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The colored Jones polynomial assigns to each knot a sequence of Laurent poly-
nomials. This dissertation will focus on the patterns in the coefficients of these poly-
nomials. We will discuss a new formula for calculating the colored Jones polynomial
of certain pretzel knots and the stabilization and higher-order stabilization of the coef-
ficients, specifically discussing what the second N coefficients of the N colored Jones
polynomial of certain knots stabilize to. We will also look at patterns in the middle
coefficients and explore a new way of looking at the colored Jones polynomials of am-

phichiral knots.
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Chapter 1

Introduction

This dissertation focuses mainly on the patterns in the coefficients of the colored
Jones polynomial. The colored Jones polynomial is a knot invariant that assigns to each
knot a sequence of Laurent polynomials indexed by N > 2, the number of colors. For
a knot K, denote the Nth term in this sequence Jy x(q), where N corresponds with the
N dimensional representation, i.e. we use the convention that when N = 2, we get the
Jones polynomial.

We usually think of the N colored Jones polynomial as either the Jones poly-
nomial of a linear combination of i-cablings of the knot for 0 <i < N —1 or as the
evaluation in the Temperley-Lieb algebra of the knot diagram decorated with the N — 1%
Jones-Wenzl idempotent. In what follows, the colored Jones polynomial is normalized
so that its value on the unknot is 1.

One of the main open questions in the subject area is how to relate the colored
Jones polynomial to the geometry of the knot. One such relation is the following “hy-

perbolic volume conjecture."

Conjecture 1.0.1 ([Mur10], Kashaev-Murakami-Murakami). For any hyperbolic knot

K
27ri/N>|

1
2 tim 02 MKN(e

_ 3
Aim N =vol(S°\K)

where JK7N(627”/ NY is the normalized Colored Jones Polynomial of a knot K evaluated
at an N™* root of unity and vol(S*\K) is the volume of the unique complete hyperbolic

Riemannian metric on the knot complement.



The hyperbolic volume conjecture has been proved for torus knots, the figure-
eight knot, Whitehead doubles of torus knots, positive iterated torus knots, Borromean
rings, (twisted) Whitehead links, Borromean double of the figure-eight knot, Whitehead
chains, and fully augmented links (see [Murl0]). It is still open for other knots and
links.

In [DLO7], Dasbach and Lin related the first and last two coefficients of the

original Jones polynomial to the the volume of the knot in the following way:

Theorem 1.0.2 (Dasbach, Lin). Volume-ish Theorem: For an alternating, prime, non-

torus knot K let

Jrk2(q) =ang"+ -+ anq"

be the Jones polynomial of K. Then
2vg(max(|am—1|, |ans1]) — 1) < Vol(S® — K) < 10v3(|aps1| + |am—1] —1).

Here, vz = 1.0149416 is the volume of an ideal regular hyperbolic tetrahedron and

vg == 3.66386 is the volume of an ideal regular hyperbolic octahedron.

They also proved that the first two and last two coefficients of the Jones Polyno-
mial were also the first and last two coefficients of the N colored Jones polynomial for
all N and noticed that the first and last N coefficents of the N colored Jones polynomial
seemed to be the same, up to sign, as the first N coefficients of the k colored Jones poly-
nomial for all kK > N. These types of theorems encourage us to look more deeply in to

what the coefficients of the colored Jones polynomial can tell us about the knot.

1.1 Patterns in the Coefficients of the Colored Jones Poly-

nomial

When studying the coefficients of the colored Jones polynomial, I first looked at
patterns in the entire set of coefficients. To be able to visualize these patterns, I used a
formula initially proved by Habiro and reproved by Masbaum in [Mas03] to calculate
the colored Jones polynomial of the figure 8 knot and twist knots and then plotted the

coefficients of these polynomials. The plot of the coefficients for the 95 colored Jones



polynomial of the figure 8 knot is below. (The plot has the degree of the term on the
x—axis and the coefficient on the y—axis. Degrees were shifted by multiplying by ¢¥

for some M so that all the degrees were positive.)

Figure 1.1: Coefficients of the 95" Colored Jones Polynomial for the Figure Eight Knot

This led me to the following conjectures about the basic shape of the plot of the

coefficients of the N colored Jones polynomial.

1. In the middle, the coefficients of Jx y are approximately periodic with period N.

2. There is a sine wave like oscillation with an increasing amplitude on the first and

last quarter of the coefficients.

3. We can see that the oscillation persists throughout the entire polynomial. The
amplitude starts small, grow steadily and then levels off in the middle and then

goes back down in a similar manner.

I also looked at the growth rate of the maximum coefficients of each colored
Jones polynomial of a knot. The maximum coefficients of the polynomials seemed to
grow exponentially at a rate related to the hyperbolic volume of the knot.

Much of my research has been centered on trying to gain insight on where these
patterns come from. This first led me to use the techniques from [Mas03] to find a
formula for the colored Jones polynomial of pretzel knots of the form (1,r—1,2p —1)
in order to have a larger class of knots for which I could easily calculate the colored

Jones polynomial for large values of N.



Theorem 1.1.1. A pretzel knot of the form K, , = P(1,2p — 1,r — 1) has the colored

Jones polynomial
N[N ] L o (26 (K1) {2n 41}
JN(K[Lhaz) - ngocn,p |:N_ 1 —I’l:| uun kz()a(zk’n’n) <I’l,l’l,2k> [2](]' {l’l}‘{l}
_N—l A N+n ], {2n+1}{n}! . [2k+1] r/2
- nzo(_” {N—n—l}cn’p{l}(a—a_l)zn Z (=1 +1)[n+k+1]![n—k]!“2" '
Here
de L oy B
P (a—a ) & 2k [n+k+1]!n—k|!
where [ = (— l)iAi2+2i and,
{ny=d'—a",In) = =——
-
k [k]![n— K|

Corollary 1.1.2. When r is even this reduces to

Ky ra®) =} (<1) {N—n—l]cﬁ“’{ {1 B

Corollary 1.1.3. When r is odd this reduces to

N-] N+n | {2n+1}n}t & [2k+1]
2y _1\n,,4p 2
InKprat)= (1) ncn’p[N—l—n} (a—a P {1} &M Tk 1= 4]

The formula for the case where r is even was independently proven by Garo-
ufalidis and Koutschan in [GK12]. Using this formula, we are able to more quickly
calculate the colored Jones polynomial for many knots with up to 9 crossings. This
formula is discussed in Chapter 4.

I also was led to look at the current work studying the first and last coefficients

of the colored Jones polynomial, known as the head and tail of the polynomial and look



at the higher order stability of the coefficients. An overview of this research and how I
have related it to my main questions is presented in Chapter 5.

Given a sequence of Laurent polynomials, we say the head of this polynomial
exists if the first N coefficients (of the highest order terms) of the N* polynomial in the
sequence are the same as the first N coefficients of the k" polynomial for all k > N.

The tail of the sequence of polynomials, if it exists, is the stabilized sequences of the

(b) 6; with a
checkerboard

coefficients of the lowest terms.

O

o

(a) A diagram of 6, coloring

(©) The A- (d) The B-
checkerboard checkerboard
graph graph

Figure 1.2: The Knot 6; and its associated graphs.

In [DLO6, AD11, Arm13], Dasbach and Armond proved that the head and tail
of the colored Jones exist for alternating and adequate knots and depend on the reduced
checkerboard graphs of the knot diagrams.

In [GL11], Garoufalidis and Le independently proved that the head and tail of
the colored Jones polynomial exist for alternating knots while proving (for alternating
knots) a stronger version of this stability.

I hope to be able to use this stabilization to extend the work done on the first and
last coefficients to the patterns in the middle that I originally observed. In particular, if I
can find what the stabilized sequences are, I could extract which parts of these sequences

contributed to the maximum coefficient, or to other coefficients I wanted to study.



For example, for the figure 8 knot, we know the that first coefficients stabilize to

the pentagonal number sequence. By this, I mean that for the figure 8 knot,

[e) ()

Dy =[J(1-4"= Y (—1)kgb Bk,

n=1 k=—o0
In the table below, I have listed out the first 16 coefficients of the N-colored Jones
polynomial for the figure 8 knot for N = 3,4 and 5. We see that the first N+ 1 coefficients

of the N-colored Jones polynomial are the same as the first N 4 1 coefficients of ®y.

o) l1 -1 -1r 001 0 1 0 0 0 O -1 0 0 -1
N=31-1-10290-20 3 0 -3 0 3 0 -3

N=41-1-109023+-1-1-1-15 -1 -2 -2 -1 6
N=51-1-10O0T1T2 0 -2 -1-11 3 1 -2 -3

Now, since we know all of @, we can subtract it from the shifted colored Jones

polynomials. Now are coefficients are:

O !l -1-1 001 01 0 0 0 O -1 0 0 -1
N=3 0 0 O0O072-1-2-13 0 -3 0 4 0 -3
N=4 0 0 0 O0O0O2 -1 2 -1 -1 5 -1 -3 -2 -1
N=5 0 0 0 O0O0O0OO 2 -1 -2-1-11 4 1 -2 -2

Shifting these sequences back so that they start with a non-zero term, we can see

that they again stabilize. The sequence they stabilize to is P;.

1 2 1 1 1 -

1 2 -1 3 0 3 0 4 0 3 1
5
1

—

-1 -2 -1 -1 -1 -3 -2 -1 7
-1 -2 -1 -1 4 1 -2 -2

22 ZH
[

I
wn oA W
N B [N

I call the sequence @ the “neck of the tail" or the “tailneck" of the colored Jones
polynomial of the figure 8 knot.
I calculated the tailneck of all three strand pretzel knots with negative twists in

each region. For knots in this family, the B-checkerboard graph is a three cycle. These



my

Figure 1.3: A trefoil knot with its checkerboard graph.

knots can be drawn like the trefoil in Figure 5.2, except we will have more crossings
below the pictured crossings (and thus more parallel edges before we reduce the graph).
The m; represent the number of crossings in each section. As it is drawn, each m; = 1.

(If my = 2 and the others are 1, we get the figure 8 knot.)
Theorem 1.1.4. The tailneck of knots with reduce to the three cycle is:

o I (1 —g"), i.e. the pentagonal numbers sequence, if all m; = 1 (The only knot

satisfying this is the trefoil).

o [T (1—4¢")+ %1{1—(1”)7 i.e. the pentagonal numbers plus the partial sum of

the pentagonal numbers, if two m; = 1 and one is 2 or more.

o [I_,(1—¢"+ ZW, i.e. the pentagonal numbers plus the 2 times the

partial sum of the pentagonal numbers, if one m; = 1 and two are 2 or more.

o [T, (1—¢")+ 3%1;(]"), i.e. the pentagonal numbers plus the 3 times the

partial sum of the pentagonal numbers, if all m; > 2.

The proof of this theorem in is chapter 5.

1.2 Organization

This dissertation is organized as follows: In Chapter 2, we define knots and intro-
duce the Jones polynomial. In Chapter 3 we introduce the the colored Jones polynomial

and discuss its various definitions, some history and the hyperbolic volume conjecture.



In Chapter 4, we introduce pretzel knots and prove Theorem 1.1.1 and its corollaries. .
In Chapter 5, we discuss the head and tail stability and prove Theorem 1.1.4. Finally,
in Chapter 6, we discuss in more detail the patterns in the middle coefficients of the
colored Jones polynomial.

There are two appendices. The first gives an overview of both kinds of Cheby-
chev polynomials we use throughout this dissertation. The second discusses a way to
use matrices to compute the Jones and Colored Jones polynomials.

There are a few different standard normalizations used in works related to the

colored Jones polynomial, I have listed those I am using in section 3.3.



Chapter 2

Knots and Knot Invariants

2.1 Knots

Most everyone has a picture that comes to mind when you say knot. We begin

with the mathematical definition of a knot so that our pictures are all basically the same.
Definition 2.1.1. A knot is an embedding f : S' — S°.

A knot is usually represented through projection into R? such that at most two
segments come together at any one point and, whenever two segments meet, we desig-
nate which arc is the over crossing and which is the under crossing.

