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Introduction

There are three sources where we can find wonder; the world, people, and ourselves. The
study of mathematics is a perfect union of all three. Firstly, our understanding of the universe
and our ability to shape it all stem from mathematics. Whether it be the analysis of statistics
used to determine patterns in the natural world, understanding the shape of a snowflake, or in
the harnessing of power from the sun, mathematics allows us to understand and probe deeper
the makeup of the universe. More abstractly, the study of mathematics provides glimpses of
the vast shadows of structures that can stem from seemingly simple and basic principles. This
leads to the ability to ask simply phrased questions that admit only profoundly deep answers.
Secondly, there is great awe that can be found in the clarity of others. The ability to step
through the doors left open by our predecessors or see doors opened by our contemporaries is
a privilege and of endless encouragement. This collective knowledge, consisting of thousands
of years of work, is important and must be made accessible to anyone who shares a passion
for its preservation and expansion. Finally, in mathematics, there is an indescribable joy and
excitement in ones own understanding of a problem or its solution.

“Mathematics directs the flow of the universe, lurks behind its shapes and curves, holds
the reins of everything from tiny atoms to the biggest stars.”

Edward Frenkel, Love and Math, 2013.

“Pure mathematics is an immense organism built entirely and elusively of ideas that
emerge in the minds of mathematicians and live within these minds.”

Yuri Manin, Mathematics as Metaphor, 2007.

“Of course, the most rewarding part is the ‘Aha’ moment, the excitement of discovery
and enjoyment of understanding something new — the feeling of being on top of a hill
and having a clear view. But most of the time, doing mathematics for me is like being
on a long hike with no trail and no end in sight.”

Maryam Mirzakhani, 2014.
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Understanding shapes with numbers and physics

A

Imagine yourself hundreds of year ago, liv-
ing on the surface of the earth. No matter
where you travel, everything looks roughly
the same. There may be mountains and val-
leys but, besides these bumps and dents, ev-
erything looks like a flat surface. Given this,
how could one hope to determine the shape
of the earth? This was of course done by
explorers travelling outwards from their ori-
gin, creating maps as they went. They would
then collect these maps into an atlas, whose
pages contained maps with instructions on
which page to go to when you reach the edge.
While each page of the atlas contains a map
that is the shape of a flat rectangle, if you
tear out the pages and line them up side by
side according to the instructions, you even-
tually have a map of the entire globe and see
that it is indeed a globe!. Of course one can
imagine that, if the laws of physics were dif-
ferent, perhaps the explorers could have re-
turned with their maps and, putting them
together, found the earth was shaped like an

!Contrary to what you may find on the internet.

enormous doughnut?. Topology is a field con-
cerned with large scale properties of spaces
and questions like determining the shape of
the earth from an atlas.

Surfaces are two-dimensional and so, given
this dimension is small enough, our brains
have the ability to simply see the differ-
ence between spaces. For example, the dif-
ference between a sphere and a doughnut
is clear, as there is a hole in one and not
the other. However, if we consider three—
dimensional spaces, things becomes much
harder to picture. What is the shape of
a three—dimensional doughnut hole? Sur-
prisingly, work throughout the last century
has shown that understanding these ques-
tions very much depends on the dimension
you are studying. Although we (or at least I)
cannot picture it, we can consider shapes in
dimensions of any whole number®. Remark-
ably, due to work of Smale, certain questions
are better understood in five or more dimen-
sions. The essential point of difference is that
there is “enough space” for certain tricks to
work. Then for dimensions zero, one, and

2A potentially much more exciting theory to be investigated that could similarly be called flat earth.

3Even wilder numbers if we consider fractals.



two, things can be understood with similar
ease, although they behave differently. In a
somewhat conspiratorial outcome?, four di-
mensions — exactly the dimension of space-
time we seem to live in — is one of the most
difficult to understand.

The main spaces of concern to this thesis
are three dimensional. Think of spaces that
locally look like the space around you with
up and down, left and right, and backwards
and forwards. However, in these kinds of
spaces, if you travelled in a straight line far
off into the universe, you could end up back
where you started. This is just like the old
arcade game asteroids. From the work of
Thurston, culminating in the work of Perel-
man, many important questions about three
dimensional spaces are now understood. To
get a better idea of such spaces, picture your-
self floating inside a triangular based pyra-
mid. As you are floating, you see four tri-
angular walls — three around you and one
below. In each of these walls you see a door.

4Name of which is still pending.

INTRODUCTION

You float towards one of the doors and, be-
fore going through, you mark the door with a
large “1”. As you pass through the door, you
find yourself floating inside another triangu-
lar based pyramid, again with four triangular
walls and doors. You leave a mark on the
door you entered again with a “1”.
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You continue to explore leaving marks “27,
“37, “4” ete. as you go. At some point you
go through a door that takes you into a pyra-
mid you’ve been in before. You are back to
where you started and you see a large “1” on
one of the other doors. Now you start going
through the other doors systematically until
you find that you have left a mark on every
possible door. You have essentially mapped
out this strange layout of tetrahedral rooms.
The shape of the labyrinth you have stumbled
into is a called a three-manifold.

After your mapping of this labyrinth, you
look towards one of the corners. You realise
that there is a small vent leading to one of
the points of the pyramid. You open the vent
and find a small tunnel.

You find that there are more vents to the
rooms you have previously been in. You crawl
through the tunnel and realise that it is a
loop. The loop you have crawled through
went up and down and around and you re-
alise that this loop is all twisted around itself
into a knot.



You realise that this loop does not have vents
to all the rooms. You find a vent that does
not go to the tunnel you have discovered and
find a new space, this time a small spher-
ical area. You discover all the areas that
the vents lead to and complete your mapping
of the labyrinth and its ventilation system.
You are led to think: what are the kinds of
labyrinths that could be constructed in a sim-
ilar way, that is, what are the possible three—
manifolds?

INTRODUCTION

O @ ED -

Surfaces without boundary, or two-—
manifolds, are completely determined by
the number of doughnut holes they have.
Whereas for three—manifolds, the situation is
much more complex and there is no such clas-
sification. Three dimensional labyrinths can
be understood using the insights of Thurston.
In topology, we still consider a labyrinth
to have the same shape if all the walls are
slightly shifted, much the same way that we
ignored the details of the mountains and val-
leys when discussing the shape of the earth.
In geometry, however, there is less freedom as
measuring the distance between two points
depends on whether there is a mountain in
the way. Thurston showed that, for a given
labyrinth, there is a way to break it into
pieces that have a favourite determined ge-
ometry. One could imagine that the archi-
tects of these strange labyrinths decided that
there is a best way to construct certain sub—
labyrinths and that every possibility is then
constructed by putting these special sub-—
labyrinths together.

The structure of these special geometric
labyrinths goes deeper. If one studies the ge-
ometries these eccentric architects have de-
signed, such as the angles between the vari-
ous walls, one finds that these numbers satisfy
polynomial equations such as

2—r+1=0.

Another example is the length of the vents,
which can similarly be written in terms of
solutions to polynomial equations. This has
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turned the study of possible labyrinths into
the study of polynomials and, in particular,
number theory.

As the name suggests, number theory in-
volves the study of numbers. This can be
related to whole numbers or any kind of solu-
tions to polynomial equations, such as v/2 =
1.41421 - - -, which solves the equation

2—-2=0.

More generally, it can involve interesting
transcendental numbers like 7 = 3.14159 - - - .
Number theory has a tendency to pose ex-
tremely simple questions that defy simple
answers or solutions. Famously, Fermat’s
last theorem evaded solution for hundreds of
years, only to be solved by Wiles in the mid
1990s with the full use of modern mathemat-
ical methods. The statement says that there
are no whole number solutions for (z,y, z) to
the equation

xn _'_ y'ﬂ — Zn ,
when n > 2 is a whole number. The proof
of this theorem uses something called mod-
ular forms. In particular, to certain polyno-

®Solving the Basel problem.

mial equations, there is an associated func-
tion called a modular form. These modular
forms show up everywhere in number theory
and provide powerful tools in understanding
the geometry and symmetries of polynomi-
als. Modular forms also show up in relation
to three-manifolds. However, this will be for
somewhat trivial examples, where the whole
space is squashed so that the volume is zero.
However, there is an extension of these func-
tions that arise conjecturally for all three—
manifolds, which will be studied in this thesis.

Back to the labyrinth or three-manifold, the
equations that are associated to a three—
manifold are determined by the numbering
of the doors and rooms of the labyrinth that
we performed previously. From this, we can
determine whether two labyrinths are differ-
ent by checking whether the equations lead to
the same kind of solutions. The connection
to numbers does not stop at polynomials. In
particular, each of these labyrinths has some
finite volume, which we can compute.

To compute this volume, we calculate the vol-
ume of each room and add them together.
There is a function that can be used to cal-
culate the volume of one of the rooms; it is
called the dilogarithm. This dilogarithm is a
deformation of Euler’s beautiful identity®,

] 1 1 1 1 1 w2
M R T TR
The + - - - means that the sum goes on forever
— or more specifically, taking a large enough
number of terms, you can get as close to m2/6
as you like. We define the dilogarithm as

R N A

o+t

Lia () £ 779 "16 " 25



Taking the solutions to our polynomial equa-
tions and using this dilogarithm function, we
can compute the volume of the rooms and
therefore of the entire labyrinth.

After understanding the structures that un-
derpin the topology, geometry, and number
theory of this labyrinth, you find a peculiar
button on a wall in a room that you missed.
Above the large red button, there is a sign
that reads:

Achtung! Plancksches Wirkungsquantum/

R

4

" Achtangl
Planckes !
g Wirkungsquantum |

Unfortunately, both your German and sense
are momentarily lacking. After having spent
some time at the Max Planck institute, the
pull of the big red button is irresistible. You

INTRODUCTION

push the button. It starts slowly, but then the
room you are in becomes weird and seems to
be constantly changing. You see strange dis-
tortions out of the corners of your eyes. Ev-
erywhere you focus and observe remains al-
most as it had done previously but, when you
close your eyes, you get the feeling that you
are floating in an ever—changing chaos as the
geometry of the whole labyrinth constantly
shifts around you like a kaleidoscope.

You unwittingly just increased Planck’s con-
stant — which determines the strength of
quantum mechanical effects — to such a de-
gree that the quantum effects have started to
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overpower usual physics. You instantly gain
sympathy for Schrodinger’s poor cat.

(Classical physics is, in a sense, very much re-
lated to geometry. While we are often taught
to think locally in terms of forces pushing
and pulling on objects, there exists a differ-
ent approach. In trying to understand the be-
haviour of light passing through a lens, Fer-
mat postulated that light will always travel
along the path that reaches its destination
in the shortest time. In a lens light trav-
els slower than in air and it therefore bends
to compensate. The principle of least action
generalises this to more complicated systems.
These physical system behaves in a way that
minimises something called the action. Find-
ing the evolution of a system that minimises
the action, and measuring quantities like en-
ergy, is then similar to finding the shortest
line connecting two points and measuring its
length.

Quantum mechanics takes yet another ap-
proach. In quantum mechanics, all possible
evolutions of a system contribute to a proba-
bility of a value of a particular measurement.
This means that until a measurement of some
quantity is made, the system is in a kind of
superposition of all possible states. The most
likely state in which you will find the system,
where quantum fluctuations are more stable,
is around the solutions to the classical prob-

lem of where the action is minimal. There-
fore, when Planck’s constant — the constant
that determined the strength of quantum ef-
fects — tends to zero, all other possible states
become less and less likely and we return to
the classical picture. For the labyrinth or

three—manifold, the possible states are given
by the possible geometries of the labyrinth.
The geometry that minimises the action is
given by the perfect geometry designed by the
architects.

Back in the labyrinth, you stumble around
these ever—changing geometries and make
your way to one of the vents. There, things
are not much better. To calm yourself down,
you try to measure the length of the vents
as you crawl around and around. You find a
different length each time. There seems to be
no order in this chaos until, after measuring
the length of this vent again and again, you
find that it seems to behave randomly but
certain lengths are more common. In partic-
ular, you find that the lengths vary with each
measurement, however, they are most likely
to be close to your original measurement be-
fore you clicked the button. You realise that
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this random geometry is in fact related to the
shape of the labyrinth. This again provides
a method for comparing various labyrinths.
The space is not rigid and any possible ge-
ometry, not just the perfect geometry of the
architects, can occur. However, when one
measures the geometry, certain lengths and
angles are more likely and the likelihood is de-
termined by the shape of the whole labyrinth
or three-manifold. This quantum world you
have stumbled into, depending just on the
topology of the universe, is an example of a
topological quantum field theory.

Measuring these quantum mechanical proba-
bilities, you find that the number theory goes
deeper. Not only does the most likely geom-
etry, constructed by the architects, give mea-
surements coming from solutions to polyno-
mials, but the quantum corrections are also
determined by polynomials. You make your
way back to the button and manage to lower
Planck’s constant back down to something
more reasonable. You start to ponder your
experience and try to come up with a theory

INTRODUCTION

that describes the marvellous things you have
observed. You try and try but the best you
can do is find strange infinite sums like

1+2+434+44+5+6+-.

How could one possibly make sense of this?
You think back to the Euler’s identity and
recall that he had another

1

L+243+4454+6+ = —15.

Remembering that Riemann made sense of
this kind of identity through something called
analytic continuation, you try to apply the
same ideas to your infinite sums. Computing
these quantities for a fixed value of Planck’s
constant ends up requiring the use of some
new and beautiful functions generalising the
modular forms from number theory. These
are called quantum modular forms and this
thesis will develop some of the basic struc-
tures that surround these fascinating func-
tions.
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This thesis

“On the whole, divergent series are the work of the Devil and it’s a shame that one dares
base any demonstration on them. You can get whatever result you want when you use them,
and they have given rise to so many disasters and so many paradoxes. Can anything more
horrible be conceived than to have the following oozing out of you:

0=1-2"43"—4"+...

where n 18 a whole number? Risum teneatis amici.
Niels Abel, in a letter to Bernt Holmboe, 1826.

Divergent series and Riemann surfaces

While divergent series may be the work of the Devil, they are an essential part of our
current theories of physics. Asymptotic series where introduced by Poincaré and Stieltjes to
give approximations to smooth functions via polynomials to any order. What distinguishes
them from power series is that these infinite sums can have a zero radius of convergence.
Using perturbation theory, physicists can give asymptotic series for quantities in certain
parameters of their theories. However, in the real world these parameters are finite numbers
and one needs to make sense of these divergent sums. One of the main issues with quantum
chromodynamics is that this parameter is quite large and the approximation immediately
has a large error. To understand this in physical theories associated to the real world would
be extremely interesting, however not an aim of this thesis. Instead, much of the motivation
of this thesis comes from trying to understand the behaviour of a physical theory of a much
simpler form. In particular, this thesis will be interested in a family of topological quantum
field theories associated to three-manifolds.

Before describing such a theory, lets consider how these divergent series were understood
historically. One of the most powerful results in complex analysis is that if a holomorphic
function has an accumulation point of zeros in its domain, then it is the zero function. This
captures exactly the kind of rigidity that comes from complex analytic functions. This also
naturally leads to the idea of analytic continuation. Once a holomorphic function is defined
on some open set, then we can try and extend the function in patches to larger and larger
domains obtained by gluing together little disks. One of the most important examples of
this was given by Riemann who considered the (—function studied by Euler

1
((s) = el
n=1

This equation makes sense when R(s) > 1 where it is absolutely convergent. Euler had
conjectured that this function should be defined for s € R — {1} and satisfy a functional
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equation
((s) = 2°7° 'sin <%S)F(1 —5)((1—s).

Riemann then proved this for s € C using explicitly the idea of analytic continuation.
Moreover, he showed that the function is meromorphic with a simple pole at s = 1. In this
way, we can make sense of the equation

1

LF243+4454-- “=7((-1) = -

Analytic continuation led Riemann to define Riemann surfaces, which come from the local
structure of an analytic function that is continued to the largest possible domain. This do-
main will be a universal cover. Such a function and domain, has symmetries given by Deck
transformations. When we quotient by these symmetries this leads to a Riemann surfaces
with potentially interesting topology®. Remarkably, for compact Riemann surfaces, it was
then understood that these all came from algebraic curves giving rise the Serre’s GAGA prin-
ciple. Riemann also described the complex structure of any simply connected and bounded
domain in the complex plane. This was done via the Riemann mapping theorem, which
shows that these domains are all equivalent to an open unit disk with the standard complex
structure. Poincaré and Koebe then went onto show the famous trichotomy of uniformisa-
tion. This states that any simply connected Riemann surface is isomorphic to the Riemann
sphere CPP!, the complex plane C, or the complex unit disk. Uniformisation also implies ge-
ometric content. In particular, for some Riemann surface, one of these spaces will appear as
the universal cover. These three spaces then have natural geometries the first spherical, the
second Fuclidean, and the third hyperbolic respectfully. Taking quotients of these geome-
tries then give the Riemann surfaces natural geometric structures. The only Riemann surface
with spherical geometry is CP! and the only Riemann surfaces with Euclidean geometries
are tori. All the others are hyperbolic and come with a moduli space of such structures of
real dimension 6g — 6 where g is the genus of the underlying topological surface.

From three-manifolds to geometry to number theory

Based on this beautiful theory of surfaces, one can ask what happens in one dimension up.
Topologically, these spaces immediately become much more complicated. However, there
are still many descriptions of three—manifolds as combinatorial objects with a known set of
equivalences. Unfortunately, determining whether two sets of this combinatorial data gives
the same three-manifold is not a solvable problem. Also, these spaces are now three real
dimensional and therefore cannot carry something like a complex structure. However, as

60f course this could lead to singular spaces. One should then not quotient by the whole set of auto-
morphisms. This will then lead to a Riemann surface with automorphisms, which is generically not the
case.
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is often the case, some form of uniformity in mathematics prevails. Indeed while complex
structures can no longer be defined, we can still define geometric structures. For real surfaces
we had three geometries while for three dimensional manifolds there are eight. These different
geometries were introduced by Thurston [184]. He argued that every three—manifold can be
broken up into pieces where each piece has a canonical geometric structure. This became
know the geometrisation conjecture. As in the case of surfaces, all but one of the geometries
appear as somewhat special cases. It is again hyperbolic geometry that provides the most
general example of geometric structures. This program, initiated by Thurston, led ultimately
to the work of Perelman [155, 157, 156], which as a by—product proved that every compact
simply connected three—manifold is isomorphic to the three—sphere, a theorem previously
known as the Poincaré conjecture.

Importantly, for three dimensional complete hyperbolic structures, there are no moduli in
contrast to surfaces. This follows from Mostow—Prasad rigidity [135, 159]. Combining this
with the fact that the isometries of hyperbolic three space are given by PSLy(C), we see
that these unique geometric structures associated to three—manifolds give rise to solutions
to polynomials and therefore to number fields. This has led to the following diagram

Topology ~» Geometry ~» Number theory .

The connection to number theory goes quite deep. For any three-manifold and a repre-
sentation of the fundamental group into PSLy(C), we can define an element of the Bloch

group [180, 145, 210] or the third algebraic K—group of the algebraic numbers, K3(Q). The
so called regulator gives a map from K3 (@) to R, which for the three—manifold corresponds
to the volume of the associated geometric structure. Here one sees a remarkable connection.
If the volume of the three-manifold” is not zero for some representation, then the manifold
is hyperbolic and if it is zero, it is not. Similarly, if the regulator vanishes for every Galois
conjugate of an element of K3(Q), then the element is torsion. This shows that there is a
connection between being torsion in algebraic K—theory and being hyperbolic as a three—
manifold. One could think that was the end of it. However, in work on conformal field

theory, Nahm [142] introduced a striking conjecture relating K—theory to modular forms.

Modular forms and asymptototics

Modular forms [32, 176] are functions with many arithmetic symmetries. This means they
store an enormous amount of information about numbers and varieties. The amount of
symmetries they satisfy often leads to non—trivial finite dimensional vector spaces of such
functions. Having a finite dimension space of course means that, upon checking some small
set of information, we can completely determine a function in this space. Modular forms first

"This manifold we are considering should of course be one of the building blocks of Thurston and not a
collection of these, which may contain both hyperbolic and non-hyperbolic pieces.
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arose as f—functions. These f—functions can be described as generating functions counting
the number of ways of representing a number via some quadratic form. The #—function

Yoo(q) = qu2/2
keZ

was crucial in Riemann’s proof of the functional equation of the (—function. Here the impor-
tant property of the 6—function making it a modular form is that for ¢ = e(7) = exp(2mir)

’1900(—1/7') = e(—1/8)\/;7900(7')

Taking the Mellin transform of both sides of this equality gives rise to the functional equation
for the (—function.

Let h ={z € C:(2) > 0}. A function f : h — C is called a modular form of weight k € Z
on some discrete subgroup I' < SLy(R), if for v = [a, b; ¢, d] € T we have

(D) = rvao
and some condition of the growth as 7 — oo. Already we see that ¢ is not quite of this
form as k = 1/2 and there is an eight root of unity appearing. These are of course related
and the main point is that we can replace (cr + d)* by something called an automorphy
factor. There are many details like this that one can specify, which — while leading to
infinitely many such functions — when specified give rise to finite dimensional spaces. Once
modularity is proved, many identities can then be checked for some finite set of data, which
lead to identities between functions like an identity due originally to Jacobi,

4 4 4
(S) = (S ) + (X )
keZ kEZ k€Z41/2

In this thesis, the examples we will be interested in are related to I' = SLo(Z). This is
generated by the matrices

11 0 —1
T = (O 1>, and S = (1 O).
Importantly, the affect of the T" matrix on modular forms is that
fr+1) = f(7).

Therefore, modular forms on SLy(Z) have Fourier series and we can write them in the variable
q = exp(2miT), which is a variable on the unit disk. For modular forms, the transformation
under S determines the asymptotic behaviour as ¢ — 1. Thinking in the variable ¢ we
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see that if e(—1/7) is close to 1 so the boundary of the unit disk then e(7) is close to 0.
Therefore, the asymptotics near 1 are completely determined by the behaviour around ¢ = 0.
This similarly works for other roots of unity. For example, taking v = [a, b; ¢, d] € SLy(Z)
we see that when e((ar + b)/(cT 4 d)) is close to e(a/c) that e(7) is close to 0. This means
that around each root of unity the behaviour is completely determined by the behaviour
near q = 0.

One of the fathers of the theory of modular forms was Ramanujan. While he thought
very differently from the modern perspective, his intuitive approach led to many deep and
remarkable insights. Another set of objects that Ramanujan had great intuition for was ¢—
hypergeometric functions. These classes of functions rarely overlap but a beautiful example
where they do are the Rogers-Ramanujan functions [164]. Nahm [142] studied certain ¢
hypergeometric sums generalising the examples of Rogers—Ramanujan. To these functions,
one can find associated elements of K3(Q). Nahm showed, in examples, that these elements
being torsion led to the ¢—hypergeometric functions that happened to be modular forms.
This beautiful connection has been partially understood but even the full formulation of
the conjecture has not been precisely given [206, 191|. Regardless, the idea that one could
relate modular forms to three-manifolds is enticing. Indeed, the first evidence that such a
connection could exist was given in the work of Lawrence-Zagier [118]. They showed that,
for Poincaré’s famous homology sphere, certain quantum invariants are related to modular
forms. What became clear after the work of Zwegers [211] is that, more specifically, they
were related to the mock modular forms of Ramanujan [163]. They also outlined how similar
statements should hold more generally, which was later studied in detail by Hikami [99]
and [39].

Quantum field theory and topology

To understand how Lawrence—Zagier came to these modular objects, we need to investigate
a different thread of ideas that came to fruition in the 1980s. Firstly, in the first half of the
20th century, Alexander 2| defined certain invariants of knots and links. These invariants
took the form of polynomials. These polynomials satisfied certain skein relations, which were
forgotten until they were rediscovered by Conway [41] at the beginning of the 1970s. These
skein relations gave a simple combinatorial definition of the Alexander polynomial from link
diagrams and could be used to effectively compute it®. Jones, in the study of representations
of von Neumann algebras, came to an almost identical set of relations that gave rise to a
new polynomial invariant [103, 104]. This polynomial invariant was a completely unexpected
development and spurred many similar constructions [63, 161]|. All of these descriptions use
a link diagram, an inherently two dimension object. This contrasted the original definition
of Alexander, which — while being computable using link diagrams — had an inherently

8See Figure 2.2 and equation (2.1).
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three—dimensional definition. This led Atiyah to ask whether the Jones polynomial could
similarly be given a three dimensional interpretation.

Witten [195] then used ideas from physics, which involve infinite dimensional integrals that
remain undefined, to construct the framework of a theory that should give rise to the
Jones polynomial and much more. This theory used the classical geometric ideas similar
to Thurston but instead of choosing a specific canonical geometry to study the manifold
one integrates over all possible geometries. This integral is done against a special func-
tion called the Chern—Simons invariant related to the classical geometry [40, 37]. As this
is not mathematically defined, one could argue as to what this theory could be used for.
However, Witten’s insights gave such a rich array of relations which, essentially uniquely
determined such a theory — if it were to exist. Soon after Witten’s proposal, Reshetikhin—
Turaev [166, 167| gave a completely mathematical construction of Witten’s theory using
quantum groups and their representations. This construction not only proved invariance of
such objects, but gave effective ways to compute these invariants. Invariants of this kind
became known as topological quantum field theories and were axiomatised by Atiyah [10, 11]
following the ideas of Segal [175].

From Witten’s perspective — using functional integrals — there should be some asymptotic
expansion that should come associated to these invariants as we vary the analogue of Planck’s
constant towards zero. While these asymptotic series, coming from some infinite dimensional
analogue of stationary phase approximation, are completely natural from the physical and
more geometric perspective, from the mathematical construction of these invariants, it is not
in the least bit clear. This leads to some remarkable mathematical conjectures that remain
open for all but some small collection of three-manifolds. The first case that I'm aware of a
proof of such a statement comes in the work of Lawrence—Zagier for the Poincaré homology
sphere.

Therefore, coming back to LawrenceZagier, they considered” the ¢-series
S di (s = 1+q+ P +d - = =P+
k=0

where (a;q) = H?;&(l — a¢’). While this sum converges as a g-series it also makes sense
at root of unity, where the sum becomes finite as the number of non-zero terms is given
by the order of the root of unity. Evaluating at roots of unity gives precisely the Witten—
Reshetikhin—Turaev invariant of the Poincaré homology sphere ¥(2,3,5). This g—series on
the other hand can be described as the Eichler integral of a unary f—series. This then inherits
certain modular behaviour. In particular, the additive failure of modularity of this ¢—series
has an analytic continuation to the cut plane. These functions have asymptotics at each root

9This g-hypergeometric formula was not known at the time and they present this in a different fashion
using Eichler integrals.
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of unity that are combinations of three asymptotic series. In particular, for ¢ = exp(2mi/n)
where n € Z as n — 00

iqk(qk;Q)k ~ \/—_mexp ( — ﬂ) %(1 - i) exp ( _ m)

£ 60n V5 60
e 1 1 49min
o (- ) oo (2
+ meXp( 60n ) 2( B P 60
2mi 9 (2mi)? 205 (2mi)3
1280 28 2P et
* * 2 n? 6 nd

The remarkable observation is that if § = exp(—2min) and n € Q with bounded denominator
but still tending to oo, then we find that

1 o0
+V/=in g <1 + —)qw > @@
\/g k=0

2ni 9 (2mi)? 205 (2ri)’
n 2 n? 6 n3

This is just the asymptotic series is associated to

S = (? _01) € SLy(Z).

Replacing this by another element [a, b; ¢, d] € SLy(Z), we take ¢, = exp(27mi(an+b)/(cn+d))
and again find three asymptotic series associated to the root of unity exp(2mia/c). This
modular property is some kind of generalisation to the usual definition of a modular form.
In fact, this modularity can be vastly extended. Using Zwegers’s theory of mock modular
forms, one can find an analytic function (2, such that

1 1
%aﬁﬁ@’??‘?@k = Q,(7) Zk qu( kvq)
D ko qlfj(q];Jrl;qv)k > ohe qu(q )
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This extremely simple example lays out the properties that will underlie all the examples we
will consider in this thesis. The main points are as follows:

e to each root of unity we can associate a vector of formal series'?,

e in the upper half plane (resp. in the lower half plane) we have a vector of g—series
(resp. ¢! series) that have asymptotics as we approach a root of unity agreeing with
the asymptotic series,

e this vector f(q) of asymptotic series and g=—series satisfies a modular transformation

f(%) = Qv(7>f(Q)

where (2, has analytic continuation to a cut plane C, = C — sign(c)]RS_sign(c)d/c when

c#0.

We see that 2 has the same asymptotics as the prescribed formal series and it is analytic on
a dense, open, and connected set in C.

Quantum modular forms: from experiments to proofs

These remarkable properties of quantum invariants, computed in [106], were then studied
for some simple knots by Zagier. The first [204] was the simplest knot called the trefoil.
This was then extended to the next simplest knot, the figure eight knot in [208]. The trefoil
behaves much in the same way to the Poincaré homology sphere and this follows from the
fact they are both not hyperbolic and therefore their invariants behave like mock modular
forms. The figure eight knot is the simplest hyperbolic three-manifold and its quantum
invariants already behave in much more interesting ways. To understand this leads us to the
work of Kashaev.

In somewhat parallel to much of the development, Kashaev [106, 107| defined invariants of
knots using a quantisation of the dilogarithm called the Faddeev quantum dilogarithm [58,
59| denoted here'! ®g(z;7). Kashaev [108] then noted that taking the asymptotics of his
invariant took the quantum dilogarithm to the classical dilogarithm for each tetrahedron. He
conjectured that his invariant should then have asymptotics given by the hyperbolic volume
of the knot’s complement. It was then shown by Murakami-Murakami [138] that Kashaev’s
invariant reproduced Jones’s invariant at roots of unity. This then gives the conjecture
that the asymptotics of the Jones invariants should grow exponentially like the hyperbolic
volume of the knot complement. This conjecture became known as the volume conjecture.
This conjecture is one of the outstanding problems in quantum topology.

10These formal series are also defined over some Kummer extensions to one of the fields associated to the
three-manifold.
11 Gee Section 8.10 for the comparison with the more standard notation.
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This conjecture shows that the next simplest example of a knot after the trefoil, the figure
eight knot, will already have to be much more complicated behaviour. The study of this
example in full was taken up by Garoufalidis and Zagier [86, 85| in work over the last
decade. The first step was taken by Zagier in [208] where remarkable modular properties of

the Kashaev invariant
o

D (=1)FgHEI2 (g5 )7,

k=0
were discovered experimentally. The main observation was that for the complexified volume
of the figure eight knot, VC = 2.0299-..7, computing the assymptotics of the Kashaev
invariant as n — oo with n € Q where ¢ = e(—1/n) and g = e(n)

(1R G EHIR(G g)n ~ Y (= 1)Fg IR (g )7
k=0 k=0
VC 1/8 11 2mi 697 Qi 2
co( YOy SUS) (L AL Eni OO dniyi
(2mi)? /) \/\ /=3 24/=3° n  1152/—=3°\ n

The next surprise came from a seemingly unrelated problem to do with quantum spin net-
works [81, 85]. There, the g—series

o0 AGRNE
olg) = S
9 ;( ) (4 9)%

appeared with seemingly nothing to do with the figure eight knot. When computing the
asymptotics as ¢ — 1, Garoufalidis and Zagier realised that this has exactly the same
asymptotic series as the Kashaev invariant of the figure eight knot but missing an asymp-
totic series associated to substituting formally ¢ = e in the Kashaev invariant. From the
physical perspective, this missing asymptotic series is associated to a trivial connection,
which corresponds to some completely degenerate geometry.

Over the proceeding years many beautiful numerical observations were made by Garoufalidis
and Zagier. For example, using optimal truncation and smooth optimal truncation [87] of
the asymptotic series arising for the Kashaev invariant they found that numerically

PO A CT
k=0

oo . .
~ ,;0(71>kq7k(k+1)/2(q; q)ie((Q\:r?)Q n) T;%SmOpTrunc(l — o \1/17733 % + 11526?/7536 (%)2 4. )
+ SmOpTrunc(l — (?)2 + %(?)4 + .. )

-ve e(1/8)

(2mi)? ") V=3

1 . k1. —k : 11 2mi 697 2miy2
+5 SO (=R - TRy k(k+1)/2(q;q)ie( ) +)
k=0

SmOpTrunc(1 + = — + —_
P ( 24/=3°% n 1152@6( n

This is of the same form of the asymptotics as the quantum invariant of the Poincaré ho-
mology sphere. The main difference is the appearance of factorially divergent series at
exponentially large order.
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Many of the observations that Garoufalidis and Zagier had made were then understood
with new invariants defined by Andersen-Kashaev [8, 7, 9]. These invariants again used
the Faddeev quantum dilogarithm and were called state integrals. They were introduced
originally by Hikami [98| and subsequently studied in [47, 49, 45]. All these previous attempts
lacked a precise contour of integration, which was supplied by Andersen-Kashaev [8]. The
key to understanding many of the observations related to the modular behaviour of these
quantum invariants was laid out in two papers of Garoufalidis—Kashaev 72, 73]. In these
two papers, it was shown how the state integrals of Andersen—Kashaev could be written as
bilinear combinations of ¢ and ¢ functions. These functions are defined on C — (R — Q).
There was one point that was still missing. In particular, these state integrals factorised
into two sets of seemingly different ¢ and ¢ functions. Garoufalidis and Zagier realised
that these bilinear combinations could be described as entries of a matrix product. The
final step needed to give the modular properties was then understood as certain quadratic
relations between the g—series or the asymptotic series in [85, 86|. This was interpreted
in [82] as dualities between associated g-holonomic modules. Essentially, this writes one
of the matrices that appears in the factorisation as the inverse of the other. Together the
factorisation and quadratic relations give a method to prove these modular properties for
essentially all simple examples. This leads to matrix equations

where A is some diagonal weight matrix. The matrix €2 appears in the place of the asymptotic
series. Of course taking the quotient of the matrices writes this {2 as an analytic function the
interior of C — (R — Q). The remarkable property of 2 is that it has analytic continuation
to a cut plane. This gives an analytic function on some open subset of R. The main method
of proof is to write (2 in as an integral that clearly extends holomorphically. Functions U
satisfying this kind of equation are called quantum modular forms and the associated €2 is
called its cocycle. This was understood |73, 72, 85, 86| for g—series and functions similar to
the Kashaev invariant. However, for the figure eight knot these functions do not see the

asymptotic series

47
1—R2+ —R 4o
+ ol

In other words, the matrix valued quantum modular form constructed!? in [85, 86| for the
figure eight knot was only a 2 x 2 and we want a 3 x 3.

12Tn fact they had a 3 x 3 matrix at Q. However, the analytic extension property of {2 was conjectural.
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The missing series and g—difference equations

While the Andersen—-Kashaev invariant is a bona fide invariant of knots, it has long been
known that it is missing important information needed to define a fully fledged topological
quantum field theory in a similar sense to the WRT theory. An important step towards
understanding how this could be made possible involves finding a g—series, like the series
g(q), that has asymptotics that include the missing asymptotic series associated to the
trivial geometry or SLy(C)—connection. The key to the construction of such a series relies
on a different structure that these quantum invariants satisfy. It was shown by Garoufalidis
and Lé [77], that the Jones invariant satisfies a system of g—difference equations and is in
fact holonomic. Garoufalidis then conjectured that the characteristic varieties associated
to these g—difference equations agree with a classical moduli of certain geometric structures
associated to the knot called the A-polynomial [42, 66]. In the physical literature, Gukov
argues that there could be a theory like Witten’s associated to three-dimensional gravity,
which should give an associated quantisation of the A-polynomial [91]. This link between
the g—difference equations satisfied by the Jones invariant and the A-polynomial has become
known as the AJ conjecture.

It became clear that to find a g—series that sees the missing asymptotic series, we need a basis
of solutions to the g—difference equations. This was also taken up recently in the physics
literature (92, 153]. However, a clear downside to this approach is that these g¢—difference
equations are almost impossible to compute for complicated knots. However, any theory
needs to be understood first for simple knots. For the Kashaev invariant, there was no
such g—difference equation and this approach will then not work. In trying to understand
some of their observations associated to Kashaev’s invariant, Garoufalidis and Zagier noticed
that there in fact seemed to be a naturally appearing family of invariants associated to the
Kashaev invariant. Garoufalidis and Kashaev [71], then introduced an additional parameter
in the definition of the Jones invariant, which gives rise to a sequence of invariants. This
importantly gives rise to a sequence of invariants specialising to the Kashaev invariant.

These g—difference equations satisfied by knot invariants can often be made inhomogeneous.
The g—series g(q) naturally satisfies a homogenous version of this equation. Therefore, to
find a g—series seeing all asymptotic series, we need the g—series to satisfy the inhomogenous
recursion. If one considers mock modular forms exactly the same thing happens. In partic-
ular, mock modular forms satisfy inhomogeneous versions of g—difference equations satisfied
by modular forms. This appears for indefinite and partial 6—functions as well, where we only
sum over part of the lattice, which leads to boundary terms. Remarkably, the initial obser-
vations of Lawrence—Zagier that, with the work of Zwegers, mock modular forms describe
quantum invariants of non—hyperbolic manifolds, also applies to finding the missing g—series
associated to hyperbolic examples. This is summarised for the figure eight knot in the
following theorem, which closes this aspect of the study of various works [85, 86, 69, 68, 70].
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Theorem. (Theorem 7) The Kashaev invariant of 41, given by

[e.9]

Jo(q) = D (=1)Fq M2 (g )7
k=0

and the g—series

0 k(k+1)/2 /1 SR ACE -
®(q) = Z(—l)kq(q;—q)z(§<—4G1(Q)+2211—ZJ> _ﬂjLZﬁ)’

k=0

are part of a vector-valued quantum modular form whose cocycle is given by a matriz of state
integrals one of which is given by

/ e(z(z+1+471)/27)

(I —e(z/7))Ps(z + 14 71;7)2

What about closed manifolds?

Much of this story was carried out for knots and in particular their compliments. How to
make sense of this for closed manifolds remained somewhat elusive. However, we have the
invariant defined by Reshetikhin—Turaev that makes sense at roots of unity. Therefore, we
can carry out exactly the same experiments and proof for the WRT invariant as we did for
the Kashaev invariant. The question then becomes how to extend this to the case of g—series.
Gukov-Manolescu [92] took the solutions to the difference equations of the Jones invariant
as g-series and gave a surgery procedure to give conjectural g-series invariants of closed
three-manifolds called Z!3. The passage from ¢-difference equation to solutions as ¢-series
requires a g—difference equation. Again this was lacking for closed manifolds. Moreover,
the difference equations for knots are associated to the boundaries and if we have none how
could we expect a canonical difference equation?

The key to constructing difference equations for closed three-manifolds is to forget about
requiring something canonical for just the closed three-manifold and instead associated some-
thing for the closed manifold with additional information. In particular, if we take a closed
three-manifold and a link inside the three-manifold, then there is a canonical set of dis-
crete g—difference equations whose span gives rise to a vector space over Q(g) that is finite
dimensional. This finite dimensional space is an invariant of the closed three—manifold.

131 will often write as if Z is an invariant of three-manifolds but I want to be clear that currently I don’t
know a proof of this or even a proper definition. Potentially the methods used for computations could be
made into a more precise definition but unfortunately the current attempts to construct R—matrices [154]
require restriction on the braids which could lead to disconnected set of combinatorial data where it can be
defined and give rise to different g—series for knots. Then surgery giving rise to invariants is another question.
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Theorem. (Theorem 1) If M is an closed manifold obtained by surgery on the framed link L
then for the coloured Jones polynomial J, oy, the signature of the link and q = e(a/c) taking

o - (R ()

vl ;
bjN;/2 _ ,—bjN;/2

q q
x Z Jva (L Q)H 12 _ 12
Ni, Np=1 q q

the space
Yu = Spang, {IIL(M,L,b;q) : b€ Z}

1s an invariant of M. Moreover, Yy is finite dimensional.

Finding a solution to one of these sets of g—difference equations in g—series should then give
something related to the three-manifold in a similar way to the construction of Gukov-
Manulescu for knots and their two variable series. In examples, solving these g-difference
equations gives rise to families of ¢g—series invariants that specialise to Z much in the same way
the descendant Kashaev invariants specialise to the Kashaev. This search for solutions to ¢—
difference equations is related to the belief that g—difference equations from three—manifolds
are modular in the sense of [82].

It is natural to ask how the WRT invariant and the 7 invariant are related more explicitly.
Previously [92], it was thought that the Z series had radial limits giving the WRT invariant.
This seems not to be the case. However, as a definition is currently not available, this is a
slightly tricky statement to make. Regardless, for g—series associated to simple manifolds, we
can find g—hypergeometric formulae for these conjectured invariants. These series can then
be proved to grow exponentially as ¢ approaches a root of unity. These formulae allow us to
take a state integral that factorises at the rational numbers in terms of the WRT invariant
and in the upper half plane as the Z invariant in a completely analogous way to the situation
for knots discussed in [70]. For half surgery on the figure eight knot, we have the following
theorem.

Theorem. (Theorem 8) The WRT invariant of 41(1,2), given by

_1 q;9q)2k
I(q) = Z (—1)kq Sk(k+1)+e(0+1) (4 Q)2rr1

0<t<k (@5 Q) e(q; @) r—r 7
and the Z invariant
/Z\(q) _ Z (_1)k+éq23k(k+1)+ LE+1)—k (¢ 9)e
0<k<¢ (q; Q)zk(q; Q)é—k

are part of a vector—valued quantum modular form whose cocycle is given by a matriz of state
integrals one of which is given by

/ / e(321(21 + 14+ 7)/27 +23(23 + 1+ 7)/27 —z1(m + 1+ (m' +1)/7))®g(23 + 1+ 7;7)
crJer (1 —e(z1/7))(1 —e(z3/7))Ps(23 — 21 + T+ 1)®s5(221 + 1 + 73 7)

dzypdzs .
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What about three—manifolds?

Many of the observations about the behaviour of quantum invariants of three—-manifolds seem
to stem from properties of a, most likely, larger class of functions. These functions are proper
q—hypergeometric functions. These functions can be expressed in terms of ¢—Pochhammer
symbols and have the form

Z e(v(k))qQWTrk) H(Qa 9)3, (k)

where () is a quadratic form and u, v, A are linear forms. Indeed, all the proofs of quantum
modularity follow from properties of the g—Pochhammer symbol all essentially coming back
to the Faddeev quantum dilogarithm'*. For example, the sums studied by Nahm give rise
to quantum modular forms, though there is no reason that they should be related to a
three—manifold.

Theorem. (Theorems 5 and 6) For A € 27, the q—series

iq

k=0

Lh(k+1)
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are parts of vector—valued quantum modular forms who’s cocycle is given by a matriz of state
integrals one of which is given by

/ e(Az(z+1+71)/27) ‘
C

Gg(z+1+7;7)

I expect that similar properties will hold for a large class of these proper ¢—hypergeometric
functions. These Nahm sums are the second set of non—trivial infinite families of quantum
modular forms I know. The other family is Heine’s ¢—hypergeometric functions studied
in [82]. T also expect that many of the properties observed will hold for deformations of
g-hypergeometric functions. Indeed, the functions introduced for the figure eight knot &(q)
come from a deformation of g(q) however on some cone as opposed to the full lattice!’®. To
illustrate how this works I provide a proof that the deformation of the Roger-Ramanujan
functions gives rise to a usual Jacobi form.

14To quote Kashaev: "The most beautiful function in the world". Les Diablerets, 2023.
15Recall the comments on mock modularity.
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Theorem. (Theorems 2 and 3) The function
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The recipe for proving quantum modularity of ¢—hypergeometric functions is as follows:

(1) take your g¢—hypergeometric function

> @I (g 93 -
k

J

and, using some g—series identities, write this in terms of functions that make sense
when |q| # 1 multiplied by modular forms,

(2) Take a state integral of the same form as your sum where you replace the sum by an
integral and the Pochhammer symbols by Faddeev quantum dilogarithms, which — if
the expression is as above — is

[ e@@y2r+ utaym [T 0s0s(a) 14,

(3) factorise the state integral using the residue Theorem [73| of the fundamental lemma
of [72],

(4) prove the quadratic relations using Wilf-Zeilburger theory [194],

(5) combine this all together as a vector or matrix valued equation using the various
identities along the way.

Every step is completely clear besides the first. In this thesis, I do not tackle the question
of when such a procedure can be carried out, however in all of our examples will illustrate
how such a procedure works.
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Resurgence and quantum modularity

Before closing the introduction for a more detailed description of the contents of each sec-
tion, an important set of conjectures relating to resummation of asymptotic series of ¢—
hypergeometric sums has emerged in recent years and should be discussed. If you take a
random sequence of elements on the unit disk a,, then the series

flz) = Zanx" (1)

will converge to an analytic function on the unit disk but, by a theorem of Borel, will almost
always have no analytic continuation for |z| > 1. Often we call |z| = 1 the natural boundary
of such a function. If one instead assumes that f is analytic on almost all rays centred on
the origin with sub—exponential growth, then we can take the Laplace transforms along any
ray where the function is analytic and find an asymptotic expansion

| expl=0s(c0)ic ~ 3 nlang

Assuming that f is nice enough, the function on the left will have analytic continuation
to at least some half plane. Resurgence is related to an inverse problem of finding an
analytic function with prescribed asymptotics. The main point is that after applying the
Borel transform, which divides each term in the expansion by a factorial, we look for endless
analytic continuation. If this exists with sufficient bounds at infinity we can take the Laplace
transform and find the desired function. This process is called Borel resummation. If this
works, it of course depends on the argument of . If we cross an isolated singularity of the
integrand of the Laplace transform, the integral will jump by the keyhole integral around the
ray emanating from the singularity (or branch point). These keyhole integrals can then be
described in terms of other functions with their own asymptotic expansions. We can apply
the same analysis to these functions and find new functions. If this process of constructing
functions and asymptotic series closes up with some finite set of asymptotic series, then our
original asymptotic series is called resurgent. For resurgent series, at each of the singularities
in the integrand of the Laplace transform, we find that the keyhole integrals are related to
this finite set of functions constructed with some additional constant. These constants are
called Stokes constants. The theory of resurgence is interested in computing these sets of
asymptotic series, all related each other, and these Stokes constants. Fundamentally, this
theory relies on analytic continuation.

In relation to ¢-hypergeometric functions, Garoufalidis [67] conjectured that generating series
of WRT and Kashaev invariants should have endless analytic continuation with explicit
singularities. This is equivalent to the more usual description of resurgence we have just
described. Then, in recent work [69, 68, 70|, it was understood how to conjecturally compute
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both the Borel resummation of asymptotic series associated to simple knots and also all of
the Stokes behaviour. While both of these conjectures are related to knots, it appears that
they hold more generally for asymptotic series coming from ¢—hypergeometric functions. To
compute the Borel resummation and Stokes phenomenon associated to asymptotic series
coming from g—hypergeometric functions, one can use quantum modularity. Instead of using
the cocycle €2, you can use the Borel resummation of the asymptotic series and conjecturally
find an expression of quantum modularity giving a similar equality to the one with €2. This
then gives an expressions for the Borel resummation in terms of 2. Then using 2., just
above and below the reals, we can compute the Stokes phenomenon by taking a quotient
of the two cocycles. The quantum modularity shows that this Stokes automorphism will
be a g—series. Then conjectures on the behaviour of the Stokes constants and the series
arising from resurgence imply that these g—series are generating functions for the Stokes
constants. This is extremely practical and easy to compute in simple examples. However,
this remains conjectural besides simple examples like the Faddeev quantum dilogarithm [75].
For knots these Stokes constants are then conjectured to coincide with a particular value
of the 3d-index of a knot. This carries its own definition from the combinatorial data of a
triangulation. It would be interesting if the definition could be extended to include the Stokes
constants coming from closed three—manifolds and the full set of Stokes constants studied
in [70]. T include this conjectural computation for half surgery on the figure eight knot.
As far as I know, this is the first closed hyperbolic three-manifold whose Stokes constants
associated to quantum SLy(C) Chern—Simons invariants have been computed. We close the
introduction with a picture of the absolute value of the resummation associated to the WRT
invariant of 4;(1,2). In fact, the plot is of its cocycle from Theorem 8, which agrees with the
resummation to all computable accuracy, which is much more than the naked eye can see.
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Outline

The first part gives background in the topology and geometry of three—manifolds. It also
includes an introduction to quantum invariants of three-manifolds with a focus of sly invari-
ants.

The part starts by defining knots and their diagrams. Examples, notation and equivalences
between diagrams (Reidemeister moves) is discussed along with a definition of linking matrix.
A description of some of the algebraic structures associated to knots are then discussed, which
will be used later in defining quantum invariants. In particular the braid groups, Alexander’s
theorem (that all links come from braid closure) and Markov’s equivalence theorem are given.
Then the construction of three—manifolds via gluing is discussed explaining that all three—
manifolds arise from gluing handlebodies or from surgery on links. Then Kirby’s calculus
used from describing when two manifolds obtained from surgery of a link are the same is
described. Then the fundamental group of link complements is calculated and also their
representations, which give rise to an algebraic curve associated to knots called the A—
polynomial.

Next a thorough description of ideal triangulations is given. This gives the basic computa-
tional tools for hyperbolic geometry in three-dimensions. Firstly, topological considerations
are given. Then we describe an algorithm that can be used to triangulate any knot com-
plement. Next a brief description of the geometry of three-manifolds following Thurston’s
program of geometrisation, with the inclusion of the rigidity theorem for complete hyperbolic
structures. The geometric structures of ideal tetrahedra are then discussed including their
moduli, symmetries and volumes. Then Thurston’s gluing equations are discussed, which
gives a way to construct hyperbolic structures from ideal triangulations. The volume of the
figure eight knot complement is given as a full example.

Then the study of the geometry of three-manifolds is taken up in full. Firstly, the com-
binatorial data of Thurston’s gluing equations are considered and put into matrices called
the Neumann—Zagier matrices. The theorem that these are half symplectic is quoted and
the example of their computation for the figure eight knot is given. Then computer com-
putations for some other simple knots is also given. Then Pachner moves are discussed and
the various equivalences between Neumann—Zagier data. Then less combinatorial things are
considered as we investigate the Chern—Simons functional, which requires a discussion on
connections on three-manifolds. Then to understand this more computationally we go on
to the Bloch group, which gives an algebraic way to consider triangulations and relates to
algebraic K—theory. Various examples of explicit elements are constructed including in Neu-
mann’s description of the extended Bloch group. Next, using the Bloch group, a description
of volumes and the Chern—Simons invariant is given and computations included for some
simple closed manifolds and knots.

The next section discusses quantum invariants. A historical description of the Alexander
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polynomial until the discovery of the Jones polynomial is given. Then a vague discussion
of Witten’s physical theory is used to outline a hopeful mathematical theory extending the
Jones polynomial to a much larger set of invariants. Then the coloured Jones polynomial
will be defined by representations of quantum sl, with emphasis given on explicit formulae
that can be used to compute. Various basic properties will be shown such as framing shifts
and the computation of the coloured Jones polynomial of the figure eight knot will be given.
Then the structural properties observed by Habiro will be discussed including the cyclotomic
expansion and formulae for twist knots will be given. Then the recursions for the coloured
Jones polynomial or A—polynomial of a knot will be discussed and given for the figure eight
knot along with a brief discussion of the AJ conjecture relating this to the A-polynomial.
With all that, we can then define the WRT invariants of closed manifolds via surgery using
the coloured Jones polynomials. We give examples for surgery on twist knots. Then we
discuss operators in TQFT and use this to justify the construction of modules associated to
links in closed three—manifolds. We then show that while these modules are not invariants,
their span is. This then specialises to the proof that the WRT invariant is unchanged under
Kirby moves. We close with some questions related to this seemingly new vector space
associated to closed three-manifolds.

While the previous section describes (with the addition of some ideas of Witten) the mathe-
matical theory and construction of invariants, this section gives the semiclassical story, which
while clear from the physical perspective, is not so from the mathematical. The justifica-
tion of the expectations from physics using infinite dimensional integrals is initially given
along with Witten’s asymptotic expansion conjecture, which relates the asymptotics of the
WRT invariant at exp(2wi/N) for N € Z to the values of the Chern—Simons invariant for
SU(2) connections. An example is discussed and some pictures given, which give some vague
feeling for these conjectures. Next Kashaev’s volume conjecture on the asymptotics of knot
invariants is discussed, which takes the story from SU(2) to SLy(C). Then the Chen—Yang
volume conjecture, which discusses the asymptotics of WRT invariants at other roots of
unity. Then Vassilev invariants are discussed and the Melvin-Morton-Rozansky conjecture
(Bar Natan—-Garoufalidis theorem). Then after discussing the trivial connection, we move to
the non—abelian connections and in particular the geometric. We describe the conjectured
invariants defined by Dimofte-Garoufalidis and discuss their relation to the asymptotics of
the Kashaev invariant. We close the part discussing the analogous series for closed manifolds,
which were conjectured by Gang-Romo—Yamazaki.

The second part takes up the study of asymptotic series and starts by considering numerical
methods. Then it considers some relations to differential equations and resummation. We
then discuss the asymptotics of g—hypergeometric functions and particular depth is given to
the Pochhammer symbol.

First extrapolation methods are discussed. Some brief recollections on asymptotics is given
defining the o, O notation and the notion of asymptotic series given. Next the Richardson—
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Zagier methods are discussed and compared. Variants on these methods are given, illustrat-
ing how to numerically find the asymptotic behaviour of sequences. Then a new variant that
can be used to detect oscillating asymptotics is given and applied in the example of the Airy
function.

Then we explore divergent series. Firstly, we describe linear differential equations, describing
them as modules of the Weyl algebra. Then their Wronskians and companion matrices are
given with a description of constants. The Apéry numbers are used to describe hypergeomet-
ric sums. Next the Frobenius algorithm for finding a basis of solutions to linear differential
equations is given and a discussion on divergent series and exponential singularities is given.
The exponential integral is used as an example of these methods. Secondly, we consider
optimal truncation of divergent series. This is discussed in the more classical set up and
then using the framework of smooth optimal truncation we discuss the methods of refining
the truncation. Thirdly, we describe Padé approximation. The extension of Taylor series is
discussed. Then using Gauss’s hypergeometric function oF7 and his continued fraction we
give the example of the Padé approximation of the logarithm. Finally, we describe Borel
resummation. This involves a discussion of the Laplace transform and Watson’s lemma is
given. This is applied to the exponential integral example. Then the singularities in Borel
plane and their leading to Stokes discontinuities is described and the Stokes matrix of the
exponential integral is given.

The study then turns to g-hypergeometric functions. To start, we go through various meth-
ods that can be used to study asymptotics of series such as Euler—-Maclaurin formula, Poisson
summation, Abel-Plana summation and Laplace’s method for the asymptotic of exponential
integrals. Next, the dilogarithm is discussed. More generally, polylogarithms are intro-
duced and the various identities satisfied by the dilogarithm are given. Next, we apply the
methods of the previous sections to the Pochhammer symbol. To do this, we use a lemma
for the logarithm of the Pochhammer symbol. The first version of the asymptotics is for
generic parameters and the proof from Euler—-Maclaurin is given. This is then used to de-
scribe the asymptotics of the Pochhammer with a Mobius transformation. This involves
some kind of cyclic dilogarithm. Then applying Abel-Plana, we get an integral formula
for the Pochhammer symbol, which will be crucial for quantum modularity later. Again the
Mobius transformed version is given. Then using the integral formula, the asymptotics in the
non—generic case is proved, which while clear from previous work has seemingly an explicit
formula of which seemingly isn’t given in previous literature. A corollary is a computation
of the asymptotics of the n function. This is also considered for the Mobius transformed
versions. This gives a formula for the multiplier system of the 7 function.

The next section turns to the study of g¢—hypergeometric functions as they approach roots
of unity. Firstly, the general behaviour of such asymptotics is discussed with important
emphasis given on number theoretic aspects. Next, the behaviour of the Borel transforms
is described and the asymptotics of the coefficients of such series. The first examples are
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then given by simple Nahm sums. The Rogers-Ramanujan functions are discussed in this
perspective. Then a similar Nahm sum is given and discussed in detail as ¢ — 1. Then the
behaviour as ¢ tends to other roots of unity is given. Next, we turn to simple knots and
describe the behaviour of the trefoil and figure eight knot. The figure eight knot includes a
discussion on the missing g-series that was described in the introduction and discusses its
asymptotics. Next, we turn to a closed hyperbolic three-manifold, half surgery on the figure
eight knot. The asymptotics of the WRT invariant and Z invariant are discussed along with
the behaviour of the various asymptotic series.

The third part concerns ¢—difference equations. These will provide some of the algebraic
structures underlying the theory.

We start by defining linear ¢—difference equations in parallel to the discussion on differential
equations. Wronskians and companion matrices are discussed and also the constants, which
turn out to be elliptic functions. Then duals of various modules are discussed, which are
implicit in the quadratic relations used in the proofs of quantum modularity. Next, the
Pochhammer symbol and the f—functions are discussed. Some of the most important iden-
tities for g—series manipulations are given in the infinite form of the ¢—binomial theorem.
This is used to give a short proof of the Jacobi triple product identity for the #—function.
Then the asymptotics of the Pochhammer symbol are considered and the analogous results
for these functions at roots of unity are given.

Then we describe the Frobenius method for solving g—difference equations as g—series or
when ¢ is close to 0. This involves describing the Frobenius Ansatz and a discussion on
conventions, which arise from the fact constants are elliptic functions. An example from the
figure eight knot is considered. The algorithm can produce divergent g—series and so ¢—Borel
resummation is discussed. Then the theorem proving the existence of bases of solutions is
given for g—difference equations. A brief discussion of monodromy is then given. We close
with a small discussion on proving g—series identities.

Next, we solve g—difference equations when g ~ 1. This involves the WKB Ansatz. Firstly,
we solve with general parameter, which involves towers of differential equations. Next we
consider we the parameter is also near 1, which involves simple linear algebra. Secondly, we
discuss the Habiro ring. This gives a ring that potential solutions to ¢—difference equations
can live. The various rigidity results are given and the Kontsevich—Zagier function is studied
as an example. Thirdly, we describe new types of functions that behave in a similar way
to elements of the Habiro ring. These led to different kinds of solutions to g—difference
equations that are homogeneous while the Habiro ring is naturally inhomogeneous. Finally,
simple identities for elements of the Habiro ring are discussed that are crucial for quantum
modularity of elements of the Habiro ring.

Next, we study ¢—hypergeometric functions and their g—difference equations. Starting with
rank one Nahm sums, we consider their difference equations. We then prove various duality
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results for these sums. Using these we discuss the various identities that these imply between
functions. Then we discuss various equalities between Nahm sums related to the equivalences
between Neumann—Zagier matrices. Next we turn to a discussion on deformations of ¢—
hypergeometric functions. Then deformations of the Rogers-Ramanujan identities are given
in great detail.

Then we turn to knots. The descendant Kashaev is defined and a discussion of the various
associated g—difference equations is given. We discuss solutions at roots of unity. Moreover,
the missing g—series is put into this framework. The we go on to holomorphic blocks. These
are g—series satisfying the flfpolynomial. These satisfy a submodule of the full module and
this is then used to introduce the two variable series of Gukov-Manolescu. Next, a brief
discussion on dualities associated to knots and lack of in come cases.

Next, we turn to closed manifolds. The 7 invariant is introduced from the two variable
series by applying a Laplace transform. Then half surgery on the figure eight is considered
in detail and its WRT invariant is studied. Then the Z invariant is shown to come in a
family satisfying the same g—difference equations and a g—hypergeometric formula is given
that is related to the formula for the WRT invariant. We close by giving the self duality
explicitly in this example.

The fourth part involves modularity. We start from classical theory and end in the quantum.

Classical elliptic modular forms are discussed first. The modular group and its various ac-
tions are discussed. Modular forms are defined and their finite dimensionality is discussed.
Next, the Eisenstein series are defined. The expansion of the infinite Pochhammer symbol
is given and related to the Eisenstein series. Then an efficient computation of the g—series
expansions of the Eisenstein series is given. This is most helpful for odd Eisenstein series.
The transformation of the second Eisenstein series is also given. Then we move to the in-
finite Pochhammer symbol or the Dedekind n—function. Its multiplier system is discussed
and Ramanujan’s A function is also discussed. Then the #—function is discussed and its
modularity is proved with Poisson summation. Next, vector-valued modular forms are stud-
ied and the f—function is given as a simple example. Automorphy factors are defined and
then the Rogers—-Ramanujan functions are described in this set up. Then a discussion on
modularity of g—hypergeometric functions is given and Nahm’s conjecture described along
with an analogue for three—manifolds.

Jacobi forms are discussed next. This starts with a discussion on elliptic functions from the
f—function and the Weierstrass g—function. The modularity of the Weierstrass p—function
is given. This leads to the definition of Jacobi forms following [56]. The proof that the 6
function is a Jacobi form is then given again using Poisson summation. Then vector—valued
f—functions are considered and their modularity given. The construction of modular forms
from a Jacobi form and using the second Eisenstein series to fix quasi-modularity is then
discussed. The deformation of the Rogers-Ramanujan functions is shown to be a Jacobi
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form. Deformation of ¢—hypergeometric modular forms is then discussed along with g—Borel
resummation of functions expected to be modular.

After this, we leave the more classical aspects and go to mock modular forms. Asymptotics
of Ramanujan’s original examples are considered. Then Appell-Lerch sums are studied and
their asymptotics. The modular properties of these sums are then given and the description
of the Appell-Lerch sums as the ¢—Borel resummation. Next, the inhomogeneity of the
g—difference equations of mock modular forms is discussed and we give a brief method of
constructing the O(1) series of Ramanujan from nothing but the inhomogeneous g—difference
equation. We close the discussion on a conjectural new order seven mock modular form that
arose in studies with Matthias Storzer.

Then, we finally come to quantum modular forms. We start by describing modular forms at
roots of unity. We extend the Eisenstein series to hUQUBb. Then, we consider the multiplier
system of the 7 function and its modularity properties. Using this we give an extension of
Ramanujan’s A function to hUQUH and describe its automorphy factor. Then, we consider
the Rogers—Ramanujan functions at roots of unity. After this, we consider the original
description of quantum modular forms and the relation to improved analyticity properties.
Using this, we give a description for ¢g-series to be quantum modular along the same lines and
prove this for rank one Nahm sums. Then, we turn to the study of the WRT invariant of half
surgery on the figure eight knot. We describe how the various conjectures on asymptotics
appear and how modularity similar to the original observations of Zagier for the Kashaev
invariant also holds here. Importantly, we describe how Witten’s asymptotic expansion
conjecture and Chen—Yang’s volume conjecture are unified by quantum modularity. Then,
we prove this form of quantum modularity for this example. We then go on to refine this
form of quantum modularity along the lines of Garoufalidis and Zagier [86].

The refinements of quantum modularity lead to discussions of analytic cocycles. We describe
non—commutative first group cohomology and how this is used to describe SLy(Z) cocycles
valued in analytic functions. Various examples are given and some rigidity results are also
discussed. Then we turn to some kind of Jacobi version that incorporates g—difference
equations. Rigidity results are also given in this context. Using these analytic cocycles we
give the working definition of quantum modular forms for this thesis following roughly the
ideas of [201, 202]. Similarly, Jacobi versions are also described compatibly with the modular
g—holonomic modules of [82]. Then, we go through the various theorems on the quantum
modularity. First, for rank one Nahm sums, then the figure eight knot, and then for half
surgery on the figure eight knot.

Quantum modularity of the Pochhammer symbol is then studied in detail. The main tool is
the Faddeev quantum dilogarithm and we start with its definition. Then, we go onto to the
difference equations it satisfies and its modular properties. Then the analytic properties of
the quantum dilogarithm are given and the asymptotic behaviour. Then the various formulae
for the dilogarithm are described. The symmetry is given and then finally the descriptions of
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the Fourier transforms are given. These are the analogues of the g—binomial theorem. Next,
we briefly discuss the cocycle of the Pochhammer symbol related to the modular quantum
dilogarithm of [76]. The dilogarithm is then discussed at rational numbers, which uses the
cyclic dilogarithm.

State integrals are the main technical tool for proving quantum modularity. These are
discussed in the last part. These are introduced with comparisons to Gaussian integrals and
then the Mordell integral.

Firstly, we describe how to factorise state integrals at rationals. This relies on the fundamen-
tal lemma in [72]. This is extended to any dimension and the Mordell integral is considered
at rationals. Then, we go onto to factorise the state integrals at rationals of the rank one
Nahm sums, the trefoil knot, the figure eight, and then a toy example used to illustrate the
final example of half surgery on the figure eight knot.

Then, we go onto to show how to factorise state integrals in terms of ¢—series. This is
illustrated in terms of a proof of the analogue of the ¢g—binomial theorem. We then discuss
untrapping and run parallel computations between g—series and state integrals. Then we
go onto factorise the state integrals associated to rank one Nahm sums, the trefoil and the
figure eight knot. We use the figure eight knot, as an example of computing ¢—difference
equations associated to state integrals. Then, we go onto explain how to factorise the state
integrals associated to half surgery on the figure eight knot.

The final section discusses various conjectures relating to Borel resummation of the asymp-
totic series that come from state integrals and g—hypergeometric functions. This starts with
computing the quantum modular properties with Borel resummation of a Nahm sum and
the Z series associated to half surgery on the figure eight knot. Next, we describe the general
conjectures related to resurgence and the Stokes phenomenon coming from [69, 68]. Along
with the quantum modularity, these conjectures allow conjectural computation of all of the
Stokes constants. This is illustrated in the two examples and importantly the example of
half surgery on the figure eight knot.

Some questions for the future are then given. We close with a large collection of mostly
PARI/GP [20] programs of various clarity associated to the various sections of the thesis.
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Notation and terminology

This section contains some notation but maybe not all. Use it as a guide but not as gospel.
The most basic and important notation that will be used through the entire thesis is

e(r) = exp(2miz), q = e(r), ¢ = e(—1/7), ¢c = e(ar/c).

We will also use the notation

Of similar importance are

T o n (G
(@0 = [100=ar). (k>q (GG Dk

Jj=0

We take Z,Q,R,C as the integers, the rationals, the reals and the complex numbers as
usual. For all but the complex numbers we take K<, and similar combinations to mean the
elements less than or equal to a e.g. Z<( is the non—positive integers. If K is a field then
K(z1,...,zy) is the field of rational functions in x; over K. The sets of matrices that appear
are

e SL,(K) the special linear group of matrices with determinant 1.

e PSL,(K) the projective special linear group consisting of matrices with determinant 1
over K modulo the centre.

e Spyy(K) the group of symplectic matrices over K, that is the group of matrices pre-
serving the standard symplectic form on K2V,

o My (K) the N x M matrices over K.

o GLy(K) the general linear group of invertible N x N matrices over K.
Besides this, the notation in order of first appearance is now listed.

e S" the n-sphere.

e 31,44,51,59,- -+, where ay is the b-th knot with some purely historical numbering with
at least a crossings when expressed as a diagram.

o 1k(Ly, Ly) the linking number between two components Ly, Ly of a link L. For a framed
link 1k(L), is the linking matrix.
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B,, braid group on n strands, ¢, : B, — B, 1 the canonical embedding.
0; € B, the generators of the braid group givin one half twist.

7 is the fundamental group.

G'1, the fundamental group of the complement of the link L.

A an A-polynomial of the knot K.

H"™ hyperbolic n—space.

Isom the group of isometries.

A, ideal tetrahedron with shape parameter z € C.

Z=(1-z"1land 2" =1-2""

A(z) = — [, log|2sint|dt is Lobachevsky’s function.

Vol(M) is the volume of M.

D(z) = S(Lia(z)) + arg(l — z) log | 2| the Bloch-Wigner dilogarithm.
Lis(2) = — [; log(1 — w)%2 the dilogarithm.

QF(M, V) the space of k—forms on M valued in V.

Gp the gauge group of a principle bundle P, i.e. the group of automorphisms of P.
CS the Chern—Simons functional.

Tr the trace of a matrix and a representative of the Killing form.

F4 the curvature of A.

R(M, Q) the representation variety of M in G, i.e. representations of the fundamental
group of M into G up to conjugation.

c(z,y) = [z] = [y] + [y/2] = [T —271) /X -y )]+ [1 - 2)/(1 - y)].
F five term relations.
B(K) the Bloch group of K.

ju the roots of unity and ux the roots of unity in K.
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e C the Riemann-surface of (log(z),log(1 — z))
o U(z;p,q) = (log(z) + pri, —log(1 — 2) + gmi, —log(z) + log(1 — z) — pmi — qmi)

A~

e B(K) the extended Bloch group of K.

2

o R(zp,q) = 5log(2)log(1 — 2) — [ log(1 — )4 + F(plog(1 — 2) + glog(2)) — %
e Ay (z) the Alexander polynomial of a link L in variable x.

e Jy(L;q) the Jones polynomial of L in variable .

e Z(M;h) the partition function of Chern—Simons theory.

e R:VW=ZW®V aquantum R matrix.

o (R,u, E,E,, F,F,-1) the local pieces associated to knots for quantum invariants.
o J; ~ (K q) the coloured Jones polynomials of a knot.

o (@2 —q V) In(K;q) = (¢ = ¢7V2) Iy (K q).

e (1(K;q) the cyclotomic coefficients of a knot K.

e v~ the change of basis taking the cyclotomic coefficients and the coloured Jones
polynomial.

e 0 the signature of the linking matrix, 7.e. the number of positive eigenvalues minus
the negatives.

e III(M;q) the WRT invariant and the generators of the WRT module.
e K(a,b) the a/b-Dehn surgery on the knot K.

e 7/ a TQFT functor.

e Cob, 1 the category of cobordisms.

e Vect the category of vector spaces.

e T, the WRT module.

e VC complexified volume or Chern—Simons invariant.

0 the one—loop invariant.

(L) the Kashaev invariant.
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e B, the Bernoulli numbers.

e Liy(z) the k-th polylogarithm.

e 1, asymptotics of the quantum dilogarithm.

e S the loop expansions of the formal series.

e [I the propagator.

o [' vertex weights.

o ® asymptotic series.

e ~, 0,0 asymptotic notations.

e n multiplication by n map of sequence in n.

e A the difference of a sequence.

e extrap, the k-th order extrapolation operator.
e S(s,k) the Stirling numbers of the second kind.

° D;E:x%.

o &(x) = [ t'ml’bexp(—t|x|)t_dt%.

|

e f[m/n](z) the Padé approximate of f with numerator of degree m and denominator
of degree n.

e J3; the Borel transform of weight one.

e L the Laplace transform of weight one.

e B,(z) the Bernoulli polynomial.

e 7 the n-th derivative of f.

° f the Fourier transform of f.

e Analytic continuation of {(s) = > ;= k~*.

e A(m,z;q) and asymptotic cyclic dilogarithm.

e (1,m,z, M) the integral expression for the Pochhammer symbol.
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o &,/ (h) the asymptotics of a ¢g-hypergeometric function at e(a/c).

e D, universal denominators.

e )\, the tweaking factor.

® famn(q) a Nahm sum.

e M a matrix of Stokes constants near the origin.

e denom(x), numer(z) the denominator and numerator of € Q respectfully.
e 7 the expected invariant predicted for example in [92].

e 0, a generator of the ¢~-Weyl algebra or the operator (o, f)(x) = f(qx).

o W(fW, ... f™) the Wronskian.

e MYV the dual of M in the usual sense.

e M" the dual of M induced by the map ¢ — ¢~ 1.
e 0(z;q) = ZkeZ( )k Bk1)/2 gk

1__ ¢
o e(q) = =i [0 (1 —¢")* @ the multiplier system of the 7 function.
e ord(q) the smallest positive number n such that ¢" = 1.

0.(x;q) = 1 if k=0,

O(z"; q") if k>0,
{ 0(g"z";q ")t if k>0,
e 3, the ¢—Borel transform of weight .
e L, the ¢—Laplace transform of weight x.
e L(t,\;q) the Appell-Lerch sum.

e M monodromy matrix.

—

e 7Z[q] the Habiro ring.
e (G4 p, a generalised Nahm sum.

e the Descendant coloured Jones polynomial Jy,, with Jy,, the descendant Kashaev
invariant.
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e (,(q) the n-th Eisenstein series with constant ((1 —n)/2.

e = and Fk the two variable series associated to knots symmetrised or not.

e |7y the slash action of weight k where f|y(7) = (e7 + d)*kf<%)

o Loi(q) = 2Gar(q)/C(1 — 2k)

e 1(q) = ¢"**(¢; ¢)s the Dedekind nfunction.

e U,;(q) classical modular #—functions.

e j a multiplier system.

e © the Weierstrass p—function.

e J,. vector—valued 8—function.

e () = analytic cocycles.

o C, the cut plane associated to v € SLy(Z).

o Oy(z) the Faddeev quantum dilogarithm in notation of [8].
e ¢, (z;7) cocycle of the Pochhammer symbol.

e Cyclic dilogarithm Dy,(z; q).

e C, =iy/TR the contour used for state integrals
e S,k a Stokes constant.

Remark 1. We will consider certain g—hypergeometric sums known to me as Nahm sums.
Recently, I became aware — thanks to remarks of Sergei Gukov — that these sums appeared
earlier under the name fermionic sums [110]. In honour of Werner Nahm’s contribution to
the study of these sums, I will continue to use the name Nahm sums throughout the thesis,
hoping that this leads to no confusion.
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Chapter 1

Combinatorics and geometry of
three—manifolds

By the end of the 19-th century the topological aspects of surfaces were, at some level,
well understood. Three-manifolds were a natural next step. Around the turn of the 19-th
century, Poincaré famously made an initial guess that the homology of three-manifolds would
determine them as for surfaces. None other than Poincaré himself constructed a counter
example to this guess, now know as the Poincaré homology sphere. This led Poincaré to
introduce the fundamental group, which is a non-abelian version of the first homology. This
led to the question, more than a conjecture, of whether a three-manifold having a trivial
fundamental group implies that it was the 3-sphere. This question became know as the
Poincaré conjecture and over the 20-th century many proofs were given and all turned out
to be flawed. The generalisation to dimensions higher than three was in fact done first.
Smale and Freedman showed this is true in the topological category and Milnor showed that
in the smooth category this was no longer true. Donaldson proved that there are infinitely
many smooth structures on R* but it is still unknown how many smooth structures exist on
the 4—sphere. The first major step towards understanding this in three dimensions, as often
happens in mathematics, was a vast and more detailed generalisation of this conjecture.
This was introduced in the work of Thurston, which gave a picture of the structure of
three-manifolds through geometrisation. Not only did Thurston describe generally how
these structures should arise, but he gave concrete means to calculate them. Ultimately,
Thurston’s vision was proved a century after Poincaré’s question by Perelman.

While we now have a picture of three—manifolds through geometrisation, what a three—
manifold means in practice depends on the person you ask and in what context. Some
will think of this purely abstractly as a space locally the same as R?® with some additional
structure. Others may think of triangulations in terms of tetrahedra, the various combina-
torics of how they can be glued, and which alterations can be made to get back the same
three-manifold. Similarly, some may think of framed link via their diagrams and the various
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alterations one can make to get back the same three-manifold. Each way has its advantages
when thinking about a particular problem. For example, calculating volumes of manifolds is
most easy done with triangulations while proving invariance of some quantum objects can
be most easily tackled using link diagrams.

In this section, I will outline the important results that are needed to define, calculate and
prove invariance of the quantities we will study later. Technical aspects will be avoided and
minimal proofs given. However, most of the results are well know and many have references
to textbooks. Emphasis will be given on the tools needed to compute examples. 1 will
firstly consider the algebraic aspects of three—manifolds given by link diagrams, braids and
surgery. Then I will go onto study triangulations both topologically and geometrically. Next
I will consider the combinatorics of geometric triangulations via Thurston’s gluing equations
encoded in Neumann—Zagier matrices. Finally, I will discuss geometric invariants and in
particular the Cheeger-Chern-Simons invariant of a flat PSLy(C)-connection. In some sense,
this section covers the classical aspect of the theory before we go onto the quantum aspects
in the next section.

1.1 Knot and link diagrams

A knot is a smooth embedding of the circle into S® up to isotopy. Some care needs to be
made with the topological aspects as discussed, for example, in [33, 121]. However, we can
simply represent knots combinatorially in a knot diagram. This takes a projection of the
knot onto some S? that is an embedding away from a finite set of points, where locally we
have a transverse intersection of two arcs of S'. This gives a four-valent graph in S? and to
each vertex we keep track of which arc was higher in the original embedding into S®. These
vertices are called crossings. This just describes how one would simply draw a knot on a
piece of paper. For example, the simplest non-trivial knot is the trefoil and its knot diagram
is shown in Figure 1.1.

The trivial example is the unknot. This simply embeds S* with the usual embedding into
a sphere S? inside S®. It has a knot diagram which is just a circle with no crossings.
Determining whether a knot is the unknot is an extremely difficult question. For a more
complicated illustration of this, see [183, Ch. 1] but we give another example in Figure 1.2
for fun.

We will use knot diagrams to describe knots for most of this thesis. It then becomes important
to understand how different diagrams for the same knot can be related. One can always take
isotopies that introduce finitely many points crossings in the diagram. As one applies one of
these isotopies, there will be a critical point where some crossings come together in the knot
diagram, or new crossings are created. There are three fundamental cases. Firstly, there
are two fundamental ways a crossing can be created (and conversely removed); by an edge
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5

Figure 1.1: Left handed trefoil knot.

Figure 1.2: Is this the unknot?
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b\//\/ \/\ /

Tope I OP‘ I TBPe ]IE

Figure 1.3: The Reidemeister moves.

twisting around itself into a kink, and by two edges coming together creating two crossings.
Finally, if more than two crossings come together this can always be decomposed into multiple
steps where three crossings come together or one of the previous two cases. Then, if three
edges come together, there is a face with three edges that shrinks. Analysing how this can
happen, we find it always reduces to moving an edge under a crossing. All possible relations
between knot diagrams are then combinations of these moves called Reidemeister moves.
This is discussed in more detail in, for example, |33, 121]. These moves are shown in terms
of the diagram in Figure 1.3.

Historically, tables of knots were made in order of the number of crossings. This historical
notation is still somewhat used for simple knots. The notation is of the form a;, where a
is the minimal number of crossings in a knot diagram of the knot, and b indicates! which
knot of the finite list it is. The minimal number of crossings is often simply referred to as
the number of crossings of the knot. In Figure 1.4, we give a table of knots up to seven
crossings up to mirror images. A knot is called amphichiral if it is the same as its mirror
image. The only examples of amphichiral knots on the table in Figure 1.4 are 4; and 63.
So all others differ from their mirror image. The number of knots with a given number of
crossings increases rapidly, which is an obvious defect of this historical notation. The table
of the numbers up to fifteen can be found in [121, Table. 1.2] and is reproduced here.

Number of crossings [ 3 |4 |5 |6|7[8 |9 |10 |11 |12 13 14 15

Number of knots 1123 |7]21|49 | 165 | 552 | 2176 | 9988 | 46972 | 253293

A natural and important generalisation of a knot is to a link. This is an embedding of a
compact one-manifold in S®. All compact one-manifolds are disjoint unions of circles S!.
We can generalise the previous discussion to define link diagrams. Similarly, link diagrams
will be related by the Reidemeister moves from Figure 1.3. An example of a link is given in
Figure 1.5. If a link is an embedding of " S’ then we call it an n-component link. The
components of the link are the restrictions of the embeddings to one of the copies of S!.

b is not canonical and purely historical.
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Figure 1.4: Table of knots up to seven crossings.

&

Figure 1.5: The Borromean rings. All components are unknotted and no two components
are linked.
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Figure 1.6: Positive and negative crossings and an example of linking number.

Often we will be interested in oriented links. For the diagram, this means putting an arrow
on an arc in each component. There are at most two orientations of each component. For
example, the two orientations of the trefoil are equivalent. Using orientations we can define
positive and negative crossings as shown in Figure 1.6 Finally, there is a natural measure
of how linked two components of a link are given in the following definition, which can
be checked to be well defined under the equivalence induced by the Reidemeister moves in
Figure 1.3.

Definition 1 (Linking number). [121, Def. 1.4] If L is an oriented link with components
Ly,---, L, then the linking number 1k(L;, L;) between L; and L; is defined to be the number
of positive crossings between the two components minus the number of negative crossings
between the two components in a link diagram.

An example of the computation of the linking number between the two components of a
two component link is given in Figure 1.6. Choosing an orientation one can check that the
linking number between any two components of the Borromean rings in Figure 1.5 is zero.

Knots and links can be described entirely in terms of algebra. This will be described in the
next section.

1.2 Braids and the algebraic structures of links

Braid groups are algebraic objects that can be used to decompose knots and links into some
simple building blocks corresponding to crossings.

Definition 2 (Braid groups). The group

Bn = <0'17...,0'n_1: Zf ‘2_j| - 1’ 7i% = 959 ) (11>

if i=1,...,n—2 040i110;, = 0i410:0i41 >
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| 1
T2 3
Figure 1.7: A braid on four strands.

18 called the braid group on n strands.

The braid group on n strands can be described visually as the group generated by isotopty
classes of embeddings of arcs connecting n points on a base line to n to the same points
on a translation of the base line. This can be made into a braid diagram in the same way
as for knots. For example, a typical element looks something like that shown in Figure 1.7
Composition is then done by stacking braids on top of each other as shown in Figure 1.8
Now the elements o; are given by the diagrams in Figure 1.9, which clearly generate the
group. With these pictorial representations, the relations become clear and are describe in
figures 1.10 and 1.11. We can include braid groups in each other by

Dw"Da

RD‘( >< DK/
> s 7. =53

(\’-—l z =

Figure 1.8: Composition of braid diagrams.
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Figure 1.9: Generators of the braid group from crossings.
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Figure 1.10: Inverse in the braid group corresponds to Reidemeister II in Figure 1.3.
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Figure 1.11: Relations in the braid group corresponds to Reidemeister III in Figure 1.3. The
top left crossing is passed under.
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Figure 1.12: Embeddings of the braid groups in each other.

Figure 1.13: The closure of a braid.

tn:Bp = Buy1 st (o) = o;. (1.2)

This is given diagrammatically in Figure 1.12. To any braid we can construct a link by
taking its closure. This involves connecting the points on the base lines above the braid.
This is pictured in a link diagram in Figure 1.13. Not only does this give a link but an
oriented link. Now a natural question is whether the links that arise from braids give rise to
all links. This is the content of the next theorem due to Alexander [1].

Theorem A-1. [109, Thm. 2.3]. Every oriented link in S® is isotopic to a braid closure.

This shows that we have a surjection from the set of braids onto the set of links. The question
is then of course what equivalence relation this surjection gives i.e. how are braids in the
preimage of a link related. To describe this equivalence relation, we need to understand how
the closure can swap a braid element from the top to the bottom, and how Reidemeister I
in Figure 1.3 can be realised with braids.
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Figure 1.14: The first Markov move implied by isotoping along the closure.

We can construct a relation by taking the composition of two braid elements, S, 52, given
by (182 as seen in Figure 1.14. Then, taking the closure, we see that we can isotope [(;
along the closure to be below 5. Therefore, we see that §;5, and [5(; give the same link.
This implies that conjugation preserves the link. Therefore, under the equivalence relation
coming from Theorem 1 we have

B~ BafifBy (1.3)

A second relation can be constructed by understanding how braids interact with Reidemeister
I in Figure 1.3. This can be done by considering a braid § € B, and taking its embedding
into the braid group with an extra strand, as shown in Figure 1.12, and composing with
oF. This is depicted in Figure 1.15 and is the equivalence is then implied by Reidemeister
I. Therefore, we have

B~ Ln(ﬁ)gf' (1.4)

These relations were introduced by Markov who proved the following Theorem [128].

Theorem A-2. [109, Thm. 2.3] The closure of two braids give isotopic links if and only if
they are related by equivalences generated by equation (1.3) and equation (1.4).

We can use this theorem to construct invariants of links. In particular, we must construct a
function from the braid group that is invariant under the two equivalences in equation (1.3)
and equation (1.4). Already, if we have some kind of representation of the braid group,
taking some kind of trace should give invariance under equation (1.3). We will return to this
is Section 2.3.
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Figure 1.15: The second Markov move implied by Reidemeister I in Figure 1.3.

Figure 1.16: Genus two handlebody.

1.3 How to glue three—-manifolds

Gluing topological manifolds with boundary is done by homeomorphisms of the boundaries
to be glued. With additional structures one must be careful in general, however, in dimension
3 these issues cause us no problem due to work of Moise. The gluing will only depend on the
isotopy class of the diffeomorphism and therefore elements of the mapping class group. The
boundary of a three-manifold is a surface and therefore we find that we need to understand
mapping class groups of surfaces. These groups are somewhat understood but aspects remain
very mysterious. However mysterious, elements of the mapping class group can be used to
give rise to all three-manifolds. A genus g handlebody is the closure of a small neighbourhood
of a graph of genus g embedded in R3. Alternatively, take a standard embedding of a genus
g surface, which splits R? into two regions and the handlebody is the bounded region and
the surface. For a graphical representation see Figure 1.16. Then we have the following
theorem.

Theorem A-3. [121, Lem. 12.12][173, Thm. 1.1] Every three—manifold can be obtained by
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Figure 1.17: Heegaard splitting from a triangulation in a tetrahedron.

gluing two handle bodies together.

Proof. Triangulate the manifold and take the closure of a small neighbourhood of the edges
of the triangulation, which will be a handlebody. Then in each tetrahedron what is left is a
“solid sphere with four boundaries” as depicted in Figure 1.17, which will also glue together
along the faces into a handlebody. The genus of this splitting will be one more than half the
number of tetrahedra. O

This splitting is called a Heegaard splitting after its inventor. We will take a different
approach in constructing closed manifolds. Consider a link with n components. Taking
the complement of the link inside S* gives a manifold with n toroidal boundaries. We can
glue a solid torus into each of these boundaries corresponding to the components of the
link to construct a closed three-manifold. Notice that gluing in a solid torus is completely
determined by where it sends the curve on the boundary that bounds a disk. Choose two dual
curves, m;, ¢;, generating the first homology of the torus corresponding to the i-th boundary
component such that m; is contained in a ball not containing the whole i-th component of
the link. These curves are given the following names: m; is a meridian, and ¢; is a longitude.
Then for every component ¢ of the link, we can glue so that the simple curve corresponding
to the class [a;m; + b;¢;] is identified with the curve on the boundary bounding a disk in
the solid torus. As a;,b; are coprime, as they represent a simple closed curve, this surgery
is determined by the number called the slope a;/b; € Q U {oo}. The way we have defined
m;, the surgery when the slope is infinity simply removes that component of the link. For
example, infinite surgery on all components of a link will return S3. This procedure is called
Dehn surgery. The following theorem is due to Lickorish [120] and Wallace [192].

Theorem A-4. [121, Thm. 12.13][173, Thm. 2.1] Every closed three-manifold is obtained
by integral Dehn surgery on links in S°.
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Figure 1.18: Blackboard framing.

Figure 1.19: Example of a ribbon graph giving a framed trefoil.

Therefore, we can completely describe closed three—manifolds by a link with peripheral
curves, and an integer for each component. A convenient way to choose the curves is the so
called blackboard framing. This takes a link diagram and chooses ¢; to be the curve given
by a parallel to the i-th component, which is always say on the right of the link of the i-th
component in a small neighbourhood of the link. Then if the i-th component is framed
by an integer a; we take a portion of the i-th component and its parallel and twist them
a; times. To recover a;, one can take the linking number, defined in definition 1, between
the component and its parallel. There is a canonical 0—framing such that each component
has 0-linking number between the two parallel curves. An example of blackboard framing
is given in Figure 1.18. This is conveniently described by ribbon graphs, which are embed-
dings of [0,1] x ST into S? as opposed to S*. Their projections keep track of the framing
and can therefore be used to describe closed three—manifolds. These projections are often
called framed link diagrams. For an example of a ribbon graph on the trefoil see Figure 1.19.
The main difference is that Reidemeister I moves now alter the framing, as can be seen in
Figure 1.20.
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Figure 1.20: Reidemeister I does not hold for framed links or ribbon graphs.
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Figure 1.21: Lens spaces as a framed link diagram.

Example 1 (Lens spaces). [173, Thm. 2.3] Consider the continued fraction

P 1
¢ e (1.5)
Tp-——
o,
Then the lens space L(p, q) is given by the framed link diagram in Figure 1.21.

With oriented framed links we have a natural notion of self linking given by the framing.
Using this we have the following definition.

Definition 3 (Linking matrix). [121, Sec. 13| Let L be a framed link with components

Ly, ..., L, and framing of component L; given by a;. Then define the linking matrix
ay Ik(Ly, Ly) -+ 1k(Lq, Ly)
k(L) = lk(L?,Ll) a.g lk(L?,Ln) (1.6)
H{(Lr;, Ly) lk(Lr.L; Ly) -+ CL‘n

The linking matrix stores various information about the manifold obtained by surgery. For
example, the first Betti number of the manifold obtained by surgery is given by the dimension
of the kernel of the matrix.

As usual, it is important to understand the relations between various framed link diagrams
giving the same manifold. This is described in the next section.
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Figure 1.22: The Kirby move.

1.4 A calculus for the topology of three-manifolds

Treating three-manifolds given by a frame link diagram as the boundary of a four manifold,
Kirby [111] studied the effect of various operations on four manifolds, which preserve the
three—manifold at the boundary. Although these operations preserve the three-manifold,
they alter the framed link diagram. This of course gives equivalence relations between
different framed link diagrams that give the same three-manifold. Kirby’s original version
had some more global aspects but this was made entirely local by Fenn—Rourke [60]. Moves
of this type are called Kirby moves. The most important Kirby moves are given by adding or
removing an unknotted component with framing +1. If the unknotted component is linked
around some other components which intersect a disk bounded by the unknotted component,
then the arcs crossing the disk a twisted around once clockwise or anticlockwise depending
on the sign. If the component bounds a disk not intersection any other component of the
link, this is called a special Kirby move. The Kirby move is shown in Figure 1.22. Notice
that it changes the framing of a component by the square of the linking number. This can
be seen by considering Figure 1.23. It is not too hard to see that these moves give the same
three-manifolds. However, all isomorphic three—manifolds can be related by them. This is
the content of the following theorem, which in its original form is due to Kirby.

Theorem A-5. [167, Thm. 6.2, 6.3/[173, Thm. 3.1] If My and M, are closed three—
manifolds associated to framed links Ly and Lo then they are homeomorphic if and only if
Ly and Lo are related by (£1)-Kirby moves.

As discussed for links, we can use this theorem to construct invariants of closed three—
manifolds. To do this we must construct a function from the set of framed links that
is invariant under the Kirby moves. This then implies that it is a topological invariant.
Examples of such invariants will be given in Section 2.4.
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Figure 1.23: The affect of the Kirby move on the framing.

1.5 Representing fundamental groups and A—polynomial

With a surgery description of three-manifolds in terms of links in S®, we see that to under-
stand the fundamental group of a three-manifold we need to understand the fundamental
group of a link complement. Doing this we can use the Seifert-Van Kampen theorem to de-
scribe the fundamental group of all three-manifolds. Given a link diagram one can explicitly
compute a presentation for the fundamental group. This is called the Wirtinger presentation.
Given an oriented link L it is described as follows:

e for every arc in the link take a generator g;, which correspond to an arc coming from a
base point high above the projection as wrapping once around the component following
the right hand rule,

e at every crossing take the r; relations given in Figure 1.24,

e and then take
Gr = (gi:15). (1.7)

Theorem A—6. [169, Sec. 3, Thm. 2] The Wirtinger presentation is a presentation of the
fundamental group of the link complement i.e.

7T1(S3—L) = GL. (18)

There are similar algorithmic presentation from a link diagram such as the Dehn presentation.
Given a manifold SnapPy [43| has algorithms to compute a presentation of the fundamental
group. For example, we can compute a presentation of the fundamental group of the figure
eight knot complement using SnapPy as follows.
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Figure 1.24: Relation for the Wirtinger presentation.

In[1]: M=Manifold("4_1")
In[2]: M.fundamental_group(simplify_presentation = False)

3 Out [2]:

Generators:
a,b,c

Relators:
BabC
CaBcA

This says that the fundamental group of S® — 4, has presentation
{a,byc: b tabe™t c tab tea™t) . (1.9)

Later we will be very interested in representation of the fundamental group into SLs(C) up
to conjugation. These representations can also be computed by SnapPy [43] in Sage [182].
For example, boundary parabolic representations are computed in Code 2. The output there
indicates that we have a representation defined on the generators by

2 1 —eF 2 1 —e% +2 1
s = (2 0) o0 = (L) e - ( - ) (1.10)
e’6 e6

Also we can see that the boundary curves a='b and ca=cb~tac'ba='b are indeed parabolic
i.e. conjugate to (1, 1;0,1). These representations are related to flat connections and will
be discussed again in Section 1.13. Finally, using these representations into SLy(C) we can
define the A-polynomial of a knot. Let K is a knot with a basis m, ¢ for the boundary (or
peripheral) curves in S® — K. Then we can take a map defined almost everywhere locally
¢ : Hom(Gg,SLy(C)) — C* x C* such that for a representation p : Gx — SLy(C) we
take an eigenvalue of p(m) and an eigenvalue of p(¢). This map descends to the quotient
Hom(G g, SLy(C))/SLa(C) where the action is given by conjugation.

Definition 4 (A-polynomial). [42] The A-polynomial of the knot K with peripheral curves
m, ¢ is defined to be the polynomial that defines the variety ITmag(c).
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Of course there is an ambiguity up to multiplication by constants. In fact these polynomials
can be made to have integer coefficients [42, Prop. 2.3]

Example 2. For the trefoil 3; the A—polynomial is
AP (m,l) = (0 —=1)(l+m°), (1.11)

and for the figure eight knot 4, the A—polynomial is
Amt) = =D = (m ™t =m2 =2 —m>+m*) + ). (1.12)

Finally, representations on closed manifolds that come from surgery on links then come
from representations on link complements with some addition conditions at each boundary,
which corresponds to where the disk in the solid torus gets glued after surgery. Therefore,
representaions on closed manifolds correspond to special points on the A—polynomial that
satisfy an additional equation such as m®® = 1 where a,b € Z are determined by the slope
of the surgery.

1.6 Topological aspects of triangulations

We have described various combinatorial descriptions of three-manifolds using diagrams.
For a more explicitly three dimensional description, we will use triangulations. Firstly, we
need to understand how this works topologically. We want to understand which gluings are
allowed and lead to manifolds. If we have a finite number of triangles and glue all their edges
to another edge we will always find a surface. The only place that the gluing might cause
issues is a vertex. However, going around a vertex we see that we can pass through at most
a finite number of vertices of the triangles, which leads to a picture reminiscent of a pizza as
seen in Figure 1.25. Essentially, it always works here as there is only one connected compact
one dimensional manifold; the circle or one—sphere. If we consider gluing tetrahedra, we find
a more complicated situation. Not only could the gluing go wrong in codimension two, but it
could wrong in codimension three. In codimension two we are considering gluing around an
edge. Locally this is done gluing wedges which reduces to the previous analysis for triangles
as seen in Figure 1.25. Around the vertices, we find a new phenomenon and an obstruction
to gluing. If we remove a neighbourhood of the vertices of a tetrahedron, we find a truncated
tetrahedron as shown in Figure 1.26. This can always be glued, now along the hexagonal
faces of the truncated tetrahedra, and we find a manifold with boundary coming from the
truncation. The little triangles of the truncated tetrahedra, triangulate this boundary. If
the boundary component is a sphere, then one can glue in a ball, which would imply that
we could have glued using the full tetrahedra as depicted in Figure 1.27. However, if the
boundary is not a sphere then one will not obtain a manifold by gluing the full tetrahedra.
This is because you would be gluing a ball into a higher genus hole. We can also just remove
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Figure 1.25: Gluing in codimension 2 for surfaces and three-manifolds. Pizza and tinned

pineapple.

Figure 1.26: Truncated tetrahedron.
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Figure 1.27: The extension of a triangulation to the vertices can only happen when the
boundary of the truncated triangulation are disjoint unions of sphere. The picture would
then correspond to pineapple segments coming together to form the ball.
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Figure 1.28: Triangulation of S3.

the vertices to get an ideal triangulation, which is similar to the triangulation with truncated
tetrahedra but without boundary and therefore non-compact.

Example 3. Take the triangulation given by identifying edges and faces given in Figure 1.28.
Checking the behaviour around the vertices, we see that there are four boundary components
giwven by spheres triangulated by two triangles. Therefore, this triangulation extends to the
vertices to give a manifold. In fact, this manifold is nothing but the three sphere. Now take
the identification of two tetrahedra given in Figure 1.29. Analysing the vertices, one finds
that the boundary of the triangulation, using the truncated tetrahedra, has one connected
component given by a torus. Therefore, this gluing only gives an ideal triangulation. In fact,
this is an ideal triangulation of the figure eight knot complement as described in Example 4.

One may think that this obstruction could lead to problems in trying to understand three—
manifolds. However, it turns out to be a useful tool. Instead of taking triangulations using
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Figure 1.29: Triangulation of complement of the figure eight knot complement.

full tetrahedra, we can use ideal tetrahedra where we can always glue. This gives a way to
ideally triangulate knot complements.

1.7 Triangulation algorithm from a knot diagram

Given a knot diagram, there is an explicit algorithm to decompose the complement of the knot
into two polyhedra. Once this is done, one can choose a decomposition of these polyhedra
into tetrahedra. The decomposition into the two polyhedra is constructed by putting a
thickening of the knot diagram on a plane in R3, except at the crossing, where it goes above
and below. Then, away from the crossings, take the plane outside of the thickened knot
complement as the faces to be glued, as depicted in Figure 1.30. Finally, at a crossing, let
the four incident faces twist and come together in an edge linking the strand of the knot in
the over-crossing, to the stand in the under-crossing, as depicted in Figure 1.31. This will
give a polyhedral decomposition with two type of faces; the faces that glue, and the faces on
the boundary of the knot that are not glued. After cutting, the edge associated to a crossing
become four edges. An intermediate picture is given in Figure 1.32. This decomposition
can be given by the following algorithm:

e Take the knot diagram with at least one crossing and make two versions corresponding
to the top, and the bottom polyhedra.

e For the bottom, draw two vertices on either side of each over-crossing and connect
these along the knot diagram by some thickened shaded regions. Do the same for the
top but with the under-crossings.
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Figure 1.31: Polyhedral decomposition of a knot complement at the crossings.
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Figure 1.32: Two faces and an edge of the top polyhedron in the decomposition of a knot
complement.

e Then, draw an edge connecting the vertices to a point on the boundary of the thickened
shade regions, where the crossing was, with an arrow pointing towards the crossing if
on the bottom, and away from the crossing if on the top (see figures 1.31 and 1.32).
Label all edges associated to a crossing by the same label.

e This will decompose the plane into various simply connected regions, which will be the
faces of the polyhedron. Label the various faces consistently between the top and the
bottom pictures.

e The thicken shaded regions lie on the boundary of the knot, and these can be contracted
to a point to find the ideal polyhedral decomposition. Alternatively, these can simply
not be glued and they give a decomposition of the boundary into polygons.

e To finish, note that this picture of the two polyhedra is from outside of the bottom
and inside of the top. Therefore, flipping the picture corresponding to the top we find
the description of the two polyhedra.

This algorithm around a crossing is depicted in Figure 1.33. This algorithm will produce
unigons and bigons. Additional steps can be added to remove these. Unigons can only
appear from a twist as appears in Reidemeister I in Figure 1.3 and can therefore be removed
before the algorithm. There are two ways a bigon can appear. One comes from bigons of
the form of Reidemeister II in Figure 1.3. These can be removed before the algorithm. Then
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Figure 1.33: The algorithm to triangulate around a crossing. Imagine a worm in an apple
eating out the shape of a knot. Then cutting the apple in half where it has eaten gives the
thicken shaded regions. Compare the right part of this figure with the three dimensional
picture in Figure 1.32

the other option, where they are linked locally, will always have a picture of the form in
Figure 1.34, which can always be removed by identifying the edges bounding the bigon as
shown in the Figure 1.34.

Example 4 (Triangulating the figure eight knot complement). This method, applied in the
case of the figure eight knot, is shown in Figure 1.35. This example is also discussed in [183,
Ch. 1]. Here we leave the bigons, but after their removal we find the picture in Figure 1.29.

