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ABSTRACT. We define hypersymplectic structures on Lie algebroids recovering,
as particular cases, all the classical results and examples of hypersymplectic
structures on manifolds. We prove a 1-1 correspondence theorem between
hypersymplectic structures and (pseudo-)hyperkéhler structures. We show
that the hypersymplectic framework is very rich in already known compatible
pairs of tensors such as Poisson-Nijenhuis, QN and P structures.
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1. INTRODUCTION

Hypersymplectic structures on manifolds were introduced by Xu in [13]. Aiming
to study hyperkéahler structures on manifolds from the viewpoint of symplectic ge-
ometry, Xu was led to introduce, in a natural way, the notion of hypersymplectic
structure. The aim of this paper is to define and study hypersymplectic structu-
res on Lie algebroids. Our definition is inspired in [13] and, generalizing a result
from [13] on manifolds, we prove that there exists a 1-1 correspondence between
hypersymplectic and hyperkahler structures on a Lie algebroid. We also show that
hypersymplectic structures on a Lie algebroid provide other type of interesting
structures on the Lie algebroid, such as Poisson-Nijenhuis, 2V and P{2 structures.
The results of this paper are from [1] and were never published. We want to stress
that the proofs we give here are different from those in [1]. We have improved the
techniques and the proofs became much more elegant.

It is worth noticing that Hitchin [4] called hypersymplectic structures on a ma-
nifold M to what we call, in this work, para-hypersymplectic structures on the Lie
algebroid T M. On the other hand, the structures which we call hypersymplectic are
in 1-1 correspondence with hyperkéhler structures (Theorem 6.6). For this reason,
many authors refer to them simply as hyperkahler structures.

The paper is divided into six sections. Since our computations widely use the
big bracket — the Poisson bracket induced by the symplectic structure on the cotan-
gent bundle of a supermanifold, Section 1 contains a short review of Lie algebroids
in the supergeometric framework and their deformation by Nijenhuis tensors and
bivector fields. We also review the definition of Schouten-Nijenhuis bracket of mul-
tivectors on a Lie algebroid A as a derived bracket expression, and give a definition
of the Frolicher-Nijenhuis bracket of two A-valued forms in supergeometric terms.
In Section 2 we introduce the concept of e-hypersymplectic structure on a Lie al-
gebroid and we study the properties of the tensors induced on the Lie algebroid
by this structure. One of the interesting features of e-hypersymplectic structures,
discussed in Section 3, is that pairs of these induced tensors determine well known
structures on the Lie algebroid, such as P2, QN and Poisson-Nijenhuis structu-
res. In Section 4, we consider a particular case, that amounts to fix a sign in
the e-hypersymplectic structure, and we show that the number of PQ, QN and
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Poisson-Nijenhuis structures on the Lie algebroid increases, when compared to the
general case. In Section 5 we take the opposite sign, and consider two cases: hy-
persymplectic and para-hypersymplectic structures. In both cases we are able to
define a pseudo-metric on the Lie algebroid. Using this pseudo-metric, we prove a
1-1 correspondence between (para-)hypersymplectic and (para-)hyperkéahler struc-
tures on the Lie algebroid. The paper closes with an example in TR* that provides
many (para-)hypersymplectic structures.

2. PRELIMINARIES ON LIE ALGEBROIDS

2.1. Lie algebroids in supergeometric terms. We begin this section by intro-
ducing the supergeometric formalism, following the same approach as in [12, 10].
Given a vector bundle A — M, we denote by A[n] the graded manifold obtained
by shifting the fibre degree by n. The graded manifold T*[2] A[1] is equipped with
a canonical symplectic structure which induces a Poisson bracket on its algebra of
functions F := C*°(T™*[2]A[1]). This Poisson bracket is sometimes called the big
bracket (see [5]).

Let us describe locally this Poisson algebra. Fix local coordinates z?, p;, €%, 6,,
i€{l,...,n},a € {1,...,d}, on T*[2]A[1], where x% £% are local coordinates on
A[l] and p;, 6, are their associated moment coordinates. In these local coordinates,
the Poisson bracket is given by

{pi,xi}:{Ga,fa}zl, i=1,...,n, a=1,...,d,

while all the remaining brackets vanish.

The Poisson algebra of functions F is endowed with an (N x N)-valued bidegree.
We define this bidegree (locally but it is well defined globally, see [12, 10]) as follows:
the coordinates on the base manifold M, x%, i € {1,...,n}, have bidegree (0,0),
while the coordinates on the fibres, £*, a € {1,...,d}, have bidegree (0,1) and
their associated moment coordinates, p; and 6,, have bidegrees (1,1) and (1,0),
respectively. We denote by F*! the C°°(M )-module of functions of bidegree (k,1)
and we verify that the big bracket has bidegree (—1, —1), i.e.,

{fqull ]:'kz,lz} C fk1+k2*1111+12*1
, .

