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Bialgebras, the Yang—Baxter equation and Manin
triples for mock-Lie algebras

KARIMA BENALI, TAOUFIK CHTIOUI, ATEF HAJJAJI, AND
SAMI MABROUK

ABSTRACT. The aim of this paper is to introduce the notion of a mock-
Lie bialgebra which is equivalent to a Manin triple of mock-Lie algebras.
The study of a special case called coboundary mock-Lie bialgebra leads
to introducing the mock-Lie Yang—Baxter equation on a mock-Lie alge-
bra which is an analogue of the classical Yang—Baxter equation on a Lie
algebra. Note that a skew-symmetric solution of mock-Lie Yang—Baxter
equation gives a mock-Lie bialgebra. Finally, O-operators are studied to
construct a skew-symmetric solution of a mock-Lie Yang—Baxter equa-
tion.

1. Introduction

A while ago, a new class of algebras emerged in the literature — the so
called mock-Lie algebras. These are commutative algebras satisfying the
Jacobi identity. They appeared for the first time in [21] and since then a lot
of work is done on this subject, note for example [41] [29]. These algebras
live a dual life: as members of a very particular class of Jordan algebras and
as strange cousins of Lie algebras.

The theory of Lie bialgebras and Poisson Lie groups dates back to the
early 80s. Poisson Lie groups are Lie groups equipped with an additional
structure, a Poisson bracket, satisfying a compatibility condition with the
group multiplication. The infinitesimal object associated with a Poisson Lie
group is the tangent vector space at the origin of the group, which is in a
natural way a Lie algebra g, see, for instance, [I7, [36]. The Poisson struc-
ture on the group induces on the Lie algebra an additional structure which
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is nothing but a Lie algebra structure on the dual vector space g* satisfy-
ing a compatibility condition with the Lie bracket on g itself. Such a Lie
algebra together with its additional structure is called a Lie bialgebra. So a
bialgebra structure on a given algebra is obtained by a corresponding set of
comultiplication together with the set of compatibility conditions between
multiplication and comultiplication [12]. For example, take a finite dimen-
sional vector space V with a given algebraic structure, this can be acheived
by equipping the dual space V* with the same algebraic structure and a set
of compatibility conditions between the structures on V and those on V*.
Among the well-known bialgebra structures, we have the associative bialge-
bra and infinitesimal bialgebra introduced in [6, B1]. Note that these two
structures have the same associative multiplications on V' and V*. They are
distinguished only by the compatibility conditions, with the comultiplication
acting as a homomorphism (respectively a derivation) on the multiplication
for the associative bialgebra (respectively the infinitesimal bialgebra). In
general, it is quite common to have multiple bialgebra structures that differ
only by their compatibility conditions. A good compatibility condition is
prescribed on one hand by a strong motivation and potential applications,
and on the other hand by a rich structure theory and effective constructions.
See also [20], 9} [16] 25| 26, 27, B3| 34] 138, B9, [40], 24, 23] for more details.

One reason for the usefulness of the Lie bialgebra is that it has a cobound-
ary theory, which leads to the construction of Lie bialgebras from solutions
of the classical Yang—Baxter equations. The origin of the Yang—Baxter-
equations is purely physics. They were first introduced by Baxter, McGuire,
and Yang in [I7, I8, 37]. Later on, this equation attracts the attention
of scientists and becomes one of the most basic equations in mathematical
physics [11], 13]. Namely it plays a crucial role for introducing the theory of
quantum groups. This exceptional importance can be seen in many other
domains like: quantum groups, knot theory, braided categories, analysis of
integrable systems, quantum mechanics, non-commutative descent theory,
quantum computing, non-commutative geometry, etc. Various forms of the
Yang—Baxter-equation and some of their uses in physics are summarized
in [35]. Many scientists have found solutions for the Yang-Baxter equa-
tion, however the full classification of its solutions remains an open problem.
In the theory of Lie bialgebras, it is essential to consider the coboundary
case, which is related to the theory of the classical Yang—Baxter equation
[12, 10, 8, 30]. We aim to have an analogue in the mock-Lie case.

This paper is organized as follows. In Section 2 we recall some basic
definitions and constructions about mock-Lie algebras. Section 3 deals with
matched pairs, Manin triples and mock-Lie bialgebras. In Section 4, we
introduce and develop the notion of coboundary mock-Lie bialgebra and
mock-Lie Yang—Baxter equation. In Section 5, we give the O-operators
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of mock-Lie algebras and construct a solution of a mock-Lie Yang—Baxter
equation.

Unless otherwise specified, all the vector spaces and algebras are finite
dimensional over a field K of characteristic zero.

Notations. Let V' and W be two vector spaces.

(1) Denote by 7: V@W — W ® V the switch isomorphism, 7(v® w) =
wR .

(2) For a linear map A : V — ®2V, we use the Sweedler’s notation
A(z) =3 () 21 ® 22 for £ € V. We will often omit the summation
sign Z(I) to simplify the notations.

(3) Denote by V* = Hom(V,K) the linear dual of V. For ¢ € V* and
u €V, we write (¢, u) := p(u) € K.

(4) For a linear map ¢ : V. — W, we define the map ¢* : W* — V* by

(@°(8),v) = (£, 0(v)), Vv eV, £ € W

(5) For an element x in a mock-Lie algebra (A, e) and n > 2, define the
adjoint map L(z): ™A — Q™A by

n

L) (pn® - Qyn) =) n® 0y 10T yi®@y® @y, (1)
i=1

for all y1,...,yn € A. Conversely, given Y = y1 ® - - - ® y,, we define

L(Y):g— ®"g by
L(Y)(z) = L(z)(Y), for z € g.

2. Preliminaries

In this section, we provide some preliminaries about mock-Lie algebras
and left mock-pre-Lie algebras. Our main references are [4], 211 7, [14].

Definition 2.1. A mock-Lie algebra is a pair (A, e) consisting of a vector
space A together with a multiplication e : A ® A — A satisfying

rey=yex, (commutativity),
rze(yez)+ye(zex)+ze(rey)=0, (Jacobiidentity), (2)
for any z,y,z € A. The Jacobi identity is equivalent to
re(yez)=—(rey)ez—ye(rez).

