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L.-ALGEBRAS AND HIGHER ANALOGUES OF DIRAC
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STRUCTURES AND COURANT ALGEBROIDS

MARCO ZAMBON

We define a higher analogue of Dirac structures on a manifold
M. Under a regularity assumption, higher Dirac structures can be
described by a foliation and a (not necessarily closed, non-unique) dif-
ferential form on M, and are equivalent to (and simpler to handle than)
the multi-Dirac structures recently introduced in the context of field
theory by Vankerschaver et al.

We associate an Ly,-algebra of observables to every higher Dirac
structure, extending work of Baez et al. on multisymplectic forms. Fur-
ther, applying a recent result of Getzler, we associate an L.-algebra to
any manifold endowed with a closed differential form H, via a higher
analogue of split Courant algebroid twisted by H. Finally, we study the
relations between the L..-algebras appearing above.
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1. Introduction

In the Hamiltonian formalism, many classical mechanical systems are
described by a manifold, which plays the role of phase space, endowed
with a symplectic structure and a choice of Hamiltonian function. How-
ever, symplectic structures are not suitable to describe all classical systems.
Mechanical systems with symmetries are described by Poisson structures —
integrable bivector fields — and system with constraints are described by
closed 2-forms. Systems with both symmetries and constraints are described
using Dirac structures, introduced by Ted Courant in the early 1990s [1].
Recall that, given a manifold M, TM &T* M is endowed a natural pairing on
the fibers and a bracket on its space of sections, called (untwisted) Courant
bracket. A Dirac structure is a maximal isotropic and involutive subbundle
of TM @T*M.

Given a Dirac manifold M, one defines the notion of Hamiltonian func-
tion — in physical terms, an observable for the system — and shows
that the set of Hamiltonian functions is endowed with a Poisson algebra
structure.

Higher analogues of symplectic structures are given by multisymplec-
tic structures [2, 3] (called p-plectic structures in [4]), i.e., closed forms
w € QPTY(M) such that the bundle map @: TM — APT*M, X — ixw is
injective. They are suitable to describe certain physical systems arising from
classical field theory, as was realized by Tulczyjew in the late 1960s. They are
also suitable to describe systems in which particles are replaced by higher
dimensional objects such as strings [4].

The recent work of Baez et al. [4] and then Rogers [5] shows that on
a p-plectic manifold M the observables — consisting of certain differential
forms — have naturally the structure of a Lie p-algebra, by which we mean
an Luo-algebra [6] concentrated in degrees —p + 1,...,0. This extends the
fact, mentioned above, that the observables of classical mechanics form a
Lie algebra (indeed, a Poisson algebra).

The first part of the present paper arose from the geometric observation
that, exactly as symplectic structures are special cases of Dirac structures,
multisymplectic structures are special cases of higher analogues of Dirac
structures. More precisely, for every p > 1 we consider

EP .=TM ® NPT*M,
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a vector bundle endowed with a AP~!T* M-valued pairing and a bracket on
its space of sections. We regard EP as a higher analogue of split Courant
algebroids. We also consider isotropic, involutive subbundles of EP. When
the latter are Lagrangian, we refer to them as higher Dirac structures.

The following diagram displays the relations between the geometric struc-
tures mentioned so far:

In the first part of the paper (Sections 2-4) we introduce and study the
geometry of isotropic, involutive subbundles of EP. Examples include Dirac
structures, closed forms together with a foliation, and a restrictive class of
multivector fields. The main results are

e Theorem 3.12: a description of all regular higher Dirac structures in
terms of familiar geometric data: a (not necessarily closed) differential
form and a foliation.

e Theorem 4.5: higher Dirac structures are equivalent to multi-Dirac

structures, at least in the regular case!.

Recall that multi-Dirac structures were recently introduced by Vanker-
schaver et al. [7]. They are the geometric structures that allow to describe the
implicit Euler-Lagrange equations (equations of motion) of a large class of
field theories, which include the treatment of non-holonomic constraints. By
the above equivalence, higher Dirac structures thus acquire a field-theoretic
motivation. Further, since higher Dirac structures are simpler to handle than
multi-Dirac structures (which contain some redundancy in their definition),
we expect our work to be useful in the context of field theory too.

The second part of the paper is concerned with the algebraic structure
on the observables, which turns out to be an Ly,-algebra. Further, we inves-
tigate an Lo-algebra that can be associated to a manifold without any
geometric structure on it, except for a (possibly vanishing) closed differen-
tial form defining a twist. Recall that a closed 2-form on a manifold M (a
2-cocycle for the Lie algebroid T'M) can be used to obtain a Lie algebroid
structure on E° = TM x R [8, Section 1.1], so the sections of the latter form
a Lie algebra. Recall also that Roytenberg and Weinstein [9] associated a
Lie 2-algebra to every Courant algebroid (in particular to B! = TM & T*M
with Courant bracket twisted by a closed 3-form). Recently, Getzler [10]
gave an algebraic construction which extends Roytenberg and Weinstein’s
proof. Applying Getzler’s result in a straightforward way one can extend the
above results to all EP’s.

Our main results in the second part of the paper (Section 5-9) are:

e Theorem 6.7: the observables associated to an isotropic, involutive
subbundle of EP form a Lie p-algebra.

'Regularity is a technical assumption and is probably not necessary. The physically
most relevant examples of multi-Dirac structures are regular [7].
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e Propositions 8.1 and 8.4: to EP = TM & APT*M and to a closed p+ 2
form H on M, one can associate a Lie p + l-algebra extending the
H-twisted Courant bracket.

e Theorem 7.1: there is a morphism (with one-dimensional kernel) from
the Lie algebra associated to E° and a closed 2-form into the Lie 2-
algebra associated to the Courant algebroid E' = TM & T*M with
the untwisted Courant bracket.

Rogers [11] observed that there is an injective morphism — which can be
interpreted as a prequantization map — from the Lie 2-algebra of observ-
ables on a 2-pletic manifold (M,w) into the Lie 2-algebra associated to the
Courant algebroid E' = TM @ T*M endowed with the w-twisted Courant
bracket. We conclude the paper with an attempt to put this into context.

2. Higher analogues of split Courant algebroids
Let M be a manifold and p > 0 an integer. Consider the vector bundle
EP :=TM @ \PT*M,
endowed with the symmetric pairing on its fibres

(-,): BP x EP — APTIT* M,

given by

(2.1) (X +a,Y+08) =uxf+ya.

Endow the space of sections of EP with the Dorfman bracket
(2.2) [X+a,Y+0]=[X,Y]+ LxB — tyda.

The Dorfman bracket satisfies the Jacobi identity and Leibniz rules
(23) [[61, [[627 63]]]] = [[[[617 62]]7 63]] + [[627 [[61, 63]]]]7
(2.4) [ex, fea] = fler, e2] + (prraa(er) flez,
(2.5) [fer,ea] = fler, e2] — (prra(ez) fer +df A fer, e2),

where e; € I'(EP), f € C*°(M) and prras: EP — TM is the projection onto
the first factor.

The decomposition of the Dorfman bracket into its anti-symmetric and
symmetric parts is

1
(2.6) lex, e2] = [e1, e2]cou + §d<61, €2),
where
1
[X + oY + floow := [X, Y] + Lxf — Lya — 5d(xf — tya)

is known as Courant bracket.
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Remark 2.1. The Dorfman bracket on EP was already considered by Haw-
igara [12, Section 3.2], Hitchin [13] and Gualtieri [14, Section 3.8] [15, Sec-
tion 2.1]. (EP,(-,-),[,-]) is an example of weak Courant-Dorfman algebra
as introduced by Ekstrand and Zabzine in [16, Appendix]. When p = 1, we
recover an instance of split Courant algebroid [17]. The Courant bracket has
been extended to the setting of multivector fields in [7, Section 4].

In [13-15], it is remarked that closed p + 1-forms B on M provide sym-
metries of the Dorfman bracket (and of the pairing), by the gauge transfor-
mation e®: X + a — X + a 4 1x B. Further, the Dorfman bracket may be
twisted by a closed p+ 2-form H, just by adding a term tytx H to the r.h.s.
of equation (2.2). We refer to the resulting bracket as H-twisted Dorfman
bracket (this notion will not be used until Section 7), and we use the term
Dorfman bracket to refer to the untwisted one given by equation (2.2).

3. Higher analogues of Dirac structures

In this section, we introduce a geometric structure that extends the notion
of Dirac structure and multisymplectic form. It is given by a subbundle of
EP which we require to be involutive and isotropic, since this is needed to
associate to it an L.,-algebra of observables in Section 6. Further, we con-
sider subbundles which are Lagrangian (i.e., maximal isotropic) and study
their geometry in detail.

Definition 3.1. Let p > 1. Let L be a subbundle of EP = TM & NAPT*M.

e [ is isotropic if for all sections X; + «:
(3.1) (X1 + a1, Xo+ag) =0.
L is involutive if for all sections X; + «;:
[X1 + a1, Xo 4+ ag] € T(L),
where [, -] denotes the Dorfman bracket (2.2).
e [ is Lagrangian if
L=L":={ecEP:(eL)=0}

(In this case, we also refer to L as a almost Dirac structure of order p.)
L a Dirac structure of order p or higher Dirac structure if it is
Lagrangian and involutive.

e L is regular if proas(L) has constant rank along M.

3.1. Involutive isotropic subbundles. In this subsection, we make some
simple considerations on involutive isotropic subbundles and present some
examples.

