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HOPF ALGEBRA STRUCTURES ON FREE UNITARY EXTENDED
ROTA-BAXTER ALGEBRAS

BY

XIAOJIAO ZHOU and HUIZHEN QIU

Abstract. As a common generalization of operator forms of the classical Yang—
Baxter equation and the modified classical Yang—Baxter equation, an extended Rota—
Baxter operator has been found in various algebraic structures, such as Laurent series,
owing to their importance in the Hopf algebraic approach of Connes and Kreimer to renor-
malization in quantum field theory. We present an explicit construction of free objects in
the category of extended Rota—Baxter algebras via bracketed words. We then equip this
free object with a bialgebra structure via its universal property, and further show that the
free object possesses a Hopf algebra structure.

1. Introduction. As a remarkable coincidence, Rota—Baxter algebras
and Hopf algebras simultaneously appear in the algebraic approach of Connes
and Kreimer to renormalization in perturbative quantum field theory [12,13].
Let X\ be a scalar. A Rota—Bagzter algebra of weight A is an associative al-
gebra A together with a linear operator P satisfying the Rota—Baxter equa-
tion
(1.1) P(x)P(y) = P(zP(y)) + P(P(z)y) + AP(zy), =,y € A.

In this case, P is called a Rota—Baxter operator of weight A. The notion of a
Rota—Baxter algebra was introduced in the work of G. Baxter in the fluctua-
tion theory in probability [9,[39]. Thanks to the pioneering work of Atkinson,
Cartier, Joni and Rota, Rota—Baxter algebras have found applications in a
broad range of areas, such as bialgebras [3| 4], Hopf algebras [1], operads [2],
combinatorics [I1], 37, 40], quantum field theory [I3|, number theory [22],
Yang—Baxter equations [5} 6] [7, [10] and group theory [8] 26]. See [24] 38] for
more details and further references.

As an associative analogue of the modified classical Yang—Baxter equa-
tion, the modified Rota—Bazter equation is defined to be

(1.2) P(z)P(y) = P(zP(y)) + P(P(x)y) + kzy, x,y € A.
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Here x is a scalar. Then P is called a modified Rota—Baxter operator of
weight k, and (A, P) is called a modified Rota—Bazter algebra of weight k.
Under a suitable transformation, a modified Rota—Baxter operator is just a
Rota—Baxter operator of a certain weight.

In order to put Rota—Baxter operators and modified Rota—Baxter oper-
ators in the same framework, the notion of an extended Rota—Baxter oper-
ator was introduced in [48], which can also be traced back to extended O-
operators [7]. More precisely, an extended Rota—Bagzter operator P of weight
(\, k) satisfies the extended Rota—Bazter equation

(1.3)  P(z)P(y) = P(zP(y)) + P(P(x)y) + AP(zy) + kzy, ,y € R.

Then (A, P) is called an extended Rota—Baxter algebra of weight (A, k). When
k = 0, we recover Rota—Baxter algebras of weight A\. When A = 0, we also
recover modified Rota—Baxter algebras of weight k.

Many classical examples of Hopf algebras are established on free ob-
jects in various categories. For example, the Connes—Kreimer Hopf algebra
of rooted trees is built on free commutative associative algebras [12]. Simi-
larly, the Loday—Ronco Hopf algebra of planar binary rooted trees, which is
isomorphic to the noncommutative version of the Connes—Kreimer Hopf al-
gebra (also known as the Foissy—Holtkamp Hopf algebra) [17) [18), 28], 30 [34],
is based on free associative algebras [32]. Some other examples are obtained
from free (tri)dendriform algebras [33]. More generally, in the operadic con-
text, Holtkamp [29] constructed Hopf algebra structures on free objects over
operads P equipped with coherent unit actions (see also [27, [31]), and proved
that the free P-algebra on a set X is a connected graded P-Hopf algebra.

In particular, explicit constructions of free Rota—Baxter algebras on a set
have been realized via different carriers, such as bracketed words, Motzkin
paths and decorated rooted trees [16, 23]. More significantly, in the last cou-
ple of years, Hopf algebra structures on free noncommutative Rota—Baxter
algebras have been obtained by means of bracketed words [20], leaf decorated
forests [41] and angularly decorated rooted trees [44].

For the commutative case, the free object in the category of commutative
Rota—Baxter algebras was first constructed by Rota [38]. It has been proven
that its construction is closely related to Spitzer’s identity and Waring’s
formula for symmetric functions. Moreover, it is worth mentioning that free
commutative Rota—Baxter algebras with arbitrary weight are constructed
by mixable shuffles [25], and have also been equipped with a Hopf algebra
structure [T}, [14].

In recent years, Zhang, Gao and Guo [42, 43| gave explicit construc-
tions of free commutative modified Rota—Baxter algebras by a variation of
the shuffle product, as well as in the noncommutative case by bracketed
words. Meanwhile, a Hopf algebra structure on the free (noncommutative)
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commutative modified Rota-Baxter algebra was established by applying a
Hochschild 1-cocycle condition.

What is more, through different variations of Hochschild 1-cocycle con-
ditions, several Hopf-like algebra structures are also provided on free (non-
commutative) commutative Nijenhuis algebras [21] [47] and free Rota—Baxter
systems [35] [36], as well as a cocycle Hopf algebra on free matching Rota—
Baxter algebras [45].

In [48], a free commutative extended Rota—Baxter algebra on a commu-
tative algebra is constructed by a generalization of the quasi-shuffle product.
On the other hand, in order to explore the derived structures from extended
Rota—Baxter algebras, an explicit construction of free nonunitary extended
Rota—Baxter algebras on a nonunitary algebra was obtained by bracketed
words [46].

