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Abstract. A twisted generalization of quasitriangular Hopf algebras called quasitri-
angular Hom-Hopf algebras is introduced. We characterize these algebras in terms of cer-
tain morphisms. We also give their equivalent description via a braided monoidal category
H(gM). Finally, we study the twisting structure of quasitriangular Hom-Hopf algebras
by conjugation with Hom-2-cocycles.

1. Introduction. The theory of quantum groups, having its source in
theoretical physics, is a new branch of mathematics developed in the last
few years. It was introduced by Soviet mathematical physicists when inves-
tigating quantum integrable systems in quantum mechanics. In a sense, the
investigation of quantum groups is just the investigation of Hopf algebras.
By quantizing and other means, quasitriangular Hopf algebras are obtained.
As is well known, quasitriangular Hopf algebras are crucial to the theory of
quantum groups and R-matrices. For example, quasitriangular Hopf algebras
have a very close relation to the quantum Yang—Baxter equation

R12R13R23 = Ra3R13R12,

which is one of the most interesting subjects in quantum mechanics. Thus
the investigation of quasitriangular Hopf algebras is of interest not only in
mathematics but also in physics. As a generalization of quasitriangular Hopf
algebras, in this paper we mainly study quasitriangular Hom-Hopf algebras.

Hom-structures were first defined for Lie algebras. As deformations of
Lie algebras, Hom-Lie algebras are determined by an endomorphism. That
is, the Jacobi identity is replaced by the so-called Hom-Jacobi identity

[a(2), [y, 2]] + [a(y), [z, 2]] + [o(2), [z, y]] = O,
where « is an endomorphism of Lie algebras. Earlier precursors of Hom-Lie
algebras can be found in [12, [I3] 10]. Recently, Hom-Lie structures have been
further studied by many scholars [18], 24 25|, 27, [1}, 2] [11]; these structures in-
clude Hom-Lie bialgebras, quasi-Hom-Lie algebras, Hom-Lie superalgebras,
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Hom-Lie color algebras, Hom-Lie admissible Hom-algebras, Hom-Nambu—
Lie algebras and so on. In [4], we have studied the construction of Hom-Lie
bialgebras from Hom-Lie algebras and Hom-Lie coalgebras.

Similar ideas were applied to other algebra structures. The concepts
of Hom-algebras, Hom-coalgebras, Hom-Hopf algebras, Hom-alternative al-
gebras, Hom-Jordan algebras, Hom-Poisson algebras, Hom-Leibniz algebras,
infinitesimal Hom-bialgebras and Hom-power associative algebras were in-
troduced in [9, [17) 19} 16} 26, 28, 3] [7, 8, 23].

Further, some modules and comodules on these Hom-algebras struc-
tures such as Hom-modules, Hom-comodules, Hom-Hopf modules and Hom-
module algebras were considered, and the fundamental structure of Hom-
Hopf modules was investigated in [3]. Moreover, the antipodes and Drin-
fel’d doubles of Hom-Hopf algebras were considered in [23]. And cobraided
Hom-smash product Hopf algebras were studied in [14].

Motivated by Hom-Lie algebras and other Hom-type algebras, Yau in-
vented the concept of quasitriangular Hom-Hopf algebras [28], which can be
considered as generalized quantum groups. He studied properties of these
algebras, and proved that each quasitriangular Hom-Hopf algebra (H, a, R)
comes with a solution of the quantum Hom-Yang-Baxter equations:

(R12R13)R23 = R23(R13R12) and Ri2(Ri3Ra3) = (R23Ri3)Ri2,

where R12 = R ®c¢, Ra3 = c® R, Ri3 = (T ® id)Ra3 and ¢ is a weak unit.
Further, solutions of the Hom-Yang—Baxter equations were obtained from
Hom-modules of suitable quasitriangular Hom-bialgebras. In addition, Chen
and Zhang [5] proved an FRT type theorem for the quantum Hom-Yang—
Baxter equations.

This paper has two purposes. One is to characterize quasitriangular
Hom-Hopf algebras via the category H(zM) of Hom-modules which is a
braided monoidal category. The other is to investigate the twisting of qu-
asitriangular Hom-Hopf algebras, that is, construction of a new quasitrian-
gular Hom-Hopf algebra from an old one by the twisting process through a
Hom-2-cocycle.

This paper is organized as follows. In Section 2, we recall the basic defi-
nitions concerning Hom-structures, including those of Hom-algebras, Hom-
coalgebras, Hom-bialgebras, Hom-Hopf algebras, Hom-modules and Hom-
comodules. In Section 3, we consider some properties of quasitriangular
Hom-Hopf algebras and give an equivalent description of quasitriangular
Hom-Hopf algebras via the braided monoidal category H (g M). Moreover,
we characterize the quasitriangular Hom-Hopf algebras in terms of certain
morphisms. In Section 4, we introduce two sub-Hom-Hopf algebras of a
quasitriangular Hom-Hopf algebra and study their relationship. In Section 5,
we give a construction of a new quasitriangular Hom-Hopf algebra by using
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a Hom-2-cocycle. Further, we apply these main results to a quasitriangular
Hom-Hopf algebra built on a 3-dimensional group algebra.

Throughout this paper we freely use the Hopf algebras and coalgebras
terminology introduced in [6], [22] and [21].

2. Preliminaries. Throughout, all vector spaces and tensor spaces we
consider are over a fixed field k. For a coalgebra, we write its comultiplication
A(r) = r1 ®r2 and denote the comodule structure p(m) = m gy ®m ;) with
the summation symbols omitted according to [22]. Moreover, 7 denotes the
flip map.

