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Abstract

This thesis is concerned with properties of pointed Hopf algebras: that is, Hopf algebras
whose coradicals are the group algebras of their grouplike elements. These have been
fruitfully studied via their associated graded Hopf algebras with respect to the coradical
filtration. In fact, the associated graded Hopf algebra gr H of a pointed Hopf algebra H
can be decomposed into a braided graded Hopf algebra of coinvariants adjoined to a group
algebra by a process called bosonisation.

Chapter 1 consists of background material, which fully explains the process outlined
above.

In Chapter 2, we outline and discuss the main results of Kharchenko in [32], which gives
a PBW-basis for a certain class of associated graded Hopf algebras gr H of pointed Hopf
algebras H. The hypotheses on gr H are that its grouplikes form an abelian group that acts
on the braided Hopf algebra of coinvariants diagonalisably - that is, by multiplication by
scalars, which are called the braiding coefficients. In Theorem 2.4.1, we give an expanded
proof of [32, Corollary 5].

This provides a tool which we use in Chapter 3 to show that the ordering of the PBW-
generators in Kharchenko’s PBW-basis for gr H may be permuted in the case where there
are only a finite number of generators. We then use this in order to prove that gr H, and
hence H, satisfy certain homological properties.

In Chapter 4, we prove a result giving sufficient conditions on the braiding coefficients
for the braided Hopf algebra of coinvariants to be a free algebra, thus answering a question
of Andruskiewitsch and Schneider in [2].

Chapter 5 switches the focus to a type of skew-polynomial algebras called ambiskew
polynomial algebras, defined over a base algebra R. We drop the hypothesis that R is
commutative, which was generally assumed in previous work on these algebras. We then

give necessary and sufficient conditions for a Hopf algebra structure on R to be extended



ii

to a Hopf algebra structure on the ambiskew polynomial algebra, generalising work of
Hartwig in [22]. We also calculate explicitly their coradical filtration, which gives as a
corollary some theorems of Montgomery [43] and Boca [11] on the coradical filtration of
Uy(slz). Finally, we consider some homological and ring-theoretic properties of ambiskew

polynomial algebras.
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Chapter 1

Introduction

We start by introducing some background material which will feature prominently through-
out this thesis. In particular, we focus on pointed Hopf algebras, which are studied using
filtered and graded techniques. The coradical filtration of a pointed Hopf algebra H is a
Hopf algebra filtration, and the associated graded Hopf algebra gr H can be described as
a bosonisation between a subalgebra of coinvariants and a group algebra. This technique

greatly simplifies the problem of classifying pointed Hopf algebras.

1.1 Preliminaries

1.1.1 Notation and conventions

Throughout, k will denote a field and k* will denote &\ {0}. All algebras, coalgebras and
Hopf algebras are k-vector spaces, and the unadorned tensor product ® denotes the tensor
product over k.

If A is an algebra, we sometimes write A = (A, m,u), where m: A® A — A is the
multiplication map and w: k — A is the unit map. We usually omit explicit labels for these
maps, instead denoting m(a ® b) by ab for all a,b € A. For any coalgebra C = (C, A, ¢),
A: C — C®C and e: C — k denote the comultiplication (or coproduct) and counit maps
for C, respectively. We denote the grouplike elements of C' by G(C') and the primitive
elements of C' by P(C). Similarly, if H = (H,m,u,A,¢e,S) is a Hopf algebra, then m, u,
A and € retain their meanings above and S: H — H denotes the antipode of H. Again,
we usually do not give a label to the multiplication or unit maps of H. We write G(H),
P(H) for the grouplikes and primitives of H, respectively.

Sweedler notation is used for elements in the image of A as follows: for h € H, we
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write

Ah)=> hm@hyc H® H.

If V is a left H-comodule, with coaction 6: V — H ® V, we write
o(v) == Zv_l ®Ruvg e HRV.

The left adjoint action of H on itself is given by

ad;(h)(a) := Z hiaS(hz),

and the right adjoint action is given by

ad,(h)(a) :=Y_ S(h1)ahs,

for all a,h € H.

1.1.2 Filtrations and gradings of Hopf algebras

When studying an algebraic structure, a common technique is to filter it and then consider
the associated graded structure. The advantage of this approach is that the resulting object
is often more straightforward to understand, but nevertheless retains many of the algebraic
properties of the original structure without losing the key information. Here, we develop

this technique for algebras, coalgebras and Hopf algebras.

Algebra filtrations and gradings

Definition 1.1.1. (i) Let A be an algebra. An algebra filtration of A is a family {A,, : n > 0}

of subspaces of A such that
(a) A, C Ayqq forall n >0,
(b) A A, C Apyy for all myn >0,
(¢) Upso4n = A
Due to (c), this is sometimes known as an ezhaustive algebra filtation.

(ii) A graded algebra is an algebra A together with a family {A,: n > 0} of subspaces
of A such that

(a) ApnA, C Apyp for all myn > 0,

(b)

= D,,>0 An as a vector space.

|



CHAPTER 1. INTRODUCTION 3
If A is an algebra with filtration {4, }, we can construct a graded algebra from A in a
natural way. Define a family of vector spaces {A,} by

Ao n=20
An/An—l n > 0.

A, =

The associated graded algebra of A is defined to be
gr A= GB A,.
n>0
The multiplication in gr A works as follows. For a € A, \ A,,—1, the degree of a is said to be
n, and we write @ := a+ A,,_1 € A,,. If ¢ € A has degree m, then ¢ := c+ A,,_1 € A,, and
we define ac := ac + Ayin_1 € Apgn. Note that if ac € A,, 1,1 then ac = 0; otherwise

ac = ac.

Definition 1.1.2. A graded algebra A = @nZO A, is connected if Ay = k.

Coalgebra filtrations and gradings

Definition 1.1.3. (i) Let C = (C,A,¢) be a coalgebra. A coalgebra filtration of C' is a
family {C,, : n > 0} of subspaces of C' such that

(a) C,, C Cpyq for all n >0,
(b) A(Cy) C Y1, Ci ® Cpj for all n > 0,
(c) UnZO C,=C.

(ii) A graded coalgebra is a coalgebra C = (C, A, ) together with a family {C,,: n > 0}
of subspaces of C' such that

(a) A(Chn) € 3210 Ci ® O,
(b) C = D,.>o C,, as a vector space.

If C is a coalgebra with filtration {C,}, we can construct a graded coalgebra from
C. Analogously to the process for algebras, we define a family {C,} of vector spaces by

setting
Co n=>0
C’n/Cn_l n > 0.

Cp =

The associated graded coalgebra of C' is

grC = @5n,

n>0
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which, by [49, Exercise 11.1(1)], is a graded coalgebra with the following definitions for
the coproduct A: grC — grC ® grC and counit : grC — k. The restriction of the

coproduct

=0

is the unique map that makes the following diagram, from [49, §11.1], commute:

Alcy,

> i Ci ® Cn

ls

e S (Ci @ Ci) ) 00 (C © Crurj)

n 1=0

Z?:() C;®Chy

Q

~
<

Ql

In the diagram, f and g are the canonical quotient maps, while A is induced by A|¢, and
is well-defined by Definition 1.1.3 (i)(b). The map ¢ writes ~ over each tensorand of a coset
representative in its domain; it is well-defined by the definition of this operation.

The restriction of the counit £z : C,, — k is defined by
eleg, n=0
0 n>0.

Recall that a simple coalgebra is a coalgebra with no proper subcoalgebras, and that the
coradical of a coalgebra is the sum of all its simple subcoalgebras. An important example
of a coalgebra filtration of a coalgebra C' is the coradical filtration . This is defined by

taking Cj to be the coradical of C, and, for all n > 0,
Cpi1:={ceC: Ac) € C,, ® C+ C ® Cy}.

It is a coalgebra filtration by [42, Theorem 5.2.2].

Hopf algebra filtrations and gradings
Definition 1.1.4. (i) Let H be a Hopf algebra. A Hopf algebra filtration of H is a family
{H,,: n > 0} of subspaces of H such that
(a) {Hp} is an algebra filtration of H,
(b) {H,} is a coalgebra filtration of H,

(¢) S(Hy,) C Hy, for all n > 0.
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(ii) A graded Hopf algebra is a Hopf algebra H := (H,A,g,S) together with a family
{H,:n >0} of subspaces of H such that
(a) {H,} is an algebra grading for H,
(b) {H,} is a coalgebra grading for H,
(c) S(H,) C H,, for all n > 0.

Let H be a Hopf algebra with Hopf algebra filtration { H, }. Obviously, the associated

graded algebra and coalgebra of H coincide; in fact,

ng:@ﬁn

is the associated graded Hopf algebra of H. The antipode S: gr H — gr H is defined by

S(R) == S(h) + Ho_1,

for h = h+ H,_1. It is well-defined by Definition 1.1.4 (i)(c).
For any Hopf algebra H, we can consider the coradical filtration of H, which in general
is only a coalgebra filtration. We are able to state exactly when this filtration is, in fact,

a Hopf algebra filtration:

Lemma 1.1.5. [42, Lemma 5.2.8] Let {H,} be the coradical filtration of H. Then {Hp,}
1s a Hopf algebra filtration if and only if Hy is a Hopf subalgebra of H.

1.1.3 Skew (Laurent) polynomial rings

Roughly speaking, a skew polynomial ring consists of polynomials in a variable X, with
coefficients in a ring R, where multiplication of X with the elements of R is not necessarily

commutative.

Definition 1.1.6. Let R be a ring, let o be a ring automorphism of R and let §: R — R

be a (o,id)-derivation of R: that is, § satisfies
d(rs) =o(r)i(s) +d(r)s,

for all r,s € R. The skew polynomial ring R[X;0o,d] is the ring generated by R and the

indeterminate X that satisfies the following properties:
(i) R[X;0,d]is a free left R-module, with basis {1, X, X?,...},

(i) Xr=o0(r)X +46(r), for all r € R.
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If 0 =id, we write R[X;d] and if 6 = 0, we write R[X;o].

We also have the notion of a skew Laurent polynomial ring:
Definition 1.1.7. Let R be aring and let o be a ring automorphism of R. The skew Laurent
polynomial ring R[X*!; 0] is the ring generated by R and X*!, where X ' X = X X! =1,

that satisfies the following properties:
(i) R[X*!;0] is a free left R-module, with basis {..., X2, X~1 1, X, X2 ..},
(ii) Xr =o0(r)X, for all r € R.

An alternative way to think about a skew Laurent polynomial ring is as a localisation

of a skew-polynomial ring: R[X*!; 0] = R[X;o][X] "

1.1.4 Skew group rings

Let R be a ring and let G be a group. The group ring RG is the free left R-module with
the elements of G as its basis and multiplication arising from the multiplication in R and
G: (rg)(sh) = (rs)(gh), for all ;s € R, g,h € G, extended linearly to all of RG. In
particular, this means that gr = (1rg)(rlg) = rg, for all r € R, g € G. There is a more
general notion of a group ring that allows for noncommutativity between elements of G

and R:

Definition 1.1.8. Let R be a ring and let GG be a group acting on R via ring automorphisms,
which we write as g -7 := g(r) for all » € R and g € G. The skew group ring R % G is
the free left R-module with the elements of G as its basis and multiplication defined by

(rg)(sh) = (rg(s))(gh). In particular, we have gr = (1rg)(rlg) = g(r)g.
1.2 Quantised enveloping algebras

Quantised enveloping algebras were discovered in the 1980s by Drinfel’d [17] and Jimbo
[24], and have their origins in mathematical physics, with applications to many other areas
of mathematics. They will appear as examples throughout this thesis.

1.2.1 Gaussian binomial coefficients

Let 0 # g € k. For any integer n > 0, let

(n)g:=1+4...+¢" 1=
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The g-factorial is defined by setting (0)!; := 1 and

(-1 -1)---(¢"-1)
(g—1)n '

In fact, (n)!y is a polynomial in ¢ with integer coefficients; when ¢ = 1, it is equal to

(n)lg = (1)g(2)g - (n)g =

the ordinary factorial n!. For 0 < i < n, we define the Gaussian binomial coefficient or

This is also a polynomial in g with integer coefficients whose evaluation at ¢ = 1 is equal

q-binomial coefficient by

to the usual binomial coefficient (') [31, Proposition IV.2.1(a)]. There are analogues of

the identities for binomial coefficients [31, Proposition IV.2.1(c)]:

(0,7 () (), o

If ¢ is a primitive nth root of unity, then

<n> =0, forall 1 <i<n-—1. (1.2)
q

7

There is an alternative type of g-binomial coefficient that is more convenient when studying

quantised enveloping algebras. For integers 0 < i < n, define

. qn _ q—n
[n]q := q_iqfl )
[n]lg = [1g[2]g - - - [nlg,

The following equation shows the relationship between the two types of ¢g-binomial coefhi-

cients [13, 1.6.1(1)]:

1.2.2 The definition

Let g be a simple Lie algebra over C of rank n and let C' := (a;j) be its Cartan ma-

trix. There are integers di,...,d, € {1,2,3} such that dja;; = djaj; that is (d;ai;) is a

symmetric matrix. Let ¢ € k*, set ¢; := ¢% for all 1 < i < n and suppose that ¢;% # 1.
The quantised enveloping algebra of g, denoted Uy (g), is a k-algebra whose construction

depends on the above choices of C' and q. It is the k-algebra with generators Fjy, ..., Ep,
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Fy,...,F, and K;*', ... K, ', and relations
K,E;K; ™' = ¢,*" Ej, KK = ¢ " Fy,
K, — K.~ 1
KK; = K;K;, EiF; — FiE; = 6jj————,
q; — q;
1—a;;
1|1 —ag 1—ag;—1 ! C
Z(—l) [ ) ] E 7T B B =0 (i # j),
=0 qi
1—a;;
[ —ai 1—as;—L gl L
S v ] mER =0 6 £))
=0 qi
There is a free abelian group G of rank n contained in Uy (g):
G=(K*:1<i<n). (1.3)

The following definitions make U,(g) into a Hopf algebra: for all 1 <i <mn,

AK) = K; ® K;, e(K;)

I
L

S(K;) = K; 7,

A(E) =E®1+K;,®E, —-K,7'E;,

™
—~
S
~

I
=

S(E;)

AE)=FoK '+1eF, )

0, S(F)=-FK;.

There are Hopf subalgebras of Ugy(g) which can be viewed as quantisations of the positive
and negative Borel Lie subalgebras of g. These are quo(g), which is the Hopf subalgebra
generated by the K;*! and the E;, 1 < i < n, and Uqgo(g), which is generated by the K;*!

and the F;, 1 <i<n.

1.3 Pointed Hopf algebras

1.3.1 Definition and examples

Definition 1.3.1. A pointed coalgebra is a coalgebra C' with the property that every simple

subcoalgebra of C' is one-dimensional.

Since a subcoalgebra is closed under comultiplication, a one-dimensional subcoalgebra
must be of the form kg, for some g € G(C). Therefore, C is pointed if and only if
Co = kG(C), where Cy is the coradical of C'.

Some examples of pointed coalgebras are as follows. Note that, in each case, the
coalgebra involved is, in fact, a Hopf algebra. Hopf algebras generated by grouplikes and

skew-primitives are pointed, and the following examples are of this type.
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Ezamples 1.3.2. (i) Let G be a group. The coradical of the group algebra kG is kG
itself, so kG is pointed.

(ii) Let g be a Lie algebra. The coradical of the universal enveloping algebra U(g) is
k [42, Example 5.1.6], so U(g) is pointed.

(iii) Let g be a semisimple Lie algebra and let 0 # ¢ € k. By [43, Theorem 2.2], the
coradical of Uy(g) is kG, where G is as in (1.3). Hence, U,(g) is pointed.

1.3.2 Braided vector spaces and Yetter-Drinfeld modules

We leave aside pointed Hopf algebras in this section and the next, in order to introduce

some concepts involving braidings.

Definition 1.3.3. A braided vector space is a vector space V with an automorphism ¢ of

V ® V that satisfies the braid equation, that is,
(c®idy)(idy ®c)(c ® idy) = (idy ®c)(c ® idy ) (idy ®c).
Some important examples of braided vector spaces come from the category gyD of

Yetter-Drinfeld modules over a Hopf algebra H.

Definition 1.3.4. Let H be a Hopf algebra. A left Yetter-Drinfeld module V over H is
a k-vector space which is both a left H-module and a left H-comodule and satisfies the

compatibility condition
8(h-v) => hiv_1S(hg) ® hy - vo,

forallh € H andv e V.

The tensor product of two Yetter-Drinfeld modules over H is also a Yetter-Drinfeld
module, with the standard action as in [42, Definition 1.8.1] and coaction as in [42, Defi-
nition 1.8.2]. Morphisms in g)ﬂD are k-linear maps that preserve the action and coaction
by H.

tv,we gyD, then we can define a linear map cyw: V@ W — W ®V by

CV,W(U & w) = Z(’U_l : w) &® vg.

The map cy,yy makes V' into a braided vector space.
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We will mainly be concerned with the case when H = kG, where G is a group. In
this situation, a vector space V is an H-comodule if and only if it is a G-graded vector

space [42, Example 1.6.7]. That is,
V=V, (1.4)
geG
where V; = {v € V: §(v) = g ® v}. We will denote YSYD by GYD.

Remarks 1.3.5. [2, Remark 1.4] Let G be a group and V' a G-graded vector space that is
a left kG-module. Define a linear automorphism c: V®V — V ® V by

c(z®y)=(9-y) ®x,
forall x € Vy, y € V. Then

(i) It follows immediately from the compatibility condition for Yetter-Drinfeld modules

that V € gyD if and only if gV}, C Vg1 for all g, h € G.
(ii) If V € YD, then (V,c) is a braided vector space.

Now, let G be abelian with G = Hom(G, k). The Yetter-Drinfeld condition simplifies,
sothat V € gyD if and only if V' is a G-graded G-module, whose homogeneous components
are G-submodules. We call the action of G on V' diagonalisable if

v @ W
gEG,xEG

where

V¥={veV:i(w)=g®uv,h-v=x(h)v forall heG}.

In particular, if G is finite with |G|™! € k and such that k contains a primitive |G|th root
of unity, then every V in gyD is diagonalisable.

Suppose that V' is a finite-dimensional vector space of dimension 6 and that V is a

diagonalisable member of gyp. Pick a basis z1,...,z9 of V, where z; € Vgi“ for not
necessarily distinct members x1, ..., xg of G and gi,--.,99 of GG, so that
c(z; ® x5) = x;(9i)7; @ x4, (1.5)

for all 1 <, < 6. Denote x;(g;) by 4, for convenience.
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Definition 1.3.6. A finite-dimensional braided vector space (V,¢) is of diagonal type if V

has a basis x1,...,xg such that
c(z; @ x5) = rijr; @ zy,

for some 7;; € k*, 1 <14,5 < 0.

Clearly, when G is an abelian group acting diagonalisably on V, (V,¢) is of diagonal
type. Conversely, any finite-dimensional braided vector V' space of diagonal type can be
realised as a Yetter-Drinfeld module over an abelian group G acting diagonalisably on V:
with V' as in the definition above, let g1,..., g9 € GL(V) be defined by g;(x;) = rijz; and

take G to be the group generated by g1, ... gs.

1.3.3 Braided Hopf algebras

The majority of the material in this section is taken from [2, §1.3]. Let H be a Hopf
algebra. We can define algebras in gyD in the usual way. That is, R € ZJJD is an algebra
in gyD if there are maps mpr: RQ R — R and ugr: k — R, which are morphisms in gyD
and make R into an associative algebra. Similarly, R € g)ﬂD is a coalgebra if there are
maps Ar: R — R® R and €g: R ® k, which are morphisms in gyD and make R into a
coassociative coalgebra.

If R, T are algebras in gyD, then we can define a “twisted” version of the usual algebra

R ® T, which we denote RQT'. Let ¢ := cgr and define the product in RQT by
mprer = (Mr @ mr)(id ®c ®id).
Definition 1.3.7. [2, Definition 1.7]
(i) R=(R,mg,ur, Ar,cr) is a braided bialgebra in EYD if the following hold:

(a) (R,mg,ug) is an algebra in YD,
(b) (R,AR,¢eR) is a coalgebra in YD,
(¢) Ag: R— R®R and €i: R — k are morphisms of algebras.

(ii) R = (R,mg,ur, ARr,er, Sr) is a braided Hopf algebra in LY D if (R, mg, ur, AR, €R)

is a braided bialgebra and id € End(R) is convolution invertible with inverse Sg.

(iii) A graded braided Hopf algebra is a braided Hopf algebra R = (R, mpg, ur, AR, R, Sr) €
BYD together with a family {R,: n > 0} of subspaces of R, such that
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(a) R =D, > Rn as a vector space;
(b

(c
(d

)
) RnRyn C Rypgp for all myn >0,

) Ag(Rn) €Yo Ri ® Ry for all n >0,
) Sr(R,) C Ry, for all n > 0.

The following map is used extensively in Chapter 4. When c is the “flip” map, this

gives the left adjoint action.

Definition 1.3.8. Let R be a braided Hopf algebra in g)ﬂD and let ¢ :=cpr: RO R —
R® R, with c(r®t) :=> (r_1-t) ®ro for all r,t € R. The braided adjoint representation
of R is the map ad.: R — End(R) defined by

ade(x)(y) = m(m © 5)(id®c)(A ®@id)(z ®y),

for all z,y € R.

Note that if = is primitive, then, for all y € R,
ad¢(z)(y) = m(id —c)(z @ y).

1.3.4 Bosonisation

Let H = (H,Ap,em,S) be a Hopf algebra, and let R = (R, Ag,er, Sr) be a braided
Hopf algebra in gyD. We change the usual Sweedler notation for Apg slightly by writing

:Zr1®r2,

in order to emphasise that R is a braided Hopf algebra.

We now consider a new Hopf algebra formed from R and H by a process called boson-
isation, which was first studied by Radford in [46] and then rediscovered by Majid in [39].
Definition 1.3.9. The bosonisation of R by H is a (non-braided) Hopf algebra, denoted
R#H, with underlying vector space R ® H. We write r#h for the element r ® h, where
r € R, h € H. The multiplication, comultiplication, counit and antipode in R#H are

defined as follows:

(r#th) (s#) := Y _r(ha - s)#hal,
A(r#th) ==Y r'#(r?) b1 & (r*)o#ths,
e(r#h) := er(r)en(h),
S(r#h) == (1#Su(r-1h))(Sr(ro)#1).
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Proofs that these definitions satisfy the necessary axioms for R# H to be a Hopf algebra
can be found in [46].

Suppose that H = kG, where G is a group, and that G acts on R via automorphisms.
Then the rule for multiplication in R#kG reduces to the multiplication in the skew group

ring R x G. Hence, as algebras, R#kG = R x G via r#g — rg.

1.3.5 Decomposition of pointed Hopf algebras

We now return to pointed Hopf algebras, and use the tools developed in the previous
sections to obtain a description of the associated graded Hopf algebra of a pointed Hopf
algebra as a bosonisation.

Let H be a pointed Hopf algebra, with coradical filtration {H,: n > 0}. Then Hy =
kG, where G := G(H). By Lemma 1.1.5, this means that { H,} is a Hopf algebra filtration
of H. We can therefore form the associated graded Hopf algebra of H with respect to this
filtration. We write gr H = (gr H,m,u, A€, S), with gr H = @nzo H,.

Define the Hopf algebra projection m: gr H — Hj in the obvious way. The algebra of

coinvariants with respect to 7 is
B:=(grH)°" ={he€grH: (idemr)A(h) = h® 1}.
Then, by [46, Theorem 3], B is a braided Hopf algebra in g)}D in the following way:
e The action of kG on B is the restriction of the left adjoint action of gr H on B,
e The coaction is (7 ® id)A|p: B — kG ® B,
e B is a subalgebra of gr H,
e The comultiplication Ag, counit eg and antipode Sg in B are given by
Ap = (Mm®id)(id®r oS ®id)(id®A)A|p: B— B® B

ep:=E|p: B —k,

Sp :=m(r® S)Alg: B — B.
Furthermore, B has a Hopf algebra grading with the simplest possible structure for
the degree 0 and 1 components.

Corollary 1.3.10. (i) B has a Hopf algebra grading {B,} inherited from gr H in a
natural way: By, := BN H,,
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(ii) Bo =k,
(iii) B1 = P(B).

Proof. (i) The coradical filtration of gr H coincides with the standard ascending filtra-
tion {(gr H),: n > 0} of gr H, where (gr H)n := @ocppep Hm- By [42, Lemma
5.2.12], the coradical filtration of B is therefore given by {B N (gr H),: n > 0}.
Filtering B in this way and taking the associated graded Hopf algebra results in a
graded Hopf algebra with grading {B N H,: n > 0}. This graded Hopf algebra is
isomorphic to B, by [40, 1.6.4] and [49, §11.1].

(ii) Let b = Zﬁzl a;g; € Bo, where o; € k and g; € G are distinct, 1 < i < t. Then
(idom)ADd) =3 aigi®g = >.._, a;igi®1. Since G®G is a k-basis for kG @ kG,
this can happen if and only if ¢t = 1 and ¢g; = 1, which means b € k.

(iii) This is clear by (ii). O

Let V := Bj; the subalgebra of B generated by By is a Nichols algebra , which we
denote by B(V). Therefore, B is a Nichols algebra if and only if B = k(B;). We will
provide a formal definition of Nichols algebras in Chapter 4.