In view of the great importance of free (modified) Rota—Baxter algebras,
this paper first aims to construct free unitary extended Rota—Baxter algebras
by combinatorical methods such as bracketed words. On the basis of the fact
that Rota—Baxter algebras have played a crucial role in Connes—Kreimer’s
Hopf algebraic approach to renormalization, it is desirable to investigate a
Hopf algebra structure on free unitary extended Rota—Baxter algebras. This
is the second purpose of this paper.

Here is the layout of the paper. Section [2] gives an explicit construc-
tion of free unitary extended Rota—Baxter algebras on a unitary algebra by
Rota-Baxter bracketed words (Theorem . In Section (3} the tensor prod-
uct of free unitary extended Rota—Baxter algebras is first equipped with
an extended Rota-Baxter operator of weight (), ) (Lemma [3.2). Then we
provide a comultiplication on free extended Rota—Baxter algebras via its
universal property. This comultiplication also satisfies a weighted 1-cocycle
condition, and then makes the free extended Rota—Baxter algebra into a bial-
gebra. We finally prove that this bialgebra is a connected filtered bialgebra
(Theorem [3.5]), and hence a Hopf algebra (Theorem [3.9).

Convention. Throughout this paper, unless otherwise specified, k is a
unitary commutative ring, which will be the base ring of all modules, al-
gebras, coalgebras, bialgebras, as well as linear maps. All algebras are as-
sumed to be unitary k-algebras.

2. Free unitary extended Rota—Baxter algebras. In this section,
we first recall the notion of a Rota—Baxter bracketed word, and then give
an explicit construction of free unitary extended Rota—Baxter algebras on a
unitary algebra by Rota-Baxter bracketed words.

2.1. Rota—Baxter bracketed words. Let A be a unitary algebra. We
always assume that A has a basis X U {1}, where 1 is the identity of A. Set
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X' := XU{|, |}, where | and | are symbols and are not in X. For any set Y,
let S(Y) be the free semigroup on Y.

DEFINITION 2.1. Let Y, Z be two subsets of S(X'). Define the alternating
product of Y and Z to be

av.z)=(UJotzp)u (U oiz)y)

r>1 r>0
u(Uuzm)u(Uazivyizl).
r>1 r>0

We next construct a sequence X,, by recursion on n > 0. When n = 0,
we define Xp := X U{1}. Assume that X,, has been defined for n > 0. Then
define

Xny1 = AX, X,) U {1}

For example, we have

2= (U 1z ) v (U etz u (U (1xo)x))

r>1 r>0 r>1
U (U (12) 0" 120) ) U {1},
r>0

Then X C J,~o (X[Xo])"X, and so X¢ C X;. Assume X,,_1 C X, forn > 1.
Then [X,,—1] C |X,]. By the definition of the alternating product, we have

Xn = A(X, Xn_1) € ACX, %) = Xpar.
Let
Xoo = lim X, = [ Xn.
n>0

An element of X, is what we call a Rota—Baxter (bracketed) word (RBW) [15),
2.

By [15, Lemma 2.3|, every RBW w # 1 admits a unique standard de-
composition

(2.1) W= Wi - W,

in which each factor w; alternately belongs to X or | X | for 1 < i < m with
m > 1. When wy € X (resp. wy € |Xoo|), we define the head h(w) of w to
be 0 (resp. 1). Analogously, if w,, € X (resp. w, € |Xx]), the tail t(w) of w
is defined to be 0 (resp. 1). The positive integer m is called the breadth of w,
denoted by bre(w). By convention, we set bre(1) = 0. We further define the
depth of w by

dep(w) ;= min{n|w € X, }.
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2.2. A construction of free unitary extended Rota—Baxter al-
gebras. Basic concepts for algebras, such as homomorphisms, subalgebras
and ideals, can be similarly defined for extended Rota—Baxter algebras. Thus
the class of extended Rota—Baxter algebras of weight (A, k) forms a cate-
gory together with extended Rota—Baxter algebra homomorphisms. We now
present the definition of free extended Rota—Baxter algebras of weight (\, k)
on a unitary algebra A.

DEFINITION 2.2. Let A be a unitary algebra. A free extended Rota—Baxter
algebra of weight (A, k) on A is an extended Rota—Baxter algebra (F'(A), Pa)
together with an algebra homomorphism j4 : A — F(A) such that, for
any extended Rota—Baxter algebra (R, P) of weight (A, k) and any algebra
homomorphism f : A — R, there exists a unique extended Rota—Baxter
algebra homomorphism f : F(A) — R such that f = f o ja, that is, the
following diagram commutes:

A4 L pa

Denote by
¢ (A) == kX
the free module with basis X.,. We now define a product ¢, on IITNC(A)
by defining w o, w' € MINY(A) for w,w' € Xo. We first define 1 to be
the identity of ¢.. Now suppose that w,w’ # 1. We use induction on n :=

dep(w) + dep(w’) > 0. For the base case n = 0, we have dep(w) = dep(w’)
=0, and so w,w’ are in X. Then we define

(2.2) woew ==w-w.

Here - is the product of A. When there is no danger of confusion, we may
omit the symbol “-”. For the inductive step, assume that for a given k& > 0,
w o, w' has been defined for all w,w’ € X4 with 0 < n < k. Consider the
case of n = k + 1. First, we take into account the case when bre(w) = 1 and
bre(w’) = 1, that is, w and w" are in X or in [X|. Sincen=%k+1>1, w
and w’ cannot be both in X. Then define
[w oe [w']] + [[w] oc @]

+ AMwoe W' | + ko, w  if w=|w] and v = |@'],
ww’ ifwe Xandw' € [Xoo],
ww’ if we |Xoo]andw' € X.

