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ABSTRACT. Let U and A be algebras over a field k. We study
algebra structures H on the underlying tensor product U® A
of vector spaces which satisfy (u®a)(u'®d") = uu'®ad’ if
a =1oru = 1. For a pair of characters p € Alg(U, k)
and y € Alg(A, k) we define a left H-module L(p, x). Under
reasonable hypotheses the correspondence (p, x) — L(p, x)
determines a bijection between character pairs and the iso-
morphism classes of objects in a certain category g M of left
H-modules. In many cases the finite-dimensional objects of
M are the finite-dimensional irreducible left H-modules.

We show that the finite-dimensional irreducible represen-
tations of a wide class of pointed Hopf algebras are parame-
terized by pairs of characters.

INTRODUCTION

This paper develops the theory of a type of modules for certain al-
gebra structures H defined on tensor products which, in many cases,
accounts for the finite-dimensional irreducible representations of H.
The general results are applied to the study of irreducible modules of
a certain class of pointed Hopf algebras over a field k. This class is
very basic in light of the results of the program of Andruskiewitsch
and the second author to determine the structure of pointed Hopf al-
gebras with commutative coradicals [2, 3, 4]. The Hopf algebras of
interest to us are quotients of certain two-cocycle twists H = (U®A)?
of the tensor product of two pointed Hopf algebras U and A over k.
As a vector space H = U®A and multiplication has the property
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(u®a)(W'®a') = uu'®aa’ whenever ¢ = 1 or v/ = 1. The natural
context for us to begin our study is in the category of algebra struc-
tures on the tensor product UXA of the underlying vector spaces of
algebras U and A over k which satisfy the multiplication property.

One purpose of this paper is to show that the irreducible represen-
tations of the pointed Hopf algebras in our class are parameterized by
pairs of characters and to construct them starting with the characters.
For a pair of characters p € Alg(U, k) and x € Alg(A, k) we construct
a left H-module L(p, x) and a right H-module R(x, p). They satisfy a
duality relationship with respect to a certain H-balanced bilinear form
v,

We describe the modules L(p, x) and R(x,p) abstractly. The H-
module L(p,x) contains a codimension one left U-submodule and is
generated as an H-module by a one-dimensional A-submodule. Let
M be the full subcategory of all left H-modules whose objects contain
a left U-submodule of codimension one and contain a one-dimensional
left A-submodule. Under mild conditions we show the correspondence
(p,x) — L(p,x) is one-to-one. One of our main results gives natu-
ral conditions under which this correspondence determines a bijection
between the Cartesian product Alg(U, k)x Alg(A, k) and the isomor-
phism classes of g M. We will need to know when finite-dimensional
irreducible representations are one-dimensional.

This paper is organized as follows. In Section 1 we set our notation
for algebras, coalgebras, Hopf algebras, and the like. Two-cocycles o
are reviewed and the Hopf algebra H = (U®A)? is described. We note
that the Drinfeld double of a finite-dimensional Hopf algebra H over k
can be viewed as D(H) = (H*“P®@H )’ for some two-cocycle. See [6].

Let A and U be algebras over k. In Section 2 we develop a the-
ory of algebra structures H on U®A which satisfy the multiplication
property. We define the H-modules L(y, p), R(p, x) and study them as
explicit constructions and also more abstractly. The H-modules L(y, p)
are objects of gy M, the category whose objects M are left H-modules
which contain a codimension one left U-submodule N and are gener-
ated as an H-module by a one-dimensional left A-submodule km. We
study this category and its refinement zM’, whose objects are triples
(M, N, km), and duality relations with their counterparts for right H-
modules. There are natural H-balanced bilinear forms which provide
duality relationships between the objects of yM" and M.

Section 3 contains the main results for the modules L(x, p) in the
more abstract setting of the category gpM. We first consider con-
ditions on the characters p and x separately in connection with the
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correspondence (p, x) — L(p, x). Our main theorem gives natural con-
ditions under which this correspondence determines a bijection between
Alg(U, k)x Alg(A, k) and the isomorphism classes of the objects of
g M. In this case each object of M has a unique codimension one U-
submodule and a unique one-dimensional left A-submodule. Under the
hypothesis of the theorem, when the finite-dimensional irreducible rep-
resentations of U and A are one-dimensional then the finite-dimensional
irreducible left H-modules are the same as the finite-dimensional ob-
jects of g M. We consider the case when U and A are Hopf algebras
in Section 4.

In Section 5 we consider conditions under which the irreducible repre-
sentations of an algebra are one-dimensional for applications to certain
classes of pointed Hopf algebras. In Sections 6 and 7 we apply the
results of the preceding sections to pointed Hopf algebras which arise
in recent classification work [1],[3]. These Hopf algebras are quotients
of two-cocycle twists H = (U ® A)?, where U and A have the form
B#k[T'], where T is an abelian group and B is a left k[[']-module al-
gebra and a left k[I']-comodule coalgebra. In most cases B = B(X) is
a Nichols algebra of a finite-dimensional Yetter-Drinfeld module over
the group algebra k[I']. See [2, Section 2] for a discussion of Nichols
algebras and Yetter-Drinfeld modules in general.

Let D = D(F, (gi)lgig@; (Xi)1§i§6’7 (aij)1§¢7j§g) be a datum of finite
Cartan type and suppose that A is a family of linking parameters for
D in the sense of [1]. We apply results of this paper to the infinite-
dimensional Hopf algebras U(D, ) in general, and also to the finite-
dimensional versions u(D, A) under some restrictions. The 2-cocycle o
is determined by the linking parameters.

Let I' be the k-valued characters of the abelian group I'. The finite-
dimensional irreducible left modules for U(D, A) are parameterized by
a subset of I and the irreducible modules for u(D, A) by T'; these irre-
ducible modules arise from L(p, x)’s defined for H where x determines
p.

The Hopf algebras U(D, \) and u(D,\) are described in [2] in a
slightly different notation. There are many parallels between the Hopf
algebras U(D, \) and the quantized enveloping algebras U,(g), where
q is not a root of unity. Likewise there are many parallels between the
Hopf algebras u(D, ) and the Frobenius-Lusztig kernels.

Throughout k is a field and all vector spaces are over k. For vector
spaces U and V' we will drop the subscript & from Endy(V'), Hom, (U, V),
and U®iV. We denote the identity map of V' by idy = id. For a non-
empty subset S of the dual space V* we let S+ denote the subspace of
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V' consisting of the common zeros of the functionals in S. The “twist”
map py @ U®V — VU is defined by myv(u®@v) = v®@u for all
u € U and v € V. For p € U* and u € U we denote the evaluation of
p on u by p(u) or <p,u>. Any one of [9, 12, 17] will serve as a Hopf
algebra reference for this paper.

1. PRELIMINARIES

For a group G we let G denote the group of characters of G with
values in k. H = kG denotes the group algebra of G over k which is
a Hopf algebra arising in most applications in this paper. We usually
denote the antipode of a Hopf algebra over k£ by S.

Let (A, m,n) be an algebra over k, which we shall usually denote by
A. Generally we represent algebraic objects defined on a vector space
by their underlying vector space. We say that a,b € A skew commute
if ab = wba for some non-zero w € k. Note that (4, m,n) is an
algebra over k, where m® = moty 4. We denote A with this algebra
structure by A°? and we denote the category of left (respectively right)
A-modules and module maps by 4M (respectively My). If C is a
category, by abuse of notation we will write C' € C to indicate that C'
is an object of C.

Let M be a left A-module. Then M* is a right A-module under
the transpose action which is given by (m*.a)(m) = m*(a-m) for all
m* € M* a € A, and m € M. Likewise if M is a right A-module
then M* is a left A-module where (a-m*)(m) = m*(m-a) for all a € A,
m* e M*, and m € M.

Let (C, A, €) be a coalgebra over k, which we usually denote by C.
Generally we use a variant on the Heyneman-Sweedler notation for the
coproduct and write A(c) = ¢(1)®c(2) to denote A(c) € C®C for c € C.
Note that (C, AP €) is a coalgebra over k, where A“? = 7o coA.
We let C°P denote the vector space C' with this coalgebra structure.
Observe that C' is a C*-bimodule with the actions defined by

c'—=c=cm<c,ce> and c—c" = <c" cay>cp)

for all ¢* € C* and c € C.

Suppose that (M, §) is a left C-comodule. For m € M we use the
notation 6(m) = m(_1)®@m) to denote 6(m) € CoM. If (M,J) is
a right C-comodule we denote §(m) € M®C by 6(m) = m®@mq).
Observe that our coproduct and comodule notations do not conflict.

Bilinear forms play an important role in this paper. We will think
of them in terms of linear forms 3 : U®V — k and will often write
B(u,v) for B(u®v). Note that 5 determines linear maps 3, : U — V*
and (3, : V. — U* where [¢(u)(v) = B(u,v) = B,(v)(u) for all w € U
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and v € V. The form [ is left (respectively right) non-singular if j,
(respectively [3,) is one-one and [ is non-singular if it is both left and
right non-singular.

Suppose that A is an algebra over k, U is a right A-module, V' is
a left A-module, and § : URQV —— k is a linear form. Then 3 is
A-balanced if B(u-a,v) = f(u,av) for allu € U, a € A, and v € V.

For subspaces X C U and Y C V we define subspaces X+ C V and
Y+ CU by

Xt={veV|(X,0)=(0)} and Yi={uecU|BwY)=/(0)}

Note that there is a form 3 : U/V+®@V/U* — k uniquely determined
by the commutative diagram

B
U/VieV/ Ut e

where the vertical map is the tensor product of the projections. Observe
that V1 = Ker 3;, U+ = Ker §3,, and that [ is non-singular.

Let A be a bialgebra over k. A 2-cocycle for A is a convolution
invertible linear form o : A® A — k which satisfies

o(z(1), Y1) (T@)¥e), 2) = oY), 21))0 (@, Y2)2(2))
for all z,y,z € A. If 0 is a 2-cocycle for A then A“ is a bialgebra,
where A = A as a coalgebra and multiplication m? : AQA — A is
given by
m? (2®y) = o(z), yu)T@Ye0 " (76), Ys)
for all z,y € A. See for example [6].
Let U and A be bialgebras over k£ and suppose that 7: U®A — k

is a linear form. Consider the axioms:

(A1) 7(u,aa") = 7(ug), a)T(u@y,a’) for all u € U and a,a’ € A;

(A.2) 7(1,a) = €(a) for all @ € A;

(A.3) T(ut/,a) = 7(u, aq)) (v, a)) for all u,v’ € U and a € A;

(A4) 7(u,1) = €(u) for all u € U.

We leave the reader with the exercise of establishing:

Lemma 1.1. Let U and A be bialgebras over the field k and suppose
T:URA — k is a linear form. Then the following are equivalent:

a) (A.1)-(A.4) hold.
b) 7(U) C A° and 1y : U — A°P = A° s a bialgebra map.
c) 7(A) CU° and 7, : A — U° is a bialgebra map.
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O

Suppose that (A.1)—(A.4) hold, 7 is convolution invertible, and de-
fine a linear form o : (URA)Q(URA) — k by o(u®a,v'®d") =
€(a)T(u',a)e(a’) for all u,u’ € U and a,a’ € A. Then o is a 2-cocycle.
We denote the 2-cocycle twist bialgebra structure on the tensor product
bialgebra U® A by H = (U®A)?. Observe that

(1.1) (u®a)(v'®ad’) = UT(u’(l) , a(l))U22)®CL(2)T_1 (u/(3) ,a3))d

for all u,v’ € U and a,d’ € A.
An easy, but important, exercise to do is the following.

Lemma 1.2. Suppose that U, A are bialgebras over the field k and
7: U®A — k satisfies (A.1)-(A.4). Then T has a convolution inverse
of
a) U is a Hopf algebra with antipode S, in which case 77 (u,a) =
7(S(u),a) for allu € U and a € A, or
b) A is a Hopf algebra with antipode T, in which case 771 (u,a) =
T(u,T(a)) for allu € U and a € A.

g

The quantum double provides an important example of a 2-cocycle
twist bialgebra [6].

Example 1.3. Let A be a finite-dimensional Hopf algebra with antipode
s over k, let U = A°“P, and let T : URA — k be defined by T(p,a) =
p(a) for allp € U and a € A. Then 7, : U — A°“P is the identity
map and (URA)7 = D(A).

Observe that finite-dimensionality was not necessary to define a bial-
gebra structure on D(A) = A°“P®A. For any Hopf algebra A with
bijective antipode we let D(A) = (U®A)?, where 7 is defined as above.

Suppose that U, U and A, A are algebras over k. Suppose further
that 7 : U®A — k and 7 : U®A — k are convolution invertible lin-
ear forms satisfying (A.1)-(A.4). Set H = (U®A)? and H = (U®A)°.
Suppose that f : U — U and g : A — A are bialgebra maps
such that 7(f(u),g(a)) = 7(u,a) for all w € U and a € A. Then
f®g: H — H is a bialgebra map.

As a consequence f: H — D(A) defined by f(u®a) = 7(u)®a for
all w € U and a € A is a bialgebra map. In this paper we are interested
in left modules over H. A good source is modules for the double in

light of the map f.
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2. ALGEBRA STRUCTURES ON THE VECTOR SPACE U®A, WHERE
U AND A ARE ALGEBRAS OVER k

Suppose that U and A are algebras over the field k. In this section we
are interested in algebra structures H = URA on the tensor product
of their underlying vector spaces which satisfy

(2.1)  (u®a)(v'®d") = uwu'®aa’  whenever a=1oru =1.

For such an algebra the maps U — H and A — H given by u — u®1
and a — 1®a respectively are algebra maps. As a consequence H is a
left U-module and a right A-module by pullback action; thus

w(u'®a) = (u@1)(v'®a) = uwu'®a
and
(u®a)-a’ = (u®a)(1®ad’) = u®aa’

for all u,v’ € U and a,d’ € A.
We list several examples of these algebras.

Example 2.1. Let U and A be algebras over the field k. Then the
tensor product algebra structure on H = U®A satisfies (2.1).

Example 2.2. Let U and A be algebras over the field k and H = URA
be an algebra structure on the tensor product of their underlying vec-
tor spaces which satisfies (2.1). Endow the vector space APQUP =
ARU with the unique algebra structure which makes the twist map
Tau : AQU — (URA)? an algebra isomorphism. This algebra H® =
APRQUP satisfies (2.1).