This algorithm is implemented in SnapPy [43]. This will be used later to implement various
computations. Before finishing we remark that ideal triangulations exist more generally
for cusped hyperbolic manifolds [35]. For links in S3, essentially the same arguments and
algorithms will construct a decomposition of the link complement into ideal tetrahedra.

1.8 Geometrisation

One of the triumphs of 3-dimensional topology is Thurston’s geometrisation conjecture [184].
This is now a theorem thanks to the work of Perelman [155, 157, 156]. Thurston’s geometri-
sation conjecture can be thought of as an analogue of the uniformisation conjecture for
surfaces. For surfaces, the uniformisation conjecture states that every conformal equivalence
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Figure 1.34: Removing non-trivial bigons.

class of metric on a surface has a representative of constant curvature. This then splits
surfaces into the famous trichotomy: constant curvature 1, constant curvature 0, constant
curvature —1. Pushing further, one can show that the only connected compact surface of
positive curvature corresponds to the two sphere, while the only one with vanishing curvature
is the torus. All higher genus curves are then hyperbolic, which shows that this is the most
common geometry. Although the situation in three dimensions is much more complicated,
it turns out to be very similar in spirit.

Firstly, one must decompose into basic building blocks. This is done by taking a so called
prime decomposition of the three—manifold. This expresses the manifold as the gluing of
a finite collection of manifolds with spherical boundaries that has no further non-trivial
decompositions. These building blocks are then cut further along non-trivially embedded
tori. What is left are some manifolds with torus boundaries. These are then given one of
eight geometries [184]. Hyperbolic geometry is the most common and important. As with
spherical and Euclidean geometries in two dimensions, the other geometries appear as special
cases. We will be mainly interested in the hyperbolic manifolds.

Hyperbolic structures come from quotients of hyperbolic space by a discrete group of isome-
tries. Complete hyperbolic surfaces have moduli. Indeed, for genus g surfaces there is a
6g — 6 (real) dimensional space of hyperbolic structures. This is not the case for higher
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Figure 1.35: Algorithm applied to the figure eight knot.
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dimensional manifolds. For higher dimensional hyperbolic manifolds the structure is unqiue.
This follows from the following theorem due to Mostow [135] and Prasad [159].

Theorem A—7 (Mostow—Prasad rigidity). Suppose My and My are connected, complete,
hyperbolic manifolds of dimension at least 3, and there exists an isomorphism

¢ : 7T1<M1) = 7T1(M2) . (113)
Then, ¢ is induced by an isometry of My and Ms.

One of the beautiful outcomes of this is that, from topology, we get unique geometries.
This allows us to construct topological invariants from geometric invariants. For example,
the volume of a hyperbolic manifold will be a topological invariant. Isometries are also
algebraic, which turns topology, not only into geometry, but number theory. To construct
geometric structures we will decompose our manifolds, using triangulations, into geometric
tetrahedra.

1.9 1Ideal tetrahedra

Before considering tetrahedra, we will consider ideal triangles. An ideal triangle is a hy-
perbolic (constant curvature negative one) triangle with geodesic boundaries with vertices
infinitely far from any other point. They can be embedded into H? = {x +iy = z € C :
3(z) > 0} the hyperbolic upper half space (which has metric (dz? + dy?)/y?). Recall that
the geodesics of H? are given by semicircles perpendicular to R and vertical lines. Then an
example of an embedding is shown in Figure 1.36. Given a geometric object like this, it is
natural to consider its moduli space. Here we can parametrise embeddings by three distinct
points on OH? = RP!. However, we must consider the orbits under the automorphism group
of H2. The group of isometries of H? is given by

Isom(H?) = PSLy(R) , (1.14)

with action defined by real Mdbius transformations such that

<a 2) L az+b (1.15)

c cz+d’

Considering our parametrisation of the embedding by 1, x5, 3, as shown in Figure 1.36, we
can take the following isometry

(azg —x1 xa(T1 — 3?3)) ’ (1.16)

XT3 — T2 513'1(952 - $3)
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Figure 1.36: Embeddings of an ideal hyperbolic triangle.

which sends
Ty 00, w3+—0, and z3+—1. (1.17)

Therefore, all ideal triangles are isometric to the embedding associated to x1 = oo, x5 =
0,z3 = 1, which is depicted in Figure 1.36. So we have found that the moduli space of
hyperbolic triangles consists of a point. The volume of the ideal triangle is w, which of
course agrees with the Gauss-Bonnet theorem.

We can try the same thing for ideal tetrahedra. An ideal tetrahedron is a hyperbolic tetra-
hedron with geodesic boundaries whose vertices are infinitely far away from every other
point. To describe the moduli space of these objects we must understand upper half space
M = {(z + iy,h) € C x Ry} (which has metric (dz? + dy* + dh?)/h?). Firstly, H® has
geodesics given by vertical lines and semi-circles perpendicular to C. The boundary is now
OH? = CP'. The biholomorphisms of CP! uniquely extend to isometries of H?. See for
Example [57, Ch. 1]. On the boundary these are given by complex Mobius tranforms and
we find that

Isom(H?) = PSLy(C). (1.18)

They act on H? via

a b (az + b)(cZ + d) + ach? h
(2,h) = . 1.1
(C d) (1) < lcz +d]? + |c|?h? ez 4+ d|? + |c|?h? (1.19)

We can embed ideal tetrahedra into H? by specifying four points on the boundary that don’t
lie in a single line, 21, 29, 23, 24 € CP!. An example is depicted in Figure 1.37. We can act
on these embeddings via isometries and in particular we can take the isometry

(23 — 21 z(z — Zz)) 7 (1.20)

23 — 22 21(22 - 23)
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Figure 1.37: Embeddings of an ideal hyperbolic tetrahedra.
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which sends

(21 — 23)(22 — 24)
(21 — 24) (22 — 23)

2100, 230, 2z3—1, and z4+— 2z = (1.21)
Therefore, we see that all ideal tetrahedra are isometric to one with vertices at co,0,1, z
where z € C\R is called the shape parameter. Denote this tetrahedron by A,. This is
depicted in Figure 1.37. However, there are more relations. Indeed, the following Md&bius
transformations fix the set {o0,0, 1} but give new values of z:

(_01 i) G _01). (1.22)

Letting 2/ = 1/(1 — z) and 2” =1 — 2~ we see these isometries identify the tetrahedra
A2 A2 AL (1.23)

These preserve the orientation of the tetrahedron. There are still additional isometries, which
invert the orientation that are given by

01\ /=1 1) /1 0 . . 2
(1 0),(0 1>,<1 _1), sending z+— 2z ", z—1-—2z2, 2. (1.24)

This gives the full permutation group action on the vertices oo, 0, 1 and therefore all remain-
ing isometries. Considering these actions, one can show that a fundamental domain is given
by Figure 1.38. The parameters z can be directly related to aspects of the geometry of the
tetrahedron. Imagine looking down on the tetrahedron from infinity in a standard model
in the upper half space. Then, one would find an equilateral triangle with points at 0,1, z
as seen in Figure 1.39. There, we see see that angles between faces can be computed from
the parameter z. In fact, using the angle formula there, one can see that the angles and
an oriented edge reconstruct z. To each edge of the tetrahedra we can associated one of
the parameters z, 2/, z”, which come in pairs of opposite edges as seen in Figure 1.39. The
edge from 0 to oo is given parameter z. All other edges can be determined using the five
automorphisms from equations (1.22) (1.24). The volume of the ideal tetrahedra can be
computed explicitly in terms of some special functions. Consider the Lobachevsky function

Az) = —/ log |2sint|dt, (1.25)
0
and the Bloch- Wigner dilogarithm
? d
D(z) = (Lia(2)) + arg(l — z)log|z|, where Lis(z) = —/ log(l—w)%, (1.26)
0

is the dilogarithm function discussed in more detail in Section 4.2.
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Figure 1.38: Moduli space of ideal tetrahedra where the edges with arrows are identified by

z+— 2/ — 2" and the coloured regions are identified with the same maps. The fixed point is
2mg

given by e’s | which is like an equilateral ideal tetrahedron (see Figure 1.39).

Figure 1.39: On the left, an ideal tetrahedron from infinity. The angles are computed by
arg(z),arg(1/(1 — 2)),arg(l — 1/z) as depicted. Note that when z = ¢’ the triangle is
equilateral. On the right, the labellings of an ideal tetrahedron
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Figure 1.40: Cusps of three-manifolds are one-manifolds.

Theorem A-8. [183, Thm. 7.2.1][206, Eq. 8] The volume of an ideal tetrahedron associated
to z € b is given by

Vol(A,) = A(arg(z)) + A(—arg(l — 2)) + Alarg(1 — 1/2)) = D(z). (1.27)

For example, the volume of the equilateral tetrahedron, which is the maximum volume of
any ideal hyperbolic tetrahedron, is given by

D(e*™/5) = 1.0149416064096536250 - - - . (1.28)

1.10 Gluing equations

Topologically, we can construct ideal triangulations of knot complements and more general
three—manifolds. It now becomes of interest as to whether these ideal tetrahedra can be
glued together geometrically. The complete hyperbolic structure on the complement of a
knot has the knot has a cusp, as it is an open manifold. In two dimensions, cusps correspond
to points, while in three dimensions this increases to a one manifold. This is depicted
in Figure 1.40. The boundaries of the hyperbolic ideal tetrahedron are hyperbolic ideal
triangles. As we saw in Section 1.9, there is only one hyperbolic ideal triangle and it has no
automorphisms that don’t swap edges. Therefore, the topological identification of the faces
has a unique geometric gluing. Therefore we need to check whether the gluing around an
edge is geometric. To do this, consider an edge in an ideal triangulation. This edge has,
say, n edges of tetrahedra incident to it?. Suppose that this edge, in these tetrahedra, is
associated to the shape parameters zq, ... z, as we go around the edge. Consider the picture
in the universal cover in upper half space looking down from the point at infinity. Moreover,
suppose that the sequence of tetrahedral edges goes counter clockwise. The isometries that
glue the tetrahedra together fix the points at infinity and zero and therefore are of the form

(8‘ Oﬁl) . (1.29)

2The same tetrahedra can contribute more than once.
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Figure 1.41: Gluing ideal tetrahedra around an edge.

Importantly, this means they all commute. Using the isometries that send z — 2 ngl z; on
the standard model of the sequence of tetrahedra, we find the picture in Figure 1.41. The
monodromy is then given by

(5 ) aa

The vanishing of the monodromy around the edge, or equivalently the picture fitting to-
gether?, immediately indicates that if this triangulation is geometric with parameters z;, we
must have

ﬁzi = 1. (1.31)
=1

This equation is called an edge equation. If this equation holds for every edge, then we see that
gluing these geometric tetrahedra gives a geometric structure on the three—manifold. This
has reduced the construction of a hyperbolic metric to finding an ideal triangulation and a
point in an associated algebraic variety. This description of the variety has some redundancy
and in general the variety will have positive dimension. To get a complete hyperbolic metric,
which should have no moduli from Theorem 7, we need to add an additional equation that
deals with the behaviour at the boundaries. To understand this equation we need to introduce
horospheres.

In the standard model of the tetrahedron, the horospheres around the point at infinity are
just given by equilateral triangles parallel* to C. They are defined more generally as the
subspaces around a point such that all geodesics through that point are orthogonal to the

3This means that the final tetrahedron glues to the first by an isometry.
4All in the Euclidean metric.
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Figure 1.42: A horosphere around oo.

space. These triangles are flat with the induced metric and are depicted in Figure 1.42.
Importantly, their metrics, regardless of all being flat, are scaled by the inverse of their
height squared.

Take the union of all cells of the triangulation incident to an ideal vertex. This is some open
submanifold and we can take its universal cover. The ideal vertex of a knot complement
corresponds to a toroidal boundary component. Therefore, looking from the vertex, which we
put at infinity, we see locally tessellations of C by triangles in the universal cover. Consider a
closed curve in that boundary. Take a representative in the universal cover of the manifold,
starting in some tetrahedra, and continue the curve in horospheres. As we continue a curve
through the various tetrahedra in the universal cover, the tetrahedra are then all related
to the standard models by isometries. This time, the isometries won’t preserve zero as the
curve will pass multiple edges. However, they will preserve infinity as we have continued the
curve in horospheres and it therefore never leaves through a bottom face®. Therefore, the

isometries will be of the form
o
(0 aﬁ_1> ) (1.32)

These matrices do not in general commute. However, the map to C* taking the (1,1) entry
is a homomorphism. Take the shapes z; of the edges of tetrahedra that the path travels
around. We see that the gluing is then done by isometries of the form z — 2 ngl 2z + B for
some f3; as pictured in Figure 1.43. Then we see that the monodromy around the curve in

5We can always choose higher horospheres to avoid hitting a bottom face, as we will only pass through
finitely many tetrahedra for one loop.
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~

222 Bamr “%\-I

Figure 1.43: A boundary curve in the universal cover continued in horospheres. The
tetrahedra it passes through are glued from their standard models via the automorphisms

2z, 2+ B;.

the boundary is given by
(M5 ). .
0 [l vz
We claim that a complete hyperbolic structure implies that
n
z = 1. (1.34)
i=1
To show this, we will first show that the holonomy around the boundary curves must act by
isometries of two-dimensional Euclidean space, which is equivalent to [];_, |z:| = 1. If not,
then one curve must induce an element that is not an isometry and therefore must expand
or contract. For some curve on the boundary, we must then have [, |z;| > 1, as we can
always take the inverse of a curve. Consider a base point (z,h) € H? for this curve in the
initial tetrahedra with vertices places at (00, 0, 1, z1). Then continue the curve in horospheres
from one tetrahedra to another. After one loop we find that we land back in the a shift of
the original tetrahedron by the isometry (1.33). This shift of the original tetrahedron has
vertices at (00, Bn, [ 1) i + Bn, 21 [ 11, 2 + B,) and we end up in the horocycle of height®
h1T}, |z]. Therefore, the projection” of the horosphere onto C appears to be [}, |z| > 1

6Fuclidean.
"Euclidean.
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foca(ln

Figure 1.44: The lift of a curve in horospheres spiralling towards the cusp of an incomplete
hyperbolic structure.

times as big, however, the metric is quadratically decaying in the height and therefore the
length of the arc in the horosphere in that tetrahedron decreases by a factor of [];_, |2 at
each iteration. This implies that the lift of the all the iterations of the curve has finite length®.
Choosing the lifts of the initial point in this curve, therefore, gives a Cauchy sequence that
is not convergent. This argument is discussed more generally in [183] and depicted here in
Figure 1.44

Finally, the only way to find a manifold as the quotient under Euclidean isometries is to have
no fixed points. This implies we must have a Euclidean torus and therefore that []}_, z; =1
for all boundary curves. Equivalently, this means the holonomy at the boundary is parabolic,

1.e. conjugate to
11
(L. w39

Example 5 (The figure eight knot). Consider the triangulation of the figure eight knot in
Figure 1.29, which appears again in the top of Figure 1.45. We can compute the gluing
equations as shown in Figure 1.45. This shows that the two tetrahedra that gwe the complete
hyperbolic structure are given by the equilateral tetrahedra with shapes e . This already
indicates that the hyperbolic volume of the figure eight knot complement is given by

Vol(S% — 41) = 2VOl(A sris) = 2D(e?™/6) = 2.0298832128193072500--- .  (1.36)

8This is because it converges like a geometric series with each iteration of the loop.
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Figure 1.45:

Gluing equations of the figure eight knot.

33
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Although for knots we are interested mostly in the complete solution, when we perform
surgery it becomes natural to take deformations of the hyperbolic structure on the knot
complement, which will of course no longer be complete. When one performs surgery one of
the peripheral curves is glued to a disk in the solid torus. This curve must then have trivial
monodromy. Therefore, if we find a solution that makes this curve have trivial monodromy
the non-complete structure on the knot complement will in fact give rise to a hyperbolic
structure on the manifold obtained by surgery. The structure on the ideal triangulation
is given by the hyperbolic structure on the manifold obtained by surgery with a geodesic
removed (which corresponds to the solid torus we have filled in). The length of this geodesic
can be computed from the cusp equations. Indeed, if M and L represent the holonomy of
the longitude and the combination ym + 6/ is dual to the curve that is glued to the disk in
the solid torus then the length is

length(ym + 6¢) = —vylog|M|— dlog|L|. (1.37)

More generally, we can compute the complex length by removing the absolute values. This
captures some torsion of the curve as an imaginary part [146, 145].

With all of these gluing equations, we want a way to store this data and understand how the
various choices effect it. This will done via Neumann-Zagier matrices and will be discussed
in the next section.

1.11 Neumann—Zagier matrices of a knot

We want to completely describe the variety that gives the complete hyperbolic structure.
Firstly, we need to understand how many edges and tetrehedra there are in the polyhedral
complex. For a knot K, from for example Mayer-Vietoris, we have

Hy(S? - K) =

{ Z itk =01 (138)

0 else

Therefore, the Euler characteristic vanishes. If we have an ideal triangulation of a knot
complement with tetrahedra T', faces F' and edges E, noting #F = 2#T, we have that

#E = #T. (1.39)

Therefore, we have non—canonical bijections between the tetrahedra and the edges. Let this
number be denoted by #F = #1T = N. To store the data of the triangulation choose for each
tetrahedra an edge, which will correspond to the edge connecting 0 and oo in the standard
model. Let this edge for ¢ € T have shape parameter z;. Then every edge of the tetrahedron
t are labeled by z;, 27, 2/ following Figure 1.39. To each edge e € E in the triangulation we
can store how many times the edges associated with z;, 27, 2}’ of a tetrahedron ¢ appears. For
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the three pairs of edges this will give us a number in the set {0, 1,2}. Denote these numbers
by

Ger, G, and G7,, (1.40)
and note that
Gy =D G, =D Gl =2, (1.41)
eckE eckE ecFE

With this definition, the edge equation associated to e is given by

[T 25 ()% (z) % = 1. (1.42)

teT

These equations have one redundancy associated the fact the product of all the equa-
tions (1.42) over e is one, which follows from equation (1.41) and the equation
2(1—271)
227 = ——~ = 1. 1.43

T (1.43)
To the edge equations, if we want the complete hyperbolic structure, we add the cusp equa-
tions. Choose curves generating the homology of the boundary and represent them as a path
in the boundary using the truncated tetrahedra avoiding the edges, which are vertices on
the triangulation of the boundary surface. Let G.;, G, G, € Z be a signed count of the
number of times the cycle around the cusp passes an edge of the tetrahedron t, keeping track
of the orientation. The cusp equations are then of exactly the same form as equation (1.42),

H Zth,t (Z;)Glcvt (ZQ/)GICI’t - 1. (144)

teT

Choose a meridian for the cusp and denote it m. We can use equation (1.43) to reduce these
equations further. For d € EU{m} let

Adt = Gdﬂj - Gii,t s Bd,t = :ili - Zli s and Vg = 2 — 25c,d - Z G:i,t . (145)

)

teT
The gluing equations equations now become
[Tz e = (—1y. (1.46)
teT

Then, by dropping an edge e € E and labeling the remaining edges 1,..., N — 1, the cusp
N, and the tetrahedra from 1,... N we can put this into a N x 2N matrix,

A171 ce ALN Bl,l ce BLN
N : : ceel (1.47)
AN,l AN,N BN,l ---BN,N
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called a Neumann—Zagier matriz. We can add half of the additional cusp equation, cor-
responding to the longitude ¢, as an additional row to get an extended Neumann—Zagier
matrizx .

ALl A <ALN E%J ..LBLN
ANJ . 14NAI-BNJ ‘-uBNAf ( )
Cil e CLN' [hﬂ ”‘l)LN

This matrix satisfies an important symplectic property summarised in the following theorem.

Theorem A-9. [1/4, Thm.4.1][146, Thm. 2.2] The matriz in equation (1.47) is half sym-
plectic, meaning that ABT is symmetric and that the 2N columns span Z~ . Moreover, the
matriz in equation (1.48) can be extended to a symplectic matriz in Spyy(Q)°.

This result is presented here for manifolds with one torus boundary. However, it follows
more generally for multiple torus boundaries. The matrices are then constructed by removing
additional redundant edge equations and replacing them with meridian equations and adding
the longitudes in the bottom half [146, 144]. For another introduction to Neumann—Zagier
matrices, see [45]. A nice discussion of the work related to this result is given can be found
in [84]. Also see [48] for another approach using abelianisation.

Example 6 (Figure eight knot). The previous example of the figure eight knot can now
be put into the form of Neumann—Zagier. In particular, considering Figure 1.35 we find

matrices
-1 -1 -2 =2
A = (_1 O) and B = (_1 _1) . (1.49)

One can check that (A B) is half symplectic.

Computation of the Neumann—Zagier matrices is implemented in SnapPy [43]. For example,
we can compute for the figure eight knot again.

In[1]: M=Manifold("4_1")
In[2]: M.gluing_equations ()

3 Out [2]:
matrix ([[ 2, i, o, 2, 1, o071,
[ 0, 1, 2, 0, 1, 21,
[1, o0, o0, O, o0, -11,
[ 1, 1, 1, 1, -1, -311)

The first two entries are the edge equations, the third represents the meridian, and the last
is a longitude equation. Therefore, the first and third equations give

27w’ =1 and 20"' = 1. (1.50)

9The denominators are at most 2
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This gives Neumann-Zagier matrices

11 -1 -1
() e (). s
Solving, we again find that z = w = exp(2mi/6). We can also read off the extended

Neumann—Zagier matrices by considering the last row, which gives the cusp equation for
the longitude. The equation is

ww"? = 1. (1.52)
Therefore, the first row of the bottom of the extended Neumann—Zagier matrix is given by
C=(01) and D= (0 —1). (1.53)

SnapPy has the ability to draw in knots, but has stored a few simple knot. We can try
with a few knots on the table 1.4. Next we will take 55 in Code 3. This shows that 59 has
Neumann—Zagier matrices

1 -1 1 1 -2 1
A=1|-1 0 -1 and B = |0 2 0 (1.54)
-1 0 0 0 1 0
Solving these equations gives
2 —22431 -1 =0, 2 =2—-2+2, and z3 = 2. (1.55)

The field defined by this variety is the cubic field of discriminant —23. Finally, we will
compute for 7, in Code 4. This gives Neumann—Zagier matrices (in our convention as the
computer uses z,2' 1)

1 0 o0 0 0 O o -1 -1 0 1 0
-1 -1 0 0 -1 0 o 0 0 1 -1 1
o 1 -1 -1 1 1 1 0 -1 -1 0 O
4= -1 0 0 1 -1 0" B = -1 0 1 0 -1 0 (1.56)
1 0 o0 0 0 -1 o 1 1 -1 0 0
2 0 1 0 1 O o -1 -1 0 2 -1

To compute the solutions this is best done with SnapPy [43] in Sage [182]. Here we find two
Galois orbits of solutions. One is defined over the field generated by roots of the polynomial

ot + 323 227 + 1, (1.57)
while the other is defined over the field generated by roots of the polynomial

- 227 —x—2. (1.58)
This is done in Code 5.
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1.12 Pachner moves and Neumann—Zagier equivalences

There are various choices that we have made in defining Neumann—Zagier matrices. These led
to equivalence relations between half symplectic matrices. As usual, constructing invariants
of half symplectic matrices under these moves leads to invariants of the manifolds. These
equivalences are discussed in detail in [45]. We will recall them here. The choices we made
in defining Neumann—Zagier matrices were as follows:

e choosing an ordering of a tetrahedra,
e choosing an ordering of the edges, an edge to discard, and a meridian,
e choosing an edge to label z; for each tetrahedra (also know as a quad type).

We will now see how changing these choices alters the matrices. Suppose we alter the order
of the tetrahedra. Then this simply permutes the columns of A and B. Let o be the
permutation matrix associated to the permutation of the columns. Then this says in matrix

form that
(A B)~(A B) (g g) (1.59)

Notice that 0~ = ¢7 and therefore,

(g 2) € Spoy(Z), (1.60)

where

Span(Z) = {(A B) € Clon(Z): ATc=0TA, B"™D=D"B, ATD—CTB:IN}.

C D
(1.61)
If we alter the order of the edges, the edge we remove, or the meridian’s path, this will
alter the Neumann-Zagier matrices by multiplication on the left by some special elements
P € GLy(Z). See [45, Sec. 3.3 and 3.4.]. However, more generally, it won’t affect solutions
if we multiply by any P € GLy(Z). Therefore, for any P € GLy(Z) we have

(A B) ~ P(A B) ) (1.62)
Notice that

(]g PQT) € Spon(2). (1.63)

Suppose we alter the edge we chose for the first tetrahedra. That is, we rewrite the equations
in 2} and z; as opposed to z; and 2/. Then as 2/ = —2;'2]"" we find that the first column
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A_ 1 becomes —B_ ; while the first column B_; becomes A_; — B_ ;. This can be written
in matrix form

Qn le)
A B)~ (A B 1.64
( ) ( ) (Qm Q22 ( )
where
0 0 -1 0 0
01 ... 0 0O 0 ... 0
Qll - . . . ) QIZ - . . . y
0 0
1.65
0 -1 0 ( )
00 ... 0 0 1 0
Qa = T Qo2 =
00 0 0 0 1
Notice that
Qu Q2
€S 7). 1.66
(Qm Qm) pan(Z) (1.66)

These equivalences generate a relation that makes all of the different choices lead to the
same equivalence class. However, this says nothing about the relations between different
triangulations. To understand how to relate ideal triangulations we need to understand
Pachner moves. The only Pachner move we will need is the 2-3 Pachner move. This takes
two geometric tetrahedra glued along a face and adds an edge through this face from the
vertices not bounding the glued faces in the tetrahedra. This gives three tetrahedra and can
be seen in Figure 1.46. The shapes completely determine each other. This move generates
the equivalence relation on triangulations of cusped manifolds.

Theorem A-10. [130, 131, 158] All ideal triangulations of a three-manifold are related by
2-3 Pachner moves.

From Figure 1.46 we get the following equations for the new variables

/ / 1N / 2
wy = 2129, wy = zyzy, and wy; = z{z, (1.67)
and inversely
_ " ! " " "
o " r " "o " ( : )

This implies that going from the matrices (A B) associated to the z variables we find that

100 0\ (Tu T
(4 B)N(O A0 B) (T21 TQQ)’ (1.69)
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Figure 1.46: 2-3 Pachner move with shapes labelled. See equations (1.67) (1.68) for the
relations between the shapes.

where
-1 -1 =1 0 0 -1 -1 =1 0 0
0O 1 0 0 0 0 0 1 0 0
0 0 1 0 0 0 1 0 0 0
T = 0o 0 0 1 0l Te = 0O 0 0 0 0l
0O 0 0 0 ... 1 0 0 0 0 0
(1.70)
1 000 0 0000 0
1000 0 0100 0
1000 0 0010 0
T21_0000 0’T22_0001 0
0000 0 0000 1
Notice that
Tll T12
<T21 T22> € Sp2N+2(Z) . (]‘71)

Therefore, we see that all Neumann—Zagier matrices for a given manifold are related by the
equivalences in equations (1.59) (1.62) (1.64) (1.69).
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Remark 2. Notice that these equivalences can be lifted from half symplectic matrices to full
symplectic matrices. Then we can add additional equivalence given by

EONALICE)

where S = ST € Myun(Z). The set of equivalence classes will then be the same as this fixes
the (A B) but gives all completions to the lower half of the symplectic matrix.

1.13 The Chern—Simons functional

The Chern—Simons functional gives an invariant of connections on a three-manifold [61].
More generally, Chern—Simons forms [40, 37|, are antiderivatives of characteristic classes on
a manifold M formed by taking polynomials in the curvature form on M x [0,1]. Recall,
that for a Lie group G, with Lie algebra g, a connection on a principle G bundle 7 : P — M
is equivalently defined to be either: a splitting of the tangent bundle T'P into vertical and
horizontal sub-bundles, an equivariant projection onto the vertical subbundle of TP, or a
connection 1-form (a form that looks like the Maurer—Cartan on the fibres). The space of
connections Ap is an affine space modelled on Q'(M, gp), the 1-forms on M valued in the
adjoint bundle gp. Locally in some neighbourhood U C M (or globally when the bundle
is trivial P = M x @) there is a canonical connection associated to a trivialisation of the
bundle. Moreover, Q(M, gp) are locally given by elements of Q!(U, g), Lie algebra valued
one-forms. The automorphisms of the bundle, Gp, act on the space of connections. These
automorphisms are called gauge transformations. They are locally given by g : U — G and

act locally via
g-A = gtAg—gldg. (1.73)

The Chern—Simons invariant is almost independent of gauge in C. It is defined for closed
three-manifolds with trivial bundle as

CS : Avxc/Guxe — C/AT*Z st CS[A] = / Tr(dA AA T §A A AN A) . (L.74)
M

where Tr is an invariant bilinear form normalised so that, for the Maurer—Cartan form on G
given by g~1ldg, the class

1
@Tr(gfldg Ag~tdg A g tdg) (1.75)

is an integral cohomology class. For the case that G = SLy(C) taking the standard Tr(a,b) =
Tr(ab) gives such an example. The reason this is only valued in C/47%Z is that

CS[g- A] = CS[4] — g/ Tr(g~'dg A g~ 'dg A g~'dg) € CS[A] + 4n°Z, (1.76)
M
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as the second integral is the integral of a pullback under the gauge transformation g of 47>
times the integral cohomology class in equation (1.75). When M has boundary, the Chern—
Simons invariant has an additional boundary term under gauge transformations given by

CSlg - A] — CS[A] :/

2
dTr(g ' Ag A g 'dg) — §/ Tr(g~'dg A g~ 'dg A g~'dg). (1.77)
M M

Taking exp((CS[g- A] — CS[A])/2mi) then gives a cocycle on the boundary OM. This implies
that, generally the Chern—Simons invariant naturally lives on a complex line bundle on the
boundary called the Chern-Simons lines, discussed for example in [61, 162]. Now we will
almost exclusively be interested in this invariant at special connections called flat connections.
A connection is called flat when its curvature,

1
Fa = dA+5ANAE O*(M, gp), (1.78)

vanishes. The flat connections up to gauge equivalence on a connected manifold are equiva-
lent to the representations of the fundamental group up to conjugation i.e.

| | A%*/Gp = Hom(m (M),G)/G = R(M,G). (1.79)
P/~

This equivalence is constructed via holonomy representations. The Chern—Simons lines can
be used to define a line bundle on the analogue of this space on the boundary [61, 115]. For
G = SLy(C), we will often be interested in finitely many flat connections up to gauge. Then,
the line bundles trivialise at these points and we will just get complex numbers.

A complete hyperbolic three—manifold M can be expressed as the quotient of hyperbolic
three-space H? via some subgroup I' C SLy(C). This gives an isomorphism I' 2 71(M) and
therefore a flat SLy(C)—connection on M. We call this connection the geometric connection.
Noting that PSLy/SO(3) = H?, this manifold also has an associated flat SO(3)-connection.
The SLy(C) Chern—Simons invariant of the geometric connection splits into a real part, given
by the Chern—Simons invariant of the natural SO(3) connection, and an imaginary part,
given by the volume of the manifold. This was first suspected by Thurston [184], extended
in [146] and proved in [200]. This is one indication that the calculation of the Chern—
Simons invariant could be abstractly made with simplices. Summing over contributions
from simplices is one of the most natural ways to compute volume. This indeed extends to
the complexified volumes or Cheeger-Chern—Simons invariant and will be discussed in the
next section. Alternatively, to compute the values at flat connections using the connections
more explicitly see [114, 115, 127]. However, even there simplices play an important role.

Remark 3. The geometric connection was implicitly constructed in Section 1.10 via tetra-
hedra. Tetrahedra can also be used to construct other SLy(C)-connections as well. This is
done by gluing the flat connections associated to the to the shape parameters of the tetrahedra.
These all correspond to special points on the A—polynomial.
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1.14 The Bloch group

The 2-3 Pachner move completely describes the equivalence relation between triangulations.
This relation, at the geometric level, can be used to define an algebraic relation. This kind
of construction was introduced by Dehn in his solution to Hilbert’s third problem. There,
he constructs an algebraic invariant of polyhedra in Euclidean three space that is invariant
under cutting and pasting along planes. Two polyhedra obtained by cutting and gluing
in this way are called scissor congruent. Dehn showed that the cube and the tetrahedron
have different algebraic invariants, which solved the long standing question, in the negative,
of whether the formula for the volume of a pyramid could be proved without methods of
exhaustion. We can construct a similar invariant of ideal hyperbolic polyhedra [52, 53|. This
is done by decomposing into tetrahedra and taking formal sums while keeping track of the
shape parameters associated to each tetrahedra. This captures part of the information of the
2-3 Pachner move, as any triangulations related by this move are scissor congruent. This
algebraic construction can be defined more generally over any field and relates to algebraic
K—theory of that field.

Let K be a field. Then consider the linear map
d:Z[KP'] — K* Az K™ st d([z]) = 2(zA (1 —2)), (1.80)

where d([0]) = d([1]) = d([oc]) = 0. Notice that letting

o) = B -1+ |2 - 125+ |12 (181)

11—yt 1—y

we have
d(c(z,y)) = 0. (1.82)

Notice that ¢(x, y) is very closely related to the behaviour of the shapes in the 2-3 move 1.46.
In fact, setting © = x1,y = 1/x2 and using the relations below in equation (1.84) gives the
equivalence. Let F be the module generated by ¢(x,y) where we avoid any z,y that lead to
terms of the form 0/0, co/oc.

Definition 5 (Bloch group). The Bloch group is defined to be the quotient of the kernel of
d by the five term relation (1.81), i.e.

B(K) = ker(d)/F. (1.83)

Considering combinations of ¢(z, y) for some z,y € {0, 1,00} gives some immediate relations

i = 25| = =e) = - = cl-al = -ims| A

1—=x
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and
0] = [1] = [o0] = 0. (1.85)
Compare these relations with the properties of the ideal hyperbolic tetrahedron discussed in
Section (1.9). We will mainly be interested in B(C). This Bloch group fits into a short exact
sequence [145]
0 — Q/Z — H®(PSLy(C),Z) — B(C) — 0. (1.86)

This can be described more generally for infinite fields using the third indecomposable alge-
braic K group [180, 210] as

0 — px — KM(K) = B(K) — 0, (1.87)

where g is the unique non-trivial extension of the roots of unity by Z/2Z (and in char-
acteristic 2 it is just the roots of unity k). The description of the Bloch group, at least
for number fields, can be extended to include torsion giving a presentation of Ki"(KK) [210].
We will, however, mainly be interested in the case of K = C covered in [145]. This will be
discussed below in definition 6.

Firstly, an obvious question is whether we can find elements of B(C). In fact, three-manifolds
provide the ability to construct elements using Neumann-Zagier matrices. However, more
generally half symplectic matrices lead to elements. Let (A B ) be an N x2N half symplectic
matrix with completion

(é g) € Spyn(Z) (1.88)

and let z; € CP! — {0, 1,00} such that

[z =z =1. (1.89)

j=1
Then we find that
N N N
d(ZZ’Z> = ZZ’Z N (1 — ZZ) = Z (Aj,iDj,k — Cj,iBj,k)zi A\ (1 — Zk)
i=1 i=1 i,j k=1
N N N
- Z Dj,k(szAjﬂ.> 1_Zk: Z O zZz (H 1—Zk>Bj’k)
ijV:l i;l 4,j=1 k=1 . (19())
= Z DJ,k(H(l - Z’L’>Bj7i) 1 - Zk Z C zzz <H Zk_Aj’k)
7,k=1 =1 3,j=1 k=1

N N
= — Z Bj,iDj,k<1 — Zl) AN (1 — Zk) + Z Cj7iAj7kZi A\ 2 = 0,

1,5,k=1 i,5,k=1
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where the second equality follows from the fact that ATD — CTB = I, and the last equality
follows form the fact BTD and CTA are symmetric, exactly the conditions given by equa-
tion (1.88). Now we can construct large numbers of elements, however an obvious question
is whether these are non-trivial. The easiest way to check this is using a homomorphism to

R. This will be discussed further in the next Section 1.15. For now, we will desribe how to
deal with the torsion elements in H{'"(PSLy(C), Z).

To deal with the torsion we need to introduce flattenings. These are logarithms of the shapes
such that the sum over the three logarithms vanishes. A combinatorial flattening of an ideal
tetrahedra with shape z is given by

Uz;p,q) = (log(z) + prmi, —log(1 — z) + qmi, —log(z) + log(1 — 2) — pmwi — qmi).  (1.91)

This can be thought of as a map from @, the Riemann—surface for the multivalued function
(log(2) + pmi, —log(1 — z) + qmi) [145, Sec.2], to C3. Then the lift of d in equation (1.80) is
given by the linear map

~ ~

d:Z[C] 5 CALC st d([z:p,q) = (og(z) +pmi) A (—log(l — 2) + qmi) . (1.92)

The analogue of the 5—term relation must also be lifted. Consider again the 2-3 move in
Figure 1.46. This should give a five term relation where we insist that the additional edge,
in the middle, has the sum of the three contributions vanish. Checking the implications
this has on the flattenings [145, Lem. 3.4], we find that the correct five term relation lifting
equation (1.81) is given by

y
(@, y; po, P1, 90, 41, G2) = [T po, Qo] — [y p1, 1] + {;;pl —poaéh}

I 1— 2 (1.93)
- 1——y*1;p1 —Po+q1—qo,q2 —(h} + L _y;Q1 — 40,92 — q1 —po} .
We include the additional transfer relation
[zip, ]+ (0,41 = [zp.d]+ 50,4, (1.94)

which, when multiplied by two, is a combination of 5—term relations. Again, we can explicitly
compute that, for z,y such that all the terms in equation (1.81) are in b,

-~

d(c(z, y;po, 1, qos q1,2)) = 0. (1.95)

Let F be the module generated by c(x,y; po, p1, o, q1, q2) With x,y such that all terms in
equation (1.81) are in h and the elements [z;p, q] + [z; 7, ¢] — [2;p,¢] — [z 7, 4]
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Definition 6 (The extended Bloch group). The extended Bloch group is defined to be the
quotient of the kernel of d by the extended five term relation and the transfer relation, i.e.

B(K) = ker(d)/F . (1.96)

The extended Bloch group exactly describes the addition of torsion to the group homology of
HEP(PSLy(C),Z). Neumann [145, Thm. 2.6] proves the following theorem with an explicit
isomorphism.

Theorem A—11. There is an isomorphism
HE™(PSLy(C), Z) = B(C). (1.97)

Neumann [145, Sec. 14] goes on to show that for ideal triangulations of three-manifolds and
surgery on them, we can construct elements of the extended Bloch group for any flat SLy(C)
connection. This is done by solving the logarithmic gluing equations (1.42)

Z Gay(log(z) + pimi) + Gy, (— log(1 — z,) + gyi)
teT (1.98)

+ G (= log(ze) + log(1 — 2) — pymi — qymi) = 0,

for all d € EUC where E is the set of edges and C'is the set of peripheral curves (including the
longitude). Importantly, not all connections will appear as solutions to the gluing equations
for a given triangulation. However, the connection corresponding to the geometric structure
will always appear. The reasons other solutions may not appear is that that may correspond
to solutions where z € {0,1,00}. The class corresponding to the geometric connection will
be a solution with all shapes in . This will give the complete hyperbolic structure and all
solutions with this property will give the same class in the Bloch group by Mostow—Prasad
rigidity, given in Theorem 7.

Remark 4. There is another notation of flattening which is an integral solution to gluing
equations. This is used for example in []5, 144 and it constructs elements in a quotient of
the extended Bloch group, which removes some torsion.

Example 7 (Elements of the extended Bloch group from 53). We can represent the el-
ement of the extended Bloch group corresponding to a solution zy),zé]),zé]) for the gluing
equations (1.55) for by as

=307, 0] + [, 0]+ 120 0] (1.99)
Then we must check the logarithmic gluing equations around the edges and the peripheral
curves. This means we need the extended Neumann—Zagier matrix, which includes the lon-

gitude 1.48. Considering, the solution to the gluing equations with 253) = 0.78492--- +
1.3071 - - -4 (the third solution in PARI/GP indexing z1[3]) we get

(3) (3) 3 (3) (3)

b =Ps s 41 = 43", P2’ = —2p§3)—2q§3)+2, qgg) = p§3)+2q§3)+1. (1.100)
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If we consider the real embedding z{l) = 0.43015-- - (the first solution in PARI/GP indezing
z1[1]), then from a similar computation we find that

P =l ) =, ) =) —2gfY, ) =l 2 41 (1101

This is illustrated for the first example in the PARI/GP [20] Code 6.

Example 8 (Elements of the extended Bloch group from surgery on 55). Now the equations
for the holonomy of the meridian and longitude are given by

M = '1-2", and L = 27(1—27") Pl — 212 (1—21). (1.102)
Therefore, the equations for the hyperbolic structure on 59(1,2) are given by

z122_123(1 — zl_l)(l — 22_1)_2(1 — ,23_1) =1
Al (l=2")" =

ML* = (57 (1= )= ) Pl -5 )2 (1—21)° = 1

—_

(1.103)

This has solutions, (which can be computed for example with Mathematica [101])

0 = 1— 7z +2122 — 2923 4 42 + 412) — 3620 — 4027 + 10125 — 8127 + 29210 — 421t 4 212
1
22 = g (8072 + 447322 — 8181027 4 2265523 + 11541521 — 11261427 — 10034129
+ 2542852] — 1853662F + 566952] — 881921° 4 1811211)
1
23 = @(—3693 + 2539921 — 6274027 4 4752023 + 6578321 — 12984127 — 2547829
+ 2064162] — 17949425 + 482832) — 8593210 4 1527211)
(1.104)
Then taking the solution (the third in PARI/GP indexing) with z; = —0.72561 - --—0.32484 - - - ¢
we find that

15 8 16 12 11 11 15 1

PL= Sty 0=yt ety (1.105)

11 3 8 13
P2 = ——7P3— 42— 543 — — .

7 7 7 7
These have the potential to not be integers. However, there are additional parity parame-
ters [145, Def. 4.3/, which restrict the allowed values of p;, q;. However, ignoring this we find
the same elements up to two torsion [145, Lem. 11.3], so we can choose integral solutions
to get the element up to two torsion. For example,

p=4, q=-3, p=-1, @@=-2, p3 =0, g =0. (1.106)
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1.15 Complexified volumes using scissors

We have been discussing abstractly some of the structures behind the geometry of three—
manifolds but lets take a step back. Given a geometric manifold it is interesting to see
whether you can compute its volume. A natural way to do this is by breaking the manifold
into simpler pieces, calculating their volumes, and summing them up. Of course, calculating
volume is a local calculation. The theory we have been building up over the last sections gives
us the tools to do this. Given an ideal triangulation and the unique solution to the gluing
equations giving the complete hyperbolic structure, coming from the Mostow-Prasad Theo-
rem 7, we find that we simply sum the contributions from each tetrahedra using Theorem 8.
We already did this in the Example 5. We can go one step further and use the extended
Bloch group to not only compute volumes but also to compute complexified volumes i.e. the
Cheeger—Chern—Simons invariant.

The first thing to note is that the 2-3 Pachner move indicates a consequence for the volumes.
In particular, we get the following theorem due originally due to Spence.

Theorem A-12 (5-term relation). Let z,y € C then

Vol(A,) + Vol (Az) + Vol(Ar—:) = Vol(A,) + Vol (Al,fl ) (1.107)
or for the Bloch—Wigner dilogarithm in equation (1.26)

D(:z:)—D(y)+D(g>—D(l_x_l>+D<1_x) = 0. (1.108)

x 1 -yt 1—y

The relations in the Bloch group, and its extended version, exactly fit the geometry of ideal
tetrahedra. This theorem of course has the following consequence for the Bloch group.

Corollary 1. The Bloch—Wigner dilogarithm given in equation (1.26) gives a homomorphism
from the Bloch group to R via

D:B(C) =R st D(z]) = D(z). (1.109)

We can use this to compute volumes of three-manifolds and check non-triviality of elements
of the Bloch group.

Example 9 (Bloch-Wigner dilogarithms for calculating volumes and non-triviality). Con-
sider the elements we constructed for the knots 41,52 and the closed manifold 59(1,2) in
equations (1.50) (1.55) (1.104). In particular, we find that for 4,

202/ s 2D(e*™/%) = 2.0299--- = Vol(S® — 4), (1.110)



1.15. COMPLEXIFIED VOLUMES USING SCISSORS 99

for 5y with 23 — 223 + 32z, — 1 with 2z = 0.78492 - - + 1.3071 - - -7 we find
2]+ [ — 21+ 2] = 2D(21) + D(2] — 21 +2) = 2.8281--- = Vol(5® —5;), (1.111)
and for 5o(1,2) with 21, 29, 23 given in equation (1.104) with embeddings

2z = 0.20858 -+ 4.7288 -7,
zp = —0.031108 -+ + 0.55307 - - -4, (1.112)
z3 = 0.80772---+0.47941 -4,

we find that

Therefore, all of these elements are non—trivial in the Bloch group as they don’t vanish under
this homomorphism. Consequentially, this implies they are non—torsion in K —theory.

As mentioned, we can use the extended Bloch group to calculate the complexified volume.
To do this, let

R(zp.q) = %log(z) log(l—z)—/OZlog(l—t)%—i—%i(plog(l—z)—l—qlog(z))—%2. (1.114)

Then, R is a well deﬁ/{led map from C — C/m*Z. Moreover, R satisfies the relations given
by the generators of F. Therefore, this induces a homomorphism
R:B(C) —» C/m*Z st. R(zp,q) = R(z:p,q). (1.115)
The Cheeger—Chern—Simons class gives a map
CS : H§P(PSLy(C),Z) — C/n*. (1.116)
Then Neumann [145, Thm. 2.6] proves the following theorem.
Theorem A—13. There is an isomorphism
A : HEP(PSLy(C), Z) = B(C) (1.117)

such that
CS(7) = ROM)). (1.118)

See Neumann [145, Sec. 15] for an example with the figure eight knot. Also see [80] for a
discussion of how this generalises to SLx(C). We will continue our other examples.
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Example 10 (Complexified volumes for 5y and 59(1,2)). Now with our elements of the
extended Bloch group given in Example 7 and Example 8§ we can calculate their associated
complezified volumes. So taking the elements z](-k) and their flattening p§k) from Example 7
we have

R 08, 8) + R(28 — 298 — 2457 — 2,987 + 2657 + 1) + R(=55 05, 6)
= %) —6.8455. .- +2.8281---i = VC,,(5,)

(1.119)
R(Y; 08, a8) + Rz =208 — 2657, p5) + 2657 + 1, -1) + RV 08, 657)
= 2P + 7% — 11135 = VC,,(5,)
We find, for the element given in Example 8 by zy = —0.72561--- — 0.32484 - - -7, with its
flattening, that
R( 15 8 +16 +12 11 +11 15 +1>
Z — —_—— — — —_—— — _— — —
1,7]93 7(12 7Q3 70 7293 7(12 7(13 7
11 3 8 13
R( —ps— Cgp— Sgs— =, ) R(z3, ps, 1.120
TA(Z TPy T 2l T 5 T G2 ) T (23,3, ¢3) ( )
2 32
= —qy— —p3 — 2773 — 11.995 - -+ = VC, (55(1,2))

2 2

Notice that without keeping track of the parity, as mentioned, this only gives an element up
to w2/2. The example for 5o can be computed using the PARI/GP [20] Code 7.

Now for cusped manifolds these computations are in fact implemented in SnapPy [43] in
Sage [182]. However, these can differ by multiples of 72/6. This is given in Code 8.



Chapter 2

Quantum invariants of three manifolds

In the previous sections, I have given various descriptions of three-manifolds and their asso-
ciated geometries. In particular, we studied flat SLo(C)—connections and how they relate to
hyperbolic structures. This section should correspond to a quantisation of this theory. While
this is a well defined procedure in more finite dimensional settings, here we want to make
some sense of some kind of gauge theory associated to SLy(C) connections. Originally, after
the discovery by Jones [103, 104] of a new invariant of knots, Witten introduced an SU(2)
version of this theory [195]. From Witten’s path integral, he could derive enough relations
to determine the theory from some small initial data. This was then mathematically con-
structed and shown to be truly invariant by Reshetikhin—Turaev soon after [166, 167]. From
the physical side the extension to SLy(C) was studied by Witten [196, 197] and Gukov [91]
however there is still no definition of this theory or enough conditions to compute it. There
have been many constructions, which hope to give a definition of this theory and prove
invariance a la Reshetikhin—Turaev. For example, Hikhami [98] introduced state integrals,
which were then studied by Dimofte, Garoufalidis, Gukov, Lennels, and Zagier in [49, 45, 47|.
These integrals lacked a precise contour, so could only give rise to asymptotics. This contour
was then specified by Andersen—Kashaev [8, 7, 9] giving rise to invariants of cusped manifolds
with certain triangulations.

While mathematical theories were constructed, there are certain properties that one would
expect from physics that are not clear from their mathematical definition. In particular,
these theories are expected to have certain asymptotic behaviour as we vary an analogue of A.
These properties then become conjectures and apart from a handful of cases these conjecture
remain mostly open. There is substantial numerical evidence to support them on top of the
physical intuition. The first is know as Witten’s asymptotic expansion conjecture [195],
which has to do with invariants of closed manifolds and SU(2) connections. Next came
Kashaev’s volume conjecture [108, 138|, which implies that certain quantum invariants can
compute the hyperbolic volume of hyperbolic links. More recently, Chan—Yang introduced
a volume conjecture for closed manifolds [38]. These conjectures are all of one class, which

101
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will be somewhat unified in the later Section 8.3.

These asymptotic properties have driven much of the research over he past decade in hopes of
constructing a mathematical theory. The closest construction we have is that of Andersen—
Kashaev. Unfortunately, their theory does not encode any information about the trivial
connection in the asymptotics, which from physics, would be required to make a fully fledged
TQFT. Over the course of the work on this thesis there has been hints at extensions of this
theory will, which be discussed in later sections 6.5 and 10.2 using the work of [70].

2.1 From the Alexander polynomial to the Jones polyno-
mial

In the 1920s Alexander [2| constructed polynomial invariants of knots in the three sphere.
Alexander considered the infinite cyclic cover, which can be explicitly constructed by cutting
along a Seifert surface and gluing Z copies along two boundaries of the surface. One can think
of Z copies of the knot complement with two way portals connecting the knot complement
indexed by k to the copies indexed by k + 1. The generator of the covering transformations,
say z, then acts on the homology of this space giving a Z[x*]-module. This module is finitely
presented and its order ideal® is principle. Taking this generator, appropriately normalised,
gives the Alezander polynomial?® denoted for a knot K by Ag(z).

This definition gives a completely three-dimensional description of the Alexander polynomial
but is computationally a little difficult to work with. Around 1970 Conway [41] introduced
a new way to calculate the Alexander polynomial. Consider three oriented links L. and
Ly that have the same link diagram away from one crossing where they differ as shown in
Figure 2.1. Alexander proved the following relation for his polynomial called a Skein relation.

Ap (@)= Ap_(@) = (@2 =2 /) A (2). (2.1)

Conway showed that fixing the value of the Alexander polynomial on the unknot Ap(x) =1,
and imposing the Skein relation, uniquely determined the Alexander polynomial. We give
an example of the computation of the Alexander polynomial for unlinked unions of unknots
in Figure 2.3 and of the trefoil and figure eight knot in Figure 2.2. If L is an oriented link
and L represents the mirror, then

Ap(z) = Az~ = Ar(a). (2.2)

IThis ideal is defined by taking the presentation in matrix form over Z[z*] and taking the ideal generated
by the minors of this matrix.

2See [123, 174] for a more detailed introduction and [33, Ch. 9][134, Ch. 12] for a generalisation to links
where we have multivariable polynomials, one variable for each component.
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5o
Ly L- Lo

Figure 2.1: Three links L., L_, Ly with the same diagram away from one crossing. These
local difference are related to skein relations.

Therefore, the Alexander polynomial does not detect the difference between mirrors. After
Alexander’s polynomial no new polynomial invariants of knots were introduced until the
1980s. In [103, 104], Jones discovered a surprising new invariant of oriented links. One
important difference is that this polynomial invariant can detect the difference between
mirror knots. Jones discovered the construction when studying von Neumann algebras that
led to braid group representations. Taking the trace of these representations leads to these
new oriented link invariants. We hinted at similar constructions art the end of Section 1.2.

Jones showed that his polynomial can also be defined via a recursion almost identical to
Conway’s contruction of the Alexander polynomial. Let L, L_ and Ly three link diagrams
the same everywhere except one crossing and at this crossing their differences are depicted
in Figure 2.1 as before. Then, to define the Jones polynomial, we take as initial condition
J2(0;q) = 1, where O is the unknot, and insist the following relation

¢ o(Ly;q) —q " B(Lq) = (6% —¢7%) Ja(Loiq) . (2.3)

This is almost identical with the relation in equation (2.1) but surprisingly also leads to an
invariant. Perhaps more surprising is that this invariant is of a very different nature.

Example 11. We can take a disjoint union of unlinked unknots as shown in Figure 2.3 and
calculate its Jones invariant. We can use this recursion to calculate the Jones polynomial of
the trefoil and figure eight knot as shown in Figure 2.4. We find that
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Figure 2.2: Calculation of the Alexander polynomial of the trefoil and the figure eight knot
via skein relations where we also use Figure 2.4.
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Figure 2.3: Calculation of the Alexander polynomial and Jones polynomial of disjoint union
of unlinked unknots.

J(315q9) = "+ +q, and hdiq) = F—q+1—-q¢'+q2 (2.4)

Notice that Jo(41;q) = Jo(41;q71), which follows from the fact that 41 is amphichiral while
Jo(31;q) # Jo(31;¢7 1) proving that it is not.

This seemingly simple definition, that could be explained to a high school student, con-
tains surprisingly deep consequences. Currently, we only described the Jones polynomial
by diagrams. In the late 1980s, Atiyah asked whether one could give a three dimensional
construction of this invariant. The answer was famously given by Witten using quantum
field theory [195]. See also [11]. To give his answer requires a detour into physics.

2.2 Some physical intuition

In physics everything is determined from the Lagrangian. Witten [195] considers the Chern—
Simons functional described in Section 1.13 as a Lagrangian and takes a compact gauge
group. We will mainly consider gauge group SU(N) and most importantly SU(2). Then, to
understand the quantum theory associated to this Lagrangian he integrates over the space
of states, in this case the space of connections. Unfortunately, making sense of this integral
is quite a task. However, one can use it as a source of intuition, and, importantly, a tool
that can be used to construct invariants mathematically. Let M be a closed three-manifold,
then Witten takes

P (CZi(zjiz))DA (25)

Z(M;h) “=" /

Anrxsu(ny/Gmxsu(v)

Even physically this only makes sense when 1/h € Z as CS is only defined up to gauge by
elements of 472Z. Therefore, Witten’s interpretation here is restricted to this case. The
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Figure 2.4: Calculation of the Jones polynomial of the trefoil and the figure eight knot via
skein relations.
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Figure 2.5: Manifold with corners given by the four circles on the sphere.

way one could try to define such an integral is decompose the manifold into small pieces and
consider only classical solutions on these pieces with some boundary conditions. The integral
may then be over a finite dimensional space. Performing this over finer and finer decomposi-
tions should give back the desired integral in the limit. This indicates that understanding the
spaces of classical solutions on the boundary is important. Given a manifold with boundary
and taking a vector space generated by appropriate boundary conditions turns these inte-
grals into linear maps between these vector spaces of boundary conditions. Moreover, these
spaces are representations under the action of their mapping class group. Before describing
the theory on the boundary it is important to include links inside our three-manifolds. This
can also be interpreted as allowing manifolds with corners as depicted in Figure 2.5. Then
our boundaries will correspond to curves with marked points or with boundary themselves.

In Chern-Simons theory, the space of classical solutions on the boundary are flat SU(N)
connections, which corresponds to the character variety as shown in equation (1.79). The
moduli space with marked points or boundaries is the same with some choice of holonomy
around the marked points. The moduli space of flat SU(N) connections on a surface has a
canonical symplectic form [12]. This moduli space is compact so the classical quantisation
of the cotanget bundle, which is of course non-compact, won’t work. To quantise this space
Witten introduces an auxiliary complex structure. This gives the moduli space a Kahler
structure. One can then perform geometric quantisation. This gives a vector space for each
complex structure, which varies holomorphically and therefore gives rise to bundle on the
moduli space of complex structures. For this to be independent of the complex structure
requires the bundle to be flat. This description also came up in Segal’s work on conformal
field theory [175], which leads to the spaces of conformal blocks. Therefore, Witten argues
that this quantisation of the three dimensional Chern—Simons theory on the boundary should
be given by a space of conformal blocks. This space is algebro—geometrically described as
non—abelian #—functions associated to the group, which for us is SU(N). The dimension is
given by the Verlinde formula [190], which Witten re-derives from his methods. Around the
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M+ M- Mo

Figure 2.6: Three dimensional version of the skein relations as a ball with marked points on
the boundary connected by embedded arcs.

marked points the quantisation leads to spaces of representations. In particular, choosing
representations of SU(N) at each marked point gives rise a space of conformal blocks?®.
Importantly, the space associated to the sphere with four marked points labelled by two
fundamental representation and two of its conjugate is two dimensional.

With this framework Witten studies the three—manifolds that correspond to the local moves
in the Skein relation. These are given by the manifolds M., M_, My as shown in Fig-
ure 2.6. Labelling the incoming points via the fundamental representation p of SU(N) and
the outgoing by its conjugate, these manifolds give elements, Z(M,; h), Z(M_; h), Z(My; h) €
Z(S% p, p,p, p; ), of the vector space associated to the sphere with four marked points la-
belled the representations and their conjugates. As we mentioned this space is two dimen-
sional and therefore there must be a relation

aZ(My;h) + BZ(M_;h) +~vZ(Mo;h) = 0. (2.6)

Witten goes on to use some physical arguments from work of Moore and Seiberg [133] to
state that for the fundamental representation py of SU(N) we should have

¢"PZ(Myh) — ¢ VPZ(M o h) = (¢ —q7V?)Z(Mo; B, (2.7)

where ¢ = exp(2mi/(N +1/h)). Therefore, we see that taking the standard representation of
SU(2) leads to the same skein relation that determined the Jones polynomial (2.3) at roots of
unity. The larger family of invariants can be stored in the HOMFLY-PT polynomial |63, 161].
This example was also discussed in [185].

3This structure linear maps valued in the category of vector spaces leads naturally to higher categories
and this field theory can be described as an extended field theory when using these structures and manifolds
with corners.
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Assuming Witten’s ideas make sense, there should be some invariants associated to closed
3-manifolds and that these should be computable by applying surgery on links as discussed
in Section 1.3. The vector space associated to the torus is generated by the irreducible
representations of the loop group LSU(N) at level 1/h, which are in canonical bijection with
some subset of representations of SU(N). In the case of SU(2) there are exactly 1/h many
representations. Taking contractions of vectors in the vector space should then give rise to
invariants of closed three-manifolds.

Finally, it is important to note that Witten suggested [197] a method to deform the parameter
h to be any number in C. This involves integrating over a “half dimensional” cycle in
Anrxsty(©)/Guxsy(c) of the same kind as in equation (2.5). This extension has still not
been fully mathematically defined when A ¢ Q. This is also related to the study of Chern—
Simons theory with gauge group SLy(C) given for example in [91, 196, 47].

2.3 The Coloured Jones polynomial

The coloured Jones polynomial is defined as a sequence of polynomials associated to ori-
ented framed links. They are defined most naturally through representations of the braid
group [185]. Many interesting examples come from quantum groups associated to simple
Lie algebras as introduced by Drinfel’d. More generally, to any ribbon Hopf algebra one
gets a functor from the cobordism category of ribbon graphs to the category of representa-
tions of the algebra [166]. This is similar to the kind of result discussed in [116]. In [185],
Turaev introduced sufficient algebraic data needed to define link invariants via braid group
representations.

Definition 7 (Enhanced Yang-Baxter operator [185]). Let V' be an N dimensional vector
space over C, R: VRV 2VV, un: V=V, anda,b € C. Then (R, i, a,b) is an enhanced
Yang-Baxter operator if it satisfies

(R®1Idy)(Idy @ R)(R®1dy) = (Idy ® R)(R®1dy)(Idy ® R) (2.8a)
Rp@p) = (n@pR (2.8b)
Try(RE(Idy ® i) = a®bldy (2.8¢)

where Try, : End(V®*) — End(VE*1) such that for f € End(V®*) and e; a basis of V with
fler) =X, fes we have Try(f)(er) =35, fides.

The main example of an enhanced Yang-Baxter operator we will take comes from U,(sls).
This ribbon Hopf algebra gives an enhanced Yang-Baxter operator, which comes from the
associated universal R—matrix and its irreducible representations. If ¢ is an r-th root of unity,
then the irreducible representations of dimension 1,...,r — 1 of sl, have a corresponding
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irreducible representation for U,(sly). See [113]| for a discussion on U,(sly) and for the
following explicit expression? see [112, Cor. 2.32, Def. 2.35, Lem. 2.36, Thm. 3.24|.

Theorem A—14 (R-matrix for sly). Let m,n € %Z>0, R:V, @V, = V, @V, where
Vm = Span{efmy €_m41," ", Em—1, em}; Vn = Span{efna € _ntl, " Ep-1, en}; such that

n  min(m—i,j+n)

R(er ® ey) Z Z Z 00,i4+pOktp,j

1=—m j=-n (29)
X (—1)Pgii=BOmtm—(=Dp—p(p+1)/2 (¢ (2 D
(&5 Dmri(6 O)p(@ D

ei®6j-

and i : Vy, — Vi, such that p(e;) = ¢’ej. Then (R, p, ¢V, 1) is an enhanced Yang-Bazter
operator when restricted to V,, for some n. More generally, this gives a representation of a
ribbon Hopf algebra associated to U, (sly).

Lemma 1. The inverse of the R matrixz in Theorem 1 is given explicitly by

n  min(m—i,j+n)
R~ 1 €k ®€g Z Z Z 6€,z‘—p5k—p,j
i=—m j=—n (2.10)
ij—2(mtn) (@ Dm—e(@; Dtk
(€ Q)m—i(@: Q)p(G Dt

X q 6i®ej-

Proof. This can be explicitly proved using the g—binomial theorem

(@) = zn:(—l)’“q’“(’“‘”“(Z) t*. (2.11)

We have some function f such that

(—1)Pgrlr=1/2

“R(e, ®e)) = A r p1/25 f(s)
RR(e@e) = D (¢ )p(q; @)r flo+r) ZZ (p>q(q;q)s' (212)

p,r s p=0

Therefore, this gives a non-zero contribution to the sum only when s = p+7 = 0. Therefore,

o6 (@ D@ D " (%5 @)k (@5 Q)m—s (2.13)

R_lR(ek ®e) = q e e = e ey
(G Dmre( @ Dt (6D k(@ Ot

]

Then with this example in mind, we have the following theorem.

4This is the transpose of what is given in [112].
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Figure 2.7: The local pieces of a tangle and the corresponding elements of the representations
leading to the coloured Jones polynomial of a link.

Theorem A-15. [185, Thm. 3.1.2] If (R, u,a,b) is an enhanced Yang—Baxter operator,
then we get a representation of the braid group, given in definition 2, by

pn: By — End(VE" V) st ploy) = ldy @@ Jil ® - @ Idy (2.14)
1 o -
and
o= a PO T (T @U@ - Qp) ) (2.15)

18 1tnwariant under the Markov moves given in Theorem 2.

For a knot, the assignment in Theorem 15 with enhanced Yang-Baxter operator given in
Theorem 14 gives the coloured Jones polynomial, which we denote Jy(K; q) where the colour
N represents the N-dimensional irreducible representation of sly. This theorem is all we need
to define invariants of knots. It also defines an invariant of links, however, all components will
be treated the same. Therefore, we want generalise this construction to label each component
of the braid with a different representation. To do this, one needs to introduce more algebraic
structures associated to tangles or ribbon graphs. For these details consult [166, 167, 112,
187, 149]. We will summarise what we need in the following theorem.

Theorem A-16. [167, Thm. 2.5][112, Thm. 3.6] A ribbon Hopf algebra associates unique
mwvariants of links. In particular, gluing together the local pictures in Figure 2.7 with the
following operators

e R:V,®V,, > V,,®V, given in Theorem 1},
o 1 :V, =V, giwen in Theorem 14,

e E:V*®V, — C such that E(f ® ) = f(x),

o E,:V,®V} — C such that E,,(z ® f) = f(p(x)),
e F:C—=V,®V} such that F(1) =" e, @€,
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Figure 2.8: The operator associated to a local change in the framing.

e and F,-1 : C = V> @V, such that F(1) =31 e ® u *(e;),

gies an invariant of oriented framed links, where each component is coloured by a represen-
tation V,.

Blind computations, while they can be done, lead to very large dimensional sums. There are
some tricks that can be used to simplify the computations. Firstly, for a knot, we can cut
and have a start and an end which needs to be glued. When cut, this gives a map between
irreducible representations and therefore, from Schur’s lemma, a constant. This constant
then has a simple relation to the value of the invariant. Secondly, notice that the sum of the
indices the R matrix takes in is the same as the sum of the indices it spits out. Therefore, we
can reduce the calculations of the contraction of these operators, by considering the possible
non-zero indices at each crossing. These tricks are discussed in [137]. This method was
taught to me by Stavros Garoufalidis who gave me the useful mnemonic, which I'm probably
paraphrasing: “you enter with nothing; at each crossing, the strand above must pay a tax to
the lower; you leave with nothing”. For this to work, we need to take a different labelling set
for a basis of V,, by f; = e;_,,. Then this basis is labelled fy, ... fo,. Let the various operators
have indices in relation to this basis for example R(fr ® fi) = Z?Zo Z?ZLO ZJE i @ f;. We
can use this to see how altering the framing affects the coloured Jones polynomial.

Lemma 2. [112, Lem. 3.27] If L is a framed link and we alter the framing of the i-th
component by +1 to a framed link L'®) the coloured Jones polynomials for colour N = 2n+1

are related by
IN(LH;q) = AN (Lsg). (2.16)

Proof. Notice that altering the framing corresponds to adding a kink of the form of Reide-
meister I in Figure 1.3 into a diagram at some point of that component. We can calculate
locally how this affects the operator as shown in Figure 2.8 when we shift that framing by
—1. Therefore, we see that this local operator acts via multiplication by

(R pomg = ¢ g = ¢ = g (VD (2.17)
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Figure 2.9: Calculation of the quantum invariant associated to 4; as a tangle.

Therefore, putting this into the full operator shows that the coloured Jones in simply mul-
tiplied by this. This also implies the change in framing by +1 as this is an inverse opera-
tion. [

Example 12 (Figure eight knot). [137, Ex. 2.5][124, 93] From Figure 2.9, we can calculate
the endomorphism associated to this tangle. The Figure 2.9 and Schur’s lemma shows this
tangle acts the following way

fo = fi Z P RG (R o Ry (R (M) (2.18)

When substituting in the expressions® from Theorem 14, this endomorphism is then given by

5Note of course the shift of the indices due to the change of indexing of the basis e;_,, = f;.
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Figure 2.10: The closure of the quantum invariant associate to 4.

multiplication by

i4+j<2n . )
Z (_1>jq—(2n+1)i+j(j+1)/2 (¢ 9)i+4(4; @)2n
o an (4 9)i(q: 0);(4; @)2n—i-;
(@D (¢ O
- (2n+1)k 2n J,(2n+1)j+5(+1)/2
=S¢ —1)iq SN L L (2.19)
Z (4 @)2nr Z( (¢;9);(a; @)k
(D2 1 & (¢:9)
_ (2n+1)k 2n_ 2n+42, _ —2n+1)k \4> 9)2n+14k
= q q Q) = T 5 EEEre—
Z (q; Q)2n k ) 1 — g?nt! kzg (4 @)2n—r

where the second last equality follows from the q—binomial theorem shown previously in equa-
tion (2.11). Therefore, as 2n + 1 = N is the dimension of the representation and including
the final trace shown in Figure 2.10 we find that

~ (N-1)/2 N1 :
Tnhig) = T 3 e (@D (2.20)
l—¢q —0 (¢ @)N-1-%
Using techniques discussed in Section 5.6 this can be shown to be equal to
~ gN2 — N2 N-1
Intia) = " _1/2 Z @R (2.21)

Notice that with this diagram the knot has the 0—framing.
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Remark 5. There are two main normalisations for the coloured Jones polynomial in the
literature. The one given here is often called the TQF T normalisation. However, the coloured
Jones polynomial is often also used as

¢ — g2 -

In(disq) = WJN(41§ q) - (2.22)

This then corresponds to endomorphisms like the one that we discussed in Figure 2.9.

The form of the coloured Jones polynomial in equation (2.21) is extremely nice. We can lift
this to an infinite sum as all but finitely many terms will be non-zero

[e.9]

N(izg) = Y (DRI g N g (2.23)
k=0

This type of expansion for knots turns out to be quite general. We have the following general
theorem of Habiro.

Theorem A—17 (Cyclotomic expansion). [95, Thm. 2.1][96, Thm. 4.5] For a knot K,
there exists unique Cy(K;q) € Z[q*] such that the coloured Jones polynomial of K with the
0—framing is given by

In(K;q) = > Ol ) (@ k(a5 q)k - (2.24)

The uniqueness comes as this is essentially a change of basis. Indeed, from [96, Lem. 6.1]

we have
k+1

Cv(K;q) = Z’Yk7N(Q)jN(K;CI)- (2.25)

N=1

where
—k+N(N—3)/2+1(1 _ qN)<1 _ q2N)

(@) = (~1)VHe (2.26)

(C]; Q)k:+N+1 (C]; Q)kaH

Using this form, Masbaum computes the cyclotomic polynomials for all twist knots.

Example 13 (Coloured Jones polynomial of twist knots). [129, 100] The p-th twist knots
K, are depicted in Figure 2.11. For p > 0, the cyclotomic polynomial of the p-th twist knot
s given by

Cr(Kp;q) = ¢* > Hqsl st (S”l) , (2.27)
q

0<s51<52< - <sp=k i=1
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Figure 2.11: Twist knots and examples of K; = 3; and K_; = 4;.

and for p < 0 the cyclotomic polynomial of the p-th twist knot is given by

Ip|—1
- —si(si Si
Ci(Kp;q) = (—1)Fg FOH12 > [T a 1*”( “) : (2.28)
q—l

. Si
0<s1<s2<+<s)p =k =1

In particular,
Ci(K139) = Ci(3159) = ¢~,

2.29
Cr(K_13q) = Cild1;q) = (=1)Fq FEHD/2, (229)

Notice, moreover, that in agreement with Example 11 we have
LBiq) = ="+ +q, and J(d5q) = ¢ —q+1—q " +q7 (2.30)

There are many interesting properties of the coloured Jones polynomial. For instance, one
can compute it completely from the Jones polynomial and cabellings of the original link {112,
Thm. 4.15]. This allows a completely skein theoretic analysis. However, there is a much
easier way to compute the coloured Jones polynomials if one can compute for a few colours
with some additional information. This was realised much later for example in [91, 66]. Via
an application of the theory of Zeilberger [209, 194] on g¢—hypergeometric sums, Garoufalidis—
Lé [77] prove the following theorem.

Theorem A—18. [77, Thm. 1] If K is a knot then there exists r € Zsy and al (x;q) €
Zlz*, ¢4 such that

T

> af (@ 9) T (@) = 0. (2.31)
k=0
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This can be put into an operator form where (¢.J)y = Jy11 and (zJ)y = ¢"¥.Jy and then

(iaf(m;q)ak> JE =0. (2.32)

k=0

An operator equation that is minimal is called an gfpolynomial. The computation of such
recursions is implemented in the Mathematica package [168]. Examples of computations can
be found in [77, Sec. 6]. This can then be extended to all links stating that the coloured
Jones polynomial is g¢-holonomic. See |77, Thm. 3|. This means that it satisfies a system
of equations in shifts in the colours determined by some finite initial values. These kind of
equations will be fundamental to this thesis and will be discussed in more detail in part III.

Example 14 (A\—polynomial for 41). The coloured Jones polynomial for the figure eight knot
given in equation (2.23) satisfies the following inhomogenous recursion

v (41 =M
Inii(g) =7 1— g

(@ P+ D@ = B @V Y gV g
0= )

In-1(q) .

1 — @N+1] — gN-1

1 @N-11 — gN+1

(2.33)
This recursion can of course be homogenised by dividing by ¢~ % and then acting

by (o0 — 1) on the left.

The reason that this operator is called the A\—polynomial is that it is expected to give the
A-polynomial as a specialisation that should correspond to taking a classical limit.
Conjecture 1 (AJ conjecture). [66, 91] If K is a knot then the A—polynomial specialised
with x = m?,0 = {,q = 1 gives the A-polynomial of the knot.

Remark 6. This specialisation is well defined. Noting that ox = qxo, these operators can
be specialised to commuting variables when q = 1.

Example 15 (AJ conjecture for 41). Taking the specialisation the homogenous part of the
operator in equation (2.33) gives

(—m™*=m2=2-m*+m"H+0" = 0. (2.34)
When the inhomogenous recursion in equation (2.33) is homogenised we get an additional
factor of (¢ — 1), which agrees with what we previously gave in Example 2.

Remark 7. Often the “abelian factor” of the A—polynomial (¢ —1) appears as a factor on the
left of the A—polynomial. This gives rise to inhomogenous recursions for the coloured Jones
polynomials in many examples.
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2.4 The Witten—Reshetikhin—Turaev invariants

Following Witten’s ideas, Reshetikhin—Turaev took sums over the coloured Jones polynomials
evaluated at roots of unity to define invariants of closed three-manifolds. They do this
by representing closed manifolds via Dehn surgery on links, which can always be done by
Theorem 4. They then sum over all colours of the coloured Jones polynomial multiplied by
a kernel that represents the quantum invariants of the solid tori, which are to be glued into
the link complement. The invariant of the solid torus is a quantum dimension associated
to the representation of U,(slz). They then used Kirby calculus, discussed in Theorem 5,
to prove that these averages are invariant under the Kirby moves, hence proving they are
invariants of three-manifolds.

Definition 8 (Witten—Reshetikhin—Turaev invariant). [167, 112] The sl Witten—Reshetikhin—
Turaer® (WRT) invariant of a closed 3-manifold M, represented by a framed link L with ¢
components and the difference between the number of positive and negative eigenvalues of its
linking matriz given by o, evaluated at ¢*/* = e(a/4c), is given by

26(_1/8)((11/2—61_1/2) Ee<—3OL> dor,
Zic qk2/4 8 q
N;j/2 _ ,—N;/2
q’
X Z JNl (L3 q) H g2 — —1/2
- Np=1

Theorem A-19. [167] (See also [112]) III(M;q) is a topological invariant of M.

HI(M:q) = (
(2.35)

We will sketch some aspects of the proof below in Theorem 1. Firstly, we will give some
nice examples with simple formulae. Using the cyclotomic expansion given in Theorem 17,
Beliakova-Lé [24] give a formula for the WRT invariant of a manifold obtained by rational
surgery based on Laplace transform methods developed in [22].

Example 16. [24, Thm. 7 and Cor. 5.1][100, Sec. 1] Given a knot K then

(1 - g)I(K (1., b chqux R S | b (B |

kp= 0<ky <ky<--<kp j=1 J
(2.36)

For example,

- k
(1 —g)III(4:(— Z )eq DR (M ) Z T <£) : (2.37)
q

k=0 0<t<k

This expression makes it clear that these invariants are not just functions from fourth roots of
roots of unity to their cyclotomic fields but elements of the Habiro ring defined in Section 5.8.

61 have chosen to denote by III pronounced “Sha’”.
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The fact the coloured Jones polynomial satisfies a ¢—difference equation is of such funda-
mental importance to the perspectives of this thesis it is natural to ask whether there is
some natural sequence that the WRT invariant of a closed manifold fits into that satisfies
a difference equation. For a closed 3-manifold there are no boundary components, so it
seems less natural. However, the WRT invariant is part of a family, indexed by ¢'/%, of
TQFTs [10, 11| and this gives it more structure than just a function from roots of unity. In
particular, if Z : Cob,,;1 — Vectc is a TQFT, ¥ an n-dimensional manifold with an operator
A€ End(Z(X) ® Z(X)), then taking a closed (n + 1)-dimensional oriented manifold M for
every embedding ¢ : ¥ < M we can cut along +(3) to get a manifold” M’ = M — (X).
Then Z(M') : C — Z(X) ® Z(X) such that for N = ¥ x [0, 1] with the orientation on the
boundary so that Z(N) : Z(X) ® Z(X) — C then

Z(N)o Z(M') = Z(M). (2.38)

We can then define
(A):=Z(M,1,A) :=Z(N)oAo Z(M'). (2.39)

This means that we don’t just numbers associated to closed manifolds but numbers associated
to every submanifold together with an operator. This is similar to Witten’s idea of Wilson
loop operators used in [195].

The WRT invariant is already defined from a surgery formula. This allows us to insert
operators in the sum of equation (2.35). We will do this for the TQFT associated to ¢'/*
with diagonal operators that simply replace

N;/2 _ ,—N;/2 bjN;/2 _ ,—bjN;/2

q q q q

2 — 12 ~ 2 — ¢ 12

(2.40)

in the sum of equation (2.35). Therefore, if we are in the situation of definition 8 then we
define

2e(—1/8 1/2 _ ,—1/2 14 -3 30
(M, L, b;q) = ( ol L)qu o )> e( UL) '3
Zk:lq / 8
bjN;j/2 _ q—ijj/Z

c—1
~ q
x Y vt [[ 5
Ny, ,Npg=1 j=1 1 ¢

(2.41)

This definition gives us a list of functions in ¢, which is ¢g—Weyl finite as stated in the following
corollary.

Corollary 2. Using the fact the coloured Jones polynomial defines a g—holonomic system [77,
Thm. 3], we can deduce that UI(M, L,b; q) is g-Weyl finite dimensional with respect to the
operators that multiply by ¢* and shift b; — b; + 1.

"To do this requires the tubular neighbourhood theorem.
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Figure 2.12: The local operator associated to a Kirby move with a different framing.

Clearly, this module depends on the presentation of the closed manifolds by a particular
framed link. At the weakest level taking

T ar = Spang/s { (M, L,b; q) : b € Z} (2.42)

gives a Q(q'/*)-vector space. Notice that denominators of rational functions can lead to the
function not being defined at certain roots of unity. Therefore, we view this module as the
natural subspace of the Q(g'/*)-vector space of functions from almost all roots of unity to C.
Here we have denoted this space without respect to L due to the following theorem. Indeed,
the proof of Theorem 19 given in [112| readily adapts to give the following result and could
have easily been stated there.

Theorem 1. Yy, is a topological invariant of M, i.e. as a Q(q"/*)-vector space it is invariant
under Kirby moves.

Remark 8. This result fundamentally relies on the fact that we have a family of TQFTs.
For a fized q this seems to carry almost no information. Indeed it would be either zero or
one dimensional over the associated cyclotomic field.

Proof. We will go through the proof that this is invariant under Kirby moves involving one
strand. This is the base case for an induction argument used in [112], which will also apply
here. Consider, an unknotted component of a link coloured by the 2m + 1 dimensional
representation that has linking number one with one component coloured by the 2n + 1
dimensional representation and zero with all others. This is depicted in Figure 2.12. Then
locally we get an operator also depicted in Figure 2.12. Using Theorem 14, we see that this
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Figure 2.13: Kirby move with one strand.

this local operator is given by multiplication by

2m g M/

121

—NM/2

Z(Ril)?(l) g(zluz an(z m) n(z m) i—m) Z qu _ N/2 _Z_N/2

1=0 i=—m

(2.43)

Therefore, using Lemma 2, we see that the Kirby move in Figure 2.13 has local operator

given by multiplication by

NM/2 —NM/2

—q
N2 —¢q

(N2—1)/4+(M2-1)/49
q N2

Therefore, the invariant associated to the framed link of the left of Figure 2.13,

1/2 —1/2y\ 1 c—1
lH(L(+),b;q) _ <26(—1/8)(q/ —4q /)) e<—30L> oL/ Z

4c k2/4 8
2k Ny Ne—p . N.M=1

-1
q
INy - ,Ng,l,N,M(L(Jr); q) H

j=1

b;N;/2 —bpy1 M/2

N —b;N;/2 gbeN/2 —beN/2 gbeyaM /2

—q —q —q
qi/2 — q1/2 qt/2 — q1/2 g2 — g 12 ’

(2.44)

(2.45)
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can be written in terms of L by

(L™, b; q)
2e(—1/8)(q"2 — ¢~ 2)\" /3oLy .,
(o e S

k=19 Ny, ,Ne_1,N=1
y -1 quNj/z o q—ijj/z qng/2 . q—beN/Q
o g2 — g 1/2 g2 — q1/2
Zl A1) (N 1)/4q M2 =NM/2 gbesiM/2 _ g =bes1 M/2 _2q3/4(q1/2 _ q71/2)
Pt qN/2 — —beN/2 qt/? — q1/2 icﬂ P/ )
(2.46)

where we note that o, = or + 1. Therefore, to prove invariance under this move we notice
that from a generalisation of [112, Lem. 5.1]

c—1 _ _
(M2-1 /4+(N2—1)/4q MI2 — g NMI2 ghena M2 — gmbea M/2
P 1q N2 — N2 2 — 172 2.47)
— 2.4
—q b7, /4—1/2 Ziil qk2/4 qbgHN/Q _ q—b4+1N/2
- 2(q'/2 — ¢~1/2) N2 — g Nz
where we use that for any j
4c j+2c—1
qum — 9 Z ¢ (2.48)
k=1 k=j
as qkH20/4 — ok*/4re(kte) — F*/4  Therefore, as
beN/2 _ —byN/2 byi1N/2 _ —byy1N/2 beN/2 _ =beN/2 1be4al=1
q q q q . q
— — 73 73 = Slgn(bg_H) 7 _1 : Z q (Jbes1|—1-2k)N/2
s )btz+1|1 qetlber | =1=2R)N/2 = (betlbesa | =1-2k) N/2
= sign(bpiq )
+ — q1/2 _ q71/2
(2.49)
we have,
[begr]—1
(LY by, beasg) = sign(bea)g oS 7 HI(L, by, by b = 1= 2k5q)
k=0
(2.50)

Notice that of course for by, = 1 this is simply equality, which proves the invariance of the
WRT invariant and also shows that the vector spaces are equal. Therefore, we see that T,
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is invariant under the Kirby move in Figure 2.13. The rest of the proof can then follow along
similar lines to the proof of [112, Lem. 5.6]. O

For the purpose of this thesis, the existence of such a vector space and the uncanonical
module structures is enough. Indeed, often we will work with different modules, which
should simply have the same span. This theorem does lead to some natural questions.

Question 1. For a given framed link defining M, is this a g—holonomic module?

Question 2. What is dim(Y ) ? Is it related to the Kauffmann bracket Skein module [160,
186]¢

Question 3. Is there a version of the AJ conjecture for these modules and how does it
depend on the presentation via a framed link?

2.5 Stationary phase approximations in physics

Consider Witten’s path integral associated to some closed 3—manifold M and some Lie group
G given previously in equation (2.5) and again here

A
(G

Z(M:B) <=7 /

Anxc/Gmxa

)DA. (2.51)

This should be some kind of exponential integral albeit in an infinite dimensional space.
Therefore, making analogies with finite dimensional integrals we could expect this to have
certain asymptotic properties when A ~ 0. Indeed, applying the method of stationary
phase, discussed in Section 4.1, to such an integral we expect to find asymptotic expansions
determined by the critical points of the functional C'S. Given that Aj;«¢ is an affine space
these critical points can be calculated using the following

CS(A+tp) + O(t?)
= / Tr(d(A+t¢) N(A+to) + g(A+t¢) N(A+to) A (A+t¢)) +O(?)

:CS(A)+t/ Tr(d¢AA+dA/\¢+2AAAA¢)+O(t2) (2.52)
. :

_ CS(A)+t/

M

— CS(A)+ 2 /

M

Tr(—d(AA¢)+2dA/\gb+2A/\AA¢> O
Tr((dA+A/\A) /\¢> O

where we used Stokes theorem for the last equality. Therefore, for this to vanish for all ¢
we see that the curvature Fy = dA + A A A must vanish. Therefore, the critical points of
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C'S are given by flat connections. The space of flat connection modulo gauge was given by
R(M,G) in equation (1.79). Then using the method of stationary phase we expect® some

d, € Q and a,(qp) € C such that

CS(p)
2mih

20 ~ Y exp(
PER(M,G)

)hdp( (p) + a1/2h1/2 + agp)h+ .. ) , (253)

as h ~ 0. There is an important point related to this idea. As we learn very early in our
mathematical careers when dealing with integrals it is natural to view real certain integrals as
a special case of complex integrals. Therefore, critical points can appear outside of our initial
space R(M,G). Indeed, R(M,SU(2)) C R(M,SLy(C)) and so one may expect these two
theories to be intimately linked. Indeed, Witten [197] proposes that for 1/h ¢ Z the contour
of integration R(M,SU(2)) must be modified to some other contours in R(M, SLy(C)) to
ensure convergence of the path integral.

For the rest of this section we will consider 1/h € Z. Witten’s asymptotic expansion conjec-
ture is related to the discussion in [195, Sec. 2|. This discussion was extended on in works
such as [13, 14, 18] where the perturbation theory was described. From the more computa-
tional viewpoint the following conjecture was justified originally by works such as [102, 62].

Conjecture 2 (Witten’s asymptotic expansion conjecture (WAEC)). If M is closed 3—
manifold, then there exists a finite set S of flat connections p € R(M,SU(2)), d, € %Z and

?) € C such that for 1/h € Z and h — 0

IT1(M, exp(2mih)) Ze <2mh>hdﬂ( Y +a ) +alPh ) (2.54)

This conjecture has been extensively studies by Andersen and collaborators [4, 3, 6, 5|.
This is proved to leading order for many surgeries on the figure eight knot in [36]. This
paper was the first to show that the WAEC held for a hyperbolic manifold. For some
non-hyperbolic manifolds, this also arises with beautiful connections to partial and mock
6—functions in [118, 99].

Example 17 (WAEC for 4,(—1,2)). To give a flavour of this conjecture we will use the
explicit example of 4,(—1,2). In Ezxample 16, we saw that the WRT invariant could be
completely computed as

(1_q)m<41 Z k —k(k+1) /2 k+1 k+1 Z q 0(0+1) < ) ' (255>
q

=0 0<l<k

8Here the form looks as though R(M, G) is discrete however this space has a natural measure and if it is
not discrete it can be interpreted as an integral.
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(1 — e(h))I(41(—1,2); e(h))A/?|

: : : L : : : — : : 1/h
10 20 30 40 50 60 70 80 90 100

o (o ) et/ o (55 ) o7 2aC 1/ o (207 ) o7 et/ o (i) o5 et

Figure 2.14: Plots of the WRT invariant of 4,(—1,2) against the first order approximation
in WAEC where 1/h € Z and e(x) = exp(2miz).

This manifold has four non-trivial SU(2) connections here labelled by p1, pa, pa, ps- They have
Chern—Simons values

VC; = 20.297---, VCy = —6.7857---, VC, = 9.2837---, VC; = 2.1292--- |
(2.56)
which can be computed using the methods of Section 1.15. Let § be numbers’
0 = —11.578--- | 69 = —12.636---, 0d4 = —7.0205---, 0I5 = —5.3937---.
(2.57)

In Figure 2.1}, we plot the values of |I1(41(—1,2);q)| for 1/h = 1,2,...,100 against the
expected leading order in WAEC. One can see that to agreement is very good to the naked
eye. However, such graphs can be misleading, albeit fun. Indeed, there is an error of h'/?
coming from a contribution from the trivial flat connection. A more detailed analysis can be
carried out and with some appropriate coefficients™® af and roots of unity ,ui =1 and taking

h =1/1000 we find

[(1 — e(h))I(41(—1,2);e(h))| = 16.099...
d VCp\ ,
—elh 1(—1,2);e(h)) — pph”P exp a = 0.
(1 — e(h)I(41(—1,2); e(h)) > phP L) af 0.019710
P=P0:P1:P2:P4:P5 2mih
ve (2.58)
1 — e(h)I(41(—1,2);e(h)) — 1ph®P exp 2 ) (aP + aPR)| = 0.00048434 . .. 258
P . 0 1
P=P0:P1:P2:P4:P5 2mik
vC
(1 — e(h)IMI(41 (—1, 2); e(h)) — > 1phd® exp ( f’) (af +afh 4 afh?)| = 6.5311--- x 1077
P=PQ,P1:P2,P4:P5 2mih

This can be continued to many orders and leads to more convincing numerical indicators. In
this example, the theorem to leading order is proved in [36, Thm. 1.1].

9We will come back this this example in more detail in Section 8.3.
10Gee sections 8.3 and 4.9.
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Given the WRT invariant, numerical computations can be carried out to find the values
VC,,a”. These methods are discussed in Section 3.2. WAEC is actually much subtler than
some of the conjectures in the following sections. For hyperbolic manifolds, considering
the definition as a sum over a lattice, it would be more natural to see exponential growth.
However, WAEC predicts polynomial growth as A ~ 0. This comes from some kind of
catastrophic cancellation, which seems to happen in general for all three-manifolds.

2.6 Kashaev’s and Chen—Yang’s volumes conjectures

Kashaev [106] introduced certain invariants of links dependingly on N € Z.q denoted for
a link L by (L)x. He then went on to compute the associated R matrix in [107]. He then
proposed a conjecture for the semi—classical behaviour of his invariant in [108], which relates
the exponential growth to the volume. This appears as the invariant involves the quan-
tum dilogarithm while the volume of a three—manifolds involves the classical dilogarithm.
This conjecture went somewhat unnoticed until work of Murakhami-Murakhami [138], which
showed that Kashaev’s invariant was nothing but the N-th coloured Jones polynomial eval-
uated at the N-th root of unity,

(Lyx = Jn.w(Liexp(2mi/N)) . (2.59)

Then a slight refinement of Kashaev’s original conjecture, see for Example [139], is given as
follows.

Conjecture 3 (Kashaev’s volume conjecture). Let L by a hyperbolic link (with zero framing).
Then there is some dj, € %Z and ag € C such that for N € Z and N — oo,

Jn(L;exp(2mi/N)) ~ exp <V§7§z )N> N (ag+O(N)), (2.60)

where VC(L) is the complexified volume (associated to the geometric connection) calculated
in Section 1.15.

This conjecture has been extensively studied and proved in many cases. A summary of
various cases it has been proved is given in [137, Sec. 3.3]. This remains one of the most
important open problems in quantum topology.

Example 18. Recall from Example 12 and in particular equation (2.23), the coloured Jones
polynomial of the figure eight knot is given by

o0

In(isq) = Y (=1F g2 (6N g)(q 5 )re (2.61)
k=0
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27ih

Toldsse(n)) exp (= Y5 )|

1/
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Figure 2.15: Plots of the Kashaev invariant of 4, divided by the expected exponential and
polynomial growth from the volume conjecture.

Therefore, the Kashaev invariant for ¢ = exp(2mi/N) is then

Joldizg) = () = Y (=1 g (g g (2:62)
k=0
The complexified volume is given by
VC(4) = 2.0299---17. (2.63)

The plot of the ratio Jo(41; e(h)) exp < - %) R*/? is given in Figure 2.15. Here we see it

clearly seems to limit to a constant. (Again one should use more sophisticated methods than
these plots. Consult Section 3.2). This example was first proved by Ekholm. See [140] for

the proof.

Remark 9. This conjecture of course needs the appropriate normalisation of the Jones
polynomial. In the TQFT normalisation the evaluation would simply vanish.

This conjecture has a similar flavour to WAEC however here we just see one dominate term
up to an error, which has exponential term smaller than the volume. More recently, Chen—
Yang [38] introduced a volume conjecture for WRT invariants in contrast to WAEC. Here
the trick is to evaluate at different roots of unity.

Conjecture 4 (Chen—Yang’s Volume conjecture). Let M be a closed hyperbolic 3—manifold.
Then there is some dj, € %Z and ag € C such that for N € Z and N — oo,

s (3 20) e (S 4 ) () 0t 2
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(1= e(A)II(41(~1,2); e(h)) exp ( — VGG )12

27ih

: : : : : : : : : : 1/h
20 40 60 80 100 120 140 160 180 200

Figure 2.16: Plots of the ratio of the WRT invariant of 4,(—1,2) and the leading order
expected from the Chen-Yang volume conjecture where 1/h € Z + 1/2.

Example 19. We will simply continue our example 41(—1,2), started in Example 17, where
we consider instead of roots of unity exp(2mwih) with 1/h € Z we have 1/h € Z + 1/2. Here
the complexified volume is given by

VC; = 4.8678---+1.3985---i. (2.65)

Then the ratio of the WRT invariant and that expected by the Chen—Yang volume conjecture
is plotted in Figure 2.16. Again this looks like it is approaching some limit as expected. The
conjecture in this example has been proved in [150]. See [199] for a discussion of the progress
more generally.

2.7 Vassilev invariants and the trivial connection

Vassiliev [189] studied the spaces of maps from S! to S®. This space is stratified. Indeed,
considering the subspace of embeddings is open and the connected components are in bijec-
tion with knots. Vassiliev considers a sequence indexed by Z-( of subspaces inside the zero
cohomology of these spaces of knots. An element in the k-th group gives a function from the
set of knots called a Vassiliev invariant of degree k. Vassiliev’s invariants can be computed
by reducing diagrams to the unknot but involve invariants of knotted graphs which arise
when a crossing intersects to becomes a four—valent vertex of an embedded graph. These
invariants were further studied by [122, 30, 17, 117, 132].

Importantly, [30] showed the replacing ¢ = € in the Jones polynomial of a knot K has

expansion
o0

B(K;eh) =3 apht (2.66)
k=0
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where ay, are Vassiliev invariants of degree k. This was extended in [132] to give the following
theorem.

Theorem A—20. For a knot K the coloured Jones polynomial has expansion
oo |k/2]
IN(EGeh) = 3 an (K)NYRF, (2.67)
k=0 j=0

where ay, ; are Vassiliev invariants of degree k.

This expansion was then conjectured [132, Conj. 2| and quickly proved [171, 170, 172, 19|
to satisty the following expansion

Theorem A-21. For a knot K there exists Laurent polynomials ay(z) € Q[z*!] such that
ap(x) = 1 and

ag(exp(Nh))
Z Ak (exp(Nh )2k+1h ’ (2.68)

where Ak (x) is the Alezander polynomial discussed in Section 2.1.

This shows that the coloured Jones polynomial is strictly stronger than the Alexander poly-
nomial. Indeed, we already saw the Jones polynomial distinguished some links and their
mirrors. While Theorem 21 collects diagonal terms in the expansion of Theorem 20 we can
set N = 0 to find a series of Vassiliev invariants, which are intimately related to the Kashaev
invariant given in equation (2.59). To understand how these are related is best understood
through the Habiro ring discussed in Section 5.8.

Example 20. We have the following divergent series associated to the trivial flat connection
on 41 given by

AT, 12361, 10771487 23554574521
12 360 20160 1814400
(2.69)

) (41 h) = Jo(41;€") = 1—-h*+

This asymptotic series that arise in this way should correspond to a contribution from a
stationary phase approximation around the trivial connection [18, 171, 170|. This can also
be computed for closed manifolds. Here it is more subtle and relies on results such as [136,
148, 96] in the case of integer homology spheres. For more general examples this becomes
more difficult and should be the sl LMO invariant [125]. For rational homology spheres
there is a similar extended story to the integer homology spheres [23, 148|.
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Example 21. We have the following divergent series associated to the trivial flat connection
on 41(—1,2) given by

®0)(4)(=1,2); —h) = (1 —"II(41(—1,2);¢")

- 25 , 1621, 105601 , 37907101 . 2154244133 ,
= chegh——h ST 120 v (2.70)
4219228047781 . 2179198082580001 ,  1434968055634260781
5040 10320 362880

2.8 Dimofte—Garoufalidis perturbative series

We have already seen through the volume conjectures, discussed in Section 2.6, and Wit-
ten’s asymptotic expansion conjecture, discussed in Section 2.5, that we expect additional
asymptotic series associated to non-trivial connections to arise. These should come from the
stationary phase approximation of the path integral in equation (2.5) around other critical
points. Following Kashaev’s definition of his invariant [106, 107] finite dimensional integrals
were considered in [47, 98, 49|, which ultimately led to conjectural computation/definition of
these series in [45, 46| for knots using the Neumann-Zagier matrices in that were discussed
in Section 1.11. These integrals were often lacking a precise contour and this was supplied
and refined in many works of Andersen—Kashaev |8, 7, 9]. We will consider these precise
integrals latter but for now we will apply formal Gaussian integration. We will follow closely
the description given in [45, 46].

Consider some N x N Neumann—Zagier matrices, defined in Section 1.11, (A B) i.€. some
half symplectic matrices, v € Z", a solution z to the equations

5 (1= 2P = (=1 (2.71)

J

—1=

1

<.
I

and and integral solution!! (f, ") € Z*N to

Af +Bf" = v. (2.72)
With this data we can define the one—loop invariant, which will be conjecturally related to
the constant term of the asymptotic series arising in the volume conjecture 3. The one—loop

invariant is given by

0apBwzy = Fdet(Adiag(z") + Bdiag(z) 1)z 2" (2.73)

A solution always exists from work of Neumann [144].
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Example 22 (1-loop invariant of 4;). Recall that, after Example 6, SnapPy [43] gave
Neumann—Zagier matrices

11 -1 -1 0
A= (1 0) ,B = (0 _1) , and v = (0) : (2.74)
which had solutions z1 = zo = exp(2mwi/6) and (f, f") = 0. Therefore,

B exp(27i/6) — exp(—27i/6) exp(2mi/6) — exp(—27i/6)\ —
0= idet( exp(27i/6) — exp(—27i/6) ) = V=3, (275)

Theorem A-22. [/5, Thm. 1.3 and Thm. 1.4] Given A, B,v, z, f as above then 04 g, . f
1s invariant under all equivalences of Neumann—Zagier data given in Section 1.12.

The higher orders in i of the expansion can then conjecturally be computed via Gaussian
integration. Take the series

Un(x;2) = exp( Z e (=) B"Lig_n_k(z_l)) : (2.76)

nlk!

n,kn+5—1>0

where B, are the Bernoulli numbers'? with B; = 1/2. This is related to the quantum

dilogarithm, which will be another function of fundamental importance and discussed in
detail in Section 8.10. Then if det(B) # 0 take

H = —B A+ diag(?)). (2.77)
If det(#H) # 0 then taking

hl/2 h x
9Bz pnli2) = exp ( Ty B ngBlAf> [ ¥n(wisz) € Qlle, 177 (2.78)

J=1

we will apply formal Gaussian integration to the following integrals to define S4 g, (%) so
that

- k—1 f 6_%xT%ng,B,u,z,f,h(.’L’; z)dx
eXp Z SA,B,yyf,k;(Z)h - —lmTHw . (279)
k=2 f e 2 dx

We will often drop the A, B,v, f from the notation when it is not varying. The Si(z) can
be computed using Wick’s theorem and Feynman diagrams. To compute Si(z) we consider
all connected graphs G such that for

L(G) = #{1 — valent vertices} + #{2 — valent vertices} + dim(H;(G,Q)) (2.80)

12We will only take By = 1/2 in this section.
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Figure 2.17: The Feynman graphs that contribute to the two loop invariant.

we have L(G) < k. Then to each edge associate the propagator,

IT = WH™" € Hom((C[[A]]")**,C[[h]]), (2.81)
and for each ¢ > 0 and /-valent vertex associate I'*) = ZJ 1 ng) @ ®e; € (C[[A])V)®*
where

— B, 1
MY = (-0 Y iz I = 2 (B )b (2.82)

p=04,1+0¢,2

and as a vacuum contribution i.e. the graph with a single zero valent vertex take

00 = 3 (3 Sebia ) ) + G5B Af € K, (259

j:l p:O

Then we sum over all graphs weighted by the reciprocal of the order of their automorphisms
where we take the various contractions of the propagators and the vertex weights. For
example, if we calculate Ss(z) then the graphs that contribute are shown in Figure 2.17.
Therefore, S5(z) is given by

So(z) = coeff{ + Z <8 ; 2 4 ;F?)Hm)
Yo 1 1 1
+> <8H PTG 4+ S TP T 4 S DD TL + STTT )>,h} .
e (2.84)
Example 23 (2-loop invariant of 41). Plugging in the various formulae we find that
S (exp(27i/6), exp(2i/6)) = — exp(2mi/6) — - € —~ 1 Lz (2.85)
108 54 24,/=3 24

This is computed in Code 9.
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Taking the associated elements of the extended Bloch group [z] corresponding to A, B, v, f
we define using (1.115)

Saswro(z) = VC([z]) = R([z]), (2.86)
and then define
SA,B,u,f,l(Z) = — lOg((SA7B7,,,Z7f)/2. (287)
With these definitions we can take
Papy.r(h) = exp (ZSAB’V,J:’k(z)hkl) . (2.88)
k=0

Notice that there is ambiguity for the first 3 coefficients with these constructions so that

Sauso(2) €C/(L), Sapusa(z) € C/(F2), and Sapusa(z) €C/ (iz) .
(2.89)
The first arises due to the ambiguity in the Chern—Simons invariant and should be able to be
lifted to 472 ambiguity. Then the other two come from the ability to multiple by n-functions
which introduce eighth roots of unity and exponential series with exp(h/24). See Section 7.2.

