1,2mez) for its components. The norm condition
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Q(c) = —m implies
e — 6xmcs = 1. (3.2.35)
In particular this implies that ged(eq,3xzca) = 1 and ged(eq, 2mes) = 1. Since,

furthermore, ¢t := (3zcy, 1) is orthogonal to ¢, they constitute primitive vectors
and we can write Z2 = {kc + k'ct : k, k' € Z}. Thus

B(c,?)
2Q(c)
using B(c,f) = B(c,a;) +kB(c,c)+k'B(c,ct) = B(c,a;)+2kQ(c), has only one
element modulo <c>2‘. Thus ¢y in (1.51) can be chosen to be ¢y := a; + kc with k

fixed such that B(c,a;) + 2kQ(c) € [0, 1).
We can now focus on the second sum

Z esz(u,bi)qQ(z}) _ Ze27riB(€OL+ncL,bL)qQ(Eé+ncL) (3.2.37)
velt+e)t nez

{z €a; +7%: e o, 1)} : (3.2.36)

E;g&?;)c = ajL. We start noticing that, since ¢ and ¢t constitute

an orthonormal basis for R? for the scalar product induced by the matrix A,

4
we have, for the perpendicular component to c, g = Iggf(’i)) ctand thus /3 +

where (g = a; —

€
nct = (n + B2(c§?f¢))) ct. With the same procedure, it is also easy to compute

B(ct,bt) = 4 and, using (3.2.35), also Q(ct) = 2£. Thus equation (3.2.37)

becomes

. 1 BrL Bt . 37”(7%3“81&))
Z e27‘r7.B(1/,b )qQ(u) — e?rrzB(éO ,b™) Z e‘n’znclq z ) (3238)

vELF+{(c)7 nez

Since 1 c.E
3—xB(cl,aj) =—(m—1bj)ecs — J?cl (3.2.39)

and, from (3.2.35), ¢c; = € + 6¢ for € € {£1}, ¢ € Z using the fact that

Z(_l)nq%(ﬂﬂra)z’ — z:(_l)'”(]%(77‘70‘)2 (3240)

nez nez
for all a € R, we get
Z eQWiB(”’bL)qQ(”) = (—1)762”"B(af+’bL)77(z7') (3.2.41)
vELE+ ()7
where we have used (3 = aj and we have defined  := —(m — b;)cy — é¢;. Fur-
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

thermore,
B(b,ct)B(aj,ct) ¢ €;€
B(a;,bt) = ’ A A L 3.2.42
(af,b") o) 2 (-4 (3:2.42)
SO ,
e2miB(a; b) — (1)1t e (3.2.43)
The claim follows using the property ga» = ga+1,b- O

For convenience, we will write the function g in terms of the unary theta function
0, defined in (3.1.1). It is easy in fact to see that, for any N € Z,

wirN

e m 1

0.
\/E m,r;

With the conditions of the previous lemma, we have B(c;,b) = mca, thus we can

g N(2mT) = (7). (3.2.44)

write

7 777(1,7_) _ 1\i+é; €; 7171'7’“)5() )
G1(OL 1 e, ey (7)) = 273 21m(7);( 1)t T e em,r;”m (3.2.45)

with ry) = —B(c;,a;) mod 2m = (m — b, ) )4 xmcg) mod 2m since it holds
arln,r(T) - erln,r—i-Qm (T)

We now define H(—Ms; 1), the completed q 5Z0( Ms;7), as the result of substi-
tuting each indefinite theta function @J b in Zo( Ms; T) with the corresponding

(mixed) harmonic Maass form G)aj b as spemﬁed in section 1.3.2. Combining equa-
tion (3.2.45) with equation (3.2.32), and using £, = Im(7)(®' ~%)¢,,, we get that

(D" N~ - o
&My ) = -y g @, )
J?’ (3.2.46)

(%) (1>

2
_ Z H—cl efzﬂ"r 9 o (7_>

- m,r;
j=0 i=

This shows that, with the above regularisation, z(fMg;T) is a mock modular
form of weight %

As the next step, we will show that, with the proposed regularisation, we can
recover the g-series and shadow of the order 7 Ramanujan mock theta function.
We choose 2 = 3, ¢; = (1,0), co = (55,168) and ¢; = —1, e =1, 53 = —1, ¢4 = 1.
We get m=42,é; =é =1and cy,é; =0, =9 and

rV =1, V=41, V=55 =11,

3.2.47
r) =55 rP =71, 1P =1, P =41 (3.2.47)
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Using 6}, (1) = =0}, _ (1), we get
5%(H(*E(2a 3,7);7)) = (9i2,1 - 9&2,13 - 9&2,29 + 9i2,41) (1), (3.2.48)

matching the shadow of the order seven Ramanujan mock theta function Fy(q).
Furthermore, expanding the regularised invariant (3.2.32) we get the expected
g-series

—

P Z0(-2(2,3,7);7) =1+ q+ ¢ +¢" + ¢ +2¢7 + O(¢®). (3.2.49)

With the proposed regularisation, we are thus able to construct an expression for
the invariant Zo(—%(2,3,7);7) and its shadow that explicitly satisfies conjecture
3.1.4.1.

3.3 Conclusion

In this chapter we have discussed a conjecture relating the quantum invariants Zl
of a plumbed three manifold to the quantum invariants of the reversed oriented
manifold. In doing so we have observed some aspects of quantum modularity,
manifested in this case in the relation between the eichler integral of false theta
functions and the shadow of the “companion” mock theta functions.

The relation between false/mock pairs inspired our proposals for regularisation
prescriptions of the formula (3.0.1) for non weakly negative Brieskorn spheres.
Using the theory of indefinite theta functions, we are able to show that the 7 in-
variants regularised using this prescription are mock modular forms. Furthermore,
we have seen that. for the manifold ¥(2,3,7). the proposed regularisation can re-
produce the shadow predicted by conjecture 3.1.4.1 and that the corresponding
g-series agrees with the one computed with independent methods.

The regularisation procedure described in this chapter needs as input the param-
eters €;, j € {1,2,3,4} and the vectors ¢, ¢ constrained only to satisfy Pell’s
equation Q(c;) = —m. These have to be fixed from the indices r of the false theta
functions émw appearing in the invariant with the opposite orientation in order to
reproduce the correct shadow. It is important to recall, however, that mock mod-
ular forms are not uniquely determined by their shadow. In fact, mock modular
forms with the same shadow could differ by a modular form. So, even when it is
possible to find c;, €; that reproduce the correct shadow, the obtained function
could differ from the quantum invariant by a modular form and, furthermore, pa-
rameters leading to the same shadow could possibly yield different g-series.
Insights on how to choose the parameters to reproduce the correct quantum in-
variants can be derived from other characterizations and computation techniques
used to compute ’Z\a. One interesting direction to explore is to understand the
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3. Three-Manifold Quantum Invariants and Mock Theta Functions

construction presented here in terms of the seemingly closely related method of
inverted Habiro series discussed in [29]. It would be also interesting to understand
the expression for the regularised Z invariants in terms of VOA characters simi-
larly to [31]. With respect to this, it would be appealing to try to combine and
interpret the construction of VOA modules for indefinite theta functions presented
in chapter 2 in this setting. Finally, further insights could be gained from the Phys-
ical interpretation of these parameters in terms of the underlying 3d theory T'[M3]

that gives rise to the Z invariants.
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Quantum Modular
ZG-Invariants

In this chapter we continue the study of modular properties of certain g-series topo-
logical invariants of three-manifolds, presenting the work of [3]. More specifically,
we focus on the Z-invariants (sometimes also referred to as the g-series invariant or
the homological blocks), which we have already encountered in previous chapters.
In particular, in this chapter we will consider Z-invariants for higher rank groups
G and study their quantum modular properties as well as a recursive relation with
the Z invariants for lower rank groups.
In order to make this chapter self-contained, and to adapt the notation and conven-
tion to the setting, we will first briefly recall some basic facts and definitions about
7 invariants focusing on the aspects that will be more relevant to this chapter.
We will then give an overview of the main results before discussing the detailed
steps to obtain them. For conciseness of the exposition, we defer some of the
proofs to section 4.6. Data for the examples presented in section 4.4 are collected
in appendix B, definitions and properties of some of the functions encountered in
this section are collected in appendix C.
We start by briefly recalling that Z,(Ms) is physically defined as the half-index
(also called vortex partition function) of the three-dimensional ' = 2 supersym-
metric quantum field theory T'[M3] obtained by compactifying a six-dimensional
N = (2,0) superconformal field theory on the closed three-manifold Ms. b labels
the specific choices of boundary conditions that leave some of the supersymme-
tries unbroken. That said, as the exact content of T'[Mj3] is in general still not
known, this physical definition does not always lead to a method to explicitly
compute the Zb(Mg) invariants in practice. On the other hand, we recall that a
relation is conjectured between Z,(Ms) and the Chern-Simons invariant CS(Ms)
[22]. Specializing to the case by (M3) = 0, this relation reads

1

AR 27ik CS(a) o(4) 7 .
CS(Ms; k) = 7@‘\/%;6 Sap Zo(M3;7)] 51, (4.0.1)
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4. Quantum Modular 76 Invariants

where the sum can be thought of as over the connected components of the moduli
spaces of Abelian flat connections up to Weyl group actions, or the inequivalent
Spin® structure and Sé?) is a concrete matrix whose form can be found in [22,
58, 23]. This relation suggests that Z-invariants can be viewed as a function that
extends, and catergorifies via its BPS states counting interpretation, the WRT
invariants. Using the above, the known expression for CS(Ms; k), and inspired by
the localization expressions for the half-indices of certain known theories, a math-
ematical definition for ZZ;G (M3) invariants has been proposed for classes of three-

manifolds Ms [22], as well as knot complements in [58]. As the six-dimensional
N = (2,0) superconformal field theories are labelled by an ADE gauge group G,
we expect ’Z\EG (M3) to be similarly defined for all ADE gauge groups G. Indeed,
the mathematical definition for an arbitrary simply-laced gauge group G is given
in [25], generalizing the definition of [22] which corresponds to G = SU(2).

For G = SU(2), a relation between ZgU(Z) (M3) and quantum modular forms,

in particular false [23, 80, 81] and mock theta functions [23, 82, 29] have been
proposed. Generally, we have the following conjecture [23], which can be traced
all the way back to the relation between false and mock theta functions and WRT
invariants of three-manifolds [63, 83, 84, 85].

General Conjecture:
ZZ;G (Ms) is closely related to a quantum modular form of some kind for any
closed three-manifold Ms, any ADE gauge group G, and any boundary condition
label b.

Consider for instance G = SU(2) and Ms a Seifert manifold, while Z\EG (Ms3) is a

linear combination of quantum modular forms when Ms is a Seifert manifold with
three or four exceptional fibers, it is given more generally by linear combinations of
derivatives of quantum modular forms when M3 has at least five exceptional fibers
[80]. To expand our understanding of the above conjectural phenomenon, in this
chapter we study quantum modularity of ZEG (M3) for gauge groups G with rank

larger than one, and G = SU(3) in particular. In short, in these cases the type of
quantum modular forms will be higher depth quantum modular forms. Analogous
to higher depth mock modular forms ( [86, 87, 83, 89, 90, 91, 92, 93, 94, 95]),
higher depth quantum modular forms can be defined recursively: the cocycles of a
depth two quantum modular form are sums of depth one or zero quantum modular
forms multiplied by analytic functions, and so on (cf. Definition 4.2.3). Before we
go to the concrete results, let us mention a manifestation of quantum modularity
in this context.

As discussed in [23] in the context of Z invariants for G = SU (2), the transseries
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expression of the WRT invariant at the semi-classical regime can be understood
as a consequence of the following two facts: (1) the relation between WRT and Z
invariant (4.0.1), and (2) the quantum modularity of the Z invariant. Schemati-
cally, when the rank-one 7 is a component of a vector-valued quantum modular
form (see Definition 4.2.2) z = (z;) with weight w and S-matrix S(@, the above
leads to

1
iV2k

_ 1 27ikCS(a) A) [ qw (@) 1 L
7\@2 ;Sab K250 Jim () +ro(3)

b

CS(Mg; k) — Z eQﬂikCS(a) Z Si?) hj)nl Z\;U(Q) (MS; 7.)
a b 7k T

(4.0.2)

In the second line of the above equation, the first term inside the bracket arises
from the S-transformation of Z, while rp(3) is an asymptotic perturbative series
in % capturing the non-vanishing cocycle. The above equality turns out to cap-
ture many intricate structures related to flat SLy(C) connections on Ms. Note
first that the terms involving zy (—k) are responsible for the contributions from
the saddle points corresponding to non-Abelian flat connections. Moreover, since
the summation over a can be interpreted as a summation over the Abelian flat
connections, it is clear from above that the transseries for semi-classical WRT
invariants of this class of three-manifolds has the feature that only the saddle con-
tributions from Abelian flat connections carry a factor given by a perturbative

series, having the form e‘kcs(“)ﬁRa( %) where R, is again a perturbative series.
When Z invariant is a depth N quantum modular forms, one sees that the above
structure gets generalized. Now there are up to IV “classes” of saddle points, with
different complexity of the accompanying perturbative series. For instance, as be-
fore there will be no zisymptotic series of % multiplying the terms arising from the
S-transformation of Z;,, and more generally there are saddle point contributions
multiplied by products of ¢ perturbative series, for 0 < £ < N. Again, we expect
that the quantum modularity structure controls the intricate topological structure
of the flat connections on the 3-manifolds, and we will return to this point in §4.5.
Finally, in light of the proposed relation between vertex algebras and Z-invariants
[23, 31], we expect it to be also fruitful to understand quantum modularity of

o~

Z-invariants in the context of vertex algebras.

We will now briefly discuss the main contents and result contained in this chapter.

Quantum Modularity

First, we make the following conjecture about the quantum modular proper-
ties of ZEG (Ms) invariants for weakly-negative or weakly-positive plumbed three-
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4. Quantum Modular 76 Invariants

manifolds M3, where we let G to be an arbitrary ADE gauge group and b to be any
allowed boundary condition as detailed in §4.3 (cf. (4.3.8)). As will be explained
in §4.3, a plumbed three-manifold can be defined in terms of its plumbing matrix
M encoding its plumbing graph. Following [23], we say a plumbed manifold is
weakly-negative/positive when M ! when restricted to the subspace generated
by the “junction vertices” (those with degree at least 3), is negative/positive-
definite. A Seifert manifold can always be realized as a plumbed manifold with
one junction vertex, and in this case we will simply refer to a Seifert manifold
as a negative/positive Seifert manifold depending on the signature of the inverse
plumbing matrix in the direction of the unique junction vertex.

We first make the following conjecture, specializing and refining the General Con-
jecture outlined earlier:

Conjecture 4.0.0.1. Let G be an ADE group with rank r. For M3 a weakly-
negative or weakly-positive plumbed manifold with n junction vertices, the invariant
ZEG (Ms; 1) is related to quantum modular forms of depth up to r x n.