Example 2.3. Let A be a finite-dimensional Hopf algebra with antipode
s over k and let U = A*“°P. As a vector space the Drinfeld double is
D(A) = U®A and its product is determined by

(p®a)(q®b) = plaq)y-q-s~ ' (ag))Da@b

for allp,q € U and a,b € A. Thus the underlying algebra structure of
D(A) satisfies (2.1).

The next example is the most important one for us. By virtue of
Example 1.3 the preceding example is a special case of it.

Example 2.4. Let U and A be bialgebras over the field k and suppose
that 7 : U®A — k is a convolution invertible map such (A.1)-(A.4)
are satisfied. Then H = (U®A)? defined in Section 1 is a bialgebra
whose underlying algebra structure satisfies (2.1).
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Example 2.5. Let H be a Hopf algebra with bijective antipode over
k and suppose that R € YD is a bialgebra in the Yetter—Drinfeld
category. Then the bi-product A = R#H satisfies (2.1). More generally
smash products satisfy (2.1).

A basic reference for the bi-product is [14]. See [2] for a discussion of
the Yetter-Drinfeld category YD and bi-products.

Suppose that U, U, A, and A are algebras over k and that the
vector spaces U®A and U®A have algebra structures which satisfy
(2.1). A morphism F : U®A — U®A of these algebras is a map
of algebras which satisfies F(U®1) C U®1 and F(1®A) C 1®A. By
virtue of (2.1) a morphism F : U9 A — U®A has the form F = f®g,
where f : U — U and g : A — A are algebra maps. Conversely,
if f:U — Uandg: A — A are algebra maps, and the function
f®g: U®A — U®A is an algebra map, then F = f®g is a morphism.

Suppose that U’ is a subalgebra of U and A’ is a subalgebra of A such
that U'®A’ is a subalgebra of U®A. Then U'®A’ satisfies (2.1) and
the tensor product of the inclusion maps i/ ®iq : URA — URA is
a morphism.

Now suppose [ is an ideal of U, that J is an ideal of A, and K =
I®A+U®J is an ideal of URA. Let 7y : U — U/l and 71y : A —
A/J be the projections. Endow (U/I)®(A/J) with the algebra struc-
ture which makes the linear isomorphism (U®A)/K — (U/I)®(A/J)
given by u®a + K — (u+ I)®(a + J) an isomorphism of algebras.
Then (U/I)®(A/J) satisfies (2.1) and the tensor product of projec-
tions 7, @7y : URA — (U/I)®(A/J) is a morphism.

The constructions of the preceding paragraph can be combined to
give a first isomorphism theorem for the morphisms of this section.
Let ' : URA — U®A be a morphism and write F' = f®g, where
f:U—Uandg: A— A are algebra maps. Then Im f and Im g
are subalgebras of U and A respectively and Im F' = Im f®Img is a
subalgebra of U®A which thus satisfies (2.1). Now Ker and Ker g are
ideals of U and A respectively and Ker FF = Ker f®A + U®Ker g is
an ideal of U®A. Identifying (U®A)/K and (U/Ker f)®(A/Ker g) as

above, note there is a unique morphism
F: (U/Ker f)®(A/Kerg) — Im F = Im f®Im g
such that Fo(Tker f@TKerg) = F.
2.1. The Construction of L(p,x) and R(x,p). Let U and A be
algebras over k and H = U®A be an algebra structure on the tensor

product of their underlying vector spaces which satisfies (2.1). We will
identify U and A with their images under the algebra maps U — U®A
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and A — U®A given by u — u®1 and a — 1®a respectively. In this
section we construct special representations of H by induction on one-
dimensional representations of A and of U determined by pairs (p, x),
where p is a character of U and y is a character of A.

Suppose that p € Alg(U, k) and x € Alg(A, k). We give k the left
A-module structure (k, -,) where

a1 =x(a)l for all a € A.

Recall that H = U®A is a right A-module via (u®a)-a’ = u®aa’ for all
u € U and a,d’ € A. We identify the left H-module H® 4k and U by
the linear isomorphism H® 4k — U given by (u®a)a®1 — ux(a) for
all u € U and a € A and denote the resulting right H-module structure
on U by (U,-). We write U, for U with this module action implicitly
understood. Note that

(2.2) (u@a) v’ = u((ly@x)((1®a)(u'®1))),

and consequently

(2.3) uu' =uwu'  and a1 = x(a)l,
for all u,u’ € U and a € A. Thus 1 generates U, as a left H-module
and k1 is a one-dimensional left A-submodule of U,.

Let I(p, x) be the sum of all the left H-submodules of U, contained
in Ker p, let

L(p,x) = Uy/1(p, x)

be the resulting quotient left H-module, and let 7(,,) : Uy — L(p, X)
be the projection. Using (2.3) we see that M = L(p, x) is a cyclic left
H-module generated by m(,,)(1), that km(,,)(1) is a one-dimensional
left A-submodule of M, and that N = m(,,)(Kerp) is a codimension
one left U-submodule of M with the property that the only left H-
submodule of M contained in N is (0).

In a similar manner we define a right H-module structure on A.
Regard £ as the right U-module (k,-,) where

Lu=p(u)l forall u e U.

Recall that H = U®A is a left U-module via u-(v'®a) = uu'®a for
all u,u’ € U and a € A. We identify the right H-module k®yH
and the vector space A by the linear isomorphism k®QyH — A given
by 1®y(u®a) — p(u)a for all u € U and a € A and we denote the
resulting module structure on A by (A4, -,). Observe that

(2.4) a-p(usd) = (p@L)(18a)(uD1)))d,
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and thus
(2.5) a,a’ =ad"  and 1 u = p(u)l,

for all a,a’ € A and u € U. As a consequence 1 generates A, as a right
H-module and k1 is a one-dimensional left U-submodule of A,.

Let J(x, p) be the sum of all the right H-submodules of A, contained
in Ker y, let

R(x,p) = Ap/J(x,p)

be the quotient right H-module, and 7, , : A, — R(x,p) be the
projection. Using (2.5) we see that M = R(x,p) is a cyclic right
H-module generated by m(, (1), that km(, (1) is a one-dimensional
right U-submodule of M, and that N = m(, ,)(Ker x) is a codimension
one left A-submodule of M with the property that the only right H-
submodule of M contained in N is (0).

2.2. A Bilinear Form Arising from Character Pairs (p, y). We
continue with the notation and assumptions of the preceding section.
Let x € Alg(A,k), let p € Alg(U, k), and let ¥ : AQU — k be the
linear form defined by

U(a,u) = (p®x) ((10a)(u®1))

for all a € A and u € U. The L(p, x) and R(x, p) constructions of the
preceding section are related in fundamental ways through this form.

Regard U* as a right H-module with the transpose action determined
by U, and likewise regard A* as left H-module with the transpose
action determined by A,. Our notations for these actions are given in
the equations

(u®xh)(u) = u*(h-u) and (h-pa®)(a) = a™(a-ph)
forallu* e U*, he Hyue U, a" € A", and a € A.

Proposition 2.6. Let U and A be algebras over the field k and let H =
U®A be an algebra structure on the tensor product of their underlying
vector spaces which satisfies (2.1). Let x € Alg(A, k), let p € Alg(U, k),
and let ¥ : AQU — k be the bilinear form defined above. Then:

a) V(a,u) = p((1®a)u) = x(a-,(u®1)) for alla € A and u € U.

b) ¥(a-ph,u) = V(a,h-u) for alla € A, h € H, and u € U; that
is U is H-balanced.

c) At = I(p,x) and thus UJA+ = L(p,x). Furthermore there is
an isomorphism of left H-modules L(p,x) — U-,x given by
u+I(p,x) — V. (u) =u,x for allu e U.
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d) Ut = J(x, p) and thus AJUL = R(x,p). Furthermore there is
an isomorphism of right H-modules R(x,p) — p-A given by
a+ J(x,p) — Yy(a) = p-ya for all a € A.

e) There is a non-singular H-balanced bilinear form

determined by the commutative diagram

T
l v

R(x, p)®L(p, x)

where the vertical arrow is the tensor product of projections.

PROOF: Part a) follows by the definition of the form and of the mod-
ule actions. To show part b) we use several standard isomorphisms
involving tensor products. Note that k is a left and right A-module
via a1 = 1-ya = x(a)l for all @ € A and k is also a left and right U-
module via u-,1 = 1-,u = p(u)1 for all u € U. Consider the composites
[ AQU — k®uy(H®4k) and g : k®@y(H®ak) — k defined by

AQU ~ (k@y H)R(H® k) — (k@uH)@p(H® 4k)
~ kQu(HRuy(HR4k)) ~ k@u(H® sk)
and
k@u(Hoak) "2 po (koak) *22 kavk " k
respectively, where m is multiplication. Since

(gof)(a@u) = g(10y((18a)(ue1)4@1)) = (p@x)((18a)(ue1))

for all a € A and u € U we conclude that ¥ = gof. From the sec-
ond isomorphism in the definition of f we see that f((a-,h)®u) =
fla®(h-yu)) for all a € A and v € U. Part b) now follows.

We next show part ¢). Let u € U. Since ¥, (u)(1) = p(u) by part a)
it follows that Ker ¥, C Ker p. Now Ker W, is a left H-submodule of
U, by part b). Suppose that L is a left H-submodule of U, and L C
Ker p. Then by part a) again (A, L) C p((1®A4)-,L) C p(L) = (0).
Therefore L C Ker ¥,. We have shown that At = Ker ¥, = I(p, x).

To complete the proof of part ¢) we note that ¥, : U, — A* is
a map of left H-modules by part b). Let u € U. Since ¥, (u) =
U, (1) = u-, ¥, (1) = u-,X, the isomorphism of left H-modules

L(p,x) = UX/AL =U/Ker ¥, ~U-,x
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is given by w+I(p, x) — u-,x. We have established part c). The proof
of part d) is similar. Part e) follows from parts b)-d). O

By virtue of part ¢) the quotient L(p, x) can be realized as submod-
ule.

2.3. The Connection Between Morphisms of the Algebra Struc-
tures and the Constructions L(p, x), R(x,p). Let U, U, A, and A
be algebras over k such that H = U®RA and H = U®A are algebras
which satisfy (2.1). Suppose that F : UR A — U®A is a morphism
andlet f: U — U and g : A — A be the unique algebra maps which
satisfy F' = f®g.

Now suppose that p € Alg(U,k) and ¥ € Alg(A, k). Then p =
pof € Alg(U, k) and x = Yog € Alg(A, k). In this section we examine
the connection between L(p,x) and L(p,Y) and also the relationship
between R(x, p) and R(p,X).

First we consider U, and Uy. Let u,v’ € U and a € A. By the
calculation

flw@a) ) = flu((lv@x)((1@a)(u'®1))))

(u((
(u((
fu)((Iv@x) ((feg)(1®a)(v'®1))))
() ((Ir@x) (F((1®a)(u'®1))))
fu) ((Iv@x) (F(1®a)F(u'®1)))
= fu)((Ivex) (18 f(a))(9(u)21)))
= F(u®a)+f(u)
we see that
(2.6) f(u®a) ') = Fu®a)f(u).

Thus f is F-linear and the preceding equation has a simple interpre-
tation in terms of module maps. Regard UY as a left H-module by
pullback along F'. Then f : U, — Uy is a map of left H-modules.

Since pof = p, we have f(Kerp) C Kerp. Thus f(I(p,x)) € I(p,X)
as f is F-linear. Consequently f gives rise to an F-linear map L(f) :
L(p, x) — L(p:X)-

Proposition 2.7. Suppose U, U, A, and A are algebras over k. Let
H =U®A and H = URA be algebra structures on the tensor product
of underlying vector spaces which satisfy (2.1). Suppose further that
F:U®RA — U®A is amorphism andlet f : U — U andg: A — A
be the unique algebra maps which satisfy F' = f®g. Then:
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a) f:U, — Uy is F-linear.
b) There is a unique F-linear map L(f) : L(p,x) — L(p,X)
which makes the diagram

Loy Y ey
v, —I . 7.

commute, where the vertical arrows are the projection maps.
c) Suppose that f is onto. Then L(f) is an isomorphism.

PROOF: We have established parts a) and b) in the discussion preced-
ing the statement of the proposition. It remains to show part c).

We first observe that pof = p implies Ker p = f~!(Kerp). There-
fore f~1(1(p,X)) is a left H-submodule of U, contained in Ker p which
implies f~1(I(p,X)) C I(p,x). We have seen that f(I(p,x)) C I(p,X)
in any event. Therefore f~1(I1(p,%)) = I(p, x) which implies that L(f)
is an isomorphism. O

Suppose that F' is onto. Then the hypothesis of part c¢) is met.
Regard I(p,X) as a left H-module by pullback along F. Then the
H-submodules and H-submodules of L(p,¥) are the same and the H-
module L(p, ) is understood in terms of the left H-module L(p,¥)
and the algebra map F.

There is an analog of the preceding proposition for R(y,p) and
R(X,p). One can show that

(2.7) g(a-,(u®a")) = g(a)-F(u®ad)

for all a,a’ € A and v € U by mimicking the calculation which estab-
lishes (2.6). By modifying the proof of the preceding proposition one
can easily show:

Proposition 2.8. Suppose U, U, A, and A are algebras over k. Let
H =U®A and H = URA be algebra structures on the tensor product
of underlying vector spaces which satisfy (2.1). Suppose further that
F:U®RA — U®A is amorphism andlet f : U — U andg: A — A
be algebra maps which satisfy F' = f®g. Then:
a) g: A, — A, is F-linear.
b) There is a unique F-linear map R(g) : R(x,p) — R(X,P)
which makes the diagram
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Rix.p) 29 Rix.p)

g
A, A;
commute, where the vertical arrows are the projection maps.
c) Suppose that g is onto. Then R(g) is an isomorphism.

O

We conclude this section by noting the relationship between the lin-
ear forms ¥ : AQU — k and ¥ : U® A — k defined by

V(a,u) = (pox)((1®a)(u®1)) and V(@) = (pox)((1®a)(@R1))

foralla € A,ue U,ac A, and u € U. Since F = f®g is an algebra
map, the calculation

(feg)(1®a)(u®l)) = ((f®g)(1®a))((f®g)(u®1))
= (1®g(a))(f(u)®1)
shows that

U(a,u) = V(g(a), f(u)) = U(F(a), F(u))
for all a € A and v € U. In the last expression we regard a,u € H by
the identifications a = 1®a and u = u®1.