Conjecture 5. [/5] If K is a knot with Neumann—Zagier data A, B,v, z, f, then the series
in h defined in equation (2.88) should have

In(K;exp(2mi/N)) ~ ® 4 g (270 /N) . (2.90)

Remark 10. Although this conjecture would prove invariance at the time of writing invari-
ance is only known for Sy and S;.

A proposal for a version of this calculation in the case of closed manifolds was given by
Gang-Romo-Yamazaki'® [64]. Here it relies on a surgery kernel which came from work
in [15]. While from the mathematical perspective the conjecture is more unjustified than
the previous, as it relies on a conjectural surgery formula, it does seem to agree in simple
examples. The construction is completely analogous to the that in the previous section.

To perform p/g-surgery on a knot K, take some extended N x N Neumann—Zagier matrices'*

for the knot K, defined in Section 1.11, (A B) and (C D) i.e. a 2N x 2N symplectic

matrix, v, u € Z~ where for a knot = (p1,0,...,0), a solution z to the equations
N N
Aij —1\B; ;i __ i 20 2Cy 5 —1\2D1,; __ 2
[[z70 =215 =(=1m»x . [0 =21 = (—1)me, (201)
=1 Jj=1 )
2pp2q _
and mPr? = 1.
13Pm extremely grateful to the authors for the very generous sharing of their code with me. This allowed

me to verify their computations matched my own very early on in my work on this subject.

14Note that in [64] they use a different convention to [45] and this thesis as to which row of the Neumann—
Zagier matrices corresponds to the meridian. In particular, they put the equation for the boundary curve in
the first row and we put it in the last row.
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an integral solution (f, f") € Z*V to
Af+Bf" = v, and Cf+Df" = u, (2.92)

and finally r,s € Z such that r¢ — ps = 1. With this data we define one-loop invariant
with the auxiliary matrix
2q0; n(B™1); N

Ry =
N (p+2¢(DB~)1n)

(2.93)
by

+ det((A — R) diag(z") + Bdiag(z)™")2/" 2"~/ (p + 2¢(DB™ 1)1 n)
(mY 4 exp(Fmis/q) — m~—Y9exp(+mis/q))?

0AB.C.Dwpzf =

(2.94)
Similarly to the case of knots, we then take the symetric (N + 1) x (N 4 1)-matrix H such
that for 7,7 < N + 1

Hi; = (=B'A+ diag(2));, (2.95)
for i = N + 1 with j # N + 1
Hij = 2(B )N, (2.96)
and »
Hyiint1 = —25 —4(DB™ M) n. (2.97)
If det(#H) # 0 then for
® T g1 1 2\ : Yy
Ivin = (B )N +4a )oea — (— 5> Liy_¢(exp(F2mis/q)m ™ */?) (2.98)
taking
sh | ) T
9ABCDw (T3 2) = gaBuyspa(T;z)exp | — 2_q + ZFN+1 /1 (2.99)
=1 '

to get the higher loops we apply formal Gaussian integration

exp (i Sapc (z)h“) R (2.100)
,B,C, D, f.k = , _
k=2 " [ ez Moy
Then, taking
II = K" € Hom((C[[A]VTH®2, C[[h]]), (2.101)
and for each ¢ > 0 and (—valent vertex associate I'*) = Zj\gl Fg-g)ej ®---®e; € (C[[A]N1)®!

where for j < N 4+ 1 we have Fg@) as given in equation (2.82) and for j = N + 1 as in

equation (2.98) and as a vacuum contribution i.e. the graph with a single zero valent vertex



2.8. DIMOFTE-GAROUFALIDIS PERTURBATIVE SERIES 135

take I'® as in (2.83) with an additional term —sh/4q. With these definitions we can now
define Si(z) in exactly the same way as we did in the case of knots. For example,

N+1

1 1
S (2) — cooff| DO (—r(‘“ 1,.)2 —F(2)H“->
Z(Z) coe |: + ; 8 7 ( 7> + 2 7 s
Mg 1 1 1
(3) 3) (3) (3) (1) (3) (1) (1)
+> (éniﬂ-ri M7 T 5+ 50 T T3+ SOV T T 5+ ST T )h]
ij=1

(2.102)

Example 24 (1-loop and 2-loop for 4,(1,2)). The gluing equations after surgery are given
by
Z2ww =1 and zw*(l—w ™)™ =1, (2.103)

which has solutions

w4+ w'B = — 20 4 4® — 408
+3w” — Tw® + 27w° — 50w* + 49w? — 27Tw? + 8w —1 = 0,
— 136w" — 229w'? — 156w + 32w'® + 299w? — 334w® + 318w

2.104
— 191w 4 821w’ — 3112w* + 4668w? — 3468w? + 1309w — 204 = =z, ( )
— 154 4+ 896w — 2142w? + 2595w> — 1561w 4+ 395w® — 123w’ + 177w”
— 202w + 147w + 56w — 28wt — 85w'? — 63w = m.
Then we find that
§ = 3711w + 5779w + 3238w — 1863w'® — 8408w + 10189w® — 9190w (2.105)
+ 6030w’ — 22641w® + 87584w* — 136845w? + 105904w? — 41514w + 6703 '
and
Su(z.w) 103985214498148w13 184056457134922 |, 542317054615207w11
w) = — — w —
2 52058057626129 52058057626129 208232230504516

59505081205693 ,, = 712734937701865 ,  893320433832741

* 208232230504516 * 156174172878387  208232230504516
2799985419301201 .,  1552744881772601 o 617002533395308 .

* 624696691513548  624696691513548 * 52058057626129
6997401920285924 ,  40417653146722771 ,  9551945238699689

156174172878387 * 624696691513548 208232230504516
2570480289595373 1027130175419887

156174172878387  416464461009032

(2.106)
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Now letting

£ = 119 — 770w + 2004w? — 2599w® + 1647w* — 420w® + 116w® — 171w”

2.107
+192w® — 167w® — 49w + 50w + 104w + 69w!? ( )
which satisfies
E— €5 285 166" — 113 +6624+3¢ -1 = 0, (2.108)
we can see that
§ = T4+ 666 — 13362 + 7463 — 31&* — 15€° + 1265, (2.109)

Then Sy can be shown to be in

1497746 + 13451196 — 3675733¢ + 2082815¢° — 830488¢" — 283405¢° + 383432¢° | 1,
2463 24"
(2.110)

This is all computed in the Code 10.

In [64], they then make the analogue to conjecture 5 in relation to the Chen—Yang volume
conjecture 4. We will see later in sections 8.3 and 4.9 that this seems to hold for the previous
example. While these methods provide conjectures for the first few coefficients, computing
even ten coefficients with Feynman diagrams is computationally extremely costly when we
have even just two tetrahedra. To explore the asymptotic behaviour of quantum invariants
it then becomes of interest as to whether one can compute at least one hundred terms in
these asymptotic expansions. To do this we can take a numerical approach and then explore
the behaviour experimentally. This numerical analysis and associated techniques to make
sense of these asymptotic series will be the content of the next part.
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Asymptotics
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Chapter 3

From functions to approximations and
back again

Asymptotic series describe the limiting behaviour of a function or sequence. In ideal cases,
one finds an infinite Taylor series that converges in some neighbourhood of the limiting
point. More generally, one finds an infinite Taylor series that has zero radius of convergence.
These series with zero radius of convergence can provide good approximations to a function of
interest with some theoretical bound on the error. Firstly, I will describe the basic definitions
of asymptotic equivalence. Then I will describe various numerical methods to compute
asymptotic series. These extrapolation methods were taught to me by Don Zagier. His
method is a variation on a method discovered by Richardson, which will be described first.
I will then describe an array of variations. Finally, I will introduce a new variation of the
method that I found, which deals with oscillatory sequences. Most of the following initial
sections are also discussed in [203]. Next we consider a natural occurrence of divergent
series coming from differential equations. Then we turn to the subject of making sense of
the value of a divergent series at a finite point. This is done at first through the method
of optimal truncation, which is also smoothed. Then we consider the more general study
of approximating functions with rational functions, i.e. Padé approximation. Finally, we
discuss Borel resummation. Combining Padé approximation with the Borel transform and
Laplace integral will be a fundamental numerical method of giving a finite value to a divergent
series. The key point, which is currently in most cases conjectural, is that the Borel transform
of series we are interested in has endless analytic continuation.

3.1 Asymptotic series

Asymptotic series are a certain manifestation of smoothness. Roughly a function has an
asymptotic series around a point if it has an infinite Taylor series, which may have zero radius
of convergence. Asymptotic series appear in nature as, for example, solutions to differential

139
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equations, sending ¢ — 1 in a g—series, and from generating series related to graphs. To make
precise our description of asymptotic series, we will give some basic definitions of asymptotic
equivalence. The idea of asymptotic equivalence of sequences is that, up to multiplication
by some number, the behaviour of two sequences at infinity is the same to leading order.
See [151] for some more details.

Definition 9 (~, o, and O). [151] If z,,,y, € C* are sequences, then

To ~ Yo if lim %=1,
n—0 UYn
T, = O(y,) if |—| s bounded for n > N for some N € Z, (3.1)
o = oly) if lim % = 0.
n—o0 yn

Often we will be interested in sequences such that for some C, ¢, A, € C and for all K € Z
we have

z, = CO"n° ( i Agn ™ + O(n—K—l)) (3.2)

k=0

In this case, we say x, has asymptotic expansion [151, Ch. 1, Sec. 7.1 given by!
T, ~ C™n(Ag+ An~t+--1). (3.3)

Example 25. A famous example of an asymptotic expansion is given by Stirling’s approxi-
mation

1
|~ "% exp(—n)v/2 (1 . ) 3.4
nto~ " exp(om)VIm (Lt o0+ oo (3.4)
We will use this example to test our numerical methods.

Although it is essentially covered in the previous definitions, we can extend the previous
notation to include the situation when we have multiple exponential terms. If we take
T, C,c,D,d, Ay, By € C and |C| = |D|, then

Tp C’”nc(Ao + Aln_l + - ) + D”nd(Bo + Bln_l + - )
if for all K € Z li C”CKA*’“ D”dKB*’“ K =0 (3:5)
if for a €Z>o lim |z, — nkz_okn— nkz_okn nt =

This definition can be extended to any number of terms not just two.

We can treat the symbols o and O algebraically as described in the following proposition.

!Notice the double use of ~ as noted in [151, Ch. 1, Sec. 7.1].
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Proposition 1. Suppose that w,,, T, Yn, 2, € C* are sequences, then
o ifx, = O(y,) and z, = O(y,) then x, + z, = O(yn),
o ifx, = O(y,) and z, = O(w,) then x,z, = O(y,wy,),

and the same with O replaced by o. Finally,

o ifx, = o(y,) then x, = O(y,).

3.2 Richardson’s and Zagier’s extrapolation methods
Consider a sequence of numbers {z,} such that
Tp AO -+ Alnfl + A2n72 + e (36)

We want to answer the basic question: given x,, numerically for some set of n how can one
determine the A; numerically?

Richardson’s basic idea is is to write out the asymptotics as a linear system and only partially
solve this linear system. The size of the linear system is then related to the order of the error
to which we can compute the coefficients A;. Richardson, then has an inductive method
that can be used to solve this linear system from smaller ones. Zagier rediscovered this
approach from a slightly different point of view. His approach is closer to the second method
of Richardson. He takes combinations of the values of the sequence to decrease the order of
subleading terms. Then as the leading term will be much larger than the subleading, one
can use the value of the new sequence as a good approximation of the limit. We will give his
description discussed in [90, 203|. Then we will explain the equivalence with Richardson’s
method. Zagier’s observation is that if z,, satisfies equation (3.6), then

nFe, ~ A+ An T o A+ Apn T (3.7)
Therefore, taking the k-th difference of this sequence will give a sequence asymptotic to
KlAg 4+ (—DFEN A n 4o (3.8)

Definition 10. Let A{z,} = {zp41 — z,} and n{z,} = {nz,}. Then define the function
extrap,, mapping sequences to sequences, such that
1

k!Aknk{xn}. (3.9)

extrap,{z,} =

The first point is that for & > ¢ > 0 we have extrap,{n~‘} = {0}, while for ¢ > k we have
extrap,{n~‘} = O(n~*). Therefore, we immediately have the proposition.
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Proposition 2. If {x,} is a sequence such that x, ~ 372  An™, then

extrapy{z,} = Ao+ O(n*1). (3.10)

We can explore the error in more detail. Firstly, the action of extrap, on monomials is given

by

extrap kn’z =

() k-

S()( s

7=0 =0 (3.11)

(e (e

(k ; g) S(p, k)nk=r

8 8 EIH | =
I e =

=]

p=

where S(p, k) are the Stirling numbers of the second kind. Notice that for £ > ¢ > 0 and all
p,or £ >k >0 and p > k we have

Therefore,

(e 9]
extrapy, Z ntA,
=0

If | Ay| is increasing then

T

p=0

S%(r—i—k—i—l

r+k

Z(_l)pﬂg ot

) Sp+k,k)Ar pirm

(k ; e) S(p, k) = 0. (3.12)

Ao + ZZ( ) ) k) Agnttr

{=k+1 p=k

Ag+n" ( Dk )S(p +k, k) Apypan TP (3.13)
0

EOp

k
A0+n k= IZ _TZ p+k<r+ )S(p+kyk)Ar—p+k+1

<S(r+k+1,k+1)|Arikt1]

(3.14)

)b+ U A < 2+ 1) A
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Therefore, if |A,| is increasing then

‘extrapk Z n_gAg‘ < Ay +nFt Z 2" (k + 1)"|Apn " (3.15)
=0 r=0
Example 26. To illustrate the method consider
T, = nlnz ™" exp(n), (3.16)

which has asymptotic series deducible from equation (3.4). Using extrap, we can compute
approximations of \/2w. We have

extrap, ()00 = 2.506606727 - - - | extrap, (z)100 — V27 = —2.154718332--- x 1077,

extrapy ()00 = 2.506628488 - - - | extrapy ()10 — V21 =  2.129785028--- x 1077,

extraps(z)100 = 2.506628273-- -, extrap(7)100 — V21 = —2.015005875--- x 1077
(3.17)

This method can be used in a variety of contexts. Firstly, notice that for x, as in equa-
tion (3.6) we can find all A; by inductively finding A; for ¢ < j and then constructing the

sequence
j—1

njxn — Z Ainj_i ~ Aj + Aj+1n_1 +-- (318)
i=0
and taking extrap, of this sequence. Then we can consider more general sequences. For
example, suppose that

Ty, ~ n(Ag+An -0, (3.19)
Then .
o T4en T (3.20)
xn

Therefore, we can again use extrap, to compute c then dividing by n® we are back to the
previous case. More generally we could have

T, ~ (n)7C™n(Ag+ At +---), (3.21)
and then if we take quotients
x;“ ~ O+, (3.22)

which again reduces to the previous cases. These variants are discussed in [90, 203]. There
is also a version discussed in [203] for |C;| = |C}| and

K
Ty ~ Z C'nc (Ag) +), (3.23)
i=1
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if we know C; and ¢;. We take
extrap, Cr"n~ % x,, , (3.24)

which up to cx — k this reduces the number of terms to K — 1 which can then continue
by induction to get back to the previous case. This example in conveniently computed by

considering
K

( H Cin extraka’j_nn_cf> {z,}. (3.25)
j=1
along with
K
< H Cin extrakaj_“n_cj> {Cl'n"} (3.26)
j=1
Therefore,
K K K
< H Cim extraka’j’“n’cj> {z,} = Z Aéz) ( H Cim extrakaj’“n’Cj> {C'ni4+0(n "1}
j=1 i=1 j=1

(3.27)

Therefore, taking K values of n we can form a matrix and solve for A(()i) up to O(n=F1)
corrections. This matrix approach in fact works in much more general cases.

All these extrapolation methods fit into a general method called the E-algorithm. This is
discussed, for example, in [152]. To describe this method suppose that

Tn — Ao — A1gi(n) — - — Aggr(n) = O(f(n)), (3.28)
where A; are unknowns. Then consider the matrix equation
L ogn) - g(n) Ay zn + O(f(n))
L gin+1) - g(n+1) | | 4 Tnt1+ O(f(n+1))
. : . : : = . . (329)
I gi(ln+k) -+ gin+k) Ay, Tnyk +O(f(n +k))
Therefore,
Tn+O(f(n) o1 +O(f(n+1)) - Znpx +O(f(n +F))
91(n) gi(n+1) gi(n+ k)
det : : ce :
A = gr(n) 1 gr(n Jlr 1) a 1 gr(n + k) (3.30)
g(n) gn+1) - q(n+k)
det ) . )

) Gn+1) - gln+ k)
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This method relates to the original method using extrap,, by letting g;(n) = n™7 and f(n) =
n~k=1. This is illustrated in the following proposition.

Proposition 3. Let {x,} be a sequence. Then

extrapg{z,} =
T, Tyt T 1 1 1 -1
nt (n+1)7t - (n+k)7? nt (n+1)7t - (n+k)7t
Y i P L R R
nh ()P (nt k) nh ()R e (n+ k)
(3.31)
Proof. Notice that extrap,{z,} is given by
: 1
m=0
Then notice that from the Vandermonde determinant
1 1 1
nt (n+1)7t o (n+ k)7t | — g b 1
qer| " Y PENTL O ey
n* (n+1)7% oo (n+k)7* o
(3.33)
while
nt n+1)7t o n+m -1 m+m+1)7t o (n+k)7?
det | : : : :
n* (n+1)7% - n+m—-1)""F% m+m+1)7F . (nt+k)F (3.34)
1 i— 1 o
= - T x = Y (Z - j) .
ng (n+1) O};Lk (n+7)(n+1) ng (n+14)* 0<g<k
i1#Em i,j#m i£m 1,j#m
Then notice that the quotient of equation (3.34) by equation (3.33) is given by
(n +m)* H ! H b (—1)k(n+m)k; (3.35)
L G—m) L (m—y) m!(k —m)!" '
0<i<m m<j<k

Therefore, the quotient of determinants in equation (3.31) is equal to equation (3.32) by
expanding the first determinant in minors along the first row. O]
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This method can be used to find asymptotics of more general forms. For example, take

K oo
Ty ~ Z(n!)%q"nc"' A;Z)n_J. (3.36)
=0

=1

Then one can take g; j(n) = (n!)Crn%J fori=1,...,K and j = 0,..., k. The using this
method one can find solutions for Ag.z). One issue with all of these methods is that one needs
knowledge of ~;, C;, ¢;.

Remark 11. When applying these numerical methods we use some finite set of values of n
to evaluate our sequence x,. Adding exponentially smaller terms will give rise to the same
asymptotic series, however at a finite value of n, these exponentially small terms may in
fact dominate if they are multiplied by some large pre—factor. This means that depending
on the example the error of the method for some finite n is hard to quantify without further
assumptions. For example, the sequence x, = 1+ 219997 ~ 14+ O(27") will look O(27™)
numerically until n is around 1000.

3.3 A method for competing exponentials

The basic variants to extrapolation methods transform the sequence in a way which alters
the asymptotics into a form that one of the previous variants can deal with. Any combination
of the terms of the sequence can be used to create a new series, linear or non-linear. Don
Zagier posed the question of how one could numerically determine Cj, ¢; in equation (3.23)
without their prior knowledge.

The following transformations give a possible answer. These transformations give the ability
to change exponential growth of coefficients. This approach has many free parameters but
we will give a specific version that can of course be adjusted to ones needs. The basic trick
is to use the binomial theorem to change the exponential growth.

Proposition 4. If z,, is a sequence such that for some, C;, A(()i), ¢; € C where |C;| = |C}]| for
all ©,7, we have

K
Ty o~ Y O (AY + ) (3.37)
=1

then, if for z € C we have |C; + z| > |C; + z| for j # 1,

- n n—m C’L “ cim n (2)
Z (m>xn+mz ~ (1+Ci+z) n“CHC 4+ 2)"(Ay" +-++) . (3.38)

m=0
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Proof. Using Proposition 1 we have

n K n
S o e

m=0 i1=1 m=0

K n
o n,_c; (%) n M\ v nem
_izlq.n (Ag +"')Z<m>(1+ﬁ> Cr'z (3.39)

K C. \© A
e et .

=1

The last equality follows from the identity

S (1) 2yer = e ae. e

To prove this, we shift and expand using the generalised binomial theorem in a region where
it converges absolutely and uniformly in n as follows:

()0 - (3033w

m=

-5 ()X ()55 341
SO0 ey e

Now we can express the sum over m in terms of derivatives in C. Then expressing (C0¢)*
in terms of C*9% using Stirlings numbers of the second kind S(s, k) we find that

£ ()02 - 25 (0D G e

m=0

:%;@©w>Wiwkwmn oo
- 52 ()O3 T X semmee

r,5=

This gives the full expansion in n~! and to finish the proof we notice that the n° coefficients
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are given by

() e - SO0 Feearas

e (bt
—(C+1(1+ Ciﬂ)d(l +--)

]

Therefore, by varying z, so that for some z = z; we have |C; + z;| > |C; + 2| for j # i, we
can find C; and ¢; by applying the original extrapolation method to the new sequence and
solving the quadratic equation. To see that varying z will find all the exponential terms,
notice that if arg(z;) = arg(C;) then |C;+z;| > |C;+ 2] for j # ¢ as can be seen in Figure 3.1.
Although the quadratic equation has two solutions for C; if we slightly vary z; we can look
for the solution which remains constant. One important note that is illustrated by Figure 3.1
and Remark 11 is that, if C; has a similar argument to another C; then the numerical error
will be much higher using the extrapolation methods. For example, in Figure 3.1, C5 would
be harder to compute than Cy in practice.

The Airy function is given by

Ai(z) = 1 /OO Ccos (g + xt) dt . (3.44)

™

We can explore the asymptotics of this function as x — —oo. To do this take the sequence
z, = Ai(—n??). (3.45)

where we find for example
Ti00 = —0.26073---, x990 = —0.21962---, x990 = —0.084741--- . (3.46)

Then applying the previous methods we find nonsense. For example, applying the previous
code gives the following outputs.

xx=vector (250 ,n,airy(-n~(2/3)) [1]);

asymp (xx,100,10)

/*x = [2.0666 E16, -1055.8, -9.1801 E492] x*/
asymp (xx,100,11)

5 /x = [-7.3328 E17, -1169.1, 3.5239 E565] */
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Figure 3.1:
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Oscillatory method’s affect on exponential terms sending C; to C; + z.
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Therefore, we must use the oscillatory method to probe this sequence. Testing various
outcomes of the new method with z = e(k/10) for k = 1,--- , 10 we find the following table
of outputs of potential values of Ci(e) where ¢ = 1, 2 indexes the two solutions to the quadratic
equations giving C;. Here, to find the various limits I've used extrap;.

k| ol c?

0]1.3264--- x 10° —1.3264 - x 10°
1]0.90125--- +0.63470 - - - ~1.710---3 —1.2225 - - i
2 | 0.78589 - - + 0.61837 - - - i ~1.094---9 — 1.5694 - - - i
3| 0.78589 - - + 0.61837 - - -i —0.4768 - -7 — 1.5694 - - - i
4 0.78589- - + 0.61837 - - - 0.023130 — 1.2062 - - i

51 0.50000 - +2.5912- -4 x 10* | 0.50000 - - — 2.5912 - - -4 x 10
6 | 0.78589- -+ — 0.61837---i 0.023130 - - - 4 1.2062 - - - i
71 0.78589 - — 0.61837---i —0.47687 - - - 4+ 1.5694 - - - i
8| 0.78589- - — 0.61837---i —1.0949 - - - 4+ 1.5694 - - - i
9| 0.90125- -+ —0.63470 - - - i —1.7103 -+ 1.2225-- i

We see that at £ = 0,1,5,9 we seem to get unstable answers, which leads us to suspect
nonsense. This can be verified with more detailed checks. Then applying the method at
z = e(3/10) we find a contribution from a series of the form

(0.78589 - - - + 0.61837 - - - i)"n = "19967(0.19947 - - - — 0.19947 - - -4 + - --) (3.47)
while at z = e(7/10) we find a contribution from a series of the form
(0.78589 - - - — 0.61837 - - - i)™ n = "19967(0.19947 - - - 4+ 0.19947 - - -4 + - -+ ) . (3.48)

With some experimentation one can recognise these numbers explicitly to the find the fol-
lowing guess for the leading order asymptotics

exp (2_\/33;_ %)(14_...) — COS\(/%_T#E)(LF...)‘ (3.49)

_ow(En-g),
! 2,/Tns

This of course agrees with the known asymptotics of the Airy function. Then, subtracting
off the leading order and applying the method again we find a guess for the next coefficients

I4--)+
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given by

s’

exp (4n — = BY) exp (—2n+ 7 o1

N p (5 14)<1_ Z-I—---)—i— p(—3 4)(1_|_ Z-I—---)
2\/mns

cos (2n — T sin (2n — %) / 5

- (3—14)(1+...)+(3—74)< +>
/s /s

These computations can be implemented in the following PARI/GP Code 15. For a more

interesting application of the method see Example 44.

n

3.4 Linear differential equations

Homogeneous linear differential equations can be described as modules of a certain non-
commutative algebras. For example, consider the algebra generated by z, D, such that

(D, x| = . (3.51)

This algebra acts on smooth functions in a single variable z and on formal power series in x
via

(Dmf)(x) - x%(‘r)v Dwzakmk = Zkakxky
: § (3.52)
(zf)(x) = xf(x), :L’Zakxk = Zakqm‘k.
k k

The product rule shows that this action is well defined as

Dealf(@) = a9 )~ 2% (0) = wf(o). (3.53)

For a given problem we are interested in certain modules. These will be generated by
functions or power series satisfying equations of the form

N N M;
S ai@)Dif =0, Y >N ayi(k—j)azt =0, (3.54)
i=0 k i=0 j=0

for some «;(z) = Z?ﬁo a;jz?. This can naturally be extended to many variables.

Example 27 (Exponential and exponential integral). Consider functions exp in a single
variable such that

(D, —x)exp = 0, kap—ar—1 = 0. (3.55)
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These generate a module of this non-commutative algebra. This of course has a standard
generator

ok
x
exp(z) = Z o (3.56)
k=0
We can consider in-homogeneous solutions and their homogenised versions

(Dy —x)f =1, kby—by—1 = 0y,

3.57
(D> — 2D, —x)f = 0, k*a,—kay_, = 0. ( )

This also has a standard solution
f(z) = Ei(z)exp(z) = exp(x)/ exp(—t)tdt. (3.58)

From integration by parts, see for Example [1/1, Sec. 1.1/, one can find the asymptotic
exrpansion as r — oo

-1 00
k!
ko k
fz) ~ _Zbkx = ;0(—1) prsy (3.59)
Notice that these by, satisfy the same recursion for ay except the recursion does mot hold
when k = 0 (or we could take by = oo for k > 0). We will see that these sequences can in
fact be related via the Frobenius deformation. Moreover, we will see in Section 3.7 that this
asymptotic series can be used to construct the solution Ei(x)exp(z).

Example 28 (Apéry numbers). Consider functions in a single variable f(x) such that
(D} — 2 (2D, + 1) 1TD2 + 17D, +5) + 2* (D, + 1)°) f = 0. (3.60)

These generate a module of this non-commutative algebra. This is an interesting example
coming from [89]. Equation (3.60) for a formal power series Y., apx® is equivalent to the
recursion for ay,

(k+1)%aps1 — (2k + 1)(17k* + 17k + 5)ay, + Kax_y = 0. (3.61)
We can set a_; = 0,a9 = 1 and this recursion, as discussed in [89], gives the Apéry numbers

0 — i (’;)2(’“ ;E)Q. (3.62)

£=0

Given a basis f; of solutions to a linear differential equation one can construct the Wronskian
fi . fu

S , (3.63)
Dy e D,

W(fl;"' 7fN) =
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which satisfied the first order equation

where
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
Awq) = | : : L 0 (3.65)
0 0 0 0 e 1 0
0 0 0 0 e 0 1
o) o) as(@)  _as(@) . an—2(®) _ an_1(z)
an(x) an(x) an(x) an(x) an(x) an(x)

For fi,g; let U = W(f1,---,fn) and V. = W(gy, -+ ,gn) and suppose that they are two
bases of solutions to the differential equation. Then we see that

D,(V'U) = -V YD V)VU+V DU = -V HAV)V U+ VAU = 0. (3.66)
Therefore, we see that V~1U is a matrix of constants.

A system of equations is called hyper-geometric if it is linear in x. This is equivalent to
recursions between a; and ai_;. For example the equation for the exponential

D,—x, kap—a,, =0 (3.67)

is linear in x or has a recursion in a; and a,_; and this is indeed hyper-geometric. However,
equation (3.60) is quadratic in = and we see a recursion between a1, ax, ax_1. Therefore as
an equation in a single variable it is not hyper-geometric. In this example, we will see that
this is in fact the specialisation of a hyper-geometric function in two variables.

Example 29 (Apéry numbers continued). As mentioned the function with ay given by equa-
tion (3.62) is a specialisation of a hyper-geometric function in two variables. In particular,
consider the function

oo k o k o k
k+¢ (k+01? ,, kg
0= () () - DA e - XY ety
=0 (=0 0 £=0 k=0 (=0
(3.68)
We see that oy Y
_ — + B
e (3.69)
14 App = (k —(+ 1) (k + f) Qg -1
which implies f(z,y) satisfies
D, —D,)?f = (D, + D,)*
( ) f ( v af (3.70)

D,f = (Dy — Dy +1)*(Dy, + Dy)*yf.
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These are hyper-geometric as equations (3.69) only involve consecutive terms such as ay.;
and ag—1 or equivalently as equations (3.70) are first order in x and y.

When finding solutions to equations (3.69) it is important to notice that there are some
special points in the k,{ lattice. In particular, when k = €, =0 and k = —( — 1 there are
vanishing of coefficients of the relations between the ayy. These walls break up the lattices
into regions. The layout of these walls imply that finite solutions to equation (3.69) holding
for all (k,0) € Z* will be forced to be zero on certain regions. These regions in this example
are displayed in Figure 29. We notice that choosing ag o, ap—1 and a_y o determines all formal

solutions of the form
Z akaye. (371)

kel

The solution for ap_1 = 1 associated to the region ¢ <k and { < —k —1 s

(—¢— 1
W == )Pk — 02 (3.72)

While the solution for a_, o = 1 associated to the region { < —k —1 and £ > 0 is

(= k-1)?
CLk’g = 6'4(—k —i_ 1>‘2 (373)

Given a linear differential equation we can construct it’s Newton polygon which gives various
information about the solutions to the equation. See for Example [188, Sec. 3.3]. The
Newton polygon keeps track of which monomials D7z™ have non-zero coefficient in the
operator. However, the fact that equation (3.51) is inhomogenous leads to an ambiguity
in the degree of D,. Notice that the degree in D, can only decrease in equation (3.51).
Therefore, if we have an operator as in equation (3.54) define P to be the set of (n,m) € Z
with a;; # 0 and define the Newton polygon N(P) to be convex hull of the set of points
with (¢, k) with 0 < ¢ <n and k = m for some (n,m) € P. This is then independent of the
particular choice of ordering of the operators D, and =x.

Using the Newton polygon of a linear differential operator, the Frobenius method allows the
construction of formal solutions to linear differential equations. They are of the form of
coefficients of the € expansion of

exp(p(z~1))a"te Z apx® . (3.74)

where p is some polynomial.
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4\€ k—0=0
p y k
Y v v Tl=0
v k+0+1=0
Figure 3.2: The regions determined by the recursions in ax, = %. The red lines

k—0=0,0=0,k+{¢+1=0 are determined by the vanishing of coefficients of a;, in the
recursions (3.69). The small arrows in red indicate that the recursions imply ay , are zero in
that region. The regions in blue indicate the regions that have no arrows pointing into them
and can therefore have non-zero values of ay .

The slopes of an edge of the Newton polygon determine the type of the exponential singularity
and therefore the p of the solution. Once the p is determined we get a new differential
equation for the solution with the exponential singularity removed where the left most edge
of the Newton polygon is now horizontal. To see this notice that

D, exp (,}) ) =~ exp (,}) F(@) + exp (ki) (D.1)(x)

—ew () (-3 + 22) (F) @)

Therefore any positive slope on the left of the Newton polygon of some operator can be
removed by multiplying f by an appropriate exponential factor.

(3.75)

Using the vanishing of a; for & < 0 in the Ansatz (3.74), we can find a polynomial condition
on r called the indicial polynomial. In particular, it is the coefficient describing ag in terms
of ay for k£ < 0. The different roots of the indicial polynomial lead to different solutions. If
the roots are not located at an integer then there will be a branch point at the origin and
if it is a negative integer then there will be a pole of that order. There is some degeneracy
when two roots are separated by an integer. In this case, one expands € near the root and
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L/
/

Figure 3.3: The Newton polygon associated to the operator in equation (3.78).

uses

2
o't = 2" (1 + elog(r) + %log(x)2 + - ) : (3.76)
The effect of the Ansatz (3.74) on the action of D, on formal series is

D a*te = (k4 e)z*re. (3.77)

Therefore, we see the Frobenius method takes the recursion for a; and shifts k +— k +¢. We
can think of this as a deformation of the recursions for ay.

Once a solution for the left most edge is found, we apply the Theorem [188, Thm. 3.48| which
states that any Newton polygon with more than one slope comes from an operator that can
be factored. This factorisation then corresponds to a filtration of the space of solutions and
solving for the left most edge gives a solution in the largest space in the filtration. Removing
the left most factor of the factorisation we then have an operator with smaller order. We
can then solve inductively by applying the same procedure.

Example 30. Take the operator
1
Dy, +—+2—-2x (3.78)
x

with Newton polygon given in Figure 3.5. This has one edge of slope 2. Therefore, we must
remove the slope by multiplying by exp(p(z~')). Suppose that

f=exp (i + %) f(z) (3.79)

22
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s a solution then
0 = (ZL‘D +;+2—2x>f( )
— (g:D —|—i+2—2w) exp (2—;%—%) f(z) (3.80)
= e (554 2 ) (0D~ 20) (o).

Therefore, the equation becomes (xD, — 2x)f = 0. Then for

[e.9]

fla) = apht, (3.81)
k=0
we find that (D, — 2x)f = 0 implies that
(k—14+7r)ag_1 —2ap1 = 0, (3.82)
and so
(r—2)ag = 0. (3.83)

Now the assumption is that a # 0 (as of course this would amount to shifting r by 1), this

gives us the indicial polynomial
r—2=20. (3.84)

Therefore, we see that r = 2 and we can set ag = 1. Then the recursion simply states that
ar = 0 for k > 0 and therefore we find the solution to the original differential equation

f = o <L N 2) 2 (3.85)

2¢2  «x
which generates this module.

Example 31 (Exponential integral continued). Consider the Frobenius deformation

(k + 1+ E)ak+1 = ag. (386)
This has a natural solution ]
= — 3.87
T Tt kte (387)
If we take
= phte T(e) —T(e, x)
f(E,I) = Z m = exp(x)eW (388)

k=0



158 CHAPTER 3. FROM FUNCTIONS TO APPROXIMATIONS AND BACK AGAIN

Figure 3.4: The Newton polygon associated to the operator in equation (3.94).

we find

(D, —2)f = Fx = ¢+ 0(&). (3.89)

In fact, we find that expanding in €

fle.x) = exp(x) + exp(x)Ei(z)e + O(¢). (3.90)
Notice that
_1 0o
3 FRrg - XU a0 5.1

which gives the solution of the same inhomogenous equation around x ~ oo. Note we could
have considered

(k+e)’ap — (k+€)ap_, = 0. (3.92)

The indicial polynomial in this case is €2. Therefore, the solution to this recursion is the
same as the recursion (3.86) however the indicial polynomial indicates we should expand €
to O(e?). Notice that the solution (3.87) has ag = I'(1 +¢)~'. Therefore, if we took ag = 1
we would find the solution

exp(z)Ei(z) — v exp(x) (3.93)

where v is the Euler-Mascheroni constant. This indicates the effect that choosing initial
conditions has on the answer and that having the freedom to choose can lead to more natural
answers in certain contexts. The second order equation that this satisfies is given by

(D? — 2D, —x)f = D (D, —2)f = 0. (3.94)
Therefore, the Newton polygon is giwven in Figure 3.4. The top gives the solutions around

infinity and we see the factorisation for the different slopes, the factorially divergent solution,
and the exponential singularity.
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Example 32 (Apéry numbers continued). Consider equation (3.60). The indicial polyno-
mial is given by €3. Therefore consider,
(k+1+€)3ap1(6)— (2(k+€)+1)(17(k+€)* +17(k+e€)+5)ar(e) + (k+e)*ar_1(e) = 0. (3.95)

Setting ap(e) = 1 and a_1(¢) = 0, we see that when k = —1 only e3ay(c) appears in the
expression for a_s(€). Notice that originally we had a wall so setting a_y = 0 implied that
ar = 0 for k < 0. Here we see that a;, = O(e®) for all k < 0. Therefore, as indicated by
the indicial polynomial, expanding in € near 0 to O(e3) will give the basis of solutions to
equation (3.60). This is given in [89].

Remark 12. Notice that a translation x — x + ¢ affects the operator

°D,. (3.96)

D, = :Egr—>(x+c)L = D,+—
x

ox d(z+c¢)

Therefore when we have positive slopes these will generally be removed by applying an affine
transformation. Indeed, the positive slopes will only appear when we solve a differential
equation around an irreqular singularity.

3.5 Optimal truncations

Solving differential equations using the Frobenius method around an irregular singularity
will lead to power series that are divergent such as

i(_l)kxﬂr (3.97)

These solutions can approximate certain analytic functions around the irregular singularity:.
Of course taking a truncated series to order N such as

N
k=

Z(—l)’“xl,f—il 7 (3.98)

[e=]

will lead to an O(ay, 2V ") order approximation of an analytic solution, which for equa-
tion (3.97) is given by a function? such as

Ei(x) exp(x) . (3.99)

20f course any two functions with this asymptotic series could differ by exponentially small corrections.
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However, when the divergent series has coefficients that behave in a certain way, we can
improve this approximation by taking the optimal truncation. For a divergent series,

[e.9]

fl@) = apat (3.100)

k=0

the optimal truncation is defined as the piecewise analytic function

NP (z)
[P = > agat (3.101)
k=0
where
|anor (@)™ "] = min{ara® : k € Zso} . (3.102)

Note that more correctly, this should be defined for some neighbourhood of x as this smallest
value needs to be a locally generic condition. Considering the example in equation (3.97),
we see that for fixed x

k!
(—1)’:6,6+1 (3.103)
reaches it’s minimum when
k! ¥ k

S (1 ’H—‘ ERLEEY 3.104
‘( ) q:k“( ) (k—1)! || ( )

Therefore, its optimal truncation is given roughly by

HEN
k!

(—1)’ka+1 : (3.105)

k=0
Notice that this jumps as |z| crosses integral radius circles around the origin by

]!

e~ V2l exp(=leD(1+0(1/l2])) as o] = oo. (3.106)

Therefore, the associated error of the optimal truncation is exponentially small as opposed to
polynomially. For this example, we can compare this analysis with the Code 16. We can see
that the optimal truncation provides exactly the error with the function that we expected.
Of course if we had considered

Ei(z) exp(x) 4+ exp(—T7z/8) (3.107)

then we see in Code 17. Therefore, the optimal truncation allows us to see exponen-
tially small contributions to the asymptotics with some theoretical bound. In this exam-
ple, the optimal trunctation will see exponentially small corrections of order exp(ra) when
|exp(rz)| < exp(|z|). Notice that the argument of rx then plays an important role.
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Lets consider this more generally for examples of the form of equation (3.97). Suppose that

flo) = apat (3.108)
k=0
and (; )
I'k + &

Then the optimal truncation is given by

[V —xl

fPa) = > aat (3.110)
k=0
This has error term
L(|V — k| + k)
VIV—kl+k
vV — -1 |V—k|+K—3/2 |V = _ 1 9
Ul bt xXp(=|V = k] =K+ DV2T ) o0 v — sl + 1))

VIV=kl+k

(3.111)

Recently, Garoufalidis—Zagier [87| proposed a way to improve the optimal truncation for

certain asymptotic series using additional information of the behaviour of the coefficients of

the divergent series similar to previous works of Dingle, Berry, Howls |26, 27, 28, 50]. They

call this method smooth optimal truncation. To describe this method we first need a function
&v(x) that solves the equation

x _ Dzl - b)
mgb—‘rl (33) — gb(l') = |x||l‘|—b (3112)
This can be solved for example by
o dt
E(x) = / tlel=b exp(—t!x\)t — (3.113)
0 _ =z

||

where the integral is the Cauchy principle part when x = |z|. In [87], this functional equation
is also solved using formal asymptotic series. We will be content with this exact function.

Suppose that additionally to equation (3.109)

= I'(k-
g ~ ZWM' (3.114)
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Then the smooth optimal truncation is defined to be

SmMo e k ’$‘|V/:c|—b = Ay x |tr
P = 3wt ZVH‘V‘ Eprie(V/2), (3.115)
k=0 £=0

which is just an asymptotic expansion in general. The second sum can of course be truncated,
optimally truncated or even smooth optimally truncated to give increasing levels of preci-
sion. In our previous example, we can compute the smooth optimal truncation in Code 18.
Moreover, the error here is due to PARI/GP’s numerical integration with working precision
1000 digits. The &(x) function is closely related to the exponential integral Ei(x), which in
this case will give equality.

3.6 Approximating with rational functions

Padé approximates are a generalisation to Taylor series. Instead of approximating a function
around a point by polynomials, they approximate by rational functions with prescribed
degree of the numerator and denominator. Depending on the example, this can give a much
better approximation to a function in more complicated neighbourhoods than just disks
around a point. For example, if a Taylor series converges it does so with some radius of
convergence. If the function we are interested in has a pole or a branch point then the radius
can be at most the distance from the point we are expanding around to the singularity.
Sequences of Padé approximates can give convergent functions in a larger domain. For
example, any rational function will be given exactly globally by a limit of Padé approximates.

We can define the Padé approximate around a point for any analytic function. If f is an
analytic function with expansion

fz) =) art, (3.116)

then suppose that there exists polynomials p(z), ¢(z) of degree m and n such that ¢(0) =1
and

P _M Zm+n+1 — Zm+n+1
f2) = B 40 = O, (3.117)
or equivalently
f(2)a(z) = p(z) + Oz = O ). (3.118)

If these polynomials exist the rational function is unique. To see this, notice that if there
was another p;(z), ¢1(z) of degree m and n such that ¢;(0) = 1 and

Z) — D (Z) zm+n+1
f(z) () + O( ), (3.119)
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then
p(z)qi(z) = q(2)pi(z) + O(z"H) (3.120)

but p(2)q1(2), ¢(2)p1(z) are both polynomials of degrees m + n and therefore

p(Z) pl('Z) ) (3121)

f(z) - p(2) +O(z™ ) = O™t (3.122)
then we define the [m/n| Padé approzimate as
flm/nl(z) = —=. (3.123)

Example 33 (Taylor series). The f[n/0](x) Padé approximates give the Taylor series ap-
proximation.

Example 34 (Non-existence of Padé approximates). If f(z) = z, then the f]0/n](z) Padé
approximate doesn’t exist as

DPo
_ = — z24--, 3.124
1+ quz+--- Po — Poq1 ( )

and therefore pg = 0 and poqy = 1, which cannot be simultaneously solved.

Padé approximates can be constructed from continued fractions. Recall, the hypergeometric
function for ¢ ¢ Z<

oy N (@)g(b)e 2
2Fi(abye;z) = % #H (3.125)
where
() = z(x+1)---(z+k—-1), (3.126)

which when not a polynomial converges for |z| < 1. Gauss proved the following theorem.
Theorem A-23. [105, Thm. 6.1] For n € Zs let

N _ (a+n)(c—b+n) and oo —

(b+n)(c—a+n)

(c+2n—1)(c+2n) (3.127)
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For a,b,c € C such that a,, ¢ {0,000}, the continued fraction

a1z

O(a,b;c;2) = 1+ (3.128)
(65¥4
1+
1+

a3z

is convergent to a meromorphic function in the domain arg(z — 1) ¢ 277, the convergence
is uniform for any compact set not containing poles of ®, ® is holomorphic at z = 0 and
®(a,b;c;0) =1, and for all |z| < 1 we have

Fi(a,b;c;2)
®(a,b;c;2) = — T 12
(a,b;¢52) oFi(a,b+1;¢+ 15 2) (3129)
Corollary 3. For a,c € C define
(a+n)(c+n—1) n(c—a+n-—1)
n = — y d n = — . 1
Fan+1 (c+2n—1)(c+ 2n) and - (c+2n—2)(c+2n—1) (3:130)
such that B, # 0 for n € Z>q then
1
flase;z) = , (3.131)
Bz
1+
Paz
L+ ———
z
14—
1+

is convergent to a meromorphic function in the domain arg(z — 1) ¢ 27Z, the convergence is
uniform for any compact set not containing its poles, is holomorphic at z =0 and f(0) =1,

and for all |z| <1 we have
oFi(a,1;¢;2) = f(a;e;z2). (3.132)

This continued fraction is given by

1
fla;cz) = : (3.133)
az
1—
I(c—a)z
C_
(a+1)cz
c+1-—
Lo 2c—a+1)z
e+ 92—
(a+2)(c+ 1)z
c+3— 3 )
c—a z
c+4—
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A continued fraction of the form

a1z

14
(0S¥
1+

(0% V4
1y

1+---

truncated at
z

a1z
1+ !

[0D¥4

1+
a3z
1+

1+

1+ a,2
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(3.134)

(3.135)

gives a rational function of degree |(n + 2)/2] over [(n + 1)/2] and this function is an
[[(n+2)/2]|/|(n+1)/2]] Padé approximate, which can be proved by induction. We can use

this to prove the convergence of certain Padé approximates of the logarithm.

Example 35 (Padé approximates of the logarithm). From Corollary 3 and equation (3.133),

for |z| <1
Z2F1(1a 17 2a _Z) = log(l + Z) )

and therefore for z € C\R<_; and the principle branch

z
1z
1z
4z
4z
9z
6+ ---

log(l1+2) =

1+

2+
3+

4+
5+

Therefore, for f(z) =log(1 + z) and z € C\R<_,
lim f{(n+ 1)/n(z) = log(1+2)

with uniform convergence on any compact subset of C\R<_.

(3.136)

(3.137)

(3.138)
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‘%(Z)

: ot R(z)
9 -8 -7 -6 -5 -4 -3 -2 -1 h

Figure 3.5: Plots of the poles and zeros of the [50/49] Padé approximate of log(1 + z). The
poles are in red and the zeros are in blue. One can see that, besides the zero at z = 0, the
poles and zeros are accumulating on the branch cut concentrated mainly around the branch
point z = —1.

To understand how the Padé approximates could possible converge to the logarithm we note
that the various poles and zeros of the rational functions will accumulate around the branch
cut R<_y. This can can be seen using the following code in PARI/GP [20], whose output is
plotted in Figure 3.5.

polroots (numerator (bestapprPade (log (1+x+0(x~100)))))
polroots (denominator (bestapprPade (log (1+x+0(x~100)))))

This example shows the power of Padé approximates as opposed to Taylor series. For the
logarithm, the Padé approximates converge everywhere on the cut plane as opposed to a
disk of radius one. It also indicates that we can explore the behaviour of certain functions
using Padé approximates to see experimentally the existence of branch cuts and singularities.
Later in chapter 11, we will be interested in functions with logarithmic singularities and will
approximate their analytic continuations with Padé approximates. For some discussion of
the convergence of the Padé approximates in some general cases see [147, 178|.

Remark 13. When numerically exploring the possible branch points of a function, it is
natural to consider various conformal maps around the point we are expanding around. This
can be used to switch which critical point is closer. In examples where we expect an analytic
continuation to some domain with certain singularities, these conformal maps can be used
to study the singularities by making them the closest singularity to the point of expansion.

3.7 Resummation and jumping

Factorially divergent formal power series arise in many different contexts. Importantly, they
arise from stationary phase approximations of integrals as discussed in sections 2.5, 2.8
and 4.1. To make sense of these divergent functions, we will use a method that constructs
analytic functions with the same asymptotics via Borel resummation. Suppose we have a
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divergent series
o0

fla) = apa. (3.139)

k=0

The Borel transform of this series is defined to be

00 s
Bif(¢) = kzzom@%- (3.140)

If this function is convergent, and has an analytic continuation with certain growth conditions
at infinity, then we can take it’s Laplace transform

LBy f(x) = /0 " exp(—Q)BF(Ca)dc . (3.141)

If we expand the series involved and notice that

/OOO exp(—C)(Cx)*d¢ = T(k+ 1)z", (3.142)

we see that formally this function should have the same asymptotic series and with sufficient
conditions we can see that it will satisfy the same differential equations. Indeed, having the
same asymptotic series is a conseqeuce of Watson’s lemma.

Theorem A-24 (Watson’s lemma). [151, Thm. 3.1][141, Sec. 2.1] If f(x) is a function
from the positive reals with finitely many discontinuities and has an asymptotic expansion as
z—0

fl@) ~ 3 apa®, (3.143)
k=0
with ag # 0, then, if for small enough x the integral converges, we have as x — 0
/ exp(—C) (o) f(¢x)d¢ ~ Y axT(A 4k + 1)t (3.144)
0 k=0
Therefore, we define the Borel resummation of a formal series f(z) = Y7, axz® to be

LB f(x) if it exists. By Watson’s lemma this provides an analytic function with the same
asymptotics as the original formal series.

Example 36 (Exponential integral). Recall the solution to the equation

Dy —2)f =1 (3.145)
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in formal power series given by

f(z) = Z(—U’fxfil. (3.146)

Take the function
g(z) = :vf (:v) = g (—1)"klz". (3.147)

We can take the Borel transform

Big(Q) = S~k = ——. (3.148)

k=0
and then the Laplace transform

£Bugle) = /0 exp(=C) ;o _ /;O Mdg _ 1n (_l) exp (1) ,

1+ Cx (x x x x
(3.149)
to the differential equation. For

g(x) = ( ) i Ykl (3.150)

k=

and we see that f(z) = —Ei(—z)exp(x) is a solution®

comparison take

Then
o0 Ck+1
Big(¢ Z = log(l + ). (3.151)
=0
Similarly,
> 1 1
Cibigle) = [ exn(-Oton(1+ o) = <1 (1) exp (1) (3.152)
0

When one has an asymptotic series computed numerically with a finite number of coefficients
then one can attempt to numerically compute its Borel resummation. In practice, the most
difficult part of this computation is giving a good approximation to the analytic continuation.

This can be done using Padé approximates given in Section 3.6. For example, one could use
the following PARI/GP [20] code.

borel(a) = serconvol(a,exp(x));
pade(a,N) = bestapprPade (a+0(x~N));

3 {resum(tau,a,N) = local(pb); pb=pade(borel(a),N);intnum(xi=0, [+00,1],exp(-

xi)*subst (pb,x,xi*tau))};

3Note that Ei(—x) = —Ei(z) + mi.
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Of course when the Borel transform of a formal series is analytic but has poles or branch
cuts, the Laplace transform will jump as the ray defined by input variable crosses one of
these singularities. This jumping is captured by the Stokes automorphism. For example, if
we have a basis of solutions to a linear differential equation satisfied by the Borel transform
then on both sides of an isolated critical point. Therefore, on both sides there will be a
matrix relating the two bases of solutions.

Example 37 (Stokes automorphism for the exponential integral). Taking

oo

g(z) = Y _(—1)*kla*, (3.153)

k=0
again, we see that for v € Rsq
lim £1B1g(exp((7 — ))z) = LaBaglexp((r + )i)o)

exp(—¢) 2 1
T1eo 2T 1/mde = — o (5):

So we see that the Stokes automorphism associated to the Wronskian of 2miexp(z) and

exp(z)Ei(z) is given by
11
(0 1). (3.155)

(3.154)

= 2mt Res¢—_1/z
T eg_l/ T






Chapter 4

Sums, integrals and ¢g—hypergeometric
functions

4.1 From sums to integrals to asymptotics

We will discuss three different methods that turn sums into some kind of integrals. They
will start real analytic and turn more complex analytic. The basic question is to determine
the behaviour of sums of the form .
> fn) (4.1)
n=0

where f is a smooth function. The fact that f is a smooth function allows us to gain
additional information about the behaviour of the sum. Firstly, the Bernoulli polynomials
By (x) are the unique polynomials satisfying

y+1
/ B,(x) dx = y". (4.2)
Yy
For n # 1 we have B,(0) = B, = B,(1) and note that B,,(0) = —1/2 = —By(1) in this part
we will take B; = —1/2. These have a generating function
exp(at) — Bu(@) s kg1
— = t = " 4.3
o) T = 2 N e (43)
n=0 n=0 k=0
The first few polynomials are
1 1
Bo(z) = 1, Bi(z) = x—5, By(r) = 2®—z+_,
. 3, 1 ” °1 (44)
Bs(z) = z — 5% 5T, By(r) = a* —22% + 22 ~ 30

We can use integration by parts and the Bernoulli polynomials to deduce following formula.

171
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Theorem A-25 (Euler-Maclaurin summation formula). [151, 205, 203] For f a smooth
function in the positive reals with infinity and M € 7, we have

S / floyae+ 10 SO0 | 5 "“<f<”< )= 9(0))
k=0 n=1 (4.5)

+( N+1/ fN) BN( LxJ)

In a more specific situation, we find an even better formula. This formula turns out to be
extremely important for proving the basic properties of functions discussed in part IV.

M

Theorem A-26 (Poisson summation formula). [205] If f is a smooth function on the reals
with positive and negative infinity, then for the Fourier transform

= /OO f(z) exp(2mizy) dx (4.6)

we have

ST Ik = S k). (4.7)

keZ keZ

Proof. The function

> flx+k) (4.8)

k=—o0

is periodic with period 1 and therefore has a Fourier series representation
Z fz+k) Zexp (2milx) / Z f(E+k) exp(—2mi&l) d Zexp (2milx) f(—1).
k=—o0 LeL k=—o0 LeZ
(4.9)
O

The final method uses complex analysis. Assuming f is meromorphic on some domain 2
containing 0, ..., M and continuous on its boundary then from the residue theorem

2%_ cot(mz)f(z) dz = Z f(k)+ Z mRes,—,, cot(m2) f(z2) dz. (4.10)

gy k=0 20€9—{0,....k}

This idea is quite versatile and can be adapted to ones needs. However, there are some
additional tricks, which can be used. Adding some assumptions on f we can present the
standard version of the Abel-Plana summation method.
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Figure 4.1: Contour for Abel-Plana summation.

Theorem A-27 (Abel-Plana summation formula). [151, Chp. 8, Sec. 3] If f(z) is con-
tinuous for 0 < R(z) < M and analytic on the interior and f(z) = o(exp(2w|I(z)|) as
|$(2)] = oo uniformly in 0 < R(z) < M, then

> _fk) :/0 [() dz + 51(0) + 57 (M)

[ fliy) = f(M +iy) — f(=iy) + f(M —iy)
+Z/0 exp(2my) — 1 o

(4.11)

Proof. To prove this one uses the following trick. Take the contour in Figure 4.1. Then one
has

Fk) = % / cot(2) f(2) d= . (4.12)

Then adding the integral of f(z) to both sides and with the assumption f is analytic! on

'For more general f, this step may be altered by the inclusion of terms coming from a residue or branch
cut.
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the domain we rewrite

M—-1

k=1

f(k)—/éM_af(z) i = %[ycot(ﬁz)f(z) dz+%/m £(2) dz—%[mf(z) d (

R o,
a [n 1 — exp(—2miz) dz+ /w exp(2miz) — 1 dz.

To finish, we send K — oo and note that the contours horizontal to the real vanish, compute
the residues around the small semicircles at 0 and M, and collect the remaining vertical
integrals into one integral. O]

4.13)

Now these methods give many ways to convert sums into integrals. This indicates that un-
derstanding the asymptotic properties of integrals through something like Watson’s lemma,
given in Theorem 31, will allows us to understand the asymptotics of these sums. We can
apply Watson’s lemma to give Laplace’s method. Consider and integral of the form

I(z) = / exp(—p(€)/2)q(€)de (4.14)

5

where ~ is locally passing through 0 and p'(0) = 0 is simple. Then take

¢(©)* = p(&) —p(0). (4.15)
Supposing that
p&) ~ po+ Y & and q(&) ~ > att, (4.16)
k=2 k=0
we have . ,
N k=2 _ P39 Pap2 —P3 |
¢&) ~ ¢ ;pké VP2E + 2\/]7_25 + W + (4.17)
and so X . o
_ P30 ZPaP2TOP3 .5
£(¢) = \/p_?C 2p2<2 W Gt (4.18)
Then J
1) = exp(-p&)/2) [ ep(—¢2/2ate() S ac. (4.19)
vy
Therefore, let
d.
10 = atelen ™
_ o P2 psto, 8p3ge — 12papaqi + (15p3 — 12p2p4)qog2 L (4.20)

N p3 8Pz
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To understand the asymptotics of this integral we then notice that taking 6 € Ry, and
letting x = ++/0 we have

0 52 do
[ e p@is = [ ew(-o/ (0 + VA @2

§

Therefore, if f(z) ~ > -, axz® by Watson’s lemma, given in Theorem 31, we have

) o
/ exp(—2?/2) f(x)dx ~ ZF (k4 1/2)ag2"1/2. (4.22)
-0 k=0

To relate the integral in equation (4.19) to the integral in equation (4.21) we deform the
contour so that locally around the critical point the contour takes the path of steepest
descent so that the real part of ( is increased the most. For a given contour, choosing the
best deformation to apply Watson’s lemma to will depend on the context. We can give a
general result here with some assumptions.

Theorem A-28 (Laplace’s method). [151, Ch. 4, Sec. 7.8, Thm. 7.1] If p(&),q(&) are
holomorphic on some domain Q, v some contour with interior contained in Q, p'(§) has
one simple zero at & in ), 0y < arg(z) < 6y, |z2| < M € Rog and 6 — 0, < 7, and
R(zp(&) — 2p(&)) > 0 on v except at & and bounded uniformly away from zero with respect
to arg(z) at the endpoints of v along v, then when the integral converges uniformly and
absolutely with respect to z on v we have the following asymptotic expansion

[ exp-pO/ (€1 ~ expl-pl60)/2) ST+ 1D (423)
v k=0
where locally around & we have ((€)* = p(€) — p(&) and

q(&(())%(f) = > k. (4.24)

k=0

4.2 The dilogarithm function

Before applying some of the methods previously discussed, we need to introduce some im-
portant special functions. For |z| < 1, we define the absolutely convergent functions called
the k-th polylogarithm

Liy(2 Z k— (4.25)
k=1
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For s > 1, we see that

- =1
lim Liy(z) = ((s) = ;k— (4.26)
These functions satisfy the following easily seen relation
Lis(z) = zﬁLi (2) (4.27)
I P '
Now notice that ,
Lip(z) = . : (4.28)
—z

Therefore, from equation (4.27), for k € Z<
Lip(2) € Z[z](1 — 2)*L. (4.29)
For k € Z<, these functions satisfy the relation
Lip(2) + (=1 Lig(z7™) = —6po, (4.30)

As Lig(0) = 0, we can define an analytic continuation of Liy(z) for k € Z~q for z € C — Rx4
via integration. For example,
Lij(2) = —log(l—=2). (4.31)

Then we define the dilogarithm for 2 € C — R>; such that for a contour contained in the
same domain

Lis(z) = — /0 ) 1og(1—g)%. (4.32)

The dilogarithm has a non—commutative monodromy group. Indeed, taking any loop con-
fined to |z| < 1 will give give the same valued at both ends. However, if one takes a loop in
C — R« around § =1 to the point z, as shown in Figure 4.2, then we see that as we shrink
e — 0 we get

d d d
- 11 -9 - -/ log(1 - - ) (og(1 — €) —2m)
Y Y1 T2 Z Y3 T4 (433)
= Li2(2)+2m'/ % = Liy(z) + 2milog(z) .
1

Now we see that although it appeared that Lis(z) did not have a singularity at z = 0, this will
acquire a singularity once we take a loop around & = 1. This also shows that the monodromy
action is non—commutative. Therefore, in general we find that the various branches of the
Riemann surface associated to the dilogarithm will have values in the set

Lig(2) + 2milog(2)Z + (2mi)°7Z . (4.34)



4.3. ASYMPTOTICS OF THE POCHHAMMER SYMBOL 177

A

10
tf;

LI '

Figure 4.2: Contour giving non—commutative monodromy of Lis.

Importantly, the dilogarithm satisfies the following functional equations

LiQ(é) = —Liy(z) — % — %log(—z)2
Lis(1 — z) = —Liy(2) + %2 —log(2)log(1 — 2) (4.35)

Liy(2*) = 2(Lis(2) + Lis(—2))

and the five term relation

1
Lig(z) + Lis(y) + Lis ( :

_ 1 —
(0 I —uzy

2 1o 1 (4.36)
=5~ log(x)log(1 — x) — log(y) log(1 — y) + log (1 — xy) log (1 — jy) :
Finally, it satisfies a distribution property
Liz(z) = n Y Liy(2). (4.37)
For a discussion of the many fascinating properties of these functions consult [206].
4.3 Asymptotics of the Pochhammer symbol
The asymptotics of the ¢—Pochhammer symbol from definition 14
(2:0)s = JJ(1—q"2), (4.38)

k=0
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when ¢ — 1 is of fundamental importance to our examples of interest coming from quantum
topology. This is due to the expression of the R matrix given in Theorem 14. To calculate
this behaviour formally we can use the following lemma.

Lemma 3. /2006, Prop. 2] For |z| <1 and |q| < 1 we have

log(z; q) s 4.39
B ;nq—l (4.39)

The proof is completely analogous to the proof of Lemma 7. Using this expression we can
formally take ¢ = e(7), change the order of summation and expand in 7 to find

= e(mnt)z" = = By (m)a™(2minT)F 1
log(e(mT)z;e(T))oe = zm - 2211@ . o k<!n )

< By (m)(2mit)h1 SN an = Bi(m)(2miT)*1

= " - (4.40)

For example, taking m = 0 and fixed x with |z| < 1 we have

r 2mit 2?4z (2miT)
1—z 12 (1—=z)3 720

log(x;e(T))oe ~ Lig(x)(2mit) ™! + 2miZ + %log(l —x)+
(4.41)

This computation is purely formal? but gives the correct answer. Firstly, this can be checked
numerically in the PARI/GP [20] Code 19 and then proved in the following lemma.

Lemma 4. [88, Lem. 2.1] For 6 € R.y, as h — 0 with § < arg(t) < /2 — 0, and x and m
such that § < arg(e(mr)x) < —0 and 0 < arg(z) < — we have

. Bi(m)(2miT)F1
k!

log(e(m7)z;e(7)) oo ~ Lis_x(z) + 2miZ. (4.42)

k=0

Proof. We have

log(e(mt)z;e(T))s € Z log(1 —e((n +m)71)x) + 2miZ . (4.43)

Note that
Lij(z) = —log(l —x), (4.44)

2Compare this kind of formal computation to the remarks in [151, Ch. 1, Sec.1| in relation to the
exponential integral.
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and

%Lik(e((n +m)7)x) = 2mitLig_1(e((n+m)7)z). (4.45)

Applying the Euler—-Marlaurin summation formula from Theorem 25, we find that

Z log(1 —e((n +m)7)x)

n=0

_ /0 log(1 — e((¢ +m)r)z) dé

log(1 —;(mT):v) N log(1 — e((]2\4 +m)T)x) (4.46)
N-1 n \n
2> S B BT (1 (e(mr)e) — Liseae((3 + 7))
. M By (€ — [£])
~DN@erin) [ Li- e e
+ () (rin)Y [ Liatets+ myna) 2 de
Then note that
/OM log(1 —e((§ +m)7)x) d§ = —27T1i7_L12(e((M +m)T)x) + 27TZ,7_L12(e(m7')x) . (4.47)
Then our assumption on A implies that as M — oo we have
M
Jim [ log(1 = ef(¢ + myr)o) ds = Q;iTLig(e(mT)x) | (4.48)
Similarly, for k£ < 2
Nl[gn Liy(e((M +m)r)z) = 0. (4.49)

Finally, we note that Liz(0) = 0 and Li(2)(1 — 2)*~* for k € Z< is a polynomial. Then by
our assumptions on x,m and A, there exists L) independent of z, m, i such that

Lii_y(e((& +m)7)z)| < L™N|e(eT)). (4.50)

Therefore, there exists PY) such that

> “log(1 — e((n+m)r)z) — QQiTLiQ(e(mT):E)
_ log(1 —2e(m7):p) B nZ:_l (—1)nJr(nB_Z+11)(!27TiT)nLil_n<e(m7)x) < |2mir|N PW).

(4.51)
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Now for # small (w.r.t. fixed m and z)

, = . (2mimT)*
Liz(e(m7)z) = Zle_g(x)T (4.52)
£=0 )

and therefore, noting that B,, = 0 for odd n > 1, considering that

N N oo
B, (2miT)" B, (2miT)" = Imt
E le n( E E i Liy_p—¢(2)
! =0

n N

B, (m)(2miT) !
n!

By_o(2miT)" tmt

l(n —10)!

Lis_n(z) + O(") = Lis n(2) + O(T"),

3M2

3
Il
o

- (4.53)

completes the proof. O

This analysis fails to give an answer when = 1. Therefore, we need to apply a different
method. Refining this can be done in a similar way described in [205]. This will be explored
in the next Section 4.4. For now, we will extend this result to the case when ¢ tends to other
roots of unity e(a/c). The main tool to deal with this is to use the previous result with the
identity

le|—1

at +c at +c at +c —|¢|
T (). - DT Ne(5 )Y s
<e<mc7'+d)x e<c7'+d>> g (e((m+ >CT+d e A+ cd/) /) ( )
which follows from
ar +b B act + be B act +ad —1 _a 1 (4.55)
ct+d  Ar+ed 0 AEr+ced 00 ¢ Ar+ed’ '

Corollary 4. [88, Lem. 2.1] For a/c € Q (with a,c coprime) and 6 € Ry, as 7 — 0 with
/2 + 6 < arg(—|c|/(*T + cd)) < —7/2 — 6, and x and m such that for { =0,...,c—1 we
have 6 < arg(e((m + €)(at +b)/(cT +d))x) < —0 and § < arg(z) < —0 we have

(D),
N f: —2mi|e])*~ %:13 <m+€)Li < <( +€)ﬁ> > 0
— (1 + cd)*—1k! 2RO )t

for v =|a,b;c,d] € SLy(Z) and as T — 0.
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This is numerically verified in Code 20. We can take for v = [a, b; ¢, d| € SLy(Z)

- ar +b a 1 a Ty
= —elc———) =e(Z)e(2 4.
T e(c7’+d> e(c 027+cd> e<c>e<|c|>7 (4.57)
where
R L (4.58)
K AT+ cd

Then the asymptotics take the form

log (§"5;,) . ~ i 27”77 ) lz Bk(”";’rg)LIQ k( ((m—i—f)%)x). (4.59)

k=0

Definition 12 (Asymptotic cyclic dilogarithm). For m,z € C and q = e(a/c) with a/c € Q
define

m-+4

(1 —e(tm+n®)a) (4.60)

A(m, z;q)

vo.’:lw

Using this function with equation ( , we have
Lig(e(ma|c\/c)x|c|)
) | = A( < )) 1 4.61
@asa),, = o (S mee()arom). @

In these formulae it is extremely important to use the principle branches of the various
roots. Moreover, one should not combine factors in the products in ways not respecting the
branching properties. Notice that that only dependence on 7 as opposed to a/c € Q is stored
n 7,.

4.4 Integral formula for the Pochhammer symbol

Lemma 4 does not allow for x = 1. This is an extremely important example. When x = 1
and m = 1 we obtain the simple formula

271 1 2w 2miT

log(e(7);€(7))ee ~ “om 3 log(7) + = " 91

This formula can be deduced from the Euler-Maclaurin formula with some additional analysis
at the end points [205]. We want to reproduce these results. In another direction, the infinite
Pochhammer is only convergent when |¢q| < 1, however, there is an integral expression that
captures all of the asymptotics and is convergent in a larger domain. The basic idea is to shift
our analysis to the more complex world and use the Abel-Plana summation method. This
results in the following theorem, which should be equivalent to the results of [29, 58, 198|.

+0(m™). (4.62)
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Theorem A—29. There exists a function (T, m, z, M) such that form € C, z € C—2miZ,
M e€Z and R(t) >0 as 7 — 0 we have

(e(mT + 2);e(7)) a1

= (e(m+ z/7 — [R(m7 + 2)] /75 ¢(=1/7)) |00y €xp (Y(T,m, 2, M)) . (4.63)

Moreover,

v(r,m,z, M) = ¢(T,m—|—%,z,M> = Y(r,m,z+ 1, M) = Q/J(T,m,Z,M—i—%). (4.64)

and explicitly,

W(r,m,z, M) = ! Lis(e(m7 + 2)) —

5in Lis(e((M 4+ m)T + 2))

2mT

+ 3 log(1 — e(m7 + 2)) + 5 1og(1 — (M +m)r +2))

i [T log(1 —e((iy/T +m)T + 2)) —log(1 — e((—iy/T + m)T + 2))
2, o(—ig/7) 1 “
i /°° log(1 —e((M +iy/T+m)T + 2)) —log(1 —e((M — iy/T +m)T + z))dy
7 Jo e(—iy/7) =1 '
(4.65)

Proof. Suppose that $(7) > 0. Consider the contour 7 depicted in Figure 4.3. We then have

M-1

1
Z log(l —e((n+m)T+2)) = % / cot(m¢) log(l —e((§ +m)T + 2))dE . (4.66)
n=1 v
Notice that the branch cuts of the integral are given by
1—e((E+m)T+2) € Ry (4.67)
which is the same as , 1
f€e—m—>4 "Rog+-2. (4.68)
T T T

Then applying the same trick as used the Abel-Plana summation formula of Theorem 27 we
have

M-1

> tog(1 —el(n-+m)7+2) - | 1081 el(e + my7 + =)

B log(l—e((€+m7+z logl—e £+m)7'+z))
_/71 1_e< dg / _1

(4.69)

de |
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. P S—
K Clmi/g)

Tlm(/e)

‘K

A S
CTlmlise)

M T 70

Figure 4.3: Contour used for summation methods for the Pochhammer symbol.

Firstly, notice that, using the branching of the logarithm, that the limit as K — oo of the
integrals around the branch cuts are given by

/ 2mi idy = [log(1 —e(—iy/T +m+ (z —k)/7))]°

eliyr—m—(z—k)/r)—17 (4.70)

= log(l—e(m+z/T—k/T)).

Secondly, we notice that as we are using the principle branches of the polylogarithms that
the limit of the integral along vy as 6 — 0 is given by

/10g(1—e((§+m)7'+z))d§ = ! Liy(e(m7+2)) —

o 2mT

S Liz(e(M+m)r+2)). (4.71)

The integrals along the horizontal contours with imaginary part /K both vanish as the
integrand decays uniformly and exponentially as K — oo. This is also uniform in M.
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I llerefore,
E n z = Li z Li M
2 og m)T o 2 mT Yt 2

+ 3 log(1 — e{m7 + 2)) + 5 log(1 — (M + m)r +2))

R(M4m)7T+2)>k>R(m7+2)

+ > log(1 —e(m + z/7 — k/T))
i [ log(l—e((iy/T+m)T + z)) —log(1 — e((—iy/T + m)T + 2))
2, (/7)1 N
i /°° log(1 —e((M +iy/T +m)T + 2)) — log(1 — e((M — iy/T +m)T + z))dy
7 Jo e(—iy/T)—1 '
(4.72)
[

This equality is numerically verified in the PARI/GP [20] Code 21. We can recover the
previous result of Lemma 4 by analysing the asymptotics of the integrals. For this, notice
that

> y Cla+1I'(a+1)
————dy = 4.73
/0 exp(2my) — 1 4 (2m)atl (4.73)
Therefore, for ¢ + 1 € 2Z~( we have
oo 14
Y —1)72_Ben
— 7 dy = (1) 4.74
/0 exp(2my) — 1 y= (=1 2(0+1) (4.74)

Therefore, we see that for ¢ € Z

> (Zy)e - (_Zy)f N/ Y (e—1)/2 Bg_t,_l 0 if 7 is even
SIL =W gy = (i)t — (=)~ S
/0 exp(2my) — 1 4 (@) = (=))(=1) 2(0+1) zgf:ll) if £ is odd

(4.75)
Note that as the following integral exponentially converges, we can extract any finite number
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of polynomial terms to find

. /oo log(1 — e((iy + m)7 + zz): lo§(1 —elziy+m)r+2)
; e(—iy) — 1
_ f::: Li;—¢ (e(mfg 2)) (2miT)" /Ooo (zi,()f_ Zyiiiyl)f dy + O()
_ f:—: Li;_ (e(mfg 2)) (2mir)’ f_ﬁ 4O (4.76)
_ i BT otme +2)) + O,

This together with the first few terms of equation 4.72 then we have all the terms coming
from equation 4.53 and the asymptotics of Lemma 4 follow.

We can find an expression for ¢ < 0 (which can always be done by choosing multiplying all
a,b,c,d,z by —1)

(e w2

c—1
e D,

= ﬁ (e((m+€)(a7+ b) + z — [?R((m+€)
=0

a7—|—b+ z
ct+d  er+d

X exp <w<CT:_d,z— (mc_g),ccl(m—i-ﬁ),]\/[))
= (e(mtar 042 = PR(mEE0+ 5 )]er) o)
XeXp(§¢(CT:_d7Z— (mc_f)’Z(m—i-E),M))
=0

= (e (m(aT +0b)+ 2 — [%(mz:—is + m_j_ d>-‘CT>;€(T)) ) exp <zp7 (T,m, z,cM)) .
(4.77)

>-| (e + d)) ; e(—cr))

[R(MT)]

where we note that a + cZ € (Z/cZ)*.
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4.5 Asymptotics of the Pochhammer symbol again

With the integral expression of Theorem 29 we can get more and prove the following asymp-
totics we couldn’t with Euler-MacLaurin® when z € 2miZ.

Lemma 5. For fited m € C as 7 — 0 we have

(e(m); (7))o

(e(m — [R(m7)]/7);e(=1/7))oo
~ (—2m’m7’)%_mm—m 2—7rexp (Bo(m)(27TZT)— ¢(2)+ Z Bk(m)(:f”) - ¢(2- k)) '

C(m)V m

Proof. Firstly, notice that

[e.9]

log(1 —e((iy + m)7)) = log(—2mi(iy +m)T Z zy +m)*(—2miT)". (4.79)

Then we find that
/°° log(1 — e((iy + m)7)) — log(1 — e((—iy + m)r))dy
0 e(—1y) — 1
/°° log(—2mi(iy + m)71) — log(—2mi(—iy + m)7) + wi((iy + m) — (—iy + m))Tdy
0 e(—iy) — 1
By - (=2mit)" [* ((iy +m)" — (—iy + m)") N
T / e(—iy) — 1 +0()

m+1>

1
_ 1 (
m + 22 og G

N—

Z 27TZ’7' Zl/% g 2k—1 BQk+2 + O( N)
E 7 £ \2k+1 2% + 2 T

/=1

(4.80)
where we have used the identity
/°° log(—2mi(iy + m)7) — log(—2mi(—iy + m)T)d
- Y
0 e(—iy) —1 (4.81)
o+ 7 | (F(m)F(m+ 1))
= im+ =lo
9 8 2mm2m ’

3This could be done directly with Euler—Maclaurin using methods discussed for example in [205] combined
with the analysis in [88, 73].
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which can be proved by for example differentiating in m and checking boundary conditions.
Then using equation (4.35) we have
1 1 2

Liz(e(mr)) = 3— ( ~ Liy(1 - e(mr)) + - — 2mim log(1 - e(mT))) (4.82)

2miT
The noting that

o

B
— Liy(1—e(mr)) = Y (—1)*'==(2mimr)" (4.83)
=1
we find that
1 B, 2
—Lis(e(mr)) = > orm (~2mir) 7 %_ — mlog(1 — e(mr)). (4.84)
Then finally we have
BK NV
log(1 — e(m7)) = log(—2mimT) + Z mt(—2mir) (4.85)
and so
1  Bi_ 2 = B
2m‘TLig(e(mT)) = 2 2! 1mz(—2m'7)£_1—£—mlog —2mimT) Ez:: ™" m (—2miT)t
(4.86)
Therefore,
1 1
—Lis(e(m7)) + = log(1 — e(mT))
2miT 2
By, , oy 2mi 1 , 1 = B g
= ; T (—2miT)"~" — o T (5 —m)log(—2mimT) + (5 —m) ; " (=2miT)".
(4.87)
Therefore, we find that combining the resulting series that
(e(m7); e(7))o
(e(m — [R(m7)]/7); €(T))ox
00 /41
By . N/ By, l+1—k
~ _ “t(_9 I — 4.88
eXp( ;e( MT);k!(ﬁJrl—k)!m (488)
271 1 , 1 C(m)I'(m +1)
~ %1 + (5 - m) log(—2mimT) — 3 log < S¥— > :

Taking the exponential of the last two terms and collecting the polynomials in m into the
Bernoulli polynomials given in equation 4.3 gives the result. O]
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This is verified numerically with the PARI/GP [20] Code 22.

Corollary 5. As7— 0 for all N € Z

(e(7);e(7))oo e LT TN
(e(—1/7);e(—1/7))s = (i) ( )<1+0( ) (4.89)

Proof. We simply substitute m = 1 into Lemma 5 and notice that for ¢ € Z>,

)
BeBii1(1) = ByBey = —%. (4.90)
O
Again we can study the more general case and we find that for j € {0,...,|c| — 1} that
<e<ma7+b _( _I_m)g).e(arjtb))
cr+d ¥ ¢/’ \er+d
c—1
~a  (m4+10)
Lo 2 (- )
g (e(( j)c le| At +cd 027+cd
- e <m+]>
~ 27T Z|C| (27TZ m+] >_ ‘C|
V 21+ cd 21+ cd ( +)
0 ; #J
1/-2 k-1
oo (S 3 n (i al(e-02)
o T e o<e<|c| 1 ¢ (4.91)
2mi (T +cd) = 1 ; —2mi|c| \ k-1 m+ j
il ed) | $ 1 B e
* 24|c| +Z k)!(CQT—I—Cd) SN ¢ )
B m + J - m+J m+ 7
= 2n/=7F (2 ) ( ] ) F( ] )

-1

mﬂim“ > m( (- )

0<<|c|~1
B(" )2 )

k—1
]

2mi N = (2mi,)
247, K
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Again using the cyclic dilogarithm from definition 12, we find that

(g -+ mg)e(C5a).

~ 2y iy (_ 2”im|TjTj%”>_W<m|Tﬁj)?F(mT+|j)_l (4.92)
L#£5 1_m+L
o(~amee) IT (=e(-0%)" " 00w
77 0<e<e]-1

This is verified in the Code 23. Specialising m = 1,j = |¢| — 1 we find
( <a7’—|—b> (aT—l—b))
e ;e
cr+d) \er+d) )

T+ ¢ _je a
~ Vc”de((_—l)__l R d) i g(l—e(éz))

Ar+cd) 24 24]e] —|c]

L (4.93)

lel

N[

To prove this we use various properties of the dilogarithm and the Bernoulli polynomials. For
the vanishing of the higher order terms we use equation (4.30) and the symmetry By(x) =
(=1)*B(1 — ).

4.6 General behaviour of ¢—hypergeometric asymptotics

Using the asymptotics of the Pochhammer symbol will allow us to determine the asymptotics
of g—hypergeometric sums. The general behaviour of such sums is understood in many
examples and there are many common structures observed at least numerically. We describe
some of this behaviour then go through some examples coming from Nahm sums. Then
we will consider some examples coming from knots, and, finally, consider a closed three—
manifold.

There are multiple ways that ¢ can tend to a root of unity. For ¢—hypergeometric functions
defined at roots of unity such as the quantum invariants of sections 2.3 and 2.4 we can
simply approach through roots of unity of increasing order. For g—series we can approach
through the upper half plane in a variety of ways. Often this is done radially, which turns out
to be the worst possible choice from the perspective of resurgence discussed in chapter 11.
This is because this ray is an accumulation point of Stokes rays coming from a peacock
pattern [69, 68|. Instead, taking the limit on some generic angle provides a better behaviour
as noticed in [85]. Finally, one can also take the limit with |G| fixed. This will be discussed
in detail in section and the asymptotics is more subtle and are discussed in Section 8.2. This
will be related to a weak form of quantum modularity. It was noticed in [208] that one
should approach roots of unity on whatever angle using modular transformations. It is then
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most natural to consider asymptotics for v = [a, b; ¢, d] € SLy(Z) as 7 — ioco of the function

evaluated at wr b " ) " -
b= o) = oo mra) - e(z)Q(ﬁ)- (4.94)

Then the asymptotics of ¢—hypergeometric functions around an isolated critical point p takes
the form

~ 1
%@ ra)
a/e\ 21 + ed

— pplafe) er +d) exp

VC, (e + d) ep(a/C)l/k( 271 >
) Ap,O,a/c + Ap,l,a/cm +

o,
(4.95)

where yi,(a/c)* =1, d, € 3Z, VC, is a combination of values of the dilogarithm function

and logarithms at points of the field K, €,(a/c) € Ogo(y/0 is a unit, 6, € K and A, 0/ €

K[e(a/c)]. Importantly, the series only depends on a/c and not ;I;Z ). and just the argument
will depend on d. The unit € we studied in detail in [34].

2mic

We can also understand the denominators of the numbers A, /.. To do this we will need
a simple sequence of numbers used in [86]. Indeed, it is shown [86, Thm. 9.1] that for knots
and all but finitely many primes the perterbative invariants defined in |45, 46] have universal
denominators. These numbers are the denominators that appear in a half shifted Stirlings
approxmation. See [177, A144618|. Take

D, = oSl [ pEielnr -2 (4.96)
p>2, prime

This can be computed using Code 1. The first few values of this sequence are given by
Dy =1, Dy =24, Dy = 1152, Ds = 414720, D4 = 39813120, ... (4.97)

With the universal denominator D,, we can in general say more and it has been observed [86]
that numerically when the critical points are defined over the ring of integers

Ap,n,a/ch(sgn € OK[e(a/c)} [C_l] . (498)

Numerically this is extremely helpful as trying to recognise algebraic integers convincingly
in a known number field can be done via the LLL algorithm [119]. The u is related to the
multiplier system of the Dedekind n-function 7.2.

We can view the constant terms of these series as a function from Q to C with addition proper-
ties on the image related to the denominator. Garoufalidis and Zagier [86] realised that these
functions have asymptotics that behave in a similar way to the original ¢—hypergeometric
functions. Their addition to the functions we consider will be absolutely fundamental for
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the later sections of the thesis on quantum modularity discussed for example in chapter 8.
To get the modularity we need to use the “tweaking factor” given by

Cc

Aabie,d] (r/s) = m

(4.99)

which gives an additive PSLy(Z) cocycle [86, Lem. 3.1]. We will see that this is in fact a
coboundary associated to the Dedekhind n—function in Section 7.2.

There are also expectations for the behaviour of the asymptotics of the coefficients of these
series. In particular, from the conjectures of [67], it is expected [86, 87| that for a,, =

Apn/ /3

M(p,p) I'(k—10)
n ~Y ; / 4.100
@, pr 27 Ze>0 (VC, — VCp)k_fap A ( )

Finally, the behaviour of the coefficients is conjectured to satisfy extremely strong properties.
In particular, these series are expected to be resurgent |67, 69, 68]. The Borel transform of
<A1>31 is expected to have analytic continuation on a star domain coming from a peacock
pattern with branch cuts with branch points at

VC,, — VC,, +47°Z, (4.101)

where ps ranges over the other critical points. This Borel transform is then expected, away
from the singularities, to allow for Laplace transforms. Moreover, the jumping across the
singularities of the Borel transform at VC,, — VC,, +4m%k is expected to be an integer times
q~k€f>;’2, which gives a finite number of asymptotic series that arise for a given hypergeometric
function. Moreover, through the work in [69, 68| we expect to be able to compute these inte-
gers determining the jumping at every branch point. This leads to a compelling conjectural

picture with strong computational power. This will be demonstrated in chapter 11.

Remark 14. For non-isolated critical points defining some variety, in recent work with
Garoufalidis [83] it was observed that periods can arise in the asymptotics of these q—
hypergeometric functions. Therefore, somewhat speculatively, it seems like a natural gen-
eralisation of this picture would be to take periods on the various varieties given by critical
points and c—fold cyclic covers when approaching other roots of unity.

4.7 The case of rank one Nahm sums

Nahm sums are special g—hypergeometric functions. They satisfy g—difference equations,
which we will see in part III. Their asymptotics were studied in detail in [88]. We won’t
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consider their full generality here but just their one dimensional versions. Take the following
sum

Famn( Z e(nk)=——— q . (4.102)

Q)
This can be computed efficiently with Code 30 for A € 2Z.

We can apply some the methods of Section 3.2 to find the leading order asymptotics as ¢ — 1
experimentally. For A € 27 we can use Code 31. To compute this leading order behaviour
we can use the results of [88, 143, 142, 206]. We will assume that A € Z however A € Q can
be handled by similar methods®.

By the Poisson summation formula of Theorem 26, for A > 1, we have

famn(a) = Ze (nk)g= T (g1 g) e
 kez
- @ :;) Z/ e(gﬂr +axm7t + (n+ E)x) (e((z + 1)7); e(T))OOdm (4.103)
114700 yeg /R
— WZ/ <§7+xm+(n+€) )(e(x—l—T);e(T))oodz.

The integrals can each be approximated by the saddle point method i.e. Laplace’s method.
In general, one of the integrals will dominate the others and we will find the assymptotics
of famn(q) is determined to leading order by the asymptotics of this integral. The leading
order of the integrand is given by

2

RN —

= o oy Lin(e(x) - L AT 0T o ) .
o\ (@mizr ? (2mi)?r 6 27T T ’ ’
and therefore, the critical points are given by solutions to
0 1 1 7 A
— Z(—Li S B 0)
"= o <(27ri)2 bel) — gz T3t Ft e (4.105)
) .
= —%log(l —e(x)+Az+n+{.
The exponential of the solutions X = e(z) satisfies the algebraic equation
1-X = e(n)Xx4 (4.106)

4For A < 1 one will need the relations given in Section 6.3.
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which generically has finitely many solutions. This equation appeared in a more general
form in equation (1.89) in relation to the Bloch group, which we will return to in Section 7.4.
Therefore there will in general be a finite number of saddle points of each integral.

Example 38 (A =2,n=0,q=1). This example is computed with Code 32. We have the
Nahm equation

1-X = X? (4.107)
which has solutions Y Y
1 5 1 5
X1 = —5 — 7 and X2 = —54—7 (4108)
Therefore, for k € Z
1, = 0.50000--- —0.076587---i + k, (4.109)
Top = 0.076587---¢+ k. '
Then 1
5 log(1 —e(z14)) + 22016 +¢ = 2k +0+1,
71T ¢ (4.110)
—% log(l — e(ZEQ’k)) + 2.%2’]@ + /= 2k + /.
Therefore, the critical values are given by
2
VCi = Lis(e(z1y)) — % + (27?2')2:16%,,€ — (2mi)? (2k + )y g
11
= 72377+ 47%k(k+1) = —m* +47%k(k+ 1),
) 15 (4.111)
. ™ . .
VCsy = Lis(e(zay)) — - + (27?2)2x§’k — (27‘(’2)2(2]’0 + D)oy
1
= —0.65797- - + 4n°k* = —sz + 47%K?

Therefore, we see that the largest contribution to the asymptotics is given by the critical point
x90 for any argument of T. We then want the asymptotics of the integral

1 2 5
—T(q; e /TR e(7 +zm + €;> (e(z +7); e(T))OOdz. (4.112)
When € = 0 the contour plot of
1 1 72
Y R I 9
J<(2m’)2L12(e(x)) (2mi)? 6 Tz > (4.113)

1s given in Figure 4.4. This figure shows that we can deform the contour to the critical point.
Notice that the asymptotics of the integrand at the critical point is given by
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Figure 4.4: Contour plot of the imaginary part of the leading order of the logarithm of the of
the integrand of the integral associated to the Nahm sum with A =2 and { =0,—-1,—-2,-3
respectfully. This for £ = 0 has a critical point at zoy = 0.076587 - - - ¢. This figure was made
with Mathematica [101].
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o

T 2 miT)k
(—zT)%e@Q,Om T 2% 3 B (1)(; ) Ll?_k(e(m))) , (4.114)

Therefore, we see that the method of steepest descent gives rise to the asymptotics when
T — 0 on any angle

(1+---). (4.115)

VCZQ —1> Xéﬂ
mo(e(r)) ~ e o
f2, ,0( ( )) ((27”)2 T \/X2+2(1—X2)
The higher terms can similarly be computed using Laplace’s method of Theorem 28. Given
this is one dimensional this can be done to high order. We can also perform this computation
numerically and we find that for all N € Z

fao0(e(r)) ~ e<(\;§rjz2)02_71) NGor 21<1 = Xﬁe(é) (1+0(™)). (4.116)

Given that the asymptotics actually give rise to a convergent function we can subtract and
study exponentially small corrections. This is a manifestation of modularity and we will study
this example from that perspective in Section 7.4. However, the coefficients of these conver-
gent asymptotic series are given exactly and their asymptotic behaviour is then completely
determined.

Example 39 (A =4,n=0,qg =1). This example is computed with Code 33. This example
has been studied in detail by Matthias Storzer in relation to work on his thesis. We have the
Nahm equation

1-X = Xx* (4.117)
which has solutions
X, = —1.2207---,
Xy = 0.72449 - - -,
2 (4.118)

X3 = 0.24813--- —1.0340-- -7,
Xy = 0.24813---+1.0340---7.

Therefore, for k € Z

1, = 0.50000---—0.031745---i + k ,
Tor = 0.051293---7 4k,

T3 = —0.21252.--—0.0097740---¢ + K,
ZTap = 0.21252---—0.0097740---i + k.

(4.119)
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Then
1
5 log(1 —e(z1x)) +4x1 +0 = 4k + 0+ 2,
1
5 log(1 —e(wag)) +4aor+0 = 4k + ¢,
1 (4.120)
——log(l —e(xsy)) +4xsp +4 = 4k +0—1,
271
1
~5— log(l —e(xyr)) +4xgp +0 = dk+ 0+ 1.

Therefore, the critical values are given by

2
VCy, = Lis(e(z1y)) — % +2(2m)%a2, — (2mi)? (4K + 2)1 4

= 8m?k(k+1) +17.203---
2

VCyy = Lis(e(zaz)) — % + 2(2m‘)2x37,€ — (2mi)? (4k) o 4

= 872k —0.50498 - - - ,

2

VCs; = Lig(e(zsy)) — % +2(2mi) %2, — (2m0)2(4k — )23

= 47%k(2k — 1) 4+ 3.1656 - - - — 0.98137 - - -7,

2

VCyr = Lis(e(xg)) — % + 2(27m')2:ci/1C — (270)?(4k + 1)xyy,

= 47%k(2k + 1) + 3.1656 - - - + 0.98137 - - -4 .

(4.121)

Therefore, we see that the largest possible contribution to the asymptotics is given by the
critical points x99, T30, T4 depending on the argument of 7. We then want the asymptotics
of the integral

1 22 .
7 . ' : 41922
(43 @)oo /TRe< T +Zm+57>(e(2+7)7e(7))oodz (4.122)
When ¢ = —1 the contour plot of
1 1 2
X | B 5 T2 - 4.12

s giwven in Figure 4.5. This figure shows that we can deform the contour to the critical point.
Notice that the asymptotics of the integrand at the critical point is given by

1 T 1 <= Bp(1)(2miT)t
(—ZT)ée(m,oerﬂJr%“ at )(k! ) ng_k(e(m,o))). (4.124)
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Figure 4.5: Contour plot of the imaginary part of the leading order of the logarithm of the of
the integrand of the integral associated to the Nahm sum with A =4 and ¢ = —1,0,—-2, -3
respectfully where 7 € R. For ¢ = —1, this has a critical point at x40 = 0.21252--- —
0.0097740 - - - 4. This figure was made with Mathematica [101].
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[+(~ )|

e
(= G| //
| |

l 0.26125 = arg(VC4y0 — VCZO) arg(VCQ,O — VC370) =2.8803 T

arg(7)

Figure 4.6: Exponential growth around each critical point with largest critical points for
A =4 Nahm sum.

Therefore, we see that the method of steepest descent gives rise to the asymptotics when
T — 0 1s on a small angle just above the positive reals

VCyo —1 Xm
(@ 7) ¢

@rif 7 ) /X, s a1 - Xa)
The higher terms can similarly be computed using Laplace’s method of Theorem 28. Howewver,
when T — 0 nearly radially we find

VCQ’O —1> Xén
mo(e(r)) ~ e o
f47 70( ( )) ((271’@)2 T \/X2—|-4(1—X2)

The particular solution that dominates the asymptotics depends on the argument of 7. Indeed,
whichever is larger between

CEY. G5 ). e o)

Jimole(r)) ~ e +0). (4.125)

(14---). (4.126)

We plot the absolute values as a function of arg(r) when |7| = 1 in Figure 4.6. Besides
a global constant, the asymptotics give rise to series that are defined over the number field
associated to X* + X —1 = 0. By applying the methods of Section 3.2 and the LLL
algorithm [119], we can numerically compute exact values for around one hundred of these
coefficients with little effort. Letting

§ = 4-3X, (4.128)

the coefficients are all Galois conjugate and the first couple for m = 0 are given

A(] == 1,
—64+ 100 X + 18 X2 — 54 X3
A = :
24 §3

4 — —104876 + 113812 X + 29836 X2 4 17388 X3 (4.129)

> 1152 66 )
" —79093616 — 1648464240 X + 2928617760 X2 — 694542712 X3

3 = .

414720 6*
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Figure 4.7: Plots of poles and zeros of the [50/50]-Padé approximate of ®(+).

Then, we can consider the asymptotics of the coefficents a, = Ak/\/g and we find numerically
that as k — oo

1 ['(k—19) , 1 INUEEY
(p1) = (p3) (pa)
Uk 21 Z (Vngo — VCLQ)k*Z K 21 Z (VC470 — Vclyo)kfeag

£>0 >0

ap”’ o~ ——

(2) 1 T : Pk=0 o, 1 3 Lk—0

211 >0 VC?),[) — VCZ())k*E ¢ 21 >0 (VC470 — VCQ’o)kfe ¢ (4 130)
g0 Ly TE0 '
k 27 ~o0 (VCQ,O — VC&Q)ki[ ¢

1 T(k - 0)
(pa)  __~ (p2)
Uk 21 Z (VCZQ — VC470)k76 e '

>0

This indicates that these series have factorial growth and therefore taking the Borel transform
of Section 3.7 get what seem numerically to be convergent series with radius of convergence
at various values |VCqo— VCyol|. In fact, we expect branch points at all [VCqj — VCy ;|. We
can explore this numerically in a variety of ways. Firstly, we can take the Borel transform
and then apply a Padé approximation from Section 3.6. As was illustrated with the logarithm
n Figure 3.5, branch cuts appear as zeros and poles of the Padé approrimates. For the series
with embedding py, we get Figure 4.7. On the other hand we can use Remark 13 and take
the Borel transform and then apply some conformal maps, which switch the nearest critical
points. For example, the Borel transform of the series associated to ps has nearest critical
point VCq o — VCyg. Therefore, we can take

_ § B - "
V= NG, oV e O & Vo= Ve (4.131)

Ezpanding in ¢ we see that the critical point at & = VCy9 — VCyg is now pushed to oo.
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Indeed, we can compute and find

> alPt) o0 (pa)
Ay Eo_ Q. B w k
Z ['(k) 5 B (k) <(VC2:0 VC4,0)er 1)
- o (4.132)
= (0.016346 - - - + 0.13260 - - -4 )t) 4 - - -
+ (—1.5668 - - - — 3.3495 - - - i) x 10" x ' + O(y'*).
On the other hand
oo k—1
T(k—0) o) N
Z Y ((VCy0 — VCyyp) >
2 J(VCro - VC (v, 0T
_ (m o0 N o v (4.133)

0.0050461 - - - 4 0.014682 - - )h + - - -
(=

+ (—1.5668 --- — 3.3495 - . z) x 1010 % ¢125 + O(wl%)

Therefore, we see that there is a critical point at VCy o — VCyo and the numerics indicate
the behaviour around the branch point. The other singularities can be similarly analysed. We
can do this for the singularities closest to zero and find a the matrix

(M0 = | Z1 |1 o (1) : (4.134)
0

To compute the question marks we need to compute more coefficients of the asymptotic series
and perform a more detailed analysis. However, with the conjectural behaviour of the Stokes
phenomenon these can be compute as seen in chapter 11.

These examples and the analysis was associated to the element

(g _01) € SLy(Z) . (4.135)

We can extend this to the case when we take

v = (Z Z) € SLy(Z), (4.136)
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Indeed, again using the Poisson summation formula, assuming A € 2Z~, we have

k +km g 1,
( + ‘l'y)oc

Z e(nk)q,y

(@73 dv) oo ficy

fa,m,n(dy)

lel—1
A (kle|+7)2+ (k| c|+r)m r ~
= > > elnlklel +r))a? @ g ) e
(@v; qw)oc r=0 k€EZ

le|—1 A
1 rZ4rm k2c2 4 Ak|c|r+klelm 1
= > e(nr)g? }:emk\cw% (@1 g ) e

(qw?QW)M r—0 kez 4
1 le|—1 24 rm A, . ( 137)
= — Z e(nr)q,\, Z e(nk\c|)e(7k le| Ty + AkrTy + kma + km?«,)(d,’fr e(kTy); Gy)oo
(@v;@v)oo ;=0 iz 2
1 lelZ1 T +7m 1
= — Z e(n'r)q,y Z / \ c| Ty + (nlc] +ma+l)z+Ar7‘,Yz+m7',Yz)(q:+ e(x7); §vy)oodx
(dvidvy)oo =0 e

le] =1 A
1 + 1 A x
= — E (nr)q,y r¥grm E — /. e(i~ 12|c\ + (nlc| + ma + £) — +Arz+mz)(q:+1e(z);q.y)ocdz
(quqW)oc r—0 tez Ty JFAR 27~ Ty

Using the distributive property of the dilogarithm from equation (4.37), the critical points
correspond to solutions of

01 A
0 = L~ Lig(e(|elz)) + =a?|c| + <n|c| +mld® + f)x
Dz |c] 2 ¢ (4.138)
1 a
= 5 log(1 — e(|c|z)) + Ax|c| + nlc| + m|c|z +/
Again taking the exponential X = e(x) we find that
1— Xl = e(n|e| + m|c|2)xAH (4.139)
c

Many of the structures we explored for v = [0, —1; 1,0] will also hold here and turn out to
be the same. However, an important outcome of considering these series is that to each root
of unity we can obtain such a series. The full series is of interest but most important for this
thesis will the constant terms. We will compute these constant for the previous examples.