Let My = (My,®,k,a,l,r) be the k-module category. The monoidal
category H(My) defined in [3] is as follows: objects are couples (M, p), with
M € My, and p € Auty (M), a morphism f: (M, u) — (N, v) is a morphism
f: M — N in My such that vo f = fou, and the tensor product of (M, p)
and (N, v) is given by

(M, 1) ® (N,v) = (M@ N, u®v).
Roughly speaking, Hom-structures are objects in the monoidal category
H(M) = (H(Mpg),®, (k,id), a,l,7) defined in [3], where the associativity
constraint a is given by the fomula

amnL =aunco (p@id)®c ) =@ (idec ) oamn,
for (M, ), (N, v), (L) € H(My), and the unit constraints 7,7 are given by
lNM:,uolM:lMo(id®,u), T =pory =ryo (p®id).
The category ’g(/\/l k) is called the Hom-category associated to the monoidal
category My, where a k-submodule N C M is called a subobject of (M, )
if p restricts to an automorphism of N, that is, (N, u[n) € H(Mjy). Since
the category M has left duality, so does H(My). Now let M* be the left
dual of M € My, and let by : k — M @ M* and dpy : M* ® M — k be the
coevaluation and evaluation maps. Then the left dual of (M, pu) € H(My)
is (M*, (u*)~1), and the coevaluation and evaluation maps are given by
b = (p@p*) " oby, du=duo(pt©p).
We now recall some useful definitions given in [3].
DEFINITION 2.1. A Hom-algebra is a vector space A together with an
element 14 € A and linear maps
m:ARA— A a®bw— ab, «€ Aut(A),
such that
a(a)(be) = (ab)a(c), a(ab) = a(a)a(b),
aly = 1laa=afa), «o(la) =14,
for all a,b,c € A. In the following, we denote this Hom-algebra by (A, a).
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In the language of Hopf algebras, m is multiplication, « is the twisting
automorphism and 14 is the unit. Let (A4,«) and (A’,a’) be two Hom-
algebras. A Hom-algebra morphism f : (A,a) — (A’,d') is a linear map
such that foa =da o f, f(ab) = f(a)f(b) and f(14) = 14

DEFINITION 2.2. A Hom-coalgebra is an object (C,~) in the category
H(My) together with linear maps A : C — C ® C, A(c) = ¢1 ® ¢z and
€ : C' — k such that

(2.1) Y 1) ® Aez) = Aler) © 7 (ea),

for all c € C.

Note that is equivalent to ¢; ® ca1 ® Y(c22) = Y(c11) ® c12 ® ca,
which is often used in the rest of the paper. Let (C,v) and (C’,") be two
Hom-coalgebras. A Hom-coalgebra morphism f : (C,~) — (C’,7) is a linear
map such that foy=7"of, Aof=(f® f)oAand e o f=c¢.

DEFINITION 2.3. A Hom-bialgebra H = (H,«,m,n, A, ¢) is a bialgebra
in the monoidal category H(My). This means that (H,a,m,n) is a Hom-
algebra and (H,«a, A, ¢) is a Hom-coalgebra such that A and ¢ are Hom-
algebra maps, that is, for any h,g € H,

A(hg) = A(R)A(g), AQlp)=1p® 1,
e(hg) = e(h)e(9), e(1g) = 1i.

A Hom-bialgebra (H, ) is a Hom-H opf algebra if there exists a morphism
(called antipode) S : H — H in H(My,) (i.e. Soa = aoS) such that

Sxid=noe=1id * S.

In fact, a Hom-Hopf algebra is a Hopf algebra in the category ﬁ(Mk)
Further, the antipode of Hom-Hopf algebras has almost all the properties of
the antipode of Hopf algebras, such as

S(hg) = S(g)S(h), S(lg) = 1m,
A(S(h)) :S(h2)®5<h1), coS =¢.

That is, S is a Hom-anti-(co)algebra homomorphism. Since « is bijective
and commutes with the antipode S, we can also see that its inverse a !
commutes with S, that is, Soa™! = a~ !0 S. For a finite-dimensional Hom-
Hopf algebra (H, o, m,n, A, e, S), the dual (H*, (a*)~!) is also a Hom-Hopf
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algebra with the following structures: for all g,h € H and ¢, p € H*,

(9o, h) = (p, ) (o, h2),  lu» =c¢,
(A(¢), g ® h) =(d,gh), en-=n,
(@) g)=¢oa™l,  S(¢)=¢oS57".
Now we recall actions and coactions of Hom-algebras and Hom-coal-
gebras respectively.
DEFINITION 2.4. Let (A4,«a) be a Hom-algebra. A right (A, «)-Hom-

module consists of (M, ) in H(My) together with a morphism ¥ : M @ A
— M, ¢(m ® a) = m - a, such that

(m - a) - a(b) = p(m) - (ab),
p(m-a) =p(m)-ala), m-1g=p(m),
for all a,b € A and m € M.

Similarly, we can define a left (A4, a)-Hom-module. A Hom-algebra (A4, «)
can be considered as a Hom-module over itself under multiplication. Let
(M, ) and (N,v) be two left (A, a)-Hom-modules. A map f : M — N
is called a left (A, «)-Hom-module morphism if f(a -m) = a - f(m) and
fou =rvof. We denote by ﬁ(A/\/l) the category of left (A, @)-Hom modules.
If (M, p),(N,v) € H(aM), then (M ®@ N, ® v) € H(aM) via the left
H-action

h-(m®mn)=h;-m® hy-n.

Let (M,p) € H(aM) and (M, ) € H(My). Then (M, ) is called a
Hom-bimodule if the following compatibility condition holds:

a(h)-(m-g) = (h-m)-alg)
for any m € M and h,g € H.
Dually, we can define Hom-comodules. Let C' = (C,~) be a Hom-co-

algebra. A right (C,~)-Hom-comodule is an object (M, 1) in H(M},) together
with a k-linear map pys : M — M ® C, pyr(m) = m(g) @ m(y), such that

1 (mg)) ® Ac(my) = moyo) ® (meya) @7 (m))),
pur(p(m)) = p(m)) @ y(may),  mye(m)) = p~ ' (m),
for all m € M.

