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1. Introduction

Poisson algebras came from the study of symplectic manifolds [1,2]. They are widely used in the
study of mathematics and physics, such as algebraic geometry, Poisson quantization theory, manifolds,
noncommutative geometry, quantum groups, and classical and quantum mechanics, and so on [3,4]. M.
Van den Bergh introduced the notion of double Poisson brackets, which can induce Poisson brackets
on representation spaces [5]. S. Arthamonov extended these brackets to the modified double Poisson
brackets [6]. Furthermore, M. Fairon proposed the mixed modified double brackets [7]. Bai, Bai,
Guo, and Wu exchanged the roles of the two bilinear operations in the Leibniz rule defining the
Poisson algebra and proposed the definition of transposed Poisson algebras, which share common
properties of the Poisson algebras [4]. Sartayev proved that every transposed Poisson algebra is an
F-manifold, and proposed a conjecture stating that every transposed Poisson algebra can be embedded
into a differential Poisson algebra [8]. Conventional Poisson algebra (in [4]) is a Lie algebra endowed
with a commutative and associative multiplication, which, together with the Lie product, satisfies the
Leibniz identity. But there are also some literatures in which the multiplication in Poisson algebra is not
necessarily commutative or associative. For example, in [9—-11], the multiplication in Poisson algebra
is not necessarily associative. In [12-15], the multiplication in Poisson algebra is not necessarily
commutative. Motivated by these papers, we want to investigate a type of Poisson algebra in which
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the multiplication is not necessarily commutative and not necessarily associative. In this process, we
introduce the definition of anti-semi-commutative algebras, discuss the relationships between some
non-associative algebras, and provide some examples of special algebras, such as non-associative and
non-commutative Poisson algebras, Novikov algebras, and transposed Poisson algebras. It is important
to describe the Poisson structure on a given Lie algebra. Considering the complexity of computation
brought by using matrix methods, we choose filiform Lie algebras L, and Q,,, with relatively simple
Lie products. Filiform Lie algebras were defined by Vergne [16] in 1970 as nilpotent Lie algebras
with good properties. It is shown in [16] that there exist only the following two isomorphism classes
possessing rank two, and they are the only two isomorphic classes that are naturally graded nilpotent
Lie algebras.
(1) L,(n = 3):
[x0, x;] = X341, 1 <i<n—1,

over the basis {xg, X1, - , X,}.
(2) Qom(m = 3):
[x1, %] = X341, 2<i<2m—1,

[x), Xome1-j] = (=" xom, 2< j<2m -1,

over the basis {x, X2, , Xo,}.

The structure of this paper is as follows: In Section 2, we first give some notions and examples,
discuss the relationships between some non-associative algebras, and then provide some lemmas
that will be used later; In Section 3, we first investigate the Poisson structures on L,, and then we
characterize the commutative Poisson structures and associative Poisson structures on L, respectively;
In Section 4, we perform the same research as the third section on Q,,,.

2. Basics

Throughout the paper, we assume that 3 < n,m. F stands for a field whose characteristic is
not 2, F* is the set of all nonzero elements of F, and F* is the k-dimensional column vector space
over F. All vector spaces and all algebras mentioned in this paper are over F. In an algebra (G, -),
we sometimes simplify x - y as xy. All transformations mentioned in this paper are linear. The
matrices of transformations of L, are all with respect to the basis {xo, x;,- -, x,}, and the matrices
of transformations of Q,,, are all with respect to the basis {x, xp,- -+, x2,,}. I, E;; and e; represent the
unit matrix, matrix unit, and unit vector, respectively. Their sizes are known from the context. For any
Lie algebra L and x € L, denote inner derivation ad,(y) = [x, y], Vy € L. For any positive integer k and
@ =(a,,ar - ,a;) €FF we denote k X k matrices

J= Z Ei,i—l’ A, = a11+a2J+a3J2 + - +(1ka_1.

2<is<k
Next, we give the definitions firstly.

Definition 2.1. Let L be a vector space equipped with two bilinear operations - and “[-, -]”, the triple
(L,-,[-,-]) is called a Poisson algebra if (L, [-,]) is a Lie algebra that satisfies the following identity:

[x,y-zl =[xyl-z+y-[xz], x,y,z€L. (2.1)
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Definition 2.2. Let (L,-,[-,-]) be a Poisson algebra, where (L,|-,-]) is a Lie algebra. If (L,-) is an
associative algebra, then we call (L, -, [-,-]) is associative.

