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ON OBSERVABLE AND STRONGLY OBSERVABLE HOPF IDEALS

By

Hiroshi SHIGANO

Let &=©p,A be an affine group scheme over a ground field &, $=Ep.A/l a
closed subgroup scheme and £ denote an algebraic closure of k2 When & is
algebraic and ®(k) is dense in ®(E), Bialynichi-Birula, Hochschild and Mostow
defined in their paper [1] that §(k) is observable in (&) if every finite dimensional
rational $(k)-module can be embedded in a rational G(k)-module as a H(k)-module,
and showed that one of its necessary and sufficient conditions is &(%)/9(k) being
a quasi-affine variety. When & is algebraic and reduced, and k2=F, Cline, Parshall
and Scott defined in their paper [2] that $(k) is strongly observable in &(k) if
every rational ©(k)-module N can be embedded in a rational &(k)-module M as a
H(k)-module such that N®® =7f¢%® and showed that one of its necessary and
sufficient conditions is &(k)/H(k) being an affine variety. Since these concepts are
the representation-theoretic ones, we can extend them to a Hopf ideal of an arbitrary
(not necessarily commutative) Hopf algebra. In this paper, we characterize a
strongly ohservable Hopf ideal of an arbitrary Hopf algebra; a Hopf ideal 7 of a
Hopf algebra A is strongly observable if and only if A is an injective A/I-comodule.
This result and the one of M. Takeuchi [10] give the following equivalent charac-
terizations of a strongly observable k-subgroup § of an affine k-group &; (1) O(®)
is an injective k-H-module, (2) H is exact in & and (3) 65/12) is affine. This is a
generalization of a main theorem in [2]. In case of observable Hopf ideals, we do
not have such a general characterization except the case when Hopf algebras are
commutative. So we can extend some results in [1] to affine k-groups. One of
them is that @7&) is quasi-affine if and only if [ is observable in A and R=A[4,:k
contains a simple left coideal M such that Mc+/ ¥ for any left coideal-ideal % in
R, where [] denotes the cotensor product (see the first section).

Section 1 contains some preliminary results on cotensor products of comodules
and injective comodules. It also contains one main result; for a Hopf ideal I of
an arbitrary Hopf algebra A, A is an injective A/l-comodule if and only if A is an
injective cogenerator for the category of A/I-comodules (1.6). Section 2 gives a
characterization of a strongly observable Hopf ideal. Section 3 gives some results
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of observability, which are generalizations of those in [1] with Hopf algebraic proofs,
and a characterization of an observable Hopf ideal by a left coideal subalgebra.
Section 4 gives a geometric characterization of an observable k-subgroup of an
affine &-group.

In this paper, ® means the tensor product over % and we shall use the symbols
and the notations in [9] if there is no specification. For a k-coalgebra C,4¢ and
¢c (simply, 4 and ¢) are the comultiplication and the counit of C respectively. The
sigma notation, A(C):(%;C“)O(:(z) (ceC) is as usual. For a k-Hopf algebra A, m., u,,
da,c4 and Sy (simply, m, %, 4, ¢ and S) are the multiplication, the unit, the comul-
tiplication, the counit and the antipode of A respectively. Mod; is the category of
k-vector spaces. Comjp (resp. Com}) is the category of right (resp. left) C-comodules,
which is simply denoted Com, if there is no confusion.

1. Cotensor products and injective comodules

Let C be a k-coalgebra, M a right C-comodule with the structure map py and
N a left C-comodule with the structure map 2y. We shall denote them by (M, p)
and (N, 2) respectively, or simply My and ¢N respectively. The cotensor product
of M and N over C, M[ N, is defined by

pR1—-1R)2
M[JeN=ker MIN ———— MRCRN).

Let D be another k-coalgebra and N hoth left C-comodule and right D-comodule.
We call N a (C, D)-bicomodule if (o4 QD) Ax =(1QAx)pn, which we shall simply denote
by ¢Np. Cis a (C, C)-bicomodule if we take pg=4=4i¢, and is called the regular
(C, C)-hicomodule. We shall call (C, pp=4) and (C, 2¢=4) the left and the right
regular C-comodules respectively.

The following results are fundamental ;

(a) for Mg (resp. oN), M[ ;? (vesp. ?[¢N) is the left exact functor from
Com} (resp. Comyp) to Mod,.

(b) Me=M[cC,mr— Z?M(O)C)ﬂl(l) and ¢N=CJeN, n—> Z]m NS

(¢) for L¢, ¢Mp, oN, We h’we (L M) IoN= L Jo(M[1pN), where L oM is a
right D-comodule by 1[Jeds and M[1pN is a left C-comodule by ox[l¢l. (In fact,
they are subcomodules of (LQM,1R2) and (M®N, 1) respectively.)

If T (resp. J) is a left (resp. right) coideal of C, then by (a) and (b) we get the
injection M ol T M 1eC=M (resp. J[ |¢N s C[ JeN=~N) by which we shall
identify M{[ ]¢I (resp. /I JoN) with the subspace of M (resp. N).

As a matter of convienience, we shall only refer to either right comodules or
left comodules. For we shall have the similar definitions and results substituting
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“right” comodules for “left” comodules and vice versa. Furthermore, if possible,
we shall neither refer to them. (For example, in the definitions below, (1) can be
changed to the assertion that ¢M is coflat over C if ?[JeM is exact. In (3), either
oM or Mg will do.)

It is well known [12] that there are four definitions;

(1) Mg is C-coflat if M[J¢? in exact.

(2) My is C-faithfully coflat if M[TJ¢? is faithfully exact.

(3) M is C-injective if Comg(?, M) is exact.

(4) M is a C-injective cogenerator if Comg(?, M) is faithfully exact.
The following fundamental properties of these comodules are due to M. Takeuchi.
In [12], he called coflat “flat ”. (For a detailed discussion of C-injective comodules,
we refer the reader to Green [5].)

(1.1) Tueorem. ({12], prop. A.2.1.) The followings are equivalent;
(1) M is C-injective (resp. a C-injective cogenerator),
(2) M is (resp. faithfully) coflat over C.

Since M¢=~M[ J¢C, C is a faithfully coflat C-comodule, and hence it is a C-injec-
tive cogenerator. Moreover, for a k-space W, W®C is a C-injective cogenerator
taking pwge=1®4. That is, the category of C-comodules is enough injective.

Let C and D be k-coalgebras and =»:C— D a coalgebra map. For any Me,
(M, 1®n)p) is a right D-comodule, which is denoted by M.. If there is no confu-
sion, we say simply a right D-comodule M the restriction of scalars. C is a (D, C)-
bicomodule taking p=4, i=(z®1)4. Hence, for any Np, (N[ 1sC, 1 Jpd) is a right
C-comodule, which is denoted by N* and called the induced comodule. We also
call it the extension of scalars to make an induced comodule. The restriction of
scalars is a left adjoint functor of the extension of scalars, that is, for My and ¢N,

we have an isomorphism of k-spaces;

Comg(M, N*) ——= Comp(M,, N), F— (1Qm)F

whose inverse is given by f+—— (fQ@1)Ax.
From this adjointness, the induced comodule N with the D-comodule map 1Qe:

o
(N™), ———> N[ ]pD = N has the universal mapping property as usual.
Let C,D and = be as above in (1.2) and (1.3).

