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Preface

This book grew from a series of discussions between its authors on the combina-
torics of Vassiliev and quantum knot invariants. We were fascinated both by the
area itself, and by the rich interaction between the combinatorial and algebraic ideas
that supported it. Moreover, we recognised that the area perfectly exhibited many
of the important stages that are passed through in the development of a mathe-
matical theory. Such stages may so easily remain hidden when a reader is presented
with a complete and polished theory, yet experiencing the thinking behind the
transitions from one stage to another is vital for the aspiring mathematician.
Three key themes stood out in these discussions.

e The first theme is the constructive approach, which is fundamental to mathe-
matics in general, and to algebraic combinatorics in particular. It is an approach
in which the preliminary step to handling and understanding a difficult object
(for us, a knot) is to derive a description of it as a combinatorial structure. This
can open the way to decompose the structure into ‘elementary pieces’ that may
then be described in algebraic terms. We may then hope to work backwards to
associate an algebraic structure with the original object.

e The second theme is how one mathematical object may be transformed into one
more amenable to further investigation, while still ensuring that key information
(for us, the isotopy class of a knot) in the former is retained in the latter.

e The third theme is the use of mathematical techniques for working effectively
within the algebras that arise in these processes (e.g. ribbon Hopf algebras). In
doing so the intention is, of course, to elicit the key information (e.g. the isotopy
class of a knot) that has been retained in the more amenable object, once the
association with the original object (e.g. a knot) has been established.

Given that the area of knot theory perfectly illustrates the use of these mathe-
matical processes that are often hidden from students, we felt that an introduction to
this theory, and particularly to its interactions between algebra, combinatorics and
topology, could serve as an excellent step in the mathematical development of a
student. This thinking led to perhaps an unusual expository aim in writing this
book. Rather than writing a text that serves primarily as an introduction to quantum
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knot theory (although we certainly hope that we have provided a worthy intro-
duction to that theory), we wanted to reveal mathematical approaches available for
engaging with a difficult mathematical object. Accordingly, we have adopted the
following expository principles:

1. to focus on the interplay between combinatorics, algebra, and topology;
2. to take a workmanlike approach to the abstract material, and to the acquiring of
a facility with, for example, calculations within the algebras that arise;

. to write a book to be read, rather than to serve primarily as a reference volume;

. to use exercises to aid learning rather than to test;

5. to write a book that will serve a broad spectrum of aspiring mathematicians, and
not solely those who wish to pursue knot theory;

6. to offer an aspiring knot theorist a grounding in the fundamentals of Vassiliev
and quantum knot invariants, thereby enabling a reader to successfully tackle the
more specialised literature;

7. and, finally, to keep the volume to a manageable length.

AW

Writing to these principles has, of course, affected what content and which topics
we have included or omitted. For example, an expert reader will undoubtedly notice
that we have chosen not to give a full development of the theory of quantum groups
or monodromy solutions of the Knizhnik—Zamolodchikov equations, nor do we
discuss Chern—Simons theory. While these topics are beautiful and central to the
area, a proper exposition of them takes us too far from our guiding expository
principles. For similar reasons, in a few places we decided to quote results without
proof. We also felt we could safely omit these topics since they are served by other
excellent texts in the area, such as [37, 90, 144]. In fact, the present volume resulted
from paring down a much longer volume. This was a very painful process, par-
ticularly when it involved excising wonderful pieces of mathematics, but we believe
that the resulting text better serves the broader mathematical community.

In writing this book, our emphasis has been on the use and the flow of math-
ematical ideas. We have tailored our exposition to an advanced undergraduate or
beginning graduate student, who may intend to pursue a research area other than
topology or to a researcher from another field who wishes to have a rapid intro-
duction to the area. In this volume, the reader will see versatile general results, such
as isomorphism theorems, and how they may be used in practice; will develop an
appreciation of how various types of algebras arise, and how the introduction of
algebraic objects is driven by application; will see how a profound theory can be
built based on the tools acquired in undergraduate studies; and will develop a
proficiency in a variety of algebraic, combinatorial, and topological techniques that
can be applied in areas beyond the scope of this book.

Finally, we hope that the reader will be captivated by the beauty of the area and
fascinated by its algebraic combinatorial nature, as indeed we were.

In preparing this book, we have benefited from and enjoyed conversations with
and support from many people. It is impossible to thank each person by name,
although special thanks are due to P. Etingov, S. Garoufalidis, S. Lando, and
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M. Perry for valuable discussions at various stages. Special thanks are due to our
spouses Jennifer and Vikki for their continuing support and patience through this
project.

Waterloo, ON, Canada David M. Jackson
Egham, UK lain Moffatt
October 2018
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Introduction

The problem we are interested in is the classical problem in knot theory of deciding
whether two knots are equivalent. We start intuitively by thinking of a knot as the
familiar configuration that results from looping a length of string around itself and
threading an end through the loops so formed, as shown below:

/—\

[ R

[

These images should be regarded as two-dimensional representations on the
page (i.e. drawings) of a knotted string in three-dimensional space. A line passing
through a gap is the familiar and self-explanatory way of indicating in two
dimensions where one part of the string (represented by a line) passes over another
part of the string (represented by a gap) in three dimensions. For the moment, we
shall refer to these two-dimensional representations as “drawings”, but we shall
soon formalise such representations as “knot diagrams”.

One such knot K is said to be equivalent to another such knot K’ if K may be
transformed into K’ by simply shifting around parts of the string. We are not
allowed to cut the string or to glue pieces of it together. It is an easy matter to start
at one end of K and slide this end along the length of the string to produce a straight
length of string, and then to loop this around itself, threading an end through the
loops to produce K'. Clearly, the theory of such knots is trivial since all such knots
are equivalent for we can always reverse what we did to knot the string!

The situation is entirely different if, once the knot is formed in the string, the
ends of the string are inseparably sealed together. Thus, instead of a knotted line,
there is a knotted circle. An example of this is given by

XV
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ap yap
m glue ends ogether m

[

For two such knots K and K’, there is no longer the possibility of unknotting K and
then retying it as K’ since there are no loose ends, as there were for the case of a
knotted line.

Intuitively, we regard two knots K and K’ as being equivalent if we can move the
circles of string around in space until the knots look the same. (As we shall see, this
idea is formalised by requiring an orientation preserving homeomorphism of R*
that takes one knot to the other.) We are interested in the question of whether two
knots are equivalent or whether they are not.

By forming them out of a piece of string, for example, the reader will quickly
convince himself or herself that the following two drawings represent the same knot
(i.e. we can deform one so it looks like the other).

& XX

Also by forming them out of a piece of string, say, the reader should also be able
to convince himself or herself that the following two drawings represent different

SRR

Although the reader will be convinced that these two knots cannot be changed
into one another, it is at least theoretically possible that there is some way to do it
using a trick that he or she did not spot. Thus, we need a way to prove that no
such trick exists and that the knots can never be changed into one another.
(In Exercise 2.26, we shall see that these two knots are indeed different.)

Deciding whether two drawings represent different knots is a hard problem. As
an illustration of the difficulty, the following two knots, called the Perko Pair, were
thought to be distinct until the 1970s when Perko [148] showed that they are not.
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D &

Exercise 1 Verify that the two drawings above do indeed represent the same
knot.

Deciding whether knots are inequivalent requires the use of a knot invariant.
A knot invariant is a function 0 from knots to some set (typically a set of numbers,
polynomials, or groups) with the property that if K and K’ are knots, then

0(K) # 0(K') implies that K and K’ are different knots.

The intent, of course, is to find a set S (e.g., the set of complex numbers, or a set of
polynomials) such that testing for 0(K) # 0(K') in S is easier than testing that
K # K’ in the set of all knots. Constructing computable and effective knot
invariants is difficult. In this book, we describe the construction of two related
families of knot invariants called Quantum Invariants and Vassiliev invariants.

It is instructive to reflect upon progress in knot theory during the last two hundred
and fifty years. The first appearance of knots in a mathematical context was in a
paper by Vandermonde in 1771, followed by some notes on knots by Gauss in 1794
that were little more than collections of drawings. Fifty years later the first systematic
attempts to study and classify knots, due in the most part to Tait, Kirkman, and Little,
although substantial, were thwarted by the absence of a suitable mathematical
framework to support them. Quite simply, although these early proponents of knot
theory were often able to show that two knots were the same, they were often unable
to show that two knots were different. This changed with the introduction of alge-
braic topology in the early twentieth century, and mathematicians such as Dehn,
Seifert, Reidemeister, Alexander, and Wirtinger were attracted to the subject.
Connections between knots and the topology of 3-manifolds were discovered.

In the 1980s, a revolution in knot theory was sparked through the work of Jones.
This resulted in a new class of knot invariants called Quantum Invariants, and
connections were established with statistical mechanics, quantum physics, quantum
groups, and Lie algebras. Drinfel’d, Jones, and Kontsevich each received the Fields
Medal, the highest award in mathematics, for work that contributed to knot theory.
It is this family of knot invariants that we focus upon here. (For a more detailed
history of knot theory, we refer the reader to [153].)

We don’t mention Vassiliev invariants.

Before plunging into the mathematics, we briefly describe the structure of this
book.

Part I provides an overview of Basic Knot Theory. Its purpose is to familiarise the
reader with the basic concepts of knot theory that are used in the rest of the book.
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Part II describes the construction of a family of knot invariants called Quantum
Invariants. In brief, the idea behind the material in this part is to construct invariants
by slicing a knot diagram up into elementary pieces, such as crossings or critical
points, then to form a knot invariant by associating linear maps with these pieces.
We shall see that Lie algebras give rise to knot invariants via the theory of quantum
groups.

Part III describes a very different approach to knot invariants. The idea taken in
this part is to study a whole class (or space) of knot invariants rather than individual
knot invariants. The invariants in this class are called Vassiliev Invariants. We shall
see that Lie algebras give rise to Vassiliev invariants through the use of chord
diagrams and weight systems.

In Part IV, we bring together the two approaches, showing that they are unified
by a single, very powerful knot invariant called The Kontsevich Invariant. The
invariants arising from Lie algebras in the two ways described in Part IT and Part ITI
have dramatically different constructions and philosophies. The culmination of this
book, in Part IV, will be the fact that these two constructions result in the same knot
invariants. A reader will gain an understanding of how the very different looking
theories of Quantum Invariants and Vassiliev invariants fit together as one theory.
On the route to this culmination, the reader will see much beautiful mathematics
used in a sophisticated and creative way.

Figure 1 shows the chapter dependencies. This book does not have to be read
linearly, and, by following the routes described in the second, third, and fourth
columns in Fig. 1, it can be used to provide standalone introductions to its three
main topics of Quantum Invariants, Vassiliev invariants, and the Kontsevich
invariant.

Chapters 1-3 provide the foundation in basic knot theory required for this text.
They form a prerequisite for all later chapters. However, a reader who has previ-
ously studied some knot theory is likely to be familiar with this material and so may
safely skip all of Part L.

A path through the book that focusses only on Quantum Invariants is given by
either following Chaps. 1-9, or, as a more direct route, a reader can skip Chaps. 4-6.
(It is not necessary to read Chaps. 4-6 to follow Chaps. 7-9, but we do recommend
reading them.) For a fuller picture of Quantum Invariants, a reader following this
route is encouraged to jump to Chaps. 15-17, and then to Sect. 18.2 where the
quantum invariant narrative culminates.

A path focussing only on Vassiliev invariants is given by jumping to Chaps. 10-14,
and making a brief diversion to Sect. 8.4.1 for background on Lie algebras. For a
fuller picture of Vassiliev invariants, a reader following this route may then jump to
Chaps. 15-17, then to Sect. 18.1 where the Vassiliev invariant narrative culminates.

A path through the book focussing only on the Kontsevich invariant is given
by reading Sect. 7.1 on tangles, Chap. 13 on Jacobi diagrams, then following
Chaps. 15-17.

Despite these options for omitting various topics, we believe the text is best read
linearly and encourage a reader to do so.
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Exercises can be found throughout the book. These exercises are formative
rather than summative, written with the intention of developing the reader’s
understanding as he or she progresses through the book. As such, exercises are
positioned within the main chapter text, rather than collected at the end of chapters.
They also form part of the narrative. A collection of hints for the exercises can be
found towards the end of the book. Appendix A contains the prerequisites on linear
algebra and module theory required for the text. The remaining appendices contain
details of algebraic computations that it is important to work through, but have been
moved to the appendix so as not to distract from the development of the theory. The
bibliography includes all the mathematical sources we consulted to prepare this
book. A list of frequently used notation can be found after the table of contents, on
page xiii.



Part I
Basic Knot Theory



Chapter 1 )
Knots Shecter

1.1 Knots and Equivalence

We assume that the reader is familiar with basic topology but, for convenience, we
recall that a homeomorphism is a continuous map with a continuous inverse, and
that a function is an embedding if it is a homeomorphism onto its image. All the
topologies we consider here are those inherited from the standard topology of R”.
Note that throughout the book, we work in the piecewise-linear setting, rather than
the smooth one. In particular all embeddings are piecewise-linear.

The physical idea of a knot, that was stated in the introduction as a “knotted circle
of string”, has a mathematical idealisation encapsulated by the following definition.

Definition 1.1 (Kneot). A knot is an (piecewise-linear) embedding of the (unit) circle

S! into R3.
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Fig. 1.1 Some examples of knots
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Drawings of a few knots are given in Fig. 1.1 together with their standard symbols.
The knot 0y is called the unknot, 3, is the trefoil, and 4, is the figure-of-eight knot.
The symbols such as 3; used here refer to the names of the knots in the standard
Rolfsen tables [158].
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Above we provided some examples of knots by providing drawings of them. Knots
can also be described by writing down a function from S' to R*. For example, if we
describe the points of St by polar coordinates (1, t) for 0 < ¢t < 27, then

f:S'— R¥: 1 ((2+cos(3r)) cos(2t), (2 4 cos(3t)) sin(2t), sin(3t))

provides the parameterised plot of the trefoil knot shown below.
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In practice, it is usually best not to specify or work with knots as parameterised
curves, but rather to specify them by drawings as we did previously. Nevertheless, it
is reassuring to know that knots can be described as parameterised curves in R>.

Returning to the physical situation of a “knotted circle of string” for a moment,
once we have one knotted circle of string, we can of course take a second length
of string, and knot with itself and possibly also with the knot we already have, and
fuse its end together. This would result in two knotted circles of string, which may
be interweaved with each other in such a way that they may or may not be pulled
apart. This can be repeated with a third length of string, then a fourth and so on to
get any number of knotted circles of string. This gives the concept of a link, which
is idealised mathematically by the following definition.

Definition 1.2 (Link). A link is a disjoint (piecewise-linear) embedding of n copies
of S! into R3. Each copy of S! in the link is called a component of the link.
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In the following drawings of three links
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the first link is called the Hopf link, and the second the Borromean rings.

Note that no embedded circles in a link can intersect and that a knot is precisely a
one-component link. More properly, knot theory is the study of links, and it is com-
mon practice in the area to prefix a term by “knot” when it should really be prefixed
by “link”. Usually, but not exclusively, the term “knot invariant”, for example, is used
to refer to invariants of links as well as knots. This standard abuse of terminology
within the discipline should be kept in mind when reading any material about knot
theory.

Knots and links are considered up to arelation called ambient isotopy. This relation
coincides with the intuitive notion of deforming a knotted circle in three-dimensional
space without cutting it or gluing parts of it together. The formal definition is the
following.

Definition 1.3 (Ambient isotopy of links). Two knots (or links) K and K’ are
said to be (ambient) isotopic if there is a family of homeomorphisms #, : R —
R3, ¢ € [0, 1], such that h(K) = K’, ho = idgs and (x, 1) — (h;(x), t) defines a
homeomorphism from R3 x [0, 1] to itself.

The idea behind this definition is that two knots are equivalent if R* can be continu-
ously deformed in a way that takes one knot to the other.

We shall often write “isotopy” for “ambient isotopy”, but it should be understood
that all isotopies considered here are ambient isotopies.

Definition 1.4 (Equivalence of links). Two knots or links are equal or equivalent
if they are isotopic. An equivalence class of the set of knots or links modulo isotopy
is called an isotopy class.

Example 1.5. Consider the following knots Ky, ..., K4.
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The knots K, and K| may be shown to be equivalent by the following sequence of
deformations

However, the knots K3 and K4 are not equivalent (See Exercise 2.26).

Exercise 1.6. Let py, ..., p,, € Z.Thepretzellink £(p;, ..., p,) isthelink defined
by the drawing

K—/ ....... \ ---- \

pi Pk |+ | Pn

where i = - :\" if p; >0, and pi = "’: “ if p; <0, and

—~ A —~ X

diagrams on the right-hand sides each have p; crossings. For example,

02,3, -5,4) =

Find a necessary and sufficient condition in terms of the values n, pi, ..., p, fora
pretzel link to be a knot. Show that £(py, ..., p,) = £(p2, ... Pn, P1)-

There is an inherent difficulty in showing that knots are not equivalent. On the
one hand, we can demonstrate that two knots or links are equivalent by describing a
sequence of deformations taking one to another, as in the first part of Example 1.5.
On the other hand, being unable to find such a sequence of deformations does not
necessarily imply that such a sequence cannot exist—perhaps we did not look hard
enough for one. Instead, we need to prove that no sequence of deformations can exist.
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This requires the use of a knot invariant. That is to say, we need to find a (sufficiently
discriminating) knot invariant whose evaluations on the two knots are different. We
shall discuss this topic in Chap. 2.

With minor abuse of language, it is usual in knot theory to use the term “knot” to
mean (i) an embedding of S! into R?, (ii) the image of an embedding under ambient
isotopy, or (iii) an equivalence class of embeddings under ambient isotopy, and to
do similarly for the term “link”. This should not cause any difficulties since any
ambiguity is resolved by the context.

Here (and in much of knot theory literature) we shall avoid pathologies and con-
sider only knots and links that correspond closely to the intuitive notion of a knotted
string. To do this, we need the following definition.

Definition 1.7 (Tame link). A link is said to be fame if it is ambient isotopic to a set
of simple closed polygons in R? whose sides are straight line segments; otherwise it
is said to be wild.

The tameness condition excludes infinite limiting processes and ensures that we are
studying knots and links that conform to the intuitive idea of a knot or link. Wild
knots, on the other hand, may have bizarre and counter-intuitive properties and,
although the existence of such knots has been known since the 1940s, remarkably
little is known about them. We shall be concerned exclusively with tame knots and
links and, henceforth, whenever we use the term “knot” or “link” we always mean a
tame one.

Links whose images are polygons will be referred to as polygonal links and, since
we are restricting attention to tame links and consider links up to isotopy, we can
and shall assume that links are polygonal, and therefore amenable to the techniques
of piecewise-linear topology. (For background on piecewise-linear topology, see, for
example [162].) It will be seen that this provides a combinatorial formulation of
ambient isotopy.

Our convention throughout is to draw links, link diagrams and other knotted
objects as smooth curves. Nevertheless, the reader should regard all of these smooth
curves as a polygonal curves whose vertices and edges are “so small that the curves
appear smooth” (as is the case with any pixellated image on a computer screen). This
is recorded for reference purposes by the following.

Convention 1.8. Links, link diagrams and other knotted objects are drawn here as
smooth curves but are to be regarded as polygonal curves.

The advantage of realising links as polygonal links, and so stepping into the world
of piecewise-linear topology, is that we can consider them as combinatorial objects.
In particular, we can obtain a combinatorial reformulation of ambient isotopy as
follows, where d(T") denotes the boundary of the solid triangle 7'. Such a triangle is
represented here by shading its interior.

Definition 1.9 (A- and A~'-moves). Let L be a polygonal link, let p be a straight
line segment of L, and let T be a solid triangle in R? such that L N T = p and
d(T) = pUgq Ur. Then a A-move is a move which replaces the edge p of L with
g Ur of T. The inverse of this process is called a A~'-move.
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Thus, the A- and A~'-moves in R? are defined by

Since T is solid, no straight line segment of L may pass through it. Thus, in other
words, the A-move replaces the edge p by ¢ U r provided no edge of the link passes
through the solid triangle T that is used in the construction.

The following theorem gives equivalent formulations of knot equivalence. We
exclude its proof and refer the interested reader to [31] for one.

Theorem 1.10. Let L and L' be (tame) links in R3. Then the following are equiva-
lent:

1. L and L' are ambient isotopic.

2. There is an orientation preserving piecewise-linear homeomorphism h : R3 —
R3 such that h(L) = L'.

3. Thereis afinite sequence of A- and A~ -moves taking (a polygonal representative
of) L to (a polygonal representative of) L'.

1.2 Knot and Link Diagrams

Instead of working with knots and links as objects in R?, we can work with drawings
of them on the plane R? (in effect we have been doing so above!). We can do this
by considering the images of knots and links in R* under sufficiently nice (they are
termed regular) projections from R3 onto R?. It is convenient for some arguments
to fix a rectangular Cartesian coordinate system in the ambient space R* and to
project onto a fixed plane (typically the plane z = 0 in which case the projection
maps (x, y, z) to (x, ¥, 0)). We adopt the following convention.

Convention 1.11. The rectangular Cartesian coordinate system, Oxyz, is chosen
such that all links lie on the same side of the plane of projection.

There may be points of a knot that are mapped by projection to the same point
in the plane z = 0. Such a point is called a multiple point. To make sure that our
diagrams do not hide structure of the link, or suggest structure that is not there, we
need to insist that all multiple points are “nice” in the following sense.
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Definition 1.12 (Regular projection). A projection p : R® — R? of a (polygonal)
link L is said to be regular if

1. all multiple points of the projection are double points,
2. there are only finitely many double points,
3. no double point contains the image of a vertex.

Here a vertex is a point where two edges meet in the piecewise-linear representation
of the knot.

A permissible multiple point of regular projection is shown in Fig. 1.2a while some
impermissible multiple points are shown in (b), (c) and (d) of the same figure. The
intersections in (c) and (d) contain the image of a vertex, and the multiple point in
(b) is not a double point.

(a) (b) (© (d)

Fig. 1.2 Permissible (a) and impermissible (b, ¢, d) multiple points of a regular projection

Theorem 1.13. Every link admits a regular projection.

We exclude this proof and refer the reader to [46]. The idea behind the proof is that
if the projection of a link is non-regular, then the link may be suitably adjusted by
rotation in R® or by making small deformations of the link using A-moves so that
the projection becomes regular.

A projection of alink does not contain sufficient information to recover the original
link since the distinction between over- and under-crossings is lost under projecting.
However, if the over- and under-crossing information is attached to every double
point of a regular projection then clearly the original link can be recovered up to
isotopy. A regular projection of a link with this additional crossing structure is called
a link diagram. A more formal definition is the following.

Definition 1.14 (Diagram). A knot or link diagram is the image of a regular projec-
tion of a knot or a link on which an under-/over-crossing structure has been assigned
to each double point. The crossing structure is indicated by line breaks in the diagram
with the unbroken strand sitting “above” the broken one.

Recall from Convention 1.8 that, for clarity, our convention throughout is to draw
links, link diagrams and other knotted objects as smooth curves. Figure 1.3a, b shows
(a regular neighbourhood of) the figure-of-eight knot and a corresponding diagram,
and Fig. 1.3c, d shows (a regular neighbourhood of) a two-component link and a
corresponding (link) diagram.

Sometimes properties of links are best defined through their diagrams. For exam-
ple, the knot diagrams of 3; and 4; (but not of 10;57) in Fig. 1.1 have the property
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Fig. 1.3 A knot (a) and link (¢) (drawn using [169]) and their corresponding diagrams (b, d)

that the crossings alternate between over- and under-crossings in a tour along the
component. Such a knot diagram is said to be an alternating diagram. Similarly, a
link diagram is alternating if in a tour along each component the crossings alternate
between over- and under-crossings. An alternating knot or link is one that admits an
alternating diagram.

Note that there is a subtlety in this definition for it states that a knot or link is alter-
nating if it has an alternating diagram. An alternating knot will also have infinitely
many diagrams that are not alternating. Thus, if we are given a non-alternating knot
diagram, it may or may not represent an alternating knot.

Exercise 1.15. Show that the following non-alternating diagram represents an alter-

nating knot.
G\m
/

U

While we can prove that a knot or link is alternating by exhibiting an alternating
diagram for it, showing that a knot or link is not alternating is a hard problem since
we need to prove that none of its infinitely many diagrams is alternating. Figure 1.4
shows the non-alternating knot 8,y from the knot tables [158].

G

Fig. 1.4 The non-alternating knot 8,9

Diagrams also enable us to find easy descriptions of some classes of knots and
links.
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Definition 1.16 (Unknot and unlink). An unknot is a knot which is the boundary
of an embedded disc D> C R>. Similarly, the n-component unlink is a link that is
the boundary of n disjoint embedded discs in R3. A knot or link is said to be trivial
if it is an unknot or unlink.

For example,

O OO0OO

unknot four component unlink

An equivalent definition is provided by the following.

Definition 1.17 (Unknot and unlink). A link is an unlink if it admits a diagram
with no crossings. A one-component unlink is called an unknot.

We note that a link is an unlink if and only if it has a diagram with no crossings.
However, not every diagram of the unlink has no crossings. For example, below are
two diagrams of a three-component unlink

N

Exercise 1.18. Verify that the following knot is equivalent to the unknot.

Exercise 1.19. A crossing change at a crossing in a link diagram is the local change
/ \ . . .
<~ / . (So a crossing is changed into one of the other type, and there is no

Gther change to the diagram. See Convention 1.21 below.) Crossing changes do not
preserve the isotopy class of a link. Prove that every knot diagram can be changed
into a diagram of the unknot by crossing changes. Hence, prove that any link diagram
can be changed into the diagram of the unlink by crossing changes.
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1.3 The Reidemeister Moves

Many different diagrams arise from equivalent links. Thus, to study links through
their diagrams it is necessary first to understand how diagrams corresponding to
equivalent links are related to each other. This is seen through the Reidemeister
moves. Each such move makes a local change in a diagram to produce a diagram
of an equivalent link. A fundamental theorem, due to Reidemeister, states that two
knots or links are equivalent if and only if a diagram of one may be deformed into
a diagram of the other by a finite sequence of such moves. The starting point in this
discussion is planar isotopy.

An intuitive way to think about planar isotopy is to think of the link diagram as
being drawn on a rubber sheet rather than on paper. Then we can change how the
diagram looks by stretching and compressing the rubber sheet it is drawn on. In any
such deformation, the crossing structure remains unchanged. Planar isotopy can be
formally defined as follows.

Definition 1.20 (Planar isotopy). Two polygonal link diagrams are said to be
related by planar isotopy if they are related by a finite sequence of the moves (where
the angles and lengths may vary) of the form

R R

These are called the relations of planar isotopy. The point at which two polygonal
edges meet is called a vertex.

Implicit in these figures (and diagrams for other moves) is that the move acts only
on the neighbourhood of interest and that the rest of the diagram is unchanged by the
move. We therefore adopt the following convention for displaying local operations or
sequences of local operations on link diagrams, as well as on other types of diagram.

Convention 1.21 (Local operations on diagrams). We generally display a neigh-
bourhood of the relevant diagram and leave the reader to recall that the rest of the
diagram, which lies outside this neighbourhood, is implicitly present and unchanged.
Moreover, when an operation or move on a link diagram or on another type of dia-
gram is specified by a local change, it is to be understood that the diagrams are
identical outside of the shown region.

As an example, the following diagrams are related by planar isotopy.

8 =5



1.3 The Reidemeister Moves 13

The Reidemeister moves, other than planar isotopy (which is sometimes denoted
by R0), are denoted by RI, RIl and RIIl and are given next in a definition that invokes
Convention 1.21.

Definition 1.22 (Reidemeister moves). The Reidemeister moves consist of planar
isotopy and the following three local changes in a diagram.

0] (=0 X=X

RI RII RIN
The diagrams are identical outside of the local region shown.

Diagrammatic moves having very similar forms to the Reidemeister moves can
be obtained from them. For example, variant forms of Rl and RIIl are obtained by
means of RI, RIl and RIIl as follows:

(1.1)

where a dashed box encloses the argument of the Reidemeister move to its immediate
right. Although these two moves are consequences of the other Reidemeister moves,
it is nevertheless useful (and reassuring) to have these variant forms listed explicitly
at our disposal.

Example 1.23. An instance of the use of a sequence of Reidemeister moves is given
in Fig. 1.5. The diagrams on the extreme left of the chain of Reidemeister moves are
therefore equivalent diagrams. They are, in fact, both diagrams of the trefoil.

Exercise 1.24. Find a sequence of Reidemeister moves relating the following two

diagrams: @ and O .

We emphasise that, here, the Reidemeister moves include planar isotopy. This
convention holds for all of the variants of the Reidemeister moves we see in this
book, even when it is not explicitly mentioned.

Convention 1.25 (Reidemeister moves). The term “Reidemeister moves” includes
planar isotopy, as well as RI, Rll and RIII.
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Fig. 1.5 Example of the use of the three Reidemeister moves

The next theorem provides a combinatorial description of knot and link equiva-
lence in terms of diagrams.

Theorem 1.26 (Reidemeister’s Theorem). Tio links are equivalent if and only if
their diagrams are related by a finite sequence of Reidemeister moves. That is

{links} ~ {diagrams}

isotopy Reidemeister moves

The following preliminary exercise on the Reidemeister moves is significant for
it shows that it may be necessary to make a diagram “more complicated” first by
increasing the number of crossings.

Exercise 1.27. Find a sequence of Reidemeister moves that changes the knot in
Exercise 1.18 to a diagram of the unknot with no crossings. The knot diagram has
10 crossings. Prove that in any sequence of Reidemeister moves changing it to a
diagram with no crossings must include a knot diagram with more than 10 crossings.

Reidemeister’s Theorem implies the following.

The study of knots or links up to isotopy is equivalent to the study of knot or
link diagrams modulo the Reidemeister moves.

This is a transformative statement, the first of many that we will see in this book. It
enables us to pass from one class of object to another that will permit new techniques
to be applied.

1.4 A Proof of Reidemeister’s Theorem

To prove Reidemeister’s Theorem, it is necessary to understand how to move between
links in R? and link diagrams in R?. In particular, we need to understand how a
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A-move on a link in R? changes the link diagram in R?, and how a Reidemeister
move applied to a link diagram changes the corresponding link in R? in terms of
A-moves. It will be convenient to invoke the coordinatisation convention stated in
Convention 1.11.

By way of motivation, let L be a polygonal link and D its diagram. It is immedi-
ately clear that L can be recovered from D by “lifting” the link above the plane of
projection. The lifting process is shown in Fig. 1.6a (on part of the link), where D
is the diagram in the plane z = 0, and the link L is the object specified by the solid
lines, and the dotted lines indicate projections of vertices to the plane z = 0.

The application of a single A-move is shown in Fig. 1.6. This introduces the vertex
C in the plane z = 2, and joins it to A and B to form a solid triangle [A BC] that
is not pierced by an edge of L. The projection of the result onto the plane z = 0 is
also shown. It is seen that the image c of C is such that triangle [abc] has no edges
passing through it as a solid triangle.

In Fig. (c), the edge [AB] is deleted, together with its image [ab] in the plane
z = 0. This is the diagram D’. The link specified by the solid lines in and between
the planes above z = 0 is the link L’.

We call the result of a A-move on an embedding of a polygonal link L in R3 a
§-move, on the projection D.

(2) (b) (©)

Fig. 1.6 Moving between links and their diagrams and the action of a A-move on the diagram

Now suppose, in addition, that L’ is a link with a diagram D’ such that L’ is
obtained from L by exactly one A-move which replaces an edge [AB] of L with
edges [AC] and [C B] of the embedded solid triangle [A BC]. An example is shown
in the plane z = 2 across the links shown in (a), (b) and (c) above. Here, (a) at z = 2
shows the edge [AB] of the link L, (b) at z = 2 shows the solid triangle [ABC], and
(c) at z = 2 shows the edges [AC] U [C B] of the resulting link L'.

Consider the diagram of L U [A BC] (i.e. the projection of L U [A BC] with cross-
ings assigned to the double points). This diagram consists of the diagram D together
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with a triangle [abc] C R? corresponding to [ABC] C R3. The diagram D U [abc]
has three important properties:

1. D can be recovered from D U [abc] by deleting the edges [ac] and [cb];

2. D’ can be recovered from D U [abc] by deleting the edge [ab];

3. Paths of edges of D which intersect the interior of [abc] will lie completely
“above” the triangle [abc] or will lie completely “below” or “above and below”
the triangle [abc] in the sense indicated by Fig. 1.7a, b, c, respectively.

a a a
NI -
e N ¢ \ S
) ¥, ~,
(a) above (b) below (c) above & below

Fig. 1.7 Paths of edges of D lie either above triangle T or below it

A §-move is the move on diagrams that corresponds to a A-move on links.

Definition 1.28 (5-move). Let L be a link that contains an edge [AB] and let [ABC]
be a solid triangle embedded in R3. Let L’ be the link obtained by a A-move on
L U[ABC].Leta, b, c and [abc] be the images of A, B, C and [A BC], respectively,
under a (regular) projection. Let D be the diagram corresponding to L under this
projection and let D’ = (D U [abc]) — [ab] be the diagram corresponding to L’. The
move on triangle [abc] satisfying property (3) above and corresponding to the move
on D is called a §-move.

An example of the §-move is

a
S2 _— <
b
where S; and S, are sets of edges entirely above or beneath the solid triangle [abc].
We summarise this discussion in the statement of the following result.

Lemma 1.29.

1. Iftwo links are related by a A-move, then their diagrams are related by a §-move.
2. Iftwo link diagrams are related by a §-move, then, up to isotopy, they determine
two links which are related by a A-move.
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We can now prove Reidemeister’s Theorem. For clarity, we split it into two lemmas
corresponding to the “if”” and “only if” parts.
In terms of polygons, RI, Rl and RIll can be described as

X8 XX

For the remainder of this Section, we shall assume all Reidemeister moves are in this
polygonal form.

Lemma 1.30. Let D and D’ be two link diagrams which are related to each other by
afinite sequence of Reidemeister moves and planar isotopies. Then the corresponding
links L and L' in R? are equivalent.

Proof. Tt is enough to prove the lemma for the case when D and D’ are related by
the application of a single Reidemeister move or by the application of a single planar
isotopy move shown in Definition 1.20. The relation which moves a crossing past a
vertex clearly results in an isotopy of the link. The remaining moves can be obtained
as a finite sequence of §-moves (or their inverses) as follows:

planar isotopy : l 2 > RI : LN
RII : LN 2, KR BN
r X

The result then follows by Lemma 1.29. (]

|-

\>i

The next lemma is a restatement of the “only if” part of Reidemeister’s Theorem,
and it is in this form that we shall prove this theorem.

Lemma 1.31. Let L and L’ be equivalent links with diagrams D and D', respec-
tively. Then D and D’ are related through a finite sequence of Reidemeister moves
and planar isotopies.

Proof. Since L and L' are tame, we may assume they are polygonal. Then as L and
L' are equivalent, they are related through a finite sequence of A- and A~!-moves.
It is clearly enough to prove the lemma for the case where L and L' are related by
a single A-move or A~ I_move. In fact, since the Reidemeister moves are invertible,
it is enough to prove the lemma for the case where L and L’ are related by a single
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A-move. This follows from the fact that if a A-move gives rise to a sequence of
Reidemeister moves, then the inverse of that A-move will give rise to the inverse
sequence of Reidemeister moves.

Now assume that L and L’ are related by a single A-move. Then, by Lemma 1.29,
their projections D and D’ are related to each other by a single §-move. Suppose
the §-move acts on a triangle [abc] by replacing an edge [ab] of D with [bc] U [ca]
to obtain D’. We show that this §-move can be realised a sequence of Reidemeister
moves and planar isotopies.

First there is a small technical issue to overcome. Consider the arc of D defined
by the vertex sequence (dabe) (so that this arc contains the edge [ab] and its two
incident edges). Either the edge [da] of D intersects the interior of the triangle [abc]
in the diagram in R? or it does not. If it does then apply a 8-move to a triangle
[adf], where f is some point in the exterior of [abc]. This is indicated in Fig. 1.8. In
performing this §-move on D, we have replaced a path (dabe) with the path (dfabe)
where [ fa] does not intersect the interior of [abc]. The §-move is easily seen to be
an application of the RI-move or its mirror image.

Fig. 1.8 Moving an edge [ad] away from the interior of a triangle by §-moves

Similarly, if the edge [be] intersects the interior of [abc], we may perform a
d-move to replace the edge with a pair of edges [eg] U [gb] so that [gh] does not
intersect the interior of [abc]. Moreover, this §-move can be described as a RI-move
or its mirror image.

We may now assume, without loss of generality, that the edges of the diagram
D which are incident with the edge [ab] do not intersect the interior of the triangle
[abc], since if this were not the case we may use the above argument to isotope
the link L to obtain a link L” whose diagram D” does indeed have this property.
Moreover, D and D" are related by Reidemeister moves, recalling from (1.1) that
the mirror image of the RI-move is a consequence of the Reidemeister moves.

Assume that D has this property. Divide the triangle [abc] into small triangles
T;,i = 1,...,msuch that for each i, T; N D is empty, or contains part of an edge of
D, or contains exactly one vertex of D, or contains exactly one crossing of D. An
example that contains each of these possibilities is
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It is clear that such a sub-division exists. Obviously, the result of the §-move on
the triangle [abc] can be obtained as the result of a sequence of §-moves on the small
triangles 7;. Therefore, it remains to show that each of the 6-moves on the small
triangles can be realised as a sequence of Reidemeister moves.

To do this, we begin by observing that if D does not intersect the interior of any
T; then the §-move on T; is a planar isotopy, and if D does intersect the interior of a
T; then it must do so in one of the ways shown in Fig. 1.9. It is then just a matter of
verifying that each of the §-moves can be described as a sequence of Reidemeister
moves and planar isotopies. This completes the proof of the lemma. 0

Fig. 1.9 The ways in which D can intersect a triangle 7;

Proof (Reidemeister’s Theorem). The theorem follows from Lemma 1.31. (Il

Exercise 1.32. Verify that each, or at least some, of the §-moves associated with
Fig. 1.9 can be described as a sequence of Reidemeister moves and planar isotopies,
as asserted at the end of the above proof.

1.5 Oriented Links

To this point, attention has been devoted to unoriented links, which are disjoint
embeddings of unoriented circles in R3. However, for reasons that will come clear,
we shall work mainly with oriented links which are disjoint embeddings of oriented
circles in R, so that each component of the link has a preferred direction around it.

Definition 1.33 (Oriented link). A knot or link in R3 is oriented if each of its
components is oriented. Similarly, a knot or link diagram is oriented if each closed
curve is oriented.
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The orientation of the components of an oriented link is recorded on link diagrams
by arrows pointing in the direction of the orientation. Examples of oriented link
diagrams are

N\

A
) O &

As with knots and links, oriented knots and links are considered up to ambient
isotopy. We note that the isotopy preserves the orientation of the components. It
should be observed that if an oriented link L’ is constructed from a link L by reversing
the orientation of one of its components, then L and L’ may or may not be equivalent.
For example, it can be shown (see [179]) that

& - &

A unique unoriented link may constructed from an oriented link by forgetting
the orientations of the components. Conversely, an oriented link with m components
gives rise to a collection of 2™ oriented links by assigning all possible orientations to
its components. However, in general, we do not know how many of the 2 resulting
links in this collection will be inequivalent.

The following definition and theorem provide the version of Reidemeister’s the-
orem (Theorem 1.26) for oriented links.

D

Definition 1.34 (Oriented Reidemeister moves). The oriented Reidemeister moves
consist of planar isotopy and the following three local changes in a diagram.

NYe N A N7
P00 R
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As with the unoriented case, considering oriented links up to isotopy is equivalent
to considering oriented link diagrams up to the oriented Reidemeister moves.

Theorem 1.35. Two oriented links are equivalent if and only if their diagrams are
related by a finite sequence of oriented Reidemeister moves. That is

{oriented links} _ {oriented diagrams}

isotopy oriented Reidemeister moves

Proof. Throughout the proof, let S denote the set of moves which arise from the ori-
ented Reidemeister moves in Definition 1.22 by considering all possible orientations
of the arcs. The set S has fourteen elements, two arising from RI, four (= 2?) arising
from RIl and eight (= 23) arising from RIII.

The only aspect in which oriented links and link diagrams differ from unoriented
links and link diagrams is that each component has a specified orientation. Therefore,
by Theorem 1.26, two oriented link diagrams correspond to isotopic oriented links if
and only if they are related through a finite sequence of moves in the set S together
with planar isotopy. It remains to show that the oriented Reidemeister moves from
Definition 1.34 generate the set S. There are three cases.

Case I: One of the oriented RI-moves is exactly that in S formed by orienting the
unoriented Rl-move. The other move in S is obtained by orienting the unoriented
RI-move is obtained as follows:

\ rRo\ R
<> <>
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Case 2: The four oriented Rll-moves are exactly the four moves in S arising from
the unoriented Rll-move.

Case 3: We need to show that the eight moves in S arising from the unoriented RIl|-
move are all consequences of the oriented Reidemeister moves in Definition 1.34.
These are reduced to four by observing that the RIll-move is symmetric with respect
to rotation through 180°. Of these four, one move is contained in the definition of
the oriented Reidemeister moves, and the other three are consequences as follows:
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We shall in general refer to both oriented and unoriented diagrams simply as
diagrams, and similarly for the Reidemeister moves, since the intended meaning will
be resolved immediately by context. At times, we shall not specify whether a link
is oriented or unoriented and, again, this should not cause any confusion. It is also
worth noting that the Reidemeister moves of Definition 1.22 can still be applied to
oriented links and that oriented link diagrams related by these moves are equivalent.

Remark 1.36. The set of oriented Reidemeister moves given in Definition 1.34
includes four different Rll-moves. In fact, the first two forms of the Rll-move (those
in which all the arcs point upwards) given in that list can be deduced from the
remaining five moves (see [151]). Thus, the list

Vo at s N 5
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RIII
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RII

constitutes a complete set of oriented Reidemeister moves. Here, however, we use the
longer list of moves since some of the later algebraic and topological constructions
become more transparent if we include them.
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Knot and Link Invariants Geda

2.1 The Idea of an Invariant

A fundamental problem of knot theory is determining if two knots, given by their
diagrams, say, are equivalent or not. This is, in general, a hard problem. Diagrams for
the same knot can look remarkably different. For example, consider the knot diagram

which is known as Haken’s Gordian knot, and is in fact a diagram of the unknot.
Another difficulty is exhibited in Exercise 1.18 where it is seen that a knot diagram
might need to become more complicated before it can be simplified.

As a further example, consider the trefoil, 3;, and the figure-of-eight knot, 4,
shown in Fig. 1.1. The reader will quickly decide that they are not equivalent, but it is
necessary to be able to assert this with certitude. For example, if we were to try every
sequence of 1000 Reidemeister moves to transform one to the other, and failed, it
might be that a sequence of 1001 Reidemeister moves would succeed! Clearly, tools
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of greater sophistication are required for deciding whether two knots or links are
different, and this leads to the notion of a link invariant.

Definition 2.1 (Link invariant). A link invariant (or knot invariant) f is a function
on the set of isotopy classes of links: that is,

{links}
P

s S, 2.1
1sotopy

where S is a set.

The codomain S of a knot invariant is usually selected to be one in which the
problem of testing the equality of two of its elements is easier than testing the
equivalence of two links (that is, testing whether they belong to the same isotopy
class).

A link invariant has the property that if two links, L and L’, are equivalent then
f(L) = f(L'). Stated contrapositively, if f is a link invariant and L and L’ are links,
then

f#fL) = L£L.

Thus f recognises the inequivalence of two links. However, f does not necessarily
recognise the equivalence of links since it does not follow that (L) = f(L) =
L=1L"

A link invariant g with the property that

gLy=¢g(') < L=1L

does recognise both equivalence and inequivalence of links, and is therefore called
a complete invariant of links. Although complete invariants are known, it is hard
to test if elements in their codomains are equal or not. This is not surprising since
recognising even the unknot is known to be in the computational complexity class
NP [74], meaning we believe it to be a computationally demanding problem.

To familiarise the reader with the concept, in this section, we shall provide exam-
ples of some easily defined knot and link invariants and discuss approaches for
constructing them. The simplest link invariant is the component number, which is
the number of components (copies of S') of the link. It is easy to see that this is a
link invariant since if two links are equivalent, then the isotopy between them sets
up a bijection between the components of the two links. Although the component
number is very easy to compute, it is not a very discriminating invariant since, for
example, all knots have the same component number (namely, 1).

In the remainder of this section, we outline three approaches for constructing knot
invariants.

Approach I: Constancy on Isotopy Classes

One approach for defining knot invariants is to define them to be constant over isotopy
classes of knots, since such functions are, by definition, knot invariants. An example
of such an invariant is the unknotting number.
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Definition 2.2 (Unknotting number). The unknotting number is the minimum
number of crossing changes required to reduce a knot into the unknot.

Note that by Exercise 1.19, every knot has a finite unknotting number.

As an example, the unknot is the only knot with crossing number zero. By consid-
ering the diagram for the trefoil given in Fig. 1.1, it is easy to see that it has crossing
number at most one. In fact, the trefoil has unknotting number exactly one, but to
show this we need to show that it has no zero crossing diagrams, i.e. we need to know
that it is not the unknot. This exhibits the difficulty of computing the unknotting num-
ber: for while, it is easy in general to find an upper bound for the unknotting number
of a knot by looking at any of its diagrams, and to determine the exact unknotting
number we also need to show that a lower unknotting number cannot be read from
any one of its infinitely many equivalent diagrams.

Exercise 2.3. What is the unknotting number of the knot given in Exercise 1.18?

An invariant with a similar definition to the unknotting number is the crossing
number.

Definition 2.4 (Crossing number). The crossing number of alink L is the minimum
of the number of crossings in a diagram of L over all of its diagrams.

Exercise 2.5. What is the crossing number of the knot given in Exercise 1.18? How
many knots and links have crossing numbers 1, 2, ..., 47 (At this point you may
not have the means to show that the links you exhibit are actually different, so this
exercise is really asking you to make a conjecture.)

It is worth noting that the unknotting number and crossing number of a knot may
be attained by different diagrams (see [25]).

Approach II: Invariance Under Reidemeister Moves

Another approach to defining a link invariant is to define a function on a link diagram
and to show that the value of the function is invariant under the Reidemeister moves.
It is this approach that we are mainly concerned with in this book. Often, invariants
defined in this way are easier to calculate and are often very powerful (i.e. they
distinguish between many links), but can have the disadvantage that their topological
meaning is unknown.

As an example of this type of invariant, we consider one of the most elementary
link invariants, namely 3-colourability.

Definition 2.6 (3-colouring). Regard a knot or link diagram as a set of plane curves,
which we call edges, between crossings. A 3-colouring of a link diagram D is the
assignment of one of the colours {1, 2, 3} to each of the edges of D such that at
each crossing either the four incident half-edges have the same colour, or the two
incident half-edges forming the over-crossing have the colour a and the remaining
two half-edges assigned colours b and c, where a, b, ¢ € {1, 2, 3} and are mutually
distinct.
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Example 2.7. The knot 6; and a 3-colouring of it is

Theorem 2.8. The number of 3-colourings of a link diagram is an invariant of the
link.

Proof. To prove the theorem, it is sufficient to show that a 3-colouring of a given link
diagram uniquely determines a 3-colouring of a link diagram that results from the
application of a Reidemeister move. We show that this is the case for the RllI-move.

Suppose that a link diagram D has a specific 3-colouring and that the diagram
D' is obtained from D by the application of a single RIll-move. Without loss of
generality, let a be the colour assigned to the edges in the arc that crosses over the
other arc. Then in the locality of the crossing configuration of D where the RIlI-move
is applied, the 3-coloured link diagram must be of one of the five forms given on
the left-hand side of the moves in Fig.2.1 (where a, b, ¢ are distinct elements of
{1, 2, 3}). Since outside of this region the 3-colourings of D and D’ are identical (the
outgoing arcs have the same colour before and after the move), the application of the
RIll-move to each of the configurations on the left-hand sides must determine the
configurations of the right-hand sides. It is easily checked that this determination is
unique.

/ AN / AN

b b b b b a b a
a\ C a\ /C
PN

Fig. 2.1 Invariance of 3-colouring under RIII
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Fig. 2.2 3-colourings of the
trefoil
a a b c
a a

The proof of invariance under the RI-move and the RIl-move is similar and is left
as an exercise. Completion of this exercise completes the proof. (]

Exercise 2.9. Complete the proof of Theorem 2.8 by showing that the number of
3-colourings of a link diagram is invariant under the RlI-move and the RIl-move.

Example 2.10. There are three 3-colourings of the trefoil with colour a € {1, 2, 3}
of the type given in the left of Fig. 2.2, and 3! of the type given on the right of Fig. 2.2,
where a, b, c are distinct elements of {1, 2, 3}. Note that, from Example 1.23, these
are indeed diagrams of the trefoil.

Thus the number of 3-colourings of the trefoil is 9. It is easily seen that the number
of 3-colourings of the unknot is 3, and hence the trefoil and the unknot are different
knots.

Exercise 2.11. Show that the number of 3-colourings of the figure-of-eight knot is
3, and conclude that the figure-of-eight knot and the trefoil are different knots. Note
that the number of 3-colourings does not distinguish the figure-of-eight knot from
the unknot.

Exercise 2.12. The notion of a 3-colouring can be extended to an n-colouring. An
n-colouring of a link diagram D is the assignment of an element of Z,, called a
colour, to each of the edges of D such that at each crossing the sum of the colours
of the under-crossings equals twice the colour of the over-crossing. Verify that the
number of n-colourings is a link invariant.

In 3-colourability, we have just seen an elementary invariant of unoriented links.
We shall now discuss the linking number, which is an invariant of oriented links with
two or more components.

Definition 2.13 (Sign of a crossing). Let L be an oriented link with components
Ly,...,L, and D be an oriented diagram for L with components Dy, ..., D,. We
can associate a number +1 or —1 to each crossing in the diagram D according to the
scheme in Fig.2.3. This number is called the sign of a crossing.

Fig. 2.3 The sign of a

cressng N y
AN /

+1 -1
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Example 2.14. Below is a knot and a link with the signs of each of their crossings.

The sign of a crossing can be remembered as follows. If we rotate the overcrossing
arc in the positive (counter-clockwise) direction by 90°, then if the directions of the
arcs align the crossing is positive, if they do not align it is negative.

Definition 2.15 (Linking number). Let L be an oriented link with components
Ly, ..., L, and D be an oriented diagram for L with components Dy, ..., D,. The
linking number 1k(i, j) of L, where i, j € {1,...,n} and i # j, is the sum of the
signs of all crossings between the components D; and D; of the diagram D of L.

Example 2.16. The link shown on the right in Example 2.14 has three components
labelled a, b and c. We have lk(a, b) = —4, Ik(a, ¢) = +2 and Ik(b, ¢) = 0.

Theorem 2.17. Linking numbers are independent of the choice of link diagram.
Hence the set (and multiset) of linking numbers is an invariant of oriented links.

Proof. Let L be a link with components Ly, ..., L, and D and D’ be two diagrams
for L. By Theorem 1.35, we know that D and D’ are related through a finite sequence
of oriented Reidemeister moves. It is enough to show that when D and D’ are related
by a single oriented Reidemeister move, the linking numbers 1k (7, j) read from the
two diagrams are unchanged for any i # j.

Suppose that D and D’ are related by a single Rll-move which eliminates two
crossings. Consider Ik(D; i, j), which is the linking number 1k (7, j) of the compo-
nents D; and D; of D; and 1k(D’; i, j), which is the linking number 1k (i, j) of the

d
components D} and D, of D'. If the Rll-move does not change the number of cross-
ings between the D; and D; components, then clearly 1k(D; i, j) = 1k(D’; i, j).

Suppose now that the RIlI-move does change the number of crossings between the D;
and D; components. Then D has two more crossings than D’ and one of these cross-
ings will necessarily have a 41 sign and the other will have a —1 sign. Therefore,
k(Ds i, j) =1k(D's i, j) + 1+ (=1) = 1k(D'; i, j).
N

Next suppose that D and D’ are related by a single oriented Rlll-move. Then
every crossing of D between two arcs corresponds to a crossing between two arcs of
D’. Moreover the corresponding crossings involve the same components of the link
diagram and have the same sign. It follows that linking numbers are unchanged by

SN
the Rlll-move.
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(a) k=42 (b) Ik=— (c) k=0 d) k=0

Fig. 2.4 Four links and their linking numbers

-
Finally, an Rl-move adds a crossing to a single component, and since the link-
ing numbers count crossings between distinct components, the linking numbers are

unchanged by an Rl-move. (]

The linking numbers 1k (7, i) are not defined, and any attempt to define these “self-

—

linking numbers” quickly reveals that they are not invariant under the RI-move. We
will discuss this point further in Sect.3.2.

Example 2.18. As an example of the use of linking numbers, consider the links
shown in Fig.2.4 where the components are labelled L; and L, arbitrarily. It is
readily seen that the link in (a) has linking number 1k(1, 2) = 2, the link in (b) has
linking number 1k(1,2) = —2 and the links in (c) and (d) each have have linking
number 1k (1, 2) = 0. From this, it follows that the oriented links in (a), (b) and (c)
are distinct, and that (a), (b) and (d) are distinct.

However, the linking number does not distinguish between the links (c) and (d).
To distinguish between the links (c) and (d), we observe that (c) has a component
whose removal will result in a trefoil, but the deletion of either component of (d)
will result in an unknot. Since, by 3-colourability, we know that the trefoil and the
unknot are distinct knots (see Example 2.10), we can conclude that the links (c) and
(d) are distinct. Therefore, the oriented links in Fig. 2.4 are mutually distinct.

As oriented links, (a) and (b) are distinct, but regarded as unoriented links (by
forgetting the orientations) they are equivalent (the resulting link is the Hopf link).
By the argument above, we also know that (c) and (d) are distinct as unoriented
links. To see that, as unoriented links, (a) is distinct from both (c) and (d), observe
that any orientation of the components of the links (c) and (d) results in a link with
Ik(1,2) = 0, but any orientation of the components of the link in (a) results in a
link with non-zero linking number. Therefore, as unoriented links, (a) and (b) are
equivalent, and (a), (c) and (d) are distinct.

Approach I1I: The Topology of the Complement of the Link

Above, we have focussed on knot invariants defined on diagrams in some combina-
torial way. Another approach is to consider the complement of a knot or link L in
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its ambient space, R® — L, as a topological space. We can then use the techniques
and tools of algebraic topology to construct invariants. A classic example of such an
invariant is the fundamental group of the complement, 7 (R? — L). (See Remark 2.33
for another example.) Such topologically defined invariants have a deeply interesting
theory. However, since our intention is to focus upon invariants defined combinato-
rially through diagrams, we will not pursue this direction here. We refer the reader
to, for example, [31, 120, 158] for good introductions to this aspect of knot theory.

2.2 Skein Relations and Polynomial Invariants

In this section, we describe some very powerful invariants of oriented links. We
define these invariants recursively through skein relations. These invariants have a
different flavour to those we have considered in the previous section. We shall see
three knot polynomials here. These are

e the Jones polynomial, J(L) € Z[t%, t_%];
e the HOMFLYPT polynomial, which is a bivariate generalisation of the other two;
e the Alexander—Conway polynomial, C(L) € Z|z].

One of the main results in Part II of this book is that these invariants do exist and
are instances of a larger class of polynomial invariants of links. For the moment,
however, we shall assume that the Jones and HOMFLYPT polynomials are indeed
invariants. This will enable us to gain some familiarity with the link polynomials
before we see them arise in different settings.

First, some terminology for the definitions of these knot polynomials is required.
Let Ly, L_ and L be three link diagrams which are identical except for a small
region in which they differ, as shown in Fig.2.5.

Example 2.19. If L, is a trefoil, L_ and L are as follows:

& Q&

L_

The first polynomial we consider is the Jones polynomial [84, 85], the introduction
of which started a revolution in knot theory.

ili if a"rll“geL((i)eﬁnitions of y Y > C
N/
L, L Lo
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Definition 2.20 (Jones polynomial). The Jones polynomial, J(L), of alink L is an
isotopy invariant of links defined by the skein relations

SI1: 7' J(Ly) —tJ(L_) = (12 —t~2)J (L),
SJ2: J(O) =1,

where & is the unknot, and L., L_, and L are links that identical except for in a
small region where they differ as indicated in Fig.2.5 (following Convention 1.21).

We shall see that these skein relations can be used to obtain a recursive procedure
for calculating the Jones polynomial, using the unknot as the base case.

Lemma 2.21. If L is a k component unlink, then

J(L) = (—f% —r%)k_l.

Proof. We prove this result for k = 2, and leave the proof for arbitrary & to the reader.

J (Q ) =J ( (X)) (isotopy invariance)
— 2 ((/\/D) +z<r% - f%) 7 (O O) (by SJ1)
=124 t2 -t ; (O O) (isotopy invariance, SJ2).

But the term on the left is equal to 1, by SJ2, and result now follows. O

Exercise 2.22. The disjoint union L U L’ of two links L and L’ consists of a copy of
each of L and L’ in R? such that there is some embedded ball that contains L but none
of L’ (so there is no “linking” between L and L’). Let & be the unknot. Adapt the

proof of Lemma 2.21 to prove that J (L U &) = (—t’% - t%> J(L).Hence complete
the proof of Lemma 2.21.

Example 2.23. The Jones polynomial of the Hopf link is

(@)

N\u.
N\—
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To see this, by the skein relation SJ1, we have

(D) -+ (D) -4 (QD)

(Q Q)H
=i (rt i) (=),

Example 2.24. The Jones polynomial for the trefoil is

J (@) =—t'+1 +1.
To see why, by the skein relation SJ1 we have
(@) =127 <@> +1 % - i)J (@) (by SJ1)

=177 (Q)th(ti—t‘
2 1 _1 H 1
=t +z<zz —t z) (—tz—tz)

="+ +1.

ol
N\—
SN—"
~
Q
S———"

and the result follows.

éi

Exercise 2.25. Verify that

J(@))zt‘z—t_l+l—t+t2.

From the above examples, the reader should see how the skein relations define a
knot polynomial. Repeated applications of the skein relation SJ1 will reduce any link
to a sum of Jones polynomials of unlinks. To see why this is so, note that Exercise 1.19
shows that any link can be reduced to an unlink by crossing changes. Let 4" denote
this set of crossings. To each crossing in €, we apply either the relation

J(Ly) =t2J (L) +t(t7 —t2)J (L),
if the crossing is positive, or the relation

J(L)=1t"2J(Ly) — 17" (> —17)J (L),
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if the crossing is negative. These reduce J(L) to a sum of Jones polynomials of
unlinks and link diagrams with fewer crossings. Therefore, the Jones polynomial
J (L) of alink L with n crossings is determined by the Jones polynomials of link dia-
grams of fewer than n crossings. By induction, the construction therefore terminates
with a sum of evaluations of the Jones polynomial of unlinks.

This argument certainly produces a polynomial. However, since there is, in gen-
eral, more than one sequence of skein relations that reduces a link L to the unlink, we
do not know at this stage that these sequences produce the same polynomial. Equally
seriously, we do not know that, even if it is unique, it is an isotopy invariant of L.
We will see later that it is.

Exercise 2.26. Let L be alink and L be the link defined as the reflection of L. Prove
that J(L) can be obtained from J(L) by interchanging 12 and 1~2. Hence prove
that the right-hand trefoil and the left-hand trefoil, shown as the knots K3 and K4 in
Example 1.5, are not equivalent.

The second polynomial on our list of three is defined by a similar skein relation.

Definition 2.27 (HOMFLYPT polynomial). The HOMFLYPT polynomial, also known
as the HOMFLY polynomial, P (L), of alink L, is the isotopy invariant defined by the
bivariate skein relations

SH1: xP(Ly)—x"'P(L_) = yP(Ly), (2.2)
SH2: P(O) =1. 2.3)

The name HOMFLYPT polynomial comes from the surnames of its discoverers,
Freyd, Yetter, Hoste, Lickorish, Millett and Ocneanu [63], who formed four groups
of independent discoverers; and Przytycki and Traczyk [154] who did independent
work relating to the polynomial.

The derivation of the Jones polynomial for the unlink in Lemma 2.21 can be
adjusted to obtain the HOMFLYPT polynomial of the unlink. The result is given in the
following lemma.

Lemma 2.28. Let L be a k component unlink, then

1N k=1
X —X
P(L)=< ) .
y

Similarly, it is straightforward to adjust the computations of the Jones polynomial

to show that
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P (@) =Q+yHx 2 —x" (2.5)
P (@) =x2—14x—y%. (2.6)

Exercise 2.29. Verify (2.4)—(2.6).

Assuming the existence of the HOMFLYPT polynomial, it can be shown that this
polynomial is defined by the skein relation by appropriately adjusting the analogous
proof for the Jones polynomial.

Note that the Jones polynomial is a special case of the HOMFLYPT polynomial
(setx =t"landy =12 —171).

The third polynomial on our list is the Alexander—Conway polynomial, which is
another specialisation of the HOMFLYPT polynomial.

Definition 2.30 (Alexander—-Conway polynomial). The Alexander—Conway poly-
nomial C(L), of alink L, is the isotopy invariant defined by skein relations

SAC1: C(L.)— C(L_) =zC(Ly), 2.7)
SAC2: C(0) = 1. 2.8)

Of course, C (L) can be obtained as an evaluation of the HOMFLYPT polynomial P (L)
by settingx = 1 and y = z.

h
Exercise 2.31. Compute C (@) and C (C(J_}) by a direct computation

using Definition 2.30 and also as an evaluation of the HOMFLYPT polynomial.
Exercise 2.32. Prove that if L is the disjoint union of two links then C(L) = 0.

Remark 2.33. The Alexander polynomial, A(L), is a knot polynomial that may be
defined as the evaluation of the Alexander—-Conway polynomial

A(L: 1) = C(L; 17 —t2).

Defining the Alexander polynomial as an evaluation of the Alexander—Conway poly-
nomial as we have done here, however, is a little misleading since it was first defined
by Alexander in the 1920s [4] via algebraic topology. The skein relation of Defini-
tion 2.30 is from the late 1960s and is due to Conway [44]. However, it was later
noticed that Alexander had given a similar skein relation in his original paper.

The Alexander polynomial is significant since, unlike the Jones and HOMFLYPT
polynomials, it has a known and well-understood topological derivation. This topo-
logical derivation is outside the scope of this book, and the reader can find details
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in, for example [46, 120, 158]. However, for the reader familiar with algebraic
topology, the construction of the Alexander polynomial is roughly as follows. Let
L C R3U{oo} =S*. Let X =S\ L beits complement, and X, be an infinite cyclic
cover of X with covering transformation ¢. Then H| (X, Z) is a Z{[t, t~11-module.
This module is uniquely determined by L, and finitely presentable. It can be shown
that its first elementary ideal is principal. The Alexander polynomial is a generator
of this ideal.

There are infinitely many pairs of distinct knots with the same HOMFLYPT poly-
nomial. Thus the HOMFLYPT polynomial is not a complete knot invariant. The Jones
polynomial and Alexander—Conway polynomials are specializations of the HOM-
FLYPT polynomial and so are not complete invariants. A long standing conjecture
is that a knot K has trivial Jones polynomial J(K) = 1 if and only if K = O, the
unknot. This result does not hold for links. It is known that there are infinitely many
non-trivial links whose Jones polynomial is equal to the Jones polynomial of an
unlink [60].



Chapter 3 ®)
Framed Links G

3.1 Framed Links and Their Diagrams

In studying knots and links, it is often necessary to study other types of “knotted
objects”. In this chapter, we see the first of these, namely framed links. Intuitively,
a framed knot or link may be thought of as a knot or link formed from a length of
ribbon rather than a length of string. Here we shall insist that the ribbon contains an
integral number of twists (so that each component is topologically an annulus, rather
than a Mobius band). The significance of framed links for us here is that much of the
theory we develop later in the book (specifically Reshetikhin—Turaev invariants, and
Vassiliev invariants) occurs most naturally in the setting of framed knots and links.
Although we do not discuss the application here, we note that framed links play an
important role in 3-manifold topology since closed connected orientable 3-manifolds
can be represented by framed links. We refer the interested reader to, for example,
[120, 152, 158] for details of the connection with 3-manifold topology.

By reading Chaps. 1 and 2, the reader will have developed some intuition about
knots, so we shall be a little briefer and more informal in our treatment of framed
links compared to our treatment of links.

Definition 3.1 (Framed link). A framed link is a disjoint embedding of n disjoint
annuli in R®. Each annulus is a component of the framed link. A framed link with
exactly one component is a framed knot.

As observed above, a framed link may be regarded informally as a knot or link made
with a ribbon, provided the ribbon does not form a Mobius band. Figure 3.1 shows
drawings of some framed links.

Framed links are considered up to ambient isotopy, where the ambient isotopy
for framed links is defined as for links (Definition 1.3) but with the word “links”
replaced with “framed links”.

The number of “twists in the ribbon” is significant. For example, the framed links
in Fig. 3.2 are inequivalent.
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Fig. 3.1 Drawings of framed links
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Fig. 3.2 Examples of inequivalent framed links

Recall that knots and links that we study here are tame, so they are ambient
isotopic to a polygonal, or piecewise-linear, knot made of a finite number of straight
line segments. We also assume a tameness condition on framed links by assuming

that they are ambient isotopic to one made of finitely many triangles, . Using
this piecewise-linear structure, it is possible to obtain an analogue of the A-moves
and Theorem 1.10 for framed knots, although we shall exclude the details here, and
instead move forward to the diagrammatics of framed knots.

As with knots and links, we can consider projections of framed links and also,
by decorating projections with a crossing structure, diagrams of framed link. By
using small ambient isotopies on the framed link, we can assume that a projection
of a framed link is regular in the sense of (the obvious extension of) Definition 1.12.
Then, given a regular projection, we can indicate a crossing structure using line
breaks to obtain a diagram of a framed link. Examples of such diagrams are given in
Fig.3.1. In particular, we can assume that every crossing in a diagram is one of the
following types:

%XX

(a) b)

The type (a) crossing involving two different segments of the framed link (but possi-
bly segments of the same component); the type (b) crossing involves a single segment
and records some “twisting” of the framed link. In fact, we can simplify the drawing
by using isotopy to eliminate all of the crossings of type (b).

Since a framed link consists of embedded annuli and no Mdbius bands, there can
be only an even number of crossings of type (b). Moreover, by isotopy of the framed
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link, we may assume that the twists occur in adjacent pairs. Then we observe that

all of the twists may be eliminated by isotoping the framed link as indicated in the
following figure:

/ VAR \
<<—> <—>> <~ , > 3.1

\ AN \

For example,

& & &

The result of this discussion is that we can assume that our drawing consists of
a “thickening” or, more precisely, a regular neighbourhood, of a link diagrams as

indicated in the following figure:
~ A\

Then every framed link can be represented by a link diagram. Conversely, every link
diagram gives rise to a framed link by thickening the drawing through <

Definition 3.2 (Framed link diagram). A framed link diagram consists of a link
diagram. A projection of a framed link is obtained by taking a regular neighbourhood
of the diagram (i.e. thickening the lines in the drawing).

As was the case with knots and links, different framed knot diagrams arise from
isotopic framed links, and we need to understand how diagrams that represent isotopic
framed links relate to one another, i.e. we need an analogue of the Reidemeister moves
and Reidemeister’s Theorem for framed links. An immediate observation is that the
RI move does not hold for framed link diagrams since, for example, the inequivalent
framed links shown in Fig. 3.2 are represented by the diagrams
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0 0900 (A

which would be equivalent if we allowed a Rl-move. However, some types of pairs
of loops can be cancelled. For example,

M%L )
[ 9

where the second and third moves are by (3.1). In fact, it is this type of cancellation
that provides the appropriate modification of the Reidemeister moves.

Definition 3.3 (Framed Reidemeister moves). The framed Reidemeister moves
consist of planar isotopy and the following three local changes in a diagram.

== J(=

The diagrams are identical outside the local region shown.

Exercise 3.4. Show that the following identity of framed link diagrams is a conse-
quence of the framed Reidemeister moves.

C~O- N\ -OY0

Theorem 3.5 (Framed Reidemeister’s Theorem). Tivo framed links are equivalent
(i.e. ambient isotopic) if and only if their diagrams are related by a finite sequence
of framed Reidemeister moves. That is

{framed links} _ {link diagrams}

isotopy " framed Reidemeister moves
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Exercise 3.6. Think about how Theorem 3.5 can be proved. Sketch out a proof
of it.

Although we have introduced framed links as embeddings of annuli in R, we shall
work exclusively with their diagrams. For our purposes, the reader may safely think
of framed links as being link diagrams considered up to the framed Reidemeister
moves.

As with link diagrams, we can consider framed link diagrams in which each com-
ponent has been assigned a preferred orientation. A set of framed oriented Reide-
meister moves is defined by considering all possible orientations of the arcs involved
in the framed Reidemeister moves.

3.2 Framed Link Invariants

As with knots and links, distinguishing framed links is a hard problem. To distinguish
between them, we use a framed link invariant.

Definition 3.7 (Framed link invariant). A framed link invariant (or framed knot
invariant) f is a function from the set of isotopy classes of framed links: that is,

fi d link:
, Uramed links} -~ ¢ (3.2)
1sotopy

where S is a set.

Also, as with the case of knots and links, by the framed Reidemeister theorem (The-
orem3.5) we can define framed link invariants as functions on framed link diagrams
that are invariant under the framed Reidemeister moves. We shall now consider a
few examples of framed link invariants, namely:

e linking and self-linking numbers,
e the writhe,
e the Kauffman bracket.

Let L be an oriented link with components L, ..., L, and D be an oriented
diagram for L with components Dy, ..., D,. Recall that, as in Fig.2.3, we may
associate a sign 41 or —1 to each crossing of L. Recall also that the linking numbers
Ik (i, j) fori # j are link invariants. In the case of framed links, we can also consider
self-linking numbers 1k (i, i).

Definition 3.8 (Linking number). Let L be a framed oriented link with compo-
nents Ly, ..., L, and D be an oriented framed link diagram for L with components
Dy, ..., D,. Then for any i, j € {1, ..., n}, the number 1k(i, j) is the sum of the
signs of all crossings between the components D; and D; of the diagram D of L.

When i # j, the number 1k (i, j) is called the linking number 1k (i, j) of L. For
i = j, the number Ik (i, i) is called the self-linking number 1k (i, i) of L.
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Fig. 3.3 An oriented framed a
link diagram _/ \ f?
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For example, the oriented framed link in Fig. 3.3 has linking numbers lk(a, b) =
Ik(b, a) = =2, Ik(a, c) =1k(c,a) = +2, Ik(b, c) =1k(c,b) =0, Ik(a,a) = —1,
Ik(b, b) = —2, and Ik(c, ¢) = —1.

Theorem 3.9. Linking numbers and self-linking numbers are independent of the
choice of framed link diagram and are therefore invariants of oriented framed links.

Exercise 3.10. Adapt the proof of Theorem2.17 to show that, for all i, j, Ik(i, j) is
invariant under the oriented framed Reidemeister moves, and hence give a proof of
Theorem3.9.

A closely related concept to the linking number is the writhe of a link diagram,
which is defined as follows.

Definition 3.11 (Writhe). Let D be an oriented link diagram. The writhe w (D) of
D is the sum of the signs of all crossings of D.

As an example, the writhe of the link shown in Fig.3.3 is —4.
The writhe defines an invariant of framed oriented links and will be important
later.

Theorem 3.12. The writhe is independent of the choice of framed link diagram and
is therefore is an invariant of oriented framed links.

Proof. The proof follows by Theorem3.9 upon the observation that w(D) =
> i< kG, ). O

Exercise 3.13. Prove that two diagrams of the same oriented link are related by a
finite sequence of Reidemeister Rll- and RIll-moves if and only if they have the same
and linking and self-linking numbers.

The next example of an invariant is the Kauffman bracket, which is a polynomial
invariant of (unoriented) framed links.
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Definition 3.14 (Kauffman bracket). The Kauffinan bracket (D) € Z[A, A~'] of
a (framed or unframed) link diagram D is defined by the relations.

=D (=)
<D L ©> = (—A*— A7) (D),
o)

where O is a diagram with no crossings and D LI O consists of a diagram

D together with a (disjoint) diagram Q

sssssse ) a0 ) () () )

refers to the link diagram obtained by splicing the under-crossing arc to the over-
crossing arc with respect to a counterclockwise orientation, while the term

refers to the link diagram obtained by splicing the over-crossing arc to the under-
crossing arc with respect to a counterclockwise orientation. All link diagrams are
identical outside the region shown.

Example 3.15.

n n—1
(OO} mcwsor
k
where O refers to a diagram consisting of k disjoint copies of Q

Example 3.16.

CQ-+{0 O} ()

=A—A*—AH+ A"
=—A%
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Example 3.17.

(@)@} (D)
~(@){@)-{@)(CD)

= A (AT - A+ 1414+ A2(-A*—AD
=—A*— A4

Exercise 3.18. Verify that <(\<_)> =-AS A3+ A7,

Exercise 3.19. Define a state, s, of a link diagram to be an assignment of the symbol
A or the symbol B to each crossing. A link diagram with n crossings then has 2" states.

