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Abstract

In |28, 38], the coordinate ring of the cusp y? = 23 is seen to be a quantum homogeneous
space. Using this as a starting example, the coordinate ring of the nodal cubic y? = 22 + 23
was shown to be a quantum homogeneous space in [40]. This thesis focuses on finding
singular plane curves which are quantum homogeneous spaces.

We begin by discussing the background theory of Hopf algebras, algebraic groups and
the set up for Bergman’s Diamond Lemma [9]. Next, we recall the theory of quantum
homogeneous spaces in the commutative (classical) and noncommutative (nonclassical)
settings. Examples and theorems on these spaces are stated.

Then main theorem in this thesis is that decomposable plane curves (curves of the form
f(y) = g(z)) of degree less than or equal to five are quantum homogeneous spaces. In
order to prove this, we construct two new families of Hopf algebras, A(z,a,g) and A(g, f).
Then we use Bergman’s Diamond lemma to prove that A(g, f) is faithfully flat over the
coordinate ring of f(y) = g(x).

These new Hopf algebras that we have discovered have nice properties when deg(g),
deg(f) < 3. The properties include being noetherian domains, finite Gelfand-Kirillov
dimensions, AS-regular and finite modules over their centres. We derive these properties
from the isomorphism between A(z,a, g) and well studied algebras, the localised quantum

plane and down-up algebras |7] when deg(g) = 2, 3.
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Chapter 1
Introduction

Let k be an algebraically closed field of characteristic 0. An affine homogeneous space
over k is an affine variety with a group acting transitively on it. Quantum homogeneous
spaces are noncommutative “analogues” of homogeneous spaces. There is a classical
correspondence between the category of affine commutative Hopf algebras over k and
the category of affine algebraic groups [81]. Under this correspondence, given an affine
algebraic group G, the coordinate ring O(G) is a commutative Hopf algebra.

The surjectivity of the map 7 : G - G/G' corresponds to the faithful flatness of
the Hopf algebra H = O(G) over the coideal subalgebra O(G/G"), where G’ is a closed
normal subgroup of G. One of the reasons coideal subalgebras are so important in the
study of noncommutative Hopf algebras is that noncommutative Hopf algebras do not
have “enough” Hopf subalgebras [45]. This shortage of Hopf subalgebras is evident for
quantised enveloping algebras.

In [45], Letzter studies coideal subalgebras of quantised enveloping algebras and their
connections with quantum homogeneous spaces. These coideal subalgebras are related
with quantum symmetric pairs. For instance in [36], some quantum symmetric pairs are
found which correspond with coideal subalgebras of quantised enveloping algebras.

Takeuchi showed that commutative Hopf algebras are faithfully flat over their Hopf
subalgebras |78, Theorem 3.1|. Hopf subalgebras are in particular right and left coideal
subalgebras. Masuoka and Wigner showed in [53, Theorem 3.4] that a commutative Hopf
algebra is flat over its right coideal subalgebras but in general it is not faithfully flat over
all its right or left coideal subalgebras. Thus, right or left coideal subalgebras of a Hopf
algebra H over which H is faithfully flat form a special class and we will see in subsequent
paragraphs that this special class has nice geometric properties.

The result by Takeuchi in the paragraph above was first proved by Demazure and
Gabriel in the setting of affine algebraic groups. In [21], Demazure and Gabriel showed
that for an affine algebraic group G, the quotient G/G’ by an affine normal subgroup G’
of G is an affine algebraic group and O(G) is faithfully flat over O(G/G").
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Hopf subalgebras in commutative Hopf algebras, correspond to quotient groups when
we consider commutative Hopf algebras as affine algebraic groups. When we keep the
faithful flatness property, many desirable properties still survive when we move from the

commutative to the noncommutative setting.

Turning now to the noncommutative setting, we use the definition of a quantum group
as being a noncommutative noncocommutative Hopf algebra. A Hopf algebra H' is called a
quantum subgroup of a Hopf algebra H if there is a Hopf algebra epimorphism 7 : H — H'.
Then H’ is a quotient Hopf algebra. By a quantum quotient space, we mean a subalgebra

of H of all elements which are fixed under the coaction of H on H induced by .

We could go with the obvious definition of a quantum homogeneous space as the
quotient space derived from the quotient of a quantum group by some quantum subgroup.
It turns out that this definition would be too restrictive. This is because we can construct
some quantum spaces which are “homogeneous” in the noncommutative setting but cannot
be defined as the quotient of a quantum group by a quantum subgroup. In [16|, Brzezinski
gives examples of the quantum two sphere and the quantum plane which are homogeneous
in the noncommutative setting but are not realised as quotients of a quantum group by a
quantum subgroup. Podles shows in [63] the construction of spaces which are homogeneous

under the action of the quantum SU(2) group. This example is discussed in Example 3.4.2.

In the analytic setting, an ergodic action of a compact quantum group G on an
operator algebra A is called a quantum homogeneous space. Varilly showed in [80] that
the noncommutative spheres of Connes and Landi are quantum homogeneous spaces for
certain compact quantum groups. For more on quantum homogeneous spaces in the
analytic setting, see [20,34,72|.

In this thesis, we take the view that the “right” definition of a quantum homogeneous
space is the following. A quantum homogeneous space B is a right or left coideal subalgebra
of a Hopf algebra H such that H is faithfully flat as a left and right B-module. More

general definitions of a quantum homogeneous space are given in [63] and [50].

Suppose H is a connected graded Hopf algebra over an algebraically closed field k of
characteristic 0 and suppose H has finite Gelfand-Kirillov dimension. Then in [12], right or
left coideal subalgebras of H are studied by Brown and Gilmartin. Homological properties
of these quantum homogeneous spaces of connected Hopf algebras are also discussed. We
do not assume that the Hopf algebras that we work with in this thesis are connected and

indeed, our main examples are not connected.

Given a space X, classical symmetries on X are realised when we find a group G which
acts on X. For instance, GL(2,k), the group of invertible two by two matrices acts on
the plane k2. When we consider the algebraic variety y? = 23 referred to as the cusp, the

only symmetry it has in the plane is reflection long the z-axis while the group of matrices



of the form
20
, A€ k™
0 M

When we move from groups acting on spaces to the algebraic setting, the group

acts on the cusp.

G corresponds to the coordinate ring O(G) of the group and an algebraic variety X
corresponds with the coordinate ring O(X) of the variety. The coordinate ring O(G) is
a commutative Hopf algebra and O(X) is a commutative algebra. The action of G on
X corresponds with the coaction of O(G) on O(X). Due to the extra structure of the
counit, comultiplication and antipode that O(G) possesses, classical symmetries of X are
better understood by studying the coaction of O(G) on O(X).

We now move to the noncommutative setting and consider noncommutative analogues
of an action of a group on a space, we get the notion of quantum symmetry. Quantum
symmetry studies the coaction by a noncommutative noncocommutative Hopf algebra on
an algebra. We say an object has genuine quantum symmetry if the coaction of the Hopf
algebra does not factor through a cocommutative Hopf algebra. In the case of a finite
dimensional semisimple Hopf algebra coacting on a commutative domain, Etingof and
Walton in |23, Theorem 1.3] showed that there is no genuine quantum symmetry in this
instance. On the other hand, when we consider finite dimensional pointed (not necessarily
semisimple) Hopf algebras coacting on a commutative domain, there can exist genuine
quantum symmetries [24,25]. For more on quantum symmetry, see the following papers
[19,22-24]. The result in |23, Theorem 1.3] is in contrast with the examples of quantum

homogeneous spaces that we discover in this thesis.

Contrary to results of no genuine quantum symmetries discussed in paragraphs above,
this thesis studies a completely new class of quantum homogeneous spaces. Our interest
is in singular plane curves which are quantum homogeneous spaces. Examples include
the coordinate rings of the cusp y? = 23 [28| and the nodal cubic y? = 22 + 23 [40]. These
two examples were the starting point of this thesis. Initially, the intuition was that we
can only find quantum homogeneous spaces arising from irreducible plane curves. Then,
we found a reducible quantum homogeneous space, the coordinate ring of the coordinate
crossing xy = 0.

In order to define a noncommutative Hopf algebra which contained the coordinate ring
of zy = 0 as a right coideal subalgebra, we transformed xy = 0 to % = 2. A common
feature of all these examples of quantum homogeneous spaces are that they are given by

polynomials of the form f(y) = g(x). This led us to discover two new families of Hopf
algebras which we call A(x,a,g) and A(g, f).

Given a decomposable plane curve (a curve given by f(y) = g(x)) with deg(f) = m,
deg(g) = n, we construct two auxiliary Hopf algebras; A(z,a,g) and A(y,b, f). These
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auxiliary Hopf algebras are defined as quotients of the algebra k[z] * k[a*!] by defining
relations which make g(x) a a™-skew primitive element and central in A(x,a,g) and f(y)
b™-skew primitive in A(y,b, f). We then derive A(g, f) as a quotient of the tensor product
of A(x,a,qg) and A(y,b, f) by the relations f(y) = g(x) and b™ = a™.

We conjecture that the coordinate ring B of a decomposable plane curve f(y) = g(x)
becomes a right coideal subalgebra of A(g, f). We prove that A(g, f) is faithfully flat as a
left and right B—module when deg f,deg g <5 using Bergman’s Diamond Lemma to show
that there is a basis for A(g, f) over B.

The structure of the thesis is as follows. In Chapter 2, we discuss background topics
needed. These include the definitions of an algebra, coalgebra, module, comodule and a
Hopf algebra. Examples of these algebraic structures are given and some theorems on
them stated.

As discussed in paragraphs above, a quantum homogeneous space is a right coideal
subalgebra B of a Hopf algebra H such that H is faithfully flat over B. Chapter 3 develops
the theory by first discussing the faithful flatness property, then we consider homogeneous
spaces in the commutative setting. Afterwards, we move to the noncommutative setting
to discuss quantum homogeneous spaces in detail. Classical results such as the faithful
flatness of a commutative Hopf algebra over its Hopf subalgebras and the faithful flatness
of a pointed Hopf algebra over a right coideal subalgebra which is stable under the antipode
are discussed.

The definition and properties of the Hopf algebra A(z,a, g) are discussed in Chapter 4.
As we explain below, when the degree of g is less than or equal to three, A(x,a,g) turns
out to be the localised quantum plane or deformations of the localised down-up algebra.
This identification of A(x,a,g) with these well studied algebras helps us to determine
properties of A(x,a,g) when deg(g) < 3.

When deg(g) = 2, A(z,a,g) is isomorphic to a localised quantum plane k{a*!,z) at
the parameter —1. Thus, A(x,a, g) is a noetherian AS-regular domain of Gelfand-Kirillov
and global dimension 2. Also, A(x,a,¢g) is a finite module over its central Hopf subalgebra
k[a*?][g]-

Similar results hold when deg(g) = 3. That is, A(z,a,g) is a PBW deformation of
a down-up algebra. Down-up algebras were first defined by Benkart and Roby in [7],
and have been the subject of much research since then. Consequently from results on
down-up algebras, A(z,a,g) is a noetherian AS-regular domain of Gelfand-Kirillov and
global dimensions 3.

We also prove using Bergman’s Diamond Lemma that there is a PBW basis for
A(z,a,qg) over k[x] when deg(g) < 5. Conjecturally, it remains true that A(x,a,g) has a
PBW basis over k[z] when deg(g) > 5, but currently we are unable to show this.

In Chapter 5, given a decomposable plane curve f(y) = g(x), we define the Hopf algebra
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A(g, f) as a quotient of the tensor product of A(x,a,g) and A(y,b, f). Nice properties for
A(g, f) such as finite Gelfand-Kirillov dimension are obtained when deg(g), deg(f) < 3.
Examples of A(g, f) are given for a general degree three decomposable plane curve, cusps,
the nodal cubic and the lemniscate.

Goodearl and Zhang in [28, Construction 1.2| defined new families of Hopf algebras
B(n,po,p1,-+,ps,q). We prove that for the case of cusps y™ = x", the Hopf algebra
B(1,1,n,m,q) is a factor Hopf algebra of A(a™,y™).

This new family of Hopf algebras A(g, f) that we have discovered has a PBW basis
when deg(g),deg(f) <5. From this PBW theorem, we deduce that the coordinate ring B
of a decomposable plane curve f(y) = g(x) embeds in A(g, f). Thus, decomposable plane
curves which have degree at most five are quantum homogeneous spaces.

It is conjectured in [40] that all plane curves are quantum homogeneous spaces. In
[51, Theorem 1.3(a)], Masuoka showed that for a pointed Hopf algebra, if the coradical
of a right coideal subalgebra is stable under the antipode, then the pointed Hopf algebra
is faithfully flat as a left and right module over the right coideal subalgebra. The Hopf
algebras A(g, f) which we construct are pointed. The only missing piece to enable us to
show that decomposable plane curves are quantum homogeneous spaces is our inability
to prove that the coordinate ring of any decomposable plane curve f(y) = g(z) embeds in
Ay, ).

In Chapter 6, we list open questions which arise from this thesis. We state in Chapter
4 without proof that A(x,a,g) has a PBW basis when deg(g) < 5. The appendix chapter
fills in the remaining details of this proof by showing that ambiguities are resolvable.
The details of this proof are relegated to the appendix because the argument requires
long calculations to confirm that the ambiguities (in Bergman’s sense) arising from the

application of the relations are indeed resolvable.






Chapter 2
Preliminaries

In this chapter, we define the key words and notation used throughout the thesis.

2.1 Notation

We work over a field of characteristic 0 and represent this by k. Unadorned tensor products
are over k. We use the notation k(x,y) for the free algebra on two generators and k[x,y]

for polynomials in two variables. The ideal generated by f is denoted by (f).

2.2 Algebras and Coalgebras

As we will see later on, Hopf algebras generalise groups in the classical correspondence
between affine commutative Hopf algebras and affine algebraic groups over k. We can
therefore think of some Hopf algebras as deformations of the coordinate rings of algebraic
groups. A Hopf algebra is an algebra and a coalgebra, together with an antihomomorphism
called an antipode such that some compatibility conditions are satisfied.

Considering some Hopf algebras now as deformations of algebraic groups into the
coordinate ring of the group, the multiplication structure of the group corresponds with
the comultiplication map of the coordinate ring of the group. The inverse map of the group
is identified with the antipode map while the identity element of the group is identified
with the counit map of the Hopf algebra structure of the coordinate ring of the group.
Thus, the associative property of the group is translated into the coassociativity of the
comultiplication in the coalgebra while the existence of left and right inverse of elements
in the group is associated with the compatibility condition of the antipode. The identity
element which is identified with the counit map gives the compatibility condition of the
counit map.

Reversing the multiplication and unit maps of an algebra leads to the dual notion,

called a coalgebra. The associativity and unit properties of an algebra correspond with
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dual notions of coassociativity and counit properties. The coalgebra structure of a Hopf
algebra is important because it contributes to the “locally finite” property of Hopf algebras
which algebras generally do not possess. This “locally finite” property of coalgebras is also
referred to as the fundamental theorem of coalgebras which states that every coalgebra is
a union of its finite dimensional subcoalgebras |65, Theorem 2.2.3|.

One motivation for studying Hopf algebras is that, generally, the tensor product of
representations of an algebra is not always a representation of that algebra, but in the
case of Hopf algebras, the coalgebra structure provides an action on the tensor product of
representations of the underlying algebra of the Hopf algebra.

Our motivation for studying Hopf algebras starts from the classical correspondence
between affine commutative Hopf algebras and affine algebraic groups over k. Under this
correspondence, the space of cosets of the quotient of an affine algebraic group by a closed
subgroup in the category of affine algebraic groups corresponds with homogeneous spaces
in the category of affine commutative Hopf algebras. Homogeneous spaces are spaces on
which a group acts transitively. Moving now to the noncommutative setting, a quantum
homogeneous space is a right coideal subalgebra B of a Hopf algebra H such that H is
faithfully flat as a left and right B-module. More details on this are discussed in Chapter
3.

2.3 Definitions and Examples
The definitions in this section are adapted from [57,65].

Definition 2.3.1. An algebra A over a field k is a tuple (A, m,n), where A is a vector
space over k and m: A® A - A, n: k — A are linear maps such that the diagrams below

commute

A A AT . Ag A keAzAzAgk ——A®A

den
T T
A® A A

= A A _ A

The commutativity of the first and second diagrams are referred to as the associativity

and unit properties of an algebra. We write m(a ® b) = ab for all a,b e A and n(1;) = 1.

Example 2.3.2. The group algebra kG of a group G over a field k is a k-vector space

with basis G written as

kG ={> Ay g| Ay €k with Ay =0 except for finitely many g € G}
geG



and multiplication * given by the multiplication in the group, that is,

(3] () s

geG heG g'=gh
The unit map on kG is given by (1) = e where e is the identity element in the group G.

Definition 2.3.3. The flip map on an algebra A is defined as 74 4 : A® A > A® A with
T(a®b) =b®a for all a,be A. From the multiplication map of an algebra (A, m,n), we
define a multiplication m? : A® A - A with m° := mo 74 4. The tuple (4, m°,n) is an

algebra over k called the opposite algebra.

Definition 2.3.4. A commutative algebra over k is an algebra (A, m,n) over k such that

meP =m.

For example, the group algebra kG of an abelian group G over a field k is an example

of a commutative algebra.

Definition 2.3.5. Let (A,m,n) be an algebra over k. The tuple (M, u) is called a right
A-module if M is a k-vector space and p is an action p : M ® A - M that is, the
associativity axiom
po(pu®idy) =po (idy ®m)
and unitary axiom
po (idy ®n) =idy,

hold. We write the associativity and unitary axioms respectively as
(m-a)-b=m-(ab), and m-1=m

for all me M, a,be A.

A left A-module is defined similarly as the definition of a right A-module as a tuple
(M, ) where pi: A® M — M is an action such that the associativity and unitary axioms
are satisfied. We denote left and right A-modules by 4M and M4 respectively.

A left A-module 4 M which also has the structure of a right B-module Mg is referred

to as an A — B-bimodule if the left and right actions are compatible that is
(a-m)-b=a-(m-b)

forall ae A, be B and m e M. We denote an A — B-bimodule M by 4Mpg.

Suppose M is a right ( resp. left) A-module with structure map p: M ® A - M (resp.
p:A® M — M). A subspace N c M is called a submodule if the restriction of p to N is
contained in N, that is u(A® N) c N.



Example 2.3.6. An algebra (A, m,n) over k is a right and left A-module with M = A,
i =m and an A— A-bimodule denoted by 4A4. A module A is a left or right module over

any subalgebra.

Definition 2.3.7. Let (A,ma,n4) and (B,mp,ng) be algebras over k. A k-linear map
f:A— Bis called a morphism of algebras if the following conditions hold:

foma=mpo(f®f), f(la)=1p

for all a,be A.

Dual to the notion of an algebra is that of a coalgebra which we get by reversing the

arrows in the commuting diagrams in the definition of an algebra.

Definition 2.3.8. A coalgebra C' over a field k is a tuple (C,A,e) where C' is a vector
space over k and A : C' - C® C and ¢ : C' - k are linear maps such that the diagrams

below commute

C 2 .0eC C = cCeC
A‘ ‘id@A A\ \ \s@id
C®C’T®QC®C®C C@C—ﬁ@e(J@k;C;k@C

The facts that the first and second diagrams commute are known respectively as the

coassociativity and counit properties of a coalgebra.

Example 2.3.9. 1. Let k£ be a field. Then k is a coalgebra with

A(l)=1®1, £(1)=1.

2. The group algebra kG of a group G over a field k is a coalgebra with the coproduct

and counit on G given by
A(g)=g®g, e(g)=1 forall geG.

We obtain the coproduct of kG by extending the coproduct and counit on G linearly.

We usually denote the coproduct A(c) € C ® C of ¢ € C by the Sweedler notation
A(c) = Y. c1) ® c(2). Note that ¢y ® ¢y is not an elementary tensor. Sometimes, the
summation sign is dropped to get A(c) = cuy ® ¢2). The coassociativity and counit

properties are expressed in Sweedler’s notation as

C(1)(1) @ C(1)(2) ® C(2) = C(1) B C(2)(1) B C(2)(2)
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and
€ (C(l)) C2) = €= )¢ (0(2))
respectively.

Definition 2.3.10. A nonzero subspace D of a coalgebra C' over k is called a subcoalgebra
if A(D)c D® D. If the only subcoalgebras of C' are the trivial ones 0 and C, then C' is

called a simple coalgebra of C.

For instance if H is a subgroup of a group G, then the group algebra kH is a
subcoalgebra of the coalgebra kG.
The next definition is inspired by the form the comultiplication takes for the special

case of the group algebra.

Definition 2.3.11. A grouplike element of a coalgebra C over k is an element ¢ € C' such
that
A(c)=c®c and  ¢e(c)=1.

The set of grouplike elements of C' is denoted by G(C'). For instance for the group algebra
kG, G(kG) = G. We will see later on that the set of grouplike elements G(C') is actually
a group when C' is Hopf algebra, thus the name.

Definition 2.3.12. A skew primitive element of a coalgebra C' over k is an element s € C'
such that
A(s)=g®s+s®h

for some grouplike elements g, h € C'. If in particular both g and A in the coproduct of s
are equal to 1, then we call s a primitive element of C'. The set of primitive elements of

a coalgebra C' is denoted by P(C).

Definition 2.3.13. Let C' and D be coalgebras over k with coproducts and counits Ag,

ec and Ap, p respectively.
1. The coalgebra C' is called cocommutative if 7o o0 Ac = Ax

2. A coalgebra homomorphism is a map f: C' — D such that
(fef)oAc=Apof, ec=¢epof

Definition 2.3.14. A coideal (respectively right coideal, left coideal) B of a coalgebra A
is a subspace B ¢ A with A(B) c B A+ A® B and (B) = 0 ( respectively A(B) c B® A,
A(B) c A® B).

For instance, the set of primitive elements P(A) of a coalgebra A over k is a coideal
of A.
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Definition 2.3.15. The coradical Cy of a coalgebra C' over k is the sum of simple

subcoalgebras of C.

We will see later on that these two sets G(C') and P(C) are important in determining
the structure of a cocommutative Hopf algebra. For instance if H is a cocommutative
pointed Hopf algebra over a field k of characteristic 0, then H can be decomposed into a
smash product of the universal enveloping algebra of P(H) and the group algebra kG(H).
This theorem is attributed to Cartier, Gabriel and Kostant.

Definition 2.3.16. A pointed coalgebra over k is a coalgebra C' over k whose simple

subcoalgebras are one-dimensional.
Example 2.3.17. The group algebra kG of a group G is a pointed coalgebra.
Next, we define the dual formulation of Definition 2.3.5.

Definition 2.3.18. Let (C,A,¢) be a coalgebra over k. A tuple (M, p) is called a right
C'-comodule if M is a k-vector space and p : M - M ® (' is a coaction such that the

coassociativity axiom
(p®idc)op=(idy ®A)op
and counit axiom

(ldM ®E) op= idys

hold. We write the coassociativity and counit axioms in Sweedler notation as
M (0)(0) ® M(0)(1) ® M(1) = M(0) ® M1y1) @ M(1y(2) and  mye(m)) =m
for all m € M with p(m) = mg) ® m).

A left C-comodule is defined similarly as the definition of a right C-comodule as a
tuple (M, p) where p: M - M ® C' is a coaction, that is, the coassociativity and counitary
axioms are satisfied. We denote left and right C-comodules by AM and M4 respectively.

A left C-comodule © M and a right D-comodule MP is referred to as a C-D-bicomodule
if the left and right coactions are compatible. We denote a C' — D-bicomodule M by ¢ MP.

A subspace N of a right (resp. left) C-comodule M with structure map p: M - M ®C
(resp. p: M - C ® M) is called a subcomodule if p(N)c N ® C (resp. p(N)cC ® N).

Example 2.3.19. A coalgebra (C,A,e) over k is a right and left C-comodule and a
C' - C-bicomodule with M = C and p = A. A subcoalgebra of a coalgebra C' is an example
of a left or right C-comodule.
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2.4 Bialgebras

When we combine both the algebra and coalgebra structures on the vector space A over
k and impose some compatibility conditions, we get a bialgebra structure on A. Most of

this section is adapted from [57].

Definition 2.4.1. A bialgebra A over the field k is a tuple (A,m,n,A,e) such that
(A,m,n) is an algebra and (A, A, ¢) is a coalgebra such that any of the following equivalent

conditions hold:

1. The algebra maps m and n are coalgebra homomorphisms.

2. The coalgebra maps A and ¢ are algebra homomorphisms.

Definition 2.4.2. A biideal of a bialgebra A over a field k is a subspace of A which is
both an ideal and a coideal of A.

Suppose I is a biideal of a bialgebra A, then the quotient algebra and coalgebra
structures endow A/I with a unique bialgebra structure such that the projection
m:A— A/l is an algebra and coalgebra morphism (bialgebra morphism).

Most of the examples of bialgebras that we consider throughout the thesis will be

defined as a quotient of a bialgebra by a biideal as seen below.

Example 2.4.3. (i) [57, Example 1.3.2] We already saw above that the group algebra
kG of a group G over a field k is both an algebra and a coalgebra. The algebra and

coalgebra structures on kG are compatible making kG a bialgebra.

(ii) [Example 1.5.8]montgomery Let 0 # g € k and let B = O,(k?) = k(z,y)/(zy — qyz).
Then B is a bialgebra with

A(x)=xzx, Ay)=leoy+yeox, c(x)=1, (y)=0.

We call O,(k?) the quantum plane.

(iii) [57, Example 1.3.3| Let (g,[—,—];) be a Lie algebra and T'(g) the free algebra k(g)
generated by g. The universal enveloping algebra U(g) is defined as

U(g) =T(g)/1(g)

where I(g) is the two sided ideal of F'(g) generated by zy — yx - [z,y], for z,y € g.
Given any associative algebra A and a Lie algebra homomorphism f: g — A, by the
universal property, there exists a unique map f :U(g) — A such that f ot = f where

¢ is the inclusion map of g in U(g). For each x € g, we define
Alz)=1®zr+x®1, e(x)=0.
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This extends linearly to U(g) via
A(Ilfﬂg"'{tn) = A(ZL‘l)A(Ig)A(mn)

for xyxo---x, € F(g). This is a canonical cocommutative bialgebra algebra structure
on U(g).

Definition 2.4.4. Let A be a bialgebra over the field k. A sub-bialgebra of A is a subspace

B of A which is simultaneously a subalgebra and a subcoalgebra of A.

Remark 2.4.5. A bialgebra A is commutative if the underlying algebra structure of A is

commutative and cocommutative if A is cocommutative as a coalgebra.

Definition 2.4.6. A pointed bialgebra over k is a bialgebra over k whose underlying

coalgebra structure is pointed.

The following theorem has useful applications in finding the set of all grouplike elements

of a pointed coalgebra and in proving that certain bialgebras are pointed.

Theorem 2.4.7. [65, Corollary 5.1.14| Suppose A is a bialgebra over k generated by SUP,
where S € G(A) and P consists of skew-primitives x which satisfy A(x) =s®x+x®s" for

some s,s' €S. Then:
a) A is pointed.
b) G(A) is the multiplicative submonoid of A generated by S.
Let A be a k-algebra and let H be a k-bialgebra.

Definition 2.4.8. Suppose A is a left H-module. If the action map H® A - A, h®a ~ h-a

satisfies the properties

h-(ab)
h-1

(hay-a)(h) -b)
e(h)1

for all he H, a,be A, then A is called a left H-module algebra or we say H acts on A.

Let A be a left H-module algebra. Then A7 :={ae A|Vhe H:h-a=¢e(h)a} is the

subalgebra of H-invariant elements. Dually, we define a comodule algebra as follows.

Definition 2.4.9. Let A be a right H-comodule with coaction p: A - A®H, a = a()®a(y).
Then A is a right H-comodule algebra and H coacts on A if p is an algebra map.
If A is a right H-comodule algebra, then A% # := {a € A | p(a) =a® 1} is the algebra

of H-coinvariant elements of A.
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Example 2.4.10. Let 7: A - A/l = H, a » @, be a surjective map of bialgebras. Then

A is a right Hcomodule algebra with coaction

id®@m

piAS A AN Ag H.

2.5 Definition and Examples of Hopf Algebras

Definition 2.5.1. A Hopf algebra is a bialgebra A = (A, m,n, A, ¢) over a field k together

with a linear map S : A — A called the antipode such that the following diagram commutes

A A%, AgA

A 2 k ! A

The commutativity of the diagram above is expressed as

mo(S®idg)oA=noe=mo(idg®S)o A

or

S(a(l))a(g) = 6(&)1 = a(l)S(a(g))
in Sweedler notation.

Definition 2.5.2. A Hopf algebra H is called commutative if the underlying algebra
structure is commutative and cocommutative if the underlying coalgebra structure is

cocommutative.

The antipode S of a Hopf algebra H is unique [65, Definition 7.1.1], it is always an
antihomomorphism by [57, Proposition 1.5.10]. If H is a commutative or cocommutative
Hopf algebra, then the antipode of H is of order 2, that is S? = idy [57, Corollary 1.5.12].
If H is a finite dimensional Hopf algebra, then the antipode S of H gives a bijection of H
|65, Theorem 7.1.14]. However, the antipode in general is not bijective |77, Theorem 11].

Definition 2.5.3. A Hopf subalgebra of a Hopf algebra H over k with antipode S is a
sub-bialgebra B of H such that S(B) ¢ B.

Next, we define the left (resp. right) adjoint action and coaction of a Hopf algebra on
itself.
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Definition 2.5.4. Let H be a Hopf algebra. Then the left adjoint action of H on itself

is defined as

w:HeH - H
r®y = xmyS(xeo),

resp. the right adjoint action

i HeH - H
@y = S(x))yr(e).

Definition 2.5.5. Let H be a Hopf algebra. The left adjoint coaction and the right adjoint

coaction of H on itself are defined as

pe:H - H®H

r = :L‘(l)S(I(g))@.T(g),
and

po:H - HeH

T = $(2)®S(ZE(1))$(3).
respectively.

Definition 2.5.6. Let H be a Hopf algebra and K ¢ H, I ¢ H be sub vector spaces. Then
K is said to be left normal (resp. right normal) if it is stable under the left (resp. right)
adjoint action. Dually, I if left (resp. right) conormal if it is stable under the left (resp.

right) adjoint coaction.

Definition 2.5.7. Let B be a Hopf subalgebra of a Hopf algebra H. Then B is called
a normal Hopf subalgebra if B is stable under the right and left adjoint actions, that is
S(h(y)Bhy € B and h1yBS(h)) € B respectively for all h e H.

Let A be a k-algebra. If H is a finite-dimensional Hopf algebra with dual H*, there
is a bijective correspondence between coactions A - A® H, a ~ a(y) ® a(;) and actions
H*®A - A, p®a — p-a, given by p-a = aqyp(ap)). Under this correspondence,
Aco H = AHT|70, §1].

Most of the Hopf algebras that we discuss have their algebra structures defined as the
quotient of a free algebra H by an ideal I generated by a set of relations. In order for there

to be a unique Hopf algebra structure on the quotient algebra and coalgebra structure on
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H/I such that the projection 7 : H — H/I is a Hopf algebra map, we need the following

definition.

Definition 2.5.8. A Hopf ideal of a Hopf algebra H is a biideal I of H which is stable
under the antipode; that is S(I) ¢ I. If I is a Hopf ideal, then there is a unique Hopf
algebra structure on the quotient H/I such that the projection 7 : H — H/I is a Hopf

algebra map.

Definition 2.5.9. A Hopf ideal I of a Hopf algebra H is called normal if both
pe(I)cH®I and pr(I)cI®H
with p, and p, defined in Definition 2.5.5.

Classical examples of Hopf algebras are either commutative or cocommutative. The

first nonclassical example is Sweedler’s Hopf algebra.

Example 2.5.10. We saw in Example 2.4.3 that the group algebra kG of a group G is a
bialgebra. The antipode S exists for GG and it is defined by

S(g)=9g"

for all g € G. This extends linearly to kG to give the antipode on £G. The maps A and ¢
are algebra homomorphisms and S is an antihomomorphism. Thus, kG is a Hopf algebra.

This Hopf algebra is always cocommutative, and is commutative if and only if G is abelian.
For any subgroup G’ of G, the group algebra kG’ is a Hopf subalgebra of kG.

Example 2.5.11. When we localise the quantum plane O, (k?) defined in Example 2.4.3(ii)
above, we get H = O,(k?)[z~!]. This H is a Hopf algebra with antipode

S(z) =27, S(y) = —yzt.

Example 2.5.12. [57, Example 1.5.4] Recall from Example 2.4.3 that the wuniversal
enveloping algebra U(g) of a Lie algebra g is a bialgebra with the coproduct and counit

on generators defined by
Alz)=1®z+r®1, e(x) =0, for all x € g.
There is an antipode on U(g) defined by
S(x) = -z, for all z eg.
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This extends linearly to U(g), and defines a cocommutative Hopf algebra structure on
U(g). In particular, this is the unique cocommutative Hopf algebra structure on U(g) as

we will see in the following theorem.
Before we state this theorem, we define the smash product algebra as follows.

Definition 2.5.13. Let A be a left H-module algebra. Then the smash product algebra
A+#H is defined as follows, for all a,be A, h, ke H:

1. as k-vector spaces, A#H = A® H. We write a#h for the element a ® h

2. multiplication given by
(a#h) (b#k) = 3 ahqy - D)#h)k. (2.1)

Consequently, we have A 2 A#1 and H 2 14 H; for this reason we abbreviate the element
a#h by ah. In this notation, we sometimes write ha = }(h(1) - a)h(2) using (2.1).

The following theorem on the decomposition of a cocommutative pointed Hopf algebra
is attributed to Cartier, Gabriel and Kostant.

Theorem 2.5.14. |65, Theorem 15.3.2] Let H be a cocommutative pointed Hopf algebra
over the field k with coradical Hy, and let G = G(H) and K = A" (H® Hy+ Hy® H).
Then the smash product K#k[G] is a Hopf algebra with the tensor product coalgebra
structure and there is an isomorphism F : K#k[G]| - H of Hopf algebras determined by
F(a®g)=ag for allae K and g € k[G].

Next, we consider a family of finite dimensional Hopf algebras which are neither

commutative nor cocommutative.

Example 2.5.15. [65, §7.3| Let n > 1 and ¢ € k* be a primitive nth root of unity. The Taft
algebra H, , is defined as the quotient of the free algebra k(g,x) by the ideal generated
by the relations

x" =0, g' =1, gx = qxg.

The Hopf algebra structure of H, , is determined by
A(g)=g®g, A(z)=1®zr+2x®g,

e(g)=1, e(x)=0, S(g)=g" S(zx)=-zg™".

When n = 2, we call Hy_; Sweedler’s 4-dimensional Hopf algebra. This is the first example

of a Hopf algebra which was neither commutative nor cocommutative.
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Example 2.5.16. [84, Example 3.1| Let ¢ € Z and F(t) = k(x,a*') be the algebra with
defining relations aa™! = a~'a = 1. It is straightforward to check that the algebra k(z,a*!)

is a Hopf algebra with the coproduct, counit and antipode defined on the generators by

A(a)=a®a, A(r)=1®r+r®d
e(z)=0, e(a)=1, S(a)=a?, S(x)=-za™

The ideal generated by the relations aa™! = a'a = 1 is a Hopf ideal making F(t) a Hopf
algebra. We refer to F(t) as free pointed Hopf algebra. It has a k-linear basis

{a" zax---xa™" | (iy,d9,, ine1) € Z™Y, n e N},

When ¢ = 0, F(t) becomes cocommutative, otherwise, F'(¢) is neither commutative nor

cocommutative.

Definition 2.5.17. A Hopf algebra H is called a pointed Hopf algebra if the underlying

coalgebra is pointed.

In the setting of finite dimensional Hopf algebras, it is conjectured in [2, Conjecture
5.7] that a Hopf algebra is pointed if and only if it is generated by grouplike and skew
primitive elements. However, in the general setting, we get one side of the equivalence.
That is if a Hopf algebra H is generated by grouplike and skew primitive elements, then
H is pointed |65, Corollary 5.1.14].

Example 2.5.18. [57, Lemma 5.5.5] The universal enveloping algebra U(g) of a Lie
algebra g is a pointed Hopf algebra.

2.6 Tensor products of H-modules and H-comodules

Let H be an algebra. Then the tensor product of H-modules is generally not a H-module.
But if H is a Hopf algebra, then the coalgebra structure on H enables the tensor product

of H-modules to become a H-module. This is defined as follows.

Definition 2.6.1. Let H be a Hopf algebra, and V' and W left H-modules. Then V @ W

is also a left H-module, via

h- (U ® w) = Z(h(l) -U) ® (h(Q) -w)
forallhe HyveV,weW.
Analogously, the tensor product of right H-modules is again a right H-module.
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Definition 2.6.2. Let (C,A¢,e¢) and (D,Ap,ep) be coalgebras over k. There is a
natural coalgebra structure on C'® D defined as follows. The flip map 7:C® D - D e C
with 7(c® d) =d® c for all ce C,d € D induces a coproduct on C'® D defined as by

Ac®Ap idoc®T®idp
— 5

A,:C®D ——(CeCe®D®D CeDeC®D

with

A (c®d) (idc®T®idp) o (Ac®A(D))(c®d)

(idc R®TR® idD)(C(l) ® C2) ® d(l) ® d(g))

) ®dq) ® cz) @ dea).

Coassociativity of Ag and Ap ensures that A, is coassociative. Next, we define the map
e,i=ec®ep:C®D > k®k 2k with e,(c®d) = ec(c)ep(d). Then from the counit
properties of ¢ and ep, e, satisfies the counit property for C® D. We call (C® D, A, &)

the natural coalgebra structure on the tensor product of the coalgebras C' and D.
Next, we define a Hopf module.

Definition 2.6.3. For a Hopf algebra H over k, a right H-Hopf module is a k-space M
such that

1. M is a right H-module
2. M is a right H-comodule via p: M - M @ H

3. pis a right H-module map, where M ® H is a right H-module as Definition 2.6.1,

and where H acts on itself by right multiplication.
A left H-Hopf module is defined analogously.

Remark 2.6.4. |57, Definition 1.9.1] More generally, if we replace H in module part of
Definition 2.6.3 by any Hopf subalgebra K of H; M then becomes a right (H, K)-Hopf
module. The category of all right (resp. left) (H, K)-Hopf modules is denoted M (resp.
H M)
EM).

2.7 Algebraic Groups and Commutative Hopf Algebras

An algebraic group is a group defined by a collection of polynomials. In characteristic 0,
affine commutative Hopf algebras correspond to affine algebraic groups. This translates to
the fact that Hopf algebras generalise groups since the coordinate rings of affine algebraic
groups are Hopf algebras in a canonical way. In this section, we discuss this classical

correspondence and its consequences.
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Most of the content of this section is adapted from [29] and we assume that all fields

k in this section are algebraically closed.

2.7.1 Algebraic Groups

Definition 2.7.1. Let n € Z,,. Then the affine n-space is the set
A" = {(ar, a9, an) | a; € k,1<i<n}.

When n =1, Al is called the affine line and A? is called the affine plane.

Definition 2.7.2. Let f € k[z1, 22, -, 2,] be a polynomial. The zeros of f is defined as

Z(f) ={aeA" | f(a)=0}.

More generally, if P be a set of polynomials in k[z1,xs, -+, z,]. We define the zero set of

P to be the common zeros of all the elements of P, namely
Z(P)={acA™| f(a)=0V feP}.

If a is an ideal of k[zy,x9, -, z,] generated by P, then Z(P) = Z(a). Since the ring
k[x1, 29, x,] is a noetherian ring, any ideal a has a finite set of generators fi, fo, -, f;.

Thus, Z(P) can be expressed as the zero set of the finite set of polynomials fi, fo, -, f;.

Definition 2.7.3. An affine algebraic set of A" is a subset X ¢ A" for which there exists
P ¢ k[, 9, x,] such that X = Z(P).

Example 2.7.4. The affine n—space A" is an affine algebraic set if we consider the set
P ={0} c k[xy, 29, x,].