Example 40 (A =2,m € Z,n = 0,q = e(1/c)). This ezample is computed in Code 32.
Consider

o= (i (1)) € SLy(7Z). (4.140)

Then we want the asymptotics of the integrals
/ (—]c|x + (m + 6) + 2rx + mx) (@ e(x); Gy)soda . (4.141)
7R

Applying the saddle point method and using

: c—1 1 rdle
Liy (2! 1 3T

(@ e(@); ) ~ oxp (—Qm‘cm)H(l_e(<r+1+s>z+x))2 (1+0(7)), (4.142)
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we find as T — oo and for X21/|c| = e(x90/|c|) we have

=1 (1 _ o(pL)) "2
f2,m,o((77) N e(( VCay > =1 (1 e( ))

2mi)2lel 7y / /]| X/ (1 — Xa) + 2|c| -,
|§ qr2+rmX§2r+m)/|c| .

X ——(1+0(7)).
r=0 H|i61(1 _ qr+s+1X21/\c\)%_% y

Then numerically we can explore and find that for all N € Z

7 b - . VC =1 (1 _ g (pL))7 2
Somo(@y) ~ @ﬁ’;i?m(ijLO(TVNH)) _ e<( 2,0 ) e (1—e(l1))

2mi)?|c|7,/ \/]e| Xa/ (1 — Xa) + 2]¢] o
lg qr2+rmX2(2r+m)/|c| 7~',Y . .

X i 1e< )(1+0(% )
ST — gresrrx /19y e -3 7\ 60]d] 2

These constants vanish for certain m when ¢ + 5Z = 57 and we find exponentially small

corrections again which we will return to in chapter 8. However, we can study the asymptotics
the coefficients of these series as ¢ — oo. We have for ¢ = e(a/c)

le]—1 %*l le|—1 r24rm y (2r+m)/|c|
o) (o) = e G-d) " ¢ X 4.145
ofemn(0) = X,/1-X;)+2 2 jel—1 e (4149)
Vel X5 /(1= X5) + 2fe] 7= [T — gresrix /) T =
Therefore, using the cocycle [86, Lem. 3.1] denoted A, which has
1
Af0.—1: = 4.146
0.-1:1.0) (%) denom(z) numer(z) ’ ( )
we have
o), 4(0) = e rz)elP ()l (O)e<_—1>e<_—1 : )
—1/z,0 60 z, 1/1,0 60x 60 denom(z) numer(z) 4147
11 @(02) 0 @(Pl) 0 —1 —1 1 ( . )
—|—e<@$> z,1 (0) 1/170( )e<@>e<

60 denom(z) numer(x)) '
Example 41 (A=4,m € Z,n=0,c € 1+ 2Z,q =e(2/c)). Consider

7= (i (1 +1c)/2) € SLa(2).

(4.148)
Then we want the asymptotics of the integrals

2
/ e<~—|c\x2+ (2m—|—€)~£ +47’x+mx)(~”1
AR Ny Ty

3 e(r); Gy )ood . (4.149)
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Applying the saddle point method and using equation (4.142), we find as T — oo just above

the negative reals and for Xl/‘ 4= = e(x40/]c|) we have
|c| 1 -1
~ ~ VCip (1 —q ) :
famo(@y) ~ ‘I)(pi)m 7,4+ O(FNT) = e( TR )
(@) ~ Hn 5+ O] = e\l ) o =X =4
(4.150)
le|—1 q2r2+rmX(4"'+m)/‘C‘
X -(1+0(7,)) .
; H'Cl 1( B r+s+1X1/|C|)r+s+l 2( (T’Y>>
We can also numerically calculate the asymptotics of the constant terms and find
% 271
27(0) ~ e Z el 3, (). 4.151
i/z0(0) ~ e (27i)2denom(x)numer(x) —=1 (031, T ( )

4.8 The case of simple knots

Example 42 (Trefoil 3; [204]). In Example 13, the coloured Jones polynomial of the trefoil 3
was given and we can therefore write down the Kashaev tnvariant

Jo(3159) Zq Gai = a 'Y (@ ha e = ) (DT Rgg. (4152)
k=0 k=0

This is an element of the Habiro ring of Section 5.8 so can be evaluated at roots of unity and
formally with ¢ = exp(h) as
73 43

~ 31861
. _ (I)(po) . -1 2 ) 3 4 5
Jo(31; exp(h)) (31;—h) + h” + 2h° + —12FL + 5 R+ 260

Now applying the methods of Section 3.3 we can calculate numerically that for n € Z as
n— oo

RS (4.153)

ToBrie(—1/n)) ~ e(1/8) n*? (;i )e (2241)+q><ﬂ0>(31 72;”) (4.154)

One can compute the leading order behaviour as was given [20]]

T(k—(+3/2) 1\
\/_Z J@/ )<—ﬂ) . (4.155)

In the same paper, Zagier gave q—series that whose radial limits matched those of the series
above. In particular, the strange identity of the title refers to the fact that for’

_ __i ( ) =1)/24 (4.156)

°See, for example, [176, Def. 3.2] for the definition of the Legendre symbol.
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as ¢ — 1 radially we have
fle(=1/7)) ~ @¥)(3;;2mi/n). (4.157)

Example 43 (Figure eight knot). This example is computed in Code 35. In Example 13, the
coloured Jones polynomial of the figure eight knot 41 was given and we can therefore write
down the Kashaev invariant as we did in equation (2.62)

Jo(diq) = Y q FEI (g q)7. (4.158)
k=0

Recently, [85] studied the asymptotics of q—series related to 41. Similarly, great detail was
given in [86] on the asymptotics of functions at roots of unity. We will summarise some of
these results and include the computations that lead to the series introduced in [70]. Firstly,

we have
vCP) — = 2.0299...; (4.159)

The asymptotic series computed to first order in [5] and to many orders in [208], and sub-
sequentially by others for the Kashaev invariant is given by

Jo(41;e(=1/n)) = ®°)(27i/n)
Ve ye(1/8) 11 2mi 697 2miN: (4.160)
<(2Wi)2n) \/—_3<1 24,/=3> n +1152¢——36< ) " )

The various properties of the asymptotic series are considered in [86]. For example, the
analogue of the matriz of equation 4.13/ is given in [86, Eq. 39/ as

n

01 —1
(M(p,¢))pe = |0 0 =3]. (4.161)
03 0

They also compute the constants of the asymptotic series and give their asymptotic in Sec-
tion [86, Sec. 3.1]. However, we plot the poles and zeros of a Padé approximate in Figure J.8.
Around 2010 somewhat by chance and a little help from grep, Garoufalidis and Zagier made
a remarkable discovery [85]. They found that this series occurred in the asymptotics of a
g—series not at the time known to be related to the figure eight knot. Taking

o0 k(k+1)/2
q .
g(q) = § (—1)" Gl 1—q—2¢>—2¢° —2¢* +¢® +5¢" +7¢° +11¢° +--- , (4.162)
k=0 ’

they found that as T vertically approaches 0

gle(=1/7)) ~ \%(@pﬂ(gm/ﬂ+$<ﬂz>(2m‘/7)), (4.163)
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%
&

Figure 4.8: Plots of poles and zeros of the [145/145]-Padé approximate of ®(2).

where we note that (/I;(”)(h) = —z'@(pl)(—h). This can be thought of as some kind of analogue
of a strange identity for the figure eight knot. Then Garoufalidis and Kashaev factorised the
state integrals of [8] in [73]. This led to the series g(q) and an additional series

G(q) = Z(_DkM( —4Ghi(q) +2) Lt qj)

— (¢; )i <1 — ¢ (4.164)
= 1—7¢— 14¢> — 8¢° — 2¢* + 30¢° + 43¢® + 95¢" + 109¢® + 137¢° + - - - .
where
1
Gilq) = =5 +a+20°+2¢" +3¢" +2¢° +4¢° + 20" + 46" + 3¢ + -+, (4.165)

is the first Eisenstein series discussed and efficiently computed in 7.1. Garoufalidis and
Zagier [85] then observed that

Gle(=1/7)) ~ /7(®¥)(2mi/r) — B (27i/7)) . (4.166)

They then consider various other properties of the asymptotics as we did for the A = 4 Nahm
sum of Bxample 39. While the series g(q), G(q) have asymptotics that see ®(P) ®P2)  they do
not have any asymptotics that see trivial connection i.e. the series Pr2) of equation (2.69).
The important point, which was much of the initial motivation for the next part I11, is that g
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and G are both special values of a rank two g—holonomic system. Their asymptotics therefore
also come as part of a g-holonomic system where ¢ = e". However, the Kashaev invariant is
part of an inhomogeneous rank two system and therefore is in an extension. Therefore, one
must find a g—series that solves an associated inhomogenous rank two q—difference equation.
The series that does this appears implicitly in [85] however was not noticed until this work.
In particular, take

0 k(k+1)/2 /4 o +gin2 1 k ¢
q q q
B(q) = —1'“—(—(—46‘ q)+ 2 > - — + —) 4.167
& kz_; ) (07 \8 ) ;1—qj 24 ;(I—W (4167)
Then one can observe that
R 32 3/2
&(q)(e(—=1/7)) ~ @) (—2mi/T) + Eqﬂm)(m/r) + Eqﬂ’?)@m‘/ﬂ. (4.168)

4.9 Half surgery on the figure eight

Example 44 (41(—1,2)). This example is computed in Code 36. We will explore the asymp-
totics of the WRT invariant of this manifold. This was given in Example 16 so that for
q € v we have

-1 (¢ q)2k+1
(1—-q)l(q) = (—1)kg 2kl D22 (4.169)
o;k (4 9)e(q; Qe

We have already seen aspects of the leading asymptotics of this function in Section 2.5. In
particular, the difficult case is when q = e(1/N) where N € 7Z and there is polynomial
behaviour. Understanding this in our case will be best done in Section 8.3. Regardless, we
can use the methods of Section 3.2 to calculate the asymptotics numerically. Before this some
data associated to the manifold is given. The trace field is the number field of type [5, 1] with
discriminant —7215127 (a prime number), generated by a root of p(x), where

p(€) = & =€ =26 + 66" — 116° + 66> +3¢ — 1. (4.170)
Then let
§ = —126% 4 1565 4+ 316 — 7463 4 13362 — 666 — T4 (4.171)

We index the solutions and therefore in particular the connections or critical points of a
stationary phase approrimation and the values of 0 the one-loop and the critical values or
the complezified volumes by

VC; = 20.297..., 5, = —11.578..., £ = —2.2411...

VCy = —6.7857..., 5y = —12.636... € = —0.43760. ..

VC3; = —0.11620.. ., 53 = —83.275..., €3 = 0.25599...

VC, = 9.2837..., 5, = —7.0205..., £, = 1.3348... (4'172)
VCs = 2.1202..., 55 = —5.3937..., €5 = 1.3483...

VCg = 4.8678 - —i1.3985..., &g = 3.9517--- —i0.15252..., &g = 0.36981--- —1.4410. ..

VC7 = 4.8678---+i1.3985..., &7 = 3.9517---+40.15252..., €7 = 0.36981-- +i1.4410... .
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Now we can apply the oscillatory asymptotic method of Section 3.3 to compute the asymp-
totics when ¢ = e(—1/N). Applying the method at N = 500 which needs the values at
500 to say 1010 and with parameter €(0.1),e(0.3),e(0.4),e(0.7) we find exponential terms
respectfully

0.94313---+0.33243---4, 0.093109--- + 0.99566 - - -7,

: . (4.173)
—0.99606 - - - — 0.088638 - - -7, 0.47135--- —0.88194---7.
These agree with the values
VCs VG, VG, VG,
- - — - —= 4.174
P ( 27i ) X ( 27i ) P ( 271 ) P ( 271 > ’ ( )

as predicted by Witten’s asymptotic expansion conjecture as these are the SU(2) Chern—
Simons values with the exception of the missing 1. With more data and precision this can also
be seen with the method. Similarly, we can compute the asymptotics when e(—1/(N +1/2)).
This has leading asymptotics

(0.89275- - - + 0.87392 - - - 4)F k50000 (0 41564 - - - — 1.0444 - - -4) . (4.175)

This can be recognised as

exp <_\2/_7%(k+1/2)> \/m&\/g) <1+A§6>%7172 + AP <k:-27172>2+' ) (4.176)

The next few coefficients can be computed as

1497746 3014838521575 1
1345119 2732414541176 &
2453 A" 3070755 —TALTS0812283 i —158.75- - 4+i57.225 . ..
LLsogoq® | = | 2082815 4107826806919 o= (84862‘.___2.924.76”‘)
672 —839488  —1690529009777 :
—283405  —574198051621 2
383432 771765277669 g
(4.177)

Before considering the asymptotics of the coefficients, we can also consider an associated
q—series. We will discuss its calculation in more detail in Section 6.9. This series was first
calculated in [92] however we use the following formula proved in Proposition 10,

Z(q) _ Z (_1)k+éq%3k(k+1)+%€(f+l)fk (C]; Q)e . (4.178)
0<k<¢ (q; Q)zk(Q§ Q)Lk

The asymptotics of this functions will depend on the angle at which q approaches 1. If this
1s done radially then we find that

~ VC e(1/8 —271 —271\ 2
Z(q) ~ exp(—ﬁT)ﬁ%(l—i—A?) : +A;3>( : ) +> (4.179)
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Interestingly enough the SLa(R) connection has appeared. This means that we can compute
numerically all the Galois conjugates of the elements Ag. This is of great aid in numerical
computations as we can use this to quess these numbers, which now involves recognising inte-
gers once we have removed the denominators D,6°". With the values at k = 100000, 101000
using these three different sets of asymptotic we can recognise around one hundred and ten
coefficients. The last recognisable number with the data I have used is Ajrg, and Ay1463*2 D11y
is in the ring of integers and in this lattice the size of the integers that appear are 101041
which means further computations one needs a large precision.

With these values we can compute the asymptotics of the coefficients and using optimal
truncation can find the first few sub—leading terms and find numerically that for a; = Ak/\/g

(0)
~ 4.180
Zmz vc —vce O (4.180)
>0
where
0 7 —-11
T 7T 0 -1 1
o?» 7?7 7 7 =11
T 7T 0 -1 1 (4.181)
o 7 =11
77 1 1 0 O
7?77 -1 -1 0 O
Finally, for the trivial connection
n R N 25 , 1621 195601 _,
(1—eMII(e") = > ap'h _—h——h—Th—Th e (4.182)
k=0
numerically we observe that
7
(0) Mog k? 6—}-1/2) )
ay) ~ Z_ Z 0V - (4.183)
=1 T >0
where
7?7170 -11) (4.184)

The leading order of this expansion was noticed originally by Stavros Garoufalidis in a note
he gave me when I started work on this subject. These matrices can be explored in more
detail using conformal transformations however we will give a more detailed conjecture on
their structure in chapter 11.
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In another direction, we can of course consider the asymptotics as q tends to any roots of
unity and we find additional series there. Again we are interested in the constants of these
series. To calculate these we can use the techniques of Section 9. We use the solutions to

0= (1-Xo)(1—X;'Xy) — Xy,
0 = (1- X2 = XPXo(1 - X' X).

These have solutions with respect to our generator of the trace field

X1; = —3+11& 4207 — 1567 + 68, — 287 — 47,
Xoj = —9+19¢; + 76¢7 — 52&7 + 20¢F — 487 — 13¢5

Then letting
A = —257 4 806¢ + 94762 — 749¢3 4 331€6* — 133¢° — 213¢5

the constants of the asymptotic series can be computed as follows

T \/<1 — XP)(1— Xo)(1 - X' Xo)
—1/z,0 ce(q) A
2k+L—m k41 _ ) /e (i B e
y qk2+ke—mk+ﬁX1 c X Hfzé(l _qz+1+l—kX1 1/ X21/) (i+14+L—k)/c—1/2

Then we can check the asymptotics of these coefficients to find

. V; Y o 2 (0 2mi
@(Pz) 0) ~ < _ J )(I)(pj) 0 q)(Pb) ( _ _) .
“1/eml0) ~ (27i)2denom(x)numer(z) 20 (O3 T

c—1 i /ey o c—1 i 2/cN (4 o .
kEL/CL. [Tico(l—gq +1+ZX2/ YO /e=12 T (1 — ¢ +1+2kX1/ Y (it 142k)/e—1/2

(4.185)

(4.186)

(4.187)

(4.188)

(4.189)
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g—difference equations
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Chapter 5

How to solve a g—difference equation

Linear differential equations have a long history motivated from trying to understand real
world physics. From the mathematical side the first examples we study are the equations
satisfied by the logarithm and exponential. Besides these basic functions, Gauss’s hypergeo-
metric function o F7 and its second order differential equation is the next interesting example.
This function was then understood from a global perspective by Riemann who used analytic
continuation to define monodromy. Fuchs then continued this study to more complicated
equations with what we call regular singularities. Then Frobenius put this theory in a defi-
nite form giving an algorithm to construct solutions. This can then be extended to the case
of irregular singularities, where the associated Newton polygon has slopes. This leads to
exponential singularities. This leads to divergent solutions, the need for resummation and
Stokes phenomenon.

This theory of differential equations can be completely carried over into the world of ¢-
difference equations. The analogue of Gauss’s hypergeometric function was introduced by
Heine. Basically any property of Gauss’s function will have an analogue for Heine’s function.
For example, Barne’s contour integral can be replace by Watson’s. Frobenius’s theory can be
used to similarly construct solutions to g—difference equations. In fact, there are some aspects
that are better behaved in the world of g—difference equations. However, they already behave
in a more global way. Indeed, the variable of such equations naturally lives on C*. Often one
is interested in constructing solutions around 0 and co. Here irregular singularities lead to
f—functions and similarly divergent solutions. These divergent solutions can be resummed to
construct meromorphic solutions to g—difference equations. Here the monodromy is stored
in a matrix that takes a basis around 0 to a basis around oo called the monodromy matrix
or Birkoff matrix.

There is also a striking difference to differential equations and that is in the description
of ¢g. In constructing some kind of solutions we need to know what ¢ is. For examples
we could have |g| # 1 which needs to some kind of g—series solutions. We could have ¢ a
root of unity or we could have ¢ = e" where & is a formal variable. This leads to many

213
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different solutions depending on the form that ¢ takes. It also depends on the variable of
the g—difference equation. If this variable is of the form ¢™ then this can alter the form of
the algorithms that we wish to apply. The natural question that this then leads to is how
all of these solutions are related. This is most beautifully described by the state integrals of
part V, where functions not only satisfy a ¢—difference equation but an uncoupled ¢—difference
equation.

5.1 Linear ¢—difference equations

The theory of g—difference equations can be developed analogously to that of linear differ-
ential equations. Homogeneous linear g-difference equations can be described as modules of
the g—Weyl algebra denoted V. This is defined as the algebra generated by! z, o, such that

X = qroy, (5.1)

where ¢ is central and will often just be in C*. Notice that equation (5.1) is homogenous
in 0, and x as opposed to the analogous equation (3.51) for the derivative. This algebra
does come with the extra structure of a natural involution ¢ : W — W defined so that for

f(z,q) € Q(z,q)
Wf(z,q) = flz,q7"), and o(f(z,q)0?) = f(z,q o™ (5.2)
Extending this to an algebra homomorphism is well defined as
o f(x,q) = uflgz,q)0) = flg ', Yo' = o7 flz,q7) = wo)(f(z,q9). (5.3)

This algebra acts on smooth functions in variables x, ¢ and on formal power series in x with
coeflicients functions in ¢ via

(o2f)(x;9) = flgz;q), szak(CI)ﬂﬂk = quak(q)xk,
(@f)(xq) = af(xig), =Y a(g)a® = Y api(g)a”

k

(5.4)

To see this action is well defined notice that

(ozxf)(x59) = (2f)(qr;q) = qxf(qr;q) = qu(o.f)(x;q9) = (qro.f)(x;q).  (5.5)

For a given problem, we are interested in certain modules. These will often be generated by
functions or power series satisfying equations of the form

N N N;
S ai@oif =0, Y > Y ay@)d Var(g)a* =0, (5.6)
=0 k

i=0 j=0

1To be more precise one can replace x by f € Q(z,q) with the relation o f(z,q) = f(qz,q)o.
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for some a;(x;q) = Z;.VI:"O aij(q)x?. This generator is referred to as a cyclic vector. This can
naturally be extended to many variables.

There is a natural map from the ¢—Weyl algebra to two variable polynomial ring. In particu-
lar, if we formally set ¢ = 1 then the relation between x and o, simply becomes commutation.
If we have a module defined by a cyclic vector then the minimal element of the ¢—Weyl al-
gebra that annihilates the cyclic vector will be set to a polynomial and the vanishing set of
that polynomial will be called the characteristic variety and an invariant of the module.

We will see that there are many examples where we would like to specialise x to specific
values. Often these will simply be = ¢°. These special values will be related to special
points on the characteristic variety, which can be important for the links with K—theory 7.4.
For interesting ¢—difference equations, z will not be the elliptic variable of a Jacobi form.
However, at special points in x the object we get left with can have very strong modular
properties for Example 57.

We see that in this case the Weyl algebra acts on functions in b, ¢ as follows

(02/)o(0) = fora(q), and (zf)(q) = ¢"folq). (5.7)

This can be related to the action on power series in z, as seen in equation (5.4). This is
related to the Fourier transform as discussed in [78, Sec. 5.1].

Remark 15. One can always take the solutions with continuous variable x and construct
their specialisation by taking combinations with elliptic functions so that the expansion around
x = ¢’ at lowest order gives rise to solutions to the discrete equations.

Given a basis f) of solutions to the ¢-difference equation (5.6), one can construct the

Wronskian
f(l) e f(N)
O.n—lf(l) O.;z—lf(N)
which satisfies first order equation
axW(f(l),w 7f(N)) — AW(f(l),«~~ 7f(N)> (5.9)
where
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
Ala;q) = : : : 0 (5.10)
0 0 0 0 1 0
0 0 0 0 0 1
_ao(me)  _aa(mg) as(mg)  as(wmg) . an—2(x9)  _ an—i1(z;9)
an(z;q) an(z;9) an(z;9) an (z;9) an(z;9) an(z;q)
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is the so called companion matriz. Suppose we have two bases of solutions f®, ¢ then
letting U = W(f® ... fM) VvV =W (gWM ... ¢I)

o,(VIU) = VAT AU = VU (5.11)
Therefore, we see that V~1U satisfies the following equation;
(6, —1)f = 0. (5.12)

Solutions to equation (5.12) are functions f with f(qx;q) = f(x;q) i.e. elliptic in z with
respect to ¢. Therefore, given solutions to a g—difference equation we are free to take linear
combinations with coefficients elliptic functions in x to construct more solutions. These
elliptic functions are sometimes referred to as pseudo-constants. Notice that for x = ¢ we
see that the elliptic functions will reduce to functions constant in m. Even in this case, in
simply finding solutions, we have the freedom to multiply by functions in q.

Suppose we have a module of the ¢~Weyl algebra with basis f = (fi,--- fx)*. Then there
is some A € GLy(Q(x,q)) such that o,f = Af. Then for P € GLx(Q(z,q)) we can take
a new basis ¢ = P f which satisfies 0,9 = Bg, where

B = (cP)AP™ . (5.13)
Conversely, if we have two modules with bases f,¢g and A, B such that o,f = Af and
0.9 = Bf, then the two modules are equivalent exactly when there exists a P which relates

A and B as in equation (5.13). This equation is numerically testable. Indeed, assuming P
has polynomial entries the equation

PB = (cP)A (5.14)

is linear in the coefficients of the polynomial in P.

There are two natural duals to these modules over the g—Weyl algebra. These were discussed
in [82] and we will briefly mention them again here.

Definition 13 (Duals of modules of the ¢—Weyl algebra). Suppose that M is a module
of the q—Weyl algebra. Then we define MY to be the module of the q—Weyl algebra with
Q(z, q)—module

MV = HomQ(iB»Q)(MaQ<:U7Q))7 (515)

with action
(¢-f)9) = af’(9)
(z- f')g9) = 2f"(9) (5.16)
(- ")) = a(f'(c'g))-
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where the inner o=' acts on M and the outer o acts on Q(z,q). We also define M”" to be the
module of the q—Weyl algebra twisted by the canonical involution ¢ so that it has Q-vector
space

M" = M, (5.17)
with action R Lon
q- " =q f
r-fN = af" (5.18)
0_th — O_flf/\’

where the action on the RHS is the action in M. In other words, we have M" =W ®, M.

One can check that this is well defined. The following lemma describes what happens when
M is endowed with a basis.

Lemma 6. Suppose that M has a basis fi1,. .., f, over Q(x,q) then {f; :j=1,--- ,r} such
that f}(fi) = dij is a basis of MY and {f{* : j = 1,...,r} such that f’ = 1®, f; is a basis
of M". Moreover, if

S fi
ol | = Alz,q) | : |, (5.19)
fr [r
then
f iy f T
ol| : = Alz,q) | o |, and of : = A(qu,¢ )7 1| : (5.20)
A A f £

These dualities will be important in relation to proving quantum modularity. Next, we will
consider some simple rank one modules.

5.2 The Pochhammer symbol and the —function

Definition 14 (Pochhammer symbol). For z € C and |q| < 1 let

(#:0) =[] —2d). (5.21)
Then define
() = (@i Q) (5.22)
T (24" ¢) o0’

which simplifies for n € Z to

) i —a¢)  ifn>0
(@) = { H;{l)(l_xq_j)_l e (5.23)
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The Pochhammer symbol satisfies a first order ¢—difference equation

(1 —x)f(qz;q) — flz;q) = 0. (5.24)

We can calculate the Taylor series around z = 0 of (z;¢)s using the g—difference equation
and the initial condition at * = 0. This method is one of the main tools when proving
identities.

Lemma 7 (¢-binomial theorem). [206, Prop. 2] For x € C and |q| < 1

= (-1 —xk. (5.25)

o0 k(k—1)/2
k=

0 7

For |z| < 1,|q| <1 we have

=1
=y ", (5.26)
) (4 k
Proof. Let
gF =12
ag(q) = (=1)* . and  f(z;q) Zak . (5.27)

(@ @)k

The quotient of consecutive terms in the sum and t;(qa; q) are given by

(g —q"
ola) | T g 02
which shows that
flwiq) = flamiq) = Y (1= ¢"ar(@e® = o) d*aw(z;q) = —2f(gr;q). (5.29)
k=0 k=0
Therefore,
(1—2)f(qz;q) = f(2;9),
nl 5.30
F(@"w ) [0 = 2) = fla:iq), (530)
7=0
and so
f0;9)(z39) = f(x:9). (5.31)

Then, as f(0;q) = 1, Equation (5.25) follows. A similar proof works for Equation (5.26). [
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These expansions allow us to give a natural definition of (z;¢). for |g| > 1. Notice that for
lg| > 1 we have

i il 1)/ N i 1 (o) 1 (5.32)
— — (g a (@774 oo

The next fundamental solution to a g—difference equation is given by the f—function.

Definition 15 (Jacobi §—function). For x € C and |q| < 1 let

O(ziq) = D (=1) ¢ Db (5.33)

keZ

This is the Jacobi 8—function but often we will just refer to it as the 6—function.

The #—function satisfies the first order equation

qrd(qr; q) +0(z;q9) = 0. (5.34)
To see this notice that
0(z;q) = Z(_l)qu(k—f—l)/%—kxk _ —q_lx‘l Z(_1)k+1q(k+1)(k+2)/2xk+1
kEZ keZ (5.35)
= —q 'z 0(xq).
Then by induction
0(¢‘z;q) = (—1)q¢ "D 2579 (x: q) . (5.36)
Using equation (5.32) we take
O(z;¢7") = 0(¢ "as9)7" (5.37)
Moreover,
0(z7"q) = (¢ '50). (5.38)

We can prove a product formula for the #-function using Lemma 7.

Theorem A—-30 (Jacobi triple product identity). We have the following identity

0(x;9) = (425 @)oo(T™; @)oo (45 @)oo - (5.39)

Proof. From Lemma 7, we see that for 1 < |z| < |¢7?|

9(3:; q) k k (k+1)/24+m

_ Z Z Lrrm—t

S G S v m(¢; Q)e

1)£+m+k (=mAk)(E=m+1+k)/2+m (5.40)

_ - q ok
=2 Z (¢ D (g5 ) '

kEZ £,m=0
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Again using Lemma 7, for k£ > 0

1)1k /2

Z (ql_k_é;Q)oo =0,

&0 (_ 1)€+m+kq(6—m+k)(Z—m+1+k)/2+m

Pt (¢ Om(a; 0)e — (¢:9)e
(5.41)
for k <0
i (_1)€+m+kq(ﬂ—m+k)(é—m+1+k)/2+m _ i (_1)m+kq(k—m)(k—m+1)/2+m(q1+kim‘q) _
Pt (4 Q) (a3 9)e — (4 @)m T ’
(5.42)

and finally for £ =0,

m m (m+1)/2

i (@™ Do = (G Do (5:43)

0 (_ 1)€+mq(£fm)(27m+1)/2+m

2.

£,m=0

(4 D)m(a;9)e

Finally, analytic continuation implies the equality holds for x € C*. O

5.3 The Pochhammer symbol near roots of unity

The Pochhammer symbol satisfies a g—difference equation and therefore so will it’s asymp-
totics. Therefore, we can phrase this for the results of the computations of Section 4.3 and
Section 4.5. Firstly, the constants give rise to a function from roots of unity for generic
parameters, which satisfy a ¢-difference equation for ¢ € pu.

Lemma 8. The cyclic dilogarithm of definition 12 satisfies the q—difference equation
(1—qg™z)A(m+1,2;9) = A(m,z;q). (5.44)

This gives a solution to the module of the infinite Pochhammer symbol at roots of unity.
However, when = = 1, this equation become degenerate at roots of unity and we find the
Pochhammer symbol has asymptotics given in Lemma 5. The asymptotics of Lemma 5 still
satisfy a ¢-difference equation where ¢ = e(a/c+7,/|c|) as a formal series in 7, for a/c € Q.
We can do the same when = # 1 giving an all orders version of Lemma 8. Firstly, let

Doy, 7)) = exp (Z 27rz7'7 = |Z Bk<m+€>Li2_k (e((m+£)%>x>> (5.45)

Lemma 9. The formal series from equation 5.45 satisfies the q—difference equation

(1 —e(ma/c+m7,/|c|)x)Pyjc(m +1,2,7)) = Pgje(m,z, 7). (5.46)
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Finally, the case where x = e(—ja/c) for j—m € {0, ...,|c|—1} we get a difference equation
for the series of Lemma 5. Let
(i)
¢]

g

Doje(m, j, 7y) = 2my\/—iT, (- 2m’ﬁ%7>cl <i> I
c

]

27m7'7 k 1 & m+ O\ . .a
X exp (Z Z Bk( ] )L127k (e((é - J)E)) (5.47)
k=0 0<6<|c|—1
oM ~= (2707, )P m+j
_E+Z a B ] )4(2_’“))

Lemma 10. The formal series from equation 5.45 satisfies the q—difference equation
(1 —e((m—j)a/c+m7y/|c])Paje(m+1,5,7y) = Poje(m, j, 7). (5.48)

Note that in this case the power of 7, changes with m. This is fundamentally due to the
fact the difference equation leads to multiplication by 0 at leading order and we will see that
this corresponds to slopes on an associated Newton polygon discussed in Section 5.4. We
can then consider the #—function at roots of unity using the triple product. We then need
the function given in equation (8.8) and again here

ord(q)—1
e(q) = vV—i H (1-¢" 2 @ (5.49)
Corollary 6. We have
A(m+2,2;0)A(-m—1,27Y9)e(q) = —¢ ™ e A(m 41,25, 9) A(=m, 271 9)e(q) (5.50)
The all orders version uses
Dose(m+ 1,2, 7)) Poe(—m, 27, 7)) Poye(1, || = 1, 7)) @ase(1, e — 1, 7)

og(—e(malc|/c)z!h)?
= eXp(—1 B(=elmalcl/c)z™) )A(m+1,x;q)A(—m,x1;61)6((?(@/6)) (5.51)

47m'\c|7~'W

X e (m+1)* = (m+1) ——7).
(-3t )~ 5l
Corollary 7. We have

Dye(m + 2,2, 7))y e(—m — 1,27, 7))@y e(1, |¢] — 1,7,)

~—m— 1

5.52
= —q, lq)a/c(m + 1,x,7~’7)<l)a/c(—m, I_l,%y)q)a/(xl, |C| — 1, 7:7) . ( )
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5.4 The Frobenius method

Linear g—difference equations can be solved formally in a completely analogous way to differ-
ential equations. We start by computing a Newton polygon. To each edge we can construct
solutions. Firstly, we flatten the edge by multiplying by a 6—function, which is the analogue
of multiplying by the exponential when solving differential equations. Then we solve an
associated indicial polynomial and finally a recursion for the coefficients in an expansion.

Remark 16. We saw that the constants associated q—difference equations are elliptic func-
tions solving equation (5.12). Therefore, for algorithmic construction of solutions we need
to choose a solution to equation (5.34). We have a solution with good analytic and modular
properties so all of our constructions will be relative to this convention.

The basic Ansatz for our solutions will be functions of the form

(x;q Zak p_z)q)) (5.53)

where ag # 0 and (using equation (5.37)),

0(z";q") if k>0,
0.(x;q) = { 1 ifk=0, (5.54)
O(q"z";q7 ") if k>0,

which is the analogue of equation (3.74). Take a g—difference equation

Ziai,j(q)xjaif =0, (5.55)

i=0 j=0

which we can assume has this form with the addition of some «a;¢(¢) # 0 by multiplying
on the left by powers of . The Newton polygon is defined to be the convex hull of the
points (i, j) where «; j(q) # 0. Suppose that f is a solution to equation (5.55) then taking

g9(x:q) = 0(z";¢")f(x;q) we have

0= Zi:az‘,j(Q)ffjff"(O(w”;q“)‘lg (z:9)) = ZZ@U V2 0(q 2% ") o'y

=0 7=0 =0 7=0

(5.56)

— z m (i+1)/ az,j(Q)

ZO]O

ol .

Therefore, we see that 0(z"; ¢") f(x; q) satisfies a difference equation whose Newton polygon
is given by the original Newton polygon sheared parallel to the vertical axis with weight
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k. Therefore, by multiplying by an appropriate 6 function we can flatten any edge of the
Newton polygon of a ¢—difference equation satisfied by a function.

This deals with the first part of our Ansatz (5.53). Therefore, assume that on the bottom of
the Newton polygon of the difference equation (5.55) satisfied by f there is a flat edge and
take k = 0. Then we can substitute the Ansatz into equation (5.55) to get

0 = p l’ q ZZQZJ x]iak(q)qukp’
=0 5=0 k=0 (557)
— p ZL’ q xj-f—k . o zk z.
PEf

Therefore, as we assume that ag # 0, taking the 2° term divided by a, gives

Z%,O(Q)Pi = 0. (5.58)

We assumed that some «;(q) # 0 and moreover that the bottom of the Newton polygon
has a flat edge. This implies that there exists i; # iy € {0,...,7} such that oy, o(¢) # 04
and o, 0(q) # 0. Therefore, equation (5.58) gives a polynomial equation for p of order the
length of the edge, which is at least one. This polynomial is called the indicial polynomial
of this edge. Suppose first that py is a root of multiplicity one such that pyg” is not a root.
Substituting this into the g—difference equation gives the system of equations for k£ € Z>

0 = Z 27 Af— ] O./” Q)qi(k_j)pé

r min(s;,k)

= Zazﬁ b+ Y w9 o,
=0 j—1

(5.59)

which by assumption on py gives a recursive computation of a; in terms of lower order
terms. More generally, if there are n roots of the indicial polynomial in pyg” counted with
multiplicity, then we can get n solutions coming from these roots. Suppose that pg is a root of
multiplicity m and that pygZ<° are not roots. Then take aj, = ax(€; q) with ag(e; q) = O(e"™™)
so that

Zazo & q)ppe’ = O(<"). (5.60)
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Now substituting ppe® + O(€™) into the g—difference equation we get equations

r min(s;,k)

0 = Z ar— (& @) ;(0)g"* 7 pe™
=0 j=0
r r  min(s;,k) (561)
= ar(e9) Y iolg)g*phe” Z ar—j(6 Q)i ()" pe’,
i=0 =0 j=1

This completely determines ay(e;q) + O(€") in terms of ag(€; q) + O(€2"~™) and moreover

ar(€;q) = O(e?) . Often we will choose ay(€; q) = €™ but imposing this generally could lead
to slightly less natural normalisations. These € deformed solutions correspond to logarithmic
solutions of differential equations coming from equation (3.76). These solutions will just be
formal solutions as the a; can give rise to divergent series. To make these into functions we
need to apply some resummation procedure.

Remark 17. If we take a discrete version where x = ¢ for m € Z then we can apply the
same techniques however we will take the Ansatz

o0

(=1)"g 2N " ay(q)g o™ (5.62)
k=0

These methods will be illustrated in an example associated to the figure eight knot 4, defined
in Section 6.5, which was discussed in [82].

Example 45 (A difference equation for the figure eight knot). Consider the q—difference
equation,

tf(tq) + (1= 3qt)f(at;q) + (3¢t = 1) f(¢*t;q) — ¢°tf(¢°t;q) = 0. (5.63)
This has Newton polygon depicted in Figure 5.5. We can apply the Ansatz and solve for the
edge of slope minus one. this has k = —1 and indicial polynomial
1—q¢'p' = 0. (5.64)
Then setting ao(q) = —(q; @)%, we find the solution to the recursion
(1 — ¢ ®arlq) — 2a5-1(q) — ¢" Lar_a(q) = 0. (5.65)
given by

gE1/2

k
an(a) = (@)% (1 k+1— . (5.66)

~ (4 2)e(a; Q)i
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Figure 5.1: The Newton polygon of equation (5.63).

This gives a solution

k(k+1)/2

. oo k
g - s S

¢ Q)e(q Qe

Finally, the edge of slope 0 has solution
FOtq) = D (=1)Fq 02 (g gtk

k=0

We can apply the method at infinity. We get the recursion

(1=3¢""p+3¢" 70" — ¢ )ar(a) + 4" p(1 — " p)ar—s(q) = 0,

to find an € deformed solution

k(k+1)/2 o (k+1/2)e L0

qe q (qe5 )%
g(t,6q) = Z

(93 = (g% q)3 0(t; q)

225

(5.67)

(5.68)

(5.69)

(5.70)

(5.71)
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ging some solutions

00 LR
9(t;iq) = 1)t
(ta) = 21"
00 1 Ql(t_l'q) k 1+qj qk(k+1)/ L
Gltia) = 3 (=261 5 = G + 3 1L
2 0t tq — 1 — ¢ q;q
(g T2 G 5o
> /1 1 0@t g 1+¢)\°
tiq) = “( =2 S AU Y ,
®(t:q) ;(Q< Gla) = 5 - +;1_q3)
16" t—l; 16 t_l; 2 1 k(k+1)/2
pa0 i) LU L Gy ) (T,
where
0 (t;q) = Z(—l)kqu(kﬂ)/ztk, and 0"(t;q) = Z(—l)kk2qk(k+1)/2tk. (5.73)

keZ keZ

5.5 Resummation of divergent solutions and monodromy

The formal solutions constructed in the previous Section 5.4 can be made into meromorphic
functions via ¢—Borel resummation. This was studied, for example, in [51, 97, 165, 181]. We
will define the g—Borel resummation of a series associated to a g—difference equation. With
the conventions we have set, the g—Borel transform of a formal series of weight k is

Be ) ar()2® = Y (=1 ay(g)" (5.74)
k=0 k=0

When |g| < 1 and £ > 0 this of course improves the convergence of the series. Assuming
that it is convergent, we can define the ¢—Laplace transform of a function of weight x > 0

Iik K
(Lof)(x, X q) Zf KkAM 7). (5.75)

kEZ

Importantly, the Laplace transformation for x > 0 introduces an additional variable. This is
refered to as g-Stokes phenomenon. This was discussed in more detail in [82]. Notice that
it is elliptic in the new variable A

(L), qXq) = (Luf)(, A5 q) . (5.76)

To define the Laplace transform when x < 0 we take

C)wia) = § FEGDB/Ea ) g (5.77)
j¢l=¢ m



5.5. RESUMMATION OF DIVERGENT SOLUTIONS AND MONODROMY 227

Noting that

n[)\f{ $k
_1 ﬂqnf(f-‘rl)/Q-‘rKZk‘)\H(ﬂ-f—k) — _1 kq—ﬁk(/ﬂ-f—l)/Ql,k ’ 578
Z 9 fd)\/i Ii Q(Am, q ) ;( ) ( ) ( )

LeZ

we have the lemma similarly for the x < 0 by the residue theorem.

Lemma 11. If f(z;q) is a polynomial in x then
L.B.f = BLof = [. (5.79)

Note that the statement of this lemma is slightly subtle as the various vector spaces involved
as domains and codomains are all different in general but agree when restricted to polyno-
mials. The first basic analytic property of the Laplace transform is an analogue of Watson’s
lemma.

Theorem A—-31 (¢—Watson’s lemma). [51, Prop. 1.9] If f(x;q) is a meromorphic function
for x € C* and has an asymptotic expansion® as x — 0

q) ~ > ar(q)x”, (5.80)

with ag # 0, then, if L.(f) is convergent we have

[e.e]

L.(f)x, X q) ~ Z Yeq R 20, (q)ak (5.81)

k=0

The next basic properties of the g—Laplace transform describe the behaviour of the additional
elliptic variable. These are given in the following two lemmas, which give integral expressions
for the Laplace transforms of positive weight. Moreover, the first determines the dependence
on the additional elliptic variables in terms of the poles of the function on which we apply
the Laplace transform. These lemmas appeared in [82].

Lemma 12. Assuming that

- fEtq)b(n'A""6q) d§
=0 Jigzex 0(En~1q)0(ENY; q) 2mig

where € avoids the poles of the integrand we have

Cl(f)(t7 /\7 Q) - 'Cl(f)(tv 2 Q>
IOl v, JEDIA TG q) (5.83)
0L @)0(usq) 2. R TOENT T )0(En 1 )

2This involves some kind of uniform bound on the distance to the poles if they accumulate around z = 0.
See [51] for more details.

(5.82)

zEpoles of f
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This type of residue formula for the Laplace transform is similar to the definition of the
Laplace transform for k < 0. We can find a similar expression for a single Laplace transform
using a special function called the Appell-Lerch sum studied in [211].

LqFED/2 )\

L(t, A\ q) = m%(—n ql—W' (5.84)

Using this we have the following integral expression for the Laplace transform for x = 1 and
a similar expression can be given for x > 0.

Lemma 13. We have

dg
—1y-1
(Lif)(t A q) =D Rese_ g LEAT N, q) f(EME, q) i (5.85)
keZ

Deforming the contour and the residue theorem give the following lemma.
Lemma 14. Assuming that

lim LETNL N ) f(EX q) de =0 (5.86)

e—0 |€‘:€i ’ ’ ’ 27TZ§
where € avoids the poles of the integrand we have

dg
_ ~1

zepolesof f

Notice that all the dependence on ¢ and A is now in the arguments of the Appell-Lerch
sums. This illustrates the important role the residues of the Borel transform play in the
resummation.

We can study the affect of these operations on the Newton polygon of a difference equation.
Notice that

r

0= B0 = B, S 0@ (0 )ma) = B30  ansladarla)g o

i=0 j=0 =0 i=0 j=0
_ Z Z Z aivj(q)ak(q>(_1)k‘-l—jan(k-&-l)/2+njk+mj(j+1)/2+ik§j+k (5.88)
k=0 i=0 j=0
— ZZO‘W g 2L (G TRIB (€5 q) |
i=0 j=0

Therefore, the weight x g—Borel transform satisfies a g—difference equations that has a New-
ton polygon, which is a weight x shear parallel to the horizontal axis of the original Newton
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polygon. The same kind of calculations can be used to show the same shearing property of
the g—Laplace transform when it is convergent.

As with the case of differential equations, the divergence of a particular solution is determined
by the slopes of the Newton polygon. Suppose that we consider a solutions from a flat edge
of a Newton polygon which also contains an edge with negative slope. Suppose that the
largest negative slope is x,,, and i is the smallest value for which «;, ¢ # 0. Then, we have
the recursion

i9g—1 min(s;,k)

' - i(k—j3) i ie
ai\€;q) = I3 e 7 e ( e E q @i 1(9)q e
( ) Zi:io Oéi,o(q)q““poe Z Z —J J( ) Lo

i=1

r min(s;,k

DD SCRTAETELS

1=1g

io—1 min(s;,k) (589)
T3 a ( pheie ( > > ailadai(@d™ e
i=ig ~ 40 1=0 j=[(i—i0)km |
+> Z ax-(6 @) (a)a"* g’
i=1g
Therefore, as k — oo we have

k2
ar(e;q) = O(q2n). (5.90)
Therefore, taking Borel transforms B, , ..., B,, with Y " | k; = 1/|k,,| will lead to a conver-

gent, function. Moreover, this convergence will satisfy a ¢—difference equation, which can be
used to explicitly construct an analytic continuation in the Borel plane. This continuation
will have potential singularities whose position is determined by the zeros of Zjozo ao;(q)2’.
This continuation is therefore meromorphic for ¢ € C i.e. £ = 0o could be an accumulation
point of poles.

Finally, we want to apply a sequence of g—Laplace transforms to get a meromorphic function
that satisfies the original g—difference equation. To apply the correct sequence of Laplace
transforms we use the following lemma.

Lemma 15. [51, Prop. 1.13] Suppose that F(z;q) = > ,—, ax(q)z" is a formal solution to a
difference equation with smallest negative slope kyr and suppose that K < —1/kyr. Then, if
the q—difference equation satisfied by B.F has a meromorphic solution f, L.f is convergent
and satisfies the q—difference equation of F'.

Therefore, we see that at most we can only apply a weight —1/kj; Laplace transform to our
the combinations of Borel transforms. However, after applying this we can apply the lemma
to the new difference equation. Iterating this we get the following theorem.
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Theorem A-32. [51, Thm. 1.10] Suppose that F(x;q) is a power series solution to a

q—difference equation with negative slopes K1, ..., Ky,. Letting
1 1 1
pr = ——, and for i>1 p; = - —, (5.91)
K1 Ri—1 K4
we have,
(Lp - LBy -+ B F) (@, A1, Ams Q) (5.92)

1s a meromorphic function and satisfies the q—difference equation of F.

In this way, we can construct a set of meromorphic functions solving a particular g—difference
equation. Moreover, using Watson’s lemma we can see that this gives a basis filtered with
respect to the slopes of the Newton polygon. This shows that we have a natural construction
of a basis of meromorphic functions to a g—difference equation.

Example 46 (Divergent series for the figure eight knot). Take the formal solution f W(t; q) =
0(t; ) (q; )2 f D (t; q) given in equation (5.68). Then

- o0 ey QEEFDARY 2D /4
Buaf7i60) = ,gzzo(_l) (43 (g 9)e (593)
is holomorphic for |£| < |qg~/*|. Then, using the functional equation
(1= 26" Byaf (€, q) + 26B12f V(0" 6, q) = Bipf D (a6.9) =0, (5.99)

we can analytically extend away from & € j:q’l/‘”%zﬁo where there are poles. Therefore, we
get the meromorphic function

0(t; A
f(l)(ta )\7 Q) = (q< q2> £1/2Bl/2f(1) (ta )\7 Q)

q)
) By FD) (a5 \ ,
Q(t(,])q) 5 2fM (g2 )t q) (5.95)

(9% el 9((]%)\;(]%)
0(t; q)

= Y (1) TIANB, 1 f D (g2 At ).
(:0)30(X: ') =~

where this formula uses the analytic continuation of Bl/gf(l). We also had the solution
FO(t, q) from equation (5.69). For |¢| <1, we have

BifO¢q) = D (g:0)ig", (5.96)
k=0
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which can be analytically continued away from & € ¢%<0 using the relation

(1= )B.fO(E,q) +206B1f (a6, 0) = €8 f V(%€ q) = 1. (5.97)
Therefore, we define

1

f(O)(ta)‘27Q) = 9(}\2q)

D (=DEFFINB FO (¢ Mot ). (5.98)

kEZ

So up to some initial conditions we can solve g—difference equations algorithmically. We
have seen the methods that apply at the two special points 0 and oo i.e. the points fixed
under the action x — gx. This algorithm leads to two Wronskian matrices, one based at 0
and one at oo. These satisfy the first order equation (5.9) and taking their quotient gives
a matrix of elliptic functions as in equation (5.11). This matrix is called the monodromy
matriz. This matrix stores important information such as the ¢—Stokes phenomenon and in
general its computation can be a difficult problem. In some simple examples coming from
g-hypergeometric functions, I studied this with Garoufalidis [82] so that for our working
example of the third order equation associated to the figure eight knot 4, we find

Theorem A—-33. [82] The monodromy matriz of the difference equation (5.63) is given
explicitly as

-1 0 ,p(t7q/)/\
M(t A Doiq) = | Maa(t A g) 1 J20a=d0ea) (5.99)
0 0 1
where
0(qt; Q)0(tX; )0 (tAg~ Y2 q)0(tN2q~ 1/
Mai(t, A, q) = (qt; Q)0(tA; )0(tAg /%5 )0(tN*q~ %, q)

O(tAg"/*; q)0(—tAq" /% q)0(tAg=7%; q)0(—tAg /% q)0(q~ A q)0(q A5 q)
(5.100)
and @, ¢ are the Weierstrass elliptic o—function and its derivative.

The modularity of M gives the ability to compute this efficiently as this should lie in a space
of Jacobi forms discussed in Section 7.5, which is finite dimensional once some conditions on
the poles are specified.

5.6 Identities between ¢—series

This section involves somewhat the opposite question of solving g—difference equations, that
of proving ¢—series identities. It is important for the previous question of computing mon-
odromy. Proving g—series identities will be an extremely important aspect of computations
in examples that come later. Besides some simple explicit computations I know essentially
one catch all method for the kind of examples of which we are interested.
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In practice, proving an identity between two g—series is difficult. Indeed, proving the value
of two functions at a special point is potentially an extremely difficult problem. However,
as with many aspects of mathematics, deformations become a powerful tool. Proving the
value of two function is the same becomes a much easier problem when one can show the
two functions satisfy the same differential equation and that they have the same boundary
conditions. This is exactly the same with ¢—series identities. If one can show that two
sequences of g—series of two functions in x and ¢ satisfy the same ¢—difference equation and
that they have the same boundary conditions then this allows for a proof of the desired
identity. Although this sounds good in general there is one issue. If you start with a special
value then you need to find the right deformations.

For certain identities between g—hypergeometric functions this has been thoroughly under-
stood not only theoretically but algorithmically [209, 194]. This is implemented in [168]. The
other important tool is that the constants of g—difference equations are elliptic functions.
These elliptic functions are computable as we understand the algebra of elliptic functions.
One of the basic and important points is that every entire holomorphic function on an elliptic
curve is constant from Liouville’s theorem.

5.7 Solutions when ¢ is near one

We can solve ¢-difference equations when ¢ = €”. This gives formal series in /& with certain
functions as coefficients. If we leave the variable x as the coefficient, then we will take
solutions given by the WKB Ansatz

D(z;h) = RO/ exp ( Z Sk(x)hk> . (5.101)

k=-1

Here the x will be determined by a slope of an associated Newton polygon while S_; will be
determined via an analogue of an indicial polynomial. Firstly, we define the Newton polygon
of a ¢-difference equation® expanded in powers of A given by

ii%‘,j(@ﬁja@(m;fi) = 0, (5.102)

i=0 j=0

3With all factors of (1 —¢)~! cleared.
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as the convex hull of (¢, j) such that a; j(x) # 0. Then choosing the correct x we can flatten
any edge of the Newton polygon. Notice that for a smooth function f we have

= h* 9 \*
Z '371"5 x)|h:0 - ;y(mya_) f(y:b’)|y:1
00 m k k ) k
=2 ,j > Sk, <yas>| -y Z (h, 02t fO)  (5:103)
k=0 =0

k=0 ©e=0
= J@) b af @mht (22 o f )

Therefore, given a flat edge of the Newton polygon, we get the following analogue of the
indicial polynomial

ZO&g] x) exp(lxS’ | (z)) = 0. (5.104)

In particular we see that this gives an algebraic equation for exp(zS” {(x)) which defines a
meromorphic function on the characterisic variety of the g—difference equation.

Therefore, substituting the Ansatz into a g¢—difference equation and solving order by order
in £ gives a sequence of differential equations for Si(x) which uniquely determine it up to a
constant. Indeed, with this Ansatz once we solve for S’ ; we will find equations of the form

Sp(x) = fi(), (5.105)

where fi only depends on the difference equation and S for ¢ < k. There is an ambiguity at
each power of h as we only get equations for the first derivative. Fixing these constants and
the x and S_; then uniquely gives the solution. This method was used for the fl—polynomial
of Theorem 18 in [47]. Assuming the AJ conjecture 1 the fact the characteristic variety
appears indicates that the A—polynomial appears and gives rise to the complexified volume
in a way that is also expected from the volume conjecture 3. We apply this method to the
previous equation.

Example 47. We have the q—difference equation
tD(t; 1) + (1 — 3e")D("t; h) + (3¢t — 1) (e*t; h) — "t (¥ t:h) = 0. (5.106)
This has one edge of slope zero and we get the indicial polynomial

0 = t+(1—3t)exp(tS () + (3t — 1) exp(2tS’ (t)) — texp(3tS" ,(t))

— (1 —exp(tS",(£))(t + (1 — 2t) exp(tS", (£)) + texp(2tS” (1)) . (5.107)

This gives two solutions up to constants

exp(tS’,(t)) = 1 andso S_i(t) =0, (5.108)
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2t —1++/1—-4
exp(tS’ (1)) = t 5 t and so

LiQ(%u +VIo 475)) . Lig<%(1 Y 4t)> + %(log(l VI 40)?
—log(—1+VI—4) + 2<log(—1 + T —4t) — log(1 + v1— 4)

+ log (_11—:—\/1%» log(—4t)

- 2(1og(—1 + /1 — 4t) log <%(1 + M)>
+ 2(10g(1 + /1 —4t)log (%(1 — M)>) :

lOz

iR

~~
~

S—
I

(5.109)
Using this we can solve for Si(t) by considering the h term of
O(et; h O(e2t; h O(e3; h
b (1 =3ty ZEED gy ) RETHR) g, QETER) (5.110)
O(t; h) O(t; h) O(t; h)
Noting that we have
&D(emht; h) m? 2

W = exp (mxSLl(ac) + (TxQSfl(x) + meSil(x) + mxSé(x))h +-- > (5.111)

we can compute the h term as

—16t3(—1 + 6t + 2t(—1 + 4t) S} (1))

= 0. 5.112
(—1+V1I—4)* 1 ++V1—-4t)v1—4 ( )
This gives Sy(t) and integrating we find that
-1 1

Following the same procedure we find the equation for Si(t) given by
(=1 4+ V1 —4t) (=1 =5t +6t%) +6(1 —4t)*(=1 +/1—4t +4)S;(t) = 0,  (5.114)
which when solving and integrating gives

—12? + 2t —1
24(1 — 4t)3/2

Sy(t) = (5.115)
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Figure 5.2: The Newton polygon of equation (5.116).

We saw that letting ¢ = e we can solve difference equations with asymptotic series depending

on . Now a simpler method to solve these equations is to let x = e™". Doing this, the
method will again follow exactly the same method we used to solve g—difference equations
in terms of g—series, however, there will be again a different Newton polygon. The Newton
polygon will be the same as we used for fixed x, however, now = can contribute A terms. For
example,

o+ (1—1z) (5.116)

would have a flat Newton polygon shown on the left of Figure 5.2 for fixed x while for z = e™"

it would have a Newton polygon with one edge of slope —1 shown on the right of the figure.
We then solve using the Ansatz

0 o k
O(m;h) = RO, exp (Z oz_Lgmghzfl) Z Z apm'h* = Ry, d(ms k). (5.117)
(=2 k=0 =0

where again x come from the slope of the Newton polygon, =, solves a recursion correspond-
ing to solving the indicial polynomial and the others can be solved recursively from these
solutions. We can consider our previous example with z = ¢""

Example 48. Consider the q = e analogue of equation (5.63)

emh(I;(m; h)+ (1 — 36(m+1)h)(/15(m +1;h)

~ ~ (5.118)
+ (3™ _ DD (m + 2; h) — "TIND(m 4 3;h) = 0
This has Newton polygon shown in Figure 5.3. We find the recursion for ~,, give by
Ym — 2’7m+1 + 27771—&-2 — Ym+3 = 0. (5119)

The solutions then come in the form ~,, = p™ where

PP =202 +2p—1 = (pP*—p+1D(p—1) = 0. (5.120)
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Figure 5.3: The Newton polygon of equation (5.118).

The three solutions are

(2

and py = 1. (5.121)

N | —

Then we have

™ (m; B) + (1 — 3™V pod(m + 1; h)

5.122
+ (3e™ M — 1) pgd(m + 2; h) — e i (m 4 3;h) = 0. o122

Therefore, taking ®(0; h) = 1 we can calculate the h term in the expansion of equation (5.122)
to find for p=1/2 —+/—3/2 that

(4 —3vV—=3—-2V-3m)a_1, + %(—3 —3V-3—-2m—2v-3a;;) = 0. (5.123)

Then solving this triangular linear system for a_; 2,041 we find that

1 b}
Q_192 = —2—\/__3, and 11 = _6 (5124)
This gives
V=3 b}
O(mh) = 1+ (Tm2—6m>h+---. (5.125)

Taking the solution we found for the t dependent version in Example /7, we can substitute
t = e™ and find the same solution. However, this method is a slightly simplified complexity
of course with the pay off of less information.

These algorithms give rise to efficient ways to compute solutions to g—difference equations as
asymptotic series. For certain series, there is an even more efficient way to compute them.
This makes use of the Habiro ring, which will be the topic of the next section.
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5.8 The Habiro ring

Definition 16 (The Habiro ring). The Habiro ring is defined to be the inverse limit,

—

Zlg) = limZ[q]/((; @)n) - (5.126)

This means that an element is represented by (h,(q) + (¢; ¢)nZ|[q])nez., such that for m <n
we have

ha(q) + (6 O)mZlg]l = hmlq) + (¢ O)mZlg] - (5.127)

Therefore, all elements in f € Z@ can be represented, non-uniquely, via a sequence fi(q) €
Zlq) by

= > fel@) (@ k- (5.128)

Example 49 (Non-uniqueness of representatives in Z@) [94, Prop. 7.1] We have the
following equality in Z|q|

1= > d"Mgahk (5.129)

This follows from the fact that

Zq'““ (Ge = > (@ -D(Goetd (e = =Y (59) HZ (¢;9)x = 1. (5.130)
k=0 k=0 k=1 =

Remark 18. As pointed out, for example in [126], the Habiro ring can be thought of as a
deformation of

7 = limZ/(n!Z). (5.131)

To each element of the Habiro ring, we can associate a function from roots of unity, ju, to

C. For f € Z@ represented by fi.(¢) we define a function? f : yu — C such that for (" =1
we have

n—1
FQ) = ) OGOk € ZICT. (5.132)
k=0
This is well defined as the evaluation map at roots of unity sends all but finitely many of
the ideals (q; ¢)nZ][q] to zero. This function uniquely determines the element in the Habiro
ring, as shown in the following theorem.

4This is a slight abuse of notation as we are using the same notation for both the element of the Habiro
ring and the function. This is justified by Theorem 34.
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Theorem A-34. [94, Thm. 6.3] If f € Z[E] and f : p — C is the zero function then f = 0.
We will prove this theorem shortly but first; notice that there exists ¢, € Z such that

—

q) € Z_ el —DF + (g —1)™Z]q]. (5.133)

This expansion is called the Ohtsuki ezpansion [148] and its existence follows from the fact
that for some fi(q) € Z[q], we have

—_ — —

fla) € )y fuldg ok + (69)mZlgl and  (q;9)mZlg] € (¢ —1)"Z]q] . (5.134)

Lemma 16. Suppose that f € Z@ If p is a prime,

p—2
= > ), (5.135)
=0
and .
Fl) ey elg—DF+ (¢ — 1)"'Z]q], (5.136)
k=0
then,
p—2 /
cLp = (k) ay (mod p). (5.137)
=k
Proof. Notice that
(G =1 +pZ[G) = TG+ L+ PZIG) = PZIG) . (5.138)

Therefore, reducing (mod p)

N

M~

p—

FG)+97i6] = S adty =1+ 1) 4221G) = 3 Jauty~ 1 4526

o - B (5.139)
— Z )k ( )ag + pZ[¢,)] = (G — 1)F 4+ pZ[¢,) .
k=0 =k k=0
Therefore, noting that this ring is (Z/pZ)[(, — 1]/(¢, — 1)P~1, we find that
p—2 /
ctpl =Y <k)ag+pZ. (5.140)

{=k
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Proof of Theorem 34. From Lemma 16, we see that congruences classes of ¢, the coefficients
in the expansion in equation (5.133), modulo all prime numbers are determined by the
function f : p — C, which therefore also determines ¢, € Z. Moreover, it f : yu — C is the
zero function then ¢, = 0 for all k. Therefore,

—_

flge () (g—1"Zlq). (5.141)

Then we note that _
M (a- 1)"Zlg) = 0, as () (= 1)™(Zlg) + (¢:9)nZlq)) = 0. (5.142)
_ _ O

Sometimes, we are given a function from roots of unity to the complex numbers. If this
function takes values in the cyclotomic integers of the associated root, then it could come
from an element of the Habiro ring. Lemma 16 gives additional conditions. In practice,
one can construct the congruences that the hypothetical ¢, should satisfy and try to lift
them. If they eventually seem to have a constant lift as we increase the primes, this gives
the possibility that our function is in the Habiro ring. This is illustrated in the code below
for Example 50.

Example 50 (Kontsevich-Zagier function). Kontsevich considered the element of the Habiro

ring
oo

Flg) = Y (¢, (5.143)
k=0

in relation to Feynman path integrals at a talk in Bonn during October 1997. This function
appeared in the prior work of Kashaev as an invariant of the trefoil [106]. Kontsevich sug-
gested this function had a relation to the Dedekind n—function. Zagier then went on to prove
this relation [204], which he termed a “strange identity”, and found, using [177], a relation
to the dimension of spaces of Vassiliev invariants discussed in [179]. We will use this as an
example to check these basic properties. Firstly, we have the expansion

F(q) = 1—(q—1)+2(¢g—1)*=5(q— 1> +15(q — 1)* =53(g —1)° +--- .  (5.144)
The first few values at roots of unity are given by

F(G) =3, F(G) = ~G+5, F(G) = —3u+8, F(G) = —3¢—56+9.
(5.145)
Now taking the central lift of the congruence classes for ¢, coming from Lemma 16, we see
that this stablises to 15 for large enough primes. Of course large enough primes are the
primes greater than 2c4 = 30. One can use the Chinese remainder theorem to lower the size
of the primes needed. This is all done in Code 2.
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Remark 19. Using the Ohtsuki expansion we can replace (q — 1) with exp(h) — 1. This will
produce a formal series in h with rational coefficients.

Given a ¢—difference equation we can ask whether there are any solutions in the Habiro
ring. This seems to be a very special property of g—difference equations however many of the
examples which we study will fall into this class. We can consider our previous example.

Example 51. The g—difference equation (5.63) we saw has solution given in equation (5.69),
which is in a form similar to elements of the Habiro ring. Indeed, taking this q—difference
equation and specialising to t = ¢"™ we find the equation

q"f(m; @)+ (1=3¢") f(m+1:9)+(3¢™ =1) f(m+2;q) — ¢ f(m+3;q) = 0, (5.146)

which has solution

Flmiq) = S (—1)FqHED/24mk (g g)2 € 7]q) (5.147)

k=0

Therefore, using the fact that we can substitute g = e into elements of the Habiro ring we
find a solution near g = 1. In this example we find the solution

O(msh) = 1—h2—mh® + (— %m2+%>h‘*+ (— %m3+%m>h5+--- . (5.148)
Therefore, we see that solutions in the Habiro ring give rise to solutions near ¢ = 1. However,
they do more than this. They of course gives solutions that are functions from roots of unity
to C but even more they give solutions which have formal series attached to each root of
unity. The constants of these formal series correspond to the function from roots of unity
and we have natural candidates for other solutions that are functions from roots of unity.
Indeed, we saw in Section 4.6 that we can compute the constant terms of asymptotic series
associated to g—hypergeomtric functions. These asymptotics should then provide solutions
to the same ¢—difference equations. In the next section we will focus on their constant terms
which correspond to functions from root of unity to C.

5.9 “Black magic”’ formulae

As mentioned previously, if a function in ¢ satisfies a g—difference equation then its asymp-
totics must therefore also satisfy a ¢—difference equation. We can then consider the leading
asymptotics as it approaches roots of unity. This will provide a function from roots of unity
that will also satisfy the same ¢—difference equation.
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The form of these asymptotics leads us to explore certain Ansatz of solutions. This was
explored by Garoufalidis and Zagier in unpublished work and [86] not emphasising the ¢—
difference equations. This was implicit in their work and the g—difference equation perspec-
tive was pushed further in some unpublished joint work with Garoufalidis. The basic idea
here is that we are looking for solutions to homogenous equations which are finite sums
and therefore we want then to have no boundaries. This leads us to consider hypergeomet-
ric sums that are defined as sums over Z /cZ". These functions will give rise to explicit
representations of the module when we specialise ¢ € ju.

We can explore this with the explicitly computed asymptotics in Example 39.
Example 52. Consider the functions from roots of unity such that for ¢ = e(a/c) we have

o2 +rmX(4T+m)/|C|
J

q
r€L/CL 4 5
where
1-X; = X;. (5.150)
First, notice that this is well defined as
202+|c|mX4+m/‘C‘
q j _ xm/ll
X, X5 (5.151)
Then taking the quotient of two consecutive terms in the sum gives
4r4+24+m 4/|C|
q X
W . (5.152)
Therefore, we see that
fitmiq) = fi(m+Lq) = ¢ f;(4+miq). (5.153)

The name of this section refers to a joke of Stavros. In particular, given a g¢—hypergeometric

sum like
00 2k2+km

> °

~ (G
it is easy to guess the solution given in Example 52 as they have the same shape. This is
true more generally and give remarkable formulae for the asymptotics of ¢—hypergeometric
functions at roots of unity, which store interesting information related to the Bloch group [34].

(5.154)

We can push this further and take the full asymptotic series at each root of unity where
q=-e(a/c+7,/|c|) so that
fi(m;q) € C[7,]]. (5.155)
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Unfortunately, there is no particularly nice formula for these asymptotic series as they arise
from stationary phase approximations and therefore from Gaussian integration, which in
general will involve Feynman diagrams. As there is no closed formulae, after the constant
and the initial condition, the solutions can be constructed using a generalisation of the
methods of Example 48 to other roots. Indeed, the Ansatz will now involve powers of the
roots we are expanding at. We will take a simple inhomogenous example, which determines
the shape of the equation.

Example 53. Consider an inhomogenous equation
Do m1(F) + (=1)e™2 = 2)®) 5 (7)) + @1 jomia(Fy) = 1. (5.156)

with @19, (0) =y +v-1(=1)". The we find

N2 tyatnt(=ratn -2y —y) ()" =1 (5.157)
Therefore
e (5.158)
Mm—4y1 =0
and therefore
P1/0m(0) = 4+ (=1)™. (5.159)

Remark 20. A natural question is whether these functions from roots of unity determine
the associated asymptotic series as we observed for the elements of the Habiro ring. This
would lead to some remarkable consequences especially if they allow for efficient computation
of the asymptotic series.

We close this section remarking on how one can prove identities between functions at roots of
unity. The basic ideas discussed from proving g—series won’t work the functions will no longer
be elliptic with respect to some lattice as the lattice has collapsed to the reals. Therefore, we
find that the basic functions we need to compute become periodic functions. These therefore
come with a Fourier expansion. This means that computing this Fourier expansion will
provide a means of proving identities. This can be thought of as the analogous computation
on the elliptic curve with a node. This is isomorphic to P! with a point identified. Indeed,
if this function is bounded then it is also constant by Liouville’s theorem.

5.10 “Upside down cake” and the Habiro ring

As noticed in unpublished work of Garoufalidis some years ago, we can construct some
strange looking expressions for certain elements of the Habiro ring. These expressions will
arise when we factorise state integrals.
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Lemma 17. We have the following identity for ¢ = e(a/c) where a/c € Q

c
q;:9)k = .
( ) (qil;qil)c—l—k
Proof. Notice that
(¢; @)k - 45 q ek
(¢ D (5 g ek
and .
::q)o = 1 = ——— ;
4 PRI
where we note that )
(.’L’q 17(] 1)0—1 - Z$k
k=0

For example, this can be used to find the identity

—_

c—1

(~1)fq HE2 (g 2t = 2N (~1)HE
0 k=0

9}

i
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(5.160)

(5.161)

(5.162)

(5.163)

(5.164)






Chapter 6

g—hypergeometric equations

The main actors in this thesis are g—hypergeometric functions. These are defined in the
simplest sense as a power series f(z1,...,x4) that satisfies a system of equations for i =
1,...,d given by

(oz,-(al, ey 04,q) +x; Bi(oy, ... 04 q))f = 0. (6.1)

These equations, which are linear in z;, give first order relations between the coefficients in
the expansion of f. This leads to their other definition, which states that they are a sum
over a cone in a lattice where adjacent terms in the lattice are related by multiplication by
a rational function in ¢,¢™,--- ,q™® where n; are the coordinates of the lattice.

We will mainly be interested in proper q—hypergeometric functions, which is when the re-
cursions for coefficients completely factor into linear factors. This basically means that the
summands will be ¢ to some quadratic form multiplied by a product of g¢—Pochhammer
symbols evaluated at some linear forms.

The full description of a ¢—hypergeometric function is the specialisation of one of the power
series above when we fix some set of x; to constants. To do this requires some convergence,
which may need some kind of resummation in general.

In this section, we will explore some simple examples of ¢-hypergeometric functions. The
main technical points that we will explore are related to duality. This will be of fundamental
importance for proving quantum modularity. Before this, we close this introduction by noting
that ¢—hypergeometric sums are efficiently computable. Indeed, given a ¢—hypergeometric

sum of the form
Z akl,...kn(Q) (6-2)

kezZ,

we note that for some rational function f we have ag_ ox,+1 = f(k;q)ao,. ok, Therefore,

S a0, (@) (6.3)

kn€Z>0

245
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is efficiently computed from this recursion. Then as the sum is ¢—hypergeometric the sum
anezzo Qo....0.k, 1.k, (q) satisfies a recursion in k,_;. Computing this recursion and the
previous sum, one can efficiently compute

Z a0,....0kn—1.kn () - (6.4)

kn—1 7kn EZZO

Continuing this logic one can compute the whole sum in O(N) time. However, the higher
dimension the sum requires more initial work as one needs to compute the recursions for the
sum at each stage which leads to an additional O(1) which could incidentally be large.

6.1 Dualities between modules of Nahm sums

Consider the following generalised Nahm sums

Cannltid) — iaAB (60 i ¢ A(BE+) (Btr41) /2B Bl 65)
o =0 " — (4 @) Brtr ’
We have
CLA,B,r,k+1(t; q) _ qAB(k+1/2)+A(r+1/2)tB (6.6)
aa,B.k(t; Q) (¢Pr+lq)p

and therefore, noting that from the g—binomial theorem

B
- B i
(qu+r+1 B;Q)B _ Z 12 M+1)/2 w(f) q(Bk+ )
=0 ! (6.7)

e —0(e-1)/2 (B) ¢ BR+TL
z:o ¢ gt

B
(B
> (=1 1)/2(6) Gapr(dtiq) = ¢*" PG, (¢ q). (6.8)
(=0 g !

Mm

we have

Suppose that A > 1 = B then we have the difference equation [206, Eq. (37)]

Garo(@*t:q) = ¢ G ar0(t;q) — VY G ano(qt;q) . (6.9)

Therefore, the last row of the companion matrix associated to this ¢g—difference equation is

(4 =gt 0 ... 0). (6.10)
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Therefore, A(t,q~')" last column

(¢* —¢* 0 ... 0). (6.11)
Therefore taking
11 ... 11
11 ... 10
P(t;q) = |+ = ... = (6.12)
11 00
1 0 0
we find that
11 ... 1 0
1 1 ... 0
Alt,q)P(t;q) = | =+ ... : = AP, g )T P(t;q). (6.13)
10 ... 0 0
00 ... 0 gAt!

This implies the following proposition.

Proposition 5. The q—difference equation (6.15) for A > 1 = B is associated to a module
M with
MY = M". (6.14)

We will need a version of this later for A < B. So suppose that A < B then we have

Gap.(qPtq) = ¢*PEITBBEDR(_BG, 5 (¢ q)

B-1 B
+( B 1 B B-1)/2 Z k 7k(k 1) /2(k) GA,B,r(qkt§Q)
k=0 a!

(6.15)

Therefore, the last row of the companion matrix associated to this ¢g—difference equation is

(—1)B-1g B(B—1)/2 T
(—1)BgB(B-D/2-10- 1/2( )
(—1)B- 1gBB-1)/2-2(2- 1)/2(1293

1

q- —1

: (6.16)
(_1)B—1—AqB(B—1)/2—A(A—1)/2 (i) - + qA/2(B+1)+B(B—1)/2(_t)B

_ _(B— . _ B
¢B(B=)/2~(B-1)(B 2)/2(3_1)(171
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Therefore, A(t,q)~" has first column

g 1= 1/2( )
g2 1)/2(1293]
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1

q- —1

(_1>A+1q—A(A—1)/2 (A)q_l _'_qA/Q(B-H)tB (6.17)
B-1)(B—
(—1)Pg~ P 2)/2(3 1)q
(_1)B+1q—B(B 1)/2
and A(q?*t't, ¢~ )7 has first row
q1(1-1)/2(}13) T q(B—1)—1(1—1)/2(I13) . T
7q2(2_1)/2(,23)qq *QQ(B_l)_Q(Q_l)/Q(Eiq—I
(C1)A+1gA(A=1)/2 (lj)q 4 qA(B-1/2+ BB — (71)A+1qA(B—1)—A(A—1)/; (ﬁ)(fl 4 qA(B=1)/24+B,B (618)
(71>Bq<B—1><%—2>/2(B§1) (,I)qu_1)(3_1>_<§_1)(3_2>/2(Bjil) B
(—1)BH14B(B-1)/2 4 (—1)B+1gB(B-1)/2 4
Let
t—(B-1) 0 0 0
0 Py Po3 Py -1y P
P(t,q) = 0 Py Pss 0 0 (6.19)
0 Pgs 0 0 0
where
P2+k,j<t7 CI)
L L Ny L B _ B
= (_1)J+k 1q(9+k D(B-1)—(j+k)(j+k 1)/2< ) (qkt) B+1+§j+k’AqA(B 1)/2+1(qkt)_

With this P we see that

At )" TP(t,q)
q71(171)/2 (?) 71t’(B’1>

q
_q72(271)/2(§)q71t7(371)
— (— 1)A+1 7A(A71)/2(Jj)q' t—(B—1)+qA/2(B+1)t

(—1)Bq—(B-1)(B- 2)/2( B ot (B-1)
(—1)BF1q=B(B-1)/2, —[fB 1)

i+ k)

(6.20)
Pa2(t;q)  P23(t;q) Py (p—1)(t;a) P2 B(tq)
P3 2(t;q)  Ps 3(t;q) P3 (p_1)(t;q) 0
* * 0
Poatia) 0 ... 0 0
0 0 0 0
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and
(P(at, ) A(¢* e, a7 ™HT
qB-D- 1(1*1)/2(?) (@)= (BTD Py 2(qtia)  Psalatia) ... Pp_i1yo(atia)  Ppa(atiq)
—g2(B-1—2(2-1)/2 (f qfl(qt)*(Bfl) Py 3(qtia)  Psslatia) ... Pp_1)3(atiq) 0
= (_1)A+1qA(B—1)—A(A—1)/2 (ﬁ)'qil(qt),(lg,l) +qA(B—1)/2+lt * * 0 0
(BB DE-D-E-DED/2(B ) gy (5D Py, p(ati0) 0 . 0 0
(~1)BH1gB(B=1/2(gp) = (B-D) 0 0 0 0
(6.22)
Noting that
Pit1j(t,q) = Prjri(at,q) (6.23)
and checking the equality for the first row and column we find that
Atly —1y—1 _ -T
Pqt,q)Alg" " t,q7")" = Alt,q)~ Plt,q). (6.24)

Therefore, we have the following proposition.

Proposition 6. The q-difference equation (6.15) for A < B is associated to a module M
with
MY = M". (6.25)

We want to give explicit identities between solutions to these g—difference equations associ-
ated to these dualities. These identities are strictly stronger than the duality but often the
duality will assist in the proof of such identities.

6.2 Identities between functions from duality
Firstly, for A € 27 we have formulae between the functions at roots of unity ¢ = e(a/c)
and m

qAT2/2+mej (m) (Ar4+m)/c

e 1 (1 — 4 )c : ZTEZ/CZ (qX ( )1/c Or

fim;q) = TTL(0 = X, ) U)o Jox ) [0 = X)) e (6.26)
where
1—X;(m) = e(am)X;(m)* (6.27)
Let
fimiq) - fa(m;q)
Flm:q) = f1(m.+1;q) fA(m.WLl;Q) (6.28)

film+ Arq) - fa(m+ Arg)
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Proposition 7 (Quadratic relations for Nahm sums).

11 ... 11
11 ... 10
fm;)f(=m+1—-A;¢H" = |+ ...« |, (6.29)
11 00
1 00
Proof. We have
11 ... 1 1\
11 ... 10
flm—A—-1;¢H" | = .. f(m;q) (6.30)
11 ... 00
10 ... 00

is periodic as m — m-+1/c¢ from Proposition 5. This defines a function on the cusped elliptic
curve and similar to that case if it is bounded it must be constant. Indeed, it has a Fourier
series and therefore if it has limits as m — +i00 then it is constant. With this explicit
formula one can compute this limit and find the identity matrix. To do this you use that for
example that as m ~ ico, a/c > 0 and for some indexing j of solutions

Xi(m) ~ 1—e(am)+---, (6.31)

and for j > 1

am ] e(afml)
Xj(m) ~ e(_A—1>e<AJ—1+2A1—2>(H A11 +) (6.32)

Plugging in this behaviour and taking the limit can then be explicitly computed as the
identity matrix using the formula for the Gauss sum. For example, one has

_ L1 Ar2/24rm L \(Ar4+m)/c
-1 ot 1—e(am)+
52 (1=d%) e 25, ey ? (q(lf(e(am()#»--)- )1/3,q>r
fi(m;q) = s+l _ 1 :

[IEZ5(— gt (1 —e(am) + -+ -)1/e) e ~2y/c(l—e(am) + - )/(T— (1 —elam) +---)) + Ac

01 Ar2/24rm 4 _ e ) 633
c—1 Y 1 am)(Ar+m)/c+---
M=y (1—d") e 2 50ep)en e V(S v ra— ( )

1

s+1
[IE25(1 — gt (1 —e(am)/c+-+-)) ¢ 2 /ce(—am) + -~

~ 1+ O(e(ma/c)),

which is already enough to calculate the (1, 1) entry of

0 0 0 1
o 0 ... 1 -1

f=m+1—=A;gHT 0 o o 0 fimya). (6.34)
0 1 0 0

—_
|
—_
@)
@]
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For the other entries, we use the fact that for ;7 > 1 we have

film;q) = Mj(m)e(log(xj(m))% + 26(2161 1)) Al_ 1 (1 + O@(%))) ’

where y;(m) is a root of unity with the properties that (6:35)
Zﬂj(m) =0, and p;(m)p;(-m) = 1. (6.36)

This follows from the computations
Z QAT2/2+rmX1/(C q);r/c Z (A= Dr?/24r(m=1) X (m)A-Dr/e (6.37)

r€L/cL reZl/cZ

is asymptotic to a root of unity times v/ A — 1 where we note that ¢ X j(m)(A_l)T’/ ¢ is asymp-
totic to root of unity plus lower order terms while

c—1 c

—1 s+1 1/c\ 3L —
s ey St 1 1 —(q Xi(m c
T — a5, m)Ye) 5 d (e [ ) )
s=0 s=0 Xj(m) c2 2c

NI

(6.38)

is asymptotic to e(— ) times a root of unity. Therefore, as f(—m +1— A, ¢~ )T has

2c(A—-1
first row 1 4 O(e(ma/(c)) \;/e see that as the first row of the product in equation (6.34) is
given by the first row of f(m;¢q) up to exponentially small contributions. We can then choose
an interval for m which makes this clearly exponentially small. Similarly, the rest are all
exponentially small except when we are on the diagonal where all A — 1 terms not in the
first column combine each giving 1/(A — 1) and exponentially small corrections. Therefore,

as m ~ 100 we see that this product limits to the identity. This completes the proof. O

6.3 Nahm sums and Neumann—Zagier equivalences

Recall, that to ideal triangulations of three-manifolds we can associated the Neumann—Zagier
matrices of Section 1.11. These matrices are the top half of a symplectic matrix. We then
saw that under various changes to the data of the triangulations we can find equivalence
between these upper half symplectic matrices, which were described in Section 1.12. There
is a somewhat natural g—series we can associated to any upper half symplectic matrix (A, B)
given as some kind of generalised Nahm sum

ganltia) = !

kEZN / ker(BT) <Q7 q)(BTk)l T (q, q)(BTk)N

14T ABT ), (BTk)1 (BTk) N
3 tl e tN

(6.39)
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Note that as Im(BT) = Ker(B)* and the dimension of the image of B and BT agree, we
see that B : Im(B") — Im(B) is an isomorphism. Therefore, there exists a matrix a such

that Bal = Al for £ € Im(B") as A¢ € Im(B) from the symplectic property ABT = BA™T.
Therefore, we have

e aétel cothy

gasltia) = Y N (6.40)

sty (G Do (@ Qey

The generators of the equivalence classes between Neumann—Zagier matrices then become
relations between these ¢—series when they are convergent. The best way to view these
relations is at the level of g—holonomic modules, however there are subtleties. In particular
the 2 — 3 move changes the algebra over which the module is defined and one needs to
consider pull back modules.

Remark 21. It was observed with Garoufalidis that even though the 2 — 3 Pachner move
induces an isomorphisms between one module and a pullback module, the ranks of these
holonomic systems can change under a 2 — 3 Pachner move without the pullback. This
prevents a result of a similar form to Theorem 1.

The first relation of equation (1.59) is clear for all examples. We won’t consider the full
generality of the other relations here and instead focus on the relations between rank one
Nahm sums for equation (6.5). Firstly, notice that for the second relation of equation (1.62)
with P € Z~y we have

Capaltia) = i gA(BR+)(Bk-+r+1) /2By Bh-tr PZ:li gAB(Plt8)+7)(B(Phk+s)+7+1) /2B B(Ph+s)+7
o — (¢ 4) Brtr pr (4 Q) B(PE+s)+r
P—1 o0 qPAPBl+Bs+7)(PBl+Bs+r+1)/2P By PBk+Bs-+r P
Z ) = ZGPA,PB,Bs+r(t;Q)-
5—0 k—0 4;9)PBk+Bs+r —o

(6.41)
In a similar direction, we have

k(k-+1) /2Btk B-1 (Bk+r)(Bk+r+1)/2B4k

(5) 2

(¢ 9k —o 0 ) Br-+r

G%J,O( e(s/B)t;q) ioe(ks)
(6.42)
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Figure 6.1: The Newton polygon of two related Nahm sums.

Then for the relation of equation 1.64 we have for B=1and A € Z+,

Caroltiq) = i qu(k—i-l)/?tk _ 1 iqu(kH)/ztk(qu.q)
o = (G (¢ 0)oe & ,
> AR D) /2H0(E1) /2R
- )oc g::g (¢ 9)e
A1 (6.43)
< qAGT)(Alr+1)/2
= Aé+r ‘ 8(_qAZ+rt; qA)
r=0 5:0 (¢:9) Ae+4r
A-1
1
— (q. q) q (T+A)/2AtT/A6)(_qrt; (]A)GA_LA(—q(l_A)/2At_1/A; Q) ‘
1A/ =g

So we see that the Nahm sums at (A,1) and (1 — A7' 1) are related. This relation is
extremely useful. For example, compare the two Newton polygons in Figure 6.1. Therefore,
for (1— A™',1) we can construct a basis of power series solutions whereas for (A, 1) we need
to apply some g—Borel resummation.

6.4 Deformations and the Rogers—Ramanujan identities

We close this section on Nahm sums with a discussion on deformation of g—hypergeometric
sums. In particular, given a g—hypergeometric sum

> ailq) (6.44)

often we can naturally take the sum

> arrelq) (6.45)
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where for the Pochhammer symbols

M e (@ @)

(G 0)  (@0)(geq)

(q

(4 Dre = (6.46)

These ¢g—hypergeometric functions that arise from these deformations will then satisfy the
same g—difference equations. Then taking the natural deformations, they seem to satisfy
the same modularity properties of the original functions. These deformations are similar to
the Example 31. We will consider a special example of this and prove the modularity later.
Consider, the deformed Nahm sum for (2, 1).

. k24+km,.2k+m
qr;q)co q z
Golaiq) = Uit snd " (6.47)
(0 £ (4710
This satisfies the g—difference equation
G(t;9) = Gnia(739) = " Grya(asq) (6.48)

which we see is independent of x as we explained. The functions for m = 0, 1 are deformations
of the Roger-Ramanujan functions|164]. Take

' m+1,.. )
Fo(ma) — gt (973 q) oo A yhg2hm Sk k(sk-1)/2(q _ 2kebm 2y (@ ko1 6.49
(50 = g VT g g (04

Theorem 2. We have the following equality

(¢;9)?
Go(z; = — R < F.(z;q). 6.50
(®9) 23¢0(—x;9)0(q2x; ¢)0(—q22; q) ) (650

Proof. Firstly, we can check that both sides satisfy the same recursion in m. Then noting
that

(Grotosa) Goalr) _ (Gulria) Gl (0 07 2) o

we can show that

2 2
q" GQm(x;Q) qm +mG2m+1(37§ Q))
det 6.52

<qm2Fgm(m; Q) ¢ Foia (73 q) (6:52)

is independent of m. To show that this vanishes let

(GE(:C;Q) GO(x;q)) — fim (qsz2m($QQ) qmz+msz+1(fc;q)) (6.53)
FE(z;q) FO(x:q) ¢" Fom(@30)  q" " a1 (259)

m——00



6.4. DEFORMATIONS AND THE ROGERS-RAMANUJAN IDENTITIES 255

Then from the formulae

0(—q 'z* ¢%) (45 @)oo —4 6. 6 2 ~2.6. 6
GE(x;q) = ————1~, FE(x;q) = ———(0(—q *2° —2°0(—q "x"; ,
(z;9) o~ (z;9) 9(%‘1;(1)( (—q q’) (—q q’))
x@(—$2;q2) (45 @)oo 3p(.—1..6. 6 5 6. 6
GO(x;q) = —————, FO(x;q) = ————————(x°0 x’;q°) — x°q0(qx”; )
(z;9) (0w (z;9) e(x,l;q)( (g q’) q9(qz"; q"))
(6.54)
we see that
GE(qr;q) = q ‘¢ ?GE(z;q), FE(qv;q) = —q¢ *a °FE(z;q), (6.55)
GO(qz;q) = ¢ ' *GO(x;q), FO(qw;q) = —q z°FO(z;q). '
Therefore we see that
FE(x: F :

a’0(x;q)*GE(x;q) an a?0(x;q)3GO(x;q)

are elliptic. With multiplicity, we see that the number of pole is equal to the number of
zeros. Then notice that

e 0(23;q)GE(x;q) has only zeros and specifically z € ¢Z and —¢~'x? € ¢*2. Therefore

z € ¢ with multiplicity 3 or z € ig2 ™% with multiplicity 1,

e 0(23;q)GO(a; q) has only zeros and specifically x € ¢Z and —x? € ¢*2. Therefore z € ¢~
with multiplicity 3 or z € %ig? with multiplicity 1.

Then we see that there are 5 poles and therefore as FE(a;q) and FO(a;q) only have a
removable singularity at o = ¢” we see that we have 5 zeros. It is then easy to find all these
zeros. Explicitly,

) FE(I’, q) =0iff x € _qZ,iq%+Z,iiq%+Z
o FO(z;q) =0iff z € —¢7, +q3+7, +ig?.

Therefore, we see that
FE(x;q)GO(; q)

6.57
GE(z;q)FO(;q) (657
is holomorphic and elliptic and therefore constant in x. Noting that
FE(1;9)GO(1;

GE(1;q)FO(1;q)

which shows that ) ,
qm" sz(l’; Q) q" +mG2m+1(iU§ Q))
det = 0, 6.59
(meFQm(l'S CI) qm2+mF2m+1(373 Q) ( )
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we see that ()
m\T;q
Fin(25q) (6.60)
is independent of m and in particular
Gm(riq)  GE(zq)  GO(x:9) (6.61)
Fu(z;q)  FE(w;q)  FO(x:q)
Then using elliptic functions again and the evaluation at x = 1 we see that
GE(z: . )\2
(x7Q> _ <Q71q>oo . (6.62)
FE(z;q) 23q0(—a;9)0(q> x; )0(—q2 3 q)

Therefore we finally get to the identity

i) =  3g8(—59)0(q (0.6

N|=
i3
'Q
~—
>
—~
|
L)
[SIES
8
I
~—

6.5 Descendant Kashaev invariant and ¢—series

To a knot the A polynomial from Theorem 18 associated a natural ¢—difference equations.
There are other natural ¢-difference equations associated to knots more recently defined [71].
These difference equations always come from well defined invariants from roots of unity.
However, it has become clear [92, 21, 68, 85| that considering solutions to these g—difference
equations in ¢—series can give rise to functions related to the knot. They give a promising
approach to analytic continuation of Chern—Simons theory expected in [197].

From the work of Habiro [94, 96| we have the cyclotomic expansion of Theorem 17. This
turns the information of the coloured Jones polynomials Jy into the cyclotomic coefficients
Cy. This sequence is g-holonomic and satisfies the recursion referred to as the C—polynomial.
This was studied in [79]. Recall the cyclotomic expansion is of the shape

In(@) = D Cl@)(d™™ k(a5 ) (6.64)

Then the afpolynomial is related to the Efpolynomial in a similar way to a Fourier trans-
form. In [71], a deformation of the coloured Jones polynomial was given as

Tnm(@) = Y Cel@) (@5 )r(a ™ g™ (6.65)
k=0
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This is called the descendant coloured Jones polynomial. This sequence is useful as we can
specialise to N = 0 to define the descendant Kashaev invariant

Jo.m(q Z Cr(q)(q;9)ig™ . (6.66)

Before, the Kashaev invariant did not come as part of a family, and so this becomes extremely
useful. Moreover, the C-polynomial give rise to a recursion for the Jy,,(q) as a sequence of
elements of the Habiro ring.

Example 54 (Descendant Kashaev invariant of 4;). The descendant Kashaev invariant of
the figure eight knot 4, is given by

o0

Jom(g) = 3 (—1)EqHrD2 b g )2 (6.67)

k=0

This sequence satisfies the inhomogeneous recursion

" Jom-1(q) + (1 = 2¢™) Jom(q) + ¢ Jomia(q) = 1. (6.68)

This example relates to our previous working Example 45. We see that there one can
naturally compute g—series which satisfy the same homogenised recursion. This had a basis
of three solutions as we saw in Example 45. This also has black magic solutions for ¢ = e(a/c)

given by
. (—
i(q)* Z N1 — ' :
vl TIL (1= gt X/ e)200tst) fe

where X, = 1/24 (—1)*/—3/2. This, together with the descendant Kashaev invariant, gives
a basis of three solutions when ¢ is a root of unity.

_ m k—m)/c c
1)qu(k+1)/2 (1+k) Xé )/ X€1/2

(6.69)

The important observation about the recursions associated to the descendant Kashaev in-
variant is that they seem to come as inhomogeneous equations. This follows from the shape
of the Kashaev invariant. Previously, only the g—series associated to the homogenous part
of the recursions were studied and for a long time it was wondered as to how one could
construct g—series which have asymptotics related to the formal expansion of the Kashaev
invariant. Given the Kashaev invariant satifies inhomogeneous ¢—difference equations so does
its formal expansion and therefore and g—series that should have asymptotics related to this
formal expansion must also satisfy an inhomogeneous recursion. For the example of 4, this
led to the function

00 k(k+1)/2-+km <1

1_|_q] 1 i q€
Z g(2m—4Gl +2zl_qj) 4+Z(1—q5)2>’

o (g Q)k
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These types of functions can then similarly be constructed for other knots simply using the
Frobenius method applied to the g—difference equations as exploited in [70]. The main issue
here is a choice of initial condition to apply the method to. For example, for 5y there were
different choice made in [153] and [70]. The choices made in 70| lead to the asymptotics
agreeing with the Kashaev invariant, however were reached by specific example based means.
Therefore, the most natural approach is to use state integrals that factorise in a way which
includes the Kashaev invariant at rational numbers. This then provides a consistent set of
initial conditions for the basis of solutions of the g—difference equation.

6.6 Holomorphic blocks and two variable series

The A\—polynomial, the minimal ¢—difference equation satisfied by the coloured Jones poly-
nomial, defines a ¢g—holonomic module. We can construct a full basis of solutions to this
equation again using the Frobenius method.

Historically, this was done for a submodule. As the A-polynomial will always contain factors
of the form (1 — ¢), it is expected that the A-polynomial will always factor in this way so
that the recursion for the coloured Jones can always be made inhomogeneous. The first
examples done gave two variable series in x and ¢, which satisfied the homogenous part of
the inhomogeneous equation. Therefore, these solutions corresponded to some submodule.
This was done in examples in [21]. They start with expressions they refer to as block
integrals, which are similar in nature to Watson’s g—analogue of Barne’s integral for Heine’s
g¢—hypergeometric sum.

Example 55 (Holomorphic block for 41). The two holomorphic blocks associated to 4, are
given by the series

GO (g g) = N )0 qx ,q e Z gF+D 2k
0(z?;q)(1 — z) )oo Vi(qr?;q)r .
(0.2) 0(@1*196*1;61)9(:6* ;Q)(qm* ;q)oo . L R 2k (6.71)
9> w5 q) = - - (-1 B
Q(ZE 2§Q>(1 - T 1>(q;Q)oo =0 <QQ(]>I€((]IL‘ 2;q>k

It has long been noticed, and particularly pointed out by Gukov, that these series could not
constitute a full TQFT as they don’t contain information about the trivial flat connection.
The reason is that they only solve the g¢-difference equation associated to the homogenous
part of the inhomogeneous A—polynomial. Recently, in [92] an additional holomorphic block
was proposed that additionally gives a solution to the inhomogeneous A\—polynomial.

An important note about the inhomogeneity is that it somewhat fixes the normalisation.
In particular, taking the solution from the Frobenius algorithm and insisting that it also
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satisfies the inhomogenous equation fixes the normalisation. Therefore, to find a natural
normalisation becomes a simpler problem if the coloured Jones polynomial satisfies an inho-
mogenous equation. However, by manipulating the series coming from the coloured Jones
polynomial itself, Gukov and Manolescu give rise to method of construction of the initial
conditions. This provides a method to compute the final missing holomorphic block.

Example 56 (Two—variable series for 41). In [153, 70/, the two variable series for 4, was
gien a q-hypergeometric formula that gave rise the numerically computed series of Gukov
and Manolescu. This was given using the notation there as

S (q) = (22— 2 i grFk+1)/2
iy} I”q e
1 k=0 x 4 k+1< - Q)k+1
o0 . (6.72)
- Z (ghHTHEL/2 gkt H3/2) <k + J) (k + f)
k,j,f:o ] q g q—l
and so
Fy, (z;q) = 1 Z (xk+j+€+1/2 _ g e3/2 o —k—j—t=1/2 +x—k—j—£_3/2)
) 9 '
P (6.73)

(k + j) (k + f)
X i .
b\t

The residues of all three holomorphic blocks can be used to get the series g, G, &. This was
explained in 69, 83].

6.7 Dualities for modules associated to simple knots

We close this section noting some dualities associated to some simple knots. These compu-
tations for 4, appeared in [82].

Proposition 8 (Duality of homogeneous part of descendant Kashaev invariant of 4;). The
qg—difference module M associated to the q—difference equation

¢" Jom-1(q) + (1 = 2¢™) Jom(q) + ¢ Jomar(q) = 0. (6.74)

satisfies
M= MM MY. (6.75)

Proof. The companion matrix of the g—difference equation is

0 1
Alt.q) = <_q_2 2q_1—q_2t_1> (6.76)
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Then take

A B 1 0 Y B 0 —q 2
Pt q) = (2q_1—t_1q_1 —q2) P¥(t,q) = g2 0 . (6.77)

]

The extra symmetry with M = M”" comes from the fact the 4; knot is amphichiral. This
symmetry does not hold for the extension of the module to the inhomogeneous version.

Proposition 9. The g-difference module M" associated to equation (6.68) is not isomorphic
to M".

Proof. The companion matrices of M” and MV are given by

0 1+t 0
ANt q) = ¢t 2¢7" —t7lgt —q? |, AV(t,q)= |0 2¢—t7" 1] . (6.78)
0 1 0 0 —-¢ 0

If there was an isomorphism there would exist P(t,q) € GL3(Q(t, q)) such that

P(qt,q)A"(t,q) = A™t,q)P(t,q) . (6.79)
It follows that
Pl,l(qta CI) = Pl,l(ta q)a PLQ(qta Q) = P1,3(t7 Q>7 (680)
which then implies
tPio(t,q) + (1 — 2tq) Pia(qt, @) + ¢°tPr2(q%t, q) = Pia(gt, q). (6.81)

Since P;; € Q(t, q) satisfies (6.80), it is independent of ¢, i.e., P ;(t,q) = P11(g). Therefore,
P, 5 would be a P, 1(q) multiple of a Q(t, ¢)-valued solution to Equation (6.68). The only
such solution is zero, thus P, ; = P » = 0 which, together with (6.80) gives also P53 = 0,
which violates the fact that P is invertible. O

6.8 The WRT module and 2 series

Until this work it was not clear how to associate a good g—difference equation to a closed
3—manifold. With this work it is still not clear, however, in Theorem 1 we saw that to a
closed three—manifold presented by a link diagram, there is a canonical system of g—difference
equations, which is ¢—Weyl finite. Moreover, we saw that the span of these functions from
roots of unity is an invariant of the three-manifold. This then begs the question as to
whether a basis of solutions to a ¢—difference equation associated to a given presentation of
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the closed three-manifold gives rise to invariants. This could then lead to g—series invariants
similar to holomorphic blocks.

Using their two variable series associated to knots [92], Gukov and Manolescu give a conjec-
tural surgery formula that can be used to construct g—series that give conjectural invariants
of closed three-manifolds. These g-series associated to closed 3—manifolds are referred to as
Z-series. These series were computed originally for non—hyperbolic manifolds [118, 99] and
for hyperbolic manifolds for the first time in [92]. The definition of the surgery formula is
via a Laplace transform analogous to that of [22]. The Laplace transform is defined as the
map such that

ﬁ(a)

U v —u’r/ptv ifru—ace Z,
o TG »—>{ 1 p (6.82)

0 otherwise.

Then taking their two variable series Fi(z;q), for a knot K they take, assuming it is con-
vergent,

(@ — &™) Fe(a39)] (6.83)
where a indexes spin structures on the manifold. Presumably, if one could give a proof
of the invariance of these series on the underlying manifold, then one could similarly prove
invariance of the span of g—series constructed using these surgery formulae in a similar way to
Theorem 1. It would then be natural to expect with the right definition, these g—series could
give rise to a solution of the ¢—difference equations associated to the particular presentation

of the closed three-manifold. Indeed, we will see this kind of behaviour in an example.

6.9 WRT invariant and Z for 4,(1,2)

From Example 16 the WRT invariant normalised by a factor of (1 — ¢) of 4;(—1,2) is given
as an element of Habiro ring by

-1 (4 @)orn1
IH(q) _ Z Oék,Z(Q) _ Z (_1)kq Sk(k+1)+£(¢+1) . : (684)
0<t<k 0<i<k (4 0)e(q; Qi

where, as usual, for n > 0 we have (z;¢), = (1—2)(1—gqz)...(1—¢"'z). This formula will
be our starting point. As this is an element of the Habiro ring, we can formally evaluate at
q = e where

2 1621
I(e") = —h—;hQ— 0

B3 195601h4 37907101

o+ ... :
6 24 120 - (6.85)

Using this normalisation of the WRT invariant, which matches some of the conventions used
in [118], we note that
(1) = 0. (6.86)
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This is of absolutely fundamental importance for relating the Witten and Chen—Yang con-
jectures on the asymptotics of WRT invariants.

