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4-Dimensional 2-Handlebodies and Topological Invariants

David Winters

(ABSTRACT)

This document forms the basis for the new work of my Master’s thesis. It will
be combined with my undergraduate thesis to form a more complete path for the
undergraduate reader. The first three sections constitute my undergraduate thesis to
make this a more complete document. The purpose of this thesis is to study the paper
Beliakova and De Renzi 2021 and explain how they construct a topological invariant
of a special class of 4-manifolds using the category of representations of certain Hopf

algebras.
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Chapter 1

Algebra

1.1 Module Theory

Modules are a generalization of vector spaces and show up many places in abstract
algebra. They will play an important role in giving examples in the sequel and will
be part of the definition of linear categories. I follow here the explanation given in

Dummit and Foote 2004.
Definition 1. Let R be a ring with unit (not necessarily commutative) and M be
an abelian group (with operation denoted by “+”). Then M is a module over R if
there is an operation (denoted by concatenation) R x M — M such that Vs,r € R
and Vm,n € M:

e (rs)m =r(sm)

e r(m+n)=rm+rn

e (r+s)ym=rm-+sm

e Im=m

Vector spaces, ideals over the base ring, quotient spaces over the base ring, and

polynomials with coefficients in a ring denoted R[z] are all examples of a ring. Any



abelian group can be formed into a Z module and conversely any Z module is an
abelian group (by definition). If we let G = {e} be the trivial group, then it can
be a module over any ring R and is called the zero module, 0, which only has one

element.Roman, Axler, and Gehring 2005

Definition 2. Given two R-modules M and N, a function ¢ : M — N is called

linear if for all s € R and for all my,ms € M, we have that ¢(rmy + smy) =

ro(my) + sg(my).

Given two modules M and N over the ring R we denote the set of linear maps from
M to N as Homgr(M, N). This set Homg(M, N) is a module over R with addition of
functions and multiplication by elements of R if and only if R is commutative. The
set Hompg(M,0) (or Homg(0,M)) only has one linear map; the one which send all

elements to the zero vector (respectively sends the zero vector to the zero vector of M).

Notice that these past few definitions are exactly the same as those for vector spaces
and linear transformations in linear algebra. We similarly define the kernel and image
of linear maps, direct product of modules, linear independence of elements, generating
sets, and bases in the same way as well. However, it is not always true that modules

have a basis.

Definition 3. Let R be a ring with unity and M be a R-module. Then M is called

free if it has a basis.

All vector spaces are free modules because they have a basis. The module Zy X Zy is
a Z module that is not free, however it is free if we consider it as a Z, module because

it is the vector space Fy.



We can also construct the tensor product of two modules, a topic not covered in intro-
ductory linear algebra classes. First, to avoid complications let R be a commutative
ring with unity and M, N be R-modules. Then we can define a right action of R on

M by mr =rm for all r € R and m € M.

Definition 4. The tensor product of two R-modules is the cartesian product, but
we quotient out a large number of relations. For all » € R and my, mo, m,ny,ng,n €
N:

M®p N = MxN

((m1+ma2,n)—(m1,n)—(ma,n), (m,n1+n2)—(m,n1)—(m,n2), (mr,n)—(m,rn))

This is an R-module and satisfies the following universal property: Let P be any

R-module, ¢ : M x N — P be a bilinear map into P, and ¢ : M x N — M ®pr N is
the injection map of S into G. Then there is a unique linear map ® : M g N — P
such that ¢ = ® o .

In the case of vector spaces, it is easy to understand the tensor product. For two
finite-dimensional vector spaces V and W over a field F', V = F™ and W = F™ for
some n,m € N. Then the tensor product V ®@p W = F"™". For any R-module M we

have that R ®r M = M.

The final algebraic structure we will consider is a chain of R-modules with linear

maps between them.

Definition 5. Let R be a ring with unity and A, B, C be modules over R. Let
:A— Band ¢: B — C be linear maps. We consider the sequence of maps shown
below where the maps ¢ : 0 — A and p : C — 0 are the trivial maps. These will be

excluded in the future.



This sequence of modules is called short exact if the following conditions are met:

o The map ® is injective.
e The map ¢ is surjective.

o The maps ¥ and ¢ satisfy im(v) = ker(¢).

Equivalently, we can replace items 1 and 2 by requiring that im(:) = ker(y)) and
im(6) = ker(p).
One important extension is to fix a module P over R and consider the sets Hompg(P, A),
Hompg(P, B), and Hompg(P,C). We can form new linear maps between these sets by
taking

' Homg(P,A) — Homg(P,B), ¢'(f)=vo f

¢ : Homg(P,B) - Homg(P,C), ¢'(f)=¢o f

We can ask the question, given an exact sequence, is the following sequence exact?
0 —= Homp(P, A) —~ Homp(P, B) 2~ Homp(P,C) — 0

The answer is in fact no as we will see.

Example 6. Consider the sequence of modules over Z:




where ¢(n) = 2n and ¢(n) = n mod 2 for all n € N. This is a short exact sequence

because 1 in injective and ¢ is surjective. Let P = Z,, then the sequence

0 — > Homp(Zs, Z) —> Homp(Zs, Z) > Homp(Zs, Zs) — 0

is not exact because ¥/'(f) = ¥ o f is the zero map for all f € Hompg(Zs,Z)
(Hompg(Zs,7) consists of only the trivial map) and so the function ¢ is not sur-

jective.

There are however some special modules P such that we do satisfy this property.

Definition 7. Let R be a ring with unity, then an R module P is called projective

if for all short exact sequences:

then the following sequence is short exact:

0 —— Homg(P, A) —Y~ Homp(P, B) —*~ Homg(P,C) — 0

Projective modules have many nice properties such as the direct sum of two projective
modules is projective, the tensor product of two direct modules is projective (if R is
commutative), and projective modules are always a direct summand of a free module.
If R = F is a field, then every module over R is a vector space and all vector spaces

are projective.



1.2 More Algebraic Objects

While groups have one binary operation, rings and modules have two binary oper-
ations, we can keep adding operations to make higher structures. For instance, an

algebra is both a ring and a vector space.

Definition 8. Let (A, +,*) be a modules over some commutative ring R equipped
with a bilinear product x : A x A — A such that (A4,+, x) is a ring with 1. We
will denote both “multiplications” by concatenation where the operation being used
should be clear from context. Then (A, R, +, %, X) is called an R-algebra if Vx,y, z €
A, Va,b € R:

e (z+y)z=0z+yz
e Z(lx+y)=zr+2y

» (ax)(by) = (ab)(xy)

Furthermore, if we require x to be associative, we call A an associative R-algebra.
However, there is an equivalent definition of an associative algebra which will be more
easily generalizable for our purposes. Let (A,+,pu: A® A — A) be a ring, let R be
a commutative ring with ring homomorphism 7 : R — Z(A) from R into the center

of A. Then (A, R, +,*, i, n) is an associative R-algebra.

Definition 9. Let S be a finite set of letters. The free algebra generated by S over
a field K is denoted by K < S > and comprises of linear combinations of words from

S. If wq, wy are words from S and u,v € K, then (uw,)(vws) = uv(wiwsy).



More specifically, if S = {a,b,c,d} and K = R, then R < {a,b,c,d} > contains
{2a, .3b, a®b®d, aba + a®b + ¢, ...}. Note that letters of each word do not necessarily

commute.

Other typical examples of (associative) algebras are M, (F') (n X n matrices with
elements in a field F), GL, (F) (invertible n x n matrices), and SL,(F) (n X n ma-
trices with determinant 1). These are all vector spaces with x being either matrix

multiplication or function composition. There is also a dual notion to an algebra:

Definition 10. Let (C,+, %) be an R-module over a commutative ring R with R~
linear maps A : ¢ — C ® C and € : C — R. Then (C, R,+,*,A,¢€) is called a

(coassociative) coalgebra if:

o (ide ® A)A = (A ®ide)A

o (ch X €)A = ’ldc = (6 X ch)A

We say that coalgebras are “dual” to algebras, because the dual of a coalgebra is an

algebra and the dual of a finite-dimensional algebra is a coalgebra. Notice that we

can rewrite the requirements of an algebra to say that pu(pu ® ids) = u(ida ® p) and
wulida @ m) = idy = p(n ® p) which are the dual version of the formulas above. We

can combine an algebra and a coalgebra to get a bialgebra.

Definition 11. Let (A, R, +,*) be an R-module over a commutative ring which we
will abbreviate henceforth just as A. Then (A, u,n, A, €) is a bialgebra if (A, p,n) is
an (associative) algebra, (A, A €) is a (coassociative) coalgebra, and either (equiva-

lently):

e The maps p and n are morphisms of coalgebras.



o The maps A and e are morphisms of algebras.

The final structure that we will add to the previous structures is called an antipode.

This acts like a inverse or transpose on certain algebras.

Definition 12. Let (H, u,n, A, €) be a bialgebra with an additional map S : H — H
such that p(S ® idy)A = ne = p(idg @ S)A. We call H a Hopf Algebra.

These definitions seem very contrived, but it shows up naturally on a surprising

number of structures.

Example 13. Consider to groups algebra KG with maps (Vg € G,k € K) p is
multiplication, n(k) = k* 1, A(g) = g® g, e(9) = 1, S(g) = ¢g~*. This is a Hopf

algebra.

Example 14. The tensor algebra T'(V') for a vector space V/F' is a Hopf algebra
with maps p multiplication, n(k) =k € F,Vk € F, A(z) = 1@z +zx® 1,Vz € V,
€(r) =0, S(x) = —a,Vz € V.

There are several other examples of Hopf Algebras such as the ring of symmetric
functions, the cohmology of Lie Groups, and the universal enveloping algebra of a Lie

Algebra. Hopf algebras also appear as tools to solve combinatorial problems.

1.3 Representation Theory

One large part of Algebra is Representation Theory which studies how you can turn
elements of an algebraic object into linear endomorphisms on a vector space. Common

algebraic objects of study are groups and Lie Algebras.



Definition 15. Given a group G and a vector space V', let ¢ : G — GL(V), that
is to say ¢ takes elements of G and sends them to invertible linear endomorphisms

on V. We say that ¢ is a representation of G iff it is a group homomorphism iff
?(9192) = #(91)0(92) Vg1, 92 € G.

Example 16. Consider the group S3. We can send elements of S35 to maps on
R? with basis ey, ez, e3 by ¢(0)(e;) = e, Yo € S;. Alternatively, we can send
o+ (—1)*9?) € C where we note all invertible linear maps of C, the C-vector space

are multiplication by a scalar.

Groups are not the only object of which we can study their representations. Another
large part of representation theory is studying the representation of Lie Algebras.
Lie Algebras are similar to associative algebras, but we replace the requirement of

associativity of x with a new identity, and give it a new notation.

Definition 17. Let V' be a F-vector space for some field F and let [,]: V xV =V
be a bilinear operation. We say that (V) F,+, %, [,]) is a Lie algebra if the following
hold:

o Forall z,y eV, [z,y] = —y, 7]

« Forallw,y,z €V, [[x,y], 2] + [y, 2], 2] + [[2, 2], 4] = 0
The last point is called the Jacobi Identity and replaces our previous requirement of
associativity and the new multiplication is called the Lie bracket. While previously we

noted that GL,(F) and SL,(F) are associative algebras, there are similar examples

of Lie Algebras denoted gl,(F') and sl,(F).

Example 18. Let gl, (F') be the vector space of all n x n matrices over F' and s, (F)

be the vector space of all n x n matrices over F' and zero determinant. Then these are
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both Lie algebras with Lie bracket [A, B] = AB — BA where concatenation denotes

matrix multiplication.

Example 19. Given any vector space V', the space of endomorphisms of V', denoted

gl(V), is a Lie algebra with Lie bracket [r,0] = 10 — o7, V1,0 € gl(V).

From every Lie algebra, we can form an associative algebra called the Universal

Enveloping Algebra.

Definition 20. Let L be a Lie algebra over K with vector space basis {z1, zs,...2, }.
Then the Universal Enveloping algebra of L, denoted U(L) is the free algebra

K < 1, ...,x, > mod the relations < z;x; — z,x; = [z, z;] >.

In this way, we ca also form a Lie algebra from an associative algebra A such that
L = L(A) by defining [z,y] = xy —yz Vz,y € A. For any Lie algebra L, we have that
L(U(L)) = L. We can also define representations of Lie Algebras in much the same
way as for groups. Now representations must respect the extra structure of scalar

multiplication and the Lie bracket.

Definition 21. Let g be a Lie algebra and V' a vector space over the same base field
F, then ¢ : g — gl(V) is called a Lie algebra representation if it is a Lie algebra

homomorphism. This means Vg,h € g and Vf € F"

o ¢(g+h)=d(g)+ o(h)

« ¢(fg) = fe(g)

« 9(lg,h]) = [9(9), (h)]
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Let g be a Lie algebra with representation ¢ : g — gl(V). If there exists some
subspace W of V' such that ¢y is another representation of g, then we call ¢y, a sub-
representation of ¢. Representations without subrepresentations are called simple

representations.

If V and W are g-representations, there is a representation of V& W by ¢ - (v,w) =
(9 -v,g-w), Yg € g,v € Vw € W. There is a representation of V @ W by

g-vRw)=(g-v)Quw+vR®(g-w), Vge g,veV,weW.

If we wanted to find all possible representations for a Lie algebra g, in the best case sce-
nario we could find all simple representations and build all other (finite-dimensional)
representations out of them. We will note and take without proof that all finite-

dimensional representations of sly(C) are direct sums of simple representations.