Recall from Definition 1.3.9 that the bosonisation B#kG is a Hopf algebra. By [46,
Theorem 3|, there is a Hopf algebra isomorphism B#kG = gr H with b#g +— bg. The
inverse Hopf algebra isomorphism gr H = B#kG is given by

h— Z hi(m o S)(he)#m(h3),

for h € gr H [21, Theorem 3.3].

Therefore, studying the structure and properties of B#kG can provide us with infor-
mation about the pointed Hopf algebra H, through lifting properties from gr H to H. The
survey article [2] divides the classification problem of pointed Hopf algebras into three

steps:
(i) Determining the structure of the Nichols algebras B(V),

(ii) Investigating the properties of the pointed Hopf algebras H, with G := G(H), such
that gr H = B(V)#kG,

(iii) Determining which pointed Hopf algebras H satisfy gr H = B(V)#kG. This is equiv-

alent to determining which pointed Hopf algebras are generated by grouplike and
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skew-primitive elements. [2, Conjecture 5.7] suggests that finite-dimensional pointed
Hopf algebras over algebraically closed fields of characteristic zero satisfy this con-
dition. However, this is known to be false for infinite-dimensional pointed Hopf
algebras and for finite-dimensional pointed Hopf algebras over a field of positive

characteristic.



Chapter 2

A PBW-basis for diagonal Nichols

algebras

This chapter is mainly drawn from [32], which employs some unusual terminology. We
provide more explanation where needed and simplify some of the definitions and their
consequences. This enables us to state the main results, Theorems 2.2.11 and 2.3.7, and
goes a little way towards their outline proofs, which gives context for later results in
Chapters 3 and 4. However, we expand the proof of Theorem 2.4.1 from that in [32], since
the technique from it is used in Chapter 3.

We start with an alphabet of n letters and introduce some combinatorial definitions
on words in these letters. We then show a way of constructing certain polynomials from
words in non-commuting variables, which can be multiplied together in a particular order
to give a PBW-basis for a free algebra in n variables. From this basis, we obtain a PBW-
basis for the Hopf algebra bosonisation of a Hopf algebra generated by skew-primitive
elements and a group algebra, when the skew-primitives commute with the group elements
up to multiplication by scalars. Finally, as an application of the basis, we show that the

bosonisation Hopf algebra is noetherian if there is only a finite number of PBW-generators.

2.1 Lyndon words
Let X = {x1,...,2,} be a finite, totally ordered set with ordering

T <29 < -0 < Ty,

16
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and let X be the set of words in the elements of X. The empty word is denoted 1, and
the length I(u) of a word u € X is the number of letters in w. The structure of w is
(mi,...,my) € Z>o", where u contains m; occurrences of z;, for 1 < i < n. To each z;,
associate a positive integer d;; define the degree of u by deg(u) := mid; + ...+ myd,.

The lexicographic order on X is the total order defined by v < v if and only if either
e v = uu' for some v’ € X, that is, u is the beginning of v, or

o u=wzy, v=wzry for some w,u,v" € X and ¢ < j. That is, by moving from
left to right in « and v until the occurrence of the first distinct letters, x; and x;

respectively, we have 7 < j.

This is the ordering that is found in dictionaries. For example, the set of words of length

two or less in two letters is ordered as follows:
T < x12 < T172 < 22 < 22771 < :L‘22.

The ordering is preserved by left multiplication, but not always by right multiplication.
For example, z1 < x12, but z1%xy < x129. However, if u < v and u is not the beginning
of v, then the ordering is preserved by right multiplication, even right multiplication by
different words. In particular, this holds when I(u) = I(v).

Consequently, we can always “cancel” words from orderings on the left: wu < wv
implies v < v. However, if uw < vw, we can only cancel on the right when w is not the

beginning of v. Again, this holds when [(u) = I(v).

Definition 2.1.1. A non-empty word u € X is called a Lyndon word (standard word in
[32]) if w is less than any of its proper endings. That is, u # 1 and for every possible

decomposition u = vw, with v, w € X non-empty, then u < w.

There is an alternative condition for checking whether a word is Lyndon:

Lemma 2.1.2. [32, Lemma 2] A non-empty word u is Lyndon if and only if, for every

decomposition u = vw where v,w € X are non-empty, then u < wv.

Proof. If u = vw is Lyndon, with v, w € X non-empty, then u < w by definition. Clearly, u
is not the beginning of w and so the ordering u < w is preserved under right multiplication
of either side by any word. Right-multiplying by v on the right hand side gives u < wv,

as required.
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For the converse, suppose u is such that for every decomposition u = wvw, where
v,w € X are non-empty, we have u < wv. For any such decomposition v = vw, it is clear
that u # w, since I(u) > [(v), so either v < w or u > w. Suppose u > w; we show that
this leads to a contradiction and the lemma follows. Since u < wwv, we must have that w

is the beginning of v and so u = ww’ for some non-empty w’ € X. By hypothesis,
u=ww <wv and u=vw < ww.

Since I(v) = l(w'), we can cancel the w’s, which gives both v’ < v and v < ', a

contradiction. ]

The simplest non-trivial examples of Lyndon words are those defined on an alphabet

of two letters.

Ezxample 2.1.3. The Lyndon words of length five or less in two letters are as follows:

2 2 3 2.2 3
xri, T2, XT1x2, X1 T2, T1T2 , T1 T2, L1 T2 , T1T2 ,

4 3.2 2 2.3 2 4
Ty T2, T1 T2, Tl T2X1T2, T1 T2 , T1T2X1L2 , T1T2 -

We note in passing, since it is not required later, that the Lyndon words in two letters are

r9 and

ni mi

™M™ ™M™ m; >0V 1, nj >0V j<t, n >0, (2.1)

such that for all 0 < i <t, 3k > 0 such that V0 < j < k,

M1ty = Mitj, N4j = Nt

and either

M1tk > Mtk

or

Mirr = Mirg and nipr < Nitk.

Evidently, for any X, there is an infinite number of Lyndon words, and it is difficult,
even for |X| = 2, to write down an explicit description of them. However, there is an
algorithm that gives a unique way of decomposing a Lyndon word into Lyndon words of

smaller length:

Theorem 2.1.4. [51, Theorem 13] Every non-empty Lyndon word u € X\ X has a fized
decomposition u = u'u”, with ' and u” non-empty Lyndon words such that either v’ € X

or the decomposition of v’ is v’ = vw with w > u”.
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This decomposition is called the Shirshov decomposition of u and is obtained induc-

tively by choosing u” to be the longest proper ending of u that is a Lyndon word.

2.2 Brackets in the free algebra

2.2.1 General definition

Let k(X) denote the free k-algebra generated by X. Any element of k(X) is a linear
combination of words in X, so we will sometimes refer to it as a polynomial, even though
the letters do not commute and so, for example, z1z2x; is not equal to x1%z2. We can
equally well think of k£(X) as the monoid algebra kX, or as the tensor algebra T'(V'), where
V' is the vector space with basis X.

For f € k(X), the leading word f of f is the lexicographically smallest word occurring

with nonzero coefficient in f. For example, if f = 221 + z122 + 5o + 2921, then f = 7.

In general, fg # fg. For example, if f = 21 + 2129 and g = 23 then

fg = wi1m0w3 # 123 = fg.

However, if f is not the beginning of any other word in f then
fa=1fg. (2.2)

In particular, if f and g are homogeneous polynomials, the above equation holds.

Definition 2.2.1. Let [ , |: k(X) x k(X) — k(X) be a bilinear operation. The set of

nonassociative words is defined inductively as follows:
(i) the empty word 1 and all letters x € X are nonassociative words;

(ii) a € k(X)\ X is a nonassociative word if and only if a = [b, ¢| for some nonassociative

words b, c € k(X).

Note that, despite the name, in general a nonassociative word is not a member of X
but rather a linear combination of words in X.

Let a = [b,c] € k(X) be a nonassociative word and suppose b ¢ X. Then b = [d, €]
for some d,e € k(X). Likewise, we can replace ¢ with [f,¢] if ¢ ¢ X. We can then
repeat the process with d, e, f, g, etc., until the only subwords that appear are letters. For
example, [[z1,x2], z1] and [z1, [x2, z1]] are nonassociative words written in this form. Both

polynomials arise by inserting brackets into the word x1x9x1 in a particular way. Clearly,
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there is more than one possible outcome. However, if u is a Lyndon word, we can define
a unique method for inserting brackets into the word w. We will denote the resulting

nonassociative word by [u] and define it inductively as follows:
Definition 2.2.2. The set
{[u] € kK(X) : u a Lyndon word}
is called the set of nonassociative Lyndon words, where
(i) foru e X, [u] = u;
(ii) for I(u) > 1, let u = w'u” be the Shirshov decomposition of u. Then

[u] = [[u], [u"]).

The uniqueness of the definition of [u] follows by the uniqueness of the Shirshov decom-
position in Theorem 2.1.4. Therefore, there is a bijective correspondence between Lyndon

words and nonassociative Lyndon words, given by u +— [u].

Ezamples 2.2.3. (i) Let u = z1x2™, where n > 1. Then

[u] = [[z125" "], 2o

= [[[z122" 2], 22, 22)

- [ c [[$17 132]71132], e 7$2]'
(ii) Let u = 2122971222, Then

[l = [a1, [z120a1227]
= [z1, [[z122], [w1227]]
= [z, [z, 22], [[m122], 72]]]
= [z, [[z1, 22], [[21, 2], w2]]]-
(iii) Let u = x1292w32023%. Then
[W] = [21, [22%230025%))

= [z1, [®2, [z22372237]]]

= [an, 22, [[z23], [2225?])]

= [an, 22, [[22, 3], [2, [237]]]]]

= [z1, [32, [[x2, 23], [22, [73, x3]]]].
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2.2.2 Skew-commutators

We will now define a particular type of bilinear map [ , |: k(X) ® k(X) — k(X), which
we will adopt for the rest of this chapter.

Let G be an abelian group and associate every x; € X with ¢g; € G and a character
X' G — k\ {0}. For a word u = x;, -+~ 2, let g, := g, - - - gi,- Similarly, we define the
character x“ := x™ - x". For u,v € X, let py» = X“(gy). It is easy to check the following
equalities:

Puui,v = PuvPuiwr Puovy = PuvPu,v; - (23)

We now define

[, ' XX = k(X), [u, v] = wv — pypou, (2.4)

for u,v € X. When either term is a product of words, we have the following formulas:

[u, vw] = [u, v]w + Py pv[u, W] (2.5)
[uv, w] = pywlu, wlv + ufv, wl. (2.6)
By specifying that [ , | should be bilinear, we can extend it uniquely to produce a

map, which we also denote by [ , |:
[, ]: B(X) @ k(X) — k(X).

Ezample 2.2.4. (i) The “trivial” example. Let X = {x1,...,2,} and let G = {1}.
Consequently, x is the trivial character, and [z;, z;] = x;2; — 2 x; for all 1 <4, j < n.
Even this case is, in fact, highly non-trivial. It yields, as a special case of Theorem
2.2.11, the famous theorem of Jacobson on the enveloping algebra of free Lie algebras

[23, Theorem V.7], as will be explained at the end of §2.2.2.

(ii) This will be a recurring example, which we revisit in Examples 2.3.1, 2.3.4 and 2.3.8.
It leads to a PBW-basis for U, (120(5[3), the quantised enveloping algebra of the positive
Borel Lie subalgebra of sls, introduced in §1.2.2. Let X = {x1, 22} with 21 < xa.
Let G be the group Z x Z and let g1, go together generate G. Fix ¢ € k\ {0} and
define characters x!,x?: G — k\ {0} by

xHg1) =q2% x'g) =q,

(1) =q, X*(92) =q >
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We associate x1 with ¢g; and z9 with go. Following the procedure above, we have a

bilinear operation [ , |: k(X) x k(X) — k(X), where, for example,

[951, 962] = T1x2 — Xl(gz)fvﬂl = T1T2 — qr2Ty,
[z1, [1, 22]] = [21, 122 — qx21]
2 1 1 1 1 2
= x1°72 — (X (91)X (92) + @)r1271 + X (92)X (91)7271

= 1129 — (q_1 + q)x1:0m1 + Tow1 2. (2.7)
This definition behaves nicely with respect to the Lyndon nonassociative words.

Lemma 2.2.5. Let u € X be a Lyndon word, with corresponding nonassociative Lyndon

word [u].

(1) 1f [u] = [[v], [w] then [u] = [v][w] = pow[w][v].

(ii) The polynomial [u] has degree l(u), is homogeneous in the letters of u (with the same

multiplicities) and has leading word u with coefficient 1.

Proof. First, note that if [(u) = 1, then [u] = u is a polynomial of degree [(u) which is
homogeneous in u. We now prove by induction on [(u) > 1 that if [u] = [[v], [w]] then
[u] = [v][w] — pyw[w][v], and that the first two claims in (ii) are true.

We have [(v) < l(u), l(w) < l(u) and we can write [v] and [w] as sums of words with

coefficients from k:
[v] = § Q;v;, [w] = E Biw;
i J

for some oy, §; € k and v;,w; € X. By induction, [v] is a polynomial of degree {(v) which
is homogeneous in the letters of v. Hence, for all i, v; is a monomial of degree I(v) which
is equal to a permutation of the letters of v. The obvious analogous conditions hold for
[w], and for w; for all j. By (2.3), py, w; = Pv,w for all i, j. Therefore, using the bilinearity
of [, ],

[u] = [[v],[w]] = Z@iﬁj[w,w;’]

= Z aiﬁj (inj - pvi,ijjvi)
i,J

= Z 041',8]‘ (inj - pv,wwjvi)
i,

= [v][w] — pu,ww][v].
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This proves (i) for u. Moreover, since u = vw, it is clear that [u] is a polynomial of degree
I(u) which is homogeneous in the letters of w.
It only remains to prove that the leading word of [u] is u with coefficient 1. Again, we

induct on I(u). If [(u) = 1, the statement is trivial. If I(u) > 1,

[u] = [[v], [w] = [v][w] = po.w[w][v]

for some nonassociative Lyndon words [v] and [w]. By (2.2) and induction, the leading
word of [v][w] is vw with coefficient 1; the leading word of [w][v] is wv and u = vw < wo,

by Lemma 2.1.2. O

Definition 2.2.6. Let u € X be a Lyndon word. Then [u], the corresponding nonassociative

Lyndon word, is called a super-letter.

As for the general definition of [ , ], there is a bijective correspondence between Lyn-
don words and super-letters, defined by u — [u]. Therefore, we can define an order on the
set of super-letters by

[u] < [v] ©u<w. (2.8)

Using this total ordering, we can consider the set of super-letters as an alphabet and make

the obvious definition of a “super-word”.

Definition 2.2.7. (i) A word [u] in super-letters is called a super-word.

(i1) Let [u] := [u1]---[w], where [ui],...,[us] are super-letters. The super-word [u] is

monotonic if, in the ordering (2.8), [u1] > -+ > [w].

Recall from the start of §2.1 the definitions of the structure and degree of a word u € X.
By Lemma 2.2.5, super-letters, and hence super-words, are homogeneous in each x;, so
their structures and degrees can be defined in the obvious way. This notion of the degree
of a super-letter or super-word should not be confused with the polynomial degree of the
polynomial in x; it defines. Since G is commutative, g, and x* are the same for words of
the same structure and hence for super-letters and super-words of the same structure.

It turns out that the ordering on monotonic super-words works in exactly the way we

would expect:

Lemma 2.2.8. [32, Lemma 5] Let

V= lolva] -+ [om], W = [wi]fws] - [wy]
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be monotonic super-words, so [v1],...,[vm] and [wi],..., [wy,] are super-letters, with vy >

Vg > ... > Uy and wy > woe > ... > wy. Let
V= UV102 " Uy, W = wWiwy * - Wp.

Then, with the lexicographic ordering on super-words, defined using the ordering on super-
letters defined in (2.8), V. < W if and only if v < w. Moreover, the leading word of V is

v with coefficient 1.

We also have the following lemma about the representation of non-Lyndon nonasso-

ciative words as a linear combination of super-words:

Lemma 2.2.9. [32, Lemma 6] Let u and uy be Lyndon words with u < uy. Then [[u], [u1]]

s a linear combination of super-words W, where
W = [wi] - [wy], [wi] super-letters

such that [u] < [w;] < [u1] for all i, and such that uuy < w; for all i. The degree of every

super-word W in the variables x1,. .., T, is equal to that of uuy.

We provide a full proof of the following lemma, since a similar technique will be used

later in the chapter and in Chapter 3.

Lemma 2.2.10. [32, Lemma 7] Let W be a non-monotonic super-word. Then W is a lin-
ear combination of lexicographically greater monotonic super-words of the same structure,

whose super-letters lie between (not strictly) the greatest and least super-letters of W.

Proof. We induct on the polynomial degree of the polynomial defined by W, which is the
same as the length of the underlying word of W. When W is of degree 1, W must be
a letter, which is monotonic, so there is nothing to prove. Now assume that the lemma
holds for super-words of polynomial degree less than m and let m be the degree of the
polynomial defined by W.

Let the structure of W be (my, ..., my,), where mj; +---4+my = m. Consider the finite
set S of super-words with the same structure as W. The lexicographically greatest such

super-word is

[n] ™" [wp ] ] ™

which is monotonic. We suppose that

W is the lexicographically greatest super-word in S such that the lemma fails  (2.9)
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and aim for a contradiction.

If W is a super-letter, then it is monotonic and there is nothing to prove. Therefore, let
W =UU Uy - - - Uy, where t > 1, U, Uy, Us, ..., Uy are super-letters and deg(Uy - - - Uy) < m.
If U;--- U is non-monotonic, by the induction hypothesis it is a linear combination of
lexicographically greater monotonic super-words of the same structure. Therefore, without

loss of generality, we can assume that Uj - - - Uy is monotonic: that is,
Uh 22Uy > 2 Ut

If U > Uy, then W is monotonic and there is nothing to prove, so suppose U < Uj.
Then by Lemma 2.2.5,

W = [U, 01Uy Up + puu, U1UUs - - - Uy, (2.10)

where U = [u] and U; = [u;]. Consider the second summand in the above equation:
U,UU;y ---U; is a member of § and is lexicographically greater than W, since U; > U.
Therefore, by our assumption (2.9), the second summand satisfies the lemma. Now con-

sider the first summand in (2.10). By Lemma 2.2.9,
0,01 = e [ Jlwisl,
i J

where for all i,j, oy € k and [wyj] is a super-letter with [w;;] > U. Consequently,
[1;[wi;]Us---Us > W. Using assumption (2.9), the first summand of (2.10), and hence

W, can be written in the required form. O
The importance of the monotonic super-words can be seen in the following theorem:

Theorem 2.2.11. [32, Theorem 1] The set of all monotonic super-words is a basis for

k(X).

Consider the special case where G is the trivial group, so x = 1. Let g be the free
Lie algebra on {z1,...,x,}. The theorem reduces to [23, Theorem V.7], which states that
U(g) = k(X).

2.3 Constructing the PBW-basis

Let H be a Hopf algebra generated by an abelian group G = G(H) of grouplike elements

and by skew-primitive elements a1, ...a,, where each a; is associated with an element
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gi € G, such that
Aa;) = a; ® 14 g; @ a;,

and a character x: G — k\ {0}. In addition, we assume the following commutation rule

holds:
aig = x"(9) - gai, (2.11)

for all g € G. In other words, G acts diagonalisably on the vector space spanned by the
a;, 1 < i < n. There could, of course, be relations among the a;, 1 < i < n, and the g € G.
However, we will construct H as a quotient of a free algebra acted on by a group algebra,
which provides a way to apply the theory from the previous section to H.

Let z1,...,z, be indeterminates, and let k(xi,...,z,) denote the free algebra on

{z1,...,2,}. Let G act as k-algebra automorphisms of k(x1,...,z,) by setting
g9(xi) == x"(9)mi, (2.12)
for g € G and 1 < ¢ < n, and form the skew group algebra
T :=k(z1,...,z,) *G.
Define A: T - T T by
Alg) =9g®y, Az) =2 @ 1+ gi ® x4,

for g e Gand 1 < i < mn. If T is to be a Hopf algebra with comultiplication A, this
uniquely determines the counit e: T'— k and antipode S: T'— T by
E(g) =1, €(xz) =0
Se)=97"  S(xi) = —gz, 'as,
for g € G and 1 < ¢ < n. In fact, it can be easily checked that these maps make T into
a Hopf algebra, with G = G(T'). Then, clearly, there is an epimorphism of Hopf algebras

T — H, defined by 7(z;) = a;, 1 < i < mn, and 7(g) = g for all g € G. It restricts to a

Hopf algebra epimorphism
i k(zy, ..., xn) = k(ag,...,a,) C H.

Using G and x, T' can be endowed with a skew-commutator, as in (2.4).
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Ezample 2.3.1. Suppose X, G, x! and x? are as in Examples 2.2.4 (ii). We construct the
Hopf algebras T' as above. We have T' = k(X)) % G, where the relations are
g1T1 = q 2T1g1, gaT1 = qTIga, G1T2 = qT2G1, Gaka = q “Taga.

The Hopf algebra structure on 7' is obtained by making all g € G grouplike, and setting

Alz) =21 @14+ g1 @1, e(x1) =0, S(z1) =—g1 "1,

Alz) =22 ® 1+ ga ®a, e(z1) =0, S(z1)=—g1 1.
Keeping the same G, x! and x2, let H be a Hopf algebra generated by G = G(H) together
with skew-primitive elements a1, as, associated to g1, x! and g¢s2, x2, respectively, such that
(2.12) holds, with the additional relations

aila; — (q+q Haiaja; + aja;® =0,

for i,7 € {1,2} with i # j. Then there is an obvious Hopf algebra epimorphism 7" — H,

which restricts to a Hopf algebra epimorphism

k’((ll, CL2>
(ai%a; — (¢ + g Yaaja; + aja?: i # j)

k(z1,x2) —

The map 7 enables us to translate the definitions and results from the previous section
and those above to H. When we speak of, for example, a super-letter in H, this means an
element of H that is equal to m([u]) for some super-letter [u] € T'. Similarly, we can define

super-words and monotonic super-words in H.

Definition 2.3.2. (i) A G-super-word is a product in T' of the form gW, where g € G

and W € T is a super-word.

(i) A monotonic G-super-word is a G-super-word gW such that W is a monotonic

superword.

By (2.12) every product of a super-word and a grouplike is a G-super-word of the
same structure. It is a consequence of Theorem 2.2.11 and the construction of T" that T'
is spanned by the monotonic G-superwords.

Recall the definition of structure and degree of super-words and super-letters in 7.
Since the relations in H may not respect the degree in 7', the deg function is not well-

defined on H. This forms the basis for the following definition.

Definition 2.3.3. A super-letter 7([u]) € H is hard if it is not a linear combination of the

following elements of H:
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o super-words m(W) with deg(W') = deg([u]) such that if
W = [uq] - - [un], [ui], ..., [un] super-letters,
then [u;] > [u] for 1 <1i <mn;
e G-super-words g7 (V') such that deg(V) < deg([u]).

Ezample 2.3.4. Let H and T be as in Example 2.3.1. Then [z1%22] is a super-letter in T,

but 7([z1272]) is not a hard super-letter in H, since, using (2.7),

m([x1%22]) = m(@1°22 — (¢ + ¢ 12221 + T2217%)
_ 2 —1 2
=ar1"az — (¢ + ¢ )arazar + agaq
=0.
In fact, it can be shown that the only hard super-letters in H are 7(x1) = a1, 7(x2) = as
and 7([x122]) = ajas — qaza;.

Definition 2.3.5. The height h(m([u])) of a super-letter m([u]) € H of degree d is the least

natural number with the following properties:

tth

1) Py 1S @ primitive root of unity for some ¢t > 1 and either h = ¢t or h = tI™, where
(i) pu, p y ,

l = char k > 0 and m is a non-negative integer.
(ii) the super-word 7([u]") is a linear combination of the following elements of H:

e super-words of degree hd in lexicographically greater super-letters than [u];

e G-super-words of a lesser degree than [u].

If no such natural number h(w([u])) exists, we say h = oo.

Definition 2.3.6. A monotonic G-super-word in H,
gr(W) = gr(fun]™ - [unl™),  [wr] > [uz] > -+ > [un)]

is restricted if k; < h(m([w;])) for all 1 <i <mn.

We are now able to state the theorem giving a PBW-basis for H.

Theorem 2.3.7. [32, Theorem 2] The set of monotonic restricted G-super-words in hard

super-letters forms a basis for H.
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A motivating example to illustrate the application of this theorem is the Borel Hopf
subalgebra U,=°(g) of U,(g), for a semisimple Lie algebra g. A PBW-basis for U,=%(g)
can be found in [16, Theorem 9.3(i)]. We consider the simplest non-trivial case: g = sl3

and show that it is a Hopf algebra of the form of H:
Ezample 2.3.8. U,~%(sl3(k)) is the k-algebra with generators E, EQ,Kfcl, K2il, and rela-
tions, for i,j € {1,2}:
KK, = KK;
KiE;K; ' = ¢*E; (i=j), KiE;K; " =q 'E; (i # ),

EPEj—(q+q DEEE + E;E? =0 (i # ).
There is a Hopf algebra structure on U,=°(sl3(k)) determined by the following:

A(K;) = K; ® K, e(K) =1, S(K;)=K;",
AE)=E®1+K ®FE, «E)=0, S(E)=-K 'E,.

