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Abstract

We study twisted Jacobi manifolds, a concept that we had introduced in a
previous note. Twisted Jacobi manifolds can be characterized using twisted
Dirac—Jacobi, which are sub-bundles of Courant—Jacobi algebroids. We show
that each twisted Jacobi manifold has an associated Lie algebroid with a
1-cocycle. We introduce the notion of quasi-Jacobi bialgebroid and prove
that each twisted Jacobi manifold has a quasi-Jacobi bialgebroid canonically
associated. Moreover, the double of a quasi-Jacobi bialgebroid is a Courant—
Jacobi algebroid. Several examples of twisted Jacobi manifolds and twisted
Dirac—Jacobi structures are presented.

PACS numbers: 02.20.Sv, 02.40.—k
Mathematics Subject Classification: 53D10, 53D17, 17Bxx

1. Introduction

Jacobi manifolds were introduced by Lichnerowicz [14] and Kirillov [8] as smooth manifolds
endowed with a bivector field A and a vector field E satisfying some compatibility conditions.
When the vector field E identically vanishes, the Jacobi manifold is just a Poisson manifold.
So, Poisson manifolds are particular cases of Jacobi manifolds. But there are other examples
of Jacobi structures on manifolds which are not Poisson, such as contact structures and local
conformally symplectic structures.

The notion of twisted Poisson manifold (or Poisson manifold with a 3-form background)
was introduced by Severa and Weinstein [24], motivated by the works of Klim¢ik and Strobl [9]
on topological field theory and Park [20] on string theory. Since Jacobi structures on manifolds
generalize Poisson structures, the introduction of the concept of a twisted Jacobi manifold
seems very natural. This task was achieved in the note [19] where, besides introducing that
notion, we briefly presented some of its properties.
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Dirac structures on manifolds were introduced by Courant and Weinstein [1] and
developed in detail by Courant [2]. Dirac structures include presymplectic forms, Poisson
structures and foliations. The first approach to extend the theory of Dirac structures to Jacobi
manifolds was done by Wade [25], who introduced the £'(M)-Dirac structures as a natural
extension of Dirac bundles in the sense of Courant [2]. These £'(M)-Dirac structures, which
we call Dirac—Jacobi structures, include Jacobi manifolds and are sub-bundles of the vector
bundle (TM x R) @ (T*M x R) over M, satisfying a certain integrability condition. However,
the vector bundle (TM x R) @ (T*M x R) is not a Courant algebroid. This fact motivated
a more general treatment, proposed in [4, 18]. The concept of Courant—Jacobi algebroid was
introduced, independently, in [4] and [18], and the main example of this structure is the double
of a Jacobi bialgebroid [3, 5]. A Dirac structure for a Courant-Jacobi algebroid E is defined as
a sub-bundle of the vector bundle E over M satisfying an integrability condition. Dirac—Jacobi
bundles then arise as a particular case of these structures.

As we have already mentioned, twisted Poisson manifolds were introduced by Severa
and Weinstein [24] who studied them in the framework of Courant algebroids and Dirac
structures. For the case of twisted Jacobi manifolds, we use Dirac—Jacobi structures. More
precisely, we use twisted Dirac—Jacobi structures, which are sub-bundles of the Courant—
Jacobi algebroid (TM x R) & (T*M x R) equipped with a ‘twisted bracket’ on its space of
sections. These Dirac—Jacobi bundles enable us to characterize twisted Jacobi structures on
manifolds.

On the other hand, Roytenberg [22] developed a theory of quasi-Lie bialgebroids and used
it to study twisted Poisson manifolds [23]. Namely, with each twisted Poisson structure on a
manifold M, a quasi-Lie bialgebroid structure on (7 M, T*M) can be associated. When we try
to investigate what happens in the Jacobi framework, we realize that things are different. First
of all because, in opposition to the Poisson case, one cannot, in general, define a Lie algebroid
structure on the cotangent bundle 7*M of a Jacobi manifold (M, A, E). Usually, only the
vector bundle 7*M x R over M admits such a structure [7]. Furthermore, with each Jacobi
manifold, there exists an associated Jacobi bialgebroid [3, 5] while in the case of a Poisson
manifold it admits an associated Lie bialgebroid. Motivated by these facts, we introduce the
concept of a quasi-Jacobi bialgebroid, which is the one that fits in our theory. We prove that
each twisted Jacobi manifold has an associated quasi-Jacobi bialgebroid and that the double
of a quasi-Jacobi bialgebroid is a Courant—Jacobi algebroid.

The paper is divided into eight sections. In section 2 we recall some facts on Jacobi
manifolds and their relation with Lie algebroid theory. In section 3 we study the main
properties of a twisted Jacobi manifold, present some examples and show that if M is equipped
with a twisted Jacobi structure, then there exists a twisted exact homogeneous Poisson structure
on M x R. Section 4 is devoted to twisted Dirac—Jacobi structures and we characterize twisted
Jacobi manifolds using these structures. Several examples of twisted Dirac—Jacobi bundles
are presented, including graphs of sections of /\2(T*M x R) and twisted locally conformal
presymplectic structures. We also relate twisted Dirac—Jacobi bundles and Dirac bundles in the
sense of Courant. In section 5 we see how gauge transformations act on twisted Dirac—Jacobi
structures. In section 6 we construct a Lie algebroid with a 1-cocycle associated with each
twisted Jacobi manifold. The notion of quasi-Jacobi bialgebroid is introduced in section 7 and
we prove that its double is a Courant—Jacobi algebroid. In section 8 we show that each twisted
Jacobi manifold admits an associated quasi-Jacobi bialgebroid.

Notation. In this paper, M is a C*-differentiable manifold of finite dimension. We denote by
TM and T*M, respectively, the tangent and cotangent bundles over M and by C* (M, R) the
space of all real C*°-differentiable functions on M. For the Schouten bracket and the interior
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product of a form with a multivector field, we use the convention of sign indicated by Koszul
[12] (see also [17]).

2. Jacobi manifolds

A Jacobi manifold is a differentiable manifold M equipped with a bivector field A and a vector
field £ such that
[A,Al=—-2EAA and [E,A]=0, (D)
where [-, -] denotes the Schouten bracket [12]. In this case, (A, E) defines a bracket on
C*°(M, R) which is called the Jacobi bracket and is given, for all f, g € C*°(M, R), by
{f.g}=Adf dg)+ f(E-g) —g(E - [). 2)

The Jacobi bracket endows C*° (M, R) with alocal Lie algebra structure in the sense of Kirillov
[8]. Reciprocally, a local Lie algebra structure on C*°(M, R) induces on M a Jacobi structure.

When the vector field E identically vanishes on M, the Jacobi structure reduces to a
Poisson structure on the manifold. However, there are other examples of Jacobi manifolds
either than Poisson manifolds, such as contact and locally conformal symplectic manifolds,
[14].

There are some well-known results concerning Jacobi structures on manifolds that we
briefly recall.

Let (M, A, E) be a Jacobi manifold. Then, the pair (A, E) defines the homomorphism
of C*®(M, R)-modules (A, E)* : T(T*M x R) — I'(T M x R) given, for any section («, f)
of T*M x R, by

(A, EYf(a, ) = (MY (@) + fE, —iga), (3)

and, with each f € C*(M, R), we can associate the vector field X y = A*(df) + fE, called
the hamiltonian vector field of f. We have that

Xy =n(A, B)'AS, ),
where 7 : TM x R — T M denotes the projection over the first factor. Moreover, for all
f,8 € C*(M,R),

(X5, Xel = Xirg)- )

Also, the vector bundle 7*M x R over M endowed with the anchor map 7w o (A, E)* .
T*M x R — T M and the Lie algebra bracket {-, -} on the space of its sections given, for all
(o, f), (B, g) € I(T"M x R), by

{(a, ), (B, &)} = (v, 1), (5)
where
Y = LarB — Larpya —d(A(a, B)) + fLgB — gLea —ig(a A B),
r=—A B)+ A, dg) — AB,df)+ fE(g) — gE(S),
is a Lie algebroid over M [7]. The associated exterior derivative d, on F( ANTM x R)) =
Szl (N'(TM x R)) is given [13], for all (P, Q) e T(A*(TM x R)) =T (A" (TM)) ®
(A" (Tm)), by
di(P, Q)= (A, P]+kEAP+AANQ,—[A,Ql+(1 —k)EANQ+[E,P)). (6)

It is well known that, given a Lie algebroid (A, [-, -], a) over a differentiable manifold M
with a 1-cocycle ¢ € I'(A*) in the Lie algebroid cohomology complex with trivial coefficients
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[16], we can modify the usual representation of the Lie algebra (I'(A), [+, -]) on C*(M, R)
by defining a new representation a® : I'(A) x C*°(M,R) — C®(M,R) as

a®(X, f) = a(X) f +(ix9) [, V(X, f) e T(A) x C=(M, R). )

Therefore, we obtain a new cohomology operator d® on I'(/\ A*) = @z ( A* A*) given
by

d*(B)=dB+¢ A B, VB € F(/\kA*), (8)

where d is the cohomology operator defined by ([, -], a) on F( A A*) and a new Lie derivative

operator of forms with respect to X € I'(A), L0 =d*oi x +ix od®, that can be expressed in
terms of the usual Lie derivative Ly =d oix +ix od, as

L5B) = Ly +xp)p. VP eT(N\ A7), ©)

Using ¢, it is also possible to modify the Schouten bracket [-, -] on the graded algebra
F(AA) = @keZF(/\k A) to the ¢-Schouten bracket [+, -]? on I'( A\ A) defined, for any
P eT(A’A)and Q € T(A\?A), by

[P, Q1" =[P, Ql+(p—DP A (iyQ) +(=1)"(g — D(yP) A Q, (10)

where iy O and iy P can be interpreted as the usual contraction of a multivector field with a
1-form. A differential calculus using a®, d?, £? and [-, -]? can be developed. The formulae
obtained are similar, but adapted, to the case of a Lie algebroid [3, 5].

A pair (A, ¢) formed by a Lie algebroid A and a 1-cocycle ¢ of A is called a Jacobi
algebroid in the terminology of [3].

A trivial example of a Jacobi algebroid over M is the vector bundle TM x R — M
equipped with the bracket

(X, ), X, 9l=(X.Y].X-g =Y f), VX, ), (Y,8) e T(TM x R), (1)

the vector bundle map 7 : TM x R — T M, that is the projection over the first factor,
and the section (0, 1) of T*M x R. The associated exterior derivative on F( AT*M x R))
is the operator d = (d, —d) and (0, 1) is a 1-cocycle in the cohomology complex with trivial
coefficients of (TM x R, [-, -], 7, d). In the following, we will denote by d -1 the differential
operator on F( NT*M x R)) modified by (0, 1), as in (8).

