East-West J. of Mathematics: Vol. 9, No 2 (2007) pp. 191-210

WEAK HOPF-ALGEBRAS AND SMASH
PRODUCTS

Xiurong Wang

Department of Mathematics, Qingdao University
Qingdao 266071, P.R.China
e-mail: qingzhji@gmail.com

Abstract

The definitions of a u-weak Hopf algebra and the quantum dimension
det,, M of a representation M by wu are given. It is shown that a u-weak
Hopf algebra H is semisimple if and only if there is a finite-dimensional
projective H-module P such that det, P is invertible. Let X be an asso-
ciative algebra and A is a weak Hopf algebra. We investigate the global
dimension and the weak dimension of the smash product H <z A and
show that [D(H) < rD(A)+1D(X) and wD(H) < wD(A) + wD(X).

1 Introduction

Weak Hopf algebras have been proposed([3], [9], [14]) as a new generalization
of ordinary Hopf algebras that replaces Ocneanu’s paragroup ([11]), in the
depth 2 case, with a concrete ”Hopf algebra” object. A weak Hopf algebra is
a vector space that has both algebra and coalgebra structures related to each
other in a certain self-dual way and that possesses an antipode. The main
difference between ordinary and weak Hopf algebras comes from the fact that
the comultiplication of the latter is no longer required to preserve the unit
and results in the existence of two canonical subalgebras playing the role of
”non-commutative basis” in a ”quantum groupoid”.

So far weak Hopf algebras have been considered only under the additional
assumption of finite dimensionality. Although a good deal of the results can
be generalized to the infinite-dimensional case, finite dimension is particularly
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192 Weak Hopf Algebras and Smash Products

attractive because it implies self-duality. Just like finite Abelian groups or
finite-dimensional Hopf algebras, the finite-dimensional weak Hopf algebras are
self-dual in the following sense. If A is a weak Hopf algebra then its dual space
A* is canonically equipped with a weak Hopf algebra structure. Furthermore
this duality is reflexive, (A*)* = A. This is a feature which makes weak Hopf
algebras more natural objects of study than either finite (non-Abelian) groups
or finite-dimensional (weak) quasi-Hopf algebras.

A weak Hopf algebra satisfying S2(h) = uhu~! for some invertible element
uw € H and all h € H is called a u-weak Hopf algebra. For example, quasi-
triangular weak Hopf algebras are u-weak Hopf algebras. In this paper, we will
characterize the semisimplicity of u-weak Hopf algebras by using the quantum
dimension.

In [6] and [4], the global dimensions and the weak dimensions of the crossprod-
uct and R-smash product of an associative algebra with a Hopf algebra have
been invested. In this paper, we will prove a similar result. Let H = X <xig A
be an R-smash product of an associative algebra X and a weak Hopf algebra
A. We get ID(H) <ID(X)+rD(A) and wD(H) < wD(X) +wD(A).

2 Preliminaries

Throughout this paper k denotes a field and all vector spaces are defined
over k. We use Sweedler’s notation for a comultiplication:A(c) = >~ c(1) ® ¢(2).

Definition of a weak Hopf algebra. Below we collect the definition and
basic properties of weak Hopf algebras.

Definition 2.1. ([1], [3] ) A weak bialgebra is a vector space H with the struc-
tures of an associative algebra (H, m, 1) with a multiplicationm : HQyH — H
and unit 1 € H and a coassociative coalgebra (H, A, ) with a comultiplication
A:H — H Qi H and counit € : H — k such that:

(i) The comultiplication A is a (not necessarily unit-preserving) homomor-
phism of algebras:

A(gh) = A(g)A(h), h,g€ H.

(ii) The unit and counit satisfy the following identities:

(A®id)A(l) = (A1) @ 1)1 A1) = (1@ A1) (A1) 1), (1)

e(fgh) =Y _e(fga)elgh) = elfoe))e(ga)h), (2)
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for all f,g,h € H.

A weak bialgebra is called a weak Hopf algebra if there is a linear map
S : H — H, called an antipode, such that

(iii)
m(id @ S)A(h) = (e ® id)(A(1)(h® 1)), (3)
m(S ®id)A(h) = (id®e)(1 ® h)A(1), (4)
S(h) =" S(h))h)S(ha)), (5)
for allh € H.

Remark 1. A weak Hopf algebra is a Hopf algebra if and only if the comulti-
plication is unit-preserving and if and only if € is a homomorphism of algebras.