The involutive, Lagrangian subbundles of E' are the Dirac structures
introduced by Courant [1].
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When p = dim(M), isotropic subbundles are forced to lie inside TM & {0}
or {0} & APT*M , hence they are uninteresting.

Now, for arbitrary p, we look at involutive, isotropic subbundles that
project isomorphically onto the first or second summand of EP.

Proposition 3.2. Let p > 1. Let w be a closed p + 1-form on M. Then
graph(w) :={X —i1xw: X e TM}

18 an isotropic involutive subbundle of EP. All isotropic involutive subbundles
L C EP that project isomorphically onto TM wunder prpyr: EP — TM are
of the above form.

Proof. The subbundle graph(w) is isotropic because (X — txw,Y — 1yw) =
—xtyw — tytxw = 0. To see that L is involutive, use the fact that since w
is closed d(txw) = Lxw and compute
[X —ixw, Y —iyw] = [X,Y] = Lx(tyw) + 1y (Lxw) = [X, Y] — (x y|w-
Let L C EP be a subbundle that projects isomorphically onto T'M, i.e.
L={X+B(X): X € TM} for some B: TM — ANPT*M. If L is isotropic
then the map

TM @ TM — NP7'T*M, X QY — 1x(B(Y))

is skew in X and Y, so B(X) = —ixw defines a unique p + 1-form w, which
satisfies graph(w) = L. If L is involutive then the above computation shows
that w is a closed form. O

The following generalization of Proposition 3.2 is proven exactly as in the
last paragraph of the proof of Proposition 3.12. It provides a wide class of
regular isotropic, involutive subbundles.

Corollary 3.3. Fiz p > 1. Let w € QPYY(M) be a p + 1-form and S an
integrable distribution on M, such that dw| sggar—17p = 0. Then

L:={X—-ixw+a:XeS aecnNS5}
s an isotropic, involutive subbundle of EP.

Proposition 3.4. Let 1 < p < dim(M) — 1. Let m € T(APYYT M) be either
a Poisson bivector field, a dim(M )-multivector field or m = 0. Then

graph(m) == {tom+ a: o € NPT*M}

s an isotropic involutive subbundle of EP.
All isotropic involutive subbundles L C EP that project isomorphically
onto NPT* M under prapr+ps: EP — NPT*M are of the above form.

Proof. We write n := p 4 1, so 7 is an n-vector field. Clearly, graph(m) is
isotropic in the cases m = 0 and n = 2. For the case n = dim(M) fix a point
x € M. We may assume that at x we have 7 = 6%1 Ao A % where {x;}i<n
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is a coordinate system on M. For each i denote dxz-c =dxiA... d/ggz - Adxy,.
For i < j at the point x we have

(3.2)
<deic7'l' + dz¢, Lapg T+ deC>

= (=)= 0+6=0) ()= AL day . -+ Ad, = 0,

showing that graph(m) is isotropic.

It is known that graph(m) is involutive iff 7 is a Nambu-Poisson mul-
tivector field (see [12, Section 4.2]). For n = 2 the Nambu-Poisson mul-
tivector fields are exactly Poisson bivector field, and for n = dim(M) all
n-multivector fields are Nambu—Poisson. This concludes the first part of the
proof.

Conversely, assume that L C E"~! is an isotropic subbundle that projects
isomorphically onto A"~ 1T*M, ie., L = {Aa+a:a € A" YT*M} for some
map A: A" Y T*M — TM.

Assume that A is not identically zero, and that n # 2,dim(M). In this
case, we obtain a contradiction to the isotropicity of L, as follows. There
is a point x € M with A, # 0. Near z choose coordinates x1, ..., Zgim(m)
(note that dim(M) > n + 1). Without loss of generality at = we might
assume that A(dzq A---Adz,—_1) does not vanish. It does not lie in the span

of 8%1, ceey ﬁa_l since we assume that L is isotropic, so by modifying the
coordinates Tn, ..., Tqim(ar) We may assume that A(dziA---Adz,—1) = %.
Then

(Ap(dxy A+ Ndxp—1) +dxy A - ANdxp—1, Ag(dxs A+ Adzpyr)
+dxs A Ndxpi1) # 0.

Indeed, the contraction of A, (dziA---ANdxyp—1) = % with dzg A« - Adxpa1

contains the summand (—1)""3 . dxg A --- A dop_1 A d2ye1, Whereas the
contraction of any vector of T, M with dxy A --- A dxp—1 cannot contain
dxn+1. Hence, we obtain a contradiction to the isotropicity.

If A =0, then clearly L is isotropic. In the case n = 2, it is known that
L is isotropic iff it is the graph of a bivector field 7. Now consider the case
n = dim(M). For any i, let X; —|—dxic € L. The isotropicity condition implies
that X; = /\ia% for some \; € R, and a computation similar to (3.2) implies
i = (=1)"7'\, for all 4, so that L = graph(r) for 7 = )\na%l EERA %.

Hence, we have shown that L is isotropic iff L is the graph of an n-vector
field where m = 0, n = 2 or n = dim(M). As seen earlier, if graph(r) is
involutive then, in the case n = 2, m has to be a Poisson bivector field. [

We present a class of isotropic involutive subbundles, that are not neces-
sarily regular:
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Corollary 3.5. Let Q be an top degree form on M, and f € C*°(M) such
that Qg # 0 at points of {x € M : f(x) =0}. Then

L:={fX—-1xQ: XeTM}

s an involutive isotropic subbundle of pdim(M)—1

Proof. Let © € M. If f(x) # 0, then nearby L is the graph of %Q, which
being a top-form is closed. Hence, near x, L defines an isotropic involutive
subbundle by Proposition 3.2. Now suppose that f(z) = 0. Then L, is just
0+ /\dim(M)_lT;M, so nearby L is the graph of a top multivector field, and
by Proposition 3.4 it is an isotropic involutive subbundle. O

Note that the isotropic subbundles described in Propositions 3.2, 3.4,
Corollary 3.5 are all Lagrangian (use Lemma A.1 below).

We end this subsection relating involutive isotropic subbundles with Lie
algebroids and Lie groupoids.

Proposition 3.6. Let L C EP be an involutive isotropic subbundle. Then
(L, [, ], prrar) is a Lie algebroid [18], where proas: EP — TM is the pro-
jection onto the first factor.

Proof. The restriction of the Dorfman bracket to I'(L) is skew-symmetric
because of equation (2.6), and as seen in equation (2.3) the Dorfman
bracket satisfies the Jacobi identity. The Leibniz rule holds because of
equation (2.4). O

Recall that (integrable) Dirac structures give rise to presymplectic
groupoids in the sense of [19] and, restricting to the non-degenerate case,
that Poisson structures give rise to symplectic groupoids. We generalize this:

Proposition 3.7. Suppose that the Lie algebroid L of Proposition 3.6 inte-
grates to a source simply connected Lie groupoid I'. Then T' is canonically
endowed with a multiplicative closed p 4+ 1-form €.

Further, if L is the graph of a multivector field as in Proposition 3.4 or the
graph of a multisymplectic form (see Section 1), then Q) is a multisymplectic
form.

Proof. The first statement follows immediately from recent results of Arias
Abad—Crainic, applying [20, Thm. 6.1] to the vector bundle map 7: L —
APT*M given by the projection onto the second factor, which satisfies the
assumptions of the theorem since L isotropic and because the Lie algebroid
bracket on L is the restriction of the Dorfman bracket. Concretely, for all = €
M and e € L,, X1,...,X, € T, M, the multiplicative form {2 is determined
by the equation

(3.3) Qe, X1,...,Xp) = (praer=m(e), X1 A+ AN Xp).
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Here, on the lhs, we identify the Lie algebroid L with ker(s,)|ps, where
s: I' — M is the source map.

Now, assume that L is the graph of a multivector field 7 as in Proposition
3.3. First, given a non-zero e € L, it follows that prar7+ps(e) is also non-zero,
so it pairs non-trivially with some X; A --- A X, € APT'M. Second, given a
non-zero X1 € T'M, extend it to a non-zero element X1 A--- AN X, € APTM,
and choose o € APT* M so that their pairing is non-trivial. Let e := (o7 + a.
Then the expression (3.3) is non-zero. Since TT|yy = TM & ker(s.)|am and
Q|ap+17ar = 0, this shows that Q is multisymplectic at points of M. To
make the same conclusion at every g € I', use [19, equation (3.4)] that the
multiplicativity of {2 implies

Qe((Rg)we,wi, ..., wp) = Qe  ti(wr), ..., t(wp))

for all e € ker(sy)|, and w; € T,I'. Here, t: I' — M is the target map and
x:=1t(g9) € M.

Last, assume that L is the graph of a multisymplectic form w on M.
Given a non-zero e € L, say e = X — 1xw, we have by equation (3.3) that
LeQarrrr = —txw # 0. Given a non-zero X7 € TM, there is X A Xo A+ A
X, € NPT'M with which ¢x,w pairs non-trivially. Let e := X — txw. Then
the expression (3.3) is non-zero. This shows that € is multisymplectic at
points of M, and by the argument above on the whole of T'. O

3.2. Higher Dirac structures.In this subsection, we characterize
Lagrangian subbundles L C EP (i.e., almost Dirac structures of order p)
and their involutivity.