(2.3) woew =

Here the product in the first case is well-defined by the induction hypothesis,
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since

dep(w) +dep(|@']) = dep(|@]) +dep(@) =k,  dep(w)+dep(w') = k—1,

both < k. The product in the second and third cases is concatenation.
Secondly, we consider the case when bre(w) > 1 or bre(w’) > 1. By (2.1)),

we can write w = wy - - Wy, and w’ = w} ---w, ,. Define

/
m’»

where wy, ¢ w} is defined by (2.3 and the other products are given by
concatenation. Extending ¢, bilinearly gives a binary operation

0 : IYC(A) @ YC(A) — mIYC(A).
We give some properties of ¢, for later applications.

LEMMA 2.3. Let w,w' € Xoo \ {1}. If t(w) # h(w'), then for every
w” € Xoo,

(2.4) W o W' =Wy - Wiy 1 (Wi O W)W -+ - w

(2.5) (ww') o w” = w(w 0. w"), W o (ww') = (W 0c w)w'.

Proof. This follows directly from the definition of ¢, in (2.4). =
LEMMA 2.4. Let u,u',u"” € Xo. If the associativity
(uoe ) 0c " = uoe (u 0 u”)

holds when bre(u) = bre(u’) = bre(u”) = 1, then it holds for all RBWs.

Proof. If any of bre(w), bre(w’), or bre(w”) is zero, then the correspond-
ing element is the identity 1, and the claim follows from the definition of o..
Otherwise, we have bre(w),bre(w’),bre(w”) > 1, and we proceed by induc-
tion on m := bre(w) + bre(w’) + bre(w”), where m > 3. For the detailed

inductive steps, we refer to [46, Lemma 3.8], which is analogous to [I5]
Lemma 2.8|. =

Finally, for all w € X, we have |w| € X. We then define a linear
operator

P, 1YY (A) - Y9 (4), we |w].

For the rest of this paper, unless alternative notations are specifically given,
we will use the notation | | interchangeably with P.. Let

ix XU { 1} — X
be the natural injection which extends to an algebra homomorphism
ja: A— 1YY A).

With these preparations in place, we may now state the main result of
this section.
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THEOREM 2.5. Let A be a unitary algebra with a basis X U{1}.

(1) The triple (LINC(A), 0., 1) is a unitary algebra.

(2) The triple (NC(A), 0., P.) is a unitary estended Rota—Bazter algebra
of weight (\, k).

(3) The quintuple TUNC(A) := (INC(A),0¢,1, P.,ja) is a free unitary ex-
tended Rota—Baxter algebra of weight (A, k) on A.

Proof. By the definition of o, 1 is the identity of IIIYY(A). To prove
that (IIIN“(A),0.) is an algebra, it suffices to verify the associativity for
basis elements w, w’, w” € X, that is,

(2.6) (W oe W) 0 W = w oe (W 0 w").

We use induction on n := dep(w) + dep(w’) 4+ dep(w”) > 0. If n = 0, then
dep(w) = dep(w') = dep(w”) = 0, and so w, w’,w” € Xy. By (2.2)), we have

/ "o ;o / "
e e - - e e .
(W oe W) 0 W' = wwW'w = w o (W 0 w")

For a given k > 0, assume that (2.6 holds for 0 < n < k, and consider the
case of n =k +1> 1. If t(w) # h(w’), then by (2.5), we have

!

(woe w') 0 W = (wWw') 0 W = w(W 0¢ W) = w o (W 0 W").

Similarly, if t(w’) # h(w"), then by (2.5)) again,

(W oe w') 0 W = (w0 W = w o, (W'w") = w o (W o w").

It remains to treat the case where t(w) = h(w’) and t(w') = h(w”). By
Lemma [2.4] the verification of reduces to the case bre(w) = bre(w’) =
bre(w”) = 1. In this reduction, each of w,w’,w” lies in X U [Xs]. If any
one of them belongs to X, the head-tail equalities force all three to be in X,
and associativity follows directly from that of the algebra A. Otherwise,
all three lie in [X]|; we may write w = |w], v’ = |@'], and w" = |@"]
with w, w’, w"” € X . For this final case, the remaining verification is detailed
in [46, Theorem 3.5(a)| and is analogous to the proof of [I5, Theorem 2.6(a)].
By the definition of P, and , we obtain

P.(w)oe Po(w') = P, (Pe(w) e w/) +P, (w<>6 Pe(w’)) + AP (woew') + rwoew'.

Thus, P, is an extended Rota-Baxter operator of weight (A, &) on IINC(A).

Let (R, *, P,1R) be a unitary extended Rota—Baxter algebra of weight
(A, k) and let f: A — R be a k-algebra homomorphism. We will extend f
to an extended Rota-Baxter algebra homomorphism f : IIIYY(A4) — R by
induction on dep(w) > 0 for w € Xo. If dep(w) = 0, then w € Xg = XU{1}.
Define

(2.7) flw) = f(w), f(1)=1g.
For a given k > 0, assume that f has been defined for all w € ¥4 with
dep(w) < k, and consider the case of dep(w) = k+1 > 1 for w € X. Since
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dep(w) = k + 1, we have w € X;41\Xg. By the definition of X1, we have

i = (U (1)) u (U (i) x)

r>1 r>0

o (U @xdx)r)u (U (X iz uiay.
r>1 r>0
Assume w is in the first union component (J,,(X|X,])" above. Then

we can write
T

w =[] (wai—1|wa)),
i=1
where wo;—1 € X and we; € Xg,1 < i < r. By the definitions of ¢, and P,
we get
w = <7;61 (U)Qi,1 e Pe(wgi)).
1=

Define
(2.8) flw) = ii‘:l(f(wziq) * P(f(w2:))),

where f(wo;_1) and f(wg;) are well-defined by the induction hypothesis,
since wo; 1 € X and dep(wso;) < k. Similarly, we can define f(w) if w is in
the other components. This completes the induction and so the definition
of f. Extending by k-linearity, we obtain a linear map f : IIY“(4) — R,
which satisfies f o js = f by .