Counital maps and subalgebras. The linear maps defined in (3) and
(4) are called target and source counital maps and are denoted e; and e, re-
spectively:

e(h) = e(layh)l), es(h) =Y 1ae(hl(z), (6)

for all h € H. In the next proposition we collect several useful properties of the
counital maps.

Proposition 2.2. ([1], [10]) For all h,g € H we have

(i) Counital maps are idempotents in Endy(H) :
et(e(h)) = eu(h), es(es(h)) = es(h). (7)

(ii) The relations between e, e, and comultiplication are as follows

Y e(lmh) @1e) =Y eslhy) @arlhe) = Y 1) ® (bl (). 9)

(iii) The images of counital maps are characterized by

h=e(h) & Ah) =) 11)h@ L), (10)

h=ei(h) & Ah)=> 1a)®hle). (11)



194 Weak Hopf Algebras and Smash Products

(iv) e(H) and es(H) commute.
(v) One also has identities dual to (8)

hei(g) =Y _elhy@he), es(h)g =Y haelghe), (12)

(vi) Egs.(8) imply the relations

S imlay @l @ley =Y 1a)y®@a(le) ®@le), (13)
Yol @lay @leley =) 1) ®es(le) ® 1) (14)
(vil) The antipode S satisfies the following relations
> hay @ S(ha)he =Y hla) @ S(1), (15)
D h@S(hz) ©he =Y S(lay) © 1)h. (16)

The images of the counital maps

Hy=e(H) = {h € HAMR) =Y 10)h® 1z}, (17)

H,=c,(H)={heHAM) =Y 10)®hlm}, (18)

play the role of basis of H. The next proposition summarizes their properties.

Proposition 2.3. ([1], [10]) H¢(resp.Hy) is a left (resp. right) coideal subal-
gebra of H. These subalgebras commute with each other, moreover

H, = {(p @id)A(1)|¢ € H}, H, = {(id® ¢)A(1)|¢ € H},

i.e., Hy(resp.Hy) is generated by the right (resp. left) tensorands of A(1).

We call Hy(resp.Hy) a target (resp. source) counital subalgebra.
The properties of the antipode of a weak Hopf algebra are similar to those
of a finite-dimensional Hopf algebra.

Proposition 2.4. ([10]) (i) The antipode S is unique and bijective. Also, it is
both algebra and coalgebra anti-homomorphism.

(ii) We have Soes =105 and 508 = Sog. The restriction of S defines
an algebra anti-isomorphism between counital subalgebras Hy and H,.
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Remark 2. (1) The set of azioms of Definition 2.1 is selfdual. This allows
to define a natural weak Hopf algebra structure on the dual vector space H =
Homy (H, k) by revering the arrows:

< ¢, h >=< dp @9, A(h) >,
<A(¢),h® g >=< ¢, hg >,
< S(¢),h >=< ¢,8(h) >,

for all p,vp € H,h,g € H. The unit 1 of H is e and counit € is ) —< ¢, 1> .

(2) The opposite algebra HP is also a weak Hopf algebra with the same coal-
gebra structure and the antipode S™1. Similarly, the co-opposite coalgebra HP
(with the same algebra structure as H and the antipode S~') and (H°P/°P, S)
are weak Hopf algebras.

Definition of Rep(H) For a weak Hopf algebra H, let Rep(H) be the
category of representations of H, whose objects are H-modules of finite rank
and whose morphism are H-linear homomorphism.

For objects V, W of Rep(H) set

VoW ={z eV, Wlx=Al)x}

with the obvious action of H via the comultiplication A (here ® denotes the
usual tensor product of vector spaces).

Since A(1) is an idempotent, VoW = A(1)(V ®; W). The tensor product of
morphisms is the restriction of usual tensor product of homomorphisms. The
standard associativity isomorphisms @y v, : (UoV)oW — Uo(VoW) are
functorial and satisfy the pentagon condition, since A is coassociative. We will
suppress these isomorphisms and write simply U ¢V ¢ W.

The target counital subalgebra Hy C H has an H-module structure given
by h-z =¢e¢(hz), where h € H, z € Hy.

Lemma 2.5. ([10]) H; is the unit object of Rep(H).

