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Lie antialgebras

V. Ovsienko

Hatre

Abstract

We introduce a new class of algebras that we call Lie antialgebras. The subject is situated
in between commutative algebra, symplectic/contact geometry and Lie superalgebra theory.
We define the odd Lie-Poisson structure on the space dual to a Lie antialgebra and study
the notion of central extensions. We classify simple finite-dimensional Lie antialgebras.
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1 Introduction

We call antialgebra a Zs-graded vector space a = ap @ a; with an odd product, that is a
bilinear map from a ® a to a changing the parity: if a € a; and b € a; with ¢,j € {0,1|mod2},
then a - b € a;1;41. Such structures are well-known and often appear in the context of Poisson
geometry. One example is the Buttin bracket (or the “Poisson antibracket”), see, e.g., [[l, [[3, [[4].
Another one is the usual Schouten bracket on the space of skew-symmetric contravariant tensors
in the Batalin-Vilkovisky formalism, see [[[J] for a survey. All these notions are related to graded
Lie superalgebras.
We introduce a new class of antialgebras.

Definition 1.1. An antialgebra a is called a Lie antialgebra if its product, denoted by |, [:
a® a— a, is skew-symmetric:

Jo,yl= —(=1)P@PW ]y o], (1.1)
where p is the parity function, and satisfies the following properties.

1. The odd part a; is a commutative associative algebra, i.e., one has

Jeu, 131 = N, B[, 71 (1.2)
for all «, 3,7 € a;.
2. The map |, [: a1 ® ap — ap satisfies the relation
1
Ja 16, al[ =16, e al[ = 5 ]]ov, B[ , a] (1.3)

for all o, 8 € a1 and a € ag. In other words, the map p : a; — End(ag) defined by
pa(a) :=2]a, af
is an action of the commutative algebra a; on ag:
Pa© Pg = P3° Pa = Pla,gl

The skew-symmetric map |, [: ap ® ap — a; satisfies

3. the Leibniz identity:
Jev, b, e[l = Jev, B[, e[ +]b, Jv, ][ (1.4)

for all @ € a; and b, ¢ € ap.
4. the Jacobi-type identity:
Ja,]b, c[[ +]b,]e, al[ +]¢,]a, b[[= 0 (1.5)

for all a,b,c € ag.



A Lie antialgebra is, therefore, nothing but a commutative associative algebra ay, together
with an aj;-module ag, equipped with a skew-symmetric bilinear form with coefficients in a;.
This bilinear form has to satisfy two extra conditions, namely ([.4) and ([.J). The situation
can, of course, be considered purely from the commutative algebra viewpoint. The main purpose
of this paper is to show, however, that the notion of Lie antialgebra has a strong similarity with
Lie algebras (and Lie superalgebras). This suggests another, “Lie algebraic” approach. We make
first steps in this direction.

The notion of Lie antialgebra seems to be non-equivalent to any known algebraic structure.
In particular, the usual parity-inverting functor

II:a0®a; — a1 Dag

transforming an antialgebra structure to a usual algebra (which is non-associative with additional
properties) does not make much sense here. The reason is as follows. The Lie superalgebra “of
symmetry”, g = Der(a), acts on a and preserves the algebraic structure. The condition of
gq-invariance is, of course, understood in the graded sense:

02 ]a, b = (=1)P@) Jgpa, b + (—1)P@+P@) 1g o b, (1.6)

where x € g4, a,b € a, 0: g — End(a) is the action and p is the parity function. The sign rule
in ([.G) is due to the fact that |-, [ is an odd operation. The functor II then has no ge-invariant
meaning. This notion of algebra of symmetry is important since it often allows to characterize
the initial Lie antialgebra a as the unique Lie antialgebra preserved by the gq-action.

The origin of Lie antialgebras is related to symplectic geometry. The first examples come
from the standard symplectic Zs-graded space (over K = R or C) of dimension 2|1. It turns out
that there is an odd bivector A which is preserved by the Lie supergroup of linear orthosymplectic
transformations!. In this way we obtain our first example of a 2|1-dimensional Lie antialgebra
that we denote by asl(2,K). The Lie antialgebra asl(2,K) simple, that is, it contains no non-
trivial ideal.

Already this first example provides as many examples of Lie antialgebras as of commutative
ones. Since the tensor product of a Lie antialgebra with an arbitrary commutative algebra € is
again a Lie antialgebra, one defines

asl(2,€¢) = € ®k asl(2,K).

The odd part of this Lie antialgebra is € and the even part is € ® €. If, furthermore, € is a field
(e.g., of rational functions on an algebraic manifold, or Laurent series, etc.) then asl(2,€) is a
simple infinite-dimensional Lie antialgebra.

The same odd bivector A on R2! defines an antibracket on the space of homogeneous func-
tions and leads to a very interesting simple infinite-dimensional Lie antialgebra that we call the
conformal Lie antialgebra and denote A/C(1). This is a conformal version of asl(2,R). This Lie
antialgebra is closely related to the well-known conformal Lie superalgebra K(1), also known as
the (centerless) Neveu-Schwarz algebra; we show that /C(1) is the algebra of symmetry:

K(1) = Der(AK(1)).

!The bivector A was introduced in [H])



The odd part of the conformal Lie antialgebra is the algebra of Laurent polynomials in one
variable:

K1) = K[t, t71],

or Laurent series according to the choice of topology.

It is natural to consider a similar problem for the symplectic space of any dimension n|m.
However, in this case, the situation is more complicated: there is no odd bivector preserved by
the supergroup of linear symplectic transformations. We consider the space R*? equipped with
a pair of linear symplectic structures. There exists an odd bivector preserved by the supergroup
of linear “bi-symplectic” transformations. This 4|2-dimensional odd invariant bivector is related
to asl(2,C), the conformal version is AK(1)c. The algebra of conformal symmetry is the Lie
superalgebra K(1)c. We conjecture that, in the multi-dimensional case, Lie superalgebras are
always related to milti-Hamiltonian structures.

Let us mention that Lie antialgebras are related not only to symplectic geometry but also
to contact geometry. In the natural case where the commutative subalgebra a; contains the
unit element ¢, its action is given by the Euler vector field, the generator of homotheties. This
defines a natural projection

RZn\m \ {0} N RPQn—Hm

from the symplectic vector space to the contact projective space. Amazingly, Lie antialgebras
are represented by vector fields tangent to the contact distribution, whereas the corresponding
symmetry algebras are represented by contact vector fields.

The results of this paper are as follows.

A. We classify finite-dimensional simple Lie antialgebras. It turns out that asl(2,C) is the
only complex simple finite-dimensional Lie antialgebra; in the real case, there are two simple
finite-dimensional Lie antialgebras: asl(2,RR) and asl(2,C) viewed as a 4|2-dimensional real Lie
antialgebra.

We also classify Lie antialgebras of rank 1. This, in particular, provides a number of examples
of Lie antialgebras other than simple ones.

B. We introduce the conformal Lie antialgebra AK(1) and define its representation by vec-
tor fields on R tangent to the contact distribution. The complexified version AK(1)¢ (and
asl(2,C)) is described in terms of bi-Hamiltonian formalism.

C. We also consider a few very simple ingredients of the general theory. We introduce the no-
tions of representation and module over a Lie antialgebra. We define the canonical odd bivector
on the dual space a* of an arbitrary Lie antialgebra a. This bivector is an analog of the classical
Poisson-Lie-Berezin-Kirillov-Kostant-Souriau structure on the dual of a Lie (super)algebra, and
this is the way Lie antialgebras are related to symplectic and contact geometry. We define the
notion of symmetry superalgebra and conformal symmetry superalgebra and relate the context
to multi-Hamiltonian formalism. We also introduce the notions of central extension of a Lie
antialgebra. We prove that existence of the unit element € € a; implies that the Lie antialgebra
a has no non-trivial central extension.

In the end of this paper, we formulate a number of open problems and suggest some further
developments.



2 Simple Lie antialgebras

We call a Lie antialgebra a simple if it contains no ideal except for the trivial one and a itself.
It turns out that the classification of finite-dimensional simple Lie antialgebras is similar to that
of commutative algebras.

Theorem 1. (i) There exists a unique finite-dimensional complex simple Lie antialgebra.
(ii) There are two finite-dimensional simple Lie antialgebras over R.

Recall that the only simple finite-dimensional commutative algebras over R are R and C = R+<R.
In the complex case there is only C itself.