Note that for all w € X&, Pe(w) = |w] € Xo. Then by the definition
of f, we have

(2.9) f(Pe(w)) = P(f(w)).
Further, f is an algebra homomorphism, as follows immediately from the
proof of [46, Theorem 3.5(c)].

Finally, we prove the uniqueness of f. Suppose f is another extended
Rota-Baxter algebra homomorphism satisfying f o j4 = f. Then

f(w):f(w)7 w € Xoo,
which follows by induction on the depth n := dep(w) > 0. =

REMARK 2.6. Asmentioned above, the free unitary extended Rota—Baxter
algebrais constructed on the unitary algebra A = k(XU{1}), where 1 serves as
the identity element of the algebra IIINY(A). In contrast, for the construction
of free nonunitary extended Rota—Baxter algebras on an algebra B, we do
not require B to possess an identity element (see [46, Theorem 3.5|).

Accordingly, compared with the nonunitary case, the proof for the unitary
case IIINC(A) entails two additional verifications: first, that 1 acts as the
identity of IHeNC(A); and second, that associativity holds in all instances
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involving 1. Furthermore, when verifying the universal property for 1IN (A),
the unique extended Rota—Baxter algebra homomorphism is required to
preserve the identities. All the other steps of the verification are identical in
both cases.

3. Hopf algebra structures on free unitary extended Rota—Baxter
algebras. In this section we prove the existence of a bialgebra structure on
the free extended Rota-Baxter algebra IIIYC(A) by applying its universal
property. Furthermore, a Hopf algebra structure on HIEIC(A) is provided.

3.1. The bialgebra structure by the universal property

LEMMA 3.1. Let A := (A,ma,ua,Aa,c4) be a bialgebra. Let TIINC(A)
be the free extended Rota—Baxter algebra of weight (A, k). Let € k be a
root of t> — X\t + k. Then there exists a unique extended Rota—Baxter algebra
homomorphism . : TNYC(A) — k such that
(3.1) €e0ja=¢ca and gco0 P, = —pidyoc.

Proof. By a direct computation, —p idy is an extended Rota—Baxter op-
erator of weight (A, k) on k. Thus (k, —pidy) forms an extended Rota—Baxter
algebra. By the universal property of the free extended Rota—Baxter algebra
IINC(A), there exists a unique extended Rota Baxter algebra homomor-
phism e, : IIIYY(A) — k satisfying (3.1). =

In the following, for a given weight (A, k), assume that p € k is a root
of t> — A\t + k. We now construct an extended Rota Baxter operator on
INC(A) @ IINC (A). For this, the symbol ® is employed to denote the binary
operation in the tensor product algebra TN (A) @ Y (A). Moreover, we
define a linear map

Q : I (A) @ MY (A) — T (A) @ MYC(A)
by
(3.2) Qwaw'):=(P.(w)4pw)Re.(w)1+w@Pp(w'), w,w €Y (A).
LEMMA 3.2. The linear map @Q s an extended Rota—Bazter operator of
weight (A, k) on TN (A) @ MINC(A).
Proof. Let wy,wa, w),wh € YY(A). By , we have
Qw1 ® wh) = Qw2 ® wh)
= ((Pe(wr) + pwr) @ ee(wh)1 + w1 @ Po(w)))
" ((Pe(w2) + pws) ® ee(wh)1 + wo @ Pe(wh))
= ((Pe(wl) + pwy) o¢ (Pe(wz) + ,L“U2)) ® Ee(wll)ge(wlz)l
+ ((Pe(wl) + paw ) oe w2) ® 5e(w/1)Pe(w/2)
+ (wl e (Pe(w2) +Mw2)) ® Pe(w))ee(wh) + (w1 0cw2) @ (Pe(w)) 0¢ Pe(w3))
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= (Pe(w1 0¢ Pe(w2)) 4 Pe(Pe(w1) 0 wa) + APe(w1 0 wa) + KWy 0 w3)
® ee(w))ee(wy)1
+ (Pe(w1) 0c wa + pawy Oc Pe(w2) + (A — K) (w1 0c wa)) @ ec(w) e (wh)1
+ (Pe(w1) o wa) @ c(w)) Pe(wh) + p(wy 0c wa) ® ee(wh) Pe(w))
+ (w1 0 Pe(wz)) @ Pe(w))ee(wh) + p(wy 0 wa) ® Pe(w))ee(w))
+ (w1 0c w2) ® (Pe(wl ¢ Pe(wy)) + Pe(Pe(w}) o ws)
+ AP (w] e wh) 4 Kw) O wh)
(by replacing p? by A — &, since pu? — Ay + £ = 0)
= Pe(wi 0 Pe(w2)) ® ec(w)ee(wh)1 + Pe(Pe(w1) 0 w) ® ec(w})ee(wh)1
+ AP, (w1 0¢ wa) @ (W] )ee(wh)1 + p(Pe(wr) 0 wa) @ ee(w])ee(wh)1
+ (w1 o Pe(w2)) @ ee(wy)ee(wy)1 + Ap(wr o wa) @ ee(wy)ee(ws)1
+ (Pe(wr) 0 w2) ® ec(wh) Pe(wy) + pu(w 0c w2) @ ee(wy) Pe(wh)
+ (w1 0 Pe(wg)) ® Po(w))ee(wy) + pu(wy 0 wa) @ Po(w})ec(wy)
+ (w1 ¢ wa) @ Pe(wy 0¢ Pe(wy)) + (w1 0c w2) ® Pe(Pe(wy) oc wy)
+ Mwi ¢ w2) @ Po(w] 0c wh) + k(w0 w2) @ (W] 0 wh)
(by collecting the terms with k(w1 0 wa) ® ec(w))ee(wh)1).
On the other hand, we have
Q(w1 @ wh) Qw2 ® wy)) + Q(Q(w1 @ w) ™ (w2 @ wj))
+AQ((w1 ® wh) ™ (w2 ® wh)) + K(wy @ wi) ™ (wa @ wh)
= Q((wl ® w)) ™ ((Pe(w2) 4 pws) @ ec(wh)l + we @ Pe(wé))>
+ Q((( e(w1) + pwr) @ ee(wh)1 + wy @ Pe(w))) ™ (wo ® wé))
+AQ((w1 0e w2) ® (w] 0 wh)) + K(wi o w2) @ (wy G Wh)
= Q((wl O¢ (Pe(w2) + pwz)) ® (wll e 56(1‘)5)1) + (w1 0c wa) ® (wll e Pe(wé)))
+ Q(((Pe(wy) + pw:) 0c wa) ® (e (W) 10e wh) + (w1 0ew2) @ (Pe(w)) 0e w))
+ AQ((w1 0¢ w2) @ (wy 0 wh)) + k(w1 O w2) ® (W) 0 wh)
= Q((w1 0 Pe(w2)) @ whee(wh) + pu(wi o wa) @ wice(wp)
+ (wn 00 w3) @ (W) 00 Pu(uh) + Q((Pulwr) o0 wn) & e}
+ p(wi 0c wa) @ ee(wh)wh + (w1 0c w2) @ (Pe(w)) 0c wh))
+ AP (w1 0¢ w2) @ ge(w] 0 wh)1 + Ap(wy 0¢ wo) @ gc(w] 0 wh)1
+ Mwy 06 w2) ® Po(w] 0e wh) + k(w1 0 wo) @ (W 0 wh)
= (Pe(wl O Pe(w2)) + p(wr oe Pe(w2))) ® ee(wiee(wy))1
+ (w1 0¢ Pe(w2)) ® Pe(wice(wy)) + p(Pe(wi 0c wa) + p(wy oc w2))
® ec(wiee(ws))1 + p(wi o wo) ® Pe(wice(wy))
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+ (Pe(w1 0¢ wa) + (w1 ¢ wo)) ® c(w) 0¢ Pe(wy))1

