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We introduce the notions of quasitriangular and factorizable Poisson bialgebras.
A factorizable Poisson bialgebra induces a factorization of the underlying Pois-
son algebra. We prove that the Drinfeld classical double of a Poisson bialgebra
naturally admits a factorizable Poisson bialgebra structure. Furthermore, we
introduce the notion of quadratic Rota—Baxter Poisson algebras and show that
a quadratic Rota—Baxter Poisson algebra of zero weight induces a triangu-
lar Poisson bialgebra. Moreover, we establish a one-to-one correspondence
between factorizable Poisson bialgebras and quadratic Rota—Baxter Poisson
algebras of nonzero weights. Finally, we establish the quasitriangular and
factorizable theories for differential antisymmetric infinitesimal (ASI) bialge-
bras, and construct quasitriangular and factorizable Poisson bialgebras from
quasitriangular and factorizable (commutative and cocommutative) differential
ASI bialgebras respectively.
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1. Introduction

Poisson algebras serve as fundamental structures in various areas of mathematics
and mathematical physics, including Poisson geometry [28; 29], classical and
quantum mechanics [3; 9; 22], algebraic geometry [13; 23], quantization theory
[14; 17] and quantum groups [8; 12]. A Poisson algebra is both a Lie algebra and a
commutative associative algebra which are compatible in a certain sense.
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Definition 1.1 [19; 29]. A Poisson algebra is a triple (A, [, ], -), where (A, [, ])
is a Lie algebra and (A, -) is a commutative associative algebra satisfying

l[a,b-cl=la,b]l-c+b-[a,c], Va,b,ceA.

Both Lie algebras and associative algebras possess well-developed theories of
bialgebras, which have found extensive applications in various mathematical fields.
In the Lie algebra setting, Lie bialgebras, introduced by Drinfeld [11], play a
fundamental role as the infinitesimalization of Poisson Lie groups [8; 16]. On the
side of associative algebras, the notion of infinitesimal bialgebras was introduced
by Joni and Rota to provide an algebraic framework for the calculus of divided
differences [15]. Variants of this notion, such as balanced infinitesimal bialgebras
(also termed antisymmetric infinitesimal bialgebras or associative D-bialgebras in
different contexts [2; 4; 30]), have been systematically studied by Aguiar [1; 2],
who established their close analogy with Lie bialgebras. These structures have been
found significant applications in combinatorial mathematics.

Building on these ideas, a unified bialgebra theory for Poisson algebras, called
Poisson bialgebras, was later developed in [21], combining aspects of both Lie and
infinitesimal bialgebras.

Meanwhile, In the realm of Lie bialgebras, quasitriangular Lie bialgebra struc-
tures have been pivotal objects in mathematical physics [12; 26]. Among these
quasitriangular Lie bialgebra structures, factorizable Lie bialgebras constitute a par-
ticularly important subclass, linking classical r-matrices to factorization problems
and playing a key role in integrable systems [5; 24; 25]. Recently, quasitriangular
and factorizable theories has been extended to antisymmetric infinitesimal bialgebras
with [27] introducing quasitriangular and factorizable antisymmetric infinitesimal
bialgebras.

Naturally, we try to establish the quasitriangular and factorizable theories in
the context of Poisson bialgebras, synthesizing concepts from both quasitriangular
Lie bialgebras and quasitriangular antisymmetric infinitesimal bialgebras. More
precisely, we introduce the notion of quasitriangular Poisson bialgebras based on
the (ad, L)-invariant condition. In particular, if the symmetric part of the solution
of the Poisson Yang—Baxter equation in a quasitriangular Poisson bialgebra is
nondegenerate, then a factorizable Poisson bialgebra is obtained. We prove that
every factorizable Poisson bialgebra induces a factorization of its underlying Poisson
algebra. Furthermore, we establish that the Drinfeld classical double of a Poisson
bialgebra is automatically endowed with a canonical factorizable Poisson bialgebra
structure.

Recent results have shown that factorizable Lie bialgebras and factorizable
antisymmetric infinitesimal bialgebras could be characterized by quadratic Rota—
Baxter Lie algebras of nonzero weights and symmetric Rota—Baxter Frobenius
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algebras of nonzero weights respectively [18; 27]. This motivates our investigation
of analogous Rota—Baxter characterizations of factorizable Poisson bialgebras. For
this purpose, we introduce the notion of a quadratic Rota—Baxter Poisson algebra
by equipping a quadratic Poisson algebra with a Rota—Baxter operator satisfying a
compatibility condition. We show that a quadratic Rota—Baxter Poisson algebra of
zero weight can give rise to a triangular Poisson bialgebra. Moreover, we establish
a one-to-one correspondence between factorizable Poisson bialgebras and quadratic
Rota—Baxter Poisson algebras of nonzero weights.

Building on the fact that a Poisson algebra can be obtained from a commutative
differential algebra with two commuting derivations [7], Lin, Liu and Bai [20]
extended such a connection to the context of bialgebras, utilizing the theory of
differential antisymmetric infinitesimal (ASI) bialgebras to construct Poisson bial-
gebras from commutative and cocommutative differential ASI bialgebras. In this
paper, we further investigate this relationship in greater depth. Specifically, we
develop the theories of quasitriangular and factorizable differential ASI bialgebras,
and apply them to the study of their Poisson bialgebra counterparts. We establish
the constructions of quasitriangular and factorizable Poisson bialgebras from qua-
sitriangular and factorizable (commutative and cocommutative) differential ASI
bialgebras respectively.

Outline. Section 2 introduces the notion of quasitriangular (triangular) Poisson
bialgebras as a special class of coboundary Poisson bialgebras. Section 3 presents
the concept of factorizable Poisson bialgebras, which is a distinguished subclass
of quasitriangular Poisson bialgebras. We demonstrate that a factorizable Poisson
bialgebra induces a factorization of the underlying Poisson algebra. Furthermore,
we prove that the Drinfeld classical double of a Poisson bialgebra is naturally
endowed with a factorizable Poisson bialgebra structure. Section 4 establishes
the Rota—Baxter characterization of factorizable Poisson bialgebras. We introduce
the notion of quadratic Rota—Baxter Poisson algebras and establish a one-to-one
correspondence between quadratic Rota—Baxter Poisson algebras of nonzero weights
and factorizable Poisson bialgebras. Moreover, we show that a quadratic Rota—
Baxter Poisson algebra of zero weight can give rise to a triangular Poisson bialgebra.
In Section 5, we introduce the notions of quasitriangular and factorizable differential
ASI bialgebras, and give Rota—Baxter characterization of factorizable differential
ASI bialgebras. The constructions of quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras are illustrated respectively.

Throughout this paper, we work over a base field IK of characteristic 0, and all
vector spaces and algebras are assumed to be finite-dimensional. We adopt the
following conventions and notations.
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(1) Let (A, ©) be a vector space equipped with a bilinear operation ¢: A® A — A.
Let L,(a) and R (a) denote the left and right multiplication operators, that is,

Lo(a)b=R.,(b)a=aob, Va,beA.

We also simply denote them by L(a) and R(a) without confusion. If (A,[, ]J)isa
Lie algebra, we let ad[,j(a) = ad(a) denote the adjoint operator, that is,

adjj(a)b =ad(a)b =[a,b], Va,beA.
(2) Let V be a vector space. Denote the flip operatorby t: V®V — VQ V:
T(u®v)=vQ®u, Yu,velV.

(3) Let (A, ©) be a vector space equipped with a bilinear operation ¢: A® A — A.
Letr:Ziai@)bi ceA®A. Set

r12=2a5®bi®1, r13:Zai®l®b,~, ]"23:21®ai®bi’

where 1 is the unit if (A, ¢) is unital or a symbol playing a similar role as the unit
for the nonunital cases. Further define compound symbols such as rj, ¢ r13 by

rpor;3 = Zaioaj ®bi®bj, rizors= Zai®aj ®biobj,

i,j i,j
13 <Or)y = E ai®aj<>b,-®bj, rp<or;3 = E a,~®b,-<>aj®bj.
i,j i,j

(4) Denote the standard pairing between the dual space V* and V by <, >, so that
iy =f= <, f, VYfeV'5veV.

(5) Let V, W be two vector spaces and 7 : V — W be a linear map. Denote the
dual map by T* : W* — V*:

, T*(w*)y =<T W), w", YveV,w*eW*

(6) Let A, V be vector spaces. For a linear map u : A — End(V), define a linear
map u*: A — End(V*) by u*(a) = (u(a))*, or, more explicitly,

@, uy = ', wl@uy, YacA ueV,v*eV*,

(7) Let Ty = {oy : Vi — Wi}, and ITx = {B; : Vo — W2}’ | be two m-tuples
of commuting linear maps. Then obviously {ox + B}y, is still an m-tuple of
commuting linear maps, which is denoted by IT; + IT,.
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2. Quasitriangular Poisson bialgebras

In this section, we recall the notion of coboundary Poisson bialgebras and introduce
the notion of quasitriangular Poisson bialgebras as a special case of the coboundary
Poisson bialgebras, based on the notion of (ad, L)-invariance. The notion of a
quadratic Poisson algebra is also introduced, which gives rise to an (ad, L)-invariant
2-tensor and serves as the foundation for the subsequent notion of a quadratic Rota—
Baxter Poisson algebra.