(C,~) is a Hom-comodule over itself via comultiplication. Let (M, p),
(N,v) be two right (C,v)-Hom comodules. A map g : M — N is called a
right (C,~)-Hom comodule morphism if g o p = v o g and g(my) @ m) =
g(m)(0) ® g(m)). We denote by H(ME) the category of right (C,~)-Hom-
comodules. If (M, u), (N,v) € H(ME), then (M @ N, p@v) € H(ME) with
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the Hom-comodule structure
p(m @ n) =mg) @n() ® m)n()-

Note that all the above definitions coincide with the usual definitions of
algebras, coalgebras, bialgebras, modules and comodules respectively when
the automorphisms are id.

3. Quasitriangular Hom-Hopf algebras. In this section, we con-
sider some properties of quasitriangular Hom-Hopf algebras, and give an
equivalent description of quasitriangular Hom-Hopf algebras via the braided
monoidal category H(gM).

DEFINITION 3.1. A quasitriangular Hom-Hopf algebra is a Hom-Hopf
algebra together with an invertible element R € H ® H obeying
(a RMDaQ id)(A & id) (R) = R13Ro3,
(id R a® a)(id ® A)(R) = R13R12,
(3.2) RA(h) =10 A(h)(a® a)(R), VheH,
where R is called the Hom-quasitriangular structure.

Write R = R @ R(?); this notation is used in R;; = lp ®---@ RV @
lg® - RP ®..- @1y, the element of H ® --- ® H which is R in the
ith and jth factors. For convenience, we omit the summation symbols in

the following and briefly denote the triple (H,a,R) as a quasitriangular
Hom-bialgebra or Hom-Hopf algebra. Then ({3.1)) is equivalent to

(3.3) RPeRM @R = RO g 'O @ RAOR®@),
(3.4) RO gRP g RY = ROR'D @ R'® g R,
which is the same as the structure of the usual quasitriangular Hopf algebras.
And (3.2) can be rewritten as
RWh; @ RPhy = hoa(RM) @ hia(RP),
which is equivalent to «(RM)@a(R®) = RW@R®P (ie., R is a-invariant)
and
(3.5) RWh @ RPhy = hoRM @ b RP.

Note that our definition of quasitriangular Hom-Hopf algebras is different
from Yau’s [2§].

If R is a Hom-quasitriangular structure for a quasitriangular Hom-bi-
algebra (H, «), then so is 7(R™1). Also, by a direct checking, 7(R) and R~!
are Hom-quasitriangular structures on (H°P,«) or (HP, «) which are de-
fined as in the ordinary Hom-bialgebra with the Hom-anti-algebra structure
or Hom-anti-coalgebra structure.

(3.1)
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Although our definition of quasitriangular Hom-Hopf algebras is different
from Yau’s, we can get more properties under our definition.

PROPOSITION 3.2. Let (H,«,S,R) be a quasitriangular Hom-Hopf al-
gebra. Then

(i) (e®id)(R) =(id®e)(R) = 1H,
(i) R7! = (S®id)(R) = (id ® S)(R),
(iii) R obeys the quantum Hom-Yang—Bazter equation (QHYBE)
3.6) rWRM gRMRP @ R = M1 g RARMD ¢ AR,
Proof. (i) Applying e ® e ®id to (3.3]), we get (e ®id)(R) = 1, since R
is invertible. Similarly, applying id ® € ® € to (3.4) yields (id®¢)(R) = 1x.
(ii) Since
R(S ®id)(R) = RWS(R'M) @ RAOR'P

= (m®ideid) o (id® S ®id)(RV g R’V @ ROR/®)
(3.3) . . . . 1 1
= (meid®id)o (id® S®id)(R{Y @ RYY @ R®)
—RUVSRM) @R = 1p 01y
and R(id ® S)(R) = 1y ® 1y, we have R™! = (S ® id)(R). Similarly,
R =(id® S)(R).
(iii) Starting from the right side of the QHYBE, we have

R0 o RARMD g 2REA) — R(l)Rgl) ® R(Q)Rél) @ R®
= R(Ql)R(l) ® Rgl)R(Q) Q@R®? = WRM o ROREA) o R(2),(2) 4

If (Hym,n,A,e,S,R) is a quasitriangular Hopf algebra and oo : H — H
is a Hopf algebra automorphism, then H, = (H,m, = aom,n,A, =
Aoa™l e S R) is a quasitriangular Hom-Hopf algebra. We know that H,
is a Hom-Hopf algebra from [28, Theorem 3.1]. It is easy to check that R
is still a Hom-quasitriangular structure for H,, so H, is a quasitriangular
Hom-Hopf algebra. This conclusion provides a practical method for finding
examples of quasitriangular Hom-Hopf algebras.

ExamMpPLE 3.3. Given a finite abelian group with identity e, the group
algebra kG of G over k is a finite-dimensional commutative and cocommu-
tative Hopf algebra. The multiplication m is given by

() (S) - 55( 32 o)

for a,, by € k, and the unit is e. The comultiplication, counit and antipode
are

Alz)=z®@z, elx)=1, Sx)=z"
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for any z € G. A quasitriangular structure for kG is equivalent to a function
R on G ® G such that

Z ’R,(.%, C)R(Z, d) = 5x,zR(x7 y)? Z R(Cv y)R(d7 Z) = 51%27?’(3:7 y)7

cd=y cd=x

ZR(IE,ZJ) = 5&0,6 = ZR(?],IL’)
Y Y

for all z,y, z € G, where §, ,, denotes the Kronecker delta [I5]. Thus we have
a quasitriangular Hopf algebra (kG,m,e, A e, S, R) for some fixed R.

Let a k-linear map a : G — G be a group homomorphism. We can find
easily that it is a Hopf algebra morphism on kG. Thus we have a quasi-
triangular Hom-Hopf algebra kG, = (kG, mq, e, Ay, e, 5, R). In particular,
consider the k-linear group homomorphism « : 2 +— =1, € G. Since kG is
a commutative cocommutative Hopf algebra, we can check that « is a Hopf
algebra automorphism. So we obtain a quasitriangular Hom-Hopf algebra
kG, with a~! = o, and the twisted multiplication and comultiplication are
given by

me(z@y) =2y, Allz)=z'te@z!
for any z,y € G.

