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Double constructions of Frobenius algebras, Connes cocycles
and their duality

Chengming Bai

Abstract. We construct an associative algebra with a decomposition into the direct sum of
the underlying vector spaces of another associative algebra and its dual space such that both
of them are subalgebras and the natural symmetric bilinear form is invariant or the natural
antisymmetric bilinear form is a Connes cocycle. The former is called a double construction of
a Frobenius algebra and the latter is called a double construction of the Connes cocycle, which is
interpreted in terms of dendriform algebras. Both of them are equivalent to a kind of bialgebras,
namely, antisymmetric infinitesimal bialgebras and dendriform D-bialgebras, respectively. In
the coboundary cases, our study leads to what we call associative Yang—Baxter equation in an
associative algebra and D-equation in a dendriform algebra, respectively, which are analogues
of the classical Yang—Baxter equation in a Lie algebra. We show that an antisymmetric solution
of the associative Yang—Baxter equation corresponds to the antisymmetric part of a certain
operator called @-operator which gives a double construction of a Frobenius algebra, whereas a
symmetric solution of the D -equation corresponds to the symmetric part of an 9-operator which
gives a double construction of the Connes cocycle. By comparing antisymmetric infinitesimal
bialgebras and dendriform D-bialgebras, we observe that there is a clear analogy between them.
Due to the correspondences between certain symmetries and antisymmetries appearing in this
analogy, we regard it as a kind of duality.
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1. Introduction

Throughout this article, an associative algebra is a non-unital associative algebra.
There are two important (non-degenerate) bilinear forms on an associative algebra
given as follows.

Definition 1.0.1. A bilinear form B( , ) on an associative algebra A is invariant if
B(xy,z) = B(x,yz) forallx,y,ze A.

Definition 1.0.2. An antisymmetric bilinear form w( , ) on an associative algebra A
is a cyclic 1-cocycle in the sense of Connes if

w(xy,z)+w(yz,x) +w(zx,y) =0 forallx,y,z € A. (1)
We also call for abbreviation w a Connes cocycle.

1.1. Frobenius algebras. A Frobenius algebra (A4, B) is an associative algebra A
with a non-degenerate invariant bilinear form B( , ). It was first studied by Frobenius
([Fro]) in 1903 and then named by Brauer and Nesbitt ([BrN]). In fact, Frobenius
algebras appear in many fields in mathematics and mathematical physics, such as
(modular) representations of finite groups ([Kap]), Hopf algebras ([LS]), statistical
models over 2-dimensional graphs ([BFN]), Yang—Baxter equation ([St]), Poisson
brackets of hydrodynamic type ([BaN]) and so on. In particular, they play a key role
in the study of topological quantum field theory ([Ko], [RFFS], etc.). There are many
references concerning the study of Frobenius algebras (for example, see [Kap] or [Y]
and the references therein).

A Frobenius algebra (A4, B) is symmetric if B is symmetric. In this article,
we mainly consider a class of symmetric Frobenius algebras (A4, B) satisfying the
conditions

(1) A= A; ® A7 as the direct sum of vector spaces;
(2) A; and A7 are associative subalgebras of A4;

(3) B is the natural symmetric bilinear form on A; @ AT given by
B(x+a*,y+b*)=(x,b*)+ (a*,y) forallx,y € Ay,a*,b* € A7, (2)

where ( , ) is the natural pair between the vector space A; and its dual space
A7. We call it a double construction of a Frobenius algebra.

Such a double construction of a Frobenius algebra is quite different from the
“double extension construction” of a Lie algebra with a non-degenerate invariant
bilinear form ([Kac], [MR1]-[MR2], etc.) orthe “T *-extension” of Frobenius algebra
given by Bordemann in [Bo].

Moreover, the above double constructions of Frobenius algebras were also con-
sidered by Zhelyabin in [Z] and Aguiar in [A3] (under the name of “balanced Drinfeld
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double Dy (A)”) with different motivations and approaches respectively. They are
closely related to Lie bialgebras. Lie bialgebras were introduced by Drinfeld ([D]) and
play a crucial role in symplectic geometry and quantum groups. They are equivalent
to Manin triples (see [CP] and the references therein or Section 5.2).

It is easy to show that the commutator of a Frobenius algebra from the above
double construction gives a Manin triple (hence a Lie bialgebra). Furthermore, such
a double construction has many properties similar to a Lie bialgebra. It is equivalent
to an antisymmetric infinitesimal bialgebra (which also goes under the names of
“associative D-algebra” in [Z] and “balanced infinitesimal bialgebra” in the sense
of the opposite algebra in [A3]), and under a “coboundary” condition it leads to an
analogue of the classical Yang—Baxter equation ([Se]) in an associative algebra A1,

r12r13 + r13ra3 — ra3rip = 0, 3)
wherer =), x; ® yi € A1 ® Ay and

reriz = ) Xixj ® yi ® yj,
i,j
r13rz =) X ® Xj ® yiyj, 4)
i,J
a3z = ) X ® Xiyj ® yi.
i,j
In particular, an antisymmetric solution of the above equation in A; gives a double
construction of a Frobenius algebra (A = A, & A}, B).

On the other hand, we introduce the new notion of antisymmetric infinitesimal
bialgebra in order to express explicitly its relation with the known notion of infinitesi-
mal bialgebra, although there are certain notions for the same or similar structures. An
infinitesimal bialgebra is a triple (4, m, A), where (A, m) is an associative algebra,
(A, A) is a coassociative algebra and

A(ab) =Y abi ® by + > a1 ® axb foralla,b € A. 5)

It was introduced by Join and Rota ([JR]) in order to provide an algebraic framework
for the calculus of divided difference. Furthermore, Aguiar studied the cases of
principal derivations and introduced the associative Yang—Baxter equation ([A1])

r13r12 — 1223 + r23r13 = 0. (6)

Note that eq. (3) is eq. (6) in the opposite algebra and, when r is antisymmetric, eq. (6)
is just eq. (3) under the operation 013(x ® Yy R 2) =z Q y ® X.

We would like to point out that although many results on the double constructions
of Frobenius algebras have been obtained, a complete and explicit interpretation does
not yet exist. In fact, most of these results were given in a scattered way with different
motivations. For example, Zhelyabin in [Z] introduced the notion of associative D-
algebra as an important step to develop a bialgebra theory of Jordan algebras (an



478 C. Bai

explicit study of coboundary cases for the associative algebras themselves is not
performed). In [A3], Aguiar introduced the notion of balanced infinitesimal bialgebra
and then studied the antisymmetric solutions of eq. (6) in order to compare them with
Lie bialgebras and the classical Yang—Baxter equation in a Lie algebra, respectively,
and the balanced Drinfeld double Dy (A) appears as an important consequence. We
will formulate the known results by a different and systematic approach (for example,
the “invariant” antisymmetry appears naturally). Moreover such an approach is useful
and convenient for the whole study in this article.

1.2. O-operators and dendriform algebras. When r is antisymmetric, besides the
standard tensor form (3) or (6), the associative Yang—Baxter equation has an equivalent
operator form, that is, a special case of a certain operator called O-operator. An O-
operator associated to a bimodule (/, r, V') of an associative algebra A is a linear map
T:V — A satisfying

Tw) -Tw)=TU(Tm))v+r(T(w)u)) forallu,velV.

In fact, an antisymmetric solution of the associative Yang—Baxter equation is an
(-operator associated to the bimodule (R*, L*). The notion of (9-operator was in-
troduced in [BGN1] (such a structure appeared independently in [U] under the name
of generalized Rota—Baxter operator), which is an analogue of the (9-operator de-
fined by Kupershmidt as a natural generalization of the operator form of the classical
Yang—Baxter equation ([Ku3] and a further study in [Bail]). Conversely, the anti-
symmetric part of an (J-operator satisfies the associative Yang—Baxter equation in a
larger associative algebra.

From an (@-operator, one can get a dendriform algebra. Dendriform algebras are
equipped with an associative product which can be written as a linear combination of
nonassociative compositions. They were introduced by Loday ([Lo1]) with motiva-
tion from algebraic K-theory and have been studied quite extensively with connections
to several areas in mathematics and physics, including operads ([Lo3]), homology
([Fral]-[Fra2]), Hopf algebras ([Cha2], [H1]-[H2], [Ron], [LR2]), Lie and Leibniz
algebras ([Fra2]), combinatorics ([LR1]), arithmetic ([Lo2]) and quantum field theory
([F1]) and so on (see [EMP] and the references therein).

Furthermore, there is a compatible dendriform algebra structure on an associative
algebra A if and only if there exists an invertible (9-operator of A, or equivalently,
there exists an invertible (usual) 1-cocycle (see eq. (34)) associated to certain suitable
bimodule of A ([BGN2]). Thus a close relation between the associative Yang—Baxter
equation (hence the antisymmetric infinitesimal bialgebras and the double construc-
tion of Frobenius algebras) and dendriform algebras is obviously given (see also [A3],
[E1]-[E2]).

1.3. Connes cocycles. Note that a Connes cocycle given by eq. (1) is in fact a
Hochschild 2-cocycle which satisfies antisymmetry. It corresponds to the original
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definition of cyclic cohomology by Connes ([C]). Also note thatin cyclic cohomology
acyclic n-cocycle in the sense of Connes is an (7 + 1)-linear form, although a Connes
cocycle was called a cyclic 2-cocycle in some references (like [A3]) from some
different viewpoints. Moreover, although Connes used it in the unital framework and
in the non-unital framework cyclic homology has a very different behavior, we still
use the notion of “Connes cocycle” in this article.

We will see that, from a non-degenerate Connes cocycle on an associative algebra
A, one can get a compatible dendriform algebra structure on A. Moreover, the
dendriform algebra structures play a key role in the following constructions of non-
degenerate Connes cocycles, which is one of the main issues of this article. We call
(A, w) a double construction of the Connes cocycle if it satisfies the conditions

(1) A= A; & A7 as the direct sum of vector spaces;
(2) Ais an associative algebra and A; and A7 are associative subalgebras of A;

(3) w is the natural antisymmetric bilinear form on A; @ A} given by
o(x+a*, y+b*) = —(x,b*)+(a*,y) forallx,y € Ay, a*,b* € A7, (7)

and w is a Connes cocycle on A.

In this article, the double construction of the Connes cocycle is interpreted in terms
of dendriform algebras. We find that such a structure is quite similar to a double con-
struction of a Frobenius algebra or a Lie bialgebra. Briefly speaking, a double con-
struction of the Connes cocycle is equivalent to a certain bialgebra structure, namely,
a dendriform D-bialgebra structure. Both antisymmetric infinitesimal bialgebras and
dendriform D-bialgebras have many similar properties as Lie bialgebras. In particu-
lar, there are the so-called coboundary dendriform D-bialgebras which lead to another
analogue (D-equation in a dendriform algebra) of the classical Yang—Baxter equa-
tion. A symmetric solution of the D-equation corresponds to the symmetric part of an
(-operator, which gives a double construction of the Connes cocycle.

1.4. Duality between bialgebras. By comparing antisymmetric infinitesimal bial-
gebras and dendriform D-bialgebras, we observe that there is a clear analogy between
them. Moreover, due to the correspondences between certain symmetries and anti-
symmetries appearing in the analogy, we regard it as a kind of duality.

There is a similar study in the version of Lie algebras ([CP], [Bai2]). In fact,
there is also a double construction of a Lie algebra with a non-degenerate invariant
bilinear form (Manin triple or Lie bialgebra) or with a non-degenerate 2-cocycle
of Lie algebra (para-Kédhler Lie algebra or pre-Lie bialgebra). There are the O-
operators and a kind of algebras called pre-Lie algebras (Lie-admissible algebras
whose left multiplication operators form a Lie algebra) which play the same role as
the (-operators and dendriform algebras. And there is a similar duality between Lie
bialgebras and pre-Lie bialgebras.
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Moreover, due to Chapoton ([Chal]), there is a close relationship among the Lie
algebras, associative algebras, pre-Lie algebras and dendriform algebras that can be
depicted by a commutative diagram of categories:

dendriform algebras —— pre-Lie algebras

i i

associative algebras ——— Lie algebras.

We will extend the above relationship at the level of bialgebras with the dualities in
a commutative diagram. In particular, the relation between antisymmetric infinites-
imal bialgebras (the special case of infinitesimal Hopf algebras) and Lie bialgebras
was observed in [A3]. Furthermore, these types of bialgebras fit into the general
framework of “generalized bialgebras”, as introduced by Loday in [Lo4].

The article is organized as follows. In Section 2, we give an explicit and systematic
study on the double constructions of Frobenius algebras and then obtain the associa-
tive Yang—Baxter equation naturally. In Section 3, we introduce the close relations
between (9-operators and dendriform algebras. In Section 4, we study the double
constructions of Connes cocycles in terms of dendriform algebras. In Section 5, we
give a clear analogy between antisymmetric infinitesimal bialgebras and dendriform
D-bialgebras, which we regard as a kind of duality. After recalling a similar duality
between Lie bialgebras and pre-Lie bialgebras, we express a close relationship among
associative algebras, Lie algebras, pre-Lie algebras and dendriform algebras at the
level of bialgebras.

Throughout this article, all algebras are finite-dimensional, although many results
still hold in the infinite-dimensional case.

2. Double constructions of Frobenius algebras and another approach to asso-
ciative Yang-Baxter equation

2.1. Bimodules and matched pairs of associative algebras

Definition 2.1.1. Let A be an associative algebra and let V' be a vector space. Let
[,r: A — gl(V) be two linear maps. V (or the pair (/,r), or (I,r,V)) is called a
bimodule of A if

I(xy)v =1(x)[(y)v, rxy)v =r(y)r(x)v, 1(x)r(y)v=ry)(x)v
forallx,y e A4,veV.

In fact, according to [Sc], (/, r, V') is a bimodule of an associative algebra A if and
only if the direct sum A @ V of vector spaces is turned into an associative algebra
(the semidirect sum) by defining multiplicationin A & V' by

(x1 4+ v1) * (x2 +v2) = x1 - x2 + ([(x1)v2 + 7r(x2)V1)
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for all x1,x2 € A, v1,v2 € V. Wedenote it by A x; . V or simply A x V.
The following conclusion is obvious.

Lemma 2.1.2. Let (I, r, V) be a bimodule of an associative algebra A.
(1) Let I*,r*: A — gl(V*) be the linear maps given by

(" (u* v) = (I(x)v.u®),  (FF(u*, v) = (r(x)v,u”) (®)

forallx € A,u* e V*, v e V. Then (r*,1*, V™) is a bimodule of A.
2)({,0,V), (0,r,V), (r*,0,V*)and (0,1*, V*) are bimodules of A.

Example 2.1.3. Let A be an associative algebra. Let L(x) and R(x) denote the left
and right multiplication operator, respectively, thatis, L(x)(y) = xy, R(x)(y) = yx
forany x,y € A. Let L: A — gl(A) with x — L(x) and R: A — gl(A) with
x — R(x) (for every x € A) be two linear maps. Then (L, 0), (0, R) and (L, R) are
bimodules of A. On the other hand, (R*,0), (0, L*) and (R*, L*) are bimodules of
A, too.

