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Abstract. We define notions of isotropic, coisotropic and lagrangian subman-
ifolds of Dirac manifolds. Notion of Dirac manifolds, Dirac maps and Dirac rela-
tions are defined. Extending the isotropic calculus on presymplectic manifolds and
the coisotropic calculus on Poisson manifolds to Dirac manifolds, we construct the
lagrangian calculus on Dirac manifolds as an extension of the one on symplectic
manifolds. We see that there are three natural categories of Dirac manifolds.

1. Introduction.
In symplectic geometry the following facts are well known.

(a) A map between symplectic manifolds (M, £21) and (Ma, §22) is a symplectic map
if and only if the graph of the map is a canonical relation, i.e., a lagrangian
submanifold of M; x My , where M, is the symplectic manifold with symplectic
structure —{2,.

(b) If (N1, N3) is a very clean pair ([14]) of canonical relations of My X Ma and My x M3
respectively then the composition N7 0N; is a canonical relation of M7 x M3, where

NioNy:={(z,2)]y : (z,y) € N1, (y,2) € Na}.

A. Weinstein ([14]) defined the concept of coisotropic submanifold and Poisson relation
as an extension of canonical relation. A submanifold N of a Poisson manifold (M, )
is coisotropic if 7(T' N+, TN+) = 0 by definition, i.e., TN* is isotropic for the Poisson
structure, #(T'N+) C TN, where 7 is the bundle map T*M — T'M inducing the Poisson
bivector 7 defined by w(a,b) = (7(a),b), a,b € T*M. A Poisson relation from (Ms, m2)
to (My,71) is defined as a coisotropic submanifold of product Poisson manifold (M; x
My, 71 ®(—m2)). Two facts (a), (b) above are extended to Poisson manifolds by replacing
lagrangian submanifolds with coisotropic submanifolds.

These notion and facts form a mathematical system which is useful in the calculus of
Fourier integral operators on manifolds, and then these are called “lagrangian calculus”
in Weinstein [13]. The coisotropic calculus is a basic theory of Poisson groupoid (cf.
[14]), and similarly, one can construct the isotropic calculus on presymplectic manifolds.

The purpose of this paper is to extend the lagrangian (resp. isotropic, resp. coiso-
tropic) calculus on symplectic (resp. presymplectic, resp. Poisson) manifolds to that
on Dirac manifolds. More precisely, we will construct both an isotropic calculus and a
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coisotropic calculus on Dirac manifold, which contain the isotropic calculus on presym-
plectic manifold and the coisotropic calculus on Poisson manifold respectively as special
cases. By similar usage of terms as Weinstein [13], this paper supplies two “Dirac cate-
gories”. One is the category of Dirac manifolds with isotropic submanifolds of product
Dirac manifolds as morphisms, and another is the category of Dirac manifolds with
coisotropic submanifolds of product Dirac manifolds as morphisms. Furthermore, it will
be shown that lagrangian calculus on Dirac manifold is also possible as an “intersection”
of two calculus, and then there exists the third Dirac category whose morphisms are
given by lagrangian submanifolds.

First we will give definitions of isotropic submanifold and of coisotropic submanifold
of Dirac manifold. The notion of Dirac vector space or Dirac manifold is introduced by
T. Courant and A. Weinstein ([6]) and studied by T. Courant ([5]).

A Dirac structure L on a manifold M (resp. vector space V) is a subbundle of
TM ®T*M (resp. subspace of V & V*) which is maximally isotropic with respect to the
bilinear form (-,-), and whose sections are closed under the Courant bracket:

[(X7 a)v (Yv ﬂ)] = ([X’ Y]7£Xﬁ —Lya+ d<(X7 a)v (K ﬂ»—)»
(X, ), (Y, ) € [(TM & T*M), (1)

where the bilinear forms (-, )1 are respectively given by
1
((u,a), (v,b))x = §(<a,v> + (b,u))," (u,a), (v,b) € TM & T*M.

A Dirac structure is a natural extension of symplectic, presymplectic and Poisson
structures: It is well-known that (M, §2) (resp. (M, )) is a presymplectic manifold (resp.
Poisson manifold) if and only if the graph L, (resp. L) is a Dirac structure. Here the
graphs are given by

Lo = {(z,2(z))|x € TM}, (2)
L, :={(7(a),a)la e T*M}, (3)

where (2 is the bundle map inducing the 2-form 2 defined by Q2(z,y) = (y, 2(z)),
x,y € TM. In general, a Dirac manifold (M, L) has the involutive distribution p(L) (see
Theorem 2.3.6, [5]), where p : TM @ T*M — TM is the canonical projection, and every
leaf has a closed 2-form 2, (see (2.3.3), [5]). Hence the foliation consists of presymplectic
leaves.

In a Poisson (resp. presymplectic) manifold, a coisotropic (resp. isotropic) subman-
ifold can be rewritten in terms of Dirac structure as

L.(TN*)CTN, (resp. L, (TN)C TN?),

where L. (TN+) > 2 <= “a € TN+ such that (z,a) € L,. We notice that a subspace
C of a Poisson vector space(V, ) is coisotropic if and only if C' N Im7 is coisotropic in
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the symplectic vector space (Im 7, 7,) (see, Weinstein [14]).

Definitions of coisotropic subspaces and isotropic subspaces of Dirac vector space
(V, L) are given by the same phrase as above. Namely, using the well-known fact that p(L)
has the natural presymplectic structure {2, we define a subspace of V' to be coisotropic
(resp. isotropic) when the induced space is coisotropic (resp. isotropic) in the quotient
symplectic vector space p(L)/ ker 2;,. We also define a lagrangian subspace in a Dirac
vector space, as a subspace both isotropic and coisotropic (Definition 3.1). Regarding
a certain isotropic (resp. coisotropic) subspace of a product Dirac vector spaces as a
relation, we will obtain the notion of isotropic (resp. coisotropic) Dirac relation.

We can extend these notions to submanifolds of Dirac manifolds, for example, a
submanifold is isotropic if a tangent space is an isotropic subspace of the tangent space
of the Dirac manifold for every point. Coisotropic submanifolds, lagrangian submanifolds,
etc, are also defined by the similar manner.

For the construction of the calculi on Dirac manifolds, it is crucial to consider the
composition of these relations. Different from the Poisson or the presymplectic manifolds,
some difficulty arises for Dirac manifolds. Roughly speaking, the difficulty is that a com-
position A o B of two isotropic (resp. coisotropic) subspaces of Dirac vector spaces does
not necessarily make an isotropic (resp. coisotropic) subspace, and then we need to char-
acterize a certain class of isotropic (resp. coisotropic) subspaces where the compositions
are closed.

The point of this paper is that the auther found the (uniquely determined) subspace
D such that the composition A o D o B is an isotropic (resp. coisotropic) subspaces,
although the composition Ao B is not necessarily isotropic (resp. coisotropic). Thus, the
first main result of this paper is as follows:

(0) Let V7,V5 and V3 be Dirac vector spaces and let S : V; «— Vo and T : Vp «— V3
be isotropic (resp. coisotropic). Then S o DyoT : Vi «— V3 is isotropic (resp.
coisotropic). Thus, if S and T are lagrangian, then S o Dy o T is also lagrangian
(Theorem 0).