We start characterizing Lagrangian subbundles at the linear algebra level.
Recall first what happens in the case p = 1. Let T be a vector space. Any
L C T ® T* such that L = LT is determined exactly by the subspace
S := prr(L) and a skew-symmetric bilinear form on it [21]. Further dim(S5)
can assume any value between 0 and dim(7"). For p > 2 the description is
more involved, however, it remains true that every Lagrangian subspace of
T @ APT* can be described by means of a subspace S C T (satisfying a
dimensional constraint) and a (non-unique) p + 1-form on 7.

Proposition 3.8. Fiz a vector space T and an integer p > 1. There is a
bijection between

e Lagrangian subspaces L C T @ NPT™
® pairs
ScT such that either dim(S) < (dim(T) —p) or S =T,

Qe A2S* @ AP7IT*  such that Q is the restriction of an element of
NPT,
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The correspondence is given by

I S :=prp(L)
Q given by 1xQ = a\5®®p71T forall X +a €L

(5,) = L:={X+a: X €S algggrir=1x}

Here, we regard A™T™ as the subspace of ®" T* := T*®- - -QT™* consisting
of elements invariant under the odd representation of the permutation group
in n elements. Loosely speaking, the restriction on dim(.S) arises as follows:
when it is not satisfied APS° = {0} and S # T, and one can enlarge L to
an isotropic L' C T & APT* such that prp(L') is strictly larger than S. The
proof of Proposition 3.8 is presented in Appendix A.

An immediate corollary of Proposition 3.8, which we present without
proof, is:

Corollary 3.9. Fix a vector space T and an integer p > 1. For any
Lagrangian subspace L C T @& NPT* let (S,9) be the corresponding pair
as in Proposition 3.8, and w € A\PYYT* an arbitrary extension of Q. Then L
can be described in terms of S and w as

L={X+ixw+a:X S aec NS}

As an immediate consequence of Lemma A.1, we obtain the following
dimensional constraints on the singular distribution induced by a Lagrangian
subbundle:

Corollary 3.10. Let L C EP be a Lagrangian subbundle. Denote S :=
p?"TM(L). Then

(a) dim(Sz) € {0,1,...,dim(M) — p,dim(M)} for all z € M

(b) dim(L,) = dim(S,) + (dim(M);dim(Sm)) is constant for all x € M.

When p = 1, so that L is a maximal isotropic subbundle of TM & T*M,
the dimensional constraints of Corollary 3.10 do not pose any restriction of
dim(Sy). (It is known, however, that dim(S;) mod 2 must be constant on
M.) When p > 2, Lagrangian subbundles of EP are quite rigid.

Example 3.11. Let p = dim(M) — 1, and let L be a Lagrangian subbundle
of EP. Corollary 3.10 a) implies that at every point dim(S,) is either 0, 1
or dim(M). Assume that p > 2. By Corollary 3.10 b), if rk(S) = 1 at one
point then rk(S) = 1 on the whole of M, and the rank 2 bundle L is equal
to S @ Adm(M)—1g°  Otherwise, at any point = we have either S, = T, M
or Ly = 0+ AMmM)=17*0r In the first case by Corollary 3.9 we known
that, near x, L is the graph of a top form. In the second case L projects
isomorphically onto the second component AWM =1T*AT near z, so by
Proposition 3.4 it must be the graph of a dim(M)-vector field.
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Finally, we characterize when a regular Lagrangian subbundle is a higher
Dirac structure.

Theorem 3.12. Let M be a manifold, fiz an integer p > 1 and a Lagrangian
subbundle L C TM & ANPT*M . Assume that S := prpy (L) has constant rank
along M. Choose a form w € QPYY(M) such that S and w describe L as in
Corollary 3.9.

Then L is involutive iff S is an involutive distribution and

dw|A3S®/\p—lTM == 0.

Proof. First, note that, a p + 1-form w as above always exists, as it can
be constructed as in Lemma A.2 choosing a (smooth) distribution C' on M
complementary to S. We use the description of L given in Corollary 3.9.
Assume that L is involutive. By Proposition 3.6, S is an involutive distri-
bution. Let X,Y be sections of S. Using Lxw = d(txw) + txdw we have

[X +ixw, Y +iyw] = [X, Y]+ Lx(tyw) — 1y (Lxw) + tytxdw
= [X, Y]+ yx yjw + tyixdw.

Since this lies in L we have 1yt xdw € APS® for all sections X,Y of S, which
is equivalent to dw|ssggpar-177 = 0.

Conversely, assume the above two conditions on S and dw. The above
computation shows that for all sections X, Y of S, the bracket [X +:xw,Y +
tyw] lies in L. The brackets of X + txw with sections of APS° lie in L since,
by the involutivity of S, locally APS° admits a frame consisting of p-forms
«;, which are closed and which hence satisfy [a;, ] = 0. Therefore L is
involutive. O

Note that, for p =1 (so dw is a 3-form) we obtain the familiar statement
that a regular almost Dirac structure L is involutive iff prpas (L) is an involu-
tive distribution whose leaves are endowed with closed 2-forms (see [1, Thm.
2.3.6]).

4. Equivalence of higher Dirac and multi-Dirac structures

Recently, Vankerschaver et al. [7] introduced the notion of Multi-Dirac struc-
ture. In this section we show that, at least in the regular case, it is equivalent
to our notion of higher Dirac structure. This section does not affect any of
the following ones and might be skipped on a first reading.

We recall some definitions from [7, Section 4]. All along we fix an integer
p > 1 and a manifold M. In the following, the indices r, s range from 1 to
p. Define

P. .= AN'TM @& APT="T* M.
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Define a pairing P, x Py — APTI="=ST* ) by

() (T ) = = (g — (—1)17)

2
If Vs C Py, then (V;)>" C P, is defined by
(4.1) (Vo) ™" o= {(Y,n) € Pr: ((Yym) , Vi) = 0},

Definition 4.1. An almost multi-Dirac structure of degree p on M consists
of subbundles (Dy,...,D,), where D, C P, for all r, satisfying

(4.2) D, = (Dg)*"
for all r,s with r +s <p+ 1.

Proposition 4.2. Fiz a manifold M and an integer p > 1. There is a
bijection
{almost multi-Dirac structures of degree p}
=~ {almost Dirac structures L of order p s.t. L7
is a subbundle forr =2,...,p}
(Di,...,D,) — Dy.

The proof of Proposition 4.2 uses the following extension of Corollary 3.9:

Lemma 4.3. Fix a vector space T and an integer p > 1. Let L be a
Lagrangian subspace of T @& NPT*, and define D, := (L)"" forr =1,...,p.
Choose w € NPTIT* s0 that w and S := prp(L) describe L as in Corollary
3.9. Then for all v we have

D, ={Y +1yw+E:Y € SA(ATIT), € € APTLTTS0),
Proof. “C:” We first claim that
prarr(Dy) © S A (ANTIT).

If S =T this obvious. If S # T, by Proposition 3.8 we have that APS° C L
is non-zero. As (Y,n) € D, implies 1ty (APS°) = 0, we conclude that ¥ €
S A (ATTLT).

Let (Y,n) € D,. For all (X,«a) € L, we have o —txw € APS° by Corollary
3.9, and since Y € SA(A"IT) we obtain 1y a = 1y (txw). Hence zero equals

(4.3) (Yom), (X,a)) =wxn— (=1)"wya=1xn— (=1)"1y (txw)
=1x(n—tyw),

that is, n — tyw € APT1775° Note that, in the last equality of equation (4.3)
we used the total skew-symmetry of w.
“>” follows from equation (4.3). O
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Proof of Proposition 4.2. The map in the statement of Proposition 4.2 is
well defined by equation (4.2) with r = s = 1. It is injective as D, = (D))"
is determined by D; for r = 2,...,p, again by equation (4.2).

We now show that it is surjective. Let L be a Lagrangian subbundle of
EP, and assume that D, := (L)>" is a smooth subbundle for r = 1,... p.
We have to show that equation (4.2) holds for all r, s with r +s < p+ 1. If
(Y,n) € D, and (Y,7) € Dy, then 1yfj = 1y (tyw) by Lemma 4.3, showing
(D, Ds)) = 0 and the inclusion “C”.

For the opposite inclusion take (Y,n) € (Ds)>" at some point x € M.
In particular (Y,7) is orthogonal to APT1=55° (where S, := pry,pL). The
latter does not vanish by Proposition 3.8 if S, # T, M, and since r < p+1—s
we conclude that Y € S, A (AT"YT,M). If S, = T, M, the same conclusion
holds. A computation analogue to equation (4.3) implies that for all (Y, #) €
Ds we have 0 = 1y (n — tyw). As such Y span S, A (AS~YT, M) by Lemma
4.3 applied to Dy, from s < p+ 1 — r it follows that n — tyw € APT177S2,
Hence, by Lemma 4.3 (Y,7n) € D,. O

In order to introduce the notion of integrability for almost multi-Dirac
structures, as in [7] define [-,-],., : T'(P.) x I'(Ps) — I'(Pr4s—1) by

[om, (V)]

= <[Y, 7], Ly — (106D C g4 (—1)%77)) |

T,8

2

Definition 4.4. An almost multi-Dirac structure (Di,...,D)p) is
integrable if
(4.4) 1D, DS]]T’S C Drys—
for all r, s with r + s < p. In that case it is a multi-Dirac structure.

We call an almost multi-Dirac structure (Dy, ..., D,) regular if proy(Dy)
has constant rank. By Lemma 4.3, this is equivalent to prarras(D,) having
constant rank for » = 1,...,p. Under this regularity assumption, we obtain

an equivalence for integrable structures.

