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Abstract. We prove some properties of the cosymplectic Lie algebras and show, in particular,
that they support a left-invariant product. We also provide some methods to construct these
algebras and classify them in dimensions three and five. These constructions provide a large class
of left-symmetric algebras in odd dimensions.
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1. Introduction

Cosymplectic manifolds were introduced by Libermann in 1958. She defined them
as follows. An almost cosymplectic structure on a manifold M of odd dimension
(2n+1) is a pair (a,w), where a is a 1-form and w is a 2-form such that a Aw™ is
a volume form on M . The structure is said to be cosymplectic if o and w are closed.
Any almost cosymplectic structure («,w) uniquely determines a smooth vector field
¢ on M, called the Reeb vector field of the almost cosymplectic manifold (M, «,w).
It is completely characterized by the following conditions

a(()=1 and 1w =0, (1)

where ¢ denotes the inner product. If we consider the vector bundle morphism
P : X(M) — Q'(M) defined by

O(X) =1xw+ a(X)a, (2)

for all X € X(M), then the condition that a Aw" is a volume form is equivalent to
the condition that @ is a vector bundle isomorphism. In this case the Reeb vector
is given by & = &7 1(a). For more details on cosymplectic geometry, we refer the
reader to the survey article [5], and the references therein.

In this paper, we are interested in Lie groups admitting a cosymplectic structure
which is invariant under left translations (left-invariant). Let G be a (2n + 1)-
dimensional real Lie group and let g be the corresponding Lie algebra. Denote by
e the unit element of G. If G is endowed with a left-invariant differential 1-form
a’ and 2-form w™ such that (ot ,w™) is a cosymplectic structure, we will say that
(G,a™,wh) is a cosymplectic Lie group and that (g,co,w) is a cosymplectic Lie
algebra, where o = at(e) and w = w'(e).
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The fact that (g, o, w) is a cosymplectic Lie algebra this is equivalent to the following
conditions:

1. alz,y]) =0, Vz,y € g.
2. w(lz,yl,2) +w(ly, 2], ) + w([z,z],y) =0, Va,y,z € g.
3. aAw"#D0.

The Reeb vector field is the unique left-invariant vector field £ satisfying «(&) = 1
and tew = 0. If £ is the Reeb vector field of (G,a™,w™), then £ = £7(e) is called
the Reeb vector of (g, «,w). Note that, because of 1., a semi-simple Lie algebra (or,
more generally, a Lie algebra satisfying [g,g] = g) cannot support a cosymplectic
structure. We refer to [4] for more information on the five-dimensional cosymplectic
Lie algebras and their classification.

To begin, we need some basic definitions that we will use throughout the paper.
Let (A, -) be an algebra over K, not necessarily associative or not necessarily finite-
dimensional. The associator (x,y, z) of the three elements z,y, z € A is defined by

(z,y,2) =(x-y) - z2—2-(y-2)

An algebra (g,-) over K with a bilinear product (z,y) — x -y is called LSA, if the
product is left-symmetric, i.e., if the identity

(z,y,2) = (y,7,2)

is satisfied for all x,y, 2 € g. For a left-symmetric algebra A, the commutator

[zyl=2-y-y -z
defines a Lie algebra g := g4, which is called the sub-adjacent Lie algebra of A.

A symplectic Lie algebra (g,w) is a real Lie algebra with a skew-symmetric non-
degenerate bilinear form w such that for any z, y, z € g,

fw([rc,y], z) =0, (3)

this is to say, w is a non-degenerate 2-cocycle for the scalar cohomology of g, where
¢ denotes summation over the cyclic permutation. It is known that (see [6] and
[11]) given a symplectic Lie algebra (g,w), the product given by

w(rxy,2z) =—wy, [z, 2]), Va,y,z € g, (4)

[A3R2

induces a left-symmetric algebra structure “x” on g that satisfies zxy—yxx = [z, y].
In this case, we say that the left-symmetric product “ 7 is associated with the
symplectic Lie algebra (g,w). Geometrically, this is equivalent to the existence of
left-invariant affine structure (a left-invariant flat torsion-free linear connection) on
a symplectic Lie group .

The paper is organized as follows. In Section 2, we show that any cosymplectic Lie
algebra supports a left-symmetric product and explore some of their properties. In
Section 3, we present some procedures to construct cosymplectic Lie algebras. In
particular, we suggest two different constructions of cosymplectic double extensions.
In the last section we will prove some results in low dimensions and obtain a
classification of three- and five-dimensional cosymplectic Lie algebras.
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Notations: Let {¢;}1<i<, be a basis of g. We denote by {e'}1<;<, its dual basis
on g* and by €% the 2-form e’ A e/ € A%g*. We denote by (e) the Lie algebra
spanned by e.

The software Maple 18® has been used to check all needed calculations.

