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Leibniz algebras on symplectic plane
and

cohomological vector fields

K. UCHINO

Abstract

By using help of algebraic operad theory, Leibniz algebra theory and symplectic-
Poisson geometry are connected. We introduce the notion of cohomological vector
field defined on nongraded symplectic plane. It will be proved that the cohomological
vector fields induce the finite dimensional Leibniz algebras by the derived bracket
construction. This proposition is a Leibniz analogue of the cohomological field
theory in the category of Lie algebras. The basic properties of the cohomological
fields will be studied, in particular, we discuss a factorization problem with the
cohomological fields and introduce the notion of double-algebra in the category of

Leibniz algebras.
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1 Introduction

Leibniz algebras are noncommutative version of Lie algebras, that is, the bracket
products are non commutative and satisfy the Leibniz identity instead of the Jacobi
identity. The Leibniz algebras are introduced by J-L. Loday, motivated by the study
of algebraic K-theory. Hence they are sometimes called the Loday algebras. Such
algebras naturally arise in differential geometry and physics, for instance, in Nambu-
mechanics as Leibniz algebroids, in topological field theory as Courant algebroids,
in Poisson geometry and in representation theory of Lie algebras. Therefore it is
interesting work to study the geometric aspect of Leibniz algebra.

In the present paper, we will prove that every finite dimensional Leibniz algebra
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can be represented on (nongraded-)symplectic plane as a special vector field, which
is a new type of cohomological vector field and characterizes the Leibniz algebra

structure on the symplectic plane.

In first, we rapidly recall a classical theory of cohomological vector field (cf.
Kosmann-Schwarzbach [10], Roytenberg [14]). We consider a cohomology complex

over a finite dimensional Lie algebra g,

d d d
RN /\ng* _* . /\n-i—lg* —

where g* is the dual space of g. The total space Ag* = ano A"g* is called a

(linear) super plane!

. Because the differential d is a derivation on the plane, it is
regarded as a tangent vector field. Given a local coordinate, we have the following
expression of the field,

Ly ;0
d = §CZJZEZ /\IIJ‘]@,

where =" is an odd variable and C’Z-kj is the structure constant of the Lie algebra.
This is a typical example of cohomological vector fields. In the topological field
theory of AKSZ-type, A\ g* is replaced with the extended plane A(g ® g*), which is

a canonical plane equipped with an even Poisson bracket defined by

{p1+ " p2+ Pty =< p1,¢® >+ <p2,q* >, (1)

where p; € g and ¢* € g* for any i € {1,2}. The vector field d is also replaced
by a Hamiltonian vector field, dyp := {6, —}, on the canonical plane, where 6 is a
Hamiltonian polynomial in A(g @ g*) satisfying {6,0} = 0. This vector field dy
deduces a Lie bracket on the double space g @ g* by the following method,

[—1, —2Jo := (E){dp(—1), —2},

which is called a derived bracket (Kosmann-Schwarzbach [8, 9]). One can easily

check that the Lie bracket [, ]y satisfies the invariance condition,

{[=1,—2lo, =3} = {—1,[—2, —3lo}-

It is known that the Drinfeld doubles defined over g & g* are typical solutions of the

cohomological condition dypdy = 0, or equivalently, {6,0} = 0.

Suppose that g is a Leibniz algebra. It is known that the operad of Leibniz alge-
bras is anti-cyclic (Getzler-Kapranov [5]), which implies that the invariant 2-forms

in the category of Leibniz algebras are anti-symmetric. In [4], F. Chapoton proved

IThe super plane is regarded as a sheaf of the super polynomial algebra over a point.



that the invariance conditions on Leibniz algebras are defined by the following two

relations,

(—1[=2,—3))- = —([~2—1],—3)-,
(=1 [=2,=3))- = ([=1, =3 +[=3,—1], —2)-,

where (,)_ is an anti-symmetric pairing and [,] is a Leibniz bracket. The double

space g @ g* has a natural Poisson bracket,

{p1 + " p2 + Y- =< p1,¢* > — <p2,¢" >, (2)

where the canonical variables have no degree (or even degree). The double space
with the Poisson bracket becomes a linear symplectic plane. We notice that if g is
a Leibniz algebra, the suitable Poisson bracket on g is the latter (2), not the former
(1). That is, the Leibniz bracket on g and the symplectic structure on g @ g* are
compatible.

The aim of this note is to construct a Lie-Leibniz analogue of the cohomological

field theory above. This paper is organized as follows.

Section 2: We recall some basic properties of Leibniz algebras, in particular, the
anti-invariant 2-form on g @ g* will be studied.

Section 3.1: The super space A (g® g*) is itself a complex of Lie algebra cohomology
theory, on the other hand, the Leibniz complex of Loday-Pirashvili in [12] defined
over g & g* is a noncommutative space. Hence there is a difference between the
symplectic plane and the complex. We will introduce a mapping, v, which connects
the symplectic plane to the Leibniz complex (Definition 3.1 below).

