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ABSTRACT. We consider singular foliations F as locally finitely gen-
erated O-submodules of O-derivations closed under the Lie bracket,
where O is the ring of smooth, holomorphic, or real analytic functions
on a correspondingly chosen manifold. We first collect and/or prove
several results about the existence of resolutions of such an F in terms
of sections of vector bundles. For example, these exist always on a
compact smooth manifold M if F admits real analytic generators.

We show that every complex of vector bundles (E,,d) over M pro-
viding a resolution of a given singular foliation F in the above sense
admits the definition of brackets on its sections such that it extends
these data into a Lie oco-algebroid. This Lie oco-algebroid, including
the chosen underlying resolution, is unique up to homotopy and, more-
over, every other Lie co-algebroid inducing the given F or any of its
sub-foliations factors through it in an up-to-homotopy unique manner.
We therefore call it the universal Lie oo-algebroid of F.

It encodes several aspects of the geometry of the leaves of F. In parti-
cular, it permits us to recover the holonomy groupoid of Androulidakis
and Skandalis. Moreover, each leaf carries an isotropy Lie co-algebra
structure that is unique up to isomorphism. It extends a minimal
isotropy Lie algebra, that can be associated to each leaf, by higher
brackets, which give rise to additional invariants of the foliation. As
a byproduct, we construct an example of a foliation F generated by r
vector fields for which we show by these techniques that, even locally,
it cannot result from a Lie algebroid of the minimal rank r.
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1 INTRODUCTION

Regular foliations, i.e. a partition of a manifold into embedded submanifolds of
a given dimension, are familiar objects of interest in differential geometry, see
e.g. [28]. According to the Frobenius theorem, they are equivalent to involutive
distributions.

Singular foliations, on the other hand, are much less understood while, at the
same time, they appear much more frequently. Typical Lie group actions have
orbits of different dimensions. Similarly, the symplectic leaves of a Poisson
manifold change dimension whenever the rank of the bivector jumps. Both
of these two classes of singular foliations are an example of what one obtains
on the base manifold of a Lie algebroid. It is therefore natural to ask if any
singular foliation arises in this way.

To make this question more precise, we first need to clarify. One way of viewing
a singular foliation would be a partition of the given manifold into immersed
submanifolds of possibly different dimensions. While in the case of regular foli-
ations, the description in terms of generating vector fields is completely equiv-
alent, here the latter characterization contains more information. Consider, for
example, vector fields on a line vanishing at the origin up to order k. While the
corresponding partition of R into leaves consists of R, R_, and the origin 0,
the generating module of functions is in addition invariantly characterized by
the integer £k € N. We will therefore define a singular foliation as an involu-
tive submodule F C I'(T'M), where as usual, involutivity means [F,F] C F.
Defined like this, it is, however, not even guaranteed that the vector fields F
generate a subdivision of M into leaves such that, at each point, F evaluated at
this point would agree with the tangent of the leaf containing this point. Also,
if we do not restrict F further, the answer to the question if it is generated by
a Lie algebroid A is definitely negative: The image of A with respect to the
anchor p: A — TM gives an involutive module F = p(F(A)), but evidently
this is in addition locally finitely generated. Adding this as a condition on F,
namely to be locally finitely generated, Hermann’s theorem establishes that M
is indeed partitioned by immersed submanifolds, called leaves [29].

Thus in this paper, we define a singular foliation of a manifold M to be a
locally finitely generated involutive O-submodule of vector fields on M. This
perspective seems to also become more and more the prevailing one these days
[1,4]. Here O can be chosen to be the ring of smooth functions C*°(M), or,
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in the case that M is a real analytic or a complex manifold, the ring of real
analytic and holomorphic functions, respectively.

So, now we are in the position to again pose the question about the existence of
a finite rank Lie algebroid over M that would induce a given singular foliation
on this manifold. This question can be split into a global and a local one.
While it is easy to see that the answer to the global problem posed as such
is negative—the minimal number of local generators of F does not need to
be finite!—the local problem is much more intricate and still open—however,
after shifting our focus to other questions below, we will be able to give partial
answers to this question as well.

Is there a Lie co-algebroid generating a given singular foliation? And, if so, can
it be used to find invariants of the foliation? Both of these latter two questions
will be answered essentially in the positive in our paper. For example, in the
case of O being real analytic functions, we show that every singular foliation F
is locally generated by a Lie oco-algebroid. In the case of O being smooth
functions, the same conclusion holds over any relatively compact open subset
of M, if, locally, the foliation can be generated by real analytic vector fields.?
Even more importantly, there is such a Lie co-algebroid whose homotopy class
is unique and universal: the one constructed on a geometric resolution of the
singular foliation.

This is in sharp contrast to the Lie algebroid story: not only is a Lie algebroid A
over M for a given singular foliation F far from unique, if it exists at all, also
its homotopy class cannot be unique since homotopies of Lie algebroids do not
change the rank of the underlying vector bundle A.

If we take any other Lie oco-algebroid whose induced foliation is JF, or even
only a submodule of F, and whose underlying complex is now not necessarily
a geometric resolution, there exists a morphism into every Lie oo-algebroid
whose underlying complex is a geometric resolution. This morphism itself is
unique up to homotopy (see Theorem 2.9). So, considering the category of
Lie oo-algebroids up to homotopy, i.e. the category where objects are Lie co-
algebroids over M inducing a sub-singular foliation of F and where arrows are
homotopy classes of Lie co-algebroid morphisms, Lie co-algebroids constructed
on geometric resolutions are a terminal object. This justifies to call them
universal Lie co-algebroids of a singular foliation F.

The universal Lie oco-algebroid of a singular foliation F turns out to be an
efficient tool for the construction of invariants associated to a singular foliation,
such as different types of cohomology classes associated to a Lie oo-algebroid
representing its universal class. Let us explain the construction a bit further,
starting first with the case that O is real analytic or holomorphic. Then by

ITake M = R? and look at the module of vector fields vanishing to order k at (0, k) for
all k£ € N. The number of generators is unbounded in this case. [4]

2For the general case of O = C°°(M), we need to assume the existence of a geometric
resolution of F to arrive at the conclusion, something one can always infer locally in the real
analytic or holomorphic case, cf. below. By a geometric resolution of F we mean a finitely
generated, projective resolution of O-modules.

DOCUMENTA MATHEMATICA 25 (2020) 15711652



UNIVERSAL LIE co-ALGEBROID 1575

Syzygy theorems in a neighborhood U of any point m € M the O-module F
admits a projective resolution of finite length by free modules, which we can
reinterpret as sections of trivial vector bundles F; over U giving rise to the
following exact sequence

0 —T(E_p1) — ... —T(E1) — F—0 (1.1)

where n is the dimension of M. The Lie oc-algebroid is then constructed
over the corresponding complex of vector bundles £_,_1 — ... — E_1 by
showing the existence of s-brackets for s = 2,...,n 4+ 1 so that together with
the differential of the complex they satisfy the required higher Jacobi identities.
Thus, in this case we even obtain a Lie k-algebroid with k = n + 1. Certainly,
the above geometric resolution is not unique; in particular, the ranks of the
bundles are far from being fixed. These individual ranks can now be changed
by homotopies in the category of Lie oo-algebroids, only their total index

Ind(E.) := Y (~1)""1k(E_;) (1.2)

i>1

remains invariant. This index, on the other hand, is nothing but the highest
possible dimension of the leaves in the neighborhood of m. There are certainly
much more subtle invariants associated to the foliation that result from our
construction. For instance, restricting the universal Lie co-algebroids of a sin-
gular foliation F to a point and taking its cohomology, we get a Lie co-algebra,
that we call the isotropy Lie oco-algebra of F at the point m € M. This Lie
oo-algebra has by construction no 1l-ary bracket, i.e. no differential. There-
fore, its 3-ary bracket is a class in the Chevalley-Eilenberg cohomology for the
isotropy graded Lie algebra bracket given by the 2-ary bracket. We show, on
the other hand, that there cannot be a generating Lie algebroid of minimal
rank in the neighborhood of a point m where this class does not vanish. An
explicit example of such a foliation will be provided in Example 4.32 below: the
vector fields on C* > (z,, 2, ) preserving the function 23 + 3 + 2% + ¢ form a
singular foliation of rank six, i.e. they need at least six generating vector fields
to be defined by means of generators and relations. Since its above 3-class is
shown to be non-zero, it follows that this particular singular foliation cannot
be defined as the image through the anchor map of a Lie algebroid of rank
six. Notice that, given a singular foliation of rank r, the problem of finding
a Lie algebroid or rank r that induces it has a priori no relation with higher
structures. It is interesting to see that it can be answered through the use of
those.