Example 2.7.5. Let ¢ € k*. Then the empty set @ is an affine algebraic set for P = {c} ¢

k[xhx%'”?xn]-

Since the affine n—space A™ and the empty set @ are algebraic sets, this suggests we
might have a topology on A" . In fact, A" is a topological space with closed sets given
by algebraic sets [29, Proposition 1.1|. This topology on A" is called Zariski topology. We
get this from the following

Z(SuT)=2(S)nZ(T),  Z(ST)=Z(S)u Z(T)

for subsets S, T € k[x1, 2, -+, x,]. There are fewer open set in the Zariski topology than in
the usual metric topology. Closed sets in the Zariski topology are closed in the usual metric

topology since closed sets are given by the zeros of polynomials which are continuous in
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the usual metric topology. For instance, the nontrivial closed sets in Al are finite subsets
of k.

Definition 2.7.6. An algebraic set X is said to be irreducible if it cannot be written as a
union of proper closed (in the Zariski topology) subsets. The empty set is not considered

to be irreducible.

Example 2.7.7. The affine line A! is irreducible since its only closed subsets are finite,

yet it is infinite (because k is algebraically closed, hence infinite).
However, the algebraic set Z(xy) c A2 is not irreducible since Z(xy) = Z(x) u Z(y).

Definition 2.7.8. An affine algebraic variety (or simply affine variety) is an irreducible
closed subset of A™.

Definition 2.7.9. For any subset X ¢ A", the ideal of X in k[xq,xs, -, 2, ] is defined by
I(X) ={f ek[z1,29,,2,] | f(a)=0for allae X}

Thus, finding the zeros of a set of polynomials gives a map Z from subsets of the
polynomial ring k[x1,xs, -, 2, ] to algebraic sets, and finding the ideal of a subset of A"

gives a map [ which maps subsets of A” to ideals.

Example 2.7.10. The ideal of the affine n-space A", I(A") = 0 while the ideal of the
empty set @, [(@) = k[z1, -, x,].

Definition 2.7.11. Let a € k[xy, z3,-+,x,] be an ideal. The radical of a is defined as
Va={fek[x,zo, - x,]| f € afor somer>0}.

Definition 2.7.12. An ideal I of a commutative ring R is

(1) radical if it is equal to its radical

VI={feR|f"elfor somen>0}.

(ii) prime if for any f,g € R, fg € I implies either f el or ge .
(iii) maximal if J is an ideal containing I implies J = R or J = I.

The following theorem gives a relationship between the ideal of the zeros of an ideal
and the radical of the ideal. It is referred to as “Nullstellensatz”’, the German word for

“zeros of points theorem”.
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Theorem 2.7.13 (Hilbert’s Nullstellensatz). Let k be an algebraically closed field and
I € ka1, 29,2, an ideal. Then I(Z(I)) = /1.

We refer to Theorem 2.7.13 as the “strong Nullstellensatz”. If I is a maximal ideal in
k[x1, 29, x,], then I is radical by Theorem 2.7.13. The weak Hilbert’s Nullstellensatz
states that maximal ideals of k[x1, xa, -, x, | are of the form I = (x1—ay, xa—as, -, T, —ay,)

which correspond with points in A”. This equivalence is stated as follows:

Theorem 2.7.14. |29, Corollary 1.4] There is a one-to-one inclusion-reversing similarity
between algebraic sets in A" and radical ideals in k[xy,--,x,], given by Y — I(Y) and
a~ Z(a). Furthermore, an algebraic set is irreducible if and only if its ideal is a prime

1deal.

Definition 2.7.15. The coordinate ring O(X) of an algebraic set X ¢ A" is defined as
OX)={flx: X = k| feklry,z, -, x,]} = k[x1, 29, 2, ]/

where f|x is the evaluation of the polynomial f on the algebraic set X and I is the ideal

I(X).

If X is an affine variety, then O(X) is an integral domain. Furthermore, O(X) is a
finitely generated k-algebra.

Definition 2.7.16. Given an algebraic set X, the dimension of X (dim(X)) is the
maximal length d of chains Xy c Xy c --- ¢ X, of distinct nonempty irreducible algebraic

sets contained in X.

For instance the algebraic set Z(zy) c A? which is decomposed as Z(xy) = Z(x)uZ(y)

has dimension one.

Definition 2.7.17. Given algebraic sets X ¢ A" and Y ¢ A™, a function ¢ : X - Y is
called a morphism of algebraic sets if there are polynomials 1y, g, -+, ¥y, € k[x1, 29, 2]
such that ¢(x) = (Y1(x),Y2(x), -, Yy (z)) for every z € X. Examples of morphisms

between an algebraic set X ¢ A" and the affine line A! are polynomials evaluated on X.

Definition 2.7.18. Let V c A® and W c A™ be algebraic sets with
V=Z(S)={acA" | f(a)=0V feS}, W=Z(T)={beA" |g(a)=0VY geT}.

Then the product of V and W is defined as

VxW ={(ay, -, an, b1, b)) € A™™| f(ay, -+, an) =0,9(by, -, b)) =0 for all feS, geT}.

The product V x W is an algebraic set of A™*n.
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Definition 2.7.19. An algebraic set G is called an algebraic group if G is a group such
that the multiplication map

m:GxG - @G
(9,h) = gh,

and the inverse map

S:G - G

g = g
are morphisms of algebraic sets.

Example 2.7.20. An example of an algebraic group is the group of invertible n x n
matrices over a field k& denoted by GL, (k) for n > 1. The coordinate ring O(GL,(k)) of
GL,(k) is

O(GL (1)) = Mgttt

In particular, when n = 1, GLy (k) = k*, the multiplicative field and O(GLy(k)) = k[x,z7'].

Remark 2.7.21. The coordinate ring O(GL,(k)) of GL, (k) is a Hopf algebra. We derive
the coproduct by dualising the usual matrix multiplication in GL, (k), yielding

A(xi;) = Z Tip ® Ly;.

1<l<n

Similarly, dualising the identity of matrix multiplication gives the counit.
€($ij) = 51]

The antipode is defined as S(X) = X!, that is S(z;;) is the ¢ entry of X! for X =
(ZEZ'j) € GLn(k)

Definition 2.7.22. 32, §15.1, 17.5] An invertible endomorphism is called unipotent if
it is the sum of the identity and a nilpotent endomorphism, or equivalently, if its sole
eigenvalue is 1. A subgroup of an algebraic group is called unipotent if all its elements are

unipotent.

We will see in the next subsection the classical correspondence between algebraic groups
and commutative Hopf algebras over an algebraically closed field of characteristic 0, that
the dual of the multiplication map m of an algebraic group gives a coproduct on the

coordinate ring O(G) of G , turning O(G) into a Hopf algebra.
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2.7.2 Commutative Hopf Algebras

A commutative ring R is semiprime if and only if the zero ideal is radical. Hence, there is
a 1:1 correspondence between algebraic sets and commutative semiprime rings. Cartier
proved that affine commutative Hopf algebras over fields of characteristic 0 are always
semiprime [81, Theorem 11.4]. In the following results about affine commutative Hopf

algebras, we use the property of them being semiprime.

Let H be an affine commutative Hopf algebra over an algebraically closed field k of
characteristic 0. Then H % k[zy, 9, -, x,]/I for some semiprime ideal I c k[x,zo, -, x,].
We define the algebraic set Z([) as

Z(I)={aecA"[ f(a) =0V fel}.

The maximum spectrum of H which is denoted by Maxspec(H) is defined as the set of

maximal ideals in H which by the weak Nullstellensatz is equivalent to
Maxspec(H) ={f: H » k| f is an algebra homomorphism}.

The weak Nullstellensatz yields the identification Z(I) =Maxspec(H). There is a one to
one correspondence between an element m € Maxspec(H ) and an algebra homomorphism
H - H/m. Given two algebra homomorphisms f, g from H to k, we define their product
to be

(f-9)(h) = f(hay)g(he))
and the inverse of f to be
fH(h) = foS(h)
for all h e H with A(h) = h1)® h(2) and S the antipode of the Hopf algebra H. This gives

a group structure on Maxspec(H) and hence a group structure on Z(I). Thus, yielding
a functor from the category of affine commutative Hopf algebras to the category of affine

algebraic groups over an algebraically closed field k of characteristic 0.

Turning now to the category of affine algebraic groups over an algebraically closed field
k of characteristic 0, for an algebraic group G, by [56, §2.15], we have an isomorphism
between the coordinate ring of G' x G and the tensor product of the coordinate ring of G
given by
O(GxG)20(G) e O(G).

Thus, when we dualise the multiplication map m : G x G - G on an algebraic group G,

we get a coalgebra structure on O(G) with
A:G->0(GxG)20(G)e0(G)
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and A(f)(z,y) = f(m(z,y)) for all x,y € G, f € O(G). The counit and antipode on
O(@Q) are defined by e(f) = f(1g), S(f)(x) = f(z7!) for f € O(G),z € G. This makes
O(G) a Hopf algebra and since O(G) is a commutative algebra, we get a commutative
Hopf algebra. This yields a functor from the category of affine algebraic groups over k to

the category of affine commutative Hopf algebras over k.

Affine algebraic groups are smooth as varieties [17]. When we translate this algebraic
property to commutative Hopf algebras, we deduce that affine commutative Hopf algebras

have finite global dimension [29, Theorem 5.1]|.

We summarise this section as follows. Given a commutative affine Hopf algebra H, we
can express H as a quotient k[xq,xs,---,2,]/I. The zero set Z(I) is an algebraic group.
Thus, we get a functor from the category of affine commutative Hopf algebras over & to

the category of affine algebraic groups over k.

In terms of functors between the two categories, the classical correspondence is given
by

{Commutative affine } {afﬁne algebraic}
<>

Hopf algebras over k groups over k

H 2 k[xy, 29, x,][] ~ Z(I)
oG) « G

In summary, if H is an affine commutative Hopf algebra, then H is the coordinate ring

O(@Q) of an algebraic group G over k and conversely [81].

2.8 Manin’s Approach

Given a k-algebra A defined as a quotient of a free algebra k(x1,--+,xy) by an ideal of
relations I, is there a Hopf algebra H which coacts on A, taking the vector space spanned

by the ;s to a one-sided coideal? That is, is there a map
p:A - A®H

T; Z(L’j@h]’i
J

which turns A into an H-comodule algebra? Since we want p to be a coaction, we need p

to satisfy
Zp(l‘]) ® hji = ij ® A(hﬂ)
J J
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The coassociativity constraint gives
Ty ® Z hgj ® hﬂ = Z:L’g ® A(h&)
j ¢

This gives the definition of the coproduct of the generators of k(hj;) given by matrix
multiplication. Thus, k(h;;) is a bialgebra with

A(hgi) =Y hje® s, e(hij) = 355
¢

Define H as the k-algebra k(hj;)/J. Given the ideal of relations I of A, we want to find J
such that p is an algebra map and J is a biideal. This will enable us to conclude that H is
a bialgebra. In addition, we want the relations of J to be such that the quotient algebra
is a Hopf algebra, that is, admits an antipode. The ideal J is generated by the relations
defined by I and additional relations which make the coproduct, counit and antipode on

H respect the relations defined by I.

Our motivation for studying Hopf algebras is to find universal Hopf algebras which
contain the coordinate ring of a plane curve as a right coideal subalgebra. This enables us
to prove that some class of plane curves are quantum homogeneous spaces. The following
example is that of the cusp, y? = 23, which follows the universal construction by Manin

described in the example above.

Example 2.8.1. Let A be the coordinate ring of the cusp y? = 23. Suppose there is a
coaction p: A - A® H of a Hopf algebra H on A with

p(r)=1®a; +x®as, p(y)=1®b; +y ® by.
Then the coassociativity constraint
(id®A)op=(p®id)op
and the fact that we want A to be a right coideal subalgebra ensures that
ap=x, b=y, A(a)=a3®ay, A(by)=by®bs

so that p is the inclusion. Also, since we want the antipode to exist on the generators of
H, we need the grouplike elements as and by of H to be invertible. Thus, H is a quotient
of the free algebra k(zx,y, as, be,ayt,by') by some ideal J. We also need the coalgebra to

respect the relation y? = 23 of I and the commutation relation zy = yx. In order for the
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coproduct of xy given by

A(zy) =1®@zy+x @ ayy +y ® xby + TY ® asbs
to be equal to the coproduct of yx given by

A(yr) =1®@yx+x @ yas + Yy ® boT + yx  byas,
we need to add the relations

asy = yas, xby =box, ashy = byas.
In addition, we want the coproduct of y? given by
A(y?) =10y +y® (bay +ybs) + y> ® b3
to be equal to the coproduct of 23 given by
A(2?) =1 ® 2% + 1 ® (a2® + Tasx + 1%ay) + 2° ® (a3x + ayras + va3) + 2° ® a3,
we need to add the relations
boy +yby =0, agx® + zasw + x%ay =0, a3z +asxas +xas =0, b3=a;.

Thus, the ideal J is defined by the relations

?JZZ?TB, TY =Yxr, QoY =yaz, xby=0box, agby = boay,

boy + yby = 0,  asx® + rasr + x%as = 0, a%:c + Ao + :ca% =0, bg = ag’.

2.9 Gelfand-Kirillov Dimension

In this section, we will define and state results about the Gelfand-Kirillov dimension
(GKdim) of an algebra. This measures the “rate of growth” of an algebra with respect to

any finite generating set. The content and results we state are from [41].

Definition 2.9.1. Let ® denote the set of all functions f : N - R which are eventually
monotone increasing and positive valued, that is, for which there exists ng = ng(f) € N,
such that

fn)eR* and f(n+1)> f(n) forall n>n,.
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For f,ge ® set f <* g if and only if there exist ¢,m € N such that
f(n) <cg(mn) for almost all neN,

and f ~ ¢ if and only if f <* g and g <* f. For f € ® the equivalence class G(F') € &/ ~ is
called the growth of f. The partial ordering on the set ®/ ~ induced by <* is denoted by
<.

The “growth” of a finitely generated k-algebra is independent irrespective of the choice
of a finite dimensional generating subspace. This is seen in the Lemma below. The

following is Lemma 1.1 in [41]

Lemma 2.9.2. Let A be a finitely generated algebra with finite dimensional generating
subspaces V. and W. If dy(n) and dy(n) denote the dimensions of ¥iq V¢ and Y1, W,
respectively, then G(dy(n)) = G(dw(n)).

Remark 2.9.3. 1. If f and g are polynomial functions, then f and g have the same
growth if and only if deg(f) = deg(g). For a real number > 0 the growth of the

function p, : n - n7 is denoted by P,.
2. For € € R* the growth of ¢. : n — e™ is denoted by &..

Definition 2.9.4. Let A be a finitely generated k-algebra with a finite dimensional
generating subspace V. Then G(A) := G(dy) is called the growth of A, and A is said

to have
polynomial growth if G(A) = P,,, for some m € N,
exponential growth if G(A) = &,
subexponential growth if G(A) < &1, yet G(A)P,, for all m € N.

Example 2.9.5. Let A = k(x,y) be the free algebra on two generators. Then V' = kx + ky

is a generating subspace for A and

dV(n) :dlmk (ZV’) = 1+2+22+...+2n :2n+1 -1

i=0
Thus, G(A) =&;.

Example 2.9.6. Consider A’ = k[x1, 9, -, 4], the commutative polynomial algebra. The

vector space V' = kxq1 + kxo +---kxg is a generating subspace for A’. We easily verify that

dim(V’("“)) _ (n+cli+(11—1) _ (Z+f)
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is a polynomial of degree d - 1. Since dim(V/("*D) = dy(n + 1) - dy(n). It follows from
[41, Lemma 1.5(b)] that dy-(n) is a polynomial of degree d so that G(A’) = Py.

Next, we define the growth of an algebra.
Definition 2.9.7. The Gelfand-Kirillov dimension (GKdim) of a k-algebra A is
GKdim(A) = s?/p lim log,, dy(n),
where the supremum is taken over all the finite dimensional subspaces V' of A.

The Gelfand-Kirillov dimension of the algebras in Examples 2.9.5 and 2.9.6 are co and
d respectively.
One natural question we can ask is: Does the growth of an algebra depend on the

generating subspace that we choose? This question is answered in the remark below.

Remark 2.9.8. It is shown in [41, Lemma 1.1] that for a finitely generated generated
algebra B with finite dimensional generating subspace V', the growth of B is independent

of the particular choice of V.

All the algebras that we consider in this thesis are finitely generated so we can choose
any finite dimensional generating subspace to compute the Gelfand-Kirillov dimension of
the algebra under consideration.

It turns out that the Gelfand-Kirillov dimension of an algebra A cannot be strictly
between 1 and 2. Again, for any real number r > 2, we can find an algebra with

Gelfand-Kirillov dimension r. These two are due to Warfield and Bergman. We write
GKdim instead of Gelfand-Kirillov dimension in the rest of the text.

Theorem 2.9.9. [10, Bergman| No algebra has Gelfand-Kirillov dimension strictly between
1 and 2.

Theorem 2.9.10. [66, Theorem 2| For any real number r > 2, there exists a two generator
algebra A := k{x,y)/(Z) with GKdim(A) = r where (Z) is the ideal generated by a set of

monomials Z.

Returning to the classical correspondence that an affine commutative Hopf algebra H
is the coordinate ring O(G) of an algebraic group G over k, from [41], we get the following

relationship between the Gelfand-Kirillov dimension of H and the dimension of G,
GKdim(H) = dim(G).
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2.10 The Diamond Lemma and the PBW Theorem

In this section, we recall the notations and definitions needed for Bergman’s Diamond

Lemma. Most of the content of this section are adapted from [9] and [13].

We recall the set-up needed to apply Bergman’s diamond lemma [9]. For more details,
see for example [13, pp. 97-101]. Let (X) denote the free semigroup on a set X and k(X)
the free k-algebra with generators X. Let R be the quotient of k(X)) by a set of relations
Y. Suppose that every relation o € ¥ can be written in the form W, = f, with W, € (X)
and f, € k(X). We write ¥ as the set of pairs of the form o = (W, f,).

For each 0 € ¥ and A, B € (X), let 74,5 denote the linear endomorphism of k{X)
which fixes all the elements of (X) other than AW, B, and which sends this basis element
of k(X) to Af,B. We call ¥ a reduction system, with the maps 74,5 : k(X) - k(X)) called
elementary reductions, and a composition of elementary reductions called a reduction. An
elementary reduction r 4,5 acts trivially on an element « € k(X if the coefficient of AW, B
in « is zero, and we call « irreducible (under ) if every elementary reduction is trivial on

a. The k-vector space of irreducible elements of k(X ) is denoted by k(X ;..

A semigroup ordering on (X) is a partial order < such that if a,b,¢,d € (X) and a < b,
then cad < cbd. A semigroup ordering on (X) is compatible with 3 if, for all o € &, f, is a

linear combination of words W with W < W,.

Define an overlap ambiguity of ¥ to be a 5-tuple (o,7, A, B,C') with 0,7 € ¥ and
A,B,C € (X), such that W, = AB, W, = BC. An overlap ambiguity (o,7, A, B,C) is
resolvable if there exist compositions r and ' of reductions such that r(f,C) = r'(Af;).
An inclusion ambiguity is a 5-tuple (0,7, A, B,C) with 0,7 € ¥ and A, B,C € (X), such
that ABC =W, and B = W,. An inclusion ambiguity (o, 7, A, B,C') is resolvable if there
are reductions 7,7’ such that r o r1,1(ABC) = 1" o r4rc(ABC). Observe that if the W,
for 0 € ¥ are distinct words of the same length, then there are no non-trivial inclusion

ambiguities.

Bergman’s theorem [9, Theorem 1.2] can now be stated, as follows.

Theorem 2.10.1. With the above notation and terminology, suppose that < is a semigroup
ordering on (X) which is compatible with 3 and satisfies the descending chain condition.
Suppose that all overlap and inclusion ambiguities are resolvable. Let I be the ideal (W, —
fo 0 €X) of the free k-algebra k(X). Then the map w — w + I gives a vector space
isomorphism from k(X )i to k(X)/I ; that is, the irreducible words in (X) map bijectively
to a k-basis of k(X)/I.

Example 2.10.2. Let H := k(z,y,a,b,a')/I where I is the ideal generated by the
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following relations:

act=alta=1, ba = ab, b =a?, y? = 2% + 23, ay = ya, bx = xb,

by = —yb, yx = Y, a’x = —(xza® + axa + a*) + a®, ax® = —(2%a + rax + ax + za).
There are two overlap ambiguities resulting from the two routes needed to find the word
a’z? € k(z,y,a,b,a™t). These routes are pre multiplying axz? with a or post multiplying
a’r with z. After computing these, we get the same linear combination of words for
a?x? whichever route we take. Hence, by the Bergman’s Diamond Lemma, the irreducible

words form a basis for H which was stated in Example 2.10.2 above.

Next, we state the Poincaré-Birkhoff-Witt(PBW) Theorem for the universal enveloping
algebra of a Lie algebra. This helps to find the basis of an algebra given by generators
and relations in terms of irreducible monomials as defined in Bergman’s Diamond Lemma

above.

Theorem 2.10.3 (Poincaré-Birkhoff-Witt(PBW)). [11] For any basis {x;:i€ I} of a Lie

algebra g with ordered index set I, the monomials

€1 €n
i1 in

X

where iy < -+ < i, and e; >0 form a basis for the universal enveloping algebra U(g).

Example 2.10.4. [40] The algebra in Example 2.10.2 has PBW basis

{a'y? (azx)'a” V" |i,1 € Lo, i’ € Z, j,j € {0,1}}.
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Chapter 3

Quantum Homogeneous Spaces

3.1 Introduction

Let H be a Hopf algebra and let B ¢ H be a right coideal subalgebra of H. We are
interested in cases where the extension B c H satisfies the faithful flatness property. The
inclusion B ¢ H defines a quotient map G - X where G is a quantum group and X is a
quantum space with right G-action or a right G-space [59, §0]. The quantum space X is
not usually the quotient of B by some quantum subgroup but if H is faithfully flat over B,
we get B back from the quotient map H — H/H B* as the H/H B*-coinvariant elements
of H where BT = Bnkere. We call such right coideal subalgebras satisfying the faithful
flatness property quantum homogeneous spaces.

In the classical setting of commutative Hopf algebras, there is a bijection between right
coideal subalgebras B over which H is right faithfully flat and ideals and left coideals
I ¢ H such that H is faithfully coflat over H/I |70, Theorem 3.1.6]. Such right coideal
subalgebras satisfying this property are the coinvariants of the quotient H/I. We call
them homogeneous spaces.

In particular, under the classical correspondence between affine commutative Hopf
algebras and affine algebraic groups over a field k of characteristic zero, a Hopf algebra
H corresponds to the coordinate ring O(G) of an affine algebraic group. If G’ is a closed
subgroup of GG, then the space of left and right cosets may or may not be an affine variety.
But if G is a closed normal subgroup of GG, then the space of cosets is an affine algebraic
variety so that O(G/G") is a Hopf subalgebra of H = O(G). Takeuchi proved in [7§]
that this is a one to one correspondence between normal closed subgroups G’ of G and
Hopf quotients H/I of H with I a normal ideal so that G’ corresponds to H/I = O(G").
Also, Takeuchi proves in [78| that in this case, H is always faithfully flat over the ring of
coinvariants He #/T. We call this ring of coinvariants He #/T or O(G[G') a homogeneous
space. Correspondingly, a left or right coideal subalgebra B of H has H as a flat B-module
[53] but not always faithfully flat. The right or left coideal subalgebras B over which H
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is faithfully flat are called homogeneous spaces.

When we tensor modules, some properties arise on the tensor product. One such
property is the faithful flatness property which we discuss in detail in §3.2. The definition
of a homogeneous space in the commutative setting is discussed in §3.3. Then in §3.3.1, we
discuss homogeneous spaces under the classical correspondence between affine commutative
Hopf algebras and affine algebraic groups over a field k of characteristic 0.

The final section of this chapter is §3.4 where we discuss the theory of homogeneous
spaces in the noncommutative setting. Here, homogeneous spaces are referred to as
quantum homogeneous spaces. Classical examples of quantum homogeneous spaces are
stated.

Our motivation for studying quantum homogeneous spaces is to find out which singular
plane curves are quantum homogeneous spaces. The nodal cubic was the starting example.
We describe in detail a Hopf algebra which is faithfully flat over the coordinate ring of the
nodal cubic. Then in Chapter 5, we prove that the family of decomposable plane curves

of degree at most 5 are quantum homogeneous spaces.

3.2 Flatness and Faithful Flatness

In this section, we discuss some modules which arise from tensor products. These modules
are flat and faithfully flat modules. Faithful flatness is a key property we need in order to
define homogeneous and quantum homogeneous spaces later in this chapter. An extension
B c H of a Hopf algebra H such that H is faithfully flat as a left and right B-module has
nice properties that we are interested in.

Most of the content of this section is adapted from [68§].

Definition 3.2.1. If R is a ring, then a right R-module A is flat if A ®g — is an exact

functor; that is, whenever

0-B 5B5B" -0
is an exact sequence of left R-modules, then

0> AepB % 4@, B Ag, B" >0

is an exact sequence of abelian groups. Flatness of left R-modules is defined analogously.
Definition 3.2.2. A right R-module A is called faithfully flat if

(i) A is a flat module; and

(ii) the converse of Definition 3.2.1 is true or equivalently, for all left R-modules X, if
A®r X ={0}, then X ={0}.
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The following proposition gives some examples of flat modules.
Proposition 3.2.3. |68, Proposition 3.46| Let R be an arbitrary ring.

(i) The right R-module R is a flat right R-module.

(ii) The direct sum @; M; of right R-modules is flat if and only if each M; is flat.
(111) Every projective right R-module P is flat.

(iv) If every finitely generated submodule of a right R-module M is flat, then M is flat

The proof of Proposition 3.2.3(ii) uses the fact that direct sums and tensor products
commute. However, tensor products and direct products do not commute as we will see

in the next example.

Example 3.2.4. [68, Example 3.52] The Z-module Q is a flat module since it is a torsion
free Z-module over the principal ideal domain Z |68, Corollary 3.50]. Indeed, the flatness
of Q as a Z-module follows at once from Proposition 3.2.3(i) and (ii), since every finitely
generated Z-submodule of QQ is isomorphic to Z. Let I, denote the integers modulo n.
The following holds

Q®z H]In ¢ H(@ ®zl,).

n22 n22
The right hand side is {0} because Q®1,, = {0} for all n, by |68, Proposition 2.7.3]. That

is, if we consider the Z-module I, for n € Z, n # 0, +1, then for all ¢ € Q, a € I,,,

q®a:g®na=0.
n

Thus, Q®z1, = 0 though [, # 0. On the other hand, [],,55 I,, contains an element of infinite
order: if I, = (a,), (where a,, = 1+nZ is a generator of I, for all n) then there is no positive

integer m with 0 = m(a,) = (ma,); hence, there is an exact sequence

0->Z - []L.

n>2

Since Q is a flat Z-module, by [68, Corollary 3.50|, there is exactness of

0—>Q®ZZ—>@®ZHHn.

n>2

But Q®zZ = Q, and so Q®z [1,,52 L, # {0}.

Example 3.2.5. The flat Z-module Q is not faithfully flat since as shown above, Q®z1,, =
{0} for all neZ—{0,+1} though I, + {0}.

Example 3.2.6. Let R be a nonzero ring.
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(i) Then R is a flat module since R®r V =V for all R-modules V. In particular, R is
a faithfully flat R-module.

(ii) Since the direct sum of faithfully flat R-modules is again faithfully flat, it follows
from (i) that free R-modules are faithfully flat.

Remark 3.2.7. It is not true that projective modules are faithfully flat. For example, let
k be a field and
R=Fkek.

Let e=(1,0) e R;so R=eR® (1-¢e)R. Then eR and (1 -e)R are projective R-modules
but
eR®r R(1-¢)=0

since if r, s € R, then

er®prs(l-e) ere®p s(1—-e)

er ®p se(l—e)
0.

3.3 Homogeneous Spaces in the Commutative Setting

Most of the content in this section is adapted from [32].

For a curve in affine space, the space of tangents at a point has vector space dimension
1 unless the point is “singular”, and then the dimension goes up. The dimension of the
tangent of X at z, dim7 (X ), > dim X for a variety X and all points z € X [32, Theorem
5.2]. If equality holds, x is called a simple point of X. If all points of X are simple, X is
called smooth or nonsingular.

Recall the definition of an affine algebraic group as a group G which also has the
structure of an affine variety over k such that the maps m : G x G - G where m(x,y) = zy
and 7 : G - G, where i(x) = z7!, are morphisms of varieties. The translation by an element
y € G (z — xy) yields an isomorphism of varieties G - GG. Thus, geometric properties at
one point of GG can be transferred to any other point, by suitable choice of y. In particular,
since G has simple points [32, §5.2], all points must be simple, that is G is smooth (32, §7.1].

If G is a group and X a set, we say G acts on X if there is a map ¢ : G x X - X
denoted by ¢(x,y) = -y, such that

z1- (x2-y) = (x122) -y, idgy=y

for all 21,29 € G, y € X. For y € X, we define the isotropy group (or stabilizer) of y to be
the subgroup G = {z € G| z-y = y}. The orbit map G — G-y defined by xz - = -y induces
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a bijection between G/G, and G -y. Let H be a closed subgroup of an algebraic group
G. Then there is a transitive action of G on the space of left cosets G/H (yH ~ xyH),
H being the isotropy group of the coset H. In view of this, every transitive action of G is
essentially of this form. We call the space of left cosets G/H with this natural transitive
action of G a homogeneous space.

Given an algebraic group G and a closed subgroup H, how can the homogeneous space
G/H be endowed with a “reasonable” structure of a variety? See [32, §12.1] for details on
the fact that the variety so constructed has the properties demanded of a “quotient”.

It is sometimes helpful to embed an affine algebraic group into the general linear group
as a closed subgroup and then exploit the special properties of matrices to prove theorems
about affine algebraic groups. This linearisation of affine groups is possible due to the

following theorem.

Theorem 3.3.1. [32, Theorem 8.6] Let G be an affine algebraic group. Then G is

isomorphic to a closed subgroup of some GL(n, k).

Turning our attention back to the task to put a reasonable structure on G/H to turn
the quotient space into a variety, the following theorem enables us to do this when H is a
normal subgroup of G.

A morphism ¢ : G - GL(n, k) of algebraic groups is called a rational representation.

Theorem 3.3.2. [32, Theorem 11.5] Let G be an algebraic group, N a closed normal
subgroup of G. Then there is a rational representation ¢ : G - GL(W') such that N =
ker .

With the aid of this theorem, we can give the abstract group G/N the structure of an
affine algebraic group by identifying it with ¥(G). However, some further work has to be
done to guarantee that this process is independent of the choices made and leads to good

universal properties. For details on this, see [32, Chapter V|

3.3.1 Homogeneous spaces under the classical correspondence

We saw in §2.7 the classical correspondence between affine commutative Hopf algebras
and affine algebraic groups over an algebraically closed field k of characteristic zero. In
[32, Chapter IV], the universal construction of the quotient space G/H for an algebraic
group G and its closed and normal subgroup H is discussed. The quotient space (space
of cosets) G/H is what we call a homogeneous space.

In this subsection, we are going to discuss what a homogeneous space in the category of

affine algebraic groups corresponds to in the category of affine commutative Hopf algebras.
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Let H be a commutative Hopf algebra. When does
I: I is a normal
Hopf ideal of H.

where ¢(K) = HK* and 9(I) = «H/'H give inverse bijections? Takeuchi in [78] proves

this bijective correspondence. This gave an algebraic proof of the same theorem by

K: K is a normal
Hopf subalgebra of H

<N

Demazure and Gabriel in [21]. This correspondence holds for Hopf algebras which are

either commutative or have cocommutative coradicals.

Theorem 3.3.3. |78, Theorem 4.3][|57, Theorem 3.4.6| Let H be any Hopf algebra. Then
¢ and Y are inverse bijections if either H is commutative or if the coradical Hy of H is

cocommutative.
Most of the content of the rest of this section is adapted from [70].

Definition 3.3.4. Let H be a Hopf algebra, I ¢ H a coideal and a right ideal, and

m:H - @ := H|/I the quotient map. Thus, @ is a quotient of H as a coalgebra and as a

right H-module. Let 6 : A > A® H be a right H-comodule algebra. Then A is a right
ider

()-comodule with structure map dg := (ider) : A S A9 H Y 4 . We define the
algebra of Q-coinvariant elements by B := A% :={ae A|dg(a) =a®n(1)}.

We sometimes write the Q-coinvariant elements of A, A%? as A7  Similarly, if B is
a right coideal subalgebra of H, then the coinvariant elements of H under the projection
H - H/HB* (where B* = Bnker(¢)) is a right coideal subalgebra of H as stated in the

proposition below.

Proposition 3.3.5. [79, Proposition 1| If B ¢ H is a right coideal subalgebra of H,
H/HB* is a quotient left H-module coalgebra of H. Let g : H — H/HB* be the
projection. If m: H - w(H) is a quotient left H-module coalgebra, By = {h € H | m(h(1)) ®
h2y =m(1) ® h} is a left coideal subalgebra of H.

Proof. Let a,be B,. Then
(7T ® ld) o A(ab) = (71'((1(1)) ® a(g)) (W(b(l)) ® b(g))

= (r(1)@a)(n(1)®b)
= (1) ® ab.

Thus, ab € B, and we conclude that B is a subalgebra of H. Since (7 ® id) o A(B;) <
H ® B,, we conclude that B, is a left coideal subalgebra of H. O

Next, we define the cotensor product of comodules and use it to define the dual of

flatness and faithful flatness property of a module.
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Definition 3.3.6. Let W and V be right and left H-comodules with comodule structure
maps pw : W - W ® H and py : V - H ® V respectively. Then the cotensor product of
W and V is

WaopV:= {Zwl v, e WeV | pr(wi) ®V; = Zwi ® py(v;)}.
Equivalently, the cotensor product of W and V', W oy V is defined as the kernel of
pw ®id-idepy :WeV -WeHeV.

Definition 3.3.7. Let H be a coalgebra, A a right H-comodule algebra, and () a coalgebra
and right H-module quotient of H. Then H is called left Q-cofiat (resp. left faithfully
Q-coflat) for /\/lg (Remark 2.6.4), if the functor OgH preserves (resp. preserves and

reflects) exact sequences in M(j.

Theorem 3.3.8. [70, Theorem 3.1.3] Let H be a Hopf algebra, K ¢ H a left coideal
subalgebra, and Q) := H/K*H. Then the following are equivalent:

1. The coinduction functor @M - HM, V » HOgV, is an equivalence.
2. H is right faithfully flat over K for M (Remark 2.6.4).
3. H is right faithfully coflat over Q and K = He®.

In this case, H 1is projective as a right K-module, and K is a right K-direct summand in

H.

The dual version of this theorem is [70, Theorem 3.1.2 |. In §3.1 of [70], a correspondence
is described between left coideal subalgebras K ¢ H and quotients of H of the form H/I
where I ¢ H is a coideal and right ideal. We state this correspondence in Theorem 3.3.10.

In general, the antipode of a Hopf algebra H is not bijective. For instance in [77],
Takeuchi constructed a free Hopf algebra generated by a coalgebra whose antipode is
injective but not surjective. Schauenburg gave a counterexample in [69] of a Hopf algebra
with an antipode which is surjective but not injective. Skyrabin has conjectured that,
every noetherian Hopf algebra has bijective antipode [74]. In |74], sufficient conditions for
the bijectivity of an antipode is given using ring theoretic conditions on the Hopf algebra.

In cases when the antipode is not bijective, this helps to prove results about the Hopf
algebra. For example, Schauenburg showed in [69] that if H is a Hopf algebra with an
injective but nonsurjective antipode, then there exists a Hopf subalgebra B such that H
is not faithfully flat as a B-module.

We state the following lemma on a correspondence between left and right coideal

subalgebras of a Hopf algebra with bijective antipode. Here, we discover that left and
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right coideal subalgebras coincide when the Hopf algebra has a bijective antipode. In the

following Lemma, part 1.(a) is attributed to Koppinen [37, Lemma 3.1] for right coideals.
Lemma 3.3.9. [70, Lemma 3.1.4| Let H be a Hopf algebra with antipode S.
1. Let K ¢ H be a left coideal. Then

(a) MK*=MS(K)* for every right H-module M.
(b) If S is bijective, then S(K*H)=HK".
(¢) If HK*c K*H, then K*H is a Hopf ideal of H.

2. Let I ¢ H be a left ideal. Then

(a) MeoHIT = {m e M | mpy ® S(my) = m®1 e M®H|I} for every right
H-comodule M.

(b) If S is bijective, then S(HeH/T) = co H/T [T

(c) If coHITH c Heo HIT then co HITH 4s a Hopf subalgebra of H.

We introduce the following notation before stating the next theorem. Let

K(H) = {K|KcHis a left coideal subalgebra}

O(H) := {I|IcHis acoideal and a right H-submodule}
K(H)rigne = {KeK(H)|H is right faithfully flat over K}
Q(H)pignt = {IeQ(H)|H is right faithfully coflat over H/I}

We define K(H )jepr and Q(H )es analogously. The following theorem was first formulated
in this generality by Masuoka in [52] but not proved explicitly.

Theorem 3.3.10. [70, Theorem 3.1.6] Let H be a Hopf algebra with bijective antipode.
Then

1. The maps
K(H)right - Q(H)right> K~ K*H’ and I — HcoH/I7

are tnverse bijections.

2. If K e K(H)yignt, I = K*H and Q = H/1, the coinduction functor
CM-EM, Vs HogV

15 an equivalence, H 1s projective as a right K-module, and K is a right K-direct

summand in H.
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Applying Theorem 3.3.10 to the category of affine commutative Hopf algebras, we
deduce that a right (resp. left) coideal subalgebra B of a Hopf algebra H over which H is
right (resp. left) faithfully flat corresponds to quotient Hopf algebras H/I of H over which
H is right (resp. left) faithfully coflat. In the category of affine algebraic groups over an
algebraically closed field, this correspondence is interpreted as H = O(G) and I = O(G/T)
such that H is faithfully flat over I where T is a closed subgroup of an algebraic group G.
In particular, right coideal subalgebras B over which H is faithfully flat are of the form
JJco H/B*H

Similarly, we saw in §2.7 that the coordinate ring H = k[G] of an affine variety G
corresponds with an algebraic group structure on G. As described in [38, §1.3], a faithfully
flat embedding B = k[X] ¢ H corresponds with a surjection G - X [54, Theorem 7.3].
Since A(B) c B® H = k[X x G], A defines an algebraic action X x G - X of G on X
for which the quotient map G - X is equivariant. Thus, the action is transitive and
X 2 G/H for a closed subgroup H c G so that X is actually a homogeneous space of G.
The geometric property of transitive group actions corresponds with the algebraic property
of faithful flatness described in the preceding paragraph. Thus, we get a motivation for
the definition of a quantum homogeneous space as a right coideal subalgebra B of a Hopf
algebra H over which H is left and right faithfully flat.

Next, we discuss what normal Hopf subalgebras (Definition 2.5.7) correspond to in the
theory of homogeneous spaces.

Another version of Lemma 3.3.9(2)(b) is as follows. If a Hopf algebra H has a bijective
antipode S, then there is bijection between left and right coideal subalgebras of H. That
is, given a left coideal subalgebra B of H, then S(B) is a right coideal subalgebra of H

since for any b e B,
A(S()) =70 (S®S)oA=S5(b)) ®S(bny) € S(B)® H.

Thus, S(B) is a right coideal subalgebra of H. The inverse map of the bijection is given
by the inverse S~! of the antipode which turns a right coideal subalgebra into a left coideal
subalgebra.

In particular, as noted in [27], every coideal subalgebra of H = O(G) for an affine
unipotent algebraic group G arises as above. That is if K is a left coideal subalgebra of H,
then K*H is a Hopf ideal of H so H/K*H = O(D) for some closed subgroup D of G and
K = He™ where m: H - H/K*H. Moreover, as algebras K = O(G/D), the coordinate
ring of a homogeneous space of G |27, Theorem 5.3.2].

The following theorem is a special case of Theorem 3.3.10(1), since if H is a commutative
Hopf algebra and K is a Hopf subalgebra H, then H is a faithfully flat K-module by
Theorem 3.3.13. Thus, the collection {K} in the subsequent theorem is a subset of
IC(H )rignt in Theorem 3.3.10(1). Hence, the following theorem is a restatement of the
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commutative part of Theorem 3.3.10.