Let H be as in Example 2.3.1. Then, as Hopf algebras, H = U,=%(sl3) via
ar — By, az = E, g1 = Ky, g2 = K.
Therefore, the above theorem gives a PBW basis for U,="(sl3):

{K\PKy1 By (E1 By — qEo By ) By': i, j,1 € 220, p, q € Z}.

2.4 A condition ensuring that H is noetherian

Throughout §2.4, we keep the assumptions on H from §2.3, including (2.11) and (2.12).

In addition, we assume that
H has only finitely many hard super-letters. (2.13)

Theorem 2.4.1. [32, Corollary 5] If (2.13) holds and G is finitely generated, then H is

left and right noetherian.

In order to prove Theorem 2.4.1, we construct a filtration on H such that the associated

graded algebra gr H is noetherian.
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The filtration

Let R be the set of all words in k(ay, ... a,) whose degree is at most Dh, where
D = max {degree of a hard super-letter in H}
and
h = max {2, max {h: h is height of a hard super-letter in H of finite height}}.

For a word u € R, let
L(u)={u € R: v > u}

and define

Since a; is the lexicographically smallest word in R, we have L := n(a;) = |R|. We choose

M € N such that M is greater than the maximum length of any word in R.

Definition 2.4.2. (i) The filtration degree on hard super-letters 7([u]) € H is defined by

Deg(n([u])) = ME+ deg(u) + M™™. (2.14)

(ii) The filtration degree of a PBW-basis element g (W) € H is the sum of the filtration

degrees of the super-letters of w(W). That is, if
W = [wi][wa] -+~ [we],  [wi] > [wa] > ... > [wy]
where 7([w;]) is a hard super-letter for all 7, and 7(W) is restricted, then

Deg(gm(W)) = Deg(([w1])) + Deg(m([w2])) + - - - + Deg(m([wi])).

(iii) The filtration degree of any element h € H is the maximal filtration degree of the
basis elements occurring in its PBW-basis decomposition. That is, if h has PBW-

basis decomposition
h = ZaiW(QiWi),
i

where o; € k and g;W; are PBW-basis elements for all ¢, then

Deg(h) = max{Deg(m(g;W;)}.
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Lemma 2.4.3. [32, Lemma 14] If (2.13) holds , then the function Deg defines a filtration
on H, with
Hy = kG, Hy ={T € H: Deg(T) < k}. (2.15)

Proof. All that needs to be shown is that HyHs; C Hy,s. That is, we must show that, for
elements T and 715 of H, that

Deg(Tsz) < DegTj + DegT5. (216)

To do this, we construct another degree D’ associated to linear combinations of G-
superwords - in other words, elements of H that are not necessarily written in the form
of their PBW-basis decomposition. For h € H, D’(h) will depend not only on h, but on
the particular way in which h is expressed as a linear combination of G-super-words, so
D’ is not a well-defined function. To avoid cumbersome notation, we will suppress the
particular expression of h when we write D’(h), if the expression is clear from the context.
Definition 2.4.4. (i) The D" degree of any super-letter m([u]) € H, which we do not

assume to be necessarily hard, is given by formula (2.14).

(ii) The D’-degree of a product of super-letters is the sum of D’-degrees of its factors.

That is, if U € R with
U = gr(fu][ug] - - [u]),

where g € G, and, for all i, 7[u;] is a super-letter, which we do not assume to be

necessarily hard, then
D'(U) = D'(n([u])) + D'(m([uz])) + -+ + D' (m([ue])).

(iii) The D’-degree of an element h € H is the maximum D’-degree of its summands.
That is, if
h = Z Oéiﬂ'(giUi),
i
where a; € k and ¢;U; is a G-super-word, which we do not assume to be necessarily

monotonic, restricted, or a word in hard super-letters, then

D'(h) = max{D'(n(g:Us)}-
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We shall prove below that,

if h € H is written as any possible linear combination of the image of
G-super-words under w,then D'(h) does not increase when h is expressed (2.17)

as a linear combination of PBW-basis elements.

Before doing this, we note that (2.16) would then follow. For, when h € H is written in

its PBW-basis decomposition form, we have, by the definition of D’,
D'(h) = Deg(h). (2.18)

Let T and T5 be given in their PBW-basis form and consider the form of 1175 given by
simply juxtaposing the linear combinations of PBW-basis elements defining 77 and T5.
Then

Deg(T1T5) < D'(ThTy) = Deg Ty + Deg T,

where the inequality follows from (2.18) and (2.17), and the equality from (ii) of Definition
2.4.4 and (2.18).
We now prove (2.17). Note that expressing any element of H as a linear combination

of PBW-basis elements requires the following operations:

(i) Replacing any non-hard super-letter by a linear combination of super-words of the
same degree in lexicographically greater super-letters plus a linear combination of
G-super-words of lesser degree. We can do this by Definition 2.3.3, the definition of
“hard”.

(ii) Replacing instances of 7([u]"*), where 7([u]) is a hard super-letter and h = h(n([u])),
by a linear combination of super-words of the same degree in lexicographically greater
super-letters plus a linear combination of the image of G-super-words under 7 of

lesser degree. We can do this by Definition 2.3.5, the definition of “height”.

(iii) Replacing any non-monotonic super-word with a linear combination of monotonic
super-words of the same degree in lexicographically greater super-letters. We can do

this by Lemma 2.2.10.

These three operations are then repeated, if necessary. This process must lead to the
PBW-basis decomposition, since it can only be carried out a finite number of times. This

is because each step replaces a super-letter or super-word with a linear combination of
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super-words, each super-word either having strictly smaller degree, or having the same
degree but being lexicographically bigger, and there are only finitely many super-words
satisfying these conditions. We consider each of these operations separately and show that

carrying out each of them does not increase D’.

(i) Let m([u]) € R be a non-hard super-letter. Then we can write m([u]) as follows:

m(i) m/(s)
m(fu)) =Y ai [T wllwig]) + Y Bsgs TT m(lvsi)). (2.19)
( Jj=1 s t=1

In (2.19), o, B85 € k for all 4,j5; g5 € G for all s; and 7([w;;]) and 7([vs]) are

super-letters for all 4, j, s, ¢t; such that

o [wj;| > [u] for all 4, j,
° Zj degw;; = degu for all i, 7,
o ) ,degvy < degu— 1.

'(s)

m(i) wjj, all vg and all products [} vst

By definition of R, all w;;, all products [ | j

belong to R. Therefore, their lengths are less than M and so the number of factors

m(i), m/(s) in every summand is less than M. Hence
DL wlluwgh) = 30 ME deguy; + 3 M)
i 7 ;
= ML+1 degu + Z Mn(wij)
J
< M 'degu+ M- M™W-1

= M degu+ M"™ = D'(r([u])).

Similarly,
m/(s)
Dl( H 71-([Ust])) = ZML+1 degvg + ZMn(vst)
t . -

< MLH(degu —1)+ M- ML

— ML+1 degu

= D'(n([u))) - M™™) < D' (([u)).
Therefore,

m’(s)
D'(Y a H w([wig)) + Y Bsgs [T 7lvst])) < D' (w([u))),

)
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(ii) The argument is exactly the same when 7([u]") is replaced with
m/(s)
Z (67 H 77 wz] + Zﬁsgs H Ust])

(iii) We now use the process of Lemma 2.2.10 to replace non-monotonic super-words.

Let W be a non-monotonic super-word. By Lemma 2.2.10, W can be written as a
linear combination of monotonic super-words of the same degree. We induct on the

degree of the polynomial defined by W to prove that D’(mw(W)) is unincreased.

If the degree of the polynomial defined by W is 1, W is trivially always monotonic.

If the polynomial degree is 2, since W is non-monotonic, we have
W = [u][us], u < uq,
where u,u; € X. By Lemma 2.2.5,
W = [u, u1] + puu, [u1][u].
For the second summand,
D' (7 (puus [t1][u])) = D'(m(W)),

since it is just a scalar multiple of a rearrangement of the super-letters of W. We

now calculate a bound for the first summand. By Lemma 2.2.9,

[w, u1] E wa

where [w;;] > [u] and [];[w;;] has the same degree as W, for all 4, j. Hence, w;; € R,

so n(w;;) < n(w) — 1. Also, the number of factors in [[;[w;;] is less than M.

Therefore,
D'([[x([wi)) = D M" deg(w)) ZM” wij)
J J
— M"'degw + ZMn w”)
< MYldegw + ]\; - p(w)—1
= M"degw + M"Y = D' (x(W)).
So we have

= Z H 7([wif]) + 7 (Puyuy [ua][u]),



CHAPTER 2. A PBW-BASIS FOR DIAGONAL NICHOLS ALGEBRAS 35

where the RHS is a linear combination of monotonic super-words, as required. We
have just shown that both summands have D’-degree less than or equal to D' (w(W)),

so the polynomial degree 2 case is proved.

Now for the induction step. Suppose the polynomial degree is n > 2 and let W =
UUj - - - Uy be non-monotonic. Then from (2.10) in the proof of Lemma 2.2.10, W =
> UW;, such that

UWy, = [UWi]Va -+ Vs + pup ViU Vo - - - Vs, VizVez- 2V

The second summand has D’-degree equal to that of W, since it is just a scalar
multiple of a rearrangement of the super-letters of W. By Lemma 2.2.9, we can

write the first summand as
U W|Va--- Vi = g H[wij]v2"'V57
(]

where [wjj| > U and [];[w;;] has the same structure as UV4, for all 4, j. The exact

same calculation as for the polynomial degree 2 case shows that
D' x(wy) < D' (x(UW)). (2.20)
i
Hence, we have

D'(ZHW([wzj]Vz - V5)) < D'(m(UWViVa -+ - Vs)) = D' (m(W)).

So we can write m(WW) as a linear combination of monotonic super-words such that
the D'-degree of every summand is less than or equal to D'(7(W)). Thus, the lemma

is proved. ]

Note that for hard super-letters 7([u]), 7([v]) with [u] < [v] and h = h(7[u]), we have

the following inequalities:

Deg(m([u][v] = puv[v][u])) < Deg(m([ul])) + Deg(m([v])) (2.21)

and similarly

Deg(m([u]")) < hDeg(r([u])). (2.22)

Proof. For (2.21), since m([u]), m([v]) are hard, we have

D'(r([u][v])) = Deg(r([u][v])) = Deg(([u])) + Deg(n([v]))-
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Therefore, (2.21) follows from (2.20) in part (iii) of the process described in the above
proof, when we take [u] = U and [v] = V;.

For (2.22), note that D'(n([u]")) = hDeg(n([u])), since 7([u]) is hard. Therefore,
(2.22) follows from part (ii) of the above process. O
Associated graded algebra
Let the finitely many hard super-letters of H be denoted

[ur] < [ug] < ... < [usl
To each hard super-letter [u;], we associate a new variable z,,,. For 1 <m <'s, let
Hp" =k(xuy, - Zu,,)/ Ims
where J;,, is the ideal of H,,* generated by all elements of the form
$uz‘:’C’u,j - pui7uj$uj- Ly (223)

for all 1 < i < j < m. Let the action of G on H;* be given by g - x,, = x"(g) - x,, for all
1 <4 <s. We may thus form the skew group algebra H,,," x G. Let H* := H,* and let

S = (H**G)/{x,": [u] of finite height h).

Theorem 2.4.5. [32, Theorem 3] If (2.13) holds, then gr H, the associated graded algebra

of H with respect to the Deg-filtration, is isomorphic to S.

Proof. The algebra on the right hand side of the isomorphism can be expressed as the

quotient of the free algebra on the set
{zy: [u] a hard super-letter} U {g;: 1 <i < t},
where t is the number of generators of G, subject to the relations
e the defining relations for G;
® g-xy, = X" (g) xy,, forall 1 <i<s;
e the relations (2.23).

Since gr H has a generating set of the same cardinality (say labelled by x,’ and g,’), for
which all of the above relations hold, thanks to (2.21) and (2.22), there is an algebra
epimorphism from S to gr H, sending z,, to x,/. That this is injective follows from the

facts that
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(i) S has a PBW-basis,
(ii) gr H has a PBW-basis,

both exactly the same. O

We can now finish the proof of Theorem 2.4.1. Clearly, H1* = k[x,, ], which is noethe-
rian by [20, Theorem 1.9]. For all 1 < m < s, H,,,11" is a factor of a skew polynomial ring
over H,,*:

* * .
Hm+1 :Hm [l‘u7n+1’0-m]7

where o, is the automorphism of H,,* defined by 0y,(%w;) = Pu;upmi1Tu;- Therefore,
H* = H,* is noetherian by inductive application of [40, Theorem 1.2.9]. Furthermore,
H* % G is noetherian by [40, Theorem 1.5.2]. By Theorem 2.4.5,

gr H = (H* % G)/{(z,": [u] of finite height h),

and so gr H is also noetherian. Finally, H is noetherian by [40, Theorem 1.6.9].



Chapter 3

Homological properties of pointed

Hopf algebras

This chapter involves the application of the tools developed in the previous chapter, namely
the PBW-basis for a Nichols algebra of a diagonally braided vector space, and its Deg fil-
tration when there are only a finite number of PBW-generators. Throughout this chapter,
let H be a Hopf algebra as in §2.3; that is, H is generated by an abelian group G = G(H)
of group-like elements and by skew-primitive semi-invariant elements a1, ... a,, such that

(2.11) holds. Suppose that H has a finite number of hard super-letters, denoted
U1<U2<...<Um.

Firstly, we prove that the order of the PBW-generators in the basis may be permuted, with
the resulting set of ordered monomials remaining a basis. Next, we use this to determine
various homological properties satisfied by the Nichols algebra of a diagonally braided

vector space, under certain conditions.

3.1 Re-ordering the PBW-basis

Theorem 2.3.7 gives the PBW-basis of H as
{Umuk - Um0 <k < W(U) Y i} (3.1)

The ordering of the PBW-generators in the super-words constituting the basis elements
is determined by the lexicographic ordering of Uy, ..., U,,. However, we could impose a
different ordering on Uy, ..., U,, and consider super-words of the same form as the PBW-

basis with respect to this new ordering. That is, there is an action of the symmetric group

38
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S on the set (3.1) which permutes the ordering of the hard super-letters in the following
way. For all W := UM U,*2 ... U, with 0 < k; < h(U;) for all 1 < i < m, and for all
o €5, define

o LW = Ug(1)k”(”Uo(2)k"(2) ...Uo(m)’ffr(m),

The section is concerned with the proof of the following theorem.

Theorem 3.1.1. Let o € Sy, the symmetric group on m letters. Then
S = {Us() " Uy - Upmy" 2 0 < ki < h(U:) ¥ i}
is a PBW-basis for H.

Remark. On first glance, it might be thought that the ability to permute the hard super-
letters, or PBW-basis generators, is a straightforward consequence of reordering the al-
phabet {z1,...,x,} with which we started Chapter 2. However, doing so gives a new set
of Lyndon words and so a different set of hard super-letters, rather than a rearrangement
of the original set. For example, swapping the ordering of z; and xo in Example 2.2.4

leads to a PBW-basis for U,(sl3) of the form
{K\PKy By (Ea By — qBr Bp) B+ i, .1 € Z2°,p,q € Z}.

Here, we obtain a new hard super-letter EsFE| — qFE1 E5, rather than F1FEs — qEsFEq, as
previously. In this case, there is only a small difference between “new” and “old” hard
super-letters, but in a more complex example with a greater number of hard super-letters,

it may be more pronounced.

3.1.1 Some technical lemmas about hard super-letters

First, we need the following lemma, which extends Lemma 2.2.5.

Lemma 3.1.2. Let V = [v],W = [w] be super-letters. Then, for k,l > 1,
VFE W =VEW! - pe g WV

Proof. We do a double induction on k,I. If k = [ = 1, this is just Lemma 2.2.5. Now

suppose k > 1, and [ = 1. Then
VEW] = [VFW W] = po VLWV + VLY, W
= Pow(VEIWYV = ppt (, WVF) + VL VIV — p, , WV)

= VMW — p ,WV*,
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where the first line follows by (2.6), the second by induction and Lemma 2.2.5, and the
third by (2.3).
Now suppose k£ > 1 and [ > 1. Then

VEW] = WEWW = [VEWIWE 4 JWVE W
= (VFW = pe ( WVIW 4 pe JW VW — p o WHTVE)

= VW' —pp yWVF,

where the first line follows by (2.5), the second by the previous paragraph and by induction,
and the third by (2.3). O

The following lemma extends (2.21).
Lemma 3.1.3. Let V > W be hard super-letters. Then, for k,l > 1,
Deg([W!,V*]) < kDegV + [ Deg W.
Proof. With an obvious abuse of notation, in gr H, WV = p,, ,VW. Hence, still in gr H,
wivk — (pw,v)k+leWl = Pt ok VW,
by (2.3). Therefore, by Lemma 3.1.2,

Deg([W!, V) = Deg(W'V* = pyu VWY
< Deg V¥ 4+ DegW!

= kDegV +[DegW. O (3.2)
Lemma 3.1.4. Let 0 € S,,, and let
W o= Ug(l)ko’(l)Uo_(z)ko’@) .. Ua(m)k”(m>v 0<ki<h(U;) V i.

Then
Deg(W) = k1 Deg(Ur) + - - - + ky, Deg(Up,).

Proof. Let W be a super-word in the hard super-letters Uy, ..., U,,, with exactly k; oc-
currences of U;, where 0 < k; < h(U;) for 1 < i < m. We prove a slightly stronger result

than in the statement of the lemma: namely, that

o~

Deg(W) = k1 Deg(Uy) + - - - + km, Deg(Up,). (3.3)
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Let S be the set of super-words in Uy, ..., U, with the same structure as W. If Wis

the lexicographically biggest super-word in this set, then
W = Uyt ... Uy

Therefore, W is a PBW-basis element, and (3.3) certainly holds, by Definition 2.4.2 (ii).
We now induct on the lexicographic ordering of the elements of S. Suppose W is not

the lexicographically biggest super-word in S. Then W = W’ UpUpqW" for some words

W' W"in Uy,...,U,, some 1 < p <m and some 0 < ¢ < m — p. Therefore,
W =W [Up, Upg]W" + Dyt oy W Ups g Up W (3.4)
It can be seen from (2.21) that
D'([Up, Upq)) < D"(UpUp-q)- (3.5)

Therefore,

P

Deg(W’[Up, Up+q]W”) < D,(W/[Upa Up+q]W”) < D’(W),

where the first inequality arises from (2.17) and the second from (3.5). By induction,

P

Deg(pup,up+qW/Up+quW//) = k1 Deg(Uy) + - - - + ki Deg(Unn) = D/(W)v

and so

Deg(W'[Up, Up4g)W") < Deg(puyupsq W' UpsqUpW").

Up+q

Applying this fact, together with Definition 2.4.2 (iii), to (3.4), completes the proof. [J

3.1.2 Proof of the theorem: transposition case

We can now take a step towards proving Theorem 3.1.1 in the easiest case: when o is a

simple transposition.

Lemma 3.1.5. Let 0 € Sy, be a simple transposition, so o = (i,i+ 1) for some 1 < i <

m — 1. Then the monomials of the form
Ulkl ce Ui_lkiflUi_Hk”l UikiUi+2ki+2 o Umkm, 0< ki < h(UZ) v i, (3.6)

span H.
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Proof. We need to show that any element
B :=U" U2 - U, 0<1I;<h(lUy) Vi,

of the usual PBW-basis of H is a linear combination of elements of the form of (3.6). We

induct on Deg(B). Suppose Deg(B) = ¢, where
¢ :=min{Deg(U;): 1 < j < m}.

Then B = U;j for some 1 < j < m, which is of the same form as (3.6). Now suppose
Deg(B) = d and that any PBW-basis element with Deg-value less than d is a linear

combination of elements of the form of (3.6). We have, by Lemma 3.1.2,

=177l li— l; Larr, b Im
B = (pui+1li+1,uili) Ul oo Ui—l I[Ui+1 +17 Uz }Uz+2 2., Um

t Py it ) O Uit Ui U U2 - U
The second summand is of the same form as (3.6). Consider the first summand. We have

Deg(Uy"* -+ Uy 11 Ui+, U U 01142 - - Up'™)
< Deg(Uh" - Ui1"") + Deg([Ui1"*!, Ui"]) + Deg(Us2"+2 - Un"™) by (2.16)
< Deg(Ui"t -+ - U;_151) + 1; Deg(U;) + lip1 Deg(Uis1)
+ Deg(Us2'+2 - - - Uyy'™) by Lemma 3.1.3

= Deg(B) = d by Definition 2.4.2 (ii).

Hence, by induction, U -+ - U;_q b1 [UiHli“, Uili]UHzl”? -+ Upy'™ is a linear combination

of elements of the form of (3.6), as required. Therefore, so is B. O

3.1.3 Proof of the theorem: general case

The previous lemma enables us to prove the spanning part of Theorem 3.1.1.

Lemma 3.1.6. Let o € S,,. Then the monomials of the form
Uy(1y o0 U 9y @+ Uy Fotm, 0 <k <h(U) Vi,

span H.

Proof. o1 can be expressed as a product of simple transpositions:

ot = (igy i + ) (ig—1,00-1 + 1) -~ (i1, 41 + 1).
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We will induct on ¢. If ¢ = 1, this is just Lemma 3.1.5. Now suppose ¢t > 1 and let

-1 . ) .
o' = (ig—1,0¢—1 + 1) -+ (31,41 + 1).

By induction, if B is one of the usual PBW-basis elements of H, then B is a linear

combination of elements of the form

Ua/(l)l"'(l)Ua’(g)l”/(2> e Uo./(m)lg/(m)’ 0 < l,L < h(UZ) Y i. (37)

Let j :=i;. Since 0! = (j,j 4+ 1)’ ', we also have ¢’(j,j 4+ 1) = ¢ and it is enough to
show that an element C of the form of (3.7) can be expressed as a linear combination of

elements of the form
UU,(l)ka’u)Ug,@)ka'(z) ...UU,(],H)’%'(]'H)UU,(].)’%’(J')Ua,(HQ)ka’mz) "-Ua/(m)k"'(m)7 (3.8)
where 0 < k; < h(U;) for all 1 <14 < m. We induct on Deg(C). Let Deg(C) = ¢, where
¢ :=min{Deg(U;): 1 < j < m}.

Then C = Uj for some 1 < j < m, which is of the form of (3.8).
Now let Deg(C') = d and suppose the lemma holds for elements of the form of (3.7)

with Deg-value less than d. First, suppose U,/(;) < Uyr(j41)- We have

I lores lorgs lores
C = Uo./(l) /(1) ... Uo.l(j_l) o (J—l)[Ual(j) '), UU’(j+1) o (J+1)] (39)
. UU/(j+2)lUl(j+2) .. Uo_/(m)l(r’(m)
+p UU,(l)la/u) . Ua/(jfl)la’u—nUa,(jﬂ)lo'wl) Ug/(j)la%j)

Lores l
. UO"(j+2) o (5+2) ... UO"(m) ol(m)’

where

Lol (1)

o’ () 7uo”(j+1)

l
Yol (5)

The second summand of (3.9) is of the form of (3.8). Consider the first summand. By
Lemma 3.1.3,

Deg([Uyr (', Upr(j41) /7' 0]) < Loy Deg(Uyr()) + lov(41) Deg(Uyrjs1))-
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Hence,

Deg(Uyr(1y'e'® - Upr (1) 00 [Upr (/"D Uyr (1) 00| Uy 12y 04D - Uy’ )
< Deg(Ual(l)la’(U . UJ,(j_l)lc’(j—l)) + Deg([UU,(j)lff’O’), Ug,(j+1)la’<1+1>])
+ Deg(Ual(j+2)l"l(j+2) cee Ua,(m)lff’(m)) by (216)
< Deg(Ua’(l)lJl(l) e Ua’(jfl)lal(j_l)) + ly1(5) Deg(Uor(j)) + lor(j+1) Deg(Usr(j41))
+ Deg(UU/(j+2)lU’(f+2> ---Ual(m)la’(m) by Lemma 3.1.3

= Deg(C) = d by Lemma 3.1.4.

So, by induction, the first summand of (3.9) is a linear combination of elements of the
form of (3.8), and hence so is C.

Now suppose Uy (j11) < Ugyr(;). Then

C = pflUU,(l)lg/(l)UUI(Z)ZU/@) . [Ugl(j+1)l°'(j+1)’ Ug/(j)l",(j)]

+ 07 V(1) O Upr()”'® -+ Upr ('™ T+ Uy,

where

p= p%’(jﬂ)lol(ﬂnv“a'(j)l(f,(j) .
The second summand is of the form of (3.8). The calculation to show that the first
summand has Deg-value less than Deg(C) is almost identical to that of the previous case.

Thus, the lemma is proved. O
We are now in a position to prove Theorem 3.1.1.

Proof. Lemma 3.1.6 proves that S spans H, and so it only remains to prove that S is

linearly independent over k. It can be seen in the proof of Lemma 3.1.6 that
Sq:={s€S: Deg(s) <q}

spans

H,:={h € H: Deg(h) < q}.

By Lemma 3.1.4, H, is also spanned by the usual PBW-basis elements with Deg-value less
than or equal to m, which are obviously linearly independent. Since |S,| = dimy, Hy, Sy is

linearly independent for all ¢, and hence so is S. O
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3.2 Homological and other properties

We continue to assume that H is a Hopf algebra as in §2.3; that is, H is generated by
an abelian group G = G(H) of group-like elements and by skew-primitive semi-invariant
elements ay, ... ay, such that (2.11) holds, and that H has a finite number of hard super-
letters, denoted

U< Uy <...< Uy,

By Theorem 2.4.5,
grH (H*xQ)/J,

where

H* = k[x1;01] ... [2m; om], J = (xihi: U; of finite height h;),

where o; is the automorphism of k[x1;01] - - - [2;_1; 05-1] defined by () := py, ;2 for all
1 < j < 4. This enables us to determine certain properties of gr H, a more straightforward
ring than H, and then lift these properties back to H.