We also prove the following special case, where r =2 and n = 1.

Theorem 4.0.1. Let G = SU(3). For a negative Seifert manifold Ms with three
exceptional fibers and for all the allowed b, the invariant Zg (Ms; 1) is a sum of

depth-one and depth-two quantum modular forms.

We will prove the above statement by studying the so-called companion function
of 25(; , denoted by ZEG which is defined as a function that has the same asymptotic
expansion near 7 — Q up to a naive 7 — —7 transformation. See Definition
4.2.1. We construct this in terms of iterated non-holomorphic Eichler integrals (cf.
(4.2.50) and (4.2.52)), using a method similar to that of [96], and we will refer to
the companion function constructed in this specific way simply as the companion
function. One can also translate our analysis into the language of two-variable
completion [97] instead of the companion in a relatively straightforward fashion.
Specifically, in the language of [97], 25 is a sum of depth-one and depth-two false

modular forms.

In §4.5 we briefly discuss the possible forms of quantum modularity for the cases
beyond Conjecture 4.0.0.1.

A Recursive Structure

Next, consider changing the gauge group G while fixing the three-manifold M3 in
Z%(Ms), we ask the following question:
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Question: Given a three-manifold Ms, are the quantum modular properties
of ZESU(N)(Mg) for different N related?

To motivate this question, we find it illuminating to recall the following. Higher-
depth quantum modular forms have been playing a prominent role in the study
of the Vafa-Witten partition functions Z\C;W(T; My) for twisted four-dimensional
N = 4 super Yang-Mills on four-dimensional manifolds M. In more details,
when b (M,) = 1, the invariant ZGy, (15 My) displays mock modular properties
and the “depth” of the corresponding (mixed) modular forms is given in terms
of the rank of the gauge group G. The mock modular properties in particular
imply that there is a modular completion of ZGy, (15 My), denoted Z\C;W(T; My),
which is non-holomorphic with a canonically defined holomorphic part equaling
ZGy (13 My). While ZGy(7; My) transforms as a modular object, it has a non-
trivial 7-dependence referred to as its holomorphic anomaly. In other words, the
7-dependence of the completion function Z\C,:W(M4) captures the mock modularity
of the Vafa-Witten invariant ZGy (Myg). Notably, the holomorphic anomaly of
ZGy (13 My) for G = U(N) is given by ZG, (1; My) for G = U(n) with 0 < n < N.
Schematically, the conjecture states [98, 99]

ni+ns=N

The above recursive relation, and more generally the mock modularity in this
context, has been given a physical explanation from various perspectives includ-
ing four-dimensional gauge theories, two-dimensional sigma models [100], curve
counting [99], and DT invariants [101, 102, 103, 89]. Roughly speaking, the pres-
ence of a holomorphic anomaly is related to the presence of reducible connections
from the gauge theory point of view, and to the possibility of separating multiple
M5 branes from the M-theory point of view. The recursive structure (4.0.3) then
naturally follows from these interpretations. The similar M5 brane origin of the
three-manifold invariants Z€ (r; Ms), as detailed in [104], in particular motivates
the question on the recursive structure of the quantum modularity of 7 invariants
that we mentioned earlier.

To explore this question, we now focus on negative Seifert manifolds with three
exceptional fibers, corresponding to plumbing graphs with one junction vertex
of degree three. Based on the relation between Z invariants and VOA characters
shown in [23, 31], we expect Z\g(Mg) for G = SU(r+1) to be a linear combination
of rank-r’ false theta functions, with ' < r, up to an overall rational power of ¢ and
possibly the addition of a finite polynomial in ¢ and ¢~'. Since many statements
in the remaining part of the section are true up to an overall rational power of ¢
and the addition of a finite polynomial in ¢ and ¢!, for the sake of simplicity we
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4. Quantum Modular 76 Invariants

will introduce the special notation =, €, etc., where the ... is added on top of the
symbols to denote that the relation holds when replacing Z with C¢®Z + f(q),
for some C € C, A € Q, f(q) € Clg,q™!], and similarly for Z.

More specifically, we expect Z? (M3) to be a linear combination of functions of
the following form

oy (Hsgn<<ﬁ,@>>q'ﬁ'2/2),
=% (i,7) (Hsgn«ﬁ,m)qﬁ'z/?)

AEH+Ar

(4.0.4)

for some chosen [, ¥; and ¢ and rank r lattice A,.. We denote their companion
functions, which we expect to be given by linear combinations of iterated Fichler
integrals, by )4 [97]. Then the general structure of higher rank false theta
functions suggests the following. Schematically,

0 ZSU(T+1)

or
E span ({(%T)VO_3/2 %E(lh)vAm tv(l/z)vArz L. |Vi c {O7 1}77" >1+ r14+ro+... })
(4.0.5)

v

with 6” denotes the function of the type 6y, ,, defined as the following. For m a
positive integer, let ©,, be the 2m-dimensional Weil representation of the meta-

plectic group SLs(Z) spanned by the column vector 6, = (0m,r)rmod2m With
theta function components

Omp(r,2) = > qimy’,  yi=e2m (4.0.6)

Derivatives of (4.0.6) define unary theta functions 6y, ,. : H — C for v = 0,1, as

0%, (1) = ((;m(fZ)UGWL,T(T, z)>

An important role in the study of 75U ig played by Eichler integrals unary theta
functions. The Eichler integral of a weight w € 17 cusp form g(7) = 3, . ag(n)q"

(4.0.7)

z=0
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is a function given by'

(1) = C(w) Y ag(n)n'~q", (4.0.8)
where C(w) = i%, or

g(r) = /m g(Z)(=i(z" — 7)) Hvde, (4.0.9)

with a carefully chosen contour. In particular, the Eichler integral of H,In’r is
proportional the false theta function

0= > sgu(k)g" /A, (4.0.10)
k=r (2m)

In this chapter we focus on the next simplest non-trivial case where G = SU(3).
What we find is an interesting recursion structure, which we will describe in terms

of the Weil representations of the metaplectic group SLs(Z) that are subrepre-
sentations of ©,,. We denote by Ex,, the group of exact divisors of m, where
a divisor n of m is exact if (n, %) = 1 and the group multiplication for Ex,, is
nxn' = % In what follows we consider a subgroup K of Ex,,. The group K
labels a subrepresentation of ©,,, denoted O™+ which we will describe in more
details in §4.3. It has the property that @™+X" ¢ @m+K when K’ 5 K, and
in particular @™+ = @,, when K = {1}. In general, we have, in terms of the
projectors P™TX defined in, (4.3.18) and (4.3.19)

07K (rz)= > PO (r2) (4.0.11)

ror!
r'€Z/2m

We will write 025 1 = 0,1, to be the corresponding linear combination of 6%, .
(see (4.3.21) for v = 1), and write 0™ +tX C Z/2m as the set labelling (through
7) the linearly independent #7+% (7, z). Similar notations §2+5 and (g%m+5K)*
are used for the same linear combination (4.0.11) of the corresponding Eichler
integrals and the non-holomorphic Eichler integral

e O (—0)

(erun,r)*(T) = . dw (—i(w+T))3/2_”

(4.0.12)

(cf. (4.2.50)) which is up to an overall factor a companion for éfnyr. See §7.3 of

ITo avoid an unnecessary proliferation of constants we adopt a different normalization of the
Eichler integral than in previous chapters.
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4. Quantum Modular 76 Invariants

[23] for more details in the present context.

Now we explain the role of the representations @™ in the study of ZG-invariants.
It is shown [23, 80] that for any negative Seifert M3 with three exceptional fibers,
there exists a unique m and some K C Ex,, such that for all allowed choices of b

7" (Ms; ) €span ({6, |r € ™K}, (4.013)
which implies

Z2Y®) (Ms; 7,7) espan ({(03™F5) |r € o™ +Y) . (4.0.14)
From now on we will take the largest K such that the above is true. The following
conjecture, based on observations and proven for homological spheres, indicates
that the recursion of Z¢ have in fact finer structure than indicated in (4.0.5):

Conjecture 4.0.1.1. Let M3 be a negative Seifert manifold three exceptional fibers
and let b a choice of the boundary condition. Let m be the unique positive integer
and K be the largest subgroup of Ex,, such that

ZESU(Z) (M3;7) € span ({04 r € o™} (4.0.15)
Let E;U(S) (M3;71,7) be the companion of ZI?U(S) (1; M3). Then it satisfies
O (2sUG) 1y . =
e (ZB (M3;7,7) + z1d>
- ___ (4.0.16)
€ ——s an( oLy ) v =0,1, 7" € Z/2m, v € o™ HE )
v ({877 05,0 / )
where the 1d piece is of the form
214 € span ({(9,1;”)*|r €Z/2m, v=0,1}) . (4.0.17)

We see that the same Weil representation ©™% that governs the structure of
ZSUR)(Ms) also governs the structure of Z5V®)(Ms). We will comment on its
potential interpretation in §4.5.

When M3 is moreover a homological sphere, namely when Hi(Ms3,Z) is trivial,
it is topologically equivalent to a Brieskorn sphere X(p1, p2, p3) with coprime p;’s
(4.3.4). In this case there is only one homological block b = b, and it is known
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that [23]

%(éfm) (Ms;7,7)) = o0 R (4.0.18)

for
m = p1pap3, K ={1,p1,03,D2}, 7 =m —p1 — P2 — P3 (4.0.19)

where p; := m/p;.

For this (infinite) family of M3, we explicitly show that the conjecture is true, and
we have

Theorem 4.0.2. Conjecture 4.0.1.1 is true when Ms is a homological sphere.

In other words, in this case we have

o 1 ———
9 280 (Mysr,7) = — bR

orb VST
0 (g o e (4.0.20)
g ( E ( 35T, T) + Zld) - \/@ i r! r!

where B,/ is a linear combination of (¢}, .)* with v = 0,1, " € Z/2m. In
particular, note that while only one component of @™ +X appears to play a role
in the quantum modularity of Z5U® its modular images also play a role in
Z5U(3) | Here we have stated the recursive conjecture in terms of the companion
function. As before, the above analysis on the recursive relation can be translated
in the language of modular completions of higher-depth false theta functions [97].
Roughly speaking, the role of % will be played by %, acting on the two-variable
completion that depends on (7,w) € H x H and transforms as a bi-modular form.
An analogous statement should then hold also for (the 9, derivatives of) the

completion function defined in [97] in a natural fashion.

4.1 Notation Guide

For convenience, we collect here the notation that will be used in the rest of the
chapter.

Table 4.1:

e(r) Shorthand notation e(z) = e*™*.

B,,(z) Bernoulli polynomials with generating function te™” =

- . et—1
En:O Bn (.’L’)%

Continued on next page

89



4. Quantum Modular 76 Invariants

A=A,
A\/

Dy

<

<'7

|Z|?
{@; }yanke

pt

O

E® (r

Q)

Table 4.1: (Continued)

The root lattice associated to the simply-laced Lie algebra g.

The dual root lattice.

The set of simple roots {@; };21kG,

The sets of positive and negative roots.

The Weyl vector of the root system g:= 3 Zaeh

The scalar product in the dual space of the Cartan subalgebra of

g.

For # € C ®z A, the norm is defined by |7]? = (Z, f)

The set of fundamental weights, satisfying (dJ;, &) =
(4.2.1).

The set of dominant integral weights. See (4. For P*, see

(4.2.2).

The difference A& := &; — Wy of the two fundamental weights in
A, Lie algebra.

The Weyl group of the root system.
The action of the element w € W.
The length of w.

The norm Q(m) := %
R? (4.2.3).

Shorthand notation ¢ = (3, 12, m, D) introduced in §4.2.

1| = (3m7 + 3mymy +m3) for (my,ms) €

Shorthand notation & = §— %_'.

Generalized A false theta function defined in equation (4.2.5).
Partial theta functions, defined for v = 0,1 in (4.2.7) and (4.2.11).
Components of false theta functions, defined in equation (4.2.8).
F,(x) = 25e=Q®) (4.2.4)

The set (4.2.12) of parameters a (4.2.9) of the partial theta func-
tions F), o (7).

Subset of the set S defined in equation (4.2.14).
The companion functions of the functions F? (7). See (4.2.40).
The adjacency matrix (4.3.1) of the weighted graph (V, E, a).

Continued on next page
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Table 4.1: (Continued)

D Smallest positive integer such that DM;)}U € Z for Vv € V;
m = D2|M1;)}vo"

IS~y

Generalised Spin® structure (4.3.8) on a plumbed three-manifold
M3, labelling

the boundary conditions of T[Ms].
Zg(Mg) Topological invariant of a plumbed three-manifold M; (4.3.9).

Zg(Mg) Companion function of Egc(Mg)

Z, €, etc. relations hold when replacing 7 with CqAZ + f(q), for some
CeC,A€Q, f(q) € Clg,q" "], and similarly for Z.

4.2 Generalized A, False Theta Functions

Let A = A4, be the Ay root lattice, W the corresponding Weyl group with ¢ :
W — Z its length function. We denote by W, = Z/3 the rotation subgroup of W
given by the kernel of the map w +— (—1)“(*). We also denote by &, = {a;,ds} a
set of simple roots and {&;,ds} the corresponding fundamental weights, &, the
set of positive resp. negative roots, and by

Pt = {XeAN|(X,@)>0Vdecd,} (4.2.1)

the set of dominant integral weights, where (-, -) is a quadratic form given by the
Ay Cartan matrix. For # € C®z A, we define the norm |Z|? := (Z, ¥) as usual. We
will also define

Pt:={XeA|(Xa) >0Vaecd,.}. (4.2.2)

It will be convenient to introduce the map
Z?> - A, m= (my, ma) — m :=ma &1 + (3my + ma)ds
the corresponding norm
Q(m) := %|7’ﬁ|2 = (3m3 + 3mymg +m3) , (4.2.3)
and the following functions on R?

Fy (x) = abe Q) 1 =0,1. (4.2.4)
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Then given a vector § in the root lattice, a positive integer m, a divisor D of m,
and k € A/DA, we define the generalized Ay false theta function

FOr) = 3 (1)@ 3 min(ny,ny) ¢ 0@ BT (425)
weW reAnPt
fAew (k) +DA

where p encodes the data (8, I;, m, D). The A, false theta functions, whose quantum
modularity has been studied in [96] and which appear in the character of higher
rank logarithmic vertex algebra log-V5(m) [105], always have D = 1.

These generalized A, false theta functions are the building blocks of the Z 75U (M3)
invariants, when M3 is a negative Seifert manifold with three exceptlonal fibers
(4.3.13). The study of their explicit quantum modular properties will be the sub-
ject of this section.

In the above and elsewhere in this chapter, unless stated otherwise, we use the
weight basis notation. For instance, we use (ni,ns) to denote 7 := nid; +nids €
AY. We also write k|l <k a;) for keC ®z A, so 7i|;= n, for T = (n1,n2).