Theorem 3.3.11. 78, Theorem 4.3] The correspondence K — K*H is a bijection from
the set of all Hopf subalgebras of a commutative Hopf algebra H onto the set of all normal
Hopf ideals of H where K* is the kernel of e : K — k.

In the classical setting of commutative or cocommutative Hopf algebras, Takeuchi

proved that there is a family of homogeneous spaces which is stated as follows.

Theorem 3.3.12. [78, Theorem 3.1] Let H be a Hopf algebra over a field k and K be a
Hopf subalgebra of H. If H is commutative or cocommutative, then H s a faithfully flat
right (or left) K-module.

Any Hopf subalgebra of a Hopf algebra H is in particular a left and right coideal
subalgebra of H. However, we only get the flatness property and not the faithful flatness
property when we consider right coideal subalgebras over a commutative Hopf algebra as

stated as follows. This result is due to Masuoka and Wigner.

Theorem 3.3.13. [53, Theorem 3.4] A commutative Hopf algebra is a flat module every

right coideal subalgebra.

Though from Theorem 3.3.13 we see that a commutative Hopf algebra is flat over
its right coideal subalgebras, it is not true in general that a commutative Hopf algebra
is faithfully flat over its right coideal ideal subalgebras. We see an example of a right
coideal subalgebra which does not satisfy the faithful flatness property in Example 3.4.8.
The special class of right coideal subalgebras which satisfy the faithful flatness property
is what we call a quantum homogeneous space.

We saw in §3.2.3 above that free modules are faithfully flat modules. Though we saw
in Theorem 3.3.12 that commutative or cocommutative Hopf algebras are faithfully flat
over its Hopf subalgebras, Oberst and Schneider gave an example of a commutative Hopf

algebra which is not free over a Hopf subalgebra. This is stated as follows:

Example 3.3.14. [61]|57, Example 3.5.2] Let F' c E be a Galois field extension of degree
2, with Galois group G = {1,0}. Let o act on Z by z » —z. Then G acts on the group
algebra EZ by acting on both E and Z. Let H = (EZ)% and K = (E(nZ))¢ c H. The
algebra H = (EZ)% is a Hopf algebra by [57, Lemma 3.5.1]. If n is even, then H is not

free over K.

Thus, freeness of a Hopf algebra over its Hopf subalgebras seems to be a strong and
restrictive property than the faithful flatness property.
We conclude this section with a family of quantum homogeneous spaces when H is a

pointed commutative Hopf algebra. This result is due to Takeuchi.

42



Theorem 3.3.15. [79, Corollary 4| If H is a commutative pointed Hopf algebra, there is
a one to one correspondence between right coideal subalgebras over which H is free and
Hopf ideals of H.

The results from this section are summarised in the diagrams below: Let H be a

commutative Hopf algebra, then we have the following diagram.

K, a Hopf H/I, a Hopf quotient
one-to-one (3.1)
subalgebra of H D of H, with I normal.

K ~  H/K*H
o H[I < H/]

Ml Al

K, a faithfully H/I, a Hopf quotient

flat left coideal one-to-one of H with H faithfully (3.2)
>

subalgebra of H coflat over H/I.

K o~ H/K'H
HcoH/I < H/[

P T 1Y |
K, a faithfully H/I, a Hopf quotient
flat right coideal one-to-one of H with H faithfully (3.3)
subalgebra of H coflat over H/I.

K ~ H/K*H
coH/I [T < H/I

The one-to-one correspondence in (3.1) is due to Theorem 3.3.11 which is equivalent to part
of Theorem 3.3.3. That of (3.2) and (3.3) are due to Theorem 3.3.10(1). The inclusion
of the left hand side of (3.1) into the left hand side of (3.2) is due to Theorem 3.3.12.
However, the inclusion of the right hand side of (3.1) into the right hand side of (3.2)
follows by following round three sides of the top square, that is using the arrow « in (3.1),

followed by the inclusion and then finishing with the arrow — as in the diagram

Al

The one-to-one correspondence of the left hand side of (3.2) with the left hand side of
(3.3) is due to Lemma 3.3.9(2)(b). In fact, the inclusion of the left hand side of (3.1) in
the left hand side of (3.2) and (3.3) is because a Hopf subalgebra K is a left and right
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coideal subalgebra such that S(K) = K.

3.4 Noncommutative Setting

Now, suppose H be an arbitrary Hopf algebra and B ¢ H a right coideal subalgebra of H.
From the algebraic point of view, the inclusion B ¢ H only has good properties if H is
faithfully flat as a left or right B-module [52,72,79]. Suppose H has a bijective antipode,
then by [52, Theorem 1.11], the mapping

B: B c H is a right coideal H/I: H/I is a quotient left
subalgebra such that H is «— 4§ H-module coalgebra over (3.4)
left faithfully flat over B. which H is left faithfully coflat.

B ~ H/HB'
Heo H/I < H/]

is a bijection between right coideal subalgebras and quotient objects H /I of H which satisfy
the faithful flatness and coflatness properties. Let H be a commutative or cocommutative
Hopf algebra and B a Hopf subalgebra of H. We saw in Theorem 3.3.12 that Hopf
subalgebras of commutative or cocommutative Hopf algebras are examples of subobjects
which satisfy the faithful flatness property.

In the setting of an arbitrary Hopf algebra (or quantum group) H, there is some
inconsistency in the definition of a quantum homogeneous space. For instance, Krahmer
in [38] defines a quantum homogeneous space as a right coideal subalgebra of a Hopf
algebra over which the Hopf algebra is right faithfully flat. We use the definition in [47|
of a quantum homogeneous space being a right coideal subalgebra B of H such that H is
faithfully flat as a left and right B-module.

Definition 3.4.1. A right quantum homogeneous space is a right coideal subalgebra B
of a Hopf algebra A such that A is faithfully flat as a right and left B-module. A left
quantum homogeneous space is a left coideal subalgebra B of a Hopf algebra A such that
A is faithfully flat as a right and left B-module

Usually, we write quantum homogeneous spaces in short for right or left quantum
homogeneous spaces.

Due to the one-to-one correspondence (3.4) between right coideal subalgebras over
which a Hopf algebra H is left faithfully flat and coideals I which are left ideals over which
H is left faithfully coflat over H/I, this yields a definition of a quantum homogeneous

spaces as coinvariants of H/I over which H is faithfully coflat. That is a quantum
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homogeneous space B of a Hopf algebra H is written as
B={heH|(idg®m)oA(h)=h®m(1)}

where 7 is the projection from H to H/HB* with B* := Bnker(e).
Our first example of a quantum homogeneous space is Podles Standard Quantum

2-Sphere which is an SU,(2)-space which are analogues of the classical 2-sphere denoted

by SU(2)/SO(2).

Example 3.4.2 (Podles Standard Quantum 2-Sphere). [63] Fix ¢ € C* not a root of unity
and consider the quantised coordinate ring H := C,[SL(2)] defined by generators a,b, c,d

satisfying the relations;
ab=qba, ac=gqca, bc=cb, bd=qdb, cd-=qdc,

ad-gbc=1, da-q‘tbc=1.

Define the coproduct, counit and antipode of the generators by
A(a)=a®a+b®c, A(b)=a®a+b®d

A(c)=c®a+d®c, A(d)=c®b+d®d
e(a)=¢e(b)=1, e(b)=¢(c)=0
S(a)=d, S(b)=q'b, S(c)=-qc, S(d)=a.

The algebra B generated by
Yy-1:=ca, Yo-= bC, Y1 = bd
and defining relations

YolY+1 = C]ﬂyﬂyo, Y:1Y=1 = q”y% + q“yo

is a quantum homogeneous space known as Podles Standard Quantum 2-Sphere [63].
Podles proved this using analytical methods. From the algebraic point of view, by [59,
Theorem 2.2|, Miiller and Schneider proved that the extension B ¢ H has the crucial
property of faithful flatness.

In the next part of this section, we discuss examples of general families of quantum
homogeneous spaces which have been exhibited for Hopf algebras satisfying some properties.
The first of Kaplansky’s “Ten conjectures on Hopf algebras” [33] was that a Hopf

algebra H over a field k was free as a module over any Hopf subalgebra. We saw in
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Example 3.3.14 above that this fails to be true in general. However, in the case when H is
a finite dimensional Hopf algebra, the conjecture holds. This result is due to Nichols and

Zoeller and it is stated as follows.

Theorem 3.4.3. [60, Theorem 7| Let H be a finite dimensional Hopf algebra over a field
k, and let B be a Hopf subalgebra. Then H 1is free as a left B-module.

In particular, Hopf subalgebras of a finite dimensional Hopf algebra are quantum
homogeneous spaces.
The next theorem is about Hopf algebras with cocommutative coradicals. This result

is due to Masuoka.

Theorem 3.4.4. [51, Theorem 1.3(a)|] Let H be a Hopf algebra with the antipode S.
Suppose the coradical Hy of H is cocommutative. If B is a right coideal subalgebra of H
such that S(By) = By, then H is faithfully flat as a left and right B-module.

Next, we state the following Lemma by Masuoka.

Lemma 3.4.5. [51, Lemma 2.6] Let H be as in Theorem 3.4.4 and 7 : H - n(H) a
quotient H-module coalgebra. Put B = HeT.

]. S(Bo) = BO
9. H/HB* = n(H)
3. H is faithfully coflat as a right or left m(H)-comodule.

Corollary 3.4.6. Let H be as in Theorem 3.4.4 and 7: H - n(H) a quotient H-module
coalgebra. Put B = H™. Then H 1is faithfully flat as a left or right B-module. In

particular, coinvariants H™ of a pointed Hopf algebra are quantum homogeneous spaces.
A similar result has been shown by Radford for pointed Hopf algebras as follows:

Theorem 3.4.7. |64, Theorem 4| Let A be a pointed Hopf algebra and B € A any Hopf
subalgebra. Then A is a free left (and right) B-module. In particular, A is faithfully flat
as a left (and right) B-module.

However, it is not true that an arbitrary Hopf algebra is faithfully flat as a left or right

module over its right or left coideal subalgebras. We see this in the following example.

Example 3.4.8. Let H = k(x,x~!) be the group algebra of the infinite cyclic group. Then
H is a Hopf algebra with

Alz)=zox, A(@)=z'ez™, e(@)=c(zt)=1, S@)=z"' S@@?t)=z"

Then the subalgebra B = k[x] is a right coideal subalgebra of H but not a Hopf subalgebra
of H since S(B) ¢ B. In addition, H is not faithfully flat as a left or right B-module since
for N = k[z]/(«?), H®p N =0 even though N # 0.
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Our focus in this thesis is to investigate which plane curves are quantum homogeneous
spaces. We have a favourable result, that is, a special class of plane curves are quantum
homogeneous spaces. Details of this are given in the next two chapters.

The starting point of our research was the following example which says the coordinate

ring of the cusp y? = 3 is a quantum homogeneous space.

Example 3.4.9. [28, Construction 1.2| Let H := k(x,y,a,a™')/] where I is the ideal

generated by the following relations:

aa” =a a=1, ay = —ya, axr = \xa,
yr=ay,  y'=a’
where A € k is a primitive third root of unity. Define the coproduct, counit and antipode

on the generators by:

Ala)=a®a, A(a)=a'®a!, Al@)=10z+z0d’, Ay)=10y+yed
g(a)=c(a)=1, e(x)=¢e(y)=0, S(a)=a", S(x)=-za2 S(y)=-ya>

It is straightforward to check that I is a Hopf ideal. Thus H is a Hopf algebra. It can be
shown that the coordinate ring B of the cusp y? = 3 is a right coideal subalgebra of H
and H is faithfully flat as a left and right B-module. We get the faithful flatness property

of H over B when we use the Diamond lemma to show that a basis of H over B is
{a'a” |i€lso, i' €Z, j€{0,1}}.

Thus, B is a quantum homogeneous space. The Hopf algebra H appeared in a paper
by Goodearl and Zhang in [28, Construction 1.2] as the Hopf algebra B(1,1,2,3,q) and
in [38] by Krdhmer . Some nice properties of H are that H is a noetherian domain of

GK-dimension two.

Using the cusp (y? = %) as a starting point, we wanted to investigate in [40] whether
the nodal cubic (y? = 2 +x3) could have its coordinate ring being a quantum homogeneous
space. We started by using the Hopf algebra structure of the cusp defined in Example
3.4.9. This failed to work. We had to introduce a new generator b with b = a3. Again, we
had to change the commutation relation between a and x from ax = Axa to a?z = —(axa +
za?+a?)+a?® and ax? = —(rax + x%a + ax + zra). This new Hopf algebra has GK-dimension
three as compared with the Hopf algebra in Example 3.4.9 which has GK-dimension two.
Specific details of the nodal cubic being a quantum homogeneous space are in the paper
[40] coauthored with Ulrich Krahmer. This result for the nodal cubic is a special case of
general results on plane curves which are quantum homogeneous spaces that we discuss
in Chapter 5.
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The next example gives details of the Hopf algebra used to show that the nodal cubic

is a quantum homogeneous space.

Example 3.4.10. Recall from Example 2.10.2 the algebra H := k(z,y,a,b,a™')/I where
I is the ideal generated by the following relations:

aal=alta=1, ba = ab, b =a?, y? = 2% + 23, ay = ya, bx = xb,

by = —yb T=x a’r = —(za® + axa + a®) + a® ar® = —(2%a + rax + azx + xa).
Yy Yo, Yy Y, )

Then H is a Hopf algebra with the coproduct, counit and antipode defined on the generators
by:

A(a)=a®a, Al =a'®a™, A(b)=b®Db,
Alz)=1®zr+zr®a, Aly)=1®y+y®a,
e(a)=e(a)=e(®) =1,  =(x)=¢(y) =0,

S(a)=a™t, S(a™) = a, S()=b"", S(z) = -za™, S(y) =-yb'.

We shall see later on in §5.3.3 that H has GK-dimension 3.
The coordinate ring B of the nodal cubic is a right coideal subalgebra of H. Moreover,
H is faithfully flat as a left and right B module since we have a basis of H over B given
by
{a'f (ax)'a’ V" |i,l € Lo, i' € Z, j§,7" €{0,1}}.

This is shown using Bergman’s Diamond Lemma. Consequently, H is free over B. Thus,

the nodal cubic B is a quantum homogeneous space.

All the facts are special cases of more general results to be proved in Chapter 5.
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Chapter 4

The Hopf Algebra A(z,a, g)

4.1 Introduction

As stated in Chapter 3, the motivation of this thesis is to investigate which plane curves
are quantum homogeneous spaces. Our main result is that decomposable plane curves
with degree less than or equal to 5 are quantum homogeneous spaces. In this chapter, we
construct an auxiliary Hopf algebra A(x,a,g) which will be used in Chapter 5 to prove
the main theorem.

Recall that a decomposable plane curve C is a curve C of the form

C = {(z0,m0) € k* | f(yo) = g(x0)}.

Without loss of generality, we may assume both f and g have no constant term. We
construct auxiliary Hopf algebras A(z,a,g) and A(y,b, f) using the left and right hand
sides of the polynomial equation defining the decomposable curve C. Define A(x,a, g) as a
quotient of the free product k[z] * k[a*!] of the polynomial ring in the variable = and the
Laurent polynomial in a, where in the free product, a is grouplike and x is (1, a)-primitive.
Let g(z) have degree n > 2. Then the quotient is by an ideal generated by (n—1) relations
which make the coset of g(x) in the factor to be (1,a")-skew primitive.
The Hopf algebra A(x,a,g) has many interesting properties, some of which we

summarise here. For a discussion on what we mean by PBW basis, see §2.10.1. Similarly,
for Gelfand-Kirillov dimension, down-up algebra, maximal order, AS-regular, GK-Cohen

Macaulay, see §2.9, §4.6.1 and §4.6.12.
Theorem 4.1.1. Let g = g(x) be a monic polynomial of degree n, with n > 2 and g(0) = 0.

(1) The Hopf algebra A(z,a,g) is pointed, generated by the group-like a and the (1,a)

-primitive element x.
(11) If n <5 then A(x,a,g) has an explicit PBW basis.
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(iii) Suppose n < 3. Then A(z,a,g) is noetherian, a finite module over its affine centre,

and has Gel’fand-Kirillov dimension n.

(iv) When n =2, A(x,a,qg) is isomorphic as a Hopf algebra to the Borel in U_;(sl(2)),
or equivalently to the quantum plane at parameter g = —1, localised at powers of one

of the two generators.

(v) Suppose g(x) =x3. Then A(x,a,qg) is isomorphic as an algebra to the localisation of
the down-up algebra A(-1,-1,0) at powers of a generator. It is a noetherian domain

of Gel’fand-Kirillov dimension 3, finite over its centre, a mazximal order, AS-reqular
and GK-Cohen Macaulay.

(vi) Suppose n=3. Then A(z,a,g) is a PBW deformation of A(x,a,z3), (and so of the

localised down-up algebra), having the same properties as listed above for A(x,a,x?).

Part (i) of Theorem 4.1.1 is Proposition 4.3.1(ii), part (ii) is Corollary 4.4.8, part (iii)
comes from Propositions 4.6.11 and 4.6.23, part (iv) from Proposition 4.6.11, and parts
(v) and (vi) from Proposition 4.6.14.

4.2 Definition of the Hopf algebra A(z,a,g)

4.2.1 Generators and relations

Let F = k[z] * k[a*'] be the free product of the polynomial algebra k[x] with the Laurent
polynomial algebra k[a*!]. It is easy to check that F' is a Hopf algebra with x defined to

be (1,a)-primitive and a group-like. More precisely, we have the following lemma.

Lemma 4.2.1. The algebra F' admits a unique Hopf algebra structure whose coproduct A,

counit € and antipode S satisfy:

A(z)=1®zr+zx®a, A(a)=a®a,
e(x)=0, e(a)=1, S(x)=-zat, S(a)=a'.

The proof of Lemma 4.2.1 is a routine check which is left to the reader.
Define a (Z,Zsg)-grading on F' by giving a and x the degrees (1,0) and (0, 1) respectively.
For i,j € Zso, let P(j,i)(as) denote the sum of all monomials in F' of degree (j,7); in
particular we set P(0,0)(qz) = 1. It is convenient in the proof of Lemma 4.2.2 to extend
the argument of P(j,7)(42) to Z x Z, by setting P(j,7)(qq) = 0 if 7 or j is less than 0. We
will omit the suffix (a,2) whenever the variables involved are clear from the context. For
instance,

P(2,1) =d*x +azxa+xa®* and P(1,2) = ax® + zax + ra.
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Let n > 2 and g := g(x) = X1 riz® € k[x] with r, # 0. Define A(z,a,g) to be the
quotient of F' by the ideal I generated by the elements

oj=0;(z,a,9) = ZriP(j,i—j)(M) -rja",  j=1,...,n-1 (4.1)

=7

As indicated, we will omit the variables and simply write o; whenever possible. It will be
useful also for us sometimes to view the elements o; of /' as members of the free subalgebra
E:=Fk(x,a) of F. We define I, :=(0;:1<j<n-1), an ideal of E, and

Ao(x,a,9) = E|I,. (4.2)

It is worth noting that the ideal of relations I can be expressed in terms of I, as [ = F'I,F'
and [,F' ¢ I. Throughout the paper, we shall slightly abuse notation by using the same
symbols for the elements x and a of E and F and for their cosets in Ag(z,a,g) and
A(z,a,g9). We shall on some occasions as, for example, in the statement of Theorem
4.1.1, find it convenient to assume that g(z) is normalised so that its highest coefficient
rn equals 1. The form of the relations (4.1) ensures that this does not affect the definition

of Ag(x,a,g) or A(x,a,q).

4.2.2 Examples of the algebra A(z,a,g)

We give here two very simple examples, for g with deg(g) = 2,3, which we shall return to

later in Section 4.6.2.
(i) Let g9 := 22, then A(z,a,g2) is the quotient of F' by the relation
ar = —za.

Thus, the algebra A(z,a,g2) is a quantum Borel in U_1(s[(2)) (see [13, Chapter 1.3|
for more on U_;(s[(2)) and the quantum Borel subalgebra).

(i) Let g3:= 22+ 3. Then A(z,a,gs3) is the quotient of F' by the relations

2 3

a’z = —(a® + za® + ava) + a®,

azr? = —(az + xa + va + rax).

4.2.3 A(z,a,g) is a Hopf algebra

To prove that the Hopf algebra structure on F' descends to A(x,a, g) we need the following

lemma.
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Lemma 4.2.2. Let g(z) € k[x] with g(x) = X1 riz?, with r, #+ 0 and n > 2. Retain the
notation of §4.2.1.

(i) In F, for € € Zs,
¢
A(z") =Y 2°® P(s,0 - s).
s=0

(i) In F, for all j,t € Zs

A(P(j, 1)) = ;P(j,é) ® P(j+0,t-10).

(#ii) Modulo I® F+ F®1,
A(g)=1®g+g®a”.

(iv) Let j€Z with1<j<n-1. Modulo I F+ F®]I,

A reP(j,0-j)) =rja" ®a”.

t=j

Proof. (i) Let £ € Z,y Then
¢
A()=A@)'=(1ez+z®a) =) 1°® P(s,{ - s).
5=0
(ii) By coassociativity, the following holds:
(id®A) o A(27*) = (A ®@id) o A(27*) (4.3)

From (i) above,
g+t

A(z?™) =Y 2@ P(s,(j +1t) - s).
s=0
Thus, the left hand side of (4.3) becomes
) g+t
(id®A) o A(z7*) =Y 2* @ A(P(s, (j +1) - 9)). (4.4)
s=0
Similarly, the right hand side of (4.3) becomes

(A®id) o A(27*) = ]z:(:)A(xs) ® P(s,(j+t)—s)
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which expands by (i) to

S

(A ®id) o A(x7*) = 2 (fo ® P(l,s— 2)) ® P(s,(j+1t)-s). (4.5)

£=0

The component of (4.4) with left hand side tensor 27 is
7 ® A(P(j,1)).

Turning now to (4.5), the component with left hand entry 27 here is obtained from the
terms in the sum on the right where s = j,j+1,---, j+¢. Thus, the component of (4.5) with

left hand tensor 27 is

e P(j,0)® P(j,t)+2/ @ P(j,1)®@ P(j+1,t = 1)+ +27 ® P(j,t) ® P(j +1,0) + -

t
=2/ ® Y P(j,l)® P(j+(,t-10).
=0

Hence, by the equality in (4.3), we deduce that

A(P(j,1)) = ZZ::]P(]',E) ® P(j+(,t—10).

(iii) It is convenient to define ro = 0. By part (i), in F,

A(g) 2%@6

n 4
= Z(:)rg(z_%(xS@P(s,E—s))
= i:)xséb(zn:rgp(s,ﬁ—s)).

Thus, recalling the generators (4.1) of I and noting that ry = 0, the above identity in F'
implies that, mod (I F+ F®1I),

to
7
to

]

M=

A(g)

rgP(O,K)) + > et @ra”
s=1

n
T’ZCL’K) + (Z rsxs) ®a",
s=1

1l
—_

M=

Il
—

proving (iii).
(iv) Let j € Zsy, with 1 < 5 < n—-1. We calculate, using (ii) for the second equality,
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regrouping terms for the third, and then by two applications of the relations (4.1), that
A(SrrGi-n) = Lrarti-i)
1=) =]

= 1;P(5,0)® P(j,0) + 74 (i P(j,i)® P(j+i,1- i)) +

=0

...+,~nT§(P(j,z‘)®P(j+z',n—j—i))

1=0
= PG.O)e Y rP(js-j)+P(j1)® ) rP(j+1,s-j-1)
s=7 s=j+1

R P(j,n—l—j)@(_zn:_lrgp(n—l,s—n+1))
+ P(j,n-j)®r,P(n,0)
= (P(U,0)er;P(n,0)+(P(j,1) ®7r.P(n,0))

++(P(j,n-7)®r,P(n,0)) (mod I).

We may thus conclude that, for j=1,....,n—-1,

(Y P Gi= ) (inp<j,z'—j>)®P(n,o>

i=j
n n
ria" ®a”,

as required.
m

It is now a simple matter to deduce the following theorem. Notice in particular that
the existence of the counit includes the implication that A(x,a,g) is not {0}, a conclusion

to be strengthened in Proposition 4.3.1(iv).

Theorem 4.2.3. Assume the notation and hypotheses from §4.2.1. Then the k-algebra

A:= A(x,a,q) is a Hopf algebra with the coproduct, counit and antipode defined in Lemma
4.2.1.

Proof. By Lemma 4.2.1, it suffices to show that, for each generator o; of I,
A(oj)e ,F F+F®I,F; S(o;)el,F; and e(o;)=0.

First, for j = 1,...n-1, A(0;) € [, FQ F+F®I,F by Lemma 4.2.2(iv), and it is easy to check
that e(o;) = 0. Thus A(z, a, g) is a bialgebra, which by §4.2.1 is generated by the invertible
grouplike element @, and the {1, a}-primitive element z. Hence, by [65, Proposition 7.6.3|,
it is a Hopf algebra, with antipode given by the formulae in Lemma 4.2.1. O
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Example 4.2.4. The algebra A(x,a,x? + 23) defined in Section 4.2.2 above is a Hopf
algebra. This Hopf algebra first appeared in the paper [40] by Kriahmer and Tabiri where
it was used to show that the coordinate ring of the nodal cubic y? = 22 + 23 is a quantum

homogeneous space.

4.2.4 Scaling isomorphisms

In the hypothesis of Theorem 4.1.1, we assume that g(z) = ¥, 7;2% is a monic polynomial.
The purpose of Lemma 4.2.5 is to show that for any g(x) not necessarily monic, there is
an isomorphism between A(x,a,g) and A(x,a,g’) where ¢’ = g(Ax), with A = 7“;1/”, is the

monic polynomial we derive from g.

Lemma 4.2.5. Assume the notation and hypotheses from §4.2.1, and let A € k ~ {0}.
Define a k-algebra automorphism 0 of E = k(xz,a) by 0(a) = a, 0x(z) = Az. Set

g =g(\r) = ir,()\x)z

(i) 0x(I,) = I,n.

(11) 0y induces an algebra isomorphism from Ao(z,a,g) to Ao(x,a,g*), and a Hopf
algebra isomorphism from A(x,a,g) to A(z,a,g").

Proof. (i) One checks easily that, for j=1,...,n-1,
GA(UJ'(SU,CL,Q)) = )\_jO'j(Z',CL,gA).

(i) It is immediate from (i) that 6, induces an algebra isomorphism from Ay(z,a,g) to
Ao(x,a,g”), which clearly extends to A(x,a,g) since 6, extends to an automorphism of

F. 1t is routine to check that the map respects the Hopf operations. O

Remark 4.2.6. Lemma 4.2.5 permits us to adjust the defining polynomial g, for example
by ensuring that the polynomial is monic, as we shall frequently do in the sequel, to ease

calculations.

4.3 First properties of A(x,a,g) and Ay(z,a,g)

We begin this section by discussing the universality of the Hopf algebra A(z, a, g) following
Manin’s approach. For more details on this, see [49]. Then we talk about other properties
of A(x,a,g). All the properties that we discuss here hold in general for any A(x,a,g)
irrespective of the degree of g. In subsequent sections, we discuss properties of A(x,a, g)

for specific degrees of g such as deg(g) = 2,3. These include the existence of a PBW basis
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and the fact that A(z,a,g) is a noetherian domain of finite global and Gelfand-Kirillov
dimension when deg(g) = 2, 3.

4.3.1 The origin of the defining relations for A(z,a,g)

Given a decomposable plane curve defined by the polynomial f(y) = g(x), our aim was
to find a Hopf algebra U which contained the coordinate ring B of the curve as a right
coideal subalgebra such that U is faithfully flat as a left and right B-module. The process
of finding this universal bialgebra which respects the relation f(y) = g(x) is attributed to
Manin [49] and referred to as Manin’s approach.

In §2.8, we saw an example of Manin’s approach for the cusp y? = x3. After using
the same approach for the nodal cubic 2 = 22 + 23 in [40], we generalised this to any
decomposable plane curve f(y) = g(x). This gives a new family of Hopf algebras, A(x,a, g)
which was defined at the beginning of this chapter and A(g, f) which we will see in Chapter
D.

Generalising the approach in Example 2.8.1 to a general decomposable plane curve
f(y) = g(x), we derive a Hopf algebra which conjecturally contains the coordinate ring of
f(y) = g(x) as a right coideal subalgebra. This Hopf algebra with coproduct, counit and
antipode the same as Example 2.8.1 is a quotient of k(z,y, a*', b*') by the ideal generated

by the following relations:

f(y) =g(x), yr = xy, ay = ya, bx = xb, ba = ab

ZsiP(by)(j,@' —j) =s;0™, Z riPogy (G i—j) =rpa”, b = "
i=j iz
where f(y) = X" syt $m#0, g(x) =Y rixt, r,#0,1<j<m-land 1<j <n-1.

Similar to Example 2.8.1, the relations
ay = ya, bx = xb, ba = ab

are derived from the fact that we want the coproduct to be the same on xy and yx. Also,

in order for the coproduct on f(y) and g(x) to be equal, we derive the remaining relations

Zsip(b,y)(j>i_j) :Sjbma Zrip(a,x)(jlai_j,) :rj’ana b™ =a".

=] i=j"
We can see from the defining relations that there are “nice” relations between all the
generators except the relations between b and y and that between x and a. The rest of the
relations look like the coordinate rings of the decomposable plane curves f(y) = g(z) and
b™ = a™. This guided our choice to consider an algebra with generators x,a and another

algebra with generators y, b separately before bringing them together to find this algebra
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U which gives us the universal property we are looking for.

4.3.2 Other properties

Here are some elementary consequences of the defining relations for the Hopf algebras

A(x,a,9) and Ag(x,a,q), valid for all choices of g = g(x).

Proposition 4.3.1. Let A := A(x,a,q) be as defined in §4.2.1, so g has degree n > 2.
Assume that g is monic. Then the following hold.

(1) The element g of A is (1,a™)-primitive.

(11) A is a pointed Hopf algebra.
(111) k(g,a*™) of A is a central Hopf subalgebra of A.
(iv) The polynomial algebra k[x] embeds in Ao(z,a,q).

Proof. (i) This is immediate from Lemma 4.2.2(iii).

(ii) The Hopf algebra A is pointed by [65, Corollary 5.1.14(a)], since it is generated by the
grouplike element a and the skew-primitive element z.

(iii) In view of (i) and the fact that a™ is grouplike, it suffices to show that a” commutes
with z and that g commutes with a.

From the defining relations (4.1) in §4.2.1, the elements a,x of A satisfy ¢,,_1, namely
Tpoa" ™+ P(n-1,1) =7, 1a™

Thus

n—1 2

a"tx = —(za”

T vara™? + - +a" %wa) - r,_1a™ 1, 1a”, (4.6)

and so, pre-multiplying (4.6) by a,

1

n 2 "lra) —r,_1a" +rp_ja™t

a"r = —(axa™ ' + a*ra"? + - +a

Using (4.6) to replace the term a"'za = (a" 'z )a in this identity yields

2 1

ax = ~(aza™ ' + a*wva" 2 + -+ a"?za®) - rp1a" + 10

1

24+ a"%za® +ry_a” —rpya™tt.

+za” + ara™ ! + a’ra™
That is, a™x = xa™ as required.
To show that g commutes with a, begin with relation o; from (4.1), namely
n
Y rP(1,i-1) =ra”

i=1
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That is, in A,
n-1
CLZEn_l — —(x"_la + x”_zax 4+ oo + xaxn_2) - Z TZP(l,Z - ].) + Tlan- (47)
i=1

Post-multiplying (4.7) by x and then using (4.7) to replace the term xaz™! in the resulting
identity, we obtain

n-1
az" = —(z"lax+2"Pax? + -+ 2Pax"?) = Y i P(li - 1)z + rat
i=1

n—1
+(z"a+ 3" ax + -+ 2?az" ) + Y rwP(li- 1) - rza”.
i1

The monomials in the above identity which begin and end with x cancel, so that, in A,

n—-1 n—-1
ax™ = x"a - a ( > riaji) + (Z n-xi) a+ri(a"x - za").
i1 i=1

Since a” is central as proved above, it follows that ag = ga, so g € Z(A). Therefore, by (i),
the proof of (iii) is complete.

(iv) Recall that E denotes the free algebra k(z,a). Since 0 € EaFE for all j=1,...,n-1,
it follows that

AO(:L’,a,g)/AO(x,a,g)aAo(x,a,g) = E/EGE = k’[l’]

Hence, k[x] is a subalgebra of Ay(x,a,g).
[

Remark 4.3.2. The restriction of (iv) of the above proposition to Ay(z,a,g) rather than
A(x,a,g) constitutes a gap in our analysis: we would like to be able to say that no equation
of the form

a™h(zx) =0, (4.8)

for m > 0 and h(z) € k[z] ~ {0}, is valid in Ay(z,a,g). This would then imply that k[z]
embeds as a right coideal subalgebra of the localisation A(x,a,g) of Ag(x,a,g), and hence,
by [51, Theorem 1.3|, that A(z,a,g) is a faithfully flat k[z]-module. While we shall prove
below that (4.8) cannot occur in many important cases, the general statement remains

open.

4.4 The PBW theorem for A(x,a,g), n<5

In this section we first obtain a PBW theorem, when g(z) has degree at most 5, for the

bialgebras Ag(z,a,g), as defined in §4.2.1, and then use localisation to obtain a similar
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result for the corresponding Hopf algebras A(x,a,g).

Fix an integer n > 1, and consider the setup of §4.2.1, with g(z) normalised so that its
top coefficient r, = 1, as permitted by Lemma 4.2.5. Thus X = {z,a} and E = k(x,a) =
k(X) is the free algebra, with E' c F' = k[x] * k[a*']. For non-negative integers m and g,
define

Q(m,q) = P(m,q)-a"2? e k(X); (4.9)

in particular, Q(0,q) = Q(m,0) = 0 for all g,m > 0. The generators (4.1) in F' of the
defining ideal I of A(z,a,g) can thus be regarded as a set ¥, = {o1,...,0,-1} of relations

for the free algebra k(X); namely, we view them as
] ) n-1
K 1" =-Q(j,n-j) - Y riP(j,i-j)+ra, 1<j<n-1 (4.10)
i=j

For j =1,---,n -1, denote the left side of the relation o; by w;. We shall view ¥, as a
reduction system on k(X), as in §2.10.
A convenient semigroup ordering on the free monoid (X') to use with ¥, is a weighted

graded lexicographic order, which we denote by >g,e,+, and define as follows.
Definition 4.4.1. Let w = xy---x; € (X), where z; € {a,z} for j=1,...,1.
(i) Define

e the length |w| to be t;
o the x-weight wt,(w) == |{i:x; = z}|;

e the lexicographic order on (X) to be given by declaring a >, .
(ii) For u,v € (X), set
U >griear v < ([u] > o)) v (Jul = o] A wta(u) > wta(v) v (Ju] = [v] A
wty(u) = wty(v) A U >, v).

Lemma 4.4.2. Retain the notation and hypotheses as above.

(1) >gricas 15 @ semigroup ordering on (X).

(it) >gricar Satisfies the descending chain condition.

(1ii) >grieas 15 compatible with ¥,.

() ¥, has no nontrivial inclusion ambiguities.

v) The only overlap ambiguities in X, are (0,0, at,afz™ 7t xt), for 1 <j<j+t<
Y g g 7203 J<J

n-1.
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Proof. (i)-(iv) are easy to check. For (v), the listed cases are indeed clearly overlap
ambiguities. For the converse, note that w; has total degree n, for j =1,...,n-1. Now

every overlap ambiguity has the form

wj/
—~
ABC =ad" (a"z%)z®
—_———
wj
for some j’ > j, since {o1,...,0,_1} are the only relations. Comparing degrees,

n=r'+r+s=r+s+s.
Therefore, r’ = s":=t, say, and then j =r =7j"—t. Thus j' = j + ¢ as claimed. O]

Retain the integer n, n > 1, and continue with X = {z,a}. Define a subset of (X},
L,:={a'a? |0<i,j<n,i+j<n}. (4.11)

Lemma 4.4.3. Keep the above notation.

(i) |Lu] = 5(n=1)(n-2).
(i) The subsemigroup (L,) of (X) generated by L, is free of rank 3(n—1)(n-2).

(111) The set of irreducible words in (X) with respect to the reduction system ¥, is

(x) (L) a) = {xiwa’ 10,0 € Zso, w e (L)}

Proof. (i) This is an easy induction.
(ii) Write u;; for the element a‘z’ of £,,, and consider w = w;, j,--u;,, 5, € (L£n). Since each
element of £, begins with a and ends with x, the given expression for w as an element of
(L) is unique. Thus (L£,,) is free with basis L.
(iii) A word in (X) is X ,-reducible if and only if it contains w; as a subword for some
j=1,...,n—1. Thus (z)(L,){a) consists of irreducible words. For, w; starts with a and
ends with z, so if w; is a subword of u = zfuga™ € (x)(L,)(a), where uy € (£,), then w;
is a subword of ug. But this is impossible since every word in £,, has length less than n,
starts with a and ends with x.

Conversely, if w € (X) and w ¢ (z)(L,)(a), then it must contain a subword of the form

a*zd for 7,7 >0 and ¢ + j > n. Thus w is reducible. [

4.4.1 Resolving ambiguities

The aim in this subsection is to prove the following result.
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Theorem 4.4.4. Retain the notation and definitions of §4.2.1, §2.10 and §4.4. Letn € Z,
2<n <5 Then Ayg(x,a,g9) has PBW basis the set of monomials (x)(L,){(a) defined in
Lemma 4.4.3(iii).

Note that it follows from the discussion in §2.10 and §4.4, in particular from Lemma
4.4.3(iii), that, for every n > 2, (x){(L,)(a) is a spanning set for the vector space A(x,a, g).
By Bergman’s Theorem 2.10.1 and by Lemma 4.4.2(iv), to prove that this set is linearly
independent and hence a k-basis it remains only to show that the overlap ambiguities in
¥, listed in Lemma 4.4.2(v) are resolvable. We shall achieve this for n <5 in Proposition

A.0.2, for which a couple of preliminary lemmas are needed.

Lemma 4.4.5. Let n >4 and let r,t € {1,2,---,n -3} withr+t<n. Let w and v be words
of length t in a and x. Then wP(r,n —t—-r)v is reducible < there exist i,] € Zsq with

i+ 7=t such that w ends with a* and v starts with x7.

Proof. Let i,j € Zsg, i+j =t, w=wia’ and v = 29vy. Then wP(r,n -t -r)v contains the
reducible subword a’(a"z™'"")aJ as claimed.

Conversely, suppose wP(r,n —t —r)v contains a reducible word. Then, since the defining
relations (4.10) are homogeneous of total degree n, this reducible word must occur as one

of the following subwords of total degree n:
wP(r,n—t-r), P(r,n—-t—r)v and  wyP(r,n—t-r)u;.

The left hand sides of the defining relations begin with a and end with 277 for 1 < j < n-1.
This forces w in wP(r,n—t—-7) to be a’ since r > 1 and w has length ¢. Similarly, v in
P(r,n —t-r)v must be z! since t + r < n. Finally, a reducible subword of the form
woP(r,n—t—7r)vy, with wy and v; both non-identity words, must have wy = a* and v; = 27

fori+j=t sincer>1andt+r<n. O

Lemma 4.4.6. Forn >4, rit € {1,2,-,n—3} with r+t <n, w,v words of length t in a

and x, all the words in wQ(r,n —t—r)v are irreducible.

Proof. This is a corollary of Lemma 4.4.5 since reducible words occurred there only from

the word a"z"~*=" € P(r,n—t —r), which no longer appears in Q(r,n-t-r). O

” whenever we replace a monomial

In the following proof we will use the symbol “ —
wj (that is a/z"~7) with the right hand side (- (Q(j,n—j) + Yt PG - )+ r;a") of
the jth relation. Whenever a linear combination of irreducible words appears during the
reduction process, we will underline it. For instance, wQ(r,n —t —r)v from Lemma 4.4.6

above is irreducible so is written as wQ(r,n—t-r)v. We use the symbol € to indicate

that a word w appears in an element of k(X): for example, a/z"7 € P(j,n - j).
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The arguments used to prove the following proposition are elementary, but long and
involved beyond t = 1. So we include only the proof for the case t = 1 here, relegating the
proofs of the cases t =2, ¢t = 3 to the Appendix.