The structure of the paper is as follows. Section 2 contains the main definitions
and results about the construction of the universal Lie co-algebroid of a singu-
lar foliation F as well as its algebraic consequences for F. Proofs, examples,
and some definitions are postponed to the subsequent two sections, Section 3
and Section 4. An ordered list of examples of singular foliations and some use-
ful lemmas are presented in Section 3.1. In Section 3.2 we address the question
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of whether and when a singular foliation F admits a geometric resolution as
O-modules as in (1.1). In general, the answer is no, and a counter-example is
given, but classical results, called syzygy theorems, imply that the answer is
yes in the real analytic, algebraic, and holomorphic cases in a neighborhood
of a point. Moreover, in the real analytic case, the real-analytic geometric
resolution can be proved to be also a smooth geometric resolution by classical
results of Malgrange and Tougeron. In turn, we show that these smooth resolu-
tions can be glued to yield a geometric resolution on a relatively compact open
subset. This part then is followed by examples of such resolutions in Section
3.3. Section 3.4 recalls classical results about Lie co-algebroids, in particular
the useful perspective of it as a differential positively graded manifold, equiva-
lently known under the name of an NQ-manifold. We put particular emphasis
on homotopies between Lie oo-algebroids morphisms, where precision about
boundary conditions is required; we believe that the point of view presented
about homotopies will be of interest also in other contexts. Only then, in Sec-
tions and 3.5 and 3.6, we turn to the proof of the main theorems, Theorem
2.8 about equipping any such a resolution with a Lie oco-algebroid structure
and Theorem 2.9 about its uniqueness up to homotopy and its universality
property. We prove all these theorems by careful step-by-step constructions of
brackets, morphisms, and homotopies. We conclude this section by providing
examples in Section 3.7.

Section 4 is devoted to the geometrical meaning of the previously found struc-
tures and induced algebraic invariants. Since the universal Lie co-algebroid of
a singular foliation is unique up to homotopy, most cohomologies constructed
out of it do not depend on the choices made in the construction and are thus
associated to the initial foliation. In particular, as argued in Section 4.1, the co-
homology of the degree 1 vector field @ describing the universal Lie co-algebroid
of a singular foliation is canonical, i.e. it depends only on the singular folia-
tion. In Section 4.2.1 we derive even more interesting cohomological spaces by
restricting the universal Lie co-algebroid structure to a point m € M. This is
analogous to the familiar situation for Lie algebroids, where the Lie algebroid
bracket induces a Lie algebra bracket on the kernel of the anchor map at a
given point, called the isotropy Lie algebra of the point or its leaf (since for
different points on a given leaf these Lie algebras are isomorphic). Essentially
the same construction applies here and allows us to induce a Lie co-algebra on
a graded vector space which coincides with the fiber over m of the resolution
of the foliation in degree —2,—3,... and to the kernel of the anchor map in
degree —1. If the geometric resolution is chosen to be minimal at m—the ranks
of the vector bundles that define the geometric resolution are as small as they
can be—we obtain a Lie oo-algebra that we call the isotropy Lie oco-algebra
of F at the point m € M. It has several interesting features: First, its dif-
ferential or 1-ary bracket vanishes, so that its 2-ary bracket defines an honest
graded Lie algebra. But it may still have k-ary brackets for £ > 3. Second,
this structure is unique up to isomorphism, its 2-ary bracket being unique even
on the nose, cf. Proposition 4.12 below. In Section 4.3 we then prove that, like
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for isotropy Lie algebras of Lie algebroids, the isotropy Lie co-algebras of Lie
oo-algebroids only change by isomorphisms along any leaf of F. Section 4.4
contains examples of these isotropy algebras.

In Section 4.5.1 we return to the issue of Lie co-algebroid versus Lie algebroid.
Evidently, we can always add a non-acting Lie algebra to every Lie algebroid,
which increases its isotropy Lie algebras at each point accordingly while not
changing the induced foliation. This is in sharp contrast to the isotropy Lie
oo-algebras of a singular foliation and its graded Lie algebra introduced in this
paper. Moreover, as we will prove, a Lie algebroid inducing a given singular fo-
liation, even if it exists, may in some cases need more generators than the initial
singular foliation does. More precisely, we will show that the 3-ary bracket of
the isotropy Lie oco-algebra of F at every point m € M is a Chevalley-Eilenberg
cocycle with respect to the 2-ary bracket and that this cocycle is exact if there
exists a Lie algebroid of rank r defining the singular foliation (with r being
the rank of the foliation). Example 4.32 then presents a singular foliation for
which this Chevalley-Eilenberg class does not vanish. Section 4.5.2 concludes
this discussion with a side remark that every singular foliation admitting a
geometric resolution of finite length is the image through the anchor map of a
Leibniz algebroid.

In Section 4.6 we show that our structure induces the holonomy algebroid and
groupoid of Androulidakis and Skandalis [1] by an appropriate truncation (and
integration), cf. , in particular, Proposition 4.19 below.

The existence of Lie co-algebroids seems therefore actually more interesting
than an answer to the initially posed question about a Lie algebroid generating
the same foliation. Among others, the universal Lie oco-algebroid provides a
whole bunch of cohomological invariants associated to a singular foliation that
are directly suggested by the data of this construction, which would supposedly
not be so easy to construct by other means, and in particular not by methods
adapted to ordinary Lie algebroids.

RELATION TO OTHER WORK:

Tom Lada and Jim Stasheff present in [6] a construction of a Lie co-algebra
on a resolution of a Lie algebra: our construction follows the same pattern
and is inspired by theirs. We were told that results more or less equivalent
to Theorem 2.8 were discussed by Ralph Mayer and Chenchang Zhu as well
as by Ted Voronov and his collaborators. Moreover, Johannes Huebschmann
suggests such a result also in his introduction to [30], without giving further
details though. We claim, however, that we are the first ones to have clearly
stated and published a proof for Theorem 2.8 and, more importantly, to have
found, formulated, and proven unicity, cf. Theorem 2.9. Also, we are not aware
of any predecessor for Section 4, where we derive some geometric implications
of the construction. In November 2018, Yaél Frégier and Rigel A. Juarez-Ojeda
presented in [23] a construction based on model theory, which is different in
nature from ours but allows them to prove a result similar to Theorems 2.8
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and 2.9.

Several results of the present work were already presented in the Ph-D thesis
of S.L. [40], defended under the supervision of Henning Samtleben and T.S. in
November 2016. First versions of the present work were made public through
the electronic systems HAL and ArXiv in December 2017 and June 2018, re-
spectively.
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2 MAIN RESULTS

We provide the definition and examples of singular foliations in the subsequent
section, see in particular Section 3.1. Definitions and basic facts about Lie co-
algebroids are given in Section 3.4. We assume for the moment that the reader
is familiar with those and we state the main results of the article. Proofs and
further examples are provided later on as well.

We intend to state results that are true in the smooth, algebraic, real analytic,
and holomorphic settings all together, sometimes with adaptations. We let O
be the sheaf of (smooth, polynomial, real analytic or holomorphic—depending
on the context) functions on M and, for every vector bundle £ — M, I'(E)
the sheaf of sections of E.