It is sometimes helpful to work with different formulations of gr H. Using [45, Lemma

1.4], we also have

gr H= (H*/I) %G, (3.10)

where I :=JNH" <1 H*.
In addition, by the fundamental theorem of finitely generated abelian groups, we can

write G := Z! @ F, where F is a finite group and ¢t > 0. By [40, Lemma 1.5.9],
grH=(H*)I)«G= (- (H /I« F)xZ)*---) % Z, (3.11)

where ¢ copies of Z appear. Therefore, we can apply [40, Proposition 1.5.11], which shows
that
gr H = (H* /1)« G = (H*/T) * F)[y1,y1 51 [y g5 ). (3.12)

For all 1 < i < t, the automorphism sends a generator of the ith copy of Z in (3.11)
to y;, and 7; is the automorphism of ((H*/I) * F)[yl,yl_l; 1) [Yio1, yio1~ 53 7i—1) which
conjugates by ;.

Alternatively, we can replace the skew-Laurent polynomial rings above with localisa-

tions of skew-polynomial rings:

gr H = (H* /1)« G = (H* /1) F)[yi; 7] - [ye 7l [we] (3.13)
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3.2.1 Global dimension

Definition 3.2.1. Let R be a ring. The right global dimension of R, rgld R, is defined by

rgld R = sup{pdM: M a right R-module}

= sup{id M: M a right R-module},

where pd and id denote, respectively, projective dimension and injective dimension. The
second equality follows from [47, Theorem 9.10]. The left global dimension of R, 1gld R, is
defined in the obvious way. By [47, Corollary 9.23], lgld R = r gld R when R is noetherian,

and we denote the common value by gld R.
We will prove the following proposition:

Proposition 3.2.2. H has finite global dimension if and only if both of the following

conditions hold:
(i) no hard super-letter has finite height

(ii) either chark =0 or chark = p > 0 and G has no elements of order p.

Backwards direction

Global dimension behaves nicely over certain types of ring extensions. Let R be a ring
with finite global dimension d. The global dimension of a skew-polynomial ring R|x; 0]
is d + 1 [40, Theorem 7.5.3] and the global dimension of R x F' is d, where F is a finite
group acting on R via automorphisms and |F|~! € R [40, Theorem 7.5.6]. In addition,
global dimension does not increase when passing from an associated graded ring back to
the original filtered ring [40, Corollary 7.6.18(i)].

The following lemma is a slight generalisation of [40, Corollary 7.5.6(ii)]:

Lemma 3.2.3. Let R be a noetherian k-algebra with gld R < oo and G a finitely gener-
ated abelian group with torsion-free rank t, which acts on R via automorphisms. Then if

chark = 0 or if G contains no elements of order p when chark =p > 0, then
rgld(R+xG) <rgld R+ t.

Proof. Let G = F & N, where N =2 Z' and F = @®}_,Z/p;"Z, for non-negative integers ¢

and ¢, distinct primes p; and positive integers t;, 1 < i < ¢. By [40, Lemma 1.5.9],

R+G = (R*xN)=xF.
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[40, Corollary 7.5.6(i)] shows that rgld R« N < rgld R + h. When chark = 0, |F| is
obviously a unit in R * N. Now suppose chark = p > 0. Then G contains no elements of
order p, so p; # p, 1 <i < q. Hence, |F| =[], p;" is a unit in R« N. This means we

can apply [40, Theorem 7.5.6], so
rgld(R*G) =rgld((R«N)+« F) =rgld(R* N) <rgld R+ . O
So we can now prove the backwards direction of Proposition 3.2.2.

Proposition 3.2.4. Suppose no hard super-letter of H has finite height, and either char k =
0 or G contains no elements of order p when chark = p > 0. Then H has finite global

dimension.

Proof. Since no hard super-letter has finite height, gr H = H* * G, where H* is an iterated
skew polynomial ring in m indeterminates over k. By [40, Theorem 7.5.3], gld H* = m

and then by Lemma 3.2.3,
gld(grH) < gldH* +t=m +t,
where t is the torsion-free rank of G. Then, by [40, Corollary 7.6.18],

gld H <gld(grH) <m+t. O

Forwards direction

First, we prove a couple of lemmas concerning modules with infinite global dimension.

Lemma 3.2.5. Let S C R be rings such that R is a projective left S-module and, for some
left R-module M, pdg(M) = co. Then 1gld(R) = co.

Proof. We will show that pdz(M) = oo; the lemma follows.

Suppose there is a finite projective resolution
0—+P,— - =>FP—-M-—=0

of M as a left R-module. Then for 0 < i < n, P, is a direct summand of a free left
R-module. Since R is a projective left S-module, we have R is a direct summand of a free
left S-module, and this implies that P; is a direct summand of a free left S-module. Hence,
P; is a projective left S-module. Thus, we have constructed a finite projective resolution

of M as a left S-module, contradicting our hypothesis. Therefore, pdz(M) = oco. O
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Lemma 3.2.6. Let k be a field and let h > 1. Then k[z]/{z") has infinite global dimension.

Proof. Write R for k[z]/(2"). The trivial R-module k has an infinite projective resolution:

Ny
e

N

0
e R R—=k——>0
\ / & /

TR TR

0 0 0 0
which repeats itself. The maps labelled above are defined by 6: 1+ () — 1, ¢: 1+ (")
x4 (z") and ¢: 14 (z") — 2"~1 4 (z"). Furthermore, the resolution cannot terminate.
For, suppose first that xR is projective. Then the short exact sequence

0——2h1R R d TR 0

splits, so

R=z""R® A,
for some ideal A of R isomorphic to zR. But then 2" 'R is both idempotently generated
and nilpotent, which is impossible. If " 'R is projective, the proof is similar. This
proves that there is no finite length projective resolution of k by the generalised version

of Schanuel’s lemma [47, Exercise 3.37]. O
We can now prove the forwards direction of Proposition 3.2.2.
Proposition 3.2.7. H has infinite global dimension if either of the following hold:
(i) H has a hard super-letter with finite height;
(i) chark = p > 0 and G has an element of order p.

Proof. (i) Suppose H has a hard super-letter U; of finite height A. Then by Theorem
3.1.1, H is a free left and right k[U;] module that is annihilated by U;", so H is a free
left and right k[U;]/U;"-module. However, by Lemma 3.2.6, the trivial k[U;]/U;"-
module k has infinite projective dimension. Since H is free over k[U;]/U;", and k is

also an H-module, Lemma 3.2.5 tells us that gld(H) = oo.
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(ii) H is free over kC), where C), is the cyclic group of order p. We have
kCp = klz]/ ("),

where the isomorphism is defined by sending a generator of C), to x + 1. By Lemma
3.2.6, the trivial k[z]/(aP)-module k has infinite global dimension. Therefore, so does
the kCp-module k. Since £ is also an H-module, it follows from Lemma 3.2.5 that

gld(H) = oo. O

3.2.2 GK dimension

Gelfand-Kirillov dimension, or GK dimension for short, is a measure of the rate of growth

of an affine algebra with respect to a generating subspace.

Definition 3.2.8. (i) Let f: N — R>;. Then f has polynomially bounded growth if, for

some t € R, f(a) < a® for a > 0, and then we define
v(f) :=inf{t: f(a) < a' for a>> 0}.
Otherwise, v(f) = oco.

(ii) Let R be an affine k-algebra with finite-dimensional generating subspace V' and
suppose that 1 € V. Then R has filtration {R,,: n > 0} with Ry = k and R,, = V".
The GK dimension of R, denoted by GKdim(R), is v(a — dimy R,).

(iii) If S is a (not necessarily affine) k-algebra, then

GKdim(S) := sup{GKdim(R): R an affine subalgebra of S}.

(iv) Let M be a finitely generated R-module and let My be a finite-dimensional subspace
of M such that RMy = M. For n > 0, define M,, := R,My. The GK dimension of

rM is v(a — dimy M,).

For further details, see for example [40, Chapter 8]. Note that GKdim(R) is inde-
pendent of the choice of generating subspace V' by [40, Lemma 8.1.10]. In addition,
GKdim(R) = GKdim(Rx*F'), where F' is a finite group acting on R via automorphisms [40,
Proposition 8.2.9], and GK dimension remains constant when passing from an associated
graded ring to the original filtered ring [40, Lemma 8.6.5].

The following lemma will be needed later.
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Lemma 3.2.9. Let R be a k-algebra and let o be an automorphism of R. Then, for all
t>1,
GKdim(R[z;0]/(z")) = GKdim(R).

Proof. Let T := R|x;0]/(z!) and let R’ := {r+ (x!)}, a subalgebra of T that is isomorphic
to R. Then T is a finitely generated left R’-module, generated by

14 (zh, =+ &), ..., 274 (@),

Hence, GKdim(R) = GKdim(R') = GKdim(T"), where the second equality follows from
[40, Proposition 8.2.9(ii)]. O

A key step in determining the GK dimension of H involves locally algebraic maps.
An endomorphism ¢ of an algebra R is locally algebraic if, for every finite-dimensional
k-subspace V C R, then V C W, where W is a o-stable finite-dimensional k-subspace.
Clearly, o is locally algebraic if R is spanned by elements {r: r € R} such that o(r) = a,r

for all € R, where «;, € k.

Proposition 3.2.10. [34, Proposition 1] Let R be an algebra and let o be a locally algebraic

automorphism of R. Then
CKdim(R[z, 2™} 0]) = GKdim(R[z; 0]) = GKdim(R) + 1.
We now calculate the GK dimension of H*/I, where H*/I is as in (3.10).

Lemma 3.2.11. Let the number of hard super-letters of finite height be denoted by f.
Then
GKdim(H*/I) =m — f.

Proof. For 1 <t < m, let A; be the subalgebra of H* generated by x1,...,x; and let I; be
the ideal of A; generated by z;"¢, where 1 < i < t and U; has finite height h;. We prove by
induction on t that GKdim(A;/I;) =t — f;, where f; is the number of hard super-letters
U;, 1 < i <t, with finite height. Since A,, = H* and I,,, = I, the lemma follows.

For t = 1, A1 = k[z1] and GKdim(A;) = 1 by [40, Proposition 8.1.15(i)]. If U; has
infinite height, then I; = {0} and GKdim(A4;/I;) = GKdim(A4;) = 1. If U; has finite
height hj, then by Lemma 3.2.9, GKdim(A;/I;) = GKdim(k) = 0. Therefore, the claim
holds for t = 1.
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Now suppose GKdim(A;—1/I;—1) =t —1— fi_1. We have Ay = A;_1[x¢;04], and so

(Ap_1/1y—1)[m4; 04

A1 = % ;

where 7; is the automorphism of A;_1/I;—1 with a¢(a+ I;—1) := o¢(a) + 11, and K is the
ideal of (Ay—1/I;—1)[xs; 7] defined by

{0}  if U; has infinite height,
(z¢ht) if U; has finite height h;.

K =

To see this, note that every element of A;/I; is expressible as 23:0 a;xi’ + I, for some

0<g<t—1andsomea; € A;_1, 0 < a; <m. Define the isomorphism

Ai 1/l 1|z 0 g - 1 ,
0: At/It — i 1/ t},(l[ i t], 9(;&%{}#4—]}) = Z(ai—FIt_l)th—l—K.

=0

Suppose K = 0. Then, since o; is locally algebraic, we may apply Proposition 3.2.10,
which shows that

GKdim(A;/I;) = GKdim(Ay_1 /1) +1=t—1—fi1+1=t— f,.
If K = ("), then applying Lemma 3.2.9 gives
GKdim(4;/I;) = GKdim(Ay_1/L; 1) =t —1—fii=t—(fi1 +1) =t — f;,
as required. ]

It is now straightforward to calculate the GK dimension of H.

Proposition 3.2.12. GKdim H =m — f +t, where f is the number of hard super-letters
of finite height and t is the torsion-free rank of G.

Proof. By Lemma 3.2.11, GKdim(H*/I) = m — f, and by [40, Proposition 8.2.9],
GKdim((H*/I)« F) =m — f. (3.12) shows that gr H is an iterated skew Laurent polyno-
mial ring over (H*/I)*F. Since G is abelian and acts on H*/I by multiplication by a scalar,

all the maps 7; are locally algebraic. We may therefore apply [34, Proposition 1], which
gives GKdim(gr H) = m— f+t. Finally, by [40, Lemma 8.6.5], GKdim(H) = m—f+t. O

3.2.3 The Auslander-Gorenstein property

We now study a class of noetherian rings whose modules satisfy a homological condition

introduced by Auslander, involving the vanishing of certain Ext groups.
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Definition 3.2.13. Let R be a noetherian ring. A finitely generated left or right R-
module M satisfies the Auslander condition if, for all 7 > 0 and for all submodules N
of Extg%(M, R), we have Ext’ (N, R) = 0 for all i < j. If id(Rg) < oo and every such M
satisfies the Auslander condition, we say that R is Auslander-Gorenstein. If, in addition,

gld(R) < oo, R is said to be Auslander-regular.

Note that [54, Lemma A] shows that id(Rgr) = id(grR) when R is noetherian.

Examples of Auslander-Gorenstein rings include quasi-Frobenius rings [15] and the
Weyl algebras over a field of characteristic 0 [9, §2.7]. A commutative noetherian ring
is Auslander-Gorenstein if and only if it has finite injective dimension [5]; such rings are
called Gorenstein. If R is an Auslander-Gorenstein ring, then the Auslander-Gorenstein
property is retained by skew-polynomial rings R[z; o] [18, Theorem 4.2], by R x F', where
F is a finite group acting by automorphisms on R [53, Proposition 3.9], by a localisation
of R at a multiplicatively closed set of regular elements [1, Proposition 2.1], and, in the
case where R := @nzo R, is a graded ring, by factoring out by a normal regular element
in R, [37, Theorem 3.6].

We now consider a special type of filtration. Extend the notion of filtrations indexed
by N in Definition 1.1.1 (i) to filtrations indexed by Z in the obvious way. That is, a ring
R has a Z-filtration if there is a family of additive subgroups {R,,: n € Z} of R such that,
for all m,n >0, R, € Ryy1, RiBRy € Rygn, and R =, oz, R

Let R be a Z-filtered ring with (,c; R, = 0 and 1 € Ry. We take the following
definitions from [10, §2]. The filtered topology on R is constructed using the distance

function, which for r, s € R is defined by
d(r,s) =2", where r —s € Ry, \ Rp_1.

The filtration satisfies the strong closure condition if, for every r1,...,r: € Randny,...,ns €
7, it follows that

Ranl 4+ ...+ RntT’t, Tanl 4+ ...+ TtRnt

are closed subsets of R in the filtered topology. If gr R is noetherian and the strong closure
condition holds, we say that the filtration on R is Zariskian.

If A is a filtered algebra in the sense of Definition 1.1.1 (i), then A has a Z-filtration
{A,,: n € Z} by setting A,, := 0 for n < 0. Suppose 1 € Ay. Then the filtered topology on
A is discrete and so every subset of A is closed. In particular, the strong closure condition

holds. Hence, if gr A is noetherian, then the filtration is Zariskian.
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This type of filtration appears in the following theorem from [10]. Its statement here

includes the remark immediately after the theorem.

Theorem 3.2.14. [10, Theorem 3.9] Let R be a noetherian ring with a Zariskian filtration
and suppose gr R is Auslander-Gorenstein (respectively, Auslander-reqular). Then R is

Auslander-Gorenstein (respectively, Auslander-regular).
We apply this theorem in the following proposition.

Proposition 3.2.15. H is Auslander-Gorenstein. Furthermore, H is Auslander-reqular
if and only if no hard super-letter has finite height and G has no elements of order p if
chark =p > 0.

Proof. We have gr H = (H*/I) x G. Tt is easy to see that k is Auslander-Gorenstein;
since H* is an iterated skew polynomial ring over k, we can apply [18, Theorem 4.2] to
show that H* is Auslander-Gorenstein. For 1 < i < n such that U; has finite height h;,
x;™ is a normal regular homogeneous element of the graded ring H*. Therefore, we can
apply [37, Theorem 3.6], which shows that H*/I is Auslander-Gorenstein.

As previously, let G = Z! @ F, where F is a finite group and ¢t > 1. Then (H*/I)* F is
Auslander-Gorenstein by [53, Proposition 3.9]. Consider the description of gr H in (3.13).
By [18, Theorem 4.2], ((H*/I)* F)[y1; 01] is Auslander-Gorenstein, and by [1, Proposition
2.1] so is ((H*/I) * F)[y1,y1~ Y 01) = (H*/I) * F)[yy; 01][y1] 7. Tterated application of
these theorems shows that (H*/I) * G is Auslander-Gorenstein.

Clearly, gr H is a noetherian ring and arises from an N-filtration on H. Therefore, the
filtration on H is Zariskian and so H is Auslander-Gorenstein by Theorem 3.2.14.

Finally, H is Auslander-regular if and only if no hard super-letter has finite height and
G has no elements of order p when chark = p > 0 by Theorem 3.2.2. O

3.2.4 The Cohen-Macaulay property

The Cohen-Macaulay property comes from algebraic geometry and was originally defined
only for commutative rings, where it involves Krull dimension. There have been various
attempts to generalise this property to noncommutative rings using other dimension func-
tions; we will use the following definition, which applies to noncommutative noetherian

algebras and involves GK dimension:
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Definition 3.2.16. Let R be a noetherian ring and M a finitely generated R-module. Then
the grade of M is defined by

§(M) = inf{i > 0: Ext%(M, R) # 0},

or j(M) = oo if no i exists with Extiz(M, R) # 0. A noetherian algebra R is Cohen-
Macaulay if
J(M) + GKdim(M) = GKdim(R) < o0

for every nonzero finitely generated left or right R-module M.

Every commutative affine algebra of finite injective dimension is Auslander-Gorenstein
and Cohen-Macaulay. This is also true of connected graded noetherian polynomial iden-
tity algebras of finite injective dimension [48, Theorem 1.1]. However, in general the
Cohen-Macaulay condition is stricter for noncommutative rings: there are noncommuta-
tive Auslander-regular rings that are not Cohen-Macaulay, an example being the ring of
2 x 2 upper triangular matrices over k [15, §3].

The Cohen-Macaulay property is preserved when passing from an associated graded
ring back to the original filtered ring, in the case where the original ring is noetherian [25,
Theorem 1.2] (an amalgamation of results from [18] and [37]). In addition, every localisa-
tion of an Auslander-Gorenstein, Cohen-Macaulay ring at a multiplicatively closed set of
normal elements is Cohen-Macaulay [1, Theorem 2.4]. The following lemmas give condi-
tions under which the Cohen-Macaulay property, together with the Auslander-Gorenstein

property, is preserved:

Lemma 3.2.17. [36, Lemma, p.184] Let S = R|x;0,0] be a skew polynomial ring over
an Auslander-regular, Cohen-Macaulay noetherian ring R. If R is a connected, graded

algebra, and o(R;) = R; for all graded components R;, then S is Cohen-Macaulay.

Theorem 3.2.18. [37, Theorem 5.10] Let R = @©,>0R, be a finitely generated graded
k-algebra with dimy Ry < oco. Suppose x € Ry is a normal non-zero-divisor in R. Then
S = R/xR is Auslander-Gorenstein, Cohen-Macaulay and every finitely generated graded

S-module has finite GK dimension if and only if the same is true for R.

We need the following lemma, which must be well-known, but for which we could not

find a suitable reference.
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Lemma 3.2.19. Let R be a ring, let F' be a finite group acting on R by automorphisms
and let T := Rx F. Let M be a finitely generated T-module. Then

GKdim(zM) = GKdim(7M).

Proof. Let V be a finite dimensional generating subspace of R. Since F' acts on R via finite
order automorphisms, without loss of generality we may assume that V' is F-invariant,
since we can enlarge V if necessary. We may also assume that 1 € V, so that setting
Ry, := kV" gives a filtration {R,} of R. Let W = VG be the vector subspace of T with
basis {vf: v € V, f € F}. Then setting T;, := kW™ gives a filtration {7, } of T and in fact
T, has basis {rf: r € Ry, f € F'}.

Let M have finite dimensional generating subspace My as a T-module. Then, again by
enlarging M, if necessary, we may assume that My is F-invariant. Clearly, M is also a
generating space for M as an R-module. Let M,, := T,, M. Then, since My is F-invariant,
we also have M,, = R, My. Therefore, GKdim(zM) = v(a — dimy M,) = GKdim(rM),

as required. ]
We apply these in proving the following proposition:
Proposition 3.2.20. H is Cohen-Macaulay.

Proof. 1t is easy to see that the field k is Cohen-Macaulay. Furthermore, H* satisfies the
conditions needed for a repeated application of Lemma 3.2.17 and so is Cohen-Macaulay.
By Theorem 3.2.18, H* /I is Cohen-Macaulay, since H* is Auslander-regular and has finite
GK dimension.

We now show that gr H is Cohen-Macaulay. As before, let G = F®Z! for a finite group
F and some ¢t > 1. First, we show directly that R := (H*/I) * F' is Cohen-Macaulay. Let
M be a finitely generated R-module. Then M is also a finitely generated H*/I-module,
and

G-/ M) + GKdim(g+ )y M) = GKdim(H* /1),

since H*/I is Cohen-Macaulay. By [4, Lemma 5.4], j(g+/rM) = j(rM), by [40, Proposi-
tion 8.2.9], GKdim(R) = GKdim(H*/I), and by Lemma 3.2.19, GKdim(r M) = GKdim(4,;M).
Hence, R is Cohen-Macaulay. Consider the formulation of gr H in (3.13) as an iterated
series of localisations of skew-polynomial rings over R. Lemma 3.2.17 takes care of the
skew-polynomial ring part, while [1, Proposition 2.4] deals with the localisations. There-

fore, iterated application of both results shows that gr H is Cohen-Macaulay.
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Finally, since gr H is Cohen-Macaulay, so is H by [25, Theorem 1.2] O

3.2.5 AS-Gorenstein

We take our definition of AS-Gorenstein from [12, Definition 1.2]. Recall that an augmented
algebra R is an algebra equipped with an algebra map R — k called an augmentation.
Since A/ kere = k, this makes k into a right and left R-module. One obvious example
of an augmented algebra is a Hopf algebra with its counit map. Another example is
a connected graded algebra R = @nzo R,; here Ry = k and the augmentation is the

canonical surjection R — Ry.

Definition 3.2.21. Let R be an augmented algebra with augmentation e: R — k. Then R

is Artin-Schelter-Gorenstein, or AS-Gorenstein if the following conditions hold:
(i) id(rR) = d < o,
(ii) dimy, Ext4(ak,4 A) = 1 and Ext}(4k,4 A) = 0 for i # d,
(iii) The corresponding right module versions of (i) and (ii) also hold.
If, in addition, gld A = d, we say that A is Artin-Schelter-reqular or AS-reqular.

Lemma 3.2.22. [12, Lemma 6.1] Let R be a noetherian Hopf algebra with finite GK-
dimension. If R is Auslander-Gorenstein (respectively, Auslander-regular) and Cohen-

Macaulay, then R is AS-Gorenstein (respectively, AS-regular).
The above lemma, together with Propositions 3.2.2, 3.2.15 and 3.2.20, prove:

Proposition 3.2.23. H is AS-Gorenstein. Furthermore, H is AS-reqular if and only if
no hard super-letter has finite height and G contains no elements of order p when char k =

p > 0.

3.2.6 Values for global and injective dimensions

We can use the Cohen-Macaulay property together with Proposition 3.2.12 to calculate
values for the global and injective dimensions of H. This relies on the fact that if R is a
ring and M is a non-zero finitely generated R-module, then j(M) < pd(M) < gld(R) [47,
Exercise 9.6] and if R is noetherian then j(M) < id(R) [37, Remark 2.2(1)].

Theorem 3.2.24. Let f be the number of hard super-letters of finite height and let t be
the torsion-free rank of G. Then
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(i) H has finite global dimension equal to m + t if and only if both of the following

conditions hold:

(a) no hard super-letter has finite height

(b) either chark =0 or chark = p > 0 and G has no elements of order p.
(ii) H has finite injective dimension equal to m — f +t.

Proof. Consider the trivial H-module k. Clearly, GKdim(gk) = 0, so by the Cohen-

Macaulay property and Proposition 3.2.12,
j(gk) = GKdim(H) =m — f +t,

where f is the number of hard super-letters of finite height and ¢ is the torsion-free rank

of G.

(i) By Proposition 3.2.2, H has finite global dimension if and only if the conditions in the
statement of this theorem hold, and its proof shows that in this case gld(H) < m+t.
When H has finite global dimension, f = 0 and so j(gk) = m + ¢ < pd(gk). Thus
pd(gk) = gld(gk) = m +t.