2. Left-symmetric product associated with cosymplectic Lie algebra

It is known that any symplectic Lie algebra can be equipped with an affine structure.
On the other hand, a contact Lie algebra does not necessarily admit a left-symmetric
product. Our main result is to show that any cosymplectic Lie algebra supports
a left-symmetric product. In the following, we consider a (2n + 1)-dimensional
real cosymplectic Lie algebra (g, «,w) with Reeb vector £. Therefore, we have an

isomorphism .
D:g—g", x— 1w+ ar)a (5)

Throughout the remainder of this paper, we set h = kera € g and wy = wjyxp-

Lemma 2.1.  Let (g,a,w) be a cosymplectic Lie algebra with the Reeb vector & .
Then, b is an ideal of g and (h,wy) is a symplectic Lie algebra.

Proof. For x € h and y € g, we have

a([z,y]) = —da(z,y) =0,

where d is the Chevalley-Eilenberg differential. Hence b is an ideal of g. To prove
that (h,wy) is a symplectic Lie algebra, it is clear that wy is a 2-cocycle. Consider
a basis {&,e1,...,e,} of g, with {e,...,e2,} is a basis of . We have

0# aAw"( e, ..., em) = wyler, ..., €an).
Then, (h,wy) is a symplectic Lie algebra. [

[k

Denote by “x” the left-symmetric product associated with the symplectic Lie algebra
(h,wy) and (-, -, -)* its associator (i.e., (z,y, 2)" = (xxy)*z—x*(y*z), Vo, y,2z € b).
As in the symplectic framework, the non-degeneration of & defines a product “-”

on g by Dz - y)(2) = —B(y)([z, 2]), for all z,y,z € g. (6)

Proposition 2.2.  The product defined by (6), is characterized by the following
properties.

(1) Forall z,y € b, we have x -y = x *y + w(x,adey)E.
(2) Forall x € g, we have { - v =adex and x-£=0.

Proof. (1) Forall x,y € b, and z € g, the relation (6) becomes
w(x-y,2) +az-yla(z) = —w(y, [z, 2]) — aly)a(lz, 2]) = —w(y, [z, 2]).
For all z € b, we have wy(z -y, 2) = —w)y(y, [z, 2]) and
a(z-y) = —w(y, [r,¢]) = w(z,[§ y]), for z = ¢
(2) If x =& and y € b is arbitrary, the relation (6) becomes

w(g Y, Z) + Oé(é ’ y)@(z) = —W(y, [57 Z])
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On the one hand, if z = £ we obtain a(£-y) =0, then -y € h. On the other hand
for all z € b, we have wy(§-y,2) = —wy(y, [€, 2]) = wy([€, y], 2). Hence, - = adex,
for all x € g.

Finally, if y = &, we also have w(z - &, 2) + a(z - §)a(z) = 0.
Thus, z-£ =0, forall z € g. [ |
The following lemma shows that ad¢ is a derivation relatively to the left-symmetric

product associated with the symplectic Lie algebra (b, wy).

Lemma 2.3. Forall x, y € h, we have ade(x *y) = adex * y + x * adey.

Proof.  First, it is easy to see that adex € b for all z € h. Let z,y,2 € h. By
using relations (3) and (4) and Jacobi identity, we have

wy(ade(z * y) —adex * y, 2) = w([§, v * y], 2) +w(y, [[€, 7], 2])
= —w([z,g],x * y) +w(y7 [[é,x],z]) = w([x, [’ngﬂ7y) - CU([[g,I],Z],y)
= w([[xvz]a§]7y) = _w([fay]v [ZE’Z]) = wh(x * adfyv Z) u

The following theorem shows in particular, that any cosymplectic Lie algebra sup-
ports a left-symmetric product.

Theorem 2.4.  The product “ -7 given by @(x - y)(z) = —P(y)([z, z]) for all
x,Yy,2 € g, induces a left-symmetric product on g.

Proof. On the one hand, for all z,y,z € b, we have

(,y,2)=(v-y) - z—x-(y-2)
= (z*xy+wlz, [yl 2 —z- (y*2+wly,[¢ 2])E)
=(z*y)-z+w@ [y -2~z (y*2)
=(@*xy)*xz+w(@xy 6,2l +w@ [y 2z —ax(y*2) —wlx, [§y*2])§
=(zxy)*xz—wx(y*2)+w(z,[§y)Ez+ Az, y)§
= (z,y,2)" +w(z,[§, y])§.2 + Az, y)¢,

where A(z,y) = w(zx*y, £, 2]) —w(x, [§,y*2]). Tt is clear that (z,y,2)* = (y,z,2)*.
Using (3) and the fact that w(¢,.) =0, we obtain w(z, [£,y]) = w(y, [, z]), and

A(ZE,y) - A(y’x) = w([x,y], [gv Z]) - w( [5 Y * Z]) +w(y7 [5,1’ * Z])

= —w(z, Hx7y}7£]) + w(y *Z, [l’,ﬂ) - w(:c * 2, [y,é’])
= w(z, [& [2,9]]) + w(z [y, [§, 2]]) + w(z, [z, [y, €]]) =

It follows that (z,y,2) = (y,x, z) for all x,y,z € h. On the other hand, let z,y € b,
we have