(1.2) LemMa. The functor ?[J,C is faithful if and only if 1®e: M[1,C —> M
is surjective for any right D-comodule M.
Proor. Remarking that the mapping

can.
Comp(M, N) — Come(M*, N*) == Comp((M"),, N)
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. . 1Re
sends f to (idw®n)f* = f(idy®s), “only if ” part is obvious. If M[1,C —— M is
not surjective for some M, take N=M/Im (1®Qe) and f: M —> N as the canonical

non-zero D-comodule map. Then f is mapped to zero, which contradicts the faith-
fulness of the functor. Q.E.D.

(1.3) PrROPOSITION. Assume that = is surjective. Then C is a D-injective
cogenerator if and only if the D-subcomodule ker z of C is D-injective.

Proor. Since D is a D-injective cogenerator, “if ” part is obvious. Assume
that C is an injective cogenerator for Comp. Let J=kerz. Given any short exact
sequence of right D-comodules ;

0—>L—M-— N—9,

we get a commutative diagram ;

0 0 0
0 LOp] ——— M[o] NoJ
0 L,C M C N[1pC—0
{
6 —— L ——s M ——— N ——s0
A ‘J N
0 0 0

where all columns and rows are exact. In fact the exactness of the first row
follows from the left exactness of the cotensor functor, that of the second row
does from the injectivity of C and that of columns does from (1.2). The standard
argument (9-lemma) shows that M[]p/ — N[Jp] is surjective. Therefore ?[n/
is exact, which means that / is injective as a left D-comodule by (1.1). QED.

It is easy to make examples such that C is D-injective but not a D-injective
cogenerator. But if C and D are Hopf algebras and = is a Hopf algebra map, then
the fact that C is D-injective is equivalent to that C is a D-injective cogenerator.
This is a main result in this section.

First, we shall review comodules over a Hopf algebra. Let A be a Hopf
algebra. Given two right A-comodules M and N, we give M&QN a structure of a
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right A-comodule taking puer=1Q1R@m4)(1QTR1)oxn®px), where T'is the twist-
ing map. We call it the tensor product comodule of M and N.
The following is well known (Cf. [4], prop. 9, Cor. 2).

(1.4) TneorEM. Let M and N be right A-comodules. If N is A-injective, then
the tensor product comodule M®N is A-injective.

It is convienient to give a remark here.

(1.5) REMARK. A right (resp. left) comodule over a coalgebra C is a left (resp.
right) comodule over its opposite coalgebra C?. If ¢:C > D is an anti-coalgebra

map, then it becomes a coalgebra map ¢:C°? > D. We have the composite of
functors,

F,: Comg —; Comber — Com}, (or Comy ——= Comor —> Com?}),

where the second one is the restriction of scalars. Since the antipode S of a Hopf
algebra A is an anti-coalgebra map, we have functors,

Fs

Com’ — Com},

Fs
If S is bijective, then Fs is an isomorphism whose inverse is Fs-. In particular,
if Sis involutive, S*=id, then so is Fs. If B is another Hopf algebra and »: A — B
a Hopf algebra map, then

Sa
Fs(A) — .A

is a left B-comodule map. Therefore, if S, and S are bijective, it is an isomorphim
of left B-comodules. It follows from this that ,A is B-injective if and only if A,
is B-injective and so forth.

Let A, B and = be as above. Let M be a right A-module with the structure
map, oy M&A— M. M is called a right (A, B)-Hopf module if it is also a right
B-comodule and wy is a B-comodule map, where M®A is regarded as the tensor
product comodule. We can similarly define a left (A4, B)-Hopf module. Note that
the right regular A-module A is a right (4, B)-Hopf module regarding it as a right
B-comodules by A., and f=kerr is a (4, B)-sub-Hopf module of A.

(1.6) TueoreN. Let A, B and z be as above. Assume that z is surjective.
The following conditions are equivalent :

(1) A, is B-injective.

(2) There is a B-comodule map ¢: B - A with o(1)=1.

(3) Every right (A, B)-Hopf module is B-injective.
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From (1.3), we get,
CoroLLARY. A is B-injective if and only if A is a B-injective cogenerator.

Proor or THeOrREM. It is obvious that (3) == (1).

U
(1) = (2). For the exact sequence of B-comodules, 0 — & — B, we get the exact

COI!IB<MB, 1)
sequence of k-spaces, Comp(B, A) ————-—> Comp(k, A)—>0. One of the pre-

images of #,4 is the required one.

(2) = (3). Let M be a right (A4, B)-Hopf module and ¢: M — M®2B a k-linear
map such that {z)=2z®1 for any zeM. Regarding M®QA and M®2ZB as tensor
product comodules, ¢, 1®4 and oy are B-comodule maps. Since wu(¢®1)=idy, M
is a direct summand of M®B as a B-comodule. By (1.4), M®B is B-injective,
and so is M. Q.ED.

(1.7) DerFINITIONS. Let A, B and and = be as above, and I=ker z. If the con-
dition (1) (resp. (2)) below holds, we shall say that I is (resp. strongly) observable
in A, or that B is A-(resp. strongly) observable with respect to right comodules ;

(1) for any right B-comodule N of finite dimension, there exists a right A-
comodule M such that N is a B-subcomodule of M,,

(2) for any right B-comodule N, there exists a right A-comodule M such that
N is a B-subcomodule of M, and N[ |zk=M[.4.

It is obvious that (2) implies (1). We remark that (1) is equivalent to the
following each condition :

(3) for any left B-comodule W of finite dimension, e®1: A JzW — W is sur-
jective.

(4) for any left B-comodule W,«®1:A[ zW — W is surjective.

(5) the functor A[1g? is faithful.

In fact, the linear dual of a finite dimensional right B-comodule has the left B-
comodule structure which is called the transpose structure. (cf. [9] p. 99). Taking
the dual, (1) &= (3) follows from the univesal mapping property of induced co-
modules. Since a comodule is locally finite, that is, a union of the subcomodules
of finite dimension, we get (3) &= (4). It follows from (1.2) that (4) &= (5).

If the antipodes are bijective, (strong) observability with respect to right co-
modules is equivalent to that with respect to left comodules by (1.5). Recall that
the antipode of a commutative Hopf algebra is involutive. So we shall simply say
(strongly) observable in that case.

For later use, we shall review some notions. For detailed discussions of
these notions, we refer the reader to Green [5], where he called a comodule “a
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module ”.