Example 22. The Lie algebra sly(C) has a basis of the elements:

01 0
e = [ = ,and h = . Then sl5(C) has one simple repre-

0 0 10 0 -1

sentation of every finite dimension. Let V' be a C-vector space of dimension n+1 with
basis {vg, v1, ... v,}. We have that g acts on V' by h-v; = (m—2i)v;, f-v; = (i+1)vi41,

and e-v; = (n —i+ 1)v;_y for all i € {0,1,...,n} except e - vy =0 and f - v, = 0.

There one final important theorem from Representation theory that will be very useful
to us later which concerns maps between representations. Let V' and W be represen-
tations of a Lie algebra g. The map o : V' — W is a map between representations if

alg v v)=gwal), VveV,geg.
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Theorem 23. (Schur’s Lemma): If g is a Lie algebra with irreducible representations
on'V and W C-vector spaces, and « is a map between the representations. Then either

a=0o0r V=W and a(v) = cv for allv € V and some fized c € C.

In all of the previous sections, we have used the internal structure of algebraic objects
to discern some properties of morphisms between objects. However, we can forget
the internal structure of objects, start with the most general notion of having maps

between objects, and build off of properties of the maps themselves.
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Chapter 2

Category Theory

2.1 Monoidal Categories

Category Theory is one of the most abstract forms of math which generalizes many
branches of math. At its most basic level, it studies objects and maps between objects.
The benefit of this type of study is that it allows us to prove theorems across all
branches of math simultaneously by observing only a few principles. However, many
of the definitions are obscure and do not seem to have motivation without many
examples. We will build our examples based on the projective modules discussed in

the previous section following the information given in Turaev and Virelizier 2017.

Definition 24. A category C consists of the following data:

A class of objects with elements denoted X € Ob(C).

o For any two objects X,Y there is a (possibly empty) set of maps (also called

arrows or morphisms) from X to Y denoted Hom¢(X,Y).

o For any two “Hom” sets that are compatible, there is a way to compose maps
from the “Hom” sets. This means for all X,Y,Z € C, there is a map o :

Home(X,Y) x Home(Y,Z) — Home (X, Z).

o For every X € Ob(C) the is a map idx € Homc (X, X) such that foidy = f
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for all f € Home(Z, X) and id, o g = g for all g € Homg(X,Y).

We also require that the composition of maps be associative (which is why we do
not have a different notation for o for each choice of XY, 7). It is also sometimes

common to be somewhat lazy and say that X € C.

Some different examples of Categories are the category of groups with group homo-
morphisms as maps (denoted Grp), the category of topological spaces with continu-
ous functions as maps (denoted Top), and the category of sets with maps as functions
between sets (denoted Set). There are however categories where the maps are not
special types of functions. We can consider the set of natural numbers N as a category
with maps as <. For every number n € N we have the map n < n by reflexivity and

because of transitivity we have the composition of maps.

Example 25. From now on, we will let K be a commutative ring with identity. A
projective module is of finite type if it is a direct summand of a free module that is
finitely generated. The class of projective modules of finite type with linear maps is

denoted projx.

Definition 26. A functor F : C' — D is a map between categories such that:

o If X € Ob(C), then F(X) € Ob(D).

o If f: X — Y is a map between objects in C, then F(f): F(X) — F(Y) is a

map between the corresponding objects in D.
o The functor F' preserves identity maps: F(idx) = idp(x).

» The functor F' preserve composition of maps: F(fog) = F(f)o F(g).



15

There is a category of categories which functors acting as the maps between them,
denoted Cat and similarly there is a notion of maps between functors which are called
natural transformations. Next, we will generalize the notion of a tensor product to a

monoidal product.

Definition 27. A monoidal category C' is a category with the additional items:

A functor ® : C' x C' = C called the monoidal product.

A unit object 1 € Ob(C).

A family of isomorphisms {axyz : (X ®Y)® Z - X ® (Y ® Z)} for all
XY ZeC.

o Two more families of isomorphisms for all X € C: {Ix : 1 ® X — X} and

{ry : X®1— X}

These isomorphisms say that, for example, X ® 1 = X even if X ® 1 # X. There are
five additional commutative diagrams which explain the interactions of a monoidal
product and are part of definition. However, these are cumbersome to write and

understand. These can be summarized by the Mac Lane’s Coherence Theorem.

Theorem 28. The Mac Lane’s Coherence theorem asserts that any diagram consisting

of the associativity and unitality isomorphisms commute.

What this means in practice is that any place in a sequence of functions that we see
a X ®I1oral®X we can replace it with X and we can ignore any parentheses for

associativity because the isomorphisms will be implied.
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Just as how functors preserve the identity maps and composition of maps in categories,
we would like to have functors which preserve the properties of monoidal categories

as well.

Definition 29. Let C' and D be monoidal categories. Then a monoidal functor

F:C — D is a functor with these additional properties:

o There is a map Fy: 1" — F(1) in D that takes the identity object of D to the

image of the identity object in C.

o There is a natural transformation F, (a family of morphisms): {F5(X,Y) :

F(X)® F(Y) = F(X®Y)} forall X,Y € C

It must also satisfy 3 commutative diagrams for the compatibility of the morphisms
and there is an implied commutativity diagram for F5 being a natural transforma-

tion(which we will not discuss here).

We call a monoidal functor F' “strong” if F, and F; are isomorphisms and we
will call F' “strict” if Fjy and F5, are identity morphisms. It is a recurring theme in
category theory that it is preferrable that objects be isomorphic but it is too strong
to require them to be the ssame object. For instance, recall that we require 1 ® X to
be isomorphic to X but they need not be equal. Thus strong monoidal functors will

be used frequently but not strict monoidal functors.

Our goal for the next few sections are to generalize the notion of a dual vector.

Definition 30. A pairing between two objects X,Y € Cisamapw : X®Y — 1 and
is called nondegenerate if there is another map (called the inverse of w) Q: 1 — Y ®X

such that (idy ® w)(Q ® idy) = idy and (w ® idx)(idy ® Q) = idy.



17

Given an object X in our category C, we say that YX is a left dual of X is there is
a nondegenerate pairing w : YX ® X — 1. We call the pairing evx and the inverse
coevy. A category in which every object has a left dual is called a left rigid category.
Similarly, given an object X in our category C, we say that X" is a right dual of X
if there is a nondegenerate pairing w : X ® XV — 1. We call the pairing evx and the
inverse coévy. A category in which every object has a left dual is called a right rigid
category. A category which is both left and right rigid is called a rigid category.

In every rigid category, we can define the left and right duals of a morphism. More
specifically, if there is a morphism f : X — Y, we form the map Vf : VY — VX =
(evy ®idvx)(idvy @ f @Y X)(idvy @ coevy) (and similarly for f¥). In rigid categories,
we require that if we pass a map across an evaluation or coevaluation morphism, it
changes to its dual. Pivotal categories build on the definition of a rigid category by

combining the notions of a left and right duality.

Definition 31. A pivotal category C is a rigid category such that the left and
right dualities coincide. For every X € C, we have the set {X*, evy : X*®@ X —
1, ety : X @ X* — 1} where evy and evx are left and right dualities respectively.
We call these the left and right evaluation, and require that they coincide as monoidal

functors.

Returning to our previous example, the category projgk is a monoidal category under
the tensor product of modules briefly discussed earlier because the tensor product of
two projective modules is again projective. This category is also pivotal. If we let M
be a K-module, then M* = Homg(M,K). For any x € M and f € Homg(M,K) we
have that evy(f,2) = f(x) € K and et,(z, f) = f(z) e K.

Because the composition of these functions can get very long and tedious, we will

show the Penrose Calculus, a graphical representation of the objects we are studying.
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Objects of our category are represented by lines and maps are represented by boxes.
Penrose Diagrams are read from the bottom to the top. The monoidal product of
maps is represented by placing them next to one another and we represent the object
1 by a blank space. In the diagram below, we have three maps: f: X - Y, ¢g:1 — Z

and the identity map idyy .

Yooooo\2
REEG
S

In rigid categories, the (left/right) (co)evaluation maps are represented by labeled

boxes and we can easily draw the definition of a dual map:

V4 ) v
A |evy X

v_#-

\J

oV
VY VY ¢
Again, in rigid categories we can draw how morphisms “commute” when we transfer
them across (co)evaluation maps. If we pass a map across an evaluation or coevalu-
ation morphism, it changes to its dual. A similar property holds for the right dual

morphisms.
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| | Y vX Y yx
eva |ev v

<

.
I

X

Coe lf;(ﬁ

\

—

!
<

We can extend this calculus to representing pivotal categories. We will denote an ob-
ject X by a line labeled X with a downward arrow, and we will denote X* by a line
labeled X, but with an upwards arrow. The maps evy, coevy, evy, and coévx will be
represented by as shown below. Here we see how the Penrose Calculus can simpify the
identities of the nondegenerate pairs. We can create the dual map by switching the
direction of arrows. We will say two Penrose diagrams represent the same map if they

can be transformed into one another by moving around boxes and continuously de-
~
V¥
Y /f Vx

X ¢
Vi X 7 x
4 el CoeN

forming lines.

Another important definition in the discussion of monoidal categories is that of a

braiding which is a commutativity constraint on the monoidal product.

Definition 32. A braiding on a monoidal category is a family of isomorphisms:
{Txy : X®Y - Y®X}forall X,Y € C. Additionally for all objects X, Y, Z, X" Y" €
C with f: X — X" and g : Y — Y’ we have:

o Txyvez = (idy ® Tx z)(Txy ®idy)
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o Txgvz = (Tx,z @idy)(idx ® Ty z)

e xy (f®9)=(9® f)Txy

For instance, in the category projk if we have two modules M and N, then the
braiding constraint is the obvious isomorphism that M @ N = N ® M. Braiding
are represented by the Reidemeister Calculus which builds on the Penrose Calculus.
Braidings are represented as crossings of the lines and depending on the crossing we

1

have either 7 or 7~!. It is not always true that 7 = 77!, but if so the category is

called symmetric.

Example 33. In Physics, braided monoidal categories appear in surprising ways.
Long before the notion of a category was discovered, Richard Feynman invented
Feynman diagrams as a way to display how particles can evolve over time. These
diagrams pictorally show representations of the Poincare group. The monoidal prod-
uct of diagrams is to place two drawings next to each other. The braiding structure

occurs when two particles cross without interacting.

Still further examples of braided monoidal categories occur in the formulation of loop
quantum gravity. Loop quantum gravity is a modern attempt to quantize the theory
of gravity. Instead of displaying an evolution over time, the objects in loop quantum

gravity are fixed excited states.

LN v} §~ TG 2 1o

X Ty ¢ = |y

1]
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While previously projective modules gave us examples of special categories, in this

next section they will play a more direct role.

Definition 34. A linear category is K-linear if for all objects X,Y € C| the set
Hom¢(X,Y) is a left-I< module. Then compositions of maps are K-linear. Similarly

we can define IK-linear functors as those that preserve the linearity of the “Hom” sets.

While we already have a “multiplicative” structure on our categories. We would like
to have an additive structure similar to the direct product. In the spirit of category

theory, we look at the maps between objects rather than their internal structure.

Definition 35. Let (X, )aea be a finite collection of objects in a K-linear category C.
Then an object D is a direct sum of the objects (X,) if there are projection operators
{pa : D — X,} and injection operators {q, : X, — D} such that idp = XoecagaPa

and p,qs = dap Where 4 is the Kronecker delta.

Similarly, we can define a notion of simple objects. Recall that Schur’s Lemma de-
scribes how the endomorphism algebra of an irreducible representation is the field

itself.

Definition 36. A simple object X in a K-linear category C' is an object where
Home(X, X) =2 K (as either K-vector spaces or algebras). In particular, simple

objects are not direct sums of other objects.

Given a general K-linear category C' with objects X and Y, we do not know a priori
that the direct sum exists inside our category, but it is not hard to “close” our
category under direct sum. We can take this notion to the extreme and require that
the category is closed under direct sums of some collection of simple objects and

require that it “identifies Schur’s Lemma”.
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Definition 37. A prefusion K category C is a monoidal K-linear category such

that there is a set I of simple objects such that:

e 1 e/l
e Vi# j €I wehave Homg(i,j) =0

e All elements of C are direct sums of elements of [

One example of a prefusion category that we have previously seen is the category of
finite-dimensional representations of sly(C) where the objects are representations and
the morphisms are maps between categories. The monoidal structure is given by the
tensor product of representations and every finite-dimensional representation is the
direct sum of simple representations. This also has a pivotal structure given by the
dual of a representation.

Here there are an infinite number of simple representations, but Lie algebras over

fields of characteristic p might have a finite number of simple representations.

Definition 38. A fusion category is a prefusion category with a finite number of

isomorphism classes of simple objects.

2.2 Algebraic Objects in Category Theory

Algebraic objects provide a lot of examples and motivation for Category Theory, but
we can also categorize some of these objects as objects in a category. The definitions
are identical to those in section 3, but now the symbol ® represents the monoidal
product in our category instead of the tensor product of modules and idy is now the

identity morphism instead of the identity map. All of the following objects will be
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thought of as objects in a monoidal, K-linear category C. For example the categorical

definition of an algebra is:

Definition 39. An algebra A € Ob(C) is given by a triple (A, u: A® A — A/n:
K — A) such that:

o pp®ida) = plida @ p)

o plida ®@n) =ids = p(n ®ida)

We can pictorally represent these operations:
/\A [L
A A
which allows us to have a topological intuition for the identities above:

It is important to notice that we “forget” the underlying vector space requirements of
an algebra. The algebraic definition of an algebra when written in full is (A, R, +, *, 11, )
whereas categorical algebras have the structure (A, i, ). Coalgebras, bialgebras, and
Hopf Algebras are defined in exactly the same way as their purely algebraic counter-
parts. The maps A and € in a coalgebra C', as well as their identities are drawn as

follows:
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C . S (,_ :

The categorical requirements for a bialgebra A (after some manipulation from our

previous definition) can be drawn as:

/"«A ?A TT
| -
A A A A
A A A A )
;Cl)(L EA-QS

Finally, the antipode of a Hopf algebra is denoted:

I !