In this section, we construct the simple Lie antialgebras build on R and C as the odd parts.
We also calculate the corresponding Lie superalgebras of symmetry. The proof of the uniqueness
part of Theorem [] is postponed to Section p.1].

2.1 Introducing asl(2) and the odd bivector

Our first example of a Lie antialgebra is a simple Lie antialgebra of dimension 2|1. The ground
field in this section is K = C or R.

Definition 2.1. The basis of asl(2,K) is denoted by {a,b;e} and the relations between the
elements of the basis are as follows:

b, le;e[ =« (2.1)

[N

]a,b[:%a, ]a,a[:%a, le,b] =

It is easy to check that the conditions 1-4 of Definition [[.]] are satisfied. The Lie antialgebra
asl(2,K) is obviously simple.

The origin of the defined structure is related to 2|1-dimensional linear symplectic geometry.
Consider the vector space K2 equipped with the standard symplectic form

1
u):dp/\dq—i—§d7'/\d7'7 (2.2)

where p and ¢ are the usual even coordinates on K? and 7 is the formal Grassmann variable
so that 72 = 0. An equivalent way to define the above symplectic structure is to introduce the
Poisson bivector on K2/1:

0 o 190 0

Pza—p/\a—q—FaE/\E. (2.3)

which is inverse to the symplectic form: P = w™!.

The Lie superalgebra osp(1]2) is defined as the of linear transformations preserving the
symplectic structure. The bivector (2.d) is the unique (up to a multiplicative constant) even
bivector invariant with respect to the action of osp(1]2).

It turns out that there exists another, odd, osp(1]2)-invariant bivector on K2/,

Proposition 2.2. There exists a unique (up to a multiplicative constant) odd bivector invariant
with respect to the action of osp(1/2):

0 0 0
A= — — N — 2.4
BT/\€+T3p/\6q’ (2.4)



where

e—p2 .,9_ .9
P "¢ T T or

is the Fuler field.
Proof. The osp(1]2)-invariance of A is a very easy check. Note that in the next section we will

prove a much stronger statement see Theorem E
Let us prove the uniqueness. An arbitrary odd bivector on K2/! is given by

0 0 0
A=—NA F—AN—
37'/\ + 7 8p/\8q’

where A is an even vector field and F' is an even function. Let X be an even vector field, one
has

0 o 0 o 0
LxA=—AN[XA X(F)=—N— FLx|=—N—=—].
XA = g A A+ X o L ()

If, furthermore, X € osp(1|2), then it preserves the even part 8% A 8% of the Poisson bivector.
The condition LxA = 0 then implies:

[X,A] =0 and X(F)=0.

The even part of osp(1]2) is just the Lie algebra sl(2,K) generated by the Hamiltonian
vector fields with quadratic Hamiltonians (p?, pq, ¢?). It is easy to see that an even vector field
A commuting with any even element of osp(1/|2) is of the form

0
A=car—+aFE,
or
where ¢; and ¢y are arbitrary constants and

0 0
E=p— —.
An even function killed by all even elements of osp(1]2) is constant: F' = cs.
The odd part of osp(1]2) is spanned by the following two vector fields:
0 0 0

Xrg=—T4+

0
X,p =17 — ey

0q ar’
Applying to A any of the above odd elements of osp(1]2), one immediately gets ¢; = co = ¢3. O

The relation of the bivector A to the Lie antialgebra asl(2,K) is as follows. Any bivector
defines an algebraic structure on the space of functions. Consider the bracket associated with
the bivector (2.4):

1
|F,G[ = 3 (A, dF A dG), (2.5)
where F and G are arbitrary functions on K21, that is, F = Fo(p,q) + 7 F1(p, q).

Lemma 2.3. The space of linear functions on K21Y equipped with the bracket @-3) is a Lie
antialgebra isomorphic to asl(2,K).



Proof. One checks that after the identification

{a, b e} —{p, ¢ 7},
the bracket (P.J]) coincides with the bracket (B.H) restricted to linear functions. O

We proved that the Lie superalgebra osp(1]|2) preserves the bivector A. Since osp(1]2) acts
on K2 by linear vector fields, it also preserves the space of linear functions. It follows that

osp(1]|2) = Der (asl(2,K)),
or, in other words, osp(1]2) is the algebra of symmetry of asl(2, K).

Remark 2.4. (i) The bivector A given by (R.4), and the Lie antialgebra asl(2, K) are equivalent
structures, they contain the same information. The above lemma provides the identification of

the dual space:
asl(2,K)* = (K21, A).

The bivector A is the therefore analog of the Lie-Poisson structure of asl(2,K), cf. Section .2
for a general setting.

(ii) The similar question in the case of orthosymplectic Lie superalgebra in higher dimension,
has a negative answer: the only osp(m|2n)-invariant bivector is the standard, even, Poisson
bivector. There is no analog of the odd bivector (2.4) in this case.

2.2 Lie antialgebra asl(2,C) and a pair of symplectic structures

Consider now the complex Lie antialgebra asl(2,C) viewed as a simple 4|2-dimensional Lie
antialgebra over R. Our goal is to introduce the corresponding odd bivector, which is an analog
of the bivector (R.4), and calculate the algebra of symmetry.
Consider the vector space R*? with linear coordinates (p1,q1,P2,q2;T1,72). Introduce the
following odd bivector:
0

0
Acza—ﬁ/\g+a—7_2/\j+71775+7—2770, (26)

where £ is the Euler vector field

0 0 0
£= 3 (m o3 )

i=1.2
and P P P P P P
2t gL L L 2 9.
J =q an +p2 a0 q1 s D1 90 + 7o o Ti o7 (2.7)
and where
0 0 0 0 0 0 0 0

Te y

=— At — A\ 6= m AN — = A

p1 Oq  Opz Ogo Opr Op2  Oq1 Oge

Define the antibracket corresponding to the bivector (R.6), as in formula (R.§). One easily
checks the following

Proposition 2.5. The space of linear functions Span(p1, q1,p2, q2; 71, 72) form a Lie antialgebra
isomorphic to asl(2,C).



The space (R*2, A®) is thus identified with the space dual to the Lie antialgebra asl(2,C):
asl(2,C)* = (R*2,AC).
The symmetry algebra associated to asl(2,C) is, of course, osp(1]2,C). We realize it as the
Lie superalgebra of linear vector preserving the bivector AC.

Proposition 2.6. The subalgebra osp(1|2,C) C gl(4|2,R) preserving the bivector ([2.4) is the
Lie superalgebra of linear vector fields that can be equivalently characterized in the following two
ways:

(i) it preserves the symplectic form

1
we = dp1 Ndgy + dpa N dgs + 3 (dmy A dry — dro A dT9)

and commuting with the vector field (2.7);
(ii) this is the Lie superalgebra of linear vector fields preserving two symplectic forms: the
form w. together with
wy = dp1 Ndpa — dgy N dgs + dm A drs.

Proof. The forms w, and w, are the even and the odd part of the complex 2-form (.2) with the
complex coordinates

p = p1 +iqe, q=q1+ip2, T =T +iTy. (2.8)

The complex Lie superalgebra preserving this 2-form is osp(1|2, C).
Since the Poisson bivector P, is inverse to the standard symplectic form w on R*2, every
symplectic vector field is P.-Hamiltonian. Furthermore, the two symplectic structures are related

by
1 1
Wy = §LJ(W5), We = D) Lg(ws).

Therefore, a w.-Hamiltonian vector field commutes with the vector field J if and only if is also
Hamiltonian with respect to the symplectic structure w, . O

Remark 2.7. The symmetry algebra osp(1|2,C) is thus obtained as intersection of two copies
of the real symplectic Lie superalgebra:

osp(1]2,C) = osp.(1,1[4) Nosp,(1,1]4)
corresponding to the symplectic forms w, and w,, respectively.

Proposition 2.8. The bivector A is the unique (up to a multiplicative constant) osp(1]2,C)-
invariant bivector.

Proof. The osp(1]2,C)-action on R*? is spanned by 6 even bi-Hamiltonian vector fields corre-
sponding to the quadratic Hamiltonians

{P%—(ﬁ P%—Q%a P1p2 + q1G2, P1q1 — P2q2, P19z, Q1p2}

and 4 odd bi-Hamiltonian vector fields with the Hamiltonians
{Pimi —q@em, pomi+ @2, @iT1 — P22, Qo1 +PiTe}.