The notion of generalized Lie bialgebroid and the equivalent one of Jacobi bialgebroid
were introduced, respectively, by Iglesias and Marrero in [5] and by Grabowski and Marmo in
[3] in such a way that a Jacobi manifold has a Jacobi bialgebroid canonically associated and
vice versa. A Jacobi bialgebroid over M is a pair (A, A*) of Lie algebroids over M, in duality,
with differentials d and d,, respectively, endowed with a 1-cocycle ¢ € I'(A*) of (A, d) and
a 1-cocycle W € I'(A) of (A*, d,), such that, for every P € T'( \” A) and Q € T'( /\ A), the
following condition holds:

av¥ip, Q1 =14 p, 01 + (-=)"*'[P,dY Q1°.

The pair formed by the Jacobi algebroid (TM x R, [-, -], =, (0, 1)), presented above,
together with the Lie algebroid (T*M x R, {-, -}, o (A, E)*) and the 1-cocycle (—E, 0)
['(TM x R) on it is a Jacobi bialgebroid over the Jacobi manifold (M, A, E) [5].

Finally, let us recall [5] that a section (A, E) of /\Z(TM x R) defines a Jacobi structure
on the manifold M if and only if

[(A, E), (A, E)IOV = (0,0). (12)
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3. Twisted Jacobi manifolds

In [19] we introduced the concept of a twisted Jacobi manifold and presented some of its
properties. Now, in this section, we will review and complete the results announced in [19].

We start by recalling that, given a bivector field A on a differentiable manifold M, the
associated vector bundle map A* : T*M — T M induces a homomorphism of C*®(M, R)-
modules A* : ['(T*M) — I'(TM),

(B, A*(@) = A, ), Yo, B € T(T*M),
that can be extended to a homomorphism, also denoted by A¥, from I‘(/\k(T*M )) to
F(/\k(TM)), k € N, as follows:
A =] and  (A'n)(an, ... ) = (=D (A" @), ... AT (@), (13)
forall f € C*(M,R),n € F(/\k(T*M)) and oy, ..., € ['(T*M). Analogously, with

each section (A, E) of /\Z(TM x R), we can associate a homomorphism of C*(M, R)-
modules

(A,E)#:F(/\k(T*MxR)) — F(/\k(TM x R)), k €N,
by setting, for all f € C*(M,R), (n, &) € F(/\k(T*M X ]R)) and (a1, f1), ..., (o, fi) €
I(T*M x R),

A B =f
and

(A, EY (1, &) (1, f1), - -, (o, £)) = (D, (A, EYH (e, f1)s oo (A, E) (o, ).
(14)

We remark that for k = 1, we recover (3).

Let us introduce some notation, following [24]. Let A be a bivector field on M and ¢ a
3-form on M. We denote by (A* ® 1)(¢) the section of (/\2 TM)®T*M that acts on
multivector fields by contraction with the factor in 7*M. For any f € C*(M,R), X €
'(TM)anda, B € I'(T*M),

M@ Dp)(f) =0 and (A* @ D(@)(a, B)(X) = —p(A* (@), A*(B), X). (15)
Similarly, if w is a 2-form on M, then, for any X € I'(TM) and @ € ['(T*M),
A @ D(@)(@)(X) = o(A*(@), X).

In what follows, we consider the Jacobi algebroid (TM x R, [-, ], w, (0, 1)) and are
mainly interested in the vector bundle map defined by (14) for k = 3.

Proposition 3.1. Let (A, E) be a section of N*(TM x R) and (¢, w) a section of
A’ (T*M x R). Then,

[(A, E), (A, )]V =2(A, E)* (g, ®)
if and only if

[A, A1+2E A A =2A%(p) +2(A*w) A E (16)
and

[E, Al = (A" @ D)(9)(E) — (A" ® D)(w)(E)) A E. a7)
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Proof. Let («, f), (B, g) and(y, h) be three arbitrary sections of 7*M x R. We have

(A, E). (A, E)I®V((@, ). (B.8). (v, h))
= ([A, AT+2E AN A2[E, AD (e, f), (B, 8), (v, h))
= ([A, AT+2E A A)(a, B, y) +2f[E, Al(B, ¥)
—2glE, Al(a, y) +2h[E, Al(e, B). (18)
On the other hand,

2(A, EY* (¢, o) (e, £), (B, &), (v, ) =2(A*p) (e, B, ) +2((A*w) A E) (e, B, )
—2(p(A*(B), A (y), FE) — (A* (@), A*(y), gE) + o(A* (@), A*(B), hE))
—2((ig)[w(A*(y), gE) — o (A*(B), hE)] — (ieB)lo(A*(y), fE)

— oA (@), hE)] + (ig)o(A*(B), FE) — o (A* (@), gE)])
=2((A%) + (A*w) A E), (A" @ 1)(9)(E)

— (A" @ D(@)(E) A E))((a, ). (B. 8). (v, h)). (19)
Comparing the terms on trivector fields and bivector fields of (18) and (19), we obtain,
respectively, formulae (16) and (17). U

The sections of /\S(T*M x R) that are closed with respect to the differential operator
d©D will have a special role hereafter. We will call them d®V-closed.

Lemma 3.2. A section (¢, w) of \*(T*M x R) is dOV-closed, i.e. d°D (¢, w) = (0,0), if
and only if ¢ = dw.

Thus, we shall denote any d©DY_closed section (¢, ) of /\3(T*M x R) by (dw, w), with w a
2-form on M.

Definition 3.3. A twisted Jacobi structure on a differentiable manifold M is defined by choosing
a bivector field A, a vector field E and a 2-form w on M such that

[(A, E), (A, )]V = 2(A, E)(dw, w). (20)
A manifold equipped with such a structure is called a twisted Jacobi manifold or a w-Jacobi

manifold and it is denoted by the triple (M, (A, E), w).

Hence, according to proposition 3.1, we may define a twisted Jacobi manifold as a
manifold M equipped with a section (A, E) of /\Z(TM x R) and a 2-form w on M satisfying
conditions (16) and (17), for ¢ = dw.

Examples 3.4

(1) Jacobi manifolds. Any Jacobi manifold (M, A, E) endowed with a 2-form w satisfying
(A, EY*(dw, w) = (0, 0) can be viewed as a twisted Jacobi manifold.

(i1) Twisted locally conformal symplectic manifolds. A twisted locally conformal symplectic
manifold is a 2n-dimensional differentiable manifold M equipped with a non-degenerate
2-form ©, a closed 1-form #, called the Lee 1-form, and a 2-form w such that

dO+w)+ I A (O +w) =0.

Let E be the unique vector field and A the unique bivector field on M which are
defined by

I(E)® = -9 and i(A* (@) = —a, forall «eT(T*M). 21
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If we also denote by A the extension (13) of the isomorphism A T(T*M) — T(TM)
given by (21), we obtain

E = A*(®) and A = A*(©).

By a simple, but very long computation, we prove that the pair ((A, E), w) satisfies
relations (16) and (17), for ¢ = dw. Whence, ((A, E), w) endows M with a twisted
Jacobi structure.

(iii) A trivial example in local coordinates. Let (xo, x1, X2, X3, X4) be a system of local
coordinates in R’. Let us consider a bivector field A, a vector field E and a 2-form w on
RR? given, in these coordinates, by

0 0 d 0 d 0
A=—AN—+—A—+x4— N — E =

, = —, w =dx; Adxs.
axl 8X3 sz 8x4 on 8x4 E)xo

A simple computation gives

0 d d
[A,A]+2EAA=2—AN — A — and [E,A] =0.
8x1 3)63 8)(0
Since
# 0 0 #
AN (w)=— AN — and (A" ® 1) (w)(E) =0,
3x1 3)(3

we have

[A, A]+2E AA =2A%(w) AN E and [E,Al=—(A*® 1)(w)(E) AE.
According to proposition 3.1, with ¢ = dw = 0, ((A, E), w) defines a twisted Jacobi structure
on the manifold R’.

Given a twisted Jacobi structure ((A, E), w) on M, (A, E) defines on C®°(M,R) an
internal composition law {-, -} just as in the case of a Jacobi structure. Forall f, g € C*°(M, R),
{f.g}=AWdf dg)+ fE(Z) —gE(f). (22)

Since (12) does not hold, this bracket fails the Jacobi identity and is no longer a Lie bracket.

Proposition 3.5. Let (M, (A, E), ®) be a twisted Jacobi manifold. Then, for all f,g,h €
C®(M,R),

{fdg. W} +ep. = —(dw, o) (A, EY'(@S, [), (A, E)'(dg, 8), (A, E)'(dh, h)),

where c.p. denotes sum after circular permutation.

Proof. The result follows directly from (14) for k = 3 and (20), taking into account that, for
any f,g,h € C*(M,R),

LA E), (A, EIOV (@S, £), (dg, &), (dh, ) = {f. {g. h}} +c.p. 0

Let us now examine some relations between twisted Jacobi manifolds and twisted Poisson
manifolds.

We recall that a twisted Poisson manifold [24] is a differentiable manifold M endowed
with a bivector field A and a closed 3-form ¢ on M such that [A, A] = 2A*(p). When ¢ is
exact, i.e. ¢ = dw with w € I‘(/\2 T*M), we say that (M, A, @) is a twisted exact Poisson
manifold. A twisted Jacobi manifold (M, (A, E), w), with E = 0, defines a twisted exact
Poisson structure on M since

[(A,0), (A, 0] =2(A, 00 (dw, w) = [A, Al =2A%dw).
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Furthermore, it is well known that there exists a close relationship which links
homogeneous Poisson manifolds with Jacobi manifolds [14]. Namely, to each Jacobi
manifold (M, A, E), we can associate a homogeneous Poisson manifold (M, A, %), called
the Poissonization of (M, A, E), with M = M x R and A = e’t(A + % A E),t being
the canonical coordinate on R. For the twisted exact Poisson structures, we introduce the
following definition.

Definition 3.6. A homogeneous twisted exact Poisson structure on a manifold M is defined
by a triple (A, Z, ), where A is a bivector field on M, Z is a vector field on M and w is a
2-form on M such that

[A, Al = 2A*(dw), [Z,A] = —A, Lyw=o.

