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Abstract

Let H be a Hopf algebra that is Z-graded as an algebra. We provide sufficient condi-
tions for a 2-cocycle twist of H to be a Zhang twist of H. In particular, we introduce
the notion of a twisting pair for H such that the Zhang twist of H by such a pair is a
2-cocycle twist. We use twisting pairs to describe twists of Manin’s universal quan-
tum groups associated with quadratic algebras and provide twisting of solutions to the
quantum Yang-Baxter equation via the Faddeev-Reshetikhin-Takhtajan construction.
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1 Introduction

In the theory of quantum groups, motivated by the tensor equivalence of two module
categories, Drinfeld [15] introduced the notion of a Drinfeld twist which deforms the
coalgebra structure of a Hopf algebra. In [1], Aljadeft, Etingof, Gelaki, and Nikshych
discussed twists and properties of Hopf algebras invariant under Drinfeld twists. The
dual version of the Drinfeld twist, called a 2-cocycle twist, was studied by Doi and
Takeuchi [12, 14]. This can be viewed as a deformation of the algebraic structure
of a Hopf algebra and it yields a tensor equivalence of two corresponding comodule
categories.

Meanwhile, the notion of a twist of a graded algebra A was introduced by Artin,
Tate, and Van den Bergh in [2] as a deformation of the original graded product of
A; this definition was generalized by Zhang in [37]. One of the main applications of
this twisting is that the graded module category of the twisted algebra is equivalent
to that of the original algebra. Later, this twisting of a graded algebra became known
as a Zhang twist, and ever since, it has played a pivotal role in various areas of non-
commutative algebra and noncommutative projective geometry. For instance, many
fundamental properties are preserved under Zhang twist, such as the noncommuta-
tive projective schemes, Gelfand-Kirillov dimension and global dimension, graded
Ext, Artin-Schelter regularity, and point modules [28, 37].

There are other notions of (cocycle) twists of noncommutative algebras (see, e.g.,
[11, 25]). In this paper, we focus on the Zhang twists and 2-cocycle twists of Z-
graded algebras described above (see Section 2 for details). The comparison of these
two twists and their corresponding algebraic structures is listed below.

2-cocycle twist Zhang twist
algebra structure  Hopf algebra Z-graded algebra
twisting by 2-cocycle graded automorphism
equivalence tensor categories of comodules  graded module categories
examples quantized coordinate rings Artin-Schelter regular algebras

In practice, it is difficult to classify all 2-cocycles on a Hopf algebra and to under-
stand the structures of their corresponding 2-cocycle twists. On the other hand, many
ring-theoretic and homological properties are known to be preserved under Zhang
twists due to the equivalence of their graded module categories. Here, we are inter-
ested in the following question relating Zhang twists to 2-cocycle twists of a graded
Hopf algebra.
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Question A When can a 2-cocycle twist of a Hopf algebra H be given by a Zhang
twist?

We partially answer these questions by providing sufficient conditions for a Zhang
twist of a graded Hopf algebra to be a 2-cocycle twist, see Proposition 2.3.2. To that
end, we introduce the following twisting conditions on bialgebras.

Definition B (Twisting Conditions) A bialgebra (B, m, u, A, ¢) satisfies the twist-
ing conditions if

(T1) asanalgebra B = P, ., By is Z-graded, and
(T2) the comultiplication satisfies A(B,) € B, ® By, foralln € Z.

Equivalent descriptions of twisting conditions were discussed earlier in [6, Lemma
1.3]. Given these twisting conditions, the resulting twisted algebra can still be
equipped with a bialgebra or Hopf algebra structure.

Theorem C (Proposition 2.2.2) Let B be a bialgebra (resp. Hopf algebra) satis-
fying the twisting conditions (T1)—(T2) in Definition B. For any graded bialgebra
(resp. Hopf algebra) automorphism ¢ of B, the Zhang twist B? is again a bialgebra
(resp. Hopf algebra) satisfying the twisting conditions (T1)—(T2).

It is important to point out that any bialgebra satisfying the twisting conditions
(T1)—(T2) is only graded as an algebra but not as a coalgebra. In later sections,
we will discuss various examples of bialgebras that satisfy the twisting conditions,
among which are quotients of free algebras generated by the generators of matrix
coalgebras. There are two main sources of such examples: one is Manin’s uni-
versal bialgebra that universally coacts on a quadratic algebra [22], and the other
one is the Faddeev-Reshetikhin-Takhtajan (FRT) construction from a solution to
the quantum Yang-Baxter equation [9, 18]. In Lemma 2.1.9, we further show that
the Hopf envelope 7 (B) of any bialgebra B that satisfies the twisting conditions
(T1)—(T2) possesses the same twisting conditions (T1)—(T2) and its antipode satis-
fies the additional twisting condition (T3) in Corollary 2.1.10, that is S(H(B),) <
H(B)_, for all n € Z. As a consequence, all the aforementioned cases pro-
vide us with examples of Z-graded Hopf algebras through their Hopf envelopes,
where we are able to deform the Hopf structures by considering a suitable Zhang
twist.

Our next goal is to compare the notions of Zhang twists and 2-cocycle twists for
a Z-graded Hopf algebra that satisfies the twisting conditions (T1)-(T2). Though
generally it is difficult to detect whether a 2-cocycle twist is indeed a Zhang
twist, we are able to give sufficient conditions for a Zhang twist by a twisting
pair to be a 2-cocycle twist. We provide the following definition for an arbitrary
bialgebra.
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1462 H.Huang et al.

Definition D (Twisting Pair) Let (B, m, u, A, €) be a bialgebra. A pair (¢1, ¢) of
algebra automorphisms of B is said to be a twisting pair if the following conditions
hold:

(P1) Aog = (@{d®¢)oAand Ao = (¢ ®id) o A, and
(P2) co(pro¢n) =e.

We can understand these twisting pairs as generalizations of conjugate actions
from groups to quantum groups in view of Example 2.1.8 or pairs of right and
left winding endomorphisms, in the terminology of [8], given by algebra homomor-
phisms from B to the base field (see Theorem 2.1.1). In particular, Lemma 2.1.6
shows that for a twisting pair (¢1, ¢2) of B, ¢1 and ¢, are uniquely determined by
each other as winding automorphisms. When a bialgebra or a Hopf algebra satisfies
the twisting conditions (T1)—-(T2), Remark 2.1.13 (2) asserts that its algebra grading
is always preserved by any twisting pair. Therefore, we may consider the Zhang twist
of a bialgebra or a Hopf algebra satisfying the twisting conditions by an arbitrary
twisting pair. Next, note that for a bialgebra B, condition (P1) is to ensure that ¢
and ¢, are right and left B-comodule maps from B to itself, where B is viewed as a
B-bicomodule over itself via its comultiplication map A : B — B ® B. Proposition
2.3.1 shows that Zhang twists of a Hopf algebra by graded automorphisms satisfying
(P1) will give us cleft objects over the original Hopf algebra. Indeed, we show the
following.

Theorem E (Proposition 2.3.2 and Theorem 2.3.1) Let H be a Hopf algebra satisfy-
ing the twisting conditions (T1)—(T2) in Definition B. For any twisting pair (¢1, ¢2)
of H, the Zhang twist H?1°2 is isomorphic to a 2-cocycle twist H°, where the
2-cocycle o : H ® H — ks explicitly given by ¢1 and ¢».

This result provides an alternate approach to [6, Theorem 2.8 and Remark 2.9],
which is formulated in the context of twists of graded categories. While [6] does not
use the language of Zhang twists, the connection is highlighted in [7, Remark 2.4].

An advantage of using twisting pairs here is that these pairs are straightforward
to compute when the Hopf algebras are presented by explicit generators and rela-
tions (see Theorem 2.1.1). Moreover, any twisting pair of a graded Hopf algebra H
gives rise to a 2-cocycle of H through a simple formula. Since Zhang twists preserve
graded module categories, using our results, we may deduce that many algebraic
properties are maintained under 2-cocycle twists given by these twisting pairs. So for
the remainder of the paper, we focus on computing possible twisting pairs for various
Hopf algebras that satisfy the twisting conditions (T1)—(T2).

Our first class of examples is the family of universal quantum groups from Manin’s
discussion of the possibility of “hidden symmetry” in noncommutative projective
algebraic geometry (see Section 3). In [22], Manin showed that certain universal
quantum groups can coact on the homogeneous coordinate ring of an (embedded)
projective variety, and these quantum groups are typically much larger than the hon-
est automorphism groups of the variety. Recently, these universal quantum groups
have been extensively studied from the point of view of noncommutative invariant
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theory [5, 10, 16, 36] and their corepresentation theories are investigated through the
Tannaka-Krein formalism [27]. Our result is as follows.

Theorem F (Theorems 3.2.2 and 3.2.3) Every twisting pair of the universal quantum
group aut(A) associated with a quadratic algebra A is given by a graded algebra
automorphism of A in an explicit way. As a consequence, the corepresentation theory
of aut(A) only depends on the graded module category over A.

Our next focus is the twisting of solutions to the quantum Yang-Baxter equation
(QYBE) (see, e.g., [15, 34]). The quantum Yang-Baxter equation originates in statis-
tical mechanics. Solutions to this equation are building blocks for many invariants of
knots, links and 3-manifolds. We provide a strategy to twist a solution R to the QYBE
by applying twisting pairs of the universal bialgebra A(R) obtained via the FRT con-
struction. We show that A(R) is indeed a quadratic bialgebra that satisfies the twisting
conditions (T1)-(T2). Moreover, we are able to classify all twisting pairs of A(R)
and lift these twisting pairs to those of the Hopf envelope H(A(R)). It turns out that
all such twisting pairs can be determined explicitly in terms of the matrix coalgebra
generators of A(R) (see Lemma 4.1.4). By writing out the 2-cocycles on H(A(R))
explicitly using these twisting pairs, we then are able to twist solutions to the quan-
tum Yang-Baxter equation (see Corollary 4.2.5). In the special case when R is given
by the classical Yang-Baxter operator R, for some nonzero scalar g, the universal
bialgebra A(R,) is the quantized coordinate ring of the matrix algebra O, (M, (k)),
and its Hopf envelope is the quantized coordinate ring of the general linear group
0,4 (GL, (k)). We describe all the twisted solutions of R, as follows.

Theorem G (Proposition 4.2.6) Let V be a finite-dimensional vector space over k
with basis {v, ..., v,} and let R; € Endy (V®?) be the classical Yang-Baxter oper-
ator. Denote by o the 2-cocycle given by some twisting pair of A(R) and let (R,)?
be the twisted solution. Then we have

1. Ifg =1,then (R’ (v; ® v;) = Y | 4 s<n a{fﬂjvk ® .
2. Ifg = —1,then

o iy, i
(R (vi ®vj) =Y (=% 85, 8t e (’)(agm) "ok ® vy

1<k,l<n

3. Ifg # +1, then

Y 58] ol @) ue if i<
1<k,l<n )
(R’ widv) =1 2= 88 o (@)~ quie ® vy, if i=
1<k, <n
> (5i5/+555’}(q—q“))a5 @h vy @v, if Q> j,
1<k,l<n

where 8;'. is the Kronecker delta, and (aé) and (,35) are n X n matrices inverse to each
other. When ¢ = —1, (a;) is a generalized permutation matrix such that oz;. #0

whenever j = 7(i) for some fixed T € S,;, When g # +1, (ai.) is a diagonal matrix.
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2 Zhang Twists and 2-Cocycle Twists of Hopf Algebras

Throughout the paper, let k be a base field with tensor product ® taken over k unless
stated otherwise. All algebras are associative over k. We use the Sweedler notation
for the comultiplication in a coalgebra B such that A(h) = Y h; ® hy for any
h e B.