The ¢-hypergeometric expression (6.84) has a natural g—holonomic module associated to it
generated by

. (4 @)2n+1
Ul,.(q) = ape(q)g™ = —1)kgoh e Fmhnt 2D S (6.87
(@) = Y arelg) > (=1 (43 0)e(q; e (657

0</<k 0<t<k

A few values at ¢ = e” are given by

I, o(e") = —h — §h2 16693h3 +... Iga(e") = —h — §h2 16657h3 +

[yp(e") = —h — 2?51@2 17665113 +... Mlga(e") = —h— %/ﬁ 16693h3 + ... (6.88)

I, (") = —h — §h2 17629h3 +o Iy y(e") = —h — §h2 17(529h3 +
Notice that

(1= """ Nawrrelg) = =" (1= )1 = ) anu(q) (6.80)
(1—q¢"Narenr(q) = (1 =" anelq)

and so summing both sides and tracking boundary terms we see that

I—Hm-i-l,n(Q) - H-Im+27n—1<Q) = _qu—[m,n(Q) + (qm+2 + qm+3)mm+27n(Q) - qm+5H—[m+4,N(Q) )

H—Im,n(Q) - Hlm,n—i—l(Q) = qn+2H—[m,n+2(Q> - qn+2mm+1,n+1<Q) .
(6.90)

Using Equations (6.90) it can be shown that

q2m+2mm,n(Q) + (qm-‘rl + qm+2 mtln q

M 41,n(q)
+(_q2m+4 . q2m+5 . q2m+6 . q2m+7 m+2 1) m+2,n(Q)
+(qn+m+3 qm+3 2qm+4 m 1) m+37n<q)
(T g gEmS gm0 4 gm0 | amtll qm+4 i qm+5) i (q) (6.91)
+(_qn+m+5 qn+m+6qm+6 + qm+7) S n(Q)
+(_q2m+11 o q2m+12 o q2m+13 q2m+14 m+7 m+6,n<Q)

+qn+m+8mm+7,n(Q) + q2m+16mm+8,n(Q) = 0.

This has Newton polygon depicted in Figure 6.2. Taking the classical limit of the above
equation give a polynomial equation

BT =520 182 — 423 42242241

6.92
= (2= 1)(z"+2° =32 -3 + 522+ 22 -3 - 1) =0. (6.92)
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Figure 6.2: The Newton polygon of the g—difference equation satisfied by the family extending
the WRT invariant of 4,(1,2).

The field defined by the degree 7 polynomial is of course the trace field of M. This factori-
sation could suggest a refinement of this equation. One can in fact show that

q2m+2mm,n(Q) + (q2m+4 + qm+1 + qm+2

+(_q2’m+7 _ q2m+5 q2m+4 + qm+3 + 1;
+<_q2m+9 _ q2m+7 _ q2m+6 4 qm+n+3 _ qm+5 _ qm+4 m+3)
)
)

+(q2 +10+q2 +9+q2 +7+q++4 +6

+(q2m+12 +q2m+11 +q2m+9 qm+n+6 +qm+6 -

+(_q2m+12 - qm+n+7)mm+6,n(Q) - q2m+14mm+7,n(Q) = (1 -

There is a natural g—series that pairs with III(¢). In particular, consider a from Equa-
tion (6.84) as a function

(:9)e(:0) 1—e

i (6.94)
0 otherwise

1)k ke He41) @201 i) < p <
7 = Q(q) st akx(q):{( )iq > 0<0<k

Equations (6.89) still hold on a with this extended domain. Moreover, Equations (6.89)
completely determine the module. Therefore it is natural to ask whether there is another
solution to Equations (6.89). Indeed, there is another solution given by

Lak(k+1)+ L 0(0+1)+h+1,
_1)k+t22 2 (GD—e—1 - _
B2 = Qq) st Brelq) = { (=1) (4:0) 26 —2(G:0) ke~ Stk < -1 )
0 otherwise
(6.95)
We have
Br-1.-0-1(q) = (— 1)’€+4q§3k(k+1)+ 2e+1)—k (45 q)e ‘ (6.96)

(¢ Dow(T Q)i
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We see that the sum of these terms is convergent when |¢| < 1, Indeed we find that
Z Brelq) = Z (_1)k+ﬂq%3k(k+1)+%é(€+1)—k (4;9)
= 0<k<t (3 02143 @) e (6.97)
:1_q+2q3_2q6+q9+3q10+q11_q14_3q15+”.'

We will define more generally

Zm,n(Q) = Z 6/@,5(Q>qu+n£

kel

(6.98)

_ Z (— 1)k+£q%3k(k+1)+%Z(Z—&-l)—(m—&—l)k—m—nl—n (¢ 9)e

0<h<t (45 0)2k(a; @)=

Remarkably, the series Zj o(q) has previously appeared in the literature and is, up to a factor
of —¢'/2, the so called Z series associated to 4;(—1,2) [92]. We can use a formula for the

two variable series [153, 70| to prove the equality. Indeed, following the notation of [92, 153]
we have

(i) = (2 =271 i(—nk q’“(“l_)f
k=0 (2 Q1 (27 @) ran
Ik—i‘l

NE

— (xfl/Z . 561/2)

0 (@ ODr1 (T3¢

e
I

= k+j\ (k+¢ (6.99)
_ ; J
= (x 1/2 x1/2) Z xk+y+€+1( » > ( )
k,j,0=0 J q ¢ g !
_ i (ghHIHE12 i t3/2) <k +j) (k + 4)
k,5,6=0 J q ¢ g1
and so
Fu(z:q) = % Z (xk+j+é+1/2  phiR3/2 g —hejt=1/2 x7k7j7€73/2)
R =0 (6.100)

o (k + j) <kz + E)
J q ¢ g1 .
['hen using the surgery formula in [92]

~ . 2 . 2 . 2 . 2
k,7,6=0

y (k;j)q(k:—gé)q_l (6.101)

— _q1/2(1_q+2q3_2q6+q9+3q10+q11_q14_3q15+'“).
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Proposition 10. Let

~ . 2 . 2 . 2 - 2
Zm(q) _ q3/8 Z (qz(k+g+£+3/4) _ qz(k+]+é+7/4) _ qz(k+g+£+1/4) + qz(k+3+£+5/4) )
R0, =0 (6.102)

VAN

We have the following identity
Zn(Q) = =" Zmo(q).- (6.103)

In particular,

Z(q) = =" Zoo(q). (6.104)

Proof. One can show using holonomic function techniques discussed in Section 5.6 that Zm
satisfies the g-difference Equation (6.91) with n = 0. Therefore, as both are power series
in g™ and the g—difference equations are second order in ¢, if the coefficients of ¢~ and
q~>™ agree this proves the result. The first of these equalities is given by

_ - 2 - 2 i p_ 2 i p_ 2
—q 1/8 Z (q2(a+£+3/4) _ q2(3+6+7/4) _ q2( J=E=1/4)7 4 q2( Jj—£=5/4) )
PO (6.105)
— S(—1)igittr2.
j=0
which can be proved by direct computation and similarly for the second. O]
6.10 Dualities for modules associated to 4(1,2)
Then for the companion matrix
Az, q)
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
= 0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1
1 Patgtl  (—¢"—P-gH2?+Pa+1  (—F—P—¢Pr—q-1 (*+P+)r—?+1 Bt Pzl
P PRk 1322 0z 0z Pe q7
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we have
Zinii(q) = Ald™, 0)Zn(q) - (6.107)

This module is self dual in the sense of [82], so that M = M"V. In particular, we have a
gauge transformation P(x;¢q) whose columns respectfully are given

) . a6 s )
22a10@q +4> +04% +4042)+20%0% 422 47 (20 +40P +aq  +6q% +ag® +dg+2)+2) —22%q14 40245 (—2¢% —4¢3 —4q2 —4q—2)—2
=
72w4q10+w2q3(72t164;:1q3*4427441*2)*2 2245 (242 +4q42) 42
zPq+° z5q
z5q 2410
—222¢3 2 35 =
ﬂc42{16 %
.2 —2
z4q =2
0 z2q
—2
(2247 (292 44q+2)+2 —2m42q19—2 e e
23420 o7y & g
—2x7q’ =2 23412 22¢9 —2
71?1* z74, 0 2249
e 2247 —2 2
@3g ¢ 2247 z3¢12
o ) 02 ) P ’ —22247—2 ’
x 0q5 a:;qs 132[195 z3q14
e 2 (=227¢°—2 2245292 +4q+2) 42245 42
22g3 v 2.8 9,2 30 2 25417
2 (=22%¢°—2 (z%q°(2q°+4q+2)422q°+2 —22%4¢104 2243 (—2¢% 443 —4¢2—4q—2)+2q%(—2¢—2)—2
2343 2446 2510 2641
0
—2
12511
23415
—222¢% -2
:1:4{118
22q7(2¢% +4q+2)+224% 42
5

z2q
—204q14 42245 (—2¢%—1¢3—1¢% —4g-2)+2¢3(~2¢-2)-2

z0q
24q10(2¢% 4443 +64% +4q+2)+2347 <2q4+2q3+2q2+2q+2)7+§12 a3 (2¢54+44% +44* +6453 +44% +4q+2) +2q% (242 +24+2) 42

o (6.108)

which satisfy the following equations
Az,q) = P(qz, ) A"z, ¢ )T P(x,q)7". (6.109)

This duality can be used to give rise to quadratic relations between the g—series of equa-
tion 8.154 and equation ?? that is most conveniently given in matrix form.

Lemma 18 (Quadratic relations). We have the following identity for Z from equations (8.150)
and (8.152):

Zn()Z-m-c(qg")" = P(¢",q). (6.110)
Proof. From Equation (6.109) we see that
Z_ns(a"") P(4",0) " Zn(q) (6.111)

is independent of m. Then we find that

lim Z (g )" P(¢",q) " Zm(q) = Idrxr. (6.112)

m——00
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An additional identity is needed. This follows from the usual method of checking the differ-
ence equations and boundary conditions at m = oo, which in this case vanish.
Proposition 11. The g—series Z,(T?)(q) is defined for ¢ # 1 and for |q| > 1, we have

ZP(q) = 0. (6.113)






Part 1V

Modularity
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Chapter 7

From modular to mock

Classical modular forms originated as 6—functions. They were then implicit in the studies
of Ramanujan who formulated many beautiful conjectures and illustrated many important
structural properties in examples. These properties were then understood by Hecke. Their
theory became most clearly described as certain functions with large and interesting sym-
metries related to arithmetic objects. These symmetries are strict enough that the spaces
of functions that are invariant under their action are finite dimensional. They appear in
almost all areas of modern mathematics and their powerful properties have led to amazing
developments in algebraic geometry, mathematical physics, and number theory. This section
will give some extremely elementary aspects of the theory discussing the bare minimum for
what we will need. For a more detailed introduction see for Example [32, 176]. Next we
move toe Jacobi forms. The theory of Jacobi forms was introduced in [56]. This combines
elliptic and modular forms and captures many interesting and important examples of classi-
cal functions. The g—difference equations these satisfy are trivial and we will see that taking
more interesting examples leads to quantum modular forms. As a stepping stone we consider
mock modular forms

One of the most mysterious open problems over the last century was the question: what are
mock f#-functions? In his famous last letter to Hardy before his untimely death, Ramanujan
gave a list of some simple ¢—hypergeometric functions that have properties similar to those
of modular forms. In particular, their asymptotics as ¢ approaches a root of unity looks like
a modular form at leading order however, at subleading order there is a different behaviour.
For Example [207], consider the function

o0 k2
flg) = ;(_zm, (7.1)

which Ramanujan would refer to as an order 3 mock modular form. Then as 7 — ioc along

271
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1R, one can numerically observe that for example

el7) ~ el =g+ +3(- %3 e(~ g1

—271 )2 1640( —2m1 >3+
1) 3 \2(27+1)

(7.2)

T LU (
2r+ 1) U \a@rt

For example, see Code 27. The leading order would be expected for a modular form, however,
the subleading terms would normally involve an integer multiple of the initial series with an
integer power of e(7). This is indeed a special property for a function to have however with
these examples, Ramanujan gave no definition and trying to understand how he thought
about them seems unfortunately impossible.

Regardless, these functions were then studied by Watson [193|, who proved many of the
g—series identities between them and related them to the Appell-Lerch sums. These were
then studied by Zwegers in his thesis who related them to real analytic modular forms. Soon
after, Bringmann and Ono used these ideas to prove various open problems in combinatorics.
For an overview, see 211, 207, 31].

We close this introduction with a small remark on notation. One of the beautful develop-
ments of the theory was that special functions in a variable ¢ should be replaced by functions
in 7 where ¢ = e(7). However, we will just assume this as standard and often write

flg) = f(7). (7.3)

Moreover, we will always take
¢ = elat/c). (7.4)

7.1 Modular group and Eisenstein series

The basic example of a group of symmetries is the group PSLy(Z) often referred to as the
modular group. This group has a finite presentation

Iy = PSLy(Z) = (S,T:5%=1,(ST)*=1), (7.5)

where the generators can be given explicitly as

T = (é 1) and S = ((1’ _01) (7.6)

The modular group is of course the matrix group SLy(Z) modulo its centre which is just
+1. SLo(Z) is also generated by the above matrices and has finite presentation where the
1s in the relations are replaced by —1. Importantly, the modular group is a subgroup of
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SLy(R) and SLy(C) and therefore has a natural action on h via Mobius transformations. In
particular, for v = [a, b; ¢, d] € SLy(Z) we have
at +b
T o= . 7.7
T cT+d (7.7)
This is indeed an left action as for 7' = [a/,V; ¢, d'] € SLy(Z)
a' ST b _ (da+Ve)r + (d'b+Vd)

/
7T = aT+b o
I d (da+de)T + (¢b+ dd)

= (). (18)

This action can be used to define an action of the space of holomorphic functions on . We
define the |, action as follows

_ ar +b
@) = (e + (). (7.9)
This is indeed a right action as
/ + b/
/ — / d/ —k ((l T )
(flrld)7) = (7 +d)"(fey) p—
Y Nk a%E 4+ b
— (ca/T - —i—d) (CIT—Fd/)kf(%)

CT+d Cc'T+d/ +d (710)

_ "+ b )T + (ab + bd')
— / d / bl dd/ k (a’a
((ca” + dc)7 + (b + dd')) f((ca’+dc’)7+(cb’—|—dd’)>

= (fhy 7).
With this one can define modular forms of weight .
Definition 17 (Modular form). A modular form of weight k for the group SLy(Z) is a
holomorphic function on the upper half plane such that it is fized under the | action, so in
particular

fley = F, (7.11)
3 " (7.12)

and such that its Fourier series

has ¢, =0 forn < 0.

As the full modular group in generated by T and S' it is enough to have the equations
f(r+1) = f(r) and f(=1/7) = 7"f(7). (7.13)

One can of course consider subgroups of SLy(Z) and this important for many interesting
applications. For this thesis we will mainly restrict our attention to the full modular group.
The first statement that one learns about modular forms is that to be one is a strong
condition.
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Theorem A-35. [32, Cor. 1] The vector space of weight k modular forms is finite dimen-
stonal.

Some of the simplest modular forms one encounters are the Eisenstein series. These are
defined [202] for the full modular group as

Gu(m) = > _ (7.14)

pez (M7 T
k>0 or k=0,>0
There functions clearly satisfy the equation

Gn(T+1) = Gu(1) (7.15)

and therefore have a Fouier series. This Fourier series is given as

B > B > ¢~
Gulq) = — = et = - kTt —— 7.16
W=Dy Y= DSt g
k=1 0<d|k k=1

For example, we have

1
Gila) = —7+a+2¢°+2¢° +3¢" +2¢" +4¢° +2¢" +4¢° +3¢" + -+,
1
Ga(q) = oy et 3¢° +4¢* + 7¢* +6¢° +12¢° + 8¢" + 15¢° + 13¢° + - - - , (7.17)
Gs(q) = q+5¢* +10¢* + 21¢* + 26¢° + 50¢° + 50¢" + 85¢® + 91¢° + - - - .
For even n these functions are modular forms of weight n so that for n € Z
Go(T+1) = Go, s
(T 1) = Can(7) (7.18)
Gon(—1/7) = T"Gop(T).
For the even Eisenstein series we can define
2
E = — G = 1+0(q). 7.19
2x(q) C(1 = 2k) 2k(q) + O(q) ( )

The odd Eisenstein series will be additive quantum modular forms discussed later. One can
naturally define Eisenstein series on the lower half plane via the formal manipulation

1 oo
Gulg™) = 5C0—m) + 3k T
k=1

__q7k
| . oo " (7.20)
= SC(-n) - > k- Zk’n_ll — = —Ga(q).
k=1 k=1 q

We close this section with a little computational result. This allows the computation of the
Eisenstein series of order O(¢"/2). This uses the following lemma.
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Lemma 19. [73, 85] We have

(qee;Q)oo 1 1 —€
(D (@e5Om  (G@0)m V 1 —exp(e)

7.21
("¢ Moo 1 B 1 —1 —€ (7.21)
(@0 Voo (a7'e5¢7 )m (@0 )m € V1 —exple)
o m ) . 64
X exp (— <G€(q b — ZLll,g(q )) £'>
(=1 n=1
Corollary 8. We have
(g€ @)oo ( — 1 ¢
MOV — o~k ) (7.22)
(¢ @)oo o 1 —g~n!
FExpanding in the formal variable €
00 ¢! 1 o0 gF/2
(Gelg 1—n)/2) - —log( (—1)k—ek€>. (7.23)
ez:; (¢ @)oo ; (¢ @)
For example, this corollary gives the formulae
1 1 o qk(k+1)/2
Gi(g) = — — Dk t—
@) 4 (¢9)x & =) (¢ @)
1 2 ki‘i k2 gk(k+1)/2 s k(k+1)/2 (7.24)
q
() 24 (69) kzzo( "3 @or ZO (g )k
where of course we can use either
o0 kD2
(G0 = S (DM = S (g, (7.25)
P (¢ @) ot

for efficient computations.

Remark 22. The main use of these formulae is evaluating odd Eisenstein series near ¢ = 1.
Of course if one has an even Eisenstein series the most efficient way to do this is with the
modularity.

Remark 23. The FEisenstein series arise when we find solutions to certain q—difference
equations associated to roots of the indicial polynomial of edges of the Newton polygon with
multiplicities. They similarly arise when factorising state integrals.
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The Eisenstein series of wieght 4 and 6 turn out to determine all other modular forms. In
particular, the multiplication of two modular forms is again a modular form with weight the
sum of the two previous weights. In this way, we can make the algebra of all modular forms
into a graded algebra.

Theorem A—-36. The algebra of modular forms in isomorphic to the polynomial ring gen-
erated by the Eisenstein series of weight 4 and 6, that s

C[Es, Eq). (7.26)

The final important property of Eisenstein series is the important transformation property
of the weight 2 Eisenstein series. This function would be modular with an almost analogous
proof however it lacks certain convergence properties that would be required for the proof.
However, it satisfies the following transformation

Go(@) = 7*Gala) + 1= (7.27)

There is a space of functions that extend modular forms called quasi modular forms and this
is gives an algebra isomoprhic to the polynomial algebra

C[Ey, Ey, E) . (7.28)

The functional equation for G5 will be important when we discuss Jacobi forms.

7.2 The Dedekind n—function and #—functions

After the Eisenstein series there is another modular form that one will encounter. Indeed,
it is a major player in this thesis. This is the Dedekind 7 function. This is defined as

Y2 (g5 @)oo - (7.29)

This is a modular form of weight 1/2. This cannot be a usual modular form as |; /2 1s not a
well defined action. Indeed, we need to twist this action. Everything is determined by the
equations

n(q) = q

n(r+1) = e(1/24)n(r) and n(=1/7) = e(=1/8)/7 n(7). (7.30)

More generally, we have

n(aT i b) = €(a,b,c,d)Ver +dn(T) (7.31)

cT+d

where

e(bd/24) ife =0,

e(a,b,c,d) = { \/% Igczlzl (1_6@%)) s

Te(sxt) ife#0.

[NIE

(7.32)
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This €(a, b, ¢, d)v/cr + d is called an automorphy factor and € a multiplier system. See def-
inition 18. This formula for the multiplier system can be derived from the asymptotics of
the Pochhammer symbol given in equation (4.93). However, it is often given in terms of the
Dedekind sum which for 0 < ¢ is given by

e(b/24) ife =0d=1,
e(a,b,c,d) = “ 1 n/dn n . 7.33
et = { om0 ey Heo .

This is numerically verified in Code 25. From the equations (7.30) we see that

Alg) = @™ = q]J(=a)* = D rk)d". (7.34)

gives a modular form of weight 12. This is Ramanujan’s A—function and the Fourier co-
efficients are his 7—function of which Ramanujan discovered many fascinating properties.
Weight 12 is important as it is the first weight with space of functions of dimension greater
than 1. Indeed, this is the first example of a cusp form, which is roughly a modular form
which vanishes when ¢ = 0.

The most classical example of a modular form is given by the #—functions. These were
studied by Jacobi and used by Riemann to prove the functional equation of the (—function.

The basic example is
Poo(q Z ¢, (7.35)
keZ

This satisfies the functional equations
1900(7' + 2) = 1900(7' + 2) and 1900(-1/7') = e(—1/8)\/;1900(7') . (736)

Therefore this is invariant under the group generated by 72 and S. Hence, this subgroup is
often referred to as the 8—subgroup.

To prove the modularity of each of these functions the easiest method is to apply Poisson
summation. Indeed the first transform satisfied by ¢y simply follows from the Fourier
expansion in ¢'/2. The second follows noting that by Poisson summation given in Theorem 26
that

Yoo(—1/7) = D _e(=k*/21) = Z/ (—22/27 + {x) dx

kez LeZ

_ Z\/§e(52/27) = e(—1/8)vTu(7) .

(7.37)
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7.3 Vector and matrix valued modular forms

The previous example of the # function ¥y leads to a natural question: what properties does
the function
Voo(T +1) = Z(_l)qu2/2 (7.38)
keZ
satisfy? For the full modular group we can in fact lift this kind of modular form on a
subgroup to the full group. Let’s continue with this example. We can define an additional
three functions

Jor(q) = Z(—l)qu2/27 Do(q) = q1/4zqk:(k:+1)/2’

kEZ keZ

(7.39)
and  11(q) = ig"/*) (—1)FgFET2
keZ
These functions then satisfy the transformation
1901(T+1) = 1900(7'), 1901(—1/7') = e(—1/8)\/;1900(7),
Vio(T+1) = Yio(7), ho(-1/7) = e(—1/8)\/F1901(T), (7.40)
’1911(T+1) = 1911(7'), 1911(—1/’7') = e(—3/8)\/;1900(7) .
Along with Jgo(7 + 1) = Yp1(7) we see that we can form a vector-valued function
1900(7')
1901(7')
0 = 7.41
O (r.a1)
1911(7')
which satisfies
01 00 100 0
100 0 010 0
Hr+1) = 00 1 0 Ir), I(=1/7) = e(=1/8)V/T 001 0 I(r). (7.42)
0001 00 0 —

This kind of example can be formalised using matrix valued automorphy factors.

Definition 18. We call j: h x I' = GLN(C) an automorphy factor of rank N and weight k
of

at +b . ,
; ; 7.43
T)im, (7.43)

iy = j(
and for v = [a,b; c,d] for some k € R
i) = (er +d)fv(y) (7.44)

where | det(v(7y))| = 1. v is called a multiplier system.
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Using this we can define modular forms with respect to automorphy factors.

Definition 19. A holomorphic function f : b — C¥ is a modular form with respect to the
automorphy factor j if for v = [a,b; ¢, d] € SLy(Z)

D) = imse). (7.45)

We can define an action on functions similarly to what we did form modular forms |; with
respect to this automorphy factor j.

A famous and interesting example of a vector—valued modular form comes from the Rogers—
Ramanujan identities [164].

Example 57. Consider, the functions

B 0 qu . B 0 qk2+k
. ,; (@) ¢ o) = ,; s (7.46)

These satisfy the following equalities proved independently and also together by Rogers—
Ramanujan

1 1
, and H(q) = .
@ (4% 6°) 00 (4% @)oo

(7.47)
Then taking
—1/60G( ))
q q
= , 7.48

9(q) <q11/60H(q) ( )
using the product expansions, the Jacobi triple product and modularity of the 6 —function from
equation (7.68) one can show that

str+1) = (T e )00 acun = 2 (BT R e,

(7.49)
In this case, these two matrices associated to the generators T and S generate a representa-
tion of SLo(Z).

7.4 g-hypergeometric functions and modularity

The previous example of the Rogers—Ramanujan functions is very special and beautiful ex-
ample of a modular ¢—hypergeometric function. Most g-hypergeometric functions are not
modular and it is an extremely interesting question of when such a function will be modular.
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This seems like an impossible condition to quantify for a ¢—hypergeometric function. Re-
markably, based on computations in conformal field theory, Nahm gave a relation between
modularity and vanishing of a classes in K—theory. This can be made precise for the class
of ¢-hypergeometric sums known as Nahm sums

LET Ak+bT k+c

y ( v (7.50)

GDr (G Dry
keZ]ZVO )1 ( )N

To these sums and solutions

N
1-x; = [[x, (7.51)
j=1
we can associate the element of the Bloch group
N
Eai = Y X eBC)®Q. (7.52)
j=1

Conjecture 6 (Nahm'’s conjecture). [142, 191, 206] If some {4, = 0, then some combina-
tion of the sums with various b and ¢ gives a modular form.

For the Rogers—Ramanujan functions we have associated Bloch group element [206, Sec. 2.B|
[(—1£V5)/2] = 0€B(C)®Q (7.53)

and we of course have the modularity shown in Example 57. This conjecture has a natural
and surprising analogue for three-manifolds. Indeed, it was noticed in [118, 99] that false
f—functions and mock modular forms appear for non-hyperbolic three-manifolds. This can
be formulated in a modular setting as follows.

Conjecture 7. If M is a non-hyperbolic 3-manifold, then the ¢q—Weyl module associated to
its sly quantum invariants has a representation in a space of modular forms.

7.5 Elliptic functions and the Weierstrass g—function

Elliptic functions are meromorphic functions defined on a complex torus C/(Z + 7Z) i.e.
doubly periodic functions. From Liouville’s theorem, holomorphic elliptic functions are con-
stant. Supposing that there exists a function with a simple pole leads to a contradiction as
this gives an isomorphic to the Riemann—sphere. Therefore, the first example must have two
simple poles or a double pole. This leads to the Weierstrass p—function. This is defined as

plzr) = % + Z ((z - mlT —n)?  (mr :— n)2> ' (7.54)

(n,m)€Z2—(0,0)
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This functions satisfies the functional equations
p(z+mr4+n;7) = p(z;7), (7.55)
and so is elliptic. It has Laurent series expansion at z = 0

o(si7) = 423 G S (7.56)

This expansion can be used to show that for = = e(z)

o(z7) = 0'(x; q) ;(i’;’;r;qw(fcm 96y (q). (7.57)

Notice that from the functional equation for the —function,

0(qr;q) = —q 'z '0(x;q) (7.58)

for any set of 2p; and 2 ; such that
D 20— 2y = 0 (7.59)
J

we find that

H e oz + 20,); Q)) , (7.60)

(e(z + 200,j);

is an elliptic function. In this way if we understand the zeros and poles of an elliptic function
then we can give an explict description. Note that this is not necessarily an easy problem
and indeed the zeros of the Weierstrass p—function are interesting numbers computed in [55].
This example shows us that this natural examples has an expansion in the elliptic variable
which is made up of modular forms. It is then natural to ask whether this elliptic functions
satisfies any modular properties. This is indeed the case and leads to Jacobi forms. Here we
see that for v = [a, b; ¢, d] € SLy(Z) we have

p( z at +b

— 2 .
) = (e (=) (7.61)

7.6 The Jacobi group and f/—functions

The transformation property of the Weierstrass gp—function indicates that there are natural
examples of functions that are elliptic and in some way modular. From the point of view
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of symmetries there is a clear way of how to combine these actions. This is through the
semi—direct product. In particular, we can take the Jacobi group

SLy(Z) x Z7. (7.62)

This is the group defined to be to be the set of pairs (v,n) for v € SLy(Z) and n € Z? with
multiplication

(v,n) - (Y,n') = (v, ny' +n'). (7.63)
This group has a natural slash action on functions from C x . This has an associated weight
k and index m and we define for v = [a, b; ¢, d] € SLy(Z) and (n, ny) € Z?

—mez? z  ar+b
W) (z57) = d)~* :
(flemy)(2:7) (e7 +d) e(m’—l—d) (m-—i—d CT+d>

(flemn)(z;7) = e(m(n%T + 2n1z))f(z + 117 + no; T)

(7.64)

We can use this to define Jacobi forms.

Definition 20 (Jacobi form). A Jacobi form of weight k and index m is a holomorphic
function from C x b such that it is fixed under the |;., action, so that in particular

f|k,m(/y?n) = f’ (765)

and such that its Fourier series

> canga” (7.66)

n,r

has ¢ = 0 for n > r?/4m.
Much like modular forms, being a Jacobi form is a strict condition.

Theorem A-37. [56, Thm. 1.1] The space of Jacobi forms of weight k and index m is
finite dimensional.

For example, weight k and index 0 Jacobi forms are constant in z and are therefore just
modular forms of weight k. This is quite nice, however we are almost always interested in
some more exotic examples with multiplier systems and vector—valued. These can analo-
gously be defined and often we won’t restrict ourselves as we will not often need these finite
dimensionality results. We see that the Weierstrass p—function is then a weight 2 and index 0
meromorphic Jacobi form and so is already a slight generalisation away from holomorphicity.

The last equation (7.64), for the action of Z?, can be viewed as a g—difference equation.
Indeed, letting x = e(z) and ¢ = e(7) as usual, we find that the last equation is

Flgmasq) = ¢ a2 f(asq) (7.67)
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This is similar to the g—difference equation (5.36). Indeed, the #—function will be the most
important basic example. If we consider the function ¢sz26(z; ¢) and take & = e(z/7), then
from the Poisson summation formula of Theorem 26 we find

GE(E9) = Y _(~1)ighr g
_ Z/ e(—(€ +1/2)%/27 + (€ + 1/2)z/7 + (£ + 1/2)€)de
(7.68)

o0

= e(z2/2r) Y (1) e (0 + 1/2)) / o(—€ /27 + 1€)dt
2T 8

This modularity is why we choose this particular solution to the difference equation 5.34.
We can use this to find modularity results for some vector—valued 6—functions. In particular,
notice that for odd k € 2Z + 1

k1 T 22 3 1 1 1 1
g8 x20(x; ") = —e| — — — | gsrx20(xx: g~
qsz20(2; ") e (%T 8) g2 f(x=;qx)
3&271
T 22 3\ 1 1 porrtl) PRLLICESIUR TS BT
= e (- 5) e ¥ 0 D0 0
T:»:T—l keZ
T 2203 k—1) <
= ,/-e|— ——— 1 ’+’+?E’0
Ve (o =557 Gt Rt logay

2 2 w—1
Kys 1 s . T z 1 K _ s _ s sT L4+ r 41
astia20 8 ") = ‘/fe(—ffff»i SvaTw Y H)”Se(—)q AR AR TR AR PRy (7.70)
K 2KT 8 4 —0 K

Similarly, one can show that for even x € 27Z,

2

2 r—1

ks 1 T z 1 K _ s _ s . sr ﬁ ror? r_ 1

i5t5520(-°5d") = |/ e — - §j<—1>r+be(—)q FEt ko E b qmi g™ (7.71)
2KT 8 4 —0 K

K

Therefore, taking them vector—valued #—function with the Vandermonde determinant

£ 1 . 1 1 1 1
B 2B 0((—1) g o
R e ) ) 8 27; (2t
2 4 2k—2
Velz;7) = - 1)’"q§+§+ﬁx7+§e<< tigragy |, Ve = |0 e o (% (==2) 1,
9k2—12k4+4 3 r—1 2k—2 (r—1)2
(=) tq~ 8r w2~ 59((71)”+1q7'z;q'i) 1 e( R ) e( R ) e( " )
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we find that
2
Du(E:0) = 4/ e (—z ———f) Vi Ol 0). (7.73)

We have the additional relations

. K kK T T 9k — 12k + 4
Velz;m+1) = d1ag(e<§>,...,e<§+5—1—%),...@(8—/{))05(75,7)
r

ez +1;7) = diag(e<%)"“’e<%+ﬁ>""’e(%+,i;1)>19,§(z;7)

010 0 (7.74)
001 - 0
Ve(z+7;7) = —q_%ﬂc—é oo e Ye(zT)
000 --- 1
100 --- 0

We then see that this is a vector—valued Jacobi form with some matrix valued automorphy

factor.

From Jacobi forms, we can construct modular forms. One way is by taking sums over torsion
points on the elliptic curve i.e. sums of the form

N-1

> f((k+70)/N;T). (7.75)

k,0=0

Also, expanding as power series in the elliptic variable near 0 and taking the coefficients we
see that quasi modular forms will arise. Quasi modular forms will arise as
27 exp((2miz/T)2Go(q))

Therefore, if f is a Jacobi form of weight k£ and index m, we see that

g(z;7) = exp(2m(2miz)*Ga(q)) f(z;7) (7.77)
satisfies
g(;;;) = 7hg(z7). (7.78)

Therefore, the coefficients in the expansion of ¢ in z around z = 0 will be modular forms
with weights depending on the power of z and k.
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7.7 Deformations of modular g—hypergeometric functions

We can view the f—function 6(z;q) as a deformation of the f—function Jyo(q). Indeed, they
are related by simple functions and shifting the index of summation.

0(zi7) = > e(k(k+1)m/2+kz) = Y e((k+1/2+ 2/7)°1/2— (1/2+ 2/7)°7/2)
keZ keZ
=12+ /02 S elktr/2).

kE€ZA1/2+2/7

(7.79)

It is then natural to consider the modularity of modular ¢—hypergeometric functions under

a similar operation. From the point of view of Nahm’s conjecture 6, this is natural as these

deformation will not alter the original ¢—difference equations. While a general statement

to this affect would be involved given the still somewhat mysterious nature of modular ¢—

hypergeometric functions we can prove this in the basic example of the Roger-Ramanujan

functions. Taking the deformation of the Rogers-Ramanujan functions from Example 57 as

we discussed in Section 6.4 we have

(q:z:; q)oo qk2+kx2k+1

(Do £ (a7 9k

(475 @)oo =~ ¢ 2%

(@9 4 (q59) (7.80)

G(zr;q) = , and H(z;q) =

Then let
g(x;q) = <q_6100(x;q)> : (7.81)

g0 H(z; q)

With this we have the following result, which was seemingly known to Zwegers.

Theorem 3. The function g is a vector—valued Jacobi form of weight 0 and index 2 associated
to the representation p from the original Rogers—Ramanujan functions. In particular,

g(z+1L;7) = g(z7)
glz+1;71) = 2

qg 'z
saran) = (L8 ) ot (7.82)
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Proof. Firstly, notice that

1 1 1 1 1
1 e(1/5) e(2/5) e(3/5) e(4/5)
(8 oY _01) 1 e(2/5) e(4/5) e(6/5) e(8/5)
Lo(3/5) e(6/3) e(9/3) e(12/5)| (78
1 e(4/5) e(8/5) e(12/5) e(16/5)

1
_ (e(1/5)—e(4/5) e2/5)—e3/5))(0 10 0 —1)
e(2/5) —e(3/5) —e(1/5)+e(4/5)) \0 0 1 '

Then, for J5 from equation (7.72), letting

O(z;7) = (8 (1) (1) _01 _01) I5(z;7), (7.84)

from the modularity of ¥5 and equation (7.83) we find that

() (4) o - (720 SR (1)

(7.85)
Then notice that
Fo(r;q) = Y _(=DFFOFW D201 4 ¢fa) = —¢?2°0(q°2"; ¢°) — ¢°2%0(¢2"; ¢°)  (7.86)
k
and
Fi(ziq) = Y (=) (1 10?) — —*270(q"2%; ¢°) —qu"0(g2%; ¢°). (7.87)

k

Therefore, using the deformed Rogers—Ramnaujan identities of Theorem 2 and the modu-
larity of # and 7, we find that

z 1 22\ 2 (sinZ sinT
=) =e(=)—= 5 5 :
g<¢’ T> e<¢>\/§(sin% — sin 2 9(z 7). (7.88)
The other identities for the generators of the Jacobi group can be checked directly. O

Another natural place that a kind of deformation of g—hypergeometric functions appears
is through ¢—Borel resummation discussed in Section 5.5. This leads to additional elliptic
variables when the ¢—series should be divergent. As a somewhat trivial example consider the

sum
kezZ
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This is of course divergent when |g| < 1. We can of course use ¢—Borel resummation of the

series
-1

Z k(k+1 /2 k and Z (_1)kqfk(k+1)/2xk. (790>
k=0 k=—00
In this example, these give exactly the Appell-Lerch sums of equation (5.84) studied in [211]
with the difference of a sign between the positive and negative sums. Therefore, if A and pu
represent the elliptic variables coming from the ¢-Laplace transforms, their sum from [82]
or Lemma 12 is given by

(@ 0)ef AN )N a5 q)0(q tasg) 1
O )0 ) (A s )0t q)  O(g " q)
If one multiplies by 6(¢'z; ¢) then this is a meromorphic Jacobi form of weight 1 and index 0

in three elliptic variables. Therefore, this example of a divergent g—series that we expect to
be modular, indeed turns out to be modular when ¢g—Borel resummed.

(7.91)

Remark 24. This would then give a new fully modular approach to indefinite and negative
definite O—functions. However, the combinatorial interpretation of these O—functions at the
moment seems less clear without any further investigation.

7.8 Appell-Lerch sums

Recall the Appell-Lerch sum of equation (5.84) given by

1 N qk(k+1)/2)\k
L(z, A, q) = 00 ) > (-1 T doa (7.92)

keZ

This is elliptic in A and satisfies the inhomogeneous ¢—difference equation in z,

L(gz, A, q) +xL(z, A, q) = = 1. (793

1 Z(_l o1 qk(kfl)/Z/\kfl(]_ _ qk)\l’>
. — gk
0(X;q) ~ 1 — gz
This g—difference equation is an inhomogenous version of the g—difference equation satisfied
by
1

(g~ 'z q)
Therefore, the Appell-Lerch sum lives in a degree one extension of the module associated
to the —function. To see how this related to Ramanujan’s description of mock #—functions,
consider the expansion

(7.94)

L(l,e,q) = €2+ 3(q) +O(e), (7.95)

(¢:9)2
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1
S(q) = 5;(2-90g — 462" — 1540¢" — 4554¢" — 11592¢" — 27830¢° + ). (7.96)

This function ¥ appears in the Matthieu moonshine conjecture [54]. This function has
asymptotics as 7 — 00

5(6) ~ 750 VA 4 5+ Omifr) 4 O+ 2 i)+ (7.97)

which is exactly of the form Ramanujan describes where the leading asymptotics appear as
they would for a modular form while the subleading appear as some new O(1) series. The
O(1) series is given by the expansion in z of

1 = zk
5 exp(x/8) Z Akw , where o Z Ak on] (7.98)
k=0 '

We see that this behaves exactly as Ramanujan describes. The failure of modularity of this
function is given by a special function called the Mordell integral.

Theorem A-38. /211, Prop. 1.5] We have the following equality

N R
(7.99)

Proof. The main idea of the proof is that the LHS and RHS both satisfy an inhomogenous
version of the same ¢ and ¢ difference equations and are holomorphic. If there existed
two such functions then taking the difference and a product with 2'/26(x;¢) would give a
holomorphic elliptic function and therefore constant. This implies that if it is not zero that
the difference has poles at Z + 7Z but it is holomorphic and hence must be zero. O]

Note that by shifting the contour with the argument of 7, the Mordell integral can be used
to define a holomorphic function in C — R<j. Letting

i k‘ —k k+1 /2 k (7100)

k=0

be the negative definate partail —function, the Mordell integral in the lower half plane is

given by . )
Gt re(G)rivan. o
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and the proof is analogous to that in the upper half plane with the addition of checking
boundary conditions as z and z/7 tend to ico. This example illustrates an interesting
phenomenon. Notice that for |¢| < 1 we have

(L1B19)(x, A\;q) = Lz, X\ q) . (7.102)

Therefore, we see that the mock modular behaviour of this function behaves well with respect
to ¢—Borel resummation. This is a somewhat generalised version of the observation from the
end of Section 7.7. An interesting point is that the ¢—Stokes phenomenon i.e. the variable
A, does not appear in the failure of modularity as noted by Zwegers. This again holds in
more interesting examples associated to quanrtum modular forms discussed in [82].

7.9 Inhomogenous equations from modular forms

All of Ramanujan’s examples of mock modular forms where g—hypergeometric of a special
form. In particular, they were a sum over not a lattice but a cone. This meant that they
all naturally come in families that satisfy inhomogenous g—difference equations. These inho-
mogenous equations require asymptotics which also satisfy the same ¢—difference equation.
This in some sense, this is what requires the existence of the O(1) asymptotic series that
Ramanujan observed. This is analogous to the situation discussed in Section 6.5 and Exam-
ple 43 in constructing the function &. Therefore, after the introduction of quantum modular
forms, one can think of & that appeared there as a mock quantum modular form in the
vague sense of Ramanujan. However, this is somewhat redundant as we will see that mock
modular forms are examples of quantum modular forms. Finally, one of the other ways that
mock modular forms can be described is through indefinite 8—functions. These are again
summed over a cone leading to inhomogeneous relations and the same phenomenon.

To see how the inhomogeneity fixes the O(1) asymptotic series, consider again the third
order mock #—function in its natural family

k24+km

i q (7.103)

k:(J 74

This family satisfies the recursion

fn@) + frni1(@) = @™ frnge = 2. (7.104)

We can apply the methods of Section 5.7, to find solutions that come from an asymptotic
series. Indeed, with the Ansatz

5k
fm(h) = Zzak,emzhf +0(n)* (7.105)
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we find that equation (7.104) has a unique solution

164 13
fm(h) = 2+(4+2m)h+(36+18m+3m2)h2+( 030 1 269m + 53m2 + 3 m4)h3+0(h4).

3
(7.106)

Specialising to m = 0 we see exactly the asymptotic series we observed in the introduction
to this chapter 7.

7.10 A conjecture on order 7 mock #—functions

In joint work with Matthias Storzer, we studied various aspects of mock modular forms and
noticed that using this idea of inhomogeneity when taking the expression of a mock modular
form and summing over the full lattice one finds a modular form. For example,

k2

flo) =Y Lt —, (7.107)

= (=G

is a modular form. This was noticed for all of Ramaunjan’s ¢—hypergeometric examples.
Therefore, using Ramanujan’s mock modular forms we see that they come with a natural
partner, the sum over the rest of the lattice, so that the pair sum to a modular form. This
was noticed in for example in [25, 16], which led to new examples of mock §—functions which
were a modular form plus an old one. This works for most examples, however the order seven
mock modular forms lead to divergent sums and were not studied further. With access to
g—Borel resummation these can be easily defined.

Consider a t deformation of Ramanujan’s seventh order mock 6—functions

[e.9]

Z n+1 Zq qq t”l (7.108)
n=0

n=0

This satisfies the functional equations
tF,(t;q) + (1+ @) Fy(qt; @) — CtF (¢t q) — ¢'tFo(¢*tiq) = 2 —2q. (7.109)

Similarly, the sum over n < 0 gives the function

_(t;q) QZ

and this also satisfies Equation (7.109). F_ is divergent for |¢| < 1 and therefore we take the
g—Borel resummation. We have

—n(n+1 /2<q q>2n+l

(¢ Dn

¢ (7.110)

(7;9) 2n+1
f- 22 o, o (7.111)

n=0
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which is convergent for |£| < 1. This satisfies the equation

(1 =B f(&q) = Bif- (g6 9) + (¢ + VB f(6°€;9) — B f-(¢"6:9) = 0. (7.112)
Using this we can define an analytic extension of B1F_(£;q) to all £ ¢ ¢%<0. Using this we
take the Laplace transform to get a meromorphic function

k .
FLx0) = LB = 3 AT, (7.113)
kEZ !

This function has expansion in € when A = exp(e) at t = 1

F_(1,exp(€);q) = (=2 —8q —26¢> — 72¢> — 182¢* — 422¢° — 930¢° — 1948¢7 + - - - )e 2

1 28 275, 5 3389 , 9449 . 8125 o 29183 . ) o (7.114)
M S | — — — —
(6 39~ 54 764 g ¢ g ¢ 5 5 ¢t +O(e%)
and hence
F_(1,exp(e); q) — F1(1;9)
= (=2 —8q — 26¢% — 72¢° — 182¢* — 422¢° — 930¢° — 1948¢" + - - )e 2
5 31 275, 5 3395 , 9455 . 8125 29189 . )
_____ 215 2 qggt - _ . . )o@,
+<63q 54 q 5 1 5 1 54 54+ + O(€)
(7.115)

We first notice that the expansion of the =2 coefficient matches that of the second Andrews-

Gordon function
(k0240241

— g a) 3 a - ]
(6:0) WZ:O (@ a)r(a: 9)e
Secondly, we observe numerically that the expansion of the € coefficient in (7.115) (but not
in (7.114), since F(1;q) is only mock modular) is modular of weight, and in fact numerical
computations suggest the following conjecture.

(7.116)

Conjecture 8. The function

FLi(1,X9) — Fie(1;q) (7.117)
is a Jacobi form of index 0 satisfying the same modular transformation as the Andrews-
Gordon functions times the n function of different weight (as part of a vector—valued modular
form).
This cojnecture is a more interesting example of the discussion around equation (7.91). This
would also imply that

Coo(F_1(1, exp(€); q)) (7.118)
is a mock #—function with the same shadow as Fy(1;q).

Remark 25. [ belicve this conjecture could be proved. A natural approach would be to try
and find some kind of q—series identity with some functions related to the second Andrews—
Gordon functions. This approach would involve some playing around with g—series, which
both Matthias and I haven’t done over the last year so I just report just the conjecture here.






Chapter 8

Quantum modular forms

Quantum modular forms are a generalisation to the previous examples of modular objects
we have seen. They encompass modular forms and mock modular forms as special cases.
The truly new examples historically came from functions at roots of unity, whose failure of
modularity has improved analyticity properties [208, Ex. 5|. These functions can roughly
be thought of as functions from h U Q U b to some matrix group such that some multiplica-
tive failure of modularity defines a function that has an analytic extension to some simply
connected cut plane in C [82, 201].

The first basic example are just modular forms. However, we need to extend these to
functions at Q and then the lower half plane. This can be done through asymptotics and
here we find that information about the cusps is stored in an interesting way. The next
examples come as mock modular forms, however, we will not discuss this case in great
length. Then g-hypergeometric elements of the Habiro ring were the next set of interesting
examples. In particular, elements of the Habiro ring that came from knot invariants.

I will give a somewhat historical and somewhat pedagogical overview of the theory, starting
with modular forms at roots of unity. Then a discussion on asymptotics and how one
can prove these kind of asymptotic statements. Following this the cocycles used to define
quantum modular forms will be considered, along with some of their structural properties.
This will allow us to give our working definition of quantum modular forms. As usual we
will then explore this in the special case of the Pochhammer symbol, which will give us the
basic tool we will need when discussing state integrals.

Asymptotics of modular forms behave in very simple and beautiful ways. Here we will explore
this at roots of unity and then some similar properties of ¢—hypergeometric examples.

We have seen that various proper g—hypergeometric functions satisfy interesting asymptotics
as 7 — 0o. These asymptotics possess some interesting modular properties which stem from
the modular properties of the Pochhammer symbol. A famous and old problem is how
to make sense of certain divergent series. Indeed, if the asymptotic series that arise are

293
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convergent then one can subtract the leading order and explore subleading behaviour. In
the previous section, we numerically turned the asymptotic series into convergent functions
using Borel-Padé—Laplace in the example of the WRT invariant of 4;(1,2). There we saw
that indeed after removing the leading order we saw subleading terms. However, the use
of this resummation technique is numerical and therefore everything is conjectural. In this
section, we will explore the properties that we expect these resummations to satisfy. These
define a matrix valued cocycle and we will see that this gives interesting elements of some
group cohomologies of SLy(Z). This cohomological interpretation was realised in [86].

The fundamental result that will be necessary for the proofs of quantum modularity of ¢—
hypergeometric functions is that the Pochhammer symbol is a quantum Jacobi form. We
have essentially gone through the proof of this statement in Section 4.4. We will go into the
slightly more detail that we need here.

8.1 Modular forms at roots of unity

Recall the Eisenstein series Eq(q) of equation (7.19) for k € Z~,. These satisfies the modular
transformations

Eo(T+ 1)Ey(r)™ = 1, and Epu(—1/7)Ey(r)™t = 7%, (8.1)

We can define an extension of these functions to include the rationals. This is defined such
that
)%, (8.2)

where denom(0) = 1 and denom(co) = 0. This extended version satisfies exactly the same
modular transformations (8.1). Finally, we can extend Fy to the lower half plane such that

for € Q wehave FEy(x) = denom(x

for 7€bh wehave B (1) = —FEy(—7). (8.3)

We see that the whole extension Eo, : h UQ U — C satisfies the modular transforma-
tions (8.1). This is the most basic example of a (multiplicative) quantum modular form.
At rationals, the following proposition states that denom?” is the only rank one quantum
modular form whose “failure of modularity” is given by 2?* up to multiplication by a constant.

Proposition 12. The only (multiplicative) quantum modular forms f : PQ — C that is
functions with

fe+1) = f@) and f(=1/x) = 2% f(x) (8.4)

are multiples of denom(z)?*.

Proof. Notice that if
(8.5)
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we have
glz+1) = g(z), and g(-1/z) = g(z). (8.6)
Then as SLy(Z) acts transitively on PQ we see that g(x) must be constant. O

The reason that the extensions of Esy is the right extension is that it comes with something
similar to a strange identity. For 7 € b,z € Z with 7 — oo with arg(z) > € and x — oo we
have

Eo(—1/7) ~ 7* + O(7%%q), and FEo(—1/7) = 2* (8.7)

It appear that some information was lost, as we know that spaces of modular forms can have
dimension greater than one. However, there is additional data at roots of unity referred to
in [86] as tweaking.

To understand this, we should start with the first interesting example of a cusp form. This
comes from the 24-th power of the n functions so we can start there. Define a function from
rational numbers by the constant terms from equation (4.93)

£
s

() - V= 0-o(9) e

where we use the convention that denom(x) > 0 and so s > 0. Note that

We have the following lemma.

Lemma 20. /208, Ez. 0] For x € Q*

e( B ﬁ) 6( B %) - e<24 denom(xl) numer(:r)) \/__ZG<2$_4> e(x). (8.10)

Proof. Suppose that v = [a, b; ¢, d] € SLy(Z) with ¢ > 0.

€<2> e<a+d) = €(a,b,c,d),

c 24c (8.11)
a( - 2) e(_zc;c; b) = ¢(—sign(a)c, —sign(a)d, |a|,sign(a)b) .

Therefore,

e(—s5)e(—5) :e<a+d+c—b_ c _i> e(a, b, c,d)
e(ﬁ) 5(%) 24c 24a 24a  24c/ e(—sign(a)c, —sign(a)d, |al,sign(a) b) -

(8.12)
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Then from the modularity of the n—function we have

V/|a|T + sign(a) be(—sign(a)c, —sign(a)d, |a|, sign(a) b)

: 7 (8.13)
= |(I|T * Slgn(a) 6(0, _Sign(a)a Sigﬂ(&), O) VT + dG(CL, b’ ¢ d)
cT+d
Then we see that as
0 < arg(y/|alr + sign(a) b) < g
‘ 8.14)
; (
T _ arg( la|T + sign(a) m) .
2 cT +d
we have
. lal7 + sign(a) b
Il T s = Ver 4 (8.15)
cT +d
and so

e(~ i) e(— %) = e( ! >e(0,—sign(a),sign(a),0) = \/—_ie< ! ) (8.16)

e(5%) () 24ac 24ac
0
Therefore, for v = [a, b; ¢, d] € SLy(Z) we see that
5(%)22(&21_3)24 = ¢(a,b,c,d)* = 1. (8.17)
Therefore, if d is any integer such that
a(d+cZ) = 1+ cZ, (8.18)

then

o(2e(2)" = o). s

Of course from the previous Lemma 20 we see that

e(r+1e(z + 1)* = e(x)e(x)*,

e( a é>€< a é)% - e(denom(x)lnumer(:p))e(x)g(x)m' 520

By a completely analogous proof to Proposition 12, we find that ¢ is the only function
satisfying these equations up to a multiplicative factor. This then indicates that modular
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forms at roots of unity keep track of their behaviour at cusps via the tweaking factor. For
example, from this it seems somewhat natural to define

A:hUQUh = C st. A1) = qe(q)* if7eQ, (8.21)

{ gII2,(1—=¢)* ifrep,
gl (1 —q77)™ ifrch.

The modular transformation now becomes

A(=1/7) = Jia(m;9)A(T) (8.22)
where
T2 ifrep,
Jio(1:8) = { e(Fomommmmey) £ 7E€Q, (8.23)
7712 itrehbh.

This automorphy factor is of a similar shape to all our examples and importantly, we need
this for all v € SLy(Z).

Definition 21 (Automorphy at Q). Take the cocycle X from [86, Lem. 3.1] defined so that
for v =la,b;c,d] € SLo(Z) and r/s € Q we have

)"Y(T) = 8(

cr+ds)

c

(8.24)

This cocycle gives rise to automorphy factors at Q.

It would be interesting if one could define the modular forms at the rationals in such a way
that we get completely analogous results to that of classical modular forms. Importantly,
some rigidity that could also encompass cusp forms. However, we won’t say more on this
here and close this section with one last example, which illustrates that similar ideas should
also apply more generally.

The asymptotics of the A = 2 Nahm sums, a.k.a the Rogers-Ramanujan functions, were
discussed in Section 4.7. Recall, the equation

1-X = X? (8.25)

which has solutions

1 V5 1 V5
X1 = —5 — 7 and X2 = —5 + 7 y (826)
gave rise to two functions for ¢ = e(a/c)
le|—1 1— Y4 ‘%‘*% lel—1 T2+rmX(2T+m)/|C|
— q q j
fj,m(Q) 1 ( ) ! rts+l_ 1 9 (827)

Vel X;/(1 = X;) + 2|e] = HLC:Ol(l _ qr+s+1X;/IC\) -1
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that gave the constants of the asymptotic series. These functions satisfy the equation

( (e(GOx)flo( - %) e(ﬁO:c)fQO 2 ( —& dcnom x)numcr(:p)) 0 ))

61011) ( ) ( 60:1: f21 _91_0 e(i L

-2 (SIH(QQ) Sln( ) )( e( - 3 ) frolz) ef - o)f20( )> 60 denom(z) numer(z)

= s () —sin(2)) () fiil) () ()
(8.28)

These equations can be proved from the modularity of the Rogers—Ramanujan functions
following a similar argument we gave for the n function. This illustrates some aspects of how
a theory at roots of unity should generalise. Importantly, the tweaking factor

ol 1 0
enom(z) numer(x)
( 0 N (5.29

60 denom(z) numer(z)

sees that behaviour at the cusp of the Rogers-Ramanujan functions as it did for the n
function.

8.2 Quantum modular forms: looking back

In [208], quantum modular forms are introduced as functions f : Q — C such that

= (f1&) (8.30)

is “better behaved”. The idea was that while f can have absolutely no continuity, h, could
become continuous or even analytic. This definition is additive in nature whereas so far we
have discussed modular forms in a sense multiplicatively. In this way, consider the function

f:Q*—=C st f(xr) = log(denom(x)). (8.31)

This function has absolutely no continuity however the difference under the S matrix is given
by

f(@) = f(=1/z) = log(|x]). (8.32)
To get a feeling for this change we can consider a before and after plot shown in Figure 8.1.
In [208], six examples are given (from 0 to 5) and example five was by far the most interesting
and surprising. This was related to a function that we have previously seen. In particular,
this example was related to the Kashaev invariant of the figure eight knot 4;. Recall the
Kashaev invariant

Z k —k (k+1) /2 Z ; 1)k- (833)

k=0 k=0
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log(denom(z)) — log(denom(—1/x))

log(denom(z)) 41

' ' ' BT
4
+> T 1
4

Figure 8.1: Before and after plots of quantum modularity of the log(denom) function.

We can see from the last equality this is real valued. We have seen the asymptotics of this
function in Example 43 through ¢ = e(1/n) for n € Z. However, the remarkable observation
in [208] was that for some uniformity on the denominator if n € Q approaches oo then

Jo(dr;e(=1/n)) = Jo(4r;e(n)®) (2mi/n)
G N v i\ 2
VC ) (1/8) (1 11 2 697 (2 ) +)

= itiete () 50 S w ey e ”
8.34
Then the function
log(Jo(415€(—1/n))) — log(Jo(41; €(n))) (8.35)
behaves better than
log(Jo(41; e(n))) (8.36)

Indeed numerically, it seems to have a smooth limit as one approaches a rational number on
both sides but is discontinuous at each rational. One can consult [208] for some nice figures
plotting these functions.

When Zagier originally introduced quantum modular forms, he deliberately didn’t define
them. His paper instead gives examples, which all have similar behaviour in slowly increasing
levels of complexity. More than ten year later we have a much clearer idea about what
quantum modular forms should be, and this improved analytic behaviour will be much
stricter than we saw in this example. This example was refined to give rise to analytic
functions on simply connected regions in C in [86]. There was one final computation needed,
which we include in Section 9.2 based on the work of [70].



300 CHAPTER 8. QUANTUM MODULAR FORMS

The quantum modularity observed with the previous definition is only part of a bigger story.
However, when exploring examples it is often helpful to understand these leading asymptotic
statements. These can often be proved for a given example by using modularity results of
Pochhammer symbols, Euler-Maclaurin, and stationary phase. The methods used in [29]
can be applied to many g—hypergeometric functions and the main point is to use Theorem 29.
We will illustrate these methods in the example of the WRT invariant of 4;(1,2) after some
numerical observations. We will see that these methods work at leading order and give
surprising insight into exponentially small corrections but why this works is not entirely
clear to me. However, before dealing with that slightly more complicated example, we can
consider Nahm sums.

Before this, one should remark that, as we have described originally, quantum modular
forms were only defined for 7 € Q. However, ¢—series with certain asymptotics as || tends
to infinity with J(7) bounded away from zero and infinity also possess similar properties.
Indeed, the important observation is that e(7) is bounded away from zero. Therefore, we
can see interesting ¢ corrections to the leading order of the asymptotics with these horizontal
limits. While these statements are in a sense weaker than what we get via state integrals in
part V, we include this example here to illustrate the method.

Example 58. We can use Theorem 29 to analyse the asymptotics of this function. Firstly,
suppose that R(1) > 0 and let ¢ = e(7) and § = e(—1/7). Using ¢ from the theorem given
in equation (4.65), define

o(r, k) = —¢(1,1,0,k —1). (8.37)

Note that

o(r,k+1/7) = o(1,k). (8.38)

Then for T small enough (i.e. R(T) < 1)

o0 q§k2+km oo q§k2+km
famn(q) = e(nk)——— = e(nk) —————exp(o(7, k))
kZ:O (¢; @)k kzzo CHIE

(8.39)
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Notice that for Ak, ¢ € Z we have Akl € Z' and so, letting x =k — (],
A,
e(Ek T+ kmt + nk:)
A 2 A
- e(E(k — /1) + (k= U/)mr +nk = (/7) = S/ +ml + ne/T) (8.40)
A A
= e(axQT + axmt + nx — 542/7 + ml + n€/7'> :

Therefore, we find

00
fA,m n Z e(m
=0

Therefore, we want to understand the asymptotics as T — 0 of the sum

Z e(%xQT +amT + nx) exp(o(T,x)) . (8.41)

& Q)E x€Z—L/T

0<R(z)<1 A 22 x
f(T, g) = Z (57 +axm+n— ) exXp <¢ <7—7 ;)) . (8'42>
xeTZ—1t

We can apply the Fuler—Maclaurin summation formula from Theorem 25 to this sum in a
form similar to that given in [203, Lec. 2. There is one important subtly, which is that for

jE€Z and x € 7Z — ¢ we have
14
e<j£> = e( — J—) : (8.43)
T T
therefore, we wish to apply Euler—Maclaurin to all the sums

f(r,0) = (jf) 0<§RZ) <§$— +axzm+ (n+j)— ) exp (gb(T, ;)) . (8.44)

This ambiguity can be seen to arise as the initial sum only depends on n + Z.

Note that at the end points of the summation, as T — 0, for certain choices of j the con-
tribution to the Euler—Maclaurin summation formula is exponentially small. Therefore, for
these 7, the sum is approximated to exponentially small corrections by

e(L) riRetas A2
f(1,0) ~ Q/ e< T fam+ (n+j)— ) exp (gb(ﬂ E))dz (8.45)
T Jign 2T T

'If A € Q then this condition fails. This is the only point that it is needed and we have included this
assumption purely to simplify the discussion. To deal with A ¢ Z we split the sums into congruences. This
will be a finite number given by the denominator of A. These finite number of sums will again have the
following decoupling between k and /.
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We can then apply stationary phase to these integrals. To do this we need to understand the
geometry of the critical points of the logarithm of the integrand to leading order to apply a
verston of Laplace’s method. We will choose the j so that such an analysis will work and we
will find critical points near the contour. Then deforming the contour to pass through these
points will give rise to the asymptotics.

We have

2

e(ém_ +zm+ (n +j>§> exXp (¢<T’ ;))

2T
e( iy Lin(e(a)) — 7o L P ) o
= e|l——Lis(e(r) = ————+=—+(n — 4 o(r
(2mi)2r ? (2mi)2r 6 27T T
and therefore, the critical points are given by solutions to
0 1 1 7 A
_ Y —L L A2 .
0 ax<(2m‘)2 ble@) - s T3¢ +(”+3)x> (8.47)
1 , '
= —%log(l—e(m))jLAx—irn—l—j.

To find solutions to this equation we take X = e(x) and find a polynomial equation for X,
1-X = e(n)X4. (8.48)

This equation is referred to as Nahm’s equation. Choosing a solution to this equation and
the equation

e(z) = X (8.49)

such that R(x) is close to [0,1] will give rise to the critical points of interest. Once x is
chosen, we then choose j so that it is an honest critical point. Once this is done we deform
the contour using the method of steepest descent. For the A = 4 example, this leads to j = 1
and as seen in Figure 8.2, we can apply stationary phase around the x4 critical point to
prove this form of quantum modularity, as T approaches 0 along a horosphere

Famo(q) ~ W (2mit) fa10(q) . (8.50)
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Figure 8.2: Zoomed in version of the ¢ = —1 plot near [0, 1]. This shows that the integrand
is exponentially smaller that the critical point at the endpoints and hence Euler—-Maclaurin
can be applied and stationary phase. The ¢ = 0, —2 from the previous figure has endpoints
the same size and hence Euler-Maclaurin leads to boundary terms while for ¢ = —3 the end
points are exponentially larger than the critical point.



304 CHAPTER 8. QUANTUM MODULAR FORMS

8.3 Quantum modularity of the WRT invariant of 4,(1,2)

Consider the following values of the WRT invariant:

1
HI( (—)) — _6.3258---+i14.804 ...,
“\1000 o
Hl<e<—1 )) — 1.6433--- x 10% 4 i6.7579 - - - x 10% 8.51)
1000 + 1/2 ' ' ’ 8.
1
m<e<—>) = 1.0551--- x 10% +i8.7759 - x 10°7 .
1000 + 1/3

The immediate observation is the order of magintude shift. The behaviour of the first two
values is expected from Witten’s asymptotic expansion conjecture 2 and the Chen-Yang
volume conjecture 4 for WRT invariants. Indeed, notice that

III(e(;))e(— Ve (1000+1/2)) = —22.044- - +i22.943 ...,

1000 + 1/2 (2mi)?
! VG, | (8:52)
H.I(e(m))e( ~ (1000 + 1/3)) = —26.465--- +i7.6613... .

More generally we have the following observation, which is in fact a theorem extending the
result of Ohtsuki [150].

Theorem A-39. Forr € Q\Z we have

1 % (1 (e<k;>2e+<r— Sk +1)))

= 0. (8.53)

This theorem is a slight generalisation of the Chen—Yang volume conjecture. However, as
in 208, 47, 45|, we can go further and find a full asymptotic expansion. Indeed, numerically
using the methods of Section 3.2, one finds that there is some X (r) € Z[e(—r)] such that

lH(e(k i T)) ~ X(r)e(3/8) \/k—we((;:g;z (1000 + r)) (o) (;T) (8.54)

where

1
Vor

®(h) = af" +af"h+aJh*+ ... = (1+ATh+ ATR +...) (8.55)
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is a factorially divergent series with A; € F'. The first two values A; are given by

1497746 3014838521575 \ © /1
1345119 2732414541176 &
_ _ 2
2463 A" 3075733 7414780842283 i —158.75- - — i57.225. ..
Lokt qer ) = | 2082815 4107826806019 - T
72 —839488  —1690529009777 4 ‘ D
983405 574198051621 5
383432 771765277669 6
(8.56)
Indeed, as we saw in Section 2.6, X(1/2) = 2 and for z = Wj—ilﬂ
‘Hl(exp(:r:)) = 1.6447--- x 10%,
VC7 21
11 —2e(3/8 ( ) T 11735 % 109
I exp(r)) —2e(3/8)e(5 7 )1/ 5 x o
: 8.5
VCy; 2m1 o
I(exp(a)) — 2e(3/8) e )5 (1+ ATa)| = 12530 x 10,
VC7 271 - .
‘Hl(exp(x))—2e(3/8)e(2m,x) 5 (L AT+ AT)| = 39674 x 10%.

These numbers A; can be computed from a formal Gaussian integration, as discussed in
Example 24. Although these agree for this example, their topological invariance has not
been established.

Lets continue, in a similar manner to [208|, with a list of a few values of this not so mysterious
function X (r). We have the following equalities that can be computed numerically:

X(1/2) = Hl(e(=1/2)) = 2,

X(1/3) = H(e(=1/3)) = 1—-e(=1/3),

X(1/4) = Il(e(=1/4)) = 1—e(=1/4),

X(1/5) = Il(e(~1/5)) = 2 —e(—1/5) + 2e(—2/5) + 2e(—3/5), (8.58)
X(1/6) = I(e(-1/6)) = 1 —e(=1/6),

X(1/7) = Ol(e(—1/7)) = 2—2e(—1/7) —e(—2/7) +e(—3/7),

X(1/8) = I(e(~1/8)) = 3 —3e(—1/8).

This equality persists for r with larger denominator and in fact we have the following theorem.

Theorem 4. The WRT invariant for 4,(—1,2) is a quantum modular form in the sense
of [208]. That is, for r € Q\Z as k — oo,

I(e(—1/(k +1))) ~ H(e((k+7)))e(-3/8)

k’+re<_ Vs

- Gt r)) . (8.59)

P6
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log [W(e(x))/W (e(~1/x))|
5 4

Figure 8.3: Before and after plots of quantum modularity.

We can form similar plots to those in [208] as seen in Figure 8.3. Notice that compared with
the plots in [208] the second is behaving much worse than one could potentially hope. This
is related to the fact that the volume of 4; is larger than the volume of 4;(—1,2). However,
if one looks close one can see that at each rational number the behaviour on either side
becomes much better. We will see that the refined modularity [86] will give rise to functions
which satisfy much better analytitc properties and one can compare with Figure 8.5.

Notice that this actually extends to the case that r € Z. We know from Witten’s asymptotic
expansion conjecture that the LHS grows polynomially while the RHS vanishes as I1I(1) =
0. Therefore, in the » = 0 case, the Theorem 4 states that the LHS is dominated by
e(VC;/(27i)%k). Already the form of Witten’s asymptotic expansion conjecture and this
link suggest that there could be an improvement to this result.

Proof of Theorem 4. We can rewrite the WRT invariant of 4,(1,2) computed in Example 16
as

-3 4;9
(1 —gl(q) = Z(—l)kq sh(k+1)+L(6+1) (4 @)2n+1

0<t<k (QS Q)Z(QS Q)kfé
oo (8.60)
= Z (_1)j+€q—éj(j+1)—je+e(e+1)/2 (¢; Q)2j+2€+1 ‘
(=0 (@9)e(q:0);
Then consider the elements
N j —15(+1)—j mj+n <Q7 Q>2j+2€+l)
Wi, (q) = (_1)J+€q $3(FH1)—jl+L(E+1) /24+mj+nl . (8.61)
’ é;:o (¢:0)e(q;q);

Using the quantum modular properties of the ¢—Pochhammer symbol from Theorem 29, we
can analyse the asymptotic behaviour of (1 — ¢)III(¢). To do this, for ¢ from Theorem 29,
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let
o(k,7) = —=(1,1,0,k — 1) (8.62)
Then, for r = a/c € Q, we have
(1 = e(~1/r)il(e(~1/r))

2f+§<a( e e(FiG+D+ 2 - Few+n)e(-1)e(-1))2jt2e1
0<60<; e(=2)se(=2)ete(-2)ie(-2));

2042j<a € (% (8 +rit-5(8)+4 - W) (e (r); e<T>>L2J+2e+1Je(¢<2J +20+1,7)
r);e

(T))Hj(e (r); E(T))L J9(¢<4 yr))e(d(d; )

S DD LD D S - LD)
o (L [ e L 5 15 ) S0

(e(r);e(r)) 25 2it2041 e(¢p(2j +26+1,7))
x e(% (% B EJ) - % (é - ED) (e(r);e(r))HJ([ e(r); e(rJ))[ Je(¢(z M)e(é(, ™)

i 2L+2J+R<C<71)J+Le (;’"J2 NS BT fL) (e(r);e(r)2st2L+R
R=0 0<L,0<J 2 2 2 2 (e(r)se(r))p(e(r);e(r))y
R<2z+2y<R+1 5 9 1 1 )
x Me(yumy"y+,T/_,y+,z_,y>,
e(¢(rz,r))e(d(ry,r)) \2 2 2 2

(zw)€f0,12n(L22-(J,1))

where we used the substitution
. / . ) ’ ’
r T r r T T
and the fact that for n € Z we have

o(re+nr,r) = o(rx,r). (8.65)
Importantly,

e(rz) = e (r H) —e(—rJ), e(ry) — e (7" H) —e(—rL).  (8.66)

Therefore we can exchange these terms between the sums over L, J and the sums over z,y.
In particular, for (a,b) € Z* we have

(e(—1/7))
3 2L+2J+R<c _ .
-3 ) (—1)7 e (—TJz—rJL+1L2+1J—1L+arJ+brL) (e(r);e(r))2sj+2L+R
R=0 0<L,0<J 2 2 2 2 (e(r)se(r))p(e(r);e(r)) (8 67)
R<2x+2y<R+1 2 2 1 1 1
y ) ME(J sz,,y +,m,gy+ z,,wmﬂw),

) e(o(rz, r))e(¢(ry, r))

(@.w)€l0,120( 122 (L)

This form of the expression makes it clear the asymptotic expansions come from a stationary
phase approximation applied to the sum

R<2x+2y<R+1

( ) 2 b b T 9 T 9 s 4 1 1 b )
e o2z +2y,7) — ¢(z, 1) — (y,r)«l»gz +rzy75y +5175y+ 5175y+a'r1+ ry | . (868)
(@.ye0,12n(1z2-(,1))
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Figure 8.4: The regions R that arise from the stationary phase approximation.

As r tends to infinity, this sum is approximated by the integral
// e <¢(2rac +2ry + 1,7) — ¢(raz,r) — ¢(ry,r) + zx2 + roy — 1y2 + 31 - Zy + Ez - ly + arxz + bry) dzdy (8 69)
R v+, : v+ R Rt R R R y) dady, )

where R indexes the regions depicted in Figure 8.4. Noting that from Section 4.3 we have

r ) r
o(ra,r) ~ WLQ(e(—x)) + 21 + 0@, (8.70)
we see that the critical points of the integrand are determined by the stationary points of
1 1 1
Vaus(, = ——Li —2x — 2y)) — L —x)) — -—Li -
1) = pbile(=20 =) ~ gl ~ grplise(w)
Ly Loy o IR |
—— 4+ "ty — = —xr— =y +ax )
24" 2 YT Tt TRl Y
These satisfy equations
2 1 1
0 = —log(l—e(—2x—2y)) — —log(l—e(—2))+x+y+=+a
2mi 2mi 2 (8.72)
0 = 2 log(l - e(~22 — 2y)) — —— log(1 - e(—y)) + . |
= — —e(—2x — - — —e(— —y—= .
omi T T o8 L
Letting X = e(x),Y = e(y) we find equations
1 — X72Y72 2
( ) XY = -1
(1-X-1)
—2y/—2)2 (8.73)
A=Y vy =
(1-Y-1) -
The solutions to these equations are given by
X = 10— 19¢ — 76€” + 52€* — 20&* + 4€> + 13¢°
€ — 7667 + 526" — 206" +4¢” + 13¢ -

Y = —10+ 24 + 8762 — 59¢3 + 2361 — 565 — 155 .
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Now given any logarithm for (X,Y’) we can choose an a,b which give rise to a solution to
Equation (8.72). For example, consider the solution associated to the 3rd embedding of the
trace field

(23,y3) = (40.0081372...,1.0000- - - 4 ¢0.0090947...). (8.75)
We find that
2 1 1
2+a) = 5—log(l —e(—2z9 —2y0)) — 5—log(l — e(—z0)) + Lo + Yo + 5 + a0
271 211 ) (8 76)
—1+by = 5 log(l —e(—2z0 — 240)) — 5 —log(1 —e(—y0)) + 20 —y0 — 5 +bo.

Choosing (ag, by) = (—2,1) we find that

1
Voz,1(20, Yo) — ﬁVCg = -1 (8.77)
T
Therefore, associated to this solution to Equation (8.72) we get four elements of the Habiro
ring
1 _
w(aco,yo,R)(q) — qvf2,1(1‘07y0) 12 vcawao,bo,R(Q) — g 1w_271’R(q) . (8.78)

Considering pg one can show that the element of the Habiro ring is given by

Xps(@) = w-111(q) (8.79)

and with this choice one can apply Euler-Maclaurin of Theorem 25 with endpoints expo-
nentially smaller than than the critical points, therefore allowing a stationary phase approx-
imation. O

Following [86], we can indeed develop a conjectural improvement of this result. To do this
we would like to turn the asymptotic series ®* into an analytic function. To do this we can
use the sequence of Borel transformation, Padé approximation and Laplace transformation
discussed in sections 3.6 and 3.7. Let son(®) be the Laplace transform of the [N/N] Padé
approximate of the Borel transform. With 200 coefficients of ” we can numerically compute
to around order 107%° at 2mi/100. Indeed, the worst convergence is from ®” and the
difference between the numerical values using 200 and 198 coefficents is

5900(®7°) (273 /100) — 5195(P7)(27i/100) = (4.8831---43.0178...4) x 107, (8.80)
which give a lower bound for the numerical error. Numerically it appears that roughly that

log |sn (D7) (271 /100) — s500(D)(27i/100)| ~ —6.3V' N

log [ (®7°)(21/200) — s500(®7)(271/200)| ~ 8.8V N (8.81)
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The values of the various numerical Borel-Padé-Laplace transforms are given by

$200(®7°)(27i/100) = 0.022362--- — 0.042136. . .4
e(3/8)V100 exp (VC,,100/274) s900 () (27 /100) = —0.70748 - - - — 2.8524 - -
e(—1/8)v/100 exp (VC,,100/271) s200(®#2)(271/100) = 1.0653 - - - — 2.6036 ...
e(3/8)V100 exp (VC,,100/274) s900(P**) (27 /100) = —0.95412--- 4 0.53897 .. .i
e(—1/8)V100 exp (VC,,100/271) s900(®"*)(27i/100) = 2.9304 - - - + 2.3781 .. .1
e(3/8)v/100 exp (VC,, 100/27) 5900 (P*%) (273 /100) = —0.55386--- — 4.2697 .. i
e(3/8)V100 exp (VC,,100/27i) $900(P*%) (27/100) = (1.0359- - - + 0.31226...7) x 107°
e(3/8)V100 exp (VC,,100/274) s900(PF7)(27i/100) = (2.2618--- + 0.58777...7) x 101°.

(8.82)
The difference between the smooth optimal truncation and the Borel-Padé—Laplace resum-
mation of the series () with two hundred coefficients at 27i/100 is

(—5.0344 - - - +0.083534 .. .7) x 107°. (8.83)

So we see that the smooth optimal truncation seems to give around four digits of accuracy.
This issue in this example is that the coefficients grow extremely fast. However, as we saw
the Borel-Padé-Laplace resummation is stable to around forty digits.

If we sum over the SU(2) flat connections as predicted by Witten’s conjecture we find that

[(e(1/100)) = 2.7567- - — i7.3897 ...
[I(e(1/100)) — Z 11,100% exp (VC,100/27i) s900(P*)(271/100) (8.84)

pE{P0,01,02,04,05}

= 1.0359...1072 +43.1226...107 1Y,

Therefore, we find that additionally summing over the anti-geometric connection,

I11(e(1/100)) — > 11,100% exp (VC,100/271) s200(P*)(27i/100)
PE{p0,p1,p2,p4,p5,P6} (8-85)
= 6.1973 x 10739 4 {1.8705 x 1073 .

Notice that Equations (8.85) vanishes to the order of the error in Equation (8.80). These
numerics lead to the following conjecture.

Conjecture 9. For k € Z~q

[I(e(1/k)) = 3 pokt exp (VC,k/2mi) s(0) (2ri k) | (8.86)

pE{p0,p1,P2,P4,P5,06 }
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This seems to be in contrast to Witten’s asymptotic expansion conjecture where we only
expect SU(2) flat connections to appear. However, as already noted in [67], the asymptotic
series associated to the SU(2) flat connections contain contributions from the other SLy(C)
flat connections which leads to the series pg appearing as an exponentially small correction
(which of course does not contradict the conjecture).

With some more experimentation one can naturally extend this conjecture as follows.

Conjecture 10. For k € Z~y and r € Q¢ there exists functions X, : Q — C such that

me(—=)) = X Xl e (VA gy (2T,

k+r 271 k+r
PELP0:P1:02:P4,P5,P6,07

(8.87)

and X,(r) € Zle(r)].

The first few values of the functions X,(r) are given

r 1[1/2|1/3 1/4 1/5

Xp(r) |11 |1 1 1

Xp(r)[1]1 | —-1-e(})]1 -2 —2e(2)
Xp(r)[1]1 | —1—e(})|-1-2i|-2-e(})—e(D)
Xp(r) |00 | 1+2e(5) | —2 —1—e(3)—2e (%) —e(?)
X,(r) | 1|1 |2+2 (%) | —-142i|1—e(})+e(?)

X, (1)1 [2-e(d) |1 3re(l)+e(d)re()
Xp(r) |1 -1 |1 i 2—e(2)

X, (r) |02 [2+e(3) |[1+i |[3+e(:)+3e(3)+3e(d)

Assuming this conjecture one can numerically compute the values of X, for rational numbers
with denominators up to a few hundred. With this data one can recognise these functions
as combinations of IIl,, ,,(e(—1/r)). However, these formulae can be quite complicated if
not in the correct form. Indeed, it is better to study the function W in more detail to
guess the correct formulae. However, considering small solutions to Equation (8.72), we can
numerically find formulae for X, for summarised in the following conjecture.
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Conjecture 11. The functions X, in conjecture 10 are given by the following elements of
the Habiro ring

Xp(9) = woz20(q),

Xp,(q) = w-100(q),

Xp(q) = ¢ w_101(q) + wor21(g) + ¢ woa13(q),

Xpi(q) = wo0(q), (8.88)
Xps(q) = w-110(9),
Xps(q) q)
X, (q) )

+ q_lw—2,0,1(9) .

= w—1,1,1(
(

= W-1,1,04

8.4 Non—commutative group cohomology

We will breifly recall the first group cohomology of G valued in a right G—module M. Firstly,
the set of one cocycles Z*(G, M) is defined to be the set of maps f : G — M such that

flgh) = f(g)h+ f(h). (8.89)

The set of one coboundary B!(G, M) is defined to be the set of maps f : G — M such that
for some m € M we have

flg) = mg—m. (8.90)

Then as always we define
HYG,M) = Z1(G,M)/BY(G,M) . (8.91)
We will be interested in some kind of non—abelian valued first group cohomology of SLy(Z).

Firstly, we define

C, =4 C—Ra_y, ifc<0, (8.92)

C—R ife=0.

Consider, for N € Z-, the set of maps Q from SLy(Z) to matrix valued holomorphic
functions such that €, € GLy(O(C,)) and, where defined, we have the cocycle condition

{ C—Rg_d/c if0>07

aT -+
Qyy (1) = Qv(m)ﬂv’<7)- (8.93)
Then we say that two cocycles 2, = are equivalent if for some f € GLN(O(C))
at + b _
1(G0) ) = Z ). (3.94)

Unfortunately, one cannot define a group structure for cohomology theories valued in non—
commutative groups. We will refer to these cocycles simple as Q)M-cocycles if rank N.
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Remark 26. While there is no group structure for a fired N there is a natural addition
between QQM-cocycles defined through direct sum so that

Qe=), = <QO7 O> . (8.95)

—_

—

—
y

Notice that this addition is commutative, as for Q and = of rank N, M respectfully

0 Idy) (2 0\ _ (S, 0)[ 0 Idy
(IdN o)(o 5) = <o o ) \ldy 0 ) (8.96)

We could take some kind of Grothendieck group with respect to this operation of addition
but we will not need or use this kind of structure. This operation of addition corresponds to
disjoint union for the examples coming from three—manifolds.

Example 59. Consider a representation p : SLe(Z) — GLy(C) then we find that p is a
QM-cocycle. Moreover, if p is equivalent to ¢ then as the action of SLy(Z) has fized points
p and @ are conjugate representations.

Example 60. If we take
Q. (1) = (er +d)*. (8.97)

Then ) is a QQM-cocycle.

Note that QM-cocycles can be multiplied by QM-cocycles of rank one and remain QM-
cocycles. Therefore, this last example allows us to globally change the weight of QM—cocycles
so that these is no natural global weight. This is an example showing that any automorphy
factor that is holomorphic for v on C, then this will give rise to a QM-cocycle.

Proposition 13. If Q and = are QM-cocycles and if for all v with 1 € C,

Q,1) = 5,0, (398)
then Q) = .
Proof. Let for n € Z+,

Yo = <"+1 i) (8.99)

and note that

-n+kn+1) —-1+k
TSy, = ( o i . ) X ) (.100)
From the cocycle condition
n+1)7+1 -
fres <%> = Qprgy, ()2, (1) 7" (8.101)
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Then noting that C,, = C — R<_y/, and Cprg,, = C — R<_y/(,41) We see that we can

compute
1 -1
Qes (1+ n—+1> = Qpeg,, (1), (1) (8.102)
Therefore, prg = Zrrg as their difference has a ccumulation point of zeros on the interior

of their domain. Then using the cocycle condition every element of the form
v = ThSThRS... TS (8.103)
has €2, = 2. Then finally, using the identity T'ST'ST = S we see that
Qrsrs(T+ 1) 1Qs(7) = Qp(7). (8.104)
and hence Qr = Z7. All other elements are now determined by the cocycle condition.  [J

For cocycles in the full modular group there are certain situations when we know that
everything is determined by the generators of the group and the cocycle condition. For
example, if the cocycle is trivial for T and satisfies the correct holomorphic properties for
S then this is enough to prove the cocycle evaluated at every 7 € SLy(Z) has the correct
domain. This is the content of the Proposition 14.

8.5 Difference equations and rigidity

All of our examples will be related in some way to g—difference equations. This can be
incorporated into the description of cocycles. This was discussed in [82]. Associated to a ¢—
difference equation with companion matrix A(x; q), we consider, for N € Z-, the set of maps
Q from SLy(Z) to matrix valued meromorphic functions such that Q. € GLy(M(C x C,))
and, where defined, we have the cocycle condition

z a'tT+ b
Qyy(z;7) = QW<C/7' i ot d/)Qy(z; T), (8.105)
along with the ¢ and g—difference equations
a—1
Y — N5 : (). )1
Oz ar+b57) = Ale( )i A=7) ][:[0 A(de(2); q)
. (8.106)
Q(z+er+di1) = Q(27) H A(de(2);9)7 1,
§=0

where [] starts on the left and if for n > 0 we have [, Ya; = [T}—, a=;. In this context,

we have the following proposition, which determines the cocycle from S and T
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Proposition 14. [82] If Qg(z;7) is meromorphic for T € Cg and Qr(z;7) = 1d, then
Q. (z;7) is meromorphic in C, for all v € SLy(Z).

Proposition 15. If Q,=Z are holomorphic and Q,(0;1) = Z,(0;1) for all v then
Q0 ==, (8.107)

Proof. Q,(0;7) and =,(0; 7) define cocycles in the previous sense. Therefore, from Proposi-
tion 13 we see that
Q,0;7) = =,(0;7) . (8.108)

For each v = [a, b; ¢, d] with ¢ # 0, choose 75 € (R — Q) N C,. Then the set
7 + 1o (8.109)

is dense in R. Therefore, from the ¢ and g—difference equations we see that for w € Z + 1yZ
we have

Q,(w;m) = =, (w; ) (8.110)

and therefore as they are analytic functions in z we see that for all z
Q,(z;70) = =4(210) (8.111)
for each 75 € (R — Q) N C,,. Therefore, for a fixed 2z, we see that for all 7 € (R —Q)NC,
Q,(20;7) = Z,(20;7) (8.112)
and therefore for all 7 € C, we have
Q(20:7) = Z4(2057) - (8.113)
Finally, for T" we notice again that
Qrsrs(zm+1)7'Qs(2;7) = Qp(2;7). (8.114)
O

It is interesting as to how many cocycles are associated to a g—difference equation. There
are some strict conditions that extension of 7 to C, imposes.

Proposition 16. If Q and = are QM-cocycles associated to a q—difference equation with
companion matriz A then if v = [a,b; c,d] € SLao(Z) with ¢ # 0 then

Z hy(r) (2,21 = 0. (8.115)

satisfies an order N polynomial with coefficients holomorphic functions in 7 € C,.
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Proof. Notice that

Q. (z+ar +b;7)2 (2 +ar +b;7) "t = A(e(CTj_d);%)QV(Z;T)EV(Z;T)_1A<e(CTid>;§7)la

Q(z+er+d;m)E(z+er+dim) = Q2 7)2(257) 7 .
(8.116)
Therefore,

N
det(E" —2) = Y hy(z;7)a’ (8.117)
j=0

where h;(z;7) are elliptic functions and holomorphic for 7 € C,. Therefore, from Cayley—-
Hamilton theorem

N
> bz (5" =0, (8.118)
5=0

and they are independent of z from the domain in 7 and ellipticity. n

Corollary 9. IfQ is a rank one QM-cocycle associated to a first order q—difference equation,
Q(z;7) = Z(2;1)h(T). (8.119)

We close this section by stating that these QM-cocycles are in a sense the most mysterious
and interesting objects we want to construct. For specific examples relating to quantum
modular forms, these will be conjecturally be related to Borel resummation of their asymp-
totic series discussed in Section 11.1. Their extension properties would then be expected.
However, as this is only conjectural we take a different approach. We will construct these
QM-—cocycles using integrals of a special function called the Faddeev quantum dilogarithm.
This is the content of part V.

8.6 Quantum modular forms: looking forward

Using these analytic cocycles we can now give our definition of quantum modular forms.

Definition 22 (Quantum modular form). We say that a function f : hUQUH — CN is a
quantum modular form with automorphy factor j and QM-cocycle Q) if for v = [a,b;c,d] €
SLy(Z) we have

ar +b .
F(E) = imnemie). (8.120)
One could immediately argue that the automorphy factor could be taken into the definition
of the QM-cocycle. However, almost all examples will be associated to one QM—cocycle and
different automorphy factors. For example, this could just be a shift in the weight but it
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could also be more exotic for a fixed function as well, for instance the automorphy factor of
equation (8.23).

This can naturally be extended to functions satisfying ¢—difference equations.
Definition 23 (Quantum Jacobi form). We say that a function f: Cx hUQUbH — CV is

a quantum Jacobi form with companion matrix A, automorphy factor j and QM-cocycle 2,

if for v = [a,b; ¢, d] € SLy(Z) we have

b
f(ﬁ; Zicﬂ = T2z 7)f(27), (8.121)
and
fz+771) = Alz;7)f(2;7) . (8.122)

We will call f simply a quantum modular (Jacobi) form if there exists some cocycle with the
properties required. Moreover, if the function is just defined on h, Q or h we will also refer
to it as a quantum modular form.

Proposition 17. Suppose that €2 is a rank N QM-cocycle and fy,..., fn are independent
quantum modular forms for Q with automorphy factors ji,...,jn and g1,...,gn s another
set with automorphy factors kq,...,ky. Then

M= (fi - ) (o - gn) (8.123)

18 a matriz valued modular form with respect to these automorphy factors so that

Wm0 ar+b

M(m’ + d) = M(7)

This shows that over a certain space of modular forms the space of quantum modular forms
with a given cocycle has dimension the same as the rank. If we have a basis of quantum
modular forms in a matrix U with a cocycle €2 so that

ki(57) - 0
S : (8.124)

ji(rsy) - 0

z at +b
: = Q. (z;7U(z; : : 8.125
(CT"—d’CT_'—d) 'Y(Z)T> (Z;T) 0 jN(T’y) ) ( )
then we see that
i)t o 0 by -1
: : = U(%;m—icﬁ Q,(z;7)U(2;7) (8.126)
0 e () “ “
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and this makes it look like €2, is equivalent to

GE R
: : (8.127)
0 jn(my)T

However, U is not defined at 7 € R — Q, which mean that it is not giving a coboundary.
Finally, if we have such a U, then we can compute

U( z .CLT-}-b)
cr+d et +d

and therefore, see that the LHS while not being defined for 7 € R—RNC, it has an analytic
extension.

ji(my)t o 0

: : Ulzm)™h = Q(27) (8.128)
0 lm)?

Remark 27. Instead of just functions from roots of unity to complex numbers, we could
have taken asymptotic series of the kinds described in Section 5.8. These series can then be
acted upon by Slis(Z) and corresponding statements can be made. If one does this with the
asymptotic series, then taking the LHS of equation (8.128) at rationals in Q N C,, gives rise
to convergent series.

With this definition we will now give a few examples of quantum modular forms deferring
their proofs to the next part.

8.7 Rank one Nahm sums are quantum modular forms

For A€ Z,
> qgk(k+1)+km
) =S L 8.129
we have
fA,m(Q)
Fam(q) = fA’m:“(Q) . (8.130)
fama-1(q)

Theorem 5. The function in the upper half plane Fu ,(q) is a quantum modular form.

This is proved in Section 10.1. From the proof one will see that this could be extended to a
full matrix valued function, which will be needed in conjectural computations of the Borel
resummations and Stokes constants. However, at rationals this is best done with matrices.
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Recall from Section 4.7, the asymptotics of these Nahm sums at roots of unity had constant
terms for the A roots of

1-X;, = X, (8.131)
we had functions such that for ¢ = e(a/c)

lel -1 1 (1-q )% 3 o1 gAr(r D/ 24rm x (Artm) el x 472/

iml(q) = _. 8.132
fAH (Q) \/’C‘XZ/ - ) ’c‘ —~ HICI 1( . r+er1A)(1/|C|)TJrs+1 b ( )
We can then define a matrix
fA,l,m(Q) e fA,A,m(Q)
Fam(q) = : e ; : (8.133)
faimea-1(q) - faamra—1(q)

Theorem 6. The function Fa,,(q) from Q is a quantum modular form, and in particular,

VCi 0 e
- <~) (W) ! Faml )*1 (8 134)
Am\{q 0 - e(#) Am\q ) .
denom (z)numer(z)

extends to a holomorphic function for T € Cg.

This theorem is proved in Section 9.1.

8.8 Invariants of the figure eight knot

Consider the, functions for |¢| # 1

o0 L gFUHD)/2 4k
Im\q) = 1),
@ kzzo( ) (¢ 9);
0 k(k+1)/2+km k 14+ ¢f
Golg) = S (—1)F L —— (m —2G1(q) +
@ = 2D (m = 261( z — )
0 k(k+1)/2+km 1 1+q] 1 k q€
m(q) = — | =(2m —4 2 — — .
Bnld) ; L), (8<m Gla+ Zl—q9> 4+;(1—q€)2>
(8.135)
Combining these into a matrix we can define
9m(@)  Gumla)  Gulq)
0n(q) = | 9m+1(@)) Gmi1(@) Bmia(q) (8.136)
gm+2(0)  Gmr2(q) Gmy2(q)
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We have for ¢ = e(a/c), and

1 v/ —3
X; = -+ (-1) (8.137)
2 2
the functions A
(_1)qu(k+1)/2+kai -m cXi ¢
Tm(@) = D S (8.138)
kez/czn‘ 0 (1—qg'* 1X;") (I+jth)/c
and additionally take
k:O
Then define
JO,M( ) Jl,m( ) JZ,m( )
gm(q> - JO,m-i—l(q) Jl,m—i—l(Q) J2,m+1(q) : (8140>
Jo,m+2(Q) J1,m+2(CJ) Jz,m+2(Q)
Finally, take the automorphy factor
(er +d)~1/2 0 0
0 (c'r«&»d)l/2 0 3/2) ifrebhup,
i) = (e(a,b, . d)3(c-r+d)30/2 % (er+d) 0 ) (8141)
0 e(Ay (T)VC1 /(27i)?) 0 ifreqQ.
0 0 e(Ay (T)VCa/(27i)?)

Theorem 7. [85, 86, 70] g, is a quantum modular form i.e. there exists a QM-cocycle
such that

0n(Gy) = Q(m,n;7)gn(@)i(T57) . (8.142)

This result has partially appeared in the literature previously [85, 86, 73, 72, 70]. The final
steps missing in the literature are outlined in Section 9.2 and an associated computation of
a g—difference equation is given in Section 10.2. Importantly, this implies that

9n(3)3(T57) " m(g) ™ (8.143)

is an analytic function on C,. See [86, Fig. 2| for the plots of these functions on the reals.
We won'’t recreate them here.

8.9 Invariants of half surgery on the figure eight

Firstly, let
0= (1-Xo)(1—X;'Xy) — Xy,
2

8.144
0= (1-X7) X2X2(1 - X7'Xy) . ( )
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These have solutions with respect to our generator of the trace field satifying
p&) = €7 —€ 2% 4664 — 113 + 62 +3¢6— 1

so that ) .
X1; = —3+411& 42067 — 1567 + 6¢) — 287 — 4€7

Xoj = =9+ 19 + 76¢7 — 52&7 + 20¢; — 4&5 — 13¢7 .
Then letting
A = —257 4 806¢ + 94762 — 749¢3 4 331€* — 133¢° — 213¢5 |

We define functions at roots of unity ¢ = e(a/c)

70(g) — —i (1= X721 = Xy5)(1 — X1} X5)
" cz(q) A
) . 2k+ffm kJCrl e—1 i _ —1/c~1/e\—(q —k)/c—
. s k+ZX1 XQJ’ Hi—O(l — gt kXLj/ X27/j) (i+14+L—k) /c—1/2

c—1 i /ey _ c—1 i 2/en (5 _ :
wiT e a1 —g¢ +1+‘X27/j Y1+ /=12 T2 (1 — ¢ +1+2kX1§ )i+ 142k) fe=1/2

Finally, we take

-1 m q;4)2k
ZO0(q) = Z (—1)kq sk +mk '( )' S
0<t<k <Q7 Q)e(q, C])k—z

Then for roots of unity ¢ = e(a/c) we define

(Zun(0))ig = Z5701(0) .

Also define the automorphy factor at roots of unity to be

j(m7) = diag(e(y)*(em + d)*2,e(VCiA, (1) /(270)), - -+, e(VCrA (1) /(270)%)) .
Next define, for |q| # 1, k1(q), -+ , ks(q) =1,2,4,5,6,7,8,9if |¢| < 1 and k1(q),- -, ks(q) =

3,1,4,5,6,7,8,9 if |q| > 1,
k;
(Zn(@)is = Zni1(a)
and automorphy factor generated by

10000000 72291 0 0 0 0
01000000 0 7000
00001000 0 0010
00010000 . " 0 0100
inT) = 00100000’J<T;5):T/ 0 0001
0000000 1 0 0000
000000T1O0 0 0000
00000100 0 0000

O OO oo oo

321

(8.145)

(8.146)

(8.147)

(8.148)

(8.149)

(8.150)

(8.151)

(8.152)

SO OO o oo
— O O O O O oo

—~

8.153)
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o0 k(2k+1)+jk+j—mk—m

q
= (9% — "
120 (6 0)i(4 0)2n(gs )i+
k(2k+1)+jk+j—mk—m J U
q q"
Ookz,j:o (450); (4 @2k (g Ot el n; 1=

© =l k(2k+1)+jk+j—mk—m(,,—1. —1\ .
q (@5 )1
T : 2

— CHAEACH

k(2k+1)+jk+j—mk—m

9

q
120 (@ )5 (@ )2k (4 )iy

1 k+j ¢ 2k g
><<2 Tk +2j — 2m —4G1(q) + > 1_qn+421_qn

n=j+1 n=1

(¢;9)2

k+j n J n
(220004 3 70 4 3
n=1 n=1

k+j n

1 q 1< ¢
w3 5 X )

n=1 n=1

—1 k(2k+1)+jk+j—mk—m(,—1. —1\
q q )
oLy Y N
k=0 j=—k (q7 q)?k(qa q)k+]
3 2k 7 —j—-1 -
i—m - — 2
><<3k:—|—j m= Gi(q) + T;l_qn—i-nz_:ll_q_n),
" g hA D) 2R+2) /24 (b+1/2) =k +1/2) 4+ —m
(43 9)oo (@*/%5 @)oo 5 ,
b j=0 (9 (6 D2r11(92; Dk
o k(2k+1)+jk+j—mk—m
m 4
(4 @)oo (=@ @)oo (—1)7tm :
%_:0 (¢:0)j(¢5 D)ok (= @)t
> (2k+1)(2k+2) /2+(k+1/2)j—m(k+1/2)+j—m
(@ Do (0% 0)o0 Y (—1)7F 5 7
k,j=0 (q; Q)j(Q; q)2r+1(—q2; Q)k+j

(2k+1)(2k+2) /24 (—k—1/2) (k+1/2)+(j—k—1/2)—m(k+1/2)—m

(43 9)0(d"*;q Zq

P (@"%0) (@ D2u11(0; 0);
o0 k(2k+1)+(j—k)k+(j—k)—mk—m

(6 oo~ @)e > (1772
k,j=0
o (2k+1)(2k+2) /24 (j—k—1/2)(k4+1/2)+(j —k—1/2)—m(k+1/2)—m
4
(@ Do (=% @)oo Y (—1)7FT

k,j=0

(—¢0)—1(¢ D)2(q;9);

(—q"%; @) j—r(q; Q)2r+1(q5 0);
(8.154)
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RZo(9)j(7;S) ' Z_5(q) " S1(q) ™

1__
\
\
N/ -~ —
0 =
& W
14
924

Figure 8.5: Plots of the real part of the first row of the cocycle associated to 4;(1,2). Here
we cut the plot off when it gets close to 0 as there is an exponential singularity there and
the oscillations become large requiring many more data points to see the smooth behaviour.
See the introduction to the thesis for the absolute values as opposed to real part which kills
the oscillation and hence not as pretty.

Theorem 8. Z,,(q) is a quantum modular form i.e. there exists a QM-cocycle 2 such that
Zn(Gy) = Qy(m,1;7)Zin(q)i(757) - (8.155)

This is proved in sections 9.4, 10.3, and 10.4. This implies that
Z,(3)i(1:7)  Zim(g) ™! (8.156)

is an analytic function on C,. We can make the analogous plots to those found in [86] of
these functions at the positive reals as shown in Figure 8.5. Compare this figure to figure 8.3.
This illustrates the improved perspective from [208] to [86].