4 (w1 00 w2) © Po(u), o, Pu(uh)

+ (Pu(Pu(w1) 00 ) + A(Pu(11) 0 0)) ® 2oz up)1

+ (Pe(w1) 0c wa) @ Pe(ge(w))wh) + pu(Pe(wi oc wa) + p(wr o ws))
® ee(ee(w))wy)1 + p(wy 0c wa) @ Pelee(wh)wh)

+ (Pe(w1 0c w2) + p(wi 0 w2)) @ ge(Pe(w)) 0 wh)1

+ (w1 0e w2) @ Pe(Pe(w]) 0e wg) + APe(w1 0¢ wa) @ ec(w] 0 wh)1

+ Mp(wr 0c w2) ® ee(w] 0 wh)1 + A(wi 0¢ wa) @ Pe(w] o¢ wh)

+ k(w1 0e w2) ® (W] 0e Wwh)

(Pe(w1 0¢ Pe(wa)) + pu(wi o Pe(w2))) ® ee(w))ee(wy)1

+ (w1 0 Pe(ws)) ® Pe(w) )ee(w))

+ p1(Pe(w1 0c w2) + p(wi 0 w2)) @ e(w))ee(ws)1

+ 1w 0¢ w2) @ Pe(w))ee(ws)

+ (Pe(wr 0c wa) + p(wi 0 w2)) @ ec(wh)ee(Pe(w)))1

+ (w1 0¢ w2) ® Pe(w] o Pe(w3))

+ (Pe(Pe(w1) oc wa) + p(Pe(wr) 0c w2)) @ e (wy)ee(ws)1

+ (Pe(wi) 0c wa) @ ee(w) ) Pe(ws)

+ f1(Pe(w1 0c w2) + p(wi 0c w2)) @ ee(wh)ee(wh)1

+ (w1 ¢ w2) @ ge(wy) Pe(ws)

+ (Pe(w1 0c w2) + p(wi 0 w2)) @ ee(Pe(w)))ee(ws)1

+ (w1 0 wa) @ Pe(Pe(wy) 0c wh)

+ AP (w1 0¢ w2) @ ge(w])ee(wh)1 + App(wy 0p wa) @ e (w])ee(wh)1

+ Mwy 0c w2) @ Po(w] 0e wh) + k(w0 wa) @ (w] 0 wh)

(by and e, being an algebra homomorphism)

(Pe(wl O Pe(w2)) + p(wy oe Pe(w2))> ® ge(wy)ee(ws)1

+ (w1 0¢ Pe(w2)) ® Pe(w))ee(ws)

+ p(Pe(wi 0c w2) + p(wi 0e w2)) ® e(w))ee(ws)1

+ p(wr 0 w2) @ Pe(w))ee(wh) — p(Pe(wr oc w2)

+ p(wi 0c w2)) ® ee(wh)ee(wy)l + (Wi e w2) @ Pe(w) o Pe(w)))

+ (Pe(Pe(wl) O wa) + p(Pe(w1) oe w2)) ® ee(wh)ee(wh)1

+ (Pe(wi) 0c wa) @ ec(w)) Pe(ws)

+ p1(Pe(w1 0 w2) + p(wi 0 w2)) @ ee(wh )ee(wh)1

+ pu(wr 0c wa) @ ee(w)) Pe(w))