Proposition 3.7. Let (M, (A, E), o) be a twisted Jacobi manifold. We set M =M x R and
we consider on M the tensor fields A =e™" (A + % A E) and & = ¢'w, t being the canonical
coordinate on the factor R. Then, the triple ([\, % d)) defines an homogeneous twisted exact
Poisson structure on M.

Proof. We have [%, 1~\] = —Aand Ljy/3:@ = @. So, according to definition 3.6, it remains to
prove that [A, A] = 2A*(d®). From the definition of A, we compute

A Bl
[A,Al=e 2 (A, Al+2E AA) +2e7 (5 AE, A])
and, since (M, (A, E), w) is a twisted Jacobi manifold, from (16) and (17), we can write

[A,A]=2e2 (A#(da)) + A (W) ANE + % A ((A* ® 1)(dw)(E)

— (A" @ D(w)(E) A E))- (23)
On the other hand,

A*(d®) = ' A*(dw + dt A w). (24)
But

y - ]

A (dw) = e (A#(da)) oA (A" ® 1)(da))(E))> (25)
and

A dt Aw) = (A#(a)) - % A (A ® 1)(a))(E))) ANE. (26)
From equations (23)—(26), we obtain [A, A] = 2A*(d®). O

4. Twisted Dirac-Jacobi structures

The notions of Courant—Jacobi algebroid and the equivalent one of generalized Courant
algebroid were introduced in [4] and [18], respectively, as a generalization of the definition of
Courant algebroid [15, 22].

Definition 4.1. ([18]) A generalized Courant algebroid or a Courant—Jacobi algebroid on
a differentiable manifold M is a vector bundle E over M equipped with a non-degenerate
symmetric bilinear form (-, -) on the bundle, a skew-symmetric bracket [-, -] on T'(E), a bundle
map p° : E — TM x R and a section 0 of E* such that, for any ey, es € I'(E), the condition
0, [e1, e2]) = p(e1)(B, ex) — p(ex)(0, e1) holds, p being the bundle map from E onto T M
induced by p?, satisfying, for all e, e|, es, e3 € T'(E) the following properties:
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(i) [le1, e2], e3] + [[e2, €3], e1] + [le3, e1], e2] = DT (er, €2, €3), where T(ey, e, e3) =
%([el, es], e3)+c.p.and D’ : C®(M,R) — T'(E) is the first-order differential operator
given by (D’ f,e) = 1p%(e) f:

(ii) p?(le1, e2]) = [p%(e1), p? (e2)], where the bracket on the right-hand side is the Lie bracket
(11) on T(TM x R);

(i) p%(e)(e1, €2) = (e, e1] + DI (e, e1), €2) + (ey, [e, e2] + DY (e, €2));
(iv) for any f, g € C*(M,R), (D’ f,Dg) = 0.

A Dirac structure for the generalized Courant algebroid (E, 6) is a sub-bundle L of E
which is closed under the bracket [-, -] and is maximally isotropic with respect to the symmetric
bilinear form (-, -). In this case, (L, p|., [+, ]|.) is a Lie algebroid over M.

An important example of a Courant—Jacobi algebroid is the double A@ A* of a Jacobi bial-
gebroid ((A, ¢), (A*, W)) over M [4, 18]. The bracket on the space I'(A & A*) of its sections
is given, foralle; = X| +ay,e2 = X +ax € ['(A @ A¥), by

[X1+a1, X+l = (X1, X20? + L), Xo — LU, X1 —d) (e1, e2))
+ (lar, 0]y + L5 00 — LY o1 +d% (er, e2) ). 27)

where (e, e)_ = %(ixzal — ixl(xz). Moreover, 8 = ¢ + W, p is the sum of the anchor
maps of A and A*, the symmetric bilinear form on A @ A* is the canonical one, i.e.
(e1. ) = (e1, €)1 = 3(ix,01 +ix,00), D = (dy + d)jcm,r) and D’ = (d) +d?) o p)-

For the case of the Jacobi bialgebroid ((TM x R, (0, 1)), (T*M x R, (0,0))), where
T*M x R is equipped with the null Lie algebroid structure, the Courant—Jacobi structure
defined on its double £' (M) = (T M x R) @ (T*M x R) corresponds to the following bracket
on the space I'(£!(M)), defined in [25] as a direct generalization of the Courant bracket on
['(TM & T*M) [2], as follows: for all e; = (X1, f1) + («1, 1), &2 = (X2, fo) + (2, 82) €
rE"(M)),

[e1, e2]l = [(X1, f1) + (a1, g1), (X2, f2) + (a2, g2)]]
= [(X1. f1). (X2, IOV + (LG (00, 82) — L5, (@1 g1) +d @V (e, e2) )
with
(e1,e2)— = 3(ix,01 — ix, 00+ 281 — f182).
Dirac structures for the Courant—Jacobi algebroid (' (M), (0, 1)+(0, 0)) will be called Dirac—
Jacobi structures.

Let us now ‘twist’ the bracket [[-, -] on I"(£! (M)) with a section (¢, @) of /\3 (T*M x R)
by setting

[e1, e2](p,0) = 1, 2] + (¢, @) (X1, f1), (X2, f2), ).

Proposition 4.2. The pair (€' (M), (0, 1) + (0, 0)) equipped with the bracket [-, Jp,w) 0N
I'(E'(M)), the canonical bilinear symmetric form (-, -)4 on the bundle’ and the bundle map
o = +0 is a Courant-Jacobi algebroid over M if and only if d*V (¢, w) = 0.

We denote this new Courant-Jacobi algebroid by (E'(M) (4w w), (0, 1) + (0, 0)) or simply
by (E'(M),. (0, 1) + (0, 0)).

Proof. We know that (£'(M), (0, 1) + (0, 0)) equipped with ([-, -1, p. (-, -)+) is a Courant—
Jacobi algebroid [18]. Hence, we only have to check the effect of adding the term

1,: . . .
3 (e1, )+ = S(ixy01 +ix, 00 + frg1 + f182).
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(¢, w)((X1, f1), (X2, f»), ) to the bracket [[-, -] on ['(E'(M)). Let us set 8 = (0, 1) + (0, 0).
Then, for any e; = (X1, f1) + (a1, g1), €2 = (X2, f2) + (a2, g2) € ['(E'(M)), we compute

p’(ler, e2lipw) = P’ (ller, e2l)) + p” (9, @) (X1, 1), (X2, f2), )

=[p%(en). p’(e2)],

and (ii) of definition 4.1 holds. Moreover, for any e = (X, f) + (&, g) € I'(£'(M)), condition
(iii) holds if and only if
(@, ) (X, [), (X1, f1), ), (X2, f2) + (22, 82))+

+ ((le fl) + (ala gl)v ((ps a))((Xv f)’ (X2ﬂ fz)ﬂ ))+ - Oa
that is, if and only if
((‘P(Xs Xl’ ) +C()(fX1 - flxv ')7 a)(X, Xl))v (XZ» f2) + (a27 g2))+

+ ((le fl) + (a11 gl)v ((p(Xv sz ) +(,()(fX2 - f2X7 ')1 CU(X, X2))+ - 09
which can be proved by a simple computation. Finally, by a long but straightforward
computation, we obtain
[ler, e2)p.o)s €3lipy + €. p. = AV (T, 0 (1, €2, €3))

— (AP (g, ) (X1, f1), (X2, f2), (X3, f3), )

with Ty o) (e1, €2, e3) = %([el, e2](¢,w)> €3)+ + c.p. Thus, condition (i) of definition 4.1 holds
if and only if dO®Y(p, w) = (0, 0), and the proof is complete. O

Definition 4.3. A Dirac sub-bundle L for the Courant-Jacobi algebroid (€' (M), (0, 1) +
(0, 0)) over M is called a w-Dirac-Jacobi structure or a twisted Dirac-Jacobi structure.

Obviously, if L is a twisted Dirac—Jacobi structure, then (L, [-, ‘]@w,0) L, olz) 1s a Lie
algebroid over M.

The next result enables us to characterize twisted Jacobi manifolds in terms of twisted
Dirac—Jacobi structures. Hereafter, in order to simplify the notation, we will denote the bracket
[-, “J(dw.w) BY [+, -]w, Whenever it is clear to which bracket we refer to.

Proposition 4.4. Let w be a 2-form on M and (A, E) a section of /\Z(TM x R). Then,
graph(A, E)* is a w-Dirac—Jacobi structure if and only if
[(A, E), (A, )]V =2(A, E)!(dw, o).

Proof. For any («, ), (8, g) € ['(T*M x R), we have
[(A, Y (e, )+ (@, ), (A, EY(B, 8) + (B. 9l = [(A, E)*(a, ). (A, E)*(B, ©)]

+{(@, ), (B, 9} + (do, ) (A, E)(a, f), (A, E) (B, 9), ),
where {-, -} is the bracket (5). So, the graph(A, E)* is closed under the bracket [-, -],, if and
only if
[(A, EY(a, ), (A, EY*(B, ©)1 = (A, EY({(er, ), (B. 9)}

+(dw, 0)(A, EY(a, £), (A, E)*(B.g). ). (28)
But (28) is equivalent to [(A, E), (A, E)]OD =2(A, EY(dw, o) (see e.g. [10]). O

Corollary 4.5. The triple (M, (A, E), w) is a twisted Jacobi manifold if and only if the
graph(A, E)* is a w-Dirac—Jacobi structure.
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Let (1, y) be a section of /\Z(T*M x R). We denote by (7, )’ : TM xR — T*M x R
the associated vector bundle morphism that induces on the spaces of sections a map, that we
also denote by (1, ), which is given, for any (X, f) € I'(TM x R), by

. ) (X, f) = (ixn+ fy, —ixy).

Proposition 4.6. Let (1, y) be a section of /\Z(T*M x R). Then, the graph(n,y)’ is a
w-Dirac-Jacobi structure if and only if d%V (5, y) + (dw, ) = (0, 0).