Using the antipode S of H, we can provide Rep(H) with a duality . For
any object V' of Rep(H), we define the action of H on V* = Homy(V, k)
by (h.¢)(v) = ¢(S(h).v), where h € H,v € V,¢ € V*. For any morphism

f:V =W, let f*: W* — V* be the morphism dual to f.
For any V in Rep(H), we define the duality homomorphisms

dy : VoV — Hy, by : Hi — Vo V¥,
as follows. For 3-. ¢/ @ v; € V* @V, set

dy(A(1) - @) => O ¢ (1) - v)l).
J i
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Let {g;}; and {¥'}; be basis of V and V* respectively, dual to each other.
The element >, g; ® 7" does not depend on choice of these basis; moreover, for
allv € V,¢p € V* one has ¢ = > . ¢(g:)y" and v =3, g7 (v). Set

by(z) = A(1) - Zzgl 7.

Proposition 2.6. ([2]) The category Rep(H) is a monoidal category with
duality.

Quasitriangular weak Hopf algebra. A quasitriangular weak Hopf al-
gebra is a pair (H, R) where H is a weak Hopf algebra and R € A°(1)(H ®x
H)A(1) satisfying the following conditions:

AP(h)R = RA(h),
for all h € H, where A°P denotes the comultiplication opposite to A,
(id ® A)R = Ry3R12,

(A ®1id)R = Ri3Ras3,

where R1o = R® 1, Ros = 1 ® R, etc., as usual, and such that there exists
R e A(1)(H @i H)AP(1) with

RR = A°P(1), RR = A(1).

Proposition 2.7. ([10]) Let (H, R) be a quasitriangular weak Hopf algebra.
Then
S%(h) = uhu™!

for allh € H, whereu = > S(R®)RW is an invertible element of H such that
u = Z R®§2(RMW), A(u) = RRa1(u ® u),

likewise, v = S(u) = >, RMWS(R®) obeys S~2(h) = vhv~" and
vl = Z S2(RMYR®P), A(v) = RR21(v ®v),

where R =" RM @ R The element u is called the Drinfeld element of H.

Quantum Dimension. For a u-weak Hopf algebra H and M € Rep(H),
we define a quantum dimension of M. Write

=1
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with {z;}?; and {y;}!, linearly independent. For M € Rep(H), we define
a k-map u;; : M — M given by u;;(m) = S(z;)uy; - m for all m € M. Set
A = (tr(uij))nxn and we call det, M = det(A) the quantum dimension of M
by u. In this paper, we will show that a u-weak Hopf algebra H is semisimple
if and only if there is a finite-dimensional projective H-module P such that
det, P is invertible in k.

R-smash Product. Let k be a field. For two vector spaces V and W
and a k-linear map R: VW — W ® V, we write

R(v@w)szR@)vR

forallve V,we W.

Let A and B be associative k-algebras with units, and consider a k-linear
map R : B® A — A ® B. By definition A < B is equal to A® B as a
k-vector space with multiplication given by the formula

Maspp = (Mma @mp)(Ia @ R® Ip)

or
(CL XRr b)(c XRr d) = ZCLCR XRr de
for all a,c € A,b,d € B.

Definition 2.8. Let A and B be k-algebras with units, and R : BRA — AR B
a k-linear map. If A<xig B is an associative k-algebra with unit 14 <1 15, we
call A<ig B an R-smash product.

Lemma 2.9. ( [4]) Let A,B be two algebras and let R: B A — A® B be a
k-linear map. Then A<xig B is an R-smash product if and only if

(AR1) Rb®14a)=14®b

(AR2) R(lp®a)=a®1p

(AR3) R(bd®a)= ap ®bdpr

(AR4) R(b®ac)= Z arcr @ bpr
for alla,c€ A, b,d € B.
Proposition 2.10. ( [4]) Let X par A be an R-smash product, thenix : X —

XxgAjx — ax>xly andig : A — X g A,a — 1x X a are injective
algebra morphisms and

MxpapAlla ®ix) = Mxmpa(ix ®ia)R

or
ia(a)ix(x) = ZxR@)aR
for allx € X and a € A.
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For simplicity, we write a for i4(a) (resp. z for ix(z)). Then X xip A is
generated by elements za for z € X, a € A, and ax = > xp ® ag.

