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Abstract. Entwined Hom-modules were introduced by Karacuha in [13], which can be viewed as a
generalization of Doi-Hom Hopf modules and entwined modules. In this paper, the sufficient and necessary
conditions for the forgetful functor F : j%'((///k)(lp)g - f%?i(//[k) 4 and its adjoint G : jfiz((///k) A — j%i(//lk)(l,b)g
form a Frobenius pair are obtained, one is that A® C and the C*® A are isomorphic as (A; C*P#A)-bimodules,
where (4, C, ¢) isa Hom-entwining structure. Then we can describe the isomorphism by using a generalized
type of integral. As an application, a Maschke type theorem for entwined Hom-modules is given.

1. Introduction

Makhlouf and Silvestrov in [18] introduced Hom-algebras and Hom-coalgebras, which can be viewed
as generalizations of ordinary algebras and coalgebras in the following sense: the associativity of the
multiplication is replaced by the Hom-associativity, and the Hom-coassociativity can be considered in a
similar way. Later, they described the structures of Hom-bialgebras and Hom-Hopf algebras, and extended
some important theories from ordinary Hopf algebras to Hom-Hopf algebras in [19] and [20]. Recently,
many more properties and structures of Hom-Hopf algebras have been developed, see as [6-11} (14, 22] and
the references cited therein.

Caenepeel and Goyvaerts in [3] investigated Hom-bialgebras and Hom-Hopf algebras from the point of
view of monoidal categories, in a natural way, they called them monoidal Hom-bialgebras and monoidal
Hom-Hopf algebras respectively, which are slightly different from the above Hom-bialgebras and Hom-
Hopf algebras. In [16], Makhlouf and Panaite defined Yetter-Drinfeld modules over Hom-bialgebras,
and obtained that Yetter-Drinfeld modules over a Hom-bialgebra with bijective structure map provide
solutions of the Hom-Yang-Baxter equation. Liu and Shen [15] also studied Yetter-Drinfeld modules over
monoidal Hom-bialgebras, they called them Hom-Yetter-Drinfeld modules, and showed that the category
of Hom-Yetter-Drinfeld modules is a braided monoidal categories. Chen and Zhang [8] introduced the
category of Hom-Yetter-Drinfeld modules, which is differs from that of [15], and indicated that it is a full
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monoidal subcategory of the left center of left Hom-module category. In [10], we defined the category of
Doi Hom-Hopf modules and proved that the category of Hom-Yetter-Drinfeld modules is a subcategory of
our category of Doi Hom-Hopf modules.

Entwining modules were introduced in [1]], which have arisen from noncommutative geometry, are
modules of an algebra and comodules of a coalgebra such that the action and the coaction satisfy a certain
compatibility condition. The most interesting example is that Doi-Hopf modules are the special cases of
entwined modules, but, the formalism for entwined modules is more transparent than the one for Doi-Hopf
modules. Many results for Doi-Hopf modules can be generalized to entwined modules.

As a generalization of entwining modules in a Hopf algebra setting, entwined Hom-modules were
introduced by Karacuha [13]. In [10] and [12], some properties of Doi Hom-Hopf modules are discussed.
It turns out that many pairs of adjoint functors are special cases, for example the functor forgetting action
or coaction, extension and restriction of scalars and coscalars. In this paper, as a generalization of [5], we
focus our attention on the functor F, which is from the category of entwined Hom-modules to the category
of right (A, f)-modules forgetting the (C, y)-coaction. This functor has a right adjoint G = C ® . A natural
question that arises is following: when is G also a left adjoint of F? This is the motivation of this paper.

In this paper, we give the notion of a entwined Hom-module and prove that the functor F from the
category of entwined Hom-modules to the category of right (4, f)-Hom-modules has a right adjoint. And
then we obtain the main result of this paper in Sec.4, that is, one of the equivalent conditions for the forgetful
functor F : () ()S — A (Mi)a and its adjoint G : S (Mh)a — A (My)(1))§ form a Frobenius pair is :
A ® C and the C* ® A are isomorphic as (A; C*%#A)-bimodules. At the end of the paper, we give a Maschke
type theorem for entwined Hom-modules.

2. Preliminaries

Throughout this paper, we work over a commutative ring k, we recall from [3] some information about
Home-structures which are needed in what follows. .

Let C be a category. We introduce a new category #(C) as follows: objects are couples (M, u), with
M € C and py € Autc(M). A morphism f : (M,u) — (N,v) is a morphism f : M — N in C such that

vof=fou.

{et J/(//k ‘Lélenote the category of k-modules. J#(.#;) will be called the Hom-category associated to .#.
If (M, u) € A, then u : M — M is obviously a morphism in #(.#). It is easy to show that f%r‘;(///k) =
(M), ®, (1), a, Z 7)) is a monoidal category by Proposition 2.1 of [3]: the tensor product of (M, ) and
(N,v) in %FZ(///;() is given by the formula (M, ) ® (N,v) = (M ® N, u ®v).