We just take the abelian group G' = {1,g,¢%} of three elements for
example, where g1 = ¢?, ¢ = 1 and (¢?)~! = g. Just as above, there is
a quasitriangular Hopf algebra structure on the group algebra kG. And the
Hom-quasitriangular structure is as follows:

2
1
_ g Z e 27rmb/3 a g

a,b=0

1 — 2T Q C a
R(lg)R(23) — § Z 2 ( b+ d)/3 ®g ®gb+d

1 , b
_ § Ze—2mb(a—c)/3 —2mich/ /3 a ®g ® g

1
:gze 2miab’ /3 a®g ®g ,

where ¥ = b+ d, and in the third step we use £ >}~ Le2miab/n — 5 o (ie.
1 if a = 0 and 0 otherwise). This equals (A ® 1d)(R) as required. The other
equalities of quasitriangular Hopf algebra can be obtained similarly. Thus
we have a quasitriangular Hopf algebra (kG,m, A, R). Taking the k-linear
group homomorphism o : z — 27!, € G, we obtain the quasitriangular
Hom-Hopf algebra kG, = (kG, mq, Ay, R) with multiplication and comul-
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tiplication given as follows:
gl=¢*, ¢’l=g, gg9=g9, g9°=1, g¢°¢°=g*
A1) =101, Aug)=¢*®3¢% Aulg®)=geg.

In the following, we provide a characterization of the axioms of quasitri-
angular Hom-bialgebras.

PROPOSITION 3.4. Let (H,«) be a finite-dimensional Hom-bialgebra and
let R in H ® H induce a linear map f1: H* — H by

file) = RW(¢,RPY  for all p € H*,

where (H*, (a*)™1) is the dual of (H, ). Then R is a-invariant and aziom
holds if and only if f1 is a Hom-coalgebra and Hom-anti-algebra map
(i.e. there is a bialgebra map H*P — H).

Likewise, R is a-invariant and axiom holds if and only if the map

P '~ H: ¢ (0, RO)RE
is a Hom-algebra and Hom-anti-coalgebra map.
Proof. For all ¢ € H*, we have
fro(a)7!(9) = RW(g,a” (RP)),
ao fi(®) = a(RW)(s,RP).
So f1 € H(My) if and only if (o ® a)(R) = R. Moreover, f, preserves the
unit and counit by Proposition 3.2(i).
For any ¢,v¢ € H*, we have
Fi(90) = RV (60, R®) = RO (6, RYY) (0, RY),
A@) (@) = RORW (4, R®) (6, R'?)
= RORW (6, R') (4, RP),
so the above two expressions are equal if and only if (3.4) holds if and only

if fi a Hom-anti-algebra map.
In addition,

A(f1(9)) = ARM) (g, RP) = R{Y @ R (9, R),
(1@ f1)(A(®) = fi(d1) @ fi(d2) = RV (p1, RPD) @ R'M (¢, R'P)
=RW @ R’ (g, RAR'P)Y,
hence f is a Hom-coalgebra map if and only if R satisfies axiom (3.3). Thus
R is a-invariant and satisfies axiom ({3.1)) if and only if f; is a Hom-coalgebra
and Hom-anti-algebra map.

Similarly, R is a-invariant and satisfies axiom (3.1)) if and only if fo is a
Home-algebra and Hom-anti-coalgebra map. =
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THEOREM 3.5. Let (H,«) be a Hom-Hopf algebra. Then there is a Hom-
quasitriangular structure on (H,«) if and only if the category H(gM) of
left H-Hom-modules is a braided monoidal category.

Proof. Assume that R = R @ R?) is a Hom-quasitriangular structure
on Hom-Hopf algebras (H,«). For all (M, ), (N,v) € H(gM), define a
map Bry vy : M @ N — N®@M by

men— R . v n)eRW . u~(m)
for all m € M and n € N. For any morphism f : (M,u) — (M’, ') and
g: (N,v) = (N',V/) in H(My),
(9® f)oBryn = Brayyni o (f @ 9),

so the naturality of Br holds.

Next we need to check that Br is a morphism of left H-Hom-modules.
In fact, for any m € M and n € N,

h-Brynmen)=h-(R® . v (n) RV . u~1(m))
=hy-(RP v n)) @ hy - (R( )
=a ' (MRP) - n@a l(haRW) . m
(3.5)

~H(m))

a ' (RPhy) - n® a_l(R(l)hl) -m

=R (a" (ha) v (n) @ RW - (@™ (hn) - ™} (m))
=R® . v (hy-n) RV .4 (h1 m)

= BI‘M,N(hl me h2 . Tl) = BI‘M7N(h . (m & n))

In the following, we will prove the two hexagon axioms. For all m € M,
ne N and !l € (L,¢) € H(gM), we have

G 'oBroa M m®(n®l)=a "oBr((u(m) @n) ®<(l))
a ' (RP 1@ RW - (u*(m) @ v~ (n)))
~3 1(72“ 1o (RY - p2m) o RY - v (n)))
= (RO D eRY - 12 m) @ v(RY v (n)
= (@ YR®) ) eRY p2(m) @ a(®RY) n,
and
Br®id)oa ' o (id ® Br)(m ® (n ®l))
= (Broid)od '(m® (RP ') @ RM . v~ (n)))
(Br®1d)(( Ym) @ R® 1(l))®u(R(” ~(n)))
= (R H(RP ¢ <l>>®7€’<” 2 (m) @ a(RW) -n
= (o~ (R’<2>R< N s M) @ R'W - 12 (m)) @ a(RW) - n.
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The above two expressions are equal because of (3.3). Similarly, axiom (3.4)
implies @ o Broa = (id ® Br) o a o (Br ® id). Thus H(ygM) is a braided
monoidal category.