Definition 2.3. Let (L,-,[-,-]) be a Poisson algebra, where (L,|-,-]) is a Lie algebra. If (L,-) is a
commutative algebra, then we call (L, -, [, -]) is commutative.

Definition 2.4. Let (L,[-,]) be a Lie algebra. A (resp. commutative or associative) Poisson structure
on (L,[-,-]) is a bilinear operation * -
Poisson algebra.

on L which makes (L,-,[-,-]) a (commutative or associative)

Obviously, if (L, [+, -]) is an abelian Lie algebra, then for any bilinear operation “-” on L, (L, -, [+, -])
a Poisson algebra. If an bilinear operation “-” on a vector space V is zero, then for any Lie bracket
“I,-]”on V, (V,-, [-,-]) is a Poisson algebra.

For any Lie algebra (L, [-,-]) and a € F, define x * y = a[x,y] for all x,y € L, then (L, *,[-,-])is a
Poisson algebra. If (L,-,[-,-]) is a Poisson algebra, define x x y = yx for all x,y € L, then (L, *, [-,-])
is a Poisson algebra. If both (L, -, [-,-]) and (L, o, [+, ]) are Poisson algebras, for any a, b, c € F, define
{x,y} =alx,y], x*xy=bx-y+cxoyforall x,y € L, then (L, %,{-,-}) is a Poisson algebra.

For any associative algebra (G, ), define [x,y] = xy — yx for all x,y € G, then (G,-,[-,-]) 1s an
associative Poisson algebra. For any weakly associative algebra, we also have a similar conclusion.

Let (G, -) be an algebra. Denote the associator (x,y,z) = (xy)z — x(yz) and the commutator [x, y] =
xy — yx. Recall that (G, -) is called weakly associative if (x,y,z) + (v,2,x) = (y, x,2); (G, -) is called a
symmetric Leibniz algebra if (xy)z = (x2)y+x(yz), x(yz) = (xy)z+y(x2); (G, -) 1s called shift associative
(or nearly associative) if (xy)z = y(zx); (G, -) is called semi-commutative if (xy)z = (yx)z, z(yx) =
z(xy); (G, -) is called a bicommutative algebra (or LR algebra) if (xy)z = (xz)y, x(yz) = y(xz) ([17,18]).

Obviously, both commutative algebras and associative algebras are weakly associative.

Example 2.1. Let (G,-) be an algebra. Define [x,y] = xy — yx. If (G,-) is weakly associative or
semi-commutative, then (G, [-,-]) is a Lie algebra.
In fact, if (G, -) is weakly associative, then,

[x, [y, 211 + [y, [z, x]] + [z, [x, y1]
=x(yz) — x(zy) — (y2)x + (2y)x + y(zx) — y(xz) — (zx)y + (x2)y + z(xy) — 2(yx) — (x¥)z + (yx)z
=[—(xy)z + x(yz2) — (y2)x + y(zx) + (x)z — y(x2)] + [(x2)y — x(2y) + (2y)x — 2(yx) — (2X)y + 2(xy)]
== (2 -0, +0,x52+ (2 + (%) - (z,xYy) =0.

Otherwise, if (G, -) is semi-commutative, then,

[x, [y, z]] + [, [z, x]] + [z, [x, y]]
=x(yz) — x(zy) — (y2)x + (z9)x + y(zx) — y(xz) — (2x)y + (x2)y + 2(xy) — z(yx) — (xy)z + (yX)z
=0.

Example 2.2. Let (G, -) be an algebra. Define [x,y] = xy — yx. Since
[x, yz] =[x, ylz + ylx, 2] = x(y2) = (2)x = ()2 + (Y0)z = y(x2) + y(2%) = =(x, 3, 2) = (1, 2, X) + (¥, X, 2),

it can be inferred from Example 2.1 that (G, -, [-,-]) is a Poisson algebra if and only if (G, -) is weakly
associative.
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Example 2.3. Let (G, ") be a symmetric Leibniz algebra. Denote [x,y] = x-y —y - x. Then direct
verification shows that (G, -, [+, ]) is a Poisson algebra.

Example 2.4. Let (G, -) be a shift associative and bicommutative algebra. Then for all x,y,z € G, we
have

(x’y7z) + (y’Za X) - (y,X,Z)
=(xy)z — x(yz) + (y2)x — y(zx) — (yx)z + y(xz)
=y(zx) — y(xz) + (yx)z — y(2x) — (yx0)z + y(x2)
=0.