Let us recall that a Lie algebroid structure on a vector bundle A — M is a pair
(p,[.,.]) where

e p: A— TM is a morphism of vector bundles, called the anchor,
e [.,.] is a Lie bracket on the space of sections I'(A)

satisfying the Leibniz rule
(X, 1Y) = F X Y]+ (p(X) - )Y,
for all f € C°(M) and X,Y € T'(A).

Theorem 2.1 ([9, 11]). There is a 1-1 correspondence between Lie algebroid struc-
tures on A — M and functions u € F4? such that {u,u} = 0.

The anchor and bracket associated to a given u € FU2 are defined, for all
X, Y €TT(A) and f € C*(M), by the derived bracket expressions

(1) p(X)-f={X,p}, [} and [X,Y]={{X,p},Y}.
Moreover, the differential of the Lie algebroid is given by d(o) = {u, o}, for all
o € D(\® A%).

When using the supergeometric formalism, we shall denote a Lie algebroid by
the pair (A, p) instead of the triple (A4, p, [.,.]).
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2.2. Deformation of Lie algebroids. Let (4, p,[.,.]) be a Lie algebroid and p

the function in F12 corresponding to the Lie algebroid structure (p, [.,.]) on A.
Let N e T(A® A*) be a (1, 1)-tensor seen as a vector bundle morphism N : A —

A. The deformation of the Lie bracket [.,.] by N is defined, for all X, Y € T'(A), by

[X,Y]n = [NX,Y] +[X,NY] - N[X,Y].

The deformed structure (poN,[.,.]n) is given, in supergeometric terms, by py :=
{N,u} € F12. The deformation of uy by a (1,1)-tensor S € I'(A ® A*) is denoted
by fixs, ie.

(2) pn,s = {S,{N, u}},

while the deformed bracket associated to s is denoted by [.,.]n.s-
The Nijenhuis torsion of N, TN, is given, for all X,Y € I'(A4), by

TN(X,Y)=[NX,NY] - N[X,Y]x.

A vector bundle endomorphism N : A — A is a Nijenhuis tensor on a Lie
algebroid (A, p) if its Nijenhuis torsion vanishes. In this case the deformed bracket
[, ]~ is a Lie bracket and (A, uy) is a Lie algebroid.

When N2 = —Id4 (resp. NZ = Ida), N is said to be an almost complex structure
(resp. almost para-complex structure). If moreover TN = 0, then we can remove
the prefix “almost” and N is a complex structure (resp. para-complex structure’).

The deformation of the Lie bracket [.,.] by a bivector = € ['(\” A) is a bracket
on I'(A*) defined, for all o, 8 € T(A*), by

[, Blx = Lrt(a)B — Lripyo — d(m(e, B)),

where d is the differential of the Lie algebroid (A, i), £ is the Lie derivative deter-
mined by d and 7f : T'(A*) — I'(A) is defined by setting (3, 7f(a)) := 7(a, B), for
all o, 8 € T'(A*).

The deformed structure (po7?,[.,.]) corresponds to pr := {m, u} € F*2. Mo-

reover, if 7 is a Poisson bivector on A, [.,.], is a Lie bracket and (A%, u,) is a Lie
algebroid.

Consider a (1,1)-tensor N € T'(A® A*) and a bivector 7 € I'(A* A). The Magri-
Morosi concomitant Cr ny of m and N [8] is the diference between the deformed

brackets on I'(A*), ([, .]x)y+ and ([.,.]n),, where N* stands for the transpose of
N. More precisely, the concomitant Cr n is given, for all «, 8 € T'(A*), by

Crn (e, 8) = ([, BIn) . = ([, Blw) -

or, in terms of big bracket and functions on F,

CVTr,N = {7Ta {Na M}} + {Na {ﬂ-aﬂ}} = UN,x + M, N -

Notice that, when C; x = 0, applying the Jacobi identity we get

(3) {Wv{Nhu}}:7{Na{ﬂvﬂ}}:%{{ﬂa]\7}au}'

n other works (including some of ours) these structures are called (almost) product instead of
(almost) para-complex. We use the prefix “para” to express the fact that some sign is switched in
comparison with the classical notion (without prefix). This change of terminology, when compared
to previous works, enables us to express in an unified way the properties that are satisfied by both
the classical structure and its para-version.
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2.3. Schouten-Nijenhuis bracket and Frolicher-Nijenhuis bracket. Let (4, p)
be a Lie algebroid. The Schouten-Nijenhuis bracket is the natural extension, by
derivation, of the Lie bracket on I'(A) to a bracket on T'(A* A). Let P € T'(A\" A)
and Q € T'(A? A) be two multivectors on A. The Schouten-Nijenhuis bracket of P
and @ is the (p 4+ ¢ — 1)-vector on A defined, in terms of big bracket, by

(4) (P,Ql,, ={{P,u},Q}.
Notice that, in supergeometric terms, the Lie bracket [, .] and the Schouten-Nijenhuis
bracket [.,.]_  are defined by the same” derived bracket expression (compare (4)

and the second equation in (1)). Then, in order to simplify the notation and if
there is no risk of confusion, the Schouten-Nijenhuis bracket on T'(A* A) will be
denoted by [.,.], as the Lie bracket on I'(A).