Given a state s of D, changing each crossing marked with an A by \/\ ~s ) (
AN N

and each crossing marked with a B by ~ , results in a collection of

curves in the plane. Let c(s) denote the number of such curves. Let «(s) be the
number of A’s in a state s, and S(s) be the number of B’s. Prove that

<D) — Z Act(s)—ﬂ(.v)(_AZ _ A—Z)C(S)—l’
N
where the sum is over all states s of D. This is called a state sum formulation of the
Kauffman bracket.

The Kauffman bracket is not invariant under the RI-move. However, it is well-
behaved with respect to it, a fact we will take advantage of later.

Lemma 3.20. The Kauffiman bracket satisfies the following identities.

pol--+|3) ~ fo)--[3)
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72)-+DO}+ ()
=A(—A? A‘2)<>>+A"<>>
- ._A3<>>'

Although the Kauffman bracket is not a link invariant, it is an invariant of framed
links.

Theorem 3.21. (D) is invariant under the framed Reidemeister moves, and so
defines a framed link invariant.

Proof. For RI: Invariance of (D) under FRI follows by Lemma 3.20.

[07G)--4{ ) -)

where the second equality is by Lemma3.20. The other relation in the FRI-move
follows similarly.
For RII:

D) =+D OX) (K0
<) (e (X))
<A\2/<>><>+< R

so (D) is invariant under RII.
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For RIII:
AN A o
LC) B (b ()
=A <: | <> + At < I <> (invariance under RIl)
|- _ - L
=A </_ \> +A7! <> <l\> (invariance under RIl)

completing the proof. O

3.3 Deframing a Link Invariant

In Lemma3.20, we saw that although it is not invariant under the Rl-move, an
RI-move changes the Kaufman bracket by multiplication by a constant. In such
cases, there is a standard trick to “deframe” a framed link invariant and thus obtain
an invariant of (unframed) oriented links. The trick depends upon the observation
that the writhe, although not invariant under the RI-move, does behave predictably
under it.

Lemma 3.22. The writhe w satisfies the following relations.

() +(0) () (0)

Proof. The proof follows by summing the signs of each of the crossings in each of
the link diagrams. ]

For the deframing application, suppose we had found a framed link invariant /.
If in addition, this invariant satisfied the following relations

)+ 0) = ()0

where a is an indeterminate, then it is readily seen that

1(D) := a~*P (D)
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is invariant under the RI-move. Since I and w are both invariant under RIl and RIII,
(as they are invariants of framed links) so is T (D). Therefore, T (D) is an invariant
of oriented links. We call this process deframing.

To see how deframing works in practice, we return to the Kauffman bracket. The
key observation is that if D is oriented, then the sign of the crossing determines the
two types of loops in the statement of Lemma 3.20, namely

Q)-0) = (5 )

so deframing (-) gives an invariant (with a := —A3) of “unframed links”.

Theorem 3.23. Let F(D) := (—A)_3“’(D) (D). Then F (D) is invariant under the
Reidemeister moves, and thus defines a link invariant (of unframed links).

In fact, we may recognise F(D) as the Jones polynomial (see Definition2.20).
This is the content of the following theorem.

Theorem 3.24. Let L be an oriented link and D be a diagram of L. Then
J(L) = F(D)|;-1p—p2 -

Proof. We start by observing that

P20 0=
X DO=)

By subtracting these expressions, we obtain

DA XD

We can apply this expression to an oriented link diagram to obtain

) {3 )

(Note that the Kauffman bracket cannot be applied to oriented link diagrams directly.)

and
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Multiplying by the constant (—A)_Swo ¢ then gives

A 00 <'\/'\> 4 —ay 00 </'\/'>
= (A2—-A7?) 400 <> C>

00-(3R)-+(x)
(50020 (30)

which can be rewritten as

SO

A'F(Ly) —A*F(LL) = — (A* =A%) F (Ly). (3.3)

Since F is a link invariant, it takes the same value on every diagram of the unknot. A
simple computation, together with invariance under isotopy, then gives F(0) = 1,
where O is any diagram of the unknot.

Comparing (3.3) and the initial conditions with Definition 2.20, we see that we

1
have recovered the skein relation for the Jones polynomial at t~2 = A2, (]

When we introduced the Jones polynomial in Chap. 2, we did not show that it was
actually a well-defined link invariant, i.e. it was independent of all of the choices
(for example the choice of crossing) that we make in its computation. Theorem 3.23
provides an easy proof that the Jones polynomial is indeed well-defined. Although
the computation of the Kauffman bracket (D) of a diagram D requires a choice of
order of crossings, it is not hard to see that its value is independent of this choice
(e.g. the state sum of Exercise3.19 does not depend upon this choice), and so is
well-defined. It follows that F' (D), and hence, J (L) are well-defined.

Another advantage of the Kauffman bracket formulation of the Jones polynomial
over the skein theoretic one is that when applying the skein relations of Defini-
tion2.20, it is not always clear which crossing to apply the relation to, and choosing
a crossing poorly could make a resulting link more complicated than the original. On
the other hand, the Kauffman bracket can be computed from, for example, its state
sum in Exercise 3.19 without having to make such choices.

Exercise 3.25. Write a proof that the Jones polynomial is a well-defined knot invari-
ant by formalising the above discussion.
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It was remarked at the start of Chap.3 that in studying knots and links, it is often
advantageous (or necessary) to consider other types of “knotted object”. After seeing
both framed and unframed knots and links, we now look at a third type of knotted
object, namely a braid. Braids were introduced by Artin in 1925 and are well-studied
objects that are encountered in several areas of mathematics. They are, in some sense,
simpler objects than knots and links. We shall take advantage of this fact in Part IT
where we use the structure of a braid to construct knot and link invariants. We go
on to use the insights provided by braids to construct other types of link invariant
directly from a link diagram.

4.1 Braids and Braid Equivalence

Informally, a braid consists of a box, on a horizontal plane, with n strands (or pieces
of string), each with one end anchored at the bottom and the other at the top of the
box, and each with the properties that if it is oriented from the bottom of the box to
the top, there is no point in the strand where the direction is downwards. In common
with the description of many knotted objects, the idea immediately becomes clear
with a picture. A picture of a braid on four strands is shown in Fig.4.1. The lower
ends of the braid are at the points (i, 0, 0) on the x-axis, and the upper ends are at the
points (7, 0, 1). Each of the four strands is an embedded copy of the interval [0, 1].
The intersection of the braid and any plane R x {i}, for 0 <i < 1, always consists
of the same number of points (in Fig. 4.1, 4) for the braid. This means that no strand
of a braid has a local maximum or minimum with respect to the vertical coordinate.
The strands of a braid have a natural orientation in the positive O z-direction.

Definition 4.1 (Braid). An n-stranded braid o is a disjoint union of n copies of
the unit interval I = [0, 1] (called strands) embedded into R? x [0, 1] such that the
boundary set O(o) of the strands is the set {1, ..., n} x {0} x {0, 1} and such that
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Fig. 4.1 A 4-stranded braid

foreachi € [0, 1] the intersection of R? x {i} and o consists of exactly n points. All
strands of the braid are oriented upwards. (Here all embeddings are piecewise-linear.)

Informally, two braids are equivalent if one may be transformed into the other by
deforming the strands of the braids continuously in such a way that no maxima or
minima are created and the ends of the braid are fixed (Fig.4.2).

Equivalence is defined formally as follows.

Definition 4.2 (Braid equivalence). Two braids o and ¢’ are said to be equivalent
if there is a continuous family of (piecewise-linear) homeomorphisms

hy :R? x [0,1] = R? x [0, 1]

such that, for all ¢ € [0, 1],

1. hg =1id,

2. hi(o) =0,

3. hylrexqo,1; = id,

4. hilgexis) 0 R? x {s} > R? x {s}, forall s € [0, 1],

5. (x,1) — (h;(x), t) is a homeomorphism of R? x [0, 1]? to itself.

Such an isotopy is said to be level- and boundary-preserving.

Continuing the analogy with strings, braid equivalence can be thought of as an
operation allowing us to push or pull a strand of string in only the horizontal direction
while the ends of the strands of string remain fixed to the box.
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Fig. 4.2 Equivalent braids
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Fig. 4.3 A 4-stranded braid
diagram \/

As with links and framed links, we impose a tameness condition on braids to
ensure that the drawings contain only finitely many components. We say a braid is
tame if it is equivalent to a braid whose components consist of a finite number of
straight line segments. We assume that all braids are tame without further comment.

As with knots, braids may be represented by diagrams. An example of a braid
diagram for the braid in Fig. 4.1 is given in Fig.4.3.

Braid diagrams are defined in a way similar to link diagrams. A braid ¢ can be
projected onto the x z-plane by the map that sends (x, y, z) to (x, 0, z). By deforming
the braid if necessary, we may assume that the projection is regular in the sense of
Definition 1.12. A braid diagram is then obtained by marking an over-/under-crossing
structure on the link diagram using line breaks to specify which arc goes over which
in the corresponding braid.

Definition 4.3 (Braid diagram). An n-stranded braid diagram is the image of a
regular projection of a braid on which an under-/over-crossing structure has been
assigned to each double point. The crossing structure is indicated by line breaks in
the diagram.

Of course, different braid diagrams can represent equivalent braids, so the study
braids by diagrams require an analogue of Reidemeister’s Theorem.

Definition 4.4 (Braid moves). The braid moves consist level- and boundary-
preserving isotopy of R x [0, 1] (i.e. the analogue of conditions (3) and (4) of Def-
inition 4.2 are satisfied in the planar isotopy) and the following three local changes
in a diagram.

<’£> &K>’uﬂ>%
N / \B”

Bl

Bl

4.1)

The diagrams are identical outside of the local region shown.
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Intuitively, level- and boundary-preserving isotopy of R x [0, 1] says that we can
make continuous deformations of the braid diagram in the horizontal direction.

Theorem 4.5. Two braid diagrams represent the same braid if and only if they are
related by a finite sequence of braid moves. That is

{braids} ~ {braid diagrams}

equivalence braid moves

An example of the use of the braid moves is the following:

>
—

x)y_ f/‘/‘# ~;</A
NE ( <

The final inequality is due to the endpoints of a braid being fixed.

The proof of Theorem 4.5 is similar to the proof of Reidemeister’s Theorem
(Theorem 1.26), and we exclude details. The strategy is first to formulate equivalence
in terms of (a restricted type of) A-move and then examine the images of these moves
under projection, showing that they are all consequences of the braid moves.

|\

Exercise 4.6. Sketch a proof of Theorem 4.5.

4.2 The Braid Group 5,

Let 4 be the set of all braids and let 4, be the set of all n-stranded braids. Thus,

#=|_|%..

n>0

Let o and ¢’ be two braids in ,. In particular, this means that ¢ and ¢’ both
have n strands. There is a natural composition o o o', of n-strand braids given by
‘stacking’ o on top of ¢’ and then reparameterising the result by scaling each strand
to be a copy of the interval [0, 1] again.

Definition 4.7 (Composition of braids). The composition o o ¢’ of an n-stranded
braid o with another n-stranded braid o’ is given diagrammatically by
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o o

——— ——
n n

The composition of braids on a different number of strands is undefined.

Sometimes it is convenient to indicate how a braid diagram can be obtained as a
composite of braids, which we do by adding dotted horizontal lines to the diagram,
as in Example 4.8 below.

The set %, of n-stranded braids is clearly closed under composition. It is not
difficult to show that this composition is associative and that there is an identity
element 1,, the n-stranded braid with no crossings. Thus (4,, o) is a monoid, and
we can describe a set of generators for it as follows.

Fori =1,...,n — 1, let o; denote the n-stranded braid with a single crossing,
which is positive, between the i-th and (i + 1)-st strands, and let ¢; denote the n-
stranded braid with a single crossing which is negative between the i-th and (i + 1)-st
strands. These two braids are

From the braid move B | given in (4.1), it is clear that o; o ¢; = 1, the identity in
%y, so the inverse of o; is ¢;, which we therefore denote by o, ! Then {oi, 07 L=
1,...,n — 1} is a set of generators for the monoid %,. A braid o € %, therefore
has the form
(51 5,,,
jl O

g m’

where 0, = =1, which therefore has an inverse

It follows that (4,, o) is a group. It is known as the braid group and, we shall denote
it by B,,.

Example 4.8. The braid in Fig.4.3 can be written as:

= 0200;1005100100510051.
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The set {o;: i =1,...,n — 1} is a set of generators for ®B,, and Theorem 4.5
provides a group presentation

%n = <0-17"'7O—n71 | '@)s

where Z is the set of relations, called the Artin braid relations or the braid relations,
given by
g;j00; =0;o00;, if|i —j| =2,
%::{ $00j=0j00 il = jl = 4.3)
0;00i4100; =0;4100;0011, i =1,...,n—2.

These arise by writing the braid moves in terms of braid generators.

As an example, in 9B, is sufficient to show how the relations % arise. The com-
mutativity of o; and o; fori = 1 and j = 3 (the case |i — j| > 2) (sometimes called
distant commutativity) follows from

01003 =

The non-commutativity of o; and o; fori =1 and j = 2 (the case |i — j| < 2)
follows from

The proof of this is through a simple braid invariant argument. Let f: %, — R,
be the function f: o + k, where the strand of o starting from the bottom point
indexed by 1 ends at the top point indexed by k. This is clearly an invariant of
braids since the boundary points are fixed. But f(o; o 02) =2 and f(o, 0 01) =3
S0 f(o1007) # f(0a001), whence 0 0 0y # 0, 0 0.

In the case of the braid relation B Ill, we have immediately that

0100001 = = 02 001 00).

It is easily seen from the constructions in this section that the following is true.

Theorem 4.9.
{n-strand braid diagrams}

~
=93,.
braid moves
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4.3 The Markov Moves

Braids and links are intimately connected. On one hand, given a braid diagram o, we
can form a link diagram by drawing arcs on the diagram from the top to the bottom
of each strand of the braid as in the following definition.

Definition 4.10 (Closure of a braid). The closure of the n-stranded braid
g

1 n

is the link diagram o = obtained by

identifying the upper and lower ends of each strand of o as shown.

For example,

Note that it is not immediately obvious whether closing a braid will result in a
knot or a link.
The first result is the following.

Proposition 4.11. Every braid gives rise to a link.
Proof. This is done by taking the closure of the braid. (]

On the other hand, while Proposition 4.11 tells us how to move from braids to
links, it is possible to move in the other direction too, showing that every link can
be represented by a diagram & of the closure of some braid o, and hence can be
represented by a braid. Moving from a link diagram to a braid requires a little work,
and uses a “combing” process, called Alexander’s trick, on the link diagram to put
it in a required form. This process is described in the proof of Alexander’s Theorem
below and is illustrated in Fig.4.6.

Theorem 4.12 (Alexander’s Theorem). Every oriented link arises as the closure
of a braid.
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Y
Fig. 4.4 From a diagram of the figure-of-eight knot to its encoding as a braid (o o o5 h32
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Fig. 4.5 Alexander’s trick

Proof. Given an oriented link diagram D, choose a point X in the projection plane
but not on a strand. The aim is to construct a link diagram such that, when we follow
the orientation of the components of the link we always travel clockwise around
the point X. It is easily seen, as indicated in Fig. 4.4, that any such link diagram is
equivalent to the closure of a braid.

Now given D and X, travel around the diagram, following the orientation, and
mark any arcs of D where we travel anticlockwise with respect to X. If a is such an
arc of D and a contains no crossings, then replace a with an arc b as in Fig.4.5a.
The grey box in the Fig.4.5 is used to denote an arbitrary part of the link diagram. If
the arc a does contain crossings, then divide it into subarcs a,, as, .. ., a, such that
each subarc a; contains exactly one crossing. Now if a; passes over some other arc
of the link, then replace a; with the arc b; shown in Fig.4.5b, and if a; passes under
some other arc of the link, then replace a; with the arc b; shown in Fig.4.5c.

It is clear that the diagram obtained by this algorithm is equivalent to D and, by
following the orientation of the link, we travel clockwise around X, as required. [J

Example 4.13. An example of the use of Alexander’s trick is given in Fig.4.6.
From it we see that the figure-of-eight knot can be presented by a braid o, o 0} o
o100, ooy oo € By. (Of course it can be presented by other braids.) The first
transformation wraps “3”” around X, and the second is an application of Rl and RI|
at k7.

We now know that every link gives rise to a braid and every braid gives rise
to a link. However, to any given link we can associate many different braids. For
example, Figs.4.4 and 4.6 show that the figure-of-eight knot can be presented as
the closure of braids o o O’;l o0y 0 U;l € Bsando, o0y 00] 0 051 o O’;l o Ufl €
B;. Moreover, a link may be represented by braids with a differing number of strands.
For example, for each n, the closureof oy 0 05 0 - - - 0 0,1 € B, is the unknot. These
observations imply that
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SN
Sgts

Fig. 4.6 Figure-of-eight knot and a corresponding braid

{braids} {oriented links}
equivalence equivalence

However, by considering braids up to equivalence and two additional relations,
called the Markov moves, we can use braids to obtain a description of the space of
oriented links up to their equivalence.

The Markov moves act on braids, and there are two of them, which we denote by
MI and MII. They are called (unsurprisingly) the First Markov move and the Second
Markov move and are defined diagrammatically as follows.

Definition 4.14 (Markov moves).

Ml Ml

The Markov moves may increase, decrease or leave unchanged the number of
strands in a braid.

Theorem 4.15 (Markov’s Theorem). The closure of two braid diagrams o and o’
represent equivalent links if and only if there is a finite sequence of braid moves and
Markov moves taking o to o'. That is

{oriented links} ~ {braid diagrams} @.4)

isotopy "~ braid moves, Markov moves

In one direction, the theorem is easily seen to be true. If o and o’ are related by
a braid move, then it is readily seen that their closures are related by a Reidemeister
move. If o and ¢’ are related by an Ml-move, then we can use planar isotopy to
“slide” o round the closure component (indicated by the upside-down ¢ in the middle
diagram) as indicated below.
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If o and o’ are related by an MlI-move, then their closures are related by an RI-move
through

Proving the other direction of the theorem, however, is much more intricate. A
proof may be given along the following lines.

e First, suppose that D is a link diagram. In obtaining a braid representative via
Alexander’s theorem (Theorem 4.12), various choices are made, such as the posi-
tion of the base point, the position of the ray, and how Alexander’s trick is applied.
It must be shown that braids which result from making different choices are related
by the braid moves and Markov moves.

e Next suppose that two oriented link diagrams D and D’ are related by an oriented
Reidemeister move. Determine how the braid representatives of these diagrams
are related and show that this relation is a consequence of the braid moves and
Markov moves.

Proving Theorem 4.15 in this way is a case analysis that is entirely diagrammatic.
However, itis long and involved, and we therefore omit it. The reader who is interested
in working through the details may find them in [22].

The Markov moves can also be described algebraically in terms of the generators
of the braid group through a tensor product of braids.

Definition 4.16 (Tensor product of braids). Let o be an n-stranded braid diagram
and ¢’ be an m-stranded braid diagram. Then the tensor product o @ o' of o and o’
is the (m + n)-stranded braid obtained by juxtaposing ¢’ to the right of o. It is given
diagrammatically by
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For example,

The Markov moves may now be described in terms of braid generators:

MI : coo =0 oo, forall o, o’ € B,,

Mil: (6 ® 1) oot =0, for all o € B,,. “.5)
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Chapter 5 ®)
R-Matrix Representations of 25, e

Our ultimate goal in Part II is the construction of a class of link invariants known
as Reshetikhin—Turaev invariants, or, more generally for the type of knot invariant
described here, quantum invariants [156, 157, 180]. Through the theory of quantum
groups, the Reshetikhin—Turaev invariants provide a way to construct a link invariant
from any semi-simple Lie algebra and any representation of it. We will build up to the
Reshetikhin—Turaev invariants slowly (they are defined in Chap. 9), starting with the
construction, due to Turaev [180], of some link invariants through representations
of the braid group. Our strategy is to construct link invariants by decomposing link
diagrams into “elementary” pieces and associating an algebraic object with these
pieces. We then develop the conditions required on these mappings to give rise to an
invariant of the original diagram.

5.1 A Map on Braid Diagrams

Using the results of Sect. 4.2, we can use braid composition to express an n-stranded
braid diagram o as a product of braid generators:

AR RS RPN
\ T / |
1 i i+1 n

o =
1 i i—+1 n

and use the tensor product to express each generator in terms of the “elementary

pieces” ‘y\' V/\}' T . Thus, we can use the operations of composition and

tensor product to express any braid in terms of these three elementary pieces. As an
example, where n = 3, consider the braid decomposition
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1. .= Ket
- e
- Ry

~ e

of 0. Then o may be encoded as

SR (132),

Recall that Aut(W) denotes the set of invertible linear maps from a space W to itself,
and End (W) denotes the set of all linear maps from W toitself. Given a decomposition
of the braid o, we can now construct a linear map p from o by associating a linear
map with each of the elementary pieces as follows:

P T — ideAut(V), p ZYI—) ReAut(VV),p ZX'I—) R eAut(VeV)

for some R € Aut(V ® V). For the moment, we shall take V to be a vector space, but
the choice of V will be discussed in more detail shortly. (A reader unfamiliar with

the tensor product ® many find it helpful to review the material in Appendix A.)
Using the tensor product, we can extend pg to the generators of the braid group:

A A A
\ P . . . . .
o; = / — d®---IdR®Id®Iid...®id,
—_— _—
i—1 n—i—1

1 i i+1 n
A /1 A A
o= | e \ s de--®ideR™ ®@ideid... ®id.
i —_——— | ——
i—1 n—i—1
1 n

Then p can be extended to the braid o, homomorphically, by setting
p(c” oc") = p(a”) o p(d’),

for any pair of n-stranded braids ¢’ and ¢”:
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A 444

p: T T T I_ +> pl@)op(@).

................................ (5.1)

and so, in this case, that the map associated with o is

p(0) = p(a1 005" 00y 002) = p(a1) 0 p(o;") o p(a1) o p(a)
= (R®id)o(id®R")o(R®id)o(id® Ry e Aut(VQV V).

Exercise 5.1. Let V be a 2-dimensional vector space over C with basis {e;, e,}. The
vector space V ® V is 4-dimensional with basis {e; ® e}, e; @ €3, e, @ ey, e2 @ er}.
Suppose R is defined by its action on basis elements via e; @ e; > e] Q e, €] @
> —er e, e e > —e; ey, and e; ® e > €2 ® e;. Write down a basis
of V® V ® V, and compute the action of p(c) on this basis, where o is the braid
in (5.1). Finally describe the map as a matrix.

Letus now turn our attention to the space V. Since we intend to use linear maps, the
obvious choice is to take V to be a vector space so p is a vector space automorphism.
However, we want to allow scalars to be polynomials or Laurent polynomials so we
need to work a little more generally and take V to be a free module of finite rank.

A few words may be helpful for a reader unfamiliar with modules, who might also
like to review Appendix A. Here we shall focus upon how to think about modules,
rather than upon what they are. Briefly, a module can be thought of as a vector space
with scalars in a ring R rather than in a field. Since our module is “free”, we can
choose a basis {ey, e3, . .., e,} and represent every element as a linear combination
el + Aey + ...+ e, where the )\; are in R. The “finite rank” condition means
that every basis has the same (finite) number of elements, which, in contrast to vector
spaces, is not always true for modules. Thus, in essence, our choice of V as a free
module of finite rank means that we can work with V in terms of bases just as we
do with vector spaces, but it will enable us to take scalars in rings such as C[t, 1,
rather than just fields such as C. In fact, it will do little harm for the reader to think
of V as a vector space.
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It is perhaps also worth mentioning at this point that we work with vector spaces
and modules as freely generated objects. This means that we deal with their elements
only as “formal” linear combinations of basis elements, Aje; + Aezx + ... + \yey,
without ever realising the e; as some type of object (such as a vector in R"). This
is a quite different way of thinking about vector spaces and linear algebra from that
usually met in undergraduate studies. Readers meeting this way of thinking for the
first time might find it comforting to view it as saying that all vector spaces of the
same dimension are isomorphic, so it does not matter which particular vector space
or which particular basis we choose, and so we might as well represent a dimension
n space by choosing the symbols {e[, e;, ..., e,} to serve as a basis. It is the maps
that act on the spaces that are of paramount importance.

Returning to p, it is immediately seen that when o and o’ are related by level-
and boundary-preserving isotopy of R x [0, 1], then p(c) = p(c’). This means that
we can extend the map p on braid diagrams to a map on diagrams considered up
to level- and boundary-preserving isotopy of R x [0, 1]. Thus, we can make the
following definition.

Definition 5.2 (Map pr). Let V be a free module of finite rank and
R € Aut(V ® V). Then pg is the map

{n-stranded braid diagrams}

: End(V®"
PR level and boundary preserving isotopy — End( )

defined as the multiplicative and tensorial extension (i.e. that p(c o ¢’) = p(0) o
p(c’) and p(o ® 0’) = p(o) ® p(c’)) of the operations

. \/ \/ h
: d, : R, : R™.
p TI—)I 0 \r—> P P =

Example 5.3. We shall work out pg in detail when V is a free module of rank 1.
Let {eg} be a basis of V. Then V ® V is a one-dimensional vector space with basis
{eop ® ep} and so (with respect to this basis) R € Aut(V ® V) is represented by a
1 x 1 matrix [a]. Since R is an automorphism, the scalar @ must have an inverse and
R~! is represented by [a~'].

Given an n-stranded braid o, we can express it in terms of the generators of the
braid group, writing o = a,‘i‘ Ufzz e a? », where 0; = 1. Then

p(o;) = id® Y @ R®id®"~'~D e End(V®").

Since V has basis {eg}, its n-fold tensor product V®" has basis {e?"} and so has
rank 1. Thus, we can compute the action of p(o;) by
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id®YV @ R®id®" D e e?(ifl) ® R(ey ® eg) ® e?(”f’;l)

i1 —ic1
:e?(l )®a(eo®eo)®e?(" =D
=ae§’”,

and so p(o;) is represented by the matrix [a]. A similar computation shows that
p(ai_') is represented by the matrix [a~!]. Thus, p(c) = p(afl') o p(af;) e p(a?,’,’) is
represented by the matrix product [a®] - [a®]- - - [a%] = [a® %t *9]. Then, since
0; is 1 if the corresponding crossing is positive, and —1 if the corresponding crossing
is negative, we see that

(no. of positive crossings in o)—(no. of negative crossings in o)

pr(0) =a

The exponent is recognised as the writhe w(o) of o. Therefore, p(o) is a braid
invariant (since w(o) is).

We can then obtain a (very simple) braid polynomial by selecting V to be the
module over the ground ring C[t, t~'] freely generated by {ey}, so V = {p(t)e :
p(®) € Clr, 171}, and (r (1) - p(t)eo + q(t)eg = (r(1) - p(t) + q(1))eo, and a = 1.
By doing so, we have constructed the polynomial invariant of braids, #*°), via linear
algebra.

The question is then whether other (more interesting) knot or braid polynomials
may be constructed via linear algebra in the same way. This part of the book is
devoted to showing that, indeed, they can.

5.2 Obtaining Invariants of Braids

We found in Example 5.3 that, in that special case, pr defined a braid invariant (i.e.
was independent of the braid moves of Definition 4.4) for any automorphism R of a
free module of rank 1. That we obtained a braid invariant for every R was just a quirk
of the fact that V had rank 1. Had we started with a free module of any other rank
and an automorphism R of it, pg might not have been a braid invariant. We turn to
the question of determining under what conditions pg will define a braid invariant.
That is, we need to understand when the pg of Definition 5.2 induces a map

_ {n-strand braid diagrams}

PR : — End(V®").

braid moves

To do this, we need to find under what conditions pr(c) = pr(c’) holds when o and
o’ are related by one of the braid moves of Definition 4.4 (we already know that pg
is invariant under level- and boundary-preserving isotopy of R x [0, 1]).

It will be a little easier to work in the language of the braid group. By Theorem 4.9,
we know that
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{n-strand braid diagrams}

~
=%,
braid moves ’

thus, we can instead determine under what conditions pgr gives rise to a map
PR B, — End(V®").
By construction, we know that

pr(0i 0 0j) = pr(01) 0 pr(c;) and pr(o; ") = (pr()) .

This can be rephrased succinctly as saying that pg is a group representation of the
free group generated by o, ..., 0,_1.

It remains to determine when pr is invariant under the two braid relations
ojocj=0j;00; when |i — j| > 2, and 0; 0041 00; =041 00,004 fori =
1,...,n—=2.

If n =1 or n = 2, then the set of braid relations is empty and so pr vacuously
satisfies them. Suppose then that n > 3. We look at the two relations one at a time.
For the identity 0; 0 0; = 0 o 0;, we assume without loss of generality (because the
relation is symmetric in i and j) thati < j. Then

pR(g;i 00;) = pr(0;) o pr(0})
= ([{d® D @ R@id®" D)6 (1d®U D @ R@id®"—/—1)
= (d®-D g R id®U~"2 g R id®"—/~D) since |j —i| > 2
— (ld®(j_l) Q®R® id®(n—j—1)) ° (id®(i—1) ®R® id®(n_i_1))
= pr(oj) o pr(o;) = pr(oj 0 0}).
Thus, pr(o; 0 0j) = pr(0; o 0;) and so pR is invariant under the braid relation o; o
oj = o o 0; with no additional conditions.
Next we consider the braid relation o; o g;4] 0 0; = 041 00, 0 0;4 for i =

1,...,n—2. We need to determine under what conditions pr(o; o 041 0 0;) =
Pr(0i11 00 00;41).

pr(0; 0 0i11 0 07) = (Id®"V @ R®id®" V) o (id® ® R®id®*"~?)
o (id®*"P @ R®id®*" 7).
=id®*"" ® (R®id) o (id ® R) o (R®id)) ® id®" 2.

Similarly,

pr(0i41 00, 00i41) =id®"Y @ ((d ® R) o (R®1id) o (id ® R)) ® id®"~ =2,
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Then the second condition is satisfied if and only if R satisfies the equation
d®R)o(R®id)o(id®R) = (R®id) o (id ® R) o (R® id)

for R, which motivates the following definition.

Definition 5.4 (Yang-Baxter equation, and R-matrix). Let V be a free module of
finite rank. The Yang—Baxter equation in End(V ®3) is

(id®R)o (R®id) o (id®R) = (R®id) o (id ® R) o (R ® id).

An invertible solution, R € Aut(V ® V), of this equation is called an R-matrix.

A reader meeting it for the first time should not get “hung-up” on the use of the
word “matrix”, in the name R-matrix, when it is defined to be a module morphism,
since matrices and the module morphisms are equivalent (see Sect. A.3). The term
R-matrix is standard terminology for this particular module morphism throughout
this area.

The Yang—Baxter equation was introduced independently by the physicists
Yang [192] and Baxter [21]. It is important in the theory of exactly solved models
in statistical mechanics and in the theory of completely integrable quantum systems.
Finding solutions to the Yang—Baxter equation is a difficult problem, and the general
form of a solution is unknown, although large families of solutions are known. For
example, it can be shown that every complex semi-simple Lie algebra gives rise to an
R-matrix. This is a surprising and substantial result and one that we discuss further
in Chap. 8.

Exercise 5.5. Let R € End(V ® V) be an R-matrix and A be an invertible scalar.
The twist map isthe map 7 : a ® b — b ® a. Show that AR, R'and 7o Ro T are
also R-matrices.

So what we have just shown above is that if R € End(V ® V) is an R-matrix,
then pg satisfies all of the braid relations, and hence pg defines a representation of
the braid group. This is captured in the following theorem.

Theorem 5.6 (Braid group representation, pr). Let V be a free module of finite
rank and let R € End(V ® V) be an R-matrix. Then the map

PR : B, — End(V®"): 0; > id® "D @ R®id®" D, (5.2)

fori =1,...,n— 1 (and extended multiplicatively) affords a representation of the
braid group ‘B,,.

Since the braid group describes braids considered up to isotopy (see Theorem 4.9)
we have the following
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Corollary 5.7. Let V be a free module of finite rank and let R be an R-matrix. Then

the map
_{n-strand braid diagrams}

PR : — End(V®")

braid moves

defined as the multiplicative and tensorial extension (i.e. that p(c o ') = p(o) o
p(a’) and p(oc @ o) = p(o) ® p(c')) of the operations

p ;T > id € End(V), p : Y > R € End(V®2), p: V/\/ — R~ € End(V®?)

is well-defined and therefore a braid invariant.

5.3 Specific Representations of the Braid Group

The machinery is now in place for constructing some braid invariants. We do this
by brute force in the case where the rank of V is 2. This computation will give
an indication of the difficulty of obtaining solutions to the Yang—Baxter equation.
Moreover , the solutions we obtain will be important later and give rise to non-trivial
braid invariants.

Let V be a free module of rank 2 over the ring C[¢, t~11, and {ey, e;} be a basis
for V. The tensor product V ® V is four dimensional with canonical ordered basis

{eo ® e, eg R e, e1 ®ep, e1 D ey}.

Our intention is to construct R-matrices of size 4 x 4. The ordering of the rows
and columns of the matrix is the same as the ordering of the canonically ordered
basisof V @ V. We candescribe R: V@V — V ® V byitsactionR:e; ® e; >
Dok le]l ex ® e; on the basis elements of V, which in matrix form is

00 P00 P00 R0

Ry Ror Rig Ry

01 pOI ROl pOI

k.l RO() ROl RlO Rll

Ri=I[R;j1= RI0 RI0 pI10 pI10

00 o1 fio i

11 pll pll pll

Ry Ror Ryp Ry
The lower suffices 7, j index columns, while the upper suffices &, [ index rows. Note
that in this book, our convention is to omit or include the comma separating indices

depending on which choice in a particular instance adds clarification.

We shall simplify matters by imposing the charge conservation condition on the

R-matrix. It causes the matrix to have a direct sum decomposition, that restricts it,
but makes it more convenient to work with.
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Definition 5.8 (Charge conservation). The charge conservation condition on an
R-matrix is R{"t =0 ifi + j #k+1.

After imposing the charge conservation condition, the 4 x 4 R-matrix has the form

00
&0%1%10 @000
R := [RM] = 0 RyRip 0 | |0bcoO
L Y E 0 R(l)? Rllg 0 “10de0 |
0 0 0 R}l 000f

where the last equality is simply a change to a more convenient notation.

It remains to find the conditions on the entries of R which will make this an R-
matrix; that is, a solution of the Yang—Baxter equation. We begin by observing that
V®3 has rank eight since V has rank two. Then

3

V®3=<€p®eq®er : pvq’re{0’1}>:@vi
i=0

where, in terms of canonically ordered bases,

Vo = {e0o ® eg ® eg) ,
Vi=({en®erQer,e0 Qe ®ep, €1 ey ® ep)
Vi=(en®e Re,e; Qe Re, e Qe @ ep),
Vi={(e1®e ®ep).

The sum of the suffices of the constituent ¢;’s in each tensor in the indicated basis
of Vj is k, and it is this that provides a grading for the direct sum decomposition of
Ves,

The maps R ® id and id ® R act on V®3. Since we have imposed the condition
that the R-matrix conserves charge, then both R ® id and id ® R respect the grading
of V®3. Tosee this,let p + g +r = ksoe, ® ¢, ® e, is a basis element of V. Then

(R®id) (e, ®e; @e.) =R(e, ®e,) ®id(e,) = Z R’;;f'q e®e; | e,

i,j

ij :
= E R pfq e; ®ej | ®e, (charge conservation)
i+j=p+q

= Z R;fq e Qe; e €V, (5.3)

i+j+r=k
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so V; is an (R ® id),-invariant submodule of V®3, where (R ® id); denotes the
restriction (R ® id)|y, of R ® id to V;. Similarly, V; is an (id ® R),-invariant sub-
module of V®3 since

(d@R)(e,®e¢,®e)= Y Rile,®e®e €W (5.4)
i+j+p=k

Next we determine the matrix of (R ® id); fork =0, ..., 3 by means of (5.3). This
is a straightforward calculation, but it is instructive to see the details in this case.

For (R ® id),

R®id)(eo®e®e1) = Y Rihei®ej®er =R eo®@en®er =aleg®e@er),
i+j=0

Z R(’)ﬁ e ®ej ey = Rg:; eo @ e ®eo+R(')j(1)el ®eo ® e
itj=1
bleo @ e1 ® eg) + d(e1 ® ep ® €),

> Ri’,{)ei®€j®€0=R?jéeo®el®€0+R11j861®eo®eo
i+j=1
= c(eg ®e1 ®eg) + eler ® eo ® eo),

(R®id)(eo ® €1 ® eo)

(R®id)(e1 ® ep ® ep)

)
a00

R®id)y=|0bc
0de

Exercise 5.9. Complete the case analysis by looking at the (R ® id), (R ® id), and
(R ® id)3 cases. Verity that

R®id)g =[al, (d®R)=[al, (R®id)s=I[f], (d®R);=[f],

bco bcoO £00
(d®R)=|de0|, R®idp=|de0 |, and (d®Rp=]|0bc
00a 00 f 0de

From the Yang—Baxter equation,
(id ®R); o (R®id); o id ® R)y = (R®id); o (id ® R); o (R ® id);

fork =0, ..., 3.Rewriting these as four matrix equations, we see that the cases k = 0
and k = 3 are clearly trivial, while the cases k = 1 and k = 2 yield, respectively,

ab? + bed abce + bee ac? a*b abc ac?
abd + bde acd + be* ace | = | abd b*e + acd bce + ace
ad? ade a’e ad? bde + ade cde + aé*
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and
bf? bef Af b*f + bed bef + bee 2 f
bdf b*e + cdf bce +cef | = | bdf + bde cdf + be* cef
d*f bde + def cde + é*f d*f def  ef?

Thus, R is an R-matrix precisely when its elements satisfy the following system of
simultaneous equations:

b(ab + cd — a*) =0,

b(bf +cd — f2) =0, bce =0,
(cd +ae—a*) =0 bde =0,
¢ " be(e —b) =0.

elcd +ef — f2) =0,

These equations are invariant under the interchange b <> e. By restricting these to
the case when e = 0 and b # 0, the above system is equivalent to:

ab+cd —a? =0,
bf +cd— f>=0

whence, by eliminating b between these, we have the quadratic equation

(a—f)(f+ﬂ)=o
a

for f, giving the two solutions f = a and f = —cd/a corresponding, respectively,
to the R-matrices

a 0 00 a 0 0 0
0a—% ¢ 0 0a—% ¢ 0

Ri=1o a%00 " B=l0 4“0 o (5.5)
0 0 Oa 0 0 0 —<«9

a

Of these two matrices, we shall confine attention to R; and shall see that it is
related to the Jones polynomial. (We note in passing that the matrix R; is related to
the Alexander polynomial through a different, but related, approach from that taken
here for obtaining knot invariants from R-matrices. An interested reader can find
details in [144].)



Chapter 6 )
Knot Invariants Through R-Matrix e
Representations of 23,

We have just constructed in Sect.5.2 a braid invariant pr by using an R-matrix to
obtain a representation of the braid group, giving

{n-stranded braid diagrams}
PR :

- —> End(V®").
braid moves

Our aim is to use pg to obtain a link invariant. For this we recall from Theorem4.15

that ) . .
{oriented links} ~ {braids}

isotopy " braid moves, Markov moves

so we need to modify pr in a way that makes it invariant under the two Markov
moves, which we now do. The constructions and results that appear in this chapter
are due to Turaev [180].

Throughout this chapter, we shall let V denote a free module of rank n over a
commutative unital ring K with basis {e;, e,, ..., e,}, and let R denote an R-matrix.
We recall (see Sect. A.5) that the dual V* of V is the free module of rank n with
basis {el, e ..., ¢"} where each e 1 V — K is defined as the linear extension of
¢'(e;) = 8 j, where §; ; is the Kronecker delta function.

6.1 The Diagrammatics of pr(o) and Braid Closure

We start with a diagrammatic presentation of pr(c). For this, let o be a braid in
8B,. Then pr(c) € End(V®"). For us, one of the most fundamental and important
properties of the tensor product is that, for free modules U and V of finite rank,

Hom(U,V) 2 U*Q® V. 6.1)

If the action of f € Hom(U, V) in terms of bases is f : u; Zj fijvj, then under
this isomorphism f is identified with the tensor 3, ; f/ u' ® v;inU* ® V.
© Springer Nature Switzerland AG 2019 75
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Observe that when f is given as anelementof U* ® V/, its action on a basis element
uy. can be recovered by contraction: f 1 ug > Y, f u'(u) @v; =3 f § ®
vi=2, fflgev, =Y ; f{ v, where the last equality uses contraction (see
Theorem A.26) to identify K ® V with V.

Exercise 6.1. Prove the isomorphism givenin (6.1). (See Lemma A.36 for additional
details.)

From (6.1), we see that pr(0) can be viewed as a tensor in (V*)®" @ V®". We can
represent this tensor as a box with n strands entering it at the bottom and » strands
leaving at the top. The bottom ends of the strands are each labelled with V*, and the
top ends with V. The diagrammatic representation is therefore

1% 1%

A A e 0
o "l pr(0)

| I | |

1 n % %

Then, to move from a braid diagram to a link diagram, its closure is taken:

M

We therefore need an algebraic operation acting on pr(o) € (V*)® ® V®" that
mimics the closure operation on the diagrammatic level (we often write p for pr in
diagrams):

— <
— <
— <
— <

p(o) I p(o)

I
|2 A A

In terms of the diagrammatics, this closure arises from identifying an end marked
V and an end marked V*. Such an identification of ends for an individual strand is
achieved using the contraction map « defined on its basis elements through
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K: VRV —K:e ®e; —> e(e)), (6.2)
so the algebraic version of closure of n strands is given by the map

K (VHPTQVET S K ® - @) ®(ej, @ ®ej,) > e'l(ej) -en(ej,).
(6.3)

To identify this operation, suppose that W is a free module of rank m with basis
{Wi, ..., Wy}, dual basis {w', ..., w™"} where w(w;) = & ;, and that h € End(W)
is given by A(w;) = Z'};l h!w;. Then, recalling the action of the isomorphism from
(6.1), as an element of W* @ W, h is ZTJ:I h;iwi ® w;. Applying contraction « to
this element gives

K Zl:h{wi@)wj =Zm:h;jwi(wj)=zm:h§~
i=1

ij=1 ij=1

On the other hand, as a matrix 4 is represented by H with (i, j)-entry h’j and we see

that )", h! is precisely the trace of H. (Recall that the trace of a matrix is the sum
of its diagonal entries.) The result of this computation is that the trace of a linear
map is exactly the composite map

Tr: End(W) — W* @ W -5 K. (6.4)

Hence, the algebraic analogue of the closure of a braid is the trace.

6.2 Invariance Under the Markov Moves

By considering braid closure, we have just seen that in order to move to knots
from braids we should consider Tr (pr(c)). We next need to determine under what
circumstances Tr o pg is invariant under the Markov moves:

Ml:o0 00’ =0 oo, forall o, ¢’ € B, 6.5)

Mil: (6 ® 1) 00! =0, forallo € B,. :
To satisfy the first Markov move, MI, we need to show that Tr(pr(§ 0 0)) =

Tr(pr(o 0 &)) for all o, & € 9B,,. This can be represented diagrammatically as
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(o>| X (o>|
| ¢ | | p<s>| | p(€) |
I I

1 n V* V*

But this holds since, for linear maps, f, g € End(V) we have Tr(f o g) = Tr(g o f).

Exercise 6.2. Let f € Hom(U, V)and g € Hom(V, W) where f andghave actions
on basis elements given by f(u;) =7, fvj and g(v) = ZI | &/ w;, where
{ug, ..., un}, vi,..., vy} and {wy, ..., w;} are bases for U, V and W, respectively.
The composite map g o f is defined by

m
gofr =2 D fs
j=1 k=1

Write f asanelementof U* ® V, gasanelementof V* @ W,and g o f asanelement
of U* @ W. Verify that g o f can be obtained from f and g by contracting of V and
V*, and hence verify that composition of functions is represented diagrammatically
by stacking:

W
/4 Y g
g o f = T
T T f
v U* :
U*

Exercise 6.3. Let f € Hom(U, W) and g € Hom(W, U). Verify that Tr(f o g) =
Tr(g o f) using the functional definition of trace from Eq. (6.4) as well at the matrix
definition of trace.

From (6.5), the MlI-move expressed in terms of braid group generators is
c®1)o (of‘) =o0.

The representations of the left- and right-hand sides are pr((c ® 1) o (onil)) and
pr(0), respectively. Notice that one of these is in End(V®"*D) and the other is
in End(V®"). Thus we need an operation that will enable us to eliminate the final
tensor factor of V®"*+1 in order to relate the two representations. Fortunately, we
have just seen the operation of contraction, «, that is able to do this. Thus we may start
with pr((0 ® 1) o (0:X!)) € End(VE"+D), rewrite it as an element of (V*)®" D
y®@+Dh yse contraction « to eliminate the relevant tensor factors and then obtain
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an element of (V*)®" @ V&' = End(V®"). Invariance under the MIl-move requires
that the map resulting from this process equals pr(o).
This procedure is represented diagrammatically by

VVVY VvV vV v
A A4 tot 1 t...tt toot A A
PR Tr, 41 PR
o > p(0) | || plo) = plo) |<—| o
=T T
A R 2 A |
D T 74k /AR T VAR 72 veooyr

and by a similar diagram with the crossing reversed. Notice that contraction, illus-
trated in the third figure, closes the ends of the diagram in the n + 1-st position.

Let us examine the closure operation used to move from the second to the third
diagram. We have already seen that closure is the diagrammatic representation of the
contraction map « of (6.3), so we need to apply contraction to the final copies of V
and V*:

" ®-- @R, ® - ®e;) e,
— ein+l(ejn+l) . (eil Q- ®ein) ® (ej] R ® ejn)7

where in the right-hand side, we have used the fact that e+ (e}, ,) is a scalar to bring
it to the front of the expression. What we have been led to is the operator trace

Trpy 1 : End(VO@+Dy 5 End(V®").

It can be alternatively defined by the following composition, which makes repeated
use of (6.1):

Trpg1: End(V@OTD) 2 End(v® @ V) = (V® @ V)* @ (V" ®@ V)
=(VE R VIe(VEHeV = (VI eV eV e (Ve

L 1®n :1®n
MTE@dT, (v @K@ (VE) = (VO @ (V")

= End(V®"),
where « is as in (6.2).

Exercise 6.4. Leth € End(V ® V) where h(e; ® ¢;) = ) hf?}ek ® e;. Show that
the element-wise action of Trp (k) is (Tra(h)) (e;) = ). hfjj ex. Then verify that when
jik

V has rank 2, in terms of matrices
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00 7,00 7,00 7,00
hoo hoy Big B
hto hot o hii
h=| . 0,10;,0]| 2@ Tnh=
hOO hOl th hll

11 211 11 711
hOO hOl th hll

hgo + ol A + Al
hoo + o g + i)

Bringing this discussion together, we see that pr is invariant under the Mll-move,
(c ®1)o (o) =0, when

Trur1 (pr (0 ® 1) 0 (0,))) = pr(0). (6.6)

This is an awkward condition to work with, but the following exercises show that
satisfying the much simpler identity

Tr, (R = idy (6.7)

is sufficient to ensure invariance under the Mll-move.

Exercise 6.5. Let f € End(V®"). Prove that

Tr(Tr, (f)) = Tr(f).

Exercise 6.6. Let f € End(V®" D) ¢ € End(V®") and h € End(V ® V). Show
that the following identities hold.

1. Trn+1(f o (g b2y ldV)) = Trn+1(f) °g;
2. Try1((g ®idy) o f) = g o Tryy1(f);
3. Tr, 1 (d2" P @ k) =idS" " @ Try(h).

Hence deduce that Tr,.+1 (or ((0 ® 1) 0 (0,f1))) = pr(0) o (id®" ™" @ Try(RE)).
Conclude that if R*! satisfies Eq.(6.7), then pg is invariant under the Mll-move.

What we have just shown in this section is that if R € End(V ® V) is an R-matrix
such that Tr»(R*!) = idy, then Tr o pr is invariant under the braid moves and the
Markov moves, and hence defines a knot invariant. However, there is an objection to
these invariants in that forcing the identity Tr,(R*!) = idy is too strong a condition
as it does not allow for important classes of R-matrices (those coming from the theory
of quantum groups) to be incorporated into the theory. This objection is resolved in
the next section.

Exercise 6.7. Let R be the R-matrix R; from (5.5). What form will R have if we
insist that Try(R*') = idy?
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6.3 The Link Invariant pg_,

While pg was easily seen to be invariant under the MI-move, condition (6.7) forcing
the invariance of pr under the MIl-move imposes too strong a restriction on the
form of the R-matrix. The problem is that in the algebra we have largely ignored the
appearance of the closure elements in the diagrams, and, in particular, the maxima and
minima these create. To rectify this, we therefore propose to record each maximum
algebraically in the braid representation pg by associating with each maximum—
minimum pair an element © € End(V), that is to be determined. This is achieved
quite simply by replacing pr with a new morphism pr ,, defined in terms of pr by

PR () := Tr(pr(0) 0 "), (6.8)

for o € ‘B,. This may be represented diagrammatically by

\%4 \%
prot
TS
p(0)ou®" p(a) Tr
o — L >
R |
v v*

Although pr, is not a representation of the braid group ‘B, it is sufficient to
our purpose that pg is. We now determine the properties that ;. must possess to
ensure the invariance of pr , under the two Markov moves, M|l and MIl. We shall
see that, with this adjustment, this case leads to a powerful theorem (Theorem 6.10)
for constructing knot invariants, including, by specialisation, the Jones polynomial
and the HOMFLYPT polynomial.

For the Ml-move, we need the identity pr ,(0c 0&) = pRr ,(§ 0c0) to hold.
Diagrammatically, this is

From the diagrammatics, we see that what we need to be able to do is to “slide”
pr(0) around the diagram and through u ® - - - ® w. Since pr(o) is a composite of
expressions of the form id®¢~" @ R*! ® id®"~ D we should expect to be able to
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do this provided this expression commutes with y ® - - - ® u, which we should be
able to do provided R*! commutes with ;& ® . The following lemma shows that
the intuition provided by the diagrammatics is indeed correct and provides a further
simplification.

Lemma 6.8. Let V be a free module of finite rank, R € End(V®?) be an R-matrix,
and p € End(V) such that u®? o R = R o u®2. Then

pR,M(O' 0§) = IOR,/L(S 00),
forall o, & € B,.

Proof. Using first the fact that pg is a representation and then that the trace is invariant
under cyclic permutations, we have

PR (0 0 &) = Tr(pr(0 0 £) o u®") (6.9)
= Tr(pr(0) © pr(§) o u®")
= Tr(pr(§) o 1" 0 pr(0)). (6.10)

By the hypothesis of the lemma, we have, 1% o R = R o #®? and therefore also
u®?oR1'=R'ou®so

u® o R = R*! o 1®2, (6.11)
For a braid generator aiil € B,.1, we have

pR(Ui:tl) o pu®n = <id®(i—1) o R ® id®(n—i—l)> o u®n (from (5.2))
_ (id®(i—1) QR ® id®(n—i—l)) o (M®(i—1) @ u®’® M®(n—i—l))
_ (id@)(pl) o M@(i—l)) ® (R:tl o H®2) ® (id®(n—i—l) o M@(nﬂ;l))

_ <u®(i—l) oid@(i—l)) ® (M®2 o R:H) ® <M®(n—i—l) Oid@(n—i—l))
(commutation of id and w, and (6.11))

_ (M®(i—1) @ u®? ® H®(n—i—l)> o (id®(i—l) @R ® id®(n—i—1))

= u®" o pr(o7™)  (from (5.2)).

Thus ,oR(aiil) ou® = u® o pR(aiil) fori=1,...,n—1, so pr(c) o u®" =

u® o pr(o) for all o € B,,. Therefore, from (6.9),

PR (0 0 &) = Tr(pr(§) o u®" 0 pr(0)) = Tr(pr(€) o pr(0) 0 u®")
=Tr(pr(£ 00) o u®") = pr (€ 00),

where the last equality is by (6.8), completing the proof. O
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For the Mll-move, we can proceed as before. From the diagrammatics

It is clear that we need to prove the identity

Tros1 (or (0 ® D o (0,7)) @ u®"V) = pr(o) @ u®".

But we notice by comparing the third and fourth diagrams that this holds

R]

Tr, (R*! o u®?) = 1. The following result again tells us that the intuition provided
by the diagrammatics is correct.

if = , which is the diagrammatic version of the identity

Lemma 6.9. Let R € End(V®?) be an R-matrix. If u € End(V) is such that
Try (R* o n®?) = p, (6.12)

then pr (0 ® 1) 0 0,5') = pr (), forall o € B,

Proof. Itis convenient to denote pg . ((o ® 1) o 0,F!) temporarily by A.

A:=Tr (pR(o ®1)o ,oR(anil) o MWH))
="Tr ((pr(o @ 1) 0 (d®" ) @R o0 ™" (by (5.2))

=Tt (Trn+1 ((pR(o ® 1) o (1d®" D @ R*) o ;ﬁ‘”“’)) (Ex. 6.5).

But, rearranging ,umm for compatibility with composition of tensors,
®(n+1) — M®(n_1) ® ,U«®2

— (id®(n—l) o M®(n—1)) ® (M®2 Oid®2)

— (id®(n—l) ® M®2) ° (M®(n_l) ® id®2).

Continuing with the simplification of A,
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A =Tt (Tt ((or(0 ® 1)) 0 (d®" "V @ R¥) 0 (1d®" ™D @ 1®?)

(M®(n71) ® id®2)))
= Tr Tty ((or(0 ® D) 0 (d®" ™V @ (R 0 u®)) 0 (""" ® 1d®?)))
= Tr (Ttu41 ((or(0) ® idy) o (1d®" "V @ (R*! 0 u®)) 0 (u®"~D ©d®?)))
—Tr (pR(U) 0 Trys ((1d®(n 1 ® (R:tl ° M®2)) o (,u‘g’(” 1) ® 1d®2)))
= Tr (r(0) o (Tr11(d®" ™V ® (R*! 0 u®))) 0 (u®"™) @ id))
= Tr (0r(0) o (iId®" "V ® Tra(R*! 0 u®)) 0 (""" @ id))
=Tr (pr(0) 0 (d®" "V ® w) o (1" ®id))
=Tr (pr(0) o (L&D ® )

= Tr (pr(0) o 1®")
= Pr.u(0),

where the fourth, fifth and sixth equalities are by items (2), (1) and (3) of Exercise 6.6,
respectively. O

It follows that if Tro (R*! o u®?) = u then pg. u 1s invariant under the Mll-move.
We summarise the content of the previous two lemmas in the following result.

Theorem 6.10. If an R-matrix R € End(V ® V) and n € End(V) are such that
(i) n®oR=Rou®, and (ii) Tra(R*' o u®?) = pu,

then pr (o) :=Tr(pr(o) o u®) is invariant under both Markov moves.

Proof. Lemmas 6.8 and 6.9 show that, under the above conditions, pr ,, is invariant
under the Markov moves. O

Exercise 6.11. Let R be an R-matrix, and let R € End(V ® V) and u € End(V)
be such that (u ® u) oR=Ro (u® w) and Try (R*' o (u @ 1)) = a*' - B - for
some «, B € K where «, 8 # 0. Show that

PR oo p)(0) i= DB Tr (pr(0) 0 u®")

where o € B, and w is the writhe, is invariant under the Markov moves. Deduce
that it defines a link invariant. Show that pR, ., ¢, §) = PR, g1 10)-

In the light of Theorem 6.10, we can make the following definition.

Definition 6.12 (Invariant pr ,). Let L be an oriented link or an oriented link
diagram. Let V be a free module of finite rank, and R and u be as in Theorem 6.10.
Then pg ,, is the link invariant defined by

pR/L(L) = IOR,/L(U)5

where o is any braid whose closure is equivalent to (a diagram of) L.
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Theorem 6.10 (together with Definition 6.12) is the culmination of the first part of
this chapter, and it will be used shortly to prove the existence of the Jones polynomial.
To make it easier to use, we shall now restate it in a more self-contained form. In fact,
the restatement of this theorem will serve a second purpose, namely that of providing
at least a partial summary of the route we have taken to arrive at this knot invariant.

Theorem 6.13. Let L be an oriented link, and let o an n-stranded braid whose
closure is a link equivalent to L. Let V be a free module of finite rank with basis
{er.....en). For f € End(V @ V), let f(ei ®e;) = Y, [ ex ® e, and let
the operator trace Try: End(V ® V) — End(V) be

Tra(f): ei > Y fii e

jik
Let R € End(V ® V) be an invertible solution of the Yang—Baxter equation
i{d®R)o(R®id)o ((d®R) = (R®id) o (id ® R) o (R® id),
and let 1 € End(V) be such that the conditions
u®?oR=Rou® and Try(R*' o u®) =pn
hold.
Let pr: B, — End(V®") be the representation of B, defined on the braid

generators of B, by pr: 0; — id®"D @ R® id®*" =V and let

pru(0) :==Tr (pr(0) o u®") .

Then pR,,, is an invariant of the link L.

6.4 Two Polynomial Invariants

Having developed the invariant pr ,, we need to illustrate that it provides a worth-
while theory. That is, we need to show that it does indeed produce interesting invari-
ants. We do this by showing that the Jones polynomial and HOMFLYPT polynomial
arise from this framework. This is a significant result since we have not yet shown
that the HOMFLYPT polynomial actually exists!
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6.4.1 The Jones Polynomial

Let V be a free module of rank 2 over (C[t%, t_%]. Let Re Aut(V® V) and u €
End(V) be the maps given by the matrices

—t2 0 0 0

0 =242 =1 0 |-z 0

R=| . o o and M_[ o | (6.13)
0 0 0 —t»

By (5.5), we know that R is an R-matrix.

Exercise 6.14. Verify that the identities ©®? o R = R o u®? and Tr, (R*! o u®?) =
w hold.

By Exercise 6.14, R and p satisfy the conditions required by Theorem6.10, and
SO PR, 1s a knot invariant.

Exercise 6.15. Let L be the (positive) Hopf link. Choose a braid representative o
of L (for example, o} o 07 € By). Verify that pr , (L) = (—t% — t‘%)(—t% — t%).

The reader may have noticed that Exercise 6.15 gives arelation between the pr , and
the Jones polynomial of the Hopf link from Example 2.23. As we shall now see, this
is no coincidence.

Lemma 6.16. Let R and ju be as in (6.13). Then the invariant pr ,, satisfies the skein
relations

_ 1 _1
17 R (04) — tpR u(0-) = (12 — 172) pr 1 (00)

where the braids o, o_, and oy are identical except in one region where they differ
as shown in Fig.6.1.

Fig. 6.1 Local differences

in braids y V\/’ V> <'
AN /
o: o_ (o}

Proof. Because of their differing only at the single crossing, the braids o, o_,
and o may be presented in a common form by 0’ 00, 00, and 0’ 00, "o 0, and
o' o 1®" o o, where p < n, respectively. Since pr, ) = Tr(pr o u®") and pg is a
representation of the braid group B, to prove the lemma it is sufficient to show that

17 pr(,) — tpr(0, ) = (17 — 7)) pR(1®").
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But this is equivalent to showing that = pr (1) — tor(t™!) = (12 — = 2)pr(1 ® 1),

where 7 is the generator of the braid group B, or, equivalently, that 'R — tR™! =
1 1

(t2 — t72)1y, which is readily verified. O

Note that applications of the skein relation in Lemma 6.16 may not necessarily reduce
a braid to a linear combination of trivial braids. To see this consider, for example, its
application to the element o of B,.

Theorem 6.17. There exists an invariant of oriented links, denoted by J (L), that is
defined by the skein relations

SI1: 7' J(Ly) —tJ(L_) = (12 —t~2)J (L),
SJ2: J(O) =1

where O is the unknot. Moreover,
PR u(0) = (—ﬁ - t‘%) SJ(L).

where R and 1 are as in (6.13). The invariant J (L) is the Jones polynomial.

Proof. Define a function T on oriented link diagrams by T (D) = pr (o) where
o is a braid with the property that its closure is equivalent to D under the oriented
Reidemeister moves, and R and u are as in (6.13). Such a braid o exists by Theo-
rem4.12. Moreover, T (D) is independent of the choice of o and is a link invariant
by Theorem4.15.

Suppose that Dy, D_ and Dy are three oriented link diagrams that are identical
except in a small region where they differ as in Fig.2.5. Let ¢ denote the crossing of
D on whose neighbourhood D_ and Dy differ. By planar isotopy (e.g., by rotating
the diagram), we may assume that both strands of D at the crossing c are oriented
upwards. We shall apply Theorem4.15 to D to obtain a braid representative 0. For
this, choose a base point that is just to the right of the crossing c. Then the combing
algorithm described in the proof of Theorem4.15 will produce a braid in which
c is still a positive crossing with both strands directed upwards. Applying exactly
the same steps to the diagrams D_ and Dy, which differ from D, only in a small
neighbourhood of ¢, will produce braid representatives o_ and oy, respectively, for
them. Furthermore, o, 0_ and oy are identical except in one region where they differ
as shown in Fig.6.1. It follows from Lemma6.16 that

7 oru(04) — tpRu(0-) = (17 — 177) pr.u(00)

and hence 1 1
t_lT(D+) —tT(D_) = (t2 —t~2)T(Dy).

Next, since pR (1) = —t> — ¢t~ and T (D) is an isotopy invariant, we have
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1 1
T(O)=—t2—1t"2,

where 0 is any diagram of the unknot.
From this, we see that the normalisation of 7'(D) defined as

o=

—1
JD) = (=1t =14) " T(D)
satisfies the skein relations of the theorem’s statement.

We have just shown that there is an invariant of oriented links that satisfies the
skein relations SJ1 and SJ2 from Definition 2.20. The theorem then follows since,
as in Sect. 2.2, the invariant can be computed directly from these skein relations. [

Exercise 6.18. Let L be a link, let L’ be the link obtained from L by reversing all
of the crossings (so L’ is the mirror image of L). Show that J(L)(t) = J(L')(t™")
in two ways: (i) by using the definition pr ,, and (ii) by using the skein relation.

Theorem6.17 demonstrates that the Jones polynomial exists. We had already
shown in Sect. 3.3 that the Jones polynomial exists via the Kauffman bracket, and
so the significance of the proof of existence of the Jones polynomial may not have
been apparent.

We shall now consider the HOMFLYPT polynomial and shall show that it can also
be obtained as an invariant pr ,, and hence exists. It is important for the reader to
recall that we have not yet shown this.

6.4.2 The HomrLypT Polynomial

Let V be a free module of rank m over the ring C[g, ¢~!]. Consider the mapping
R:V®V > V@VgivenbyR:e;®e; > ), Rﬁ’}ek ® e;, where

an ifi=j=k=I,

R —q" ifi=101#k=j,

LJ g "g—-q Hifi=k <=},
0 otherwise.

2i—m—1

Nextlet £ : V — V be defined by i : ¢; — Zj u;ej where ,u§ =q

It can be verified that R is invertible and is a solution to the Yang—Baxter equa-
tion, and hence is an R-matrix. We shall omit this verification, but a sufficiently
fortitudinous reader should be able to do this by brute force.

Exercise 6.19. Verify that pr ,, (1) = (¢" —qg™™)/(q — g™"), where 1 € 9B,.

Exercise 6.20. Verify that ©®?> o R = R o u®? and that Try(R*! o u®?) = pu.
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For these values of R and 1, we therefore have by Theorem 6.10 that pg , defines
a link invariant.

Lemma 6.21. Let R and . be as above. Then invariant pr,, satisfies the skein
relation

4" R (04) —q " PR (0-) = (¢ — g~ ") PR 1. (00),

where the braids o, o_ and oy are identical except in one region where they differ
as shown in Fig.6.1.

Exercise 6.22. Prove Lemma6.21 by adapting the proof of Lemma6.16.

Theorem 6.23. The invariant of oriented links pr , (L) is uniquely defined by the
skein relations

q"pr (L) —q " pru (L) = (g — ¢ pr (Lo, (6.15)

where L, L_ and L are identical except in the neighbourhood of a single crossing
where they differ as in Fig.2.5, and

Pru(O) = (" —q™™)/(@—q". (6.16)

Exercise 6.24. Prove Theorem 6.23 by adapting the proof of Theorem6.17.

The next theorem establishes the existence of the HOMFLYPT polynomial.

Theorem 6.25. There exists a knot invariant P defined by the skein relation
xP(Ly) —x7'P(L-) = yP(Ly),

with initial condition P(0) = 1.

Proof. Let L be the diagram of a n component link with u crossings. As mentioned in
Exercise 1.19, every diagram can be turned into the diagram of an unlink by crossing
changes. Therefore, by repeated applications of the skein relation (6.15), we see that
the polynomial pr , from Theorem 6.23 is the sum of polynomials of the form

+q™(q — g~ ") pru(0),

where 09 is the d component unlink, e, f € Z, 0< f <u,0<d <u+n and
le] < u. By evaluating pR,M(ﬁd), we see this is equal to

+q"(q" —q ™ (q —q .

Now we would like the exponent of (¢ — ¢ ~') to be positive. To ensure that this
happens, we multiply this polynomial by (g — g~")**" to get the expression
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:tqme(qm _ q—m)d(q _ q—l)f+u+n—d'

This implies that (¢ — g ~!)“*" pr ,, is the sum of polynomials of this form.
Now noting that f +u +n —d < f +u +n < 2u + n we see that if we choose

m> Qu+n)+ w+n)+u=4u+2n

this polynomial, and therefore (¢ — ¢ ~1)“™ pr (L), can be uniquely written (since
2u +n < m/2) in the form
Z a+mb
ra,bq 5

a,bel

where

o ryp €7
e 1, = 0for|a| > 2u + n;
e 1, is independent of the choice of m > 4u + 2n.

Now we may set

NL) = (q—q )" Y rapg"t’,
a,be’

where the r, , are as above. Then, since pr ,, is an isotopy invariant by Theorem 6.23,
we know that the two variable polynomial N (L) must also be an isotopy invariant.
Also since pr,, satisfies the skein relations (6.15) we have that

tN(Ly) —t7'"N(L_) = (¢ —q )N (L),

and
NO)=@t—t""/(q—q".

Finally substituting t = x, y = (¢ — ¢~!) in N(L) and multiplying the resulting
polynomial by y/(x — x~!) recovers the HOMFLYPT polynomial of Definition2.27
required by the theorem. (I



Chapter 7 ®)
Operator Invariants ez

We constructed in Chap. 6 an isotopy invariant p(r ,) of links. There, Alexander’s
Theorem 4.12 was used to represent a link L as a closed braid and the value of oz, .
was then computed from the representative braid. However, the requirement that we
compute the link invariant by first finding a braid representation of the link is limiting
(e.g. the theory cannot be applied to framed links). In this chapter, we extend the idea
of decomposing a braid diagram into elementary pieces that we used to construct
P(r, ) from braid diagrams, to link diagrams and, in doing so, to give a class of link
invariants called operator invariants. The invariants and results in this chapter are
due to Freyd and Yetter [65], and Turaev [181].

Since operator invariants will be seen to arise very naturally as a generalisation
of the construction of pr ), we begin by reviewing the main steps that we used
to obtain p(R ,) in the first place. We then consider what is required to extend this
construction so that it may be applied directly to a link diagram.

Step I: Find a braid o € 9B, representing L so that its closure & is a diagram for L.

Step 2: Write the braid in terms of the elementary pieces ‘y\' , ‘/\)' , T using

composition and tensor products.
Step 3: Associate an endomorphism to each elementary piece according to the rules

(5) =0 A(30)w (1)

Step 4: Associate an endomorphism p (o) € End(V®") with o using the rules

ps®1) =p(s)®p) and p(sot) = p(s)o p(t).

Step 5: For invariance under the braid moves and Markov moves, normalise p (o),
take the trace,

PR = Tr (p(0) o n®"),

© Springer Nature Switzerland AG 2019 91
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and insist that R is an R-matrix and that #®% o R = R o #®? and Tro (R*! 0 u®?) = pu.

Of these five steps, the salient one is the construction of the endomorphism p (o)
in Steps 3 and 4 by defining p on elementary pieces. This is the idea that we carry
to link diagrams. Thus, our programme involves:

e cutting up a link diagram into “elementary pieces”;

e assigning endomorphisms to elementary pieces;

e obtaining a map from link diagrams by performing algebraic operations that are
the counterparts of the diagrammatic operations for assembling a knotted diagram;

e obtaining an invariant by imposing conditions on the maps determined by equiv-
alence of the knotted objects.

The first matter to address is what we mean by an “elementary piece” of a link
diagram. Notice that if we start “cutting up” a link diagram, for example, by slicing it
across the horizontal (i.e. “parallel” to the boundary), then what results is no longer
a link diagram. Thus to decompose link diagrams, we need to consider a new type
of knotted object, called a rangle.

7.1 Tangles and Tangle Diagrams

7.1.1 The Definition of a Tangle

Tangles simultaneously generalise the concepts of a link and a braid. Informally, a
tangle consists of a box, strands and circles—the ends of strands are attached to the
top or bottom of the box, and the strand and circles may be knotted. Below is a tangle

diagram. . \\/\/_D
- J Q :_J) CQ) (7.1)

This idea is formalised by the following, where 9 is used to denote the boundary
of an object.

Definition 7.1 (Tangle). An (m, n)-tangle T consists of a disjoint union of copies
of the unit interval I = [0, 1] and unit circle S!, together called the components of
the tangle, embedded into R2 x I such that

1L a(T)={(,0,0):i=1,....m}u{G,0,):i=1,...,n).
2. TNAMR? x I) = a(T).

An (m, n)-tangle is said to be oriented if every component is endowed with an
orientation.
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Condition (2) prevents any intersections between the strands and the boundary of
the ambient space R? x I (i.e. the “box”) except for the endpoints of the copies
of intervals /. Note that knots and links are examples of (0, 0)-tangles. The object
in (7.1) is a (2,4)-tangle with five components.

The development of the basic theory of tangles mirrors that of knots and links
givenin Chap. 1. Knots are considered up to isotopy of the ambient space R?. Tangles,
however, are considered up to isotopy of the ambient space R? x I that fixes the
boundary. This means that the ends of any interval components of a tangle are in
a fixed position and, informally, two tangles are equivalent if we can continuously
deform one into the other by “pushing” the tangle about inside the ambient space
R? x I. For example,

) \J U/
-5 - s

Formally, we have the following.

Definition 7.2 (Equivalence of tangles). Two (oriented) tangles 7" and 7" are said
to be equivalent if there is a boundary-preserving and orientation-preserving isotopy
of R x [ taking T to T’. That is, there exists a family of homeomorphisms

he:R2xI—>R*x1I, 1el0,1],

such that

hilrxio,1y = 1d,

ho = id,

hi(T)=T',

(x,1) = (h,(x), t) defines a homeomorphism from R? x I? to itself.

Ll

The first condition of this definition fixes the endpoints of the tangle. It is worth
noting that equivalence of tangles, unlike that of braids, allows the creation and
annihilation of maxima and minima.

As with braids and links, we consider only fame tangles, namely tangles that are
isotopic to a polygonal tangle. The tameness condition allows us to reformulate the
definition of equivalence in terms of A-moves as in Sect. 1.1, with the consequence
that two tangles are equivalent if and only if there is a finite sequence of A- and A™'-
moves taking (a polygonal representation of) one to (a polygonal representation of)
the other.

As with knots, links and braids, we work with tangles via their diagrams. Given
an (m, n)-tangle T, we can consider its image under the projection p : R?> x I —
R x I. By using some very small A-moves if necessary, we may assume that the
projection is regular as in Definition 1.12. An (m, n)-tangle diagram then results by
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marking an over-/under-crossing structure on the crossing points (represented using
line breaks) to record which strand of the tangle passes over which.

The proof of Reidemeister’s Theorem (Theorem 1.26) involved examining how
a A-move on an arc of a link changes its diagram. Since that argument is entirely
local to arcs of the link (and is not dependent upon the fact that those arcs are part of
acircle S! rather than in interval I), the proof of Reidemeister’s Theorem extends to
the setting of tangles. This gives the following.

Theorem 7.3. Two tangles are equivalent if and only if their two diagrams are
related by a finite sequence of Reidemeister moves

0+ (=1L 3=

RI RIl RI

and isotopy of R x I. That is,

{tangles} {tangle diagrams}

~

equivalence ~ Reidemeister moves’
where isotopy of R x I is included as a Reidemeister move.
Similarly, if the tangles are oriented, we have the following.

Theorem 7.4. Two oriented tangles are equivalent if and only if their two diagrams
are related by a finite sequence of oriented Reidemeister moves

Yoy it s N DX
PR =R

RI RIII

IS G
€202

RII

and isotopy of R x I. That is
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{oriented tangles} __ {oriented tangle diagrams}

equivalence oriented Reidemeister moves’

where isotopy of R x I is included as an oriented Reidemeister move.

7.1.2 Composition and Tensor Product of Diagrams

Just as with braids, the basic algebraic operations of composition and tensor product
can be defined on tangles. Informally, composition involves “stacking” one tangle
on top of the other, and the tensor product involves placing tangles next to each other
(juxtaposition).