(ii) The previous part shows that id(H* * G) < m + t. Since H* x G is Auslander-
Gorenstein, [37, Theorem 3.6] shows that id(gr H) < m — f + ¢. By [10, Theorem
3.9], id(H) < m — f +t. As in the previous part, j(gk) =m — f +¢ <id(H), and
so id(gk) =1id(H) =m — f +t. O

3.2.7 Application to pointed Hopf algebras

Let P be a pointed Hopf algebra and let gr P be the associated graded Hopf algebra of
P with respect to the coradical filtration. As in §1.3.5, we have gr P = B#k(G, where
G := G(P) is a group and B € gyl? is a braided Hopf algebra. Therefore, when G is
finitely generated, abelian and acts diagonalisably on B, gr P is of the form of the Hopf
algebra H, which we studied in Chapter 2. However, our work in Chapter 3 has depended
upon H having a finite number of hard super-letters, in order to be able to define the Deg-
filtration on H from §2.4. If we knew that gr P had a finite number of hard super-letters,
we would be able to lift back to P the properties we have considered in this chapter. As
it stands, we can only be certain that these properties hold for a class P of Hopf algebras

defined by P € P if and only if P is a pointed Hopf algebra with G := G(P) finitely
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generated, abelian and acting diagonalisably on B, and gr P has a finite number of hard
super-letters. This last condition makes it an unwieldy class to work with, but P does
provide further evidence for the conjecture of Brown [14, Question E] that all noetherian
Hopf algebras are AS-Gorenstein.

It is not clear if there are conditions on P that would enable us to determine if gr P

has only a finite number of hard super-letters. A first guess would be the following.

Conjecture 3.2.25. Let P be a pointed Hopf algebra, where G := G(P) is finitely gen-
erated, abelian and acts diagonalisably on B, the subalgebra of coinvariants. Then the

following conditions are equivalent:
(i) P has a finite number of hard super-letters,
(ii) P is noetherian,

(iii) P has finite GK-dimension.

Clearly, (i) = (ii) is Theorem 2.4.1, and (i) = (iii) is Proposition 3.2.12. We have been
unable to prove the backwards directions of these implications. For example, if we assume
that P has an infinite number of hard super-letters and try to construct a strictly ascending
infinite chain of right or left ideals, we run into difficulties associated with manipulating
an infinite set of hard super-letters. The root of the problem is that any finite subset of

the hard super-letters is not necessarily closed under multiplication.



Chapter 4

Diagonal Nichols algebras

A Nichols algebra, denoted B(V), is a certain braided graded Hopf algebra in gyD, the
category of Yetter-Drinfeld modules over a Hopf algebra H, characterised up to isomor-
phism by its degree 1 graded component V', which is also the k-vector space spanned by
its primitive elements and generates B(V') as a k-algebra. For any braided vector space
V, B(V) is the quotient of the tensor algebra T(V') by its largest biideal generated by
homogeneous primitive elements of degree 2 or more. As we saw in §1.3.4, the bosoni-
sation B(V)#H is a (non-braided) Hopf algebra, and it was in this context that Nichols
algebras first arose under the name “bialgebras of type 17, in the thesis [44] of Nichols,
who considered the case where H = kI for a group I

The vector space V' is a Yetter-Drinfeld submodule of B(V') endowed with a braiding
c: V®V — V ®@V. This braiding is the key to determining the structure of B(V). For a
given pair (V, ¢), it can be complicated to calculate the homogeneous primitives of degree
2 or more in order to write down B(V') explicitly as a quotient of 7'(V'). Furthermore, it is
usually difficult to verify whether such primitive elements actually exist; if there are none,
then clearly B(V) = T(V).

In this chapter, we consider the case where H = kI', for an abelian group I' acting
diagonalisably on V. That is, there exists a basis of V' such that, for all z; and x; in the
basis, we have

c(w; ® x5) = 1475 @ T4

for some r;; € k*. The main theorem establishes conditions on the scalars r;; that are

sufficient to give B(V) = T'(V).

59
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4.1 Nichols algebras

Definition 4.1.1. Let V € g)}D, with associated braiding c. The Nichols algebra of (V,c)
is a braided graded Hopf algebra B(V) = D,,>o Bn € BYD with

(i) Bo =k and B; 2V in YD,
(ii) By = P(B(V)), the primitive elements of B(V),
(iii) B(V) = k(By), i.e. B(V) is generated as an algebra by the elements of Bj.

We can show the existence of B(V') and obtain a more concrete description of it, as
follows. The tensor algebra T'(V)) = ,,5o T"(V) is a graded Hopf algebra in BYD, where
A:T(V)—=T(V)QT(V) is defined by

Av)=v®1+1®v

for all v € V; see [3, §2.1]. The existence of an antipode follows from [42, Lemma 5.2.10],
which also shows that all braided bialgebra quotients of T'(V') are braided Hopf algebras
in 1yD.

Recall that a biideal of a bialgebra is a subset that is both an ideal and a coideal. Let
S be the set of all biideals of T'(V') that are generated by homogeneous elements of degree

greater than or equal to 2. Let

IV)y=>1

IeS
so I(V) is the largest element of S. Then we have the following proposition proving the

existence and uniqueness of B(V'), up to isomorphism:

Proposition 4.1.2. [2, Proposition 2.2/, [41, Lemma 2.1] Let V be a braided vector space,

let S be as above and let I € S. Then the following are equivalent:
(1) I=1(V),
(i) V = P(T(V)/I),

(iii) B(V)=T(V)/I(V).

Proof. (i) = (ii): Let n > 2 and consider the inverse image X C T™(V') of the primitive
elements of degree n in T'(V)/I(V'). Then X is a coideal of T(V') and (X, I(V)) € S, so
(X, I(V)) CI(V) since I(V) is maximal in S. Hence X — 0 and the claim is proven since

the primitive elements of T'(V')/I(V') form a graded submodule.
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(i) = (i): We can apply [42, Lemma 5.3.3] to the surjective map f: T(V)/I —
T(V)/I(V), since the coradical of T'(V')/I is k and f is injective on P(T(V)/I). Hence, f
is injective and so I = I(V').

(ii) = (iii): Follows by definition of B(V'). O

Define I"(V') := I(V) N T™(V). Then, it is clear that

=Pprw) v (4.1)

n>0
4.2 Skew-derivations of graded coalgebras

Let R = @nZU R, be a connected, graded coalgebra and let 7,: R — R, be the canonical

projection map, for all n > 0. Define, for all 4,57 > 0,

A@jt RH.J HR@R&R ®R

By Definition 1.1.3 (ii)(a),
n
Alg, = Aini.
i=0
Since R is connected, if n > 0 and x € R,, then it is easy to see that
Agp(z) =1®x, Apo(z) =2 1. (4.2)

More generally, we can define a map A¥: R — R®**1 where k > 1, by A° = idp,
Al = A and
A* = (idgor—1 @A)AFL, (4.3)

Now, for all k> 1 and for all non-negative integers i1, ..., i, let

Ail,...,ik : Ril-l—"'ik — Ri1 XX Rik7

be the composition

(7, @ -+~ @, ) o AFTL,

Using (4.3) and the definition of a graded coalgebra, it’s easy to see by induction on & that

n n—ii n—(i1++ix_2)
Ak_l(Rn) - Z Z e Z Ril & Rig e ® Rikfl ® Rn—(i1+~~~+ik_1)' (44)
i1=0 i2=0 ix_1=0

By (4.4), if € R, then A*~!(z) can have a nonzero summand in R;®* only when

hH=tlg=+=ip_1=1, n=i1+---ip_1+1=k.
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Therefore,
A*~1(z) has no nonzero summand in R;®* when n # k. (4.5)
Lemma 4.2.1. [/1, Lemma 2.3] The following are equivalent:
(i) P(R) = Ry.
(ii) For alln >2, Ay 1: Ry, — Ri®" is injective.
(iii) For allm > 2 and for all1 <i<n—1, A; it Ry = R ® Ry, is injective.
(iv) For alln > 2, A,_1 1 is injective.

Proof. For all n > 1, define ®,,: R — R1®" to be the composition

m On

Anfl
®,: R RO®™ R, ®™,
Clearly, Ay, 1: R, — R1®" is the restriction of ®,, to R,,. Note that for all i > 0, j >0,
(Ai ® Aj)A = A”j“, (4.6)

(this is just an easy double induction on ¢ and j using the coassociativity property).

Therefore, we see that, for 1 <i<n —1,
(P @ Ppi) A= ((MP o AT @ (m® o A" H)A

=m® (AT @ AMTTHA

=m® o A" by (4.6)

= d,,. (4.7)
Now, let z € R, and write A(z) = > 7, y;, where

Yj =Djn—j(x) =2 ® 2 € R; ® Ry (4.8)

for all 0 < j < n. Strictly speaking, we should write y; = >" z; ® z;/, but we suppress the

summation sign, as in some variants of Sweedler notation.

Therefore, for all 1 <i<n —1,
D, (z) = (P; @ Pp—y)A(z) by (4.7)
n
= Zm@Ai_l(zj) @ m @ AT (247) using (4.8)
=0
=m@AT () @ m@ I A (2 by applying (4.5) to 2j, 2}

= (P ® p—i)(¥i). (4.10)
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To prove (i) = (ii), we induct on n > 2. Suppose (i), and let = € R,, as above. For
n =2, by (4.2),
A(:C) = A072 (:C) + A171(.’L‘) + AQ,O(.’E)

=1lz+A(x) +z®1,

and since x ¢ P(R), A11(z) # 0. Now, let n > 2 and suppose that (ii) has been proved
for the domain R;, for 2 < i < n. (4.10) shows that

Ao 1@ =41 1948 D)W
By induction, both the maps Al, 1 and Al, ...,1 are injective and so it is easy to
~— ~—

n—1i

see that Ay 1 ®Ay  qis injlective. Thus, if Ay 1(z) =0, then y; = 0 for all
—_—— = —
1<i<n-— 1,280 that x g};(R) by (4.2). By (i), we mustnhave z=0.
(ii) = (iii): Assume (ii), fix n > 2 and 4, where 1 <i <n — 1. Let z € R,,. Then by
(4.10),

A 1(x) = Pp(x) = (P @ Pr—i) A i ().

Since A1, .1 is injective, so is A; ,—;.
(iii) = (iv) is trivial. For (iv) = (i), note that (iv) implies P(R) N R,, = 0. Since every
primitive element of a graded coalgebra is a sum of homogeneous primitive elements, (i)

follows. O

We have the following corollary to Lemma 4.2.1:

Corollary 4.2.2. Let n > 2 and suppose that P(R,,) =0 for 1 < m < n. Then, for all

1<i<n-—1,
n—1 n—1
ker Ai,n—i = Zker Aj,n—j = m ker Aj,n—j = P(Rn)
j=1 i=1

Proof. Fix i, with 1 <7 < mn — 1. We prove that ker A;,,_; is equal to each of the other
subspaces above. Let z € ker A;,,_; and write A(x) = Z?:o yj, where y; € R; @ R,—;.
Clearly, y; = 0. By (4.10),

0= (2 ® Ppni)(yi) = Pn(z) = (25 @ ©nj)(y;),

forall 1 < j < n—1. The proof of Lemma 4.2.1 shows that for 2 < m < n, the maps ®; and
®,,_; are injective, for all 1 < j < n —1. Hence, we must have y; =0 forall 1 <¢ <n-—1.

The first two equalities follow immediately; the third follows from (4.2). O
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Now, let H be a Hopf algebra, let V' Eg YD be finite dimensional as a vector space
and let R = T(V)/I for some I € S. In order to determine whether R = B(V), we
must determine whether there are any primitive elements in R,, for n > 2. If we know
that there are no primitives in the graded components of degree less than n, the above
corollary reduces the problem to determining ker A; ,,_; for any 1 < i < n —1. In the case
where H = kI" for a group I', there is a convenient tool for calculating primitives in R,
which exploits this fact for i = n — 1. It was originally introduced by Nichols in [44, 3.3];
see also [41].

Since V is a I'-graded I'-module by the Yetter-Drinfeld condition, we may pick a basis
x1,...,x9 of V, where z; € V, as defined in (1.4), for not necessarily distinct members
g1, .--,g99 of I'. Define algebra automorphisms o;: R — R by = — g¢g; - x for all x € R.
For 1 < i <6, let D;: R — R be a k-linear map with D;(1) := 0; for a € R, define

Dl(a) € R, by
0

Ap_11(a) = Z Di(a) ® z;.
=1

We have the following proposition:

Proposition 4.2.3. Let I' be a group, let V 611: YD and let R=T(V)/I for some I € S.
Then

(i) [41, Proposition 2.4(i)] For all 1 < i < 0, D;: R — R is the unique (id, 0;)-
derivation of R such that D;(x;) = d;;, where §; j denotes the Kronecker delta.

(ii) [41, Proposition 2.4(ii)] R = B(V) if and only if K := () ¢_, ker D; = k.
(iii) Fizn > 1, and suppose By, = Ry, for all 0 < m < n. Then, as a vector space,

Bn = R,/(K N Ry).

Proof. (i) Let a € Ry, b € Ry, for some m,n > 1. Then, for a suitable choice of element
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ze ST >Ry @ Ryinn,

A(ab) = ZAan —j(a) (Z Ak,mk@))
k=0

n—2
= CL®1+ZD ®$z+ZAjn] )
=1 7=0
0 n—2
. (b ®1+ ZDl(b) R x; + Z Akmk(b))
=1 k=0
0
=ab®1+ Y aDy(b) ®xl+ZD b) @ x; + 2
=1
:ab®1+z b) + aD;(b)) @ x; + 2.

Therefore,
D,(ab) = Dz(a)az(b) + a,Di(b),
so D; is an (id, o;)-derivation. Furthermore, since z; is primitive for all 1 < j <6,

we have D;(x;) = d; ;. Since R is generated by x1,...,zg, D; is uniquely determined.

(ii) By Proposition 4.1.2, R = B(V) if and only if I = I(V) if and only if P(R) = R;.
Since K N R,, = ker A,,_1 1, the claim follows from the equivalence of (i) and (iv) in

Lemma 4.2.1.

(iii) By Corollary 4.2.2, K N R, = I,(V). O

4.3 Skew-derivations in the diagonal braiding case

For the rest of this chapter, let I be a group and set H = kI'. Let V € II:yD be finite
dimensional and diagonalisable. It follows that, when describing the braiding induced by
the action of I' on V' as in (1.5), we can, without loss of generality, assume that I" is
finitely generated torsion-free abelian of rank at most 6. As in (1.5), we may choose a

basis x1,...,x9 of V with z; € Vy¥, so c: V@V — V @V is defined by
c(z; @ xj) = xj(9:)T; @ 2 := rijx; ® 4, (4.11)

for 1 <i,5<4.
Setting R = T'(V') in Proposition 4.2.3 gives maps D;: T'(V) — T(V'), which restrict
to linear maps D; ,: T"(V)) — T™1(V). This section establishes some lemmas concerning

the kernels of these maps. First, we make a definition.
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Definition 4.3.1. (i) (a) Let Z>q” denote the #-fold direct product of the non-negative

integers. For any positive integer i, we will define
i:=(0,...,1,...,0) € Zx¢’,

with 1 in the ith component and all other entries 0.
(b) Given t = (t1,...,t9) € Zxo”, let L(t) := 30_, t;.

(c) For any t € Zso? write n := L(t) and let w}(V) be the subspace of T™(V)
spanned by all the monomials with exactly ¢; x;’s for all j. For convenience,
we define we®(V) := k, and we extend the definition to t € Z? as follows: if
t € 79\ Z>¢?, define

we (V) == 0.

(ii) Let m € T™(V) be a monomial. The left x;-index of m is the integer p > 0, which

equals n if m = x;"; otherwise it is defined by
m = xPxym/, (4.12)

where p < n, | # j, and m/ is a monomial in 7" P~1(V). There is the obvious

corresponding definition of right x;-index.

(iii) Let a = >, Nja; € T"(V'), where \; € k* and the a; are distinct monomials. The

left zj-index of a is
p := min{p; := left x;-index of a;: 1 <i < m}.
There is the obvious corresponding definition of right x;-index.
Recall Definition 1.3.8, which gives a map ad.: T'(V)) — End(T'(V)).
Lemma 4.3.2. Let n be a positive integer and let © be an integer, 1 < ¢ < 6. Then

(i) For all t with L(t) = n,
Din(w}(V)) € wiTH (V).

(i) ker D; ,, is an H-submodule of T"(V').
(117) ade(xp)(ker D —1) C ker Dj p,, for alll, 1 <1 <6.

(iv) ad.(z;)(ker D; 1) is an H-submodule of T"(V'), for alll, 1 <1 <6.
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Proof. (i) The proof is by induction on n. When n =1, t; = 1 for some [ and ¢; = 0 for
all ¢ # [, meaning that
wi (V) = kay.

Since

k=uwd(V) i=1,
Dy (k) = o(V)
0

i #1,
the claim holds for n = 1. Now, consider n > 1 and let m be a monomial in wg (V).
It’s enough to prove that

D;n(m) € wf:il (V).

First, suppose that m = x;m’ for some m’ € w?:il(V). By induction D;,_1(m') €

w{’:QQi(V). Thus, since I" acts diagonalisably on V', and therefore m’ is an eigenvector

for g;,

D;p(m) = Dia(x:)(gi - m') + Dy p—1(m’)
€ Wi (V) + ziw 3 (V)
C w5 (V).
Next, suppose that m = z;m”, for some m” € w?:ll(V)) with ¢ # [. Then, by

induction D; ,—1(m") € w,(V)), and so

Din(m) = Dji1(21)(gi - m") + 21D n_1(m") = 21D yy—1(m")

€ xlwﬁ:f_i(v)) - W?:il (V).

(ii) It is enough to show that ker D; , is gj-invariant, for all 1 < j < 6. Let ¢, := {t €
Z>0”: L(t) = n}. Note that T"(V) = @Pye,, wi(V), and T (V) = Pye, wi (V).
Thus, in view of (i),

ker D;.n = @D (wi' (V) Nker Dy ). (4.13)
tetn

But, for a fixed t € t,, w(V) is contained in the g;-eigenspace of T"(V) with
eigenvalue rj;" - - rjgtf). So, clearly, wi(V) Nker D; ,, is gj-invariant, and the result

follows from (4.13).

(iii) If I # 4, this is obvious, so suppose | = i. By (4.13), and since ad.(z;)(w ' (V)) C
wy';(V), it is enough to prove that, for every t € ¢, 1, ad.(z;)(8) € ker D;,, when
RS w,’fﬁl(V) Nker D; 1. Then, for such a g,

gi- B=ria"™ 1" B = AgB3,
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for some A\g € £*, and

Din(ade(zi)(B)) = Din(ziB — AgPwi)
= Di1(2i)(9: - B) + 2iDj n—1(B)
— AgDin-1(B)(gi - xi) — AsBDi ()
= AsB+ 00— Agf

= ()7
as required.

(iv) It is enough to show that ad.(z;)(ker D;,—1) is gj-invariant for all 1 < j < 6. By
(i),
ad.(z)(wg™ (V) Nker D n—1) C wity1 (V) Nker D; .

Therefore, as in (ii),

ad.(a7) (ker Dy—1) = ED w (V) N (ade () (ker Di1), (4.14)
tetn

and, since wi (V') is contained in the g;-eigenspace of T (V') with eigenvalue 71" - - - ;4"
the summands on the right hand side of (4.14) are gj-invariant for 1 < j < 6 and

the result follows. O

Lemma 4.3.3. Let n be a positive integer, let 1 < i < 60 and suppose that ri;® # 1 for any
k,1<k<mn. Then

(i) Din has image T"~1(V).
(i3) dimy(ker(D;,,)) = 6" 1(0 — 1).

Proof. (i) It is enough to show that each monomial m € T~ (V) is in im D; ,,, and this
follows by induction on n. When n = 1, m € k and so D;1(mz;) = m. Now, for a

given n > 1, we argue by a sub-induction on the left x;-index of m.

Suppose first that the left xz;-index of m is 0, so
m = xm’,

where [ # i and m’ € T""2(V). Then m’ = D;,—1(B) for some 8 € T"}(V), by

induction on n. Therefore,

D;n(z18) = Dii(x1)(gi - B) + 21 Din—1(B) = mym’ = m,
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and so m € im D; .

Now suppose that the left x;-index of m is p > 0, and that monomials in 771 (V)
with left z;-index less than p are in im D; ,,. If m = x;"" 1, then
Din(z") = (L4 g+ 41" Ha" !
=(L4ri+- 4" m,
and we get m € im D, 5, since r; is not a non-identity nth root of unity. Otherwise,

m € w1 (V) for some t € t,_1, with t # (n — 1)i, and
m = zLrym/,

for some [ with 1 <1< 6,1 # iand m’ € T"P~2(V). By our induction on the degree
of the graded components of T(V), m' = D;,—p—1(8) for some B € T P~1(V).
Therefore,

xym’ = 21 Din-p-1(8) = Djp—p(z:8).

We have z;m’ € w::zﬁfl(V), and by Lemma 4.3.2 (i), 8 € wf:{;):ll)i_l(‘/). Thus

9iB = A\gp for some A\g € k*. Then
Din(zfmB) = (14714 + -+ Y’iipil)ml)\gxipflxlﬁ + 2" Din—p(718)
= (1 + T + -+ ’I“iipil)ml)\gxipflxlﬁ + xipxlm/.

Now z;? 'z € T""1(V), with left x;-index p — 1. Hence, by induction on p, there
exists a € T™(V') with
Dy(a) = 2" w8,

Thus,

Din(xiP — (14 rii+ - - + i rakga) = xPzm’ = m,
and the induction step is proved.
(ii) This follows from (i), since dimy T (V') = 6" for all n. O
We also need the following lemma.
Lemma 4.3.4. The linear map ad.(z;): T(V) — T" (V) has
o kernel 0 if rj;™ #1;

o kernel kxz;" if rj;" = 1.
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Proof. Since ad.(x;)(x;") = (1 — rj;™)z;" L, it is clear that

{0} if rj"#1
ker ade () |ke;n = N j]n '
.I‘j 1 Tjj = 1.

Observe also that, for all t € t,,, ad.(z;)(wf(V)) C w?_:rjl(V). So the lemma follows if we

show that, for all t # nj,
adc(2j)]wp(v) is a monomorphism.

So suppose t # nj and let 0 # 8 € wi(V'), so § is a g;-eigenvector with eigenvalue Ag € k*.
Let p be the left z;-index of 3, and notice that, since t # nj and § € wi(V'), p < n. Then,
suppose
0 = adc(x;)(B) = ;8 — Agfx;.

That is,

xjf = A\gfx;. (4.15)
But the left xj-index of x;3 is p + 1, whereas the left zj-index of AgfBx; is p. (For the
second part of the last sentence, it is crucial that p < n, so that some x; with | # j does
appear at the left hand end of m in at least one monomial z;”m in the support of j.)

Therefore, (4.15) is impossible, and we have a contradiction. O

4.4 Conditions implying B(V) = T(V)
4.4.1 Notation

For n > 2, let B,, denote the usual monomial basis of T"(V). For t = (t1,...,t9) €

Zzoe with L(t) = n, let B, C B, denote the monomial basis of w{'(V) and let by :=

i1,

1 -29" € Bpt. For all 1 < j < n, we define functions j3;,¢;: B, — B; by
Bj(m) = my, m=mym/, my € B;, m' € B,,_;,
ej(m) = me, m =m"me, me € Bj, m" € B,_;.

That is, 8; returns the j letters at the beginning, while €; returns the j letters at the end.

Clearly,
m = f1(m)e,—1(m) = Bp_1(m)er(m). (4.16)
Let S,, denote the symmetric group on n letters and let C,, := (7) be the cyclic subgroup
of S, generated by the permutation
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Sp acts on the elements of B, ¢ by permuting indices. That is, if 0 € S,, and b =

Tiy Tiy - T, € By, then o - b is the monomial with z;; in the o(j) position. Clearly,

this action is transitive; indeed every member of B, ¢ equals o - by, for some o € S,,. For

example, when § =2, n =3 and t = (2,1), we have by = x1%z5 and
T1T2X1 = (2 3) . bt.

As a vector space, B, ¢ then splits as a direct sum of orbits under the action of C,,. For
example, when 0 = 2, n =4 and t = (2,2), the orbits are

2 .2 2 2 2 2 3 2
{by = x1°m2”°, T by = mox1°T2, T by =2 w1, T by =x122°71},

and
{(2 3) . bt = T1T2T1T2, T- (2 3) : bt = xgxlxgxl},
An orbit of size n, like the first orbit above, is said to be a long orbit, while an orbit of

size less than n, like the second orbit above, is called a short orbit.

For all b € B,,, clearly we have (,,_1(b) = €,—1(7 - b), which gives
Br1 (7" 1) = en1 (7" - b), (4.17)

for all £ > 1.

For b = wm;, -~ x;, € By, define v(b) := H?:z Tii;- Let Op denote the orbit of C,

n

applied to b and let

¥(0n) == ] ().

a€Oy
4.4.2 Main theorem

This section is devoted to proving the following theorem:

Theorem 4.4.1. Let I" be a group and let V € FyD be finite dimensional and diagonal-
isable, with basis x1,...,x9 and braiding map c¢: V@V — V @V as in (4.11). Suppose
that for all n > 2 and for all b € By, we have v(Op) # 1. Then B(V) =T (V).

In fact, the theorem follows easily from the following proposition, using Proposition

4.2.3 (ii).