Section 3.2: The notion of cohomological vector field, which is denoted by £, will be
defined over the linear symplectic plane (Definition 3.5 below). The cohomological
condition of £ is naturally defined by using the mapping . That is, the target of

L by 1 is a solution of a Maurer-Cartan equation,

Iﬂ)bﬁv ¢EJ =0,

where [, | is a natural graded Lie bracket defined on the Leibniz complex (Definition
2.6 below). We will show that £ induces a Leibniz bracket via the derived bracket
construction

[l1,lo] = {L(1), l2} -

Here 1,1y are linear functions on the symplectic plane and {,} is the canonical
Poisson bracket.

The Leibniz bracket above does not satisfy the invariance conditions in general.



This is a proper property that £ has and is an appearance of the noncommutativity

of Leibniz algebra. So we add an assumption that £ satisfies

HLl),la} - lsy— +{{LUs), iy, l2} - +{{L(l2), 13} -, i}~ = 0,

which is called an anti-cyclic condition. Such a cohomological field is called a
Leibniz vector field. We will show that given a Leibniz vector field, the double
space gbg* becomes a Leibniz algebra satisfying the invariance conditions (Theorem
3.8 below).

Section 4: We consider a direct decomposition of gbg* by two Lagrangian subspaces.
gdg =D& D,

where D and D, are Lagrangian subspaces on the symplectic plane. Given such a
pair (D, D,), a linear canonical transformation is deduced. We will study how the
Leibniz field is transformed by the canonical transformation given by the Lagrangian
decomposition (Proposition 4.8 below). As an application of the study, we consider

a Maurer-Cartan type equation,

which is called a Leibniz Yang-Baxter equation (LYBE). Here H is a Hamiltonian
vector field on the symplectic plane. The solutions of LYBE are regarded as Leib-
niz analogues of classical triangular r-matrices. We will give some examples of
r-matrices.

Section 5: We shortly discuss Nijenhuis-, complex-structures defined on Leibniz al-
gebras. The Nijenhuis-, complex-structures on Courant algebroids? are interesting
geometric objects and have been studied by several authors, in terms of Poisson ge-
ometry, by Carinena-Grabowski-Marmo [3] [6] and by Kosmann-Schwarzbach [11].

We will study pure Leibniz version of Nijenhuis-, complex-structures.

Summary of Lie-Leibniz analogues:

operad Lie Leibniz
invariance cyclic anti-cyclic
target space graded symplectic plane | symplectic plane
structure 0 Ur
cohomological vector field | dy L

integrability condition CYBE LYBE

2The Courant algebroid is a vector bundle in which the space of sections is a Leibniz algebra satisfying

some additional properties (see [10] [14]).



2 Preliminaries

Assumptions. In this note, we assume that the characteristic of ground field is 0

and that the Leibniz algebras are finite dimensional.

2.1 Leibniz algebras and invariant 2-forms

A (left-)Leibniz algebra ([12, 13]) is by definition a vector space g equipped with a
binary bracket product [,] satisfying the Leibniz identity

[p1, [p2, p3]] = [[p1, p2], p3] + [p2, [P1, p3]],

where p; € g for each i € {1,2,3}. The Lie algebras are, of course, Leibniz algebras

whose brackets are skewsymmetric.

We recall the notion of invariant 2-form in the category of Leibniz algebras.

Definition 2.1 (Chapoton [4]). An invariant 2-form on a Leibniz algebra is by

definition a nondegenerate skewsymmetric 2-form (,)— satisfying

(—1[=2,—3D)- = —([~2—1],—3)-, (3)
(=1 [=2,=3))- = ([=1, =3 + =3 —1], —2)-, (4)

where the bracket is the Leibniz bracket.

The first application of the conditions (3) and (4) is as follows.
Let g be a Leibniz algebra and let g* the dual space of g. Define the two-side

actions g ~ g* v\ g by
<p1,p2,ql > = — <[p2,p1l,q >,
<p1,[g:pe] > = <[p1,p2] +[p2.p1].q >,
where p1,p2 € g and g € g*.
Proposition 2.2. Then the semi-direct product g X g* becomes a Leibniz algebra.

Proof. (Sketch) An arbitrary Leibniz bracket satisfies [[z,y], z] = —[[y, z], 2], which
is used in the following proof. We prove that the triple (g, p2, p3) satisfies the Leibniz
identity.

<p1, g, [p2,p3l] > = <[p1,[p2,ps]] + [[p2; p3], p1l, ¢ >,
<pullg;p2l,ps] > = <Ip2,[p1,p3]] + [p2, [p3, p1]], 4 >,
<p1[p2; g p3l] > = — <I[p2,p1);ps] + [ps; [p2, p1l]; ¢ >,



where [[p1,ps] + [p3, 1], p2] = 0 is used. By the Leibniz identity on g, we obtain

< p1, (g, [p2, p3l] — [[a, p2, p3] — [p2; [4, p3]] >= 0,

which gives the Leibniz identity of the triple. For other triples, (p1,q,p3) and

(p1,p2,q), one can prove the Leibniz identity in a similar manner. O

If g is Lie, then the right adjoint action g* v~ g is trivial and then the Leib-
niz bracket on g X g* has the same form as a demisemi-direct product in Kinyon-
Weinstein [7] (see also [16]).

Proposition 2.3. The double space g B g* has the natural anti-symmetric pairing,
(p1+4q" p2+ @) =<p1, ¢ >—<p2q >,
which is invariant on the Leibniz algebra g x g*.