The uniqueness can then be proved in a similar way that in Proposition P.3. [l



Remark 2.9. The above 6|4-dimensional subspace of quadratic polynomials is characterized by
the property J(J(F')) = —4F. the corresponding bi-Hamiltonian vector fields satisfy

1 1
Xp=—5X70y  XF=35X7@)
where X7, and X9 are the Hamiltonian vector fields with the Hamiltonian F', with respect to
we and wy.

3 Conformal Lie antialgebra AK(1)

In this section we determine the maximal space of functions on R2/' that form a Lie antialgebra
with respect to the bracket (B.§). We introduce a simple infinite-dimensional Lie antialgebra,
that we denote AK(1); this is a conformal version of asl(2,R). The Lie antialgebra AK(1) first
appeared in [E] in the context of supertransvectants, see ]

We will show that the famous conformal Lie superalgebra (1), also known as the (centerless)
Neveu-Schwarz algebra is the algebra of symmetry of AK(1); this is the maximal subalgebra of
the Poisson Lie algebra on R?! that preserves the bivector (24).

Definition 3.1. AK(1) is the infinite-dimensional Lie antialgebra with the basis
{ai,iGZ%-%; an,nEZ}

and the following relations

lan, am[ = angm,
lan,a;[ = %anH, (3.1)
Jai,ai[ = §(j—i) gy

We call AK(1) the conformal antialgebra.
Proposition 3.2. The bracket (5.1) defines a structure of a simple Lie antialgebra.

Proof. Let us first check that the defined structure is, indeed, a Lie antialgebra. The properties
(L.2) and ([.3) are evident. The invariance condition ([[.4) is as follows:

Jom,Jai, aj([ = Nan, ail s aj[ + Jai, Jan, a5]

One obtains in the left-hand-side %(] — 1) &y j+n and in the right-hand-side the sum of two
terms: 1 (j — (i +n)) Qirjin and §(J +7n — i) Qipjin, so that the identity (L4) is satisfied.

Finally, the Jacobi identity reads:
llai, a;[; ax[ + llaj, ax[, ai + JJak, ai , a;[ = 0.

One has the sum of % (j — i) @i j4n with 1 (k —j) a;pj4n and % (i — k) a;4j4, which is zero.

Let us now proof that the defined Lie antialgebra is simple. The commutative subalgebra
AK (1)1 is a group algebra, namely

AK(1); = K[Z],

(in other words, the algebra of Laurent polynomials in one variable). In particular, the element
€ = o is the unit of AK(1);. Obviously, AK(1); has no ideal. Assume that the Lie antialgebra
AK (1) has an ideal. It follows that the odd part of the ideal is either zero or coincides with
AK(1);. But, in the first case the whole ideal is obviously zero, while, in the second case, it
contains the unit ¢ and thus coincides with AK(1). O



3.1 Relation to symplectic geometry

In this section we show that the Lie antialgebra A(1) can be obtained, as asl(2,R), from the
odd Poisson bivector (R.4).
Consider first the space of all smooth functions C*°(R2/1):

F(p,q;7) = Fo(p,q) + 7 F1(p, q),

where Fy(p,q) and Fi(p,q) are smooth functions of two real variables and 7 is a formal Grass-
mannian variable, i.e., 72 = 0. The antibracket (H) defines a structure of antialgebra on
C*>°(R2); the explicit formula is as follows:

1 /0F 0G oF 0G  OF 0G
F — = — (=1 p(F) F —+ - — - — . 2
1F.6l= 3 (5 8@ - oen v (5 5 - 5 5 ) (32)

However, the full antialgebra of functions COO(R2|1) equipped with this bracket is not a Lie
antialgebra.

Consider the space, denoted by Fy, of homogeneous functions of degree A on R2I! \Rm,
consisting of the functions (with singularities at p = 0) satisfying the condition

E(F) = \F,

where £ is the Euler field. Homogeneous functions on R/ \]R1|1 correspond to functions on
R, Given a function

f(x,€) = folx) + & fr(z)

in one even and one Grassmann variable, one defines a homogeneous of degree A\ function
FMp.a;7) =2 f (4. 3). (3.3)
This is of course a one-to-one correspondence:
Fr 2 C(RY),
Proposition 3.3. The space, Fi, of homogeneous of degree 1 functions on R \Rm is a Lie
antialgebra with respect to the antibracket ([3.3) that contains AK(1).

Proof. The space of homogeneous of degree 1 functions is obviously stable with respect to the

antibracket (B.9):

1
1 1 1
B o= 3 <A, dFy A ng> . (3.4)
One then easily checks the Lie antialgebra conditions.
Choose the following Taylor basis (dense in any reasonable topology):

i+1 n
_ ) 2 =7 (4
a”l _p <p> 9 an—T<p>

and substitute it into the antibracket (.§). One obtains the commutation relations (B.J)), so
that the Lie antialgebra AKC(1) is a subalgebra of Fj. O

Remark 3.4. Geometrically speaking, the map (B.J) is an isomorphism between the space of
homogeneous of degree A functions on R2' \ {0} and tensor densities of degree —%)\ on S,
see, e.g., [f]. We do not dwell on this compactification problem and rather develop a purely
algebraic viewpoint.

10



3.2 Conformal Lie superalgebra (1) as the algebra of symmetry

The conformal Neveu-Schwarz superalgebra k(1) is spanned by the basis
{vp, n€Z; &, i€Z+3}

with the following commutation relations

[zi, 2] = (G —1) ity
&,&] = 2xiqy.

This is a Lie superalgebra that contains infinitely many copies of osp(1]|2) with the generators
{z—n, 20, ¥n;§-n, &z }. Define the following action of K(1) on AK(1):

tn(ai) = (i—%) anys,

Tn(am) = Manim, 56)
i(aj) = (J—1) qitj,
§ilan) = Gitn.

Remark 3.5. This formula is well-known and represents the action of the superconformal
algebra KC(1) on the space of tensor densities of weight —% (cf., e.g., {]).

Proposition 3.6. The action ([3.4) preserves the Lie antialgebra structure (3.1).

Proof. Let us check the most non-trivial relations; the other terms are similar. One has

& (Jaj, axl) = =5 &(ajen) = =5 (G +k —0) airjin,

together with

[6i(a), aw| = (5 = i) laiys, ow[= (G — 1) cvigjin
and

Jag, &(aw)[ =laj, aivk[= 5 (i + k = §) Qigjn-
One finally gets:

§i (laj, on[) = —1€i(ay), arl — laj, &iow)]

which is precisely the invariance condition. Note that the sign rule in the above relation is due
to the fact that the antibracket |, [ is odd, as well as the element &;, cf. formula ([L.§). O

The conformal Lie superalgebra (1) also has a symplectic realization.

Proposition 3.7. The space Fa of homogeneous of degree 2 functions on R21 \Rm is a Lie
superalgebra with respect to the Poisson bracket (B.3) that contains K(1).

11



Proof. The Poisson bracket of two homogeneous of degree 2 functions is, again, a homogeneous
of degree 2 function. Therefore, F3 is, indeed, a Lie superalgebra.

A homogeneous of degree 2 function can be written in the form (B.3) with A\ = 2. Choosing
the basis of the space of all such functions:

9 n+1 i+

w5 () a=m ()
and substituting it into the Poisson bracket (2.), one immediately obtains the commutation
relations (B.5). Therefore, (1) is a subalgebra of 7. O

Remark 3.8. (a) The Lie superalgebra F» is a “geometric version” of the superconformal
algebra K(1), which is a polynomial part of F5. Similarly, AK(1) is the polynomial part of the
Lie antialgebra Fj.

(b) The action (B.6) written in terms of homogeneous functions is, again, given by the
standard Poisson bracket (R.3).

Theorem 2. The Lie superalgebra Fo is the mazimal Lie superalgebra of vector fields that
preserves the bivector (B-4).

Proof. Part 1. Let us first show that k(1) preserves the bivector (2.4). Given a function H € F,
the corresponding Hamiltonian vector field is homogeneous of degree 0:

€, Xn] = 0. (3.7)

Consider a more general case, where P is an purely even (independent of 7) Poisson bivector
homogeneous of degree —2 with respect to a vector field F, that is

Lg(P)=—-2P.
Let A be the odd bivector field 5
A=—NE+TAP,
or
where
E=FE+rT 2
B or’
(Note that in our caseE:pa%—i—qa%, P:a%/\a%.)