In other words, the left multiplication L : A — End(A) defined by L(z)y =
x e g, is an anti-derivation on A. Recall that a linear map D : A — A is
called an anti-derivation if, for all x,y € A,

D(zey)=—D(x)ey—xeD(y).
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Example 2.1. Recall that an anti-associative algebra is a pair (A, ) con-
sisting of a vector space A together with a product x : A® A — A such that
the anti-associator vanishes, i.e,

Aass(z,y,z) = (x*xy)*z+xzx(yxz) =0, Va,y,z€ A.

Let (A, *) be an anti-associative algebra. Then, (A, e) is a mock-Lie algebra,
where r ey :=xxy +y*x, forall z,y € A.

Examples 2.2. In the following we list some examples of finite dimensional

mock-Lie algebras given in [21].

(1) Let A be a 3-dimensional vector space with a basis B = {e1,e2,e3}.
Then (A, e) is a mock-Lie algebra where the product e is defined on the
basis B by

€1 @1 = €9, €3 ® €3 = €9.

(2) Let A be a 4-dimensional vector space with a basis B = {ej, e, €3, €4}
Then (A, e) is a mock-Lie algebra where the product e is defined on the
basis B by

€1 €] = €9, €1 €3 = €4.

(3) The 3-dimensional commutative Heisenberg algebra Hs over an alge-
braically closed field of characteristic not 2 or 3 equipped with the prod-
uct

€1 ®@Co) — €2 0€] — €3
is a mock-Lie algebra.

See [22] for more examples of mock-Lie algebras. Now, we recall the
definition of representations of a mock-Lie algebra.

Definition 2.2. A representation of a mock-Lie algebra (A, e) is a pair (V p)
where V' is a vector space and p : A — End(V) is a linear map such that for
all z,y € A, the following equality holds:

p(zey) =—p(x)p(y) — p(y)p(z).

Example 2.3. Let (A, o) be a mock-Lie algebra. Then (A, L) is a represen-
tation of A on itself, called the adjoint representation.

An equivalent characterisation of representations on mock-Lie algebras is
given in the following.

Proposition 2.4. Let (A, e) be a mock-Lie algebra, V' be a vector space and

p:A— End(V) a linear map. Then (V,p) is a representation of A if and

only if the direct sum A @V together with the multiplication defined by
(x+u)oaoy (y+v) =z ey+p(x)v+pylu, Yo,y € A, Vu,v €V,

1s a mock-Lie algebra. This mock-Lie algebra is called the semi-direct product

of A and V and it is denoted by A x, V.
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Definition 2.3. Let (A, e) be a mock-Lie algebra and consider two repre-
sentations (Vi,p1) and (Va, p2). A linear map ¢ : Vi — V5 is said to be a
morphism of representations if

p2(z) 0 ¢ = dopi(x), Vo € A
If ¢ is bijective, then (V1,p1) and (Va, p2) are equivalent (isomorphic).

To relate matched pairs of mock-Lie algebras to mock-Lie bialgebras and
Manin triples for mock-Lie algebras in the next section, we need the no-
tions of the coadjoint representation, which is the dual representation of the
adjoint representation. In the following, we recall these facts.

Let (A, o) be a mock-Lie algebra and (V, p) be a representation of A. Let
V* be the dual vector space of V. Define the linear map p* : A — End(V*)
as

(p*(z)u*,v) = (u*, p(x)v), VYreA veV, u" V" (3)
where (-, ) is the usual pairing between V' and the dual space V*. With the
above notations, we have the following result.

Proposition 2.5. Let (V, p) be a representation of a mock-Lie algebra (A, o).
Then (V*, p*) is a representation of A on V*.

Consider the case when V = A and define the linear map L* : A —
End(A*) by

(L*(x)(&), y) = (& L(x)y), Vo,ye A, A"
Then we have the following corollary.

Corollary 2.6. Let (A, o) be a mock-Lie algebra and (A, L) be the adjoint
representation of A. Then (A*, L*) is a representation of (A, e) on A* which
1s called the coadjoint representation.

If there is a mock-Lie algebra structure on the dual space A*, we denote
the left multiplication by L.

Definition 2.4. Let (A, e) be a mock-Lie algebra and (V) p) be a represen-
tation. A linear map 7' : V — A is called an O-operator associated to (V, p)
if T satisfies

T(u) e T(v) = T (p(Tu)v + p(Tv)u), Yu,v e V.

In the case (V, p) = (A, L), the O-operator T is called a Rota—Baxzter operator
(of weight zero).

Definition 2.5. A mock-pre-Lie algebra is a vector space A equipped with
a linear map - : A ® A — A satisfying the identity

Aass(x,y, z) = —Aass(y,z,z), Vz,y,z € A. (4)
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Recall that Aass(z,y,z) = (z-y)-z+ x - (y-z). Therefore, equality is
equivalent to
(xxy)-y=(x-y)-z-y-(z-2),
where x xy =z -y+y -z for all x,y € A.
Note that if (A, -) is a mock-pre-Lie algebra, then the product given by
rxy=x-y+ty -z, Vr,y€A,
defines a mock-Lie algebra structure, which is called the sub-adjacent mock-
Lie algebra of (A, -), and is denoted by A%. Furthermore, (A,-) is called the
compatible mock-pre-Lie algebra structure on A%,
On the other hand, let ® : A — End(A) be defined by O(x)y = = -

y, for all z,y € A. Then (A, O) is a representation of the mock-Lie algebra
Ace,

Proposition 2.7. Let (A, ) be a mock-Lie algebra and (V,p) be a repre-
sentation of A. If T is an O-operator associated to (V,p), then (V,-) is a
mock-pre-Lie algebra, where

u-v=p(Tu)v, Yu,veV.