We begin this section by proving fundamental properties of twisting pairs of a
bialgebra as defined in Definition D and proving that they give rise to the twisting
pairs of the corresponding Hopf envelope (Proposition 2.1.12). We then show that
for a bialgebra or a Hopf algebra that satisfies our twisting conditions, its Zhang
twist is again a bialgebra or a Hopf algebra (Proposition 2.2.2). In particular, we
show that the construction of Hopf envelopes and that of Zhang twists are compatible
(Theorem 2.2.1). Finally, we connect the notion of a Zhang twist of a graded Hopf
algebra with that of a 2-cocycle twist (Proposition 2.3.2).

2.1 Twisting Pairs and Liftings to Hopf Envelopes

We provide some basic properties of twisting pairs introduced in Definition D. As
a consequence of Lemma 2.1.2, for the rest of the paper, whenever we refer to a
twisting pair, it satisfies conditions (P1)-(P4).

Lemma 2.1.1 For a twisting pair (¢1, ¢2), the inverse pair (qﬁfl, ¢£1) is again a
twisting pair.

Proof For a twisting pair (¢1, ¢2), it is straightforward to verify

(d@¢r oA B Acp!, (¢ ' @id)or B Aogy!, andeo(p o) B e,

Hence, the inverse pair (gbf Py s again a twisting pair. O

Lemma 2.1.2 Let (B, m, u, A, &) be a bialgebra. For any twisting pair (¢1, $2) of
B, we have the following properties:

(P3) ¢r1od2=dr0¢1, and
P4) (1 ®@¢2)0 A=A

Proof We will use the properties (P1)—(P2) to prove (P3)—(P4). For (P3), we have

$rody = (e@id)oAodod D (e®id)o(d®¢1)o Ao
B e ®id)o(d®p1) o (¢ ®@id) o A
= (e®id)o (¢ ®id) o (1d®¢1)oA (e®1d)o(¢2®1d)vo¢1

(8®id)OAO¢20¢1
= o1
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For (P4), we first remark that ¢; = (id®¢&)o Aoy e (d®e)o(idRp1)o A =
(id ® (¢ o ¢1)) o A. Hence,

d1=31d® (0 ¢h1)) 0 A. (2.1.1)
Similarly, we have ¢ = ((¢ o ¢2) ® id) o A, so that
(od)®(Eo0P))oA = ((codioda)®(codrod))o(d, @d;)oA

B (coprop)®Eodiod)) o @ )oA

(P1), (P2) (e®8)oA o¢1—1 o¢£1 _ Eo(b;l °¢{1 ®2) c.

Therefore,

(01 @ (e0¢n)) o A =c¢. (2.1.2)
Hence,

@r1®¢) oA LY ([d@ (od)®(Eod) ®id)o(A®A) oA

Coassociativity

= (R (o) V(o) ®id)o ((dR®A®id)o (A®id) o A

@Ll? [d@e®id) o (A®id)o A = A. O

Corollary 2.1.3 The set of all twisting pairs of a bialgebra has a group structure
under component-wise multiplication and inverse.

Proof By Lemma 2.1.1, it is enough to show that the set of twisting pairs is closed
under composition of pairs of morphisms. Suppose (¢1, ¢2) and (¢1, ¢2) are two
twisting pairs. We now show that (¢ o ¢1, ¢ o ¢2) is again a twisting pair. For (P1),
we have

(d® ($1091))0A = (i[d®¢1)o(id®g1)oA B ([d@p)orop B Aogrop = Ao(@rop)).

Similarly, we have ((¢2 0 ¢2) ® id) 0 A = A o (¢2 0 ¢2).
For (P2), we can follow the argument for (P3) to get ¢ o ¢ = ¢ o ¢1. Then

(P2) (P2)
copropiopogr =copiodropiopr = ooy = &.

O

Next, we provide the notion of winding endomorphisms (see, e.g., [8, §2.5] in
the context of Hopf algebras) and show in Lemma 2.1.6 that for any twisting pair
(¢1, ¢2) of a bialgebra B, ¢ and ¢, are uniquely determined by each other as wind-
ing endomorphisms. For any algebra homomorphism 7 : B — k, let /] denote
the left winding endomorphism of B defined by

E'ltl=mo(m®id)o A, thatis, E'[x)(h)=) m(h)hy, forhe H.

) Birkhauser



1466 H.Huang et al.

Similarly, let E"[7r] denote the right winding endomorphism of B defined by
Elrl=mo(id®m)oA, thatis, E'[rx](h)= Zhln(hz), forh € H.

If in addition B is a Hopf algebra with antipode S, one can check that the inverse
of E![n]is (E![x])~! = E[x o S] making E![7] a winding automorphism. Anal-
ogously, E"[x] is also a winding automorphism in the case of a Hopf algebra. The
following result shows that twisting pairs of bialgebras (resp. Hopf algebras) are
special pairs of winding endomorphisms (resp. automorphisms).

Lemma 2.1.4 For any algebra endomorphism ¢ of a bialgebra B, we have the
following:

(1) The map ¢ satisfies (id ® ¢p) o A = A o ¢ if and only if ¢ is a right winding
endomorphism of B. In this case, we have ¢ = E" [¢ o ¢].

(2) The map ¢ satisfies (¢ ® id) o A = A o ¢ if and only if ¢ is a left winding
endomorphism of B. In this case, we have ¢ = El[e o ¢].

Proof We only show (1) here, and the proof for (2) follows similarly by symmetry.
We first assume that (id ® ¢) o A = A o ¢. Then we have

¢=idop=(1d®e)oAop=(d®e)o(Id®P)oA=(1d® (¢0¢)) o A =E"[¢0¢],

showing that ¢ is a right winding endomorphism of B. Conversely, suppose ¢ =
E’[r] is a right winding endomorphism of B for some algebra homomorphism 7 :
B — k. Then we have

(dR@P)oA =({dRE[r])oA=>1dRIdRT) o (Id® A) o A
= (1d®id®r)o (A®id)o A
=Ao(id®m)oA=AocE [r]=Ao0¢.
O
Remark 2.1.5 Let (¢1, ¢2) be a pair of algebra endomorphisms, not necessarily auto-

morphisms, of a Hopf algebra H satisfying (P1)—(P2). By Lemma 2.1.4, ¢; and ¢»
are winding endomorphisms of H; and hence they are automorphisms with inverses

¢ =EleogioS] and ¢;' =Eleodro Sl
Therefore, (¢1, ¢) is a twisting pair of H.

Lemma 2.1.6 For any twisting pair (¢1, ¢2) of a bialgebra B, we have
o' = E'leo¢f'l and ¢F' = Ele 0o

Moreover, for any algebra automorphism ¢ of B satisfying Ao = (id®¢) o A (resp.
Ao = (¢ ®id) o A), the pair of maps (¢, E'[e 0 ¢~'1) (resp. (E[e 0 ¢, ¢)) is
a twisting pair of B.
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Proof 1Tt follows from (P4) and Corollary 2.1.3 that

qjlil = (qﬁlil®8)0A=(id®(80¢2$1))°(¢1i1®¢;:1)°A
_ (id@(goqbgzl))oA = E’[eoq&;l].

One can argue for ¢>2i1 similarly.

Now suppose ¢ is an algebra automorphism of B satisfying Ao¢ = (idRQ ¢) o A.
We remark that in this case also Ao¢~! = (id®¢ ) o A. Denote ¢’ = El[c o~ !].
We check that (¢, ¢’) is a twisting pair of B by verifying the conditions in Definition
D.

For (P1), we have

Ao(todp HRid)oA=(odp HRid®id) o ((d® A)o A
=((top H®id®id) o (A®id)o A
= (((cop H®id) o A)®id) o A = (¢’ ®id) o A.

And for (P2), we have

Aog’

copod =copo((codp HQRidoA=(o0dp HRe)o({d®¢)oA
=((cop H®e)oAo
=(codp H®id)o({[d@e)oAop=cogp lop=c.

A similar argument may be used for the case when A o ¢ = (¢ ® id) o A. U

Theorem 2.1.7 Let (B, m,u, A, €) be a bialgebra. Then any twisting pair of B is
given by

(8'tm1. ')

where w1, w3 : B — k are two algebra homomorphisms satisfying (m, ® 1) o A =
(1 ® m3) o A = ¢. Moreover, if B is a Hopf algebra with antipode S, then we have
T =7120Sand712=711 oS.

Proof According to Lemmas 2.1.4 and 2.1.6, any twisting pair of B is given by
(E"[m1], El[nz]) for two algebra homomorphisms 7, 7 : B — k. We now claim
that (i) (P2) holds if and only if (73 ® 1) o A = ¢, and (ii) (P4) holds if and only if
(m1 ® my) o A = ¢.For b € B, we have

(o) odn)(b) = Zs 0 ¢1(m2(b1)b2)
= Z e(m2(b1)bam1(b3))
= Z ma(bre (b)) (b2)

= Y m(b)mi(b)
= (12 ® 1) 0 A) (D).
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1468 H.Huang et al.

Claim (i) follows. To prove (ii), suppose on the one hand that (7] ® m) 0 A = ¢.
Then note that

(¢1®¢2) 0 A)Y(B) = Y (d1 ® $2)(b1 ® bn)
= Y (bimi(b2) ® ma(b3)ba)
= > (b1 ® by) - (1 (h2) ® m2(b3))
= (b1 ®b3) - £(by))

=Y b1 ®@e(by)bs
= A()

for all b € B, which shows that (P4) holds. For the other direction, assume (P4)
holds, in other words,

D bimi(b) @ ma(b3)bs = Y b1 @ by
for all b € B. Applying ¢ ® ¢ to both sides, we obtain

> ebn)mi(bo)ma(b3)e(ba) = e(b),
from which it follows that
> mi(b)ma(ba) = e(b)

for all b € B, in other words, (1] ® m2) o A = &. This shows (ii).

It remains to show that & [r;] and gl [mr2] are algebra automorphisms of B, which
follows from (E"[71]) ! = E"[72] and (E![m2]) ! = E![m].

Furthermore, suppose B is a Hopf algebra with antipode S. Then (my®m1)oA = ¢
if and only if 7y * w1 = wue in Endy (B) with respect to the convolution product .
Since 1 o S is the two-sided inverse of 711 with respect to *, we get mp = w1 o S and
similarly 7y = 72 0 S. O]

Remark 2.1.8 As a consequence of the previous result, if B is a bialgebra satisfying
the twisting conditions (T1)—(T2), then any twisting pair of B naturally preserves the
algebra grading of B.

Example 2.1.9 Here we give some examples of twisting pairs of various Hopf alge-
bras in view of Theorem 2.1.1. More examples will be considered in depth in
Sections 3 and 4.

(1) Let G be any algebraic group over k, and denote by O(G) its coordinate ring.
Suppose 7w : O(G) — ks any algebra homomorphism. Then, ker(;r) is a max-
imal ideal of O(G) of codimension one which corresponds to a group element g
of G. Moreover, the winding automorphisms E"[] and &![r] are indeed alge-
bra automorphisms of O(G) induced by the right and left translation on G by
g, which we denote by 7, and £, respectively. One further checks that if there
are two algebra homomorphisms 71, 73 : O(G) — k, then 7y = 7 o § if and
only if the group elements in G given by 71 and m are inverse to each other.