Ezy)— (v,6y)=(E-2) y—&§- (v y)—(v- & -y+a-(§-y)
= (adex) * y + w([§, 2], [€,y))€ — ade(z.y) + x * adey + w(z, [€, [€, y]])E.
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Then, (§,z,y) — (x,&,y) = 0 is equivalent to

{ ade(z *y) = adex * y + = * adey
w([€, z], 1€, 9]) = —w(z, [€, €, yl)-

The first equation is ensured by Lemma 2.3, while the second follows from the
closure of w and from the fact that w(¢,.) = 0. [

It is known that (see, for example, [10] Proposition 1-1) on a Lie group, an affine
connection is bi-invariant if and only if its associated left-symmetric product is
associative. We obtain the following result.

Corollary 2.5. Let (G,a",w™) be a cosymplectic Lie group with the Reeb vector
§T.  The affine structure associated is bi-invariant if and only if the following
conditions are satisfied for all x,y,z € b :

(1) (z,y,2)" = wladey, z) adez.

(2) zxadey=0.
(3) (adez) g = (adey) * 2.
(4) adiz =0.

Remark 2.6.  Note that, if adez = 0, then the relation 1. becomes (z,y,2)* =0
for all z,y, z € h. This means that the left-symmetric product “x” associated with
the symplectic Lie algebra (h,wy) is associative, which is equivalent to saying that
(h,wy) is a symplectic Novikov Lie algebra (see [1] for more details).

3. Cosymplectic double extensions

We suggest two different constructions of cosymplectic double extensions. In the
first construction, we combine two characterizations of the cosymplectic Lie algebras.
The second way of construction got inspiration from the notion of symplectic double
extension.

Double extensions of Lie algebras: Let (g,[, ]|) be a Lie algebra, 6 € Z%(g) a

i
2-cocycle, and (Gg); [ , ]g) the central extension of g by the 2-cocycle 0, i.e.,

ﬁ(e,e) = (ﬁ@ <€>,[ ) ]9) with [Qf,y]g = [‘T’y] + 9($7y)67 T,y €9

Let g = (d) @3 (e) be the direct sum of g with the one-dimensional vector spaces
(e) and (d). Define an alternating bilinear map, [, | : g X g — g as follows

I:x7 y] = I:‘/L‘7 y} + 9(x7 y)e7 x7 y e ﬁ’
[d, z] = p(x) + A(x)e, x €y, (7)
[d,e] = v+ te,

where D = (p,\,v,t) € End(g) x " x g x R. Set

do(x,y) = p([z,y]) — [p(x),y] — [z, 0(v)]
Op(z,y) :== 0(p(x),y) + 0(z, 0(y)).

We have the following result.
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Proposition 3.1.  The alternating map given by (7) defines a Lie algebra (g, ], ]),
if and only if

(1) Op = v,
(2) t0— 6, = d\,
(3) ve Z(g) Nker(d),
where ker() ={zx € g|0(z,y) =0, Yy € g}.

Proof. On the one hand, for all z,y € g, we have

]{[[d, )yl = [ld, z], y] + [z, y], d] + [[y, d], 2]
= [p(x) + A@)e,y] + [z, y] + 0z, y)e, d] — [o(y) + Ay)e, ]
= [p(@),y] + 0(p(x), y)e — o[z, y]) = AM[z,y))e — O(z, y)v
—t0(z,y)e — [p(y), 2] — 0(o(y), x)e
= (0p(x,y) = 0(z,y)v) + (Op(z,y) — t0(z,y) — A([z,y]))e.

Hence (1) and (2) hold. On the other hand, we have for all z € g

f[[%e]wi] = [[z, el d] + [[e, d], x] + [[d, x], €]

=0+ [v+te,x] +0=[v,z] + 0(v, x)e.

Hence v € Z(g) N ker(f). The other possible Jacobi identities are immediately
checked. n

Under the conditions of Proposition 3.1, the Lie algebra g(D,0) = (g, [, ]) is called

the double extension of (g,[, |) by (D,0), where
D = (p,\,v,t) € End(g) x g" x g x R.

Remark 3.2. (1) The Lie algebra g(D, 0) is a semi-direct product (d) x (g& (e))
of the abelian Lie algebra (d) with the central extension g @ (e) relatively to the
derivation D € Der(g @ (e)) which is given by

D(z) = p(x) + A(z)e, z €9, D(e)=uv+te.

(2) ¢ is a derivation of Lie algebra g if and only if v =0 or § = 0. In particular,
this holds when either Z(g) = {0} or ker(d) = {0}. ]

3.1. The first construction

We start with two characterizations of symplectic Lie algebras. The first one was
given in [9] to characterize in general cosymplectic manifolds. We state here its
analogue for cosymplectic Lie algebras.