Moreover, we can define an equivalence relation for lagrangian subspaces (see Defi-
nition 3.9). For any two lagrangian subspaces, the equivalence is described by means of
the subspace D. These equivalence classes form a category which can be regarded as an
extension of symplectic category (see, Theorem 4.6, Remarks 4.7, 4.17).

We remark here that for the presymplectic (resp. Poisson) vector space case, the
space D makes no trouble because D contains (resp. is contained in) the diagonal relation.
In section 4.2, we analyze the compositions of the forms Ao Do B and Ao B in detail. We
will also give a sufficient condition for isotropic, coisotropic submanifolds under which
the submanifolds are closed with respect to the composition o without using D, i.e., the
composition of the form A o B (Corollary 4.5 in section 4.5 and Theorem 4.11 in section
4.3).

In section 4.3, we will give definitions of isotropic (resp. coisotropic) Dirac maps
and the definitions of isotropic (resp. coisotropic) Dirac relations. Our main results are
as follows:
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(A) The graph of a map f : My — M, between two Dirac manifolds is a canonical
(resp. isotropic Dirac, resp. coisotropic Dirac) relation in My x M, if and only if
f is a Dirac (resp. isotropic Dirac, resp. coisotropic Dirac) map (Theorem A).

(B) Under suitable clean intersection assumptions, the composition of canonical (resp.
isotropic Dirac, resp. coisotropic Dirac) relations is a canonical (resp. isotropic
Dirac, resp. coisotropic Dirac) relation (Theorem B).

Our formulation is based on the graphs of maps; the isotropic (resp. coisotropic)
Dirac maps are the maps whose graphs are isotropic (resp. coisotropic) Dirac relations.
These definitions can be regarded as direct extensions of the presymplectic maps between
presymplectic manifolds and the Poisson maps between Poisson manifolds.

On the other hand, we can see a germ of the concept of Dirac map in Drinfeld ([7])
and Liu, Weinstein and Xu ([9]). The notion of Dirac map was also clearly given by
Bursztyn and Radko ([2]). In [2], a linear map ¢ : V — W is called forward (resp.
backward) Dirac map when ¢ transfers the Dirac structure of V' (resp. W) to the Dirac
structure of W (resp. V), for the detail see Remark 4.20. We see that the notion of
coisotropic (resp. isotropic) Dirac map is equal to the notion of forward (resp. back-
ward) Dirac map (Remark 4.20). In addition, we refer some recent works of coisotropic,
Lagrangian submanifolds [8], [3].

ACKNOWLEDGEMENTS. I would like to thank very much Professor Alan Weinstein
and Professor Akira Yoshioka for helpful comments and encouragement. I am grateful
to the referee for helpful comments.

2. Notations and Technical lemmas.

We consider vector spaces Vi, Vo, V3. Let S, T be subspaces of V; x V5 and V5 x V3
respectively. Suppose U is a subspace of V3, and let V;* be the dual space of V; (i = 1,2, 3).

DEFINITION 2.1. We set maps

—:(:E,y)GVl><V2>—>(:c,—y)€V1><V2,

i (2,y) € Vi x Vo (y,2) € Vo x VA,

and subspaces

St.= —(S1), where St C V;* x V5 is the annihilator space of S.
T(U) := {z € Val'y € V3; (z,y) € T,y € U},
SoT:={(z,2) € Vi x Vs|'y € Va; (w,y) € S, (y,2) € T}
REMARK 2.2.  We regard a subspace S C V3 x V, as a relation. The o-product
defines the category on the class of subspaces in product spaces: The objects are vector

spaces, morphisms are subspaces, and compositions of morphisms are given by o-product
(cf. Weinstein [13]).
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By definition, we have —(=S) = S, (7)™t = S5, (SoT)"! = T7' 057! and
(SoT)(U) = S(T(U)), where the subspaces —S and S~! are the images of S by — and
—! respectively. Further we obtain

LEMMA 2.3.

) .
() So(=T)=(-S)oT =—(SoT).
(f) (SoT)T =SToT" and (T(U))* =TT (UL) =TH{UL).

PROOF. The dual maps of — and ~! are (—)* = — and (7!)* = ~! respectively,
and hence we have (b) and (c), and then (d) follows. We notice
! o—: (Z‘,y) = ($7_y) = (_yax)7

_O_l : (I‘,y) = (y?l‘) = (y5 _.'L') = (_1) X (_y733)

which gives (a). For (z,y) € So(—T), there are (z,2) € S, (2,y) € —T. Hence (z,—z) €
—S and (—z,y),(2,—y) € T, which yields (z,y) € (=S)o T and (z,—y) € SoT.
Thus we obtain So (—=T) C (=S)oT and So (—T) C —(S oT). Similarly we obtain
So(=T)D(=S)oT and So (=T) D —(SoT). Thus we have (e).

For (f), let pr: Vi x Va x Vo x V3 — V} x V3 and dy, denote the natural projection and
the diagonal subspace of Vo x V5 respectively. We have SoT = pr(S x TNVy x by, x V3)
and by an elementary argument we see

(pr(S x TNV x dy, x V3))E = (pr*)H((S x TNV x &y, x Va)1).

Since (SxTNVy xdy, xVa)+ = (S xT+)+(0x (=by; ) x0) and pr*(a,b) = (a,0,0,b), this
implies (SoT)* = SToT+. Then applying “” to the both sides, we have (SoT)" = SToT.
We identify U with U C V3 x 0. Then the second identity follows. (]

LEMMA 2.4. Let W be a subspace of V3. If (0,W) C T then T(U) =T(U + W).
Proor. T(U)CT(U + W) is trivial. For z of T(U + W).

TU4+W)s2z < (x,y) €T,y cU+W.

We put y = u + w, where u € U and w € W. Since (0,w) € T from the assumption, we
have

(x,y)—((),w) = (x,y*w): (.T,U) cT.

Hence z € T(U). O
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Next we prepare the functorial lemmas of Dirac structures. Let (V, L) be a Dirac
vector space and (p(L), £21,) be the induced presymplectic vector space, where p : V @
V* — V be the canonical projection. Let ¢ : p(L) — V be the inclusion map and
p: p(L) — p(L)/ker 21, be the natural projection, where 27, is the skew 2-form on p(L).
The next lemma gives nice functorial relations between a Dirac vector space and the
induced presymplectic, symplectic vector space.

LEMMA 2.5. The diagram (6) below commutes, i.e.,

L=I"1'oLg, olf, (4)

Lo, =P 'oLg, oPf, (5)

where I := {(z,i(z))|z € p(L)}, P :={(z,p(x))|z € p(L)}, and (p(L)/ ker 21, £2,) is the
quotient symplectic vector space.