Conversely, if Br is the braiding structure of the braided monoidal cate-
gory H(gM), set

R:TOBI(1H®1H)EH®H.

Then it is easy to deduce that R is a-invariant and invertible from the
fact that Br is an isomorphism. Further, the above proof shows that the
hexagon axioms are equivalent to , and Br is a morphism of left
H-Hom-modules if and only if RWh; @ R@hy = hyRM @ hyRP. So R is

a Hom-quasitriangular structure of (H,«a). =

4. Minimal quasitriangular Hom-Hopf algebras. In this section,
we introduce two sub-Hom-Hopf algebras of a quasitriangular Hom-Hopf
algebra, and study their relationship.

A sub-quasitriangular Hom-Hopf algebra of a quasitriangular Hom-Hopf
algebra (H, R, «) is a quasitriangular Hom-Hopf algebra (H', R’, «|g) such
that (H', a|g) is a sub-Hom-Hopf algebra of (H, ).

DEFINITION 4.1. A quasitriangular Hom-Hopf algebra is defined to be
minimal if it has no proper sub-quasitriangular Hom-Hopf algebras.

Minimal quasitriangular Hom-Hopf algebras generalize the notion of
minimal quasitriangular Hopf algebras [20].

Let (M, p),(N,v) € H(My) and R € M @ N. Define the subspaces
(Rl’/‘l) C (M’ M) and (RT’VT) C (Nv V) by

41)  R={(d@a)(R)|aeN"}, R,={(Beid)(R)|Se M},

where p; and v, are the automorphisms g and v restricted to R; and R,
respectively. Assume that R # 0 and write R = Y_?_, m;®n; € M®N, where
p is as small as possible. Then my,...,m, is a basis for R; and nq,...,n, is
a basis for R,. In particular, dim R; = dim R,.. This common dimension is
called the rank of R and is denoted by rank(R).

PROPOSITION 4.2. Let (H,a,R,S) be a quasitriangular Hom-Hopf al-
gebra. Set A = (R, ;) and B = (R, o). Then

(i) A, B are finite-dimensional sub-Hom-Hopf algebras of H.
(ii) dim A = dim B = rank(R).
(iii) The map f : A*°P — B defined by f(¢) = (¢ ® id)(R) for ¢ € A*
1s a Hom-Hopf algebra isomorphism.
Proof. (i) From the definition of (R;, oy),

A={RW(¢,R®)) | ¢ € H'} =Tm fi,
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where f; is the map defined in Proposition 3.4. We know that f; is a mor-
phism of Hom-coalgebras and Hom-anti-algebras. Hence

Ao fi(¢)=(fi®fi)oA(p) CImfi@Imfr=A® A,
fi@) i) = fiyp) CIm fr = A

for all ¢,¢ € H*. In addition, a(A) C A, since
a(RW)(¢, R®) = a(RW)((a") 7} (¢), «(RP)))
=RW((a")71(¢), R®) € A.

Q

It follows that A is both a sub-Hom-coalgebra and a sub-Hom-algebra of H.
Thus A is a sub-Hom-bialgebra. Further, from (S ® S)(R) = R, we have
S(A) C A. Thus A is a sub-Hom-Hopf algebra of H. Similarly, B is also a
finite-dimensional sub-Hom-Hopf algebra of H.

(ii) This is obvious from the definition.

(iii) In fact, f = fa|a=cop, where fy is given in Proposition 3.4. We know
that fo is a map of Hom-algebras and Hom-anti-coalgebras, so f is a Hom-
bialgebra map. It follows from (i) and (ii) that f is a Hom-Hopf algebra
isomorphism. =

LEMMA 4.3. Let (C, A,~) be a Hom-coalgebra. Then the dual (C*, (v*)™1)
of (C,A,7) determines a (C*,(v*)~1)-Hom-bimodule on (C,~), defined as
follows:

(42) QS; 6272(01)<¢7 62>7 c— qb: <¢7 Cl>’72(62)7
where ¢ € C* and c € C.

In addition, ($4,c) = {(v*)"2(8), ¥ — ¢) = {(v")2(8), ¢ — ¢) for any

p, € C* and c € C.

Proof. Tt is easy to show that the dual (C*, (v*)71) of (C,A,y) is a
Hom-algebra with the following multiplication and automorphism:
<¢¢7C> = <¢a Cl><w,02>a (7*)_1(¢) = ¢O’y_1a

for ¢, € C* and c € C.

Firstly, the actions “—” and “~” define a left and a right C*-Hom-

module structure on C. In fact, by the Hom-coassociativity, for any
¢, € C* and c € C,

(¢1) = (c) = ¥ (c1)(Ph, v(c2)) = ¥ (1) (¢, Y(ca1)) (1, ¥(c22))
= 7} (e11)(d, (e12)) (W, c2) = v (en) (7)), ¥ (e12)) (¥, c2)
= (v) N 9) = (P () (W, e2)) = (v) (@) = (v = ¢),
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1(é = ¢) =7’ (e1){@, c2) = 72 () (V) TH(9), v(e2))
= (7)1 (¢) = (o),
e —=c=7(c){e,e2) = (v H(e) = (0.
So, C is a left C*-Hom-module. Similarly, it is also a right C*-Hom-module.

Next, the compatibility condition of Hom-bimodule holds: for any ¢ € C'
and ¢ € C*,

(V)7 H0) = <c;w> byen) () TH9) = 7 (e2)
()1 (@), 7P (e22))7 (e21)
= (7 () ((7) (@), v (e2)) (er2)

= (7)), ¥ (1)) (8, 2 > 7 (cr2)
=(p =)= () ®)
Finally, for any ¢,1 € C* and c € C,
(@, ) = (V) 29), 0 = &) = {(v*) 2 (), ¢ = ¢)
by the definition of the actions. =

¢

~ o~~~
<
o

Similarly, we can define a Hom-bimodule structure on the dual space A*
of some Hom-algebra (A, m, «); the proof is analogous to that of the above
lemma, using the Hom-associativity of the Hom-algebra.