Theorem 4.5. Fiz a manifold M and an integer p > 1. The bijection of
Proposition 4.2 restricts to a bijection

{regular multi-Dirac structures of degree p}

= {reqular Dirac structures of order p}

Proof. 1f (Dq, ..., D,) is a multi-Dirac structure, by the remark at the end
of [7, Section 4], D; is involutive w.r.t. the Courant bracket. Therefore, it is
involutive w.r.t. Dorfman bracket, that is, it is a Dirac structure of order p.

For the converse, note that if L is a regular Dirac structure L then L7 is
always a smooth subbundle by Corollary 4.3. So let (Dq,. .., D,) be aregular
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almost multi-Dirac structure with the property that L := D; is involutive.
Choose w € QPHL(M) so that (w, S := prra (L)) describe L as in Corollary
3.9. Such a differential form exists by the regularity assumption. To show
that condition (4.4) holds, let Y € T(SA(A™71T)) and Y € T(S A (AS71T)).
We have

[Y +ww,¥ +ip]),, = ([y, Y],y + (_1)nmdw) ,

see for instance [7, Proof of Theorem 4.5]. Now tytypdw € T(APT277758°)
by Theorem 3.12, so the above lies in D,;s—1 by Lemma 4.3. Further, the
involutivity of S implies that locally APT155° admits a frame consisting of
closed forms «;. For any choice of functions f; we have

[Y +ww, ficil, = Ly (ficw) + (—1)" D iy (frew) = vy (dfs A ),

which lies in T'(APT277758°) since Y € T(S A (A"!T)) and oy € T
(APH1=sge). O

Finally, we comment on how our definition of higher Dirac structure differs
from Hagiwara’s Nambu-Dirac structures [12], which also are an extension
of Courant’s notion of Dirac structure.

Remark 4.6. A Nambu-Dirac structure on a manifold M [12, Def. 3.1,
Definition 3.7] is an involutive subbundle L C EP satisfying

(4.5) (X1 401, X0+ 0‘2>|/\P—1(prTM(L)) =0,
(4.6) N (proar(L)) = praeea L7,

where LY C APTM @ T*M is defined as in equation (4.1). When p = 1,
Nambu-Dirac structures agree with Dirac structures. Graphs of closed forms
and of Nambu—Poisson multivector fields are Nambu-Dirac structures.

Our isotropicity condition (3.1) is clearly stronger than (4.5). Neverthe-
less, higher Dirac structures are usually not Nambu—Dirac structures, for
the former satisfy

proar(L) A (ANPTYT M) = pravpar LP
by Lemma 4.3, and hence usually do not satisfy (4.6). A concrete instance
is given by the 3-dimensional Lagrangian subspace L C T & A?T* given
as in Corollary 3.9 by T = R* S equal to the plane {3 = x4 = 0} and
w = dx1 N dxo A dxs.

5. Review: L,-algebras

In this section, we review briefly the notion of L.,-algebra, which generalizes
Lie algebras and was introduced by Lada and Stasheff [6] in the 1990s. We
will follow the conventions of Lada-Markl? [22, Sections 2 and 5].

2Except that on graded vector spaces we take the grading inverse to theirs.
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Recall that a graded vector space is just a (finite dimensional, real) vector
space V. = @;czV; with a direct sum decomposition into subspaces. An
element of V; is said to have degree i, and we denote its degree by |- |.

For any n > 1, V®" is a graded vector space, and the symmetric group
acts on it by the so-called odd representation: the transposition of the k-th
and (k 4 1)-th element acts by

VIR @ vy — _(_1)|’UkHUk+1|rU1®...®vk+1 QUER - ® Up.

The nth graded exterior product of V is the graded vector space A"V, con-
sisting of elements of V®" which are fixed by the odd representation of the
symmetric group.

Definition 5.1. An Ly -algebra is a graded vector space V = @,., Vi
endowed with a sequence of multi-brackets (n > 1)

ln: N"V =V
of degree 2 — n, satisfying the following quadratic relations for each n > 1:

(5.1)

Z Z X(U)(—1)i(j_1)lj(li(vo(1), e ,UU(Z')), Vg (i41)s - - - ,vg(n)) =0.
i+j=n+1oceSh(i,n—1i)

Here, Sh(i,n — i) denotes the set of (i,n — i)-unshuffles, i.e., permutations
preserving the order of the first 7 elements and the order of the last n — i
elements. The sign x(o) is given by the action of o on v; ® - -+ ® v, in the
odd representation.

Remark 5.2. (1) The quadratic relations imply that the unary bracket [
squares to zero, so (V,l1) is a chain complex of vector spaces. Hence, Lo-
algebras can be viewed as chain complexes with the extra data given by the
multi-brackets {,, for n > 2.

(2) When V is concentrated in degree 0, (i.e., only Vj is non-trivial) then
A™V is the usual n-th exterior product of V', and is concentrated in degree
zero. Hence, by degree reasons only the binary bracket [-,-]o is non-zero,
and the quadratic relations are simply the Jacobi identity, so we recover the
notion of Lie algebra.

For any p > 1, we use the term Lie p-algebra to denote an L.-algebra
whose underlying graded vector space is concentrated in degrees —p +
1,...,0. Note that by degree reasons only the multi-brackets



578 M. ZAMBON

li,...,lp41 can be non-zero. In particular, a Lie 2-algebra consists of a graded
vector space V' concentrated in degrees —1 and 0, together with maps
d:=10:V =YV,
[ ] i=1: N2V =V,

Ji=13: N3V =V,

of degrees 1,0 and —1, respectively, subject to the quadratic relations.
An Lo,-morphism ¢: V ~~ V' between L.-algebras is a sequence of maps
(n=1)
bn: N\"V =V

of degree 1 — n, satisfying certain relations, which can be found in [22, Def.
5.2] in the case when V' has only the unary and binary bracket. The first of
these relations says that ¢1: V — V’ must preserve the differentials (unary
brackets). We spell out the definition when V' and V' are Lie 2-algebras.

Definition 5.3. Let (V,d,[,-],J) and (V',d,[-,-]', J') be Lie 2-algebras. A
morphism ¢: V ~ V' consists of linear maps

¢o: Vo — W,
¢1: Vo — Vo,
$2: N2 Vo — Vo,
such that
(5.2) d o¢1 = ¢god,
(5.3)  d'(¢2(2,y)) = dolz, y] — [¢o(x), do(y)]" for all 2,y € Vg,
(5.4) pa(df,y) = oalf, yl = [¢1(f), do(y)]" forall f e Voy,y e W,

and for all x,y, z € Vg:

(55) (b()(J(.I',y,Z)) - Jl(¢0(x)a¢0(y)7¢0(z>)
= (;52(.%', [ya Z]) - ¢2<Z/, [(L‘, 2]) + (;52(2:, [x7y])
+ [po(2), $2(y, 2)]" = [do(y), p2(x, 2)]" + [po(2), P2(z, y)]"

6. L..-algebras from higher analogues of Dirac structures

Courant [1, Section 2.5] associated to every Dirac structure on M a subset of
C° (M), which we refer to as Hamiltonian functions or observables. Usually
the Hamiltonian vector field associated to such a function is not unique.
Nevertheless, the set of Hamiltonian functions is endowed with a Poisson
algebra structure (a Lie bracket compatible with the product of functions).
Baez et al. associate to a p-plectic form a set of Hamiltonian p — 1-forms and
endow it with a bracket [4, Section 3]. Rogers shows that the bracket can be
extended to obtain a Lie p-algebra [5, Thm. 5.2]. In this section, we mimic
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Courant’s definition of the bracket and extend Roger’s results to arbitrary
isotropic involutive subbundles.

Let p > 1 and let L be an isotropic, involutive subbundle of EP = T M &
ANPT*M.

Definition 6.1. A (p—1)-form a € QP~Y(M) is called Hamiltonian if there
exists a smooth vector field X, such that X, + da € T'(L). We denote the

set of Hamiltonian forms by Qﬁ;nll(M ,L). We refer to X,, as a Hamiltonian
vector field of a.

Remark 6.2. (a) Hamiltonian vector fields are unique only up to smooth
sections of L N (T'M & 0).
(b) For all X € L, N (T,M & 0) and for all n € prarr=prLy

txn = 0.

Here, x € M and prp»7+); denotes the projection of EL onto the second
component. The above property follows from the fact that there exists Y €
T.M with Y +n € Ly, so txn = (X +0,Y +n) =0 by the isotropicity of L.

Definition 6.3. We define a bracket {-,-} on Q' (M, L) by

ham
{avﬁ} = LXadﬁa
where X, is any Hamiltonian vector field for a.

Lemma 6.4. The bracket {-,-} is well-defined and skew-symmetric. It does
not satisfy the Jacobi identity, but rather

{a, {B,7}} + cp. = =d(ex,{6,7})

where “c.p.” denotes cyclic permutations.

Proof. The bracket is well-defined: by Remark 6.2 the ambiguity in the
choice of X, is a section X of L N (TM & 0) and txdB = 0. Using
Ly = tyd + dvy one computes

(6.1) [Xo +do, X5+ df] = [Xa, Xg] + d{a, 5}.

