Chapter 3 m)
The Restricted Dual of an Algebra Shethie

As we already have seen in the previous chapters, if C is a coalgebra, then the dual
space C* = L(C, [F) is an algebra with the convolution product

pcr = A|crgc.

However, the categorial duality between algebras and coalgebras does not allow us
to conclude that the dual space of an algebra is a coalgebra with respect to the dual
structural maps. The reason is that for a vector space V, the inclusion V* ® V* C
(V ® V)* is strict if V is infinite dimensional. This means that, the dual vector
space A* of an algebra is a coalgebra with respect to the dual structural maps only
if w*(A*) Cc A* ® A*. This motivates the definition of the restricted dual of an
algebra.

Definition 3.1 The restricted (or finite) dual A° of an algebra A is the vector
subspace of A* given by the inverse image of the tensor square of the dual vector
space A* by the dual of the product of A, i.e.

A% = ()N (A* @ AY). (3.1

3.1 The Restricted Dual and Finite Dimensional
Representations

In this section, elements of the restricted dual A° are characterised in terms of finite
dimensional representations of A and A is shown to be a coalgebra with respect to
the dual structural maps, that is u*(A?) C A° ® A°.

When A is finite dimensional, one always has the equality A° = A*. When A
is infinite dimensional, A° is a subspace of A* which can be both the whole space
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60 3 The Restricted Dual of an Algebra

A° = A* or the trivial subspace A° = 0. The result of this section implies that
A° = 0 in the case when A does not admit any finite dimensional representations.
In order to characterise elements of A?, we consider the matrix elements of finite
dimensional representations of A.
To begin with, let p: A — [ be an algebra morphism which corresponds to a
one-dimensional representation. This means that p is a linear form with a specific
behaviour with respect to the algebra structure of A, namely

(0, xy) = {p, x){p, y)

forany x,y € A, and (p, 1) = 1. Let us rewrite (p, xy) as follows:
(o, xy) = (p, n(x ® y)) = (1" p, x ® ). 3.2)
By writing also
{0, x)(0, ) ={p®p, xBY), (3.3)

we see that u*p = p ® p, which means that p, considered as a linear form on A, is
contained in the restricted dual of A.

Assume now, more generally, that V is an n-dimensional (left) A-module, i.e.
that we have an algebra morphism A: A — End(V). Let us choose a linear basis
{vitien C V withn = {0,1,...,n — 1}, and for any x € A and i € n, consider
the vector (Ax)v;. As any other vector in V, it is a linear combination of the basis
vectors where the coefficients are linear functions of x:

x)vi = Y vj(hji, x), (3.4)
Jjen
where the elements A;; € A* are called matrix coefficients of the representation A
with respect to the basis {v;};e,. Writing
AV =D vj(Ajixy) = > vj(uhjix ®Y) (3.5)
jen jen

and

) O)vi = D000k (hein ) = Y v (hjik, X) (A ¥)

ken j.ken

= Z Vilhjk @ Aki, X ®Y),
Jj.ken
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and using the equality A(ab) = (Aa)(AD), we conclude that

Whji= Ak ®hi. Vijen, (3.6)

ken

ie. {Ajitijen C A%and u*({Aji}ijen) C A° @ A°.
Remark 3.1 The matrix coefficients {A;;}; jen generate a finite dimensional sub-

coalgebra of A° which is an isomorphic image of the matrix coalgebra from
Example 1.13.

Theorem 3.1 The restricted dual A° of any algebra A is the linear span of the
matrix coefficients of all finite dimensional representations of A.

Proof Taking into account the preceding consideration, it suffices to show that, for
any non zero element f of A?, there exists a finite dimensional (left) A-module V¢
such that f is a linear combination of the matrix coefficients of this representation
(with respect to some basis).

The dual space A* is a left A-module corresponding to the dual right multipli-
cations R} € End(A*), where x € A and R, € End(A) is defined by R,y = yx.
Indeed, for any x, y,z € A and « € [, we verify the linearity

Ritoyz =z(x +ay) =zx +azy = Ryz + aRyz = (Ry + aRy)z
= Ritay = R + «Ry = R}, = R} +aR’

and it is easily checked that

RIR: = (RyR)* = Ry, R} = (ida)* =idas. (3.7)

Let Vy := R’ f C A* be the orbit of f with respect to this action of A on A*. The
linear dependence of R} on x implies that the set V is a vector subspace of A*, and
the map A: A — End(Vy) defined by Ax = R{|y, is an algebra morphism.