LEMMA 4.4. Let (A,m,a) be a finite-dimensional Hom-algebra and
(A*, (a*)7Y) be its dual with comultiplication A(¢) = ¢1 @ ¢o. Then the
Hom-algebra A induces an (A, a)-Hom-bimodule structure on (A*,(a*)~1)
by the transpose action: for any a,b € A and ¢ € A*,

av>¢ = (a")(¢1){d2.a),  P<aa={b1,a)(a")?(¢2),
that 1is,

(4.3) (av>d,b) = (4,0 2(b)a), (P<a,b) = ($,aa?(D)).
Proof. This is straightforward. m
From the above lemma, we have the following conclusion.

PROPOSITION 4.5. Let (H,R,«) be a quasitriangular Hom-Hopf algebra
with a bijective antipode S, and A =Ry, B =R,. Then, for any sub-Hom-
coalgebra (C,a|¢) of H, we have AC = CA and BC = CB. In particular,
AB = BA.

Proof. As (H, R, «) is a quasitriangular Hom-Hopf algebra with a bijec-
tive antipode S, axiom (3.5) can be written as the following formulas:

(4.4) RO @R = a?(h12)RY @ (h11a 2(RP))S(hy),
(4.5) AMRM @ R® = RMWa?(hy1) @ S(hy)(a 2(RP))hyy),
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(4.6) RD @ RAh = (hapa 2(RW)NS™(h1) @ a?(ha1 )R,

(4.7) RW @ hR® = 57 (hy) (a2 (RM)h11) @ RWa?(hyy),

for all h € H. Here we just prove for example. From , that is,

haRW @ R = RWhy @ Ry,
we have
h1aRW @ (h11R®)) S (hy) = R<1>h11 ® (R(2)hlg)5(h2)

=RU _1(h1) @ (R®ho1)a(S(haz))
=RWa7(h1) ® «(RP)(ho1S(ha2))
=RWa (1) @ a(RP)e(ho)1y
=R )a (h) ® a*(R®),

which is equivalent to RWA@R® = a?(h12)RM @ (h11a2(R?))S(hs) by
the a-invariance of R. The other formulas are obtained in a similar way.
If a € A, then a = R (¢, R?)) for some ¢ € H*. For ¢ € C,

ac = R(l)c<¢> R(2)> (4i4) a2(012)7€(1)<¢, (Clla_2(R(2)))S(C2)>
D 02(c1)RW(S(e2) & 6, a2 (e11)RP)
P <C12>R<1>< S(c2) > ¢) a02(en), a2(RP))
(

= a2(1)RD (0" 2((S(e2) b 6) @ 02(enr)), RY) € CA.
In addition,

ca = cRU ( ) Wa2(eq1)(e, S(er) (@ 2(RP)eaz))
=" RWa%(car) (¢ S(c )R(2)a2(022)>

(
=" RWa?(cx1)(a*(ca2) > (9 S(c1)), @*(RP)))
= RWa2(en)((a*)?(a?(c22) & (92 S(c1))), RP) € AC.

So AC = CA. Similarly, by using (4.6)) and (4.7)), we have BC' = CB. In
particular, AB = BA. =

As a consequence of Proposition 4.5, we have the following result.

THEOREM 4.6. Let (H,R,«) be a quasitriangular Hom-Hopf algebra,
A =Ry, and B ="R,. Suppose that Hp is the sub-Hom-Hopf algebra gener-
ated by A+ B. Then Hr = AB. In particular, Hg is a finite-dimensional
minimal quasitriangular Hom-Hopf algebra.

ExaMmpPLE 4.7. Let kG, = (kG,mq, Ay, R) be the 3-dimensional
quasitriangular Hom-Hopf algebra defined in Example 3.3, where R =
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%Zz,bzo e~ 2miab/3 g0 & b and a(z) = 27! for any x € kG. By direct check-
ing, we find that R is a-invariant, R; = R, = kG and rank(R) = 3. Of
course, R/R, = R, R; = kGr, which are all 3-dimensional.

5. Reconstruction of quasitriangular Hom-Hopf algebras. In this
section, we provide a “twisting” construction of quasitriangular Hom-Hopf
algebras by conjugation with a Hom-2-cocycle. As an application, we give a
further study in the case of commutation.

DEFINITION 5.1. Let (H,«) be a Hom-bialgebra. A Hom-2-cocycle is
an invertible and a-invariant element X = X © ¥® ¢ H® H (ie.
a®?(X) = X) such that

(5.1) Xio(A @ a ) (X) = Xoz(a™t @ A)(X),

where X9 = x0 o x® g 1y and X3 = 1 ® XD @ x@ 1t is called
counital if

(5.2) (e ®id)(X) = 1y = (id ® £)(X).

EXAMPLE 5.2. (1) Let (H, a, R) be a quasitriangular Hom-Hopf algebra.
Then the Hom-quasitriangular structure R can be regarded as a Hom-2-
cocycle. First, R is invertible and a-invariant. Next,

Riz(A®a ) (R) = 73“%{” ® R(Q)rél) ®r®

B3 R RM) g RD,D) g RA)(2)

B9 21RO 5 (D REA) g ARA

A R g ORD g rARY
= Rzg(a_l X A)(R),

which is just (5.1). Furthermore, R is counital because (¢ ® id)(R) =
(id &® 6)(R) =1g.

Let kGo = (kG,mq,Aq, R) be the quasitriangular Hom-Hopf algebra
defined in Example 4.7. Since R = % Zibzo e~2miab/3 g0 & gb i q-invariant,
we have a Hom-2-cocycle R on kG,. Moreover, R is counital by direct
computation.