Proposition 4.4.2. Let I" be a group and let V € 11:377) be finite dimensional and diag-
onalisable, with basis x1,...,xe and braiding map c¢: V@V — V ®V as in (4.11). Let

m > 2 and suppose that

v(Op) #1 for any b e B; with 2 <i<m. (4.18)
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Then

(i) for1<j <0,

0
ker D = Y _ ade(x) (ker Djm-1). (4.19)
=1
(it)
0
() ker Djm = 0. (4.20)
j=1

The proof is by induction on m > 2. We first prove that (4.19) and (4.20) hold for
m = 2. In this case, (4.18) becomes 7 # 1 and rr;; # 1 for any 1 < i # j < 6. Fix j,
1 <j < 6. In this case, (4.19) becomes

0
ker Dj72 = Z adc(ﬂj‘l)(k}$1 D---D kl’jfl D kl’j+1 D---D k‘iL‘g) (4.21)
=1

By Lemma 4.3.2 (iii), the right hand side of (4.21) is contained in the left. For the reverse
containment, suppose ag € k are such that

6 0

u = Z Z QapTaTp € ker Do,

a=1 b=1

where ag, € k, 1 < a,b < 6. Then

Dja(u) = aji(1 = rjj)z;
T aTy g Ti1 Q)T e T
T QTT A QG- T(-1) T -1
T QGG+ Ti(+1) T+l T QGeT 60
= (aaj +rjpogi)e + -+ +agi(L =)z + -+ (e + 1j0050) 0

=0.

Therefore,

15 = —Tj1051,...,045 = 0, - Qg = TG0,

Hence,
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Let 1 < a,b <60 with a # j, b # j. Then, since (4.18) holds,

Lqlp = adc(l'a)((l - Tabrba)_lxb) + adc(xb)((l - rabrba)_lrabxa)'

This proves that w is a linear combination of the required form, and so (4.19) holds when
m = 2. By Lemma 4.3.3 (ii), dimy ker Do = 0(6 — 1), which is therefore equal to the
dimension of the space on the right hand side of (4.21). Therefore, the sum on the right

hand side of (4.21) is a direct sum. Using the fact that ad.(z;) is a monomorphism,

0 0 6
ﬂ ker Djo = ﬂ ade(z;)(ker Dj1)
j=1 j=11=1
0 0
= @ ﬂ ad(z;)(ker Dj 1)
=1 \j=1
[% 0
= @ adc(z;) ﬂ ker D; 1
=1 j=1
=0,

0 (4.20) holds when m = 2.
The following lemma is the instrumental step in the proof by induction of Proposition

4.4.2.

Lemma 4.4.3. Let T’ be a group and let V € IFQJD be finite dimensional and diagonalisable,
with basis x1,...,x9 and braiding map ¢: V@V =V @V as in (4.11). Let n > 2 and
suppose that (4.18) holds for m = n and that (4.19) and (4.20) hold for 2 <m <mn —1.
Then

0
V) = @ ade(ay) (1" (V)

Proof. Since (4.18) holds for m = n, taking b = x;" shows that v(b) = r;;" "1 # 1, for all

1 < j < 6. Therefore, by Lemma 4.3.4, it is enough to prove that the sum
S ade(a) (T (V) (422)

is a direct sum, since it would then have the same dimension as 7" (V). Note that 7"(V') =
Dicr, wi'(V), that wi'(V) is a kI'-submodule of 7" (V') contained in a single I'-eigenspace

and that for fixed j with 1 < j < 6, ad(z;)(w] (V) € wi, (V) for all t € th.
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Therefore,

where we set Wl (V) = 0if t € Z7\ Z>o’. Let dp, ¢ := dimy w} (V). Then, if

0

ae > adufay)wi(V)),

=1
we can write a as a linear combination in two ways: firstly, in terms of the bases B,,_1 ¢—;

for 1 < j < 0; secondly, since a € w{(V'), in terms of the basis B, ;. That is,

[ dn—l,t—j
a=Y > ajeade(z;)(b) (4.23)
j=1 k=1
dn,t
:Z Ly (4.24)
=1

where ajg,py € k, bj, € Bpo14—j and my € Bpg, for 1 < j < 0,1 < k < dp_14-j,
1 <1< d,t. The idea is to compare the coefficients of the monomials in (4.24) with those
in (4.23), and so write the 4 in terms of the ;. We then show that if a = 0, then a;, =0
forall 1 < j <60 and 1 <k <d,—1¢—j, which is enough to prove that (4.22) is a direct
sum.

For convenience later on, if b = bj € B,_1y—jforsomel < j<fand1 <k <d,,_1¢-j,
we will write oy, := ;. Similarly, if m = m; € B, ¢ for some 1 <1 < d,, ¢, we will write
fm = -

Let m :=my € Byt for some [, 1 <1 < d, and let g denote the size of the orbit of m

under C,,. Then, by (4.16), m is in the support of exactly two terms of (4.23), namely

ade(B1(m))(en—1(m)) = m — y(m)(r7" - m),

and

ade(e1(m))(Bn-1(m)) = 7-m — (7 - m)m.
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Hence,
Hm = ¢, _1(m) — ’Y(T ’ m)aﬁn—l(m)'

Therefore, for any k > 1, the coefficient of 7% - m is

k
T 1. m)aﬁn_l(Tk,m)

kL

Mrk g = aen_l(Tk-m) - 7(

= X1 (rk-Lm) gl m)aﬁn—l(‘rk~m)7

where the second equality follows from (4.17).

Now, suppose a = 0, so p,, = 0. Then

e,y (m) = V(T -M)ag, .\ (m)s (4.25)
and, since ji k., = 0 for all k£ > 1,

— (TkJrl .

aﬁn—l(Tk_l‘m) =7 m)aﬁn_l(Tk,m). (426)

Hence, we have

Qe,_1(m) = V(T -m)ag, ;o) by (4.25)
= (T -m)y(T* - m)ag, (1) (4.27)

by applying (4.26) with k=1

2

= (7 - m)y(r% - m)y(r3 - m)ag, | (r2.m) (4.28)

by applying (4.26) with k = 2

q

= H y(rk - m)ag, | (ra—1.m) (4.29)
k=1

by applying (4.26) with k£ =g¢ — 1.

However, since 79 - m = m, we have

q q—1
[[26"-m) = [ m) = +(Onm). (4.30)
k=1 k=0

Using (4.17) and the fact that 77 - m = m, we see that

Qb (797 Lom) = ey (79m)

= O‘en,l(m)- (4.31)
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Substituting (4.30) and (4.31) into (4.29) gives

Qe _1(m) = V(Om)aenfﬂm) .

Since 7(Op) # 1 by hypothesis, a,, ,(m) = 0.
It is easy to see that, for all 1 <j <6 and 1 <k < d,—1tj, ®jr = Q¢,_,(m) for some
m € wy_ Jl(V) (just take m to be x;bj;, for any 1 < [ < 6). Therefore, aj, = 0, and the

lemma follows. O

We can now finish the inductive proof of Proposition 4.4.2. We assume that (4.18)
holds for m = n and that (4.19) and (4.20) hold for 2 <m <n — 1.

Proof. (i) By Lemma 4.3.2 (iii), for all 1 < 5 <4,

0

> " ade(a)(ker Djpo1) C ker Djp.
=1

By Lemma 4.4.3, the above sum is direct. The hypothesis (4.18) implies that 7;;* # 1
for any 1 < k < n—1. Therefore, by Lemma 4.3.3 (ii), dimy (ker D, ,,—1) = 6"~ 2(0—1)
for 1 < j < 6. Hence, the dimension of the above sum is §”~!(f — 1), which is equal

to the dimension of ker D; ,, meaning that the inclusion is an equality, as required

for (4.19).

(ii) By part (i), using the fact that the sum Z?zl adc(z;)(ker D n—1) is direct, and that,

by Lemma 4.3.4, for 1 <1 <0, ad.(z;) is @ monomorphism,

6 0
ﬂ ker D <@ adc(z;) (ker D p— 1))
j=1

=1

Il
@m T D=

0
ﬂ xl kerDJn 1)

=1

0 6
= adc(z;) ﬂ ker Dj,,—1
=1 j=1
— 0, by(4.20) with m =n — 1. O

Theorem 4.4.1 gives sufficient conditions for B(V') = T'(V') in terms of the action of the
symmetric group. This condition is difficult to describe purely in terms of restrictions on
the scalars r;;. However, the following corollary gives stronger conditions that are easier

to describe explicitly.
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Corollary 4.4.4. Let I' be a group and let V &€ EyD be finite dimensional and diagonal-
isable, with basis x1,...,x9 and braiding map ¢: V@V — V @V as in (4.11). Suppose

that there do mot exist non-negative integers t1,...,tg such that
6
e 2<% 1t

° sz:l rf]?j =1, where kij = tit; — d;;t;.

Then B(V) =2 T(V).

Proof. Let v = H?,j:l rii*i. Let t := (t1,...,tp) € Z>o and let n := 2?21 t;. Then for all
m € Byt with |O,,| = ¢, we have (7(Om))™? = 7. To see this, first suppose that ¢ = n;
that is, that O, is a long orbit. Then for all 1 < i < @, x; occurs t; times at the start of
a monomial in O,,. Each time this happens, there are ¢; — 1 instances of z; in last n — 1
letters of the monomial and ¢; instances of x; in the last n — 1 letters for all 1 < j # 1 < 0.
This means that r;; occurs t;(¢; — 1) times and 7;; occurs t;t; times in v(O,,), as required.
Now suppose that O,, is a short orbit. If we treated it as a long orbit, listing each member
with n/q repetitions, then the scalar associated with this orbit would be v(0,,)™9. By
the same argument as for the long orbit case, this is equal to 7.

If v # 1, then y(O,,) # 1. Therefore, we may apply Theorem 4.4.1, which shows that
B(V)=T(V). O

A corollary of Theorem 4.4.1 answers a question of Andruskiewitsch and Schneider [2,

Example 3.5]:

Corollary 4.4.5. Let I' be a group and let V € EJ}D be finite dimensional and diag-
onalisable, with a basis such that the braiding map ¢ == r7: V.V — V QV, where
T: VRV =>VV isthe “flip” map. Then B(V) =2 T(V) if and only if either r =1 orr

s not a root of unity.

Proof. Let x1,...,19 be a basis of V. Suppose r # 1 and r is a primitive nth root of unity.

Then, for all 1 <4 <@, and for all 1 < j <6 with j # i, D;,(2;") =0 and
Dip(zi")=1+r+...+ " =0,

so ;" € I(V) and hence B(V) 2 T(V). If r = 1, then the braiding of V' is trivial and
clearly B(V) = T'(V). Conversely, if r # 1 and r is not a root of unity, then the conditions
of Theorem 4.4.1 are satisfied and hence B(V) = T'(V). O
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Remark. An equivalent problem was previously studied by Frgnsdal in [19], although
he does not express it in the language of Nichols algebras. He obtains a result that
is equivalent to Lemma 4.4.3, although his methods and presentation are different to the
above. It seems that Andruskiewitsch and Schneider were not aware of this when compiling
the survey article [2], since they do not reference [19] and consider [2, Example 3.5] to be
an open question.

The results here were originally obtained independently of [19], although in the form
of Corollary 4.4.4 rather than in the form of Theorem 4.4.1. After completing this work,
we adapted the technique of [19] involving the action of the symmetric group on the

monomials in order to sharpen our result.



Chapter 5

Ambiskew Hopf algebras

In this chapter, we consider a type of iterated skew polynomial ring called an ambiskew
polynomial algebra, which we denote by A. These algebras were first given this name
in [28], although they had appeared previously in the literature - for example, in [29].
They are closely related to down-up algebras [8] and to generalised Weyl algebras [6].

In previous work on these algebras, the base ring R has been a commutative affine
algebra. Here, we remove the commutativity assumption on R. In the case where R is a
Hopf algebra, we examine the conditions under which its Hopf structure extends to a Hopf
structure on A, with a certain assumption about the coproduct on the skew-polynomial
variables. We also calculate the coradical filtration of A when the coradical of R is a Hopf
algebra. Lastly, we consider some properties of A, including the conditions under which

A satisfies a polynomial identity.

5.1 Definition

Let k be an algebraically closed field of characteristic zero and let R be an affine k-
algebra. Let o be an automorphism of R, let h € Z(R) and let 0 # £ € k. We define
A=AR,X;,X_,0,h,£) to be the k-algebra generated by R and two indeterminates, X

and X_, subject to the relations

Xia=o0"Ya) Xy, (5.1)

X+X7 - h+£X,X+, (52)

for all @ € R. The algebra A is called an ambiskew polynomial algebra.

A has the structure of an iterated skew polynomial ring over R, as follows. The subring

79
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of A generated by R and X is just the skew polynomial ring R[X,o]. We can extend
oc~1: R — R to a map which we continue to denote by o~!: R[X,,0] — R[X,,0] by
defining 01 (X ;) = €7'X,. Define the (07!, id)-derivation §: R[X|,0] — R[Xy,0] by
§(R) =0, 6(Xy+) = —€£ th. This is well-defined since h is central in R. Then

A=R[X,, o|[X_,07' 0]
Consequently, A is a free left and right R-module, with basis
{X4"X_":m,n > 0}. (5.3)
In addition, A ® A is a free left and right R ® R-module, with basis

{X_ "X " X_PX. 9 m,n,pq>0}. (5.4)

5.2 Hopf algebra structure

5.2.1 The main theorem

Let R be an affine k-algebra equipped with a Hopf structure. We will state and prove a
theorem giving conditions which are necessary and sufficient to ensure an extension of this

Hopf structure to A, with the proviso that
A(Xi) =Xy ®r+ + 14 ® X4, (5.5)

for some Iy, 7y € R. This question was previously considered in [22, Theorem 3.1], where
R is assumed to be commutative. We obtain a generalisation of this theorem for not

necessarily commutative R.

Lemma 5.2.1. (i) Suppose R is equipped with a bialgebra structure, which extends to
a bialgebra structure on A := (A, m,u, A, e) such that (5.5) holds. Then

(a) r+ and ly are grouplike,
(b) [T+,T_] = U-Hl—} =0.

(ii) Suppose R is equipped with a Hopf algebra structure, which extends to a Hopf algebra
structure on A := (A, m,u, A, e,S) such that (5.5) holds. Let x :=coo: R — k.
Then

(a) o(re) = x(re)re and o(ly) = x(lx)ls,
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(b) rir— and l41_ are central in R.

Proof. In this proof, we suppose that A: A - A® A and €: A — k are algebra homomor-
phisms extending, respectively, the coproduct and counit on R. We show that A preserves
(5.1) and (5.2), and A and ¢ satisfy, respectively, the coassociativity and counit axioms
if and only if certain conditions hold. This means that we prove slightly more than is

required, but for convenience later we will refer back to some of these calculations.

(i) (a) If e: A — k is any algebra homomorphism extending the counit on R, then ¢

satisfies the counit condition for A if and only if

m(id ®E)A(X:t) = XiE(T’i) + liE(X:t) = X4,

m(e ®1d)A(X:) = e(Xq)re +e(l4) X = X
Rearranging gives

(1 —e(re))Xe = lee(Xy)

(1—e(ly)) Xy =e(Xg)re.

By the fact that A is a free R-module with basis (5.3), both sides must be zero,

so ¢ satisfies the counit condition if and only if
e(Xy)=0 and e(ly) =¢e(ry) = 1. (5.6)

Furthermore, if A: A - A ® A is an algebra homomorphism extending the

coproduct on R, then the coassociativity condition for A is equivalent to
([dRA)A(X1) = (A®id)A(XL),
and this holds if and only if
Xe @ (A(re) —re@7re) = (A(ly) — 12 ®@14) ® Xy

By the facts that A® A is a free R ® R-module on basis (5.4) and that A(R) C

R ® R, both sides must be zero. Therefore, A is coassociative if and only if

A(ly) =1L @1y and A(ry) =7y @ry. (5.7)
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(b) A preserves (5.2) if and only if

AXL)A(X ) = A(h) + EA(X)A(X )
S h+EX_X)@ryr- +11l- @ (h+EX_X4)
~A(h) — XXy @r_ry — €l 1y ® X_Xy
+(o(l)@ry — €@ M ry) Xy @ X_
+(ly@o(r)—¢o M) @r)X_ @ Xy =0
Shoryr +10-®h— Ah)
+ @ (rer —rr )X X, ®1
(Il =12l @ )10 X_ X4
+o(l)@ry —E-®o ' (ry) X, @ X_

+(p@o(r)—éo () ®r )X @ X, =0

Using the linear independence of the R ® R-basis (5.4) of A® A and the fact
that £ # 0, this shows that A preserves (5.2) if and only if

A(h)y=h@ryr_ +141_®h, (5.8)

[Py, r-] = (14, 1] =0, (5.9)
c(l)@ry =€l ®a Y(ry), (5.10)
Iy @c(r_) =& Yly)@r_. (5.11)

(ii) (a) Note that if R is a Hopf algebra, the antipode condition implies that the group-

like elements 74 and [1 are invertible [42, Example 1.5.3].

For all a € R, using (5.5) and (5.1),

A(X1)Aa) = (l+ ® X+ + X+ @1y) <Z a ® a2>
= liay ® Xiag + Xiay @ reay

= Z lra; ® o7 (ag) Xs + 0T (a)) Xs @ riag. (5.12)
A preserves (5.1) if and only if, for all @ € R,
A(X1)A(a) = A(o™ () A(Xx).
By (5.5) and (5.12), this is equivalent to

D lrar @ 0% (ag) Xs + 08 (a1) Xx @ rrag = A(oF () (Xx ® re + 1+ ® X2);
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that is,

(St @ 0% (@) - A (@)1 @ 1)) (19 Xa)
_ (Z Al (a))(1 @ 714) — ot (a1) ® ria2> (X:®1).
Therefore, A preserves (5.1) if and only if, for all a € R,
(A (@) (l+ ®1) = (le @ 1)([d @) Ae)) (1 ® X<)
+ (A (a)(1@r:) — (1@ re) (0™ @id)A(a))(X: ®1) = 0.
Using the linear independence of the R® R-basis (5.4) of A® A, this is equivalent
to
Ale* @)1z ©1) = (ls ® 1)(id @0*)A(a),
and
A (@) (1@ re) = (1@ ry) (o @id)Aa).
Since r4 and [y are invertible, A preserves (5.1) if and only if
A(ot(a)) = (ad;(I+) ® id)(id @t A(a), (5.13)
and
A(ot(a) = (id®@ad;(r+)) (0! @ id)A(a). (5.14)
Putting @ = r4 in (5.14) shows that
A(o™(re)) = o5 (re) @ 74
Applying m(e ®id) to both sides gives
ot (re) = (g0 0™ ) (re)rs.
This gives the result as stated in (ii)(a) for o(ry), and shows that

oM r )y =(coa H(r )r_.

Applying o to both sides and rearranging gives

o(r_) = (oo V() 'r_. (5.15)

Applying € to both sides shows that

-1

(e00)(r-) = ((eo0™)(r-))

Substituting this into (5.15) gives the stated value in (ii)(a) for o(r_). A similar

calculation leads to the corresponding result for o ().
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(b) By (5.14), for all a,b € R,

A(o(a)) = Za(al) @ ryagry
Alc™'(0) =) o7 (br) @r_byr_ ",

Taking b = o(a) in the last equation shows that

Aa) = Z ay @ r_riagry tr_ b

Applying m(e ® id) gives a = r_rypa(r_ry) " for all a € R, so r_ry is central
in R. By (5.9), ryr_ is central in R. A similar argument using (5.13) shows

that [, [_ is central in R. O

Let R be a Hopf algebra, so that ri is invertible, by Lemma 5.2.1 (i)(a) and [42,
Example 1.5.3]. We can equally well think of A as the ambiskew polynomial algebra with

the variables X4 replaced by Xiry !, with slight adjustments to o, & and h, as follows:

Lemma 5.2.2. Let R be an affine Hopf algebra and let A = A(R, Xy, X_,0,&,h) be an
ambiskew algebra. Suppose ri € R is invertible and set x :=co0: R — k. Then we also

have

A= AR, Xyir L X_r_7' 6,6 h),

where & = ad;(ry) oo, € =Ex(ror_)"Y and h = x(ro) th(ryr_)~L.

Proof. Since ry is invertible, both sets are the same. We only have to check the equivalence
of relations (5.1) and (5.2) with the ambiskew relations for our new ambiskew data: that
is, for all @ € R, we should have
(Xiri_l)a S (a)(Xiri_l), (5.16)
(Xprs (X r 1) = X ) (Xyry ™) 4 (5.17)
Since 7+ is a grouplike element in a Hopf algebra, ad;(r+)(a) = r+ary ! for all @ € R.
It is easy to check, using Lemma 5.2.1 (i)(b) and (ii)(a),(b), that 6= = ad;(r_) o o~ L.
Firstly, we show that (5.16) holds: for all a € R,

(Xiri_l)a e (ri_la)Xi(riri_l)

x(re) T re o (@) X (rare 1) by Lemma 5.2.1 (ii)(a)

(r)Fre ot (@)™ (re ) (Xare ™) by (5.1)

X
X(ri):le(ri)ﬂri_lail(a,)ri(Xiri_l) by Lemma 5.2.1 (ii)(a)

6 a)(Xere ™),
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as required. Secondly, we show (5.17) holds:

(Xpry ™ H(Xora™h) = Xy Xoo(ry

Il
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as required. ]

The previous lemma shows that we may adjust the ambiskew data and relabel our
variables if necessary to make X1 skew-primitive. So, without loss of generality, we can
assume that

AXy) =X: @014+ y: ® X4, (5.18)

for some y+ € R, which significantly simplifies our later calculations. Here our approach
differs from [22], which omits this step.

Let H be a Hopf algebra. Recall that Alg,(H, k), the set of algebra homomorphisms
H — k, is a group under the convolution product [49, Theorem 4.0.5]. If ¢ € Alg, (H, k)
let ¢~ € Algy (H, k) denote its convolution inverse. In fact, $~! = ¢ 0 S. Recall also that

the left winding automorphism le): H — H is defined by
Th(h) = m(¢ @ id)A(h) =Y _ ¢(h1)ha,
and the right winding automorphism Ty H — H is defined by
75(h) = m(id @) A(h) = > hig(ha).
It is easy to check that (7'(?5)_1 = (5),1 and (T(;)_l =Th1

Theorem 5.2.3. Suppose R is equipped with a Hopf algebra structure. Let x :=ecoo: R —
k. Then the Hopf algebra structure on R extends to a Hopf algebra structure on A, where
the coproduct A satisfies (5.18), if and only if

o y4 1s grouplike. That is,

A(y+) = y+ @y, (A)

e(yx) = 1. (B)
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e Yy satisfies

Y+y- = y-y+ € Z(R). (€)

e X satisfies
e(X1) =0, (D)
S(Xs) = —y+ ' X (E)

e h satisfies

A(h)=h®1+y_ys @ h, (F)
e(h) =0, (G)
S(h) = —(y-y4)~"h. (H)

e o satisfies the compatibility conditions

o g = Tha, @
o g = adi(y+) o a1, ()
07! o S|r = ad,(y+) 0 S0 o™[R, (K)
o(y+) = y=- (L)

Proof. Under our assumption (5.18), A is a Hopf algebra if and only if the definitions of
A, £ and S on X4 satisfy, respectively, the coassociativity, counit and antipode conditions,
and are well-defined on relations (5.1) and (5.2).

Firstly, we consider . Assume for the moment that A as defined is a k-algebra homo-
morphism from A to A ® A. Then ¢ is a counit if and only if (5.6) holds with I+ = y4
and ry = 1, which is equivalent to (B) and (D). Consequently, £ automatically preserves
(5.1). Using (D), we see that e preserves (5.2) if and only if (G) holds.

Secondly, we consider A. A is coassociative if and only if (5.7) holds, with I+ = y4
and r+ = 1, which is equivalent to (A). Furthermore, A preserves (5.1) if and only if

(5.13) and (5.14) hold, with l1 = y+ and ry = 1, which are equivalent to

Aoo|g™ = (6™ ®id) o Alg, (5.19)

Aoo|g™ = (adi(y+) ® id)(id ®@o*!) o Al g. (5.20)
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Applying m(e ® id) to the first equation and m(id ®<) to the second gives

o g =1l,, (5.21)
o™ r = adi(yx) o 7y, (5.22)

where we set x; := x and x_ := e oo~ L. Conversely, if (5.21) and (5.22) hold, it is easy
to check that (5.19) and (5.20) hold. We leave aside (5.21) and (5.22) momentarily, but
will presently show that they are equivalent to (I) and (J). A preserves (5.2) if and only if
(5.8) to (5.11) hold, with I+ = y+ and 74 = 1. (5.8) is equivalent to (F), (5.9) is equivalent
to (C) by Lemma 5.2.1 (ii)(b), and (5.10) and (5.11) are both equivalent to (L).

Lastly, we consider S. Assume first that S: A — A is an antihomomorphism. S has

the antipode property if and only if
0=e(Xs) = Xu +y£5(Xs) = S(Xi) +y2 ' X,

which is equivalent to (E).
Now we examine the antihomomorphism property of S. S preserves (5.1) if and only

if, for all a € R,

S(Xia) = S(oT(a)Xy)
& 5(a)S(X1) = S(X1)S(0" (a))

& S(a)yr ' Xy =y X1 S(0%(a))

& S(a)ys ' Xz = yx "o (S(0 (0)) X
& S(a)ys " =y o™ (S(0™(a)))
S(a) = y+ "o (S(0 (a)))y+
& 0T (S(a)) = o7 (y+ ") S(0 (a))o T (y+)

By (L), this is equivalent to (K). Consequently, it is easy to check that eoocoS =¢coo™! -

in other words, that oo~ = x~!, the convolution inverse of x in Alg; (R, k). This shows

that (5.21) and (5.22) are equivalent to (I) and (J).
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S preserves (5.2) if and only if

S(X4X_)

(h)

& S(X-)S(Xy4) = 5(h)
Sy Xy, X =S(h) + ey T Xy X

(h)

S(h)

S(h) + £S(X_X,)

S(h) + £S(X4)S(X_)

& Z/—flffl( XXy = S(h) + €y lo(y- )X X
h) +yr ty-H(h+€X_Xy) by (5.2) and (L)

& Sh) +yr Ty T+ Ty g Ty XX =0

Using the linear independence of the R-basis (5.3) of A, this is equivalent to (H) and
(C). O

Given a fixed Hopf algebra R whose structure extends to a Hopf algebra structure on
A with (5.18), we are interested in determining the interplay between the ambiskew data
- 0, h and £ - and the data resulting from the Hopf algebra structure - y+ and x. The
following corollary clarifies this matter somewhat.