Definition 2.1 [21]. Let (A, [, 4, -4) be a Poisson algebra, V a vector space and
P, nu:A— End(V) two linear maps. The triple (V, p, ) is called a representation
of the Poisson algebra (A, [, 14, -4) if the following conditions hold:

(1) (V, p) is a representation of the Lie algebra (A, [, ]a), thatis, p([a, b]a) =
p(a)p(b) — p(b)p(a) forall a, b € A.

(2) (V, ) is a representation of (A, -4), that is, u(a -4 b) = u(a)u(b) for all
a,beA.

(3) The following equations hold:

pla-ab)=pb)pa)+ ua)p),
u(la, bla) = p(a)u(b) — n(b)p(a), Va,be A.
Proposition 2.2 [21]. Let (A, [, 4, -a) be a Poisson algebra, V a vector space
and p, u : A — End(V) two linear maps. Then (V, p, i) is a representation of
(A, [, 14, -a) if and only if there is a Poisson algebra structure on A @ V with the
bilinear operations | , ] and - defined as follows, for all a;,a, € A and v, v, € V:
a1 +vi, a2 +v2] = [ay, a2]a + p(ar)v2 — p(a2)vy,
(ar +v1) - (a2 +v2) =ai-a a2+ pla) vy + plaz)vi,

The resulting Poisson algebra structure on A ® V is denoted by (A x, ,V,[,],-)
and called the semidirect product Poisson algebra by (A, [, 1a,-4) and (V, p, ).

Example 2.3 [21]. Let (A, [, ]4, -4) be a Poisson algebra. Then (A, ad, L) is a
representation of (A, [, ], -a), called the adjoint representation, and (A*, —ad*, L*)
is also a representation of (A, [, ]4, -a), called the coadjoint representation.

A Lie bialgebra is a pair of Lie algebras (A, [, ]4) and (A*, [, ]14+) such that
8(la, b]a) = (ad(a) ®id +id ® ad(a))é (b) — (ad(b) ® id +id ® ad(b))d(a),
Va,be A,

where § : A — Altz(A) is defined by (8(a), x* ® y* = (a, [x*, y*]a»>. A Lie
bialgebra is denoted by ((A, [, 1a), (A*, [, 1a+)) or (A, [, 14, d).
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An infinitesimal bialgebra is a pair of associative algebras (A, -4) and (A*, - 4+)
such that

Ala-ab)=(L(a)®1d)AD)+ ((d&Q R(b))A(a), VYa,be A,
where A : A - A ® A is defined by <A(a),x* ® y*> = <(a,x™ -4« y*>. An
infinitesimal bialgebra is denoted by ((A, -4), (A%, -4+)) or (A, -4, A).

Definition 2.4 [21]. A Poisson bialgebra is a pair of Poisson algebras (A, [, 14, -4)
and (A*, [, ]a*, -a*) such that

(1) ((A,[.1a), (A%, [, 1a»)) is a Lie bialgebra,
(2) ((A,-a), (A*,-4+)) is an infinitesimal bialgebra, and
(3) é and A are compatible in the sense that, for all a, b € A,
d(a-ab)

= (L(a) ®1d)§(b) + (L(b) ®id)é(a) + (id ® ad(a)) A(b) + (id ® ad(b)) A(a),
and

A(la, bla) = (ad(a) ®id+id ®ad(a))AD) + (L(b) ®id —id ® L(b))é(a),
where §, A are the linear duals of [ , ]4+ and - 4+ respectively.

A Poisson bialgebra is denoted by ((A, [,14,-4), (A%, 1ax, -A*)) or, in full,
(A, [, 144,68, A).

Poisson bialgebras can be equivalently characterized by Manin triples of Poisson
algebras [21]. Notably, for a Poisson bialgebra ((A, [, 14, -a), (A*, [, 1a*, -a%)),
the pair ((A*, [, ax, -a+), (A, [, 1a, -a)) forms a Poisson bialgebra as well.

Definition 2.5. Let (A, [, ]a, 4,04, Aa) and (B, [, 1g, B, 85, Ap) be Poisson
bialgebras. A homomorphism of Poisson bialgebras is a homomorphism of Poisson
algebras ¢ : A — B such that

(p®@)oa=0dpop, (PQ@Y)Ar=Apogp.

If ¢ : A — B is a linear isomorphism of vector spaces, then ¢ : A — B is called an
isomorphism of Poisson bialgebras.

Proposition 2.6. Let ((A, [, 1a,-a), (A*, [, la*, -a+)) be a Poisson bialgebra and
B be a vector space. Suppose that ¢ : A — B is a linear isomorphism of vector
spaces. Define brackets [, | : BQ B— B and [, |p+: B*® B* — B* by

[a,blg = ¢(p (@), ' (B)]a), [x*, ¥ 1p = (@) [e* (&), * ()]as),
and multiplications -3 : BQ B — B and -+ : B* ® B* — B* by

a-pb=0@ @) a9 (), x*-py*=(@") (@ ) ar 9" (),
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the equalities holding, as the case may be, for all a, b € B and all x*, y* € B*. Then
((B, [,1g8,-8), (B[, lp*, ~B*)) is a Poisson bialgebra, and ¢ is an isomorphism
of Poisson bialgebras.

Proof. This follows from a straightforward verification. U

Definition 2.7 [21]. A Poisson bialgebra (A, [, 14, -4, 8, A) is called coboundary
if there exists r € A ® A such that, foralla € A,

(2-1) 3(a) = (id®ad(a) + ad(a) ®id)(r),

(2-2) A(a) = (id® L(a) — L(a) ®1d)(r).

A coboundary Poisson bialgebra is denoted by (A, [, 14, -4, 6r, Ar).

Theorem 2.8 [21, Theorem 2]. Let (A, [, 14, a) be a Poisson algebra and re AQ A.
Writer asr = S+ A with S € Sym?(A) and A € Alt*(A). Let §: A — A® A and
A:A— AQ® A be the linear maps defined by (2-1) and (2-2).Then (A*, §*, A*) is
a Poisson algebra such that (A, [, 14, -4, 8, A) is a Poisson bialgebra if and only if
the following conditions are satisfied, for all a € A:

(1) (ad(a) ®id+id®ad(a))S =0.

2) (L(a)®id—1d® L(a))S =0.

3) (ad(a) ®id®id+id®ad(a) ®id+id ®id ® ad(a))C(r) = 0.

@) (La)®i1d®id—1d®id® L(a))A(r) =0.

(5) (ad(a) ®1d®iId)A(r) — (d® L(a) ®id—id®id® L(a))C() =0.

Here

C(r) :=[ri2, ri3la +[r13, r23la + [r12, r23la,
A(r):=riz-ariz+riz-ars—ra-aro.

Definition 2.9 [21]. Let (A, [, ]4, -4) be a Poisson algebra and r € A ® A. Then r
is called a solution of the Poisson Yang—Baxter equation in (A, [, ], -4) if C(r) =
A(r)=0.

More precisely, C(r) = 0 is called the classical Yang—Baxter equation in the Lie
algebra (A, [, ]4) and A(r) = 0 is called the associative Yang—Baxter equation in
the associative algebra (A, -4).

Let A be a vector space. Any r € A ® A can be identified with the pair of maps
ry,r—: A* — A defined by

re(xX™), yS ==& (") = x* @y, Vx¥, yte A"

Note that (t(r))+ = —r_ and (t(r))— = —r4. The bracket and multiplication on A*
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defined by (2-1)—(2-2) (as the duals) are given by, for all x*, y* € A*,
(2-3) [x*, y*1, = —ad™ (ry (x™)) y* +ad* (r— (y*))x™,

(2-4) XF ey =LA (x)y 4+ L (r-(y")x™.

Lemma 2.10. Let (A, [, 14, -a) be a Poisson algebra andr € A ® A. Then the
following statements are equivalent:

(1) r is a solution of the Poisson Yang—Baxter equation in (A, [, ]a, -4)-
(2) t(r) is a solution of the Poisson Yang—Baxter equation in (A, [, a, -4).

(3) The following equations hold, for all x*, y* € A*:
(2-5) [re (), re (v9)]a = ry (—ad* (e () y* +ad*(r- (y*))x*)
(2-6) re () are () =ry (L () y* + L (- (y*)x™) .
(4) The following equations hold, for all x*, y* € A*:
(2-7) [r— (), r-(y)]a = r— (—ad*(r—(x*)y* +ad*(r (y*)x*)
(2-8) re @) aro () =ro (L (x*)y* + L (ry (y9))x*) .
Proof. (1) <= (2): Letr = Za,- ®b; € A® A. Then we have
C(t(r) = Z[bi, bjla®a;®aj+b;®la;,bjla®a; +b;@b; Rla;,ajla
ij
2013(Za1®a,~ ®[bi,bjla+a;j®la;,bjla ®b; +[ai,aj]A®bj®b,~)
ij
= —0o13(C(r)),
A(T(r) =2 _bi-abj®ai®aj+bi®b;®ai-paj—bi®bj-sa;Qa;
ij
= 013(261/ ®a; @b -abj+a;-2a;@b;@b; —a; @b -4 a; ®bi)
ij
= 013(261]‘ ®a;®@bj-abi+aj-aa;®b; @b —a;Qa; ab; Qb;)
ij
=o013(A(r)),

where 013 € End(A ® A ® A) is defined by 013 ® b ®c) = c ® b ® a for all
a,b,c e A. Thus, r is a solution of the Poisson Yang—Baxter equation if and only
if T(r) is a solution of the Poisson Yang—Baxter equation.