4.2.1 Identities

We now rewrite the generalised A, false theta function in a form which allows us
to determine its asymptotic behaviour in the limit where the modular parameter
7 approaches a rational number. Similar to [96] we will first rewrite (4.2.5) as a
sum over partial theta functions. Concretely, we have the following Lemma.

Lemma 4.2.0.1. With the notation of (4.2.5), we choose a representative of
k € A/DA such that 0 < (k,d;) < D for i =1,2, and write

k.

§=0+

@\3

Then we have
FO(7) = F\9(m7) + DF? (m7) (4.2.6)

where

*Z D w@liFy (), FOr):= Y Y Faw@)

weWy i€{1,2} weWy ie€{1,2}
(4.2.7)
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with

Foa(r)=| > +-1" Y nyq®m, (4.2.8)

nca+N2 nel—o+N2

The ag) vectors are defined in terms of S, E, and Weyl group element w € W

all) = <m+ Aw(U),le)1 B w(0)|1> - (1 e Aw(a)7 (@) )
m m m m
(4.2.9
in which
£ m [ w(l_g')i"7 Aw(@) = P@Oh=v@lz [0 when w(k)|2> w(k)|;
D 3 1 otherwise.

(4.2.10)

The proof can be found in 4.6.

For later convenience, we will also use the following rewriting of (4.2.7)

Dy = "m@ 3 @™, F2m =3 ma) Y npq?®.

acsS n€a+N2 a€esS nea+N2
(4.2.11)
where we write
s= U {agp, @ &b, a§3>} , (4.2.12)

weWy

~ (i i i ~ (i D i = (i
ay) =1-af), m(af))=mn@y)= —w(S)i m(al)) =-m(@ay) =1,
where 1 = (1,1). We will also write

S= U {aﬁj), ag)}, (4.2.14)

weW

so that

FOT) =Y n (@) Fra. (4.2.15)
acs

Note that ma € Z2, since @ € A and hence Aw(¢) = (Ad, w(F)) € Z, where we
write AG = &y — &y = (@1 — da).

To study the radial limit of F(@ later we will be working with functions of the
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form ZneaJrNg Fo(n) for v =0,1 with 0 < a; <1 fori=1,2. See (4.2.4). It will
therefore be useful to note the following result on the effect of integral shifts of a.

Lemma 4.2.0.2. Let 8 = a+ (baq,das) for daq,das € Z. Consider F, o(T) for
v=20,1 as defined in (4.2.7). Then

124ﬁ(7)"124a(7)

is in the integral linear span of one-dimensional lattice sums {0 [, a], 0°[k, a] |k, a €
Q}, up to the addition of a finite polynomial p(t) € ¢*Z[q], where

Ol al(7) = > In+al "+
neZ

Bk, al(7) = > sen(n + a)g= "
nez

(4.2.16)

Note that 6° and 6* are themselves Eichler integrals of weight 1 /2 resp. 3/2 theta
functions, up to finite polynomials. See (4.0.8). The proof can be found in 4.6.
Using the above lemma to shift vectors by integers, in the following section we will
consider vectors p = (u1, uo) satisfying 0 < pq, po < 1.

4.2.2 Radial Limits

In this subsection we aim to study the radial limit 7 — % € Q, approached from
the upper-half plane H, of the generalized A false theta functions F(@) (7). To do
so, we will use the Euler-Maclaurin summation formula, a strategy also employed
in [96]. First we will recall the following asymptotic expansion formula, which goes
back to [106]2.

For g = (p1, p2) with gy, e > 0, and F : ]RQZO — R a smooth rapidly decaying
C* function, the asymptotic expansion in the limit ¢ — 0T of F is given by [106]

T
> Pt ~ 75
neNg
t’n72 o0
=Y | de (Bau)FO T (0,2) 4+ Bu(uo) FO D (@,0)) (4.2.17)
neN s 0
tn1+n2—2 ( 1 1)
- s (111) By () ™ =1m27(0,0)
n%{é) n1|n2| 1(:“’1) 2(“2) ( )

2To apply the formulas in [106] correctly, it is important that the shift vector, denoted g here,
must satisfy p1,pu2 > 0.
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where ~ means that the two sides agree up to O(t"V) terms for any N € N and Zp

is given by
IF —/ / 1‘1,11,‘2 dl‘ldl‘g .

In the above expression, B,,(x) are the Bernoulli polynomials whose generating
etfjl =37 Bn(m)% A key feature of these polynomials
that follows directly from the generating function is their reflection property

Bp(z) = (—1)™Bpn(1 — z) . (4.2.18)

In order to apply (4.2.17) to derive the radial limit, we will further rewrite our
generalized false theta function (4.2.7) for when Rer € Q: for coprime integers h,
k and t € Ry, we have for v =0, 1

RO+ 42) =

ORI ANEDS e(ZQ(£+ u)) > F, (km\/in) (4.2.19)

nes LE(Z)kin)2 ne L (e+p)+22
kmn€u+N2
where we have defined m
d:=(h,m), m:= 5 (4.2.20)

and F,(x) is given as in (4.2.4). To see that the sum over £ is well-defined, note
that mpu € Z? for all u € S. To derive the asymptotic expansion (Proposition
4.2.0.1) of FV(Q)7 we first establish the following lemma.

Lemma 4.2.0.3. Let S, n,, and m be as given in (4.2.12), (4.2.13) and (4.2.20).
Then for v =0,1

o) D e (ZQ(@ - u)) =0. (4.2.21)

peS £€(Z/kin)?

See Appendix 4.6 for the proof.

Lemma 4.2.0.4. Given w € W

3 Y B, (élljm“l) e<ZQ £+ u)) =0 (4.2.22)

HG{M(I) (2)} 0<ly ,la<km

for any odd positive integer n.
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See Appendix 4.6 for the proof.

After establishing the above lemmas, upon using equations (4.2.17) and (4.2.19)
we are now ready to prove the following asymptotic formula.

Proposition 4.2.0.1. For v = 0,1, the asymptotic limit near % is given by

FOMR 4Ly~ =23 m(p) Y e(ZQ(E + u)) X

acd 0<0y ba<km
n—2-v
(km)"iQt 2 i gg-i—/l,g n—
2 ! | de | Bu| s | BTV @0)

nitng—2—v
th

— \Nn1+nz—
© B, (81 +/~L1> ]_-D(n1,o)(0’x)> _ Z (km) %

km n1! n2!
neN?

ni1=no+v (mod 2)

B, <€1 +/~L1> By, (32 +M2) f$n11,n21)(0)‘| ,

km km
(4.2.23)

Proof. In (4.2.19), choose the sum over £ to be over the range 0 < ¢1, ¢y < km and
apply the Euler-Maclaurin summation formula (4.2.17) to ZneNg F((n+ p)t),
with ¢

u = % , ' =kmvt, F(x)=F,(x).
First note that the potential divergent, £- and p-independent term Zr /t? actually
vanishes contribution due to Lemma 4.2.0.3. Second, note that the reflection
property (4.2.18) of the Bernoulli polynomials leads to the identity

> e m)m, ()

0<0y Lo <kin

—cr Y e(feeri-p) s, ()

0< 0,0 <k

(4.2.24)
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for i = 1,2, and

h £1+M1 b+ pa\

0< 0,0 <k

ny+ns ﬁ . £1+1—,UJ1 £2+1—,UJ2
(_1) + Z e<kQ(e+ 1 /1')) Bm < k1 )an < km )

0<ly o<k

(4.2.25)

where we have shifted the sum over £ to —€ + 1 (km —1). From (4.2.13) and
(4.2.14), since p and 1 := 1 — p appear in S in pairs, we can fold the sum into
a sum over S. Moreover, from 7, () = (—=1)”n,(u), the above identity implies
that terms in the sum in the third line of (4.2.23) vanish unless n; + ns = v(2).
Similarly, the terms in the second line of (4.2.23) vanish unless n = v(2). To show
that the potentially divergent term with n = 1 when v = 1 vanishes, we first note
that

FO02,0) = Fi (2,00 =0 (4.2.26)

and we are hence left to show that

/0o daFi(0.2) Y m(p) D G(ZQ(Hu)) B (ellsrﬁlﬂl)

0 pned 0< 0,02 <k

:/Oodx}“l(o,x) >y > e(ZQ(””)) By (W)

0 _
WEWS e fpl) u)y 0t ta<km

=0
(4.2.27)

which is true by Lemma 4.2.0.4. O

4.2.3 Companions

Having established the asymptotic expansions of the functions FIEQ)

T — % € Q, in this subsection we will show that certain functions E;© (7), consist-

in the limit
ing of generalised complementary error functions, are their companion functions
in the sense that they have compatible asymptotic behaviour.

Definition 4.2.1. We say two functions F and F on the upper-half plane are
companions of each other if their asymptotic expansions near the rationals satisfy

F L+~ anu(mytm, (4.2.28)

£>0
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and

F(b g at) ~> a_pr(m (4.2.29)

£>0

for all coprime integers h, k with & > 0.

Importantly, given a function on the upper-half-plane, its companion is anything
but unique; the definition of the companion function is insensitive to the addition
of functions vanishing at all rationals.

To establish companions of the generalised A, false theta functions, we define for
v=0,1

E©)(r Z"U ( Z gu(ni,n2) + Z gu(—m,nz)>
)+NG

HES nep+NZ ne(l—py,u
(4.2.30)
where
gu(n1,ng) =g~ 9™ (nZMQ* (\/g, V3v (2ny + na), \/Eng)
e—Trv(3n1+2n2)2 (4231)
+6u,1 M*(v3vn1)>t

2m/v

and v := &7, and show that, when writing the asymptotic expansion of FLEQ) as

FO (B4 2y~ 3 o) (myt™, (4.2.32)

m>0
we have the following proposition.

Proposition 4.2.1.1. E;(@ (1) as defined in equation (4.2.30) is a companion of
FV(Q) (1), whose asymptotic expansion in the limit T = % + 2%, t — 0% satisfies

E(© <k N 277) ~ S, (m) (—)™ (4.2.33)

m>0

For the proof of the proposition, it will be convenient to define the following
functions and establish the identities in Lemma 4.2.1.1. For v = 0,1, let the
functions G,,, G, : R? — R be given by

; (\[ V3(2z1 + x2) a2

gy($1,$2) =3 \/— \/7> eQ(m) = QV(—xl,xg), (4234)
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where the functions My, M3 are defined in equations (C.0.9) and (C.0.11) respec-
tively, following [86]. The following relations to F, have been established in §7 of
[96].

Lemma 4.2.1.1. Forv = 0,1 the following identities hold forn € N, n = v+1 (2):

| arFe w0 = (0l [ an (g0 +600) o)
0

0

n—1

/oo de ]__IEn,O) (O,JJ) — (_1)\. 7 /oo e (gl(ln,o) + (_1)Vg~l(/n,0)> (0,$) (4235)
0

0
1 [d” 32]
—_— —e 4
\/i dy™ y=0

and
FM(0) = (—1)F (g5 (0) + (—1)" G (0)) (4.2.36)

formyg +ng=v (2).

Now we are ready to prove Proposition 4.2.1.1. As before, we can re-express
E;'?(7) when Rer € Q as

B9 (% +35) =

27
VY S (o(-feerw) X o (tnvin)
nes Le(Z/km)? ne L (L+p)+2°

kmneu+NZ

+e<ZQ(1+u1 — 0y, pio +€2)> Z G <km\/in>>

n€ g (0 (1—p,p12)) +2
kmn€(1—p1,u2)+N2

(4.2.37)

where

1 3.2 2 3
G (x1,22) = G, (x1,22) + 6, e~ (ritdmate) pre [ [ 2 00 ) (4.2.38
(z1,22) (z1,72) Wi \ 5% ( )
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Applying (4.2.17) to (4.2.37), from Lemma 4.2.0.3 we see that

h
By O(f+ ) ~2) mp) Y e(kQ(£+u))

[.LES 0<¥y bo<km

_\n—-2 n—2-v

(km) t 2 Ly + po > (0,n—1) |, A(0,n—1)
X(‘ 2 m{3<m>/ g Gy

n>1
n=v(2)
0+ e .
+Bn( 1km:ul>/ dx (gﬁnfl,o) +(71)Vg£n71,0))(07x):|
0
(km)nyrmfzt% 0+ 0, +
+ Z B, (BT )p (f2tre
on? ny!ng! ! km 2 km

n1=no+v (mod 2)

(gl - g ) o)
(4.2.39)

holds for v = 0, where we have also used (4.2.24)-(4.2.25) to identify the contri-
bution from g and . For v = 1, one needs to take the additional term in (4.2.38)
into account. As shown in detail in [96] (see §7), the contributions of these terms
to the asymptotic expansion vanish due to Lemma 4.2.0.4.

Similarly, combining Proposition 4.2.0.1 and Lemma 4.2.1.1, and again evoking
Lemma 4.2.0.4, the comparison with (4.2.39) shows that the Proposition 4.2.1.1 is
true.

4.2.4 Eichler Integrals

In this subsection, we will relate the companion of the generalised As false theta
function F(?) to certain Eichler integrals. More precisely, we will show that the
companion function Ei(g) in Proposition 4.2.1.1 is an Eichler integral given in
Proposition 4.2.1.2, up to one-dimensional integrals specified in Lemma 4.2.1.2.

To show this, for » = 0,1 we first define the following functions

E (7 Z ) Y g™

ues neptz?
[(2;-5;>” e A ) |
(4.2.40)

*(9).

that are closely related to the companion function E, More precisely, their
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difference is given in terms of one-dimensional error function (see (C.0.2)) as

Lemma 4.2.1.2.

B (7) = B2 (r) + 3 ()X, (1) (42.41)
nes

where X,, are given by
ww=( L+ Y - ¥ - %
nep+NZ  ne(l,1)—p+N2  ne(l—py,p2)+N2  ne(pr,1—p2)+N2

X <5n1,0 (]. — 6n270) M (2\/67@) + 5n2,0 (1 — 6n1’0) M (2\/%711)
- 5n1,06n2,0> qu(n)

(=1 Zk=u2+No - Zk:l—uz-‘rNo M (2y/vk) qik2 w1 € 10,1} Zpa
(_1)M2 Zk:erNO - Zk:k#ﬁNo M (2\/%7“7) q_3k2 u1 & {0, 1} > M2
(—1yfaret pr € {0,1} 3 po
0 p1 € {0,1} Buo

forv =20 and

Xw={ > - > - > - 2

nep+Ng  ne(1,1)—p+N3  ne(l—pi,p2)—p+Ng  ne(pi,l—p2)—p+N3

X Ony,0 (nzM (2ﬁn2) + e—47rn§v> q_ng _

1
/v
(—1)#1 ( Z + Z ) (]{:M (Zﬁki) + ﬁe—%rk%) q—k2 1 € {0, 1}

k€ps+N2  k€l—po+NZ
0 M1 € {07 ]-}

forv=1.