Let K € I(\" A*® A) and L € T(\" A* ® A) be two A-valued forms. We denote
by ir, K the section of /\kH*1 A* ® A defined by

i K =ap A (ix, ax) ® Xk,

where K = ax ® Xg € (A" A* ® A) and L = ap @ X, € T(\' A* ® A). The
Frolicher-Nijenhuis bracket [3] of K and L, denoted by [K, L] __, is the section of

/\kH A* ® A defined, in terms of big bracket, by the simple expression
(5) [Ka L]FN = {{Kau}aL}+ (_1)k(l+1) {ZLK)M}

It is known that the Nijenhuis torsion of a vector bundle endomorphism N :
A — Ais given by TN = —1 [N, N] . Thus, using formula (5) and the notation
introduced in (2), we get

FN

1

TN = B (NN — 1N2),

where N2 = NoN =iyN.

3. €-HYPERSYMPLECTIC STRUCTURES ON LIE ALGEBROIDS

In this section we define an e-hypersymplectic structure on a Lie algebroid,
generalizing the definition of hypersymplectic triple given in [13] for manifolds. As
we will see, an e-hypersymplectic structure induces some other structures on the
Lie algebroid. We study the main properties of these induced structures and the
relations between them.

Let A — M be a vector bundle endowed with a Lie algebroid structure (p, [., .]),
corresponding to a function pu € F12.

Take three symplectic forms wy,ws and ws € 1"(/\214*) with inverse Poisson
bivectors m1,m and 73 € I'(A2A), respectively. Then, for all i € {1,2,3} we

have

wib om-u =1Idg4~ and 7Ti’i o(,uib =1Idy4,

where w? : T(A) — T'(A*) is defined by setting (w?(X),Y) := w;(X,Y), for all
X,Y €T(A).

Let us define the transition (1,1)-tensors N1, N3, N3 : T'(A) — I'(A), by setting
(6) N; := 7r§_1 owl, 1,

considering the indices in Zs.

2This was predictable because, for all © € F%?, the operator {©,.} : F = F is a derivation of
degree a 4+ b — 2 of the algebra (F, A).
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Remark 3.1. We consider 1,2 and 3 as the representative elements of the equiva-
lence classes of Zs, i.e., Z3 := {[1],[2],[3]}. In what follows, although we omit the
brackets, and write 4 instead of [¢], all the indices (and corresponding computations)
must be thought in Zs.

Definition 3.2. The triple (w1, ws,ws) is an e-hypersymplectic structure on a Lie
algebroid (A, p, [-,-]) if the transition (1, 1)-tensors satisfy
(7) N;% =¢;1da, i=1,2,3,
where the parameters e; = +1 form the triple €= (1, €9, €3).
Remark 3.3. Condition (7) can be written using only the symplectic forms and
their inverse Poisson bivectors as, for example, in the following formula where the
indices are treated as belonging to Zs,
(8) WEH °7T§71 =eiwl_, °7T§+1-
Proposition 3.4. Let (w1, ws,ws) be an e-hypersymplectic structure on (A, ). The
transition (1,1)-tensors satisfy, for all i € {1,2,3},

(a) (Ni)~' =e&ilNy,

(b) N3N2N1 = IdA and N1N2N3 = £1E92€3 IdA

Notice that, using the symplectic forms and their inverse Poisson bivectors, the
condition (a) in Proposition 3.4 is given by

(9) 7T§+1 owi_1 = & 73—1 °w3+1-
Definition 3.5. We define g € ®> A* by setting, for all X,Y € I'(A),
9(X,Y) = (¢’X,Y),
where ¢” : A — A* is given by
(10) ¢’ = e389 w3 om tows’.
In the next proposition we show that the definition of ¢ is not affected by a

circular permutation of the indices in equation (10) and that g is symmetric or
skew-symmetric, depending on the sign of e1e2¢e3.

Proposition 3.6. Let (w1, ws,ws) be an e-hypersymplectic structure on (A, u). The
morphism ¢° defined in (10) satisfies:

(a) ¢° = €i_16i41 wi1’ o owi1®,  for alli € Zs;

(b) ei19” =W’ o Ny, for alli € Zs;

(c) (¢")" = —c1c0e3 ¢’.

Proof. (a) Starting from the definition of ¢°, applying formula (9) and then
formula (8), we have:

gb = £3&2 wgb o7'('1‘j obdgb = &9 W3b Oﬂ-Qﬁ o(;.)lb = £€1€&2 WQb o7'('31:t owlb.