Ui
r

W

If the antipode S is invertible, then we denote it’s inverse by a “-”. We can also
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categorize the notion of a module which requires the interplay of two algebraic objects.

Definition 40. Given an algebra (A, u,n), a pair (M, r) is called (left) A-module
if M € Ob(C), r: A® M — M such that:

e r(p®idy) =r(ids @)

These are drawn as:

M

A g4 4

AA M

This definition aligns exactly with our algebraic definition of a left R-module except in
this case, we have an algebra acting on some object without explicit internal structure
in our category. If we fix an algebra A € Ob(C'), then A-modules form a category
denoted mod,. Objects in this category are A-modules and morphisms are maps
between objects in C'. More specifically, if (M,r) and (NN, s) are A-modules, then a

morphism between modules is a morphism ¢ : M — N such that ¢r = s(ida ® ¢).

N GN N
+ :G;D
)J%m A

We noticed previously that when the algebra A is sly(C, the category mod, is a
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pivotal pre-fusion category. This begs the question, in what properties of the base

algebra A will pass on properties to the category of modules?

2.3 Tannaka Duality

Tannaka Duality is a very general concept in Category Theory. In it’s most general
form, we are able to reconstruct the object A when given the category of modules
mody. For our purposes, we will be interested in the forward direction: which prop-
erties of our object A will put properties (monoidal, linear, brading, fusion, etc.) onto
our category mod,. Because we have so many visual representations of the concept

we have covered, we can figure out the necessary requirements “topologically”.
M N

|

(l

A MON g MM

If we want mod4 to have a monoidal structure, we need for A to act on M ® N. An
equivalent condition is to have A act on both M and N side by side. We first “create”
two copies of A using the coproduct and cross the two lines by using a braiding from
our category C. Let us check that this defines an action of A on M ® N. We first
check that the multiplication structure of A is compatible with our expected action.
In the image below, (i) follows because A is a bialgebra and (i7), (iv) are deformations,
and (i27) uses the multiplication property of A acting on M and N individually. of

each other.
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To check that that the identity of A is compatible with our action, in (i) we use that
A is a bialgebra , (i7) is a deformation, and (i) uses how the identity acts on M and

N individually.

M N W,

| \ M
2 D46 W
- m N

M N

M

A sufficient condition for mod, to be a monoidal category is for A to be a bialgebra

and C to be a monoidal braided category. [
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Turning mod, into a rigid category is much more difficult. We will cite a fact from

Turaev and Virelizier 2017 and prove the forward direction.

Theorem 41. Let A be a bialgebra in a braided rigid category C. The monoidal

category mody is rigid if and only if A is a Hopf algebra.

Proof: If we fix dualities {(YX, evx)} and {(XV,evx)} of our category C, then duals

of (M,r) are (YM,°r) and (M"Y, r°) where we draw °r and 7° as:

Again, there are two properties of the modules structure to check. To check the mul-
tiplication compatibility, in (i) we use that A is a Hopf algebra, (i) uses the compat-
ibility of multiplication with the module structure on M, (iii) uses that evy, is a non-

degenerate pairing with inverse coevys, and (iv), (v) are deformations of the structure.

— [M @]
l{eVM @ G . ’ (m

1=

f -
j —

CotVm )

A A M
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Nest we prove the compatibility of the unit on the module structure. In (i) we
deform the image, in (i7) we use a property of A as a Hopf algebra, in (iii) we use
the compatibility of the unit on the usual module structure, and in (iv) we use that

evys is a nondegenerate pairing with inverse coev,,.

(e
M

Thus we have show that °r is a well-defined action on YM € mod, and the proof of

r° is similar. The final step is to check that this in fact defines a left dual structure
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but this follows from the fact that Y M is a left dual of M in our category C' [

We will list some other examples of Tannaka duality below, some beyond the scope

of this paper:

C' linear — mod4 is linear

o (' is braided and pivotal, A is an involutory Hopf algebra — mod 4 is pivotal

C' is also spherical, then mod, is spherical

Hopf algebras A where mods has a braiding are called quasitriangular Hopf

algebras.

In the next section, we will look at two examples of Hopf algebras and an example of

a quasitriangular Hopf algebra.
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Chapter 3

Examples of Braided Monoidal

Categories

3.1 Quantum Groups

In Quantum Mechanics, to quantize a theory means to change the measurement val-
ues (x, p) or the fields themselves from ordinary numbers into operators. As a side
effect, certain values (such as the position and momentum operators) no longer com-
mute. This process motivate the ideas behind quantum groups. Instead of forcing
values to become operators, one way of producing quantum groups is to "deform”
the commutation bracket of a Lie Algebra. More concretely, this means to insert
some value ¢ into the commutation relation, where if ¢ = 1 we recover the original

equations Kassel 2012.

In these next few problems, we will “quantize” the plane of the vector space of K <

x,y > where instead of having xy = yx, we let yxr = gxy for some number q.

Definition 42. We define the quantum group M,(2) as the free C-algebra C <
a,b,c,d > quotient the relations {ba = qab, cb = qbc, db = g¢bd, ca = qca, bc =
cb, ad — da = (¢7' — q)bc}.
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These relations look very contrived, but in fact these relations are equivalent to

x a b " a c

the conditions that = and = satisfy the relations
Yy’ c d Yy’ b d
y'z" = qz'y" and y'2" = qx"y". The quantum group M,(2) consists of all 2 x 2 ma-

trices which preserve the quantum plane (as well as their transposes) and is another

example of an algebra.

We can define maps on M,(2) as natural operations of matrices A : M, (2) —
M,(2) ® M,(2) and € : M,(2) — C. We define these maps on the variables a,b, c,d

which generate M,(2). We abbreviate these equations as follows:

a b a b a b a b 10
= ® and €

c d c d c d c d 0 1

Theorem 43. The algebra M,(2) is a bialgebra under the operations of multiplication,

unit, A, and € as defined above.

Proof: The calculations to confirm the bialgebra properties are straightforward and

require little explanation.

. a b a b a b a b a b a b a b
(A ®id)A =( ® ) ® = ® ( ®
c d c d c d c d c d c d c d
a b
= (id® A)A
c d
a b 10 a b a b a b 1 0
(e ®id)A = ® = = ® =
c d 01 c d c d c d 01
a b
(td ®€e)A
c d
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These two equations show that M, (2) is a coalgebra. To complete the proof, we can

show that p and 7 are coalgebra morphims, A and € are algebra morphisms, or using

the diagrams in (2.2) as a reference:

a b f g af +bh ag+bj af +bh ag+bj
Ap( ® ) = ® -
c d h j cf +dh cg+dj cf +dh cg+dj
a b f g a b f g
(1 ® p)( ® ® ® ) =
c d h 7 c d h 7
g
(1@ p)(id® T @id)(A @ A)( )
hj
An(1) = A(1) = (n@n)( =men)l

Here we used the natural isomorphism of K ® K = K where in this case K = C.

a b f g af +bh ag+bj 10
et ® ) = €( =
c d cf +dh cg+dj 0 1
1 b f g
= (e®e€)( ® )
d hoj
(

These final four equations complete the proof that M, (2) is a bialgebra [

Another useful quantity to define is called the quantum determinant of the matrix

a b
as the value det, = ad — ¢~ 'bc = da — qbc.

c d

Definition 44. The quantum group SL,(2) = M,(2)/(det, — 1) is defined by setting
det, equal to 1 in M, (2).

a b
Theorem 45. This additional structure gives us a Hopf algebra with S =
c d
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aletq_1 which is the quantum version of the inverse of a matrix.

Proof: There is a single equation to check for this proof:

. a b . a b a b
(S ®id)A = u(S ®@id)( ® )
c d c d c d
d —qb a b da — gbc  db— qbd 1 0
= p(det! ® ) = det;* =
—q¢'c a c d g lca+ac g leb+ad 0 1
a b d —qb . a b a b .
i ® det;l ) = wp(id @ S)( ® ) = p(id ®
c d —q¢ ¢ a c d c d
a b
S)A O
c d

In addition to quantizing SL(2), we can also quantize the universal enveloping algebra

of s((2).

Definition 46. The quantum group SL,(2) = M,(2)/(det, — 1) is defined by setting

det, equal to 1 in M,(2).

As an example of another quantization of a “classical” algebraic object, we will provide

the quantization of s[(2) over C.

Definition 47. We define the quantization of sl(2), denoted U,(s((2)), as the free
algebra
C < E,F, K, K~! > mod the relations:

1

KK'=1=K'K, KEK'=¢E, KFK~' = ¢ %F, [E,F] = £=£]

9—q

As a ring, U,(sl(2)) is Notherian, has no zero divisors, and in the case that ¢ is not



35

a root of unity, it has a basis of {E"FVK'}; jen 1ez. All of these facts are proven
using Ore extensions; noncommutative way of adjoining a free variable to a ring. In
particular, we can obtain a noncommutative version of the Hilbert basis theorem, but
we will not talk about this here. If ¢ is a root of unity, we obtain a finite dimensional

vector space:

Definition 48. Let ¢ be a root of unity and e be the smallest integer such that
¢+ ¢+ .. +q T =0. Then E° F¢ K¢ are all in the center of U, and define
U, =U,/(E®, F°, K¢ —1). Then U, is a Noetherian ring with no zero divisors. As a

vector space, this has the basis {E'FFK'}o<; j1<e1.

Theorem 49. The algebra U,(sl(2)) with multiplication and unit, can be made into
a Hopf algebra with the maps A€, S such that:

AE)=1 E+E®K, AF)=K'9F+F®1, AK)=K®K, AK!') =
K'oK!

((B) =€) =0, eK)=eK")=1

S(E)=-K-'E, S(F)=-KF, S(K)=K", S(K')=K

Proof: To prove that U,(sl(2)) is a Hopf algebra, we must show that A is a morphism
of algebras and is coassociative, € is a morphism of algebras and satisfies the counit
axiom, and S is a morphism of algebras and is an antipode (with all of the relevant
interactions between S and p,n, A, €). More specifically, we show a map is a morphism
of algebras for U,(s[(2)) if all of the relations of U,(sl(2)) are preserved under the
operation. However, the calculations are tedious and mostly not insightful. Here we

will check the properties of the comultiplication A only.

LAKAK Y =(KK) (K YK )=1@1l=1= (K 'K ) (K®K)=
A(K™HA(K)
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2. A(K)AE)A(K™) = (KK ) ® (KEK) + (KEK ) ® (KKK™) = 1®

E+¢*E @ K = ¢*A(E)

CAK)AF)AK Y = (KK 'K Y)®(KFK )+ (KFK Yo(KK™) = K'®

¢ PP+ ¢ F®l=q"2A(F)

CJAE)AF) =(1E+EQK, K 'QF)(K'QF+F®1)— (K '®@F+F®

N1®F+E®K K'@F) =K '@EF+FQE+FEK'@KF+EF®K —
K'®QFE-K'EQFK-FQFE-FEQK =K '®[E,F]+[E,F]® K =

K '@K-K DHEK-K 1)K _ AK)-AK™?)
q—q1! o q—q1!

This shows that A is a morphism of algebras because it preserves all 4 identities of

the algebra structure on U,(sl(2)). The final property needed to show that A satisfies

the property coassociativity for U,(s[(2)) to be a coalgebra is:

. (id®A)A(E) = (id®A) (19 B+ E®K) = (1910 E+10 E9 K)+ EQ K K =

IRIRE4+(1QEFRK+ERK®K)=(AQId)(19EF+EQK) = (A®id)A(E)

. (IdRA)A(F) = (IdRA) (K '@F+Fe1) = (K 'K '@F+ K '@ F®1)+F®

I91=K 'K '@F+(K'@F®1+Fo1®1) = (A®id)(K 'QF+F®1) =
(A ®id)A(F)

C(d@AAK ) =K@ K19 K™ = (A®id)A(K™")

L (ld@ MNAK) =K@ K® K = (A®idA(K)

Because A, €, S are linear, these formulas on the generators extend to all of U,(sl(2)).

Remark: This is a Hopf algebra which is neither commutative nor cocommutative.

Remark: For any Hopf algebra H, we can construct the Drinfeld double; a Hopf

Algebra structure on (H)* ® H and denote it D(H). If we return to the case of U,
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(¢ is a root of unity), then define B, = {E'K'}o<ij<c—1. It is possible to define a
braiding on modpp,) which can be surjected onto U, Thus U, is an example of a

quasitriangular Hopf algebra.

3.2 Extension to Physics

In this paper, we have looked at many algebraic objects and seen how they gener-
alize in Category Theory. Furthermore, we have seen how morphisms in monoidal
categories can be drawn and used for intuition to build more complicated structures.
Monoidal Categories are a very modern branch of mathematics. The formal definition
of a braided monoidal category was introduced by a paper by Joyal and Street in 1985,
but examples have exists since Feynman diagrams were invented in 1948. Monoidal
categories are the basis of more general physics theories such as Topological Quan-
tum Field Theories. In TQFTs, the objects of the category are the initial and final
states of particle(s) with morphisms representing the evolution of particles. Even
today, TQFTs are an area of active research in an attempt to prove the ADS/CFT
conjecture in physics. Finally, braided monoidal categories appear in Loop Quantum
Gravity in an attempt to combine General Relativity and quantum mechanics. In
this theory, the morphisms no longer represent evolutions in time, but instead the

quantized states of gravity.
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Chapter 4

4-Manifolds

One topic of interest in topology is to determine which manifolds are equivalent to
one another and if possible to describe all equivalence classes of manifolds. There
are several different definitions of “equivalent”. For smooth manifolds, we typically
mean two manifolds are equivalent if they are diffeomorphic; there exists a C°>° map
with C* inverse. For more general manifolds, we might ask if two manifolds are
homeomorphic; a continuous map between the manifolds with continuous inverse. In
particular, the extra structure on a manifold (such as smoothness) motivates new

notions of equivalence.