8.10 The quantum dilogarithm

To begin with we will describe a version of the Faddeev quantum dilogarithm [58, 59]. See |8,
App. A for a good summary. We will see that this function corresponds to a cocycle of the
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Pochhammer symbol associated to the S. In what is now standard notation, this is defined
as

10+00 e 2izw dw (627r(33+cb)b. e<b2)>
@ — _ = ! 1
o) = exp (/Z 4 sinh(wb) sinh(wb=1) w ) (e?m(@=co)b™: e(—b=2)) (8.157)

0—o0

where ¢, = i(b+b71)/2 and the first expression is valid for |3(z)| < |S(c)| while the second
for §(b?) > 0. This notation and variables have certain benefits, however we are interested
in modularity and this makes the natural variables

xb 9

u = — and 7 = b*.
7

(8.158)

Then for certain aesthetic reasons it is also helpful to shift the variable u and take the
reciprocal so we will take the function away from the reals

e(2u7177-)w/'r

Og(u;7) = ex —/ dw
S\hT) = &P Jr(io+r) 4sinh(w) sinh(w/7) w

(@) e
(e(u); 4)oo
the second formula is defined for |R((z — 1/2 — 7/2)//7)| < |R((1/2 + 7/2)/+/T)| however

this function then has analytic continuation to 7 € Cg as we will see in Theorem 40. We
also have the reverse equality

(8.159)
= @b(iub_l — Cb)_l y

dy(z) = Pg(—i(z +cp)b;b?) ™t = dg(—izb +b?/2 4+ 1/2;b*) 7. (8.160)

For the logic of this thesis we will take the quotient of two Pochhammers as the initial
definition proving the analytic continuation later. This functional satisfies various important
function equations given in the following proposition.

Proposition 18. We have the following functional equations

Os(u+1;7) = (1 —e(u/7))Ps(u;7) (8.161)
Os(u+7;7) = (1 —e(uw)Ps(u;7) (8.162)
Og(u/m;1)7) = Pg(u;T). (8.163)

An important observation is that the two ¢ and ¢ difference equations are in a sense uncou-
pled. This leads to the corollary.

Corollary 10.

Ps(u+mr+n;7) = (e(u/7); G nle(w); @)mPs(u; 7). (8.164)
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of ® e L
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>
P i >
X x '
Z A
/\/) Ve X
ot oo ¥ Yy 3 ¥
ke 6~ Y ° W

Figure 8.6: The properties of the Faddeev quantum dilogarithm. Its poles and zeros and its
behaviour at infinity described in Proposition 20.

The structure of the poles and zeros of this function is easy to compute from its product
formula and we find

Proposition 19. The zeros of ®s(u;T) are first order and located at

U € Lo + 7>y (8.165)
while the poles are also first order and located at

u € Lo+ 7h< - (8.166)

The poles and zeros are depicted in Figure 8.6. Now we will give a proof of the main theorem
which follows imediately from Faddeev’s original definition.

Theorem A—40. The function ®g(u;7) has an analytic continuation to a meromorphic
function for T € Cg.

Proof. From it’s definition this is clear for 7 ¢ R.g. Using Theorem 29 we can find an
integral expression for
u—1Y . 1
(e (*);e(=2))s

(e(u)ie(r))y

(8.167)
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when R(7) > 0. Indeed, using a version of the theorem we can write,

(e(*F)ie(=7))s L

(e(u);e(7)) (e(u);e(r))_|p(z)| V1 —elu/7)
B L,Lig <e (E)) +i7‘/000 log (1 —e(—ix—i— %)) — log (1 —e(ia:—i—%))d:B) '

P ( 27i T 1 —e(—itx)
(8.168)

This equality holds for all ®(7) > 0 and R (%) ¢ Z. The RHS is an analytic function for all

T

R(t) >0 and R (%) ¢ 7 not just in the upper half plane. Moreover, we claim the function
can be extended to a function for all #(7) > 0. Notice that we can write

(e (2)) b (1-o(2)

+i7‘/ log(l—e(—zx—l—;))—10g(1—e(zx+;))dm
0

1 1 —e(—irtx)
= 5log(1-¢(7)) | |
+i7‘/00010g <1—e<iw—|—g>> N log (1 — e (—iz + %)) —log(l—e(zx—l—%))dx

T 1 —e(—itx)

o 0Fe0 Jog (1 —e (—ix + %))
ZT/Z- 1 —e(—irx) d

T (8.169)
Notice that log (1 —e (—ix + %)) has branch points at ¥ = —i% —im. Therefore, we see
that the integral jumps by the keyhole integral around the branch cut as —im — ¢ crosses
the real line. The keyhole integral can be computed explicitly as

log (1 —e(m7r+u)) . (8.170)

This cancels exactly with the discontinuities of

COTGIR S

So the RHS of Equation (8.168) has two sided limits for % (%) € Z which agree and there-
fore the RHS defines a continuous function for all #(7) > 0. Noting that the function is
holomorphic away from the lines (%) € 7 we find that this extension is holomorphic for

R(7) > 0.
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A similar computation shows that for 7 € b with R(7) > 0 we can find that

(e(u—T)se(=7))s _ 1
e, ool e /I o)

T . u . [*lo —e(—ix+?))—lo —e(iw+2
<o (= iz (e (4)) +or [ g(1=ef 1_{3(_”3(1 o+ >>dx)

(8.172)
With these identities and the fact the poles in v do not accumulate as 7 tends to R.q the
analytic extension and meromorphic properties are manifest. n

These identities in this form can be checked explicitly with Code 28. The final properties
that we need, which will be important for the next part, are related to the behaviour as u
tends to infinity.

Proposition 20. We have as u — oo

1 for 0 < (u) and 0 < I(u/T)
Bt r) belu/): 0)(d D) for 0< 3(w) and 0> S(u/7)
’ (¢;9)b(e(u); q)7" for 0> S(u) and 0 < S(u/7)
—ig" 2 2e(u? )21 +u/2 +u/27)  for 0 > S(u) and 0 > S(u/7)
(8.173)
Before proceeding with the proof notice that the 6 functions only appear in cases where
o~

(1) ¢ R.g so they are convergent. The various regions is depicted for (7) > 0 in Figure 8.6.

Proof of Proposition 20. Notice that from Corollary 10, we see that for v in some compact
every other value is determined by the asymptotic in m,n of

Pg(u+m7+n) = (e(u/7);§ nle(u); qQ)m®Ps(u; 7). (8.174)

We see that there are essentially four cases. The first for &(7) > 0 is m and n tend to
infinity or 0 < arg(u) < arg(7) and for I(7) < 0 is m and n tend to negative infinity or
arg(—7) < arg(u) < w. This has for () > 0

Os(u+mr+n) ~ (=1)"q """V e(nu/7)(e(—u/T); Doo(e(u); ¢)oc®s (s 7)

0 "e(u/T);q)  O(e((u+mT +n)/T);q) (8.175)
@D (@ @)oe ’
while for J(7) < 0 this has (noting that n < 0)
1
Dg(u+mr +n) ~ (_1)nq~ n(=1)2e(—nu /1) (G~ (_“/T>3gfl)oo(qﬂe(u);q*l)oo@S(u’T)
_ @5d Y fe((utmT +n)/7);q)
0(q e(—u/7);q7") (7 @)oo '

(8.176)
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Secondly, for (1) > 0 we can have m tend to infinity and n negative infinity or we have
arg(7) < arg(u) < 7 and for &(7) < 0 we can have n tend to infinity and m negative infinity
or we have 0 < arg(u) < arg(—7). So for (1) >0

(e(u); @)oo P

slutmrn) o~ Gty i

s(u;m) =1, (8.177)
and for (1) < 0

(e(w/7):d e gy o\ _
(e(u)q—l;q—l)w%(“’ ) =1, (8.178)

while for 7 € R.o we can use the final expression of equation (8.169) to see that for (u) > 0
the integral tends to 0.

Og(u+mr+n) ~

The third for S(7) > 0 is m and n tend to negative infinity or —7 < arg(u) < arg(—7) and
for (1) < 0 is m and n tend to infinity or arg(7) < arg(u) < 0. So for I(7) >0

1

B TN e T A
N (4:9)x '
0(qme(u);q)  O(e(u+mr+n)q)’
while for (1) < 0
Og(u+mr+n) ~ (e(w/7);q " )oo(=1)"¢™" D e(mu)(e(—u); ¢ )Py (u; T)
_ O(g"e(~u);q") (4 @)oo (8.180)

(Y0 Voo 0(e(u+mt+mn);q)

Finally, for (1) > 0 we can have n tend to infinity and m negative infinity or we have
arg(—7) < arg(u) < 0 and for (7) < 0 we can have m tend to infinity and n negative
infinity or we have —7 < arg(u) < arg(7). So for &(7) > 0

(=1)rg"—1%e e(nu/T)(e(=u/7); d)os o (u: )

(= 1) gmm=D72e(—mu)(qe(—u)i @)oo

(G "e(u/7);q) (:9)s _ B(e((u+mT+n)/7);:q)

0(gme(—1u);q) (G:@)oe  O(g'e(u+m7 +n);q)

O(e((u+m7 +n)/7);4) (¢ Qoo
Ole(u+mr+n);q) (G q)e (8.181)

—e(—u o — n)\/Fe ( utn— 1/2+T(m+1/2) _
\/Fe(—1/8)q1/24d_1/24
_ e((u+n—1/2+7(m—1/2))2 T 1 )

2T 24 24Tt

Og(u+mr+n) ~

= —e(—u—m7 —n)
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and for (1) <0

(=1)mgm D e(mu) (e(—u); ¢ oo
(—1)rqrn=D2e(—nu/T)(G e(—u/T); 4 oo
(g e(w);q )@ G o Olelutmr+n);q )G hq oo
0(q"e(—u/7); g 50 oo Ole(—(u+mr+n)/7):¢ ) (a0 oo
_Te(_1/8)q—1/24(']'1/24
- \/jTe<—(u+n—1/22—:T(m—1/2))2 _ %)

B (u+n—1/2+7(m—-1/2))2 1 1
- e( or 24 24T> ’

2

Pg(u+mT+n) Dg(u;T)

(8.182)
while for 7 € R+ the using equation (8.168) and assuming for simplicity that 0 < R(u/7) < 1
then we see that the integral

| e iz 1)) — log (1 — e (iz 4+ @ :
z'T/ og (1 e( 1+ T)) .og( e(zx+ T))da: N 2mi (8.183)
0 1 —e(—irx) 127
while

1 —e(u/T) ~ —ie(u/2T) (8.184)

and using equation (4.35)

2

Lig(e(u/7)) ~ —— + 272(u/7 — 1/2)? (8.185)

6

Combining these into equation (8.168) gives the result. For other u unrestricted the argument
is similar and one just needs to keep track of the branching. O]

We can use this to prove the agreement with the original formula of the Faddeev simply
for the logical consistency of this thesis. Indeed, Faddeev’s formula will be useful later in
Section 8.12.

Proposition 21. We have for |R((u —1/2 —7/2)//7)| < |R(1/2 + 7/2)//7T)|

(
Og(u;7) = exp(—/ - , d_w> . (8.186)
Jr(o+r) 4sinh(w) sinh(w/7) w

Proof. First let and notice that

e(2(u+1)—1—7’)w/7’ dw
JluiT) = exp ( a /ﬁ(iOJr]R) 4 sinh(w) sinh(w/T)E)
— o[ exp(uw/T) d_w)
- p( /ﬁmm (1= exp(u/m))(1 — exp(w) w )

2u—1—7)w/T

(8.187)
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For ¥(u) > 0 and S(u/7) > 0 we can push the contour to infinity and collect the residues
to find that for 7 ¢ R

flu;m) = exp(z(1 _quL/T ~|—Zl 1e_q ) (8.188)

Then notice that for |J(7)| > 0 using Lemma 3 and analytic continuation we have

and for |[J(7)| < 0 using Lemma 3 and analytic continuation again we have
flu;T) = exp (—Z(dﬂjLZ(qe#) = dg(u;7), (8.190)
k=1

Then finally using the analytic continuation to 7 € R+, completes the proof. m

We will close this section noting some important equations satified by the Faddeev quantum
dilogarithm. Firstly, from the modularity of the #—function from equation 7.68 and the
Jacobi triple product 30 we have the inversion relation.

Proposition 22. [8, Eq. 47] We have the identity

— 1 7y2
Pg(r4u;T)Ps(1 —u;7) = e <u 1 + Y4 u) qﬁg—ﬁ — q—1/24ql/24e<<u§+2))
T
(8.191)

The Faddeev quantum dilogarithm also satisfies some integral equations analogous to the
Pochhammer symbol given in Lemma 7.

Proposition 23. [8, Sec. 13.2] We have the following equalities so that when T € b then
these can be written

e(wx/T) B T(q;q) wir
/iﬁR—1/2—T/2 Og(x + 7+ 1; T)dx U (G:0)ee — b (w;T), (8.192)

e(x(x+1471)/21 +wz/T) B T(q. ?oe o ]
/\TR 1/2—7/2 Og(z+74+1;7) dr = (G @) ZPg(w+7+1;7)7" . (8.193)



8.11. THE COCYCLE OF THE POCHHAMMER SYMBOL 331

8.11 The cocycle of the Pochhammer symbol

The cocycle of the Pochhammer symbol is a function defined for all v = [a, b; ¢, d] € SLsy(Z),
u € C and 7 € C. This cocycle is related to the modular quantum dilogarithm of [76]. We
can express this function away from the reals by

(e (D) e () e ((FD) . _ (e () id).

(e(u);e (1) B CICO R )

D, (u;T) =

(8.194)

where as always we use
(t;q oo = (at;q)m - (8.195)

This satisfies difference equations analogous to those satisfied by Faddeev’s quantum dilog-
arithm.

Proposition 24. We have the following functional equations

O (u+ar+b7) = M(ﬁv(“? T) (8.196)
l—e (cq-—l—d)
O (u+cr+dym) = (e(u);e(r))c Py (u; ) (8.197)
u dr +b
; - = Plapea(u; 1
q)[a,b,c,d] <CT I a? or + a) (I)[d,b,c,a] (U7 7_) (8 98)

U 'a’T—l—b’
dr+d’dr+d

(b[a,b;c,d} [a’ b ;¢! ,d!] (u7 7-) = q)[a,b;c,d] ( ><I>[a’,b’;c/,d/] (U, 7—) (8199)
We will show that this extends to a holomorphic function on v € SLy(Z), u € C and 7 € C..
The fact that @, (u;7) extends to 7 € C, was first done in [58] in slightly less generality.
This is equivalent to showing that (z;¢)~ is a quantum Jacobi form.

The proof that the Pochhammer is a quantum Jacobi form is done via a modification of
the Abel-Plana summation formula. Indeed this was already used in Section 4.4. A similar
argument was used in [29] to prove a modularity property of finite Pochhammers at roots of
unity.

Theorem A—41. ®, (u;7) is holomorphic on C.. This is equivalent to proving that (e(u); €(T) )
is a quantum Jacobi form with cocycle ®.(u;T).

This follows from Proposition 14 from [82]. We give the proof explicitly here as well.
Proof. Firstly, notice that we can write

ar +b B act + be B act +ad — 1 _a 1 (8.200)
ct+d  Ar4+ced 0 AEr+ed 0 ¢ Ar+cd '
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Therefore

ar +b n a r 1
(ecn+7r) = an —
cT +d

+ -r .
ct+d ¢ cer+d

(8.201)

Let v = [a,b;¢,d] € T'. Let [ar]. € {0,|c| — 1} with [ar]. = ar (Mod ¢) where we note that a
is invertible modulo c. Notice that

u . at+b cl—1 at+b u . at+b
(e (707_’_6[) ;€ (CT+d)>oo |1|_[ (e (CT-i-dT + C’r—‘,—d) ;€ (cT-i-dC))OO

(e(u);e(7)) o 0 (e([ar]er + u);e(er))

o1 (e ( P ot ﬁ) '€ <_ﬁ)) el (e ([GZ]C —tarat cT+d) € <_ﬁ))m
- TI;IO (e([ar]er +u);se(er +d)) o B H e([ar]et +u)ie(er +d)) o
o (o (ot 4 ) o (k)

= Tl;g (e([a’r]cT—{-u);e(CT'f‘d))oo

- Icl|__I1 (e ([ar]cT+d([aC:]-i:dar)/c+b+u) ‘e (_Tard))oo
a (e(lar]er +d([ar]e —ar)/c+ b+ u);e(ct +d))

r=0
le[—1
= T @sarler + d(lar]. — ar)/e + b+ uier +d)
r=0
(8.202)
Given that ®g(u; et + d) is a holomorphic function for R (¢7 + d) € Cg from Theorem 40.
Notice that this is equivalent to 7 € <C’7. O

8.12 The quantum dilogarithm at rationals

We have seen previously that the Faddeev quantum dilogarithm factors into a product of
two Pochhammer symbols evaluated at ¢ and ¢ or ¢=! and ¢~!. This factorisation gives an
efficient formula when 7 ¢ R. It is natural to wonder whether a similar factorisation take
place for 7 € Q-. Indeed, the values at 7 € R.g — Q- are then all that is left and remain
the mysterious glue that provide some of the depth captured by quantum modular forms. We
will see that this is indeed true and related to the asymptotics of the Pochhammer symbol
studied in Section 4.3. Firstly, we introduce an important function needed for the evlaution.

Definition 24. We define the cyclic dilogarithm to be

M—-1
= JJa-¢x)r. (8.203)
7j=1
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As always we take the principle branch of the roots. Notice that?

M
1—=z
v(qx;q) ||1—q:L’ = — Dy(x;q 8.204
J=1 (1_'1‘]\4)ﬁ M( ) ( )

Using this function we have the following formula.

Theorem A-42. [72, Thm. 1.9] For 1 = N/M € Q we have

Liz(e(Mu)) ) (1 — e(Mu)) ¥~ Dy(e(u/7):d ") Dy(e(u);q)

Li2(e(Mu))>(1—eMu %H 1— G e(u/T))V" H 1— ¢le(u))ir™
B = (820)

s(u;7) = exp <2m’NM

w\»—A

1
- oXp <27rz'NM

.

Proof. Let T = N/M € Q, so ¢ =1 and ¢ = 1. Then notice that for S(u) > 0 again
pushing the contour to infinity and collecting the residues

P ( - /ﬁ(io+R) (1- exp?f/)g%i) exp(w)) d_w)

. e(Mku) 1 1 7
:eXp(_z:: G T )

X = e((n+ Nk)u/1) co M-1 o((m + MO)
0 el (1 —q- (n+Nk))(n—|—Nk) +Z ‘ (1 _ q(erMZ))(m_i_Mg))

B 1 L e(Mu)* 1 1 7 ooe]\/[u)k
_eXp(mNMZ 2 _N<”_§_§>Z k

k=1 =1
_1 i Nzl e((n+ Nk)u/7) (N —1)g "N — N 4 g Nk
N 224" i Nk (1— gk
L e M) (0 1) A
M 2 2 i (1= gty

(8.206)

2We note that log(1—a2™) = Z,ivzl log(1—e(k/N)z) which can be proved noting that they are holomorphic
and agree near x = 0 and that they have the same branch cuts.

1\3\»—‘
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k=1 n=1 /=1 m=1 (8207)

The function in the final line extends to an analytic function for u € C — (Z/M + iR_¢)
and therefore as &g extends to all C with poles contained in Z/M we see that the functions
agree. ]

This theorem is numerically verified in Code 29. Notice that

2

Liy(2) + log(2) log(1 — 2) = % — Lis(1 - 2). (8.208)

Therefore, on e(Mu) € C — Ry —R>; we have

N— M—
1 2 .
(I’S(’U,;T) = eXp<27”_NML12(1—e(Mu i ) H 1—q™ u/'r % % H 1—q e ﬁ_%

(8.209)
Finally, we remark the following consequence on the g and ¢ difference equations when 7 € Q.

Corollary 11. If 7 = N/M € Q then we find that
O(u+ N;7) = Plut+ M7;7) = (1 —e(Nu/7))P(uw;7) = (1 —e(Mu))P(u;7), (8.210)

and
1

Og(u+mr+n;7) = exp <2m'NMLi2(e(Mu>>> (1 —e(Mu))~
N-1 ‘ o M A ) (8.211)
< TL0 = 5 me(u/m) 53 ] (1 - ¢ me(u)) 5.

j=0 j=0
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State integrals and resurgence
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An invitation to state integrals

State integrals originally arose as an attempt to defined mathematically SLy(C) Chern—
Simons theory [98]. However, they were then shown to factorise both as g—series [73] and as
functions from roots of unity |[72] without necessary regard for three-manifolds. This was
then realised to give rise to proofs of a refined version of quantum modularity [85, 86]. They
could seem complicated at first glance but they naturally appear as a continuous version
of g-hypergeometric sums. The Pochhammer symbol is replaced by the Faddeev quantum
dilogarithm, which is itself a cocycle associated to the Pochhammer. The factorisation
into functions from roots of unity and g—series can then be computed with simple complex
analysis. This means that for a larger class of examples there is a clear constructible method
of proving a version of quantum modularity, which I hope to convey in this section. Finally,
certain state integrals seem to numerically agree with Borel resummation of asymptotic
series coming from g-hypergeometric functions. These numerically based conjectures, along
with some basic structural conjectures, can then be used to give conjectural formulae for
generating series of Stokes constants, which will be discussed in some simple examples.

Before, exploring state integrals more generally I will introduce an example that every un-
dergraduate knowns. Indeed, the simplest state integral is just a Gaussian integral

/Re<§>dz = e(1/8)\/7. (8.212)

This integral with the contour above is convergent for &(1/7) > 0. However, altering the
angle of the contour changes this range of convergence so that for any argument of 7 we can
find a convergent integral. This integral can be “factorised” when 7 € § as a product of ¢
and § series. Indeed, the modularity of the 6 function implies that for Jo(q) = 6(—q~/?;q)
we have

@) = (187 = [ (). (8.213)

In fact, the proof given in Section 7.2 of the modularity of the #-function uses Poisson
summation of Theorem 26, which exactly involves the evaluation of the Gaussian integral.
This factorisation generalises but will be more complicated than just Poisson summation in
general. Regardless, the fact that the Gaussian integral can easily be seen to extend to an
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analytic function when 7 € C — R<( gives a somewhat redundant proof that the quotient of
the two 0 functions extends to an analytic function. We can go further than this. We can
also factorise this integral at rational numbers. In particular, for 7 € Q letting

1
190()(7_) _ Z qk2/2—kdenom(r)/2 (8.214)

denom(T) k€Z/denom(7)Z

we see that

Ve !

8 numer(x)denom(x)

)1900(@) Joo(q) = e(1/8)v/T = /Re(;)dz (8.215)

Therefore, we see that the quotient of these two Gauss sums with the tweaking also extends
to an analytic function. Not only do the quotient of #—functions and the tweaked quotient
of Gauss sums extend to analytic functions, they extend to the same analytic function. This
is the basic argument for proving quantum modularity and it will generalise to interesting
examples.

After the Gaussian integral the next simplest example is given by the Mordell integral,

1 [~ e(a?T/241dzz) , ; (=221 /2 + (2 + 1/2)) ’
5/_ cosh(mx) dv = /ZR 1—e(z) dx . (8.216)

[e.9]

This was used by Zwegers in his description of mock modular forms [211]. This integral
factorises in the upper half plane as a difference of Appell-Lerch sums given in Theorem 38.
However, this also factorises in the lower half plane. Indeed, by shifting the contour with
the argument of 7, the Mordell integral can be used to define a holomorphic function in Cg.
Letting

oo

Iwiq) = Y (=1)Fg HFD2h, (8.217)

k=0
the Mordell integral in the lower half plane is given by

Gt re()rivan.  as

and the proof is analogous to that in the upper half plane with the addition of checking
boundary conditions as z and z/7 map to ico. Finally, this also factorises at rations described
in Section 9.

As mentioned, state integrals for this thesis are an integral analogue of g—hypergeometric
functions. These will roughly be integrals of the form

/- : ~/e(Q(z)/27' + u(z)/T) H Ds(N;(2);7)Fdz (8.219)
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Figure 8.7: The contour C, used for state integrals along with the usual poles and zeros of
the integrand.

where \;, yu(z) are some linear forms, ) is a quadratic form and the integrals are performed
over some infinite contour. Indeed, when it makes sense this integral will be related to the

g¢—hypergeometric sum
Z g@k) (k) H(q; Q)i(k) . (8.220)
k

J

State integrals naturally satisfy an uncoupled system of ¢ and ¢ difference equations and
they behave like bilinear combinations of g—hypergeometric functions with ¢—hypergeometric
functions. Moreover, they are defined for 7 € Cg. In the next sections, showing that they
are bilinear combinations in the examples of interest will be the main content. Indeed, this
is the main tool used to prove quantum modularity in examples. I want to stress that it is
quite computational, however, it is all relatively simple complex analysis.

Finally, these state integrals with the notation of this these involve slightly more complicated
contours than in previous work [8, 73]. To fix this we take the contour C, = i\/TR — /7€
for some small € € R.( depicted in Figure 8.7, which includes also the poles and zeros of
Po(z+1+7;7)7"






Chapter 9

Factorisation of state integrals at
rationals

To compute factorisations at rational numbers there is one fundamental tool. This is a
simple lemma from complex analysis which has beautiful consequences. This lemma gives
residue formulae for state integrals in terms of points on the characteristic variety. This
then relates back to the points of stationary phase. This has similar consequences as the
Duistermaat—Heckman theorem as interpreted by Atiyah and Bott so that the stationary
phase gives exact results.

Lemma 21 (Fundamental lemma). [72, Lem. 2.1/ If U C C is open, U + a = U and
f U — C is an analytic function such that for

f(z+a)

O 91)

we have
9(z+a) = g(z), (9.2)
then if v is a contour such that g(z) # 1 on v then

f)de = ([ - f G (9.3)
/7 </7 [y+a)1 9(2)
([ )t = [ dz‘/ ek

fz+a f(z) = f(z+a) B N de
Vl—g<>dz 1=y / e = i
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We can use this to generalise to the analogous statement for integrals of many variables.

Corollary 12. Suppose that a € C*, U C C s open, U™ + aZ" = U™, v C U a contour,
f U — C is an analytic function such that for some a € C* and all j = 1,...n the
functions

flz, oo,z +a, ..., 2,)

9;(2) = f(z1, oy 20) ’ (9:5)

are satisfy
9i(z +al) = g;(z) (9.6)
and g;(z) # 1 on 4™, then

/7~-/7f(zl,...,zn)dzl...dzn
- (/_/) </_/> ) i)

Proof. Note that when n = 1 is the previous Lemma 21. So suppose that this is true to
order n — 1. Then we find that

L--/j@) dz ... dzm 1
- </ - /) </ - /> (e e e
Therefore, applying the n = 1 case we find
/y.../v/wf(@ doy o dey ydo
- (/ - /) </ / ) Ry o i
- (/ B /) (/ / ) o d? <61lzz Jj Ne) (9.9)

f(21 77777 Zn+a)(1 91(2))...(1=gn—1(2))
(1=g1(21,-:2n—1,2n+0a))...(1=gn—1(21,...,2n—1,2n+a)) f(2)

(/ / ) (/ / ) mETR ?.Cz?!éfzfé>c>lﬁ—gn<z>>'

Therefore, by induction the result follows. O]

(9.7)
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Figure 9.1: The affect of the fundamental lemma on state integrals.

The fundamental lemma has a beautiful effect on the pictures of the contours we wish to
integrate as shown in Figure 9.1. As a simple warm up, we can apply this method to calculate
the Mordell integral at rationals. We will calculate

e(—z(z+ 14+ 7)/217 + zu/T))
/CT = o(z/7) dz . (9.10)

Suppose that 7 = N/M € Q-o. Then we can use the fundamental lemma to factorise this
state integral. Indeed, if

e(—z(z+147)/27 + zu/7)

flz) = T o(z/7) (9.11)
the F 4+ ) e
78 = —e(Mu—Mz) = Fe-N) (9.12)
Therefore,
/ e(—z(z+1+471)/21+ Zu/T)>dz
1-— e(z/T) (9.13)
/ / 2(z+147)/2T7 + 2u/T)) 1 p '
: AN 1—e(z/7) 1+ e(Mu— Mz) =

IThis follows as out of N, M and NM there is either one or three odd numbers as N and M can’t both
be even.
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Therefore, we see that we have poles at z € 7Z and z € u + +- (Z + ) which gives

: e(—z(z+1471)/27 + zu/T)) 1
2miR; z=kT
TSk 1—e(z/7) 1+ e(Mu— Mz) dz
( 1)kq—kz(k’+1 /2 (k;u)
-7 1+e(Mu)
while
, e(—z(z+ 14 7)/217 + zu/T)) 1
2 _
miReS:—ute/Mt1/2m 1—e(z/7) 1+e(Mu— Mz) dz
—le(u(u—1-7)2r+{({+ N+ M+ 1)/2NM+M/4+N/4+NM/8
M 1 —e(u/T+{¢/N +1/2N)

Then for the last sum we can use the Chinese remainder theorem to write the sum

—le(u(u—1-7)/27 + €€+ N+ M+1)/2NM + M/4+ N/4 + NM/8)
M 1—e(u/T+¢€/N+1/2N)

LEZ/NMZ
1 (=1)kgh(k+1)/24k/N (_1)lg=Ct+1)/2=L/Mg(y(y — 1 — 7)/27 + M/4 + N/4 + NM/8)

wezymzeczynz M 1— g *fe(u/T+1/2N)

(—1)kgh(k+1)/24k/2M+1/4M (—1)fg—t+1)/2—£/2N—-1/4N
VM VN(1 — Gg—te(u/T + 1/2N))

vTe(u(u —1—7)/27 + NM/8) Z

keZ/MZL LEL/NT

9.1 The case of Nahm sums

Proof of Theorem 6 for A = 4. Consider the following state integral

/ e(222/7 +uz/7)
. Os(mT)

(9.14)

(9.15)

(9.16)

(9.17)

Suppose that 7 = N/M € Q-¢. Then we can use the fundamental lemma to factorise this

state integral. Indeed, if

_e(22?/T+uz/7)
) = Dg(z;7)
then
f(z+ N) _ e(dMz+ uM) _ f(2)
f(2) (1—e(Mz)) f(z=N)
Therefore,
(22’2/T—|—’LLZ/7' e(222/1 + uz/7) 1
/ Ds(z;7) /CT /TJrN bg(z;7) 1— % dz
dz

/ / e(22%/7 + uz/7) 1—e(Mz)
CoAN Dg(z;7) 1 —e(Mz)—e(dMz + uM)

(9.18)

(9.19)

(9.20)
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We see that the simple zeros of ®g(z;7) cancel with the zeros of 1 — e(Mz) and therefore
in this strip enclosed by the contour we see that all the poles come from solutions to the
equation

1—e(Mz) = e(dMz+ubM), (9.21)

which is the Nahm equation (4.106), which determined the critical points with which we
applied stationary phase. Firstly, lets set u € Z + 77Z so that the equation becomes

1—e(Mz) = e(4Mz), (9.22)

This has the four solutions for e(Mz) given by X; from Example 39. Therefore, we see that
the residues that contribute are given by the points z = ﬁxlk such that 0 < R(z) < N.
Therefore, let us calculate the residue at one of these points. We have

e(22%/7 +uz/7) 1—e(Mz)
ok Dg(z;7) 1—e(Mz)—e(dMz+ uMl)
e(22? /1 + 42w /N + 227 /M N + uz;p /N + uz/7)

dz

27TZRGSZ:ﬁxi

— 27iRes,_
miRes,—g B M o)
X dz
1— X,e(Mz) — Xle(dMz + uM)

e(2z7,/MN + uz;/N) 1— X, (9.23)

- Dg(zip/M;7) —MX; —AMX}e(uM)
e(2x7,/MN + ux;;/N)
exp (grar Li2(Xi) (1 — X;) 35 Dy (e(ix/N); §~1) Das(e(xin/M); q)
1— X,

* TMX, — AMXZe(uld)

We will break the simplification down into pieces. First notice that from equation (4.120)
we have 2%” log(1 — X;) = 4x; , — 4k + a; where

1
5 log(1 —X3) = 4wy, — 4k —2,

1
—log(l — Xy) = 4wy — 4k,
2mi

1
—log(l — X3) = 4 —4k —1
o og( 3) T3k )
1
b lOg(l - X4> = 4:1547;6 — 4k +1.
27

(9.24)
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Therefore, we see that the product

e(2z?, /INM Lio (X, , x
( zk/ ) — = e(_ 1?(2 Z) _(4$Zk—4k+az) Li k + z,k:>
exp (2mNML12<X )) (1 . Xz) s (271‘2) NM NM NM
( Lip(X;) — & + 2(2mi)?a2, — (2m0)2(4k — a;)zy, =
- © (2mi)2NM (2m')2NM>
— (= o+ ) = e~ o + + )
(2mi)2NM ~ 24NM (2mi)2NM NM 24N M
(9.25)
Then we have terms
N-1
Dy(e(xip/N)iq™") = (1 - elk/N)g7 XNy~ (9.26)
7j=1
and
N-1
Du(e(wie/M)iq) = [ (1~ elk/M)g XMy (9.27)
7=1
Finally notice that
1-X; —1
= VT (9.28)

~MX; —4MXle(uM)  X;/(1 —X;)+4/MV/N'
Using the Chinese remainder theorem we can split the sum over k of residues into two
decoupled sums

e((2k? — a;k)/NM + uz; 1, /N)(1 — X;)
wezymnz [ (1 — e(h/N)G=3 X/ N3 /N TIN (1 — e(k/M)qd X /M )i/ M

R e(—ka;/M)e(—La;/N)e(uz; o/N)e(ku)e(fu/T)
K€L MZLCTINT 1—[] N (1 —G—t- 7X1/N)]/N 1/2 HN—I(I _ qk,+in1/1\/I)j/]LI—l/2

qzk qize X4k/lw 4[/Ne(uzi,O/N)e(ku)e(Zu/T)

kEZ/Mm;NZ NS = gt x /NN (1= x)e/N=1/2 [N @ - ghta X /M)I/M (1 = Xy )k/M =172

2 2
@2 g2 XM XN o (uwy o /N)e(ku)e(fu/T)

L1 — g-tmix /Ny G+ /N=1/2 ny¥sta- gk +ix My Gk /M —1/2

N —
kez/mzeez/Nz [1j=o
2k
qQk X?k/Me(ku)
gkt X /MY Gtk /M —1/2

G2 X2/ N o(0u/7)

Ge-ix NG+ /N=1/2

= e(umi,o/N) >

N-1
kez/mz [1;=g (1 — 0€Z/NZ 1_[J ota—

2 %% XM g (o4 4 ar + a)) G2 X2/N (g + 47+ 4) /1)

wezmz Ty (1 — grtitix MY GrR) /M =12, T mta- g t—i—1x Nyt /N-1/2

(9.29)
Then noting the identities of Proposition 7 completes the proof for A = 4. For A € Z
starting with the state integral

/ e(Az(z+1+7)/21 +uz/T)
c. Ss(z+1471;7)

= e((u+4r +4)2;0/N)a’q

(9.30)
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and applying exactly the same methods we used for the A = 4 example will produce the
desired result. ]

9.2 The case of the figure eight knot

In [70] a state integral was introduced associated to the figure eight knot. This was shown to
factor in terms of the two variable series of [92]. However, the factorisation at rationals has
not explicitly computed although was done at 7 = 1 in [82]. We will include the computation
here which finalises the full proofs of quantum modularity of the various invariants of 4;.

Consider the state integral

e(z(z + 1+ 7)/27 + zu/7)
/cf (1—e(z/7)®s(z+ 1+ m)zdz' (9.31)

and assume for these computations that u € Z + 7Z. Taking the integrand

e(z(z+147)/27 + zu/7)

flz) = (1—e(z/7))®s(z +1+71,7)2 (9.32)
we have
f+N) e(Mz+uM)  [f(z)

fz) (1 —e(M2)? ~ f(z—N)’ (9.33)

The equation
b= = 9.34
S a-xp (9.34)

has solutions
X = %Jr (_1)j%\/__3- (9.35)

Therefore, from the fundamental Lemma 21 the state integral above is given by

(2(z2+147)/27 + 2u/T) (1—e(Mz))?
/T /T+N (1 —e(2/7)Ps(z +1+7;7)2 (1_G(MZ))2+e(Mz+uM)dz' (9.36)

The integrand has poles in the set e(Mz) = ;3 + 3v/=3 and z € 7Z. Then letting x;), =
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5= 10g(X;) + k we can compute the residue at a;;,/M as

e(z(z+1+7)/27 + uz/7) (1 —e(Mz))?
=2k (1—e(z/7)Ps(z+1+7;7)2(1 —e(Mz2))?2 —e(Mz+uM)
e(z(z 4+ 14 7)/27 4 221 /N + 23, /2MN + (u+ 1/2 4 7/2)x; 1 /N + uz/7)
(1 —e(@jr/N + 2/7))Ps(xjn/M + 2+ 1+ 7;7)?
8 (1— X;e(Mz))?
(1—X;e(Mz))?+ X,e(Mz+uM)
e(a?/2MN + (u+1/247/2)z1/N) (1- X;)?
(1 —e(xju/N)Os(wjn/M + 1+ 7;7)2 M(2X7 + (e(uM) — 2)X;)
e(2?,/2MN + (u+1/2 4 7/2)z;1/N)
exXp (2 1NML12(X ))(1 - X; )2 A2 +NDN( (xj,k/N) g ')*Du(e (17j,k/M)§Q)2
(1 - X))
)

2miRes dz

= 2mRes,—

dz

" M= ey /N))2XG + (e(ubl) — 2)X;)
(9.37)
Noting that
% log((1 — X;)?) = zjx —k+aj, (9.38)
where a; = (—1)7/2, we find that
e(z? /2NM Mo (X . 2
i K. .
exp (27erML12<X ))(1 _X) T (271—2) NM 2
_ e(  2Liy(X;) — % + (2mi)* T L (2mi)2(k — a)z = )
(2m)2NM (2mi)2N M
. VCJ',]C 1 . VC,L"O (k/2 — CL])) 1
- e( T @ri)ENM 12NM> - e( T (2mi)ENM NM 12NM> '
(9.39)

Using the Chinese remainder theorem we can split the sum over k of residues into two
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decoupled sums

e((k?/2 — a;k)/NM + (u+1/2 + 7/2)x; 1 /N)

wermng (1 — X Ne(k/N)) msta- e(k/N)g—i—1x}/N)2(+1)/N-1 msta- e(k/M)git1x}/M)2(+1)/M -1

()RR EHAD/2(_1) gD/ 26(—ka; /M)e(—La; /N)e((u+1/2 + 7/2)z; 0/N)e(ku)e(fu/T)
wen iz ecn v (L—a—tx /Ny H;V:_ll(l — g 1=t=ix /N2 41/ N -1 1—[?/‘:—11(1 — qltkts x /M2 +1) /M -1

> (~D)kgh (D2 ()= tUHD/2 5 B/M 3 N o (w4 1/2 + 7/2)2; 0/ N)e(ku)e(fu/T)
kezymzecryng (1 — q’zXl/N)l—I - T —g—1-¢— JX1/N)2(1+;+15)/N 1 HN 1<1 _ q1+k+JX1/M>2(1+]+k)/M 1

(“)FgEHD/2(1)tg— D2 X IV X LM XN X2 e(umy o /N e (ku)e(tu/7)

k€Z/MZLELNT (1*Q’2X1/N)HJ S JXI/N)Q(H’H)/N IHN L1 — Ui x /M2 (g k) /M -1

(_1>qu(k+1)/2X;9/M ;/ZMe(ku) (- 1)2~—£(Z+1)/2X[/N 1/2Ne(zu/7)

= e i.0/N .
(uai,o/N) q1+k+jX}/N1)2(1+j+k)/1\4—1 eeZ/Nz(l—q’le/N)HN L1 g-1—¢- ]Xl/N)2(1+J+e)/N 1

(9.40)
Note these Appell-Lerch type sums were first recognised in this context in [70] where they
arise in the g—series versions. Now there is a final collection of residues at z € 7Z. Here we

find that

N-1
kez/mz =g (1 —

e(z(z 4+ 14 71)/27 + uz/7) (1 —e(M2z))?
(1—e(z/T))Ps(z+1+7;7)2 (1 —e(Mz))2 —e(Mz + uM)
(—D)FGFEHTD26(ku)e(z(z + 1 + 1) /27 + kz + uz/T) (1 — e(M2))?
(1—e(z/T)Ps(z+ 1+ (k+1)1;7)2 (1—e(Mz2))2 —e(Mz+ uM)
(~1)k gk B+ /26 (kuYe(2(2 + 1 + 7) /27 + kz + uz/7) exp ( - mLig(e(Mz)))(l —e(M2) "2 F (1 — e(M2))?

= 2miRes,—qo z
(ge(2) (1 — e(=/T) TIN5 (1 — a1 =de(z/m)* N~ [IM5H(1 - g +ie(2)? 3~ (1 = e(M=2))? — e(Mz + ubD))

2miRes, — .+

= 2miRes,—¢

(—1)FgFE+D/26(ku)e(2(z + 1 + 7)/27 + kz + uz/T) exp ( - leg(e(NIz))) (1 - e(Mz2) 2 (1 — e(M=2))?
= 2miRes,—o T z
(qe(=) D2(1 — e(2/m)2(1 — e(2) [IN7" (1 — §-7e(z/m)* X " M1 (1 = qde(2))* W (1 — e(M2)2 — e(Mz + uM))
(1) ¢* D 2e(ku)e(— g )e@ ) e(@? N2
(g;9)2 e(uM)’

(9.41)
where we use the multiplier system of the Dedekind—» function e from equation (8.8). Then
using the identity

— k(k+1)/2 2 IS gFetD/2
V2(g; q)e(—(1+ k)u) Z e((k = M)u), (9.42)
— (92
we see that summing over the residues at 77 gives
1 M-1
N e( N 12NM>8@_1 o kzo g IR (g g)re(—(k + ). (9.43)

Therefore, from identities similar to those from [70, Thm. 4] this completes the proof.
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9.3 A toy explanatory example

Consider, the element of the Habiro ring

> g IR (g g) (9.44)
k=0

We can use Lemma 17 to show that for ¢ = e(/N/M) that this element of the Habiro ring is
given by

M/2—-1 R M—1 . qk(gkﬂm
> D R g = =M Y (D (9.45)
k=0 k=M /2 45 9)2k—M

Then taking the state integral

e(z(3z+1+7)/27)
R ter e e I (9.4

we see that taking the integrand

e(z(3z+141)/27)

pu— 9-47
/() (1—e(z/7))Ps(22 + 2+ 27;7) (9.47)
we have
f(z) (1—e(2Mz))>  f(z—N)
Therefore, from the fundamental Lemma 21 the state integral above is given by
(/ B / ) e(z(3z+1+41)/27) (1—e(2Mz))? & (9.49)
. Jein/(1—e(z/7)Ps(22+2+27;7) (1 —e(2Mz))2 +e(3Mz) .
Notice that this integrand has poles from the equation
3M
| = eBM) (9.50)

(1—e(2Mz))?2’

and addition it has singularities at & € Z7 however for 0 < k < M /2 these singularities a
removable. Therefore, going through a similar computation as we did for the figure eight

knot ending in equation 9.41, we find that this state integral factorises with a term a multiple
of

M-1 qk(3k+1)/2
(). (9.51)
v/ (43 Q)21

Importantly, the (¢; ¢)2k—n appears from the periodicity of the Faddeev dilogarithm and the
non-removable singularities appearing for M/2 < k < M.
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9.4 The WRT invariant of half surgery on the figure eight
We can take the formula for the WRT invariant

Z (_1)kq_%k(k+1)+€(£+1)+mk (¢ @)2x+1 (9.52)
0<t<k (¢ @)e(q; Qe

and naturally take the state integral

le ng

(9.53)
We can rewrite this integral by first sending 2z, — —z1, 23 — —z3 and using Proposition 22.
Then using Proposition 23 to expand the Faddeev dilogarithm in ®g(z3+ 1+ 7;7), and then
again to contract the integral over z3. With these steps one can show to up to a factor of
q"™q~™ this integral is given by

/ / e(22/7 + 2122)7 + 21(—m — M/ /T) + 22(1 + 1/7))
Pg(zo+ 1+ 7;7)Ps(221 + 1+ 737)Ps(22 — 21 + 1 + 73 7)

/ / —2(z1+14+7)21+ 23(23 + 1+ 7) /7 + z1(m +m/ /7)) Ps (221 + 2 + 273 7)
Ps(z3 +1+77)Ps(21 — 23+ 1+ 737)

ledZQ . (954)

This integral expression has various benifits and in particular has a direction at infinity
where the two dimensional contour can be pushed with vanishing contribution. However, we
do not need this for the factorisation at rationals. Therefore, suppose that 7 = N/M € Q.
Then we can use the fundamental lemma to factorise this state integral. Indeed, if

e((z1 + N)?/7+ (21 + N)2o/T + (21 + N)(—=m — m//7) + 2(1 + 1/7))

hiz ) = Gg(z0+ 14+ 7;7)Ps(2(21 + N)+ 1+ 7;7)Ps(20 — (21 + N) + 14+ 7;7)
" Pz +1+7;7)Ps(221 + 1+ 757)Pg(20 — 21 + 1 + 73 7)
e(22)1 + 2122/7 + 21(—m —m//T) + 22(1 + 1/7))
_e(2Mz + Mz)(1 —e(—Mz + Mz))
B (1 —e(2Mz))? '
(9.55)
then

foler. 29) = e(2?/7+ z1(za + N) /7 + 21(—m —m//7) + (20 + N)(1 + 1/7))

(22 + N) + 1+ 7:7)@s(221 + 14+ 73 7)Ds((22 + N) = 21 + 1+ 757)
(I)S(ZQ + 1+ T;T)(Ds(221 + 14+ T;T)(Ds(ZQ — 1+ 1+ 7_;7.)
X
e(f/m + 2122/T + ma(=m —m'[7) + 2(1 + 1/7))
e(le)
(1—e(Mz))(1—e(—Mz + Mz))

(9.56)
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Notice that
fj(Zl +]€N, z9 —|—£N) = fj(Zl,ZQ) s (957)

and therefore,

dz1dzo

/ / e(z{/7 +z122/7 + 21 (=m —m'/7) + 22 (1 +1/7))
crler ®s(z2+1+77)Ps5(221 + 1+ 757)Pg(22 — 21 + 14+ 757)

(fCT —f0+N+iR)2e(Z%/T+2122/T+21(—7n —m//7) + 201 +1/7))dz1d22

3 . . e(2Mz1+Mzo)(1—e(—Mz1+M=z9)) e(Mzq)
Dg(z2+14+7;7)@5(221 + 1+ 757)Pg(22 —2z1 + 1+ 757)(1 — 1 (1Ee(2le>)2 1 22) (1 - (179(Mz2))(1,e(1,le+MZQ)))

_ (/ 7/ )2 e(z%/7+z1z2/7'+z1(77n7m//T)+z2(1+1/7))
cr Jer+N/ Pg(z2+ 14 77)P5(221 +1+737)Pg(22 — 21+ 1+ 7357)
(1 —e(2Mz1))2(1 — e(Mz23))(1 — e(—=Mz1 + Mz3))dz1dzs
(1 —e(2Mz1))2 — e(2Mz1 + M22)(1 — e(—Mzy + Mz2))) ((1 — e(Mz2))(1 — e(—Mz1 + Mz2)) — e(Mz1))
(9.58)
We see again that the zeros of the quantum dilogarithms now cancel with the zeros in the

numerator. We see that the integrand has poles when

X

0= (1—e(Mz))(1—e(—Mz + Mz)) —e(Mz),

9.59
0 = (1—e(ZMZI))Q—e(2le+M22)(1—e(—le+M22)) ( )
Therefore, considering the algebraic variety
0= (1-X)(1-X{'Xy)— Xy, (9.60)
0= (1-X)?—X7Xo(1 - X7'Xy), '
this can be solved exactly as notice that
1— X, X2X,
= 9.61
X (1—X?2)2 ( )
and so (1 x2)
X, — 1 9.62
2T (1= X224+ X (9.62)
and taking as in Example 44 taking
-0 —20 466" 118 +68243¢—-1 =0, (9.63)
we have
X1, = =34 11& 42087 — 1567 + 67 — 267 — 4¢7, (9.64)

Xoj = —9+419¢ 4 76&7 — 5267 + 2065 — 4¢2 — 13¢7.

There is one additional solution when X; = 1 and X5 = 0, however this is not contained at
a finite point. Therefore, letting
1

Tijk = %bg(Xi,j)"’k (9.65)
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notice that

(1 —e(2M (21 + 21 /M)))? — e(2M (21 + 21 /M) + M (25 + 2/ M))
X (1 —e(—M(z1 +x1/M) + M(23 + x2/M)))
= (1 - X?e(2Mz))* — X7 Xpe(2M 2z, + M z)(1 — X; ' Xoe(—Mz, + Mzy))
= (4X} 4+ (-2X, — X+ XIX))2miM 2y + (= Xo X7 + 2X5X1)2miMzy + - -

(9.66)

and

(1= e(M (2 + 22/M)))(1 — e(=M (21 + 21/M) + M(22 + 22/M))) — (M (21 + 21/M)))
= ((1 - Xoe(M=z))(1 — X' Xoe(—Mz + Mz)) — X1e(M=z))
= (=X 4+ (= X2+ X)X hH2miM 2z + (— X5 + (2X3 — X)X, H)2miMzg + - - -
(9.67)
Then we can compute

det 4XT+ (—2X, —4) X2+ X3X, —XoX? +2X3X,
X4 (—X24+ X)) XD =X+ (2X2 - X)X !
= —257 + 806 + 94762 — 749€% + 331¢* — 133¢6° — 213¢° = A

(9.68)

Therefore, the double integral deformed near (x1;/M, x5 ;¢/M) gives

e($?7j7k/NM + $17j7k$2,j,g/NM + [I}Ljyk(—m/M — m’/N) + .’Ijzyjyg(l/M + I/N))
Cg(wa0/M + 1+ 757) (20156 /M + 1+ 757) @ (w2,50/M — 2150 /M + 1+ 757)
- X721 = Xo5)(1 = X1 Xa )

M2A
e(m%j,k/NM + £U17j7kl'2,j7g/NM + ivl,j,k:(_m/M — m’/N) + :L'QJ‘,g(l/M + 1/N))
(1= X7,)72(1 = X))~ (1 — X X 5) "' M2A

To 4 21

exp ( — e Lia(X2 ) ) (1 = Xo )™ W4 31 exp = g Lin(XE,)) (1= X1~ w4f o

D (e(w2,7¢/N); @ 1) Dar(ge(w2je/M);q)  Dn(e(2e1j5/N);d ) Dar(ge(2e15/M); )
*2.5,67%1 4,k 1

exp( o NML12(X X2])>( Xi;XQJ)l_T—M
>< .
Dy(e(z2je/N —x1,k/N); G V) Dr(ge(xajo/M — x1,1/M); q)

(9.69)
Firstly, notice that

— LiQ(XQJ') — ng()(f7 ) LIQ(X X2 ]) 27TZ‘.1'2’]"( log(l — XQ,j) — 2(27TZ‘).CC1,]"]€ log(l — X127j)
— 27’(7;(.1’27]'7@ — $1,j,k) log(l — XLJ' XQ,]') + (27Ti)2$%,j,k + (27Ti)2371,j7k$27j7g

1
= VO —4r* (K e+ agh + o)
(9.70)
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where a; = 2,0,0,1,1,-1,1for j=1,...,7 or
2mia; = —2log(l — X7 ;) +log(1 — X[ X5 ;) + 2log(X1) + log(X>) (9.71)
where we note that for all j
0 = —log(l— Xa;) —log(1 — X7, Xs;) +log(X1). (9.72)

Therefore, we see that

1 . R
e(IE%’j’k/NM + $17j7kl‘27j7g/NM) exp < — 27TiNML12(X2’j)> (]_ — XZJ‘) NM
32 2 \— Lk
x exp (= g Lia(XE) ) (1 = X3) "N o
1 . _ _ _ T25,07%1 5.k :
X exp < — 27TiNML12(X1’;X2’j)> (1 — Xl,leZJ) NM
B ( VC; + 7r2/6>e<k2 + k€>e<kaj + 0 X O>
B (2mi)2N M NM NM ‘

With this using the residue theorem and the Chinese remainder theorem part of the final
integral of equation (9.58) can then be shown to factorise as

2k+L—m k+1
K24kl—mk+Cy — a y M TTM-1 i+1+0—k yv—1/M 1/ My _(i4144—k) /M—1/2
q Xy X Hz‘zo (1—q Xy X ) ( )/ /

M-—1 ; 1/M . _ M—-—1 i 2/M i —
b ET M. L, (1— q2+1+fX2/ )EHIHO/M=1/2 TTE (1 — ¢ +1+21<;X1/ )i+ 142K) /M ~1/2

(1-XP)2(1— X5)(1 — X;'Xy)
X \/ A

(9.74)

Therefore, we see that the seven by seven component of the matrix of Theorem 8 gives rise
to a quantum modular form after applying the identities of Lemma 18. To extend to the
eight by eight, one needs to modify the original integral in a similar way to that discovered
in [70]. This integral is given explicitly in (10.38). Then analogously to the situation of the
figure eight knot we can factorise with use of the identity for ¢ = e(a/c)

Z (_1)kq7%k(k+1)+é(£+1)+mk (4 @)2n+1

0<0<k<c/2 (Q; Q)e(CI; Q)k—l

(9.75)

—mk—m q;9)e+k
_ Z (— 1)k gh k1) /2+(1) (2= mk (4 Qe

¢/2<k<t<c—1 (C]§ q)wcfc(q; Q)z 7

where we note the 2k —c arises for exactly the same reason as in the toy example of Section 9.3.
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Factorisation of state integrals as g—series

Factorising as g—series is even simpler than the factorisation at rationals. This was studied
in |21, 73]. The main difference is that we need good behaviour in some direction heading
towards infinity. This relates to an untrapping procedure discovered originally in unpulished
work of Garoufalidis and Kashaev [65]. The simple idea is to then use the ¢ and ¢ difference
equations of the quantum dilogarithm, the formula when 7 € h and to compute the residues at
the poles enclosed by the contour and the direction towards infinity that has some exponential
decay. These decouple leading to a bilinear combination of ¢ and ¢ series. This is easily seen
in a example so as a warm up lets go through a proof of Proposition 23.

Proof of Proposition 23. Consider, the state integral

e(wz/T) B (ge(2); @)oo el(wz/T)dx
| a5 i = [ | w2z oD

2T+ 1L7) e(2/7); @)oo

The contour and poles are shown in 8.7. Pushing the contour to infinity we can collect the
residues which gives

- Z 2miReS,—mr 1 n®s(z + 7+ 1;7) te(wz/7)dz

= — Z e(mw + nw/7)2miRes,—o®s(z + (m + 1)1+ (n + 1); 1) 'e(wz/7)dz

L i iRes (ge(2);q)0e  e(wz/T)  e(mw) e(nw/T) s

E mnGZZ>02 NS0 oo/ D)o 1= e(2/7) (a0(2); O @ elz/r)iq D (102
_ (60w 5~ elmw) 5~ (=)' Pe(nw/7)

(G~ S (@) XZ: (@ Dn

_ (@9 (@e(w/T);d) _ _(690g

(@D (e(w)ia)x (@) T
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A similar computation proves the other equality. O

Before continuing on to more interesting examples of this kind of computation, one should
breifly discuss the methods used to improve the analyticity of state integrals. In unpublished
work of Garoufalidis and Kashaev [65], they worked out a certain untrapping procedure,
which in examples gave a region at infinity for which the contour could be pushed. The
basic idea is to apply the identities of Proposition 23, for which we just gave the proof.
The analogue of this procedure with the g—series is applying the identities of Lemma 7. For
example, take the Rogers—Ramanujan function

0 k(k+1)
q (10.3)
Notice that
i —k(k+1)/2
(10.4)
— (G
is not convergent when |¢| < 1. However,
k(k+1)
q _ Z k+1) et
D o = q ?)o
~ (G k o £
B 1 ( 1)e PR DR+ /2
(%D 52, (¢:9)e
1 gD/
= 0(—q"¢")(-1)
(430 KEZZ (¢:9)
10.5)
1 g2 @etr+1)/2 (
- o S S
(4 @)oo = = (4 @)arsr
1
1 q(2f+r)(2€+r+1)/2
= —— > (-1)0(=¢"1¢*) > _q g E—
(Q7 Q>OO r—0 (€7 (q; q>2€+r
1 21: 2 1)) Z ¢!+
= (=1)"0(=q" 0" )q"™" —
(¢ 9o = = (@:0)204r

This is a simple example of the equation (6.43). The main point is that now there is a
natural candidate for the ¢~ !-series as

¢!+

_ 10.6
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is convergent when |¢| # 1 and 6 and n have natural extensions to |gq| # 1. The most
important point is that 6 and n are modular functions. This means that when dealing with
state integrals they will not appear to cause issue as their quotient will be some simple exact
functions holomorphic for 7Cg. In this example, we see that the analogous computation
with the state integrals gives

/ e(z (Z+1+T)/T)dz
e, q)s(z—|—1+7' T)

// w+14+7)/21 +wz/T+ 2(2 +1—|—T)/T)dwdz
_Je. Ss(w+7+1;7)

11 (43 9)e e(w?/47)
- e(—§>\/;q4q 47'(qf];qij)oo /CT @S(w+7+1;7)dw
= e(— §>\/Z(j}1q}1 (& 9)o /CT Bs( e(w’/7) dw

2w+ T+1;7)

(10.7)

where we used the fact that

/T e(z(z+1+7)/T+wz/T)dz = e<1> ze(—w—2 _wldtr) (1+T)2). (10.8)

8 2 4T 2T 4T

We see that both computations are completely analogous where the f—functions are inter-
changed with Gaussian integrals. These kind of computations become important when the
particular shape of a g—hypergeometric function leads to state integrals whose contour can-
not be pushed to infinity. However, there are some state integrals that can be evaluated
without this method of pushing the contours to infinity such as the Mordell integral. There
the main idea is to use the fact that the matrix of state integrals satisfies uncoupled ¢ and
g—difference equations. Then taking the a multiple of a Wronskian of the g—difference on
one side and the ¢ version on the other, one has an elliptic function, which if holomorphic
is constant in the elliptic variable. Then one can check boundary conditions to prove the
equality.

10.1 The case of Nahm sums

Our first example will be the case for the A = 4 Nahm sum. This method works for all
integral A and one could assume that it should also work for rational cases as well, however,
we won’t go into that detail here. Closing we will extremely briefly describe the identities
that one needs for the proof for integral A.

Proof of Theorem 5 for A = 4. For

g
GA 'r t q
o ZO (q;Q)Bk-i-r

A(Bk+r)(Bk+r+1)/2ByBk+r

, (10.9)
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let

Gaano(t;q)  Gsuaaolit;q)  Gaupo(—tiq)  Gajano(—it;q)

Flt;q) — G3a1,0(qt; q) G3/4,1,0('iqt; q)  Gsja10(—at;q) G3/4,170(—.z'qt; q)
’ G3110(0°tq)  Gsjano(ig*t;q) Gajaro(—@*t;q) Gsano(—ig’t; q)
Gs/410(0°tq) Gaya10(i®t;q) Gapaao(—a*t;q) Gsano(—ig’t; q)

Gs40(t;q) Gs41(t;q) Gs42(t;q) Gs43(t;q)

Gsa0(qt;q)  Gsanlgt;q)  Gsao(qt;q)  Gsas(qt;q)
G t7 _ s% ) " ’ et ’ T ) 1010
(t9) G340(*t;q) G3a1(P*tq) Gsaz(d*t;q) Gsas(d®t;q) ( )
G340(*t;q) G3a1(Pt;q) Gsaz(Pt;q) Gsas(d®t;q)
Grao(t;q)  Giai(tiq)  Graa(tiq)  Gras(t;q)
Hitg) = | Graolatia)  Graa(ahia)  Graaxlahia) - Graslatiq)
’ Gr10(®tq) Grai(d*tq) Gia2(*tq) Gras(d®t;q)
Gra0(@’t;q) Graa(@®tiq) Giap(d®tiq) Gias(@’t;q)
We then have
F(qt;q) = A(t;q)F(t;q) and Glgtiq) = At;q)G(t;q) (10.11)
where
0 1 0 0
0 0 1 0
(10.12)
Notice that as
o0 §n(n—i—l) n 3 00 3 (4n+r)( 4n+r+1)t4n+r
DRGNS P S S o
n— r=0 n=0 q q An—+r
we have
1 1 1 1
Flt.q) = Gt | & & —1 7! (10.14)
1 —2 -1 1
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Moreover, notice that as

00 = 3(Aktr)(Ak-+r+1)/8 pAkr

- q
G AT tvq h =
sar ) =0 (5 )arrr
B > q—3(4k+r)(4k+r+1)/8t4k+r
L (—1)hbr g R AR D2 (g ) gy (10.15)
o (4k+r)(4k+r+1)/814k+r
r q t
= (=1) Z (q:
k=0 q7q)4k+r
= (—1)"Gras(t:9),
we have
1 0 0 O
0 -1 0 0
R D . _ .
Gltig) = HEa) | o 1 o | = A6 (10.16)
0 0 0 -1

There exists an explicit (see Proposition 5) P(t,q) holomorphic for t € C* such that

Algtig) ™ = P(gt; ) A(t; q) " P(t;q) " (10.17)

Therefore, we see that

Gt;q ") "P(t;q)G(t;q) " (10.18)

is elliptic and holomorphic for t € C*. In particular, checking boundary conditions, there is
a P (with entries in Q(q)[t*]) such that

(10.19)

_ o O O
O = O O
S O = O
S O O
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Finally, we have
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0 q k—i—l)tk
Garoltiq) = Z
k=0
1 00 2he(k+1)+hl+L(6+1) /2
- Z <—1>” t
(% Do 5% (¢:9)e
3 oo
1 q(4Z+r)(4€+r+1)/2
— -1 Al+r 0 _q4£+rt;q4 10.20
(43 0)oo ; §< (4 @)t ( ) (10-20)
3 [e'¢)
1 q3(4€+r)(4€+r+1)/8 B
— -1 TqT(T+1)/89 _qrt’ q4 q3/2t 14
(43 0)oo ;( ) ( >; (4 @) aer (@)
3
1 _3/8,—
_ ( . ) Z(_1)rqr(r+4)/8tr/4e(_qrt; q4)G3,4,7«(q 3/8t 1/4,(])-
0 @)oo =
Therefore,
0(=t:q*)
GG471{0(72;]') | (1) (2 8 8 T
41,09 1,4 _ G<q73/8t71/4,q) 2 2(4 q) oo oy
Ga10(q 5 q) 00 ¢ 0 ’ PEo o)
G4,170(q_12t;Q) 0 0 0 q_12t3 —q21/8t(3/4g(—q3t;q4)
($:0) o0
(10.21)
Finally, the modularity of the vector of #—functions is given by
, /9~(/—f; q')
u 1 —1/2~1/271/2 - 8751 *0(—qt; ¢*)
o(750) e (5) | Gl i
q21/8t3/49( 3t q ) (10 22)
1 1 1 1 0(—t; q*) '
| i | e | P 0(—at )
1 -1 1 -1 q q12/8t2/49(—q2t; q4)
1 7 -1 — —q21/8t3/49(—q3t;q4)
With all this set up we can now factorise the state integral
/ e(z(z+1 +T)/8T+UZ/7')dZ (10.23)
c. Ss(z+14+71;7)
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to see that it is an elementary function holomorphic on 7 € Cg times

0 qm(m+1)/8 . q3n(n+1)/8 -
4m+r)(dm+r+1)/8 ~3n(n+1)/8

)q

t (=3 + 2r)n/8 Wt” (10.24)

f: (m/2 +1/8) q(

(q7 q)4m+r

I
o
o H Mw

= G, (e(1/8)t) G310 (e(—3/8 +1/4)E;q)

r=0

Therefore, shifting t — ¢~%/%e(3/8)t™1/* and t — e(—3/8)¢~*/8t~1/*, the matrix

QO(z7) = F(ig > H(—q % 9)" (10.25)

extends for 7 € Cg. Then notice that

F(ig**:q) = F(§ 5 q) (10.26)

O O = O
O = OO
_— o O O
o O O
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Therefore, using Equations (10.14) (10.16) (10.19) (10.21) (10.22) (10.25),

Ga,1,0(89)
Ga,1,0(6 %5 9)
Ga,1,0(37 8% q)
Ga1,0(G@ 125 9)

1 0 0 0
o t 0 0 o 3/8-—1/4 -
=lo o 42 0 G334 g
0 o G123
9(<;§;q4>
q:9
10 0 0 o o o 1\'/1 1 1 e B VL (o)
_ |0 ¢t 0 0 —3/8:—1/4 . [1 0 0 0 1 i -1 —i @9
T lo o ¢ 0 F(iq ¢ Dlo 1 0 o 1 -1 1 -1 312/852/49(_ 25,44
0o 0 0 Gg—12¢8 0 0 1 0 1 - -1 (@0 o0
_621/8{3/49 _63; 54)
(433 0o
o(=t:ah)
1 1 (GRS
o 0o o0 1 101 1 1 101 1 1 —g5/841/%g(— gzt
_ o, . _ -3/8,-1/4 —-T |1 0 0 O 1 i -1 —i 1 - -1 % T
= 2 (w1 H(—q ¢ 1) 0 1 0 0 1 -1 1 -1 1 -1 1 -1 q12/842/49(Zq24:9%)
0 0o 1 o0 1 - =1 i 1 i -1 —i (€000
7421/8td/49(743t;q4>
(g59) 0
o(=t:q%)
(959) co
o 0 0 1 _ /84149 (_qt.q%)
— oM, —-3/8,-1/4 —1,—T7 |0 0 1 O N T P
= 27 (wn)Gla t a ) 0 1 0 0O q12/842/49(—q2¢;4%)
1 0 0 O (959) co
—q21/843/49(_ 434,44
[CHAES
9((—t);q4)
q;9
1 0 0 0 0 0o 0o 1\ /0 0 0 1 _g8/800 g quig)
NG B 0 0 —3/8,-1/4 o 0o 1 o|[o 0o 1 o T P —
=275 g o 12 0 Gla t Do 1 0 oflo 1 0 o q12/842/49(Zq24:9%)
o o 0 q 1243 1 0o o o/\1 o o0 o (€900
—q21/843/49(_gBe.qh)
(g59) 0
e(—t;q4>
q9;9) oo
é 0 3 g —q5/8¢1/49(—qt:qt)
— a®@ (. ¢ —3/8,-1/4 (Gd)o0
= QY (u;T) 0 0 q74t2 ?2 s G(q ,q) q12/8t2(/49>(—q2t;q4)
0 0 0 q "t 4;9) co
_q21/843/49(_ 34,44
(;9) 00
G4,1,0(t21¢1)
— 0@ () Ga1,0(a” "t59)
= ;

G4,1,0(117182t; q) |’
Ga1,0(a” "“t;9)

(10.27)
where Q) are elementary functions holomorphic for 7 € Cg times Q). Therefore, finally,

by a change of gauge we have

G4,1,0(£iq~) Gu10(t;q)

Ga1,0(Gt; Q) Ga1,0(qt;q)

LlBd) g 1 . 10.28
Ga10(0°t:q) (u57) Gu10(d°ti q) (1028)
Ga10(3°t; Q) G110(¢°t; q)
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For A € 7Z starting with the state integral

/ e(z(z+1+71)/2AT + uz/T)
3 Os(z4+1471;7) ’

(10.29)

Applying exactly the same methods we used for the A = 4 example will produce the desired
result. The additional steps needed are the identities of Section 6.1 and 6.3 along with the
modularity of the vector-valued f—function given in equation (7.73)

10.2 The case of the figure eight knot
For the figure eight knot, the state integral

Q(u; 7_) — (qu q~)c2>o / ( e(z(z + 1 + T)/QT + ZU/T) dZ (1030)

g% Jo. 1 —e(z/T))Ps(z+1+1:7)2

was factorised in [73, 70| and the analogue of the quadratic relations were also given |70,
Thm. 4|. However, we include here a computation of the g-difference equations without
the factorisation. The computation is completely analogous to that of the g—series with the
addition of a residue appearing as opposed to the boundary of the sum. Notice that

e((z+7)(z+1+27)/21 + 2u/7 +u) (1 —e(z/7))Ps(z + 1+ 7;7)2 _ _e(z+T+4u)
(1—e(z/7)Ps(z+ 14 27;7)2 e(z(z+1+7)/27 + zu/7) (1_e(z_|_7)()f0' 3

Therefore, we see that

_(@al +f e(x(z + 14 7)/27 + zu/m)(1 — e()?
Cr

(@ D2 (1—e(z/T)®s(z+1+7;7)2
2 2
_ 27riR€Sz:09(Z(Z+1+T)/2T+ZU/T)(1_e(Z)) s+ e(z(z+1+7)/217 + 2zu/7)(1 — e(2)) s
(1—e(z/T)®s(z+1+71;7)2 Cr (1 —e(z/7)®s(z+ 1+ 7;7)2 (10 32)

_ / e(z(z + 14 7)/27 + 2u/7)(1 — e(2))? de - / e((z 4 7)(z+1+427)/27 + zu/7 + u)(1 — e(z + 7))2 b
Cr+7 1 —e(z/7))Pg(z+ 1+ 71;7)2 Ccr (1 —e(z/7))®g(z+ 1+ 27;7)2

_ 7/ e(z(z+1+T)/2T+zu/7’)e(z+7'+u)dz _ e(z(z+1+T)/2T+Z(M+T>/T)dz4
Jer

(1—e(z/mT))®g(z+ 1+ 7;7)2 a Jer (1—e(z/m)®g(z+ 1+ 7;7)2

Therefore, we see that
Qu; 1) + (¢e(u) = 2)Qu +7;7) + Qu+27;7) = 1. (10.33)

Therefore, as mentioned previously, another approach to prove the factorisation in this ex-
ample is to take

Q(u; 1) Qu—T1;71) Q(u—21;7)

Qu—-1L;7) Qu—-1-—7;7) Qu—1-27;7) (10.34)
Qu—2;7) Qu—-2-—71;7) Qu—2-271;7)
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10.3 A seven by seven matrix of g—series
Consider the state integral we introduced for the seven by seven matrix associated to 4;(1, 2),

// e(zi/7 + z122/T + 21(—m — M/ /T) + 20(1 4+ 1/7))dz1d2o
(I)S Z2+1+T,T)(I)S<221+1+T;T>(I)S(Z2_Zl+1+7;7_> :

(10.35)

This has poles at 21 € 1Z>o+ 3Z>0, 22 — 21 € Lso+TLs0, 22 € Lso+TZL>p. We can compute
by repeated applications of the residue theorem.

// 27+ zn122/7 + 21(—m —m' /7)) + 22(1 + 1/7))
<I>S,22+1+TT)<IJS(221+1+TT)@S(zg—zl—i—l—i—TT)

B _/ Z Res e(222 /1 + 1207+ 21(1 —m+ (1 —m')/7) + 22(1 + 1/7))
B ., 2T Qg1 + 20+ L+ 13 7)@s (221 + 1+ 737)Ps(z2 + L+ 737)

ledZQ

dz1dzy
7,5'=0

/ i Reso,_ iy i e(2? /7 + z120/7 + z1(—m — m//T) + 22(1 + 1/7))
L Z22=)TT] P (

dz1dz
s(ze+14+7;7)Ps(221 + 1+ 7;7)Pg(20 — 21 + 1 +7357) 182
_ 7(@9)s / o Pi7e@d/r+a(+1-mr+ (T +1-m)/T)
(G Do Jr 5 (@)@ 50 ) Os(o1 47+ 7 + 1+ 757)@s(221 + L 737)
+ (45 9) o / - Pqe(Z T+ 2(( —m)T+ (' —m')/7) dz
(@ Do Jr 5=, (G0 (@G5 + 1+ 757)P5(JT + ' — 21+ 1+ 757)

J3.g'=
. o  Res k/qjq Je(221/7'+21((j+1— m)t+ (' +1-—m'))/T)
7(¢; @)oo n=8r

Lk
= — 2 dz
(4 @)oo kjkz,;,o (4:9);(a~ e Dy@s(z+ 47+ + 1+ 77) @52z + 1+ 737)
Do i Res _ 7T+k/q]q Te(2} /T +z1((j —m)T + (' =m"))/7) ;
- = = AR
(@ D)oo 2= (G0);(@H50 )y @s(221 + 147 7)Ps (T + ' — 21 + 1+ 757) 1
(10.36)

These sums can now be broken up into congruences. In particular, we see that for k, k' € 27Z
we will get double and triple poles and otherwise we have simple poles. The values at the
simple poles can easily be computed and give rise to the ¢-series ZU) for j > 3. Then the
residues for k, k' € QZ can be computed by expanding in 2; using Lemma 19. This gives rise
to the functions ZU) for j = 1,2, 3. Importantly, in the factorisation a term of the final sum
proportional to

ZW ()22 (G (10.37)

appears and Zy(,%)(q) /2 satisfies the inhomogeneous g—difference equation (6.93). However, as
noted in Proposition 11 Zg)(qfl) =0 for |g| < 1.
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10.4 An eight by eight matrix of g—series

To extend this result to the eight by eight matrix, we take the state integral, which besides
the factors (1 — e(21/7))(1 — e(z3/7)) in the denominator of the integrand, appears as an
intermediate step of the computation for passing from equation (9.53) to equation (9.54) and
is given by

© e(Bz1(z1+1+7)/27 4+ 23(23+1+7)/21 —21(m+ 1+ (m/ +1)/7))Pg(23 + 1+ 7;7)
/cT /cf (1—e(z1/7)(1 — e(z3/7)®5 (23 — 21 + 7 + 1)®s5(221 + 1 + 75 7) derdzs - (10.38)

To factorise this as g—series, one expands the Faddeev in the numerator to get a triple integral

dz1dzodzz .

(10.39)
Then integrating first in z3, then 25, and then z;, we find exactly the g—series given in
Theorem 8. The final steps are the identities similar to that of Proposition 11. We find
that the final factorisation has terms with factors Z(® and Z® and other factors for each of
these terms vanish in opposite half planes so that Z()(q) appears when |¢| < 1 while Z®)(q)
appears when |g| > 1.

71(11 Q)ac/ / / e(2z1(21 + 1+ 7)/7+2123/7 + 23(23 + 1+ 7)/27 —21(m 4+ 1+ (m' + 1)/7) + (21 + 23 + 1 + 7)22/7)
¢ Jer Jey

(45 9) o0 (1 —e(z1/7))(1 —e(z3/7))Ps(23 + T+ 1)Ps(221 + 1 + 75 7)Ps(22 + 1 + 757)






Chapter 11

Conjectures on resurgence and outlook

While quantum modularity can be established in examples, there seems to be a deeper un-
derlying structure. In particular, it seems that the QM-cocycles associated to quantum
modular forms are related to the Borel resummation of asymptotic series associated to the
asymptotics of the quantum modular forms. Therefore, this conjecturally states that Borel
resummation in these examples factorises as ¢ and ¢-—series. On top of this, one finds nu-
merically that the asymptotic series coming from g—hypergeometric functions are resurgent.
Detailed conjectures on the behaviour of Stokes phenomenon then allow, when combined
with the conjectural formulae for the Borel resummation, effective computation of the Stokes
constants.

11.1 Borel resummation equals state integrals?

It was noticed in [69] that the Borel resummation of the asymptotic series of certain ¢—
hypergeometric sums agrees numerically with certain combinations of associated state inte-
grals. This conjecture can of course be extended to any of the example we have considered.
As we have seen in the last sections, state integrals can be factorised at the rationals and
the upper and lower half planes. This means that these conjectures can be studied using
quantum modular forms as opposed to the state integrals themselves. Here we will focus on
the case of the A =4 Nahm sum and the WRT invariant of half surgery on the figure eight
knot to test these conjectures numerically.

Conjecture 12. [69/" The Borel resummation of asymptotic series associated to q—hypergeometric
functions is given by combinations of associated state integrals.

1See the footnote for conjecture 13.

367
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Example 61 (Borel resummation and the A = 4 Nahm sum). We can consider the evalua-
tion of the Nahm sum

fmla) = iq2k2+km (11.1)
" — (g
at ¢ = e(—1/1) where 7 = 1000¢e(0.0001) and we find that
fo(@) = (1.4799--- +1.8058---14) x 10°7. (11.2)

Then if we take the Borel resummation of the asymptotic series discussed in Example 39 we
find that the quotient is given by

_Jol@) = 1.0000--- — 2.7438 -+ x 1075, (11.3)
s(®®)(2mi/T)
Then we see that
( _h@ 1>q_3 — (1.0197 — 2.4883 x 1075 - §) , (11.4)
s(®@)(2mi/T)
and similarly,
fo(q) 3_ 4 5 6_ 7 8 _ 9) —10 - 105
= —1—q¢—q¢—¢—q¢ —q"—q¢°—q" )q = (2.0397---—=5.0718---2x107°).
<s(<I>(3))(2m'/7') ) ( )
(11.5)

Indeed, continuing we can identify this q—series as

fl(q) _ 1+q3+q4+q5+q6+q7+q8+q9+2q10+2q11+3q12+3q13
+4¢" +4¢" +5¢'° +5¢'7 + 6¢"° + 6" + 7¢* + 8¢”" + 9¢* (11.6)
+10q23+12q24+13q25+15q26+17q27+19q28+21q29_’___.7

and then we find that
Fo(@) = s(@®)(2mi/7) fi(q) = 0.20122--- 4 0.68776 - - -i . (11.7)

Then we can continue to find that

fo(@) — s(@W)(2mi/7) folq) — s(@P)(27i/7) folq) — s(@P)(2mi/T) fi(q)

~ 1.8
— (@) (2mi/T)qfs(q) = (5.5399--- —3.7010---i) x 10718, (118)

This error is exactly the order of numerical error of the Borel resummation. This leads to a
congjectural identity for T just above the positive reals

fo(@) = s(@W)(2mi/7) fog) + s(®2)(2mi/7) folq)

i 2 11.9
+ (@) (2mi/7) fi(g) + s(P)(2mi/T)q fa(q) o
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Performing similar numerical checks for T just above the negative reals, we find a similar
statement

fol@) = s(@D)(27i/7) fa(q) + s(BP)(27i/T) fola)
+5(@3)(2mi /) q f3(q) + s(P))(2mi/T) fi(q) -

To then compute the Stokes constants we need a basis of series similar to f giving similar
identities. This can be constructed using the identity from equation (10.21) and settingt = g™

and replacing

(11.10)

0(—q™;q")
_q5/8+m/49(_qm+1; q4)
q12/8+m/26(_qm+2; q4> )
_q21/8+3m/49(_qm+3; q4)

(11.11)

by coefficients in the € expansion of
o 0(—q™ exp(e); ¢*)
1 om 1, —¢*** ™ exp(e/4)0(—¢™* ! exp(e); ¢*)
Loy ey Lagy ) ,
exp (e Te+ 79620 | iomsem2 op(c/2)i(— g2 exp(e)s )
—q?1 /3 exp(3e/4)0(—q™ P exp(e); ¢*)

which, for example, we could take the €, €', €2, €*, which in a matriz has q expansion with
columns

(11.12)

n 11,1 3 2 3, 275 4, 7.5
32+2g 21 0 E+3§q+§g +2§Z3+ 4Boq2;r§q 29
=3 5 21 =3 5 21 1 = 25 g 5 121 5 <
_|—98% —aq8% —g3 1g8 —3¢8 + 2478 —4s89 8 — 7898 —q48 — 4gaq8 —3q¢8
Om(a) = =1 3 ; 0 : P S G D S P A I
q 2 +2q2 _3 5 21 7%q2 +Zq2+@q2+§q2+7q2
-3 5 21 1. =5 3.% 5 "% -3 5 13 21 29
= 3 5 —49 8 + 598 —2q8 1= 25 % 5 121 % =2
—q8 —q8 —q8 1 1 1 —kq® —2gv —¢8 - 12w 3¢ (1113>
25 11 15 .2 , 29 3, 17161 4 | 629 5 .
92167"—3 1939+ ?45q + ng + 9316 ‘121"" 192(129
15 143 2 _ 11, %2 a0a3 F 30 22
93169 © n 9216‘7817 969 8 N 9216‘1:; - §q78 +0(%)
1 -5 1 .5 889 5 , 27 .9 4 503 7%
18432}32 - 384‘152 + 921{33‘12 + ﬁqil“' 584(129
15 143 2 _ 11,72 _ 4943 % _ 39 22
92169 & — 92169°% ~ 969 °% — 921698 — 3298
Then for
1 0 0 0
P(q) = 7q7537q7427q731 5 q*3ﬁq*2 Jr?,2(171 +21+q 1, 3 —q272qg 7??4 74q5 71q012 11 1812 11 (11 14)
q- +%* +ql* —q- 7211*6*211; 7237 ;q* +q 1+ 2q+2q 1+q +4q +% +4q REE .
-q " —q ¢ " +aqa +a " —q —q " —1l—-qg—gq q
we have
1 0 0 0
0o 1 o 0 a8
F@) = P@ |y o 44 o |Ga %000, (11.15)
0 o0 0 q 12
a matrix with columns
1 1,2 1,3 1 7 67 2, 173 3 | 299 4
RTINS AR S SN A Top tmpat gy b oge d Loget
ER VL IS B S E SR SO SR I IS O GRS LIS S = D
tha TR AN LR L B WP SR A S PN
1 — 29 +Z*Zq*§q — 14 324 +§*E‘1+3*2(1 +Zq +—2q (11 16)
1 5 725 2 | 6835 3 , 21253 4 .
18432 204§‘1+ 92]0@‘1 + 1§48%>‘1 + %§4§gq
lq+13q2+1q3+ o7oq4
CEAE IR LR SN - LR SR T h :
|y mog tonged b gt pekgd g,
61449 2304 T 10249 T 20489 768 1 2048 1
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where the first column is given by fo(q), f1(q), f2(q), fs(q). Therefore, from the proof of
Theorem 5 in Section 10.1 we see that the cocycle from equation (10.28) € is given by

-1

1 0 0 O
~10 7 0 0 _
o0 o0 7

However, numerically we have observed that for T just above the positive reals

10 0 0\ " 00 1 0\ " 0010\ "
~ B 10 7 0 O 411 0 0 O B ‘ 1 000
S((I)>(T) - F(Q) 0 0 7_2 0 F(Q) 0100 - QS(OuT) 01 00 :
00 o0 7t 00 0 ¢ 0 00 ¢
(11.18)
We can apply a similar numerical tests for T just above the negative reals to find that
1 0 0 0\ " 001 0\ " 001 0\ "
~ B 10 —7 0 O 411 0 0 O B . 1 000
S(®)<T> - F(Q) 0 0 7_2 0 F(Q) 00 0 q - Q—S(O7T> 00 0 q
0o 0 0 74 0100 0100
(11.19)

Example 62 (Half surgery on the figure eight knot and Borel resummation). Using Borel-
Padé-Laplace, we can numerically find the quantum modular behaviour for 7 € Ryy and
7 € Rog. This can be done with q-series, functions at roots of unity, or ¢~' series. There
are no Stokes lines on the reals so we only need to do this once in this example. The most
practical way to do this is with functions at q in roots of unity as ¢ = O(1) in this case.
Then the quantum modularity can be computed without having to deal with exponentially
small corrections. Numerical computations led to the functions X, of equation (8.88). We
can write this in terms of the module associated to (6.91) with n = 0. This is stored in the
matrix

P(@)(1-q)q¢* =

1 ¢ + 24> —¢®+2¢* —¢® — ¢ —¢" —¢% —2¢° —¢* B 4+24° '+ % + 47 —-q - —q —q

1 7 + 24> a* —q® —¢? —q% —2¢° — 2¢* q7 +24° ®+q%+4q7 —q° — 4" —q'!

e P +P+e —g3 —q" =245 — g5 —g* B +24° 0 + ¢ + ¢ g0 _ g g2

0 -4 +q —q* 4¢3 a® —q® —q° +q* —q7 4 ¢ 0 0 (1120)
1 2¢3 + ¢2 P - - —q7 — g% — 345 205+ ¢ 04+ q%+ ¥ +q"—q® —q%—q® —q'2

1 2¢% + 42 a® +q* —2¢% — ¢? —q" — ¢% - 3¢° ®+2¢° O+ +¥+q" -8 —¢% - ¢8 —q'2

0 0 0 —q° + ¢* 0 0 0 0

1 2¢% + 42 ® —q® —q? —q7 —¢% — 3¢° ®+2¢° PO+ + ¥+ -8 —¢% - ¢8 —q'2

In particular,
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(11.21)

e R T T R N T

ST T T O

— — N N N

Xm Xm Xm Xm Xm X% X% Xm

(11.22)

Then considering the eight by eight matrix of q series from Theorem § we find numerically

the conjectural identities for T on a small angle just above the positive reals

where

(11.23)

] P(q9)Z_3(q)

QOO0 OOO

ococoococo—=HO

—
00000_00
—
0000_000
—
000_0000
—
OO_OOOOO
—
07000000

—
70000000

N~

Sr(q)

—
ococoocococo

o000 OHOO
jeleololaoloNal Ne)
[=ReNeNoko ool
OO -HOOOOO
OO -HOOOO
O krOOCOOOO
O 0000 0OO

N——_

—
OO0 OoOOO

—

000000_0
—

OOOOO_OO

—
0000_000

OO~ OO0OO0OO

oco-HOoOO0OOO

—
O_OOOOOO

—
70000000
N~
X

(11.24)

as 7 on a small angle just above the negative real

where

(11.25)

J P(9)Z_3(q)

as T on a small angle just below the negative reals

[=lojelooNoe Ne)

OO0 O0O0OOoOOH

o000 ~00

OO0 =000

OO HOOOO

[=RoRoNoloNoNeNol

OO0 O0OO0O0OO

00000 0oQC

N——

Srr(a)

—
[=RelololoRoleilol

OO0 O0O~00
[elojeloloNoie Ne)
OO0 O—HOOO
[=ReRoNoloBoNeRol
OO0 O0O~000O0
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where
1 0 0 0 0 0 0 O
01 0 0 0 0 0 O
00 1 0 0 0 0 O
00 0 1 0 0 0 O
Srir(@) = 1g o0 0o 0 1 o o ol FP@zZ-s@@
00 0 0 0 1 0 0
00 0 0 0 0 0 1
0o 0 0 0 0 0 1 O
10 0 0 o o o ot 9 0 0 0 0 0 0 (11‘27)
o 1 0 o o 0 o o\lo 7 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0
00 0 1 o0 0 o offo 0 71 0 0 0 0 0
lo o o 0o -1 o0 o of|llo o 0 o 71 0 0 0
6.0 0 0 0 -1 0 Offp 0 0 0 0 0 71 0
8 8 8 g 8 8 —01 (1) 0o 0 0 0 o 7t 0 0
0 0 0 0 0 0 0 1
as 7 on a small angle just below the positive reals
~
Z,(q) = s(Pw)(7)Srv(q) (11.28)
where
-1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
Stzv@e =149 o0 0o o 1 o o o | P@Z-3(q)
o0 0 0 0 0 1 0 0
0 0 0 0 0 0 -1 o0
o 0 0 0 0 0 0 -1
-1 0 0 0 o0 0 o o [} 92 0 0 0 0 0 0 (11'29)
0 -1 0 0 o 0 o o)lo 7 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 71 0 0 0 0
0 o0 0 1 o0 0 o of]o 0 =1 0 0 0 0 0
*1 o 0o 0 0 -1 o0 o of|lo o 0 o ot 0 0 0
0 o o0 o o0 -1 0 O0ffo 0 0 0 0 0 71 0
6 o 00 o o o »lo @ o o o 0 0
0 0 0 0 0 0 0 1

11.2 Computations near R give Stokes phenomenon?

Again noticed in [69], using quantum modular forms to study Borel resummation gives pow-
erful tools to study Stoke phenomenon. In [69], there are some basic structural conjectures
that relate to the Stokes phenomenon and with their assumption along with quantum mod-
ular forms one can compute conjectural formulae for all of the Stokes behaviour. To begin
we will briefly give the conjectures in regards to the behaviour of the Stokes phenomenon
for the asymptotics of certain ¢—hypergeometric functions.

Conjecture 13. [67, 69F Suppose that ép(r) 15 an asymptotic series around T ~ 0O asSO-
ciated to a q—hypergeometric sum with discrete characteristic variety R with p € R. Then if

2The authors that gave this conjecture did not focus directly on g-hypergeometric functions so cannot
be blamed if this does not hold more generally. However, this appears to be a natural extension of their
conjecture as much of the structure does not seem to stem directly from knots.
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V, is the associated critical value so that

B, (2ri)7) = e( (2‘;’;)27) ,(2mi)7) (11.30)

the Stokes lines of the series EISP<T) are located on the rays given by

‘/;)/ —‘/:()+47T2k7

27

: (11.31)

forming a Peacock pattern and the Stokes behaviour is determined by an integer S, i € Z
such that if

11.32
271 ( )

arg(t) = arg(

and sy,s_ represent the Borel resummation with contours with a slight positive shift for
the argument of the contour and a slight negative shift for the argument of the contour
respectively, we have

5. (®,)(2mi/7) — 5_(®,) (2w /T) = S, 0" Dy, (11.33)
where of course ¢ = e((2mi)*7/(27i)?).

This conjecture allows for extremely powerful applications. Importantly, if we send 7 to
infinity horizontally just above the positive reals then using quantum modularity and the
conjectural identities with the state integrals we can compute a canonical basis of the ¢—
holonomic module. Then, if we do the same over the negative reals we will again find
another basis however this will in general be different. We can in theiry dot he same on any
ray and in each sector find a basis of the g—holonomic module. However, this implies that
taking the quotient of the matrix valued quanttum modular form on adjacent sectors will
give an elementray matrix wich is the identity besides from the p, p’ entry where will with
find a term

Sppid" (11.34)

The beautiful result is that we can take products over all sectors in the upper or lower half
planes and find that the matrix will become a matrix of g—series with each entry and power
of ¢ storing the information of the Stokes constant. Therefore, we get the following result.

Corollary 13. Assuming that conjectures 12 and 13 are true, the generating series of
Stokes constants is the quotient of matrices of quantum modular forms i.e. the original
q—hypergeometric sums that gave the asymptotics series to begin with.

We can now apply this to give conjectural generating series for Stokes constants for the
previous two examples.
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Example 63 (Stokes constants and the A = 4 Nahm sum). Considering equation (11.18)
and equation (11.19), we see that using analytic continuation the Borel resummation just

above the positive reals 31(@) and just above the negative reals SH(CID)(T) are related by mul-
tiplication by the matriz

s1(®) (1) s11(D)(7)

0010 10 0 0 1 0 0 o\ " 0010
(1000 07 0 0 o = 0 0 L]t 000
“lo1ro00]f@o 0 2 o fOFD|g o 2 o] FO |50 0

000 ¢ 00 0 7 o o0 o 0100

0010 1 0 00 00 1 0\ '

(1000 0 -1 0 0 ]t 000
=lo100|FDle 0 1 0[PP |o 0 0 4
000 g 0 0 01 0100
—q— 2q2+ l4qg+¢+ 1—¢+ —1—g+
4>+ —q—¢*+ —q+ g+t 3
— 1d 0)
N -+ —q—2+ 27+ |7 (@)
q+ ~1+q+¢+ 20+¢P+ —q—2¢°
(11.35)

The constants of this expansion exactly agree with the matriz we computed in equation (4.134)
if we only consider the terms with

%(—V% _VC”> >0.

11.36
271 ( )

It also supplies a guess for the 7 and 1 and —1.

Remark 28. Notice that from just above the positive reals to negative reals we pass through
infinitely many singularities, which gives rise toe the full q—series. Also note the extremely
important point that we need the S and —S cocycles to compute the Stokes phemomenon.
Indeed, the Stokes constants would be quite trivial if we did not have the matrix coming from
the difference between the S and —S cocycles which in the previous examples was given by

1 0 00
0 -1 0 0
00 10 (11.37)
0 0 0 1

Example 64 (Half surgery on the figure eight knot and Stokes constants). Therefore, as-
suming the conjecture on the behaviour of the Stokes phenomenon and our conjectural iden-
tities for the Borel resummation, we can compute the generating series of Stokes matrices
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as quotients of these matrices. Therefore, the Stokes constants in the upper half plane have
generating functions

Srr(@)Sr(@)™ ' =1

0 0 0 0 0 0 0 0
~14+q+3¢%> —g— 24> 1+4q -¢%  q+24° ~1—-q+4? —1+43¢2 —1+43¢2
q—q q? —q-q* 0 —¢? q+q? q q
_ | -1+20+¢®  —g-¢? 1 -¢¢  a+d’ “1+¢°>  —14+g+2¢® —l4+q+2| 03 (11-38)
1-2¢—q° q+q? -1 q? —q-4q? 1-q? 1—-q-2¢% 1—q-—2¢° +0(@)
—q+4q? —q? a+q? 0 q? —q—q¢? —q —q
1-3¢—q° q —1+q+2¢° q° —q 1—-q-3¢> —2q — 3¢> —2q — 3¢>
1—-3q—q° q —1+4q+2¢? q° —q 1—q-—3¢> —2¢ — 3¢% —2q — 3¢>

the Stokes constants in the lower half plane are given by

Srv(@ DSirra™H T~ 1

0 0 0 0 0 0 0 0
0 —q — 24> ' R —q—q? q+ > 7q22 —q ) —q R
-1 1+4¢ —q—4q 1 -1 a+aq 1—q—2q 1—q—2q
_ —q+ 4> —q? 0 —q2 qa? 0 —q —q? +0(¢®) (1139>
T -a—4? q+2¢2 —q? q+q? —q-4q° q? q a
—24° —1-q+4q° a+q? —1442 1-4q° —q¢—q> -1+q+3¢> —1+4q+3q>
24> 1-3¢? —q 1-—qg—-2¢> —1+q+2¢° q —2q — 34> —2q — 3¢°
q+2¢2 1-—3¢° —q 1-—g—2¢> —1+q+2¢° q —2q — 3¢% —2¢ — 3¢%

These first few coefficients agree with numerical calculations of the growth of the coefficients.

11.3 Questions for the future

It seems that one of the most important aspects that will aid in the proofs of these conjectures
is that the Borel resummation of these asymptotic series satisfy g—difference equations. This
appears in [75] as a result of explicit formulae for the Borel transform, however, in general
for these g—hypergeometric functions is still unclear.

From the perspective of 3—-manifolds, these Stokes constants are clearly interesting invariants
of three-manifolds. Conjecturally [69], for knots this agrees with the 3d index [44] however
this theory does not include the trivial connection as long been noticed. It would be interest-
ing if there was some way to define ¢—series invariants that agreed with the Stokes constants
for all asymptotic series.

In a different direction, it would be extremely interesting if there was a mathematical defi-
nition for the holomorphic blocks. These holomorphic blocks factorise state integrals of [§]
but moreover they factorise the state integrals of [74] also they appear as integrals in [21].
Therefore, they seem to store not only the information of the Borel resummation of asymp-
totic series but the Stokes constants as well. Indeed, these holomorphic blocks should give
rise to the quantum modular forms as we have taken in examples of simple three-manifolds.

Hopefully, this thesis has convinced the reader that many ¢—hypergeometric functions are
quantum modular forms. It is of course of interest to understand the class of g—hypergeometric
functions that are quantum modular forms. It seems possible that all proper g—hypergeometric
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functions are in fact quantum modular forms and this behaviour is extremely general. The
are various approaches that may shed light on this question for future work.

Of course one of the extremely interesting questions is still in the formulation and proof
of Nahm’s conjecture relating ¢—hypergeometric sums to modular forms. A beautiful com-
bination of themes would be if an independent construction of Stokes constants and their
triviality would lead to insights into the underlying structures associated to this conjecture.
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Presets

The following functions should be loaded as they are used throughout all the following code.

Code 1 (The presets).

E(x)=exp (2*Pi*I*x)
{DD(k)=1local(t);if (k,t=2"(2*xk+sum(1=0,log(k)/log(2)+1,floor(k/2°1)));

; forprime (p=3,k+2,t=t*p~(sum(1=0,log(k/(p-2))/log(p)+1,floor(k/(p-2)/p~1)))

~

NN NN N NN
[0 o ot w

)it,1)};
{Gf(q,n,N)=
local(qgk,t,s);
eee=exp(eps+0(eps~(n+1)));qk=1;t=1;s=1;
for (k=1,N,qk=qk*q;t=-t*qk/(1-qk) *eee;s=s+t);
-(-1) "n*bernfrac(n)/n/2-n!*polcoeff (log(s/polcoeff(s,0,eps)),n,eps)}
vecdiff (x)=vector (length(x)-1,j,x[j+1]1-x[j]1);
vecdiffk(x,k)=1local (tv);tv=x;for(j=1,k,tv=vecdiff (tv));tv;
lim(x,n,k)=vecdiffk (vector (k+1,j,(j+n) "k*x[j+n-11) ,k) [1]1/k!;
{pollim(x,n,k)=1local(tfo);tfo=vector (length(x));
for(j=n,n+k+1,tfol[jl=(x[j+11/x[jl-1)*j);1lim(tfo,n,k)};
{explim(x,n,k)=1local(tl);tl=vector (length(x));
for(j=n,n+k+1,t1[jl=x[j+1]1/x[j]);1im(tl,n,k)};
{asymp(x,n,k)=1local(tl,t2,t3,t4,t5);tl=explim(x,n,k);t2=vector(length(x));
for(j=n,n+k+1,t2[jl=x[jl/t1~j);t3=pollim(t2,n,k);td4=vector (length(x));
for(j=n,n+k,t4[jl=x[jl/t1~j/j~t3);t5=1im(t4,n,k);[t1,t3,t5]}
{oscserv(a,C,d,x,t,alpha=0)=
local(ta,11C);11C=1length(C) ;ta=a;
for(k=1,length(a) ,talk]=talk]*(x+k+alpha)~t);
for(j=1,11C,for (k=1,length(ta) ,talk]l=talk]*C[j]~(-(x+k+alpha))*(x+k+alpha
)~ (-d[jl));for(j=1,t,ta=vecdiff (ta));for(k=1,length(ta),talk]=talk]*C[j
1~ (x+k+alpha) *(x+k+alpha)~(d[jl1)));
ta/t!}
{asympv(a,C,d,x,t,alpha=0)=
local (1C,taa,tm);1C=1length(C);
taa=vector (1Cx(t+1) ,k,al[x+k]);
taa=oscserv(taa,C,d,x,t,alpha);
tm=matrix (1C,1C) ;
for(j=1,1C,tm[,jl=oscserv(vector (1Cx(t+1) ,k,C[j]l~(x+k+alpha)*(x+k+alpha)"
d[j1),C,d,x,t)™);
tm~(-1)*taa”}
{oscser(x,n,k,z)=1local(t);t=vector (floor(length(x)/2));
for(j=n,n+k+1,t[jl=sum(1=0,j,binomial (j,1)*x[j+1]1*x=z"(j-1)));t}
{asymposc(x,n,k,z)=tl=oscser(x,n,k,z);t2=asymp(tl,n,k);
[(-z+sqrt(z~2+4*xt2[1]))/2,t2[2],
t2[3]/(1+((-z+sqrt(z~2+4*t2[1]1))/2) /((-z+sqrt(z~2+4*t2[1])) /2+z)) ~t2[2];
(-z-sqrt(z-2+4*t2[1]1))/2,t2[2],
t2[3]/(1+((-z-sqrt(z~2+4*xt2[1]1))/2) /((-z-sqrt(z~2+4*t2[1]))/2+z))~t2[2]]1}






Appendix A

Three dimensional topology

A.1 Representations, Neumann—Zagier matrices and vol-
umes

Code 2 (Representation of the fundamental group of 4;).

sage: from snappy import Manifold
sage: M=Manifold ("4_1")

3 sage: p=M.ptolemy_variety(2,’all’).compute_solutions ()

sage: G = M.fundamental_group(simplify_presentation = False)
sage: G.peripheral_curves ()

[(’Ab’>, ’>cAcBaCbAb’)]

sage: p.evaluate_word(’a’, G)

[[1, [[[Mod(2, x~2 - x + 1), Mod(1, x°2 - x + 1)], [Mod(-1, x°2 - x + 1),
Mod (0, x°2 - x + 1)1111

sage: p.evaluate_word(’b’, G)

[[1, [[[Mod(-x + 2, x°2 - x + 1), Mod(1, x°2 - x + 1)], [Mod(-1, x~2 - x +

1), Mod(0, x~2 - x + 1)1111]

sage: p.evaluate_word(’c’, G)

[[], [[[Mod(-x + 2, x°2 - x + 1), Mod(1, x~2 - x + 1)1, [Mod(x, x~2 - x +
1), Mod(x, x°2 - x + 1)111]

3 sage: p.evaluate_word(’Ab’, G)

[[], [[[Mod(1, x°2 - x + 1), Mod(0, x°2 - x + 1)], [Mod(-x, x°2 - x + 1),
Mod (1, x~2 - x + 1)1111]

5 sage: p.evaluate_word(’cAcBaCbAb’, G)
s (0], [[[Mod(-1, x°2 - x + 1), Mod(0, x~2 - x + 1)], [Mod(2*x - 4, x~2 - x

+ 1), Mod(-1, x~2 - x + 1)]1]]
Code 3 (Neumann-Zagier matrices for 5).
In[1]: M=Manifold("5_2")

381
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In[2]: M.gluing_equations ()

Out [2]:

matrix ([[ 1, 0, 1, 1, 2, o, 1, 0, 1],
[ O, 1, 1, 0, 0, 2, 0, 1, 11,
[ 1, 1, 0, 1, 0, 0, 1, 1, 0],
[-1, 0, 0, 0, 0, 1, 0, o, 0],
[2, o, -3, 1, 0, -2, 0, 0, 11]

Code 4 (Neumann—Zagier matrices for 7).