3 Semisimplicity of u-weak Hopf Algebra

Many results for Hopf algebras can be generalized directly to weak Hopf alge-
bras. Suppose M and N are H-modules. Then M o N = A(1)(M ®; N) is an
H-module given by

h-(A)(m@n)) =Y A(L)(ha) - m® hez) - n) (19)

for all h € Hym € M and n € N. Similarly, Hom(M,N) = 1 - Hom (M, N)
(with the obvious action of H via the comultiplication A and antipode S) is
an H-module given by

(h-f)(m) = hay- f(S(h) -m) (20)

forallh € Hym € M and f € Homy (M, N).
The following lemma for weak Hopf algebras corresponds to the relevant
case for Hopf algebras, whose proofs are omitted.

Lemma 3.1. Let H be a weak Hopf algebra and M a finite-dimensional H -
module. If {m;}?_, is a k-basis for M and {m}}?_, is the dual basis; then the
morphism p = by : Hy — M o M* given by p(z) = A1), (z - m; @ m})) is
an H-module homomorphism.

Lemma 3.2. Let M, N and K be H-modules. Then the morphism
¢: Homyg (M o N,K) — Hompg (M, Hom(N, K))

given by ¢(f)(m)(n) = f(A(L)(m @n)) for all f € Homyg(M ¢ N,K),m € M
and n € N, is an isomorphism of H-modules, which is functorial in M and K.

Proof (i) Forall f € Hompg(MoN,K) and m € M, ¢(f)(m) € Hom(N, K).
In fact, for all n € N, we have

[1.(o(£)(m))](n)

(@(f)(m)(S(Liz))-n)
FAM)(m @ S(1(z))n))

(A(L1)A(L)(m @ S(Lz)).n))
(A1) (1) m @ 1(2)S(1(3)).n))
(A1) (1a).m @ er(12)).n)
EA(I)(

1(1).m ® 1(2).n))

I
S =M
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Hence ¢(f)(m) = 1.¢(f)(m) € Hom(N, K).
(ii) For all f € Homyg(M o N, K), ¢(f) € Homyg(M, Hom(N, K)). For all
m € M,n € N, and h € H, we have

¢(f)(h.m)(n) = f(A(1)(h.m @ n))

and

(h.o(f)(m))(n) = 3" hayo(f)(m)(S(hez)).n)

ha) f(A(1)(m @ S(h(2)).n))
F(A(h@))(m @ S(hz)).n))
f(h(l).m X h(Q)S(h(g)).’n)
f(h(l).m X Et(h(g)).n)
f(l(l)h.m X 1(2).n)
A(1)(h.m ®@n)).

A I T T
INgINgInglng

Hence ¢(f)(h.m) = h.¢(f)(m).
(iii) ¢ is an H-module map.
For all f € Homy(M o N,K),m € M,n € N, and h € H, we have

¢(h-f)(m)(n)

—
>

D> =<

[T
=M

and

(h.9(f))(m)(n) [h)@(f)(S(h))-m)](n)

W) (S(ha))-m)(S(h2)).n)

W F(AML)(S(h())-m @ S(h)).n))
(h(ay)-m @ h2)S(hsy).n)

(h(l)S(h<3)) m® e (he))n)

(1(1)/1(1)3(/1(2)) m® 1. n)

El(l)&‘t(h) me 1(2) n)

(h))(m @ n).

=Jvgivginginginginging
thkhkhkh > >

Hence ¢(h.f) = h.¢(f).

(iv) ¢ is an invertible map.
We define ¢ : Hompg (M, Hom(N, K)) — Hompg(M o N, K) by

P(9)(A(L)(m @n)) = g(m)(n).

First, for all g € Hompy (M, Hom(N, K)), ¥(g) is well defined, i.e., ¢(g) is a
k—map. In fact, for all m € M,n € N, the map 9(g) : M x N — K given by
¥(g)(m,n) = g(m)(n) is bilinear, since maps g and g(m) are homomorphisms.
Hence v¥(g) induces a k-map 1(g) : M ® N — K, and it also induces a map
v(g): Mo N =A1)(M®N) — K.
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Second, for all ¢ € Hompy (M, Hom(N, K)), ¥(g) € Hompg(M o N, K). In
fact, for all m € M,n € N and h € H, we have

¥(g)(h-(A(1)(m @ n))) Z (9)(A(Q1).(h).m @ h(z).n))
(h<1) 9(m))(h<2)-n)
Z h(1yg(m)(S(he))he)-n)
= > hla)g(m)(S(1(2))-n)
h[1(1yg(m)(S(1(2)).n)]
[(1.g(m))(n)]
[g(m)(n)
Y(9)(A(1)(m @ n)).