Proposition 4.4.7. Retain the notation of §2.10 and §4.4. Then the overlap ambiguities
(0j,05:,a",a?x™ 77t at)
are resolvable when
(i) t=1 and n > 3;
(i) t =2 and n > 4;
(i1i) t=3 and n > 5.

Proof. (i) Let 1 < j <n -1, and consider the overlap ambiguity {w;,w;.1} for A(z,a,g).

That is we consider the word in the free algebra k(a,z) given by
aw; = a(a’z" ) = (a2 Nz = wj .

We show that applying either the relation o; or the relation o;,; to this word leads to the
same linear combination of irreducible words in Ay(z,a, g).

In what follows we shall frequently use the trivial identities
P(r,s) = P(r,s—-1)x+P(r-1,s)a, (4.12)
which hold for all r,s >0 and
Q(r,s) = Q(r,s-Dx+P(r-1,s)a (4.13)

which holds for » >0, s > 0.
Beginning with the resolution of aw;, write w; with the aid of (4.12) and (4.13) as

n—1
ajx"_j - —(ZTiP(j,i—j)+Q(j,n—j))+7"ja/n

i=j
n-1 n-1

= -y riP(j-1i-j)a- Y rP(ji-j-1)x
=7 i=7+1

~QUn—j-Dx+P(G-1,n-j)a+r;a"

n n-1
i=j i=j+1

Now premultiply the above by a, and use Lemmas 4.4.5 and 4.4.6 to separate reducible
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and irreducible words, yielding

(7)
a(a?z"7) - —(iriaP(j—l,z'—j)a+ nz_:l n-aP(j,z'—j—1)x+aQ(j,n—j—1)x)

i=j i=j+1
+rja"t
n—1 ) )
= - Y raP(j-li-j)a-dz"7a-aQ(j-1,n-j)a
=

n-1
- Z riaP(j,z'—j—1)$—aQ(j,n—j—1)ZE+7“jﬂ.

i=j+1

As indicated by underlining above, the only irreducible words in () are a/z"Ja € aP(j -
1,n—7j)a and a/*ta" 7=t e aP(j,n—-j-2)x. We reduce the first of these, first applying the

relation o; to give
) ) n-1
~a'z" — Y riP(j,i- )+ Q(j,n~j) —ra"
i=j

n-1 n-1
= Y raP(G-Li-j)+ ) raP(ji-j-1)+aQ(j~1,n-j)+
i=j i=j+1
zP(j,n—j-1)-r;a"

n-1 n
= Y rmaP(G-1i-j)+ Y rxP(ji-j-1)+aQ(j-1,n-j) -r;a"

=7 i=j+1

Postmultiplying this by a yields

n-1 n
-’z a - ZriaP(j—1,z'—j)a+aQ(j—1,n—j)a+ Z rieP(j,i-7-1)a-r;a"™?,

i=j i=j+1

where irreducibility is assured by Lemmas 4.4.5 and 4.4.6. Substitute this reduction in

the reduction (v) for a(a/z™7), to obtain

()

n-1 n-1
a(az"7) > =Y raP(j-1i-j)a-aQ(-1Ln-j)a- Y raP(ji-j- 1)

i i=j+1
n-1
~aQ(j,n—j-Dx+rja™ + > raP(j-1,i-j)a
i=J
+aQ(j-1,n-j)a+ Z rieP(j,i—7-1)a-r;a"*t
i=j+1
n-1 n
= - Z riaP(j,i—j7-1)z+ Z rixP(j,i—j-1)a-aQ(j,n—-j-1)z.
i=j+1 i=j+1
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Consider now the second side of the ambiguity, namely w;, z. The relation for wj,; is

n-1
R AT L N —( Z 7’,-P(j+1,i—j—1)+Q(j+1,n—j—1))+7“j+1£

i=7+1
n-1
= - ZriaP(j,i—j—1)—aQ(j,n—j—1)—$P(j+1,n—j—2)
i=7+1
n—-1
- Z rixP(j+1,i—7-2)+rja"
i=7+2
n—1 n
= —( Z riaP(j,i-7-1)+aQ(j,n-7-1)+ Z ria:P(j+1,i—j—2))
i=j+1 i=j12
+7j00".

Postmultiplying this reduction by x and using Lemmas 4.4.5 and 4.4.6 to separate reducible

and irreducible words yields

) I i E —(nf riaP(j,i—j-1Dz+aQ(n-j-1)r+

i=j+1

Y raP(j+1i-j-2)z)+raa.

i=7+2

Now za/*'zn3-1 e xP(j+1,n -7 - 2)x and a/*'az" -1 € aP(j,n - j — 2)x are the only

reducible words remaining the above reduction. To reduce za/*a"7-1, we first write w;,q

asS
) ) n—1 n—1
@t N i P(ji-j-1Da+ Y, riP(j+1,i-j-2)z+Q(j+1,n-j-2)x
i=j+1 1=7+2

+P(j,n—-j-1)a-rjaa"

n n—1
= Y rPGi-j-1a+ Y rPG+1li-j-2)z+Q(+1,n-j-2)z
i=j+1 i=j+2
—7"]'+1£-

Premultiplying this reduction by = and using the centrality of a”, Proposition 4.3.1(iii),

we get
) ) n n-1
—za "I (Y raP(ji-j-1a+ Y raP(j+1i-j-2)z+
i=j+1 i=j+2

2Q+1,n - j - 2)x) ~rjas.
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Substituting this reduction in (3) yields

n n-1
(1) (@™ e - Y raP(ji-j-1)a- Y, raP(ji-j-1)z-aQ(j,n-j—-1)z.
i=j+1 i=j+1

(4.14)
Comparing the processes (o) and (7), we conclude that the overlap ambiguity {w;,w;.1}

is resolvable for all j =1,---,n — 1. This proves (i). ]

Proof of Theorem /./.4. This is immediate from Theorem 2.10.1 and Proposition A.0.2.
O

It is now a simple matter to deduce the PBW theorem for the corresponding algebras

A(x,a,q), as follows.

Corollary 4.4.8. Let n € Z with 2<n <5, and let A:= A(x,a,qg) be defined as in §4.2.1.
Then A has k-basis
{2Y(L,))a? : 0 € Zsg, j € Z}.

Proof. Consider the algebra Ag(z,a,g), defined in §4.4. By Theorem 4.4.4, Ao(z,a,q)
has vector space basis (x)(L,)(a), from which it follows that Ay(z,a,g) is a free right
k[a]-module on the basis (z)(L,). Since a” is central in Ay(x,a,g) by the proof of
Proposition 4.3.1(iii), A¢(z,a,g) is thus a free left and right k[a"]-module. It follows
in particular that a” is not a zero divisor in Ag(z,a,g), so that we can form the partial
quotient algebra @ of Ag(x,a, g) got by inverting the central regular elements {a™ : ¢ > 0}.
It is clear that (a) @ has vector space basis {x*(L,)a/ : { € Zyy,j € Z}, and (b) Q has the

same generators and relations as A(x,a, g). This proves the corollary. O]

4.5 The Hopf algebras A(z,a,x")

In this section we examine the Hopf algebras A(x,a, g) when g(z) is a power of x. Although
the PBW theorem, Corollary 4.4.8, is only proved for A(x,a,x™) when n <5, we can use
this to obtain structural information for all values of n, starting from the simple observation

below. More precise information for n < 3 is then obtained in §4.6.2.
Lemma 4.5.1. Retain the notation of §4.2.1 and 4.4. Let n € Z with n > 2.
(1) A(x,a,z™) is spanned as a vector space by (x)(L,){a).

Proof. (i) This is simply a restatement of Lemma 4.4.3(iii), which does not require the

degree of g(z) to be at most 5. O

Recall from §3.4 that a quantum homogeneous space B of a Hopf algebra H is a right
coideal subalgebra of H such that H is a faithfully flat right and left B-module.
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Proposition 4.5.2. Retain the notation of §4.2.1 and §4.4, so F = k[z] * k[a*']. Let
neZ withn > 2.

(i) Construct A(x,a,z™) as the factor F[I(n)F. Choose a primitive nth root of unity
q in k. Then A(z,a,z™) has as a quotient Hopf algebra the localised quantum plane

kz,a*') = F[{za - qaz).
(ii) The commutative subalgebra k[x,a*™] of the Hopf algebra A(x,a,x™) is a quantum
homogeneous subspace of A(x,a,z™).

(i1i) The polynomial subalgebra k[z] is a quantum homogeneous subspace of A(x,a,x™),
and the Laurent polynomial algebra k[a*'] is a Hopf subalgebra over which A(z,a,x™)
1s faithfully flat.

Proof. (i) We need to show that in F', for j=1,...,n-1,
P(j,n-j) ¢ (za-qax). (4.15)

In k,(z,a*t) = F[(xa - qaz), the quantum binomial theorem for ¢g—commuting variables
which is attributed to M.P. Schiitzenberger [73] in [71, §1] is given by

(x+a)" = i l?] rla",

=0

where

nf _ (g" - 1)(g" ! = 1)--(gmi*t = 1)
(¢ -1)(g ' =1)(¢g-1) =

Thus, since ¢ is a primitive nth root of unity,

ok

for 1 <i<n-1so that (x +a)® =2"+a" But also, again in k,(x,a*!),

1
q

n-1
(z+a)"=a"+a"+ ) P(j,n-j).
j=1
Thus P(j,n—-j) =0 in k,(z,a*!) for 1 <j <n -1, since no cancellation can occur between
these terms when straightening out the monomials on the right side of the above identity, as
the number of a’s and x’s in a monomial does not change when applying the g-commutation
identity. Thus (4.15) is proved.
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(ii) Let ¢ be a primitive nth root of unity in k. From (i), the subalgebra C := k(z, a*") of
A(z,a,z™) maps, under the factor by (xa — gaz), onto the subalgebra D of the localised
quantum plane generated by x and a*". But the latter algebra is precisely k[x,a*"].
However C' is commutative because a” is central in A(x,a,z™) by Proposition 4.3.1(iii),
so the map from C' onto D must be an isomorphism, since every proper factor of the
domain k[x,a*"] has GK-dimension strictly less than 2. Since z is (1, a)-primitive and a”
is grouplike, C is a right coideal subalgebra of A(z,a,x™). Since S(Cp) = S(k[a*"]) € C, it
follows from [51, Theorem 1.3| that A(z,a,z™) is a faithfully flat right and left C-module.

(iii) The arguments are similar to those for (ii) and are left to the reader. O

4.6 The Hopf algebras A(x,a,g), for g(x) of degree at

most 3

In this section, we discuss properties of the Hopf algebra A(x,a,g) first when deg(g) = 2
and then deg(g) = 3. We discover that A(x,a,qg) is related with the quantum plane
when deg(g) = 2 and a PBW-deformation of the down-up algebra when deg(g) = 3.
This relationship between A(z,a,g) and the two well studied algebras enable us to derive
properties of A(x,a,g) when deg(g) =2, 3.

We recall definitions of the properties we want to discuss before we consider the

properties of A(x,a,g) when deg(g) =2 and deg(g) = 3.

4.6.1 Homological algebra

In this subsection, we discuss some nice properties which are noncommutative analogues
of well studied commutative properties. These include Auslander Gorenstein, Auslander

regular, Artin-Schelter regular, and GK-Cohen Macaulay algebras.

Auslander Gorenstein and Auslander-regular rings

A ring R is quasi-Frobenius if it is left and right artinian, and left and right self-injective
and we call R a Gorenstein ring if and only if R has finite right and left injective
dimension. An Auslander Gorenstein ring can be viewed as a noncommutative analogue of
a commutative Gorenstein ring and as a generalisation of a quasi-Frobenius ring. Several
recent results in noncommutative ring theory suggest that the Auslander Gorenstein
property is a fundamental homological property that relates to other properties such as
being a domain, localisable, etc. [1, §0]. We state and give some examples of Auslander
Gorenstein algebras in this subsection. For more on the background of this, see [68,
Chapter §|.
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We start by defining the grade of a module.

Definition 4.6.1. Let R be a noetherian ring. The grade (or j-number) of a finitely
generated R-module M is defined as

J(M) = inf{j > 0| Ext},(M, R) # 0}

and
j(M) =00 if Exth(M,R)=0VYj>0.

Example 4.6.2. If a ring R has finite global or injective dimension, then every nonzero
finitely generated R-module has finite grade [46, Remark 2.2(1)].

Definition 4.6.3. [1, Definition 0.1] A ring A

e satisfies the Auslander condition if for every noetherian A-module M and for all
i >0, we have j(N) >4 for all submodules N c Ext’(M, A);

e is Auslander Gorenstein if A is two-sided noetherian, satisfies the Auslander condition

and has finite left and right injective dimension;

e is Auslander regular if it is Auslander Gorenstein, and has finite global dimension.

Example 4.6.4. |46, §6.7] Let S be the Sklyanin algebra as in [75, Theorem 5.4]. The

algebra S is Auslander regular of dimension 4.

Artin-Schelter regular algebras

Artin-Schelter regular algebras were originally defined in [3] for k-algebras which are
connected graded, i.e., algebras of the form A = k@ A; @ Ay--- where A;, i € N are finite
dimensional k-vector spaces with A;A; ¢ A;,; Vi,j. We use the more general definition of
Artin-Schelter regular regular algebra for augmented algebras which are defined as follows.

Let A be a ring and M be a left A-module. In the following definitions, we use the
notation inj.dim(4M) to denote the injective dimension of M as a left A-module and

gl.dim(A) to denote the global dimension of the ring A.

Definition 4.6.5. [44, Chapter IV, §1] Let A be a k-algebra which is augmented i.e. there
is a distinguished algebra homomorphism 7 : A - k. Then A becomes a left A-module
using the multiplication in A and k becomes a left A-module using the homomorphism 7 :
A - k. Let 4A and 4k denote these modules respectively. Then A is called Artin-Schelter

Gorenstein of dimension n if
1. inj.dim(4A) =n < oo
2. Extil(Ak, 4A) 2 0;,k as vector spaces
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and the analogous conditions hold for right modules instead of left modules.

In the case of a connected graded algebra A = @5y A4;, the distinguished algebra

homomorphism is the projection

T:A - AO

Qp+ay+--+a, = Qq

where Ay = k.

Artin-Schelter regular algebras are a class of noncommutative algebras introduced by
Artin and Schelter in [3]. These algebras are noncommutative analogues of a commutative

polynomial ring which has finite global and Gelfand-Kirillov dimensions.

Definition 4.6.6. Let A be an augmented algebra over a field k. The algebra A is called

Artin-Schelter regular of dimension d if it satisfies the following properties:
(i) Artin-Schelter Gorenstein
(ii) A has finite global dimension d: every A-module has projective dimension < d.

We write AS-regular in place of Artin-Schelter regular throughout the thesis. The
original definition of AS-regular algebras in [3] is for connected graded algebras A, that is
A=k® A, @ Ay---. This original definition is a special case of Definition 4.6.6. Here are

some examples of AS-regular algebras.

Example 4.6.7. [3, §0] Connected graded AS-regular algebras of dimension 2 are of the
form A = Ek(x,y)/(f) where f is one of the following polynomials:

yr—cry, c#0, yr-zy-— >
where c € k.

A complete list of connected graded AS-regular algebras of dimension three, generated
in degree one has been assembled by Artin and Schelter in [3] and Artin, Tate and Van
den Bergh in [4].

Example 4.6.8. [3, §0] The algebra A := k(z,y)/(f1, f2) where
fi=y’e-2yzy+ay®,  fo=a’y - 2wyx +ya?
is AS-regular of global dimension three.
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GK-Cohen Macaulay rings

Definition 4.6.9. A k-algebra A is called GK-Cohen Macaulay if for all finitely generated
nonzero A-modules M,

J(M) + GKdim (M) = GKdim(A).

Example 4.6.10. [46, §6.7|] Let A be an AS-regular algebra of dimension 3 and type A
as in [5]. Then A is Auslander regular and GK-Cohen Macaulay of dimension 3.

4.6.2 g(x) of degree 2: the quantum Borel.

In this subsection, we discuss the properties of A(x,a,g) when deg(g) = 2. It turns out
that in this case, independently of the precise form of g(x), A(x,a,g) is isomorphic to
the Borel in U_1(sl(2)), or equivalently to a localised quantum plane k{a*!,z’) at the

parameter —1 as is stated in the proposition below.

Proposition 4.6.11. Keep the notation of §4.2.1, and let n =2, so that g(x) = 22 + rix,

forry ek.

(i) The Hopf algebra structure of A(x,a,g) is independent of g, that is of the parameter
ri. Namely, given ri € k, set o’ == v + F(1-a). Then A(z,a,9) = k{a*!,2’) is
isomorphic as a Hopf algebra to the Borel in U_1(s1(2)), or equivalently to a localised
quantum plane k{a*',x') at the parameter —1. Moreover, Ao(z,a,g) is isomorphic

as an algebra to the quantum plane with parameter —1.

(ii) A(z,a,gq) is a noetherian AS-reqular domain of Gelfand-Kirillov and global dimension
2.

(iii) A(x,a,q) is a finite module over its central Hopf subalgebra k[a*?][g], where g is the

square of the uninverted (1,a)-primitive generator of the quantum Borel.

Proof. (i) Recall the relation oy(x,a,g) from (4.1),
rP(1,0) + P(1,1) - ria® = 0.

Rewrite this as

a(a:+%(1—a))+(x+%(1—@))a:0, (4.16)

and define 2" := v+ 3 (1-a) € A(z,a,g). Thus A(z,a,g) is the quantum plane k_(2’, a*')
with a grouplike and &’ which is (1, a)-primitive, as required. The corresponding statement

regarding Ag(z,a, g) is also immediate from (4.16).

(ii) Being an iterated skew polynomial algebra by (i), A(z,a, g) has finite global dimension
[58, Theorems 7.5.3 and 7.5.5]. The algebra A(x,a,g) is a finite module over k[a*?, 2"?] so
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by [58, Corollary 13.1.13|, A(z,a,g) is a polynomial identity ring. Also, by [58, Theorem
1.2.9(iv)], A(x,a, g) is noetherian. Since it is an affine noetherian Hopf algebra satisfying
a polynomial identity, it is AS-Gorenstein and GK-Cohen Macaulay by [14, §6.2]. Thus,
A(x,a,qg) is AS-regular. Since it has GK-dimension 2 by virtue of being a finite module

over k[a*?, x?], its global dimension is also 2 since it is GK-Cohen Macaulay.

(iii) It is easy to check that k{a*2?,x?) = k(a*?, g), and that A(x,a,g) is a finite module
over this subalgebra. Its structure as a Hopf subalgebra is well-known and easy to check;

or one can use Proposition 4.3.1(i). ]

4.6.3 g(x) of degree 3: localised down-up algebras and their

deformations.

In this subsection, we discuss properties of the algebra A(x,a,g) when deg(g) = 3. We
derive these properties of A(z,a,g) by relating it with the well studied down-up algebra
which has nice properties.

Let g(z) = rix + rox? + 23, with r1,ry € k. Recall from (4.1) in §4.2.1 that the defining
relations in the free algebra k(x,a) of the subalgebra Ay(z,a,g) of A(z,a,g) are

o
1]

oy ax ~xazx - x%a - ry(ax + xa) - ria+ria®

0y 2 —axa — xa® - rea® + rya’ .

Q
8
11

Compare the above relations with the following relations of a down-up algebra:

Definition 4.6.12 (Benkart, Roby [7]). Let «,5,v € C. The down-up algebra A =
A(a, B,7) is the C-algebra with generators d,u and relations

du?

du

audu + fud + yu

adud + Bud? + vd.

The relation between the two presentations is encompassed in the following concept,
introduced in [8, Section 3|. Here, we slightly weaken the usual requirement that the
generators of the free algebra are assigned degree 1, in order to allow for the terms in a3
in the relations for Ag(z,a,g).

The following set up for the definition of PBW-deformations is adapted from [26, §1].

Definition 4.6.13. Let V' be a finite dimensional vector space over k. Let R be a subspace
of V®N where N is some integer > 2, and (R) the two-sided ideal generated by R in the
tensor algebra A =T(V)/(R).

Instead of a homogeneous space of relation R, we may consider a non-homogeneous

space of relations P in @;.y V®, and get a non-homogeneous algebra U =T (V') /(P).
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We are interested in the case when this algebra is a deformation of A of a particular
kind, a PBW-deformation. We then assume P intersects @, y_; V'® trivially and that R
is the image of P by the natural projection of @;cn_; V® to V&Y. Then there are linear

maps R —> V®N=i such that we may write
P={r+ay(r)+-+an(r)|reR}.

There is a natural filtration on the tensor algebra by letting F*T'(V') be @, V®. This
induces a natural filtration F*U on the quotient algebra U, and in the situation described

there is a surjection

A > grU
We say that U is a PBW-deformation of A if this map is an isomorphism.

Proposition 4.6.14. Retain the notation of §4.2.1 and of (4.11) in §4.4 and let k = C.

Let g(z) = rix + rox? + 23 € k[x].
(i) Ao(z,a,x3) is isomorphic to the down-up algebra A(-1,-1,0).
(i) Ao(x,a,x®) is a noetherian domain.

(iii) Ao(z,a,x3) is Auslander regqular of global dimension 3.

(iv) Ao(z,a,z3) has PBW basis (x){(Ls)(a); that is, it has basis

{2%(az)ia? : 0,i,j € Zso}.

(v) GKdim(Ag(z,a,23)) =3, and Ao(x,a,23) is GK-Cohen Macaulay.

(vi) Ao(x,a,q) is a PBW deformation of Ao(z,a,x3). That is, Ao(x,a,q) is a PBW
deformation of the down-up algebra A(-1,-1,0).

(vii) Statements (ii)-(v) apply verbatim to Ao(z,a,g) and to A(x,a,g). Moreover, the
algebra A(z,a,q) is a PBW deformation of A(x,a,x?) with PBW basis {z'(ax)a’ :
0i€Zso,j€L}..

(viii) A(x,a,q) is AS-reqular of dimension 3.
Proof. (i) is clear from the definitions.

(i) This is immediate from (i) and [35, Main Theorem|, where it is proved that A(a, 3,7)

is a noetherian domain provided 3 # 0.
(ili) Immediate from (i) and [35, Theorem 4.1 and Lemma 4.2(i)].
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(iv) This is a special case of Theorem 4.4.4. In the light of (i), it is also a special case of
|7, Theorem 3.1].

(v) For any down-up algebra, its GK-dimension is 3 by [7, Corollary 3.2]. Let 5 # 0,
then the down-up algebra A = A(«,3,7) is Cohen Macaulay by [35, Lemma 4.2(ii)|.
Applying these two results to the down-up algebra A(-1,-1,0), we deduce the result that
Ao(z,a,2?) is GK-Cohen Macaulay.

(vi) For all g of degree 3, U := Ay(z,a,g) has the same PBW basis as described in (iv),
by Theorem 4.4.4. Let V = ka ® kx and filter T (V') by setting = to have degree 2 and a
to have degree 1. Then the surjection referred to before the proposition, in this case from

A:=Ag(x,a,x3) to grU, is an isomorphism, as claimed.

(vii) We prove these statements for Ag(z,a,g). Then we extend the conclusions to the
localisation A(x,a,g) of Ag(x,a,g) at the central regular Ore set {a3 : £ € Zso}. By
[58, Proposition 2.13|, Gelfand-Kirillov dimension is preserved after localising Ay(x,a, g)

at the central regular Ore set {a3‘: ¢ € Zs} to get A(x,a,qg).

That Ay(z,a,g) is a noetherian domain follows from (ii), (vi) and [58, Proposition 1.6.6
and Theorem 1.6.9]. Moreover, the fact (vi) that Ag(z,a,g) has the same PBW basis as
Ao(z,a,23) ensures that GKdimAgy(z,a,g) = 3, from (v); indeed, this also follows from

the following paragraph.

Denoting the filtration of Ag(z,a,g) defined in the proof of (vi) by F, we know
from (vi) that this is a finite dimensional filtration whose associated graded algebra is
affine and noetherian by (vi) and (ii). A filtration of an Ay(z,a, g)-module M is called a
good filtration if grM is a finitely generated grAq(x,a,g)-module. Thus, for any finitely
generated Ag(x,a,g)-module M given a good F-filtration,

GKdim g (g.a,9) (M) = GKdimg; . g (2,0,9) (81(M))

by [58, Proposition 8.6.5].

For a module M over the ring R, recall from Definition 4.6.1 that the homological grade
of M, jr(M) = inf{i : Ext%(M, R) # 0}. For every finitely generated Ay(z,a,g)-module
M,

J40(z,a,0) (M) = Jar - Ag(2,a,9) (81 (M)

by [31, Chapter III, §2.5, Theorem 2|.
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Let M be a finitely generated Ao(z, a,g)-module. Then, by (v) and the above equalities,

JAo(wag) (M) + GKAIM gy (2,0,9) (M) = JgrrAg(ang) (8T (M)) + GKdimg, 4y (2,a,9) (8T 7(M))
JAo(z.aa%) (8T (M) + GKdima (s 0,0%) (817 (M))
= GKdim(Ag(z,a,2?))
= GKdim(Ay(x,a,9)) =3,

so that Ay(z,a,g) is GK-Cohen Macaulay.
By (vi), (iii) and [58, Corollary 7.6.18], writing gl.dim for the global dimension of an

algebra,
gl.dimAy(z,a,g) < gl.dimAy(z,a,2®) = 3. (4.17)

Finally, to see that gl.dimAq(x,a, g) > 3, apply the Cohen Macaulay property with M

equal to the trivial module k.

(viii) Note that A(z,a,g) is a noetherian Hopf algebra by Theorem 4.2.3. Thus (viii)
follows from (iii), (v), (vii) and [15, Lemma 6.1], which states that an Auslander regular

noetherian Hopf algebra is AS-regular. O

In this final part of the chapter, our aim is to prove Proposition 4.6.23. The fact
that the down-up algebra A(-1,-1,0) is finite over its centre was proved by Kulkarni in
[42]. Extending this result to Ag(z,a,g) and A(x,a,g) when g is an arbitrary degree 3
polynomial requires some work.

We start by defining terms needed to define a maximal order, one of the properties of
A(z,a,g) stated in Proposition 4.6.23. These definitions are from [58].

Definition 4.6.15. [58, §§2.1.2] An element z of a ring R is right regular if xr = 0 implies
r =0 for r e R. A left reqular element of R is defined analogously and z € R is reqular if

it is both left and right regular.

Definition 4.6.16. [58, §§3.1.1] A ring @ is called a quotient ring if every regular element

of () is a unit.
An example of a quotient ring is a right Artinian ring @ [58, Proposition 3.1.1].

Definition 4.6.17. Given a quotient ring ), a subring R (not necessarily containing 1)
is called a right order in () if each ¢ € () is of the form rs~! for some r,s € R. A left order

is defined similarly, and a left and right order is called an order.

We now consider a lemma which describes relations between right orders in the same

quotient ring.
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Lemma 4.6.18. |58, Lemma 3.1.6] Let R be a right order in a quotient ring Q@ and let S
be a subring of Q) (not necessarily with 1). Suppose further that there are units a,b of @
such that aRb< S. Then S is also a right order in Q).

The relationship described in Lemma 4.6.18 leads to an equivalence relation on right
orders R;, Ry in a fixed quotient ring () with relation defined by R; ~ Ry if there are
units aq, as, by, by € ( such that a; R1b; € Ry and asRaby € R;. Then R; and R, are called

equivalent right orders.

Definition 4.6.19. [58, §5.1.1] Let @ be a quotient ring and R a right order in @). Then
R is called a mazimal right order if it is maximal within the equivalence class described
after Lemma 4.6.18.

We now turn our attention to the down-up algebra A(-1,-1,0), which is a finite
module over its centre and affine by [42, Corollary 2.0.2 and Lemma 2.0.1|, [83, Theorem
1.3(f)]. The next result generalises these facts to the algebras Ag(x,a,g) and A(zx,a,g),
for an arbitrary degree 3 polynomial g(z). The proof proceeds via a result of independent
interest, also obtained by Kulkarni [43| in the down-up case: namely we show that the
algebras Ag(z,a,g) and A(x,a,g) are maximal orders when g(x) has degree at most 3.
The definition of the term maximal order as applied to a prime noetherian ring R is given
for example in Definition 4.6.19. In [58, Theorem 5.3.13] it is shown that, when such a
ring R is a finite module over its centre Z, this definition of maximal order coincides with
the concept of a maximal classical Z-order. The proof that these algebras are finite over
their centres is derived from well-known results, but we state them explicitly. The key
point, that the maximal order property lifts to a filtered deformation, is due to Chamarie,
[18].

Next, we define terms needed in the definition of a normal domain, a property discussed

in subsequent theorems.

Definition 4.6.20. [58, §5.3.12 and 5.3.3] Let A and B be rings with A contained in the
centre of B and let b e B. If there is a monic polynomial f(z) € A[x] with f(b) =0, then b
is said to be integral over A, and B is integral over A if this is true for all b € B. Similarly,
if A[b] is contained in some finitely generated A-module, then b is said to be c-integral
over A, and if this is true for all b€ B, then B is c-integral over A. In the particular case
when B is the field of fractions of an integral domain, A is integrally closed if the elements
of B which are integral over A all belong to A. A normal domain is an integrally closed

noetherian domain.

Theorem 4.6.21. Let k be a field and let R be an affine k-algebra satisfying a polynomial
identity. Suppose that R has a Zso-filtration F such that grz(R) is a domain and a

'When g(z) has degree 2, so that Ag(z,a,g) and A(x,a,g) are (localised) quantum planes by
Proposition 4.6.11(i), this is immediate from [55, Corollaire V.2.6]
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noetherian maximal order. Then R is a domain and a noetherian maximal order, and is

a finite module over its centre Z(R), which is a normal affine domain.

Proof. That the stated properties of grr(R) all lift to R is guaranteed, respectively, by
[58, Proposition 1.6.6, Theorem 1.6.9 and Theorem 5.1.6]. But now, since R is a maximal
order satisfying a polynomial identity, it is its own trace ring by [58, Proposition 13.9.8].
Thus [58, Proposition 13.9.11(ii)] implies that R is a finite module over its centre Z(R),
with Z(R) an affine k-algebra because R is affine, thanks to the Artin-Tate lemma [58,
Lemma 13.9.10(ii)]. Finally, the fact that R is a maximal order implies that Z(R) is
normal, [58, Proposition 5.1.10(b)]. O

The pay-off in part (iv) below now follows easily by combining the above with Kulkarni’s
work on the down-up algebra but before we discuss this, we now consider hyperbolic rings.
Hyperbolic rings appeared as a result of an attempt to single out the biggest natural
commutative subring in U,(sl(2)), U(sl(2)) and some other algebras |67, Chapter IV
§1.2]|.

Definition 4.6.22. [67, Chapter II] Let R be a commutative ring and let 6 be a ring
automorphism of R. Let £ € R. A hyperbolic ring R{0,£} is an associative ring generated

by indeterminates x, y satisfying the relations

xr=0(r)z, ry =y0(r) VreR,
zy=§  yr=07(8).

The subring generated by R and z, R[z,0] is a twisted polynomial ring with its
commutation relation zr = 6(r)z. By [67, Lemma 3.1.6,Chapter II|, R{6,¢} is a free
R-bimodule which gives a basis for the left and right module structures. If R is a domain,
then R{6,¢} is a domain by [42, Corollary 2.0.1].

Proposition 4.6.23. Keep the hypotheses and notation of Proposition 4.6.14, so we have

in particular g(x) =iz + rox? + 3.

(i) Let N be a primitive cube root of unity in k. The centre of Ao(x,a,x3) is the

subalgebra
Z(Ao(x,a,2%)) = k(a® 2, (va)® - 3)\*(wa)?(ax) + 3\(za)(az)? - (ax)?,
(za)® - 3\(za)*(ax) + 3N*(xa) (azx)? - (ax)?, (ax)? - 22a?);

and the centre of A(x,a,x3) is Z(Ao(z,a,z3))[a"?].
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(1) The centres of Ao(z,a,g) and of A(x,a,q) contain the subalgebra

k(g,a® (ax)* - x%a® - roza® — r1a?).

(111) Both Ao(z,a,g) and A(x,a,qg) are domains and mazimal orders.

(iv) Both Ag(x,a,q) and A(z,a,qg) are finite modules over their centres, which are affine

normal domains.

Proof. (i) By Proposition 4.6.14(i), A¢(x,a,x3) is isomorphic to the down-up algebra
A(-1,-1,0). By |42, Proposition 4.0.3|, if a? + 4 # 0, the centre of the down-up algebra
A(a, 3,7) is the subalgebra generated by {u3,d3} and {wiw} | AXi X, = 1} where ); are roots

of the quadratic equation t2 + gt- % =0 and

1 Ay
w; = Mud + ~du - —20
B (AN-1)8

for © = 1,2. When we consider the down-up algebra A(-1,-1,0), we deduce A\; = A and
A2 = A\? where ) is a primitive third root of unity. The possibilities of i and j satisfying
NiX =1 are

i=j=1, i=3,j=0 and i=0,j=3.
The set {wiw] | AXiX, =1} becomes
{(du)? - u?d?, (ud)?® - 3\ (ud)*(du) + 3\*(ud) (du)? - (du)?,

(ud)® - 3\2(ud)*(du) + 3\ (ud) (du)? - (du)?}.

Under the isomorphism between Ag(z,a,x?) and the down-up algebra A(-1,-1,0), u+— x

and d ~— u. Thus, the set {wiw] | A\, = 1} becomes
{(az)? - 2%a?, (za)® - 3\(za)?*(azx) + 3\*(za)(ax)? - (ax)?,
(za)® - 3X*(za)*(az) + 3M\(za) (azx)? - (az)?}.
Hence, the centre of Ag(z,a,z?) is

Z(Ao(x,a,2%)) = k{a® 2% (va)® - 3)\*(za)?*(az) + 3\(za)(az)? - (ax)?,
(za)® - 3\(za)*(ax) + 3X*(za)(ax)? - (az)?, (ax)? — 2%a?)
as claimed.

The second part of (i) follows easily from the first, since A(x,a,23) = Ag(z,a,x3)(a™3),

with a? central.
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(ii) By Proposition 4.3.1(iii), g,a® € Z(Ao(x,a,g)). It is straightforward to check that
arar — x2a? - roxa® — rya? commutes with a and z. Since A(x,a,g) is the localisation of

Ao(z,a,g) at the central regular Ore set {a® : £ > 0}, the listed elements are central in

A(z,a,q).

(iii) Consider the down-up algebra A(«,3,7) and let 6 be the automorphism of C[£,n]
given by

06 - =5, o) =

where £ = ud and n = du. Then ur = 0(r)u, dr = 0~1(r)d for any r € C[{,n]. Thus, the
down-up algebra A(a, 3,7) is isomorphic to the hyperbolic ring R{¢,0} [42, Proposition
3.0.1]. The centre of A(a, 3,7) is generated by {u™,d™} over (C[¢,n])? where w; € C[£, 7],

9(11)1) = )\1’(1)1, 9(’(1)2) = )\QU)Q,

m is the smallest positive integer such that 6™ = id with \; and w; defined in (i) above. We
saw in (i) above that for the down-up algebra A(-1,-1,0), A\; and Ay are primitive third
roots of unity so the smallest such m is m = 3. By [43, Theorem 2.6|, if the automorphism 6
is of finite order, then A(«, ,7) is a maximal order. Thus, since 6 has order 3, we conclude
that A(-1,-1,0) and hence Ay(x,a,z3) are maximal orders. The maximal order property
lifts from Ag(z, a,z3) to its filtered deformation Ay(x,a,g) by |58, Theorem 5.1.6].

From the definition of a maximal order, we deduce that the localisation of a maximal
order at a central regular Ore set is again a maximal order, so the desired conclusion for

A(x,a,g) also follows.

(iv) Given (iii) and Theorem 4.6.21, the desired results will follow if Ay(z,a, g) (and hence
also its localisation A(x,a,g)) satisfy a polynomial identity which is explained as follows.
By (ii), the subalgebra

C = k{g,d®, (ax))

of Ag(x,a,g) is commutative, and from the PBW theorem for Aq(z,a,g), Theorem 4.4.4,
Ap(x,a,g) is a finitely generated right or left C-module. Therefore Ag(z,a,g) satisfies a
polynomial identity by [58, Corollary 13.1.13(iii)|, as required. O

Remark 4.6.24. Consider the k-algebra involution of Ag(x,a,x?) which interchanges
a and x. The generators listed in (i) above for Z(Ao(z,a,23)) are permuted by this
involution and the third listed element of Z(Ay(z,a,g)) in (ii) is a lift of the involution
invariant generator (ax)? — x2a? of Z(Ag(x,a,x3)). It would be interesting to determine
Z(Ao(z,a,g)) for a general polynomial g(x) of degree 3, and in particular to discover
whether it contains elements which are lifts of the other listed generators of Z(Ag(x,a, z3)).

We leave this as an open question from this thesis.
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Chapter 5

The Hopf Algebra A(g, f)

5.1 Introduction

In this chapter, we discuss the construction of the Hopf algebra A(g, f) from the tensor
product of A(z,a,g) and A(y,b, f) which we derive from a plane curve of the form
C = f(y) = g(z) with f(y) = XLy sy’ € kly], g(z) = XiLyria* € k[z], where r;,s; €
k, and 7,,8, € k~ {0}. This gives us a family of Hopf algebras A(g, f) and when
deg(f),deg(g) < 3, the algebra A(g, f) has nice properties such as being a noetherian
polynomial identity algebra, and having finite Gelfand-Kirillov and global dimensions.
Using Bergman’s Diamond lemma, we prove that A(g, f) has a basis over the coordinate
ring O(C) = k[z,y]/{f(y) — g(x)) of the plane curve C when deg(f),deg(g) < 5. This is
how we prove our main theorem that the coordinate rings of plane curves of the form

f(y) = g(z) are quantum homogeneous spaces when deg(f),deg(g) < 5.

We conjecture that A(g, f) is free over O(C) irrespective of the degree of the plane
curve C. That is, we show that the coordinate ring of the plane decomposable curve C,
defined by f(y) = g(x) is a quantum homogeneous space in a Hopf algebra. When n or m
is 1 this is of course trivial, since then O(C) = k[t] is itself a Hopf algebra. Our current
proof of the main theorem uses Lemma A.0.2 which says that ambiguities are resolvable
when deg(g),deg(f) < 5. Details of this proof is provided in the appendix. Though the
proof is very long, we anticipate that there is a shorter proof in the general case. In order

to prove the main result, we shall assume in §5.2.1 that

(H) each polynomial g(x) and f(y) either has

degree at most 5 or is a power of x resp. y.

This ensures that k[x] and k[y] are quantum homogeneous subspaces of A(z,a,g) and

A(y, b, f) respectively.
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5.2 The construction of A(g, f)

We begin, though, without assuming (H). To construct A(g, f), given polynomials f(y)
and g(z) as in the first sentence of §5.1 above, first form the Hopf algebras A(x,a,g) and
A(y,b, f) as in §4.2.1. Then consider their tensor product

T = A(z,a,9) e, Ady,b, f).

Thus T is a Hopf k-algebra, inheriting the relevant structures from its component Hopf
subalgebras A(x,a,g) and A(y,b, f) in view of Theorem 4.2.3. Moreover, T is affine,
T = k(z,y,a*",b*), where, here and henceforth, we simplify notation by writing x for
x®1, y for 1 ® y, etc. Since a and b are grouplike and x and y are skew primitive, by
Lemmas 4.2.1 and 4.2.2, T' is generated by grouplike and skew primitive elements, and is
therefore pointed, by [65, Corollary 5.1.14(a)]. The elements f, g,a” b™ are in the centre
of T' by Proposition 4.3.1(iii), so that the right ideal

I = T(g-f)+T(a"-b")
of T" is actually two-sided. We can therefore define the k-algebra

A(g,f) = T/I (5.1)

In the theorem below and later, we will continue with the abuse of notation used earlier,
writing x,a and so on for the images of these elements of T" in various factor algebras, in
situations where we believe confusion is unlikely. For the reader’s convenience the relations
for A(g, f) are listed in Theorem 5.2.1(i), even though they are easily read off from (4.1)
and (5.1).