Theorem 2.1.4. Let (A, - ) and (B, o) be two associative algebras. Suppose that
there are linear maps Iy, r4: A — gl(B) and lp,rp: B — gl(A) such that (14, r4)
is a bimodule of A and (Ig,rp) is a bimodule of B and they satisfy the following
conditions:

la(x)(a o b) = 14(rp(a)x)b + (la(x)a) ° b, €))
ra(x)(a o b) = ra(lp(b)x)a + a o (ra(x)b), (10)
Ip(a)(x - y) = lp(ra(x)a)y + (Ip(a)x) - y, (1D
rp(a)(x - y) = rp(la(y)a)x + x - (rp(a)y), (12)

la(Ip(a)x)b + (ra(x)a) o b —ra(re(b)x)a —a o (l4(x)b) = 0, (13)
Ip(la(x)a)y + (rg(a)x) - y —rp(ra(y)a)x —x - (Ig(a)y) =0 (14)

forany x,y € A, a,b € B. Then there is an associative algebra structure on the
direct sum A @ B of the underlying vector spaces of A and B given by

x+a)yx(y+b)=(x-y+Ilgla)y +rgb)x)+(@ohb+14(x)b+ra(y)a) (15)

forall x,y € A, a,b € B. We denote this associative algebra by A Méf;’,rr*; B or
simply A >< B. On the other hand, every associative algebra with a decomposition
into the direct sum of the underlying vector spaces of two subalgebras can be obtained
in this way.

Proof. This is straightforward. O

Definition 2.1.5. Let (A, -) and (B, o) be two associative algebras. Suppose that
there are linear maps l4,r4: A — gl(B) and Ip,rp: B — gl(A) such that (I4,r4)
is a bimodule of 4 and (/g, rp) is a bimodule of B. If eqs. (9)—(14) are satisfied, then
(A, B,lg,74,1p,rp) is called a matched pair of associative algebras.
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Remark 2.1.6. Obviously B is anideal of A >« B ifandonlyif/p = rg = 0. If Bis

a trivial (that is, all the products of B are zero) ideal, then A l><11A’rA B~ Ax;,,, B.
Moreover, some other special cases of Theorem 2.1.4 have already been studied.
For example, the case when A is a left B-module and B is a right A-module was
considered in [A1], thatis, [4 = O and rg = 0.

2.2. Double constructions of Frobenius algebras and antisymmetric infinitesi-
mal bialgebras. Recall that a (symmetric) Frobenius algebra is an associative al-
gebra A with a non-degenerate (symmetric) invariant bilinear form. Let (A4, -) be
an associative algebra. Suppose that there is an associative algebra structure “o” on
its dual space A*. We construct an associative algebra structure on the direct sum
A @® A* of the underlying vector spaces of A and A* such that (A4, -) and (A%, o) are
subalgebras and the symmetric bilinear form on A @ A* given by eq. (2) is invariant.
That is, (4 ® A*, B) is a symmetric Frobenius algebra. Such a construction is called
a double construction of a Frobenius algebra associated to (A4, -) and (4%, o) and
we denote it by (4 > A*, B).

Theorem 2.2.1. Let (A, - ) be an associative algebra. Suppose that there is an
associative algebra structure “o” on its dual space A*. Then there is a double
construction of a Frobenius algebra associated to (A, -) and (A*, o) if and only if

(A, A*, R*, L*, R, LY) is a matched pair of associative algebras.

Proof. If (A, A*, R*, L*, R*, L¥) is a matched pair of associative algebras, then it

is straightforward to show that the bilinear form (2) is invariant on the associative
L*

algebra A < RELE A* given by eq. (15). Conversely, set

xoka* =lg(x)a* +rax(@®)x, a* xx = lge(a®)x + ra(x)a”

forall x € A,a* € A*. Then (A, A*,l4, 14,14+, r4+) is a matched pair of associative
algebras. Note that

(la(x)a™, y) = (ra(y)a*,x) = (y - x,a"),
(Lax(B*)x,a™) = (ra=(a®)x,b*) = (a* o b*, x),

where x,y € A,a*,b* € A*. Hence, Iy = R*,rq = L*, lyx = RX, rq4= = L.
O

Proposition 2.2.2. Let (A, -) be an associative algebra. Suppose that there is an as-
sociative algebra structure “o” on its dual space A*. Then (A, A*, R*,L*, R, LY)
is a matched pair of associative algebras if and only if for any x € A*, a*,b* € A*,

R*(x)(@* ob*) = R*(LX(a*)x)b* + (R (x)a™) o b*, (16)
RY*(RX(a®)x)b* + L¥(x)a™ o b™ = L*(L¥*(b*)x)a™ + a* o (R*(x)b™). (17)
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Proof. Obviously, eq. (16) is just eq. (9) and eq. (17) is just eq. (13) in the case when
la =R rqa=L*Ilg =14« = R rg = ra= = L. By eq. (8), it is easy to show
that in this situation

eq.(9) < eq.(10) < eq.(11) < eq. (12),
eq. (13) < eq.(14).

Therefore the conclusion holds. ]

Before the next study, we give some notations as follows. Let A be an associative
algebra. Leto: A ® A — A ® A be the exchange operator defined as

c(x®y)=y®x forallx,ye A.

There are several ways to make A ® A into a bimodule of A. For example, let id
be the identity map on A. Then (id ® L, R ® id) given by (for any x,a,b € A)

[d®L)x)(a®b)=(1d® L(x))(a®b) =a ® xb,
(RRid)(x)(@a ®b) = (R(x) ®id)(a ® b)) = ax ® b,

is a bimodule of A. Similarly, (L ® id,id ® R) is also a bimodule of A. In fact,
eq. (5) given in the introduction can be rewritten as

A(ab) = (L(a) ® id)A(b) + (id ® R(b))A(a), (18)

which gives the notion of infinitesimal bialgebra ([JR]).
For a linear map ¢ : V; — V>, we denote the dual (linear) map by ¢*: V;* — V}*
given by
(v,0*W™)) = (p(v),u*) forallv € Vi, u* € V,.

Theorem 2.2.3. Let (A, ) be an associative algebra. Suppose there is an associative

algebra structure “o” onits dual space A* given by alinearmap A*: A*QA* — A*.

Then (A, A*, R, L*, R¥, LY) is a matched pair of associative algebras if and only
if A: A — A ® A satisfies the following two conditions:

A(x-y) = (id ® L.(x))A(y) + (R.(y) ® id)A(x), (19)
(L(y) ®id—id ® R.(y))A(x) + o[(L.(x) ®id —id ® R.(x))A(»)] =0 (20)

forall x,y € A.

Proof. Let {ey,...,e,} be a basis of A and let {e],..., e, } be its dual basis. Set
ei-ej =Y pq C,kjek and ef oef = Y4, flfez Therefore, we have A(ey) =
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Z?,j:l fife,- ® e; and
* * & J * * - J
R (ei)e; = kz ek, Li(e)ej = kZ Cikr
=1 =1

n . n .
R3 (e )e; = 1;1 fliex. Li(ef)e; = 1;1 ek

Hence the coefficient of ¢; ® ey in
Alei - em) = (id ® L.(e;))A(em) + (R.(em) ® id)A(e;)

gives the relation (for any i, j, k, m)
A R B R
z; Cmi Sk = El(cml 1)
which is just the relation given by the coefficient of e, in
R*(ei)(ef oeg) = RI(LZ(ef)ei)ey + (R (ei)ey) o ey
Similarly, eq. (20) corresponds to eq. (17). O

Remark 2.2.4. From the symmetry of the associative algebras (A, - ) and (A*, o)
appearing in the double construction, we also can consider the operation 8: A* —
A* ® A* such that B*: A ® A — A gives an associative algebra structure on A. It
is easy to show that A satisfies eqs. (19) and (20) if and only if 8 satisfies

B(a* ob™) = (id ® Lo(a™))B(b*) + (R-(b™) ® id)B(a™),
(Lo(b*) ® id — id ® Ro(b*))B(a*) + o[(Lo(a*) ® id —id ® Ro(a*))B(b*)] = 0

for all a*, b* € A.

Definition 2.2.5. Let A be an associative algebra. An antisymmetric infinitesimal
bialgebra structure on A is a linear map A: A — A ® A such that

(a) A*: A* ® A* — A* defines an associative algebra structure on A*;
(b) A satisfies egs. (19) and (20).
We denote it by (A, A) or (4, A¥).

Corollary 2.2.6. Let (A, -) and (A%, o) be two associative algebras. Then the
Jfollowing conditions are equivalent.

(1) There is a double construction of a Frobenius algebra associated to (A, -) and
(A%, 0);
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(2) (A, A*, R*,L*, R, L) is a matched pair of associative algebras;

(3) (A, A*) is an antisymmetric infinitesimal bialgebra.
Proof. Tt follows from Theorems 2.2.1 and 2.2.3. O

Remark 2.2.7. Aswe have pointed out in the introduction, an antisymmetric infinites-
imal bialgebra is exactly an associative D-algebra in [Z] where the above equivalence
between (1) and (3) was given and a balanced infinitesimal bialgebra in the sense of
the opposite algebra in [A3] where the corresponding double construction of a Frobe-
nius algebra was called a balanced Drinfeld double as an important consequence. On
the other hand, the notion of antisymmetric infinitesimal bialgebra is due to the fact
that eq. (19) (in the sense of the opposite algebra) corresponds to eq. (18) which gives
the notion of infinitesimal bialgebra and eq. (20) expresses certain antisymmetry.

Definition 2.2.8. Let (4, A4) and (B, Ap) be two antisymmetric infinitesimal bial-
gebras. A homomorphism of antisymmetric infinitesimal bialgebras ¢: A — B is a
homomorphism of associative algebras such that

(¢ ® ©)As(x) = Ap(p(x)) forallx € A.

An isomorphism of antisymmetric infinitesimal bialgebras is an invertible homomor-
phism of antisymmetric infinitesimal bialgebras.

Definition 2.2.9. Let (4, > AT, 8B1) and (4, > A%, B,) be two double con-
structions of Frobenius algebras. They are isomorphic if and only if there exists an
isomorphism of associative algebras ¢ : Ay > A7 — A, > A such that

P(A1) = Az, @(A]) = 45, Bi(x,y) = ¢ Ba(x,y) = B2(p(x), ()

forall x,y € Ay > AT.

Proposition 2.2.10. Two double constructions of Frobenius algebras are isomor-
phic if and only if their corresponding antisymmetric infinitesimal bialgebras are
isomorphic.

Proof. Let (A7 <1 AT, 81) and (A, > A%, B,) be two double constructions of
Frobenius algebras. Let {eq, ..., e,} be abasis of A; and {e], ..., e} its dual basis.
If o: Ay > AT — A > A is anisomorphism of double constructions of Frobenius
algebras, then ¢ |4, : A1 — Az and (P|AT : A7 — A3 are isomorphisms of associative

algebras. Moreover, ¢| Ay = (‘/’|A1)*_1 since
(plaz(e]). ple))) = Balplar(e]). ple)))
= Bi(ef,ej) = 8i; = (], ¢j)

= (@™ (pla)* " (€]) ej) = ((@la)* (e]), p(e))).
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Hence (A, A7) and (A2, A3) are isomorphic as antisymmetric infinitesimal bialge-
bras. Conversely, let ¢’: Ay — A be an isomorphism between two antisymmetric
infinitesimal bialgebras (41, A]) and (A4,, A3). Set¢: A1 @ A] — A, @ A5 bea
linear map given by

o(x) = ¢'(x), p(@*) = (¢*) ' (a*) forallx € 4y, a* € A7,

Then it is easy to show that ¢ is an isomorphism of double constructions of Frobenius
algebras between (A1 > AT, B1) and (A, < A5, By). O

Example 2.2.11. Let (4, A) be an antisymmetric infinitesimal bialgebra. Then its
dual (A*, B) given in Remark 2.2.4 is also an antisymmetric infinitesimal bialgebra.

Example 2.2.12. Let A be an associative algebra. If the associative algebra structure
on A* is trivial, then either (A4, 0) or (A4, A*) is an antisymmetric infinitesimal bial-
gebra. Moreover, its corresponding Frobenius algebra is given by the semidirect sum
A g+ + A* with the natural invariant bilinear form 8B given by eq. (2). Dually, if A
is a trivial associative algebra, then the antisymmetric infinitesimal bialgebra struc-
tures on A are in one-to-one correspondence with the associative algebra structures
on A*.

Example 2.2.13. Let (4, A*) be an antisymmetric infinitesimal bialgebra. In the next
subsection, we will prove that there exists a canonical antisymmetric infinitesimal

bialgebra structure on the direct sum A @& A* of the underlying vector spaces of A
and A*.

2.3. Coboundary (principal) antisymmetric infinitesimal bialgebras. In fact, for
an associative algebra A, A: A — A ® A satisfying eq. (19) is a 1-cocycle or a
derivation of A associated to the bimodule (id ® L, R ® id). So it is natural to
consider the special case that A is a 1-coboundary or a principal derivation.

Definition 2.3.1. An antisymmetric infinitesimal bialgebra (A, A) is called cobound-
ary if there exists ar € A ® A such that

A(x) =((d® L(x) — R(x) ®id)r forall x € A. (21)

Let A be an associative algebraand r € A ® A. If A: A - A ® A is given
by eq. (21), then it is obvious that A satisfies eq. (19). Therefore, (4, A) is an
antisymmetric infinitesimal bialgebra if and only if the following two conditions are
satisfied:

(1) A*: A* ® A* — A™ defines an associative algebra structure on A*.
(2) A satisfies eq. (20).
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Lemma 2.3.2 ([A1], Proposition 5.1). Let A be an associative algebraandr € AR A.
Define A: A - A® A by

A(a) = [L(x) ® id — id ® R(x)]r

forall x € A. Then A*: A* @ A* — A* defines an associative algebra structure
on A* if and only if

(L(x) ®id ® id — id ® id ® R(x))(r13ri2 + ra3r13 — riara3) =0

for all x € A, where the notations ri3r12, r23713, I'12F23 are given similarly as in
eq. (4).

Therefore for (1), we use a similar discussion to get the following conclusion.

Proposition 2.3.3. Let A be an associative algebraandr € A® A. Define A: A —
AQ Abyeq. (21). Then A*: A*® A* — A* defines an associative algebra structure
on A* if and only if

(id®id ® L(x) — R(x) ® id ® id)(r12r13 + r13ras — ra3ri2) =0 (22)
forall x € A.

Proposition 2.3.4. Let A be an associative algebraandr € AQ® A. Define A: A —
A ® A by eq. (21). Then A satisfies eq. (20) if and only if r satisfies

[L(x) ®id—id ® R(x)][id ® L(y) — R(y) ®id](r +0(r)) =0 (23)
forall x,y € A.

Proof. This is straightforward. O

Combining Proposition 2.3.3 and Proposition 2.3.4, we have the following con-
clusion.

Theorem 2.3.5. Let A be an associative algebra andr € A ® A. Then the linear
map A defined by eq. (21) induces an associative algebra structure on A* such that
(A, A*) is an antisymmetric infinitesimal bialgebra if and only if eqs. (22) and (23)
are satisfied.

Theorem 2.3.6. Let (A, Ag) be an antisymmetric infinitesimal bialgebra. Then
there is a canonical antisymmetric infinitesimal bialgebra structure on the direct
sum A @ A* of the underlying vector spaces of A and A* such that both the in-
clusions i1: A - A® A" and ip: A* — A @ A* into the two summands are
homomorphisms of antisymmetric infinitesimal bialgebras. Here the antisymmetric
infinitesimal bialgebra structure on A* is (A%, —B4*), where fq+: A* — A* @ A*
is given in Remark 2.2.4.
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Proof. Letr € A® A* C (AP A*) ® (A § A*) correspond to the identity map
id: A > A. Let{ey,...,e,} be a basis of 4 and {e],...,e,} its dual basis. Then
r=3yr_,e ®e’. Suppose that the associative algebra structure “x”on A @ A*

is given by AD(4) = A <y H

re 1+ A*. Then by Theorem 2.1.4, we have (for any
x,y € A,a*,b* € A¥)

X*xy=Xx-Y, a*«b* =a* ob*,
x*a* =R (x)a* + LI(a*)x, a"*x = Ro(a®)x + L*(x)a™.