— p(Pe(w1 0 w2) 4 p(wi 0¢ wa)) @ ee(wh)ee(wh)1

+ (w1 0¢ Wo) @ Po(Pe(w)) oe wh)
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+ AP, (w1 0¢ wa) @ e(w])ee(wh)1 4+ Ap(wy 0 wa) @ (W] )ee(wh)1
+ Awi 0 w2) @ Pe(w) 0c wh) + k(w1 0c wa) @ (w] oc w))
(by applying €. o P, = —pidy o, to the two underlined factors)
= Pe(w1 0¢ Pe(ws)) ® ee(w))ee(wh)1 + p(wr 0e Pe(w2)) ® ee(wh )ee(wh)1
+ (w1 0 Pe(w2)) ® Pe(wh)ec(wy) + pu(w 0 wa) @ Pe(wh)ee(wy)
+ (w1 0¢ wa) @ Po(w] 0¢ Po(wh)) + Po(Po(w1) 0e wo) @ gc(w])ee(wh)1
+ p(Pe(wi) 0c wa) @ ee(wh)ee(wy)l + (Pe(wi) 0 w2) @ ee(wy) Pe(w))
+ p(wi 0 w2) @ ee(wh) Pe(wh) + (w1 0c wa) @ Pe(Pe(w)) oc w))
+ AP (w1 0¢ wa) ® gc(w))ee(wh)1 + Ap(wy 0e wa) ® ee(w])ee(wh)1
+ Mwy 0 w2) @ Pe(w] 0¢ wh) + K(wy 0 w2) @ (w) o wp)
(by collecting terms with p(Pe(w; o wa) + pu(w1 0e w2)) @ee(w))ee(wh)1).

Then the ith term in the former expansion of Q(w; @ w)) ™ Qw2 ® w))
coincides with the o(i)th term in the latter expansion of

Q((w1 ® wy) " Qw2 ® wy)) + Q(Q(w1 @ wh) ™ (w2 ® wy))
+AQ((w1 ® wh) ™ (w2 ® wy)).
Here o € X4 is the permutation

i\ _ (12 3 45 6 789 10 11 12 13 14
o@) \1 6 11 7 2 12 8 9 3 4 5 10 13 14)

Thus, @ is an extended Rota—Baxter operator of weight (A, k). =

By Lemma (N (A) ® 1IYC(A),m Q) becomes an extended Rota—
Baxter algebra of weight (), ). By the universal property of IIIN(A), there
exists a unique extended Rota—Baxter algebra homomorphism

A, TYC(A) — TC(A) © TYC(A)
such that
(3.3) Acoja=A4 and A.oP.=Qo A..

LEMMA 3.3. Let €, and A, be as above. Define a linear operator on
LI (A) © LIFC(A) © MYC(A) by
(3.4) Qu®v@w) = (P.(u) 4 ) ® e0(v)1 ® e.(w)1

+u® (Pe(v) + pv) @ ge(w)l + u @ v ® Pe(w).

Then
(1) Q is an extended RotaBaxter operator of weight (\, k),
(2) (Id® Ae)Ae and (A, ®id)Ae are extended Rota—Bazter algebras homo-

morphisms from (IIINC(A), P.) to (IIYC(A) ® IIYC (A) @ IYC (A), Q).

Proof. The proof is similar to that of [48, Lemma 4.5|. =
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By direct calculation, we obtain

LEMMA 3.4. If P is an extended Rota—Baxter operator on an algebra R,
then both P ®id and id ® P are extended Rota—Bazter operators on R® R.

Define a linear map wu, : k — IIYY(A) by uc(1x) = 1. Then u, is the
unit map of IINY(A).

THEOREM 3.5. With the notations above, (IINC (A), o, Ue, Ae, ) forms
a bialgebra.

Proof. By Theorem (IINC(A), oc, ue) is a unitary algebra. Since A,
and e, are algebra homomorphisms, it remains to verify the coassociativity
of A, and the counicity of e.. For the coassociativity of A., we shall show
that

(A ®id)Ae = (id ® Al) A..

By Lemma [3.3(2), both (A, ® id)A,. and (id ® A.)A, are extended Rota—
Baxter algebra homomorphisms from (LINC(A), P.) to (IINC(A) @ 1INC (A)
® IINC(A), Q). Furthermore, by (3.3) and A.[4 = A4, we obtain

(Ae ®id)Ae 0jA = (Ae ®id)AA = (AA ®id)AA,
(d® A)Aeoju = (id® A)Au = (id @ Ag)As.

Since A4 is coassociative, we have
(A ®id)Ac 0 ja = (Ap ®1d)Ag = (Id @ Ay)Ax = (Id ® Ae)Ac 0 ja.
By the universal property of IIINC(A),
(id ® Ae)Ae = (Ae ®id) A,

as desired.
For the counicity of e, it suffices to prove that

(3.5) (e ®id)A. =B and (dd®e.)A = By,
where By and f3, are algebra isomorphisms given by
(3.6) Be:YC(A) » k@YY (4), u— 1k u,
Br:MINC(A) - IYC(A) @k,  ur u® .
Set
¢ =B (e ®id)A. and ¢ =B (id @ e.) A..

Since A, and ¢, are both algebra homomorphisms, ¢ and 1 are also algebra
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homomorphisms on HINY(A). For any w € HIYY(A), we have
poPe(w )* (5[1(€e®id)4 )Pe(w) = (87 (e @id)) (AcPe) (w)
(87 (e ®id)) (QAe) (w)  (by B.3))

= (B, L. ®id)) (Zwl ®w2> in Sweedler’s notation)

) (by (3.1))

= eo(w)Pa(wy) = Pe(zee(wﬂwz) = Pe(Z/Bz_l(Ee(wl)@)w?))
(w) (w)

= Pe(ﬁgl(ge(@id)Ae(w)) = PeOSO(w)-
Thus ¢ is an extended Rota-Baxter algebra homomorphism on IIINC(A).
By and ecla = €4,
poja=p; " (ce®id)Acoja =B, (e ®id)As = B, (e4 ®id) A4
=1id4 (by the left counicity of Ay).
By the universal property of IINC(A) again, we infer that ¢ = id, that

is, (. ® id)A. = B¢. The right counicity of A, can be checked by similar
arguments. m

3.2. The Hopf algebra structure by connected filtered condi-
tions. This section shows that the bialgebra (IHeNC(A),Oe,ue,Ae,z—:e) is a
connected filtered bialgebra, and so is a Hopf algebra.