DEFINITION 2.1. Let F C X(M) be a singular foliation on a manifold M. A
geometric resolution (E,d, p) of the singular foliation F is a triple consisting

of:
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1. a collection of vector bundles E = @, E_; over M,

2. a collection d = (d);>2 of vector bundle morphisms AV : E_; — E_; 1,
over the identity of M,

8. a vector bundle morphism p: E_1 — T M over the identity of M called
the anchor of the geometric resolution,

such that the following sequence of O-modules is an exact sequence of sheaves:

L pEy) 42

NE,) 25 F—0

A geometric resolution is said to be of length n if E_; =0 fori>n+1.

We shall speak of a resolution by trivial bundles when all the vector bundles
(E_;)i>1 are trivial vector bundles.

We shall say that a geometric resolution is minimal at a point m € M if, for
(@)

all i > 2, the linear maps dvw : E_;|,, = E_it+1],, vanish.

a® 4@

E_, E_, 25 TM

when restricted to a point m € M is, in general, not exact. Its cohomol-
ogy H*(F,m) does not depend on the chosen resolution, see Lemma 4.8
below. A geometric resolution is minimal at m € M, if, by definition,
E_;|,, = H "(F,m) for all ¢ > 1. In such a case, the geometric resolution
is a minimal model around this point.

Since sections of vector bundles over M are projective O-modules, geometric
resolutions of singular foliations are projective resolutions of F in the category
of O-modules. It is a classical result that such resolutions always exist. But
the projective modules of a projective resolution may not correspond to vec-
tor bundles—they may not be locally finitely generated. By the Serre-Swan
theorem [50], however:

LEMMA 2.2. For smooth manifolds, geometric resolutions of a singular folia-
tion F are in one-to-one correspondence with resolutions of F by locally finitely
generated projective O-modules.

In the smooth, holomorphic, algebraic, or real analytic cases, geometric resolu-
tions by trivial vector bundles are in one-to-one correspondence with geometric
resolutions by free finitely generated O-modules.

There are several contexts in which such geometric resolutions exist, at least
locally, and are of finite length. We collect such statements in the following
two propositions, which we are going to prove in Section 3.2.

PROPOSITION 2.3. The following items hold:
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1. In the neighborhood of every point, a holomorphic singular foliation on a
complex manifold M of (complex) dimension n admits a geometric res-
olution by trivial vector bundles whose length is less or equal to n + 1,
t.e. E_; =0 for all i > n+ 2. The same statement holds true for a real
analytic singular foliation F on a real analytic manifold of dimension n.

2. A real analytic geometric resolution of a real analytic singular foliation
F is also a smooth geometric resolution of F when regarded as a smooth
singular foliation.

8. Every algebraic singular foliation on a Zarisky open subset of C™ admits
a geometric resolution by trivial vector bundles whose length is less or
equal ton + 1.

4. There exist smooth singular foliations on R that do not admit geometric
resolutions (cf., e.g., Example 3.38 below).

5. If a geometric resolution of finite length exists, then for every point m €
M there is a geometric resolution of finite length in a neighborhood of
this point which is minimal at m.

In Definition 3.2 below, we consider locally real analytic singular foliations,
which are smooth foliations with the property to admit local charts such that
the generators are real analytic, while these charts are patched together by
smooth transition functions only. In this setting one can show:

THEOREM 2.4. A locally real analytic singular foliation admits a geometric

resolution of length at most dim M + 1 over any relatively compact open subset
of M.

In particular, every locally real analytic singular foliation on a compact mani-
fold M has a geometric resolution of finite length.

PROPOSITION 2.5. If a singular foliation F on a connected manifold M admits
geometric resolutions of finite length in a neighborhood of all points in M, then
all its regular leaves have the same dimension r. Moreover, for every geometric
resolution of finite length (E,d, p) of F over an open subset of M :

r = Z(—l)i_lrk(E_i).

Here rk stands for the rank of a vector bundle.

REMARK 2.6. As pointed out to us by the anonymous referee, for every point
in a singular leaf in a neighborhood of which the singular foliation has p gener-
ators linked by ¢ independent relations, Proposition 2.5 imposes the non-trivial
constraint that p — ¢ = .
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Here we assume that the reader is familiar with Lie oo-algebroids, which we
denote for short by (E, Q) in this paper, and with the notion of linear part of
those: all these notions are explained in detail in Section 3.4.

DEFINITION 2.7. Let F be a singular foliation on a manifold M. We call a
Lie co-algebroid (E, Q) over M a universal Lie oo-algebroid of F, if the linear
part of (E,Q) is a geometric resolution of F.> If E_;, =0 for all k > n+1,
we speak of a universal Lie n-algebroid of F.

THEOREM 2.8. Let F be a singular foliation on a smooth manifold M which
permits a geometric resolution (E,d,p). Then there is a universal Lie oo-
algebroid of F the linear part of which is the given geometric resolution.
n is the real and complex dimension of M, respectively. For a locally real ana-
lytic singular foliation®, there is a universal Lie k-algebroid over every relatively
compact open subset with k < n + 1, where n is the real dimension of M.

since in the corresponding construction one uses a partition of unity, which
is not available in those cases. The use of the word ”universal’ is justified
retrospectively by the following result:

THEOREM 2.9. Let (E,Q) be a universal Lie co-algebroid of a singular foli-
ation F on a smooth manifold. For every Lie oco-algebroid (E', Q') defining
a sub-singular foliation of F (i.e. such that p'(T'(E’,)) C F), there is a Lie
oo-algebroid morphism from (E', Q") to (E, Q) over the identity of M and any
two such Lie co-algebroid morphisms are homotopic.

This implies in particular that in the category where objects are Lie oco-
algebroids whose induced singular foliation is included in F and where arrows
are homotopy classes of morphisms, every universal Lie co-algebroid over F is
a terminal object. Terminal objects always satisfy what is called a ”univer-
sality property”. An immediate consequence of the theorem is the following
uniqueness result:

COROLLARY 2.10. Two universal Lie co-algebroids of the singular foliation F
are homotopy equivalent and two such homotopy equivalences are homotopic.

It is a general fact that two terminal objects are related by a unique invertible
arrow (which is the case in the category just defined). Of course, in most well-
known cases, e.g., the universal enveloping algebra, this invertible unique arrow
is bijective, while here it is only a homotopy class of invertible-up-to-homotopy
morphisms.

Another consequence of Theorem 2.9 is the following one: suppose there is an
(ordinary) Lie algebroid A which defines a singular foliation F and that this
foliations admits a geometric resolution. Then there exists a Lie co-algebroid
morphism from A to any universal Lie oo-algebroid (E, Q) of F and any two

3In particular, F is the foliation associated to (E,Q), i.e. p(F(E,l)) = F, with p the
anchor map of (F, Q).
4see Definition 3.2
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such morphisms are homotopic. This illustrates once more why the univer-
sal Lie co-algebroid (E, Q) of F is more important than a Lie algebroid that
possibly can be used to define the same foliation F; even if it exists, it is in
particular far from unique.

Let us say a few words about the proofs of the previous results. A crucial result
is Proposition 3.64, which states that vertical vector fields on a geometric res-
olution F, seen as a graded manifold, have cohomology concentrated in a low
number of degrees only. The proofs are mainly based on step-by-step construc-
tions using this Lemma. For clarity, we have dedicated different subsections to
the proofs of different results: Theorem 2.8 is proven in Section 3.5, Theorem
2.9 is proven in Section 3.6.

As mentioned in the Introduction, several invariants and geometric properties
of the singular foliation can be derived from these two theorems: this is the
subject of Section 4. In a generalization of the known isotropy Lie algebras of
a given point m on the base M of a Lie algebroid, every Lie co-algebroid gives
rise to a canonical isotropy Lie co-algebra at m. Applying this functor, defined
in more detail in Section 3.4.5, to a universal Lie oco-algebroid of a singular
foliation, we prove the following result.

THEOREM 2.11. Let F be a singular foliation on M admitting a geometric reso-
lution in the neighborhood of m € M. The above construction equips H®(F,m)
with a canonical Lie co-algebra structure. Its 1-bracket vanishes and its 2-
bracket, restricted to degree minus one, reproduces the isotropy Lie algebra of
[1,4]. For two points in the same leaf, the Lie co-algebras are isomorphic.