This last equality is obtained from (10), after a circular permutation of the
indices. We can continue permuting the indices, using formulae (9) and (8),
to get:

# # b b #

gb = £1€&2 w2b07T3 owlb =£&1 WQboﬂ'l oWz = E1&2 W1 oT2 owgb.

Therefore, for any i € Zs, ¢* = €i—1€it1 wi—1” ot owi+1b.
(b) Using (a) and then (8), we have

b b b b b
€i—19 = &iy1 Wi-1 oﬂiﬂowiﬂ = Wwj Oﬂiflﬂowzﬁrl .

Now, from the definition of N, given by (6), we get €;_19” = w? o N;.
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(¢) Using (a) and the fact that both w; and 7;, ¢ = 1,2, 3, are skew-symmetric,
we obtain

b b b
(g )* = —&i—1&i41 Wit1 Oﬂiﬁ oWi—1

b b
= —&i1 Wit1 oTi—1 0wy,

where we used formula (9). Since, from (a), ¢° = ;416 wit1” omi_1% ow;”,
we get
b b
(¢°)" = —e162e3 ¢°.

We define the inverse of g, g% € ®? A, by setting

g (@, 8) = (") (a), B),

for all o, B € T'(A*). As a direct consequence of this definition, we have (g~ 1)* = (¢°)~'.
Proposition 3.7. The morphisms ¢°,w;” and N; satisfy the following:

(a) w? oNi = €1€2€3Ni* OCL}? = Ez;lgb,

(b) 7TlEi o]Vi»< = eg169e3N; o7TiEt = €i+1(gil)ﬁ,

(C) gb oNi = €1€2€3Ni* ogb = Eiai_le,
for all indices in Zs.
Proof. (a) Using (6), (9) and Proposition 3.4, we have

w? oN; = w; oﬂf_l owg_H = c;w; o7T§+1 o&]?_l = Ei,lgb.

The remaining part of the statement can be proved using Proposition 3.6(c)
and then Proposition 3.6(b). Indeed,

b b b b b
Wy oNi =E&ij—19 = _5i5i+1(9 )* = —€i€i+1(5i_1wi oNi)* — £1E9€3 Ni* oW .

Statements (b) and (c) can be proved directly, by the same kind of argu-
ments, or using (a).

O
Proposition 3.8. For all sections X,Y € T'(A) and for all indices in Zs,
g(N; X, N;Y) =¢;_18:41 9(X,Y).
Proof. Let X and Y be sections of A. We have
g(N: X, N;Y) = (¢"(N; X), N;Y) = e16963(N;* (¢° X)), N;Y)
= e1e083(9° X, (N))2(Y)) = €141 (9" X, Y)
=¢gi18i41 9(X,Y),
where we used Proposition 3.7(c) in the second equality. (I

The next proposition is the continuation of Proposition 3.7, in the cases where
the indices are different.

Proposition 3.9. The morphisms induced by an e-hypersymplectic structure (w1, wa, ws)
satisfy the following relations, for all indices i,k € Zs,i # k,

: A
> Ny = Ni*ow? =4 int ; i+
(a) w;oNk = Ni" ow; {Eiwﬁﬂ i1
¢ i
(b) 7o Ny = Nport = 4 SoriTioy - F=idl
i °4iVEk koT; ﬂ.ﬁ i1
1+1 ) = ;

5i5i+1Ni—1 ,k=1+1

(C) NioNk = €1€2€3Nk ONi = { €i+1Ni+1 ’ E—i_1.
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Proof. The proofs of all statements are done by direct computations. We prove (a)
to illustrate the kind of computations we use.

(a) fk=i+1,

w? oNp = w? oNip1 = w? oﬂg owg_l =w;_1

On the other hand, if k =i — 1,
w? oNg = w? olNj_1 = w? 07T§+1 owg
b b b
= E&i—1W; 07T§ owiJrl = Ei_lwiJrl,

where we used (9) in the third equality. In both cases, w?o Ny is skew-
symmetric, so that w? o Ny = —(w? o Ni)*, i.e

W?ON]C = Nk*owg.

O

The next diagram shows all the relations between the morphisms induced by an
e-hypersymplectic structure on a Lie algebroid, recorded in Proposition 3.9.

FIGURE 1.

This is to be understood as the pattern for a tetrahedron ABCD, where the
vertices A, B and C' are labeling the Lie algebroid, while the vertex D labels the
dual of the Lie algebroid. The morphism ¢” does not appear in Figure 1 but, as
shown in Figure 2, ¢ is the altitude of the tetrahedron ABCD.
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FIGURE 2.

The next proposition is a collection of already proved relations between w,”, m;#, Ny,
and g. The novelty is that we write these relations using the big bracket and functi-
ons on F.

Proposition 3.10. For all indices i,k in Zs,

Ida , k=1
(a) {wi,me} =q Nia ,k=i+1
5i+1Ni+1 N k=1— 1;

(b) {Nk, Nit1} = —{Npy1, N} = ep—1 (1 — e16263) Nj—1;

gi—1 (1 +e1e2e3)g , k=1

(¢) {Nk,wi} =4 2wi1 L k=i+1
2€i1wit1 , k=1i—1;
—Ei+1 (1 + 516263)971 , k=1

(d) {Nk,mi} = —2€i41mi—1 s k=i+1
—27Ti+1 y k=1—1.