Proof. We start by remarking that
dOYm, y) + (dw,w) = (0,0) & n=dy—o.
The vector bundle graph(n, ¥)” over M, whose space of sections is given by

[(graph(n, )") = {(X, f) + Gixn+ fy, —ixy) | (X, f) e (TM x R)}

is a maximally isotropic sub-bundle of £'(M) with respect to the symmetric bilinear form
(-, )4+. Now, let ¢; = (X;, fi) + (ix,fl + fiv, —ixly), i = 1,2, be two sections of the
graph(n, y)”. Then,

ler. e2]0 = (X1, Xa]. X1(f2) — Xa(f0) + L) (ix,1 + oy, —ix,¥)
— it 1 AV (ix,n + fiy, —ix,¥) + (dw, ©) (X1, f1). (X2, f2). )

and [e}, e>],, € I'(graph(n, y)") if and only if

0 . ) . ny .
’Céxlq)fl)(lxzn + f27/, _ley) — UX2. ) d(oyl)(l)hn + fl% —lxl)/)

+(dw, 0)(X1, f1), (X2, f2), )
= (ix, xm + (X1 (f2) = X2 (f1))y, —ifx, x17)- (29)

A simple computation shows that (29) is equivalent to n = dy — w. ]

Let us now look at some other examples of twisted Dirac—Jacobi structures. Recall that
a sub-bundle L of the vector bundle TM & T*M over M is a Dirac structure in the sense of
Courant [2] if L is maximally isotropic with respect to the symmetric canonical bilinear form
onTM @& T*M and I'(L) closes under the Courant bracket, which is given, for any sections
X+a,Y+Bof TM & T*M, by

[X+a,Y+Blc =I[X, Y]+£X,3—£ya+%d(iya—ix,3). (30)

Example 4.7. Let L be a sub-bundle of TM & T*M, ®w a 2-form on M and consider the
sub-bundle L,, of £! (M) whose fibre at a point x € M is given by

Lw(x) = {(X’ O)X + (Of —ixw, f)x | (X+a)x € Lx}

Then, L, is a w-Dirac—Jacobi structure if and only if L is a Dirac structure in the sense of
Courant. It is immediate to verify that L, is maximally isotropic with respect to a symmetric
canonical bilinear form on £! (M) if and only if L is maximally isotropic with respect to a
symmetric canonical bilinear form on TM & T*M. Moreover, if (X, 0) + (¢ — ixw, f) and
(Y,0) + (B —iyw, g) are any two sections of L, then

[(X7 0) + ((X - iX(U’ f)7 (Ya 0) + (/3 - iYwa g)]a) = ([Xa Y]7 0)
+(LxB — Lya+ td(iya —ixp) —ixyjo, X -g — Y - f+ 2d(iya —ixP)).

So, the sections of L, close under the bracket [-, -], if and only if the sections of L close under
the Courant bracketon TM & T*M.
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For the next example, we need the following definition.

Definition 4.8. A twisted locally conformal presymplectic structure on a manifold M is a pair
((®, V), ), where ® and w are two 2-forms on M and ¥ is a closed 1-form on M such that

dO+w)+ U A (O +w)=0.

If M is even dimensional and ® is non-degenerate, then (M, (®, V), w) is a twisted locally
conformal symplectic manifold (cf example 3.4.2).

Example 4.9. Let ® and w be two 2-forms on a manifold M and ¥ be a 1-form on M. Consider
the sub-bundle L @.5).») of £} (M) whose fibre at a point x € M is given by
Li@.9).0)(x) = {(X,ixP)x +(xO — [0, [ | (X, f)x € (TM x R),}. (31)
Then, Lo,9).0) 1S a twisted Dirac—Jacobi structure if and only if ((®, ?), w) is a twisted
locally conformal presymplectic structure on M. Effectively, it is easy to check that L@ ,9).0)
is a maximally isotropic sub-bundle of £!(M) with respect to the bilinear symmetric form
(-, )+ Let (X, ix?)+(ix®— 9, f)and (Y, iy?)+(iy® — g1, g) be two sections of L ,9).0)-
We compute
[(X,ix0) + (x© — [0, ), (Y, iy?) + (iy® — g0, 8) 1w
= ([X, Y], i[x’y]l? +dl9(X, Y)) + (l.[x’y]® — glxdl? + flydl?

+dOX,Y, )+do(X, Y, )+ (O AO)X,Y, )+ (W Aw)(X,Y,")

—{X g Y - f=(ixD)g+iy?) [ +O(X,Y) +o(X, Y)}?J,

X-g—=Y- - f—(ix0)g+ iy f+O(X,Y)+w(X,Y)),
so the space I'(L@,s),w)) 1s closed under the bracket [-, -], if and only if d¢6 = 0 and
dBO+w)+9 A (O +w)=0.

For the next example, we recall that if (M, A, ¢) is a twisted Poisson manifold, then
(T*M, {-,-}¢, A") is a Lie algebroid over M, where the Lie bracket {-, -} is defined, for all
1-forms « and 8 on M, by

{o, BYY = Larwy B — Larpa — d(A(w, B)) + p(A* (@), A*(B), ).

Example 4.10. Let A be a bivector filed on M, Z a vector field on M and w a 2-form on M.
We denote by L4 7., the sub-bundle of £! (M) whose fibre at a point x € M is given by
Linzw @) ={(A @) = fZ, f)c+ (@, iza) | (@, f)e € (T*M x R),}.

Then, L,z is a twisted Dirac-Jacobi structure if and only if (A, Z, ) defines a
homogeneous twisted exact Poisson structure on M (cf definition 3.6). An easy computation
shows that L4 z ., is a maximally isotropic sub-bundle of £! (M), with respect to a symmetric
bilinear form (-, -),. Let (A*(a) — fZ, )+ (o, iz) and (A*(B) — gZ, g) + (B, iz ) be two
sections of LA,z ... Then, if (A, Z, w) is a twisted exact homogeneous Poisson structure, we
compute

(A @) = fZ, )+ (a,iza), (A*(B) — gZ, 8) + (B, izB)]w
= (A (LarwB — Laspya —d(Aa, B)) +g(Lza —a) — f(LzB — B)
+do (A (@), A*(B), ) — (A* (@) - g — (A B) - f+8(Z- )
—f(Z-gNZ, (MY (@) - g — (A*B) - f+8(Z- f)— f(Z-g)
+(LarB — Larpyor — d(A(at, B)) +g(Lza —a) — f(LzB — B)
+dw(A* (@), A*(B), )
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—do(A(@), 8Z, ) +dw(A'(B), [Z,) — w(gA* (@), ) +o(fA* (), ),
=0
iz(Lat@yB — Larpyor — d(A(a, B)) +g(Lza — o)
—f(LzB — B) +do(A* (@), A* (), )
and conclude that the space of sections of L,z «) is closed under the bracket [-, -],. Thus,
LA,z 1s a w-Dirac-Jacobi structure. A similar computation shows that, conversely, if

LA,z 1s a w-Dirac-Jacobi structure, then the triple (A, Z, w) defines a homogeneous
twisted exact Poisson structure on M.

Let ¢ be a closed 3-form on M and L a sub-bundle of TM & T* M. We recall that L is called
a @-Dirac structure (in the sense of Courant) [24] if it is maximally isotropic with respect
to the canonical bilinear symmetric form on 7M @ T*M, and its space of sections is closed
under the bracket [-, ']Cw which is given, for any sections X +a and Y+ B of TM & T*M, by

[X+a,Y+8lc, =[X+a,Y+Blc+e(X,Y, ),

where [-, -]¢ is the Courant bracket given by (30). In [6], the existence of a correspondence
between Dirac—Jacobi structures L C £' (M) and Dirac structures L € T(M x R) & T*(M x
R) in the sense of Courant was proved (see also [21]). For twisted Dirac—Jacobi structures,
we can establish the following.

Proposition 4.11. Let L be a sub-bundle of £} (M). Then,
(i) the sub-bundle L, C T(M x R) @& T*(M x R) given by

L,= {(X+f%> +e'(@+iyo+gd)|(X, f)+(a, g) € L}

is a Dirac structure (in the sense of Courant) if and only if L is a w-Dirac—Jacobi structure;
(ii) the sub-bundle L C T(M x R) ® T*(M x R) given by

L= {<X+f£>e’(a+gdt)

is a d(e' w)-Dirac structure (in the sense of Courant) if and only if L is a w-Dirac—Jacobi
structure.

(X,f)+(0t,g)€L}

Proof. A simple computation proves that each one of the sub-bundles L, and L of
T(M x R) & T*(M x R) is maximally isotropic with respect to the canonical symmetric
bilinear form on 7(M x R) @ T*(M x R) if and only if L C SCL(M ) is maximally isotropic
with respect to the canonical symmetric bilinear form in £! (M). To complete the proof of the
first assertion, we take two sections (X; + f; ) +¢e'(o; +iy,w + gdt),i = 1,2 of L,,. Then,
denoting by [-, -]¢ the Courant bracket on I'(T' (M x R) & T*(M x R)), we compute

0 d
[(Xl + f1§) +e'(ay +ix, 0+ gdr), (Xz + f25> +e' (a2 +iX2w+g2dt)}
c
0
= <[X1, X)+ Xy - fo— X2~f1)5) +e (ﬁxlaz — Ly,
1 1
+ id(ixzal —ix,00) + fios — frog + E(gdel —gidf, — fidgs + fodg)

+do (X, X2, )+ o(fiX2 — X1, )+ i[Xl,Xz]w>

1. .
+e' <X1 g — X241+ E(leal —ix, a0 — 281+ f182) + (X1, Xz)) dt
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and, since

1 .
([X1, X2l X1 - fo— Xo- f1) + <»CX10‘2 — Lx,01 + Ed(inal —ix, @) + fiaa — foo
1
+ E(gdel —gidfr — fidga + fadg1) +dw(Xy, Xz, *)

L. .
+o(f1iXo— foX1,), X1 -8 —X2- g1+ E(leal —ix, 00

—f28 +f1g2)+w(X1,X2))
= [(X1, f1) + (a1, 1), (X2, f2) + (@2, g2)]w,

we conclude that the bracket [, -]¢ closes in I'(L,,) if and only if the bracket [-, -], closes in
I'(L). The proof of the second assertion is very similar and we omit it. ]

5. Gauge transformations

As in [24], in the case of (twisted) Dirac structures for Courant algebroids, we may define
gauge transformations for Dirac—Jacobi sub-bundles. Given a section (7, y) of /\2 (T*M xR),
let us consider the vector bundle map

Ty L (M) — E'(M)

that induces on the spaces of sections a map, that we also denote by 7, ,, which is defined,
for any (X, f) + (&, g) € T(£'(M)), by

T (X, )+ (@, 8) = (X, )+ (0 g) + (1, )" (X, f).