Example 2.4. We consider a space &y := gl(V) @V, which has a Leibniz bracket’

[fr+ vt fo+ 0% = [, o] + f1(0?),
where f; € gl(V), v* € V and where [f1, f2] is the Lie bracket on gl(V') and f1(v?) is
the natural action gl(V') ~ V. We consider the semi-direct product algebra Ey X Ey«.
Here &, = Ey+. The Leibniz bracket on Ey X Ey+ has the following form,
(fi+o) e (g +v), (fo+o?) e (d+v)| =
= ([f17f2] + f1(02)> © ([flygf] +u1 @0 — fi(va) + ff(”l))7

where fi,gl € gl(V*) and v; € V*, and where f! is the dual element of f;, that is,

fi=(f)", gl also keeps the same manner.

We will study above example again in Section 4.

We consider an extension of Leibniz algebras,

0 > gt E > g 0, (5)

where E/ = gdg* as a linear space. An isomorphism class of the extensions bijectively
corresponds to a Leibniz cohomology class of 2-cochain ¢ : g®% — g* (see [12]). We
add a condition that the Leibniz algebra E satisfies the invariance conditions above.

Then, the cochain should satisfy the invariance conditions,

(p1, ¢(p2,p3))- = —(&(p2,p1),P3)—, (6)
(p1,9(p2,p3))- = (¢(p1,p3) + ¢(p3,p1),p2)-, (7)

3This Leibniz algebra £y is called an omni-Lie algebra ([16]), which is regarded as a toy-model of

Courant algebroid.



and the splitting map, E < g : s, should preserve the pairing, namely,

(p1,8(p2))- = (p2,s(p1))-- (8)

We will discuss the identities (6), (7) and (8) in Section 4.

In the final of this subsection, we introduce Leibniz analogues of Cartan 3-forms:

Definition 2.5. Let g be a Leibniz algebra with an invariant 2-form (-,-)—. We call
a S-form (p1,p2,p3)1 := ([p1,p2), p3)— a Leibniz 3-form.

We will recall the Leibniz 3-form in Section 3.

2.2 Leibniz cohomology complex

In this subsection we suppose that V is an arbitrary vector space.

In general, a complex of Leibniz cohomology theory ([12]) is defined as a collec-

tion of the multilinear maps on a vector space V,
C" (V) == Hom(V®", V),

where C72(V) := K and C~1(V) := V. We consider the total space which consists

of the non-negative degree parts,
C*(V)=C'V)eCHV)® -

Take the non-negative cochains M € C™ (V) and N € C" (V). A composition
of M and N is defined by, for any v; € V,

MoN = Z(i)M(Ué'(l)a -+ Vg (k)> N(UU(l)v ey Uo‘(n))7 Uo(n)+1s -+ vm-‘rn—l)a

where &, o are permutations satisfying
g(l)<---<a(k) <o(n) and o(1) <--- <o(n),

and where ¢ depends on ¢. The sign (4) is determined by the same rule as the case
of Lie (i.e. Koszul sign convention). For example, if M € C3(V), N € C}(V),

MGAN = M (N (vy,v2),vs,v4,v5)+ M (va, N(v1,v3),v4,v5)—M(vi, N(ve,v3), v4,05)
+ M (vg,v3, N(vi,v4),v5) — M(v1,v3, N(va,v4),v5) + M(v1,v2, N(v3,v4),v5)
+ M (vg,v3,v4, N(v1,v5)) — M (v1,v3,04, N(v2,v5)) + M (v, va,v4, N(v3,05))
— M (v1,v2,v3, N(vg,05)).

It is known that a graded Lie bracket is defined on C*(V').

7



Definition 2.6 (cf. [2] [1] or [15]). The graded commutator of M € C™ Y(V) and
N € C"Y(V) with respect to 5,

|M,N| := MoN — (—1)m=D(=1 N5,
becomes a graded Lie bracket on the complex.

The negative degree parts C~1(V) and C~2(V) are inconsistent with the Lie
algebra structure on C*(V).

The binary operations in C*(V)
p:V®2 S5V, v Qv [v1,v9]

are Leibniz brackets if and only if there are Maurer-Cartan elements in the Lie
algebra C*(V), that is, |u, ] = 0. Given a such p, a differential is defined by the

usual manner,
dy = L, =],
which is the differential of the Leibniz cohomology theory. For example, if 8 €
co(v),
duf=p(B®1)+p(l®p)—pBopu.

For the negative degree cochains, the differential is defined “by hand” as follows.
d,K =0, (9)

d,V :=ady = [V,—]. (10)

2.3 Linear symplectic planes

A symplectic plane is by definition a polynomial algebra K[p, q] over 2n variables,

(,q) = (D1, o0y Prs @ oy 4),

equipped with the canonical Poisson bracket

{plapj} = 07
i,y = & =—{¢,pi},
{¢i,4;} = 0.

We assume that the (canonical) coordinate transformations on the symplectic plane

preserve the degree of polynomials, or equivalently, linear. Hence our symplectic



plane is linear*. The canonical variables (p, q) generate a double vector space V@ V™,

where V is generated by (p;) and V* is generated by (¢/). The canonical duality of

V and V* is compatible with the Poisson bracket, that is, < p;,¢/ >= {p;, ¢’ }.
The space V @ V* is regarded as the set of linear functions on the plane. In the

following, we will denote elements in V & V* by [,1',1,1s, ....