MM

I
M

([l
>

Hence 9(g) is an H-module map.
It is clear that ¥¢ = id and ¢ = id. Therefor ¢ is an invertible map, ¢ is
an isomorphism. O

Suppose H is a weak Hopf algebra and w is an invertible element in H. Let
M be an H-module. Then M** is an H-module by (20). Let ¢, : M — M**
be given by
Yu(m)(f) = f(u.m)

forallm € M and f € M*. In general, 1, is not an H-module homomorphism.

Proposition 3.3. ¥, is an H-module homomorphism for all H-modules M if
and only if H is a u-weak Hopf algebra.

Proof For all h € H, if S?(h) = uhu™?, then
(htbu(m))(f) = Yu(m)(S(h).[)

= (5().f)(u.m)

F(S%(h

f(uh.

Yu(h.

Ju.m)
m)
m)(f),

for all m € M and f € M*. Hence , v, is an H-module homomorphism.

Conversely, if ¥, is an H-module homomorphism for all H-module M, in
particular, for the regular H-module H, then 1, (h)(f) = f(u.h) for all h € H
and f € H*. On the other hand,

Yu(R)(f) = (h-gbu

Thus , uh = S?(h)u. Hence, H is a u-weak Hopf algebra. O
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Let pu: M o M* — Hy be the k-map given by

pAQ)(mea) =Y a(S1a))um)lw),
for all m € M and oo € M*.

Proposition 3.4. p is an H-module homomorphism for all H-module M if
and only if H is a u-weak Hopf algebra.

Proof For all h € H, if S?(h) = uhu™?, then

p(h-A(1)(m® a)) Z p(h1y.m @ hy.c)

Za( (h<2>)(1<1>)uh<1> m)1<2>
a(S(h2))S(11))S* (hry)um)1(z)
(S(S(h1))1(yh2))u.m)1(2)

(S(S(h@y)hy)u.m)e(he))
(S(es

«
«
o (h(l))u m)st(h(g))

=2
=2
=2
=2

and
hu(A)(m®a)) =3 h.a(S(La))um)le)
=Y a(S(1ay)u.m)er(hla))
ZO[(S( g(h(l))um)st(h(g))
Hence p is an H-module homomorphism for all H-modules.
Conversely, if x4 is an H-module homomorphism for all H-module, then

Z S h(g) 1(1) U,h(l) ® 1(2) = Z S 1(1)/1)) (9 1(2).

Hence
> S(h))uhay = S(es(h)u

and

n
[~}
=
IS
I
2
o=
T

S(es(h))S(he))u

SQ(h(Q))S(ss (hay))u
S%(h(s))S(h2) Juh (1)
S
S
S

(h(2)S(h(sy))uh()
(et (h(2)))uhq)
(1(2))11,1(1)/1
(1))uh

EMMMMMM%

I
IS
>

O

Applying the quantum dimension of a representation, we can characterize
the semisimplicity of a u-weak Hopf algebra. First, we prove the following
proposition.
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Proposition 3.5. Let H be a u-weak Hopf algebra and P a projective H -
module. Then P o M is a projective H-module for any H-module M.

Proof Suppose

0—C —C—C"—0

is an exact sequence of H-modules. Since F(—) = Hom(M,—) is an exact
functor, by lemma 3.2, we have the following commutative diagram:

Hompy (P, F(C")) — Hompy (P, F(C)) — Hompy(P,F(C")) — 0
1= 1= 1=
Hompy(PoM,C") — Hompg(PoM,C) — Homg(PoM,C")

This shows that the sequence
Hompy(Po M,C") — Hompy(Po M,C) — Homg(PoM,C") — 0
is exact. Hence P ¢ M is projective. O

As an immediate consequence of proposition 3.5 and lemma, 2.5, we see that
H is semisimple if and only if the trivial module module H; is projective.

Theorem 3.6. Let H be a u-weak Hopf algebra over a field k. Then H is
semisimple if and only if there is finite-dimensional projective H-module P
such that det,, P is invertible in k.