Hence, [X,,Xg| is a Hamiltonian vector field for {a, 3}, showing that

Qﬁ;nll(M , L) is closed under {-,-}. The bracket is skew symmetric because

0= (Xq +da,Xg+dB) = {a, B} + {5, a}.
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To compute the Jacobiator of {-,-} we proceed as in?

tion 2.5.3]. Since L is isotropic and involutive we have
0= ([Xq +da, Xg+df], Xy + dy)
= ([Xa, Xp] + d{e, 5}, Xy + )
= Ux., x5 d7 + tx,d{a, B}
= ({o.{B,7}} + ep) + d(ex, {8, 7}).

Here the second equality uses equation (6.1) and the last equality uses
ly,z) = [Ly,z]. O

[1, Proposi-

Remark 6.5. Given a p-plectic form w, Cantrijn, Ibort and de Leén [3,
Section 4] define the space of Hamiltonian (p—1)-forms « by the requirement
that da = —ix_ w for a (necessarily unique) vector field X, on M, and
define the semi-bracket {a, B}s by tx,tx,w. These notions coincide with
our Definition 6.1 and Definition 6.3 applied to graph(w) := {X — (xw :
X eTM} C EP.

Remark 6.6. Given an p-plectic form, in [4, Def. 3.3] the hemi-bracket of
a,f € Qfl;ri(M ,graph(w)) is also defined, by the formula Lx_ /3. This notion
does not extend to the setting of arbitrary isotropic subbundles of EP, since
in that setting the Hamiltonian vector field X, is not longer unique and the
above expression depends on it.

For instance, take M = ]R4, consider the closed 3-form 0 = dz1 Adxo Adzs.
By Proposition 3.2, L = {X —tx0 : X € TM} is a isotropic, involutive
subbundle of E2. Both 8%4 € I'(L N TM) and the zero vector field are
Hamiltonian vector fields for a = 0, and the hemi-bracket of a with § =
r1dxy + x4dz is not well-defined since

L o f=dxy #0=Lyp.

Oxy

Rogers [5, Thm. 5.2] shows that for every p-plectic manifold there is an
associated L.-algebra of observables. The statement and the proof general-
ize in a straightforward way to arbitrary isotropic, involutive subbundle of
EP =TM ® NPT*M.

Theorem 6.7. Let p > 1 and L be a isotropic, involutive subbun-
dle of EP = TM @& NPT*M. Then the complex concentrated in degrees
-p+1,...,0

coM)y L a2y Loar (v, L)
has a Lie p-algebra structure. The only non-vanishing multibrackets are given

by the de Rham differential on Q<P=2(M) and, fork=2,...,p+1, by
lk(Oq, NN ,Oék) = 6(/€)LXak PN LXag {041, 042}

3There the case p = 1 is treated, and the term ¢tx_{3,~} vanishes by degree reasons.
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where aq,. .., € QP (M,L) and (k) = (—1)5+1 if k is even, e(k) =

ham

(—1)"F" if k is odd.

Proof. The expressions for the multibrackets are totally skew-symmetric, as
a consequence of the fact that {-,-} is skew-symmetric. This and the fact
that {-,-} is independent of the choice of Hamiltonian vector fields imply
that the multibrackets are well-defined. Clearly, [ has degree 2 — k.

Now we check the Ly relations (5.1). For n = 1, the relation holds due to
d? = 0. Now consider the relation (5.1) for a fixed n > 2, and let a7, ..., ay
be homogeneous elements of the above complex. We will use repeatedly the
fact that, for k > 2, the k-multibracket vanishes when one of its entries is
of negative degree. For j € {2,...,n — 2} (so i > 3), we have

lj(li(al, ceey OJZ‘), Ol e v vy an) = O7
as a consequence of the fact that k-multibrackets for k > 3 take values in
negative degrees. For j = n, we have
ln(ll(al), a9, ... ,an) =0:

if |a1| = 0 then l; (o) vanishes, otherwise {1 (1) = do; and its Hamiltonian
vector field vanishes.

We are left with the summands of (5.1) with j = 1 and j = n — 1.
When n = 2 we have just one summand 1 (l2(ag(1), @g(2))), Which vanishes
by degree reasons. For n > 3 it is enough to assume that all the a;’s have
degree zero. We have

d(ln(at, ... an)) + Z X(0)ln-1({s(1), Qo(2) } Qo (3) - - - 5 Qo(n))-
o€Sh(2,n—2)

Writing out explicitly the unshuffles in Sh(2,n — 2) and the multibrackets
we obtain

e(n)d(tx,, - o {a1,a2})

ten—1) | > (=0T x, ik X e i agh an)

2<i<j<n
+ Z (_1)jLXan A L;(a\j - an3{{a1, aj}, 042}
3<j<n
+ LXOtn """ LXa4 {{O[l, O[2}, 043} .
By Lemma 6.8 we conclude that the above expression vanishes. g

The following Lemma, needed in the proof of Theorem 6.7, extends [5,
Lemma 3.7].
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Lemma 6.8. Let p > 1 and L be a isotropic, involutive subbundle of EP =
TM & NPT*M. Then for any n > 3, and for all aq,...,ay, € Qﬁ;r}l(M, L)
we have

d(txa, - - ang{ah as})

= (—1)n+1 Z (_1)i+j—1LXan . Lj(-a\] .. &; .. .LXQQ{{O@,O@},OQ}

2<i<j<n

+ > (1 ixg, X - X {00, 05}, @0}
3<j<n

+ ixa, - LXM{{OQ,CYQ},CM?,} .

Proof. We proceed by induction on n. For n = 3 the statement holds by

Lemma 6.4. So let n > 3. To shorten the notation, denote 4 :=x, ...

X oy {a1,a2}. Then we have
(6.2) d([’Xan Ce LXa3 {041, 042}) = d(//XanA) = ‘CXanA — LXan dA.
The first term on the r.h.s. of (6.2) becomes

L, (LXaghAXa, 101, 02})

n—1
i1 -
= Z(—l)wr LXan—1 ce LX%_ e LXa3L[Xan,Xai]{a17 ag}
=3

+ LXoy 4o [‘Xa3£Xo¢n {Oél, 062}
n—1

= Z(*l)i+1LX&n71 X, e Xy H{Om, @i}y )
=3
+ixa, | o tXay, ({2, ant, ar} — {{ar, ant, ag})
n—1

= Z(_l)i”{anq X Xy s, an }y e )
i=2

— X, e tXa, {01, ant a2}

Here in the second equality, we used [Xa,,, Xa;] = X{a,,qa;} (see the proof of
Lemma 6.4) and

LX{an,ai}{al’ OZQ} — 71’X{an’ai}[’XQ¢2 dal — LXQ2{{O[TL) ai}a al}v

as well as Cartan’s formula for the Lie derivative and Lemma 6.4.

The second term on the r.h.s. of (6.2) can be developed using the induction
hypothesis. The resulting expression for the Lh.s. of equation (6.2) is easily
seen to agree with the one in the statement of this lemma. O
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Remark 6.9. The observables associated by Theorem 6.7 to the zero p+ 1-
form on M are given by the abelian Lie algebra R for p = 1 and to the

complex C*°(M) < QL eq(M) (with vanishing higher brackets) for p = 2.
It is a curious coincidence that they agree with the central extensions of
observables of p-plectic structures given in [23, Proposition 9.4] for p = 1

and 2, respectively.

A closed 2-form B on M induce an automorphism of the Courant alge-
broid TM @ T*M by gauge transformations (see Section 1), and there-
fore acts on the set of Dirac structures. For instance, the Dirac structure
TM @ {0} is mapped to the graph of B. The Poisson algebras of observables
of these two Dirac structures are not isomorphic (unless B = 0).

Similarly, for p > 1, gauge transformations of EP by closed p + 1-forms
usually do not induce an isomorphism of the Lie p-algebra of observables.
We display a quite trivial operation which, on the other hand, does have
this property.

Lemma 6.10. Let A € R — {0} and consider

my: EP — EP

X+n— X+

Let L C EP be an involutive isotropic subbundle. Then my(L) is also an
involutive isotropic subbundle, and the Lie p-algebras of observables of L
and mx(L) are isomorphic.

Proof. m is an automorphism of the Dorfman bracket [-, -] and (my-, my-) =
A(-,+). Hence, my (L) is also involutive and isotropic.

We consider the Lie p-algebras of observables associated to L and my(L),
respectively, as in Theorem 6.7. We denote them by OF and O™ (L) respec-
tively. The underlying complexes coincide, both being

c(M) S Q') S L ar (v, L.

ham

Note that if « € Qﬁa_ri (M, L) has Hamiltonian vector field X2, then A is
a Hamiltonian (p — 1)-form for my(L), and X2 itself is a Hamiltonian vector
field for it. Hence, from Theorem 6.7 it is clear that the unary map given by

multiplication by A
¢: (ﬁ()u o 7/8p—1) = ()\/807 cee 7)\/817—1)

intertwines the multibrackets of OF and O™ (5 where §; € Q'(M) for
i <p—1and @1 € Qﬁ;ri(M, L). Therefore, setting the higher maps to
zero, we obtain a strict morphism [24, Section 7] of Lie p-algebras, which

clearly is an isomorphism. O



584 M. ZAMBON

As an application of Lemma 6.10 we show that to any compact, connected,
orientable p + 1-dimensional manifold (p > 1) there is an associated Lie
p-algebra. A dual version of this Lie p-algebra appeared in [25, Thm. 6.1].

Corollary 6.11. Let M be a compact, connected, orientable p +
1-dimensional manifold. For any volume form w consider the Lie p-algebra
associated to graph(w) by Theorem 6.7, whose underlying complex is

c>(M) S oty S S ar ().