(1) < (3): This follows from [5, Proposition 3.8] and [6, Theorem 3.5].
(2) <= (4): This is similar to the proof of (1) <= (3). O
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We now turn to the definition of quasitriangular Poisson bialgebras as a special
case of the coboundary Poisson bialgebras. The notion of (ad, L)-invariance of a
2-tensor in A® A is the main ingredient employed, and is motivated by Theorem 2.8.

Definition 2.11. Let (A, [, ], -4) be a Poisson algebra. An elementr € A® A is
called (ad, L)-invariant if, for all a € A, we have

(2-9) (ad(a) ®id +id ® ad(a))(r) =0,
(2-10) (L(a) ®1d—1d® L(a))(r) =0.

Obviously, if r is (ad, L)-invariant, then so is t(r). Denote by I, the operator
(2-11) I, =ri—r_:A"— A.

Note that »_ = —r} and hence I = I,.
Letting S be the symmetric part of r, we have S; =
if r is antisymmetric, then I, = 0.

11, = 1. In particular,

Definition 2.12. Let (A, [, ]a, -4) be a Poisson algebra. If r is a solution of the
Poisson Yang—Baxter equation in (A, [, ]4, -4) and the symmetric partof r e AQ A
is (ad, L)-invariant, then the coboundary Poisson bialgebra (A, [, 14, -4, 6r, Ay)
induced by r is called a quasitriangular Poisson bialgebra. If r is also antisymmetric,
then (A, [, 14, -4, 6, A,) is called a triangular Poisson bialgebra.

Proposition 2.13. Let (A, [, 14, -a) be a Poisson algebra andr € A ® A. Then
(A, [, la, -4, 6r, Ay) is a quasitriangular Poisson bialgebra if and only if

(A, [, 1445 820r)s Ar(r))
is a quasitriangular Poisson bialgebra.
Proof. This follows from Lemma 2.10. U

Lemma 2.14. Let (A, [, 4, -4) be a Poisson algebra andr € A®Q A. Let S be the
symmetric part of r. Then the following conditions are equivalent:

(1) Sis (ad, L)-invariant.

(2) The following equations hold, for all a € A and x* € A*:
(2-12) St (ad*(@)x™) +[a, S+(x)]a =0,
(2-13) S (L*(@)x™) —a-4 Sy (x*) =0.

(3) The following equations hold, for all x*, y* € A*:

(2-14) ad®(S4(x))y* +ad*(S4+(y))x* =0,
(2-15) L¥(S4(x)y" — L*(S4+(y")x* =0.
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Proof. (1) <= (2): For all a € A and x*, y* € A*, we have

(Sy(ad*(a)x™) +[a, S+ (x®)], y*> = (S, ad*(@)x* ® y* +x* ® ad*(a)y™)
= ((ad(0) ® id +id ® ad(a))S, x* @ y*y,

(S (L*(a)x*) —a-S;(x*),y"> =<8, L*(a)x* Q@ y* —x*® L*(a)y™
= ((L(a)®id—id® L(a))S, x* @ y*),
which shows that S is (ad, L)-invariant if and only if equations (2-12)—(2-13) hold.
(2) <= (3): Forall a € A and x*, y* € A*, we have

ad”(S4(x))y* +ad"(S1: (y)Nx™, @) = <y, [S4+ ("), alay + ™ [S+ (V). alw
= =% la, S+ (x)]a + 84 (ad™ (@) (x™)))

LS (XN Y = L* (S "Nx", @) =, Se(x™) -a@> — x5, S () 4@
== —a-A 8. (x*)+ S (L (a)x™)y,

which shows that equations (2-12)—(2-13) hold if and only if (2-14)—(2-15) do. U
Theorem 2.15. Let (A, [, ]a, -a) be a Poisson algebraandr =S+ A € AQ A,
with S € Symz(A) and A € Alt?(A). Suppose that S is (ad, L)-invariant. Then r
is a solution of the Poisson Yang—Baxter equation in (A, [ , 14, -a) if and only if
(A*, [, 1, -+) is a Poisson algebra and the linear maps ry,r— : (A*, [, 1;, ») =
(A, [, la, -a) are both Poisson algebra homomorphisms, where [ , |, : A*QA* — A*
and -, : A* @ A* — A* are defined by equations (2-3) and (2-4).
Proof. (=) By Definition 2.12, (A, [, ]a, -4, 6;, A,) is a quasitriangular Poisson
bialgebra where §,, A, are defined by (2-1) and (2-2). Thus, (A*, [, ],,) isa
Poisson algebra where [ , ], and -, are given by (2-3) and (2-4). By Lemmas 2.10
and 2.14, for all x*, y* € A*, we have

re([x%, y*1r) = rp(=ad* (rp () y* +ad* (- (y)x™) = [r4- ("), 74 (y)]a,
re (" ) =rp (LA (re ()" + L*(r— (y")x™) = rp (xF) -4 r (39,
r—([x*, y*1;) = r-(=ad* (r4 (x*)y* +ad* (r- (y*))x*)
= r_(—2ad* (S (x*))y* — ad*(r_(x*)y* +ad* (- (y*))x*
—2ad* (84 (y))x")
=r_(—ad*(r—(x™)y* +ad*(r4- (y")x*)
=[r— ("), r-(y]a,
() = (LA ()Y + LY (- (y7)x")
=r_(L*(S1(x"))y* + L* (- () y* + L*(rp (y")x*
—2L%(S4(y))x")
= r_ (L*r— (*)y* + L* (r (59)x¥)
=r_(x")-ar-(y"),
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which shows that 7., r_ are both Poisson algebra homomorphisms.

(«<=) This follows from Lemma 2.10. O

Recall that a bilinear form 8 € ®2A* on a Poisson algebra (A, [, la,-4) is
called invariant if

B([a, bla,c) =B(a, [b,cla), B@-ab,c)=B(a,b-,c), Va,b,ceA.
A quadratic Poisson algebra is a quadruple

(A’ [ ) ]A7 CAs %)a

where (A, [, ]a,-4) is a Poisson algebra and B € ®%A*is a nondegenerate sym-
metric invariant bilinear form on (A, [, ]a, -4).

Proposition 2.16. Let (A, [, 14, -a) be a Poisson algebra. Then
(AX_arrx A% [, 1.+, Ba)
is a quadratic Poisson algebra, where B is defined by
(2-16) By (a+x* b+y*)=<a,y* +<b, x>, Va,beA, x* y* e A"
Proof. This follows from a straightforward computation. U

Let A be a vector space and B be a nondegenerate bilinear form. Denote by
Iy : A* — A the induced linear isomorphism defined by

(2-17) (Ig'(a),by :=B(a,b), Va,beA.
Denote by r; € A® A the 2-tensor form of Iy, that is,
(2-18) (Fg, X* Q@ y* 1= Up(x™), y™, Vx* y* e A"

Proposition 2.17. Let (A, [, 14, -a) be a Poisson algebra and B a nondegenerate
bilinear form. Let Iz : A* — A be the linear isomorphism induced by 5 and
Iy € A® A be the 2-tensor form of Ig given by (2-13). Then (A, [, 1a, -a,*B) is
a quadratic Poisson algebra if and only if ry € A ® A is symmetric and (ad, L)-
invariant.

Proof. Suppose that (A, [ , ]a, -4, B) is a quadratic Poisson algebra. For all
a,b,c € A, there exist x*, y*, z* € A* such that In(x*) = a, In(y*) = b and
I5(z*) = c. Then we have
(rog —T(rg), x* @y = U (x*), Iz (b)) — s (y"), I (a))
=%B(b,a) —B(a,b) =0.
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Thus, ry is symmetric. Moreover, we have

((ad(c) ®id +id® ad(c))(rg), x* @ ¥y
= (rg, ad*(c)(x™) ® y*) + (rg, x* ®@ad*(c)(y™)»
= Up(y"), ad™(c)(x™)y + Ip(x™), ad™(c)(y*)
=B([c, bla, a) +B([c, ala, b) =0,

(L) ®id—id® L(c))(rg), x* @ y™
= (rg, LY () (x) @y — (rgg, x* @ L* () (Y™
= Up(y"), L* () (x™)) — dp(x™), L*(c)(y*)»
=B(c-ab,a)—B(c-pa,b) =0,

which shows that ry € A® A is (ad, L)-invariant. The converse statement can be
proved by reversing the argument. (]

The next theorem demonstrates that every quadratic Poisson algebra naturally
induces an isomorphism between the adjoint and coadjoint representations of the
corresponding Poisson algebra.

Definition 2.18. Let (A, [, ], -4) be a Poisson algebra, and (Vi, p1, 1) and
(Va, p2, n2) be two representations of (A, [, 14, -a). A homomorphism of repre-
sentations from (Vi, p1, i1) to (Va, p2, 12) is a linear map ¢ : Vi — V; such
that

popi(a)=p2a)op, gopi(a)=p(a)op, VaecA.

When ¢ : V| — V; is a vector space isomorphism satisfying this same condition, ¢
is called an isomorphism of representations from (Vy, p1, n1) to (Va, o2, U2).
Theorem 2.19. Let (A, [, ]a, -a) be a Poisson algebra. If there is a bilinear form
B such that (A, [, 1a, -4, B) is a quadratic Poisson algebra, then the linear map
I%l : A — A* defined by <I§1 (a), by =B(a, b) is an isomorphism from the adjoint
representation (A, ad, L) fo the coadjoint representation (A*, —ad*, L*).

