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TWISTINGS, CROSSED COPRODUCTS AND
HOPF-GALOIS COEXTENSIONS

S. CAENEPEEL, DINGGUO WANG, AND YANXIN WANG

ABSTRACT. Let H be a Hopf algebra. Ju and Cai introduced the
notion of twisting of an H-module coalgebra. In this note, we
study the relationship between twistings, crossed coproducts and
Hopf-Galois coextensions. In particular, we show that a twisting
of an H-Galois coextension remains H-Galois if the twisting is
invertible.

INTRODUCTION

A fundamental result in Hopf-Galois theory is the Normal Basis Theo-
rem, stating that, for a finitely generated cocommutative Hopf algebra
H over a commutative ring k, the set of isomorphism classes of Ga-
lois H-objects that are isomorphic to H as an H-comodule is a group,
and this group is isomorphic to the second Sweedler cohomology group
H?(H, k) (see [[[6]). The Galois object corresponding to a 2-cocycle
is then given by a crossed product construction. The crossed product
construction can be generalized to arbitrary Hopf algebras, and plays
a fundamental role in the theory of extensions of Hopf algebras, see [B|
and [[[J]. Also in this more general situation, it turns out that there is
a close relationship between crossed products on one side, and Hopf-
Galois extensions and cleft extensions, cf. [, [B], [[3]. A survey can
be found in [[5. An alternative way to deform the multiplication on
an H-comodule algebra A has been proposed in [}, using a so-called
twisting of A, and it was shown that the crossed product construction
can be viewed as a special case of the twisting construction. The rela-
tion between twistings and H-Galois extensions was studied in [J].

Now there exists a coalgebra version of the Normal Basis Theorem (see
[A). In this situation, one tries to deform the comultiplicationon a
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commutative Hopf algebra H, using this time a Harrison cocycle in-
stead of a Sweedler cocycle. Crossed coproducts, cleft coextensions
and Hopf-Galois coextensions have been introduced and studied in [g]
and [[[T]. Ju and Cai [I3] have introduced the notion twisting of an H-
module coalgebra, which can be viewed as dual version of the twistings
introduced in [f. The aim of this paper is to study the relationship
between twistings, crossed coproducts and Hopf-Galois coextensions.
Our main result is the fact that the twisting of a Hopf-Galois coex-
tension by an invertible twist map is again a Hopf-Galois coextension
(and conversely).

Our paper is set up as follows: in Section [L.1], we recall the twistings
introduced in [[3], and in Section [[.4 the definition of a Harrison cocy-
cle and the crossed coproduct construction from [[] and [L1]. In Sec-
tion [, we introduce an alternative version of 2-cocycles, called twisted
2-cocycles, and discuss the relation with Harrison cocycles (Proposi-
tion R.3). In Section [J, we introduce an equivalence relation on the set
of twistings of an H-module coalgebra, and we show that a twisting in
an equivalence class is invertible if and only if all the other twistings
in this equivalence class are invertible (Theorem B.4). Two twistings
are equivalentif and only if their corresponding crossed coproducts are
isomorphic (Proposition [.1]). In Section @ the relationship between
twistings and Hopf-Galois coextensions is investigated.

For the general theory of Hopf algebras, we refer to the literature, see

for example [[T], 5], [I7]-

1. NOTATION AND PRELIMINARY RESULTS

We work over a field k. All maps are assumed to be k-linear. For the
comultiplication on a k-coalgebra C, we use the Sweedler-Heyneman
notation

Ac(c) =1 ® ey

with the summation implicitely understood. We use a similar notation
for a (right) coaction of a coalgebra on a comodule:

p(m)=mo@m; € M @ C

Let A be a k-algebra, then Hom(C, A) is also an algebra, with convo-
lution product

(f xg)(e) = fler)g(ca)
Reg(C, A) will denote the set of convolution invertible elements in

Hom(C, A). MG will be the category of modules with a right A-action
and a right C-coaction, such that the C-coaction is A-linear.
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1.1. Twistings of a coalgebra. We recall some definitions and re-
sults from [[3]. Let H be a Hopf algebra over a field k, with bijective
antipode S. The composition inverse of the antipode will be denoted
by S.
Recall that a right H-module coalgebra is a coalgebra C' which is also
a right H-module such that

A(c-h)=c1-hi ®cy-hyand eg(c- h) =ec(c)eg(h)

forallce C and h € H.
MY, is the category whose objects are right H-modules and right C-
comodules M such that the following compatibility relation is satisfied:

p(m-h)=mg-h; @mq - hy

Recall from [[3] that we have the following associative multiplication
on Hom(C, H ® C):

Tx A= (mpy ®idc)o (idg @ X\)oT
for all 7,A € Hom(C,H ® C'). The unit of this multiplication is the
mapo: C —-H®C,o(c)=1®c.
Remark that we have an algebra isomorphism

a: Hom(C,H ® C) — gEnd(H ® C)°?
For7: C — H®C, we define the corresponding a(7) = f, : H®C —
H ® C by
fr(h®c)=hr(c) =hc_1 ® co