Proposition 2.8. Let (A, e) be a mock-Lie algebra. Then there is a compat-
ible mock-pre-Lie algebra if and only if there exists an invertible O-operator
T :V — A associated to a representation (V,p). Furthermore, the compati-
ble mock-pre-Lie structure on A is given by

z-y=T(p(x)T ' (y)), Va,y€e A
3. Matched pairs, Manin triples and mock-Lie bialgebras

In this section, we introduce the notions of Manin triple of a mock-Lie al-
gebra and mock-Lie bialgebras. The equivalence between them is interpreted
in terms of matched pairs of mock-Lie algebras.

We first recall the notion of matched pairs of mock-Lie algebras (see [0]).
Let (A, o) and (H,©) be two mock-Lie algebras. Let p: A — End(H) and
w: H — End(A) be two linear maps. On the direct sum A @ H of the
underlying vector spaces, define a linear map o : ®?(A@® H) — A® H by

(x+a)o(y+b) =zey+ pub)z+ pla)y+aob+ ply)a+ p(x)b (5)
for any =,y € A and a,b € H.

Theorem 3.1. Let (A,e) and (H,o) be two mock-Lie algebras. Then the
pair (A @ H,o) is a mock-Lie algebra if and only if (H,p) and (A, ) are
representations of (A, e) and (H, o) respectively, and for all z,y € A, a,b €
H, the following compatibility conditions are satisfied:

p(z)(aob) + p(x)acb+aop(x)b+ pu(a)z)b+ p(u(b)z)a =0, (6)

p(a)(z oy) + p(a)r ey +x e p(a)y + p(p(x)a)y + pulp(y)a)r =0.  (7)
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Definition 3.1. A matched pair of mock-Lie algebras is a quadruple
(A, H; p, 1) consisting of two mock-Lie algebras (A, e) and (H, <), together
with representations p : A — End(H) and p : H — End(A), respectively,
such that the compatibility conditions @ and are satisfied.

Remark 3.1. We denote the mock-Lie algebra defined by equality by
A H. 1t is straightforward to show that every mock-Lie algebra which is a
direct sum of the underlying vector spaces of two mock-Lie subalgebras can
be obtained from a matched pair of mock-Lie algebras as above.

Definition 3.2. A bilinear form w on a mock-Lie algebra (A,e) is called
invariant if it satisfies

w(z ey z) =w(x,yez), Vi,yzeA

Proposition 3.2. Let (A, e) be a mock-Lie algebra and (A, L) be the adjoint
representation of A on itself. Then (A,L) and (A*,L*) are equivalent as
representations of the mock-Lie algebra (A,e) if and only if there exists a
nondegenerate symmetric invariant bilinear form w on A.

Proof. Suppose that there exists a nondegenerate symmetric invariant bi-
linear form w on A. Since w is nondegenerate, there exists a linear isomor-

phism ¢ : A — A* defined by
(p(z),y) = w(x,y), Vr,y€ A.

Hence, for any z,y,z € A, we have
(O(L(z)(y)), z) = w(L(x)(y), 2) = w(z 0 y,2) = w(y,z ®2)
= (9(y),z 0 2) = (L7 (z)o(y), 2).

That is, (A, L) and (A*, L*) are equivalent. Conversely, in a similar way we
can get the conclusion. O

Definition 3.3. A Manin triple of mock-Lie algebras is a triple of mock-
Lie algebras (A, AT, A™) together with a nondegenerate symmetric invariant
bilinear form w on A such that the following conditions are satisfied:
(a) A*, A~ are mock-Lie subalgebras of A,
(b) A= AT @ A~ as vector spaces,
(c) AT and A~ are isotropic with respect to w, that is, w(zy,ys) = w(z_,y_)
=0, forany xy,y, € AT, x_y_ € A",

A homomorphism between two Manin triples of mock-Lie algebras (A, AT,

A7) and (B, B*, B™) associated to two nondegenerate symmetric invariant

bilinear forms w; and ws, respectively, is a homomorphism of mock-Lie al-
gebras f : A — B such that

fAT)Cc BT, f(AT)C B, (z.y) =waf(x), f(y)), Yo,y € A.
If in addition, f is an isomorphism of vector spaces, then the two Manin
triples are called isomorphic.
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Definition 3.4 ([28]). Let (A, e) be a mock-Lie algebra. Suppose that there
is a mock-Lie algebra structure (A*,¢) on the dual space A* of A and there
is a mock-Lie algebra structure on the direct sum A @ A* of the underlying
vector spaces A and A* such that (A,e) and (A*,¢) are subalgebras and the
natural non-degerenate symmetric bilinear form on A & A* given by

wa(z +&y+n) = (z,n) +{&y), Vr,ycA &neA, (8)

is invariant, then (A @ A*, A, A*) is called a standard Manin triple of mock-
Lie algebra associated to standard bilinear form wy.

Obviously, a standard Manin triple of mock-Lie algebras is a Manin triple
of mock-Lie algebras. Conversely, we have the following result.

Proposition 3.3. Every Manin triple of mock-Lie algebras is isomorphic to
a standard one.

Proof. Since AT and A~ are isotropic under the nondegenerate invariant
bilinear form w on AT @® A~, then in this case A~ and (A™)* are identified by
w and the mock-Lie algebra structure on A~ is transferred to (A1)*. Hence
the mock-Lie algebra structure on AT @& A~ is transferred to AT @ (A™T)*.
Transferring the nondegenrate bilinear form w to A™ @ (A™)*, we obtain the
standard bilinear form given by . Thus, (A, AT, A7) is isomorphic to the
stansadrd Manin triple (A @ A*, A, A*). O

Proposition 3.4 ([28]). Let (A, ) be a mock-Lie algebra. Suppose that there
is a mock-Lie algebra structure (A*,o) on A*. Then there exists a mock-Lie
algebra sructure on the vector space A @ A* such that (A ® A*, A, A*) is a
standard Manin triple of mock-Lie algebras with respect to wy defined by
if and only if (A, A*; L*,L*) is a matched pair of mock-Lie algebras. Here
L* is the coadjoint representation of the mock-Lie algebra (A*, o).