& Birkhauser
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2)

3)

Therefore, for any g € G, (rg, € g—l) is a twisting pair for O(G), and moreover
every twisting pair of O(G) has this form.

Let F € GL, (k). The universal cosovereign Hopf algebra H (F') introduced by
Bichon in [3] is the algebra with generators U = (u;;)1<i,j<n, V = (ij)1<i,j<n
and relations

oVl =1, =V'U  and VFU'F'=1,=FU’'Flv.

Here, we denote the matrix transpose by (—)7. The Hopf algebra structure of
H(F) is given by

Auij) = Z Uik @ ug;j, A(vij) = Z Vik ® Vkj,
1<k<n I<k=n
e(uij) = 8ij = e(vij),
S(U) = VT, S(V)=FUTF !,

It is immediate that any algebra homomorphism 7 : H(F) — k is given by a
pair of invertible matrices A, B € GL,,(k) such that 7(U) = Aand n(V) = B
satisfying

ABT =1,=B"A and BFATF'=1,=FATF !B

This yields that B = (A=) and FAT = AT F. As a consequence, every
twisting pair (¢1, ¢2) of H(F) is given by

p(U) =UA, ¢ (V) =VA DT, g =A"'U, ¢ V) =AaTv,

for some A € GL,, (k) that commutes with F7 .

Let H be any cocommutative Hopf algebra over an algebraically closed field
k of characteristic zero. By the Cartier-Gabriel-Kostant Theorem [24, §5.6],
H = U(g)#k[G] where the smash product is constructed from the action of the
group algebra k[G] on the universal enveloping algebra U (g), for some group
G and Lie algebra g. Any algebra homomorphism 7 : U(g)#k[G] — Lk is
given by a pair of characters (p, x), where p : g — kand x : G — k™ are
associated with some one-dimensional representations of the Lie algebra g and
the group G, respectively. Moreover, we have 7 (g) = p(g) and 7(G) = x(G),
where p is constant on G-orbits of g. Therefore, any twisting pair (¢1, ¢2) of
U (g)#k[G] is given by

P1(x) =x+p(x), ¢1(8) =x(9)g; Hr(x)=x—pKx), ¢(g)=x( g,

for any x € g and any g € G for such a pair of characters (p, x). One observes
that for any twisting pair (¢1, ¢2) of a cocommutative Hopf algebra H, we
always have ¢ o ¢p = id.

Next, we aim to lift the twisting of a bialgebra to that of a Hopf algebra through
the construction of a Hopf envelope. To that end, we examine here how a twisting
pair of B can be lifted to a twisting pair of its Hopf envelope. It is well-known that
the forgetful functor from the category of Hopf algebras to the category of bialgebras
has a left adjoint. That is, for a bialgebra B, there exists a Hopf envelope of B which
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is a Hopf algebra, denoted by H (B), together with a bialgebra map ip : B — H(B)
satisfying the following universal property: for any Hopf algebra H together with a
bialgebra map ¢ : B — H, there exists a unique Hopf algebra map f : H(B) - H
such that the following diagram commutes:

B —" 1(B)

DN,

H.

We use the explicit construction of the Hopf envelope H(B) given by Takeuchi in
[32]. First, we consider the bialgebra B = k(V)/(R), where V is a k-vector space.
Here, the comultiplication A and counit € of B are induced from the free algebra via
A Kk(V)Y > k(V)®Kk(V)and ¢ : k(V) — k as algebra maps. In particular, R is a
bi-ideal such that

AR) CSROK(V)+k(V)®R and e(R) =0.
We denote infinitely many copies of the generating space V as {V® = V}i=o and
consider the free algebra
T :=k(®i»V"). (2.1.3)
Let S be the anti-algebra map on 7 with S(V@¥) = VE+D for any i > 0. Both
algebra maps A : k(V) - k(V) @ k(V) and ¢ : k(V) — k extend uniquely to T
as algebra maps via §(12)(S ® §) o A = Ao S and € o § = ¢, which we still denote

by A: T — T®Tande : T — k accordingly. Here, S(12) is the flip map on the
2-fold tensor product. One can check that the Hopf envelope of B has a presentation

H(B)=T/W,
where the ideal W is generated by

SI(R), (mo(d®S)oA—uog)(V¥),
and (mo (S®id)o A —uoe)(VP), foralli>0. (2.1.4)

One can check that W is a Hopf ideal of T, and so the Hopf algebra structure maps
A, g,and S of T give a Hopf algebra structure on 7'/ W. Finally, the natural bialgebra
map ip : B — H(B) is given by the natural embedding k(V) < T by identifying
v=vo.

Lemma 2.1.10 Let B be a bialgebra satisfying the twisting conditions (T1)—(T2).
The following hold:

(1) Its Hopf envelope H(B) also satisfies the twisting conditions (T1)—(T2).

(2) The natural bialgebra map ig : B — H(B) preserves the algebra gradings.

(3) Let S be the antipode of H(B). Then we have S(H(B),) € H(B)—, for any
neZ.

Proof Suppose B satisfies (T1) and (T2). In particular, B is Z-graded. Then, in the
presentation of B = k(V)/(R), we may choose V to be a graded vector space and
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R a homogeneous ideal in the free algebra k(V) with internal grading. We con-
struct the Hopf envelope H(B) as above and set deg S(v;) = —deg(v;) inductively
for all homogeneous v; € V® and i > 0. Then it follows that T = @nez T,
in (2.1.3) is again graded by internal grading (also called Adam’s grading, induced
from the grading of B). Moreover, we may check that the comultiplication A : T —
T ® T satisfies A(T,,)) € T, ® T,. As a consequence, W is generated by homo-
geneous elements in 7. Hence H(B) = T/ W satisfies all the requirements in the
statement. O

As a consequence, we introduce an additional twisting condition (T3) for any Hopf
algebra.

Corollary 2.1.11 Let H = P
Then H satisfies:

(T3) S(H,) € H_, foranyn € Z.

H, be any Hopf algebra satisfying (T1)-(T2).

nez

Proof If H is a Hopf algebra satisfying (T1) and (T2), then its Hopf envelope sat-
isfies (T1)—-(T3) by Lemma 2.1.9. By Lemma 2.1.9 (2) and the universal property,
‘H(H) is isomorphic to H as bialgebras via iy preserving the algebra grading. Hence
any Hopf algebra satisfying (T1) and (T2) also satisfies (T3). O]

Example 2.1.12 For any n-dimensional vector space V over k and any integer m > 2,
the universal quantum group H(e), defined for a preregular form e : V" — k
with generators (a;)1<i, j<n» (bij)1<i, j<n and D*!, was studied in [5, 10]. By setting
deg(a;j) = 1,deg(b;j) = —1and deg(Dil) = =n, it is straightforward to check that
‘H (e) satisfies the twisting conditions (T1)—(T3). In later sections, we study in detail
some other classes of (universal) quantum groups that also satisfy (T1)—(T3).

We now show that any twisting pair of a bialgebra gives rise to a twisting pair of
its Hopf envelope.

Proposition 2.1.13 Any twisting pair of a bialgebra B can be extended uniquely to
a twisting pair of its Hopf envelope H(B). Moreover, any twisting pair of H(B) is
obtained from some twisting pair of B in such a way.

Proof In view of Theorem 2.1.1, it suffices to show that any two algebra homo-
morphisms 71,73 @ B — k satisfying (my @ m) o A = (m] @ m) o A = ¢
can be uniquely extended to algebra homomorphisms H (1), H(m) : H(B) — k
satisfying (H(m2) ® H(m1)) 0 A = (H(1) ® H(m2) 0 A = ¢.

Recall the explicit construction of H(B) given above as H(B) = T /W, where
B =Kk(V)/(R), T = k(®i>oV®), and W is an ideal generated by (2.1.4). In par-
ticular, the antipode of #(B) is induced by the anti-algebra map S on T given by
S(V®y = v+ forall i > 0.
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For j € {1,2}, we first lift 7; : B — k to an algebra homomorphism 7; :
k(V) — k. Note that any lifting of 7; from B to H(B) is determined by the lifting
of 77 from k(V') to T. The latter lifting is unique if we require that

Tj=mj{108, (2.1.5)

where the subscripts for 7;’s are indexed as 1,2 (modulo 2). We still denote such a
lifting by 77; : T — k.

It remains to show that 7;(W) = 0 in view of (2.1.4). Since the relation space

R C k(V) vanishes under 77, one can show inductively that 77 (S(R)) = 0 for all
i > 0. Moreover, we show inductively that

f,-((mo(id®5)oA—uos)(v<f>)> =fj((mo(5®id)oA—uos)(v<f>)) —0
foralli > 0. Wheni = 0, we have
Zi(mo(id®S)oA—uoe)(V))
=(mo (@ (FjoS)oA—7Fjouoe)(V)
=(mo(Tj@Tjf1)oA—mjouoe)(V)
:(mo(ﬁ}-@r/[}\ﬁ)oA—uos)(V)
=(mo(mj®@mjr1)oA—uog)(V)
=Wmoe—uoe)(V)=0.

In the second to last equation above, we use our assumption (7; @ ;1) c A = &.
By induction, assume the statements hold for i, we have

7 <(m o(ld® S)oA—uo g)(v(i+1>)>

~j mo(ld®S)oA—uo g)(S(V(i)))>

T

(

= 7?}-((mo(id@S)o(S@S)OS(lz)0A—M08OS)(V(i)))
:j‘[j(

(mo(S®S)oSuyo(S®id)oA—Sou og)(v(i)))
= (TjoS) ((m o(S®id)oA—uo 8)(V(i)))
= 7?;\; ((m o(S®id)o A —u oa)(V(i))> -0

Similarly, one can show that 77 ((m o(S®id)oA —uo 8)(V(i+l))) = 0. Hence
7;(W) = 0 and it yields a well-defined algebra homomorphism #(x;) : H(B) =
T/W — k. By our construction, it is clear that (H(m1), H(2)) are unique exten-
sions of (71, m2) satisfying (H(m2) ® H(mwy)) o A = (H(m) ® H(mz)) o A = ¢ and
every such pair of 7 (B) arises in this way. O

Remark 2.1.14 We wish to consider the Zhang twist of H(B) by H(¢1) o H(¢2) in
Theorem 2.3.1. Before doing so, we remark the following from Proposition 2.1.12

(1) For the twisting pair (H(¢1), H(¢2)) of H(B), the composition H (¢ o ¢o) =
H(p1) o H(go) is a Hopf algebra automorphism of H(B).

& Birkhauser



Twisting of Graded Quantum Groups and Solutions... 1473

(2) If B satisfies the twisting conditions, then its Hopf envelope H (B) also satisfies
the twisting conditions. So any twisting pair (¢1, ¢») of B extends uniquely to
‘H(B) preserving its algebra grading.

2.2 Zhang Twists and Liftings to Hopf Envelopes

The notion of a twist of a Z-graded algebra was first introduced in [2, Section §].
Using the more general notion of twisting systems, Zhang proved in [37] that for two
N-graded algebras A and B generated in degree one, A is isomorphic to a twisted
algebra of B if and only if the graded module categories of A and B are equivalent.

Definition 2.2.1 Let A be a Z-graded algebra and ¢ be a graded automorphism of A.
The right Zhang twist A® of A by ¢ is the algebra that coincides with A as a graded
k-vector space, with the twisted (or deformed) multiplication

rkp S = rqb"'(s), for any homogeneous elements r, s € A.