Proof. Let us prove (c) to exemplify how the already proved results translate in
terms of big bracket and functions on F. For a better understanding of these
computations, see [9, 1].

(¢) We can identify the function {Ny,w;} € F with a 2-form on A such that
{Ny,w;}” = w? o Ng+Nj ow’. Then, using Proposition 3.7(a) and Proposition 3.9(a),
we have:

{Nk,wi}b ZWEON]C—"-N;:OWE
{ (1+515253)wEoN1- s k=1

2w? o Ny L k£
51;1(1 =+ 616263) gb R k=1

=< 2w, L k=i+1
251'_10024_1 s k=1—1.

We recall an useful lemma from [7].
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Lemma 3.11. A bivector w, a 2-form w and a (1,1)-tensor N on a Lie algebroid
(A, ), related by N = 7t 0w, satisfy the relation

(11)
{{lm 7], wh, w} = {{{m dw}, 7}, w} = {{m N}, dw} + 2{m {w,{N, u}}} + 4TN.

The next theorem, which is the main result of this section, shows that the tran-
sition tensors of an e€-hypersymplectic structure are Nijenhuis tensors.

Theorem 3.12. Let (wy,ws,ws) be an €-hypersymplectic structure on a Lie al-
gebroid (A, ). The transition (1,1)-tensors are Nijenhuis tensors, i.e., for all

1€ {1,2,3},
TN; =0.

Proof. By definition, N; = 71'?71 ow?_|r1 and, using the fact that w;;q is closed and
mi—1 is a Poisson bivector, the formula (11) reduces to

1
’T’N,L e 75 {7{'1-717 {CLJ»L'+17 {N’L;,u}}} .

Now, using the Jacobi identity, Proposition 3.10(c) and the fact that w;_1 is closed,
we have

{wirr, {Ns, p}} = {{wigr, Ni}, put = {—2¢eiwi—1, u} = 0.
Therefore,
TN; =0.
O

Notice that the fact that the 2-forms w;, i = 1,2,3, are closed is crucial in
the proof of Theorem 3.12. All the other proofs in this section don’t need this
assumption.

4. INDUCED COMPATIBLE STRUCTURES

In this section we show that an e-hypersymplectic structure induces many pairs
of compatible structures such as, amongst others, pairs of compatible Poisson bi-
vectors and Poisson-Nijenhuis structures.

Let (A, u) be a Lie algebroid. Recall that a pair (7, N), where 7 is a bivector
and N is a (1,1)-tensor on A is a Poisson-Nijenhuis structure (PN structure, for
short) on (A, u) if

(12) [7,7] =0, TN =0, Nor*=nfcN* and C, n =0.

A pair (w, N) formed by a 2-form w and a (1, 1)-tensor N on A is an QN structure
on (A, p) if
(13) dw=0, TN=0, «’oN =N*ow’ and d(wy) =0,

where wy(.,.) = w(N.,.) or, equivalently, Wi = w” o N.

A pair (7, w) formed by a bivector 7 and a 2-form w on A is a P} structure on
(A, p) if
(14) [r,7] =0, dw=0 and d(wn) =0,
where N is the (1,1)-tensor on A defined by N = 7 ow’.
Proposition 4.1. Let (w1,ws,ws) be an e-hypersymplectic structure on a Lie al-
gebroid (A, p). For alli € Zs,

(a) (mit1,w;) is a PQ structure,
(b) (mi—1,w;) is a PQ structure.
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Proof. (a) We only need to prove that d((wi)m,,, ow;) = 0. Equation (6) gives
Tit1 ow; = N;—1 and from Proposition 3.9 (a), we get w? o N;_1 = g;_ 1w, ;.
Then, d((wi)ﬂ—i+lowi) = d(siflwiJ’»l) = 0. Therefore, (7ri+1,wz-) is a PS)
structure.
(b) Analogously, (m;—1,w;) is a PQ structure. In fact,

d((wi)ﬂ'i—l Owi) = d(si(wi)N«;+1) = d(EZ wifl) =0.

Recall the following result from [7, 1]:

Proposition 4.2. Let (7,w) be a P structure on a Lie algebroid (A, p) and define
N :=7ntow. Then,

(a) (w,N) is a PN structure on A,

(b) (w,N) is an QN structure on A.

Then, Proposition 4.1 has an immediate corollary.

Corollary 4.3. Let (w1, ws,ws) be an e-hypersymplectic structure on a Lie alge-
broid (A, ). For all i,k € {1,2,3}, with i # k,

(a) (mi, Ni) is a PN structure,

(b) (wi, Ni) is an QN structure.