For g,h € G(R), let
Pyh(R):={a€ R: Ala) =a®g+h®a}.
For all g,h € G(R), Py (R) is non-empty because it contains 0.

Corollary 5.2.4. Let R be a Hopf algebra and let y+ € G(R). Let x: R — k be an algebra

homomorphism such that the following hold:

(i) x(y+) = x(y-),

(ii) adi(y+) = T)l(il o T;:Fl

Then there is an ambiskew Hopf algebra A = A(R, X4, X_,0,&,h) extending the Hopf
algebra structure of R with (5.18), where we set o := T>l< and § = x(y4+), and choose h
to be any member of Pi,_, (R) that is central in R. Furthermore, every ambiskew Hopf

algebra extending the Hopf algebra structure of R arises in this way.

Proof. Let y1 € G(R) and suppose that there exists an algebra homomorphism x: R — k
such that (i) and (ii) hold. Make the definitions for o, £ and h above. We must show that
A satisfies the conditions of Theorem 5.2.3. By hypothesis, (A) and (B) hold. Any left

winding automorphism commutes with any right winding automorphism. Therefore, (ii)
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;0 T>l< and ad;(y_) =7_, 0 Ty- We also have (rh)=t = 7!, and

shows that ad;(y+) = 77 N X X

X
()t = Ty -1, S0 considering the composition ad;(y+) o ad;(y—) = ad;(y+y—) shows that
ad;(y+y—) = id, and hence y;y_ is central in R. Consequently, (y+y-)y— = y—(y+y—)
and thus y_y;+ = y4y_, so (C) holds. We can define ¢(X+) and S(X4) as in (D) and
(E). By our choice of h, (F) - (H) hold. Using (ii) together with the definition of o gives
(I) and (J). To check (K), note the following facts. Firstly, ad;(y+) commutes with S

1

and ad,(y+) o ad;(y+) = id. Secondly, since x and x~" are convolution inverses, we have

x*! = xF o §. Thirdly, for all a € R, the antihomomorphism property of S implies that

Ao S(a)=>S(a2) ® S(ay). Therefore, for all a € R,

ad,(y+) o So o™ (a) = ad,(yx) 0 S o ad)(y+) o 7r+1(a)
= ad, (y+) o ad)(y+) 0 S o 7111 (a)
= Sor(a) =5 (3 a*(a))
=Y X T(a2)S(ar) = Y _xT(S(az))S(ar)

= 7y 0 S(a) = 0¥ 0 S(a),

and so (K) holds. This shows that A is a Hopf algebra.
Now suppose that A = A(R, X, X_,0,&,h) is an ambiskew Hopf algebra such that
(5.18) holds and let x := € oo. Then (i) holds by Theorem 5.2.3 (L). Equating the

expressions for *! in (I) and (J) gives (ii). O

Therefore, the problem of studying ambiskew Hopf algebras with (5.18) reduces to
studying the possible choices of y+ € G(R) and algebra homomorphisms x: R — k satis-

fying
X(y+) = x(y-) and adi(y+) = Ty 0 751 (5.23)
When A is a Hopf algebra, we can also describe in more detail the behaviour of certain

subspaces of R with respect to y+ and o.

Corollary 5.2.5. Suppose R is equipped with a Hopf algebra structure that extends to a
Hopf algebra structure on A such that (5.18) holds. Let o := T)l(, where x: R — k. Then

the following conditions hold:

(i) Let T: R® R — R ® R denote the “flip” map. Then, for all a € R such that

70 A(a) = A(a), we have yra = ay4.

(ii) Let G := G(R). Then
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(a) olg: G — G is defined by, for g € G,
la(g) = x(9)g;

where x(y+) =&,

(b) y+ is central in G.
(iii) Let g := P(R), the Lie algebra of primitive elements of R. Then
(a) olg: g — g+ k is defined by, for x € g,
olo(2) = 7+ x(2),

(b) y+ commutes with all elements of g.

Proof. (i) Let a € R satisfy 7 o A(a) = A(a). This implies that Tiil(a) = ;il(a).
Therefore, Corollary 5.2.4 (ii) shows that

adi(y2)(a) = Thar 0 7l (a) = a,
and hence y+ commutes with a.

(ii) (a) By Theorem 5.2.3 (I), for all g € G, o(g) = x(g9)g. Theorem 5.2.3 (L) shows
that x(y+) = &.
(b) Theorem 5.2.3 (A) and (B) show that y is grouplike, and (i) shows that y+ €
Z(G).
(iii) (a) If z € g, then x is primitive, so Theorem 5.2.3 (I) shows that o(z) = = + x(x).

(b) This follows from (i). O

5.2.2 Examples

The following list of examples can be found in [22, §4]. In each case, R is a commutative

algebra.

Ezamples 5.2.6. (i) U(sly). Let R = k[H|, with Hopf structure given by requiring that
H is primitive. Let 0: R — R be defined by o(H) = H -1, { =y+ =1 and h = H.
Then A = U(sly).
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(ii) U,(sl), where ¢% € k\ {0,%1}. Let R = k[K*'], which has a Hopf structure given
by requiring K*! to be grouplike. Let o: R — R be defined by o(K) = ¢ 2K, let
E=q 2 let h=(K?>-1)/(¢—q ') and let y» = K. Then A = U,(slz) as Hopf
algebras via Xy — E, X_ — FK.

(iii) U(hs). Let R = k[c|, with Hopf structure given by requiring that c is primitive. Let
oc=1idr: R — R,let ¢ = yr =1 and let h = ¢. Then A = U(h3), the universal

enveloping algebra of the three dimensional Heisenberg Lie algebra.

We now consider special cases of Theorem 5.2.3 obtained by imposing further conditions
on R. We first consider the case when R is commutative, but after this we see the advantage
of dropping the commutativity assumption for R, because we can take R to be a group
algebra of a nonabelian group or an enveloping algebra of a nonabelian Lie algebra, for
example. By Corollary 5.2.4, we only have to consider any further conditions on y4

imposed by the structure of R and the resulting effect on (5.23).

R commutative

In this case, our result is an alternative presentation of [22, Theorem 3.1].

Proposition 5.2.7. Let R be a commutative Hopf algebra, let y+ € G(R) and let x: R — k
be central in Alg,(R,k) with x(y+) = x(y—). Then there is an ambiskew Hopf algebra
A= AR, X1,X_,0,& h) extending the Hopf algebra structure of R such that (5.18)
holds, with o = Ti, £ :=x(y4+) and h € Py, (R). Furthermore, every ambiskew Hopf
algebra extending the Hopf algebra structure of R with (5.18) arises in this way.

Proof. Since R is commutative, ad;(y+) = id. Consequently, (5.23) holds if and only if
X(y+) = x(y—) and x € Z(Alg,(R,k)). The result follows by Corollary 5.2.4. O

R cocommutative

Proposition 5.2.8. Let R be a cocommutative Hopf algebra, let y+ € G(R) N Z(R), let
Xx: R — k be an algebra homomorphism with x(y+) = x(y—) and let either of the following
hold:

(i) h € k(1 —y-ys),

(ii) h is central in R and primitive, x(y4) = £1 and y4 = y_ 1.



CHAPTER 5. AMBISKEW HOPF ALGEBRAS 92

Then there is an ambiskew Hopf algebra A = A(R, X1, X_,0,&,h) extending the Hopf
algebra structure of R such that (5.18) holds, with o := T>l< and & := x(y+). Furthermore,
every ambiskew Hopf algebra extending the Hopf algebra structure of R with (5.18) arises

i this way.

Proof. By Corollary 5.2.5 (i), for A to be a Hopf algebra, we must have y+ € Z(R), and
so ad;(y+) = id. Then (5.23) holds if and only if x(y+) = x(y—) and x € Z(Alg, (R, k)) =
Alg; (R, k) by the fact that R is cocommutative. Corollary 5.2.4 shows that this defines an
ambiskew Hopf algebra and that every ambiskew Hopf algebra with (5.18) arises in this
way, with an arbitrary choice of h € Py y_,, (R)NZ(R). We now consider the structure of
Pry_y, (R).

Since R is a cocommutative Hopf algebra over the algebraically closed field k, R is
pointed. To see this, let C' be a simple subcoalgebra of R. Then C' is finite-dimensional by
[42, Corollary 5.1.2(1)], and its dual space C* is a finite dimensional commutative k-algebra
by [42, Lemma 1.2.2]. In addition, by [42, Lemma 5.1.4], C' is a simple coalgebra if and
only if C* is a finite-dimensional commutative simple algebra. By the Artin-Wedderburn
theorem [7, Theorem 3.2.2], C* = k. Therefore, we also have C' = k and so C is one-
dimensional.

Let G := G(R) and let g,h € G. Tt is easy to check that k(g — h) is a vector subspace
of Py n(R); let P, (R) denote its vector space complement. That is, Py p(R) = k(g —h) &

P;}h(R). Since R is cocommutative, we have P, j, = P , and hence also
oh(R) = Py (R) (5.24)

for all g,h € G.
Let {R,: n > 0} denote the coradical filtration of R. Then, by [50, Proposition 2],

Ri=kG® P P),(R).
g,heG

This implies that P, , (R) N P, ;(R) = {0} unless g = e and h = f. Consequently, (5.24)
forces P/ ;, (R) = {0} unless g = h, and so

PLA(R) g=h

The above shows that there are two possible scenarios for P ,_, ., and hence for h:

(i) b€kl —y-y4),
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(ii) y_y+ =1, so h is primitive. In this case, x(yry_) = x(y+)? = 1. O

Remark. Examples 5.2.6 covers both possibilities for the choice of h in the above propo-

sition. Examples (i) and (iii) are of the second type, while example (ii) is of the first

type.

R a group algebra

Proposition 5.2.9. Let G be a group and let R := kG. Let yr € Z(G), let x: G — k be
a character of G with x(y+) = x(y—) and let h € k(1 —y_y4). Then there is an ambiskew
Hopf algebra A == A(R, X+, X_,0,&,h) extending the Hopf algebra structure of R such
that (5.18) holds, with o(g) := x(g)g for all g € G and & := x(y+). Furthermore, every
ambiskew Hopf algebra extending the Hopf algebra structure of R with (5.18) arises in this

way.

Proof. This follows by Corollary 5.2.8, noting that by Corollary 5.2.5 (ii) o(g) = x(g)g for
all g € G. Clearly, Py . (R) = k(1 —y_y4) and this is a central subalgebra of R. O

R an enveloping algebra of a Lie algebra

Proposition 5.2.10. Let R = U(g), for some Lie algebra g.

(i) Let yr =1, let x: U(g) — k be a character of U(g) and let h € Z(g). Then there
is an ambiskew Hopf algebra A := A(R, X4+, X_,0,§,h) extending the Hopf algebra
structure of R such that (5.18) holds, with o(z) := x+ x(x) for allx € g and £ := 1.
Furthermore, every ambiskew Hopf algebra extending the Hopf algebra structure of

R with (5.18) arises in this way.

(i) Suppose R has a Hopf structure that extends to a Hopf structure on A with (5.18).
Then A = U(by), where hy = g ® kX, ® kX_ is a Lie algebra. Its Lie bracket

restricted to g is the same as the Lie bracket on g; we define, for all x € g,
[z, X4] = —x(2) X+,

[x, X—] = X(IL’)X_,

[X+, X_] := h.

Proof. (i) By [42, Example 5.1.6], 1 is the only grouplike in U(g), so we must have
y+ = 1 for A to be a Hopf algebra. Clearly the condition x(y+) = x(y—) holds. If
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x € g, then z is primitive, so Corollary 5.2.5 (iii) shows that o(z) = x + x(x). In
addition, h is central in R and primitive and by [42, Proposition 5.5.3], the set of
primitive elements of U(g) is g. The result follows by Corollary 5.2.8.

(ii) To see that h, is a Lie algebra, we only need to check that its Lie bracket as defined
satisfies the Jacobi identity. However, the commutator bracket on any associative
algebra satisfies this [40, §1.7.1]. Since A satisfies the same relations as U(h,), there
is clearly an algebra epimorphism 6: U(h,) - A. Moreover, U(hy) and A have the
same vector space basis, and 6 is bijective on the monomials forming the basis of

U(by). Therefore, 6 is an isomorphism. O

R the quantised enveloping algebra of sl

In the cases where R is a cocommutative Hopf algebra, Proposition 5.2.8 shows that yi
has to be central. A natural question is whether this must always be the case for any Hopf

algebra R. In fact, the answer is no, as the case R = Uy(slz) shows:

Example 5.2.11. Let R = Uy(sly), where ¢ € k\ {0,1} and ¢ is a primitive 4nth root of

unity for some n > 1. Here we have
G(R)N Z(R) = {K*™": m € Z}.

Define x: R — k by x(E) := =1, x(F) := 1 and x(K) := —1, and let o := T>l<. Then
the Hopf algebra structure of R extends to a Hopf algebra structure on A with (5.18) by

making the following definitions, where y1 are not central. Set

oy = K™ y_:= K" for some odd integers m and t,

5.3 Coradical filtration

In this section, we continue to suppose that R is a Hopf algebra and that the Hopf structure
on R extends to a Hopf structure on A such that (5.18) holds. In the case when the
coradical of R is a Hopf algebra, we investigate the coradical filtration of A, which we

show depends on whether or not £ is a root of unity.
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5.3.1 Comultiplication formulas

Recall the definition of Gaussian binomial coeflicients from §1.2.1. These coefficients occur

in the image of the comultiplication map applied to powers of X, with q := ¢+

Lemma 5.3.1. Let R have a Hopf algebra structure that extends to a Hopf algebra struc-
ture on A such that (5.18) holds. Then

(i) for all m >0,

m
AXL™) =) (m) y=" I X @ XM,
j=0 ,7 gil

(i) for all m,n >0,

n m n m .
i=0k=0 N/ ¢ &t

y+n_jy7m_kX+ijk ® X+n_jX7m_k.

Proof. (i) Induction on m. The m = 0 case is obvious. For the induction step, if the

formula holds for m, then

m
m . . .
AL =Y <]> yr" X @ Xa"™ | (g2 @ Xe + X2 ® 1)
§=0 gil
=2 <]> (Y270 (ya) Xo? © Xo T 4y mIX I @ X )
j=0 et

— y:tm+1(]- ® X:I:m+1)

m
m +j m +l—jy j m+1—j
+ . T+ X e X J
Z <<J )gil& (J - 1>§i1> - * *

+ Xierl ®1

m+1 m+ 1
=2 ( . ) y" M IX T @ X,
=0 ¥ ¢l

as required, where the last equality uses (1.1).
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(ii) By the previous part,

n
A(X"X_™) = <n> y "X @ X
i=0 M/ ¢
i m
(Z <k> y,m_kX,k ® Xm—k>
k=0 &t
n m
=> > <n> (m> Yol (y-m k)
j=0 k=0 J)e\k /e

XJrjX,k ® )(Jrn—j)(im—k7
as required. ]

Suppose £ is a primitive dth root of unity for some d > 1. For all non-negative integers

m, we define non-negative integers ¢,, and r,, with 0 < r,, < d — 1, by setting
m = dqm, + Tm.

If £ =1 or £ is not a root of unity, for all non-negative integers m, set g, := m and
T = 0.

Define a partial order < on Z>q by p < m if ¢, < ¢, and r, < 7y, for any p,m € Z>o.
If £ =1 or £ is not a non-trivial root of unity, then p < m if and only if p < m, for all

non-negative integers m and p.

Lemma 5.3.2. Let R have a Hopf algebra structure that extends to a Hopf algebra struc-
ture on A such that (5.18) holds. Then

(i) for all m >0,

AXL™) = Y e PXP @ X",
0<p<m

where o, € k* for all p < m,

(i) for all m,n >0,

A(X+nX_m) _ Z Z ﬁv’py+n—vy_m—pX+vX_p ® X, VX _mTP,

v<np<m

where By, € k* for allv <n and p < m.



CHAPTER 5. AMBISKEW HOPF ALGEBRAS 97

Proof. (i) If £ = 1 or £ is not a non-trivial root of unity, then p < m if and only
if 0 < p < m. Therefore, this is just Lemma 5.3.1 (i), with «a, := (7;)gil for
all 0 < p < m. By the definition of Gaussian binomial coefficient, and with our

hypothesis on &, it is easy to see that a;, # 0 for all p < m.

Suppose now that £ is a primitive dth root of unity. Using (1.2) we see that

d
() =0, 0<j<d.
] fil

Hence, the formula for A(X+?) in Lemma 5.3.1 (i) becomes
A(Xid) = yid X Xid + Xid ® 1.

Furthermore, by Theorem 5.2.3 (L), %! (y+?) = ¢y, ? = 5.4 and so y+? com-
mutes with X1. Therefore, for all integers g > 0,
AXLh1 =3 <.>yid(ql)Xﬁ:dl ® X147,
, i
=0
where (3) denotes the ordinary binomial coefficient. Setting m := dg,, + ., and

using the above equation together with Lemma 5.3.1 (i) gives
A(XE™) = AXLD) ™ A(XL™)

qm
- (Z <q;">yid(qm DX, % @ x Ham— Z))

i=0

Tm

> (%) "X @ Xy
=0 J g1

dm Tm
_ Z Z <qm> <Tm> g Mam =0 trm—i X diti g X dlam—i)Frm—j
i 0 éil
ZZ ( ) ( ' ) yim—(di—i-j)Xidi—i-j ® Xim—(di—i-j)

-0 g:ﬁ:l

OJ

=0 j

Z LTPX P X P
p<m

7

where o, 1= (q’.”) (T;”)Eil forp:=di+j,with0<i<gpand0<j<r, <d-1.
By the fact that £ is not a root of unity of order less than d, and by definition of the
Gausssian binomial coefficients, (rm) # 0 for all 0 < j < rp, < d— 1. Therefore,

ap # 0, for all p < m.
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(ii) Using (i), we have
A(X+nX_m) _ (Z avy+n—vX+v ® X+n—v>

v<n
. (Z Yy PX P X_mp>

p<m

— Z Z av,ypgv(mfp)y+nfvy_mpr+vX_p ® X+n7vX_mfp
v<np<m

=YD Bopyr" Uy TPXLUX P @ XX,

v=<np=<m

where 3, ) := avfypé*”(m*p) € k*, as required. O

5.3.2 The filtration

Let {R;: ¢ > 0} denote the coradical filtration of R and let {A;: t > 0} denote the
coradical filtration of A. We will calculate the coradical filtration of A in terms of the
coradical filtration of R.

For all non-negative integers m, we continue the notation ¢, 7, and < from the

previous section. Set m := ¢, + 7. We need the following elementary lemma:

Lemma 5.3.3. With the above notation, for all non-negative integers m,p with p < m,

—
~

we have m —p = m — D.

Proof. If £ =1 or £ is not a non-trivial root of unity, then this is immediate. Suppose that
& is a primitive dth root of unity for some d > 1. Then m = ¢, d + r;,, and p = gpd + 1,
where 0 < ¢, < g, and 0 < r, <1y, < d — 1. Therefore, m —p = (¢m — ¢p)d + (rm — 1)

where 0 < 7, — 1, < d— 1. Then

—
~

m—p=(gm —qp) + (rm —1p) = (gm +7m) — (gp +1p) =M — P,
as required. ]

Define a family {F;: t > 0} of subspaces of A by
Fi= > RX,"X_"
g+m+n<t
Lemma 5.3.4. Suppose that Ry is a Hopf subalgebra of R. Then {F}} as defined above is

a coalgebra filtration.
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Proof. 1t is clear that Fy C Fj1q for all ¢ > 0 and that A = UtZO F;, so all that remains
to be proven is that A(F}) C Zfzo F; ® Fi_;. Let X, "X_™ € F;, where r € R, and
g+ m+n <t. Lemma 5.3.2 (ii) shows that A(rX ;"X _") is a sum of terms of the form

Bopr1ys "y " PX L VX P @ra X VX P, (5.25)

where v < n, p < m, By, € k*. By definition of the coradical filtration of R, we have
A(r) € Z?’:o R; ® R,_;, so without loss of generality we can suppose that 7 € R; and
ro € Ry_j for some 0 < j < ¢. Also, since the coradical filtration of R is a Hopf algebra
filtration by Lemma 1.1.5 and y+ € Ry, we have ry" "y_""P € R;. Therefore, (5.25) is
contained in F, ® Fy,, where u = j+v+pand w =q — j +n—v+ m It is enough

to show that v + w < t. We have, using Lemma 5.3.3,

utw=q+0+p+n—v+m—p
=q+0+p+n—ov+m—p

=qg+n+m<t,
as required. ]

Theorem 5.3.5. Let R have a Hopf algebra structure that extends to a Hopf algebra
structure on A such that (5.18) holds and suppose that Ry is a Hopf subalgebra of R.
Then the coradical filtration of A is given by
Ay= > RX "X_"
q+m+n<t
Proof. Let {A¢: t > 0} denote the coradical filtration of A. As previously, let {F;: ¢ > 0}
denote the subspaces of A defined by
Fyi= > RX,"X_"
g+m+n<t
We must show that F; = A; for all t > 0.

Firstly, we prove that F;, C A; for all £ > 0 by an easy induction on t. We have
Ry = AgN R by [42, Lemma 5.2.12]. Therefore, Fy = Ry C Ag. Now suppose that F; C A,
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for some ¢t > 0. Then, by induction and Lemma 5.3.4,

t+1
A(Fiq1) C Z Fi @ Fri1-i
=0
t
= Z F,®@ Fip1-i+ Fip1 @ Foy
=0

CERERA+AR F

CARA+ AR Ag,

as required.

Secondly, we show that A; C F; for all ¢ > 0, again by induction on t. Lemma 5.3.4
shows that {F}} is a coalgebra filtration of A, so we may apply [42, Lemma 5.3.4], which
proves the t = 0 case. Now suppose that A; C F; for some t > 0; we will prove that
A1 € Fiqr.

The formula in Lemma 5.3.2 shows that when the coproduct is applied to a member
of the R-basis (5.3) of A of the form X;™X_", the powers of X and X_ on either side
of the tensor sign add, respectively, to m and n. The fact that there is an R ® R-basis
(5.4) of A® A means there is no cancellation of summands when the coproduct is applied
to an R-linear combination of the basis (5.3) of A. Therefore, when proving A1 C Fiy1,
it is enough to consider an R-multiple of a member of the basis (5.3) in A;41 and prove
that it is contained in Fyy;.

Let r X "X_™ € Ayy1; without loss of generality we can suppose that r € R, \ Ry—1
for some g > 0 since R = quo R,. Lemma 5.3.2 (ii), together with the definition of the
coradical filtration and induction, gives

ACX X ") =AY ) Bupys™ "y PXL X P @ X VUX_TP (5.26)

v<np=<m

EARA+ARACFi® A+ AR Fy,

where 3, , € k* for all v < n and p < m. By definition of the coradical filtration of R,
there is a summand z ® z € (R; \ Rq—1) ® Ry of A(r). By (5.26), A(rX;™X_") has
summands

DN Bupryr Y- PX X PR XX TP E R @ A+ AR R, (5.27)

v<n p<m

A summand of (5.27) is contained in A ® Fy if and only if v = n and p = m; all other

summands are contained in F; ® A. By definition of F}, we have

q+0+p<t, (5.28)
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for all v < n and p < m.

We must prove that ¢ + m +n < t + 1, which we do by considering five cases. As
previously, in the cases where £ is a primitive dth root of unity for some d > 1, write
m := qud + Ty and n := q,d + 1y, where ¢, ¢, > 0 and 0 < rp,, 1, < d— 1. In addition,
if m = n = 0 then it is easy to see that ¢ < t+ 1. Therefore, we can suppose that at least

one of m,n is non-zero; without loss of generality suppose n > 1.

(i) £ =1 or ¢ is not a non-trivial root of unity. In this case, < is the same as < and we
may drop the ~ notation. Consider the summand of (5.27) given by taking v :=n—1
and p := m, which is contained in F; ® A. Then (5.28) implies that g+n—14+m <t

and so we have ¢+ n+m <t + 1.

(ii) & is a primitive dth root of unity for some d > 1 and r,, = r, = 0. Therefore,
n = qpd and m = ¢,,d for some ¢, > 1 and some ¢,, > 0. Consider the summand
of (5.27) given by taking v := (¢, — 1)d and p := m, which is contained in F; ® A.
Then v =7 — 1, and by (5.28), ¢ +n — 1 +m < ¢, as required.

(iii) € is a primitive dth root of unity for some d > 1 and r,, = 0 and r, > 1. Consider
the summand of (5.27) given by taking v := n — 1 and p := m, which is contained

in F; ® A. Then v =n — 1 and (5.28) gives ¢ +n — 1 + m < ¢, as required.