(Note that all p — 1-forms are Hamiltonian). Its isomorphism class is inde-
pendent of the choice of w, and therefore depends only on the manifold M.

Proof. Let wg and w; be two volume forms on M. They define non-zero
cohomology classes in HP*(M,R) = R, so there is a (unique) A € R — {0}
such that [w1] = Alwg]. By Moser’s theorem [26] there is a diffeomorphism
1 of M such that )*(w1) = Awg. This explains the first isomorphism in

Lie p-algebra of w; = Lie p-algebra of A\wy = Lie p-algebra of wy,
whereas the second one holds by Lemma 6.10. 0

7. Relations to Lo-algebras arising from split Courant algebroids

In this section, we construct an L..-morphism from a Lie algebra associ-
ated to E° with the o-twisted bracket, where o is a closed 2-form, to a Lie
2-algebra associated to E' with the untwisted Courant bracket (in other
words, the Courant bracket twisted by do = 0).

We consider again EP := TM @ APT*M. For p = 0 we have E° =
TM & R. Fix a closed 2-form o € Q%___,(M). Then I'(E®) with the o-twisted
Dorfman bracket

X+ 1Y +4glo =X, Y]+ (X(9) =Y (f) +0(X,Y)

is an honest Lie algebra. (See [14, Section 3.8], where a geometric interpre-
tation in terms of circle bundles is given too.)

For p = 1 we have the (untwisted) Courant algebroid E* = TM & T* M.
Roytenberg and Weinstein [9] associated to it an L.o-algebra. In the version

given in [11, Thm. 4.4], the underlying complex is
(7.1) (M) L T(EY),

where d is the de Rham differential. The binary bracket [-, -]’ is given by the
Courant bracket [-,-]coy on T'(E') and by

1
[67 f]l = _[fv 6]/ = §<€7df>
for e € T(E') and f € C*°(M). The trinary bracket J’ is given by

1
J'(e1, €2, €3) = _6(<[[€1762]]Cou7e3> +c.p.)
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for elements of T'(E'), where “c.p.” denotes cyclic permutation. All other
brackets vanish.

We show that there is a canonical morphism between these two Lie
2-algebras:

Theorem 7.1. Let M be a manifold and o € Q% 4(M). There is a canon-
ical morphism of Lie 2-algebras

(7.2) ¢: (D(E®), [ ]o) ~ (C=(M) L T(EY, [, ], ]

given by

do: D(E") = T(EY), (X, )~ (X, df)
b1 AT(EY) = C=(M), (X, 1), (V.g) = 5(X(g) = V() +0(X.Y)

Proof. We check that the conditions of Definition 5.3 are satisfied. Equation
(5.2) is satisfied because I'(E) is concentrated in degree zero.
Equation (5.3) is satisfied because for any X + f,Y + g € I'(E?) we have

¢0[X + fa Y+ g]o - [[¢0(X + f)a ¢0(Y + g)]]Cou
1
— (X Y] +d(X(0) = V(1) +o(X,1) - (1Y ]+ (X () - V(1)
=d(p2(X + [, Y +9)).
Equation (5.4) is satisfied because I'(E°) is concentrated in degree zero.
We are left with checking equation (5.5). Let X + f,Y +g,Z+h € T(E").
We want to show that
(7.3) —J(X +df,Y +dg, Z + dh)

L o(X 4 LIV, 2]+ Y(R) — Z(g) + o (Y, Z)) + cp.
+ [ X +df,02(Y + g, Z + h)]' + cp.

where as usual “c.p.” denotes cyclic permutation. The Lh.s. of equation (7.3)
is equal to

1
6(<[[X + df,Y—I— dg]]COUaZ+ dh>) + c.p.

= 5 (Y100 + 320x0) - 200 ) + e
1

T YN0 +ep.
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The r.h.s. is equal to

XY (B) — 2(9) + oY, 2)) = [V, Z)()) + o(X, [V, Z)) + e

;X< Z(g)) + oY, Z)) + c.p.

(Y (h) - 2(g)) —;YZKﬂ+ap

(X, ¥, Z]) + X (o(Y, Z)) + p.
- %[X, Y](h) + cp.
+do(X,Y, 7).

Since o is a closed form, we conclude that equation (7.3) is satisfied. O

8. L.-algebras from higher analogues of split Courant algebroids

In this section we apply Getzler’s recent construction [10] to obtain an L,
structure on the complex concentrated in degrees —r +1,...,0

8.1  Cc°M) L. L) L T(ETY = (M) e QN (M),
for any manifold M and integer r > 2. When r = 2 we obtain exactly the
Lie 2-algebra given just before Theorem 7.1.

Let us first recall Getlzer’s recent theorem [10, Thm. 3]. Let (V,4,{, })
be a differential graded Lie algebra (DGLA). Getlzer endows the graded*
vector space V'~ 1= @;oV; with multibrackets satisfying the relations [10,
Def. 1], which after a degree shift provide V'~ [—1] with a L..-algebra struc-
ture in the sense of our Definition 5.1. Note that, V' ~[—1] is concentrated in
non-positive degrees: its degree 0 component is V_y, its degree —1 compo-
nent is V_o, and so on. The multibrackets are built out of a derived bracket
construction using the restriction of the operator ¢ to Vp, and the Bernoulli
numbers appear as coefficients.

Now let M be a manifold, fix an integer » > 2, and consider the graded
manifold

T*[r|T[1|M

(see [27,29] [28, Section 2] for background material on graded manifolds).
T*[r]T[1]M is endowed with a canonical Poisson structure of degree —r:
there is a bracket { , } of degree —r on the graded commutative algebra of
functions C := C(T*[r]T[1]M) such that

(67'7{7})

“We take the opposite grading as in [10] so that our differential 6 has degree 1.
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is a Poisson algebra of degree r [30, Def. 1.1]. This means that { , } defines
a (degree zero) graded Lie algebra structure on C[r], the graded vector space
defined by the degree shift (C[r]); := C,4, and that {a,-} is a degree |a| — 7
derivation of the product for any homogeneous element a € C.

More concretely, choose coordinates x; on M, inducing fiber coordi-
nates v; on T[1]M, and conjugate coordinates P; and p; on the fibers of
T*[r|T[1]M — T[1]M. The degrees of these generators of C are

|.CE1’ =0, |U1| =1, |PZ| =T, |pl‘ =r—1L

Then

{Plyx’b} =1= _{xiwpi}u

{pi,vi} =1 =—(=1)""vi,pi}
for all 4, and all the other brackets between generators vanish. Note that
the coordinate v; corresponds canonically to dr; € Q'(M) and that p; cor-
responds canonically to B%i € x(M). Also, note that C is concentrated in
non-negative degrees, and that there are canonical identifications

(8.2) Ci=Q(M)for0<i<r—1, Crq=Q YM)®x(M).

Indeed, for ¢ < r — 1 the elements of degree ¢ are sums of expressions of
the form f(z)vj, ... vj;,, while for i = r — 1 they are sums of expressions
f@)vj, .. vj_ + g(x)p;.

The degree r+ 1 function S := > v; P;, given by the De Rham differential
on M, satisfies {S,S} = 0, hence {S, } squares to zero. This and the fact
that (C[r],{, }) is a graded Lie algebra imply that

(8'3) (C[T’],(5 = {87 }7{ > })
is a DGLA. Hence, Getlzer’s construction can be applied to (8.3), endowing
(C[r])~[=1] = (®o<i<r—1Ci)[r — 1] (the complex displayed in (8.1)) with an
Loo-algebra structure.

We write out explicitly the multibrackets. The twisted case will be con-
sidered in Proposition 8.4 below.

Proposition 8.1. Let M be a manifold, » > 2 an integer. There exists
a Lie r-algebra structure on the complex (8.1) concentrated in degrees
—-r+1,...,0, de.,
00 d d r—2 d r—1 r—1
C®(M)— - =>Q*(M)->T(E ) =x(M)d Q" (M),
whose only non-vanishing brackets (up to permutations of the entries) are
e unary bracket: the de Rham differential in negative degrees.
e binary bracket:
for e; € T(E™™1) the Courant bracket as in equation (2.6),

le1, e2] = [e1, e2]cous
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fore=(X,a) eT(E™Y) and £ € Q*<""1(M),

1
e.6] = 3£x€.
o trinary bracket:
for e; e T(E™1),
1
[eo. e1, €2] = —¢ ({[eo, e1]cou, €2) +cp.);

for £ € Q*<"=Y(M) and e; = (X;, ;) € T(E™1),

1

1
[6761762] = _6 <2(LX1£X2 - LX2£X1) + L[Xl,X2]> §.

e n-ary bracket for n > 3 with n an odd integer:

fO?” e; = (XZ‘,OZZ') c F(Eril), [60,...,6n,1] = Zi[XO,...,OLZ',...

anl]; with
[Oé,Xl, ey Xn—l]

n+1

 (-1)"%12By
- (n-1)(n-2)

iti41 — — .
X E (D), g i e b [ X, X
1<i<j<n—1

for £ € Q*<T=Y(M) and ¢; = (X;, ;) € T(E™1),

[57615"'7671—1]
(-1)"3 12B,y
(n—1)(n—2)
X Z (_I)H_j—i_lLXn,l'--L/X\j--'L/\)Q'--LXl[faXinj]-
1<i<j<n—1

Here the B’s denote the Bernoulli numbers.