Proof If there exits a finite dimensional projective H-module P such that
det, P is invertible in k, by proposition 3.5, P ¢ P* is projective. The map
p: H — Po P* given in lemma 3.1 is an H-module homomorphism. Since
S%(h) = whu~!, the map pu : P o P* — H; in proposition 3.4 is also an
H-module homomorphism. Now

o ply;) = D mi (S(auysma)ys = > tr(pis)yi

for j = 1,...,n. Therefore p is a splitting H-module homomorphism and H; is

a projective H-module. It follows that H is semisimple by proposition 3.5.
Conversely, if H is semisimple, then the trivial module H; is projective and

1o pis an isomorphism. Hence det,, H; is invertible in k. O

As a consequence, some other interesting results can be deduced.

Corollary 3.7. Let H be a quasi-triangular weak Hopf algebra. Then H is
semisimple if and only if there exits a finite-dimensional projective H-module
such that its quantum dimension is invertible in k.

Proof Suppose (H, R) is a quasi-triangular weak Hopf algebra. Then H
is a u-weak Hopf algebra by proposition 2.7, hence corollary 3.7 is obvious by
theorem 3.6. O
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4 Spectral Sequence and Homological Dimen-
sion of Smash Product X i A

Let X be an associative algebra and A a weak Hopf algebra with invertible
antipode S, and let R : AQX — X®A be a k-linear map such that H = X xip
A is an R-smash product. In this section, we assume that A, is semisimple and

=X 1@l =) lp @l (21)
We also assume that the map R satisfies the following condition:
S wS(any) ®a@ =Y Slag)rr ® (a@) g, (22)

in (X xgp A) @ (X xig A), for allz € X and a € A.

Proposition 4.1. The assumption (21) implies As = Ay and As is a commu-
tative subalgebra of A.

Proof It is clear by the assumption (21) and proposition 2.3. O

Remark 3. By (17), (18) and proposition 4.1, for any a € A, we have
= Z 1(1) R Eg 1(2) = Z 1(1)5 ® 1(2) (23)

Let V, W be left H-modules. For each ¢ € Homx (V,W) and a € A, define
¢.a:V — W by

= S(a))élaev) (24)
for all v € V. Then ¢.a € Homx (V,W

)-
have
(¢.a)(zv) =3 S(aq))glae)zv)
=>_S(aw))¢(rr(a@))rV)
= S(aq))zré((az)rv)
=Y zS(aq))o(a@)v)
= xz(¢.a)(v).

Let Homx (V,W) = Homx (V,W).14.

In fact, for any x € X and v € V, we

Lemma 4.2. (i) The above definition makes Homx (V, W) a right A-module.
(ii) Hompg (V, W) is a right As-submodule of Homx (V, W) and there is a
canonical right Ag-linear isomorphism

Homa(Ag,Homx (V,W)) = Homg (V, W).
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(iii) W is a right As-module by the action
w.es(a) = e(S(a))w, for all we W, a€ A,
and
Homx (H,W) = Homa, (A, W) (25)

as right A-modules (where A acts on the right hand side by (¢.a)(b) = ¢(abd),
for ¢ € Homa, (A, W) and a,b € A.)

V) Iff:V—V and g : W — W' are H-module maps, then g.f* :
Hx (V', W) — Homx (V, W) is an A-module map.

Proof (i) Suppose a,b€ A, v €V and ¢ € Homx (V, W), we have

(¢-(ab))(v) = > S(a@)bu))o((a@)be))v)
= Z S(b(l))S(a(l))415(@(2)(5(2)“))
= > S(b))(#.a)(bz)v)
= ((¢.a).b)(v).
Hence ¢.(ab) = (¢.a).b and so Homx (V, W) is a right A-module.

(ii) Note that there is a canonical isomorphism of Hom 4 (Ag, Homx (V, W))
with the As-submodule of A-invariants in Homx (V, W), that is with

Homx (V, W)4 = {¢ € Homx (V,W)|¢.a = e,(a)¢, for all a € A}.

Thus it suffices to show that Homx (V, W)4 = Homg (V, W).
Let ¢ € Homx (V,W), a € A, v € V. Then

(¢.a)(v) = es5(a)g(v)

& > S(awy)plaev) = > S(ag))ae)¢(v)

& 2 S(1wy)d(lyav) = Y- amyS(ag) )as)d(v)
& ¢(av) =Y alyS(1(2))é(v) = ap(v)

Since H = X A, the last condition is equivalent with ¢ € Hompg(V, W). This
proves the desired isomorphism and we also get Hompy (V, W) is a right A,-
submodule of Hom x (V, W).