Assume that 7 satisfies the following normality conditions:
(1) (I1®ec)r(c) =¢e(c)ly, (eg@1)1(c) =c
If we write 7(¢) = ¢_1 ® ¢y (summation understood), then (fl]) takes the
following form

c_1ec(co) = ec(c)ly, enlc_1)eo =c

We can then define a new (in general non-coassociative) comultiplica-
tion A, on C as follows:

A (c) =c1-Co1®cCap, or A; = (my ®id)o (id®T) 0 A

Let C7 be equal to C' as a right H-module, with comultiplication A, (c).
A similar construction applies to M € M%: F.(M) = M™ as a right
H-comodule, with

pr(m) =mg-mi_1 ®mig

7 is called a twisting if and only if C7 is a right H-module coalgebra,
and M™ € MY for all M € M. Tt is shown in [[[3, Theorem 1.1]
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that 7: C — H ® C satisfying ([) is a twisting if and only if for all
he H and c € C,

(2) c_1th1 ® co-hy = hy(c-hy)_1 ® (¢ ha)o

and

(3)  c1®conCo21®Co20=Cr 10211 @ Clo- Ca12® Cap
(R) is equivalent to

(4) S(hy)c_1hy ® co-hg = (¢-h)_1 ® (¢ h)y

If 7 has an inverse A, then the functor F' is an equivalence of categories.
Left hand twistings are defined in a similar way. Consider the vector
space isomorphism

Hom(C,C ® H) =2 Endy(C @ H®,C @ HP)

The composition on the right hand side is transported into the following
associative multiplication on Hom(C,C' ® H):

TXA=To(ToAxTor)

Here T is the usual twist map. The unit ¢’ on Hom(C,C' ® H) is given
by ¢'(c) = c® 1. If A € Hom(C,C ® H) satisfies the normalizing
conditions
(5) (1®@ep)Ac) =c¢, (ec @ 1)A(c) =ec(c)ly
then we can twist the comultiplication on C' as follows: write A(c) =
co ® ¢1, and define yA by

MA(e) =cro® ey i

AC will be C' as a right H-module, with the comultiplication yA. The
C-coaction M € “ My can also be twisted:

’\p(m) =m_109&® mMpm_11

A is called a left hand twisting if *C' is an H-module coalgebra, and
AM € *C My for every M € “Mpy. A: C — C ® H satisfying (f) is a
left hand twisting if and only if for all h € H and ¢ € C,

(6) co-h1 ® crhy = (c- h1)o @ ha(c- hi)y

and

~J

(7) C0.1.0 ® Cp.2 - Cp.11 V€1 = C10Q C20 - C1.1.1 ® €21C1.1.2
() is equivalent to
(8)

8 Co - hl ® S(hg)clhg = Z(C . h)o ® (C : h)l
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For 7 € Hom(C, H ® C') with inverse \, we write
(9) 7(c) = c_1 ® co, A(c) = c_1) @ ¢ (o)
We then have
(10) C_1€0.(=1) @ Co.(0) = ¢(=1)C(0).—1 R C0).0 =1 ® ¢
For v € Hom(C, C ® H) with inverse p, we write
Y(c) = co @ c1, plc) = cr) @ ey

Let 7(C) and L(C) be the sets of respectively twistings and left hand
twistings of C', and U(7 (C)), U(L(C)) the sets of invertible twistings
and left hand twistings.

Proposition 1.1. Take 7 € U(7T(C)) with inverse X. Define {(T) :
C— C®H by

C) = Co.(0 S(Co (_1))5(0_ ) (%9 5(0_1)2
, with inverse p. Define r(vy): C — H® C by

£(7)(
Take v € U(L(C))
r(7)(c) = S(c1)1 ® co.(0) - S(co.1))S(c1)2

Then ¢ : U(T(C)) — U(L(C)) is a bijection with inverse r. Further-
more (o) = o and r(o’) =o.

Proof. Tt is shown in [[J] that ¢(7) € U(L(C)) with inverse given by
() (¢) = co0) - Slco-n)S(e-1)1 ® S(S(c-1)3)S(co.(-1))25(c-1)2
Set g = S(co.(-1)); h = S(c_1). Then £(7)(c) = co.(0) - gh1 & ha, s0
r(l(r))(c) = S(h )1 ® (o.0) - 9h1)o.c0) - S((co.0) - gh1)o.(-1)1
S((co.0) - gh1)-1)1S(S(S((co.c0) - gh1)-1)3)
(( S( (

S((co.0) - gh1)o.(-1))25((co.0) - gh1)-1)2)S (ha)o
= 5(h2)1®( ©) - 971)o.0)S((co.0) - 9P1)o.(-)h
S((co. ghl) 1)1 (g((Co( 9h1) 1)2)
S( ((Co © - 9P1)0.-1))2) S ((co.0) - gh1)-1)3S (ha)2
= S(h2)1 ® (co. 'ghl)o (0)
€((co.(0) ghl) 1S ((co.0) - gh1)-1)S (D)
= S(ha) ( ) - gh1)o - S((co.(0) - gh1)-1)S(ha)2

® (

® co.0).0 - (9h1)3S((gh1)2)S(co.(0).-1)
5(5(9h1) )S(hz)

= S(h3) ® co.0).0 - S(co.(0).—1)gh1S(h2)

= S(h) ® co.(0)0 - S(CO-(O)-— )9
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= S(5(c_1)) ® co0).0 - S(co.(—1)C0.(0).1)
= ¢ 1®c=7(c)

In [[3], it is also shown that r(y) € U(7 (C)), and it is straightforward
to verify that the x-inverse of r(7) is given by

() (¢) = S(S(e1)1)S(co.ay)1S(c1)2 @ co.0) - S(co.1y)25(c1)s

A routine verification similar to the one above then shows that

(r(1))(e) = ~(c)

for all c € C. It is easy to show that ¢(0) = ¢’ and r(¢’) = 0. O

1.2. The crossed coproduct. We recall the following definitions from

[B] and [L].