- x

Ve — (p(L))* ~— (p(L)/ ker Qr)* (6)
L LQLi Lnsi
1% p p(L) P p(L)/ ker o))

ProOF.  Since a Dirac structure L is nothing but a presymplectic subspace

(p(L), 21) of V- x V* ([5]), we have
L={(z,a)la € V*,a|,) = 2(z),x € p(L)}. (1)
For z of p(L) we have

I"YoLg, ol 3 (x,0) — (z,2) € I"%, (x,20(x)) € Lo,, (2r(z),a) € IT
— Qp(z)=1i"(a)

< a|p(L) = .QL(JZ)

Hence we obtain (4). Since 2, := (p*)~! 0 21, o p~', we obtain (5). O

Let (V, L) be a Dirac vector space with a Dirac structure L. We introduce a subspace
D of V xV which plays an important role to define o Do-composition in the next sections.
Consider the diagram:

1% p(L) —— p(L)/ker 2.

%

From this diagram we naturally obtain a relation I~ o P between V and p(L)/ ker 21,
where I, P are the graphs given in Lemma 2.5. Our D is given by
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D:=I"1'oPoPl'ol (8)

By identifying x with i(z), € p(L), we obtain D 3 (z,y) <= =z —y € ker (2,
z,y € p(L), and we see also D = P o P~1. The formula (a) in the next lemma is useful.

LEMMA 2.6.

(a) D= LoL™%.

(b) Lt = L7, where L+ C V* x V**(2 V* x V) is the annihilator space of L.
(¢) DV =L o L.

(d) DoL=LoD' =L and D'o L' =L 'oD =L~ Hence DoD = D.

PROOF. (b) follows from the definition of Dirac structure. We show (a). If (z,y) €
D then (z,b) € L since € p(L). Since z —y € ker 21, and (ker £21,,0) C L, we have
(z,b) + (y — 2,0) = (y,b) € L. Thus (z,y) € Lo L~. Conversely let (z,y) € Lo L.
Then z,y € p(L) and (x,b), (y,b) € L, which yields  — y € ker £21. (c) is given by (a),
(b) and Lemma 2.3(f). (d) is given by (c) and the definition of o-product. O

We set a symplectic vector space (¢(L), £2;) as follows:
¢(L) := p(L)/ ker 21, with the symplectic structure £2,. (9)

We call the space (c¢(L), §2s) symplectic core or simply the core of Dirac vector space
(V. L),

LEMMA 2.7.  Let (V1,L1) and (Va, L) be any Dirac vector spaces and W be a
subspace of Vi x Va. Then subspaces L} and L} given by

L’l ;:WOLQO(VVT)_l7 L'2 = W_loLloWT (10)

are Dirac structures of Vi and Va respectively.

PROOF. First, we show that L} is a skew relation of V4 x V{*, i.e., L] > (z,a) :
(x,a) = 0. Remark that

L} 3 (z,a) <= (z,y) € W, (y,b) € Ly, (b,a) € (WH)~L.
By definition of {, we have (z,a) — (y,b) = 0. Since (y,b) € La, we have (z,a) = 0, which
implies that L} is isotropic with respect to the bilinear form (-, ).
Next we show dim L} = dim V. By Lemma 2.3, we have
(L)'= W)To (Ly)f oW,

We apply “-” to the both sides and we have

(L) = W) o (Lo)t oW,
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Since Ly = Ly ' (Lemma 2.6(b)), it follows
(L)t = W) o (La) oW = (WoLyo(WhH™)™h

Hence we have (L})% = (L})~!. This implies that dim L} = dimV;. In a similar way,
we can see L} is a Dirac structure. O

3. Isotropic, coisotropic and Lagrangian subobjects.

In this section, we will give definitions of isotropic submanifolds and coisotropic
submanifolds of Dirac manifolds. We will also show several basic properties for these
submanifolds.

We recall Lemma 2.5. A Dirac structure L induces the presymplectic structure {2,
on p(L) and the symplectic structure £2, on the symplectic core ¢(L) = p(L)/ker 2.
Since every subspace W of Dirac vector space (V, L) is sent into the core (¢(L), £25) along
the diagram

(V.L) > W 225 (p(L),2p) > W p(L) —2— (e(L), 25) > p(W N p(L)). (1)

We are permitted to define the following notions.
DEFINITION 3.1.

(I-1) A subspace W of a Dirac vector space (V, L) is isotropic if p(W N p(L)) is an
isotropic subspace of the symplectic core ¢(L).

(I-2) A submanifold C of a Dirac manifold (M, L) is isotropic if the tangent space
W = T,C is isotropic in the Dirac vector space (T, M, L,,) for every x € C.

(C-1) A subspace W of a Dirac vector space (V, L) is coisotropic if p(W N p(L)) is a
coisotropic subspace of the symplectic core ¢(L).

(C-2) A submanifold C of a Dirac manifold (M, L) is coisotropic if the tangent space
W =T,C is coisotropic in the Dirac vector space (T, M, L,) for every z € C.

(L-1) A subspace W of a Dirac vector space (V, L) is lagrangian if W is isotropic and
coisotropic.

(L-2) A submanifold C of a Dirac manifold (M, L) is lagrangian if C' is isotropic and
coisotropic.

From (2) of Introduction, if a Dirac structure is given by a presymplectic structure
2 then the induced presymplectic structure {27, is {2. Since (p(L), {21) is a presymplectic
vector space, a subspace U C p(L) is isotropic (resp. coisotropic) if and only if the
projection p(U) is isotropic (resp. coisotropic) in the symplectic core ¢(L). Thus, by the
Definition 3.1, we easily have the following:

COROLLARY 3.2. Let W be a subspace of a Dirac vector space (V, L). The following
conditions are equivalent:

(a) W is isotropic (resp. coisotropic) in V.
(b) W N p(L) is isotropic (resp. coisotropic) in V.



Lagrangian calculus on Dirac manifolds 811

(¢c) Wnp(L) is isotropic (resp. coisotropic) in p(L) with respect to Lg, , where §25, is
the presymplectic structure on p(L).
(d) p(W N p(L)) is isotropic (resp. coisotropic) in the symplectic core c(L).

The first purpose of this section is to rewrite Definition 3.1 to useful forms in terms
of functorial properties of Dirac structures.

LEmMMA 3.3. A subspace W of a Dirac vector space (V,L) is isotropic (resp.
coisotropic) if and only if it satisfies the condition

L7'W) c Wt + (p(L))*. (12)

(resp. L(WL) C W + ker 2r,) (13)

PrROOF. We show the coisotropic case. The isotropic case is proved by the similar
manner. For a subspace U C p(L), we denote by U+ the annihilator space of U in V*,

and by U° the annihilator space of U in (p(L))*, respectively. Also we denote by (p(U))®
the annihilator space of p(U) in the core (¢(L))*. Then we have UL = (i*)~1(U°) and
(p(U))* = (p*)~1(U°).