Assume that (M, u), (N,v), (P, ) € %N”’(///k). The associativity and unit constraints are given by the
following formulas

aynp(m®n) @ p) = pm) @ (n@ " (p)),
Tu(x®m) =TFu(m®x) = xp(m).

Let’s now recall the definition of the monoidal Hom-algebra, monoidal Hom-coalgebra, monoidal
Hom-bialgebra and monoidal Hom-Hopf algebra.

Definition 2.1. A monoidal Hom-algebra is an object (A, o) € (M) together with a k-linear map ms : AQA — A
and an element 14 € A such that

a(ab) = a(@a(b), a(la) =1a, ala)(bc) = @b)a(c), ala =1aa = a(a),
foralla,b,c € A. Here we use the notation ma(a ® b) = ab.

Definition 2.2. A monoidal Hom-coalgebra is an object (C,y) € (M) together with k-linear maps A : C —
C®C, Alc) = cqy ® () (summation implicitly understood) and y : C — C such that

Ay(e) = y(eca) ®y(ce),  e((c) = €(o),
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and
Y He) ® com ® cap) = caxn @ car) ® Y (cw),  elcw)er) = elce)eay = 7H(©)

forallc e C.

Definition 2.3. A monoidal Hom-bialgebra H = (H, a,m, n, A, €) is a bialgebra in the monoidal category j?(///k).
This means that (H, o, m, 1) is a monoidal Hom-algebra, (H, a, A, €) is a monoidal Hom-coalgebra such that A and ¢
are morphisms of algebras, that is, for any a,b € H,

A(llb) = 0(1)17(1) ®a(2)b(2), A(lH) =1g®1y, e(ab) = S(lZ)E(b), E(lH) =1g.

Definition 2.4. A monoidal Hom-bialgebra (H, o) is called monoidal Hom-Hopf algebra if there exists a morphism
(called antipode) S : H — H in 5 (#), (i.e., Sa = aS), such that

S*I=1%S=ne.

Note that the antipode of monoidal Hom-Hopf algebras has almost all the properties of antipode of
Hopf algebras such as ¢S = ¢.

Definition 2.5. Let (A, a) be a monoidal Hom-algebra. A right (A, a)-Hom-module is an object (M, u) € %71(///;()
consists of a k-module and a linear map p : M — M together with a morphism  : M® A — M, Pp(m®a) =m-a, in

ﬁﬁk) such that
(m-a)-alb) = u(m) - (ab), m-1s = u(m),

foralla,b € Aand m € M. The fact that ¢ € (M) means that
- a) = pu(m) - ala).

A morphism f : (M, u) = (N,v) in j?,(//{k) is called right A-linear if it preserves the A-action, that is,
f(m-a) = f(m)-a. 7 (M)a will denote the category of right (A, a)-Hom-modules and A-linear morphisms.

Definition 2.6. Let (C,y) be a monoidal Hom-coalgebra. A right (C,y)-Hom-comodule is an object (M, i) € Lﬁa///k)
together with a k-linear map pp : M — M ® C notation pp(m) = myg) ® my) in F (M) such that

mioyo) ® (myoyn ® Y~ (mpy)) = = (mpe) ® Ac(mpy); — myoye(mpy) = w™" (m),
for all m € M. The fact that pp € (M) means that
pm(u(m)) = p(m) ® y(mp)).

The category of right (C, y)-Hom-comodules will be denoted by A M.

Theorem 2.7. (Rafael Theorem) Lef L : C — D be the left adjoint functor of R : © — C. Then L is a separable
functor if and only if the unit 1 of the adjunction (L, R) has a natural retraction, i.e., there is a natural transformation
v: RL — id¢ such that von =id.

Definition 2.8. A pair of adjoint functors (F, G) is called a Frobenius pair if G is at the same time a right and left
adjoint of F.

The following result can be found in any book on category theory: G is a left adjoint of F if and only if
there exist natural transformations v € V = Nat(GF, 1¢) and C € W = Nat(1p, FG) such that

F(om) o Crawy = Irauy, 2. 1)
vy © G(Cwn) = Iy (2.2
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3. Adjoint functor

Now we introduce the notion of the right-right Hom-entwing structure, following Karacuha [13].

Definition 3.1. A right-right Hom-entwining structure is a triple [(A, B), (C, )]y (we write it (A, C, ) for short),
where (A, B) is a monoidal Hom-algebra and (C, y) is a monoidal Hom-coalgebra with a k-linear map i : C®A — A®C
satisfying the following conditions for all a,b € A,c € C:

(ab)y ® y(0)¥ = ayb, ® y(c??), (3. 1)

Ly®c =1,4®c, (3.2)

B (ay) @, ®chy = B @)y By ®cly, 3. 3)
a¢e(c¢) = ae(c), (3. 4)

where P(c®a) = ay ® ¥, a €A, ceC. Itissaid that (C,y) and (A, ) are entwined by . ¢ € «9?(///1& has the
relation B(a)y ® y(c)¥ = Play) ® y(c¥).