Definition 1.2. Let C' be a coalgebra and H a Hopf algebra. We
say that H coacts weakly on C' if there is a k-linear map p: C —
H ® C; p(c) = 1) ® ¢ satisfying the following conditions, for all
ceC:

(11) Co1] @ Cop @ oz = Caf-1)C2-1] ® Capg] © Co[0]
(12) eclcg)e-1 = e(c)ln
(13) en(cy)ep = ¢

Assume that H coacts weakly on C, and let o : C' — H® H; a(c) =
a1(c) ® as(c) be a linear map. Let C' >, H be the coalgebra whose
underlying vector space is C' ® H, with comultiplication and counit
given by
Aa(c > h) = (Cl > CQ[_l]Oél(Cg)hl) &® (02[0] > a2(03)h2)
ealc>h) = ec(c)ey(h)

It was pointed out in [[[T] that ¢,(c > h) satisfies the counit property
if and only if

(14) (eg ®id)a(c) = (id®@epy)alc) =ec(c)ly
A, is coassociative if and only if « satisfies

ci—10u(c2) ® ag(cij)aa(c2)1 @ asg(cip)az(c2)2
(15) = oq(cr)ai(ca)1 ® as(cr)on(ca)s ® as(ca)

ci—1101(c2) ® cip—12(c2) ® cijgo]

(16) = ay(er)ca-1n @ as(cr)ez—1j2 @ e



TWISTINGS AND HOPF-GALOIS COEXTENSIONS 7

In [T, ([3) is called the cocycle condition, and ([[) is called the twisted
comodule condition. Following [, we call « satisfying ([41G), a Har-
rison 2-cocycle.

Now consider two weak H-coactions p, p': C — H ® C, and write
p(c) = ci-1) @ ¢ and p'(c) = cc_1> @ cco>

Also consider two 2-cocycles a, o’ : C — H ® H corresponding
respectively to p and p’, and write

alc) = ai(c) ® az(c) and o’(c) = af(c) ® ay(c)

Then we can consider the crossed coproducts C' >, H and C' >, H.
In the next Lemma, we discuss when these are isomorphic.

Lemma 1.3. Consider a convolution invertible map v : C — H
satisfying the conditions

(17) Cca1> & Cco> = U_I(C1)C2[—1]U(Cs) ® C2(0)

(18) o/(c) = u™ (e1)eap-nan (cs)ules)r @ u™ (copo) vz (cs)ulca)s

for all c € C'. Then the map
(19) ¢: C >, H— C >, H; ¢(c > h)=c; >1u(ca)h

s a left C-colinear, right H-linear coalgebra isomorphism. FEvery left
C-colinear, right H-linear coalgebra isomorphism between C' >, H
and C >, H is of this type.

Proof. The proof is a dual version of a similar statement for crossed
products, see [[J]. O

It was shown in [[J that the crossed coproduct construction can be
viewed as a special case of the twisting construction from Section [L1].
Let H be a Hopf algebra, and C' a right H-module coalgebra, and
view C'® H as a right H-module coalgebra, with the right H-action is
induced by the multiplication in H. It was proved in [[J] that there
is a bijective correspondence between crossed coproduct structures on
C ® H and twistings of C' ® H. Let us recall the description of this
bijection.

Consider a weak coaction p and a 2-cocycle a giving rise to the crossed
coproduct C' >, H, and write

p(c) = ¢ ® g ; afc) = ai(c) ® as(c)
The corresponding twisting 7: C ® H — H ® C ® H is defined by
(20) T(c® h) = S(hi)ci—1j0a(c2)he @ c1j0) @ aa(c2)hs
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Conversely, if 7 is a twisting of C' ® H, then (C ® H)" = C >, H,
with weak coaction p and 2-cocycle « given by

(21) plc) = ([dRid@eg)T(c®1)
(22) alc) = (d®ec®id)T(c® 1)

2. TWISTED 2-COCYCLES

Let H be a Hopf algebra with bijective antipode S; let S be the
composition inverse of S. Take an H-module coalgebra C, and let

B=C/CH".

Definition 2.1. A map a: C — H ® H, a(c) = a1(c) ® as(c) is
called a twisted 2-cocycle if the following conditions are satisfied, for
all h € H and c € C:

(23) (idg @ eg)a(c) = (eg ® idl_{)a(c) =cec(e)ly
(24) Oé(C . h) = S(h,1>0é1(0)h2 &® S(h4)0(2( )
(25) (6%} (Cl)Oél (03)1 X Cy Oég(Cl)Ozl (03) X o ( )

= ai(c1) ® ¢z - au(ez)aa(cr)r @ az(ez)aa(cr)s

Our first result is the fact that twisted 2-cocycles can be used to define
twistings on C.