Conversely, if ™' : A — A* is an isomorphism from the adjoint representation
(A, ad, L) to the coadjoint representation (A*, —ad*, L*), then the bilinear form
B defined by B(a, b) = A7 Y(a), by is nondegenerate invariant on (A, [, 14, -a)-
Proof. Suppose that (A, [ , ]a, -4, B) is a quadratic Poisson algebra. For all
a,b,c e A, we have

(I'ad(a)b, ¢y =—B([b, als, c) =—B(b, [a, cla) = (—ad*(@) g (b), ),
(g'L(@)b,¢> =B(a-ab,c)=B(b-sa,c)=B(b,a-ac)=(L*a)lz"(b), o,

that is,
Iz'ad(a) = —ad*(a) 13", Iy'L(a)=L*(a)ly'.

Hence, I; : A — A* is an isomorphism from the adjoint representation (A, ad, L)
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to the coadjoint representation (A*, —ad*, L*). The converse can be proved by a
similar argument. O

We conclude this section with a proposition that will be valuable in Section 4, in
obtaining Rota—Baxter characterizations of factorizable Poisson bialgebras.

Proposition 2.20. Let (A, [, ]a, -4, B) be a quadratic Poisson algebra and Iy :
A* — A be the induced linear isomorphism by B. Suppose thatr € A® A. Then
r is a solution of the Poisson Yang—Baxter equation in (A, [ , 1a, -4) if and only
if the linear map P :=r, o Igl : A — A satisfies the following equations, for all
a,beA:

(2-19)  [P(a), P(W)]a = P(IP(a), bla +[a, P(b)]a —[a, (I o I ) (B)]a),
(220)  P@ -4 P(b)=P(P@-ab+a-a P(b)—a-a(l,olgH b)),

Proof. By Theorem 2.19, we have
I—l d P £ —1 —1 _rx —1
3 ad(a) =—ad™(a)ly , Iy L(a)=L"(a)ly , VacA,.

For all a, b € A, there exist x*, y* € A* such that Iz (x*) = a and Is(y*) = b. Then
we have

[P(a), P(b)]a =[(ry oIz (@), (ry0 Iz )(B)]a = [ry (x*), re(y9)]a,

P([P(a), bla) = (ry o Iz )([(r 0 I3 (@), bla)
= (r o Iz") @d(rp (x*) Ip (y*)) = —r(ad* (- (x*))y"),

P([a, P(0)]14) = (ry 0I5 )([a, (ry 0 I ) (B)]4)
= —(ry oIz (@d(ry (y)) I (x*)) = ry (ad*(ry (y))x"),

—P(la, (I oIz ) (b)]a) = —(r+ o Iz )([a, (I, o Ig ) (b)]4)
= (ry o Iz") @d(I, (y*) I (x*)) = —ry (ad* (I, (y)x™),

P(a) 4 P(b) = (ryolg")(@)-a (ry oIz ) (b) = ro(x*) a7 (v,

P(P(a)-ab) = (ryolxy)(ryoly')(a) -ab)
= (rp o Ig ) (L(ry (XN I (y") = r (L* (ry- (x*))y"),

P(a-a P(b)) = (ryolg")(a-a(rioly) (b))
= (rp o Ig ) (Lre (Y NI (x*) = r (L* (r- (y*))x "),

—Pa-g (I oIz () = —(ry oI5 a4 (I 0 15 (1))
= —(r+ o Ig VLU (Y NIn (™) = —r (L* (I (y*)x").

By (2-11) and Lemma 2.10, the conclusion follows. [l
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3. Factorizable Poisson bialgebras

A factorizable Poisson bialgebra is a special quasitriangular Poisson bialgebra such
that the map I, : A* — A is a linear isomorphism of vector spaces. We will show
that the Drinfeld classical double of a Poisson bialgebra is naturally a factorizable
Poisson bialgebra.

Definition 3.1. A quasitriangular Poisson bialgebra (A, [, 14, -4, 8-, A,) is called
factorizable if the symmetric part S of r is nondegenerate, which means that the
linear map 7, : A* — A defined by (2-11) is a linear isomorphism of vector spaces.

Proposition 3.2. Let (A, [, la,-4) be a Poisson algebra andr € A ® A. Then
(A, [, 14, -4, 8-, Ay) is a factorizable Poisson bialgebra if and only if the same is

true of (A, [, 1a, 4,84y, Arir))-
Proof. This follows from Proposition 2.13. ([

Consider the map

(a,b)—>a—b
—_—

A S Ap A A.

The next result justifies the term “factorizable Poisson bialgebra”.

Proposition 3.3. Let (A, [, ]a, -4, 8-, A,) be a factorizable Poisson bialgebra.
Then Im(ry. @ r_) is a Poisson subalgebra of the direct sum Poisson algebra A ® A,
which is isomorphic to the Poisson algebra (A*, [, 1, -»), where [ , ], and -, are
defined by (2-3) and (2-4). Any a € A has a unique decomposition a = a, — a—
with (a4, a-) € Im(ry G r_).

Proof. By Theorem 2.15, both r; and r_ are Poisson algebra homomorphisms.
Therefore, Im(ry G r_) is a Poisson subalgebra of the Poisson algebra A @ A. Since
I, =ry —r_ is a linear isomorphism of vector spaces, it follows that the Poisson
algebra Im(r; @ r_) is isomorphic to the Poisson algebra (A*, [, 1,, -»). Moreover,
we have

r+Ir71(a) —r_Ifl(a) = (rs+ —r_)Ifl(a) =a,

which shows thata =ay —a_ witha; =r, 17" (a) anda_ =r_I""(a). Uniqueness
also follows from the fact that 7, : A* — A is a linear isomorphism of vector spaces.
O

Let ((A, [, 14, -4), (A%, [, 1ax, -A*)) be an arbitrary Poisson bialgebra. We endow
A =A@ A* with a bracket

[(a, x™), (b, y")]n
= ([a, bla —adf ), (x)b+adf; . (ya, [x*, y*las —ad];, (@) y* +ad, (b)x*)
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and a multiplication

(av X*) A (ba y*)
=(a-ab+ L', Hb+L", (y)a,x* 4« y*+ L (@)y* + L¥ (b)x*),

where a, b € A, x*, y* € A*. Then (2, [, Ja, -2) is a Poisson algebra, called the
Drinfeld classical double of the Poisson bialgebra.

Let {e1, ea, ..., e,} be a basis of A and {e], €], ..., e} be the dual basis of A*.
Then

r=Zel~®e?‘ EAQATCARA
1

induces a coboundary Poisson bialgebra structure (2, [ , o, -, 6, Ay) (see
[21, Theorem 3] for details).

Theorem 3.4. The Poisson bialgebra (X, [, lu, -u, 6r, A,) is a factorizable quasi-
triangular Poisson bialgebra.

Proof. First, we need to verify that the symmetric part S = %(ei ®e’+e Re;)of r
is (adf )y, L.y )-invariant. For all (x*, a) € A*, we have S, (x*, a) = %(a, x*) e
A straightforward computation gives

[(a’ X*)’ S+(y*7 b)]%l
=1 ([a, bla— adfy , (x)b+adf| , (y)a, [x*, y*]a- —ad;, (@)y* +adf ), (b)x*),
ad® | (@, x*)(y*, b)
= —([x*, y*1a= —adf; (@)y*+ad (b)x*,[a,bla —ad[;,, (x")b+ad[;,, (y"a),
(a7 X*) A S+(y*’ b)
=3(a-ab+ L, (b4 L* (y)a,x* 4 y* + L* (@)y* + L (b)x¥),
L* (a,x*)(y*, b)
= ("4 Y H L (@y* + LY ()x*,a-ab+ LT (x)b+ LY (y")a).
Thus, we have
Sy (adf , (@, ) (5%, b)) + (@, x%), S1.(v*, b)la =0,
S+ (L%, (a, x)(y*, b)) — (a, x*) - S+ (y*, b) = 0.
Therefore, by Lemma 2.14, the symmetric part S of r is (adj ., L.,)-invariant.
On the other hand, by [21, Theorem 3], r is a solution of the Poisson Yang-Baxter
equation in (2, [, Jo(, -2). Hence, the Poisson bialgebra (2, [, la, -2, 6r, A,) is a
quasitriangular Poisson bialgebra.
That I, : 24* — 2l is a linear isomorphism of vector spaces follows from

the equality I, (x*, a) = 251 (x*, a) = (a, x*). Therefore, the Poisson bialgebra
LT, I, w20, 8-, Ay) 1s factorizable. 0
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4. Quadratic Rota-Baxter Poisson algebras

A linear map P : A — A is called a Rota—Baxter operator of weight A on a Poisson
algebra (A, [, ]a,-a) if, for all a, b € A, we have

[P(a), P(D)]a = P([P(a),b]a+a, P(b)]a+ Ala, bla),
P(a)-4 P(b)=P(P(a)-ab+a-s P(b)+hra-ab).

A Rota—Baxter Poisson algebra (A, [, 1a, -4, P) of weight ) is a Poisson algebra
(A, [, ]a, -a) equipped with a Rota—Baxter operator P of weight A.