T(n.y) is called a gauge transformation associated with (1, y). Let us also consider the Courant—
Jacobi algebroids (£'(M)(iw.0) (0, 1) + (0,0)) and (51(M)(dw,a,)_d(o,n(,],},), 0, 1) + (0, 0)).
Given a (dw, w)-Dirac-Jacobi structure L, its image by 7,,,) is the vector sub-bundle of
EVM):

T (L) = {(X, )+ (. &)+ (. ¥) (X, /) | (X, f)+(a,8) € L}.
Proposition 5.1. Let L be a (dw, w)-Dirac-Jacobi structure. Then, for any (n,y) €
F(/\z(T*M X R)), Ty (L) is a ((dw, ) — dOY(y, y))-Dirac—Jacobi structure. Moreover,
Tale = (L [ Jdww s PIL) = Ty (L) [ ido,w)—don g0 g L) > Pleg,, @)
is an isomorphism of Lie algebroids over the identity, with p = m + 0.

Proof. Let e; = (X1, f1) + (a1, g1) and e; = (X3, f2) + (a2, g2) be any two sections of L.
Then,

(T (€1)s T (€))+ = (e1, )+ + 5 (X1, £1), (0, ¥)" (X2, £2))
—_———
=0

(X2, f2), (0, ¥ (X1, fO) =0,
and 7, ,)(L) is a maximally isotropic sub-bundle of £'(M). On the other hand,
[T(n,y)(el)a T(n,y)(62)](dw,w)—d(0~1)(r],y) = [le1, e2]l

+d(@—n), 0 —n+dy)(Xy, f1), (X2, f2), ")

+‘CE())(:11,)f1)(iX2n + f2y’ _lxzy) - [’E%zl,)fz) (ixl}’] + fl]/7 _iX1y)
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+dOV(ix, (ix,n) + fi(ix,y) — fix,7))
= [[e1, e2] + (dw, w) — (dn, n — dy)) (X1, f1), (X2, f2), )
+(ipx, xan +ix, (ix,dn) + (X1 - )y + f(Lx,v) + filix.n)
— falixn) — X2 )y — filix,dy) — fd(ix,v),
n(X1, Xo) —ix, (ixzy) + ixz(ixly))
= e, e2ll + (dw, @) (X1, f1), (X2, f2), ) +iix,, 1,06, g1 (1, 1)
= 10, ([e1, e2]@w,m), (32)

which means that I"(z(,,,)(L)) closes under the bracket [-, -](4ew,w)—dob(y,) and we conclude
that 7(,,,)(L) is a ((dw, w) — d©D(n, y))-Dirac—Jacobi structure.
Moreover, with p = 7 + 0, we have

P (T (X, 1) + (@, ) = p((X, f) + (e, g)), (33)

for any section (X, f) + (a, g) of L. From (32) and (33), we deduce that 7, )| is an
isomorphism of Lie algebroids over the identity. O

The twisted Dirac—Jacobi structures L and 7, ,)(L) are said to be gauge equivalent.

Corollary 5.2. Let L be a (dw, w)-Dirac—Jacobi structure and (n, y) € F( /\Z(T*M X ]R)).

(i) IfdOV(n, y) = (0,0), then T,y (L) is also a (dw, w)-Dirac-Jacobi structure.
(ii) Ifd®V(n, y) = (dw, w), then T(.p) (L) is a Dirac-Jacobi structure.

Let us denote by Dir, the set of all w-Dirac—Jacobi structures and consider the additive
group

2
F={0.y)eT(\T*M xR))

AP, y) = 0}.

Corollary 5.2(i) means that F acts on Dir,, with the action
F x Dir, — Dir,,, (M, ¥), L) = 1(5,)(L),

and two elements of Dir,, are gauge equivalent if they lie in the same orbit of the action.

6. The Jacobi algebroid associated with a twisted Jacobi manifold

In this section, we will show that we can associate a Jacobi algebroid with each twisted Jacobi
manifold.

Proposition 6.1. Let (M, (A, E), w) be a twisted Jacobi manifold. Then, (T*M x

R, {-, -}°, w o (A, E)*) is a Lie algebroid over M, where {-, -} is the bracket on T (T*M x R)

given, for all (a, f), (B,g) € T(T*M x R), by

{(er, ). (B. )} = {(e. /). (B, @)} + (dw, 0) (A, EYo(ax, [), (A, EY'(B, 2). ), (34)

{-, -} being the bracket (5).

Proof. Let (M, (A, E), ®) be a twisted Jacobi manifold. From corollary 4.5, we know that

the graph(A, E)* is a twisted Dirac—Jacobi sub-bundle of £!(M); hence, it is a Lie algebroid

over M with the following bracket on the space of its sections:

(A, EY* (e, )+ (@, ), (A, Y (B, )+ (B, ©)wr = (A, EY* (e, ), (A, E)(B, 9)]
+{(a, ). (B, &)} + (dw, ) (A, E)*(a, f), (A, E)*(B. g). ). (35)
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Since the bracket (35) splits in the sum ['(TM x R) & I'(T*M x R), then its projection {-, -}*
over ['(T*M x R) is a Lie bracket. Moreover, for any h € C*°(M, R),

{(er, ), (B, )} = h{(a, ), (B, )} + (o (A, EY)(e, £))-h)(B. g).
So, ({+, -}*, w o (A, E)¥) endows T*M x R with a Lie algebroid structure. O

Corollary 6.2. Let (M, (A, E), w) be a twisted Jacobi manifold. Then, for any f,g €
C>®(M,R),

{dOD £, dOVg)” = dOV{f. g} + (do, @) (A, EYAD 1), (A, EYF (V). ).
Proof. It is an immediate consequence of proposition 6.1, taking into account that, for any

f,g € C°(M,R),dOD{f, g} = {dOV £, dODg}, with the bracket on the left-hand side given
by (22) and the bracket on the right-hand side given by (5). (|

The differential operator d¢ defined on I‘( AT M x R)) by the Lie algebroid structure
(-, )2, o (A, E)Y) on T*M x R is given,

e forany f € C*(M, R), by

d?f =d.f = —(A, E)*(df, 0); (36)
e forany (X, f) € I'(TM x R), by
d(X, f) =du(X, )+ (A, B) @ D(dw, 0)(X, [), (37)

where d, denotes the operator given by (6) and (A, E)* ® 1 is defined adapting (15) in the
obvious way. O

Proposition 6.3. Let (M, (A, E), w) be a twisted Jacobi manifold. The section (—E, 0) of
TM x R is a I-cocycle for the Lie algebroid (T*M x R, {-, }°, w o (A, E)*) over M.

Proof. It suffices to prove that d¥(—E,0) = (0,0). Let («, f), (8, g) be any sections of
T*M x R. Then,
d)(—E,0)((«, f), (B, 8))

=d.(—E,0)((e, ), (B, 8) + (A, E)! ® )(dw, w)(—E, 0)((, f). (B, &)

= [E, Al(@, B) — (do, o) (A, EY*(a, f), (A, E)*(B, g), (=E, 0))

= (A" @ D(dw)(E) — (A" @ D(w)(E)) A E)(a, B)

+do (A (@), A*(B). E) — (ira)o(A*(B). E) + (ieB)o(A¥ (@), E)

= 0’

and so dY(—E, 0) = (0, 0). U
From propositions 6.1 and 6.3, we deduce that the twisted Jacobi structure ((A, E), w)

on M defines a Jacobi algebroid structure on 7*M x R. Moreover, we have, from (8), (36)
and (37), that

e forany f € C*(M,R),
@) EO f = —(A EY'df. f): (38)
e forany (X, f) e '(TM x R),
@) EOX, ) =[A E), (X, HIOV + (A, E)f @ D(do, w)(X, ). (39)
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The Lie algebra homomorphism, from C*° (M, R) to I'(T M), expressed by equation (4)
in the case where M is a Jacobi manifold, fails in the case of twisted Jacobi manifolds, as
shown in the following proposition.

Proposition 6.4. Let (M, (A, E),w) be a twisted Jacobi manifold. Then, for any
f,g e C¥M,R),

(X7, Xol = X{r0 + (o (A, EY)((dow, o) (A, EY¥(dF, f), (A, E)*(dg, 8), ). (40)

Proof. From (28) we have, with (A, E)*(df, f) = Xs, —E-f),

(Xp, —E - f), (Xg, —E - 8)] = (X1, —E - {f. 8]
+(A, E)*((do, ) (A, B, f). (A, E)*(dg. 8). ).
The projection over the first factor gives (40). ]

7. Quasi-Jacobi bialgebroids and their doubles

The notion of quasi-Lie bialgebroid was introduced in [22]. It is a structure on a pair (A, A*)
of vector bundles, in duality, over a differentiable manifold M that is defined by a Lie algebroid
structure on A*, a skew-symmetric bracket on the space of smooth sections of A and a bundle
map a: A — T M, satisfying some compatibility conditions. These conditions are expressed
in terms of a section of /\> A*, which turns to be an obstruction to the Lie bialgebroid structure
on (A, A*). As in the case of a Lie bialgebroid, the double A & A* of a quasi-Lie bialgebroid
(A, A*) is endowed with a Courant algebroid structure [11, 22].

In this section, in order to adapt the previous notion to the Jacobi framework, we introduce
the concept of quasi-Jacobi bialgebroid and prove that its double is endowed with a Courant—
Jacobi algebroid structure [4, 18].

Definition 7.1. A quasi-Jacobi bialgebroid structure on a pair (A, A*) of dual vector bundles
over a differentiable manifold M consists of

a Lie algebroid structure ([-, -1«, ayx) on A* with a I-cocycle W,
abundlemapa : A — TM,

a skew-symmetric operation [-, -] on I'(A),

asectiongp € I’ A*g,
a section ¢ € FE A A*),

satisfying, for all X, Y, Z € T'(A) and f € C*(M, R), the following properties:

() [X, fY]= fIX, Y]+ (a(X)N)Y;

(ii) a([X, Y]) = [a(X),a(Y)] — a.p(X, Y, -);

(iti) ([X, Y], Z]+c.p. = —d)(p(X,Y,Z))— ((ipx,vd) Z)+c.p.), where dY is the
modified differential operator on F( A\ A) defined by the Lie algebroid structure of A*
and the 1-cocycle W;

(iv) dp — (W, -, ) = 0, where d is the quasi-differential operator on 1"( A A*) determined
by the structure ([-, -], a) on A;

(v) d®¢ = 0, where d® is given, for any B € T'( A A*),byd®(B) =dB+¢ AB;
(vi) dY [P, Q1 = [d) P, Q1 + (—)P*'[P,d) Q1°, with P e T(\" A) and Q e T( )\ A).