Let X be a Hamiltonian (with respect to the Poisson structure P) vector field satisfying
the homogeneity condition (B.7). The Lie derivative of A along Xy is as follows:

Lx,A=Lx, (£)NE+Xp(r)P+17Lx, (P).
If H is even, the above expression obviously vanishes. Consider now an odd function H = 7Hq,
then one gets from (R.3)
0
)(7—]{1 = 7')([—]1 +H1 5
Lemma 3.9. One has
Lx. p, (A) =(PANE,dHy) (3.8)

where d is the de Rham differential.
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Proof. Using the obvious expressions
(Xrrm, 2] = Xus Ly, (P) = =& A Xu,,
one obtains:
L,y (A) =Xy, NE+Hi P+72ANXy, =Xy, NE+ Hy P.
Finally, using the fact that E(H;) = Hy, one obtains the expression (B.§). O

The even tri-vector P A E obviously vanishes on R, and so we proved that X, indeed,
preserves the bivector (2.4).

Part 2. Conversely, one has to show that any vector field preserving the bivector (B.4) is a
Hamiltonian vector field commuting with £.

If X is a purely even vector field, i.e.,

[X,%]zo and X(7)=0,

then Lx(A) = 0 implies that X commutes with £ and preserves the even bivector P = 6% A 8%,
so that X is Hamiltonian.
If X is an odd vector field:

0
X = Fy — + 7 X,
or
where Fj is an even function and Xy an even vector field, then one obtains explicitly

o 0

(Xp + [E, X))+ (Fo P+ XoANE).

The assumption Lx(A) = 0 implies that each of the three summands in this expression vanishes.
It follows from
E(FO) —-1=0,

that [y is a homogeneous of degree 1 function. The condition
XF() + [E,XQ] =0

then implies that X( is a vector field homogeneous of degree —1, since so is Xp,, and thus
Xo = XF,. We proved that the vector field X is Hamiltonian and [, X] = 0.
Theorem P is proved. O

One then readily has
Corollary 3.10. (1) is the algebra of symmetry of AK(1), that is, K(1) = Der(AK(1)).

Indeed, the subalgebra (1) C F;, corresponds precisely to the space of vector fields preserving
the basis of AK(1).
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3.3 Representation of AK(1) by tangent vector fields

In this section we investigate the relation of the Lie antialgebra AK(1) to contact geometry. It
turns out that, in some sense, AK(1) provides a way to “integrate” the contact structure.
The natural projection
R2I \Rl\l LRI,

obtained as the quotient by homotheties, equips R with a structure of 1|1-dimensional contact
manifold. This contact structure can be defined in terms of a contact 1-form

a = dx + &dE,

or, equivalently, in terms of an odd vector field?

1 0 0
D=3 (€5~ 3)

since D spans the kernel of «. A vector field tangent to the contact distribution is a vector field
proportional to D, that is, X = f D for some function f(z,¢).

Definition 3.11. We introduce the following anticommutator of tangent vector fields:
1fD,gD]:=fDogD + (—1)PO+DEO+) g po fD. (3.9)
Note that the sign in this operation is inverse to that of usual commutator of vector fields.

The space of tangent vector fields is not a Lie superalgebra since the Lie bracket of two
tangent vector fields is not a tangent vector field (this is equivalent to non-integrability of the
contact distribution). It turns out that the anticommutator of two tangent vector fields is again
a tangent vector field.

Define a map from AK(1) to the space of tangent vector fields as follows. To each homo-
geneous of degree 1 function F } (p,q,7), cf. formula (B.3), we associate a tangent vector field

by

Xf = f(z,8) D, (3.10)
where f(x,&) = fo(z) — € fi(x).

Proposition 3.12. The map ([5.10) intertwines the antibracket (2.4) on the Lie antialgebra
AK (1) and the anticommutator :

]Xfa Xg[ = Xlf.90

where |, [ stands for the anticommutator (B.9) in the left-hand-side and for the antibracket (.3)
in the right-hand-side.

Proof. Let us calculate the explicit formula of the anticommutator (B.9).
Let first both of the functions f = £f; and g = £¢;1 be odd, then one has

fDogD+gDOfD=%fg%Jr(fD(g)JrgD(f))D-

2This vector field is also known in physical literature as “SUSY-structure”.
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The first summand is zero since it contains ¢2 = 0, while the second one is equal to & (f1g1) D,
so that the anticommutator (B.9) on the odd functions reads

1f1, 910 = fig1-

This corresponds to the product of two elements of the odd part AK(1)1, see formula (B.1).
If f=¢&f is odd and g = g is even, then the Leibniz rule D o f = D(f) — f D implies

1
fD09D+gDOfD=9D(f)D=§f1goD,

so that one gets
1
]fl7g()[: §f1907

accordingly to the AK(1);-action on AK(1)g, cf. (B.1)).
If, finally, the both functions f = fy and g = gg are even, then

fDogD—gDOfD=(fD(g)—gD(f))D:%§(fogé—gof6)D,

gives the skew-symmetric product

].fo, 90[ = % (fogo — 90.f0) »

on AK(1)o with values in AK(1)1, see formula (B.T]). O

Let us also stress that the map (B.1() is nothing but the bivector (R-4) contracted with the
elements of AK(1). One checks that

1
x7(9) = 5 (A dFf NdFy), (3.11)

where F' } and Fg0 are functions on R2I* homogeneous of degree 1 and 0, respectively, obtained as
the lift of f and g according to (B.3). It is interesting to compare the above formula with (B.4).

Remark 3.13. The relation of the conformal Lie superalgebra IC(1) to contact geometry is
well-known (see [[[3]). More precisely, (1) can be realized as the Lie superalgebra of contact
vector fields on S, Every contact vector field on S is of the form

X = h(a,€) 5+ 2D (h(a,)) D,

where h(x,€) = ho(z) + £ hi(z) is an arbitrary function. The map h — F2, see (B.J), provides
then a Lie superalgebra isomorphism.
3.4 AK(1l)c and K(1)c: the bi-Hamiltonian formalism

In this section we construct a realization of AK(1)c and K(1)c in terms of real rational har-
monic functions on R42. This is related to the bi-Hamiltonian formalism defined by the pair of
symplectic structures w. and w, from Section .2,
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The Lie antialgebra AK(1)c is represented by the homogeneous of degree 1 harmonic func-
tions on R*? with the complex structure (7). The odd generators of AK(1)c are as follows

1 " 1 "
an:2—nReT<%> , ﬁnZQ—nImT(%) ,

and the even ones are " "
an:Z%Rep(%) , bn:QLnImp(%) ,

where p, ¢, 7 are the complex coordinates (R.§). One then checks the relations in AK(1)c.

The conformal Lie superalgebra K(1)c is realized by homogeneous bi-Hamiltonian vector
fields on R*2. For each function F € C*(R*?), denote by X% and X% the Hamiltonian vector
fields on R*? with respect to the symplectic form w, and w,, respectively.

One checks that the following three conditions are equivalent.

1. F' is a homogeneous of degree 2 harmonic function:
— 2 g9 T
F=Rep*f (4,%),
where f is an arbitrary function.
2. The function F satisfies the relations:
E(F) =2F, J(J(F)) = —4AF.

3. The Hamiltonian vector fields with the Hamiltonian F' commute with E and J:
[€7X%] = [€7X%] = [ij%] = [ij?’] =0

and are bi-Hamiltonian such that

1 1
e _ __*t yo o _ ~ ye

This space of homogeneous harmonic bi-Hamiltonian vector fields is a Lie superalgebra iso-
morphic to K(1)c.

Proposition 3.14. The Lie superalgebra K(1)c is the maximal algebra of vector fields on R*12
preserving the bivector ([2.4).

Proof. Theorem [ implies that /C(1)c, indeed, preserves the bivector A®. The proof of maxi-
mality is similar to that of Theorem B, Part 2. We omit here the corresponding straightforward
computations. [l

4 Elements of the general theory

In this section we some basic notions and discuss some very general properties of Lie antial-
gebras. The most important definitions are those of representations and of the analog of the
Lie-Poisson (Berezin-Kirillov-Kostant-Souriau) structure on the dual of a Lie antialgebra. This
notion is important for several reasons: it relates Lie antialgebras to symplectic geometry and
(multi-)Hamiltonian formalism; it allows to define infinite-dimensional (conformal) analog of Lie
antialgebras and of the corresponding symmetry algebras.
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4.1 Representations and modules

In this section we discuss important notions of representation and of module over Lie antial-
gebras. We believe that these two notions (which are, usually, almost tautologically the same)
should be separated in our context.