First step. The subspace p(U) of the symplectic core (¢(L), {2) is coisotropic if and
only if

27 ((p(U)) € p(U). (14)
The condition (14) is rewritten as Lg_((p(U))*) C p(U). From Lemma 2.5, we have

Lo, ((p(U))*") = P~" o Lo, o P'((p(U))")
=P~ o Lo, (p"((p(U))")
= p(La, (" ((p(U))")))-

Since (p(U))* = (p’i)_l(UO)7 we have p*((p(U))*) = U° N Im p*. Since Im p* = Im 2y,
and Lo, (U°N1Im 21) = Lo, (U°), we have

Lo, (p(U)*) = p(Le, (U° N1m 21)) = p(La(U?)).

Hence we have

La.((p(U))") € p(U) <= p(La,(U°)) C p(U)
<= Lg, (U) C U+ kerp. (15)

The equivalence (15) together with the fact ker p = ker 2, yields

Q7 ((p(U)) Cc p(U) <= Lo, (U°) CU + ker £2;,. (16)

S
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Second step. By Lemma 2.5, we have L = I~ o Ly, o I'. Then applying U+ to the
both sides from the right, we have

LU =TI oLg, ol'(UY) =T oL, (i*(UY)) =110 Lg, (U,
where we use UL = (i*) 71 (U°). Hence we obtain
LUY) CU +ker 2, < Lg, (U°) C U + ker 2;. (17)

Now, we set U = W N p(L). Since U+ = W= + p(L)* and (0, p(L)*) C L, we have the
following from Lemma 2.4.

LOWH) CW +ker 2, <= Lo, (U°) C U + ker 02;.

The conditions (14), (16) and (17) show the desired result. O
We can write Definition 3.1 into the following equivalent forms.

PROPOSITION 3.4. Let (V,L) be a Dirac vector space and let W be its subspace.
Then the following conditions are equivalent.

(A-1) W is isotropic, i.e., L=Y(W) C W+ + (p(L))*.
(A2) LW np(L)) C (W p(L)*
(A-3) p(WaWLnL)=Wnp(L).

(A-4) D(W)cC L(WH).

Similarly, the following conditions are equivalent.

(B-1) W is coisotropic, i.e., L(WL) C W + ker £2r,.

(B-2) L((W +ker 21)%) € W +ker £2;,.

(B-3) p*(WaeWtnL)=Wnp(L), where p* : V& V* — V* is the canonical
projection.

(B-4) L(WL)c D(W).

PROOF. Notice that L= (W) = L=Y(W N p(L)). Then we obtain the equivalence
of (A-1) and (A-2). Similarly the equivalence of (B-1) and (B-2) follows from the fact
(ker )% = p*(L) ((5)).

We remark (A-3) and (B-3) are equivalent to the following (18) and (19) respectively,

VeeWnpL)PaeWt: (z,a) €L, (18)

Yo e Wtnp*(L)2z e W : (z,a) € L. (19)

(A-1) <= (18): We assume (A-1). For x € W N p(L), we take b € V* such that
(z,b) € L. Then by (A-2) we have b € W + (p(L))*. We put b = a+ f, where a € W+

and f € (p(L))*. Since (0, (p(L))*) C L, we have (z,a) = (x,b) — (0, f) € L. This yields
(18). Conversely, we assume (18). For an arbitrary element a € L= (W), there is z € W
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such that (a,z) € L=1. Here x € WNp(L) and (x,a) € L. Then by the assumption (18),
there exists b € W+ such that (z,b) € L. Hence (0,a — b) = (z,a) — (x,b) € L which
gives a —b € (p(L))*. Thus a=b+ (a —b) € W + (p(L))* which yields (A-1).

(B-1) <= (19): We assume (B-1). For an element a € W= N p*(L), there is z such
that (z,a) € L by definition. Then the condition (B-2) yields that z € W + ker £2;,.
We put z = x + e, where 2 € W and e € ker 2. Since (ker 21,0) C L, we have
(z,a) = (z,a) — (e,0) € L. This implies (19). Conversely, we assume (19). For an
arbitrary z € L(W+), there is a € W+ such that (z,a) € L by definition, hence a €
W+ N p*(L). On the other hand, the assumption (19) gives y € W such that (y,a) € L.

Hence we have (z — y,0) = (z,a) — (y,a) € L. This implies x —y € ker 2. Thus

z=y+ (x—y) € W+ker 2, and we obtain (B-1).
(A-1) <= (A-4): We assume (A-1). Apply L to the both sides of (A-1). Then Lemma
2.4 gives

D(W) € LW + (p(L))*") = LW™),

since (0, (p(L))*) € L. Then we have (A-4). Conversely we assume (A-4). Apply L~!
to (A-4). Then Lemma 2.6(d) gives

L~Y(w) c DY(WH),

and then (L~1(W))+ o (DT (W))*. From Lemma 2.3(f), this is equivalent to L(W) D
D(W), where we use Lt = L7, From the definition of D, we obtain D(W) = W N
p(L) + ker 21, and then we have

LWL) > W N p(L) + ker £2p,.
Again we take the annihilator space and we see
L7Y(W) c (W + p(L)*) N (ker £2,)*.

This implies (A-1). In a similar way we have the equivalence of (B-1) and (B-4). O

Since Definition 3.1 is made as a naive and natural extension of the notions in presym-
plectic and Poisson categories, we have also the following:

COROLLARY 3.5.

(a) In presymplectic (V,Lg) case, a subspace W is isotropic if and only if fZ(W) C
WL, and W is coisotropic if and only if Im 2 N W+ C (NZ(W)

(b) In Poisson (V,Ly) case, a subspace W is coisotropic if and only if #(W+) C W,
and W is isotropic if and only if Im x "W C 7(W).

PROOF.  For (a) (resp. (b)), we notice p(L) =V and Qp =0 (vesp. p(L) =Im 7
and ker 2;, = 0). d

The conditions (A-4), (B-4) of Proposition 3.4 yield



814 K. UcHINO

COROLLARY 3.6. Let Wi and Wy be subspaces of a Dirac vector space (V,L). We
assume Wy C Wo. If Wy is coisotropic then W is coisotropic and if Wy is isotropic then
W1 is isotropic.

PrOOF. We assume W is isotropic. By Proposition 3.4 we have
D(Wy) € D(Ws) C L(W5") € L(WTH),

where we use W3- C Wit. This implies that W] is isotropic. The coisotropic case is also
proved by the similar way. O

REMARK 3.7. Corollary 3.5(b) shows that a submanifold N of a Poisson manifold
M is lagrangian if and only if

T,YNT,N =7#(T,N*), "z € NN,

where X' is a symplectic leaf. It is to be noticed that the definition of lagrangian sub-
manifolds is the same as in ([11]) when M is a Poisson manifold.

As a main theorem of this section, from (A-4) and (B-4) of Proposition 3.4 we have the
following criterion of a lagrangian subspace.

THEOREM 3.8. Let (V, L) be a Dirac vector space and let W be a subspace.

(1) W is lagrangian if and only if the equation L(W*) = D(W) holds.
(2) If L(IWL) = W then W is lagrangian.