Notice that, in general, an e-hypersymplectic structure induces 6 PN structures.
In fact, contrary to what is claimed in [2], the pairs (m;, N;),7i = 1,2,3, are PN
structures only when e1e9e3 = 1, as we will see in the next section.

The remaining results of this section deal with compatibility between two bi-
vectors or two (1,1)-tensors induced by an e-hypersymplectic structure on a Lie
algebroid (A, ). First we recall a result on PN structures.

Proposition 4.4 ([0]). Let (x,N) be a PN structure on a Lie algebroid (A, p).
Then 7 is a Poisson bivector on the Lie algebroid (A, un).

Proposition 4.5. Let (w1,ws,ws) be an e-hypersymplectic structure on a Lie alge-
broid (A, ). For alli,j € {1,2,3}, the Poisson bivectors m; and 7; are compatible
in the sense that m; + m; is a Poisson bivector.

Proof. We prove that, for all i € Zs, the Poisson bivectors m;—; and m;41 are
compatible. Since they are both Poisson bivectors, it is equivalent to prove that
[mi—1,mi+1] = 0. From Corollary 4.3, for any i € Zs, (w41, N;) is a PN structure.
Then, from Proposition 4.4, m;11 is a Poisson bivector on (A, uy,) which means
that [m;11,mir1]n, = 0, or equivalently,

{ﬂ-i-i-la {7Ti+1a {Nia :U’}}} =0.

The pairs (741, N;), i € Zs3, being PN structures, the concomitants Cr,, n, vanish
and, using (3), we obtain
1
{771'+1, 3 Hmiv1, Ni}, ,u}} =0.
Applying Proposition 3.10(d) we get
{miz1, {mi—1, 1t} =0,
which is equivalent to [m;—1,7;41] = 0. O

Theorem 4.6. Let (w1, wa,ws) be an €-hypersymplectic structure on a Lie algebroid
(A, 1), such that e1e2e3 = —1. The Nijenhuis tensors N; and N; are compatible,
for alli,j € {1,2,3}, in the sense that N; + N; is a Nijenhuis tensor.
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Proof. We know, from Theorem 3.12, that the transition (1,1)-tensors N;, i =
1,2,3, are Nijenhuis tensors. We only need to prove that N; and N;;; are com-
patible, for all i € Zs. Since TN = —3[N,N]__, for all N € T'(A ® A*), the
Nijenhuis tensors N; and N;y; are compatible if and only if [Ni,Ni_H]FN = 0.
Using formula (5), we have

[Ni, Nigal, . = {{Ni; u} ; Niga} + {in,,, Ni, o}
(15) = gip1 {{Ni, u}, {wi, miz1}} +eigivr {Nim1, 1}

where we used Proposition 3.10(a) and Proposition 3.9(c). If we apply the Jacobi
identity in the first term of the right hand side of (15), we get

(16)

[Niy Nigal = i1 {{{Ns, pu} s wi} s mica b eivn {wi, {{Ni, i}, mioa P Heigivipn, -

Applying the Jacobi identity in the first term of the right hand side of (16) and
taking into account the fact that w; is closed, we get

(17)

[Ni, Nita], . = cirn {{Ni;wi}, pu}, mica b =eivr {wis {mio1, {Ni, p}} Heigivipn, -
Let us do some computations on the second term of the right hand side of (17).
Using (3), Proposition 3.10 and the closeness of w;, we have

it1 {wi, {mi—1, {Ni, u}}} = i1 {wi, % Hmiz1, N}, u}}

= giv1 {wi, {&imiv1, p}} = cigivr {{wi, miv1 }, p}

(18) = gi€it1 {Ni—1, b} = €i€it11N, ;-

Replacing (18) in (17), we get

(19) [Niy Nigal, = €ir1 {{{Ni,wi}, pu} s mioa}

From Proposition 3.10(c), since e1e9e5 = —1, {N;,w;} = 0 and the proof is com-
plete. (]

5. CASE €16263 = 1: MORE COMPATIBLE STRUCTURES

When e1e9e3 = 1, from Proposition 3.6(b) we deduce that g is a 2-form on A,
ie, g € T(A2A*), and g~ € T'(A%A) is a bivector on A. In the next theorem,
the bivector g~ ! is induced by a PN structure. Recall that, given a bivector
7 € T(A? A) and a morphism ¢ : A* — A*, we define the bivector i, by setting

it,aﬂ.(aa ﬁ) = W(QDO(, 6) - ﬂ'((pﬁ, Oé),
for all o, B € T(A*).

Theorem 5.1. Let (w1, ws,ws) be an e-hypersymplectic structure on a Lie algebroid
(A, 1), such that e1e0e3 = 1. The pair (m;, N;) is a PN structure and iNsT; =
2e;119~ %, for all i € {1,2,3}.