2.4. The Categories yM and M,; and Duality. Let H = U®A be
an algebra structure defined on the tensor product of their underlying
vector spaces and suppose that (2.1) holds for H. Let gM be the
category whose objects M are left H-modules which are generated by
a one-dimensional left A-submodule km and have a codimension-one
left U-submodule N with the property that (0) is the only left H-
submodule of M contained in N. We take maps of left H-modules to
be our morphisms. The category M is defined in the same manner
with “right” replacing “left” and with the roles of U and A reversed.
For M as described above observe that

(2.8) ann(km) = Ker y and anny (M/N) = Ker p

for some characters xy € Alg(A, k) and p € Alg(U, k). For any pair of
characters x € Alg (A, k) and p € Alg(U, k) observe that M = L(p, x)
is an object of g M which satisfies (2.8).

Conversely, suppose that M is an object of y M which satisfies (2.8).
Then the rule H® sk — M given by h® 41 +— h-m is a well-defined
map of left H-modules and the composite f : U ~ HR  k — M, which
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is given by f(u) = u-m for all u € U, has kernel I(y, p). Therefore f
lifts to an isomorphism of left H-modules L(p, x) ~ M. Observe that
f7YN) = Kerp. Therefore N is the only codimension one left U-
submodule N’ of M such that anny (M/N') = Ker p.

To discuss duality we need to specify a particular one-dimensional
left A-submodule and a particular codimension-one U-submodule of
each object M of yM. Let g M’ be the category whose objects are
triples (M, km, N), where M is a left H-module, km is a left A-
submodule of M which generates M as a left H-module, and N is
a codimension-one left U-submodule of M such that (0) is the only left
H-submodule of M contained in N. A morphism f : (M, km, N) —
(M’ km', N) of g M’ is amap of left H-modules which satisfies f(km) C
km/ and f(N) C N'. We define a category M/, in the same manner
replacing “left” by “right”.

There is a natural contravariant functor g M’ — M’;. To describe
it we start in a slightly more general context.

Consider a triple (M, km, N), where M is a cyclic left H-module
generated by m, where N is a codimension one left U-submodule of M,
and (2.8) is satisfied for some x € Alg(A, k) and p € Alg(U, k). Thus
we are not requiring that the only left H-submodule of M contained in
N is (0). We regard M* € My by the transpose action on M € g M.
Since N is a subspace of M of codimension one and m ¢ N there
is a non-zero m* € M* uniquely determined by m®*(N) = (0) and
m®*(m) = 1.

Consider the right H-submodule M* = m*-H of M*. Now Kerp =
anng (M /N) implies that (Ker p)-M C N. From the calculation

(m*-(Ker p))(M) = m*((Ker p)-M) € m*(N) = (0)

we conclude that m*-(Ker p) = (0). Therefore m*-u = p(u)m® for all
u € U. The calculation

(m*-A)(m) = m* (Am) = m* (km) = (0)

shows that m*-A C m*. Therefore N®* = m*NM®* is a right A-
submodule of M*®. Since

(0) # m*(M) = m*(H-m) = (m*-H)(m) = M*(m)

it follows that M*® & m™. This means that the right A-submodule N*
is a codimension one subspace of M*. Since

(M?*-(Ker x))(m) = M*((Ker x)-m) = M*(0) = (0)
we conclude that M*-(Ker x) € mtNM*® = N*. We have shown that
(2.9) anny (km®) = Kerp and anny (M®/N*®) = Ker .
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We next show that the only right H-submodule of M*® contained in
N*is (0). Let L be a right H-submodule of M* contained in N*. Then
L(M) = L(H-m) = (L-H)(m) € m*(m) = (0) implies that L = (0).
We have shown that (M®, km®, N*) € M'y; in particular M* ~ R(x, p).

Consider the bilinear form 5 : M*®M — k given by (3(p,n) = p(n)
for all p € M*® and n € M. Note that ( is right non-singular. By
definition of the transpose module action G(p-h,n) = ((p, h-n) for all
pe M® he H,and n € M; that is § is H-balanced. We observe that
(M*)t is the largest H-submodule of M contained in N. Forlet n € N.
Then H-n C N if and only if (0) = m*(H-n) = (m*-H)(n) = M*(n);
that is H-n C N if and only if M*(n) = (0). Thus M/(M*)* ~ L(p, x)
and 3 induces an H-balanced bilinear form 3 : M*®(M/(M*)*) — k.
Compare with Proposition 2.6.

Proposition 2.9. Let U and A be algebras over the field k, let H =
URA be an algebra structure on the tensor product of their underlying
vector spaces which satisfies (2.1), and let (M, km,N) € gM'.

a) Let x € Alg(A, k) and p € Alg(U, k) satisfy
ann(km) = Ker x and  anny(M/N) = Ker p.
Then (M*, km®, N*) € M’y and satisfies
anng (km®) = Ker p and  anny(M°®/N°®) = Ker .

b) Suppose that f : (M,km,N) — (M’ , km/, N') is a morphism
in gM'. Then f*(M'®) C M*® and the restriction ™ = f*| M’
is a morphism f7: (M'*,m'*, N'*) — (M*,m*, N*) in M.

¢) Suppose that N*® is the only codimension-one right A-submodule

of M*®. Then km is the only one-dimensional left A-submodule
of M.

PROOF: We have shown part a). Part b) is left as an easy exercise.
We establish part c).

Suppose that n € M and A-n = kn. Then n*NM*® = M*, in which
case M*(n) = (0), or n*NM?* is a codimension one right A-submodule
of M*, in which case n*NM* = m*NM* by assumption. In any event
N*(n) = (0).

Let C = {n € M|N*(n) = (0)}. Observe that m € C. The rule
f:C — (M*/N*)" given by f(n)(p + N*) = p(n) is describes a
well-defined linear function. We show that f is one-one. Suppose that

n € C and f(n) =0. Then
(0) = f(n)(M*) = M*(n) = (m*-H)(n) = m*(Hn)
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implies that H-n C Kerm® = N°*. But N*® contains no left H-submodules

other than (0). Therefore n = 0. We have shown that f is one-one.
Since m € C', f is one-one, and Im f is at most one-dimensional, it

follows that C' = km. This concludes our proof. O

The “right” counterpart of the preceding proposition holds by virtue
of Example 2.2.

3. THE MAIN RESULTS FOR gM

We begin by describing the type of algebra of fundamental impor-
tance in Sections 6 and 7. These algebras A (and U also) are generated
by a subgroup I' of the group of units of A and a indexed set Qf ele-
ments {a;};c;. There is an indexed set of characters {x;}ic; C I' such
that ga;g™' = xi(g)a; for all g € T and i € I. Let A’ be the subalgebra
of A generated by I'.

Suppose that x; # 1 foralli € I. Then p(a;) = 0forall p € Alg(A, k)
and i € I. Thus the restriction map Alg(A, k) — Alg(A’, k) is one-
one. In important applications U and A below will have this description
and thus the restriction map is one-one.

The theorem of this section is derived from two results.

Lemma 3.1. Let U and A be algebras over the field k and let H = UR A
be an algebra structure on the tensor product of the underlying vector
spaces of U and A which satisfies (2.1). Suppose that U’ is a subalgebra
of U such that:

a) The restriction map Alg(U, k) — Alg(U’, k) is one-one

b) and (u®a)u = x(a)uv’ for allu € U, a € A, x € Alg(A, k),

and v’ € U'.

Let p,p' € Alg(U, k) and x,x € Alg(A k). If L(p,x) ~ L(p',X') as
left U-modules then p = p'. In particular there is a unique codimension
one left U-module of L(p, x) which contains I(p, x).

PROOF: Suppose that L(p, x) >~ L(p', x') as left U-modules and con-
sider the composite of left U-modules f : U — L(p, x) ~ L(p',x') =
M. Since the latter contains a codimension one left U-submodule N
with anng (M/N) = Ker g/, it follows that I(p,x) € f~'(N) = Ker p'.
We have shown that I(p, x) C Kerp’. The calculation p((u®a)-yu') =
p(x(a)uu') = x(a)p(u)p(u') for all u € U, a € A, and ' € U’ shows
that H-, (Ker pnU’) C Kerp. Therefore

(Kerp)nU" € 1(p, x) € Kerp'

which implies that (Ker p)NU’" = (Ker p')NU’ since both intersections
are codimension one subspaces of U’. The preceding equation implies
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plU" = p'|U" from which p = p’ follows by assumption. The last state-
ment in the conclusion of the lemma is evident. O

Lemma 3.2. Let U and A be algebras over the field k and let H = URA
be an algebra structure on the tensor product of the underlying vector
spaces of U and A which satisfies (2.1). Suppose that A’ is a subalgebra
of A such that:

a) The restriction map Alg(A, k) — Alg(A’, k) is one-one and
b) d-,(u®a) = p(u)d'a for alla’ € A’, p € Alg(U,k), u e U, and
ac A
Let p € Alg(U, k) and x,x € Alg (A, k). If L(p,x) ~ L(p,X') as left
H-modules then x = x'.

PROOF: Regard k as a left U-module via u-1 = p(u) for all u € U.
Consider the composite p’ : U, — k of left U-module maps given

by Uy, — L(p,x) 7, L(p,x) -2 k, where the first map is the
projection, f is an isomorphism of left H-modules, and the third p is
the map is given by u + I(p,x’) — p(u) for all u € U. Since p is
a left U-module map we have p'(u) = p'(ul) = u-p'(1) = p(u)p'(1).
Therefore p' = p/(1)p.

Let u € U satisfy f(1+4 I(p,x)) =u+ I(p,x’) and let a € A. Using
the definition of p/, the fact that f is a map of left A-modules, and part
a) of Proposition 2.6, we see that

p((1@a)(1+1(p,x)) = p(f((12a)(1+1(p,X)))
(1®a) o f(1+I(p,x)))
(1®a) v (u+1(p, X))
(1®a)-u)

(a

p(u®1)).
Since p' = p/(1)p we calculate on the other hand that

P(I®a)(1+1(p,x)) = p(Lp((1@a)(1+ I(p, X))
= ' (Dp((1®a)y1)
= P (x(a).
We have shown that x'(a-,(u®1)) = p'(1)x(a) for all @ € A. Now
suppose that a’ € A’. By virtue of the preceding equation
X'(@)p(u) = X' (d'p(u)x' (1)) = X'(a"-p(u@1)) = p'(1)x(a);
the second equation follows by assumption. Therefore p'(u) = 1 and
x(a’) = x/'(d) for all @’ € A’. By assumption xy = x'. O
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For a category M we denote the isomorphism classes of objects in
M by [M] and for an object M € M we let [M] be the isomorphism
class of M. As a consequence of the two preceding lemmas:

Theorem 3.3. Let U and A be algebras over the field k and let H =
URA be an algebra structure on the tensor product of the underlying
vector spaces of U and A which satisfies (2.1). Suppose that:
a) U’ is a subalgebra of U, (u®a)-u' = x(a)uv’ for all u € U,
a € A, x € Alg(A, k), and v' € U’, and the restriction map
Alg(U, k) — Alg(U’, k) is one-one;
b) A" is a subalgebra of A, d'-,(u®a) = p(u)d'a for all o' € A,
p € Alg(U,k), u € U, and a € A, and the restriction map
Alg(A, k) — Alg(A’, k) is one-one.
Then Alg(U, k)x Alg(A, k) — [gM] given by (p,x) — [L(p,x)] is
bijective. O

Observe that the hypothesis of the theorem holds for H as well,
where A’ in H plays the role of U’ in H and U’ in H plays the
role of A" in H. Therefore:

Corollary 3.4. Under the hypothesis of the preceding theorem, the
Junction Alg(A, k)x Alg(U, k) — [My] given by (x. p) — [R(x, p)] is
bijective. 0

The theorem has interesting consequences for objects of the category

mM.

Corollary 3.5. Let U and A be algebras over the field k and let
H = URA be an algebra structure on the tensor product of the un-

derlying vector spaces of U and A which satisfies (2.1). Assume that
the hypothesis of Theorem 3.3 holds. Then:

a) Every object of M has a unique one-dimensional A-submodule
and a unique codimension one U-submodule.

b) Suppose that f : M — M’ is a left H-module map, where M
and M’ are objects of yM. Then f =0 or f is an isomorphism.

PRrROOF: We first show part a). We have noted that the hypothesis
of the theorem apples to H?. In light of Lemma 3.1 and Theorem
3.3 we need only show that the object M € M has a 1-dimensional
A-submodule. Let M € yM and let (M,km,N) € gM be derived
from M. Let p € Alg(U, k) and x € Alg(A, k) satisfy (2.8). Regard the
right H-module M* as a left H°’-module by pullback along the algebra
map H? — H given by a®u +— u®a for alla € A and v € U. Then
M?® ~ L°%(x, p) as left H’-modules, where L%y, p) is the counterpart
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of L(p,x) for H. By Lemma 3.1 and Theorem 3.3 there is only one
codimension left H°’-module, or equivalently right H-module, in M®.
Therefore M has a unique one-dimensional left A-module by part ¢) of
Proposition 2.9.

Part b) follows from part a). We first note that since f is a map of
left H-modules it is also a map of left A-modules and left U-modules.

Let km be a one-dimensional left A-submodule of M which generates
M as a left H-module. Since f is a map of left H-modules f(M) =
f(H-m)= H-f(m). Since f is a map of left A-modules kf(m) is a left
A-submodule of M’.

Suppose that f # 0. Then f(m) # 0. Therefore kf(m) is a one-
dimensional left A-submodule of M’. Now M’ is generated as a left H-
module by some one-dimensional left A-submodule of M’. By unique-
ness this submodule must be kf(m). Thus f is onto. It remains to
show that f is one-one.