For our purposes, we are interested in the topology of a class of 4 dimensional man-
ifolds called handlebodies. These are obtained by gluing “handles” onto S*. We
will describe how we can visualise handlebodies by drawing the attachment sites of
the handles onto the surface of the ball. Finally, we will introduce a class of 4-
Manifolds which are diffeomorphic to 5%, but may not satisfy the stronger condition

of 2-equivalence.

4.1 Handlebodies

Handlebodies are a type of manifold that are constructed in a similar way to CW

complexes. Handlebodies are constructed by successively attaching handles of in-
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creasing dimension to the base D™ ~ ["™. To add handles to this ball, we begin with
a handle I™ = I* x I"™% ~ D* x D" * and attach it to the boundary of the ball via

its attaching map ¢ : 9D* x D"=¥ — 9D™. This is called a n-dimensional k-handle.

Definition 50. Given such a handle described above, we call D¥ x {0} the core
of the handle and {0} x D" * the cocore. Thus we can think of attaching the
boundary of the core D*¥ onto D", and then thickening the core by the cocore D",

A handlebody X is built as a filtration:

D'=X'cX’cX'c...cXxXx"=X

where X' is constructed from X! by attaching a finite number of n-dimensional i-
handles. Note this means a j-handle can be attached to the boundary of an ¢-handle if
J > 1. We say that a manifold is a n-dimensional k-handlebody if it is a n-dimensional

handlebody with X = X*.

In the figure below, we have a 3-dimensional 1-handlebody (left) and a 3-dimensional

2-handlebody (right).

Note, in the general case, we do not need to start with D™ and attach handles, we can
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instead begin with an n — 1 dimensional manifold Y and successively attach handles

to Y x I. Handlebodies also have their own special type of equivalences.

Definition 51. Let [ < n be an integer, then a [-deformation of an n-dimensional

k-handlebody is a finite sequence of moves of the following type (for some i; 0 < i <1):

1. isotopy of the attaching map of an i-handle inside of the boundary of X!
2. sliding an i-handle over another i-handle

3. creating/ removing a canceling pair of (i — 1)/i-handles

For example, in the diagram above, if we were to glue half of the 2-handle onto the
1-handle and the other half onto 9(Y x I), then this pair can annihilate by folding

the “cup” like handle into Y x I.

As noted in Gompf and Stipsicz 1999, there is a canonical way to smooth handlebodies
so we take them to be smooth manifolds and thus /-deformations are smooth. This
raises the question: if two handlebodies are diffeomorphic, are they l-equivalent? In
the case of (n — 1) equivalence, this is known to be the same as a diffeomorphism.
However, this is an open question for (n — 2)-equivalence. The paper in study for
this thesis, Beliakova and De Renzi 2021, has constructed a topological invariant
which may allow us to distinguish between 4-dimensional 2-manifolds that are not

2-equivalent. We now introduce the category of 4-dimensional 2-handlebodies.

Definition 52. The category of 4-dimensional 2-handlebodies, denoted 4HB has as
objects integers m € Z and morphisms are 2-deformation classes of 4-dimensional 2-
handlebodies. Take a representative handlebody that lies in Hom(m, m’). If we slice

the handlebody at the top or bottom, we obtain a cube with m or m’ 3-dimensional
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1-handlebodies (see below) denoted H,,. Thus the representatives can be thought of
as a way that H,, evolves into H,, over time t € [0, 1]. Then we have composition
of handle bodies by vertically stacking them (m — m’ — m”). This is a monoidal

category by m ® m' = m + m’ and we place handlebodies side by side.

4.2 Kirby Tangles

A Kirby diagram represents a 4-dimensional handlebody with a diagram in R3. We
start with a unique O0-handle D* with boundary S® = R3 U {oo}. Instead of trying to
visualize the entire 4-dimensional manifold, we only focus on drawing the attaching

points of the handles.

For example, were we to attach a 3-dimensional 1-handle to D3, the intersection with
the boundary would be a pair of disjoint circles. The corresponding 4-dimensional
1-handle is a pair of spheres in R3. Then 4-dimensional 2-handles can be drawn given

some strand S : [0,1] — R? as S x D?. However, it is simply easier to draw S in R3.
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W

x
>

There is a related notion to the Kirby diagram called the Kirby tangle. Kirby tangles

are another way to describe 4 dimensional 2-handlebodies, but vary slightly from
Kirby diagrams. Kirby tangles are tangles of string inside I, connecting 2m points
to 2m’ points, as well as consisting of dotted unknots. We can denote the category

of Kirby tangles as KT'an.

Definition 53. The category of Kirby tangles KTan is category whose objects are in-
tegers m € Z and morphisms are 2-deformation classes of Kirby tangles. Composition
is again given by vertical stacking. The monoidal product is given by m@m' = m+m/,

morphisms are placed side by side.
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2m

The categories 4HB and KTan are equivalent categories. We send objects m — m

and for each Kirby tangle, we turn strands into 4-dimensional 1-handles.

4.3 Potential Applications

As motivation for the machinery we are about to build up, we include some conjectures
these could help answer. The first conjecture appears as Conjecture 1.4 in Beliakova

and De Renzi 2021.

Conjecture 1: Every 4-dimensional 2-handlebody that is diffeomorphic to D* is

2-equivalent to D,

This is the most immediate consequence of Beliakova and De Renzi 2021 and this

work. All of the 4-balls A,, shown in Section 4.4 are diffeomorphic to D*, but they
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are not know to be 2-equivalent. The constructed invariants have the potential to
distinguish between non 2-equivalent manifolds so long as we can find two 4-balls and

a topological invariant on which they differ.

Conjecture 2: (Andrews-Curtis Conjecture) Every balanced presentation of the

trivial can be transformed into the trivial group using Nielsen moves.

In the next subsection we will display the Kirby tangles of these 4-balls and explain

their significance.

4.4 Examples

The class of examples of 4 manifolds we will study are the family of 4-balls labeled
{A, : n € N}. These were introduced in Gompf and Stipsicz 1999, are diffeo-
morphic to D* and are conjectured to provide a counterexample to Conjecture
1.4 in Beliakova and De Renzi 2021. Furthermore, they have fundamental group
m(A,) =< x,y | ryr = yay, 2" = y" > which is expected to give counterexamples

to the Andrews-Curtis Conjecture for n > 3.
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Chapter 5

Topological Invariant

As we have seen previously, one powerful method for determining the equivalence
of two manifolds is to use an algebraic invariant. These processes assign to each
manifold an algebraic object (such as the Fundamental Group or Homology Groups),
a polynomial (such as the Jones poynomial), or some noncommuting polynomial
expression (Reshetikhin-Turaev invariants and the invariants of Beliakova and De
Renzi 2021). Most of the work of these techniques is in showing that the algebraic
value is preserved under equivalence of manifolds. For our purposes, we will follow

the algorithm proved in Beliakova and De Renzi 2021.

5.1 More Algebra and Category Theory

Recall from section 1.2 that a Hopf algebra over a field k is a (finite-dimensional)
vector space H equipped with five additional maps (H, u,n, A, €, S) satisfying certain
relations. Many examples of Hopf Algebras, such as those that appear in Algebraic

Geometry are cocommutative.

Definition 54. Choose a basis for the Hopf algebra H as a vector space: H =<
U1, ..., U, > so that for all z € H, x is written w = ¥;a,v; and A(x) = X, ; bij v; @ ;.

We say that H is cocommutative if b;; = bj; for all 7, j =1, ..., n.
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One example of a Hopf algebra that is neither commutative nor cocommutative is the
quantum group U,sls from Section 3.1. In Section 6 we will explain much more general
constructions of quantum groups which provides a large class of neither commutative
nor cocommutative Hopf algebras. However, they all satisfy a weaker property: they

are cocommutative up to conjugation of an element of H ® H.

Definition 55. Let (H,pu,n, A ¢€,S) be a Hopf algebra. We say that H is quasic-
ocommutative if there is an invertible element R of H ® H such that A%(x) =
RA(z)R™ for all # € H where if A(x) = X, ; by v; @vj, A%(z) =3, bj; v; ®v;. We

call the element R a (universal) R-matrix Kassel 2012 and denote R = 3}; s; ® t;.

As we will see, many quantum groups satisfy a slightly stronger condition.

Definition 56. Let (H, u,n, A€, .5) be a quasicocommutative Hopf algebra with uni-
versal R-matrix R. We say that H is quasitriangular or a braided Hopf algebra
if the universal R-matrix satisfies (A®idy)(R) = Ri3Ro3 and (idg @A) (R) = Ri3Ry2.
Here by Rj; we mean R;, = %; REI) ® RZ@ ® Rl(g) where jo) = s, ng) = t;, and
RV =1 for | # j, k.

A Hopf algebra H being quasitriangular is actually a very desirable property. The
proofs of these properties occur in Chapter VIII of Kassel 2012, but they are listed

here.

 The inverse of the R-matrix is given R~ = (S ® idy)(R).
o The category of modules of a quasitriangular Hopf algebra is braided.
e In a cocommutative Hopf algebra, S? = idy.

o In a Hopf algebra with invertible antipode and universal R-matix R = ¥; s; ®1;.

Let u = %; S(t;) s; which is invertible in H, u™' = 3; S7*(¢;) S(s;) and
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o In the above case, S?(x) = uzu™! for all z € H and S(u)u = uS(u) is central

in H.

The paper Beliakova and De Renzi 2021 introduces these additional definitions. They
are not central to the implementation of the algorithm, but are necessary to under-

stand the underlying machinery explained in Section 8.

Definition 57. A finite category C is a k-linear category such that every object X
has a projective cover, that is an object Py with projection morphism ey : Py — X.
(Any finite category is equivalent to mod,, the category of finite dimensionals left-A

modules for an algebra A over k.)

Definition 58. A rigid category C' is unimodular if it is finite and for the identity

element of the category 1, its projective cover satisfies P = P;.

Definition 59. A BP-ribbon Hopf algebra is a Hopf algebra H with two addi-
tional morphisms vy, v_ € Hom(1, H) and we define the copairings w,, and w_ as

follows:

o) vl W{\ﬁ o=

The morphisms vy are called ribbon elements and must satisfy several conditions:

v+ is central, invertible, normalized, and antipode invariant.

s by e
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They also satisfy (see Beliakova and De Renzi 2021):
1. w, is a Hopf copairing. 2. w, is compatible with the coproduct and the copairing.
Definition 60. A BP-unimodular Hopf algebra is a braided Hopf algebra with

two additional morphisms A € C(H,1) and A € C(1,H) called the integral and

cointegral. They satisfy the following conditions:

- & = o i
4

[]
®

Definition 61. A Hopf algebra that is both BP-ribbon and BP-unimodular is called
a BPH algebra (or 4-modular or premodular, the authors have changed language

several times).

Definition 62. A BPH algebra is (3-modular or modular) factorizable if w, is
nondegenerate. This implies the cancelation of the product of the integrals of the

ribbon element and its inverse.
\J -7 - i i - &

Definition 63. A factorizable BPH algebra is anomaly-free if the integral cancels

ribbon element.
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i=g iwf

Definition 64. A transparent object X of a category C' is an element that lies

in its Muger center. That is, for all other objects Y in C, the braiding satisfies

Cy,x ©Cx,y = ldxgy-

Definition 65. A factorizable category is one in which every element of its Muger

center is a direct sum of copies of the tensor unit 1.

Definition 66. An end in a category consists of an object € = X ® X* and

Jxee
dinatural transformation {jx : ¢ - X ® X* : VX € C}. Recall that a dinatural
transformation satisfies for all f: X — Y, we have (f®idy+)ojx = (idy ® f*)ojy.

The notation [ xec means to take the direct sum over the simple objects in the

category.

Every finite, rigid, monoidal category has an end ¢ = X ® X* and universal

fX eC
dinatural transformation (_ ® *): C ® C? — C which sends (X,Y) — X ® Y™
We call it “universal” because for any other such dinatural transformation (n, {kx})

splits by a map ¢ : € — n such that for all X, kx = jx o ¢. as As an aside, there is

also a dual notion called a coend.

Definition 67. A coend is an object D with universal dinatural transformation
{px : X* ® X — D} such that for any other dinatural transformation (F,{ox}),

there is a unique ¥ : £ — D such that for all X, ox =¥ o px.

Facts about ends from Beliakova and De Renzi 2021 and coends from Turaev and

Virelizier 2017:
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e The end of a unimodular ribbon category is a BPH algebra.

o The end of a factorizable ribbon category is factorizable.

o In a left rigid category, the coend (D, p) is a coalgebra.

 In a braided rigid category, the coend (D, p) is a Hopf algebra.

o We have that the category of D-modules is isomorphic to the Drinfeld center

of a category modp ~ Z(C).
« For additive pivotal fusion k-categories, the coend is given by @, ;" ® .

« For additive pivotal braided fusion k-categories D has a left integral and coin-

tegral.

o If the underlying category is also a ribbon category, D has ribbon elements.

Definition 68. Given a unimodular ribbon Hopf algebra H, and mody denotes
the unimodular ribbon category of finite-dimensional left H-modules. We define the
transmutation H € mody where we can give the adjoint representation of H lots
of structure (sometimes denoted ad). It is a fact that mody is a unimodular ribbon
category. We equip the vector space H with the adjoint left H-action h >z =
hazS(h@)).