Thus, (G, -) is weakly associative. Hence, (G, -, [, -]) is a Poisson algebra.

Similar to anti-commutative algebras, we give the definition of anti-semi-commutative algebras.

Definition 2.5. Let (G, ") be an algebra. If (x-y)-z=-(-x)-zandz-(y-x) = —z-(x-y) for all
x,v,z € G, then (G, ") is called anti-semi-commutative.

Example 2.5. Let (G,-) be a shift associative algebra. Denote [x,y] = xy — yx. If (G,-) is semi-
commutative or anti-semi-commutative, then

(xy)z = 8(yx)z = 6x(zy) = 6°x(yz) = x(y2), Yx,y,z € G,

where 6 = 1. Thus, (G, -, [-,]) is an associative Poisson algebra.

Recall that an algebra (G, ) is called Novikov if (x,y,z) = (y,x,z) and (x - y) -z = (x - z) - y for
all x,y,z € G; The triple (L, -, [+, -]) is called a (L, %, [+, -]) if (L, %) is a commutative associative algebra
(L, [-,-]) 1s a Lie algebra that satisfies 2x - [y,z] = [x-y,z] + [y, x - z] forall x,y,z € L [4].

Example 2.6. Let (G, ) be an anti-semi-commutative algebra. Define x oy = xy + yx. Then we have
the following statements:

(1) (G, o) is a commutative associative algebra;
(2) (G, o) is a Nivikov algebra.

Proof. Obviously
x(yoz) =x(yz+2zy) = x(yz) + x(zy) = 0.
Similarly, (x o y)z = 0. Thus,

xo(yoz)=x(yoz)+(yozx=0,

(xoy)oz=(xoy)z+z(xoy) =0,
and therefore
(x,y,2) = (xoy)oz—xo(yoz)=0.
Hence, both (1) and (2) hold. O
Example 2.7. Let (L, -, [-,-]) be a Poisson algebra. Define xoy = xy + yx and x*y = xy — yx. Then we
have the following statements.

(1) If x[y, z] = [x, ]z, then 2x * [y,z] = [x *y,z] + [y, x*z], x,y,2 € L;
(2) If x[y,z] = —=[x,y]z, then 2x o [y,z] = [xoy,z] + [y,x0z], x,y,z € L.
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Proof. (1)
[x*y,z] + [y, x*2]
=[xy —yx, z] + [y, xz — zx]
=xly, z] + [x, zly — [y, zlx = y[x, 2] + [y, xlz + x[y, 2] = [y, z]lx — z[y, x]
=2(xly, z] = [y, z]x) + (=[z, x]y + z[x, y]) + ([y, x]z — y[x, z])
=2x * [y, z].
(2)

[xoy,z]+[y,xoZ]
=[xy + yx, z] + [y, xz + zx]
=x[y,z] + [x, 2]y + [y, 2lx + y[x, 2] + [y, Xz + x[y, z] + [y, z]x + z[y, x]
=2(x[y, z] + [y, z]0) + (=lz, xly — zlx, y]) + ([y, x]z + y[x, z])
=2xo0[y,z].

From the above two examples, we have the following example.

Example 2.8. Let (L,-, [, ]) be a Poisson algebra. Define x oy = xy + yx. Assume (L, -) is anti-semi-
commutative, then we have the following statements.

(1) If x[y,z] = [x, Y]z, then (L, o,[-,-]) is a commutative associative Poisson algebra;

(2) If x|y, z] = —[x,ylz, then (L,o,[-,-]) is a transposed Poisson algebra.

The ideas of the following two examples come from references [4] and [19], respectively.

Example 2.9. If 2-dimensional Lie algebra (L, [-,-]) is non-abelian, then there exists a basis {e}, e}
such that (e}, e;] = e,. A straightforward computation shows that a bilinear operation *“-” on L satisfies
(2.1) if and only if there exist a, b € F such that

e1-e1=(a+b)e, e;-ex =ae,y, er-e; =bey, e,-¢, =0.

Furthermore, these Poisson algebras are mutually non-isomorphic. It is easy to know that the
Poisson algebra (L,-,[-,-]) is associative if and only if ab = 0, and the Poisson algebra (L,-,[-,"])
is commutative if and only if a = b. Therefore, any commutative and associative Poisson structure
on 2-dimensional non-abelian Lie algebra is trivial.

Let (A, -) be an algebra. Recall that the centroid of A is the linear space I'(A) of linear maps ¢ : A —
A such that

xX-p(y) =@x-y) =@x) -y, x,y€A.