Example 4.1. Let (A, [, ]a, -4) be a three-dimensional Poisson algebra with a
basis {ey, e2, e3} whose nonzero products are given by

4-1) ler, e2la =e3, e1-aex=e3.
Let P : A — A be the linear map given by
P(er)=e1, P(ex)=2e;, P(e3) = jes.
Then (A, [, 14, -4, P) is a Rota—Baxter Poisson algebra of weight 1.

Lemma 4.2. Let (A, [, 14, -4, P) be a Rota—Baxter Poisson algebra of weight A.
Define a bracket [, |]p: AQ A — A by

(4-2) la,blp =[P(a),b]la+la, P(b)]a+ Ala, bla,
and a product -p : AQ A — A by
4-3) a-pb=P@@)-ab+a- -4, P(b)+ra-4b.

Then (A, [, 1p, -p) is a Poisson algebra, called the descendent Poisson algebra of
(A, [, 14,4, P),and P is a Poisson algebra homomorphism from (A, [, 1p, -p)
to (Av [ ) ]Av 'A)'

Proof. The proof is straightforward. (]

Equipping quadratic Poisson algebras with Rota—Baxter operators satisfying
compatibility conditions, we now introduce the notion of quadratic Rota—Baxter
Poisson algebras. We then show that a quadratic Rota—Baxter Poisson algebra of
zero weight induces a triangular Poisson bialgebra, and that there is a one-to-one
correspondence between factorizable Poisson bialgebras and quadratic Rota—Baxter
Poisson algebras of nonzero weight.

Definition 4.3. The triple ((A, [, 14, -4), B, P) is called a quadratic Rota—Baxter
Poisson algebra of weight A if (A, [, la, -4, 'B) is a quadratic Poisson algebra
and (A, [, ]a, -4, P) is a Rota—Baxter Poisson algebra of weight A satisfying the
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compatibility condition
4-4) B(a, P(b))+B(P(a),b)+ArB(a,b)=0, Va,beA.

Proposition 4.4. Let (A, [, la, -a,B) be a quadratic Poisson algebra and let
P:A— Abealinear map. Then ((A, [, la,-a), B, P) is a quadratic Rota—Baxter
Poisson algebra of weight A if and only if ((A, [, 1a, -4), B, P)isa quadratic Rota—
Baxter Poisson algebra of weight A, where P:=—xid— P.

Proof. It is easy to show that P is a Rota—Baxter operator of weight A if and only if
P is a Rota—Baxter operator of weight A. Moreover, we have, for all a, b € A,

B(P(a), b)+ B(a, P(b))+1B(a, b) = —B(P(a), b) —B(a, P(b)) —rB(a, b).
Thus, P satisfies (4-4) if and only if P satisfies (4-4). ]

Proposition 4.5. Let (A, [, 14, -4, P) be a Rota—Baxter Poisson algebra of weight .
Then ((A X _agt 1+ A [, ], -), Ba, P+ P*) is a quadratic Rota—Baxter Poisson
algebra of weight ), where By is defined by (2-16) and P := —\id — P.

Proof. The proof is straightforward. ([

Example 4.6. Building on Example 4.1, let (A, [, ], -4, P) be a Rota—Baxter
Poisson algebra of weight 1. Let {e], €3, €3} be the dual basis of {e}, ez, e3}. Then
(A X _q*. .+ A%, [, ], -) is a Poisson algebra whose nonzero products are given by

ler,ex]l =e3, [e3,eil=e5, [e3, ex]l = —e],
(4_5) * *k ES ES
e]-ex=e3, €3-€1 =€y, €3-€)=¢€q.

By Proposition 4.5, we obtain a quadratic Rota—Baxter Poisson algebra
((AX_aqr,rs A% [, 1,2), By, P+ P¥)
of weight 1, where ‘B, is defined by
Byler,e) = Balef, e =0, Balel,e)) = Bales, ¢) = {(1) =
if i # j,
fori, j=1,2,3, and P*is given by

P*(e}) = —2¢}, P*(e})=—3e5, P*(e})=—3es.

Lemma 4.7. Let A be a vector space and B be a nondegenerate symmetric bilinear
form. Let Isg : A* — A be the induced linear isomorphism by B and rpy € A® A be
the 2-tensor form of Iy given by (2-18). Suppose thatr € AQ A. Then P, :==ry ol‘g1
satisfies (4-4) if and only if r + t(r) = —Arsg where A € K.
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Proof. For all a, b € A, there exist x*, y* € A* such that In(x*) = a, In(y*) = b.
Then

B (Py(a),b) =B (b, Pr(a)) = g (b), (ry oIz @)y = (r.x*@y",
Ba, Pr(b) = Uy (@), (r o Iz () = (r, y* @x™ = (1(r), x* @y,
AB(a, b) = 2B(b, a) = A1z (b), (Ip 0 Iz @)y = Alrs, x* @ y*.
Hence, r + t(r) = —Arg if and only if P, satisfies (4-4). U

As a direct consequence, a quadratic Rota—Baxter Poisson algebra of zero weight
gives rise to a triangular Poisson bialgebra in the following sense.

Proposition 4.8. Let ((A, [, 14, -4),*B, P) be a quadratic Rota—Baxter Poisson
algebra of weight 0 and Iy : A* — A be the induced linear isomorphism by ‘B.
Then (A, [, la, -4, 6r, Ay) is a triangular Poisson bialgebra where r € A®Q A is the
2-tensor form of P o Iy given by

(4-6) (r,x*@y% = ((Polp)(x™),y", Vx* y"eA"
Proof. This follows from Proposition 2.20 and Lemma 4.7 with r +t(r) =0. [

The following theorem shows that a factorizable Poisson bialgebra naturally
gives rise to a quadratic Rota—Baxter Poisson algebra of nonzero weight.

Theorem 4.9. Let (A, [, 14, -4, 0r, Ay) be a factorizable Poisson bialgebra with
I, =ry —r_. Then ((A, [, la,-4),B, P) is a quadratic Rota—Baxter Poisson
algebra of weight A, where P : A — A is given by

P=—iryol”', A#0,
and the bilinear form B € ®”A* is defined by
B(a,b)=—rU " (a),by, Va,beA.

Proof. Clearly, B is a nondegenerate symmetric bilinear form and I%l =—xll
Immediately, we have I, = —Alp and thus r + 7(r) = —Ary. Noting that the
symmetric part of r is (ad, L)-invariant, we have ry is (ad, L)-invariant and thus
by Proposition 2.17, (A, [, la, -4, B) is a quadratic Poisson algebra. Moreover,
it is clear that P is a Rota—Baxter operator of weight A on the Poisson algebra
(A,[,]a,-a) by Proposition 2.20 and P satisfies (4-4) by Lemma 4.7. Thus,
((A, [, 1a,-4), B, P) is a quadratic Rota—Baxter Poisson algebra of weight 1. [J

Corollary 4.10. Let (A, [, ], -4, 6, A,) be a factorizable Poisson bialgebra with
I, =ry —r_,and P = —\ry o Ir_1 be the induced Rota—Baxter operator of
weight L #£ 0. Let (A, [, 1p, -p) be the descendent Poisson algebra of the Rota—
Baxter algebra (A, [, 14, -a, P). Then (A, [, 1p,-p), (A*, [, 11, -1,)) is a Poisson
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bialgebra, where, for all x*, y* € A*,
2%, y*1s, = =27 (A L ), AT L)),
Xy = =M (T L 0) 4 TG,
Moreover, —)\"'I, : A* — A is a Poisson bialgebra isomorphism

(A [ 1), (AL 14y ) = (AL e, - p)s (A5 T 1 1),
where [, 1, -+ A*® A* — A* are defined in (2-3) and (2-4).
Proof. For all x*, y* € A*, setting a = I, (x*) and b = I.(y*), we have

L (R
2 T (—ad” ()Y + ad” (- (7))
C2 T (e ) LA — - (), L )]a)
= A2((PLOGY), LA+ L6, PL(]a+ AL, 1(79)]a)
L@, A L 0N
Similarly, we have
2Ty = (AT L) e (AT (),

Hence, —A"'I, : (A*,[,1,,+) — (A,[,]1p,-p) is a Poisson algebra homo-
morphism.
Noting that A=!7* = A~!I,, we have

=y ) = [T L), =T LM ] =[N, =T ),
AT ) = (AT L) 4 (AT L) = (AT () 4 (AT (),

which means that —A ! I¥:(A*, [, 11,.-1,)—=> (A, [, ]a, -a) is also a Poisson algebra
homomorphism. Since ((A*, (.1, AL, la, ~A)) is a Poisson bialgebra, so
is ((A,[,1p,-p), (A%, [, 11,-1)), by Proposition 2.6. Clearly, —A711, is an
isomorphism of Poisson bialgebras. ]

As a counterpart to Theorem 4.9, the following theorem shows that a quadratic
Rota-Baxter Poisson algebra of nonzero weight induces a factorizable Poisson
bialgebra, thereby refining the one-to-one correspondence between factorizable
Poisson bialgebras and quadratic Rota—Baxter Poisson algebras of nonzero weight.