(2) Let G be a finite abelian group with unit e, and kG be the group
algebra as defined in Example 3.3. We consider the dual k-linear space (kG)*
of kG, which can be identified with the set of functions on G with values
in k. There is a commutative and cocommutative Hopf algebra structure on
(kG)* denoted by k(G) and the structure maps are given as follows. The
multiplication and unit are

<¢wvl‘> = <¢a $><¢,ZL‘>, <77()\),1‘> = A,



82 Y.Y. CHEN ET AL.

for 9,9 € k(G), z € G and A € k. The comultiplication, counit and antipode
are

(5.3) (A(d),z @ y) = (¢, 2y),
(@) =g(e), (S(¢),x) = (27",

for ¢ € k(G) and z,y € G. Then a quasitriangular structure on k(G) means
a function R on G ® G obeying

Rlry@z) =R@®2)Ry®2), Rr®yz)=Rxey)R(E:2),
Rr®e)=1=R(e®x),

for all z,y,z € G. This means that a quasitriangular structure for k(G) is
precisely a bicharacter of G.

If a k-linear map « : G — G is a group homomorphism, then there
exists an inductive Hopf algebra morphism (a*)~! : k(G) — k(G) given
by (a*)"'(¢) = ¢ o a~!'. So we have the quasitriangular Hom-Hopf al-
gebra k(G) g1 = (k(G), m(q)-1,¢€,Aq+, €, 5, R), for some fixed quasitri-
angular structure R. In particular, when « is given by a(z) = 271, i.e.,
{((a*)"YHp),x) = (¢p,27 ) for x € G and ¢ € k(G), we obtain a quasitrian-
gular Hom-Hopf algebra k(G)(o+)-1 satisfying a*? = id with multiplication
and comultiplication

<m(a*)*1(¢® ¢)7x> = <¢,$71><1/J,33'71>,
(Ba-(0), 2 @y) = (p, 27y ™),
for any ¢,¢ € k(G) and z,y € G.

Furthermore, there is a counital Hom-2-cocycle on k(G)(q+)-1, meaning
a non-zero function X on G ® G such that

(5.4) X(a(r) ® afy)) = X(z®y),
(5.5) X(y®2)X(z®yz) =Xz ey)X(ry® 2),
(5.6) Xer)=1=Xx®e),

for all z,y,z € G. In fact, the equality (5.4) is just the a-invariance of X.
Moreover, since comultiplication is defined in (5.3), (5.1) corresponds to
(5.5), and (5.2)) is equivalent to ([5.6]).

THEOREM 5.3. Let (H,m,n,A,e,a,R) be a quasitriangular Hom-bi-
algebra and X be a counital Hom-2-cocycle. Then there is a quasitriangular
Hom-bialgebra Hy = (H,m,n, Ax,e,a, Ry), where

Ax(h) = (XAMR)XT!, Ry = (X*'R)X,
for all h € Hy, in which X*' = 1(X) = X® @ x(M),
Furthermore, if (H,S,a, R) is a quasitriangular Hom-Hopf algebra with

o’ = id, then Hy is a quasitriangular Hom-Hopf algebra with antipode
Sx(h) = (US(h)UY, where U = XM S(x3),
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Proof. We prove the theorem in three steps.
STEP 1. It is easy to see that
Ayoa=a%0Ay, (e®id)oAx(h)=(Gd®e)oAx(h)=a1(h),
for any h € Hy. Then we check that Ay is Hom-coassociative: on one hand,
(Ax®a ) oAx(h) = (Ax@a ) (XA(R)X)

= (X2(A®a™)(XA(R) X))

= (XY2(A®a!)(X(A () )AL

= (X2(A®a™)(X)aPo(Ava™) (AR X)X
= (X2(A@a™) (X)) (o (Awa™)(A(h)X AR
= (Xp(A2a H(X) (a®Poa®Po(Ana?

)
oA ((A®a M) (X X))
on the other hand,
(' @Ax)oAx(h) =

(
( (
( (
= ((Xs(@™ @A) (X)aPo(a @A) (AR X)) Xy
( () (@ o(a @A) (A(R)X ™)Xy
( (X)) (a®20a®o(a t@A)
oA(R)((a T @A) (X A").
We see that ensures that the above two expressions are equal, that is,

Ay is Hom-coassociative. Secondly, Ay is a Hom-algebra map: since X is
a-invariant, for any h,g € H,

Ax(lg) = (XA))X = (aa)( X)X =xx" =1y ® 15,
Ax(h)Ax(g) = (XYA(h )) H(xA(g)X )
((X(a™ 1)oA( NXHX) (@ 0 A(g)X )
(XA(h ))( X)) (a®? o A(g)X 1)
= (
(

Xa® 0 A(h))(a®? 0 A(g)X ™)
(Xa@m)a o M)
= (X(A(h)A(9)))X ™" = Ax(hyg).
STEP 2. We will prove that Ry is a Hom-quasitriangular structure for
the Hom-bialgebra Hy. It is obvious that Ry is invertible and a-invariant,

by the invertibility and invariance of R and X'. In the following computation,
we ignore the Hom-associativity because of the invariance of Ry, R, X:
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(a®a®id)(Ay ®id)(Rx)
= (Ax ®a H(Ry) = (A @a (AR DAL
= Xlz(A @a A (A®a)(R)(Aa (XA

xL!
‘X23

(5.1)

= Xlg(A®Oé_1 (X21 R13R23(O[ )(/Y 1

(

D X(A ® a (A R3Ra3(A ® a (X))
) ) X'
)

)
3. _ _ _ _
2 (A @ YA Ruis(a 1®TOA)(X DR33!

@ A5 () ® a1 (X @) @ X YRiz(at @ 7 0 A) (X Raz g5

(3 2) X31R13( ( ) X ail(X(Q)) & Xél))(ofl R ToO A)(Xﬁl)’}?,ggxz_gl

© Xy Ris X5 A0 @ 70 A)(X) (0~ @ 70 A) (X Ros X!