Example 2.10. (/) Let (L, [-,]) be a Lie algebra. Then I'(L) is the linear space of linear maps ¢ : L —
L such that

[x, ()] = @([x,y]) = [¢(x),y], x,y € L.

For any ¢ € I'(L), define
x-y=[x,0()], x,y € L.
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Then, for all x,y,z € L we have

[x,y-zl=[x, [y, o@11=[[x, y], (2] + [y, [x, (1] =[x, ¥], e(2D) 1+ [y, e([x, zD] =[x, y] - z+y - [x, z].

Thus, (L,-,[-,-]) is a Poisson algebra.
(2) Suppose (L, ) is an associative algebra. For any ¢ € I'(L), define

xxy=x-@y),[xyl=x-y-y-x xy€L

Then “x” is a Poisson structure on Lie algebra (L, [-,-]). Moreover, by Lemma 2.3 in [19], (L, *,[-,-])
is an associative Poisson algebra.

The following three lemmas, which will be used later, are easy to obtain.

Lemma 2.1. The (k + 1) X (k + 1) matrix that is commutative with ), E;;_ is of the form

3<i<k+1

a be
( de, A, ), (2.2)
where a,b,d € F and a € F~.
Lemma 2.2. Suppose (L,[-,-]) is a Lie algebra equipped with a bilinear operation “ -, L, : y

z-v,¥y,z€ L. Then (L,-,[-,"]) is a Poisson algebra if and only if
ad,L, — Lyad, = L;,,;, x,y€ L. (2.3)

Lemma 2.3. Suppose ““ - is a Poisson structure on Lie algebra (L,[-,-]), L, : y ¥ z -y is the left
multiplication. Then

(1) (L,-,[-,-]) is commutative if and only if L,(y) = L,(x), Vx,y € L;

(2) (L,-,[-,-]) is associative if and only if L., = L(L,, Vx,y € L.

3. Poisson structures on L,

In this section, we will discuss the (commutative or associative) Poisson structures on the filiform
Lie algebra L,. First, we give a result about the inner derivations of L,.

Lemma 3.1. The matrix of the inner derivation ad,, of the Lie algebra L, is

> Evx =0,
() 2<k<n
BY =1 -E), 0<i<n, G.D
0, i=n.

Next, we use the result to investigate the Poisson structures on L,.

Theorem 3.1. Suppose the filiform Lie algebra (L,,[-,]) is equipped with a bilinear operation * - .
Then (L,,-, [, -]) is a Poisson algebra if and only if
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Xo * Xo = axg + dx,,

Xo X1 = bxp + Z bixi,

1<k<n

Xo * X = Z biis1xr, 2<i<n,

i<k<n
X1+ Xo = CXo + ax; + px, — Z bixy,
1<k<n—1
x1 - x1 = (¢ + b)x; + gx,,
X1 xp=cx;, 2<i<n,

X;+ Xo = ax; — E bi_ivixy, 2<i<n,

i<k<n

xi-x1:bxi, 2<l<n,

where a,b,c,d, p,q,bi,--- ,b, € F and all vanished products x; - x;j are zero.

(3.2)

Proof. For any z € L,, let L, : y + z-y,¥y € L, Denote the matrix of L, by AV =
(A(’),A(l’),--- LAY, 0 < i < n. Then, by Lemmas 2.2 and 3.1, (L,, -, [-,-]) is a Poisson algebra if

and only if the following identities hold:

AOBD _ BOAO = AGD ) <i<n—1,

If (L,,-,[,-]) is a Poisson algebra, by (3.6) and Lemma 2.1 we may assume

o _[ a be
A _(den Ay )’

where a,b,d, € F, a = (by,--- ,b,) € F". Then by (3.3) we have

AV = aEi1,1 + DEiy 1 — Z bi1Ep1y, 2<i<n.

i<k<n

Suppose
dpo djp Azo " Qpo
dor djr dzr -+ A
AD =| appy apn axn -+ ap
app, Adip Az c - App

(3.3)

(3.4)
(3.5)
(3.6)
(3.7)

(3.8)

(3.9)
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Then taking i = 1 in (3.4), by A® in (3.9) we obtain

t
AD — aoo ae; |
( aey + (ap, + by)e, —a Ag—D |’ (3.10)

where
B =(ai,ap, - aaln)t’ D = diag(0,b,b,--- ,b).
Taking i = j = 11in (3.5), by (3.1) and (3.10) we obtain

aw=0,an=ap+b, ap=ai3=--=a,-1 =0. (3.11)

Denote ayy = ¢, aop, = p, a1, = q. Then by (3.10) and (3.11) we have

AD = ¢ . 12
( ae; +(p+bye,—a cl+DbE +qE, (3.12)

Conversely, if we have (3.8), (3.9), and (3.12), then it is easy to verify that (3.3)—(3.7) hold. Thus,
(L,, -, [+,-]) 1s a Poisson algebra. O

Now let us discuss the case that the Poisson algebra structures on (L, [+, -]) is commutative (resp.
associative).