(iii) By proposition 2.4, we have

es(c) = es(a)es(b) < S(es(e)) = S(es(b))S(es(a))

Hence
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Thus W is a right As;-module.
Now consider the map f : Homx (H, W) — Homa_(A, W) that is defined
by

F(@)(a) = (¢.a)(1) = > S(aq))d(ac))

for ¢ € Homx (H,W) and a € A. Then f is well defined. In fact, for ¢ €
Homx (H,W) and a,b € A, set 1) = ¢.a and © = £4(b) € A; = As. By (23), we

have
(1.e5(b))(1)

paplng|pglesn

™
S
—
n
—~
(=
=
N
<
—
—_
~—

Hence we have

~
—~
>
S~—"
~—~
Q
™
W
—~
<>
S~—"
S~—

Thus f(¢) € Homa, (A, W).
The map f is A-linear. In fact, for all ¢ € Homx (H,W) and a,b € A, we
have

f(#.a)(b) = ((¢.a).b)(1) = (¢.ab)(1)
and

(f(0)-a)(b) = f(d)(ab) = (¢-ab)(1).

Hence f(¢.a) = f(¢).a.
Define a map g : Homa, (A, W) — Homx (H, W) by

g(W)(@) =Y aqydla)
for v € Homy (A, W) and a € A. Note that g(¢) is well defined because
H = X A. One readily checks that f and g are inverse to each other, whence

the isomorphism (25) follows.
Finally, the last assertion (iv) is trivial and so the lemma is proved. O

Let Vg and gW be H-modules. Forv @ w € V ®@x W and a € A, define

a.(v@ew)eVex W, by a.(v@w)zZvS(a(l))@)X ag2)w.
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This definition is well defined, in fact, let z € X, we have

a.(vr@w) =Y vaeS(an)) ® ayw
= > vS(a@))rr ® (ag@))rw
=Y vS(an)) ® a@yrw
=a.(v® zw).

Let VxW = 1A.(V ® W)

Lemma 4.3. (i) The above definition makes VRxW a left A-module.
(il) V@ W is a left As-module and there is a canonical As-linear isomor-
phism
Ay @4 (VROXW) =2 VRuW.

(iii) V' is a left As-module by the action
gs(a)v = ver(S(a)), for all a € A, veV,

and
VRxHZ AR,V

as left A-modules, where the A-action on the right hand side is via the action
on the factor A.

V) Iff:V—V and g: W — W' are H-module maps, then g @ f :
VRxW — VW’ is an A-module map.

Proof (i) Let a,b € A, we have

(ab).(v@w) =3 vS(amba)) ® a@)beyw

=y vS(b(l)) (a(l)) ® a@)beyw
=a. > vS(bn)) ® byw
= a.(b.(v® w)).

Hence VR xW is a left A-module.

(ii) Note that A,Q(VRxW) X VRxW/Keres(VRxW) and Keres (VR x W)
is the As-submodule of V®x W that is generated by the elements of the form
a.(v@w)—es(a).(vRw), forae A, veV, we W. But

a.(v@w)—es(a).(v@w) =Y vS(an)) ®apyw — Y vS(la)) @ es(a)lw
=2 vS(am) ®a@yw — 3 vS(la)) ® L)es(a)w
= vS(an)) ®apyw — Y v®@es(a)w
=> US(a(l)) @ a@yw — v S(a(l))a(g)w,

and hence Keres(VRx W) equals the Ag-submodule of VR xW that is gener-
ated by the elements of the form va ® w — v ® aw. Since H = X A, this proves
the isomorphism and V&g W is a left As;-module.
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(iii) The proof that V is a left A;-module is similarly as the proof of lemma
4.2 (iil). Now set
g:VRxH — A®4,V, glv®a)= Za(g) ® var)
and
f:A®RA, V —VRxH, fla®v)=a(v®l)= ZvS(a(l)) ® a(2).