Definition 7.5 (Composition). For an (m, n)-tangle T and a (n, p)-tangle 7", the
composition T' o T is the (m, p)-tangle defined diagrammatically by

Itis implicit in this definition that the composition of the two tangles in Definition 7.5
is to be rescaled to fit R? x 7 and that any orientations of 7 and 7’ must be compatible
for the composition to be defined. For example, consider

T oT = ?
IL/\\ /W -

In this example, although T’ o T is compatible, the composite T o T’ is not and hence
is not defined.

Definition 7.6 (Tensor product). For an (m, n)-tangle T and an (p, g)-tangle 7",
the tensor T' @ T is the (m + p, n + ¢)-tangle defined diagrammatically by

TR R’

Il
N
~

T Tm+p
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For example,

DR
L+ 5 -\ (5

The operations of composition and tensor product enable us to decompose a tangle

diagram into the elementary tanglesl ,X , x U , [\ . For example,

ne K&l
e X e\U

(MKl (12X )= (A= (19X)- (el

Every link diagram or tangle diagram clearly admits such a decomposition into
elementary tangles (possibly after planar isotopy). This observation prompts the
following definition.

Definition 7.7 (Tangle generators). A tangle is said to be generated by a set S of
tangles if it may be obtained by the operations of composition and tensor product of
elements in S, and the set of tangles generated by S is denoted by (S).

We shall consider tangle diagrams as being the objects generated by I , X ,

X , U , m . Doing this does put some restrictions on the diagrams. For

example, crossings always look like X or X and so never involve horizontal

arcs. This means that a modified set of Reidemeister moves is needed to generate
tangle equivalence, as in the following theorem.

Theorem 7.8.
AN /
{rangles} | /N’ /\’ ’
equivalence - (Tgs -, T9)
where the unoriented Turaev moves Ty, ..., T5 are defined by level- and boundary-

preserving planar isotopy together with
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T 32 T lzs| |z2|”
T - Eg E% Eg T" - =| =
0 |l=ol= T |=&==|" —o|EFR, | =|H2 =0 1 -1 — )
=4 =25 i)
25 =y =
[l == T' T =

N

/
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Ak AR

The theorem can be derived from Theorem 7.3 by observing that T% is required for

planar isotopy due to the restrictions on how the crossing is drawn in the diagram
A proof can be found in [181].

DAL
O
&

Definition 7.9 (Trivial tangle). A tangle diagram is said to be trivial if it is of the
form

. A tangle is trivial if it has a trivial tangle diagram.

7.1.3 Oriented Tangles and the Turaev Moves

Here, we are mainly interested in oriented tangles (the theories developed in the rest
of the book are for oriented rather than unoriented tangles). For the construction
of tangle invariants, we impose a condition that both of the strands involved in any

crossing in a tangle diagram are oriented upwards: V\/\V or ‘\)' . This condition

does not restrict the class of tangles or tangle diagrams we are considering since
planar isotopy may be used to rotate a crossing into the required form. For example

This restriction on the crossings reduces the size of the generating set of oriented
tangles to the eight elements

XU UNN
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We call these the elementary tangles. Since every oriented tangle diagram is equiva-

lent to a composition of tensors of elementary tangles, they generate a space equiv-
alent to the space of tangles.

Theorem 7.10.
{oriented tangles} __ < T l y '\)' U U m [\ >
equivalence (To, ..., T9)

where the Turaev moves Ty, ..

., T7 are defined by level- and boundary-preserving
planar isotopy together with

/

T'lgel |ze|T

‘= B e
. .:C} 'C% T . — —
To: o EE|=|EE o 1: =| = ,

g S

£5 5

== T/ T ==

Ty

(38

SRS
T K o

n;): and(:

7

Proof (Sketch). Theorem 7.4 describes oriented tangles in terms of oriented tan-
gle diagrams and the oriented Reidemeister moves. Given an oriented tangle dia-
gram, we can use planar isotopy to rotate each of the crossings so that the two
strands in the crossing are directed upwards. The resulting diagram is clearly in

<T,l,\/:,X',U,U,m,vf\>.TheTuraevmovesariseby

modifying the Reidemeister moves so that they lie in this space. Level- and boundary-
preserving isotopy and Ty, . .., T3 describe the changes of a tangle diagram that can
arise from planar isotopy. The moves Ty, . . ., T are the oriented Reidemeister moves
written in the current setting. (See [181] for a full proof.) ]

Convention 7.11. Henceforth, by the term oriented tangle diagram we mean an

element of the set
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RS CVRAVIaNA)
9 9 \ 9 / b 9 9 9 b
and equivalence of oriented tangle diagrams is generated by the Turaev moves

To-T7.

7.2 A First Definition of an Operator Invariant

7.2.1 Morphisms Associated with Elementary Pieces

In the case of pr, a morphism was constructed by (i) associating a free module of
finite rank, V, with each upward-oriented strand; (ii) associating a homomorphism
with each elementary tangle. This association was through, from Definition 5.2,

VeV VvV vev Vev
K/" - TR '/\7' - TR—l T o 1dV (1.2)
VUV VeV . vV VvV VeV . V®V

These ideas may be extended to tangles, and we shall introduce a map Q which
will evolve into a tangle invariant.
We begin by extending (7.2) to tangles by considering the five remaining gener-

atorsl ,U ,U ,m ,(\ and marking:

e The downward pointing ends by another free module W of finite rank.
e The upward pointing ends by a copy of the free module V of finite rank, as before.
e The absence of boundary points by the ground ring K.

This gives the correspondences

wow WV WeVv VW Vew
Lo Tidw \t - Ts A= Ju
wow o . K K - K K
(7.3)
K K K K

N =li =T
VvV w Vew ., w Vv WV
The sets (7.2) and (7.3) of correspondences comprise the complete set of correspon-

dences between the elementary pieces and morphisms. Note that the letters # and n
reflect the shape of the cups and caps, and the arrows reflect their orientation.
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Given the free modules V and W of finite rank, an R-matrix R, and morphisms
3 Z 7and n , the correspondences provided in (7.2) and (7.3) give the element-wise

action of a map
0= Q(VWRZ w,n.,n)

vvvvv

from elementary pieces to morphisms. This map may be extended to the set of tangles
through

QT RT):=Q(T)® T, (7.4)
Q(T o T) := Q(T) o Q(T"). (1.5)

where T and T’ are tangles.

Example 7.12. As an illustration, the values of Q on elementary tangles together
with Q(T®T') = Q(T) ® Q(T’) give

KVevVeaweV

A= U > n ®R® u

VoaweVeVeK

Similarly,
Vv K WeVeVeVeK

\/f[/'\ 7[\ - |iored

V. WV RKVeVveaweV

Then, using the property that Q(T o T') = Q(T) o Q(T’), we can compute
WoVeVeVeK

15 r - -
U R® n
BoA= OZ @ PKQVRIVRIWRV
N0 13 oo
N

VeweVeVeK

Therefore N - N -
QBoA)=(u @R® n)o(n QR® u).
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We record this discussion in the following definition.

Definition 7.13 (Map Q VWREER ;)). Let V and W be free modules of finite

— <«
rank and R, u, u , Z, n be morphisms as below. Then Q = Q(V WREE T
is the map on tangle diagrams defined through the actions below.

Vv Vv VeV Vv Vv VeV

PCIIAR[S
AN /

Vv Vv VeV Vv Vv VeV
1% % w w
f et | ol
Vv \% w w

w v wWev Vv W Vew

\Jels Uels

> u > u

K K K K
K K K K

Nl Nl

—> n > n

Vv W Vew w v eV

T®T +% Q(T)® O(T),

ToT +% O(T) o O(T).

Before we can continue there is an important computational observation about the
domains and codomains of Q. Specifically, there is a subtlety about how we deal with
copies of K in them. The difficulty is illustrated by the following example. Consider

the two tangles.
K Vv

and

\%4 Vv K

These two tangles are equivalent, so we need Q to take the same value on both tangles
(since ultimately we want Q to be a tangle invariant). Yet one tangle gives rise to
amap V — V while the other to V ® K — K ® V, and so the maps are formally
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different. Fortunately, we have V @ K= V = K ® V via the contraction map «.
Thus, we can resolve this difficulty by using the following convention.

Convention 7.14. In any computation of Q, we adjust the domains and codomains
to eliminate, via contraction «, copies of K (unless the domain or codomain is K)

and add them as needed using ¢ := « .

As an illustration of this convention, we regard Q = (; RR® 71)) o (Z RR® (z;)
from Example 7.12asamap Q : VOWR VIV - WRVRVRV.

The use of Convention 7.14 is critical when considering composition Q(7T) o
Q(T’), as illustrated in the following example.

Example 7.15. A computation of the map Q for a tangle T is shown below.

WVYV WeVeV
Z ®idy
14
— idyo n
(7.6)
VRVeWw
R™! @idy
VVW VRVeWw
This gives
O(T) = (Z ®idv) o (idv® 7{) o (R ®@idy). (7.7)

To see the use of Convention 7.14, let T, T, and T3 be the tangles shown below, so
that 7 = 73 o 75 o Ty, and we want to compute Q(7) = Q(T3 0T, 0o T1) = Q(T3) o
0(T2) o O(T1).

7( X ‘Ujr
T : T ST

Then, from Definition 7.13,

OT):VVW->VRVW, O0H):VeVeWw - VK,
and Q(T3) : KQV ->WQVRYV.

We cannot immediately form Q(73) o Q(T32) o Q(T}) since some of the domains
and codomains do not match up. However, our contraction convention gives Q(77) :
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VRVRIW->VRVRIW, Q(Th):VVW —Vand Q(T3): V> W
V ® V and so we can compose.

7.2.2 Morphisms Corresponding to the Turaev Moves

The goal is to consider link invariants, or tangle invariants, rather than simply maps
from the set of links or tangles, which so far is all that Definition 7.13 gives. To obtain
an invariant, it is necessary that the map Q respects equivalence classes of tangles.
This means that, for equivalent tangles 7 and 7', we require that Q(T) = Q(T").

In view of Theorem 7.10, if Q is invariant under the Turaev moves, then it defines
a tangle invariant. Our next step is to determine the conditions R, ;t) ;, Z n must
satisfy for Q to be invariant under the Turaev moves.

Each Turaev move consists of two tangles, T and T’, which are declared to be
equal. The map Q associates homomorphisms Q(7T) and Q(T") with the tangles T
and 7", respectively. Obviously, the map Q is invariant under the given Turaev move
if and only if Q(T) = Q(T"). Since we can calculate the value of Q(T) and Q(T")
by slicing and then using juxtaposition (tensor product) and stacking (composition),

«— > <«

we may derive a set of conditions on the maps ;, u,n,n,R, R~ which hold if
and only if the corresponding Turaev move holds. Moreover, Q is an invariant of
tangles if and only if such an identity holds for every Turaev move. The result of
these calculations is a set of algebraic conditions on Z, 27, ;z), (r?, R, R~! which hold
if and only if Q is invariant under the Turaev moves. We now determine this set of
conditions.

To — Move: This is trivially satisfied since id®" o Q(T) = Q(T) = Q(T) 0 id®"
and (Q(T) ®id®™) o (id®" ® Q(T") = Q(T) ® Q(T") = (id®" ® Q(T")) o
(Q(T) ®id®™).

T, — Move:
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SO

Condition from T -Move:

(n ®idy) o (idy® 1) = idy = (idy® n) o (4 ®idy). (7.8)
T, — Move:
w w
me®7
dw L L)L owevew
[ 17 Ridwy
w s w

SO

Condition from T,-Move:

(n ®@idy) o (i[dy® u) = idy = (idw® 1) o (4 ®idy).  (7.9)

T3 — Move: We show the details of the calculation for the version of the T,-move
with the positive crossing. The result for the version with the negative crossing is
obtained by replacing R~! for R in the following calculation.

WeWw

%@ n

- WOWRVeWw

id®? @idy® 1 ®idw
- WeWeVevewsw

g id5? ® R®id%?

WOWRVRVewew
idy® u ®idy ®id®?
WRVeWwew

nd .
u ®1d%,2

wWew )
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and

Wew
n idy,
WoVewew
idw® 1 ®idy ®idS?
WeWRVevewew
. ®2 .22
< id},” ® R®idy;

WOWRVRVeWwew

id®? @ idy® 1 Ridy
WOWRVeWw

id%?e u
Wew

SO

Condition from T;-Move:
(id%’f@ Z) o (id?f ®idy® 1 ®idw) o (id2? ® R*' ® 1d%)
o (idwe u idy ®id§?) o (v ®id§?)  (7.10)

= (n ®id§?) o (idwe 1 @idy ®id§?) o (1d5? ® R*' @ id?)

o (id%z ®idy® u ®idW) o (id@?}@ 27) .

T4 — Move:
VeV VeV
A
[ Ir
<> id\/@V < VeV
I
Vvev |, Vev
)
Condition from T4-Move:
R'oR=1idygy = RoR7%. (7.11)

This identity asserts that R is invertible.
Ts — Move: This is the RIll-move. It has already been shown in Sect.5.2 that the
corresponding condition is the Yang—Baxter Equation (see Def. 5.4), namely,
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Condition from T;5-Move:

d®R)o(R®id)o((d®R)=(R® id) o (d®R)o (R® id). (7.12)

Te — Move:
1%
A
<~ idy
o v ,
SO
Condition from T¢-Move:
(idve 7)o (R @idy) o (idv® i) = idy. (7.13)

T7 — Move: Let A and B be the tangles given by

A:@ ” :;Nj

Then, the two Turaev moves can be written as

AoB:E and BoA:E.

Thus, the conditions for Q to be invariant under the T;-move are
Q(A)o Q(B) =idy ®idy and Q(B)o Q(A) =idy ®idw.

A computation for Q(A) is
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B weVv

idy ®idy® 7

- WRVRVeWw

<~ idy ® R® idw

WeVeVvew

7 ®idy ® idw
VoW

A computation for Q(B) is

Vew

7 Ridy @ idy
- WRVRIVW

< idw ® R~ @ idy

- WReVeVew

idy ®idy® u
WeWw
This gives the following.
Condition from T,;-Move:
YoT=idy ®idy and ToVY =idy ®idy, (7.14)

where
Y = (idW ®idy® 7{) o (idy ® R®idy) o (Z ®idy ® idW) ,

and

T= (‘E ®idy ® idW) o (idw ® R @idy) o (idW ®idy® 27) .

We are now able to define a tangle invariant Q.

Definition 7.16 (Operator invariant). The map Q

1

constructed in

—

(V,W,R,n,;,u,
Definition 7.13 is said to be an operator invariant if R,
Conditions (7.8)—(7.14).

u)
‘)
u

S

<«
’nv

<~ .
and u satisfy

The following result is immediate from the definition.

Theorem 7.17. An operator invariant is an invariant of oriented tangles.
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Exercise 7.18. Let V be a free module of rank 2 over (C[t% N %] with abasis {vy, v»},
andlet W = V*. Let R € Aut(V ® V) be the map given by the matrix

and let the maps 7{ (E ; and u be defined by

Z:(a eco+be)® (e’ +de')— —t2ac — t_%bd,
(’71(a€o+be1)®(ce0+del) — ac + bd,

Wil -t Qe —t2e' Qe
uli> Qe +e' @e.

For these maps, verify that Q
tangle 7T in (7.6), express Q

VWRTETD defines an operator invariant. For the
(V,W,R,Z,Z,J,LT)(T) as a matrix.

7.3 Simplifying the Definition of Operator Invariants

Definition 7.16 provides a tangle invariant Q e Defining the invariant

(V,W.R,n,n,u,u
involves obtaining five maps R, Z, u,n and 7 that together satisfy Conditions (7.8)—
(7.14). In fact, the definition of Q can be simplified by replacing the four maps
;, ;, 7 and n with just two maps « and 8. This simplification requires a fair
amount of work (in the form of quite lengthy and intricate computations). To avoid
disrupting the narrative, we have put these computations, which constitute the proof
of Theorem 7.19, into Appendix B. Here, we shall only provide an overview of the
results that are required.

The simplified definition of operator invariants results from the following theorem.
For the moment, the operations (-), (-)™ and ()" are to be regarded simply as ways
of constructing new maps from old. Their precise definition will be given a little later
in Definitions 7.21 and 7.23.

Theorem 7.19. Let V and W be free modules of the same finite rank. Then

Q > e > <
(V,W,R,n,n,u,u)

is an operator invariant if and only if

1. there exist isomorphisms o: W* — V and B: V* — W such that
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u=a", n=@"H", u=p’, n="H"
2. Ris an R-matrix.
3. Ifu:=poa 1 V>V, then

a. (‘L’ o R_l)l' o (idy~ ®@ ) o (Ro 1) o (idy» ® u) ™' = idy+gy;
b. Try (R0 (id ® p)) = idy;
c. Ro(uew) =@mewoR.

In the remainder of this section, we describe the main ideas behind the reformu-
lation given in Theorem 7.19. Its proof can be found in Appendix B.

In the light of Theorem 7.19, the first step is to simplify the notation of operator
invariants by introducing the following definition.

Definition 7.20 (Operator invariant QR «g)). Let V and W be free modules of
the same finite rank. Let R: VQV - V® V,a: W* - V and B: V* — W be
maps satisfying the conditions in Theorem 7.19. Then

OR.a,p)

denotes the operator invariant Q o whereu=a", n= (@ )", u= pv
P (V,W,R,n,n,u,u) - > > T ’

S g—1\n

n= ()"

In fact, we shall see in Sect. 7.4 that if T is a link, then the value of QR «, g)(T)
depends only upon R and the composite 8* o ™', and not « and 8 individually.
The idea behind the reformulation runs along the following lines.

e u:K—> W ® V, but Hom(K, W ® V) = Hom(W*, V), so U is equivalent to a
map from W* to V. Similar comments hold for Z uand 1.

e When V and W are of the same rank, invariance under the Turaev moves T and T,
forces relationships between these four maps, specifying how they can be obtained
from two isomorphisms « and 8.

e Invariance under the moves T3, ..., T¢ forces R to be an R-matrix and the maps
Rand u := B* o ™! to satisfy the identities

Tr, (R o (id® p)) =idy and Ro(u®u) = (u® ) oR.
e Invariance under 75 forces
(toR™)" o (idy- ® 1) o (Ro 1) o (idy+ ® )" = idy-gv,

where the operation (-)"" is a natural isomorphism that enables the R-matrix to act
onV*®V.

The three maps (-)", ()Y and (-)"* arise by using the natural isomorphism
Hom(X, Y) = X* ® Y to change the domains and codomains of linear maps.
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For the N-map, we observe the following:

Hom(X,Y) = X*®Y (Lem. (A.36))
~ (X ® YY) (Prop. (A.30), Thm. (A.17))
~(XQY) QK (Thm. (A.26))
=~ Hom(X ® Y*, K) (Lem. (A.36)).

Definition 7.21 (Map N). The N-map is the isomorphism

()" Hom(X, Y) i) Hom(X @ Y*,K): f—> (x® g+ g(f(x))),

where {x;} is a basis of X.

Exercise 7.22. By tracking through the defining sequence of isomorphisms, verify
that the element-wise action of ()" is given by f — (x ® g = g(f(x))).

The U-map follows from a similar sequence of isomorphisms:

Hom(X,Y)=EX"QY (Lem. (A.36))
“K® X QY) (Thm. (A.26)(3))
2K Q(X*QY) (Thm. (A.17))
ZHom(K, X*®Y) (Lem. (A.36)).

Definition 7.23 (Map U). The U-map is the isomorphism

()Y: Hom(X, Y) = Hom(K, X*®Y): f — <1K — in ® f(x,)) ,

1

where {x;} is a basis of X.

Exercise 7.24. By tracking through the defining sequence of isomorphisms, verify
that the element-wise action of (-) is given by f — (1K =y X ® f(xi)) .
Definition 7.25 (Twistmap 7). The map 7 is the natural isomorphismt : X Q ¥ —
Y®X:x®yr— y®x.Itis called the fwist.

The (-)"'-map arises from the sequence of isomorphisms

Hom(VOW,X®YV)= (VW) '®X®Y (Lem. (A.36))
ZVRIWRXQY
SXOWHR(V'RY)
=X ewe(er)
~Hom(X*® W, V*®Y) (Lem. (A.36))
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Definition 7.26 (Isomorphism (-)"*). The (-)"'-map is the isomorphism

()"  Hom(V®W,.X®Y) — Hom(X*®W.,V*®Y)
: (Vi ®wj > s [ ® yl) = (xk ®wj> 2, fivVe yl) ’

where {v;}, {w;}, {x;}, {y;} are bases for V, W, X and Y, respectively.

Exercise 7.27. By tracking through the defining sequence of isomorphisms, verify
that the element-wise action of (-)" is given by (vi @wj = Y [l ® yl) >
(xk Rw; > Zi,l f/;l vV ® yl)-

Exercise 7.28. Let V be a free module of rank 2 over (C[t%, 13 ],and let W = V*.
Let R € Aut(V ® V) be the map given by the matrix

1

—t2 0 0 0

0 —t2+12—t 0 77 0 10
R=1 0o "t o0 0| 2= ¢ | 2=lo1]|
1

- U BN Ul —1\N P
Compute u= o, n= (a«™ )", u= B~,n= ("), and show that Qr « g) coincides
with the operator invariant of Exercise 7.18.

7.4 The Relationship Between Operator Invariants
and p(R, )

Up to this point in Part I, we have constructed two types of link invariant:

e First, in Chap. 6 we obtained, as in Theorem 6.13, an invariant

(@) = Tr (@) 0 1)

given an oriented link diagram D, the computation of this invariant required finding
a braid o whose closure is equivalent to D.
e Second, in the present chapter, we have constructed an invariant

OR,a,8)»

where the notation follows that of Definition 7.20.

These two invariants were constructed in a similar way, by “slicing” a diagram
into elementary pieces. Furthermore, there is a notable similarity in the conditions
on the maps denoted by w in Theorems 6.13 and 7.19. There is a small difference in
the Tr, condition between the two theorems, but the following lemma indicates that
this difference is cosmetic.
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Lemma?729. IfRY*': VQV - VQV and u: V= V, where 1 is invertible,
then
ToR*o(u@w) =pn <= TR o(d®w) =idy.

Proof. By Part 1 of Exercise 6.6, we have
Tra(Ro (u® u)) =Tr2(Ro (id ® w)) o (u ®id)) = (Tr2(Ro (id ® u))) o
)

Tro(Ro(u@ ) =p <= (Tro(Ro(([d@u)))opn=u
&= Tr(Ro (id ® ) = idy

where the latter bi-implication is by composition with ="', The result for R~! holds
since R was arbitrary. O

If V is a free module of finiterank, W = V*,andR: VQ®V - V@ V,a: V —
V,and B : V* — V* are maps satisfying the conditions stated in Theorem 7.19 for
Q(R.«.p) to be an operator invariant, then for 4 = f*oa~! the pair R: V@ V —
V®YVand u:V — V satisfy the conditions of Theorem 6.13, and hence o, is
a link invariant. This immediately gives the following.

Theorem 7.30. Let V be a free module of finite rank, and W = V*. If QR q,p) is an
operator invariant, then pr g-oq-1) is a link invariant.

In the light of Theorem 7.30, it is natural to ask how the values of the invariants
OR,a.p) and p(r p+oq-1) compare. The following theorem provides the answer.

Theorem 7.31. Let D be a link diagram. Let QR «,p) be an operator invariant.
Then, pR, ) is defined through . = B* o o and

ORa,p)(D)(1K) = pR,w (D). (7.15)

Moreover, if D is a link diagram and QR q,g) and QR g are operator invariants
such that

Broal=p=(B)o@)!

then
ORa.p) (D) = QR .p)(D). (7.16)

We prove this theorem after a preliminary discussion.

There are two points to be noted. First, the codomain of pr g+oq-1 is K, while the
codomain of QR «,p (D) is End(K), so, to make the codomains agree, we evaluate
O(R,«,p) (D) at a specific scalar, namely 1. The second point concerns the construc-
tion of p(r groa—1y. To calculate p(r groa-1y(D), it is first necessary to express the link
diagram D as a closed braid &, where o € 9B,,, so that
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PR proa—) (D) = PR proa—1) (@) = Tr (or(c) o (B* 0 05_])®") .
By isotopy invariance, we also have
ORa.p) (D) = QRap)(0).
The form of & is particularly convenient for calculating Qr q,p)(0), and we shall

prove the theorem by calculating and comparing QR «,g) (¢) and PR, /3,00,71)(’0\).
Let & be the closure of the n-stranded braid o, so its slicing is

with the convention that the striation (i.e. the diagonal mark) on a strand that is
marked by #n indicates a collection of n parallel such strands. The diagram has been
sliced into four parts: the braid o, n strands forming #» maxima, n strands forming n
minima, and n parallel strands joining the maxima and minima. Denoting QR «,g)
by 0, it follows from Definition 7.13 that

0@ =0(nf\)o(e@meo($"))o0(A L") @1

where Q (n m ) corresponds to the upper slice of the diagram, Q (i " ) to the

right-middle slice, and Q (Un) to the lower slice. But both pr ) and Q are
constructed from their values on the elementary pieces specified by

Vv Vv VeV Vv VvV VeV \% Vev
e W oo Je e T
Vv Vv Vev > v Vv Vev \% Vev.
so, clearly,
Q(o) = pr(0), and Q (i n) = id%?,”. (7.18)

Next, we can write

AN = (V) oo (Baa M) (A0 M),



114 7 Operator Invariants

and so
o(nfN)=0(Y)ooe( 4at/M" ).
giving
0(nfFY) = (oo (i Ve W @il ). (7.19)
A similar argument shows that
0 (U") = (idé‘?(”_l)@) p ®id?;<"‘”) oo (i) (7.20)

Proof (Theorem 7.31). For the first part, if R, u satisfy the conditions for operator
invariants given in Theorem 7.19 then, by Theorem 7.30, pr ) is defined. The
element-wise actions of (¢ ~')" and B can be found in Lemma B.4. Now, from (7.17),

=o(nf\)o (e ®e($") (At

where, as before, Q(r ) is denoted by Q. Moreover, from (7.18),
o(§")=iday

and, from (7.20), and that u = Y,

0 (Un) _ (idé‘f("") ® pY ®id§/(n—1)) oo (BY

S0,

Q(Un):IKH Z ﬂiliznﬂiziznil""Bi”inﬂvil®"'®Vin®win+1®"'®Wi2n’

i]yenion

where B: v/ > 37, Bwj, 50 B T > 32, 5 Bvi @ wj.
Similarly,

0 (n m) _ (a_l)m oo (idé‘?(n—l) ® (a_l)ﬂ ®id?}(”_l)>,
SO
Q (n m) - Vin ®--® Vi ® Wi Q- ® Wiy, > ain in+1 al‘,,fl int2 "7 ail i

1

where ™' v > 30 @w/ so (@) v @ wy = @
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For the element-wise action of Q , we have
o(A ) o y
Ik w LY g gt gy @@y, @ Wi, @ W, (T21)

o(nfy ) o
JUen pition gizion—1 . Rinintl 5. . . . R
Z Piy in B B B O iyt @ jutins2 & jiizg
i15eln,
JlseeesJn

where o
P@): vy, ® @i > Y Pl @ @),

In

Jlseees Jn

On the other hand, the element-wise action of pr(c) o +®" is obtained as follows.
Note that

. —  akj
TRV E o B v

Jjk
Then
uen _ i _ i
vi1®...®vinr_) E ailjlﬂlJl...ainjnﬁn]nvkl®...®Vk”
jlv“'vjﬂ
PR(O) bl
? Z Bt v, ®--Qw, (7.22)
Iyl
where
A - E = . gk = gkujn il
Bi, iy T iy jy B O gy B Hpkl ky
Jlseeerdns
1seeeskn

As a tensor, the map in (7.22) is

S B0, @ @) @ @ B ).

n
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Then, contracting this to obtain the trace of this expression, we have

Iy,
z : Bil...in (Silall o '61',(,1,,’

yeeesln

and therefore

Tr(or(@) o n®) = Y @iy B @, B 0 (7.23)

Reindexing this summation, for p =1, ..., n, through j, — i2,_,41,k, — i,,and
ip = j, gives (7.21). Thus, the element-wise actions are the same so the first part
of the theorem follows.

For the second part, given D, there is a presentation of it as a closed braid 7 this
may always be done by Theorem 4.12. Then

ORap (D)) = OQRap (@) (k) (isotopy invariance)
= QR p) (@) (1K) (Part 1 of the Theorem)
= QRo.p) (D)) (isotopy invariance).

Since a linear map from K to K is determined by its action on 1k, the result
follows. O

Since for links, as opposed to tangles, Q r «.) is dependent only upon f* o ™! =

W, we may denote Q(r,q.8) by QR - In general, however, the operator invariant of
a tangle will depend upon the choice of « and 8. For example, for the (2, 0)-tangle

m , we have Q(ra,p) (m) = (a~")", which clearly depends on «.
We have shown that, for every R € Aut(V ® V) and p € Aut(V) that satisfy

The Yang—Baxter Equation,

Ro(u®u) =@wen R,

Try (R*! o (idy ® w)) = idy,

(toR™MH"® (idy- ® ) o (Ro )" o (idy+ ® )~ ' =idy-gy.

there exists a link invariant Q R, ;). Moreover, this invariant is equivalent to p(r, ).
In summary, this means:

e We have extended the construction of representations of the braid group using
R-matrices to oriented link diagrams, at the expense of additional conditions on
the R-matrix.

e We have also extended the construction to tangle invariants QR q,g)-
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7.5 Framed Tangles

In our exposition of operator invariants to this point, we have considered oriented
knots and links. Recall from Chap. 3 that framed links form another class of knotted
objects. In that chapter, we saw two ways of thinking about framed links: the first as
“knotted ribbons” in R3; the second as link diagrams modulo the framed Reidemeister
moves of Definition 3.3. The concept of a framed link may be extended to the concept
of a framed tangle. We shall see in Chap.9 that much of the theory of operator
invariants resides naturally in the setting of framed oriented tangles.

Although we could approach framed tangles through the geometric approach of
“forming tangles in R? out of ribbons”, we shall instead give a purely diagrammatic
approach which essentially involves replacing the Rl-move by the FRI-move in the
work on tangle diagrams in Sect.7.1.

A framed (m, n)-tangle diagram consists of an (m, n)-tangle diagram. As with
tangle diagrams, framed tangle diagram can be oriented or unoriented, with the
orientation indicated by an arrow on each component of the tangle. Framed tangle
diagrams are considered up to a different equivalence relation from that used for
tangle diagrams.

Definition 7.32 (Equivalence). Two framed tangle diagrams are equivalent if and
only if their two diagrams are related by a finite sequence of framed Reidemeister
moves. These consist of isotopy of R x I and the following three local changes in a
diagram:

VO | \O S
/@ (_)FRIH/\) | :—/)
NS o S
Nl

For oriented tangles, the moves preserve orientation of the strands shown.

(The above definition should be compared with Theorem 7.3.)

Composition, o, and the tensor product, ®, of framed tangle diagrams are defined
justas for tangles in Definitions 7.5 and 7.6. Since an oriented framed tangle diagram
is just an oriented tangle diagram, we can follow the constructions of Sect.7.1,



118

7 Operator Invariants
consider a generating set for oriented tangle diagrams and obtain an analogue of
Theorem 7.10 that expresses oriented framed tangles in terms of a generating set and
equivalence relations.

Theorem 7.33.

{oriented framed tangle diagrams} _ <T ’¢ ’k/z ’;\’ ’U ’V ’ m ’ ﬂ)
framed Reidemeister moves -

(FTo,....,FT7)

where the framed Turaev moves are

/
T T loo| |zel|T
¢,q'_‘ v—ioﬁ
22 =y
. =] E s . — —
FTO'EO_ T S0 |FC|=FT 3 T ’
= o = 8D ' Bh
£ § £5 E§
=8 EE| T |FE

@@@@w@
i) el

As in Sect. 7.2, we may construct a map

o/ =0’

v, W,R,u,u,n,n)

from framed tangles by associating morphism to elementary tangles
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Definition 7.34 (Map Q(fv w _ . ).Let V and W be free modules of finite

QP
R, u,u,n,n)

. - <~ = <« f f .

rank and morphisms R, u, u , n, n as below, 0’/ = Q" L <. . lIsthe
. . (V,W,R,u,u,n,n)

map on tangle diagrams defined through the actions below.

Vv Vv VeV vV Vv Vev
L8 o/ TR A o TRfl
AN /
Vv Vv VeV Vv Vv VeV
v v w W
f f
I A AT
\% \% w w
(7.23)
w v WV Vv W Vew
of 1t o’

K K K K
K K K K
Qf Qf
=T VT
Vv W Vew w Vv WeVv

TRT +2 0 (T)® 0 (1),

ToT 2 0F(T)o 0/ (T).

Again, as in Sect.7.2, we can find a set of conditions on R,
make Q7 into an invariant of oriented framed tangles.

- <« -

Theorem 7.35. Ifthe mapsR, n,n, u, u satisfy the conditions (7.8)—(7.12), (7.14)
for the T| — Ts, Ty-moves, then Q7 is invariant under FT¢ if and only if
((idv® )o(REL @ idy)o(idy ® Z))o((idv(g 7)o(RT! @ idy)o(idy ® 27)) —idy.
(7.25)
Proof. As in Sect. 7.2, if the maps satisfy the stated conditions, then Q7 is invariant

under FTy, ..., FTsand FT5. Itremains to find a condition that the maps must satisfy
in order that Q/ satisfies FT¢. By the calculations for (7.13), the Tg-move, we have
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o/

— (idy® n) (R®idy) o (idy® u) and

— (idy® n) o (RT'®idw) o (idy® u)

Y
[
Then, FTg is equivalent to% o{% = T % o % Therefore, Q/ is invariant

under FTg if and only if

¢(fo)-o(fo) = (o) - (o)

and the result now follows. O
This theorem may be reformulated as an analogue of Theorem 7.19 as follows.

Theorem 7.36. Qf — — - _Is an invariant of framed oriented tangles if and
(V,W,R,n,n,u,u)
only if

1. There exist isomorphisms oo: W* — V and B: V* — W such that
u=a”, =@, w=pY, ="

2. Ris an invertible R-matrix.

3. Ifu:=poa': V>V, then

a. (toR™")" o (idy- ® w) o (Ro1)" o (idy+ ® 1)~ = idy-gv;
b. Try (Ro (idy ® w) = (Tra (R o (idy ® w))) ™ ;
c. Ro(u®u)=@ue®u)oR.

Proof. By the proof of Theorem 7.19, it is necessary only to show that condition 3(b)
of the theorem implies invariance under FT4. By Lemma B.8, we know that the
element-wise action of

(idy® 1) o (R*' @ idw) o (idy® 1)
is the same as the element-wise action of
Try (R* o (idy ® w)) .

The result follows since the relevant maps in (7.25) are invertible. This completes
the proof. (]
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Definition 7.37 (Framed operator invariant). Let V and W be free modules of
the same finite rank. Let R: VQV - V® V,a: W* - V and 8: V* — W be
maps satisfying the condition in Theorem 7.36. Then

f
QRap)

— —
denotes the framed operator invariant Q(fv WRES where u= ", n= (a™1)",
S wWoRon,n,u,u

u=pY, n= ("

Exercise 7.38. Let Q(fR ~ < . be an operator invariant of framed tangles, and

SN UL U

suppose that for some invertible ¢ € K,
Try (R* o (idy ® w)) = ¢*'idy.
By using the deframing approach of Sect. 3.3, prove that
® of (D)

(where w (D) is the writhe of D) is an invariant of (unframed) oriented tangles.
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Ribbon Hopf Algebras oo

The invariants pr , (see Theorem 6.13) and QR g (see Theorem 7.31) require us to
provide a set of morphisms R, i, « and g in order to define them. Moreover, these
morphisms must satisfy a quite technical set of conditions for us to obtain a knot
invariant. So far, very little has been said about how we might set about finding a
suitable collection of such morphisms. In this and the following chapter, we shall
address this issue by showing how the theory of quantum groups gives rise to knot
invariants.

The idea is to obtain the morphisms R, u, o and 8 as representations of suitable
elements of a suitable algebra. Of course, since R, u, o and B satisfy a strong set
of constraints, we should expect the need for sophisticated algebras. Indeed, this
proves to be the case. The type of algebra we need to consider is a ribbon Hopf
algebra. These are (Hopf) algebras equipped with special elements, denoted by R
and v, whose representations give rise to the morphisms R, x, o and . (Note the
double use of the symbol R here to denote an element of an algebra and a morphism.
In practice, this should not cause any confusion.)

This chapter gives an introduction to ribbon Hopf algebras and the concepts (such
as algebras, coalgebras and Hopf algebras) required to understand them. In Chapter 9,
we describe how ribbon Hopf algebras and their representations give rise to framed
tangle invariants.

At first it might appear that this process is a sleight of hand, since we have just
moved the problem of constructing morphisms R, i, o and B to one of constructing
ribbon Hopf algebras. However, as discussed at the end of this chapter, ribbon Hopf
algebras may be constructed from semi-simple Lie algebras. Thus, by passing through
the framework of ribbon Hopf algebras we are able to construct a knot invariant from
any semi-simple Lie algebra. This is a deep and important fact, and one that, in
Part I'V, will bind the theory of operator invariants we have seen in Part II of the book
to the very different theory of Vassiliev invariants that we shall see in Part III.
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8.1 Algebras, Coalgebras and Hopf Algebras

Before considering ribbon Hopf algebras, we must understand what an algebra, a
coalgebra and a Hopf algebra are. In this chapter, K will always be a commutative
ring with unity.

8.1.1 Algebras

Throughout this section, we let 2 be a free module of finite rank over a ring with
unity K. Then a product on 2{ is a module morphism

m:ARQA — A

and 2 endowed with m is an algebra (2, m). Thus, an algebra is simply a vector
space or module equipped with a concept of multiplication.

As is usual in algebra, except when we wish to emphasise the multiplication, we
denote (2, m) by just 2. Similar comments hold for the other types of algebraic
objects we consider here.

According to this definition of an algebra, we should write the product of elements
x and y of % as m(x ® y). However, it is customary to write it as m(x, y) or x - y or
xy, so we shall follow this custom.

The algebra (A, m) is associative if

m(m(x,y),z) =m(x,m(y,z)) or (x-y)-z=x-(y-z), forallx,y,ze

This condition is better expressed in terms of maps, in which case (2, m) is asso-

ciative if the diagram

ARARA L% oA @A

lm@id lm (8.1
AXA ———— A

is a commutative diagram (which happens if and only if mo (m ®id) =
m o (id ® m)).

In this text, we shall always assume that the algebras are associative without
further comment.

Anelement x € 2 is central if x -y = y - x for all y € 2. The centre of 2 is the
set of all its central elements.

A unit of the algebra (2, m) is an element 1 such that

m(x,lg) =x =m(lg,x) or x-lg=x=1g-x forallx el (8.2)
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If the algebra (2, m) has a unit, then the unit is unique, for if u is also a unit then,
from (8.2), 1oy = m(1g, u) = u.If 1y exists then (A, m) is said to be a unital algebra.

Exercise 8.1. Let V be a module. Show that End(V) forms an algebra with unit
under composition.

Exercise 8.2. Consider the set of braids on n strands. We can form a vector space
on this set by considering all formal finite linear combinations of braids over C. (See
Definition 10.1 for a discussion of this vector space in the case of knots.) Show that
this vector space of braids forms an algebra with unit, where multiplication is given
by braid composition.

Exercise 8.3. Let (2, m) be a algebra. Define a map m : A @ A — A as m® :=
m o 7, where 7 is the twist map of Definition 7.25. Verify that (2, m°P) is a algebra.
Show that (2, m) has a unit if and only if (A, m°P) does, and that both units are the
same element of 2. The algebra (2(, m°P) is called the opposite algebra of (U, m).

Units can be characterised in terms of maps as follows. A map n € Hom (%, K)
is a unit if the diagram

K®2l—>2l®%l

N
/\

commutes, where

K: K®Ql—>2l k®ar>ka and «: AQRK — A:a @k — ka (8.4)

are the contraction maps.

Exercise 8.4. Show that the two definitions of a unit are equivalent, and, in particular,
each n(1g) = lg defines either type of unit from the other.

At times, we shall want to define algebras through their generators.

Definition 8.5 (Generators). The associative unital algebra generated by elements
Ey, E,, ..., E, overaunital ring K is the algebra defined as follows. The underlying
module is that generated by the set of all words in E, E», ..., E,. Multiplication is
defined by concatenation of words m : w; ® w, — wiw,, and the unit is the empty
word.
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For example, the associative unital algebra over C generated by elements X and
Y will consist of all finite formal linear combinations of elements of

{XmYVlzan ce XYM k, ni, ng € N(), ny,...,Ng—1 € N},

the set of all distinct words on the alphabet {X, Y'}. As an example of multiplication,
m:Y2X3Y2X @ X?Y4X? > Y2X3Y2 X3V X2,

Definition 8.6 (Graded algebra). An algebra (2, m) is said to be graded if 2 =
P k=0 2., where each 2, is a free module of finite rank and

m:A, @Ay — Apyy.

Example 8.7. Let V be a vector space. The tensor algebra, T(V), of V is defined
to be the algebra on P,., V", where V& =K, with multiplication given by
X1 ®..8x,) (I ®...%y) > X1 ®...0x, @Y1 ... R y,. Note that the
elements of 7 (V') consist of finite linear combinations of tensor products of elements
of V. The unitof T(V) is 1 and T (V) is a graded algebra.

Definition 8.8 (Algebra morphism). Let (2, mgy) and (°B, mq) be algebras. Then
f: A — B is an algebra morphism if

[ (ma(x ®@y)) =mp (f(x)® f(y).

Thatis, f ome =myp o (f @ f),or f(x-y) = f(x)- f(y).

Definition 8.9 (Algebra representation). A representation of an algebra 2( consists
of an algebra morphism p: A — End(V), where V is a free module of finite rank
over the same ring as 2I.

A related concept we shall use is that of an anti-homomorphism.
Definition 8.10 (Anti-homomorphism). Let (2, mg) and (B, my) be algebras.
Then f: A — B is an algebra anti-homomorphism if

fx-y») =7 fx.

Thatis, f ome =mgp o (f® f)ot, or f (malx ®y)) =ms (f(y) ® f(x)).

Example 8.11. Let V be a free module of finite rank n, and consider the algebra
End(V) from Exercise 8.1 as the algebra of n x n matrices over K. Then the map that
sends amatrix A = [a; ;] toits transpose AT =[a ;,i] defines an anti-homomorphism
since, for matrices, (AB)” = BTAT.
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8.1.2 Coalgebras

The next concept we need is that of a coalgebra. Coalgebras arise by reversing the
directions of the arrows in the definition of an algebra. Again, we let 2 be a free
module of finite rank over a commutative unital ring K.

A coproduct on 2 is a module morphism

A: A - AR,

and 2 endowed with A is a coalgebra (2, A) that we often denote by .
A coalgebra (2, A) is coassociative if the diagram

ARA %4 A oA A

commutes. Equivalently,
[d®A)oA=(A®id)o A. (8.5)

In this text, we shall always assume that coalgebras are coassociative without
further comment.

Observe that coassociativity is defined by reversing the directions of the arrows
in the definition of associativity of the commutative diagram (8.1). The definition of
a counit arises similarly by reversing directions of the arrows in the definition of a
unit of the commutative diagram (8.3).

A counit of (2, A) is a module morphism

g: A —-K

such that the diagram

id
Aea—219 keu

N
# wor X

ARXA——ARK

commutes, where

L:QliK@Ql:aHlK@)a and /A =S ARXK:ar—~a®@1g. (8.6)
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Equivalently,
(e®id)oA(@) =1g®a and (d®e)oA(a) =a® lg foralla € A. (8.7)

We note that k=1 = ¢.

Definition 8.12 (Graded coalgebra). A coalgebra (2, A) is said to be graded if
2 = Dy~ Ur, where each 2 is a free module of finite rank and

A%~ P A2,

ptq=k

Example 8.13. Let V be a vector space and let T (V) be its tensor algebra (see
Example 8.7). A coproduct can be defined on 7 (V) by setting A(x; ® ... Q x,) =
Yo ®...®x) ® (xit1 @ ... ® x,). With this, T (V) forms a graded coasso-
ciative coalgebra. It has counit given by ¢(x) = x when x € K and ¢(x) = 0 other-
wise.

Definition 8.14 (Coalgebra morphism). Let (2, Ag) and (*B, Ag) be coalgebras.
Then f: A — B is coalgebra morphism if

Ago f=(f® f)oAg.

Exercise 8.15. Let (2, A) be a coalgebra. Define a map A? : A - A @A as
AP := 1 o A, where t is the twist map. Verify that (2, A°P) is a coalgebra. Show
that (A, A) has a counit if and only if (A, A°P) does. The coalgebra (2, A°P) is called
the opposite coalgebra of (2, A).

Example 8.16. Let (2, m) be a graded algebra. Then (A*, § o m*) is a coalgebra,
where 8 is the natural isomorphism from (2 ® 20)* to A* ® 2A*. (See Proposition A.30
for the isomorphism.) To see why this is observe thatm : A @ A — A, som* : A* —
A ®2A)* and Bom™ : A* — A* ® A*. It remains to show that B o m* is coasso-
ciative. By the associativity of m, we have (m o (m ® idg))* = (m o (idg ® m))*.
For module morphisms f and g, we have (fog)*=g"o f* and (f ® g)* =
(f* ® g*) o B. Making use of this, we see that (idg+ ® B) o (idg» @ m*) o B om* =
(idg ® B) o (idg= @ m*) o B om™ are equal as maps from 2* to A* R A* @ A*.
Coassociativity then follows.

Exercise 8.17. Let (2, A) be a graded coalgebra. Show that (A*, A* o @) is an
algebra, where « is the natural isomorphism from 2* @ 2* to (2 ® 2A)*. Moreover, if
(2, A)hasacounite, show thate* o Aisaunitof (A*, A* o @) whereA: 1g — (1k)*.

Exercise 8.18. Let (%, m, n) be an algebra with unit, and (8, A, ¢) be a coalgebra
with counit. For f, ¢ € Hom(®B, ), the convolution product, f * g € Hom(5, ),
of f and g is defined as the composition
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B BB a2

Show that (Hom(®8, 21), *, n o €) is an algebra with unit 5 o €.

8.1.3 Bialgebras and Hopf Algebras

Of course, it is possible that a module or vector space has both an algebra structure and
acoalgebra structure. Such situations give rise to bialgebras and Hopf algebras. These
consist of a structure which is simultaneously an algebra with unit and a coalgebra
with counit, together with some compatibility relations between the algebra and
coalgebra structures.

Definition 8.19 (Bialgebra). (2, m, A, n, ¢) is a bialgebra if

1. (A, m) is an algebra with unit »;

2. (&, A) is a coalgebra with counit &;

together with the compatibility relations

3. A, ¢ are algebra morphisms;
4. m, n are coalgebra morphisms.

Exercise 8.20. Prove that conditions (3) and (4) in the definition of bialgebra are
equivalent, and hence either one of them may be dropped from the definition.

Exercise 8.21. Prove that if 2 = (U, m, A, n, ¢) is a bialgebra, then so are AP =
(Ql7 mop’ A? r]? 8) and Qlcop = (QL’ m! Aop’ n’ 8)'

Exercise 8.22. Let (A, m, A, n, €) be a bialgebra. Use Example 8.16 and Exer-
cise 8.17 to show that the dual space of 2 admits a bialgebra structure.

A Hopf algebra consists of a bialgebra equipped with a special automorphism §
called the antipode.

Definition 8.23 (Hopf algebra). A Hopf algebra

A:=®,m, A neS)
is a bialgebra on 2, with product m, a coproduct A, a unit n and counit &, together
with an anti-homomorphism S: 2 — 2, so S(xy) = S(¥)S(x), called an antipode

such that the compatibility relations

mo(S®id)oA =noc,

are satisfied.
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Example 8.24. Let G be a group and K be a field, and let K[G] be the group algebra.
(The group algebra K[G] can be thought of as acting like the ring of polynomials
but with elements of G instead of indeterminates.) The group algebra K[G] forms a
Hopf algebra with coproduct given by taking A(g) = g ® g.& = 1,and S(g) = g~ !,

forall g € G.

Example 8.25. Let V be a vector space and let T (V) be its tensor algebra from
Example 8.7. Define a coproduct by setting A(v) =1 ®@v+v® 1, forallve V,
then extending multiplicatively, T (V) becomes a bialgebra, with a counit given by
the zero map. By defining an antipode by S(v) = —v, for all v € V and extending
anti-multiplicatively (so the order of the elements is reversed) T (V') becomes a Hopf
algebra.

Bialgebras and Hopf algebras are graded if they are graded as both as algebras
and coalgebras.

Exercise 8.26. Let A = (A, m, A, n, ¢, S) be a Hopf algebra such that S is bijec-
tive. Prove that A°? = (A, m°?, A, n, ¢, S Nisa Hopf algebra. Similarly show that
AP = (A, m, AP, 5, e, S71) is.

Exercise 8.27. Let2 = (A, m, A, n, ¢, S) be a graded Hopf algebra. Show that the
dual bialgebra of Exercise 8.22 forms a Hopf algebra with idempotent S*.

We shall use of the following result later. A consequence of it is that S is a bialgebra
morphism from 2 to 2(°P P,

Lemma 8.28. Let A = (A, m, A, n, e, S) be a Hopf algebra. Then
AoS=(S®S)otoA. (8.9)

Proof. Recall the convolution product from Exercise 8.18. Write f := Ao § and

g:=(8®S)ot0A4, so f,g € Hom(2A, AR A). We shall show that fx A =

A x g = (n®n) o e. The result follows from this identity since, by Exercise 8.18,
Hom (2, A ® ) is an algebra with product * and unit (n ® n) o &, so

f=r«(m@®noe)=f*xAxg=((nQ®n)oe)*g=g.

We firstshow f % A = (n ® ) o e.Letx € Aandwrite A(x) = Y x’ ® x”. Then

(f % A)(x) =) ASK) - A"

=A (Z S(x") ~x”> (A an alg. morphism)
=Amoe(x)) (by (8.3))
= A(e(x)1g)

=e()A (1)
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=e(x) (19 ® 1g) (A an alg. morphism)
=((n®n)oe)x).

Next we show A * g = (1 ® n) o &. For this, write A(x) =Y x' ®x", (A ®
i)oNX)=YY®)y ®y", and (ARid®id) o (A®id) o Ax) =17 ®
Z// ® Z/// ® Z////.

By cocommutativity, Y.z ® 2’ ® 7" ® " = 3.y’ ® A(y") ® y”. Then

Y 7@'SEMeSE") =) YV ®moid®s) oAy ®SK")
=Y Y ®@Mmoe)y") ®S(") (by (8.8))
=)y ey ®S5u".

From this, it follows that
(Axg)x) =) 75" @)
=) VSO ®@e()la (8.10)
=) VeSO ® la.
We also have

YV ee()®SO") = ((d®id® $) o ([d® s ®id) o (A®id) o A)(x)
=Y (@@ )0 A @ S

=) ¥ ®Ig®St") (by (8.7))
and so
(8.10) = Y " x'S(x") ® 1y
=mo(id® ) o A)(x) ® Iy
=)y ® 1y
= ((n®mn)oe)(x).
Thus f* A= Axg=(n®n) o e, as required. O

8.2 Quasi-triangular Hopf Algebras and R-Matrices

A quasi-triangular Hopf algebra, introduced by Drinfel’d [56], consists of a Hopf
algebra together with a special element R called a universal R-matrix. The
raison d’étre of quasi-triangular Hopf algebra is, as suggested by the term
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“universal R-matrix”, that they give rise to solutions of the Yang—Baxter equation. In
this section, we introduce quasi-triangular Hopf algebras and explain their connection
with the Yang—Baxter equation.

Definition 8.29 (Quasi-triangular Hopf algebra). A quasi-triangular Hopf alge-
braisapair (2, R)ywithR € A ® A, where A = (2, m, A, e, n, S) is aHopf algebra,
S is a bijection, and R is an invertible element satisfying the conditions

1. (toA)@a)=R-A@)-R, foralla € 2,
2. (A®idy)(R) = Ry3 - R,
3. (idy ® A)(R) = Ri3 - Ry,

in which Ry;, Ry; and Ry3 are defined in terms of R by

4. R=:),0;QpB;, for some «;, B; € U,

5. R12I=R®lgzziai®ﬂi®lm»

6. Riz:=(da ® 7)) R® 1) =) ;2 ® 1o ® B,
7. Ry =19 ®@R=), la Qo ® B;.

The element R is called the universal R-matrix.

As is standard practice, we shall denote quasi-triangular Hopf algebra by just 2, or
&, R),or R/, m, A, e,n,S,R) depending on whether or not we wish to emphasise
particular terminology.

The reader should note the distinction between the names “R-matrix” and “uni-
versal R-matrix”: the former is a morphism (see Definition 5.4), while the latter is
an element of an algebra.

Exercise 8.30. Let (2, R) be a quasi-triangular Hopf algebra, where 2 is the Hopf
algebra (U, m, A, €, n, ). Recall the Hopf algebra 2(°P? from Exercise 8.26. Prove
that (A°P, Ry) is a quasi-triangular Hopf algebra where R;; := 7(R).

As one would expect, the universal R-matrix R interacts nicely with the Hopf
algebra structure of a quasi-triangular Hopf algebra. The following proposition pro-
vides an illustration of this, as well as providing some identities that we shall make
use of in applications to knot theory in Chapter 9.

Proposition 8.31. Let A = (A, m, A, e, 1, S, R) be a quasi-triangular Hopf alge-
bra. Then

1. (noe)®idy)(R) = lgga = (dy ® (n0¢&))(R),
2. (S®idg)(R) = R™! = (idgy ® S™))(R),
3 (S®S5R =R

Proof. Here we shall prove only Part (1) of the proposition in order to illustrate some
computations within a quasi-triangular Hopf algebra. Proofs for the remaining parts
can be found in Appendix C.

We have that ¢ is a counit and ¢~! = «, so, from (8.7),

ko(e®idg)o A =1idy =k o (idy ® ) 0o A.
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Then

R = (idy ® ida)(R)
= ((k o (e ®idy) o A) ®idy) (R)
= ((k o (¢ ® idy)) ® iday) o (A ® ida)) (R)
= (ko (¢ ®idy)) ®idy)(Ri3 - Ry3) (Def. 8.29)
= (ko (¢ ®idn)) ®ida) ) i ®; ® (B - B;)
i,j
= (e@a;) ® (Bi - B7)
i,j

= (Zs(%’)lm ®ﬂi> ‘ Z“j ® B
J

i

= (((noe) ®idy)(R)) - R,

where the last equality uses that n(1g) = 1y, as in Exercise 8.4.
But R is invertible, so ((n o &) ® idg)(R) = lggu. The other identity follows
similarly, completing the proof of Part (1). O

We now turn our attention to the most important property of quasi-triangular Hopf
algebras: that R-matrices can be recovered from them. The key to the recovery of
R-matrices is an algebraic relation between the elements R, Rj3 and Ry3, given in
the next result. Its proof is an exercise in using the definition of a quasi-triangular
Hopf algebra.

Lemma 8.32. The elements Ry, Ri3 and Ry; of a quasi-triangular Hopf algebra
are related by Rys - R13 . R23 = R23 . R13 -Rys.

Proof.
Ri2-R13-Ro3 =Rj2 - (A ®@idg)(R) (Def. 8.29(2))
= R®1y) - (A®idy)(R) (Def. 8.29(5))
=R®lgy)- (Z Ale) ® ﬁi) (Def. 8.29(4))

=Y (R-A@)) ® B;
=) ((toA@)) R ®p; (Def. 8.29(1))
i

=) ((toA@))® ) (R® lg)

1

= (((T 0 A) ®idgy) Zot,' ® ,3,') -(R® 1g)
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=((troA)®idg) (R) - Ry2 (Def. 8.29(4) & (5))
= ((r ®idgy) o (A ®idg)(R)) - Ry2
= ((r ®idg)(Ry3 - R23)) - Ry2 (Def. 8.29(2)).

But

(t ®idg)(R13 - Rp3) = (r ®@idg) ((Zai ® Ly ®ﬁi) : (Z lg ® a; ®ﬁj))
i J

(by Def. 8.29(6) & (7))

= (r ®@idg) (Zai ®a; (B ',3,/))
i,J
=) a;®a; ® (B B))

i,j

= (Zlm®ai®ﬂi) : (Zaj®121®/3j)
i J

(by Def. 8.29(6) & (7))
= Ra3 - Ry3.

The result now follows. (I

The identity Rz - Ri3 - Ras = Rp3 - Ry3 - Ry of Lemma 8.32 is an algebraic ana-
logue of the functional Yang—Baxter equation from Definition 5.4. To recover a
solution to the functional Yang—Baxter equation, we need to move from the algebra
to maps. This is done by means of a representation.

Here a representation of a quasi-triangular Hopf algebra 2l consists of an algebra
morphism p: A — End(V), where V is a free module of finite rank over the same
ring as . Making use of the twistmap, 7 : VQV - VRV :x @yt~ y ® x, we
can recover a (functional) R-matrix by considering representations as follows.

Proposition 8.33. Let 2 be a quasi-triangular Hopf algebra, let V be a free module
of finite rank and let p: A — End(V) be a representation of L. If R is the universal
R-matrix, then T o (p ® p)(R) is invertible and is a solution of the (functional) Yang—
Baxter equation of Definition 5.4.

Proof. The element-wise action of 7 o ((p ® p)(R)) € End(V ® V) is

70 ((p®P)RN: vV > Y pp (V) ® o, (¥)

where

P = p(@) €End(V), py = p(f) €End(V), and R=o; ® .
’ 8.11)
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Let
F=1t0((p®@p)((R)): VRV >VRV

and consider the map (F ® id) o (id ® F) o (F ® id). Applying this map in three
stepstox ® y ® z gives

X®Y®IES Y pa () ® pu(¥) ®2

Y 08, () 93, () @ (g © i ()
ij
F®id
— (pﬂk O Pg; (Z)) Y (IOOlk ° Pp; (y)) ® (paf © Pe (X)) ®.12)

i,j.k

> (0808, @) @ P, (3) ® Pua, (1))
i,j.k

(P ®p®p) (Z(ﬂk-ﬂ»@(ak ) ® (@ ~a,->) @®y®).

i,j.k

Similarly, the action of (id ® F) o (F ® id) o (id ® F) is given by

XQ@y®zH (P ®p®p) (Z(ﬁj'ﬂi)®(,3k'ai)®(ak'aj)) (z®y®x).
ik

(8.13)

But, from Definition 8.29,

Ri2-Ri3- Rz = (Zak ®ﬂk®lszl) : (Zaj®191®ﬁj) : (Zlm®0¢i ®ﬂi)
k j i

j
= Z(ak o) @ (B - ) ® (B - Bi)

ij.k
and

Rz -Ri3-Rpp = (Zlm®“k®ﬂk) - (Z%‘@lm@ﬁj) : (Zai QB ® lm)
j i

k
= (aj ) ® (- i) ® (Br - B))-

i,jk

Then, from Lemma 8.32,
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D (o) @ B-a) @B Bi) =Y () ) ® (- Bi) ® (B - By)-

ij.k ij.k

Thus, permuting the terms in the tensor products on each side by the same permutation
gives

DB B)® B ) ® (o)) =Y (B B) ® (- Bi) ® (e - ).

ijk ijk
By applying p ® p ® p to both sides, it therefore follows from (8.12) and (8.13) that
(FRid)o(d®F)o(F®id)=>0d® F)o (F®id)o (id® F),

so F satisfies the Yang—Baxter equation.

To show that F is invertible, recall from Definition 8.29 that R is invertible and that
p ® pisarepresentation of A ® A. Thus, (p ® p)(R™") is the inverse of (0 ® p)(R).
Alsot~ ! =1, 0

(to((p@PRN) ' =(p®p)(RH)or,

completing the proof. (]

8.3 Ribbon Hopf Algebras

Our ultimate aim is to use a quasi-triangular Hopf algebra 2( and a representation

p of it to construct an operator invariant Q VWRTE Of course, to do this we

- <« — <« L.
need to construct maps R, n, n, u and u from 2 and p. Proposition 8.33 showed

how an R-matrix can be constructed, so we now turn our attention to ﬁ), (rT, u and ;
These maps arise by considering representations of some special elements denoted
by u and v. The element u is an element in the quasi-triangular Hopf algebra arising
from the universal R-matrix, and v may be loosely thought of as a “square root”
of u. In general, a quasi-triangular Hopf algebra may not have the desired element
v (although it always contains u). As defined at the end of this section, a quasi-
triangular Hopf algebra with this element v is called a ribbon Hopf algebra, and is
due to Reshetikhin and Turaev [157].

Definition 8.34 (The element u). Let (A, m, A, ¢, n, S, R) be a quasi-triangular
Hopf algebra. The element u € 2 is defined by

ui=) S -

where ) ; o; ® B; = R, the universal R-matrix.
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As we shall see, u has many nice algebraic properties. A fundamental one is the
following.

Lemma 8.35 (Almost-centrality). Let 2 be a quasi-triangular Hopf algebra, and
let u be as given in Definition 8.34. Then u is almost central. That is,

u-x=S8*x)-u, forall x € .

A proof of Lemma 8.35 can be found in Appendix C (see Lemma C.2).
A consequence of the almost-centrality of u is that it is invertible.

Lemma 8.36 (Invertibility, quasi-idempotency). Let 2l be a quasi-triangular Hopf
algebra, and let u be as given in Definition 8.34. Then

1. The element u is invertible, with inverse
=576
where o ; and B ; are defined by
R™! :Zai ®Ei; (8.14)
i

2. S is quasi-idempotent. That is, S*(a) =uau~! forall a € 2.
Proof. For the first part, consider

1Q[®1Q[l—t>lgl®lgtsl®—id>m 19[@1%!1)19(,

recalling that S is an anti-homomorphism so S(1g) = 1¢. Then

lgyg=mo(S®idy) o)1y ® lg) = (Mo (S ®idgy) o 7)(R- Rfl)
=) SBiBa;a =) SE)SBPa;a=) SE)-u-a

ij i,j

where the final equality is from Definition 8.34. To obtain the inverse of u, we use
the almost-centrality property of u that is stated in Lemma 8.35 to move u to the left
in the above expression. Then, resuming, we have

ly=) SB) uw-a=) S(S'B)) u-a

=2 (@ (S7B) T =w- o (STIB) W
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from Definition 8.35. Thus u has a right inverse. By almost-centrality, it follows that
it has a left inverse, and therefore an inverse. Part (1) now follows.

The second part follows immediately from Lemma 8.35 since, from Part (1), u is
invertible. O

As should be expected given the definition of u, there are various relationships
between u, S and R. We record some of these here for use later, but postpone their
proofs until Appendix C.

Proposition 8.37. Let 2 be a quasi-triangular Hopf algebra, and let u be as given
in Definition 8.34. Then

S2(w) =u,

u-Sm)=S)-u,

u S(u) is in the centre of 2,

Aw =R R @euw=ueuw- (R R

ul =38 8%,

AS@) =R R (S ® Sw) = (S Sw) - =R -R)™,
e(u) = 1k.

NS RA RN~

As noted in the introduction to this section, our knot theoretic applications will
require us to be able to take the “square root” of the element u. We need to consider
quasi-triangular Hopf algebras that contain a special element v that satisfies certain
axioms. Such a structure is called a ribbon Hopf algebra, and it is this algebraic
structure that admits the knot theoretic applications.

Definition 8.38 (Ribbon Hopf algebra). A ribbon Hopf algebra is a pair (2, v)
where 2l is a quasi-triangular Hopf algebra, and v € 2l is an element that satisfies the
following conditions:

v is central,

vZ="S@)-u,

S(v) =,

e(v) = lg,
AV)=@R)-R) - (v V).

S S

Before proceeding, we record one result about v.
Lemma 8.39. Let (U, v) be a ribbon Hopf algebra. Then v is invertible.

Proof. From Lemma 8.36, uis invertible and, since 2 is a quasi-triangular Hopf alge-
bra, S is invertible from Definition 8.29. Thus v? is invertible by Definition 8.38(2).
Let w := (v>)~!. Then v(vw) = ly. But v is central by Part (1), so (vW)v = lg.
Thus v is invertible. U
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8.4 Examples of Ribbon Hopf Algebras

So far, we have defined and studied quasi-triangular Hopf algebras and ribbon Hopf
algebras, and saw their importance in the present context, namely that they give rise
to R-matrices. However, there is one critical point that is yet to be addressed. This is
whether such algebras actually do exist.

In fact, they do exist. Remarkable independent work of Drinfel’d and Jimbo in
the late 1980s showed that every semi-simple Lie algebra over C gives rise to such
an algebra. Here we shall describe the ribbon Hopf algebra that arises from the
Lie algebra sl,. The theory of Lie algebras and quantum groups is fascinating and
involved, and a detailed discussion of it is outside the scope of this text. Accordingly,
we shall briefly describe only those results that are pertinent to our present purpose. In
particular, we shall consider only the Lie algebra sl in detail. The results given here,
however, do in fact extend to a larger class of Lie algebras, called semi-simple Lie
algebras. For further background, the reader may consult, for example, [61, 71, 78,
80] for additional Lie algebra background or [33, 90, 127] for quantum groups. The
algebras Uy, (g) considered here are due to Drinfel’d [54, 55], Kulish and Reshetikhin
for the special case of Uy, (sly) [109], and Jimbo [83] for U, (g).

8.4.1 Lie Algebras

A Lie algebra is a particular type of non-associative algebra over a field. We assume
the field is of characteristic zero here, and do so without further comment.

Definition 8.40 (Lie algebra). A Lie algebra g consists of a vector space g equipped
with a product [, -] : g ® g — g that satisfies:

1. the Jacobi identity
[x, [y, 2l + [y, [z, x]1 + [z, [x, y]] =0, forallx, y,z €g,
2. the anti-symmetry relation
[x,y]=—[y,x], forallx,yeg.

The product in a Lie algebra is almost always denoted using square brackets, as
above, and is called a Lie bracket.

Exercise 8.41. Show that the axiom [x, y] = —[y, x] for all x, y € g is equivalent
to the condition [x, x] = O for all x € g. (Provided the field is not of characteristic
two.)

Example 8.42. The following are Lie algebras.
1. Any vector space V with Lie bracket given by [x, y] =0, forallx, y € V.



140 8 Ribbon Hopf Algebras

2. Any associative algebra (2(, m) with Lie bracket given by the commutator [x, y] =
X-y—y-x.

3. If V is an n-dimensional vector space over a field K, then the vector space End (V)
with Lie bracket given by [f, g] = f o g — g o f forms a Lie algebra. This Lie
algebra is denoted by gl, (K).

4. gl,(K) can be defined in terms of matrices as the vector space of n x n matrices
over K with Lie bracket given by [A, B]=A-B — B - A.

5. sl,(K) is the Lie algebra consisting of the vector space of all n x n matrices over
K that have trace zero with Lie bracket given by [A, B]=A- B — B - A.

Exercise 8.43. Verify that the above examples of Lie algebras are indeed Lie alge-
bras.

Although we shall not make use of the fact here, we note in passing that every semi-
simple Lie algebra over C is isomorphic to one of the three classical Lie algebras,
denoted by sl,,(C), so,(C), sp,, (C), or one of five exceptional Lie algebras known
as ¢g, €7, ¢g, f4 and go.

In this text, we shall be concerned primarily with the Lie algebra sl,(C). Our
algebraic frameworks are set up for working with algebraic objects in terms of bases
and generators so we shall define versions of 51, (C) and related Lie algebras in terms
of their generators. The following definition specifies the Lie algebras s(,, gl,, and sl,
in terms of their bases. The definition of the action of the Lie brackets of gl,, and sl,
as it is presented in Definition 8.44 is rather unenlightening. However, Exercise 8.45
will bring meaning to them.

Definition 8.44 (The Lie algebras sl,, gl, and sl,).

1. sl is the Lie algebra that consists of the vector space over C consisting of formal
linear combinations of the symbols x, y and 4 and with Lie bracket given by the
linear extension of

[h, x] = 2x, [A, y] = =2y, [x,y] =h. (8.15)

2. gl, is the Lie algebra that consists of the vector space over C consisting of for-
mal linear combinations of elements of the set {e; ; : 1 < i, j < n} and with Lie
bracket given by the linear extension of

el if j=kandi #1,
—ey, ifi =land j #k,

o . (8.16)
ej—ej; if j=kandi =1,

[eissexi] =

0 otherwise.

3. sl, is the Lie algebra that consists of the vector space over C consisting of formal
linear combinations of elements of the set

leij:1=ij=ni#jlUfhi:1<i<n—1}
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and with Lie bracket given as follows.
The values [ei,j, Ek,[] are as in (8.16), [hi, hj] = 0foralli, j, and

eik ifi=j#kandi+1#k,
—eiy1x ifi+1=j#kandi #k,
—e;;  ifi=k#jAi+],
[hiveji] = {ejim1  ifi+1=k#j#i, (8.17)

2e; 11 ifi=jandi+ 1=k,
—2¢41,; ifi=kandi+1=],

0 otherwise.

Exercise 8.45. Let g; and g, be Lie algebras over the same field. Amap ¢ : g; — g
is a Lie algebra morphism if it is a linear map and ¢([x, y]) = [¢(x), ¢(¥)], for all
x,y € g;.Ifin addition ¢ is bijective, then it is an isomorphism. Show that each of the
pairs of Lie algebras sl, and 51, (C), s, and s[,,(C), and gl,, and g, (C) are isomorphic.
(For sl, and gl,,, let E; ; be the n x n matrix with (i, j)-entry equal to 1, and all other
entries zero. Define isomorphisms that send ¢; ; — E; j and h; — E;; — E;1;41.)

When a Lie algebra has a basis {ej, s, .. ., €,}, its Lie bracket may be described
by its action on basis elements:

[ei,e;j] = Z vijtex. (8.18)
k=1

The scalars yi,_,-k are called structure constants. (Note that here we are using offset
indices to emphasise the order of i, j and k. This will be helpful later.)

Definition 8.46 (Universal enveloping algebra U (g)). Let g be a Lie algebra with
basis {ej, 3, ..., e,} and structure constants y,;jk. The universal enveloping alge-
bra of g, denoted by U (g), is the associative unital algebra generated by elements
E\, E,, ..., E, and subject to the relations

E;E; — E;E; = Z)’i,jkEk» for 1 <i,j<n.
k=1
Definition 8.47 (Universal enveloping algebras U (sl,), U (g[,,)).
1. U(sly) is the associative algebra over C generated by X, Y and H, with relations

HX — XH =2X, HY —YH =-2Y, XY -YX=H. (8.19)

2. U(gl,) is the associative algebra over C generated by the elements of {E; ; : 1 <
i, j < n} and subject to the relations given by (8.16) where lower case e’s are
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replaced by upper case E’s, where [-, -] denotes the commutator, so [a, b] :=
ab — ba.

3. U(sly,) is the associative algebra over C generated by elements of {E; ; : 1 <
i,j<n,i# j}U{H; :1<i<n—1} and subject to the relations given by
(8.16) and (8.17), where lower case e’s and h’s are replaced by upper case E’s
and H'’s, and where [-, -] denotes the commutator.

Exercise 8.48. Show that U(sl,) forms a Hopf algebra with comultiplication,
antipode and unit given by

AA)=ARQ1+1®A, SA)=-A, and &(A) =0,

forall A € U(sly).

Specialising the definition of a representation of an algebra to the present setting
gives the following. A representation of U(g) on a vector space V is an algebra
morphism

p: U(g) — End(V),

where End(V) is the associative algebra of linear maps on V.
We can obtain standard representations of U (s[,,) and U (gl,,) by what is in essence
sending the generators to the matrices from which the Lie algebras first arose.

Definition 8.49 (Standard representation of U (s[,) and U (g[,,)).

1. The standard representation of U (sl) is defined by setting

/O(X)=|:8(l)i|, ,O(Y)=|:(1)8:|, p(H)=|:(1) _01:| (8.20)

2. The standard representation of U (gl,,) is defined by setting p(E; ;) = E; ;, where
E; ; is the n x n matrix with (i, j)-entry equal to 1, and all other entries zero.

3. The standard representation of U (sl,) is defined by the is defined by setting
p(E; ;) =E;;and p(H;) = E;; — Eiy141, where E; ; is the n x n matrix with
(i, j)-entry equal to 1, and all other entries zero.

Of course, these Lie algebras have representations other than the standard repre-
sentations. For example, the n-dimensional irreducible representation of s, is

[o(X)]s = —=1)6r5-1, [P s =561, [P(H)] =0 —2r+1)d;
(8.21)
Written in full, the matrices p(X), p(Y) p(H) are
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[O0n—1 0 ---007] [000--- 0 O
0 0 n—2---00 100--- 0 O
020--- 0 O
p(X)=1[: = N P =1 . .. o ,
0 0 0O ---20 P
0 0 0o ---01 000--- 0 O
10 0 0 ---004,., 1 000---n—=10],
and p(H) =diagln — 1, n —3,--- , —(n — 1)).

Exercise 8.50. Verify that the matrices given in (8.21) constitute a representation
of U(sly).

8.4.2 The Quantized Universal Enveloping Algebra Uy (sl3)

The quantized universal enveloping algebra U, (sl,) is obtained by “deforming” the
universal enveloping algebra U (s[,) of sl,.