If r satisfies eqgs. (22) and (23), then
Appm) = (d ® L(u) — R(u) ® id)r

for all u € AD(A) induces an antisymmetric infinitesimal bialgebra structure on
AD(A).
In fact, for eq. (23), we prove a little stronger conclusion (for any u € AD(A)):

(id ® L(n) — R(n) @ id)(r + o (r))

=) (ei@uxe+ei@uxei—ei*xu®e —ei*pn®e;)=0. 24
1
If u = ej, then
YeiQejxef _Zem e Qe+ (efoer.ej)e @ em,
i i,m

* p— PN .
Zei®ej*€i—zei ®ej el7
i i
Yeive;Qef =Y ei-e; Qer,
i i
*
ef xej®e; =) (ej.eqoef)em ®e;+ ) ey ®ej-ep.
i,m m

Hence eq. (24) holds for 4 = e; by exchanging some indices. Similarly, eq. (24)
holds for u = e . Therefore eq. (23) holds. Furthermore,

F12r13+r13r23—7r23r12 = Z{e] Qeixef Qe —ej-e;®e; el —e;®ej Qe oer}.
ij

Since e; * e = .(ef.em-eey + (e]’." oey.ei)en), it follows that riori3 +
ris3ras — r23r12 =0. So ,Ai)(A) is an antisymmetric infinitesimal bialgebra.

For e; € A, we have

Apop(e;)

= D {lem.ex-ei)em @ep + (e 0ef.ei)em ®er — (ey,.ex - ei)em @ e}
m,k

- Z woel.eilem ® e = Agle;).
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Therefore the inclusion i;: A — A @& A™ is a homomorphism of antisymmetric
infinitesimal bialgebras. Similarly, the inclusion i>: A* — A @& A* is also a homo-
morphism of antisymmetric infinitesimal bialgebras since Ao (e) = —Bax(e]),
where B4+ is given in Remark 2.2.4. (|

Definition 2.3.7. Let (A4, A*) be an antisymmetric infinitesimal bialgebra. With the
antisymmetric infinitesimal bialgebra structure given in Theorem 2.3.6, A & A* is
called an associative double of A. We denote it by AD(A).

Remark 2.3.8. If we use the opposite algebra, then Theorem 2.3.6 and its proof
overlap [A3], Theorem 5.9 and Proposition 5.10 partly. Moreover, the associative
double AD(A) is a balanced Drinfeld double which was denoted by Dy (A) in [A3].

Corollary 2.3.9. Let (A, A*) be an antisymmetric infinitesimal bialgebra. Then the
associative double AD(A) of A is an antisymmetric infinitesimal bialgebra and it is
a symmetric Frobenius algebra with the bilinear form given by eq. (2).

2.4. The associative Yang—Baxter equation and its properties

Corollary 2.4.1. Let A be an associative algebra andr € A @ A. Suppose that r is
antisymmetric. Then the map A defined by eq. (21) induces an associative algebra
structure on A* such that (A, A*) is an antisymmetric infinitesimal bialgebra if

F12713 + 113723 — 13712 = 0. (25)

Definition 2.4.2. Let A be an associative algebra and r € A ® A. Eq. (25) is called
associative Yang—Baxter equation in A.

Remark 2.4.3. In [A1] and [A3], the associative Yang—Baxter equation is given as
risriz + razriz — rizraz = 0. (26)
Note that eq. (25) is eq. (26) in the opposite algebra. Moreover, if r satisfies
(L(x) ®id®id —id ® id ® R(x))(r12 + r21) = 0, then ([A3], Lemma 3.4)
013(r12r13 + r13r23 — raariz) = rizriz + razriz — riaras,

where the linearmap o13: AQARA > AR AR Aisgivenbyo13(x ® y ® z) =
z®y ®@x forany x, y,z € A. In particular, when r is antisymmetric, the above two
associative Yang—Baxter equations are equivalent.

In order to be self-contained, in the following we give some properties of the asso-
ciative Yang—Baxter equation from the point of view of Frobenius algebras, although
some of them have already been given in [A3]. Let A be a vector space. For any
r € A® A, r can be regarded as a map from A* to A in the following way:

(u* v*,r)y = (u*,r(v*)) forallu*,v* e A*.
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Proposition 2.4.4. Let (A, - ) be an associative algebra and let r € A ® A be
an antisymmetric solution of the associative Yang—Baxter equation in A. Then the
associative algebra structure on the associative double AD(A) is given from the
products in A as follows:

a**b* =a*ob* = R*(r(a™))b* + L*(r(b™))a* foranya™,b* € A*, (27)
x*xa*=x-r@@*)—r(R’(x)a*) + R*(x)a* foranyx € A, a* € A*, (28)
a*xx=r(@") -x—r(L*(x)a*) + L*(x)a* foranyx € A, a* € A*. (29)

Proof. Let{ey,...,e,} be abasisof A4 and {e],...,e,} its dual basis. Suppose that
ej-ej =y cikjek andr =), - ajje; ® ej, where a;; = —aj;. Then for any i, we
have

Alei) = > aaB(C,-lﬂea ®e; — C(lxiel ®ep) =) Z(aa;ciﬂl —ajpcr)eq ® ep.
asﬂsl Ol,ﬂ 1

Therefore we have (for any i, j)
* *x J iy,*
ef oe; = lZ(a,-;ctl —ajjc;,)e;
St

= Tairler-er.€f) —ajer- e e)e;
N3

= S((er - rief).ef) + (r(e)) - er.eie]
= RX(r(ef))e] + L*(r(e]))e;.

Similarly, eqgs. (28) and (29) hold. O

Theorem 2.4.5 ([A3], Proposition 2.1). Let A be an associative algebra and r €
A ® A. Suppose that r is antisymmetric and non-degenerate. Then r is a solution of
the associative Yang—Baxter equation in A if and only if the inverse of the isomorphism
A* — A induced by r, regarded as a bilinear form w on A (that is, w(x,y) =
(r~Yx,y) forany x,y € A), is a Connes cocycle.

Corollary 2.4.6. Let (A, -) be an associative algebra and letr € A ® A be a non-
degenerate antisymmetric solution of the associative Yang—Baxter equation in A.
Suppose the associative algebra structure “o” on A* is induced by r from eq. (27).
Then we have

a*ob* =r71(r(@*) - r(b*)) forall a* b* € A*. (30)

Therefore r: A* — A is an isomorphism of associative algebras.
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Proof. Set w(x,y) = (r~'(x),y) for any x,y € A. Then w is a Connes cocycle
of A. Hence

(a* ob*,x) = (r(b*) - x,a*) + (x - r(a*).b*)
=w(r@®),r(b*) -x) + o ®d*),x-r(@"))
= —w(x,r(@*)-rb*))
= (r~'(r(@*) - r(b*).x)

for all a*,b* € A*, x € A. So eq. (30) holds. Therefore r is an isomorphism of
associative algebras. O

Next we turn to the general antisymmetric solutions of associative Yang—Baxter
equation.

Theorem 2.4.7. Let (A, -) be an associative algebra andr € A ® A antisymmetric.
Then r is a solution of the associative Yang—Baxter equation in A if and only if r
satisfies

r(a®)-r®*) = r(R*(r(@*)b* + L (r(b*))a”)
forall a*,b* € A*.

Proof. Let{ey,...,e,} be abasis of A and {e], ..., e} its dual basis. Suppose that
ei-ej =) clkjek andr = Zi,j ajje; ®ej,aj; = —aj;. Hencer(e) = ) ; akiex.
Then r is a solution of the associative Yang—Baxter equation in A if and only if (for
any i, j, k)

i J —
Z{Clrcnlaikajl - C;kajlakm - Clkalmaik} =0.
m,l

The left-hand side of the above equation is just the coefficient of e, in
r(ef)-r(ej) —r(R*(r(ef))ej + L¥(r(ey))e;).
Therefore the conclusion follows. O

Combining Proposition 2.4.4 and Theorem 2.4.7, we have the following conclu-
sion which extends Corollary 2.4.6.

Corollary 2.4.8. Let (A, -) be an associative algebra and let r € A ® A be an
antisymmetric solution of the associative Yang—Baxter equation in A. Suppose the

“_»

associative algebra structure “o” on A* is induced by r from eq. (27). Then we have
r(@* ob™) =r(@®) -r(b*) foralla*,b* € A*.

Therefore r: A* — A is an homomorphism of associative algebras.



492 C. Bai

Recall that two Frobenius algebras (A, B;) and (A, 8B5) are isomorphic if and
only if there exists an isomorphism of associative algebras ¢ : A; — A, such that

Bi(x,y) = ¢*Ba(x,y) = Ba(p(x). ()
forall x,y € A;.

Theorem 2.4.9. Let (A, ) be an associative algebra. Then, as a Frobenius algebra,
the Frobenius algebra (A Mﬁi’ii
the associative Yang—Baxter e&itaotion in A is isomorphic to the Frobenius algebra
(A xg*,1x A, B), where B is given by eq. (2). However, in general, they are not
isomorphic as the double constructions of Frobenius algebras (or equivalently, as
antisymmetric infinitesimal bialgebras).

A*, B) given by an antisymmetric solution r of

Proof. Let r be an antisymmetric solution of associative the Yang—Baxter equation
R*,LY

in A. Define a linear map ¢: A Xgx 1 A* - A D i A* satisfying

p(x) =x, ¢(a*)=-r(@")+a"

for all x € A, a* € A*. It is straightforward to show that ¢ is an isomorphism of
associative algebras. Moreover,

O*B(x +a*,y +b*) = (a*,—r(b*) + y) + (x —r(a*),b*)
= (a*,y) + (x,b")
=B(x+a*, y+b").

Therefore ¢ is an isomorphism of Frobenius algebras. However in general, as an-
tisymmetric infinitesimal bialgebras, they are not isomorphic. In fact, if ¥ is an
isomorphism of antisymmetric infinitesimal bialgebras between A x g+ .+ A* and
A Nﬁ;’i; A*, then for any u™*,v* € A* there exist a*,b* € A* such that
Y(a*) = u*, y(b*) = v*. However, ¥ (a* o b*) = 0 and ¥ (a*) * ¥ (b*) =
u* xv* = R*(r(a*))b* + L*(r(b*))a* is not zero in general, which is a contradic-
tion. O

Corollary 2.4.10. Let (A, -) be an associative algebra. Then as Frobenius algebras,
the Frobenius algebras (A l><1§'*’i'*
the associative Yang—Baxter equation in A are isomorphic to the Frobenius algebra

(A xg* . A*, B) given by the zero solution.

A*, 8B) given by all antisymmetric solutions of

2.5. The associative Yang—Baxter equation and @-operators

Definition 2.5.1. Let (A4, - ) be an associative algebra and (/, r, V) a bimodule. A
linear map T : V — A is called an Q-operator associated to (I,r, V) if T satisfies

Tw) -Tw)=TU(Tm)v+r(T(w)u)) forallu,vel.



Double constructions of Frobenius algebras, Connes cocycles and their duality 493

Example 2.5.2. Let (A, -) be an associative algebra. Then the identity map id is an
(-operator associated to the bimodule (L, 0) or (0, R).

Example 2.5.3. Let (A, -) be an associative algebra. A linear map R: A — A is
called a Rota—Baxter operator on A of weight zero ([Bax], [Rot]) if R satisfies

R(x)-R(y) = R(R(x)-y+x-R(y)) forallx,y e A.

In fact, a Rota—Baxter operator on A is just an (9-operator associated to the bimodule
(L. R).

Example 2.5.4. Let (A4, -) be an associative algebra and r € A ® A antisymmetric.
Then r is a solution of associative Yang—Baxter equation in A if and only if r is an
(-operator associated to the bimodule (R*, L*).

Theorem 2.5.5 ([BGN1]). Let (A, -) be an associative algebra and (I,r, V') a bi-
module. Let (r*,[*, V*) be the bimodule of A given by Lemma2.1.2. LetT: V — A
be a linear map which is identified as an element in (A X,x 1+ V*) @ (A Xpx 1+ V).
Thenr = T — o(T) is an antisymmetric solution of the associative Yang—Baxter
equation in A« 1= V* ifand only if T is an Q-operator associated to the bimodule

{,r, V).

Corollary 2.5.6 (Cf. Corollary 3.1.5). Let (A, -) be an associative algebra. Then

n

r=Y(e; Qe —ef ®e;) (31

4

is a solution of the associative Yang—Baxter equation in A X gx o A* or A xg 1 A™,
where {e, ..., ey} is a basis of A and {eT, ..., ey} is its dual basis. Moreover there
is a natural Connes cocycle w on AX g+ g A* or Axg, 1+ induced by rl A A* >
(A ® A*)*, which is given by eq. (7).

Proof. Note thatid is an Q-operator associated to the bimodule (L, 0, A) or (0, R, A).
Then the conclusion follows from Theorems 2.5.5 and 2.4.5. O

3. Dendriform algebras

3.1. O@-operators and dendriform algebras. There are close relations between
(-operators and a class of algebras, namely, dendriform algebras, which are given in
[BGN2]. In order to be self-contained, we list them in this subsection.

Definition 3.1.1 ([Lol]). Let A be a vector space over a field [ with two bilinear
products denoted by < and >. Then (A4, <, >) is called a dendriform algebra if, for
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any x,y,z € A,

(x=<y)<z=x=<(yx*x2z),
x>=y)<z=x>(y<2),

x>Q>=z)=x*xy) >z,
wherex x y =x <y +x > y.

Let (A, <, >) be a dendriform algebra. For any x € A, let L, (x), R-(x) and
L<(x), R<(x) denote the left and right multiplication operators of (4, <) and (4, >),
respectively, that is,

L.x)(y)=x>y, R-(x)y=y>x, Lc(x)y=x <y, Rc(x)(y) =y <x

for all x,y € A. Moreover, let L., R, L<, R<: A — gl(A) be four linear maps
with x —> L. (x), x > R.(x), x —> L<(x) and x — R<(x), respectively. It is
known that the product given by ([Lol])

xxy=x<y+x>y, foralx,yeA, (32)

defines an associative algebra. We call (A4, *) the associated associative algebra of
(A, >, <) and (4, >, <) is called a compatible dendriform algebra structure on the
associative algebra (A4, x). Moreover, (L, R<) is a bimodule of the associated
associative algebra (4, *).

Theorem 3.1.2 ([BGN2]). Let A be an associative algebra and (I, r, V') a bimod-
ule. Let T: V — A be an O-operator associated to (I,r, V). Then there exists a
dendriform algebra structure on 'V given by

u>=v=I0Tw)v, u=<v=r(T)u

Jor all u,v € V. So there is an associated associative algebra structure on 'V
given by eq. (32) and T is a homomorphism of associative algebras. Moreover,
T(V) ={T() | v eV} C Aisan associative subalgebra of A and there is an
induced dendriform algebra structure on T (V') given by

Tw)>Tw)=Twu>v), Tw)<Tw)=Tu=<v) (33)

for all u,v € V. lIts corresponding associated associative algebra structure on
T (V) given by eq. (32) is just the associative subalgebra structure of A and T is a
homomorphism of dendriform algebras.

Corollary 3.1.3 ([BGN2]). Let (A, %) be an associative algebra. There is a com-
patible dendriform algebra structure on A if and only if there exists an invertible
O-operator of (A, *).
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In fact, if T is an invertible @-operator associated to a bimodule (/, r, V'), then
the compatible dendriform algebra structure on A is given by

x>y =TAOT'(), x=<y =TT '(x)

for all x, y € A. Conversely, let (A4, >, <) be a dendriform algebra and (A4, x) the
associated associative algebra. Then the identity map id is an (9-operator associated
to the bimodule (L, R<) of (A4, *).

Remark 3.1.4. If T is an invertible @-operator associated to a bimodule (/,r, V),
then the linear map f = T~ ': A — V satisfies

flexy)=1x)f(y) +r(y)f(x) forallx,ye A. (34)

Such a linear map is a 1-cocycle of (A, *x) associated to the bimodule (I, r, V).