Here we denote the grading degree of r by |r|. Similarly, the left Zhang twist ¢ A of
A by ¢ is defined with the twisted multiplication

rkp S = qb'“‘ (r)s, for any homogeneous elements 7, s € A.

When the context is clear, we may omit the subscript in the twisted multiplication .

For A and ¢ as in Definition 2.2.1, the left and right Zhang twist of A by ¢ is again
a graded associative algebra [37, Proposition 4.2]. Furthermore, there is a natural
isomorphism A? = 97 A given by the identity on sets [20, Lemma 4.1]. Zhang twists
may be defined in the more general setting of an algebra graded by a semigroup by
considering twisting systems [37]. In the case of a Z-graded algebra, such a twisting
system arises from a single algebra automorphism of the associated Z-algebra [31,
Proposition 4.2].

In this paper, we consider Zhang twists on bialgebras (resp. Hopf algebras), but
one should note that Zhang twists only deform the algebra structure. With this in
mind, we let B be a Z-graded bialgebra (resp. Hopf algebra). We say that an endo-
morphism ¢ € Endy(B) is a graded bialgebra automorphism (resp. graded Hopf
algebra automorphism) of B if it is a bialgebra (resp. Hopf algebra) automorphism
of B while preserving the grading of B, that is, ¢ (B,) € B, for all n € Z. In what
follows, we prove that the right Zhang twist B? of a graded bialgebra (resp. Hopf
algebra) B is again a graded bialgebra (resp. Hopf algebra) under the twisting condi-
tions (T1)—(T2). Similar results can be proved for the left Zhang twist ¢ B by using
the fact that B = B~

Proposition 2.2.2 Suppose B is a bialgebra satisfying the twisting conditions (T1)-
(T2). Then we have the following.

(1)  For any graded bialgebra automorphism ¢ of B, the Zhang twist B? together
with the coalgebra structure of B is again a bialgebra satisfying the twisting
conditions (T1)—(T2).
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(2) If in addition B is a Hopf algebra with antipode S and ¢ is any graded Hopf
algebra automorphism of B, then B? is again a Hopf algebra satisfying the
twisting conditions (T1)~(T2), whose antipode is given by S®(r) = ¢~ V1S(r),
for all homogeneous elements r € B?.

Proof (1): By definition, B? is a graded algebra with the natural grading B =
@Dy, Bi- Endow B? with the same coalgebra structure as B. To show that B is
a bialgebra, it suffices to show that A and ¢ are algebra maps with respect to the
deformed multiplication *. Since ¢ is a bialgebra automorphism of B preserving its
degrees, we have

@@P)oA=Ao¢ and cop=e. 2.2.1)

Thus, for any homogeneous elements r, s € B,

Alrxs) = Are"l() = AMAQ@" () =) righs) @rgl(s),
CELAD S gl @ gl (s2) = Y ri kst @ ra k52 = A % Als),
and
- Il (5)) = "l (syy BED -
e(rxs) =e(rg"(s)) = (e (s)) "= e(re(s) = &(r) x&(s).

Therefore, B? is a bialgebra as desired and still satisfies the twisting conditions (T1)—
(T2).

(2): Suppose B is a Hopf algebra satisfying the twisting conditions. By (1), B? is
a bialgebra satisfying the twisting conditions (T1)—(T2). It remains to show that B?
has an antipode. We define a map S? : B® — B? by §%(r) = ¢~ "1(S(r)) for all
homogeneous element » € B?, where S is the original antipode map of B. Observe
that S? is k-linear. For any r € B?, we have

D S0y xr =Y ¢S k=) ¢S (r)
= Y gl o g lserr B Y P er) = ),

and

Y a8t =Y xS0 = Y gl @ (Se) B Y S = e,
Hence, S? is the antipode of B?, so that (B?, %, A, §?) is a Hopf algebra. O

Let H be a Hopf algebra satisfying the twisting conditions (T1)—(T2). We denote
by Gr-H the category of graded left H-modules. One can check that Gr-H is a

monoidal category, with the Hadamard product ® of two graded H-modules M =
D, cz My and N = P, ., N,, defined by

(M®N), := M, ® Ny,
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where the left H-module structure is given via the comultiplication A. The unit object
in Gr-H is 1 = 6,5 k, a direct sum of copies of k. In particular, if M is locally
finite, then M has a dual given by

= @(M,,)* = @Homk(Mn, k),

nez nez

where the left H-action on the k-dual (M,)* is given by (h - f)(x) = f(S(h) - x),
for any x € M4y, f € (M,)* and h € H,,. Moreover, the evaluation map ev :
M* ® M — 1 and coevaluation map coev : 1 — M ® M™* are defined component-
wise using natural maps (M,)* ® M,, — kand k — M, @ (M,,)*. See [17] for more
background on tensor categories.

For any graded Hopf algebra automorphism ¢ of H, by a left-version of Proposi-
tion 2.2.2 (2) the left Zhang twist® H is again a Hopf algebra satisfying the twisting
conditions (T1)—~(T2). Its graded module category Gr-?H is a monoidal category
as well. Our next result extends the well-known equivalence of graded module
categories between Zhang twists, given by Zhang in [37], to their monoidal versions.

Proposition 2.2.3 Let H be a Hopf algebra satisfying the twisting conditions (T1)-
(T2). For any graded Hopf algebra automorphism ¢ of H, the monoidal categories
Gr-H and Gr-® H are equivalent.

Proof By [2, Corollary 8.5], Gr-H and Gr-? H are equivalent as graded module cat-
egories via the equivalence F : Gr-H — Gr-? H which is defined in the following
way. Let M = €, ., M, be a graded H-module. Then F(M) := M as a graded
vector space, and the new twisted H-action is given by A -y m = @™\ (h) - m, for any
m € M and h € H. It remains to verify that F' preserves the monoidal structure, that
is, F(M®N) = F(M)®F (N) in Gr-? H for two graded H-modules M and N. For
anym € M;,n € N;, wheret € Z, and h € H, we have

hogm@n) =¢' () m@n) =A@ ) (men) =@ & )NAM) - (m@n)
=@ h) m)® @' () -n) =Y (1 g m) @ (ha -4 ).

Then it is clear to see the equivalence functor F : Gr-H — Gr-?H extends to a
monoidal equivalence. O

Letip : B — H(B) be the natural bialgebra map. For any graded bialgebra
automorphism 1 of B, the universal property of the Hopf envelope implies that there
is a unique graded Hopf algebra automorphism of H(B), denoted by H (), such that
the following diagram commutes:

B—2 H(B)
l H('/f)
B —2 H(B). (2.2.2)
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As a consequence, we can show that
H(=) : Autgpi(B) — AUtngopf(H(B)) (2.2.3)

is a group homomorphism from the group of graded bialgebra automorphisms of B
to the group of graded Hopf algebra automorphisms of H(B). Since ¥ and H (1) are
both graded automorphisms of their respective algebras, we may consider the Zhang
twists BY and H(B)"). By Proposition 2.2.2 and Lemma 2.1.9, BY is a bialgebra
and H(B)"¥) is a Hopf algebra, respectively.

Lemma 2.2.4 There exists a bialgebra map iy, : BY — H(B)HW) that is equal to
ip : B — H(B) as a map of vector spaces.

Proof By our constructions, it is clear that BY = B and HBYHY) = H(B) as
coalgebras. Thus the original bialgebra map ip : B — H(B) induces a coalgebra
map iy : BY — H(B)"W) preserving the gradings. It remains to be shown that iy
is also a graded algebra map, which follows from

sy () P2 )i ()
ig()HE) BN g () = iy (x) *3240p) iy (),

for homogeneous elements x, y € BY, and the fact that i g preserves the identity. [

By (X %y y)

Our next goal is to show that #(B)"¥) is the Hopf envelope of BY. For
simplicity, we write
0 :=H{) : H(B) — H(B).
Denote the Hopf envelope of BY by H(BY), together with the bialgebra map i gy :
BY — H(BY). By Lemma 2.2.4 and the universal property of H(BY), we have
a unique Hopf algebra map f : H(BY) — H(B)’ making the following diagram
commute:

BY iq.[(lgw)

Il

H(B). (2.2.4)
Note that  and ¥~! : B — B are also graded algebra automorphisms of BY
since

Y(x %y ) = Yy ) = )y ) = y )y VO () = Y (x) xy ¥ (),

for any homogeneous elements x, y of B. Usipg this, we obtain from the univer-
sal property of 7(BY) a Hopf automorphism 6 := H(y ") : H(BY) — H(BY)
making the following diagram commute:

lB‘//

— g (5)

e b

H(BY). 2.2.5)
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Lemma 2.2.5 Let B, 6,0, f be as in the above discussion. As Hopf algebra maps
H(BY) — H(B)?, we have 0 o f 06 = f.

Proof The following diagram commutes by the definition and universal property of
Hopf envelopes:

BY

J TN

H (BY) —0>H (BY) —>’H(B)9 —>H(B)9

The triangle and the leftmost square follow from (2.2.4) and (2.2.5), respectively.
The rightmost square commutes, since it is equal (as a diagram of vector spaces and
linear maps) to (2.2.2). One can see thatf o f o 6o igy =iyoyo vl = iy. By
the universal property of Hopf envelopes in (2.2.4), we have 6 o f o 6 = f. U

Corollary 2.2.6 The map f induces a Hopf algebra map ’H(B‘/’)é — H(B).

Proof We use - for the multiplications in both 7 (B¥) and H(B), and * for the mul-
tiplications in H(BY)? and H(B)?. Using Lemma 2.2.5, for homogeneous elements
X,y € ”H(B‘p)e, we have

Faxy) = fx-0%1(3)) = FO)* £8%1 () = F0)-0 O £aRl(y) = F(x)-0M1 £6¥1 () = f£(0)- F ).
O

The following result can also be proved directly by using the explicit construction
of the Hopf envelope.

Theorem 2.2.7 Let B be a bialgebra satisfying the twisting conditions (T1)—(T2).
For any graded bialgebra automorphism r of B, we have the following Hopf algebra
isomorphism:

H(BY) = H(B)YHW).

Proof We show that the map f constructed above is an isomorphism of Hopf alge-

bras H(BY) 3 H(B)? by producing an inverse to f. Here again, by the universal
property of H(B), there is a unique Hopf algebra map g making the diagram below
commute:

B—"" > (B

Sk

H(BY) .
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By the fact that (BY)¥ ™' = B and by Lemma 2.2.4, i is a map of bialgebras B =
(B")'™" = H(BY)? induced by igy : BY — H(BY). Now using Corollary 2.2.6,
we obtain the commutative diagram:

H(B)

N7

Hwy—+HB¢

The universal property of H(B) forces f o g = id. The argument for g o f = id
is symmetric. By the same argument as Corollary 2.2.6, g is a Hopf algebra map
H(B)? — H(BY). O

2.3 Zhang Twists vs. 2-Cocycle Twists of Hopf Algebras

For a Hopf algebra H, there is another way of deforming the multiplicative structure.
This twist, called a 2-cocycle twist, is defined by a 2-cocycle 0 € Hom (H ® H, k),
see [12, 14, 25]. We now relate the above discussion of Zhang twists to the 2-cocycle
twists of Hopf algebras to provide a partial answer to Question A.