3 2

Corollary 3.1. Suppose the filiform Lie algebra (L, [-, ")) is equipped with a bilinear operation * - .
Then (L, -, [-,-]) is a commutative Poisson algebra if and only if

Xo * X0 = 2axy + dx,,
X0+ X| = X1+ Xo = bxo + axy + px,,
Xo X, = Xj-Xp=ax;, 2<i<n, (3.13)

X1 - X1 = 2bx; + gx,,

X1X; =X X1 :bxl‘, 2<l<n,
where a,b,d, p,q € F and all vanished products x; o x; are zero.

Proof. We still use the symbols in the proof of Theorem 3.1.
If (L, [-,-]) is a commutative Poisson algebra, then by Theorem 3.1 we have (3.8), (3.9), and
(3.12). Using (1) of Lemma 2.3, we have A\ = A'”’. Thus, by (3.2) we obtain

c=b,a=2by,bp=---=b,., =0, b, =p.
Hence, by (3.8), (3.9), and (3.12), we have

2b; b b
0 b by 2b
0 0 b 0 0 b
A0 0 0 0 b A= 0O 0 0 b , (3.14)
0 0 by 0 0 b
d p O 0 b p qg O 0 b
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0 0
0 0 0 0
by b Do
AP Ol 0 e, A= 0 O , (3.15)
. . bl b
0 0

where the last n — 1 columns of A? are all 0, 2 < i < n.

Conversely, if all A?) are of the form (3.14) and (3.15), then it is easy to see that Agj) = A;i), 0<i,
J < n. By the bilinearity of -, “-” satisfies the commutative law. Note that Theorem 3.1, (L, -, [+, -])
i1s a commutative Poisson algebra. O

13 2

Corollary 3.2. Suppose the filiform Lie algebra (L,,[-,-]) is equipped with a bilinear operation * - .
Then (L,,-,[-,-]) is an associative Poisson algebra if and only if *“ - ” is in one of the following five
cases:

(1) xo-x;=ax;, x;-xi=bx;, 0<i<n, acF,beF,
(2) x;- xo=ax;, x;-x;=bx;, 0<i<n, aeF,beF,
(3) xo - x; = ax;, x1-x;1 =bx,, 0<i<n, acF,belF;
(4) x; - xo = ax;, x1-x; =bx,, 0<i<n, aeF,beF;
(5) xo-xo =axy, xo-x;= X brx, [ <i<n-—1,
i+1<k<n
X1 X =bxp, X1 Xo=cxy— X bixpy,
2<k<n—1
Xi*Xo = — Z bk—i+1xk7 a’bacab27b3,”'abn€F92<l<n_1;

i+1<k<n
where all vanished products x; - x; in the above five cases are zero.

Proof. We still use the symbols in the proof of Theorem 3.1.
If (L,, -, [, -]) is an associative Poisson algebra, then by Theorem 3.1 we have (3.8), (3.9), and (3.12).
Using (2) of Lemma 2.3 and the bilinearity of ““ -, (L,, -, [, -]) 1s associative if and only if

Lyy =LyLy,, 0<i,j<n. (3.16)

Taking i = j = 1 in (3.16), we have (c + b)AD + gA®™ = ADAD  Using (3.8), (3.9), and (3.12), we
obtain

ch =0, (3.17)

ca = cby, (3.18)
¢hi=bb; =0, 2<i<n-1, (3.19)
cp=cq=bp=bg=0. (3.20)

Similarly, taking i = j = 0 in (3.16), we have aA¥ + dA®™ = AQA© and therefore we obtain

bb; =0, (3.21)
ab, = b7, (3.22)
(a—2by)d = (a—2b))b, = 0. (3.23)
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Taking i =0 and j = 11in (3.16), we have
bd = cd = cb, = bb, = 0. (3.24)

Case 1. c # 0.
By (3.17)—(3.20) and (3.24) we have

a=b,b=d=p=q=b,=0,2<i<n.