Theorem 5.2.1. Keep the notation introduced in the above paragraphs, but don’t assume
(H).

(i) A(g, f) is the factor k-algebra of the free product k(x,y) » k{a*',b*') by the ideal

generated by the relations

[2,y] = [2,0] = [a,D] = [a,y] = 0;  f(y)=g(x), a"=b",

Zrip(j7i_j)(a,x)_rja’n7 (j:17"'7n_1)7
i=j
ZTZP(p7£_p)(b,y)_rpbm7 (pzla"'um_l)'
L=p

(ii) The k-algebra A(g, f) inherits a Hopf algebra structure from T. Thus its coproduct
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A, counit € and antipode S satisfy:

A(z)=1®zr+x®a, Aly)=10y+yob,
A(a)=a®a, ADb)=b0b, e(x)=0, e(y)=0, e(a)=e(b)=1,
S(z)=-za™, S(y)=-yb', S(a)=a’ S(b)=b".

Proof. Given the above discussion and the results of §4.2 it is enough to show that I is a
Hopf ideal of T'. This is an easy consequence of the facts that a™ and b™ are grouplike, and
g and f are respectively (1,a")-skew primitive and (1,b™)-skew primitive, by Proposition
4.3.1(i). To see that S(I) c I one can either calculate directly or appeal to [65, Proposition
7.6.3|. O

5.2.1 Properties of A(g, f) under hypothesis (H)

To describe the PBW basis for A(g, f) it is necessary to decorate the notation for the
PBW generators of A(x,a,g) introduced at (4.11) in §4.4. Namely, for g(z) of degree n

and f(y) of degree m, define subsets of (respectively) the free semigroups on generators

{z,a} and {y, b},
Lo(a,x):={a's? :4,57>0,i+j<n},

and
L(byy):={by :4,5>0,i+7<m}.

As before, let (L, (a,x)) and (L,,(b,y)) denote the free subsemigroups of (a,z) and (b,y)
generated by these sets.

In the proof of the next theorem we use some elementary properties of faithful flatness
whose proofs we have not been able to locate in the literature, although closely related
statements in a commutative setting can be found for example in [30]. Namely, let R and
S be rings, I an ideal of R and M a left R-module. The following proof is from [30].
Proposition 5.2.2. (i) If M is a faithfully flat R-module, then M[IM is a faithfully

flat R/I-module for a proper ideal I of R.

(1) If 0 : R — S is a ring homomorphism and S is a faithfully flat (left) R-module,
then 6 1is injective.

Proof. (i) Let M be a faithfully flat R-module. Then M/IM = R/I ® g M + 0 since M
is a faithfully flat R-module. If X is a non-zero right R/I-module, then

Xopr (RII®rM) = (X ®g;R/I)®rM
= XQ®rpM
+ 0.
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A similar argument shows that — ®g/;; (R/I ®g M) preserves exactness of exact

sequences of right R/I modules.

(ii) Let 6 : R — S be a ring homomorphism and let S be a faithfully flat (left) R-module.
For any ideal J of R, we have an injection J < R which yields an injection J@rS < 5
when we apply — ® S. The image of the injection is J.S, so that J ®z S = JS. If
J is the kernel of 6, we then have J®g S 2 JS = 0. Since § is faithfully flat, this
implies J = 0. Hence, # is injective.

[
Theorem 5.2.3. Retain the notations introduced in §5.2, and assume hypothesis (H).

(i) The coordinate ring O(C) of the plane curve C is a quantum homogeneous space of

the Hopf algebra A(g, f).

(i) A(x,a,g) and A(y,b, f) are Hopf subalgebras of A(g, f), and A(g, f) is faithfully

flat over these subalgebras.

(iii) Assume that f and g have degrees m and n respectively, with 2 < m,n < 5. Let
{ci:leZso} be a k-basis for O(C).

(a) A(g, f) has PBW basis
{celLn(a, 2)NLn(b,y))a'V : L€ Lno,i € Z,0 < j <m}.

(b) A(g, f) is a free left O(C)—module with basis

{L,(a,2){Ln(b,y))a't 1ieZ,0<j<m}.

Proof. (i) Under hypothesis (H), the subalgebra k{(x,a*") of A(x,a,g) is isomorphic to
k[x,a*"]; this follows from the centrality of a*", Proposition 4.3.1(iii), together with the
PBW theorem Corollary 4.4.8 when g(x) has degree at most 5, and by Proposition 4.5.2(ii)
when ¢g(z) = z". The same applies to the subalgebra k(y,b*™) = k[y, b*™] of A(y,b, f).
Thus R := k[z,y,a*", b*™] is a subalgebra of T. Note that R is a quantum homogeneous
space of T, just as was the case in Proposition 4.5.2(ii) for its two components in their
respective Hopf algebras - that is, it is a right coideal subalgebra of T" which contains the
inverses of all its grouplike elements, so Masuoka’s theorem [51, Theorem 1.3] applies. In
particular, 7" is a faithfully flat left and right R-module.

It follows from Proposition 5.2.2(i) above that the algebra T'/(a™ - b™)T is a faithfully
flat R/(a™—b™)R-module. Observe that R/(a™—b™)R is the group ring k[x,y]|G, where G
is the infinite cyclic group generated by a”, that is G = (a*"). In particular, R/(a" -b0™)R
is a free k[z,y]-module, so that T'/(a™ - b™)T is a faithfully flat k[x,y]-module. Hence,
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by Proposition 5.2.2(ii) above, k[z,y] embeds in T/(a™ — b™)T. A second application of
Proposition 5.2.2(i) and (ii), this time to the ideal (g — f)k[x,y] of k[z,y], now implies
that T'/(a™ = b™)T + (g — f)T is a faithfully flat O(C)-module. That is, again appealing
to Proposition 5.2.2(ii), O(C) embeds in A(g, f) and is a quantum homogeneous space of

A(g, f).

(i) In a similar way to (i), k[ f,b*™] is a right coideal subalgebra of A(y,b, f) and hence,
again using |51, Theorem 1.3], A(y, b, f) is a faithfully flat left and right k[ f, b*™]-module.
Define

D = A(r,0,) ® k(S5 T,

so that D = A(xz,a,q)[f,b*™] and T is a faithfully flat left and right D-module. Let
J=(f-9)D+ (b —-am)D, an ideal of D with D/J = A(x,a,q) and T/JT = A(g, f). By
Proposition 5.2.2(i) above, T'/JT is a faithfully flat left and right A(z,a,g)-module. In
particular, by Proposition 5.2.2(ii) above, A(z,a,g) embeds in A(g, f).

The argument for A(y,b, f) is exactly similar.

(iii) Both parts are similar to (i), but easier: thanks to Corollary 4.4.8 there is an explicit
PBW basis for 7" under the given hypotheses. Thus one can simply retrace the proof of
(i), replacing “faithful flatness” by “free over an explicitly stated basis” at each occurrence

of the former term. O

Remark 5.2.4. In fact there is less of a gap between parts (i) and (iii) of the above
result than at first appears. For, notice that the proof of (i) starts with the fact that
R = k[z,y,a*", b*™] is a quantum homogeneous space of T'. In particular T is a faithfully
flat left R-module, and hence, by [53, Theorem 2.1|, T' is a projective generator for R.
Therefore, by the Quillen-Suslin theorem on projective modules over polynomial algebras,
as strengthened by Swan |76, Corollary 1.4] to allow Laurent polynomial generators, T" is
a free left R-module. Finally, freeness is preserved by factoring by (a” - b™)R + (g - f)R.
So the only extra feature in (iii)(b) as compared with (i) is the explicit description of a

free basis.

Fundamental properties of the Hopf algebras A(g, f) can be read off from our knowledge
gained about the algebras A(z,a,g) in §§4.2-4.6, provided hypothesis (H) is in play. The

following result summarises the basic facts.

Theorem 5.2.5. Retain the notation of §5.2, so g(x) and f(y) are polynomials of degree
n and m respectively. Assume hypothesis (H) for parts (ii) - (v). Then A(g, f) satisfies
the following properties.

(1) A(g, f) is a pointed Hopf algebra, with its grouplikes being the finitely generated

abelian group (a*',b*! : [a,b] = 1,a™ = b™).
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(ii) Consider the statements:

(a) max{n,m} < 3;

(b) A(g, f) is a finite module over its centre.
(c) A(g, f) satisfies a polynomial identity;
(d) GKdim(A(g, f)) < eo;

(e) A(g, f) does not contain a noncommutative free subalgebra;

Then

(a) = (b) = (¢) = (d) = (¢)

and

(e) = (a)
if max{n,m} <5.
(ii) If the equivalent conditions in (ii) hold, then A(g, f) is noetherian.

(iv) Suppose max{n,m} <3. Then the algebra A(g, f) is AS-Gorenstein and GK-Cohen
Macaulay, with

inj.dim(A(g, f)) = GKdim(A(g, f)) =n+m - 2.

(v) If C has a singular point at the origin then gl.dim(A(g, f)) = oo

Proof. (i) It has already been shown in Theorem 5.2.1 that A(g, f) is a Hopf algebra. It
is generated by the grouplike elements a,b and the skew primitives x and y. Since x is
(1,a) skew primitive and y is (1,b) skew primitive, by |65, Corollary 5.1.14(a)| A(g, f) is
pointed and the grouplike elements of A(g, f), G(A(g, f)) is the multiplicative submonoid
of A(g, [) generated by a and b. Hence G(A(g, f)) is as stated.

(ii) (a) = (b) : Suppose max{n,m} < 3. Then both A(z,a,g) and A(y,b, f) are finite
modules over their centres, by Propositions 4.6.11(ii) and 4.6.23(iv). The same is thus
clearly true of the tensor product 7" of these algebras, and so of its factor algebra A(g, f).
(b) = (c¢) : |58, Corollary 13.1.13(i)].

(¢) = (d) : |41, Corollary 10.7].

(d) = (e) : Suppose that GKdim(A(g, f)) is finite. Then A(g, f) cannot contain a
noncommutative free subalgebra, since such an algebra has infinite GK-dimension, [41,
Example 1.2].

(e) = (a) : Suppose that A(g, f) does not contain a noncommutative free subalgebra.
By Theorem 5.2.3(ii), the same is true for the subalgebras A(z,a,g) and A(y,b, f). By
Corollary 4.4.8, max{n,m} < 3.
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(iii) Suppose that (ii)(b) holds. Since A(g, f) is an affine k-algebra, its centre Z is also
affine, by (ii)(b) and the Artin-Tate lemma [58, Lemma 13.9.10(ii)]. Thus Z is noetherian
by the Hilbert basis theorem, and so A(g, f) is a noetherian algebra since it is a finite
Z-module.

(iv) Since max{n,m} < 3, the Hopf algebra A(g, f) is a finite module over its affine centre
by (ii). Indeed, the same is also true for T' = A(x,a,g) ® A(y,b, f). Therefore T and
A(g, f) are both AS-Gorenstein and GK-Cohen-Macaulay, by [82, Theorem 0.2]. Now

GKdim(7T) = GKdim(A(z,a, g)) + GKdim(A(y, b, f)) =n+m, (5.2)

by [41, Corollary 10.17| for the first equality and the second by Propositions 4.6.11(ii) and
4.6.14(v),(vii).
Next, the central elements f — g and a™ — 0™ of the GK-Cohen-Macaulay algebra T'

form a regular central sequence in 7', using the PBW theorem, Theorem 5.2.3(ii)(a). So,
by (5.2) and [14, Proposition 2.11 and Theorem 4.8(i) <= (iii)],

GKdim(A(g, f)) = GKdim(T) -2=n+m -2, (5.3)

as required. Finally, since A(g, f) is an AS-Gorenstein GK-Cohen-Macaulay algebra, its

injective and Gel’fand-Kirillov dimensions are equal, [82, Theorem 0.2].

(v) Suppose that C has a singularity at the origin. Thus, letting m = (z,y) < O(C) c

A(g, ),
pr.dimp ) (O(C)/m) = co. (5.4)

Suppose that gl.dim(A(g, f)) < co. Then, in particular, pr.dim 4, ;) (ki) < oo, where ki,
denotes the trivial module. By Theorem 5.2.3(i) and (H), A(g, f) is a flat O(C)-module,
so the restriction to O(C) of a projective A(g, f)-resolution of ki, yields a finite flat
O(C)-resolution of ki,.

But e(z) = (y) =0, so that mk, = 0. Hence, bearing in mind that flat dimension and

projective dimension are the same for modules over a noetherian ring [68, Corollary 8.28],
pr.dimp ) (O(C)/m) < oo.
This contradicts (5.4), and so gl.dim(A(g, f)) = oo, as required. O

Presumably Theorem 5.2.5(v) remains true for all singular plane decomposable curves

C, but we have been unable so far to prove this.
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5.3 Examples

In this section we gather together and discuss some special cases of the construction
described in §5.2 when deg(g),deg(f) <5. All the examples we consider are plane curves
with singularities though the construction works also for smooth plane curves.

We begin by noting that, given a decomposable plane curve C with equation g(x) =
f(y), we may always use a linear change of coordinates to assume that the curve passes
through the origin, so that f and g have constant term 0. We can further assume that
both f and g are monic. For, recall the scaling maps {€, : x = Az : A e kx{0}} of k(z, a*!)
introduced in §4.2.4, where we wrote g* for §(g). The following lemma extends this scaling

procedure to the Hopf algebras A(g, f).

Lemma 5.3.1. Let C be the decomposable plane curve with equation f(y) = g(x), where

f and g are polynomials with constant term 0, respectively of degree m,n with m,n > 2.
Let \, € k~ {0}.

(1) Ox®Idayp.py and Id sz a9 ®0, are commuting automorphisms of k(z,a*') @ k(y, b*!),

whose composition induces an isomorphism of Hopf algebras

Ory: Az, a,9) ® A(y,b, f) — A(z,a,g*) ® Ay, b, f*).

(1) The map 0, induces an isomorphism of Hopf algebras

Ot Ag, f) — A9 1),

under which the quantum homogeneous space k[x,y][{(g— f) of A(g, f) is mapped to
the quantum homogeneous space k[x,y]/{g* - f*) of A(g*, f*).

Proof. (i) This follows from Lemma 4.2.5(ii) and from the fact that a composition of

isomorphisms is an isomorphism.
(ii) The following holds:
00 (9®1-1® f) = (Idaag ®0,) (F*@1-10 f)=g*®1-1® f*,
and
Oru(a"®1-1@b™) = (Idagrag ®0,) (a"®1-10b")=a"®1-18b™.

Thus, A(g, f) and A(g¢*, f*) are isomorphic as algebras. It can be shown that the
composition of (6, ® 0, ,,) with the coproduct of A(g, f) is equal to the composition
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of the coproduct of A(g?, f*) with 6, ,, that is

(9/\,/1 ® QMA) °© AA(g,f) = AA(g*,f“) © O\ pu-

Similar arguments hold for the counit and antipode. This yields the conclusion that
% induces an isomorphism of Hopf algebras whose restriction gives an isomorphism
between the quantum homogeneous spaces k[x,y]/{g—f) of A(g, f) and k[z,y]/{g*-
fr) of A(g*, f1).

O

5.3.1 A(g,f) for degree 2 polynomials

Let C be an arbitrary decomposable plane curve of degree 2 - that is, C has defining
equation g(x) = f(y) with degf = degg = 2. After an application of Lemma 5.3.1 we can
assume without loss of generality that g and f are monic. Thus the equation of C has the
form

re+a? = sy+1y°, (5.5)

where (r,s) € k2. The possibilities for C are described as follows. The Jacobian matrix is
given by
[Qx +r —2y- s]

The Jacobian criterion states that a point (z,y) on C is singular if it satisfies the equations

I
o

20 +r

I
(e}

-2y-s

Thus, a point (z,y) on C is smooth if and only if r # +s; and if r = xs, (x,y) = (-r/2,-s/2)

is a unique singular point. Then, by the linear change of variables
1 1
u:x—y+§(r—s), v=x+y+§(7’+s),

one sees that the coordinate ring O(C) is isomorphic to k[u,v]/{uv + C), where C is a
constant which is non-zero in the smooth case and 0 in the singular case, the latter being
the coordinate crossing.

Consider now the corresponding Hopf algebra A(g, f). As in Proposition 4.6.11(i),
proceed by changing the variables x and y in A(x,a,g) and A(y,b, f) to

x’ :=x+g(1—a), Y :=y+§(1—b). (5.6)
These elements are respectively (1,a)- and (1,b)-primitive, and by Proposition 4.6.11(i)
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we have

N~
I

Az, a,9) ® A(x,b, f)
= kla*0* 2y s 2'a+az’ =0, y'b+by =0,

[a,b] = [, 4] = [a,y'] = [2",0] = 0).
One calculates that, in T,
2 _ 2 Loo oy _Looa a9
-y = f—g+1(r -5 )—Z(ra - 5°b%).

Therefore, in A(g, f), that is modulo(f — g,a? — b?),

P2y = i(ﬁ —2)(1-a?). (5.7)

The outcome is summarised in the next result.

Proposition 5.3.2. Let C be the decomposable degree 2 plane curve embedded in the plane
by the equation (5.5). Then O(C) is a quantum homogeneous space of the Hopf algebra
A(g, [), where A(g, ) has the following properties.

(i) Defining x' and y' as in (5.6), A(g, f) has presentation
[a,b] = [2",y] = [a,y'] = [2",0] = O,
1
a2 =, 2% -y = Z(T2 ~2)(1—a?)).
Here, a and b are grouplike, x' is (1,a)-primitive and y' is (1,b)-primitive.

(i) A(g, f) is an affine noetherian pointed Hopf algebra, is a finite module over its centre,
and is AS-Gorenstein and GK-Cohen-Macaulay, with injective and Gel’fand-Kirillov

dimensions equal to 2.

(7i) gl.dim(A(g, f)) < o0 < r # %5, that is, if and only if C is smooth. In this case,
el dim(A(g, f)) = 2.

(iv) Up to an isomorphism of Hopf algebras there are only two possible algebras A(g, f)

- the smooth case and the singular case.
(v) A(g, f) is prime but is not a domain.
Proof. (i) This is sketched in the discussion before the proposition.

(ii) These are all special cases of Theorem 5.2.5(i),(ii), (iv), (v).
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(iii) Suppose first that 72 = s2. Then the relation (5.7) of A(g, f) becomes (z'-y")(z'+y’) =
0. By Theorem 5.2.3(ii), A(g, f) is left free over O(C). Note that, by Masuoka’s theorem
[51, Theorem 1.3|, A(g, f) is faithfully flat over its right coideal subalgebra k(z’,y’). As
in the proof of Theorem 5.2.5(v), if the trivial A(g, f)-module had a finite projective
resolution then the same would be true for the k(x’, y’)-module k(z’,y')/{x’,y') since the
latter is the restriction of the former. But this is manifestly false, since (z’,y’) defines the
singular point of this curve. So gl.dim(A(g, f)) = oo.

Conversely, suppose that 72 # s2. Define R := k(z',y’,a*?) to be the commutative
subalgebra of A(g, f). Observe that, setting

1
Xima =y Y=ol +yf, 2= (P =) (1= %),
R is isomorphic to the localisation of

at the powers of Z — 1(r? - s?). In particular, (for example by the Jacobian criterion),
R is smooth, gl.dim(R) = 2. Consider the augmentation ideal R* := (X,Y,Z) of R. By
the defining relations of A(g, f), the right ideal R*A(g, f) of A(g, f) is a two sided ideal.
Then one easily checks that

Alg, )R A(g, f) = k(Zy x L), (5.8)

the group algebra of the Klein 4-group K, with generators the images of a and ab™!. In
fact, A(g, f) is a crossed product R * K, though we don’t need this. Rather, it is enough
to note that A(g, f) is faithfully flat as a right and left R-module, being a quantum
homogeneous space using as usual [51, Theorem 1.3].

The simple R-module R/R* has a finite R-projective resolution P, by smoothness of R.
Faithful flatness ensures exactness of — ®g A(g, f), yielding a finite projective resolution
P ogr A(g, ) of the A(g, f)-module A(g, f)/R*A(g,f). However, A(g, f)/R*A(g,[) is
semisimple Artinian, by (5.8) and Maschke’s theorem, and hence contains the trivial
module k of the Hopf algebra A(g, f) as a direct summand. Therefore pr.dim 4, ¢ (k) < co.
By (48, §2.4], gl.dim(A(g, f)) < oo, as required. That the global dimension is equal to 2
follows either from the fact that the injective dimension is 2, as shown in (ii), or from the

fact that pr.dimz(R/R*) =2 since R is the coordinate ring of a smooth surface.

(iv) It is clear from the presentation in (i) how to define a Hopf algebra isomorphism
between any two members of the smooth family simply by scaling the generators x’ and
y’. On the other hand, the coefficients disappear from the relations when r = +s, so the

result is clear in this case also.
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(v) It is clear from the defining relations and the PBW theorem that A(g, f) is not a
domain, since a # +b, but (a-b)(a+b) =0. One way to see that A(g, f) is prime is to use
the crossed product description of A(g, f) found in the proof of (iii). Namely, it was shown
there that A(g, f) contains a commutative subalgebra R := k[ X,Y, Z]/(XY —tZ), where
t € k is 0 in the singular case and non-zero in the smooth case. Then A(g, f) is a crossed
product R * T where T = (a,b) is a Klein 4-group such that a: X < =Y and b: X < Y.
When ¢ # 0, R is a domain and I" acts faithfully on its quotient field (). Hence @ = I is a
simple ring by [6], see [62, Exercise 6, p. 48]. When ¢ = 0, R is [-prime and primeness of
R «+ T follows by passing to the quotient ring Q(R) * I', where Q(R) = k(X,Z) ® k(Y, Z)
is I-simple and I" acts faithfully on Q(R). Thus Q(R) * I' can easily be checked to be
a simple ring by direct calculation. So in all cases R = I' has a simple quotient ring and

hence is a prime ring. O

5.3.2 The cusps y™ ="

Let n and m be coprime integers, with m > n > 2. The cusp y™ = 2" was shown to be
a quantum homogeneous space in a pointed affine noetherian Hopf k-algebra domain, in
[28, Construction 1.2]. In the notation introduced by Goodearl and Zhang in [28], the
Hopf algebra constructed is labelled B(1,1,n,m,q), where ¢ is a primitive nmth root
of unity in k. The algebra B(1,1,n,m,q) is constructed as the skew group algebra of
the infinite cyclic group whose coefficient ring is the coordinate ring of the cusp, with the
twisting automorphism acting on the generators of the coordinate ring by multiplication by
appropriate powers of ¢. In particular, this means that B(1,1,n,m,q) has GK-dimension
two [28, Proposition 0.2] and is a finite module over its centre. It is also straightforward to
see from its construction that B(1,1,n,m,q) is a factor Hopf algebra of a suitable localised
quantum 4-space Q) := kq[a3!, 23, x5, 24], where [@1, 2] = [23,24] = 0, the other pairs of

generators g-commute, and the factoring relations are

xf -2y, and zf -y (5.9)

Now it is also not hard to deduce from Proposition 4.5.2(i) that the same localised quantum
4-space @ is a factor Hopf algebra of T':= A(z,a,2™)® A(y,b,y™). Moreover, the relations
used to define A(z",y™) as a factor of T" have images in () which are exactly the elements
listed in (5.9).

We give a detailed exposition of the above remarks.

Definition 5.3.3. |28, Construction 1.2| Let n, pg, p1,-, ps be positive integers and ¢ € k>

with the following properties:
(a) s>2and 1 <p; <pg<--<pyg;
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(b) poln and pg, p1,---, ps are pairwise relatively prime;
(¢c) q is a primitive ¢-th root of unity where ¢ = (n/pg)pipa:ps-

Set m = p1pe---ps and m; = m/p; for i =1,2,---,s. Choose an indeterminate y and consider
the subalgebra A = k[y1,y9, -+, ys] of k[y], where y; := y™ for i = 1,2,---,s. The k-algebra
automorphism of k[y] sending y — ¢y restricts to an automorphism o of A. There is a
unique Hopf algebra structure on the skew Laurent polynomial ring B = A[z*!; 0] such

that x is grouplike and the y; are skew primitive, with
Ay) =yi®L+a™" @y;
for i =1,2,---;s. We denote this Hopf algebra by B(n,po, p1,-, Ps, q)-

Remark 5.3.4. The Hopf algebra B(n,pg,p1,-, Ps,q) can be presented as the quotient
of the k-algebra k(y1,ys, -, ys) * k[x*'] by the following relations:

xxl o= xlz=1

TY; ¢y (1<i<s)
viy; = yyi  (1<i<j<s)

Y= yj.’j (1<i<j<s)

The following example is the simplest case of Definition 5.3.3.

Example 5.3.5. Let n = py = 1, p; = 2 and py = 3. Then the resulting Hopf algebra
B(1,1,2,3,q) is the quotient of the algebra k(yi, 3o, x*!) by the relations:

oy =y, T =T, e =Y, Y=Y
where ¢ is a primitive 6-th root of unity.

Lemma 5.3.6. With the above notation, the Hopf algebra B(1,1,n,m,q) is a factor Hopf
algebra of A(x™, y™).

Proof. Recall from the proof of Proposition 4.5.2(i) that the following hold
P(a,x)(j7n_j):0 and P(b,y)(jam_j)zo

for 1<j<n-1in k,(x,a*') and for 1 <j<m-11in k,,(y, b*') respectively. Now, if r and

s are primitive n-th and m-th roots of unity respectively, then
rmn: (Tn)m: (1)m: 1’ Smn: (Sm)n: (1)77,: 1
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Thus, primitive nth and mth roots of unity are also mnth roots of unity. Hence

P(a,x)(j7n_j):0 and P(b,y)(jvm_j)zo
in B(1,1,n,m,q) by Proposition 4.5.2(i). [

Note that even in the “smallest” case, (n,m) = (2,3), B(1,1,2,3,q) is a proper factor of
A(22,y3) - here, both algebras are finite over their centres, but A(z?2, y?) has GK-dimension
3 by Theorem 5.2.5 and B(1,1,2,3) is a domain of GK-dimension 2.

5.3.3 The nodal cubic

As stated in § 3.4 above, the starting point of this thesis was to check whether the
coordinate ring of the nodal cubic, y? = 22+ 23 is a quantum homogeneous space, following
the example of the cusp y? = x3. Since (n,m) = (2,3), the results of §§5.2,5.2.1 apply. The
presentation of A(x? + 23,4?) is the quotient of k(x,y,a*!,b*!) by the ideal generated by

the following relations:

2- 22443 @8 =12,

[l’,y] = [Qf,b] = [a'7y] = [aab] = 07
ax + va + ar? + rar + %4 =0,

CL2£IZ’ +ara + xa2 = (13 - CLQ,

yb+by = 0.

Recall from definition of the Hopf algebra A in [40]. Fix (¢,p) € k? satisfying p? = ¢* + ¢°.

Then the unital associative k-algebra A with generators x,y, a,a™!, b satisfying the relations

aact=alta=1, y? = 2%+ 2®, v =a®

ba = ab, ya = ay, bx = b, yxr = 1y, by = —yb + 2pb?
a’r = —(za® + ava +a®) + (1 +3q)a®

azr® = —(az + xa + v%a + zax) + (2 + 3¢)qa®

admits a Hopf algebra structure with a and b grouplike, and (x — qa) and (y — pb) (1,a)
and (1,b) skew-primitive respectively. Then the Hopf algebra A(x? + x3,4?) is precisely
the Hopf algebra A presented in [40], for the parameters p = ¢ = 0. As noted in [39, §2.3|,
the other values of p and ¢ yield isomorphic Hopf algebras. From the results of §5.2.1 we
see that A(z? + z3,9?) is an affine noetherian Hopf algebra of GK-dimension 3, which is
a finite module over its centre. It is AS-Gorenstein and GK-Cohen Macaulay of injective

dimension 3, but has infinite global dimension. The Hopf algebra constructed in [39] is
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a quotient Hopf algebra of A(x? + 23, y?) of GK-dimension 1 which still admits the nodal
cubic as a quantum homogeneous space, demonstrating that A(z? +z3,y?) is not minimal

with this property.

5.3.4 The lemniscate

The Lemniscate of Gerono is usually presented by the equation y? = 22 — z%. Applying
Lemma 5.3.1 with g = 1 and A\ a primitive 8 root of 1 in k, we can work with the
presentation

y? =2t + \22? (5.10)

of the lemniscate. The outcome is as follows, recalling that in §5.2.1 we defined (L4(a,z))

to denote the free subsemigroup of the free semigroup (a,x) generated by

{(az), (az?), (a®x)}.

Lemma 5.3.7. Let the lemniscate L be presented by the equation (5.10), so f(y) =y? and

g(x) = z* + N222.

1 e coordinate ring 15 a quantum homogeneous space in A(x* + N2z, y?), a
) Th dinate ring O(L) 1 tum h m A(z* + \222,y?

Hopf algebra with generators x,a*',y, b*! and relations

[a,b] = [2,y] = [a,y] = [x,b] = O,
by +yb=0, az® + zaz® + 2%ax + 23a + N} (2a + azx) = 0,

2

N2a? + a?2? + 2%a® + zaxa + ar’a + va’x + avaxr — N?a* = 0,

a*r + a’ra + axa® + xa® = 0.

(i) The algebra A(xz* + N2x2,y?) has PBW basis

{a"y (La(a,2))a’b? 11 € Lsy,s € Z,ej € {0,1},7 =1,2}.

(111) The algebra A(z* + XN222,y?) is not a domain and has infinite Gelfand-Kirillov and

global dimensions.

Proof. (i) Theorem 5.2.1.

(ii) The PBW basis is given by Theorem 5.2.3(iii)(a), noting that O(L) = k[z,y]/{y*—z*-
A222) is a free k[x]-module on the basis {1,y}.

(iii) The group-like element a=2b of A(x*+\2x2, y?) has order 2, so (a=2b-1)(a"2b+1) = 0 and

A(x*+ A %222, y?) is not a domain. By (ii), A(z*+A222,y?) contains the noncommutative free
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algebra k(L4(a,x)), and hence has infinite Gel’fand-Kirillov dimension by [41, Example
1.2]. Since the lemniscate has a singularity at the origin, gl.dim(A(z* + A222,y?)) = oo by
Theorem 5.2.5(v). O
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Chapter 6
Open Questions

In this chapter, we discuss open questions which arise from this thesis.

6.1 Questions about the Hopf algebra A(z,a,g)

Question 6.1.1. What is the centre of A(x,a,g) when deg(g) = 3¢ Can we use the
techniques used in [42] and [83] to find the centres of a down-up algebra to compute this ?

Question 6.1.2. When is the algebra A(x,a,qg) a domain?

Question 6.1.3. The Hopf algebra A(x,a,g) is a quotient of the Hopf algebra F'(t) defined
in |84]. In 84|, Zhuang proved that over a field of characteristic zero, a Hopf algebra H
which is a domain with 2 <GKdimH < co has a Hopf subalgebra of GKdim two. If we are
able to show that the central Hopf subalgebra k(g,a*') of A(x,a,g) has GKdim two, does
this mean we can prove in general that A(x,a,qg) has a Hopf algebra of GKdim two?

Question 6.1.4. Can we add additional relations to those used to define A(x,a,g) in
order to get rid of the free subalgebra we get when deg(g) > 47

Question 6.1.5. In defining the algebras A(z,a,g) and A(g, f), we used Manin’s approach
to get the universal Hopf algebra which contains the coordinate ring of a decomposable plane
curve defined by f(y) = g(x) as a right coideal subalgebra with the coproduct of x and y
given by

A(r)=1®a1+x®as, A(y)=10®b;+yQ bs.

The coassociativity constraint enabled us to find aq, as, by, by. It would be great to use
a similar approach to find a similar universal Hopf algebra which contains the coordinate
ring of a general plane curve defined by f(y) = g(x) as a right coideal subalgebra with the
coproduct of x and y given by

A(z) = erxz ®a;, A(y)= iyl ®b;
i=0 i=0
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with r,s > 2. This will provide a proof to the conjecture by Kraehmer and Tabiri in [40]

that all plane curves are quantum homogeneous spaces.

Question 6.1.6. What is the space of skew primitive elements of the Hopf algebras
A(z,a,g) and A(g, f)?

Question 6.1.7. When are the conditions for A(x,a,qg) and A(x,a,q") to be isomorphic
as algebras and Hopf algebras for arbitrary g and g'?

Question 6.1.8. Can we decompose A(x,a,q) as a smash or crossed products of well
studied algebras such as down-up algebras, quantum planes or the universal enveloping

algebra of a Lie algebra?

6.2 Questions about the Hopf algebra A(g, f)

Question 6.2.1. Is the Hopf algebra A(g, f) for the nodal cubic with g(z) =z + 23 and
f(y) =y% a domain? Can we prove in general that if both g(x) and f(y) are irreducible
and the ged(deg(g),deg(f)) =1, then A(g, f) is a domain?
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Appendix A

Computations

The PBW computations are as follows: In the following proofs, we will use the symbol
“ > "7 whenever we replace the monomial a/z"~7 with the right hand side of the defining
relations. Whenever we have a linear combination of irreducible words during the reduction
process, we will underline it. For instance, w@(r,n —t —r)v from Lemma 4.4.6 above is

irreducible so we write it as wQ(r,n -t —r)v. Recall Proposition 4.4.7 as follows.

Proposition A.0.2. Retain the notation of §2.10 and §4.4. Then the overlap ambiguities
(0j,05:,a",a?x™ 77t at)
are resolvable when
(i) t=1 andn >3;
(1)) t =2 and n > 4;
(1i) t=3 and n > 5.

We present here details of the proofs of the cases t =2 and t = 3 of Proposition 2.8.
(i) Let t =2 and n > 4. We use the following identities throughout the proofs:

P(r,s) = P(r-1,s-=1)xa+P(r-1,s-1)azx+ P(r-2,5)a*+ P(r,s-2)z* (A.1)
P(r,s) = xaP(r-1,s-1)+axP(r-1,s-1)+a*P(r-2,8) +2*P(r,s-2), (A.2)
P(r,s) = zP(r-1,s=1)a+aP(r-1,s-1)z+aP(r-2,s)a+xzP(r,s—2)x. (A.3)

We resolve the ambiguities in three cases.

(a) The ambiguity arises from the two routes to resolve the word
a’wy = a*(ax™) = (a®2"?)2? = wya?
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in the free algebra k(a,x) using the relations o7 and o3. Considering first oy, use (A.1) to

write it as

n-1 n-1
wy =az"t > =Y ri(P(0,i-2)ax + P(0,i-2)za) + Y r;P(1,i-3)z’+

=2

Q(1,n-3)x*+ P(0,n-2)azx + P(0,n - 2)za +ria) +ra”

n n—-1
= -3 ri(P(0,i-2)ax + P(0,i—2)za) + Y r;P(1,i—-3)2> + Q(1,n - 3)a” + r1a) + ria”.
i=3

=2

Premultiply this by a?, and use Lemmas 2.6 and 2.7 to separate reducible and irreducible

words, yielding

n n—1
a*wi = —((Y_ri(a®P(0,i-2)azx + a*P(0,i - 2)za) + Y r;a®P(1,i - 3)z°+ ()

=2 =3

a’*Q(1,n - 3)ax +ria®) +ria™?

The following words in («) of length n + 2 are reducible:

—a*z" %azx and -a’r" *xa.

Using (A.2), we write oy as

n—1

n-1
—a?r" 2 Zrz(xaP(l i—-3)+axP(1,i-3))+ Zn *P(2,i-4)+ Y r;a°P(0,i-2)
- i=2 -

+xaP(1,n-3) +arP(1,n-3) +22P(2,n - 4) — r9a™

=i (zaP(1,i-3)+azrP(1,i-3))+ Zn 2p(2i-4)+ 3 1P (0,1 2) - raa”.

1=2

Post multiplying this by ax and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

—a*z"Pax - Y ri(zaP(1,i-3)az + axP(1,i - 3)ax) + Y riaz’P(2,i - 4)az+  (B)
=3 i=4

Z ria”P(0,i - 2)ax — roaza™

Similarly, post multiplying the relation for —a?x2"=2 above with za and using Lemmas 2.6

and 2.7 to separate reducible and irreducible words, yields

—a*z"*za > Y ri(zaP(1,i-3)za+axP(1,i-3)za) + Y rx*P(2,i-4)za+ (1)
i=3 i=4
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n-1
Y ria®P(0,i - 2)za — roza™!.
i=2

To reduce xa?z™2a, note first that using (A.3), the left hand side of o5 is written as

n-1 n-1 n-l1
a*z"? > (Y aP(0,i=2)a+ Y ri(zP(l,i-3)a+aP(1,i-3)z) + )" aP(2,i-4)x
=2" =3 =4

+rP(1,n-3)a+aQ(1,n-3)r+xP(2,n-4)x +aP(0,n-2)a) +rya”.

n n-1 n
=-(>2aP(0,i-2)a+ Y ri(xP(1,i-3)a+aP(1,i-3)x)+ > xP(2,i-4)x
=2- =3 =4

+rP(1,n-3)a+aQ(1,n-3)x) +rya”.

Pre and post multiplying this by = and a respectively and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yields

n n—-1
za’z"2a - —() zaP(0,i-2)a® + > ri(x*P(1,i- 3)a* + zaP(1,i - 3)za)+  (7)
i=2 i=3

Y 2?P(2,i-4)za+2*P(1,n-3)a® + zaQ(1,n - 3)za) + roxa™ .
i

Thus, the reduction process ends here. Substituting (8), (7) and () into («) and
simplifying yields

a’w, - (Z ri(zxaP(1,i-3)ax + axP(1,i - 3)ax + axP(1,n - 3)xa)+ (x)
i3

n n n-1
Y ra?P(2,i—4)ax +ra™?) - (Y rizaP(0,i-2)a® + Y r;a®P(i,i - 3)a”
i=4 i=2 i=3

+y rix?P(1,i - 3)a® + a®Q(1,n - 3)a® + r1a® + roaza™).
i3

Turning now to wsx?, using (A.2) to write the right hand side of o3 yields

n-1 n-1
wy > =(Y ra®P(1,i-3) +a’Q(1,n-3) + Y ri(zaP(2,i—4) + axP(2,i-4))+
i=4

=3

n-1
zaP(2,n—-4) +azP(2,n—-4)+ > ria®P(3,i-5) + 2 P(3,n - 5)) + r3a”
i=5

n—1 n
==(Y ria?P(1,i-3) +a?Q(1,n - 3) + Y ri(xaP(2,i - 4) + axP(2,i - 4))+
=3 i=4

ZrixQP(iB,i -5)) +rza”.

=5
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When we post multiply this by 22 and use Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, this yields

n—1 n
wsz® — —(>. ria*P(1,i - 3)2” + a*Q(1,n - 3)x” + > ri(zaP(2,i-4)z* (a)
i=3 i=4

+axP(2,i-4)2%) + Y ra®P(3,i-5)2?) + r3z’a”.

=5

We get the following reducible words of length n + 2 from (a'):

raa’x" 2,  azva®x™?, x?adz™3

from zaP(2,n - 4)x?, axrP(2,n —4)x? and 22P(3,n — 5)a? respectively. Using (A.1), the
right hand side of o5 is written as

n-1

"2 (Zrz (0,7 -2)a? +ZTZ(P11—3)CLZL‘+P(1 i—3)xa)+ Z’I’ZP(Q i—4)z?

+Q(2,n-4)z* + P(0,n-2)a® + P(1,n - 3)ax + P(1,n - 3)za) + rya™

—(ZTZP(O i-2)a +ZT1(P(1 i—3 )ax+P(1,i—3)xa)+7§7’iP(2,i—4)x2
=4 -
+Q(2,n - 4)x?) + rea™.

Pre multiplying this by za and ax and using Lemmas 2.6 and 2.7 to separate reducible

and irreducible words, yields

—zaa’z"? » () riwaP(0,i - 2)a® + Y ri(zaP(1,i - 3)ax + xzaP(1,i - 3)za)+ (8"
i=2 i=3

n-1
Y riwaP(2,i-4)2” + zaQ(2,n - 4)x?) - roza™!

i=4

and

—aza’s"? - (3 raxP(0,i-2)a® + Y ri(axP(1,i- 3)ax + axP(1,i - 3)za)+ (v)
i=2 =3

n—1

Y riaxP (2,0 - 4)2” + axQ(2,n - 4)x?) - roaza”
i=4

respectively. Recall from () above that the reducible word xa?xz"2a is given by,

n-1 n
za’z"a - —() ri(z®P(1,i-3)a® + xaP(1,i-3)za) + Y 2°P(2,i-4)za+ (1)
i=3 i=4

100



Y zaP(0,i-2)a® + 2*P(1,n - 3)a* + zaQ(1,n - 3)za) + roza™.