(1.8) (1) Invariant matrices. Let (M, p) be a right C-comodule and {z)«r be
a k-basis of M. For any je/, we have an equation

o(2 )= L@
€l

in which the ¢;; are well-defined elements of C. The Ix[I matrix (¢;;) is called
the invariant matrix for C afforded by the k-basis {z:i; of M. Note that the
entries ¢;; of column j are determined by the above equation. From the coassoci-
ativity and the counit law of a coalgebra, we have

A(Cij):héaih@chj and 6(01;7)25“' (z,]el)

where d;; is the Kronecker symbol.

Similarly, for a left C-comodule (N, 2) with a k-basis {y:}ic;, We can define the
invariant matrix afforded by the basis. Note that its entries d;; of row j are
determined by the equation

My;)= Nd;i @y
i€l
We also have
A(dji):’Ze;IdthVde and e(du)=0d; (i,jel).

(2) Coefficient spaces. The coefficient space ¢f(M) of M is defined to be the
k-subspace of C generated by the ¢;; (i,jel) in (1). It does not depend on the choice
of a k-basis of M, and is a subcoalgebra of C. Remark that, if D is any subcoal-
gebra of C containing c¢f(M), then M is a D-comodule and M=M[TJ¢D by the
definition of a cotensor product.

(3) Socles. A non-zero comodule M is called to be simple if it has no sub-
comodule except M and (0). M is simple if and only if ¢f(M) is a simple sub-
coalgebra. For an arbitrary M, the socle Soc (M) of M is defined to be the sum
of all simple subcomodules of M. M is said to be completely reducible if every
subcomodule is a direct summand. M is completely reducible if and only if M=
Soc (M). The coradical R(C) of C is the socle of the right and the left regular
C-comodule C. We have the following fundamental properties;

(@) Soc(M)=M[R(C).

(b) If D is a simple subcoalgebra of C and M[1eD=(0), then M[ JcD is com-
pletely reducible and ¢f(M[J¢D)=D. Remark that Soc (M) JeD=M[cR(C) J¢eD=
M[JeD.

(¢) Let f: M- N be a comodule map. If f is injective on Soc(M). then f
is injective.
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(d) Let M and N be C-injective. M=N if and only if Soc (M)=2 Soc (N). Note
that M is an injective envelope of Soc (M).

(4) Transpose comodules and Dual comodules. Let (M, p) be a right C-comodule
of finite dimension, {»;:1<i<n} a k-basis of M and (¢;;) is the invariant matrix

afforded by the basis. We define its transpose *M to be the left C-comodule whose
underlying k-space is the dual k-space of M and whose structure map is

WaeP)= Y@t (1<i<n)

where {x}} is the dual k-basis of {z;} (Cf.[97,5.1.4). (c¢;;) is also the invariant matrix
afforded by the dual k-basis of ‘M.

If C is a Hopf algebra, then we can define the dual comodule of M. It is the
right C-comodule ¢M whose underlying k-space is also the dual k-space of M and

whose structure map is
P(x}k):ax?@S(cﬁ) (1<j<n)

where S is the antipode of C. That is, ¢M=Fs('!M) where Fg is in (1.5).

2. Strong observability.

(2.1) ToeorEM. Let A and B be Hopf algebras, and =: A — B a surjective
Hopf algebra map. The followings are equivalent :

(1) B is A-strongly observable with respect to right comodules.

(2) A. is B-injective.

(3) A, is a B-injective cogenerator.

(4) A, is B-coflat.

(5) A, is B-faithfully coflat.

Remark. Cline-Parshall-Scott [2] showed that, if A is a reduced, finitely
generated and commutative algebra over an algebraically closed field %, then (1),
(2) and (4) are equivalent.

Proor. From (1.1) and (1.6), (2), (3), (4) and (5) are equivalent. The idea of
proof is similar to that in [2]. (1) =—> (2). For the right regular B-comodule B,
there exists a right A-comodule M such that B is a B-subcomodule of M and
M[uk=B[_gk=Fk. Since A is A-injective the A-comodule map £-+ A can be
extended to an A-comodule map M — A. Then the composite B— M- A is a B-
comodule map sending 1 to 1. Hence by (1.6), A is B-injective.

(2) ~(6) — (1). First, we shall show that a simple right B-comodule N can
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be embedded in a simple right A-comodule M such that N[ zk=M[ J4k. Recall
that, since % is a trivial (B, B)-sub-bicomodule of B, N[ 1zk is a right B-subcomodule
of N[(|zpB=N. Since N is simple, we have either N[ Jzk=0 or N=N[]gk=k. If
N=~k, take M=N which is considered as a trivial A-comodule. Hence N[ |gk=N=
M=M{\4k. Suppose that N[ Jzk=0. Since A[]s? is faithful, B is observable with
respect to right comodules by (1.7). Hence there exists a right A-comodule which
contains N as a B-subcomodule and is of finite dimension. Among such A-comodules,
take M of the smallest dimension. Let M’ be a simple A-subcomodule of M. If
M'nN=0, then the composite N-» M- M/M’ is an injective B-comodule map.
This contradicts to the choice of M. Hence M’NN=N by the simplicity of N.
By the choice of M, we have M=M’. Since M is simple, we have M [ |4&£=0 or
M lsk=M=~Fk. I M=k, then N=M. Therefore, if N[ ]zk=0, then M[ ].k=0.

Let Np be given arbitrarily. From the above, we have a completely reducible
right A-comodule M which contains the socle of N, Soc(N), as a B-subcomodule
and Soc (N) Jask=M{[Jak. Let E(M) be an injective envelope of M, then it is also
B-injective by Prop. 5 in [4]. Hence a B-comodule map Soc (N) — M — E(M) can
be extended to a B-comodule map ¢:N— E(M). Since the restriction of ¢ on
Soc (N) is injective, ¢ is injective. By (1.8), we get N[ lsk=Soc (N)Isk=M[J4k=
E(M)ak. QED.

In the rest of this section, we assume that A is a commutative Hopf algebra.
A subalgebra R of A is called a left coideal subalgebra if it is also a left coideal.
The following theorem is due to M. Takeuchi.

(2.2) TreoreM ([10] & [11])

(1) Consider the following sets:

R={R; R is a left coideal subagebra of A and A is faithfully flat over R}

J={I; Iis a Hopf ideal of A and A is A/[-faithfully coflat}

I ={R; R is a sub-Hopf algebra of A}

J.={I; I is a normal Hopf ideal of A}

The correspondence R+—— R*A=the ideal of A generated by ker eN R=R"* and
the correspondence I+— A[ 4,7k are mutually inverse correspodences between R
and 9. Under these, the subset 4 of R correspnds to the subset 4, of J.

(2) If A is pointed, then A is faithfully coflat over A/I for any Hopf ideal 7.

(3) Let 8=6p:A, D=6p A/ and (87@ a dur k-sheaf of right cosets ([3] p. 353).
The followings are equivalent:

(a) @7@ is an affine scheme.