DEFINITION 3.6. A bialgebra H := (H,mpg,up, Ag,eq) is called an
(increasing) filtered bialgebra if there are k-submodules H,,,n > 0, of H such
that

for all p,q > 0;
A(H,) C Zp+q:nH ® H, for all p,q,n > 0;
(e) Hy,=imuyg ® (Hy, ﬂkerz—:H) for all n > 0.

A filtered bialgebra H is called connected if Hy = imupy (= klg).
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Then by [19, Theorem 3.4|, we have

THEOREM 3.7. If H is a connected filtered bialgebra, then H is a Hopf
algebra.

DEFINITION 3.8. Let A= (A, mA,uA,AA,eA) be a connected filtered
bialgebra with basis X := X U{1}. Then X is called filtered if there exists
an (increasing) filtration X = |J,,5( Xn satisfying

A, =kX,, X Ckerey, Xo={1}.
Furthermore, if x € X,,\ X,,_1, then z is said to have degree n in A, denoted
by deg 4 (z).
We now give the main result of this section.

THEOREM 3.9. Let A := (A,ma,ua, As,ea) be a connected filtered bial-
gebra with a filtered basis X. Then the quintuple (INC (A), 0¢, e, Ae, ) is
a Hopf algebra.

Proof. By Theorem INC(A) == (YO (A), 0, Ue, Ae, €c) is a bial-
gebra. To prove that IIIYC(A) is a Hopf algebra, it suffices to prove that
1YY (A) is a connected filtered bialgebra by Theorem (3.7 For this, we first
define an increasing filtration of Y'Y (A) (= kX ). For u € X, we use in-
duction on dep(u) to define the degree of u, denoted by deg(u). If dep(u) = 0,

then v € X and we define

(3.7) deg(u) := deg4(u).

For a given k > 0, assume that deg(u) has been defined for all u € X, with
dep(u) < k, and consider the case of dep(u) = k+ 1 > 1. If bre(u) = 1, we
can write u = |u] for some @ € X, since dep(u) > 1. Define

(3.8) deg(u) := deg(u) + 1,

where deg(u) is well-defined by the induction hypothesis. If m := bre(u) > 2,
let w = uq - - - u,, be the standard decomposition of u. Then define

(3.9) deg(u) := deg(uy) + - - - + deg(um).
For simplicity, set H := IIYY(A) and Y, := {y € X | deg(y) < n}. In
particular, Yo = {1}. Denote

H, :=kY,, n>0.

Thus, we have Hy = k1 = im u,, proving the connectedness of H.

We proceed to prove that H is filtered. The argument is divided into five
steps (a)—(e), according to Definition

(a) For all n > 0, we have H,, C Hy1, since Y,, C Y, 1.

(b) For each n, Y;, C X, and so H, C H. For every y € X, y has a
degree, and so y € Yy, for some m. Thus H = J,,~q Hn.
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(c) For all p,q > 0, we prove that H,H, C Hp,, by induction on the
sum s :=p+q > 0. If s =0, then p = ¢ = 0. Let w,w’ € Hy(= k1). By
the definition of ¢., we have w ¢, w’' € Hy. For a given k > 0, assume that
H,H, C H,.4 holds for all s <k, and consider the case of s =k +1 > 1. If
p=0orq=0,then w = cl or w’ = ¢l for some ¢ € k, and so wo.w’ € Hp,.
Now suppose that p,q > 1. Let u € Y, and let v € Y,. Write u,v as their
standard decompositions:

U=uUy Uy, and v=v1---Uy.
Let ¢ := m +n > 2. There are two cases to consider.

CASE 1: £ =2. Then m =n =1, and so u,v are in X or |X]. If one
of u,v is in X, then by the definition of ¢, and (3.9)), we have

U0 ¥ = UV € Haeg(u)+deg(v) & Hptg-

If u, v are both in | X |, then write u = |@] and v = 9] for some @, v € X .

By ([2.3]), we have

UGV = U0 V] + [UOe V| + AU U + Kl 0 D.
By (3.8), we obtain
deg () + deg(v) = deg(u) + deg(v) = deg(u) +deg(v) —1 < p+q—1 =k,
deg(u) + deg(v) = deg(u) + deg(v) —2<p+qg—2=Fk—1.
By the induction hypothesis, we get 4 ¢c v, 4 e U € Hyeg(u)+deg(v)—1 and
U0e U € Hyeg(u)+deg(v)—2- BY (3.8) again, we have

I_HnJ g Hn+1-

Hence, [0 v], |10 U] € Hyeg(u)+deg(v), a0 [U0e V] € Hyeg(u)+deg(v)—1- SO
UOe V€ Hdeg(u)+deg(v) C Hpiq.

CASE 2: £ > 2. Then m > 2 or n > 2. We consider three subcases.
SUBCASE (i): m > 2 and n = 1. Then by ([2.4]), we have
UOe V= UTUQ "+ * Up—1 (U Oe V).