Proposition 3.5. Let (A, o) be a mock-Lie algebra. Suppose that there is a

mock-Lie algebra structure (A*, o) on A*. Then (A, A*; L*, L*) is a matched
pair of mock-Lie algebras if and only if for any x,y € A,& € A*, we have

L&) (woy) + (L) (x)) ey +xe(L7(E)(y))+ L7 (L™ (2)(£))(y) + L7 (L7 (y)(€)) () :(gj

Proof. Obiviously, equality @ is exactly in the case p = L*, p = L*.
In addition, for any z,y € A, £,n € A*, we have
(L&) (x oy),m) = (x oy, L(E)(n) = (L(z)(y),§on) = (y, L™ (x)(§ o n));
((L5(&) (@) @ y,m) = (L(L(&)(x))(y),n) = (y, L*(L7(€)(x))(n));
(z o (L(€)(Y),m = (L(x)(LX(E)(y)),m) = (L*(E)(y), L (x)(n))
=y, L)L (x)(n))) = (y,§ o (L™ (x)(n
(L5(L* (@) (€)(w)m) = {y, LIL*(2)(€)) () = (y, (L™ (x)(£)

~— —

)>7

)
) on);
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(LH(L () (E)) (), m) = (x, LIL™(y)(€)(n)) = (z,no (L*(y)(£)))
= (2, L) ((L*(y)(£))) = (L7 (n)(x), L*(y)(£))
= (L(L"(n )(ﬂ?))(y) &) = (y, L*(L*(n)(x))(£))-
Then equality @ holds if and only if ([7)) holds. Therefore the conclusion
holds. O

Theorem 3.6. Let (A,e) be a mock-Lie algebra. Suppose that there is a
mock-Lie algebra structure ” ¢7 on its dual space A* given by a linear map
A* : A* @ A* — A*, that is, Eon = A*(E®mn), for any &n € A*. Then
(A, A*; L*, L*) is a matched pair of mock-Lie algebras if and only if A : A —
A ® A satisfies the following condition:

A(zey) = —(L(z)®id+id® L(z)) Ay) — (L(y) ®id+id® L(y)) A(z), (10)
for any x,y € A.

Proof. Using PI‘OpOblthIl we can prove that equality (10]) is equivalent
to @D In fact, for any z,y € A &, m e A*, we have

(LX) (zoy),n) =(zey,Lon =(zey A" ((@n) = (Azey),{@n);
((L7(€)(@)) e y,m) = (L(y)(L*(E)(x)), )= (L (€)(x), L"(y)(m) = (z, LE(L"(y) (1))
= (z,§ < (L*(y)(n)) = ((id ® L(y))A(z), £ @ n);

(z o (L(E)(Y)),m) = (L(x)(L*(€)()), m) =(L"(& )(m)) =y, LE)(L"(z)(n)))
)

“(
) (
) )(y), L™ (z

= (&0 (L7 (x)(n))) = ((id ® L(z))A(y),§ @ n);
(L (L (@) () (y),m) = (v, (L*(2)(£)) o n) = ((L(z) @ id)A(y),§ @ n);
(L2 (L (y) () (@), m) = (, (L*(y)(£)) om) = ((L(y) @ id)A(z), £ @ 7).
Then equality @D is equivalent to ([10). Hence the conclusion holds. ]
Remark 3.2. From the symmetry of the mock-Lie algebras (A, e) and (A*, )
in the standard Manin triple of mock-Lie algebras with respect to wy, we also
can consider a linear map v : A* — A* ® A* such that v*: A® A — A gives
the mock-Lie algebra structure ” ¢” on A. It is straightforward to show that
A satisfies equality if and only if v satisfies

V(Eomn) = (L&) ®@id +id @ L(£))y(n) — (L(n) @ id +id @ L(n))¥(£),

for any &, € A*.
Definition 3.5. Let (A, e) be a mock-Lie algebra. A mock-Lie bialgebra
structure on A is a symmetric linear map A : A — A ® A such that

(1) A*: A*® A* — A* defines a mock-Lie algebra structure on A*;
(2) A satifies Eq. , called the compatibility condition.

We denote it by (A, A) or (A, A*).
We can unwrap the compatibility condition equality as
Alzey)=—(zey)Dya—y1 @ (xoy2) — (yox1) ®as — 71 @ (y @ 72).
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Remark 3.3. The compatibility condition equality is, in fact, a cocycle
condition in the zigzag cohomology of mock-Lie algebra introduced in [15].
Indeed, we can regard A®? as an A-module via the adjoint action :

- (1 ®y2) = L(@)(y1 @ y2) = (z0y1) ®y2 + 41 ® (T @ y2),
for z € A and y; @ yo € A®2. Then we can think of the linear map A : A —
A®? as a 1-cochain. Then the differential on A is given by
d'Afz,y) = Az ey) +z- Aly) +y - A)
= Az e y) + L(z)(A(y)) + L(y)(A(z)).
Therefore, equality says exactly that A € C1(A, A®?) is a 1-cocycle.

Example 3.7. Let (A, A*) be a mock-Lie bialgebra on a mock-Lie algebra
(A,e). Then (A*,~v)(or(A* A)) is a mock-Lie bialgebra on the mock-Lie
algebra (A*,¢), where 7 is given in Remark

Definition 3.6. Let (A1, A}) and (A2, A3) be two mock-Lie bialgebras. A
linear map ¢ : A1 — As is a homomorphism of mock-Lie bialgebras if v
satifies, for any =,y € A, the identities

Y(@ery) =v(x)eay(y), (P®1)olAr=~Ar 01

Now, combining Proposition and Theorem we have the following
conclusion.

Theorem 3.8. Let (A,e) be a mock-Lie algebra. Suppose that there is a

mock-Lie algebra structure on A* denoted by ” ¢ 7 which is defined as a

linear map A : A — A® A. Then the following conditions are equivalent.

(1) (A® A*, A, A*) is a standard Manin triple of mock-Lie algebras with
respect to wy defined by equality .

(2) (A, A*; L*, L*) is a matched pair of mock-Lie algebras.

(3) (A, A¥) is a mock-Lie bialgebra.

4. Coboundary mock-Lie bialgebras and the mock-Lie
Yang—-Baxter equation

In this section, we consider a special class of mock-Lie bialgebras called
coboundary mock-Lie bialgebras and introduce the notion of mock-Lie Yang—
Baxter equation.