(b) A is faithfully coflat over A/L

Combining (2.1) and (2.2), we get:
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(2.3) Turorem. Let & be an affine k-group scheme and $ a closed k-subgroup
scheme. Then the followings are equivalent :

(1) & is strongly observable in .

(2) o) is an injective £-$-module.

(3) % is an exact subgroup of &, which means that @) Noeey? is exact.

(4) 637.8’9 is an affine k-scheme.

ReEMARK. If & is reduced and algebraic over an algebraically closed field %,
then this is a main theorem for a strongly observable subgroup in [2].

Finally, we shall give one criterion for strong observability. An ideal a of a
left coideal subalgebra R is called a left coideal-ideal if a is also a left coideal of A.

(2.4) ProposITION. Let R be a left coideal subalgebra of a Hopf algebra A.
The followings are equivalent:

(1) R has no non-trivial left coideal-ideals.

(2) A is faithfully flat over R.

Proor. (2) ==>(1). Let a be a left coideal-ideal in R. TIf a0, then e(a)=0.
In fact, if e(a)=0, (1Q:)4(a)=0, for 4(a)c AQa. But (1Re:)d=id. Take aca satisfying
with ¢(@)=1. Then 1=s(a)=i%8(a(l))a(2)ea/4. This contradicts the fact that A is
faithfully flat over R.

(1) == (2). We may assume that % is algebraically closed and both 4 and R
are finitely generated.

(a) Suppose A is reduced. Let i:R—> A be the inclusion map, then

F=Cpik) : SprAlk) — SpR(k)

is a &pyA(k)-equivariant morphism. From the generic flatness and homogeneity of
SpiA(k), A is flat over R. Therefore f is an open map. If o is the definition ideal
of the closed set @pR(k)— f(©p:A(R)), a is SpeA(k)-stable, and hence it is a left
coideal-ideal. By the assumption, a=0. This means / is surjective, and hence A
is faithfully flat over R.

(h) Suppose A is not reduced. Since a Hopf algebra over a field of charac-
teristic zero is reduced, %2 has positive characteristic 5. Then AP ={gP": ge A}

a left coideal subalgebra of A“™ and has no non-trivial left coideal-ideals. Since
AP is faithfully flat over T by (a) and A is faithfully flat over A®™ by (2.2), A
if faithfully flat over 7. Since R and A are (T, A)-Hopf module, we have A-module
isomorphisms,

ARrR == AQR|T 'R, a®r —— Yar, Q¥ mod T*R),
(r)
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and

ARQrA —— AQA|T* A, a@b — (}%abm@(b@) mod T *A)

by the structure theorem of (7, A)-Hopf modules ([7], th. 1). Since AQrR— AQrA
is injective, R/T*R — A/T*A is injective and it is easy to see that R/T*R is a left
coideal subalgebra of a Hopf algebra A/T*A and (R/T*R)* is nilpotent. Hence the
lemma below shows that A/T"A is a free R/T+*R-module. In particular, AQrA is
faithfully flat over AQrR. Therefore A is faithfully flat over R. QE.D.

LEMMA. Let R be a left coideal subalgebra of A. If R is nilpotent, then A
is a free R-module.

Proor. Choose a;e A(jeJ) such that a; mod R*A is a k-basis of A/R*A. Since
R' is nilpotent, A is spanned by the @; as an R-module by Nakayama’s lemma.
Hence the R-module map, ®,R — A sending the j-th basis element to aj, is surjec-
tive. Tensoring with A on the left, we get

@R A

| o |

AQr(BsR)=B,A A®RA .

The map @sK — @,A is injective; hence the top row must be injective if the
bottom one is. Note that the map sends the i-th basis element of ®,A to 1Ra..
Let M be the kernel of the bottom map. Since ARQrA=ARA/R*A,

00— M — @sA —> ARA/R*A—0

is a split exact sequence of A-modules; hence R-modules. Apply R/R'®r?, and
we get an exact sequence

0 —> M|R*M — @;A/R*A — AI/R*AQAI/R'A — 0.

Since @sA/R*A — A/R*ARQA|R*A is A/R+A-linear and sends the i-th basis element
to 1®(a; mod R*A), it is an isomorphism. Hence M/R*M=0, which means M=0

by Nakayama’s lemma. Q.E.D.

3. Observability.

In this section we assume that all Hopf algebras are commutative. Given any
Hopf algebra A, we denote the set of all group-like elements in A by G(A) and
the coradical of A by R(A) as usual.

First, we shall give some results which are easily deduced from the definition.
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(3.1) Given the following commutative diagram of Hopf algebras,

A B

L0

where all the maps are Hopf algebra maps and surjective. We get,

(a) (transitivity of observability) if B, is A,-observable and B; is B,-observable,
then B, is A;-observable, and

(b) if B, is A,-observable, then B, is A,-observable.

A fundamental theorem of observability is due to 1.

(3.2) TrEOREM. ([1], th. 1) Let A and B be Hopf algebras, and =:A— B a
surjective Hopf algebra map. Assume that, for any geG(B) such that A[]zkg+0,
we have A[Jpkg~'+0, where kg and kg~ are one dimensional subcoalgebra of B
spanned by ¢ and ¢' respectively. Then B is A-observable. In particular, if
Al lskg+0 for any geG(B) then B is A-observable.

Remarks. (1) Since A[Jskg is a left coideal of A,s(A[Jskg)+0 if it is not
zero. Hence the canoncal map A[ Jpkg — kg is surjective. For acA, ac Al Jpkyg iff
(1®m)4(a)=a®g. Hence n(a)=e(a)g for any ac Al zkg.

(2) If N is a B-comodule of dimension one, then ¢f(N )=kg for some geG(B)
and N=kg as a B-comodue. We call ¢ the weight of N.

It is easy to see that, for geG(B), the following conditions are equivalent ; (a)
Al lskg+0, (b) kg~'[1rA+0, and (c) any right (resp. left) B-comodule N of dimen-
sion one whose weight is ¢ (resp. ¢') can be embedded in a right (resp. left) A-
comodule as a B-subcomodule.

By (c), we see that this theorem is a Hopf algebraic version of the theorem
1in [1].

CoroLLARY. Let A, B and 7 be as above.

(1) For any field extension K of &, the A-observability of B is equivalent to
the AQK-observability of BRK.

(2) B is A-observable if either of the following condition holds;

@) =(G(A)=G(B) or (b) z(R(A)=R(B).

In particular, we get

(i) if A®K is pointed for some extension field K of &, then every Hopf ideal
of A is observable, and

(if) if G(B)={1}, then B is A-observable.
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Proor (i) Suppose that BRK is AQK-observable. For any geG(B), we have
(AsR)QK = (AR K ) pgx(kg@K), which is easily deduced from the definition of
cotensor products. Hence A[Jgkg+0. Suppose the contrary. For any ¢eG(BRK),
we have only to show that a right B®K-comodule Kg can be embedded in a
right AQK-comodule as a BRQK-subcomodule by the remark (2) above. Express
0=2b&eai, bs, €B, ;¢ K. Let N be a right coideal of B generated by the 4. Since
B is A-observable, N can be embedded in a right A-comodule M as a B-subcomodule.
The composite Kg -~ NQK — MK is the required embedding, where the first map
is defined to send g to Y b:&@ua;.