Over a Hom-entwining structure (A, C, ¢), a right-right entwined Hom-module (M, p) € J (M) is both
aright (C, y)-Hom-comodule with coaction py : M — M®C, m — mo®my1}, and a right (4, f)-Hom-module
with action y : M®A — M,m®a — m - a satisfying

pulm-a) = p(mp)) - Y(mp @ B~ (a))
= B @y @ Y 0my), (3.5)

foralla € Aand m € M. Let eg(lﬂk)(lp)g denote the category of (4, C, i)-entwined Hom-modules together
with the morphisms.

Example 3.2. Let (H, &) be a monoidal Hom-Hopf algebra. Define ¢ : H® H — H ® H with ¢(I® h) =
a(h(l))®a’1(l)h(2). It is easy to verify that (H, H, 1) form a Hom-entwining structure. Then the objects of %(///;J(gb)ﬁ

are right Hopf (H, a)-Hom-comodule. In fact, by Eq.(3.5), for all m € M and h € H, we have
u(mpo) - P (mpy @ a”' (k)

umyey) - (' (g @ )

mo) ) ® mpijhea).

pm(m - h)

Example 3.3. Let (H, a) be a monoidal Hom-Hopf algebra, (A, B) a right (H, a)-Hom comodule algebra and (C,y)
a right (H, a)-Hom module coalgebra. Then (C, A, ) has a Hom-entwining structure with i : C® A - A® C by

Y(c®a) = Blag) ® y~1(c) - ap for any a € A and ¢ € C, and hence ¢ (t//lk)(tp)g is a entwined Hom-modules.
In particular, for any (M, u) € e%FZ(%k)(lll)g, we have

pm(m - a) = myo) - ago) ® myag).

In this case, we say that this category is a category of right Doi Hom-Hopf modules and denote it by jpiz(///k)(H)g.

Example 3.4. Let (H, @) be a monoidal Hom-Hopf algebra. Define ¢ : H® H — H ® H given by ¢(g ® h) =
a?(hy) ® S(hay))(a (9)h)) for all h, g € H, and hence S (My)(P)E is a entwined Hom-modules. In fact, for any
(M, u) e j’i‘;(///k)(qb)g, the compatible condition gives

pm(m - h) = u(mpy) - Y(mp @ a~*(h)) = myo; - alhe)ny) ® Sthay) (@™ (mphe)e)-

Note that the category };(///k)(qﬁ)g is a category of Hom-right-right Yetter-Drinfeld modules see [10]
for more details.
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Proposition 3.5. The forgetful functor F : <%F;(///k)(lp)[cl — H(M)a has a right adjoint G : H( M) —
ﬁ’{;(///k)(lzb)g. G is defined by
GM)=M®eC,
with structure maps
(m®c)-a=m-p@yeyc),
pean(m @ c) = (1™ (m) ® cay) ® y(ce),
forallae Aand me M,c e C.

Proof.  First show that G(M) is an object of }F(,///k)(lp)g . It is routine to check that G(M) is a right
(C, y)-Hom-comodule and a right (4, f)-Hom-module. Now we only prove the compatibility condition.
Forallue A, me MandceC,

pown(m - B~ @)y ® ()

= (um) BT @) @ Y(cN)w) @ Y((c))
= m-B @)y ® (")) ® y(c)2)

= m- BB @yy) ® (e V) @ yice) V)

= (ulm)- B @)y @ (e V) ® y(y(ce) )

= (Wlmecy) @y @y((ce)?)

= pem(m®c)-a.

pcay((m®c) - a)

This is exactly what we want to show.
For an A-linear map ¢ : (M, u) — (N,v), let

Gp)=p®idc :M®C > N®C.

Standard computations show that G(¢) is morphisms of right (A4, )-Hom-modules and right (C, y)-Hom-
comodules.
Next we describe the unit  and the counit 6 of the adjunction. The unit is described by the coaction: for

(M, u) e jfiz(//[k)(t,b)g, we define ny : M — M ® C as follows: for all m € M,
M(m) = mjo) ® my).

Then 1y € %%k)(lp)g . In fact, for any m € M, we have

nu(m-a) = (m-a)® (m-a)n
= mygy- B @)y @ y(my))
= (mpy®my) -a = nm(m)-a,
and
pmec © Mm(m) = pmec(mio) ® my)

= (M‘l(m[()]) ® myyy1)) ® (M)
= (m[o][o] ® m[O][l]) ®my)
= (qm ®idc)(mo) ® mp))
For any (N,v) € /(M) let oy : N®C — N, foralln e Nand c € C,

On(n ®c) = e(c)v(n).