Proposition 3.3. [9] Let g be a Lie algebra and @, @ two forms on g with
degrees 1 and 2 respectively. Consider on the direct sum g = g @® (e) the 2-form
w=w+aANe". Then, (§,a,w) is a cosymplectic Lie algebra if and only if (g,w) is
a symplectic Lie algebra.
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Remark 3.4. The Lie algebra g = g (e) is a central extension of g by # =0. =
As for the second characterization; see [2], [4] and [8].

Proposition 3.5.  There ezists a one-to-one correspondence between (2n + 1)-
dimensional cosymplectic Lie algebras (g, a,w), and 2n-dimensional symplectic Lie
algebras (h = ker a,wy) together with a derivation D € Der(h) satisfying

wh(Dxay) = _Wh(ﬂf,Dy), T,y € h (8)

An endomorphism satisfying (8) is called an infinitesimal symplectic transformation
(for short, an i.s.t.). By combining these two characterizations (Propositions 3.3 and
3.5 ) , we propose the following construction of cosymplectic Lie algebras.

Let (g,@,w) be a cosymplectic Lie algebra with the Reeb vector &. Then we can
always write g as g = b @ (€) with h = ker(a). Let (3@ (e),w =@ +a Ae*) be a
symplectic Lie algebra associated with (g, @,@) (see Proposition 3.3). A derivation
D € Der(g @ (e)) consists of a 4-tuple (¢, A\, v,t) € End(g) x g* x g x R, such that

D(x) = ¢p(x) + A(z)e for x € g, and D(e) = v + te.

Lemma 3.6.  The derivation D € Der(g) is an i.s.t if and only if the following
conditions are satisfied for all x € b.

(i) ¢ isanistonb,

Proof. Indeed, for all x,y € g, we have

w(Dx,y) +w(z, Dy) = w(e(x),y) + Wz, 0(y)) + Az)w(e,y) + AMy)w(z,e).  (9)

Using (9) and the fact that¢ D is an i.s.t, that yields to W(p(z),y) = —w(z, ¢(y)).
Let y = £ and = € b is arbitrary. Once again, by applying (9) and the fact that D
is an i.s.t we obtain A(z) = w(z,¢(&)). Let y = e. Then, for all x € h, we have

w(Dz,e) + w(x, De) = w(p(z) + A(x)e, €) + w(x, v + te)
= w(p(x),e) +w(z,v),

since D is an i.s.t, it follows that @(z,v) = @o ¢(z). Finally, for + = ¢ and y = e,

we have
w(DE, e) +w(&, De) = w(p(€) + A(E)e, ) +w(&, v + te)
= w(p(),e) +1,
therefore, ¢t = —a o ¢(€). This completes the proof. n

Let D = (p, A\, v,t) satisfy the conditions of Lemma 3.6. Denote by “x” the left-
symmetric product associated with the symplectic Lie algebra (h,©) and let R, be
the right multiplication by an element x, that is R,y = y * 2. Then we obtain the
following result.
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Theorem 3.7.  Let (g, @, @) be a cosymplectic Lie algebra with the Reeb vector &.
Let g = (d)®g® (e) be a double extension of g by (D,0 =0), where D = (o, A\, v,t)
satisfies the conditions of Lemma 3.6. Then

w=wt+aAe, a=d",

defines a cosymplectic structure on g if and only if
(1) ¢ € Der(g),
(2) ve Z(g),
(3) }_ch(g) =0 and [w(f),f] =0.

The Reeb vector is d.

Proof. With 6 = 0, Proposition 3.1 implies that ¢ € Der(g), v € Z(g) and
dX = 0. Notice that

0w {w([ﬂ_ayL #®)
=(FIRTG)

The equation (10) is equivalent to w(x, y * ©(€)) =0, for all 2,y € h. One can then
deduce that R g = 0. Since & is a 2-cocycle the equation (11) becomes

5([p(€),€l,2) =0, ¥z € b.

Since @ is a non-degenerate 2-form on b, it follows that [p(€), €] = 0. To complete
the proof, it remains to verify that o A w™ # 0, which is equivalent to prove that
@ . g —> g* is an isomorphism. Indeed, for all x € (d) ® g @ (e), we can write
r=x1d+7T+ :UQE + x3e with ¥ € E and x1, x9,r3 € R. A direct calculation gives

Vr,y €, (10)
Vr € b. (11)

0,
0

b(x,7) = wy(T,7), Yy € b,
D(x,8) = —x3, P(x,€) =29, P(2,d) = 1.

This means that, if &(x,.) =0, then z = 0. [

3.2. The second construction

Let (g,@,w) be a cosymplectic Lie algebra and [, | its Lie bracket and let

g=(d) ©FD (e)

be a double extension of (g, [, ]) by (D,0). We define a 2-form w and a 1-form «
on the vector space g by requiring that

w=w+d ANe*, and «o(z) =a(z), Vx €9, a(d) €g, ale) € g.
On the one hand, if we assume that « is a 1-cocycle, we obtain

a([z,y]) = 0(z, y)ale) =0,
a([d, z]) = a(e(z)) + Az)ale) =0, (12)
a([d, e]) = a(v) + ta(e) = 0.
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On the other hand, since w is a 2-cocycle, for any x,y € @,

Q%MM&MDZMEEMﬁ+W%@M&@+ww@%w+M@Maw

—w(e(y), ) = Ay)w(d, y) (13)
= —0(z,y) + W(p(x),y) + ©(z, 0(y)) = 0,
and j{w([x, el,d) =w(v,z) = 0. (14)

We distinguish two cases.
The first case: a(e) = 0. We use relations (12), (13) and (14) to obtain
aop=0 and oa(v)=0, §=0, and v € ker(w).