A. Representations. Let V = V@ V] be a Zo-graded vector space. Introduce the following
anticommutator on the space End(V):

JA,B[:= AB + (-1)PWPBIp 4, (4.1)

Note that this operation the sign rule inverse to that of the usual Zg-graded commutator (the
sign is “—” if and only if both A and B are odd). This is, of course, not a Lie antialgebra
structure on the space End(V).

We already considered a particular case of the anticommutator ([L.1]), namely the operation
(B.9) on the space of tangent vector fields.

Definition 4.1. Let a be a Lie antialgebra, an odd linear maps
x:a— End(V)

is called a representation of a, if
IXas Xyl = Xja 0> (4.2)
for all z,y € a.

Example 4.2. The map (B.1() defines a representation of the conformal Lie antialgebra AK(1)
in the space of differential operators on R/

B. Modules. Let, again, V = V[ @& V] be a Zs-graded vector space.
Definition 4.3. The space V is called an a-module if there is an odd linear maps
p:a— End(V),

such that the direct sum a @ V equipped with the antibracket

J(w,0), (g, w)[ = (]2 ], pow = (~1)"@P) ) (4.3)
is again a Lie antialgebra.
We call the Lie antialgebra structure (f.3) a semi-direct product and denote it by a x V.

Example 4.4. The “adjoint representation” ad : a — End(a) given by ad,y = |z, y[, for all
x,y € ais not a representation of a since it does not satisfy (@) However, a is of course a
module over itself. This follows, for instance, from the fact that the tensor product € ® a of
a Lie antialgebra a with a commutative algebra € is again a Lie antialgebra. Indeed, consider
¢ = K[t]/(¢?), then one has

CRa=axa.
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4.2 The odd Lie-Poisson bivector

In this section we introduce the notion of canonical odd bivector field on the dual space a* of
an arbitrary Lie antialgebra a. This is the most important ingredient of our theory that relates
Lie antialgebras to differential geometry. Our construction uses a choice of coordinates on a*,
but we will prove that the defined bivector is independent of this choice.

Given a Lie antialgebra a, one can consider the commutative subalgebra a; as analog of
the notion of “Cartan subalgebra” of a. This justifies the following terminology. We call the
dimension of the odd part a; of a Lie antialgebra a the rank of a:

rka:=dim a;.

Let a be a Lie antialgebra of rank r. Fix an arbitrary basis {a1,...,a,} of the odd part a;.
One obtains a set of r bilinear skew-symmetric (or presymplectic) forms: {wi,...,w,} on ag by
projecting the antibracket to each basic element:

Ja,b[ = wi(a,b) a. (4.4)
=1

Changing the basis, one obtains linear changes of the corresponding set of skew-symmetric forms.
Therefore, the pencil of presymplectic forms

(Wiy.. . wr)
is well-defined.

Remark 4.5. The classification of pencils of r linear skew-symmetric forms on a vector space
is a classical problem of linear algebra already considered by Kronecker. This problem turned
out to be closely related to integrable systems, see, [ and references therein.

We denote by (71, ...,7;) the coordinates on aj dual to the chosen basis. To each 2-form wj,
one associates a bivector
T € /\QGS,
that we can understand as a constant bivector field on afj. Furthermore, to each element o € ay,
one associates a linear operator A, : a — a defined by

Au ey = 2ady, Ay lgy = ada. (4.5)

We denote Aj,..., A, the operators corresponding to the elements of the basis {aq,...,a}.
These linear operators can be, of course, viewed as linear vector fields on a*.

Example 4.6. In the important case where a; contains the unit element € and the center of a
is trivial (see Theorem [ below), one has

Az—::ga

where £ is the Euler vector field on the vector space a*, i.e., the generator of the K*-action by
homotheties. Choosing arbitrary linear coordinates (x1,...,z,) on aj, one obtains:

N RN
Ae=d T+ vy
= j=1
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The quotient with respect to the vector field A, defines a natural projection to the (n — 1)|r-
dimensional projective space:

a* \ {0} _ ]P;nfl\r.
This is the way contact geometry enters the picture.
Definition 4.7. We call the Lie-Poisson structure of the Lie antialgebra a the following odd
bivector on a*:
. 0
Aazz <8_/\AZ+TZ7TZ> . (46)
=1 N7

The corresponding antibracket is of the form:

1
|F, G| = 3 (Mg, dF N dG) (4.7)
is defined on the space of (polynomial, smooth, etc.) functions on a*. This antibracket is
obviously linear, i.e., the space of linear functions a** = a is stable.

Proposition 4.8. The space of linear functions on a* is a Lie antialgebra with respect to the
bracket ([.7) which is isomorphic to a.

Proof. The antibracket of two even linear functions is precisely given by (f4).
The odd linear functions on a* are linear combinations of 7q,...,7.. The antibracket of an
odd and an even linear functions is given by

I tl= 5 A0),

where ¢ € ag. This corresponds precisely to the adjoint action of «; on /.
Finally, the antibracket of two odd linear functions is given by

(Ai(r;) + 4;(r)) =

(adaiaj + ada].ozi) =la, o]

DO =

1
]Ti, Tj [: 5
Hence the result. O

Corollary 4.9. The bivector ({{.4) and the antibracket {[.7]) are independent of the choice of
the basis.

Proof. Any bivector is uniquely defined by its values on linear functions. O

Example 4.10. The bivectors (2.4) and (R.6) that played so important role in Sections | and
[ are precisely the canonical bivectors associated to the Lie antialgebras asl(2,R) and asl(2,C),
respectively.

19



4.3 Algebras of symmetry

In this section, we associate with any Lie antialgebra two different Lie superalgebras. The first
one is the standard derivation algebra that we already discussed in Introduction, see formula
([L.6); the second ome is the (infinite-dimensional) algebra of “conformal symmetry”. Both of
these Lie superalgebras can be defined in terms of the canonical bivector ([.4).

Definition 4.11. The Lie superalgebra g, C End(a) of linear operators on a preserving the Lie
antialgebra structure is called the algebra of symmetry of a.

Example 4.12. The algebra of symmetry of asl(2,K) is the Lie superalgebra osp(1]2,K). The
algebra of symmetry of AK(1) is the conformal Lie superalgebra IC(1).

The standard notation for the Lie superalgebra of symmetry is, of course,
ga = Der(a).

The Lie superalgebra g, acts on the dual space a* and preserves the canonical bivector ([£q).
This action is given by vector fields with linear coefficients and therefore preserves the space of
linear functions on a*, which is nothing but the Lie antialgebra a itself, cf. Proposition [.§.

Definition 4.13. Consider the Lie superalgebra of all (smooth, or polynomial, or analytic, etc.)
vector fields on a*; we call the subalgebra consisting of vector fields preserving the bivector ([.§),
the conformal algebra of symmetry of a. This Lie superalgebra will be denoted by &,.

The Lie superalgebra &, is, in general, infinite-dimensional; it does not act on a since it does
not preserve the space of linear functions on a*.

Example 4.14. In the case of asl(2,R) and asl(2,C), the conformal algebra of symmetry is the
conformal Lie superalgebra k(1) and K(1)¢, respectively, see Section [,

The most interesting feature of &, is its relation to the multi-Hamiltonian formalism. Con-
sider, for simplicity, the case where a; contains the unit element ¢ and introduce the following
Poisson bivector on a*:

190 0
Pa:ﬂ€+§;a_nAa_n' (4.8)

Consider also the Poisson bivectors given by the Lie derivatives

Note that all of these Poisson structures are obviously compatible, i.e., any their linear
combination is, again, a Poisson bivector. Indeed, these bivectors are with constant coefficients.

Conjecture 4.15. The Lie superalgebra of conformal symmetry &4 can be characterized in the
following two equivalent ways:

(i) &4 consists of vector fields on a* Hamiltonian with respect to the structure P, and com-
muting with all of the vector fields ([[.3) of the basis Ay, ..., Ay:

X, A;] = 0.

(1) G4 consists of vector fields on a* Hamiltonian with respect to all of the structures ([/.8)
and ({.9) and commuting with the Euler vector field €.
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The statement is evident if X is a purely even vector field, i.e.,

[X, 8%] =0, X(n)=0.
Note also that Theorem P and Proposition are particular cases.

One also easily shows that the spaces of vector fields (i) and (ii) coincide since the Poisson
structures are related by ([.9). Furthermore, a vector field X % Hamiltonian with respect to
P. with the Hamiltonian function F' is Hamiltonian with respect to P; with the Hamiltonian
function A;(F'), namely

Xp = _Xzz‘li(F )’

Indeed, one has
[Ai, X] = (La,(Pe), dF) + (Pe, d(Ai(F))) = 0.