S.J. Guo et al. / Filomat 33:11 (2019), 3307-3322 3312

We can observe that dy is (A, f)-linear. In fact, for any n € N, we have

on(n - @)y @ ("))
e(y(e)v(n - B (a)y)
e(cyy(n)-a=onn®c)-a.

on((n®c) - a)

This is what we need to show. We can check that 1 and 0 defined above are all natural transformations and
satisfied
G(0Nn) © nemvy = Iomy,

Oravy © F(nua) = Trauy,
for all (M, u) € ()W) and (N, v) € H(Mi)a. =

4. The functor forgetting the coaction

Let V1 be the k-module consisting of all k-linear maps 6 : (C,y) ® (C,y) — (A, p) such that

BB (@),,)0d ® ") = 0@ o), 4.1

00" (d) ® cy) ® y(ce) = Ody ® Y (O)y @y 4.2
Proposition 4.1. The map \V : V — V; given by W(v) = 0 with

O(c®d) =Ta(ida ® ec)vasc((la ® 0) @ y(d)), (4.3)

is an isomorphism of k-modules. The inverse W~(v) = 6 is defined as follows vy : M ® C — M, which is given by
om(m ® ¢) = u(mye)0(mp; ® Y~ (c)). 4.4
Proof. According to the naturality of v, we have
O(c®d) = (ec ®ida)vcea((c® 14) ® y(d)) = (ida ® ec)vasc((1a ® ) ® y(d)).

Then it is easily checked that GF(A®C) = (A®C)®C € Af%ﬂi(///k)(z,b)g, the left (A, f)-action is induced by

the multiplication in (4, ) and vaec is @ morphism in Aj?(//&)(gb)i. Hence vagc and (ida ® €c)vagc are left
and right (A, f)-linear, and

B(c®d)a

(ida ® ec)vagc((1a ® ) ® y(d))a
= (ida®ec)vaec((la®c) ®y(d))a
= (ida ® ec)vaec(B @)1 ® [y(c?) ® y(d)])
= ayy(ida ® ec)vaec([1a ® ¥ ®d¥])
= ayy(ida ® ec)vasc([1a ® V1@ y(d?))
= BB, )0 ),

which gives (4.1).

To prove (4.2), first we check at once that GF(C®A) = C®(CRA) € .7 (///k)(gb)g, and its left (C, y)-coaction

of C® A is given by
c®a y(c) ® (e ® (@)

We also get vega : (C® A) ® C — C® A is a morphism in Cj’iz(///k)(gb)g. Thus we conclude that vegy is left
and right (C, y)-colinear. Take c,d € C, and let

veea(c® 1) ®d) = ) pi®b e COA.
i
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As vcga is left (C, y)-colinear, and applying ec to the second factor, we obtain
)/Z(C(l)) ® G(C(z) ® )/_1 (d)) = Z ¢ ®aj.

Since vcea is also right (C, y)-colinear,

Veea(y 1 (0) ® 14 ® Y(d(1)) ® Y2 (d) = ciay ® B~ (@iy) ® )/_1(0;/22)),

and applying ec to the second factor, we find

8y (0) ®dqy) ® Y2 (dy) = aiy ® y2(cY).

Hence, (4.2) holds. This proves that there is a well-defined map ¥ : V — V;.

To show that the map W~! defined by (4.4) is well-defined, we need to prove vy € 57 (///@(1[1)%, ie., upm
is right (A, B)-linear and right (C, y)-colinear, and v is a natural transformation. The proof is similar to [10],
we leave it to the reader. .

Given any morphism f : M — N in ¢ (///k)(lp)g, one easily checks that for all m € M and c € C, we have

on(f(m) ® C) = f(u(mpe))0(mp @ y~1(0)) = f(p(mp)O(mu ® y~(c)) = fom(m ®c)),

i.e., v is natural. The verification that ¥ and W™! are inverses of each other is left to the reader.
Now we give a description of W = Nat(1p,, FG). Let

Wi={ze A®Claz =za,(f®))(z) =z, forall a €A}, (4. 5)
ie,z=Y,4®c € W;if and only if

Y B @ueye =) ap @y o), BenE =z (4. 6)
1

1

Proposition 4.2. Let (A, C, ) be a right-right Hom-entwining structure. Then there is an isomorphism of k-modules
D : W — Wy given by

D(C) = C(1a)- 4.7)
The inverse of @ is O VY, 4®c)=Cwithi(y :N—->N&C given by

v = Y v ma @ (@),

1

for any (N, v) € ﬁﬂk)(w)g andn € N.

Proof. The proof is based on the fact that (4 is left and right (A, f)-linear, we leave it to the reader. ]

Theorem 4.3. Let F : ﬁ,%k)(¢)g - %f,;(t//lk)A be the forgetful functor, and G : jf?(,//lk)A — jﬁ%@(l[;)ﬁ its
adjoint. Then F is separable if and only if there exists O € V1 such that

0o Ac =ec,
and G is separable if and only if there exists z = ), a; ® ¢; € Wy such that
Y eclenm =14,
]