The proof can be found in Appendix 4.6. Note that in §4.2.3 we used Ez(p) for
the application of Euler-Maclaurin formula, as g, (n1,ns2) in (4.2.31) is continuous
on R2, as a function of (ny,n2), unlike the counterpart in E,(,p); the difference
between the two functions then comes precisely from the cases when at least one
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of n; and ny vanishes. Moreover, from [4]

. i 2

ioo riz?w
LT a2 e
M(zy/v) =i——=q'*

2
q* —F——dw
V2 7 y/—i(w+T)
we see that X,(u) can be written as a linear combination of non-holomorphic
Eichler integrals of rank one theta functions (4.0.7), and hence

(4.2.42)

E(P) = EXP) 4 214 (4.2.43)

in the notation of (4.0.17).

Finally, by carefully rewriting the integrals in the rank two generalised comple-
mentary error functions Ms in the definition of El(,g), we arrive at the following
relation between the companion and the Eichler integrals, as shown in Appendix

4.6.

Proposition 4.2.1.2.

EQ(r)= > EL,(r) (4.2.44)

\/g 100 100 @(y@q)u(z)
(e) T) : Z20a271 L.
B () / / i ) dzod (4.2.45)

= . 12(—i(zg + 7))V F1/2
and
0, (z) =
y: 1-v 21\ p1—v 322
(m)> =3 BDAW())' ™ Y 0 s i) (E) 0 s+ (AGw(5)) <m)
sez)2
(4.2.46)

are given by sums of products of two theta functions of one-dimensional lattices.

Combining Lemma 4.2.1.2 and identity (C.0.3), we establish that the companions
of the generalised As false theta functions are given in terms of Eichler integrals
of rank two and rank one theta functions.

4.2.5 Quantum Modularity

In this subsection we review the relation between the Eichler integrals discussed
in the previous subsection and quantum modular forms.
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Let us recall the definition of (higher depth) quantum modular forms, extended
to the vector-valued case. We first recall the familiar definition of slash operators,
acting on a (vector-valued) function on the compactified upper-halp plane H :=
HUQU {icc}: given k € +Z and n-dimensional multiplier x for I' C SLy(Z) ,
namely a group homomorphism I' — GL,(C), and for every v = (¢4) € T, we
define the action of the slash operator |, xy acting on f = (f,): H — C" as

Flexy (1) = fOym)x(y)(er +d) 7", (4.2.47)
where we have written y7 = ‘;:jrrs as usual.

Definition 4.2.2 (Vector-Valued Quantum Modular Form). A function f:Q —
C™, is a (vector-valued) quantum modular form of weight k € %Z with multiplier
x for T' C SLy(Z) if for every v € T' the vector-valued function, the cocycle

hy(7) = F(7) = Fles(7) (4.2.48)

can be extended to an open subset of R and is real-analytic there. We will denote
the vector space of such forms by Q (T, x).

Definition 4.2.3 (Vector-Valued Higher Depth Quantum Modular Form [91]). A
function f : Q — C" is a quantum modular form of depth N € N and weight
k € 37 with multiplier x for I' C SLy(Z) if for every y € T

hy = f = flray € P QL (T, x)O(R) (4.2.49)
J

where j runs over a finite set, k; € %Z, N; € N with max(N;) = N — 1, x; are
multipliers, O(R) is the space of real-analytic functions on R C R which contains
an open subset of R. We also set Qi (T, x) = Qx (T, x), Q%(T, x) = 1 and Q¥ (T, )
denotes the space of quantum modular forms of weight k, depth N, and with
n-dimensional multiplier y for T'.

Eichler Integrals and Quantum Modular Forms

It is known that (holomorphic and non-holomorphic) Eichler integrals furnish ex-
amples of quantum modular forms. We define the following two vector-valued
functions
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for f a vector-valued cusp form with multiplier y, and % € Q. We say f* is the
non-holomorphic Eichler integral of the cusp form f. It is easy to verify that r; 4
is a real analytic function on R, which captures the error of modularity of f*:

(f* = [ o=k )(1) =75 a(7) (4.2.51)
for v € T, where Y is the conjugate multiplier x(v) = x(v). As a result, we have

e Qo i, Xx).

Similarly, for f; : H — C™, ¢ = 1,2 a pair of vector-valued cusp forms (or modular
form if the weight is 1/2) with weight k; and multiplier system y;, we define the
following matrix-valued (valued in C™*"2) functions:

(fr, fo)*(7) i= /_ujo oy /Z‘X’ dws Ci(wn +f;g)_2w’11){2<izzf)+ S (4.2.52)
and
P g (7) ::/i duw, /w a0 i j;g);wil){a(;gjl (4259

The function (f1, f2)* is often referred to as a non-holomorphic double Eichler
integral, or iterated non-holomorphic Eichler integral more generally.

One can show that for v € T,

((F1: f2)" = (J1s o) lambs—hoxa o )(T) = 7p, gy a(7) + Lp (T)7, a(7) 5 (4.2.54)

where the slash operator acts in the following way in terms of the components.
Write I; j := (f1,i, f2,;)* to denote the non-holomorphic double Eichler integral of
the components of the vector-valued modular forms f; and fs. Then

kg2 (1) = (em +d) YN T () e (M) ini (2 (0)) 75+ (4.2.55)

i'=1j'=1

We have ’l‘fhfz’%(T) € O(R\{-¢}), and Tpy g2 (T) € O(R) if both f; are cusp
forms[96]. From the above, we see that (f1,f2)* is a vector-valued depth two
quantum modular form valued in C"**"2 with multiplier x given by

X)) ig)iry = xa()iri(xa (1)) 5.5+

In this chapter, we will mainly encounter modular forms with real coefficients,
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satisfying
f(=7) = f(7),
and we will often use this property to simply write f(7) in the integrand.

The above-mentioned quantum modular property of the double Eichler-integral
(f1, f2)*, together with the form of the companion of F(*) as given in Proposition
4.2.1.1, its rewriting up to one-dimensional pieces in Lemma 4.2.1.2, and the rela-
tion to double Eichler integrals shown in Proposition 4.2.1.2, leads to the following
result.

Theorem 4.2.4. The generalized Az false theta functions defined in (4.2.5) is, up
to an overall rational power of q and possibly the addition of a finite polynomial

1

i q and g~ *, a sum of depth two quantum modular forms.

4.3 Properties of Z°V3)

In this section we turn to the main object of our study: Z}?(Mg) for G = SU(3)
and the simplest interesting choice of Mz, namely negative Seifert manifolds with
three exceptional fibers. In §4.3.1 we explain how they are assembled using the
generalized A, false theta functions F(®) as building blocks. Combining with the
results of the quantum modularity of the latter as established in the previous
section, we are led to Theorem 4.0.1 and Theorem 4.0.20. While we do not have a
proof for Conjecture 4.0.1.1, we provide evidence for it through studying numerous
examples in §4.4.

4.3.1 Topology

A plumbed three-manifold M3 can be defined as the boundary of glued disk bundles
associated to its plumbing graph, which is a weighted graph (V, E, a), here taken
to be a planar tree-shaped graph and no loops. The weights a(v) give the Euler
number of the disk bundle corresponding to the vertex v € V. Gluing occurs when
there is an edge connecting the two vertices v and v'. The data of the weighted
graph (V| E, a) is equivalent to that of the adjacency or plumbing matrix M of the
graph (V, E, a), with entries

a(v) if v=v
My =41 if v#v,vand v are connected (4.3.1)

0 otherwise .
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Seifert manifolds are examples of such plumbed three-manifolds. A Seifert mani-

fold N
wa= (o3} )
Pi) iz

with Seifert invariants (qi,p1), ..., (gn,Pn) is specified by a star-shaped plumbing
graph with a unique junction vertex vy from which emanate n legs, which rep-
resent the exceptional fibers of M3. As mentioned before, we say that Ms is a

negative/positive Seifert manifold depending on the sign of M, Along the i-th
leg, the vertices v,(c) ) are given by the continued

fraction expansion

’U[) ’U(]

and the corresponding weights a,

- 1
4 _ : (4.3.2)
pi ; 1
RO
1
(i) !
“@ T
as’ —
while a(vg) = b and and the orbifold Euler number e € Q is given by
b=c—Y L. (4.3.3)
izl Pi

See the Appendex A of [31] for further useful relations between the Seifert data
and the plumbing graph.

For such manifolds, define D to be the smallest positive integer such that DM, - L e
Zforallv € V, and let m = D?*|M, !, |?. Examples are given by Brieskorn spheres
Ms = ¥(p1,p2,ps3), which have trivial integral homology and are determined by

three coprime integers pi, p2, p3 through the defining equation
B(p1,p2,p3) = {(2,y,2) € CPlaP* +-yP2 4 2P =0} N S° . (4.34)

The Seifert data that specify the plumbing diagram are related to the integers
{p1,p2,p3} by the following relation

b+Zqz =

1 Di P1p2p3

(4.3.5)

For Brieskorn spheres, which satisfy |det(M)|= 1, we have D = 1 and m =
| M,

U07U0|

For a weakly-negative plumbed three-manifold M3, we define the ZG-invariants

3Comparison of conventions: m in this chapter is what is written as mD in [31].
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for any ADE gauge group G in the following way, where we mostly adopt the same
notation of as in [31]. In particular, for a given simply-laced Lie group G and a
plumbing graph (V, E, a), we let A be the root lattice and

Targ = MZ®Z @y A . (4.3.6)

For Z € R®Zl @7 A, we define its norm to be given by the inverse plumbing matrix
in the direction along the vertices and by the Cartan matrix in the root lattice
directions:

IEIP = 3 Mk (&, &) (4.3.7)

v eV

Definition 4.3.1 (Higher Rank Z Invariants [25] , [31] ). Let G be a simply-
laced Lie group and M3 a weakly negative plumbed three-manifold with plumbing
matrix M. Let b be a generalized Spin© structure on the manifold, given by

be (Z‘Vl @z A+ 50) JTarc, (4.3.8)
where 50711 = deg(v)p.
We define
%MMﬂ:W@A@(HA@%Mﬂ
B veV

xS o (H e@/fv”) , (43.9)
wGWZEFALG‘Fw(E)

-,

where W denotes the Weyl group of the root lattice of G, w(b) denotes the diagonal

-,

action w(b) = (w(by), w(by),...) and the integration measure is given by
rankG

g dzi,v
/cd§ = p.v./ H H 27Ti2i,v’

veV =1

with the contour C given by the Cauchy principal value integral around the unique
circle in the z;,-plane. Letting m); be the number of positive eigenvalues of M
and o)y the signature of M, according to [25],

305 —TrM
|

C%(g) = (—1)/elmu === 171" (4.3.10)

where @ is a set of positive roots for G and p'is a Weyl vector for G. Lastly, A
is the Weyl determinant.
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As shown in [31], the Z-invariants for negative Seifert manifolds with three excep-
tional fibers and for G = SU(3) can be expressed as combinations of the general-
ized Aj false theta functions (4.2.5) in the following way. Given b and a choice of
W = (wy,ws,w3) € W3 one of the following two statements is true. Either there
does not exist any root vector E_(; such that

b — (Co, w1 (7), wa(7), w3(7)) € MZIV! @4 A (4.3.11)
or there exists a unique ky € A/DA such that such that (4.3.11) holds if and only
if kg = lo/DA.

Now, let Wy C W®3 be the subset consisting of all @ for which the latter is true.
For w € Wl{, let
So=D > M, wi(p). (4.3.12)

vi€{v1,v2,03}

The above defines &y € A/mA via

m -
Si = 0w + = k-
S o + D
The Z-invariant is then given by
ZZ"O (Mzi7) = Clg) Y (~1) D FE(T) (4.3.13)
- ﬁ)EWE

where £(0) = ZS 1 U(w;) is the total Weyl length, py = (G4, kg, m, D) specifies
the functions F(##)(7) from equation (4.2.5), and

(My,)°
Clq) = (_1)71’1%(]30'1%*']:‘1"]\44’51%’ op = Z j’l — M;ﬂl} , (4.3.14)

veV; vo,vo

with 7y, and op; denoting the number of positive eigenvalues resp. the signature
of the adjacency matrix M. The additional power ¢°* comes from performing the
integral (4.3.9) along the directions corresponding to the “non-junction” vertices
with v with degree less than three.

4.3.2 Companions

In this subsection we will put the results obtained so far together and derive the
form of the companion function for Z 75U (M) for negative Seifert M3 with three

exceptional fibers, before we further specialize to the case of Brieskorn spheres.
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Combining 1) (4.3.13), the expression of 2§U(3)(M3) in terms of the generalized

Ay false theta function F(@), 2) Lemma 4.2.0.2 and (4.2.6), the splitting of F(©)
into components, 3) Proposition 4.2.1.1, the companion of the components, and
4) Proposition 4.2.1.2 and Lemma 4.2.1.2, the iterated non-holomorphic Eichler
integral expressions for the companions, we finally obtain the following.

Proposition 4.3.1.1. For a negative Seifert manifold Ms with three exceptional

fibers, a companion function Z;U(B) (Ms3) of the rank two homological blocks 25U(3)(M3)

b b
is, up to potential one-dimensional pieces, given by the following non-holomorphic
double FEichler integral

Z;U(?’) (M3;71,7) = z1a+

o) Y (e Y

weWy v=0,1

A—»w 1—v B
(377;9 ) Z Z( :uv,w,é’ﬁiu,'/;,&)*(’r)v

weWt §eZ/2
(4.3.15)

where the non-holomorphic double Eichler integral is of the theta functions

iu,w,(s(T) = 071n7m5+<ﬁ,w(5’u*,)>(7—)
9V (1) = v (37).

w,w,0 m,mé+(Ad,w(Gw))

(4.3.16)

Note that the above, together with the quantum modular properties of the non-
holomorphic double Eichler integrals discussed in §4.2.5, leads immediately to
Theorem 4.0.1.

‘Weil representations

From the fact that ¢}, = (6, ,.) is a vector-valued modular form for v = 0, 1, we see
from the discussion in §4.2.5 that, potentially up to certain one-dimensional pieces,
ZESU(:S) (Ms3) is a linear combination of components of vector-valued quantum mod-
ular forms of depth two. In what follows, we will investigate the recursive struc-
ture relating the quantum modular properties of 2§U(2)(M3) and ZgU(B) (Ms3), or

equivalently Z?U(Q)(Mg) and 2§U(3)(M3). In order to do that, we need to take a
b b

closer look at the underlying representations of the metaplectic group %(Z) For
this purpose, we will introduce specific Weil representations specified by a positive
integer m and a subgroup K of the group of its exact divisors Ex,,, as mentioned
in the introduction of this chapter.