Now M’ contains a codimension one left U-submodule N’. Since f
is onto and a map of left U-modules f~'(N’) is a codimension one left
U-submodule of M. Now M has a codimension one left U-submodule
which contains no left H-submodule of M other than (0). By unique-
ness this submodule must be f~!(N’). Since Ker f C f~'(N’) and is
an H-submodule of M it follows that Ker f = 0. We have shown that
f is one-one. O

For an algebra A we denote the set of isomorphism classes of finite-
dimensional irreducible left A-modules by Irr(A). As a result of the
preceding corollary:

Corollary 3.6. Let U and A be algebras over the field k and let
H = URA be an algebra structure on the tensor product of the un-
derlying vector spaces of U and A which satisfies (2.1). Assume that
the hypothesis of Theorem 3.3 holds and also that the irreducible left
U-modules and irreducible left A-modules are one-dimensional. Then:

a) The finite-dimensional irreducible left H-modules are the same
as the finite-dimensional objects of g M.

b) Suppose that U and A are finite-dimensional. Then the function
Alg(U, k)x Alg(A, k) — Irr(H) given by (x,p) — [L(p,x)] is
bijective.
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4. WHEN U AND A ARE BIALGEBRAS

Let U and A be bialgebras over the field k, suppose 7 : URA — k is
convolution invertible and satisfies (A.1)-(A.4), and let H = (U®A)°.
In this section we apply the major ideas of the preceding section to H.

Suppose that p € G(U°) = Alg(U, k) and x € G(A°) = Alg(A, k).
Using (1.1) we see that (2.2) in this case is

(4.1) (u@a)-yu’ = ur(ufyy, aw) gz x(a@)T (ufz), o)
for all u,u’ € U and a € A and (2.4) in this case is

(4.2) a-p(u®a’) = 7(uy, aqy) p(ue)ae T (ue), ag)d’
for all a,a’ € A and u € U. Observe that

(4.3) U = (7(p®X)7")oTay

is just conjugation of p&x by 7 in the dual algebra (U®A)* preceded
by the twist map.

Now let U" = kG(U), A" = kG(A), and suppose that G(U°) and
G(A°) are commutative groups. Using (4.1) we see for u € U, a € A,
x € Alg(A, k), and v' € G(U) that

(ua)u' = ur(u',a(l))u'x(a(z))T_l(u’,a(g))
u ((e(u)xre(u) 1) (a)) o
= uu'x(a)

and therefore (u®a)-u' = uu'x(a) for all w € U,a € A and v’ € U".
Likewise using (4.2) it follows that a’-,(u®a) = a’ap(u) for all ' € A’,
p € Alg(Uk),uc U, and a € A.

Theorem 4.1. Let U and A be bialgebras over the field k, suppose
7 : URA — k is convolution invertible and satisfies (A.1)-(A.4),
and let H = (URA)?. Suppose that all p € Alg(U, k), x € Alg(A, k)
are determined by their respective restrictions p|G(U), x|G(A). Then
Alg(U, k), Alg(A, k) are abelian groups and:

a) Alg(U, k)x Alg(A, k) — [aM] given by (p,x) — [L(p, x)] is
bijective.

b) Every object of g M has a unique one-dimensional A-submodule
and a unique codimension one U-submodule.

c¢) Suppose that the finite-dimensional irreducible left U-modules
and the finite-dimensional irreducible left A-modules are one-
dimensional. Then the finite-dimensional irreducible left H -
modules are the finite-dimensional objects of g M.
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PROOF: The hypothesis of Theorem 3.3 holds for H with U’ = kG(U)
and A’ = kG(A). Thus part a) follows. Part b) is part a) of Corollary
3.5 and part c) is part a) of Corollary 3.6. O

We will show that the preceding theorem applies to a wide class of
pointed Hopf algebras. First we recall a basic Hopf module construc-
tion.

Let A be a Hopf algebra with sub-Hopf algebra B. Suppose that D, C'
are subcoalgebras of A which satisty D C C', BD C D, BC' C C, and
A(C) C BeC+C®D. Set M = C/D and write ¢ = c+C for all c € C.
Then M is a left B-Hopf module, where b-¢ = bc and p(¢) = c(1)®2)
for all ¢ € C. By the Fundamental Theorem for Hopf modules [17,
Theorem 4.1.1] it follows that M is (0) or a free left B-module with
basis any linear basis of M8 = {¢|p(¢) = 1®zc}.

Now suppose that B = A, is a sub-Hopf algebra of A and let n > 0.
Then C' = A,, and D = A, _; satisfy the conditions of the preceding
paragraph. Therefore A,,/A,_; is (0) or a free left B-module. As a
consequence A, is a free left B-module for all n > 0; thus A is a free
left B-module.

Any two bases for a free module over a Hopf algebra B have the same
cardinality, and thus rank of the free module is well-defined, since Hopf
algebras are augmented algebras. For the same reason, if M is a free
left B-submodule of a free left B-module N then rank M < rank N.

Suppose that a is a skew primitive element of A. We say that a is of
finite type if the sub-Hopf algebra of A generated by AgU{a} is a free
left Ag-module of finite rank.

Corollary 4.2. Let U and A be pointed Hopf algebras over and alge-
braically closed field k of characteristic zero and suppose 7 : URQA — k
is convolution invertible and satisfies (A.1)—(A.4). Suppose further that
U and A are generated by skew primitives of finite rank and have com-

mutative coradicals. Then the conclusions of the preceding theorem hold
for H= (U®A)’.

PROOF: We need only show that all p € G(U°), x € G(A°) are de-
termined by their respective restrictions p|G(U), x|G(A). We give an
argument for A which is automatically an argument for U also. To
this end we need only show that there is an indexed set of skew primi-
tive elements {a;};cr, which together with I generate A as an algebra,
and there is an indexed set of non-trivial characters {x};c; such that
ha;h™' = x;(h)a; for all h € T and i € I. See the opening commentary
for Section 3.
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Let B = Ag. Let I' = G(A). Since Ay is cocommutative and k is
algebraically closed it follows that B = k[[']. Since B is commutative
[' is a commutative group.

Suppose that a € A is a skew primitive element of finite rank. We
may assume that A(a) = a®g + 1®a for some g € ' and that a ¢ B.
Let E be the sub-Hopf algebra of A generated by BU{a}. Then E is a
free left B-module of finite rank by assumption.

Let V = {v € E|A(v) = v®g + 1®@v}. Then C = BV B is a left
B-module, a subcoalgebra of F, and A(C) C C®B+ B®C. Thus M =
C/B is a left B-Hopf module. Since 1 + rank M = rank C' < rank E,
and the latter is finite, it follows that rank M is finite. Now V C A5,
Thus Dim V' < rank M is finite. Since VNB = k(g — 1) we conclude
that V' is a finite-dimensional vector space.

Let h € T". Since I' is commutative and E is a subalgebra of A
which contains & it follows that AVh™! C V. By assumption V #
(0). Since V is finite-dimensional and & is an algebraically closed field
of characteristic zero, there is a basis vq,...,v, for V consisting of
common eigenvectors for the conjugation action by I'. Therefore there
are characters xi,. .., xn € I such that hv;h=™t = y;(h)v; for all h € T
and 1 <4 <n.

Fix 1 < i < n. Observe that v; and I' generate sub-Hopf algebra
of A of finite rank. By calculations found in [16, Section 3| it follows
that x;(¢) = 1 implies that v; € B. Since a is in the span of the v;’s, it
is clear how to form the families {a;};c;r and {x;}ic; which satisfy the
conditions outlined at the beginning of the proof. 0

For later use we note

Lemma 4.3. Let U and A be bialgebras over the field k and assume that
G(U°) is abelian. Suppose T : UQA — k is convolution invertible and
satisfies (A.1)-(A.4), and let H = (U®A)?. Let u € U and g € G(A)
and assume that u ® g is central in H. Then for all p € Alg(U, k) and
X € Alg(A, k) the following are equivalent:

a) u®g—1®1 acts as zero on L(p, x).
b) p(u)x(g) = 1.

PROOF: Part a) implies

(44) (u®g—1®1) v =uveT(va),9)x(9)T (vE),9) € I(p,X)

for all v € U. If v = 1 then (4.4) implies ux(g) — 1 € I(p, x), hence
p(ux(g) — 1) = 0 or equivalently p(u)x(g) = 1. Thus part a) implies
part b).
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Conversely, assume part b). Since u ® g is central in H, the k-span
of (u®g—1®1)-,v,veU,isan H-submodule of U,. Moreover, for
any v € U,

T(vay, 9)p(v@)T (V). 9) = p(v),
since 7,.(g) € Alg(U, k) and G(U°) = Alg(U, k) is abelian. Hence

p((u® g) - v) = pluve)T(va), 9)x(9)T (V) 9))
= p(u)x(g)p(v)
= p(v)
by b). This proves (4.4) by definition of I(p, ). O

In connection with Propositions 2.7 and 2.8 we will be interested in
bialgebra maps of bialgebras of the type (U®A)“.

Proposition 4.4. Let U, U, A, and A be bialgebras over k, suppose
7:URA — k and 7 : URA — k satisfy (A.1)-(A.4), and suppose
that f : U — U and g : A — A are bialgebra maps which satisfy
To(f®g) = 7. Then f®g: (URA)” — (URA)? is a bialgebra map.

PROOF: Since f and g are coalgebra maps f®g : URA — U®A
is a coalgebra map of the tensor product of coalgebras. As the un-
derlying coalgebra structures of (U®A)” and (U®A)? are U®A and
U®A respectively, it follows that f@g : (URA)? — (URA)7 is a
coalgebra map. Since (f®g)* : (U®A)* — (U®A)* is an algebra map
7= ((feg) (1) = (f®g)" (™) = 7"'o(f®g). At this point is it
easy to see that f®g: (U®A)” — (U®A)? is an algebra map. O

Suppose that U and A are bialgebras over k and 7 : URA — kis a
linear form which satisfies (A.1)—(A.4). Then 7 is convolution invertible
by Lemma 1.2 if U or A’ is a Hopf algebra, in particular if A is a Hopf
algebra with bijective antipode.

Suppose in addition that A has bijective antipode, set H = (U®A)?,
and let f : H — D(A) be the bialgebra map defined at the end of
Section 1 by f(u®a) = m(u)®a for allu € U and a € A. Let p € G(U?)
and y € G(A°). We will examine L(p, x) in the context of part c) of
Proposition 2.6 and find a condition for there to be a left D(A)-module
such that pullback along f explains L(p, x). To understand modules
for D(A) we need to review a variant of the Yetter—Drinfeld category
discussed in many places; in particular in [2].

Let B be any bialgebra over k and let 3V D” be the category whose
objects are triples (M, -, d), where (M, -) is a left B-module and (M, ¢)
is a right B-comodule which are compatible in the sense

(4.5) by m0)@b2ym) = (bz)m) )@ (bz2)m) )b
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for all b € B and m € M, and whose morphisms are maps of left
B-modules and right B-comodules. We observe that when B has
antipode T then (4.5) is equivalent to

(4.6) 0(b-m) = b2y 'm0y @bezym)T (b))

for all b € B and m € M. An example, which is the centerpiece of
[13] in the study of simple modules for the double, is the following [13,
Lemma 2]:

Example 4.5. Let B be a bialgebra over k, suppose that BP is a Hopf
algebra with antipode T, and let 3 € G(B°). Then (B, =3,A) € 3V D?,
where

b=gm = (ba)—=F)mT(bw))
for all b,m € B.

The map b — b~ of the example is an algebra automorphism of
B. Thus the module (B, >3) can be regarded as a generalized adjoint
action.

Now suppose that B is a Hopf algebra with bijective antipode S and
let (M,-,8) € gYDP. Then (M, e) € p(z) M where

(p@b)em = p—(b-m) = (bm)o)<p, (bm))>

forall p e B°, b€ B, and m € M. When B is finite-dimensional the
preceding equation describes the essence of a categorical isomorphism
of psyM and pYD”. See the primary reference [11] as well as [8,
Proposition 3.5.1].

It is also interesting to note that 5o Y DB’ also accounts for left
modules for D(B). For suppose that (M,-,6) € p.YD?’ and let
ip: B — (B°)* be the algebra map defined by ig(b)(p) = p(b) for all
be Band pe B° Seti=ip. Then (M,e) € pp)M, where

(p@b)em = p-(i(b)—m) = p-m(y<m(), b>

for all p € B°, b € B, and m € M. Observe that the action on (M, e)
restricted to B is locally finite. The preceding equation describes the
essence of a categorical isomorphism between the full subcategory of
p(B)M whose objects are locally finite as left B-modules and YD’
Thus when B is finite-dimensional there is a categorical isomorphism of
p(p)M and oY DP’. Tt is the Yetter—Drinfeld category oY DP’ which
is most appropriate here.

Using Lemma 1.2 and (4.3) we have

(4.7) Wp(u) = me(p—u@y) xS~ (Te(wz))) = Te(u) xS~ (Te(ug))—p)
for all w € U.
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Regard A* as a left H-module with the transpose action arising from
the right H-module structure (A4,-,). By part c) of Proposition 2.6
there is an isomorphism of left H-modules F': L(p,x) — U-,x C A*
given by F(u) = VU, (u) = w,x for all w € U, where u = u + I(p, x).
Thus

(4.8) F(u) = me(p—uqy)xS™ (7e(u@)) = wpx

for all w € U by (4.3). In particular U-,x =Im F C A°.

The H-module L(p, x) can be explained in terms of D(A) when a
very natural condition is satisfied. Let i =i4. Theni(g) € Alg(A° k) =
G((A°)°) and the calculation

a-p(u®a) = 7(uq), am)plue)agT (ue), ag)d
= 7(uay. am)T(ue), 9)ax) T (ue), a)d
= 7(u@), am)m(ume), 9) 27 (u), s _1(a<3))) /
= (n(uw)e(aw)) (relum)a(9) ae) (S (Te(u))(a)) o
= ((re(uqy)=i(9))(aq >)) ag) (S~ 1(Tz( @))(a@)) d

shows that

(4.9)  ap(udd) = (S (re(u)w)—a—(7e(u)2)—i(9))) @

for all a,a € A and u € U. As a consequence

(4.10)  (u®d)-pp = (1e(u)2y—i(g)) (i(a")—=p) (S~ (Te(u))))

forall u e U, @’ € A, and p € A°.