(2) In case of (a), there is nothing to prove. Suppose (b) holds. For any
geG(B), we get R(B)=kg®C as a coalgebra and

R(A)=R(A)rcs R(B)=(R(A) Iz kg)D(R(A) Jrs,C)

as a left A-comodule. If R(A)Jrwkg=0, then there is no element @ in R(A) with
n(a)=g, which contradicts to (b). Since R(A) Jrsyky=R(A) Iskgc Al lskg, we have
Al gkg=+0.

The homomorphic image of a pointed Hopf algebra is pointed. Hence (i) follows
from (1) and (a). (ii) follows from 2c A Jzk. Q.E.D.

(3.3) PrOPOSITION. Suppose that & is perfect.

(1) [ is an observable Hopf ideal in A if and only if v 7 is observable in A.

(2) B is A-observable if and only if Breq is Area-Observable, where Brea=5/V(0)
and Area=A/V(0).

Proor. Recall that, if 7 is a Hopf ideal, so is V' 7, for k is perfect. If £ has
characteristic zero, every Hopf algebra is reduced, hence there is nothing to prove.
Suppose k£ has positive characteristic p.

(1) Let B=A|I; then B.a=A/VI. Suppose B is A-observable. From 3.1)
(b), it suffices to show that B.a is B-observable. Let geG(Brea) With B[ s, kg+0
and choose be B[ s, kg with e(b)=1. Take feB such that fmod Vv 0 =g¢~'; then
fP"eG(B) for some positive integer ». We get an element b?"'f?* of B[z, ko™
which is not zero, for ¢(®*"~'f#?")=1. Suppose the contrary. Let geG(B) with
A[skg+0 and choose aeA[ sk with e(a)=1. Since g=g mod V0 is in G(Bre) and
+/T observable in A, Alls, ko '+#0. Take its element f with ¢ f)=1: then
f®g"=(zfj)f(1)®(f(2) mod /) modulo A®+ 0. Hence

SR = §)f B Q(f » mod 1)»"

for some positive integer ». We get a non-zero element a?™'f#* of A[ Jgkg~'.
(2) It is obvious from (1) and (3.1). Q.E.D.
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Let 7 : A-> B be a surjective Hopf algebra map, A, a sub-Hopf algebra of A, B\=
7(A), A= AlI(A) and By=B/I(B,), where I[(A)=AFA and I(B))=B{B. From (2.1)
and (2.2), A, is A-strongly observable and B, is B-strongly observable. Hence if
B is A-observable, B, is A-observable by (3.1). Note that A,=A[lsk=k[ 14,4 and
Bi=B1pf=Fk]p,3 ([10)).

(3.4) ProrosITION. Under the situation as above, if B, has a non-zero left
integral z, we get that B is A-observable if and only if B, is A,-observable.

RemARkS. (1) From the definition of a left integral ([9], p.91), it is easy to see
that r is a left B,-comodule map from B, to k, where k£ is regarded as a trivial
comodule.

(2) A finite dimensional Hopf algebra always has a non-zero left integral
(9], ch. 5,5.1.6.). Let A be finitely generated as a k-algebra and take A,=r(4)=
{ae A k[z] is a separable k-algebra. in the above situation; then A, is of finite
dimension and so is B,. Therefore the result of the proposition holds.

Proor. Suppose B, is A,-observable. Then B, is A-observable by transitivity.
Hence ATl ky#0 for any geG(B), viewing kg as a By-comedule by the restriction
of scalars. Note that it is an A,-module, where A, operates on it by the multiplica-
tion on the factor A. Let By be a B,-submodule of B generated by ¢. It is also
a subcoalgebra. Define a %-linear map ¢ : Al s kg — Big by ¢a@q)r(a). It is easy
to show that ¢ is a B-comodule map and an A;-module map, where B¢ is regarded as
an A,;-module via =: A, —» Bi. We claim that ¢ is surjective. In fact, Im¢ is a
non-zero B;-submodule and a left coideal of B,g. We can choose bgelm ¢ (beB))
with &(bg)=1. Since us=m(SR1L), we get 1=3 S(b1,)be; hence g=7,5(b))begelm ¢.
Therefore Im ¢»=B,g. The composite of B-c(g)modu]e maps ¢ and Bi:; - kg, bg — (b)g,
is a non-zero map ; hence we get A Jpkg+0 by the universality of induced comodules.
QED.

RemarRMK. Let B, be any sub-Hopf algebra of B, B,=B/{(B,) and g¢eG(B).
Then we get

(1) B pkg20Q@9&= g@beky[1s,B; hence B[ Ir kg is a subcoalgebra of B&kg, and

(ii) B pky~Bi/®kg~B\g as coalgebras, where B[ g kg and B:®kg are sub-
coalgebras of B®kg, and B,g is a subcoalgebra of B. They are also isomorphic as
left B-comodules where gngu,=4Czr1, Bi®kg is the tensor product comodule
and 2p,,=4, and also isomorphic as By-modules, where B, operates respectively on
Bl lp,kg and Bi®kg by the multiplication on the factors B and Big, and Big is a
Bi-submodule of B.

Proor. (i) The proof of this assersion is the same as the one of B s k=
ks, B.
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(i) It is obvious that if b&ge B Iz ky, then bg~'eB,. It is easy to show that
mappings  Bllsky — Bi®ky, bQg — bg~'®y  and  B.®kg — Big, bQg —— by
give us the required isomorphisms. Q.E.D.

CoroLLARY (of proof). Let A, B and = be as above, B, a finite dimensional

sub-Hopf algebra of B and B,=B/I(B,). Then the A-observabilities of B and B, are
equivalent.

Proor. Since R=A[]pB,=Algk is a sub-(B, B)-bicomodule of A and

al_sl
¢ AllpB, ——— BpB == B

is a (B, B)-bicomodule map, B:=Im ¢ is a subcoalgebra of B,. Since ¢ is also a &-
algebra map, B, is a subalgebra; hence a sub-bialgebra of B,. Since B, is of finite
dimension, B; is really a sub-Hopf algebra. Let ¢ be a non-zero left integral of B..

Now suppose B, is A-observable and take any geG(B) with A[ Jskg=+0; then
Als,ky™'+0. Note that it is an R-module, where R operates on it by the multi-
plication on the factor A. Let ¢ be the composite ;

T

1
B
Allsokg™ ———" Blpky™ == Big~".

If we show Im ¢ By, then R, By, ¢ and ¢ play the same roles as A, B, ¢ and ¢
in the proof of the proposition respectively, so we shall get A[ |zkg~'+0.