= (Rx)13((X32R23) X3') = (Ra)13(R)as.
In the equalities (a) and (b), we use the Hom-2-cocycle condition, in which
we make a cyclic rotation of the factors in H ® H ® H to get X2(A®a™1)
(X91) = Xgl(XQ(I)®a’1(X(2))®XI(1)) and a further permutation in H®@H®H
to obtain X3 (XY ® a~L(¥?@) @ AY) = Xp(a~! @ 70 A)(X), which is
b) XM @ a1 (x®) @ A = X5 X~ ® 7 0 A)(X). So, (a® a® id)
o (AX ® id)(Rx) = (R/\()lg(R)()Qg as required. Similarly, we can get
([d®a®@a)o(id®Ax)(Ry) = (Rx)13(Rx)12, that is, Ry obeys axiom ({3.1)).

Moreover, for any h € Hy,

7o Ax(h) = (X*'70 A(h))X 2 ((9(21(72A(h)))72*1)2r21

= (X*'R)a® 0 A(h))R™HX ™! = (RxX)a™ o A(h))R™H X!
= (Ra(XA)))R™HXT = (Ra(Xa®*A(h)) (R X~ 21)
= (Ra(Xa®?A(h)(XT'RL) = (Ra(YA(R)X ™Ry

= (Rx((XAh)X )R = (RxAx(h)Ry',
which is just axiom (3.5)) for Ry.

STEP 3. Finally, if H is a Hom-Hopf algebra with o = id, we check that
Sy is an antipode for Hy. For this, we need to show that U is invertible. We

define U~! = (A~ M)x~@) where X' = X~ © X~ in our notation,
and X'~! is another copy of X! in the following computation:
T = (OSSO )
= (a M (xMS(x))s(x~M))a(xr= @)
= (XWa o S(x~Wx@))a(x=?)
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|

~
=

=

= (a(x®)S(a ! )x@))a(r=?)
9 (2@ M)A M) S0 ()X @) (0" (( Ty @)
(a2 M) xW)s(a (D)) (s P)a ! (A5 @)
04_2()(/_(1)))((1))5(04_1(X_(l))X(Q)
)S(a (A~ W)a~H (1@
Sla™! ()
S(a~*(x KO0

xR
S
=
v
=
=
=
N—
nn
—
—
H><\
A
[N}
S
&
A
-
=
N—
&~
~
[\]
S
N—
N—
9
(Y]
NR\
A
&
A
[\]
S
SN—

2 (x <”S< DA = (aDa(a=®) = 1.

For (c), we use the fact X("De(X(=2) = 1y from (5.2)). And for (d), we
apply the Hom-2-cocycle condition (5.1)) in the form

(A®a™)X™ = (((a7h @ )X H Az X,
that is,
Xl_(l) ® X, -(1 )®X @) — p—(1) ) ®( —(2 )X (1))/-,((2)® ( 2’_(2)2\?‘(2)).
Similarly, from another form of the Hom-2-cocycle condition

(A®a )X = x5 (Xs(a ™t ® A)X),
i.e.,
Mo ox® =x-Wx0gx-@xOx®) gt (x@x),

where X’ is another copy of X, we have U~'U = 1p. Further, from the

a-invariance of X', we know that U, U~! are both a-invariant. So we have

ao Sy(h) = (USoa(h) Ut = Sy oa(h) for any h € Hy. By using the

definitions, the properties of the antipode and o? = id, we have

mo(Sx@id)oAx(h) = (US(XMWh)X~MW)U =) (AP hy)x~3)

= a(US((XOn) X~ W)U a((x (Q)hz) )

= (a(U)S(xW (a(h) X~ (1))))(( S A E) (X (a(h) X))
U(S(a(h)x~M)sxM)))(aos(a~ M) (A"~ (a(x®) (hoa(x~®)))

(US(a(h) X~ M)acs(xW))(aos(x'~ )(a(X’ ® X(Q))( (ha)Xx~)))

(@(US(a(hn)X~ M) SEW))acs (W) (X"~ ®) (hea(x~?)))

(US(a(h)x~M)s(a=Wxmy)(a- (Q)X(Z))(hm(?f ®)))

= (
(
(
(
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= a(US(a(h) X~ D)) (a(hy) ¥~?)
= a(U(S(X~ 1>>s< 1>>>><a<h2> @)
= U(aoS(X~M)S(hy))(ex

(ho)x~®)
= (USoa(x~M))aoS(hy))(alhy) X )
= (US(X (1)))(0405(}11)(}12‘1()( @) = (USxX=M))((S(h1)ha)X~?))
= (M) (a()S(X~M))a(x~®) = e(h)U(S(x~M)x=3)

= e(h)UU ! =¢(h)1g.
On the other hand, in the same way
mo (id® Sy) o Ax(h) =e(h)ly.

So Sy is an antipode for Hy. Thus, we finally obtain a new quasitriangular
Hom-Hopf algebra (Hy,a, Ry). =

REMARK 5.4. Under the assumption of Theorem 5.3, if H is commuta-
tive, then the quasitriangular Hom-Hopf algebra Hg, twisted by R, is just
H with the same multiplication, comultiplication, unit, counit and antipode,
but only with the different Hom-quasitriangular structure R2', namely, the
opposite Hom-quasitriangular structure.

From Theorem 5.3, we know that
Ar(h) = (RAM)OR™Y, Rrp=R*R)R', Sx(h)=USMh)U,

for all h € Hy. Here R?' = R® @ R and U = RWS(RP). Since H is
commutative and R is a-invariant, we have

Ar(h) = (RA(h))R‘1 = (A(h)R)R‘1 = a®*(A(h))(RR™Y)
2(AM)(1u @ 1) = A(h),
Rr = (Rle)R L= RE(RR™) = RY,
Sx(h) = (US()U™! = a(S(M)(UU™) = a(S(h))1m = S(h).

That is, the twisted quasitriangular Hom-Hopf algebra Hg is just H,
except for the opposite Hom-quasitriangular structure R?'.
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