To such a group K we associate a subrepresentation of ©,, (4.0.7), which we write
as O™+ in the following way. First we make use of the fact that the space of
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4. Quantum Modular 76 Invariants

matrices commuting with the S- and T-matrices of ©,, is spanned by [107]

1 ifr=—r" mod 2nand r=7r" mod 2m/n

Qm(n)r,r’ = { (4317)

0 otherwise, 7' € Z/2m

for njm. Note that Q,,(n) and Q,,(n’) commute for every pair of divisors n and
n'. For instance (1) = 1,, is the identity matrix of size 2m x 2m.

Now define the corresponding projection operators
PEn):= 1, £Qn(n)) /2, n€Expy, (4.3.18)

satisfying (PX(n))? = PE(n).

Since in our application we are mostly interested in Eichler integrals involving

0, (1) = 720, (7, 2)|.—0 which has the property 0y, =—0% ., or P (m)b), =
6!, we will from now on focus on the subgroups K satisfying m ¢ K and define

the projector

prtE — (H P;(n)> P (m) , (4.3.19)

nek

using the notation of [23]. When K is maximal, in the sense that Ex,, = KU (mx*
K), @m+K .= pm+K@ _ furnishes an irreducible representation of SLo(Z) when

m is square-free. In general, @+ irred . pm+Kiirredg - with K maximal and

pmtKirred ._ <H Pnt(n)> H (1, — %Qm(f)) P (m) (4.3.20)

nek f2m
is irreducible [108] [109].
Using the above we introduce the notation

o= N PR, (4.3.21)

r,r! m,r’
r'€Z/2m
which will be used extensively below.

In what follows, we will focus on the manifolds M3 that are homological spheres,
to obtain Theorem 4.0.2. First, we simplify the expression for the companions of
Z;U(S)(Mg,) given in Proposition 4.3.1.1 in these cases.
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Lemma 4.3.1.1. For Brieskorn spheres ¥(p1,p2,p3), we have

2§U(3) (M3;7,7) = 214

= 1—v
soe ) ¥ @ X B (0 S o)

m
weW®3 v=0,1 SEL/2

(4.3.22)

where the non-holomorphic double Fichler integral is of the theta functions

;1;,6(7-) = 971)1,m5+<ﬁ,&'uy) (T)

793@?61/ (1) = arlnirljz5+<Aw,5w> (37),

(4.3.23)

for m = p1pap3, pi = m/p; and

3
G = 5o = — Y _ piwi(p). (4.3.24)
=1

The proof of this Lemma can be found in Appendix 4.6. 4

It is know that the SU(2) companion for Brieskorn spheres with three exceptional
fibers is given by [23]

230 (M7, 7) = (01 (4:3.25)

up to an overall rational power of ¢ (and the addition of a finite polynomial in ¢~—*

for the case M3 = %(2,3,5)), where

m = p1pap3, K = {1,p1,p2,p3}, (4.3.26)

and r = m — p; — po — p3. For the SU(3) companions, we have the following
non-holomorphic double Eichler integral.

Proposition 4.3.1.2. For Brieskorn spheres X(p1, pa, p3), using the same nota-

4Regarding the one-dimensional non-holomorphic Eichler integral z;4, we also comment that,
when all &y satisfy 0 < (G, d;) < m, the different contributions from X, in Lemma 4.2.1.2 to
ZSU(S)(M;;) cancel for M3 = X(p1,p2,p3).
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4. Quantum Modular 76 Invariants

tion as in Lemma 4.3.1.1 and in (4.3.26), we have
ZLSU(?’) (M3;7,7) = 214

FRICE Y A Y Sl 48

v=0,1 s€Z/2TER

where the non-holomorphic double Eichler integral is of the theta functions

ro(r) =460 ()

o+ e (4.3.28)
05" (7) = Opr imsr (37)-
In the above, R C Z/2m is given by
R=RoURi1UR2UTR3 (4.3.29)
and
Ro = {0}
Ri=Pp} (4.3.30)

Ro =P {p1 + P2, 1 — P2}
Rs =P {p1 + P2 — P3, —P1 — P2 + D3} -

where we denote by PT by the group of even permutations of (p1,p2, p3). For each
r € R, we set cl(-r) =2—|r| if r =3, 7D

From the above, we see that (4.0.20) holds, and in particular Theorem 4.0.2 holds.

That is, up to possible one-dimensional terms, the same SLo(Z) representation
O©m*+K governs not just Z5U®) but also the SU (3) quantum modularity. Note,
when all p;s are square free, the underlying representation ©™*X is irreducible.
Furthermore, when 22 /m, one can replace 61X in Proposition 4.3.1.2 with
the irreducible representation @m+:irred (¢f  (4.3.20)). The proof of the above
Proposition is given in Appendix 4.6.

4.4 Examples

In this section we present in detail the structure of 7 invariants discussed in
§4.3. We further show the recursive structure, proven in §4.3 for homological
spheres, is also present for other non-spherical negative Seifert manifolds with three
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exceptional fibers. In particular, we compute explicitly the underlying §/L2 (Z) Weil
representations.

4.4.1 Example: M (—1; i %)

We begin with the spherical Seifert manifold X = M (—17 i, %, %) ~¥(4,5,7). To
determine the plumbing matrix M we compute continued fraction expansions of
the Seifert data 4.3.2. From

3 -1
- — 4.4.1
: —, (141)
9 _
-3
we have
—1 1 0 1 1
1 -4 0 0
M=| 0 0 -3 0 1 (4.4.2)
1 0 0O -7 0
1 0 1 0o -2

The corresponding plumbing graph has one junction vertex connecting to three
legs. Since X is a homological sphere, the adjacency matrix M is unimodular and
consequently the only inequivalent generalized Spin® structure is

EO = (ﬁa _ﬁ7 _ﬁ7 _ﬁv 6) . (443)
The unimodularity also leads to the parameters D =1 and m = —M;)’lvo = 140.

Since X is a spherical Seifert manifold the condition (4.3.11) is always satisfied so
W; in equation (4.3.13) is equal to W®3. Because

(71)5(74)71)) Few(7) = (71)6(1&) Foo(7) | (4.4.4)

where wi = (wwy, wwz, wws), we may simplify the sum over Wy in (4.3.13) to a

sum over representatives @ in the conjugacy classes of W®3 /W

Z2VO(Myir) = W[Cg) Y (-D)IDFP(r) (4.4.5)
- WEW®3 /W

For this manifold, we can choose the representatives @ such that Sy = (s1,$2)
have components s; € {1,...,m}. These parameters and their associated total
Weyl length (—1)%®) in (4.3.13) are collected in Table 4.2.

Since D = 1 and we can set Ew = 0, and therefore &y = 5y, whereby the 7
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. e § (81,82), (71)6(121) =-1
Fo = (51,82), (=1 =1 (33,83) (83,23) (23, 83)
543,103) (103, 43) (43, 43) (47 71)  (71,47) (33, 78)
( ) )
( )

27,111)  (27,51) (111, 27) 41,62) (41,2) (78,33
(51,27)  (43,19) (19, 43) 62,41) (2, 41)

(27,27)  (13,118) (13, 58)

(1,82)  (61,22)  (1,22)

(13,34)  (118,13) (58, 13)

(22,61)  (82,1) (22, 1)

(34,13)  (27,6) (6, 27)

(13, 13)

Table 4.2: s and its parity (_l)e(m) for the 36 inequivalent representatives of W®3 /W

for Ms = M (—1;1,2,1)

invariant in equation (4.3.13) is

Clg) Y (=) Fleo) (1) = 64%0 — 12¢°7 — 124" — 12¢* + O (¢°°) . (4.4.6)
wEWE

For each § we can then compute the set S (4.2.14). These values are collected in
Table B.1. As a selected example, consider (s1, $2) = (83, 83) which correspond to
@ = (aba, aba, aba), where a, b are Weyl group elements given as in (4.6.1). Using
equation (4.2.9) we find the set S contains

o) of?

( ? 18430) ( ’ 18430)

( 83 83 ) ( 57 83)
140° ~— 140 140> 70

<_%7 %) (%7 _%)
The « for all choices of § are collected in Table B.1.

For a € S, let B be the unique vector satisfying o = B8 (Z?) and f1, 2 € [0,1).
Lemma 4.2.0.2 justifies the splitting of the generalized A5 false theta function into
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1D and 2D contributions

wEWE
FO™P (7) = 3 n,(@)(FQ (7) - FY (7))
acs
FP ()= 3 (=) Fen (),
w€W~

FD(Q),QD (T) — Z 771» F(Q)
acs

For X this splitting gives

~ 9 18 . 33 . 81 . 57 39 81
F:774 5 w27 -8 Y10 2 13 Y714
129 7359 7357 T 707 T 359 T 359 T35

_%qlﬁ_% 19 %qm—i—% 25
CF® (mr) = ~F = 2™ = 320%™ + 20 + 24" + a0 (¢")
C(q)F3° (mr) = F + 47407q% + %qzs 33059q37 - %qm i; "0
ClQURP (n7) = F 4+ 520+ 5™ = 20" = 0™~ 2a 4.0 (¢")

5 27 55 11,0 111 4 39 4

81
C(q)F® (m7) = —F — +5200 +0(q7)

700 359 T35 T35? T3p
(4.4.7)

Here the one dimensional contribution is

C(g) (FIP (m7) + FIP (mr)) = 6 —6¢"1%—6'2'—6¢'%! + 6457 + O (¢')
(4.4.8)
and the total Z;U(g) (X) has integral coefficients

72" (X;7) = =6 + 120" +12¢% + 126" + O (¢°) . (4.4.9)

The companion functions to the 2D contributions F2P (m7) are double Eichler
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integrals, whose integrands computed using Lemma 4.3.1.1 contain

i T (—1)f D) (z) = (4.4.10)

weW®3
63 0140,63 + 710 7)955140+K
+ (150149,15 + 550140 55)91 R
— (70140,133 + 63014, 7)1
+ (8‘9140 132 + 48014045 + 80140 5 + 48 9140 92) Orig
+ (270140,113 + 130140,127 + 830140 57 + 43 0140,97) O3 0T
+ (200740,120 + 20614 20)91 H0TR
— (286140,112 + 28014025 00T
(15 9140,125 + 55 0140 85)9%9140”(
+35 9%40,10593’14%]( 35 9140 3501 O

140+ K
— (13014015 + 27 014,27 + 43014045 + 83 01a053) 013 (4.4.11)

using the shorthand notation

Or, 0L T =0 (320) 01T (21) (4.4.12)
and similarly
1 N .
1 S ()Ml (z) = (4.4.13)
weW®3

0 0 1,140+ K
(9140 63 1+ 0140, 7)023
L0+ K

(9140 15T 0140 55) 1

( 140,0 — 140 140)91’14O+K

1,140+ K
+ 9140 133 + 40 77) O35

91,140+K 1,140+ K

0 0
9140 132 9140 48 7 9140 8 + 9140 92) 22 - 9 140, 1059

1,140+ K
9140 113+ 9140 127 T 9140 57+ 0040 97) 057 -6 140,35919

(

= (

( 1,140+ K
(0140 120 0140,20)0613 A0HE

(

- (&

- (&

0 1,140+ K
+ 9140112 ‘91402)9

1,140+ K
140,125 T 9140 55)0

1,140+ K
140,13 T 0140,27 + 9?40,43 + 9?40,83) 013 A (4.4.14)
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where
09, 05 T =00 (320) 01MOTE (2) (4.4.15)

mTT'

and K = {1,p1pa, p1p3, p2ps} = {1,20,28,35}. This example makes manifest the
recursive structure described in Proposition 4.3.1.2.

4.4.2 Further examples

The above subsections have shown in great detail that the Z-invariant of Seifert
manifolds, including non-spherical manifolds for which Conjecture 4.0.1.1 is not
yet proven, display a recursion relation across different ranks. In particular the
companions for Z5U®@) and Z5U®) are carefully analyzed.

In the following Table we provide further evidence of this phenomenon. We or-
ganize examples in blocks. In each block the data is organized as follows: where

Seifert data o™TE
m, D O‘Z‘?K

m+K —m+K
m+ K Oa,  OL Oy

o™+ K is the set of r giving inequivalent L™K (4.3.21), ox’fK is the minimal
subset of o™X such that (4.0.13) and (4.0.14) hold also when o™ ¥ is replaced by
oy MK for all inequivalently choices of boundary conditions b. Similarly, o m+K

the mlnlmal subset of 0™+ such that (4.0.16) holds also when ™+ is replaced
by o A+K for all inequivalently choices of boundary conditions b. Note that we

have o™+ C 0m+K C O'ZH_K in all cases we study.
Table 4.3:

(=2;1/2,1/2, 3/5) ot ={1,-,39}
40, 4 o4? = {28,32,38}
40 742 = {5,10,15,16,20,24,25,30, 35}
(—1;1/2,1/3,1/8) o248 = {1,2,4,5,7,8,10,13,16}
24, 1 ot ={1,7}
24 +8 o t® ={1,2,7,10}
(=1;1/2,1/7,2/7) o1 ={1,3,5,7}
14, 1 ot = {3}
14+7 ai(’;” ={1,3,5}

Continued on next page
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Table 4.3: (Continued)

(—=1;1/4,1/7,4/7)  o*+7 ={1,2,3,5,6,7,9,10,13,14,17,21}

28, 1 ot ={13,21}

28+7 af@” {1,2,3,5,6,7,9,10,13,14,17,21}
(=1;1/3,1/5,2/5)  o'®+° ={1,2,4,57,10}

15, 1 ol = {4}

15+5 oot ={1,2,4,7}

(=1;1/3,1/3, 1/4) ol2t3 =1{1,2,3,5,6,9}

12, 1 ol ={1,9}

1243 glot? ={4,7,8,10,11}

(—2;1/2,1/2,12/13) ¢°% = {1,-,51}

52, 2 052 = {24,28,50}

52 aA ={2,4,9,11,15,17,22,24, 28, 30, 35, 37, 41, 43, 48, 50}
(-1;1/3,1/11, 6/11) o3 = {1,-,32}

33, 1 o3 = {16,22,28}

33 o5 ={3,4,6,7,9,12,15,18,21,24,26, 27, 29, 30}
(-2;1/2,2/3,2/3) %3 ={1,3}

6, 1 oot ={1,3}

6+3 oSt ={1,3}

(-2;1/2,1/2,8/9) % ={1,-,35}

36, 2 038 = {16,20,34}

36 o3 ={2,4,5,7,11,13,14,16,20, 22,23, 25,29, 31, 32, 34}
(-2;1/2,1/2,4/5) ¢ ={1,-,19}

20, 2 0% = {8,12,18}

20 % ={5,10,15}

(-2;1/2,2/3,3/4)  o'?** ={1,2,4,5,8}

12, 1 ol ={1,5}

1244 olitt ={1,4,5,8}

(-1;1/2,1/3,1/9) ol8+t9 ={1,3,5,7,9}

18, 1 ol ={1,5}

Continued on next page

118



4.5. Conclusion

Table 4.3: (Continued)

1849 ol ={1,5,7}

(—1;1/2, 1/5, 1/5) al"+5 ={1,3,5}

10, 1 ol ={1,5}

1045 1°+5 ={1,3,5}

(—1;1/2, 2/5, 1/15) osoﬂd ={1,3,5,7,9,11,13,15}
30, 1 ot ={7,11}

30+ 15 oot ={1,5,7,11}

(—1;1/2, 1/11, 4/11) 0?2 ={1,-,21}

22, 1 o3 ={7,11,15}

22 oAQ_{35711 15,17,19}
(—2;1/2,1/2, 6/7) o2 =1{1,-,27}

28, 2 0% ={12,16, 26}

28 o4 ={1,6,7,8,13,14,15,20,21,22,27}
—1;1/2, 1/4, 1/5) o204 = 11,2,3,4,6,7,8,11,12,16}
20, 1 ot ={1,11}

20 + 4 aj°+4_{1347811 12,16}
(—2;1/2,1/3,1/2) o2t ={1,-,23}

24, 4 o = {16,20,22}

24 o4 =1{3,6,9,12,15,18,21}

4.5 Conclusion

In the chapter we continued to study of quantum modular properties of A
invariants, extending the analysis to higher rank G. The results and conjectures
of the work presented in this chapter lead to many further research questions and
open questions, which we list below.

o Conjecture 4.0.0.1 is plausible. Starting from the Definition 4.3.1 of the rank-
T E—invariants, after straightforwardly performing the contour integration in
the directions spanned by all non-junction vertices, we are left with a rank
N = r x n lattice sum in the integrand of the remaining contour integral.
In the weakly-negative/positive case, the signature of the lattice is purely
positive/negative. In particular, in the weakly-negative case we obtain a sum
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over (derivatives of) rank N false-theta-like function. It should be interesting
to prove their quantum modularity explicitly. Similarly, for the weakly-
positive case we expect to obtain a close cousin of higher depth mock modular
form, though at present we do not have a universal recipe for defining Z-
invariants for these cases.