We notice here, lagrangian submanifolds of a Dirac manifold may have various di-
mensions. In fact, if W is lagrangian then W N p(L) and W + ker (21, are also lagrangian
and thus, from Corollary 3.6, we have many lagrangian objects between W N p(L) and
W + ker 2.

WnpL)c---CWcC---CW +ker (2.

We next introduce an equivalence relation and the set of lagrangian subspaces. Let
W1 and W3 be lagrangian subspaces of a Dirac vector space (V, L). Then, along the dia-
gram (11), we obtain two lagrangian subspaces p(W; Np(L)), (i = 1,2) in the symplectic
core ¢(L). We define an equivalence relation Wy ~ Wa as follows.

DEFINITION 3.9. We say two lagrangian subspaces W7 and W5 are equivalent
W1 ~ Wa, if the relation p(Wi N p(L)) = p(W2 N p(L)), or equivalently, Wi N p(L) +
ker 21, = Wo N p(L) + ker £2;, holds.

From the definition, we obtain directly

PROPOSITION 3.10. Let (V, L) be a Dirac vector space. If a subspace W, C ¢(L)
is lagrangian in the symplectic core c(L) then the fiber space p~*(W.) C p(L) C V is
lagrangian in the Dirac vector space (V,L). Thus, the set of the equivalence classes
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of lagrangian subspaces in V is bijective to the set of all lagrangian subspaces in the
symplectic core c(L).

From the definition of D, we have D(W) = W N p(L) + ker 2. Then we obtain

ProposSITION 3.11.  Let (V, L) be a Dirac vector space. Any two lagrangian sub-
spaces Wy and Wy are equivalent if and only if D(W1) = D(Ws).

COROLLARY 3.12.  Let W be a lagrangian subspace of a Dirac vector space (V| L).
Then W ~ D(W).

DEFINITION 3.13. In a Dirac manifold (M, L), we can call subbundle E C TM is
isotropic (resp. coisotropic, resp. lagrangian) if a fiber E, is isotropic (resp. coisotropic,
resp. lagrangian) on the Dirac vector space (T, M, L;) for every x € M similarly to
Poisson manifold case ([14]). The equivalence relation above is also defined for lagrangian
vector bundles.

4. Dirac relations.

4.1. Product Dirac structure.

Let (M;, L;), (i = 1,2) be any Dirac manifolds. Then, it is obvious that —Ls is a
Dirac structure on Ms. We next show that L; x Lo is a Dirac structure on M; x Ms.
We easily see that the bilinear form (-,-)+ on T(M; x My) @& T*(M; x M) vanishes,
and hence Ly x Lo is maximally isotropic. The Courant bracket (2) satisfies one of the
axioms of Lie algebroid (Leibniz rule) for a pair of the elements of I'(Ly x L) ([5], [9]).
The remains to check is that the Courant bracket (2) is closed on I'(Ly x Lz). We put
& € I'Ly and n; € T'Ly and f,g € C°°(M; x Ms) then, by the assumption, we have
[€1,&) € I'Ly and [n1,m2] € I'Ly and [&;,n;] = 0 and further

[f&i, 9&5] = fal&is &1 + Fr(&i)(9)€5 — ap(&5)(f)Eis
(16> gni] = Falni, i) + Fo(ni)(9)n; — gp(n) (f)nis
[f&i,gnil = fp(&)(9)n; — gp(n;)(f)&i,

where p : T(M; x My) @ T*(M; x M3) — T(M; x Ms) is the canonical projection. Thus
the Courant bracket is closed on I'(Ly X Lg). Then L; x Ly is a Dirac structure.

If L, and Lo are Dirac structures on M; and Ms respectively then M7 x Ms is a
Dirac manifold with Dirac structure L; x (—L2). We denote the Dirac manifold (M; x
Ms, Ly x (—Lga)) by My x M5 . We use the same notations for Dirac vector spaces.

REMARK 4.1.  We can easily see that if L corresponds to (p(L), {2) then —L
corresponds to (p(L), —{2p) and the following properties are satisfied

p(L) = p(=L), p*(L) = p*(=L),
p(L1 x (—=L2)) = p(L1 x L), p*(L1 x (=L2)) = p" (L1 x La).
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4.2. Lagrangian relations.

When N is a submanifold (resp. subspace) of a Dirac manifold (resp. Dirac vector
space) My x My (resp. V4 x V5 ), we sometimes write as N : My «— My (resp. N : V] «—
Va).

For a subspace S C V; x Vs, we notice D1 X D(S) = D10So0Dy and Do L =L by
Lemma 2.6(d). From Definition 3.1, Theorem 3.8 and Corollary 3.12 we obtain

PROPOSITION 4.2.  Let (V1,L1) and (Va, L) be Dirac vector spaces and S be a
subspace of Vi x Va. Then the following conditions are equivalent.

(E-1) S : Vi « Vs is a lagrangian subspace.
(E-2) LloSTOD; =Dy 0So Ly, where D; := L;o L.
(E-3) DioSoDs: Vi« Vsis alagrangian subspace.

REMARK 4.3. It is easy to see (E-3) <= So Dy : V] « V,is a lagrangian
subspace <= Dj o S : V) « V; is a lagrangian subspace.

Similar to Proposition 4.2, we have the next proposition, which is easily seen by
Definition 3.1 and Proposition 3.4.

PrOPOSITION 4.4.  Under the assumption of Proposition 4.2, S : V1 «— V5 is an
isotropic (resp. a coisotropic) subspaces if and only if LloSTng D (resp. C) DyoSolLs.

The identity (E-2) implies that the following diagram is commutative.

st D}
Vl I V2 % V2 (20)

S e

V1<;V1<;V2

We notice here that L; o ST = S o Ly does not necessarily hold. Next lemma plays an
important role in the next section to define compositions without using D.

COROLLARY 4.5. Under the assumption of Proposition 4.2, if Ly o ST C (resp. D)
S o Ly then S : Vi « Vy is coisotropic (resp. isotropic). Thus if Ly o ST = S o Ly then
S : V1 «— V5 is lagrangian.

PrOOF. We assume Lj o ST C S o Ly. Then applying D; and D7 from the right
hand side and the left hand side respectively, we have
D, oLloSTng c D, oSoLgoD;.
From Ly = Ly 0 D;, Ly = Dy o L; by Lemma 2.6(d) and Proposition 4.4, we have the
desired result. In a similar way, the isotropic case is shown. O

Now we consider the composition of these subspaces. As is mentioned in the introduction,
compositions A o B of isotropic (resp. coisotropic, resp. lagrangian) subspaces are not
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necessarily isotropic (resp. coisotropic, resp. lagrangian) in general. However, the next
theorem show that o Do-composition is well defined. Indeed, this is the first main theorem
of this paper.

THEOREM 0. Let Vi, Vo and V3 be Dirac vector spaces and let S : Vi «— Va5 and
T : Vo « V3 be isotropic (resp. coisotropic). Then SoDgyoT : Vi «— V3 is isotropic (resp.
coisotropic). Thus, if S and T are lagrangian, then S o Dy o T is also lagrangian.