Proposition 2.2. With notation as above, if « : C — H® H is a
twisted 2-cocycle, then the map

To: C— HRC; 14(c) = a1(c1) ® ¢ - aa(cy)
1s a twisting of C.

Proof. It follows easily from (£3) that 7, satisfies the normalizing con-
dition ([J). Next we compute that

(C . h)_l &® (C : h)() = Oél((C . h)l) ® (C : h)g . Oég((C . hg)l)
= Oél( hl) X Cy thég(Cl . hl)
= S( 1)0(1(Cl>h2 & Cy - h5g(h4)042(01>h3
= S(hl)al(cl)hg X Cy * Oég(Cl)hg
= S(hl)c_lhg & co - hg
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and (B)) follows easily. Finally we compute the left and right hand side

of (B)
C_1 ® Coa - Co2-1® Co20 = (1®A)Ta(c)
= ai(a) ® (2 az(cr))1 - ea(((e2 - az(er))2)r)
®((c2 042(01 )2)2 - az(((c2 - a2(c1))2)1)
= ai(c) ®ca - agcr)r1on(cs - az(cr)2)
®(cy - az(cr)s) - aalcs - aa(cr)2)
= (1) ® ez - ag(er)1S(aa(er)2)an(es)az(er)s
®cy - ax(cr)sS(aa(cr)s)an(cs)as(cr)s

= a1(c1) ® o - ag(cz)an(cr); @ ¢y - ao(es)as(cr)s

(

and

€1,.-1C2.-1.1 ® €10 C2.—1.2 ® Ca
= Z ai(err)ag(ear)r ® crg - aslcnn) - ag(car)2 ® cog - an(car)
= ai(c))ag(e3)1 @ g - anl(er)ar(es)a ® ¢y - an(cs)

= ai(c1) ® ca - ag(cg)an(cr); ® ¢y - as(es)as(cr)s

(B) follows, and 7, is a twisting. O

There is also a relation between twisted 2-cocycles and Harrison 2-
cocycles. Let C be a right H-module coalgebra. Consider the trivial
weak coaction p(c¢) = 1®c, and o : C' — H®H. The cocycle condition

(TH) and the twisted comodule condition ([[§) of Definition [[.2 then take
the following form:

(26) a1(c2) ® aq(cr)aa(c2)1 ® as(cr)aa(ca)s
= ai(cr)ag(ce)1 ® ag(cr)ar(e2)r ® as(co)
(27) a1(c2) ® ag(c) ® 1 = aq (1) ® as(cr) @ ¢

The set of Harrison 2-cocyles corresponding to the trivial weak coaction
is denoted by Z3,..(H,C). Thus Z%,, (H,C) consists of maps satisfying

(4), (BG) and (7). The set of twisted 2-cocycles o' : C®H — H® H
in the sense of Definition P will be denoted by Z2 (H,C @ H).

Proposition 2.3. Let C' be a right H-module coalgebra. We have a
bijection between Z3,..(H,C) and Z% (H,C @ H).

Harr

Proof. Take of € Z2 (H,C @ H), and write

a(c®@h) = Zaﬁ(c@ h) @ ab(c® h)
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For all c € C and h € H, we have

(28) ai(cr ® hy)aj (e ® ho)y ® ag(c) @ hy)ad(ca @ hy)y ®
ofé(CQ ® hg) = Oéli(C1 ®h1) ® 041;(02 ® h2)a§(01 ® hi)1
(2 ® ha)ag(cr @ hy)s

Now define o : C' — H® H by a(c) = a'(c®1). It is easy to see that
« satisfies ([4]) and (27). Using (23), we compute

ai(c2) ® ar(cr)as(ca)1 ® as(er)as(ca):
= al(cl) ® a1(er)as(c1)1 ® ag(ca)as(cr)a
e ®@1)@aj(c®l)ay(cr @ 1)1 @ as(ca @ ag(cr @ 1)z
= ay(c1 ® Daj (e @ 1)1 @ ah(er @ D2 ® 1)2 ® (2 ® 1)
(

= ay(cr)on(c2)1 ® agcr)ar(cz)2 @ as(cs)

and it follows that « also satisfies (B@).
Conversely, let « € Z3,..(H,C), and define o' : C ® H — H® H by

arr(
Oét(C ® h) = S(hl)al(c)hg ® 5(h4)a2(c)h3

We can easily show that o satisfies conditions (B3) and (B4) of Def-
inition P.Il A straightforward computation shows that (R3) is also
satisfied:

ol (e ® hy)ad(c3 @ h3)1 @ ca @ hoab(c; @ hy)ad(ez @ hs)o
®ak(cs @ h3)
= Shiai(c1)heS(hr)an(cs)ihs ® co ®
hsS(hy)as(c1)hsS(he)ay(cs)ahg @ S(hi)a

(h1)aq(cr)on(ces)ihe @ o @ as(cr)on(cs)ohs @
(h)aa(cs)hy ® e ® ay(cr)as(cs)ihs @ S(hs)o
(ha) Jor
(ha)