Theorem 4.11. Let ((A, [, la,-a),B, P) be a quadratic Rota—Baxter Poisson
algebra of weight .. # 0, and I3 : A* — A be the induced linear isomorphism by ‘5.
Letr € A® A be the 2-tensor form of P o Isg given by (4-6). Then r is a solution of
the Poisson Yang—Baxter equation in (A, [, 1a, -4) and gives rise to a factorizable
Poisson bialgebra (A, [, 1a, -4, 67, Ay).
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Proof. Let ry € A® A be the 2-tensor form of /s in (2-18). By Proposition 2.17
and Lemma 4.7, rg is (ad, L)-invariant and r + 7 (r) = —Argy, which shows that the
symmetric part of r is also (ad, L)-invariant and I, = —X Iy is a linear isomorphism.
By Proposition 2.20, r satisfies the Poisson Yang—Baxter equation, since P is a
Rota—Baxter operator of weight A on (A, [, ]a, -4). Thus, (A, [, 14, -4, 6r, A) is
a factorizable Poisson bialgebra. (|

Corollary 4.12. Let (A, [, 14, -a) be a Poisson algebra, {ey, e, . .., e,} be a basis
of Aand {e}, €5, ..., e} be the dual basis of A*. Thenr = > e’ ®e; is a solution
of the Poisson Yang—Baxter equation in (A X g« 1+ A*, [, ], -) and gives rise to a
factorizable Poisson bialgebra (A X _ug« 1+ A*, [, ],-, 6, Ay).

Proof. Clearly, id : A — A is a Rota—Baxter operator of weight —1 on (A, [, 14, -4)-
By Proposition 4.5, ((A X _g+ 1+ A*,[, 1, +), By, id 4 0%) is then a quadratic Rota—
Baxter Poisson algebra of weight —1, where B, is defined by (2-16). Now the
conclusion follows from Theorem 4.11. O

Example 4.13. Let (A x_,q+ 1+ A*, [, ], -) be the Poisson algebra in Example 4.6.
By Corollary 4.12, r = Z?:l e; ® e; is a solution of the Poisson Yang-Baxter
equation in (A X _,q* 1+ A*, [, ],-) and then (A X _,q* 1+ A*, [, ],-,6,, A;) isa
factorizable Poisson bialgebra where 8, and A, are explicitly defined by

4-7) 8r(e1) = 8,(ex) = 8,(e3) =0, 8r(e]) =38,(e3) =0,
Sred) =ef®es—es®ef,
(4-8) Ar(er) = Ar(e2) = Ar(e3) =0,  A(e]) = As(e5) =0,

A(€})=e]®e;+e;Rel.

Proposition 4.14. Let (A, [, 14, -4, 90r, A;) be a factorizable Poisson bialgebra,
which corresponds to a quadratic Rota—Baxter Poisson algebra ((A, [, 14, -4),8, P)
of weight A # 0 via Theorems 4.9 and 4.11. Then the factorizable Poisson bialgebra
(A, [, 14, -4, 8z¢), Ar(r)) corresponds to the quadratic Rota—Baxter Poisson alge-
bra ((A,[, la,-4), B, 13) of weight ). # 0 where P:=—)id—P. In conclusion,
we have the following commutative diagram:

Proposition 3.2

(A’ [ ) ]A’ ‘A 8}’9 Ar) — (A’ [ ) ]A’ ‘A 87,’()’)7 Ar(r))

Theorem 4.1 ITlTheorem 4.9 Theorem 4.1 lTlTheorem 4.9

(AL 1. -a), B, P) 2200 (A [ s a), B, P)

Proof. By Theorem 4.9, the factorizable Poisson bialgebra (A, [, 14, -4, 0z(+), Az(r))
induces a quadratic Rota—Baxter Poisson algebra (A, [, ]a, -a, B’, P’) of weight
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A #£ 0, where
B'(a, b) = —A<I_1)(a), by = —r"Y(a), by =B(a,b), Va,beA,

(r

and
P'=—A(r(r)olyy=hr_ol ' =hriol ' —ALol ' =—P —}idy = P.

Thus, (A, [, 1a, -4, 8z(), Ar()) induces a quadratic Rota—Baxter Poisson algebra
(A, [, ]a,-4), B, 15) of weight A by Theorem 4.9. By a similar argument, we show
the converse: the quadratic Rota—Baxter Poisson algebra ((A, [, l4, -4), B, 13) of
weight A induces the factorizable Poisson bialgebra (A, [, 14, -4, 8z¢r), Ar(r)) Via
Theorem 4.11. O

5. Quasitriangular Poisson bialgebras via
quasitriangular differential ASI bialgebras

In this section, we generalize the construction of Poisson algebras from commutative
algebras with a pair of commuting derivations to the context of quasitriangular
bialgebras. We establish the quasitriangular and factorizable theories for differen-
tial ASI bialgebras, and then construct quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras respectively.

Recall that an associative coalgebra (A, A) is a vector space A with a linear
map A : A - A ® A satisfying the coassociative law

(A®IdDA =31dR A)A.
An associative coalgebra (A, A) is called cocommutative if A = T A.

Definition 5.1 [4]. An antisymmetric infinitesimal bialgebra or simply an ASI
bialgebra is a triple (A, -4, A) consisting of a vector space A and linear maps
‘A:A®A—> Aand A: A — A® A such that

(1) (A, -4) is an associative algebra,
(2) (A, A) is an associative coalgebra, and
(3) the following equations hold for all a, b € A:
Ala-4b) =(R(b) ®id)A(a) + (1d Q@ L(a))A(b),
(L@)®id—id® R(a))A(h) =1t ((dQ R(b) — L(h) ®id)A(a)) .

Definition 5.2. Let (A, -4) be an associative algebra. A linear map d: A — A is
called a derivation if the Leibniz rule is satisfied:

d(a-ab)=09(a)-ab+a-p30b), Va,beA.
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A differential algebra is a triple (A, -4, P), where (A, -4) is an associative algebra
and ® ={9; : A— A}/, is a tuple of commuting derivations. A differential algebra
(A, -4, D) is called commutative if (A, -4) is commutative.

Definition 5.3 [10]. Let (A, A) be an associative coalgebra. A linear map d: A — A
is called a coderivation on (A, A) if

(5-1) AT=(I®id+id®d)A.

A differential coalgebra is a triple (A, A, W), consisting of an associative coalgebra
(A, A) and a tuple of commuting coderivations ¥ = {d; : A — A}]_|. A differential
coalgebra (A, A, W) is called cocommutative if (A, A) is cocommutative.

Definition 5.4 [20]. A differential antisymmetric infinitesimal bialgebra or simply
a differential ASI bialgebra is a quintuple (A, -4, A, @, W) with these properties:

(1) (A, -4, A) is an ASI bialgebra.

(2) (A, -4, ®={0}}_,) is a differential algebra.

(3) (A, A, ¥ ={3;}}L,) is a differential coalgebra.

4) (A, -4, D) is V-admissible, that is, for alla,be Aand k=1, ..., m we have

(5-2) dr(a)-ab=a-5 0 (b)+dx(a-ab),
(5-3) a-p0k(b) =0k(a) -ab+dr(a-ab).
(5) (A, A*, ¥*) is ®*-admissible, that is, for all k =1, ..., m we have

(5-4) (O ®1d)A = (1d ® d%) A + Aoy,
(5-5) (d® 0)A = (3 ®id)A + Aoy.

A differential ASI bialgebra (A, -4, A, ®, V) is called commutative and cocommu-
tative if (A, -4, ®) is commutative and (A, A, ¥) is cocommutative.

Definition 5.5. Let (A, -4, ® = {0;}}_,) be a differential algebra. Suppose that
re€ A® A and that ¥ = {3, : A — A}]_, is a set of commuting linear maps.
The W-admissible associative Yang—Baxter equation or W-admissible AYBE in
(A, -4, D) is the set of equations

A(r) =0,
(5-6) (R ®id—id®d)r) =0, Yk=1,...,m,
(5-7) (B ®id—id®d)r) =0, VYk=1,...,m.

Lemma 5.6. Let (A, -4, ® = {0i}}_,) be a differential algebra. Suppose that
re AQAand W = {3y : A — A}/, is a set of commuting linear maps. Then
equations (5-6)—(5-7) hold if and only if

dry =ryd;, Qro=r_38;, Vi=12,...,m.
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Proof. For all x*, y* € A*, we have
Ore (%), ¥y =< x* @07 (") =(d®d;)(r), x* ®y",
(37 (), ¥y =, () @y = (@ ®id)(r), x* @y,
@Or-(x*), " = —<r 37 () @x" = (3 ®id) (), y" ®x™ ,
(ro(@;(x"), ¥y = =< y" @3 (") = —<1d® ) (r), y* ®x™,
which completes the proof. ([
Lemma 5.7. Let (A, -4, ®) be a V-admissible differential algebra andr € A ® A.
Ifr € AQ A is a solution of the V-admissible AYBE in (A, -4, ©) and the symmetric

part of r satisfies (2-10), then (A, -4, A, @, W) is a differential ASI bialgebra, where
A:A— AQ A is defined by

(5-8) A(a)=(1d® L(a) — R(a)®id)(r), VaeA.
Proof. This follows from [20, Corollary 4.4]. U

Definition 5.8. Let (A, -4, ®) be a differential algebra and r € A ® A. Then r is
called L-invariant if the following equation holds:

(5-9) (L(a)®id —id®@ R(a))(r) =0, Vace A.

Recall that a differential ASI bialgebra (A, -4, A, ®, W) is called coboundary if
A is defined by (5-8) for some r € A ® A. A coboundary differential ASI bialgebra
is denoted by (A, -4, A,, ¢, ¥).