(iv) £ is a primitive dth root of unity for some d > 1 and r,,, > 1 and 7, = 0. This is

very similar to the previous case: consider p:=m — 1, v :=n.

(v) & is a primitive dth root of unity for some d > 1 and ry,,r, > 1. This is similar to

the previous two cases: consider v:=n —1 and p := m.

All cases show that g +m +n < ¢+ 1, which implies that A;y1 C F;;1 and completes the

proof. O

Corollary 5.3.6. Let R have a Hopf algebra structure that extends to a Hopf algebra
structure on A such that (5.18) holds and suppose that Ry is a Hopf subalgebra of R.

Then

4 R1 @ Ro X+ E=1 or & not a root of 1
1 p—
R1 & RoX+ & RoX+® € a primitive dth root of 1.

Proof. The case £ = 1 or ¢ is not a root of unity is immediate. Suppose that ¢ is a primitive

dth root of unity for d > 1 and let m be a non-negative integer with m := ¢;,d+ry,. Then
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m = ¢y + rm = 1 if and only if either ¢, = 1 and r,, = 0, or ¢, = 0 and r,, = 1. This

proves the root of unity case. O

Example 5.3.7. By Examples 5.2.6 (ii), for ¢ € k\ {0,£1}, A := Uy(slp) is an ambiskew
Hopf algebra with (5.18), where R := k[K*!], X, := E, X_ := FK and ¢ := ¢~2. Since
R is a group algebra, its coradical filtration is given by R,, = R for all n > 0.
When ¢ is not a root of unity, Theorem 5.3.5 gives the coradical filtration {A;} of
Uy(sly) as
Ay= > RX,"X.™
m+n<t

= ) KKFEY(FK)"

m4n<t

= ) KK*E'F™.

m+n<t
In other words, the coradical filtration is the filtration by degree, where we set deg(K) =0
and deg(E) = deg(F) = 1. Montgomery calculated the coradical filtration of U, (sls),
when ¢ is not a root of unity, in [43, Theorem 2.7].

When ¢ is a non-trivial root of unity, Theorem 5.3.5 shows that the coradical filtration
of U,(sl2) depends upon the order of ¢°. Let d be the order of ¢?. Retaining our previous
notation, the coradical filtration {A;} of Uy(sly) is

Ay= > RX,"X_™
m4+n<t

= ) KKE"(FK)"
m+n<t

= Y k[KFEMF™.
m+n<t

Boca calculated the coradical filtration of Uy(slz) in [11] when g is a root of unity.

Corollary 5.3.8. Suppose R is a Hopf algebra and the Hopf structure on R extends to a
Hopf structure on A such that (5.18) holds. Then R is pointed if and only if A is pointed.

Proof. Suppose A is pointed. Any simple subcoalgebra of R is a simple subcoalgebra of
A, and is therefore one-dimensional. Hence, R is pointed.
Conversely, suppose R is pointed. Then by Theorem 5.3.5, Ay = Ry = kG(R), so A is

pointed. O



CHAPTER 5. AMBISKEW HOPF ALGEBRAS 103

5.4 Properties of ambiskew polynomial algebras

We now consider a range of properties and determine under which conditions they hold

for A.

5.4.1 Homological properties

We revisit many of the properties that were studied in Chapter 3 and consider whether A

satisfies them.

Proposition 5.4.1. (i) Let R be an affine algebra and A an ambiskew polynomial al-

gebra over R. Then

(a)
(b)
(c)

R is right (left) noetherian if and only if A is right (left) noetherian.
R is a domain if and only if A is a domain.

If R is Auslander-Gorenstein, then so is A.

(i) Suppose R is semiprime, noetherian and has a Hopf algebra structure that extends

to a Hopf algebra structure on A such that (5.18) holds. Then R has finite global

dim

Proof.

ension if and only if A does, and in this case gld A = gld R + 2.

(i) (a) We prove this for right noetherian; the proof for left noetherian is almost
identical. Let R be right noetherian. Then A is right noetherian by the skew-
polynomial ring structure of A over R and [40, Theorem 1.2.9 (iv)]. Conversely,

suppose A is right noetherian and let
LCclC---
be an ascending chain of right ideals of R. Then
LACLAC---

is an ascending chain of right ideals of A, and so there exists an integer n such
that I;A = I; 41 A for all j > n. Since A is a free left R-module, I; = I for
all j > n and hence R is right noetherian.

The backwards direction is trivial and the forwards direction follows from the
skew-polynomial ring structure of A over R and [40, Theorem 1.2.9 (i)].

This follows from the skew-polynomial ring structure of A over R and [18,

Theorem 4.2].
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(ii) Suppose gld R < oo. Then S := R[X ;0] is a Hopf subalgebra of A, gld S = gld R+1,
by [40, Theorem 7.5.3 (iii)], and S is semiprime by [40, Proposition 7.9.14]. Now the
trivial A-module & is also an S-module and pd gk = gld S = gld R+1. This is because
gld H = pd gk for any Hopf algebra H; a proof of this can be found in [38, §2.4].
Therefore, [40, Corollary 7.9.18] shows that gld A = gld S + 1 = gld R + 2.

Now suppose gld A < co. Since A has basis {X, ‘X _7: 4,5 > 0} as a right and left

R-module,
A @ RX.'X_7=R& EB RX. iX_J
3,j>0 i20,5>0
i>0o0rj>0

as an R-bimodule. Therefore, we can apply [40, Theorem 7.2.8 (i)], which gives
gldR < gldA+pdAr =gld A,
where the last equality follows from the fact that A is a free right R-module. O

No example seems to be known at present of a noetherian Hopf algebra of finite global
dimension that is not semiprime. The most striking positive case is for rings satisfying a
polynomial identity (a property that we consider later, in §5.4.2) and is due to Wu and
Zhang [52], incorporating results of Stafford and Zhang [48]. This enables us to deduce

the following corollary:

Corollary 5.4.2. Suppose R is noetherian, satisfies a polynomial identity, and has a Hopf
algebra structure that extends to a Hopf algebra structure on A such that (5.18) holds. Then
R has finite global dimension if and only if A does, and in this case gld A = gld R + 2.

We now consider the Cohen-Macaulay and AS-Gorenstein properties. In order to prove
these, we assume that R is a pointed Hopf algebra and its Hopf algebra structure extends

to a Hopf algebra structure on A such that (5.18) holds.

Lemma 5.4.3. With the above hypotheses, let {Ry,: n > 0} denote the coradical filtration
of R and let gr R := @nzo R, denote the associated graded algebra of R with respect to
this filtration. Then

(i) (a) o(Ry) = Ry, for alln >0,
(b) o induces an algebra automorphism & of gr R with 5(R,,) = R, for allm >0,

(ii) (a) R[Xy;0] has a Hopf algebra filtration {E,: n > 0}, defined by

E,:= > RXJ,

i+i<n
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(b) Let S denote the associated graded Hopf algebra of R[X ;0] with respect to the
above filtration. Then S = (gr R)[X+;7],

(iii) (a) A has a Hopf algebra filtration {F,: n > 0} defined by

Fpi= Y EXJ,
i+j<n
(b) Let T denote the associated graded Hopf algebra of A with respect to the above
filtration and extend T to an automorphism of S by defining 7(X;) = £X4.
Then T = S[X_;771].

Proof. (i) (a) By the definition of the coradical filtration and Theorem 5.2.3 (I), o(R,,) C
R,, and 0'(R,) C R, for all n > 0. Applying o to the second inclusion gives
R, Co(Ry), so 0(Ry,) = R,.

(b) Let » € R, and define o(r + R,—1) := o(r) + R,—1. By part (a), 7 is well-
defined and bijective. It is an algebra homomorphism because it is induced by

the algebra homomorphism o.

(i) (a) Note that {R,} is a Hopf algebra filtration of R by Lemma 1.1.5. Together with
(i)(a), this shows that {E,} is an algebra filtration of R[X,;c|. Furthermore,
by (5.18), A(X4) € E1 ® Eg+ Ey® Ej. Since {E,,} is an algebra filtration and
R[X ;0] is generated by R and X, this proves {E,} is a coalgebra filtration.
Similarly, by Theorem 5.2.3 (E), {E,} is a Hopf algebra filtration.

(b) gr R is a Hopf algebra, and so is (gr R)[X ;0] when we set A(Xy) = X, ®1+
Y+ ® X4, where yy € Ry is grouplike. (This can be seen by replacing R and
o with gr R and @ in Theorem 5.2.3 and taking the Hopf subalgebra generated
by gr R and Xy.) Furthermore, (gr R)[Xy;0] := @),5¢Vn is a graded Hopf
algebra, where V,, := ZHj:nEiXJrj for n > 0. Let S = @nZOEn, where
Ey= Eyand E,, := E,,/E,_1 forn > 1. The isomorphism follows by identifying
E,, with V,,.

(iii) (a) By (ii)(a), {Fn} is a Hopf algebra filtration. Together with (i)(a) and the
definition o1 (X, ) := ¢ "'X, which shows that 01 (E;X_7) = E;X_7 for all
i,7 > 0, we see that {F,} is an algebra filtration. It is easy to see it is a
coalgebra filtration using (5.18) and a Hopf algebra filtration using Theorem
5.2.3 (E).
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(b) Setting (5.18) makes S[X_; 5 !] into a Hopf algebra (use Theorem 5.2.3, replac-
ing R, o and h with gr R, & and 0). Similarly to (ii)(b), we can give S[X_;7 !
the obvious Hopf algebra grading and identify it with T. Note that the relation
(5.2) in A becomes X4 X_ = {X_X in T, because with respect to the filtra-
tion {F),}, the degree of h is 0 or 1 whereas the degree of X X_ and £¢X_X,
is 2. O

If R is Cohen-Macaulay, or is AS-Gorenstein, we would like to be able to establish
whether or not A satisfies these properties. However, the Cohen-Macaulay property
involves GK-dimension, which in general does not behave well with respect to general
skew-polynomial algebras: note that Proposition 3.2.10 only applies to skew-polynomial
algebras where the automorphism is locally algebraic and the derivation map is zero. [40,
Example 8.2.6] shows that this fails when the locally algebraic hypothesis is removed;
there are also examples of skew-polynomial algebras S[X;id,d] where GKdim(S) = 0
and GKdim(S[X;id, d]) = oo [33, §3.9]. In addition, Lemma 3.2.17 only applies to skew-
polynomial algebras over connected graded algebras.

Therefore, we need to impose further conditions on R. We now assume that gr R is
of the type we encountered in Chapter 3 - that is, that G := G(R) is a finitely generated
abelian group acting diagonalisably on its subalgebra of coinvariants and that gr R has a

finite number of hard superletters.

Proposition 5.4.4. Let R be a pointed Hopf algebra with the above assumptions on gr R
and suppose that the Hopf algebra structure on R extends to a Hopf algebra structure on

A such that (5.18) holds. Then
(i) A is Cohen-Macaulay.
(i) A is AS-Gorenstein, and is AS-reqular if and only if R has finite global dimension.

Proof. (i) By Lemma 5.4.3 (iii)(a) and (b), when A is given the filtration {F,,: n > 0},
its associated graded Hopf algebra algebra T is isomorphic to (gr R)[X4;o|[X_;71].
By our assumptions, gr R is a Hopf algebra of the same form as H in §2.3. In
fact, this means that so is (gr R)[Xy;7|[X_;5!]: we associate X4 to y+ € G and
XXt = xTg: G — k, where 0 = Tf(. It is clear that (2.11) holds for X4, since

Corollary 5.2.5 (ii)(a) shows that a!(g) = oF!(g) = x**(g)g for all g € G. Let B
denote the PBW-basis of gr R. Then a PBW-basis for (gr R)[X,;7|[X_;7 1] is given
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by the set {bX X _7: b€ B, i,j > 0}, since X are clearly hard super-letters and
there are no others. Hence, since gr R has a finite number of PBW-generators, then
so does (gr R)[X1;5][X_;& '], which is isomorphic to T. Therefore, by Proposition
3.2.20, T' is Cohen-Macaulay and [25, Theorem 1.2] shows that A is Cohen-Macaulay.

(ii) This follows by our assumptions, part (i), and Proposition 3.2.23. The AS-regularity

part is clear from Proposition 5.4.1 (ii). O

5.4.2 Polynomial identity

We finish by looking at a ring-theoretic property: the question of when an ambiskew
algebra A satisfies a polynomial identity. Surprisingly, this does not seem to have been

considered in the literature. No Hopf algebra assumptions are used in this section.
Definition 5.4.5. Let S be a ring. Then S is a polynomial identity ring (P.1. ring) if there
is a monic polynomial f(Xi,...,X,) € Z < X1,..., X, > such that f(s1,...,s,) =0 for
all s1,...,8, € R. The P.I. degree of S is the least possible degree of any such polynomial
I

Suppose o: R — R has finite order n > 1. Then it is diagonalisable and its eigenvalues

are the nth roots of unity. Hence, as a vector space, R is a direct sum of its eigenspaces.

That is, for n a primitive nth root of unity,

where R; = {r € R: o(r) = nr}. In fact, this decomposition is a k{co)-module decompo-

sition. Since h € R, we have
h=>Yh, (5.29)

where hy € R forall 0 <k <n —1.
Suppose that ¢ is a tth root of unity for some ¢ > 1, where t|n. Since £ is then an nth

root of unity,
e=n (5.30)

for some 7 a primitive nth root of unity and 0 < j <n — 1.

We have a basic lemma about the relations in A:

Lemma 5.4.6. Let A= A(R, X, X_,0,h,&) be an ambiskew algebra.
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(i) Forn > 1,

n—1
X+nX, — an,X+n + (Z gn—i—lo_i(h)> X+n—1.
i=0

(ii) Formn > 1,
X_HX+ — é-anJ’_X_TL _ (Z é‘o-(nl)(h)> X_nfl'
=1

(iii) X" is central in A if and only if X_" is central in A.

(iv) Suppose o has order n > 1 and £ is a root of unity in k with order r for some r > 1,
where r does not divide n. Let m be the least common multiple of n and r. Then

X."™ and X_™ are central in A.

(v) Suppose o has order n > 1 and & is a root of unity in k that has order r for some
r > 1, where v divides n. Then X" and X_" are central in A if and only if h; = 0,

where j is as in (5.30) and h; is as in (5.29).

Proof. (i) The formula clearly holds for n = 1. Now, suppose it holds up to n—1. Then

n—2
X+nX7 — X+ ({n_lXX+n_1 + (Z gn—i—Qo_i(h)> X+n_2>
=0
n—2 ) ‘
— §n71X+X_X+n71 + (Z €n7,20.z+1(h)> X+n71
=0

=1

n—1
= T EX- X + )X (an—i‘lai(h)) X

=0

n—1
— an—X-‘rn + <Z §ni10'i<h)X+n1> ’
as required.
(ii) Similar to (i).

(iii) This follows immediately from parts (i) and (ii) and the fact that

n—1 n
Z gn—i—lai(h) _ fn_loﬂ (Z 6—'0.—(71—1') (h)) .
=0 =1

(iv) Clearly, X4+™ commutes with X} and with elements of R. Let m = pn for some
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positive integer p. Using part (i),

X+mX7 — é'meX+m

— X,X+m +

- X,X+m —|—

=X X"+

= X—X+m7

109
we see that
m—1 ‘ ‘
+ (Z gm—z—lo_z(h)> X+m_1
=0
n—1 p o .
SN et lei(n) | X! (5.31)
i=0 j=1
Z gn—z—lo_z(h) Z gn(]—l) X+m_1
i=0 Jj=1
St Yoy | Xt
i=0 §=0
(5.32)

where (5.31) follows from the fact that the order of o is n, and (5.32) follows from

the fact that

p—1

D oEy

Jj=0

-

since £™ is a primitive pth root of unity. Therefore, X ™ commutes with X_ and so

is central in A. By part (iii), X_"

By part (i), since " = 1, we have

X+nX7 - X,X+n —|— <

Consider the coefficient of the X

n—1

Z gn—i—lo_i

1=0

(

and X" is central if and only if

n—1
hy=¢7ty ¢

is also central in A.

n—1

Z §n_i_10‘i(h)

=0

> X, n 1

"=1in the above equation. We have

n—1
> ot ()
=0 k=0
n—1 n—1
— é-nfl Z é-fi Z ,),lzkhk
i=0 k=0
n—1 n—1
— En—l Z n—ij Z nikhk
=0 k=0

n—1ln—1

=&Y 0 ) ke,

1=0 k=0

this is zero. Equivalently, X" is central if and

only if, for all 0 < k < n — 1, either hy =0 or

n

.

—

(n(F=9) )i —0. (5.33)

I
o
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Since 7 is a primitive nth root of unity, so is #*~7 for all k # j. Therefore, (5.33)
holds for all k # j; for k = j, the left hand side of (5.33) is n # 0. Therefore, X"
is central if and only if h; = 0. The same is true for X_" because by part (iii) X_"

is central if and only if X" is central. O

Remark. A simple example illustrating part (v) of the above lemma is as follows. Set
R :=Ek[Y], o(Y) := =Y and £ := —1. Then o and £ both have order 2, £ = n and the
eigenspace decomposition of R in (5.30) is R := Ry ® Ry, where Ry = k[Y?] and R; has

basis consisting of the monomials in Y of odd degree. Part (i) of the lemma shows that
X 2X =X, X ?+(-h+o0o(h)X,.
It is easy to see that X2 is central if and only if h; = 0; for example, setting h := Y gives
X 2X_ =X, X _%2-2vX,.
We also have the following lemma:

Lemma 5.4.7. Let R be commutative and suppose that o has order n > 1. Then R is a

finitely generated module over RC.

Proof. We first show, by a well-known argument from invariant theory, that R is integral
over R?. Let z € R and let

n—1

Fx) =[x = o'(x)). (5.34)

i=0
Then f(x) = 0, since (5.34) evaluated at x has a factor z — 0%(z) = 0. Also, (5.34) is a

polynomial of the form
fX)=X"4+cp 1 X"+ +co,

where, for 0 < j < n — 1, the ¢; are symmetric polynomials in the o-invariant set
{o'(z): 0 < i < n—1}. Since ¢; is symmetric, it is invariant under the action of o,
so ¢; € R?, as required.

We have that R is an affine k-algebra, so it is certainly an affine R%-algebra. We
can therefore apply [30, Proposition 16.3 B|, which proves that R is a finitely generated

R?-module. O

In order to determine when A satisfies a polynomial identity, we make use of the

following theorem, which is originally due to Jgndrup [27]. Note that an inner derivation
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of a ring S is a derivation §: S — S such that there exists some a € S with §(s) = sa —as
for all s € S. Recall that a prime P.I. ring S is (right and left) Goldie, by Posner’s
Theorem [40, Theorem 13.6.5], and so possesses a simple artinian classical ring of quotients,

Fract(S), by [20, Theorem 6.18].

Theorem 5.4.8. [13, Theorem 1.4.1] Let S be a prime P.I. algebra over a field of char-
acteristic 0 and let T := S[X, 7, ] be a skew-polynomial ring, with T an automorphism of

S. Then

(i) If T|z(s) = id, then there exists a unit u € Fract(S) such that T is the map given by
conjugation by u, and T is P.I. if and only if

ud is an inner derivation on Fract(S). (5.35)

(i4) If 7| z(sy # id, then T is P.I. if and only if
for some n > 1.

Another theorem of Jgndrup determines the P.I. degree of certain skew-polynomial

rings over P.I. rings.

Theorem 5.4.9. [26] Let k be an algebraically closed field of characteristic 0. Let R be a
prime affine k-algebra of P.1. degree d, let o be an automorphism of R of finite order and
let § be a o-derivation. Then if the skew-polynomial ring R[X,0,6] is a P.I. ring, its P.I.
degree is equal to dl, where | is the order of the restriction of o to Z(R).

We can now consider the conditions under which A is a P.I. ring in the special case
where R is a commutative domain. In the commutative setting, being prime is the same

as being a domain.

Theorem 5.4.10. Suppose R is a commutative domain. Then the following are equivalent:
(i) Ais P.1I.
(i) A is a finite module over its centre.

(iii) The following conditions hold:

(a) o|r has finite order n > 1;
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(b) € has finite order t > 1;

(¢) if tin, then hj =0, where j is as in (5.30) and hj is as in (5.29).

Proof. (ii) = (i): [40, Corollary 13.1.13(i)].
(i) = (iii): Suppose (i) holds. Then R[X, o] is a P.I. skew polynomial ring over R, so

Theorem 5.4.8 tells us that o: R — R has finite order n > 1. We therefore have
R7[X} "] C Z(R[X+, o)),

and in fact this is an equality. For, suppose f =Y.' ;X" € Z(R[X4,0]). Then, for all
r € R,

m . m . .
ZTTiXJrZ =rf=fr= ZHUZ(T)X+Z,
=0 1=0

and, since R is a domain, we have either r; = 0 or ¢* = id. Therefore, r; # 0 only if i = np

for some p > 0. Furthermore,

o(r) X T =X f=fX, = ZriXJriH,
=0 i=0
and so r; € R?, which gives f € R7[X1"]. So we have
RYIX,"] = Z(RIX1.0]) 65.37)

Since A is P.I., a second application of Theorem 5.4.8, this time taking S = R[X, 0]

and 7 = 0!, shows that one of the following conditions must hold: either
U*1|RU[X+n] =1id, and J satisfies (5.35) (5.38)
or
U_lle[X+n] has finite order p > 1. (5.39)

If (5.38) holds, then
o Xy =X = X

so & has finite order ¢ for some ¢ > 1, where ¢ divides n. Furthermore, there exists a unit

u € FractR[ X, 0] such that ud is an inner derivation on FractR[X,o]. We have
R7[X4"] < FractR?[X "] — FractR[X,"].

Since R7[X "] is central in Fract R[X "], its only inner derivation is the zero map. Hence
ud is zero on R7[X,"], and in particular ud(X,™) = 0. Therefore, 6(X;") = 0. By
Lemma 5.4.6 (v), we have h; = 0.
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If (5.39) holds, then
o P(X}") =ETPXLT = X",

and so ¢ has finite order ¢ > 1, where ¢ divides np. However, the fact that o' |- (x,] 7 id
means that ¢ { n.

(iii) = (ii): Suppose (iii) holds. Then R’ is central in A. Suppose ¢ { n, so by Lemma
5.4.6 (iv), X4™ is central in A, where m = g.c.d.(n,t). Hence, by Lemma 5.4.6 (iii), so is
X_" and the centre of A is

Z(A):=RO[X, ™ X_"].
Clearly, A is finitely generated over R[X ™, X_"], with generators
{X,'X 7:0<i,5 <m},

and by Lemma 5.4.7, R[X ™, X_"™] is finitely generated over Z(A). Hence, (ii) holds in
this case.
Now suppose t|n. By hypothesis, h; = 0, so X4" are central in A. Therefore, the

centre of A is

Z(A):=RI[X ", X_"],
and, as in the case where t { n, A is a finitely generated module over Z(A), so (ii) holds. [

Corollary 5.4.11. Let R be a commutative domain and suppose A is P.I.. Then the P.I.

degree of A is 2mn, where o has order n > 1, & has order t > 1, and m = l.c.m.(n, t).

Proof. We have, as can be seen in the proof of Theorem 5.4.10,
RO[X™, 0] = Z(R[X+,0]).

R has P.I. degree 2, and R[X ;o] has P.I. degree 2n by Corollary 5.4.9. A second appli-
cation of Corollary 5.4.9 shows that the P.I. degree of A is 2mmn. O

Remarks. (i) (a) Let S be a left or right noetherian ring. Then N(.S), the prime radical
of S, is a nilpotent ideal [20, Theorem 3.11], and S is a P.I. ring if and only if
the factor ring S/N(S) is a P.I. ring [40, Lemma 13.1.7].

(b) Let A := A(R,X4+,X_,0,&,h) and suppose that R is left or right noetherian.
Let N := N(R). For all prime ideals P of R, c*!(P) is a prime ideal of R and

so is contained in N. Therefore, 0(N) = N. Furthermore, N A is a left ideal of
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(i)

(iii)

A; by (5.1), it is a two-sided ideal of A. Let A := A(R, X,,X_,7,¢,h) be the
ambiskew polynomial algebra with ambiskew data as follows: R := R/N, & is
the automorphism of R/N induced by o and h := h+ N. Then A/NA = A
and N A is nilpotent. In fact, since A is an iterated skew-polynomial ring over a

semiprime right or left noetherian ring, it is semiprime [40, Proposition 7.9.14]

and so N(A) = NA.

By (i)(a) and (i)(b), for an ambiskew algebra A over a left or right noetherian ring
R, obtaining necessary and sufficient conditions for A to be P.I. also gives necessary
and sufficient conditions for A to be P.I., so we may reduce to the case where R is
semiprime. That is, if we could prove an analogue of Theorem 5.4.10 for left or right
noetherian semiprime rings, we would have the complete picture in the case when R

is left or right noetherian.

For a noetherian semiprime ring R, a partial answer to this question can be deduced
from [35, Proposition 3.2, Theorem 3.7]. Let S := R[X;0]. These results show
that A is P.I. if and only if R is P.I., o|zg) has finite order and the centre of A
contains a non-constant polynomial in X_ with coefficients in S and with regular
leading coefficient. However, this last condition is very abstract and it is not clear
how to state it explicitly in terms of conditions upon o, & and h. With further work,

it may be possible to produce an analogue of Theorem 5.4.10 in this setting.
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