Then
(a) It is clear that g is well defined. Now let a,b € A and v € V. Note that
es(b) € As = Ay, we have

flags (D) @v) =3 vS(es(b
=>_vS(es(
= ve(S(b
= fla ®@ve (S(b
= fla®es(b).v)
Hence f(aes(b) @ v) = f(a ®@es(b).v), i.e., f is well defined.
(b) f and g are A-linear. For any a,b € A and v € V, we have

F(b-(a@v)) = f(ba®v) = > vS(buyan))@be)ae) = b.(>_ vS(aq))®a)) = b.f(a®v),

and

)(1))S(a1)) ® aes(b)(2)
))))S( ))S(ag)) ® a@)le,

(1)
)<1>) ® a(z)

—~

g(b.(v®a))

g(>-vS(bay) ® bzya)

> b@)ae) @ vS(ba))be)a)
2 be)ae) ®ves(bay)aq)
>
>

blizyacz) @ vlyaq)
ba(z) ® vaq)

b. (Z a(2) ® va(l))
b.g(v® a).
V.

(¢) fg=1yg,m and gf = 1ag,_ v. In fact, we have

faglwv®a) =3 flae) ®vau))
= Y vam)S(ag)) ® ags)
= 2 ver(aq) @ agz)
= sz(l(l)) ® 1(2)a
=vQa,

and

gfla®v) =g(d vS(an)) ®aw)
>_aes) @ vS(aa))ae)
=>_ag) ®ves(a))

= Zal(g) ® Ul(l)

= Z a® ’Ul(l)S(l(g))
=a® .
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Thus we get the isomorphism VRxH =2 A®4, V by (b) and (c).
(iv) The last assertion is again clear and so the lemma is proved. O

The above A-actions can extend to A-actions on Ext and Tor. We expand
this for Ext. The case of Tor can be treated analogously. So let V and W be
left H-modules and let

P: ...—P, —PFP,_1— - —F—0

be a projective resolution of V. So H,,(P) = 0 for all n # 0 and Hy(P) = V. Since
H is free as left X-module, the restriction of P to X is a projective resolution
of V as a left X-module. So we define

Ext (V,W) = H*(Homx (P, W)).

By lemma 4.2, the components of the complex Homyx (P,W) are right A-
modules and the differential (f), is A-linear. Thus the cohomology
H*(Homx (P, W)) is a right A-module and hence so is Ext% (V, W).

Proposition 4.4. (i) Let V and W be left H-modules. Then there is a third
quadrant spectral sequence

EPY = Exth (As, Ext?(V,W)) =, Eatly (V, W).

(ii) Let V be a right H-module and W a left H-module. Then there is a first
quadrant spectral sequence

E, = Tor;‘ (As, TorX (V,W)) =, Tor (V,W).

Proof Both spectral sequences can be obtained as applications of the
Grothendieck spectral sequence (c.f. Rotman, 1979, chap. 11). Welet g 2t, M4
and M4, denote the category of left H-modules, the category of right A-
modules and the category of right As-modules respectively.

We construct two functors F and G. The The rest of the proof is analogous
to proposition 3.1 in Lorenz and Lorenz (1995).
(i) Let gW be a given left H-module. Define functors

G: g — My, G(V)=Homx(V,W)

and
F:IMs— My, F(N)=Homa(As, N).

By lemma 4.2, F'G is equivalent with the functor Hom g (—, W) and so the right
derived functor R"(FG) are equivalent with Ext%, (—, W). It is easy to prove
that F and G satisfy the conditions of Theorem 11.8 in Rotman(1979) under
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the assumption that A, is semisimple, hence the required spectral sequence
exists.
(ii) Let Vi be a given H-module. Define functors

GigM—sM, GW)=VexW

and
F:Af)ﬁ—>,459ﬁ, F(N)ZAS(X)N.

By lemma 4.3 F'G is equivalent with the functor V®gy—, and so the left de-
rived functor L, (FG) are equivalent with Torf(V, —). F and G also satisfy
the conditions of Theorem 11.39 in Rotman(1979), thus the required spectral
sequence exists. O

Note that
Exty (V,W) = H"(Homx (P,W)) = H"(Homx (P,W)) = Ext'y(V, W), n> 1.

Then the above proposition implies immediately the following estimates for the
projective dimension and the flat dimension of modules.

Corollary 4.5. (i) Let V be a left H-module. Then pd(gV) < pd(As4) +
pd(xV). Consequently, ID(H) < rD(A) + ID(X). In particular, if X and A
are semisimple, then so is H.

(ii) Let V be a right H-module. Then fd(Vyg) < fd(Asa)+ fd(Vx). There-
fore wD(H) < wD(A) + wD(X). In particular, if X and A are both von Neu-
mann regular then so is H.
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