We define Uy, (sl,) to be the algebra over C[[A]] generated by X, Y and H and
subject to the relations

sinh (1hH)
[H, X] =2X, [H, Y] =-2Y, [X,Y]= ——F—~"- (8.22)
sinh (ih)
Here we are using [-, -] to denote the commutator, so, for example, [H, Y] := HY —
Y X. The commutator [X, Y], as a formal series in C[H] [[A]], is

e3hH _ p—3hH H3_H 5
(XY= —p— = H 4 (= )

1
e’ —e

In computations and results about Uj(sl,), some expressions will appear fre-
quently, and so we set up the following notation for them.

gi=e, Ki=ei" g.=g' K=K (8.23)

In addition, we will use the quantum integer [n] and the quantum factorial [n]!
which are defined as follows, for an integer natural number n:

q" —

q—

n

<

[n] := , [nl':=111-12]---[n]. (8.24)

=
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Exercise 8.51. Verify that the following identities hold:

[—x] = —[x],
[x1[y] =[x —ally +al =[ally — x +al,
x1lyl+lallx +y+al =[x +ally +al

The universal enveloping algebra U, (sl;) may be endowed with Hopf structure.

Theorem 8.52. The quantized universal enveloping algebra U, (sly) is a Hopf alge-
bra with comultiplication, antipode, counit and unit defined by

1. Comultiplication: .
AX) =X®K+K ®X,
AY)=Y®K+K ®Y,
AH)=HQ®1+1Q H,

2. Antipode: S(X) := —gX, SY):=—qY, SH):=-—
3. Counit: ¢(X) :=¢(Y) :=¢(H) :=0,
4. Unit: n(1) :=1,

where A and ¢ are extended as algebra morphisms, and m and n are extended as
coalgebra morphisms.

Exercise 8.53. Show that in Uy (sl,), A(K) = K @ K, S(K) = K ,and ¢(K) = 1.

Exercise 8.54. Prove Theorem 8.52 by verifying that each of the generators of
U, (sly) satisfies the defining properties of a Hopf algebra.

The Hopf algebra Uy, (sl,) can be turned into a ribbon Hopf algebra by adjoining
a universal R-matrix and element v.

Theorem 8.55. (U, (sl), R,v) forms a ribbon Hopf algebra with universal
R-matrix
R:=eiH®H . Z(‘] 7)" "I KX) @ (KY)",

|
n>0 n]

and

e L Z (g _q)n6n(11+3)/2?2(n+1)Yan'
[n]!

n>0

The proof of this result can be found in, for example, [90], or see [34] for a
combinatorial approach.

8.4.3 The Quantized Universal Enveloping Algebra U, (sl)

For the knot theory applications, we need to work within the “subalgebra” of U (s[>)
generated by the elements X, Y, K and K , over the ring of convergent power series
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in h, where K is to be regarded as an entirely new symbol. That is, in this algebra
K is not determined by H, for the latter is not in this algebra. An inverse for K will
be needed, so it has to be added as a generator, K .

Definition 8.56 (Algebra U, (sl,)). The g-analogue algebra of U(sl), denoted by
U, (sl»), is the algebra generated by the symbols X, Y, K and K and subject to the
relations:

2 _ g2

KK =1=KK, KX=gXK, KY=gYK, [X,Y]=———. (825
q9—4q
Theorem 8.57. The g-analogue U,(sly) of the algebra U (sly) is a Hopf algebra
with comultiplication, antipode, counit and unit defined by

1. Comultiplication:

AX)=X®K+K ®X, AY):= K ®Y,

Y®K
AK) =K QK, AK) =K ®

iy
K,

2. Antipode: S(X) := —gX, S(Y):=—-qY, S(K):=K, S(K):=K,
3. Counit: ¢(X) :=¢e(Y) :=0, e(K) =¢e(K) =1,
4. Unit: n(1) :=1,

where A and ¢ are extended as algebra morphisms, and m and n are extended as
coalgebra morphisms, and S as an anti-homomorphism.

Exercise 8.58. Prove Theorem 8.57.

The previous theorem asserts that U, (sl) is a Hopf algebra. To this, a universal
R-matrix may be adjoined so that (U, (sl,), R) is a ribbon Hopf algebra.

Theorem 8.59. (U, (sly), R, v) is a Ribbon Hopf algebra where

H®H Z (q q ) n(i’l—3)/2 (KX)n ® (F Y)n,

n>0

and _ ;
V= e—'Z’HZ . Z u qn(n+3)/2f2(n+l)ynxn'
= [n]!
See, for example, [90] for a proof of this result.

The reader probably will have noticed that the statement of Theorem 8.59 is not
correct. The problem with the statement is that R and v do not actually belong to
U, (sly) since the elements e #®# and e~ ##” do not. With some care and by working
in a suitable completion of U, (sl,), it is possible to obtain a mathematically correct
statement of the theorem (see, e.g., [90] for details). A consequence of the latter is
that we may use, with impunity, the “not quite correct statement” of Theorem 8.59.
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8.4.4 Representations

We can obtain representations of Uy (sl,) and U, (sl,) by deforming representations
of U(sly). The deformation applied to the matrices of the standard representation
of sl, given in (8.21) affects only p(X) and p(Y), but not p(H). For example, the
standard three-dimensional representation for Uy (s[,) is

0[2] 0 0 00 20 0
p(X)=100 11|, pM=|[100|, p(H)=[00 0
00 0 0 [2]10 00-2

The general statement is contained in the following result.

Theorem 8.60. The matrices
[o(X)]ys = —rlér5—1, [0(M)]ys :=[s18—-1,5, [0(H)]s:= 0 —2r +1)d5

for1 <r,s <n afford a representation of Uy (s|,).

Proof. Recalling (8.22), it is necessary to show that the three conditions

sinh (3hp(H))
p([H, X)) =2p(X), p(H,Y])=-20Y), p(X,Y)=—""7-+"
smh( h)

2

hold. For the first condition, we have

[o(LH. XD1,,s = [p(H)p(X) = p(X)p(H)],
=Y ((n=2r + 1) [n =Kkl 8p xSk s—1 — [0 — 11 (n = 2k + 1) 8 4—15%.s)
k=1
=m=2r+Dn—-rlds—1—n—rln=2r—1)8 -1

=2[n- r]ar,s—l = 2[10()()];”,; P

so the first condition holds. Similarly, the second condition holds. For the third
condition,

[p([X, YD].s = [p(X)p(Y) = p(¥)p(X)],.s
= (In = 10180kt Scmrs — (KT [ — k1 8,1 & 8r5-1)
k=0

=(n—=rllrl=[lr=Uln—r+1]) &, =[n—2r+1]5:;

by Exercise 8.51. On the other hand
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|:sinh (%h,o(H)):| 3 |:qp(H> _ qp(H)}

sinh (1h) 9-9
n—=2r+1 _ =n-2r+1
=1 L 5 =In—2r+116,,.
q9—4q
Thus, this condition also holds, which completes the proof. O

A representation of the g-analogue algebra U, (sl,) follows by a similar deforma-
tion of representation of U (sl,). We consider the map p defined by

Ofr—1]1 © 00 0 00--- O0 0 0
0 0 [—=2]---0 0 [1Moo-- 0 0 0
. S 0[210--- O 0 0
pX)=| - o M= : o
0 0 0 ---[210 : SR I
0 0 0 -0 [1] 0 00---[n=2] 0 O
0 0 0 -0 0 00 0 [-1]0

and p(K) = diag (q(n—l)/Z’ q(”_3)/2, . q—(n—l)/2) .
Theorem 8.61. The matrices with (r, s)-element defined by
[P(X)]r,y = [n - V] Sr,s—la [P(Y&,g = [S] 8r—l,s»
[p(K)),, =g 2D, p(K) = (p(K)~',
for1 <r,s < n afford a representation of U, (sl,).

Proof. From (8.25), we need to show that

L p(KK) = p(K K) = p(1). 2. p(KX) = p(¢XK).
3. p(KY) = p@ YK), 4 p(X YD) = p (=K.

The first condition follows immediately from the definition of p(K ) in the state-
ment of the theorem and the fact that p is a homomorphism. For the second condition,
since p is a homomorphism,

K X)) =Y [p(K) i IOy = D q" 728, [n — k181
k=0 k=0

=q" R =118,

and

[PXK) L = D o)k [0 s = D In = 1841 ¢ 028
k=0 k=0

= q(n72r71)/2 [I’l - I"] ‘Sr,x—] s
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so the condition holds. The proof of the third condition is similar to the second and
is left as an exercise. For the fourth condition,

X, YD = D ([0CO)k [o)]s — [0 ] [0(X)]is)

k>0

= Z (n = r18k—1 (k) Sk—1s = [r18r—1k [n — k] Sk5-1)
k>0
=(n—rllrl=[lr—Uln—r+1]) &, =[n—2r + 1145,

where we have used Exercise 8.51. On the other hand

= = = 2 8ry = [n—2r + 115,.5.
9-q a7

|: <K2 _Kz)} [P(K)]%,s — [p(f)]ix gl g2
0 —
q9—49

\S

O

Exercise 8.62. Complete the proof of Theorem 8.61 by verifying that p(KY) =
p(@YK).



Chapter 9 ®)
Reshetikhin-Turaev Invariants Geda

Previously, we constructed operator invariants by associating morphisms with the
elementary pieces. Our aim now is to provide a construction for such morphisms
by associating them with representations of elements of a ribbon Hopf algebra. The
resulting invariants, from [157], are called Reshetikhin—Turaev invariants.

9.1 Coloured Tangles

We fix a ribbon Hopf algebra 2 := (U, m, A, n, &, S, R, v) and shall use it to con-
struct tangle invariants by following the approach used to construct operator invari-
ants in Sect.7.2. To do this, we need to associate morphisms with the elementary

o uuUnn

We shall do this by using representations of 2 to construct the required maps
from 2.

In fact, we can be a little more general in our construction than we were in the
construction of operator invariants, by the simple device of associating different maps
with the elementary tangles arising from different components of the tangle. This is
done by associating a different representation with each component of the tangle, as
in the following definition.

Definition 9.1 (Coloured tangle). A coloured tangle (resp., coloured tangle dia-
gram) is a tangle (respectively, tangle diagram) such that each component i of the
tangle (respectively, tangle diagram) is assigned a representation p" : 24 — End(V})
of the ribbon Hopf algebra 2(, where V; is a free module of finite rank.
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Note that different components of a coloured tangle can be assigned the same
representation.

Coloured tangles and coloured tangle diagrams may be oriented, unoriented,
framed or unframed. However, here we shall work primarily with framed oriented
tangles as these are the correct sort to associate with ribbon Hopf algebras.

Our previous definitions and results on tangles and their diagrams may be extended
easily to the setting of coloured diagrams by adding the requirement that the rep-
resentation of 2 associated with a component is preserved by any operations on
them.

Two (framed/unframed/oriented/unoriented) coloured tangles or tangle diagrams
are equivalent if they are equivalent as (framed/unframed/oriented/unoriented) tan-
gles or tangle diagrams, and the representation associated with each component is
preserved under this equivalence.

The operations of tensor product and composition of coloured tangle diagrams
are defined just as in the non-coloured case. However, for composition, we include
the additional requirement that only components with the same representation of 2
can be stacked on top of each other.

In this chapter, following the notation in Definition A.14, whenever we index a
basis using subscripts, its dual basis is described by replacing the subscripts with
superscripts. For example, if {e;}; is a basis for V, then {e'}; is the basis for V* given
by ei(ej) = 8’]

9.2 Construction of the Invariants

Following the construction of operator invariants, we now construct a framed, ori-
ented, coloured tangle invariant from elementary pieces in the usual way, by asso-
ciating a linear map with each of the coloured pieces under the action of Q. The
resulting map Q% is called a Reshetikhin-Turaev invariant.

Definition 9.2 (Reshetikhin-Turaev invariants). Let (2, v) be a ribbon Hopf
algebra, ube as in Definition 8.34, and p Vi 9 — End(V;)bea representation of
2. For notational convenience, let p¥ : 2 — End(V) and p" : 2 — End(W)
be two of these representations. Let {e;}; be a basis of V and {e'}; be the dual
basis of V*. Then the Reshetikhin-Turaev invariant Q* is the map on coloured
tangle diagrams given by the following actions.
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A
y 00" @p"IR:VOW > WRYV
o'/ N\ p¥

Lx @y ) of (9) ® oy (1),
A
'\}' L @p YR Yot VW > WV
PX®Y > Y A8y () ® pj (),

A
T v IQ—>ldv,
P

QQI
—>idy-, .1
p(V')

L (f@xm f0): V'V - K),

/\VH X® f > (fop),(x): VeV —K),
pU (1K.—>Xl:e ® oY (e): K—>V*®V)
o> i
— 1K|—>Zei®e’:K—>V®V* ,
pV i

T o T <5 0%(T) ® QX(T),
ToT nQ—Q;QQl(T) o QM(T).

To keep track of the domain and range of Q* for a given tangle, following the
notation in Definition 7.13, it can be helpful, for each V, to decorate the ends of
each p" coloured tangle component with V if it is oriented upwards, and V* if it is
oriented downwards.

Let us compute the explicit element-wise actions, stated in the above list, for the

maps associated with the tangles '\/' and y .
e/ NV oY/ X\ oV
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For % L Straightforwardly, and using the notation in (8.11),
P

oV,

(to’ ®@p"R)x@y) =10) ((r" & p")®B)) (x®)

=foZp0‘2(x)®pgf(y)=Zpg(y)®PZ(X),

For '\}' : First note that, forx  y e V@ W,
0"/ N\ p"

(" ®@p"HRTHor)x®y) = (0" ®p" )R ).
But

" @ p"HR™ = (0" ®p") o (S®ida)(R) (Prop. 8.31)
= (" ®p")o) S@)®p

w \%4
= Z Ps(ar) ® Pp;-
i

Thus (0" @ p")RHot:x@y > Y, pg‘ga’_)(y) ® pg(x), as claimed.

Theorem 9.3. The Reshetikhin-Turaev invariant, Q%, is an invariant of framed
oriented coloured tangles.

Proof. We must show that Q% is invariant under each of the Turaev moves given
in Theorem 7.33. For each such move, the appropriate tangle diagram is sliced into
elementary pieces.

Here we will show invariance under FT; and FTj to illustrate the methods
involved. Details of the invariance under the remaining Turaev moves can be found
in Appendix D.

For FT: Since the diagram @ has only one component, there is only one colour

oV, say. By slicing, we have

o Q)= (N 1o (1)

The colouring of each elementary piece induced through the slicing is necessar-
ily consistent, so the composition is defined. Now, recalling the domain correction
conventions from Sect.7.2,
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L
e H— e ®Ilk

o (h ) s

®e’ ® pyi,(e)) (see List (9.1))
QQJ.
@T Z (e o pl,) (e ® p),(e)) (see List (9.1))
eK
e Z ! OPV lu (€) - pu—lv(ej)
ek

Let pV. (e,) = >, ngeqand p), (ep) =, m; e.. Then

0% (RG) (e) = Zej (Zn; eq> -mle, = Zn ml e = (py-1y 0 Py-1y) (€)
jr q

= Do ryy-ra(€) = Py (€).

since p" is a representation of 2. Thus Q% @ =idy.

Similarly, for Q% (@) slicing gives
o (H)-e (1 N)-e (A1)

Then

Y

L *(at) . .
ei— lg®e; +—> Zq@e’@e’ — Zej®e/(ei)r—>ei,
j J

so Q% (@) =idy.
It follows that Q% (@) =Q0* <T > = Q0% (@) so Q% is invariant under

FT,.

For FT3: The tangle ‘q\bp w on the left-hand side of the FT3-move has two
E— o [

components that are coloured by representations as shown. By slicing, we obtain a
colouring of the elementary pieces that is consistent with composition, which leads
to the relation
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(o) = 0* ()= 0* (W) -2 (seid)
o 0% (i\fTN) o 0% (UN) VQW > WVt

Then

e @wl — Ik ®e @w/
0% . .
(}Q}U YWk @l (W) ®e @w
— Yt e 1K®0:KIV(W1<)®€£ Q@ w/
o* . .
(lg)ﬂl) Ywted o) (e)®p) () ®e @w

U

= YW @ @y W) ® oy (e) @€l @ w

*(WNA)

W @€ @ py (0,11, 000) ® pg, (01, (e0) @ e @ w/

— Zk,l.n Wk ® el ® pg:u*‘v(wk) ® ei (p“’{‘uanuflv(el)> ®Wj
eK
I3 ; .
= Zk,l,n ¢ (pxluanu*‘v(e])> W ® e ® 'Og‘n/u*‘v(wk) ®w/
ek
0" () . -
> Zk,l,n e (on‘f/*luo:nuflv(el)) ‘Wk ® el ® w/ (Io\‘//‘iluﬂnuflv(wk))
eK ek
P . .
— Zk,l,n e (pw\r/*luanu*'v(el)) -w/ (lox"y'uﬂnu*‘v(wk)) wh ® ¢
eK eK

since v is central and, by Lemma 8.35, uau~!' = §2(a) for any a € 2. Thus

9,

QQI
ei ® Wj 10;/2(0(”)(@)) . Wj (Pg(ﬁn)(wk)) '(Wk ® el)- (92)

eK eK

J
The tangle on the right-hand side of the F T3-move is pV% W which has two

components that are coloured by representations as shown. By slicing, we obtain a
colouring of the elementary pieces that is consistent with composition, which leads
to the relation
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J
0 (Q% 9 =0T () e (WA = 2 (Wsewd)
* 0™ (U)o 0 (W) - vews — whe v

Proceeding as before, we have

e Qw — e w @ 1k

(W)

-«

Yedeaw e e

-]

Y,eow eIk

()
(B
(W)

—>

!

Zk,lei®wj®el®wk®wk®el

!

diine @w & pl (wi) ® py (e) @ W @ ¢!

|

D kin e ®@w (pg(wk)) ®pt¥n (e)@w @
— ——

ek
Zk,l,n w/ (pg‘:(wk)) e ® :ODZ () ® wk ® e
[ —

eK

[

o* (W)

— Yin € (pa,(en) @w (o i) -(w* ® )

. ) eK ) eK
— dhin€ (,00‘,/ (er)) - w (P;‘:(Wk)) (Wt ®e)
eK eK

o @ )

k,,n

e @w e (P, () -w (py W) - @€ (9.3)

ek eK

The invariance of Q* under this FT3-move is therefore established by demon-
strating that the right-hand sides of (9.2) and (9.3) are equal, which may be carried out
as follows. From Proposition 8.31(3), we have (S ® S)(R) = R so applying S ® S
again gives (5> ® S?)(R) = R and therefore

DS @S (B) = ) o ® b

Thus, by applying the homomorphism p" ® p" to this relation,
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1% W v w
D PSiay @ Py = D Pa, ® O
n n
and by applying this, in turn, to the element ¢; ® wy, gives

D S (€) ® ps (W) =Y oy (€1) ® pl (wi).
n n

Finally, by applying the linear map « o (¢/ ® w/) to this relation, we have

D¢ (i) W (P, 00) = D€ (0 () - W (o (m1)

n n
cK cK eK eK

But these are the coefficients in (9.2) and (9.3) of the image of ¢/ ® w/ under

J
QQl ‘q\bp w| and 0% V% with respect to the basis of W* ® V*, so
p [ o P
9 N
0* péw (e ®w)=0" Pv%p € ®w)
\u J
for all i, j and so Q% o v = 0% v Hp . Therefore, Q% is

invariant under one FT3-move.
For the FT3-move with the negative crossing, similar calculations give that the

\
action of Q* ‘¢\_@ w| s given by
0 0

d@w >y e (pé(ﬂ,,)(e’)) w (pg(sm,,))(w")) wed,
k,,n

and the action of Q% V% is given by
P P

e Qw — Zei (pg (e)) - W' (03, WK)) - wk @ el
k,l,n

Proceeding as in the previous case, S* ® S?(R) = R, and applying S ® id to each
side gives S° ® S?(R) = S ® id(R). Thus
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D S2(S(en) ® S*(Ba) = Y Sle) & B,

\
from which it follows that Q% \¢\_@ W = 0% VQ/ . Therefore, Q%
P o P P

is invariant under both FTs-moves.
We have shown invariance under two of the Turaev moves. A proof of the invari-
ance under the remaining Turaev moves can be found in Appendix D. ]

9.3 Q% is an Operator Invariant

The Reshetikhin-Turaev invariants, Q% , were constructed by choosing a ribbon Hopf
algebra 2, colouring the tangle with representations p" : 20 — End(V;) of 2, and
then associating an elementary linear map with each elementary tangle. There is a
clear similarity between the construction of Q{R’a, ) and Q% (compare (7.24) and
(9.1)). This is made precise in the next theorem.

Theorem 9.4. Let T be a tangle diagram, let (A, R, v) be a ribbon Hopf algebra,
and let p: A — End(V) be a representation of 2. Then

QQl:Qf

(To(pV®pV)(R), p)_; . idy+)’

where, in the definition of Q%, each component of T is coloured by p", and, in the
definition of the framed invariant QF, we set W = V*. In particular, i = ,03/,.“.

Proof. Let

-0 () 5= () e ()
(V) e ()

Then Q® and Q‘(fv VMR D are tangle invariants constructed in identical ways,
, vV, sh,n,u,u

and are therefore equal. The maps « and f in the definition of Q/ are defined,
according to (B.1), by

—ij N . i ~ij ;
a:V—>V:e,~t—>E u ej and B:V —>V:e»—>§ u e,
J J
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where .
—ij .
:K—)V*@V:lKn—)Zu e ®ej,
ij
ij )
:K—)V@V*:IKHZ; e el

iJj

u= QQ1 (U) g Zei@)ei
i
ij . . ,
we see that u = §;; so B: ' > e' whence B = idy-.

Similarly,
U= QQI (U) g Zei ® pu-ty(e;).

ij ; . ;
Then u = [pu-1v]] (an element of a matrix) where py-1y(¢;) = Y~ [pu-1v]] ) 50

=

=1t

Since

e — Z[pu“v]lj €j = Pu-tv(e;)
J

SO o = py-ly, completing the proof. ]

9.4 A Kbnot Invariant from U, (s[)

We illustrate the construction of a framed tangle invariant from the ribbon Hopf alge-
bra U,(sl;) and its standard two-dimensional representation. Recall from
Definition 8.56 that U, (sly) is the algebra generated by symbols X, Y, K and K
and subject to the relations:

o o KZ__Z
KK =1=KK, KX=¢gqXK, KY=qYK, [X,Y]:=

From Theorem 8.59, these form a ribbon Hopf algebra by taking

h ( __)n nn— n 572 n
R:=efron 3~ M 17 [n]‘{ "I KX @ (KY),

n>0

and _ ;
_— e—’4—’H2 _ Z @G —q qn(n+3)/2 FZ(n-ﬁ-l)Ynxn’
[n]!

n>0

whereg =¢~',qg =¢"?, K = K~!, and K = "/%,
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We consider the standard two-dimensional representation of U, (sl,). For this, let
V be a free module over C[g'/?, g~'/?] of rank 2 with basis {e, e;}. The two-
dimensional representation of U,(sl), namely pV, is defined on the generators
X,Y, K and K of U, (sh) by

01 00 50 77 0
Vv _ Vv _ v _ 14 v _ |4

10

0 _1] . With p" so defined, its action on the

We shall also need to use p}, = |:

element H is such that py = pJ,...

It is to be recalled that the less awkward notation p,‘é x (x), for example, is used
instead of (,oV(K X )) (x) to denote the application to x € V of the operator p% X
corresponding to the element K X of sl, through the representation p" whose carrier
spaceis V.

We colour all strands of the tangles by p¥ which, henceforth, is denoted by p.
By Theorems 8.55 and 9.3, we know that U, (sl) and p give rise to a Reshetikhin—
Turaev invariant. We shall denote this invariant of framed oriented tangles by Q*"2*.
Since each strand is coloured by the same representation, the representation may be
omitted from the figures, so Q%"” is an invariant of tangles, rather than coloured
tangles.

Our first step towards understanding Q*">* is to compute its actions on each
elementary tangle as in (9.1). It will be convenient to describe some of these actions
by matrices, and for this, we choose the ordered basis

{e1®er,e1 @er, e e, e ® er}

of V ® V and construct matrices with respect to this ordered basis. We now compute
the actions.

Qs[“’('\/:):V®VAV®V:x®yH(ro(p®p)(R>) x® ),

obtained from (9.1). Then

(C] - 5)" nn—3)/2

L
(0¥ ® pV)(R) = earn®rn Z ! q Pk xy D PEyy-
n>0 :
It is easily checked that
_ _[og: d _ JToo
PKX = PK © Px = 00 and pxy = Pg © Py = q%O .

Itfollows that p(k xy» = (pkx))" = 0and pgy) = (oxy))" = 0whenn > 1.Thus,
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h
(p ® P)(R) = 4”7 ((p; ® p1) + (1 =GP (pkx ® pry)) .

SO
h
Qshp <y> {X®y > ToedlPHOPH ((id®id)—|— (1-3%(pkx ®,0fy)> (x®y).

As matrices,

o1
=

1000 q> 10 0 0000
. 0010 ehonon — OqZ_OLO R 00q0
0100 0 0gz 0 0000
0001 00 04 0000

Therefore, the matrix for the operator corresponding to the positive crossing is

g: 0 0 0

Q" (V)Z 00 g 0 (9.4)
N\ 0g2q2—q2 0
00 0 g

Instead of using the element action given in (9.1) to obtain the matrix for the negative
crossing, which of course may be done, it is easier in the present instance simply to
take the inverse of the matrix for the positive crossing. Thus, making use of the fact
that Q%" is invariant under FT,,

7: 0 00
—1 — 1 3 1
stp (N — [ ostar y)) _| 0gi-q7¢> 0 05
¢ (:\) (Q ( \ 0 ¢ 00 ©-5)
0 0 037>

From (9.1), the element-wise action of Q2 ([\) :V*QV — Kis given

by f ® x — f(x). Therefore, its action on basis elements of V* ® V is

Computing the action of Q%%* (U) is a little more involved. From (9.1), the

element-wise action of Q%%2* <U> K= V*®Vis
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2
Q”W( ) ‘1 " ® pu-ivie).
U Zl:e e

It can be shown (see for example [90]) that the identity v = K %u holds in U, (sh).

. . 0 _
Using this, py-1y = pg2, and pg2 = |:g q:| , 80, pu-ly(e1) = q e; and py-1y(e2) =

q e>. Then
Q> <u> > ge'®e+qge®Qen. 9.7)

Since Q%"° (T) and Q°"* (l) are identity maps, we now have the actions of

Q°"* on the elementary tangles. However, we can go further in our understanding
of 0% and show that it has a skein theoretic definition.

By using the matrices in (9.4) and (9.5), and proceeding as in Lemma 6.16, it is
easily checked that

g: 0 0 0 g: 0 00

00 gz 0] _ 0Gz—q2q2 0 _
12 q \ =12 q q* 4 — (g -1
q 0 qt—71 0 q 0 4 00 (@ —9)

00 0 g 0 0 037>

It follows that

q'? Q" (X) —q'rger (X) =(q-q)0°"" O C) - (98)

We can also remove positive twists from our diagrams as follows.

From (D.2), we have that Q°2? /\) = p,-1. We have, using that (px)" = 0,

forn > 1,

h 2 @ - Q)n —nn S7a n n n
py = e P NS g2 (K )20 p(¥)" p(X)

ps [n]!

= (oK) + @ — )7 p(K) o (¥)p(X)
q7% 0 60 —3 — O O

[o q‘i}([w]“q _Q)[WD

I A

SCRIRS
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Thus, using the fact that p is a representation, p,-1 = ¢°/’I. Then, since

0 2. ( | ) = I, we have
[ t 3/2 l,p | 99
Qsz'p /\) _q/Qﬁz, ()

The value of Q®"%* on the unknot is found from (9.6) and (9.7) thus.

oo (O) e (V) e () 1masa o

In examining (9.8) and (9.10), it is likely that the skein relations for, say, the Jones
polynomial will come to mind, and the reader will notice that we have a skein theoretic
formulation for the Reshetikhin-Turaev invariant Q%%'?. However, some care needs
to be taken here. There are two important points to notice. First, for the relation (9.8)
to reduce the computation of 0°%2(T) to its values on unlinks we need to restrict
the domain of Q*"* to links, rather than tangles in general. Secondly, once we have
restricted to links, relation (9.8) will reduce the computation of Q%*(T') to its values
on unlinks. However, these are framed unlinks. Thus, we need both (9.10) and (9.9)
to compute the value of Q%“+*(T) on unlinks. By collecting these observations, we
obtain the following.

Theorem 9.5. There is a polynomial invariant Q%" of framed oriented links defined
by the skein relations

q'?0" (X) —-g'?o" (X) =(¢-9)0" O C)
“(j0)-+- ()
(O

Furthermore, this invariant is equivalent to the Reshetikhin—Turaev invariant Q5[2’p :
Clg'?, q'*1 — Clg "2, q'*1 via Q**(L) : 1 = Q°2(L).

Exercise 9.6. Use the deframing process described in Sect. 3.3 to construct an invari-
ant of unframed oriented links or tangles from Q3. Obtain a skein relation for this
invariant and compare it to that for the Jones polynomial.
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Exercise 9.7. Above we studied the Reshetikhin—Turaev invariant arising from the
two-dimensional representation of U, (sl>). The purpose of this exercise is to deter-
mine the invariant arising from the one-dimensional representation. For this, let {e;}
be a basis of V, and let {e'} be the corresponding dual basis of V*. The map p"
defined on the generators X, ¥, K and K of U, (sh) by p"(X) = p¥(Y) = [0]1x1,
pY(K) = p"(K) = [1]ix1, affords a representation of U, (sl»). Also p¥ (H) = 0.
Proceeding as in the two-dimensional case, compute the values of Q%" " on each
of the elementary tangles. Find a skein relation that determines the values of Qshr’
on links. Hence show that in this case Q""" " is a trivial invariant.

As mentioned previously, although our focus here is on the (framed) Reshetikhin—
Turaev invariant Q%% coming from U, (sl») and its standard two-dimensional rep-
resentation, the construction here does work for other representations (e.g. the knot
invariant arising from the n-dimensional representation of U, (sl>) is known as the
coloured Jones polynomial), and for quantum groups coming from other Lie algebras
(e.g. the HOMFLYPT polynomial arises from the U, (sl,) and its standard represen-
tation). The key point is that Reshetikhin—Turaev invariants provide a framework
that unifies an important class of knot invariants. We could then ask if there is a
single invariant that unifies all Reshetikhin—Turaev invariants. It turns out that one
does exist. This invariant is known as the Kontsevich invariant and we shall meet
it in Part IV, but first we adopt a different perspective and consider Vassiliev knot
invariants.
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Vassiliev Invariants



Chapter 10 ®)
The Fundamentals of Vassiliev Invariants | oo

This part of the text sees an apparent departure from the invariants of PartII. So far our
focus has been on constructing link invariants by considering the combinatorics and
algebra of link diagrams. In this part, we consider instead the space of all numerically
valued knot invariants, or, dually, of all knots. By considering crossing changes on
link diagrams, we get a filtration on these spaces, and these filtrations give rise to
the notion of Vassiliev invariants. Not all knot invariants are Vassiliev invariants.
However, many important ones are. In fact, they include (in an appropriate sense)
the Reshetikhin—Turaev invariants we have seen in Part II.

Vassiliev invariants were introduced independently by Vassiliev [185, 186] and
by Goussarov [69, 70]. They are also known in the literature as Vassiliev—Goussarov
invariants, although here we use the shorter, more common name. Here we follow
the combinatorial approach to Vassiliev invariants of Birman and Lin [24]. We shall
see, through an intricate use of standard linear algebra, how Vassiliev invariants are
equivalent to combinatorial objects called chord diagrams, and how this translation
of the knot invariants into combinatorial objects is essential in developing the subject
and in making contact with the Reshetikhin—Turaev invariants.

10.1 Vassiliev Invariants and Singular Knots

The first step in the theory of Vassiliev invariants is the formation of a vector space
of knots.

Definition 10.1 (Vector space of knots). Let Z denote the vector space of finite
formal linear combinations of isotopy classes of oriented knots over C, i.e. ¢ is
the (infinite dimensional) vector space over C with basis consisting of the isotopy
classes of knots. We call % the vector space of knots.

We usually represent an isotopy class of a knot K by its member K (or any other
member of the class), or by a diagram of K. Thus, generally, when we specify
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aknot K, we mean the “isotopy class of K. An example of vector space operations
in J is given by

& B) (B &+ B

where the scalar multiplication and addition are just formal operations, and no topo-
logical meaning should be inferred from the linear combinations.

A numerical knot invariant evaluated in C is a knot invariant that takes its values
in C. Any such knot invariant may be extended linearly to give a map from % to C.
A vector space structure over C may be defined on the set of knot invariants via the
usual addition and scalar multiplication of functions. The next definition captures a
trivial yet important observation. (A review of dual spaces can be found in Sect. A.5.)

Definition 10.2 (C-valued knot invariant). A C-valued knot invariant is an ele-
ment of £, i.e. a function from % to C.

It is convenient when working with Vassiliev invariants to make use of the fol-
lowing generalisation of a knot, called a singular knot.

Intuitively, a singular knot is a knot that is allowed to intersect itself a finite number
of times, and at each of these intersection points only two strands can intersect, and

must do so transversally, thus: . To make the singular point clear in our

[P

drawings, each double point of a singular knot is marked by a “e” in a corresponding
singular knot diagram. Thus, singular crossings are drawn as . An example

of a singular knot (diagram) is

X

A formal definition of a singular knot requires the concept of an immersion.
A continuous function f : S! — R3 is an immersion if every point x € S' has a
neighbourhood N, such that the restriction of f to N, is a homeomorphism. For
convenience, we shall define our singular knots to be tame from the outset.

Definition 10.3 (Singular knot). A polygonal singular knot is an immersion of
a polygon into R? that has finitely many multiple points and is such that edges
only intersect in points, no intersection point is a vertex of the polygon, and each
intersection only includes two edges.

A singular knot is an immersion of S! into R? that is ambient isotopic to a polyg-
onal singular knot.
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As with knots, two singular knots are equivalent if they are ambient isotopic, as
in Definition 1.3. Again, as with knots, we usually work with diagrams of singular
knots, which are considered up to the Reidemeister moves.

Definition 10.4 (Singular knot diagram). A singular knot diagram is the image
of a regular projection of a singular knot in which the images of intersection points
are marked with a e and an under-/over-crossing structure has been assigned to all
other double points. The crossing structure is indicated by line breaks in the diagram.

Theorem 10.5. Two singular knots are equivalent if and only if their diagrams are
related by a finite sequence of Reidemeister moves. That is

{singular knots} __ {singular knot diagrams}

isotopy Reidemeister moves

The proof of Theorem 10.5 is very similar to the proof of Theorem 1.26 and so is
omitted.

It is to be emphasised that the cyclic order of the arcs at a singular point in a
singular knot is fixed under isotopy. Intuitively, we may think of two arcs as being
welded together at a singular point and so, although we can move the singular point
around in space, we cannot change the arcs entering and leaving it.

For the moment, we shall not study singular knots in their own right (although we
shall do so in the next chapter). Instead, here:

e singular knots provide a compact notation for certain linear combinations of knots
in .

An oriented singular knot is identified with a unique element of .2 by eliminating
each of its singular points through repeated application of the Vassiliev relation,
which is defined as follows.

Definition 10.6 (Vassiliev relation).

XX

As usual, the three diagrams are identical outside of the region shown.

We shall use the term “to desingularise” a singular knot K to mean the exhaus-
tive application of the Vassiliev relation to remove all the singular points of K. The
element of /¢ resulting from desingularising a singular knot is called a Vassiliev res-
olution of K, which we denote by Vi (K). Similarly, we speak of a desingularisation
of a knot.
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As an example of desingularisation:

(7 2
:\‘\‘\\*\

(10.1)
(the right-hand side being a Vassiliev resolution).

The following lemma tells us that K has a unique Vassiliev resolution: that is, the
result of desingularising a singular knot is independent of the order in which each of
the singular points is resolved using the Vassiliev relation. In addition, it provides a
useful formula for the resolution of a singular knot.

Lemma 10.7. Let Sk be the set of all singular points of a singular knot K. For
each A C Sk, let K 4 be the knot in which the singular points of K that are in A are
resolved negatively and the remaining singular points of K are resolved positively.
Then the Vassiliev resolution of K is

Vres (K) = Z (_1)‘A| KA-

ACSk

Exercise 10.8. Prove Lemma 10.7 by using induction on the number of singular
points of a singular knot.

As already noted, we adopt the following convention in this chapter.

Convention 10.9. When working within the vector space .#, we shall make the
identification
K «— Vs (K) (10.2)

between a singular knot and its Vassiliev resolution. That is to say, a singular knot
K is compact notation for a linear combination of knots in this chapter.

In Chap. 11, however, we shall consider singular knots as objects in their own
right and therefore shall not make this identification. Thus, observing that we are
working in the context of J#” is important. We shall see that the use of singular knots
has profound consequences.

Keeping in mind the identification of a singular knot in %~ with its Vassiliev
resolution, we make the following definition.

Definition 10.10 (Vector space .%7,,). /%, is the (infinite dimensional) subspace of
2 spanned by the set of all oriented singular knots with (at least) m singular points.

It follows from the definition of .%, that the space % of all knots admits a
filtration

H = Ho = M= A= A= e (10.3)
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We have defined .7, to be the subspace of . spanned by the set of all singular
knots with at least m singular points. Equivalently, we may in fact define it to be the
subspace spanned by set of all singular knots with exactly m singular points, as the
following result shows.

Lemma 10.11. 7, is the vector space over C spanned by the set of all oriented
knots K with exactly m singular points, with the identification given in (10.2) for K .

Proof. Let K € J£, where n > m. Then we may apply Vassiliev’s relation to obtain
K = b — ¢ where b, ¢ € %,_,. The result follows by iterating this a finite number
of times to express K as an element of 7. (I

The existence of the filtration (10.3) enables us to form quotient spaces %, / #+1,
a construction that will be crucial to later arguments, both knot theoretically and
algebraically.

With the concept of the vector spaces ./%;,, we may now define Vassiliev invariants.

Definition 10.12 (Vassiliev invariant—1 st.).
1. A knot invariant 0 is a Vassiliev invariant of degree m (or finite type invariant of
degree m) if it is a linear map 6 : ¥ — C with the property that

9|1/m+1 =0,

where 0 is the zero map.
2. ¥ denotes the set of all Vassiliev invariants.
3. ¥, denotes the set of all Vassiliev invariants of degree m.

Exercise 10.13. Verify that a degree m Vassiliev invariant 6 is also a degree n Vas-
siliev invariant for each n > m.

A second definition of Vassiliev invariants will given in Definition 11.4.

10.2 Examples of Vassiliev Invariants

With these preliminaries completed, we must now show that

1. Vassiliev invariants exist, and that
2. there are highly non-trivial ones;

and answer a residual basic question
3. are there knot invariants that are not Vassiliev invariants?

The next exercise establishes that Vassiliev invariants exist by exhibiting a par-
ticular, albeit uninteresting, Vassiliev invariant.
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Exercise 10.14. This exercise classifies the degree 0 Vassiliev invariants.

1. Letr € Candk, : # — Cbethe map defined on its basis elementsby «, (K) = r
for each knot K. Show that «, is a degree 0 Vassiliev invariant. «, is called a
constant invariant.

2. Let 0 be a degree 0 Vassiliev invariant. Show that 6 satisfies the skein relation

0 (X) =0 (X) . Hence deduce that 0 takes the same value on all

knots, and is hence a constant invariant.

With the question of existence resolved, we now turn to establishing that there are
highly non-trivial Vassiliev invariants. The following examples of Vassiliev invariants
arise from knot polynomials. In the context of Vassiliev invariants, knot polynomials
are to be considered as mappings from .Z” to a polynomial ring, defined as the linear
extensions to the vector space % .

The Alexander—Conway polynomial. Recall from Definition 2.30 that the Alexander—
Conway polynomial C(K) € Z[z] may be defined by the skein relation

(5] () <(30)

SAC2: C(0) = 1.

Applying SAC1 to a singular point of a singular knot gives
()< (X-X)
e (32) ()~ (3C).  cun

By iterating this, we see that the Alexander—Conway polynomial of aknot withm + 1
singular points has the form C(K) = z”*! f(z) where f(z) is some polynomial in
z. Thus,

[2"]1C(K) =0,

where [z™] denotes the coefficient operator which, when applied to C(K), gives
the coefficient of z” in C(K). Therefore, [z"]C : # — C is a degree m Vassiliev
invariant.

Theorem 10.15. The coefficient of the 7" term of the Alexander—Conway polyno-
mial is a degree m Vassiliev invariant.
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The HOMFLYPT polynomial. Next, we consider the HOMFLYPT polynomial. Recall
from Definition 2.27 that the HOMFLYPT polynomial is given by the skein relation

o (5)- (X))

SH2: P(0) = 1.

Consider its 1-variable specializations (one for each value of n)

g'P, (y\) ~q7'P, (X) —@—q )P, O O (105)

obtained by setting x = ¢" and y = ¢ — ¢!, which the reader will recognise from

Theorem 6.23. Changing the indeterminate of this Laurent polynomial from ¢ to &
by setting

g = e,

1 h/2

and therefore ¢ ~' = ¢"/2, we obtain a formal power series Q, , := P,(e"/?) over
C in the indeterminate /.

For example, the 2-variable HOMFLYPT polynomial of the right-hand trefoil is,
from (2.5),

Q4+ yHx2—x4

The substitution x = ¢g" and y = (¢ — g~") gives

—2n+2 +q—2n—2 —4n

q -9

and setting ¢ = ¢’/? and denoting the right-hand trefoil by K gives the formal power
series

_ . 2 2 3_ 3 12 i_l4 4
Onn(K) =14 (1 =n) h* + (n ”)h+<2”+12 ")

in the indeterminate /.

Theorem 10.16. The coefficients of Qnp := Py (e"'?), where P, (q) is the HOM-
FLYPT polynomial of (10.5), define Vassiliev invariants for each integer n. In partic-
ular, [W"]1Q,., : H — C, the coefficient of K" in Q, 1, gives a degree m Vassiliev
invariant.

Proof. We begin by considering a singular knot and applying the Vassiliev relation
to one of its singular points. From the Vassiliev relation and the linearity of Q,

() e5)-)
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1] Qi <>-<) = (1] Qi (X) — 111 Qu (X) 106

Next, from the skein relation (10.5) for the HOMFLYPT polynomial, we have

g, (y\') g, (/'\") = (" =) On (3 O |

Taking the constant term in 4 on each side, we have,

(1] Qs ('\/\') A Qs (/'\7') 0, (10.7)

Equations (10.6) and (10.7) together give [4°] On.h (X) = 0. Thus,

O (X) — - f(nh)

for some formal power series f(n, k) in h and n. Therefore, if K € %, 1, it follows
that

SO

Oui(K)=h"*""g(n, h)

for some formal power series g(n, h) in h and n. In particular, [A"]Q, ,(K) = 0, so
[A"] Q.1 (K) vanishes on %, and hence is a Vassiliev invariant of degree m. O

Exercise 10.17. Use Theorem 10.16 to deduce how the coefficients of the Jones
polynomial give rise to Vassiliev invariants. Adapt the proof of Theorem 10.16 to
give an independent proof of your answer.

Having seen that non-trivial Vassiliev invariants exist (Theorem 10.15 is from [12],
and Theorem 10.16 is from [24]), it is natural to ask whether or not all numerical knot
invariants are Vassiliev invariants. An instance of a numerical knot invariant that is
not a Vassiliev invariant is the crossing number, which is the minimum number of
crossings that any diagram of a given knot can attain. Other examples of invariants
that are not Vassiliev invariants include the signature, genus, bridge number and
unknotting number. The reader who would like to read further on this topic may
wish to consult the articles [24, 49, 178].
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10.3 The Vector Space of Vassiliev Invariants

The next result produces a vector space from the set #;, of degree m Vassiliev
invariants. This is, of course, the vector space over C generated by the set 7,,, but
we set it down explicitly.

Proposition 10.18. The set ¥, of all degree m Vassiliev invariants equipped with
addition and scalar multiplication defined by

O +0)K):=0(K)+0'(K), (L0)(K):=xrO(K)) (10.8)

forall6,0" € ¥,, and . € C and K € X, is a vector space over C, which we shall
denote also by V.

Exercise 10.19. Prove Proposition 10.18.

As with the vector space # of all knots, the vector space ¥ of all Vassiliev
invariants also admits a filtration.

Proposition 10.20. There is a filtration on the space of Vassiliev invariants:
WW<N=<Ph=<--. (10.9)

Proof. To establish the result, it is sufficient to show that if 6 € ¥}, then 6 € ¥, ;.
Let K € %, 1. Then K € %, by the filtration (10.3). But 6 € ¥, implies that
0(K) =0since K € J},41.Thus,0(K) = Oforall K € J,12,5060|,,, = 0.Then
0 € ¥,,11, thereby establishing the filtration. |

In general, to show that the degree of a knot invariant 6 is m, we must show
that 6 (#,,+1) = {0}, that is, that 6 vanishes on all linear combinations of knots with
at least m + 1 singular points. It suffices to show this for the generators, that is, to
show that whenever K is a singular knot with at least m + 1 singular points then
0(K) = 0. But, by Lemma 10.11, %, is generated by knots with exactly m + 1
singular points so,

e to show that 6 € 7}, it suffices to show that 8(K) = 0 for all singular knots K
with exactly m + 1 singular points.

We are now in a position to state two important relationships between the vector
space ¥, of degree m Vassiliev invariants and the dual of a particular quotient space
associated with the vector space ¢ of all knots.

Lemma 10.21.
Vn = (K[ i)

Proof. By definition,

Y =1{0 € A7 0(Hns1) = {0}}.
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But, from Lemma A.11,

{0 € A7 0(Hns1) = {0} = hom(H /K11, C) = (K[ Hni1)",
and the result follows. (]

D T\
= . (10.10)
V-1 <%+1>

Proposition 10.22.

Proof. The result would be fairly straightforward if we knew that the left-hand and
the right-hand sides are finite dimensional, but do not (yet) know this. Thus, we begin
by describing the elements of ¥,,/%,,_1, which are equivalence classes of elements
of ¥,,.
Let [f], [g] € ¥u/Vm—1 where f, g € ¥,,. Then, by Definition A.8, [ f] = [g] if
and only if f — g € ¥;,_;. But
V-1 =1{0 € A" 0(,) = {0}}, (10.11)
so f — g € ¥, if and only if
(f — &) () = {0}

Therefore, [ f] is the equivalence class

[f1={0 €7 01, = flu,} (10.12)

Then [f] € ¥,,/7n-1 may be identified with an element of %" as follows. For
K € J,, the action of [ f] is given by

[f1(K) = f(K), (10.13)
which is well-defined by (10.12). Furthermore, since f € ¥,
Lf1 (A1) = [ (Hnsr) = {0},
and so [ f] € ¥},/¥,,—1 may be identified with an element of
{6 € 2 60(H11) =1{0}}. (10.14)
Thus, we have defined a vector space morphism

e
V-1

v — {0 € A 0( A1) = {0},

where, for K € i, y([fD(K) := f(K).
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We show that v is both surjective and injective and hence is an isomorphism.
Surjectivity: Let f € {9 € Xy 0(Hpy1) = {O}}. Define f by

~ , FK)IfK € A,
fr X —>Ci K~ { 0 otherwise.
Since f(H#,41) = {0}, we have fe Y. Let [f] € Y/ Vm—1 be the equivalence
class of f in ¥ /¥,_1. Then, for K € A, v ([ f D(K) = f(K) = f(K), from
which it follows that ¥ is surjective.
Injectivity: Suppose that ¥ ([ f]) = ¥ ([g]). Then f(K) = g(K) for all K € %,
so (f — g) () = {0} where f, g € #™*. Then f —g € ¥, and so [f] = [g],
giving injectivity.

We have shown that ¥ is an isomorphism, and so

Vi
Af/m—l

= {0 € Hyr: 0(Hpi) ={0}}.

By Lemma A.11, the set on the right-hand side is isomorphic to

()
i)

and the result follows. (]

Since we have established that Vassiliev invariants exist in each degree, and that
at least some of these are non-trivial, it makes sense to investigate the structure of the
vector space ¥;, of degree m Vassiliev invariants. A basic piece of information about
¥, we can ask for is its dimension (or, indeed, if it is finite or infinite dimensional),
and a basis for the vector space. We begin by calculating the dimensions of % (which
was obtained in Exercise 10.14) and #] from first principles as a prelude to studying
the vector spaces %, more systematically in the next chapter.

Proposition 10.23.
dim(%) = 1.

Proof. By Exercise 10.14, there is a degree 0 Vassiliev invariant (given by [2°]1Q,, ;).
Let 6 be one such invariant (itisin %;). In addition, let K, K’ € # be two knots which
differ by a single crossing change. By the Vassiliev relation given in Definition 10.6,
there is a singular knot b with exactly one singular point such that b = K — K’'. We
have

0=26(b) (6 is zero on %))
=6(K —K')
=60(K)—60(K") (6 is linear)
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$0 (K) = 0(K’). Thus, a degree 0 Vassiliev invariant takes the same value on any
two knots which differ by a single crossing change, and therefore by a finite sequence
of crossing changes. But, by Exercise 1.19, any knot may be reduced to the unknot by
a finite sequence of crossing changes so any pair of knots differ by a finite sequence
of crossing changes. Thus, 6 is constant on %", and so 6 € (k1) so % < (x), where
k1 is the constant invariant that takes the value 1 on every knot. But % is not the zero
vector space. The result now follows. O

Proposition 10.24.
dim(#) = 1.

Proof. By Theorem 10.16, there exists a Vassiliev invariant of degree 1, soletd € 71.
Let K, K' € 2 be knots that differ by exactly one crossing change and that have
exactly one singular point. Then, by the Vassiliev relation, there is a knot b € %
with exactly two singular points such that b = K — K’. Then

0=46(b) (0 is zero on %)
=60(K —K)
=0(K)—-6(K") (@ is linear).

By the arguments of the proof of the previous proposition, 6 takes the same value
on all knots that differ in a finite number of crossing changes and have exactly one
singular point. But, up to crossing changes, there is a unique knot with exactly one

singular point, namely . Thus,

since the two knots on the right-hand side are in the same isotopy class and 6 is con-
stant on isotopy classes. Then 8(K) = 0 for all K € JZ, and so 6 € (k). However,
from the filtration (10.9), ¥, < 71, and we conclude that ¥, = ¥;. The result then
follows from Proposition 10.23. (]

The argument used in the proof of this result is important and will be generalised
in the next section to provide a connection between singular knots and Vassiliev
invariants. Although the degrees 0 and 1 Vassiliev invariants are trivial, the Vassiliev
invariants of degrees 2 and higher are not.

Before continuing, let us reconsider the question of determining the dimension of
the vector space 7;,. Recall from (10.9) that we have a filtration

W<N<Ph=<--.
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This means that all degree m Vassiliev invariants are also degree m + k Vassiliev
invariants for each k > 1. If we were to “count” the degree m Vassiliev invariants,
by finding the dimension of %;,, then we would also be including all the degree
m — 1, ..., 0 Vassiliev invariants. Instead, we should “count” the degree m Vassiliev
invariants which are not Vassiliev invariants of lower degree. This task is better
expressed in terms of determining the dimension of the quotient space #;,/ %—1-

If dim (¥}, / ¥y.—1) were finite (we shall see shortly that it is), then we may recover
dim(%;,) inductively using (Theorem A.23)

dim(%,) = dim (%, /3n—1) + dim(¥j,—1),

as a recurrence equation for dim(#},). This fact, among others, motivates the closer
examination of %,/ %;,_1.
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Chord Diagrams ez

The vector space ¥ of Vassiliev invariants is a space of functions and can be difficult
to work with directly. We now introduce a vector space that is more manageable than
¥, namely the combinatorial vector space of chord diagrams. Indeed, to understand
Vassiliev invariants, we shall see it is enough to understand a quotient space of the
vector space of chord diagrams by two particular combinatorial relations between
chord diagrams, namely the 1T-relation and the 4T-relation.

A connection between the two vector spaces is established through a map from
the space of knots to the space of chord diagrams. Formalising this map as a single-
valued function requires the introduction of the vector space H n freely generated
by the set of all singular knots of degree m where a singular knot is not identified
through (10.2) with its Vassiliev resolution.

The arguments are quite dense, entailing technical issues of constructing vector
spaces of combinatorial objects that are progressively easier to work with and, of
course, isomorphisms between them. The combinatorial objects include singular
knots, chord diagrams, weight systems and Jacobi diagrams, and will be introduced
progressively in this and the following few chapters. While the local arguments are
elementary, the overall structure and the ways in which the local arguments are used
are subtle and quite intricate.

11.1 The Vassiliev Extension of a Knot Invariant

Definition 11.1 (Vector space of singular knots). Let " denote the vector space
of finite formal linear combinations of isotopy classes of singular oriented knots over
C. We call JZ the vector space of singular knots.

That is, ¥ is the vector space over C with basis consisting of the isotopy classes
of singular knots. For example, an element of 7" is
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& @-&

It is implicit in this definition that an element K of ¥ is not identified with its
Vassiliev resolution. The same element K, regarded as an element of %", is identified
with its Vassiliev resolution. To emphasise that a singular knot K is to be regarded
as an element of % , we shall rewrite K as K.

We also note that the resolution operation described in Lemma 10.7, which
expresses an oriented singular knot K as a linear combination of oriented knots
Vies(K), may be extended linearly to a map Vi : H# — . This is the (Vassiliev)
resolution map.

Definition 11.2 (Vector space a m)e V4 m 1s the subspace of X generated by all
singular knots with exactly m singular points.

For example, the following figure shows an element of N 3.

7 -3 +
\L

It follows immediately that N , while not admitting a filtration (compare with
(10.3)), does admit a grading

H=H DA DA D . (11.1)

This changes how we can work with A as compared with JZ.

An element of % o is a finite linear comblnatlon of knots, and an element of
(Ji/ 0)* is a C-valued knot invariant. An element of ¥ is a finite linear combination
of singular knots, and an element of (Ji/ )* is a C-valued singular knot invariant.

Given a knot invariant 8 : 2~ — C, we may extend it to a singular knot invariant
6: 4 — C by applying the Vassiliev relation iteratively to resolve all the singular
points of K and then applying 6 to the resulting element of 7. We refer to this process
as the Vassiliev extension of a knot invariant 6. This is captured in the following
definition.
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Definition 11.3 (Vassiliev extension). Let 0: .7 — C be a knot invariant. Then,
the Vassiliev extension of 0 is the singular knot invariant

6: # > C
obtained by setting

(K) =6 (Z(—l)'Af(A)

ACS

for a singular knot KeX , extended linearly over x . Here, as in Lemma 10.7, S is
the set of all singular points of K, and K , is the knot in which the singular points of
K thatare in A are resolved negatively and the remaining singular points are resolved
positively.

For example, let 6: # — C be a knot invariant. Then, from (10.1) and the lin-
earity of 6, we have

EHes68

We now formulate a second definition of a Vassiliev invariant (the first was Defi-
nition 10.12) and then show that the two definitions are equivalent.

Definition 11.4 (Vassiliev invariant.—an). A knot inv.ariant : # >Cis a
Vassiliev invariant of degree m if 6. # — C satisfies 6 (¢ ,,,11) = {0}.

The next proposition establishes that the two definitions of a Vassiliev invariant are
equivalent.

Proposition 11.5. Definitions 10.12 and 11.4 are equivalent.

Proof. Let0 be a Vassiliev invariant of degree m according to Definition 10.12. Then,
0: 4 — C where
0 (Ams1) = {0}. (11.2)
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Now, consider Ke# m+1. Then, from Definition 11.3,

6(K):=6 ( > (—1)'AKA> )

ACSk

But, from (10.2), ZACS (=D K4 = K where K € #,,41. Then H(K) =0(K) =
0 from (11.2), so 0(% m+1) = {0}, and therefore 6 is a Vassiliev invariant according
to Definition 11.4.
On the other hand, let 6 be a Vassiliev invariant according to Definition 11.4. Then,
: # — Cissuch that 9(%m+1) ={0}. Let K € J#,,+1. Then, K i Is the Vassiliev
resolutlon of some K € %m“ Then, by Definition 11.3, 6(K) = O(K) = 0 since
Kex m+1- Thus, 6 is a Vassiliev invariant according to Definition 10.12, concluding
the proof. (]

The next result is required because H m+l % V4 m» S0 we do not have a filtration
for J# (as we have for . where the corresponding result is immediate).

Lemma 11.6. If60 is a Vassiliev invariant of degree m and K e J'f/m_,_Hk,fork >0,
then 6(K) = 0.

Proof. By Proposition11.5, 6 is a degree m Vassiliev invariant in the sense of
Definition 10.12. By Exercise 10.13, it is therefore a Vassiliev invariant of degree
m + k in the sense of Definition 10.12, and hence, by Proposition11.5, it is a
Vassiliev invariant of degree m +k in the sense of Definition11.4, giving

O(H mirx) = {0} O

11.2 The Emergence of Chord Diagrams

The following two lemmas show that Vassiliev invariants do not depend on the
structure of non-singular crossings, that is, whether they are positive or negative, but
do depend upon the order in which the singular points appear in a circular tour of the
knot. The proof of this assertion is a straightforward generalisation of the method of
the proof of Proposition 10.24.

Lemma 11.7. Let 6 be a degree m Vassiliev invariant and let k and k' be two
singular knots in & ,,, each with exactly m singular points. Iff( and k' differ by a
finite sequence of crossing changes and isotopy, then é(f( )= é(k /).

Proof. We consider the case in which K , K ' are singular knots in a o« that differ
by only a single crossing change. Then, there exists a singular knot b € Z m+1 such
that the application of the Vassiliev relation to a single singular point of b gives

b=K—K where, without loss of generality, K hasa positive crossing and K has
a negative crossing at the singular point. Then,



11.2 The Emergence of Chord Diagrams 185

0= 6(b) (since b € S s1)
=0(K - K)
= d(K) —6(K)) (6 is linear)

Thus, 6(K) = 6(K).

In the case in which K and K differ by a finite sequence of crossing changes and
isotopy, the result follows directly by applying the above argument a finite number of
times, once for each crossing change, and noting that the value of 6 does not change
under isotopy. ([

This lemma indicates that a degree m invariant does not depend upon the non-
singular crossings in a knot with m singular points. The following lemma is, in effect,
a rephrasing of the previous lemma. It indicates that the invariant is dependent only
upon the cyclic order of the singular points.

Lemma 11.8. Let 6 be a degree m Vassiliev invariant and let K €, bea singular
knot with exactly m singular points. Then 0(K) depends only upon the cyclic order
in which the singular points 0ff( appear in a cyclic tour ofk in the direction of its
orientation.

Proof. The cyclic order of the singular points of a knot defines a singular knot modulo
over- and under-crossings. (]

We have shown the following.

Vassiliev invariants depend only upon the cyclic order of the singular points of
singular knot.

That Vassiliev invariants depend only upon the cyclic order of the singular points
of singular knot is the salient property of a singular knot as far as Vassiliev invariants
are concerned. This information may be encoded in a more convenient form as
follows.

Definition 11.9 (Chord diagram). A chord diagram consists of an oriented circle,
called the skeleton, with a finite number of chords between points on the circle, and
is considered up to orientation preserving diffeomorphisms of the circle. The degree
of a chord diagram is the number of its chords.

For example, the sets of chord diagrams of degrees 1, 2 and 3 are, respectively,

degree 1 degree 2
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OO

degree 3

Convention 11.10 (Chord diagrams). Chord diagrams are drawn in the plane so
that the chords are contained inside the skeleton.

For the purposes of this convention, it is to be recalled that, by the Jordan Curve
Theorem, the skeleton of a chord diagram separates the plane into two regions, one
of which contains the point at infinity while the other region does not. The latter is
called the interior of the chord diagram.

Definition 11.11 (Vector spaces % and %,, of chord diagrams). % is the vector
space over C that consists of all finite formal linear combinations of chord dia-
grams over C, and %, is the subspace of € generated by chord diagrams of degree
exactly m.

A base point on a skeleton (or knot) is a point on a skeleton (or knot) that is used
to specify a start and endpoints of a tour around the skeleton (or knot). We use the
symbol “*%” to mark a base point on a diagram.

A degree m chord diagram C is uniquely specified as a circular sequence in the
following way. The labels 1, ..., m are assigned one to each chord of C. A point
on the skeleton of C is selected as a base point, and a record is kept of the labels of
chords as their ends are encountered in a tour of the skeleton in the direction of its
orientation, starting from the base point. In the sequence of labels so formed, each
element 1, ..., m appears exactly twice since each chord has two ends and is to be
regarded as

1. a circular sequence, up to cyclic permutation of the order (to mod out the base
point);

2. up to permutation of the labels 1, ..., m (to mod out the particular naming of the
chords, since these are arbitrary).

Itis clear that the set of all such circular sequences corresponds to the set of degree
m chord diagrams, for each m. For example, the left-hand diagram of the following

Ly W

gives rise to a sequence (1,2, 3,4,4,2, 1, 3) which we consider up to cyclic per-
mutation of the order and permutation of the labels. Thus, the circular sequence
(1,4,2,3,2,4, 3, 1) corresponds to the right-hand chord diagram which, by permu-
tation of the labels and a cyclic shift, represents the same chord diagram.
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Definition 11.12. Two chord diagrams are equivalent if, possibly after relabelling
the chords, they determine the same circular sequences.

We have seen in Lemma 11.8 that the order that singular points appear in a tour of
a knot diagram is important in the study of Vassiliev invariants. We may record this
information in a chord diagram by defining a map ¢,, from singular knots to chord
diagrams.

Definition 11.13 (Map ¢,,). Let KeXx  be an oriented singular knot with exactly
m singular points. Select any non-singular point on K as a base point, and label the
singular points 1, ..., m arbitrarily. A tour of the knot from the base point in the
direction of the orientation gives a sequence of the labels of the singular points in the
order in which they are encountered. Each integer 1, ..., m appears exactly twice in
the sequence.

Now, expunge the base point, so the sequence is now a circular sequence that is
well-defined up to cyclic permutation and permutation of the labels. It is therefore
precisely a chord diagram. We can extend ¢,, to a map

¢ﬂl : Q%Wl — Cgm .
Clearly, ¢,, does not depend upon the choice of base point and so is a well-defined

map.
As an example of the application of ¢4, consider

— — (1,4,3,2,3,1,4,2)

where the (oriented) singular knot on the left-hand side is mapped by ¢4 to the chord
diagram on the right-hand side. The base points of the singular knot and the chord
diagram are is marked by a “*” in the middle two diagrams.
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As a second example, we have

50

A knot diagram may be constructed from a chord diagram by contracting the
chords using the operation that replaces a chord by the configuration shown on the
right of the image below.

(11.3)

This transforms the skeleton of the chord diagram iteratively into a singular knot
diagram. In this construction, each intersection of chords in the chord diagram will
result in an intersection of arcs in the singular knot. An example of this operation is
shown below.

The over-/under-structure of these crossings is chosen arbitrarily. These arbitrary
choices mean that the contraction operation does not give a well-defined map from
% to 4 since different choices of crossing may result in different elements of Va ,
and so the operation is 1-many. We shall return to this point in detail later in Sect. 11.9.

An immediate consequence of the definition of ¢,, and the contraction of chords
is the following.

Proposition 11.14. The map ¢, : H oy = C is surjective.

Proof. Let C be adegree m chord diagram. A singular knot diagram K ¢ with exactly
m singular points is formed from C by contracting each of the chords of C asin (11.3).
Clearly, ¢,,(K¢) = C, and so ¢,, is surjective. U

Although ¢,, is surjective, it is not injective, as the following exercise shows.
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Exercise 11.15. Consider the following applications of ¢, to the singular knots K
and K

Let J be the Jones polynomial and J be its Vassiliev extension to singular knots.
Show that J (I.{ ) # J (I'( /). Hence, conclude that ¢, is not injective.

11.3 The Map ay,: ¥ — 6k

We now show that to understand Vassiliev invariants it is enough to understand the
vector space % of chord diagrams. It is a discussion that will occupy the rest of this
chapter. We construct a map o, : %, — %, from the space of Vassiliev invariants
to the dual of the space of chord diagrams. Chord diagrams may be used to rephrase
both Lemmas 11.7 and 11.8 succinctly as follows.

Proposition 11.16. Let 6 € Y be a degree m Vassiliev invariant and let K. K e
H . Then . . . .
$n(K) = pu(K) = 0(K) =6(K ),

i.e. the value of a degree m Vassiliev invariant of a singular knot with exactly m
singular points depends only on the chord diagram of the singular knot.

Proof. 1f ¢m(1'( ) = q)m(l'( /), then the cyclic order of the singular points of each of
the two singular knots is the same and the knots differ only by crossing changes
(and isotopy) of non-singular crossings. Therefore, by Lemma 11.8, any degree m

Vassiliev invariant takes the same value on both knots. That is, é(f( ) = 9.([.{ /). ([l

Corollary 11.17. Let 6 € ¥, be a degree m Vassiliev invariant. Then the following
hold.

1. There exists a unique linear map wy: 6,, — C such that
b= g © G

or, equivalently, in terms of commutative diagrams,
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J.i/m o %

N lEI! e
C

2. @ induces a linear map
O Vg = €0 0 > wy.
3. The element-wise action of wg is
wg: CH— é(f( )
for any K such that ¢m(k) =

Proof. For the first part, consider the map w: %, — C defined as follows. Let C €
%n. Since ¢, is surjective by Proposition 11.14, there exists a singular knot Kex m
such that ¢m(f( ) = C. Let

w: C— 6(K),

and extend linearly to %,.

We next show that w is well-defined; that is, it is independent of the choice of K
used in its construction. Suppose that there is another singular knot K'ex m such
that ¢,, (I.(/) = C. By Proposition 11.16, 9.(1.() = 9.(1%/) so the value of w does not
depend upon the choice of singular knot K. Hence, w is well-defined.

Forall K € me, we have (w o q)m)(K) = G(K) whence wo P, = 6.

To show that there is a unique @ such that w o ¢,, = 6, suppose that there is
another map @ : %,, — C such that @w o ¢,, = 6. Then, w(qu(f()) = a)(¢m(1'())
for all K € JZ’,,,. But ¢,, is surjective, so @ (C) = w(C) for all C € %,,, whence
@ = w. Thus, w is the unique map with the prescribed property, and we therefore
denote it by wy. Thus,

Wy 0 P = 6. (11.4)

For the second part, given 6 and hence 6 there is a unique wy : 6,, — C, that is,
wy € 6, induced by ¢,, through (11.4). Thus, we can define «,, by

A Vi = €t 0> wy.

Now, consider 6, 92 € 7. Then, Ol (61) = wp, and o, (82) = wy,. Also, a,, (61 +
6,) = Wy, +6, - Let K [S L%/ and (bm(K) C. Then,

Wy+6,(C) = wg, 14, 0 P (K) = (1 + 62)(K) (from (11.4))
=6,(K) 4 02(K) = wp, (C) + w5, (C)
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forall C € €6,,. Thus, wy, y9, = wp, + wy,. Similarly, w.g, = c wy, forallc € C. Thus,
o, 1s linear.

Finally, the element-wise action follows from the definition of wy and its unique-
ness. (]

As an example of calculating the value of wg, let c3 be the coefficient of z* in the
Alexander—Conway polynomial, C(z) (Definition2.30). We already know that cz is a
Vassiliev invariant by Theorem 10.15. (Note that in this example C is the Alexander—
Conway polynomial, rather than a chord diagram as it is in the rest of this chapter.)

We determine @, (@) explicitly by using any preimage of @ under
¢3. We have ¢ ((@) = @ Then, by repeated application of the Vassiliev

relation, the Vassiliev resolution of the singular knot (@ is

B DD DB
RERCR RG]

All but the first and last knot on the right-hand side of this resolution are equivalent
to the unknot, so, making use of Exercise2.31,

é(@):C(C@—@)=(1+Z2)—(1—z2)=2z2

since three of the unknots in the resolution appear with plus signs and the three others
with minus signs, thereby cancelling their contribution. Thus, ¢3 = 0, and so

(@)

114 The Map o, : Vim/Vim—1 — G,

J‘

In order to gain a more detailed understanding of the space ¥;, of degree m Vas-
siliev invariants, we shall now refine the map «,,. This map is now to act on the
quotient space ¥,/ %,—1. In fact, we shall see that we may construct it as a map



192 11 Chord Diagrams

Ut Vi/Vm—1 — €, from the quotient space of Vassiliev invariants to the dual
space of chord diagrams. The following lemma assists in this endeavour.

Lemma 11.18. Let oy, : ¥, — € be the map defined in Corollary11.17, where

m

m > 0. Then the following hold.

1. We have
ker(a,,) = Yo
2. There is an injection
Vi
oy — %
S

3. The element-wise action of &, is
am: [9] = w@s

where wy is defined also in Corollary 11.17.

Furthermore, there is an isomorphism oo: ¥y — 6§ between I-dimensional vector
spaces given by og: 6 — wy.

Proof. For Part 1, suppose that 8 € ¥,,_;. We note from (10.9) that ¥,,_; < ¥,,. We
first show that %;,_; < ker(«,,). For this, we need to show that

wy: 6y — C: C— 0.
To do this, let C € %,,. Then, there exists Kex m such that
P (K) =

since ¢,, is surjective by Propos1t10n 11.14. Then, wy (C) = wy (¢m(K )) = G(K ) by
Corollary 11.17. But K ¢ Ji/m and 6 € ¥, so, by Lemmal.6, G(K) = 0. Thus,
wy(C) =0 forall C € 6,. Thus,

V-1 < ker(am).

On the other hand, to prove that ¥,,_; > ker(«,,), we note that this is equivalent
to the assertion
an(0) =0 = 0 € ¥,

and thence to L.
we(C)=0forallC € 6, — 6(*,,) = {0}.

We shall prove the latter assertion. Let 0 € ¥}, be such that wy (C ) =O0forallC € %,.
Then, wg(dbm(l()) = Oforall K € ji/m,SOG(K) = a)g(¢>m(K)) = Oforall K € o,
and thus O(Jf/m) = {0}. Thus,
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V-1 > ker(ay).
It follows that ¥,,_; = ker (o).

For Part 2, we note that, by the First Isomorphism Theorem, Theorem A.9, «,,
descends to an isomorphism

Ker(o) — Im(ayy,).

But Im(c,,) < € so there is an injection

Y .
Up: —— —> G,.
ker(a,,)

completing the proof of Part 2.
For Part 3, the element-wise action of &, is given by

Vi

m—1

Uy — €, 0] = 0, (0) = wy

where [0] is the equivalence class of 6.
The proof of the claim concerning o is trivial. (]

Although @, is injective, we shall see in Corollary 11.23 that it is not surjective.

11.5 The Finite Dimensionality of the Space 7},
The existence of an injection @, : %,,/%,—1 —> %, has an important consequence.

Corollary 11.19. The vector space ¥y, Vu—1 is finite dimensional for each m > 1.

Proof. There are only a finite number of chord diagrams of degree m, so %, is
finite dimensional. But dim (¢;) = dim(%),) so the dual space %; is also finite
dimensional for each m. Finally, since @, is injective, the quotient space ¥#;,/%,—1
is also finite dimensional, giving the result. (]

We may now prove a result whose immediate crucial consequence is the finite
dimensionality of the space of Vassiliev invariants of degree m.

Proposition 11.20. Let
ngm Z%n@@CgO

denote the subspace of € generated by all chord diagrams of degree at most m. Then,
for m > 0, there is an injection

i Vm —> €,



194 11 Chord Diagrams

Proof. By Theorem A.23, for m > 1 we can write

.
/Vm—l

Vi = @& Vi (11.5)

Then, there is a map B, : ¥, — ¢~,, given by

¥, % ® % ® - @ % ® % (iterate (11.5))
By i @, Ty e & @o (Cor. 11.18)
€, = G dCh @ - B C B C

where the o; are from Lemma 11.18. That the morphism §,, on the left-hand side of
the diagram is an injection follows since the direct sum of injective morphisms is
injective (see Sect. A.6). The result follows. O

We have the following immediate corollary.

Corollary 11.21. The vector space ¥, of degree m Vassiliev invariants is finite
dimensional for each m.

Proof. The vector space %, is finite dimensional for m > 0. Then, from Proposi-
tion 11.20, there is an injection B, : ¥}, —> ¢Z,, so

m m

dim(¥;,) < dim(%%,) = > dim(%;) = ) dim(%}),
k=0 k=0

which is finite. The result follows. |

Before continuing, we highlight the significance of Proposition 11.20. It says that
every Vassiliev invariant corresponds to a unique element of ¢%,,. Hence, by duality,
every Vassiliev invariant corresponds to a unique element of %~,,. Thus, we have the
following:

To study Vassiliev invariants it is enough to study chord diagrams.

In terms of a mathematical approach, we have moved the theory of Vassiliev invariants
from topology into pure combinatorics of diagrams.
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11.6 A Quotient Space of Chord Diagrams
Lemma 11.18 provides an injective map

%
6.
Ty ™

[P

The purpose of this section is to characterise the image of «,, in order to obtain an
isomorphism
I~ I

I Imda,
Tos ket @)

[

using the First Isomorphism Theorem (Theorem A.9). The difficulty arises in finding
a natural characterisation in terms of chord diagrams. The approach to this problem
is to show that every element wy of Im(w,,) satisfies two particular relations (which
implies that o, is not surjective). The relations are called the 1 T*- and 4 T*-relations.
We then define a weight system to be a function in €; that satisfies both the 1T*- and
4T*-relations. Since weight systems are in Im(w,,) by construction, this then will
serve as a candidate for Im(«,,).