Beyond Conjecture 4.0.0.1, it would be very interesting to analyse quantum
modularity of Z-invariants when the plumbed manifold is neither weakly-
negative now weakly-positive, in other words when the space spanned by
junction vertices has signature (k, N — k) when k # 0. For this purpose, it
should be interesting to generalize the generalized error function [86] , [97]
to accommodate both the “false” as well as the “mock” directions.

As mentioned in the introduction, Rademacher sum expressions are inter-
esting for many purposes and are often available for holomorphic quantum
modular forms of the kind we study here. It would be interesting to systemat-
ically develop the Rademacher sum techniques for general quantum modular
forms. In terms of the physics on the field theory side, we wish to compare
the S2 x S! superconformal indices of the 3d theory T[Mj3], conjectured to
be related to Z by

190r) ~ > ZE (1) 2§ (—-7), (4.5.1)
b

with a summing over saddle point contributions from different gravity solu-
tions. Asargued in [23], it is tempting to define Z)G(Mg; —7) by identifying it
with Z)G(—Mg; 7). On the gravity side, while we do not yet have a complete
catalogue of supergravity solutions, the solutions described recently [110] in
the AdSy x S” context encouragingly take the form as geometries that might
be matched with the different Rademacher contributions.

Often, Z-invariants admit totally different expressions, arising from realizing
M3 not by plumbing but by surgery along knots [58], [25] , [26] , [111] , or
from alternative ways of expressing characters of logarithmic vertex algebras
[31], leading to interesting g¢-series identities. While so far the analysis of
quantum modularity relies mostly on the connection to lattice theta func-
tions, it will be very interesting if modular properties can also be analyzed
directly through these other expressions as well, as they are connected to yet
different areas of mathematics and will lead to different applications.

It will be very interesting to understand the nature of the recursive relation
we observed in more concrete terms. We can think of the following routes for
exploration. 1) Work out the recursion at higher rank in order to gain a more
complete understanding of the recursive structure. 2) We already mentioned
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the analogy to the structure in higher rank Vafa-Witten theory (4.0.3). It
would be helpful to develop a similar interpretation for the 3d case. 3) Apart
from the geometrical M-theory perspective, the Vafa-Witten recursion also
admits an interpretation in terms of the reducible connections of the higher
rank gauge group. From the SL(N,C) Chern-Simons point of view, we
believe it would be illuminating to work out the higher rank/higher depth
analogue of (4.0.2), from which we should be able to see explicitly the role
played by the lower rank flat connections. It is also desirable to compare with
the resurgence analysis analogous to [112]. It will be particularly interesting
to see what it means for the proposal in [23] to view the orbits of Weil
representation as corresponding to the non-Abelian SU(2) flat connections
on Ms, or relatedly to the different Wilson line insertions [104].

o According to the false-mock conjecture [23] and its higher rank generaliza-
tion, the recursion relation reported in Conjecture 4.0.1.1 and Theorem 4.0.2
should hold for — M3, the orientation-flipped cousin of M3, in a completely
analogous way. It would be interesting to compute Z(—Ms) for higher rank
G and check it.

4.6 Proofs

Proof for Lemma 4.2.0.1

Let a, b € W be the Weyl group elements whose action on a root k= Zi:m k} a;
reads

a:k e (kb —k})d + kbds

bk ka4 (k) — kb)) . (4.6.1)

They represent reflections with respect to the planes orthogonal to the simple
roots @1 resp. ds. In terms of these, we have W = {1, a, b, ab, ba, aba = bab} and
W, ={1,ab,ba}.

From 0 < (k,&;) for i = 1,2 we conclude that at least one of the triple &, a(k) and
b(k) is in P*. Evoking the identity

(—1)4 @) ) (7) = Flo)(7) (4.6.2)

for o = (3, E7m7D) and o = (w’(E),w’(E),m,D), from now on we assume that
k € P* without loss of generality.

121



4. Quantum Modular 76 Invariants

In the sum over  in (4.2.5), write 7@ = Dii + w(k) for /M € A. We have

m4w(k)e PT & mi>&,  i=1,2, (4.6.3)
where &, ; are defined by B
w(k
§uw,i = [— (DH (4.6.4)
Since 0 < <E, W;) < D, we have
((w(k)|1—w(k)|2)| < max(2k; + ko, k1 + 2k) < 3D , (4.6.5)
and hence |1 — &w,2| < 3. The function min(n;) is then given by
min(Pm Bl = {gffmwrffl'w L ST

For a given w, write the sum in (4.2.5) as F() = Zw(—l)‘;(“’)FQ(UQ). We now discuss

F' in the following two cases.

o Case 1: w(k)|2> w(k)|1.
In this case &,,1 > &2 and

FOW = Y (Dmitwher

ma>mi1 2&w,1
mi1=mz (mod 3)

+ S (Dmatw®))e

mi1>mo>Ew,2
m1=ms (mod 3)

(4.6.7)

where py,m = 5| — w(&) + m(m)[>. By redefining the summation indices

in the above equation in the following way

(ml — m2) ,mg) mi > Mo

(4.6.8)

ny,Ny) 1= (
) {<

and shifting the summation ranges by &,,,1 resp & 2, Fé,g) (7) can be rewritten

Wl Wl

(mg —ma),m1) me>my,
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as

F@@) = Y (D(nz + ) + w(B) ) oatwons s

ni,n2>0

+ (D(ng +&we2) + w(k)|p)gPw @ritstnaten anatens) | (4.6.9)

Introducing then the quadratic form
1
Q(n) = Q(n1,n) = §|(n2,3n1 +n9)[? = (3n] + 3ning +n3), (4.6.10)

we can write the function FL(UQ)(q) in terms of this notation

F9(q) = Z Z (D(nz+§w,i)+w(E)|i)me("+a§j>) (4.6.11)
i=1,2n1,m2>0
with ol given by (4.2.9) with x = 0.

Case 2: w(k)|2< w(k)|. .
This case can be treated analogously to Case 1, and gives (4.6.11) with all)
given by (4.2.9) with « = 1.

The pairs of Weyl group elements w,w’ € W

(w,w") = (1,aba), (a,ba), (b,ab) (4.6.12)

satisfy w(k)|i= —w'(k)|; for i # j.

Since the condition w(k)|y> w(k)|; is satisfied if and only if w’(k)|2> w'(K)|1, we
have the relations

afﬂl,) =1- ag) = 6153) , a? =1- agvl) =alV

w' T w

(4.6.13)

Moreover, by shifting the summand we obtain

Fom=3% Y <Dn2 + w(‘?n'D) g (4.6.14)

i=1,2 nEN%—i—a,(uf)

Summing over all w, we arrive at the expressions in Lemma 4.2.0.1.
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Proof for Lemma 4.2.0.2

In the first step we consider @’ = ac+ (dar1,0). Then a routine computation shows
that

-F‘O,a/ —_ FO,a = Z q%(al"rk?)? Z sgn(n + %)q(n+a2+%(a1+k))2
0<k<da1—1 ne7z
Pl = Fla=- Z gi(a Z sgn(n + 3)(n + az) g(nroatieath))®
0<k<da1—1 nez
(4.6.15)
while

n+a 3 (e 2 0 3
ngn(n+%)q( +as+5(e1+k)) _91[17a2+§(a1+k)](7) € Zlq]
neZ

since sgn(n + 1) — sgn(n + az + (o + k)) has finite support. Similarly,

3 3 5
Z sgn(n + 3)(n + az) q(n+a2+2(al+k))2 + 5(041 + k)01, 2 + 3 (ar + k)](7)
nez

— 01,00 + 3 (a1 + K)](1) | € Zg).

Second, we consider 8 = &’ 4 (0,0a2) = o + (daq, dxz). We have

Fop—Foa= 3, qi®™ Y sgn(n+)drreitaleath)”
0<k<das—1 nez
Fipg—Fia=— Y ¢ (ktay) ) sgn(n+ 1) gPrreitileath)
0<k<bas—1 nez
(4.6.16)
and

> sguln+ 5) AT’ 13 af + L(az + k)] € Zlg)
nez

Combining the above two steps proves the statement.

Proof of Lemma 4.2.0.3
First note
> e(hQ(£+a)) = > e(hQ(Hl —a))
_ k ) k
£€(Z/kin)? £€(Z/km)?
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and the statement for ¥ = 1 immediately follows since 7 () + 71 (1 — &) = 0 for
all a € §. Similarly, from the above identity we have

> (e > (hQ£+a>—2Zno Z)e(ZQ(E—&-Od)

acs 26 (Z/km)? e £e(Z/km)?
(4.6.17)
since no(a) = no(1 — ) for all @ € S.

More generally, the sum over £ is invariant if one replaces the « in summand with
any o’ as long as a + o’ € Z? or a — o’ € 7Z?, as one can simultaneously shift £.

X, X
1 1
Here we choose aq(,;) = %aq(,;), where

al) = (Aw(@), ~w(@)h) , af) = (~Aw(d), ~w(d)]) (4.6.18)

satisfy a € Z? and

1

Q@) =3

(07 + 0201 +03) = f|a'|2 (4.6.19)

Let (-,-) o be twice the inner product induced by the quadratic form @

(v,w)g = Q(v+w)—Q(v) —Q(W) = 3 (2v1 + v2) w1+ (3v1 + 2v2) w2 = (W, V) 5.
(4.6.20)
Splitting the sum over £ into a sum over N and v by writing £ = N + kv, we

arrive at
h h a
Z, e (kQ(E + a)) = Z, e (kQ(ﬂ + m)>
LE(Z/km)? LE(Z/km)?

-y ¥ ( QN+ kv + >)

ve(Z/m)? Ne(Z/k)?

- e<k7’;2Q(a)> Yoo <hm/5 <V,a>Q>

ve(Z/m)?

x Y e (ZQ(N)) e <k’:n (N,a}Q) :

Ne(Z/k)?

(4.6.21)

Focus on the factor 3, ¢ 752 € (%/5 (v, a>Q> , we see that the sum vanishes unless

m|3a1, az, which is equivalent to & € mA, in which case

> (hn/f (v, a>Q> =m?.

ve(Z/m)?
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4. Quantum Modular 76 Invariants

As a result, next we study the factor Y- n¢(z/p)2 € (LQ(IN)) e (k}—fn (N, a>Q) when
o € mA. Let 6* be the modular inverse of § mod k. This exists because § is a
divisor of h, which is coprime with k. Shifting the summation over N to N —4* 2
we can cancel the (N, a),, term and arrive at the result that

ZG(%Z/;m)z e (ZQ(E + a)) — e(hk/d(&* + §>Q<a))

where ¢ and ¢’ are a-independent constants that only depend on &,k and m, D.
Using the fact Q(a) is a constant over S (see (4.6.19)), we obtain from (4.6.17)

Sme) 3 efaera)=ze(SloP) Cm@  162)

aEsS 2E(Z) k)2 acd

which vanishes as a result of }©,, oy, w(?) = 0 for any ¥/, and hence 3, c s mo(ax) =
0.

Proof for Lemma 4.2.0.4

Proof. We first rewrite, using a; := ma; and writing £ = N + kv

2ot (tows)

0< 0y, bz <k
=e (ZQ (a)) Z e <Z7/;j (méQ (N) + 3Ny (2a1 + az) + N2 (3a1 + 2a2))> X

0<N<k

S B, (W) e (h_/d (31 (2a1 + as) + 2 (3a1 + 2a2))> .