Definition 4.1. A mock-Lie bialgebra (A, A*) is called coboundary if there
exists an element r € A ® A such that, for any xz € A,

A(z) = (L(z) ® id — id ® L(z))r-. (11)
Lemma 4.1. Let (A,e) be a mock-Lie algebra and r € A® A. Suppose that

the linear map A : A — A® A is defined by equality . Then A satisfies
the compatibility condition given by equality .
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Proof. Let r = ri ® 19 € A® A. We use the commutativity and Jacobi
identity for mock-Lie algebras. Then, for any x,y € A, we have

— (L(z) ®id +id ® L(z)) A(y) — (L(y) ®id + id ® L(y)) A(z)
=— (L(z) ®id +id ® L(z)) (L(y) ® id — id ® L(y))r
() (L(z) ®@id — id ® L(z))r
J(yer)@ra —r1 @ (yors))
)((mor1)®r2—rl®(xor2))

T

—_

Y

|
=

—~ = 8 =&
® ®
+ +
SV
® ®
=

E

~—

Yy
(ror) @ yors)+(yer) @ (wers) —r1 (e (yora))

~(yeeryon —(er)@@er) + er) Blyer) —r @ (e rer))

=(—ze(yer))—ye(zer))@ry+r @ (ze(yery) +ye(zers))

:((xoy)or1)®r2—r1®((xoy)org) = (L(J;oy)®id—id®L(xoy))r
=A(z o y).

Hence the proof. O
Let A: A — A® A be a linear map and o : A% — A®3 be defined as

c(zRY®z2) =y®z@x, for any z,y,z € A. Let Ex : A — A®3 be a linear
map given by

Ex(z) = (id + 0 + ) ((id ® A)A(x)).

Lemma 4.2. Let A be a vector space and A : A — A® A be a linear map.
Then the product” ¢” in A* given by A* : A*®@ A* — A* satisfies the Jacobi
identity if and only if Ea = 0.

Proof. For any &, n € A*, x € A, we have
(§omz) =(A"E@n),x) = (§®@n,Az)).
Threrefore, for any &, n,v € A* and x € A, the Jacobi identity satisfies

(J(&m,v), z)
=(A"(d @A) (@@ V) + AN ([idR@ A" ) (n@v @ &) + A (id®@ A")(v ® @), )
=(A*(id® A*)(id+ o+ 0*)(E®@n® V), )
={@nav, (id+ o0+ 0°)((id® A)A)(z)).
Therefore J(&,n,v) =0, for any &,n,v € A*, if and only if FA = 0. O

Let (A, o) be a mock-Lie algebra and r =), a; ® b € A® A. Set

T12:Zaz‘®bz‘®1, TIS:Zai®1®bi7 T23:Zl®ai®bi,

where 1 is a unit element if (A,e) is unital or a symbol playing a similar
role of the unit for the non-unital cases. The operation between two r;; is
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defined in an obvious way. For example,
T12 ®T13 = Zaioaj ®bi®bj,
]
713 ® '3 = Zai & a; ® b; .bj,
]
23 @119 = Zaj ®ai .bj ®bz
ij
Note that the above elements are independent of the existence of the unit.
A tensor r € A® A is called symmetric (resp. skew-symmetric) if r = 7(r)
(resp. 7 = —7(r)). On the other hand, any r € A ® A can be identified as
a linear map from the dual space A* to A in the following way:
(&r(m) =(E®@nr), VneA.
The tensor r € A ® A is called nondegenerate if the above induced linear

map is invertible.

Proposition 4.3. Let (A,e) be a mock-Lie algebra. Define a linear map
A:A— A® A by equality with some r € A® A satisfying

(L(z) ®id —id ® L(x)) (r + 7(r)) =0, (12)
for all x € A. Then
Ex(z) + Q(x)[[r, r]] = 0,
where
[[r,r]] = r12 @713 + 713 @ 123 — 712 @ T3,
and Q(z) = (L(z) ®id®id+id® L(z) ® id+id ®id ® L(z)) for any x € A.
Proof. Let r =), a; ® b;, the condition (12 is equivalent to
Z(xoai)®bi—ai®(xobi)—i—(:cobi)@ai—bi@(:roai) =0. (13)
Note that Ea(x) is the sum of twelve terms and that Q(z)[[r,r]] is a sum
of nine terms, but two terms appear in both sums up to sign and hence

are cancelled. Thus Ea(z) 4+ Q(z)[[r,r]] is a sum of seventeen terms. After
rearranging the terms suitably, we obtain

Ea(z) + Q(2)][r, r]]
:Z{_(l'.bi).aj®bj®ai+l‘.(al‘0aj)®bi®bj—{—($Obi)obj®ai®aj

—(biobj) @ (rea;)®a;+ (a;0a;) @ (xeb)®b; + (b;eaj) ®b; ® (v ea;)
+(a;0a;)@b; @ (xebj) —a; @ (xeb;)ea; @b +a;®a; Q (xeb;) eb;
+bj@(xea)®(bi®a;) —bj®a;®(reb)ea; —a; @ (b;ebj)® (xea;)
+aj@(xeb)ebj®a;—a;@xe(bea;)Rb;—a; ®(b;ea;) (xeb;)
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—i—ai®(xoaj)®(biobj)+ai®aj®x0(b¢0bj)}-

Interchanging the indices ¢ and j in the first term and using the Jacobi
identity in A, the first term becomes

Ewo(bjoai)®bi®aj+bjo(aiox)®bi®aj.

4,3
Using the equality , the sum of b; e (a; ® ) ® b; ® a; and the third and
fourth terms is

Z(L(bj)®id)((aioa:)®bi+(w0b¢)®&i—bi®($°ai)) ® a;
Z(L(b-)@id)z((aioa:)®bi+(a:obi)®ai—bi®(a:oaz~))®aj

7

—Z ®Zd (xobz)) ®aj
—Zazob (x 0b;) ® aj.