We first recall some background on 2-cocycle twists. Let H be a Hopf algebra.
A left H-Galois object is a left H-comodule algebra A # O such thatif o : A —
H ® A denotes the coaction of H on A, the linear map defined by the following

composition

AA Y HeA A Hea,

is an isomorphism of vector spaces, where m : A ® A — A is the multiplication
map of A. A right H-Galois object can be defined in an analogous way. If K is
another Hopf algebra, then an (H, K)-biGalois object is an H-K -bicomodule algebra
which is both a left H-Galois object and a right K-Galois object. A classical result
of Schauenburg [29] states that two Hopf algebras are Morita-Takeuchi equivalent
(or their comodule categories are monoidally equivalent) if and only if there exists a
biGalois object between them.

There is an important class of Hopf-Galois objects, called cleft [4]. A right H-cleft
object is a right H-comodule algebra A which admits an H-comodule isomorphism
¢: H 5 A that s also invertible with respect to the convolution product. Such a map
¢ can be chosen so that it preserves the unit; in this case, ¢ is called a section. A right
H-cleft object is a right H-Galois object that admits an H-comodule isomorphism
¢: H 5 A. Given another Hopf algebra K, a left K-cleft object and a (K, H)-bicleft
object are defined analogously.

Cleft objects can be constructed from 2-cocycles as follows: A 2-cocycle on a
Hopf algebra H is a convolution invertible linear map o : H ® H — k satisfying

Y o1, y)o(ay, ) =Y oy, z)0(x, y222) and
ox,1)=0(1,x) = &),

2.3.1)
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for all x,y,z € H. The set of all 2-cocycles on H is denoted by Z%(H). The
convolution inverse of o, denoted by oL, satisfies

Y o iy o y) =) o iz (y2.22)  and
o ', ) =071, x) = e(x),

forallx, y, z € H.Given apair (A, ¢), consisting of aright H -cleft object A together

(2.3.2)

with a section ¢ : H —> A, consider the linear map o defined on H ® H by
o(x.y) =Y p(xNP(P(x2y2), (2.3.3)

for any x, y € H, where ¢ is the convolution inverse of ¢. Then o takes values in
k = A%H , and is a 2-cocycle on H [13, Theorem 11]. Moreover, let, H denote the
right H-comodule algebra H endowed with the original unit and deformed product

Xgy= Za(xl, yx2y2,

for any x,y € ;H. Then we have an isomorphism , H = A via y = o)
as H-comodule algebras. Indeed, every right H-cleft object arises in this way
[23, Proposition 1.4]. Similarly, we can define the left H-comodule algebra H;-1 by
using the convolution inverse of any 2-cocycle o on H. Again, every left H-cleft
object arises in this way.

Given a 2-cocycle o : H® H — k, let H? denote the coalgebra H endowed with
the original unit and deformed product

X kg y = Zo(xl, y1) xay2 0~ H(x3, y3).

By [12], H? is a bialgebra and is indeed a Hopf algebra with the deformed antipode
S given in [12, Theorem 1.6]. We call H? the 2-cocycle twist of H by o. It is well-
known that two Hopf algebras are 2-cocycle twists of each other if and only if there
exists a bicleft object between them (e.g., see [29]).

Proposition 2.3.1 Let H be a Hopf algebra satisfying the twisting conditions
(T1)~(T2). Let H? be a right Zhang twist of H by a graded algebra automorphism ¢.

(1) Suppose Aop = (¢ ®id)o A. Then H® =, H is right H-cleft with a 2-cocycle
o0:H®H — kgivenbyo(x,y) = 8(x)8(¢|x|(y)),f0r homogeneous elements
x,y € H.

(2) Suppose Ao¢ = (id®@p)oA. Then H® = H,__; is left H-cleft with a 2-cocycle
convolution inverse 0~ : H ® H — k given by o~ (x, y) = e(x)e(¢"(v)),
for homogeneous elements x,y € H.

Proof We prove part (1), and part (2) follows in a similar way. We first show that
H? is a right Galois object. Note that H® = H, as graded vector spaces. As a result,
the comultiplication A : H — H ® H gives H? a right H-comodule structure via
A?  H® > HP @ H If Ao¢ = (¢ ®id) o A, then

Ax xy) = AP (1) = AW AWM () = AW @ ®@id)A(y)
=Y 1My @ xay: = A2 (1) A%(y),
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for any homogeneous elements x, y € H?, so H? is a right H-comodule algebra.
Now, it can be checked that the map used in the definition of a right H-Galois object

. ¢ .
H¢®H¢£®;A——>H¢®H¢®HﬂgﬁiH¢®H,

given by x ® y quﬁ‘x'(yl) ® y2, is bijective with inverse x ® y
3 x@I=(S(y1)) ® yo, where S is the antipode of H. Thus H? is a right H-Galois
object. Moreover, the identity map H = H? is an isomorphism of right H-modules.
Therefore, we conclude that H? is cleft [13, Theorem 9].

In fact, the H-comodule isomorphism ¢ : H — H? is indeed invertible with
respect to the convolution product in Homy (H, H?) with inverse ¢ given by

H(x) = ¢ (S (x)),

for any homogeneous element x € H. Then by (2.3.3), the 2-cocycleo : HQH — k
associated with the H-cleft object H? is given by

o(x,y) = Y ¢0x1)* () * p(xay2)

Y @G () ¢! (S (xayn))
D Gene M () (S(xayn))

= Y oo NS()S(x2)

Y o Y@ 01S@H (1)) S ()
= ¢ (Y nS() e@ )

e()e@™ ().

O

We now relate the Zhang twist of a graded Hopf algebra H by a twisting pair to a
2-cocycle twist of H.

Proposition 2.3.2 Let H be a Hopf algebra satisfying the twisting conditions
(T1)—(T2). For any twisting pair (¢1, ¢2) of H, we have the following.

(1) The map ¢ o ¢ is a graded Hopf automorphism of H.
(2) The linear map o : H @ H — k defined by

o(x,y) = 8(x)8(¢|2x|(y)), for any homogeneous elements x,y € H,
is a 2-cocycle, whose convolution inverse o=\ is given by
a_l(x, y) = s(x)8(¢|lxl(y)), for any homogeneous elements x,y € H.

(3) The 2-cocycle twist H® = H®1°2 is q right Zhang twist, where the 2-cocyle o
is described in (2).

As a consequence, H and H?'°?2 are Morita-Takeuchi equivalent with bicleft object
given by H?!.
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Proof (1): By our assumptions, we know that ¢; o ¢, is a graded algebra automor-
phism of H and commutes with the counit €. So, it suffices to show that ¢ o ¢»
is compatible with the coassociativity axiom. This follows from our twisting pair
conditions:

Aogrogy 2 ([d@¢1)oAod B (d® 1)o@ @id) oA
(P4)

P 2@ ¢1) 0 (d1 ®d) o AT ((¢10¢2) @ (d1 06)) 0 A.

It follows that ¢ o ¢, is a Hopf automorphism.

(2): We show that the maps o and o1 defined in the statement are inverses to
each other with respect to the convolution product % in Homy (H ® H, k). Indeed,
for any homogeneous elements x, y € H, we have

(@xo N,y = Y o, yo " (x2,y2)
= Y e(rne@y (r)e)e@ (72)
= Y elae)e@y (1)) (12)
T3 e@e@160 )1 @162 (3)2)
= D e0e(@1¢)(»)
T ewe).

Similarly, we have (e xo)(x, y) = e(x)e(y). Secondly, it is clear that o (1, x) =
o(x, 1) = e(x). For any homogeneous elements x, y, z € H, we have

Y oG y)o(ay, 1) = Y e(ene(@y (1)e(ay)e@s” (@)
= > e(ie(x)e(@y (e())e@s” @)
= > e@e@y ey ).
and
Y oGnano@. nm) = Y ey @)eme@y (22)
= Y eme@y e(ye@y z1)e@ (22)
= Y e@e@y (me@) @eyz2)
Y ewe@h me@ @165 65 @2))
= ) e@e@y (Me@y @5 @18y @2)
= Y e@e@y (me@y” ).
Hence, Y o (x1, y1)o (x2y2.2) = 3.0 (y1,21)0 (x, y222) for all homogeneous ele-

ments x,y,z € H. We conclude that o is a 2-cocycle on H with the given

convolution inverse o 1.

) Birkhauser



1482 H.Huang et al.

(3): Now it is straightforward to check that the identity map on H induces an
isomorphism of Hopf algebras between the Zhang twist H?1°?2 and the 2-cocycle

twist H° . Indeed, by definition id : H?1°%2 S HOisa coalgebra map. So it remains
to show it is also an algebra map, which follows from the fact that

X ko y = ZU(XI»)’I)XD’ZU_I(XS’)’S)

> ene@s y))xyaeen)e @) (33))
= xe(@y (y))y2e@) (33))

T3 e @ o00es 2@ (32))

= Y x5 e (30))

B3 oo e @] 65 (1)2)

= x¢ 105 ()
= X ¥(progy) ¥,

for all homogeneous elements x, y € H. Hence, H and H?1°%2 are Morita-Takeuchi
equivalent. Finally, by Proposition 2.3.1, H?' is a left H-cleft object. By a left
Zhang twist version of Proposition 2.3.1, we can argue similarly that H?! is a right

9 (H?) = H?1°%>_cleft object. So H?! is a (H, H?1°%?)-bicleft object. O

Theorem 2.3.3 Let B be a bialgebra satisfying the twisting conditions (T1)—(T2).
For any twisting pair (1, ¢2) of B, there is a unique twisting pair (H($1), H($2))
of the Hopf envelope H(B) extending (¢1, ¢2). Moreover, the 2-cocycle twist H(B)?,
with the 2-cocycle o : H(B) @ H(B) — k given by

o(x,y) = e(x)e(H(qbz)‘xl(y)), for any homogeneous elements x, y € H(B),
is the right Zhang twist H(B)H(@1062),

Proof This follows from Propositions 2.1.12 and 2.3.2. U

Remark 2.3.4 1t is clear that not every 2-cocycle twist of a Hopf algebra can be
realized as a Zhang twist. For instance, any Hopf algebra, when viewed as a Z-graded
algebra concentrated in degree zero, satisfies the twisting conditions (T1)—(T2). But
in this case, all Zhang twists are trivial.

3 Manin’s Universal Quantum Groups
In this section, we examine Zhang twists of Manin’s universal quantum groups of
quadratic algebras, where automorphisms of such universal quantum groups come

from those of the underlying quadratic algebras, and connect them to the 2-cocycle
twists of these universal quantum groups.
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3.1 Preliminaries on Manin’s Universal Bialgebras and Universal Quantum Groups

We first recall Manin’s construction of the universal bialgebra and the universal
quantum group as described in [22]. Suppose A is a quadratic algebra. We use the
presentation A = k(A1)/(R(A)), where R(A) € A} ® A; with dimy A; < oo.
We denote by ﬂll (A) the universal bialgebra that left coacts on A via pg : A —
end (A) ® A preserving the Z-grading of A, i.e., ps : A, — end (A) ® A,, and
satisfies the following universal property: If B is any bialgebra that left coacts on A
viat : A - B ® A such that the coaction of B preserves the grading of A, then
there is a unique bialgebra map f : end’(A) — B such that the following diagram
commutes:

A~ end (4) ® A

B®A.

Similarly, we can define end” (A) as the universal bialgebra that right coacts on A uni-
versally preserving the grading of A. For Hopf algebra coactions, we define aut/ (A)
(resp. aut” (A)) to be the universal quantum group that coacts on A universally on the
left (resp. on the right) preserving the grading of A. In what follows, whenever we
write end or aut without the superscript, the statements hold for both left and right
versions.