Definition 5.9. Let (A, -4, ®) be a W-admissible differential algebra. If r is a
solution of the W-admissible AYBE in (A, -4, ®) and the symmetric partof r e AQA
is L-invariant, then the coboundary differential ASI bialgebra (A, -4, A,, ©, V)
induced by r is called a quasitriangular differential ASI bialgebra. In particular,
if r is antisymmetric, then (A, -4, A,, ®, V) is called a triangular differential ASI
bialgebra. A quasitriangular differential ASI bialgebra (A, -4, A,, ®, V) is called
factorizable if the symmetric part of r is nondegenerate.

Example 5.10. By Example 4.6, there is a six-dimensional commutative algebra
(A® A*,-) on A@ A* with the nonzero products of - given by (4-5). Let 91, 95 :
AP A* - AP A* be linear maps given by

di(er) =e1, 01(e2) =0, di(e3) =e3, di(e]) =0, di(e3) =¢€5, d1(e3) =0,
d(e1) =0, da(er) =ep, da(e3) =e3, dr(e]) =¢], da(e5) =0, (e3)=0.

Let ®=1{9, 02} and ¥ ={—0y, —3>}. Then (AP A*, -, ®) is a W-admissible differ-
ential algebra. Moreover, r = Z?:l e’ ®e; is a solution of the W-admissible AYBE
in (A® A*,-) and (A® A*, -, A, d, V) is a commutative and cocommutative
factorizable differential ASI bialgebra with A, given by (4-8).
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The next proposition justifies the term “factorizable differential ASI bialgebra.”

Definition 5.11. Let (A, -4, &4 ={04,;}7_,) and (B, -3, ®p = {03p,;}7_,) be two
differential algebras. A linear map ¢ : (A, -4, ®4) — (B, -p, ©p) is called a
homomorphism of differential algebras if ¢ : (A, -4, ®4) — (B, -5, Pp) is a homo-
morphism of associative algebras satisfying

@ods;=0dpiop, Vi=1,2,...,m.

If in addition ¢ is a linear isomorphism, ¢ is called an isomorphism of differential
algebras.

Proposition 5.12. Let (A, -4, Ay, @, V) be a factorizable differential ASI bialgebra.
Then Im(ry @ r_) is a differential subalgebra of the differential algebra A ® A,
which is isomorphic to the differential algebra (A*, -, V*), where -, : A*Q A* — A*
is defined by

(5-10) X Y =R (XY H L (- (y")x", Vx*, yt e AT
Every a € A has a unique decomposition a = ay —a_ with (ay,a_) € Im(ry ®r_).

Proof. By [27, Proposition 3.2], both ry, r_ : (A%, -,) = (A, -4) are associative
algebra homomorphisms, Im(r @r_) is an associative subalgebra of the direct sum
associative algebra A @ A, which is isomorphic to the associative algebra (A*, -,),
and every a € A has a unique decomposition a =ay—a_ with (a4, a_) e Im(r; ®r_).
By Lemma 5.6, we know thatboth ry, r— : (A*, -, ¥*) — (A, -4, ®) are differential
algebra homomorphisms. Therefore, Im(r ¢ r_) is a differential subalgebra of
the direct sum differential algebra A @& A, which is isomorphic to the differential
algebra (A*, -, U*). O

Let (A, -4, A, ®, W) be an arbitrary differential ASI bialgebra and (2, -g) be
the associative algebra structure on A @ A* obtained from the matched pair of
associative algebras (A4, A*, R"‘A, Lf:, f"A*, Lf"A*) [20]. Let {e1,e3,...,¢,} be a

basis of A and {e], €], ..., e} be the dual basis of A*. Define

r=Zei®e§“GA®A*ch®Ql

l
and

Ar(u)=(0dQ® L., () — Ry(u)®id)(r), VYuel

Then (2L, -9, Ay, ® + W*, W+ &%) is a coboundary differential ASI bialgebra (see
[20, Theorem 4.5] for details).

Theorem 5.13. The differential ASI bialgebra (A, -9, Ay, ® +¥*, W + &%) isa
factorizable quasitriangular differential ASI bialgebra.
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Proof. The proof of Theorem 4.5 in [20] implies that r is a solution of the (¥ + ®*)-
admissible AYBE in (2, -, ® + W*). By suitably modifying the same proof, one
can show that the symmetric part of r is L-invariant. By the proof of Theorem 3.4,
I, is an isomorphism of vector spaces. Hence, the differential ASI bialgebra
&, o, Ay, @4+ W, W 4 OF) is factorizable. O

Definition 5.14. A bilinear form B8( , ) on an associative algebra (A, -4) is called
invariant if
B(a-ab,c)=B(a,b-,c), Va,b,ceA.

A Frobenius algebra (A, -4,*B) is an associative algebra (A, -4) with a non-
degenerate invariant bilinear form 8( , ). A Frobenius algebra (A, -4, *B) is called
symmetric if B( , ) is symmetric.

Definition 5.15. A differential Frobenius algebra is a quadruple (A, -4, ©,*B),
where (A, -4, ® = {9 };__,) is a differential algebra and (A, -4, ‘B) is a Frobenius
algebra. It is called symmetric if B is symmetric. For all k =1, ..., m, let ék be
the adjoint linear operator of d; under the nondegenerate bilinear form 5:

B(d(a), b) =B(a, h(b)), Ya,beA.
We call & := {Bk}k | the adjoint of ® = {0}, with respect to *B.
Note that ® is admissible to (A, -4, D), by [20, Proposition 3.3].

Definition 5.16. The triple ((A, -4, ®={0c};_ ), B, P) is called a symmetric Rota—
Baxter differential Frobenius algebra of weight ) if (A, -4, @, B) is a symmetric
differential Frobenius algebra and (A, -4, P) is a Rota—Baxter algebra of weight A
satisfying the compatibility condition given by (4-4) such that

a,'P=Pa,', Vi:l,2,...,m

Lemma 5.17. Let ((A, 4, @ = {0 }iL . B, P) be a symmetric Rota—Baxter dif-

ferential Frobenius algebra of weight A, and Iy : A* — A be the induced linear

lsomorphzsm by B. Letr € A® A be the 2-tensor form of P o Iz given by (4-6) and
= (o) v, be the adjoint of ® with respect to *B. Then

Oilg = Ind*, dry=ri 0, VYi=1,2,....m
Proof. For all a € A and x* € A*, we have
B(9; I (x*), @) = B(Is (x*), 9; (@) = (x*, 8 (@)y = (3} (x*), @) =B (I3} (x"), ),
that is, 0; Is = Is EA)Z.*. Therefore,
diry = 0; Ply = Pdjly = PldF =r 3},

completing the proof. U
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Proposition 5.18. Let ((A, -4, ®), B, P) be a symmetric Rota—Baxter differential
Frobenius algebra of weight 0 and Iy : A* — A be the induced linear isomorphism
by 8. Then (A, -4, Ay, D, CiD) is a triangular differential ASI bialgebra where
r € A® A is the 2-tensor form of P o Iz given by (4-6) and ® is the adjoint of ®
with respect to *B.

Proof. 1t follows from Lemma 4.7 that r + 7 (r) = 0. Similarly to Proposition 2.20,
we show that A(r) = 0. On the other hand, setting ® = {0;};__,, by Lemma 5.17,
we have 0;7; =r4 51.*. Therefore, by Lemma 5.6, we show that r is a solution of
the ®-admissible AYBE in (A, -4, ®). Noting that ® is admissible to (A, -4, ),
we complete the proof. O

Theorem 5.19. Let (A, -4, Ay, @ = {0}, ¥ = {3k} ,) be a factorizable differ-
ential ASI bialgebra with I, =ry —r_. Then ((A, -4, ®), B, P) is a symmetric
Rota—Baxter differential Frobenius algebra of weight A such that the adjoint of ®
with respect to B is V, where

P=—hiryol”', A#0
and the bilinear form B € @>A* is defined by
B(a, b) = -1 a), by, Va,beA.

Proof. 1t follows from [27, Corollary 4.8] that (A, -4, *B) is a symmetric Frobenius
algebra and (A, -4, P) is a Rota—Baxter algebra of weight X such that (4-4) holds.
For all a, b € A, we have

B(3;(a), b) = =17 @i(@), by = =A< 0117 (@) by
B(a, 3;(b) = =AU (@), 3i(b)y = -2 LTI (@), by,
and by Lemma 5.6, we have
O, =0;(rp —r_)=(ry —r_)& = 18"
Therefore, B(0;(a), b) = B(a, d;(b)). Furthermore, we have
P =—Adr I =—ar 817 = —ar 1719, = PY;.
The proof is complete. O

Theorem 5.20. Let ((A, -4, ® = {0} ). B, P) be a symmetric Rota—Baxter
differential Frobenius algebra of weight A # 0, and Is : A* — A be the induced
linear isomorphism by B. Let r € A ® A be the 2-tensor form of P o Iy given
by (4-6) and D be the adjoint of ® with respect to B. Then r is a solution of the
®-admissible AYBE in (A, -4, D) and gives rise to a factorizable differential ASI
bialgebra (A, -4, A,, P, ﬁD).



QUASITRIANGULAR AND FACTORIZABLE POISSON BIALGEBRAS 479

Proof. By Lemma 4.7, r + 7(r) is equal to —Ary and I, = —Alp. Then by
Lemma 5.17, we have

Ory =r 9" and - =08i(ry — L) =rydf — 0¥ =r_d}.