The 1T*-relation arises, more or less, from the fact that Vassiliev invariants are
invariant under the RI-move. (In fact, it is a little more general than this, for it arises
from the move shown in (11.7) below.)

The 4T*-relation arises from the fact that the Vassiliev relation ensures that moving
one singular point completely around another singular point as in a;, to a4, to ay,
to a3 and back to a;, where the a; are as in (11.8) and (11.9), does not change the
resulting singular knot.

In the following Lemma, the two grey regions within the diagram

(11.6)

represent collections of chords that do not intersect the single chord that is drawn.
Note that these collections may be empty of chords. The chord shown in the diagram
is said to be an isolated chord. Thus, recalling Convention 11.10, the diagram in
(11.6) represents any chord diagram that has a chord that does not intersect any other
chord of the diagram.
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Lemma 11.22. Every W € Im(w,,) < G, satisfies the 1T*-relation

1T*: w

Proof. Let W € Im(¢,,). Then, from Corollary 11.17, W = wy for some Vassiliev
invariant 0 € ¥},, so

For | 1 [>e<| 1 | € #u we have, by Definition 11.13,

¢>m< T><T’ >=

where, of course, the unspecified sets of chords arise from 7 and 7".

Applying the Vassiliev relation once we see that
T><T’ =i< TXT’ - TXT/)

=0.

Thus applying 6 to this singular knot gives zero, and the result follows. (]

We are now in a position to show that the map «,, defined in Lemma 11.18 is not
surjective.
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Corollary 11.23. The injective map

Uy -

is not surjective.

Proof. Consider the function f defined on the natural basis of %,,, a finite dimen-
sional space, by

f:6,—>C:Cr— 1if € =

0 otherwise,

extended linearly to %,,. Then, clearly, f does not satisfy the 1T*-relation. (]

In addition to satisfying the 1T*-relation, we shall show that every element in
Im(c,,) also satisfies a relation called the 4T*-relation. The 4T*-relation involves a
linear combination of chord diagrams illustrated as

The bold arcs on the skeleton represent sections on the skeleton where there are no
ends of chords except for those that are shown. There may be chords with ends on
the non-bold sections of skeleton, and these chords may intersect the chords shown
in the figure. However, all four of the diagrams should be identical except for the
chords that are shown.

Lemma 11.24. Every W € Im(w,,) < 6, satisfies the 4T*-relation

4T* : w
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Proof. Let W € Im(w,,). Then, from Lemma 11.18, W = w, for some 6 € 7,,. Let

and let Cy, ..., C4 be the four chord diagrams in C as read from left to right.
Suppose that d; € %, is such that ¢,,(d;) = C; (such a d; exists by Proposi-

tion 11.14). Then, we can represent d; as

A

W
v

It ,/ (11.8)
/'

\

where the two singular points shown in the figure correspond to the two chords shown
in the representation of C.
Let

77 ¥
C.l2= 4 > ) d3= y /r/s

as = ./"/v / (11.9)

be singular knots that are identical to d, except for the region shown. Then, ¢, (42) =
Cy, ¢ (63) = Csz and ¢,,(44) = C4, and hence for

K:=4 -0 —d3+d4 €7,

we have ¢,,,(I'{) = C. Then,

W(C) = wy(C) = (K). (11.10)
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Now, consider

by

//./VTA,/, b, = i —
1

by = Iz -
/'

We have
6(d;) =60(b)) —6(by),  O(dy) = 6(b3) —6(by),
0(d3) = 0(bs) —0(b2).  H(ds) = H(b3) — O (b)),
where the diagrams shown are ay, ..., a4. It follows that

0(K) = (6(by) — 6(b2)) — (6(b3) — 6(b4)) — (6(bs) — 6(b2)) + (B(b3) — 6(b1))
= O7

and therefore, from (11.10), that W(C) = 0, completing the proof. U

11.7 Weight Systems

Having seen that every linear map W € Im(«,,), where «,, was defined in Corol-
lary 11.17, satisfies the 1T*- and 4T*-relations, we consider next the subspace
W,y < €, of all maps which satisfy these relations.

Definition 11.25 (Weight system). An (unframed) weight system of degree m is an
element f € €, which satisfies the one term relation, 1T*,

and the four term relation, 4T,
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Definition 11.26 (Vector space #). #,, < 6 is the vector space of weight systems
of degree m, and % < €* is the vector space of all weight systems.

Observe there is a natural grading on % given by
W =Wo@MNSND---.
Example 11.27. As an example of a computation with the 1T*- and 4T*-relations

in the vector space #5 of degree 3 weight systems, let f be a degree 3 weight system.
Then,

(0@ O DS

where the 1T*-relation has been applied to the third term of the middle member of
the string of equalities and the linearity of f has been invoked throughout. This is

the term that has an isolated chord so the 1T*-relation gives f (@) =0. We

@@

Although @, is injective by Lemma11.18, it is not surjective by the Corol-
lary 11.23. However, if we are able to determine the image of «,,, we may then
restrict the codomain of ¢, to obtain an isomorphism.

therefore conclude that

Lemma 11.28. The map o, : V) Vin—1 —> 6, induces a well-defined injective
linear map

Vi

m—1

— W

[
Proof. From Lemma 11.18(2),
Tt V) Vs — G,

is injective. Moreover, from Definition 11.25, #;, < ¢, and from Lemmas 11.22
and 11.24, every W € Im(a,,) < %, satisfies the 1T*- and 4T*-relations, so W is a
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weight system of degree m, whence W € #,,. Thus, Im(w,,) < #,,, completing the
proof. O

Proving @, is surjective requires much additional work, requiring something
called the Kontsevich invariant, and so is deferred to Sect. 18.1 to avoid interrupting
the present development. With this in mind, we shall assume surjectivity, and so the
truth of Theorem 11.29, for the remainder of this chapter.

Theorem 11.29. The map

is a vector space isomorphism.

The significance of Theorem 11.29 is that we have the following isomorphisms:

Y =70 P @ e %
ﬂm: [ [ o oo
v

W = Wy W ® - & W & W

which establish the equivalence of Vassiliev invariants and weight systems,
Vi = W

We have shown that the following observation holds.

Studying Vassiliev invariants is equivalent to studying weight systems.

11.8 The Space </¢ of Chord Diagrams

We briefly summarise our progress so far and discuss how to proceed. Our aim is to
understand the space ¥}, of degree m Vassiliev invariants. We have

%1 7/m—l 7/1
P = e — D .
Tod T OO O
and that »
m ~ Wm,
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so studying the space ¥;, is equivalent to studying the spaces
W; ={f € € : f satisfies 1T* and 4T*},

for 0 < i < m. To develop the theory of Vassiliev invariants, this is exactly what we
need to do. However, to do this we need to revise our view of %}, in order to obtain
a more amenable combinatorial model of it.

Each element f of #,, is a linear functional on chord diagrams, f : %,, — C, that
satisfies the 1T* and 4T*-relations. Applying Lemma A.12 we see that, for suitable
elements 1T and 4T, which are readily read from Definition 11.25, we have

~(_ %\

Thus to understand %#,, itis enough to understand (%, / (1T, 4T))*, orjust %,/ (1T, 4T).
Let us set this observation up formally.

Definition 11.30 (1T-relation). In the space %), or € of chord diagrams, the 1T-
relation, or one term relation, is

=0, (11.12)

and the left-hand side of this is called the 1T-relator.

As before, the two shaded regions of represent collections of chords

that do not intersect the single chord that is drawn.

Definition 11.31 (4T-relation). In the space %, or % of chord diagrams, the 4T-
relation, or four term relation, is

P =0, (11.13)
A

and the left-hand side of this is called the 4T-relator.
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As with the 4T*-relation, in Definition 11.31, the bold arcs on the skeleton represent
sections on the skeleton where there are no ends of chords except for those shown.
There may be chords with ends on the non-bold sections of the skeleton, and these
chords may intersect the chords shown in (11.13). However, all four of the diagrams
should be identical except for the chords that are shown.

Definition 11.32 (Vector spaces ./ and ;a/_,,‘l'). The space /¢ of chord diagrams
satisfying the 1T- and 4T-relations is

7C . (f
T, 4T)

where (1T, 4T) is the subspace of ¢ generated by the 1T- and 4T-relators. The
subspace of /¢ generated by degree m chord diagrams is denoted by <7

‘We have
e Gm

m = AT, 4T)

By definition, an element of &7 or &7 is a finite formal C-linear combination of
equivalence classes of chord diagrams. It is more convenient instead to view the
elements of these spaces in terms of representatives of the equivalence classes. That
is, we often regard elements of /° or /¢ as finite formal C-linear combinations
of chord diagrams considered up to the 1T- and 4T-relations. Thus, two elements
of /¢ or ;zf;f are considered to be equal if they are related to a finite sequence of

the relations (1T) = 0 and (4T) = O (i.e. the relations in (11.12) and (11.13)). For
example, the identities

DOOPC
GO -

between chord diagrams hold. The first collection of identities follows from the
1T-relation since each of the chord diagrams has an isolated chord. The remaining
identity follows from (11.11).

Observe that (11.14) immediately tells us that dim(;z{;“) <1, dim(,cf_l") =0,
dim(;zfzc) < land dim(;z/_;) < 1. In fact, these upper bounds are known to be sharp.
The following table summarises the dimensions of .27¢ for low values of m.
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Definition 11.25 and Lemma A.12 immediately give the following result.

Proposition 11.33. Let ), be the subspace of €); generated by the set of all degree

m weight systems. Then B
W = ().

The significance of this result is as follows.

To study Vassiliev invariants it is enough to study the space /¢ of chord dia-
grams modulo the 1T- and 4T -relations.

11.9 Moving Between egz%:f, and 7, [ 1

We have isomorphisms ¥,/ ¥,,_1 = #,, and #,,, = (JZZ;)*, from Theorem 11.29 and

Proposition 11.33, respectively. We wish to work with the space d:,j of chord dia-
grams since they are amenable combinatorial objects. All of the spaces appearing
here are finite dimensional so

e~ [T\~ I N o S \T L
dm:(%m) :(Wm) :(7/,”_1> :(%H_]) =

where we have used Propositions 10.22 and 11.33.

It is important to notice that in the above sequence of isomorphisms we have
moved away from the vector spaces of singular knots, A and X m» and returned to
the vector spaces of knots, % and .%,,. We have had to do this in order to consider
the quotient spaces %,/ #,,+| since Y4 p is not a subspace of 5 g forany p #g.

In Proposition 11.14, we considered a map ¢,, : #,, — %,, which constructed the
chord diagram of a singular knot. We now define a map in the other direction that
takes a chord diagram and gives a singular knot, as follows.

Definition 11.34 (The map ¢,,). Let

Om Ay —> 7 (11.15)
m+

be the linear extension of the map which constructs a singular knot from a chord
diagram by contracting its chords as in (11.3). Note that we are invoking Conven-
tion 10.9 here.
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An example of the action of ¢3 on a chord diagram is given by

O - €8

where the singular knot is considered as a representative of its equivalence class in
5/, and the chord diagram represents its equivalence class in 7€

m*

Lemma 11.35. The linear map
Gt Ay = o] s

is well-defined.

Proof. First, we show that, in the definition of ¢,,, it does not matter how we realise
the singular knot in .%,,/.%,,+1. The argument for this is essentially the argument
used in the proof of Proposition 11.16. Suppose C is a degree m chord diagram
and that K and K’ are two singular knots such that K = ¢,,(C) and K’ = ¢,,(C).
Then, K and K’ both have exactly m singular points and differ by a finite number r of
crossing changes. Then, there is a finite sequence K = by, by, ..., b, = K’, forsome
nonnegative integer r, where b; and b; | differ by a single crossing change, for i =
0,...,r — 1. Then, by Vassiliev’s relation (Definition 10.6), fori =0,...,r — 1,
we have b; — b;; = ¢; where ¢; is the knot obtained from b; by replacing, by a
singular point, the point at which b; and b, differ by a crossing. Now, ¢y € 7,11
so ¢ = 01in J£, /%11, in which case by = by in 7, /%, 1. Iterating this process
r — 1 times, we have by = b,, whence K = K',in %,/ %11, SO @, is well-defined
as a map from %,,.

It remains to show that ¢,, is well-defined as a map from &%:n; that is, it respects the
1T- and 4T-relations. The argument for this is similar to the proof of Lemma 11.28
and is therefore excluded. O

Exercise 11.36. Complete the proof of Lemma 11.35 by showing that the map ¢,,
satisfies the 1T- and 4T-relations.

We next show that ¢,, and «,, are dual to each other. In doing so, care must be
taken about identifications of dual spaces. For this, we note the following.

Remark 11.37. We use the identifications

P
V-1

~ ‘%/m ) ~ 7c\*
= (%H) and ¥, = (o))

from Propositions 10.22 and 11.33.
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Lemma 11.38. Under the identifications of Remark 11.37 we have ¢, = ,,.

Proof. For 6 € ¥;,, let [0] be the class in ¥},/¥;,.1 containing 6. To establish the
result, we must show that ¢, ([0]) = @,,([0]) for all 6 € ¥,,. This we do by using
the element-wise actions of ¢, , 6 and «,, to show that

P ([OD(C) =@, ([OD(C) (11.16)

for any degree m chord diagram C.

We consider the map @,, first. Corollary 11.17 shows that «,,: ¥, — #,, has
the property that, for each 0, the map «,,(f) = wy is the unique map for which
6 = Wy © ¢y, Also, recall from Lemma 11.18 that

Y
U — W, [0] = wp
m—1

where [0] is the class of ¥}, /7},,_1 containing 6.

To describe the action of «,,([f]), let C be any degree m chord diagram.
Following (11.3) and Proposition11.14, a singular knot K e, may be con-
structed by contracting the chords of C with the result that qﬁm(l.( ) = C. Then,
wp(C) = wy (¢ (K)) = 6(K) = 0(K) where K € .%,, is the Vassiliev resolution
of K. Thus, @, ([0])(C) = 6(K), which is the right-hand side of (11.16).

Next, we describe the action of ¢*([#]). Since

Hom

. Jc
O Ay — A
m+1

we have, by taking duals,

* ‘%ﬂ ) JC\x .
@ (meﬂ) = ()" [f1= [f1oen

and thence, by Propositions 10.22 and 11.33 (or Remark 11.37),

Vi
O — W

m—1

To describe the action of ¢}, on [0] € ¥}, /7,1, let

F:

m

Vi Hm \" L o
7 — (%I_H) and G: () — W

denote the isomorphisms constructed in Propositions 10.22 and 11.33 (i.e. those used
in Remark 11.37). Then,

@ (0] = G o F([6]) 0 @y
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Then, as described in the proof of Proposition 10.22,

Hom
F(6): 7% — C: [K]+— 6([K]).

m+1
Moreover, for W € (=/¢)" and [C] € <<, the map G is described by
GW): C— W((C)).

Let C € %,, and let K e %m where K € J%/m is such that gb,,,(f() = C, as above,
and K is the Vassiliev resolution of K. By the construction of K , we know that
[K] = ¢, ([C]) where [K]is the equivalence class of K in %, /%, _; and [C] is the
equivalence class in ,Q%_ni of C. Then, F([0]) (¢, ([CD) = F(OD(K]) = 6(K), so

F([0]) o o [C] > O(K)
and, by applying the map G, we see that
(0D : C = 0(K).

Thus, ¢, ([61)(C) = [0]1(K), which is the left-hand side of (11.16).
Combining these results, we have, ¢ ([0]1)(C) = 6(K) = @, ([6])(C) forall 8
Y and all C € 6, so ¢} = o, giving the result. O

Corollary 11.39. The linear map ¢, : ﬁf_”i — oy [ Hma s surjective.

Proof. By Theorem 11.28, «,, is injective. Lemma 11.38 and Theorem A.19 give that
o, = ¢,*, and hence @, is surjective. (I

We shall prove the following dual version of Theorem 11.29 in Sect. 18.1.
Theorem 11.40. The map ¢, : &Z,f — Ky [ Hma is a vector space isomorphism.

This theorem and its dual statement, Theorem 11.29, form one of the most impor-
tant results about Vassiliev invariants.

11.10 A Summary of the Approach and Results

The development of Vassiliev invariants we have just seen in Chaps. 10 and 11 is
fairly intricate, so here we provide a brief review of its overarching ideas.

Our aim was to understand the space ¥, of degree m Vassiliev invariants. We
observed that ¥, = (¢ / #,,+1)", and so understanding ., is an equivalent prob-
lem. There is a filtration on each of the spaces ¥ and ¢ :
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and

Y A R LY £ I

The existence of these filtrations enabled us to express the spaces as direct sums,

A//m 4/171—1 7/1
o, = o Lo,
%1—1697/m—2® 697/069 0
and
Ay = T g It o g g X
R R 7 V awa

This shifted the problem of understanding #;, and .%%;, to that of understanding the
quotient spaces ¥;/¥;_1 and JZ; | H; 4.

By passing through the space of singular knots, we were able to show (albeit citing
a result from Part IV that we are yet to see for the injectivity) that Vo) Vi1 = W
and & = I, [ .

Thus, we obtained the following two diagrams in which all mappings are isomor-
phisms:

hrFme ke 0 % oo %
B! a,,,l a,,,ll o a oo
v
W = Wy @ W ® -+ @ N & W
and
H ~ _Kn Hon— K A
T = e @ T ® 0 @ ©
: Om goml/l\ e @1 ®o
A = A DA D D I D

Using that ¥, /Y1 = (K ) Hmi1)™ gives the following commutative diagram
in which all mappings are isomorphisms.

H dual
fm+l /ym

=, |
/e, < L,
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Thus, result of this work is summarised by the following statement.

To understand the Vassiliev invariants, it_ is enough to understand the combina-
torial vector space of chord diagrams «7°¢.

This is exactly how we shall progress in the theory, with much of the remainder of
Part III devoted to the study of . However, the reader should remember that in
doing this, we are really studying the space of Vassiliev invariants.

The following diagram, where all the arrows are isomorphisms, summarises the
isomorphisms in Chaps. 10 and 11. We have not yet met the isomorphism Z,‘,‘l This
will be the topic of Part IV of the book.

_ Fu .
“n Thm. 18.2 7
Jc () A,
“n Thm. 11.40 Kt
Prop. 11.33 Prop. 10.22
/2 @ ( Y )*
" Lem. 11.38 =
dual dual
W &m ﬁ

Thm. 11.29 V-



Chapter 12 ®)
Vassiliev Invariants of Framed Knots Geda

We have seen earlier, in Chap. 9, that the natural setting for operator invariants is
framed links, rather than links. Similarly, the natural setting for the theory of Vassiliev
invariants is framed knots, rather than knots. We now develop the theory in this
setting. For this, in this chapter, we provide a development for the theory of Vassiliev
invariants of framed knots in a way that is parallel to the unframed case we have just
seen in Chaps. 10 and 11. Again here the main point is to move from a vector space
of framed knot invariants, ”I/,,f , to a combinatorial vector space of chord diagrams
.

The only real change in the theory (other than changing “knot” to “framed knot”,
and “RI” to “FRI”) is that we no longer consider the 1T-relation in our spaces of
chord diagrams. This makes the combinatorial analysis of these spaces more natural.
Because of the similarity with the unframed case, we shall provide only a brief
summary of the initial development of the theory. The reader should check the results
by adapting the proofs of their unframed analogues from Chaps. 10 and 11.

Following the exposition of unframed Vassiliev invariants, we let .#/ denote
the vector space of finite formal linear combinations of isotopy classes of oriented
framed knots over C. We call ¥/ the vector space of framed knots.

Since the set of framed knots considered up to isotopy is equivalent to the set of
framed knot diagrams considered up to the framed Reidemeister moves of Defini-
tion 3.3, we are at liberty to view .#"/ as a vector space of formal linear combinations
of equivalence classes of oriented framed knot diagrams over C. Since it simplifies
the exposition, we shall generally think of .7 / in this way.

As with the unframed case, we wish to consider quotient spaces of .7/ generated

by the Vassiliev relation
X=X X
N/

For this, we need to consider singular framed knot diagrams. As mathemati-
cal objects, these are defined as singular knot diagrams (Definition 10.4). Two
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singular framed knot diagrams are equivalent if they are related by a finite sequence
of framed Reidemeister moves.

Let K be a singular framed knot diagram and Sk be its set of singular points. The
Vassiliev resolution, Vs (K), of K is the element

Vies (K) = Y (=D K,

ACSk
of '/ that results from using the Vassiliev relation to desingularize the diagram.
Again we adopt the following convention.

Convention 12.1. When working within the vector space .#/, we shall make the
identification
K < Vies (K) (12.1)

between a singular framed knot and its Vassiliev resolution. That is to say, K will be
a linear combination of framed knot diagrams.

Definition 12.2 (Vector space .7 /). %fmf is the (infinite dimensional) subspace
of #/ spanned by the set of all oriented singular knots with (at least) m singular
points.

The spaces Jf/mf , for m € Ny, provide a filtration on JZ° I
%/f — %f > %.f' > %.f' > %/Bf >

Definition 12.3 (Vassiliev invariant — 1 st). A framed knot invariant 6 is a framed
Vassiliev invariant of degree m (ot finite-type invariant) if itis alinearmap 6 : %/ —
C with the property that

0l,,sr =0,

m+1

where 0 is the zero map. The set of all framed Vassiliev invariants is denoted by ¥/,
and the set of all framed Vassiliev invariants of degree m is denoted by %1

The set ¥/ forms a vector space under the usual addition and scalar multiplication
of functions in (10.8). Moreover,

1 < < <
The spaces #/ and .#/ are related via duality thus:

v = (Ji/f/ m+1)*.

iz (%ﬁ>*
m > . (12.2)
”Vn{—l A,

m—+1

Moreover,
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Again, the theory of framed Vassiliev invariants is advanced by moving from the
functional and topological spaces ¥, and ., to a combinatorial space of chord
diagrams.

To move to the combinatorial spaces, we need to consider singular framed knots

as objects in their own right, rather than just as a representation of an element of
a7

" o S i .
Definition 12.4 (Vector space .7 ). We let .~ denote the vector space of finite
formal linear combinations of equivalence classes of framed singular oriented knot

diagrams over C. In addition, 5 ::, is the subspace of N4 ! generated by all framed
singular knot diagrams with exactly m singular points.

Note that % ! is a graded vector space:
s f o f s f o f
% :%065%1@%2@

Any invariant of framed knots, 8, may be extended to an invariant of framed
singular knots, 6, by considering its Vassiliev extension, just as in the unframed
case of Definition 11.3. This observation gives a reformulation of the definition of a
framed Vassiliev invariant.

Definition 12.5 (Framed Vassiliev invariant — 2nd). A framed knot invari-

ant 0: ¢/ — C is a Vassiliev invariant of degree m if 6: &' = C satisfies
O(H 1) = {0}.

Chord diagrams arise in the theory of framed Vassiliev invariants in the same way
that they arise in the unframed case. The proof of Lemma 11.7 holds for framed

knots, and it follows that if 6 is a degree m framed Vassiliev invariant and if K, K e
H ,]; then, if K and K ' differ by a finite sequence of crossing changes and isotopy,

9.(1% )= é(l.{ /). Thus the salient information about K and K is the order in which the
singular points appear along it, and this information is contained in a chord diagram.
The map ¢,, of Definition 11.3 applies to framed knot diagrams, giving a map

q&m:%’nfl—)‘ﬁm.

The above observation on how degree m framed Vassiliev invariants detect crossing
changes can be rephrased thus:

Proposition 12.6. Let 0 € ”I/mf be a degree m Vassiliev invariant and let K , K’ IS
ji/ni Then
. o / . . . o /
On(K) =¢u(K) = 0(K)=0(K),

i.e. the value of a degree m Vassiliev invariant of a singular framed knot with exactly
m singular points depends only on the chord diagram of the knot.
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The theory of framed Vassiliev invariants then progresses by formulating functions
on framed knots into functions on chord diagrams. This leads us to framed weight
systems.

Definition 12.7 (Framed weight system). A framed weight system of degree m is
an element f € € which satisfies the four-term relation, 4T*,

We let %f be the complex vector space of framed weight systems of degree m,
and 7/ be the complex vector space of all framed weight systems.

The key result about weight systems is that they describe the quotient space
1) 7/”{:1 of framed Vassiliev invariants. For this, we need the following maps.
Following Lemma 11.18, let
7/f

~ e
7/f m

m—1

[

be defined by
Uy [0] = we,

where wy, as in Corollary 11.17, is defined for a degree m chord diagram C
by wy(C) =6(K) for any K such that ¢,,(K) = C. By adapting the proof of
Lemma 11.28, we can obtain the following.

Lemma 12.8. The mapa,, : v / "me_] — C induces awell-defined injective lin-
ear map
2

Oy e

— /.

m

m—1
In fact, the following stronger result is true.

Theorem 12.9. The map

is a vector space isomorphism.

We delay the proof of this theorem until Sect. 18.1, where it will follow from the
theory of the Kontsevich invariant, but we assume its truth for the moment.

The significance of Theorem 12.9 is that we have the following commutative
diagram, in which all vertical arrows are isomorphisms.
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[ o~ Lﬂf & . V_lf f
/7/,‘11 = ,ij;l @ ,1/'[7; 69 @ 'y/gf @ ’7/0
B i &mh Em_lh 50‘ o
WSJ;" o~ Wmf @ y/mf_l e - B %f @ %f

Thus we have the equivalence of Vassiliev invariants and weight systems,

vl =l (12.3)

m

The conclusion of the discussion so far here is that, by (12.3), to study framed
Vassiliev invariants, it is enough to study weight systems. In turn, to study weight
systems, we may instead study their dual space, which is a vector space of chord
diagrams.

Definition 12.10 (Vector space 7). The space 27 of chord diagrams modulo
4T-relation is @

T en

where (4T) is the subspace of € generated by the 4T -relators,

The subspace of /¢ generated by degree m chord diagrams is denoted <7

‘We have @
ot = om
" (4T)

The vector spaces .2/ are finite dimensional (since there are only finitely many
chord diagrams of a give degree). The next table summarises the dimensions of .27
for low values of m.

m 0[1|2|3]|4|5 |6 |7 |8 [9 |10 |11 |12
dim(<75) 60(104|184|316(548

—_
—_
[\
W
=)}
—_
(=]
—
\O
(98
(O8]
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An application of Lemma A.12 relates 7€ and # '/ through duality:
v = (). (12.4)

Thus we may, equivalently, define a degree m framed weight system to be an element
of the dual space (<7¢)".

Since all of the spaces in question are finite dimensional (as there are finitely many
chord diagrams of each degree), we have the following sequence of isomorphisms.

f\" A\ f
Mcs(ﬂf)**z(wf)*;<%”>s<%> - Ml

f ! - f
V1 Kot Kt
Again, as in the unframed case, we may write down an explicit isomorphism from
A< t0 Kyl /], . This is given by

s
f
m—+1

O 2 Ay —>

where ¢, is defined on a representative C of [C] € <7 and C is a chord diagram,
by the operation

’

and extended linearly. Here the operation indicated in the figure transforms the skele-
ton of the chord diagram iteratively into a knot diagram. In this construction, each
intersection of chords in the chord diagram will result in four crossings in the singular
knot. The over / under structure of these crossings should be chosen arbitrarily.

By following the approaches used to prove Lemmas 11.35 and 11.38, and Corol-
lary 11.39, the following may be shown.

Lemma 12.11. The map ¢,, : <y — e /Jéfmf +1 Is awell-defined, surjective linear
map. Moreover, @, = 0.

We shall prove the following dual result of Theorem 11.29 in Sect. 18.1 where
it will follow from the theory of the Kontsevich invariant. The surjectivity of the
map is due to Vassiliev. Its injectivity, whose proof we have yet to see, is a result of
Kontsevich.
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Theorem 12.12. The map ¢y, : A,; — V2 /Jifmj:rl is a vector space isomorphism.

This discussion is summarised by the following diagram.

HI A a0 yd A7
Al = ol ® Pz © © Bz © 7
B
|
: Pm Pm—1 @1 %o
|
Ao = A DA D e @ S ©

The relations between the various spaces described here are summarised in the fol-
lowing commutative diagrams in which all the mappings are isomorphisms.
2 f  dual

< m+1

|

dual 3
'fom —> Wffm

v

. Zm A,
,Q{C m
" Thm. 18.1 Ao
©Om ,}f/f
%C m
" Thm. 12.12 Al
(12.4) (12.2){
a o\
Fw m 2
P Lem. 12.11 <%f1 )
dual dual{
f am ”I/,,,f
Vi Thm. 12.9 e

Exercise 12.13. This section provided an overview of the fundamentals of the theory
of framed Vassiliev invariants. Although we did not provide proofs of any results,
all the proofs presented here may be obtained by adapting the corresponding theory
for the unframed case. By adapting the corresponding results from Chaps. 10 and 11,
verify that the claims made in the summary above are true.
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Jacobi Diagrams oo

13.1 Jacobi Diagrams

We shall now introduce a space .« of Jacobi diagrams that is closely related to the
space /¢ of chord diagrams. In fact, this new space is isomorphic to .27¢, a result
due to Bar-Natan that appeared in his seminal paper on Vassiliev invariants [13]. The
introduction of Jacobi diagrams is properly motivated by Penrose’s tensor calculus
for universal enveloping algebras of Lie algebras (see [146]). However, here we shall
take a combinatorial observation as our motivation, leaving the connection with Lie
algebras to be discussed in Chap. 14.
The combinatorial observation is that the three expressions in

(13.1)

are equivalent through the 4T-relation. The evident rotational symmetry around
the three points of attachment of the two chords to the skeleton may be encoded by rep-
resenting each of the three expressions by a single trivalent (i.e. degree three) vertex:

(13.2)

Thus, we are led to consider a space of unitrivalent graphs (i.e. graphs in which
every vertex is of degree one or degree three) in which the degree one vertices lie on
the skeleton. Moreover, we shall need to declare that every trivalent vertex may be
replaced by chords to recover the original chord diagram:
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We now study these objects, and their relation to chord diagrams, in detail.

Definition 13.1 (Unitrivalent graph). A unitrivalent graph is a graph in R? whose
vertices (marked by e’s) are either of degree one, which are called univalent vertices
or of degree three, which are called trivalent vertices. In addition, each trivalent
vertex has a cyclic order on the half-edges incident with it.

The degree of a unitrivalent graph is half the number of its vertices.

To avoid cluttering the diagrams, we adopt the following convention.

Convention 13.2 (Cyclic order at trivalent vertices). If a cyclic order at a trivalent
vertex is not specified in a drawing of a unitrivalent graph on the plane, then it is the
cyclic order induced by the (anticlockwise) orientation of the plane.

Examples of unitrivalent graphs are

Do Y

(13.3)

A cyclic orientation appears explicitly at each vertex of the leftmost diagram of

(13.3). The second diagram is drawn according to Convention 13.2, so the orientations

are to be assumed anticlockwise. This explains the adjustments made at two of the
vertices that carried a clockwise orientation.

Exercise 13.3. Prove that the degree of a unitrivalent graph is an integer.

Remark 13.4. Points in the diagrams that appear to be “degree four vertices” are
accidents of the drawing and are not vertices. Thus, for example,

g =)C

Convention 13.5. To simplify the diagrams further, we shall remove the e’s from
univalent and trivalent vertices and leave the reader to recall that these are the vertices
and that apparent 4-valent vertices are fictitious.

Definition 13.6 (Jacobi diagram). A Jacobi diagram is a connected diagram con-
sisting of a single oriented circle, called the skeleton, and a unitrivalent graph. More-
over, each of the univalent vertices of the unitrivalent graph is identified with a point
on the skeleton.

The degree of a Jacobi diagram is half the number of its vertices.
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Examples of Jacobi diagrams are:

O

The leftmost Jacobi diagram is of degree five, the other two are of degree two. There
is no cyclic order at the points where the univalent vertices meet the skeleton, so the
two Jacobi diagrams on the right of the above display are equal.

Since a Jacobi diagram consists of a unitrivalent graph with additional structure,
any drawing of it is simply a planar projection of it. Two drawings therefore represent
the same Jacobi diagram if and only if they are projections of the same graph where
the half-edges at corresponding trivalent vertices have the same cyclic ordering, and
all the univalent vertices appear in the same cyclic order along the skeleton in the
direction of its orientation.

A complete list of Jacobi diagrams of degrees zero, one and two is:

OOOOVOOC »

degree 0 degree 1 degree 2
The first of the degree 2 diagrams has a fictitious crossing that is an accident of the

drawing (see Remark 13.4).

Convention 13.7. We shall generally draw Jacobi diagrams with a counterclockwise
orientation of the skeleton.

Definition 13.8 (Vector spaces ¥ and Z,, of Jacobi diagrams). 7 is the vec-
tor space over C consisting of all finite formal linear combinations of Jacobi dia-
grams over C, and 9, is the subspace of 2 generated by Jacobi diagrams of degree
exactly m.

We have

9 = é@m.

m=0

13.2 The STU-Relation and the Vector Space <7

Previously, in Chap. 12, we considered a quotient space .7¢ of the vector space € of
chord diagrams by the 4T -relation. In an analogous way, we now consider a quotient
space of the space of Jacobi diagrams by the following relation, called the STU-
relation. It encapsulates the combinatorial observation given at the beginning of this
chapter.
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Definition 13.9 (STU-relation). The ST U-relation for Jacobi diagrams is

where the Jacobi diagrams are identical outside of the region shown, and where there
are no vertices that meet the segment of the skeleton between the ends of the two
edges on the bold arc in the middle diagram or the ends of the two edges on the bold
arc in the diagram on the right.

The following observation is self-evident, but can easily be overlooked. There are
two principal ways of applying the ST U-relation: we can

e consider the edge joining the trivalent vertex to the skeleton in the diagram on the
left-hand side of the equality, and then regard the relation as operating upon this
(and therefore the incident trivalent vertex) to produce the expression on the right;

e or replace the linear combination on the right by the single diagram on the left.

The first operation decreases the number of trivalent vertices by one, while the second
increases it by one. However, notice that the ST U-relation does not change the degree
of the Jacobi diagrams in it.

As instances of the use of the ST U-relation, we consider the following examples.
The first example is for a Jacobi diagram of degree 1, and the dotted region indicates
where the STU-relation is being applied:

= @ - @ (‘crossing’ is fictitious)
0.

(STUV)

The second example is for a Jacobi diagram of degree 2. In this example, the ST U-
relation is used to eliminate trivalent vertices and thereby express a Jacobi diagram
as a linear combination of chord diagrams.
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OO0 -
O~

We may now introduce the vector space <. This is the vector space of equivalence
classes of all formal linear combinations of Jacobi diagrams where equivalence is
given by the STU-relation.

Definition 13.10 (Vector spaces </ and .7, of Jacobi diagrams). The space </
of Jacobi diagrams satisfying the STU-relation is

9

~ (STUL)
where (STU) denotes the subspace of & generated by the ST U-relation. The subspace
of o7 generated by degree m Jacobi diagrams is denoted by 7,,.

‘We have

D
" (STU)
Furthermore,
o =D .
m=0

Thus, two elements [D] and [D’] of .« are equal if and only if there is a finite
sequence of applications of the STU-relation taking D to D’. Every Jacobi diagram
D defines an element [ D] of 7. The element [ D] consists of all elements of & that
may be obtained by sequences of applications of the STU-relation to D.

Convention 13.11. It is usual to represent an equivalence class of Jacobi diagrams
[D] € &7 by one of its members D. However, in this chapter we shall maintain a
careful distinction between a Jacobi diagram D and its equivalence class [D] € 7.
Sometimes we specify the equivalence class by [D]sty when there is potential for

ambiguity. Furthermore, in this chapter we shall generally use the notation D TV py
to indicate that two elements of & are related by the STU-relation, in which case
[D] = [D'].

The above examples of applications of the STU-relation, together with (13.4),
show that dim(«]) < 1 and dim(@%) < 2. The dimensions of the spaces ., for
small values of m are shown in the following table.
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m 0]1|2|3[4|5 [6 |7 |8 |9 |10 [I1 (12
dim(,) 104[184|316|548

—
—
(3]
(O8]
=)}
—
(=]
—_
\O
(O8]
w
(o))
(=]

As we shall see in Sect. 13.7, it is no coincidence that these dimensions coincide
with those of o7, which were given following Definition 12.10.

Exercise 13.12. List all the Jacobi diagrams of degree 3. By applying the STU-
relations to these diagrams, show that the dimension of .« is bounded above by 3.

13.3 Identities from the STU-Relation
We recall from Definition 13.9 that the STU-relation states that

We shall prove several important identities for <7 by means of the ST U-relation. We
begin with an elementary identity.
From the STU-relation, we have

Then, substituting this expression for into the right-hand side of the STU-

relation immediately gives an anti-symmetry relation

STU (13.6)

v

We shall shortly see (in Theorem 13.14) that this relation holds for all trivalent ver-
tices, not just those adjacent to the skeleton.

Lemma 13.13. The STU-relation implies the 4T-relation. In particular, the 4T-
relation holds in < .

Proof. The proof is diagrammatic. Consider the first two terms of the 4T-relation
given in (11.13). These terms are on the left-hand side of the next display. Then, by
two applications of the STU-relation, we have
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The first equality is obtained by the action of the STU-relation at the rectangular
regions of the first two diagrams, to give the middle diagram whose rectangular
region is the only region affected by the move. This move increases the number of
trivalent vertices by one. The second equality is obtained by the action of the STU-
relation applied to the middle diagram in the elliptical region. This move, which
reduces the number of trivalent vertices by one, results in the linear combination of
the rightmost two diagrams. The equality of the linear combination on the left and
the linear combination on the right is precisely the 4T-relation. O

The AS-relation and IHX-relation in the theorem below will prove to be important
in the subsequent development.

Definition 13.14 (AS- and IHX-relations). The AS- and IHX-relations for Jacobi
diagrams are

v T e X

where the Jacobi diagrams are identical outside of the region shown.

As an example of the application of the AS-relation and the IHX-relation, consider

0-00 00 €

where the IHX-relation and AS-relation each act on the configuration in the dotted
region of the diagram to their immediate left.

Recalling Convention 13.2 on the cyclic order at trivalent vertices, we note that
we can represent the AS-relation as:

Theorem 13.15. The AS- and IHX-relations hold in <, and < .

Before proving Theorem 13.15, we introduce temporary notation for use in its
proof.

1. We shall refer to the first of
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Y.L X

as an AS-configuration, and the remaining three as the IHX-configurations.

2. The “e”’s are vertices that will be referred to as active vertices.

3. The distance of a configuration is the number of edges in a shortest path in a
Jacobi diagram from the skeleton to an active vertex in the configuration. The
distance is finite (since the Jacobi diagram3is connejr:ted) and is greater than zero.

4. If a particular configuration, for example has distance k, then such a

—e—2

shortest path will be denoted by py.

3 4

5. The Jacobi diagram will be represented by < F ’ 5 where the path

p; of i edges (shown as dotted) contains the half-edge rlnarked 1 and where the
rest of the Jacobi diagram has been suppressed (following our usual convention),
with the exception of a half-edge at the trivalent vertex closest to the skeleton for
it is at this edge that the ST U-relation will be applied.

6. We shall show only an arc of the circular skeleton of the diagrams.

Proof. The AS—relation : As the base case, we consider a Jacobi diagram in which
the distance for a particular AS-configuration is k = 1. Then there is an edge from the
active vertex of this configuration to the skeleton. This is the case covered by (13.6).

As the inductive hypothesis, we assume that the result for the AS-relation is true
for k = n. Now

Y

where the dotted ellipse indicates the configuration acted upon by the ST U-relation.
Then, applying the inductive hypothesis to the right-hand side gives

\\‘T"“ \/ ST —

and so, again by the STU-relation,
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Ny e Ny

Thus, the result holds for the AS-relation.

The lIHX—relation : For the inductive hypothesis, we shall assume that the result
for the IHX-relation is true for k = n. With the exception of the base case, the proof
of the inductive step is divided into four cases, one for each of the four edges of the
I-configuration that is joined by the path p; to the skeleton.

For each of the IHX-configurations in the IHX-relation

3 —o— 4 3 4 3 : : 4
] —e— 2 1 2 1 2
we shall consider shortest paths from the skeleton to it that contains the half-edge
marked 1. A symmetry argument will then be used to dispatch more quickly the

cases for the half-edges marked 2, 3 and 4.
Base case: As the base case, we consider

3 4 3 4 3 4
p1 l—i P
N — N2 AN\E X .
W \Pl‘\ , \ 2 \ , (138)

in which each Jacobi diagram has distance k = 1, (so p; consists of a single edge) We
shall need the following diagrams that arise from these in the use of the ST U-relation:

3 4 3 4 3 4
A B C
3 4 3 4 34
\{2;\@2 ’\@2.
D E F

Then, applying the ST U-relation to the first term in (13.8), we have

ST Y eru Y T4 sy
Yf“ 2=\< 2_%2 1V (4~ B)— (C - D).

where a dotted circle in a diagram, here and in the next two cases, indicates the point
at which the next STU-relation is applied.
Next, applying the STU-relation to the second term in (13.8), we have
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3 4 3 4 3, 4
YL—{ 5 \QQ -~ %—“2 " (A-E)—(F-D).

Lastly, applying the ST U-relation to the third term in (13.8), we have

3 4 3 4 3 4
BT NS oo

Then, from (13.8), W=(A-B—-C+D)—(A—E—-F+D)+(B—F—FE+
C) = 0, so the result for IHX holds in the base case when the selected shortest edge-
path contains the half-edge marked 1.

The arguments are similar for the cases where the selected shortest edge-path
contains each of the remaining three half-edges marked by 2, 3 and 4 in turn. Thus,
the result for IHX holds in the base case.

As the inductive hypothesis, we assume that the result for the IHX-relation is true
for k = n. Within the induction, there are four case to consider depending upon the
point of attachment of the shortest path p,,;. Case 1 is the case in which 1 is the
point of attachment. The remaining three cases are dealt with by reflecting or rotating
the diagrams and then appealing to Case 1.

Case 1: Consider the expression containing |HX-configurations at distance n + 1.
Let p,+1 denote a shortest path containing the half-edge marked 1. Applying the
STU-relation to each term, and using A’, ..., F’ to name the terms that arise, gives

34 3 4 Y
AN _ ...
Y = \%7114:1\1 2 \{%Ifll_i 2 + anf’x 2

Applying the STU-relation gives

(< T NN NG
+ (&"EX _\.ﬁ?.x ) =A@ -C'+E)— (B -D +F)

upon rearranging the terms. Thus, ¥ = 0 since, under the inductive hypothesis, both
A" — C'+ E’and B’ — D’ + F’ are 0 by the IHX-relation. The inductive step there-
fore holds for IHX when a shortest edge-path contains the half-edge marked 1.
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We may express this case diagrammatically by

(13.9)

where the dotted half-edge is at the terminus of p,.;, and where the orientation of
the vertices is given explicitly. This is preparatory to the remaining three cases.
Case 2: By “flipping over” the drawing of each configuration of (13.9), we get

>

—

trivalent vertex, we obtain - '_’_'_'l‘;

step holds in this case.

Case 3: Rotating each configuration of (13.9) through 180 degrees gives

so the inductive step holds in

this case.

Case 4: “Flipping over” the drawing of each configuration of (13.9), then apply-
ing the AS-relation once to each of the trivalent vertices, as in Case 2, gives

‘ V = 0 But (_1)2 X = \\\‘i > as in Case 3’

«(_,'
so the inductive step holds in this case.

— e

Thus, the inductive step holds for the case of IHX, so the result for the IHX-relation
follows. This completes the proof. ([
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Proposition 13.16. The following relations in <7, are equivalent forms of the IHX-
relation.

Jacobi form:

Y AN

Exercise 13.17. Prove Proposition 13.16 by showing the identities follow from a
rewriting of the |HX-relation.

(Note that the Jacobi form is so named because it is a diagrammatic version of
the Jacobi relation in Lie algebras, as in [146].)

13.4 The Algebra Structure on .o/

To turn the vector space .o/ into an algebra, we must endow it with a product. The
most obvious candidate for combining two Jacobi diagrams into a single Jacobi
diagram is a form of connect sum, # : 9 ® ¥ — 2 which will then induce a product
#:.9 @ o/ — <. That is, by cutting each skeleton open at some point to form a
“gap”, and then gluing the two cut skeletons together at their “gaps” to form a single
skeleton. The following figure gives an example of the two stages of this construction:

Dl AN D D)

Immediately we run into a problem in defining such a product. The Jacobi diagram
resulting from this process depends upon where we choose to cut the two skeletons
open, as the following example demonstrates.

a wc"\saﬂ @
RO
“®

It therefore follows that the above procedure does not define a product ¥ @ 9 — 2.
However, we have not taken the ST U-relation into account yet. We shall see that,
although different choices of where to cut the skeletons open can result in different
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Jacobi diagrams, such Jacobi diagrams are always related by the ST U-relation. Thus,
we do indeed have a product & ® &f — <.

Exercise 13.18. Show that the two Jacobi diagrams on the right-hand side of the
above figure are related by the STU-relation.

To proceed, we need to provide a formal definition of the product #. The first step
in its formation is the choice of where to cut the skeletons. Thus, we need to consider
Jacobi diagrams with a distinguished point, called a base point, on its skeleton. Such
Jacobi diagrams are called linear Jacobi diagrams.

Definition 13.19 (Linearisation). A linear Jacobi diagram (D, ) consists of a
Jacobi diagram D and a base point [ marked on its skeleton. The base point should
not intersect any degree one vertices of the Jacobi diagram. In diagrams, the base
point is denoted by the symbol “%”.

A linearisation of a Jacobi diagram D is a linear Jacobi diagram (D, [) that results
from choosing some base point of D.

Observe that the base point % of a linear Jacobi diagram provides a start and
endpoint of the circular skeleton, and so we may represent the skeleton and base
point of a linear Jacobi diagram as a directed line that starts and ends at the base
point. We shall generally represent linear Jacobi diagrams in this way, as Jacobi
diagrams with a skeleton that is a directed line. For example,

Definition 13.20 (Vector spaces 2’ and 2!, of linear Jacobi diagrams). ' is the
vector space over C that consists of all finite formal linear combinations of linear
Jacobi diagrams over C, and 2! is the subspace of &' generated by linear Jacobi
diagrams of degree exactly m.

‘We have,

Let D, D' € 2! . Thenwe can define a product of these elements by concatenation:

BB,

We call this the concatenation product. This product is clearly well-defined and
associative and has a unit “—> . The product induces a graded algebra structure on
9; since clearly
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0 2 ®Y. — I,
! J i+
These observations are summarised in the following result.

Lemma 13.21. %' forms a graded, associative, non-commutative algebra, with unit,
under concatenation product.

To extend this product on Z' to a product on .7, given two Jacobi diagrams D and
D', linearise them to get (D, I) and (D', I'), multiply them in 2! using the concate-
nation, and then forget the base point to obtain a Jacobi diagram. The problem with
this construction is that, under it, different choices of base point in the linearisation
may produce different Jacobi diagrams. However, we shall show that the resulting
diagrams are related by the ST U-relation and hence represent the same element in .7

We shall state the result here but delay its proof until Sect. 13.6 where it will
follow from more general considerations about linearised Jacobi diagrams.

Theorem 13.22. The vector space < forms a graded commutative algebra with unit,
where multiplication# : o ® o/ — o is defined as follows. Given Jacobi diagrams
D and D’ for each class, choose a linearisation (D, ) and (D', ') of each diagram,
form their product (D, 1) o (D', ') in &' using concatenation, then obtain a Jacobi
diagram D#D’ by removing the linearisation. Then define [ D]sty # [D'lsTy by

[Dlstu #[D'lsty := [D#D'IsTy.

Exercise 13.23. Let D be a Jacobi diagram. The diagram D consists of a set Y of
connected unitrivalent graphs and a skeleton S'. For X C ¥, let Dy be the element
of 2 obtained by deleting each of the unitrivalent graphs in ¥ — X from D. Define
an element A(D) € 2 ® 2 by

A(D) = ZDX(X)Dy,X (13.11)

XcYy

F‘” :"ample’ =@ : +® ®@
+@ ®® +© ®@.
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Show that A(D) induces a coassociative coproduct on .o/ by
A:d - o @ D] [AD)].

Hence show that, with this coproduct, </ forms a commutative, cocommutative,
graded bialgebra with unit and counit, where the counit is given by g([D]) = 1 if
[D] € @, and ([ D]) = 0 otherwise. In fact, it can be shown that .« forms a Hopf
algebra (see [13]).

13.5 Linearised Jacobi Diagrams and the Space .7’

The algebra structure on </ depends upon the properties of linearised Jacobi dia-
grams. In this section, we study linearised Jacobi diagrams in greater detail. In par-
ticular, we want to construct an analogue of the algebra .o/ = 2/(STU) for the space
2' of formal linear combinations of linear Jacobi diagrams. To do so, it makes obvi-
ous sense to restrict the STU-relation so that it cannot be applied across the base
point. In view of this, we define a new relation, the STU;,-relation.

Definition 13.24 (STU,-relation). The STU;-relation between Jacobi diagrams on
a line segment is

STU]Z = -

where the chord diagrams are identical outside the region shown, and where there
are no other chords that meet the segment of the skeleton shown as bold in the figure.

We may now define our analogue of .<7 for the space &' freely generated by linear
Jacobi diagrams.

Definition 13.25 (Vector spaces /' and <7/ of linear Jacobi diagrams). The
space .27 of linear Jacobi diagrams satisfying the STU;-relation is
o= 2
" (STU)

where (STU;) denotes the subspace of ' generated by the STU;-relation. The sub-
space of .«7! generated by degree m linear Jacobi diagrams is denoted by .«7. .

‘We have

,_ 9,
" (STU))®
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Furthermore,

The product on 2!, given by concatenation (13.10), immediately induces a product
on 7', and the following is readily seen to hold.

Theorem 13.26. .o7' endowed with concatenation product is a graded algebra with
unit.

Proof. The product is trivially well-defined, and the unit is clearly [— ]sTy,. By
inspection, the vector space </’ is graded since the ST U;-relation is grade preserving
so any representative D € [D]sTy, € 424 has degree m. The algebra is graded since
if [Dlsty, € <! and [D']sTy, € M; , then [D o D'|sty, € !, j since [D o D']sty,
has degree i + j. (]

The AS and IHX-relations of Theorem 13.15 also hold in .o7. (This is since their
proofs only considered an arc of the skeleton of the Jacobi diagram, and so the given
proof of Theorem 13.15 is valid in .z’ .) The following two lemmas provide identities
that are vital for understanding .o/ !"and, as will become evident, <7.

The first identity says that univalent vertices may be moved along the linear
skeleton of a Jacobi diagram which will in turn allow parts of a Jacobi diagram to be
moved through each other. In this sense, part of a diagram may be “walked” along
the skeleton past another part. The next result gives the essential step.

Lemma 13.27 (Walking Lemma 1). Let B be part of a Jacobi diagram that contains
no univalent vertices. Then

that is derived from the

right-hand diagram in the enunciation of the lemma by detaching the univalent vertex
x from the skeleton. In the construction to be described, the vertex x will be identified
with other points on the skeleton in turn. Let e denote the edge terminated by x in
the above diagram.

A set of weighted configurations is constructed from D as follows.

e First, the neighbourhood of each univalent and trivalent vertex of D is modified
according to the rules
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+1
+1 +1
+1 { ) Y = \H?/
—
-1

(13.12)
where the segment of the skeleton contains no other univalent vertices, the black
semicircles are distributed, as shown, in the neighbourhood of each univalent and
trivalent vertex, and these are weighted by +1 or —1 according to the patterns
defined in (13.12); the black semicircles indicate points of attachment that may be
occupied by x and are called attachment points.

e Second, x is assigned to each attachment point in turn, the resulting configuration
is weighted by the weight of this point, and the black semicircles are then erased.

e Each configuration constructed in this way is a signed Jacobi diagram so there are
as many of these as there are points of attachment associated with D. The resulting
set of signed Jacobi diagrams is denoted in the proof by .#p.

Let S(D) denote the (weighted) sum of the elements in .#p . Let By and B, denote,
respectively, the right-hand and left-hand diagrams in the statement of the lemma.

To show that B, il B,, we calculate S(D) in two different ways:

1. by summing over edges: that is, by considering the pairs of attachment points on
each edge;

2. by summing over vertices: that is, by considering the pair or triple of attachment
points in the neighbourhood of each univalent and trivalent vertex;

and then equate the two results.

E: summing over edges: There are four sub-cases.

El: x occupies an attachment point at the ends of the skeleton (which is a line
segment). Then

are clearly elements of .# and therefore are terms in S(D). The combined contri-
bution to S(D) from this sub-case is D — D,.

E2: x occupies an attachment point on the skeleton between two univalent vertices.
The two contributions to S(D) from ¢’ are

|

and
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(Itis to be recalled that the AS-relation cannot be applied to a univalent vertex.) Thus,
the combined contribution to S(D) from this sub-case is 0.

E3: x occupies an attachment point on an edge e’ other than e. The two contributions
to S(D) from ¢’ are

and

) e )
+1

The combined contribution to S(D) from this sub-case is 0.
E4: x occupies the attachment point on the edge e. Then

where the last equality follows by isomorphism of graphs, so this sub-case contributes
0to S(D).
Thus, the conclusion from these four sub-cases is that

S(D) = Dy — D;. (13.13)
V: summing over vertices: There are two sub-cases.

VI: x occupies an attachment point adjacent to a univalent vertex. There are three
contributions

\W
RS

HHH

[ 4
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Thus, the contribution to S(D) from this sub-case is 0.
V2: x occupies an attachment point adjacent to a trivalent vertex. There are three
contributions

+1

+1
+1

by Proposition 13.16. Thus, the contribution from this sub-case is 0, and the conclu-
sion from these two sub-cases is therefore that

S(D) =0. (13.14)

The result now follows by equating the expressions (13.13) and (13.14) for S(D)
and recalling from Theorem 13.15 that the STU;,-relation implies both the AS- and
the IHX-relations. (]

The next result follows from the method of proof of the previous result.

Lemma 13.28 (Walking Lemma?2). Let T and T' be two disjoint parts of a Jacobi
diagram that contain no univalent vertices. Then

= "R

X X

Proof. The weighting schemes for univalent vertices attached to 7 and for the seg-
ment of the skeleton between two adjacent univalent vertices are given in (13.12).
Let b and b, be the attachments points to the immediate left and immediate right of
T. Consider the configuration

b, b, i

and let S(D) be the signed sum of Jacobi diagrams obtained by allowing x to occupy
each attachment point in turn. Then summing over edges as in Case E in the proof
of Lemma 13.27 gives S(D) = D; — D, with
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D, and D, =

Summing over vertices as Case V in the proof of Lemma 13.27 gives S(D) >V,

The result then follows by equating these two expressions for S(D). (I

Corollary 13.29. Let (D, ) and (D, ') be two linearisations of a Jacobi diagram
D. Then (D, 1) and (D, ') are related via the STU;-relation.

Proof. Let D be a Jacobi diagram and [; and [, be any base points defining the
linearisations of D. It is sufficient to show that if the base points are separated by a
univalent vertex on the skeleton, then the resulting Jacobi diagrams on a line segment
are related by STU,. Every Jacobi diagram D has the form

[2 X []

-\

where the region B contains no univalent vertices. Opening at [; and [,, respec-

tively, gives and . But it

by Lemma 13.27. The result follows.
The Walking Lemma also shows that the product on .7/ is commutative.

Theorem 13.30. 7' endowed with concatenation product is a graded, commutative
algebra with unit.

Proof. By Theorem 13.26, we know that .27’ endowed with concatenation product is
a graded algebra with unit. It remains to prove commutativity.
From Lemmas 13.27 and 13.28, we have

(D) sw @ (D)

This completes the proof. (]
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13.6 The Vector Spaces .« and <7’ are Isomorphic

The vector space .<7! arose from the development of an algebra structure on .« . Here
we will show that, in fact, these two spaces are isomorphic.
Clearly, there is a natural map

A @,In - D,

whose element-wise action on (D, [) € _@fn is to remove the linearisation [. This can
be thought of as deleting the base point on a circular skeleton, or as identifying the
endpoints of a linear skeleton of (D, I). For example,

If p is the natural projection %,, — %,,/(STU), then, since A,, is well-defined,
S0 is

9
s D =
Potn: I = STy,

Lemma 13.31. X, induces a linear map
Aty = Gy [(D, Dsty, = [An(D, DlsTy = [Dlstu.

m

Proof. According to Lemma A.10, we need to show that A,,,(STU) = 0. Now

(AL - 20 - Q-
. . S;UO.

O

Corollary 13.29 stated that for any Jacobi diagram D, any two linearisations are
related by the STU;-relation. This immediately gives the following.

Lemma 13.32. There is a well-defined linear map

Qi Dy — A D [(D,D]sTy,,

m*

where (D, 1) is any linearisation of D.
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Lemma 13.33. £2,, induces a linear map
Q2 Gy — A [Dlstu > [(D, Dlsty, -

Proof. From Lemma 13.32, £2,, is well-defined and it is easily seen that £2,,(STU) =
STU,. The result follows from Lemma A.10. O

Theorem 13.34. §2,, and A, are inverse isomorphisms. In particular,

Ay = !

m

as vector spaces.

Proof. Let [D]sty € 4. Then

X (2 (ID1sTV)) = A ([(D, DsTU,) = (2 (D, DlsTuU-

Moreover, 4, (D, [) = D since opening and closing the same diagram does not
change the diagram. Thus, A,, o £2,, = id. A similar computation shows that £2,, o
An = id. Hence, A,, and §2 are mutually inverse and hence isomorphisms. (I

We are finally in a position to prove that the connected sum operation gives rise
to an algebra structure on .27, as in Sect. 13.4.

Proof. (Theorem 13.22) The product of D and D' given in . the statement of The-
orem 13.22 is exactly a description of A, (.Qm ([DlsTu) - 2:m ([D/]STU)), where
the product is that of 27’. Thus, the algebra structure on <7 is induced from that
on.o/'. O

The following corollary is immediate.

Corollary 13.35. Q.. and X, are inverse algebra isomorphisms. In particular,
= o' as algebrus.

13.7 The Vector Spaces .« and .o/¢ are Isomorphic

Recall that ¥ is the vector space of chord diagrams (Definition11.11), and &/¢ =
% /(4T) (Definition 12.10).
We begin with two observations about the appearance of chord diagrams in .<7:

e by definition, every chord diagram is a Jacobi diagram, so inclusion gives a natural
linear map ¢ : ¢ — %,

e in the other direction, given any Jacobi diagram, we may repeatedly apply the
STU-relation to express it as a linear combination of chord diagrams. We call such
a rewriting a resolution of the Jacobi diagram. Specifically, by a resolution of a
Jacobi diagram D, we mean any sequence of STU-relations that when applied to
D results in a chord diagram.
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For example,

OO0 @O

Our aim is to use inclusion and resolutions to define vector space isomorphisms
between /¢ = € /(4T) and &7 = 2/(STU).
Before proceeding, we first decide what is needed to accomplish this.

e Starting with the inclusion map ¢ : ¥ — &, and composing it with projection
p:2— 2/(STU) gives a linear map, pot: € — 2/(STU).

e To show this induces a well-defined map t:%/(4T) — %,,/(STU), by
Lemma A.10 we must show that:

if C and C’ are elements of % related by the 4T-relation, then p o ((C) and
p o t(C’) are related by the STU-relation.

Equivalently, we need to show if C ¢’ then € *X” ¢’. We shall show this in
Lemma 13.37, thus proving that inclusion induces a linear map ¢ : &/ — <.

Defining a map from &7 to <7 using resolutions, on the other hand, is trickier
since resolutions use ST U-relations, and different ways of applying them to a Jacobi
diagram result in different elements in &’. Thus, the resolution operation itself is not
a well-defined map from & to €. However,

e we shall show in Lemma 13.40 that, if different resolutions result in different
elements of %, then those elements are related by the 4T-relation.
e Thus, resolutions induce a linear map p : ¥ — € /(4T).

e To obtain a linear map p : 2/(STU) — € /(4T), we must show that if D STV py
then p(D) a p(D"), which we do in the proof of Theorem 13.36 at the end of this
section, hence showing that resolutions induce a linear map p : &/ — /°.

Furthermore, the two linear maps? : &/ — &/ andp : & — &/ define mutually
inverse vector space isomorphisms. These observations are recorded in the following
theorem.

Theorem 13.36. The vector spaces </ and </¢ are isomorphic,
o = €.

Moreover,

1. inclusion induces a vector space isomorphism?1 : ot — o,;
2. resolution induces a vector space isomorphism p : <, — y;
3. and these isomorphisms are inverses of each other.
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The remainder of this section is taken up with the proof of this result, through the
following three lemmas.

Lemma 13.37 (Inclusion). Let ¢ : 6,, — %, be the inclusion map from the vector
space 6,, of chord diagrams of degree m to the vector space 9y, of Jacobi diagrams
of degree m. Then there exists a linear map

Uy — Ay [Clar = [W(O)]sTu.

Proof. The inclusion map ¢ may be composed with the natural projection map
p: Dy — (sz_mU): D + [D]sty to give

m

pot: Cgm - (STU)

: D [1(D)]sTu-

Then, from Lemma 13.13, (p o t)(4T) = 0. Thus, from LemmaA.10, p o ¢ induces
amap t.

: e : D = |t D .
The I‘eSlllt now fOllOWS Since % - igm/(4 I ) and %1 - .@m/(s I U). l:l

We next consider the use of resolutions to defineamap p : &/ — o/¢. To formalise
our terminology, given a Jacobi diagram D of degree m with a trivalent vertex v, we
define

e a resolution of D at v to be an application of the STU-relation that removes v;
e aresolution of D to be any sequence of applications of the ST U-relation that when
applied to D results in an element of 6,,.

If r is a resolution of D, then this resulting element of %,,, which is a linear com-
bination of chord diagrams of degree m, is denoted by (D). In general, different
resolutions will result in different elements of %,,,. However, we shall now prove that
these resolutions are equivalent modulo the 4 T-relation and therefore each resolution
of D results in the same element of <7< = %,,/(4T). The proof of this result will
follow from Lemmas 13.38 and 13.39.

Our proof that p : & — /¢ is well-defined will use induction on the number of
trivalent vertices in a Jacobi diagram. In order to do this, we shall need to ensure
that applications of the STU-relation do not result in too many trivalent vertices.

We therefore introduce the notation that for any D, D’ € 2 such that each term

. . STUL,
has at most ¢ trivalent vertices, by D ~ =" D’ we mean that D and D’ are related

by a sequence of applications of the STU-relation with the property that no Jacobi
diagram appearing in this sequence has more than ¢ trivalent vertices.
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Lemma 13.38. Let D, D' € 9 be such that no term of D or D’ has more thant > 0
,STU., ,STU.,

trivalent vertices. If D St by then p TR .

Proof. We consider sequences of applications of 4T- and ST U-relations

4T, STU- gy D 4T,STU- 4 4T,STU- 4

D = D ) D, =D,

taking D to D" where each D; is obtained from D;_; by a single application of the

4T-relation or STU-relation. We assume all sequences of 4T- and STU-moves (i.e.

applications of the 4T- or ST U-relations) we write in this proof are of this type.
We proceed by induction on the total number t of Jacobi diagrams with ¢ 4 1

trivalent vertices in all of Dy, ..., D,. Recall that each D; is a linear combination of

Jacobi diagrams.

For the base of the induction, if T = 0 in any sequence

4T, STUo 4 4T, STUo 4

D =D, D,=D

L . . . 4T,STU,
then every Jacobi diagram has at most ¢ trivalent vertices, giving D =~ D’.

For the inductive hypothesis, suppose that, for every sequence of 4T- and STU-

4T,STU- 1 4T,STU-.4 4T,STUo 4

moves D = D, ) D, = D’ such that no more

.. . . 4T, STU
than t = k Jacobi diagrams have ¢ + 1 trivalent vertices, we have D "=~ D',
Then for the inductive step, suppose that in a sequence
4T STU, 4T STU,
D=D, ~=""..."7"=""Dp, =D, (13.15)

there are exactly T = k 4+ 1 > 1 Jacobi diagrams with ¢ + 1 trivalent vertices. Sup-
pose that D; is the first term in this sequence that contains a Jacobi diagram with # + 1
trivalent vertices. Denote this Jacobi diagram by J. We will use this J throughout
the proof. By examining how the 4T- and STU-moves act on J, it must be that a
trivalent vertex v; is created in the move taking D;_; to D;. Then 4T-moves act on
J until at some point a trivalent vertex v, of J is resolved (this is since no diagram
has more than ¢ + 1 trivalent vertices). We shall focus upon J.

Claim: The sequence

(.: _(,>< SLU% 2’2112“-4=Tfp=ﬁvz Sl“><') -><’)

(13.16)
may be replaced by a sequence of 4T- and STU-moves with Jacobi diagrams that
each have at most t trivalent vertices.
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We assume the truth of the claim for the moment and explain how the lemma
follows from it. First, observe that the sequence in (13.16) might not appear in (13.15)
in that exact form, but some linear combination will appear in (13.15), possibly with
some additional 4T- and ST U-moves that act on components other than those in this
linear combination. Then, by the claim, we can replace all the Jacobi diagrams that
appear in this linear combination by sequence of 4T- and STU-moves with Jacobi
diagrams that each have at most ¢ trivalent vertices. The lemma then follows by
induction.

It remains to prove the claim.

Proof of the claim. There are five cases to consider, according to how the two vertices
vy and v, are related to each other. For these cases, let 1 be the edge connecting v,
to the skeleton, and 2 be the edge connecting v; to the skeleton. The cases are:

Case 1: vy and v, are different trivalent vertices. The Jacobi diagram then has the

Case 2: vy and v, are the same trivalent vertex, edges 1 and 2 are the same. The

Jacobi diagram then has the form J = H] =2 ) .

Case 3: vi and v, are the same trivalent vertex, edges 1 and 2 are different, and

there is an edge marked 3 that connects a trivalent vertex other than vi = v; to the
e,

7|1 X
skeleton. The Jacobi diagram then has the form J = >% .

Case 4: v| and v, are the same trivalent vertex, edges 1 and 2 are different, no vertex

other than vy = v, is connected to the skeleton by an edge, but a third edge 3 connects
e,

Case 5: vy and vy are the same trivalent vertex, edges 1 and 2 are different, no vertex
other than vi = v, is connected to the skeleton by an edge, no other edge connects

Qort>

Vi = v, to the skeleton. The Jacobi diagram then has the form J = e
<

We analyse each of these cases in turn. Note that we can focus exclusively on the
components on which the STU-relation acts, since the 4T-relation does not involve
trivalent vertices.
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For Case 1. In this case it must be that the sequence of STU-moves creating v; and
resolving v, is

%HM%WHﬂWO%HM<W>

But we may apply the STU-relation in the following way to avoid creating v;.

.................. ( ( e, (

é«H @HST” EH-ER (& 9-&9
| E A XA E D
LIS

We may use this to replace the equivalence of diagrams in (13.16) with diagrams

with having at most ¢ trivalent vertices.

For Case 2. In this case, the STU-moves act like

e S T =

In this case, there is no need to create J and we may replace the occurrence of this
configuration by the one in the left-hand side of (13.16).

For Case 3. First suppose that edges 1 and 2 are different and that there is third
trivalent vertex adjacent to the skeleton. In this case, it must be that the sequence of
STU-moves creating v; and resolving v, = vy is

But by applying the ST U-relation at the edge 3 first, we may achieve this equivalence
by
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in which no Jacobi diagram has more than & trivalent vertices. We may use this to
replace the equivalence of diagrams in (13.16) with diagrams with at most ¢ trivalent
vertices.

For Case 4. As in (13.7), the equivalence obtained by the two applications of the
STU-relation may be attained by an application of the 4 T-relation. Thus, we may use
the 4T-relation to replace the equivalence of diagrams in (13.16). These diagrams
have at most ¢ trivalent vertices.

Al
For Case 5. We may represent J as § 5 (B) where all trivalent vertices are con-

tained in the block denoted by B. Furthermore, since only two edges connect v; to
the skeleton, J contains at least two trivalent vertices; thus, for Case 5 to occur, we
must have t > 1.

The Jacobi diagram J is created by the STU-move

We focus on the expression on the left. We may use a sequence of STU-moves to
resolve all of the trivalent vertices in B (using the same sequence in both diagrams)
to write
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where the blocks of chords are identical, and the last equivalence is by an application
of Lemma 13.28. Since ¢ > 1 and none of the STU-moves involve diagrams with
more than ¢ trivalent vertices, we have that

: ‘ STU.,

® -{ ~® "=

We may use this to replace the equivalence of diagrams in (13.16) with diagrams
with at most # trivalent vertices.

This completes the proof of the claim. Hence, the proof of the lemma is
complete. O

Lemma 13.39. Let D, D’ € D be such that no term of D or D’ has more thant > 0
S U,
trivalent vertices. IfD YV ' then D *TEY D,

Proof. Suppose that in the equivalence DL D' the largest number of trivalent
vertices in any Jacobi diagram is ¢ + k for some k > 0. If Kk =0, we are done;
otherwise, no term of D or D’ has more than ¢ + k — 1 trivalent vertices, and

,STU, STUrire
AT D= D’. Then by Lemma 13.38, D AT ST sttt

4T.STU, .
gives that D D’, as required. O

D’. Repeating this process

Lemma 13.40 (Resolutions). The map

1 9, On D D
0 D ﬁ = [r(D)lsT,

where r(D) is any resolution of D, is well-defined.

Proof. Let D € Z,,. To show that p is well-defined, we need to show that for any
resolutions ry and r, of D we have rq (D) a r2(D). Thus,ifri (D) = Cyand r, (D) =
C,, we need to show that C, a Cs.

We have D gl C, and D iy C,. Hence, C, >TU C,. An application of
Lemma 13.39 then gives that C; a C», as required. O

With the aid of the above lemmas, we may now prove that &7 = 47,.

Proof (Theorem 13.36). From Lemma 13.40, there is a well-defined linear map
P Qm i %yﬁ [D]STU g [r(D)]4T’

where r is any resolution of the Jacobi diagram D.
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To show that p is well-defined, we need to show that if D, gl D,,thenri (D) a
r2(Dy) for any resolutions r and r, of Dy and D;. Suppose that r;(D;) = C; and
r2(Dy) = C,, and suppose that r is a sequence of STU-moves taking D, to Dy, so
that ¥(D,) = Dy. Then C; = r1(r(D>)) and C, = r,(D>), so Cy and C, can both be
obtained through resolutions of D,. Then, since p is well-defined, C| g C,. Thus,
0 is well-defined.

‘We now show that o is invertible. From Lemma 13.37, 1([Cl47) = [ClsTy Where
C is a chord diagram in %, so

(0 o0 ([ClaT) = P ([ClsTU)
= [r(C)]st  (Lem. 13.37; r is any resolution of C)
= [Clat  (since C is already a chord diagram.)

Thus, p o7 = id. But %,,/(STU) and %,,,/(4T) are finite dimensional since Z,, and
m are. Thus, p is invertible. This completes the proof. (]



Chapter 14 )
Lie Algebra Weight Systems oo

We have seen the critical role the vector space .7 of Jacobi diagrams and weight
systems, i.e. linear maps from .27 to C, play in the theory of Vassiliev invariants. The
purpose of this chapter is to construct weight systems in a canonical way from certain
algebraic objects. This will be done by taking a Jacobi diagram or a chord diagram,
and then constructing from it an element in an appropriate algebra. A representation
of this algebra will provide an associated linear map, whose trace then produces
a number in C. We shall see in Sect. 18.2 that the weight systems emerging from
this process are related to the theory of quantum invariants described in PartIl of
this book. This is important since it provides a way to study knot polynomials via
combinatorics. The construction of these weight systems has three main steps.

1. We define a map T that sends a Jacobi diagram D to an element T (D) of the
universal enveloping algebra U (g) of a Lie algebra g.

2. For a weight system, we need to obtain a number in C from 7;;(D). This is done
by choosing a representation p of the universal enveloping algebra U (g).

3. The image of T (D) under p is a linear map, which we may view as a matrix over
C. We obtain a complex number by taking the trace of this matrix.

This construction gives a weight system which we shall denote by Wy ,.

As we shall describe presently, the element T (D) is obtained by first decomposing
D into elementary fragments, next by associating an algebraic object with each
elementary fragment, and finally by using the decomposition of D to construct an
element of U (g) from these algebraic objects.

Various choices are made in the computations of Ty (D) and therefore of W ,(D).
That the computations are independent of these choices, i.e., that T and W, , give
well-defined maps, is non-trivial, requiring a good amount of work. It is essential
to this well-definedness that 7;(D) be evaluated in a universal enveloping algebra
U (g) of a Lie algebra g.

The Lie algebra weight systems, including their combinatorial descriptions, con-
structed in this chapter are due to Bar-Natan [11-13].
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14.1 Introduction to Lie Algebra Weight Systems

In this section, we give an overview of the construction of the map 7} that sends a
Jacobi diagram D to an element T (D) of the universal enveloping algebra U (g). We
describe the key points of this construction and give an informal overview of how
Lie algebras appear in this theory. The next section contains a formal treatment of
map T4, showing, in particular, that it is well-defined. The later parts of this chapter
will focus on how the map T gives rise to weight systems through representations
of U(g).