Let (A% i), A) be the object of 4YD? defined in Example 4.5
and let (M, ) be associated left D(A)-module structure. Using (4.10)
it is not hard to see that

(u®ad’)-,p = f(u®a )ep

forallu e U, o € A, and p € A°. Since x € G(A°) we conclude that
H-,x =U-,x C A%y, the latter is a D(A)-submodule of A° and that
the map F': L(p, x) — A°ex given by u — W, (u) = u-,x is a one-one
map of left H-modules, where A°ey has the left H-module structure
action obtained by pullback along f.

Note that

(4.11) Ve(a) = 7(aq))pS(7(a@)=x))

follows for all @ € A by (4.3) also, where here S is the antipode of U.
A similar treatment of R(x,p) can be given based on this equation.
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5. CERTAIN ALGEBRAS WHOSE FINITE-DIMENSIONAL SIMPLE
MODULES ARE ONE-DIMENSIONAL

In light of Corollary 3.6 we wish to consider conditions under which
the irreducible representations of an algebra are one-dimensional with
an eye towards applications of the results of Sections 1-3 to certain
classes of pointed Hopf algebras. Throughout this section the field &
is algebraically closed. We are interested in algebras A satisfying the
following condition:

A is gemerated by an abelian group I' of units of A together

with finitely many elements aq, ..., a9 and there are non-trivial
characters x4, ..., Xxg such that
(5.1) gaig~t = xi(g)a; forall ge T and 1 <i < 4.

We denote the preceding condition by (C). Many pointed Hopf algebras
satisfy condition (C). See the beginning of Section 6.1.

Suppose A is an algebra which satisfies condition (C). We will find
sufficient conditions for all finite-dimensional simple left A-modules M
to be one-dimensional. Finding a non-zero m € M which satisfies
a;m = --- = ag-m = 0 is the key. The theorem of this section gives
such a condition which relates the values x;(g;) to a Cartan matrix of
finite type, where ¢y,...,g9 € I.

Lemma 5.1. Let A be an algebra satisfying (C).

a) Suppose M = km is a one-dimensional left A-module. Then
a;m =0 foralll <1 <6.

Suppose that M is a non-zero finite-dimensional left A-module.

b) Assume that M has a non-zero element m such that a;;m = 0
for all 1 < i < 6. Then M contains a one-dimensional left
A-module.

c) Suppose that Iy, ..., I, partition {1,...,0} and a;, a; skew com-
mute whenever i, j belong to different I,’s. Let A; be the sub-
algebra of A generated by the a;’s belonging to I, and I'. For
all 1 < 1 < 0 assume that non-zero finite-dimensional left A;-
modules contain a one-dimensional submodule. Then M con-
tains a one-dimensional left A-submodule.

PROOF: Assume the hypothesis of part a). Then there is a p €
Alg(A, k) such that a-m = p(a)m for all a € A. Let g € T and
1 <¢ < 6. From the calculation

p(ga;)m = ga;-m = x;(g)aig-m = xi(g)p(aig)m
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we see that p(a;) = xi(g)p(a;). Since x; # 1 it follows that p(a;) = 0.
We have shown that a;-m = 0 and thus part a) is established.

As for part b), let M = {m € M |a;-m = --- = ap-m = 0}. Since
a;g = xi(g)"tga; for all 1 <i < 0 and g € ', we conclude that M’ is
a left I'-module. Now the A-submodules of M’ are the I'-submodules
of the same. Since M’ is finite-dimensional, I' is abelian, and k is
algebraically closed, M’ contains a one-dimensional left I'-submodule.
This concludes our proof of part b).

To show part ¢) we may assume r = 2 by induction on r. Thus 6 > 1
and without loss of generality we may assume S; = {ay,...,as} and
Sy = {as41, ..., a9} for some 1 < s < . Since q; and a; skew commute
whenever 1 < i < s < 7 < 6, and the elements of the commutative
group I' skew commute with aq, ..., ag, we conclude that Asa; = a;As
forall 1 <i<s.

Let M’ be the set of all m € M such that a;-m = --- = agom = 0.
By assumption M contains a one-dimensional left A;-submodule. Thus
M’ # (0) by part a). Since Aya; = a;As for all 1 <1 < s it follows that
M’ is a (non-zero) left As-submodule of M. By assumption M’ contains
a one-dimensional left As-submodule km. Now az1-m = -+ = ag-m =
0 by part a) again. Since m € M’ by definition a;-m = - -+ = as-m = 0.
Therefore M contains a one-dimensional left A-module by part b). O

Corollary 5.2. Let A be an algebra satisfying condition (C). Assume
that A’ is a subalgebra of A generated by ai,...,ay and a subgroup
[V of T' such that the restrictions x1|I”,..., xo|l" # 1. Then finite-
dimensional simple left A-modules are one-dimensional if the same is
true for A’.

PROOF: Suppose that finite-dimensional simple left A’-modules are
one-dimensional and let M be a finite-dimensional simple left A-module.
Then M contains a finite-dimensional simple left A’-module which must
have the form km by assumption. By part a) of Lemma 5.1 we have
that a;-m = --- = ag-m = 0. By part b) of the same M contains a
one-dimensional A-submodule M’. Since M is simple M = M'. O

Apropos of Lemma 5.1, finite-dimensional simple left A-modules are
one-dimensional when 1, ..., xg are free monoid generators. For more
generally:

Proposition 5.3. Let A be an algebra satisfying condition (C). Sup-
pose further that X]fl x -X];‘g = 1, where ky,..., kg > 0, implies k1 =
-+ = kg = 0. Then finite-dimensional simple left A-modules are one-

dimensional.



REPRESENTATIONS PARAMETERIZED BY A PAIR OF CHARACTERS 29

PRrROOF: Let M be a finite-dimensional non-zero left A-module. Re-
garding M as a left I'-module we may write M = ), _p M) as the direct
sum of weight spaces, where M) = {m € M |g-m = XNg)m ¥V g € I'}.
Since M is finite-dimensional all but finitely many of the M,’s are zero.
Let 1 <4 < 6. Our assumption ga;g~' = x(g)a; for all g € T means
that a;- My C M, for all A € T.

By Lemma 5.1 it suffices to show that there is a non-zero m € M
such that a;sm = 0 for all 1 SAi < . Suppose this is not the case.
Since M # (0) there is a A € I' such that M, # (0). Choose a non-
zero m € M,. By induction there is an infinite sequence of integers
i1,12,... such that 1 <i4; <0 forall j > 1 and a;, ---a;,-m # 0 for all
r > 1. Now a;, ---a;;-m € M,, ..,,». Our assumption on products of
the characters X]fl e xlg" means that A, x;, A, Xi, Xi, A, - - - are all distinct.
But this is impossible since all but finitely many weight spaces are

zero. Therefore there is a non-zero m € M such that a;-m = 0 for all
1 <4 <@ after all. O

We recall some notions from [1]. A datum of Cartan type
D = D(I', (gi1<i<o, (Xi)1<i<o, (ai)1<i,i<0)

consists of an abelian group I', elements ¢g; € T, x; € f, 1<i<46, and
a 6 x 0 Cartan matrix (a;;) satisfying

(5.2) @i = a4, qu # 1, with ¢;; = x;(g;) for all 1 < 1,5 <6.
We define ¢; = ¢;; for all 1 <1 < 6. Note that by (5.2)
(5.3) g = q;bj" forall 1 <i,5 <40.

Recall that a (generalized) Cartan matrix (a;;)1<; j<¢ is @ matrix whose
entries are integers such that a; = 2 for all 4, a;; <0 for all ¢ # 7, and
if a;; = 0 then aj; = 0 for all 4,j. A datum D of Cartan type will be
called of finite Cartan type if (a;;) is of finite type.

Let D = D(F, (gi)lgigg, (Xi)1Si§97 (aij)1§i7j§9> be a datum of Cartan
type. Suppose 1 < 4,5 < 6. We say that ¢ is connected to 7, denoted
by @ ~ j, if there are indices 1 < iq,--- ,4; < 6, where t > 2, with ¢ =
i1,J = 1y and ay;,,, 7 0 for all 1 <1 < ¢. In this case we define a(i, j) =
iy Qigiz = Qg 15, and b(’l,]) = Qjgiy Qizig * * * Qjgy_q - Then it follows from

(5.2) that

(5.4) qf“’j) _ qg(m)_
Connectivity is an equivalence relation and the equivalence classes are
called the connected components of {1,...,0}.

More generally, let R be a ring and (a;;) € Mg(R) be a 6 x 6 matrix
with coefficients in R. Let 1 < 14,7 < 6. We say that ¢ is connected to
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7 if there are indices 1 < iy,--- ,i; < 0, where t > 2, with ¢t = iy,7 = 1,
and a;,,,, # 0 for all 1 <[ < t. In this generality connectivity may not
be an equivalence relation.

In the proof of the main theorem in this section we use the following
lemma in the special case of data of Cartan type.

Lemma 5.4. Suppose (a;;) € My(Z) is a non-zero matriz and all in-
dices 1 < i,7 < 0 are connected. Assume further that qi,...,q9 € k
are non-zero, that (5.3) holds, and that one of the q;’s is not a root of
unity. Then:

a) None of q1,...,qy is a oot of unity.
b) There are roots of unity wy,...,wy in k, an element q € k, and
non-zero integers di, . .., ds with ¢; = w;q% for all 1 <i < 4.

C) diaij = djajz' for all 1 S Z,] S 0.

d) Suppose ' is a group, g1,...,99 €T, and x1,...,x9 € r satisfy
Xi(9:) = ¢ and x;(g:)xi(g;) = ¢;” for all1 <i,j < 0. Consider
the quadratic form

0
Qr,...,mg) =Y 2uidi+ Y 2mzidia;,
=1

1<i<j<0

Letky,... kg € Z andsupposexlfl---xlge =1 0rgf1~~-g§9 =1
Then Q(k1, ..., kq) = 0.

PROOF: Suppose that g; is not a root of unity and a;; # 0 where
1< j <0. Since ¢;” = ¢;”*, necessarily a;; # 0 and therefore ¢; is not
a root of unity. We now conclude that if 1 < ¢ < 6 and i is connected
to ¢ then ¢, is not a root of unity. We have shown part a) and the
hypotheses of Lemma 5.5 are met. Thus part b) follows from Lemma
5.5.

By parts a) and b), ¢ is not a root of unity. For 1 < i,j < 6 we
calculate w;q4%i = ¢V = q;-zji = w;q%%i. Choose a positive integer N
such that w™ =1 for all 1 < i < . Then ¢"%% = ¢N%%: Since q is
not a root of unity and N is a positive integer the preceding equation
implies part c).

It remains to show part d). Let 1 < ¢ < 6. By assumption ¢? =
xi(g:)? = ¢} and thus a; = 2 since ¢; is not a root of unity.

Now let ky,...,ky € Z and suppose that Y% --X§9 = 1. Then
0

0
ij(gi)kf = 1, and hence ij(gi)kikf =1,forall1 <i<#. Suppose
j=1

j=1
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) 9
that glfl " '950 = 1. Then HXj(gz‘)ki = 1, and hence ij(gi)kikj =1,
i=1 i=1
for all 1 < 7 < #. Thus in both cases

1<i,j<6

0

k2 kik;j kik;

= 1la" II & 11 @
i=1

1<i<j<6 0>i>j>1

6

k2 L.

= [la" II (@ya™*
=1

1<i<j<0

0 2
K aijkik;
= e 11 &
i=1

1<i<j<0

Raising the last expression to the 2N power we have 1 = (¢™)%!
Since ¢ is not a root of unity necessarily Q(ky, ..., ky) = 0. O

We remark that part c) of the previous lemma was shown in [3,
Lemma 2.4] for matrices of Cartan type in a different way.

Lemma 5.5. Suppose that S is a finite non-empty subset of non-zero
elements of k which satisfies the following property: For all x,y € S
there is anr > 1, a sequence x = g, x1,...,T, =y in S, and there are
sequences Ny, ...,N, and mgy,...,m._1 of non-zero integers such that
"t = a2l for all 1 < i < r. Then there is a q € k such that each
x € S can be written as x = wql for some root of unity w € k and
non-zero integer L.

Proor: We may as well assume that there is a non-zero xy, € S.

Consider tuples C = (zg,..., T, N1, ..., Ny, Mo, ..., My_1), Where the
condition of the lemma is satisfied and let |C| = ny - - - n,. By assump-
tion there are tuples Cy,...,Cs such that each x € S appears as an x;

in one of them.

Let N = |Ci]|---|Cs|. Then N is a non-zero integer. Since k is
algebraically closed there is a ¢ € k which satisfies ¢ = zy. Let C =
(Toy -+ oy Ty My e ooy Ny Mg, - .., My—q) be one of the C;’s. To complete
the proof it suffices to show for all 0 < ¢ < r that

, N £;
T, = w (q”l%)

for some root of unity w’ € k and non-zero integer ¢;. The case i =0
is trivial. (By convention n;---n; = 1 when i = 0.)
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Suppose that 1 < ¢ < r and x;_; has this form. Then we can write
N L1
Tii] =W (q”l"'"z‘fl for some root of unity w € k and non-zero

integer ¢; ;. From the calculation

e e _ N\ nili—imi—a _ N mi 11| "™
xil — xl:{l — wm1,1 (q"l”%) — wm171 (q"l’%)

N

mi_14;_1
we deduce that z; # 0 and that z; = ' (q"r“"z‘> , where W' € k
is a root of unity. Take l; = m;_1l;_1. I

The main result of this section is:

Theorem 5.6. Let A be an algebra satisfying (C) such that T' and
(Xi)1<i<o are part of a datum D = D(T', (g9:)1<i<o, (Xi)1<i<0, (aij)lgi,jge)
of finite Cartan type. Suppose that all q;, where 1 < i < 6, are not roots
of unity, and that if 1 <i,5 < 6 are in different connected components
of {1,...,0}, then a; and a; skew commute. Then finite-dimensional
simple left A-modules are one-dimensional.

PrROOF: Let Iy,...,I. be the components of {1,...,0}. Since the
matrix (a;;)i<ij<o is of finite type so are the matrices (a;;)q j)er <1, of
I for all 1 <1 < r. Thus by virtue of part ¢) of Lemma 5.1 we may
assume r = 1; that is {1,...,0} is connected.