We refer to this Lie oo-algebra structure as the isotropy Lie co-algebra of F at
m. In Proposition 4.27 below we show that the restriction of the 3-ary bracket
to g = H Y(F,m),

{5 Y3 NSH Y (F,m) — H2(F,m),

is a 3-cocycle for the Chevalley-Eilenberg complex of the isotropy Lie algebra
g valued in the g-module H~2(F,m). Its class does not depend on the choices
made within this construction and thus is an invariant associated directly to
the foliation F and the (singular) point m € M. This is of relevance also
because according to Proposition 4.29 below there cannot be a Lie algebroid of
minimal rank 7 defining F in a neighborhood of m if this Chevalley-Eilenberg
cohomology 3-class is non-vanishing (r is the rank of F as an O-module). We
also provide an example where this class is in fact non-vanishing: for the origin
of the singular foliation F of vector fields on C* tangent to the level sets of the
function (21)% + (22)2 + (23)% + (24)2, see Example 4.32.

Proposition 4.37 below, finally, states that the (appropriately defined) fun-
damental groupoid of the universal Lie oo-algebroid of a singular foliation is
the universal cover of the holonomy groupoid described by Androulidakis and
Skandalis in [1]

REMARK 2.12. Although presented here for singular foliations only, most re-
sults of this paper, in particular Theorems 2.8 and 2.9, can be adapted to
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every locally finitely generated sheaf of Lie-Rinehart algebras over the ring of
functions on a manifold M.

3 THE UNIVERSAL LIE co-ALGEBROID OF A SINGULAR FOLIATION:
EXISTENCE AND UNIQUENESS

3.1 SINGULAR FOLIATIONS: DEFINITIONS AND EXAMPLES

Let M be a manifold that may be smooth, real analytic, or complex. It may
also be a Zarisky open subset U C C". Generalizing to affine or projective
varieties would be an interesting topic by itself (see also [3]).

Let U be an open subset of M. Denote by O(U) the algebra of polynomi-
als, smooth, real analytic, or holomorphic functions over U, depending on the
respective context, and by X(U) the O(U)-module of vector fields. The as-
signment X: U — X(U) is a sheaf of Lie-Rinehart algebras, i.e. a sheaf of Lie
algebras and a sheaf of O-modules, and both are compatible [30].

We say that a sheaf I': U — ['(U) is locally finitely generated, if for every
m € M there exists an open neighborhood U,, of m and a finite number
of sections Xi,...,X, € I'(Uy) such that for every open subset V. C U,
the vector fields Xi|y,..., Xp|y span I'(V). The minimal number of local
generators of a finitely generated sheaf at a given point m € M is called its
rank at m.

We define singular foliations in the smooth, complex, real analytic, and alge-
braic context as follows:

DEFINITION 3.1. A singular foliation is a subsheaf F: U — F(U) of the sheaf
of vector fields X, which is locally finitely generated as an O-submodule and
closed with respect to the Lie bracket of vector fields.

DEFINITION 3.2. A locally real analytic singular foliation is a smooth singular
foliation over a smooth manifold M which admits, around each point, genera-
tors which are real analytic in some local chart.’

Several authors [1,5,17] prefer to consider compactly supported vector fields.
As pointed out by Alfonso Garmendia in [25], or in Remark 2.1.3 in [58], this
makes no difference: For a smooth manifold M, subsheaves of the sheaf of vector
fields which are locally finitely generated are in one-to-one correspondence with
sub-modules of the module of compactly supported vector fields on M whose
restriction to an open subset is locally generated.

A singular sub-foliation F' of a singular foliation F is a singular foliation such
that F'(U) € F(U) for all open subsets U C M. A singular foliation on a
manifold M will be said to be finitely generated if there exist k vector fields
X1,..., Xk € X(M) such that for every open subset U C M the restriction of
X1,..., Xk to U generates F(U) over O(U).

5We do not require these local charts to be compatible and to turn M into a real analytic
manifold.
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An anchored bundle is a (smooth, real analytic, or holomorphic) vector bundle
A over M together with a vector bundle morphism p: A — TM over the
identity of M. We say that it covers a singular foliation F, if every point
m € M admits a neighborhood U such that F(U) = p(I'y(A)).°

We call leaves of a singular foliation F the connected submanifolds N of M
whose tangent space is, at every point m € N, obtained by evaluating at
m all the local sections of the sheaf F, and which is maximal among such
submanifolds. The following result, now classical, is due to R. Hermann:

PROPOSITION 3.3. [29] A singular foliation F on a manifold M induces a
partition of M into leaves.

Let 7,,, be the dimension of the subspace of T, M obtained by evaluating all the
vector fields of a singular foliation F at m € M. We say that a point m € M
is regular if r,, is constant in a neighborhood of m and singular otherwise.
Since the function x — 7, is lower-semi-continuous, regular points form an
open dense subset of M. On a connected complex or real analytic manifold,
regular points are those for which the function m + r,, reaches its maximum.
This may not be true on non-connected manifolds or on smooth connected
manifolds: For instance, let us choose a function x: R — R which vanishes on
R_ and which is strictly positive on R, then for the singular foliation on R
generated by x(x)%, all points z € R are regular except for {0}, but r, = 0
forx <0andr, =1 for x > 1.

A non-trivial statement is that a leaf contains a singular point if and only if all
its points are singular, so that it makes sense to define singular leaves as being
those made of singular points and likewise reqular leaves as being those made
of regular points.”

REMARK 3.4. Unlike the case of regular foliations, singular foliations are not
characterized by their leaves, and two different singular foliations may have the
same leaves but differ as sheaves of vector fields. For instance, as noticed in
[5], for M a real or complex vector space, consider Fj to be the module of all
smooth, real analytic, and holomorphic vector fields, respectively, vanishing to
some fixed order k£ > 1 at the origin. This is clearly a singular foliation for
all k£, and all such singular foliations have exactly the same two leaves: the
origin and the complement of the origin. They are not, however, identical as
sub-modules of the module of vector fields.

Here is a first class of singular foliations:

61n terms of sheaves, this condition means that the sheaf F is obtained by sheafifying the
presheaf p(T'(A4)).

7Of course, alternative definitions of singular or regular leaves could be given. Consider the
singular foliation on C? of all vector fields X such that X [p] = 0, with ¢(z,y, 2) = 2 —y?—22.
In algebraic geometry, it would be natural to say that the subset {¢(z,y,z) = 0} is a singular
leaf. With our definition, however, it is the union of the regular leaf {z2 — y2? — 22 =

0} N{(z,y, z) # (0,0,0)} with the singular leaf {(0,0,0)}.
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EXAMPLE 3.5. For A a (smooth or holomorphic [38]) Lie algebroid over M
with anchor p: A — T'M, the O-module p(I'(A)) is a singular foliation. It is a
finitely generated foliation, because there always exists a vector bundle B such
that the direct sum A @ B is trivial.

This class of examples includes regular foliations, orbits of a connected Lie
group action, orbits of a Lie algebra or a Lie algebroid action, symplectic
leaves of a Poisson manifold, and foliations induced by Dirac structures. It
also includes the examples (a)-(f) in [3].

Singular foliations as close as possible to regular ones deserve their own name:®

DEFINITION 3.6. [17] A singular foliation F is said to be a Debord foliation if
it is the image of a Lie algebroid (A,[-,-],p) through an anchor map which is
injective on a dense open subset.

In the smooth case, a singular foliation F is Debord if and only if it is projective
as an O-module.

Example 3.5 can be enlarged by a notion more general than the one of a Lie
algebroid:

DEFINITION 3.7. [30] An almost-Lie algebroid over M is a vector bundle A —
M, equipped with a vector bundle morphism p: A — TM called the anchor

map, and a skew-symmetric bracket [.,.]a on T'(A), satisfying the Leibniz
identity,
Va,yel(A), felC>(M) [z, fyla = fle,yla+ p(@)[fly,  (3.1)
together with the algebra homomorphism condition:
vV a,y € (4) p([z,9]a) = [p(x), p(y)]- (3:2)

We do not require the bracket [-,-]4 to be a Lie bracket: It may not satisfy the
Jacobi identity. However, the Jacobi identity being satisfied for vector fields,
Condition (3.2) imposes that the Jacobiator takes values in the kernel of the
anchor map at all points. The following result appeared in Proposition 2.1.4
of [40] and in Proposition 3.17 in [9]. We include a proof.