For two quadratic algebras A = k(A;)/(R(A)) and B = k(B1)/(R(B)), the
bullet product of A and B is defined as

AeB = k(41 ® B1) , G3.1.1)
(Se3) (R(A) ® R(B)))

where S23) : A1 ® A1 ® Bl ® Bi — A1 ® B1 ® A1 ® By is the flip of the middle
two tensor factors in the 4-fold tensor product [22, Section 4.2].

Lemma 3.1.1 Let A = k(A1)/(R(A)), B = k(B1)/(R(B)) be quadratic algebras,
and ¢ : A — A, ¥ : B — B be graded automorphisms. Then we have an algebra
isomorphism

A? e BY = (A e B)?*V,

where ¢ o Y is the graded automorphism of A e B generated by the degree-1
component 1 @ Y1 : A1 ® B — A1 ® By.

Proof We note that
(91 ® Y1 ® 1 ® Y1) 0 S23)(R(A) ® R(B))

S23)(@(R(A)) ® ¥ (R(B)))
= 5(23)(R(A) ® R(B)).

Therefore, ¢ o Y preserves the degree-2 relations in A e B, and is a graded automor-
phism of A e B. For the isomorphism A? ¢ BY = (A e B)?*¥, by [26, Lemma 5.1]
the twist (A  B)?*¥ has relations
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(id@id)® @1 ®y1)™) o Ses) (R(A) @ R(B))
Se3) ((id ¢ ®id® w;l) (R(A) ® R(B)))

Sen ((d@er") (RN @ (4@ vy ) (R(BY).

The last line gives exactly the relations of A? e BY. O

In particular, we may consider the bullet product A' @ A of a quadratic algebra A
and its Koszul dual A' [30], which is a bialgebra with matrix comultiplication defined
below on the generators (AYH] ® Aj. Choose a basis {x1,...,x,} for A; and let
{x1,...,x"} be the dual basis for (A"); = (A)*. Write z’; =xk®x; € (A) ® A

as the generators for A' e A. Then the comultiplication on A' e A is given by

A(zlj) = Z z;- ®zf-‘. (3.1.2)

I<i<n

We now list some of the basic properties of universal bialgebras and universal
quantum groups. In what follows, for an algebra (resp. a coalgebra) A, we denote by
A°P a k-vector space A with opposite multiplication, and by AP a k-algebra A with
opposite comultiplication, respectively.

Proposition 3.1.2 [22] Given a quadratic algebra A, we have isomorphisms of
universal bialgebras:

(1) end(A°) = end(A)P and end(A') = end(A)°P.
(2) end” (A) =X AeA'andend (A) = A' e A.

(3) end’(A) = end' (A)<°P.

(4) end"(A) = end'(A") and end' (A) = end" (A

The following results can be derived from Proposition 3.1.2 and the universal
property of a Hopf envelope.

Proposition 3.1.3 Given a quadratic algebra A, we have isomorphisms of universal
quantum groups:

(1) aut(A) = H(end(A)).

(2) aut(A°) = aut(A)°P and aut(A') = aut(A)°P.
(3) aut’(A) = aut! (A)°°P.

(4) aut"(A) = aut/(A") and aut' (A) = aut” (A").

As a consequence, we have the following lemma.

Lemma 3.1.4 For any quadratic algebra A, its universal bialgebra end(A) and its
universal quantum group aut(A) both satisfy the twisting conditions (T1)—(T2).
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Proof By Proposition 3.1.2 (2) and the comultiplication (3.1.2), end(A) satisfies (T1)
and (T2). Moreover, by Proposition 3.1.3 (1), aut(A) is the Hopf envelope of end(A).
The result follows from Lemma 2.1.9. O

3.2 Zhang Twists and 2-Cocycle Twists of Manin’s Universal Quantum Groups

Let A be a quadratic algebra. We denote by Autg(A) the group of all graded automor-
phisms of A. Let mz (A) be the universal bialgebra that left coacts on A universally
via pa : A — end'(A) ® A, preserving the grading. Since end'(A) is again a
quadratic algebra, we can write Autg, (end’ (A)) for the group of all its graded auto-
morphisms. We will use the following universal property of end' (A) as a universal
graded algebra, whose proof is based on [22, Lemma 6.6].

Lemma 3.2.1 Let A and B be quadratic algebras and p : A — B ® A be an
algebra morphism with p(A1) C B ® A1. Then there exists a unique graded algebra
morphism y : end' (A) — B such that the following diagram commutes:

AL end (M@ A

®id

B®A.

For any ¢ € Auty(A), the following composition of algebra morphisms
pl = (A 2 A2 end (A) ®A>

satisfies pf (A) C ﬂil (A)1 ® A1. Therefore by Lemma 3.2.1, there is a unique
algebra endomorphism ¢ of @l (A) such that the following diagram commutes:

A" end(A)® A

N

A2 end (A) ® A. (3.2.1)

In what follows, we will denote such a map by ml (@) = o.

On the other hand, note that any graded automorphism ¢ of A naturally gives
a graded automorphism of the Koszul dual A' by extending the dual map (¢| A"
on the generators of (A'); to A'. We denote such a dual graded automorphism of
A' by ¢'. One can easily check that (=)' : Autg (A) — Autgr(A’) is a group
anti-isomorphism.

By Proposition 3.1.2, we have isomorphisms end’(A) = A' ¢ A = end’(A"). A
similar result to Lemma 3.2.1 regarding the universal right coaction of end” (A') on
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A' yields another graded algebra endomorphism of end” (A') = ml (A), denoted by
end’ (¢"), such that the following diagram commutes:

o Pal ! r |
A'—— A" ®end (A"

¢>’l lidoam'«p’)

o Pa | ol
A" —— A" ®end (A).

Moreover, by the universal property, one can show that ml(—) and end” ((—)~ 1)’
are indeed injective group homomorphisms from Autg (A) to Autgr(@l (A)) with
commuting images. Similarly, we can define end” (¢) and end’ (¢') as graded algebra
endomorphisms of end” (A) = A e A' = end’ (A").

We first investigate the Koszul dual of a Zhang twist of a quadratic algebra. In fact,
this is a twist by the dual automorphism on the other side. This phenomenon extends
to N-Koszul algebras by an analogous proof.

Lemma 3.2.2 [35, Proposition 5.5] If A is a quadratic algebra and ¢ € Autg(A)
is a graded automorphism of A, then the dual automorphism ¢' is a graded
automorphism of A' so that

car= ()= ()"

The following result provides us with a complete classification of all twisting pairs on
Manin’s universal bialgebras. As a consequence of Propositions 2.1.12 and 3.1.3 (1),
we obtain twisting pairs on the corresponding universal quantum groups.

Lemma 3.2.3 Let A be a quadratic algebra. For any ¢ € Autg(A), we have:

(1) (end” ((¢™")"), end' (¢)) is a twisting pair for end' (A).
(2) (end’(¢), end' ((¢™")")) is a twisting pair for end” (A).

Moreover, every twisting pair of Manin’s universal bialgebra and quantum group is
given in this way.

Proof We check that conditions (P1) and (P2) from Definition D hold for (1). A
similar argument can be made for (2). By Proposition 3.1.2, we know that ﬁll (A) =
Al e A, so that @l(A)l = AT ® Aj. By Lemma 3.2.1, one can check

end (@)l arga, =idar ® (@la,)  and  end” (™) )arpa, = @7 '1a)* ®ids,.  (322)

It suffices to verify the conditions (P1)—-(P2) on the generating space A} ® Ay of

@l(A), which we will do using (3.2.2). As before, we choose a basis {x, ..., x,}
for A; with a dual basis {x!, ..., x"} for A} and write z’; =x"@x; € AT ® A
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as the degree one generators of ﬂil (A) for 1 < j, k < n (see [22, Chapter 6]). The
comultiplication on %11 (A) is given by (3.1.2). Moreover, (3.2.2) yields

@1@)(2];) =end () (x* ® x)) = Z @ ajxs = Z ajz¥, and  (32.3)

1<s<n 1<s<n

end (¢7HE) =end (0™HF @x) = Y bux' @x;= Y budl, (324

1<l<n 1<i<n

where ¢(x;) = ) ajsxs and @ H'xh)= bljxl. Here the matrices (a;;)
1<s<n I<I<n
and (by;) are inverse to each other. Thus, we have for (P1):

(end' () ®id) 0 A(Z) = (end' (¢) ® id) ( > zf}@z{f) =Y ad@C)Hef= ) e

1<i<n 1<i<n 1<i,l<n

1<l<n 1<l<n

=) ajA@E)=A ( > aﬂzf‘) = Aoend ($)(2h),

and

(d® end (4™ ))oAGN = ) doed @)= ) budi®zn= ) bwAc)

1<i<n 1<i,l<n I<l<n

=A ( 2 bzkzﬁ) = Aoend (671G,

1<l<n

And for (P2):

eend’ (¢~")' o end'()(zh))

elend @' | D au || = D ajibucs
1<i<n 1<i,l<n

= Z ajibpe(l) = Z Sitajiby = Z ajibik=5jk=8(zlj-)~

1<i,l<n 1<i,l<n I<i<n

Finally, suppose (¢1, ¢) is any twisting pair of end’(A) = A'e A. By (P1),
¢ : A'eA — A'eA is aright comodule map, where the comodule structure on A'e A
is given by its comultiplication A. Write the degree one part of A'e A as C = AT®A],
which is isomorphic to the matrix coalgebra M, (k)*. By a direct computation, using
(P1), and the definition of the comultiplication on C, we can write

$lc =id® ¢ forsome ¢ € GL(A}).
By Lemma 2.1.6, we have

dilc = @ H*®id,
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where (¢~ 1)* € GL(AY). In view of (3.2.2), it remains to show that ¢ : A} — A
can be extended to an algebra automorphism of A. We have

R(A' e A) = (¢2 ® $2)(R(A' @ A))

Sey (R(AY: @ R(4))

(d® ¢ ®id® ¢) (5(23)(R(A’) ® R(A)))
= Sos) (R & @ @ HRM)).

Hence (¢ ® ¢)R(A) = R(A) and ¢ can be extended to a graded algebra automor-
phism of A = k(A)/(R(A)). We can similarly argue forend" (A) = A e A'. Finally,
twisting pairs of aut(A) can be derived from Propositions 3.1.3 and 2.1.12. U

As a consequence, the universal bialgebra of the Zhang twist of any quadratic
algebra is isomorphic to some Zhang twist of the universal bialgebra of the original
quadratic algebra.

Theorem 3.2.4 Let A be a quadratic algebra and ¢ be any graded automorphism of
A. Then we have bialgebra isomorphisms

ml(A% ~ ml(A)m]((ﬁ)om’(((fl)!) and end’ (A%) = end” (A)@V(qb)oml(((b*])!)_

Proof We show this for end’, as the argument for end” follows similarly. By
Lemma 3.1.4, end (A) satisfies the twisting conditions. Then Lemma 3.2.3 implies
that (@’((df‘)!),@l(gb)) is a twisting pair for @l(A). By Proposition 2.3.2
(1) and (P3), we know that end”((¢~")") o end'(¢) = end'(¢) o end’((¢~")")
is a graded bialgebra automorphism of ﬂll(A). So, Proposition 2.2.2 shows that
end! (A)end' @)oend” (™)) ig 3 well-defined bialgebra. Finally, by Proposition 3.1.2
(2), Lemma 3.1.1, and a right twist version of Lemma 3.2.2, we have algebra
isomorphisms

' 322 N N
end (A?) = (4%) o 4% = (ANP ™) 0 A? = (A o A)end @oend (7)) = ongd! (4)end @oend (@7

and it is straightforward to check that all isomorphisms respect the coalgebra
structures as well. O

Since H(end(A)) = aut(A), for any graded bialgebra automorphism v of end(A),
there is a unique graded Hopf automorphism, denoted by H (1), of aut(A) such that
the following diagram commutes:

end(A) —— aut(A)

‘) |

end(A) —— aut(A).
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In particular, for any graded algebra automorphism ¢ of A and ¥ = end(¢), we may
write
aut(¢) := H(end(¢)).