Suppose that {1,...,0} is connected. We will use Proposition 5.3 to
complete the proof. Let kq,..., ks > 0 and suppose that X’fl e X'gf’ =1.
Then Q(ki, ..., k¢) = 0 by part d) of Lemma 5.4. Let b;; = d;a;; for all
1 <4,j <6 andset B=(b;). Then B is a symmetric matrix by part
¢) of the same lemma. Since a;; = 2 for all 1 < i < 6§ we have
k1
0=Q(k1,.... k) = Y kibijkj=(k1---ko)B | :

1<i,j<0 ke

It will follow by Proposition 5.3 that all finite-dimensional simple left
A-modules are one-dimensional once we show that k1 = --- = kg = 0.
To show the latter we follow [7, Chapter III]. Let ay,...,p be a
basis for the root system & corresponding to the Cartan matrix (a;;).
Let (,) be the inner product of the euclidean vector space spanned by

2 i’ .

0 0
(()éi,()éi)
(l’,l‘) = Z kikj(aiaaj> = Z kikjaijT.

4,j=1 1,j=1

®. By definition a;; =
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. . . (v, )
Since (a;;) is connected there is a non-zero ¢ € Q such that d; = ¢

for all 1 <4 <. Thus 0 = Q(ky,...,ks) = ¢(z,z) which means z = 0
and consequently ky = --- =ky = 0. UJ

Let D be a datum of Cartan type and assume that no ¢; is a root
of unity. We have seen that the characters xi,...,xy are Z-linearly
independent if D is connected and of finite type. If D is not connected,
then linear independency fails for any non-trivial linking. The next
example shows that for connected data D the characters are in general
not linearly independent if D is not of finite type.

Example 5.7. Let " be a free abelian group of rank two with basis
. 2 =2

91,92, and g € k not a root of unity. Let (a;;) = (_2 9 ) . Define

Y1, X2 € T by Xi(gi) = q% for all 1 < i,j < 2. Then 1 = q2 = ¢* is

not a root of unity, D(I, (gi)1<i<2, (Xi)1<i<a, (@ij)1<ij<a) s a connected

datum of Cartan type, but not of finite type, and x1x2 = 1.

Finally we note that Theorem 5.6 is false if the ¢;’s are roots of unity.

Example 5.8. Let N > 2 be an integer, let q a primitive N-th root of
1, andlet A= k{g,a | g™ =1,gag7' = qa). The algebra A satisfies (C)
with T' = (g), and x(9) = q, and T and x are part of a Cartan datum
of type Ay. Let Zy be the additive cyclic group of order N and M be
an N-dimensional vector space with basis m;,1 € Zy. Then the rules
gm; = ¢'m;, and xm; = my for all i € Zy determine an irreducible
left A-module structure on M.

6. APPLICATION TO SOME CLASSES OF POINTED HOPF ALGEBRAS

We apply the results of the preceding sections to certain classes of
pointed Hopf algebras which arise in recent classification work [1],[3].
The Hopf algebras of interest to us are quotients of two-cocycle twists
H = (U ® A)?, where U and A have the form B#k[I'], where T" is
an abelian group and B is a left k[[']-module algebra and a left k[I']-
comodule coalgebra.

In the smash product, for b € B we identify b with b#1 and for h €
k[['] we identify h with 1#h. Thus we write bh = (b#1)(14h) = b#h
and hb = (1#\]1)(1#[)) = (h(l) . b)h(g).

For y € ' we set Y = e ® . Then X : B — k is an algebra
homomorphism which extends y.

In most cases B = B(X) is a Nichols algebra of a finite-dimensional
Yetter-Drinfeld module over the group algebra k[I']. See [2, Section
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2] for a discussion of Nichols algebras and Yetter-Drinfeld modules in
general.

6.1. 2-cocycle Twists of the Tensor Product of Biproducts over
Abelian Groups. Let I' be an abelian group. A Yetter-Drinfeld mod-
ule over k[I'] can be described as a I'-graded vector space which is a
[-module such that all g-homogeneous components, where g € I', are
stable under the I'-action. We denote the category of Yetter-Drinfeld
modules over k[I'] by i YD = EYD.

For V €YD, g €T, and x € I’ we define
V, = {veV|dw) =gou}
and
VX={veVy|h -v=x(h)vforalhel}

In this section we fix abelian groups A and I, integers n,m > 1,
elements 215520 € A and ¢, - Gm € I', and nontrivial characters
My--sMp € Aand x1,...,xm €T

Let W € RYD have basis u; € Wi 1<i<mn,and V € YD have
basis a; € V;;f.j ,1 < 7 < m. Note that the restriction maps

(6.1) Alg(B(W)#K[A], k) — A, Alg(B(V)#k[T], k) — T,

are bijective since the characters 7;, x; are all non-trivial.
Let U = B(W)#k[A] and A = B(V)#Ek[[']. For all z € A,g € I" and
1<i<n,1<53<m

(6.2) zu; = n;(2)w;z,
(6.3) g9a; = x;(9)a;9,
(6.4) Alz) =2® z, Alw) =z @ u; +u; @ 1,
(6.5) Alg) =g®g, Alay) = gj®a; +a; ® L.

Let ¢ : R — S be any ring homomorphism. Then the restriction
functor ¢* : gM — gM maps a left S-module M to itself thought of
as an R-module via pullback along .

Theorem 6.1. In addition to the above let ¢ : A — T be a group
homomorphism, s : {1,....,n} — {1,...,m} be a function, and let
Myoooy Ay € k. Let I' = {1 < i <n |\ #O0}. Assume that for all
1€l and z € A

(6.6) w(2:) = Xy andmi(2) = ¢(2)(gs(i))-
Then:
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a) There is a Hopf algebra map ® : U — A°°P determined by

®(z) = p(2) for all z € A and for all 1 < i < n the equations
P(u;)(g) = 0 for all g € T' and ®(u;)(a;) = g4 ;N for all
1 <35 <m hold.

b) Let o be the 2-cocycle determined by ® and H = (U @ A)°.
Then

(6.7) Lu : AXT — [gM], given by (p, x) — [L(p, X)),

is a bijection, where L(p,x) = L(p, X)-

c) Assume that the restriction of s to I is injective and let V' C V
and W' C W be the Yetter—Drinfeld submodules with bases
as@y, 1 € I'; andu;, i € I'. Let U = B(W')#kA, A" = B(V')#kI
and let o’ be the restriction of o to U'® A’. Then the projections
mw W —= W' my V. — V' define a surjective bialgebra map
F: H — H' determined by F|W = mw, F|V =y, F|I' =idr,
and F|A = id,.

d) The diagram

Axp b [ M]
LH F*
[ M]

commutes. Thus the restriction functor F* defines a bijection

o [ M) — [aM].

PROOF: Part a) is shown in [15, Corollary 9.1]. By (6.1) part b) follows
from part a) and from Theorem 4.1 a). Part ¢) follows by [15, Corollary
9.2]. Commutativity of the diagram in part d) follows by Proposition
2.7 with U' =U, A' = A, f = F|U, and g = F|A. Now F* is bijective
by part b) for H and H'. O

Remark 6.2. The restriction s|I' of the previous theorem is injective
when the braiding matriz (q;; = 1;(2;)) of W satisfies the following
condition

4ijqji = Q?fj Jor all i, j,
where (a;;) is a Cartan matriz of finite type and for all i the order of
Qi 1S greater than 3.

The remark is easily justified. By (6.6) we have ¢;; = n;(2) =
©(2:)(9s()) = X;é) (gs(j)) foralli e I" and 1 < j < 6.
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Assume s(j) = s(l), where j,l € I'. Then ¢;; = ¢y and ¢;; = q; for
all 7 € I’. Thus q;liij = Gij95 = Qudi = qu;l Since |CLij - ail\ S 3 and
the order of g¢;; is larger than 3 we have a;; = a; for all ¢ € I'. Since

(Grs)rser is invertible necessarily j = [.

The results of Section 9 of [15] are given in terms of the bilinear form
B: W@V — k defined by B(u; ® aj) = N\idgq); for all 1 < i < n and
1 < j < m. In part b) of the preceding theorem, this form for W/ @ V'
is ' = B|(W' ® V') and is non-degenerate. Most applications for us
will be in the context of Theorem 6.1 and the map s will be injective
by virtue of Remark 6.2. In light of part ¢) of the theorem to study
the L(p, x)'s we may assume that [ is non-degenerate.

6.2. The Modules L(p, x) in the Non-degenerate Case. We con-
tinue in the context of Theorem 6.1. In particular

U = B(W)#E[A], A= B(V)#k[T].

Assume that (3 is non-degenerate. Then n = m, Ay,..., A\, # 0 and
without loss of generality we assume s = id. By rescaling the generators
a; we could further assume that \; = 1 for all 1 < i < n; however this
might not be convenient for computations.

In this case

(6.8)  ¢(z)=x;"and ni(2) = ¢(2)(g;) forall 1 <i < n,z € A,

(6.9) D(2) = p(z2), ®(u;) =0; forall z€ A;1 <i<n,
where 0; : A — k is the (g, x; ')-derivation with
(610) 51(9) = 0, (Si((lj) = 51])\1 for all g c F,l < ’L,] <n.

Remark 6.3. The Hopf algebra map ® : U — A°P is injective since
it is injective on the primitive elements P(B(W)) = W by our assump-
tion that \; # 0 for all i (see [17, Lemma 11.01]).

Let H = (U ® A)?, where o is the 2-cocycle defined by 7 with
T(u,a) = ®(u)(a) for all v € U,a € A. For simplicity we will write ua
instead of u ® a € H for all u € U,a € A.

For the rest of this subsection we fix characters p € A and X € T.
As in section 2.1 we consider U = U, and the dual A,)* of A as left
H-modules by

(6.11) (v'a) - u=u'1(uq, a(l))u(g)x(a(g))T’I(u(g), ay), and
(6.12)  ((ud') -, p)(a) = T(uq), aq))plue)pla@a’) ™ (us), ag)
for all u,v’ € U,a,a’ € A, and p € A*.
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Note that by (6.12)
(6.13) U, p = P(uy)p(ue)pP(S(ueg))) for allu € U p € A™.
We recall that L(p, x) = X/[(,o, X) is a cyclic left H-module and

left U-module with generator m = residue class of 1. By part c) of
Proposition 2.6 there is a left H-isomorphism
(6.14) U//I(p,x) =U-,x, with m— .

We denote the H-action on the quotient L(p,x) by - and we write
um = u-m for all w € U. Recall that u -, v’ = uu' for all u,u" € U by
2.3. Therefore for all u € U, wm is the residue class of u in L(p, x) and
the H-action on uwm is given for all v’ € U and a € A by

(6.15) u' - um = u'um, a-um = (a-, u)m.

The latter holds since a -y (w -+ 1) =a - u= (a- u) - L
The next propositions contain some information about the modules

L(p, x). We denote
(6.16) ¢i; = n;(%) forall 1 <4,5 <n.
Proposition 6.4. L(p, x) is the k-span of all

Uiy - U;,m, where 1 < iq,...,9% <n andt > 0.

The H-action on these elements is given for all z € A,g € T, and
1<ji<n by

a) s Uy - ultm = (77111 o nitp)l(z)uh T U,

b) g-ui - um = (x;, - -x; X (9w, - uim,

c) uj - u“ U Uy,

d) aj - ujy - um = Zz . ozl(j, By ey U)Wy o Wiy Wiy, = UM,
with aa(jyin, .- i) = 65,0 T2y @5 (1= TTacign €i.5%50.0(25)X(95)) -

PROOF: By (6.13) we have z-,x = ®(2)p(2)x®(z)p(z) = p(z)x since
Alg(A, k) is commutative by (6.1). Hence by (6.14)

z-m = p(z)m
Since zu; = n;(2)u;z for all 1 < i < n, part a) follows by the first equa-
tion of (6.15). Note that part a) implies that the elements w;, - - - u;;m

span L(p, x).
Let u = wy, - - - u;,. Note that by (6.4)

A?(u) = ug) ® uez) © ug)
(6.17) = (2, ®2;, Quijy + 2, Quiy @1 +u;, ®1®1)---
--(zit®zit®uit—|—zit®u%®1+uit®l®1).
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By (6.15) g - um = (g -, u)m, and by (6.11) and (6.17)

gy v = 2(uw)(9)uex(9)P(ue)(g)
= @(zi, -+ 2i) (9w -+ wi x(9),
since ®(ug))(g) = 0 resp. ®(ue))(g~") = 0 if the term ugy resp. wu,
contains a factor u;,. This proves part b) since
Pz 2)(9) = (G, X6 )(9)
by (6.8).

Part c) is trivial, and to prove part d) we compute a; -, u. Since
A%(a;) =g;®9;®aj+9;®a;®1+a;®1®1, and x(a;) = 0 it follows
from (6.11) that
(6.18) a; - u = P(u))(g;)u@x(9;)P(us)(—a;g; ')+ (uw)(a;)ue).
Here we used that S~ (a;) = —a;g; .

To compute the first term in (6.18) we first note that
(6.19) O(uw)(9))ue) = gij - Gt

since by part a) of Theorem 6.1 we have ®(u1))(g;) = 0 if u(1) contains
at least one factor u,;, hence ®(u(1))(g;)u@) = ®(2, - - - 2,)(g;)u. Next
we see that

(6'20) u(l)q)( an] Z Wiy * s Uy Zgy Wiy .uit(b(uil)(ajg;1>

since ®(u())(a;g;") = 0, if w() contains no or at least two factors u;,.
Using (6.2), (6.10) and (6.16) we obtain from (6.20)

(6.21) uy®(u))(ag; ") =

E -1
521]AJQJ] Qimﬂ e qilituil e uil_luil+1 e uitzil'
=1

We now use (6.21) in A applied to (6.19) and obtain for the first term
n (6.18)
(6.22)  ®(uq))(g7)uex(9;)®(us)(—ajg; ") =

¢

-1
—Ginj i X(95) E O0iri NGy Qirigsn * " igi Wiy =+ " Wiy Wiy * Wiy iy
=1

Similarly we compute the second term in (6.18)

(623) q)(u(l) Z ¥ thil s Qi Uiyt Uy Uyt Wy
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Finally (6.18), (6.22) and (6.23) prove part d) in view of (6.15) and
part a). O

The presentation of L(p, x) in (6.14) as the subspace U -, x of A*
is helpful to actually calculate the elements of L(p,x) as linear func-
tions on A. The next proposition in principle describes an inductive
procedure to calculate L(p, x).