Corollary 3.1.5 ([BGN2]). Let (A, >, <) be a dendriform algebra. Then
n
r=>)(ei®e —ef Ve)
i

is a solution of the associative Yang—Baxter equation in A Xpgx px A*, where
{e1.....en} is a basis of A and {e}, ..., e,} is its dual basis. Moreover there is a
natural Connes cocycle w on A X gx 1+ A* induced by Tl A® AY - (AP A,
which is given by eq. (7).

Remark 3.1.6. It is easy to see that Corollary 2.5.6 is a special case of the above
conclusion, that is, the former corresponds to the trivial dendriform algebra structure
on an associative algebra (4, -) givenby >= -, <=0o0r >=0, <= -

3.2. Bimodules and matched pairs of dendriform algebras

Definition 3.2.1 ([A4]). Let (A4, >, <) be a dendriform algebra and V' a vector space.
Let [, r.,l<,r<: A — gl(V) be four linear maps. Then V (or (I, rs,[<, 7<), Or
(I, rs, 1<, <, V)) is called a bimodule of A if the following equations hold for any
X,y € A:

I<(x < y) = 1<) (), r<()I<(y) = I<(W)rs(x), r<(X)r<(y) = r<(y * x),
I<(x = y) = L-(x)<(y), r<(X) - (y) = L= (Y)r<(x), r<(X)r=(y) = r=(y < x),
[ (x % y) = Lo (X)) (), r=()(y) = L= (D)1= (x), 1= (X)r«(y) = r=(y > x),

where x x y =x >y +x <y, loa =l + 1,1 =1 +r<.

By a direct computation or according to [Scl, (/»,r»,l<,r<, V) is a bimodule
of a dendriform algebra (A4, >, <) if and only if there exists a dendriform algebra
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structure on the direct sum A @ V of the underlying vector spaces of A and V' given
by
x+uw)>+v)=x>y+LxXv+r-y)u,
x+uw)<O+v)=x<y+Il<()v+r<(y)u

forall x,y € A,u,v € V. We denote itby A x;_ ,_ V.

,l<,"<

Proposition 3.2.2. Let (I.,r.,l<,7<,V) be a bimodule of a dendriform algebra
(A,>,=<). Let (A, *) be the associated associative algebra. Then we have the
following results.

(1) Both (I.,r<,V)and (I~ + I<,rs + r<, V) are bimodules of (A, *).
(2) For any bimodule (1,1, V) of (A, x), (1,0,0,r, V) is a bimodule of (A, >, <).
(3) Both(l-+1<,0,0,r-+r<,V)and(l-,0,0,r<, V) are bimodules of (A, >, <).

(4) The dendriform algebras A X, 1. r. V and AXj_41_.0,0.r-+r< V have the
same associated associative algebra AX;_4j_ r. 47 V.

(5) Letlr,rr, 1%, r%: A — gl(V?*) be the linear maps given by
(IZ(x)a*, y) = (I~(x)y.a®), (rl(x)a*,y) = (r-(x)y.a”),
((Z()a*, y) = ({l<(x)y.a"), (ri(x)a”,y) = (r<(x)y,a”).

Then (rf 4+ rX,—1%,—rX 12 + 1%, V*) is a bimodule of (A, >, <).

(6) Both (rf 4+ r%,0,0,1F + I%,V*) and (r%,0,0,1,V*) are bimodules of
(A4, >, <).

(7) Both (rf +r%,IX + 1%, V*)and (r%, 12, V*) are bimodules of (A, *).
(8) The dendriform algebras Ax,x 4, _yx _px 1% ypx V* and Ax,x o o 1= V* have
the same associative algebra A x,x ;x V*.

Proof. This is straightforward. O

Example 3.2.3. Let (A4, >, <) be a dendriform algebra. Then
(Lv,R-,L.,R<,A), (L~,0,0,R<,A), (L-+L<,0,0,R. + R<, A)
are bimodules of (A4, <, >). On the other hand,
(R + R%,—L*,—RL,LY + L%, A%), (R%,0,0,L% A"),
(RY + R%,0,0,LF + L%, AY)

are bimodules of (A4, >, <), too. There are two compatible dendriform algebra struc-
tures,
* *
AXRr R L% ~Re Lz +rx AT and A xge o015 A7

on the same associative algebra A X g= = A*.
<l
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Theorem 3.2.4. Let (A, >4,<4) and (B, >p,<p) be two dendriform algebras.
Suppose that there are linear maps I» ,, r~,, l<,, r<,: A — gl(B) and [, ,
Fep, l<p, T<g: B — gl(A) such that (I~ ,.7>,,1<,.7<,) is a bimodule of A and
(I T>p.l<p.T<p) is a bimodule of B and they satisfy the following 18 equations:

r<,(x)(a <g b) = a <g (ra(x)b) +r<,(Ilg(b)x)a, (35

<yl @)D + (<, (¥)a) <g b = a < (4(0)b) + r<,(rp(B)¥)a,  (36)
<, (¥)(@ 5 b) = (1<, (x)a) < b + <, (r<,@x)b, (37)
r<,(x)(a>pb)=r-,(l<z(b)x)a+a >p (r<,(x)b), (38)

Iy @) + (5, (X)) <5 b = @ > (1<, (X)) + s (r<, (B))a, (39)
Is ;(x)(a=<pb)=(-,(x)a) <p b+ 1.,(r-z(a)x)b, (40)
r-,(x)(axpb)=a>p (r-,(x)b) + rs (I, (b)x)a, (41)

a>p (I~,(x)b) +rs,(r=p(b)x)a =I- ,(Ip(a)x)b + (ra(x)a) >p b, (42)
I~ ,(x)(a >p b) = (la(x)a) »p b+ I~ ,(rg(a)x)b,  (43)

r<g@)(x <4 y) =x <4 (rg(@)y) + r<z(la(y)a)x, (44

l<p(l< (x)a)y + (r<z(a)x) <4 y = x <4 (Ig(@)y) + r<z(ra(y)a)x,  (45)
l<p(a)(x x4 y) = (I<z(a)x) <4 y + <5 (r<,(x)a)y, (46)

r<p(@)(x >4 y) =r-pl<,(y)a)x + x >4 (r<z(a)y), (47)

l<p (>, (X)a)y + (r>=p(@)x) <4y = x >4 (I<z(@)y) + =5 (r<,(y)a)x, (48)
lsg(@)(x <4 y) = (l-g(@)x) <4 y + l<z (-, (x)a)y, (49)

rep(@)(x x4 y) = x >4 (r-5(a@)y) + r-5 (-, (y)a)x, (50)

x =4 (p(@)y) + rep(ry(V)a)x =1y (la(x)a)y + (rp(a)x) >4y,  (51)
I~p(a)(x >4 y) = (Ig(a)x) >4 y + I~ (ra(x)a)y (52)

foranyx,y e A,a,be Bandly =1, +1<,,ta=71s, +71<,, g =15 +1<p,

B = I'sp + r<y. Then there is a dendriform algebra structure on the direct sum
A @ B of the underlying vector spaces of A and B given by

(x+a)>(y+b)=(x>4y+r-pb)x+1-5(a)y)

+ (=, (x)b+7r-,(y)a+a >p b),
(x+a)<(y+0b)=(x=<ay+r<)x+ilp(a)y)

+ (<4 x)b + 1<, (y)a +a <p b)

l>-A,r>-Aal-<A;r—<A

forany x,y € A, a,b € B. Let A < B or simply A <1 B denote

I>B’r>B ;I<B;r<
this dendriform algebra. On the other hand, every dendriform algebra which is the
direct sum of the underlying vector spaces of two subalgebras can be obtained in this

way.

Proof. This is straightforward. O
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Definition 3.2.5. Let (A, >4, <4) and (B, >p, <p) be two dendriform algebras.
Suppose that there are linear maps I ,, r»,, I<,, r<,: A — gl(B) and [, ,,
Fsp, l<g, T<z: B — gl(A) such that (/. ,,r~,,l<,,r<,) is a bimodule of A
and (/s ,.7>5,l<5,r<,) is a bimodule of B. If eqgs. (35)—(52) are satisfied, then
(A, Bl sy Iy T< 4 I g Ts . l< 5, F< ) is called a matched pair of dendriform
algebras.

Remark 3.2.6. Obviously B is anideal of A < Bifandonlyifl. , =r., =<, =

. . Io g1 g l< o1
r<, = 0. If Bisatrivialideal, then A b<iy glg 0" 4" ™ B =~ Axp B.

0,0,0,0 >4 >l<A sF<y

Corollary 3.2.7. Let (A, B,ls .15 . l< . T< . I>p5.T>5.l<5.T<,) be a matched
pairof dendriformalgebras. Then (A, Bl ;1< ., 1> ,+r< . Is g +l<p, 1> p+7<p)
is a matched pair of the associated associative algebras (A, *4) and (B, *p).

Proof. Infact, the associated associative algebra (A >« B, *) is exactly the associative
algebra obtained from the matched pair (A4, B, l4,74, (B, rp) of associative algebras:

x+a)yx(y+b)=xx*xq4y+Ilgl@a)y +rp(b)x +a*xp b+ 14(x)b +rq(y)a

forallx,y € A,a,b € B,wherely =1, , +il<,,t4a =7, +7r<,.lp =1s53+1<;,
TB =Tsp +T<p. ]

4. Double constructions of Connes cocycles and an analogue of the classical
Yang-Baxter equation

4.1. Connes cocycles and dendriform algebras

Theorem 4.1.1. Let (A, *) be an associative algebra and let w be a non-degenerate
Connes cocycle. Then there exists a compatible dendriform algebra structure >, <
on A given by

ox >y,z) =w(y,zxx), wx<y,z)=w(xy*xz) forallx,y,z € A. (53)

Proof. Define a linearmap 7: A — A* by (T (x),y) = w(x,y) forall x,y € A.
Then T is invertible and 7! is an @-operator of the associative algebra (A4, *)
associated to the bimodule (R}, L}). By Corollary 3.1.3, there is a compatible
dendriform algebra structure >, < on (4, *) given by

x>y =T'Ri)T(y), x<y=T""Li(»T(x)

for all x, y € A, which gives exactly eq. (53). O
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Next, we turn to the double construction of the Connes cocycles. Let (A4, *4) be an
associative algebra and suppose that there is a associative algebra structure 4+ on its
dual space A*. We construct an associative algebra structure on the direct sum A @ A*
of the underlying vector spaces of 4 and A* such that both A and A* are subalgebras
and the antisymmetric bilinear form on A @ A* given by eq. (7) is a Connes cocycle
on A@ A*. Such a construction is called a double construction of the Connes cocycle
associated to (A4, x4) and (A%, x4+) and we denote it by (T'(A) = A <1 A*, w).

Corollary 4.1.2. Let (T(A) = A <1 A*, w) be a double construction of the Connes
cocycle. Then there exists a compatible dendriform algebra structure >, < on T (A)
defined by eq. (53). Moreover, A and A* are dendriform subalgebras with this
product.

Proof. The first half follows from Theorem 4.1.1. Let x,y € A. Setx > y =
a + b*, where a € A, b* € A*. Since A is an associative subalgebra of 7'(4) and
w(A, A) = w(A*, A*) = 0, we have

w(b*, A*) = w(b*, A) = w(x > y,A) = w(y, A * x) = 0.

Therefore b* = 0 due to the nondependence of w. Hence x > y = a € A. Similarly,
Xx <y € A. Thus A is a dendriform subalgebra of 7' (A) with the product >, <. By
symmetry of A and A*, A* is also a dendriform subalgebra. O

Definition 4.1.3. Let (T(A4;) = Ay > AT, 1) and (T'(A2) = Az > A5, ;) be
two double constructions of Connes cocycles. They are isomorphic if there exists an
isomorphism of associative algebras ¢ : T (A1) — T (A») satisfying the conditions

9(A1) = Az, @(A])) = A5, o1(x,y) = @ wa(x,y) = w2(@(x).¢(y)) (54)

forall x,y € A;.

Proposition 4.1.4. Tivo double constructions of Connes cocycles (T (A1) = A1 <
AT, w1) and (T (Az) = Ay b A5, wy) are isomorphic if and only if there exists a
dendriform algebra isomorphism ¢ : T (A1) — T(A3) satisfying eq. (54), where the
dendriformalgebra structureson T (A1) and T (A,) are given by eq. (53), respectively.

Proof. This is straightforward. O

Theorem 4.1.5. Let (A, >4, <4) be adendriform algebra and (A, *4) the associated
associative algebra. Suppose that there is a dendriform algebra structure “>4x,
<a* " onits dual space A* and (A*, x4+ ) is the associated associative algebra. Then
there exists a double construction of the Connes cocycle associated to (A, x4) and
(A, *4*) if and only if (A, A*, R% ,L{ . RiA*,LiA*) is a matched pair of the
associative algebras. Moreover, every double construction of the Connes cocycle
can be obtained in this way.
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Proof. The conclusion can be obtained by a similar proof as of Theorem 2.2.1. [

Corollary 4.1.6. Let (A, >, <) be a dendriform algebra and (RY,, LY ) the bimodule
of the associated associative algebra (A, x). Then (T(A) = Axgx 1» A*, w)isa
double construction of the Connes cocycle. Conversely, let (T(A) = A < A*, w)
be a double construction of the Connes cocycle. If A* is an ideal of T(A), then
A* is a trivial associative algebra and hence T (A) is isomorphic to the semidirect
A XLyay.Rpay A Furthermore, this double construction of the Connes cocycle is
isomorphic to the double construction of the Connes cocycle (T(A) = A Xgx 1*
A*, w) and the dendriform algebra structure on A is given by w from eq. (53).

Proof. By Remark 2.1.6, (4, A*, R%, L% ,0,0) with the associative algebra structure
on A* being trivial is always a matched pair of associative algebras, the first half
follows immediately. Conversely, if A* is an ideal, then, for any a*,b* € A*, it
follows that if 7(A) x a*, b* x T(A) € A* then w(a™ x b*, T(A)) = —w(T(A) *
a*,b*) — w(b* x T(A),a*) = 0. Thus a* * b* = 0. Hence T (A) is isomorphic
t0 A X, 4).Ryqy A*. By Remark 2.1.6, it follows that that (T'(4) = A > A*, )
is isomorphic to the double construction of the Connes cocycle (T(A4) = A Xgx 1*
A*, w). O

Theorem 4.1.7. Let (A, >4, <4) be a dendriform algebra and (A, * 4) the associated
associative algebra. Suppose that there is a dendriform algebra structure “> g,

<4* " onits dual space A* and (A*, *4+) is the associated associative algebra. Then
(A, A*,R* ,L* , R* LiA*) is a matched pair of associative algebras if and

<40 g0 <y
only if
(AvA*yR;(A + RiA’_L:A’_R:'A’L)’;A +L1A’
RiA* + R:A*’_LiA*’_RiA*’L;(A* + LiA*)

is a matched pair of dendriform algebras.