The proof of Theorem 5.1 uses the following lemma:

Lemma 5.2. Let (w1,ws,ws) be an €-hypersymplectic structure on a Lie algebroid
(A, ). For alli € Zs,

(a) {mi, {Ni, pu}} = —€i {Niw1, {mir1, u}},
(b) {Ni,{mi, p}} = —ei {mit1, {Niv1, u}}.

Proof. (a) From Proposition 3.10(a), we have
{mi ANs, p}} = ei{ms, {{wior, mia b, ph}
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Applying twice the Jacobi identity and using the facts that w;_; is closed
and [m;, mi+1] = 0, we get

{mi ANi, p}} = e {mi, {wi1, {mi1, u}}}
=& {{mi,wi—1} {mir1, n}}.
Finally, using Proposition 3.10(a), we obtain
{mis ANs, pu}} = =i {Nij1, {mit1, n}} -
(b) The proof is similar to the proof of (a).

The proof of Theorem 5.1 is now straightforward.

Proof. We already know from Proposition 3.7 that, when 16063 = 1,
7T§ oN;* = N; oﬂ'g =cip1(g™HF,
so that
INFT = 2,419 "
It only remains to prove that Cr, n, = 0. Using alternately Lemma 5.2(a) and
Lemma 5.2(b), we obtain

{mi ANi, p}} = =i {Nig1, {mi1, n}}
=gi€ip1 {mi—1, {Ni—1, u}}
= —¢gi€it1€i—1 {Ni, {mi, pu}}.
Since €162e3 = 1, we get
{mis ANi, u}} + {Ni, {mi, u}} =0,
ie.,
Cr, n, = 0.
Therefore, (m;, N;) is a PN structure. (I

Recall the following result.

Proposition 5.3 ([0]). If (w,N) is a PN structure on a Lie algebroid (A, u), then
in+m 38 a Poisson bivector.

As a direct consequence, from Theorem 5.1, we have:

Corollary 5.4. Let (w1,ws,ws) be an e-hypersymplectic structure on a Lie alge-
broid (A, j1), such that 1263 = 1. The bivector g~ is a Poisson bivector. Equiva-
lently, the 2-form g is symplectic.

Using Corollary 5.4, we can give a general version of Theorem 4.6 that includes
both cases 16263 = —1 and e1e9e3 = 1.

Theorem 5.5. Let (w1, ws,ws) be an e-hypersymplectic structure on a Lie algebroid
(A, p). The Nijenhuis tensors N; and N; are compatible, for all i,j € {1,2,3}, in
the sense that N; + N; is a Nijenhuis tensor.

Proof. The case 16963 = —1 was treated in Theorem 4.6, where we proved, without
using any assumption on the sign of £1e9¢3, equation (19):

[Niy Nig1],., = i1 {{Ni,wi}, pu},mioa}.

If e169e3 = 1, we may use Proposition 3.10(c) to get

[Ni, Nit1], = 2€iv18i-1 {{g,n} ,mi1} =0,

because g is a closed 2-form . (Il
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When e1e2e3 = 1, taking into account the fact that g is a symplectic form and
g~ ! is a Poisson bivector, we can add 6 new (and non-trivial) P} structures to the

ones of Proposition 4.1.

Proposition 5.6. Let (w1, ws,ws) be an e-hypersymplectic structure on a Lie al-
gebroid (A, p), such that e1eoe3 = 1. Then, for all i € {1,2,3}, the pairs (7, g)
and (g~ 1, w;) are PQ structures.

i

Proposition 3.7(a), we deduce that 7T§ 0g” = &;_1N; and we have

Proof. We only need to show that d(gﬁu ogb) =0and d((wi)(g,l)u Ow@) = 0. From

Irbogr = Ci-19n, = EiWis

where we used Proposition 3.7(c) in the last equality. The form w; being closed, we

conclude that
d(gﬂ_ﬁ og") = 0

In a similar way, we have

4@ -1yt eu) = d(Eiri(@i)y,) = d(Eieioig) = 0.
O

From Proposition 4.2, the 6 P structures of Proposition 5.6 induce 6 PN
structures and 6 2N structures as stated in the following two corollaries. Notice
that for 3 of these induced PN structures we proved it directly in Theorem 5.1.

Corollary 5.7. For all i € {1,2,3}, the pairs (m;, N;) and (9=, N;) are PN struc-
tures.

Corollary 5.8. For all i € {1,2,3}, the pairs (w;, N;) and (g, N;) are QN struc-
tures.

In the last result of this section we prove that, when 16963 = 1, the new Poisson
bivector, g~!, is compatible with any m;, i = 1,2, 3.

Proposition 5.9. Let (w1,ws,ws) be an e-hypersymplectic structure on a Lie al-
gebroid (A, ), such that e1eoes = 1. For all i € {1,2,3}, the Poisson bivectors m;
and g~' are compatible.