Thus,
A =al, AY =cl, A =0, 2<i<n, (3.25)

where a € F and ¢ € F*.
Case2.b # 0.
By (3.17), (3.19)—(3.21) and (3.24) we have

c=d=p=q=b;=0,1<i<n.

Thus,
A(i) = aEHLl + bEH.]’z, 0<i<n, (326)
where a € F and b € F*.
Case3.b=c=0.
Now, by (3.8), (3.9), and (3.12), we have
o_[ @ M _ 0
A= ( den A(l ), A= ( aey + (P + bn)en - qEnl ’ (327)
AY = aE;,, - Z bi-1Es11, 2<i<n, (3.28)

i<k<n

where a,d, p,q € B, @ = (by,by,--- ,b,)" € F" which satisfy (3.22) and (3.23). Takingi =1 and j =0
in (3.16), we have

(a - bl)A(l) _ bzA(Z) _ b3A(3) . — bn_lA(n—l) + pA(n) = ADAO

Then using (3.27) and (3.28), we obtain

n+1

bi=(a-2b))bj=(@-2b)p=0,2<i<s, s+l<j<n-1,5s=][ 1. (3.29)

Subcase 3.1. b; # 0.
Then by (3.22) we have a = by, and therefore a — 2b; = —b; # 0. Thus, it follows from (3.23) and
(3.29)that p=d =b; =0, s+ 1 < j < n. Hence,

AQ =al, AV =gE,. 5, AV =0, 1<i<n, (3.30)

where g € Fand a € F*.
Subcase 3.2. by =0 and a # 0.
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It follows from (3.23) and (3.29) that p =d = b; = 0, s + 1 < j < n. Hence,

A® =qaE;, AV = aEy + qEu10, AV = aEi, 2<i<n, (3.3
where g € F and a € F*.
Subcase 3.3. by =a = 0.
By (3.8), (3.9), and (3.12), we obtain
0 0
O _ M _
A (den A, ) 4 (pen—7 qEn ) (3-32)
a0 - 9 2<i<n (3.33)
_Jt—l,y 10) ’ ’
where d, p,g e Fandr = (0,---,0,b4,1,--- ,b,) € F".
Conversely, if “-” is in one of five cases in Corollary 3.2, then it is easy to verify that (3.16) holds,
and therefore (L, -, [+, -]) is an associative Poisson algebra. O

Using Corollaries 3.1 and 3.2, the next result is obvious.

3 2

Corollary 3.3. Suppose

Xo * Xo = AX,,
Xo* X1 = X1 Xo = bx,,
X1 X1 = CXy,

xi-xj:(),i>10rj>1.

4. Poisson structures on 0,,,

is a bilinear multiplication in Lie algebra (L,, [-,-]). Then (L,,-,[-,-]) is a
commutative and associative Poisson algebra if and only if there exist a, b, ¢ € F such that

Similarly, we also first give a result about the inner derivations of the filiform Lie algebra Q,,,. Next,

we use the result to investigate the Poisson structures on Q,,,.

Lemma 4.1. The matrix of the inner derivation ad,, of the Lie algebra Q»,, is

2 Enige i=1,
@ _ | 2<k<am- .
¢ = —Eiy + DT Eypomer—in 1 <i<2m,
0, i =2m.

4.1)

3 2

Theorem 4.1. Suppose the filiform Lie algebra (Qan, [+, ]) is equipped with a bilinear operator - .

Then (Qyp, -, [+, ]) is a Poisson algebra if and only if
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X1+ X1 = axy + dxo,,

X1 Xy = bx1 + b2X2 + bzm_].me_] + bszQm,

X1+ X3 = byx3 + by Xom,

XX = byx;, 4<i<2m,

Xy X1 = cxy + (a —by)xy — boy_1 X1 + PXom,

Xy - X = (¢ + b)x2 + gxom, 4.2)
Xy Xy =CXg, 3< k< 2m,

X3+ X1 = (a—by)x3 — byy_1 X0,

X3+ Xy = b)C3 + me—l-mea

xi-x1=(@—-byx;, 4<i<2m,

X;j- X%y = bx;, 4<i<2m,
where a,b,c,d, p,q, by, byy_1, by, € F and all vanished products x; - x; are zero.