The set of quadratic polynomials on the symplectic plane becomes a Lie algebra,
which is known as sp(2n). Since the polynomial degree of Poisson bracket is —2,
sp(2n) acts on the double space by the Poisson bracket, A -1 := {A,l}, where
Aecsp(2n),le VoV

We recall some basic concepts defined on symplectic plane.

Lagrangian subspaces. The subspaces of V & V*, D, are called the Lagrangian
subspaces, if they are maximally isotropic with respect to the Poisson bracket, that
is, dim D = dim V' and {l;,le} = 0 for any [y,ly € D. It is obvious that V and V*

are Lagrangians.

Polynomial bidegree. Since our symplectic plane is linear, it naturally has the
system of bidegree. The bidegree of the canonical variables are by definition |p;| :=
(1,0) and |q*| := (0,1), respectively, for each i. The basis of vector fields also has
the bidegree,

0
Op;

’ ‘ = (_170)7

0
Gl = 0D
If an object has the bidegree (m,n), then its total degree is by definition m+mn. We
notice that the bidegree of the Poisson bracket is (—1, —1) and that the bidegree of
Lie bracket (commutator) defined on the tangent vector fields is (0,0). The total
degree of the bidegree is equal to the polynomial degree.

Remark 2.7. Our symplectic plane has no degree except the polynomial degree,
however it is possible to invest the degrees in the canonical coordinate (p,q), for
instance, |p| := 2 and |q| :== 2. Then the linear symplectic plane is considered to be
a graded cotangent bundle T*[4]V[2]. In this connection, the classical super plane
AV & V*) is equivalent with T*[2]V'[1].

4The assumption of linearity is natural, because the super symplectic plane A(g @ g*) is also linear
(see Remark 2.7).



2.4 Schouten-Nijenhuis calculus

Let x be the space of vector fields on the symplectic plane. We consider the graded

commutative algebra,

Ax=Kpdexer’xe- .

The Lie bracket on y can be extended on A x as a graded Poisson bracket of degree
—1, which is called a Schouten-Nijenhuis bracket®, or SN-bracket shortly. Here
the elementary brackets are defined by [X, f] := X(f) and [f,g] := 0 for any
frg €Klp,q] and X € x.

The Poisson bracket structure on the symplectic plane is a bivector field,
0 0
= — N,
ZZ.: ¢ Op;
which is an element in A%y. The Poisson bracket of f,g € K[p, q| is given by

{f, 9} =l fl.4]

where [,] is the SN-bracket.

3 Leibniz structures

3.1 Anti-cyclic calculus

We recall the Leibniz cohomology theory in Section 2.2. The Leibniz complex is,
on the symplectic plane, defined by C"(V @ V*), n > —2. We introduce a natural

map, 1, from the space of vector fields to the Leibniz complex.

Definition 3.1 (Higher derived brackets). If X is a vector field of the polynomial

degree n, then
vx = {. . {{X(),l}, s}, .y It }

becomes a cochain in C™(V & V*).

A linear map on V @ V* is identified with a vector field of the polynomial degree
0. Hence, when n = 0, ¢x := X naturally.

Since the Poisson bracket is nondegenerate, v is injective. If f is a polynomial
of degree n, we define 1y by ¢y := ¢y,. Here H; := {f,—} is the Hamiltonian
vector field of the polynomial degree n — 2.

The following lemma is the key of this note.

>The Schouten-Nijenhuis bracket is the free Poisson bracket over .

10



Lemma 3.2 (cf. Remark 3.12 below). Let X be a vector field of the polynomial
degree +1 and let H be a Hamiltonian vector field of degree 0. Then [X, H] =

|Yx, |, namely,
(X HI (), b2} = {XH(), o} +{X (L), H(l2)} — H{X (1), l2}-
Proof. By —{HX(l1),l2} = —H{X (1), l} + {X (1), H(l2)}. O

We introduce the notion of anti-cyclic vector field, which is considered to be

a generalization of Hamiltonian vector fields.

Definition 3.3 (Anti-cyclic fields). A vector field X which has the polynomial degree

n is called anti-cyclic, if it satisfies,

> sgn(D X Gy @ b le@) b by} = 0,
where T are cyclic permutations in Spya. In particular, when n = 0, the condition
is the same as {X(l1),lo} = —{l1, X (I2)}.

One can easily prove that if X is a Hamiltonian vector field of even-degree, it
satisfies the anti-cyclic condition. If X is an anti-cyclic Hamiltonian vector field of

odd-degree, then it is trivial; for instance, when n = 3,

HUX (), o}, 13} = {X{l1, 12}, I3} — {{l1, X (I2)}, 13} =
{{X (), L} 15} = {X (), {l, ls3}} — {l, {X (), l3}} = {{X (), 3}, 1 },

which gives

Z Sgn(T){{X(lT(l))v lT(2)}7 lT(3)} = 3{{X(l1)7 l2}7 l3} =0,

which implies X = 0.

Lemma 3.4. Let X be an anti-cyclic vector field of odd-degree and let ‘H be a
Hamiltonian vector field of degree 0. Then [X,H] is also anti-cyclic.