PROPOSITION 3.8. Let M be a smooth, real analytic, or complex manifold and
(A, p) an anchored vector bundle.

1. For every almost-Lie algebroid structure on A — M, the image of the
anchor map p : T(A) = X(M) is a singular foliation.

2. BEvery finitely generated foliation on M is the image under the anchor
map of an almost-Lie algebroid, defined on a trivial bundle.

3. In the smooth case, every anchored vector bundle (A,p) over M that
covers a singular foliation F can be equipped with an almost-Lie algebroid
structure with anchor p.

8 In the literature they are sometimes also called “almost regular foliations”, see, e.g., [1].
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4. In the smooth case, a singular foliation is the image under the anchor
map of an almost-Lie algebroid if and only if it is finitely generated.

Proof. The first item follows directly from (3.1) and (3.2). Let us prove the
second item. Let Xi,..., X, be generators of a singular foliation F. Since Fis
closed under the Lie bracket of vector fields, there exist functions c e O(M)
satisfying:

T

X, X5 =Y o Xy, (3.3)
k=1
for all indices i,5 € {1,...,7}. Upon replacing cfj by %(cfj —cfi) if necessary, we
can assume that the functlons c - € O(M) satisty the skew-symmetry relations
c’-“j = f for all possible 1nd1ces Define A to be the trivial bundle A =
R"™ x M — M. Denote its canonical global sections by ey, ..., e, and define:

1. an anchor map by p(e;) = X; for all i =1,...,7,
2. a skew-symmetric bracket by [e;, e;]a = Y, clex forall i, j =1,...,r.

One then extends these definitions to all sections by O-linearity and the Leibniz
property, respectively. By construction, this defines an almost-Lie algebroid
structure on A such that p(I'(4)) = F.
Let us now prove the third item. Unlike Lie algebroid brackets, almost-Lie
algebroid brackets can be glued using partitions of unity. More precisely, let
(pi)icr be a partition of unity subordinate to an open cover (U;);c; by open
sets trivializing the vector bundle A. By the proof of item 2, we can define an
almost-Lie algebroid structure with anchor p on the restriction of A to U;, that
is, a bracket [, -]y, that satisfies Equations (3.1) and (3.2) for all sections in
I'y, (A). The bracket
[]a= Z @i [ o, (3.4)
iel
still satisfies Equations (3.1) and (3.2) and hence defines an almost-Lie alge-
broid structure on A with anchor p. The last item follows from the third
one. o

It has been conjectured [4] that not every smooth singular foliation is of the
type described in Example 3.5, not even only in a neighborhood of a given
point. As far as we know, the question remains open to this day.” There are
quite a few singular foliations for which the underlying Lie algebroid structure,
if it exists at all, is at least not easy to find, for instance those described in
Examples 3.9, 3.11, 3.12, and 3.13 below.

9Not all singular foliations are, globally, the image through the anchor map of a Lie
algebroid. Here is a counter-example, given in [4]: the singular foliation of all vector fields
on R? vanishing to order k at the point of coordinates (0, k) is locally finitely generated by
Example 3.11, but its rank is not bounded. Hence it can not be the image through the anchor
map of a Lie algebroid.
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ExaAMPLE 3.9. Let K=R or C:

1. Let P:= (P1,..., Px) be a k-tuple of polynomial functions in d variables
over K. The symmetries of P, i.e. all polynomial vector fields X € X(K%)
that satisfy X[P;] =0 for all i € {1,...,k} form a singular foliation. The
special case of k = 1 appears in toy models for the Batalin-Vilkovisky for-
malism, where one may consider the symmetries of a polynomial function
S representing the classical action [21].

2. Symmetries of some affine variety W C K%, i.e. all polynomial vector
fields X such that X[Iy]| € Iy, where Iy is the ideal of polynomial
functions vanishing on W.

3. Vector fields on C? vanishing at all points of an affine variety W c C<.

All the previous spaces of polynomial vector fields are closed under the Lie
bracket and form a sub-module of the module of algebraic vector fields over
the ring of polynomial functions on K?. Since the latter is finitely generated
and since the ring of polynomial functions is Noetherian, each of these spaces is
a finitely generated module over the polynomial functions. The O(K¢)-module
generated by these polynomial vector fields is therefore also a singular foliation;
here O stands again for smooth, real analytic, or holomorphic functions.

EXAMPLE 3.10. Vector fields on a manifold M which are tangent to a subman-
ifold L form an involutive module over functions. In every coordinate chart
(1, Tk, Y1, -, y1) in which L is characterized locally by 21 = --- =z, = 0,
this module is generated by the vector fields

..........

It is therefore a singular foliation. Of course, L is the only singular leaf of
this singular foliation, while the connected components of M\ L are the regular
ones.

ExampPLE 3.11. For every k,n € N, vector fields vanishing to order k at the
origin of R™ form a singular foliation. For k = 1, it is the singular foliation
associated to the action of the group GL(n). In particular, it is the image
through the anchor map of a Lie algebroid. For k > 2 and n > 2, however, it is
not known if it can be realized as the image through the anchor map of a Lie
algebroid.

EXAMPLE 3.12. A bivector field 7 € I'(A?TM) on a manifold M is said to
be foliated [53], if 7#(Q1(M)) is closed under the Lie bracket. In that case,
7#(Q1(M)) is a singular foliation. When 7 is Poisson bivector or twisted
Poisson [33,44,49]), it is known that T* M comes equipped with a Lie algebroid
structure [15] with anchor 7# : T*M — T M, but for ‘generic’ foliated bivector
fields no such formula exists, cf. [53].
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EXAMPLE 3.13. For a Leibniz algebroid, cf. Section 4.5.2 below or [35] for a
definition, the image of the anchor map is a singular foliation as well. Courant
algebroids [42] and vector bundle twisted Courant algebroids [11,13,26,41] are
particular examples of those. Another example of a Leibniz algebroid, now
defined on A2T'M, arises from any function S on M in the following way: the
anchor is defined by means of P — Pg := P#(dS) and the bracket between
two bivector fields P and ) by means of

(Pa Q) = EPSQ'

Note that for M a vector space and S a polynomial function, the associated
singular foliation is a sub-foliation of the foliation of symmetries of S described
in Example 3.9 (or also 3.36 below).

Now we give examples of a sub-sheaf of the sheaf of vector fields which is closed
under the Lie bracket, but which is not a singular foliation.

EXAMPLE 3.14. On M = R, smooth vector fields vanishing on R_ are closed
under the Lie bracket but are not locally finitely generated [19], hence they do
not form a singular foliation in our sense—while they still generate leaves in
the obvious way.

X(x)é% for some fixed chosen smooth function x vanishing for not strictly
positive values of x € R and being non-zero otherwise, this module is generated
by only one vector field and thus defines a singular foliation, the leaves of which
coincide precisely with those from above.

EXAMPLE 3.15. Consider M = R? with variables (z,y) and the C>° (M )-module
generated by the vector field 6% and vector fields of the form ‘Pa% where,
similarly to the function x above, ¢ a smooth function vanishing on the half-
plane < 0 and being non-zero for z > 0. This module is closed under the
Lie bracket, but it is not locally finitely generated. This counter-example is
interesting also due to the non-existence of a good notion of leaves: evidently
the flow of these vector fields allows to connect any two points of M = R?,
whereas the evaluation of the module gives all of T(, , M for z > 0, but only
a one-dimensional sub-bundle for x < 0.

3.2 EXISTENCE OF GEOMETRIC RESOLUTIONS OF A SINGULAR FOLIATION

This section is devoted to the proof of several results of Section 2 related to
the existence and the properties of geometric resolutions of singular foliations.
We start with some standard material needed henceforth.