_ m m
o<v<m

(4.6.23)

The sum over 5 shows that the quantity vanishes when 3a; + 2as is not divisible

by m. For both o = ag) or a = ag), the condition is equivalent to the condition

mld g o w()];. Writing 37, , w(F)|i= my, we write

all) = (a1,a2) mod (0,1)
4.6.24
a) = (1 - a1~ a3~ 4) mod (0,1) o2y

Invoking the reflection property (4.2.18) of the Bernoulli polynomials, we have for
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(2)

Y B, (W) e (Z’Q (E+1—a-— §(071)))

0<tl1 <km
Loy EL)km

{1+ o h
_ }:_Bn(1— s )e(kcz(e+a+g(o,1)))
0<ly1<km
ZQEZ/’C'I’?L

- X () (e e -mon)

0<t1<km
lQGZ/kﬁL

(4.6.25)

0<l1<km
U2EZ )/ km

Going from the first to the second line, we have relabeled € by (km — 1)1 — £.
Going to the third line, we have invoked the reflection property (4.2.18) of the
Bernoulli polynomials, and shifted ¢5 in the sum by 0*y, where 6*6 =1 (k). In
the last step, we used that {(«, (0,1)), = —%y. From this we immediately see that

(1 )

the contributions from aw) and ag cancel.
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4. Quantum Modular 76 Invariants

Proof for Lemma 4.2.1.2

For v =0 and ¢ € {1, -1} we have:

Eg? (7 Z Z 1o ( Z q ™M, <\/§; V3u (2eny + na) ﬁm)

66{1 -1} pes neu+Z

S mo(w) ( > ™, (\/5;\/%(25711 +”2)7\/17n2)

ee{l,—1} nes nep+N2

+ Z g~ Qmn2) (\/g, V3v (2en; + na), ﬁnz)

TLE(l—Mhuz)-‘rNg

n€}L+N(2]
+5n1,O (1 - 6n2,0) M (2\/6712) + 5ng,0 (1 - n1 0) (2\/3?77,1) - nl,Oénz,O)
Y e (a5 (VE VB (<201 + o) Voma)

n€(1—p1,p2)+N3

- 5n1,0 (1 - ng, ) (2fn2) nz,O (1 - n1 0) (2\/%7741)
+6n1,06n2,0)>

=E5 (1) +

ESILI] D DU DU DI 3

nes nep+Ny  ne(l,1)—p+Ng  ne(l—pi,p2)+Ng  ne€(pi,1—-p2)+Ng
X <5n1,0 (1 — 5n2,0) M (2\/5712) + 5n270 (1 - nl 0) (2\/ 31)’/7,1)

- 5n1,06n2,0> q—Q(n)

*(@) Z Mo (1

ues
(4.6.26)
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For v = 1 we have:

]E(Q) Z m ( Z na Mo (\/§, V3u (2n; + n2)> g~ @

#GS n€u+Ng
1 ,
g () Y My (V3 V30 (=2 + na) ) g~
pesS nep+NZ
1 .
e vp Z () > emEmr g (Vaun, ) g
Vv n€u+Ng
T A pee
T neS nEu-&-Ng
1
=3 Z m (w) Z (n2M2 (\/57 V3vu (21 +n2), \/5712)
neS nep+NZ
1
+747r\/56_”(3”1+2"2)2”M (\/31}711)) g @

Y (e (VB VB (-2m o) ima)

n€(1—p1,p2)+NG

1 2
—m(—3n1+2n2) v AL (_ ) —Q(—n1,n2)
—1—747“@6 Vv 3ung q
*(a) Z m (
uES

Proof for Proposition 4.2.1.2

Following [96], we can rewrite Egg) and Egg) as

9 0
E (r 2770 / (o2) +0x(02) g (46.27)

by —i(z1 +7)\/=i(22 +7)

and

V3 ‘ 203(c,z) — 04(cx, 2)
@y _ V3 / 7dzad
O 2 )L ) T i
Z/ / bo(2) dzadzy . (4.6.28)
: i(z1+7))2/—i(z2+7)
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The functions 0y(cx,z) are defined in equations (C.0.14) and can be equivalently

written as
321 1 22
91 Z m,m(2a1+az+3) ( ) Hm’m(aeré) (E) ’
1 21 1 322
02 72 Z m,m(3a1+2a2+75) ( )077L,m(()51+6) <m) ’
€Z/2
1 321 22
O3(c,z) = — > Ormartasts) < ) O m(a+5) (E) ’
0EZ/2
1 21 329
Oz = — 3 Ohmaar2ss9) (o) P 0 ( m ) ’
0EZ/2
1 o z1 322
95(01;Z) = E Z 9m,m(3a1+2a2+6) (E) m,m(ai1+9) m ) (4629)
0EZ/2

Most of these terms however sum to zero as proved in the following Lemma.

Lemma 4.6.0.1. Using the definitions above:

2770 )01 (a,z) =0
acs
Zﬁg(a,z):()

acs

295(0,Z)=0

acS

Proof. Due to the symmetries of the theta series and the sum over § we only need
to focus on the non-integer part of the o defined in equation (4.2.9). By direct
computation one can see that:

o (o)1 (o2.5) = - (o) 1 (o2 )
03 (aSP,z) = —03 (aéiL,z)
05 (aq(ul),z) = —0s (ag),z) .

The result follows from the fact that ba and 1 are in WT. O

130



4.6. Proofs

This yields
B (r) =

i(z1 +7)YV2(—i(2zg + 7))V T1/2

(4.6.30)

where

24+v 21 1—v 322
O, (p,2) = (m)~*" Z 9m m(3p1+2p2+96) (m) om,m(#ﬁa) <m> - (4.6.31)
5€Z/2

Substituting then the elements aS) and ag) of the set S for each w € W+
and using the shift and symmetry properties of theta functions 6, . for v = 0,1
allows to reduce the summation over g € S to a summation over w € W in the
expression for E(?(r) in terms of O, (z).

Proof for Lemma 4.3.1.1

Proof. When M3 = X(pi1,p2,p3) we have the unique b= 50, D =1,and m =
p1peps. Using equation (4.3.13), Proposition 4.2.1.1 and Lemma 4.2.1.2, we can
express the rank two part of companion of the Z-invariant in terms of the functions
]E(yg)(T) defined in (4.2.40) as

Zq (3)( )= Clg™) Z (—1)4®) (E((Jguv)(mT)_i_EgQw)(mT)) ’ (4.6.32)

%o weW @3

up to a one-dimensional piece, where we have p,; = (G, o, m, D) = (8,0, p1paps, 1).

Together with
E® = _E© (4.6.33)

v, v,w(aba)

in the notation of (4.6.1), which can easily be seen from
aba p= —p, aba AG = A,

we can extend the sum in Proposition 4.2.1.2 to write

EQ(r) = 5 3 (-1 VEE) (1) (1634)

weWw
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We then have the following identity

*1 Z Z “’)IE(Q“’)(mT)

v=0,1 peW®3

,O *1 Z Z Z (“’)]E(@“’)(mT)

v=0,1 HeW®3 weW

(4.6.35)
SN Y E Y s )
v=0,1 HeW®3 weW
= WICE™ 3 S R )
v=0,1 HeW®3
where we have used
Ex(f{?;) _ E,(,?éw) (4.6.36)

in the third line, which is manifest from (4.2.46). Combining the above with the
double Eichler integral expression in (4.2.45) for ]E,(f’&‘j) leads to the statement of
the Lemma.

O
Proof of Proposition 4.3.1.2
We take as our starting point Lemma 4.3.1.1, which states
Z5Y®) (M 1) = 214
b,
B o V3 (305, vy
siloe) Y@ S S (05) Y i),
HEW ®3 v=0,1 5€7./2
(4.6.37)
where the non-holomorphic double Eichler integral is of the theta functions
!/
w (T) Hmm 0,5 (T)
o o) (4.6.38)
L (r)=0,, m§+(AQ,E>(3T)'
for
—§, = — Zplwz (4.6.39)
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From (aba)p = —p, we have

3
&(wl(aba)al,w2(aba)52,w3(aba)53) = - Z(_l)alﬁzwz(ﬁj (4640)

i=1

for ¢; € Z/2. Then

Z2VO Mz 1) =210+ S C(7Y) Y Z ZE (r)  (4.6.41)

wew P v=0, 1 562/2

where fEW; is the integral

- 00 6w (g,
ESS) (r / / v (2) dzdz  (4.6.42)

21 + 7—))1/2(7“22 + T))V+1/2

of

1—v
0@ = Y <1>Zifi<2;<1>fi<m,wi<m>)

€1,62,63€Z/2 %

1 1-v
X3, (-1 1) O ms— S (1) AG 04(7) (320m)

_ (0w
=2 ) @V‘-’é(slsQ)(z),
€1,62€%L/2
(4.6.43)

where we have used that the summand is invariant under (e1,e9,e3) — (1,1,1) +
(e1,€2,€3), and we write

91,95’()51,52)(@ = ((—1)21-51 (Z i<_1)€i (AG, wi(ﬁ)>> (4.6.44)

5+Z —1)%i 53 {Fwi (F)) (2 ) mm5 Z i s (DD wi (7)) (322)> les=0 -
(4.6.45)

To simplify notation, in this appendix we will often skip writing the arguments of

the functions, with the understanding that 17" = 017" (323) and 0} = 6} (21).

Using
(abp, p) = (bap, p) = (abp, AD) = —(bap, AT) = —1 (4.6.46)
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and
5.0y =2, (§,A5) =0, (4.6.47)
as well as
O s = (1) 10, Y5 forall§ € Z/2,v € {0,1},r € Z/2m ,  (4.6.48)

it is straightforward to discuss the separate contributions individually.
Case 1: W = (e, e, e)

From (p, Ad) = 0 we see (:),(fgb)(z) =0 for v =0, and

2 (Q(e,e,e)) _ 1—v E€ipl
Ol gy =20k v 3 (~1)2 O mss2S (Ciripszp (46:49)
€1,62€ZL/2 °
= 267171_771;5 Z 66/97171:7715"1‘26171-1‘26'172-"-2133 (4650)

€,€’
for v =1.

Case 2: i = (ab,e,e), © = (ba, e, e) and permutations

In the case of @ = (ab, e, €), we have

(e(abie,e)) o\ _ (1 \1—vpl—v /0l
@u,é (Z) - (PT) 0m,m6+i)1 Z €€ 9m,m6+6ﬁ1+2e’52+253 . (4651)
e,e’e{l,—1}

Similarly, @ = (ba, e, ¢) renders the same answer and we get

50ase.e)) (N _ (1 \l—vgl—v g1
0,5 (z) = (p*l) Orr o+ Z €€ 0, mb+cpy+26p2+2p3 * (4.6.52)
e,e’e{l,—1}

All other six choices of W € Wf?’ where only one of the three elements is different
from e € W can be treated in exactly the same way, and we get the sum

5ew) + 1\1—vpl—v 1pl
E @u,a =2P (pT) 9m,m6+§1 E: €€ 0, mo+epy+2¢/pat2ps

w=(w1,w2,w3) e,e'e{l,—1}
one of the w;#e

(4.6.53)

where we denote by Pt by the group of even permutations of (p1, pa,p3).
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Case 8: @ = (ab,ab,e), w = (ba,ba,e), w = (ab,ba,e), © = (ba,ab,e) and
permutations

We observe that (—1)°(Ad, w(p)) is invariant under € <> € + 1, ab > ba.

From this we obtain

Z @(g(ab,ab.e))+®(9(ba,ba,e))+@(9(ab,ba,e)) +@(g(ba,ab,e))

v,6,(e,¢) v,6,(,¢) v,6,(e,1+¢) v,6,(1+¢,¢€)
s o ) (4.6.54)
et 2 —V !
=205, +5) O mstpite Z €€ O mé+cpr+¢'pa+27s
e,e’e{l,—-1}
and similarly
(2(ab,ab,e)) (2(ba,ba,e)) (0(ab,ba,e)) (0(ba,ab,e))
Z 6u,6,(5,1+6) + 91/,6,(8,14-5) + G)V,é,(a,e) + @V,é,(a,a)
Z
s (4.6.55)

_ o1 _ 1\l-vpl-v /91
= 2(p1 p2) m,mé-+p1—p2 Z €€ O mé+cpy+¢'pat2ps *
ee’e{l,—1}

We also have images of the above under even permutations, corresponding to the
cases where w; = e or wy = e.

Case 4: w = (ab, ab, ab), ® = (ba, ba, ba)
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Similarly as before, we have

(0(ab,ab,ab)) (Q(ba,ba,ba))((—1)5“(171-&-152)—173))1—1/
v,6,(¢,€) T w0,(e0e) m
1—v 1
RO s b (= 1) (p1-+52) 47 O, m+ (= 1)+ (1 +72) s (4.6.56)
(e(ab,ba,ab)) _ ~(Q(ba,ab,ba)) (=) (Pr+p2)—P3 \\1—v
1/,5,(befs+f) - 61/,5?(6,;4:1) - _( I'r)ri = pS))
1—v 1
X0 s b4+ (=1)% (B1-+52) 4 D, ma+ (= 1)1 (1 i) — s (4.6.57)
(e(ba,ab,ab)) _ (0(ab,baba)) _ (=Dt (P1+p2)—p —v
@u,é,b(s—l-bl,;) - u,(s,(ljsj-lljs) - 7( Z;nl, - p3))1
1—v 1
Xamam5+(—1)€(51+ﬁ2)+ﬁ36m,m5+(*1)5+1(*171+172)*Z73 (4658)
(e(ab,ab,ba)) o (C(ba,ba,ab)) _((—1)5“(171—172)—173))1—1/
v,0,(e+1le) — v, (e+le) T m
1—v 1
RO 3+ (—1)% (5 —p2) s Db+ (— 1) (51 — )~ (4.6.59)
(e(ab,ab,ab)) _ ~(Q(ba,ba,ba)) _((—1)5“(151 —132)—133))1_,,
v,8,(e,e+1) = v, (e,e+1) T m
1—v 1
RO 5 4 (1) (P — ) 45 Db+ (= 1) =41 (1 —p2) (4.6.60)
(e(va,ab,ab)) _ ~(@(abba,ba)) _ 7((71)2(;717;32)7153 ))171,
v,8,(g,e) — Yvd,(e,e) - m
1—v 1
X0 b+ (— 1)+ (51 —p2) 43 O, m+ (1) 41 (pr+52) s (4.6.61)
(0(ab,abba)) o (C(ba,ba,ab)) ((—1)5(131-&-152)—173))1—1/
v,6,(¢,€) T Tv0,(e0e) - m
xg-v 6! (4.6.62)

m,md&+(—1)s+t1(p1+p2)+p3” m,mé+(—1)=+1(p1+p2)—p3 °

Summing up, we get

(0(ab,ab,ab)) (0(ba,ab,ab)) (0(ab,ba,ab)) (@(ab,ab,ba)) o
91/,6,(5,5) + ®V75,(€+1,6) + 91/,6,(5,5—&-1) + ®V75,(€+1,8+1) + (CL AR b) -

1 1 e 1 \1—-vpl—v nl
2(1T1 + P2 +(=1) 173) 0m7m5+(51+52)+(—1)553 Z €€ 9m1m5+€ﬁ1+6’:52—153

€,€’

(2(ab,ba,ab)) (0(ba,ba,ab)) (2(ab,ab,ab)) (0(ab,ba,ba)) o
61/,5,(5,5) + 6u,5,(5+1,s) + ®V,5,(s,5+1) + eu,é,(s+1,s+1) + (a A b) -

1 1 e 1\1—vpl—v nl
2(171 T (=1) 173) 9m7m6+(ﬁ1—ﬁ2)+(—1)5ﬁ3 Z €€ Orn,mi+ep+e/pa—ps -
€,€’

(4.6.63)

Finally, summing up the contributions from all the above four cases, we define a
set R C Z/2m, with
R=Ro+Ri1i+Rs+Rs3 (4664)
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and
= {0}
Ry =P {p1}
Ro = PT{p1 + P2, p1 — P2}
Rs = PH{p1 + P2 — P3, —P1 — P2 + D3} -

(4.6.65)

(r)

For each 7 € R, we set a;, ' := 2 — |r;| if r =), r;p;. For instance, we have

(agﬁl+ﬁ2),agﬁl+ﬁz)’agﬁﬂrﬁz)) _ (a§51*52)7agﬁlfﬁz)7aéﬁl+ﬁ2)) — (1 1 2) )

Using the above definition, we can write

(Qw) — 1 vol—v 1
E =2 E : 9m ,mé+r Zee em m5+ep1a( )+6 pza( )+Psa( )

w€W§3 reR €,€
_ Z 1 vgl—v Z ( )Z cigl
m,mdé-+r m m5+z —1)Eip a ry -
reR £1,62,63€ZL/2

(4.6.66)

From (p;,p;) = 1, we see that €,,(p;) has precisely one zero entry in each row,
since
r+r"'=0(2p;), r—1" =0 (2p;) (4.6.67)

has a unique solution in Z/2m for 7’ for any given r € Z/2m.