By (3.9), we have deg(u) = deg(ujuz « - - Upm—1) + deg(uy, ). Moreover, by the
proof of Case 1, we obtain u;, ¢c v € Hyeg(u,,)+deg(v)- Lhen by (3.9) again,
deg(u oe v) = deg(urug - + - Upm—1) + deg(tum, oe v)
< deg(utuz - upm—1) + deg(um) + deg(v)
= deg(u) + deg(v),

proving u ¢e v € Hgeg(u)+deg(v) © Hp+q-
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SUBCASE (ii): m = 1 and n > 2. The proof is similar to Subcase (i).
SUBCASE (iii): m > 2 and n > 2. Let v' = vy ---v,. So v = v1v’. Then
by the definition of ¢., we get
Uoe v = (10 v1)V.
By Subcase (i), we get u 0e v1 € Hyeg(u)+deg(vy)- Lhen by ,
deg(u o v) = deg(u o¢ v1) + deg(v')
< deg(u) + deg(vr) + deg(v') = deg(u) + deg(v),

proving u 0¢ v € Hgeg(u)+deg(v) & Hp+q- Hence, the proof is completed by
induction.
(d) We now prove that
(3.10) A(H,) C Y Hy®Hy n>0.
p+g=n
For this, it suffices to verify
(3.11) Acw)=> w®@wy€ Y Hy®Hy we Yy,
(w) ptq=n
where w; and wy are non-zero linear multiples of elements in X, with
deg(wy) + deg(ws) < deg(w). We use induction on deg(w) > 0. When
deg(w) =0, w = 1. Since A¢(1) =1®1, we have Ac(1) € >°, _, H,® H,.
For a given k > 0, assume that (3.11]) holds for deg(w) < k, and consider
w € X with deg(w) =k + 1 > 1. We consider two cases.

CASE 1: bre(w) =1. Thenwisin X C Aor [X]. fwe X C A by A
being a connected filtered bialgebra and (3.3)), we obtain

Ac(w) = Ac o ja(w) = Aa(w) = Zwl ® wa,
(w)
where deg(w;) + deg(ws) < deg(w). If w € X ], we write w = P.(w) for
some W € Xoo with deg(w) = deg(w) — 1 < k. By (3.3),
Ae(w) = Ae(PE(w)) = Q(Ae(w))

By the induction hypothesis on deg(w), we have Ac(w) = >~ ;) w1 ®wg with
deg(i1) + deg(i5) < deg(@) < k. Then by (§5) and (B0),

Aclw) = Q(A(@) = Q( Y mr © w)
(@)

((Pu(@1) + At) ® e, (2)1 + w1 @ P.(ig))
)

(P.(W1ee(02)) ® 14 Mbree(w2) ® 1+ (id @ P.) (w1 @ 02))
)

g

(

g

(
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=) PB (0 ®ee(W2) @1+ XY B (1 @ ee(wr)) @ 1
(w) (w)
+) " (1d ® P)(wy @ ws)
(@)

— P, (6;1(2w1 Deo(@))) @ 142081 (Y @ (@) @1
D (w)
+ (id® P) (Zwl ®w2)

= P.(B7 (id® ee)Ae( ) @1+ A8 (id ® &) Ae(w)) ® 1
+ (id ® P.)Ae(w)
=P (w)@14+Aw®1+ (id® P.)A(w)
=wR1l4+ A1+ (id® P.)A(w)
=wRl+ @1+ Y (1 & Po(ty)),
(w)
where
deg(w) + deg(l) = deg(w) < k+1, deg(w)+ deg(1l) = deg(w) < k,
deg(w1) + deg(P.(w2)) = deg(wy) + deg(ws) + 1 < deg(w) +1 < k+ 1.
CASE 2: bre(w) > 2. Then we can write w = wjyws, where wy,ws are

in X \{1} with bre(w;),bre(ws) > 1. By deg(w;),deg(wz) < k and the
induction hypothesis, we get

wy) = Z wip @wiz  and  Ag( Z w21 & Waz,

where deg(w;1) + deg(wi2) < deg(w;) and deg(wgl) + deg(wgg) < deg(wy).
Then

Ag(w) = Ag(wiwe) = Ae(wy 0 wo) = Ae(wy) ™ Ae(w2)

( Z wi1 & w12> ( Z w21 & w22)
(w2)

(w1)

= Z Z W11 O W21) ® (W12 Oe W22).

(w1) (w2)
Since H,H, C Hy,14, we get
w11 O W21 € Hyeg(wyy)tdeg(wzn) A W12 Oe W22 € Hog(wyy)+deg(was)-
Let w1 := w11 ©e w21 and let wo := w1y 0 woe. Then

=D ) i @y,

(w1) (w2)
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So
deg(wy) + deg(ws) < deg(wi1) + deg(way) + deg(wi2) + deg(wa2)
< deg(wy) + deg(wz) = deg(w).
This completes the induction and thus the proof of .
(e) Finally, we shall verify that
(3.12) H, =imu, ® (H, Nkere.), n>0.
Since ue(1lx) = 1 and e.(1) = 1y, we have e.u, = idk. Let ¢ = uee.. Then
©? = @, proving
(3.13) H =imp & ker p = imu, & kere,.
For n =0, Hy = k1 = imu, and Hy Nkere, = {0}, and so holds. For
n>1,let a € Hy,. Then we can write a = ec(a)l + (a — e.(a)1). Since
ge(a —ee(a)l) = ee(a) — ec(a) =0,
we have a — e.(a)l € kere,, and so H,, = imu, + (H, Nkere.). By ,
imu. N (Hy, Nkere.) = Hy, N (imue Nkere.) = {0}.
This finishes the proof of . "

By the above proof, we obtain

COROLLARY 3.10. With the notation above, for w = P.(w) € |X/, let
Ae(ﬁ)) = Z(m) w1 Q wy. Then

Ac(w) = (w+ X 0) @ 1+ Y (w01 @ Pe(t2)),
(@)
which is called a weighted Hochschild 1-cocycle condition.

Acknowledgements. We thank the referee for helpful comments.
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