If we have an embedding of multiple copies of S' into S® we call this a link
instead of a knot. The image of each Sl, 1.e. each connected segment, is called a
component of the link. Thus a link with a single component is a knot. When we talk
about a knot, we are referring to either the map itself or the image under this map. We
call a specific projection of the knot into R? the knot diagram.

Intuitively, we want to say that two knots are equivalent if, when made out of
string, we can move the strings around to make one knot look like the other. The strands
cannot pass through each other (it’s string!) and you cannot cut the string and then retie

it. Mathematically, we can define this as follows:

Definition 2.1.2 ([Lic97]). Two knots are equivalent if there is an orientation preserving

piecewise linear homeomorphism h : S — S3 that maps one knot to the other.
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We will refer to the map as the ambient isotopy. This definition allows us to rule
out pathological examples. Below are 5 knots diagrams. The first two are both diagrams
of the unknot. The second two are both diagams of the trefoil knot 31 and the last is a

diagram of the figure 8 knot 4.

S O

Figure 2.1: There are three different knot types in this figure. The first two knots are
unknots, the third and fourth are trefoils and the fifth knot is a figure 8 knot.

2.2 Knot Invariants

We can use knot invariants to help us tell whether or not two knot diagrams

represent equivalent knots.

Definition 2.2.1. A knot or link invariant is a property of a knot or link that does not

change under ambient isotopy.

If two knots have different values for any knot invariant, then it is impossible to
transform one into the other, thus they are not equivalent. To prove a given property of a
knot is a knot invariant, we need to show that it is invariant under any ambient isotopy.
Luckily, we have a theorem from Reidemeister that tells us that any ambient isotopy
can be achieved via a finite sequence of three basic moves and planar isotopy. Thus, to
check a property is an knot invariant, we just need to check it is invariant under these

three moves and planar isotopy.

Theorem 2.2.2 (Reidemeister 1928). Any two equivalent knots are related by planar

isotopy and a sequence of the three Reidemeister moves.

The three Reidemeister moves are pictured below. In each diagram, the knot
diagrams are equivalent outside of the dotted circle and the change only occurs in the

region pictured.
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Reidemeister 1: > +— N
) ) ~
Reidemeister 2: > ( — 6

/

Reidemeister 3: | N 7
eidemeister />\ — /</\

2.2.1 Kauffman Bracket

The first semi-invariant we will discuss is only invariant under planar isotopy and
the second and third Reidemeister moves. We say a property invariant under these moves
is an invariant of framed knots and links. This semi-invariant is called the Kauffman

bracket is defined via a local skein relation, see [Kau87]

Definition 2.2.3. The Kauffman bracket of a diagram of a knot or link D, denoted (D),
is an invariant of framed knots which assigns to each link a Laurent polynomial in A. Ist

is characterized by the skein relation below.

O) -
<DI_IO> - (—AZ—A—2)<D>
(3¢) = 00 )(R)

To find the Kauffman bracket polynomial of a link, we use the third relation to
smooth out crossings and the second to remove disjoint unknots. Once all crossing and
disjoint unknots are gone, we will only be left with a single unknot whose Kauffman

bracket polynomial is 1.
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2.2.2 The Jones Polynomial

We can adapt the Kauffman bracket to be a knot invariant by accounting for the
change in polynomial due to the first Reidemeister move. The writhe of the diagram is
only affected by the first move so by adding a factor depending on the writhe we can

make the Kauffman bracket a knot invariant.

Definition 2.2.4. The writhe of a diagram in the number of positive crossings in the

diagram minus the number of negative crossings, i.e

o NN

@ ©

Once we adjust the Kauffman bracket using the writhe factor, we get a new poly-
nomial which is an invariant. This polynomial, under a change of variable, if equivalent
the the Jones polynomial and gives us one of the many ways of defining the Jones poly-

nomial.

Definition 2.2.5. The Jones Polynomial of a knot is a knot invariant of a knot K with
diagram D defined by

This definition extends to consistent definition of the Jones polynomial of ori-
ented links. The orientation of the links is important since changing the orientation of
a single component changes the Jones polynomial. There are many other ways of cal-
culating the Jones polynomial of a knot, including another skein relation of oriented
diagrams originally given by Jones, see [Jon85]. Below, we discuss a more formal way
of defining the Jones polynomial which will be the definition we can easily extend to
get the colored Jones polynomial.

We can view every knot as the closure of a braid. From the braid diagram, we

can get a representation of the 7/ braid group inside the n'" Temperly Lieb algebra.
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1
N
VeV
VeV ) VeV
Id® R® Id
VoVeV*eV*
Id® R® Id
VeoV*eVeV* Rl Ide Id
VieVeVeV: wlaw
R '®Id®Id
VeV *eV)eV* 1d®U® Id
(Ve Vv
. U

This produces a map from 1 to itself and thus is just multiplication by an
element in Q(q).

Figure 2.2: This is a Morsefication of a oriented diagram of the figure 8 knot. On each
level, we associate a copy of V or V* depending on whether the orientation is up or
down. Between levels, we get cups, caps and R-matrices to move from one level to the
next.

The trace of this representation gives the Jones Polynomial in the way it was originally
defined by Vaughan Jones. Consider the Lie algebra s, of traceless two-by-two complex
matrices. It has universal enveloping algebra U (sl ), which has quantum deformation
U,(slp). Uy(sly) is an algebra over the ring Q(g) of rational functions in the variable g.
Given a knot diagram, we can ‘color’ the diagram with a 2 dimensional representation
of Uy(slp)V. Each strand oriented upward gets labeled with a V and those oriented
downwards get labeled with a V*, the dual representation. There are maps between
these representations for cups, caps and the R — matrix map for crossings. Since the
overall maps if from the identity to itself, it is just a multiplication by an element in
Q(q). This element is the Jones polynomial of the knot.

Table 2.1 shows the Jones Polynomials of various knots. When we take the
mirror image of a knot, the Jones polynomial changes by interchanging g and g~'. We

see that the Jones polynomial of the trefoil is not symmetric in ¢ and ¢! and thus the
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trefoil is not amphichiral, i.e. equivalent to its mirror image. The Jones polynomial

of the figure 8 knot is symmetric in ¢ and ¢!

. This is a necessary but not sufficient
condition for the figure 8 knot to be amphichiral. In fact, it is amphichiral. A diagram of
figure 8 knot can be transformed into a diagram of its mirror image though a sequence
of Reidemeister moves. Also notice that the mirror image of 5; and 10155 have the
same Jones polynomials. Thus the Jones polynomial does not distinguish all knots. An
important open question is whether or not there exists nontrivial knots with the same

Jones polynomial as the unknot.

Table 2.1: Jones Polynomials of Different Knots

Knot Knot Diagram Jones Polynomial
Trefoil (31) C@D qg+q —4*
Mirror Image(31) g ' +qg 3¢
: : @ -2 _ -1 2
Figure Eight (41) & qg°“—q +1—qg+q
Mirror Image (41) g +1—g ' +q?
€
5, —~L Prdt -+~
51 g +q =g +q—q7
Sy
1013 ey g °+q g +q°—q"’




Chapter 3

The Colored Jones Polynomial

3.1 Some historical highlights of the Jones and Colored

Jones polynomial

In January 1985, Vaughan Jones published a paper, [Jon85], introducing the
Jones Polynomial (although he did not call it that). While analyzing finite dimensional
von Neumann algebras with specific properties, it was pointed out to him that these
properties were similar to those of the n-string braid group, B,. This leads to a repre-

sentation, r; of B,,. Jones noticed that the number

(=1 +1)/v/(@0)""er(r (b))

for some b in B,, depends only on the isotopy class of the closed braid and thus when
viewed as a function of ¢ this gives us an invariant. He calls this the trace invariant, but
everyone else began calling it the Jones polynomial. (He used the variable ¢ in the same
way we used the variable g or above.)

In this paper, Jones states some of the basic properties of the Jones polyno-
mial, including that it is a Laurent polynomial in # when the link has an odd number of
components and /7 times a Laurent polynomial when the link has an even number of
components. He also shows how it changes over mirror image and connect sum and the
relationship between the Jones polynomial of knots where a single crossing is replaced

by the other crossing and its smoothing. This skein relation gives a recursive way to find

15
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the Jones polynomial of the any knot.

Based on this work of Jones, Freyd and Yetter, Hoste, Lickorish and Millett and
Ocneanu (HOMFLY) developed a two variable polynomial invariant of knots and links
which generalizes both the Jones polynomial and the Alexander polynomial. In fact,
although working independently, these groups all submitted very similar papers to the
Bulletin of the American Mathematical Society in a period of a few days. This led to
a single paper[FYH"85] on the idea being published with each as coauthors. This is
unrelated to the colored Jones polynomial, but included here to give some historical
perspective of the large amount of activity in this area at the time.

In 1986, in [Kau87], Kauffman showed a state sum model for calculating the
Jones polynomial using a different skein relation, where each crossing can be smoothed
in two different ways. In this paper, he defines the bracket polynomial, now called
the Kauffman bracket which, under a simple scaling involving the writhe to make it
invariant under the first Reidemeister move, is equivalent to the Jones polynomial. This
gives us a state sum model for the Jones polynomial which leads to the proof of many
more interesting properties of this polynomial. This is the definition we used to define
the Jones polynomial is Chapter 1.

And now, this brings us to the introduction of the colored Jones polynomial. In
1988, in [Res88a] and [Res88b], (an unpublished pre-print in two parts which was only
circulated by mail to interested parties but is now available on Reshetikhin’s website),
Reshetikhin shows that for any simple Lie algebra g, we can associate to the quantum
deformation of the universal enveloping algebra of g (i.e. U,(g)) a countable set of
invariants of a link. When we take g = sl,, we get the family of colored Jones polyno-
mials of the link. He does this by constructing representations on the braid group which

correspond to the R-matrices studied throughout the paper.

3.2 Definitions of the Colored Jones Polynomial

3.2.1 The Colored Jones Polynomial using R-matrices

Just as with the Jones polynomial defined above, we can get a representation of

the n'" braid group inside the n’” Temperly Lieb algebra (defined in more detail below).
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If we ‘color’ the diagram with an N-dimensional representation of U,(sl>)V, instead
of a 2 dimensonal representation and do all the same steps we get the N colored Jones

polynomial.

3.2.2 The Colored Jones Polynomial as a linear combination of Jones

Polynomials of Cablings

We can think of the N-dimensional colored Jones polynomials as a linear com-
bination of the original Jones polynomial on cablings of the knots, in the same way that
the N-dimensional representation can be expressed as a linear combination of V2®k, k<
N—1.

We can express this linear combination recursively as:
g1=1

82 =2
83 = 28i—1 — &i—2-

For example, g3 = z° — 1 so the 3-dimensional colored Jones polynomial is the Jones

Polynomial of the two cabled figure 8 minus 1.

Figure 3.1: Using the linear combination definiton of the colored Jones polynomials,
we see the the 3 colored Jones polynomial of 4, is the Jones polynomial of the 2 cabling
of 4| minus 1.

This linear combination gives us the Chebyshev polynomials of the 2nd kind.

They are normalized differently in some contexts. See A.2 for more details.
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3.2.3 Temperley-Lieb Algebra and the Colored Jones Polynomial

We can also give a definition of the colored Jones polynomial using the Temperley-
Lieb algebra, T'L, and the Jones-Wenzl idempotent f ) eTL,.

Given an oriented disk D? with 2n marked points on it boundary, see Figure 3.2,
we can draw arcs connecting the marked points. We can also can cycles inside of the

diagram, see Figure 3.3.

Figure 3.2: To define the Temperley-Lieb algebra, we start with an oriented disk (D?)
with 2n marked points in its boundary.

7o

Figure 3.3: We draw arcs starting and ending at all of the marked points and cycles
inside the surface. We have to mark at each crossing which strand is the over crossing
and which is the under crossing.