Proof. The “if” part follows from Corollary 3.2.7. We need to prove the “only if”
part. If (A, A*, R% L% , R LiA*) is a matched pair of associative algebras,

<4° >A° <gq*’
R,LE,
R* LY

< g T g

then (A >< A*, w) is a double construction of the Connes cocycle. Hence

R% LY,
RiA* ’L;A*
by eq. (53). By a simple and direct computation, we show that A and A* are its
subalgebras and the other products are given by

x=a* = (R, +R% )(x)a" — LiA* (@*)x,
x<a*=—R; (x)a*+(L: , +L% )@,
a* > x=(RL,, +R% )(a")x— L%, (x)a*,

a* <x = —RiA* (@*)x + (L";A + L";A)(x)a*,

there exists a compatible dendriform algebra structure on A < A* given
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for any x € A,a* € A*. Therefore

(A, A*.R%, +R%,.—L% —R: L% +L*

<4’ <4’ >4 <4°
RiA*+R2A*’_L1A*’_RiA*’LiA*+LiA*)
is a matched pair of dendriform algebras. O

4.2. Dendriform D-bialgebras

Theorem 4.2.1. Let (A, >4, <4) be a dendriform algebra whose products are given
by two linear maps B%, B%: A ® A — A. Further suppose that there is a dendri-
form algebra structure “> g+, <4+ on its dual space A* given by two linear maps
AL A A" Q@ A* — A*. Then (A, A*, R% LY ,R% _, LY .)isamatched pair

<A g0 o T

of associative algebras if and only if the following equations hold for any x,y € A
and a*,b* € A*:

Ac(x xqy) = (id ® L<,(x)A<(y) + (Ra(y) @ id)A<(x), (55)

As(x 4 y) = (i[d ® La(x)Ax(y) + (R<,(y) ® id) A (x), (56)

B<(a® x4+ b*) = (id ® L 1. (a™)B<(b") + (Ra=(b") ®id)f<(a™).  (57)

B> (a™ #4x b¥) = (id ® La=(a™))B>(b") + (R« (b¥) ®id)B(a"),  (58)

(La(x) ®id —id ® R<,(x))A<(y)
+ 0[(L>,(y) ® —id ® R4(y))A~(x)] =0,
(Lax(a®) ® id —id ® R< . (a*))B<(b*)
+ 0[(Ls 0 (b*) ® —id ® Ras (b*)) s (a™)] = 0,
where Ly = Ly, + L<,, R4 = Ro, + R<,, Lax = Ly, + L< ., Ry =
R. .. + R<,..

(59)

(60)

Proof. Let{ey,...,e,} be abasisof A and {e],...,e,} its dual basis. Set
-k -k
ei>aej = ) ajek, e <aej= ) be,
k=1 k=1

n n
* * k ,x * * __ k %
e; >4 € = kE 1cijek, e; <4 e = kE 1dijek.

Therefore the coefficient of e;‘ in

RZ, (ei)(ef *ax eg) = RZ (LT, (ef)ei)ey + R, (ei)e; xax e

gives the following relation (for any i, j, k,[)
n

2 B + ) = 3 [ehbh, + bi(chy + i)

m=1
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which is precisely the relation given by the coefficient of el* ® el in
B<(e] #a= €f) = (Ra+(e}) ® id)B<(e]) + (id ® Ly, (¢]))B=(e}).

Soeq. (9)inthecase lya = RY,ra = LY, Ip = lax = R% _,

is eq. (57). Similarly, in this situation, we have the following correspondences:

*

rp = Igqx = L>A*

eq. (10) < eq.(58), eq.(11) < eq.(55), eq.(12) < eq. (56),
eq. (13) < eq.(60), eq.(14) < eq. (59).

Therefore the conclusion holds due to Theorem 2.1.4. O

Definition 4.2.2. Let A be a vector space. A dendriform D-bialgebra structure
on A is a set of linear maps (A<, A., B<,B-) such that AL, A.: 4 > A ® A,
B<,fBs: A —> A" ® A* and

(@) (A%, AY): A* ® A* — A* defines a dendriform algebra structure (>4x, <4*)
on A*;

(b) (B%,BL): A® A — A defines a dendriform algebra structure (>4, <4) on A4;
(c) eqgs. (55)—(60) are satisfied.
We also denote it by (A4, A*, A., Ax, B», B<) or simply (4, A*).

Remark 4.2.3. In fact, the notions of dendriform bialgebra ([LR1]-[LR2], [Ron],
[A4]) and bidendriform bialgebra ([F2]), which are the special dendriform bialgebras,
were already introduced. We use the terminology “D-bialgebra” in order to express its
relation with the double construction. All of these bialgebras are dendriform algebras
equipped with coassociative cooperations satisfying some (different) compatibility
relations. We would like to point out that the dendriform D-bialgebras are quite
different from the other types of bialgebras. For example, one of the differences is
that the term @ ® b appears in both A<(a * b) and A, (a * b) in a bidendriform
bialgebra, whereas it does not appear in a dendriform D-bialgebra.

Theorem 4.2.4. Let (A, <4, >4) and (A*, <4+, >4*) be two dendriform algebras.
Let (A, x4) and (A*, %4+ ) be the associated associative algebras respectively. Then
the following conditions are equivalent.

(1) There is a double construction of the Connes cocycle associated to (A, *4) and
(A , kgx )
2) (A, A*,R* LY ,R* _,L% )isamatched pair of the associative algebras.

<4’ >4° <g*’ > 4%
* * *
R: ., + R:,.—L

(3) (A, A*.R:, + R% ., —L% —R: LY + L* LTS A

<4’ . <4’ >4’ ; -<A.’ *
—R: LY  + LZA*) is a matched pair of dendriform algebras.

%0 > A%

4) (A, A*) is a dendriform D-bialgebra.

Proof. This follows from Theorems 4.1.5, 4.1.7 and 4.2.1. O
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Definition 4.2.5. Let (4, A*, A, A<, B, B<)and (B, B*, A., AL, B~ B<) betwo
dendriform D-bialgebras. A homomorphism of dendriform D-bialgebras ¢: A —
B is a homomorphism of dendriform algebras such that ¢*: B* — A* is also a
homomorphism of dendriform algebras, that is, ¢ satisfies

(¢ @ P)A-(x) = As(p(x)). (¢ ®9)A<(x) = A(p(x)),
(@" ® 9™)B>(a”) = B> (¢™(a"))., (" ® 9™)B<(a") = P<(¢™(a")).

forany x € A,a* € B*. Anisomorphism of dendriform D-bialgebras is an invertible
homomorphism of dendriform D-bialgebras.

Proposition 4.2.6. Tiwo double constructions of Connes cocycles are isomorphic if
and only if their corresponding dendriform D-bialgebras are isomorphic.

Proof. It follows from a similar proof as of Proposition 2.2.10. O

Example 4.2.7. Let (A4, A*, A., AL, B+, B<) be a dendriform D-bialgebra. Then
its dual (A%, A4, B, B<, A», AL) is also a dendriform D-bialgebra.

Example 4.2.8. Let (A, >4, <4) be a dendriform algebra. If the dendriform algebra
structure on A* is trivial, then (4, A*, 0,0, 8., B<) is a dendriform D-bialgebra. And
its corresponding dendriform algebra is A X gx L g* _p* _px x4 A*. Moreover,
its corresponding double construction of the Connes cocycle is just the semidirect
sum A X R%, LY, A* with the bilinear form w given by eq. (7). Dually, if A is a
trivial dendriform algebra, then the dendriform D-bialgebra structures on A are in
one-to-one correspondence with the dendriform algebra structures on A*.

Example 4.2.9. Let (A, A*) be a dendriform D-bialgebra. In the next subsection,
we will prove that there exists a canonical dendriform D-bialgebra structure on the
direct sum A @ A* of the underlying vector spaces of 4 and A*.

4.3. Coboundary dendriform D-bialgebras. In Theorem 4.2.1 we showed that

both A, and A< (8- and B, respectively) are the 1-cocycles of the associated

associative algebra (A4, *4) (resp. (A%, x4+)). So it is natural to consider the special

case that they are 1-coboundaries or principal derivations, as we did in Section 2.3.
Let (A, >, <) be a dendriform algebraand r.,r< € A ® A. Set

Ao (x) = (1d ® L(x) — R<(x) ® id)rs, 61)
Ac(x)=(d® L-(x) — R(x) ® id)r< (62)

for any x € A. It is obvious that A, satisfies eq. (55) and A~ satisfies eq. (56).
Moreover, by eq. (59), it follows that

(L(x) ®id —id ® R<(x))(id ® L~(y) — R(y) ® id)(r< + o (r-)) =0  (63)

for all x, y € A. Therefore (A, A, A, B-, B<) is a dendriform D-bialgebra if and
only if the following conditions are satisfied:



504 C. Bai

(1) AL, A%: A* ® A* — A* defines a dendriform algebra structure on A*.

(2) B, B satisfy egs. (57), (58) and (60), where the dendriform algebra structure
on A* is given by (1).

Proposition 4.3.1. Let (A, >, <) be a dendriform algebra whose products are given
by two linear maps %, B%: AQA — Aandr,,r< € AQ A. Suppose there exists a
dendriform algebra structure “> g+, <4+ " on A* given by AL, A* : A* @ A* — A%,
where Ay and A< are two linear maps given by eqs. (61) and (62), respectively. Then

(1) Egq. (57) holds if and only if r., r< satisfy
[R<(x)® Ly (y)—id® Lo (y < x) — R<(y > x) ®id](r~ +r<) =0 (64)

forall x,y € A.
(2) Eq. (588) holds if and only if r., r< satisfy eq. (64).
(3) Eq. (60) holds if and only if r., r< satisfy

[Ls(x) ®id —id ® R<(x)][—id ® Lx(y) + R<(y) ® id](r< + =)
+ [Le(x) ®1id —id ® R<(%)][R~(y) ® id(r< + o (ry)) (65)
—id® L<(y)(o(r<)+r-)]=0

forany x,y € A.

Proof. Let{ey,...,e,} beabasis of 4 and {e], ..., e} its dual basis. Set
r< =) aje; ®ej, r- =) _bijei @e;,

i,j i,J
Nk -k

ei > ej = ) ajek, ei <e; = ) bje,
k=1 k=1
K 1k

* * * * * *

ef e = kzl ciiers e; <ef = kzl djier.

By egs. (61) and (62), we have (for any i, k, [)

ki = 2 [bem(al,, +bl,) = buibl],

—

(66)

M= s

—

dlil = [akmazl'm - aml(afni + bicni)]‘

(1) Eq. (57) holds (taking a* = e, b* = e]’.“) if and only if (for any i, j, m, t)

5+ aiphy = 5 Bhuch + 0Ll + )
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Substituting eq. (66) into the above equation and after rearranging the terms suitably,
we have

(F1) + (F2) + (F3) + (F4) + (F5) + (F6) = 0,

where
(F1) = g(akz + b)) (al bi ), (F2) = g(bkzb;;,b,{,, — bl b7 )
(F3) = ;(au + bir)(—aj,bk,), (F4) = ;bu[b,{,k(az +bK) — bk, b]];

(F5) = le:(alj + b1j) (b by, — by b, (F6) = kZl:azj (@i bie = afbi,)-

Here (F1) is the coefficient of ¢; ® e; in [R<(e;) @ Ly (em)](r> + r<);
(F2) = 0 by interchanging the indices k and /;
(F3) is the coefficient of ¢; ® e; in —[id ® L (em < e,)](rs +1r<);
(F4) = 0 since the term in the bracket is the coefficient of e; in

em < (e >=ej+e <e))—(em<ey) <e =0;

(F5) is the coefficient of e; ® e; in —[R< (e > ;) ® id](r> + r<).
(F6) = 0 since the term in the bracket is the coefficient of ¢; in

e; > (em <€) — (e = em) <e, =0.
Therefore we have
[R<(e;) ® Lo(e) —1d ® Ls (e < e;) — R<(ey > €;) ® 1d](rs + r<) = 0.

(2) Similarly, eq. (58) holds if and only if r,, r< satisfy eq. (64). In fact, comparing
with the proof in (1), the difference appears in (F2)’, (F4)" and (F6)’, where
(F2)' = k., (afnkaft — af{tarjnl) = 0 by interchanging the indices k and /;
(F4)' = > bit(ak,bi, — al, b¥) = 0 since the term in the bracket is the
coefficient of e; in
(em =€) <ej—em > (er <€) =0;

(F6)" = x;aij [a;;t(afm + b;‘m) — afna;'k] = 0 since the term in the bracket is
the coefficient of e; in —e; > (e, > €;) + (€] > em + €1 < em) > e; = 0.
(3) Eq. (60) holds (taking a* = e/, b* = e}*) if and only if (for any i, j, m, t)

n . . ) .
(e + b = byl + ey — aly (e + ] = 0

Substituting eq. (66) into the above equation and after rearranging the terms suitably,
we have

(F1) + (F2) + (F3) + (F4) + (FS) + (F6) + (F7) + (F8) + (F9) + (F10) = 0,
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where
(1) = X(an + bir)(=bj,bL,,) = —R<(em) ® R<(e)(r +7-),
(F2) = X(ane + big)(—aj,ah) = —Ls(er) ® Ly (em)(r + 1<),
(F3) = ];J(ak, +by)(—al, bl) = —Re(em) ® R<(e)(0(rs) + 1<),
(F4) = ];J(alk +bu)(—al b)) = —Ls(er) ® L<(em)(rs + 0(r<)),
(F5) = gaik +bi)al bl = id ® R<(er) Ly (em)(rs + 7<),
(F6) = kZ’laki (ab, + bl )b) = id ® R<(e) L<(em)(0(r<)),
(F7) = kz’lb,-kb{tbfnk = id ® R<(er)L<(em)(rs),
(F8) = é(ak, + brj)al bl = L, (e;)R<(em) ®id(rs + 1<),
(F9) = Iéak,aimail = L, (e;)Rx(em) ®id(r<),

(F10) = gbjkafm(aik +bl) = L. (es)Ro(em) ®id(0(r>)).

Therefore eq. (65) holds. O

By the definition of a dendriform algebra, we have the following conclusion (cf.
[F2]).

Lemma 4.3.2. Let A be a vector space and let A, A<: A ® A — A be two linear
maps. Then AL, A*: A* @ A* — A* define a dendriform algebra structure on A*
if and only if the following conditions are satisfied:

(A< ®id)A< = (iId ® (As + AQ))AL, (67)
(id ® A<)A> = (A> & id)A-<, (68)
(d ® AL)As = ((Ax + As) ®id)A,. (69)

Proposition 4.3.3. Let (A, >, <) be a dendriform algebra and r-,r< € A ® A.
Define Ay, Ai: A — A® A by egs. (61) and (62). Then AL, A% : A*® A* — A*
define a dendriform algebra structure on A* if and only if the following equations
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are satisfied (for any x € A)

(R(x)®@id ®@id)[(r<,12 ¥ r<,13 + F<,13 < F>23 — <23 > I'<,12)
+r<13 > (r<23 +r-23) — (r<23 +r-23) <r<12]
+ (r<23 +rs-23) < [(d ® L<(x) ® id)r<12] (70)
+(d®id ® L (x))(=r<,12 ¥ r<13 = <13 < I'= 23 + F<23 > I'<,12)
—[(d ®id ® L»(x))r13] > (r>23 +r<23) = 0;

(R<(x) ®1d ®id)(r<23 * =12 — I'> ;12 < I'<,13 — I'> 13 > I'<23)

—([d®id® Ls(x))(r<23 ¥ =12 —I=,12 <Tr<13 —I'> 13 > I'<23) = 0;
(71)

(R<(x) ®id @ id)(—7»,13 * I'>= 23 + I'= 23 <> 12 —F'<,12 > I'=13)
—(r=12 + r<12) < [(R<(x) ®1d ® )7+ 13]
+ [(id ® R<(x) ®id)rs 23] > (> 12 + r<12) (72)
+(d®id ® L(x))[r>,13 ¥ F>23 —I'>23 < I'» 12 + F<,12 > I'> 13

+ (rs12 +7r<12) <13 —F>23 > (r=,12 + r<,12)] = 0.

The operation between two rs is given in an obvious and similar way as eq. (4).