Choose ae Al igkg with ¢(a)=1. Then =(a)=¢. Given any a'®g e Al kg™,
a(ag=r(aa’)eB,; hence (az)a’(l)a@)n(a’(z))geA[jBR:R. Therefore (/5((;)(1’(1)(1@
(@ @))g)=ala’)ge B, and ¢la’)=r(a’)eBg™'. QE.D.

(3.5) ProprositiON. Let A and B be as in (3.2), B, a pointed irredecible sub-Hopf
algebra of B, and By=B/I(B;). Then the A-observabilities of B and B, are equivalent.

Proor. Suppose that B, is A-observable. Then Az kg + 0 for any geG(B).
We have Al lpkg=A (B lsko)=AsBig. Since Big is a pointed irreducible
coalgebra with the unique simple coalgebra kg and A[ |zB,¢ is a right Big-comodule,
we have Soc (AL sBig)=A[1sBiy[ s ¢ky= Al Iskg, where Soc (A JzB.¢) is the socle
of a Big-comodule A[JzB.g. Since A[|pBg+0, we get Al Jzkg+0. Q.E.D.

A Hopf algebra A is split pointed if A=AG(A)RA' as Hopf algebras, where
kG(A) is the group algebra of the group G(A) and A' is the pointed irreducible
component of A containing &.

CoroLLary. Let A and B be as above. If BRK is split pointed for some
extension field A of &, then B is A-observable.
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Proor. By the corollary in (3.2), we may assume that B is split pointed.
Since kG(B)is co-semi-simple, that is, every AG(B)-comodule is an injective comodule,
A is kG(B)-injective, where A is a kG(B)-comodule through the Hopf algebra map,
A — B— BJI(B') = kG(B). Hence kG(B) is A-strongly observable. Therefore the
proposition assures that B is A-observable. Q.E.D.

The next theorem was asserted in [7], prop. 3, but its proof is incorrect (see
the appendix at the last page), so we shall give a new proof here.

For any left coideal subalgebra R of A, we denote by J(R) or I4R) the ideal
of A generated by R*=RNkere. Remark that it is a Hopf ideal.

(3.6) THroreM. If R is a left coideal subalgebra A, then /(R) is observable
in A.

Proor. We shall reduce to proving the following problem: let A be a finitely
generated Hopf domain over an algebraically closed field and R a finitely generated
as a k-algebra, then {(R) is observable in A.

In fact, it is obvious that we may assume that & is algebraically closed. Let
B=A/I(R) and =: A — B be the canonical map. Given any geG(B) with A ]zkg+0,
we have only to show A[Jskg™'#0. Let ¢ be a simple left coideal in A[]gkg. If
dimc¢=1, then there is nothing to prove. Let @;e A(1=<i=n) be a k-basis of ¢ with
&(@;)=0,; where §y; is the Kronecker symbol. Then n(a;)= Y.en(ai,)n(tix) =ern(a)g=
dig. Hence n(a.)=¢ and @;el(R) for i=2, -+, n. Expresi:i?lg

m . . .
Cli=2:7’ij/lj, VUGR, /leA (l=Z, ~--,7’l),
J=1

put R’ the left coideal subalgebra generated by the 7;;, and A’ the sub-Hopf algebra
generated by the @; and R’. Since 4(a)—a®aeAQc*CA'QRLi(R"), d,=a, mod
I(R’) is a group-like element and a,c A’ Jskd,, where B'=A'/[(R’). If we have
A’'[lpka,+0, then we get A |zkg~'#0. Hence we can reduce to the case that A
and R are finitely generated as k-algebras.

Let g: A~ A..c be the canonical map. We have Ao/ VI(g(R))=A/VIR)= Brea.
By (3.4), if VI(¢(R)) is observable in Ave, {(R) is observable in A. Hence we can
reduce to the case that A is reduced. Finally, let A, B, be as the ones in the
remarks (2) of (3.4), and g: A — A, the canonical map. It is easy to show that
AoJlg(R))=B,. Hence by (3.3) and (3.4), if VI(¢(R)) is observable in A, I(R) is
observable in A. Hence the reduction to the problem that is stated at the begin-
ning, can be done.

Now let & be an affine algebraic group defined by A, § a closed subgroup defined

by B=AJVI(R), and ¥ an affine variety defined by R. The commutative diagrams
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R 4 A®R and r—4 ARR
AJ J 1®4 \\ @1
agr—2EL . 104RR kRR
induce the commutative diagrams
X Gxx and ¥ «—BxX
| | N\ /
Gxx Gx@x% exX

where ¢ is the unit group.

Hence the inclusion RC A induces a &-equivariant dominant morphism of
varieties p: & — X. Given any geG(B) with Al Jzkg+0, we choose an element « of
Allskg with «(¢)=1 and take 3 as the closed set of zeros of . Then we get (1)
f3=3, 2) p7'(p8)=3, and (3) p is an open map. In fact, it is easy to show (1)
and (2). (3) may be well-known (cf. [8], p. 58, Prop. 1). From (3), 3 is closed in
p(®); hence p~(p3)=p'(p3), where p3 is the closure of p8in X. Since e(a)=1, pe)epa.
Therefore there exists reR such that 7(p(e))=1 and r=0 on p3. Viewing 7 as a
regular function on &, we get that »=0 on 3. Hence reV(a). Expressing »*=aa’
for some a’eA and for some positive integer #, we have (a®g) @' Rg)=a"R1=
(a@g)(éf,)a(“@n(aim)) in ARQB. Since A is an integral domain, B is reduced and ¢
is an invertible element, we have a’@g*‘——-(g})a{l,@rc(a@)), which means a’¢ A [zkg™'.
Since «r)=¢a)=1,a’x0. QE.D.

(3.7) Tuporem ([7]) If I is an observable Hopf ideal in A, then /=I(A[Ja k)=
Lk 4,1 A).

CoroLLARY. If [, and J, are observable Hopf ideals in A, then so is 7.+ .

Proor. By the above theorem, /; is determined by a left coideal subalgebra
Ri(i=1,2). We claim that [;+7I.=/(R,R,), where R,R, is a left coideal subalgebra

generated by R, and R, Since [; is generated by Rf=ker eNR;, [+ LS IR R,).
Let z;eR, y;eR: (=1, .--,%) and Y xy;e(R R,)*. Then

%]wj’yj =Xz fy;—e(y))+ Zjl(w— (xy)e(y)eli+ Lo Q.ED.

The following two propositions show the relation between observable closed
k-subgroup schemes and stabilizer k-subgroup schemes of an affine k-group scheme.