Proof. This follows immediately from Propositions 4.1 and 4.2. m]
Next we will show that (F, G) is a Frobenius pair if and only if there exist 6 € V; and z € Wy, which
satisfy different normalizing conditions.
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Theorem 4.4. Let F : ﬁﬁk)(w)g — J( M) be the forgetful functor, and G : A (M)a — jpfy(///k)(gb)i its
adjoint. Then F is separable if and only if there exist 6 € V1 and z = Y, ;a; ® ¢; € Wy such that the following
normalizing condition holds, for all d € C,

ecdla = ) B@)o(c®y>@d) 4. 8)
1

a0(y ' (@d)? ® y~ (). 4.9)

Proof. Suppose that (F, G) is a Frobenius pair. Then there exist v € V and C € W such that (2.1-2.2) hold.
Let0 =W(@) e Viand z = Y4 ® ¢; = ®(C) € W;. Then (2.1) can be rewritten as

on() 1 (m)ay @ (@) = (mpo - asy) - O/ (mp)? @ 1) = m,
1

foranyme M € :}Fiz(//k)(llb)i. Taking M = C® A,m = d ® 1,4, then we have

d®1, UC®A(Z p i d @ La)a @ y(cr))
7

= ((@®1a)0) - ap) - O((A® La))¥ ® 1)

= (dwy®1a) aw) 0’ ®c)

= @) @6y dp") @y @),
thus

ecls = IalecO @) @ lay00™ () © @)
= Blaw)b(ec(dw)dp’ ®c)
= ﬁ(allp)e(y_l(d)‘P ® ).

One obtains (4.9). _
Foralln € N € () ({)a and c € C, one has

ey (G(Cn)(n ® d)) oo (v (M)a; ® y(cr) ® d)

v (m)a ® ¥ (cin) 0 (i) ® Y~ (d))
= n(@6(cp) ®y > (@d)y) ® Y (ciw)?

= n@0(y () @y ([dw)) ® ¥(de)

= ned,

and (2.2) can be written as

n(@6(y ™ (cn) ® y(dw)) ® y(de) = n®d.
Taking N = A and n = 14, we obtain

Ba6(cn ® Y (d))) ® y(d) = 14 ®d.

Applying e to the second factor yields (4.8). m]
In [10], it is shown that if (H, A, C) is a Doi Hom-Hopf datum, (4, ) is faithfully flat as a k-module, and
(C y) is projective as a k-module, then (C, y) is finitely generated.
The next proposition illustrates that the assumption that (C, y) is projective is superfluous.

Proposition 4.5. Let (A, C, ) be a right-right Hom-entwining structure. If (F, G) is a Frobenius pair, then A® C is
finitely generated and projective as a left (A, B)-Hom-module.
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Proof. Let 0 and z = L;a; ® c; be as in Theorem 4.4. Then for any d € C,

P ®14)

= P(y(dr) ® e(d2)1a)

= Y(d1) @ a0y (d2)Y ®y (@)

= a0 (d2)" @ Y7 (cr))y ® y(d1)?Y
= @b @)y 7 @)y @ y(d);”

= a6y 2(d)Y ®cn) ® y(cp).

1a®d

Write ¢;; @ cpp = Z]'.Z‘lcl]- ® c;], and for all /, j, we consider the map

0j:A®C—> A, 0j(a®d) =g @)]a0¢ )" ®c))].

Then forallae Aand d € C,
a®d=ojj(a®d)(1 ®cl’].),

5o {07;,1® ij| I=1,--,n,j=1,---,m}is a finite dual basis for A ® C as a left (4, )-Hom-module. ]
In some situations, one can conclude that (C, ) is finitely generated and projective as a k-module.

Corollary 4.6. Let (A, C, 1) be a right-right Hom-entwining structure and (F, G) a Frobenius pair.

1) If (A, B) is faithfully flat as a k-module, then (C, y) is finitely generated as a k-module.

2) If (A, B) is commutative and faithfully flat as a k-module, then (C,y) is finitely generated projective as a k-module.
3) If k is a field, then (C, y) is finite dimensional as a k-vector space.

4) If A =k, then (C, y) is finitely generated projective as a k-module.

Assume that (C,y) is finitely generated and projective as a k-module, and let {d;,d;| I = 1,- - -, m} be

a finite dual basis for (C,y). Then C* ® A can be made into an object of A%FZ(///;C)(HD)E as follows: for all
a,b b eAceC,

b ®a)=) <, df>yd)ep bya, (4. 10)
(c®@a)l =y (c)®ap™ (V), 4. 11)
p'(c’®a) = Z YA =y ) @ BN a), ® y@d?). (4. 12)

This can be checked directly. The map A : C® A® C — A induces ¢ : A® C — C* ® A. This is the map we
need. At some place it is convenient to use C* ® A as the image space. Note that ¢ is given by

Pla®c) =y d) @ @),007 @) ©y (). (4.13)

It turns out that 5 is a morphism in At%ﬂz(///k)(gb)g. Let V, be the k-module consisting of all left (A, §)-linear,
right (A, B)-linear, (C, y)-colinear maps ¢ : A® C — C* ® A. Then we have the following result.