We will say that two diagrams are the same is there is a homeomorphism of D?
that is isotopic to the identity and keeps the boundary points fixed that maps ones to the
other. These types of diagrams are the starting point for defining our linear skein. We
also include rules reminiscent of the Kauffman bracket relations. We take the following

definition:

Definition 3.2.1. The linear skein S(D?,2n) of (D?,2n) is a vector space of formal linear

sums over C of link diagrams in (Dz, 2n) quotiented by the relations below.
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Figure 3.4: This diagram is the same in the Temperley-Lieb algebra as the one in Figure

3.3
DI_IO — (—A2-A)D

o= A (At
The second relation allows us to undo all crossings and reduce our diagram to
a series of crossing-less matches between the marked points and disjoint cycles inside
the diagram. The first relation allows to to remove the disjoint cycles. This means that
every diagram is equivalent to a linear combination of crossing-less matches between
the marked points. The constants in this linear combination are Laurent polynomials in
A, but we generally take A to be a fixed complex number.

The product of diagrams is by juxtaposition. An example is given in Figure 3.6.

n-i-1

1= & e,-=> i -1 ]

Figure 3.5: These are the generators of the nth Temperley-Lieb algebras. A strand with
a number above it represents that many parallel strands.

This product extends to a well-defined bilinear map that turns S(D?,2n) into an
algebra. We call this algebra the n'" Temperley-Lieb algebra TL,,.

The algebra is generated by the elements 1,eq,e3,...,e,_1 shown in Figure 3.5.
In particular, the ith generator is has a backtrack between the ith and i + 1st strand. Here,

a strand with an n above it represents n parallel strands in the diagram.
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Figure 3.6: This figure illustrates what happens when we take the product of two ele-
ments in the Temperley-Lieb algebra

There is a special element in this algebra called the Jones-Wenzl idempotent.
The Jones-Wenzl idempotent in the T'L,, is denoted f*). Diagrammatically, we usually

draw it as a box labeled with n, as in Figure 3.7.

f(n) — o

Figure 3.7: This is how we will diagramatically represent the Jones-Wenzl idempotent
inside the Temperley-Lieb algebra.

The Jones-Wenzl idempotent f(") € TL, is the unique element such that:
(i) fMe; =0=¢;f™ for 1 <i<n—1 (kills backtracks)

(ii)(f") — 1) belongs to algebra generated by {e;...e,_1}

(iii) £ f(0) = f(n)

. —1)" A2(n+1)_A72(n+1)
(iv)A, = o ——

A= oD € S(R?)

In [Wen87] Wenzl proved the recurrence relationship satisfied by the idempo-

where

tents the we present in Figure 3.8. To give an idea of what these idempotents look like,
we use the recursive definition to find f (2) and f (") These are in Figures 3.9 and 3.10.

Using this Jones-Wenzl idempotent, we can define the colored Jones polynomial



21

fO = the empty diagram
= 1
1 A 1 1
0™h = T - % [P
L nL_—-— n

Figure 3.8: Here we show the three properties the Jones-Wenzl idempotents satisfy.
This allows us to recursively find each one.

1 A 1 1
2 = - 20
(F 4 = ’ L
LI ] Ay ~
_ 1 A2_A2 1 1
= 1 T oAar [ D

Figure 3.9: This figure shows the expansion of the second Jones-Wenzl idempotent in
the Temperley-Lieb algebra.

—3 - 3 i

LT Al:) C

- ap g ag

%N'E)C

Figure 3.10: This figure shows the expansion of the third Jones-Wenzl idempotent in
the Temperley-Lieb algebra.

of a knot in another way. In particular, the n+ 1 colored Jones polynomial of a knot K is

the Jones polynomial of K decorated with the f () the Jones-Wenzl idempotent in TL,,.

3.2.4 Connection between these definitions

The definition of colored Jones polynomial in terms of Jones polynomials of
cablings of the knot and the definition in terms of the Jones-Wenzl idempotents are two
ways of looking at the same construction. To see this, note that when we expand the

idempotent to its linear combination of diagrams, the diagrams we get are exactly those
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that we get from the recursive definition.

Recall that we can express this linear combination of cablings recursively as:

g1=1

8=z
gitl=zgi—gi-1

and that the Jones-Wenzl idempotent is defined by .

~
2
(=)
=
1]

the empty diagram
= 1

~~
>
T
—_
BN
-

1| = -
2 A a ﬁ
L " n n

n-1

First, note that both recursions start with the same terms. Then in the recursive
definition of the Jones-Wenzl idempotent, it is easy to see that the first term has an
additional strand cabling the previous term, corresponding with the zg;_; term in the
cabling definition. Now, for the second part, since we are applying the projector to a
knot, we can picture have the diagram inside an annulus. See Figure 3.11.

We can move the strands around to picture this in a different view. We cut along
the dotted line to get a different perspective. See Figure 3.12. Now, using the rules of

the projectors, we can see that for a knot decorated with a Jones Wenzl idempotent, we

use one £ to cancel the other and then remove the loop by multiplying by AA" . We
are left with —1 times a strand with the projector in n — 2 strands, giving the — g’::; term
in the cabling recursion. This, as described below, only works if we have the idempotent
on a connected component.

Because of the extra properties, we know about the Jones-Wenzl idempotents
(kills backtracks, absorb lower idempotents, etc.), it is sometimes convenient to use

them in our calculations, even though they are the same as the cabling formula.
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Figure 3.11: The second term in the recursive formula for the Jones Wenzl idempotent
pictured inside an annulus

Anfl 1 ! — An—l 1 1
Y05 Y O
n n-1 n n-1 nn n-1
— Ay 1
n-1 n-1
— Anfl Ay
- Ay Ap—1 _|f71 I—n7

Figure 3.12: We get the above identity only if the Jones-Wenzl idempotent is on a knot.
This helps us see why the definitions are equivalent.

3.3 Notes on Normalization

In an attempt to keep things clear, I will use the following conventions through
this dissertation.

We will (almost exclusively) consider the normalized colored Jones polynomial
Jn k(q), which is normalized such that Jy , 1.0(q) = 1. We write Jy k(g) for the un-
normalized colored Jones polynomial. The un-normalized colored Jones polynomial
satisfies Jy unknot(q) = Av—1 = (=1)N ' [N].

Ivk(q)
JJ/V,K(CI) = A}Vfl
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We use the convention that N = 2 gives the standard Jones polynomial.
The variable ¢ = a®. This ¢ = 1/t in the standard Jones polynomial. The follow-

ing definitions are standard and are used through this dissertation:
a=A?

{n}=d"—a™"

=
{n}!={n}{n-1}.. {1}
[n]! = [n][n—1]...]1]
[n} :: [n]! .
k| T KA

3.4 Hyperbolic Volume Conjecture

One of the major open questions relating to the colored Jones polynomial is the

Hyperbolic Volume Conjecture.

Conjecture 3.4.1 ([Thu], Kashaev-Murakami-Murakami). For any hyperbolic knot K,

27 % lim = vol(S*\K)

n—oo

log [k (/)|
n

where JmK(ezm’/ ") is the normalized Colored Jones Polynomial of a knot K evaluated
at a n'" root of unity and vol(S3\K) is the volume of the unique complete hyperbolic

Riemannian metric on the knot complement.

This conjecture gives a connection between the quantum invariants of a knot K
and its classical geometry. The conjecture is known to be true for torus knots (where
both sides are 0) and for the figure eight knot. It has also been proven for certain other
knots and classes of knots, see [vdV].

In [DLO6], Dasbach and Lin prove the the first and last three coefficients for the
colored Jones polynomial stabilize for alternating knots and give a formula for these
coefficients.

From this, they up with a volume-ish theorem for the Jones Polynomial, [DLO7].
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Theorem 3.4.2 ([DLO06], Volume-ish Theorem). For an alternating prime, non-torus
knot K let
Vi (t) = ant" + -+ apt™

be the Jones polynomial of K. Then
2vomax(|apm1],lans1| — 1) < VoU(S® = K) < 10vo(|ans1] + [am—1] = 1).
Here, vo = 1.0149416 is the volume of an ideal regular hyperbolic tetrahedron.

This is done using bounds on the volume based on twist number and showing
that the coefficients of the Jones polynomial can be expressed in terms of the twist
number. In doing this work, Dasbach and Lin also noticed that the other coefficients
of the colored Jones polynomial stabilize as n increases. We focus more of this in the

Stability in the Coefficients of the Colored Jones Polynomial chapter.



Chapter 4

A Formula for the Colored Jones
Polynomial of (1,2p —1,r— 1) Pretzel
Knots

In this chapter, we give a formula for the colored Jones polynomial of (1,2p —
1,r— 1) pretzel knots. In the case where r is even, Garoufalidis and Koutschan give a
formula in [GK12]. The work presented here was done independently and works for all

r. We begin with the definition of a pretzel knot.

4.1 What is a pretzel knot?

N )

2 C o0
Figure 4.1: A (cy,c2,...,c,) Pretzel Knot. A box with a ¢; represents ¢; half twists.

26
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A pretzel knot or link is usually described by P(cy,c3,...c,) where each ¢; is an
integer corresponding the number of half twists within that section of the knot. These
twisted parts are drawn vertically. Positive ¢; correspond with positive half twists, while
negative ¢; correspond with negative half twists. See Figure 4.1. In order for this to form
a knot (have only one component), we need either exactly one c; to be even, or both n
and each ¢; to be odd. If n is even and each c; is odd, we get a two component link. If at
least one c; is even, then the number of components is equal to the number of even c;.

We consider pretzel knots of the form P(1,2p—1,r—1).

4.2 The Formula

Theorem 4.2.1. A pretzel knot of the form K, , = P(1,2p — 1,r — 1) has the colored

Jones polynomial

"IN 1—n (n,n,2k) [2k]! {n}!{1}

n=0

N—1 " )
N 2k) (K2 {2n+1}!
I, @)=L ¢ [ o }H;Z5(2k;n,n)’ (k) (M) {2n+ 1}
o N k=0
Corollary 4.2.2. When r is even this reduces to

N-1
N+n {2n+1}!
J H=Y (-1)" T Cnr /2
NaKPvr(a ) r;()( ) |:N_n_1:| Cnap {1} Cnvr/z

Corollary 4.2.3. When r is odd this reduces to

N—-1 "
JN7K,,’,(a2) _ Z (_l)n 4pC/ |:NN—|—n :| {2n—i—l}!{n}! : [Zk—l—l]

| N—1—n)(a—a {1} B Tkt 11— A

Corollary 4.2.4. One reduced way to write the formula the works for all r is

Nz_’l(—l)”[ N+n } , {2n+1}3{n}! i(_l)k(wrl) 2k +1] r/2

N—n—1]""{1}{a—a > & [kt 1l —k1H2
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4.2.1 The notation

We think of the N colored Jones Polynomial of a knot K as the Kauffman bracket
of K cabled by ey_1, where ey_; is the Jones-Wenzl idempotent. We normalize so
that the unknot has colored Jones Polynomial 1. For now, we turn our attention to the
Kauffman bracket.

The Kauffman bracket gives an isomorphism from the skein module K (M) of an
oriented 3-manifold M to Z[A*]. It is normalized so that the bracket of the empty link
is 1. The element @ € K(M) as defined in [Mas03] has the property that the bracket of
a link with @ linked around an even number of strands has the same Kauffman bracket

as the same link with a positive full twist in place of the ®.

G

We can extend this to w?” which has the property of inducing p full right hand

twists. (If p is negative, we get left handed twists.) In [Mas03], the formula for @
is proved. We will simply restate it here and then define the necessary pieces of the

formula.
)2
» Z C pRo-

Here, R/, is a basis for the skein module of the solid torus which is isomorphic to Z[A*][¢]
Specifically, R}, = (n!) "' [T'=, (z— Aa;) where A; = —a'*! —a~"=!. The coefficients are

/ ! [l’l]'
Cnp = Z 'u2k2k+1][n+k+l]![n—k]!’

where 1; = (—1)/A”+2 and as usual

_ at—a™"
a:Az,{n}:an—a n,[l’l] = m

Also, as can be expected
{n}!={n}{n—-1}.. {1}
[n]! = [n][n—1]...[1]
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= Ea

The other terms that appear in the formula come from the evaluation of standard
pieces done in [Mas03]. There are three basic pieces. In each of the following the first
equalities define the term while the last gives the equivalent term in [AD11] that we’ll
need in Chapter 5

The first is 0, the half twist coefficient.

b

o = 8(cia,b) X c

2

a —C . —612— 2 C
S(cia,b) = (—1) AT (g b o))

We know that

and

§(cia,b)? = e
Uallp

) = () = (~1)'In+1] (=),

Assume (a, b, c) is an admissible triple, then let i, j, k be the internal colors, in particular

The term

i=(b+c—a)/2 j=(a+c—b)/2 k=(a+b—c)/2.