(3.8) ProrosiTION. Let &=&p,A be an affine k-group scheme, V a left A-
comodule and veV. Then the stabilizer group &, of » is observable in &.
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Proor. Let W be any subcomodule of V such that it contains » and is of
finite dimension. Let ‘W be the transpose comodule (1.8) (4). The symmetric algebra
S(¢W) on ‘W has naturally the structure of right A-comodule induced by *W. The
map (/)7,:S(£W)——>A,f+—+?;)fm(v)f(,) is both the k-algebra one and the A-

comodule one. Hence Im ¢, is a right coideal subalgebra of A. By (3.6), B=A/I(Im¢,)
is A-observable. We claim that 8,=®p.B. In fact, it is enough to show that
&(T)=&p,B(T) for any commutative k-algebra 7" Let v=wvy,0,, ---, v, be a k-basis
of W and X, ---, X, its dual basis of ‘W. If () is the invariant matrix afforded

by the k-basis {v;;1 =1 =< #n}, that is, Xw(vi):nZa,;‘,-(@vj, then it is also the invariant
i=1
matrix afforded by {X;;1 =i =#n}. Hence ¢D(Xi)=§}X,(v)aij:a”;. We get
iA1
Im q}v:k[ally dygy = =0y aln]y
(Im o)t =(@11—1, @ss, =+, @un)

and
B:A/((lu—l, Qigy """y (Jlﬂ)A-

Recall that G(7T)={ge@pA(T); g.v=0}. Since

0.0= 300 )@vw = 50(@)Qv;e TRV,
Jj=1

we have go=v & glai)=0i; <> ker gD (@i —1, dugy - - -, 1) A = g€@pi 5(T).
Therefore &(T)=8p:H(1) Q.E.D.

Remark that /(Im ¢,) is finitely generated. We have its converse.

(3.9) ProrositioN. If a Hopf ideal 7 is observable in A and finitely generated,
then there exists a left A-comodule V and its element v such that (©p,A),=Sp(A/]).

Proor. Since [ is observable, we have I=I(R) and R=Fk[14:A. Hence we
can express

T=(ry, -, 1), rieR (1=i=n).
Let V; be a left A-comodule generated by #;, V=€BV,; and v=7,4---+r. Then
we claim that (©p,A),=@piA/l. As in the proof (1)1‘ (3.8), we have
(CpeA)y=Cpr A/ I(Im ),
where

G2 SCV)— A, f '_"(%:f(f))(v)f(l)-

Hence it is enough to show that 7/=I(Im ¢,). For each i, let v(@), =7, v(2)s, - - -, V(D)w >
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be a k-basis of Vi, X(@)y, -+ -, X()wa, its dual basis of ¢V;, and (a(i)m) (1=j, m=N(I))
the invariant matrix of V;. Then _/I(n)=Mij) (@) 1mQv(@)m. Since (1Qe)d=id and
v(@),)=0, we get

ri= Z‘é—j: a(2)ime(0(@m)- W

Since v(i),=7;eR, we get Y. n(a(®)im)Rv(i)n=1Rw(i), where =: A -> A/l is the canonical
Hopf algebra map. Hence

a(i)u—1, ali)mel 2=m=NG)). 2)
On the other hand, since ¢,(X(),)= A;‘(:,P<X(i),n, vYa(@)mi=a(i);, we get
m=1

Im go=Ekla(i);; 1=i=n, 1=/=NG)]
and
(Im go)+=(a(@)ii—1, a(i) ;; 1=i=n, 2<7=N()). 3)

From (1), (2) and (3), we get /=IIm¢,). QE.D.

4. A geometric characterization.

We shall give a geometric characterization of observable Hopf ideals. We shall
use notations and technical terms in [3].

Let A be a Hopf algebra, R a left coideal subalgebra of A, $=©p.A and X=
©peR. Then © operates on X via ©ppdg, that is, (gz)#)= 9w )x(re) for any
TeMy, any ge®(T), any xeX(T) and any reR. If i: R—~> A is the inclusion map,
then @y is exactly the orbit map p,: & — X, where w=c4|rcX(k), that is, p.(0)=¢lz
for any TeM; and any ge®&(T).

Now we shall give some results which are easily proved.

(1) Centg(w)=GSpA/I(R). In fact, recalling that I(R) is the ideal of A generated
by R*=RnNkeres=ker w, it is easy to see that Gentg{w)(T)=p.A/{R)T) for any
Te M.

(2) If a Hopf ideal 7 contains /(R), then we have by (1) and ([3], III, § 3, 1.6.)
that there is a unique morphism 2:637&) —> ¥ such that pmzt-?!@‘s;, where H=Cp A[l
and %,g,;@ﬁ@k) is the canonical morphism. v is a monomorphism if and only
if H=Centg(w), that is, [=I(R). Notice that r is induced from the morphism

&(T)AT) — X(T), ¢AT) — gl &, Te Mx

and the origin of ®/9,, is mapped to w by r.

(3) If A is finitely generated as a k-algebra, then @7(&21%((») is quasi-affine.
In fact, take generators 7,, ---,7, of I(R) from R as an ideal. Then the left coideal
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subalgebra R’ generated by the »; is finitely generated as a k-algebra. By the
construction, [(R)=I(R’). Hence we get Gentg(w)=C:mig(®) by (1), where o'=
ca|lp€@peR'(k). It follows from ({3], I1I, §3,5.2) that @7@entm(w)=~—®7@ent®(w’) is an
algebraic k-scheme and @7@ent®(m’) - @p, R’ is an immersion. Therefore @7(63eni®(m)
is a separated, quasi-compact, open subscheme of an affine scheme, which means
that it is quasi-affine.

Since O(@?@ent@(w)) can be identified with A4, zmk (Cf. [3], 11I,§3,7.8.) and
@7@euf@(w) is quasi-affine, it follows from ([5],1I,5.1.2.) that the canonical morphism
@7@ent@(w)—>@m@(@ﬂ(&en@(@)—>@pk(ADA,;k) is an open immersion. Notice that it
is the same morphism that t taking R=A[4,74. In paticular, A is flat over A J4,%,
since the canonical morphism @3—»@7@2111@((0) is faithfully flat. This assertion is
also valid when A is not a finitely generated k-algebra. In fact, A=UA;, where

the A; are sub-Hopf algebras of A and finitely generated as k-algebras. Let R;=
A;:N R be a left coideal subalgebra of A;. It is obvious that

Al Juy1rpk=A; 0N (A4, 1cmrk).

Since A; is flat over Al 1rpk, A is flat over Al 41wk

(4) Let I be a Hopf ideal of A and R=A[4,sk It is obvious that J(R)c].
If a is a non-zero left coideal-ideal of R, then t: @7{)—» SR in (2) factors through
(&) R).. In fact, since r is the dur-sheafication of 1/ :&/9 — @y R, it is enough to
show that Im v (T)C(©peR)(T') for any TeM,. Recall that for any ge®(T), ' (T)
(@9(T))=glr. Since aA=A, we get leg(aA)Tglr(@)T. Therefore g|lze(©peR)(T).

THeOREM. Let A be a Hopf algebra, / a Hopf ideal of A, R=A[14,/%k, &=
SpeA, H=6p A/l and X=6p,R. The other notations are similar to the above.