We construct H as the end of mody. It is given by an object H = fVEmodH Vev*
with structure morphism jx : H — X ® X* which sends z — ¥;(z-v;) ® f; where {v;}
and {f;} are dual bases for X, X* respectively. This has a braiding cy g(z ®@ y) =
(R">vy) ® (R > x) where R is the R-matrix of H.

Finally, H inherits its own Hopf algebra, ribbon, integral morphisms from those of

H. They are given in Beliakova and De Renzi 2021, but we will include a few here
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for clarity: pu(r ® y) = zy, n(1) =1, A(x) = r)S(R) ® (R > 1(9)), €(7) = €(x), ...

ete.

Most of these formalities are not necessary to understand the algorithm. However,

we will use some of these terms to explain the algorithm more fully in Section 8.

5.2 The Algorithm Described

For our purposes, the algorithm in Beliakova and De Renzi 2021 will take in the
Kirby tangle of A, and produce a map Jy(A,) = ®,, : C — C. The first step of the
algorithm is to identify all places where nondotted strands cross over one another.
Depending on which strand is on top, we introduce a pair of beads and remove the

crossing.

/\:> >< \ = X

Each crossing that is removed will introduce components of our R matrix, each which
a new subscript. Keep in mind that because R = YR, ® R/, there is an implicit
sum for each new subscript. For brevity we will not write these sums until the very

end. The second step is to remove the dotted components and replace their encircled

strands with beads labeled by A.

These dots should be thought of as being “beads” on a string. They are allowed to

move over flattened crossings, but can not move over caps and cups until later. The
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second step of the algorithm is to remove dotted components at the cost of adding
additional beads. At every strand encircled by a dotted component, we add a bead

labeled by A;.

A(l)T Ane e

Using Sweedler notation, these beads mean that A(A) = X A ® As, (A®id)A(A) =
3 A1 ® Ay ® Az and so on. It does not matter to which component we apply A by
coassociativity. The third step of the algorithm is to pull apart any remaining loops.
Because any remaining crossings are “flattened”, there is no trouble with translating
the loops away from one another (this is visualized in Section 5.3). The fourth step
is to move all of the beads to the leftmost side of their loop. Beads are allowed to

slide over caps or under cups at the cost of picking up an S or S
1 _ _ X
s'eof = Y SR =S

Any remaining twists in the loops are turned into beads labeled by the pivotal element

and moved to the leftmost edge.
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'8 ~15

Finally, the loops are homotopic to circles and so we simplify the loops. For our
purposes, we can use the simplified equation from Beliakova and De Renzi 2021:

Ja(T)(1) = Ty Az)

where the z; are beads corresponding to each circle. In the simplified diagram, the

2z, are obtained by reading the column of beads from top to bottom.

Zl 00 Zl

More specifically, we will see that for A,, the procedure will leave only two circles.

5.3 Some Computed Examples

We calculate the topological invariant for A, in the symbols A\, A, S, R, and ¢ before
giving them meaning in Section 6. There we discuss more general quantum groups.
Finally, in Section 7 we will discuss some implications of our results. We first focus

on the ball A;:



5}

P
e
)

U

As described in 5.2, the first step is to replace crossings of undotted strings with

dotted, flattened tangles.

L\

We remove the dotted components and add beads to the ensnared strings.
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A(l) im A(Z) +

ARK" SCRK)

bS(RI")

A 4)

Az
\_ _J

A (14

In this flattened version of our tangle, we can translate the two loops away from each

other.

A (2)

Finally, we can move beads along to one side of the loop up to action by S. These

loops are homotopic to circles.
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Rk’ A4y
S-I(R].H) Rjr
SR{™ 5(Rm’)

A(3) SN )

A2) A1)

, A1)

A(3) )

SRm") S

S(RI™ SRy

S(RK") S(A(5))
5(8) A

Finally, we can apply the formula as included in Section 5.2.
Ji(Ar) = ARy, STHRY) STHRY) M) Ay Afy) S(g By R Ry)
Aoy B () 57 () Ay Ay S2(R) S(R)) S(Ais) Ay

The good news is that the case of general n is not much more complicated. We again

start with the Kirby tangle.

—

Just as before, we remove crossings and dotted components at the cost of adding
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labeled beads. The number of crossings remains constant so the only difference is

that every increase in n by 1 adds another two A beads.

n
see

A(n+2] A(n+3)

Ny [N | A '
ool ol ng

\_ J

Finally, we can translate the beads to one side as in the A; case.

A(n+3)
Ry

S(Rm")
ST ()
Ay
A1)
S*(RY)
S(Rj"
S(Mn+4))
An+3)

The final formula is:

Tu(B) = AR, STHR)) STHRY) Agusa) - Ay Ay Moy Ay e Ny S(g BY BY RL)
A Ami) B S(RL,) S7HA) Mgy Ay S*(Biy) S(B)) S(Amia) Mois)

For different Hopf algebras, these invariants will change as the R-matrix, A, X etc.

change. In the next section, we will show how to compute these for different quantum

groups.
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Chapter 6

General Quantum Group

We can construct general quantum groups from a Lie algebra. This process is outlined
in the papers Beliakova and De Renzi 2021 and De Renzi, Geer, and Patureau-Mirand
2020.

Let g be a Lie algebra of rank n and h be a Cartan Lie subalgebra of g (note that
dim(h) = n). We choose a base for @, the positive roots of the adjoint representation
of g, denoted {ay,...,a,}. We will let ¢ be a formal parameter before selecting a
particular ¢ € C. Using the data from the Cartan matrices (a;;) and the length of
i, we will construct U,g. For each o € ®, define ¢, = ¢ = q<**>/2_ Here and in
future equations we will denote a; by 7. The fundamental dominant weights w; are

defined by < «;, wj >= d;;d;. We define the quantum numbers for all £ > [ € N:

Then the quantum group is a free C(g) algebra

U,a=C(q) < E;, F;, K;, K;' :1<1i<mn > mod the relations for all 1 < i, j < n:

KK ‘'=1=K'K, [K;, K;]=0 KEFE;K;'=¢"E;, KFK;'=q "F;

Ki—K;" S
[Ei, Fj] = 0y pr— and for all i # j:

1=aj; —@ij 7. Cplra—k _
o’ (DR[N] EF E; B, =0

1=ai; —aij 1. Cpplai—k
0. (“DF[) B F R =0

(Fta=d =" Ka={ka/{1}a Ko =Falk—o[a  [§a= g
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Some useful identities are the following:
Ot =Mt=1 Qli=[li=1 [li=02=02i=a¢+q"

We can make these algebras into Hopf algebras by defining:
AK)=K®K AE)=E®K+10E AF)=F1+K '®F
€(K;)=1 €(E;) =0=¢(F)
S(K;) =K} S(E)=-EK;' S(F)=-KrF,

Now, if we are given some element of the root lattice u = mia; + ... + m,a,, € Ag,

define K, =17, K" € U, g.

Given the Weyl group of our Lie algebra, fix a representation of the longest word

Wo = 84, 0 84, ©...05;, where each 1 <4; < N. This induces an ordering on
(I>+ = {aiu Si1(ai2)> Si; © Siz(ai:s)? 7(51'1 ©..0 SiN—l)(aiN)} = {/Bla "~7BN}‘

From this, we can define Fg, and Fj,, but the process is more complicated than for

K,,. For this, we refer to [DGP 18]...

To construct the small quantum groups, we first need to fix an r > 2 max{d,, ... ,d,}

2mi/r

and set ¢ = e*™". As motivation, consider the map Ag x Ay — C* given by (p, v) =

q<* V> so that Ay = {v € Aw : "> =1 VYu € Ag} = { w1 <i<n}

- r
ged(r,2dy)

This motivates defining r, = > 1 Va € &,. We define the small quantum

ng(;ZQda)
group u,g to be U,g mod the relations:

pe€ARNAf = K,=1landa € d,.

Because U,g is a Hopf algebra, so is u,g and has a PBW basis:
(I, F) K, (1Y = 1E%) : € An/(Ar N A%) 0< by < 75, ).

Furthermore, u,g is a quasicommutative Hopf algebra. For instance, if we define

— 1 —<p,p' >
D= ARr/(ARN Lambdag;) Z%H'GAR/(AROAﬁ) q K'LL ® K‘ul
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and
o Ton L N g Wb\ N by N b
O =210  Dpyeo iy s, ¢ ) 1By v ® (szlFﬁk)
then R = DO is an R-matrix, i.e. Ao R = Ro A. If we define p = % ch\; B, then
g = K3, is a pivotal element. Recall from section 5.2 of [BR 21] ... that R = R, ® R}
gives us the Drinfeld element u = S(R])R;, the M-matrix M = R/R; ® R.R/, and
the inverse element v_ in the equation g = uv_. We can calculate the ribbon element

vy by vau™t = gL

Every nonzero left integral A is given (up to choice of £ € C*):
)‘(KM(H]kvle,gl,:.) (HszlEZIZ)) = &0y, —20(HkN=15bk7 Tﬁk_1> (H]kVZI(Sﬂka Tﬁk—l)-

We have that u,g is unimodular and every two-sided cointegral A such that A\(A) =1
is given by:

_ rg, —1 rg, —1
A= f ! ZM,H'EAR/(ARmAﬁ) Ku(HI]cvleﬂfk )(H{cvzlEﬁik )

Finally, we know that u,g is factorizable iff {Ky, € usg:p € Ap} ={K, €u,9: p €
ARr}.

6.1 Algebras of A; and B

Before we move onto some full computed examples of quantum groups, it is useful
to consider just the underlying algebras. This displays why the quantum groups
are so difficult to calculate, but how they may have the potential to form powerful

topological invariants.
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6.1.1 The Algebra of A

We consider the general case of the algebra A; for [ € N which corresponds to the

. For

quantum group U, sl;;. The dynkin diagram of sl;4; is
g 65)] a1 O

each 1 <i <, we have that d; =< a;, a; > /2 =1 so ¢; = ¢. The Cartan matrix of

5[l+1 is:

(9 1 0 o0 0 |
-1 2 -1 0 0
0 -1 2 -1 0
(ag)=10 0 -1 2 0
2 -1
(0 0 0 0 -1 2

The algebra for U, s, is given by U, slj, = C(q) < E;, Fy, K;, K;':1<i<I[>

mod the relations for all 1 <14, j <I:
KK '=1=K'K, [K; K;]=0
K:EK ' =B KiEnK ' =q¢ ‘B KE;K;' = E; otherwise
K,F,K; ' =q%F, K FuK;'=qF., KF;K;' = F; otherwise
|E;, F;] = 5,-3»[::—2?11 and for all i # j:

Ifj=ix1, E;E?—(¢+q')E;E; E;+ E? E; = 0, otherwise [E;, E;] = 0.
Ifj=ix1l, F;F}—(¢+q')F, F;F,+ F? F; =0, otherwise [F}, F;] = 0.

In the case that [ = 1, we get the more common example of a quantum group

U,slhb =C(q) < E, F, K, K~' > mod the relations:
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KEK'=¢F KFK'=q?%F [E,F]=(K-KWY/(q-q™).

6.1.2 The Algebra of B5;

We consider the general case of the algebra B; for [ € N, [ > 2 which corresponds to

———————9
(651 Qg Q2 01 O

the quantum group U, 509,41. The dynkin diagram of 50944 is

For each 1 <i <[ —1, we have that d; =< a4, a; > /2 =1 so ¢; = q. However, now

d; =1/2 so ¢, = ¢"/?. The Cartan matrix of 505, is:

2 -1 0 0 0
-1 2 —1 0 0
0 -1 2 -1 0
P U 0
2 -1 0
-1 2 =2

0 0 0 0 0 -1 2

The algebra for U, s0941 is given by U, sli1 = C(q) < E;, Fy, K;, K;':1<i<Il>

mod certain relation. If 1 <4, 7 <[ and we do not have ¢, j = [, the relations are the
same as in the case of A;. If 7 or j are equal to [, we have the new relations:
We still have K;K; ' =1=K;'K; [K;, K;] =0 foralli,j.
KEK ' =q¢'?E, K.EK | =q¢E KEK '=d¢E.
KF K = ¢"2F K KD, = @R KEK™ =g 2R,

K,

K—K; " .
[Ev, Fj] = 51;'(1;/&_? for all j.

E 2 Ef = (¢ +q ' )E B B+ ER By = 0.
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R = (¢ + ¢ YR F R+ FP R =0,
E; El3—1 - (q2 +1+ q_2> B E E12—1 + (‘12 +1+ q_2) E12—1 E By — E13—1 E;=0.
EF} (P +1+q¢ )R+ (P +14+q¢ ) FR R F,—F F=0.