2(c3)h1o
S’( 5) 2(03)h4
2(c1)az(cs)2h
2(cs)as(cr)2h
hs

= S

I
N O\

hi)ar(ci)hy ® ¢ @ aq(es)as(cr)ihs @ S(hs

hi)a(c1)hy @ co @ heS(hg)ay(e3)hoS(he)as(cr)y
®§(h11)a2(03)h10§(h5)a2(01)2h4

= Oéi(cl ® hi) ®cy ® hgai(C;J, & hg)ag(cl ® hi)1

®@ah(cs ® hy)ab(c; @ hy)a

|
)

so it follows that o is a twisted 2-cocycle. We leave it to the reader to
show that the maps between Z3, (H,C) and Z2 (H,C ® H) defined
above are inverses to each other. 0



TWISTINGS AND HOPF-GALOIS COEXTENSIONS 11

3. EQUIVALENCE OF TWISTINGS

In this Section, we will define an equivalence relation on the set of
twistings of an H-module coalgebra C'. If a twisting is invertible, then
all other twistings in the same equivalence class are also invertible.

Proposition 3.1. Take 7,\ € T(C), and use notation ([9). Consider
v € Hom(C, H) satisfying the following identities, for allh € H, c € C':
(29) egov=cc; v(c-h)=S(hi)v(c)hs

(30) c1.(-1)0(€2)1 @ cr(0) - v(c2)2 = v(c1)ca—1 @ €201 - V(C2.0.2)
Then) . CT — C*, (c) = c1-v(cy) is a left B-colinear right H -linear

coalgebra map inducing the identity map on B. Ifv € Reg(C, H), then
¥ 18 an isomorphism.

Proof. Using the second identity in (RY) and B = C/CH™, we can
easily prove that 1 is left B-colinear and right H-linear. Using the first
identity in (R9), we obtain that v induces a well-defined map B — B,
which is the identity. In order to prove that v is a coalgebra map, we
need to check that

Y(e1 - cam1) ® Y(cao) = Y()1Yp(c)a.—1) @ Y ()20
Again, we compute the left and right hand side, and see that they are
equal:
() 19(¢)2.(—1) ® ¥ (c)2.(0)
= (c1-v(e2))i(er - v(ez))2(-1) @ (1 - v(e2))2.(0)
= c1-v(es)i(c2 - v(es)2) -1y ® (c2 - v(e3)2)(0)
= '0(03)15(0(03)2)02.(—1)0(03)3 @ €2.(0) 'U(Cs)4
= 1 Co—yV(e3)1 ® Co.0) - V(C3)2
= ¢ v(ea)es—1 ®cz01 - v(C3.02)
Y(er - ca—1) ® Y(can)
= (01 : 02.—1)1 : U((Cl : 02.—1)2) ® (02.0)1 : U((02.0)2)
= ¢ (es—1)1v(ez - (e3.-1)2) ® (c3.0)1 - v((€3.0)2)
= G- 03.—1.1S(Cs.—1.2)U(C2)03.—1.3 ®c301 U(Cs.o.z)
= ¢ -v(ea)es—1 ® ez - v(c3.02)
If v € Reg(C, H), then its inverse w also satisfies (P9), and ¢ : C* —
C7 defined by
p(c) = c1-w(er)
is the inverse of 1. O
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Definition 3.2. We call 7, A € 7(C) equivalent if there exists v €
Reg(C, H) satisfying the conditions of Proposition B.1. We then write
T~

Lemma 3.3. ~ is an equivalence relation on T (C).

Proof. T ~ 7 through v(c) = e(c)1y.

Next assume that 7 ~ A, and take v € Reg(C, H) satisfying (29-B0).
(BQ) is equivalent to

(31) C(-1) ® co) = v(er)ea 107 (e3)1 @ 201 - V(ca02)v 7 (c3)2
The inverse u of v satisfies (£9). It also satisfies (B9) since

= U(Cl)U(C2)C3 1v - C4)1®C301 0(0303)12/ 1(04)2
S(v™ ( 1)3)S(v(cs.0.3)2)ulcs02)v(cs03)3v™ 1(04)4
C1.—1V 1(02)1 @101 U(01.0.2)U(01.0.3)U_1(02)2

= Cl'_lu(cg)l ® c1.0.1 'U(C2)2

).
u(cr)ez (—1) @ a0 - u(c2.(0).2)
(
(

and it follows that A ~ 7.
Now assume that 7 ~ A, A ~ 7, and take the corresponding maps
v, u € Reg(C, H). Set w = u * v, and write

T(c) = cc1®co 5 Ae) = ¢-1) @ ¢y 3 Y(€) = ¢j—1) ® ¢
It is easily shown that w satisfies (P9). v satisfies (BI]), and u satisfies

Cl-1) D ¢ = U(CI)C2.(—1)U_1(C3>1 ® C2.(0).1 U(Cz.(O).z)U_l(Cs)z
We compute that

C-1] ® o) = ufcr)v(cz)es—1v” Hea) 1w es)1 @ eson -
v(cs.0.3)10" ( 4)25(v” (04) )S(v(c3.03)2)
u(c3.0.2)v(c3.0.3)30" 1(0) ( 5)2
= u(cr)v(ca)es—1v  (ea) 1w (es)1 @
cs.0.1 - u(302)v(c303) v (ca)au™" (c5)2
= (u*v)(c))ea_1(uxv) (c3) ®