In[1]: M=Manifold("7_4")
In[2]: M.gluing_equations (form=’rect’)

Out [2]:

c¢ft, 2, ¢, o, -1, o1, [0, -1, -1, O, 1, O], -1),
(-¢, -t¢, 0, -1, 0, -11, [0, O, O, 1, -1, 11, 1),
(g-¢, ¢, 0, 0, ¢, 11, [t, O, -1, -1, O, O], -1),
(o, o, -4, ¢, 0, o1, [-1, O, 1, O, -1, 01, -1),
(ft, -t, -1, 1, 0o, -11, [0, 1, 1, -1, O, 0], -1),

_1’ O: 1], [O, O, O, 1

([0: O, 1: > 1: _1]’ 1):
([2: 1’ 25 O: _1; 1]: [O, _1, _1: O, 2: _1]: 1):
([_2: O: _2: O’ 1’ _2]’ [O’ _1’ 3’ 2’ _1’ 2]’ _1)]

Code 5 (Ptolemy variety for 7,).

sage: from snappy import Manifold
sage: M=Manifold(’7_4’)

sage: p=M.ptolemy_variety(2,’all’).compute_solutions ()
sage: zs=p.cross_ratios ()
sage: zs[1][0]
CrossRatios ({

’z_0000_0’: Mod(-x~3 - 2*x~2 - x, x4 + 3*x~3 + 2*x~2 + 1),
’z_0000_12: Mod(-x~3 - 3*x"2 - 2*xx + 1, x~4 + 3%x~3 + 2*x~2 + 1),
’z_0000_27: Mod(x + 2, x~4 + 3%x~3 + 2*xx~2 + 1),

’z_0000_3’: Mod(-x"3 - 2*x~2 - x, x4 + 3*x~3 + 2*%x°2 + 1),
’z_0000_4°: Mod(x + 1, x~4 + 3%x~3 + 2*x~2 + 1),

’z_0000_5’: Mod(-x~3 - x°2, x4 + 3*x~3 + 2*xx~2 + 1),

}, is_numerical = False, ...)
sage: zs[1][1]

5 CrossRatios ({

’z_0000_0’: Mod(-1/2%x"2 + x + 3/2, x°3 - 2*x72 - x - 2),
’z_0000_1’: Mod(-1/2*x"2 + 3/2%x, x°3 - 2*x"2 - x - 2),
’z_0000_2’: Mod(-1/4*x"2 + 3/4xx + 1/2, x~3 - 2*x~2 - x - 2),
’z_0000_3?: Mod(x, x~3 - 2%¥x°2 - x - 2),

’z_0000_4°: Mod(x + 1, x~3 - 2%x°2 - x - 2),

’z_0000_57: Mod(-1/2%*x"2 + 3/2%x, x~3 - 2*x"2 - x - 2),

}, is_numerical = False, ...)
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Code 6 (Extended Bloch group elements for 55).

zl=polroots (x~3-2*xx~2+3*x-1) ;

z2=vector(3,j,z1[jl"2-21[j1+2);

z3=z1;

Z1(j,p,q)=[log(z1[j]l)+p*Pi*I,-log(1-2z1[j])+q*Pi*I,-log(z1[jl)+log(l-2z1[j
1) -p*Pi*I-q*xPix*I]

57 Z2(j,p,9)=[log(z2[j])+p*Pi*I,-1log(1-2z2[j])+q*Pi*I,-1log(z2[j])+1log(1-22[j

V)

V]

1) -p*Pi*I-q*Pix*I]

? 23(j,p,q)=[1log(z3[jl)+p*Pi*I,-log(1-23[jl)+q*Pi*I,-log(z3[j]l)+log(1-2z3[j
1) -p*Pi*xI-q*Pix*I]

? round ((Z1(3,pl,q1) [11+Z1(3,pl,ql) [3]1+Z2(3,p2,q2) [1]1+2*xZ2(3,p2,q2) [2]+Z3
(3,p3,93) [11+23(3,p3,q3) [3])/Pi/I*10~10) /10~10

/* = -q1 + (p2 + (2%q2 - q3)) */

? round ((Z1(3,pl,ql1) [2]1+Z1(3,pl,ql) [31+2*%Z2(3,p2,q2) [3]1+Z3(3,p3,q3) [2]+Z3
(3,p3,93)[3])/Pi/I%10°10) /10"10

/* = -pl + (-2%p2 + (-2%xq2 + (-p3 - 2))) */

? round ((Z1(3,pl,ql) [11+Z1(3,pl,ql) [21+22(3,p2,q2) [1]1+23(3,p3,q3) [11+23(3,
p3,93) [2])/Pi/I%10°10) /1010

/* = pl + (q1 + (p2 + (p3 + (g3 + 2)))) */

? round ((-Z1(3,pl,q1) [11+22(3,p2,q92) [3])/Pi/I*10~10) /1010

/¥ = -pl + (-p2 + (-q2 - 1)) x/

? round ((2*Z1(3,pl,q1) [1]1-3%Z1(3,pl,ql) [31+Z22(3,p2,q2) [1]-2%22(3,p2,q2)
[31+23(3,p3,93) [3])/Pi/I*10°10)/10°10

/* = b*xpl + (3%ql + (3*p2 + (2%q2 + (-p3 + (-q3 + 4))))) */

Code 7 (Complexified volumes of 5,).

-~

R(z,p,q,s=0)=1log(z)*log(1-2z)/2-if (s==0,intnum(x=0,1,log(1l-x*z)/x),intnum
(x=0,1,log(1-(z*(1-exp(-sign(s)*Pi*I*x))/2))/(z*x(1-exp(-sign(s)*Pi*I*x)
)/2)*((z*(sign(s)*Pi*I*exp(-sign(s)*Pi*xI*x))/2))))+Pi*I/2*(pxlog(l-2z)+q
*log(z))-Pi~2/6

7?7 zl=polroots(x~3-2*%x"2+3%x-1) ;

? z2=vector(3,j,z1[jl~2-z1[j]1+2);

? z3=z1;

? R(z1[3],p3,93)+R(z2[3],-2%p3 - 2%xq3 - 2,p3 + 2*q3 + 1)+R(z3[3],p3,q3)

/¥ = (0.E-211 - 4.158637801 E-212*I)#*p3 + ((-9.869604401 - 5.940911145 E

-212*%I)*q3 + (-6.845476025 + 2.828122088%*I1)) */

? R(z1[1],p3,q3)+R(z2[1],-2%p3 - 2%q3,p3 + 2%q3 + 1,-1)+R(z3[1],p3,q3)

/* = (9.8696 - 2.3764 E-212*%xI)*p3 + ((9.8696 - 4.7527 E-212%I1)%*q3 +

(-1.1135 - 3.5645 E-212xI)) */

Code 8 (Complexified volumes of 41, 55 and 7).

sage: from snappy import Manifold
sage: pari.set_real_precision (20)
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; sage: Manifold("4_1").ptolemy_variety(2,’all’).compute_solutions().

N

complex_volume_numerical ()

[[1, [[2.0298832128193072500 - 3.898895295161564381 E-21%TI,
-2.0298832128193072500 - 3.898895295161564381 E-21xI]1]]

sage: Manifold("5_2").ptolemy_variety(2,’all’).compute_solutions().
complex_volume_numerical ()

[[1, [[8.863112687504426153 E-20 - 0.53147951437430242645%1I
,2.8281220883307831628 + 0.26573975718715121322*1,
-2.8281220883307831628 + 0.26573975718715121322%1]11]1]

sage: Manifold("7_4").ptolemy_variety(2,’all’).compute_solutions().
complex_volume_numerical ()

[[], [[2.0298832128193072500 + 4.526166530478580699 E-20%*1I,
-2.0298832128193072500 + 4.526166530478580699 E-20*I
,2.0298832128193072500 + 2.2448517331957115278 E-20x%1I,
-2.0298832128193072500 + 2.2448517331957115278 E-20%1I],
[9.542644773460495573 E-20 + 0.78719857113403445283%1,
-5.1379412018734177699 + 0.42886774785709599187%*1,
5.1379412018734177699 + 0.42886774785709599187*I]]]

A.2 Loop invariants

Code 9 (2-loop invariants of 4;).

h;w;A=[1,1;1,0];B=[-1,-1;0,-1]1;nu=[0;0];f=[0;0];ff=[0;0];z=[Mod(w,w"2-w+1)
,Mod(w,w~2-w+1)];zz=vector (length(z),j,1/(1-z[j]));zzz=vector (length(z)
,j.1-1/2[31);

PP=h*(-B~(-1)*A+matdiagonal(zz)) ~(-1);

Gam(h,ell,j,NN)=(-1)~ell*sum(p=if (ell==1,1)+if (ell==2,1) ,NN,if (p==1,1/2,
bernfrac(p))*h~(p-1)/p!*polylog(2-p-ell,z[jl~(-1)))+if (ell==1,-1/2*(B
~(-1)*nu) [j,11)

GamO (NN)=if (NN==1,1/2,if (Mod (NN ,2) ==Mod (0,2) ,bernvec (NN/2) [NN/2+1]))/NN!=*
sum(j=1,length(z) ,polylog(2-NN,z[jl~(-1)))+if (NN==2,1/8* (£ "*B~(-1) *A*f)
[1,11)

S2 (NN)=GamO (2) +polcoeff (sum(i=1,length(z) ,1/8*xGam(h,4,i,NN)*PP[i,i]~2+1/2%
Gam(h,2,i,NN)*PP[i,il+sum(j=1,length(z) ,1/8*%PP[i,i]*Gam(h,3,i,NN)*PP[1i,
jl1*Gam(h,3,j,NN)*PP[j,jl+1/12+Gam(h,3,i,NN)*PP[i,j]~3%Gam(h,3,j,NN)
+1/2%Gam(h,1,i,NN)*PP[i,jl*Gam(h,3,j,NN)*PP[j,jl+1/2%Gam(h,1,i,NN)*PP[i
,jl*Gam(h,1,j,NN))) ,1,h)

S2(2)

/* = Mod(11/108*w - 5/54, w=2 - w + 1)x%/

Code 10 (2-loop invariant of 41(1,2)).

h;w;A=[1,1;1,01;B=[-1,-1;0,-1]1;C=[0,1]1;D=[0,-1];R=matrix(2,2,1i,j,2*2*if (i
==2,1,0)*(B~(-1))[j,2]1/(1+2%2x(D*B~(-1)) [2])) ;nu=[0;0];£=[0;0]; ff
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=[0;0];z2=Mod(w,-1 + 8*%w - 27*w~2 + 49%w~3 - B50*xw~4 + 27*w"5 - 7*w~6 +
3*w"~7 - 4%w~8 + 4¥xw~9 - 2*%w~10 - w~1l1 + w~13 + w~14) ;z1=-136*%x22"13 -
229%z2°12 - 156*%z2°11 + 32*xz2°10 + 299*%xz2°9 - 334%xz2°8 + 318%z2°7 -
191*%xz2°6 + 821*xz2°5 - 3112%xz2°4 + 4668%z2"3 - 3468%*z2"2 + 1309%z2 -
204;z=[z1,22] ;zz=vector (length(z),j,1/(1-2[jl));zzz=vector (length(z),j
,1-1/2[3]1) ;x=-154+896%22-2142*%2z2"2+2595%22"3-1561%22"4+395%22"5-123*2z2
“6+177*z2°7-202%2z2"8+147%22-9+56%2z2°10-28%2z2"11-85%22"12-63%x2z2"13;

matdet ((A-R)*[1-1/2z[1],0;0,1-1/z[2]]1+B*x[1/2z[1],0;0,1/z[2]]) *x(1+2*x2*x(D*B
~(-1)) [2]) /(x+2+1/%)

/* Mod (3711*xw~13 + 5779*w~12 + 3238*w~11 - 1863*w~10 - 8408*w~9 + 10189*w
8 - 9190*w~7 + 6030*xw~6 - 22641*xw~5 + 87584*xw~4 - 136845*xw~3 + 105904
w~2 - 41514xw + 6703, w~14 + w13 - w~11 - 2xw~10 + 4*w~9 - 4*%w~8 + 3xw
ST - T*w"6 + 27*w”5 - 50*w~4 + 49*xw~3 - 27*xw"2 + 8%xw - 1) *x/

PP=h*matrix(3,3,i,j,if (max(i,j)<3,(-B~(-1)*A+matdiagonal(zz)) [i,j]l,if ([1i, ]

==[3,3],-(2%1/2+4x(D*B~(-1)) [2]) ,2*(B~(-1)) [if (i==3,j,1) ,2]1)))~(-1)

. Gam(h,ell,j,NN)=if (j==3,if (ell==1, (£"*B~(-1))[1,2]1+1/2) -(-1)~ell*polylog
(1-e11,-1/x),(-1)"ell*sum(p=if (ell==1,1)+if (ell==2,1) ,NN,if (p==1,1/2,if
(Mod (p,2)==Mod (0,2) ,bernvec(p/2) [p/2+1]1))*h~(p-1) /p!*polylog(2-p-ell,z[
j1~(-1)))+if(ell==1,-1/2%(B~(-1)*nu) [j,1]1))

GamO (NN)=if (NN==1,1/2,bernfrac(NN))/NN!*sum(j=1,length(z) ,polylog(2-NN,z[j
1-(-1)))+if (NN==2,1/8*% (£ *B~(-1)*A*xf) [1,1])

S2 (NN)=Gam0 (2) +polcoeff (sum(i=1,length(z)+1,1/8*Gam(h,4,i,NN)*PP[i,i
1~2+1/2xGam(h,2,1i,NN)*PP[i,i]l+sum(j=1,1length(z)+1,1/8%PP[i,i]l*Gam(h,3,1i
,NN)*PP[i,jl*Gam(h,3,j,NN)*PP[j,jl+1/12%Gam(h,3,i,NN)*PP[i,j]~3*Gam (h
,3,j,NN)+1/2*Gam(h,1,i,NN)*PP[i,jl*Gam(h,3,j,NN)*PP[j,jl+1/2%Gam(h,1,1,
NN)*PP[i,jl*Gam(h,1,j,NN))) ,1,h)

s 82(2)

/* Mod (-103985214498148/52058057626129*xw~13 -
184056457134922/52058057626129*xw~12 - 542317054615207/208232230504516%*w
~11 + 59505081205693/208232230504516*xw~10 +
712734937701865/156174172878387*w~9 - 893320433832741/208232230504516*w
~8 + 2799985419301201/624696691513548*w"~7 -
1552744881772601/624696691513548*w"6 + 617002533395308/52058057626129%*w
~5 - 6997401920285924/156174172878387*w"4 +
40417653146722771/624696691513548*w"~3 -
9551945238699689/208232230504516*w"~2 +
2570480289595373/156174172878387*w - 1027130175419887/416464461009032,
w~1l4d + w~13 - w~11l - 2*%w~10 + 4*xw~9 - 4*xw~8 + 3*w~7 - 7*w~6 + 27*w~5 -
50xw~4 + 49%xw~3 - 27*w~2 + 8%w - 1) x/

xx1i=Mod (119-770*w+2004*w"2-2599%w "3+1647*w"4-420*%w"5+116*w"6-171*xw"7+192%*w
~8-167*w~9-49*%xw~10+50*w~11+104*xw~12+69*w~13,w~14 + w~13 - w~11 - 2*w~10

+ 4*%w~9 - 4*%xw~8 + 3*w"7 - T*w~6 + 27xw”~b5 - bO0*xw~4 + 49*%xw~3 - 27*w"2 +
8xw - 1)

XX177-xx176-2%xxi " 5+6%xxi~4-11%xxi ~3+6*xxxi~2+3*xxxi-1

/* Mod (0, w~14 + w13 - w~11 - 2%w~10 + 4*w~9 - 4*w~8 + 3*w"7 - 7*w"6 +
27*w~5 - 50*w~4 + 49xw~3 - 27*w~2 + 8*xw - 1) x*/

matdet ((A-R)*[1-1/2z[1]1,0;0,1-1/=z[2]1]1+B*x[1/2z[1]1,0;0,1/2z[2]]) *x(1+2*x2*x(D*B
~(-1))[2])/(x+2+1/x) -(T74+66%xxi -133*xx1 " 2+74*xx1i~3-31*xxi~4-15*xxxi
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~5+12*xxxi"~6)

14 /* Mod(0, w14 + w~13 - w~11 - 2*%w~10 + 4*w~9 - 4*xw~8 + 3*xw~7 - 7T*xw"6 +
27*w~5 - 50*w~4 + 49xw~3 - 27*w~2 + 8*xw - 1) */

15 82(2)+1/6-(1497746+1345119%xxi -3675733*xxx1i~2+2082815*xxxi~3-839488*xxi
~4-283405*xxxi ~5+383432*xxx176) /24/(74+66*xxx1-133*xxi~"2+74*xxxi~3-31*xxi
~4-15%xxi~5+12*xxi~6) "3

16 /* Mod(0, w14 + w~13 - w~11 - 2*xw~10 + 4*w~9 - 4*xy~8 + 3*w"7 - 7*xw~6 +
27*w~5 - 50*w~4 + 49xw~3 - 27*w~2 + 8*xw - 1) x*/
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Appendix B

Asymptotics

B.1 Extrapolation methods

Code 11 (Stirling’s approximation with Richardson’s method).

nextxR(x,k)=vector (floor (length(x)/2),j,x[2*xjl+(x[2*j1-x[j]1)/(2"k-1));
1imR(x,k)=1local(t);t=x;for(ll=1,k-1,t=nextxR(t,11));t

xx=vector (1000,n,n!/n"n*exp(n)/sqrt(n));

[1imR (xx,1) [100] ,1imR(xx,1) [100] -sqrt (2*Pi)]

/* = [2.508717995, 0.002089720526] */

[1imR (xx,2) [100] ,1imR (xx,2) [100] -sqrt (2*Pi)]

/* = [2.506627844, -4.301328534 E-7] x/

[1imR (xx,3) [100] ,1imR (xx,3) [100] -sqrt (2*Pi)]

/* = [2.506628274, -8.413407752 E-10] */

Code 12 (Stirling’s approximation with Zagier’s method).

vecdiff (x)=vector (length(x)-1,j,x[j+11-x[j1);
vecdiffk(x,k)=1local (tv);tv=x;for(j=1,k,tv=vecdiff (tv));tv;

3 lim(x,n,k)=vecdiffk (vector (k+1,j,(j+n) "k*x[j+n-11) ,k) [11/k!;

© o N o w

1

2

[1im(xx,100,1) ,1im(xx,100,1) -sqrt (2xPi)]
/* = [2.506606727, -2.154718332 E-5] */
[1im(xx,100,2) ,1im(xx,100,2) -sqrt (2xPi)]
/* = [2.506628488, 2.129785028 E-7] */

[1im(xx,100,3) ,1im(xx,100,3) -sqrt (2xPi)]
/* = [2.506628273, -2.015005875 E-9] x/

Code 13 (Stirling’s approximation with the variants).

xx=vector (1000,n,n"n) ;
{faclim(x,n,k)=1local(tl);tl=vector(length(x));

387
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for(j=n,n+k+1,t1[jl=x[j+2]*x[j1/x[j+1]1°2);1lim(tl,n,k)};
faclim(xx*1.,100,1)
/* = 0.9999508222 x*/
faclim(xx*1.,100,3)
/* = 0.9999999981 */
faclim(xx*1.,100,10) -1
/* = 2.259629648 E-24 */
xx=vector (1000 ,n,n"n/n!) ;
{explim(x,n,k)=1local(tl);tl=vector(length(x));
for(j=n,n+k+1,t1[jl=x[j+11/x[j]);1lim(tl,n,k)};

; log(explim(xx*1.,100,1))

/* = 1.000004085 x*/

5 log(explim(xx*1.,100,3))
s /* = 1.000000000 x*/

log(explim(xx*1.,100,10)) -1

/* = -1.230061846 E-25 */

xx=vector (1000,n,n"n/n!/exp(n));

{pollim(x,n,k)=1local(tfo);tfo=vector (length(x)) ;
for(j=n,n+k+1,tfol[jl=(x[j+1]1/x[jl-1)*j);1lim(tfo,n,k)};

pollim(xx,100,1)

/* = -0.5000020380 *x/
pollim(xx,100,3)
/* = -0.5000000000 =*/

s pollim(xx,100,10)+1/2

/* = 1.773889943 E-26 x/

Code 14 (asymp function).

xx=vector (1000,n,n"n/n!);

{asymp (x,n,k)=1local (tl1,t2,t3,t4,t5);tl=explim(x,n,k);t2=vector (length(x));
for (j=n,n+k+1,t2[jI=x[jl/t1~j);t3=pollim(t2,n,k);t4=vector (length(x));
for(j=n,n+k,t4[jl=x[j1/t1~j/j~t3);t5=1im(t4,n,k);[t1,t3,t5]%}

asymp (xx*1.,100,10)

/* = [2.718281828, -0.5000000000, 0.3989422804] */

asymp (xx*1.,100,10) -[exp (1) ,-1/2,1/sqrt (2*Pi)]

/*x = [-3.343654765 E-25, 1.432584409 E-22, -3.772064459 E-22] %/

Code 15 (Asymptotics of Airy function with Oscillating method).

xx=vector (250 ,n,airy(-n~(2/3)) [1]);

{oscser(x,n,k,z)=1local(t);t=vector (floor(length(x)/2));
for(j=n,n+k+1,t[jl=sum(1=0,j,binomial (j,1)*x[j+1]1*=z"(j-1)));t}
{asymposc(x,n,k,z)=tl=oscser(x,n,k,z);t2=asymp(tl,n,k);
[(-z+sqrt(z~2+4xt2[1]))/2,t2[2],

t2[3]/(1+((-z+sqrt (z~2+4*xt2[1])) /2) /((-z+sqrt (z~2+4*xt2[1]))/2+z))~t2[2];
(-z-sqrt(z~2+4*t2[1]1))/2,t2[2],

t2[3]1/(1+((-z-sqrt(z~2+4*t2[1]1))/2) /((-z-sqrt(z~2+4*t2[1])) /2+z))~t2[2]1]}
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for(k=0,9,print ([k, asymposc(xx,100,5,E(k/10))[,111))
/ *

[0, [1.3264 E5 2.6475 E-995%I, -1.3264 E5 + 2.6475 E-995xI]7]

[1, [0.90125 + 0.63470%I, -1.7103 - 1.2225%I]~]

[2, [0.78589 + 0.61837*I, -1.0949 - 1.5694%I]~]

[3, [0.78589 + 0.61837*I, -0.47687 - 1.5694%I1]~]

[4, [0.78589 + 0.61837*I, 0.023130 - 1.2062*I]"]

[5, [0.50000 + 2.5912 E4*I, 0.50000 - 2.5912 E4xI]~]
[6, [0.78589 - 0.61837*I, 0.023130 + 1.2062%I]~]

[7, [0.78589 - 0.61837*I, -0.47687 + 1.5694%I]~]

[8, [0.78589 - 0.61837*I, -1.0949 + 1.5694%I]~]

[9, [0.90125 - 0.63470*I, -1.7103 + 1.2225%I]"]

*/

asymposc (xx,100,5,E(3/10)) [1,]

/* =[0.78589 + 0.61837*xI, -0.16667 - 2.4163 E-10*I, 0.19947 - 0.19947*xI]x*/
log (asymposc(xx,100,5,E(3/10)) [1,1]) -2%I/3

5 /% = -1.7639 E-13 + 2.1943 E-13xI %/
; asymposc (xx,100,5,E(3/10)) [1,2]+1/6

/*¥ = 1.1732 E-10 - 2.4163 E-10*xI x/

asymposc (xx,100,5,E(3/10)) [1,3]1-E(-1/8)/2/sqrt (Pi)

/* = 1.7362 E-10 + 4.4925 E-10*I *x/

asymposc (xx,100,5,E(7/10)) [1,]

/* =[0.78589 - 0.61837*xI, -0.16667 + 2.4163 E-10*I, 0.19947 + 0.19947*xI]x*/
log (asymposc (xx,100,5,E(7/10)) [1,1])+2%I/3

/* = -1.7639 E-13 - 2.1943 E-13*I x/

asymposc (xx,100,5,E(7/10)) [1,2]1+1/6

35 /* = 1.1732 E-10 + 2.4163 E-10*I x/
; asymposc (xx,100,5,E(7/10)) [1,3]-E(1/8) /2/sqrt (Pi)

/* = 1.7362 E-10 - 4.4925 E-10*I x/

xx=vector (250 ,n,airy(-n~(2/3)) [1] -exp ((2/3*n-Pi/4)*I)/2/sqrt(Pi)/n~(1/6)
-exp (-(2/3%n-Pi/4)*I)/2/sqrt(Pi)/n~(1/6));

asymposc (xx,100,10,E(3/10)) [1,3]/(exp(-Pi/4%*I)/2/sqrt(Pi)) +5/48%1I

/*x = -4.5841 E-16 - 1.9299 E-16%I x/
asymposc (xx,100,10,E(7/10)) [1,3]/(exp(Pi/4%*I)/2/sqrt(Pi)) -5/48%1I
/*x = -4.5841 E-16 + 1.9299 E-16*I x*x/

B.2 Optimal truncation and Pochhammer asymptotics

Code 16 (Error of optimal truncation).

for(j=1,30,print ([j,(exp(100)*eintl (100) -sum(k=0,10*j,(-1) "k*xk!/100~ (k+1))
)1))

/ *

[1, -3.5674 E-17]

[2, -4.1939 E-25]

[3, -6.2408 E-31]
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[4, -2.
[5, -1
[6, -3.
[7, -4.
[8, -3.
[9, -7.
[10, -4.
[11, -8.
[12, -3.
[13, -3.
[14, -7.
[15, -3.
[16, -2.
[17, -4.
[18, -1
[19, -6.
[20, -5.
[21, -7.
[22, -1
[23, -5.
[24, -2.
[25, -2.
[26, -2.
[27, -0.

3607

.0228

1406

9566

1931

0592

6779
3365
6551
6605
8626
4317
9040
5732
.2924
3462
2606
1722
.5709
4097
8725
3099
7671
0486

E-35]
E-38]
E-41]
E-43]
E-44]
E-45]
E-45]
E-45]
E-44]
E-43]
E-42]
E-40]
E-38]
E-36]
E-33]
E-31]
E-28]
E-25]
E-21]
E-18]
E-14]
E-10]
E-6]
29]

[28, -1236.2]
[29, -4.4861 ET7]
[30, -2.2959 E12]

*/

sqrt (2*Pi*100) *exp (-100)

/* 9.3248 E-43 x*/

APPENDIX B. ASYMPTOTICS

for(j=1,20,print ([j, (exp(1000) *eintl1 (1000) -sum(k=0,100*j,(-1) “k*xk!/1000" (k

+1))
/ *
[1, -8.
[2, -1.
[3, -7.
(4, -1
[6, -4.
[6, -4.
[7, -9.
[8, -3.
[9, -3.
[10, -2
[11, -2
[12, -3
[13, -1

[14, -2

)1))

5542
3190
0768

.8319

0707
7490
9780
4282
1996
.0124
L7997
.4647
. 7861
.0190

E-147]
E-229]
E-290]
E-335]
E-370]
E-396]
E-415]
E-427]
E-434]
E-436]
E-434]
E-428]
E-418]
E-405]
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20
21
22
23
24

B.2. OPTIMAL TRUNCATION AND POCHHAMMER ASYMPTOTICS

[15, -2.
[16, -3.
[17, -1.
[18, -3.
[19, -2.
[20, -2.
*/

sqrt (2*xPi*1000) *xexp (-1000)
/* = 4.0235 E-433 */

Code 17 (Error of optimal truncation with exponentially small terms).

for(j=1,20,print ([j,(exp(1000) *eintl1 (1000)+exp (-7*1000/8) -sum (k=0,100%j
,(-1)"k*k!/1000~(k+1)))1))

/ *

[1, -8.
[2, -1.
[3, -7.
[4, -1.
[5, -4.

8875
2446
8880
9385
1242
2110

5542
3190
0768
8319
0707

E-389]
E-370]
E-348]
E-324]
E-297]
E-268]

E-147]
E-229]
E-290]
E-335]
E-370]

[6, 9.8249 E-381]
[7, 9.8249 E-381]
[8, 9.8249 E-381]
[9, 9.8249 E-381]

(10,
(11,
(12,
[13,
(14,
[15,

©O© © © © © ©

[16, -3.
(17, -1.
[18, -3.
[19, -2.
(20, -2.

*/

.8249
.8249
.8249
.8249
.8249
.8249

2446
8880
9385
1242
2110

E-381]
E-381]
E-381]
E-381]
E-381]
E-381]
E-370]
E-348]
E-324]
E-297]
E-268]

exp (-7%x1000/8)

/* = 9.8249 E-381 x/

Code 18 (Smooth optimal truncation).

391

EGZ (X,b)=intnum(t=0, [00o,abs(X)],t~(abs (X)-b)*xexp(-t*xabs(X))/(t-X/abs(X)))

{fsmop(

h)=

local(co,ot,sot);

N=floor (abs(-1/h));

b=abs (-1/h) -N;
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ot=sum(k=1,N,(-1)"~(k-1)*(k-1) !*h~k);
sot=((-1/h)/abs(-1/h))~(-N)*EGZ(-1/h,b) ;
[ot,sot,ot+sot]}

exp (1000.1) *eint1 (1000.1)
/* = 0.00099890 x/

fsmop (1/1000.1)
/* = [0.00099890, 1.8199 E-436, 0.00099890] x*/

exp (1000.1) *eint1 (1000.1) -fsmop (1/1000.1) [3]
/* = 6.1620 E-656 */

Code 19 (Asymptotics of the Pochhammer symbol generically).

{gpochinfty(x,q,N)=1local(s,t,qk);qk=1;t=1;s=1;for (k=1,N,qgk=qk*q;t=-t*qgk/q*
x/(1-qk);s=s+t);s};

{gpochinftyasy(m,x,tau,N)=sum(k=0,N, subst (bernpol (k,yyy) ,yyy,m) *(2*xPi*I*
tau) “(k-1) /k!*polylog(2-k,x))};

3 E(x)=exp (2%PixI*x);

N

qpochinfty (E(Pi) /2*E(I/100/Pi) ,E(I/100) ,500)

/* = 0.0053120 - 0.0085775*I x*/

qpochinfty (E(Pi) /2*E(I/100/Pi) ,E(I/100) ,500) /exp (qpochinftyasy (1/Pi,E(Pi)
/2,1/100,0))

/* = 0.95359 - 0.088647*I */

gpochinfty (E(Pi) /2¥E(I/100/Pi) ,E(I/100) ,500) /exp(qgpochinftyasy (1/Pi,E(Pi)
/2,1/100,10)) -1

/* = -2.8664 E-16 + 1.1344 E-16*I *x/

Code 20 (Asymptotics of the Pochhammer symbol generically with gamma).

\p1000

default (format,"g.5")

{qpochinfty(x,q,N)=1local(s,t,qk);qk=1;t=1;s=1;for (k=1,N,qk=qk*q;t=-t*qk/q*
x/(1-qgk);s=s+t);s};

{gpochinftyasygam(a,b,c,d,m,x,tau,N)=sum(k=0,N, (-2*Pi*xI*abs(c)) ~(k-1)/(c
~2*tautc*d) “(k-1) /k!*sum(ell=0,abs(c)-1,subst(bernpol (k,yyy),yyy, (m+ell
)/abs (c))*polylog(2-k,E((m+ell)*a/c)*x)))1};

E(x)=exp (2*¥Pi*I*x) ;

qpochinfty (E(E(0.2-0.11%I)*I*100/(7+I*100+1))*E(-0.55-0.2+1) ,E(I*100/(7*I
*100+1)) ,1000)

/* = 0.26598 + 1.0302*xI */

gpochinfty(E(E(0.2-0.11*I)*I*x100/(7*I*100+1))*E(-0.55-0.2%I) ,E(I*100/(7*I
*100+1)) ,1000) /exp (qpochinftyasygam(1,0,7,1,E(0.2-0.11*I) ,E(-0.55-0.2%1
),I*x100,0))

/* = 0.92035 + 0.66454*I x*/
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qpochinfty (E(E(0.2-0.11*I)*I*100/(7*I*100+1))*E(-0.55-0.2%I) ,E(I*100/(7*I
*100+1)) ,1000) /exp(qpochinftyasygam(1,0,7,1,E(0.2-0.11%I) ,E(-0.55-0.2%1I
),I%100,10)) -1

/* = 1.2176 E-20 + 2.6608 E-21*xI x/

gpochinfty (E(E(0.2-0.11%I)*I*x100/(-7xI*100+1))*E(-0.55-0.2%xI) ,E(I*100/(-7%*
I*¥100+1)) ,10000) /exp (qpochinftyasygam(1,0,-7,1,E(0.2-0.11*I) ,E
(-0.55-0.2%I),I%100,10)) -1

3 /* = 2.0601 E-30 - 9.8181 E-30*I %/

Code 21 (Integral formula for Pochhammer symbol).

\p 800
default (format,"g.5")

; default (parisize,"1G")

SN

E(x)=exp (2*¥Pi*I*x) ;

gpoch(m,z,tau,M)=prod(n=0,M,1-E((n+m) *tau+z)) ;

gpochint (m,z,tau,M)=prod(k=ceil (real (m*tau+z)),floor (real ((M+m)*tau+z)) ,1-
E(m+z/tau-k/tau))*exp(dilog(E(m*tau+z))/(2*Pi*xI*tau)-dilog(E((M+m)*tau+
z))/(2xPi*Ixtau) +1/2*log(1-E(m*tau+z))+1/2*x1log(1-E((M+m) *tau+z))-I/taux*
intnum (y=0, [+oo, 1],(log(l-E(m*tau-I*y+z))-log(l-E(m*tau+I*y+z))-log(1l-
E((M+m) *tau-I*xy+z))+log(1-E((M+m)*tau+I*y+z)))/(E(-I*y/tau)-1)));

gpoch (E(1/10+I/100) ,E(0.123)/Pi,E(0.01)/1000,1500)

/* = -3.2286 E25 + 1.0241 E26x*I */

qpoch (E(1/10+I/100) ,E(0.123)/Pi,E(0.01) /1000,1500) -qpochint (E(1/10+I/100),
E(0.123)/Pi,E(0.01)/1000,1500)

/* = 1.8503 E-240 + 8.6047 E-241*I x/

gpoch (E(1/10+I/100) ,E(0.123) /Pi,E(0.01)/100,1500)

/* = 38.503 - 20.177*xI */

; qpoch (E(1/10+I/100) ,E(0.123)/Pi,E(0.01)/100,1500) -qpochint (E(1/10+I/100) ,E

(0.123) /Pi,E(0.01)/100,1500)
/* = -3.5620 E-373 + 1.8839 E-373*I x/

5 qpoch(E(1/10+I/100) ,E(0.123)/Pi,E(0.01)/10,1500)

/* = 1.3224 - 0.0049443%I x/

: qpoch (E(1/10+I/100) ,E(0.123)/Pi,E(0.01)/10,1500) -qpochint (E(1/10+I1/100) ,E

(0.123) /Pi,E(0.01)/10,1500)

/* = 2.9953 E-266 + 7.7079 E-266%I */

\p 1000

default (format,"g.5")

qpoch (E(1/10+1/100) ,E(0.123) /Pi ,E(0.01) /1000,1500) -gpochint (E(1/10+I/100),
E(0.123) /Pi ,E(0.01) /1000,1500)

/* = 4.9332 E-303 - 2.0625 E-303*I */

qpoch (E(1/10+I/100) ,E(0.123) /Pi,E(0.01)/100,1500) -qpochint (E(1/10+1/100) ,E
(0.123) /Pi,E(0.01) /100,1500)

/* = 1.1505 E-461 + 4.9936 E-462*I */

qpoch (E(1/10+1/100) ,E(0.123) /Pi ,E(0.01)/10,1500) -qpochint (E(1/10+1/100) ,E
(0.123)/Pi,E(0.01)/10,1500)

/* = -5.2424 E-266 - 2.3307 E-266%I x/
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Code 22 (Asymptotics for fixed z = 1).

\p 800

default (format,"g.5")

default (parisize,"1G")

E(x)=exp (2*¥Pi*I*x) ;

{gpochinfty(m,tau,N)=1local(q,x,s,t,qk);x=E(m*tau) ;q=E(tau) ;qk=1;t=1;s=1;
for(k=1,N,qk=qk*q;t=-t*qk/q*x/(1-qk) ;s=s+t);s};

gpochasymp (m, tau,N)=2*%Pix(-I*xtau) ~(1/2) /(-2*%Pi*I*m*tau) ~(m)*m~m/gamma (m) *
exp (-(2*%Pix*I) /(24*tau)+sum(k=2,N,zeta(2-k) *(2*Pi*xI*tau) ~(k-1)*subst (
bernpol (k, xxx) ,xxx ,m)/k!))

gpochinfty (E(1/10+I/100) ,E(0.01) /1000,10000) /qpochasymp (E(1/10+I/100) ,E
(0.01) /1000,10) -1

/* = -3.2289 E-32 - 2.1203 E-32*I x/

qpochinfty (E(1/10+I/100) ,E(0.01) /1000,10000) /qpochasymp (E(1/10+I1/100) ,E
(0.01) /1000,20) -1

/* = 4.9559 E-59 + 1.2580 E-58*I x/

Code 23 (Asymptotics for fixed x with 7).

\p1000
default (format,"g.5")

; {qpochinfty(x,q,N)=1local(s,t,qk);qk=1;t=1;s=1;for (k=1,N,qk=qk*q;t=-t*xqk/q*

w

x/(1-qk) ;s=s+t);s};

{gpochinftyasygam(a,b,c,d,m,j,tau,N)=sum(k=0,N, (-2*xPi*I*abs(c))~(k-1)/(c
~2*xtaut+c*d) “(k-1) /k!*sum(ell=0,abs(c)-1,if (Mod(j,abs(c))==Mod(ell,abs(c
)) ,0,subst (bernpol (k,yyy) ,yyy,(m+ell)/abs(c))*polylog(2-k,E((ell-j)*a/c
)))))+log (2*xPi*(-I*(-abs(c)/(c~2*tau+c*xd))) ~(1/2)/(2*%Pi*xI*x((m+3j))*(1/(c
~2*xtautcxd))) ~((m+j)/abs(c))*((m+j)/abs(c)) ~((m+j)/abs(c))/gamma (((m+j)
/abs(c)))) -(2xPi*I)/(24*(-abs(c)/(c~2*xtau+c*d)))+sum(k=2,N,zeta(2-k)
*(-2xPi*I*abs(c)/(c~2xtau+tcx*d)) ~(k-1) *subst (bernpol (k, xxx) ,xxx, ((m+j)/
abs(c)))/k!)};

E(x)=exp (2*xPi*I*x) ;

qpochinfty (E(E(0.2-0.11+I)*I*100/(7*I%100+1)) /E(1/7*(2+E(0.2-0.11%1))) ,E(I
*100/(7*I*x100+1)) ,1000)

/*¥ = -1.0733 E-12 + 1.7927 E-12*%I x/

qpochinfty (E(E(0.2-0.11%I)*I%100/(7*I%100+1)) /E(1/7%(2+E(0.2-0.11%1))) ,E(I
*100/(7*I*x100+1)) ,1000) /exp(qpochinftyasygam(1,0,7,1,E(0.2-0.11%I) ,2,I
*100,10)) -1

/* = -3.0248 E-23 + 2.8187 E-23*I x/

gpochinfty (E(E(0.2-0.11%I)*(3xI*100+2) /(7*I*100+5))/E(3/7*(2+E(0.2-0.11%1I)
)),E((3*%I*x100+2) /(7*I*100+5)) ,1000)

/* = 1.5909 E-12 + 2.0595 E-12*xI x/

qpochinfty (E(E(0.2-0.11%I)*(3*xI*100+2) /(7*I*x100+5))/E(3/7*(2+E(0.2-0.11%1)
)) ,E((3*I*x100+2) /(7*I*100+5)) ,1000) /exp(gpochinftyasygam(3,2,7,5,E
(0.2-0.11%1),2,I%x100,10)) -1

; /% = 1.0771 E-23 - 1.0059 E-23%I x*/
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142 qpochinfty (E(E(0.2-0.11%I)*(5*xI%100+1) /(4*I%100+1))/E(5/4*%(2+E(0.2-0.11%1)
)) ,E((5%I%100+1) /(4*I*100+1)) ,1000) /exp(gpochinftyasygam(5,1,4,1,E
(0.2-0.11%1),2,I*x100,10)) -1

15 /* = 4.1752 E-24 - 3.7505 E-24*I x/






Appendix C

g—difference equations and modularity

C.1 The Habiro ring, n and mock modularity

Code 24 (The Habiro ring).

F(q,N)=1local(qgk,t,s);qk=1;t=1;s=t;for(k=1,N,qk=q*xqk;t=t*(1-qk) ;s=s+t);s

5 F(1+X+0(X~10) ,11)
5 /% = 1 - X + 2%X"2 - 5*%X~3 + 15%X~4 - 53%X"5 + 217+X"6 - 1014%X~7 + 5335x%X

~8 - 31240*X°9 + 0(X~10) x/
for(k=2,10,print ([k,F(Mod(x,polcyclo(k,x)) ,k+1)]1))

5 /%

NONN NN =
=W N ’

NN
S

; [2, Mod(3, x + 1)1
[83, Mod(-x + 5, x°2 + x + 1)]
s [4, Mod(-3*x + 8, x°2 + 1)]
[6, Mod(-3*x"2 - 5*xx + 9, x°4 + x~3 + x~2 + x + 1)]
[6, Mod(-13*x + 17, x°2 - x + 1)1
[7, Mod(3*x~"5 - 7*x"2 - 9%x + 14, x°6 + x°5 + x°4 + x°3 + x72 + x + 1)]
[8, Mod(-3*x~3 - 9*%x~2 - 16*x + 15, x~4 + 1)]
3 [9, Mod(7*x"5 - 5*xx~4 - x°3 - 11%x"2 - 18*xx + 17, x°6 + x~3 + 1)]
14 [10, Mod(-23*x"2 - 15xx + 11, x4 - x~3 + x°2 - x + 1)]
5 */
s local(t);forprime (p=2,50,t=1ift (F(Mod(x,polcyclo(p,x)),p+1));print([p,
centerlift (Mod(sum(ell=0,p-2,binomial (ell ,4)*polcoeff(t,ell)),p))]))
/ *

s [2, 0]
[3, 0]
[5, 0]
[7, 11
[11, 4]

3 [13, 2]
[17, -2]
[19, -4]
[23, -8]

397
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[29, -14]
[31, 15]
[37, 15]
[41, 15]
[43, 15]
> [47, 15]

33 %/

N

local(s,t,v);s=0;v=vector (3) ;forprime (p=prime (3) ,prime(5) ,s=s+1;t=1ift (F(
Mod (x,polcyclo(p,x)),p+1));vis]=Mod(sum(ell=0,p-2,binomial (ell , 4) *
polcoeff(t,ell)),p));centerlift(chinese(v))

5 /* = 15 x/
i local(s,t,v);s=0;v=vector (3);forprime (p=prime (4) ,prime(6) ,s=s+1;t=1ift (F(

Mod (x,polcyclo(p,x)) ,p+1));v[is]=Mod(sum(ell=0,p-2,binomial (ell , 4) *
polcoeff(t,ell)),p));centerlift(chinese(v))
/* = 15 */

Code 25 (Multiplier system for the Dedekind n—function).

edeta(a,b,c,d)=eta((a*x(I*1000-1000)+b)/(c*x(I*1000-1000)+d) ,1)/eta((I
*1000-1000) ,1) /sqrt (c*(I*1000-1000) +d)

Dg(a,b,c,d)=sqrt(-Ixc/abs(c))*prod(ell=1,abs(c)-1,(1-E(ell*xa/c))~(1/2-ell/
abs (c)))*E((a+d)/24/c)

3 forvec(X=[[-10,10],[-10,10],[-10,10],[-10,10]],if(X[2]==X[3],1if(X[3]==

[4] ,if (X[4]==-10,print ([X[1],gettime (D]))));if (X[1]1*X[4]-X[2]*X[3]==1,
if (X[3],if (round(edeta(X[1],X[2],X[3],X[4]1)/Dq(X[1],X[2],X[3],X[4])
x10~150) /10~150==1, ,print ([X[1],X[2];X[3],X[4]11)))))

forvec(X=[[-10,10],[-10,10],[-10,10],[-10,10]],if (X[1]1*X[4]-X[2]*X[3]==1,
if (X[3] ,print ([edeta (X[1],X[2],X[3],X[4]1)/Dq(X[1],X[2],X[3],Xx[4]),[X
(11 ,X[2]1;X[31,X[4111))))

5 edeta(-9, -8,-10, -9)/Dq(-9, 8,-10, -9)

edeta(7, 5,-10, -7)/Dq(7, 5,-10, -T7)

forvec(X=[[-10,10],[-10,10],[-10,10],[-10,10]],if (X[1]1*X[4]-X[2]1*X[3]==1,
if (X[31>0,if (X[1],print ([Dq(-X[3],-X[4],X[1],X[2])/Dq(X[1],X[2],X[3],X
[41) ,X[11/X[3] ,matdet ([X[1],X[2]1;X[3]1,X[411)1)))))

Code 26 (Asymptotics of order three mock #—function).

£(q,N,m=0)=1local(t,s,qk);qk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=qk~2*t/q/(1+qk);
s=s+t*qk~m) ;s
huh=vector (2000) ;

3 for (k=1000,1010,huh[k]=f(E((I*k)/(2*(I*k)+1)) ,k))

asymp (huh ,1000,8)

5 \\ = [1.1104 - 4.2614 E-28%I, 0.50000 + 3.4708 E-24*%I, -0.74248 +

0.038912%1I]
huhO=vector (2000) ;
for(k=1000,1010,huh0[k]=Chuh[k]+(E(-1/60*(I*k+1/2))*sqrt (I*xk+1/2)*(-15/8-
sqrt (5) *5/8) ~(-1/4)*E(-1/(2*(2*I*k+1))/60)) -2+4* (2%Pi*xI/(2* (2*xI*k+1)))
-36% (2*%Pi*xI /(2% (2*I*k+1))) ~2+1640/3*% (2*Pi*I/(2*x(2*xI*k+1)))~3) /(2*xPi*I
/(2% (2% Ixk+1))) ~4)
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asymp (huh0,1000,8)

f(q+0(q~10) ,20,0)+f(gq+0(gq~10) ,20,1) -q~(0+1) *f (q+0(gq~10) ,20,2)
fphi(x,m,N)=sum(k=0,N,sum(ell=0,k,eval (Str("a",k,ell))*m~ell*x"k))
fphi(x,m,5)+fphi(x,m+1,5) -exp ((m+1)*x+0(x~5))*fphi (x,m+2,5)

Code 27 (Modularity of the n—constants).

\p200
default (format,"g.5")

3 E(x)=exp (2*xPi*xI*x);

Dg(x)=1local(a,c);c=denominator (x);a=x*c;sqrt(-Ixc/abs(c))*prod(ell=1,abs(c
)-1,(1-E(ell*a/c))"(1/2-ell/abs(c)));

5 for(k=90,110,print ([k,Dq(-1/(k+1/2))/Dq((k+1/2))/Dq(1)/E(1/24/denominator (

N

k+1/2) /numerator (k+1/2) +1/24/(k+1/2) +(k+1/2) /24) -1]))
for(k=90,110,print ([k,Dq(-1/(k+11/29))/Dq((k+11/29))/Dq(1)/E(1/24/
denominator (k+11/29) /numerator (k+11/29) +1/24/(k+11/29)+(k+11/29) /24)
-11))
for (k=90,110,print ([k,Dq(-1/(k-11/29))/Dq((k-11/29))/Dq (1) /E(1/24/
denominator (k-11/29) /numerator (k-11/29)+1/24/(k-11/29)+(k-11/29) /24)
-11))

C.2 The Faddeev quantum dilogarithm

Code 28 (Integral formula for Faddeev’s quantum dilogarithm).

\p1000
default (format,"g.5")

3 default (parisize,"1G")

E(x)=exp (2%Pi*I*x)

5 gpoch(a,q,n)=if (n>-1,prod(j=0,n-1,1-a*xq~j) ,1/prod(j=n,-1,1-a*xq~(j)));

F(x,q,N)=1local(t,s,qk);qgk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=-qk*x/q*t/(1-qk) ;s
=s+t) ;s

E(x)=exp (2*xPi*I*x)

QD(z,tau,N)=if (imag(tau)>0,F(E((z-1) /tau) ,E(-1/tau) ,N)/F(E(z) ,E(tau),N) ,F(
E(z-tau) ,E(-tau),N)/F(E(z/tau) ,E(1/tau),N))

f(z,tau)=local(t);t=(log(1-E(z/tau-I*(x+0(x~10))))-log(1-E(z/tau+I*(x+0(x
~10))))) /(exp (2*Pi*xtau*x(x+0(x~10))) -1) ;exp(-dilog(E(z/tau))*tau/(2*PixI
)+I*tau*intnum(xi=0, [+oo, 1],if(xi<1/10~1000,sum(i=0,7,polcoeff (t,i,x)
*x171) ,(log(1-E(z/tau-I*xi))-log(1-E(z/tau+I*xi)))/(exp (2*Pi*tau*xi) -1)
)))/sqrt (1-E(z/tau))/qpoch(E(z) ,E(tau) ,-floor(real(z/tau)))

ze=E(Pi)*sqrt (2)

taue=-E(exp (1)) *exp (1) /11

QD (ze, taue ,1000) /f (ze, taue) -1

3 \\ = -1.1484 E-32 - 9.5559 E-33%*I

ze=100+E(P1i) *sqrt (2)
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5 taue=-E(exp (1)) *exp (1) /11

QD (ze, taue ,1000) /f (ze,taue) -1

\\ = -3.4468 E-55 - 9.4898 E-56%I
ze=E(Pi)*sqrt (2)
taue=-E(-exp(1))*exp (1) /11

QD (ze,taue ,1000) /f(ze,taue) -1

\\ = 2.3917 E-96 - 3.2546 E-96x*I
\p2000

default (format,"g.5")
ze=E(Pi)*sqrt (2)
taue=-E(exp (1)) *exp (1) /11

QD (ze, taue ,1000) /f(ze, taue) -1

\\ = 1.1851 E-62 - 1.3386 E-61x*I

; ze=100+E (Pi) *sqrt (2)

taue=-E(exp (1)) *exp (1) /11

QD (ze, taue ,1000) /f(ze,taue) -1

\\ = -1.0435 E-56 - 3.6018 E-56%1
ze=E(Pi)*sqrt (2)
taue=-E(-exp(1))*exp (1) /11

QD (ze, taue ,1000) /f (ze, taue) -1

5 \\ = -9.1869 E-190 - 1.4815 E-189%*I
i c(b)=I/2*%(b+1/b)

fK(z,tau,eps)=if (abs(imag(I*z/sqrt (tau) -c(sqrt(tau))))<abs(imag(c(sqrt(tau
)))) ,exp(-intnum (w=[-00,1] ,[00,1],exp((2*%z-1-tau) *(w+I*eps)/sqrt(tau))
/4/sinh ((w+I*eps)*sqrt(tau))/sinh ((w+Ixeps)/sqrt(tau))/(w+I*xeps))),
print ("Outside domain"))

ze=0.25+0.4%*1

taue=3+4%*1I

QD (ze, taue ,1000) /f (ze,taue) -1

QD (ze, taue ,2000) /fK(ze,taue ,0.4) -1

fK(z,tau,eps)=if (abs(imag(I*z/sqrt (tau) -c(sqrt(tau))))<abs(imag(c(sqrt(tau
)))) ,exp(-intnum (w=[-00,1],[00,1],exp(z*x(w+I*xeps)/sqrt(tau))/(1-exp ((w+
Ixeps)/sqrt(tau)))/(1-exp((w+I*eps)*sqrt(tau)))/(w+I*xeps))),print ("
Outside domain"))

; ze=0.25+0.4%1

taue=3+4x*1
QD (ze, taue ,1000) /f(ze,taue) -1

s QD (ze , taue ,2000) /fK(ze,taue ,0.4) -1

Code 29 (Faddeev’s quantum dilogarithm at rationals).

\p1000
default (format,"g.5")

; default (parisize,"1G")

1
5

6

E(x)=exp (2*Pi*Ixx)
gpoch(a,q,n)=if (n>-1,prod(j=0,n-1,1-a*q~j) ,1/prod(j=n,-1,1-a*xq~(j)));
E(x)=exp (2%Pi*I*x)
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7 £(z,tau)=1local(t);t=(log(1-E(z/tau-I*x(x+0(x~10))))-log(1-E(z/tau+I*(x+0(x

~10)))))/(exp (2*Pi*xtau*x(x+0(x~10))) -1) ;exp(-dilog(E(z/tau))*tau/ (2*xPix*I
)+I*tau*intnum(xi=0, [+oo0, 1],if(xi<1/10~1000,sum(i=0,7,polcoeff (t,i,x)
*x171) ,(log(1-E(z/tau-I*xi))-log(1l-E(z/tau+I*xi)))/(exp (2*Pi*tau*xi)-1)
)))/sqrt(1-E(z/tau))/qpoch(E(z) ,E(tau) ,-floor(real(z/tau)))

c(b)=I/2%(b+1/b)

fK(z,tau,eps)=if (abs(imag(I*z/sqrt (tau) -c(sqrt(tau))))<abs(imag(c(sqrt(tau
)))) ,exp(-intnum (w=[-00,1] ,[00,1],exp(z*x(w+Ixeps)/sqrt(tau))/(1-exp ((w+
Ixeps)/sqrt(tau)))/(1-exp((w+I*eps)*sqrt(tau)))/(w+I*eps))),print ("
Outside domain"))

ze=0.25+0.4x%1I

taue=13/7

f(ze, taue)

; fK(ze,taue ,0.4)

CD(x,q,N)=prod(k=1,N-1,(1-q k*x) "~ (k/N));

5 frat(u,tau)=1local(d,n) ;d=denominator (tau) ;n=tau*d;exp(dilog(E(d*u))/(2*Pix

I*n*xd))*(1-E(d*u)) ~(u/n-1)*CD(E(u) ,E(tau) ,d)*CD(E(u/tau) ,E(1/tau) ,n)

; frat (ze,taue)/f(ze,taue) -1
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Appendix D

Worked examples of ¢—hypergeometric
functions

D.1 Nahm sums

Code 30 (Computing g—expansions of Nahm sums).

f(q,A,m,n,N)=1local(si,qgk,t,s);si=Mod(x"numerator(n),polcyclo(denominator (n
)));qk=1;t=1;s=t;for (k=1,N,qgk=qgk*q;t=si*qk~Axt/(1-qgk);s=s+t*qk~(m-4/2))
;S

£(q+0(q~10) ,2,0,0,10)

/*¥ = Mod(1l + g + 972 + q°3 + 2%q~4 + 2*xq~5 + 3%q~6 + 3xq~7 + 4*q~8 + 5xq~9
+ 0(q~10), x - 1) */

Code 31 (Asymptotics of Nahm sums).

prec=2000;

default(realprecision,prec)

default (format,"g.5")

E(x)=exp (2*¥Pi*I*x) ;

f(q,A,m,n,N=ceil (abs(real(sqrt(log(10~(-prec))/log(abs(qg))*2/A)))))=1local(
si,qk,t,s);si=E(n);qk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=qk~A*xt/(1-qk);s=s+t
*qk~(m-4/2)) ;s

huh=vector (2000) ;

for(k=1000,1012,hubh [k]=f(E(-1/(E(0.01) *k)) ,2,0))

asymp (huh ,1000,10)

/* [1.0011 - 0.10501%I, 3.6671 E-7 + 8.8228 E-8*I, 0.85065 - 6.5637 E-7%1I]

*/

huh=vector (2000) ;

for (k=1000,1012,huh[k]=f(E(-1/(E(0.001) *k)) ,4,0))

asymp (huh ,1000,10)

; /* [1.0200 + 0.56359*I, -1.4004 E-22 - 1.5676 E-21*I, 0.43783 - 0.17519%1I]

*/

403
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Code 32 (The leading asymptotics of the A = 2 Nahm sum).

prec=200;

default(realprecision,prec)

default(format,"g.5")

f(q,A,m,n,N=ceil (abs(real(sqrt(log(10~(-prec))/log(abs(q))*2/A)))))=1ocal(
si,qk,t,s);si=E(n);qk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=qk~Axt/(1-qgk);s=s+t
xqgk~(m-A/2)) ;s

X=polroots(x~2+x-1);

xx=log(X)/2/Pi/I,;

-1/(2%Pi*I)*log (1-X[1]1) +2* (xx [1]+k) +]j

/* = 2%k + j + 1 %/

-1/ (2*xPi*I)*log (1-X[2]) +2*(xx [2]+k) +j

/* = 2%k + j */

dilog (X[1])-Pi~2/6+(2*Pi*I) ~2*x(xx[1]+k) ~2-(2*Pi*I) ~2*x(2*xk+1) *(xx[1]+k)

/* = 39.478%k~2 + 39.478%xk + 7.2377 x/

5 dilog (X [2]) -Pi~2/6+(2*%Pi*I) ~2x(xx [2]+k) ~2-(2%Pi*I) ~2*(2xk)*(xx [2]+k)

/* = 39.478%k"~2 - 0.65797 x*/

huh=vector (2000) ;

for(k=1000,1012,huh[k]=f(E(-1/(E(0.01)*k)) ,2,0));

asymp (huh ,1000,10)

/* [1.0011 - 0.10501%I, 3.6671 E-7 + 8.8228 E-8%I, 0.85065 - 6.5637 E-7%I]
x/

E(1/15%Pi~2/(2*%Pi*I) ~2*xE(0.01))

E(-1/60%E(0.01))

/¥ = 1.0011 - 0.10501%I x*/

1/sqrt (1-X[2]) /sqrt (X[2]/(1-X[2])+2)

3 /* = 0.85065 *x/

huhl=vector (2000) ;

for(k=1000,1012,huhl [k]=Chuh[k]/E(1/15%xPi~2/(2*Pi*I) ~2+*E(0.01) *k) *sqrt (1-X
[2]) *sqrt (X[2]/(1-X[2])+2) -1) /(2*xPi*I/(E(0.01) *k)));

lim(huh1,1000,4)

/*¥ = -0.016667 + 8.4215 E-19*%xI x*/

; huh2=vector (2000) ;

for (k=1000,1012,huh2[k]=Chuh1[k]+1/60) /(2*Pi*I/(E(0.01) *k))) ;
lim (huh2,1000,4)

/* = 0.00013889 - 2.5014 E-20*I x*/

huhO=vector (2000) ;

33 for(k=1000,1012,huh0[k]=huh[k]/E(1/15%xPi~2/(2*Pi*I) ~"2*E(0.01)*k)*sqrt(1-X

34

35

[2]) *sqrt (X [2]1/(1-X[2])+2) -E(-1/(E(0.01) *k) /60) ) ;

asymp (huh0,1000,3)

/* = [0.28775 + 0.87819%I, 4.4440 E-12 + 4.1924 E-10*I, 0.61803 - 2.0063 E
-9%I] %/

heh=vector (2000) ;

for (k=1000,1012,heh[k]=f(E(-1/(E(0.01)*k)) ,2,1));

asymp (huh ,1000,10)

/* = [1.0011 - 0.10501*xI, 3.6671 E-7 + 8.8228 E-8*xI, 0.85065 - 6.5637 E-7x*
I] =/
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hehO=vector (2000) ;

for (k=1000,1012,hehO0[k]=heh[k]/E(1/15%Pi~2/(2xPi*I) ~2*E(0.01)*k) /X [2]*sqrt
(1-X[2])*sqrt(X[2]/(1-X[2])+2)-E(11/(E(0.01) *k) /60)) ;

asymp (heh0,1000,3)

/* = [0.28775 + 0.87819%*1I,
-8%xI] */

const(al,m,k,rho=2)=1local (c) ;c=denominator (al) ;sum(r=0,c-1,E((r-2+r*x(2*xk+m
))*al+(2*xr+m) *xx[rho]/c) *prod(s=0,c-1,(1-E((r+s+1+k)*al+xx[rho]l/c))
~(1/2-(r+s+1)/c)))/sqrt (X[rhol/(1-X[rho])*c+2*c)/prod(ell=1,abs(c)
-1,(1-E(ell*al))~(1/2-ell/abs(c)))

-2.9211 E-9 - 4.2488 E-9*xI, -1.6180 - 5.3234 E

5 {for(m=-3,3,for(c=-10,10,1if (c,

huh=vector (2000) ;
for (k=1000,1006 ,huh[k]=f(E(E(0.01) *k/(c*E(0.01) *k+1)) ,2,m)) ;

; print ([m,c,asymp (huh,1000,3) [3]1/E(1/15%Pi~2/(2*Pi*I)~2/c)/const(1/c,m,0,2)

-11)))) 3}
{for(c=-10,10,if (c,
huh=vector (2000) ;
for (k=1000,1006 ,huh[k]=f(E(E(0.01) *k/(c*E(0.01) *k+1)) ,2,0));
huhO=vector (2000) ;
for (k=1000,1006 ,huh0[k]=Chuh[k]/E(1/15*xPi~2/(2*xPi*I)~"2x(E(0.01)*k+1/c))/
const(1/¢,0,0,2)/E(-1/60/(c~2*E(0.01) *k+c)) -1));
print ([c,asymp (huh0,1000,3) [111)))}
hah=vector (200) ;
for (k=50,110,hah[k]=const (1/k,0,0,2) ;print ([k,gettime ()]))
for(k=0,10,print ([k, asymposc (hah ,50,3,E(k/10))]1))

VE:

[0, [0.88660 + 3.3481*xI, -171.92 - 17.768*I, -3.9059 E303 - 1.4620 E303x*I;
-1.8866 - 3.3481*%I, -171.92 - 17.768*I, 1.7423 E313 - 1.3758 E313%*I]]

[1, [0.99452 + 0.10454%I, 0.00088587 - 0.0021848*I, 0.72060 + 0.0077394x%1;
-1.8035 - 0.69232*I, 0.00088587 - 0.0021848*I, 0.71976 + 0.0085990%1]]

[2, [0.99452 + 0.10453*I, 1.9822 E-6 - 6.6354 E-6*I, 0.72360 + 2.5350 E-5%
I; -1.3035 - 1.0556*%xI, 1.9822 E-6 - 6.6354 E-6*xI, 0.72360 + 2.7007 E-bx
I]1]

[3, [0.99452 + 0.10453%I, 6.0323 E-6 - 6.3794 E-6*%xI, 0.72359 + 2.6025 E-5%
I; -0.68550 - 1.0556*%I, 6.0323 E-6 - 6.3794 E-6*%xI, 0.72358 + 2.3202 E
-5%xI]]

[4, [0.99426 + 0.10417*I, 0.13857 + 0.020381*I, 0.34916 - 0.0026746%*1;
-0.18525 - 0.69195*%xI, 0.13857 + 0.020381*I, 0.36950 - 0.062598%*1]]

[5, [0.59326 + 0.91355%I, -8.9737 E-6 - 4.8220 E-6%xI, 0.27641 + 5.8938 E
-6*%I1; 0.40674 - 0.91355%xI, -8.9737 E-6 - 4.8220 E-6*xI, 0.27641 + 8.2474

E-6%I]]

[6, [0.40674 - 0.91355%I, -3.2052 E-6 - 6.7678 E-6xI, 0.27640 + 1.0010 E
-5xI; 0.40228 + 1.5013*%xI, -3.2052 E-6 - 6.7678 E-6xI, 0.27640 + 1.0232
E-5x%I]]

[7, [0.40674 - 0.91355%I, 1.1832 E-5 + 4.7732 E-5%xI, 0.27638 - 6.4272 E-5%
I; -0.097719 + 1.8646*%1, 1.1832 E-5 + 4.7732 E-5*%I, 0.27637 - 7.1309 E
-5%xI]]

[8, [-0.022667 + 1.8571*xI, -74.548 + 156.88*I, -1.8995 E184 - 1.9925 E184x
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I; -0.28635 - 0.90601*I, -74.548 + 156.88%I, -9.7656 E140 - 5.7530 E140
*1]]
[9, [331.16 + 356.32*%I, -157.35 - 0.38597*I, -1.7471 E64 + 7.9208 E62%I;
-331.97 - 355.73%I, -157.35 - 0.38597*I, -1.6995 E64 + 6.5188 E63*I]]
[10, [0.88660 + 3.3481%I, -171.92 - 17.768%I, -3.9059 E303 - 1.4620 E303x*I
; -1.8866 - 3.3481%I, -171.92 - 17.768xI, 1.7423 E313 - 1.3758 E313xI]]

x/

[E(1/60) ,E(-11/60)]

/* = [0.99452 + 0.10453%I, 0.40674 - 0.91355%I] x*/

asympv (hah, [E(1/60) ,E(-11/60)]1,[0,0],100,3)

/¥ = [0.72361 - 4.6815 E-14%I, 0.27639 + 5.5667 E-15%xI]~ x*/

hah [100] -(const (1,0,0,2) "2*xE(1/60%100) *E(2/60/100) +const(1,0,0,1) *const
(1,1,0,2)*E(-11/60%100) *E(2/60/100))

/* = 2.1640 E-205 + 7.5473 E-206*I */

 const (-1/(100+1/2) ,0,0,2) -(const(1,0,0,2)*const (100+1/2,0,0,2) *E

(-1/60%(100+1/2))*E(-1/60/denominator (100+1/2) /numerator (100+1/2) ) *E
(-1/60/(100+1/2))+const(1,0,0,1)*const (100+1/2,1,0,2)*E(11/60%x(100+1/2)
)*E(-1/60/(100+1/2))*E(-1/60/denominator (100+1/2) /numerator (100+1/2)))

/* = -5.7703 E-205 + 4.8749 E-205%I x/

const (-1/(100+7/11) ,0,0,2) -(const(1,0,0,2)*const (100+7/11,0,0,2) *E
(-1/60%(100+7/11) )*E(-1/60/denominator (100+7/11) /numerator (100+7/11) ) *E
(-1/60/(100+7/11))+const (1,0,0,1) *const (100+7/11,1,0,2) *E
(11/60%(100+7/11))*E(-1/60/(100+7/11))*E(-1/60/denominator (100+7/11) /
numerator (100+7/11)))

/* = 1.2328 E-202 - 1.1016 E-202%I x*/

const (-1/(100+7/11) ,1,0,2) -(const(1,1,0,2)*const (100+7/11,0,0,2) *E
(-1/60%(100+7/11) )*E(-1/60/denominator (100+7/11) /numerator (100+7/11) ) *E
(11/60/(100+7/11))+const(1,1,0,1)*const (100+7/11,1,0,2) *E
(11/60%(100+7/11))*E(11/60/(100+7/11) )*E(-1/60/denominator (100+7/11) /
numerator (100+7/11)))

\\ = 1.6434 E-202 - 9.6018 E-203*I

3 const(-1/(100+7/11) ,1,0,1)-(const(1,1,0,2)*const (100+7/11,0,0,1) *E

(-1/60%(100+7/11))*E(11/60/denominator (100+7/11) /numerator (100+7/11) ) *E
(11/60/(100+7/11) )+const (1,1,0,1)*const (100+7/11,1,0,1) *E
(11/60%(100+7/11) )*E(11/60/(100+7/11))*E(11/60/denominator (100+7/11) /
numerator (100+7/11)))

\\ = 2.0538 E-202 + 2.3767 E-202%*I

Code 33 (The leading asymptotics of the A =4 Nahm sum).

prec=200;

default(realprecision,prec)

default (format,"g.5")

f(q,A,m,n,N=ceil (abs(real(sqrt(log(10~(-prec))/log(abs(q))*2/A)))))=1ocal(
si,qk,t,s);si=E(n);qk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=qk~Axt/(1-qgk);s=s+t
xqgk~(m-A/2)) ;s

X=polroots(x~4+x-1);

xx=vector (4,j,log(X[j]1)/(2%PixI));
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-1/(2%Pi*I)*log (1-X[1]) +4* (xx [1]+k) +]j
/* = 4xk + j + 2 */
-1/(2%PixI)*log(1-X[2]) +4x(xx [2]+k)+]j
/* = 4*xk + j */
-1/(2*Pi*I)*1log(1-X[3]) +4*(xx [3]+k)+j
/* = 4xk + j - 1 */
-1/(2%Pi*I)*1log (1-X[4]) +4* (xx [4]+k) +j
/* = 4*xk + j + 1 x/

V=vector (4) ;

s V[1]1=dilog (X[1])-Pi~2/6+2* (2*Pi*I) ~2*(xx[1]1+k) ~2-(2*Pix*I) ~2*(4*k+2) *x(xx

[1]+Kk)

/* = 78.957*%xk~2 + 78.957*k + 17.203 x/

V[2]=dilog(X[2])-Pi~2/6+2*% (2%Pi*I) ~2*x(xx [2]+k) ~2-(2*%Pi*I) ~2*(4*k) *(xx[2]+k
)

/* = 78.957*k~2 - 0.50498 */

V[3]=dilog(X[3])-Pi~2/6+2x(2*Pi*I) " 2x(xx [3]+k) "2-(2*Pi*I) ~2x(4*xk-1) *x(xx
[3]1+k)

/* = 78.957*%xk~2 - 39.478%k + 3.1656 - 0.98137*I x*/

V[4]l=dilog(X[4])-Pi~2/6+2%(2%Pi*I) ~2*%(xx [4]+k) ~2-(2*%Pi*I) ~2*(4*k+1) *x(xx
[4]+k)

/* = T78.957*k~2 + 39.478xk + 3.1656 + 0.98137*I */

V=subst (V,k,0)

huh=vector (2000) ;

; for(k=1000,1012,hubh [k]=£f(E(E(0.01)/k) ,4,0));

asymp (huh ,1000,10)

/* [0.98674 - 0.55536%I, -9.1759 E-22 + 1.2290 E-21%I, 0.43783 + 0.17519%1
1 */

E(V[4]/(2%Pi*I)~2/E(0.01))

/* = 0.98674 - 0.55536*I x/

1/sqrt (1-X[4])/sqrt (X[4]/(1-X[4])+4)

/* = 0.43783 + 0.17519%1 */

huhl=vector (2000) ;

for(k=1000,1012,huh1[k]=(huh[k]/E(V[4]/(2*Pi*I)“2/E(0.01)*k)*sqrt(l—X[4])*
sqrt (X[4]1/(1-X[4]1)+4) -1) /(2%Pi*I/(k/E(0.01))));

lim (huh1l,1000,10)

/* = 0.051613 + 0.053815*%I x*/

lindep ([1lim (huhl ,1000,10) *((1-X[4]) *(X[4]1/(1-X[4])+4))~3%24,1,X[4],X[4]"2,
X[4]1-3]1,12)

/* = [1, -64, 100, 18, -54]° x/

hah=vector (2000) ;

for(k=1000,1012,hah [k]=f(E(E(0.2)/k) ,4,0));

asymp (hah ,1000,10)

/* [1.0791 + 0.026806*I, 1.4777 E-21 + 1.0645 E-22*I, 0.73992 - 6.9681 E
-22%1] */

;s E(V[2]/(2%Pix*xI)~2/E(0.2))

/¥ = 1.0791 + 0.026806*I x*/
1/sqrt (1-X[2]) /sqrt (X[2]/(1-X[2])+4)
/* = 0.73992 + 0.E-2003%I */
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hahl=vector (2000) ;

s for(k=1000,1012,hahl [k]=(hah[k]/E(V[2]/(2%Pi*I)~2/E(0.2)*k)*sqrt (1-X[2])*

sqrt (X[2]/(1-X[2]1)+4) -1) /(2*%Pi*I/(k/E(0.2))));

1im(hah1,1000,10)

/* = 0.018037 + 3.9407 E-26xI %/

lindep ([lim(hahl,1000,10) *((1-X[2])*(X[2]/(1-X[2])+4))~3%24,1,X[2],X[2]"2,
X[2]1-31,12)

/* = [-1, 64, -100, -18, 541~ */

heh=vector (2000) ;

for (k=1000,1012,heh [k]=f(E(E(0.49) /k) ,4,0));

55 asymp (heh ,1000,10)

/* = [0.98674 + 0.55536%I, -9.1759 E-22 - 1.2290 E-21%I, 0.43783 -
0.17519%1] x*/

E(V[3]/(2*%Pi*I)~2/E(0.49))

/* = 0.98674 + 0.55536*I *x/

1/sqrt (1-X[3])/sqrt (X[3]1/(1-X[3])+4)

/* = 0.43783 - 0.17519*I x/

hehl=vector (2000) ;

for(k=1000,1012,heh1 [k]=(Cheh[k]/E(V[3]/(2%Pi*I)~2/E(0.49) *k) *sqrt (1-X[3]) *
sqrt (X[3]1/(1-X[3])+4)-1)/(2*xPi*I/(k/E(0.49))));

lim(heh1,1000,10)

/*¥ = 0.051613 - 0.053815*xI */

lindep ([1im(heh1,1000,10) *((1-X[3]1)*(X[3]1/(1-X[3])+4))~3%24,1,X[3],X[3]"2,
X[3]1-3]1,12)

/* = [1, -64, 100, 18, -54]~ x/

const(al,m,k)=1local(c);c=denominator (al) ;sum(r=0,c-1,E((2*r~"2+r*x(4*xk+m) ) *
al+(4xr+m)*xx [4]/c)*prod(s=0,c-1,(1-E((r+s+1+k)*al+xx[4]/c))~(1/2-(r+s
+1)/c)))/sqrt (X[4]1/(1-X[4]) *c+4*c)/prod(ell=1,abs(c)-1,(1-E(ell*al))
~(1/2-ell/abs(c)))

/ *

{for(m=-3,3,for(c=-10,10,if (c,

huh=vector (2000) ;

for(k=1000,1006,huh[k]=f(E(E(1/2-0.01) *k/(c*E(1/2-0.01) *k+1)) ,4,m)) ;

print ([m,c, asymp (huh ,1000,5) [3]/E(-V[4]/(2%Pi*I)~2/c)/const(1/c,m,0) -11)))
)}

{for (m=-3,3,for(c=-5,5,1if (c,

huh=vector (2000) ;

5 for(k=1000,1006,huh [k]=f(E((2*E(1/2-0.01) *k+1) /((2%c+1)*E(1/2-0.01) xk+(c

+1))) ,4,m));

print ([m,c,asymp (huh ,1000,5) [3]1/E(-V[4]/(2*%Pi*I) ~2*x(c+1)/(2*c+1))/const
(2/(2xc+1) ,m,0) -11))))}

{for (m=-3,3,for(c=-3,3,1if (c,

huh=vector (2000) ;

for(k=1000,1006,huh[k]=f(E((3*E(1/2-0.01) *k+2) /((3*c+1)*E(1/2-0.01) *k+(2*c
+1))) ,4,m)) ;

print ([m,c,asymp (huh ,1000,5) [3]1/E(-V[4]/(2*Pi*I) ~2*(2*c+1)/(3*c+1))/const
(3/(3*xc+1) ,m,0)-11))))}

[7,-3;7*xc+5,-3*%c-2]



90

91
92
93
94
95

96

D.1. NAHM SUMS 409

{for (m=0,0, for(c=-3,3,if (c,

3 huh=vector (2000) ;

for (k=1000,1006 ,huh[k]=f(E((7*E(1/2-0.01) *k-3) /((7*c+5)*E(1/2-0.01) *k+(-3%
c-2))),4,m));

5 print ([m,c,asymp (huh,1000,5) [3]1/E(-V[4]/(2*Pi*I) ~2*(-3*c-2)/(7*c+5))/const

(7/(7T*c+5) ,m,0) -11))))}

*/

hah=vector (2000) ;

for (k=200,206,hah[k]=const (1/k,0,0) ;print ([k,gettime ()]))

hahO=vector (2000) ;

for (k=200,206,hah0[k]=Chah[k]/E(V[4]/(2%xPi*I)"~2%k)/E(V[4]/(2%Pi*I)~2/k)/
const(1,0,0)/const(1,1,0)-1)/(2%xPi*xI/k))

lim (hah0,200,2)

/* = 0.051613 + 0.053814*I x/

(64-100%xX[4] -18*xX[4] ~2+54*X[4]1~3) /(X[4]+4*x(1-X[4]))~3/24

/* = 0.051613 + 0.053814*I x/

for (k=200,206,hah[k]l=const (1/(k+5/3) ,0,0) ;print ([k,gettime () 1))

hahO=vector (2000) ;

7 for (k=200,206 ,hah0[k]=(hah[k]/E(V[4]/(2*xPi*I) 2% (k+5/3))/E(V[4]/(2%Pix*I)

~2/denominator (k+5/3) /numerator (k+5/3))/const (1,0,0)/const (-(k+5/3)
,1,0)-1) /(2%Pi*xI/(k+5/3)))

lim (hah0,200,2)

/*¥ = 0.051613 + 0.053814*xI x/

const(al,j,m,k,thfix)=1ocal(c);c=denominator (al);sum(r=0,c-1,E((2*xr~2+r
*(4xk+m) ) *al+(4*xr+m) *xx[j]/c)*prod(s=0,c-1,((1-E((r+s+1+k)*al+xx[jl/c))
*E(thfix))~(1/2-(r+s+1)/c)/E(thfix*(1/2-(r+s+1)/c)))/sqrt(X[j1/(1-X[j1)
xc+4xc)/prod(ell=1,abs(c)-1,(1-E(ell*al))~(1/2-ell/abs(c))))

constmat (al ,m,k,thfix)=matrix(4,4,i,j,const(al,j,m+i-1,k,thfix))

round (constmat (1/5,1,0,-0.001) *constmat (-1/5,-1-3,0,-0.001) “*10~100)
/10~100

round (constmat (1/5,0,0,-0.001) *constmat (-1/5,-3,0,-0.001) "*10~100) /10-100

/ *

[1 11 1]
[1 1 1 0]
[1 1 0 0]
[1 0 0 0]
*/

constarbm(al,j,m,k,thfix,sts)=1local(c,Xtemp,xxtemp) ;c=denominator (al);
Xtemp=polroots (1-xvar*E(thfix)-E(al*c*m)*(xvar*E(thfix)) ~4);for(j=1,4,
Xtemp[jl=Xtemp [jl*E(thfix)) ;xxtemp=vector(4,j,(log(Xtemp[jI*E(thfix)) -
log(E(thfix)))/(2*%Pi*I)) ;sum(r=0,c-1,E((2*xr~"2+r* (4*k+m) ) *al+(4d*r+m)*
xxtemp[jl/c)*prod(s=0,c-1,((1-E((r+s+1+k)*al+xxtemp[jl/c))*E(thfix))
~(1/2-(r+s+1) /c)/E(thfix*x(1/2-(r+s+1)/c)))/sqrt (Xtemp[jl/(1-Xtemp[j]) *c
+4xc)/prod(ell=1,abs(c)-1,(1-E(ell*al))~(1/2-ell/abs(c))))/if (sts,E(m*
xxtemp[j1/c) ,1)

constarbmmat (al ,m,k,thfix)=matrix(4,4,i,j,constarbm(al,j,m+i-1,k,thfix))

A(t,q)=[0,1,0,0;0,0,1,0;0,0,0,1;1/(t*q"~2),-1/(t*q"2) ,0,0];

s P=[1,1,1,1;1,1,1,0;1,1,0,0;1,0,0,0];
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A(E(I/11) ,E(1/11))*constarbmmat (1/11,I,0,-0.001) -constarbmmat (1/11,1I
+1,0,-0.001)

5 constarbmmat (-1/5,-I%10-3,0,-0.001) "*P~(-1)*constarbmmat (1/5,1I

10,0, -0.001)

; for (k=0,200, print ([k/100.,([constarbm(1/7,2,2+100%xI+k/100,0,-0.000001,1),

constarbm(1/7,3,2+100%I+k/100,0,-0.000001,1),constarbm(1/7,4,2+100*%xI+k
/100,0,-0.000001,1)]1/E((1.5+(k/100+I%100)/2)/7/3)*sqrt(3))1))

7 for(k=0,200,print ([k/100.,([constarbm(11/13,2,2+100*I+k/100,0,-0.000001,1)

,constarbm(11/13,3,2+100*xI+k/100,0,-0.000001,1) ,constarbm
(11/13,4,2+100*xI+k/100,0,-0.000001,1)]1/E((1.5+(k/100+I*100)/2)*11/13/3)
*sqrt (3))1))

{constarbmvecbits(al,j,m,k,thfix)=1local (c,Xtemp,xxtemp) ;c=denominator (al);
Xtemp=polroots (l-xvar*E(thfix)-E(al*c*m)*(xvar*E(thfix)) ~4);for(j=1,4,
Xtemp[jl=Xtemp [jl*E(thfix)) ;xxtemp=vector(4,j,(log(Xtemp[jl*E(thfix)) -
log (E(thfix))) /(2*%Pix*I));

[sum(r=0,c-1,E((2*r~2+r*(4*xk+m))*al+4d*xr*xxxtemp[jl/c)/qpoch(E(al+xxtemp[j]/
c),E(al),r)),

E(m*xxtemp[jl/c),

; prod(s=0,c-1,((1-E((s+1+k)*al+xxtemp[j]/c))*E(thfix))~(1/2-(s+1)/c)/E(

thfix*(1/2-(s+1)/c))),
1/sqrt (Xtemp[j1/(1-Xtemp[j]) *c+4*c),

s 1/prod(ell=1,abs(c)-1,(1-E(ell*al))~(1/2-ell/abs(c)))]1}

constarbmvecbits (11/13,2,2+100%I,0,-0.000001)

{constarbmvecbitsasym(al,j,m,k,thfix)=1local (c,Xtemp,xxtemp) ;c=denominator (
al) ;Xtemp=polroots (1-xvar*E(thfix)-E(al*c*m)* (xvar*E(thfix)) ~4) ;for (j
=1,4,Xtemp[jl=Xtemp[jl*E(thfix)) ;xxtemp=vector (4,j,(log(Xtemp[jI*E(
thfix))-log(E(thfix)))/(2%Pix*I));

[sum(r=0,c-1,(-1) "r*E(3*al*xr~2/2 + ((al*m*c+3*xxtemp[j]l)*2-al*c)/2/c*r)),

E(m*xxtemp[jl/c),

prod(s=0,c-1,((-E((s+1+k)*al+xxtemp[jl/c))*E(thfix))~(1/2-(s+1)/c)/E(thfix
*(1/2-(s+1)/c))),

; 1/sqrt (3*c),

1/prod(ell=1,abs(c)-1,(1-E(ell*al))~(1/2-ell/abs(c)))1}

constarbmvecbitsasym(11/13,2,2+100%I,0,-0.000001)
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constarbm(al,j,m,k,thfix,sts)=1local(c,Xtemp,xxtemp) ;c=denominator (al);
Xtemp=polroots (1-xvar*E(thfix)-E(al*c*m)*(xvar*xE(thfix)) ~4);for(j=1,4,
Xtemp [jl=Xtemp [jI*E(thfix)) ;xxtemp=vector(4,j,(log(Xtemp [jl*E(thfix)) -
log(E(thfix)))/(2*%Pi*I));sum(r=0,c-1,E((2*xr~"2+r*(4*k+m) ) *al+(4*r+m)*
xxtemp[jl/c)/qpoch(E(al+xxtemp[j]l/c),E(al),r))*prod(s=0,c-1,((1-E((s+1+
k)*al+xxtemp[jl/c))*E(thfix)) ~(1/2-(s+1)/c)/E(thfix*(1/2-(s+1)/c)))/
sqrt (Xtemp[jl/(1-Xtemp[j]) *c+4*c)/prod(ell=1,abs(c)-1,(1-E(ell*al))
~(1/2-ell/abs(c)))/if (sts,E(m*xxtemp[jl/c) ,1)

constarbm(11/13,2,2+100%xI,0,-0.000001)

\r nahmé4data
delta=vector(4,j,X[j1+4*x(1-X[j1));

5 Ad=matrix (length (A40Z) ,4,k,j,A40Z[k]1*[1,X[j]1,X[j1-2,X[j1~3]1"/DD(k)/deltal[]

1-(3%k));

a(k,j)=if(k,A4[k,jl,1)/sqrt(deltaljl);

polroots (numerator (bestapprPade (serconvol (sum(k=0,120,a(k,4) *x"k)+0(x~121)
,exp(x+0(x~121)))))/subst (numerator (bestapprPade (serconvol (sum(k=0,120,
a(k,4)*x"k)+0(x~121) ,exp(x+0(x~121))))) ,x,0))

polroots (denominator (bestapprPade (serconvol (sum(k=0,120,a(k,4)*x"k)+0(x
~121) ,exp(x+0(x~121)))))/subst (denominator (bestapprPade (serconvol (sum(k
=0,120,a(k,4)*x"k)+0(x~121) ,exp(x+0(x~121))))) ,x,0))

{aa(k,j,jj,H,kk=0)=sum(1=0,H, (k-1-1) t*a(1l,33j)/(VIjj1-VI[jl+kk*4%Pi~2) "~ (k-1)
)/2/Pi/1}

[a(100,1),a2(100,2),a(100,3),a(100,4)]

/* = [-1.8298 E40 + 0.E-171%I, -8.5822 E96 + 0.E16*I, 9.8017 E96 - 6.4042
E96*I, 9.8017 E96 + 6.4042 E96%I] x*/

[a(100,1) -(aa(100,1,3,0)-aa(100,1,4,0)),a(100,2)-(-aa(100,2,3,0)+aa
(100,2,4,0)),a(100,3) -aa(100,3,2,0) ,a(100,4)+aa(100,4,2,0)]

/* = [-2.1917 E38 + 0.E-171*I, -1.8587 E94 + 0.E16*I, 5.3806 E93 - 5.9790
E93*xI, 5.3806 E93 + 5.9790 E93*I] x*/

[a(100,1) -(2a(100,1,3,10) -2a(100,1,4,10)),a(100,2) -(-2aa(100,2,3,10) +aa
(100,2,4,10)) ,a(100,3)-a2a(100,3,2,10) ,a(100,4)+aa(100,4,2,10)1]

/* = [1.1426 E31 + 0.E-171%I, -1.3188 E81 + 0.E16*I, -8.8103 E80 + 2.6430
E80*I, -8.8103 E80 - 2.6430 E80*I] x*/

local (tx);tx=serreverse (x/(V[2]-V[4]-x)+0(x~126)) ;confser4dm2=sum(k=1,125,
tx~k/(k-1) '*a(k,4));

7 local (tx) ;tx=serreverse(x/(V[2]-V[4]-x)+0(x~126)) ;confser4m2al=sum(k

=1,125,tx"k/(k-1)'*aa(k,4,1,k-1));
polcoeff (confser4m2,125)

/* = -1.5668 E10 - 3.3495 E10x*I x/
polcoeff (confser4m2al ,125)
/* = -1.5668 E10 - 3.3495 E10*I */

gpoch(x,q,n)=prod(j=0,n-1,1-x*q~j);
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th(x,q,N,kkk=0)=1local (qk,sp,sm,bi,s);qk=1;sp=1;sm=x"(-1) ;bi=1;s=bi*x(0"kkkx*
sp-(-1) "kkk*sm) ; for(k=1,N,qgk=qk*q; sp=sp*x;sm=sm/x;bi=-bi*qgk;s=s+bix* (k"
kkk*sp-(-k-1) “kkk*sm)) ;s

GG(qB,A,B,r,tt,N)=1local(qgk,q,t,s);9=qB"B;qk=qB r;t=qB~ (A*rx(r+1)/2)*tt"r/
gpoch(q,q,r);s=t;for(k=1,N,for(j=1,B,qk=qk*qB;t=qk~Axtt*t/(1-qk~B)) ;s=s
+t) ;s

GGmat (g4 ,tt ,N)=matrix(4,4,i,j,GG(g4,3,4,j-1,94 " (4xi-4)*tt,N))

TH(q8,m,N)=1ocal(t);t=exp(eps/2+m*eps/4+eps~2*xGf(q8~8,2,N)/4+0(eps~5))*[th
(-98~(8*m)*exp(eps+0(eps~5)),q8°32,N),-q8°5*xq8~ (2*m) xexp (eps/4+0(eps~5)
)*th (-q8~ (8*m+8) xexp (eps+0(eps~5)),q8°32,N) ,q8712*xq8~ (4*m) *exp (eps/2+0(
eps~5))*th(-q8~ (8*m+16) *xexp (eps+0(eps~5)),q8~32,N),-q8"21%q8~ (6*m) xexp
(3*xeps/4+0(eps~5) ) *th(-q8~ (8*m+24) xexp (eps+0(eps~5)),q8732,N)] ;matrix
(4,4,i,j,polcoeff (t[i],j-1+if(j==4,1) ,eps))

TH(q8+0(q8~1000) ,1,600) *TH(q8+0(q8~1000) ,0,600) ~(-1)

TH(q8+0(q8°1000) ,2,600) *TH(q8+0(g8~1000) ,1,600) ~(-1)

i (E((I*20)/2)*sqrt(20%I/4)*E(-1/8)*matrix(4,4,1i,j,I°((i-1)*(j-1)))*TH(E(I

*20/8) ,0,1000) *matdiagonal ([1,(-20%I),(-20*%I)"~2,(-20%I)"4]1)) ~(-1)*E
(-1/(I%20)/2)*TH(E(-1/(I*20)/8) ,0,1000)

s GGG(q8,m,N)=matdiagonal ([1,98"(8*m),q8 (16*m-32) ,q8~(24*m-96)])*GGmat (g8

~2,q8"~(-2*m-3) ,N)*TH(q8 ,m,N) /th(1/q8~16,q8~24,N)
GGG (q8+0(q8~1000) ,0,100) [1,1]-f(q8~8+0(q8~1000) ,4,2,0,100)

PGGG2f (q)=[1,0,0,0;-9°(-3) - q~(-2) - g~(-1), q~(-3) + g~ (-2) + 2*%q~(-1) +
1 +q9q, -9g72 - 9g°3 - q°4 - 9°5 - q°12, q~12;q9q°(-5) + q~(-4) + q~(-3), -
q~(-5) - 2%xq~(-4) - 2%q~(-3) - 2%xq~(-2) - q~(-1) + g~3, 1 + 2%q + 2%xq~2
+ q°3 + g°4 + q~10 + g~11, -q~10 - g~11;-9q~°(-6) - q~(-1), g~ (-6) + q
~(-56) + q°(-4) - q°2, -q°(-1) -1 - q - 979, q~9]

vectorv(4,j,f(q8~8+0(q8~1000) ,4,j-1,0,100))-PGGG2f (q8~8) *GGG (q8+0(q8~1000)
:_2:100)[,1]

- \p2000

\ps200

default (format,"g.5")

X=polroots (x~4+x-1);

xx=vector (4,j,log(X[j])/(2*Pi*I));
V=vector (4) ;

3 V[1]=dilog (X [1]) -Pi~2/6+2*% (2*Pi*I) " 2% (xx [1]+k) ~"2-(2*Pi*I) ~2* (4*xk+2) *(xx

[1]1+k)
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V[2]=dilog (X [2]) -Pi~2/6+2* (2*Pi*I) " 2*x(xx[2]+k) ~2-(2*Pix*I) ~2* (4xk)*(xx[2]+k
)

205 V[3]=dilog (X [3]) -Pi~2/6+2*(2*Pi*I) "2x(xx[3]+k) "2-(2%Pi*I) 2% (4*xk-1)*(xx

NN N W
N

NN N
o o

NN NN

() [v]
0 c

NN N
SR 2

[3]1+k)

i V[4]=dilog (X [4])-Pi~2/6+2*% (2*Pi*I) ~"2*(xx [4]+k) ~2-(2*Pi*I) ~2*x(4*xk+1) *(xx

[4]+k)

7 V=subst (V,k,0)

delta=vector (4,j,X[j1+4*x(1-X[j1));

Ad=matrix (length (A40Z) ,4,k,j,A40Z [k]1*[1,X[j],X[j]1~2,X[j]1~31~/DD(k)/deltal]
1-(3%k));

a(k,j)=if (k,A4[k,jl,1)/sqrt(deltaljl);

phil=1+sum(k=1,128,A4[k,1]1*x"k)+0(x~129);

; phi2=1+sum(k=1,128,A4[k,2]*x"k)+0(x~129) ;

phi3=1+sum(k=1,128,A4[k,3]*x"k)+0(x~129) ;

5 phi4=1+sum(k=1,128,A4[k,4]*x"k)+0(x~129);

7 \\borel of a = series in x
borel(a) = serconvol(a,exp(x));
\\pade of a = series in x

pade(a,N) = local(t); t=bestapprPade(a+0(x~N))

; padel=pade (borel (phil) ,128);

pade2=pade (borel (phi2) ,128) ;

5 pade3=pade (borel (phi3) ,128);
; pade4d=pade (borel (phid) ,128);

\\borel -pade resummation at tau of a series a with N coeffs
{resum(tau,pb)= intnum(xi=0, [+00,1],exp(-xi)*subst (pb,x,xi*xtau))l};

rphil (tau)=E(-V[1]l*tau/(2%Pix*I)~2)/sqrt(deltal[l])*resum(2*Pi*I/tau,phil)
rphi2 (tau)=E(-V[2]*xtau/(2*Pi*I)~2)/sqrt(delta[2])*resum(2*Pi*I/tau,phi2)

33 rphi3 (tau)=E(-V[3]*tau/(2*Pi*I)~2)/sqrt(delta[3])*resum(2*xPi*I/tau,phi3)

rphid (tau)=E(-V[4]*tau/(2*%PixI)~2)/sqrt(delta[4])*resum(2*Pi*I/tau,phid)

5 \p500

default (format,"g.5")

f(E(-1/(1000%E(0.0001))) ,4,0)
\\ = 1.4799 E67 + 1.8058 E67*I
rphi3 (E(0.0001) *1000)

\\ = 1.4799 E67 + 1.8057 E67*I

f(E(-1/(1000%*E(0.0001))) ,4,0)/rphi3 (E(0.0001) *1000)

5 \\ = 1.0000 - 2.7438 E-8x%I

(£(E(-1/(1000%E(0.0001))) ,4,0)/rphi3 (E(0.0001)*1000) -1) /E(E(0.0001) *1000)
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\\ = 1.0197 - 2.4883 E-5%*I

(£(E(-1/(1000*E(0.0001))) ,4,0)/rphi3 (E(0.0001) *1000) -1-E(E(0.0001) *1000)
~3-E(E(0.0001)*1000) "4-E(E(0.0001) *1000) "5-E(E(0.0001) *1000) “6-E(E
(0.0001) *1000) “7-E(E(0.0001) *1000) “8-E(E(0.0001) *1000) ~9) /E(E(0.0001)
*1000) ~10

\\ = 2.0397 - 5.0718 E-5%I

f(E(-1/(1000%E(0.0001))) ,4,0) -rphi3 (E(0.0001) *1000) *£f (E(1000*E(0.0001))
,4,1,0,100)
\\ = 0.20122 + 0.68776%1I

f(E(-1/(1000*%E(0.0001))) ,4,0) -rphi3 (E(0.0001) *1000) *f (E(1000*E(0.0001))
,4,1,0,100) -rphi2 (E(0.0001) *1000) *£ (E(1000*E(0.0001)) ,4,0,0,100) -rphil(
E(0.0001) *1000) *f (E(1000*E(0.0001)) ,4,2,0,100) -rphi4 (E(0.0001) *1000) *E
(1000*E(0.0001))*f (E(1000%*E(0.0001)) ,4,3,0,100)

\\ = 5.5399 E-138 - 3.7010 E-138x%I

f(E(-1/(1000*%E(0.00001))) ,4,0) -rphi3 (E(0.00001) *1000) *f (E(1000*E (0.00001))
,4,1,0,100) -rphi2 (E(0.00001) *1000) xf (E(1000*E(0.00001)) ,4,0,0,100) -
rphil1 (E(0.00001) *1000) xf (E(1000*E(0.00001)) ,4,2,0,100) -rphi4 (E(0.00001)
*1000) *E (1000*E (0.00001) ) *f (E(1000%*E(0.00001)) ,4,3,0,100)

GGG (E(-1/(1000*E (0.00001))/8) ,-2,100000) [1,]-[rphil(E(0.00001)*1000) ,rphi2
(E(0.00001) x1000) ,rphi3 (E(0.00001) *1000) ,rphi4 (E(0.00001) *1000)
1%[0,0,1,0;1,0,0,0;0,1,0,0;0,0,0,E(1000*E(0.00001))1*PGGG2f (E(1000*E
(0.00001))) *GGG(E(1000%E(0.00001) /8) ,-2,100) *matdiagonal ([1,1000*E
(0.00001) , (1000*E(0.00001)) "2, (1000*E(0.00001)) ~4])

5 £(E(-1/(1000%E(1/2-0.00001))) ,4,0) -rphi4 (E(1/2-0.00001) *1000) *f (E(1000%E

(1/2-0.00001)) ,4,1,0,100) -rphi2(E(1/2-0.00001) *1000) *f (E(1000*E
(1/2-0.00001)) ,4,0,0,100) -rphil1 (E(1/2-0.00001) *1000) xf (E(1000*E
(1/2-0.00001)) ,4,2,0,100) -rphi3 (E(1/2-0.00001) *1000) *E (1000*E
(1/2-0.00001) )*£f (E(1000*%E(1/2-0.00001)) ,4,3,0,100)

GGG(E(-1/(1000%E(1/2-0.00001))/8) ,-2,100000) [1,]-[rphil(E(1/2-0.00001)
*1000) ,rphi2(E(1/2-0.00001) *1000) ,rphi3 (E(1/2-0.00001) *1000) ,rphi4 (E
(1/2-0.00001) *1000)1%*[0,0,1,0;1,0,0,0;0,0,0,E(1000*xE(1/2-0.00001))
;0,1,0,0]*PGGG2f (E(1000*%E(1/2-0.00001)))*GGG(E(1000*xE(1/2-0.00001) /8)
,-2,100)*[1,0,0,0;0,-1,0,0;0,0,1,0;0,0,0,1]*matdiagonal ([1,1000%E
(1/2-0.00001) ,(1000*E(1/2-0.00001)) "2, (1000*xE(1/2-0.00001)) ~4])

(0,0,1,0;1,0,0,0;0,1,0,0;0,0,0,98~8]*PGGG2f (q8~8) *GGG (q8+0(q8-200) ,-2,100)
*([0,0,1,0;1,0,0,0;0,0,0,q8°8;0,1,0,0]*PGGG2f (q8~8) *GGG (q8+0(q8~200)
,-2,100)*[1,0,0,0;0,-1,0,0;0,0,1,0;0,0,0,11)~(-1)
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- 878 - 2%xq8~16 - 2%q87°24 - q87°32 + q8-40 + 3%q8~48 + T7xq8-56 + 10%q8
~64 + 14%q8°72 + 16%q8°80 + 17xq8°88 + 15%q8-96 + 11%xq8-104 + 2%q8-112
- 12%g8°120 - 30%q8°128 + 0(g8°135) 1 + g8~8 + q8°16 - q8°32 - 3%q8740
- 6%q8°48 - 8%q8°56 - 10%xq8°64 - 10%q8-72 - 9%q8-80 - 5%q8-88 + q8-96 +
11%q8-104 + 23%q8-112 + 38%q8-120 + 55%q8-128 + 0(q8~135) 1 - q8-16 -
3%¥q8°24 - 3%q8732 - 4%q8°40 - 4%q8°48 - 2%q8°56 + 8764 + 6xq8°72 + 12%
Q880 + 20%q8°88 + 27xq8°96 + 36%q8-104 + 42%q8-112 + 46%q8~120 + 45%q8
~128 + 0(q8~135) -1 - gq8°8 + 2%q8-24 + 4%q8-32 + 5%q8-40 + 7%q8°48 + 6%
Q856 + 5xq8-64 - 5%xq8°80 - 14%q8°88 - 23%xq8°96 - 36%q8-104 - 48%q8~112
- 60%xq8~120 - 69%xq8-128 + 0(q8~135)]

~16 + 2%q8-24 + 2%q8°32 + 2%q8°40 - 2%q8°56 - 5*q8-64 - 9%q8°72 - 13%q8
~80 - 17%q8°88 - 20%q8°96 - 21%q8~104 - 19%q8-112 - 15%q8-°120 - 5%q8
~128 + 0(q8-~135) 1 - q8~8 - g8-16 - q8-24 - g8-32 + g8~40 + 2%q8~48 +
5xq8-°56 + 8%xq8°64 + 10%q8°72 + 12xq8-80 + 13%q8-88 + 10%xq8-96 + 7%q8
~104 - 11%q8~120 - 24%q8-128 + 0(q8~135) -q8~8 + q8°24 + 2xq87°32 + 4xq8
~40 + 4%q8-48 + 5xq8-56 + 4*xq8764 + 2%xq8772 - 2%xq8-°80 - 7%q8°88 - 16%q8
~96 - 23%q8°104 - 33%q8-°112 - 42%q8-120 - 51%xq8-128 + 0(q8~135) q8-8 +
q8~16 - q87°32 - 4%xq8-~40 - 5%q8°48 - T7xq8°56 - 8%q8°64 - 7%q8°72 - 5%q8
~80 - q8788 + T*q8~96 + 16%q8-104 + 27%q8~112 + 42%q8~120 + 55%q8-128 +
0(q8~135) ]

275 [-q878 - q8~16 + 8724 + 2%q8°32 + 4%q8°40 + 5%q8°48 + 6%q8°56 + 5%*q8-64 +

276

277 [q8

278 */

3%xq8°72 - 7%*q8°88 - 14%xq8°96 - 24%q8°104 - 34%q8°112 - 47%q8°120 - 55%
q8°128 + 0(g8~135) 1 - g8°16 - g8°24 - 3%q8°32 - 3%q8°40 - 4%q8°48 - 2x
q8°56 + 4%xq8°72 + 9%q8°80 + 16%q8°88 + 22%q8°96 + 29%q8°104 + 35%q8°112
+ 38%q8°120 + 39%q8°128 + 0(gq8~135) 1 - 98°8 - 2%q8°16 - 98724 - g8°32
+ 98740 + 2%q8°48 + T7%xq8°56 + 8%q8°64 + 12%q8°72 + 14%xq8°80 + 16%*q8°88
+ 12%q8°96 + 10%q8°104 + q8~112 - 11%q8°120 - 27%q8°128 + 0(g8~135) 2x
q8°16 + 2%xq8°24 + 3%q8°32 + Q8740 - 4%q8°56 - 8%q8°64 - 12%q8°72 - 17*
q8°80 - 21%q8°88 - 24%q8°96 - 23%q8°104 - 22%q8°112 - 11%q8°120 - g8
~128 + 0(g8~135)]

~8 - 2%q8°24 - 3%q8°32 - 5%q8°40 - 4%q8°48 - 4%q8°56 - q8°64 + 2%q8°72

+ 9%q8°80 + 16%q8°88 + 25%q8°96 + 33%q8°104 + 42%q8°112 + 49%q8°120 +
52%q8-128 + 0(gq87135) -1 + q87°8 + q8~16 + 2xq8724 + 3%q87°32 + 2%q8°40 +
2%q8°48 - gq8°56 - 5%xq8°64 - 10%q8°72 - 15%q8°80 - 22%q8°88 - 25%q8°96
- 30%q8°104 - 30%q8°112 - 27%xq8°120 - 19%q8°128 + 0(g8~135) 2%q8°8 + g8
~16 + q87°24 - g8°32 - 3%q8°40 - 5%q8°48 - 8%q8°56 - 10%*q8°64 - 12%q8°72
- 11%q8°80 - 9%q8°88 - 98796 + 5%q8°104 + 20%q8°112 + 34%q8°120 + 55%
q8°128 + 0(g8~135) 1 - q878 - 2%q8~16 - 2xq8~24 - 2%q8732 + 2%q87°40 +
3%¥q8°48 + 8%q8°56 + 11%q8°64 + 16%q8°72 + 17xq8°80 + 20%q8°88 + 15%q8

~96 + 12%q8°104 + g8~112 - 14%g8°120 - 34%q8°128 + 0(q8~135)]

The file nahm4data begins as follows.