Similarly to Theorem 4.11, we can show that A(r) = 0 and the symmetric part of r
is L-invariant. Hence, by Lemma 5.6, r is a solution of the ®-admissible AYBE in
(A, -4, D), which completes the proof. U

We now turn to the constructions of quasitriangular and factorizable Poisson
bialgebras from quasitriangular and factorizable (commutative and cocommutative)
differential ASI bialgebras.

Proposition 5.21 [7]. Let (A, -4, ® = {01, 02}) be a commutative differential
algebra. Then (A, [, ]a, -a) is a Poisson algebra, called the induced Poisson
algebra of (A, -4, ), where [ ,]: AQ® A — A is defined by

(5-11) [a, blsa :=01(a) -4 02(b) — 02(a) -4 01(b), Va,beA.

Lemma 5.22 [20]. Let (A, -4, ® = {01, 02}) be a ¥ = {31, d2}-admissible com-
mutative differential algebra and (A, [, 14, -4) be the induced Poisson algebra of
(A, -4, D). Suppose that

(5-12) d2(01(a)) -b=01(02(a))-b, Va,beA.

Then every solution of the V-admissible AYBE in (A, -4, ®) is a solution of the
Poisson Yang—Baxter equation in the Poisson algebra (A, [, 14, -4).

Theorem 5.23. If (A, -4, Ay, ©, V) is a quasitriangular (resp. triangular, fac-
torizable) commutative and cocommutative differential ASI bialgebra, and equa-
tion (5-12) holds, then (A, [, 14, -4, 6r, Ay) is a quasitriangular (resp. triangular,
factorizable) Poisson bialgebra through r, where (A, [ , 14, -a) is the induced
Poisson algebra of (A, -4, ®) and §, : A — A ® A is defined by

(5-13) 8 =(01®32— 32 Q3A,.
Proof. For all a € A, we have

(ad(a) ®id+id®ad(a))(r + t(r))
= ((L(31(@))2 — L(32(a))d1) ®id +id ® (L(91(a))d2 — L(32(a))d))) (r + T(r)).

By (5-2), this equals

(L@1(@) ® 32— L(3:(0)) ® §1 —id ® §2L(31(a) +1d @ 31 L(32(a))) (r +7(r))
+ (Id® L(8201(a)) —id ® L(813:(2))) (r + T(r)).

Using (5-12) this becomes
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((d® 32)(L(91(a)) ®id — id ® L(3;(a)))
+ (1d® 31)(L(3:2(a)) ®id —id ® L(32(a))))(r +T(r)) =0.

Hence, the symmetric part of r is (ad, L)-invariant. By Lemma 5.22, r is a solution
of the Poisson Yang—Baxter equation in (A, [, ]4, -4). Furthermore,

8(a) = (31802— Q1) Ar(a) = (0185, —F2Q71)(d® L(a) — L(a) ®1d)(r)

0 (1d®3,L(a)d —id®3, L(a)d2) (r) — (31 L(a) 3 ®id— 82 L(a)d) ®id) (r)

X (ad(a) @id+id®ad(@)) ().
It is now obvious that the theorem holds. |

Example 5.24. Continuing with Example 5.10, there is a commutative and cocom-
mutative factorizable differential ASI bialgebra (A & A*, -, A,, @, V). Note that
(5-12) holds automatically. Thus by Theorem 5.23, it induces a factorizable Poisson
bialgebra (A &® A*, [, ], -, 6r, A,) where the nonzero product of [ , ] is defined by
[e1, e2] = e3 and §, is explicitly given by (4-8).

Let (A, -4, Ap, ®={0;, 02}, ¥ ={3y, 32}) be a commutative and cocommutative
factorizable differential ASI bialgebra. Using Proposition 5.12, let

(Im(ry ®r-), -, @+ @ ={0; + 31, 0 + d})

be the differential subalgebra of the differential algebra A @ A, which is isomorphic
to the differential algebra (A*, ., W*), where -, : A*® A* — A* is defined by (2-4).
On the other hand, suppose that (5-12) holds. Let (A, [, ]a, -4, 6, A,) be the
induced factorizable Poisson bialgebra in Theorem 5.23. Then by Proposition 3.3,
let Im(ry & r-),[,],-) be the Poisson subalgebra of the direct sum Poisson
algebra A @ A, which is isomorphic to the Poisson algebra (A*, [, 1, -+), Where
[,],+:A*®A* — A* are respectively defined by (2-3) and (2-4).

Corollary 5.25. With the same conditions as above, the induced Poisson algebras
of Im(ry ®&r_), -, ®+ @) and (A*, -, V*) are exactly Im(ry &r_),[, ], ) and
(A*, [, 1+, -+). Thus we have the commutative diagram
Proposition 5.12 ~
(A, A, 0, ¥) ———— (Im(ry. ©7-), -, D+ @) —— (A%, -, ¥¥)

Theorem 5 ,23l Proposition S.ZIl Proposition 5.21l

Proposition 3.3 ~
(A, [ 1asa, 6, Ay) ————— (Im(ry &ro), [ L) —— (A% [ 1y )
Proof. By Theorem 5.23, the induced Poisson algebra of (A%, .., V*) is exactly
(A*,[, 1r,r).Noting that (A, [, ]4, -4) is the induced Poisson algebra of (A, -4, D),
it is straightforward that the induced Poisson algebra of Im(ry &r_), -, ® + ) is
exactly (Im(ry @r-),[, ],-). The proof is complete. U
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Let (A, A, A, ®={0;, 0»}, ¥ ={3d1, d»}) be a commutative and cocommutative
differential ASI bialgebra. Let (A, [, ]4, -a) be the induced Poisson algebra of
(A, -4, D). Suppose that (5-12) and the following equation hold:

(5-14) (0201 ®1D)A = (710, ®1d)A.

Then (A, [, ]a, -4, 8, A) is a Poisson bialgebra where § : A — A ® A is defined by
8§ =(31®3F,— 5, 31)A [20, Theorem 5.24]. Let (A, -, A,, ®+¥*, ¥ + d*) be
the factorizable differential ASI bialgebra obtained in Theorem 5.13 arising from
(A, -4, A, ®, W) andlet (A, [, ]2, -, 8-, A,) be the factorizable Poisson bialgebra
of Theorem 3.4 arising from (A, [, ]4, -4, §, A). Since the Poisson algebra structure
(A, [, Jar, -21) is the induced Poisson algebra of (2, -o, ® + ¥*) [20, Remark 5.25]
and equation (5-12) also holds for the (W + ®*)-admissible commutative differential
algebra (2, -9, ® + V™), we have the following conclusion.

Corollary 5.26. With the same conditions as above, (A, [ , 1o, -2, 67, Ay) is the
induced factorizable Poisson bialgebra of the factorizable differential ASI bialgebra
A, o, Ay, @+ W*, W 4 OF). Thus, we have the following commutative diagram:

Theorem 5.13

(Av'A7Avq>7 \IJ) (Ql, 'Ql? Ars ©+\'IJ*7"IJ+CD*)
l lTheorem 5.23
The 3.4
(A, [, 1as-4,8, A) corm QL1 Tas 20 80 A)

Proposition 5.27. Let (A, -4, Ay, ©, V) be a commutative and cocommutative
factorizable differential ASI bialgebra, which corresponds to a symmetric Rota—
Baxter differential Frobenius algebra ((A, -4, ®), B, P) of weight A # 0. Suppose
that (5-12) holds. Let (A, [, 14, -a) be the induced Poisson algebra of (A, -4, D).
Then ((A, [, 14, -4), B, P) is a quadratic Rota—Baxter Poisson algebra of weight
A, to which the induced factorizable Poisson bialgebra (A, [ , la, 4,6, Ay) in
Theorem 5.23 corresponds. Thus, we have the following commutative diagram:

(A’ ‘A Ar» CD, \Ij) M) (Av [ ) ]Av TAs 8)’, A}’)

Theorem 5.20T lTheorem 5.19 Theorem 4.11 /‘\lTheorem 4.9
(A, 4, 9), B, P) — (A, [, 14,74, B, P)
Proof. For all a, b, c € A, we have
B([a, bla, )
=B(91(a) -4 02(b) — 2(a) -4 01(b), ¢) =B(a, §1(92(b) -4 ¢) — F2(31(b) -4 €))
=B(a, 31(02(b)) -a ¢ — 02(b) -4 01 (c) — 32(81 (D)) -4 ¢ + 01 (D) -4 92(c))
=B(a, [b, cla)
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and
[P(a), P(D)]a = 01(P(a)) -4 02(P (b)) — 02(P(a)) - 01(P (b))
= P(01(a)) -a P(02(b)) — P(d2(a)) -a P(31(b))

= P(P(31(a)) -4 82(b) + 31 (a) -4 P(82(b)) 4 101(a) -2 2(b))
— P(P(82(@)) -4 31 (b) +82(a) -4 P(31(b)) +2d2(a) - 31 (D))

= P(01(P(a)) -4 82(b) + 91 (a) -a 02(P (b)) + 101 (a) -4 82(D))
— P(02(P(a)) -4 01(b) + 92(a) -4 91 (P (b)) + Ada(a) -4 1 (D))

= P([P(a), bla +[a, P(b)1a + Ala, bla).

Therefore, ((A, [, ]a, -4), B, P) is a quadratic Rota—Baxter Poisson algebra of
weight A. Thus the proposition is true. (]
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