Proposition 6.5. Let 1 < i,41,...,4; < n, where t > 1, and define
U = U - ;. Then

a) u;p X = (1= p(2:)x(9:)) P ()X
b) u; p (D(u)x) = &( [UZU - Hizl Qiirp(ZOX(gi)UUi} )X
c) utpx =120 (1= dip(zi)x(g:) (ub)x.

PROOF: Since A?(uy;)) = 2, ® 2z, Qu; + 2 Qu; @ 1 +u; ® 1 ® 1, and
p(u;) = 0,5(u;) = —z; tu; it follows from (6.13) that for any p € A*

(6.24) i -p p = B(2:)p(2)p® (=2 ;) + O(u;)p.

In particular

(6.25) ;- (P(u)x) = (w;)P(u)x — p(2:)P(2) P(w)xP(2; ) P(uy)
= (wu)X — G, + -~ G, P(2:) P (u) X P (u;)

since, as Alg(A, k) is abelian,

O(2) P(u)xP(2; 1) = P(2) () (2 ) x

= ®(zuz; ')y
= iy i, P(w) X
Since x®(u;)x ! and x(g;)®(u;) are both (g, x; ')-derivations taking

the same values on the generators a;,1 < j <n, and g € I' of A we see
that

(6.26) XP(u)x " = x(g:)®(w;).

Part b) now follows from (6.25) and (6.26), and part a) is the special
case of part b) with ¢ = 0.
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Part ¢) then follows by induction on ¢. The case ¢t = 1 is part a), and
the induction step is

UEH X = Uip (U§ ' X)

T
L

(1 — glip(z:)x(g:)ui - ((ul)x)

I
L=

-~ |l
o

(1= qiip(z:)x(9:) @ (uf™)x

N
Il
o

since by part b) u; -, (®(uf)x) = (1 = glip(2:)x(9:) @ (u;™)x. O
Corollary 6.6. Assume that
(6.27) gi; 18 not a root of unity for all1 <i<n

and that L(p, x) is finite-dimensional. Then for all 1 < i < n there is
a natural number r; > 0 with q;} p(z;)x(g;) = 1.

PROOF: Let 1 <i < n. The elements uim,t > 0, of L(p, x) are linearly
dependent. By part a) of Proposition 6.4, the group A acts on uim via
the character n!p. Since by (6.27) ntp # n' p for all t # t', there is an
integer r; > 0 such that ulm = 0 for all ¢ > r;, and ulm # 0 for all
0 <t < r; It is well-known that by (6.27) uf # 0 for all ¢ > 0 (see
for example [2, Example 2.9]). Since ® is injective by Remark 6.3, it
follows that ®(ul) # 0 for all ¢ > 0, and thus ¢;/n(2;)x(g:) = 1 by part
¢) of Proposition 6.5 and (6.14). O

As an example we consider the easiest case where U and A are quan-
tum linear spaces, that is (6.28) holds.

Corollary 6.7. Assume
(6.28) ¢ijq =1 forall 1 <1i,5 <n,i#j.
Then for all ty,...,t, >0,

n ti—1

(it ulr) o = [T ] — dip(z0)x(90) @it - ul)x.

i=1 1;=0
ProoF: It follows from (6.28) that
(6.29) wiu; = giju;w; for all 1 <4, 5 <n,i# j,

since the skew-commutator w;u; — ¢;;u;ju; is primitive in B (V).
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We prove by induction on 1 < j < n that
n t;—1
(u - ufp) - x = HH 1= giip(2)x(9:) @ (uf - ufr)x
=3 l;=
for all ¢;,...,t, > 0.
The case j = n is part ¢) of Proposition 6.5. Assume the formula for
Jj +1 < n. Then we prove the claim for j by induction on ¢;. If ¢; = 0,
then the formula is true by assumption, and for all ¢; > 0 we see by
induction on ¢; that
O A e (R T x)
n t;—1
t.
(6.30) =11 H — g p(2:)X(9:))us - (D(w) -y )x).-
_] l

By part b) of Proposition 6.5,

-y (800 an)

41 . . )
Pluj ) = q]]q]JJJ:l 'Q;np(zj)X(gj)CI)(uj] S Vi uj)> %

(
= (1—q§§p(zj)x(gj)> ("),

: t; Lt .
since uj - uru; = qjjjllj . qfljuj] -~ ulr by (6.29), and all the g

and g, except for [ = j cancel by (6.28). Hence the claim follows from
(6.30). O

Corollary 6.8. Assume (6.28) and (6.27). Then the following are
equivalent:
a) L(p, x) is finite-dimensional.
b) For all 1 < i < n there is a natural number r; > 0 with
qii p(zi)x(9:) = 1.
If condition b) is satisfied, then the elements uﬁl ceulnm, 0 <t <y
for all 1 <i <mn, form a basis of L(p, x)-

PROOF: It is well-known that by (6.28) and (6.27) B(WV) is generated
by w1, ..., u, with defining relations u;u; —q;;uju; = 0 for all 1 <14, j <
n,i # j, and has PBW-basis u!' - --uf" ¢;,...,t, > 0 (see for example
(3, Theorem 4.2]).

By Corollary 6.6, a) implies b). Conversely, suppose b). Since & is
injective by Remark 6.3, and the elements u/' ---ul»,0 < t; < r; for
all 1 < ¢ < n, of the PBW-basis are linearly independent it follows
from Corollary 6.7 that the elements u} ---uf"m,0 < t; < r; for all
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1 < i < n, are linearly independent, hence a basis of L(p,x) since
ult - -ubr = 0if t; > r; for one i. O

7. APPLICATION TO POINTED HOPF ALGEBRAS GIVEN BY DATA OF
FINITE CARTAN TYPE

Let D = D(F, (gi)lgisg, (Xi)1§i§97 (aij)léingg) be a datum of finite
Cartan type and suppose that A is a family of linking parameters for
D in the sense of [1]. We apply the theory developed in this paper to
the infinite-dimensional Hopf algebras U(D, ) in general, and to the
finite-dimensional versions u(D, A) under some restrictions.

Each is a quotient of an H = (U ® A)? where the 2-cocycle o is de-
termined by the linking parameters. The finite-dimensional irreducible
left modules for U(D, \) are parameterized by a subset of I and the
irreducible modules for u(D, \) by f; these irreducible modules arise
from L(p, x)’s defined for H where x determines p.

The Hopf algebras U(D,\) and u(D,\) are described in [2] in a
slightly different notation. There are many parallels between the Hopf
algebras U(D, \) and the quantized enveloping algebras U,(g) where ¢
is not a root of unity, and there are many parallels between the Hopf al-
gebras u(D, \) and the Frobenius-Lusztig kernels. We emphasize them
here and set the stage for further work on their representation theories.

7.1. The Linking Graph. We expand the discussion following the
pI‘OOf of PI'OpOSitiOIl 5.3. Let D = D(F, (gi)lgig% (Xi)lgigg, (aij)1§i7j§9)
be a datum of finite Cartan type. A family A = (\;j)1<ij<0,i; Of ele-
ments in k is called a family of linking parameters for D if the following
conditions are satisfied for all 1 <¢,7 < 6,1 £ j:

This definition is a formal extension of [1, Section 5.1] where \;; was
only defined for ¢ < j and i ¢ j. Note that by (7.2) \;; = —qj’il)\ﬂ =
—@ij\ji since g;;q;; = 1 for all ¢ o4 j. Not that (7.1) and (7.2) are
met when )\;; = 0 for all 4,j. We let 0 denote this family of linking
parameters.

Vertices 1 < 4,5 < 6 are called linkable if i # j, g;g; # 1 and
XiXj = €. Then (see [1, Section 5.1])

(7.3) g = q;l if 4, j are linkable.

The next lemma is [1, Lemma 5.6].
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Lemma 7.1. Let D = D(L, (¢:)1<i<o, (Xi)1<i<o, (@) 1<ij<o) be a datum
of finite Cartan type, and assume that ord(q;) > 3 for all 1 <t < 6.

a) If vertices i,k and j,l are linkable, then a;; = ay.
b) A wvertex i cannot be linkable to two different vertices j, k.

We say that linkable vertices 1 <, 5 < 6 are linked if \;; # 0.

Let A be a family of linking parameters for a datum of Cartan type
D = D(F, (gi)lgig%(Xi)lgig@:(aij)lgi,jge)- Let X be the set of con-
nected components of {1,...,0}. See the discussion preceding Lemma
5.4. We define the linking graph of (D, \) as follows: The set of its
vertices is X'. There is an edge between Ji, J; € X if and only there
are elements ¢ € Jq,j € Jy such that i, 5 are linked. Recall that a graph
is called bipartite if the set of its vertices is the disjoint union of subsets
X1, X5 such that there is no edge between vertices in X; or in Xos.

Lemma 7.2. Let D = D(F, (gi)lgig@, (Xi)lgigg, (aij>1§i7j§9) be a datum
of Cartan type, and \ a family of linking parameters for D. Assume
one of the following conditions:
a) The Cartan matriz (a;;) is simply laced, that is a;; € {0,—1}
forall 1 <i,j <6,i+# j, and ord(g;) is odd for all 1 < i < 6.
b) For all 1 <1i <0, q; is not a root of one.

Then the linking graph of (D, \) is bipartite.

PROOF: A graph is bipartite if and only if it contains no cycle of odd
length [5, Proposition 0.6.1]. Assume the linking graph has a cycle of
odd length n. Then there are connected components I,...,I,, and
il € ]l,]_ S [ S n, andjk S ]k72 S k S n+1,]n+1 = [1, with )\iljl+1 7é 0
for all 1 <1 < n. By (5.4) we have ¢;' = q;’l’ for all 2 <1 < n+1,
with 4,11 = 41, where a;, = a(i;, j;) and b = b(4;, 7). And by (7.3),
g, = qj_lil for all 1 <1 <n. Hence
i =

Since 4,41 = i1, and n is odd, the order of ¢;, must divide a,41---as +
byt1 - -+ be. This is impossible in both cases a) and b). [

However, in general the linking graph of (D, \) is not necessarily
bipartite.

Example 7.3. One can link an odd number of copies of By in a cir-
cle, where the group T is Z*" or (Z/(N))*" such that N is an integer

dividing 1 4+ 2", and where g1, ..., gan are the canonical basis elements
of T.
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7.2. The Infinite-dimensional Case. In this section we fix a Cartan
datum of finite type D = D(T', (¢:)1<i<o, (Xi)1<i<o, (@ij)1<ij<0), and a
family A = (\;j)1<ij<o,ix; of linking parameters for D.

We assume that for all 1 < i < 6 the character values q¢; = x(9;)
are not roots of unity.

Let X € FJHD be the vector space with basis z; € X;‘;, 1 <3 <0.
The tensor algebra T'(X) is an algebra in 1.JD. Thus the smash prod-
uct T'(X)#k[[] is a biproduct and thus has a Hopf algebra structure.
We identify 7'(X) with the free algebra k(z,...,zq). We use the iden-
tification conventions for smash products described in the beginning of
Section 6.

Definition 7.4. Let U(D, \) be the quotient Hopf algebra of the smash
product k{xy, ..., xq)#k[I'] modulo the ideal generated by

(7.4)  ade(z;)' "9 (x;), for all 1 <i,j <0,in~ j,i+# ]
(75) Til; — i5TiT; — /\Z](]_ — gigj)» fO?" all 1 <4 <j < 67 7 74 j

Here, the k-linear endomorphism ad,.(x;) of the free algebra is given for
all y by the braided commutator ad.(z;)(y) = z;y — (g; - y)z;.

We denote the images of z; and g € " in U(D, A) again by z; and g.
Note that in U(D, \)

Tilj — il = /\l](]‘ — gigj)» for all 1 S Z,j S 8, 1 ’/J]

by (7.2).
The elements in (7.4) and (7.5) are skew-primitive. Hence U(D, \)
is a Hopf algebra with

Alx)=¢;Qz;+z; @1, 1 <i<4.
Then U(D,0) is the biproduct R(X)#k[I'], where
R(X) = k(x1,...,z0)/(ade(z;) % | 1 < i, 5 < 0,0 # j).

Suppose that for any J € X there is an element g; € k such that
¢; = gy for all i € J. Then it is known that R(X) is the Nichols algebra
of X ([3, Section 4]).

Suppose that A # 0. In [3] a glueing process was used to build U (D, \)
inductively by adding one connected component at a time and thus to
obtain a basis of the algebra. The methods of the present paper to
parameterize the finite-dimensional irreducible modules do not apply
to this description of U(D, A).

Since by Lemma 7.2 the linking graph of (D, \) is bipartite, we can
give another description of U(D, \) by one glueing only and show that
the algebra is a quotient of (U ® A)? where some central group-likes
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are identified with 1 and U and A are biproducts. As a consequence
Theorem 4.1 applies.

In the inductive construction of [3] each stage yields a quotient of
the form just described; however, U is not a biproduct and the finite-
dimensional irreducible U-modules are not necessarily one-dimensional.

We now give our construction of U(D, \). By Lemma 7.1 there are
non-empty disjoint subsets X;, X, C X with X = A} U &5, an integer
n > 1 and an injective map ¢ : {1,...,2n} — {1,...,0}, such that

tiyeL=|J J tn+i)eL:= | J

Jei JeXs

for all 1 < ¢ < n, and such that (¢(i),t(n+1)) and (¢(n+1),t(7)), where
1 <i < n are all the linked pairs of elements in {1,...,6}.

Let A be the free abelian group with basis z;,7 € I;. For all j € I,
let n; € A be defined by n;(z;) = x;(g;) for all ¢ € I;. Let

Dl = D(A (zl)lEIm (nl)leha (@zj)( j)el ><Il)

and let Dy = D(I', (¢s)icts, (Xi)icls, (@ij)ij)crzx1,) be the restriction of
D to ]2.

Let W € j\\yD with basis u; € Wl € I, and V € FyD with basis
a; € Vg7, j € I,. We define

U = U(Dy,0) = R(W)#k[A] and A = U(D,,0) = R(V)#k[L].