Remark 8.2. Bering [31, Section 5.6] shows that the vector fields and
differential forms on a manifold M are naturally endowed with multibrack-
ets forming an algebraic structure which generalizes Lo.-algebras: the qua-
dratic relations satisfied by Bering’s multibrackets have Bernoulli numbers
as coefficients. The multibrackets appearing in Proposition 8.1 are similar
to Bering’s, and they differ not only in the coefficients, but also in that the
expression for [¢,ey,...,en,—1] (for n > 3) does not appear among Bering’s
brackets. This is a consequence of the fact that Getzler’s multibracket are

constructed not out of §, but out of its restriction to Vj.

)
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Remark 8.3. We write more explicitly the trinary bracket of elements
ei = (X;,q4) € F(ET_I)l we have [eg, e1, 2] = [ag, X1, Xo| — [a1, X0, Xo| +
[052, Xo, Xl] with

1/1
[Ozo,XbXﬂ = _6 (Q(LX1£X2 — LXQ»CXl) + L[X1,X5] + LXlLng) Q.

Proof. Let X1, X, -+ € x(M) and &, &2, ... be differential forms on M. In
the following we identify them with elements of C as indicated in equation
(8.2), and we adopt the notation introduced in the text before Proposition
8.1. The following holds:

(a) If & € QFi (M) for ki, ko arbitrary, we have
{X1 48, Xo+ &} =x, &+ (1) Mg, 6.

In particular, when &1,& € Q"71(M), we obtain the pairing (-,-) as
in equation (2.1).
(b) For any differential form &;, the identity

{S, &4} =d&

is immediate in coordinates.
(c) If &1, & € Q" 1(M), we have

H{S, X1+ &4}, Xo+ &) =[X1 + &, Xo + &,

the Dorfman bracket as in equation (2.2). This holds by the following
identities, which we write for & € QFi (M) for arbitrary ki, ko:

{8, X1}, Xo} = [ Xy, Xo] and {{S,&1}.6} =0
are checked in coordinates, and
{{87X1}>§2} = {Sa {X17€2}} + {Xla {8752}}
=d(1x,£2) + tx,d& = Lx, &2,
{{Sagl}aXQ} = _(_l)r_l_kl {X27 {8751}} = _(_1)T_1_k1LX2d§1'

(d) For n > 3, and letting a; be either a vector field X; or a differential
form &; of arbitrary degree (not a sum of both),

.. {Sa},...} an} =0

except when exactly one of a1, as, az is a differential form and all the
remaining a;’s are vector fields.
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Using this it is straighforward to write out the (graded symmetric) multi-
brackets of [10, Thm. 3], which we denote by (-,...,-). More precisely, (b)
gives the unary bracket, (c) gives the binary bracket, (c¢) and (d) give the
trinary bracket. For the higher brackets (n > 3 odd) one uses (d) and then
(a) to compute

(Oé, le s ,anl)
=" )
Cc2 ..
o€Sectionigma,, _;, 01<02

x (=1D)7{{.. {(o,X5,,X0,), Xz }»--- }, X, 1 }
= ()"t 3

C2 L=
1<i<j<n—1

X (—1)i+j+1LXn71 o L/X\J . e L/)E . ..LX1 (f,XZ',Xj),

n+1
where we abbreviate ¢,,_1 := (_(QES!)Bn_l. The computation for [{, e, ...,

en—1] with £ € Q*<"~1(M) delivers the same expression and uses the fact
that n is odd. The coefficient can be simplified:

n—2

(- (-3t = Bos

since n is odd and ¢y = 1—12

This gives us the (graded symmetric) multibrackets (-,...,-) of [10]. As
pointed out in [10], multiplying the n-ary bracket by (—1)(n;1) delivers
(graded symmetric) multibrackets that satisfy the Jacobi rules given just
before [32, Def. 4.2].

These Jacobi rules coincide with Voronov’s [33, Def. 1], and according
to [33, Rem. 2.1], the passage from these (graded symmetric) multibrackets
to the (graded skew-symmetric) multibrackets satisfying our Definition 5.1
is given as follows: multiply the multibracket of elements x1,...,x, by

(8.4) (—1)F1 (=D FE2 (=)t tin-1

where Z; denotes the degree of z; as an element of (8.1), a complex con-
centrated in degrees —r + 1,...,0. One easily checks that in all the cases
relevant to us (8.4) does not introduce any sign.

In conclusion, to pass from the conventions of [10] to the conventions of
our Definition 5.1 we just have to multiply the n-ary bracket (-,...,-) by

1

(—1)(n;1), which for n = 1,2 equals 1 and for n odd equals (—=1)"z . O
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Now, let H € Q"1 (M) be a closed 7 + 1-form. H can be viewed as an

closed

element H of C,y1, and {S —H,S — H} = —2{S, H} = —2dH = 0. Hence
(8.5) Clrl,o ={S-H, },{, })

is a DGLA, and again we can apply Getzler’s construction. We obtain an
Lo-algebra structure that extends the H-twisted Courant bracket:

Proposition 8.4. Let M be a manifold, r > 2 an integer and H €
QIFL (M). There exists a Lie r-algebra structure on the complex (8.1) con-
centrated in degrees —r+1,...,0, whose only non-vanishing brackets (up to
permutations of the entries) are those given in Proposition 8.1 and addition-
ally for e; = (X;, ;) € D(E™1):

e binary bracket:

le1, ea] = tx,ex, H

e n-ary bracket for n > 3 with n an odd integer:
n—1
le1,...,en)=(-1)"2 n-Byp_1-tx,...Ltx,H.
Proof. Tt is easy to see (in coordinates, or using that T'[1]M C T*[r]T[1]M
is Lagrangian) that for any n > 1, letting a; be either a vector field X; or a
differential form &; of arbitrary degree (not a sum of both), one has:

{{..{H,a1},... },an} =0

except when all of the a;’s are vector fields X;’s. In this case one obtains
(8.6) (—1)(3) Lx, - tx, H

using (a) in the proof of Proposition 8.1. Denoting by (-,...,-) the (graded
symmetric) multibrackets as in [10] from the DGLA (8.5), we see that
(X1,...,Xp) is equal to (8.6) multiplied by —n! - ¢,—1. In order to pass
from the conventions of [10] to those of our Definition 5.1 we multiply by

(—1)(n51) and obtain the formulae in the statement. O

For any B € Q" (M), the gauge transformation of E™~! given by e % : X +
a+— X + a —1xB maps the H-twisted Courant bracket to the (H + dB)-
twisted Courant bracket. Defining properly the notion of higher Courant
algebroid — of which the E"’s should be the main examples — and extending
to this general setting Proposition 8.1, will presumably imply that the Lo-
algebras defined by cohomologous differential forms are isomorphic. We show
this directly:

Proposition 8.5. Let M be a manifold, r > 2 an integer and H €
Q'L (M). For any B € Q"(M), there is a strict isomorphism

closed

(the Lie-r algebra defined by H) — (the Lie-r algebra defined by H + dB)
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between the Lie-r algebra structures defined as in Proposition 8.4 on the
complex (8.1). Explicitly, the isomorphism is given by e on T'(E™') and
1s the identity elsewhere.

Proof. View B as an element B € C,. As {B, } is a degree zero derivation
of the graded Lie algebra (C[r],{ , }) and is nilpotent, it follows that the
exponential @ := 18 } is an automorphism. Therefore, it is an isomorphism

of DGLAs
b (C[TL(S = {S —H, }7{ ) }> - (C[r]v(b(sq)ilv{ ) })

From the formulas for the multibrackets in Getzler’s [10, Thm. 3] it is then
clear that <I>|(@O cicr_1Ci)[r—1] 1s a strict isomorphism between the Loo-algebras
induced by these two DGLAs.

The differential ®6®~1 on C is not equal to {S — (H+{S, B}), }, which is
the differential associated to H +dB € Q/;t1 (M) as in (8.5). However, on
®o<i<r—1C; the two differentials do agree. (This follows from the fact that on
®o<i<r—1C; we have ®(y) =y + {B,y}.) This assures that the Loo-algebras
induced by the two differentials agree. O

9. Open questions: the relation between the L.-algebras of
Sections 6—8

In this section, we speculate about the relations among the L..-algebras
that appeared in Sections 6-8 and their higher analogues, and relate them
to prequantization.

Let M be a manifold. Given an integer n > 0 and H € ngsi q(M), we use
the notation E7; to denote the vector bundle K" = T'M & AN"T™*M with the
H-twisted Dorfman bracket [-, -] . In particular, Ef denotes T'M & A"T*M

with the untwisted Dorfman bracket (2.2).

9.1. Relations between L.,-algebras. To any n > 0 and H € ngsid

(M), we associated in Proposition 8.4 a Lie n + 1-algebra SE#. We ask:

Is there a natural Lo,-morphism D from SP# to SE 7

When n = 0 the answer is affirmative by Theorem 7.1.
Let p > 1 and L C Eg an involutive isotropic subbundle. Denote by

OLCEy the Lie p-algebra associated in Theorem 6.7. Since L is an involutive
subbundle of Ef it is natural to ask:

What is the relation between OFCE6 and SF6?
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When L is equal to graph(H) for a p-plectic form H, we expect the relation
to be given by an L.,-morphism

P Ograph(H)CEg s SEffl

with the property that the unary map of the L,.-morphism Do P, restricted
to the degree zero component, coincide with

(9.1) 0P~ (M, graph(H)) — T(E), o X, — da.
We summarize the situation in this diagram:

D

1 P
SE% SES

P
? DoP

Ograph(H)CEg

Remark 9.1. In the case p = 1 (so H is a symplectic form) the embedding
P exists and is given as follows. We have two honest Lie algebras

Ograph(H)CEé = (C™(M), {'7 })7 SE?I = (I'(TM & R), ['7 ]H)7
where {-, -} is the usual Poisson bracket defined by H. The map
P:C®(M) = D(TM &R),  f (X7, —f)

is a Lie algebra morphism. Lie 2-algebra morphism D is given by Theorem
7.1. One computes that the composition consists only of a unary map, given
by the Lie algebra morphism (9.1).