DEFINITION 3.16. A complex of vector bundles (E,d, p) over a singular folia-
tion F is a collection E of vector bundles (E_;);>1 over M, a collection d of
vector bundle morphisms d@: E_; — E_; 1, and a vector bundle morphism
p: E_1 — TM such that A= od® =0 for all i > 3, pod® = 0 and
p(I(E-1)) C F.
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A geometric resolution (E,d, p) of a singular foliation F, cf. Definition 2.1, is
an example of such a complex of vector bundles over F. In fact, every complex
of vector bundles over F is a geometric resolution of this foliation, if and only
if it is exact on the level of sections and satisfies p(T'(E_1)) = F.

DEFINITION 3.17. e A morphism ¢ between two complexes of vector bun-
dles (E,d, p) and (E',d’, p’) over F is a collection of vector bundle mor-
phisms ¢;: E_; — E’; over the identity of M making the following dia-
gram commautative

4@ a® 4@
E—

FE_; E_, E,—2sTM

o e

7(3) /(2) /
e, e, Y, LT,

d’(4)

o Two morphisms ¢,v¢: (E,d,p) — (E',d’,p') are said to be homotopic,
if there exists a collection h;: E_; — E' ,_| of vector bundle morphisms
such that ¢; = ¥; + 'Ot o by + hy_q1 0od® for all i > 2 and ¢ =
1/)1 + d/(2) (e} hl.

(2)

4@ (3)
LN Eos d 1512 d By L s TM
// wa o3 / ¢72 / 1 id
// hs
k/ 1(4) , d/('s) @
E—3 2 1

o Two complexes of vector bundles (E,d,p) and (E',d',p’) over F are
said to be homotopy equivalent, if there exist chain maps ¢: (F,d, p) —
(E',d,p") and o: (E',d",p") — (E,d, p) such that both ¢ o1p and ¢ o ¢
are homotopic to the identity.

Y;0¢; =(id+hod+doh)|g_, (3.5)
for all ¢ > 2 together with

Yro0¢1 =(id+doh)|g_, (3.6)

and likewise conditions for ¢ o .

LEMMA 3.18. For any two homotopy equivalent complezxes of vector bundles of
finite length, the alternate sum of their ranks are equal.

Proof. By restricting the sequence to a point m € M, one obtains a finite
length complex of vector spaces of finite dimension. Here it is known that the
alternate sum of the dimensions is preserved under homotopy equivalence. This
proves the lemma. O
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Here is a second result of importance:

LEMMA 3.19. Let (E,d, p) be a geometric resolution of a singular foliation JF.
For every complex of vector bundles (E',d’, p') over F, there exists a morphism
of complexes of vector bundles over F from (E',d’,p’) to (E,d, p) and any two
such chain morphisms are homotopy equivalent.

Proof. This is a standard result of algebraic topology, see Porism 2.2.7 (and
the discussion before) in [59]. O

Lemma 3.19 admits the following immediate consequence:

LEMMA 3.20. Any two geometric resolutions (E,d, p) and (E',d’,p") of a sin-
gular foliation F are homotopy equivalent.

3.2.1 PROOF OF PROPOSITION 2.3

We express our gratitude to Frangois Petit, whose knowledge of the matter was
of crucial help.

Proof (of Proposition 2.3). The first and the third item are simply Hilbert’s
syzygy theorem, which is valid for finitely generated O-modules, with O being
the ring of holomorphic functions in a neighborhood of a point in C™ or the
ring of polynomial functions on C™, as proven in Theorem 4 page 137 in [27]
for the holomorphic case and [20] for the algebraic case. Recall that these
theorems state that every finitely generated O-module, with O the algebra of
holomorphic or polynomial functions on an open subset V' € C", admits a
resolution of length less or equal to n+ 1 by finitely generated free O-modules.
It implies that for any other resolution by free modules, the kernel of d(**1 is
a free module.

Let us deduce the real analytic case from the holomorphic one. Every real an-
alytic manifold M admits a complexification MC such that the original man-
ifold is the fixed point set of an anti-holomorphic involution o: M€ — MC.
A real-analytic singular foliation F on a real analytic manifold M induces a
holomorphic singular foliation € on the complexification M®. such that p and
(A™);>5 are real, that is to say such that they are invariant under the natural
involution of the algebra O given by 7(F) = F o 0. This resolution may not be
of finite length. But the holomorphic syzygy theorem implies that the kernel
of A+ is a free module, with n the dimension of M. As a consequence,
this resolution can be truncated in degree n + 1 to yield a resolution of finite
length whose anchor and differential are real. Real analytic functions on V' be-
ing fixed points of the natural involution 7, this resolution can be restricted to
fixed points of 7 to induce a geometric resolution of the real analytic foliation
F. This completes the proof of the first item in the real analytic case.

Now, we turn to the second item. According to Theorem 4 in [52], germs
of smooth functions at a point m are a flat module over germs of real ana-
lytic functions at m. By definition of flatness, it means that given a complex
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E_ 1 — E_p — E_jy1 of vector bundles on the base manifold such that
germs of real analytic sections have no cohomology at degree —k, the sheaf
of germs of smooth sections has no cohomology at degree —k. Let us choose
e € Ty(E_) a local smooth section of E_j, defined on an open subset U,
which is in the kernel of d*): E_;, — E_;,; at every point of U. According
to the previous discussion, for every point m € U, and for every neighbor-
hood U,,, C U of m, there exists a smooth section f,, € 'y, (F_k—1) such that
d®+1(f,,) = e. From the family (U, )mev, we can extract a locally finite open
cover (Un,, )icr indexed by I and choose a partition of unity (x;):e; subordinate
to it. Since d*t1) is O-linear, f := > icr Xifi is a section of E_j_1 over U,
which, by construction, satisfies d*+1)(f) = e. This proves the second item.
The fourth item is proved in Example 3.38.

For item five, one can proceed as follows. Let (F,d, p) be a geometric resolution
of F and m € M. Let ey,...,ex € E_1|m be a basis of d(2)(E,2|m). Denote

by €1,..., & local sections of F_, whose images by d(®), when evaluated at m,
coincide with ey, ..., ey, respectively. In a neighborhood U; of m, the sections
€1,...,6x, as well as their images d®é;,...,d¢é,, are independent at every

point, and therefore define sub-vector bundles F' o C E_5 and F_; C F_q,
respectively. Tt is easy to check that (E’,d’, p’) is again a geometric resolution
of F, where E' , .= E_; fori# 1,2 and E’ , := E_;/F_, for i = 1,2 and where
d’ and p’ are the uniquely induced maps on these quotient spaces. For this new
geometric resolution, the map (d')®: E', — E’ | is zero at the point m by
construction. The operation can then be repeated for the index i = 2 to find
a new geometric resolution such that d® is zero at the point m and can be
continued by recursion. Each step may require to shrink the neighborhood of m
on which the geometric resolution is defined, but since the geometric resolution
is of finite length, only finitely many such operations are required, and the
procedure gives a geometric resolution defined in a neighborhood of m. It is
minimal at m by construction. o

3.2.2 PROOF OF THEOREM 2.4

The proof of Theorem 2.4 requires some preparation. Let (F,d) be a complex
of vector bundles over the manifold M. Consider the bicomplex (I'(E*; ®
E_j),d*®id,id ® d):

d*®idT d*®idT d*®idT

id®d id®d
s (B, @ B_3) — S T (B, @ Bo) —2S T(E*, @ E_y)

d*®idT d*®idT d*®idT

e T(B, @ B_3) 2L 1B, @ By 2L (B, @ E_y)

(3.7)
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A graded vector bundle morphism =: E, — Fq; over the identity of M can
be seen as an element of degree k in this bicomplex that we denote by =.