6.2 Full Example A,

Given the algebra U, sly, we can make this into a Hopf algebra simply by defining the
coproduct, counit, and antipode:
AK)=K®K AE)=E®QK+1®F AF)=Fl+K'®F
e(K)=1 €(E)=0=¢(F)
S(Ky=K' S(FE)=-EK' S(F)=-KF

We define have that &, = {a} and that K, = K, E, = E, and F, = F. These
details for U, sly are trivial and will be explored further in later cases. If we pick an
r > 2maz{d,} = 2, set ¢ = e*™/" and 1, = 1/gcd(r, 2d,) = r/ged(r, 2). Note that
A% =< ra >. Thus to obtain the small quantum group u, sly, we add the relations:
E™ = F™ =0 and K™ = 1. A PBW basis of u,sly is {F°K°E* : 0 < a, b, ¢ <

ro — 1}. To obtain the R-matrix, we first calculate:

1 ! 1 ! !
R S L Y I S 00 Y
¢ 0<p, p<ro—1 "o o, W <ra—t
ra—1 b ra—1 b(b—1)/2\ b b Ta—1l
_ {1}, q JE'® F 1 1

b(b—1)/2\ b o b __ —b 71b o b
© q VELQF, = —— q " E'®F

b _ b T_ 1) — 2
= (=)' —q") = 1-gP 1y

2
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ra—1 1

1 —ouu ’ 1 —b b b
R=DO = — Z Zq uuKu®Kﬂl_qi2b...1_qi2q E°®F
@ 0<py, ' <re—1 b=0
More compactly,
1= 1 1
R=— g 2opb K°E*® KPF®.
Ta l—g2 1-gq7
a, 3,b=0
Then
[ 1 1
u=SRR =— > ¢ S(KPFY) KB

=T g

We can simplify this by S(KPF®) = S(F)?S(K)? = (-KF)’K = (-1)(KF)’K=# =
(—1)bgb+D) po b8 o that:

ra—1
1 (_1)bq—2aﬂ—b(b+2) 1 1

Ta l—g " 1—¢q

- Fbe—i-ﬂ—i-aEb

A left integral is given (for any chosen & € C*): M(K°F°E®) = £64.r0—10br0—10c.r0—1

and the given cointegral is given by A = ¢~1 3" P Ko fra—l pra=l,

In the paper Beliakova and De Renzi 2021 they define ' = r, = r/ged(r,2) and
r" =r/ged(r,4). They define

V' —1]!

ME*FPK¢) = Ty

6&,1"’— 1 5b,r’— 1 50,7"—1
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11 i
A = LZErlerflKa
r[r’ —1]!

a=0
r'—1
1 —1}
Rfl _ ; Z { [a]'} qfa(afl)/2+2bc EF*K°® Fb K¢
a,b,c=0 ’

6.3 More Computations of £, and F,

There are 4 cases of Lie algebras of rank 2: A; x Ay, Ay, By, and GG5. We include
some additional computations for the words E,lpha and F, to illustrate the potential
additional complexity from using more complicated quantum groups.

o2 A The longest word of Ay is $15987.

aq The matrixis 2 —1
-1 2.

EﬂleCn:El FﬂleCn:Fl
Eg, = Eoy 490, = T1(E2) = ¢ 'EyEy — E1Fy

Fﬁ2 = La1+2a2 — Tl(F2) = —FF 4+ qF\ F

Eg, = Eoytar = T1(T2(E)) = —q *FIK BBy + ¢ 'FIK EVEy + ¢ P EsEVFL K —
EiEF Ky

Fay = Foyray = T1(Ta(F))) = =K, 'E\ By Fy+qK ] EVFL o+ Ry FL K B — P B R KR,

Next, we have the Lie algebra B, which has longest word s;$551 5.
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(6] B2

3m/4

Eﬁlealel Fﬁlealel
E = E2a1+a2 = Tl(E2> = ( 2E E2 ,1 E1E2E1 —|— E E2

F52 = F2a1+a2 = Tl(FQ) = F2F12 FngFl + q F2F2

q+q

Egy = Eoytray = =T (1x(Ey)) = Tl(q_2E1E2 — EyEy) =

—q 2F1K1(q 2E2E2 _1E1E2E1+E2E2>+q 2E2E2 _1E1E2E1+E2E2)F1K1

Fgy = Foao = TH(To(FY)) = Ti(—F1F> + ° 2 1Y) =

K['E\(FoF} — A= PBE + PFLFR) — ¢ (FBF — = REBP + PP R)K T E,
Es, = E,, = Ti(Ty(T1(Ey))) = Ty (Ta(¢ 2 ELE? — 4 F\EyE, + E? TEs))

Ep, = (F2F2 _1 A PR+ FPR) KK (—q 2 FL K (¢ 2B B — Py E1E2E1+
EYEs) + (q72E2E12 71E1E2E1 + EYE))FiK1)* + ps 71( q F1K1( *Ey B} —

L B\BEy+ BB+ (—2E B}~ L B\ By By + B2 By Fy Ky ) (B FR— L Py R+
q2F12F2)K2K12(—q_2F1K1*

( 72E2E2 q E1E2E1+E E2)+< 2E2E2 q ElEQEl—I—E EQ)FlKl) ( inFIKl*
(42 BB = LS By By By + B2 Ey) + (2 B B — o By By By + B2 Ey) Fy K ) (Fy 2 —
WF1F2F1 + ¢PFLF) Ky K
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Fs, = F,, = Ti(Th(T1(F))) = TV(To(FoFf — L5 F\FyFy + ¢°FF))

‘H‘q
Fp, = —K;' KT (q P BB} — S B\ BBy + EYBy) (KT By (R F? — Py +
2F2F2) —( (F2F2 ,1F1F2F1 —|—q2F2F2)K El)

+—4 (K| 1E1(F2F2 T BRI+ F) ¢ (R F— _1F1F2F1+q2F2F2)K 'E))x

q+q

KK (g 2E,E? — E1E2E1+E2E2)(K 'EB\(FyF? — A FBEF A+ PR F,) —
P (FF? — L P\ FF + PFPR)KE))

(K 1E1(F2F2 _1F1F2F1+q2F2F2) (F2F2 _1 F1F2F1+q2F2F2)K El)Kgle2*
(q —2F, E2 ,1E1E2E1 + E? T Es)

The next Lie algebra is G5 with longest word s15251595153.
G

Q9

57/6

EB1:E041:E1 Fﬂlealel
Eg, = B34, 40y = Tl(E2)q_1 = EyEy — BBy
Fg, = Fsay 40, = T1(Fy) = —FyFy + qF1 Fy

It still remains to calculate Eg,, Fg,, Eg,, Eg,, Fa,, Fps,, Fs,, 3, but it is obvious

that the complexity increases with each iteration. This calculation will not be used



in later sections.
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Chapter 7

Partial Results

This section is dedicated to trying to apply the case of Ugsly, to A;. Recall the
invariant formula for A,:
J4(An) = )\(R;C S_l(R;»,) S_I(Rg) A(n+2) A(g) A(g) Al(g) A/(4) A,( ) S(g Rg Rg/ R;%))

42
*A(Amys) B S(R),) S’l(A’(z)) Ay Ay Sz(R’(l)) S(R;) S(Apn+a) Myys))
Recall that our R-matrix (¢ H® H) is written R = ¥, R, ® R!. Recall also that when
we write a subscript A(A), it means it is the A™ index of of A(A(...A(A) ...)). It will
be useful to perform some basic calculations before plugging in the A’s and S*(R)

into the formulas.

7.1 Useful Identities

Here are a collection of identities which are useful in the proceeding calculations.
Here recall E, F, K € Uysly, ¢ € C*, and let a, b, ¢, o, B € N.
KOEb = 0 EPKe KoFb — g2 b e
S(K“E") = S(E)"S(K)* = (—EK ')’ K~ = (=1)bgtletD Kot g
S(KPF®) = S(F)*S(K)# = (—=KF)"K =% = (=1)bq *CTD pb Kb=5

S UE) = S~V (~EKY)(~K)) = S~Y(~S(E)K) = —-K~'E
SYF) = SV (~K Y (~KF)) = S (~K~'S(F)) = —~FK



71

ST K) = K

SZ(KaEb) — qb(a+2—b) 150G
S(g) = S(K) = K™
S—I(K,BFI)) — (_1)bqb(1—b)Fbe—ﬁ

7.2 A, Calculations

Let Ay = \/‘%}[Z,:“, then A = Ay X' E”~' F”’~! K* For notational brevity we

introduce A™ defined inductively and A? = A. Because A is an algebra morphism:

A= A(N) = Ay X1 AE)" T A(F) 1 A(K)®
— A X M EQK+1QE) " (FRI+K '@ F) ' (K®K)"

This is messy and even if we had a fixed " we wouldn’t want to expand this at this
point. Luckily, we can keep it in this form at least for now. Note we are implicitly
using the coassociativity of A to apply A to the first term.
A2 =AAN1) AL =AY (FRKQK+19EQK+1010 E)' !
(FRI1+K'@F@l+K 'K 1o F)' (Ko K® K)".

This pattern repeats and we can continue to the general case:
m .__ m—1 m—1 m—1 _
A™ = AA ) ® AL ® AL =
AXI S (FOK®K® .. K+19E0K® .. K+ .. +191® ... @ B)"!
(FR1® .. 1 +K'®F®1® .. 1+ .. + K 'K '® ..  F)' ' (K*°® ... ® K%).

Then AE’;) has the relatively simpler form:

AT = Ag S0 (B4 (k= DE + (m— k)" (F + (m — k)K" + (k — 1)K

Note that the value of Afyy depends on m. This is why we distinguish between A and

A’ in the algorithm process.
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Finally, it will be useful to have this final calculation to use in the next section:
S((E + (k= DK + (m = k) (F + (m = KK + (k= 1)" ' K*) =
K= S(F+(m-k)K'+ (k—=1)""" S(E+ (k- 1)K+ (m—k))"~! =
K= [S(F) + (m = K)S(K ) + (k = DI [S(B) + (k= DS(K) + (m — k)] =
K *[-KF4+(m—-k)K+k—1]"""[-EK '+ (k— 1)K "4+ m— k"""

Additionally,
STHE+k—-—DK+m—k) Y F+(m-kK'+(k-1)""1K) =
K [STHF) + (m = k)S™HE ) + (k= 1] [STHE) + (k= 1)SHK) + (m— k)" =
K [-FK+m—-k)K+k-D]"""[-K'E4 (k— 1K'+ (m— k)]

7.2.1 How to Commute E and F

The two variables ' and F' do not commute in the quantum group U,sly, but are

—K

related by the equation: FE = EF + £

-1
q9—q

. A major problem with computing the
invariants of different knots is finding a formula for how we can commute F™E™.
This is a very difficult problem which we weren’t able to solve in general, but here we

include the progress that can be easily made. Begin by noting the following equations:

K'-K
FE=FEF + ——fr
q—dq
K'-K K'-K K'-K
F°E=FEF+F——— =EF*+F — + —F
q—q q—q q—q
= EF2+q — (I+AK'—(14+¢3K) = EF2+q — (I+AK'—(1+¢HK)

A simple exercise by induction shows that for n > 1:
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anl 1— q2n o 1— q72n

F'"E =FEF" ——K).
+q—q‘1(1—q2 1—q™2 )
The general case is considerably more difficult. For n > 2:
EFTL—I 1 — q2n 1— q—2n
F"E? = E°F" 1+¢)K ' ——(1+ K
Fn—2 1— q2n—2 1 — q—2n+2 1 — q2n 1 — q—2n
K—l . K 2r—-1 —2K
+(q—q‘1)2( 1 —¢? 1—q2 T 1—g2! )
2 _ k=1 _ 2 _ 92492k _
_ EQF”+Z e Fn—k H(q 2 2n2-2k2N | = 6+2k _1_q2/\ g2k ] 62k
— (—a )" 1—¢ 1—q™ 1—q™ 1—¢

For n > 3:

; wp EFPTIE 1—g™1—q* , | 1—qg?1—¢* _
F"E® = E’F"E + — ( - —¢K - — -4 °K)
q—q 1=q¢1—¢q l—qg=1-¢q
anZE 1_q2n72 o1 1_q72n+2 L 1_q2n P 1_q72n .
EZFn—l 1_q2n 1 q 2n
_ 3 n —1
E°F +q—q_1(1—q2 —1_q_2K)
Fn—2 1_q2n 1_q—2n 1_q2n 1 — —2n
n—1 —1 -2\ 271-—1 2 2
1 1 q2n—2 o1 1_q—2n+2 ) 1_q2n 4 . 1_q—2n .
+(q_q,1)2( ¢ = K)(1— =4 ozl )
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Fn—3 1— 2n 1—
(k- )
qg—q ' 1—gq I—g¢q

—2n
[EFn72 4

EQFn—l(l _ q2n
q—q*
EFn—Q 1— q2n L 1— q—2n 1— q2n 1 — q—2n
= K 1 Hhrgt-—-
+(q—q*1)2(1—q2 1—q2 )(1—q2( )

:E3Fn+

1 1—q -
=& 2+¢)K 1—1_—q,2(2+q )K)

Ean2 q2 o q2n a1 q72 o q72nK q4 _ q2n+4 K—l B q74 _ q72n74K
—1 2( 2 ) )( 2 ) )
(@—q')? 1-g¢q l1—gq l—¢q l1—gq

Fn—3 2 _ . 2n -2 _ ,—2n 4 2n+4 —4 _ —2n—4 1 — 2n 1— —2n
(g—q¢ ') 1-¢ 1—q2 1—g? 1—q2 1—¢?

To make the next simplification, examine the two middle terms:

(1_q2n _1_1_q72n 1_q2n

K
1_q2 1_q—2 >(1_q2

1—
(RS qu— -

- -2 _ . —2n 4 2n+4 —4 _ —2n—4
1—¢? 1—q2 1—¢?

. —2n 2n

1—gq 2\ 7—1 1—qg* —2
K 1 K+ —— (1 K
= >(1_q2< +q°) 1_q_Q( +q 7)K)

_(q —q Kfl B q _ q—2n 1 _ q2n —2n

. l1—gq _
- (14+¢*)K 1—1_—(]_2(1+q )K)

“—-q" . ¢ —q l—q w1 1—¢q 2
—K 1 K1_-—_—1 (1 K
+( v g2 1_qQ( +q7) 1_q?Q( +q °)K)

— -2 _ —2n 4 2n+4 -4 _ _—2n—4
1—¢q? 1—q2 1—¢q? 1—q2




5

2 2n —2 —2n 2n —2n
9 —4q -1_ 9" —49 l1—gq 2, a1 L1—4q -2, 4
+(1—q2 1— ¢ )(1_ 7 (14+¢"+4") 1—q—2(+q +q¢ )K)
l—q¢" | 1—qg ™ — " 2 4N -1 q " ) 4
— 1 K — 1 K
(1—q2 1—q2 )(1_2(+q +q) _q_2(+q +q )K)
- 1—¢™ o l=g
—(K' - WK - — _(¢HK
( )(1_q2(q) 1_q,2(q )K)

We could not find a suitable simplification or a way to proceed with this induc-
tion. Nevertheless, we will keep our work here in the hope that we can make further
progress. As it stands, this is the largest obstacle to calculating the invariants that fol-
low. As a final comment, we will include the general formula to calculate inductively.