Moreover, in view of Proposition 2.1.12 and Lemma 3.2.3, the twisting pair
(end” (¢~ 1", @l (¢)) for @l(A) can be lifted uniquely to a twisting pair for
aut’(A), which we denote by (aut”((¢~")"), aut' (¢)). Similarly, we denote by
(aut’ (#), aut! ((¢~1)")) the unique lifting of the twisting pair (end” (#), end’ (¢~1)"))
from end” (A) to aut” (A).

Theorem 3.2.5 Let A be a quadratic algebra and ¢ be any graded automorphism of
A. Then we have Hopf algebra isomorphisms

Lml(A¢) ~ Lml(A)@l(¢)o@’((¢’l)!) and athr(Aqb) ~ a7utr(A)@"(q&)o@l((qu)!).

Proof This follows from Theorem 2.2.1, Proposition 3.1.3, and Theorem 3.2.1 since

aut' (A?) = H (ﬂil (A¢)) = 7 (end (A)2d @oend (671,
=~ aut (A)Hend @eend (671)) = yufl (4)au @oaut’ (971
The argument for aut” (A?) is similar. 0

Theorem 3.2.6 Let A be a quadratic algebra and ¢ be any graded automorphism of
A. Then

(1) aut'(A?) is a 2-cocycle twist of aut'(A) with the 2-cocycle o : aut' (A) ®
a_utl(A) — k given by o (g, h) = s(g)s(a_ml(qﬁ)‘g'(h)), for any homogenous
elements g, h € aut' (A).

(2) aut’(A?) is a 2-cocycle twist of aut’” (A) with the 2-cocycle o : aut’ (A) ®
aut’(A) — k given by o(g, h) = e(g)e(aut' (¢~ ))& (h)), for any homoge-
nous elements g, h € aut” (A).

As a consequence, aut(A) and aut(A?) are Morita-Takeuchi equivalent.

Proof This follows from Theorem 2.3.1, Lemma 3.1.4, Lemma 3.2.3, and Theo-
rem 3.2.2. O]

4 Twisting of Solutions to the Quantum Yang-Baxter Equation

In this section, we apply 2-cocycle twists formed by twisting pairs to obtain a fam-
ily of new solutions to the quantum Yang-Baxter equation (QYBE). Let V be a
finite-dimensional vector space over k and R € Endy (V®2) satisfy the QYBE.
We first apply the Faddeev-Reshetikhin-Takhtajan (FRT) construction to obtain a
quadratic bialgebra A(R) that is equipped with a coquasitriangular structure given
by R. By explicitly classifying all twisting pairs of A(R), we find the corresponding
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2-cocycles o on the Hopf envelope of A(R) when it is the localization at some nor-
mal group-like element g (for instance, see [19, Theorem 4.10]). Since the 2-cocycle
twist (A(R)[g~'1)° preserves the braided structure of the comodule category over
A(R)[g™ "], it is again a coquasitriangular Hopf algebra with new twisted solutions
R? to the same QYBE. Readers may refer to [9, 17] for additional background on
the QYBE and tensor categories.

4.1 FRT Constructions and Their Twisting Pairs

We first review the FRT construction and the coquasitriangular structure on a
bialgebra as given in [9, Section 5.4].

Definition 4.1.1 [9] Let V be a finite-dimensional k-vector space and R €
Endy (V®?). Then R is called a solution of the quantum Yang-Baxter equation
(QYBE) if

R12ZR13R® — RBRVR2, 4.1.1)

where R = 3" R; ® Ry € Endy (V®?) = Endy (V)®? and R'> = Y R} ® R, ® id,
RB =Y R ®id® Ry and R? =Y id ® R ® Ry € Endy (V®3).

Let V be an n-dimensional k-vector space with fixed basis {xi, ..., x,}, and let
R € Endi(V®?) be a solution to the QYBE. We may describe R as an (n? x n?)
matrix over k with entries R;} € k such that

ROy ®x)= Y. Ryxi®xj, forl<kl<n. 4.1.2)

1<i,j<n

Then the FRT construction yields a bialgebra, denoted by A(R) with explicit gen-

erators and relations. As an algebra, A(R) is generated by n? generators {t }l j=1

subject to the following n*-relations:

Z RM It = Z R;fut,"j, (4.1.3)

1<k,I<n 1<k,(<n

forall 1 <u,v,i, j <n.The coalgebra structure on A(R) is given by

AchH= Y e, et =4 (4.1.4)

1<k<n
where 81.] is the Kronecker delta.

Definition 4.1.2 [9] A coquasitriangular (or braided) bialgebra (resp. Hopf algebra)
is a pair (B, 6), where B is a bialgebra (resp. Hopf algebra) and 0 : B® B — kis
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a k-linear map such that

Do0(x1, yDyaxa =Y 60(x2, y2)X1y1

O(x,1) =¢ex)
0(x,yz) =3 0(x1, y)0(x2, 2) (4.1.5)
6(1,x) =ex)

O(xy,z) =Y 0(y,z21)0(x, 22)
forall x,y,z € B.

Let B be any bialgebra, and let comod(B) be the category of all right B-
comodules. It is straightforward to check that B has a coquasitriangular structure
0 : B® B — Lk if and only if the tensor category comod(B) is braided. In such a
case, the braiding

{te(X,Y): X®Y > Y®X | X,Y € comod(B)}
is given by
(X, Y)x®y) = Zyl Qx10(y2,x2) forxe X,yeVY. (4.1.6)

In the FRT construction A(R) for some solution R € Endy (V®2) of QYBE, we
observe that V becomes a right A(R)-comodule via p : V — V ® A(R) such that

px) =Y x;®1 4.1.7)
j=1

for 1 <i < n. The following results are well-known for the FRT construction.

Proposition 4.1.3 [9] Let A(R) be defined as above. Then we have

(1) Rort:V® - Vv®2jsan A(R)-comodule map, where T : V&2 — V2 js the
usual flip map.

(2) Let B be a bialgebra. If V is a right B-comodule viap’ : V — V®B and Rot
is also a B-comodule map, then exists a unique bialgebra map f : A(R) - B
such that (id® f)op = p.

(3) A(R) has a coquasitriangular structure 6 : A(R) ® A(R) — k where
Ot t]) = Ry, forall 1 <i, j,v,u <n.

We follow the notation used in the construction of A(R) to write the entry in the
ith row and the jth column of an n x n matrix A as a;.. The next result classifies all
twisting pairs of A(R).

Lemma 4.1.4 Let A(R) be defined as above. Then every twisting pair (¢1, ¢2) of
A(R) is determined by its values on the generators {tl-] J1<i, j<n Such that

oahH =3 alsl  and g =Y pilrt,

1<u<n 1<u<n
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where the matrices (aij ) and (B})) are inverses of each other and the following

equations
Z Rklot{, - Z Ruotoz

1<k,l<n 1<k,l<n

holdforall 1 <u,v,i, j <n.

Proof 1t is a direct computation by using Theorem 2.1.1, since any algebra homo-
morphism A(R) — kis determined by a map defined on the generators (tij ) > (ocij )
that vanishes on the relations (4.1.3). O]

We point out that by letting deg(tij ) =1forall 1 <i,j < n in the definition
of A(R), the bialgebra A(R) becomes a quadratic algebra and satisfies the twisting
conditions (T1)—(T2) in Definition B.

Now, let n > 2 be any integer and let V be an n-dimensional vector space with
a fixed basis {vy, ..., v,}. For any scalar ¢ € k*, we consider the classical Yang-
Baxter operator R; on V (cf. [33]) given by

qu; Q@ v; i=j
R;(vi ® vj) = v ®v; i<j (4.1.8)
VRV +(g—qg Hv;®v i> ).

In the following, we will classify all twisting pairs of the FRT construction A(R).

Example 4.1.5 Let n > 2 be an integer and let ¢ € k™ be any scalar. The
one-parameter quantization of the coordinate ring of n x n matrices O, (M, (k))
is the algebra generated by n>-generators {x; i}1<i, j<n subject to the relations (see
[38, Section 1]):

qXksXus = XusXks if k<u
qXksXkv = XkyXks if s<v
. 4.1.9)
XusXkv = XkvXus if s<v,k<u

XusXky = Xk Xus + (@ — q_l)xksxuv if s<v,u<k.
Moreover, O, (M, (k)) is a bialgebra with coalgebra structure given by
A(xij) = Z xix®xg; and  e(x;j) =8, foralll <i,j<n. (41.10)
1<k<n

In particular, there is a central group-like element g of O, (M, (k)), called the g-
determinant, defined by

g:= D )% Xoqums @.1.11)
og€eSs,

where /(o) denotes the length of the permutation o, that is, the minimum length of
an expression for o as a product of adjacent transpositions (i, i + 1).
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Proposition 4.1.6 [33, Proposition 4.3, Definition 4.5, Lemma 4.8, Corollary 4.10]
Retain the notations above. Then we have

(1)  A(Ry) is isomorphic to Oy (M, (k)) as coquasitriangular bialgebras.

(2) The central group-like element of A(Ry) corresponds to the q-determinant of
O (M ().

(3) The Hopf envelope of A(Ry) is isomorphic to O4(GL,, (k)).

The Hopf envelope of O, (M}, (k)) is the localization of O, (M, (k)) at g, which
is usually denoted as O, (GLj,(k)), called the one-parameter quantization of the
coordinate ring of the general linear group.

Now, we classify all twisting pairs of O,(GL,(k)) and give explicit formulas of
the corresponding 2-cocycles.

Proposition 4.1.7 All twisting pairs of O4(GL,(Kk)) are of the form (¢1, ¢2), where
¢1 and ¢, are given by

é1(x11) -+ d1(x1n) Xi1 o Xip\ Q11 ccc i
d1(xn1) -+ d1(xnn) Xnl *** Xnn Apl + - Upp
and
-1
$2(x11) -+ P2(x1n) arp e Alp X e Xl
G2(xn1) -+ $2(xpn) Qnl * - Onp Xnl **° Xnn

with (a;j) € GL, (k). Moreover, we have the following.

(1) Ifq =1, then for any (a;;) € GL,,(k), the maps (¢1, ¢2) defined above form a
twisting pair.

(2) Ifchar(k) # 2 and q = —1, then (a;;) defines a twisting pair as above if and
only if it is a generalized permutation matrix.

(3) If q # =*1, then («;;) defines a twisting pair as above if and only if it is
diagonal.

In particular, ¢1(87") = (=1 |(@ij)| 7 g7, pa(g™") = (=D D)(@ij)lg™", and
¢1 o ¢2(g_1) = g_l, where T = id if g # —1, and © € S, such that |(o;;)| =
DDy @ if g = —1.