201+ (uxv)(co02)(u*v) " (c3)2

and this proves that 7 ~ ~. U

Theorem 3.4. Take 7 ~ X\ € T(C). If T is invertible, then X is also
invertible.
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Proof. Take v € Reg(C, H) satisfying the conditions in Proposition B1],
and let ¢ : 7 — C* be the coalgebra isomorphism given by

U(c) = c1-v(ea)
Let 77! be the inverse to 7, and write
T7(0) = cem1s @ ccos ; T(€) = L1 @ a5 Ae) = ¢y B )
define p: ¢ — H ® C' by

pu(e) = coy ® o) = ¥ () wm1>v T (7 (E) <o) 09 (€) <031
®¢_1(C)<0>2 : U(¢_1(C)<0>3)2

Using the temporary notation ¥~ '(¢)c_ 1> = a and ¥~ (c)co> = b, it
is not hard to prove that u is a left inverse of A. Indeed,

(1 A)(c) = (m®2d)(2d®>\) (c)
= av™" (by)v(bs)1 (ba - v(bs)2)(~1) © (b2 - v(b3) )
07 by )v(b3)1S (v(bs)2)ba.(~1yv (53)3 ® ba.(0) - v(b3)4
av ™ (b1)ba.(—1)v(b3)1 @ ba.(0) - v(b3)a
v (by)o( 2)53 _1®b30.1-v(b302)

|
2

= ab_1 ®by; - ’U(b0.2)

= 1® ¢_1(C)1 : U(¢_1(C)2>
= 10y (o)

= 1®c=o0(c)

The proof of the fact that p is also a right inverse of A is much more
technical. From the fact that v is invertible, and using (BJ), we obtain

Ae) = -1y ®@ ¢y = v(cr)ea.—1v7H(e3)1 @ 2.0 - v(ca0.2)v  (es)s
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Now set 1 1(c) = ¢; - v (cz). We compute

(A p)(c) = (m @ id)(id ® p)A(c)

= v(er)ea—1v (ez)1(c201 'U(Cz.o.z)v_1(03)2)[—1}
®(c2.0.1 - U(Cz.o.z)v_l(c3)2)[0}

= v(a)e. 1U_1(03)15(7)_1(03)2)S(U(C2.0.2)1)(02.0.1)[—1]
U(C2 0. 2)2U (03)3 X (02.0.1)[0} : U(C2.0.2)3U_1(03)4

= (01)02 15( (0202)1)(02.0.1)[—1}27(02.0.2)21)_1(03)1
®(c2.01)(0) - v v(c2.0.2)30"(€3)2

= wv(er)ea—1S(w(c202)1) ™ (c20.1) <1507 (0 (€2.0.1) <05.1)
V(¥ (€2.01)<0>.3)10(€2.02)20 (e3)1 @ YT (€2.0.1) <052
U(TP (02.0.1)<0>.3)2U(C2.0.2)3U (03)2

= v(c1)ea—15(v(c20.3)1)(c2.01 - v (C202))<—1>
v (201 - v (€2.0.2))<051)v((c2.01 - v (€20.2))<0>3)1
v(c2.03)20" " (c3)1 ® (c2.01 - v (€202)) <052
w((c2.01 - v (€2.02))<053)20(C2.03)30 7 (¢3)2

= U(Cl)CZ—lS(U(02.0.3)1)S(U_1(02.0.2)1)02.0.1.<—1>U_1(02.0.2)2
v ((e2.0.1.<05 - v (€20.2)3)1)v((c2.0.1.<05 - v (€2.0.2)3)3)1
0(c203)2v 7" (3)1 ® (C20.1.<0> - v (c2.02)3)2 - v((c20.1.<0>
U (0202) )3)20(C2.0.3)30 (€3)2

= v(er)ea—1S(v™ (0202)1U(C2.0.3)1)02.0.1.<—1>U_1(02.0.2)2
v (02 01.<0>1° U (02.0.2)3)0(02.0.1.<0>.3 ’ U_1(02.0.2)5)1U(02.0.3)2

v 1( 3)1 @ C20.1.<05.2 - U (€2.02)1 - V(C2.01.<05.3

“H(2.02)5)20(C2.03)30 " (c3)2
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= U(Cl)cz.—ug(v_l(02.0.2)1U(C2.0.3)1)02.0.1.<—1>U_1(02.0.2)2
S0 c2.02)3)0  (€2.01.<05.1)0 (€2.0.2)2S (v (c2.0.2)6)1
0(€2.0.1.<05.3)1 (v (€2.02)7)10(C2.0.3)20 " (¢3)1
®C2.0.1.<05.2 "V (€20.2)55 (v (c202)6)2
v(€2.0.1.<0>.3)2(v (0202) )2v(C2.0.3)30~ ( C3)2