Theorem 7.5. Assume the situation above.
For all v € I there is a unique algebra map

(7.6) Vi + A — k with vi(a;) = 0,7%(9) = xi(g)
forallj € Iy and g € T, and a unique (e, ~;)-derivation

forall j € Iy and g € I'. Moreover there is an algebra map ® : U — A°
determined by

for alli € Iy, and the bilinear form 7 : U ® A — k with 7, = ® satisfies
(A.1)-(A.4).

Let o be the 2-cocycle corresponding to T (see Section 1). The group-
like elements z; ® g;l,i € I, are central in (U ® A)?, and there is an
1somorphism of Hopf algebras

UDN=2URA (09 ' —1@1|icl)

mapping x; with © € I,x; with j € I, respectively g € I' onto the
residue classes of u; ® 1,1 ® a;, respectively 1 ® g.
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PROOF: It can be checked directly as in [1, Lemma 5.19] that the maps
v;,0; and @ are well-defined by working with the defining relations.

In the case when the values of ¢; are constant in each connected
component, R(W) and R(V') are the Nichols algebras. To see that &
is well-defined without checking the relations we alternatively can then
apply Theorem 6.1. We define ¢ : A — I', (\)ier,, and s : I} — I, for
all i € I; by

(i) = Xis
\ = My if 2 =t(l) for some 1 <1 < n,
"o otherwise,

if i = f 1<i<
S(i):{t(n—l—l) if i = t(I) for some 1 <1 <mn,

Jo otherwise,

where jj is any element in I5.

Hence A\dy;); = Aj for all ¢« € 11,5 € I,. We have to check the
conditions in (6.6). Let ¢ € I; with \; # 0, that is i = ¢(I) for some 1 <
I < n. Then ¢(z0)) = xu0) = Xt_(rlbﬂ) since t(I) and t(n + () are linked.
This proves the first part of (6.6) since ¢ = ¢(I) and s(i) = t(n +1).

The second part of (6.6) says that 7;(zx) = Xxx(gs@)) for all k& € I.
Since k and s(7) are in different connected components, it follows from
the Cartan condition that xx(gsi)) = Xs()(gx)~'. Since 7 and s(i) are
linked, x; = X;)- Hence X&(gs()) = Xi(gx) = ni(gx) by definition of 7;.

The remaining claims of the theorem follow by direct calculations as
in [1, Theorem 5.17, end of the proof]. O

For any y € [ define p € A by p(zi) = x(g;) for all i € I;. Then
the left (U ® A)?-module L(p, x) defined in part b) of Theorem 6.1 is
annihilated by all z; ® g;' —1® 1,i € I; by Lemma 4.3. Thus using
Theorem 7.5 we can define L(x) = L(p, x) as a left module over

UD,N=ZU@A) /(g ' —1®1]iel)

Theorem 7.6. The function
{x €T | dimL(y) is finite } — Ix(U(D, N)), x — [L(Y)],
15 bijective.

ProOOF: By Theorem 5.6 the finite-dimensional simple U- and A-
modules are one-dimensional. Hence

{(p,x) € AxT | dim L(p, x) is finite } — Trr((U ® A)7),
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given by (p, x) — [L(p, x)], is bijective by Theorem 4.1 and Theorem
5.6. The claim now follows from Lemma 4.3. I

By Theorem 6.1 the computation of the finite-dimensional simple
U(D, X)-modules can be reduced to the non-degenerate case. To de-
scribe this reduction we define the non-degenerate case abstractly.

Definition 7.7. Let I' be an abelian group, n > 1,g;,h; € ', x; € r
for all 1 < i < mn, and (a;j)1<ij<n a Cartan matriz of finite type. We
say that Dyeq = Drea(L', (gi)1<i<n, (hi)1<i<ns (Xi)1<i<ns (@ij)1<ij<n) 5 @
reduced datum of finite Cartan type if for all 1 <i,5 <n

(7.9) Xi(95)x5(9:) = xi(9:)™,
(7.10) Xi(95) = x;(hi),
(7.11) gihi # 1

Definition 7.8. Let D,y be a reduced datum of finite Cartan type, and
-1

X € LYD with basis x1,...,Tn, Y1, -, Yn and T; € XXy € X;f; for
alll <i<n.

Then we define U(Dyeq) as the quotient Hopf algebra of the smash
product k(x1, ..., Tn, Y1, .., Yn)#k[[| modulo the ideal generated by

(7.12) ad.(z;)' " (z;) for all 1 <i,5 < n,i# j,
(7.13) ado(y;)' "% (y;) for all 1 <i,j < n,i # j,
(7.14) Ty — Xj’l(gi)iji —0;;(1 — gihj) for all1 <i,5 <n.
The relations of U(D,.q) are very similar to the relations of U,(g), g

a semisimple Lie algebra. Note that if we set e; = x;, f; = y;h; ', then
in the quotient algebra (7.14) can be rewritten as

(7.15) eifj — fiei = 0i(h;'t —¢gi) forall 1 < 4,5 <mn,

(7.12) and (7.12) are the Serre relations for the e; and the f;, and the
action of I' is given for all g € " and all 1 <7 < n by

(7.16) geig~" = xi(9)ei,
(7.17) 9fig™ =x7 ' (9)f:

The definition of U(D,.q) is a special case of Definition 7.4. Indeed
define g, i = hi, Xnss = X; * for all 1 < i < n, and let (aij)1<ij<on be
the diagonal block matrix consisting of two identical blocks (a;;)1<; j<n
on the diagonal. Then

D = D(Fu (9¢)1§i§2m (Xi>1§i§2na (%‘j)lgi,jg%)



48 DAVID E. RADFORD AND HANS JURGEN SCHNEIDER
is a datum of finite Cartan type, and U(D,.q) = U(D’, \') where for all

| <i<j<omigjn =4t lsisnj=nti

= i . The remain-
0 otherwise

ing values of X are determined by (7.2). Thus the Dynkin diagram
of D' consists of two copies of the Dynkin diagram of (a;;)1<; j<n, and
each vertex is linked with its copy.

In very specific terms Theorem 7.5 for D,.4 says the following. Let
A the free abelian group with basis z;, 1 < ¢ < n, and define characters
Ui 1 g ] S n, by

Uj(zi) = Xj(gi) = Gij-
Let
€ ﬁyD with basis u; € W, 1 <i <n,
-1
V € 1YD with basis a; € V' |1 <i<n,
D, = D(A (Zi)l<i<na (m)

i<ns (@ij)1<ij<n),

Dy =D(L, (hi)i<i<n, (Xi ; 1<i<n; (@ij)1<ij<n),
U = U(Dy,0) = ROW)#kK[A],
A = U(Dy,0) = R(V)#k[T].

Then by Theorem 6.2
UDred) 2 (URA)/(zi®g;7 —1®1]1<i<n)

where x;,v;,1 < i < n, resp. g € I' are mapped onto the residue classes
of u; ® 1,1 ® a; resp. 1 ® g. The Hopf algebra map

O U — A°P is defined by ®(z;) = i, P(u;) = 6;, 1 < i < n,

where v; : A — k is the algebra map with 7;(g) = xi(g) for all g € T,
and ¢; : A — k is the (g, x;)-derivation with J;(a;) = —d;;¢; for all
1 <id,j < n(since i = —0iXi(gnts), and Xi(gnty) = xi(hy) =
X;(9i) = qij)-

In the notation of Section 6.2 ® is given by the group homomorphism
p:A— T with ©(z;) = xi, and the non-zero scalars \; = —¢;;, 1 <@ <
n. Thus the y; and g; in Section 6.2 are the ;' and h; of D,

Theorem 7.9. In the situation of Theorem 7.5 let

Dyeq = Dred<ra (gt(i))lgigm (gt(n+i))1§i§m (Xt(i))1§i§n7 (Gt(i)t(j))lgi,jgn)
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and let F' : U(D,\) — U(D,eq) be the Hopf algebra projection deter-
mined by

FIT =id,
F(xy3)) = @My pnri) and F(2ynisy) = yi for all 1 <i <,
F(x) =0 foralll € {1,...,0} \ t({1,...,2n}).
Then pullback along F : U(D,\) — U(D,eq) defines a bijection
F* : Trr(U(Dyeq)) — Irr(U(D, N)).

Proor: By Theorem 7.5
UDN2URA) (@9 —1®1]ie€l),
and similarly
UDN)=Z (U @A) (09 —1®1]iel),

where we use the notation of Theorem 6.1 for U’ and A’. Hence the
claim follows from Theorem 7.6, Theorem 6.1 and the preceding dis-
cussion. [J

Example 7.10. Let H = (U ® A)? be the Hopf algebra defined in the
beginning of Section 6.2 with Cartan matriz a;; = 20;;,1 < 4,5 < n,
that is, each connected component of the Dynkin diagram is of type A;.
In Corollary 6.8 we explicitly described the finite-dimensional simple
H-modules, and by Theorems 4.1 and 5.6 we constructedAa bz’lection
between Irr(H) and the set of all character pairs (p,x) € A x I' such
that for all 1 < i <n,q; p(z)x(g;) = 1, where r; > 0, and q; = n;(z;).

Example 7.11. We consider a reduced datum of finite Cartan type
Dyea = Dred(F7 (91')19’91, (hi>1§i§n: (Xi)lgigm (aij)1gi,j§n) and assume
that each connected component of the Dynkin diagram of (a;;) is of
type Ay. For all 1 < i < n, let ¢; = xi(9;). By Ezxample 7.10 and
Theorem 7.6 there is a bijection

{xeT| foralll<i<n,q'x(g)?=1, withr; >0} = Irr(U(Dyeq))
given by x — L(x).

Example 7.12. Suppose that D is a datum of finite Cartan type such
that the Dynkin diagram of the Cartan matriz of D is the disjoint union
of an even number of components of type A,,,n; > 2. Suppose that \ is
a family of linking parameters such that the connected components are
linked in a circle, the end of one A,, being linked to the beginning of
the next Ay, . Then the Dynkin diagram of D,.q corresponding to D, A
in Theorem 7.9 is a union of components of type Ay, and by Example
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7.11 and Theorem 7.9 we have an explicit description of the finite-
dimensional simple U(D, \)-modules.

7.3. The Finite-dimensional Case. In this section we fix a finite
abelian group I', a datum D = D(T', (g;)1<i<o: (Xi)1<i<o, (aij)1<ii<0) Of
finite Cartan type, and a family A of linking parameters for D.

We assume that for all 1 < 4,5 < 0, ord(g,;;) is odd and ord(g;) is
> 3 and prime to 3 if i is in a component Gs.

For each connected component J € X, and positive root « of the root
system @ of .J let x, be the root vector in the free algebra k(z; | j € J)
defined in [1, Section 4.1] generalizing the root vectors in [10].

Definition 7.13. Let u(D, \) be the quotient Hopf algebra of the smash
product k{xy,...,xe)#k[['| modulo the ideal generated by (7.4), (7.5)

and
(7.18) a7 for alla € ®F,J € X.

In addition we assume that the linking graph of D, X is bipartite. By
Lemma 7.2 this holds in particular if (a;;) is simply laced.

We proceed exactly as in the previous section and use the above
notations. The only difference is the definition of A as in [1, proof of
Theorem 5.17].

Let A be the abelian group with generators z;,7 € I, and relations
2" =1 for all i € I, where n; is the least common multiple of ord(g;)
and ord(y;). For all j € I let n; € A be defined by nj(z) = x;(g;) for
all € I;. Let

D, = D(A, (Zi)ieha (ni)iella (az‘j)(z‘,j)eh ><11)7

and let D2 = D(F, (gi>i€[2, (Xi)iefzu (aij)(i7j)612”2) be the restriction of
D to ]2.

Let W € YD with basis u; € Wlii€l,and V € LYD with basis
a; € Vo7, j € I,. We define

U = u(D;,0) and A = u(D,,0).

Then U = B(W) and A = B(V) by [1, Theorem 4.5].

Using Theorem 6.1 we define for all « € I; the algebra map v, : A —
k, the (e,;)-derivation ¢; : A — k and the Hopf algebra map ¢ : U —

AP a5 in the infinite case. Let o be the 2-cocycle corresponding to
®. As in the proof of [1, Theorem 5.17] we obtain

Theorem 7.14. The group-like elements z; ® g; *,i € I, are central
in (U® A)?, and there is an isomorphism of Hopf algebras

w(DN = (UA))(%2g " —1®1]icl)
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mapping x; with 1 € I, x; with j € Iy, resp. g € I" onto the residue
classes of u; ® 1,1 ® a; resp. 1 ® g.

For any x € I define p € A by p(zi) = x(gi) for all i € I. As
above we define L(x) = L(x,p) as a left module over U(D, \). As in
the infinite case we define D,..q, and u(D,.4) by adding the root vector
relations, and the Hopf algebra projection F': u(D, \) — wu(Dyeq)-

Theorem 7.15. The function
T — Irr(u(D, ), x — [LO0)],
1s bijective, and pullback along F' defines a bijection
F*: 1er(u(Dyea)) — Tre(u(D, ).

PRrROOF: This is shown as in the proof of Theorems 7.6 and 7.9. Instead
of Theorem 5.6 we use the fact B(W) and B(V') are finite-dimensional
N-graded algebras and hence have nilpotent augmentation ideals. Since
U/UB(W)T = E[A], and A/JAB(V)T = k[I'] the simple U- and simple
A-modules are simple k[A]- and k[I']-modules, hence one-dimensional.
O

In particular each z; is contained in the kernel of F', hence x; lies
in the Jacobson radical of u(D, A) by Theorem 7.15. We give another
proof of this fact without using the bipartiteness assumption.

Theorem 7.16. Let D, \ be as in the beginning of this section but where
the linking graph of D, \ is not necessarily bipartite. Let 1 < i < 6 be
a vertex which is not linked to any other vertex. Then x; is contained
in the Jacobson radical of u(D, \).

PrOOF: Let J be the connected component of the Dynkin diagram
containing i. Let w; be the subalgebra of u(D,\) generated by all
xj,j € J, and let v’ be the subalgebra of u(D, \) generated by all g € I'
and x;,[ ¢ J. Then using the PBW-basis in [4, Theorem 3.3] it follows
that

w(D,\) = v'uy.

Since 7 is not linked, z; skew-commutes with all the generators of u/'.
Hence u(D, N)z;u(D, \) C u(D, A)u}. Since the augmentation ideal u’
of uy is nilpotent we see that x; generates a nilpotent ideal in u(D, \).
OJ
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