Slmllarly, the sum of (a; @ b;) ® (x ® b;) ® a; and the fifth term becomes
ij ® (.’Eobz) &® (aioaj) +a; ® (x.b,) X (aiobj),

and the sum of the sixth and seventh term is
Zaj®bi®xo(aiobj)—i-bj@bi@xo(aioaj).
1,J
Finally, the sum of x e (b; ® a;) ® b; ® a; and the second term in the sum of
the expression of Ea(x) + Q(z)[[r, r]] becomes

ij®bi®aio(xoaj)+aj®bi®aio(a:obj).

Inserting these results, we find that the expression of Ea(z) 4+ Q(z)[r,7]]
can be written in the form ), (ai QU; +b;® Vi): In fact,

Ui = Z{ (bj o b;) @ (zea;) — (b ®a;) @ (xebj) +b;®xe(ajeb)

+aj®$'(bi°bj) (z o bj) ® (a; @ b;) + (z ®a;) ® (b ®by)
—ze(bjea;)®@bj+ (rebj)eb Qa;— (reb;)ea; b,
—l—aj®(ajobi)obj—kbj@(xobi)oaj}.

On the right-hand side, the sum of the first four terms is zero by equality
, and the sum of the next three terms becomes

IEO(biOb]’)@CL]’.
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By the Jacobi identity in A, the sum of z e (b; #b;) ® a; and the eighth term
is
—bj ° (l‘ ° bz) & a;.

Finally, the sum of —b; @ (x ® b;) ® a; and the last three terms becomes

Z—bj.($.bi)®aj—($.bi).aj®bj+aj®(l'.bi).bj+bj®(l"bi).aj =0,
J

if we replace = in equality by x e b;. Hence, we get U; = 0. Similarly,
we can prove that

Vi=) {@eb)@(a0a) +b;@we(ejea)+b0ae(@ea)

—i—(:coaj)@(bjoai) —CLj@(:EObj).ai}
=0.
Hence the conclusion holds. OJ

Using the above discussion, we have the following result.

Theorem 4.4. Let (A, o) be a mock-Lie algebra and r € A ® A. Define a
bilinear map ¢ : A* @ A* — A* by

(§om,x) = (A" (E @), z) = (@ n, A(z)),
where A is defined by equality . Then (A*,¢) is a mock-Lie algebra if
and only if the following conditions are satisfied:

(i) (L(z)®id—id® L(z))(r+ 7(r)) =0,

(i) Q(z)[r,r]] =0,
for all x € A. Under these conditions, (A, A*) is a coboundary mock-Lie

bialgebra.

Proof. The bracket ¢ is determined by the cobracket A(z) = (L(z) ®id —
id® L(x))r. Hence (A*,¢) is a mock-Lie algebra if and only if ¢ is symmetric
and satisfies the Jacobi identity.

For any z € A, {,n € A*, we have

(fon—nogm) = (AY(E®n) - A" (L) x) = ((@n,Ar) — 70 Ax))

=({an, (L(Jj) ® id—id ® L(x))r —To ((L(as) ®id—id ® L(J:))r))
=({@n L(x)r1 @re—r1 @ L(x)rs —re @ L(z)r1 + L(x)re @ r1)
= (@, (L(z)®id —id® L(z)) (r + 7(r))).

Then r satisfies (i) if and only if ¢ is symmetric. The proof that (ii) holds is

equivalent to the condition that ¢ satisfies the Jacobi identity which follows
from Lemma and Proposition Since A(z) = (L(z) ®id—id® L(x))r,
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the compatibility conditions for a mock-Lie bialgebra in Definition [3.5] hold
naturally. Therefore the conclusion follows. O

Remark 4.1. An easy way to satisfy conditions (7) and (é¢) in Theorem
is to assume that r is skew-symmetric and

[[r,r]] =0 (14)
respectively. equality is the mock-Lie Yang—Baxter equation in the
mock-Lie algebra (A, e). A quasitriangular mock-Lie bialgebra is a cobound-
ary mock-Lie bialgebra, in which r is a solution of the mock-Lie Yang— Baxter
equation. A triangular mock-Lie bialgebra is a coboundary mock-Lie bialge-

bra, in which r is a skew-symmetric solution of the mock-Lie Yang—Baxter
equation.

A direct application of Theorem [4.4] is given as follows.

Theorem 4.5. Let (A, A*) be a mock-Lie bialgebra. Then there is a canon-
ical coboundary mock-Lie bialgebra structure on A ® A* such that both iy :
A— ADA* and ig : A* — A D A* into the two summands are homomor-
phisms of mock-Lie bialgebras. Here the mock-Lie bialgebra structure on A

is (A, —A4), where Ay is given by equality (L1)).

Proof. Let r€e A® A* C (A® A*) ® (A® A*) correspond to the identity
map id : A — A. Let {e1, - ,e,} be a basis of A and {f1,---, fn} be
its dual basis. Then r = > ,e; ® f;. Suppose that the mock-Lie algebra
structure ” op4)” on A@ A* is given by D(A) = A b1 A*. Then, by equality
(b)), we have

Topayy=mzey, a‘opb =a"ob’, wopuya =L"(z)a" +L(a")z,

for any z,y € A, a*,b* € A*. Next we prove that r satisfies the two condi-
tions in Theorem [4.4] If so, then

Apay(u) = (Lop 4 (u) ®idpay — idp(ay ® Loy 4 (w)r,  Vu € D(A)

can induce a coboundary mock-Lie bialgebra structure on D(A). Since

<Zei & fi?fs & et> = <et7fs>a
we have
([[r,rllpeays (es + fr) ® (e + fi) @ (ep + o))
:Z <€¢ °op(a) € @ fi® fj — e ® fiopa) €; @ fj + € ®e; @ fiopay i,
ij

(es+ ft) ® (ex + f1) @ (ep + fq)>

ZZ <6i 0c;® fi ® fj —ei @ (LM(fi)ej + L¥(ej)fi) @ fj +ei ®@e; @ fio fj,

ij
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(es + f1) @ (ex + 1) @ (ep + fo))

=" ((ei o ess fid Fisen)(Fyoep) = (e e fio fi) i)
ij
— (e, fr)(firej @ ex)([fj, ep) + (es, fr)(ej, f)(fi <>fj,€p>)
=<€k ®Ep, ft> - <€p7ft <>fl> - <ft;ep ° €k> + <ft Oflaep>
-0,

we get [[r,7]]p(a) = 0. Similarly, we prove that

(Lopay (w) @ idpay — idp(ay @ Lop ) (w)) (r+ 7(r)) =0,
for all u € D(A). Hence there is a coboundary mock-Lie bialgebra structure

on D(A) by Theorem For e; € A, we have

Apay(e) = Z {eioe;® fj —e;j@eiop fj)

J
=Y {eioe;® f;—e; @ (L*(en) f; + L*(fi)e) }
J
= {eive; @ fi = (fiei0em)e; @ fn = (fi © fm,€i)e; @ em})
J,m

== (fiofmei)ej@em
7,m

= —AA((EZ‘).