However, we failed to prove Conjecture in full generality.

4.4 Central extensions

In this section we define the notion of extension of a Lie antialgebra a with coefficients in any
a-module. Tt will be useful for the classification result of Section .3, The notion of extension
should be a part of a general cohomology theory that we will not develop here.

Let a be a Lie antialgebra and V' an a-module. We will consider V' as a trivial (or abelian)
Lie antialgebra.

Definition 4.16. (a) An exact sequence of Lie antialgebras

0 % a a 0 (4.10)

is called an abelian extension of the Lie antialgebra a with coefficients in V. As a vector space,
a=a®V, and the subspace V is obviously an a-module.

(b) An extension ({.1() is called non-trivial if the Lie antialgebra a is not isomorphic to the
semi-direct sum a x V.

(c) If the subspace V belongs to the center of a, then the extension ({.10) is called a central
extension.

Since any central extension can be obtained by iteration of one-dimensional central exten-
sions, it suffice to consider only the case of one-dimensional central extensions. One then has
two possibilities:

dimV =1[0, or dimV =0|1.

We then say that the one-dimensional central extension is of type I or of type II, respectively.
The general form of central extensions of type I is as follows.

Proposition 4.17. (i) A central extension of type I is defined by an odd linear map
C:ana—K (4.11)
satisfying the following two identities:
C(a,)B,al) = C (B,]aya)) = 35C(Jov, Bl a)

(4.12)
C (Ja,bl,c) + C (Jb,c[,a) + C (Je,al,b) = 0,
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for all a, B € a1 and a,b,c € ag.
(ii) A central extension is trivial if and only if there exists an even linear function f : ag — K
such that
Claya) = (] al) (4.13)

for all a € a1 and a € ag.

Proof. Part (i). Given a map C as in ({.11]), let us define an antibracket on a @ K. We fix an
element z € K and set:

Z, = x, + C x, Z,
Jz, yl Jz,yly + Clz,y) (4.14)
le,z[ = 0,
for all x,y € a. Note that, since the map C' is skew-symmetric and odd, one has
C(z,y) = C(z1,90) — C (y1, 7o) - (4.15)

One then easily checks that formula ([.14) defines a structure of a Lie antialgebra if and only if
the relations ([L.19) are satisfied.

Conversely, a Lie antialgebra structure on a @& K such that the subspace K belongs to the
center is obviously of the form (f.14).

Part (ii). In the case where C is as in ([L.13), the linear map a ® K — a @ K given by
(z,2) — (x,z+ f(z)) intertwines the structure ({.14)) with the trivial direct sum structure. This
means that the central extension is trivial.

Conversely, if the extension is trivial, then there exists an intertwining map a @ K — a d K
sending the structure (.14) to the trivial one. This map can, again, be chosen in the form
(x,z) — (x,z + f(z)), since a different choice of the embedding of K does not change the
structure. U

We will call a map C satisfying ([.12) a 2-cocycle of type 1. A 2-cocycle of the form (f.13)
will be called a coboundary.
Let us describe the central extensions of type II.

Proposition 4.18. (i) A central extension of type II is defined by an even linear map
C:ana— KM (4.16)
satisfying the following two identities:
Cla]ab) = C(laal,b)+C (a,]a,b)
Cla.Bly) = Ca]BAD,

for all a, 3,7y € a1 and a,b € ayp.
(ii) The extension is trivial if and only if there exists an even linear functional f : a; — KOl
such that

(4.17)

Cz,y) = f(=,yD), (4.18)
for all x,y € a.
Proof. The proof is similar to that of Proposition .17 O

We will call an even map (f.16) satisfying ([.17) a 2-cocycle of type IL. In the case where it
is given by (f.1§), the map C is called a coboundary.
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4.5 Kernel of the presymplectic pencil

Let us now describe a “natural source” of extensions of type I.
Given an arbitrary Lie antialgebra a, consider the following space Z C ag:

s
7= ﬂ ker w;,
i=1

where r = rka, the forms w; are defined by ([£.4), and where ker w C ag consists of elements a of
ap such that w(a,b) =0 for every b € ay. In other words,

IT={a€cay|]a,b[=0, forallbeap}.
Proposition 4.19. The subspace I is an abelian ideal of a.

Proof. By definition, Z is an abelian subalgebra and the bracket of a € Z with any element
b € ag vanishes. One has to show that |, al€ Z, for arbitrary « € a; and a € Z. Indeed, using
the identity ([[.4), one obtains

]]Oé, CL[ ) b[ = ]a,]a, b[[ - ]a>]a’ b[[ =0
since for a € 7 and every b € ag, one has ]a, b[= 0. O

It follows that the Lie antialgebra a is an abelian extension of type I of the quotient-algebra
a/Z.

Proposition 4.20. If the map |, [: ap ® ag — a1 is surjective, then the ideal T belongs to the
center of a.

Proof. The ideal Z belongs to the center of a if and only if the action of a; on Z is trivial.
Surjectivity means that for every a € a1 there are a,b € ag such that « =Ja, b[. Using the Jacobi
identity ([[.5), one obtains for every ¢ € Z:

]aa C[ - Ha7 b[,C[ = _]]670[7a[ - HC,G[ ) b[ = 07
since both summands in the right-hand-side vanish. O

The Lie antialgebra a is therefore a central extension of a/Z (of type I).

4.6 Restrictive role of the unit

In this section we show that, in the case where the associative commutative algebra a; contains
the unit element ¢, the Lie antialgebra a has no non-trivial central extensions.
By definition, the action of € on the odd part a; is given by the identity map:

adl = ad.|q, = 1d.

Let us consider the action of € on the even part ag. The identity (.3) implies the “half-projector”
relation for the operator ad? = ade|q,:

1
0 0 0
ad; oad, = 3 ad;.
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Therefore, the even part ag is split
ap = aO,% @ ap,0

to a sum of %— and O-eigenspaces of ad?, respectively. That is, ade]ao’% = %Id and adeqy, = 0.

Theorem 3. (i) The space ag coincides with the center of a:
ap,0 = Z(a).
(ii) The Lie antialgebra a is a direct sum:
a=a® Z(a), (4.19)

where a = a/Z(a).
Proof. Part (i). Let a € ag, that is, Je,a[= 0. One has to show that |z,a[= 0 for all = € a.

Let first x = a be an element of a;. The identity ([L.3) implies

le;la, al[ =&, Ja, af[ + ey Je; o[ = Jle, of , a[ = ], a

But then ad? o ad? = 1 ad? implies ], a[ = 0.

Let now x = b be an element of ay. One has

]b7 a’[ = ]57]b7a[[ = ]]57 b[ ) a’[ + ]b7]€7a[[ = ]]57 b[ ) a['

1
If, furthermore, b € ag, then the last term is zero. Finally, if b € a2, then the last term is equal
to 3 ]b,a, which again implies ]b,a[ = 0.
Part (ii). Let us show that if a; contains the unit element €, then a has no non-trivial central
extensions.
Let C be a 2-cocycle of type I on a. Apply the first identity (f.19) to 8 = e, where € is the
unit. One has

C(Oé7 a) - C(Oé7 ]57 a[) = 0(87 ](X, a[)
If a € Z(a), this formula implies C(a,a) = 0. If a is an element of the 1-eigenspace a1 of the
’2
unit element e, then one obtains

C(a,a) =2C(g,]|a,al).

Therefore, the cocycle C is a coboundary.
Let now C be a 2-cocycle of type II. It can be decomposed into a pair (Cp, Cy) of maps

C’O:a0®a0—>K0‘1, & :a1®a1—>K0‘1,
where Cj is skew-symmetric and C; is symmetric. The first condition (4.17) gives
Ci(e;]a, b)) = Co(Je, al,0) + Co(a, Je, b)),
so that Cy(a,b) = Cy(e,]a,b]). The second condition ({.17) implies
Ci(ev, B) = Ci(e, ], B]).

Therefore, the cocycle C' is, again, a coboundary.

Let us complete the proof of Theorem fJ. The Lie antialgebra a is a central extension of its
quotient @ = a/Z(a). We just proved that this center extension is trivial. The decomposition
#.19) follows. O
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5 Classification results

In this section we prove that the only finite-dimensional simple Lie antialgebras are asl(2,R)
and asl(2,C). More precisely, we prove the uniqueness of asl(2,R) and asl(2,C) in the real case,
while in the complex case there nothing else than asl(2,R). This means that the situation is
similar to the case of commutative algebras.