PRrROOF. First, we consider the coisotropic case and we show that S o Dy o T is
coisotropic. Although the proof is given by a direct calculation by using Proposition
4.2(E-2) and Lemma 2.3(f), (see for the isotropic case below), we give a “geometric”
proof, through which one can see why the space Dy naturally comes in.

We put S" := SN p(Ly x (—Lz)) and T" := T N p(Lg x (—L3)) where the canonical
projection p; : p(L;) — ¢(L;), (i = 1,2,3). By the assumption and Corollary 3.2, S" and
T’ are coisotropic in p(L1) X (p(L2))™ and p(Lo) X (p(L3)) ™, respectively. Also p1 X p2(S’)
and py X p3(T") are coisotropic in ¢(L1) X ¢(L2)~ and ¢(L2) X ¢(L3) ™, respectively. Here
p(L;)~ and ¢(L;)~ are anti-presymplectic and anti-symplectic vector spaces for p(L;)
and ¢(L;), respectively. Since ¢(L;) is a symplectic vector space, p1 X pa(S’) o pa x p3(T")
is coisotropic in ¢(L1) X ¢(L3)~ ([14], [1]). We put P; := {(z,p;(x))|z € p(L;)}. Then
p1 X p2(S") o pa x p3(T”) is equal to

Pl x Py Y(S)o Pyt ><P3_1(T/):Pl_loS/oP2oP2_loT'oP3

=P ' x Py (S oPyo Pyt o).

Hence p; x p3(S’ o Py o Pyt o T') is coisotropic in ¢(Ly) x ¢(Lz)~. By Corollary 3.2,
S' o Pyt o PyoT' is coisotropic in p(L1) x (p(L3))~, and again by Corollary 3.2 it is
coisotropic in Vi x V5~ too. By the definition of D, we obtain P, o Py = Dy. Hence
we have that S” o Dy o T” is coisotropic in V5 x V5 . Since S’ C S and 7" C T, we have
S"oDyoT" C SoDyoT. By Corollary 3.6, we obtain that S o Dy o T is coisotropic.

Next, for the isotropic case we show directly that S o Dy o T is isotropic by the
diagram (20). Since S and T are isotropic, by Proposition 4.4 we have

DyoSolLyCLioSToDl DyoTolLsc LyoT! oD (21)
Then we have
DyoSoDyoToLsCDyioSoLyoT oDl cLioStoD]oTtoDi.
By Lemma 2.3(f), St o DI o T = (S 0 Dy o T)t. Hence we obtain
Dyo(SoDyoT)oLs CLyo(SoDyoT) oDI,

which gives the desired result by Proposition 4.4. O

Let [S] be the equivalence class of S by the equivalence relation of Definition 3.9. Propo-
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sition 3.11 yields
[S]>8" <= DyoSoDy=D;oS oDs.

By Theorem 0 we obtain the following:

THEOREM 4.6. Let Vi, V5 and V3 be Dirac vector spaces and let S : Vi — V5 and
T : Vo «— V3 be lagrangian subspaces. Let [S] and [T] denote equivalence classes of S
and T respectively. Then the composition [S]0[T] given by [S]o[T] := [S o Dy o T is well-
defined. The product & among the equivalence classes gives a category on Dirac vector
spaces such that identity morphism is [D].

PrOOF. We show the product [S]5[T] := [S o Dy o T] is well-defined. Let S ~ S’
and T~ T'. Then by Proposition 3.11 we have

DioSoDy=D108 0Dy, DyoToDs=DyoT oDs.

Since D = D o D, we have

DioSoDyoToD3=DioSoDyoDyoT oDsg
=Di0S 0Dyo0Dyo0T 0Dy
=D;05 0DyoT o Ds.

By definition, we obtain S o DyoT ~ S o Dy oT’. Thus [S|o[T] = [S’]5[T"]. Since
Dy 080Dy =D;080D;0 Dy, we can easily see [S]6[Ds] = [S] and [Ds]s[T] = [T]. O

REMARK 4.7. We obtain categories [Dir] and Sym, where objects, morphisms
of [Dir] (resp. Sym) are Dirac vector spaces and equivalence classes [S] of lagrangian
subspaces (resp. symplectic vector spaces and canonical relations) respectively. Recall
Proposition 3.10, we obtain a full and faithful functor € : [Dir] — Sym.

Let [S], [T] be equivalence classes in Theorem 4.6. We define € by €([S]) := p1 x
p2(SNp(Ly X Ly)) and €(V;) = ¢(L;), i.e., the symplectic core, where p; : p(L;) — ¢(L;)
is the canonical projection. We can easily show that €([S]3[T]) = €([S]) o €([T]) and
¢([D;]) is a diagonal subspace of ¢(L;) X ¢(L;).

Theorem 0 implies that the space D naturally appears when we consider the com-
position of lagrangian subspaces and also shows that the lagrangian subspaces are closed
under oDo-product. In general, we do not know the characterization of class of lagrangian
subspaces which are closed under the o-product. However, if the intermediate space is
a “good” space, lagrangian subspaces are closed under the o-product as it will be seen
below.

In Theorem 0, if (V4, Lo) is a Dirac vector space given by a presymplectic (resp.
Poisson) structure, then it holds that dy, C Ds (resp. dy, D Da), where dy, is the
diagonal subspace of V5 x V5. Hence we have the following by Corollary 3.6 and Theorem
0.
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COROLLARY 4.8.  Let My be a symplectic (resp. presymplectic, resp. Poisson)
manifold and My, M3 be any Dirac manifolds. Suppose S : My «— My and T : My — M;
be lagrangian (resp. isotropic, resp. coisotropic) such that (S,T) is a very clean pair
([14]). Then SoT : My « Mj is a lagrangian (resp. isotropic, resp. coisotropic).

In the next section we will give a certain class of lagrangian submanifolds which are
closed under o-product without using D.

4.3. Dirac relations and Dirac maps.

In this section, we give definitions of Dirac relations and Dirac maps which are
essential to main results (A), (B). We recall the diagram (20) and Corollary 4.5. Let
(Vi,m) and (Va,m2) be any Poisson vector spaces and let S C V; x V5 be a subspace.
Since L, o (L)™' C 6y, Proposition 4.4 and Lemma 2.6(d) yield that the following
conditions (22) and (23) are mutually equivalent and gives a criterion of that S is a
Poisson relation ([14]).

LyoSToDI cDyoSoLs, (22)
LioSTc SolL,, (23)
where L; = L,,. However, these conditions are not equivalent in our Dirac case, but (23)

induces (22) (cf. Proposition 4.4 and Corollary 4.5). The condition (22) implies that S is
coisotropic, and the condition (23) implies the commutativity of the following diagram:

Vi—1W

Lli L2i

Vi=g— 1

The condition (23) is useful for the construction of our calculus.

DEFINITION 4.9.

(1) Let (V4,Ly), (Va, L2) be Dirac vector spaces and let S be a subspace of V; x Vo. S
is called an isotropic (resp. coisotropic) Dirac relation when

LioStC Sol, (24)
(resp. Ly 0ST D> SoLy). (25)

In particular, S is called a canonical relation when it is both an isotropic and a
coisotropic Dirac relation.