Proof. For any z € Qyp, let L, : y & z-y,¥y € Oy, Denote the matrix of L, by AV =
AP, AD ... AD) 1 < i < 2m. Then, by Lemmas 2.2 and 4.1, (Qs,,-[-,-]) is a Poisson algebra
if and only if the following identities hold

ADCO — COAD = ATD 2 <ig2m -1, (4.3)

CPVAY —APCH =A™V 2 <i<2m -1, (4.4)
CUACMIZD — ACm=DCW) = (AR 2 < j<2m -1, (4.5)
CPAY = AVCY, 2<i,j<2m and i+ j+2m+1, (4.6)
COAD = gD, 4.7)

CHA@m _ pCm) () (4.8)

By Lemma 2.1 and (4.7) we may assume

O _ a  be|
A= ( deZm—l Aa )’ (49)

where a,b,d, € F, @ = (by,- -, bay) € F¥" 1. Then, using (4.3) and by Lemma 4.1, we get

AV = aE; + bE;, _Zbk—HZEkl + (_1)i+12bkE2m,2m+4—i—k, 3<i<2Zm-1, (4.10)
i<k<2m 3<k<2m+2-i
AP = (a — by)Eyp1 + bEyy,. 4.11)

Suppose A® = (a;i)amxam- Then taking i = 2 in (4.4), by A® in (4.10) we get

AD o el 4.12
— | aei + (aiom + bap)esmr —a Ag—D— 3, bypor By | (4.12)
i<k<2m
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where
B = (an,ax, - ,ayom), D= diag(0,b,b,--- ,b).

Taking i = j = 21in (4.6), by (4.12) and Lemma 4.1 we get
ay =0, ap=ay +b, a3 =axy =+ =aym =0, (4.13)
Similarly, for any 3 < k < 2m — 2, taking i = k and j = 2 in (4.6), we have
boms1-k = 0. (4.14)

Denote a; = ¢,a12m = p, @22m = q. Then by (4.9)—(4.14) we have

M _ a be|
A ( des A, ), 4.15)
(0]
AD = ( ¢ ) 4.16
(a—by)e; — byy_169m— + peyu_i ¢l +DE + gEy,_; (4.16)
A® = (a — by)E3; + bE3; + by 1(Expy — Eap), (4.17)
AW = (a - by)Ey + bE, 4 <k <2m, (4.18)

where a,b,c,d, p,qg € Fandy = (b5,0,- -0, b1, ba) € F*!. Thus we have (4.2).
Conversely, if we have (4.2), then it is easy to verify that (4.3)—(4.8) hold, and therefore (Q»,, -, [, -])
is a Poisson algebra. O

Now, using Theorem 4.1, we characterize the commutative (resp. associative) Poisson structures on

Q2m-
(13 2

Corollary 4.1. Suppose the filiform Lie algebra (Qa,, [+, -]) is equipped with a bilinear operator *“ - .
Then (Qyp, -, [+, 1) is a commutative Poisson algebra if and only if

X1 - x1 = 2ax; +dx,,
X1 X2 = X3+ X1 = bx; +ax; + pxyy,
X X=X X =ax;, 3<1<2m, 4.19)

X2+ Xy = 2b)C2 + gXom,

Xp X, =Xx;-x1 =bx;, 2<i<2m,
where a, b, p, q € F and all vanished products x; - x; are zero.

Proof. We still use the symbols in the proof of Theorem 4.1.
If (Qom, -5 [, *]) 1s a Poisson algebra, then by Theorem 4.1 we have (4.15)—(4.18). In this case, by (1)
of Lemma 2.3, (Qa, -, [, -]) 1s commutative if and only if

AP =AY, 1<, j<2m. (4.20)
Taking i = 1 and j = 2 in (4.20) and by (4.15)—(4.18) we get

c=b, a=2by, byy-1 =0,by, =p
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Hence,
2b be'

AWM = ( 2 ! ) 4.21
deyn-1 bal + pEy, 1, *21)

b 0
A® = 4.22
( byey + peyu1 DI+ DEy + qEyn 1 )’ (4.22)
AP = byEy + bE3, + bym-1(Eam2 — Eam,1), (4.23)
AW = byEyy + bEj, 4 <k <2m. (4.24)
Conversely, if all A? are of the form (4.21)—(4.24), then it is easy to see that Agj) = A;i), 1 <1,
J < 2m. By the bilinearity of “ -, . ” satisfies the commutative law. Note that Theorem 4.1,
(Qams +» [+, -]) 1s a commutative Poisson algebra. O