Proof. We show a case that the degree of X = 1. We recall that the bidegree of
the Lie derivation is (0,0). Hence [X,#] also has the polynomial degree +1. We
denOte {{_17 _2}7 _3} by Slmply {_17 2 _3}'

{[X, 7‘[](11)712713} + cyclz'c = {X,H(ll), lg,lg} — {HX(ll),lg, lg} + cyclz'c
= {XH(L),lo, I3} + {X (1), H(l2), I3} + {X (), I, H(l3)} + cyclic
= {XH(L), l2, I3} + {X(I3), H(l1), Lo} + {X(l2), 3, H(l1)} + cyclic.

From the assumption that X is anti-cyclic, we obtain the desired condition. O

We will use this lemma in Section 4.

11



3.2 Structure fields

Definition 3.5. We call a vector field L on the symplectic plane a cohomological

vector field, if L has the polynomial degree +1 and satisfies

[%c,9c] = 0. (11)

Since ¥, (l1,12) = {L(l1), 12}, if £ is a cohomological vector field, then the derived
bracket, [l1,l2]z := {£(l1),l2}, becomes a Leibniz bracket on V & V*.

Claim 3.6. The condition (11) is equivalent with
{£(1), L(2)} — LL{L(I), 12} = 0, (11)!
where [; € V @ V*.

Proof. The defining equation (11) is equal to

1, [l2, 3] 2] — [[l1, l2) e, 3] — [l2, [In, 18] 2]l =
{L(),{L32), 13} — {L{L(>I), 12}, I} — {L(I2),{L(I1), I3} } =
= {{L(l), L(2)}, 13} — {L{L(1), 2}, 13} = O,

which gives the identity of the claim. O

Since the polynomial degree of L is +1, L is regarded as a mapping from V ¢ V*

to sp(2n). Hence the induced Leibniz bracket is coherent with the sp(2n)-action.

Definition 3.7. A cohomological vector field is called Leibniz, if it is anti-cyclic,
1.e.,

{{ﬁ(ll)v l2}7 l3} + {{E(l3)7 l1}7 l2} + {{ﬁ(b)’ 13}7 ll} =0, (12)
for each l; € Ve V*.

The anti-cyclic condition (12) is the same as

(L1, 2, 13) g + (I3, L1, I2) 2 + (12,13, 11) £ = 0,

where (-,-,-)z is the Leibniz 3-form defined in Section 2. We should remark that
the cohomological condition (11) is independent from the anti-cyclic condition. In
the after of Example 3.11, we give an example of £ which is cohomological but not

anti-cyclic

Theorem 3.8. Let L be a Leibniz vector field on the symplectic plane. Then the
Leibniz algebra (V & V*,[,]z) satisfies the invariance conditions (3) and (4) with

respect to the Poisson bracket.

12



Proof. The left-invariance condition is followed from the Jacobi identity of the Pois-

son bracket:
{127 {ﬁ(ll)v l3}} = {{127 E(ll)}7 l3} + {£(11)7 {l27 13}}
= —{{L(),l2},15}

and the right-invariance one is deduced by the anti-cyclic condition:

HL), b} U} + {{LUs), h}, o} + {{L(l2), 3}, 1} =
= {{L(l), 2}, 13} — {lo, {L(I3), i }} + {L(2), {Is, 11 }} — {ls, {L(l2), 1 }} =
= {{L(l), 12}, 13} — {lo, {L(13), 1 }} + {{L(l2), 1 }, 13} = 0.

O

In the following, we recall basic properties that the Leibniz fields satisfy. The
bracket {L£(f1), f2} can be extended on the symplectic plane for any f1, fo € K][p, q.

However the Leibniz identity is broken in general.

Proposition 3.9. For any l € V & V*, f € Klp,q|, define the bracket [l, f],
by the same manner as above. Then it becomes a left-Leibniz representation of
VaV* ~Klp,q.

PT’OOf. By {_7f}:{_7ql}g_£+{_7pl}6a_gl 0
We consider the skewsymmetry brackets of the Leibniz brackets,
(1, lo]— == A{L(I), l2} —{L(2), l1}-

Proposition 3.10. The bracket [l1,l3]_ has the structure tensor in A%y, that is,
there exists A € N2 satisfying [l1,12]- = [[A,11],l2], where [,] is the SN-bracket in
Section 2.

Proof. Since L{l1,l2} =0,
[, 1] ={L(), l2} 4+ {lh, L(L2)} — L{I1, 12},
which gives [l1,ls]- = {{[r, £],11},l2}. Thus we obtain A = [r, L]. O

Let w = Y dp; A dq' be the symplectic 2-form on the plane. Given a Leibniz
vector field, a 1-form is defined to be the inner-derivation, 8, := iyw, which is
called a Leibniz 1-form. It is possible to define the skewsymmetry bracket above

by using the differential of 6,
[l1, 2] = dOc(Hiy, Hiy),

13



where H;, := {l;, —} is the Hamiltonian vector field for each i € {1,2}.

Now, we recall a typical example of Leibniz vector fields.

Example 3.11. Let g(= V) be a Leibniz algebra with the Leibniz bracket
pi, p;] = CLpr,

where ij is the structure constant. Define a vector field by

) 9
- k k
L= =Ciprq’ o Cija'd’ o (13)
This is the Leibniz vector field which corresponds to the semi-direct product algebra

g X g*. The bidegree of L is equal to (0,1). The Leibniz 1-form has the form,
O = —Cliprd’dg' + Cliq'¢ dpy..