= U(Cl)Cz—lS(U_ (c2.0.2)1v(C2.0.3)1)C2.01.<—15V" (0202) S(v™ (0202) )
U_1(02.0.1.<0>.1)U (0202) S(v™ (0202) Jv(€2.0.1.<0>.3)1
v (€2.0.2)80(C2.0.3)20 (€3)1 @ C201.<052 - v (C202)5
S0 c2.0.2)6)0(C2.0.1.<05.3)20 " (€2.0.2)90(C2.0.3)30 " (¢3)2

= U(Cl)cz.—ug(v_l(02.0.2)1U(C2.0.3)1)02.0.1.<—1>U_1(02.0.1.<0>.1)
0(C2.0.1.<05.3)10 " (€2.0.2)20(c2.03)20™ (e3)1
®02.0.1.<05.2 - V(C2.0.1.<05.3)20 " (€2.0.2)30(c2.03)30 " (€3)2

= v(C1)e2-1020.<—150 (€2.0.<05.1)V(C2.0.<05.3)10 " (¢3)1
®C2.0.<05.2 - V(€2.0.<05.3)20 ' (¢3)a

v(er)v (ea1)v(cas) v (e3)1 @ can - v(ca3)2v™ (c3)2
= v(c)v He)v(es) v es) @ es - v(es)ov(cs)2
= 1®c=o0(c).

and it follows that A is convolution invertible. O

Theorem 3.5. Let C' be a right H-comodule algebra, and consider
7, N€ET(C®H). T and X\ are equivalent in the sense of Definition 3.3
if and only if there is a left C'-colinear, right H-linear coalgebra isomor-
phism between the crossed coproducts C' >, H, p and C >, H, p
corresponding to T and \.

Proof. Write
pc) = ey ®cp 3 pe) = ccm1> ® cco>
If 7 ~ A, then there exists v € Reg(C® H, H) satisfying (BB0). Define
u: C— H; ulc)=vcx1l)

If we can show that u satsifies ([[7) and ([§), then one implication is
proved, by Lemma [[.3. It follows from (B0) that

(c1®1)cyv(c2 ® 1)1 @ (e1 @ 1)(0) - v(ca ® 1)
(32) = v ®1)(e2®1)-1® (c2® 1)o1 - v((c2 ® 1)o.2)
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applying 1 ® 1 ® ¢ to both sides, we find
(c1®1)nyv(e2®1) ® (1®e)(cr ® 1))

= ’U(Cl & 1)(02 & 1)_1 X (1 & 8)(02 & 1)0
and using (1), we obtain

C<—1> ® Cco> = U_1(01)02[—1W(C3) & co[0]
so u satisfies ([[7).
Applying 1 ® e ® 1 to both sides of (B3), we find

) =v( @) (@) _ 1w ez ®1); ®

(e®@1)((c2® 1)o1 - v((c2 ® 1)o2)v™ (3 @ 1)2)

It follows from (R0) that
(C X 1)0 = Cl[O} X 042(02)

and

(e®1)((c2 ®1)o1-v((ca @ 1)ga)v (s @ 1))
= (e ®1)(coo1 @ az(es)1v(cao)2 @ az(cs)2)v™ (ca @ 1)o)
as(c3)1v(co o) ® aa(cs)2)v™ Yey® 1),
= v(caj ® Daa(cz)v™ ey @ 1),
= ((1®e)(ca®1)e®@1)(e@1)(e3 R 1)gv ey ® 1),
SO
d(c) = v ®@D(ca®@1)_1(cs®@1)_10 ey ® 1),
Ru((1@e)(c;®1)g @ 1)(e@1)(e3® 1)ov ™ (cs @ 1)
= u er)egnan(es)ules)r @ u™cap))a(cs)ulcs)s
and ([L§) follows.
Conversely, assume that the two crossed coproducts are isomorphic.

By Lemma [[.3, there exists u € Reg(C, H) satisfying ([]) and ([L§).
Define

v: C®H — H ; v(c®h) = S(h)u*(c)hy
Then
exv(c® h) = e(S(h))u"'(c)hy) = e(c)e(h)
and
v((c@h)-g) = v(c®hg) = S(hg)ru"(c)(hg)
= S(g1)S(h)u"(e)hags = S(g1)v(c © h)ga
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SO
Mc®h)=(c®h); ®(c®h)
= S(h)er< 1> (c2)he ® c1.<0> ® ah(ca)hs
= S(ha)u (er)ea-yulcs)u™" (ca)es -nan(ce)uler)ihs
®cCa.j0] @ U~ (05,[0])a2(06)u(c7)2h3

= S(hl)u_l(01)02_[_1]a1(03)u(04)1h2 ® C2.[0].1
®u‘1(02,[0]_2)a2(03)u( 1)2h3
= S(hi)u " (c1)haS(hs)ca—you(cs)haS(hr)u(ca)ih
@C2.10).1 @ U_1(02.[0].2)Oé2(03)h5 (he)u(ca)2hg
= S(hi)u " (c1)haS(hs)ca—noa(cs)haS(he)u(ca)1hio ® a1
®Oé2(03)1}7'55(}7'6)5(052(03)2)“ 1(02.[0}.2) 2(03)3h75(h8) ( 4)2h11
= v(c; ®hy)(ca ® ha)_1v7 (c3 ® hg)1 @ (ca @ ha)oa
((cg ® ha)o2)v ez ® hg)s
This shows that 7 ~ . 0