If we have n > m and a formula:

F Em—l — Em—l F + Em—2 Fn—l P)/l(K) + Em—3 Fn—2 ,yz(K) 4.

, then if we denote 7; by £, = ~v; E:

1 1 — q2n . 1 — q—Qn

Fn Em — Em Fn Em—l Fn_l ~ K K _ K
+ (71( )+q_q71(1_q2 1_(]72 ))
FE™2F 2 (3 + 51 e (e K1 = 55 K) +
4 fn—m ,7m_1 qufl (lfqin:qzmﬁ-zK 1 17q;ia;t22m—2 K)
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7.3 Hopf Link Invariants

A Hopf Link is a type of knot, formed from iterating the longest element of a braid
group some number of times. Then closing up the braid by attaching each strand to

the strand directly above/ below it. For example, we have the following:

U

We begin with the simplest case, the unknot. In this case, there are no crossings,
beaded components, or loops. Thus we have Jy(Unknot) = 0. We can complicate
this case slightly by adding a twist or two to the unknot. These are still homotopic

to the unknot if we just untwist, and thus we expect to get an invariant of 0.

5 &

Lets call these knots Oy, O, and O,. In the case of a single twist O;, we have a single

crossing, and after shifting beads, we have a single loop to untwist. Thus we have
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that:
r'—1
- 1 vapb, 1 1 e e
Ji(0n) =) MRISTH(R)S(9) = — 0 ) ) MEPES T (RO K
( Ol,ﬁ,b:O
1 r'—1 1 1
_ —2ap-b K,BFb -1 b b(l—b)Fbe—B—l —
2 T MEF (1) ) =0

This is already a very complicated invariant for a very simple knot. Luckily, we can
exploit the fact that N(E*F°K¢) o §q—p—10p—r—10e—_1 . Because the expression in
the line above contains no E’s, the entire expression must be 0. We are not so lucky

with the case of Oy. Here, we have two crossings. Thus

J1(02) = MR R S(R}) S(R;))

1 1 1 1
o) ) )

1 r'—1
— Z q72aiﬁi7bif2ajﬁj7bj (
(r')?
o, Bi, by, aj, Bj,b;=0

ANKP FP K9 EY S(KP FP) S(K* E™))

r'—1
1 1 1 1 1
= —1)betbs
(’I“/)2 5 bzﬁ , 0( ) (1—q_2bi> (1—q_2)<1—q_2bﬂ') (1—(]_2)
Qi, Pi, i, gy Py, 05=

q72aiﬁi72ajﬁj72ﬂib¢+biai7bj(bj+2)+2bi(bjfﬁj7041‘7[)1') )\(Fbl Ebj Fbj Ebi KOAj#»bjfaifbi)
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Unfortunately, we are stuck here as we do not have a nice formula to commute E and
F in generality, though in principle it is possible to calculate for a selected r’. It is
tempting to conclude here, but there is still more progress we can make on a general
method. Assume that we had a general formula for commuting F"E™, n > m, then
it would be of the form: F" E™ = E™ F"+ E™ ' F=l oy (K)+ E™ 2 F™ 2 7, (K) + ...
for some functions v;(K)which can be “computed” inductively from the formula for
F™ E™~L. Then we have:
EY Fb B% = Ebtbi Fbi 4 Ebitbi=l pbi=lo (K) + Bbi+bi=2 Fbi=2 4, (K) + ..

But recall that E” = 0 so we can simplify this as:

Ebj Fbj Ebz — E'/"_l F’/‘/_l—bi ’ybri’bjfrlfl(K) +

Note that we only wrote the first term. This is because we know that A\(E™F"K')
is proportional to 0, ,—1 0y —1 01.,v—1 50 we will only select the first term anyway.
Thus we have for b; > b;:

)\(Fbi Ebi Fbi pbi Kajerjfaifbi) — )\(Er’fl Fr’fl 'Vbl--&-bj—r’—l(K) KOéj‘i’bj*Oli*bi)

In particular, if b; + b; < ' — 1: A(F% Eb% Fb pbi Keitbi=ei=bi) = (. Furthermore,
if we have that b; +b; = 1/ — 12 A(F? E% Fb EP K940 =70) = 60 4 o 1y —aib-

7

There will be slightly different formulas for the case when b; < b;.

7.4 The Case of A;

We need to plug in the entries from Section 6.2 and simplify the expression to obtain
an understandable result. For the case of A; we begin with the general expression:
Ji(Ar) = A(Ry S (RY) SR Ay Aoy Ay S(g B RY RL)
M) R S(R,) S7H(Ay) Ay Ay SHR) S(R) S(A) Ajy)
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First we recognize the implicit sums that were hidden in the indices of the R-matrices.
We may pull them out of the equation because A is linear:
(A1) = Ssoam AR, STHRY) STURY) Mgy Mgy Mgy Mgy Nlg) S(g RY R} RL))
Ay R S(R) S7(Ay) Ay Ay SHR) S(R) S(A) Ajy)

Recall the following formulas:

R=Lyr ¢ e S KPEP@ KPFY g=K

1—q
AT = Ao S0 (B4 (k= 1D)K + (m— k)" " (F+(m—k)K '+ (k—1)" K
and remember 1’ = r, for U,sly. The work for this section is included in Section 9 for
brevity. We will include the final formula here, but first we need to introduce some
new notation to make the problem tractable. We’ll introduce the notation for some

k such that 0 < kE <o/ —1:

ko+1 k'r’727k0

D @)= fk) Z FR) o D flRooiig)

E=k k1 =0 k=0 Kyt 1y =0
Then for instance:

r'—1
(E +aK +b)" ! ZEkOZ (ag*=K +b)
E=k

Furthermore, there are many sums over for instance oy, oo, s, ... from 0 to ' — 1 so

instead we’ll just write @ to sum from 0 to 7/ — 1. Because there are several sums of

= = ki, Ay = ji, ®; = k; so we abbreviate these as =, A, ®
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_ A rz:l =1\ (" =1\ /[r =1\ /[r -1
r’h L Lt Lt L k4 ks kg k7
@, fB,b,¢,d,i,7,k=0 ZE=i A=j =k
(3q255)(4q2A5)(3q2A6)(4q72¢3>4r’717k5 37"’7171% 37"’717147
q—ZQiBi—bi—Qa]ﬂj—2akﬁk—bk—204161—131—2am5m+bjaj+bmam—k1(k1—1)—kg(k2+1)—k3(k3—1)—k4(k4+1)
1 1 1 1 1 1 1 1
(b)) (b 7i) (5

q

1
1_q—2bm 1_q72

)

(— 1>bi+bj+bk+bm+bl qbi(l—bi)+bj(1—bj)—bk(bk+1)+bl(al+2—bl)—bm(bm+1)—bl(bl+1)+bj+bm+k1+k2+k3+k4
q

1
)
q2(bk (Br=b1)+(Bm—bm) (bi+b) —ds (bm +by+bg ) +c2(i3—j3—bm—by—bx)+c3(i2—j2+iz—73—bm—b;—b))

q

2(—kr (r' —1—i5)+(—r'+1)(i5s—k7)+ka(k3+is—k7)—cs(—ka+kz+is—k7)+(ay—a;—b;) (bj—ka+ks+is—k7))
q2((bi—ﬁi)(i1 —j1+i2—j2+i3—j3—bm—bi—bk)+(b; —B;) (—bi+i1—j1+iz—ja+iz—j3—bm —by—bg )+ (bp —bj—bi+i1—j1+iz—jo+iz—jz3—bm—b;—by))

(63
2((=r"+1+j6+d1) (by+bj—ka+kz+is—k7)+(—r'+1+j5+c1) (ke —je+by+bj—ka+kz+is—k7))
q

2(ka(—ks5+js—ke+je—bi—bj+ka—kz—is+k7)+k1 (ka+ks—js+ke—jo+bi+bj—kat+ks+is—kr7))
q

2(da(k1—ko—ks+js—ke+je—bi—bj+ka—ks—is+kr)

2((am~+bm)(—bm~+k1—ko—ks+js—ke+je—bi—bj+ka—ks—is—k7)+(ca+a;) (bi+bm—k1+ka+ks—js+ke—je+b+bj—ka+kz+is—k7))

/\(Ebk Fbj+bi Eil Fi1 prie sz Els Fj3+bm+bl+bk (2q251+2(—j1+i2—j2+i3—j3—bm—bz—bk)K + 2)

<2q2A1+2(—i2+j2—i3+j3+bm+bl+bk)K—l + 2) (q232+2(i3—j2—j3—bm—bl—bk)K + 3) (3q2A2+2(—i3+j3+bm+bz+bk)K—l =+ 1)

<2q253*2(j3+bm+bz+bk)K + 1)(q2A3+2(bm+bl+bk)K*1 + 2)Kak+bj*5j+bz‘*5i+C3+62+d3+bm*,BerbL*ﬁHrbk*ﬁk*l)
*)\<Ei4Fj4Ebi+bm Fk1 prka+ks [ris frke Fris bitbs [oka poks+is prkr
;q254+2(j4fbifbm+k17k27k5+j57k6+j67bl7bj+k4fk37i5fk7)K + 1)(q2A4+2(7bifbm+k17k27k5+j5*k6+j6*blfbj+k4*k37i57k7)K*l _|_ 3)

<2q—2¢’1+2(k2+k5—js+k’6—j6+bz+bj—k4+k3+i5—k7)K + 1)(q—2‘1>2+2(—k5+j5—ke+j6—bz—bj+k4—k3—i5+k7)K—l + 2)

K catai—am—bm—datki—ke+js+c1—2r'+24j+di+oy—oy—bj—cs+ha—is+ds )

Obviously much more work is needed before this invariant can be made manageable.

The are 25 + 147’ nested sums where recall that ¢ = e?™/" and ' = r/gcd(r, 2).
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Chapter 8

Additional Facts about the J,

Functor

This section is dedicated to providing additional insight into the paper Beliakova and
De Renzi 2021. First, we denote for a BPH algebra Hy, 4Alg, the braided monoidal
category freely generated by Hy (tensor and direct products of Hy). Formally, they
construct a functor Jy : 4Alg — mody,. The codomain of Jy is the category of (left)
Hj-modules. Acting on objects, we only need to define that J;(H4) = H meaning J4
sends H, to its transmutation H, which is the end in the category of H, modules.

What is more interesting is how J,; sends morphisms.

Fundamentally, what the algorithm is doing is to first identify any kirby tangle as
a morphism from HP™ to H f’m,. Then by applying J; we obtain a morphism from
HE®™ — H®™ More basically, J; sends the structure morphisms of Hy (i, 1, R, ...)
to structure morphisms of H. Because the three categories 4H B, KT'an, and 4Alg are
all equivalent, we abuse notation to use J; as a topological invariant on 4-dimensional
2-handlebodies. For instance Jy(A) = A, Jy(u) = p, ... etc. The main work done
by this paper was to verify the existence and uniqueness of such a functor. That is
to say, they verified that applying the algorithm described in Section 5.2 sends the

structure morphisms in KT'an to the appropriate structure morphisms in modp, .
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Appendix A

Extra Calculations for A,

We begin again with the equation for Jy(Ay).
Ja(Ar) = MRy, STHR]) STHRY) M) Aw) M) S(g By B Ry))
Ay RES(RL) 87 (Ngy) Ay Ay SR S(R)) S(Ap) Aly)

First we recognize the implicit sums that were hidden in the indices of the R-matrices.
We may pull them out of the equation because A is linear:
To(A) = St MR S7H(RY) S7HRY) Ay Ay Mgy Ny Ny S(g RYRY R)
Ay R S(RL,) 871 (M) Ay Al SR) S(R)) S(Agy) Ay

-1 r'—1
A2 .
_ 0

(A = 5 > 2

oy, Biy biy ag, By, by, ok, B, biey aty By by amy Bmy, b =0 c1, c2, 3, ¢4, 5, d1, d2, d3, dy=0

q*zaiﬁi*bi*QQj/Bj —bj—2ay Br—br —201 B1—b—20tm Bm —bm

(k) (e ) (k) (ko ) (e 1)

A(Kor Bt STYKAFb) STYKPFY) (B + 2K +2)" "Y(F + 2K~ + 2)" LK
(E+K+3)" Y F+3K ' +1)" K2 (E+2K + 1) Y (F+ K1+ 2)" 1K
S(KPm Fom)S(KAF) S(KPs Fo) K1)

A A((E+3K +1)"H(F+ K +3)" K K*Eb
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S(KemEP) STV(E + K +2)" " Y(F + 2K~ +1)" 1 K%)
(E+4)" Y (F+ 4K K9 (E+3)" " {(F + 3K~')" K"
SHEK“EY) S(K*EY) S((E +4K)" Y (F 4+ 4)" ' K®)) (E 4 3K)" ' (F 4 3)" "1 K%)

This expression is very complicated, but remember that by applying A\, we will only be
summing the coefficients of the maximal degree terms. We can apply some identities

from 7.1 to further obtain:

A2 r'—1
Ji(Ar) = =2 >

ai, Bi, biy ag, By, by, o, Br, bi, au, By by, am, Bm, b, €1, c2, €3, ¢4, €5, d1, d2, d3, dg=0

q—QQiﬂi—bi—Qajﬂj—bj—2akﬁk—bk—2alﬂl—bl—QOtmﬁm—bm—i-bj (aj+1)+bm(cxm+1)