The first term of (13) satisfies the cohomological condition (11), however (12)

false.

Remark 3.12 (Recall Lemma 3.2). The Leibniz coboundary of a 1-cochain H is
computed by the Lie bracket [L,H], because 1) is mono. The good relation in Lemma
3.2 is broken on the level of higher cochains, however the elementary differentials
(9) and (10) are systematically derived to be the natural derivations L(K) =0 and
ad; = {L(l),—}. From these observation, one can state that the canonical calculus
and Leibniz cohomology theory are, on the level of elementary cochains, coherent

each other.

4 Canonical doubles and r-matrices

4.1 Lagrangian factorization
We consider the Lagrangian decompositions of the Leibniz algebra (V & V*, £):
DeoD,=2VapVF,

where D and D, are both Lagrangian subspaces of V @& V*. Since {D, D} = 0 and
{D.,D,} =0, D, is identified with the dual space of D via the Poisson bracket.

Definition 4.1. The pair (D, D..) is called a canonical pair, if D and D, are both
Leibniz subalgebras of V@ V*.
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Let (p,q) be a second canonical coordinate associated with the decomposition
DD, Z2VeV* wherep € D and ¢ € D,. We should remark that the coordinate
transformation (p,q) — (p,q) is a canonical transformation which preserves the
Poisson bracket. Because D and D, are subalgebras, the Leibniz brackets [p;, pj]
and [7’,@’] have been defined. By the projections V @ V* = D, D,, the bracket

[Di, @] (vesp. [", pi]) is decomposed into a D-valued bracket and a D,-valued one
[ﬁiv qk] = [ﬁi)q_k]D* @ [ﬁ%q_k]D)
where [p;, 7"]p, € D and [p;, @°]p € D.. By the invariance conditions, we obtain
{ﬁ_ﬂ [ﬁlu qk]} = {ﬁ_ﬂ [ﬁl7qk]D} = _{[ﬁhﬁ]a 7k}7
which implies that [p;, @]p is the canonical left-action D ~ D,. In the same way,
one can prove that [(jk, Pi]p is the right-action D, v~ D. Hence D x D, becomes a
subalgebra of V' & V*. Dually, D, x D is also so. In this way, the Leibniz product
on V @& V* is factorized into the two semi-direct products. The structure field L is

also factorized into the sum of two Leibniz vector fields, £ = £ + L., where £ and

L, correspond to D x D, and D, x D respectively.

Definition 4.2. If (D, D.) is a canonical pair, the total Leibniz algebra D @ D,
is called a canonical double of the pair, or shortly, double, which is denoted by
D X D,. The total structure L + L, is also called a canonical double of the pair
(L.Z.).

The following proposition is in general not correct in the category of Lie algebras.
Proposition 4.3. Let g be a semi-simple Lie algebra. Then g* has a Lie algebra
structure which is isomorphic to the one of g. The two Lie algebra structures on g
and g* are compatible in the category of Leibniz algebras, that is, they are canonically

unified into the double algebra g X g*.
Proof. Since g is semi-simple, there exists a linear isomorphism K : g — g*, which
is defined by

{p1, K(p2)} =< p1,p2 >,

where <, > is the Killing 2-form. The Lie bracket on g* is isomorphically defined
by
[K(p1), K(p2)] :== Kp1,p2].

Thus, two Leibniz algebras g x g* and g* x g are defined, where the left-actions

g~ g* and g* ~ g are respectively given by

[p1, K (p2)] = K|[p1,p2, (14)
[K (p1), p2] = [p1,p2)-
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We prove that the algebra structures on g x g* and g* x g are compatible, that is,
they are unified into the double g X g*. It suffices to show that any bracket defined

on g @ g* is Leibniz. This is an easy exercise. For instance,

[p1, [K(p2), p3]] = [p1, [p2; p3]],
[[p1, K(p2)],p3] = [K[p1,p2], p3] = [[p1, P2], P3],

[K (p2), [p1,p3]] = [p2, [p1, D3]],

which gives the Leibniz identity for the triple (p1, K(p2),p3). In this way, for any
triple, the Leibniz identity holds. U

The proposition above holds for any Lie algebra which has an invariant nonde-
generate symmetric 2-form, because the mapping K : g — g* above is not necessarily
Killing form.

We recall another example of factorization.

Example 4.4. Recall the Leibniz algebra Ey x Ey+ in Example 2.4. We notice
that gl(V') X pie V*, which is the semi-direct product in the category of Lie algebras,
is a Lie subalgebra of Ey x Ey» with the bracket [fi + v1, fo + va]. It is obvious
that gi(V') X rie V* and gl(V*) & V are Lagrangian subspaces. Thus, we obtain the

following factorization,
Ev X Ey» Z (gl(V) Xpie V) x (gl(VF) & V).
Here, gl(V*) @V is a trivial subalgebra of Ey X Ey».