(i) 1 is observable if and only if t:(557e‘§)—> X is a monomorphism.
(i) The following conditions are equivalent;
(a) [ is observable and R has a simple left coideal M such that, if b is a
non-zero left coideal-ideal of R, then Mc /b,
(b) ®]% is a quasi-affine k-scheme,
(c) r:@7® — X is an open immersion.
(iii) I is observable and finitely generated if and only if G/ is a quasi-affine
algebraic k-scheme.

ProOF. (i) Suppose [ is observable. Since /=I(R),r is a monomorphism by
(2). Suppose the contrary. The diagram
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9 incl. ®
‘é’#

o ———> /9

where Z“:p@,@o@pkem is cartesian. (cf. [3],1I1,§ 3,1.5) Since t is a monomorphism,
the diagram of affine k-schemes

incl. G

where ot=p,o©Opeq, is cartesian. Hence A//~k®QrA~R/R*®QrA~A/I(R). Since
IDI(R), we get I=I(R). Therefore I is observable.
(i) (c)=> (a). There is an ideal a of R such that vV a =a and

t: 6/ —= (&pR). Cs X.

Given any non-zero left coideal-ideal b, it follows from (4) that it factors through
(&peR). Hence acv'b. Since 23(A®a) is a left coideal-ideal contained in g, it is
enough to show 1z'(A®a)+0. In fact, if M is a simple left coideal contained in
27(A®q), then Mcv'b. Now we claim aA=A. Given any maximal ideal m of A,
take the residue field K=A/m. Let ge®(K) be the canonical map ¢: A — K and
exe®(K) the unit element. Then p,(ex)=wxe(@pR0W(K). Since /9= (EpR)e is
§-stable, guxe(SpeR)(K), that is, gux(a)x0. On the other hand, we have gwx(r)=
(‘%")'g(r(l))a,g(r(z,)zg(r) for any re R. Hence g(a)>0, or adker g=m. This means aA=A.
From the lemma below, we get 1z(A®a)=0.

(@)= (b) or (c). Let a be the ideal generated by M. Notice that a is a left
coideal-ideal. If f,, .-, f, form a k-basis of M, then a=(f,, ---f.). We claim
(Sj/«i):(@ka)qziQ@kafi, from which (b) and (c) follow. It is enough to show that

~

the sequence in Ilﬁ

Sp(1@m)d  p,
XO————3 6 — (&R

b

where = : A — A/l is the canonical map, is exact.
The remaining proof is to show that p, is faithfully flat. Since Yo : G > (SpR),
is flat by (3), it is enough to show that given any maximal ideal m of R such that
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mba, we have mAxA. Suppose mA=A. By the lemma below, b=23(AXm)=0. By
the assumption on M, we get ac+ b. Since bcw, acm, which is the contradiction.
(b)=> (c). It follows from (3).

(iii) (=) Let I=(7,, - -+, 7a), R’ a left coideal subalgebra generated by 7, - -+, ¥, A’
a sub-Hopf algebra generated by R’ and /'=1,(R")=R’"A’. Since A is faithfully
flat over A’ (2.2), I'=INA’. Since I4,(R")=1, =Eentg(w’) Where o’ =c4|r c(@p:R')(k).
Since I, (RN)=1,9 =&pA’'|[I' =Cenig(e’). Since & and ' are affine algebraic %-
schemes, (8’/&:)’ ~ /éj)’ is an algebraic £-scheme. We get the commutative diagram,

mono. 0., SR

\ / open immersion

&y

Hence the canonical morphism @7&)—»@’7@’ is a monomorphism. On the other
hand, we have the commutative diagram

C(lﬂ

can., g e,

»u\ /

where @ — & is faithfully flat and quasi-compact, and & — /9’ is faithfully flat
and of finite presentation ({3,111, §3,2.5). By ([3],111,§1,2.10 & 3.3), we get the top

-~ can. ..
morphism is an epimorphism. Then &/ -— &/% is an epimorphism. Hence
(557@:(55’7@'. By (3), (557!{:) is quasi-affine algebraic.

(=>). *r can be expressed as

/6~ \UBR;, s SR

and each Ry, is a finitely generated k-algebra. Let
Ry, =klra| 34 -+ timeo [ fim®],  #ije R, (1<i<n, 1< <mi))

and R’ is the left coideal subalgebra generated by 7y, - - #imay, fi (1<i<n). Note
that R’ is finitely generated as a k-algebra. It is obvious that R;,=R’. Since
H=ECentg(w)=Centg(ew’), I={(R’). Therefore [ is finitely generated. Q.E.D.

Lemma. Let R be a left coideal subalgebra of a Hopf algebra A and a a non-
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zero ideal of R such that vV a =a. If aA=A4, then i7(AR®a)x0.

Proor. Recall that Az (A®na) is the largest left coideal of R contained in a.
It is easy to show that (1x®k) ARV a @k)%0 implies 1 (ARa)%0, where £ is
an algebraic closure of £ Hence we may assume £ is an algebraically closed field. Let

i}lnaizl,nea and a;€ A. If R is a left coideal subalgebra generated by 7y, -+ -, 7,
and A’ a sub-Hopf algebra generated by #,, -+ -, 7a, @1, - - +, @y, then they are finitely

generated as k-aigebras and R’ is a left coideal subalgebra of A’. If a’=an R’, then
V=o' and @’ A’=A’. Since Az(A'®)CAH(ARa), we may assume that A and R
are finitely generated as k-algebras. We may also assume that A is reduced. In
fact, let ¢: A— A/V(0) be the canonical Hopf algebra map, then ¢(A), (R) and
¢(a) satisfy the assumptions. If ;e (d(A)R¢(a))x0, then there is its element ¢(#)
such that e(¢(r))=1. Hence Y7%®rhecA®a for a natural number # being large
enough, where p is the characteristic exponent of &£ (Recall that, if p=1, then A
is always reduced.) Therefore r?"eiz'(A®a). Since &(r)=1, #?"+0.

Now, if a=R, then the assertion is trivial. If a is a proper ideal then the
proof of (2.4) shows that the defining ideal b of the closed set Spec R—|p,|(Spec A)
is a non-zero left coideal. Given any peSpec R,p>a implies pA=A, hence pDb.
We get aDb. Therefore b is contained in A3(A®a). QE.D.

Appendix: Correction to my paper “A correspondence between observable
Hopf ideals and left coideal subalgebras” [71.

In my paper [7], prop. 3, it was claimed that let A be any left coideal subalgebra
of a Hopf algebra H; then HX4H is a right H-comodule via 1&4 where HRH is
viewed as an A-module through A —» HRA and HRHR/, through A — HHRA.
This is false because HR4H can not be a right H-comodule via 1®4. So I have
given in (3.6) a new proof of prop. 3 of [7]. The theorem 4 in [7] is also incorrect;
it was claimed in its proof that A[G/K]=S"'A. This is false because they are not
always equal. Therefore it must be deleted the theorem 4 and its corollary in the
paper [7].
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