Therefore i1 : A — A @ A* is a homomorphism of mock-Lie bialgebras.
Similarly, io : A* — A@® A* is also a homomorphism of mock-Lie bialgebras
since Ap(a)(fi) = Aa=(fi)- O

Remark 4.2. With the above mock-Lie bialgebra structure given in Theorem
A @ A* is called the double of A. We denote it by D(A).

5. O-operators of mock-Lie algebras and mock-Lie
Yang—Baxter equation

In this section, we interpret a solution of the mock-Lie Yang-Baxter equa-
tion in terms of O-operators (see [32]). Let V be a vector space. For any
r eV ®YV,rcan be regarded as a map from V* to V in the following way:

(u*,r(v")) = (W @v*,r), Yu',v* eV, (15)

where (-, ) is the ordinary pairing between the vector space V' and the dual
space V*. The tensor r € V ®V is called nondegenerate if the above induced
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linear map is invertible. Moreover, any invertible linear map 7' : V* — V
induces a nondegenerate bilinear form w(,) on V' by

w(u,v) = (T u),v), Yu,veV.

Definition 5.1 ([I4]). A symplectic form on a mock-Lie algebra (A,-) is a
skew-symmetric non-degenerate bilinear form w satisfying

w(rzey,z)+w(lyez,z)+w(zexr,y) =0, Vr,yzecA

A mock-Lie algebra is called symplectic if it is endowed with a symplectic
form.

Proposition 5.1. Let (A, ) be a mock-Lie algebra and r € A® A be skew-
symmetric. Then r is a solution of the mock-Lie YBE in A if and only if r
satisfies

r(§) e r(n) =r(L*(r(€)n + L (r(n)§), V& ne€ A" (16)
Proof. Let {e1,--- ,e,} be a basis of A and {e},--- , e} be the dual basis.
Since 7 is skew-symmetric, we can set r = 3, o, aije; @ €j, aij = —aj;.

Suppose that e;ee; = > 1, ijek, where C’f’j’s are the structure coeflicients
the of mock-Lie algebra A on the basis {e1, -+ ,e,}. We get

7“1207"13:( Z aijei®6j®1)o( Z apqep®1®€q)

1<i,5<n 1<p,g<n
_ k. ) .
= E Cipaijapeer @ €5 ® eg;
1<i,j,p,q:k<n
k .
713 ® I'93 = E quaijapqei ® ep ® eg;
1<i,j,p,q:k<n
k
719 ® 93 = E ijaijapqei ® er @ eq.
1<i,j,p,q:k<n

Then r is a solution of mock-Lie YBE in A if and only if
Z (C’i’;aijapq + C’Ziakpaﬂ — Cg;[,akiapq)ek Re; ® eq.
1<i,p<n
On the other hand, by equality (L5]), we get r(e;) =Dy aijei = — )il Gjiei,
1 <j <n. If we take § = e}, n = e; and use equality , we get
Z (Ci’;oaijapq + Cgiakpaji — C’gpakiapq)ek =0.
1<i,p<n

Therefore, it is easy to see that r is a solution of the mock-Lie YBE in A if
and only if r satisfies equality . O
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Example 5.2. Let (A,e) be a mock-Lie algebra. Then a Rota-Baxter op-
erator (of weight zero) is an O-operator of A associated to the adjoint rep-
resentation (A4, L) and a skew-symmetric solution of the mock-Lie YBE in
A is an O-operator of A associated to the representation (A*, L*).

Corollary 5.3. Let (A, o) be a mock-Lie algebra and r € A ® A be skew-
symmetric. Suppose that there is a symmetric nondegenerate invariant bilin-
ear formw on A. Let ¢ : A — A* be a linear map given by (¢(x),y) = w(x,y)
for any x,y € A. Then r is a solution of the mock-Lie YBE if and only if
r¢ is a Rota—Bazter operator (of weight zero) on A.

Proof. For any x,y € A, we have ¢(L(z)y) = L*(x)¢(y) since
(P(L(x)y),z) =w(zey,z) = w(yex,z)
=w(y,zez)=(L"(z)p(y),z), Vr,y,z€ A.

That is, the representations (A, L) and (A*, L*) are isomorphic. Let & =

o(x),n = ¢(y), then by Proposition r is a solution of the mock-Lie YBE
in A if and only if

ro(z) o roly) = r(€) o rln) = r(L* () + L (r()E)
= Tgb(rgb(x) ey t+xe r¢(y)>.

Therefore the conclusion holds. OJ

Let (A, o) be a mock-Lie algebra. Let (V, p) be a representation of A and
p* A — gl(V*) be the dual representation. A linear map 7' : V — A
can be identified as an element in A ® V* C (A X« V*) ® (A X« V) as
follows. Let {e1,---,en} be a basis of A, let {vi,--- ,v,} be a basis of V
and {v], -+, v} be its dual space of V*. We set

n
T(v;) = Zaikek, i=1---,m.
k=1
Since as a vector space, Hom(V, A) 2 A® V*, we have

T=> T)@v; =Y > amer@vi € AQV* C (Ax,pe V)@ (Ax,pe V).
=1 =1 k=1

Theorem 5.4. With the above notations, r =T —7(T) is a skew-symmetric
solution of the mock-Lie YBE in the semi-direct product mock-Lie algebra
(A X« V*) if and only if T is an O-operator associated to (V, p).