Proof. We need to prove that eqs. (67)—(69) are equivalent to eqs. (70)—(72), re-
spectively. Here we only give an explicit proof that eq. (70) holds if and only if
eq. (67) holds since the proof of the other two equations is similar. Let x € A. After
rearranging the terms suitably, we divide eq. (67) into three parts:

(A< ®id)A<(x) — (id ® (A~ + AL))A<(x) = (F1) + (F2) + (F3),
where
F)y=>{(ai>x+ai <x)®[aj @b; > bj —(aj > b; +a; <b;) @b,
i,J

+¢; ® (b =dj +bi <dj)—c; <b; ®dj]+[a; > (a; > x +a; < x)
+a; <(a; »x+a; <x)]®b; ®b;},

(FZ) =Z{ai®[aj > (x >b,~)+aj <(x>b,-)]®bj
i,j
+ai®cj <(x>bi)®dj—aj®(ai > X+ a; <x)>bj ®bi},

(F3) = > {lai ® (a; > bj) —(aj > a; +a; <a;) ®b;]® (x > b;)) —a; Qaj
i,j

® [(x = bi) = bl —a; ® ¢; ® [(x = b) = dj + (x = by) < dj]}.
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On the other hand,

(Fla) = (R(x) ® id ® id)(r<12 * r<,13)
= >_l(ai xaj) * x ® b; ® bj]
ij

=Ylaj>(ai >x+a; <x)+a; <(ai>x+a <x)]®b; ®b;],
i’j

(F1b) = (R(x) ® id ® id)(r<,13 < 1> 23)
= Z[(ai *X) ®@c; ® (b <dj)]
L]
= Z[(al- x+a; <x)Q® Y (b < dj)]’
L]
(Flc) = (R(x) ® id ® id)(—r< 23 > r<.12)
= Z[—(ai * X) ® (aj > bi) ® bj]
,]

= Z[—(di x+a; <x)Q (aj > b,) 24 bj],
i’j

(F1d) = (R(x) ® id ® id)[r<,13 > (r<23 + > 23)]
=2 A(ai > x +ai < x) ® [a; ® (bi > bj) + ¢; ® (b > d))]},
i,
(Fle) = (R(x) ® id ® id)[—(r<23 + 1> 23) < r<,12]
= —Z{(ai >Xx+a; < x) 024 [(aj < bi) (03] bj + (Cj < bi) X dj]},
i,

(F2') = (r<p3 + 1> 23) < [(id ® L<(x) ® id)r< 1]
=Y a;®a; <(x>bj)®bj +c; < (x>b)]®d],
i,j

(F3a) = ((d®id @ Lo (x))(—r<12 *r<13) = Y —a; xa;j @ b; ® (x > bj)

i,j
= Z—[(ai >a; +a; < aj)®b,~ ®(x > bj),
i,j
(F3b) = (id ® id ® L (x))(—r<13 < =23) = >_—la; ® ¢; ® x > (b; < d;)].
i,j
(F3c) = (id ® id ® L»(x))(r<,23 > r<;12) = »_la; ® (a; > b;) ® (x > b;)].
i,j

(F3d) = —[(id ® id ® L»(x))r13] > (r-23 + r<,23)
=—Zai ®[aj®(x>bi) >-bj +cj®(x>bi) >-dj].
i,j
It is obvious that

(F1) = (Fla) + (F1b) 4 (Flc) + (F1d) + (Fle),
(F2) = (F2)',
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(F3) = (F3a) + (F3b) + (F3c) + (F3d).
Therefore eq. (70) holds if only if eq. (67) holds. ]

Combining Propositions 4.3.1 and 4.3.3, we obtain the following conclusion.

Theorem 4.3.4. Let (A, >, <) be a dendriform algebra and r.,r< € A ® A. Then
the linear maps A, A< defined by egs. (61) and (62) induce a dendriform algebra
structure on A* such that (A, A*) is a dendriform D-bialgebra if and only if r.. and
r< satisfy eqs. (63)—(65) and (70)—(72).

Definition 4.3.5. A dendriform D-bialgebra (A, A*) is called coboundary if its struc-
ture is given by r.,r< € A ® A through Theorem 4.3.4.

Theorem 4.3.6. Let (A, A*, A,, A<, B, B<) be a dendriform D-bialgebra. Then
there is a canonical dendriform bialgebra structure on the direct sum A ® A* of
the underlying vector spaces of A and A* such that both the inclusions i1: A —
A® A  and i: A* — A @ A* into the two summands are homomorphisms of
dendriform D-bialgebras, where the dendriform D-bialgebra structure on A* is given
in Example 4.2.7.

Proof. Letr =) ,e;®ef € AQ A* C (A® A*) ® (A ® A*) which corresponds
to the identity mapid: A — A, where {e;,...,e,}isabasisof A and {e],...,e;}is
its dual basis. Suppose that the dendriform D-bialgebra structure “>, <" on A @ A*
is given by

* * _r* _ p* * *
DD(A) = A paFiatRE Ly ~RE L2 L 2
RiA*+RiA>k’_LiA*’_RiA*’LiA*"'LiA* ’

Then we have, for any x,y € A,a,b € A%,

X>Y=X>4)y, X<y=x=<4y, Xx>a=Rj(x)a—L%  (a)x,
x <a=-RL (¥)a+ Lj(a)x, a>x= Ry (a)x—L% (x)a,
a<x:—RiA*(a)x+L;§(x)a, a>b=a>4+b, a~<b=a<y+b.

If r« = r and r< = —r satisfies egs. (63)—(65) and (70)—(72), then

App,>~u) = (id ® L(u) — R<(u) ® id)(r-),
App <) = (id ® L<(u) — R(x) ® id)(r<).

for all u € DD (A), can induce a dendriform D-bialgebra structure on DD (A).
In fact, we have

r<+r. =0, r<+0(r>)=Z(_ei®€?+€?®ei)o
i
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Therefore eq. (64) holds automatically. By a similar proof as of Theorem 2.3.6, it
follows that eqs. (63) and (65) hold and

ri2 % F13 —7r13 <T23 — 123 > Fp = —F3%r2 +ri2 <ri3+ri3>rs
= —r13 % I3 + 123 < T2+ riz2 > ris
=0.

So egs. (70)—(72) are satisfied. Hence DD (A) is a dendriform D-bialgebra. Further-
more, for e € A, we have

App>(ex) =) e ®ex xef —(e; < ex) ® ef]

1
= Z(ek,e;" - e}‘)ei ® e;
l’.]
= A>(€k),
App.<(ex) = Y [—ei @ ex < ef + (e; xex) ® €]

i

= Z(ek,e;" <ef)ei ®ej
i,j

= A< (ex).

Therefore the inclusion i;: A — A @® A* is a homomorphism of dendriform D-
bialgebras. Similarly, the inclusion ip: A* — A @ A* is also a homomorphism of
dendriform D-bialgebras, where the dendriform D-bialgebra structure on A* is given
in Example 4.2.7. O

Definition 4.3.7. Let (A, A*) be a dendriform D-bialgebra. With the dendriform
D-bialgebra structure given in Theorem 4.3.6, A @ A* is called a dendriform double
of A. We denote it by DD (A).

Corollary 4.3.8. Let (A, A*) be a dendriform D-bialgebra. Then the dendriform
double DD (A) of A is a dendriform D-bialgebra and the bilinear form w given by
eq. (7) is a Connes cocycle.

We would like to point out here that, unlike the symmetry of 1-cocycles of A
and A* appearing in the definition of a dendriform D-bialgebra (A4, A*), it is not
necessary that § is also a 1-coboundary of A* for a coboundary dendriform D-
bialgebra (A, A*, A., AL, B>, B<), where A, A are given by egs. (61) and (62).

4.4. The D-equation and its properties. In this subsection, we consider some
simple and special cases to satisfy the eqgs. (63)—(65) and (70)—(72).
At first, due to eq. (63), we consider the condition

r<=r, r.=-0(r), reAQA. (73)
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Corollary4.4.1. Let (A, >, <) be adendriformalgebraandr =), a; ®b; € AR A.
Then the maps A, A< defined by eqgs. (61) and (62) with r., r< satisfying eq. (73)
induce a dendriform algebra structure on A* such that (A, A*) is a dendriform
D-bialgebra if and only if r satisfies the following equations.

[P(x > y)—(id® L>(x)) P(N](r —a(r)) =0, (74)

o(P(x)P(y)(r—a(r)) =0, (75)
(R(X) ® id ® id —id ® id ® L>(X))[(I"12 *ri3 —ri13 <r3p —rz3z > 7‘12)
+X (@i % x) ® P(bi)(r —0(r)) —a; ® [P(x = by)(r —a(r)] =0, (70
(R<(x)®id®id—1d®id ® L <(x))(—=ra3 *r21+721 < riz+ra1 > r23) =0, (77)
(R<() ®1d®id —id ® id ® L(u))(—r31 * r3z + rax < ra1 + r12 > r31)
+ X [P(bi)(r —o(r) ® x xa; — P(b; < x)(r —o(r)) ®a;] = 0. 78
where x,y € A, P(x) =id ® L. (x) — R<(x) ® id.

Remark 4.4.2. Leto123,0132: AQAR®A — AR® AR A be two linear maps given
by
0123(x®y®z2)=z@x®Yy, 01n(x®YyR®2)=yRzQX

for all x, y,z € A. Then we have

(raz * ra1 — 121 <113 — 7131 > 123) = 0123(F12 ¥ 113 — 113 < 132 — 123 > I'12),

(r31 * r3sp —r32 < rp1 —7ri2 > r31) = 0132(ri2 ¥ 113 — riz < 13z — 13 > ri2).

Remark 4.4.3. We can also consider the case r~ + r< = 0, as we did in the proof
of Theorem 4.3.6. Obviously, if in addition, r< = r is symmetric, then we are in the
case satisfying eq. (73).

The simplest way to satisfy eqs. (74)—(78) is to assume that r is symmetric and
r12 * 113 =113 < ra3z +ra3 > ri. (79)
Corollary 4.4.4. Let (A, >, <) be adendriformalgebraandr € AQ A. Suppose that
r is symmetric and r satisfies eq. (79). Then the maps A, A< defined by egs. (61)

and (62) with r~ = —r, r< = r induce a dendriform algebra structure on A* such
that (A, A™) is a dendriform D-bialgebra.

Definition 4.4.5. Let (A4, >, <) be a dendriform algebra and r € A ® A. Eq. (79) is
called D-equation in A.
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By Remark 4.4.2, when r is symmetric, the equivalent forms of the D-equation
are given as

F23 ¥ T12 =712 <F13 +713 > 123 OF TI13% 723 =123 <7F12 + 112 > I'13.

By a similar proof as of Proposition 2.4.4, we have the following conclusion.
Proposition 4.4.6. Let (A, >, <) be a dendriform algebra and letr € A ® A be a
symmetric solution of the D-equation in A. Then the dendriform algebra structure

and its associated associative algebra structure on the dendriform double DD (A) is
given from the products in A as follows:

a* <b* = —=RL(r(@))b* + L*(r(b*))a",
a* > b* = R*(r(a™)b* — L% (r(b*))a",
a*xb* =a* = b* +a* <b* = R%(r(a*)b* + LL(r(b*))a*,  (80)
x>=a*=x>r(a*)—r(R*(x)a*) + R*(x)a*,
x <a*=x=<r@)+r(RL(x)a*)— R.(x)a",
x*xa* =xxr(@*)—r(R%(x)a*) + R%(x)a™;
a*>x=r(@") > x+r(L%(x)a*) — L% (x)a",
a* <x=r(@)<x—r(L*(x)a*) + L*(x)a*,
a*xx =r(@*)xx—r(LL(x)a*) + LI (x)a*
forany x € A, a*,b* € A*.
Theorem 4.4.7. Let (A, >, <) be a dendriform algebra andr € A ® A. Suppose
that r is symmetric and non-degenerate. Then r is a solution of the D-equation in A

if and only if the inverse of the isomorphism A* — A induced by r, regarded as a
bilinear form B on A (that is, B(x,y) = (r~'x,y) forany x, y € A) satisfies

Bx*xy,z) =B,z <x)+B(x,y >z) forallx,y,z € A. (81)

Proof. Let r = ) ;a; ® b;. Since r is symmetric, r(v*) = Y, (v*,a;)b; =
> i{v*,bi)a; for any v* € A*. Since r is non-degenerate for any x, y, z € A, there
exist u™, v*, w* € A* such that x = r(u*), y = r(v*),z = r(w™*). Therefore

B(x xy,z) = (r(*) xr@©),w")

(W* bi) (v*, bj)(w*, ai xaj) = (W* @u™ @ v*,r1z *r13),
i,j
B(y,z < x) = (", r(w*) <ru))

= Z(u*,bi)(w*,bi)(v*,ai <a;) = (W @uU*®v*,riz < rs),
i,j

Bx,y>z)=({r@") =rw*),u")

= Z(v*,bi)(w*,bj)(u*,ai >aj) = (W @u* @ v*, r3 > ri2).
i,j
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Therefore B satisfies eq. (81) if and only if 7 is a solution of the D-equationin 4. [

Definition 4.4.8. Let (A, >, <) be a dendriform algebra. A bilinear form B on A is
called a 2-cocycle if B satisfies eq. (81).

Remark 4.4.9. Let B be 2-cocycle on a dendriform algebra (A4, >, <). Then it is
easy to show that w(x,y) = B(x,y) — B(y, x) (for any x,y € A) is a Connes
cocycle of the associated associative algebra (A, *). On the other hand, 8 satisfies

B(x-y,z)=Bx,y-2) = B(y-x,2) = B(y,x2) (82)

forall x,y,z € A,where x-y = x > y —y < x forany x,y € A. Furthermore,
(A, -)is a pre-Lie algebra (see Sections 5.2 and 5.3) and a bilinear form on a pre-Lie
algebra A satisfying eq. (82) is called a 2-cocycle on A ([Ku2]). Moreover, a pre-Lie
algebra A over the real number field R is called Hessian if there exists a symmetric and
positive definite 2-cocycle on A. In geometry, a Hessian manifold M is a flat affine
manifold provided with a Hessian metric g, that is, g is a Remanning metric such that
for any each point p € M there exists a C *°-function ¢ defined on a neighborhood
of p such that g;; = %. A Hessian pre-Lie algebra corresponds to an affine
Lie group G with a G-invariant Hessian metric ([Sh]). Therefore a symmetric and
positive definite 2-cocycle on a real dendriform algebra can give a Hessian structure.

Corollary 4.4.10. Let (A, >4, <4) be a dendriform algebra andletr € A ® A be a
non-degenerate symmetric solution of the D-equation in A. Suppose the dendriform
algebra structure “> g+, <4+ on A* is induced by r via Proposition 4.4.6. Then we
have

a* =g« b* = r7Y(r(a*) =4 r(b*)), a* <4+ b* = r71(r(a*) <4 r(b*))

for all a*,b* € A*. Therefore, r: A* — A is an isomorphism of dendriform
algebras.

Proof. The conclusion can be obtained by a similar proof as of Corollary 2.4.6. [

Theorem 4.4.11. Let (A, >, <) be a dendriform algebra andr € A @ A symmetric.
Then r is a solution of the D-equation in A if and only if r satisfies

r(@*) «r(b*) =r(RL(r(@)b* + LL(r(b*))a™) foralla®,b* € A*.
Proof. The conclusion can be obtained by a similar proof as of Theorem 2.4.7. [

Combining Theorem 4.4.11 and Theorem 3.1.2, we have the following conclusion.

Corollary 4.4.12. Let (A, >, <) be a dendriform algebra andr € A ® A symmetric.
Then r is a solution of the D-equation in A if and only if r is an O-operator of the



514 C. Bai

associated associative algebra (A, *) associated to (R*,, LY). Therefore there is a
dendriform algebra structure on A* given by

a* > b* = R%(r(a™)b*, a* <b* =LL(r(d%))a"

forall a*,b* € A*. It has the same associated associative algebra as the dendriform
algebra on A* given by eq. (80), which is induced by r in the sense of coboundary
dendriform D-bialgebras. If r is non-degenerate, then there is a new compatible
dendriform algebra structure on A given by

x>y =r(RX(x)r 'y), x<'y=r(LEy)r 'x) foralx,y e A,
which is just the dendriform algebra structure given by
B(x > y,2) =8B(y,z*x), B(x<'y,z)=8B(x,y*z) forallx,y,z € A,
where B is the symmetric 2-cocycle on A induced by r 1.