The term (a, b, ¢) is the trihedron coefficient. In particular,

> g li ke )R
abc) <> L DAL (g )

Using these we can get the fusion equation,

a <C> a . a
b _Z(a,b,c>>b_b<

Cc

By combining the fusion and twist coefficients, we can also get

) — i 5(2]{;”7”)21) <2k>

Ar ’ k=0 W
< )n n
2n
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Figure 4.2: We can move the leftmost strand in the left-most image over the middle
strand to view the(1,2p — 1,r — 1) pretzel knot as a double twist knot

4.2.2 Proof

The first step is to redraw the (1,2p — 1,r — 1) pretzel knot as a double twist
knot. To do this, we pull the over-strand of the single crossing over the middle crossing
section and then rotate this twist region a quarter turn in the clockwise direction. See
Figure 4.2. Now we are ready to compute the colored Jones polynomial of this diagram.
We will use the definition used in [Mas03], namely, Jy (K, ,a?) = (—=1)N "1 (K (ey—1)).
We will also use the fact that

p__ / /
o’ = ZC,WR,(
and

N-1
_1_n| N+n
eva= L0 1 e,
) N—-1-—n

Thus we have

1 twist

Since we are taking the Kauffman bracket, and this is not invariant under R1, we need
to be careful to not remove kinks. We also want the knot to be zero-framed. The

framing depends on whether r is even or odd. At this point, if r is even, the framing
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is —2p —2+ 1. When r is odd, the framing is 2p —r+ 1. We now will add 2p +r — 1
twists. This gives us a O-framing in the case where r is even. For the case where r is
odd we should add —2p +r — 1 twists. This will give us —2p + r twists. The images
below are for the r even case. We just need to relabel the number of twists to get the r

odd case. Thus we have:

In(Kp.rra*) = (_1)N_1<(‘ N . >
NI

Now, we place @” around the part where there is 2 p twists. This undoes the 2p full twists
but also changes the framing (i.e. it undoes 2p of the extra twists.) In the undrawn case

where r is odd we now have 4p + r twists. We get

[1€N-1
In(Kp,r,a®) = (—1)N1< wh C' >

r twists

Now, we use the expansions of ey_; and ®” from above to get

N—

1

N+n

—1—n
r twists

Now, following [Mas03] Sec 5, when each component is a zero-framed unknot with a

spanning disk pierced twice by the other component, the only terms that are nonzero are

those where k = n. Thus we have

R
\r twists

Since R, — e, has degree less than n we can replace R,, with e,, and then do fusion along
the two strands inside the leftmost R,,.

At this point, we will remove the extra twists. Each twist changes the colored
Jones polynomial by ,,. Thus, the change depends on if r is even. Define:

(1) J158 :reven
r) =
" ‘uf{pﬂ : r odd
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N-+n

We will now draw out the r twist and rotate the diagram.

N+n
Kpr.a chp n{N_l_n

O B T <[k]!>2<2n R'n>
JN(KP.,m ) r;) n7p( 1) {N—l—nlun;;) (2ksn,m) (n,n,2k) [2k|! 6_3
Finally,
2n/ AR\ _ (1) {2n+1p
> {n}{1}
so we get

) _N*IC, N4+n | , & _ (2k) ([N {2n+1}!
In(Kp,r,a”) = ;) LV_ _n]u”];)a(zk’ ") (n,n,2k) [2k]! {n}!{1}

4.2.3 Simplification

First we reorder the terms.

N T Nt T2 e (2K (K2
IN(Kp,a®) = ngocn,p{ ]W kZO“n‘S(Zk’”’”) (n,m,2K) [2K]!

Now we will simplify some of the pieces. Notice that:

N—1—n
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(2k)  ([K1)* _ (= 1)*[2k + 1][n]![] ! [2K] | [K] 2 @1
(n,n,2k) [2k]1 (= 1) k[n+k+ 1]![K] 1 [K][n — K] 1 [24]! '
_ (—1)" K022k 4 1] 42

[n+k+1]![n—k|!
Now, we’ll consider the cases when r is even and r is odd separately. First, consider the

case where r is even. From [Mas03], we know 5(c;a,b)2 = ﬁ So

r/2

r/2
§(2k;n,n) = ( Ha ) — K 4.3)

[T "

When ris even W (r) = . Thus our equation reduces to

JN<Kp7r,(12) :Nil c;17p|i N+n :| {2n+ 1}‘ i 2kr/2(_1)n+k[n]!2[2k+ 1]

2| N1 —p] {1} AP Tk 1] — k)
N [ N (e (S (D PRk 1]
_ngb "’p{N—l—n] {n}'{1}< D (a—a*1)2"k:0 [n+k+1]!n—k|!

Now, again from [Mas03], we have

(=R 2k +1]

y_ {n}!
Cnp = (a—a1)2",§)[n+k—l—l]![n—k]!

4.4)

Thus

Nt N+n 1{2n+1}t
)= Ty B

- —1—n

n=0

as claimed in Corollary 4.2.2.
Now when r is odd, we can again use (4.2) but we need to simplify & (2k,n,n)

differently. From [MV94]

n2
6(2k:n,n) = (— 1)”—kak2+ka— (7+n>
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SO

8(2k;n,n)" = 8(2k;n,n) "8 (2k;n,n)

_ Mok 2 (—l)n_kak2+ka_ (%—i—n)

Note this only differs from (4.3) by a factor of (—1)*. This observation combined with

the further simplification below will lead us to Corollary 4.2.4. Let’s continue with the

r odd case.
. N+n [{2n+1}1 & N (2k)  ([k]")?
Kp.r.a nzb vl’l —1—n] {n}1{1} ,;)“"5(%’ ") (n,n,2k) [2K]!
_N’IC/ { N-+n }{ZHH}‘ C 4p+r( Dfpg2 (= 1)K [n] 122k + 1]
T e N1 —n| {n{1} W' [nt+k+1][n—k]!
N[ N {2n+1} ]2 & 2k+1]
-y ’P[N—l—n] {n{1} kz()“'?p”kukﬂ[n K1
N aps [ N+n ] {20413} & 2k +1]
_n:o(_l) " ”’p[N—l n](a a! 2'1{1}Z [+ k+1]1n— k]!

4.3 Which knots can we study?

Table 4.1 list out the knots up to 9 crossings that have diagrams of the form of a
(1,2p,r — 1)-pretzel knot.

These formulas were coded in to Mathematica to allow us to calculate out the
colored Jones polynomials for these knots. The code is available at:

http://www.math.ucsd.edu/ k3walsh/research.php.
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Table 4.1: Knots with up to 9 crossing that can be expressed as a (1,2p,r — 1)-pretzel

knot

|

| Knot | Twists | Pretzel Notation | (p.1)
3 1 (1,3,0)or (1,1,1) | (2,1) or (1,2)
44 (1,1,2) (1,3)
51 (1,5,0) (3,1
5 2 (1,3, or(1,1,3) | (2,2) or (1,4)
61 (1,1,4) (1,5)
6, (1,3,2) (2,3)
71 (1,7,0) 4,1)
Tn 3 (1,1,5) or (1,5,1) | (1,6) or (3,2)
T4 (1,3,3) 2,4)
81 (1,1,6) (1,7)
8 (1,5,2) (3.,3)
84 (1,3,4) (2,5)
9% (1,9,0) (5,1)
9, 4 (1,1,7)or (1,7,1) | (1,8) or (4,2)
95 (1,3,5) or (1,5,3) | (2,6) or (3,4)




Chapter 5

Stability in the Coefficients of the

Colored Jones Polynomial

5.1 Stability in the Head and Tail

For a sequence of polynomials, we say the head of this sequence, if it exists, is
the polynomial whose highest n terms agree with the highest n terms of the kth polyno-
mial in the sequence, for all kK > n. The tail of this sequence, if it exists, is the polyno-
mial whose lowest n terms agree with the lowest n terms of the kth polynomial in the
sequence, for all £k > n.

Dasbach and Lin conjectured that the head and tail existed in [DLO7]. Armond
showed in [Arm13] that this conjecture was true for adequate links. In [GL11], Garo-
ufalidis and Le independently proved this conjecture using a different technique.

In [AD11], Armond and Dasbach show that the head and tail of the colored Jones
polynomial of alternating links only depends on the reduced checkerboard graphs of the
knot diagrams. Given an alternating diagram of a knot, we can assign a (gray/white)
checkerboard coloring the faces in the diagram. We then place a vertex in each of the
gray colored regions. We draw an edge between vertices for every crossing between the
corresponding regions. Alternatively, we can start by placing a vertex in every white
region to get the dual graph. If, when moving along an edge, the overcrossing starts on

the right of the edge and ends on the left, this graph is the A-checkerboard graph. If the

36
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overcrossing goes from the left to the right, the graph is the B-checkerboard graph. See
Figure 5.1. To get the reduced checkerboard, we can replace parallel edges in the graph,

i.e. multiple edges between the same vertices, with a single edge.

&3 &3

(b) 6; with a checker-
(a) A diagram of 6 board coloring

< &

(c) The A-checkerboard (d) The B-checkerboard
graph graph

Figure 5.1: The Knot 6; and its associated graphs.

Theorem 5.1.1 ([AD11]). Let K| and K, be the two alternating links with alternating di-
agrams D and D; such that the reduced A-checkerboard (respectively B checkerboard)
graphs of Dy and D, coincide. Then the tails (respectively heads) of the colored Jones

polynomial of Ky and K, are identical.

One only needs to prove this theorem for either the head or the tail since under
taking a mirror image of a knot, the tail and head switch. The proof only focuses on the
tail of the polynomial, i.e. the lowest powers of A in our polynomial. Since g =A%
proving that the tail of the polynomial with coefficients A stabilizes is equivalent to
proving the head of the polynomial in coefficient g stabilizes. The main idea of the
proof of this theorem is to show that the tail only depends on the highest term in the
summand that gives the colored Jones polynomial, using a state sum formula based on
fusion. Armond and Dasbach do this by proving three lemmas. Because these lemmas
will be useful in the new theorems that follow, I will restate them here. But first, we will

give an expression for the colored Jones polynomial of a knot K from its diagram D.



38

We identify all of the negative twist regions of the D. A negative twist region is
a section of the knot with one or more consecutive negative twists. (Here, we think of
negative twists without considering orientation so assume each strand is oriented in the
same direction.) Let k be the number of twist regions.

Now, we will do a fusion along each of the k negative twist region and then use
the twist coefficients to remove all crossings. See Chapter 4 for details on the fusion
and twist coefficients. Here, to keep with the convention of the paper we are referring
to we set (n) = A,, (a,b,c) = 0(a,b,c) and we let y(a,b,c) be our negative half twist
coefficients so &(c;a,b) = y(a,b,c)~ .

Each of the k regions corresponding to the negative twists will be labeled with
2j; for 1 <i < k. The other edges will be labeled n. Thus we have a multi-sum of
trivalent graphs, T, (

) jl 5. '7jk)
gives us the n 41 colored Jones polynomial of the knot K. i.e.,

where each j; runs from 1 to n. The evaluation of this graph

n k Ao
L J1sejk=0i=1 v m2i) 6(n,n,2j;) i)

Armond and Dasbach show that when we decrease a single j; from n ton—1,
we increase the lowest degree by n+ 1 and we continue to increase it as we decrease j;
further, so the only graphs that contribute to the first n 4 1 terms of the colored Jones
polynomial, the tail, are the ones where all j; = n.