We will denote the quasi-Jacobi bialgebroid by ((A, ¢), (A*, W), ).

Let ((A, ¢), (A*, W), ¢) be a quasi-Jacobi bialgebroid over M, £? and LY the quasi-
Lie derivative and the Lie derivative operators defined, respectively, by d? and d) as
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in (9), a® and al” the deformed anchor maps according to (7). On the Whitney sum

bundle A @ A*, we consider the two non-degenerate canonical bilinear forms (-, -)1, and
on the space I'(A @ A*) = I'(A) @ I'(A*) we define the bracket [, -], by setting, for any
er=X1+a,ep =X+, €eN'(A D AY),

[er, e2]l, = [X1 +ap, Xo +on], = [ X1 +ar, Xo +on]l + (X, X2,-), (41)
where [, -] is the bracket (27).

Theorem 7.2. Let ((A, ¢), (A*, W), @) be a quasi-Jacobi bialgebroid over M. The vector
bundle A ® A* over M endowed with ([-, ]y, (-, -)+,,09,D9), where 0 = ¢ + W €
[(A* @ A), p? = a® +al and D’ = (d) + d?)|cou.r), is a Courant-Jacobi algebroid
over M.

For establishing the above theorem, we need the results of the following lemmas. Let
(A, @), (A*, W), p) be a quasi-Jacobi bialgebroid over M.

Lemma 7.3. For any P € F(/\k A), X, Yel'(A),axaeT'(A") and f € C*(M,R),

(i) dV X, Y] =[d¥ X, Y]+[X,dV Y],
(ii) LY P+ LY P =0;
(iii) (¢, W) = 0 and a(W) + a,(¢) = 0;
(iv) LipX +[W, X]=0;

) ) £, X1+ LY, X =0and [d° f, a1} + L], @ = 0.

Proof. The proof is based on facts that d)¥ (resp. d?) is a derivation of [-, -] (resp. [-, -]¥)
and it is similar to the case of a Jacobi bialgebroid (see [5, 18]). U

On the space C*°(M, R) we define the internal composition law {-, -} by setting, for any
[ € C¥(M,R),

{f.g}=(d"f.d)g). (42)

Lemma 7.4. For any f, g € C*°(M,R),
(@) f.d) g1 =d) g, /). (43)
Proof. From the skew symmetry of the bracket [, -] on I'(A), from lemma 7.3 (v) and because
d))* =0,
[ f,dY gl = —1d) g, d\" f1= Ly () )
=d((d’g.d ) =d}({g. f). .

Lemma 7.5. The bracket (42) is a first-order differential operator on the second argument
and it is skew symmetric.

Proof. In fact, for any f, g, h € C*(M, R),
{f. gh} = g{f. h}+h{f, g} — gh{f, 1} (44)

because

dY(gh) =gd)h+hd) g — ghw.



Twisted Jacobi manifolds, twisted Dirac—Jacobi structures and quasi-Jacobi bialgebroids 10467

In order to establish the skew symmetry of (42), we will prove that, for any f €
C®(M,R),

{f, r}=0. (45)

Since (A", [+, 4, ax, W) is a Lie algebroid over M with a 1-cocycle, the homomorphism

of C®(M,R)-modules a¥ : T'(A*) — TI'(TM x R) given by (7) induces a Lie

*
algebroid homomorphism over the identity between the Lie algebroids with 1-cocycles

(A*, [, ‘], ax, W) and (TM x R, [+, -], 7, (0, 1)). Hence, for any f € C*(M, R),*
@0, 1) =Ww, @"H*@f, f)=dl f and @)*(8f,0) = d. f, (46)

where (alﬁV ) : I'(T*M x R) — I'(A) denotes the transpose of a:‘/. On the other hand, since
the quasi-differential operator d on I'(A*) is defined by a : I'(A) — I'(T M) and by the
bracket [-, -] on I'(A), we can easily prove that

@”)*(f,0) =a*(8f) =df and  (@")*Gf, NH=d’f, 47)
where (a?)* : I'(T*M x R) — I'(A*) denotes the transpose of a®. So,
{figy="f.d'g (@) 3f. ), @) (g, &)
= ((8f f).a? o (a)))*(5g. 8))- (48)
When g = 1, (48) gives

(46),47)

(46)

(£, 1} = (G, £),a® o @)*(0, 1)) = (Sf, f),a’(W)) = —(8f, a.(9)), (49)

where the last equality follows from lemma 7.3 (iii). On the other hand,

{1, £} =0, 1),a® o @) &f, /) = (0, 1), a®@) f))

=(}.d f) = (¢, a;(6)). (50

From (49) and (50), we get

{f. 1} =—{1, f}. (6D
Using lemma 7.3(iii), (46) and (47), we can write

{f, £} = (£, 0),a* o (a)))* (81, 0)). (52)
From lemma 7.4, we have

4’ (f. fp =1d) f.d) f1=0. (53)
In particular, for f2,

4’ (r2 fH=0 (54)
and

(52)

0=d{f* ) = dY ((5f%.0),a® o (al))*(8f>, 0))
=4£2d) (f, D +AUS £YaY 2 =412 W
PP air e s
So, for any f € C*(M, R),
{f. fld.f> =0. (55)

4 In this section, in order to avoid confusion with the quasi-differential d of A, we will denote by &f the usual de
Rham differential of f € C*°(M, R).
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Then,
0 OLE @01, (f, fydY £2 = F2UL FIW)
={f. fFHL f2} = S fHe. W)
2L UL = LU P
=0
= 2f{f, fHL f) (56)
and
0 LS @0 £, (£, F1a¥ 12 = UL W)
={f. fFUL Y= UL A D
GOV 1, Y 2020 1, £
©oris P
where we deduce that (45) holds. O

Remark 7.6. From the skew symmetry of (42) and the fact that it is a first-order differential
operator on the second argument, we conclude that it is a first-order differential operator on
each argument.

Lemma 7.7. Forany f € C*°(M,R), X € I'(A) and o« € T'(A"),
(i) (aod) +a, 0d?®) f =0;
(ii) [a(X), an(@)] = a,(L%a) — a(LV X) +a@¥ (a, X)).
Proof. For (i) we have that, for any g € C*°(M, R),
(@ o0d) +a 0d®)f. (58.8)) = (d" f. (a*)* (88, &) + (d f. (a,)*(58. 8))
RO v ravg) + (d? f.dYg)
{¢. F1+{f. g} =0
because {-, -} is skew symmetric. So, (a? o d) +a) 0d?)f = 0. But
@ odV +a¥ 0od?)f =(aod) +a,o0d®)f+(p.dY f)+(W,d?f)

42)

and

(@.dY £)+ (W.a? f) LT @V () + a® (W), 5F, £)) =0,

where the last equality follows from lemma 7.3(iii). Consequently, for any f € C*(M, R),
(@aod’ +a,o0d®))f =0.

The proof of (ii) is similar to the case of a Jacobi bialgebroid (see [5, 18]). U

Lemma 7.8. Let ((A, ¢), (A*, W), @) be a quasi-Jacobi bialgebroid over M. Then, the quasi-
Lie derivative operator L? associated with the quasi-differential operator d® on F( A A*)

satisfies the following property. For any X, Y, Vi, ..
L?X,Y]U(Vl, V)= (ﬁi o ﬁ?i — L:?/ o E?{)U(Vh ..

p
+ > =DIAIX, Y], Vil +ep Vi

i=1

—a) (@X, Y, Vi, ..., V).

..V, €T(A) and any n € T (\F A¥),

aV[))
7‘7i5"'7vp)

(57)
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Proof. We prove the above formula by a simple, but long, computation, taking into account
condition (iv) of definition 7.1 of a quasi-Jacobi bialgebroid. ]

Now, we will prove theorem 7.2.

Proof of theorem 7.2. We have to check that conditions (i)—(iv) of definition 4.1 hold. In
order to establish condition (ii), we use the results of lemma 7.7 and conditions (ii) and (iv) of
definition 7.1 of a quasi-Jacobi bialgebroid. We obtain that, for any two sections e¢; = X +«;
ande; = X, +ap of A @ A*,

0’ ([e1, exly) = [0 (e1), p% (e2)].

For condition (iii) we have that, for all e, e1, e, e T(AD A*),e = X +a,e; = X1+ a1, ey =
Xz + o,

(le, e1l, + D (e, €1)+, €2)+ + (e1, [e, €2], + DO (e, €2)4)+
= (le, e+ D (e, €)1, €2)+ + 50(X, X1, X2)
+(e1, [le, 2] + D (e, €2))4 + 30X, X2, X1)
= (le, e1] + D (e, €1)+. €2)+ + (en, [le, e2]l + D’ (e, €2)1)+-
But, by doing the same computations as in proposition 4.1 of [18], we establish the equality
(Te, e+ D7 (e, e1), €2)+ + (e1. e, e2]l + DY (e, €2)1) = % (e) (er, €2)s.
Hence, we conclude
p’(e)(er, &) = (le, er]y + D (e, €1)s, 2)1 + (1, [e, 2]y, + D (€, €2).)s.
Condition (iv) can be easily proved as follows. For any f, g € C*(M, R),
(D f, D)y = @) f+d®f,d) g +d’). = S((d?g, dY f) + (d* f.d) g))
=3({s. f1+{f.gh =0,

where {-, -} is the bracket (42) which, by lemma 7.5, is skew symmetric. Finally, it remains
to establish condition (i) of definition 4.1, i.e. for any e, e;,e3 € T'(A @ A¥),¢; = X; + «;,
i=1,2,3,

[le1, e2ly, €31, + [[e2, €31y, €1y + [[e3, €1y, €21, = DTy (en, €2, €3), (58)

where T,(ey, ez, e3) = %(([el, esly, e3)+ +c.p.). Since the proof involves a very long
computation, we only give a short schedule.
First, we note that if T (eq, e5, €3) = %(([[el, e2]l, e3)+ +c.p.), then

T(ﬂ(617627e3) = T(61592’63)+%§0(X1aX2a X3) (59)
Let us set
[ler, e2ly, e3ly + [le2, €3y, €1, + [[e3, e1]p, €2l =Y + B, (60)

where Y and 8 denote the components of [[ey, e2],, e3],+c.p.onI"(A) and I"(A*), respectively.
We have

[[elv 62](/7’ e3](ﬂ +CP = [[[61, 62]] + (p(Xl’ X2, ')a e3](ﬂ +Cp
= ([[[E] ) ez]]a e3]qﬂ + [w(Xla XZ’ ')7 e3](p) + c.p.