Proposition 4.7. Let (A, C, ) be a right-right Hom-entwining structure, and assume that (C, y) is finitely generated
projective as a k-module. Then

V= V1 = Vz.
The isomorphism is ay : Vi — Vs, with a1(6) = ¢, which given by(4.13). The inverse of a, is

a7 (P)d®c) = p(14 ® c)d.



S. J. Guo et al. / Filomat 33:11 (2019), 3307-3322 3316

Proof. First show that ¢ € V,. Foralla,b € A and ¢ € C, we have

bpla®e) = b(/@d") @[ @),00 @) @y ()]
Y <y d >y d) @ p70), (67 @), 007 @) @y 0)
Y y@) e 0,6 @,007 07 @) ey )
Y v@ e E ¢ 0,8 @007 @) @y )
= Y y@ e ¢ On,00d) ey )
PP (b)a® y(c)

- (@®0),
which proves that 5 is left (A, p)-linear. And it is also right (A, §)-linear, because
Y 2@ 187 @, 007 @) @ y2IF ()
Y 2@ @ BB @, )00 @) @ y 2B )]
Y7 @87 @,BE0), 10007 @) @ 0"
Y. 7@ 187 @, pE7W),) 106" 8 y(y2()")
2@ el @p0),), 1007 (/d)) @y @)
= Yy @) e @E®),) 1007 @) @y )
P b)) @ (") = pla@o)b).
Notice that the dual basis for (C, ) satisfies the following equality

Y Adyed =) dioded - d.
Using this equality one can computes
L)
Y 0@ @@, 007 @) @y ()
= ) 07@) e @, 00 i) @y 0),) 8 Vi)
Y 0@ e (7 @),) 00 i) @y 7(@),) 8 Y20 di)™)
Y 07 @) @7 @),,)00 i) ©Y7(0),) 8 V2 iy )"
= ) 07D @ @)00 A ©770),) @ A0 )
Y07 @ B2, 007(@0) 8y ew)) © vica)
Y @) @), 007 @) ® y ) @ i)
Y 6 @ &) ®y(ce).

This proves that ¢ is right C-colinear.

Pa® )b

Conversely, given ¢ € V5, one needs to show that 0 = al‘l(q_b) € V7. Now it is more convenient to work
with Hom(C, A) rather than C* ® A. For f € Hom(C, A), b € A, we have

b f(7H(c™) = (b~ ))(O),
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and
FOHENb = (F - b)(©).
Take any ¢,d € C, a € A and compute
(@(1a ®d)c)a
= @(1a® D))
Y B @),) ® y@))(e)
Y (BB @,)P (14 @d)(e)
Y BB @),), @a@d)y (o)
Y BB7(@),,)0(c @dY),

thus (4.1) holds. Before proving (4.2), we write p'(f) = fio) ® f1) for f = ¢"®a € Hom(C,A) = C"® A, and
then for all ¢ € C, we have

fo©® fry = Z(V*‘l(di) (@) @B (@), ® ()

= Z <y 7M@), e >< ), e > BB A),) @ (i)
Z < C*, )/Z(C(z)) > ay ® )/Z(C(D)lp
<Y e@) > YO ) ®a) = PO () ® F((c)))-

O(c®d)a

Explicitly, we have

Y. 0o 770, @ yda)"

P((da) ® P14 ® Y (0)(d))

P14 @77 (O) (0 @) @ P(14 ® Y7 (0))y
PAa® Y e @) ® e

= 007" @)@y cq) ®cp).-

It remains to be shown that a; and al’l are inverse of each other. First take 6 € V1, for all ¢,d € C, we
have

al_l(a(G))(d ®c)

a1(6)(14 ® 0)(d)

O/ (d) ® 1400y~ (di) ® y7(0))(d)
<y (d),d > 0(y(d) ®c) = Bd ®0).

Finally, for 5 eVyaeA, c,deC:

(@ ()@ ®c)(d)

Y 0 @) 967 @0 @0 @) @ @)

N <d,y @) > B @,0' @0 @) ® 7 20)
Y B @) @0 @ @y ()

Y B @0 @)1a®y Oy @)

a-p(1y®y 1 (c))d = Ppa®c)d.

Now we give an alternative description for W5.
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Proposition 4.8. Let (C,y) be finitely generated and projective as a k-module. Then
W = W; = W, = Hom 4 (C'® A,A® C).
The isomorphism 1 : Wi — W, is given by 1(z) = ¢ with
ol ®@a) = ) @)y ® (e’ <y A, e >
!

and the inverse of 1 is given by
Bl (@) = dple®1).