We will use the notation f(g) = g(q) if the first n terms of f(q) agree with those
of g(g), i.e once we multiply by some power of g to get /* and g* so that f*(g) and
g"(g) both have lowest degree equal to zero, then f*(q) — g*(g) has lowest degree ¢".

Thus we have

A2n

k
-n+1 ;
Jn+1,K = iI:IlY(n7n72n)m 9(1’1,71,272) 1—1n,(n,...,n)

For a rational function R, let d(R) be the minimum degree of R considered as
a power series when you expand Z(q) < Z[q~1,4]]. We choose to expand the power
series allowing for infinite terms in the positive direction so that we get a minimum

degree.

Lemma 5.1.2. When we decrease j; from n to n— 1, when increase the minimum degree
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of y(n,n, j;) by 4n, i.e.,
d(y(n,n,2(n—1))) = d(y(n,n,2n)) +4n.

As we continue to decrease each j; the minimum degree continues to increase, i.e.,

d(y(n,n,2(j = 1)) = d(y(n,n,2j)).

: . : .. A
Lemma 5.1.3. Each time we decrease the j;, we increase the minimum degree of Bn2))

2j
,2)
Ag(j-1) B Ay
d(em,n,zu—l)) =9\ Gn,2p) T

Lemma 5.1.4. When we decrease j; from n to n— 1, when increase the minimum degree

by 2, i.e.,

Ofrm(jl7---,1}‘—17ji,ji+17-~-,jk) by at least 2, i,e.,

d(rn,(n,...,nfl,.,.,n)> > d<rn,(n,...,n,..,,n)) +2.

We can only guarantee this change of two at the first step. As we continue to decrease

Ji» the best we get is:

d(rnv(jl7~~7ji—l7ji_17ji+17~--7jk)> 2 d(rnv(jl7---7ji—17ji7ji+17~--7jk)) +2.

Thus when we decrease a single j; from n to n — 1, we increase the lowest degree
in A by at least (4n)m; 42+ 2 > 4n+4 which means we change the ¢ degree by n+ 1 for
the (n+ 1) Colored Jones Polynomial. We also continue to increase the lowest degree in
A as we continue to change the j; so the only term that contributes to the lowest 4n + 4
terms of the polynomial in A are the ones where each j; = n.

Let ¢ be the number of crossings of the knot. Then ¢ = Y'X_,m;. Now since
¥(n,n,2n) does not depend on j, we can pull each one out of the product. To get:

A
B(n.n,2m) :jzn) e
k
=3 Y<n7n72n)zf_lmill:1%Fn,(n7...,n)
L Ay,

-n+1 c
= y(n,n,2n) gwrm(n ..... n)

1 Ay ¢
= Y(”>n72n) (ﬁ) 1—‘n,(n,...,n)

k
Jeerx " T v(nn,2n)™
i=1

n,n,2n
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In fact, y(n,n,2j) = LAM=2j+m=2]  Thyg Y only contributes an overall shift to the

polynomial and doesn’t affect the sequence of leading coefficients. Thus:

k
7 el Ay -
n+1,K — 9(}1,”’2”) n,(n,...,n)

This only depends on the overall graph structure, forgetting about the twists. This is
the same information we forget when going to the reduced graph. This proves Theorem
5.1.1. It does not, however, tells us anything about the existence of the head and tail
of alternating or adequate knots. It just tells us that if the head and tail exist, they only
depend on the overall graph structure.

To show the head and tail exist, we must show that the evaluation of the -
trivalent graph is the same as the evaluation of the n 4 1-trivalent graph. Armond does
this in [Arm13] by demonstrating a way to reduce the n 4 1-colored graph to the n-
colored graph by peeling off one of the strands without changing the first n coefficients.

In [GL11], Garoufalidis and Le show a higher order stability described in the
next section. We can use similar techniques to those used by Armond and Dasbach to

find which knots will have the same higher order stabilizing sequences.

Corollary 5.1.5. Let m be the minimum of the m;. When we change a single j; from n to
n— 1, we increase the lowest degree in A by at least (4n)m+ 2+ 2 = 4nm+ 4 and thus
change the q degree by n(m) + 1 for the (n+ 1) Colored Jones Polynomial. In addition
to the first n+ 1 terms only depending on the overall graph structure, the next (m — 1)n

terms also depend only on the graph structure.

Remark 5.1.6. This only tells us they depend on a certain structure not that they stabi-
lize. In [GLI11], the stabilization is proved, but in chunks of n+ 1 not a single n+ 1 and

then n.

5.2 Higher Order Stability

In [GL11], Garoufalidis and Le define the property of k-stability for a sequence

of polynomials as follows:
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Definition 5.2.1. Suppose f,(q), f(q) € Z((q)), i.e. fu(q) and f(q) are formal Laurent
series, i.e

fn(Q) = Z an,mxm anm € Z

and

We write that

e there exists C such that M,, > C for all n, and

e for each j, there exist Nj such that for all n > Nj.

fa(a) — f(q) € 4'Z[[q]]

In particular, a, j = bj.

Definition 5.2.2. A sequence (f,(q)) € Z((q)) is k-stable is there exist ®;(q) € Z((q))
for j=0,...,k such that

We call ®y(q) the k-limit of (fn(q)). We say that (f,(q)) is stable if it is k-stable for all
k.

For example, a sequence (f,(q)) is 3-stable if

lim g0 (£,(g) = (@0(q) +4" @1 (g) + " N2(q) + 47V D3(9)) ) = 0.

n—oo

Consider the sequence of colored Jones polynomials of a knot K. We can shift
these polynomials by multiplying by the appropriate power of g so that the minimum

degree is 0. We call this sequence (J, x(q)) .

Theorem 5.2.3. For every alternating link K, the sequence (J,x(q)) is stable and its
associated k-limit @y x(q) can be effectively computed from any reduced alternating

diagram D of K.
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Remark 5.2.4. Data from the figure 8 knot suggests that it would not be 4-stable and
data from the knot 85 suggests it would not be 2-stable using this definition since it
requires the stabilization in pieces of size n+ 1 instead of n for the n Colored Jones

Polynomial.

For example, for the figure 8 knot, we know the that first coefficients stabilize to
the pentagonal number sequence. By this, I mean that for the figure 8 knot,

o5} )

o =[J(1-¢"= Y (~Dkg2®.

In the table below, I have listed out the first 16 coefficients of the N-colored Jones
polynomial for the figure 8 knot for N = 3,4 and 5. We see that the first N 4- 1 coefficients

of the N-colored Jones polynomial are the same as the first N + 1 coefficients of ®.

o) !l -1-10010 1 O0O0 OO0 -1 0 0 -1
N=31-1-160290-20 3 0 -3 0 3 0 -3

N=41-1-10503-1-1-1-15 -1 -2 -2 -1 6
N=51-1-100T1T2 0 -2-1-11 3 1 -2 -3

Now, since we know all of ®(, we can subtract it from the shifted colored Jones

polynomials. Now are coefficients are:

O 1 -1t -1r 001 0 1 0 0 O O -1 0 0 -1
N=3 0 0 0 02 -1 -2 -1 3 0 -3 0 4 0 -3
N=4 0 0 0 0O 2 -1 2 -1 -1 5 -1 -3 -2 -1
N=5 0 0 0 00O 2 -1 -2 -1 -1 1 4 1 -2 -2

Shifting these sequences back so that they start with a non-zero term, we can see

that they again stabilize. The sequence they stabilize to is P;.
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D 2 -1 2 -1 -1 1 --

N=3 2 -1 2 -1 3 0 -3 0 4 0 -3 1
N=4 2 -1 -2 -1 -1 5 -1 -3 -2 -1 7
N=52 -1 -2 -1 -11 4 1 -2 -2

I call the sequence ®; the “neck of the tail" or the “tailneck" of the colored
Jones polynomial of the figure 8 knot. In the next section, we will determine what this

polynomial is for a certain class of knots.

5.3 Khnots which reduce to a triangle graph

my

Figure 5.2: A trefoil knot with its checkerboard graph.

In this section, we will find the neck of the colored Jones polynomial of knots
whose reduced checkerboard graph is a triangle graph. We define the neck to be the
polynomial which when added in the right way to the head will have the property that its
first 2N 41 terms agree with the first 2N 4- 1 terms of the N+1 colored Jones polynomial.
The knots we will focus on can be drawn like the trefoil in Figure 5.2, except we will
have more crossings below the pictured crossings (and thus more parallel edges before
we reduce the graph). The m; represent the number of crossings in each section. As it is
drawn, each m; = 1. (If m; = 2 and the others are 1, we get the figure 8 knot.)

Following, [AD11], we can find the colored Jones polynomial by doing fusion
perpendicular to the edges of the graph. We then can undo the twists above the fusion
using the twist coefficients. See below for the overall picture and the next page for

specifics.
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=

(c) Reorient the di-
agram

(a) Do fusion per-
pendicular to the
edges of the graph

(b) Remove the
twists using the
twist coefficients

Figure 5.3: Steps to finding the colored Jones polynomial of the trefoil and similar knots

Inv1k(qg) =

A Ay,
. P\ U
o Z H’}/(N’N’ 2]’) e(N,N,Zji) FN»(j17j27j3)

where

Now we want to compare this diagram to the diagram in Figure 5.4. Following [Lic97],

we denote the evaluation of the graph in Figure 5.4 IT'(x,y,z).
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z

Figure 5.4: This diagram has x parallel copies of a one circle, y of another and z of a
third. They are joined by the x+y,y+ z, and x+ z idempotents. Its evaluation is I'(x,y, z)

In what follows, we are interested in finding the first 2N 4+ 1 coefficients (in the
variable g) of the N 4 1 colored Jones polynomial. We will see that we only need to
consider the cases where either all j; = N or where exactly one j; = N — 1. Thus, we

will look at 'y ( ) in these two cases.

J1:J2,J3
In the case where each j; is N, it is easy to see that

FN,(N,N,N) - F(N,N,N)

In the case where one is N — 1, we can expand the fusion into the idempotents, see

Figure 5.5. The N idempotents can be absorbed in to the 2N idempotents. See Figure

Figure 5.5: This diagram shows the expansion of the fusion with j; = N — 1 into the
idempotent form.

5.6. We can then pull the outer and inner 1 strand down. Doing this we can see that

Cyw-inny =T(N+1LN-1,N—-1)).
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N

Figure 5.6: We can get rid of the N idempotents. Then after moving the 1 strands, we
can see that Iy (v_yn) =(N+1,N—1,N—1)).

5.3.1 Finding an expression for the neck

If two polynomials, f(g) and g(q) have the same coefficents for the n lowest

order terms, we will write

Lemma 5.3.1. If f(q) = % then f,(q) = gn(q)

Proof of 5.3.1. For notational convenience in this proof, if f(g) is a Laurent polynomial
(or has a power series representation as a Laurent polynomial whose ¢~! terms are

bounded), let f,(g ) represent a polynomial whose first n terms agree with f(q).

If f(qg) = then f(@)h(q) = g(q). Since the first n terms of f(g) and g(q)
determine the ﬁrstn terms of h(q), fu(q)hn(q) = gn(q) so fu(q) = 5” ; O
Lemma 5.3.2.

fanyr 2 (M ){N}v< qNH)

q

Now using this lemma, we can get an expression for the first 2N 4 1 terms of
{2N} 12,

Corollary 5.3.3.

22N (25 24"
({2n}1)2 2y ( >{N}!2 <1 1_q)
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Proof of 5.3.2. We’ll expand the higher terms in the factorial. In the

<q*(N+")/2 —q(N“)/z) terms changing from the g~ ™V*9/2 term to term —g™*+)/2 in-

creases the degree by N +i. Thus, we can either not do this at all or only do this once.