Let us proceed with this programme. Suppose we are given:

e a Jacobi diagram D;
e a metrized Lie algebra g over C with a basis {¢;: i = 1, ...n}. (We shall explain
the term “metrized Lie algebra” shortly.)

In the following three subsections, we break up the description of T into the three
steps:

1. decomposing a Jacobi diagram,
2. understanding metrized Lie algebras, and
3. the construction of T4 (D).

Decomposing a Jacobi Diagram

We may “cut” the Jacobi diagram D into “elementary fragments” that consist of an
arc or a trivalent vertex as shown:

/ )\ (14.1)

The ends of these elementary fragments may, or may not, lie on the skeleton of D.

For example,

There are, of course, infinitely many ways to choose such a decomposition. For
example, a Jacobi diagram and three of its decompositions are shown below.
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We use such a decomposition of D to compute 7 (D), and we need to ensure that
the value of 7;; (D) is independent of the choice of decomposition we make. We shall
see that our use of Lie algebras ensures this independence.

Understanding the Lie Algebras

The map T, (D) takes its values in the universal enveloping algebra of a metrized Lie
algebra g. We met Lie algebras and their universal enveloping algebras in Sect. 8.4.
A metrized Lie algebra consists of a Lie algebra and a symmetric, non-degenerate,
ad-invariant bilinear form (-, -). We shall explain these terms next.

Let g be a finite dimensional Lie algebra over C with a basis {e;: i = 1,...n}.
The Lie algebra g is equipped with a Lie bracket [-, -] which may be described by its
action on a basis by

[.,.];V®v—>v:e,-®ej.—>zy,-,jkek. (14.2)
k

We recall that the scalars ; ;¥ € C are called structure constants.
Suppose that g is equipped with a bilinear form, whichisamap (-, -) : g® g — C,
and that the action of (-, -) on the basis of g is

<eivej>=hi,j9 (143)

for some scalars #; ; € C. The bilinear form (., -) is said to be symmetric if (ei, ej) =
<ej, e,-), or equivalently h; ; = h;;, for all i, j.

The definition of the term “non-degenerate bilinear form” makes use of the facts,
among others, that Hom (U, V) = U* ® V and V** = V for finite dimensional vector
spaces U and V (see Sect. A.9). Using the isomorphisms, we have

() eHm@®g,C) = (R0 9C=g g ®C (14.4)
= g* ® g* = Hom(g™, g*) = Hom(g, g%).
Thus, we may regard the bilinear form (-, -) as a linear map
()Y:g—> g e > Zh,;jej. (14.5)
J
This view of (-, -) will probably surprise a reader meeting it for the first time.

Exercise 14.1. Verify that the action of (-, ) : g — g*isgivenbyx — (-, x), where
X €g.

A bilinear form (-, -) is said to be non-degenerate if, when regarded as a linear
map (-, -) € Hom(g, g*), it is a vector space isomorphism. We denote the inverse
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map of (-, -) by (-, 7! and denote its action on dual basis {e:i=1,...,n}ofgby

(O S VAN VLN Zhi’jej. (14.6)

J

Exercise 14.2. Verify that the following identity relating the /; ; and the A"/ holds:

D hpg kT =6, (14.7)
q

The final term needed for the definition of a metrized Lie algebra is ad-invariant.
Ad-invariance provides a compatibility between the Lie bracket [, -] and the bilinear
form (-, -). The bilinear form (-, -) is said to be ad-invariant if

([x, y],2) = (x, [y, 2]), forall x, y, z € g. (14.8)

Definition 14.3 (Metrized Lie algebra). A metrized Lie algebra consists of a finite
dimensional Lie algebra g together with a symmetric, non-degenerate, ad-invariant
bilinear form.

Exercise 14.4. Consider the Lie algebra sl, (C) from Example 8.42, of 2 x 2 matri-
ces with trace zero, and Lie bracket given by [A, B]= A - B — B - A. As in Exer-
cise 8.45, this Lie algebra has a basis {X, Y, H} where

S A |

Define a bilinear form (-, -) : 5,(C) ® s[,(C) — C by (A, B) = Tr (A - B). Ver-
ify that (-, -) is symmetric, non-degenerate and ad-invariant. Conclude that sl,(C)
together with (-, -) is a metrized Lie algebra.

Universal enveloping algebras of Lie algebras were introduced in Definition 8.46.

For a Lie algebra g with basis {ej, ez, ..., e,} and structure constants -y;, j", SO
lei,ej1 =Y ", 7i*ex, the universal enveloping algebra, U(g), of g was defined
as the associative unital algebra generated by elements Ej, E,, ..., E, and subject

to the relations E;E; — E;E; =)+, fy,v,jkEk, for each i, j. Here it is convenient to
use a different formulation of universal enveloping algebras.

The tensor algebra, <(g), of a Lie algebra g is defined to be the algebra over
B, g®" with multiplication given by

X1 ®..8x) R ®..%Y) P X1 ®...0x, QY1 ®...Q yy.
The elements of T(g) consist of finite linear combinations of tensor products of

elements of g. It is easily seen that T(g) is an associative unital algebra (see Exer-
cise 8.7).
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The universal enveloping algebra, U (g), of g may be defined as the quotient of the
tensor algebra T(g) by the ideal generated by the relation [x, Y] =x Q@ y — y ® x,

S(g) @1‘20 g®r

U(g) := = .
[, ]=x®y—y®x [x,)]=xQ®y—y®x

(14.9)

Exercise 14.5. Verify that the constructions of U(g) given here and in Defini-
tion 8.46 result in isomorphic algebras.

The Construction of Ty(D)

We may now describe the action of the map Ty : &/ — U(g). For this suppose
that, as above, g is a finite dimensional metrized Lie algebra over C with a basis
{e;: i =1,...n} and bilinear form (-, -). Also as above, suppose that the element-
wise actions of [-, -], (-, -}, and (-, -)’1 are, respectively,

[~,~]:ei®ejr—>2%,jk€k, (-,->Ieif—>zhi,j’€j o (! :eiHZhi’je]n
k J J
Define an element S € g ® g ® g by

S = Z Yi,;° hiapib e, e, e,

i,j,a,b,c

and let S%?¢ denote the coefficient of ¢, ® ¢, ® e, in S, so
Sa,b,c —— Z’Yl jC hi’ahj’b,
i,j

For a Jacobi diagram D, T,;(D) is constructed as follows.

1. Choose a decomposition of D into elementary fragments and choose a base point,
%, on its skeleton.

2. Label the end of each arc of an elementary piece with a distinct (indexing) element.

3. Form an expression by

a. Assigning a tensor to each labelled elementary piece using the scheme

i L i k L.
/‘ > h'/e; ®e; and Y — Sht e ®e; ® ey
J J

(14.10)
b. Wherever a Jacobi diagram is “cut” in forming the elementary decomposition,
apply the bilinear form (-, -) to the corresponding basis elements, thus
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U
S

c. What remains is a scalar made up of the h"*/, h; ; and S*/** and basis elements
¢; that come from arc ends that lie on the skeleton. Order these basis elements
by reading along the skeleton from the base point, and tensor them in this
order. Then place the scalar expression in front of this tensor.

> <ei9ej>:hi,j- (14.11)

4. Take the sum of this expression with the indices ranging from 1, ..., n (i.e. over
all of the basis elements of the Lie algebra).

5. The resulting element is in the tensor algebra ¥(g). Project it into U(g) (see
(14.9)).

Example 14.6. Consider the Jacobi diagram shown below on the left, with the
decomposition and choice of base point shown in the middle, and the labelling
shown on the right. We have drawn the skeleton with the base point as a straight line
in rightmost figure for clarity.

i12

higsirs

Sil.i3,i3 :
13
.hlll(]»ill pisin
— N 110
hissi10
i 7 i3 i4 is i6 i7 “
This gives
_ 2 : 1,03,08 12,04 115,010 16509 [ 11,012 17,0130, . Jh. . J. .
Tg(D) - N h h h h h hlSJthl()Jl]hIIZJIS
I1yeees ine{l,..., n}
e, e, Q- Qe
Example 14.7.

i1

dio -
17

lg .

H .
[ L
i1 1 ] i

i1
iy i3 s Is g
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i7,i3hi9,i10hi11i12

T,(D) = Z B pizsda pisia pisiin pisds phosin
i[ ..... []26{1,2,...,}1}
. €,‘] (04 €,'2 [ 853 X €i4 X 6,’5 2 6,‘6.
Exercise 14.8. Consider the chord diagram and the two of its decompositions shown
below. By using the fact that the h; ; = h;; and h""/ = h/ satisfy the identity in

Exercise 14.2 to show that constructing 7, (D) from either decomposition results in
equal elements of U (g).

(-, « o
Exercise 14.9. The STU-relation gives theequality@ —@ +@' =

0 in 7. Using the decompositions

a b ¢ a b i a bi j

i

verify that

o ( @ ) - Z Vi, h“hi? eq Qep e,
i,j,a,b,c
o ( @ ) - Z hPh*T e, @ ey @ € ® e,
i,j,a,b
Ty (@ ) = Z hiapbi e, Qe e Rej.
i,j,a,b

Hence, use the fact that T evaluates in U (g) to verify that
(B Q)

Independence of Choices Made in the Construction

The reader will have noticed that several choices needed to be made in the compu-
tation of T (D). There were choices made for the following:
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e decomposition of a Jacobi diagram;
e order of labels of each cut in the decomposition

(i.e. in (14.11), which of the two labelled ends of the arc we take as the first
index in A; ;);

order of the labels on each arc in the decomposition

(i.e. in (14.10), which of the two labelled ends of the arc we take as the first
index in h'"/);

linearisation of the cyclic order at each trivalent vertex

(i.e. in (14.10), which of the three labelled ends incident to a trivalent vertex we
take as the first index in S%/);

base point on the skeleton.
In addition to these five items, but separate from them, we need T, to be well-
defined. This means that it must be invariant under the ST U-relation.

The requirement of independence of T; under these six items explains the use
of enveloping algebras of metrized Lie algebras. We examine this independence
formally in the next section, but before the formal treatment it is helpful to understand
the role each of the axioms of metrized Lie algebras plays in this independence. In
short, following the order of items in the above listing in turn, the independence of
the choice of:

e decomposition:

arises from the fact that the h; ; and h"/ are coefficients from inverse maps (-, -)
and (-, -)~! (hence the non-degeneracy of (-, -) is required). This means that the
contributions from any “extra cuts” cancel.

e order of labels of each cut in the decomposition:

arises from the fact that (-, -) is symmetric and so h; ; = h; ;.
e order of the labels on each arc in the decomposition:

follows since (-, -) is symmetric, therefore (-, -)~! is, and so h/ = /',
e linearisation of the cyclic order at each trivalent vertex:

arises from the ad-invariance of (-, -).

base point on the skeleton and of 7, under the STU-move:

uses the fact that 7 is evaluated in the universal enveloping algebra U (g).
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14.2 The Universal g-Weight System

In the previous section, we described the construction of a map 7y : &/ — U(g),
where g is a metrized Lie algebra. We shall now formalise this construction and
show that it is independent of the several choices we made in the decomposition of
the Jacobi or chord diagram, and that it defines a map from 27 to U (g).

For convenience, we collect the associated algebraic notation here that we
shall need. Throughout this section, we let g denote a metrized Lie algebra with
finite basis {e;};c;. This means that the Lie algebra g is equipped with a bilinear
form (-, -) that is symmetric (i.e. (x, y) = (y, x) for all x, y € g), ad-invariant (i.e.
([x,y],z2) = (x, [y, z]) forall x, y, z € g) and non-degenerate (i.e. (-, -) is invertible
when considered as a map g — g¢*).

We recall the following from Sect. 14.1. The action, from (14.2), of the Lie bracket

on basis elements is
k
[€i,€j] = E Yi,j €k»
k

and the action, from (14.3), of (-, -) is
<€i, €j> = hi,j-

From (14.4), via the isomorphisms Hom(gR g,C) E (R g RC =g g =
Hom(g**, g*) = Hom(g, g*), we may consider (-, -) as a map

(w):g—>ge— Zhi,jej.

J

By non-degeneracy, this map is invertible. We denote the action of this inverse,
('5 ‘>_17 by ) o
() ligr s gl > Zh"f ej.
J

We define S by
S== D nShh e ®e e,

i,j,a,b,c

and let S**¢ denote the coefficient of ¢, ® ¢, ® e, in S:

Sa’b’c = — Z’yi’jchi’ahj’b. (1412)
ij

Finally, we realise the universal enveloping algebra of g as the quotient space of the
tensor algebra T (g):
2(g)

U(g) = )
@ [,y ]=x®y—y®x

(14.13)
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Thus, projecting from T(g) to U(g) can be thought of as imposing the relation
[x,yY]=x®y —y ®x on %(g).

We defined 7 : 4 — %(g) in the previous section by means of a diagrammatic
construction that involves the decomposition of a Jacobi diagram into elementary
fragments. The following definitions and notation are needed to make this precise.

The Construction of Ty(D)

Definition 14.10 (Fragment, decomposition, colouring, linearisation). Let D be
a Jacobi diagram.

1. An elementary fragment of D is a graph of the form

or

where the univalent vertices may lie on the skeleton.

2. An elementary decomposition 0 of D is a separation of D into elementary frag-
ments only. We write f € 0 if f is an elementary fragment in .

3. A g-colouring 9 of an elementary decomposition 0 of D is an assignment of an
index i € I, where [ is the index set for the basis {e;};c; of g, to the univalent
ends of edges of fragments.

4. A linearisation of the cyclic order at a trivalent vertex of D is obtained by distin-
guishing an edge incident with the vertex. A ““” is used to indicate the start of
the linear order.

5. Alinearisation of the skeleton of D is obtained by distinguishing a point, denoted
by “*”, on the skeleton. A linearisation of a skeleton gives a linear order of the
degree one vertices of a Jacobi diagram.

6. A diagram D € & endowed with a linearisation of the skeleton [, a linearisation
of the cyclic order at each trivalent vertex £, a decomposition ? and a g-colouring
¥ is denoted by

(D, £,0,9)

and a diagram endowed with a linearisation of the skeleton I, a linearisation of
the cyclic order at each trivalent vertex £, a decomposition 9 is denoted by

(D, 1,¢,0).
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7. The distinguished fragments of (D, [, £,0, V) are

by by
ca__ b _ab .| .
"""""" ai ay

We shall usually represent the linearisation of a skeleton by drawing it as a straight
line which should be understood to be starting and ending at the point *. (See
Sect. 13.5 for a discussion of linearised Jacobi diagrams.)

We shall call (D, [, £, 0) a fragmentary decomposition of D, and (D, [, £,0,7) a
g-coloured fragmentary decomposition of D.

A unique tensor

Ty(D,1,£,2,7) € T(g)

may be assigned to a g-coloured fragmentary decomposition (D, [, £, 0, 1) by assign-
ing element-wise actions to each of the four types of distinguished fragments by the
following rules. For this purpose, let

Ty: —> SbC = — 3y CRSapD,
s,tel
Ty: —> h®Pb,
a__ b (14.14)
Tg: [ hu,b = <ea7 eb) k)

and
Ty(D, 1, £,0,9) = l_[ Ty, 1,€,0,9) (14.15)
feo

where the product is over the set of all distinguished fragments { in the decomposition
0 of D. The only choice in this construction is the order in which the product of the
Ty(j, £, 0, ¥) is taken, but since all fragments map to scalars, with the exception of
a (single) tensor factor arising from the skeleton (the fourth case in (14.14)), the
product is independent of this choice.
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Now let
Ty(D,1,£,0) := Y To(D, 1 £,0,9) € T(g)
9

where the sum is over all colourings ¥ of the elementary fragments of the decompo-
sition 0 of (D, [, £,0).

Notice that the construction of T4 (D, [, £, ) is exactly our construction of 7 (D)
fromin Sect. 14.1, as illustrated in Example 14.6, but with a specified decomposition.

Independence from the Choices

Recall that our ultimate aim in this section is to define a map from .2/ to U(g) via
the fragmentary decompositions of Definition 14.10. In particular, given an element
[D]sty in &7, we wish to obtain an element of U (g) by choosing a Jacobi diagram
D in the class [ D]sty, choosing a fragmentary decomposition (D, [, £, ?) of it, then
calculating T4 (D, 1, £, 0). However, in the process just described, we have had to
make several choices in constructing T (D, 1, £, ). In order to obtain a well-defined
map from 7 to U(g), we need to show that Ty(D, [, £, 0) is independent of all of
these choices. The following theorem shows that this is indeed the case.

Theorem 14.11. Let g be ametrized Lie algebra, 7w : T(g) — U (g) be the projection
map, and [D]sty € /. Let D be a representative of [D]sty and (D, 1, £,0) be a
fragmentary decomposition of D. Then the value of

moTy(D,1,£,0) € U(g)

is independent of the choice of

1. linearisation of the cyclic order at a trivalent vertices, €;
2. elementary decomposition, 0;

3. choice of representative D; and

4. linearisation of the skeleton, |.

Hence, 7 o Ty defines a map from <7 to U(g).

Assuming the validity of Theorem 14.11 for the moment, we may make the
following definition.

Definition 14.12 (Universal g weight system). Let g be a metrized Lie algebra,
(-, -) denote its bilinear form, and 7 : T(g) — U(g) be the projection map. Then
Ty : & — U(g) denotes the map 7 o Ty(D, [, £, 0) defined by Theorem 14.11. We
call the map Ty the unframed universal (g, (-, -))-weight system.

It remains to prove Theorem 14.11. The rest of this section will be devoted to its
proof, which will follow from a series of four lemmas that establishes each of the
four assertions in turn.
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Lemma 14.13. Let g be a metrized Lie algebra. Then Ty(D, |, £,0) € %(g) is inde-
pendent of the linearisation of the cyclic order at a trivalent vertices, £.

Proof. We must show that if £; and ¢, are linearisations of the cyclic order at a
trivalent vertex, then
Tg(D, [7 gla a) = TQ(D7 [7 £27 D)

It is sufficient to consider a single trivalent vertex. This is equivalent to showing that

Z Su,b,c — Z Sb,C,a. (1416)

a,b,c a,b,c

By ad-invariance, we have

([eiei]. er) = (ei. [ej ex])-
Z%,jl (e1, ex) = Z'Yj.kl (ei, er)
7 7

Then

SO

D i = viuthir. (14.17)
I I

But ([-,:],)) e Hom(g®g®g,C) Eg*®g*®g*. Under this isomorphism
(14.17) becomes

Z Vi e ®el @ = Z vikhire ® el ® et (14.18)
ik ikl

Elements in g ® g ® g may be obtained by applying the isomorphism
hligt—gief > Zh“et
t
to (14.18) to obtain

D i W e @ ey @ e = Y i hih hH ey @ €, ® e

i,j,k,l i,j.k,l
a,b,c a,b,c

(14.19)
Comparing the coefficients of e, ® e, ® e, throughout (14.19) gives

! i i,bpk,c __ ! i,ayj.bpk.c
E Vi j hl,khl “hIPRSC = E Yk hi,ll’l h’Ph*c.
ivjkl i jkd
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But by (14.7)
D hg b =6, (14.20)
t

and recalling that h; ; = h; ;, the above equality becomes
Z ’Yi,jchi’ahj’b — Z ’Yj,ka hj,bhk,c
ij Jjik

so from (14.12)
Sa,b,c — Sb,c,a

which establishes (14.16), and the result now follows. ([l

Lemma 14.14. Let g be a metrized Lie algebra. Then Ty(D, |, £,0) € E(g) is inde-
pendent of the choice of the decomposition 0 of D.

Proof. ltsuffices to show thatif 9 and 0, are decompositions of D then T4 (D, [, £, 0;)
equals T4(D, [, £,0;). We observe that the decompositions are related by a finite
sequence of moves of the two forms

where a colouring has been applied to the constituents on the right-hand side of the
two moves.

By Lemma 14.13, T (D, [, £, 0) is independent of the linearisation £, so it suffices
to consider a single application of each of the two moves and therefore to show for
each move that the contribution to Z,&. Ty(D, 1, £,0,9) from the left-hand side is
equal to the contribution from the right-hand side.

For the first move, we need to show that

b,j.k __ E : i,j.k a,b
S”IE = St hi,ah .
a,i

But this follows by (14.7).
For the second move, we need to show that

RS ="y b
i.b

Again this follows by (14.7).
The result now follows. O
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We now want to show that o Ty(D, [, £, 0) is unchanged by an application of
the STU-relation. However, we need to be particularly careful in showing this since
we have not yet shown independence of choice of linearisation of the skeleton. Thus,
we shall need to make sure that our application of the ST U-relation does not “cross”
the base point. Accordingly, we need a version of the ST U-relation that behaves well
with respect to the linearisation. Thus, we use the STU;-relation on Jacobi diagrams
with a linearised skeleton from Definition 13.24:

\K ‘ ‘ >< ‘
> > >

Lemma 14.15. Let g be a metrized Lie algebra, m: T(g) — U(g) be the pro-
jection map, (D, 1) and (D',V) be Jacobi diagrams with a linearised skeletons
such that (D', ) is obtained from (D, ) by STU;-moves. Then o Tg(D, [, £,0) =
moTy(D', U, ¢, 0).

Proof. Ttisenoughtoshowthatm o Ty(D, [, £,9) = mo Ty(D’, ', ¢, 0") when (D, I)
and (D', I') are related by a single STU;-move. By the previous two lemmas, we know
that the value of Ty is independent of the choice of decomposition and linearisation
of trivalent vertices and so we may choose these for our convenience.

Thus, we need to show that, for some choices of decomposition and linearisation

of trivalent vertices,
— >< ) (14.21)

(Y )-ren( |

In U(g), we have

Z’yi,jkekz[ei,ej]=e,~®ej—ej®ei. (1422)
k

Then the contribution of the fragment f := I inDtomoTy ( I ) can be

computed as

> S5 (e, e5) (em. ei) ex = SYFhy by, ;e

by means of (14.14). We shall denote the contribution to 7 o T ( I ) from D

temporarily by X. Then
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X= ) Sy Kpoy (Lp-j ® et ® Rp-y)
i,j.k,0,m

where Lp_; and Rp_; are, respectively, tensor factors arising from the univalent

vertices to the left and the right of the univalent vertex in the fragment | = I ,

and K p_; is a scalar factor arising from the rest of D. Then

X== Y v h W hy jh i Kp_s (Lp_; ® ex ® Rp_g)
a,b,i,jk,l.m

== Y Vb SamSpiKp_§ Lp_;® e ® Rp_) Eg. (14.7) twice
a,bk,l,m

=- Z 'Ym,leD—f (Lp—§®ex ® Rp—y)
k,l,m
=— Z Kp_ (Lp_;® [em.e1] ® Rp_y) Eq. (14.22)

l,m

== Kpj(Lp_j®(em®e —e @em) ®Rp_j).

I,m
Thus, the contribution from D to 7 o Ty ( I ) is
> Kpj (Lp—j® (en ® €1 — & ® en) ® Rp_y). (14.23)
I,m
On the other hand, the contributions of the fragments f; = and f, =
f of D to moTy ( ‘ — >< ) may be computed through the
decompositions . .

A\ /o

l m
i P and )
J q j

respectively.
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Let Y temporarily denote the sum of these contributions. Then proceeding as
before, we have

Y = Z KD,flhi’jhp’q (6,’,6[)(6,",6[,) (Lfol Rej ®eq®RD7f|)
i,j,l,m,p,q
- Z KD—fzhi’jhp’q (ei, er) <ems ep) (LD—]‘Z & €q ® €; ® RD—]‘Z)
i,j.l.m,p.q
> Ko B0 higha, (Loos, @ (e; @ ey — e, @ ¢;) @ Rp_y,)
i,jl,m,p,q
Y Koo§,81i0mq (Lo ® (¢ ® ¢y — ¢4 ® ¢)) ® Rp_y))

J.lm,g

Z KD—fl (LD—fl Qe ®ey—enQe)® RD—fl) .

IN]

Z Kp_j, (Lp-j, ® (1 ® en — e ® €)) ® Rp_y,) . (14.24)

Jil.m.q

Thus, the contribution from D to 7 o Ty ( ‘

We see that (14.23) and (14.24) are equal, and therefore that (14.21) holds, completing
the proof. (]

Lemma 14.16. Let g be a metrized Lie algebra, 7 : T(g) — U(g) be the projection
map, and D be a Jacobi diagram. Let | and U be two linearisations of the skeleton
of D.Then mo Tg(D, [, £,9) =mo Ty(D,l, 0, 0).

Proof. Consider the linearised Jacobi diagrams (D, [) and (D, I'). By Corollary 13.29
we have that (D, [') may be obtained from (D, l) by applications of the STU;-
relation. That o Ty(D, [, £,9) = mo Tq(D, I, £',0") follows from an application
of Lemma 14.15. [l

Proof (Theorem 14.11). Parts (1)—~(4) of Theorem 14.11 follow immediately from
Lemmas 14.13-14.16, respectively. O

For referencing later, we summarise the construction of 7y and of Definition 14.12
below.
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Definition 14.17 (Universal g-weight system). Let g be a metrized Lie
algebra and (-, -) denote its bilinear form. Then Ty : &/ — U (g) denotes the
unframed universal (g, (-, -))-weight system. Ty(D) is computed from any
fragmentary decomposition of D by the following association to obtain an
element of T(g), then projecting into U (g):

Tg: — Sa,b.,c = Z VS,tC hs,aht,b7
s,tel
T,: ; b —> h%?,
T,: —> hap = (eq, €p),
g ab b < b)

14.3 Lie Algebra Weight Systems

We have just constructed a map Ty : &/ — U (g) where g is a metrized Lie algebra.
Since we are studying Vassiliev invariants, our interest is in weight systems, i.e.
maps from &7 to C. There is a canonical way to obtain weight systems from 7 as
follows. If we are given a metrized Lie algebra g together with a representation p of
its universal enveloping algebra, p: U(g) —> End(V), where V is some complex
vector space, we may obtain a weight system Wy , through the composition

Wopi D —5 Ty(D) > po Ty(D) > Tr (po Ty(D)) € C, (14.25)

where Tr denotes the trace. We call a weight system obtained in this way a Lie algebra
weight system.

An important fact is that we can obtain a Lie algebra weight system from the
classical Lie algebras sl,, gl,, so,, sp,, and any of their representations. Every
weight system corresponds to a Vassiliev invariant, and the knot invariants coming
from classical Lie algebras are important since, as we shall see, they relate to the
Reshetikhin—Turaev invariants of PartII. Here we shall focus upon one of the simplest
cases, the Lie algebra sl, and its standard two-dimensional representation. In this
section, we shall find a combinatorial description of this Lie algebra weight system.
Later, in Sect. 18.2, we shall identify the knot invariants corresponding to this weight
system.
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Recall from Definition 8.44 that sl, has basis {X, Y, H} with Lie bracket given
by
IX,Y]|=H, [H,Y]=-2Y, |[H, X]=2X.

Then from Definition 8.47 and (8.19), its universal enveloping algebra U (sl,) is the
tensor algebra of sl, with relations

XQ®Y-Y®X=H, HQY-Y®H=-2Y, HRX-XQ®H=2X.

Let p denote the standard two-dimensional representation of U (sl). It is given

by
p(X) = [8 (1)}; p(Y) = [(1) 8}; p(H) = [(1) _01] (14.26)

Note that since we are viewing U (sl) as a tensor algebra, the multiplication is ®

and so p(x ® y) = p(x) - p(y) (and not p(x) & p(y)).
We may define a bilinear form (-, -) : sl, ® sl, — sl, by

(x, y) =Tr (p(x) - p(y)) -
With this, sl, forms a metrized Lie algebra (see Exercise 14.4).
From (14.4), we may view the bilinear form as an element of sl5 ® s[5, writing

it as

(-,) = Z hA,B A*®B*=hX$XX*®X*+hX1yX*®Y*+~~~+hH,HH*®H*,
A,Be{X,Y,H}

where the coefficients of the nine terms in the expression are
hxx =(X,X)=0,  hyy=(Y,Y)=0, hyn=(H H)=2,
hxy =hyx=(Y,X)=1, hxny=hux=(X,H)=(H,X)=0,
hyw=hpy=(H,Y)=0.
Then, viewing (-, -) as a map (see (14.5)) from g to g* we have

xh oy vy &L oxr g Lo

This map is invertible (see (14.6)) with inverse (-, VLUt - U(g) given by

O

. ..7]
x 2y vyl x, Bl lg

o=
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ThllS hX’Y — hY’X — 1 hH,H — 1 hX,X — hY,Y — hX’H — hH’X — hY,H —
hfY = 0. ’

‘We may now compute Wy, , for a number of Jacobi diagrams, following Exam-
ple 14.6 for the construction of T, (D).

Example 14.18.

7&<<I>>= Y Wi®j=X®Y+Y®X+iH®H.
i,je{X,Y,H}

Applying the representation p of U (sl) to this expression gives

pX) - p(Y) + p(Y) - p(X) + 3 p(H) - p(H) = [38} " [8?} +3 [(1) ﬂ ’

whose trace is equal to 3, so, from (14.25), Wy, , ( @ ) =3.

Example 14.19.

T, . .
{{},_3 Y ke jekel
i,j,k,le{X,Y ,H}

= X@XQYQYV+XQ®YQRYRX+1XQH®Y®H+
YOX@XQRY+YQRY®XQRX+LYRHO®X®H +

SHOXQHQY+3HQYQHQX+;HRHQHQH

Trop
FLO+0- D+ O+0- 1)+ (=L -1+

0 Wi, (@) _

Example 14.20. For 7,,, ( @ ), it is necessary to determine the structure con-

stants ;. jk of the Lie algebra, which are defined by given by [e;, ¢;] = Zk Vi, jkek.
We know that [X,Y]=H, [H,Y]=-2Y, [H,X]=2X andso

[S][oN)

Yy =1, yuy' =-2, yux* =2,
wx=—1, wu' =2, ywu*=-2,
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and 7; ;* = 0 otherwise. Now

T5[2<®>= Z Siyj’ki®j®ka
i,j.ke{X,Y,H}

where S"7F i= =37 v vy Vou B'RS! . Then

EE(QE>>:4§WYH®X®Y+S“”X®H®Y)

+ ST YHRY @ X+ SMY @ H® X)
+ S X @Y H+SY Y ® X ® H)
=(HRX®QY-X®HQY)
+(—HRQYRX+YQRH®X)
+X®Y®H-Y®X®H),

SO

(@)= ([06]-[30) + [ 5]+ [4])
+([o0]-[35])

Thus, Wy, , (@ ) =6.

Exercise 14.21. Compute Wy, , @ ) directly as in the examples above, and

by applying the ST U-relation which gives

o (D)D) D)

14.4 A Combinatorial Description of Wy, ,

Our aim is to find a combinatorial description of the weight system Wy, ,, where pis
the standard two-dimensional representation of sl,(C). (This description is given in
Theorem 14.24.) Since, from Theorem 13.36, o/ = o/¢, we can always find a chord
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diagram to represent any Jacobi diagram, and so it is enough to find a combinatorial
description of the action of Wy, , on chord diagrams. We proceed by examining how
to determine Wy, , on a chord diagram.

A Preliminary Expression for W, ,

To determine Wy, ,(C), we first choose a base point on the skeleton of the chord
diagram C and label the end of each chord by iy, ..., iy, with respect to the linear
order on the skeleton given by the base point. For example,

i
iq
i2
i3
In the computation of Wy, ,(C), each label iy will be one of the generators X, Y, H

of sy, and Wy, ,(C) will be obtained as a sum over all ways of choosing iy, ..., i,
to be elements of {X, Y, H}. Then by definition

Weip, p(C) =Tt ) [T | popta) - plizn),
i1,..si2n (ip,ig) label
€{X,Y,H} \ends of a chord

where the p(i;) are one of the representing matrices
01 00 10
p(X):[oo}’ p(Y)=[1O], p(H)=[O_1]

Now let p(i;)q4,» denote the (a, b)-entry of the matrix p(i;). Then we may write
the trace as a sum of matrix elements to get

Wsi,,p(C) =

|
™

[T #'ria | - Tr(otinpta) -+ plian)) - (14.27)
i1y.esion (ip,ig) label
€{X,Y,H} \ends of a chord

Il
™

[Trria] 3 piDayap(aya Pz, -
i, ion | (iprig) label ay,ay,..,az,
€{X,Y,H} \ends of a chord €{1,2)

For example,

Wiy, (@) =T 30 HTB R pli)p(i)p(i)plis)
1seensig

i
e{X,Y,H}
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D B R T (p(i1) plin) plin) plia)

I yeees iy
e{X,Y,H}
= Z RLI3 pl2ot4 Z P(il)al,azp(iz)az,a3P(i3)a3,a4p(i4)a4,a1-
i1,...,04 ay,ap,ds,a4
{X,Y.H} €{1,2}

To evaluate Wy, ,(C), we may eliminate all terms in (14.27) that are necessarily
zero. We have h*Y =1, h¥'X = 1 and W H = % and hir-a is zero otherwise. This
has two consequences as follows.

Summing Over Allowed Labellings

The first consequence is that we need only to consider summands in (14.27) in which
the chords are labelled as one of

X / \ Y ., Y / ,\ X H / ,\ H.
{ ! ! ! ! /
We shall call any labelling in which each chord is labelled by any one of these three
types an allowed labelling. Thus, we may restrict the first sum in (14.27) to allowed

labellings.
The second consequence is that, for allowed labellings,

Hl’li”’i" _ (%)#HH—chords ’

(ip,iq) label
ends of a chord

where #H H-chords denotes the number of chords that have both ends labelled by
H. Thus,

Wslz,p(c) - Z (%)#HH_ChordS Z p(il)al,azp(iZ)az,ag e p(iZn)az,,.,,l .

[T i ap,ay,...,dam
e{X,Y,H} {1,
allowed labelling

(14.28)
‘We now examine when p(i1)a,.4,P({2)ay.a5 * * - p(iz,,),lml can be nonzero. For this,
consider a chord in C labelled as

(
{

lp lq s

\ .
!

which gives rise to two terms - - - p(i,)a, 8- - - P(ig)~,5 - - - in the summand. We know
ipisoneof X, Y or H, and so we know the zero entries of p(i,), and similarly for
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p(ig). Thus, we may examine under what conditions both p(i,). g and p(i,),,s are
nonzero. There are three cases:

Case I: Because we are considering allowed labellings, we have

plip) = p(X) = pliy) = p(Y).

Then
p(ip)a,ﬁ 7& 0 = p(ip)a,ﬁ = p(ip)l,2

and
P(l.q)%(s 7& 0 = p(iq)w,d = p(iq)z,l-

and both terms contribute a 1.
Case 2: Because we are considering allowed labellings, we have

plip) = p(¥) < pliy) = p(X).

Then

and
p(iq)w,é #0 = p(iq)'y,d = p(iq)l,Z-

and both terms contribute a 1.
Case 3: Because we are considering allowed labellings, we have

pliy) = p(H) <= pliy) = p(H).

Then
p(ip)(x,/3 7& 0 = p(ip)a,ﬂ = p(ip)l,l or p(ip)2,2

and
p(iq)'y,(f #0 = p(iq)'y,ﬁ = p(iq)l,l or p(iq)Z,Z-
and the terms contribute a 1 ora —1.
We may use this information to obtain a combinatorial description of

D P ar P ara  Plin) s, (14.29)

ay,ay,...,ay
{1,2}

which is from the right-hand side of (14.28), as follows.
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For each labelled chord ; » / '\ decorate the skeleton near the

iy

ends of each chord with two labelled points, to obtain

PGip)as ;H j‘y pig)rs

where the two labelled points correspond to the entries of the matrices p(i,) and
p(iy) as indicated in the figure. There is a correspondence between a labelling of
these points and an expression p(i1)q,.b, P(i2)as.b, * = * PA2n) ay, b, @S ShOWN in

b] aj

b 2n
Aazp

ap

by

< P ay,b P2 ar,bs =+ - PU20) az ba -

as
bs

Whenever the indices b; and a;; match, we shall record this by connecting them
with a bold line. In (14.29), some of the indices match up so the correspondence
becomes

a ap

ai
ap

a
a . . .
3 < p(ll)al,uzp(h)az,uz U p(ZZn)azn,u, .
as K
a4 .. *

We sum over all ay, ay, ..., ay, € {1, 2}, which means that each a; in the figure is
either valued as 1 or 2.

Calculations with Decorated Chords

Returning to the decorated chord

i )as gH j pis

we determine the contributions it makes to (14.29) for all possible values of i, i, o,
0,7, 0. There are three cases to consider, and these are specified by the three allowed
labellings of the chord. We require both p(i ), ). 5 and p(i,),,s to be nonzero.
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Case I:If p(i,) = X and p(i;) = Y, thena = § = 1 and 3 = v = 2 (otherwise one
of the entries of the matrix is zero). This case may be recorded by

We may represent the equalities that « = § = 1 and 3 = «y = 2 combinatorially by
smoothing the skeleton along the chord as shown

[ A
\

In this case, the total contribution of p(i,).,g and p(iy),,s to (14.29) is 1.
Case 2: Similarly, if p(i,) = Y and p(i;) = X, thenov =0 =2and 3 = v = 1 (oth-
erwise one of the entries of the matrix is zero). This case may be recorded by

) ) =

In this case, the total contribution of p(i,).,g and p(iy),,s to (14.29) is 1.

Case 3: This is the case in which p(i,) = p(i;) = H. Then there are four ways
that p(ip)a,5 and p(iy),,5 can be nonzero. Eithera = =1landy=0 =2,ora =
f=2andy=d=1l,ora=F=v=d=1,ora= [ =v=7J =2. These four
situations may be recorded by

« Y « Y
H H ~ s
o ¥ .

We see that the total contribution of p(i,).,g and p(iy),s to (14.29) is 1 unless
«a = 8 # ~ = ¢ in which case it is —1.

Example 14.22. As an example, consider the term in Wy, , (@ ) given by the
H

labelling X @ Y . Its contribution is, from (14.28),

H

YO p(HD p(X) i p(HDkap(Y )i
i,jkle{1,2}

In this sum, the only nonzero summand is p(H) 1p(X)12p(H)22p(Y )21 =1-1"-
(—1) - 1. This summand is represented diagrammatically as
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The total contribution of the labelling to Wy, ,(C) is then —%.

A State Model for Wy, ,

The object we have just constructed is a state model for Wy, ,. We define a state o
of a chord diagram C as the configuration obtained by the local replacement of each
chord by one of the following configurations:

AR
smooth delete

A (1, 2)-colouring of a state is an assignment of 1 or 2 to each of its closed curves.
We shall say that a (1, 2)-colouring of a state is permissible if the two arcs that result
from smoothing a chord have different colours.

To summarise the combinatorial construction, we have shown that there is a 1-1
correspondence

non-zero terms in 1-1 permissible (1, 2)-
Tr(p(iy) - - - p(ion)) colourings of states

where it is to be recalled that the trace term on the left comes from (14.27).

Let del (o) denote the total number of deleted chords in the state. Consider a
(1, 2)-coloured state. There are a number of pairs of arcs in the state that correspond
to the ends of deleted chords. These pairs of arcs will either have the same colour or
different colours in the colouring. Let

e del_(o) denote the number of such pairs with the same colour
e del. (o) denote the number of pairs with the different colours,

and let delo)
&) == (3) (=1)del=@) (14.30)

Then from our construction and (14.28), we have the following theorem.
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Theorem 14.23.

Wetro(C) = Y [Pu(0)] where [Pu(@)]:= Y &) (1431

states o permissible
{1,2}-colourings

A Skein Relation for Wy,

The expression in (14.31) for W ,(C) may be simplified further by observing that
the right-hand side of (14.31) is entirely combinatorial and may be applied to chord
diagrams with more than one skeleton component. We shall use this fact to obtain a
skein relation for Wy, ,(C).

Theorem 14.24. There is a well-defined function Wy, on chord diagrams whose
skeleton is a union of disjoint oriented circles defined by the relation

) ()l ) e

together with the initial condition on chord diagrams of n skeleton components and

no chords
n
We1, (Q ) =2". (14.33)

Moreover, for a chord diagram C,
Wi, (C) = Wey, ,(C).

Before proving the theorem, we illustrate it with two examples.

Example 14.25.
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(D) (S)-(D)
() ()
+(2B) (S

(35) (S)

)+
3
4"

Exercise 14.26. Since W,,(C) = Wy, ,(C), Theorem 14.24 shows that Wy, sat-
isfies the 4T-relation for chord diagrams on one skeleton component. Prove that it
satisfies the 4T-relation for chord diagrams with more than one skeleton component.

3
—4—4—14+1+>=
+1+ ]

Proof (Theorem 14.24). Let C be a chord diagram, possibly with more than one
circular skeleton component. Define a function P taking chord diagrams to C by the
state sum

P(C):= Y [Pu(o)].

states o

Observe that, by (14.31), P(C) = Wy, ,(C) when C has one skeleton component.
We show that P satisfies the identities (14.32) and (14.33), which gives W, = P.

Suppose that C contains some chords and choose any chord ¢ of C. We can
partition the terms in the defining sum of P (C) according to whether c is deleted or
smoothed:

PIC):i= Y [Pu@] + D [Puo)] (14.34)
states o states o
with ¢ smoothed with ¢ deleted

We rewrite the two sums on the right-hand side.

Let C, be the chord diagram obtained by smoothing c. For each state o of Cy, the
set P; (o) of permissible {1, 2}-colourings of states of C; may be partitioned into the
sets:

e P (0, =),of those in which arcs on the skeleton that were created by the smoothing
of the chord ¢ have the same colour, and
e P (o0, #), of those in which they have a different colour.

These different situations are indicated in the following figure.
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L A S . S A .
g ) v A AN e
chord ¢ smoothing Py(0) Ps(o, #) Ps(o, =)

Recalling (14.30), we introduce the following notation to simplify the expressions
that arise.

[PF@]:= ) &), [PE@]:= ) &), [P@]:= ) &o).
col;?(irjg;)m colgr(r:}g:s)m colo;fl(rg;)s in

Then, for the first sum on the right-hand side of (14.34),

Yo [Pa@]= Y [PF@] = )Y [P@]— )Y [PT()] (1435

states o of C states states states
with ¢ smoothed o of Cy o of Cy o of Cy

Now let C; be the chord diagram obtained by deleting c. For each state o of Cj,
the set P, (o) of permissible {1, 2}-colourings of states of C; may be partitioned into
two sets:

e P,(0, =), of those in which arcs that were at the ends of the chord ¢ have the same
colour,
e P;(o, #), of those in which arcs have a different colour.

These different situations are listed in the following:

(0 70 )00

chord ¢ deleting Py(0) Pi(o,#) Py(o,=)

Then, for the second sum on the right-hand side of (14.34),

Yo [Pa@l =53] D Pr@l+ (=D > [P @] (14.36)

states o of C states states
with ¢ deleted ogof Cy ogof Cy

where the factor of % arises to account for the differences in del (o) when changing
from states of C to states of Cg4, and the —1 because of the difference in del. (o),
and £(o) is defined in (14.30).

Substituting (14.35) and (14.36) into (14.34) and rearranging gives
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PO =Y [P@]= D [PF@]+3 Y [Pr@] -1 Y [Pf (@]

states states states states

o of Cy o of Cy oof Cy ogof Cy
(14.37)
The summations ) [P~ (¢0)]and ) [P (0)] are equal since any state of C,
GO C, e

with a colouring in P;(o, =) may be transformed to a state of C; with a colouring
in P(o, =), and vice versa using

(a ) \7 : ]
<—>
« N .
PS(O',Z) Ps(Uv:)

Thus, from (14.37), we have

PC)= Y [P@] -1 Y [Puo)].

states states
o of Cy oof Cy

It is readily seen that this is equation is precisely

L& 1
()= ()
L |
It is easily checked that
n
P<Q ):2". (14.38)

Thus, we have shown that P (C) satisfies the defining relations (14.32) and (14.33)
of Ws, and so P = Wg,. Since P(C) was defined as a sum, it follows that the
recursion relation for P, and therefore Wy, is independent of the order that the dele-
tions and smoothings are applied to the chords. Thus, W, is well-defined. Finally,

Wi, (C) = Wy, ,(C) when C has one skeleton component since the defining sum
of P(C) coincides with (14.31). O

We shall return to the recursive definition of Wy, , provided by Theorem 14.24
later in Sect. 18.2.

Exercise 14.27. Define an invariant of chord diagrams as follows. Let C be a chord
diagram possibly with more than one circular skeleton component. Define Q(C) by

0(C) := Z ( ]_[ o(c)) p Ol (14.39)

o: chords—{1,—1/2} \c achord
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where the sum is over all colourings of the chords of C with the elements 1 and
—%, the product is over all chords of C, and |o(c)| is obtained by smoothing all 1
coloured chords, and deleting all —% coloured chords then counting the number of
skeleton components that remain. This is indicated by

E 1 ; L&
H < _% 3 ( ’) (14.40)

Prove that Q satisfies the recursive definition of W, given in Theorem 14.24 and
hence provides another combinatorial model for Wy, ,.

Exercise 14.28. Let C be a chord diagram with n chords that is specified by the cir-
cular sequence (as in Sect. 11.2) by 112233 - - - nn. Show that Wy, ,(C) # 0. Hence,
conclude that <7, has dimension at least 1 for all n. What does this tell you about “//,,f ?

Exercise 14.29. Consider the universal enveloping algebra U (gl,) where gl, has
basis {E; ; : 1 <1i, j < n}. Let p be the standard n-dimensional representation of
gl, in which p(E; ;) consists of the matrix with (i, j)-entry 1 and all other entries
0. Define a bilinear form on gl, by (x, y) = Tr (p(x) - p(y)). Prove that Wy , is
defined by the recursion relation

()= (=)
()

Exercise 14.30. Consider the universal enveloping algebra U (sl,) where sl, has
basis {E; j : 1 <i,j<n,i# jiU{H;:1<i <n—1}. Let p be the standard n-
dimensional representation of s[,, in which p(E; ;) consists of the matrix with (i, j)-
entry 1 and all other entries O; and p(H;) has (i, i)-entry 1, (i + 1,i + 1)-entry —1,
and all other entries 0. Define a bilinear form on s[, by (x, y) = Tr (p(x) - p(y)).
Prove that Wy, , is defined by the recursion relation

) () el ) o



Part IV
The Kontsevich Invariant



Chapter 15 )
q-Tangles i

In this part, we give an overview of the Kontsevich invariant, VA , and shall see that it
is a universal object for both Vassiliev invariants and quantum invariants. This means
that, in some sense, it contains all of these invariants.

It was introduced by Kontsevich in [102] as a universal Vassiliev invariant. It
has its roots in Chern—Simons theory and the Knizhnik—Zamolodchikov equation,
and the work of Khono and of Drinfel’d. It appeared in Kontsevich’s paper as an
iterated integral. Here, however, we will approach the Kontsevich invariant through
the combinatorial extension to framed oriented tangles of Le and Murakami [116].
Since our focus is on the application of the invariant, we keep our exposition in this
part very streamlined, quoting key results as needed. We refer a reader interested in
additional background and approaches to the Kontsevich invariant to, for example,
the excellent expositions in [37, 90, 144]. An interested reader can find some other
approaches to the Kontsevich invariant in [6, 16, 32, 149].

15.1 Parenthesisations and Tangles

A parenthesized word on the alphabet {4, —} is a finite word in the symbols “+”
and “—”, together with a (binary) parenthesization, or “bracketing”, of it. For exam-
ple, (—+)—, —(—((—+)—)) and (((++)—)+)(+—) are instances of parenthesised
words.

More formally, parenthesised words on the alphabet {+, —} can be defined recur-
sively by defining the empty word, denoted by () or e, (+), and (—) as parenthe-
sised words. Then for any parenthesised words 7w and 7', we define (+(r)), (— (7)),
((7)+), ((;r)—) and ((;r) (7)) to be parenthesised words.

We impose a convention that redundant brackets are removed from parenthesised
words. For example, this means that we remove any brackets around singletons or
pairs, writing, e.g. “+” rather than “(4)”, or “—+" rather than “(—+)”. It also

© Springer Nature Switzerland AG 2019 283
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means that parenthesised words are not enclosed in brackets, so, for example, we
write +(—-+) rather than (4+(—+)).
With this convention, all the parenthesised words on the alphabet {+, —} of length
at most two are
O, +, = ++, +—=, =+, ——.

The parenthesised words of length three are

+(HH), ), ), o), —(F ), —(F), —(—), —(=-)
D+, =, )+, )=, (=D, (—H—, (—)+, (=) -

The 5 x 2* parenthesised words of length four arise from all possible ways of sub-
stituting either + or — for the - in -(-(--)), -((--)), () (), C(C¢))-, (Go)9)-.

A g-tangle (or quasi-tangle) consists of an oriented tangle together with two
parenthesised words on the alphabet {4, —} associated with the top and bottom of
the tangle. Each endpoint of a component on R ® {0} and R ® {1} is associated with
a symbol “+” if it is directed upwards and “— if it is directed downwards. This
associates a word with the bottom of the tangle on R ® {0} and the top of the tangle
on R ® {1}. A g-tangle consists of the tangle together with parenthesisations of these
words.

For example,

H o+ -

L/\\ rj’\// @ M{”(ISD

R ® {0}

+(—

is a parenthesised g-tangle with six components. The parenthesisation at the top is
(—+)((+—)+) and the one at the bottom is +(—-).

Definition 15.1 ((Framed) g-tangle). A (framed) q-tangle is a (framed) oriented
tangle such that each boundary point of the tangle is assigned the symbol “+” if the
strand is oriented upwards at this boundary point: otherwise, it is assigned the symbol
“—”. This defines words associated with R ® {0} and R ® {1}, and a parenthesisation
is assigned to each of these words.

The underlying (framed) tangle of a (framed) g-tangle is obtained by forgetting
the parenthesised words.

Adiagram of a (framed) q-tangle consists of a diagram for the underlying (framed)
tangle endowed with the parenthesised words of the (framed) g-tangle on the bound-
ary points of the (framed) tangle diagram. We shall henceforth identify (framed)
q-tangles with their diagrams.
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Although the parenthesisations of the words on the top and bottom of a g-tangle
can differ, the words themselves cannot (since they are determined by the tangle).
Accordingly in diagrams of g-tangles, we generally omit the signs + and — and
parenthesise the endpoints of the tangles instead, for example, writing

( ) (( )

ﬁ%#(@)

for the g-tangle in (15.1). Clearly, no information is lost by using this notational
convention. Furthermore, sometimes we emphasise the parenthesisation by drawing
the ends of the tangle close together when they are close in the parenthesisation (as
(15.2) below).

We generally use a letter such as T’ to denote a g-tangle. However, at times we
want to emphasise the parenthesised words and use the notation 7,j! to denote a
g-tangle consisting of an oriented tangle 7 with parenthesised words wy and w; on
R x {0} and R x {1}, respectively. Sometimes we apply this notation to g-tangle
diagrams, for example, writing the g-tangle shown in (15.1) as

S
ISTIAD |

Definition 15.2 (Equivalence). Two (framed) g-tangles S;;! and 7' are said to be
equivalent if and only if S and T are equivalent as (framed) oriented tangles, ug = wy
and u; = wy.

Notice that there are inequivalent g-tangles whose underlying tangles are the same
tangle. For example, two distinct g-tangles whose underlying tangles are the same
trivial tangle with three components are

( ) ( )
( ) ( )
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15.2 Three Operations on g-Tangles

The composition of two g-tangles is obtained by composing (i.e. “stacking”) the two
underlying tangles subject to the obvious compatibility relation that the parenthesised
words agree at the boundary line where the two g-tangles are joined.

Definition 15.3 (Composition). Let S,;‘(; and Tv;f) ! be (framed) g-tangles. Then, the
composition T»L? o SL’fO' is defined if and only if u; = wy. If this relation holds, then

T oSl = (T o S))

up *

For example,

S & bm( y) o( )4
( )/\)"%)_T(\p\j’ \\\)( >/\)

is not defined.
It is implicit in the definition of composition that the “internal” parenthesised
words u; and wy, of the original g-tangles, are forgotten.

Definition 15.4 (Tensor product). The tensor product of two (framed) g-tangles
Sy, and T2 is the (framed) g-tangle

ugp

u A (u1)(wr)
ST = (S® T

(uo)(wo)*

As an example,

(A A) ( ) )
A ®&x :<( 4 ((XV
( )/‘) AN >/>J< AN

Definition 15.5 (Operation s,). Let T,)! be a g-tangle and a be one of its compo-
nents. Then, s,(7,;') is the g-tangle obtained from 7! by reversing the orientation
of the component labelled by a, and by replacing the symbol + by —, or the symbol
— by + at the positions in wy and w; corresponding to the component a.

As an example,
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(+ -) + (- -)

7 / 1 /
ol a2
=8 =85 =R

o - + T (+ o -
T sa(T) sa(T)

15.3 Decomposing g-Tangles

Our ultimate aim is to construct an invariant Z of framed q-tangles. Moreover,
we want to do this by proceeding in a way similar to the construction of operator
invariants in Chap.7. There we constructed an invariant Q by using ® and o to
decompose a link diagram into elementary tangles,

TN N
v N , , ) )
then specified what value Q takes on each of these, and finally extended Q to all
tangles through ® and o.

Defining an invariant of g-tangles by an analogous process, however, is more
involved as the parenthesisations introduce their own subtleties. The main issue is

that we cannot use the tensor product ® to build our g-tangles since we cannot obtain
all g-tangles through tensor products of the above elementary tangles. For example,

( )
the g-tangle (T Z T cannot be realised as a tensor of copies of T and will need

to be considered as one of our elementary g-tangles. Thus, we need a larger set of
elementary g-tangles than we did elementary tangles.

One difference between our previous work with tangles and our present work with
g-tangles is that we are no longer going to insist that crossings involve two upward-
oriented strands (recall this convention for tangles was introduced in Sect.7.1.3).
Relaxing this condition on the strands of a crossing is certainly conceptually more
natural, but it also turns out in the present setting to be more natural mathematically
as well.

Convention 15.6 Henceforth, by the term oriented tangle diagram we mean an
element of the set

(1130 XK A X XA LU NN

(Recall the notation (-) for tangle generation from Definition 7.7, which means that
the tangles are generated from elements of the set through the use of o and ®.)
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Since we consider oriented tangles which differ only in the orientation of some
of its strands, we temporarily invoke the following convention

Convention 15.7 (Temporary). Where orientation is unspecified on a component
of an oriented g-tangle, either orientation may be used

With this convention, Convention 15.6 then says that an oriented tangle diagram is
an element of the set

(D o4via)

Our interest here is in framed g-tangles. From Definition 15.2, two framed
g-tangles S;! and T} are equivalent if and only if u; = wy, ug = wo and their

underlying framed tangles are equivalent. The following theorem then arises from
Theorem 7.8, giving a set of Turaev moves for framed g-tangles

Theorem 15.8 The framed q-tangles S\ and T, are equivalent if and only if

u; = wy, ug = wy and their diagrams are related by a finite sequence of the foi-
lowing moves qF T to qF T

T =) T =0 =0 T’
- 2R B
q Ovc—e‘q_'_) =| T |=|&=*= =0 e | == =9 q 1- = = )
.8 g =
22 =2 =2
L) -3 — S
=8 T == T/ T =

qFTs:

)\

/\/Q\ /9\

It is clear (and has already been seen) that every oriented tangle can be written as
a composite of the following four families of tangles

||.'.|\/|...|| ||'.'|\/|...||

AN /

~—— — —— ——

||n |U| m|| | ||n |[\|m|| | o
~—— —— —— ——
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where we are invoking Convention 15.7, and m and n are nonnegative integers.
We may then obtain four families of elementary g-tangles by parenthesising each
of these tangles subject to the following conditions:

e The tangles in (15.4) involving crossings must have identical parenthesisations at
the top and bottom.

e In the tangles in (15.4) involving minima, the two ends of a strand at the top
involved in the cup must be parenthesised as (—+) or (4—), as appropriate, and
the parenthesisation at the bottom can be obtained from the one at the top by
deleting this (—+) or (+—).

e In the tangles in (15.4) involving maxima, the two ends of a strand at the bottom
involved in the cap must be parenthesised as (—+) or (+—), as appropriate, and the
parenthesisation at the top can be obtained from the one at the bottom by deleting
this (—4) or (4+—).

For example,

(= HHH) SuSH ¢ b+

BAiEmiit
\

t(+ HH+) GFEEDHEH D)

are valid elementary g-tangles, but

GEEEH+H) 4+ ( + + H)+

FANKERTIRIRRY S

Gt HH ) +(+ B +)

are not.

Parenthesisations should be thought of as corresponding to “closeness” and that
only close stands can cross or be “created” or “annihilated” in a cup or cap.

In addition to the elementary tangles involving crossings, caps and cups as above,
we also need to be able to change parenthesisations at the ends of the g-tangles. We
do this by including in our set of elementary g-tangles, g-tangles that consist of a
trivial tangle with different parenthesisations at the top and bottom. Initially, it might
appear that we need to allow all possible combinations of parenthesisations at each
end of the tangles, but this is not the case.

We include as elementary q-tangles the g-tangles of the form

((w) () o)) (W) (@ m))

FEXHE I/ T

() (@ M)) ((w) () M)
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in which:

e A striation (i.e. the diagonal mark) on a strand indicates that it may be replicated
a nonnegative number of times.

e The u, v and w are parenthesisations of a word in + and —.

e Outside the displayed portion of the bracketing, the parenthesisations are the same.

For example,

(+ +) (+(C+ +)+)) (+C+ + +N+)+
((+ +H)+) ((+ +)+H) (+C+ +) )+

are valid elementary g-tangles.

Exercise 15.9 Let T, be a g-tangle that consists of a trivial tangle (i.e. one with no
crossings, caps or cups) with an arbitrary parenthesised word u at the bottom and
w at the top. Show that T, can be expressed in terms of the elementary g-tangles
shown in (15.5). Hence, prove that every g-tangle can be expressed as a composite
of elementary g-tangles.

Exercise 15.9 gives the following.

Proposition 15.10 Every gq-tangle admits a decomposition into elementary
q-tangles.

For convenience, we shall now formalise the above definition of the elementary
g-tangles. Again we make use of striations to denote multiple parallel components

of a g-tangle, writing I to denote a nonnegative number, 7, of copies of that strand.
n

Forag-tangle T, we use a,, (k, T”) to denote the g-tangle obtained by replacing

w

the kth component of ( e ) with T and by replacing the element +
1 n w

k
or — in the kth position of w with (b) at the top and (a) at the bottom.
For example, using e to denote the empty word,

— H(H =)D+
A(+hH+ | 3 (U) = (T T U T T T) .
e (+H(H+HH+
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Definition 15.11 (Basic ¢g-tangles). Let w be a parenthesised word with underlying
word in {+, —}, let e denote the empty word, and let

+ H o= P ¢
"\ )
/

(+ +) e (— +)

be a g-tangle. A g-tangle a,, (k, (E)2) or a g-tangle of the form given in (15.5) is
said to be a basic qg-tangle.

w) (+ +)

(E)) € I y
N
(+

w) +)

Definition 15.12 (Elementary g-tangle). An elementary g-tangle is a g-tangle
obtained from a basic g-tangle by a finite number of applications of s; (sign reversal
of i-th component) for any finite number of permissible values of i.

Abasic g-tangle is an elementary g-tangle with a particular orientation. At times, it
is convenient to work with basic g-tangles since, by making use of s;, we can consider
fewer types of g-tangles than we would have to were we to consider elementary
g-tangles in general. We will return to g-tangles in Chap. 17 after discussion of
Jacobi diagrams.



Chapter 16 ®)
Jacobi Diagrams on a 1-Manifold oo

The ultimate aim in this part of the book is the construction of an invariant Z of
framed g-tangles. In this chapter, we consider the space where 7 takes its values.
Ultimately, we want Z to map a knot to a space of chord diagrams /¢ (actually
we need it to take values in a space /¢ of infinite formal linear combinations of
chord diagrams). However, since we shall define Z on g-tangles, rather than knots
alone, we shall need to generalise the definition of .7 so that it can have a skeleton
consisting of:

e circles: these correspond to the closed components in the g-tangle;
e lines: these correspond to the components of the g-tangle that are lines.

16.1 Chord Diagrams on X

Definition 16.1 (Chord diagrams with skeleton X). Let X be a compact, oriented,
1-manifold (i.e. X is a disjoint union of oriented copies of S' and oriented copies of
the unit interval I := [0, 1]). A chord diagram with skeleton X consists of X and a
collection of chords with ends on distinct points of X. The skeleton X is considered
up to orientation preserving homeomorphisms.

We shall use the following notation and terminology:

e the degree of a chord diagram is the number of chords it possesses; and

e % (X) denotes the vector space consisting of all finite formal linear combinations
of chord diagrams on X with coefficients in C;

e %,,(X) denotes the subspace of ¥ (X) generated by all degree m chord diagrams
on X.
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As with earlier appearances of chord diagrams, our interest here is not in the
vector space € (X) itself, but rather in this space modulo 4T-relation. To translate
the 4T-relation to the present context consider

a b

This may be depicted as

b ¢ _ b d _ T &7 1 | =0 w62
a d a c a b b d

by representing the skeletal arcs as directed arrows, then marking the points of contact
of chords with these directed arcs by a, b, ¢ and d, and finally joining these points
by lines to represent the chords. Thus, deleting the labels a, b, ¢ and d we obtain, in
the present setting, the 4T-relation

FH - FH - HH - FH e

where the arrows are distinct skeletal arcs in the manifold X, and possibly arcs of the
same component. The skeletal arcs may arise from copies of an interval or copies of
S!, and there are no other chords on these local arcs. The four chord diagrams are
identical outside of the region shown.

Definition 16.2 (Vector space .27“(X)). The vector spaces <7 (X) and 27“(X) are

defined as @ (X 2(x
n(X) and @¢(X) := X)

w0 = ) @n

The following is an example of the application of the 4T-relation in 7 (X). For
clarity, the chords not involved in the application of the 4T-relation are shown as
dashed lines. The thickened portions of the skeleton indicate the portions of it that
are involved in the 4T-relation, with the convention that there or no other chords
incident with these thickened portions.
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HC

N

Proposition 16.3. /¢ = &/¢(S").

Proof. Since 6,,(S') = %,,, we need only to show that the 4T-relations in the two
spaces coincide. This was done in (16.1) and (16.2). O

It has already be shown (in Theorem 13.36) that the vector space 7€ = </°(S")
is isomorphic to the vector space &7 = .27 (S') of Jacobi diagrams on the circle S'
modulo the ST U-relation. The analogous property holds for the space o7 (X).

Definition 16.4 (Jacobi diagram on X). Let X be a compact, oriented, 1-manifold.
A Jacobi diagram on X consists of a unitrivalent graph, with oriented trivalent
vertices, such that all univalent vertices lie on the skeleton X. The degree of a Jacobi
diagram on X is half the number of vertices of the diagram.

Let 2(X) be the vector space of all finite formal linear combinations over C of
Jacobi diagrams on X, and let Z,,(X) be the subspace of Z(X) generated by degree
m Jacobi diagrams.

The STU-relation on .«7 (X) or .7, (X) is

where the —> is anarc of X (which may be part of a circular skeleton component),
and no other univalent vertices lie on these arcs.

Definition 16.5 (Vector space .o/ (X)). The vector spaces 7, (X) and <7 (X) are

defined as 7 (X) (%)
W and %(X) = (ST—U)

G (X) =

Many properties of &7 = <7 (S') hold in .27 (X). For example, the IHX- and AS-

relations hold in .27 (X) since the proof of Theorem 13.15, which gave these relations

in .27, did not require the fact that the skeleton was S'. As another such example, we
shall see later, in Theorem 16.19, that .&7“(X) = &7 (X).
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In the definitions of 7 (X) and <7 (X), we insisted that each element consists of
a finite linear combination of chord diagrams or Jacobi diagrams. However, to make
progress it is necessary to consider infinite formal linear combinations of chord
diagrams or Jacobi diagrams.

Definition 16.6 (Vector space JA?(X )). Let ?(X ) denote the vector space consisting
qf all infinite formal linear combinations over C of chord diagrams on X, and let
2(X) be the vector space of all infinite formal linear combinations over C of Jacobi
diagrams on X. Then

CAC.O FX) = 2(X)

For example, the following element R will be important to us:

Py
I
2
SpIOYo 1
I
+
1=
+
I
+
&l
+

(16.4)

Since the sum has an infinite number of terms, R is an element of * (T T) but not

of /¢ <T T)

16.2 Composition and Tensor Products in .<7 (X,,)

For a unit interval 1, let X,, be the realisation of | |, I consisting of the n oriented

unit intervals. Thus,
Xn=T T T (16.5)

[ —
n

At times, we shall need to specify the components of X,,. For this, we index the
components from left to right with the numbers 1 through n, thus

RN
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Convention 16.7 We shall use the diagrammatic convention that denotes X,,.
n
At times, we shall omit the integer 7.

There is a natural product on Jacobi diagrams on X, given by stacking the skeleton
components.

Definition 16.8 (Composition of Jacobi diagrams). Let D, D’ € o/ (X,). Then
composition is defined by

To simplify notation, we shall often drop the symbol o and use concatenation for
composition, for example, writing D'D for D o D’.

As an example of composition, we express the above element R € r <T T) from

(16.4) in a more compact form. We let H := € JZ?ZL (T T), that is, H consists

of two skeletal components joined by a single chord. Then

. N
1 ' 1
Ri=exp(3H) =2 57 (H) = 2
i>0 : i>0 :

illustrates the use of composition.
Similarly, we may form new Jacobi diagrams from old ones by placing them next
to each other.

(16.7)

spIoyo 1

Definition 16.9 (Tensor product of Jacobi diagrams). The tensor product of
Jacobi diagrams D and D’, with D € «/(X,) and D’ € </ (X,,), is

D ® D' € o (Xyim)

where D ® D’ := D U D’. That is, diagrammatically,

@
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16.3 The ¢,, s, and V, Operators on Jacobi Diagrams

Definition 16.10 (Operators ¢,, s, and V,). Let D be a chord diagram or Jacobi
diagram on X. Suppose that the skeleton components in X have been labelled arbi-
trarily, and that a is the label of such a component. Then

0 if D has vertices on a,

1. g,(D) := ]

D — a otherwise.

2. s,(D) := (—1)"« D’ where D’ is obtained from D by reversing the orientation
of the component a, and m, is the number of univalent vertices on a.

3. V,(D) is the Jacobi diagram obtained from D by the following construction.
Let vy, ..., v, label the n univalent vertices on the (skeleton) component a.
Detach the n chords from a and make a copy of a, denoted by a’, with points v;
corresponding to v; for i = 1, ..., n. Now reattach the chords to either v; or to
vi (but not both), for i =1, ..., n. Then V,(D) is the formal sum of all of the
2" diagrams that can be formed in this way.

We also de,gote by €4, s, and V,, the lingar extensions of these operations to .7 (X),
(X)), FN(X), Zp(X), o (X) and & (X).

For example, if the skeleton components are labelled from left to right with 1, 2,
or 1, 2, 3, as appropriate, then

&1 = , and & =0,

N N

Va = + + +

The index of €, s and V will usually be suppressed when they are applied to a
Jacobi diagram with only one skeleton component.



16.3 The ¢4, s, and V, Operators on Jacobi Diagrams 299

When we consider Jacobi diagrams on the 1-manifold X,,, as in (16.6), we can
avoid using the indices by making use of the tensor product of maps:

V; :=id®"V @ V @id®" ",

For example,

Vs, =id®V®id K =

Exercise 16.11. Verify that (V ® id) o V = (id ® V) o V.

Later we shall need to apply V repeatedly to a component. For this, we define
V® .= (V®id®" ) o .- o (V®id)o V. (16.8)

As an example,

woes (1) PTTHHT-B I

We also can specify the component of X,, that V" acts on by writing

Vi(") = {d®—D @ v g jd®n—i) (16.9)
117 17

Exercise 16.12. Verify that| VR |=| ViR |.
| I 1T 1

16.4 The Walking Lemma and Some Commutativity
Results

We now examine sz(Xn) in more detail, by looking at an extension of the Walking
Lemma, (Lemmas 13.27 and 13.28) and using it to prove some commutation results
for &7 (X,,).
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The key idea in the proof the Walking Lemma was to move a peripatetic vertex x

(i.e. the vertex that “travels”) in past D so that the diagram becomes

X

. In doing so, the attachment points at every vertex of D are marked by

signs according to the patterns + k Y , given in (13.12), and

a sum S is developed by summing over or all ways of attaching the peripatetic vertex

x to the attachment points, the signs being included in the sum. We shall refer to S

as the walking sum. Collecting the terms in S according to vertices and applying the

IHX- and STU-relations gives S = 0. On the other hand, collecting the terms of §
1 S

according to edges gives S = | D | —| D | , so we can conclude that

X

@ - ﬁj (16.10)

It is this summation device that will be used in some form in each of the following
lemmas.

Lemma 16.13. Let D and E be Jacobi diagrams D € A (X1) and E € o (Xp41).
Then in o/ (X,+1) and 7 (X, +1) we have

D]
— . (16.11)
D]

More generally, the following holds:

(16.12)

Moreover, these identities hold in o7 (X) if some of the shown skeleton components
are parts of skeleton components.
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Proof. When n = 0, the lemma is a trivial application of Lemma 13.28. If n > 0,
the proof of the lemma is very similar to that of Lemma 13.28, so we provide only a
sketch. There are two cases.

Case 1: If E does not have a vertex on the first skeleton component, then the result
follows trivially.

Case 2: It therefore may be assumed that E has a vertex on the first skeleton compo-
nent. Each vertex of E on the first skeleton component must be moved over D, which
may be done inductively as follows. Assume that p > 0 vertices have been moved

E
over D so the diagram on the left in (16.12) has the form * 3 pwhere x is the

n
univalent vertex between D and FE that is closest to D on the first skeleton compo-

nent. It is now enough to show that x may be “moved over” D to obtain u
X

E
To move the vertex x over D, attachment points with patterns + k + and

n _

+
are added to each vertex of D. A walking sum S is obtained by summing
J’_
over all ways of attaching x to the attachment points, with signed of the summands
determined by the signs of the attachment points that were used. Then, collecting
terms in S by vertices gives S = 0, while collecting terms of S by edges gives

This completes the proof. (]

For notational convenience, let

n —— —— ——

where the peripatetic vertex x visits each skeleton component, and the sum has n
terms. In this notation, note that
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if D:I;['gj then Vl‘”)(D)E;‘:'Zj.
n n

The next lemma is a generalisation of Lemma 16.13 to more skeleton components.
It has almost the same proof as that lemma.

Lemma 16.14. Let D € &/ (Xy41) and E € /(X,). Then, in o/ (Xpyin) and
A (Xman), we have

? 1
| v o) | T

l = Vl("71>(D) form,n > 0.
n m }n }'m

Moreover, this holds if some of the shown skeleton components form arcs of larger a
skeleton.

Proof. The lemma follows trivially if D has no vertices on its first skeleton compo-
nent, for in this case V® ® id®" (D) has no vertices on the first n skeleton compo-
nents. We may therefore assume that D has vertices on its first skeleton component.
We show that

= (16.13)

n m

where the peripatetic vertex is not part of £. The lemma then follows by repeated
application of this identity.
To prove (16.13), we make use of the v+valking sum. For this, the signed attachment

+
points are given by + t * and . Let S be the walking sum, i.e. the
+

signed sum over all ways of attaching the peripatetic vertex to the signed attachment
points. Then, collecting terms of S by edges gives

On the other hand, collecting the terms of S according to vertices gives S =0
so (16.13) holds, and the lemma therefore follows. O
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Corol}gry 16.15. Let D € &/ (X)) or JZ?(X]). Then V™ (D) is central in o/ (X,11)
and of (X, 41).

Proof. This is immediate from Lemma 16.14 with m = 0. |
The following lemma provides a class of central elements in <7 (X;) and JZ?(X 2).

Lemma 16.16. For F € o/ (X,),

Moreover, this holds if some of the shown skeleton components are parts of circular
skeleton components.

Proof. An application of Lemma 16.14 with D = (T and £ = gives
rg =t &7 77 11 171
F+2 F |+ F |=[ F J+2[ F |+ F
[ I e N B IS =

In this identity, the first term on the left-hand side equals the first term on the right-
hand side by Lemma 16.13. Also by that lemma, the third term on the left-hand side
equals the third term on the right-hand. The result follows. (]

An immediate corollary concerning the element R from (16.4) is the following.

Corollary 16.17. Let F € o7/ (X>). Then

That is, R is central in szf(Xz).

We record the following identity for later use.

Lemma 16.18. Let D € &/ (X,,). Then

. 0 ifer(D) #0,

s1Vi(D =
ﬂ [DI] oDy =0
n—1
n—1
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Proof. 1If &1(D) = 0, then V(D) has no vertices on the first or second components,
so the lemma holds in this case. On the other hand, if ¢; (D) # 0, then

- - ;
n—1 n—1 n—1

for some block E. But the two diagrams on the right-hand side of the equation are
identical and the result follows. (]

Theorem 16.19. Ler X be a l-manifold. Then o/*(X) = o/ (X) and o/°(X) =
o/ (X) as vector spaces.