3 2

Corollary 4.2. Suppose the filiform Lie algebra (Qa, [+, ]) is equipped with a bilinear operator *“ - .
Then (Qam, [+, ]) is an associative Poisson algebra if and only if “ - is in one of the following five
cases:
(1) x; - x; =ax;, xo-x;=cx;, 1 <i<
(2) x;-x; =ax;, x;-x=bx;, 1 <i<
(3) x1-x;=ax;, 1 <i<2m, aeF,
(4) x; - x; =ax;, 1 <i<2m, aeF,
(5) x1 - x1 =dx,, X1 X2 = by 1Xom-1 + DoyXoy, X1+ X2 = Dy 1 Xom,
Xy + X1 = —byn-1Xom-1 + PXogs X2 * X2 = qXom,
X3+ X = =X3° X2 = —boy_1Xop, d,p,q,brn-1,b2y €F,
where all vanished products x; - x; in the above five cases are zero.

2m, a € F,c € F*;
1m, a € F,b € F*;

Proof. We still use the symbols in the proof of Theorem 4.1.
If (Qam,-,[+,-]) is a Poisson algebra, then by Theorem 4.1 we have (4.15)-(4.18). By (2) of
Lemma 2.3, (Qom, -, [, *]) 1s associative if and only if

Ly = LyLy, 1<i,j<2m. (4.25)

Taking i = j = 1 in (4.25), we have aA""V + dA®™ = ADAD  Using (4.15) and (4.18), we obtain

bb, = 0, (4.26)
ab, = b3, (4.27)
ad = byd = ab; = byb; = 0, 2m — 1 < i < 2m. (4.28)

Similarly, taking i = j = 2 in (4.25), we have (a; + b)A® + gA®™ = AP AP and therefore we get

cb =0, 4.29)
(a—Dby)c =0, (4.30)
cbyy—1 = bbyy,—1 =cp =cq=bp =bg=0. 4.31)

Taking i = 1 and j = 2 in (4.25) and using (4.29), we have
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cd = bd = cby,, = bb,,, = 0. (4.32)
Taking i = 2 and j = 1 in (4.25) and using (4.27), we have

ap = byp = aq = b,q = 0. (4.33)

Case 1. c # 0.
By (4.29)—(4.32) we have

a=by,,b=d=p=q=0b;=0,i=2m-1,2m.
Thus,
AV =al, AP =cI, AV =0, 3<i<2m,

where a € F and ¢ € F*.
Case2.b # 0.
By (4.26), (4.27), (4.29), (4.31), and (4.32), we have

b=c=d=p=q=b;=0,i=2,2m—-1,2m.
Thus,
A(k) =aFEy +bEk2, 0<i<n,

where a € F and b € F*.
Case3.b=c=0.
Subcase 3.1. b, = 0.

By (4.27), (4.28), and (4.33), we have

a=b,,d=p=q=b;=0,i=2m-1,2m.

Thus,
AV =qal, AV =0, 2<i<2m,

where a € F*.
Subcase 3.2. b, =0 and a # 0.
It follows from (4.28) and (4.33)that p =g=d =b; =0, i = 2m — 1, 2m. Thus,

AY = qE;, 1<i<2m,

where g € Fand a € F*.
Subcase 3.3. b, =a = 0.
By (4.15)—(4.18) we obtain

AW = dEy,; + by 1(Eyn-12 + Ezp3) + bynEopa,

2
A( ) = _b2m—1E2m—1,1 + pE2m,l + qEZm,Za

A® = by 1 Eyny + bom-1Eoma, AV = 0, 4 <i<2m,
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where d, by,,_1, ba, p,q € F.

To sum up, an associative Poisson algebra structure “ - on (Qy, [+, -]) is of the form in the five
cases in Corollary.

Conversely, if “ - 7 is in one of five cases in Corollary, then it is easy to verify that (4.25) holds.
By the bilinearity of “ -, “ - ” satisfies the associative law. Note that Theorem 4.1, (O, -, [+, -]) 1S an
associative Poisson algebra. O

Naturally, we also have the following result.

13

Corollary 4.3. Suppose ”is a bilinear binary multiplication in Lie algebra (Qyn,[-,]). Then
(Qams > [+ °]) is a commutative and associative Poisson algebra if and only if there exist a,b,c € F

such that
X1 X1 = AXop,

X)Xy = X2+ X1 = bxyy,
X2 - X2 = CXop,

X,"Xj:O, I> 101"j> 1,
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