The condition f € A° implies that

=) g®h (3.8)
ien
forsomen € Z.g and g, h € (A*)". The calculation

(RLF.y) = (foyn) = (" £y @ x) = (@i y) i) = {3 githi. x). )

ien ien

3.9)
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shows that for any x € A, the element R} f finds itself in the linear span of the
elements {g;}ien:

Rif =) gilhi.x). (3.10)

ien

Thus, m := dim(Vy) <n < oo.
Let {v;}iem be a linear basis of Vy withm = {0,1,...,m — 1}. Then, for any
x € A, we have

R:f =Zvi(wi,x) (3.11)

iem

for some w € (A*)™. In particular,

fF=Rif =) viw.1). (3.12)
iem
Let z € A™ be such that
v = RZ_ f, Viem. (3.13)

We have

(Ax)v; = )R f=RE f = Z vj(wj, xz;) = Z vi(REwj,x).  (3.14)

jem jem

Thus, the matrix coefficients {A; ;}; jem of the representation A, corresponding to
the basis {v;};iem, are given by

Aij = Rz(jwi, Vi, j € m. (3.15)

Let us show that f is a linear combination of A; ;’s.
By using (3.11), for any x € A, we write

(fox) = (RE 1) =Y (o Dwiox) = Y, Dwy.x) (3.16)

iem iem
which means that

= (i, hu;. (3.17)

iem
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By applying R;‘j to both sides of this decomposition, we obtain

v =R: f = Zw,-, DRZ w; = Zw,-, 1) ;. (3.18)

iem iem
Finally, by substituting this into (3.12), we obtain
f= (i Dwj, D . (3.19)
i,jem
Corollary 3.1 For any algebra A, one has the inclusion u*(A°) C A° ® A°.

This follows immediately from (3.6).

Exercise 3.1 For any algebra A let t4: A° — A* be the canonical inclusion map.
Let f: A — B be an algebra morphism. Show that

1. there exists a unique coalgebra morphism f°: B° — A? such that
[ =1af’

2. (ida)? =idge;
3. (fg)? = g° f¢ for any algebra morphism g: Z — A;

Remark 3.2 The parts (2) and (3) of Exercise 3.1 reflect the functorial nature of
the restricted dual which directly follows from the functorial nature of the duality
correspondence for vector spaces. The restricted dual is, in fact, a contravariant
functor from the category Algy of [F-algebras to the category Coalgy of [-
coalgebras. One can also show that there exists a natural equivalence

Homyjg, (A, C*) =~ Homcoalg (C, A?),  VY(A, C) € Algp x Cog. (3.20)

Exercise 3.2 Let f: A — B be a surjective morphism of algebras. Show that
f%: B — A is an injective morphism of coalgebras.

3.1.1 An Algebra with Trivial Restricted Dual

Theorem 3.1 implies that, if an algebra A does not admit finite dimensional
representations, then its restricted dual is trivial, i.e. A° = 0. For example, consider
the Heisenberg subalgebra Apeis of End(C[z]) generated by the multiplication and
differentiation operators x and d defined by

dp(z)

x(p(2)) =zp(2), 9(p(2)) = dz Vp(z) € Clz]. (3.21)
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They satisfy the commutation relation
dx —x0 = id@[z] . (322)

The Heisenberg algebra does not admit finite dimensional representations. Indeed,
assume that there is an algebra homomorphism A: Apejs — End(V), where n :=
dim(V) € Z. . By taking the trace of the identity

(A3)(Ax) — (Ax)(A) = idy, (3.23)

and using the cyclic property of the trace, we obtain the equality 0 = n > 0 which
is a contradiction. Thus, (Ageis)? = 0.

3.1.2 An Infinite Dimensional Algebra A with A° = A*

Let V be an infinite dimensional vector space. Define an algebra Ay which, as a
vector space, is the direct sum [ @ V and the product

p(a,v) ® (B, w)) = (o, V)(B, w) = (B, aw + fv) (3.24)
Let p € Aj, be the linear form defined by
(P, (a,v)) = . (3.25)
For any f € A}, we have

(W* f, (@, v) ® (B, w)) = (f, (B, aw + Bv))
= (/. (1,0)ap + (f, (0, aw + pv)) = (f, (1, 0)af +a(f, (0, w)) + B(f, (0, v))
=—(f, (1, 0)ap +alf, (B, w)) + B(f. (@, v))
= —(/. (1,0)){p ® p, (&, v) ® (B, w))
+ (P ® f (. v) ® (B, w) + (f @ p. (@, v) @ (B, w))
=r®f+fOp— (£ (LO)Pp, (@.,v)® (B w).  (3.26)