1=2

Turning now to the reducible word ax™ 'a? in ('), using (A.1), the right hand side of

o1 is written as

[y

n— n-1
az" ' > =(>. ri(axP(0,i-2) + 2aP(0,i-2)) + xaP(0,n - 2) + Y r;az>P(1,i - 3)+

i=2 1=3

2?P(1,n~-3) +ra) +ra”

so that

n—1
az"a® - =() ri(axP(0,i - 2)a® + zaP(0,i - 2)a®) + zaP(0,n - 2)a’+ (1)
i=2

n
Y ra®P(1,i - 3)a® + ra®) + ria™.
o

Using (A.1), the right hand side of o3 becomes,

n-1 n-1 n-l
a*z" % > —(Y i P(Li-3)a*+ Y ri(P(2,i - 4)ax + P(2,i - 4)za) + Y. r,P(3,i - 5)a?
=1 = =5

+Q(3,n-5)z*+ P(1,n-3)a® + P(2,n - 4)ax + P(2,n - 4)za + r3a®) + r3a™

n—1

=-(>.rP(1,i-3)a® + Y ri(P(2,i-4)ax + P(2,i - 4)za) + > 1, P(3,i-5)z?
=4 - =4 =5 -

+Q(3,n-5)2% +r3a®) + rsa”.

Premultiplying this by 22 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

—2?a®2"? > (D) ra?P(1,i-3)a® + ) ri(a?P(2,i - 4)ax + 2* P(2,i — 4)za)+ (X"
i=4 i=4

n-1
Y ria?P(3,i-5)x* + 2°Q(3,n - 5)x® + r3z’a®) + rsz’a”.
i=5

Thus, the reduction process ends here. Substituting (5'), (7/), (7', (7') and (x’) into (o)
and simplifying yields

w3z® > (Y ri(zaP(1,i-3)ax + azP(1,i-3)ax + axP(1,n - 3)za)+ (')
i=3

n n n-1
Y ra?P(2,i - 4)ax +ra™?) - (Y rizaP(0,i-2)a® + Y r;a®P(i,i - 3)a®
i=2 =3

1=4
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+y rix?P(1,i - 3)a® + a®Q(1,n - 3)a® + r1a® + roaza™).
i3

Comparing («) and ('), we conclude that the overlap ambiguity {wy,ws} is resolvable.

(b) Let j = n-3, and consider the overlap ambiguity {w,_3,wn-1}. We may assume without
loss of generality that n > 5 since we have dealt with 1 =4 -3 in Proposition 2.8(i). Using
(A.1), we write the right hand side of 7,3 as

n-1 n-1
Wn-g = —( Z riP(n-5,i—(n-3))a*+ Z ri(P(n-4,i—(n-2))za+
i=n—3 i=n-2

P(n-4,i-(n-2))az) +r,.1P(n-3,0)2* + Q(n-3,1)2* + P(n->5,3)a*+

P(n-4,2)xa+ P(n-4,2)ax) +r,_za”™

n

=—( zn: riP(n-5,i—(n-3))a*+ Z ri(P(n—4,i-(n-2))ra+

i=n—3 i=n—2

Pn-4,i-(n-2))az) +r,1P(n-3,0)2*+Q(n-3,1)z?) +r, 3a"

Thus, premultiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible
and irreducible words, yields

n

Py = —( S ma®P(n—5,i—(n-3))a®+ 3 r(@P(n—d,i- (n-2))zar (1)

=n—3 i=n—2

a*P(n—-4,i-(n-2))ax) +r,.1a*P(n-3,0)2* + a*Q(n - 3,1)2?) + r,,_3a™*2,

The reducible words of length n + 2 above are :

a"3z3a?, a" %2?az, a" %z2za,

from a?P(n->5,3)a?, a®?P(n -4,2)ax and a?P(n —4,2)xa respectively.
Using (A.2), we write the right hand side of o,,_3 as

n-1 n-1
a"P1? > —( Y ria®P(n-5,i-(n-3))+ > ri(azP(n-4,i-(n-2))+
i=n-3 1=n—-2

raP(n-4,i—(n-2))) +r,12°P(n-3,0) +a*Q(n-5,3) + avP(n —4,2)+

vaP(n-4,2) +2*P(n-3,1)) +r,_3a"

:_(ni ria*P(n->5,i—(n-3))+ zn: ri(axP(n—-4,i—(n-2))+

1=n—-3 i=n—2

waP(n—4i-(n-2))+ Y ra®P(n-3.i (n-1))+a*Q(n53)) + rnsa”

i=n—1
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Post multiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

e (Y ratP(n-5,i-(n=3))a*+ 3 ri(arP(n-4,i- (n-2))a*+ (1)

i=n—-3 1=n-2

zaP(n-4,i-(n-2))a®)+ > ra*P(n-3,i-(n-1))a’>+a*Q(n-5,3)a®) - rp_sa"*>.

1=n—1

Similarly, using (A.2), the right hand side of ¢,,_5 becomes

n-1
a"?z* > —( Y ria®P(n-4,i-(n-2)) +r1(zaP(n-3,i- (n-1))+

i=n—2

arP(n-3,i—-(n-1)))+zaP(n-3,1) +axP(n-3,1) +2*°P(n-2,0)+

a’Q(n—-4,2)) +r,_0a™.
Thus, post multiplying this by az and xa and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—a”_2x2ax—>(nz_: ria*P(n—4,i—(n-2))ax + zn: ri(zaP(n-3,i-(n-1))ax (III)

1=n—2 i=n—1

+arP(n-3,i-(n-1))ax) +2*P(n-2,0)ax + a®*Q(n - 4,2ax)) - r,_saza™.

and

—a"z*ra - ( nz_: ria’P(n—-4,i—(n-2))ra+ zn: ri(zaP(n-3,i—-(n-1))za (IV)

i=n-2 i=n-1

+axP(n-3,i-(n-1))za) +2*P(n-2,0)xra+a’*Q(n - 4,2)ra) - r,_sxa™"

respectively. Turning now to the reducible word xz2a™ 'z, using (A.1), the right hand side

of 0,,-1 becomes

a"tr > - (P(n -2,0)za+ P(n-3,1)a* + Tn_la”_1> +Tpoa”

Premultiplying this by 22 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

2?a"tr > - (xQP(n -2,0)za+2*P(n-3,1)a* + 1,4 2a”‘l) + 7y 2%a”. (V)

Returning to (IV), the reducible word za"222a € xaP(n-3,1)za is reduced as follows.
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We use (A.3) to write the right hand side of 0,5 as

n-1
a"?x* > —( ), riaP(n-4,i-(n-2))a+7r,1(aP(n-3,0)z+zP(n-3,0)a)

1=n—2

+xP(n-2,0)x+aQ(n-3,1)x+aP(n-4,2)a+xP(n-3,1)a) +r,_2a".

=—( i riaP(n-4,i-(n-2))a+r,1al(n-3,0)x+ i rizP(n-3,i-(n-1))a

i=n—2 i=n—1

+rP(n-2,0)z+aQ(n-3,1)x) +r,-00a".

Therefore, pre and post multiplying this by x and a respectively and using Lemmas 2.6

and 2.7 to separate reducible and irreducible words, yields

za"*z*a - -( Y. rwaP(n-4,i-(n-2))a® +r,.1zaP(n - 3,0)za+ (VI)

i=n—2

Y ra®P(n-3,i-(n-1))a*+2*P(n-2,0)za+zaQ(n - 3,1)za) + r,oza™’.

i=n—1
Thus, the reduction process stops here and we get the following after assembling (I), (II),
(ITI), (IV), (V), (VI) and simplifying yields:

a’w,_3 = ( i ri(zaP(n-3,i—(n-1))ax +axP(n-3,i—(n-1))ax+ (T)

i=n—1

arP(n-3,i-(n-1))za)+ Y razP(n-4,i-(n-2))a’+r,12°a") - (ry_saza”+

i=n—2

rno1@®P(n—3,0)2% + a’Q(n - 3,1)a* + 2°P(n—2,0)za+ Y ra?P(n-3,i-(n-1))a’).

i=n—1

Now, consider the alternate grouping of the overlap ambiguity, given by w,_12? =

(anlz)z?. Using (A.2), the words on the right hand side of 0, are written as

W1 _>_( Q(n-3,1) +axP(n-2,0) + zaP(n-2,0) +r,_1a"* )+7~n a”.

Postmultiplying this by z? and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

Wn 1% = — (aQQ(n -3,1)2% + axP(n-2,0)2? + zaP(n -2,0)2? + rn_la"_la:Q) (a)

1,1 xla”.
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The reducible words of length n + 2 above are

axa™?x? and xaa" 222,

Using (A.1), the right hand side of ¢, becomes

a"2x? - —( zn: ri(P(n—4,i—- (n-2))a*+P(n-3,i— (n-1))za)

1=n—1

+P(n-3,i-(n-1))az +r,-2a""2) +r,_2a"

Premultiplying this by ax and xa gives

—ara™?z? - ( i ri(axP(n—4,i-(n-2))a*+arP(n-3,i—(n-1))ra+ (b)

i=n—1

arP(n-3,i—(n-1))ax) + r,_saxa™?) - r,_saxa™

and

—raa"*r?* - ( i ri(xaP(n—-4,i-(n-2))a*>+xaP(n-3,i-(n-1))za+ (¢)

1=n—1

zvaP(n-3,i-(n-1))az) +ry_sxa™?') +r,_sza™!

respectively. The reducible word xa"2z2a is given by (V' I). Thus, the reduction process
ends here and assembling (a), (b), (¢) and (VI), we obtain

wn12% = ( Zn: ri(xaP(n-3,i-(n-1))ax+axP(n-3,i-(n-1))ax+ (T7)

i=n—1

arP(n-3,i-(n-1))za)+ Y, razP(n—-4,i-(n-2))a®+r,12°a") - (r,-oaza’+

i=n—2

rn1a?P(n=3,0)2% +a®Q(n - 3,1)2* + 2*P(n-2,0)za+ Y rz*P(n-3,i-(n-1))a?).

i=n—1

Therefore, comparing (') and (I'), we conclude that the overlap ambiguity {w,, 3, w, 1}

is resolvable.

(c) Suppose now that 1 < j < n-3, so that n > 6. Consider the overlap ambiguity {w;,w;.2}.
We use (A.1) to write the right hand side of o; as

n-1 n-1
wi = =(NriPG-2i-j)a*+ ¥ (PG -1i-j-Daz+ P(j-1,i-j- 1):1:a)+
i=j i=j+1
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n—-1
Y P(ji-j-2)2"Q(j,n—j-2)a®+P(j-2,n-j)a®+P(j-1,n-j-1)az

i=7+2

+P(j-1,n—-j-1)za)+r;a"

:—(zn:riP(j—Q,z'—j)a2+ i ri(P(j—l,z'—j—1)ax+P(j—1,i—j—1):m)+

i=j i=j+1
n-1
Y P(ji-j-2)2+Q(j,n—j-2)2%) +r;a"
i=7+2

Premultiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible and irreducible

words yields,

a’w; - —(ZriaQP(j -2,i—-7j)a*+ Z ri(a*P(j-1,i-j-1)ax+ (1)
i=j i=j+1
n—1
a*P(j-1,i-j-1)za)+ Y, a®P(ji-j-2)2"+a*Q(j,n—j—2)z?) +r;a""
i=j+2

We have the following reducible words of length n + 2 from (p):
a? eI ax, o a2 xa, ol 2" a? (M)

from a?P(j-1,n-j—-1)ax, a®>P(j-1,n-j-1)xa and a®> P(j -2,n - j)a? respectively. The
word a/*tani~lxa is (a/* 12" Y)za and a(a/z"7)a. So it involves an overlap ambiguity,
but for ¢ = 1 and this overlap ambiguity has been resolved in (3) and (4). Thus, we using

the route (a/*1x"7-1)xa will lead to the same result.

We treat the reducible words in (M) in turn, starting with the following: a/*'z"~-tax

and a’*tz"lza. Expand o, using (A.2) as

n—1

@I 5 (Y @PP(j-1i-j-1)+a®Q(j - 1,n—-j-1)+
i=j+1

n—1
> ri(axp(j,i—j—Q)+9caP(j,z'—j—2))+axP(j,n—j—2)+xaP(j,n—j—2)+
i=7+2

n—1

>, #*P(j+1,i-j=3)+a*P(j+1,n-3j-3))+rja"

i=j+3

n—1
=—( Y a®P(j-1,i-j-1)+a’Q(j-1,n-j-1)+

i=j+1

n

D ri(axP(j,i—j—2)+xaP(j,i—j—2))+ S 22P(j+1,i-j-3))+rjd"

i=j+2 i=j+3

Thus, post multiplying this by ar and za and using Lemmas 2.6 and 2.7 to separate

106



reducible and irreducible words yields,

n—-1
_aj"'lx"_j_lag; — ( Z CLQP(j - 1,2 —j - 1)(1[[‘ + GQQ(j - 17” _j - ]_)(I.ZU+ (C«))

i=j+1

n

) + > @?P(j+1,i-j-3)ax) - rjiaza”

Z r; (axP(j,z'—j -2)ax +xaP(j,i-j-2)ax

i=j12 i=j+3
and .
~aa" I ga —» () A?P(j-1,i-j-Dra+ad*Q(j - 1,n - j - 1za+ (C)
i=j+1

n
xan+1

Z Ti<axP(j,i—j—2)1a+xaP(j,i—j—2)xa)+ Z 2?P(j+1,i—-7-3)za) - rjza™!

i=j+3

=542
respectively. Turning now to the reduction of za/*'z"7-la in ({), use (A.3) to expand

Oj+1 a8

n-1 n-1
"I 5 (Y raP(j-1i-j-1)a+aP(j-1,n-j-1)a+ > raP(j,i-j-2)z+

i=j+1 i=j+2
n—1 n
aQ(j,n—-j-2)x+ Y raP(ji-j-2)a+xzP(jn—-j-2)a+ Y ragP(j+1,i-j-3)x
i=j+2 i=j+3

+$P(] + 1,n —j - 3).T) + ’r’jﬂa_"

n n—1
(> raP(j-1lyi-j-1a+ Y raP(ji-j-2)x+aQ(j,n-j-2)z

i=7+2

i=j+1

+ Y raP(ji-j-2)a+ Y raP(j+1,i-j-3)x)+raa

i=j+3

=742
Pre and post multiplying this by x and a respectively and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words yields,

(NV)

n n—1
ra? " g —» —( Z rixaP(j-1,i—j-1)a*+ Z rizaP(j,i—j-2)ra+
i=7+2

i=j+1

zaQ(j,n-j-2)ra+ Z ri?P(j,i—j—2)a*+ Z ria®P(j+1,i—j - 3)za) + rjza™.

i=j+3

i=j+2
Turning now to the reducible word a’/z"7a?, the third reducible term in (M), use (A.2)

to expand o; as
n-1

n—1
ajx"_je—(z ria’P(j-2,i-j)+a*Q(j -2,n—j) + Z ri(axP(j-1,i-j5-1)+
=

i=j+1

zaP(j-1,i-j-1))+axP(j-1,n-j-1)+xzaP(j-1,n-7-1)+
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n—1
Z rixQP(j,i—j—2)+x2P(j,n—j_2))+rj£

i=7+2

n

= _(niria?P(j -2,i-j)+a*Q(j-2,n-j)+ Y ri(axP(j-1,i-j-1)

i=j i=j+1

+xaP(j-1i-j-1))+ > ra®P(ji—j—2))+ra".

i=j+2

Thus, post multiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible and
irreducible words yields,

n-1 n
~a’2"a’ - (Y. ria®P(j-2,i-j)a® +a*Q(j - 2,n—j)a*+ Y ri(axP(j-1,i—-j-1)a’
= i=j+1

) (P)
+zaP(j-1,i-j-1)a®)+ Y ra®P(ji-j-2)a?) - r;a"*™>.

i=j+2

Hence, the reduction process ends here and assembling (1), (M), (w), (¢), (IV), and (P),

we obtain

n

a2wj - ( Z riaxP(j-1,i—j-1)a*+ Z ri(xaP(j,i—j-2)ax+axP(j,i—j-2)ax (Q)

i=j+1 i=j+2
n n-1
+azP(j,i—j-2)za)+ Y, r@®P(j+1,i-j-3)ax) - (Y, ra®P(j,i—j-3)z’+
i=7+3 i=7+2

a*Q(j,n—j—2)z* +rjaza”)

Turning now to the other half of the overlap ambiguity, use (A.2) to expand o;., as

n-1 n-1
wivg = —=( ), 1a®P(Ji—j-2)+a’Q(,n-j-2)+ Y ri(axP(j+1,i-j-3)+
i=7+2 i=7+3

raP(j+1,i-7-3))+axP(j+1,n-j7-3)+xaP(j+1,n-7j-3)+

n-1
Z Ti$2p(j+2,i—j—4)+-T2P(j+27n_j_4))+7ﬂj+2an

i=j+4

n—1 n
:_( Z TiGQP(jai_j_Q)+a2Q(jan_j_2)+ Z Ti(GZ'P(j+1,i—j—3)+

i=7+2 i=7+3

zaP(j+1,i-j-3))+ > ra?P(j+2,i—j—4))+ 100"

i=j+4

Thus, post multiplying this by 2?2 and using Lemmas 2.6 and 2.7 to separate reducible and
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irreducible words yields,

n-1 n
wipex® = =( Y. riad®P(ji—j-2)x*+a’Q(j,n - j - 2)a*+ Y ri(axP(j+1,i-j-3)z* (R)

1=J+2 i=j+3

+zaP(j+1,i-j-3)2?)+ > rag®P(j+2,i—j—4)2?) + rj0a"a’.

i=j+4

The reducible words in (R) of length n + 2 are

raa T aga eI, g2ai 202
which belong to zaP(j+1,n—j-3)x% axP(j+1,n—j—-3)x? and 22P(j +2,n—j—4)z?
respectively. The word zaa/*ta"=771 is za(a/*taz"771) and z(a/*227772)z. So it involves
an overlap ambiguity, but for ¢t = 1 and this overlap ambiguity has been resolved in (3)

and (4).

To deal with the first two reducible words, first, use (A.1) to expand 0,1 as

n—1 n—1
I > (Y i P(j-1i-j-1)a?+ P(j-1,n-j-1)a®+ > ri(P(j,i-j—2)ax+
i=j+1 =742

n-1
P(j,i-j-2)za)+P(j,n-j-2)ax+P(jn-j-2)za+ Yy P(j+1,i-j-3)z?

i=j+3

QU+1,n-j-3)2*) +rja”

- (Y PG -Li-j-Da®+ Y ri(PGon—j - 2)az+ P(j,n—j - 2)xa) +

i=7+1 1=7+2
n—1
Y P(j+1,i-j-3)2*+Q(j +1,n-j-3)x?) +rja"
i=j+3

Thus, premultiplying this xa and az and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words yield,

n

—zad ' x" I > (Y rraP(j-1,i-j-1)a’+ Y ri(zaP(j,n-j-2)ax+  (S)

=11 =12
n—1

xaP(j,n—-7j-2)ra)+ Z zaP(j+1,i—7-3)2* +2aQ(j + 1,n - j - 3)2?) - rjy1za™
i=j+3

and

—axd " > (Y raxP(j-1,i—-j-1)a>+ Y ri(axP(j,n—-j-2)ax+ (1)

i=j+1 i=j+2
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n—1
arP(j,n-j-2)za)+ Y axP(j+1,i-j-3)2”+azQ(j+1,n-j-3)a?) - rjaza”
i=j+3

respectively. The reduction of xa/*'z"~7-1q to irreducible words is given in (N). To reduce
x2ai 2272 first, use (A.1) to expand 0}, as
n—1 n

@I > (N riP(ji—j-2)a® + P(j,n-j-2)a*+ > ri(P(j+1,i-j-3)ax+

i=j+2 i=j+3

P(j+1,i-j-3)xa)+P(j+1,n-j-3)ax+P(j+1,n-j-3)xa+

n-1

> P +2,i-j =42+ Q(jn - j - D)a?) + rja”

i=j+4

n

=—( ), rP@i-j-2)a*+ ). ri(P(j+1,i—j—3)ax+P(j+1,i—j—3)xa)+

1=7+2 i=7+3
n-1
Z TZP(] +2ai_j _4)$2 + Q(]vn_] —4)1‘2) +Tj+2a_n-
i=7+4

Thus, premultiplying this by z? and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words yields,

n

~?d "I 5 (Y @ P(ji-j-2)a*+ Y. ri(a®P(j+1,i-j-3)az+  (U)

1=7+2 1=7+3
n—1
2?P(j+1,i-j=3)wa)+ Y ria’P(j+2,i—j-4)a* +2?Q(j,n ~ j - 4)2°) + rj0x’a”.
i=j+4

Thus, the reduction process ends here and when we assemble (R), (S), (T'), (N) and (U),

we obtain

wirex® > (Y. raxP(j-1,i-j-1)a*+ Y ri(zaP(j,i-j-2)ax+ (V)

i=j+1 1=J+2

arxP(j,i-7-2)ax +axP(j,i—j—-2)xa)+ Z ria?P(j+1,i-7-3)ax)

i=j+3

n—-1
~( 2 ma®P(jii=j = 2)a" +a*Q(j,n - j - 2)a® +rjazd”).

1=7+2

Comparing (@) and (V'), we conclude that the overlap ambiguity {w;,w;.2} is resolvable
for all j with 1 < j <n—3. Thus, Proposition 2.8(ii) follows from cases (a), (b) and (c).

(iii) We get an ambiguity from the two routes to resolve the word

a*wj=a*(a’z" ) = (a7 ) ad = wyar?
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in the free algebra k(a, x) using the relations o; and ;.3 for 1 < j <n—-4. Throughout the

proofs, we use the following identities:
P(r,s) = P(r-3,s)a®+P(r-2,s-1)(a*r+aza+za®)+ P(r-1,5-2)(ax* +zaz+ra) (A.4)

+P(r,s-3)2?,

P(r,s) =a*P(r-3,s)+(a*r+aza+ra®)P(r-2,s-1)+(ax®* +zar+z*a) P(r-1,5-2) (A.5)

+2°P(r,s - 3),

P(r,s) = (1‘2P(7“ -1,8s-2)+axP(r-2,s-1)+zaP(r-2,s-1) +a*P(r - 3,3)) a+
(A.6)
(1:2P(7’,3 -3)+arP(r-1,5-2)+xaP(r-1,5s-2)+a’*P(r-2,5- 1)) T

P(r,s)=a(P(r-1,s-2)z*+ P(r-2,s- Dax + P(r-2,s - 1)za+ P(r - 3,s)a*) +
(A7)
z(P(r,s-3)2?+ P(r-1,s-2)az + P(r-1,s-2)za+ P(r-2,s - 1)a?).

We resolve the ambiguities in four cases.

(a) Let 7 =1 and consider the overlap ambiguity {wi,ws}. Use (A.4) to expand oy as

n-1
w; = =Y riP(0,i-3)(z%a + zaz + az®) + P(0,n - 3)(z%a + zax + az?)
i=3

n-1
+Q(1,n-4)2® + > rP(1,i - 4)z® + roP(1,1) + r1a) + r1a”
- =

n n-1
=-(>.riP(0,i-3)(2%a+zax +az®) + . 1 P(1,i-4)z® + Q(1,n - 4)a® + roP(1,1)
i=3 i=4

+ria) + ra”.

Thus, premultiplying this by a3 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n n—-1
aPwy > =() 1:a*P(0,i - 3)(2%a + zax + az®) + Y r;a® P(1,i - 4)2°+ (A.8)
i=3 i=4

a®Q(1,n - 4)x3 +rea®P(1,1) + r1at) + r1a"™*.
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The following words in (A.8) of length n + 3 are reducible:

We first reduce a3z"1a as follows. Use (A.5) to expand o3 as

n-1 n-1

a*z" 7 > (Y ria®P(0,i-3) + Y ri(wa® + axa + a’x) P(1,i - 4)+
e
n-1

(za® + aza+a’x)P(1,n—-4) + > ri(z*a+zaz + az®)P(2,i - 5)+
i=5

n-1
(#%a+zax +az?)P(2,n-5) + Y rz®P(3,i-6)) + 2°P(3,n - 6)) + r3a”
i=6

n—1 n
=—(Y ria®P(0,i-3) + > ri(za® + ava + a®x) P(1,i - 4)+
s A

Zri(xga +xaz +ax®)P(2,i-5) + Z ra®P(3,i-6)) +rsa”
=6

=5 L=

Post multiplying this by x2a, xax and az?, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yields

n—-1 n
—a*z"a > (Y. ra®P(0,i - 3)z*a+ ) ri(xa® + aza+ a’x) P(1,i - 4)za+ (A.9)
i=3 i=4

Y ri(@?a + zax + ar®)P(2,i - 5)z%a+ Y rig® P(3,i - 6)z%a) - rsz’a™",

i=5 i=6
n—1 n
—a*z"2ax - (Y. ra®P(0,i - 3)zaz + Y ri(za® + ava + a®x) P(1,i - 4)zaz+  (A.10)
i=3 i=4
ri(z?a+ zax + ax®)P(2,i - 5)zax + y ,r;z* P(3,1 - 6)zaz) - rszaza”
=5 i=6

and

n-1 n
-a*2"Paz® - (Y riad®P(0,i - 3)aa® + > ri(za® + ava + a’x) P(1,i - 4)az®+  (A.11)
i=3 i=4

ri(z?a+zax + ax®)P(2,i - 5)ax® + Y rix® P(3,i - 6)ax®) - rsaz’a”
=5 i=6

respectively. The reducible words in (A.9)-(A.11) of length n + 3 are as follows:

1. axa?x™2%a € axaP(1,n-4)x2a,
2. x%a3x™3a € x2aP(2,n - 5)x2a,
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3. xadx"3xa € xa’?P(1,n-4)z2a,
4. zadaxn3ax € xa?P(1,n-4)zaz.

Turning now to reduce aza?z™2a, use (A.7) to expand oy as

n—1
a’z"? > —( Y ri(aP(0,i - 3)ax + aP(0,i - 3)za+xP(0,i - 3)a®) + aP(0,n - 3)az+
=3

n—-1
aP(0,n-3)za+zP(0,n-3)a*>+ > raP(l,i-4)z* +aQ(1,n-4)z°+

i=4
n-1
Y ri(@P(1,i-4)ax +2P(1,i-4)za) + tP(1,n - 4)az + xP(1,n - 4)za+
i=4

n-1
Y riwP(2,i-5)2” + xP(2,n - 5)2° + r9a®) + r2a”
i=5

n n—1
= =D ri(aP(0,i-3)azx + aP(0,i - 3)za+zP(0,i-3)a®) + Y raP(1,i-4)x*+
i=3 =

aQ(l,n-4)2* + > ri(zP(1,i-4)ax + xP(1,i - 4)za) + Y rxP(2,i-5)z’+
i s

r9a®) + 70"
Pre and postmultiply this by ax and a respectively and use Lemmas 2.6 and 2.7 to separate

reducible and irreducible words to get

aza’z"*a - —(>_ri(azaP(0,i - 3)aza + azaP(0,i - 3)za® + az®P(0,i - 3)a’)+ (A.12)
i=3

n—1 n

Y riazaP(1,i-4)z%a + azaQ(1l,n - 4)z’a+ Y ri(az’P(1,i - 4)aza+
i=4 1=4

ax’P(1,i-4)za®) + ) riax®P(2,i-5)x’a + ryaxa®) + roazxa™ .
i=5

The only reducible word above is ax"1a? € az? P(0,n—3)a3. To reduce az" a3, use (A.5)

to expand o7 as

n-1 n-1
az" ' > -(Y. r®P(li-4) + 2 P(1,n - 4) + Y ri(z?a + zax + ax®) P(0,i - 3)
i i=3

+7“2P(1, 1) + Tlg) + 7"1(1_”

n n-1
=-(Ora®P(1,i-4) + Y ri(a’a+zax + ax®) P(0,i - 3) + 1o P(1,1) + ra) + ria”.

i=4 =3

Post multiplying this by @® and using Lemmas 2.6 and 2.7 to separate reducible and
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irreducible words, yields

n—1

—az" '@ - (O i P(1,i-4)a® + ) ri(aa + zax + az®) P(0,i - 3)a® (A.13)
i=4 i=3

+roP(1,1)a® + riat) — ria™.

Turning now to the reduction of xa3x"3ax and xa3x"3xa, use (A.6) to expand o3 as

n—-1 n-1
@’z — —(Y ra® P(0,i - 3)a+a*P(0,n = 3)a+ Y ria”P(1,i -4z +a*Q(1,n - 4)x
=3 =4

n—1
+ > ri(azP(1,i-4)a+zaP(1l,i-4)a) + azP(1,n - 4)a +zaP(1,n - 4)a+

i=4

n-1
Y ri(@®P(2,i-5)a+zaP(2,i-5)x +arP(2,i-5)x) + z>P(2,n - 5)a+
i=5

n-1
zaP(2,n-5)z +axP(2,n-5)x+ > ra’P(3,i—6)x +2*P(3,n—-6)z) + rsa”
i=6

n n-1 n
=-(>_ra*P(0,i-3)a+ Y ria®P(li-4)z+a?Q(1,n-4)z + Y ri(azP(l,i-4)a
=3 T -4 -

+xaP(1,i-4)a) + Y ri(x*P(2,i-5)a+xaP(2,i-5)x +arP(2,i-5)x)+

i=5
Y ra*P(3,i-6)x) +rya”.
-6

Thus, premultiplying this by = and post multiplying by ax and za and using Lemmas 2.6

and 2.7 to separate reducible and irreducible words, yield

n n-1
ra’s"Bax - - () rixa®P(0,i - 3)a’z + Y riwa®P(1,i - 4)zax + za®Q(1,n — 4)zaz+
=3 i=4
(A.14)
Y ri(zazP(1,i - 4)a’x + 2*aP(1,i - 4)a’z) + > ri(z*P(2,i - 5)a’z + v°aP(2,i - 5)zax
i=4 i=5
+zarP(2,i-5)zax) + Yz’ P(3,i - 6)zax) + rszaza”.
i=6
and

n n-1
za’s"Pra — —() rixa®P(0,i - 3)aza+ Y rxa®P(1,i - 4)z’a + xa®Q(1,n - 4)z’a+
1=3 1=4
(A.15)

ri(raxP(1,i-4)aza+ 2%aP(1,i - 4)axa) + Y ri(z3P(2,i-5)ava + 2*aP(2,i - 5)z%a

n n
i=4 1=5
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+zaxP(2,i-5)z%a) + Y rig®P(3,i - 6)z%a) + raz’a™!
i=6

respectively. All the words in (A.14) and (A.15) are irreducible except x2a3z"3a e
x2aP(2,n - 5)z%a. But x2a32"3a appears with opposite sign to the same reducible word
in (A.9) so they cancel out. Thus, the reduction process ends here and substituting (A.9),
(A.10), (A.11), (A.12), (A.13), (A.14), (A.15) into (A.8) and simplifying gives

adw; — (roxa® + ryaza™? + Z ri(2%a + zax)P(0,i - 3)a® + Zrz(a:SP(l i-4)a*+ (A.16)

a’zP(1,i-4)(az? + 2%a + vax) + avaP(1,i - 4)(az® + vax) + xa® P(1,i - 4)ax?)+

Y ri((aa® + 2%a+ vax) P(2,i - 5)ax® + ax®P(2,i - 5)zax) + Y riz’ P(3,i - 6)aa’
iz

=5

~(roa®P(1,1) + r3az’a” + Y ri(za®P(0,i - 3)(a’z + aza) + azaP(0,i - 3)(aza + xa?))+
- i=3

Y ri((wax + az® + 1) P(1,i - 4)aza + (zaz + 2°a) P(1,i - 4)a’x + az® P(1,i - 4)za®)
i-

n—1
Y ria*P(1,i-4)2* +a*Q(1,n - 4)x +Zn 3P(2,i-5)(a*x + axa).
1=4 1=5

Moving now to wyz3, use (A.5) to write o4 as

n-1 n-1
> (> ra*P(1,i-4) +a®Q(1,n —4) + Y ri(a®x + axa + xa®) P(2,i - 5)+
i

i
n—-1

(a®z +aza+xza®)P(2,n-5) + > ri(ax® + vax + x*a) P(3,i - 6)+
i=6

n-1
(az® + zax + 2?a)P(3,n - 6) + Y rix®P(4,i-T) + 2*P(4,n 7)) + r4a”
i

—(Z ria*P(1,i-4) +a®*Q(1,n - 4)+iri(a2x+axa+xa2)P(2,i—5)

1=5

+ Y ri(az® + zax + 2?a)P(3,i - 6) + Y rx® P(4,i - 7)) + raa”.
i=6 - T

Post multiplying this by x3 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n-1 n
war® > =(Y ra®P(1,i-4)2* +a*Q(1,n - 4)2° + > ri(a’v +aza+xa®) P(2,i-5)z* (A.17)
i i

+ Y ri(az® + vax + 2%a) P(3,i - 6)2® + > ria® P(4,i - 7)x*) + ryz’a”.
i=6 =7
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We get the following reducible words of length n + 3 from (A.17):

—_

. za?(a?z™2) € xa’P(2,n-5)x3,
2. aza(a?xz"2) € araP(2,n-5)x3,
3. a’z(a’z™?) € a’xP(2,n-5)x3,
4. x?a(a3z™3) € 22aP(3,n—6)x3,
5. ax?(a3z™3) € ax?P(3,n-6)x3,

6. zax(alx™3) € xaxP(3,n-6)x3,

~

x3(a*z*) € x3P(4,n-T)x3.

Use (A.4) to expand o9 as

n—-1
a’z"? > = r;P(0,i - 3)(za® + aza + a®x) + P(0,n - 3)(za® + ava + a’x)+

i=3
n—-1
Y riP(1,i-4)(az® + zaz + 2°a) + P(1,n - 4)(az® + vax + 2%a)+
i=
n—1
Y riP(2,i-5)2° + Q(2,n - 5)x* + roa®) + raa”.
i=5

= -3 riP(0,i-3)(xa® + axa+ a’x) + Y 1 P(1,i—4)(az® + vax + 2°a)+
i=3 i
n—1
Z riP(2,i-5)2% + Q(2,n - 5)2® + roa®) + roa™.
i=5

Thus, premultiplying this by xza?, axa and a?z, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—za*(a*2"?) - () rixa®P(0,i-3)(za® + aza+a’x) + Y rixa’P(1,i - 4)(az® + vax + 2°a)

i=3 i=4
(A.18)
n-1
+ > rxa’P(2,1-5)2® + 2a’Q(2,n - 5)1® + raza’) - roza™?,
i=5

—aza(a’z"?) - (Y riazaP(0,i - 3)(za’ + aza + a*x) + Y r;azaP(1,i-4)(az® + raz +1°a)
=3 i=4

(A.19)
n-1
+ > razaP(2,1-5)2® + azaQ(2,n - 5)2® + ryazxa®) - roaza™,
i=5
and .
—a’z(a’z"?) > (Y ria®zP(0,i - 3)(za® + aza + a’z)+ (A.20)

1=3
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n n-1
Y ria*zP(1,i - 4)(az® + vax + 2%a) + Y ria®xP(2,i-5)z* + a’zQ(2,n - 5)a’
i=4 i=5

+roa’za®) - rya’za”

respectively. Also, use (A.4) to expand o3 as

n—1 n—-1
a*z"? - —(Y 1 P(0,i-3)a* + P(0,n-3)a® + > r;P(1,i-4)(a’x + ava + xa®)+
i=3 i=4
n—-1
P(1,n-4)(a®x + aza+za®) + Y r;P(2,i-5)(az® + zaz + z%a)+
i

n-1
P(2,n-5)(az® + zax + z%a) + Y 1P (3,1 - 6)2® + Q(3,n - 6)2®) + rsa”
i=6

=-(>.rP(0,i-3)a® + Y r;P(1,i-4)(a’x + aza + za®)+
=3 i

n n—1
Y riP(2,i-5)(aa® + wax + 2%a) + Y 1 P(3,i-6)2° + Q(3,n - 6)2”) + r3a”.
i i=6

Premultiplying this by z2a, az? and raxr and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—r*a(a®z"?) > (Y rix?aP(0,i-3)a® + Y riz’aP(1,i-4)(a’x + ava + za®)+  (A.21)

1=3 i=4

n n-1
Y rix*aP(2,i-5)(az® + vax + 2%a) + Y rix’aP(3,i-6)2” + 2aQ(3,n - 6)z*)
i=5 i=6

_02#E2an+1’

—az?(a2"?) > (Y riaz®P(0,i-3)a® + ) riax®P(1,i - 4)(a’x + ava + za®)+  (A.22)
=3 i=4

n n-1
+Y riar®P(2,i-5)(az® + zax + 2%a) + Y r;ax®P(3,i- 6)2” + az®Q(3,n - 6)z*)
i=5 =6

—rsaz’a”,

and

—zax(a®z"?) - (3. riwazP(0,i-3)a® + > riwaxP(1,i - 4)(a’z + aza + za®)+  (A.23)
i=3 i=4

n n-1
+Y rizarP(2,i-5)(az® + vax + 2a) + Y rwazP(3,i - 6)° + zaxQ(3,n - 6)z”)
i=5 i=6

—razaxa”
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respectively. Moreover, use (A.4) to expand o4 as

n—1

n—1
a'e" > ~(Y riP(1,i - 4)a® + P(1,n = 4)a* + . r;P(2,i - 5)(a*x + aza + va?)+
i=4 =5

n-1
P(2,n-5)(a’x +aza +za®) + Y r;P(3,i-6)(az® + zax + 2°a)
i=6

n—1
P(3,n-6)(az® + zax + 2%a) + Y. 1 P(4,1 - 1) + Q(4,n - T)a®) + rya”
i=7

=-(>.rP(1,i-4)a® + Y r;P(2,i-5)(a’x + ava + za®)+
=4 T =5

n n-1
Y riP(3,i-6)(az® + vax + 2%a) + Y i P(4,1-7)a® + Q(4,n - 7)) + rya”.
i=6 =7

Premultiplying this by 2% and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

~?(a’2x"™) > O ri® P(li - 4)a® + Y ria® P(2,i - 5)(a’z + aza + xa®)+ (A.24)

i=4 1=5

Zn: rixdP(3,i-6)(ax® + xax + 2%a) + ﬂil riadP(4,i—T)a + 23Q(4,n - 7)x®) — ryza™.
i=6 =7
We get the following reducible words of length n + 3 from (A.18)-(A.24):
1. za®xz"2a € xza®?P(1,n - 4)x%a,
2. xadx"3ax € xa’?P(1,n-4)zar,
3. axa’x™2a € araP(1,n-4)x2a,
4. a2z 1a? € alxalaxm 2,
5. a’z"2a%x € a’xalxn 2,
6. a’rz" 2azxa € a’zra’x" 2,
7. 22032z 3a € x2aP(2,n - 5)z%a,
8. ar™ta’ € ax?adx™3,
9. xaz"2a? € ra?a’z" 2.

Recall from (A.15) that

n n-1
ras" Pra - - rixa®P(0,i - 3)aza+ Y rxa®P(1,i-4)z?a + 2a*Q(1,n - 4)z’a+
i=3 i=4

118



Y ri(zazP(1,i - 4)aza + 2*aP(1,i - 4)aza) + Y r;(z*P(2,i - 5)aza+

i=4 1=5

2*aP(2,i-5)z*a+zazP(2,i-5)z’a) + Y 1z’ P(3,i - 6)z’a) + rsz’a™.
i=6

All the words in (A.15) except —z2a32"3a € —x2aP(2,n - 5)z?a. Thus this term cancels

out with the (vii) term in the list above because they appear with opposite signs.