{anyt = {2N}{2N -1} N+ THN}H
—(NHN)/2 _ (NEN)/2) (= (N2 (N+1)/2) (g

N
2N+1 q_):g\’:l(NJri)/z N}! Z +’{N}'

v i=1
no g terms  N—.—
one g+ term

N
= <{N}!—qN{N}!Zq">
i=1

—(NN (N} — N{N}vﬂ)

q

o L R

N J/

does not affect first 2N + 1 terms

{N}!—qN“{N}!E)
- 4 (W?N){N}! <1 - ﬁ)

I—gq

(
=
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Proof of 5.3.3.
vy 2 (U e (1 fN_;))z
el
(3

B 24 N2
= q( 2 )N 21— +
V3 l—q  1-(29—¢%

does not affect first 2N + 1 terms

_ _(MZTHV) 12 _ﬂ 2N+2 — A+
= g {N}p17 | 1 _q-l—q (1+(29—q")+-)

2 N+1
'2N:+1 q7<3N2+N> {N}!z | — 2q >

5.3.2 Khnots with m; > 2

In the case where each m; is greater than 2, the degree increases by more than
2N when we decrease j; from N to N — 1 thus we only need to deal with the case where

each j; = N. Thus we get

N 3 )
JN—H,K(Q) = Z H’}/(N7N72Jl)ml6 7. rN?(jl7j27j3)
ji=0i=1 (N,N,2ji)
2N+1

3
. Aoy
= HY(N;M 2N)™ WFN,(N,N,N)

= y(N,N,2N)"Hm* 3<m> (T, (v.v.v))

a2+b27c‘2

Recall that y(a,b,c) = (—1)“7AcTb++““5== This just has the effect of shifting

polynomial but does not affect the sequence of coefficients. Also

(—1)"(51"“ _a—(n+1)) _ (—1)"{1’1—{— 1}
a—a! {1}

A, =
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nlo+1) {n+1}!
{ 1 }n—|—l
Following Lickorish [Lic97], we define I'(x,y,z) to be the diagram consisting of x par-

Al = Ay Ay = (—1)

allel copies of a circle, y parallel copies of a circle and z parallel copies of a circle
joined by the f¥ ) fF0+2) qnd £@) jdempotents. This is what our knot reduces to,

i.e. FN,(N,N,N) = F(N,N,N)

Lemma 5.3.4. [Lic97]
Ax—b—y—i—z!Axfl !Ayfl !Azfl !

Ay+zfl !Az+x71 !Ax+y71 !

I(x,y,2) =

Also

9<N7N=2N):F(N7N70): = Ay

So (%) =1 And we have:

3
ON+1 Aoy
J Al N.N.2N mi+my+ms3 r

(NN, N)

AsN!'An—1!An—1!Ay 1!
Aon—1'Aon—1!Aoy 1!
Asy!AN—1
Aoy 13
(=DN{3N+1}1{N} 13
{an} {1}

Again since we only want the first 2N + 1 terms, we can reduce the {3N + 1}! term. We

know we have to choose the q_(zN +i) term for each 1 <i < N-+1. This gives us a shift

in degree that we can ignore. We have

v+t (CDV{BN+1IYNGP
- {an}13{1}
avet (=DV{2N}HN}P
{2n}13{1}
(—D)N{N}P
{an}i{1}

IN+1.k(q)
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By Lemma 5.3.1 we can reduce the {2N}!? term to its lowest 2N + 1 terms, which we
found in Corollary 5.3.3, again forgetting about the shifting. Thus we have:
et (~DV{N}E
J, =
N—H,K(Q) {ZN}’z{l}
N1 (=DV{N}Y
(=1 )N v }!
< qu+1> {1}

We ultimately want the tailneck of the normalized Colored Jones polynomial, so we will

divide by Ay = S a this point.

e (CDYV) {1

!/
Ineik(g) "= < 2qzv+1) {1}( DN{N +1}
_ {N}!
<1 quH){N—Fl}
_ {N}!
g-(N+1)/2 (1 _ 2?:‘) (1—gNt1)
oo {N}!
- 2N+2
1_%_qN+l+ 2?_;
——

does not contribute

Now we do a power series expansion of the denominator. Since we only want the lowest

2N + 1 terms, we can ignore most of the terms in the expansion.
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2N+1 {N}!

JIIV—HK(Q) = 1

2V +! 9 N+1 2
= (N} 1+(%+qN+l)+ (%qﬂ/v“) +-o-

J/

TV
do not contribute to first 2N + 1 terms

{N}! (1+%+qNH)

Note: The (minimum) degree of this term is — fV: 15 = N IN and its coefficient is 1.

Now we need to subtract off the stabilized tail. We still get the triangle graph as

our reduced graph so any knot here will still have the same tail as this figure 8 knot. We
again need the stabilized tail so we take the tail of the 2N + 1-dimensional colored Jones

Polynomial of 4; which is {2N}!. By Lemma 5.3.2 we get

stabilized tail “X ' {2N}!

L <1_‘1N_“)

q

Note: The (minimum) degree of this term is — Y 1% =_» IN and its coefficient is

1. Thus the minimum degree and sign of the first 2N + 1 coefficients we found above

match so we are set to subtract.

Jivi1x(q) —stabilized head 2 {N}!

(1+ o)1 1)
(i ()
- vy (qN“ )

- q”“({N}'+3{N2>

This tells us that the tailneck is the pentagonal numbers plus 3 times the partial sum of

the pentagonal number.
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5.3.3 When at least one of the m; is 1

When we have an m; which is 1, we need to consider the j; = N — 1 term as well
as the j; = N term. We can only allow this for the i with m; = 1 and only one can be
N —1 at a time. Thus we need to determine what this term contributes to the first 2N + 1
terms and then add it once for each of the m; = 1. For notation ease, we will refer to the
Ji that we will consider the N and N — 1 term of as j; and thus we label the edges so
mp =1

Because the degree increases by N + 1 when j; decreases from N to N — 1 we
only need to consider the first N terms of the j; =N —1. Callthe jy =N—1,j,=j3=N
summand Sy_1 v -

3 Ao

. 2],‘
Sy_ = || N,N.2j)———————T(N+1,N—-1,N—-1
NI izl}/( Y JI)G(N,N,jS) ( ’ ’ )

= Y(IN.N.2N)y(N,N,2N —2) (%)2

N & N,N,2N
shift, does not affect coefficients ™ vl
B I(N+1,N—1,N—1)
6(N,N,2N —2)
00 Aoy—2

= T(N+1N—1.N—1
oNN 2N —2) VLN =LN=1)

We know that

O(N,N,2N—2) = Aon—1'Ay_2!Ay 3!
o C Av—1!Ay_ 1Ay 3!

Mn_1Mon—2
Ay
So
MAon_2 _ A%Jfl
0(N,N,2N —2) Aoy |
_ —{N}?
{1}H{2N}

Also by Lemma 5.3.4 and simplifying the A; in terms of {j} we get:

(=D)N"HBNIUN+ 1N —1}12

TN+LN=-1N-1) (1}{2N —211{2N} 2
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Thus we have:

SN-INN = 0(N7?v2?]21\2]_2)r(1\7+ ILLN—1,N—1)
—{N}?* (=DN NN+ 1PN - 1}12
{1}{2N} {1}{2N —2}!{2N}'2
(—DN{N}{3N}YN + 1} {N — 1}1?
{1}2{2N —2}'{2N}'2{2N}
Let’s normalize by dividing by (_1)1?{]# Then we only want the first N terms so we

can reduce {N +i} to ¢~V~". We will forget about the overall shift that this reduction

does.

—_— {3N}I{N} 13

N-INN = {13 {2N —2}1{2N} 12{2N}
{N}I{N}P

(NN 2(¢Y)

vyt

{1H{N}1

vt

{1}

=

This gives us a copy of the pentagonal partial sums for each of the of the m; = 1. Since
the sign here is positive and for the other piece was negative these will cancel with the

pentagonal partial sums we got from the other piece in conclusion:

Theorem 5.3.5. The tailneck of knots whose reduces checkboard graph is the triangle

graph is:

o [I_,(1—g"), i.e. the pentagonal numbers sequence, if all m; = 1 (The only knot
satisfying this is the trefoil).

o [T (1—4")+ %ﬁqﬂ), i.e. the pentagonal numbers plus the partial sum of

the pentagonal numbers, if two m; = 1 and one is 2 or more.

o [, (1—¢"+ 2%1(7?’), i.e. the pentagonal numbers plus the 2 times the

partial sum of the pentagonal numbers, if one m; = 1 and two are 2 or more.
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o [T (1—¢"+ 3%1;‘7”), i.e. the pentagonal numbers plus the 3 times the

partial sum of the pentagonal numbers, if all m; > 2.

5.4 The Tail and Tailneck of the Figure 8 Knot

Remark 5.4.1. This section does not prove anything new. It just shows that we get the
same thing for the second stabilized sequence for the figure 8 knot if we analyze its

colored Jones polynomial directly from its equation.

We will use the formula for the normalized colored Jones polynomial of the
Figure 8 knot to first determine the tail of this polynomial and then determine the next
stabilized sequence, which for lack of a better term I will call the tailneck.

N—-1 n
Jva (@) = ) [TIN-kH{N+k}

n=0 k=1

5.4.1 The Tail of the Figure 8 Knot

We again define the g-degree of a polynomial to be the minimum degree of the
polynomial with variable g. It is easy to check that the g-degree of each summand is
Nn so decreasing the n by 1 increases the minimum degree by N thus only n =N — 1
contributes to the tail.

N-1 n
va (@) = ) [TIN-kH{N+k}

n=0 k=1
N—1

£ TTN-kHN+k}
k=1

= {1}..{N=1H{NHN+1}...{2N -1}
1
= m{zzv—l}!

We only want to lowest N terms (in q degree). Recall that {N + i} = (g~ (V+)/2 —
g™N+1/2). Choosing the —g(N*+)/2 term instead of the g~(V*+)/2 term increases the de-
gree by N +i. Thus for 1 <i < N — 1, we know we have to pick the g~¥+/2 term to
get the first N terms. So {2N — 1}! £l {N}.
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Toa(a) 2 ﬁ{zzv—l}!

N 1

Theorem 5.4.2 (Euler’s Pentagonal Number Theorem).

(o)

lo—ol(l_xn) _ Z (—l)kxk(3k_1)/2

n=1 k=—o0

= l—x—+x +x =22 —xP

Corollary 5.4.3. The tail of the colored Jones polynomial of the figure 8 knot is the

pentagonal number sequence.

5.4.2 The Tailneck of the Figure 8 Knot

We will now focus on the next N terms. We know from [GL11] that once we
subtract off what the head will stabilize to, the next N coefficients stabilize. Again in
the summation in the formula for the colored Jones polynomial of the figure 8 knot,
the minimum degree increases by N each time n decreases by 1. Thus we only need
to consider the first two summands. In addition, while we need to consider the first

2N terms of the n = N — 1 summand, we only need to consider the first N terms in the
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n = N — 2 summand.

Ina,(q) = Zbk {N —k}{N +k}
]r\l/:I N-2
DT WV-HN+k+ [T V- KN +k)
k=1 k—l
- {N}”N '} {1}{N}{2N 2N

need first 2N terms of this  need first N terms of this

Let’s consider the {TI}{ZN — 1}! piece first. We’ll expand the higher terms in the fac-
torial. In the (g~ (NVFi)/2 — gN+)/ 2) terms changing from the ¢~ V*9/2 term to term
—gN+)/2 increases the degree by N +i. Thus, we can either not do this at all or do this
once.

ﬁ{ZN—I}! N 12N =2} N+ 1N =1}

—(N+(N-1)) (N+(N-1)) .
= (q 2 —q z )--(q (N+1)/2_q(N+1)/2){N_1}1

N—1
IR W2y Y 4N -1}
" 0

no g* terms N —~ 4
one ¢ term
) WHN({N_I}, qN{N_l}'Z>
1
7'§N+3N N
- (- 1p- -1 =2
3N2+3N {N—-1}! 1

_ N—1p—g" 2 PNIN- 1} ——
({ U e
does not affecT first 2N terms

B (LR

Now, let’s consider the W {2N —2}! piece. Here we only need to consider the first N
terms, so we need to pick the q’(N +1)/2 term in each of the N +i factors, (1 <i<N-—-2).



{1}{N}

Combining these we get:

2N
Jya (g =

2N %N2+%N

= q

3N2+3N

= q {N—l}‘<

 _[ON-2}!