In particular, one can show that

> (Qm(pi Pt 3 (1)l X0 = Ko 5 (Cayesssigipa) (4:6:68)
r'€Z/2m

for all 4, ay) € Z. Consider the representation of the metapletic group §/L2(Z)
corresponding to the subgroup K = {1, p1,p2,p3} of the group of exact divisors.
This representation is irreducible when all three p; are square-free. We have

m+ K _
(P 9m)m§+131a1+132a2+133a3 -
1
4 (em,m6+ﬁ1a1+172a2+1730«3 + 0m,m§+[)1a17;52a27[)3a3+

0m7m5—;l71a1+;52(l2—153a3 +07?”Lm“b5—1710‘t1—172(124-173(13) : (4'6'69)
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4. Quantum Modular 76 Invariants

Again using 0}, . = =0}, _,, we see that
1, m+K L m+K pnl
0m6+2.@a§” = P 0) 0545 ol
(4.6.70)
1 1l
- Z Z €€ om,m(s—i-sﬁlagr)—i-e’ﬁgagr)—i-ﬁgaér) ’
€,€
As a result, we obtain the following expression
A(ew) _ r\l-vpgl—v 1,m+K
Z @V76 =8 Z(m) 9m,m6+r9m’m5+zi z’)iay) ’ (4671)

wewP? reR
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Indefinite Theta
Representations of Mock

Theta Functions

For completeness, we include expressions for the mock theta functions used in this
work in terms of indefinite theta functions. A more extensive list of expressions
including all Ramanujan’s mock theta functions can be found in [38]. We have!

Order 2
0= %:3 GO (3*4) |
B0~ syl () (72 3)
Order 3
J@= ‘2;(25)@@ (D7) (2 g0m) + o
o) = 55)9@ DAD(7) (3m2r 4 3o0r) s

INotice that in our notation 0y (z,7) = 8(—z,7) with 6(z,7) defined as in [38].
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A. Indefinite Theta Representations of Mock Theta Functions

Order 8

_ q%n(‘lT) + 4 87
1ol = 5 amnm O (1 0(3) <5 TR )

_ q%ﬁ(‘”) + T 1 T 87
6 =53 1y () (74 3977

Q%U(‘“’) + o AT

Ul = Sagery O3 () 0

_ g 1 n(2r)3n(4r)
Yol@ = =559 0.3 (T’4T*'2’87> () (s

'l‘qE + 1
Vi(g)=———"——-0 _ (37’,27’—0—,87).
V= 3 nsn Y () 2

To make contact with the notation used in section 2.3, we write the function
@Z’C’C, (z,7) in terms of indefinite thetas functions (2.14) through relation (1.57).
We can thus rewrite

Order 2
3mi 1 4T
Alg) = e g8 22227';2@(27i)7(0’5)(4T)7
_8mi _1 77(27—)
Bla) = g oan O ) 7
Order 3
s g 5 nB7)!
fla) = =275 0500 B0+ P e e
_ o a g3 _2 n(67)*
wa) =2 L e5Oan. e e e
Order 6




Order 8

Uo(q) = q% 27]&2132@(}1 %)’(0 0) (47’)7

e b n(2r)n(4r)
Vol@) = —ie™% G e 0.0 B ~ )
Vo) = —ie™ ¥ 503 4),04) 87)
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A. Indefinite Theta Representations of Mock Theta Functions

142



Tables

In this appendix we collect tables with computational data for the examples pre-
sented in Section 4.4. Each of these tables is organized following in blocks with the
same format, where each block specifies the contribution to the function Z which
comes from a generalised As false theta function. We remind the reader that the
definition of a generalised As false theta function can be found in Section 4.2; this
function is a building block for the companion function Z and is associated to a
set & = Sy, which is in turn determined with respect to Z by a triplet of Weyl
group elements 0.

Symbolically, each block is organized in the following way

M 2

(wlanaw3) al al
(s1,52) a%) az(zz)
(kh k2) al(ya) al()a)

using again the same notation (4.6.1) for Weyl group elements. The first column
contains the triplet of Weyl elements @ and the vectors § and k, while the second
and third columns contain the values of aq(ul), aq(,?), with w restricted to elements

of the rotation subgroup W, C W.

143



B. Tables
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3. (Continued)
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Special functions

In this appendix we collect the definitions of the special functions used in chapter
4, as well as properties and relations that they satisfy. As for notations, we use
throughout g := €™, where 7 € H and v := 37. The functions

E(u) := 2/ e dw ueR (C.0.1)
0

and )
M(u) = i/ e 2wy =gy u#0 (C.0.2)
R—iu

™

are closely related to the error and the complementary error functions. A useful
rewriting of M (u) is [4]

M(2+/7) = i-q'T e d (C.0.3)
TVV) =1—=q % —F—aw . 0.
V2 7 v/ —i(w+T)
They satisfy the relation
M(u) = E(u) — sgn(u) , (C.0.4)
where
1 ifu>0
sgn(u) :==¢ -1 ifu<0 . (C.0.5)
0 ifu=0
We also define
M*(u) = E(u) —sgn*(u) , (C.0.6)
where
sgn*(x) :=sgn(x) ifx#0 and sgn*(0) := 1. (C.0.7)



C. Special functions

The generalised error function Es : R x R? — R is defined by
Es(k;u) ::/ sgn(wy)sgn(ws + mul)67”((“’17"1)2“”27“2)2)dwldwg . (C.0.8)
]RZ

For us, u; — kug # 0, the generalised complementary error function is

1 677rwf77rw§727ri(u1w1+u2w2)
My (k;u) := ——/ / dwidws . (C.0.9)
72 JR—iuy JR—iwy wa (w1 — Kws)

These functions satisfy the following relation
Ms(k;u) = Eo(k;ur,ug) + sgn(ug — kug)sgn(ug)

(C.0.10)

—sgn(ug)E(uy) — sgn(u; — kug)E <M) ,

V14 kK?

and

M3 (k;u1,ug) = sgn*(u; — kug)sgn® (uz) + Eo(k;u1, ug)

KU1 + Usg

—sgn*(ug)E(u1) — sgn®(ug — kug)FE ( i

) . (C.0.11)

The following identities hold for derivatives of the function Ms(k;u) [86]

01 2 _m(ugptruy)? Ul — Ko
MQ( )(/1711) = ﬁe 1+r2 M ﬁ ; (0012)

2k _r(ugtrug)? U — KU
MO K;ua) = 26771%% M (ug) + ———e Y| (1 2
2 ( ) ( 2) h 2

Niewr ) . (C.0.13)
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Error function complements as integrals of theta functions: Let 0; (1, w)
be the following theta functions

Ousw) = D7 (2n1+mg)ng ¥ (Cmima o)
nep+72

Oa(pw) = > (3n1 + 2mg)ny ¥ (G t2n) untinun)
nep+72

Os(psw) = > (201 + ng) ¥ (@mtna) urtnius)
nep+72

Ou(psw) = Y (3n1 + 2ny) ¢ F (Crat2ne) witdntus)
nep+72

Z ny o5 (Brit2nz)?wi+3nfws) (C.0.14)
nep+72

We can rewrite the error function complement Ms (x,u) from equation (C.0.9) as
an iterated Eichler integral like in [96]

Mo (\/37 V3u(2n1 + na), ﬁnz) =

7r’L’VL2w
3 iOO (2n1+n2) w1 100 Ithaw2
— g(in + ng)nqu(") c - dwsdw,
= =i(wr +7) S, /—i(ws +7T)
. . 37r'Ln wo
3 100 ﬂ(3n1Jr2nQ) w1 100 1
B %(3111 + 2n9)ny @™ 76 - dwadw ,
Y a1 —I—T —i(wg + 7)
(C.0.15)

whereby

Z M, (\/g, V3u(2n1 + na), ﬁn2>

nep+72
_ V3 Orlt, W) +02(1 W) e (C.0.16)
2 J5 Ju =ilwr +1)/—i(wz +T)
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C. Special functions

and
1o 21
- [ (Mz (\/3; V30 (20 4 ny) , Vo (nz - m(Z)>> 627””22)}
i | 0z Y =
. 2
ico 31T (2n, +n2)%w; 00 =4
\[(2711 +ng) e i s
5 s (w1 i(ws + 7))
. 3inn2wy
3 P00 —ﬂ(3n1+27l2) w1 oo 3
B 4£(3n1 + omy) e—dwgdw1
- s i(wi ) i(w2 +7))2
] .517rn2w2
T [0 EGnid2ny)?wy  pico T2
_ \[TL1 / - © ——————dwodw , (C~0'17)
A Jor (—(wi+7)2 Ju i(we +7)

which implies

= {gz (M2 (\/3; V30 (201 +na) , Vo <n2 _ %fvl(z))) egmnﬂ)L_o

VB [0 0 265(p, w) — ba(p, W)
wr v/ —i(wr +7)(—i(wz + 7))
/ / 65(“7 Ll dwadw, . (C.0.18)

’U.)1+T)) —i(UJQ+T)

d’wg dw1

)
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Summary

Physics and Mathematics, albeit very different in methods and goals, are deeply
interconnected. Whether this is a result of a fundamental first principle of Nature
that is indeed “written in mathematical language” or just the result of the fact
that Mathematics has been designed and adapted to describe natural phenomena,
it is clear that the synergy between these fields can lead to impressive results that
are perhaps not achievable using the ideas and methods of each alone.

In this thesis we explored a small area of interconnection between Physics and
Mathematics, studying some appearances of mock and quantum modularity in
the context of String Theory. While doing so, we encountered a net of inter-
connected relations including other mathematical topics such as finite groups, 3d
manifold invariants, and vertex operator algebras.

We have seen how mock modularity, when looked through the broader scope of
quantum modularity, can provide an important tool to study the 7 invariants of
plumbed 3-manifolds, and can give insights on how to extend the range of validity
of some formulas. We have also noted how quantum modularity, at higher depth,
can lead to interesting nested structures connecting the Z invariants with gauge
groups of different ranks. We have also explored the appearance of mock modular
forms connected to umbral moonshine and provided constructions of cone vertex
operator algebra modules whose graded characters reproduce this exotic modular
behavior.

In the encounters of mock modularity in this thesis, indefinite theta functions
have proved themselves to be invaluable tools to study and construct the relevant
mock modular forms. They allowed taming these exotic objects by relating them
to g-series with support on some integer cones in a controllable manner. In fact,
indefinite theta functions proved themselves to be a very useful proxy to build
mock modular forms.

A better understanding of the mathematical relations and objects appearing in
String Theory can lead to great advancements both in Mathematics and Physics.
Sometimes it is Physics to bring new ideas to Mathematics, as happened with the
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invaluable role played by Conformal Field Theories in the understanding of Moon-
shine through the formal formulation of Vertex Operator Algebras; other times
abstract and complex Mathematics can shed light on physical quantities that are
not easily understandable with standard methods, as we have observed in studying
the quantum modular properties of the 7 invariants. There is still a long way be-
fore we can fully understand String Theory in a formal and coherent mathematical
framework, but we believe that the journey will be full of breakthroughs and that
it will bring great advancements to both fields.
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Samenvatting

Natuur- en wiskunde, zij ze verschillend van aard, zijn sterk met elkaar vervloch-
ten. Dit kan een gevolg zijn van het beginprincipe der natuur als “geschreven
in wiskundige taal”, of van een menselijke gewoonte om natuurverschijnselen wis-
kundig te omschrijven. Ongeacht de reden, is het duidelijk dat de kruisbestuiving
tussen de vakken indrukwekkende bevindingen oplevert; bevindingen die naar alle
waarschijnlijkheid niet verkregen zouden kunnen worden zonder de vakken bijeen
te voegen.

In deze thesis onderzoeken we een overlappend vakgebied van de natuur- en wis-
kunde, namelijk het gebruik van mock-modularitei en kwantummodulariteit in
de context van snaartheorie. Bijgevolg leggen we een verzameling van verwant-
schappen bloot met wiskundige concepten zoals eindige groepen, 3d invariante
variéteiten, en vertexoperatoralgebra’s bloot. Specifiek tonen we aan dat mockmo-
dulariteit, beschouwd door de bredere lens van kwantummodulariteit, een nuttige
hulpmiddel is in de studie van Z-invarianten van plumbed 3- variéteiten, en inzicht
kan bieden bij het vergroten van de geldigheidsmarges van bepaalde formules. We
bemerken ook hoe kwantummodulariteit, op grotere diepte, kan leiden tot verwe-
ven structuren die de Z-invarianten verbinden met gaugegroepen van verschillende
rangen. We hebben ook de verschijning van mockmodulaire vormen, verbonden
aan umbral moonshine onderzocht en constructies voorgesteld van kegelvertexope-
ratoralgebramodules waarvan graded characters dit exotisch modulaire gedrag na-
bootsen. Bij het optreden van mockmodulariteit in deze thesis waren onbepaalde
thetafuncties een onmisbaar hulpmiddel voor het bestuderen en construeren van
de relevante mockmodulaire vormen. Deze functies staan het temmen van deze
exotische voorwerpen toe, door ze te verbinden met ¢-reeksen met behulp van ge-
heeltallige kegels op regelbare wijze. Sterker nog, onbepaalde thetafuncties bleken
een zeer nuttige benaderingswijze bij het opbouwen van modulaire vormen. Een
beter begrip van wiskundige verbanden en snaartheoretische voorwerpen kan ver-
nieuwende inzichten bieden in zowel natuur- als wiskunde. Dit gaat over en weer:
soms leidt natuurkunde tot nieuwe wiskundige inzichten, zoals de onmiskenbare
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rol die conforme veldentheorie speelde in het begrijpen van Moonshine middels
de formele verwoording van vertexoperatoralgebra’s; soms leidt abstracte wiskun-
dige theorie ook tot nieuw begrip van natuurkundige concepten die moeilijk te
begrijpen zijn met standaardmethodes, zoals bemerkt bij het bestuderen van de
Z-invatianten middels kwantummodulaire eigenschappen. Er is nog veel werk te
verrichten voordat snaartheorie in een formeel en alomvattend wiskundig kader
omgoten is. Desalniettemin kijken we hoopvol uit naar dit werk, dat zal leiden tot
doorbraken en dat zowel de natuur- als de wiskunde zal verrijken.
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