Note that, a(v) =0 and v € ker(w) implies that v = 0. By combining the relations
(12), (13) and (14) with Proposition 3.1, we obtain the following result.

Theorem 3.8.  Let (g,a,w) be a cosymplectic Lie algebra with the Reeb vector
§. Let g=(d) @ gD (e) be a double extension of g by (D,W,) with

D = (p,\,0,t) € Der(g) x g" x g x R.

Then w=w+d ANe*, alz)=a(zx), Vreg, a(d) €R,
defines a cosymplectic structure on g if and only if

(1) afe) =0,

(2) @aop=0,

(3) twy, — Wy, =dA,

where wy , = 0,, and the Reeb vector is §.

Proof. It suffices to verify that ¢:g — g* is an isomorphism. Let z € (d) ©g® (e)
and write x = x1d + T + 22§ + w3e, with T € h and zq, x9, x3 € R. After a short
calculation we obtain

P(x @Z%@y)weﬁ P(z,e) = x1,
?(z,€) = m1a(d) + 14, ?(z,d) = —x3 + 110%(d) + 220/(d).
In other words, if @(z,.) =0, then z = 0. [

The second case: «(e) # 0. To simplify notation, we can assume whithout loss
of generality that a(e) = —1. We use relations (12), (13) and (14) to obtain

W,=60=0 and ¢ € Der(g),
A=a@op and t=a(v),
v € ker(@).

Together with Proposition 3.1 and relations (12), (13) and (14), we therefore have:
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Theorem 3.9.  Let (g,a,w) be a cosymplectic Lie algebra with the Reeb vector
. Let g = (d) ®g® (e) be a double extension of g by (D,0 = 0), where
D = (p,@op,v,a(v)) € Der(g) x g* x g x R. Then

w=w+d" ANe*, alzr)=a(z), Vxeg, ald) €R, ale) =—1,

defines a cosymplectic structure on g if and only if
1) @, =0,
(2) @op([z,y]) =0, Vz,y€g,
(3) ve Z(g) Nker(w).

The Reeb vector is €.

Proof. Similarly to the proof of Theorem 3.8, it suffices to verify that ¢ : g — g
is an isomorphism. Let x € (d) © g ® (e) and write x = v1d + T + 2§ + 3¢, With
T € b and zq, 2, 3 € R. We have

dj(x’g) :wﬁ (Tag)7 Vgeaa @(Zlf,g) :xla(d)+x2 — I3,
D(z,e) =21 — 110(d) — 29 + 23, D(2,d) = —23 + 210°(d) + 2200(d) — 2300(d).

As a result, if &(x,.) =0, then z =0. ]

Examples 3.10. To illustrate and compare the two constructions presented
above, we end this chapter by obtaining deferent five-dimensional cosymplectic Lie
algebras from the same three-dimensional cosymplectic Lie algebra. We consider
the following three-dimensional cosymplectic Lie algebra:

§:le,en] =€, a=e’ w=e"

Let g = (e4) ® gD (e5) be a double extension of (g,[, ]) by (D,0), where we have
D = (p, A\ 0,t).

It is straightforward to show that any derivation on Lie algebra g has the following
form

0
0
f

Set v = zeg € Z(g) and A\ = Aje; + Agea + Azes € g°, where 2, \; € R. Simple
calculations yield the following results.

, a,bc, feR.

b
p= 0
C

o O 2

The first construction gives the cosymplectic Lie algebra

g1 [61, 62] = ey, [64763] = fes + Ases,
[64, 62] = bey, [647 65] = zez — fes.

a=¢ct w=e?+e" E=ey.
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The second construction:
(i) In the first case, a(e) =0,

le1, 2] = €1 + aes, leq, 2] = beq + Ages,
g2 @ |eq,e1] = aey + (a* —ta)es, [eq, e3] = Azes,
leq, €5] = tes.

4

a=ed+aet, w=e?+e® E=e3, r R

(ii) In the second case, a(e) # 0,

le1, e2] = e, lea, e3] = f(es +es),
[64, 62} = b61 + 0(63 + 65), [64, 65] = t(@g + 65).

a=e4+xet —e® w=e?4+eP E=¢5, R

g3

Let us denote by D(g;) the derived Lie algebra of g;, i = 1,...,3. It is clear
that for a suitable choice of the constants (b, f, A3, 2) we have dim(D(g,)) = 3,
while dim(D(g,)) and dim(D(gs)) are less than or equal to two. Therefore, the
cosymplectic Lie algebra g; never comes from the second construction. |

4. Classification in low dimension

4.1. Three-dimensional cosymplectic Lie algebras.

Let g be a three-dimensional Lie algebra. Denote by o = aje! +ase? +aze® a 1-form
and by w = a2e'? 4 a13e'? + ag3e?® a 2-form on g. On each three-dimensional Lie
algebra we compute the 1- and 2-cocycle conditions for a and w respectively. Next,
we calculate the rank of @. If @ has a maximum rank, then g will be endowed with
a cosymplectic structure.