We also obtain a complete classification of finite-dimensional Lie antialgebras of rank 1, i.e.,
with dima; = 1. This, in particular, provides a number of examples of Lie antialgebras, other
that we already considered.

5.1 Proof of Theorem [l

We will now give a proof of Theorem .

Let us start with the complex case. Let a be a simple finite-dimensional Lie antialgebra. We
will first assume that the commutative algebra a; has no nilpotent elements. As it is very well
known, see, e.g., [B], a1 is of the form

a=Co---0C.

We will prove that if a is simple, then r = 1.
Choose a basis {a1,...,a,} in a; such that |o;, oj[= ;. As in Section [I.], one associates
with each element ; a presymplectic form w; on ag (see formula [£.4).

Lemma 5.1. Fach form w; is of rank 2.
Proof. Choose a canonical (Darboux) basis {aj ..., an,b1,...,b,}, of w;, so that one has
wi(ag, be) = Oge, w(ag, ap) = w(by,be) =0,

where k,/ =1,...,n. Let us show that n = 1.
Assume that n > 1. The identity ([.J) implies

lai, ael = J]ak, bi[, ae = = bk, ael, ar[ — lJae, ax[, bp[ =0
for any k # (. It follows that |a;, a[= 0, for any a € ag. Furthermore,
]av a[ = ]a7]ai7 bl[[ = ]]a7ai[7bi[ + ]ai]av bl[[ =0,

for any i = 1,...,n. Therefore, a; belongs to the center of a; in particular, a cannot be simple.
This is a contradiction. O

The following statement shows that, if » > 1, then the algebra a contains a non-trivial ideal.
Consider the subspace ker w; C ag consisting of the elements a € ag such that, for all b one has:
la,b[ is a combination of a; with ¢ > 2. Consider the subspace of a:

T =kerws @ (ag,- -+, ).

Lemma 5.2. The space I is an ideal of a.
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Proof. One has to prove that for arbitrary a € a; and a € ap one has: (a) aZ C 7 and (b)

al CI.
Part (a). Let a € kerwy, by identity ([[.4), one has for an arbitrary b € ag:

Ha’a[’ b[ = ]a’]a’ b[[ - ]a’]a’ b[[ .

The both terms in the right-hand-side are combinations of «; with ¢ > 2. Therefore, |o,al€

ker w;.

Part (b). Let a € (awa,- -+, ), then oy, a[= 0. Let a € ag be arbitrary, one has to prove that,
again, |, al€ kerw;. Choose an arbitrary b € ap and consider again the expression ||a, al, b[.

Since this is an odd element of a, it can be written in the form:
lla,al,b[ = Zci Q.
i=1
One has to prove that ¢; = 0. One has
]041, HO(, a[ ) b[[ - ]]041, ]a7 a[[ > b[ + Hav a’[ > ]041, b[[ :

But the first summand in the right-hand-side vanishes. Indeed, by ([.3), one has

Jlaw, e, [, a[ = 0,

N |

Jon, Jev, al[ =
since oy, a[= 0. In the same way, one obtains
Jo, Jon, JJev, al, O[[[ = JJev, al , Jr, Jor, B[
However, for the left-hand-side, one obtains using (3):
Jor, Jon, JJov, al[[[ = JJon, en [ Jles al  b[[ = ], Jles al  b][ = e

since Ja1, a1[= a1; while, for the right-hand-side, one gets using ([L.3):

HO(, a[ ) ]041,]041, b[[[ =

DO =

Therefore, ¢; = 0 and so |a, a[€ kerw;. The result follows.

Jloal o, [, b1 = 3 Jlwal Jow, b1 = Jon, Jjo af b =

C1.

0

Lemma p.] and Lemma .3 imply Theorem [I] in the complex case, where the commutative
algebra a; has no nilpotent elements. If now a; = C" x N, where N is a nilpotent ideal, then
the same arguments prove that n < 1 and kerw; ® N is an ideal. Theorem [l is proved in the

complex case.

The real case immediately follows from the complex one. Indeed, let a be a real simple Lie
antialgebra, the standard arguments show that the complexification a ®g C is either simple or

the direct sum of two isomorphic simple ideals.
Theorem [l] is proved.
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5.2 Lie antialgebras of rank 1
Our next task is to classify the Lie antialgebras of rank 1. We thus assume that the commutative
algebra a; is one-dimensional.

There exist two different one-dimensional (commutative) algebras:

1. ap = K, with the unit element |e,e[= &;

2. ay is nilpotent such that |, a[= 0.

Since a1 is one-dimensional, the map |, [ ap ® a9 — ay is characterized by one bilinear
skew-symmetric form, w, on ay (see Section [£.9):

la,b[ = w(a,b) a,
where « is a (unique up to a constant) non-zero element of a;.
Let us first construct several examples of Lie antialgebras of rank 1.

A. Consider the case where the form w is non-degenerate.
(A1) The 2n|1-dimensional nilpotent Lie antialgebra with the basis basis {a1, b1, ..., an, by; o}
that appeared in the case a) of the above proof is characterized by the relations

Jai,b[ = b5,

](Zi,(lj[ 0? ]bz,b][ = Oa (5 1)
]a’ai[ 0? ]a,bi[ = Oa .
Ja,af = 0

where 7,57 = 1,...,n. We call this Lie antialgebra the Heisenberg antialgebra and denote it by
ah,,.

Remark 5.3. Notice, that the relations (b.J)) are exactly as those of the standard Heisenberg Lie
algebra, but the central element « is odd. As in the usual Lie case, the Heisenberg antialgebra
ah,, is a central extension of type II of the abelian Lie antialgebra K2".

(A2) Another interesting example is a family of Lie antialgebras of dimension 2|1. The basis
of these Lie antialgebras will be denoted by {a, b, a}; the commutation relations are

]a7b[ = o
layal = kb, Ja,b] = 0, (5.2)
]a7a[ = 0,

where & is a constant. If x = 0, then this is just the Heisenberg antialgebra ahy, if k # 0, then
the defined Lie antialgebra is not isomorphic to ahy, and therefore one obtains a non-trivial
deformation of ahj.

It is easy to see that, in the complex case K = C, all of the Lie antialgebras (f.9) with x # 0
are isomorphic to each other. We call this algebra twisted Heisenberg antialgebra and denote it
by ahl.
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~+
If K = R, however, the sign of  is an invariant and one gets two different algebras ah; and

511_. We thus assume:
k=1, if K=C, k==1, if K=R.
We are ready to formulate a partial result.

Proposition 5.4. The complete list of the real Lie antialgebras of rank 1 with a non-degenerate
2-form w is as follows:

N+ o~
asl(2,R), ahy, ah, , ah; ; (5.3)
in the complex case, the two last algebras are isomorphic.

Proof. Consider first the case where a; is not nilpotent, i.e., Ja, a[# 0. We already proved that,
in this case, a is of dimension 2|1, see Lemma [.]. Therefore, a = asl(2, K).

Assume that |o, a[= 0.

In the case where the form w is of rank n > 1, one proves, in the same way as in Lemma f.1],
that Ja, a[= 0 for all a, so that a = ah,,.

If, finally, w is of rank 1, then adg does not necessarily vanish but the identity ([.) implies
that this operator has to be nilpotent: (ad®)? = 0. One then easily shows that any such operator
on is equivalent to adg in (5.2) up to the area preserving changes of the basis. It follows that
a=ah, ora .

Hence the result. O

B. Consider the case w = 0. The Lie antialgebra a is then determined by the operator ad,.

(B1) If a; contains the unit element ¢, then a is split into a direct sum ([.19). The centerless
Lie antialgebra @ has the basis {ay,...,a,;e} with the following set of relations:

]ai,aj[:(), ]6,(12‘[:%(12‘, ]6,6[26.
We call this Lie antialgebra the affine antialgebra and denote by aaf(n). One then has
a=aaf(n) ® Z,

where Z is the (even) center of a.

(B2) If Ja, a[= 0 for o € ay, then ad® o ad? = 0. This is a very degenerated Lie antialgebra.
The classification in this case is the classification of nilpotent (of order 2) linear operators that
we do not discuss.

Let us summarize the above considerations.