Similarly, recall from (A.14) that

n n—1
raz" Bax - - () rixa®P(0,i - 3)a’z + Y riwa®P(1,i - 4)zax + xa®Q(1,n — 4)zaz+
i=3 i=4

Y ri(zazP(1,i-4)a’x + 2*aP(1,i - 4)a’z) + > ri(2’P(2,i - 5)a’z+

1=4 1=5

1?aP(2,i-5)zax + vaxP(2,i-5)zax) + Y r;x’ P(3,i - 6)zax) + rszaza”.
i=6

Furthermore, use (A.5) to expand o5 as

n-1 n-1
a’a"? - —( Z ria’rP(0,i-3) + Z ri(za® + axa) P(0,i - 3) + (za® + aza) P(0,n - 3)

i=3 i=3
n—1

+ > ri(az® + zax + 2?a) P(1,i - 4) + (ax® + zaz + 2°a) P(1,n - 4)+
i

n-1
>oriaPP(2,i=5) +a2*P(2,n = 5) + rya®) + 100"
=5

n-1 n n
=—(Y ria®zP(0,i-3) + > ri(za® + aza) P(0,i - 3) + > ri(az® + zaz + 2*a) P(1,i - 4)
=3~ =3

i=4
n
+ Y 1P P(2,i-5) +12a”) + 190
S

Post multiply this by a?x, xa? and axa and use Lemmas 2.6 and 2.7 to separate reducible

and irreducible words to get

21202 — (Zna 2P (0,i - 3)a’x + Zrz(:m +aza)P(0,i-3)a*z+ (A.25)
=3 =3

n n
Y ri(az® + vax + 2*a) P(1,i - 4)a’z + > rig® P(2,i - 5)a’s + roa’x) + raa’za”,

=4 i=5
n-1 n

a’z"?za® - —() ria®xP(0,i - 3)za® + Y ri(za® + aza) P(0,i - 3)za’+ (A.26)
i=3 i=3
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ri(ax® + xax + 22a) P(1,i - 4)wa® + 23 P(2,n - 5)xa® + ra*x" 2a* + azax™ *a*)

n
i=4

and
n—1 n
a’z"2aza - -( ). ria®xP(0,i-3)aza+ Y ri(za® + axa) P(0,i - 3)aza+ (A.27)
i=3 =3
ri(az® + zax + 2?a) P(1,i - 4)aza + Y rig® P(2,i - 5)aza + roa’za) + roaza™!
i=4 i=5

respectively. The reducible word (-za?z"2a?) in (A.26) cancels out with xza?z"-2a? which

is the (ix) term in the list of reducible words above.

Recall from (A.12) that

aza’z"*a - -(>_ri(azaP(0,i - 3)aza + axaP(0,i - 3)za® + ax®P(0,i - 3)a®)+

i=3

n—1 n

Y riazaP(l,i-4)z%a+azaQ(l,n - 4)z%a+ Y ri(az’P(1,i - 4)aza+
i=4 i=4

az’P(1,i-4)za®) + Y riax®P(2,i-5)z’a + roaza®) + roaza™.
i=5

All the words in (A.12) are irreducible except —az?P(0,7 — 3)a® which can be written as
—ax™ta3. But this cancels out with az" 1a® which is the term (h) in the list of reducible

words above.
Thus, the reduction process ends here and when we substitute (A.12), (A.14), (A.15),

(A.18), (A.19), (A.20), (A.21), (A.22), (A.23), (A.24), (A.25), (A.26) and (A.27) into
(A.17), we get

n-1 n
waz® > (raza® + reaza™' + Y ri(2%a + xax)P(0,i - 3)a® + > ry(2®P(1,i - 4)a’+ (A.28)
i=3 i

a’rP(1,i-4)(ax® + v%°a + vax) + avaP(1,i - 4)(ax® + vax) + va*P(1,i - 4)az?)+

ri((az® + v°a + zax) P(2,i - 5)az® + az’ P(2,i - 5)zax) + Y r;x’ P(3,i - 6)az’
i=6

n
1=5

—(roa®P(1,1) + ryaz’a” + ) ri(xa®P(0,i - 3)(a’x + axa) + azaP(0,i - 3) (aza + xa®) )+
- i=3

Y ri((waz + az® + x?a) P(1,i - 4)aza + (zaz + 2°a) P(1,i - 4)a’z + ax® P(1,i - 4)za®)
i=4

n-1 n
Y ria®P(1,i-4)2° +a®Q(1,n - 4)z® + Y ra® P(2,i - 5)(a’x + aza).
i=4 i=5

Comparing (A.16) and (A.28), we conclude that the overlap ambiguity {wi,ws} is
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resolvable.
(b) Let j =2 and consider the overlap ambiguity {ws,ws}. Use (A.4) to expand o9 as
n-1

wy > =Y 1 P(0,i - 3)(a’*x + aza + za®) + P(0,n - 3)(a’*x + aza + za®)
i=3

Zrl (1,i—4)(az® + zax + 2%a) + P(1,n - 4)(ax® + razx + 2%a)+

n—1
S riP(2,i-5)2 + Q(2,n - 5)2° + r9a?) + roa”
=5

== riP(0,i-3)(a’x + aza + xa®) + Y r; P(1,i - 4)(az® + zaz + 2%a)+
i3

=4
n-1
S rP(2,i-5)2% + Q(2,n - 5)a® + rea®) + roa™.
=5

Premultiplying this by a® and using Lemmas 2.6 and 2.7 to separate reducible and irreducible

words, yields

a*wy > =Y ria®P(0,1 - 3)(a’x + aza+xa®) + Y ria® P(1,i—4)(az’® + vax + 2°a)+ (A.29)
i=3

i=4

Zrz (2,i-5)2% +a*Q(2,n - 5)x® + r9a”) + r9a™*>.

The following words of length n + 3 in (A.29) are reducible:

L. (a*z"Hx2a e adP(1,n-4)z2a

o

(a*zmY)zax € a®P(1,n - 4)xax
3. (a*z"*)ax? e a®P(1,n - 4)ax?
4. adz"3aza

5. adz"3a’x

6. adxn2a2.

Using (A.5), we expand oy as

n-1 n-l
a's" > (Y rid®P(l,i-4) +a*Q(1,n-4) + Y ri(a’z + aza + xa®) P(2,1 - 5)+
i=4 =5

n-1
(a®z +aza+xa®)P(2,n-5)+ Y ri(az® + zaz + 2%a) P(3,i - 6)+
i=6
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n—1
(az® + zax + 2%a)P(3,n - 6) + Y rx®P(4,i - 7) + 2*P(4,n - 7)) + raa”
i=7

ri(a*x + axa + xa®)P(2,i - 5)+

n-1 n
=-(Y rid®P(l,i-4) +a*Q(1,n-4) +
1=4 i=5
n—1
ri(ax® + zax + 2%a) P(3,i - 6) + Z radP(4,i 7)) +rya”.
=

i=6
Thus, post multiplying this by z2a, zax and az?, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

n—-1 n
—(a'z" N)aPa » () ria®P(l,i - 4)z*a+ Y ri(a®z + ava + za®)P(2,i - 5)z*a+  (A.30)

=4 1=5

Y ri(az® + zax + 22a) P(3,i - 6)z’a+ Y rig® P(4,i - T)z?a+ a*Q(1,n - 4)z%a)

i=6 i=7
—T4IL'2(I"+1,
n-1 n
—(a*z" Yzax - (Y rid®P(1,i - Dzax + Y ri(a’z + aza + xa®)P(2,i - 5)zaz+ (A.31)
i=4 1=5
ri(az® + vax + 1) P(3,i - 6)zax + Y iz’ P(4,i - T)zaz + a*Q(1,n — 4)zax)
i=6 =7

n
-ryxraxa”,

and

n-1 n
—(a*z" Yaz? > (D rid®P(1,i - 4)az? + Y ri(a’x + aza + xa®) P(2,i - 5)az’+  (A.32)

i=4 1=5
ri(az® + zax + 22a) P(3,i - 6)ax® + Y rix® P(4,i - T)az® + a*Q(1,n - 4)ax?)
i=6 =7

—ryaxta”

respectively. Similarly, use (A.5) to expand o3 as

n—1 n-1
a’x" 7 > (3, 1@’ P(0,i - 3) + ) ri(a’x +azva+za?) P(1,i - 4)+
=3 = i=4

n—-1
(a®z+aza+za®)P(1,n-4)+ > ri((az® + zaz + 2*a) P(2,i - 5))+
i

(az® + zax + 2%a)P(2,n - 5) + > ria® P(3,i - 6)) + r3a”
i=6
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n—1 n
=—(> ria®P(0,i-3) + Y ri(a’x + ava + za®) P(1,i - 4)
e

+> ri((az® + zax + 2°a)P(2,i-5)) + Y rz® P(3,i - 6)) + r3a”.
i=5 =6 T

Post multiply this by axa, a?z and xa?, and use Lemmas 2.6 and 2.7 to separate reducible

and irreducible words to get

n-1 n
-a*2" Paza — (Y ria®P(0,i - 3)aza+ Y ri(a’x + ava+za®)P(1,i - 4)aza
=3 i=4

n

i=5 =6
n-1 n
-a*z" s - () ria®P(0,i - 3)a’z + ) ri(a’x + ava+ xza®)P(1,i - 4)a’x
i=3 i=4

+> ri((ax® + zaz + °a) P(2,i - 5)a’x) + Y 1z P(3,1 - 6)a’x) - rsa’za”

i=5 i=6
and
n—1 n
—a*2"3xa® > (Y rid®P(0,i - 3)za® + Y ri(a’x + ava + za®) P(1,i - 4)za®
i=3 i=4

n n

+Y ri((az® + zax + 2%a) P(2,i - 5)za®) + Y rix® P(3,i - 6)za®) - ryza .

i=5 =6

+Y ri((aa® + zax + 2°a) P(2,i - 5)axa) + Y r;x’ P(3,i - 6)aza) - ryaza™,

(A.33)

(A.34)

(A.35)

The following words of length n+3 from (A.30), (A.31), (A.32), (A.33), (A.34) and (A.35)

are reducible:
1. x%2a*x"*a € 22aP(3,n - 6)x%a
2. x(a*z™*)xa € xa®?P(2,n - 5)ra
3. axa*z™3a € axaP(2,n - 5)z?a
4. zat*x"*ax € xa’P(2,n - 5)zrax
5. zadzn3a? € xa®P(1,n - 4)za?.

Use (A.6) to expand oy as

n-1 n-1
a'e™™t > (Y ria®P(1i-4)a+ a®P(Ln—4)a+ Y ria*P(2,i - 5)x + a’Q(2,n = 5)a+
i=4 =5

n-1
Y ri(azP(2,1-5)a+zaP(2,i-5)a) +axP(2,n-5)a+zaP(2,n-5)a+
i=5
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n-1
Y ri(2*P(3,i-6)a+azP(3,i-6)x +xaP(3,i-6)x) + *P(3,n - 6)a+
i=6

n-1
azP(3,n-6)z+zaP(3,n-6)x+ > ra®P(4,i-T)x+2*P(4,n-T)z) + rya”
=7

n n-1 n
~-(Ori@P(1,i-4)a+ Y r;a®P(2,i-5)x+ Y ri(axP(2,i-5)a+zaP(2,i-5)a)
- =3 =

+> ri(2*P(3,i-6)a+azP(3,i-6)x +xaP(3,i-6)x) + Y riz’P(4,i - T)x
i=6 -

+a*Q(2,n - 5)x) +rya”.

Thus, premultiplying this by  and post multiplying this by xa and ax, and using Lemmas
2.6 and 2.7 to separate reducible and irreducible words, yield

n n—1
za'r" tza - - (Y riwa®P(1,i - 4)aza+ Y rixa®P(2,i-5)za+xa’Q(2,n - 5)z%a (A.36)
i=4 =5

+ > ri(zazP(2,i-5)aza + x?aP(2,i - 5)aza) + Y r{(z*P(3,i - 6)aza+
i=5 =6

varP(3,i-6)z%a + 2%aP(3,i - 6)z%a) + Zrl SP(4,i-T)z%a) + ryz’a™!

=7
and
n n-1
za's" tax > - (Y riwa®P(1,i - 4)a’z+ Y. rwa®P(2,i - 5)zar+xa’Q(2,n - 5)zar (A.37)
i=4 i=5

+ Y ri(zaxP(2,i-5)a’x + 2°aP(2,i - 5)a’x) + Y ri(x*P(3,i - 6)a’x+
=5 i=6

zaxP(3,i-6)zax + 2*aP(3,i - 6)zax) + Y rua® P(4,i - T)zax) + razaza”
=7

respectively. The reducible word —z2a*z"%a in (A.36) has an opposite sign with x2a*z"a,

the term (i) in the list above so they cancel out.

Again, use (A.7) to expand o3 as

n-1
adn _(Z r;aP(0,i-3)a® + aP(0,n - 3)a* + Zrl aP(l,i-4)ax +aP(l,i-4)za
=3

+zP(1,i-4)a®) +aP(1,n-4)ax +aP(1,n-4)xa+xP(1,n-4)a’+

nzzlrlaP(Q i-5)z%+aQ(2,n-5)z%+ Zrz(xP(2 i—5)ax +xP(2,i-5)ra)+

=5
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n—1

tP(2,n-5)ax +xP(2,n-5)za+ Y raP(3,i-6)z* +xP(3,n - 6)x?) + rza”
i=6

(> riaP(0,i-3)a®+ Y ri(aP(1,i-4)az + aP(1,i - 4)za+zP(1,i-4)a’)+
=3

i=4

n-1 n n

Y riaP(2,i-5)2* + > ri(xP(2,i-5)ax + xP(2,i-5)za) + Y rxP(3,i-6)z
= % -

i=6
+aQ(2,n - 5)x?) +r3a”.

Pre and post multiplying this by ax and a respectively, and using Lemmas 2.6 and 2.7 to
separate reducible and irreducible words, yields

aza’z"*a — -(> riaxaP(0,i-3)a® + Y ri(azaP(1,i-4)aza +axaP(1,i—4)za® (A.38)
i=3 i=4

n-1 n
+ax’P(1,i-4)a®) + ) rjazaP(2,i-5)x*a+ Y ri(az’P(2,i - 5)aza+
i=5 i=5

az’P(2,i-5)za®) + Y riax’P(3,i - 6)z’a + axaQ(2,n - 5)z’a) + rsaza™’.
i=6

Turning now to the reduction of xa3z"3a?, use (A.6) to expand o3 as

n-1 n-1
@’z — (Y ra®P(0,i-3)a+a’P(0,n-3)a+ Y ra®P(1l,i—4)z +a*Q(1,n - 4)z+
=3 i=4

n-1
Y ri(azP(1,i-4)a+zaP(1,i-4)a) + axP(1,n-4)a+zaP(1,n - 4)a
i=4
n-1
+ > ri(2?P(2,i-5)a+axP(2,i-5)x + zaP(2,i-5)x)+
i=5

2?P(2,n-5)a+arP(2,n-5)z +zaP(2,n-5)1) +rsa”

n n-1 n
(> ria®P(0,i-3)a+ Y ria®P(1,i-4)x+ Y ri(axP(1,i-4)a+zaP(1,i-4)a)
= i3 — &

+> ri(a®P(2,i-5)a+axP(2,i-5)x +xaP(2,i-5)x) +a’Q(1,n - 4)x) + rsa”
i

Pre and post multiplying this by x and a? respectively, and using Lemmas 2.6 and 2.7 to
separate reducible and irreducible words, yields

$&3$

n n-1 n
"0 5 = (> rwa®P(0,i-3)a’ + Y riwa®P(1,i - 4)za® + Y ri(zazP(1,i - 4)a’®
i=3 i i

(A.39)
+r?aP(1,i-4)a®) + Y ri(z*P(2,i - 5)a® + zaxr P(2,i - 5)xa® + z*aP(2,i - 5)za®

=5
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+2a*Q(1,n - 4)xa®) + r3xa™?.

Thus, the reduction process ends here and when we substitute (A.30), (A.31), (A.32),
(A.33), (A.34), (A.35), (A.36), (A.37), (A.38) and (A.39) into (A.29), we get

aPwy > (12" + Y ri(a®zP(1,i - 4)(a’x + ava + za®) + azaP(1,i - 4)a’x)+  (A.40)
i=4

ri(a*xP(2,i-5)(az® + zax + %a) + araP(2,i - 5)(az® + xax) + a*P(2,i - 5)ax?

n
1=5

+ax?P(2,i-5)a’x) + Y ri(ax®P(3,i - 6)zax + (az® + vax + 2°a) P(3,i - 6)az®)+
i=6

n n
Y ra® P(4,i—T)ax® - (roa” + rsa’za”™ + ryax’a” + Y ri(aza +xa®) P(0,i - 3)a’+
i=T i3

Y ri(az® + vax + 2?a) P(1,i - 4)a® + Y ria® P(2,i - 5)a’

=4 =5

n-1
+ > 1a*P(2,1-5)2® + a*Q(2,n - 5)2?).
i=5
Turning now to the reduction of wsz3, use (A.5) to expand o5 as

n-1 n-1
ws > —(Y ria®P(2,i-5) +a’Q(2,n-5) + Y ri(a’x + axa+xa®) P(3,i - 6)+
i=5 =6

n—1
(a®z +aza+xa®)P(3,n—6)+ > ri(az®+zax + xza®)P(4,i-T)+
i=7

n—1
(az® + zax + xa®)P(4,n-7) + Y r;z®P(5,1 - 8) + 2* P(5,n - 8)) + r5a”
i=8

ri(a*x + azxa + xa®)P(3,i - 6)+

n-1
=—(> rid®P(2,i-5) +a*Q(2,n-5) +
1=H

n
1=6

Y ri(az® + wax + xa®)P(4,i-7) + Y 1z’ P(5,i - 8)) + rsa”.
i=7 =8 -

Post multiplying this by x3 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n—-1 n
wsz® = —(). rd®P(2,i-5)z*+a*Q(2,n - 5)x*+ ) ri(a’z+ava+za®) P(3,i-6)x+ (A.41)
i=5 1=6

Y ri(az® + vax + xa®)P(4,i - 7)2® + Y rix® P(5,1 - 8)a®) + rsa™?.
i=7 1=8

The following words in (A.41) of length n + 3 are reducible:

126



1. 23a®x"? e x3P(5,n—8)x3

2. x%a(a*z™*) e 22aP(4,n - 7)x?
3. zara*z™* e xaxP(4,n—7)x>

4. ax?a*z™* e ax?P(4,n - 7)x3

5. xa?(a3z™3) e xza?P(3,n - 6)x3
6. a’za®z"3 e a?xP(3,n-6)x3

7. axa(a®z™3) € axaP(3,n —6)x3.

In order to reduce (b), (¢) and (d) in the list above, use (A.4) to expand o4 as

n—1

n-1
atent s —(ZmP(l,i—ll)a?’ +P(1,n-4)a® + ZriP(27i—5)(a2x+(wa+xa2)
i=4 =5

n-1
+P(2,n-5)(a’x +aza+za®) + Y 1;P(3,i-6)(az” + zax + 2°a)+
i=6

n—1
P(3,n-6)(az® + zax + 2%a) + Y. 1 P(4,1 - 1) + Q(4,n - 7)a®) + rya”
i=7

=-(>.rP(1,i-4)a® + Y r;P(2,i-5)(a’x + aza + xa®)+
= i

n n-1
Y riP(3,i-6)(az® + zax + 2°a) + Y r; P(4,i - 7)2° + Q(4,n - 7)) + rya”.
i=6 i=7

Premultiply this by z2a, xax and ax?, and using Lemmas 2.6 and 2.7 to separate reducible

and irreducible words, yield

~r?a(az"™™) > (O rixaP(l,i-4)a® + ) riz’aP(2,i-5)(a’x + ava + za®)  (A.42)

=4 1=5

n n—1
+ Y riw*aP(3,i-6)(ax® + zaz + 2°a) + Y rix*aP(4,i - T)2+
i=6 =7

22aQ(4,n - 7)2?) — ryz’a™!,

—zaz(a'z"™) - (3 rwazP(1,i-4)a® + Y riwaxP(2,i - 5)(a’s + aza + za®)  (A.43)
1=4 =5

n n-1
+Y riwarP(3,1-6)(ar” + vax + z%a) + Y riwarP(4,i - T)a’
i=6 i=7
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+zarQ(4,n - 7)2%) - rywaxa®,

and

—az®(a'z™™) > (Y raz®P(l,i-4)a® + ) riax®P(2,i-5)(a’x + ava + za®)  (A.44)
i=4 i=5

n n-1
+Y riaz®P(3,i-6)(ax® + zaz + 2°a) + Y rax®P(4,i - 7)a”
i i=T

+ar*Q(4,n - 7)) - ryaz’a™

respectively. Similarly, use (A.4) to expand o5 as

n—1
a’z" —(Z r:P(2,i-5)a®+ P(2,n-5)a® + Z r;P(3,i-6)(a*x + ava + va®)
1=5 1=6
n—1
+P(3,n-6)(a’x + ava+xa®) + Y 1 P(4,i-7)(az? + vax + az?)+
i=7

n-1
P(4,n-7)(az® + zax + az®) + > 1 P(5,1 - 8)x® + Q(5,n — 8)z®) + rsa”
i=8

~(>>riP(2,i-5)a® + Y r;P(3,i-6)(a’x + aza + xa®)+

=5 1=6

n n—-1
YoriP(4,i-T)(az? + vax + az®) + Y r; P(5,i-8)x® + Q(5,n - 8)®) + rza”.
i1 i

Premultiply this by 23 and use Lemmas 2.6 and 2.7 to separate reducible and irreducible

words to get

~?a®x" - (Y ria®P(2,i-5)a® + Y ria® P(3,i-6)(a’x + aza + xa®)+ (A.45)

=5 i=6

n n-1
Y i’ P(4,i-7)(az® + zax + az®) + Y rix® P(5,1 - 8)a®

=7 =8

+23Q(5,n - 8)x?) — rszda™

Similarly, expand o3 using (A.4) to get

n—1

B3 - (ZTzP(O i-3)a®+ P(0,n-3)a®+ ZTZP(l i—4)(a’z + axa + va®)+

n-1
P(1,n-4)(a’x +aza+za®) + Y 1, P(2,i-5)(az® + zax + 2°a)+
i=5

n-1
P(2,n-5)(az® + zax + 2a) + > r;P(3,1 - 6)a®
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+Q(3,n-6)2%) + 130"

=-(>_rP(0,i-3)a® + Y r;P(1,i-4)(a’x + aza + xa®)+

=3 1=4

n-1

Y riP(2,i-5)(az® + zax + 2°a) + Y r;P(3,i-6)z® + Q(3,n - 6)z®) + r3a”.
i=5

1=6

Thus, premultiplying this by xa?, a?x and axa, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—za?(a®z" ) > (Y riwa®P(0,i - 3)a® + Y riwa®P(1,i - 4)(a’x + aza + za®)+

i=3 i=4
n n—-1
Y riwa®P(2,i-5)(az® + zax + 2%a) + Y riwa®P(3,i - 6)2’
i=5 =6

+2a*Q(3,n - 6)2%) - r3xa™?,

—a’z(a®z2"?) - (Y ria’zP(0,i - 3)a® + Y ria*zP(1,i - 4)(a’x + ava + za® )+
i=3 i=4

n n—-1
Y ria*zP(2,i-5)(az® + zax + 2%a) + Y r;a*zP(3,i-6)2’

=5 =6

+a?2Q(3,n - 6)2%) — r3a’ra™

and

—aza(a®z"?) > (Y riazaP(0,i-3)a® + Y razaP(1,i-4)(a’x + aza + xa®)+
i=3 i=4

n n-1
Y riazaP(2,i-5)(az” + vax + ¥%a) + Y r;azvaP(3,i-6)z?
i=5 i=6

+araQ(3,n - 6)z*) - rsaxa™!

respectively. The following words in (A.42)-(A.48) of length n + 3 are irreducible:

1. x%2a*x™*a € 22aP(3,n - 6)x%a

2. z(a*z"*)zra € xa®?P(2,n - 5)x3a
3. xzatzx"4ax € xa?P(2,n - 5)zrax
4. zadz"3a? e xa?P(1,n - 4)xa?

5. a?xn2q3
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6. ara®z"3a € axaP(2,n - 5)x2a

Recall (A.36), (A.37), (A.38) and (A.39) as follows:

n n-1
va's" va - —(Y riwa®P(1,i - 4)aza+ Y. rixa’P (2,1 - 5)xa + xa’Q(2,n - 5)z’a
i=4 i=5

+ > ri(zaxP(2,i-5)ava + xaP(2,i-5)aza) + Y r{(z*P(3,i - 6)aza+
1=b i=6

raxP(3,i-6)2z%a+ 2%aP(3,i - 6)2%a) + Zn 3P(4,i-7)2%a) + ryxa™!,
=7

n n-1
za'z" tax > -(Y riwa®P(1l,i - 4)a’z + Y rwa®P(2,i - 5)zax + xa’Q(2,n - 5)zax
i i

+ Y ri(zazP(2,i-5)a’x + 2°aP(2,i - 5)a’x) + Y ri(x*P(3,i - 6)a’z+
i=5 =6

zaxP(3,i-6)zax + x*aP(3,i-6)zax) + Y rz’ P(4,i - T)zax) + razaza”,

aza’z"3a - -3 riaxaP(0,i-3)a® + > ri(azaP(1,i - 4)aza + axaP(1,i - 4)za®

i=3 i=4
n—1
+az’P(1,i-4)a®) + Y razaP(2,i - 5)z? a+2n(ax2P(2 i—b5)ara+
1=5 1=5

ax’P(2,i-5)za®) + Y raz’P(3,i-6)z’a + azaQ(2,n - 5)z%a) + ryaza™’,
i=6

and

vadz"3a® - (mea (0,i-3)a®+ anazP(l i—4)wa® +Zrz(xaxP(1 i-4)a®

=4 =4

+r?aP(1,i-4)a®) + Y ri(z*P(2,1 - 5)a® + zaxP(2,1 - 5)za® + zaP(2,i - 5)za’
i=5

+2a’Q(1,n - 4)za®) + rsza™?.

In order to reduce a?z™2a3, use (A.5) to expand o9 as

n-1

a’z"? - (Z ri(aza+xa?)P(0,i - 3) + (aza + va*) P(0,n - 3) + Zrla xP(0,i-3)
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n-1
+ > ri(az® + zaz + 2?a) P(1,i - 4) + (ax® + zaz + 2°a) P(1,n - 4)+
i

n-1
> ria®P(2,i=5) +a*P(2,n = 5) + rya®) + 100"

i=5
n n-1
=-(> ri(aza+za®)P(0,i-3) + Y r;a®xP(0,i-3)+
=3 =3 -

n n
Y ri(az® + vax + 22a) P(1,i - 4) + Y ra® P(2,i - 5) + roa®) + roa”.
i -

Post multiply this by a? and use Lemmas 2.6 and 2.7 to separate reducible and irreducible

words to get

n n-1
a*z"?a® > =(> ri(aza+za®)P(0,i-3)a® + > r;a’xP(0,i - 3)a’+ (A.49)
i=3 =3

Y ri(ar® + vax + 2a) P(1,i - 4)a® + Y rig® P(2,i - 5)a® + roa®) + roa™*.
1=4 i=5

The reducible word —z2a*z"4a in (A.36) has an opposite sign with z2a*2"*a, the term
(i) in the list above so they cancel out. Hence, the reduction process ends here and when

we substitute (A.42)-(A.49) and (A.36)-(A.39) into (A.31), yielding

wsz® > (r9a™® + > ri(a’xP(1,i - 4)(a’x + ava + va®) + azaP(1,i - 4)a’z)+  (A.50)
i=4

Y ri(a®zP(2,i-5)(ax® + zax + 2°a) + avaP(2,i - 5)(azr” + vax) + xa’ P(2,i - 5)ax’
i=5

+ax?P(2,i-5)a’zx) + Y ri(az®P(3,i - 6)zax + (az® + vax + 2°a) P(3,i - 6)ax?)+
i=6

n n
Y i’ P(4,i - T)ax? - (r2a® + rsa’za” + ryaz®a” + Y ri(awa + xa®) P(0,i - 3)a’+
i=7 i=3

ri(az® + zax + 2°a)P(1,i - 4)a® + Y ria® P(2,1 - 5)a’

n
i=4 =5

n-1
+ > 1a*P(2,i-5)2 + a*Q(2,n - 5)2?).
i=5
Comparing (A.40) and (A.50), we conclude that the overlap ambiguity {ws,ws} is resolvable.

(c) Let 3<j <n -4 and consider the overlap ambiguity {w;,w;.3}. Using (A.4), expand

o; to get
n-1 n-1
w;j—>—(Y,riP(j-3,i—-7)a®+P(j-3,n-j)a®+  rP(j-2,i-j-1)(a’x+aza+za’)
i=j i=7+1
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n-1
+P(j-2,n-j-1)(a’z+aza+za®)+ Y rP(j-1,i-j-2)(az® + zax + 2%a)+

i=j+2

n—1
P(j-1,n-j-2)(az® +zax +x°a) + Y rP(ji-j-3)2* +Q(j,n-j-3)a’) +r;a"

i=j+3

n

=—(Z7’7;P(j—3,i—j)a3+ Z riP(j-2,i-j-1)(a*x +ara +xa®)+

i =11

n n—-1

Z riP(j-1,i-j-2)(az?+ xaz + 2°a) + Z riP(j,i—j-3)2*+Q(j,n —j - 3)a®) +r;a".
=542 =543

Premultiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible and irreducible

words, yields

a*w; > —(Y riad®P(j-3,i-j)a*+ > rid®P(j-2,i-j-1)(a’z + aza+za®) (A51)
i=y i=j+1

n n—-1
+ Y rid®P(j-1,i-j-2)(az® + zax + 2a) + Y, ria®P(j,1-j - 3)z*+

i=j+2 1=7+3

a*Q(j,n —j = 3)a’) +r;a"*.

The following words in (A.51) of length n + 3 are reducible:

1. aaznad eaP(j—-3,n—j)a3

2. (a7*2xni2)x2a € a®P(j - 1,n -7 - 2)x2%a
3. (@7*2xn ) zax e a®P(j - 1,n-j-2)zax
4. (/227 72)ax? € a®P(j - 1,n - j — 2)ax?
5. (a/*tazni-Yxa? € a®P(j - 2,n - j - 1)xa?

6. (@’ znJVazxaeadP(j-2,n—-j-1)axa
7. (@@ an i Na’r e a*P(j-2,n—j - 1)a’x.

Using (A.5), expand o; as follows:

n-1
alx" I > —(Z ria®P(j-3,i-j)+a*Q(j -3,n—j)+
i
n-1
Y ri(@®z +ava+xa®)P(j-2,i-j-1)+ (a®xv +azva+xa®)P(j-2,n—j - 1)+
i=j+1
n—-1
Y ri(ax® + vax + 2*a)P(j - 1,i— j - 2) + (az” + zax + x’a) P(j — 1,n— j — 2)+
=512
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n-1
Z rixdP(j,i—j-3) +$3P(j,n_j—3))+7"j£

i=j+3

n-1 n
= —(Z ria®P(j-3,i—-j)+a*Q(j -3,n—j)+ Z ri(a*x + axa+xa®)P(j - 2,i—j—1)

i=j i=j+1

+ Y ri(ar® +zax +2?a)P(j - 1,i—j—-2)+ Y, ra’®P(j,i—j—3)) +r;a"
=542 =5+3

Postmultiplying this by a? and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n-1
~a’z"a® - (Y. ria®P(j-3,i-7)a® +a*Q(j - 3,n - j)a® (A.52)
=

+ Y ri(@®z+aza+xa®)P(j-2,1-j-1)a’+
i=7+1

> ri(az® + wax + 2*a)P(j - 1,i-j-2)a®+ Y rig®P(j,i-j - 3)a®) - ra™?.

i=j+2 1=7+3

Using (A.5), expand o0}, as

n—1
@I > (Y rd®P(j-1,i-j-2)+a’Q(j - Ln-j-2)+
i=j+2
n—1
Y i@’z +ava + xa®)P(j,i - j - 3) + (a’x + aza + xa®) P(j,n - j - 3)+
i=j+3
n—1
Z:rxax2+xax+x%nij+]ﬁi—j—4)+(ax2+xax+x%nij+1ﬂz—j—4)+
i=j+4
n—1
+E:rﬂ3P0+2J—j—5)+x%%j+ln—j—5»+fﬂﬂﬁ
i=j+5
n—1
= (Y nd*P(-1i-j-2) +a*Q(j - Ln-j - 2)+
i=j+2
EZTAfx+amHﬂm%PQJ—j—3}kz:nﬁm2+mm+x%0PU+lJ—j—®
i=j+3 i=j+4

+ Z TiIBP(j+2,i—j—5))+Tj+2a_n
1=7+5

Thus, post multiplying this by z2a, zax and ax?, and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yield

n-1
—(a?2" ) aPa > () rid®P(j-1,i—-j-2)x*a+ad’Q(j - 1,n-j-2)z"a+  (A.53)

i=j+2
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Y i@’z +aza+xa®)P(j,i- j-3)z*a+ Y ri(az®+zaz +2*a)P(j +1,i-j-4)z%a
i=+3 i=j+4

n
+ Z ria® P(j+2,i—j - 5)z?a) — rjez®a™?,
i=j+5

n-1
—(a’?2" 7 ) wax - (), rid®P(j-1,i-j—2)zaz +a*Q(j —1,n—j—2)zaz+ (A.54)

i=j+2

Y ri(@®z +aza+xa®)P(j,i- j-3)zaz+ Y. ri(az® + zax +2°a)P(j+ 1,1 - j - 4)zax
1=7+3 1=j+4

+ Y @ P(j+2,i-j-5)wax) - rjozaza”
i=5+5

and

n—1
—(a’?2" 7 )aa® - (Y. rid®P(j-1,i—-j-2)az® +a*Q(j - 1,n - j - 2)ax®+  (A.55)

i=j+2

Y i@’z +ava+xa®)P(j,i - j - 3)ax® + Y. ri(az® +zaz + 2*a)P(j +1,i-j - 4)ax’
i=j+3 i=j+4

+ > @ P(j+2,i-j - 5)ax?) - rj.az’d”
i=j+5

respectively. Again, using (A.5), expand o0, as

n—-1
@I > (Y @’ P(j-2,i-j-1)+a’Q(j -2,n - j - 1)+

i=j+1
n-1
>, ri(@®z +aza+xa®)P(j,i - j = 3) + (a’z + awa + xa®) P(j,n - j = 3)+
=742
n-1
Y. ri(a® +wax + 2%a)P(j,i - j = 3) + (ax® + wax + *a) P(j,n - j - 3)+
=743
n-1
> ratP(j+ Lizj-4) +a P+ Ln=j = 4)) + 1
i=j+4
n—1
i=j+1
Z ri(a*x + axa+xa®)P(j,i—j - 3) + Z ri(az? + vax + 2%a) P(j,i - j - 3)+
=12 =53

Z 7’,-:1:3P(j+1,i—j—4))+rj+1a_”.

i=j+4

134



Hence post multiplying this by za?, aza and a?z, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

n—-1
—(a” 2" N wa® > (Y rid®P(j-2,i—-j-1Dza® +a®Q(j -2,n - j - 1)za®+  (A.506)

i=j+1

n

Y ri(@®z +aza+xa®)P(j,i- j-2)za* + Y. ri(az® + zaz + 2*a)P(j,i - j - 3)za’

i=+2 i=j+3
+ > r@PP(j+1,i-j - 4)za?) - rjaza?,
i=j+4
n-1
—(a” 2" Vaza - (Y ria®P(j-2,i-j-1)ava+a®Q(j—2,n-j—-1)aza+ (A.57)
i=j+1

n

Y ri(@®z +aza+xa®)P(j,i- j-2)aza+ Y. ri(ax®+zaz + 2%a)P(j,i - j - 3)aza

=542 i=5+3
+ Y r@*P(j+1,i-j-4)aza) - rjaza™!
i=j+4
and
n-1
—(a” 2" N aPr > (Y rid®P(j-2,i—-j-1)a’x +a’Q(j -2,n—j - 1)a’z+  (A.58)
i=j+1

Y i@’z +ava+xa®)P(j,i- j-2)a’xr + Y. ri(az® + zaz + 2*a)P(j,i - j - 3)a’x
i=5+3

i=7+2
n
+ Y r@®P(j+1,i-j-4)a’x) - rjd’za”
i=j+4

respectively. The words in (A.52)-(A.58) of length n+3 which are reducible are as follows:

1. 22a*2an 7 2q € x2aP(j + 1,n—j—4)x2%a
2. z(a’*?xnI2)za € xa?P(j,n - j - 3)z2a

3. x(a/*2xn2)ax € xa?P(j,n - j - 3)zax
4. xal*ttzni-ta? € xa’P(j,n - j - 3)xa?

5. axa’tzni-la e araP(j,n - j - 3)z%a.

Using (A.6), expand o0}, as

n-1
@2 > ()] na?P(j - Li—j=2)a+a’P(j=1n-j-2)a

i=j+2
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n—1

n-1
+ Y rad®P(ji-j-3)x+a*Q(n-j-3)z+ > ri(axP(j,i-j-3)a+

i=j+3 i=7+3

zaP(j,i-7-3)a)+axP(j,n—j-3)a+xaP(j,n-7j-3)a+

n—1
Y riazP(j+1,i-j-4)x+zaP(j+1l,i-j-4)z+2*P(j+1,i-j-4)a)

i=j+4

+arP(j+1,n-j-4z+xaP(j+1,n-j-4Dx+2°P(+1,n-j-4)a+

n-1
Y ra?P(j+2,i-j-5)x+2°P(j+2,n-j—-5)x)+rja”

i=j+5

n n—1
=—( > ra®P(j-1,i-j-2)a+ Y ra*P(j,i-j-3)x+a’Q(j,n—j-3)a+

=42 i=+3
Y ri(azP(j,i-j-3)a+zaP(j,i-j-3)a)+ Y ri(axP(j+1,i-j-4)x+
1=7+3 i=j+4

zaP(j+1,i—-j- )z +2*P(j+1,i-j-4)a)+ Y ra®P(j+2,i—j—-5)x) +rj0a".

1=j+5

Thus, premultiplying this by  and postmultiplying by xa and ax, and using Lemmas 2.6

and 2.7 to separate reducible and irreducible words, yield

n n-1
w(a 20" ) pa > (Y r@d®P(j-1,i-j - 2)aza+ Y rwa*P(ji-j-3)1*a (A.59)

i=j+2 1=7+3

+2a’Q(j,n—j-3)a’a+ Y. ri(zaxP(j,i-j-3)aza+az’aP(j,i-j-3)aza)
1=7+3

+ > ri(waxP(j+1,i-j-4)z’a+2*aP(j+1,i-j-4)z’a+
i=j+4

?PP(j+1,i-j—-4aza)+ Y ra’P(j+2,i-j-5)xa) +rjz’a"!