Proof. The proof is identical to the proof of Theorem 13.36 since there we used
segments of the skeleton with no assumption that they were on a copy of S'. It
therefore holds in each of the spaces. ([

16.5 The Connect Sum Operation #;

We may use Lemma 16.13 to define a connect sum operation on <7 (X) and Jz?(X ).
For this, let E be a Jacobi diagram on X. Suppose that the skeleton components in
X have been labelled arbitrarily, and that a is the label of such a component. Further
suppose that D is a Jacobi diagram on a single skeleton component. We define a
Jacobi diagram E#, D as follows:

1. If the skeleton of D is a circle, then choose a linearisation of it and regard D as

being in .o/ (T) or o <T)

2. Choose a directed arc that contains no univalent vertices on the component of
the X that is labelled by a.

3. Form a new Jacobi diagram on X by identifying the (linearised) skeleton com-

ponent of D with the chosen arc on X in a way that preserves the directions.

Two examples of this operation are shown below. The choice in the examples is
precisely where the operation is acting at the points on the skeleton marked with a *.

oD DO

a b a b

Various choices were made in the construction of E #, D. We chose a linearisation
of D in the case that a was a circular skeleton component, and we chose the arc
on the component X labelled a. Making different choices in the construction can
result in different Jacobi diagrams. Thus, E #,D is not a well-defined operation in
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2(X). However, different Jacobi diagrams that result from different choices will be
equivalent up to the STU-relation. Thus, #, gives a well-defined operation in .7 (X)
or o/ (X), as the following result proves.

Theorem 16.20. Let E be a Jacobi diagram on X and suppose that a component
of X is labelled a. Further suppose that D is a Jacobi diagram on a single skeleton
component. Then as an element of </ (X) or </ (X), E #,D is independent of all
choices made in its construction.

Exercise 16.21. Use Corollary 13.29 and Lemma 16.13 to prove Theorem 16.20.

16.6 Associators

‘We conclude this chapter with the definition of a special element @ of o (X3), called
an associator, from [57, 59]. In the current setting of constructing a map Z from
g-tangles to &7 (X), associators will be associated with changes in parenthesization
in g-tangles as in Eq. (15.2).

Definition 16.22 (Associator). An associator @, also denoted by

“ ’

is a non-trivial invertible element of .7 (X3) such that

e
(1) &1(®) = &2(P) = &3(P) = . @ el= o |,
|-
- vid iy 4
3 o] = s . =| VR

where the element R = exp (%T—T ) is from (16.7). The relations (3) and (4) are,

respectively, the pentagon relation and the (positive) hexagon relation.
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We shall now deduce some properties of associators that we shall need later.
Lemma 16.23. @ = T T T + (terms in Jacobi diagrams of degree > 2).

Exercise 16.24. Use Condition (1) of Definition 16.22 to prove Lemma 16.23.

Lemma 16.25. Let D € f;z/A(X 1). Then VoV D =

Proof. The result follows since V™ (D), and so V,V,D, is central from
Corollary 16.15. (I

Lemma 16.26 (Negative hexagon relation). For the element R = exp (%T—T )
from (16.7),

Proof. First, we invert the hexagon relation given in (4) of Definition 16.22, as
follows. The inverse of the left-hand side of the hexagon relation is

where the first equality is from (2) of Definition 16.22 and the second by redrawing
the diagram in a simpler way. To find the inverse of the right-hand side of the hexagon
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relation, observe that V(D o D) = V(D) o V{(D’) where D and D’ are Jacobi
diagrams, so (V (R))_' = V;(R™"). Thus, the inverse of the right-hand side of the

hexagon relation is v,R! and therefore, equating these two inverses,

= le—l . (1614)

Conjugating the left-hand side of this relation by >|< and using the symme-

try of R™! gives precisely the left-hand side of the lemma. To conjugate the right-hand
side of (16.14), we note that

— |~ <K
= ViR™! = = | iR |,
N

where the second equality is by the symmetry of V;(R™"). But this is the right-hand
side of the lemma, so the result follows. O

One issue that we have not addressed so far is that of the existence of associators.
After all, we could greatly simplify our proofs of the above properties if associators
did not exist—the above statements would be empty statements and so trivially true!
In fact, associators do exist and so the theory presented here is meaningful.

Theorem 16.27. Associators exist. Moreover, there exists an associator with ratio-
nal coefficients.

We omit the (analytic) proof of Theorem 16.27 and refer the reader to Drinfel’d’s
original work [56, 57] or the expositions in [90, 144] for details. An alternative
inductive approach to the construction of associators was given by Bar-Natan in [16].
The implementation of this inductive approach resulted in the following expression
for an associator.
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[A, B] 8
48 11520

+ (96LA[A[A[A[A, BIII + 4[A[A[A[B[A, Bl

log® = (TALALA, B]1] + [A[BIA, B11])

1
5806080
+ 65[A[A[B[B[A, Bl + 68[A[B[A[A[A, B]I]I] (16.15)

+ 4[A[BIA[BIA, BIIIII) — (96 BIBIB[B[B, Alll]

1
5806080
+ 4[B[B[B[A[B, Alllll + 65[B[B[A[A[B, Allll]

+ 68[BIA[B[BIB, Alllll + 4[B[A[B[A[B, Allll])

where

and [-, -] is the commutator.



Chapter 17 ®)
A Construction of the Kontsevich Geda
Invariant

Let 7,! be a framed g-tangle. Then 7,7 is said to be a framed g-tangle on a 1-
manifold X if the underlying tangle 7" is homeomorphic to X. For example, a framed
knot is a framed g-tangle on S', and if the g-tangle has an underlying tangle that is a
diagram of a braid on three strands, then that g-tangle ison / U I U I. The relevance
of the 1-manifold X here is that the value of the Kontsevich invariant of g-tangle on
X will be a Jacobi diagram on X.

We shall describe the construction of the Kontsevich invariant in two steps. First
we shall construct a function

Z : {framed g-tangles on X} — @(X) 17.1)

that associates a formal power series of chord diagrams on X (or equivalently Jacobi
diagrams on X, since «7¢(X) = /(X)) with a g-tangle diagram on X. The construc-
tion of Z is similar in spirit to the construction of operator invariants as in Chap. 7;
we associate an element of .&7¢(X) with basic ¢-tangles and extend Z to all tangles
by defining Z(T o S) := Z(T) o Z(S) and Z(s;(T)) := 5;(Z(T)). However, the fact
that we are using g-tangles, which are parenthesised, makes the definition of Z a
little more involved than that of operator invariants. It also means that showing Z
is well-defined (i.e., independent of the choice of decomposition of a g-tangle into
basic g-tangles) is a very involved process.

The issue with the function Z is that although it is (non-trivially) a function, it is
not an invariant of g-tangles. The problem is that the function Z will give different
values on the equivalent g-tangles such as

Fortunately, it is possible to resolve this issue. This is done by associating a copy

12
of (Z (M )) € o7¢(I) with each critical point of the tangle diagram. (In
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more detail, for each critical point in a component of the g-tangle, one copy of
1/2

(Z (M )) is connect summed to the corresponding component of the Jacobi

diagram, as in Sect. 17.2.) Through this modification, Z gives rise to an invariant Z

of framed g-tangles:

. framed ¢-tangl X 7t
3. {framed g-tangles on X} — d(X). (17.2)

" equivalence of framed g-tangles

We shall see in Chap. 18 the stunning results that this invariant contains all framed
quantum and all Vassiliev knot invariants.

We emphasize that it is important to pay attention to whether or not Z has an
accent or not since Z and Z have differing properties and values.

17.1 The Function Z on g-Tangles

We approach the definition of the function Z on g-tangles by (i) defining it on
basic g-tangles (see Definition 15.11); (ii) extending it to elementary g-tangles (see
Definition 15.12) by defining Z(s,(T)) = 5,(Z(T)), where the s, are the operations
from Definitions 15.5 and 16.10 that reverses the orientation of a component a
of a g-tangle or Jacobi diagram; (iii) then extending Z to all g-tangles by setting
Z(T oT"y=Z(T)o Z(T').

We start with the definition of the function Z on g-tangles that consist of a paren-

thesization of the trivial tangle T T e T on n components. The easiest instance of
this occurs when the parenthesizations on the top and bottom of the trivial tangle
are equal, in which case Z sends the g-tangle to the degree zero Jacobi diagram on

Ui, I
w
Z T T h T - T T T
———
n w n
(w)
It is convenient to use notation introduced in Sect. 15.3. Recall that denotes

w (w)
the g-tangle I consisting of a parenthesization of the trivial tangle T T . T
n

w
with the same word w of length n on its top and bottom. Then we can write
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(w)

I s I . (17.3)

(w)

Of course, it may be that the parenthesizations on the top and bottom of a trivial
tangle do not match. In this situation its value under Z will be complicated. To
describe its values we first set

(+4) ++)

Y Y
/ N o] , and N @1 ,
[T 1 [T 1

++) (++) 17.4)
T 1T 7
@

where et (X3) is an associator (see Definition 16.21), with inverse

I

O S

o1 € J°(X3).
[T 1

More generally than in (17.4), a basic g-tangle can consist of more than three
components and be of the form

w) () (v)) ((w) (u)) )
I I " I I
(w) () ) (w) ((w) ()

In this situation we use the operation V of Sect. 16.3 to create an element in .o/ (X,,)
from an associator @ or its inverse. We set

(w) (@) (v)

g | vivi-1 g yll-1 g vli-1gp | (17.5)

(w) (W) )

(W) ) )

, $ “ee ¢

il | yvi-1 g ylil-1 g yiv-1g-1 | (17.6)
(w) () )

As an example,
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i1 2711 <l

Hd P ¢ +))) HH)+

So far (17.3) and (17.5) allow us to compute Z of particular parenthesizations of
a trivial tangle. We can extend this to all parenthesizations of it by defining

Z(T oT') = Z(T) o Z(T)).

For example,

/(/))
¢ ")

This computation involved a choice of decomposition of the g-tangle into basic g-
tangles. Of course, this choice is not unique and we may have chosen a different one
such as

resulting in a different element of ngc(le). Howey\er, since @ is an associator, the
pentagon relation, as in Definition 16.21, holds in .27 “(X4) and hence the two compu-
tations in this case result in the same answer. In fact, our choice of @ as an associator
always means that the computation of Z is independent of the decomposition into
basic (or elementary) g-tangles. This is a highly non-trivial fact [87, 88, 116] and
one we shall assume in this text.

So far we have only discussed g-tangles based on the trivial tangle. We now look
at the other basic g-tangles. A basic tangle involving a critical point is mapped to a
trivial Jacobi diagram on its components thus:

A A A 7 'y ~n "N "~
AR A DEEEY ...
U ) Y

>

N
>
s
N
Ll
N
>
I~
S
>
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Recall that in an elementary g-tangle the two ends of a component with a critical
point must be paired with each other in the parenthesization.

We can take advantage of our notation for basic g-tangles from Sect.15.3 to
express this formally as

OV = IO e
(D)) T

We canuse Egs. (17.3) and (17.5)—(17.8) to define Z on all crossing-free g-tangles
by defining

Z(ToT)=Z(T)o Z(T") and Z(s4(T)) = s.(Z(T)),

where s, denotes the operations from Definitions 15.5 and 16.10 that reverses the
orientation of a component in a g-tangle or Jacobi diagram.

Example 17.1. Z < (ET T; (((//))) El lz) > = 5605505(V®YV ® V(D))

Although there is not a unique way of expressing an element as a composition of s;’s
and V;’s, the resulting elements are the same.

Example 17.2.

The next basic tangles we need to consider are those containing crossings. Recall
that by convention all crossings in the basic tangle diagrams we consider here are
directed upwards (although this is not the case in the elementary ones), and in a basic
or elementary g-tangle a crossing can only happen when two strands are next to each
other in the parenthesization.

Recall also the element R € 27°(X,) given by

N M N A N A

Py,
|
SpIoyd 1

Il

+
D=

+
oo|—

+

I

+
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Since the power series defining R is that of an exponential, R is invertible with inverse
given by

N N

>
r 4
>
r 4
>
4
>
4

_ (=1
R =2, 2!

i>0

spIoyo 1
I
!
[SJ]
+
oo|—
~
fee)
_l’_

For a crossing we define

LN z L%I B 1 o
/\' ” - X(;f .
Nz _ (—1) : é
v/\ > el = Z i S22 (2

More generally, we define

A T(V A A , 'y " "~ 'y
/\y ﬁ
R\ I B

'\ ><

which is formally expressed as
((80) )21
N
()T e T
/ ++ =

Upon defining

>
NG
>
>
r 4
>
>
>
>
>
r 4

Z(ToT):=Z(T)o Z(T") and Z(s,(T)) := 5.(Z(T)),

Z becomes defined on all g-tangles.
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Example 17.3. An example of a computation of Z (N ) is given below.

................. ) ....I.....
53(®) |
s3(@ 1) |

e et -

SpIoyo 1

Note that the computation of Z (Z) and of Z (N) from Exam-

ple 17.3 appear (and indeed do) to give different values even though the knots are
equivalent. This is because Z, unlike the later defined Z, is not a knot invariant. We
discuss this further in the next section.
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Definition 17.5 (Action of Z on g-tangles). Let u, v, and w be parenthesized
words over the alphabet {+}, and let e denote the empty word. Then Z is defined
on g-tangles by the following explicit element-wise actions,

(w)

, A 2
—> | y-1 g vlul-1 g yhi-1g ‘ 7
| I
(w) () )
, A 2
—> | -1 g viul-1 g yhi-1gp-1 ‘ i
| I

(w) () )
W) () )
Z(sa(T)) = 54(Z(T)),

Z(T oT'):=Z(T) o Z(T).

For a g-tangle diagram T, a first step in computing Z(7') is expressing 7 as a
composition of elementary g-tangles. There is not a unique way to do this, and it is
necessary to show that the value of Z(7") does not depend upon this choice. Proving
that this is the case is an involved process, and we shall omit this argument. We refer
the interested reader to [88] for details.

Theorem 17.6. Let T be a fixed q-tangle diagram. Then Z(T) is well-defined: that
is Z(T) is independent of the decomposition of T into elementary q-tangles.
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17.2 The Normalization Z of Z

So far we have constructed a well-defined map
Z : {g-tangle diagrams on X} — ,E{/\C(X).

Recall that our aim is to obtain an invariant of framed g-tangles on X that evaluates
in o7¢(X), i.e., we want a mapping whose values are unchanged under equivalence of
framed g-tangles. The map Z is not an invariant of g-tangles, as is readily confirmed
by the following example.

N
Z (M) = = T + (terms in Jacobi diagrams of degree > 2)

;éT:Z(T), (17.9)

where we have used Lemma 16.22.
Fortunately, we can normalise Z to obtain a g-tangle invariant that is denoted by
7. This is the Kontsevich invariant. Essentially, the issue with removing maxima and
minima displayed in (17.9) is all that stops Z from being a g-tangle invariant, and

N
we can obtain a g-tangle invariant by cancelling each expression associated
U

with maxima and minima, as we presently describe.

The fact from Lemma 16.12 that .o7° ( T ) is commutative, together with (17.9),

shows that Z <t/\> has an inverse. We shall use the notation

o)

to describe this inverse. Since it has a square root (as it is a formal power series

beginning with the identity), we can set to be the square root of starting
WithT .

Recall from Sect.16.5 the connected sum operation #; that acts by “splicing
together” skeleton components of the Jacobi diagrams:

oG o

a b a b
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Of course, there is some choice of where on the skeletons we splice the Jacobi
diagrams, but we saw in Theorem 16.19 that if D has a skeleton of exactly one
component, then E #, D is independent of this choice. A consequence of this is that
the following definition is well-defined.

Definition 17.7 (Kontsevich invariant). Let T be a framed g-tangle on X with n
components, and let m; be the number of critical points in component i of T', for
i =1, ..., n. Then the Kontsevich invariant of T, denoted by V4 (T) e o° (X),

is deﬁned to be
my /2
o () ,
(17.11)

m2/2

my/2
Z(T) := Z(T) # () # ()

where #; denotes connect sum at component i, and Z is as in Definition 17.1.

Before continuing with the exposition of Z we address a point that may be wor-
rying the reader. In the above we have normalised Z to get Z using the value of

z (t/\ ) This gives prominence to the tangle t/\ and the reader might ques-

tion why we did not favour the tangles , or instead. The following

lemma tells us that we could in fact have used any of the four tangles.

Lemma 17.8. In ;ZV\C(XI)

() =2(th)=2(pV) =7 (nd)

Proof. By Proposition 17.6, Z is well-defined so the g-tangles in the theorem state-
ment may be decomposed into elementary g-tangles as we please.

Z <t/\ > may be calculated by taking a g-tangle representation of it as follows:

1T N A
M_m w {\T A _)__)iszarl. (17.12)
U
But from Definition 16.21(2)

SO
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Thus Z <t/\> =7 <M ) Applying the map s from Definition 16.10 to the
tangles in this identity gives Z (\/l) =Z ( N > .
To relate these two pairs, we determine Z <w ) in two different ways.

These are independent of the decomposition of into elementary g-tangles,

as Z is well-defined. For the first calculation,

rN
529 . (17.13)

[
, (17.14)
U/

by Definition 16.21(2).

Therefore,
W ~
YA <\/l> =| s1539D = 5153D
Ui -

Il

N
g
~—

A N
= 52@ = Sz‘p =Z<t/\>,

U Ul

where the third equality is by (17.14) and the fourth equality is from (17.13) This
completes the proof. (]

Exercise 17.9. Let K and K’ be oriented, framed knots. Show that

Z(K#K') = # Z(K)# Z(K").
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17.3 Z is an Invariant of Framed q-Tangles

So far we have a well-defined map

Z : {framed g-tangles on X} — ,E{/\C(X).
Our goal now is to show that Z is an invariant of framed q-tangles, i.e., that

.{framed q-tangles on X} N Q?\C(X).
equivalence of framed g-tangles

We know from Chap. 15 that two framed g-tangles S;! and 7' are equivalent if

and only if u; = wy, ugp = wy and their underlying tangles are related by the Turaev
moves from Theorem 15.8, reproduced below for convenience

T T | = — /
K sel |Egl T
> 2 e Z
. = o o= . —
qFTO',z_&O = T ;F:E =0 ;5 FHTQD qFTl =
= e B~ S en
£5 = £8
== T == 7 T i

afFTy:

N

Thus we can show that Z is a g-tangle invariant by showing that it takes the same
value on each side of each of the above Turaev moves

Theorem 17.10.

qFTs:

I
%\

{framed q-tangles on X} .
: — (X).
equivalence of framed q-tangles

Thatis, Z is a framed q-tangle invariant

Proof. We must show that Z is invariant under the moves q FTy,—qFTs. First observe
that by the identity Z(s,(T)) = s,(Z(T)) we only need to show that 7 is invariant
under one particular orientation of each qFT-move, and we are free to choose that
orientation.

Since Z is well-defined, we may parenthesize the diagrams as we wish. We can
express any g-tangle 7,! as a composite

wp — wi uy
Ty = Syt o Tyl o (S0, where ug and u,



17.3 Z is an Invariant of Framed q-Tangles 321

are arbitrary parenthesizations of the same words as wy and wy, S and S’ are trivial
tangles. With this we have

Z(TY) = Z(S¥) o Z(T™) 0 Z((S)™).

This means that if we wanted to show that Z (TV‘V’['J') =7 (quj”) for some g-tangles
T and T’, we can instead prove that Z (1) = Z (T,u1) for any parenthesizations

ug and u; that we choose. Thus when we show that Z invariant under the moves
qFTy—qF T, without loss of generality, we can choose any parenthesisations of the
tangles that we please (as long as the parenthesizations of two tangles in each move
are the same).

Furthermore, this means that it is enough to show that Zis unchanged only on the
portion of the g-tangle that changes under each qFT-move. Thus we can consider
the qF T-moves in isolation, without regard to the larger ¢g-tangle they sit in, and with
any parenthesization we please.

The qFTy-move: Invariance of Z under the first FTo-move is trivial. The second
follows trivially if we choose the parenthesizations of the form such that the tangles
in the diagram equal T ® T'.

The qFT-moves: We have

(W) =L v 2(Ur) L w1 -1 -2(1),

A similar argument, using Lemma 17.8, shows invariance under the second qFT -
move.
The gqFT,-move: We have

N
since = . Thus, since there are no critical points and therefore no
—

(
occurrences of the factor v, we have VA (b ) VA ( ‘> ( )

A similar argument shows that Z

Z (
The qF T3-move: We must show that z Q I/ . It is readily

seen in (1) and (2) below, that the two dlagrams are mapped by Z to the same image.
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In the case of (1), the first equality is by the hexagon relation applied to the shaded
box. In the case of (2), the first equality is again by the hexagon relation applied to
the shaded box, the second equality is by commutation using Lemma 16.13 and the
third equality is by the symmetry of V| R.

T he qF T,-move: We must show that

First, observe that

where the latter equality is given by the hexagon relation, given in Definition 16.21(4).

But by Lemma 16.17, = m T , and, recall the effect of s; on sign,
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*m [ iR U (- 1)21(' 1)} § =U#exp (;@)
,> U

Continuing with the calculation we have

spIoyo ?

/AN

(o) trch ()1 Ce=(:O)
2(%}):2@)#@(;,(%@). (17.15)
(10)-0) =(0) e

and, by combining these two expressions, we have immediately that

(}g)-2(0)+=+(;0)  =(1O) (1)
8)-2(1)

/
The qFTs-move: We need to show that Z

Similarly,

Similarly Z <

. Now
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where the second equality is by the hexagon relation applied to the shaded box, the
third equality is by Lemma 16.17. The identity then follows.

A similar argument shows Z (/Q\) =7 ( /~>¥) .

This completes the proof of the result.

Exercise 17.11. Define 7" to be the mapping from g-tangle diagrams to
Qf’c(X)/(lT) given by ZU(T) = poZ where p is projection from JZ%C(X) to
dC(X)/(lT) By considering Eqgs. (17.15) and (17.16), show that

Hence deduce that Z* is an invariant of (un-framed) g-tangles.

17.4 Uniqueness of the Kontsevich Invariant

The definition of Z (and so of Z) required a choice of associator @. Since more
than one associator exists in < this means that the value of Z on a given g-tangle
can depend upon the choice of associator used in its definition. However, choosing a
different associator has a predictable change in the values of Z. Moreover, for knots
and links the value of Z and Z is independent of the value of associator. Showing
this requires the concept of a twist of an associator.

Definition 17.12 (Twisting). Let F € .Q?(X ») be such that

s =em=11. (17.17)

=. (17.18)

Ifo e .Q?(X3), then an element @ is said to obtained from @ by twisting by F if

and
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It should be noted that the first condition on F ensures that it is is invertible, since
this condition implies that F has the form

F = T T + (terms in Jacobi diagrams higher degree),

which has an invertible term of lowest degree 0.

The significance of twisting lies in that any two associators are necessarily twists
of each another. We will not provide a proof of this result, only a statement. The
interested reader can find details of its proof in [114], which is a diagrammatic
adaptation of a result for quasi-triangular Hopf algebras from [59].

Theorem 17.13. If ¢ and @’ are associators, then @’ is obtained from @ by a twist
by some F € @7°(X,) that satisfies (17.17) and (17.18).

A consequence of Theorem 17.13 is that different choices of associator in the
definition of the Kontsevich invariant resultin closely related versions of the invariant.
To describe the relation, let w be a parenthesized word on the alphabet {+} and F €
o (X2).Let F,, € P (X)w)), where |w]| is the length of w, be an element inductively
defined by

®lv| ®lul
Fuyw = <Fu ®T ) o (T ® Fv> o ((VM*1 Q Vlu\fl)F) ’

(17.19)
with initial conditions F, =1 € C, F, = T and F,, = F, where ¢ is the empty

word.
For example,

Firrs = (m o] ) o (T ® F+> o ((V ®id)(F)) = L

Theorem 17.14. Let T be a framed q-tangle. Let @ and @ be associators, with ®
obtained from @ by amwistby F. Let Zy and Zg denote Kontsevich’s knot invariant
derived from ® and @, respectively. Then

Z§(T") = Fy 0 Zo(T") o (F,) 7",

and 5 5
Z§(T") = F, 0 Zo(T") o (F,) ",

A proof of this theorem can be found in [116].
An immediate corollary of Theorem 17.14 is that the Kontsevich invariant of a
framed link does not depend upon the choice of associator used in its construction.
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Corollary 17.15.
Z: {framed n component links} — <f (l_lnSl)

is independent of the choice of associator in its construction.

Furthermore, since there exists an associator with rational coefficients (see (16.15))
this means that the Kontsevich invariant of a framed link has rational coefficients.



Chapter 18 ®)
Universality Properties of the Kontsevich | o
Invariant

18.1 A Universal Vassiliev Invariant

The Kontsevich invariant (17.2) plays an important role in the theory of Vassiliev
invariants. Recall from Chaps. 11 and 12 (specifically Lemmas 11.28 and 12.8) that
there are well-defined injective linear maps

iz _ W
7 — W, and @,,: ”//mf_

Oy -

— 7.
1

Furthermore, we claimed in Theorems 11.29 and 12.9, but did not prove, that
these maps define vector space isomorphisms and hence

¥, Vil
m ~ m ~ f
S E W and e =A (18.1)

With the aid of the Kontsevich invariant, we may now prove these isomorphisms.

18.1.1 Zasan Isomorphism

To prove the isomorphisms in (18.1), we first dualise the results. From Lemmas 11.38
and 12.11, we have that ¢, = @, and so proving (18.1) is equivalent to proving that
the maps .

O 2 = K| K1 and @ 2 Ay —> K] 1A (18.2)

are vector space isomorphisms. Here, we recall that ¢,, is as in Definition 11.34 (and
has the same action on chord diagrams in the framed and unframed cases). Its action
on a chord diagram is given by the contraction operation:
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D. M. Jackson and 1. Moffatt, An Introduction to Quantum and Vassiliev Knot Invariants,
CMS Books in Mathematics, https://doi.org/10.1007/978-3-030-05213-3_18


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05213-3_18&domain=pdf
https://doi.org/10.1007/978-3-030-05213-3_18

328 18 Universality Properties of the Kontsevich Invariant

(18.3)

We have previously shown in Lemmas 11.39 and 12.11 that the maps ¢,, are
surjective linear maps, and hence, to prove that they are isomorphisms, we need
to show they are injective. We shall do this by using the Kontsevich invariant to
construct a map Zm that is a left inverse of ¢,,, i.e. Zm o ¢,, = id. Since a map is
injective if and only if it has a left inverse, it will follow that ¢,, is an isomorphism.

We shall prove the following theorem in this section.

Theorem 18.1. Let Z,, be the map defined by

]

AN 7
m+1

— S K]+ pu(Z(K))

where p,, : o/ — 4 is projection, and [K] is the equivalence class of K € Jif,,f .
Then Z,, is a vector space isomorphism. Moreover, Z,, = ¢\ and hence

P Ly — %f/%{rl

is a vector space isomorphism.

This theorem has an unframed version.

Theorem 18.2. Let Z" be the map defined by

m+1

— S K]+ pu(Z(K))

where py, : /¢ /(1T) — sz_ni is projection. Then Z,’; is a vector space isomorphism.
Moreover, Z" = ¢! and hence

Pm - ,anf - '%/m/%wl

is a vector space isomorphism.

The proofs of Theorems 18.1 and 18.2 will make use of the following lemma.

Lemma 18.3. Let C € &/ be a degree m chord diagram. Then
Z(gam (C)) = C + (termsofhigherdegree),

where the element-wise action of ¢y, is given in (18.3).
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Proof. For the proof, we represent ¢(C) as e where it is to be under-

stood that we are representing ¢(C) by focussing on neighbourhoods of all of the
singular points and operating upon all of them “simultaneously”.
To determine the lowest degree term of Z(¢(C)), we consider

2<<p(C)>=Z<><--~><),

where the ends of the crossing segments are joined in the way specified by C. Now,
from Vassiliev’s relation and Definition 17.5,

«(3)=2(2)-2(X) =157,

where the chord diagrams are identical except where shown and where R is given

in (16.7). Moreover, we have used the symmetry of % to move the crossing to

the top in . To calculate the lowest degree term in Z <X), we note that

since, from Lemma 16.22, the associator has the form

D = T T T + (terms of degree > 2)

then any contribution of Z arising from the associator will have a degree zero term
with coefficient 1, and terms of degree > 2. We have,

exp (:I:%H ) =T T + %H + (terms of degree > 2)
$0,

()2 (gﬁ 2B (N-A)

= ﬁ + (terms of degree > 2).

Let
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Then

Z(w(C»:Z(X...X):

‘We now show that the rest of the knot contributes a multiplicative factor of 1. Since
this part of the knot contains no singular crossings, the rest of the chord diagrams
are constructed by taking products of applications of the operators s and V to R*!
and the associator @. Moreover, since both of these have constant terms equal to the

identity, it follows that Z (X) —-Z (X) is equal to the sum of with

no chords except those in the indicated blocks, and with chords outside the
indicated blocks. Thus

(X X (ﬁ ﬁ ) + (terms of degree > 2)

= C + (terms of degree > 2)

by the construction of ¢(C). This completes the proof. O

‘We now prove Theorem 18.1.

Proof (Theorem 18.1). By Lemma 18.3, for each m, we have Z(Ji{,,f) - ﬂ%zm.
Therefore, Z induces a map

sz: x — ,Q/fzzm.

We have &7¢5,, 11 < /¢, and so we can compose sz with projection, , onto
the quotient space to get

G >m

noZ>m o —_—
m |
o ¢ >m+

Applymg the First Isomorphism Theorem (Theorem A.9) to the prOJectlon map

= =m

T om ~
L ol >m — 2y, gives —="- = = 4/, and hence, we can regard 7 o Z>m as giving
=m+1

rise to a map
P 0 Zom: KT — C.

Next, we note that # /. < 2, and so by Lemma A.10, p,, o sz induces a well-

m+1 —
defined linear map
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N
Pm©Zsm: '}1 — .
m+1

But this is precisely the map Z,, from the statement of the theorem.

Having shown the existence of the linear map Zn, the rest of the theorem follows
easily. The fact that Z,, o ¢,, = id follows from Lemma 18.3. Since ¢,, has a left
inverse, it is injective. By Lemma 12.11, ¢, is surjective and hence is bijective. That
Zn = @, then follows since Z,, o ¢, = id. ]

The proof of Theorem 18.2 is similar, with only small modifications, and is left
as an exercise.

Exercise 18.4. Modify the proof of Theorem 18.1 to give a proof of Theorem 18.2.

‘We have just shown that Lemmas 11.38 and 12.11 hold. Hence, by duality, so do
Lemmas 11.28 and 12.8.

Theorem 18.5. The maps

P
o — ¥,
m %171 m
and
4//f
T — —> v,
Vi

are vector space isomorphisms.

Proof. This result follows immediately from Theorems 18.1 and 18.2, and Lem-
mas 11.38 and 12.11. O

18.1.2 7 as a Universal Vassiliev Invariant

In fact, the Kontsevich invariant of Theorem 18.1 is a universal Vassiliev invariant
in the sense that it “contains” every Vassiliev invariant, or more specifically every
Vassiliev invariant factors through it. This universality property, for the unframed
case, may be summarised by the following commutative diagram, where 6 is a degree
m Vassiliev invariant.

%f zZ J?ic DP=m M;m

; Lw
C
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The universality property says for every given a degree m Vassiliev invariant 6, there
exists a W that makes the diagram commute, and, conversely, for any W there exists
adegree m Vassiliev invariant 6 that makes the diagram commute. This is formalised
in the following theorem of Kontsevich [102].

Theorem 18.6 (Universality). Let 7 be the Kontsevich invariant.

1. If W is any linear map W : o<, — C then the composite

Z = D= N
wo T s e S g — C

is a degree m Vassiliev invariant of framed knots.
2. Any degree m Vassiliev invariant 6 of framed knots can be written as a composite

0.0 L g0 I oL, LN

for some Wy : o<

<m

Proof. For the first part, by Lemma 18.3, VA (o / +1) C ,QZ,,,+1 In particular, this

means that (p<,, o Z)(Jif 1) = 0 and therefore Oy = W o p,, o Zisa degree m
Vassiliev invariant.
For the second part, let § € ”//mf be a degree m Vassiliev invariant. Since

ﬂj/mf /yf 7/f
re—te e ooy,
AN 7

we may write

0=9m +9m71+"'+007

f

~

where each 6; € _f for m > 1, and 6y € "// Using the isomorphism % =

xl i—1

\*
( i ) , we may then define maps W; € (2Z)* as the composite

and then define Wy € (&2,)" as
W@ =Wm+Wm71+"'+WO.

We may write
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pgmoz:zin+zm—l ++ZO’

where Zi = Pm © Z. Using, from Theorem 18.2, the fact that Zi = (pi_l, and so

W; o Z,- =6, 0¢;0 Z- = 6;, we then see that Wy o p,, o Zis equalto 6,, + 6,1 +

--++0p=0. Thus, Wy o p,, 0 7 and 6 are identical maps on %ff . Since, by

““m+1
Theorem A.23, #f = )’:f:l ® %f,f;.l

Vassiliev invariants and hence vanish on %/

and Wy o p<y 0 7 and 6 are both degree m

"n1- it follows that Wy o p, o Z and 6
take the same values on %/, as required. o

An unframed version of the universality property holds and is proved similarly.
Theorem 18.7 (Universality). Let 7" be the unframed Kontsevich invariant.

1. If W is any linear map W : ,Q{_S‘ — C then the composite

m
7" T pam . W
Ow : H — o =5 g — C

is a degree m Vassiliev invariant.
2. Any degree m Vassiliev invariant 6 can be written as a composite

Z“ ’:_ P<m —n W,
0: 4 — o= g5 —> C.

Sfor some Wy : ,ﬂzf;cm - C

Exercise 18.8. Modify the proof of Theorem 18.6 to give a proof of Theorem 18.7.

18.2 A Universal Quantum Invariant

We have just seen that the Kontsevich invariant is a universal Vassiliev invariant; that
is, it contains and unifies all of the invariants discussed in Part III of this book. In
fact, it also contains and unifies the Reshetikhin—Turaev invariants from Part II. We
shall prove this for the invariants arising from sl, and its standard two-dimensional
representation that we described in Sect.9.4.

For this, we need to modify a weight system coming from sl; so that it records the
degree of a chord or Jacobi diagram by means of an indeterminate #. We therefore
define W : o — CI[[A]] by its action on a chord diagram or Jacobi diagram D by

W(D) := Wy, o (D) - h*®),
where d(D) denotes the degree of D, and Wy, , is the Lie algebra weight systems

associated with sl, and its standard two-dimensional representation, as described in
Sect. 14.4.
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We prove that the Reshetikhin—Turaev invariant Q%> factors through the Kont-
sevich invariant via the weight system Wy, ,. To do this, we need to be careful
about codomains. The function W is evaluated in C[[h, h~"1]. We need to modify
the Reshetikhin—Turaev invariant Q®"* so that it also is evaluated in this space. We
shall do this by evaluating Q*>* at ¢ = /*/?; then, since this is a map, evaluating
this map at 1 gives an element in C[[A, h~']].

We shall prove the following.

Theorem 18.9. Let K be a framed knot, then

WoZ(K) = QP (K)| _pn (D),

where W (D) := W, b.p (D) - kD) d(D) is the degree of D, Wy, , is the Lie algebra
weight system associated with s\, and its standard two-dimensional representation,
and Q%%*(K) is the Reshetikhin-Turaev invariant associated with sl, and its stan-
dard two-dimensional representation.

The proof we give depends upon the specific details of the invariant Q*"* and
the weight systems Wy, ,. Writing Q(K) for QE[Z’P(K)]LI:W (1), we know by

Theorem 9.5 that Q%2°(K) |q:eh » (1) is determined by the skein relations

"t (X) —e M40 (X) = ("? -0 () C ) (18.4)
0 % =40 (T) (18.5)
0 (O ) =" e, (18.6)

Our strategy is to show that the invariant WoZ (K) satisfies the same skein relations.
Then, since (18.4)—(18.6) define a unique invariant, Q°%*(K )| (1) and W o

Z(K) must be equal.

To show that W o Z (K) satisfies the skein relation, we take advantage of the
combinatorics of Wy, ,. For simplicity, we shall denote the weight system Wy, ,
by W. By Theorem 14.24, we have that W = Wy, , is determined by the following
skein relations:

(=)l )
(O

g=ehl?
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We can rewrite (18.7) as

(D<) D)

We use (18.8) and (18.7) to show that WoZ <\/v\ ) satisfies the skein rela-

tionsin (18.4)—(18.6). For this, we start by comparing the values of WoZ \/'\ ,

Wo (X)dwzoo slncez( \) PR et o

compute the value of w ( ) (Technically, we have defined W only for chord

diagrams on a circles, so the figures involving chord diagrams should be considered
as being part of a larger circular skeleton.)
Let X, H and I be the configurations given by

KowH 1]

>

Then

1 )
=X — H'.
21!
i>0

ZZ’H

i>0

Sp.IOl{O 1

Turning to the computation of the weight system, we have

N [\ ~. / N ~.

| / - >< ‘ N |

WH) =W g|=w -2 o

& g g

g g
=WEXH'-IH)=Ww(X-1DH ") =-.. = W (X - iD).

Then, bringing in the indeterminate & whose exponent records the degree of a
Jacobi diagram,

f(3)-s o)

i>0

=W (Xexp(4(X — 1)) = W (X exp(hX/2) exp(—h1/4))
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since X and I commute.

Examining the exp(—hlI/4) expression, since the relevant section of the cord
diagram, I, is trivial, we see the total effect of this term is to multiply X exp(hX/2)
by a scalar exp(—#h/4). Thus, we may write

W (Xexp(hX/2) exp(—hl/4)) = W (X exp(hX/2)e™"/*)
=e¢ " W Xexp(hX/2)).

MW < ) = W Xexp(hX/2)). (18.9)

Exercise 18.10. Show that

AW ( ) = W (Xexp(—hX/2)). (18.10)

Using Eqgs. (18.9) and (18.10) and the linearity of W, we can then write

AR (lﬁ ) —e AW ( ) = W (Xexp(hX/2)) — W (X exp(—hX/2))

Xexp(hX/2) — X exp(—hX/2))

+1 [GRbgs
( X L o X

i>0

l Xi+]
211' 2’l’

Using the fact that X** = 1, for all nonnegative integers k, we can then write this as

~ i h l)h
Wz sz ] -7 (S-S ))

i>0 > i>0
i odd i odd

So we have shown

Il
<)

i odd

— W ((eh/2 _ e*h/z) I)
("2 — YW (D).

Thus, we have just shown that
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MW () —eMtw <) = (" —e M)W <T T) (18.11)

Observe that this equation holds if we apply it skein theoretically, in the sense that the

> —~
Iil , andT T represent three elements of o7 that are identical everywhere

except for in a small region where they differ as shown. Then, we have that WoZ
satisfies the skein relation

ST o <X) Mo 7 (X) =W o7 O C)

(18.12)
Having shown that W o Z satisfies (18.4), we now show it satisfies (18.5). In
showing this, we make use of the following exercise.

Exercise 18.11. Use Egs. (18.7) and (18.8) to prove that

-@+(1)
(o Q)-e(l) o

From the exercise, it follows easily that W o Z satisfies (18.4). First observe that

by Eq. (17.15),
7 7\) =Z<T>#ep<%@)

Then, apply Eq. (18.13) to obtain

T

WoZ [\) =e3h/4WoZ<T>. (18.14)

Exercise 18.12. Show that

WoZ %} :e_3h/4WoZ<T>. (18.15)

=<
SpIoYo 1

Hence, show that
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We move to the third skein relation (18.6). This follows from the following com-
putation. For the unlink,

R ere)
g ele)
=Wz (m) —e Mt WoZ ( ) (by (18.12))
=" WoZ (Q hWoz Q (by (18.14) and (18.15) )

Solving for WoZ (Q ) then gives
WoZ (Q) =M e, (18.16)

The key observation is that qu.\ (18;12), (18.14) and (18.16) together provide a
set of defining skein relations for W o Z(K).

Proof (Theorem 18.9). The defining skein relations, (18.4)—(18.6), for the knot
invariant Q%2*(K )|q=€h/2 (1) coincide with the defining skein relations (18.12),

(18.14) and (18.16) for Wo Z(K ). Sin/ge these relations define a unique invariant,
the values of QEIZ""(K')L[:W2 (1) and W o Z(K) coincide. m]

Corollary 18.13. The coefficient h™ in Q“”’(K)’ o2 (1) is a degree m framed
Vassiliev invariant. Its weight system is given by W5[2 o © Dm, Where p,, is the pro-
Jjection of /¢ onto .

Proof. From Theorem 18.9 we know W o Z(K) = Q*"[2~”(I()|q:eh/2 (1). The coef-
ficient of A™ in Q%2°(K )|q=e,,/2 (1) therefore equals the coefficient of 2™ in

Wo Z(K). Thus, if we define a weight system Ws('[")p by Wé'[':)p(D) = W, 0 (D)

if D is of degree m and equals zero otherwise, then we see the coefficient of 2™ in
stlﬂp(K)|q=eh/2 (1) is given by

(m)

H T Ly o P e T

<m
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and so is therefore a degree m Vassiliev invariant, with weight system Wﬁ('[’;) > by
Theorem 18.6. O

Theorem 18.9 and Corollary 18.13 together give the stunning result that the
Reshetikhin—Turaev invariants arising from the Lie algebra s(, and its standard rep-
resentation are the same as the Vassiliev invariants arising from the Lie algebra s[,
and its standard representation.

Theorem 18.9, however, does not only hold for the Lie algebras sl,, but more
generally for all semi-simple Lie algebras.

Every Reshetikhin—Turaev invariant coming from any semi-simple Lie algebra
g and any representation p of it factors through the Kontsevich invariant via the
(g, p)-weight system:

Wy, 0 h% o Z(K) = Qg’p(K)|q=em ). (18.17)

The skein theoretic proof given here for Theorem 18.9 comes from [114]. (In fact, this
reference proves the result, more generally, for the Lie algebra sl,,.) Proving (18.17)
however, is much more difficult and beyond the scope of this text. An interested
reader can find a proof in the source paper for the result [116], or in the book [90].
That the Reshetikhin—Turaev invariants give rise to Vassiliev invariants first appeared
in [24, 124], and that their corresponding weight systems are the Lie algebra weight
systems first appeared in [150].

As with Theorem 18.7, the result given in (18.17) is stunning. It says, somewhat
informally, that

A (K) contains and unifies all Reshetikhin—Turaev invariants.
e Understanding the Reshetikhin—-Turaev invariants Q9” is equivalent to under-
standing the weight systems W ,.

This should also be viewed together with Theorem 18.6 which gives the following.

Every Vassiliev invariant 6 factors through the Kontsevich invariant:

Wgopimozze.

This means, somewhat informally, that

o« 7 (K) contains and unifies all Vassiliev invariants.
e Understanding the Vassiliev invariants is equivalent to understanding weight
systems.

A consequence of Theorem 18.6 is that each coefficient of Q%7 (K)|,—.n2 (1)
is a Vassiliev invariant. However, Vogel, in [187], showed that not all Vassiliev
invariants (or equivalently weight systems) arise from semi-simple Lie algebras.
Thus, tantalisingly, although Reshetikhin—Turaev invariants and Lie algebras play
an important role in the theory of Vassiliev invariants, they do not form the whole
story.



Appendix A
Background on Modules and Linear Algebra

In this chapter, we provide an overview of the various algebraic prerequisites for
the text. Rather than trying to provide a comprehensive introduction to the relevant
algebraic structures, our exposition here is tightly focussed on introducing specific
structures we use in the way that we think about them. This means that our presen-
tation is not in as general a setting as it could be. For example, we focus on finite
dimensional vector spaces and free modules of finite rank. It also means that we
favour constructive definitions over universal characterisations of algebraic objects.
Additional background on modules can be found in, for example, [2, 27, 72, 97].
Our exposition is based on [27].

We shall let K denote a unital ring or a field. All rings in this text are assumed
to have a unit, even when this is not explicitly stated. (Usually, we assume rings are
commutative too.) Throughout the text, rings will generally be one of the following
examples.

1. The field of complex numbers C.

2. A ring of Laurent polynomials over C, C[t, t™ '] = {a_,t ™ + - +a_1t7" +
aot® + ajt' + -+ a,t" :m,n € Ny, a; € C).

3. A ring of formal power series over C, C[[¢]] = {Z?io a;t' :a; € C).

The ring operations are the standard ones.

A.1 Vector Spaces

We assume a familiarity with basic linear algebra. However, we will make a few
comments about the way that we think of vector spaces here, which is likely to
be different from that encountered in a standard undergraduate class. The reader
will be very familiar with the fact that a finite dimensional vector space V has a
basis {e;, ez, - - - , e,}, and thus, we can represent every element of V as a linear
combination Aje; + Azer + ...+ Aue,. Here, rather than thinking of these linear
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combinations of descriptions of elements of a vector space, we will think of the
linear combinations as being the objects of the vector space. This means that we
treat vector spaces as the set of formal linear combinations of basis elements, Ae; +
Aex + ...+ Ayey, thinking of each e; as a formal symbol (rather than thinking of
it as an element of R”, say). Typically our bases will consist of indexed letters such
as {ey, ez, - - - , e,}. However, sometimes they will consist of objects such as link
diagrams. In either case, the basis elements are treated in the same way as formal
symbols with no relations between them.

For example, an n-dimensional vector space over C with basis {e1, ez, - , €,}
has elements {A1e; + Aze; + ...+ A€, 1 A; € C}, scalar multiplication defined by

ARrer + ...+ Agey) = e + ...+ (Ary)ey, (A.1)
and addition defined by

(Aeg + ...+ re) + Mer+ ...+ 2e) = (g +ADer 4+ ...+ Oy + A))ey.

(A.2)

There will also be situations where, rather than defining a vector space by spec-

ifying a basis for it, we instead define a vector space as consisting of finite formal

linear combinations of some infinite set of objects (typically knots or diagrams). In

this case, if {D; : i € .}, where .7 is some indexing set, a typical element of the

space is

MDi + 22Dy + -+ A, D;

for some nonnegative integer p and scalars A;. Note that the length of the linear com-

bination is not fixed between different elements. Addition and scalar multiplication
are defined componentwise, as in (A.1) and (A.2) above.

A.2 Modules

As just mentioned, we view vector spaces as consisting of formal linear combinations
of objects or symbols. We also need to be able to consider formal linear combinations
of objects where the scalars are taken to be in a ring rather than a field. Thus, we are
not able to work exclusively with vector spaces but have to consider modules. These
can be thought of as vector spaces over rings rather than just fields. Although their
definitions are very similar, modules, in general, can have very different properties
from vector spaces, particularly where bases are concerned. However, for the knot
theory considered here, we are generally able to work with a class of modules, namely,
free modules of finite rank, to which key properties of vector space bases extend.

Definition A.1 (Module). A module over a unital ring K (or a K-module or a left K-
module) consists of an abelian group (V, +) together with a map fromK x V to V,
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with action given by (a, x) + ax,suchthat (i) a(x + y) = ax + ay, (ii) (a + b)x =
ax + bx, (iii) (ab)x = a(bx), (iv) lx = x,foralla,b e Kand x,y € V.

Note that if K is a field, then a K-module is precisely a vector space over K.

Definition A.2 (Submodule). A module W is a submodule of V if its elements form
a subset of V and its module operations are those of V. We use W < V to denote
that W is a submodule of V and write W < Vif W < Vand W # V.

Definition A.3 (Module morphism). If V and W are modules over the same ring K,
then f : V — W is a morphism (or K-morphism) if (i) f(x +y) = f(x) + f(y),
and (ii) f(Ax) = Af(x),forall x,y € V and for all A € K.

If the module morphism f is a bijection, then it is said to be an isomorphism, and
V and W are said to be isomorphic, written V = W.

If V and W are vector spaces, then a morphism is traditionally called a linear map
(or linear transformation).
We use the following notation throughout the text.

. Hom(V, W) is the set of all morphisms from V to W.

. End(V) is the set of all morphisms from V to V. Its elements are called endo-
morphisms.

3. Aut(V) is the set of all isomorphisms from V to V. Its elements are called auto-

morphisms.

N =

A.3 Generating Sets and Free Modules

Let S be a non-empty subset of elements of V. Then, the module generated by S is
(S) = {)lel + . Ax, A GK,X,‘ € S,I’l EN()}.

Thus, (S) consists of all finite linear combinations of the elements of S. If S is the
empty set, then () is defined to be the trivial module {0}. We say that V is generated
by S if (S) = V. A module is finitely generated if it has a finite set of generators. In
the case where V' is a vector space, S is also said to span V.

Equivalently, the module (S) can be defined as the smallest submodule of V
containing the set S, where smallest here means that it is a submodule of any module
over K containing S.

For notational simplicity, when writing (S) we usually omit the braces for the set
S. For example, writing (xi, x,) rather than ({x, x»}).

Definition A.4 (Linear independence). A non-empty subset S of elements of V is
said to be linearly independent or free if, for every finite number of distinct elements
X1, ...,x, of S, we have

Mx1+ ... +Ax, =0 = A=A =---=4, =0.
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Definition A.5 (Basis). A basis of V is a set of linearly independent elements of V
that generate V.

The reader will undoubtably be familiar with the fact that in a vector space every
one-element set is linearly independent. For modules in general, this is not true. For
example, if we consider Zg as a Zg-module, then {2} is not linearly independent since
3.2 =0 mod 6 and 3 is nonzero. The difficulty in this case is that the ring Zg has
zero-divisors (i.e. nonzero elements whose product is zero).

Definition A.6 (Free module). A module is said to be a free module if it has a basis.

A property of vector spaces that extends to free modules is that every element of
a free module can be expressed as a unique linear combination of basis elements.

Unlike vector spaces, not all modules are free; i.e., not every module has a basis.
Furthermore, for modules that do have bases, not all bases necessarily have the same
number of elements. Thus, we need to make the following definition.

Definition A.7 (Rank). A module is said to be a free module of rank n if it is free
and every basis has exactly n elements.

At this point, we are now able to describe the ways in which modules appear
throughout the text. We almost always define a module as a free module of rank »
with a given basis. We will usually specify a basis {e], e, ..., e,}, and every element
of our module can be expressed as a unique linear combination of these elements. In
fact, we consider the elements of the module exactly as being linear combinations
of the basis elements.

At times, we will define a module or vector space structure by considering a set S
of objects, such as knots or chord diagrams, and considering the K-module consisting
of all finite formal linear combinations of these elements. In these constructions, K
will either be the field of complex numbers C, a ring of Laurent polynomials over C,
or a ring of formal power series over C. Since these rings do not have zero-divisors
and since our objects are treated as formal symbols in the module (so there is no
relation between them), we may assert that S forms a basis of the module.

Exactly as in the vector space case, if V and W are free modules of finite rank,
{x1,...,x,} is a canonically ordered basis for V, {y;,..., y,} is a canonically
ordered basis for W and f € Hom(V, W), then f is completely defined by its action
on the basis

m

fixi— Zf,-]yj,
j=1

where this action is extended linearly to all elements of V, and so f can be described
as am x n matrix F whose (p, ¢)-entry is f;.
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A.4 Quotient Modules

We next record the definition of a quotient module. Before doing so, we emphasise
that the fact that V / W forms a module in the way described is non-trivial and requires
justification. We do not include this justification here, but it can be found in standard
algebra texts or can be verified by the reader.

Definition A.8 (Quotient module). Let V be a module over K, and let W be a
subspace of V. Let ~ be the equivalence relation defined on V by

X~y <& x-—yeW.
The set
V/W:={[x]:x e V},

where [x] is the equivalence class containing x (i.e. the set of all elements equivalent
to x under ~), is a module over K in which addition and scalar multiplication are
defined by

x]+[]:=[x+y] forallx,yeV,
Mx]:=[rx] forallx € Vand X € K.

The module V /W is called a quotient module.

In practice, the way we think about and use quotient spaces here is as follows.
We are given a module or vector space V and some nonzero elements ry, 5, . .., 1.
For our applications to knot theory, we will want to modify V in such a way that
the elements ry, ry, ..., r, become zero. We do this by forming the quotient module
V/{ri, ra, ..., r,). This quotient module should be thought of as the space that arises
from V by imposing the relations r; =0, r, =0, ..., r, = 0 and all consequences
of these relations.

Extending this way of thinking a little further, we will find that we want to modify

V in a way that will result in equations r; = s, 7, = s2, ..., r, = s, holding. To
do this, we form the quotient V/(r; — s1, ..., r, — s,), which we often denote by
V/(ri =s1,...,ry = S,). At times, when r; = 51,7 = 83, ..., 1, = §, constitutes
a named collection of relations (such as the “Turaev moves”), we denote V/(r; =
S1y .., Fn = 8,) by “V /name of relations”.

For example, let V be the free Z-module of rank 3 with basis {ej, e, e3}, so
V ={kie] + hex + A3ze3 1 Ap, Ao, A3 € Z}. If we wished to impose the condition
e1 + e, = e3, we could consider the module V/{e; + e; — e3), which we would
write as V/(e; + e = e3). The elements of this quotient module are equivalence
classes. Two elements x and y of V are in the same class and hence represent the
same element of the quotient module, if and only if there is a sequence of applications
of the equation e; + e, = e3, and all equations arising by taking linear combinations
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of this equation, that takes x to y. So, for example, 2¢; — 3¢, + e3 and Se; — 2e3
represent the same element of this quotient space since 2e; — 3e; 4+ e3 = 2e; —
3(e3 —e1) + e3 = Se; — 2es.

If f € Hom(V, W), then Im(f) denotes the image of f and is defined by
Im(f) :={f(x):x € V}. The kernel of f, denoted by ker(f), is defined by
ker(f) :={x e V: f(x) =0}.

Theorem A.9 (First Isomorphism Theorem). Let f € Hom(V, W). Then Im(f)
is a submodule of W, ker(f) is a submodule of V, and f induces an isomorphism

?: V/ker(f) — Im(f) : [x] — f(x).

Important to us here is the question of when a morphism will induce a morphism
on quotient spaces. For this let f € Hom(V, W), I be a submodule of V, and J a
submodule of W.

Then, f will always induce a morphism f:v— W/J via the action f : x —
[f(x)];, where [ f (x)], denotes the equivalence class in W/J containing the element
f ).

The question of when f induces a morphism f : V/I — W is more involved.
Using [x]; to denote the equivalence class of V /I containing x, we would like to
define f by the action [x]; — f(x). The difficulty is that this map may not be
well-defined since its evaluation on [x]; requires a choice of representative of the
equivalence class, and its value could depend upon this choice of representative.
Thus, we need to ensure that if [x]; = [y];, then f(x) = f(y), or equivalently if
v,z € [x];, then f(y) = f(z). This can be shown to happen exactly when f (1) :=
{f@) :i € I} = {0}. We state this result, without proof, as the following theorem.

Lemma A.10 Let V and W be K-modules and let I be a submodule of V. Let
f € Hom(V, W). Then there exists a morphism

fV/I—> W:[x]— f(x)

if and only if (I) = {0}.

Many of our applications of Lemma A.10 use it in the following form that we
state for vector spaces (since this is our application).

Lemma A.11 Let I, V, and W be vector spaces and suppose that I < V. Then
Hom(V /I, W) Z{f € Hom(V, W): I <ker(f)}.

Another way that we shall apply Lemma A.10 is through the observation it pro-
vides thatif / is finitely generated by xy, . . ., x,,, to show that f induces a well-defined
morphism from V/I to W we just need to check that f(x;) =0,---, f(x,) =0.
With this in mind, and for application, we record the following special case of
Lemma A.11.
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Lemma A.12 Let U and V be finite dimensional vector spaces, andry, ...,r, € V
Let F be the vector space of all linear maps from U to V that satisfy the relations
r1=0,...,r, =0, that is

F={f eHom(U,V): f(r1) =0,..., f(r,) =0}
Then

F =ZHom(U/{ri,...,ra), V).

A.5 Dual Modules

The dual of a module V is the module obtained by considering the set of morphisms
from V to the ground ring K and endowing it with the obvious addition and scalar
multiplication.

Definition A.13 (Dual). Let V be a K-module. Then, the dual of V, denoted by
V*, is the K-module V* := Hom(V, K) where for A € K and f, g € Hom(V, K),
the morphisms A - f and f + g are defined by

A-fix—Af(x) and f4+g:x+— f(x)+ gx).

It is readily verified that V* forms a module. (It is perhaps worth noting that,
unlike the vector space case, in general the above operations will not define a module
structure on Hom(V, W) for modules V and W since the resulting maps need not be
module morphisms.)

Recall the Kronecker delta

0 ifi #j,
8ij = e
1 ifi =j.

At times it will be natural to write the Kronecker delta 8;. ; as 8/ or 8"/,

Definition A.14 (Dual element ¢). Let V be a free K-module with basis {¢; : i €
£}, where .# is an indexing set, then for eachi € .# we define ¢/ € Hom(V, K) by
its action on the basis elements

ei (ej) = Si‘ ’
where 8; is the Kronecker delta.

The elements e’ can be used to form a basis of the dual space.
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Theorem A.15 Let V be a free K-module with basis {e; : i € J}, where .7 is an
indexing set. Then, {e' : i € ¥} is a linearly independent subset of V*. Moreover, if
(e; - i € ) is a finite set, then (€' : i € #} is a basis of V*.

Note that a consequence of this theorem is that if V is a free module of rank 7, then
sois V*.

Definition A.16 (Dual basis). Let V be a free K-module of finite rank with basis
B ={ey, e, ..., e,}, then the basis dual to B is the basis {e', €, ..., e"} of V*.

We shall think of dual spaces in the following way in this text. We usually work with
free module of rank n, V, given by a basis {e, ey, ..., e,}. We will think of its dual
space V* as the free module of rank n, V*, given by a basis {e!, 2, ..., e"}). The
elements of V* are exactly formal linear combinations of {e!, €2, ..., e"}.

At times it will be convenient to denote the dual element to ¢; by (e;)*, so for an
element v € V, we use v* to denote the element v* € V* defined by v*(v) = 1 and
v*(x) = 0 for all x € V with x # v. Note that (¢;)* = ¢e'.

Theorem A.17 Let V be a free module with a finite basis. Then V** = V. More
precisely, the map ¢ : V. — V** defined by e; — e;* = (¢')* is an isomorphism.

We also need to consider dual maps. Since our applications only require the
generality of free modules of finite rank, for simplicity we work in this setting.

Definition A.18 (Dual morphism). Let V and W be free modules of finite rank
and f : V — W be a module morphism. Then, the dual of f denoted f* is the map
f*: W* — V* defined by

frigr(gof),

where g € W*.
We will make use of the following properties.

Theorem A.19 Let V and W be free modules of finite rank and f : V. — W be a
module morphism. Then

1. f*: W* — V*isamodule morphism.

2. f isinjective (respectively, surjective) if and only if f* is surjective (respectively,
injective).

3. If f is an isomorphism, then (f~')* = (f*)~.
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A.6 Direct Sum

We consider two ways to combine modules. The first of these is the direct sum.

Definition A.20 (Direct sum). A K-module V is the direct sum of a family of
submodules {V;};c.», where .# is an indexing set, if every x € V can be written in a
unique way as x = » ,_ , x; where each x; € V; and all but finitely many of the x;
are zero. We write V =, _, V;.

Note that the uniqueness condition in the definition means that no element in any
given V; can be obtained as a finite linear combination of elements in the other V;.

‘We remark that there are two notions of direct sum in a module, the internal direct
sum and the external direct sum. The definition above is the internal direct sum. The
external direct sum is defined by considering Cartesian products, but we exclude its
definition here since we always think of our direct sums as internal direct sums. Both
forms of direct sum result in isomorphic modules and so it has become standard
to refer to both constructions simply as the direct sum, to use the same symbol &
for both, and to let the reader deduce from the context which type of direct sum is
intended (which is usually clear).

We record two results about the direct sum in the generality we need them.

Theorem A.21 Let V be a free K-module of finite rank with basis {e, ey, . .., e,}.
Then
V ={(e1) ®(e2) ®--- @ (en).

Theorem A.22 Let V be a free K-module of finite rank, and suppose that V =
V] @ V2. Then

Vi@ V) =V e Vs

At times we will need to consider the graded completion of vector spaces, which
essentially means allowing infinite sums in the definition of the direct sum. For this,
we will be given a family of vector spaces {V;};en, indexed by the nonnegative
integers. The graded completion V= @ioio Vi of {Vi}ien, is defined by removing
the condition that all but finitely many of the x; are zero from Definition A.20.

We shall make use of the following direct sum decomposition of vector spaces.

Theorem A.23 Let V be a vector space, and U be a subspace of V. Then
vWw/U)eU.

In particular, if V is finite dimensional, then dim(V) = dim(V/U) + dim(U).
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An important application of Theorem A.23 is that when we have a filtration
Vo2 Va1 2Vaoaz--2Vi2W

of a vector space V,,, we can write that vector space as a direct sum of quotient
spaces:

Vm = (Vm/vm—l) @ (Vm—l/Vm—Z) @ et EB (VI/VO) @ V0~

This isomorphism enables us to examine V,, by examining the quotient spaces
Vi/Vi_1, which may be more amenable to study.

We shall need to consider the direct sum of morphisms.

Definition A.24 (Directsum of morphisms). Suppose that V and W are K-modules
suchthat V. =@, , V; and W = @, _ , W;. Suppose also that { fi};e.~ is a family
of morphisms where f; : V; — W; for each i € .#. Then the direct sum of {f;}ic.»
is the morphism @, _ , f; : V — W defined by, foreachx =) ",_, x; € V, setting
(@ieﬂ fi) (x) := D icp filxi).

It is routine to check that @,_, f; is a module morphism and that &,_, fi is
injective (or surjective) if and only if each f; is.

A.7 Tensor Products

A discussion of the tensor product of modules in full generality would be considerably
more involved than what is required in this text. Accordingly, in this section we work
in the generality that we need for the applications in this book and define a tensor
product of modules accordingly. Throughout, we shall let U and V denote free K-
modules of finite rank.

Definition A.25 (Tensor product). The tensor product, U ® V, of free K-modules
U and V of finite rank, is the quotient module F (U, V)/I(U, V), where F(U, V)
is the free K-module with basis U x V and I (U, V) is the submodule generated by

L (uy +uz,v) — (U1, v) — (uz, v),
2. (u, vy +v2) — (u,vy) — (u,v),
3. Au,v) — (Au,v),
4. Au,v) — (u, \v),

forall u, u;,u, e U,v,v;,v; € Vand A € K.

The image of (u,v) in U ® V is denoted by u ® v, and we therefore have the
relations

I. (1 +u) @v=u1 Qv+ u Qv.
2 uQ@(i+w) =u®vi+uv;.
3.0u®v)=RAu) Qv =u® (Av).
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In the current setting, the best way to think about the module U ® V is not as a
quotient module, but rather as the module consisting of all finite linear combinations
of elements of {u @ v: u € U,v € V}, where u ® v should be thought of as just a
formal symbol, subject to the above relations.

As an example of a tensor product, let Q[x] and Q[y] be the vector space of
polynomials in indeterminates x and y, respectively, over Q. Then, Q[x] ® Q[y] =
Q[x, y], where Q[x, y] is the vector space of bivariate polynomials in x and y.
A natural isomorphism is given by the linear extension of the map ax’ ® by’ >
ab(x'yl).

Any element of U ® V can be represented as a finite sum
n
Z a;,j u; ® Vij.
ij=1
It should be noted that it is not true that every element is of the form (Z:’zl a; ui) ®
(X0 bivi).-
Note that in this book, our convention is to omit or include the comma separating

indices (e.g. a;; versus g; ; in the above) depending on which choice in a particular
instance adds clarification.

Theorem A.26 Let U, U;, V and W be free modules of finite rank. Then

1. themap u ® v — v ® u defines an isomorphism
U®vz=veu,
2. themap (U@ Vv) @w > u ® (v ® w) defines an isomorphism
UV)aW=U(VeW);
3. themaps A @ v > Avandv @ A +— Av define isomorphisms
KvzvVvzVeK;

4. the map (Y ;c; ui) ® vi> Y ;c; (u; ® v) defines an isomorphism
(Pu)yev=Puiev.
iel iel

Definition A.27 (Twist map 7). The isomorphism 7 : U ® V — V ® U defined
by t:u ®v > vQ uis called the rwist map.

Definition A.28 (Contraction map). The maps definedbyl @ v > Avorv @ A
Av that provide the isomorphisms K® V.=V or VQ K=V , respectively, are
called contraction maps. They are denoted by «. The inverses of the contraction
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maps, k!, are denoted by 1. Their element-wise actions are defined by v~ 1 ® v
orvi—> v 1.

Theorem A.29 Let U and V be free K-modules of finite rank with bases
{ui, uz, ..., uy} and {vi,va, ..., vy}, respectively. Then

forms a basis for U @ V. Thus, U ® V is a free module of rank mn.

The following can be proved by comparing the actions on the standard basis
elements.

Proposition A.30 Let U and V be free modules of finite rank. Then

UV =veU*.
Furthermore, a natural isomorphism is defined on basis elements by (u; @ v;)* >
Vi@ ul.

The following definition introduces a map called contraction and denoted by «
that is different from that appearing in Definition A.28. We use the same name and
notation for the two types of map since it is standard in the literature, and since, in
practice, it will cause no confusion.

Definition A.31 (Contraction map). Let V be a free K-module of finite rank with
basis {e, e, . .., ey}, and let {e!, e, ..., ¢"} be the dual basis of V*. Then, the con-
traction map k refers to either the morphism defined by its action on basis elements
by

/<:V®V*—>K:ei®ejr—>ej(ei)=8f,

or the morphism defined by its action on basis elements by

K:V*®V—>K:ei®ejr—>ei(ej):8;.

A.8 The Tensor Product of Morphisms

Definition A.32 (Tensor product of morphisms). Let f : U — U’ and g: V —
V' be morphisms between free modules of finite rank. The tensor product f @ g of
f and g is the module morphism

f®g:UV->URV:(fRu®V) = fu)®gW).
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To facilitate the construction of the matrices representing tensor products of mod-
ule morphisms, we specify a canonical ordering for the bases of the tensor product
of vector spaces with ordered bases. If U and V are free modules of finite rank with
ordered bases {uy, us, ..., u,} and {v{,vs,...,v,} and f : U®” — V®4 then we
index the coordinates according to

f(uil ®“.®M"n) = Z fi{]’mzijq Viji ®”’®qu'
For example, let U be a free module of rank 2 with basis {u, u,}. Then, the map

2
FrUQU—-URU: ui@u;j— . fHlueu
k=1

is represented by the matrix
/i 11,’11 fia fay B
f 11,’12 f 11,52 f 2112 £
flz,’ll f1221 fzz,'ll fzz,él
fEE 1 By s
There is the following product for matrices that is related to the tensor product of
the maps they represent.

Definition A.33 (Kronecker product of matrices). Let M = [m;] and N be matri-

ces, where m’J is the (i, j)-entry of M. The Kronecker product M ® N is the block
matrix

M®N = [m‘,N] .
For example, the Kronecker products R ® I, and I, ® R where

a000
0bcO
0de0 |’
000 f

are, respectively, the 8 x 8 matrices
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Fa000000 0] fa0000000]
06000000 0bc00000
0060c000 0de00000
00060c00 000£0000
00d0e000 and OOOgaOOO (A-3)
000d0e00 00000bcO
000000 Ff0 00000de0
10000000 £ | 10000000 £ |

Proposition A.34 LetU, V, S and T be free modules of finite rank, andlet f : U —
Vand g : S — T be module morphisms. If F and G are matrices of the module
morphisms f and g, then the matrix of the module morphism f ® g with respect
to the canonical order on the bases of the tensor products is the Kronecker product

F®G.
We shall also use the following result.

Proposition A.35 LetU, V, SandT be free modules of finite rank, andlet f : U —
Vandg : S — T be module morphisms. Then, if both are considered as maps from
U8 t(VRT) (orfromU* QS toV*QT*)wehave (f @ g)* = f*® g*.

A.9 The Fundamental Morphism Hom(U, V) EU*® V

We will now describe a key result about tensor products: that Hom(U, V) andU* @ V
are isomorphic. Extensive use will be made of this since it enables us to represent
morphisms by tensors.

Lemma A.36 Let U and V be free modules of finite rank. Then
Hom(U,V)ZEU*Q® V.

Moreover, isomorphisms between these spaces can be defined as follows. Let
{ui, ..., uptand{vy, ..., v,} bebasesforU andV respectively, andlet{u', ..., u"}
be the corresponding dual basis of U.

1. Letvy : Hom(U, V) - U* ® V be defined by

1/;:f+—>2ﬁa"®v,»,

iJj

where f € Hom(U, V) with its action on the basis given by f(u;) = Z?:] fijvj,
fori=1,...m.
2. Let¢p : U*® V — Hom(U, V) be defined by
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¢>:Zfl-jui®v‘,~|—>f,

ij

where f € Hom(U, V) is defined by, for x € U,

f) =) flul () v;.

iJ

Then ¥ and ¢ are mutually inverse isomorphisms. (In the sums, i ranges from I to
m and j ranges from I to n.)

As an example, if U and V are free modules of rank 2 and
fiuj—> fjlv] +fj2vz,
then f is identified with the tensor

A @v)+ £ @ @v)+ fAu' @) + 7 @ ).
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Rewriting the Definition of Operator Invariants

In Sect. 7.3, the following rewriting of the definition of operator invariants was stated.
Here, we provide the computations for that rewriting.

Theorem B.1 Let V and W be free modules of the same finite rank. Then

Q(%WRJIJJ)

is an operator invariant if and only if

1. there exist isomorphisms oo: W* — V and B: V* — W such that
U=, A=@N",  w=p’ =@
2. Ris an invertible R-matrix;
3. Ifu:=poa"': V= Vthen
a. (toR™")" o (idy- ® ) o (Ro1)" o (idy+ ® )~ = idy-gv;

b Try (R o (ld ® w)) = idy;
c. Ro(uew) =@meunoR.

‘We make use of the following isomorphisms.
The N —map

Lemma B.2 There is a natural isomorphism
()" Hom(X, Y) - Hom(X ® Y*, K): > (x®grH g(f(x))).

For a proof, see Exercise 7.22.
The U —map

Lemma B.3 There is a natural isomorphism

()Y: Hom(X,Y) > HomK, X* ® Y): 1x — in ® f(xi).
i
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For a proof, see Exercise 7.24.

We shall use these maps to describe the four maps ;t) ; ;t) n in terms of two
isomorphisms

The maps (-)" and ()Y provide a relation between the spaces Hom(X, Y),
Hom(X ® Y*, K) and Hom(K, X* ® Y). Maps in spaces of the form Hom(X ®
Y*, K) and Hom(K, X* ® Y) arise in the definition of operator invariants (namely

- — > o«

— — = <«
themaps n, n, u, u),and we shall see that the natural idea of expressing n, n, u, u
in terms of maps in Hom(X, Y) is a very good one. Let

a:W*i vV,

BV S W,

be isomorphisms. The cap- and cup-maps applied to «, § and their inverses have the
following domain and codomain pairs:

aV: K-> WV, (@ HM: Ve w - K,
BY: K-> VW, B H:WeV—-K

Determination of Element-Wise Actions of Compositions
of Some U and N Maps

Explicit element-wise actions will be needed for the maps aY, gY, (a’l)m, and

(ﬁ‘ : )m. These are gathered here in one place, together with the definitions of scalars
for representing «, 8, ! and B~! with respect to the standard bases of V and W.
Let

a: W= Viw' > 3 alvy, aTtV = Wi 3w/,
B: V= Wi Y Blw, B W = Viiwi > Y Bvd, (B.1)
R: V& - ye2: 3, Rf‘jl e ®v, R71:v® 5 ye2, Zk,lﬁfj Vi @ V.

Lemma B.4 We have the following element-wise actions.

@t VEo Wi Y ad wy

B W — Viw > 3, Bl

(a_l)* W= Vv Z_/ ajiv/;

(B VW= Y W

@V K-> WeVilg Y wi®@aWw) =3, o’ w ®v;;
BUK—> VRW: Ik 3 v ®BOV) =3, Bvi @wy;
@HVeW - Koy @w; > (a7 () w) =a;;
BHWRV > Kiwi @v; > (B w)) (v) = B

o N & A W~
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Proof. We consider the items in turn.
Part 1. From the notation for « in (B.1),

a: W > V:w > E a’ v,
J

Now o*: V* — W**, and {(w')*}; is the natural basis of W**, so let

a*(v) = Zc’j (wH*.

To determine ¢/, consider the action of «*(v/) on w¥. Then
(W) =) e ) wh) = .
i

Thus

M= oa)w) =v/ (Z ok vm) = ol
m

and therefore o*(v/) = )", o (W)*soa*: v/ > Y o w;.
Part 2. This follows similarly.
Part 3. From the notation for &~! in (B.1), it follows that

(afl)*: W™ — V*: (Wi)* — (Wi)*OOl71
where

(Wi)* 0(171: V - K: Vj > (Wi)* (Z&jk Wk> :Ej,-.

k

Thus

(a_l)* FW = V) e (v @)

Rewriting this map in terms of the standard basis {v;}; of V, we have
(a’l)* : (wi)* > Z&k,- VK.
k

But

W S W W) e w

so, under this isomorphism (o ~!')* may be regarded as a map
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(a_')*: W= V" w — Z&ki VK.
X

Part 4. This follows similarly.
Part 5—8. These follow easily from the element-wise action of (-)" and (-)" described
in Lemmas B.2 and B.3. O

Simplification of the Conditions for the T1- and Ty-Moves

We next show that the existence of the four maps Z, (1;, 7{, 7 in the definition of an
operator invariant is equivalent to the existence of two isomorphisms o: W* — V
and B8: V* — W. This equivalence will allow us to rewrite the remaining conditions
in the definition of an operator invariant in a simpler form.