1 {A40Z=vector (129) };
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{A40Zz[1]=[-64, 100, 18, -54]};
{A40Z[2]=[-104876, 113812, 29836, 17388]};
{A40Z [3]1=[-79093616, -1648464240, 2928617760, -694542712]1}%};

D.2 Knots

Code 34 (Asymptotics of the Kashaev invariant of the trefoil).

prec=2000;

default (realprecision,prec)

default (format,"g.5")

E(x)=exp (2*¥Pi*I*x) ;

J(x)=1local(dx,qk,qq,t,s);qq=E(x) ;dx=denominator (x) ;qk=1;t=1;s=t;for (k=1,dx
-1,qk=qk*qq;t=t*(1-qk)"2;s=s+qk*t);s

Jgq(q,N)=1ocal(qgk,t,s);qk=1;t=1;s=t;for (k=1,N,qk=qk*q;t=t*(1-qgk) ~"2;s=s+qkx*t
) ;s

huh=vector (2000) ;

for (k=100,220,huh[k]=J(-1/k))

asymposc (huh ,100,5,E(0.42))

/* =

[1.0000 - 3.2503 E-9*%I 5.0322 E-6 + 1.5038 E-6*I 0.99996 - 5.6844 E-6%*1]

[ -0.12369 - 0.48175%I 5.0322 E-6 + 1.5038 E-6*xI 0.99997 - 1.1274 E-5x%I]
*/
asymposc (huh ,100,5,E(0.57))

/% =

[ 0.96593 - 0.25882*I 1.5000 - 4.3098 E-11*%I 0.70711 + 0.70711%1I]

[-0.061099 + 0.68460%I 1.5000 - 4.3098 E-11%I -1.5175 + 0.88145%1I]

*/

huhO=vector (2000) ;

for (k=100,220, huh0[k]=huh[k]-k~(3/2)*E(23/24*k)*E(1/8) *E(23/24/k) -subst (
bestapprPade (Jq(exp (x+0(x~10)) ,10) ,0) ,x,-2*xPi*I/k))

23 asymp (huh0,200,18)

/* = [1.0000 - 2.9525 E-12*I, -11.000 + 1.4843 E-8%I, 4.2882 E7 + 3.5833
E14*I] x/

phiO=Jq(exp (x+0(x~101)) ,100) ;

a0 (k)=polcoeff (phi0,k);

- {2a0(k,H,kk=0)=sqrt (2*Pi)*sum(1=0,H, gamma (k-1+3/2) *(-1/24) ~(1)/1!/(4*Pi

~2/24+kk*4*xPi~2) ~(k-1+3/2))}
a0 (100)
/* = 2.6597 E137 x/
a0(100) -aa0(100,200)
/* = -0.00011742 x/
a0 (100) -aa0(100,200) +aa0(100,200,1) *5
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3 /* = -2.4509 E-34 x*/

a0(100) -2a0(100,200) +2a0(100,200,1) *5+aa0 (100,500,2) *7
/* = 1.7936 E-74 */

/************************************************/

\\g-series for 3_1
/% %k %k Kk ok ok % ok %k ok K % ok %k ok %k ok %k ok Kk %k Kk % ok % ok %k ok %k k Kk ok ok % ok K k k k% k x /

{g0(q,m,N)=
local(qgk,s,t);
qk=1;

5 t=1;

s=t;

7 for(k=1,N,qk=q*qk;t=-qk*t/(1-qgk) ;s=s+t*qk~m) ;

s}

{g1(q,m,N)=

local(gk,s,t,G1l);

G1=Gf(q,1,N);

qgk=1;

t=1;

ha=0;

s=t*(m+1/4-G1l+ha) ;

for(k=1,N,qk=q*qgk;t=-qk*t/(1-qgk) ;ha=ha+qk/(1-qgk) ;s=s+qk"m*t*(k+m+1/4-Gl+ha
));

s}

{g(q,eps,N)=
local(qgk,s,t);
qk=1;

t=1;
s=txexp(eps/2) ;

5 for (k=1,N,qk=q*qk;t=-qk*t/(1-gk*xexp(eps));s=s+t*xexp((k+1/2)*eps));
s sxqpoch (gq*exp(eps),q,N)/qpoch(q,q,N)}

g(q+0(q~10) ,x+0(x~3) ,30) -(g0(q+0(q~10) ,0,30) +x*g1(q+0(q~10) ,0,30)+0(x~2))

g0(q+0(q~50) ,0,50)

\\ =1 -qg-9g°2 +q9°5 +q°7 - qg°1l2 - q~15 + gq~22 + q°26 - gq~"35 - q~40 + O
(q~50)

g1(q+0(gq~50) ,0,50) *2

\\ = 1 - Bxq - 7%q~2 + 11%xq~5 + 13%xq~7 - 17*q~12 - 19%q~15 + 23*%q~22 + 2b5%
q~26 - 29%q~35 - 31%q~40 + 0(q~50)

{gL(q,m,N)=

7 local(qgk,s,t);



90

or (k=1,N,qk=q*qk;t=-qk*t/(1-qk);s=s+qk"m*xt/(1-qk));
/4-Gf(1/q,1,N) -m+s}

/************************************************/

\\Habiro element
/3 % % o ok ok ok ok ok sk sk ok ok ok ok ok ok ok sk 3k s ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok 3k 3 kK ok ok ok ok % %k /

{F(q,N)=1local(qgk,s,t);qk=1;t=1;s=t;for (k=1,N,qk=q*qk;t=t*(1-qk) ;s=s+t);s}

\\ =1 - x + 3/2%xx"2 - 19/6*xx~3 + 69/8%x"4 - 3451/120%x"5 + 27221/240%x"6
- 2602699/5040*xx"~7 + 35825749/13440*x~8 - 5581680571/362880*xx~9 + 0(x
~10)

/************************************************/

2 \\matrix of q-series

/% % 5k %k ok 5k %k ok sk %k ok %k ok ok %k ok 5k %k ok %k K 5k % ok sk %k 5k %k % 5k %k 5k 5k %k >k k % >k % % * % >k * * *k % % /

G(q,m,N)=[1,0;g1(q,m,N),g0(q,m,N)]
A(q,m)=[1,0;1/(1-q"(m+1)) ,1/(1-gq~(m+1))]
G(q+0(q~30) ,1,30)-A(q+0(q~30) ,0)*G(q+0(q~30) ,0,30)
GL(q,m,N)=[1,0;-gL(q,-m,N),g0(q,-m-1,N)]

G(q+0(q~30) ,0,30)~(-1)*A(q+0(q~30) ,0)~(-1)-G(q+0(q~30) ,1,30) ~(-1)
GL(1/q+0(q~30) ,0,30) *A(q+0(q~30) ,0)~(-1)-GL(1/q+0(q~30) ,1,30)

Code 35 (Asymptotics of the Kashaev invariant of the figure eight knot).

prec=2000;

default (realprecision,prec)

default (format,"g.5")

E(x)=exp (2*¥Pi*I*x) ;

J(x)=1local(dx,qk,qq,t,s);qq=E(x);dx=denominator(x);qk=1;t=1;s=t;for (k=1,dx
-1,9k=qk*qq;t=-t*(1-qgk)~2/qk;s=s+t);s

Jq(q,N,m=0)=1ocal(qk,t,s);qk=1;t=1;s=t;for (k=1,N,qk=qgk*q;t=-t*(1-qgk) ~2/qk;
s=s+t*qk~m) ;s

huh=vector (2000) ;

for (k=200,220,huh[k]=J(-1/k))

asymp (huh ,200,10)

/* = [1.3814 - 1.9035 E-1982*I, 1.5000 - 2.6077 E-1978*I, 0.75984 + 2.5320
E-1978%I] */

V=I*imag(dilog(E(1/6)))*2

/* = 2.0299%1 x*/
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E(V/(2%Pi*I)~2)
/*x = 1.3814 x/

5 E(1/8) /sqrt (sqrt (-3))

huhl=vector (2000) ;

for (k=200,220,hubhl [k]=Chuh[k]/E(V/(2*xPi*I)~2%k)/(E(1/8)/sqrt(sqrt(-3)))-1)
/(2*Pi*xI/k))

lim(huhl,200,10) *sqrt (-3) ~3*DD (1)

/* = -11.000 - 2.2834 E-1979*I x/

g(q,N=ceil (abs(real (sqrt (log (10~ (-prec))/log(abs(q))*2)))))=local(qgk,t,s);
gk=1;t=1;s=t;for(k=1,N,qk=qk*q;t=-t*qk/(1-gk) "2;s=s+t) ;s

hoh=vector (2000) ;

for(k=100,220,hoh[k]=g(E(-1/(Ixk)))*sqrt(I*k))

asymposc (hoh,100,5,E(0.3))

/* =

[0.94827 + 0.31748*%I -1.6319 E-8 - 1.7181 E-8%I 0.75984 + 7.9416 E-8%I]

[-0.63925 - 1.2685%I -1.6319 E-8 - 1.7181 E-8+I 0.75984 + 9.3682 E-8%xI] */

asymposc (hoh ,100,5,E(-0.3))

/* =

[0.94827 - 0.31748%I -1.6319 E-8 + 1.7181 E-8%I 7.9416 E-8 + 0.75984%1I]

[-0.63925 + 1.2685%I -1.6319 E-8 + 1.7181 E-8%I 9.3682 E-8 + 0.75984%I] %/

asympv (hoh , [E(V/(2%Pi*I)~2%I) ,E(-V/(2%Pi*I)~2%I)]1,[0,0],200,5)

G(q,N=ceil (abs(real(sqrt(log(10~(-prec))/log(abs(qg))*2)))))=1local(qgk,t,s,
ts,G1);G1=Gf(q,1,N);qk=1;t=1;ts=0;s=t*(-4xG1+2*ts) ;for (k=1,N,qgk=qk*q;ts
=ts+(1+qk)/(1-qgk);t=-t*qk/(1-qgk) "2;s=s+t*(-4%G1+2%ts)) ;s

hah=vector (2000) ;

for (k=100,220,hah [k]=G(E(-1/(I*k)))/sqrt(Ix*xk))

5 asymposc (hah,100,5,E(0.3))

/% =
[0.94827 + 0.31748*I -1.6770 E-8 - 1.7203 E-8*I 0.75984 + 7.9405 E-8%I]
[-0.63925 - 1.2685*%I -1.6770 E-8 - 1.7203 E-8%I 0.75984 + 9.3944 E-8*I] x*/

asymposc (hah ,100,5,E(-0.3))

/* =

[0.94827 - 0.31748*x1 -1.6770 E-8 +

[-0.63925 + 1.2685%I -1.6770 E-8 +
*/

asympv (hah, [E(V/(2%PixI)~2xI) ,E(-V/(2*xPi*I)~2*I)],[0,0],200,5)

Ggoth(q,N=ceil (abs(real (sqrt(log(10~(-prec))/log(abs(qg))*2)))))=1local(qgk,t
,S,ts,tss,G1);G1=Gf(q,1,N) ;qk=1;t=1;ts=0;tss=0;s=t*((-4*xG1+2*ts)
~2/8-1/24+tss) ;for(k=1,N,qk=qk*q;ts=ts+(1+qk)/(1-qgk);tss=tss+qk/(1-qgk)
~2;t=-t*qk/(1-qk)"2;s=s+t*((-4%G1+2*ts)~"2/8-1/24+tss)) ;s

7203 E-8*xI -7.9405 - 0.75984%*1I]

1. E-8
1.7203 E-8*I -9.3944 E-8 - 0.75984%*1I]

5 heh=vector (2000) ;

for (k=200,220,heh[k]=Ggoth(E(-1/(I*k))))

- asympv (heh , [1,E(V/(2*Pi*I)~2%I) ,E(-V/(2%PixI)~2xI)],[0,3/2,3/2],200,5)

/* = [1.0000 + 7.9151 E-1986*I, -0.044774 + 0.044774xI, -0.044774 -
0.044774x1]" x/

\r 41data

hehl=vector (2000) ;

for (k=200,220,hehl [k]=(heh [k]-E(V/(2%Pi*I) " 2xIxk)*(E(1/8)/sqrt(sqrt(-3)))x*
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sqrt (I*k) ~3/12*(1+sum(ell=1,10,(-1)"ell1*AK410Z[el1]/DD(ell)/sqrt (-3)
~(3%ell) *(2*PixI/(I*k))~ell))-E(-V/(2+Pi*I) ~2*xI*k)*(E(1/8)/sqrt(-sqrt
(-3)))*sqrt (I*k)~3/12*x(1+sum(ell=1,10,AK410Z[el1]/DD(ell)/sqrt (-3) (3%
ell) *(2%Pi*I/(I*k))~ell)) -1)/(2+%Pi*I/(I*k)) ~2)

asympv (hehl ,[1,E(V/(2%Pi*I)~2*I) ,E(-V/(2*xPi*I)~2xI)],[0,1/2,1/2],200,5)

/* = [-1.0000 - 9.1164 E-1981*I, -2.1472 E-11 + 2.7900 E-12*I, -2.1472 E
-11 - 2.7900 E-12*I]~ %/

heh2=vector (2000) ;

for (k=200,220,heh2[k]=(heh1 [k]+1) /(2*%Pi*I/(I*k))"2)

asympv (heh2 ,[1,E(V/(2*Pi*I)~2*I) ,E(-V/(2%PixI)~2xI)],[0,1/2,1/2],200,5) *12

/* = [47.000 - 1.6569 E-1975*I, 5.0548 E-9 + 7.5165 E-10*xI, 5.0548 E-9 -
7.5165 E-10*%I1~ x/

a(k,j)=1/sqrt (-(-1) ~j*sqrt (-3))*if (k,AK410Z [k]/sqrt (-3) ~(3*k)/DD(k)*(-1) ~(
k+j+1),1)

polroots (numerator (bestapprPade (serconvol (sum(k=0,290,a(k,1)*x~k)+0(x~291)
,exp(x+0(x~291)))))/subst (numerator (bestapprPade (serconvol (sum(k=0,290,
a(k,1)*x"k)+0(x~291) ,exp(x+0(x~291))))) ,x,0))

polroots (denominator (bestapprPade (serconvol (sum(k=0,290,a(k,1)*x"k)+0(x
~291) ,exp(x+0(x~291)))))/subst (denominator (bestapprPade (serconvol (sum(k
=0,290,a(k,1)*x"k)+0(x~291) ,exp(x+0(x~291))))) ,x,0))

The file 41data begins as follows.

{AK410Z=vector (296) };
{AK410Z [1]=11};

; {AK410Z [2]1=697};

{AK410Z [3]1=724351};

D.3 Half surgery on the figure eight knot
Code 36 (Asymptotics of the WRT invariant and Z series).

/% K KK kK K K ok K oK oK oK K oK ok oK oK K ok K ok K ok K ok K ok K ok K ok K oK K ok K K K K K K Rk ok ok /
\\setup
/************************************************/
\p 2000

\ps 200

default (parisize ,120000000)

default (format,"g.5")

\\gpochhammer
gpoch(a,q,n)=local(p,qn);p=1;qn=1;if(n>-1,for (k=1,n,p=p*(l-qn*a);qn=qn*q),
for(k=1,-n,qn=qn/q;p=p/(1-qn*a)));p;

gqpochinfty(a,q,N,ss=1,WMW=ss)=1local(s,t,qn);t=1;s=t;qn=1;for(k=1,N,qn=qn*q
~ss;t=-qn/q~(1/2+ss/2)*t/(1-qn) *a*xq~(ss/2-WMW/2) ;s=s+t) ;s ss;
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/% % 5k % ok 5k %k ok sk %k ok %k ok ok %k ok 5k %k ok % ok 5k %k ok sk %k 5k % % 5k %k >k 5k %k >k k % >k %k % * % >k * * *k % * /

5 \\fields

/************************************************/

7 \\ trace field, type [5,1] with discriminant -7215127 (a prime)

P(x)=x"7-x"6-2%x"5+6*xx"4-11%x"3+6*xx"2+3*x-1;

xi=polroots (P(T));

A\

\\[-2.2411, -0.43760, 0.25599, 1.3348, 1.3483, 0.36981 - 1.4410*I, 0.36981
+ 1.4410%1] where xi[3] is SL2R xi[6] and xi[7] are SL2C and others
are SU2

\\ finds elements of the n-th embedding of the trace field
find(x,n,e)=lindep ([x,1,xi[n],xi[n]"2,xi[n]"3,xi[n]"4,xi[n]"5,xil[n]"~6],e)

\\ shape field

PP(z)=2z"14+42*%z"13+2"12-4%2"10-8%2"9-10*%2"8-13*2"7-10*z2"6-8*%z"5-4%z"4+z
~2+2%xz+1;

xixi=polroots (PP(T));

findsh(x,n,e)=lindep([x,1,xixi[n],xixi[n]"2,xixi[n]"3,xixi[n]"~4,xixil[n]"5,
xixi[n]~6,xixil[n]~7,xixil[n]"8,xixi[n]"9,xixi[n]~10,xixi[n]"11,xixil[n
1-12,xixi[n]~13],e)

AR

\\[0.61642, 1.6223, -0.69314 - 0.019415*%xI, -0.69314 + 0.019415*%xI, -1.4416
- 0.040379*xI, -1.4416 + 0.040379*I, 0.47669 - 0.87907*I1, 0.47669 +
0.87907xI, -0.42361 - 0.90585*xI, -0.42361 + 0.90585*xI, -0.19405 -
0.98099*I, -0.19405 + 0.98099*I, 0.15633 - 0.98770*xI, 0.15633 +
0.98770%1]

\\ trace field from shape field
S2t (x)=-15-8*x-3*x"2+4*x"3+55*%x"4+40*xx " 5+91*x " 6+66*x~7+56*x~8+43*xx~9+x
~10-14%x"12-11%x"13;

5 \\

\\vector (14,j,s2t (xixi[j]l)) = [0.25599, 0.25599, 0.36981 + 1.4410%I,
0.36981 - 1.4410*I, 0.36981 - 1.4410xI, 0.36981 + 1.4410*%I, -2.2411,
-2.2411, 1.3483, 1.3483, 1.3348, 1.3348, -0.43760, -0.43760]

\\therefore see that 1P->7,8PP|2P->13,14PP|3P->1,2PP|4P->11,12PP|5P->9,10
PP|6P->4 ,5PP |7P->3,6PP |

\\ shape field is quadratic extension
sot(x,j)=x"2+x*(-1-4xxi[j]-4*xi[j]~2+3*xi[j]1"3-xi[j]l~4+xi[j]~5+xi[j]~6)+1

\\ shapes from the trace field
t2s=vector (7,j,(-(-1-4xxi[j]-4*xi[j]~2+3*xi[j]~3-xil[jl~4+xi[j]l~5+xi[j]l"6)+
sqrt ((-1-4*xxi[j]-4*xi[j]~2+3*xi[j]~3-xi[jl-~4+xi[jl~5+xi[j]~6)"2-4))/2)

5 /************************************************/

\\complex volumes
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/% K K ko ok ok K ok K Kk Kk Kk K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok K ok K K K K K K Kk /
R(z,p,q)=dilog(z)+(log(z) +2*Pi*xIxp) *(log(1l-2z) -2xPix*xI*q) /2;

\\ shapes

zlvec=vector (7,j,2*t2s[j]1~13+3*t2s[j]~12+t2s[j]1~11-9*t2s[j]l~9-12*t2s[]
1-8-15%t2s[j]1~7-20%xt2s[j]1~6-10*t2s[j]1"5-13*t2s[j]1~4-t2s[j]1"3+t2s[j
J-2+2xt2s[j]1+4);

z2vec=vector(7,j,-2*xt2s[j]~13-3%t2s[j]~12-t2s[j]1~11+9%t2s[j]~9+12*t2s [
1~8+15%t2s[j1"7+20%t2s[j1~6+10%t2s[j1~5+12%t2s[j1-4+t2s[j]1~3-2%t2s [j
1-3);

\\ vols

vol=[-R(zlvec[1],0,0)+R(z2vec([1],-2,-3),-R(z1vec[2],0,1)+R(z2vec[2],0,0),-
R(zlvec[3],-1,-1)+R(z2vec([3],0,1),-R(z1vec[4],0,0)+R(z2vec([4],1,1),-R(
zlvec [5],0,-1)+R(z2vec[5],-1,-2),-R(zlvec[6],0,0)+R(z2vec([6],-1,-2),-R(
zlvec [7],0,0)+R(z2vec [7],1,2)];

\\[99.254, -6.7857, -0.11620, 9.2837, 41.608, 44.346 - 1.3985%I, 44.346 +
1.3985%1]

\\ the shifted volumes
V = vol-4*xPi~2x[2,0,-1,0,1,1,1]

) \\[20.296, -6.7856, 39.362, 9.2837, 2.1292, 4.8678 - 1.3985*xI, 4.8678 +

1.3985%1I]

\\1-1loop
delta=vector(7,j,[-74,-66,133,-74,31,15,-12]*xvectorv(7,1l,xi[j]1~(1-1)));

5/ % % %k %k % 5k % 5k % k %k % 5k % 5k % >k % * %k 5k % >k k >k % * %k % %k % >k % >k *k * *k % >k % *k Kk k k¥ * /

\\formula based WRT

7/ % %k %k ok %k ok 5k %k ok sk ok ok % ok ok 5k ok 3k %k ok 3 oK 5k % ok 3k %k 5k % K >k %k >k 3k %k >k %k >k % >k k Kk *k Kk k x /

\\WRT invariant for 4_1(-1,2) see Hecke..., Lovejoy, Hikami
Wex(q,m,n,N)=sum(k=0,N, (-1) "kxq~(-k*(k+1) /2+m*k) *qpoch(q,q,2*k+1) *sum(ell
=0,k,q"(ell*(ell+1)+n*ell)/qpoch(qg,q,ell)/qpoch(q,q,k-ell)));

\\fast version

{W(gq,m,n,N)=

local(q92,t,qbc,qbs,qp,qk,q2k,tqt ,mo, temp) ;

q2=q~2;t=1-q;qgbc=1;9bs=0;qp=1-q9;9k=1;q92k=1;tqt=1;mo=1;

for (k=1,N, temp=gbc;mo=(-1)*mo;gk=q*qk;q2k=(q2) *q2k; tqt=qgk*tqt;qbc=(1+q-qk+
q2k*q~n) *gbc-(gq-qk) *gbs;gbs=temp;qp=qp* (1+qgk) *(1-g*q2k) ; t=t+mo*xgk "m*qgp*
gbc/tqt) ;

t};

\\check they agree
W(exp(h+0(h~20)) ,7,-11,60) -Wex (exp(h+0(h~20)) ,7,-11,60)

/% K KK kK ok K ok K oK oK o oK ok oK ok oK ok oK ok K ok K ok K ok K ok K ok K ok K oK K ok K K K K K K K Kk ok
\\numerical asymptotics
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/% sk sk sk sk ok sk ok ok sk ok ok sk ok ok sk ok ok sk sk ok sk sk ok sk s ok ok s sk ok o sk ok % sk ok ok sk sk ok sk ok ok sk ok ok %k /
huh=vector (2000) ;

5 for (k=500,1020, huh [k]=W(E(-1/k) ,0,0,k+10) ;print ([k,gettime ()]))

asymposc (huh ,500,2,E(0.1))
\\ = [0.94313 + 0.33243*xI 0.50001 + 1.0554 E-5*%xI 0.30443 - 0.30448x%1]

asymposc (huh ,500,2,E(0.3))
\\ = [0.093109 + 0.99566*I 0.49999 + 3.3768 E-6xI -0.26688 + 0.26690%I]

; asymposc (huh ,500,2,E(0.4))

\\ = [-0.99606 - 0.088638*I 0.50000 + 9.4365 E-6*xI 0.20780 - 0.20783%*1I]

asymposc (huh ,500,2,E(0.7))
\\ = [0.47135 - 0.88194*I 0.50000 + 1.2317 E-5*%I -0.19891 + 0.19894x*1I]

exp(-vol/2/Pi/I)

\\ = [-0.99606 - 0.088638*I, 0.47135 - 0.88194*I, 0.99983 - 0.018493%*I,
0.093109 + 0.99566*I, 0.94313 + 0.33243*xI, 0.89275 + 0.87392*I, 0.57201
+ 0.55994%1I]

2> hah=vector (2000) ;

for (k=1000,1020,hah[k]=W(E(-1/(k+1/2)) ,0,0,2*%k+10))

asymp (hah ,1000,18)
\\ = [0.89275 + 0.87392*I, 0.50000 - 7.1669 E-33*I, -0.41564 - 1.0444%1I]

/************************************************/

\\reading in data
/K KK ok ok o ok K ok ok K oK K ok ok K oK oK o oK K ok ok K oK oK o ok K ok ok K oK K ok ok K oK oK K oK K K ok K K K K/

A=vector (200,k,vector(7,1,0));
\r 4112data
\r data_41_12surgery

HH=114 \\ current number of a(k,j)

am=matrix (HH,7,k,j,(deltal[j]l) ~(-1/2)*A[k]l*vectorv(7,1,xi[j]~(1-1))/deltalj
1~ (3*%k)/DD(k));
a(k,J)=1f(k:am[k7J] ,(delta[J])”(_l/Q));

hahl=vector (2000) ;
for(k=1000,1020,hahl [k]=(hah[k]/exp(-vol [6]/2/Pi/I*(k+1/2))/sqrt(k+1/2)*
sqrt (delta[6])/E(1/8)/2-1)/(2*xPi*xI/(k+1/2)))

lim(hah1,1000,18)
\\ = 0.11069 - 0.025945%1I
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\\

7 -A[1]l*vectorv(7,1,xi[6]"(1-1))/deltal[6]"(3%1)/DD(1)
= 0.11069 - 0.025945%1

/% % sk sk sk s sk sk ok sk sk ok sk ok sk s ok sk ok sk o ok sk ok sk s K sk ok 3k s ok sk ok sk o ok ok ok sk o K sk ok 3k ok K %k /
\\zhat

2 /************************************************/

\\Zhat invariant for 4_1(-1,2) see Two-Var..., Gukov, Manolescu for

numerics

5 Zhatex(q,m,n,N)=q~(-m-n) *sum(ell=0,N,(-1)"ell*q~(ell*(ell+1)/2-n*ell)*

gpoch(q,q,ell) *sum(k=0,ell, (-1) "k*xq~(3*xk*x(k+1) /2-(m+1) *k) /qpoch(q,q,ell
-k)/qpoch(q,q,2*k))) ;

7 \\quick computation

{Zhat(q,m,n,N)=

local(qg2,t,qbc,qbsl,qbs2,qbs3,qp,qell,tqt, temp);
t=q~(-n-m);gqbc=q~(-m);qbs1=0;gbs2=0;gbs3=0;qp=1;q9gell=1;tqt=1;mo=1;
for(ell=1,N,temp=qbc;qell=qell*q;tqt=tqt*qell;gbc=-((-qell~(-4)*q~(-4) -

t};

qell~(-4)*q~(-3)-qell~(-4)*xq~(-2)-qell~(-4)*q~(-1)+q~(-5)*qgell~(-2)+2*q
~(-4)*gell~(-2)+q~(-3)*qell~(-2)+q~(-5-m)*qell~(-1))/(qell~(-4)*q~(-4)-
q~(-5)*qgell~(-2)-q~(-4)*qgell~(-2)-q~(-6-m)*qell~(-1)+q~(-5)+q~(-m-6)*
gell~(-1))*qgbc+(qell~(-4)*q~(-3)+qell~(-4)*q~(-2)+2*xqell~(-4)*q~(-1)+
qell~(-4)-q~(-4)*qell~(-2)-q~(-3)*qell~(-2)-q~(-5-m)*qgell~(-1)+qgell
~(-4)*q~(+1))/(qell~(-4)*q~(-4)-q~(-5)*xqell~(-2)-q~(-4)*qell~(-2)-q
~(-6-m)*qell~(-1)+q~(-5)+q~(-m-6)*xqell~(-1))*gbsl-(qgell~(-4)*xq~(-1)+
gell~(-4)+qgell~(-4)*q~(+1)+qell~(-4)*q~(+2))/(qell~(-4)*xq~(-4)-q~(-5)*
gell~(-2)-q~(-4)*qgell~(-2)-q~(-6-m)*qell~(-1)+q~(-5)+q~(-m-6)*qell~(-1)
) *gbs2+qell~(-4)*q~(+2) /(qell~(-4)*xq~(-4)-q~(-5)*qgell~(-2)-q~(-4)*qell
~(-2)-q"(-6-m)*qell~(-1)+q~(-5)+q~(-m-6)*qell~(-1))*gbs3) ;gbs3=gbs2;
gbs2=qgbsl;gbsl=temp;qp=qp*(1-qgell);t=t+(-1)~ell/qell"n/q~(n)*gp*gbc*tqt
)

\\ checks

Zhat (q+0(q~50) ,0,0,50) -Zhatex(q+0(q~50) ,0,0,50)
Zhat (q+0(q~50) ,7,-11,50) -Zhatex (q+0(q~50) ,7,-11,50)
Zhat (q+0(q~50) ,2,3,50) -Zhatex (q+0(q~50) ,2,3,50)

heh=vector (2000) ;
for (k=1000,1020,heh [k]=Zhat (E(-1/(I*k)) ,0,0,2+k);print ([k,gettime ()1))

asymp (heh ,1000,18)

AR

= [1.0187, 0.50000, 0.10958]

exp (-vol [3]/2/Pi/I*I)

AR

= 1.0187

hehl=vector (2000) ;
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150 for (k=1000,1020,hehl [k]=(heh[k]/exp(-vol [3]/2/Pi/I*Ixk)/sqrt(I*xk)*sqrt(
deltal[3])/E(1/8) -1)/(2*Pi*I/(I*k)))

161 1im(hehl ,1000,15)
62 \\ = 0.11778 - 3.2040 E-1959%I

164 —A[1]*vectorv(7,1,xi[3]1~(1-1))/deltal[3]~(3%x1)/DD(1)
w65 \\ = 0.11778 + 0.E-2004%I

167 /% %k k% %k % % sk ok ok ok ok ok %k % % s ok ok ok ok ok %k %k % sk ok ok ok ok ok K %k ok ok ok ok k Kk K Kk ok k k /
165 \\asymptotics series

169 /************************************************/
170 PhiO=W(exp(x) ,0,0,201);

171 Phil=sum(k=0,HH,a(k,1)*x"k)+0(x~(HH+1)) ;

172 Phi2=sum(k=0,HH,a(k,2)*x"k)+0(x~(HH+1)) ;

173 Phi3=sum(k=0,HH,a(k,3)*x"k)+0(x~(HH+1)) ;

174 Phid=sum (k=0,HH,a(k,4) *x"k)+0(x~(HH+1) ) ;

175 Phi5=sum (k=0,HH,a(k,5) *x"k)+0(x~ (HH+1)) ;

176 Phi6=sum (k=0,HH,a(k,6)*x"k)+0(x~(HH+1)) ;

177 Phi7=sum(k=0,HH,a(k,7)*x"k)+0(x~(HH+1)) ;

170 {B=[abs(V[1]-V[6]),abs(V[2]-V[6]) ,abs(V[3]-V[6]),abs(V[4]-VI[6]),
150 abs (V[5]-V[6]),abs(V[6]-V[5]),abs(V[7]-V[5])]} \\ asympt growth rate of a(
k,j)/k!

g2 {BB=[(V[1]-V[6]),(V[2]-V[6]) ,(V[3]-Vv[6]),(V[4]l-VvI[6]),
83 (V[B]-V[6]),(V[6]-v[56]),(V[7]-V[5])]1}

155 a0 (k)=polcoeff (Phil , k) ;
187 /% % sk sk sk ok ok ok ok ok sk 3k 3k o o ok ok ok ok sk ok ok ok ok ok ok ok ok ok 3k ko ok ok ok ok ok ok ok ok ok ok ok %/

1ss \\asymptotics of the coefficients
189 /************************************************/

191 \\optimal truncation asymp of coeffs a(k,j)
102 ako(k,j,jj)=floor (k*B[j1/(abs(VIj1-V[jj1)+B[j1))

194 \\optimal truncated asymp of coeffs a(k,j)
105 {aa(k,j,jj,H=min(HH,ako(k,j,jj)))=
196 sum(1=0,H,(k-1-1)!'*a(1,jj)/(V[j1-V[jjl)~(k-1))/2/Pi/I1}

0s {aaa(k,j,jj,H=HH)=
199 sum (1=0,H, (k-1-1)!'*a(1,3j)/(-V[jI+V[jjl1)~(k-1))/2/Pi/1}

200 {err(k,j,jj,tt=0)=H=min(HH,ako(k,j,jj));
202 (k-1-H) '*a(H,jj)/(-V[j1+VI[jjl+tt*Pi~2) ~(k-H)/2/Pi/I}

200 a(80,1) \\ = 0.E-1801 - 5.2055 E20%*I



205 a(80,1)-aa(80,1,6,20)-aa(80,1,7,20) \\

426

0.E-1809 - 3.8570 E14xI

207 a(80,2) \\ = 0.E-1813 + 3.9225 E30xI

a(80,2)-aa(80,2,6,20)-2a(80,2,7,20) \\ 0.E-1820 - 1.1333 E21%*I

a(110,3) \\ = 0.E-1997 + 4.0035 Eb5%I
a(110,3)-2a(110,3,6,13)-2a(110,3,7,13) \\ = 0.E-1978 + 5.8422%I

213 a(80,4) \\ = 0.E-1750 - 6.3552 E62%I

a(80,4)-aa(80,4,6,20)-2a(80,4,7,20) \\ 0.E-1767 - 1.2429 E45%1

a(80,5) \\ = 0.E-1722 - 1.3417 E77x*I
 a(80,5)-a2a(80,5,6,20)-aa(80,5,7,20) \\

0.E-1735 + 8.3409 Eb55x*I

a(80,6) \\ = 5.6878 E76 + 4.3293 E75%*I
a(80,6)+aa(80,6,5) \\ = 2.4379 E62 + 1.6582 E62x*I

a(80,6)+aa(80,6,5)+aa(80,6,4) \\ = -4.9759 E561 + 1.0774 EbB1xI
err (80,6,5) \\ = -9.9868 E51 - 3.6041 E50%*I
aa(80,6,7) \\ = -2.0196 E78 - 1.3147 E80%*I

5 a(80,7) \\ = 5.6878 E76 - 4.3293 E75%*I
a(80,7)+aa(80,7,5) \\ = 2.4379 E62 - 1.6582 E62%I
a(80,7)+aa(80,7,5)+aa(80,7,4) \\ = -4.9759 Eb51 - 1.0774 Eb51xI

VO=vol -4*Pi~2%x[3,0,0,0,1,1,1];

\\optimal truncation asymp of coeffs aOper (k)
al0ko (k, j)=floor (k*xabs (VO[3])/(abs(VO[j])+abs(VO[3])))

34 \\optimal truncated asymp of coeffs a0O(k)
5 {a0a(k,j,H=min (HH, a0ko(k,j)))=1/(-VO[j]) " (k) *sum(1=0,H, gamma (k-1+1/2) *(-
sqrt (-1/2/Pi))*a(1,j)*(-VOo[jI1)~(1-1/2))}

7 a0(200) *1. \\ = -6.4904 E559

a0(200) -a0a(200,3,110) \\ = 1.1057 E232 + 2.9568 E-1437%I

a0 (200) -a0a(200,3,110) +a0a(200,6) -a0a(200,7) \\ = 3.5233 E224 + 2.9568 E
-1437*1

/K KK Kok o kK ok oK K KK o ok K oK oK o ok K ok ok K KK o ok K oK oK K oK K ok ok K KoK ok K Kk Kk K K/
\\one loop invariants at roots of unity

3/ K Kk ok ok ok ok K ok oK o ok K ok ok K ok oK ok ok K ok ok o oK K ok ok K oK oK o oK K ok ok K oK oK o oK K ok ok K kK K/
\p200

5 default (format,"g.5")

217 X1=vector(7,j,[-3, 11, 20, -15, 6, -2, -4]*xvectorv(7,k,xi[j]l~(k-1)))
2185 X2=vector(7,j,[-9, 19, 76, -52, 20, -4, -13]*vectorv(7,k,xi[j]1~(k-1)))

x1(j,k)=log(X1[j1)/2/Pi/I+k
x2(j,k)=log(X2[j]1)/2/Pi/I+k
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Delta=vector(7,j,[-257, 806, 947, -749, 331, -133, -213]*vectorv(7,k,xil[]
1-(k-1)))

52 Dg(x)=local(a,c);c=denominator (x);a=x*c;sqrt(-I*c/abs(c))*prod(ell=1,abs(c

)-1,(1-E(ell*a/c))~(1/2-ell/abs(c)));

{const(al,j,m,n,thfix=0)=1local(c,q);c=denominator (al);q=E(al);

55 sum(k=0,c-1,sum(ell=0,c-1,q  (k~2+k*ell -m*k-n*ell-m)*X1[j]~((2*k+ell-m)/c)*

X2[j1~((k-n)/c)/prod(i=0,c-1,((1-q~(i+1+ell-k)*X1[j1~(-1/c)*xX2[jI1~(1/c)
)*E(thfix))~((i+1+ell-k)/c-1/2) /E(thfix*((i+1+ell-k)/c-1/2)))/prod(i=0,
c-1,((1-q~(i+1+ell)*X2[j1~(1/c))*E(thfix))~((i+1+ell)/c-1/2)/E(thfix*((
i+1+ell)/c-1/2)))/prod(i=0,c-1,((1-q~(i+1+2*k)*X1[jI1~(2/c))*E(thfix))
~((i+1+2*%k)/c-1/2) /E(thfix*((i+1+2xk)/c-1/2)))))*sqrt ((1-X1[j]1-2) ~2*(1-
X2[j1)*(1-X2[j1/X1[j1)/(Deltaljl))/I/c/Dq(al)}

7 {constterm(k,al,j,m,n,thfix=0)=1local(c,q);c=denominator (al) ;q=E(al);

sum(ell=0,c-1,9 (k" 2+k*ell -m*k-n*ell-m)*X1[j]~((2*k+ell-m)/c)*X2[j]~((k-n)
/c)/prod(i=0,c-1,((1-q~(i+1+ell-k)*X1[j1~(-1/c)*X2[j1~(1/c))*E(thfix))
~((i+1+ell-k)/c-1/2)/E(thfix*x((i+1+ell-k)/c-1/2)))/prod(i=0,c-1,((1-q~(
i+1+ell)*X2[j1-(1/c))*E(thfix)) ~((i+1+ell)/c-1/2)/E(thfix*x((i+1+ell)/c
-1/2)))/prod(i=0,c-1,((1-q~(i+1+2*%k)*X1[j]1~(2/c))*E(thfix)) ~((i+1+2x%k)/
c-1/2) /E(thfix* ((i+1+2%k)/c-1/2))))*sqrt ((1-X1[j1-2) ~2*x(1-X2[j1)*(1-X2[
j1/X1[j1)/(Deltaljl))/I/c/Dq(al)}

{consttermf(k,al,j,m,n,thfix=0)=1local(c,q,tl,sl);c=denominator (al);q=E(al)

tl=é‘(k“2—m*k—m)*X1[j]“((2*k—m)/c)*X2[j]“((k—n)/c)/prOd(i=0,C-1,((1—qA(i
+1-k)*X1[j1~(-1/c)*X2[j]1~(1/c))*E(thfix)) ~((i+1-k)/c-1/2)/E(thfix*x((1i
+1-k)/c-1/2)))/prod(i=0,c-1,((1-q~(i+1)*X2[j1~(1/c))*E(thfix))~((i+1)/c
-1/2) /E(thfix*((i+1)/c-1/2)))/prod(i=0,c-1,((1-q~(i+1+2xk)*X1[jI~(2/c))
*E(thfix)) ~((i+1+2xk)/c-1/2) /E(thfix*((i+1+2%k)/c-1/2)))*sqrt ((1-X1[j
1-2)~2x(1-X2[j1)*(1-X2[j]1/X1[j]1)/(Deltaljl))/I/c/Dq(al);

sl=tl;

for(ell=1,C—l,tl=q“(k—n)*X1[j]“(1/c)*tl/(1—q”(ell—k)*Xl[j]“(—l/c)*XZ[j
1-(1/c))/(1-q~(ell)*X2[jI1~(1/c)) ;sl=sl+tl);

sl}

{constf(al,j,m,thfix=0)=1ocal(c,q,t0,tl,s,temp0);c=denominator (al);q=E(al)
tO=consttermf (0,al,j,0,-1,thfix);
tl=consttermf (1,al,j,0,-1,thfix);

260 8=t0/q m+tl1/q~(2*m) ;

qk=1;

for(k=2,c-1,qk=qk/q;tempO=tl;t1=(-(qk/X1[j1~(1/c))"2*t0-(q*x(qk/X1[jI1~(1/c)
) + (qk/X1[j1~(1/c))~3 - (qk/X1[jl1~(1/c))~2 + (qk/X1[jl1~(1/c)))*(1+(qk/
X1[j1~(1/c)))*(1-q*(qk/X1[j1~(1/c))"2) *temp0) /(q~2*(1+(qk/X1[j1~(1/c)))
*(1-q*x(qk/X1[j1~(1/c))~2)*(1-(qk/X1[j1~(1/c))~2/q~2)*x(1-(qk/X1[jI~(1/c)
)~"2/q));t0=temp0;s=s+t1*(qk/q~2) "m);

2 8/X1[j1~(m/c)/if (c==1,2,1)}
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gettime ()

5 const (1/11,6,3,-1,-0.001)
gettime ()
constf(1/11,6,3,-0.001)
gettime ()

heh=vector (2000) ;
for (k=200,210,heh[k]=constf (1/k,6,0,-0.001) ;print ([k,gettime()]))

283 hehO=vector (2000) ;

313

313
314

for (k=200,205,heh0[k]=(heh [k]/E(V[7]/(2*Pi*I)~2*k)/constf (11,6,0,-0.001)/
constf (11,7,0,-0.001) /E(V[6]/(2*Pi*I)~2/k)/I-1)/(2*Pi*xI/k))

; 1im (heh0 ,200,4)

a(l1,7)*sqrt(deltal7])

heeh=vector (2000) ;
for (k=200,205,heeh[k]=constf (1/k,2,0,-0.001) ;print ([k,gettime ()]))

heehO=vector (2000) ;

203 for (k=200,210,heeh0[k]=(heeh[k]/E(V[7]/(2%Pi*I)~2xk)/constf(11,2,0,-0.001)

/constf (11,7,0,-0.001) /E(V[2]/(2*xPi*I)~2/k)/I-1)/(2*Pi*xI/k))

95 1im (heeh0 ,200,4)
206 a(1,7)*sqrt (deltal[7])

heeeh=vector (2000) ;
for (k=200,205,heeeh[k]=constf (1/(k+1/2) ,2,0,-0.001) ;print ([k,gettime ()]))

heeehO=vector (2000) ;

for (k=200,210,heeeh0[k]=(heeeh [k]/E(V[7]/(2*Pi*I)~2*(k+1/2))/constf (k
+1/2,2,0,-0.001)/constf (1,7,0,-0.001)/E(V[2]/(2%Pi*I)~2/(2xk+1)/2)/I-1)
/(2xPixI/k))

lim(heeeh0,200,4)

05 a(1,7)*sqrt(deltal7])

heeeeh=vector (2000) ;
for (k=200,204,heeeeh[k]=constf (1/(k+1/5) ,2,0,-0.001) ;print ([k,gettime ()]1))

heeeehO=vector (2000) ;

for (k=200,204 ,heeeehO[k]=(Cheeeeh[k]/E(V[7]/(2*xPi*xI) ~2*x(k+1/5))/constf (-(k
+1/5) ,2,0,-0.001) /constf(1,7,0,-0.001)/E(V[2]/(2*%Pi*xI)~2/(5*xk+1)/5)/1I
-1) /(2%Pi*I/k))

lim(heeeeh0,200,3)
a(1,7)*sqrt(deltal7])
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heeeeeh=vector (2000) ;

for (k=200,204,heeeeeh[k]l=constf (1/(k+1/5) ,2,1,-0.001) ;print ([k,gettime ()])
)

heeeeehO=vector (2000) ;

for (k=200,204,heeeceehO[k]=(Cheeeeeh[k]/E(V[7]/(2%xPi*I) ~2%(k+1/5))/constf (-(
k+1/5) ,2,0,-0.001) /constf (1,7,1,-0.001) /E(V[2]/(2*Pi*I)~2/(5%xk+1)/5)/1)
)

lim(heeeeeh0 ,200,3)

constmat (al ,m,n,thfix=0)=matrix(7,7,i,j,const(al,j,m+i-1,-1,thfix))

constmatf7x7 (al,m,thfix=0)=matrix(7,7,i,j,constf(al,j,m+i-1,thfix))

gettime () ; constmatf (1/3,0,-0.001);gettime ()

/% K K K K ok K Kk oK K K K K kK ok K ok K ok K ok K ok K ok K oK K oK K ok K K R K R K K Kk
\\quadratic relations

2 /************************************************/

{P(x,q)=I[
(x~4%q~(10) *x(2*q~4 + 4%xq~3 + 6%q~2 + 4*q + 2) + 2xx~3*q~(9) + x"2%q~(3)
*(2%q~6 + 4%xq~5 + 4%q~4 + 6%q~3 + 4xq~2 + 4xq + 2)+2)/(x"T*q~(21)),

i (-2*%x74*%xq~(10) +x~2*%q~(3)*x(- 2*q~4 - 4xq~3 - 4*xq~2 - 4%q - 2) - 2)/(x"6%*q

~(15)),

(x72%q~(3) *(2*%q~2 + 4xq + 2) + 2)/(x"5*%xq~(10)),

(-2%x"2%q~(3) - 2)/(x~4xq~(6)),

2/(x~3%xq~(3)),

-2/(x~2%xq~ (1)),

0;

(-2%x~4%xq~(14) + x~2xq~(B)*(- 2%q~4 - 4xq~3 - 4%q~2 - 4%q - 2) - 2)/(x"6xq
~(21)),

i3 (x72%q~(5) *(2*%q~2 + 4xq + 2) + 2)/(x"5*%q~(15)),

(-2%x~2%q~(5) - 2)/(x~4*%xq~(10)),

2/(x~3*xq~(6)),

-2/(x~2%q~(3)),

0,

-2/(x"2xq~(1));

(x~2xq~(7)*(2%q~2 + 4xq + 2) + 2)/(x"5xq~(20)),
(-2%x~2%q~(7) - 2)/(x~4*xq~(14)),

2/(x~3xq~(9)),

-2/(x"2*%q~(5)),

53 0,

-2/(x~2%q~(3)),
2/(x~3%q~(3));
(-2%x~2%q~(9) - 2)/(x"4*xq~(18)),
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2/(x~3%q~(12)),

-2/(x"2*%q~ (7)),

0,

-2/(x~2%q~(5)),

2/(x~3%q~(6)),

(-2*x~2%q~(3) - 2)/(x~4*xq~(6));
2/(x~3%xq~(15)),

-2/(x"2%q~(9)),

0,

-2/(x~2%q~ (7)),

2/(x~3%q~(9)),

(-2%x~2%q~(5) - 2)/(x"4xq~(10)),
(x~2%q~(3) *(2%xq~2 + 4%q + 2) + 2%x*xq~(2) + 2)/(x"5xq~(10));
-2/(x~2%q~(11)),

0,

-2/(x~2%q~(9)),

3 2/(x~3%xq~(12)),

(-2xx72%xq~(7) - 2)/(x"4xq~(14)),

(x°2%q~(5) *x(2*%q~2 + 4xq + 2) + 2*xx*xq~(3) + 2)/(x"5*%xq~(15)),

(-2*%x~4%q~(10) +x"2%q~(3)*(- 2*xq~4 - 4%xq~3 - 4*q~2 - 4xq - 2) +x*xq~(2)*(-
2%q - 2) - 2)/(x"6xq~(15));

0,

-2/(x~2%xq~(11)),

2/(x~3%q~(15)),

(-2%x~2%q~(9) - 2)/(x~4%xq~(18)),

(x72%xq~(7)*x(2%q~2 + 4*q + 2) + 2*xx*q~(4) + 2)/(x°5%xq~(20)),

2 (-2%x~4*%q~(14) + x~2xq~(5)*(- 2%q~4 - 4*xq~3 - 4*%q~2 - 4xq - 2) +x*q~(3)*(-

2%xq - 2) - 2)/(x"6%q~(21)),

3 (x74%xq~(10) *(2*xq~4 + 4%q~3 + 6*%q~2 + 4xq + 2) + x73xq~(7)*(2%xq~4 + 2%q~3 +

2*xq~2 + 2%q + 2) + x72xq~(3)*(2%q~6 + 4xq~5 + 4*q~4 + 6%xq~3 + 4*xq”~2 +
4%q + 2) + xxq~(2)*(2%q~2 + 2%q + 2) + 2)/(x"7*q~(21))1}

5 for (k=1,10, print (round (constmatf7x7(-1/k,-6,-0.001) "*P(1,E(1/k))~(-1)*

constmatf7x7(1/k,0,-0.001) *2xI*x10~100) /10~100))

/ *

s for(k=1,10,print (round (constmat (-1/k,-6,-1,-0.001) "*P(1,E(1/k))~(-1)*

constmat (1/k,0,-1,-0.001) *2%I*x10~100) /10~100))
*/

/************************************************/

\\vols
/% % % ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok 3k 3 ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok k ok /

VVV(j,k)=-dilog(X2[j1)-dilog(X1[jI1~2) -dilog(X1[jl~(-1)*X2[j]1) -2*%Pi*I*x2(j,
k)*xlog(1-X2[j]) -2*%(2*Pi*I)*x1(j,k)*log(1-X1[j]1~2) -2*xPi*I*(x2(j,k)-x1(j,
k))*log(1-X1[j]1~(-1)*X2[j]1)+(2*%Pi*I) ~2%x1(j,k) "2+ (2%Pi*I) "2%xx1(j,k)*x2(
j.k)
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VV=vector(7,j,-VVV(j,0)-Pi~2/6)

/************************************************/

\\cocycle
/************************************************/

constmatf (al ,m,thfix=0)=matrix(8,8,i,j,if(j==1,W(E(al) ,m+i-1,0,denominator
(al) /2+10) ,constf(al,j-1,m+i-1,thfix)))

5 {8I8x8(q) =L

-1/(q°5 - q~4),((-q - 2)/(q"3 - 9°2)),((gq"3 - 2%¥xq~2 + q + 1)/(q~3 - q~2))
,((q"3 + 72 + 2%q + 1)/(q - 1)) ,((-9"4 - 2xq)/(q - 1)),((-q"6 - q°5 -
q~3)/(q - 1)),((g"6 + q~4)/(q - 1)),q"°8/(q - 1);

-1/(q~5 - q~4) ,((-q - 2)/(9q"3 - 9°2)),((-g"2 + g + 1)/(gq"3 - q~2)),((q"2 +

2xq + 2)/(q - 1)),((-9q"3 - 2xq)/(q - 1)),((-9g°5 - q°4 - 9~3)/(q - 1))
,((qg"5 + q°3)/(q - 1)),q9°7/(q - 1);

¢ -1/(q”4 - 9°3),((-9q"2 - q - 1)/(q"3 - q°2)),1/(q"2 - q),((q"3 + 2%q~2 + q

+ 1)/(q - 1)),((-q"4 - 2%¥q~2)/(q - 1)),((-q"6 - gq°5 - q~4)/(q - 1)),((q
“6 + q~4)/(q - 1)),q°8/(q - 1);

0,1/9q°3,1/q,((-q - 1)/q9),1,9°2,0,0;

-1/(q"5 - q°4) ,((-2*xq - 1)/(gq"3 - q°2)),((-q"3 + g + 1)/(q"3 - q~2)),((g"3
+ q°2 + 3%q)/(q - 1)),((-2%q"2 - q)/(q - 1)),((-q°6 - 9”5 - 9”4 - q~3
+ 9°2)/(q - 1)),((q"5 + 9q~4)/(q - 1)),q9°8/(q - 1);

-1/(q°5 - q~4) ,((-2*xq - 1)/(gq"3 - g°2)),((-g"3 - gq~2 + 2*xq + 1)/(q"3 - q
~2)),((q"3 + q°2 + 3*q)/(q - 1)),((-q"2 - 2*q)/(q - 1)),((-q"6 - q°5 -
Q"4 - 9”3 + q°2)/(q - 1)),((q"5 + q~4)/(q - 1)),q°8/(q - 1);

20,0,0,1,0,0,0,0;
5 -1/(q~5 - q~4),((-2%q - 1)/(q"3 - q°2)),((-q"3 + g + 1)/(g"3 - q~2)),((q"3

+ q~2 + 3*q)/(q - 1)),((-q"2 - 2*%q)/(q - 1)) ,((-g"6 - 9”5 - q°4 - q~3
+ q°2)/(q - 1)),((q"5 + q°4)/(q - 1)),q"8/(q - 11}

5 cocycle(al,m,n,thfix)=[matrix(7,7,i,j,const(-1/al,j,m+i-1,-1,thfix)),

matrix(7,7,i,j,const(al,j,n+i-1,-1,thfix))]

7 /*cocyclepicc=vector (500) ;

for(k=2,100, cocyclepicc[k]=[constmatf(k/101,0,-0.0001),constmatf (-101/k
,-3,-0.0001)];print ([k,gettime ()]))*/

/% % 5k % ok 5k %k ok sk %k 5k %k K 5k %k ok 3k %k 5k K 5k %k 5k 5 %k >k % % 5k % 5k 5k % >k * %k >k % % * % >k * * *k % * /

\\pade and borel
/% K K K kK ok K ok K oK oK o oK ok oK ok oK oK oK ok oK ok K ok K ok K ok K ok K oK K oK K oK K oK K K K K Kk ok ok

\\borel of a = series in x
borel(a) = serconvol(a,exp(x));
- \\pade of a = series in x

pade(a,N) = bestapprPade(a+0(x"N));
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\\borel -pade resummation at tau of a series a with N coeffs
{resum(tau,a,N)= local(pb); pb=pade(borel(a),N);
intnum(xi=0, [+00,1] ,exp(-xi) *subst (pb,x,xi*tau))};

/************************************************/

5 \\ the resummed phi series

/% % 5k % 5k 5k %k ok sk %k 5k %k K 5k %k 5k 3k %k ok % K 5k %k 5k 5k %k >k %k % 5k %k 5k 3 % >k * % >k % % * % >k * * *k % * /

{rphiO(tau,N=200)=resum (2*Pi*I/tau,PhiO*1.,N) ;}

{rphil (tau,N=HH)=E(3/8) *sqrt (tau)*E(V[1]*tau/(2*%Pi*I)~2)*resum(2*Pi*xI/tau,
Phil,N);}

{rphi2 (tau,N=HH)=E(-1/8) *sqrt (tau) *E(V[2]*tau/(2*%Pi*I)~2) *resum (2*xPixI/tau
,Phi2 ,N);}

{rphi3 (tau,N=HH)=E(3/8) *sqrt (tau) *E(V[3]*tau/(2*Pi*I)~2)*resum (2*Pix*xI/tau,
Phi3 ,N) ;}

{rphid (tau,N=HH)=E(-1/8) *sqrt (tau)*E(V[4]*tau/(2*%Pi*I)"2) *resum (2*PixI/tau
,Phid ,N) ;%

{rphib5 (tau,N=HH)=E(3/8) *sqrt (tau) *E(V[5]*tau/(2*Pi*I) ~2)*resum (2*xPi*I/tau,
Phi5,N) ;}

{rphi6 (tau,N=HH)=E(3/8) *sqrt (tau) *E(V[6]*tau/(2*Pi*I)~2)*resum(2*Pi*xI/tau,
Phi6 ,N) ;}

5 {rphi7 (tau,N=HH)=E (3/8) *sqrt (tau)*E(V[7]*tau/(2*xPi*I) ~2) *resum (2*Pi*I/tau,

Phi7 ,N) ;}

7 phivec8(tau)=[rphiO(tau) ,rphil(tau) ,rphi2(tau) ,rphi3(tau) ,rphi4(tau),rphib

(tau) ,rphi6 (tau) ,rphi7 (tau)]

/% % 5k % ok 5k %k ok sk %k ok %k ok sk %k ok 3k %k ok K 5k %k ok 5k %k >k % %k 5k % 5k 5k % >k k % >k %k % * % >k * * *k % * /

\\ q series for 4_1(1,2)
/% K KK KK ok K ok K oK oK o oK ok oK ok oK ok oK ok oK ok K ok K ok K ok K ok K ok K oK K oK K K K K K K K Kk K/

{Zhatf1(q,m,N,ss=1)=
local(tO,tl,s,temp0,qk,qj);

5 10=(-1+q) *(ss+1) ;t1=1;q9j=1;tj=1;

for(j=1,N,qj=qj*q;tj=q*tj/(1-qj) "2;tl=tl+tj);

tl=qgpochinfty(q,q,N,ss,1) "2*tl;

s=t1/q m;qk=q;

for(k=1,N,qk=qk/q;tempO=tl;t1=-(qk~2%xt0+(gq*qgk + qk~3 - qk~2 + qk)=*(1+qgk)
*(1-q*qk~2) *temp0) /(q 2% (1+qk) *(1-q*xqk~2) *(1-qk~2/q~2) *(1-qk~2/q)) ;t0=
tempO;s=s+(qk/q~2) "m*tl);

s}

{Zhatf2(q,m,N,ss=1)=

local(tO,tl,tj,tjn,tjc,s,temp0,qk,qj);
t0=0;q9j=1;tj=1;tjc=-1/2+2xss*Gf(gq~ss,1,N);tjn=0;t1=tj*x(tjc-2%tjn);
for(j=1,N,qj=qj*q;tj=q*tj/(1-qj) "2;tjn=tjn+qj/(1-qj);tl=tl+tj*(tjc-2*tjn))

)
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tl=qgpochinfty(q,q,N,ss,1) "2*tl;

7 s=t1/q"m;

qk=q;

for(k=1,N,qk=qk/q;tempO=tl;tl1=-(qk~2*t0+(q*qgk + gk~3 - qk~2 + qgk)*(1+qgk)
*(1-q*qk~2)*temp0)/(q~2*(1+qk) *(1-q*qk~2)*(1-gk~2/q~2)*(1-gk~2/q));t0=
tempO;s=s+(qk/q~2) "m*tl);

s}

{Zhatf3(q,m,N,ss=1)=

local(tO,tl,tj,tjn,tjcl,tjc2,tGl,tG2,s,temp0,qk,q]j);

t0=-2*%(1-9);qj=1;tj=1;tGl=ss*Gf(q"ss,1,N);tG2=ss*Gf(q~ss,2,N);tjcl=(1/2-2%
tG1l);tjc2=(-2*m-4*tG1l) ;tjn=0;

5 tl=tj*((tjcl+2*%tjn)*tjc2/2+2%xtG2) ;

for(j=1,N,qj=qj*q;tj=q*tj/(1-qj) "2;tjn=tjn+qj/(1-qj);tjc2=tjc2+2;tl=t1+t]
*((tjcl+2*xtjn) *tjc2/2+2%tG2)) ;

tli=qgpochinfty(q,q,N,ss,1) "2*tl;s=t1/q m;qk=q;

for (k=1,N,qk=qk/q;tempO0=tl;tl=-(qk~2*xt0+(q*qgk + qk~3 - qk~2 + qgk)*(1+qk)
*(1-q*qk~2) *temp0)/(q~2*(1+qk) *(1-q*qk~2) *(1-qk~2/q~2)*(1-qk~2/q)) ;t0=
tempO;s=s+(qk/q~2) "m*tl);

s}

{Zhatf4(q2,m,N,ss=1)=

local(t0,t1,t0j,tlj,s,temp0,qk,qkj,qpc);

gpc=qpochinfty(q92-2,9q2"2,N,ss,1) *qpochinfty(q2~3,92"2,N,ss) ;

t0j=92~(2) /qpoch(92°2,92°2,1) ;t1j=q2~(12) /qpoch(g92~3,92~2,1) /qpoch(g2~2,q2
~2,3);t0=t0j;tl=t1j;qj=1;

5 for (j=1,N,qj=qj*q2"°2;t0j=t0j*q2~3/(1-qj)/(1-qj*q2);t1j=t1j*q2"5/(1-qj)/(1-

qQj*q2°3) ;t0=t0+t0j;tl=t1+t1j);
tO0=qpc*t0;tl=qpc*tl;s=t0/q2"~(3*m)+t1/q2~(5%*m) ;qk=1;

7 for(k=1,N,qk=qk/q2"2; tempO=t1;t1=-((qgk/q2) "2%t0+(q2~2*(qgk/q2) + (qk/q2)"3

- (gk/q2)"2 + (qk/q2))*(1+(qk/q2))*(1-92~2*x(qgk/q2) ~2) *temp0) /(q2~4* (1+(
qk/q2))*(1-92°2x(qk/q2) ~2) *(1-(qk/qg2)~2/92~4) *(1-(qk/qg2) ~2/q2°2)) ;t0=
temp0;s=s+(qk/q2"5) "m*t1) ;

s}

{Zhatf5(q,m,N,ss=1) =
local(t0,t1,t0j,t1j,s,temp0,qk,qj,qpc);
gpc=qpochinfty(q,q,N,ss,1) *qpochinfty(-q,q,N,ss);

3 £0j=(-1) "m;t0=t0j;t1j=(-1) “m*q~(3) /qpoch(-q,q,1) /qpoch(q,q,2);tl=t1j;qj=1;

for(j=1,N,qj=qj*q;t0j=-t0j*q/(1-qj~2);t0=t0+t0j;tlj=-t1j*xq~2/(1-qj)/(1+qj*
q);tl=tl+t1j);

t0=qpc*t0;tl=qgpc*tl;s=t0/q m+tl/q~(2*m) ;qk=1;

for(k=1,N,qk=qk/q;tempO=tl;t1=-((-qk) "2*t0+(q*(-qk) + (-qk)~3 - (-qk)~2 +
(-qk)) *(1+(-qk))*(1-q*(-qk) "2) *temp0) /(q~2*(1+(-qk)) *(1-q*(-qk) ~2)
*(1-(-qk)~2/q~2)*(1-(-qk)~2/q));t0=tempO;s=s+(qk/q~2) "m*xtl);

s}

{Zhatf6(q2,m,N,ss=1)=
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local(t0,t1,t0j,t1j,s,temp0,qk,qj,qpc);
gpc=qpochinfty(q9q2-2,9q2"2,N,ss,1) *qpochinfty(-q9q2°3,9q2"2,N,ss);
t0j=(-1)~(m)*q2~2/qpoch(q2°2,92°2,1) ;t0=t0j;

s t1j=(-1) ~(m)*q2~12/qpoch(-92°3,92°2,1) /qpoch(gq2°2,92"2,3) ;

tl=t1j;qj=1;

- for(j=1,N,qj=qj*q2"2;t0j=-t0j*q2"3/(1-qj)/(1+qj*q2);t0=t0+t0j;t1j=-t1j*q2

~5/(1-qj)/(1+qj*q2~3);tl=t1+t1j);

t0=qgpc*t0;tl=qpc*tl;s=t0/q2"(3*m)+t1/q2~(5*m) ;qk=1;

for (k=1,N,qk=qk/q2°2;tempO=tl1;t1=-((-qk/q2) "2*t0+(q2-2*(-qk/q2) + (-qk/q2)
~3 - (-qk/q92)"2 + (-qk/q92))*(1+(-qk/qg2))*(1-92-2%x(-gk/q2)~2) *temp0) /(g2
~4%(1+(-qk/qg2))*(1-92-2%(-qk/q2) "2)*(1-(-qk/q2)~2/q2"4) *(1-(-qk/q2) "2/
q2°2)) ;t0=temp0;s=s+(qk/q2°5) "m*t1) ;

s}

{Zhatf7(q4,m,N,ss=1)=
local(t0,t1,t0j,t1j,s,temp0,qk,qj,q22,q9pc);
922=q4~2;qgpc=qpochinfty (q22-2,922°2,N,ss,1) *gpochinfty(q922,922°2,N,ss);

3 t0j=q4/qpoch(q22°2,922°2,1) ;t0=t0j;t1j=q4°9/qpoch(q22,q22"2,-1)/qpoch(q22

~2,922°2,3);t1=t1j;qj=1;

for (j=1,N,qj=qj*q22"2;t0j=t0j*q22~3/(1-qj)/(1-qj/q22);t0=t0+t0j;t1j=t1j*
q22°5/(1-qj)/(1-qj/q22"°3) ;tl=t1+t1j);

t0=t0*qpc;tl=tl*qpc;s=t0/q22"(3*m)+t1/q22~(5*m) ;qk=1;

for (k=1,N,qk=qk/q22"2; temp0O=t1;t1=-((qgk/q22) "2*xt0+(q22~2*(qk/q22) + (qk/
q22) "3 - (qk/qg22)"2 + (qk/q22))*(1+(qk/q22))*(1-q22"2*x(qgk/q22) ~2) *tempO
)/(q22~4%(1+(qk/q22)) *(1-q22~2%(qk/q22) ~2) *(1-(qk/q22) ~2/q22"~4) * (1 - (qk/
922)~2/922°2));t0=temp0;s=s+(qk/q22°5) "m*t1) ;

7 s}

{Zhatf8(q,m,N,ss=1)=

local(tO,t1,t0j,tlj,s,temp0,qk,qj,qpc);

gpc=qpochinfty(q,q,N,ss,1) *qpochinfty(-q,q,N,ss);

t0j=(-1) ~(m) ;t0=t0j;t1j=(-1) ~(m)*q/qpoch(-q,q,-1)/qpoch(q,q,2);t1=t1j;qj
=1;

23 for(j=1,N,qj=qj*q;t0j=-t0j*q/(1-qj~2);t0=t0+t0j;tlj=-t1j*q~2/(1-qj)/(1+qj/

q);tl=tl+t1j);

t0=t0*qpc;tl=tl*qgpc;s=t0/q m+tl1/q~(2*m) ;qk=1;

for(k=1,N,qk=qk/q;tempO=t1;t1=-((-qk) "2*t0+(q*(-qk) + (-qk)~3 - (-qk)~2 +
(-qk))*(1+(-qk))*(1-g*(-qk) "2) *temp0) /(q~2*(1+(-qk)) *(1-q*(-qk) ~2)
*(1-(-qk)~2/q~2)*(1-(-qk)~2/q)) ;t0=tempO;s=s+(qk/q~2) "m*t1l) ;

s}

{Zhatf9(q4,m,N,ss=1)=

local(tO,t1,t0j,tlj,s,temp0,qk,q22,qpc);

922=q94°2;gpc=gpochinfty (gq22-2,922°2,N,ss,1) *qpochinfty(-922,922"2,N,ss) ;

t0j=(-1) " (m)*q4/qpoch(q22-2,922°2,1) ;t0=t0j;t1j=(-1) " (m) *q4~9/qpoch (-q22,
q22-2,-1) /qpoch(q22°2,922°2,3) ;tl=t1j;qj=1;

for(j=1,N,qj=qj*q22°2;t0j=-t0j*q22°3/(1-qj)/(1+qj/q22);t0=t0+t0j;tl1j=-t1j*
q22°5/(1-qj)/(1+qj/q22"°3) ;tl=t1+t1j);
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; t0=t0*xqpc;tl=tl*xqpc;s=t0/9q22~(3*m)+t1/q22~(5*m) ;qk=1;

for (k=1,N,qk=qk/q22"2; temp0O=t1;t1=-((-qk/q22) ~"2*t0+(q22"2x(-qk/q22) + (-qk
/q22)~3 - (-qk/q22)"2 + (-qk/q22))*(1+(-qk/q22))*(1-q22~2%(-qk/q22) ~2) *
temp0) /(q22~4*(1+(-qk/q22))*(1-q22~2%(-qk/q22) ~2) *(1-(-q9k/q22) ~2/q22"4)
*(1-(-qk/q22)°2/q22°2)) ;t0=temp0;s=s+(qk/q22°5) "m*tl);

5 s}

{ZHAT7x7(q4 ,m,N,s=1)=

if (s==1,

[

Zhatf2(q4-4,m,N,s) ,Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,s),Zhatf6(q4"2,m,N,s
) ,Zhatf7 (g4 ,m,N,s),Zhatf8(q4"4,m,N,s) ,Zhatf9(q4,m,N,s);

Zhatf2(q4~4,m+1,N,s),Zhatf4(q4"~2,m+1,N,s),Zhatf5(q4~4,m+1,N,s),Zhatf6 (q4
~2,m+1,N,s),Zhatf7(q4,m+1,N,s),Zhatf8(q4"4,m+1,N,s),Zhatf9(q4,m+1,N,s);

Zhatf2(q4~4,m+2,N,s),Zhatf4(q4"~2,m+2,N,s) ,Zhatf5(q4~4,m+2,N,s),Zhatf6 (q4
~2,m+2,N,s),Zhatf7(q4,m+2,N,s) ,Zhatf8(q4"4,m+2,N,s) ,Zhatf9(q4,m+2,N,s);

Zhatf2(q4~4,m+3,N,s) ,Zhatf4(q4"2,m+3,N,s) ,Zhatf5(q4"4,m+3,N,s),Zhatf6(q4
~2,m+3,N,s),Zhatf7 (g4 ,m+3,N,s),Zhatf8(q4"4,m+3,N,s),Zhatf9(q4,m+3,N,s);

545 Zhatf2(q4~4,m+4,N,s) ,Zhatf4(q4"2,m+4,N,s) ,Zhatf5(q4"4,m+4,N,s),Zhatf6(q4

546

~2,m+4,N,s),Zhatf7(q4 ,m+4,N,s) ,Zhatf8(q4"4,m+4,N,s),Zhatf9(q4,m+4,N,s);
Zhatf2(q4~4,m+5,N,s),Zhatf4 (q4"2,m+5,N,s),Zhatf5(q4~4,m+5,N,s) ,Zhatf6 (q4
~2,m+5,N,s),Zhatf7(q4,m+5,N,s) ,Zhatf8(q4"4,m+5,N,s) ,Zhatf9(q4,m+5,N,s);
Zhatf2(q4~4,m+6,N,s) ,Zhatf4(q4"2,m+6,N,s) ,Zhatf5(q4"4,m+6,N,s),Zhatf6(q4
~2,m+6,N,s),Zhatf7(q4,m+6,N,s) ,Zhatf8(q4"4,m+6,N,s),Zhatf9 (g4 ,m+6,N,s)
1,
[
Zhatf1(q4-4,m,N,s),Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,s),Zhatf6(q4"2,m,N,s
) ,Zhatf7(q4 ,m,N,s),Zhatf8(q4"4,m,N,s) ,Zhatf9(qé4,m,N,s);
Zhatf1(q4~4,m+1,N,s),Zhatf4(q4"~2,m+1,N,s),Zhatf5(q4"4,m+1,N,s),Zhatf6 (q4
~2,m+1,N,s),Zhatf7 (g4 ,m+1,N,s),Zhatf8(q4"4,m+1,N,s),Zhatf9(q4,m+1,N,s);
Zhatf1(q4~4,m+2,N,s),Zhatf4(q4"2,m+2,N,s),Zhatf5(q4~4,m+2,N,s) ,Zhatf6 (g4
~2,m+2,N,s),Zhatf7(q4,m+2,N,s) ,Zhatf8(q4"4,m+2,N,s),Zhatf9(q4,m+2,N,s);
Zhatf1(q4~4,m+3,N,s) ,Zhatf4(q4"2,m+3,N,s) ,Zhatf5(q4"4,m+3,N,s),Zhatf6(q4
~2,m+3,N,s),Zhatf7(q4,m+3,N,s),Zhatf8(q4"4,m+3,N,s),Zhatf9(q4,m+3,N,s);
Zhatf1(q4~4,m+4,N,s),Zhatf4(q4"~2,m+4,N,s),Zhatf5(q4~4,m+4,N,s),Zhatf6 (q4
~2,m+4,N,s),Zhatf7(q4 ,m+4,N,s) ,Zhatf8(q4"4,m+4,N,s),Zhatf9(q4,m+4,N,s);

5 Zhatf1(q4~4,m+5,N,s) ,Zhatf4(q4"2,m+5,N,s) ,Zhatf5(q4"4,m+5,N,s),Zhatf6(q4

~2,m+5,N,s),Zhatf7(q4,m+5,N,s) ,Zhatf8(q4"4,m+5,N,s) ,Zhatf9(q4,m+5,N,s);
Zhatf1(q4~4,m+6,N,s) ,Zhatf4(q4"2,m+6,N,s) ,Zhatf5(q4"4,m+6,N,s),Zhatf6(q4

~2,m+6,N,s),Zhatf7 (g4 ,m+6,N,s) ,Zhatf8(q4"4,m+6,N,s),Zhatf9(q4,m+6,N,s)
DB

{ZHAT8x8(q4 ,m,N,s=1)=

if (s==1,

[

Zhatf1(q4~4,m,N,s),Zhatf2(q4"4,m,N,s) ,Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,s
) ,Zhatf6(q4~2,m,N,s),Zhatf7(q4,m,N,s) ,Zhatf8(q4"4,m,N,s),Zhatf9(q4,m,N,
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s);
Zhatf1(q4~4,m+1,N,s),Zhatf2(q4"4,m+1,N,s),Zhatf4(q4"2,m+1,N,s),Zhatf5(q4
~4 ,m+1,N,s),Zhatf6(q4~2,m+1,N,s) ,Zhatf7(q4,m+1,N,s),Zhatf8(q4"4,m+1,N,s
) ,Zhatf9(q4,m+1,N,s);
Zhatf1(q4~4,m+2,N,s),Zhatf2(q4"4,m+2,N,s),Zhatf4(q4"2,m+2,N,s) ,Zhatf5 (g4
~4,m+2,N,s),Zhatf6(q4~2,m+2,N,s) ,Zhatf7(q4,m+2,N,s),Zhatf8(q4"4,m+2,N,s
) ,Zhatf9(q4 ,m+2,N,s);
Zhatf1(q4~4,m+3,N,s),Zhatf2(q4"4,m+3,N,s),Zhatf4(q4"2,m+3,N,s),Zhatf5(q4
~4,m+3,N,s),Zhatf6(q4~2,m+3,N,s) ,Zhatf7(q4,m+3,N,s),Zhatf8(q4"4,m+3,N,s
) ,Zhatf9(q4 ,m+3,N,s);
Zhatf1(q4~4,m+4,N,s),Zhatf2(q4"4,m+4,N,s),Zhatf4(q4"2,m+4,N,s) ,Zhatf5 (g4
~4,m+4,N,s),Zhatf6(q4"2,m+4,N,s),Zhatf7(q4,m+4,N,s) ,Zhatf8(q4"4,m+4,N,s
) ,Zhatf9(q4 ,m+4,N,s);
Zhatf1(q4~4,m+5,N,s),Zhatf2(q4"4,m+5,N,s),Zhatf4(q4~2,m+5,N,s),Zhatf5(q4
~4 ,m+5,N,s),Zhatf6(q4~2,m+5,N,s) ,Zhatf7(q4,m+5,N,s),Zhatf8(q4"4,m+5,N,s
) ,Zhatf9(q4,m+5,N,s);
Zhatf1(q4-4,m+6,N,s),Zhatf2(q4"4,m+6,N,s),Zhatf4(q4"2,m+6,N,s),Zhatf5(q4
~4 ,m+6,N,s),Zhatf6(q4~2,m+6,N,s) ,Zhatf7(q4,m+6,N,s),Zhatf8(q4"4,m+6,N,s
) ,Zhatf9(q4,m+6,N,s);
Zhatf1(q4~4,m+7,N,s),Zhatf2(q4"~4,m+7,N,s) ,Zhatf4(q4~2,m+7,N,s),Zhatf5 (q4
~4,m+7,N,s),Zhatf6(q4~2,m+7,N,s) ,Zhatf7(q4,m+7,N,s),Zhatf8(q4"4,m+7,N,s
) ,Zhatf9(q4 ,m+7,N,s)
1,
[
Zhatf3(q4~4,m,N,s),Zhatf1(q4"4,m,N,s),Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,s
) ,Zhatf6(q4~2,m,N,s),Zhatf7(q4,m,N,s) ,Zhatf8(q4"4,m,N,s),Zhatf9(q4,m,N,
s);
Zhatf3(q4~4,m+1,N,s),Zhatf1(q4"4,m+1,N,s),Zhatf4(q4"2,m+1,N,s),Zhatf5(q4
~4 ,m+1,N,s),Zhatf6(q4~2,m+1,N,s) ,Zhatf7(q4,m+1,N,s),Zhatf8(q4"4,m+1,N,s
) ,Zhatf9(q4,m+1,N,s);
Zhatf3(q4~4,m+2,N,s),Zhatf1(q4"4,m+2,N,s),Zhatf4(q4~2,m+2,N,s),Zhatf5(q4
~4,m+2,N,s),Zhatf6(q4~2,m+2,N,s) ,Zhatf7(q4,m+2,N,s),Zhatf8(q4"4,m+2,N,s
) ,Zhatf9(q4,m+2,N,s);

75 Zhatf3(q4-4,m+3,N,s),Zhatf1(q4"4,m+3,N,s),Zhatf4(q4~2,m+3,N,s),Zhatf5(q4d

~4 ,m+3,N,s),Zhatf6(q4~2,m+3,N,s) ,Zhatf7(q4,m+3,N,s),Zhatf8(q4"4,m+3,N,s
) ,Zhatf9(q4,m+3,N,s);

Zhatf3 (q4~4,m+4,N,s),Zhatf1(q4"~4,m+4,N,s),Zhatf4(q4~2,m+4,N,s),Zhatf5 (q4
~4,m+4,N,s),Zhatf6(q4~2,m+4,N,s) ,Zhatf7(q4,m+4,N,s),Zhatf8(q4"4,m+4,N,s
) ,Zhatf9(q4 ,m+4,N,s);

Zhatf3(q4~4,m+5,N,s) ,Zhatf1(q4"4,m+5,N,s) ,Zhatf4(q4"2,m+5,N,s),Zhatf5(q4
~4 ,m+5,N,s),Zhatf6(q4~2,m+5,N,s) ,Zhatf7(q4,m+5,N,s),Zhatf8(q4"4,m+5,N,s
),Zhatf9(q4 ,m+5,N,s);

Zhatf3 (q4~4,m+6,N,s),Zhatf1(q4"~4,m+6,N,s),Zhatf4(q4~2,m+6,N,s),Zhatf5 (q4
~4,m+6,N,s),Zhatf6(q4"2,m+6,N,s),Zhatf7(q4,m+6,N,s) ,Zhatf8(q4"4,m+6,N,s
) ,Zhatf9(q4 ,m+6,N,s) ;

Zhatf3(q4~4,m+7,N,s),Zhatf1(q4"4,m+7,N,s),Zhatf4(q4~2,m+7,N,s),Zhatf5(q4
~4,m+7 ,N,s),Zhatf6(q4~2,m+7,N,s) ,Zhatf7(q4,m+7,N,s),Zhatf8(q4"4,m+7,N,s
) ,Zhatf9(q4,m+7,N,s)]1)};
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{ZHAT1x8(q4 ,m,N,s=1) =

if (s==1,

[Zhatf1(g4~4,m,N,s) ,Zhatf2(q4"4,m,N,s),Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,
s),Zhatf6(q4~2,m,N,s),Zhatf7(q4,m,N,s),Zhatf8(q4"4,m,N,s),Zhatf9(q4,m,N
,8)1,

[Zhatf3(g4~4,m,N,s),Zhatf1(q4"4,m,N,s),Zhatf4(q4"2,m,N,s),Zhatf5(q4"4,m,N,
s),Zhatf6(q4~2,m,N,s),Zhatf7(q4,mn,N,s),Zhatf8(q4"4,m,N,s),Zhatf9(q4,m,N
,8)1)3};

\\check of quad rels
ZHAT7x7 (q4+0(q4~500) ,-3,500) *ZHAT7x7 (1/q4+0(q4~500) ,-3,500,-1)~-P(1/q4"12,
qé4~4)

) /************************************************/

\\ computing stokes matrices

502 /% % % %k %k 5k %k %k 5k %k %k 5k % 5k 3 %k 5k %k >k %k >k 5k %k >k * %k 5k % 5k 5k % > % %k >k %k % > % % * *k >k *k *k k x /

596

597
598

599

; SM18x8(q4,N)=[-1,0,0,0,0,0,0,0; O0,-1,0,0,0,0,0,0; 0,0,-1,0,0,0,0,
0

\\canonical basis I

ZHAT1x7(E(-1/(E(0.01) *100) /4) ,0,100%500) -phivec7 (-E(0.01) *x100)
«*x[-1,0,0,0,0,0,0; 0,-1,0,0,0,0,0; 0,0,-1,0,0,0,0; 0,0,0,-1,0,0,0;
0,0,0,0,-1,0,0; 0,0,0,0,0,1,0; 0,0,0,0,0,0,1]*SI(E(E(0.01)*100)) *
ZHAT8x7(E(E(0.01) *100/4) ,-3,100) *matdiagonal ([-1,1,1,-1,-1,-1,1])*[E
(0.01) *100,0,0,0,0,0,0; 0,0,1,0,0,0,0; 0,1,0,0,0,0,0; 0,0,0,1,0,0,0;
0,0,0,0,0,1,0; 0,0,0,0,1,0,0; 0,0,0,0,0,0,11]

\\ = [-1.5264 E-49 - 1.5231 E-49*%I, -1.6190 E-51 - 1.4242 E-51*%I, -1.3758
E-68 + 7.8474 E-69%I, 1.3758 E-68 - 7.8474 E-69%I, 1.6190 E-51 + 1.4242
E-51*xI, 1.0288 E-55 + 4.4904 E-56*I, -1.0288 E-55 - 4.4904 E-56%*1I]

\\canonical basis II

ZHAT1x7(E(-1/(E(1/2-0.01) *100) /4) ,0,100%500) -phivec7 (-E(1/2-0.01) *100)
x[1,0,0,0,0,0,0; 0,1,0,0,0,0,0; 0,0,1,0,0,0,0; 0,0,0,1,0,0,0;
0,0,0,0,1,0,0; 0,0,0,0,0,0,1; 0,0,0,0,0,1,0]*SI(E(E(1/2-0.01)*100)) *
ZHAT8x7(E(E(1/2-0.01) *100/4) ,-3,100) *matdiagonal ([-1,-1,-1,1,1,1,-1])*[
E(1/2-0.01) *100,0,0,0,0,0,0; 0,0,1,0,0,0,0; 0,1,0,0,0,0,0;
0,0,0,1,0,0,0; 0,0,0,0,0,1,0; 0,0,0,0,1,0,0; 0,0,0,0,0,0,1]

\\ = [-1.5264 E-49 + 1.5231 E-49*%I, -1.6190 E-51 + 1.4242 E-51*%I, -1.3758
E-68 - 7.8474 E-69xI, 1.3758 E-68 + 7.8474 E-69%I, 1.6190 E-51 - 1.4242
E-51*xI, 1.0288 E-55 - 4.4904 E-56*I, -1.0288 E-55 + 4.4904 E-56%*1I]

\\I

)

0
090101_1,0901010; 0:070909_1:05090; 0103030:07_13030; O,O:O: 901031’0;
0,0,0,0,0,0,0,1]*SI8x8(q4~4)*ZHAT8x8(q4,-3,100)*matdiagonal

([-1,-1,1,1,-1,-1,-1,1]1)

5 \\II
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609
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611
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614

615

616

617

618
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620

621

622

623

624

625
626
627

628

438

SMI18x8(qg4,N)=[1,0,0,0,0,0,0,0; 0,1,0,0,0,0,0,0; 0,0,1,0,0,0,0,0;
0,0,0,1,0,0,0,0; 0,0,0,0,1,0,0,0; 0,0,0,0,0,1,0,0; 0,0,0,0,0,0,0,1;
0,0,0,0,0,0,1,0]*SI8x8(q4~4)*ZHAT8x8(q4,-3,100)*matdiagonal
(f1,-1,-1,-1,1,1,1,-11)

SMI8x8(q4+0(q4~100) ,100) *SMII8x8(q4+0(q4~100) ,100) ~(-1) -matrix(8,8,i,j,1if(
i==3j,1,0)+0(q4°50))

/ *

[0(gq4~10) 0(g4~10) 0(q4~10) 0(g4~10) 0(q4~10) 0(g4~10) 0(g4~10) 0(q4~10)]

[-1 + g4°4 + 3*q4°8 + 0(gq4~10) -q4°4 - 2%q4-8 + 0(gq4-10) 1 + g4~4 + 0(qg4
~10) -q4°8 + 0(q4°10) g4~4 + 2%q4~8 + 0(q4~10) -1 - g4~4 + q4°8 + 0(q4
~10) 1 - 3%q4°8 + 0(g4-10) 1 - 3%q4~8 + 0(gq4~10)]

[q4~4 - q4°8 + 0(q4~10) g4°8 + 0(gq4~10) -g4°4 - q4°8 + 0(qé4~10) 0(g4~10) -
q4~8 + 0(q4~10) q4-4 + q4°8 + 0(q4~10) -q4~4 + 0(q4a~10) -q4~4 + 0(q4
~10) ]

[-1 + 2%q4~4 + q4°8 + 0(q4~10) -q4~4 - q4°8 + 0(q4~10) 1 + 0(q4~10) -q4-8
+ 0(q4~10) q4~4 + q4~8 + 0(q4~10) -1 + q4~8 + 0(q4~10) 1 - q4~4 - 2xq4
~8 + 0(q4-10) 1 - q4~4 - 2%q4-8 + 0(q4~10)]

[1 - 2%q4~4 - q4°8 + 0(q4~10) q4-4 + gq4°8 + 0(q4~10) -1 + 0(q4~10) q4-8 +
0(q4~10) -q4~4 - q4°8 + 0(q4~10) 1 - q4-8 + 0(q4~10) -1 + q4~4 + 2%q4-8
+ 0(q4~10) -1 + q4~4 + 2%q4~8 + 0(q4~10)]

[-94°4 + q4°8 + 0(q4°10) -gq4°8 + 0(q4~10) 944 + q4°8 + 0(g4~10) 0(g4-10)
q4~8 + 0(q4~10) -q4°4 - q4°8 + 0(q4~10) q4-~4 + 0(q4~10) q4~4 + 0(q4"10)
]

[-1 + 3%¥q4°4 + q4°8 + 0(q4°10) -q4°4 + 0(q4°10) 1 - q4~4 - 2xq4~8 + 0(q4
~10) -q4°8 + 0(q4°10) qg4°4 + 0(g4°10) -1 + g4°4 + 3*%q4-8 + 0(g4-10) -2x%
q4~4 - 3%q4"8 + 0(q4°10) -2%q4~4 - 3%q4°8 + 0(q4~10)]

[-1 + 3%q4~4 + q4~8 + 0(q4~10) -q4~4 + 0(q4a~10) 1 - q4~4 - 2%q4~8 + 0(q4d
~10) -q4°8 + 0(q4°10) g4°4 + 0(g4°10) -1 + g4°4 + 3*q4-8 + 0(g4~10) -2x
qQ4~4 - 3%q4~8 + 0(q4~10) -2%q4~4 - 3%q4~8 + 0(qé~10)]

*/

\\ IV

ZHAT1x8(E(-1/(E(-0.001) *100) /4) ,0,100%3000,-1) -phivec8(-E(-0.001) *100)
*x(-1,0,0,0,0,0,0,0; 0,1,0,0,0,0,0,0; 0,0,1,0,0,0,0,0; 0,0,0,1,0,0,0,0;
0,0,0,0,1,0,0,0; 0,0,0,0,0,1,0,0; 0,0,0,0,0,0,-1,0; 0,0,0,0,0,0,0,-1]%
SI8x8(E(E(-0.001)*100) )*ZHAT8x8 (E(E(-0.001) *100/4) ,-3,100,-1)*
matdiagonal ([-1,-1,1,1,-1,-1,-1,1]1)%[1,0,0,0,0,0,0,0; 0,1/(E(-0.001)
*100)~2,0,0,0,0,0,0; 0,0,0,1/(E(-0.001)*100) ,0,0,0,0; 0,0,1/(E(-0.001)
*100) ,0,0,0,0,0; 0,0,0,0,1/(E(-0.001) *100) ,0,0,0; 0,0,0,0,0,0,1/(E
(-0.001) *100) ,0; 0,0,0,0,0,1/(E(-0.001) *100) ,0,0; 0,0,0,0,0,0,0,1/(E

)

’ >
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(-0.001) *100) ]

\\ = [2.2937 E-38 - 3.5670 E-38%I, -2.3174 E-53 - 7.7430 E-53%I, 1.1822 E
-51 + 3.8614 E-51%I, 4.3954 E-52 + 1.4803 E-51%I, 2.5418 E-52 + 8.4512
E-52%I, -1.1838 E-51 - 3.8671 E-51xI, 2.9963 E-52 + 1.0185 E-51*I,
-1.9835 E-52 - 6.6765 E-52%1I]

\\III

ZHAT1x8(E(-1/(E(1/2+0.001) *100) /4) ,0,100%x3000,-1) -phivec8(-E(1/2+0.001)
*100)*[1,0,0,0,0,0,0,0; 0,1,0,0,0,0,0,0; 0,0,1,0,0,0,0,0;
,0,0,1,0,0,0,0; 0,0,0,0,1,0,0,0; 0,0,0,0,0,1,0,0; 0,0,0,0,0,0,0,1;
0,0,0,0,0,0,1,0]1*SI8x8(E(E(1/2+0.001) *100))*ZHAT8x8(E(E(1/2+0.001)
*100/4) ,-3,100,-1) *matdiagonal ([1,1,1,1,-1,-1,-1,1])%[1,0,0,0,0,0,0,0;
0,1/(E(1/2+0.001)*100) ~2,0,0,0,0,0,0; 0,0,0,1/(E(1/2+0.001) *100)
,0,0,0,0; 0,0,1/(E(1/2+0.001) *100) ,0,0,0,0,0; 0,0,0,0,1/(E(1/2+0.001)
*100) ,0,0,0; 0,0,0,0,0,0,1/(E(1/2+0.001) *100) ,0; 0,0,0,0,0,1/(E
(1/2+0.001) *100) ,0,0; 0,0,0,0,0,0,0,1/(E(1/2+0.001) *100)]

\\ = [2.2937 E-38 + 3.5670 E-38%xI, -2.3174 E-53 + 7.7430 E-53%xI, 1.1822 E
-51 - 3.8614 E-51xI, 4.3954 E-52 - 1.4803 E-51%I, 2.5418 E-52 - 8.4512
E-52%I, -1.1838 E-51 + 3.8671 E-51xI, 2.9963 E-52 - 1.0185 E-51%1I,
-1.9835 E-52 + 6.6765 E-52%*1I]

\\IV

SMIV8x8(q4,N)=[-1,0,0,0,0,0,0,0; 0,1,0,0,0,0,0,0; 0,0,1,0,0,0,0,0;
0,0,0,1,0,0,0,0; 0,0,0,0,1,0,0,0; 0,0,0,0,0,1,0,0; 0,0,0,0,0,0,-1,0;
0,0,0,0,0,0,0,-1]1%5I8x8(1/q4"~4)*ZHAT8x8(1/q4,-3,N,-1)*matdiagonal
([-1,-1,1,1,-1,-1,-1,11)

3

\\III

SMITI8x8(q4,N)=[1,0,0,0,0,0,0,0; 0,1,0,0,0,0,0,0; 0,0,1,0,0,0,0,0;
0,0,0,1,0,0,0,0; 0,0,0,0,1,0,0,0; 0,0,0,0,0,1,0,0; 0,0,0,0,0,0,0,1;
0,0,0,0,0,0,1,0]*SI18x8(1/q4"~4)*ZHAT8x8 (1/q4,-3,N,-1) *matdiagonal
([1,1,1,1,-1,-1,-1,11)

SMIV8x8(q4+0(q4~100) ,100) *SMIII8x8(q4+0(q4~100) ,100) ~(-1) -matrix(8,8,1i,j,
if (i==3j,1,0)+0(q4"10))

/ *

[0(q4~10) 0(q4~10) 0(q4~10) 0(q4~10) 0(q4~10) 0(g4~10) 0(g4~10) 0(g4a~10)]

[0(q4~10) -g4°4 - 2%q4°8 + 0(g4°10) g4°8 + 0(g4°10) -q4°4 - q4°8 + 0(qg4
~10) gq4°4 + q4°8 + 0(q4°10) -94°8 + 0(g4°-10) -q4-4 + 0(q4-10) -qgq4°4 + O
(g4-10)]

[-1 + 0(q4"10) 1 + g4°4 + 0(q4°10) -q4°4 - g4°8 + 0(q4~10) 1 + 0(g4~10) -1
+ 0(q4~10) q4°4 + q4°8 + 0(q4°10) 1 - q4°4 - 2%q4"8 + 0(q4~10) 1 - q4
"4 - 2%q4°8 + 0(g4°10)]

[-q4°4 + g4°8 + 0(g4°10) -9q4°8 + 0(g4-10) 0(g4-10) -94°8 + 0(g4-10) g4-8 +
0(q4°~10) 0(q4-10) -q4°8 + 0(q4°10) -q4°8 + 0(q4~10)]
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[-q4°4 - g4-8 + 0(q4°10) g4°4 + 2xq4~8 + 0(q4~10) -g4°8 + 0(gq4~10) q4-4 +

q4~8 + 0(q4~10)

-q4°4 - q4°8 + 0(q4-10) q4°8 + 0(g4~10) q4-4 + 0(qg4~10)

q4~4 + 0(q4~10)]

[-2%q4~8 + 0(q4°10)

-1 - q4°4 + q4°8 + 0(q4~10) q4~4 + g4~8 + 0(g4~10) -1

+ q4°8 + 0(q4°10) 1 - g4°8 + 0(q4°10) -g4°4 - g4°8 + 0(q4~10) -1 + q4-4
+ 3%xq4~8 + 0(q4°~10) -1 + q4~4 + 3%xq4~8 + 0(q4~10)]

[2xq4~8 + 0(q4~10) 1 - 3%q4~8 + 0(q4°10) -q4°4 + 0(q4-10) 1 - g4-4 - 2%q4
"8 + 0(q4°10) -1 + g4°4 + 2%xq4°8 + 0(q4°10) q4°4 + 0(q4°10) -2xq4-4 -
3%q4~8 + 0(q4~10) -2%q4~4 - 3%q4~8 + 0(q4"10)]

[q4~4 + 2%q4~8 + 0(q4~10) 1 - 3%q4~8 + 0(q4~10) -q4~4 + 0(q4~10) 1 - q4-4

- 2xq4°~8 + 0(q4-

10) -1 + q4-4 + 2%q4°8 + 0(gq4°10) q4°4 + 0(q4°10) -2xq4

~4 - 3%q4~8 + 0(q4~10) -2%q4~4 - 3xq4~8 + 0(q4~10)]

*/

The file 4112data begins as follows.

{A[1]1=[1497746, 1345119, -3675733, 2082815, -839488, -283405, 383432]};
{A[2]1=[3014838521575, 2732414541176, -7414786842283, 4197826806919,

-1690529009777 ,

-574198051621, 7717652776691} ;
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