Proof. We need to show that f1(z) = ¢ is left and right (A, §)-linear and right (C, y)-colinear. For all ¢* € C*
anda,b e A,

P((c" ®a)b)

GO (c) @ ap™ (b))

= Y ap @ Oy @ y(en)? <y 7@, e >
1

Z @B~ @)yB2(b)y ® y(eim)™? <y e, ) >

7
Z[ﬁ_l(ﬁll)ﬁ_l(ﬂ)w]ﬁ_l(b)w ® (i)Y <y ), ) >
7

Y B @) @y By @ yen)?? <y e e >
1

Z[ﬁ_l(ﬂl)ﬂ_l(ﬂ)w ® C;fl) <y N, a1+ b
7

Z[azﬁ_l(a)w ® y(ciw)? <y (), Y(a) >1-b
1

Z[ﬂlﬁfl(ﬂ)w ® y(ciy)¥ <y 72, ey >1 - b
1
= ¢(c"®a),
which proves that ¢ is right (A, §)-linear. The proof of left (A, f)-linearity goes as follows:
Pl ®a) = P, di? >y ® B (by)a)
Z <c,d¥ > ap (B by)a)y ® Yyt <y, ) >
1

Z <c,d¥ > mp 2 (by)p @)y ® y(ci)?Y <y @), cp) >
7

Z <&@l > ap (0B @y ® [y(@)' 1)
.

Y. < @)l > B @B by @ ()1,
1

)

Z <, y(ae) > [B2O)B @)lay ® y(a)?
1

Y <y e ) > OB @ @] @ i)
1

b. [Z <y, ) > BB Hay) ® c;?l)]
1
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b-1) ap @y @y’ <y A, ) >
1

b-¢(c* ®a).

Next we need to show that ¢ is right (C, y)-colinear. In fact,

P((c" ®a)) ® (" ®a);

= oMYA ® ﬁfl(ﬂ)lp) ®y(d")

= Z azﬁ_l(ﬁ_l(ﬂ)¢)w ®y(aw)? <y 2N dT) YA, ap) > @y(dY)
il

= Z @B 2 (@)ypy ® Y(ciy)? < ¥ 3d0), cipa >< ¥ HE), ape) > ®y@EY)
i

= Z ﬂlﬁ_z(ﬂ)w ® y(ciny)? < ¥ ), e > ®Y Ccrn)?
iy

= Z BB @)y ® Y (ciym)? <7 (), ap) > @y (cme)”
iy

= Z @B~ @)y ® Y(ciym)? < ¥, a) > ®Y(cime)?
i

= p(p((c" ®a))).

Conversely, let p € W, and put z = Pp(e ® 14) = Y4, ® ¢;, we obtain a(e ® 14) = (¢ ® 14)a, for all a € A.

Hence az = adp(e ® 14) = Pp(a(e ® 14)) = p((e ® 14)a) = P(e ® 14)a = za, and z € W;. Takez = Y4, ® c; € W.
Then

B (B1(2) = B (0) = Ple ®14)

Z aB (La)y ® Y2 ()Y < € cip) >
7

Zﬁ(ﬂz) ® 2 (ciny) < &, i) >
7

Y Bay®y) =z,
1

Finally, take ¢p € W,, and write ﬁ;l(qb) =¢(e®14) = Y ym®c. Then C*® A and A ® C are right (C, y)-
Hom-comodules and left (C*, y*)-Hom-modules. Since ¢ is right (4, f)-linear, right (C, y)-colinear and left
(C*,7")-linear, we see

dc®a) = () @ 1a)a

[ )Pl ®1a)la
) ) meala

l

Z ap N a)y ® Y (ciy)¥ <7 (), ) >

]
p1(2)(c ®a),
and it follows that ¢ = B1(z) = B1(B;*(¢)), as required. m]

Theorem 4.9. Let (A, C,¢) be a right-right Hom-entwining structure and assume that (C,y) is finitely generated

projective as a k-module. Let F : A(M)1))§ — (M) be the forgetful functor, and G : F(M)a —
jﬁ///@(gb)fl its adjoint. Then the following statements are equivalent:

1) (F, G) is a Frobenius pair;

2) There exist z = ), a; @ c; € Wiy and 6 € V1 such that the maps

$:C®A—>ARC and ¢:A®C— C ®A,
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given by

o ®@a) = ) ap @ & y(a)” <y, ao >, (4. 14)
l

da®c)=y'd)®p  @wo(y '(d) @y (), (4. 15)

are inverses of each other;
3) C*® A and A ® C* are isomorphic as objects in A%(//k)(w)g.

Proof. 1)= 2). Letz € Wi and 0 € V; be as in Theorem (4.4). Then ¢ = $1(2) anda = a1(0) are morphisms
in o (M1)()S, and

(e ®14)) = G(2)

Y @) e @word) @y )
!

Y V@) ®awoo @) ey (@)
!

Z V() ®e(d)ly = e® 1.
1

The fact that ¢» and ¢ are right (A, f)-linear and left (C*, y*)-linear implies that ¢» o ¢ = Ic-ga. Similarly, for
allceC,

P(P(la®0) = (' (d")®0d ®c))

= Y ap O @ @ y(en)” < dy e >
1

= Z a,ﬁ‘l(e(cl(z) R0y ® V(Cl(l))\y
!

= Z 2,0~ (1) ® y72(d)) ® y(c)
1

= elcay)la®y(cw)

= 1A ® C.