Theorem 4.4.13. Let (A, x) be an associative algebra and (I, r, V') a bimodule. Let
(r*,1*, V*) be the bimodule of A given by Lemma 2.1.2. Suppose thatT: V — Ais
an O-operator associated to (I,r, V). Thenr = T + o(T) is a symmetric solution
of the D-equation in T (V') X,x o 01+ V*, where T(V) C A is a dendriform algebra
given by eq. (33) and (r*,0,0,1™) is a bimodule since its associated associative
algebra T (V) is an associative subalgebra of A, and T can be identified with an
elementin T(V) Q@ V* C(T(V) Xyx0,01% V*) @ (T (V) Xpx 9,0.4% V).

Proof. Let {e1,...,e,} be a basis of A. Let {v1,...,v,} be a basis of V and
{v},..., v} its dual basis. Set T(v;) = Y ¢, dikxek.i = 1,...,m. Then

m

T=> T)®v}
i=1
m

n
= Y auer®v eT(V)QV*
i=1k=1

- (T(V) Xr*.0,0,0* V*) ® (T(V) Xp*,0,0,0* V*)'
Therefore we have
m
rioxriz =y {T()*T(vj) @ v} ® v]’?‘ + r*(T(vi))v;‘ ® v’ QT (v))
ij=1
+ (T () & T(vi) ® vy},

m
ri3<ra3= > {vf ®vF @ T(v;) < T(v;) + T(vi) ® vi ®I*(T(v))v/},
i,j=1

m
raz>=riz= » {T(v;)® r*(T(v,-))v]’-" ® v + v]’." ® T(v;) » T(vj) ® vi}.
i,j=1
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On the other hand, we have

Y T @Tw) = Y vi® vl ® T (T©)vy),

i,j=1 i,j=1

> Ty @ T(w) @ v = 3 vf @ TU(T(v;)vi) ® v,
i,j=1 i,j=1

AZI T(vi) ® v} ® I*(T(v)))v} = __Zl T((T(v)v) ® vf ® vy,
L,j= L=

> T @r*(T))vy ®@v = 3 T(r(T(vi)vj) @ vy ® v/
i,j=1 i,j=1

Since T is an @-operator of A associated to (/,r, V') and
Tu)>Tw) =TUTw)v), Tu)=<Tw) =TT ()u)
for all u,v € V, it follows that r is a symmetric solution of the D-equation in

T(V) %px 0,00+ V*. O

Remark 4.4.14. Roughly speaking, a symmetric solution of the D-equation corre-
sponds to the symmetric part of an (9-operator, whereas an antisymmetric solution
of associative Yang—Baxter equation corresponds to the antisymmetric part of an
(O -operator.

Corollary 4.4.15. Let (A, >, <) be a dendriform algebra. Then

n
r=>) (eiQe+ef ®e;) (83)
i=1
is a symmetric solution of the D-equation in A Xgx o0 1* A*, where {ey, ..., en}
is a basis of A and {e}, ..., ey} is its dual basis. Moreover, r is non-degenerate and

the induced 2-cocycle B on A X gx oo 1x A* is given by eq. (2).

Proof. LetV = A, = L., r = R<and T = id in Theorem 4.4.13. Then the
conclusion follows immediately. O

Remark 4.4.16. A comparison with Theorem 4.3.6 shows that (the non-symmetric)
T = Y7_,ei ® e} induces a dendriform D-bialgebra structure on

AXpe_px —pr e A,

whereas the above (symmetric) ¥ = T + o(T) induces a dendriform D-bialgebra
structure on A X gx o0 rx A*.

Recall that two Connes cocycles (A1, ;) and (A3, w;) are isomorphic if and
only if there exists an isomorphism of associative algebras ¢ : A; — A, such that

w1(x,y) = ¢ wa(x,y) = wa(@(x),p(y)) forallx,y € A;.

By a similar proof as of Theorem 2.4.9, we have the following conclusion.
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Theorem4.4.17. Let (A, >, <) be adendriform algebra. Then, as Connes cocycles of
associative algebras, the double construction of Connes cocycle (or the dendriform D-
bialgebra) (T (A) = A <t A*, w) given by a symmetric solution r of the D -equation
in A and the double construction of Connes cocycle (or the dendriform D-bialgebra)
(T(A) = Axpgx px A", w) are isomorphic, where w is given by eq. (7). However,
in general, they are not isomorphic as double constructions of Connes cocycles (or
dendriform D-bialgebras).

Corollary 4.4.18. Let (A, >, <) be a dendriform algebra. Then as Connes cocycles
of associative algebras, the double constructions of Connes cocycles given by all
symmetric solutions of the D-equation in A are isomorphic to the double construction
of the Connes cocycle (T(A) = A xgx » A%, ) given by the zero solution.

5. Comparison (duality) between bialgebra structures

5.1. Comparison (duality) between antisymmetric infinitesimal bialgebras and
dendriform D-bialgebras. The results in the previous sections allow us to compare
antisymmetric infinitesimal bialgebras and dendriform D-bialgebras in terms of the
following properties: 1-cocycles of associative algebras, matched pairs of associative
algebras, associative algebra structures on the direct sum of the associative algebras
in the matched pairs, bilinear forms on the direct sum of the associative algebras in the
matched pairs, double structures on the direct sum of the associative algebras in the
matched pairs, algebraic equations associated to coboundary cases, non-degenerate
solutions, (-operators of associative algebras and constructions from dendriform
algebras. We list them in Table 1. From this table, we observe that there is a clear
analogy between them and in particular, double constructions of Frobenius algebras
correspond to double constructions of Connes cocycles in this sense. Moreover, due
to the correspondences between certain symmetries and antisymmetries appearing in
the Table 1, we regard it as a kind of duality.

Next we consider the case that a dendriform D-bialgebra is also an antisymmetric
infinitesimal bialgebra.

Theorem 5.1.1. Let (A, A*, As, AL, B+, B<) be a dendriform D-bialgebra. Then
(A, A*) is an antisymmetric infinitesimal bialgebra if and only if the following two
equations hold:

(L%, (b")y. L% (x)a”) = (RI , (@)x, R, (y)b"), (84)
(L, 0%y, R (x)a”) + (L%, (a™)x, R (y)b7)

<g*

* * * * * * * * (85)
=(RY . (0")x, LT (y)a™) + (R, (@")y, LT (x)b7)

forany x,y € A*, a*,b* € A*.
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Table 1. Comparison between antisymmetric infinitesimal bialgebras and dendriform D-bial-

gebras.

Algebras

Antisymmetric
infinitesimal bialgebras

Dendriform D-bialgebras

1-cocycles of
associative algebras

(d® L, R ®id)

(d® L. R®Iid),
(id® L, R~ ®id)

Matched pairs of
associative algebras

(A, A* R%, L%, R%.,L%.)

(A, A* R* L* .R* . L* )

<4° >4 <gx’ > A%

Associative algebra
structures on the
direct sum of the

double constructions of

double constructions of Connes

direct sum of the
associative algebras in
the matched pairs

. . Frobenius algebras cocycles
associative algebras in
the matched pairs
Bilinear forms on the symmetric antisymmetric

(x+a*.y+0b%) =
(x.b%) + (a*, y)

(x+a™, y+b%) =
_(va*) + (Cl*,y>

invariant

Connes cocycles

Double structures on
the direct sum of the
associative algebras in
the matched pairs

associative doubles

dendriform doubles

Algebraic equations
associated to

antisymmetric solutions

symmetric solutions

associative Yang—Baxter

D-equations in dendriform

coboundary cases equations algebras
Non-degenerate Connes cocycles of 2-cocycles of dendriform
solutions associative algebras algebras

O-operators of
associative algebras

associated to (R*, L™)

associated to (R*, LY)

antisymmetric parts

symmetric parts

Constructions from
dendriform algebras

r =
Yi—ilei®@ef —ef ®ei)

r=Y7"_( ®e +ef ®e;)

induced bilinear forms
(x +a*,y +b*) =
—(X,b*> + <a*vy>

induced bilinear forms
(x +a*,y+b*)=
{(x,p*) + {(a*,y)

Proof. The conclusion can be obtained by a similar proof as of Proposition 2.2.2.

O

Corollary 5.1.2. Let (A, >, <) be a dendriform algebra and let r € A ® A be a
symmetric solution of the D -equation in A. Suppose the dendriform algebra structure
on A* is induced by r from eq. (80). Then (A, A*) is an antisymmetric infinitesimal
bialgebra if and only if the following two equations hold:

(y <4 (x =4 r(@®) =y *ar(RL, (x)a"),b")

(r(LZ, (3)b") x4 x = (r(b*) <4 ) > x.a");
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(y <4 (r@) <ax)—(y >ar(@)) »ax
+r(RL, (y)a™) *ax —y xar(LZ (x)a®), b*)
= (=x <4 (r(6™) <4 ) + (x =4 r(0¥)) >4 y —r (R (x)a™) x4 y
+x k(L% (y)a®).a”),
forany x,y € Aanda* € A*.

Corollary 5.1.3. Let (A, A*, A., AL, Bs, B<) be a dendriform D-bialgebra. If
eqs. (84) and (85) are satisfied, then there are two associative algebra structures

R% LY RY,L% .
A l><1R:A Z;’ A* and A v<pd "\ A* on the direct sum A ® A* of the underly-
<o 4% Vet

ing vector spaces of A and A* such that both A and A* are associative subalgebras
R* L%
e

and the bilinear form given by eq. (7) is a Connes cocycle on A <
< gt gk

* *
R%,L%
RY.L7x
these two associative algebras are not isomorphic in general.

and the bilinear form given by eq. (2) is invariant on A >< A*. Moreover,

Example 5.1.4. Let (A4, *4) be an associative algebra and let w be a Connes cocycle
on (A, *4). Then there is an antisymmetric infinitesimal bialgebra whose associative
algebra structure on A* is given by a non-degenerate solution r of the associative
Yang—Baxter equation as follows:

A(x) = (1d ® L(x) — R(x) ® id)r

for all x € A, where r: A* — A is given by w(x,y) = (r~!(x), y). On the other
hand, there exists a compatible dendriform algebra structure “>4, <4~ on A given
by eq. (53), that is,

o(x >4 y,2) =w(y,z %4 xX), w(x <4y,2) =w(x,y *q2) (86)

forall x, y,z € A. Moreover, there exists a compatible dendriform algebra structure
on the associative algebra A™ given by

a* =4 b* = r7L(r(a@*) =4 r(b*), a* <4+ b* =r~L(r(a*) <4 r(b*)),
for all a*, b* € A. Furthermore, it is easy to show that

L, (x)a* = rmH(r(a*) %4 x).

RE (x)a* = —r~!(x <4 r(a"),
L% (x)a* = —r7(r(@*) >4 x),
R%, (x)a* = rH(x * r(a*)),
LY (@)x = x %4 r(a®),

RE . (@*)x = —r(a®) <4 x,
LY (@) = —x =4 r(a®).

RZ . (a®)x =r(a”) x4 x
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for all x € A, a* € A*. Therefore, by Theorem 4.2.4, (4, A*) (as dendriform
algebras) is a dendriform D-bialgebra if and only if (A4, A*, R_";A , L*;A , RiA* , LiA* )
is a matched pair of associative algebras, which is the case if and only if A4 is 2-step
nilpotent, that is, x %4 y x4 z = 0 for any x, y, z € A. In this case, by eq. (86), it is

equivalent to
x>4 (Y raz)=x<4(y<uz)=x>4(y<42)=0

forall x, y, z € A. Therefore, under such conditions, eqs. (84) and (85) hold naturally.

5.2. Duality in the version of Lie algebras: Lie bialgebras and pre-Lie bialge-
bras. There is a similar duality for Lie algebras, which was presented in [Bai2].
In order to be self-contained, we give a brief introduction in this subsection. We
would like to point out that, although we give the Lie bialgebras and pre-Lie bialge-
bras as structures similar to antisymmetric infinitesimal bialgebras and dendriform
D-bialgebras, here, in fact, it is the Manin triples (Lie bialgebras) that have been first
studied and then motivate us to study the other structures.

There are two kinds of important (non-degenerate) bilinear forms on Lie algebras.
A bilinear form B( , ) on a Lie algebra A is invariant if

B([x,y].z) = B(x,[y,z]) foralx,ye A.

A 2-cocycle (symplectic form) on a Lie algebra A is an antisymmetric bilinear from
o satisfying

o([x,y],2) + o([y,z],x) + o([z,x],y) =0 forall x,y,z € A.

Moreover, the algebras that play a role similar to dendriform algebras in the double
constructions of Frobenius algebras and Connes cocycles are pre-Lie algebras. In fact,
pre-Lie algebras (or under other names like left-symmetric algebras, quasi-associative
algebras, Vinery algebras and so on) are a class of natural algebraic systems appearing
in many fields in mathematics and mathematical physics (see the survey article [Bu]
and the references therein).

Definition 5.2.1. Let A be a vector space over a field I with a bilinear product
(x,y) — xy. Ais called a pre-Lie algebra if

(xy)z —x(yz) = (yx)z — y(xz) forallx,y,z € A.

Let A beapre-Lie algebra. Forany x, y € A,let L(x) and R(x) denote the left and
right multiplication operator, respectively, that is, L(x)(y) = xy, R(x)(y) = yx.
Let L: A — gl(A) with x — L(x) and R: A — gl(A) with x — R(x) (for every
x € A) be two linear maps. For a Lie algebra §, we let ad(x) denote the adjoint
operator, that is, ad(x)y = [x, y], and ad: § — gl(¥§) with x — ad(x) is a linear
map.
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Proposition 5.2.2. Let A be a pre-Lie algebra.
(1) The commutator

[x,y]=xy—yx foralx,ye A (87)

defines a Lie algebra §(A), which is called the sub-adjacent Lie algebra of A and A
is also called a compatible pre-Lie algebra structure on the Lie algebra §(A).
(2) The map L: A — gl(A) gives a representation of the Lie algebra §(A).

Proposition 5.2.3 ([Chu]). Let § be a Lie algebra and let w be a non-degenerate
2-cocycle on § (such a Lie algebra called a symplectic Lie algebra). Then there
exists a compatible pre-Lie algebra structure on'§ defined by

w(x*xy,z)=—-w(y,[x,z]) forallx,y,z€§.

Next we give the “double constructions” of Lie algebras with non-degenerate
invariant bilinear forms or non-degenerate 2-cocycles. In fact, both of them have
their own (independent) interest in many fields.

At first, recall that (§, #, p, i) is a matched pair of Lie algebras if § and # are
Lie algebras and p: § — gl(H#) and u: K — gl(¥) are representations satisfying

p(xX)[a, b] — [p(x)a, b] — [a, p(x)b] + p(p(a)x)b — p(u(b)x)a = 0,
p(a@)lx, y] = [n@)x, y] =[x, u(@)y] + p(p(x)a)y — u(p(y)a)x = 0,

forany x,y € § and a,b € . In this case, there exists a Lie algebra structure on
the direct sum § @ J of the underlying vector spaces of ¥ and J given by

[x +a,y+b] =[x,y] + u(@y — u(b)x + [a,b] + p(x)b — p(y)a

forall x,y € §,a,b € . We denote it by § ><1f, J or simply & <1 J. Moreover,
every Lie algebra which is the direct sum of the underlying vector spaces of two
subalgebras can be obtained from a matched pair of Lie algebras as above.

Definition 5.2.4. Let § be a Lie algebra. Suppose that there is a Lie algebra structure
on the direct sum of the underlying vector spaces of § and its dual space §* such
that & and §* are Lie subalgebras.

(a) If the natural symmetric bilinear form on § @ §* given by eq. (2) is invariant,
then (¢ < §*,8,9%) is called a (standard) Manin triple.