4. TWISTING HOPF-GALOIS COEXTENSIONS

Let H be a Hopf algebra with bijective antipode S, and C a right
H-module coalgebra. As before, we use the following notation

B=C/I; I={c(h—e(h)|heH, ceC

For 7 € T(C), we have that C7/I" =C/I =B
Now assume that C'/ B is an H-Galois coextension (see [{f]). This means
that the canonical map

B: CH — COgC; flc®h)=c1®cy-h
is a bijection.
Lemma 4.1. With notation as above, consider the map
' CoH— COC; Blc®@h)=c1-h®cy

If the antipode S is bijective, then 3 is bijective (resp. injective, sur-
jective) if and only if 3 is bijective (resp. injective, surjective).

Proof. The map
¢p: COH—C®H, ¢(c®h)=c-h; ®S(hy)
is a bijection with inverse
¢ Hc®@h)=c-hy® Sh
The statement then follows from the fact that 8’ = 3o ¢. U
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Theorem 4.2. Take T € U(T (C)). Then C7/B is an H-Galois coex-
tension if and only if C/B is an H-Galois coextension.

Proof. Let A be the inverse of 7. As before, we use the notation ().
Let 37 be the canonical map corresponding to the coextension C7/B,
that is,

/67(0 ® h) =C1 - Cg__lh X Ca

Consider the following diagram

C®H—/6>CDBC

(33) f 9
67’
C®H— COpC
where
flc@ah)=co@S(c_1)h; gle®@d) =co-S(c_y)®d

f and g are bijections, with inverses given by

fHe®@h) =co) @ S(cy)h; g7 (c@d) = c) - S(e-n) @ d
We can also compute that
BT f(c®@h) = B7(co ® S(c-1)h)
= (c_1)h ® co20
129(c1—1c2.1.1)h ® c2

= 10 C2—1.25(ca1.1)S(c121)h ® ca
= c19-Slci_1)h®cy
= 01.0' 35 (h)S(c1-1)h @ ¢y
cro - haS(S(hy)cr—1he) ® ¢

= (a ) S((er-h)-1) ®@cy

= gla-h®c) =gB(c®h)
This shows that (B3J) is commutative, and it follows that (3 is bijective
if and only if 37 is bijective. U

Co.1 * Cp.2.—

= C10-Ca—

S
1S
25

Theorem 4.3. Let C/B be an H-Galois coextension, and take T, \ €
T(C). Every left B-colinear right H-linear coalgebra map

Y CT — CA
is of the form
¥(c) =c1-v(ca)
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where v € Hom(C, H) satisfies the conditions (B9430) of Proposition [3.1.
If ¢ is an isomorphism, then v € Reg(C, H).

Proof. We use the notation ({). As in [[j], we consider the map
F=(®1)pt: COC — H
Write 7(c ® d) = ¢{d, and recall that 7 has the following properties:

(34) eg(cQd) = ec(c)ec(d)
(35) (cOdh = cO(d-h)
(36) (c-h)od = S(h)(cdd)
(37) e (eQd) = e(e)d
The map

vi C— H: v(c) = cr0t(ca)
satisfies the property
- v(e) = ¢+ (20¥(es)) = ¥(c)
Since v is a coalgebra,
env(c) = en(c1OP(cr)) = e(¥(c)) = e(¢)

and it follows that ey ov = .
It follows from (BG-B7) that

'U(C . h) = (C . h)10¢((0 . h)g) =C - h1<>’l7Z)(02 . hg)
= S(h)(c1Qv(ca))ha = S(hi)v(c)hy
1) is a coalgebra map, so
Y(er - cam1) @ Y(ean) = Y(e)1¥(C)2. (1) @ ¥(c)2.(0)
and
c1-v(ca)c3.-1 @ €301 - V(C3.0.2)
= (c1-v(e2))1(er - v(e2))2(-1) @ (1 - v(c2))2.(0)
= c1 - v(ez)1(c2 - v(cs)2) (1) ® (c2 - v(c3)2)0)
= c1 - Ca.(—1)v(c3)1 @ Ca.0) - V(C3)2
which is equivalent to
€1 ® cg-v(cg)ca—1 @ a0 - V(Cao.2)
= 1 ®cy- ez —nv(ca)1 ® ez o) - v(ca)2
After we apply 57! to both sides, we obtain

c1 ®v(ca)c3.-1 ® €301 - V(C3.02) = €1 @ Ca—1)V(€3)1 @ Ca.(0) - V(C3)2



20 S. CAENEPEEL, DINGGUO WANG, AND YANXIN WANG
and
(38) v(c1)ca.—1 ® €201 - V(c2.02) = Cr—1yv(c2)1 @ c1(0) - V(C2)2

If v is an isomorphism, then ¢~ : C* — (7 is a left B-colinear right
H-linear coalgebra map. Then we have a map w : C' — H satisfying

(E9-B0) such that
7o) = - w(e)
For all ¢ € C, we have that

c=c1-v(e)w(es) =1 - w(cg)v(es)

Proceeding as in the proof of (BY), we find that v is convolution invert-
ible. U
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