(2) Let (M1, L1), (M2, Ly) be Dirac manifolds and let N be a submanifold of M; x Ms.
N is called an isotopic (resp. coisotropic) Dirac relation when every tangent space
satisfies (25) (resp. (24)). In particular, N is called a canonical relation when it
is an isotropic and a coisotropic Dirac relation, i.e.,
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LioTNT =TNo L. (26)

REMARK 4.10. From Corollary 4.5, an isotropic (coisotropic) Dirac relation is
an isotropic (resp. a coisotropic) subspace. Thus a canonical relation is a lagrangian
subspace. However it is to be remarked that in Dirac case, a lagrangian subspace of
V1 x V5 is not necessary a canonical relation since (22) and (23) are not equivalent.

We can see a geometrical meaning of an isotropic (resp. a coisotropic) Dirac relation
in Corollary 4.13 below.

Theorem 0 means that the compositions of lagrangian subspaces are “closed” under
the oDo-product. However, for this product o Do, lagrangian subspaces have no identity
element in general and hence this system does not form a category. However such a weak
point is covered by the next theorem where the Dirac relations are used:

THEOREM 4.11.  Let V1, Vo and V3 be Dirac vector spaces and let S C Vi x Vs,
T C Va x V3 be canonical (resp. isotropic Dirac, resp. coisotropic Dirac) relations. Then
SoT C Vi x V3 is a canonical (resp. isotropic Dirac, resp. coisotropic Dirac) relation.

PROOF. By the assumption and Definition 4.9, we have
LioST=So0Ly LyoT! =To Ls. (27)
Then by Lemma 2.3(f) we have
Lio(SoT) =LioSToTT=So0LyoTT =SoToLs,

which shows that S o T is a canonical relation. O
In a similar way, we obtain a more general result.

PROPOSITION 4.12. Let V1, V5 and V3 be Dirac vector spaces, and let S C Vi x V;
be a canonical relation (resp. a lagrangian subspace) and T : Vo «— V3 be a lagrangian
subspace (resp. canonical relation). Then SoT : Vi « V3 is a lagrangian subspace.

Proor. By the assumption, we have

LioST=So Lo, (28)
LyoT!' oDl = DyoTo Ls. (29)

It follows that
LioStoTt oDl =SoLyoTtoDi =S0DyoTo Ls. (30)

Apply Ly ! from the right to (28) and from the left to (29). Then we have L;0STo L5t =
S oDy and Dy oTto DI = Ly oT o Ly respectively. The equation (30) then becomes
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LlosTOTTOD;):L]_OSTOL;]'OTOL:;:L]_OSTOD;OTTOD;’.

This implies DI o ST o TT o DI = DI 0 8T o Df o Tt o Di. Applying T to the both sides,
we have

DioSoToD3=DjoSoDyoToDs. (31)

Here SoDyoT is lagrangian. By Proposition 4.2, the right hand side above is lagrangian,
and thus the left hand side is lagrangian also. Again from Proposition 4.2, we obtain
S oT is lagrangian. O

The condition (31) in Proposition 4.12 implies that

COROLLARY 4.13. If S C Vi x Vs is a canonical relation and T : Vo «— V3 is
lagrangian then SoT ~ S o DyoT, i.e, [S|[T] =[S oT].

REMARK 4.14. For a vector space case, we have easily an example of canonical
relations. If S : V; « V4 is a lagrangian subspace then (E-3) and Lemma 2.6(d) show
that Dy o S o Dy is a canonical relation.

Now we have (B) in the introduction:

THEOREM B. Let S C M; x Ms be a canonical relation (resp. a lagrangian
submanifold) and T : My «— Mj be a lagrangian submanifold (resp. canonical relation)
respectively. If (S,T) is a very clean pair then SoT : My «— Ms is a lagrangian subman-
ifold. In particular if S, T are canonical relations then S o T is a canonical relation.

REMARK 4.15. Proposition 4.12 and Theorem B are valid for isotropic, coisotropic
cases: if S is an isotropic Dirac relation (resp. isotropic submanifold) and T is an isotropic
submanifold (resp. isotropic Dirac relation) of very clean pair then S o T is an isotropic
submanifold. In particular if S, T are isotropic Dirac relations of very clean pair then
S oT is an isotropic Dirac relation. In a coisotropic case, we obtain the similar results.

REMARK 4.16. From Theorem 4.11 and Remark 4.15, we obtain that the set of
canonical relations, the set of isotropic Dirac relations and the set of coisotropic Dirac
relations are closed under the o-product respectively. The identity morphism is the di-
agonal set for these objects. Thus we have three categories of Dirac manifolds whose
morphisms are canonical relations, isotropic Dirac relations and coisotropic Dirac rela-
tions respectively.

We recall Remark 4.7. Here, in term of category theory, we give again the following
remark:

REMARK 4.17. We obtain a category Dir whose objects and morphisms are Dirac
vector spaces and canonical relations respectively. We notice the identity morphisms of
Dir are diagonal subspaces dy for Dirac vector spaces V. Recalling Corollary 4.13, we
have a functor [€] : Dir — [Dir] such that [€](V) := V, [€](S) := [S] (see a diagram (32)
below). In fact, by Corollary 4.13, we obtain that if [€](S) = [€](T) then [€](SoT) =
[€](S)3[€](T), and further [€](dy) = [D].
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Dirs S —9 D] 58] —— Sym>py x pa(S N p(Ly x Ly)).  (32)

Now we define the notion of Dirac map. First we consider a Poisson map. Let
(My,m), (M, m2) be Poisson manifolds. A map f: M; — M is a Poisson map if and
only if the following diagram commutes

T My ~—— T* M,

(rH*
ﬁli ﬁzl

Tf
TM, — = TM,.

If we rewrite this diagram in terms of the graph of f, we obtain the identity similar to
(34) below. For presymplectic manifolds and a presymplectic map, we also obtain the
identity similar to (33) below. We generalize these identities directly to Dirac manifolds
and we give the following definitions.

DEFINITION 4.18. Let (M1, L1), (Ms, Ly) be any Dirac manifolds and let f : M; —
Ms be a C* map. We call f an isotropic (resp. coisotropic) Dirac map if the graph of
f satisfies the following condition (33) (resp. (34)) at each point. In particular, we call
f a Dirac map if f is an isotropic and a coisotropic Dirac map.

Li=TFoLyo(TF")™! (33)

(resp. Ly =TF Yo L, oTFT), (34)

where F := {(z, f(z))|r € My} and TF is the tangent bundle of F. We give analogous
definitions for the case of vector spaces.

Similarly to the property (a) of introduction, we can characterize the isotropic Dirac
maps and the coisotropic Dirac maps by the graphs as follows.