LemmaB.S5 Leta: W* — V and B: V* — W be isomorphisms, and let ;, 7{, u
and 1 be maps defined in terms of these by

— — <~ <«
u= " n.= (Oéil)m, u:= ﬂu, n.= (:371)0-

’

Then, the Turaev Conditions (7.8) and (7.9) for moves T and T,, respectively, are
satisfied.

Proof. We shall prove the result only for one T;-move, since the result for the other
moves follow similarly.

By considering the left-hand side of the Turaev Condition (7.8) and using the
actions given in Lemma B.4, we have

(1 ®idy) o (idy® u) o ta(v;) = ((orl)m ®idv) o (idy ® aY)(v; ® 1)

_ <(a—l)ﬁ ®idv> (Vi ® Za/k wi® Vk)
J.k
=y ((of‘)m ® idv> (ocjk Vi ®W; ® Vk)
j.k

= Zajk ((a—l)ﬁ(vi ® Wj)) ® Vi

J.k

— otk : —1,\N

_Zoe,]a (Ig ®vg) (actionof (@™ ) ")
j.k

=Y Sk (g ®vp) (sincea™ oo =idyw)
k

Kl
=1lg ®v; — v;.
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Thus, we have shown that (7 ®idy) o (idy® u) = idy if = " and n= (a~")".
The results for the T,-move and the remaining T,-move follow similarly. O

The next result, which is the converse of Lemma B.5, shows that if the Turaev
Conditions (7.8) and (7.9) hold, then « and 8 exist and are unique.

Lemma B.6 Let Z Z u and (L?, with domains and codomains as indicated in (7.3),
satisfy Turaev Conditions (7.8) and (7.9) for the T- and T,-Moves, respectively.
Then there exist unique isomorphisms

W >V, and BV W

]

— — « <«
suchthat —u=a", n=(@H", u=pY, n=EH".

— —
Proof. Let the element-wise actions of n and u be
— — — —ij
n:VeWw-—-K:v®w; —n;, u:K—>W®V:1Kr—>Zu Wi @V;.
ij

S i
where n;;, u € K. We know that

(Z ®idy) o (idy® ;) =idy (left-hand side of (7.8)) (B.2)
(idy® 1) o (4 Ridy) = idw (right-hand side of (7.9)). (B.3)

Let @ be the map

—ij

a:W*—>V:w’r—>E u vj.
J

Then, it is easily checked that o =;, and « is the unique map with this property
since the U-map is invertible. Now let y be the map defined by

N .
y: Vo> Wiy E nij wl.
J

Then, by the action of the N-map of ¥ we have y"': v; @ w; r—>71)ij ,so0y" =n and y

is the unique map with this property since the N-map is invertible. It remains to show

that ! = y which may be done by showing that y o & = idy- and o o y = idy.
First consider y o . The element-wise action of this map is

. Sij Sij
(Yyoa)W) =y Zu V; =Zu n i wk,

J Jjik
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Sij o
so y o o = idwy-~ if and only if Zj u njr= 4. Now, from (B.3), and using Con-
vention 7.14, we have

Ko (idw® Z) o (3 ®idW) o1 =idy
SO
w; = idy(w;) = K o (idW® Z) ° (Z ®idw> o L(wy)

= o (idw® 1) o (i @idy ) 1k @ wi)
=Ko<idw® 7{) Z;jk wi ® v @w;
J.k

ik > —jk =

=K u ngw®lg | = u Ny wj.
J.k J.k
—Jjk - .

Therefore, ), 4 ny ;= §; ; whence y o a = idy».
The relation (B.3) implies that « o y = idy in a similar way, and therefore, there

>~ — —

exists amap o: W* —> V such that u= " and n= (@ 1)".

The construction for B: V* — W follows in a similar way, completing the proof.
O

Simplification of the Conditions for the T3-Move

Lemma B.7 Let (V, W, R, ;t), Z, Z, (1;) define an operator invariant. Then the
Turaev Condition (7.10) is equivalent to

Ro(u®mu) =m®uoR (B.4)

where
= ﬂ* o a_l (B.5)

and o and B are the unique maps (from Lemma B.6) such that

u=a", u=p", A=@NH", n=EH".
Proof. Consider the T3-move for the positive crossing. We prove this lemma as
follows. In Stage 1, we calculate the element-wise actions of the maps on the left-

and right-hand sides of (7.10). In Stage 2, we show that (7.10) is equivalent to

@®a) o (B®BoR =Ro(@ )@@ ))eE " ®p )
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by calculating the element-wise actions of the left- and right-hand sides of this
equation. The lemma, in effect, then follows in Stage 3 as the dual of this identity.
Stage I: From (7.10), the Turaev Condition for T3 is

aso---oay =bso---0by,

where
as == id®’® 7, as = id®? ®idy® 1 Ridy,
a3 =id® @R®id®?,  ay :=idy® u ®idy ®id%?,
ay :==u ®id%?,

and
bs :=n ®id%2, by == idy® n ®idy ®id%2,
by =i @ R®id%?, b, :=id¥? ®idy® u ®idy,
by :=id%® u .

Applying as o - - -

L
Wi @ wj >

Thus

(6150"

ap

az

as

ay

as

o ay, making use of ¢, to the element w; ® w; gives

Ik @ w; @ w;
Zwk®a(wk)®wi®wj

k
ZWk®1K®05(Wk)®Wi®Wj
k

Zwk Qw ® (Ol(Wl) ®01(Wk)) QW Qw;

Z " W @ Wi ® (Vi @ V) @ Wi @ W,

k,l,m,n
Im k
E """ R Wi @ Wi @ v, @ (vg @ wi) @ W
k,J,m,n,p,q

oMok
Z "o, quwk®wl®(vp®wj)
k,l,m,n,p,q

E oMo, @,y RE i @ wy.
k,lm.n,p.q

coan)(w @w;j) = Z OZZmOlk"o( i@y R T Yo ® W

k,l,m,n,p.q

Similarly, applying bs o - - - o by to the element w; ® w; gives

(B.6)

(B.7)

(B.8)

(B.9)
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W,’®WJ‘I—L> W,’®Wj®l]K

b
— Zﬂklwi@)wj@vk@wl
k.l
bso
S Y BB @ Wi ® (v ® i) @ Wy ® W
k,l,m,n
b
— Z B gmn RIITwi®(w;®v,) ® v, @w, @ w,
k,l,m,n
b _
= Y BB, REL (wi @) @ wa @ W
k,,m,n,p,q
b _
S0 BYB™B By RIEwa @ Wi
kJ,m,n,p,q

Thus

(bso---ob)(w;, @w;) = Z BY BB, By REL Wy @ Wi (B.10)

k,l,m,n,p,q

It follows from (B.6), together with the evaluations given in (B.9) and (B.10), that
Turaev’s Condition for the T3-move is equivalent to

Z (xlmak”&qi&m RZZ Wi ® wp = Z ﬂklﬁmn,gjp Eiq R/f,z Wn ® wi.
k,l,m,n,p,q k,,m,n,p,q
(B.11)
Stage 2: The next stage is the simplification of (B.11), beginning with its right-hand
side. It is convenient to consider the map

To(BR®B)oR o (B @B ot (B.12)

where 7 is the twist map. Now
Blep e 7
Wi @W; > w; @w; | —> Zﬂjkﬁi,vk(}bv’. (B.13)
Kl

But
R:(VRV) > (VeV): (n®v) — (v®v;)*oR
and therefore, element-wise,

(vi®v) oR: vy ® v > (v ®vj)*ZRZ§"Vm Qv, = R;fl

m,n
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SO

R (1 ®v)") = ®v) oR= Z R (v @ v)* = Z R W™ @ "

Continuing with the application of the map (B.12) from the point reached in (B.13),
we have

— — R* — —
D BB @vi— > BBy R @V
k.l

k,l,m,n

BRB 2 7 kl

— Z Bix Bi B™ B Ry wp @ wy
k,J,m,n,p,q

T 7 A kl

—> Z Bix Bi B"" B R, wy @ W)

kJl.m,n,p.q
) kl

= > BBy BB Rigw, @ w

k,,m,n,p,q

where the latter is under reindexing the summation through m +— k, k +— p,l +—
q,q — n, p+> 1, n+— m. But this expression is precisely the expression on the
right-hand side of (B.11) so

ajo---oas=to0(BRP)oR o (B'@BF NHor. (B.14)

The left-hand side of (B.11) may be simplified in a similar way by considering
the map

to(@®a)oR o (@) ®@H)or. (B.15)
Now
T
w; @ w; —> w; @ w;
(@ Y@@ _
— E ) o Ve
kI
R Ry~ Rkl m n
— apj o R, v Qv
k,,m,n
o Qa* — = pm _qn Rkl
— agj o o R W, ® wy
k,l,m,n
12 — — _pm _qn Rkl
— ogj o o o n Wqg @ W)
k,,m,n,p,q

_ Im kn— —  ppq
= E a ot Ao Ry wie @ wy

k,l,m,n,p.q
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where the latter is obtained by reindexing through ¢ — k, p+— [,k — p,l — ¢q.
This expression is precisely the expression on the left-hand side of (B.11) so

bio-obs=to(@®a)oR o (@) ® @) or. (B.16)
Thus, combining (B.14) and (B.16), it follows that (B.4) is equivalent to
to(BRB R o(B'@B Hor=10@@a)oRo(@)®@H)or
and therefore, since t is invertible, (B.4) is equivalent to
B&BoR (B O =@ ®aNoR (@) @@h). (B
Stage 3: Condition (B.17) is equivalent to
@ @a) o(B®B) oR =R o ((a—l)* ® (a—l)*) o' @B !
which is equivalent to
((a—l)* 0,3) ® ((a—])* 0,3) oR* = R* o ((a—l)* O’B—l) ® ((a‘l)* oﬂ—l)
By Theorem A.19, (f’l)* = (f*)’l, so this is equivalent to
(H® W oR*=R"o(u®w?*
since, by Proposition A.35, (f ® ¢)* = f*® g*. ThusRo (u®@ p) = (L @ ) o R.
A similar analysis for the T;-move with the negative crossing gives that Con-
dition (7.10) is equivalent to R™! o (1 ® u) = (4 ® u) o R™!. But, by multiplying

on the left and right by R, we see that this holds if and only if Ro (u ® u) =
(u ® u) o R. completing the proof. O

Simplification of the Conditions for the Tg-Move

Lemma B.8 Ler (V, W, R, ;, (l;, 7{, (ﬁ) define an operator invariant. Then, the
Turaev Condition (7.16) is equivalent to

Try (R* o (id ® w)) = idy (B.18)

where [ is as in Lemma B.7.
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Proof. From (7.13), the Turaev Condition for the Tg-move is
(idve 7)o (R @idy) o (idy® i) = idy. (B.19)

We show that the element-wise actions of the left-hand sides of this and (B.18) are
equal. For the left-hand side of (B.19), we have
" I—L> v ® Ik
ideu
—

Zﬁjk Vi @ Vi ® wy (since u= pY)

J.k
R®idw ik pl
— E B R Vi @ vin @ Wi
Jok.lm

idv@n _ ; . < _
= Z i B Rf;” vy (since n= (&~ HM).

J.k,m

For the left-hand side of (B.18),

id®
Vi ®V; —5 Vi @ u(vj)

= v®p (Ofl(vj)) (sincep = B*oa )
= v®p (Zajk Wk)
k

= Z ai B v e (Lem. B.4 (2))

]
s S @ B R v ® v, (from (B.1))
k,,m,n

= Z Al v @ vy (where A7" 1= Z&jk B R,

m,n k,l

Having found the action of the map R o (idy ® ), we may determine the action of
the map Tr, (R o (idy ® w)). Recalling from Exercise 6.4 that if

A:vi®vj > E Al"y ®@v,  then  TrA:v; E A?}’vm,
m,n m,j

SO

Trz(Ro(idy ®1)) — Ik pmj — ik plm
Vi > E O jk /3 R,‘l Vm = E Ak ﬂj Rij Vi
k.lm,j Jikm

where the latter equality is by reindexing through m +— [, j > m, [ +— j.
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We have shown that the actions of

(idv® Z) o (R®idy) o (idv® i?) and T (Ro (id ® )

on v; ® v; are identical. The argument for R~! is similar, and the result therefore
follows. O

The (-)"'- and (-)">-Maps
To simplify Condition (7.14) for the T7-move, two further maps, the (-)"-map and
the (-)2-map, are introduced together with a technical result concerning them.

Lemma B.9 There is a natural isomorphism
() Hom(VQ W, X ®Y) — Hom(X*Q@ W, V*®Y)
(w@w = S film@n) = (F@w > Ty £ v ).

Proof. Consider the space Hom(V ® W, X ® Y). There is a composition of natural
isomorphisms such that

12

Hom(V W, X ®Y) VOIW)@Xe/Y (Lem. A.36)
VW' XY
XeWHe(V'RY)
X*QW)®(V'®Y)

Hom(X* @ W, V*®Y) (Lem. A.36)

1 1

12

so let
()": Hom(V@ W, X ® Y) —> Hom(X* @ W, V* ® Y).

The element-wise action of the isomorphism (-)"' is obtained in the familiar way, by
following the above chain of natural isomorphisms. Thus

() f= (vi QW > Z fi';l X ® yl)

]
— Z i];l Vi ®@w;)" ® X ® yi (Lem. A.36)
il

— Z filjlvi ® w/ QX QY
ij.k.l
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— Y M @wew)e o ® )

ikl
— Y Hafew) e @)
ikl
—> (xk QW > Z e y;) (Lem. A.36)
i
and therefore (f)": x* @ w; > Y, fi/ v/ ® y;. The result now follows. o

Lemma B.10 There is a natural isomorphism

o~

()2 Hom(V@ W, XQ®Y) — Hom(V @ Y*, X @ W*)
: (Vi ®Wj > Dy lejl X ® YI) > (Vi ®y Dok i];l Xk @ Wj)'

Proof. There is a chain of natural isomorphisms through which

()2: Hom(V@ W, X ® Y) —> Hom(V ® Y*, X @ W*)

may be defined, and the element-wise action of this isomorphism is constructed in a
similar way:

)2 f = (vi QW = Zf,/;lxk ® y1>
k.l

— Z f/;l Vow @x® y (Lem. A.36)
i,jikl

— Y 0 @) ® (@ w)
i,j.k,l
— Y e y) @ (e w)

i,j.k,l

— v ey - Z fl’;l X @ w! (Lem. A.36)
Jik
and therefore ()2 : v; ® ¥ — ijk fl’;l Xx ® w’/. The result now follows. O

The isomorphisms (-)" and (-)” have the following properties that are stated in
the next three lemmas.

Lemma B.11 The maps (-)"" and (-)" are involutory.

Proof. We show that ()" is involutory and omit the proof for (-)* since the proof is
similar. Now
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Hom(V@ W, X®Y) =ZEHom(X*® W,V*®Y)
= Hom(V*Q W, X" QY)
ZEHom(VOW,X®Y).

The result follows immediately by computing the element-wise actions. O
Let "1 denote ((£)")", and f=" denote ((f)?)".

Lemma B.12 We have, f'2 = f* = f2n,

Proof. Applying t; to f using Lemma B.9, we have

fUXeW S VIeYixew - Y fiIviey,
il

and then applying ¢, to this gives
fie. X QY > VW x*oy — Z i’;lvi Qw.
i,J
But f*: (X ® Y)* — (V ® W)* with the element-wise action
T ®@y) — ((xk @y)ofrvi®@w; Z [ @ y)*(x, ® yq)) .
Pq

However,

Zflfq (e ® yl)*(x[? ® yq) = Zf;fq (Skp 5lq = fi];l»

P.q P

so, in terms of standard bases,

@) e Y v w),

i,j

and then

f*:xk®ylr—>2]‘i’;lvi®wj.
i,j

Thus, the actions of 1" and f* on a basis element x* ® y' of X* ® Y* are equal
SO

fl] %) — f*.

Similarly, f2" = f*, completing the proof. O
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Exercise B.13 Complete the proof of Lemma B.12 by showing that 2" = f*.
The final property of the maps #; and #, that is need is the following.
Lemma B.14 [n the above notation, f?""? = f" and f"2" = f=,

Proof. FromLemmaB.12, (f21)2 = (f*)2 = (f"2)2 = (f")22 = f" since ()"
is an involution by Lemma B.11. Thus f21%2 = 1 Similarly, f 2" = f", O

The Simplification of the T; Condition

With the introduction of the maps #; and ¢, and their properties, we may now proceed
with the simplification of Turaev’s Condition for the T;-move.

Lemma B.15 Suppose that conditions T and T, hold. Let

Y i= (idy ®idv® ) o (idy @ R@idy) o (i @idy @ idy ),
T i= (7 ®idy ®idw ) o (idw @ R @idw) o (idw @idve® & ). (®20
Then, under the conditions of Lemma B.7, the relations
YoT=idy ®idy and ToY =idy ®idw
hold if and only if
(toR™M " o@d®u)o(Rot) o(d®u) " =idy ®idy.
Proof. The result is proved in Part 1 of the proof and is subject to two claims, which

are proved in Part 2 of the proof.
Part 1: From Lemma B.6,

u=a",  u=p", n@H", n=EH"
Claim1l.Y = (¢*®id) ot o (Ro1)? 0 (id ® @~ H*.
Claim2. T=({d® B) o (to R H2 o010 (7! ®id).
Assume that these to Claims are true. Then
YoT= ldW ® ldV

if and only if

(@*®id)oto(Rot)? 0 (id®a™")*
0l d®B)o(toR M2 010 (B! ®id) =idy ®idy.
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Setting 4 = B* o ™!, then
([d®a ) o(d®p) =ide ",
so Y oT =idy ®idy if and only if
(@*®id)oto(RoT)?0(id®@u*)o(toR MH20t0 (7! ®id) =idy Qidy.

Conjugating both sides with 7 o (87! ® id), it follows that Y o T = idy ® idy if
and only if

7o' ®id) o (@* ®id)ot 0o (Ro1)?0({id® u*) o (r o R™H2 = idy @ idy-.
(B.21)

The composition of the first four factors can be simplified by first observing that
to(B'®@id)o (@ ®id)or =10 (B 'oa’)®id)ot (B.22)
and then that 8~ o * = (u*)~'. Therefore, from (B.22),
To(B'@id)o(@* ®id)or =70 ((u")‘1 ® id) oT. (B.23)
Now

7 () ) @ v,

v ® (W) 7)) = (idy ® ) ™") (v ® v)).

T
Vi®Vj Vv ®V;

Then
to((w) ' ®id)or =id® (1)
and so, from (B.23),
to(B' ®id)o (@ ®@id)or = (i[d®@u*) .

Substituting this into (B.21) gives the condition, Y o T = idy ® idy if and only
if

([d®u) " o (Ro1) 0 (id®u*) o (o R =idy @idy-. (B.24)

Taking the dual of this condition, we obtain

(oR™™) o (d® ) o (Ron)) o ((ide ,L*)*l)* = idy. ® idy
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and then, using Lemma B.12, gives
(toR™MH212 6 Gd@u)o(Ro1)?"2 0 (id® )~ =idy- oidy.
We therefore conclude from Lemma B.14 that Y o T = idy ® idy if and only if
(toR™M'o(d®u)o(Rot) 0o (id® u)~! =idy- oidy.
A similar analysis shows that T o Y = idy ® idy if and only if
(toR™ D1 o@@d®u) o (Rot) 0 (id®u)~! =idy- oidy.
This establishes the result, conditional on the truth of Claims 1 and 2, which is
proved next.
Part 2:
Proof of Claim 1. By definition,
Y = (idv R idy ® (ofl)m) o(idy ® R®idy) o (ozu ®Ridy ® idw) .

Determining the element-wise action of Y on v; ® w;, we have

ey, CEEY N ek @ v ®w, (Lem. B.4(5))
k,l
R
dw BRSidw Z ok R" Wi ®@ vy @ v, @ w; (from (B.1))
k,l,m,n
. . —1\N
OB N G R G Wi @ Vi (Lem. B.4(7)).
k,l,m,n

To determine the element-wise action of (e* ® id) o 7 0 (Ro 7)? o (id ® &~ 1)*,
the right-hand side of Claim 1, it is first necessary to determine the element-wise
action of (R o 7)”. This is straightforward since, from (B.1),

(Ro)(vi®Vv)) =R(v;®v;) = ZRff Ve @ vy,
k.1

so, from Lemma B.10,

(Ro1)?:v; @ v > ZR’]‘-ka@vj.
k,j
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Thus

(idy ®a~")* _ k
Vi @w; > E apjvi Vv

k
(RoT)2 _
> § ay R v, @V (Lem. B.10)
k,l,m
T —
— E @ RV @ v,
k,l,m
o*®idy _ k i
— E oy R o™ wy, @ vy, (Lem. B.4(1))
k,,m,n
— mn ki
= E Opj R o™ wie @ v,
k,l,m,n

where the last step is by reindexing through k +— n, n — k. Thus, the two maps have
the same element-wise actions and are therefore equal. This completes the proof of
Claim 1.

Proof of Claim 2. Since the proof of Claim 2 is very similar to the proof of
Claim 1, we leave it as an exercise. The completion of the exercise completes the
proof of the Lemma. O

Exercise B.16 Complete the proof of Lemma B.15 by proving Claim 2 in its proof.

The Proof of Theorem 7.19

Proof (Theorem 7.19). In view of the previous three lemmas, all that remains to be
shown is that
RoR'=idy ®idy =R 'oR, (B.25)

which comes from the T4-move, and that
(idy ® R) o (R®id) o (d® R) = (R®id) o (id ® R) o (R0 id), (B.26)
which comes from the Ts-move and is the Yang—Baxter Equation (see Definition 5.4).

But (B.25) holds since R is invertible and (B.26) holds by definition since R is an
R-matrix. O



Appendix C
Computations in Quasi-triangular Hopf
Algebras

This Appendix contains proofs of some results stated in Chap. 8. The proofs serve
as good practice for working with algebras and, in particular, ribbon Hopf algebras.

The Following Result Appears Earlier in the Text
as Proposition 8.31

Proposition C.1 Let (U, m, A, e, n, S, R) be a quasi-triangular Hopf algebra. Then

1. (¢ ®idgy)(R) = 1y = (idy ® &)(R),
2. (S®idg)(R) = R™! = (idg ® S~1)(R),
3. S®SR =R

Proof. Part 1 was proved after the statement of Proposition 8.31.
For Part 2, since 2 is a Hopf algebra, it follows from Definition 8.23 that

mo(S®idy)oA=noe=mo(idyg ® S) o A.
Using Part 1,
(m ®idg) o (S @ idg ® idgy) o (A ® id)(R) = ((n o &) ®ide)(R) = lagsa.
Then, by Definition 8.29(2),
(m @ idg) o (S @ idy ® ide)(Ri3 - Roz) = laga.

Applying the operators on the left-hand side to R;3 - Ry3, we have

© Springer Nature Switzerland AG 2018 375
D. M. Jackson and 1. Moffatt, An Introduction to Quantum and Vassiliev Knot Invariants,
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Ris- Ry = Y ar®a @) oy Se)®a;® BB

i,j i,j

m®ldQlZS(a) Olj®(,31 ﬁj)_ (Zs(az)®ﬁz) Zaj®ﬂj
J

iJj

= ®idyw(R) R,
SO
laga = (m ®idgy) o (S ® idy ® idy) 0 (A ® idg)(R) = (S ® idg)(R) - R.

Therefore (S ® idg)(R) = R™!, giving the left-hand side of Part (2).
For the right-hand side of Part 2, we use the opposite algebra from Exercise 8.27,

AP .= (A, m®, A, e, 9, S7H).
Since (A, R) is a quasi-triangular Hopf algebra, then so is (A°P, R?!) where R?! =
7(R). Moreover, since we have proved that (S ® idg)(R) = R~!in (%, R), it follows,
by applying the identity to 2°P, that
P ((S7! @ idger) (R*), R*) = Lowngar.

Then

P (7! ®idgewr) (R*), R?) = m (R*, (7' ® idor) (R*))
=m (t(R), (™' ® idyw) 0 7(R))

= (Zﬁi ®Oli> ‘ ZS_I(,BJ') ®0‘j)
—Z SS7HB)) ® (e - @)).

But

Y-S B @@ ey =1 (@ a)®(Bi-SB))

i,J i,j

=Y @®B) (¢ ®S5'(8))

iJj
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=1 (Zai ® ﬂ,-) (X eese)
i J
=1 (R (idyw ® STH(R)).
Therefore,
7 (R (idoor ® STH(R)) = laorgarer.
Applying t to this identity gives
R- (idgor @ STH(R) = (1gmgaer) = T(1go @ lgw) = lgw ® lgw = lgowggo.

By Exercise 8.3, 19 = 1g(, and Part 2 follows. |
For Part 3, from Part 2 we have

(S ® ido)(R) = (idy ® STH(R).

Then (idg ® S) o (S ® idgy)(R) = Rso (S ® S)(R) = R, giving Part (3). |
The result therefore follows. 0O

The Following Result Appears Earlier in the Text
as Lemma 8.35

Recall that in a quasi-triangular Hopf algebra the element u is defined by
ui=) S

where ), o; ® i = R.

Lemma C.2 (Almost-centrality). Let 2 be a quasi-triangular Hopf algebra. Then,
the element u is almost central. That is,

u-x = S5%(x) - u, forall x € .

Proof. For an arbitrary x € 2, let

A =) yi®z
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and

(A ®idy) o A(x) :=Zak®bk®ck. (C.1)
k

Since 2 is a quasi-triangular Hopf algebra, for all a € 2 we have, from Defini-
tion 8.29(1),

(toA)a)=R-Aa) R,

SO
R-A(a) = (t o A(a)) - R. (C.2)

Now

R® 1g) - (A ®idg) 0 4)(x)) = (R® lay) - ((A ® idar) (Z Vi ® Zi))

=(R®la)- (Z Aly) ®z,-)
=Y R-A)) ®
=Y (toa() R ®z  (from (C.2))

- Z ((t1o0A())®z) (RR1g)

= ((r ® i) (Z A() ®zi>> (R® la)
= (1 ®ida) (4 8 ida) 0 A(X)) - (R® 1a1)
50
R® la) - (A ®ida) 0 A)(x)) = (r @ ida) (A ®ida) 0 A(X)) - (R® ).

Thus, using (C.1),

D @-a)®Bib) @c =y (b ) ® (- B) .

ik ik
By applying

mo (m®idy) o (5*® S ®idy) o 13,
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where 73 switches the first and third tensor factors, to each side, we obtain

D SHew) - SPBibi) - () =Y SHew) - Slar - Bi) - (b - )
ik ik

so rewriting and remembering that S is an anti-homomorphism,

DS BeS(c)) - SB) - (i -a) =Y S (c) - SBi) - Slar) - (b - i) (C.3)

ik ik

We now show that the left- and right-hand sides of (C.3) equal u - x and S?(x) - u,
respectively.
For the right-hand side of (C.3) From the definition of the antipode S of the Hopf
algebra (A, m, A, &, n, S) we have

mo(S®idg)oA=noe=mo(idg ®S) o A. (C.4)

Therefore, tensoring on the right of each side with idg and applying them to A(x)
gives

(m ® idg) o (S ® idy ® ide) @ (A @ ide)(A(x)) = (( 0 &) ® idg) (A(x)).
(C.5)

It is immediate by direct calculation that, in the notation of (C.1), the left-hand side
of (C.5) is equal to

> (S@)bi) @ cx.
k

Since ¢ is a counit,
(e®idg)(A(x)) = lx ® x and (idy ® &)(A(x)) = x ® 1, (C.6)
so the right-hand side of (C.5) is
((noe) ®idgy)A(x) = (1 ®idg)((¢ ®idg)(A(x))) = (n ®idg)(lgk @ x) = g ® x.

Thus, from (C.5),

> (S(ab) ® cp = log ® x
k

and, on applying (S? ® idy) o T to each side, we obtain

Y SHe) ® S@be = 82(0) ® la.
k
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Then, multiplying on the right throughout by ", S(8;) ® «; gives

D ($2e) S(B)) ® (S(abay) = Y (S7(x) S(B)) ® e
k,i i
Applying m to each side gives
D (S2 ) S(B) - (Slapbea) =Y 87 (x) S(B) i = S*(x) - .

ki

Therefore, the right-hand side of (C.3) is equal to S2(x) - u.
For the left-hand side of (C.3) Tensoring the property (C.4) of the antipode S, on the
left by idgy, and then applying each side to A(x), we have

((idg ®@ m) o (idg ® idg ® ) o (idg ® A)) (A(x)) = (idg ® (770 £))(A(x))
= ((idg ® n) o (idgy ® ¢)) (A(x))
= (idg @ ) (x ® Ig) (by (C.6))
=x® lg.

But, by direct computation with (C.1), we have

((ider ® m) o (idy Q@ idy ® §) o (idy ® A)) (A(x)) = Zak ® (bi - S(cx))
k

and therefore

Y ® (b S(e) =x ® Iy
k

so applying (S ® idg) o T to both sides gives

D St S(e) ®ar = S(la) @ x = Iy ® x,
k

where we have used that since S is an anti-homomorphism, S(1g) = 1g. Multiplying
on the left throughout by 1g ® u, we have

> S(be S(er) ®uag = 1o ® (u-x)
k

and then applying m to each side and expanding u, we obtain

D SbiS(e)) SB) i ar = x.

ik
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Therefore the left-hand side of (C.3) is equal to u-x. We therefore conclude
from (C.3) that S?(x) -u =u - x, completing the proof. |

The Following Result Appears Earlier in the Text
as Proposition 8.37

Proposition C.3 Let 2 be a quasi-triangular Hopf algebra, and let u be as given in
Definition 8.34. Then

S2(u) = u,

u-Sm =S5 -u,

u S(u) is in the centre of 2,

A =R R @ew=@ueu: (=R R,

ul =3 8 S (ay),

AS@) =R -R™- (S ®@ SW) = (S @ Sw) - (z(R)-R)",
e(u) = 1k.

NS A BN~

Proof. We consider the items in turn.

For Part 1. From Lemma 8.35, we know that u - x = S?(x) - u for all x € 2. Butu
is invertible from Lemma 8.36, so the result follows by setting x = u. |

For Part 2. From Lemma 8.35, we know that u - x = S%(x) - u for all x € . Then,
applying S and recalling that S is an anti-homomorphism gives

S) - S3(x) = S(x) - S(u). (C.7)

The result follows from Part (1) by setting x = S ). |
For Part 3. Let a € 2. Then, setting x = S~'(a) in (C.7), we have
S) - S%(a) = a- S(u).
But $?(a) =uau~! from Lemma 8.36 so S(u)-uau~!=g-S(u) and then
(S(@)u) -a =a- (S)u) for all a € A. The result follows. |
For Part 4. Our proof follows that from [90]. We have
A® AR) = (A Qidy ® idy)(idy ® A(R))

= (A ®idg ®ida)(R13) - (A ®idy ® idg) (Ry2)
= (Ri4R24)(Ri3R23) (Def. 8.29(2)),
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Then, writing R = ), o; ® f; gives

D Ae) ® A(B) = RisRasR 3R

L

= D (@ ®@ua,) ® (B ®BiB).  (C)

J.kdm
Next, writing Ry, for 7(R),
AT (R)R = A(u)RyR
=Y A(S(B)ati) - Ry - R
=D AGSB)) - A@) Ry -R

= Z (S®S8)ot(A(B))) - A(ei) - R - R (Eq. (8.9)).
Using Definition 8.29(1) we have, forall a € 2, thatt 0 A(a) = R- A(a) - R™! and
S0,
A(a) = Ry - (1 0 Aa)) - R3}.
Thus, from the above,
AWTRIR=)Y ((S®S) oT04)(B) Ryi - (Ae)) R
i

=) (S®S)oT0a)(B) Ry -R- Aler) (Def. 8.29(1))

1

D ((S®8BjB @ BiBm)) - Rat - (apajoy ® Bpoaum) (Eq. (C.8)).
Jj.k,m,p

We can define an action of 2A%* on 21 ® 2 through an operation * by
E@N*XRY)=E®)Y) x®y) - X.
Observe that, since S is an anti-homomorphism,
x@MN*(XQY)*(A®QB)=(x®y)*(XAQYB).

By expanding the R’s in terms of «’s and B’s, and then applying Lemma 8.32, we
see that
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A T(RR = Z ((S®S)(BjBx ® BiBm)) - Rat - (atperjory ® Bpogoum)

J.kJdm,p
= Ra1 * (Ri2R13R23R14R24)
= Ro1 * (R3Ri3R12R14R24).

Now,

Roi %Rz = ) S(B/)Bi ® i
ij
= (S ®idy) (Z S7'(B)B; ®(¥ia’j)
ij
= (S ®idy) (R3] Ra1) (Prop. 8.31(2))
= (S ®ida)(lar ® L)

Then

Ro1 # (R3R13) = (Ryp % Rp3) % Ri3 = (g @ lg) #Riz = ) S(Bi)e; ® 1o =u @ lgy.

1

and

Roi ¥ (RRisRp) =@ ® Iy *Rp = ® 1g) - R.
Then

Ra1 % (Ro3aR13R12R14) = (w® 1) - R) * R4
=) (S®HUy®p)) - @@ lg) - R+ (; ® )

l

=Y (g ®SB) - @ lg) - (@) ® B)) - (; ® lgy)
i,J

=@U®ly)- (Z(Otjdi ® S(ﬁi)ﬂj))

i,j

=® ly)- (idy ®9) (Zajai ® S‘l(ﬂj)ﬂi)

ij
=@ ly) - (idy ® HRIR)) (Prop. 8.31(2))
=@ ly).
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Finally,

Ra1 * (Ri3Ri3R12R14R24) = (W ® 1) * Ry
= (1a®S(B)) @@ ln) - (Il ® )

=®ly) - (Ig Qu
=u®u,

showing that A(u) - 7(R) - R = u ® u, giving one of the identities of the claim.
For the other identity, Definition 8.29(1) gives

ToA(m)=R-A()-R7.

So
A() =Ry - (T 0 A()) - (R3).

Then
A) =Ry -R-(A) -R™" - (Ry),
and, since A(u) = (u® u) - (z(R) - R)~!, it follows that
@®u) =1(R)-R- A),

completing the proof of this item. |

For Part 5. We have
T Z ST -a; (Prop. 8.36)
J

=morto(idg ®STHR™
=moto(idg ® S o (idg ® ST (R) (Prop. 8.31(2))

= Z S2(B) - a

Using that S?(u) = u, the first item of this proposition, and that S is an anti-
homomorphism,

Iy = S(1g) = S%(1g) = S*(uu™) = %) - SP(w™H =u-S*@™).

Since u is invertible, it follows that u™' = §?(u~"). Then,
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u!l=8@) =5 (Z S7(Bi) - a,) =Y B S(@),

as required. |

For Part 6. By Eq.(8.9), we have (S® S)o A =10 Ao0S. We also know from
Part (4) that A(u) = (t(R)-R)™'-(u®u) = u®u) - (r(R) - R)~'. Then

T(R)-R-ASW) =7(R)-R- (10 (§® 9))(Aw)

7(R-7(R)) - (r o (§ ® 5))(A(w))

=7(R-7(R)- (§® S)(A(w))

TS®SHR) - ((S®SHR)) - (S® ) (AW)) (Prop. 8.31(3))
T(S®HR) - (S®NE(R)) - (S® S (AW))

=7((S® S (AM) - t(R) -R)) (Sis an anti-hom)
=7((S®Hu®u) (Part (4))
= S(u) ® S(u)

The other equality follows similarly

For Part 7. By Proposition 8.31,

ly ® 1o = lgga = ((n 0 &) @idy)(R) = ZS(%‘)lm ® Bi.

i

Applying the product m to this expression gives 1oy = D, e(e;) B;. Since S is an
anti-homomorphism and e(e;) € K, 1oy = S(1g) = ) ; (a;) S(B;). Then since ¢ is
an algebra morphism, 1g = (1) = ), e(;)e(S(B;)). However,

e(u) =¢ (Z S(B:) -a,») =Y e(SBe() =Y el@)e(S(B)),

1 1

where we have used the fact that ¢ («;) € K in the last equality. It follows that e (u) =
1k, as required.
This completes the proof of the Proposition. O



Appendix D

A Proof of the Invariance of the
Reshetikhin-Turaev Invariants

In this appendix, we complete the proof of Theorem 9.3, which is restated below for
convenience.

Theorem D.1. The Reshetikhin-Turaev invariant, Q*, is an invariant of framed
oriented coloured tangles.

The following technical lemma will be needed in subsequent calculations.

Lemma D.2. Let {¢;}; and {¢'}; be bases of V and V*, where ei(ej) =6 j. Let
f, g € End(V). Then

L3 f(e- e/ (g(e)) = (f o g)(ei),
2. 3 e (flew) - e (glem)) =€ (f o glen)) .

Proof. Let f(ej) =3, fi e, and g(e;) = >, 8¢
For Part 1,

Y fley-egen =) fle,-e (Zgi} eq) =2 frer 8
j jp q i.p

=> g fle,=foglen.

Jsp

completing the proof of Part 1.
Part 2 follows by applying ¢’ to each side of the first identity, completing the
proof. O

Proof (Theorem 9.3 (and Theorem D.1)). We must show that Q% is invariant under
each of the framed, oriented Turaev moves FTy, ..., FT7 given in Theorem 7.33.
For each such move, the appropriate tangle diagram is sliced into elementary pieces
in the usual way. To clarify certain steps in the proof, we have occasionally indicated
with an underbrace sub-expressions that are scalar.
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For FTy: This is trivially satisfied since id®" ® Q%(T) = Q%(T) = Q*(T) ® id®"
and (Q*(T") ® id®") o (id®" ® Q*(T)) = Q*(T") ® Q*(T) = (id®*" ® Q*(T))
o (QM(T") ®id®™).

For FT;: The proof of invariance under F T was given in Sect. 9.2 after the statement
of Theorem 9.3.

For FT,: Since the diagram has only one component, there is only one colour.

Let V be the module associated with this colour. By slicing, we have Q% ( @ ) =

(V) (J) o

(Y A) (W)

ei}—L>ei®lK — Zei®ej®ej — Zei(ej)@)ej:lK@einL)ei,
J J

S0 Q‘ﬂ(@) = idy.
Similarly QQ‘<Q> =Qg‘(l ﬂ>oQ”<U l).Then

o o A A

e — lg®e (rg l> Ze" ® pyi,(e) ® ¢
J

o(

.L)m) Zej ®e (o)1, 0 Puiy(e)))
J

= Z€j®ei(€j)=ei®1K|L)ei’
J

so 0% (Q) =idy.
Thus Q% (@) = Q% (l) = Q% <Q) so Q% is invariant under FT,.

For FT5: The proof of invariance under F T3 was given in Sect. 9.2 after the statement
of Theorem 9.3.

A
For FT4: The tangle > has two components that are coloured as shown
—_— oV /N oV
using the representations p" and p". By slicing, we have
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Qm(§>=Qm(V/\7>OQQ‘<K/\'>:V®W—>V®W.

The colouring of the strands of both Vy\v and ‘/\)' is induced by the colouring

A
of > . Then, writing R™! = }". &@; ® B;,

AN

*(%7)

e ®w; 5 Zpgf(w])ébpak(ez)
(W)
ATA me@)pﬁ ot Zpﬁk(wn@apak(e)

Y (pg, 0 Py (en) (pE, o Pl w)))
k.l

- S (hero () won

k.l

(Z (oh @ 0l ) o (0l ®p,§f)) (e; @ w))

k.l

oVew
Z; @ ®B, © “Zk Gfk®ﬂk (ei ®@wj),

Vew

where o is a representation of A ® 2 on V ® W. The final term of this equals

Vw Vew Vow Veow
O-R(Xl) oO-R(g’ (€[®Wj):O'R,(x])R (ei®wj)=G @ (€,®WJ)—6,®WJ,

wo'()=er(11)

The argument for the other FT4-move is similar and left as an exercise. With this
exercise, it follows that Qi’1 is invariant under FT4.

Exercise D.3. Show that Q% z = Q0% (T T) to complete the proof of
/

invariance under FTy.

VA/ oY PTAA v
N\
For FTs: We consider the tangle ” SV and U y ?", with their three com-

]
ponents coloured as shown. By slicing these, we have, using the induced colouring
for the slices,
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()= (K 1) (130) e (K 1)

= (ro((r" @ p™MR) ®idy) o (idv @ (o (0" ® p")(R)))
o(to (e’ ®p"H(R) ®idy)

QQ‘(%)=Q“(T K/:)Qm(&/\’ T>Qm<T K/:)
= (iaw & (ro (0¥ @ p")®)) o (v o Efﬁ” ®E>W)(R>V) ®i(‘14,V) )

The proof that these two expressions are equal is similar to the proof of Proposi-
tion 8.33 and is left as an exercise.

Exercise D.4. By considering the element-wise actions of the maps, show that
A
() ()

For FTg: The tangle @ has one component, so we can assume that it is coloured
using the representation p". Regarding this tangle as a composition of (% and

[\) , with the same colouring, we have

0* % =Q* % o Q* % LV S V. (D.1)

/ [

We consider O p first. Slicing this gives

(o)1 A (3 orl ) -

where each elementary piece is coloured using V. Then
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e; I—l> e ® Ik
o¥(

rT—>U) Ze,-@ej@ej

0*( X ,
('4 ¢) ZP}{,(Q) ®,0;/k(€i) ® ¢’
ik

o )
(|T—>m ) Z'D};" (ej)) ® (ej (’O\Y’luak (6,)))
e eK
s Yo (¢ (0 @)
ok
= D P e (@) (Lem. D.2)
k
= P%k Bev-ugy (@) (0" is arep. of A.)
But
Z Br vieg = Z Bru oy v! (vis central: Def. 8.38(1))
k k
= (B S* @) uv™! (Lem. 8.35)
k
= uluv’! (Prop. 8.37(5))
= vl
Thus

f

o™ p =Py (D.2)

Similarly, slicing Q% [% gives

Qm(,&o)zgmm NV)ee (S e (1) v

where each elementary piece is coloured using V. Then
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L
e — ¢ ®Ilg

Ay,

®e; @

02 ("X ,
('/—> b Z P (€)) @ pp (e) @ €
jk
0% .
(LG) Zpgf(ak)(ej) ® (ef (va—luﬂk(e")))
sk eK
) Yo - (ej (pxluﬁk(ef)))
j.k
- Y <pSV(aU ° pVV,luﬂk) (e) (Lem. D.2)
k
= DY sav-rup (@)
But
D Sv u fe=v" ) Sen) u- By (vis central: Def. 8.38(1))
k k
=v 'Y S(u) - S*(B) (Lem. 8.36(2))
k
=vls (Z S(Br) ~0(k) ‘u (S is anti-homom.)
k
=v!.Su)-u (Def. 8.34)
—v (Def. 8.38(2)).

Thus Q% [% = p‘Y . Then from this, together with (D.1) and (D.2), we have

A
o2 @ =pliop) =p ., =p, =idy = Q% (T) so Q% is invariant
/

under FT4. A similar argument shows that Q% % =% (T), so 0% is

also invariant under FTg.



Appendix D: A Proof of the Invariance of the Reshetikhin—Turaev Invariants 393

> >
For FT; : Thetangle ﬁ has two components so let its colouring be v{kﬁ) W
! P I p

4 4
and let the colouring of | | be (Di .
{ oW v
v

VYo
Let
A= and B := * ,
A 4 oV W

pwé);pv =BoA and pvéi)pszoB.
ew-e (1A (132U T

and

om0t (Voo (LX) (1)

To prove FT; we need to show that

>

so that

YoT=idy-®idy and ToY =idy ®idy-.
The action of T is given by

e"®wi,‘ —> ei®wj®1K
4 10) -
) 5

0% .
(QT V) Ze’ (Psap () ®pp (W) ® €

ei®w‘,~®ek®ek

e ® Py (e) ® pg (w) ® &

— Zei (p;/(m)(ek)) -pg/(wj) ® k.

k.l
eK
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The action of Y is given by

w, ® el —> Ik @w, @ e?

(S HV)

!

Zem ® p:;lv(em) ® Wp ® eq

(V)

4

Z e ® P/‘;:(Wp) & p;/"u—lv(em) ® el

m,n

!

(1Y)

!

> " @ pl (wy) @ e (pvvfll,%uflv(em))
m,n
ek

IL> Z e’ (p:/*lua”uflv(em)> e ® IOEZ(WP)

m,n

eK

= Zeq (p_g"/Z(a“)(em)) e ® P;:(Wp),

m,n

eK

where for the last equality we have used that v is central and Lemma 8.35 to write

Vv _ SV _ .V
Pyv-tug,u-ty = Pugu-t = Ps2(q,)

A
Then Q% ﬁ =Y o T and so acts by
/
A
Qm( ,)

oW % ¢ (Y (@) € (03 (em)) €" @ P} 07)

—— ———
k,l,m,n ————
eK cK

> ¢ <psv<az> ° Pg@(«xn)("’m)) " ® pg, (W)

I,m,n

eK
where the last equality was by Lemma D.2(2). Thus
>
it

d@w; 53 (D s @m) € @ o). (D)

l,m,n

ek
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But

> (S@) - @) © (Ba - By) = (S@ida) Y (S@a) - (@) & (Ba - Bp)

a,b a,b

= (S ®idg) ((Z S(ea) ® ﬂa> : R)

= (S ®idg) ((S ®idg)(R)) - R)

= (S®idg)(R™'-R) (Prop. 8.31(2))
= (S @ idg) (1)

= lyga-

Thus

IZ PS5ty €m) @ ol v = (0¥ @ ™) (Z Sten) S @n) @ ﬂnﬁz) (em ®w))

I,n
= (0l ® Piy)(em @ w))

=en ®w]~.

This gives

Y Oy 52 (@) @ O (W) = en @ w;.

I,n

Applying the map ¢’ ® idg to each side gives

= (Dl s en) ® pit 00)) = € (en) @ ;.

In

Multiplying by e” ® 1y gives

Zei ('Og(oa)'Sz(au)(em)) e ® plg‘:ﬁt W) = ¢ (em) - €" @w;.
lLin
Then, summing over m gives
D (P s em)) " @ ol () = Do ellew) " @w; = e @ .
l,n,m m

and therefore, from (D.3),
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(@),

eQw;, ¢ Qw;.

S
o* }“@ =idv.®idW=Q9‘<lT>.
4
0% @i =ToY,
\

Thus

Similarly,

and so acts by

4
QQ{
Wy ® ef (;> ) Y2 ohn ) @ (& (P em)) ) - (€7 (51 )

k,l,m,n

= Z 'Olg/ﬂu (WI’) ® (eq (p;(an)s(al)(ek))) ek

k,l,n

Next,

> S @p)S(a) @ PaPp = (S ®id) (Z g S(@p) ® ﬂaﬁb)

a,b a,b
= (S®id) ((Z @ ® ﬂa> : (Z Sap) ® ﬁb))
a b
= (S®id(R-R7H (Prop. 8.31(2))
= laga

Thus

A
o* @i =ToY:w,®e! > w,®e,
\
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SO

A
() -wsiu-or(11).

so 0% is invariant under the FT;-move.
This completes the proof of the theorem. O



Hints for the Exercises

Exercise 0.1: From [148],

Exercise 1.6: Consider how the strands at the top and bottom of each “box” are
connected to each other when p; is odd and when it is even. Deduce that it is enough
to consider each p; modulo 2.

Exercise 1.15: It is the figure-of-eight knot.
Exercise 1.18: Move the rightmost vertical strand out to the right.

Exercise 1.19: Choose a base point on the knot, and start travelling round it from
this base point. Change each crossing (if needed) so that the first time you meet it
you pass under the other strand. Then, you can obtain a knot in R? from this diagram
that has the property that starting from the base point you travel up until you return
to the base point, then travel straight down to “close the knot”. Thus the diagram
corresponds to a closed curve in R? that has exactly one maximum and exactly one
minimum and hence must be an unknot.

Exercise 1.24: Rll and RI.

Exercise 1.27: Which Reidemeister moves can you apply to the diagram?
Exercise 1.32: Straightforward.

Exercise 2.3: Zero.

Exercise 2.5: For the first part, 0. For the second, 0, 0, 1, 1.

Exercise 2.9: Adapt the method of Fig.2.1.
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400 Hints for the Exercises
Exercise 2.11: Try colouring the diagram for 4, in Fig. 1.1. How much choice do
you have?

Exercise 2.12: Adapt the proof of Theorem 2.8.

Exercise 2.22: Replace an unlink component with L in the computation in the proof
of Lemma 2.21.

Exercise 2.25: Just compute.

Exercise 2.26: Reflecting the link in the plane z = 0 has the effect of reversing all of
the crossings in the diagram. How do the skein relations applied to L and L compare?

Exercise 2.29: Adapt Examples 2.23 and 2.24.

Exercise 2.31: Adapt Examples 2.23 and 2.24, or evaluate the HOMFLY polynomial
atx =1landy = z.

Exercise 2.32:
1 D d |5 P4 || PXK

o &P D) A\

Exercise 3.6: If the framed links are equivalent, consider their projections onto
the plane. Consider the link diagrams formed by one boundary component of each
annulus. There exists a sequence of Reidemeister moves between them. Consider
the framed links formed by thickening these diagrams. What happens to the twists
throughout this sequence of Reidemeister moves?

Exercise 3.10: Adapt the proof of Theorem 2.17.

Exercise 3.13: In the sequence of Reidemeister moves between the two diagrams,
whenever a “kink” is added to the diagram through an Rl-move it must be balanced
with a “kink” of the opposite sign. (This result is from [177], where a full proof can
be found.)

Exercise 3.18: Just compute.

Exercise 3.19: Identify each state with a terminal (without crossings) form in the
computation of (-). Alternatively, show the state sum satisfies the defining relations
for (-).

Exercise 3.25: The state sum in Exercise 3.19 is obviously well-defined.

Exercise 4.6: What are the restrictions on the A-moves?
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Exercise 5.1: Theorem A.29 and Proposition A.34 may help.

Exercise 5.5: (id ® AR) = A(id ® R), (id ® R™1) = (id ® R)~!, etc. Also 7 o Ro
Tie®ei> )y R’J‘.f.el ® ey.

Exercise 5.9: Adapt the example.

Exercise 6.1: The isomorphism is given by identifying f :u; > > j fl.j vj €
Hom(U, V) with Zi‘j fl’ ' ® v; € U*® V. See Lemma A.36.

Exercise 6.2: go f =Y, 1, flebut @ vk(;) @ wy.

Exercise 6.3: If f=), flui®@w; and g =3, gt w ®u, then go f =
ikl flgiw @wwy) @u;, and  so Tr(go f) = Dkl figl ul(u) -
wh(w;) =3, ; f g} Now calculate Tr(f o g) in a similar way.

Exercise 6.4: h = Z,jklhk’l d®e/@ex®e, so Tro(h) =Y, hite ®
el (e) ® ex =Z,th e ®e.

Exercise 6.5: Write f as an element of (V*)®* ® V®" Then Tr(f) is obtained by
contracting the i-th V* with the (n 4 i)-th V, for each i = 1, ..., n. Then Tr,(f)

is obtained by contracting the n-th V* with the 2n-th V, for each i =1, ..., n,
and then to get Tr(Tr,(f)) we contract the i-th V* with the (n + i)-th V, for each
i =1,...,n— 1. Overall the result is the same.

Exercise 6.6: For the firstitem, f o (g ® idy) = Zg """ ’" 7’_:::*!”':‘ Rt ®

€k1®"'®€kn+l, S0 T (f o (g ®idy) = ¥ g/ ,;”f"""""’ R e ®

~~~~~ J1 Jnol
er, ® -+ @ ey,. Onthe other hand, Tr,+1 (f) = £ R e Qe ® - ®

er,, SO TrnJrl(f) og = Zgll ~~~~~~~~~~ 1 Jn ffll’!:jk ll ell Q- .eln ® e, R ® €k, glVlng
Trp1(f o (g ®idy)) =Trupi(f) 0 8.

The other identities follow from similar calculations.

Exercise 6.7:

1 000
00 cO
0c'00
0001

Exercise 6.11: Invariance under M| follows from Lemma 6.8. For MII follow the
proof of Lemma 6.9 and observe that pg , ((0 ® 1) 0 6,F') = a*!Bpr . (o), and
deduce that pR, ., « ) is invariant under MIl. Invariance under the braid moves
follows since w, n, pr are.

Exercise 6.14: Make use of Proposition A.34 and work with the matrices.

Exercise 6.15: Use matrices.
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Exercise 6.18: For the skein relation part, see Exercise 2.26. Using pg ,,, observe
that R™! is obtained by changing # <> ¢! in R and reflecting in the antidiagonal, and
W is invariant under this change. When you take the trace, the overall change is the
exchange t < ¢!,

Exercise 6.19: Take the trace of .

Exercise 6.20: Examine at the element-wise actions of the maps. Use that R™! :
€ ®ej > Zk,l(Ril)ffjl'@k ® e;, where

g"! ifi=j=k=I,

NI ifi=1#k=]j

RNT=V g = iti =k > 1=,
0 otherwise.

Exercise 6.22: With (R‘l)f”; as above, check the identity holds in each position of
the matrices.

Exercise 6.24: A straightforward adaptation.

Exercise 7.18: As matrices,

—_—0 O =

Make use of these to check the identities and find the value of Q(T) using a computer
package.

Exercise 7.22: Tracking through the actions on a basis, | f : u; — Y fl.j vi| =
J

ij

(Z fl.jui ® vj) > (Z fl.j(ui ® vj)*> — (Z f,-j(ui Rv)*® 1K) =
i,j tJ
(u,- vie f® 1]K>, but v/ (f (u;)) = v/ (Z fika> = f.
k

Exercise 7.24: (f Sup > Zfijv‘,) — (Z flu® Vj) = (Z Ik ® flu' ® Vj)
J

ij ij

> (Z 1% ® flu ®v,-> > (1K.—> > ®v,) = <1[K > Zu'@f(ui)).
L] i,] i

Exercise 7.27: See the proof of Lemma B.9.

Exercise 7.28: Make use of Lemma B 4.
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Exercise 7.38: By Lemma B.8, Q/ (7\)) =cQ/ (T) and Q/ ((&/)) =
o ()

Exercise 8.1: Routine.

Exercise 8.2: Routine.

Exercise 8.3: m®? o (m®? ® id)(x ® y ® ) = z(yx) = (zy)x = m o (id ® m°P)
xRy®z)andm®(1@x)=mx 1) =x=m(1Qx) =mPxQ1).

Exercise 8.4: First suppose that 7 is a unit in the functional sense of (8.3). Prove that
the element 1 (1k), where 1x is the unit of KK, satisfies (8.2).

Conversely, suppose that 1g is a unit in the sense of (8.2). Show that the map
defined by f : Ix — lg defines a unit in the sense of (8.3).

Exercise 8.15: If (A ®id) o A(x) =Y A(xa)) @ x2) = Y. Y1) ® y2) ® X(2), and
{d® A)o A(x) = ZX(D ® A(X(z)) = Z)C(l) ® z2(1) ® 22, then (A’ ®id)o
AP (x) = Y AP (xp) @ Xy = 220 ® 20y ® X1y, and (id @ AP) 0 AP(x) =
ZX(Z) ® AOp()C(l)) = ZX(Z) ® Y ® Y- Then use that (ld ® A) oA =
(A ® id) o A and permute tensor factors.

Exercise 8.17: Write down the actions of ((A* o @) ® id) o (A* o) and (id ® (A* o
a)) o (A*oa)on f ® g ® handuse the cocommutativity of A, or adapt the approach
of Example 8.16.

Exercise 8.18: Write out (f * g) * h and f * (g * &) in full.

Exercise 8.20: Write down the commutative diagrams for the two sets of conditions.
Exercise 8.21: Make use of Exercises 8.3 and 8.15.

Exercise 8.22: Make use of Example 8.16 and Exercise 8.17.

Exercise 8.26: ™! o S(m® o (S7' ®id) o A(x)) =571 0 5 (X x2S ' (x1)) =
ST x)S(x@)) =5 ((mo ({d® S) 0 A)(x)) = S~ (noe(x)) =noex).
Exercise 8.27: Take the dual of (8.8).

Exercise 8.30: Writt R=: Yo, ® i, R"! =Y &; ® f; and A(a) =Y an) ®
a), then do an element-wise calculation.

Exercise 8.41: Expand 0 = [x + y, x + y].

Exercise 8.43: Routine.

Exercise 8.45: Routine.

Exercise 8.48: Just check the axioms.

Exercise 8.50: Check the matrices satisfy the defining relations for U (sl;).

Exercise 8.51: For the second item, (¢ —g)*[x][y]= (¢*™ +g*") -
(>~ 4+g>™*), by expanding the left-hand side using this twice,
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(¢ =) (IX1y] =[x —ally +a) =¢" 7 (¢* = 1) + 3’7" (g — 1)
and the result follows. The third item follows from the second by replacing with x
with —x.
Exercise 8.53: Write K in terms of H.
Exercise 8.54: Check the Hopf algebra axioms hold for each generator.
Exercise 8.58: Check the Hopf algebra axioms hold for each generator.

Exercise 8.62: Adapt the argument for p(K X) = p(¢XK).

Exercise 9.6: Deduce from FRI that Q" ([%) =g 2 Q" (T) Deframing then
gives that O(L) := g2 Q%(L) is an invariant of oriented links. For the skein
relation, observe w (L) = w(Lg) + 1 and w(L_) = w(Lo) — 1. Using this,
A -2 30 -2 —3w(L_
a*O(Ly) —q20(L) = ¢?q 2" Q%R (Ly) —q72q 2" Q°B (L)
=g i) (g} @ (L) —g7F 0*R(L)))
3w - 2
=g " (g—q7") 0" (Lo)
= (¢ —4¢"HO(Lo)

Also, é (Q) =qg+q".

By comparing skein relations, é(L) =(@+qh J(L)|_t

,% —g
Exercise 9.7: Adapt the argument given for the two-dimensional case.

Exercise 10.8: Choose a crossing c, then partition the sum into terms in which c is
resolved positively and terms in which it is resolved negatively.

Exercise 10.13: This follows from the filtration (10.3).

()-+(53)+ ()
() 03)(X)-

Exercise 10.17: Take n = 2, ort: = —q~ = —e 3.
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Exercise 10.19: For K € %, 1, use that 0(K) = 6’'(K) = 0.

Exercise 11.15: Compute the Vassiliev resolutions of the two singular knots, simplify
the resulting knots, then use Example 2.24 and Exercise 2.25.

Exercise 11.36: Look at the proofs of Lemmas 11.22 and 11.24.
Exercise 12.13: Just work through carefully.

Exercise 13.3: The degree of a vertex is the number of half-edges it meets, so counting
the total degree by summing over edges gives that the sum of all degree equals twice
the number of edges. Then, since every vertex has odd degree, there must be an even
number of vertices.

Exercise 13.12: Since the STU-relation can be used to resolve all trivalent vertices,
3 is spanned by chord diagrams of degree 3. These can be obtained by adding one
chord to the degree two cord diagrams in (13.4). Eliminating repeats, this gives a
spanning set of five chord diagrams:

LOYWDOD

Applying the STU-relation to eliminate the trivalent vertex in two different ways in

each of

shows that two of these cord diagrams belong to the span of three of the others.

Exercise 13.17: Applying the AS relation to the second and third terms of the Jacobi

form gives

We can spot the IHX-relation thus:

— - X - L=

Similarly, applying the AS relation to the second and third terms of the symmetric

form gives
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We can spot the IHX-relation thus:

H /X /T -

Exercise 13.18:

Slelelclele,

Exercise 13.23:

(d®AD) o AD)= Y Da®Dy®Dc=(AD)®id)o AD).

(A,B,C)a
partition of ¥

Exercise 14.1: (-, ¢;) 1 e; > h; j, 80 (-, ¢;) = Y, h; xer.

Exercise 14.2: ()" o (,-) e, = Y hpgh® e, but ()7 o () =id, so
hpgh?" = 8.

Exercise 14.4: Symmetry and bilinearity follow from the standard properties of the
trace. For non-degeneracy, (-, -) : ¢; — Zj (-,ei)el. Thus (-, -) sends X to Y*, ¥
to X*, and H to 2H"*. Its easy to write down an inverse of this map, and so (-, -) is
non-degenerate. For ad-invariance, check the action on the bases using the properties
of [-, -] and (-, -) to reduce the number of cases.

Exercise 14.5: E; E;,-- E; <«— E, QFE;,®---QE; .

Exercise 14.8: With the labelling of the vertices on the skeleton in the order iy, .. ., i4,
the two tensors are

E h'PBR?M e Qe Qe ey,
and

s 1 i o
§ :hll lshis,iﬁhlﬁ l7hi7,i8hl8 Bh" ghig,imh 1o e, ®ei, e, Qe;,.

Exercise 14.9: In U(g), [ej.ejl=¢; ®e; —e; Qe;, 80 Y Vi j‘ec=e€ Qej —
€j ®€,’.
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Exercise 14.21:

Tot, o
QJDr—b Y hhtiejekel
i,j,k,le{X,Y,H}

= XQXQYQRY+XQYRXQY+ i XQHQHQY +
YOX®Y®X+YQY®XQX+1Y@HQH®X +

SHOXQYQH+3HQYQXQH+HRHQH®H

Tro
FLO+1+ D+ +0+H+d+14

$0 Wsi,,p (@) = %.

Exercise 14.26: Consider the sum of the four chord diagrams in the 4T-relation.
Apply (14.32) to the two distinguished chords in it to get a sum of 16 diagrams. Spot
that the terms cancel to give zero.

Exercise 14.27: Choose a chord ¢ and partition the sum into terms in which c is
assigned a 1, and terms in which c is assigned a —%. An alternative way to see the
result is to identify each summand in (14.39) with a terminal form of resulting from
the application of (14.32) to C.

Exercise 14.28: If C,, is the chord diagram of the question, then Theorem 14.24
giVeS Ws[;,p(cn) = 2W5[2,,0(Cn—1) - %Wslz,p(cn—l), and so Wslz,p(cn) = 2(%)" It
follows that there are framed Vassiliev invariants of each degree.

Exercise 14.29: Follow the approach in Sect. 14.4. You can make the exercise easier
by just looking at the special case of gl,.

Exercise 14.30: Follow the approach in Sect. 14.4.

Exercise 15.9: Forget about the tangles. It is enough to prove that it is possible to
move between any two parenthesisations via (-(--)) <> ((--)-), which can be done
using induction on the number of pairs of brackets.

Exercise 16.11: Each expression distributes the ends in all ways over three copies
of the skeleton component.

Exercise 16.12: Use the symmetry of R.

Exercise 16.20: Corollary 13.29 gives independence of the linearisation, and
Lemma 16.12 independence of the location of the “splicing”.

Exercise 16.24: If @ had a degree one summand, then the diagram in that summand
is a single chord between two of the stands. Applying ¢ to the other strand would
contradict Condition (1) of Definition 16.21.

Exercise 17.9: “Cut open” K and K’ to get (1, 1)-tangles T and 7', so that K and
K’ are recovered by taking the closures T and 7’. Then, K#K' is the closure of
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T o T'. Now, Z(K) can be obtained by computing Z(T), closing up the skeleton
components of the chord diagrams, and then connect summing a copy of v. Z(K')
and Z(K#K') can be computed similarly but starting with 7" and 7 o T". The result
is not hard to see when the values of Z are computed in this way.

Exercise 17.11: Straightforward.

Exercise 18.4: Modify the proof of Theorem 18.1.
Exercise 18.8: Modify the proof of Theorem 18.6.
Exercise 18.10: Adapt the argument given for (18.9).

Exercise 18.11: Apply (18.7) i times working from the innermost chord outwards.

Then, use that T#exp (% @ ) =Y. (%)t 11_'

Exercise 18.12: Use (17.16), and modify (18.2) accordingly.

SpIoYo 1

Exercise B.13: Adapt the argument for f2 = f*.
Exercise B.16: Adapt the argument for Claim 1.
Exercise D.3: Modify the argument given for the other case.

Exercise D.4: Adapt the proof of Proposition 8.33.
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Quasi-triangular Hopf algebra, 132

representation, 134

R
Regular neighbourhood, 39
Regular projection, 9
Reidemeister moves, 13

framed, 40

oriented, 20
Relation

1T*, 4T*, 199

1T, 202

4T, 202, 294

AS, 225

IHX, 225

STU, 222

STUy, 233

braid, 54

hexagon, 305

pentagon, 305

skein, 30

Vassiliev, 169
Representation

U(gl,), 142

U(sly), 142

U(sly), 142

slp, 142

algebra, 126

quasi-triangular Hopf algebra, 134

universal enveloping algebra, 142
Reshetikhin—Turaev invariant, 150
Resolution

of a Jacobi diagram, 240

Vassiliev, 182, 212
Ribbon, 37
Ribbon Hopf algebra, 136, 138
R-matrix, 69

universal, 132

S
Self-linking number, 41
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Semi-simple Lie algebra, 123
Sign (of a crossing), 27, 41
Singular knot, 168, 181
grading, 182
invariant, 183
Skein relation, 30, 31
Skeleton, 185, 220, 295
State model, 275
State sum, 44
Statistical mechanics, 69
Striation, 113, 290
Structure constants, 141, 251
STU-relation, 221
Submodule, 343

T
Tame knot, 7
Tangle, 92
coloured, 149
composition, 95
diagram, 93
elementary, 98
equivalence, 93
framed, 117
framed equivalence, 117
generated, 96
oriented diagram, 98
tensor product, 95
underlying, 284
Tensor algebra, 126, 252
Tensor product
g-tangle, 286
braid, 58
Jacobi diagrams, 297
module, 350
morphism, 353
tangle, 95
Theorem
Alexander, 56
first isomorphism, 346
Markov, 57
morphism-tensor, 354
Reidemeister, 14
Reidemeister (framed), 40
universality, 332, 333
Trace, 77
operator, 79
Transpose, 126
Trefoil, 3
left-hand, right-hand, 33
Trivial link, 11
Turaev moves, 96, 98
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framed, 118

framed g-tangles, 288
Twisting (associator), 324
Twist map, 69, 110, 351

U

Unital algebra, 125

Unitrivalent graph, 220

Universal enveloping algebra, 141, 253
Universal R-matrix, 132

Unknot, 3, 11

Unknotting number, 24

Unlink, 11

\'%

Vassiliev
extension, 183
invariant, 123, 171, 183
invariant, framed, 212

Index

relation, 169

resolution, 169, 170
Vertex

trivalent, 220

univalent, 220

W
Walking Lemma, 234, 237, 299
Walking sum, 300
Weight system

framed, 214

Lie algebra, 266

unframed, 199

unframed universal, 260, 266
Writhe, 42

Y
Yang—Baxter equation, 69



	Preface
	Contents
	Frequently Used Notation
	Introduction
	Part I Basic Knot Theory
	1 Knots
	1.1 Knots and Equivalence
	1.2 Knot and Link Diagrams
	1.3 The Reidemeister Moves
	1.4 A Proof of Reidemeister's Theorem
	1.5 Oriented Links

	2 Knot and Link Invariants
	2.1 The Idea of an Invariant
	2.2 Skein Relations and Polynomial Invariants

	3 Framed Links
	3.1 Framed Links and Their Diagrams
	3.2 Framed Link Invariants
	3.3 Deframing a Link Invariant

	4 Braids and the Braid Group
	4.1 Braids and Braid Equivalence
	4.2 The Braid Group mathfrakBn
	4.3 The Markov Moves

	Part II Quantum Knot Invariants
	5 R-Matrix Representations of mathfrakBn
	5.1 A Map on Braid Diagrams
	5.2 Obtaining Invariants of Braids
	5.3 Specific Representations of the Braid Group

	6 Knot Invariants Through R-Matrix Representations of mathfrakBn
	6.1 The Diagrammatics of ρR(σ) and Braid Closure
	6.2 Invariance Under the Markov Moves
	6.3 The Link Invariant ρR,µ
	6.4 Two Polynomial Invariants
	6.4.1 The Jones Polynomial
	6.4.2 The HOMFLYPT Polynomial


	7 Operator Invariants 
	7.1 Tangles and Tangle Diagrams
	7.1.1 The Definition of a Tangle
	7.1.2 Composition and Tensor Product of Diagrams
	7.1.3 Oriented Tangles and the Turaev Moves

	7.2 A First Definition of an Operator Invariant
	7.2.1 Morphisms Associated with Elementary Pieces
	7.2.2 Morphisms Corresponding to the Turaev Moves

	7.3 Simplifying the Definition of Operator Invariants
	7.4 The Relationship Between Operator Invariants  and ρ(R,µ)
	7.5 Framed Tangles

	8 Ribbon Hopf Algebras
	8.1 Algebras, Coalgebras and Hopf Algebras
	8.1.1 Algebras
	8.1.2 Coalgebras
	8.1.3 Bialgebras and Hopf Algebras

	8.2 Quasi-triangular Hopf Algebras and R-Matrices
	8.3 Ribbon Hopf Algebras
	8.4 Examples of Ribbon Hopf Algebras
	8.4.1 Lie Algebras
	8.4.2 The Quantized Universal Enveloping Algebra Uh(mathfraksl2)
	8.4.3 The Quantized Universal Enveloping Algebra Uq(mathfraksl2)
	8.4.4 Representations


	9 Reshetikhin–Turaev Invariants
	9.1 Coloured Tangles
	9.2 Construction of the Invariants
	9.3  QmathfrakA is an Operator Invariant
	9.4 A Knot Invariant from Uq(mathfraksl2)

	Part III Vassiliev Invariants
	10 The Fundamentals of Vassiliev Invariants
	10.1 Vassiliev Invariants and Singular Knots
	10.2 Examples of Vassiliev Invariants
	10.3 The Vector Space of Vassiliev Invariants

	11 Chord Diagrams
	11.1 The Vassiliev Extension of a Knot Invariant
	11.2 The Emergence of Chord Diagrams
	11.3 The Map αm2mu-:6muplus1mumathcalVmrightarrowmathcalCm
	11.4 The Map overlineαm2mu-:6muplus1mumathcalVm/mathcalVm-1rightarrowmathcalCm
	11.5 The Finite Dimensionality of the Space mathcalVm
	11.6 A Quotient Space of Chord Diagrams
	11.7 Weight Systems
	11.8 The Space mathcalAc of Chord Diagrams
	11.9 Moving Between barmathcalAcm and mathcalKm/mathcalKm+1
	11.10 A Summary of the Approach and Results

	12 Vassiliev Invariants of Framed Knots
	13 Jacobi Diagrams
	13.1 Jacobi Diagrams
	13.2 The STU-Relation and the Vector Space mathcalA
	13.3 Identities from the STU-Relation
	13.4 The Algebra Structure on mathcalA
	13.5 Linearised Jacobi Diagrams and the Space mathcalAl
	13.6 The Vector Spaces mathcalA  and mathcalA l are Isomorphic
	13.7 The Vector Spaces mathcalA  and mathcalAc  are Isomorphic

	14 Lie Algebra Weight Systems
	14.1 Introduction to Lie Algebra Weight Systems
	14.2 The Universal mathfrakg-Weight System
	14.3 Lie Algebra Weight Systems
	14.4 A Combinatorial Description of Wmathfraksl2, ρ

	Part IV The Kontsevich Invariant
	15 q-Tangles
	15.1 Parenthesisations and Tangles
	15.2 Three Operations on q-Tangles
	15.3 Decomposing q-Tangles

	16 Jacobi Diagrams on a 1-Manifold
	16.1 Chord Diagrams on X
	16.2 Composition and Tensor Products in mathcalA(Xn)
	16.3 The εa, sa and a Operators on Jacobi Diagrams
	16.4 The Walking Lemma and Some Commutativity Results
	16.5 The Connect Sum Operation #i
	16.6 Associators

	17 A Construction of the Kontsevich Invariant
	17.1 The Function Z on q-Tangles
	17.2 The Normalization  of Z
	17.3  is an Invariant of Framed q-Tangles
	17.4 Uniqueness of the Kontsevich Invariant

	18 Universality Properties of the Kontsevich Invariant
	18.1 A Universal Vassiliev Invariant
	18.1.1  as an Isomorphism
	18.1.2  as a Universal Vassiliev Invariant

	18.2 A Universal Quantum Invariant

	A Background on Modules and Linear Algebra
	A.1 Vector Spaces
	A.2 Modules
	A.3 Generating Sets and Free Modules
	A.4 Quotient Modules
	A.5 Dual Modules
	A.6 Direct Sum
	A.7 Tensor Products
	A.8 The Tensor Product of Morphisms
	A.9 The Fundamental Morphism Hom(U,V).5-.5.5-.5.5-.5.5-.5UotimesV
	B Rewriting the Definition of Operator Invariants
	C Computations in Quasi-triangular Hopf Algebras
	D A Proof of the Invariance of the Reshetikhin–Turaev Invariants
	 Hints for the Exercises
	 References
	Index