1=J+5

and

n n-1
o(a??0" ) ax > (Y r@d®P(j-1,i-j-2)a’z+ Y. rxa’P(j,i—j - 3)zaz (A.60)

i=j+2 1=7+3

+1a*Q(j,n—j-3)zax + Y, ri(zarP(j,i—j-3)a’x +x*aP(j,i - j - 3)a’x)
i=j+3

+ . ri(waxP(j+1,i-j - Dzax +2?aP(j+1,i— j - 4)zaz+
i=j+4

?P(j+1,i-j—4)a )+ Z radP(j+2,i—j - 5)zar) + Tjro2ara”
1=7+5
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respectively. Similarly, expand ;.1 using (A.6) to get

n-1
@I 5 (3 ra®P(j-2,i-j-Da+a®P(j-2,n-j-1)a+

i=7+1
n—1
Y ra®P(j-1i-j-2)z+a’Q(j-1,n—j—2)x+
i=j+2
n—1
Y ri(axP(j-1,i-j-2)a+zaP(j-1,i—j—2)a)+
i=j+2

axP(j-1,n-j-2)a+zaP(j-1,n-j-2)a+

n—1
> riaxP(j,i-j—-3)x+xaP(j,i-j—-3)x+a’P(j,i-j—3)a)+

i=j+3

arP(j,n—7j-3)x+zaP(j,n-7j-3)x+2*P(j,n-j-3)a+

n-1
Yo ra?P(j+1i—j -4+’ P(j+1,n-j-4)x) + 10"

i=j+4

n n-1
=—( Y rd®P(j-2i-j-1La+ Y ra’P(j-1i-j-2)a+

i=j+1 i=j+2

a®Q(i-1,n-j-2)z+ Z ri(axP(j-1,i-j-2)a+zaP(j-1,1-j—-2)a)+

i=j+2

Y riazP(j,i-j—-3)x+zaP(j,i-j—-3)x+a’P(j,i-j-3)a)+

i=j+3

Y ra?P(j+1,i-j-4)x) +rjma"
i=j+4

Thus, premultiplying this by z and postmultiplying by a? and using Lemmas 2.6 and 2.7

to separate reducible and irreducible words, yields

n n-1
a2 e > - (Y rwa®P(j-2,i-j-1)a*+ Y rwa®P(j-1,i-j-2)za’+ (A.61)
i=j+1 i=j+2

1a’Q(j-1,n-j-2)za®>+ Y ri(zaxP(j-1,i-j-2)a® +2%aP(j-1,i-j-2)a’)

i=j+2

+ Y ri(zaxP(j,i-j - 3)xa® + 2?aP(j,i— j - 3)za® + 2°P(j,i - j - 3)a’)+

1=j+3

Y raPP(j+1,i—j—4)za®) +rjaza™.
i=j+4
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Similarly, expand o, using (A.7) to get

n—1
@I s (N raP(j-2,i- - 1)a® +aP(j-2,n—j - 1)a’+

i=7+1
n-1
Y ri(xP(j-1,i-j-2)a*+aP(j-1,i—j-2)ax+aP(j-1,i—j—2)za)+
i=j+2

2P(j-1,n-j-2)a*+aP(j-1,n-j-2)ar+aP(j-1,n-7j-2)za+

n—-1
> ri(xP(j,i—j-3)ax+xP(j,i—j-3)xa) +xP(j,n—j—-3)az+
i=j+3
n—-1
+rP(j,n—j-3)ra+ Z riaP(j,i—7-3)x*+aQ(j,n - j - 3)z*+
1=7+3
n-1
Y raP(j+1i-j-4)2® +aP(j+1,n-j-4)2?) +rja”
i=j+4

n

=—(> raP(j-2,i-j-1a*+ > ri(zP(j-1,i-j-2)a’+

i=j+1 i=j+2

aP(j-1,i-j-2)ax+aP(j-1,i-j-2)za)+ Y ri(zP(ji-j-3)ax+

i=j+3

n-1
xP(j,i-j-3)xa)+ Z riaP(j,i—7-3)x* +aQ(j,n—j - 3)x*+

i=j+3

Y raP(j+1,i-j—-4)2?) +rjaa”.

i=j+4

Premultiplying this by ax and postmultiplying by a and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yields

axd " a - (Y riavaP(j-2,i-j-1)a*+ Y ri(az’P(j-1,i-j-2)a® (A.62)
i1 )

n

+azxaP(j-1,i-j-2)aza+axaP(j-1,i-j-2)va®) + Z ri(ax®P(j,i - j - 3)aza

i=+3
n—-1

+ax’P(j,i—j—-3)za®) + Y raxaP(j,i—j-3)x’a+azxaQ(j,n - j-3)z’a
i=+3

n
+ Y rax®P(j+1,i—j—4)2z’a) + rjaza™!
i=j+4

The reducible word —z2a’*22"7=2q in (A.59) has an opposite sign with z2a/*22"7=2q, the

term (i) in the list above so they cancel out. Thus, the reduction process ends here and

138



when we substitute (A.52)-(A.62) into (A.51), we get

a*w; — (), ria®xP(j-2,i-j-1)a’+ Y ri(a®xP(j,i - j-2)(a’x + axa+ xa®)+ (A.63)

i=j+1 i=j+2

azaP(j,i-j-2)a’z)+ Y ri(a®xP(j,i-j-3)(az® + vax + 2°a)+
i=7+3

axaP(j,i-7j-3)(az? + zax) + xa®*P(j,i - j - 3)ax® + ax®P(j,i - j — 3)a’x)+

Y ri(az®P(j +1,i-j - 4)(ax® + zazx) + (zaz + 2°a) P(j + 1,i - j - 4)az®)+
i=j+4

n
Y 1@ P(j+2,i—j-5)az®) - (rjaa’za” + rjsaz’a+
1=7+5

n—1
> ria*P(j,i = j)a’ + a’Q(j.n - j)z*).
i=7+3

Similarly, use (A.5) to expand ;.3 as

n—-1 n-1
Wiz = —( Z ria*P(j,i-j-3)+a*Q(j,n—j-3)+ Z ri(a*x + axa+xa®)P(j +1,i—j — 4)
=513 i=j+4

+(a’r +ava+xa®)P(j+1,n-j-4)+ > ri(az®+zaz +2*a)P(j+2,i-j-5)
1=7+5

n—1
+ > ra®P(j+3,i-j-6))+2°P(j+3,n—j-6))) + 730"

i=j+6

n—1 n
=—( Z ria®P(5,i—7-3)+ad®*Q(j,n—j—-3)+ Z ri(a*x +aza+xa®)P(j +1,i—j—4)

i=j+3 i=j+4

+ Y ri(ar® +zax + 2?a)P(j+2,i-j-5)+ Y 1@’ P(j+3,i—j—-06)))+rpaa”.
i=j+5 i=j+6

Post multiplying this by x3 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n—1
wipsx® = =( > rid®P(ji-j-3)2® +a*Q(j,n - j - 3)z’+ (A.64)

i=j+3

Y. ri(@®z +aza+xa®)P(j+1,i-j - 4)z*+
i=j+4

> ri(ax® + zax + 2*a)P(j +2,i - j - 5)z°+
=745
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Z Tixgp(j +3,i—J— 6))1’3) + 7’j+3ﬁ-
i=j+6

The reducible words in (A.64) of length n + 3 are:

—_

. 2?a(a/t?an i 2) ex?aP(j+2,n—j—5)x3
2. zax(a/*2xn2) e xaxP(j +2,n—j - 5)x3
3. ax?(a’*2x" 77 2) eaz?P(j+2,n-j-5)a3
4. za?(a? 1z i) exa?P(j+1,n—-j—-4)x3
5. axa(a?z" 1) earaP(j+1,n—j—4)x3
6. a’z(a’tx" I Y)ea?zP(j+1,n-j-4)23
7. 3B I3 e xdP(j+3,n—j - 6)z3.

Using (A.4), expand 0,9 as

n-1
@I > (Y riP(j-1,i-j-2)a®+ P(j - 1,n-j - 2)a’+
=542
n—-1
> riP(j,i-j-3)(a’x + aza+xa®) + P(j,n - j - 3)(a’x + aza + va®)+
=543
n-1
Y rP(j+1,i-j-4)(ar® + zax + 2°a) + P(j + 1,n - j - 4)(az’® + zaz + 2°a)+
i=j+4
n-1
Z rP(j+2,i-7-5)2*+Q(j+2,n—j—5)x%) +71j00"
=45
=—( > rP(j-1i-j-2)a®+ Y rP(j,i-j-3)(a’x+ava+za®)+
=42 i=j+3
n n-1
Y rP(j+1i-j-4)(ax® + zaz + 2%a) + Y 7 P(j+2,i-j—-5)1’
i=j+4 i=j+5

+Q(j+2,n-j-5)2%) + Tjv0a™.

Thus, premultiplying this by z2a, zax and az?, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—2?a(a’*?2" %) > (Y riafaP(j-1,i-j - 2)d’+ (A.65)

i=j+2

Y raaP(j,i—j-3)(a’x +aza+xa®) + Y riataP(j+1,i-j-4)(aa® + zax + 2°a)
i=7+3 i=j+4
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n-1
+ Z rir?aP(j+2,i—7-5)x® +2%aQ(j +2,n—j - 5)x?) —7"]-+2M,

i=j+5

—vax(a’?2" %) - (Y rwaxP(j-1,i—-j-2)a’+ (A.66)

1=j+2

> rwazP(ji-j-3)(a’x +ava+xa®) + ), riwarP(j+1,i-j-4)(aa® + zax + 2°a)

i=j+3 i=j+4
n—-1
+ Y riwarP(j+2,i-j-5)a® + zarQ(j +2,n— j - 5)a’) - rjezaza”
1=7+5
and .
—az?(a?*?2" 7 7?) > () rax?P(j-1,i-j-2)a’+ (A.67)
i=7+2

Y raz?P(j,i-j-3)(a®x + aza+xa®) + Y rax’P(j+1,i-j-4)(az® + zax + 2%a)

i=j+3 i=j+4
n-1

+ Z riax®P(j+2,1—j-5)2* + az®Q(j +2,n - j - 5)x*) — rjp0az’a”
i=7+5

respectively. Again, using (A.4), expand o, as

n-1
@ "I > (3 i P(j-2,i-j-1)a*+ P(j-2,n-j-1)a’+
i=j1
n—-1
Y rP(j-1,i-j-2)(a*r+ava+za®) + P(j - 1,n-j-2)(a’x + aza + va®)+
i=7+2
n—1
Y riP(ji-j-3)(az® + zaz + 2%a) + P(j,n - j - 3)(az® + vax + 2*a)+
i=j+3
n—-1
Z rP(j+1i-j-4)2* +Q(j +1,n—j—4)z®) +rj.a"
i=j+4

n

=—( > rP(j-2,i-j-1)a®+ Y rP(j-1,i—j-2)(a’x +aza+za’)+

i=j+1 i=j+2
n n-1
> riP(j,i-j-3)(ar® +vax +x’a) + Y. rP(j+1,i—j—4)a’
i=j+3 i=j+4

+Q(j+1,n—-j- 4)x3) + 70"

Hence, premultiplying this by xa?, axa and a?x, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—za® (a2 ) 5> (Y rwa®P(j-2,i-j - 1)a*+ Y. rwa®P(j-1,i-j-2)(a*z+aza+za®)

i=j+1 i=j+2

(A.68)
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n n-1
+ Y riza®P(j,i-j - 3)(az® + zax + 2%a) + Y. rwa’P(j+1,i-j-4)2®

i=7+3 i=j+4

+2a’Q(j +1,n - j - 4)2°) — rjza™?,

—aza(a 'z ) > (Y] razaP(j-2,i-j-1)a’+ (A.69)

i=j+1

Y razaP(j-1,i-j-2)(a’z +aza+za®) + Y razaP(j,i-j - 3)(ar® + zax + z%a)

i=j+2 i=j+3
n-1
+ Y razaP(j+1,i-j-4)2° + azaQ(j + 1,n - j — 4)2°) - rj1aza™!
i=j+4
and .
-z (") > () radPaP(j-2,i-j - 1)a’+ (A.70)
i=j+1

Y ria*zP(j-1,i-j-2)(a’x +aza+za®) + Y ra’xP(j,i- j-3)(az® + vaz + 2°a)

1=7+2 i=j+3
n—-1
+ > rad’zP(j+1,i-j-4)2° + a?2Q(j + 1,n— j - 4)2®) — rja’za”
i=j+4

respectively. Also, use (A.4) to expand 0j,3 as

n-1
a7 > — (Y riP(j.i-j—-3)a® + P(j,n-j - 3)a’+
i=+3
n-1
Y rP(j+1i-j-4)(a’x +ava+za®) + P(j+1,n—j-4)(a’x + axa + xa®)+
i=j+4
n-1
Y rP(j+2,i-j-5)(az® + zax + 2%a) + P(j +2,n - j - 5)(az® + zaz + 2a)+
i=j+5
n-1
Y rP(j+3,i-j-6)" +Q(j+3,n—j—6)2") + 130"
i=7+6
=—( > rP@i-j-3)a*+ Y rP(j+1,i-j-4)(a’x +ava+za®)+
i=j+3 i=j+4
n n-1
Y rP(j+2,i-j-5)(ax? + zaz + 2%a) + Y rP(j+3,i-j-6)2”
i=5+5 i=5+6

+Q(j +3,m - j - 6)2°) + 130"

Premultiplying this by z? and using Lemmas 2.6 and 2.7 to separate reducible and
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irreducible words, yields

~? I 5 (Y 1@ P(Gi-j-3)a® + Y ra®P(j+ 1,i— j —4)(a’x + aza + xa®)

i=j+3 i=j+4
(A.71)
+ zn: ria®P(j +2,i—j-5)(ax® + zazx + va) + nz—:l ra®P(j+3,i-7-6)2°
=545 =546
QU +3,0 ) = 6)1%) — 1y,
The words in (A.65)-(A.71) of length n + 3 which are reducible are as follows:
1. 2?2a/*2zn 7 2a e 22aP(j+1,n—-j—-4)x%a
2. x(a/*2xmi2)xa € xa?P(j,n - j - 3)z2a
3. x(a/*?2xmIi2)ax € xa’P(j,n - j - 3)rax
4. xad*ttzn-i-ta? € xa®?P(j,n - j - 3)xa?
5. axa’tzni-la e araP(j,n - j - 3)z%a.
Recall from (A.59), (A.60), (A.61) and (A.62) that
r(a? 22" ) ra - —( zn: rixa’P(j—1,i-7j-2)axa+ nz_:l rixa®P(j,i— 7 - 3)x%a+
i=j+2 i=5+3

1a*Q(j,n-j-3)z’a+ Y ri(zaxP(j,i-j-3)ava+z’aP(j,i-j-3)axa)+
1=7+3

Y ri(wazP(j+1,i-j-4)2a+2*aP(j+1,i—j-4)z*a+2*P(j+1,i-j - 4)aza)
i=j+4

n
+ Y @ P(j+2,i-j - 5)x%a) + rjez’a™,
1=7+5

n n-1
2(a 22" )ax - =( Y r@a®P(j - 1,i-j-2)a*z + Y, rwa*P(j,i - j - 3)vaz+

1=7+2 i=7+3

1a*Q(j,n—j-3)wax+ Y ri(waxP(j,i-j-3)a’x +x*aP(j,i-j-3)a’x)+

i=j+3

Y ri(wazP(j+1,i-j-4)zax +2*aP(j+1,i-j-Drax + 2 P(j+1,i—j - 4)a’z)+

i=j+4

Z ri® P(j +2,i— j - 5)wax) + rjoraza”,
=345
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n n—1
za 'z e > - (Y rwd®P(j-2,i-j-1)a*+ Y rga?P(j-1,i-j - 2)za’+

i=j+1 i=j+2

1a’Q(j-1,n—j-2)za>+ ), ri(zaxP(j—-1,i-j-2)a® +a2’aP(j-1,i—j-2)a’)+

i=j+2

> ri(zaxP(j,i-j—-3)xa® + x*aP(j,i - j - 3)xa® + 2°P(j,i - j — 3)a’)+
=43

Y ra®P(j+1,i—j—-4)xa®) +rjza™?
i=j+4

and

axd " e — () razaP(j-2,i-j-1)a*+ Y ri(ar’P(j-1,i-j-2)a’+
i=j+1 )

n

araP(j-1,i-7j-2)axra+axaP(j-1,i—j-2)xa®) + Z ri(ax®P(j,i—j - 3)axa+

i=5+3
n—-1

ax’P(j,i—j—3)za’) + Y, raxaP(j,i—j-3)z’a+axaQ(j,n - j - 3)z’a+
i=j+3

n
Z riax®P(j+1,i— j —4)z%a) + rjaza™?
i=j+4

The reducible word —z2a/*22"7=2¢ in (A.59) appears with a sign opposite to that of
x2a/*22m"72a, the term (i) in the list above which makes them cancel out. Hence, the
reduction process ends here and when we substitute (A.59)-(A.61) and (A.65)-(A.71) into

(A.64), we get

wiszr® = (Y ra*zP(j-2,i-j-1)a®+ Y ri(a®zP(j,i-j - 3)(a’*x + aza + za®)+

i=j+1 =542

(A.72)

azaP(j,i-j-3)a’x)+ Y ri(a’zP(j,i-j-3)(azr’ + zax + z%a)+
i=7+3

avaP(j,i-j-3)(az® + zax) + xa*P(j,i - j - 3)ax® + ax®*P(j,i - j — 3)a’x)+

Y ri(az®P(j+1,i-j—4)(az® + zaz) + (zaz + 2°a) P(j +1,i - j - 4)az?)
i=j+4

n
+ > @ P(j+2,i-j-5)ax?) - (rjma’za” + rjaz’a+
i=7+5

n—1
> ria’P(ji~j)a* +a*Qj,n - j)z*).

i=j+3
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Comparing (A.64) and (A.72), we conclude that the overlap ambiguity {w;,w;.s} is
resolvable for 3<j<n—-4

(d) Let j =n -4 and consider the overlap ambiguity {wy,_4,w,-1}. Using (A.4), expand

Op—4 AS
n-1
wp-a > —( Y. i P(n-T,i-n+4)a®+ P(n-7,4)a*+
i=n—4

n-1

Y riP(n-6,i-n+3)(a’x +aza+xa®) + P(n—6,3)(a’x + ava + va®)+
i=n-3

n-1

Y riP(n-5,i-n+2)(az® + zax + 2%a) + P(n - 5,2)(az® + zax + 2a)+
i=n—2

Tn—lp(n B 47 O)xg + Q(?’L B 47 1)%3) + rn—4a_n

=—( Y rP(n-7,i-n+4)a®+ > rP(n-6,i-n+3)(a’s+ava+za®)+

i=n—4 i=n—3

Y riP(n-5,i-n+2)(az® + zax + 2%a) + r,o P(n - 4,0)2” + Q(n - 4,1)2%) + rp_ga”

2
Premultiply this by a3 and use Lemmas 2.6 and 2.7 to separate reducible and irreducible

words, yields

Pwpeg > (Y rid®P(n-T,i-n+4)a®+ > r;a®P(n-6,i-n+3)(a’z+aza+za®) (A.73)

i=n—4 =n—-3

+ Y ria®P(n-5,i-n+2)(az® + zaz + °a) + r,_1a® P(n - 4,0)2°
i=n-—2

+a*Q(n—4,1)a2°) +rypga™?

The reducible words above of length n + 3 are as follows:

1. a"*z%a® e a®P(n-"7,4)a?

DO

. (a222)x%a € aBP(n-5,2)2%a

w

. (a222)xzax € a>P(n - 5,2)xax

-

(a"222)az? € a3P(n - 5,2)ax?

t

. (an323)xa? € a3P(n - 6,3)xa?

(=)

. (a"3x3)axa € a>P(n - 6,3)axa

=~

(a"3x3)a’x € a3P(n - 6,3)ax.
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Using (A.5) expand o,,_4 as

n-1
a" ot > —( ) rid®P(n-7i-n+4)+a*Q(n-7,4)+

i=n—4
n-1
Y. ri(a*z +aza+x*a)P(n—6,i-n+3)+ (a’x +aza + z°a) P(n - 6,3)+
1=n-3
n—-1
+ > ri(ar® + zax + 2*a)P(n-5,i—n+2) + (az” + zax + r’a) P(n - 5,2)+
i=n-2

Y rigP(n—4,i-n+1))+r,sa"
=n-1

1

n-1 n
=—( ) rd®P(n-7,i-n+4)+a’Q(n-7,4)+ » ri(a’z+aza+z*a)P(n—-6,i-n+3)

=n—3

i=n—4

+ Y ri(az® +zax +2’a)P(n-5,i-n+2)+ > ra®P(n-4,i-n+1))+r,_4a”

i=n—-1

i=n—2

Post multiplying this by a® and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

n-1
—a" 2% > () rid®P(n-7,i-n+4)a®+a’Q(n-7,4)a’+ (A.74)

1=n—4

ri(a*z + ava+ 2%a)P(n - 6,i-n+ 3)a*+

n
P
1=n—-3
n
2
=n—

ri(ax® + xax + 22a)P(n-5,i —n+2)a’+

i 2

n
Y rig?P(n-4,i-n+1)a’) +r,_4a".
=n-1

(3

Use (A.5) to expand 0,9 as

n—-1
a"?x® > (), ria®P(n—-5,i-n+2)+a’Q(n->5,2)+

i=n—-2

Y ri(@®x +ava+xza®)P(n-4,i-n+1)+

i=n—1

(az® + zax + 2%a)P(n - 3,0)) + rp_sa™.

Thus, post multiplying this by z2a, zax and az?, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

n—1
(" Z)a2a > (Y 1 P(n-5.i-n+2)a%a+a*Q(n - 5,2)a%a+ (AT5)

i=n—2
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Y ri(a*r +aza+xa®)P(n-4,i-n+1)z%a+ (az? + zax + 2°a) P(n - 3,0)2%a)
i=n-1

—Tn_nga"”,
n-1
—(a"?z*)zax - (), rid®P(n-5,i-n+2)zar +a*Q(n—5,2)zaz+ (A.76)
i=n—2

> ri(a*z +aza+xa®)P(n-4,i-n+1)zax + (az® + zaz + v°a) P(n - 3,0)zax)
=n-1

)

—Tp_oxaxa”™

and

n-1
~(a"?2*)ax® - ( )] r,a®P(n=5,i-n+2)az’ +a’Q(n - 5,2)az’+ (A7)

i=n—2

Y ri(a*z +aza+xa®)P(n-4,i-n+1)az® + (az® + zaz + 2°a) P(n - 3,0)az?)
i=n—1

—rp_saz’a”

respectively. Also, using (A.5), expand o,,_3 as

n-1
a"?z® > -( Y rid®P(n-6,i-n+3)+a*Q(n-06,3)+2°P(n-3,0)+

i=n—3

-1
ri(a*x + axa+xa®*)P(n-5,i—n+2) + (a’x + ava + xa*) P(n - 5,2)+
i=n—2

3

n
Y ri(aa® + zaz + 2’a)P(n—4,i—n+1)) +7r,_3a".
=n-1

)

n—-1
=—( ) ria®P(n-6,i-n+3)+a’Q(n-06,3)+2°P(n-3,0)+

1=n—-3

Y ri(a*z+aza+za®)P(n-5i-n+2)+ > ri(az®+zaz+z*a)P(n-4,i-n+1))
i=n-2 i=n-1

+Tn—3a_n-

Hence, post multiplying this by xa?, ara and a?z, and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yield

n-1
~(a"?z*)za® > ( 3] ria’P(n-6,i-n+3)ra® +a’Q(n - 6,3)za’+ (A.T8)

i=n—-3
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?P(n-3,0)za®+ Y ri(a®z+aza+za®)P(n-5i-n+2)za’+
i=n—2

n
> ri(aa® + zaz + ’a)P(n— 4,1 —n+ 1)za®) - rp_sza™?

P A

i=n—1

n-1
—(a"?z*)aza - ( ) 1:a*P(n—6,i-n+3))aza+a’Q(n - 6,3))aza+ (A.79)

i=n—3

?P(n-3,0))aza+ Y, ri(a®x+aza+za®)P(n—->5,i-n+2))azra+

1=n—2

n
> ri(az® + zax + 2*a)P(n-4,i - n+ 1))aza) - rn_saza™"!
i=n—

1

and

n-1
~(a"3a%)atr > (3 16 P(n=6,i-n+3)a’ + a*Q(n - 6,3)a’w+ (A.80)

i=n—3

?P(n-3,0)a’z+ Y ri(a®z+aza+za®)P(n-5i-n+2)a’x+
i=n—2

n
> ri(az® + zaz + 2’a)P(n—4,i - n+1)a’x) - r,_3a’za”
i=n-1

respectively. The following words of length n + 3 from (A.74)-(A.80) are reducible:
1. z2a™2x%a on right hand side of the relation for —(a"2x2%)z2a.
2. z(a"2x?)zxa € xa’P(n-4,1)x%a
3. axa™3z3a € axaP(n -4,1)x%a
4. xa"?z?ax € xa®?P(n—-4,1)zax
5. xa"3x3a? € xa’P(n - 5,2)xa?
6. 23a™ 'z on right hand side of the relation for —(a"3z3)a?x
7. x?a(a"2x?) on right hand side of the relation for —(a"2x?)ax?

8. xax(a™2x?%) on right hand side of the relation for —(a"2x?)ax?

o

. az?(a™22?) on right hand side of the relation for —(a"2z?)ax?.

Using (A.6), expand 0,5 as

n-1
a"?z* > -( ), ra®P(n-5,i-n+2)a+a*P(n-5,2)a+

i=n—2
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2’P(n-3,0)a+azP(n-3,0)z +xaP(n-3,0)z+ Y ri(azP(n-4,i-n+1)a

i=n—1

+xaP(n-4,i-n+1)a) +r,1a*P(n-4,0)z + a*Q(n - 4,1)x) + 1, _0a™

=—( ) ria®P(n-5,i-n+2)a+z’P(n-3,0)a+azP(n-3,0)x+zaP(n-3,0)z+

i=n—2

Y ri(azP(n-4,i-n+1)a+zaP(n-4,i-n+1)a)+
=n-1

7

Tno10?P(n —4,0)x + a*Q(n - 4,1)x) + rp_0a”.

Thus, premultiplying this by x and postmultiplying this by xza and ax, and using Lemmas
2.6 and 2.7 to separate reducible and irreducible words, yield

w(a" 2 wa — (), riwa®P(n=>5,i-n+2)axa+z°P(n -3,0)aza+ (A.81)

i=n—-2

zaxP(n-3,0)z%a + z’aP(n-3,0)za+ Y ri(zaxP(n-4,i-n+1)aza+
i=n—1

2?aP(n-4,i-n+1)aza) +r,1xa*P(n - 4,0)z%a + va*Q(n - 4,1)x%a) + r,_sz’a™"!

and

z(a"*x*)ax - —( Y. riwa®P(n—->5,i-n+2)a’x+2°P(n-3,0)a’s + 2°aP(n - 3,0)zax+
1=n-2
(A.82)

zaxP(n-3,0)zax+ Y ri(zazP(n-4,i-n+1)a’x +z*aP(n-4,i-n+1)a’x)

1=n—1

+rp_17a?P(n - 4,0)zar + 2a*Q(n - 4,1)zax) + rp_ozaxa™

respectively. Similarly, using (A.7), expand o,,_3 as

n-1
a" 2% > —( ) riaP(n-6,i-n+3)a®+aP(n-06,3)a"+
1=n-3
n-1
> ri(aP(n-5,i-n+2)ax+aP(n-5i-n+2)za+xP(n-5i-n+2)a’)
1=n-2

+aP(n-5,2)az +aP(n->5,2)za+xzP(n-52)a>+ > ri(zP(n-4,i-n+1)ax

i=n—1

+xP(n—-4,i-n+1)za) +rp_1aP(n-4,0)2> + aQ(n-4,1)z* + zP(n - 3,0)2?) + r,_3a"

=—( ) riaP(n-6,i-n+3)a®>+ Y ri(aP(n->5i-n+2)ax+aP(n-5i-n+2)za

i=n—3 1=n—2

+zP(n-5,i-n+2)a®)+ Y ri(@P(n-4,i-n+1)az+zP(n-4,i-n+1)za)

i=n—1
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+rp_1aP(n—4,0)2% + aQ(n - 4,1)2? + xP(n - 3,0)2?) + r,_sa™.

Pre and post multiplying this by ax and a respectively, and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yields

aza"Pr*a —-( ) razaP(n-6,i-n+3)a®+ > ri(azaP(n->5i-n+2)aza (A.83)

i=n-3 i=n—2

+azaP(n-5,i-n+2)za’ +ar’P(n-5,i-n+2)a’)+ . ri(az’?P(n-4,i-n+1)aza
i=n-1

+ax’*P(n—4,i-n+1)xa®) + rp_jaxzaP(n - 4,0)2r%a + araQ(n - 4,1)z%a

+az’P(n - 3,0)z%a) + r,_saza™.

Again, using (A.6), expand o,,_3 as

n-1
a"?z® > —( ) ra*P(n-6,i-n+3)a+a*P(n-6,3)a+

i=n—-3

n-1
> rilazP(n-5,i-n+2)a+zaP(n-5i-n+2)a)+azxP(n-52)a+zaP(n-52)a

i=n—2

n—1 n
+ > ria®P(n—-5i-n+2)x+a’Q(n-52)x+ > ri(x*P(n—-4,i-n+1)a+

i=n-2 i=n-1

arP(n-4,i-n+1)z+zaP(n-4,5-n+1)x)+2°P(n-3,0)z) +r,_30"

=—( ) ra*P(n-6,i-n+3)a+ » ri(axP(n->5i-n+2)a+zaP(n->5i-n+2)a)

i=n—3 i=n—2

+ > ri(@?P(n-4,i-n+1)a+azP(n-4,i-n+1)x+zaP(n—-4,i-n+1)x)+

i=n—1

n-1
Y ria®P(n-5,i-n+2)z+a’Q(n->5,2)x+2°P(n-3,0)x) +r,_3a".

i=n—2

Pre and post multiplying this by x and a? respectively and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yields

za"?2%a® > -( Y riwa®P(n-6,i-n+3)a®+ > ri(zazP(n-5,i-n+2)a*+ (A.84)

i=n—-3 i=n—2

n-1
z’aP(n-5,i-n+2)a®)+ > rza®P(n—-5,i-n+2)za® +xa*Q(n-5,2)za’+

i=n—2

n
Y ri(@®P(n-4,i-n+1)a®+zazP(n-4,i—-n+1)za® + 2’°aP(n-4,i—n+1)za®)
i=n—1

+2°P(n - 3,0)za®) + r,_sza™?

150



Also, using (A.4), expand 0,5 as

n-1
a"?x* > —( ), riP(n-5,i-n+2)a’+P(n-5,2)a’+

1=n—2

> riP(n—4,i-n+1)(a’x + axa + xa®)
i=n-1

+P(n-3,0)(zax + 2%a)) + r,_3a".

=—( Y rP(n-5i-n+2)a®+ > rP(n-4,i-n+1)(a’x+aza+za®)

i=n—2 i=n—1

+P(n-3,0)(zax + 2%a)) +r,_3a™.

Thus, premultiplying this by x2a, zax and az?, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

?a(a"*z*) > —( ) riz*aP(n-5i-n+2)a’+ (A.85)

i=n—2

> rig*aP(n-4,i-n+1)(a’x + ava + va®)+

i=n—1

v?aP(n-3,0)(zar + 2%a)) + rp_sza™,

zax(a"?2®) > (Y. riwarP(n-5,i-n+2)a’+ (A.86)

1=n—2

n
Y. riwaxP(n—4,i-n+1)(a’x +aza + za®)+
i=n—1

raxP(n-3,0)(zax + 2%a)) + rp_szaxa™

and
az®(a"?2*) > -( Y. raz’P(n-5,i-n+2)a’+ (A.87)

i=n—2

> riax®P(n-4,i-n+1)(a’x + ava + va®)+

i=n—1

ar’P(n-3,0)(zax + 2%a)) + r,_saz’a”

respectively. The word in (A.81)-(A.87) of length n + 3 which are reducible are as follows:
1. —x2a"22%a € x(a"22?)xa
2. —z3a™lx e x(a"2x?)ax
3. —x2a"2x2a € x%a(a"2x?).
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But terms (i) and (ii) in the preceding list have opposite signs with the terms (i) and (iv)
in the list of nine reducible words above so they cancel out. Thus, we only have to reduce
the term (iii). Using (A.7), expand 0,5 as

n-1

a"?z* > -( ) raP(n->5,i-n+2)a®+aP(n->5,2)a’+

i=n—2

> ri(aP(n-4,i-n+1)ax+aP(n-4,i-n+1)za+zP(n-4,i-n+1)a’)
=n-1

7

+rP(n-3,0)ar +xP(n-3,0)za) + 1, 0a"

=—( > raP(n-5i-n+2)a*+ Y ri(aP(n-4,i-n+1)az+

i=n—2 i=n-1

aP(n-4,i-n+1)za+xP(n-4,i-n+1)a®) +xP(n-3,0)az + xP(n-3,0)za)

+rn—2a_n'

Pre and post multiplying this by 22 and a respectively, and using Lemmas 2.6 and 2.7 to

separate reducible and irreducible words, yields

—?a"?2’a— (), rig*aP(n-5,i-n+2)a®+ Y ri(z?aP(n-4,i-n+1)aza+ (A.88)

i=n—2 i=n—1

r?aP(n-4,i-n+1)za®>+2°P(n-4,i-n+1)a®) + 2°P(n - 3,0)aza

+23P(n - 3,0)za?) - rp_oz?a™".

Hence, the reduction process ends here and when we substitute (A.74)-(A.88) into (A.73),

we get

@Pwyog > (Y rid®zP(n-6,i-n+3)a®+ Y ri(a’xP(n-5,i-n+2)(a’s +aza+za®)
i=n—2
(A.89)

=n-3 )
+azaP(n-5i-n+2)a’z)+ Y ri(a®zP(n—-4,i-n+1)(az®+zaz + 1°a)+
i=n-1

araP(n—-4,i—n+1)(az? + zax) + xa*P(n-4,i—n+ 1az? + 23 P(n - 4,i —n+1)a®)+

?P(n-3,0)(aza + za® + rpazaza™) - (Y raz(P(n-5,i-n+2)a’+
i=n—2

7

v?aP(n—-4,i-n+1)a*x)+r,_1a>P(n—-4,0)2>+a*Q(n - 4, 1)z +xzaxP(n - 3,0)(zax + v2a)

> ri(aa®P(n-4,i-n+1)(aza+za®) + vaxP(n - 4,i-n+1)(a’x + ava + za®)+
=n—1

+x?aP(n - 3,0)zar + ax®*(P(n - 3,0)z%a + P(n-5,2)a®) + r,_sa’za™).
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Similarly, using (A.4), expand o,_; as

Wno1 = —(rp16®P(n—4,0) +a*Q(n - 4,1) + (a®z + axa + xa*) P(n - 3,0)) + 1,_1a".

Post multiplying this by 2% and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

Wno12? = —(rp_1a®P(n—-4,0)2 +a®>Q(n - 4,1)23 + (a*x + ava + xa®) P(n - 3,0)z*) (A.90)

a2’

The following words in (A.90) of length n + 3 are reducible:
1. zanla3
2. aza™ 23
3. a?xan-3x3.

Using (A.4), expand o,,_3 as

n-1
a" % > -( Y rP(n-6,i-n+3)a’+ P(n-6,3)a’+
1=n-3
n-1
Y riP(n-5,i-n+2)(a’x +aza+za®) + P(n-5,2)(a’x + ava + va®)+
i=n—2

n
Y riP(n-4,i-n+1)(az’ + zax + 2%a)) + r,_3a”.
i=n—1

=—( Z riP(n—6,i-n+3)a®+ Z r;P(n-"5,i-n+2)(a*x + axa + xa®)+

i=n—3 i=n—2

n
Y riP(n-4,i-n+1)(az’ + zax + 2%a)) + r,_3a”.
i=n-1

Thus, premultiplying this by xa?, axa and a?z, and using Lemmas 2.6 and 2.7 to separate

reducible and irreducible words, yield

—za*(a"P2?) > () rwa®P(n—-6,i-n+3)a’+ (A.91)

i=n-3

n
Y rixa®P(n—5,i—n+2)(a’x + ava + za®)+
i=n—-2

n
> rwa*P(n-4,i-n+1)(az® + zaz + 2°a)) - rp_zza™?
i=n-

EAC A
1
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—aza(a"?z®) > ( ). ravaP(n-6,i-n+3)a’+ (A.92)

i=n—3

n
Y riazaP(n-5,i—n+2)(a’x + ava + va®)+
=n

i=n-2

n
Y razaP(n-4,i-n+1)(az® + zax + 2%a)) - rn_saza™
=n

i=n—1

and
—a’z(a"P2?) > () ria®zP(n—-6,i-n+3)a’+ (A.93)

i=n—3

n
Y ria*zP(n-5,i-n+2)(a’x + ava + va®)+
=n

1=n-2

n
Y. ria®zP(n-4,i-n+1)(az® + zax + 2%a)) - r,_30°za”
=n—

7 1

respectively. The reducible words in (A.91)-(A.93) of length n + 3 are as follows:
1. za™2x%2xa € xa’P(n-4,1)x%a
2. za"2z2ax € xa’P(n-4,1)zax
3. za"3x3a? € xa’?P(n - 4,1)ax?
4. ara™3x3a € axaP(n -4,1)z%a.

Recall from (A.81)-(A.84) that

z(a"*z*)za —-( Y rwa®P(n—->5,i-n+2)aza+z*P(n-3,0)aza+

1=n—2

zaxP(n-3,0)z%a + z*aP(n-3,0)za+ Y ri(zaxP(n—-4,i-n+1)aza+

i=n—1

r?aP(n—-4,i-n+1)aza) +r,12a®*P(n - 4,0)z%a + 2a*Q(n - 4,1)2%a)

1 _ox2a™t

w(a"?2?)ax - —( ), rwa®P(n=5i-n+2)a’zr +2°P(n-3,0)a’z+
1=n—2

z?aP(n-3,0)zax + vaxP(n—-3,0)zaz + Y, ri(zaxP(n—-4,i-n+1)a’z+

i=n—1

r?aP(n-4,i-n+1)a*x) +rp1xa®*P(n - 4,0)zar + xa*Q(n - 4,1)zax)

+7p_oxaxa”.
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n n
aza"Pr*a - -( ) razaP(n-6,i-n+3)a®+ > ri(avaP(n-5,i-n+2)aza+
i=n-3 i=n-2

araP(n-5,i-n+2)za® +ar’P(n-5i-n+2)a’)+ > ri(az’P(n-4,i-n+1)aza

i=n—1

+ar®P(n—-4,i-n+1)za*) + r,axaP(n - 4,0)z%a + avaQ(n - 4,1)z%a+

az?P(n - 3,0)2%a) + r,_3axa™"

and

n n
za"?2%a® > () riwa®P(n-6,i-n+3)a®+ > ri(zaxP(n-5,i-n+2)a’+
i=n—3 =n—2

n-1
2’aP(n-5,i-n+2)a®)+ > rxa®P(n->5i-n+2)za’® +xa*Q(n—5,2)za’+

i=n—2

Y ri(@®P(n-4,i-n+1)a® +zaxP(n-4,i-n+1)za® + 2?aP(n-4,i - n+ 1)za®)
i=n—1

+23P(n - 3,0)za?) + rp_sza™>

The reducible words in (A.81)-(A.84) of length n + 3 are:
1. —z2a"2x%a € x(a"22?)za
2. —x3a™lx € x(a"2x?)ax.

Recall from (A.88) that

~2*a"?2%a — (), ria*aP(n-5i-n+2)a®+ Y ri(z’aP(n-4,i-n+1)aza+

i=n—2 i=n—1

r?aP(n-4,i-n+1)za®>+2°P(n-4,i-n+1)a®) +23P(n - 3,0)aza

+23P(n - 3,0)za?) - r,_px?a™?.

Also, using (A.4), expand o,,_1 as

a" 'z > -( > rP(n-4,i-n+1)a®+ P(n-3,0)(aza +za®)) +r,_1a".
i=n—1

Premultiplying this by a3 and using Lemmas 2.6 and 2.7 to separate reducible and

irreducible words, yields

—?a" 'z > () ra®P(n-4,i-n+1)a®+2°P(n-3,0)(aza + za®)) - rpaz’a”. (A.94)
i=n-1
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Thus, the reduction process ends here and when we substitute (A.81)-(A.84), (A.88),
(A.91)-(A.94) into (A.90), we get

wpo12® > (Y ria’zP(n-6,1-n+ 3)a’+ (A.95)

i=n—3

> ri(a®zP(n-5,i-n+2)(a’x + ava + va®)+
=n-2

7

araP(n-5,i-n+2)a’z)+ Y ri(a®zP(n-4,i-n+1)(az’ + zax + z%a)+

i=n—1

araP(n—-4,i—n+1)(az? + zax) + xa*P(n-4,i—n+ 1az? + 23 P(n - 4,i —n+1)a®)+

2?P(n-3,0)(aza + za® + rpszaza™) - (Y raz(P(n-5,i-n+2)a®
i=n-2

+ > ri(ar®P(n-4,i-n+1)(aza+za®) + vaxP(n-4,i-n+1)(a’z + aza + za®)+
i=n—1

r?aP(n—-4,i-n+1)a*z) +r,1a®P(n—4,0)2 + a*Q(n - 4,1) 23+

zarP(n - 3,0)(zvax + 2%a) + 22aP(n - 3,0)zaz + ax*(P(n - 3,0)z%a + P(n - 5,2)a®)

+Tp_ga’xa™).

Comparing (A.89) and (A.95), we conclude that the overlap ambiguity {w,_4,wn-1} is

resolvable.
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