Proof. We have

r=T—-7(T) = ZT(U@) Qv — ZU: ® T'(v;),
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thus we obtain

m
T12 @ T13 = Z Tv; e Tv; @ v; @v; — p*(Tv)vj @ v @ Tv; — p*(Tv;)v; @ T ® vj;
ij=1
m
T12 ® T9g = Z —v; @ Tv; @ Tv; @ v; +Tv; @ p* (Tv;)v; @ vj+v] @ p*(Ti)vj @ Ty;
ij=1

713 ® To3 = Z v @v; @ Tv; 0 Tvj — Tv; @vj @ p*(Ty)v] —vf @ Tv; @ p*(Tv;)vj.
ij=1
By the definition of dual representation, we know

m

p*(Tvy)vof = (f, p(Tvj)vp)v}.
p=1
Therefore

Z Tv; @ p*(Tvj)v; @ v; = Z (vy, p(Tvj)vi)Tvp @ V] @ v;
1<i,j<m 1<i,j,p<m

= Z T(<’l};,p(TUj)Ui>’Up> ®v; ®U; = Z T(p(ij)vz) ® v; ® vj.
1<ij<m 1<ij<m

Then we get

rio ®@T13 = Z Tv; e Tvj @v; @vj—v; @v; @ T (p(Tvj)vi)—v; @ T(p(Tvj)vi) @vy;
ij=1

—T1g ® T3 = Z v @Tv; eTv; ® vj—T(p(ij)vi) Qv ® v;-‘—vf ® v;f @ T (p(Tvi)vy);
ij=1

r13 @ o3 = Z v; @v; @ Tv; @ Tvj—T(p(Tvi)vj) ®v; @ v;—v; @T(p(Tv;)vj) @vj.

ig=1
Hence, we obtain
T12 ® 713 + 713 @723 — 712 ® 23
= Z { (Tvi o Tvj — T(p(Tv;)v;) — T(,o(ij)vi)) ® v} ® v;
1<i,j<m

Ul RV ® (Tvi o Tv; — T(p(Tw;)v;) — T(p(ij)Ui)>

+ 0] ® (Tvi o Tv; — T'(p(Tv;)vj) — T(p(ij)vZ-)> ® vj*}

So r is a solution of the mock-Lie YBE in the semi-direct product mock-Lie
algebra (A x - V*) if and only if 7" is an O-operator associated to (V, p). O
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Combining Proposition and Theorem we have the following con-
clusion.

Corollary 5.5. Let (A,e) be a mock-Lie algebra and (V,p) be a represen-

tation of A. Set A=A Xpr V*. Let T : V. — A be a linear map. Then the

following conditions are equivalent.

(1) T is an O-operator of A associated to (V, p).

(2) T—7(T) is a skew-symmetric solution of the mock-Lie YBE in the Jordan
algebra A.

(3) T — 7(T) is an O-operator of the mock-Lie algebra A associated to
(E*,L}).

Remark 5.1. The equivalence between the above (1) and (3) can be ob-
tained by a straightforward proof and then Theorem follows from this
equivalence and Proposition [5.1

The following conclusion reveals the relationship between mock-pre-Lie
algebras and the mock-Lie algebras with a symplectic form:

Proposition 5.6. Let (A, e) be a mock-Lie algebra with a symplectic form
w. Then there exists a compatible pre-mock-Lie algebra structure” -7 on A
given by
wx-y,z)=wy,xez), Vr,yzecA
Proof. Define a linear map T : A — A* by (T'(z),y) = w(x,y) for any
x,y € A. For any £, n,v € A*, since T is invertible, there exist z,y,z € A

such that Tx = ¢, Ty =1,Tz =~. Then T~ : A* — A is an O-operator of
A associated to (A*, L*) since for any z,y, z € A, we have

(T(xey),z) =w(xey,z) =w(y,rez)+w(x,yez)
= (L*(2)T'(y),2z) + (L*(y)T'(2), 2).

By Proposition 2.8] there is a compatible mock-pre-Lie algebra structure
on A given by

” .77

z-y=T""(L*x)T(y), Va,ye€A,
which implies that

w( -y, z) =(T(z-y),z) = (L (2)T(y), 2)
=(T(y),vez2) =w(y,zez2), Vr,yzecA

Hence the proof. O

The following conclusion provides a construction of solutions of the mock-
Lie YBE in certain mock-Lie algebras from mock-pre-Lie algebras.
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Corollary 5.7. Let (A,-) be a mock-pre-Lie algebra. Let {e1,--- ,e,} be a
basis of A and {e},--- ,ek} be the dual basis. Then

n
r= Z(eﬂ@ef —e ®e;)
i=1
is a skew-symmetric solution of the mock-Lie YBE in the mock-Lie algebra
(A(IC) K@* (AG/C)*'

Proof. Tt follows from Theorem and the fact that the identity map id
is an O-operator of the sub-adjacent mock-Lie algebra A% of a mock-pre-Lie
algebra associated to the representation (A, ©). O

Further discussions

In this paper, we consider the D-bialgebra of mock-Lie type and the
corresponding Yang—Baxter algebras. The category of connected, simply-
connected Poisson—Lie groups is equivalent to the category of Lie bialgebras
[26]. Therefore, a basic problem in the theory of Poisson manifolds is the
classification of Lie bialgebras. A fundamental contribution to this question
is the Theorem of Belavin and Drinfeld [19], which contains the classifica-
tion of all the simple factorizable complex Lie bialgebras. In particular, the
author of [I], uses algebro-geometric methods in order to derive classifica-
tion results for so-called D-bialgebra structures on the power series algebra
g[[z]] for certain central simple Lie (resp. associative) algebras g. These
structures are closely related to a version of the classical (resp. associative)
Yang-Baxter equation (CYBE) over g (for more details see [2, B]). There-
fore, it is interesting to introduce and classify simple mock-Lie (bi)algebras
using the corresponding Yang—Baxter equation.
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