(b) If the natural antisymmetric bilinear form on § @ §* given by eq. (7) is a 2-
cocycle, then itis called a phase space of the Lie algebra § ([Kul]). (§ >< §*,6,8%)
is also called a para-Kiihler structure on the Lie algebra § > §* ([Kan]).

For a Lie algebra ¢ and a representation (p, V') of &, recall that a 1-cocycle T
associated to p (and denoted by (p, T')) is a linear map from § to V satisfying

T([x,yD) = p()T(y) = p(y)T(x) forallx,y €.



Double constructions of Frobenius algebras, Connes cocycles and their duality 521

Definition 5.2.5. (a) Let § be a Lie algebra. A Lie bialgebra structure on § is an
antisymmetric linear map §: € — § ® § such that §*: §* ® §* — §* is a Lie
bracket on §* and § is a 1-cocycle of § associated to ad ® id + id ® ad with values
ing ® 9. We denote it by (§,5%) or (,6).

(b) Let A be a vector space. A pre-Lie bialgebra structure on A is a pair of linear
maps (A, f) suchthat A: 4 > AR A, f: A¥ > A* ® A* and

(1) A*: A* ® A* — A™ defines a pre-Lie algebra structure on A*,

(2) B*: A® A — A defines a pre-Lie algebra structure on A,

(3) Aisa l-cocycle of §(A) associated to L ® id 4 id ® ad with valuesin A ® 4,

(4) Bisal-cocycleof §(A*) associated to L ®id +id ® ad with valuesin A™ ® A*.
We denote it by (A, A*, A, B) or simply (A4, A*).

Theorem 5.2.6. (a) Let (§,[, |g) and (8%, , lg*) be two Lie algebras. Then the
following conditions are equivalent:

(1) (8 < §%,9,8%) is a standard Manin triple with the bilinear form (2).
(2) (9.9%,adg.adg.) is a matched pair of Lie algebras.
(3) (8.9%) is a Lie bialgebra.

(b) Let (A, +) and (A*, o) be two pre-Lie algebras. Then the following conditions
are equivalent:

(1) (8(A) < 9(A)*,6(A), §(A")) is a para-Kiihler Lie algebra with the bilinear
form (7).

(2) (8(A),&(A™), L*, LY) is a matched pair of Lie algebras.
(3) (A, A*) is a pre-Lie bialgebra.

In fact, a Lie bialgebra is the Lie algebra § of a Poisson-Lie group G equipped
with additional structures induced from the Poisson structure on G, and a Poisson-Lie
group is a Lie group with a Poisson structure compatible with the group operation in
a certain sense. Poisson-Lie groups play an important role in symplectic geometry
and quantum group theory (cf. [D] and the references therein). On the other hand, in
geometry, a para-Kéhler manifold is a symplectic manifold with a pair of transversal
Lagrangian foliations ([Li]). A para-Kihler Lie algebra § is the Lie algebra of a Lie
group G with a G-invariant para-Kihler structure ([Kan]).

We have already obtained many properties of Lie bialgebras and pre-Lie algebras
which are similar to our study in the previous sections. We collect them in the
Appendix and we compare pre-Lie bialgebras and Lie bialgebras in terms of their
certain properties in Table 2. From Table 2, we observe that there is also a clear
analogy between them and in particular, due to the correspondences between certain
symmetries and antisymmetries appearing in the analogy, we can regard it as a kind
of duality again which is similar to the duality appearing in the Table 1.
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Table 2. Comparison between Lie bialgebras and pre-Lie bialgebras.

Algebras Lie bialgebras Pre-Lie bialgebras
Corresponding Lie . . - .

aroups Poisson-Lie groups para-Kéhler Lie groups
I-cocycles of Lie id®ad + ad ® id L®id+id®ad
algebras

Matched pairs of Lie
algebras

(§.9%",adg, adg.)

(§(4). (A7), L% L)

Lie algebra structures
on the direct sum of the
Lie algebras in the
matched pairs

Manin triples

phase spaces

Bilinear forms on the

symmetric

antisymmetric

direct sum of the Lie
algebras in the matched

(x+a*.y+0b%) =
(x.0%) + (a*.y)

(x+a*.y+b%) =
—(x.b") + (a".y)

Lie algebras in the
matched pairs

pairs invariant 2-cocycles
Double structures on
the direct sum of the Drinfeld doubles symplectic doubles

Algebraic equations

antisymmetric solutions

symmetric solutions

associated to coboundary
cases

classical Yang—Baxter
equations in Lie algebras

S-equations in pre-Lie algebras

2-cocycles of Lie algebras

2-cocycles of pre-Lie algebras

Non-degenerate solutions

symplectic structures

Hessian structures

O-operators of Lie

associated to ad™

associated to L™

algebras

antisymmetric parts

symmetric parts

Constructions from

r =

Yioi(ei®ef —eX®e;)

r=Yi_1(ei Qe +e®e)

pre-Lie algebras

induced bilinear forms
(x +a*,y+b*) =
_(va*) + (a*7y>

induced bilinear forms
(x +a*,y+b*) =
{(x,b™) + (a*, y)

5.3. Relationships among four bialgebras

Proposition 5.3.1 ([Chal], [A2]). Let (A, >, <) be adendriform algebra. Then there
is a pre-Lie algebra structure on (A, -) given by

X-y=x>y—y=<x foralx,yeA.

(88)

Corollary 5.3.2. Let (A, >, <) be a dendriform algebra. Then the sub-adjacent Lie
algebra of the pre-Lie algebra (A, -) given by eq. (88) is the same as the commutator
Lie algebra of the associated associative algebra (A, *), that is,

[Xx,y]=x*%xy—y*xx=x-y—y - XxX=x>yV+xX<y—yp>x—y <X
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forall x,y € A.

Therefore, as Chapoton pointed out in [Chal] (also see [A2], [A4], [EMP]), there
is the following commutative diagram of categories:

dendriform algebras —— pre-Lie algebras

i i

associative algebras ——— Lie algebras.

In this diagram, the left vertical arrow is given by eq. (32), the top horizontal arrow is
given by eq. (88), the bottom arrow is given by eq. (87) since an associative algebra
is a special pre-Lie algebra, and the right vertical arrow is given by eq. (87).

Obviously, if a symmetric or antisymmetric bilinear form on an associative algebra
is invariant or a Connes cocycle respectively, then it is also invariant or a 2-cocycle
on the commutator Lie algebra respectively,.

Theorem 5.3.3. (1) A double construction of a Frobenius algebra gives a standard
Manin triple (on the commutator Lie algebra) naturally.

(2) A double construction of Connes cocycles gives a para-Kdhler Lie algebra
(on the commutator Lie algebra) naturally.

Corollary 5.3.4. (1) Any antisymmetric infinitesimal bialgebra is a Lie bialgebra (in
the sense of its commutator Lie algebra).
(2) Any dendriform D-bialgebra is a pre-Lie bialgebra (in the sense of eq. (88)).

Corollary 5.3.5. We have the following relationship among the antisymmetric in-
finitesimal bialgebras, dendriform algebras, Lie bialgebras and pre-Lie bialgebras:

dendriform D-bialgebras = pre-Lie bialgebras

dual I I dual

antisymmetric infinitesimal bialgebras = Lie bialgebras.

Here § means the duality given in Sections 5.1 and 5.2, and < means the inclusion
in the sense of Corollary 5.3.4.

Remark 5.3.6. Part (1) of Corollary 5.3.4 and the relation given by the bottom —
in the above diagram were also pointed out in [A3].

Corollary 5.3.7. Let (A, A*, A, AL, B>, B<) be a dendriform D-bialgebra. If
eqs. (84) and (85) hold, then (A, A*) is an antisymmetric infinitesimal bialgebra.
(A, A*) is also a pre-Lie bialgebra in the sense of eq. (83). Furthermore, as the
commutator Lie algebras, (§(A), §(A)*) is a Lie bialgebra. Therefore, there is an
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associative algebra structure and a Lie algebra structure on the direct sum A ® A* of
the underlying space of A and A* such that the natural symmetric bilinear form given
by eq. (2) is invariant on both of them and the natural antisymmetric bilinear form
given by eq. (7) is a Connes cocycle on the associative algebra and a 2-cocycle on the
Lie algebra. Moreover, under such a condition, we have the following commutative
diagram:

dendriform D-bialgebras = pre-Lie bialgebras

i i

antisymmetric infinitesimal bialgebras ——— Lie bialgebras.

Acknowledgments. The author thanks Professors M. Aguiar, A. Connes, L. Guo
and J.-L. Loday for important suggestion. This work was supported in part by NSFC
(10621101, 10920161), NKBRPC (2006CB805905) and SRFDP (200800550015).

Appendix: Some properties of Lie bialgebras and pre-Lie bialgebras

In this appendix, we list some properties of Lie bialgebras and pre-Lie bialgebras.
Most of the results can be found in [Bai2] and the references therein.

Proposition A.1. (a) Let (§,9%) be a Lie bialgebra. Then there is a canonical
Lie bialgebra structure on § @ §* such that the inclusions i;: § — § ® §* and
ir: &% — § ® F* into the two summands are homomorphisms of Lie bialgebras,
where the Lie bialgebra structure on §* is given by —8g=. Such a structure is called
a classical (Drinfeld) double of §.

(b) Let (A, A*, A, B) be a pre-Lie bialgebra. Then there is a canonical pre-Lie
bialgebra structure on A ® A* such that both the inclusions i1: A — A ® A* and
ir: A* — A® A into the two summands are homomorphisms of pre-Lie bialgebras.
Such a structure is called a symplectic double of A.

Definition A.2. (a) A Lie bialgebra (8, §) is called coboundary if § is a 1-coboundary
of § associated to ad ® id + id ® ad, that is, there exists an r € § ® § such that

3(x) = (ad(x) ®id + id ® ad(x))r forallx € §. (A.1)

(b) A pre-Lie bialgebra (A4, A*, A, B) is called coboundary if A is a 1-coboundary
of §(A) associated to L ® id + id ® ad, that is, there exists an r € A ® A such that

Ax)=(LMx) Qid+id® ad(x))r forall x € A. (A.2)

Theorem A.3. (a) Let § be a Lie algebra and let r € § ® §. Then the map
6:8 — 9 ®F defined by eq. (A.1) induces a Lie bialgebra structure on g if and
only if the following two conditions are satisfied for any x € §:
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(1) (ad(x) ® id + id ® ad(x))(r + o(r)) =0,
(2) (ad(x) ®id ®id +id ® ad(x) ®id + id ® id ® ad(x))([r12, r13] + [r12, r23] +
[r13,723]) = 0.
(b) Let A be a pre-Lie algebra and letr € A @ A. Then the map A defined by

eq. (A.2) induces a pre-Lie algebra structure on A* such that (A, A*) is a pre-Lie
bialgebra if and only if the following two conditions are satisfied for any x,y € A:

(1) [P(x-y) = P(X)P(WI(r —a(r)) =0,
2 oM)[lr.rll =0,

where Q(x) = L(x) ®id ® id +id ® L(x) ® id + id ® id ® ad(x), P(x) =
L(x)®id+id ® L(x) and

[[r.7]] = r1z - ri2 — ra3 - r21 + [r23, r12] = [r13, 721] = [r13, 723].

Corollary A4. (a) Let § be a Lie algebraandr € § ® §. If r is antisymmetric and
r satisfies
[r12, r13] + [r12, r23] + [r13,723] = 0, (A.3)

thenthe map §: § — § ® § defined by eq. (A.1) induces a Lie bialgebra structure
ong.

(b) Let A be a pre-Lie algebraandr € ARQ A. Suppose that r is symmetric. Then
the map A defined by eq. (A.2) induces a pre-Lie algebra structure on A* such that
(A, A*) is a pre-Lie bialgebra if

—Tr12-T13 + 12 - 123 + [r13,123] = 0. (A4)

Definition A.5. (a) Let § be a Lie algebraand r € § ® §. Eq. (A.3) is called the
classical Yang—Baxter equation in §.

(b) Let A be a pre-Lie algebra and r € A ® A. Eq. (A.4) is called S-equation
in A.

Let ¥ be a Lie algebra and let p: § — gl(V') be a representation. Recall that a
linear map T: V — § is called an Q-operator of § associated to p if T satisfies

[Tw), TW)] =TT w)v—p(Tw)u) forallu,v e V.

Proposition A.6. (a) Let § be a Lie algebraandr € § ® §.

(1) Suppose that r is antisymmetric and non-degenerate. Then r is a solution
of the classical Yang—Baxter equation in § if and only if the isomorphism §* — §
induced by r, regarded as a bilinear form on g, is a 2-cocycle on '§.

(2) Suppose that r is antisymmetric. Then r is a solution of the classical Yang—
Baxter equation in § if and only if r is an O-operator of § associated to ad*, that
is, r satisfies

[r(@a®),r(*)] = r(ad*(r(a*))b* —ad*(r(b*))a™) foralla*,b* € §*.
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(b) Let A be a pre-Lie algebra andr € A ® A.

(1) Suppose that r is symmetric and non-degenerate. Then r is a solution of S -
equation in A if and only if the inverse of the isomorphism A* — A induced by r,
regarded as a bilinear form B on A, is a 2-cocycle on A (see eq. (82)).

(2) Suppose that r is symmetric. Then r is a solution of S-equation in A if and
only if r is an O-operator of §(A) associated to L™, that is, r satisfies

[r(@*),r(b*)] = r(L*(r(a™))b* — L*(r(b*))a™) forall a*,b* € A*.

LemmaA.7. Let G be a Lie algebra and let p: § — gl(V') be a representation. Let
T:V — § be an O-operator associated to p. Then the product

uov =p(Tum)v forallu,veV

defines a pre-Lie algebra structure on V. Therefore V is a Lie algebra as the sub-
adjacent Lie algebra of this pre-Lie algebra and T is a homomorphism of Lie al-
gebras. Furthermore, T(V) = {T'(v) | v € V} C § is a Lie subalgebra of § and
there is an induced pre-Lie algebra structure on T (V') given by

Tw)-T(w) =Twov)=T(p(T())v) foralu,velV. (A.5)

Moreover, its sub-adjacent Lie algebra structure is just the Lie subalgebra structure
of § and T is a homomorphism of pre-Lie algebras.

Proposition A.8. Let G be a Lie algebra and let p: § — gl(V') be a representation.
Let p*: § — gl(V*) be the dual representation of p.

(@) A linearmap T : V — § is an O-operator of '§ associated to p if and only if
r =T —o(T) is an antisymmetric solution of the classical Yang—Baxter equation in
g D(p* V*

(b) Let T: V — § be an O-operator associated to p. Thenr = T + o(T) is
a symmetric solution of the S-equation in T(V) X+ V*, where T(V) C § is a
pre-Lie algebra given by eq. (A.5) and (p*, 0) is a bimodule since its sub-adjacent Lie
algebra §(T (V) is a Lie subalgebra of G, and T can be identified with an element
inTWV)@V* C(T(V)Xpxo V) (T(V) Xpx o V).

Proposition A.9. Let (A, -) be a pre-Lie algebra. Let {eq,...,e,} be a basis of A
and {e7, ..., e, } its dual basis.

(a) r given by eq. (31) is an antisymmetric solution of the classical Yang—Baxter
equation in §(A) xp+ §(A)*. Moreover, r is non-degenerate and the induced 2-
cocycle B of §(A) xp+ §(A)* is given by eq. (7).

(b) r given by eq. (83) is a symmetric solution of the S-equation in A X+ o A*.
Moreover, 1 is non-degenerate and the induced 2-cocycle B of A xpx o A* is given

by eq. (2).
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Theorem A.10. Let (A, A*, A, B) be a pre-Lie bialgebra. Then (§(A),§(A%)) isa
Lie bialgebra if and only if

(RT(x)a™, RI(b™)y) + (R (x)b™, R(a™)y)
= (RT(»)b™, RI(a™)x) + (R*(y)a™, RI(b")x),

forany x,y € A*, a*,b* € A*.
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