Proposition 4.1.  Let (g, a,w) be a three-dimensional cosymplectic real Lie al-
gebra. Then g s isomorphic to one of the following Lie algebras equipped with a
cosymplectic structure:

021 D o1 ler,ea] =er (decomposable solvable, Bianchi III)

3

2 12 23
a = age” + aze’, w = ape” + age”, agan # 0.

031 [ea,e3] =er (Weyl algebra, nilpotent, Bianchi II)

3 _ 12 13 23
, W = ajpqe€ + a13€ + a93€™", Q3012 — Q2013 7é 0.

aage’ + ase
gz1: len,es] = e and [ey, e3] = —ey (solvable, Bianchi VI, a = —1)
a = azed, w = ape? +azel® + ae?, azan £ 0.
05:: [e1,es] = —ey and [ey, e3] = e (solvable, Bianchi VII, 3 =0)

a = azed, w = apet? +azeld + a3e?3, azan £ 0.

Two cosymplectic Lie algebra (gq, aq,w;) and (gz, a2, ws) are said to be isomorphic
if there exists a Lie algebra isomorphism L : g; — g2, such that,

L*(ag) =a; and L*(wy) = wy.

The following proposition gives a complete classification up to isomorphism of three-
dimensional cosymplectic real Lie algebras.
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Proposition 4.2.  Let (g,a,w) be a three-dimensional cosymplectic Lie algebra.
Then, (g, o, w) is isomorphic to one of the following cosymplectic Lie algebras:

° (o1 S¥) g1 ((1/7(.0) = (637612>'

(,w) = (N, e +e?), N e R—{0}.

e g31: (a,w)= (A% e!?), XNeR-{0}.
e goi: (a,w) = (N e!?), A>0.
)= (A3, e!?), A>0.

e 05:: (a,w

Proof.  We proceed as follows. We act by the automorphisms of g on w to find
the simplest possible form wy, then we seek all the a utomorphisms which transform
w into wyp, and finally we act by these automorphisms on « in order to simplify it.
We will give the proof for Lie algebra g;3: [e1,e3] = e1, [e2,e3] = —es, since all
cases must be treated in the same way. Cosymplectic structures on g3 are given
by the following family

3 12 13 23
a = aze’, W = apge + ai3e” + agze , Q3a12 §£ 0.

In this case, the automorphisms are given by

tu 0 t3 0 ti2 ti3
T1 = 0 t22 t23 and T2 = tgl 0 t23
0O 0 1 0 0 -1
1o
The automorphism L= [0 ;L -2 | satisfies L*(w) = e'?;
0 O 1

all automorphisms that satisfy L*(w) = e'? are

tn 0 e 0t —2%
— 1 a _ 1 a
Li=1{0 ti1a12 _ﬁ and L, = " tizann 0 ﬁ
0 0 1 0 0 -1
A direct calculation gives Lj(a) = a and Lj(a) = —a. Therefore, we can take
a = \e?, with A > 0. n

By Proposition 2.2, we have the following consequence.

Corollary 4.3.  The left-symmetric product associated to the three-dimensional
cosymplectic Lie algebras is given by

e go1Bg1: €12 =¢e€1, €2-62=¢62.

) _ 1 _
® @31 €2-€62 = 33€3, €362 = —€7.

—1 . _ _ 1 _ _
34" €162 =€2°€1 = 33€3, €3-€] = —€1, €362 = €.

. _ 1 _ 1 _ —
® U35 €1°€1 = 33€3, €2°€ = 33€3, €3°€ =€, €3°€ = —€1.
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4.2. Five-dimensional cosymplectic Lie algebras

In [4] the authors give a classification of five-dimensional cosymplectic Lie algebras,
starting from four-dimensional symplectic Lie algebras endowed with a derivation.
They did not complete the correspondence with the well-known five-dimensional
Lie algebras in the literature [12]. We propose here a direct method (case by
case), by searching among the 40 five-dimensional Lie algebras [12], those which
are cosymplectic and we give their structures.