= (I[[[elv 62]]1 83]] + (p([Iel7 62]19 X31 ) + []:gp(X17 XZ! ')7 63]]) + c.p.,
where [[e/i,\g]], i, j =1,2,3, denotes the part of [[¢;, ¢;]| that belongs to I'(A). Hence,

Y = ([ler, eall. e31 + [9(X1, X2, ). e3]) +¢.p.
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Taking into account condition (iii) of definition 7.1, the fact that (A*, [+, ‘14, a,) is a Lie
algebroid over M, so

Ll ey = L © Lo, — Ll 0 L, for i,j=1,2,3,
and also (59), we obtain, after a long computation,

Y =dY (Ty(er, ez, €3)). (61)

Similarly, for 8 we have

B = ([ller. eall, es + ¢(ller. eall. X3, ) + [9(X1. Xa. ). es]) +c.p..

where [[IIei,/(e-jT er]l (resp. I[(p(X,-,/Xj\,-), exl), i, j,k = 1,2,3, denotes the component of
[Lei, e;ll, ex]l (resp. [o(X;, X;, -), ex]]) that is a section of A*. We repeat the computations
developed in proposition 4.1 of [18] for the calculation of the corresponding 8 and we take
into account conditions (iii) and (v) of definition 7.1, the fact that (A*, [-, -]«, as) is a Lie
algebroid over M, so [[«, 052]:‘/]:‘/ + c.p. = 0, and the results of lemma 7.8 and (59). After a
long calculation, we get

B =d’(Ty(er, e2, €3)). (62)
From (60)—(62) we conclude that (58) holds. O

Remark 7.9. When ¢ = 0, the quasi-Jacobi bialgebroid is a Jacobi bialgebroid and we obtain
proposition 4.1 of [18].

8. The quasi-Jacobi bialgebroid of a twisted Jacobi manifold

Let (M, (A, E), o) be a twisted Jacobi manifold. We consider the following skew symmetric
bracket on the space of sections of the vector bundle TM x R over M, given, for all
X, f), (Y, g) e I'(TM x R), by

(X, ), (¥, ) = [(X, ), (¥, )] = (A, EY((do, 0) (X, [), (Y, g),)), (63)

where [-, -] is the bracket (11), and we define an operator d’, acting on the space of sections of
the exterior algebra /\(T*M x R) as a graduate differential operator, by setting

eon f e C*M,R),
d'f =df = (df,0);
e on sections (¢, f) of T*M x R,
d/(av f) = d(a9 f) - (dwv a))((Av E)#(av f)’ y )
Then, we extend d’, by linearity, to the algebra (F( NT*M x R)), /\). The operator d’
coincides with the one determined by the structure ([-, -], 7) on TM x R.
Now, we use the section (0, 1) € I'(T*M x R) to modify the bracket [, -] on '(T M x R),

according to formula (10), and also the operator d’. The new bracket will be denoted by
[-, 1D and the resulting operator d'®" is defined as follows:

eon f e C*°M,R),
OV f=dVf = @f. f);
e on sections (¢, f) of T*M x R,
dOV, f)=dOV(a, f) - (do, o) (A, EY (@, ), ).
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Let us extend the bracket [-, -]%D on T'(TM x R) to the whole algebra (F( AT M x
]R)), /\), as in the case of a Jacobi algebroid. In particular, if (X, f) € I'(TM x R) and

(C,Y) e F(/\z(TM X ]R)), we have
[(C,Y), (X, NV =[(C, V), (X, HIOD

— (AL B ®(C, )+ (C, V)" ® (A, E)) @ D(do, w)(X, f), (64)
where the second term on the right-hand side of (64) is the section of /\Z(TM x R) given, for
any (o, g), (B,h) e T(T*M x R), by
(A B @ (C.)" +(C. V)" ® (A, E)) ® D(do, o)(X, (. 8). (B. h))

= (do, w)(A, E)*(a, g), (C, Y)*(B, h), (X, f))
+(dw, 0)(C, V) (e, ). (A, EY (B, h), (X, f)).

Lemma 8.1. Let (M, (A, E), w) be a twisted Jacobi manifold. Then, for any (X, f) €
'(TM x R), we have

@2 EOX, ) =1, E), (X, N1V — (A, E)* ® D) (do, 0)(X, ). (65)

Proof. It is a direct consequence of (64), (10) and (39). O

We remark that if e is a 2-form on M such that (A, E)*(dw, w) = (0, 0), i.e. when the
twisted Jacobi manifold is just a Jacobi manifold, we recover the well-known relation [5],
dOX, f) =LA, B), (X, HIOD.

In the following theorem, which is the main result of this section, we show that one can
associate a quasi-Jacobi bialgebroid with each twisted Jacobi manifold.

Theorem 8.2. Let (M, (A, E), w) be a twisted Jacobi manifold and (T*M x R, {-,-}*, 7 o
(A, E)*) its associated Lie algebroid. Consider the vector bundle T M x R equipped with the
bracket (63) on the space of its sections, the operator d’ and the projectiont : TM xR — TM.
Then, (TM x R, (0,1)),(T*M x R, (—E,0)), (dw, w)) is a quasi-Jacobi bialgebroid
over M.

Proof. We have to check that all conditions of definition 7.1 are satisfied. According
to proposition 6.3, the section (—E,0) of TM x R is a 1-cocycle for the Lie algebroid
(T*M x R, {-, -}, o (A, E)*).
Let (X, f) and (Y, g) be any two sections of TM x Rand h € C*(M, R). Then,

(X, /), h(Y, )1 = h[(X, ), ¥, 9] + (@(X, )Y, g),
which means that condition (i) of definition 7.1 holds. We also have

(X, ), (¥, 1) = [X, Y] = (z o (A, EY')((do, 0)(X, [), (Y, g), ")),
which is (ii) of definition 7.1. Moreover,

d'(0, 1) = —(dw, ®)((A, E)*(0,1), -, -) = (dw, ®)((=E, 0), -, -),

and so (iv) is also satisfied. The skew symmetry of the morphism (A, E)* allows us to
conclude that

d*Y(dw, ®) = (0,0),

which is condition (v) of definition 7.1.
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Let us now consider the sections (X1, f1), (X2, f2) and (X3, f3) of TM x R. Then,

(X1, 1), (X2, ], (X3, )] +c.p. = (X1, 1), (X2, )], (X3, f3)]
— (A, Y ((do, o) (X1, f1). X2, £)], (X3, £3),9))
— (A, B ((dw, o) (X1, 1), (X2, £2). ), (X3, f3)]
+(A, B ((dw, ) (A, EY*((do, ) (X1, f1), (X2, ), ), (X3, f3),)))
+c.p. (66)

First, we remark that, since [, -] is a Lie bracket on I'(T M x R),

[[(Xh fl)9 (X27 f2)]7 (X37 f%)] +C-17' = (0’ O)
Let («, g) be an arbitrary section of 7*M x R. Then,

(@, g), —(A, EY*((dw, o) ([(X1, £1), (X2, )], (X3, f3), ) +¢.p.)
= (X1, /1)) - ([do, ®) (X2, f2), (X3, f3), (A, EY(@, 8))) +c.p.
— (T(A, EY! (@, 9)) - (do, o) (X1, f1), (X2, f2), (X3, f3)))
— (do, 0)([(X1, 1), (A, EY (@, )1, (X2, f2), (X3, f3)) — c.p.
+(0, 1) A (do, ) (X1, f1), (X2, f2), (X3, f3), (A, E)*(@, 8)) (67)

and

(@, &), —[(A, EY (dw, 0) (X1, f1), (X2, f2), ), (X3, f3)] +c.p.)
= — (@) (X1 )Xo 0 @) TV (X3, f3)) (@, &) — c.p.

— (@ (X1, /) - ([do, 0) (X2, f), (X3, f3), (A, E)¥ (e, 8))) — c.p.

+(do, 0)([(X1, f1), (A, E) (@, 9)1, (X2, £2), (X3, f3)) +c.p.

— fildo, ®) (X2, f2), (X3, f3), (A, E)' (e, &) — c.p.

— (do, 0)(X1, f1), (X2, £), (A, E)* ® D(do, 0)(X3, f3)(e, 8)) — c.p.

(68)

On the other hand,

(@, 8). (A, Y ((do, ) (A, EY((do, ) (X1, f1). (X2, f2),)). (X3, f3),)) +c.p.)
= (do, ®)((X1, 1), (X2, f), (A, E)* @ D(dw, 0)(X3, f3)(e, g)) +c.p.
(69)
If we add up the terms of (67)—(69), we obtain
—(m(A, EY(a, 8) - ((do, ) (X1, f1). (X2, f2), (X3, f3)))
+(0,dw) (X1, f1), (X2, f2), (X3, f3). (A, E)*(a, 8))
— (oo X1 ), X0, 1,0 @) TEO (X3, £3)) (@, &) — c.p.
— fildo, ) (X2, f2), (X3, f3), (A, E)'(a, §)) — c.p.
= —(@) "V ((do, ) (X1, 1), (X2, f2), (X3, L)) (@, 8))
— (o) (X1 0. 0,0 @) TEO (X3, £3)) (e, 8) — c.p.,
and we conclude that
(X1, f1), (X2, )T, (X3, )] +c.p. = —(d2)TF0 ((dw, ) (X1, f1), (X2, o), (X3, f5)))
— (o) (X1 f0. (X .0 @) TV (X3, f3) +c.p.),

which is condition (iii) of definition 7.1.
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Finally, we must show that, for any (P, Py) € F(/\p(TM X R)) and (Q, Qo) €
T(A(TM x R)),

dHTEOUP, Py), (Q, Qo)1
= (@) EO(P, Py), (Q, Q)I'*Y + (=D)P*[(P, Py), (@) (Q, Qo)1 V.
(70)
As in the case of a Jacobi algebroid [3], it is enough to prove (70) in cases where: (i) (P, P)
and (Q, Qo) are both functions of M, (ii) (P, Py) is a section of TM x R and (Q, Qo) is a
function of M and (iii) (P, Py) and (Q, Q) are both sections of TM x R.
We remark that, for any f € C®(M,R) and (P, Py) € T( A\"(TM x R)),
(P, Py), F1OV =1(P, Py), F1OV.
When (P, Po) = (f,0) = fand (Q, Qo) = (8, 0) = g, with f, g € C*(M, R), equation (70)
gives
[@)TFOf, g1V = 1£, @) 71D = (0,0,
or, equivalently,
(A, E), f1%7, 61V = [£, [(A, E), g1P1*D = (0,0). (1)
The graded Jacobi identity for the bracket [-, JOD on I'(T M x R) ensures the validity of (71).
Let us now take (P, Py) = (X, f) e I'(TM x R) and (Q, Qo) = g € C®°(M, R). Then,