{2N -2} - {N+1}{

qi fVlzNJrl /2{N_1}'
{1}
—3N217N—2 {N—l}!
q —_—
12— 412
73N217N72 1 {N—l}!
q
g% 1-gq
q73Ni+7N {N — 1}!

l—gq

{1}

Wy OV Y20
({N 1}z—qN+1{N—1}!%q)+

+1T

qN“ )
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1

a2 _ |
J SN2 TN {N l}.

l—gq

We now need to subtract of the stabilized tail. The tail of the N-dimensional

colored Jones Polynomial is:

i=1

(N—1}!

We need the stabilized tail so we will need to take the tail of the 2N-dimensional colored

Jones polynomial. This will agree with the first 2NV terms of the stabilized sequence.

Since we know the first 2N terms of {IT}{2N — 1}!, we can just multiply both sides by

{N}.
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N 3N2+3N

oy Yy ({N—l}v PN 1}'—) )
_ 3N2+3N{N_ 1}'( N+;) (q,N/Z) (1 —qN)

2 N-+1
_ =% +N{N—1}'(1 q )(1_qN)
l—g
NN qN+1 N q2N+1
= 4 N—1"]1—-——
q {N—1} il A -
=~

Our terms do not have the same minimum degree at this point so we need to shift
them so they do in order for them to cancel correctly. To do this, we can simply drop

the power of ¢ in the front of each. Thus:
N+1 N
2N q q
oo 2 - (1= 4 )

l—-qg 1—g
N+1

stabilized head 2 {N—1}! (1 — 611— — qN>
—q

N+1 N N+1
Jiy.4,(q) — stabilized head 2 {N_l}!((l_? L )_(l_q —qN>)

—q l—gq

= {N—1}! (qN+%)

E (N+1}
———

gives pentagonal number sequence
{N +1}!
1—

\ﬁ,_/
gives partial sums of pentagonal number sequence



Chapter 6

The Middle Coefficients of the Colored

Jones Polynomial

6.1 Initial Observations for the Figure 8 Knot and Other
Knots

We began by plotting the coefficients of the colored Jones polynomial of the
figure 8 knot, 4. See Figure 6.1. This is a plot of the coefficients of Jés’ 4 (q). We notice
that the coefficients appear to be periodic in the middle third. The period is N, where
N is the number of colors. This picture is representative of the pattern present in the

coefficients independent of color.

Figure 6.1: The coefficients of the 95 colored Jones polynomial of the figure 8 knot.

59



60

We also plotted the coefficients of the colored Jones polynomial of other knots.
See Figure 6.2. In particular, we show the coefficients for the 25 colored Jones polyno-
mial of the knot 5; (a 2 twist knot), 15 colored Jones polynomial of the knot 9; (a 4 twist
knot), and the 20 colored Jones polynomial of the knot 95 (a (1,3,5) pretzel knot). For
knots that we are able to calculate the colored Jones polynomial for large N, we begin
to see a few patterns continuing to arise.

In particular, we notice that the overall magnitude of the coefficients seems to
rise towards the middle of the polynomial and that there is a sine wave like oscillation

in the coefficients of period N.

(a) Coefficients of the 25 Colored (b) Coefficients of the 15th Colored
Jones Polynomial of the Knot 5, Jones Polynomial of the Knot 9,

(c) Coefficients of the 20th Colored
Jones Polynomial of the Knot 95

Figure 6.2: These are the coefficients of the the colored Jones polynomial of three
different knots for relatively high N.

We also looked at the growth rate of the maximum coefficient of the N colored
Jones polynomial as we increase N. We found that for the knots we checked, the max-
imum coefficient grows at an exponential rate. In particular, for the figure 8 knot, the
maximum coefficients are plotted in Figure 6.3. We also observed that for the figure 8

knot, the maximum coefficient is the constant coefficient.
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Constant Coefficient of the Colored Jones
Polynomial of the Figure 8 Knot
5000

4500 *

4000
£ 3500 *
g
=3
£ 3000
8
8 2500 N
ot
g
§ 2000 *
o
3 1500 .

1000 *

‘0
500 +*
o : R ..‘00

0 5 10 15 20 25 30 35
Number of Colors

Figure 6.3: The Maximum Coefficient of the N Colored Jones Polynomial of the Figure
8 Knot as a function of N.

Now, since we notice that these coefficients are growing exponentially, presum-

ably as ¢?, we’ll take the log and divide by N to find 5. We hope that this a relatively

constant. We found that it is relatively constant and that it seems to be close to %;:1).
Let m(N) be the maximum coefficient of the N colored Jones polynomial of the figure 8

2mlog(m(N))
N

at is tending towards 2.02 which is the volume of the figure 8 knot.

knot. The plot of is in Figure 6.4. We notice that the b value we are looking

6.1.1 The Idealized Polynomial

We wanted to know that if we had a idealized polynomial that satisfied these
properties, what could we say about it evaluation at the Nth root of unity as N — oo, i.e.
in the spirit of the Hyperbolic Volume Conjecture. We make the following conjectures

about the colored Jones polynomials of a knot.

Assumption 6.1.1.

The maximum coefficient takes the form Ae®N where N is the number of colors and A
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0.5

Normalized Growth Rate of the Constant Term
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Figure 6.4: The plot of w as a function of N.

and b depend on the knot.

Assumption 6.1.2.
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The coefficients take the form of a normal distribution times a sine wave of period 2N.

We also know the following fact:

Theorem 6.1.3 ( [LO6]). The growth rate in the breadth of the colored Jones polynomial

is at most quadratic.

Using our first two assumptions we can write out a formula for the coefficients of

the colored Jones polynomial. Using this we write the Nth polynomial in the sequence

as:

27

M N-1
hk@=Y @Y ad" Sin(ﬁk)a
=0 k=0

where M is the number of terms of the polynomial, and a,, is the normal distribution

shaped function centered at M /2 scaled so that the max is Ae®" . In particular:

AN 1 —(n=M/2)?
ap = e 202

P V2mo? ’
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where p is the max value of the distribution and 2 is the variance. We want to think
of this as a colored Jones polynomial see what we get for the left hand side of the

Hyperbolic Volume Conjecture. We first look at each term in the outer sum. We will let

g be a N'" root of unity, i.e. ¢ = 2™/,
2
Summand = ¢™" Z anq" sin(— k)
N-1
1, 22 _2
_anan Z qk2 (eNkl) kl))
k=0 <!
N N—1 kl
= duq ”Zqz 4 —q")
Nn N—1

_ anq Z 2k

anq Z q2k
B —NanqN”

2i

The sum goes away since we are summing all the N/ 2" roots of unity (twice) and thus

this is 1. Now plugging a, and evaluating the sum we get:

—(n—M/2)?

AN ) Nn
M M — 2
Z _NanCINn _ N p \/27r0'26 i q
=0 2i =0 2i
NAePN M —(nmy2)
= e 262

The last sum is a Riemann sum. As M gets large this approximates the area under a

normal distribution curve and thus is approximately 1. Now we have

DN
@iy = e

—M
2piv2no?
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SO

: NAePN
2mi/Ny| _
e =M
and
2mi/N log(-MAZY_pr)
log|(fv(e™ ™)) _ &\ vano?
N N
_ log(NA) N bN log(2pv2mo?) N log(M)

N N N N

so taking the limit as N goes to infinity we get:

log |(fw (e2™/NY)| log(N) N bN N log(2pv2ro?)  log(M)

lim = lim +
N—soo N N—ew N N N N
log(M
— b+ lim 08D
N—e N

Since the growth rate for the breadth is at most quadratic, we have:

log|(fw (™)) log(N(N —1)¢/2)

lim =pH+ lim
. log(N) log(N—1) log(c/2)
=b+1
LN TN TN
=b.

Proposition 6.1.4. If the colored Jones polynomial of a knot satisfies Assumption 6.1.1
and Assumption 6.1.2 then

2mi/N
b— pim 0glUN (™))
N—soo N

If this is a knot for which the Hyperbolic Volume Conjecture holds,

b vol(Ss\K).
2
Now, if we don’t make any initial assumptions about the growth rate of the max-
imum coefficients, we can see what we can conclude.
If we let mg(N) be the maximum coefficient of the Colored Jones Polynomial

of a knot K, then

M
JL(N)(e7N)| < Z_:OImK(N)\ < Mmg(N),
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where M is the number of terms in the Colored Jones Coefficient. Using 6.1.3, we get

. log|[J(N) (e27/Y)]

1 2
i - og(aaN-+aN + ag)mg(N)

< li

2
~ lim log(ayN*+aN +agp) N logmg(N)
N—oo N N
_ iy 08mE(V)
N—soo N

Now, if we include Assumption 6.1.1, so that m(k)(N) = AeBY, we get

2mi/N
i O ogmi(w)
N—soo N N—soo N
1 bN
_ Jim 084¢
N—ew N
1
_ pim 1084 DN
N—o N N

So we can conclude the following:

Proposition 6.1.5. The colored Jones polynomial of a knot K satisfies

2mi/N
1m0 Mk(V) (7)) < lim
N—soo N N—soo

logmg (N)

If Assumption 6.1.1 holds, then the colored Jones polynomial satisfies

2mi/N
i OEE) @)
N—soo N

So for knots where the Hyperbolic Volume Conjecture holds we get to following

Proposition 6.1.6. For knots for which the Hyperbolic Volume conjecture holds
3
vol(S°\K) < Tim logmg(N)
2n N—yoo
Now, if we include Assumption 6.1.1, so that m(k)(N) = Ae®N, we get

vol(S3\K) <b
2 T
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6.2 Further Analysis on the Coefficients of the Figure 8
Knot

Since the coefficients appear to be periodic, we expect that when we multiply
by (1 —¢") or by (¢"/> — gN/?) the coefficients will become 0, or close to zero. We

define the semi-(un)normalized colored Jones polynomial, s/y x(q) to be

sInk(q) = {N}y x(q).

Recall that the un-normalized colored Jones polynomial, Jy x(q) satisfies Jy k(q) =

-1 N-1 N
% v x () so we have that:
Iy k(@){1} = sInk(q) = Iy k(@) {N}

Thus we expect that the coefficients of sJy 4,(g) will be zero or small in the
middle. Below is a plot of these coefficients. First, we’ll plot the whole sequence of

coefficients, see Figure 6.5.

th

Figure 6.5: The coefficients of the 95 colored semi-(un)normalized Jones polynomial
of the figure 8 knot.

Now, we’ll zoom in on the middle coefficients to see how close to zero they are.

See Figure 6.6.
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Figure 6.6: We zoom in on the middle coefficients of the semi-(un)normalized colored
Jones polynomial of the figure 8 knot.

In fact, from looking at different N, we observe the following conjecture is true
for all n that we checked. (We checked many of the values of N less than 95. For N > 95,

the calculation takes too long.)

Conjecture 6.2.1. Let c(q') be the coefficient of the ' term of sJy 4,(q). When N is odd,

,~ +1 i==+N/2or £3N/2
c(q') =

0 |i|<2N—1/2andi+# +N/2o0r £3N/2
When N is even,

. +1 i==+Nor £3N/2
c(q') =

0 |i|<2Nandi# +N or £3N/2

We also want to know what patterns are evident in the coefficients of the un-
normalized colored Jones polynomial of the figure 8 knot. We plot its coefficients below.

See Figure 6.7.
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Figure 6.7: The coefficients of the 95 colored un-normalized Jones polynomial of the
figure 8 knot.

Now we zoom in towards the middle coefficients. Below are the middle 1000
coefficients of Jos 4, (¢). See Figure 6.8. Because of the difference in patterns depending
on the parity of N, we also look at the middle 400 coefficients of J5 4, (¢). See Figure
6.9.

Figure 6.8: The middle 1000 coefficients of the 95 colored un-normalized Jones poly-
nomial of the figure 8 knot.

Based on these and similar data for other values of N we make the following

conjecture:

Conjecture 6.2.2. Let c(q') be the coefficient of the g' term of Jy 4,(q). When N is odd,

| W=D N
c(q') = (N+21) S
0 ——=ll=—;
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Figure 6.9: The middle 400 coefficients of the 50 colored un-normalized Jones polyno-
mial of the figure 8 knot.