Proof By Lemma 4.14, we can write ¢ and ¢; as above, represented by two matrices
(a;j) and (B;;) that are inverse to each other. In particular, the map 7 : (x;;) > (@;;)
is an algebra map from O, (GL, (k)) — k.

In the following, we use the explicit relations in O, (GLj,(k)) stated in Exam-
ple 4.1.5 to determine 7.

When g = 1, there are no restrictions on (a;;).

When g = —1 and char(k) # 2, we have og0t,s = x5, = 0 whenever k # u.
This implies that («;;) is a generalized permutation matrix.
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When g # =£1, we have o0, = agras, = 0 whenever k # u and o500, =
0 whenever s < v and u < k. The first part implies that (c;;) is a generalized
permutation matrix as before. Now suppose we have some «,,,, # 0 for some u # v.
Without loss of generality, say u < v. So we get ays = O forall s < v and u < k.
This implies that the nonzero entries in the last n — u rows should be concentrated in
the last n — v columns regarding the matrix (e;;). This is a contradiction since it is a
generalized permutation matrix and n —u > n — v. Therefore, o, # Oonlyifu = v
and so (e;;) is indeed diagonal.

Next, we describe the maps ¢1, ¢ on g. For X = (x;;), we can write ¢1(X) =
(¢10x1)) = X - (eip) and ¢a(X) = (@)~ - X. By (4.1.11), g = |X|. 50 p1(g) =
$1(1X 1) = 1¢1(X)|4- One can see that

X - (aij)lg = XikOkj
q
1<k=<n q
-
= Z(—CI) @ Z Xo(Dk @yl | - Z Xo (n)ky Uk
ogES, 1<ki1<n 1<k,<n
-
= Z(—Q) @ Z Xo (Dky ** " Xo (n)ky @y 1 *** Qheyn-
ogES, I<ke<n

If g = 1, then |X - ()| = |X||(tij)| = |(aij)|g. If ¢ # *£1, then since («;;) is
diagonal, we have

91(g) = Z (—C])_I(U)xa(l)l C X (mnd11  Oan = ()8

oeS,
If ¢ = —1, then («;;) is a generalized permutation matrix, and so |(c;;)| =
(—l)l(f)a,(l)l -+~ 0z (n)n for some 7 € S,. Therefore, for this T we have

¢1(8) = Z Z Xa(ky *** Xo (n)ky Oky 1+ ** Qhyn

0€S; 1<ke=n

= Z Xo()t(1) " " Xom)t(m)Xr (1)1 * " Ar(n)n

oeS,

= (_1)l<r)|(aij)| Z Xo(h)r () *** Xo ()t (n)-

o€eSy,

By (4.1.9), xysXpy = XppXus if u # k, and s # v. Thus,

$1(8) = (=D'PN@i) D xoy1++ Xomm = (=D P|(@ij)lg.

oeS,

Similarly, we have ¢»(g) = |(ocij)_1 lgifg # —1and ¢a(g) = (_1)l(f)|(al_j)—1 g if
g = —1. Since ¢; and ¢, are algebra maps, we conclude that the images of ¢1 (g™ "),
$2(g7") and ¢1 o ¢2(g~ ") are as in the statement. 0
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Corollary 4.1.8 Retain the notation in Proposition 4.1.7. The right Zhang twist of
04 (GL, (k) by ¢1 o ¢y is isomorphic to the 2-cocycle twist of Oy (GL, (k)) by the
2-cocycle o such that

Pl ps —r _qi k. —t
i i 8 s Xuvy Xy 8 )

= (=)™ a8 (@) ™™ )™ (@) ™™g ) ™ i)™,

where m = p1+ -+ ps —nr and 1 < i, jo, Ue, Ve < N and Pe, e, S, k, 7,1
are non-negative integers; and T = id if ¢ # —1 and © € S, such that |(a;;)| =
(=D e if g = —1.

o(x

Proof We know ¢ ((x;;)) = (oe,-j)_l(x,-j). So it follows from Theorem 2.3.1 and
Proposition 4.1.7 that

P Ps = q1 k. —t
U(xiljl o 'xiyjj.\-g " Xuyy X8 )
= 8(xi11)]jl . -xi]:;xg_r)g((pé”(xg}vl e ngvkg_t))
—1\\?
= 8i1j1 e (Sisjsg(d)gl (xulv]))ql e g(d)gl(xukvk))qu(d)gl (g ))
91 Gk
= Siyji - 8igji€ Z ((a’/) )le Kwvy € Z ((Oé,]) )ukw Xwog
1<w=<n 1<w=<n

t
e (D Pl@plyg™)
= (=D"™O8 gy iy (@) ™)™ (@)™ o)™ [(ip™,
where T = id if ¢ # —1,and 7 € S, such that |(e;;)| = (= D!z 1y -+ - otz uyn if
q=-—1. O

4.2 Twisting of Solutions to the Quantum Yang-Baxter Equation

In this subsection, we propose an algorithm to find new solutions to the quantum
Yang-Baxter equation by applying twisting pairs to the FRT construction.

Let H be any Hopf algebra with some 2-cocycle o : H ® H —> k. Then we have
the following Morita-Takeuchi equivalence:

®
comod(H) = comod(H?),

where the tensor equivalence functor (F, Fy, F3) : comod(H) g comod(H?) is
given by F = id is the identity functor, F1 =id : F(k) = k, and

{FRXQY) FX)Qs; F(Y) > F(X®Y)|X,Y € comod(H)}
is given by
X Qs y > Z)q ® yla_l(xz, y2), foranyxe X,yeY. “4.2.1)

The following result is well-known (e.g., see the discussion in [21, p. 61]) and we
include the proof for the convenience of the reader.
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Lemma4.2.1 Let (H, 0) be a coquasitriangular Hopfalgebraando : HQH — k
be a 2-cocycle on H. Then the 2-cocycle twist H is again a coquasitriangular Hopf
algebra with the new coquasitriangular structure 0° : H° @ H° — k given by

6°(g, h) = o (g1, h1)6 (g2, ha)o ' (h3, g3), forallg,h € H®.

Proof As discussed above, having a coquasitriangular structure on a Hopf algebra is
equivalent to having a braided structure on its comodule category. Since the comodule
categories of H and of its 2-cocycle twist H? are tensor equivalent [14], we can
transfer the braided structure from comod(H) to comod(H?) by applying (4.1.6).
We define the braiding t° on any two objects F(X), F(Y) € comod(H?) to make
the following diagram

o

FOV)® F(W) =" F(W) ®, F(V)

FQ(V,W)l TFZ(W,V)'

Fvew) VW) powe vy

commute. Then it is straightforward to check that

5w (v ® w) = Y wi @ vio (wa, 12O (w3, v3)o ™ (g, wa) = Y w1 @ V16 (w2, v2)
for any v € V, w € W. This proves our result. [
Proposition 4.2.2 Let (H, 6) be a coquasitriangular Hopf algebra. Suppose H sat-

isfies the twisting conditions (T1)—(T2). Then for any twisting pair (¢1, ¢2) of H, we
have

0% (x,y) = 9(¢|1y|(x), q)lle(y)), for all homogeneous elements x,y € H°

is a coquasitriangular structure on the 2-cocycle twist H®, where o : H @ H — k

is givenbyo(x,y) = e(x)e(qﬁlzx‘ (v)) for all homogeneous elements x,y € H.

Proof By our main result Proposition 2.3.2, o is a well-defined 2-cocycle on H

with convolution inverse o~ (x, y) = S(X)S((bllxl (y)) for all homogeneous elements

x,y € H.Thus, by Lemma 4.2.1, we get
07 (v, w) = Y o (v, w)O(v2, wa)o " (w3, v3)
Y e(wne@y ! (wi)o (v2, wo)e(ws)e @) (v3))
3 e@y w)o w1 woe(d)" (v2))
= 0 (Y vie@" W), Y@ i)
Do (3o e} @, Y@l el w)
= 00" ), ¢} (w)).
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Let V be an n-dimensional vector space for some positive integer n > 2, and let
R € Endy (V®?) be a solution to the quantum Yang-Baxter equation. Recall the FRT
construction A(R) by (4.1.3) and (4.1.4).

Definition 4.2.3 Retain the notations above. For any 2-cocycle o on A(R), we define
the twisted R° € Endj (V®?) as

(RO = Y0 ol )Rygo ™ @f.a)),  foralll <iijikl<n.

1<u,v,p,g<n
The following result is straightforward.

Lemma 4.2.4 Let o be a 2-cocycle twist on A(R). Then we have
A(R)’ = A(R?)

as bialgebras. As a consequence, R® € Endy(V®?) is another solution to the
quantum Yang-Baxter equation.

Corollary 4.2.5 Retain the notations above. Suppose the 2-cocycle o on A(R) is
given by some twisting pair (¢1, ¢2) as in Lemma 4.1.4. Then we have

= Y ofRYB,. foralll <i jk.l<n,

1<p,v<n

is another solution to the quantum Yang-Baxter equation in Endy (V ®2).

Proof 1Tt is a straightforward computation:

(RO = > ol thRe™ (1,4

I<u,v,p,q=<n

= Y. etDehr))ReetDe@1G]))

1<u,v,p,q<n

= Y @RSy = Y ol RyB,

1<v,p<n 1<p,v<n

O

Finally we apply our previous results to find all twisting solutions to the quantum
Yang-Baxter equation from the classical Yang-Baxter operator R, .

Proposition 4.2.6 Let R, € Endy (V®?) be the classical Yang-Baxter operator as
in (4.1.8). Let (¢1, ¢2) be a twisting pair of A(Ry) as given in Lemma 4.1.4. Denote
by o the 2-cocycle corresponding to the right Zhang twist of ¢1 o ¢o. Then the new
solution (R;)° to the QYBE in Corollary 4.2.5 is described as follows:

(1) Ifg =1, then ((Ry)°);; = o B,
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2) Ifq = —1, then ((Rq)")i.c = (—1) SI 1(1)8r(1) f‘(alj)_l,for some permuta-
tion T € S, such that Otj- # 0 whenever j = t(i).
kl kl _
(3) Ifq # %1, then ((Rq)“)l.j = (Rq)l.j al (@)L

Proof Write the R;-matrix as follows

) 8187, if i<
(Rq)ij = 158 4. if i=j
816] +8i8k(q —q7"). it i>j.

Recall that ¢1 (1)) = ", &ty and o (t]) = 3°, o, Bil 1! where (o)) and (B;))
are n x n matrices inverses of each other. We apply Corollary 4.2.5 in the following
three cases.

Case 1: If ¢ = 1, then we have

4
(R)7);; = . o RYBL = RBL = af B
1<p,v<n
Case2: Ifg = — 1, then we have
kj 5k
(RN = = Y o RYB =ofRIB = (1) of B,
1<p,v<n
Since (ozj.) is a generalized permutation matrix, there is some t € S, such that ozj. #0
if j = 7(i) and aj. = 0if j # t(i). Then ,3;'. = (a{')—l ifi = 7(j) and ﬁ;l =0if
i # 7(j). Hence, '
ko J
((Rq)“)i = (-1)% ST l(l)SrU)a (@)

Case 3: If ¢ # %1, then (aij ) and (ﬁij ) are invertible diagonal matrices. Then we
have

8i8) af @h!, if i<
(RS = D o RyB = alRiE = 818 ol (@' q, if i=j
1 A . .
spvsn (s8] + i85 —a™) o @D 7", it Q> .
O
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