LEMMA 3.21. Let (E,d) be a complex of vector bundles over the manifold M
and D =d* ® id —id ® d the total differential of the bi-complex (3.7). Then:

1. A degree O graded vector bundle morphism = : Eo — FE, is a chain map,
if and only if D(Z) = 0.

2. Two chain maps =, E’_: Ee = E, are homotopic with homotopy h: Eq —
Ee_1, if and only if =—Z="= D(h).

3. Let k € N and (E,d,p) be a geometric resolution of finite length. Two
chain maps 2,Z': Eq, — E, over F that coincide upon restriction to E_;
for i > k are homotopic with respect to a homotopy whose restriction to
E_; is zero for all i > k if k > 2 and for all i > 2 if k = 1.

Proof. The first two items are straightforward to prove and we recommend it
to a reader who is not yet familiar with it. For the third item, Lemma 3.19
implies that 2, = are homotopy equivalent. Since they agree in degree i > k,
their difference = —Z’ belongs to G}le I'(E*, ® E_;) and is exact by item two,
=—E= = D(h). Because all vertical lines (T'((E*,)i>1 ® E_;,d* ®id) for a fixed
j in (3.7) are exact except at i = 1, we may choose this h to be an element in
P T(E @ E)ifk>2andin B, @ E_o, if k= 1,2. O

The following lemma about geometric resolutions is interesting by itself.

LEMMA 3.22. Assume that a singular foliation F admits a geometric resolution
(E,d,p) of finite length d, then it can be replaced by another one of the same
length d, (E',d’,p"), such that for all i > 2 the vector bundle E' , is trivial.

K2

REMARK 3.23. We remark in parenthesis that we cannot also make, e.g., F_;
trivial: For example, let M be the two-dimensional Moebius strip, viewed upon
as a non-trivial line bundle over S!, and let F C TM be the regular vertical
foliation. Now there is an isomorphism of line bundles p: A2T'M — F, which
we can view as a length one resolution 0 — E_; — T M. Evidently, F_1 is
non-trivial since M is not orientable. By the above procedure, we can make
this resolution longer, but only shifting the non-trivial factor to the left.

Proof (of Lemma 3.22). Let (E,d, p) be a geometric resolution of 7. Replacing
d9. p_, — E_;y1 by dD @idy: E_, oV — E_;,11 &V for some vector
bundle V', we do not spoil the property of being a geometric resolution of F.
If we choose a vector bundle V' which turns F_; ® V into a trivial one, we
have obtained a new geometric resolution for which the component of degree
—1t is trivial, and the only modified components are those of degrees —¢ and
—1+1. The geometric resolution satisfying the requirements of Lemma 3.22 can
be obtained by applying this procedure recursively: We start by turning the
component of degree —d into a trivial vector bundle, by modifying omponents
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of degree —d and —d + 1 as above. Then we turn the component of degree
—d + 1 of the obtained geometric resolution into a trivial vector bundle, and
so on. The last component that can be made trivial by this procedure is the
component of degree minus two. o

PROPOSITION 3.24. For two geometric resolutions (E,d, p) and (F,d’, p') of F
of finite length over U and V', respectively, which satisfy items o and [ below
for some k > 2, we can modify them into two such resolutions satisfying these
conditions for k lowered by one.

a. There are two degree —1 maps h: Eq — Ee_1 and h': Fy — Fe_1 which
vanish upon restriction to E_; and F_; for all i > k if k > 2 and for all
1> 2if k=1, and two chain maps ¢: E — F and ¢¥: F — E and such
that the following diagram constitutes a homotopy equivalence over UNV

d d d d d

E_g-1 E_j <777L77LE7]€+1 <777L77L"'<7771”LE71
o
Pht1|[Ye+1 Pk || Yk Ph—1||[Yr—1 o1 ||¥1 TMIyny
o’
d d a’ a’ q’
Fok—1 Fop -2 F g1 7~ R C ZF_y

(3.8)
In particular ¢; and 1; are (strictly) inverse to one another for i > k+1.
8. Fori > 2, each one of the vector bundles E_; and F_; is trivial.
The proof of Proposition 3.24 requires two lemmas.

LEMMA 3.25. Let ¢,, h be a homotopy equivalence as in (3.8). The following
vector bundle automorphisms of E_i @ F_j, over UNV,

_ (hod —iy _(—id
‘bk_(m id) and %—(m h’od’)’

written in an obvious matrix notation, are inverse to one another.

Proof. A direct calculation yields:

id 0
Yieo O = <(h’o¢k1 —¢roh)od id>

and

~{id (hoi/)k,l —1/)koh') od’
Beolr = (0 id '

By item « in the recursion relation, we have ¢ o, = id+h’'od’ and ¥y o0 ¢y =
id + h od. Applying ¢ on the right to the first of these relations and to the
left of the second one, we obtain

Protpodr =¢r+h opp_10d=dp+ ¢rohod.
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This implies that the lower left block of ¥ o @ is zero. The same procedure
applied to the upper right block of ®; o Uy concludes the proof. O

The proof of the next lemma follows from a direct computation, left to the
reader.

LEMMA 3.26. Let ¢,1, h be a homotopy equivalence as in (3.8) and Py, Uy, as
in Lemma 3.25. Let us consider the following vector bundle automorphisms
Dy and V1 of E_j41 ® F_41 over UNV:

_( b = _ (4 Yk
Dy 1 = (¢kl d/) and Uy 1= (¢k W .
They make the following diagrams commutative,

By —2 B 0F, —2 s Ew0F, —2 5 E -

¢k+1l @«l ¢'k—1l ¢k—2l

Y ’ ’

o F 4, —2 s EB,oF, 2 E & F 141 D Fopyo---
(3.9)

and

By —2 B 0F, —L2 S E0F, —2 5 E -

"bk-%—l]\ ‘I’kT qu]\ dlk—z]\

Y ’ ’

P —L2 o B oF, — 2 B 0F 1 —2— Fppo

— (3.10)
if D and D are defined as follows:

— d d 0 N
D:(O), D:(0 id)’ and D:(d 0),

D = <((1),> , D = (1(()1 (g),) , and D = (0 d').
(3.11)

Proof (of Proposition 3.24). By item S, we know that there exist isomorphisms
Tk E_p = U x Wand 7,: F_p, =5 V x W’ for some vector spaces W and
W, respectively. Now we replace the resolutions in the induction assumption
by two new ones, which coincide with the previous ones except for in degrees
—k and —k + 1, where:

B l)E,k@UXW,$E7k+1@UXW/L>E,k+2“~

i F — P VX WaF, — 2 VX W F g —2 s Fpyn- -

(3.12)
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with D, D, D, D', D', D’ as in (3.11). i
Over the restriction to U NV, we define a degree 0 map ® = (®;);>; of the
upper geometric resolution in (3.12) to the lower one:

q)i = gbifori#k,kfl, )
8 (m 0 id 0Y)
Pp1 = (0 1d)oq)k—1°(o T,;) ’

1

- 7% 0 id 0

o= (3 )eme (o q)

where ®j is the map defined in Lemma 3.26. Similarly, using the map Wy,
we define a degree 0 map ¥ = (¥;);>1 from the lower geometric resolution in
(3.12) to the upper one. By Lemma 3.26, both ® and ¥ are chain maps. By the
inductive assumption, ®, is the inverse of U; for all i > k + 1 and Lemma 3.25
implies that @, is the inverse of ¥). As a consequence, ¥ o ® and the identity
map coincide upon restriction to E_;|yny for i > k and likewise so for o \IJ)
upon restriction to F_;|yny. The third item of Lemma 3.21, finally, yields
homotopies, where the exceptional case £ = 1 is treated separately. These,
together with ¥ and ®, show that the modified geometric resolutions (3.12)
indeed satisfy the conditions of Proposition 3.24 for k lowered by one. O

LEMMA 3.27. Two geometric resolutions of F of finite length over U and V,
respectively, which satisfy items o and B in Proposition 3.24 for k = 1 have
restrictions to U NV which are isomorphic.