Thus, f € A, with

Wf=p®f+f®p—(f(1.0)p&p. (3.27)
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3.2 The Restricted Dual of the Tensor Product of Two
Algebras

Lemma 3.1 For any algebras A and B, the canonical embedding
aap: A°® B — (A® B)’ (3.28)

is a coalgebra isomorphism such that, for any pair of algebra morphisms f: A —
Uandg: B — V, one has the equality

(f ® 8 au,v =aap(f’®g%). (3.29)

Proof

(1) Let A and B be algebras. Define the canonical algebra inclusions

1:A—>AQ®B, Jj:B— AQ®B,
ix=xQ®lp, jy=14Q8y, V(x,y)eAXxB. (3.30)

Denoting o := a4, g, let us show that the map
B:=0°® %) Auesyr: (A® B’ — A’ ® B° (3.31)

is the inverse of «.
For any (¢, x,y) € (A® B)° x A x B, denoting A := AagBp), we have

(@B, x®y) = (Be, x ®y) = (Ap,1x ® Jy) = (9, (x)(Jy)) = (. x ® )
(3.32)

implying that § is a right inverse of «, and, for any (f, g, x,y) € A? x B? x
A x B, we also have

Ba(fR,xRy)=B(f®2,xQy)=(A(f®Q,1x® Jy)
=(fRg @)U =(fV®gx®Y) (3.33)

implying that 8 is a left inverse of «.
(2) In order to show that a4, p is a morphism of coalgebras, it suffices to show that

AaoB)yda,B = (A, B ® a4 B)Asogpo (3.34)
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and
€(A®B)°0A,B = €40 @ €po. (3.35)
Indeed, for any (¢, ¥) € A° x B? and (x, y,u, v) € A% x B2, we have

(AaeByraa,B(@®Y), xQu®y®v) = (Y, xy Quv) = (¢, xy) (¥, uv)
= (Ao, x @ y){Apor,u @ V) = ((Apop) ® (Apo¥), x ®y ® u ® v)
=(Apogpo (@@Y), xQUAYRV) = ((0ta, BRAA,B) A sogBo (P@Y), XQURYRV)

and

(€caoByoaB, ¢ @ Y) = (¢ ® ¥, nagrl)
={p®@v.nal @npl) = (@, nal){y. npl)
= (€40, ) (€po, ¥) = (€a0 @ €po, 9 O V).
(3) Let f: A — U and g: B — V be algebra morphisms. For any quadruple
(p, ¥, x,y) e U’ x V° x A x B, we have
(f®8) auyv(p®Y).x®y) ={p®Y, fx®gy) = (¢, fx) (¥, gy)
= ([0, x)(g°¥, y) = (fe®8°V, xQ®Y) = (aa B (f'®E") (9®V), x®Y).

3.3 The Restricted Dual of a Hopf Algebra

The restricted dual H° of a Hopf algebra H is defined as the restricted dual of the
underlying algebra. In this subsection we show that the Hopf algebra operations of
H imply that the restricted dual is itself a Hopf algebra.

Exercise 3.3 Let f: X — U and g: Y — V be two linear maps between vector
spaces. Show that

(f @ )*lurev: = fHlux ® g*|v+.

Proposition 3.1 For any Hopf algebra H = (H, i, n, A, €, S), the restricted dual
H? is a Hopf algebra with respect to the dual structural maps

* * . * *
wHe =A% |gogpo, nNumo=€":l>€,  Apgo=pu*lge, €go=n"=n"|po,

Spo = 8% = §*|go.
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Proof By the functorial nature of the restricted dual, the vector space H? is a
coalgebra with the coproduct u*|go and the counit n°, and the algebra morphisms
€: H— Fand A: H— H ® H induce coalgebra morphisms €’: I — H? and
A’: (H® H)° — H°.By Lemma 3.1, the canonical inclusion
app: H°® H’ —~ (H ® H)°
is an isomorphism of coalgebras and the composed map
Aoy pg: HO® H° — H°
coincides with the restriction A*|gogpo. This means that the triple
(H®, A°ay 1, €°)
is an algebra as a subalgebra of the convolution algebra H*. Thus, the tuple
(H, A°ap . €, 1" |mo,n°)
is a bialgebra.
Finally, we verify that S° is the inverse of idge in the convolution algebra
End(H°). By functoriality of the dual of a vector space, we have the equality
e = A*"SQidy)*u*: H* — H* (3.36)

which implies that

nuoege = A*(S Q@ idy)* ¥ go = A*(S @ idp)* | HogH Ano
= A gogro (S ® idgo) Ao = e (S ® idye) Ago

where, in the third equality, we used Exercise 3.3. The second relation is verified
similarly. O
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