PROPOSITION 4.19.  Let (Vi,L1) and (Va, La) be any Dirac vector spaces and f :
Vi — V; be a linear map. We put F := {(z, f(z))|z € V1}. Then the following conditions
are equivalent:

(G-1) FolLyC LioFt, ie., Fis an isotropic Dirac relation.
(G-2) Ly =FolLyo(F")™' ie., f is an isotropic Dirac map.

Similarly, the following conditions are equivalent.

(H-1) LyoF' C FolLs, i.e., F is a coisotropic Dirac relation.
(H-2) Ly=F"YoLioFt, ie., fisa coisotropic Dirac map.

PRrROOF. First we show the equivalence of (H-1) and (H-2). We assume (H-1). Then
applying F~! to (H-1), we have F"1o L o FT C F~1 o Fo Ly. Since F~' o F C dy,,
we have F~1 o L o FT C Ly. From Lemma 2.7, dim(F~! o L; o FT) = dim Ly and
then we obtain (H-2). Conversely, we assume (H-2). We apply F' to (H-2) and we have
FolLy=FoF 'oLjoFT. Sincedy, C FoF~! we have (H-1). The equivalence of
(G-1) and (G-2) is proved by a similar manner. O
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From Proposition 4.19, we have (A) in the introduction:

THEOREM A. Let f be a map between Dirac manifolds. Then f is a Dirac (resp.
isotropic Dirac, resp. coisotropic Dirac) map if and only if its graph is a canonical (resp.
isotropic Dirac, resp. coisotropic Dirac) relation.

REMARK 4.20. The Definition 4.18 is essentially the same as the definition in
Bursztyn-Radko [2], Liu, Weinstein and Xu [9]. In [2], a Dirac map is defined as a
map between Dirac vector spaces which induces the correspondence between two Dirac
structures given as follows:

Let (V, L,) and (W, L,,) be any Dirac vector spaces and ¢ : V. — W be a linear map.
Consider the subspaces

S :={(o(z),n,z,¢"n)[x € Vin e W*}, Bo:= {(z,¢"n, ¢(z),n)lx € V,n € W}
Then we have the two maps given by composition F¢(L,) and B¢(L,,) such that
Ly, — FP(Ly), Ly = Bd(Ly).

If §¢(L,) = Ly (resp. Bop(Ly) = Ly), ¢ is called a forward (resp. backward) Dirac
map. Since Fo(L,) =P LoL,o®" and Bé(L,,) = oL, o (PT)~L, our coisotropic (resp.
isotropic) Dirac map is the same as the forward (resp. backward) Dirac map. See [2]
and [4] for the fundamental properties of Dirac maps.

5. Examples.

In this last section we give several examples of lagrangian submanifolds, canonical
relations and Dirac maps. These objects are naturally seen in Poisson geometry.

ExAaMPLE 5.1. It is well known that the quotient space V/ ker 21, of a Dirac vector
space (V, L) has a Poisson structure 7y, induced from L ([5]). Here we obtain two relations
between L and L, , which is similar to (4).

Ly, =PrYoLoPr!, L =ProlL,, o(Pri)™1

where Pr is the graph of the canonical projection pr : V. — V/ker 21, Thus the projec-
tion pr is a Dirac map. In general, we consider a quotient space V/W for an arbitrary sub-
space W C V. By Lemma 2.7, we define a Dirac structure on V/W : L% := PyloLo P},
where pw : V' — V/W is the canonical projection and P, is the graph of the map. From
the definition it is easy to see that the map pw is a coisotropic Dirac map. If W C ker Qr
then pw is a Dirac map. In fact, since P, o P! = &y + (W,0), when the condition is
satisfied we obtain P, o L* = P, 0 P,'o Lo Pl = Lo Pl. Conversely if pw is a Dirac
map then the condition W C ker £2;, is satisfied, since (W,0) C P,.

ExaMPLE 5.2. Let M be a foliated manifold with involutive subbundle H. On M,
a Dirac structure is defined by L := H@®H~*. Then every submanifold of M is lagrangian.



824 K. UcHINO

Hence such a Dirac structure can be regarded as the “zero” Dirac structure. Similarly,
we have the notion of the zero Poisson structure or the zero presymplectic structure.

Let (Vi, L;), (i = 1,2) be any Dirac vector spaces such that L; = H; & H;-. Here
H; be a subspace of V;. We consider Dirac maps between these Dirac vector spaces. Let
f: Vi — Va bealinear map. From the assumption, we obtain LioF't = Hy®(FT)~Y(H{),
Fo Ly = F(Hy) @ Hs-, where F is the graph of the map f. From Proposition 4.19, we
obtain the following;:

(I) the map f is an isotropic Dirac map if and only if H; D F(Hz) and (FT)~Y(H{) D
Hj-. These two conditions are simplified by H; = F(Hs), or equivalently H; =
[ (Hy).

(C) the map f is an coisotropic Dirac map if and only if Hy C F(Hy) and
(F)~Y(H{) € Hi. In a similar way, these two conditions are simplified by
F~1(Hy) = Hy, or equivalently f(H;) = Hs.

Thus we obtain the following: Let f be a diffeomorphism between foliated manifolds. If,
by the map f, a foliation is transformed to the other foliation then the map is a Dirac
map.

EXAMPLE 5.3. Let (M, L) be a Dirac manifold with an isotropic submanifold
N, and let B be a closed 2-form. Assume that N is isotropic under the 2-form B, i.e.,
B(TN) c TN*. By (A-3) of Proposition 3.4, we have p(TN®TN+NL) = TNNp(L). We
remember the gauge transformation 75 : (x,a) — (z,a+B(z)) on the bundle TM &T* M
(see [10]). From the assumption, we obtain 75(TN @ TN+t) = TN @ TN~+. Since
1

T = T-p and poT4p = p, we have

p(TN@®TN+NL)=por_porg(TN@®TNtNL)
=por_p(TN®TN*N1gL)
=p(TN @ TN+ N1gL) = TN N p(r5L).
It is well-known that 75 L is also a Dirac structure. Thus NV is an isotropic submanifold
of the Dirac manifold (M, 75L).

Let W be a subspace of a Dirac vector space (V, L). Then W becomes a Dirac vector
space with the induced Dirac structure isomorphic to (LN (W @ V*))/(L N (0 & W))

([5])-

EXAMPLE 5.4. Let W be a subspace of a Dirac vector space (V, L). Then Ly :=
IToLo (It)™! gives a Dirac structure on W induced by L, where I := {(z,i(z))|]z € W}.
An inclusion map i : W — V gives an isotropic Dirac map. We can easily see that

|74

Lw :IoLo(IJrY1

LO(WaV*)
YO (35)

W)’

Especially, the map i is a Dirac map if and only if a condition p(L) C W is satisfied. Since
keri* = W+, we have (IT)"1oI' = §y« +(W+,0). The condition p(L) C W is equivalent
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to (0, W+) c L. We assume the condition p(L) C W. We have Ly oI = IoLo(IT)~ oI,
Since (0,W+) C I oL, we obtain [ o Lo (I")™' o IT = I o L. This implies that i is a
Dirac map. The converse is easily checked. When the condition satisfied, we can see
Lw = L/W+ by (35).
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