2)= 3). Obviously, since ¢ and 5 are in AL%’Z(///;()(IP)E.
3)=1). Let¢: C'® A = A®Cbe anisomorphism, and putz = ¢p(e®14) = Y ;®c; € W1, 0 = ] (p7!) €
V1, we have
e®1a= ¢  (Ple®14)) = y'(d) ® B @)wO(y ' (@) ® y*(c1)).

Evaluating this equality at c € C, one obtains (4.15). For all c € C,

14 @C =@ (14®0) = ) a6y (@) 87 @) ® y(ce)-
1

Applying ¢ to the second factor gives (4.14). Thus (F, G) is a Frobenius pair. O
Recall from [17] that let (A, 4) and (B, fg) be two Hom-associative algebras and a linear map R : A®B —
B® A with R(b®a) = ag ® br = a, ® b, satisfying the conditions:

Ba(ar) ® Bs(br) = Pa(@)r ® Pr(b)R, (4. 16)
(aa")r ® Br(b)r = ara, ® Bs((br)), 4. 17)
Bla)r ® (bb')r = Pa((ar),) ® bby, (4. 18)
13, ®a=13®a, (4. 19)

bR®1AR =b®1y,, (4 20)
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foralla,a’ € Aand b, b’ € B. Define a new multiplication on A® Bby (a®b)(a’ ® ') = aa;, ® brb’. Then A® B
with this multiplication is a Hom-associative algebra with structure map 4 ® fip, we denote it by B#rA.
Next we want to examine when B#rA/A is Frobenius. In fact, this is a direct application of Theorem 4.9
under the hypotheses of that (B, p) is finitely generated and projective as a k-module. Let (A, C, ) bea Hom-
entwining structure, with (C, y) finitely generated and projective, and put B = (C*)”. Let {c;, ¢,i=1,.,n}
be a dual basis for (C,y). There is a bijective between Hom-entwining structures (4, C, 1) and Hom smash
product structures ((C*)?, A, R), where R and ¢ can be recovered from each other using the formulae

R@a®c’) =< y*‘l(c"),cz’b > 7)) ®ay, Pl®a)=< (c’{)R,g‘l(c) > y(c;) ® ag.
Moreover, there are isomorphisms of categories
HMNW)G = A M) P)pas and 47 (MW = AT M)W

In particular, B#rA can be made into an object of .77 (///k)(z,b)f\, and this explains the structure on C* ® A

using in Section 4. Combining Theorem 4.9, we find that the forgetful functor F : %FZ(///;()(lp)i - jpiz(//lk) A
and its adjoint form a Frobenius pair if and only if A® C and C* ® A are isomorphic as (A; C*P#A)-bimodules
if and only if the extension (C*)*” ® A/A is Frobenius.

5. Maschke type theorems

The classical Maschke’s Theorem states that a group ring of a finite group is semisimple if and only if
the characteristic of the field does not divide the order of the group. Several generalisations of Maschke’s
theorem for Hom-Hopf algebras and Hom-comodule algebras can be found in [6,9][10]. In [10], a Maschke-
type theorem was formulated for Doi Hom-Hopf modules. Following [10] we define

Definition 5.1. Let (A, C, ¢’) be a Hom-entwining structure. A k-module map 6 : (C,y)®(C,y) — (A4, B) satisfying
0o (y®y) =B o 0iscalled a normalized (A, B)-integral, if O satisfies the following conditions:
(1) Forall c,d € C,

BB (a),,)0(d¥ ® c?) = B(d ®c)a, (5. 1)
(2) Forallae A,c,d € C,
00 (d) ® cy) ® y(c) = Odixy @y (©))y @y, (5.2
(3) Forallc e C,
O(cay ® c)) = 1a&(c). (5. 3)

Theorem 5.2. Let (A, C,¢) be a Hom-entwining structure and (M, u), (N,v) € eg(%k)(lP)g. Suppose that there
exists a normalized (A, B)-integral 6 : (C,y) ® (C,y) — (A,B). Then a monomorphism (resp. epimorphism)
f: (M) = (N,v) splits in A ()W), if the monomorphism (resp. epimorphism) f splits as an (A, p)-linear
morphism.

Proof. Let M,N € jfu(//lk)(l#)i and assume that f : M — N € jﬁ?(///@(l#)i has a sectiong : N - M
as an (A, f)-module morphism. Define g : N — M by g(n) = Y u(g9(njo)o)) - ¢(np; ® ¥ 1(g(npo))py))- By the

partial normalized integral 6, one can easily check that 7 is right (A, f)-Hom-module morphism and right

C

(C, y)-Hom-comodule morphism. Now we show that g is a section of f in <%FZ(///1()(1P) - In fact,

fain) Y. fugmonion - 00my @ y ™ (@(no)m))
Y (faunop)or - 60y @ (Fgy ™ (npop))
= Z(.“(”[O][O]) -0 ® ¥~ (ngoyy)

= Z nyop - Oy ® npy)1a

(5.3)
= n
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Similar computation shows that if g is a retraction of f, then so is g.
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