Proposition 4.4.  Let (g,o,w) be a five-dimensional cosymplectic real Lie alge-
bra. Then, (g,a,w) is isomorphic to one of the following cosymplectic Lie algebras
A5y les, e5] = e1, [es, e5] = ea (nilpotent)
a = age’ + aget + ased
W = CL13613—|—CL23€14+a15615+(123623+6L24€24+6L25625+(l34€34+a35635 + CL45€45,
a3015024 — A3023025 + A4013025 — Q4015023 — U5G13024 + a5a%3 75 0.
Aso: lea, e5] = €1, [es,es] = ea, [eq,e5] = es (nilpotent)
a = aset + aze’
W = —a23€14 + a15€15 + a23€23 + a25€25 + a34€34 + a35e35 + a45e45,
ag3(asars + asass) # 0.
Ass les,e4] = €1, [ea, e5] = €1, les, e5] = ex (milpotent)
o= a363 -+ a4e4 + a5e5
W = agse’® + ag3e?® + agse® + ags5e?® + asue3* + azse® + agse®®,
a24(a3a24 - CL40l23) # 0.
Asg: les, eq] = €1, [ea,e5] = e1, [e3,e5] = eq, [es, e5] = e3 (nilpotent)
a = ase* + azed
w = —CL23€14 + a24€15 + (123623 + CL24€24 + a25€25 + CL34€34 + CL35€35 + CL45€45,
ag3(asaz + asass) # 0.
Ag,’;a’_l D [er, es]=en, [eq, e5] =aea, [e3, e5]=—aes, [e4, €5]=—e4, a€]-1,0[U]0, 1[.
a = ase®
w = CL14€14 + &15615 + &23623 + &24624 + &25625 + &34634 + CL35€35 + CL45€45,
a5414023 7é 0.
Aé:;l’_l :ler,es] = e1, [ea, e5] = ea, [es,e5] = —es, [es,e5] = —eq
a = ase’
w = aze + ape' + ajze’’ + agze?® + age® + axse? + asse3® + agse®,
a5(a24a13 - CL14CL23) # 0.
As g lea, e5] = €1, [es,e5] = e3, [es,e5] = —ey
a = ase? + azed
w = a12€12 + a15el5 + a25€25 + a34€34 + a35€35 + a45e45,

a34(a5a12 - a2a15) 7’é 0.
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Ag:9—1 e es] =er, [eases] = €1t €2, [es, e5] = —es
o= a363 + a5e5
w = CL15€15 + CL24€24 + CL25€25 + CL35€35 + CL45€45,
azaisazy # 0.
A;%éo’q . [617 65] = €1, [627 65] = —€2, [637 65] = —(Qé€y, [647 65] = ge€3
a = ase®
w = ape'? + aze’® + age® + azqe® + azze® + asze®,
5012034 7"é 0.
Ag,m : [ea, e5] = €1, [es,e5] = —ea, [ea, e5] = e3
a = agse? + azed
w = (112612 + (115615 + (125625 + (134634 + (135635 + (145645,

ass(asaiz — azass) # 0.

Ag&s : le1,e5] = €1, [ea, 5] = e1 +ea, [e3,e5] = —es, [eq, 5] = €3 — ey
a = ase’
W= —agge!® + a15e!® + agze? + agse? + agse?® + asse®® + agse?,
asasy 7 0.
Aéﬁo’fpi [e1, es] =pei1—ea, [z, e5] =ertpes, [e3, e5] = —pes—eu, [e4, es] =ez—pes, p#0.
a = ase’

4

w = age’® — agge™ + arze’® + agze® + age® + axge® + agse®® + agze®,
2 2

as(ay; + azy) # 0.

Aé:(l):?o : [617 65] = —€3, [627 65] = €1, [63765] = —€4, [64765] = €3

a = aze’

3 34

2
— a23€14 + G15€15 + G23€23 + G24€24 + Q9o5€ 5 + a34€
5

W = a2e'? + age!

35 4 2 2
+agse™ 4 agse®, as(aipass — a53 — azy) # 0.

A;#,_p D ler, e5] = per —ea, [ez, €3] = €1+ pea, es, es] = —pes + ey,
e, e5] = —e3 — peq, p # 0.
a = ased
w = —CL24€13 + a23€14 + G15€15 + CL23€23 + a24e24 + 6125625 + CL35€35 + a45e45,

a5(a§3 + a§4) # 0.

—1,0,0 | _ _ _ _
A5717 . [617 65] = —€2, [€2a 65] = €1, [637 65] = €4, [647 65] = —€3
= CL5€5
w = CL12612 — CL24€13 + CL23614 + CL15615 + CL23623 + CL24624 + CL25625 + CL34634

35 45 2 2
+CL35€ + 457", a5(a12a34 + a53 -+ CL24) # 0.
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le1,e5] = —ea, [ea,e5] = €1, [e3,e5] = —sey, [eq,e5] = ses, s & {—1,0,1}.
a = ase®

w = CL12€12 + CL15€15 + CL25€25 + CL34€34 + CL35€35 + CL45€45,

a5412034 7’é 0.

[61, 65] = —€9, [82, 65] =€, [63, 65] = €1 — €4, [64, 65] = €9 + €3

a = ase®

w = age' + ajze’® + age®* + age® + aziet + azze® + agze’,

a5a24 7& 0.

[e1,e5] = €1, [ea, e3] = €1, [ea,e5] = €2, [eq, e5] = —ey

a = aze® + aze®

w = agze® + agze® + agse®* + as5e?® + azse®® + a45e45,

azagsagy 7 0.