@) EOUX, .81 = [(A, B, [(X, f), g]OD1OD
=[(X, ). [(A, E), g1V +[[(A, E), (X, /HIOV, 1P
=[(X, /), @) TEV]OD 1 @) “EO (X, ), g1V
— [((A, B)* ® D(dw, 0)(X, [), 81"V
=[(X, f), @*)TED gD
+ (A, E)((do, o) (X, ), d?) 5V, )
+[dH X, ), g1
— [((A, B)* @ D(dw, 0)(X, [), 81"V
=[(X, ), @)D + (@) EOX, £, g0, (72
which proves (70) in this case.
When (P, Py) = (X, f) and (Q, Qp) = (Y,g) are two sections of TM x R,
equation (70) is given by
@) " EOUX, ), TV =@ X, £, (91O
+[(X, £), @) EO, o)1, (73)
We compute
@) EOUX, ), X 1TV =[(A, E), [(X, f), (¥, 9)]@P1OD
+((A, E)' ® D(dw, ) ([(X, ). ¥, )]")
—[(A, E), (A, B)* (dw, o) (X, f), (Y, g), NP
— (A, E)' @ D(dw, w)((A, E) ((dw, ) (X, f), (Y, 8),)))
=[(X, ). [(A, E), (¥, 9110V +[[(A, E), (X, NIV, (v, 91OV
+((A, E)" ® D(dw, 0)([(X, ). ¥, )]")
— (A, E)* ® D(dw, o) (A, EY*((dw, 0)((X, f), (Y, 8),)))
+(A, EYY(dOV ((dw, 0)(X, £), (¥, 8),)))
+(A, E)*(do, 0) (do, 0)(X, f), (¥, 8), ) (74)
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where, in the last equality, we used (20), the graded Jacobi identity for the bracket [-, -]
and also the following formula, that holds for any section («, f) of T*M x R:
[(A, B, £), (A, E)] = (A, EYY(d*V(a, £)) + 1[(A, E), (A, D)V (@, f)).
On the other hand,
(@52, ), IV + (X, £), @) 50, o)1 P
=[[(A, E), (X, H1OV, (¥, 91OV — (A, B @ ([(A, E), (X, HIOD)
+([(A, E), (X, NN ® (A, E)") ® D) (dw, 0)(Y, g)
+[((A, E)* ® D)(do, 0)(X, f), (¥, )]OD
—(((A, B ® (A, B) ® D(dw, 0)(X, )
+(((A, B) @ D(dw, o) (X, @ (A, E)) @ D(dw, 0)(Y, g)
+[(X, ). (AL E), (Y, 919D + (A, EY © ([(AL E), (Y, 9)1OD)
+([(A, E), (¥, 91"V @ (A, E)') ® 1)(do, o) (X, f)
+[(X, ). (A, E)' @ D)(dw, w)(Y, )]V
+(((A, B ® (A, B)* ® D(dw, 0)(¥, g))
+((A, E)' @ D(dw, w)(Y, ) ® (A, E)') ® 1) (dw, w)(X, f). (75)
Comparing the terms of (74) and (75), we conclude, after some computations, that (73) holds
if and only if, for all (o, h), (8,1) € ['(T*M x R),
dOV ((dw, ) (X, ), (Y, ), DA, EY(a, h), (A, E)* (B, 1))
— (dw, o)([(X, ), ¥, )1V, (A, EY (. h), (A, E)*(B, 1))
+(do, 0)((Y, 8), (A, EY'(a, h), ([(A, E), (X, NIODY (B, 1))
— (dw, 0)((Y, ), (A, EY'(B, D), ((A, E), (X, H1O) (e, b))
+[(Y, 8), (A, E)* ® D(do, ) (X, NIV (. h), (B. 1)
— (dw, 0)(X, f), (A, EY(a, h), ([(A, E), (¥, )1“)* (B, 1))
+(do, ) (X, ), (A, EYY(B, D, (A, E), (Y, 1) (@, h))
—[(X, /), (A, E)f @ D(do, o) (Y, )1V (@, h), (B,1)) =0. (76)
After a long computation, we get that (76) is equivalent to
AV dw, o) (X, ), (¥, 8), (A, EY(e, h), (A, E)* (B, 1)) =0,
which holds since d®" (dw, w) = (0, 0). O

Acknowledgment

The research of ] M Nunes da Costa is supported by POCI/MAT /58452 /2004 and CMUC-
FCT.

References

[1] Courant T and Weinstein A 1988 Beyond Poisson structures Séminaire Sud-Rhodanien de Géometrie, Travaux
en cours 27 (Paris: Hermann) pp 39-49

[2] Courant T 1990 Dirac manifolds Trans. Am. Math. Soc. 319 631-61

[3] Grabowski J and Marmo G 2001 Jacobi structures revisited J. Phys. A: Math. Gen. 34 10975-90

[4] Grabowski J and Marmo G 2003 The graded Jacobi algebras and (co)homology J. Phys. A: Math. Gen.
36 161-81


http://dx.doi.org/10.2307/2001258
http://dx.doi.org/10.1088/0305-4470/34/49/316
http://dx.doi.org/10.1088/0305-4470/36/1/311

Twisted Jacobi manifolds, twisted Dirac—Jacobi structures and quasi-Jacobi bialgebroids 10475

[3]
[6]

(7]

[8]

[9]
(10]
[11]
[12]
[13]
[14]
[15]
[16]

(171

(18]
[19]
[20]
[21]
(22]

(23]
[24]

[25]

Iglesias D and Marrero J C 2001 Generalized Lie bialgebroids and Jacobi structures J. Geom. Phys. 40 176-200

Iglesias D and Marrero J C 2002 Lie algebroid foliations and £ 1(M)-Dirac structures J. Phys. A: Math.
Gen. 35 4085-104

Kerbrat Y and Souici-Benhammadi Z 1993 Variétés de jacobi et groupoides de contact C. R. Acad. Sci. Paris 11
317 81-6

Kirillov A 1976 Local Lie algebras Russ. Math. Surv. 31 55-75

Klim¢ik C and Strobl T 2002 WZW-Poisson manifolds J. Geom. Phys. 43 3414

Kosmann-Schwarzbach Y 2004 Derived brackets Lett. Math. Phys. 69 61-87

Kosmann-Schwarzbach Y 2005 Quasi, twisted, and all that. .. in Poisson geometry and Lie algebroid theory
The Breadth of Symplectic and Poisson Geometry, Progr. Math., vol 232 (Boston, MA: Birkhauser)
pp 363-89

Koszul J-L 1985 Crochet de Schouten-Nijenhuis et cohomologie, Elie Cartan et les Mathématiques
d’ aujourd’ hui, Astérisque, Numéro Hors Série 257-71

de Leén M, Marrero J-C and Padrén E 1997 H-Chevalley-Eilenberg cohomology of a Jacobi manifold and
Jacobi-Chern class C. R. Acad. Sci. Paris I 325 405-10

Lichnerowicz A 1978 Les variétés de Jacobi et leurs algebres de Lie associées J. Math. pures et appl. 57 453-88

Liu Z-J, Weinstein A and Xu P 1997 Manin triples for lie bialgebroids J. Diff. Geom. 45 547-74

Mackenzie K 1987 Lie Groupoids and Lie Algebroids in Differential Geometry (London Math. Soc. Lecture
Notes Series vol 124) (Cambridge: Cambridge University Press)

Marle Ch-M Differential calculus on a Lie algebroid and Poisson manifolds The J A Pereira da Silva Birthday
Schrift (Textos de Matemadtica 32), Departamento de Matemdtica da Universidade de Coimbra, Portugal
(2002) pp 83-149 (http://www.math.jussieu.fr/~marle/)

Nunes da Costa J M and Clemente-Gallardo J 2004 Dirac structures for generalized Lie bialgebroids J. Phys.
A: Math. Gen. 37 2671-92

Nunes da Costa J M and Petalidou F 2005 Twisted Jacobi manifolds Proc. of XIV Fall Workshop on Geom. and
Phys., (Bilbao, 2005) (to appear)

Park J S 2001 Topological open p-branes Symplectic geometry and Mirror Symmetry (Seoul, 2000)
ed K Fukaya, Y-G Oh, K Ono and G Tian (River Edge, NJ: World Scientific) pp 311-84

Petalidou F and Nunes da Costa J M 2005 Dirac structures for generalized Courant and Courant algebroids
Travaux Math. 16 26572 (Preprint math.DG/0503462)

Roytenberg D 1999 Courant algebroids, derived brackets and even symplectic supermanifolds PhD Thesis
University of California, Berkeley Preprint math.DG/9910078

Roytenberg D 2002 Quasi-Lie bialgebroids and twisted Poisson manifolds Lett. Math. Phys. 61 123-37

Severa P and Weinstein A 2001 Poisson geometry with a 3-form background, noncommutative geometry and
string theory Prog. Theor. Phys. Suppl. 144 145-54

Wade A 2000 Conformal Dirac structures Lett. Math. Phys. 53 33148


http://dx.doi.org/10.1016/S0393-0440(01)00032-8
http://dx.doi.org/10.1088/0305-4470/35/18/307
http://dx.doi.org/10.1070/RM1976v031n04ABEH001556
http://dx.doi.org/10.1016/S0393-0440(02)00027-X
http://dx.doi.org/10.1007/s11005-004-0608-8
http://www.math.jussieu.fr/$sim $marle/
http://dx.doi.org/10.1088/0305-4470/37/7/011
http://www.arxiv.org/abs/math.DG/0503462
http://www.arxiv.org/abs/math.DG/9910078
http://dx.doi.org/10.1023/A:1020708131005
http://dx.doi.org/10.1023/A:1007634407701

	1. Introduction
	2. Jacobi manifolds
	3. Twisted Jacobi manifolds
	4. Twisted Dirac--Jacobi structures
	5. Gauge transformations
	6. The Jacobi algebroid associated with a twisted Jacobi manifold
	7. Quasi-Jacobi bialgebroids and their doubles
	8. The quasi-Jacobi bialgebroid of a twisted Jacobi manifold
	Acknowledgment
	References