If £+ L, is a canonical double, the bidegrees of £ and L, are respectively (0, 1)
and (1,0). In general, the Leibniz vector field is decomposed into the 4-substructures
of bidegrees (0,1), (—1,2), (1,0) and (2,—1),

gt — £ 4 d+ L, + D, (15)

where ® and @, are the substructures of (—1,2) and (2, —1) respectively. Under

the local coordinate, £ has the same form as (13) and

) 9
L = —Ckp.gd— — Ckqgigl—
ijPkq 8]9@ i;4 4 8qk7
1 ;i 0
P = §¢ijkq2q]8—pk,
. ) . B
L, = CY¢"pj=— +CYpip;j—0,
*kq p]aq2+ *kplpjapk
1 0
o, = §¢i]kpz‘pj8—qk,
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where ¢;;, and (bij * are partially symmetric on the subscripts (, j).
We recall the identities (6), (7) and (8) in Section 2. Egs. (6) and (7) are
equivalent with the anti-cyclic condition,
{®(), lo}, I} + {{®(ls), i}, o} + {{@(l2), I3}, 1} = 0 (6)'(7)'

and eq. (8) is the same as

{s(p1),p2} + {p1,8(p2)} = 0. (8)

Since E < g : s is a splitting map, one can assume that s(p;) := p; + Sjqu. By
(8)’, the matrix s, is symmetric. Define a Hamiltonian by h := %sjkqj ¢". Then we

have {p;,h} = Sjqu . Thus, s is regarded as a Hamiltonian flow,
1
5= 1+{_7h}+§{{_7h}7h}+ .

This is consistent as a geometric representation of s, because {{p, h}, h} = 0 for any

pPeg.

4.2 LYBE

Let g be a Leibniz algebra and let g x g* the semi-direct product algebra. We call

a matrix operator r : g* — g an r-matrix, if 7 is a solution of the identity,

r(¢"),r(¢*)] =rlr(d"),a®] + rld", v ()], (16)

for any ¢',¢?> € g*. We call (16) a Leibniz-Yang-Baxter equation over g, or
LYBE for short. It is easy to check that the operator r is a solution of LYBE if
and only if the graph of r, {(r(¢),q)}, is a subalgebra of g x g*. Hence, if r is an

r-matrix, then g* becomes a Leibniz algebra. If an r-matrix satisfies

{r(¢"),¢*} +{d", (@} =0, (17)

then r is called an anti-triangular r-matrix. If g is Lie, then (16) is reduced to

because the right-action g* v g is trivial.

The operator 7 : g* — g can be extended on g x g* by the natural manner,
#(p,q) := (r(q),0).
One can easily check that r is a solution of LYBE if and only if # satisfies
[#(11), 7(l2)] = #[7(I1), L] + 7[la, 7 (I2)], (LY BE)

for any l1,lo € gx g*. This operator identity is also called an LYBE. We sometimes
identify r with 7.
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Lemma 4.5. The anti-triangular r-matrices are represented as the Hamiltonian

vector fields as follows,
1
r=r= {ir’]pipj, -}

Proof. Define a matrix r* by r(q") = r¥p;. Eq. (17) implies that r*/ is symmetric.
Hence the polynomial %r’j pipj can be defined without lose of information. Thus we

obtain the representation of r. O
The bidegree of r(=7) is (1,—1).

Proposition 4.6. Let L be a Leibniz vector field and let H be a Hamiltonian vector
field of bidegree (1,—1). Then H is a solution of LYBE if and only if

%[%,%]E 0. (18)
where [H,H]r = [[L,H], H].

Proof. Since the bidegree of H is (1, —1), for any linear functions, H#(!) = 0. From

the assumptions,

{IC, HL 1), o}y = {(—2HLH +HHL) (L), L2},
—2{HLH(L),lo} = —2H{LH(), Lo} +2{LH(1), H(l2)},
{HHL(L), 1o} = —2H{L(L), H(l2)}-

Therefore we have {[[L, H], H](l1),12}/2 =

= {LH(), H(l2)} = H{LH(l1), 2} — H{L(1),H(l2)}
= [H(h), H(l2)] = H[H(l), 2] — H[l1, H(l2)].

U
Lemma 4.7. Under the same assumptions,
6., 1), ) = H{EH, )
and [[[[£,H], H],H],H] = 0 automatically.
Proof. Replace L in Proposition 4.6 into [£,H]. Then we obtain
DAL, H) M) o) = BHELH (), (),
which is the identity of the lemma. O
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We study how the Leibniz vector field £ is transformed by a canonical trans-
formation generated by H. The push-forward by the canonical transformation is

defined by the exponential operation,

1
e:Ep(X’H) =1+ [_77_[] + 5[[_77_[]7%] +oee
where X3, := [—,H]. The main result of this section is as follows.

Proposition 4.8. If L is a Leibniz vector field and if H is a Hamiltonian vector
field of bidegree (1,—1), then exp(Xy)(L) is again a Leibniz vector field.

Proof. From Lemma 4.7,
1 1
eap(Xn)(L) = L+ [L,H] + S [H, H]e + ¢ [HH, He,

where [H, H,H]: = [[[£, H], H], H]. From Lemma 3.4, we realize that exp(Xy)(L)
is anti-cyclic. We should prove that exp(Xy)(L) satisfies the cohomological condi-
tion. Apply ¢, which is defined in Section 4.1, on exp(X%)(L). Then we have

eap(Xy (W) = Vi + Lo, ) + 5L bl + 5 Loms e e

where Xy, = |—, 9y |. Because exp(Xy,,) preserves the graded Lie bracket |, |, we

obtain
exp(Xy, ) [V, vr] = lexp(Xy,, ) (), exp(Xy,, ) (V)]

Since |¢, 1| = 0, we have
L€$p(X¢H)(¢£), exp(qu)(¢E)J = 0.