[62,63] = €1, [61,65] = %61, [62765] = €2, [63765] = —%63, [64765] = —€4
a = ase®

w = CL13€13 + CL15€15 + 2@15623 + Cl24€24 + a25€25 + a35e35 + a45e45,

a5413024 7é 0.

le2, 3] = e1, [e1,e5] = —e1, [e2, 5] = €2, [e3,e5] = —2e3, [eq,e5] = 2ey
a = ase®

34 35 45
w = a1ze'? — agze’® + agge? + agse® + azse® + azse®® + agze®,

a50120a34 7’é 0.

[62a 64] = €1, [637 84] = €2, [617 65] = 2617 [62a 65] = €2, [647 65] = €4
a = aze® + aze®

W = 2ame"® + age®* + azse? + a34634 + azse®® + a45e45,
a3ao4 7é 0.

[617 64] = €1, [637 64] = —€3, [627 65] = €2

a = ase* + azed

w = a13e™ + ajse' + asse® + aset + agse®,
(4Q13025 ?é 0.

[e1,e4] = €1, [ea,e5] = €2, [e3,65] = —e3

o= a4e4 -+ a5e5

w = a14el4 + a23€23 -+ a25€25 + a35e35 -+ a45e45,
50140423 7"é 0.

[62,63] = €1, [61764] = €1, [62764] = €2, [62765] = —€3, [63765] = €3

a = aset + aze’

3

w = CL23€14 + CL23€2 — 0,25624 + a25€25 + a35€35 + a45e45,

a5a923 7& 0.
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A5,37 : [62, 63] = €1, [61764] = 2eq, [62, 64] = €2, [63, 64] = €3, [62765] = —€3,
[63, 65} = €2
a = aset + aze’

w = 2&23614 + a23623 + a35€24 — a34e25 + a34e34 + a35e35 + Cl45€45,

a50a93 7é 0.

Remark 4.5.  Every five-dimensional cosymplectic Lie algebra is necessarily solv-
able. ]

Unlike the three-dimensional Heisenberg algebra, the five-dimensional Heisenberg
algebra does not support any cosymplectic structure. As a general result, we have
the following;:

Proposition 4.6.  Let hs, 11 be the (2n + 1)-dimensional Heisenberg Lie algebra
generated by elements {e;, fi, 2} 1<i<n}, with the relations [e;, ;] = z. Then Happa
supports a cosymplectic structure if and only if n = 1.

Proof. Proposition 4.2 shows that b3 = g3; admits cosymplectic structures. Let
n>2,and a € b}, .1, w € A*hj, 4 be a 1-cocycle and 2-cocycle respectively. On
the one hand by using the Maurer-Cartan equations of ha,11 we get a(z) =0, on
the other hand. For all e;,e;, f;, j # ¢, we have

wler, ) = wlew leg, 1) = §wles les, £3) =0

In the same way we find w(f;,2) =0 for all 1 < i < n. It follows that ®(e;, 2) =
O(fi,z)=0forall 1 <i<n. |

Denote by aff(2,R) the affine Lie algebra, generated by elements {e1, ..., es}, with
the relations:

[e1,€5] = —e1, [es,ea] = —en, ez ea] =€s,  [es,e5] = €3 — €6, e5,€6] = —es,
e1,e5] = —ea, [ea,e6] = —ea, [es,e5] = —es5, [ea, 6] = e4.
Proposition 4.7.  The only non-solvable cosymplectic Lie algebra of dimension

less than or equal to seven is isomorphic to

(aff(2,R) x (e7), a, w).

Its Lie brackets are given by those of aff(2,R), to which we add these new entries:
[e7,e6] = Nea, [er,eq] = Xer, N € R, and the cosymplectic structure is o = e,

w=el® 4 26 4 3y 46

Proof. Let (g,a,w) be a five-dimensional cosymplectic non-solvable Lie algebra.
It is well known (see [11]) that any four-dimensional symplectic Lie algebra is
solvable. By Proposition 3.5, we deduce that g contains an ideal of codimension
1, and this contradicts the fact that g is non-solvable. Now let (g,a,w) be a
seven-dimensional cosymplectic non-solvable Lie algebra. By Proposition 3.5, (h,ws)



EL BOURKADI AND MANSOURI 265

is a six-dimensional non-solvable symplectic Lie algebra. On the one hand, it is
known that (see [3]) the only non-solvable six-dimensional Lie algebra is (up to
isomorphism) (aff(2,R),wy) with

wo = e’ + e*® 4 e 4 10,

On the other hand, on aff(2,R) any derivation D is inner (see [7]). Hence, there
exists € b such that D = ad,. The 2-cocycle condition of wy gives that

wO(adxyv Z) + wO(Q? adxz) = CUO(QZ, [ya Z])

Since D is an i.s.t, it follows that wy(z, [y, z]) = 0, Yy, 2z € h. By direct computation
we find that x = Aegy, A € R and, using Proposition 3.5, we complete the proof. m
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