When N is even,
0 - N+1/2<i<N-1/)2

c(q') = SN—3
1 N41/2<]i<

Visually, we can see this as:

when N is odd:
i =3N+1 =N—-1 =N+l N-1 N+1 3N-1
2 2 2 2 2 2
c(q") 0 0---0 0 1 1---1 1 0O 0---0 0
when N is even:
i %ﬁ —N—% —N—l—% N—% N—I—% . 5N2—3
c(q") 1 1---1 1 0 0---0 0 1 1---1 1

6.3 What do the conjectures tell us?

First, we will show that Conjecture 6.2.2 implies Conjecture 6.2.1.
Assume N is odd. Then by Conjecture 6.2.2, the coefficients of Jy 4,(¢g) look
like:
=3N+L L —N-1 =N+l N1 N+l N1
2 2 2 2 2 2
c(q") 0 0---0 0 1 I---1 1 0 0---0 0

So the coefficients of ¢!/ 2JN741 (q) look like:
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l 2 2 2 2 ) 2
c(q’) 0 0---0 O 1 1---1 1 0 0---0 0
;N N-2 -N ... N2 N . 3Nl

2 2 2 2 2 2

@) 0 0-0 0 1 11 1 000 0

And the coefficients of g~'/2Jy 4, (¢) look like:

Subtracting these, we get Conjecture 6.2.1. The proof for the N is even case is
similar.

Now, let’s see what these conjectures tell us about the coefficients of the normal-

ized colored Jones polynomial, Jy 4 (¢) Recall that

_1{N}
Ing(g)=(-1)" 1m11/v,1<(Q)
— (g T g 4 g T g 7T k(@)

By Conjecture 6.2.2, we know that for all N the coefficient of ¢’ is constant for

li| < Y=L If we look at what terms from Jy.4,(g) will contribute to Jy 4,(q), we see
. . : _ - N-(i+l) .
that this is only true if for |i| < NTl the coefficient of g~ 2 is equal to the coefficient
NE(+D) . . . .
ofg— 2 inJj 4 (¢)- This tells us that the coefficients aren’t just symmetric about the

constant term, but that for the middle N terms they are also symmetric about ¢"/2.

6.4 A non-symmetric polynomial of amphichiral knots

Since the figure 8 knot is amphichiral (equivalent to its mirror image), we know

1, i.e. J]/V,41 (q) - J[’V,41 (q_l ).
Thus we can rewrite Jj, 4 (g) as a polynomial in x = g +¢~!. To do this, we’ll use the re-

that it’s colored Jones polynomials are symmetric is g and g~

normalized Chebyshev polynomials of the first kind, 7, see A.1. These are the unique

set of polynomials satisfying

Tg+qa H=q"+q"

Now, we will use these Chebyshev polynomials to find an expression for the
non-symmetric polynomial of the Figure 8 knot, which we’ll call KI/V,41 (x). We letx =

g+q ' WewantKy 4 (g+q ") =J}y 4 (q)



We have that

—1n—1

Z H{N JHN+ j}

nO]

/
JN741

—1n—1

—ZHq ¢/ =g +q "

nO]
—1ln—1

—ZH

(¢’ +q7)
nO]
—1n—1

—ZHTN a+q")

~Ti(g+q ")
n=0 j=0
—1n—1

KN41 Z HTN

n=0 j=0

We can define an analog of this for the un-normalized colored Jones polynomial

We will show the particular case when N is odd. Since, when N is odd, Jy x(q)
—[NJy x(g) we get that
Ina(q) =— [Ny 41 (q)
721+1 _N-2i+1
=— 1+Z 2 ) | g, (@)
=—|1+ Z va_(g+q") | Ina, (@)
. N—1n-1
Ky, (x) =— Z v (%)

L[]

n=0 j=
Now, we want to look at the coefficients of this new polynomial and see if there

are visible patterns in the coefficients and if we can relate these pattern back to the

patterns visible in the colored Jones polynomial and also to the geometric properties of
the knot.

When we look at the coefficients of KI,VA (x), we notice that they grow very

quickly. In order to visualize the patterns, for a polynomial of the form ) c;x' we will
plot In(|c;|) and Sin

o i

o (|ci]), which we called the “signed log”. None off the coefficients
Ci

are 0, so this is well defined. Below are plots of both visualizations for 50 and 95 colors
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Figure 6.10: These are plots of In(|c;|) and —- In(|c;|) where the ¢; are the coefficients

cil
of Ky 4, (x) for N =50 and N = 95

We notice that we get the same basic shape of the coefficients regardless of the
number of colors. The breadth of the Nth polynomial is N> — N. We also want to look
at the growth rate of the maximum coefficients of each of these polynomials. Below is
a plot of the maximum coefficients of the first 50 polynomials for the figure 8 knot.

We again notice that the maximum coefficients seem to be growing exponen-
tially. Once we take the log, the coefficients are still growing like a quadratic function.
Once we take the square root of each coefficients, we notice that they seem to be grow-
ing almost exactly linearly. Let m; be the maximum coefficient Ki/,41 (x). The plot of
f(n) = \/log(m(n) is below along with its line of best fit. The line of best fit has equa-
tion

g(n) = 0.6947997 — 0.466332.

We have an R? value of .999999.
We want to know if we can relate the slope of this line to a geometric property

of the knot, specifically to the hyperbolic volume of the knot. The hyperbolic volume of
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Figure 6.11: This is a plot of f(n) = y/log(m(n)) where m; is the maximum coefficient
K!, (x).
La]

the figure 8 knot is 2.02988. The best relationship we can find is that
0094799 /773 — 2.03292.

We now turn our focus to other amphichiral knots. The next one is 63. Since we
don’t have a nice formula for the colored Jones polynomial of 63, we could only find its
colored Jones polynomial up to N=8. We found K]’vﬁ3 for the same colors, we noticed
that was had the same pattern arising in the coefficients. When scaled so that they can be
plotted on the unit square by dividing by the maximum coefficient and relabeling the x-
axis, we find the overall shape looks just like the one we had for 4. See Figure 6.12. We
also found the non-symmetric version of other randomly generated polynomials (with
positive and negative integer coefficients) and these also have the same basic shape when
we use the Chebyshev polynomials to get the non-symmetic version. Thus, it seems the
overall shape gives us no new information about the knot. But we can still, hopefully,
get information from the growth rate of its maximum coefficient.

Let m(n) be the maximum coefficient. We notice again that g(n) = +/logm(n)
grows linearly. See Figure 6.13. Here the line of best fit is

g(n) = 0.837346n+0.370139

We also did the same analysis and reached the same conclusions with the knot 83.
Table 6.1 show the comparison between the growth rates and the hyperbolic volumes.

Our best guessed relationships are of the right type of form, but we do not have the same
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Figure 6.12: This is a plot of the log of the magnitude of the coefficients of the colored
Jones polynomial of 4; and 63. The coefficients of 4; correspond to N = 30 and are
plotted using small dots. The coefficients of 63 correspond to N = 8 and are plotted
using larger open circles.
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Figure 6.13: This is a plot of f(n) = /log(m(n)) where m; is the maximum coefficient
K¢, (%).

relationship for each knot. At this stage, we have no idea if these relationships give us
any new information or are just coincidental. Since we could only get a few data points

for the knots 63 and 83, it seems reasonable that those numbers are a bit farther off.

6.5 Extending this polynomial to non-amphichiral knots

Since we need Jy x(q) to be symmetric in ¢ and g~ !

in order to define Ky, 4, we
cannot define this in general for chiral knots. However, since we can get an amphichiral

knot by taking any knot and connect summing it with its mirror image, we can use this
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Table 6.1: Knots Hyperbolic Volumes compared to their maximum coefficient growth
rate

| Knot | Slope of Growth Rate | Hyperbolic Volume | Best Guess at Relationship |

44 my, = 0.694799 2.02988 ema)” /]2 =2.03292
63 me, = 0.837346 5.69302 2¢1"e3) /7 /2 = 5.79088
83 mg, = 0.994987 5.23868 m/2e"s) | /1/2 = 5.32473

technique to study all knots. To find the colored Jones polynomial, use the fact that

/ o /
IN k#x, = IN K IN K, -

The hyperbolic volume is also multiplicative under connect sum.



Chapter 7
Conclusion and Future Works

Throughout this dissertation, we’ve shown that there are many peculiar patterns
visible in the coefficients of the colored Jones polynomial. We’ve seen that the highest
order and lowest order terms stabilize as we increase the number of colors. We’ve
also seen that are visible patterns in the middle coefficients that may be related to the
hyperbolic volume of the knot.

Our hope is that we can use some of the tools developed in the dissertation
to learn more about these middle patterns. The formula proved for the pretzel knots in
Chapter 4 will hopefully be able to be used to help us gain insight about what happens for
a larger class of knots. By studying what the higher order stability sequences stabilize
to, we hope to be able to combine the higher order terms to give us information about
the middle terms.

Using the new polynomial developed in the last chapter, we hope to gain further
insight about the coefficients of the colored Jones polynomial. We would like to know
whether the distinct pattern visible in the coefficients of the new polynomial for am-
phichiral knots tells us anything about the hyperbolic volume of the knot. Perhaps this
pattern is just a consequence of the coefficients of the Chebyshev polynomials. Since
we can get an amphichiral knot by taking any knot and taking its connect sum with its
mirror image, this may help us gain information about not only amphichiral knots but
about all knots.

We hope that the theorems proved in this dissertation will help push forward the

work being done in the area and that the conjectures laid out in this dissertation will
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get people interested in these middle coefficients. There seems to be a lot of interest-
ing phenomena related to the middle coefficients, they certainly warrant some future

explorations.



Appendix A
Chebyshev polynomials

The Chebyshev polynomials come up in various places within this dissertation.
The ones we use both in defining the colored Jones polynomial and in defining the new
non-symmetric polynomial for the figure 8 knot, are slightly different then the standard
Chebyshev polynomials. In this section, we’ll describe the standard Chebyshev polyno-

mials and how they relate to those that we are using.

A.1 Chebyshev polynomials of the 1st Kind

The standard Chebyshev polynomials of the 1st kind, 7;,(x) satisfy the following
recurrence relation:

To(x) =1
Ti(x)=x
Tpi1(x) = 2xT(x) — T—1 (x).

They are the unique set of polynomials that satisfy 7'(cos(6)) = cos(n8), or T(%) =
q"—q"
5—.
When defining the non-symmetric polynomial for the figure 8 knot, we need a
set of polynomials satisfying T,,(¢+¢~') = ¢" +¢~". Thus we can let T,,(y) = 2T;,(y/2).

Then we get the following recurrence relation:

To(x) =2
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Toi1(x) = xT,(x) — T 1 (x).

Now, T,(x) is the unique set of polynomials that satisfy T,,(q+¢~ ') = ¢" +¢ " or
T,(2cos(0)) =2cos(n0) .

A.2 Chebyshev polynomials of the 2nd Kind

The standard Chebyshev polynomials of the 2nd kind, U, (x) satisfy the follow-
ing recurrance relation:

Up(x) =1
U (x) =2x
Upi1(x) = 2xU, (x) — Uy—1 (x).
They are the unique set of polynomials that satisfy

g+q! - g =g

2 qg—q!

Un(cos(8)) = %

Uy (

When defining the colored Jones polynomial, we need a set of polynomials satis-

fying S,(g+q ') = ‘{;j’qq;n . Thus we can let S, (y) = U, (y/2). Then we get the following
recurrence relation:

S()(x) =1
Si(x) =x
Sn+1(x) = x8,(x) — Sp—1(x).

Now, S, (x) is the unique set of polynomials that satisfy S,(¢g+¢g~ ') = &——%—, or
.. i 1)n0
similarly, S,(2cos(6)) = %'
Notice that the recursive step is the same for the first and second kind in both the
standard and re-normalized Chebyshev polynomials, the only thing that changes is the

initial conditions.
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