(k) (P ) (k) (o ) (- 1)

(_ 1)bi+bj+bk+bm+bl qbi(l—bi)—s-bj(1—bj)—bk(bk+1)+bl (0q+2—by) =bm (b +1) by (by+1)+bj +bm
MK EY Fh Kb =P FU K8 (B 4+ 2K +2)"7Y(F + 2K~ +2)" 7L K*
(E4+K+3)" " (F+3K "+ 1)"'K2 (E+2K + 1)" " {(F+ K~ +2)" ' K%
Flm [ bm=Bm [ =B e o= (1)

S A(E+3K +1)"H(F+ K ' 43)" 1K K E"

Kom=bm (b STH(E + K 4 2)" 7HF + 2K + 1)" 1 K®)
(E4+4)" Y (F+4K)" 1Ko (E+3)" " {(F + 3K~ )" K%

EMKer K=~ EY S((E +4K)""YF 4+ 4)"71K®)) (E + 3K)" ~(F + 3)" ' K%)

We can remove the remaining instances of S by applying the final formulas in 7.2 (we

also make a minor simplification to the exponent of ¢).
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A2 7"—1
Ji(Ar) = =22 >

oy, Biy biy ag, By, by, o, B, bi, au, By by, amy Bmy b, €1, €2, €3, ¢4, €5, d1, d2, d3, dg=0

q—QOéiBz‘ —b;—2a; B =20 B —br —2a; 81— by —20m Bm+bjaj +bmam

(ki) (e ) (k) (k- ) (- 1)

(_ 1)bi+b]-+bk+bm+bl qbi(l—bi)—&-bj(l—bj)—bk(bk+1)+bl (o +2—b;)—bm (b +1)—b; (by+1)+bj+bm
Aok Y% FY =P o K08 (B 4 2K + 2)7 Y (F 4+ 2K~ 4+ 2)7 1K
(E+K+3)" Y F+3K 1+ 1)" K2 (E+2K + 1) " Y(F+ K ' +2)" K%

Fbm JCbm—Bm by [bi—Br bw bk —Br K1)

A A(E+3K +1)"H(F+ K14 3)" 1K Ko E"

K-om=bmEbm K=& [-FK +2K +1]" ' [-K'E+ K~! 4 2]"!
(E+4)" Y (F+4K)" 1Ko (E+3)" {(F + 3K~")"'K%

Bt Kb b K0 [ KF + 47 [~ EK '+ 4K (B4 3K)" ~1(F 4 3)" "1 K%)

There are 18 terms taken to the power: ( ... )”~!. Ordinarily we could use the
binomial formula to simplify these, however we do not have commutativity. Instead,
we can recognize how closely the terms are to commuting and perform a sort of
“weighted stars and bars” method. We will try to bring the arguments of the A into
the form E*FPK7. First, recall that KE = ¢?EK ~ KF = ¢ 2FK. This allows us
to compute:
(aK +b0)E = E(ag?K +b)  (aK'+b)F = F(ag? K™ +b)
(2K +1)(-FK)=(-FK)(2¢*K +1) 4K Y(—EK™')=(-EK Y)(4¢2K™1)

(K'+2)(-K'E)= (=K 'E)(¢?K ' +2)

The following formulas are also useful which we recall:

(_FK)ko — (_1)k0FkoKk0q7ko(k()fl)
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(_EK*l)ko — (_1)k0Ek‘0K*k‘0q7ko(k‘ofl)
(_K—lE)k‘o — (_1)k0Ek‘oK—k0q—k‘o(k0+1)

Then we can define the following lengthy formulas (note that the number of sums

depends on the first index ky):

r'—1 ko+1 k1 kri—2-ko
(E+aK+b)" ' = Z E 2:(aq2k1 K+b) Z(aq2k2K+b) Z (ag® =1k K 4b)
ko=0  ki=0 k2=0 Kyt gy =0

/ ! T/ —1 /
(E—Fb)Tl:Z( i >Ekbr1k

k=0

’ vl 7"/ — ]_ /
(F+b)rlzz< i >Fkbr1k

r'—1 ko+1 k1 kr’727k0
(FtaK ' 4b)" ! = Z F*o Z(anle_l+b) Z(aq%?K_l~l—b) Z (ag® =1k K1 4b)
ko=0 k1=0 ko=0 kr/717k0=0
r'—1 ko+1 ki o kg
(—FK+2K+1)" 71 =) " (—log ool pho o N " (9g 2R k1) 0 Y (2¢7 1m0 K41
ko=0 k1 =0 Kyt 1 kg =0

) r'—1 1 —k(k+1)
(—KF 4 4)"1 Z(—l)’“( A ) FFEE
k=0
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r'—1 ko+1 krr o kg
(_EK71+4K71)T’,1 _ Z(_l)koqfko(kofl)EkOkao Z 4q72k1K71 Z 4q72k,./717k0 K*l
ko=0 k1=0 kr,,l,kozo
r—1 ko+1 ko kg
(_K—1E+K—1+2)7‘/_1 _ Z (_1)k0q—k0(k‘0+1)Ek0K—k‘o Z (q—leK—1+2) Z (q_ri’—l—kO K_1+2)
ko=0 k1=0 kT,_l_kO:O

These formulas are extremely cumbersome and we’ll need to introduce some new

notation to make them easier to work with. We’ll introduce the notation

ko+1 k1 ki o kg
SNIEN =D flh) Y flka) o > Fhwoaok,)
==k k1=0 ka=0 kyr 1y =0
Then for instance:
r'—1
(E+aK +0)""'=> E") (ag®K +1b)
k=0 ==

We'll also suppress the sum of o, o, ag,, aq, oy, into just a sum over @ (for 3, b, c,

d too). In this new notation we have:

/

A2 r'—1
Ji(A)) = T—g >

a7?7576787ilyi27i37i47i57jl7.7'27j37j47.7’57.7"37klvk27k37k47k:57k67k720

DD NSV VD DD D IED DED IR SED DED'D

S1=i1 Zo=ip Z3=i3z Eg=i4 Es=i5 A1=j1 Ao=jo Az=js As=js As=j5 As=js P1=k1 Pa=ka P3=k3
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q*QOéiﬁi —bi—2a; B —2a B —br —20 B1—by—20m Bm +bjaj+bmam

(o) (= =) (i =) (=

1 ) ( 1 1 )
=g 2 1=q 2) \Img 2 T=g2) \1—g 21— 2) \T—q=2m " T—¢ 2

)\(KakEbk Fbi [(bi—B5 fbi jgbi—pi Ei1(2q251K + 2)Fj1(2q2A1K71 + 2)KC3
E2 (QQEQK + 3)Fj2 (3q2A2K_1 + 1)K62 Es (2(]253}( + 1)Fj3 (q2A3K_1 + 2)Kd3
Fbom [bm—=Bm b [rbi—B fbr fCbk—Br K*l)

*A(E% (3¢ K + 1) (¢? MK + 3) K K EY

K—am—mebm K—d2 (_1)k1 Fk1 Kqu—kl(kl—l)(Qq—2<I>1K + 1) (_1)k2EkgK—kzq—kz(k2+1)(q—2<I>2 K—l 4 2)
(T'kgl)zlr’flf%Eksts (4q2A5K71)Kc1 (7"/]6;1>3T'*1*k6Ek6Fj6 (3q2A6K71)Kd1

BV Ko K==t Bbs =6 (—1)kag—kalkat) (T'kzl) Fha [(ka
(_ 1)k3 Ek‘3 K*kg qfkg,(kgfl) (4(:272@3 K*l) Ei5 (3q255 K) (7'/];71> 37”7171{37F1€7Kd4)

This can be mildly cleaned up:

=1\ =1\ [ =1\ [ =1
J(A) = —2
= 3 [ [
@, B,0,¢,d,i,j,k=0 E=i A=j o=k

(3q255)(4q2A5)(3q2A6)(4q72¢)3>4r’717k5 37"’7171% 37"’717147
q—QQiBi—bi—Qa]‘ﬂj—QOCkﬂk—bk—QQ’Zﬂl—bl—Q(Xmﬁm-f—bjaj-‘rbmam—k‘l(kl—1)—k’2(k22+1)—k3(k‘3—1)—k‘4(k’4+1)
(1—q1*2”¢ 1_(11,2) (1—q1’2bj 1_(1]72) ( 1 1 ) ( 1 1

) (1= =)
T_g—2 " Tg— =g 1og2) \Tg=2m 1=
(_ 1>bi+bj+bk+bm+bl qbi(l—bi)-i-bj(1—bj)—bk(bk-‘rl)-i-bl(al+2—bl)—bm(bm+l)—bl(bl+1)+bj+bm+k1+k2+k3+k4

A(KexEbe i bR Fhi bR B (2751 K + 2)F (2¢*M K1 + 2) K
E?((*= K + 3)F2(3¢* K~ + 1)K® E(2¢*5 K + 1) F5(¢* K~ + 2) K%
Fbm [(om—Bm [o1 [Foi—Br b Kbk—ﬁk—l)

S A(Ei4 (3q754 K + 1) Fis (2N K1 + 3) K cates B



90

Kfamfmebm deg Fk1 Kkl <2q72<I>1K + 1) Ek‘gK*k‘Q <q72<1>2K71 + 2)
Eks pis [ —r'+14dster ke [ie f¢—r'+14de+di

Ebl Kal—aj—bj Eb]- K¢ Fk4Kk4 Ekg K—r/—i-l Ei5 Kr’—l—z'5 Fk7Kd4)

where we have moved as many constants as possible outside of the A. The next big
step will be to commute around the terms, picking up instances of q. where we have

moved as many constants as possible outside of the A\. The next big step will be to

commute around the terms, picking up instances of q.

A? — =1\ [(r =1\ [ =1\ [/ -1
Ay -
i) 7’5 ,,Z,, £~ £ (k4 )( ks )( ke )( k’7)
@,B8,b,¢,d,i,7,k=0 E—=i A=j

(3(]255)(4(]2/\5)(3(]2/\6)(4(]72@3)47“/717’65 37"’7171% 3r’717k7

q—2aiﬁi—bi—Qajﬂj—Qakﬂk—bk—2al,81—bl—QOszm-f—bjaj-‘rbmam—k‘l (kl—1)—k‘2(k2+1)—k3(k‘3—1)—k‘4(k4+1)

(k) (P ) (k) (o ) (- 1)

(_1>bi+bj+bk+bm+bl qbi(l_bi)+bj(1_bj)_bk(bk+1)+bl(al+2_bl)_bm(bm+1)_bl(bl+1)+bj+bm+k’1+k?2+k?3+k4
q2(bk (B1—b1)+(Bm—bm) (bi+br) —d3 (bm+by+br ) +c2(i3—j3 —bm —by—bg ) +c3(i2—jo+iz—jz —bm —b;—by))

q2(7k7(7’l7177;5)+(*7'l+1)(i57k7)+k‘4(k3+i57]97)705(7k4+k3+7:5*k7)+(al*aj*bj)(bj*k4+k3+’l’5*k7))

qQ((—T'+1+j6+d1)(bz+bj—k4+k3+i5—k7)+(—r’+1+j5+01)(kG—j6+bz+bj—k4+k3+is—k7))
q2((bi—ﬁi)(i1—j1+i2—j2+i3—js—bm—bz—bk)+(bj—ﬁj)(—bH—il—j1+i2—j2+i3—j3—bm—bl—bk)+ak (br—bj—bi+i1—j1+iz—ja+izs—j3—bm—b—by))
qQ(kQ(_k5+j5_k6+j6_bl_bj+k4_k3_i5+k7)+kl(k2+k5_j5+k6_j6+bl+bj —ka+kz+is—kr))
q2(d2(lc1—kz—k5+j5—ke+je—bz—bj+k4—/€3—i5+k7)
qz((am+bm)(7bm+kl —ko—ks+js—ke+jc—bi—bj+ka—ks—is—k7)+(cata;) (bi+bm—k1+ka+ks—js+ke—je+bi+b;—kat+ks+is—kr))
/\<E'bk Fithi iy i ie e fris fis+bm4bi+be <2q251+2(—j1+i2—j2+i3—j3—bm—bz—bk)K + 2)

<2q2A1+2(—i2+j2—i3+j3+bm+bl+bk)K—l + 2)(q252+2(i3—j2—j3—bm—bl—bk)K + 3)(3q2A2+2(—i3+j3+bm+bl—‘rbk)K—l + 1)
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<2q25372(j3+bm+bz+bk)K + 1)(q2A3+2(bm+bl+bk)K*1 + 2)Kak+b]~—Bj+b¢fﬁi+03+02+d3+bmfﬂerblfﬁlerkakfl)
*)\(Eiz;szLEbi-i-bm Fk1 ERetks [is ke Frie bitby frka prkstis prkr
(325420 —bi=bm-+h1 —ha—hs-+js koo —bi—bj+ha—ks—is—hr) [ | 1)(g2M+2(=bimbmtha—ka—kstjs—ko-+jo—bi—by-+ha—ha—is—kr) [r=1 |
<2q*2¢)1+2(k2+k5*j5+k6*j6+bl+bj*k4+k3+i5*k7)K + 1)(q*2‘1>2+2(*k5+j5*k6+j6*bz*bj+k4*k3*i5+k7)K*l + 2)

[ catai—am—bm—datki—ke+js+c1—2r'+2+je+di1+oy—oy—bj—cs+ha—is+ds )

This is the final equation that results. We have a few ideas for how we can make
progress on this, but everything ultimately relies on how we can commute E and
F. We will probably have to examine the recurrence relation and try to work out a

formula from a two-variable recurrence relation.
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