Proof. Using Proposition 3.10(d), we have

ring™' 1 = {{mim} 97} = — <o {hmao ), (N, )

Applying the Jacobi identity and using the fact that m; is a Poisson bivector, i.e.,
{{ﬂ-ia ,U/} ’ 7Ti} = 0) we get
1

(M, 97" = =g &rt ({{mi, pf, Nib s i} + ANs, {{mi, u} mi}})

L (Vi) i)

From Theorem 5.1, we know that Cr, n, = 0 or, equivalentely, {N;, {m;,u}} =
— {mi, {N;, u}} and so the last equality becomes

_ 1 1
[mi g7 '] = =5 €irt Ui ANi, pi} 1} = =5 eigalmi, iy, =0,
where we used, in the last equality, Proposition 4.4 and the fact that (m;, V;) is a

1

PN structure. Therefore, m; and g~ are compatible Poisson bivectors. (I
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6. CASE €16263 = —1: (PARA)-HYPERKAHLER STRUCTURES

In this section we consider e-hypersymplectic structures with 16963 = —1. As
we will see, these structures are in 1-1 correspondence with (para-)hyperkéahler
structures, a notion we will define later. First, let us consider two different cases of
an e-hypersymplectic structure with 16963 = —1.

Definition 6.1. Let (w1,w2,ws) be an e-hypersymplectic structure on a Lie alge-
broid (A, i), such that ;6963 = —1.
o If 61 = g9 = g3 = —1, then (wy,wa,ws) is said to be a hypersymplectic
structure on A.
e Otherwise, (w1,ws,ws) is said to be a para-hypersymplectic structure on A.

It is clear that all para-hypersymplectic structures satisfy, eventually after a
cyclic permutation of the indices, ¢y = €2 = 1 and €3 = —1. In the sequel, every
para-hypersymplectic structures will be considered in such form.

Definition 6.2. Let (A, ) be a Lie algebroid. A pseudo-metric on A — M is a
symmetric and non-degenerate C°°(M)-linear map g : I'(4) — I'(A*). Further-
more, if g is positive definite, i.e., if g satisfies

(8(X), X) >0,
for all non vanishing sections X € I'(A), then g is a metric on A.

Because g169e3 = —1, the proof of the next result is a consequence of Proposi-
tion 3.6.

Proposition 6.3. Let (w1, ws,ws) be a (para-)hypersymplectic structure on a Lie
algebroid (A, ). The morphism ¢° defined in (10) is a pseudo-metric on A.

Note. In the sequel, we do not require the metric to be positive definite. However,
in order to simplify the terminology we will omit the “pseudo” prefix.

Definition 6.4. A (para-)hermitian structure is a pair (g, I) where g is a metric
and [ is a (para-)complex tensor such that, for all X,V € I'(4),

<g(IX)’ IY> = _<g(X)7 12(Y)>
Notice that the condition above may be written simply as gol 4+ I* og = 0.

Definition 6.5. A (para-)hyperkihler structure on a Lie algebroid (A4, p) is a qua-
druple (g, I1, I2, I3), where the pairs (g, I;);=1,2 are both (para-)hermitian structu-
res on A, the morphisms I; and I> anti-commute, Is = I 15, and w? = gol; are
closed 2-forms, for ¢ =1, 2, 3.

The main result of this section is a direct consequence of Proposition 6.3, Pro-
position 3.8 and Proposition 3.9.

Theorem 6.6. Let (A, u) be a Lie algebroid. The triple (w1,we,ws) is a (para-
)hypersymplectic structure on A if and only if (g, N1, N2, N3) is a (para-)hyperkdhler
structure on A.

Note. The 1-1 correspondence in Theorem 6.6 concerns pseudo (para-)hyperkahler
structures. We may restrict ourselves to the more usual (para-)hyperkéhler struc-
tures (g, N1, N2, N3), with a positive definite metric g. These are in 1-1 correspon-
dence with (para-)hypersymplectic structures (w1, ws,ws), such that g (defined by
(10)) is positive definite.

To conclude, we address a simple example in TR* which provide many (para-
Yhypersymplectic structures.
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Example 6.7. Consider the coordinates (x,%,p,q) on R* and the following six
2-forms

w1 =dx Adp + dy A dg; wq =dax Adp — dy A dg;
wy =dz Adg+dp Ady; ws =dz Adg —dp Ady;
ws =dz Ady — dp A dg; we =dz Ady +dp A dg.

The 2-forms w; € F(/\Q(T*R‘l)), i =1,...,6, are symplectic forms on R*. For
all pairwise different indices 4,j,k € {1,...,6}, the triple (w;,w;,wg) is a (para-
Yhypersymplectic structure on the Lie algebroid TR*. More precisely:

(1) The triples (w1, ws,ws) and (w4, ws,ws) are hypersymplectic structures.

(2) The 9 triples (wj,wj,wi) where 1 < ¢ < j < 3 and k € {4,5,6} are para-
hypersymplectic structures.

(3) The 9 triples (wj,wj,wy) where 4 < ¢ < j < 6 and k € {1,2,3} are para-
hypersymplectic structures.
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