The proof of the proposition is completed. O

The Leibniz field exp(Xy)(L) is also decomposed into the 4-subfields, like (15).

The homogeneous components of exp(Xy)(L) have the following form,

L+ [®,H],

¢7

Lo (L] + 5[0 H],H),

B+ (Lo H] + 5[H He -+ 5[0, 7, 1), M),

where the bidegrees are respectively (0,1), (—1,2), (1,0) and (2,—1). For example,
if the bidegree of £ is (0, 1), then [H,H, H]|, = 0 automatically. Therefore, in that
case,

ap(Xo0)(£) = £+ £.H) + 5[, Mz
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and if H is a solution of LYBE, then £ + [£,H] becomes a canonical double.
When the bidegree of H is (—1,1), exp(Xy)(L) can be computed by a similar

manner. In the next section, we will study a more general modification of L.

We recall some examples of r-matrices.

Example 4.9 (cf. Proposition 4.3). Let g be a semi-simple Lie algebra with the
Killing form K : g — g*. Define an operator by r :== K. Then, from (14), we
obtain r[r(q¢), ¢?] = [r(¢"),r(¢?)]. The matriz r = (r") is symmetric, because the

Killing pairing is so. Hence the Killing forms are anti-triangular r-matrices.

It is well-known that the Hamiltonian polynomials associated with K1,

1 ..
he :== grljpipj
are natural Casimir functions defined on the semi-simple Lie algebras.

Example 4.10. Recall again the Leibniz algebra Ey X Ey+ in Fxample 2.4. Define

r: &+ — &y to be a special projection
(V) o
From Example 2.4, on the graph of r, the Leibniz bracket has the following form
[—fi®(fi +v),—fa® (ff +w)] = [fi, fo] © ( — [f1 FE+ Fi (o) = ff(vl))- (19)

Since [f1, f2] is the dual of [f1, f2], the graph of v is closed under the bracket. It is

obvious that the projection satisfies the anti-triangularity.
We notice that the second term of (19),
—[f1 £+ fH () = fE(w)

is the bracket of the semi-direct product Lie algebra gl(V*)x ;. V*, because —[f1, f2] =
[fL, f2]. Thus, we obtain a canonical double, & X (gl(V*) X ;e V*).

5 Nijenhuis operators and complex structures
In this section, we study some basic properties of Nijenhuis operators in the category
of Leibniz algebras (cf. [3] [6] [11]).

A Nijenhuis operator on a Leibniz algebra g is by definition a 1-cochain

N € C%g) whose torsion vanishes, i.e.,

Torn (p1,p2) = Wp1,Npa] — NINp1,pa] — Np1, Npa] + N?[p1, po]
= 0.
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Let p be the Leibniz bracket, u(p1,p2) = [p1, p2]. Given a 1-cochain N, by a direct

computation we obtain
1 1
gl_l_:u‘aNJaNJ_Toergl_:uﬂN2J7 (20)

which implies that the differential of the torsion, |u, Toras], is trivial if and only if
|, N'] is a Leibniz bracket ([3] [6]). Since |u, |p, N]| =0, if |, N'| is Leibniz, then
w+tlp, N| is a 1-parameter deformation of the Leibniz bracket.

If Torps = 0 and N2 = —1, N is called a complex structure. When A2 = —1,
the right-hand side of (20) is equal to —p/2. Therefore, if N is a complex structure,
then

L NN = —p. (21)

In our context, g = V@ V™, the symplectic plane, and p = v, the Leibniz vector
field. We consider the cases that N is a Hamiltonian vector field of the polynomial
degree 0. Then N is identified with an element in sp(2n) as follows,

N = {h7_}7
L ij T B S
hw= 5rpipj +npid’ + 50i54°¢,

where rJ, n; and o;; are structure constants.

One can easily verify the two propositions below.

Proposition 5.1. If the Hamiltonian vector field N (= ¥ar) above is a Nijenhuis
operator on the Leibniz algebra (V &V* L), then [L,N] is also a Leibniz vector field
and then L+ t[L,N] is a I-parameter deformation of L.

Proof. Since N is a Hamiltonian vector field, [£, N] becomes an anti-cyclic field (cf.
Lemma 3.4). Applying ¢, we have ¥[L,N| = |¢,1n|. From the assumptions of
the proposition, |¢,,1% x| becomes a Leibniz bracket. Hence [£,N] is Leibniz. O

Since % is mono, we obtain

Proposition 5.2. If the Hamiltonian vector field N above is a complex structure
on the Leibniz algebra (V @& V*, L), then

LN, N] = [N,N]|z=—-L.
We recall an example of complex structures.

Example 5.3. Let g be a semi-simple Lie algebra with the Killing form K : g — g*.
Define a 1-cochain on g x g* by

N =K '-K.
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Then N becomes a complex structure on the Leibniz algebra. The associated Hamil-

tonian of N is the harmonic oscillator,
1 ij i j
h=§§ rpip; + 14" ¢

where r;; is K and rid s K1
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