Remark 9.2. We interpret P as a prequantization map. Indeed, for p = 1
and integral form H, the Lie algebra SE# can be identified with the space
of Sl-invariant vector fields on a circle bundle over M [14, Section 3.8].
The composition of P with the action of vector fields on the S'-equivariant
complex valued functions is then a faithful representation of the Lie algebra
Oeraph(H)CE; — C>(M), i.e., a prequantization representation. For p = 2
the morphism P is described by Rogers in [11, Thm. 5.2] and [23, Thm.
7.1], to which we refer for the interpretation as a prequantization map.

9.2. The twisted case. We pose three questions about higher analogues
of twisted Dirac structures. Let H be a closed p+ 1-form for p > 2. Let L' C
E%_l be an isotropic subbundle, involutive w.r.t. the H-twisted Dorfman
bracket.

. ’ p—1
Can one associate to L' an Lao-algebra of observables OY'<Fu ?

To the author’s knowledge, this is not known even in the simplest case, i.e.,
when p = 2 and L’ is the graph of an H-twisted Poisson structure [34]. In
that case, one defines in the usual manner a skew-symmetric bracket {-,-}
on C*°(M). It does not satisfy the Jacobi identity but rather [34, equation
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4)] {{f, g}, h} +cp. = —H(Xs, X4, Xp), hence it is natural to wonder if
one can extend this bracket to an Ls-structure.

, 1
Is there a natural Loo-morphism D’ from OF CFr ~ to Ograph(H)CEy9

This question is motivated by the fact that L’ plays the role of a primitive of
H. In the simple case that L’ is the graph of a symplectic form the answer is

affirmative, by the morphism from (C*° (M), {-,-}) to C*°(M) 40l (M)

closed
(a complex with no higher brackets) with vanishing unary map and binary

map é2(f,9) = {f, 9}

/ -1 -1 .
Is there an Loo-morphism from O CEE to SEH , assuming that L'
is the graph of a non-degenerate differential form?

Such a morphism would be interesting because it could be interpreted as a
weaker (because not injective) version of a prequantization map for (M, L').

We summarize the discussion of this whole section in the following dia-
gram, in which for the sake of concreteness and simplicity we take H €
Q3 (M) to be a 2-plectic form and L' C TM @ T*M to be a H-twisted

closed
Dirac structure. The arrows denote L.,-morphisms.

g

D
OL’QE}I ~~ Ograph(H)CEg

We conclude presenting an interesting example in which the geometric
set-up described above applies.

Example 9.3. Let G be a Lie group whose Lie algebra g is endowed with a
non-degenerate bi-invariant quadratic form (-,-)g. There is a well-defined
closed Cartan 3-form H, which on g = T.G is given by H(u,v,w) =
(u, [v,w])g [35, Section 2.3]. There is also a canonical H-twisted Dirac
structure L' C TG & T*G: it is given by L' = {(v; —v)) + 5 (vy +v1)* 1 v € g}
where v, v denote the right and left translations of v € g and the qua-
dratic form is used to identify a tangent vector X € T'G with a covector

X* € T*G [34] [35, Ex. 3.4].

Appendix A. The proof of Proposition 3.8

In this appendix, we present the proof of Proposition 3.8. We start giving
an alternative characterization of Lagrangian subspaces.
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Lemma A.1. Let T be a vector space and p > 1. For all subspaces L C
T & NPT*, denoting S := prrL, the following holds:

L is isotropic,
L is Lagrangian < < LN APT* = APS°,
dim(S) < (dim(T) —p) or S =T.

Proof. “=:" Assume first that L is Lagrangian. It is straightforward to check
that for any subspace F' C T & APT™* we have

(A1) FL 0 APT* = AP(pro(F))°.

We apply this to ' = L = L and derive L N APT* = APS°.

Hence, we are left with showing that S satisfies dim(S) < dim(7T) —
por S = T. We argue by contradiction: we assume that APS° = {0} and
S is strictly included in 7', and deduce from this that pro(L*) ¢ S, which
contradicts L = L+. Let {Xj}j<dim(r) be a basis of T' whose first dim(S)
elements form a basis of S. Let Y be a basis element not lying in S (it exists
since S # T'). It is enough to prove the following claim:

dim(S) p 1
Y +p3e L, wheref=— XIA ty o ,
’ PR I Pt

because it implies that Y € pry(L*). Here {X 3 }j<dim(r) denotes the basis

of T* dual to {X}};<dim(r), and for all j < dim(S), a; € APT* is such that

X; + a; € L. Further, we adopt the following notation: for any a € APT™,

a? denotes the component of «, written in the basis of APT™* induced by

{X7}j<dim(r), for which the number of X7’s with j < dim(S) is exactly g.
To prove the claim fix jo < dim(S). We have

P 1 dim(S) P 1
_ q * q
ST DEe SNV SIS T D O
el =1 =04
> S (vl
q * q
= — Ly Qg =ty X] X; 0,
P 1 P q
q q
== gwad, = ) — o,
q=0 1 =0 1 1
= —LyOéjO,

where in the second equality we used ¢ X, a? = —1x.a? and in the third

J JJo
Z;h:ni(s) X;‘/\(ijago) = qoa?o. Hence, (Y +8, X;+a;) = 0 for all j < dim(S).
Since L N APT* = APS° = {0}, we have L = span{X; + a;}j<dim(s), and we

conclude that Y + 3 € L*, proving the claim.
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“c= We need to show that L is Lagrangian, i.e., L = L*. We claim
that prp(LY) = S. If S = T this is clear, so we prove the claim in the case
dim(S) < dim(T") — p, for which we have APS® # {0}. Since APS° C L,
this implies that prr(L+) C S. By the isotropicity of L we therefore have
prp(LY) = S, as claimed.

Hence, if X + 3 € Lt there exists a € APT* such that X +a € L C L*.
So f—a € LT N APT* = APS° C L, where the equality holds by equation
(A.1). Therefore X + = (X + ) + (8 — «) is the sum of two elements of
L, showing L+ C L. O

Lemma A.2. Let S C T a subspace and p > 1. Let Q € N2S* @ AP71T™,
Then ) admits an extension to S* @ NPT™ iff it admits an extension to
APFTLIT™,

Proof. If there exists a € APTIT* with a|5®3®®p_1T = Q, the clearly
o Se®? T is an element of S* @ APT™ with the required property.

Conversely, let 3/ € S* @ APT* be an extension of €. We choose a com-
plement C to S in T, and by the identification S* = C° from (' we obtain
an element § € T* ® APT*. The skew-symmetrization 5 € APTIT* of 3 is
given as follows:

1 & : )
B(zo,...,xp) = 72(—1)]6(563-,1’0,...,33]-,...,xp)
P14

for all z; € T. In general § does not restrict to €, but a weighted sum
of its component does, as we now show. We have 3 = Zgi(l) (4. Here, for
any basis {X;} j<dim(r) of T" whose first dim(.5) elements span S and whose
remaining elements span C, taking {X}};<qim(r) to be the dual basis of
T*, we denote by (37 the component of 3 for which, in the basis of APT*
induced by {X7};<dim(r), the number of X7’s with j < dim(9) is exactly q.
We have 30 = 0, since 3 is an extension of 3. For ¢ = 1,...,p+ 1, vectors
Z0,-..,Tqg—1 € S and zq,...,z, € C we have®

B xo, ..., xp) = Bxo,...,xp) = ]%5(350, Ce Xp).

Therefore, Zgii %Bq is an element of APT1T* whose restriction to S ®
QP T agrees with 3, and in particular its restriction to S ® S ® Q' T

agrees with €. O

Proof of Proposition 3.8. We make use of the characterization of Lagrangian
subspaces given in Lemma A.1.

5This of course does not imply that 3 is totally skew, as the element zg of S is plugged
in the first slot of (3.
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We first show that the correspondence “L +— (.5,)” is well-defined. Let
L be a Lagrangian subspace. The dimension restriction on S follows from
Lemma A.l. Since L N APT* = APS°, for any X € S, the definition of ¢ x{2
in Proposition 3.8 is independent of the choice of o with X + « € L, and
determines a unique Q € ®25* @ AP~IT*. Clearly, Q is skew in the first
two components: if X + a,Y + 8 € L then the isotropicity of L implies
tytx) = wtya = —1x B = —uxty§). By construction, §2 is the restriction of
an element of S* ® APT*, hence by Lemma A.2 it is the restriction of an
element of APHLT*

Next, we show that the correspondence “(S,2) — L” is well-defined. Let
(S,Q) a pair as in the statement of Proposition 3.8. This pair maps to a
subspace L which is isotropic, due to the skew-symmetry of €2 in its first 2
components. By inspection we have L N APT™ = APS°, and further S agrees
with prp(L) because € is the restriction of an element of S* ® APT™*. Hence,
L is Lagrangian by Lemma A.1.

The maps “L — (5,9Q)” and “(S,Q) — L” are inverses of each other. [
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