Proposition 5.5. A Lie antialgebras of rank 1 with w = 0 is one of two classes:

a=aaf(n) ® Z, a is of type (B2). (5.4)

C. Consider finally the “mixed case” where 2 < rkw < dim ag.
(C1) Define a 3|1-dimensional Lie antialgebra with the basis {a, b, z; a} and the relations

la,b] = «, Ja,z[ = 0, ]bz[ = 0,
layal = z, Jayb = 0, Jay2[ = 0, (5.5)
Joyal =
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We denote this Lie antialgebra @1. The element z spans the center, so that this is a central
extension (of type I) of the Heisenberg antialgebra ah;.
(C2) Define a 4|1-dimensional Lie antialgebra with the basis {a, b, z1, z2; @} and the relations

la,b] = «, Ja,zi[ = 0, ]b,z] 0,
layal = 2z, Jo,b[ = 2z, Jayzi[ = 0, (5.6)
loyaf = 0.

We denote this Lie antialgebra ﬁl. The center of ﬁl s spanned by z; and zo, so that this is a
central extension (of type I) of the above antialgebra ah;.
We are now ready to formulate the main statement of this section.

Theorem 4. A Lie antialgebra of rank 1 is of the form

a=ad 2,

where @ belongs either to the list (B.3), or to the list (£.4), or one of the antialgebras gml\ll,ﬁl.

Proof. We already proved the theorem in the following two cases: the form w is non-degenerate,
or w = 0. It remains to consider the intermediate case where the 2-form w is not identically zero
but with a non-trivial kernel:

7 = kerw # {0}.

The space Z is then an abelian ideal (see Proposition [l.19) and, furthermore, belongs to the
center (see Proposition [1.20). We summarize this in a form of a

Lemma 5.6. The Lie antialgebra a is a central extension of a/T.

To complete the classification, one now has to classify the central extensions of type I of the
antialgebras with non-degenerate form w, that is, of (5.1]) and (f.2).

— N+ —~—
Lemma 5.7. The Lie antialgebras asl(2,R),ah,, with n > 2 and ah; (resp. ah; ,ah; ) have no
non-trivial central extensions of type L.

Proof. In the case of asl(2,R) this follows from Theorem [
For the Lie antialgebra ah,, with n > 2, let C' be an arbitrary 2-cocycle of type I. One has

C(a,ai) = C(laj, bj[,a;) = =C (Jbj, a;[, aj) — C (Jai, a;[,b;) =0

(from the second identity ({.12)) for all ¢ # j. Similarly, C'(a,b;) = 0 for all i. Therefore, C' is
identically zero. .
For the Lie antialgebra ah; and an arbitrary 2-cocycle C' of type I, one has
C(a,b0) = 1 C(a,]ov,a]) = 5= C (Jo, af,a) = 0.

The cocycle C' is then defined by its values on o and a. Let us show that the corresponding
extension is trivial. Let C(a,a) = cz, where z is an arbitrary generator of the center and
c arbitrary constant. Set ' = b+ £z Then in the new basis (a,V,2;), the cocycle C’
vanishes. O
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Lemma 5.8. The algebra ahy has a unique non-trivial central extension of type I; the result of
this central extension is the Lie antialgebra (f.4).

Proof. Indeed, let C be a 2-cocycle of type I on ahy. It is given by the formula
C(a,a) = 2, C(a,b) =g 2,

where z is an element of the center and ¢; and co are arbitrary constants. Assume (without loss
of generality) that ¢; # 0, then choose another element of the basis: ¥’ = b+ i—i a. One obtains
C(a,b) = 0. Furthermore, taking 2z’ = c1z, one gets precisely the Lie antialgebra (p.§). This Lie
antialgebra is not isomorphic to ah; so that the extension is, indeed, non-trivial. O

Lemma 5.9. The algebra ([5.8) has a unique non-trivial central extension of type I; the result
of this central extension is the Lie antialgebra (p.4).

Proof. It is similar to the proof of Lemma [.§ one shows that the Lie antialgebra (f.6) is
precisely the unique (up to isomorphism) central extension of (5.5). O

In the same way, one proves the following
Lemma 5.10. The Lie antialgebra (5.4) has no non-trivial central extensions of type I.

We classified all the non-trivial central extensions of the Lie antialgebras of rank 1 with
non-degenerate form w. This completes the proof of Theorem . O

Discussion

Let us formulate some open problems and outline a few ideas for the further development.

A. The subject of this paper is closely related to so-called invariant differential operators,
see [[f]. Indeed, the simplest example of a Lie antialgebra, asl(2), is related to the bivector (P.4)
and the corresponding antibracket (R-F) that can be characterized as the unique odd bilinear
K(1)-invariant operator on a 1|1-dimensional contact manifold. This is a very classical subject
and the classification of bilinear differential operators on (super)manifolds invariant with respect
to the full diffeomorphism (super)group is well known, see [§, [4]. The operator (R.5) is invariant
only with respect to the supergroup of contact diffeomorphisms and therefore does not appear
in the known classifications. Let us mention that the operator (R.5) coincides with the first
supertransvectant, see [f.

B. The most important geometric object related to a Lie antialgebra a is the canonical odd
bivector A, on the dual space a*, see formula ([.7). The relation between a and A, is exactly the
same as that between a Lie (super)algebra and the corresponding classical (even) Lie-Poisson
bivector. However, unlike a Poisson bivector, A, does not define a Lie antialgebra structure on
the space of all functions on a*. More precisely, the space C*°(a*) is not a Lie antialgebra with
respect to the antibracket (J.7). It is then natural to ask the same question that in Section [§:
what is the maximal subspace of functions on a* which this is a Lie antialgebra with respect to
the antibracket (.7)? In other words, we wish to define a “conformal version” of an arbitrary
Lie antialgebra a. Similarly, the full space of linear operators equipped with the anticommutator
() is not a Lie antialgebra. What is the maximal subspace that satisfies this property? These
questions are closely related to Conjecture which is a challenging problem.
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C. The present paper makes only the very first steps towards a complete general theory of Lie
antialgebras. Among the most important problems is the problem of construction of enveloping
algebras and cohomology theory. Such a theory should, of course, include the notion of central
extension, see Section [.4. We hope to treat this subject in a subsequent paper.

D. We think that relations between Lie antialgebras and Lie superalgebras should be better
studied. We associated with any Lie antialgebra a a Lie superalgebra of symmetry: g, = Der(a).
It is natural to formulate an inverse problem: given a (simple) Lie superalgebra g and a g-module
V', under what condition there exists a g-invariant structure of Lie antialgebra on V ¢ More
particularly, it would be interesting to find Lie antialgebras related to other superconformal
algebras than the simplest Neveu-Schwarz algebra, see, e.g., [[L1], [].

E. It is not at all clear whether there is any notion of “group object” related to a Lie
antialgebra, in the same way as the notion of Lie (super)group is related with that of Lie
(super)algebras. Since Lie antialgebras generalize commutative algebras, such an object should
generalize the notion of spectrum.

F. Keeping in mind multiple application of the classical Lie-Poisson structures (in represen-
tation theory, integrable systems, quantization, etc.), we hope that the canonical odd bivector
() also can be useful for the same purposes. As one of possible applications, one can consider
analog of Euler equations on the dual space a* of a Lie antialgebra a. Such equations would
not necessarily be Hamiltonian in the usual sense, but there exists a great number of interesting
dynamical systems which cannot be realized as Hamiltonian vector fields.

G. Another intriguing problem is the relation of Lie antialgebras to contact geometry; an
example is given in Section B.3. It would be interesting to investigate the general situation.
Given a contact (super)manifold M, consider the space TVect(M) of vector fields tangent to the
contact distribution. Of course, this space is not a Lie (super)algebra since the very definition
of a contact structure means that the Lie bracket of two tangent vector fields is almost never
a tangent vector field. Nevertheless, there are several natural algebraic structures on the space
TVect(M). To give an example, the simplest algebraic structure uses the decomposition of the
full space of vector fields on M into a direct sum of contact and tangent vector fields:

Vect(M) = CVect(M) & TVect(M),

see [[[5]. If X and Y are two tangent fields, then there is an invariant projection of the Lie
bracket [X,Y] to TVect(M). This structure has never been studied and the properties of the
resulting algebra are unknown. This is however not the anticummutator (fl.1]) that we considered
in Section B.3. We believe that the antibracket of tangent fields on S'I' has multi-dimensional
generalizations and should be related to a multi-Hamiltonian approach. The simple Lie an-
tialgebra asl(2,C) provide an example. In this case, the a natural projection (quotient by
homotheties) defines a structure of bi-contact supermanifold on P32 that corresponds to the
symplectic structures w. and w,-.
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