Proof. Let us spell out items a and S in Proposition 3.24 for k = 1: There exist
two degree minus one maps h: Fq — Eo_1 and h': Fy — F,_; which vanish
upon restriction to E_; and F_;, respectively, for ¢ > 2. In addition, there are
two chain maps ¢: E — F and ¢: FF — FE such that, for all ¢ > 2, the linear
maps ¢; and v; are inverse to one another. Together they make the following
diagram a homotopy equivalence over U N V:

d g ,—4 B, 3 s F,

¢3| | Y3 P2 | [P2 o1 | Y1 TM‘UF]V

d’ d’ d’
F73 F72 I——=—=—== r Ffl

Let us show that (E,d,p) and (F,d’,p’) are isomorphic upon restriction to
UNYV. A direct computation shows that ¢; —d o9 o b’ is a right inverse of

é1:
¢10(1p1 —dorpgoh’) = id+d'oh’ —prodorpgoh’ = id+d'oh' —d oggorhyoh’ = id.
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Since, for any two resolutions, the alternate sum of the ranks are equal by
Lemma 3.18, the ranks of E_; and F_; have to be equal, and thus the right-
invertible morphism ¢; is invertible. O

Proof (of Theorem 2.4). According to items one and two of Proposition 2.3,
locally real analytic singular foliations admit geometric resolutions in some
neighborhood of each point. We therefore have to show that geometric resolu-
tions can be ”glued”. More precisely, we want to show that given U,V C M
open sets over F which admit geometric resolutions (F,d, p) and (F,d’, p’) of
finite length n 4 1, respectively, one can construct a smooth geometric reso-
lution (G,d”, p") of F on U UV, which is equally of length n + 1. Then the
statement about relatively compact subsets of M follows immediately.

We use Lemma 3.22 to replace both (F,d, p) and (F,d’, p’) with two new ones
for which each of the vector bundles F_; and F_; is trivial for ¢ > 2. By
Lemma 3.20, the two requirements « and 3 of Proposition 3.24 are satisfied for
k=n+1.

Applying recursively Proposition 3.24 from n + 1 down to 2, we construct two
geometric resolutions over U and V which satisfy items « and g for k = 1.
Lemma 3.27, finally, shows that the obtained geometric resolutions over U and
V' have restrictions to U NV which are isomorphic. By taking their disjoint
union quotiented by the isomorphism, we obtain a geometric resolution of F
on U UV. This concludes the proof of the theorem. O

REMARK 3.28. Theorem 2.4 does not make use of the Lie bracket of vector fields
of a singular smooth foliation F, but only uses the local O-module structure
of F. Thus, in fact, what we have proven is: If a sheaf of locally finitely
generated C'*° (M )-modules admits a finitely generated projective resolution of
finite length at most k& around each point m € M, it also admits a finitely
generated projective resolution of length at most k over any relatively compact
open subset of M.

3.2.3 PROOF OF PROPOSITION 2.5

Proof (of Proposition 2.5). Let m € M be a point and let (F,d, p) be a geo-
metric resolution of F of finite length, defined on a neighborhood U of m. Since
the geometric resolution (E,d, p) is of finite length, we can assume without any
loss of generality that the complex

a®

@
45 Dy (Bop) 4

LS Iv(EL) LS Fe—0

is exact for all open subsets V C U [22].

Let m’ be a regular point of F contained in U and V' C U a neighborhood of
m' on which the foliation is generated by r vector fields Xi,...,X,. Under
this assumption, the restriction to V of the foliation F admits a geometric
resolution (E',d’, p’) of length one: It is given by the vector bundles £/, = 0
for i # 2, E' | := R" x V and the anchor map p": (A,...,A) = > A X,
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(with the understanding that sections of E’ | are seen as r-tuples of functions
(M,...,A\r)on V)

Hence, the restriction to V' of the singular foliation F admits two different
geometric resolutions: the restriction to V of (E,d, p) and the geometric reso-
lution (E’,d’, p’). By Lemma 3.20, these geometric resolutions are homotopy
equivalent. In particular, the alternate sum of the ranks is equal to r, Lemma
3.18 implies that r = Y_,o, (—1)""'rk(E_;). It particular, all the regular leaves
contained in U have the same dimension. The manifold M being connected,
the argument above being valid for some neighborhood U of an arbitrary point
in M, the dimensions of all the regular leaves of F have to be equal to r. This
completes the proof. O

3.3 EXAMPLES OF GEOMETRIC RESOLUTIONS OF SINGULAR FOLIATIONS

We give several examples of geometric resolutions of singular foliations:

ExXaMPLE 3.29. For a regular foliation JF, a geometric resolution is given by
E_; =TF and E_; = 0 otherwise. The anchor map is the inclusion TF —
TM.

ExXAMPLE 3.30. Debord foliations (Definition 3.6) are precisely singular folia-
tions that admit a geometric resolution of length one.

The following four examples are set up in the algebraic context, but can be con-
sidered also within the holomorphic, real analytic setting, and smooth setting,
in part with the obvious adaptations. Recall in this context that real ana-
lytic geometric resolutions are also smooth geometric resolutions, see Proposi-
tion 2.3.

ExaMPLE 3.31. The Lie algebra sls has three canonical generators h, e, f that
satisfy [h,e] = 2e, [h, f] = —2f and [e, f] = h. Tt acts on R? through the vector

fields:

heal 2,0 0

h=agr—vg o L=V% (3.13)

Here, we denote by z,y the coordinates of R%2. The O(R?)-module generated by
h,e, f is a singular foliation, that can be seen as smooth or real-analytic. The
vector fields given in (3.13) are not independent over O(R?), but every relation
between them is a multiple of the relation:

zyh +y*e — 2 f = 0. (3.14)

Let us describe a geometric resolution. We define E_; to be the trivial vector
bundle of rank 3 generated by 3 sections that we denote by é, f, h. Then we
define an anchor by

p&)=e, p(f)=1 plh)=h (3.15)
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We define E_5 to be the trivial vector bundle of rank 1, generated by a section
that we call 1. We define a vector bundle morphism from E_5 to F_; by:

d® (1) = zyh + y?e — 22f. (3.16)

We then impose E_; = 0 and d) = 0 for i > 3. The triple (E,d,p) is a
geometric resolution of the singular foliation given by the action of sly on R2.

EXAMPLE 3.32. We owe this example to discussions with Rupert Yu and Alexei
Bolsinov. The adjoint action of a complex Lie algebra g on itself defines a
holomorphic singular foliation F,4 on the manifold M := g.

functions on g invariant under the adjoint action. According to Chevalley’s
theorem [14], these generators can be chosen to be independent as polynomials,
and [ coincides with the rank of g. More precisely, it follows from Theorem
6.5 and Corollary 6.6 in [55] that the differentials of Py, ..., P, are independent
covectors at every point in a regular orbit. Since the set of singular points forms
a subvariety of codimension three by Theorem 4.12 in [55], the differentials of
these functions are independent at every point outside of it. Let us call regular
points the points in this Zarisky open subset of g.

Let E_; be the trivial bundle over M = g with typical fiber g, and E_5 be the
trivial bundle over M with typical fiber R!. Let p: E_; — T'M be, at a point
m € M = g, the vector bundle morphism obtained by mapping a € (E_1),, ~
to [a,m] € T;,, M ~ g. Let d®® be the vector bundle morphism mapping, for all
m € M, an I-tuple (A1,...,\) € (E_2)m to Zlizl Xigrad,,(P;) € (E_1)m ~ g,
where grad stands for the gradient computed with the help of the Killing form.
with the kernel of p at all regular points. Alexei Bolsinov gave us the following
argument which shows that the previous complex is a geometric resolution of
Faq: Let a be a holomorphic section of E_; which is in the kernel of p at
every point. Then, at every regular point m € g, there exist unique numbers
A1(m), ..., \i(m) such that:

l

a(m) = 3 Ai(m) grad,, (P,).

i=1

The functions m +— \;(m) are meromorphic on g and are holomorphic at regular
points. Since singular points form a subvariety of codimension three by the
discussion above, these functions extend to holomorphic functions on g, by,
e.g., Theorem I11.6.12 in [24]. This implies that the section a lies in the image
of d®. Hence the complex is exact.

Notice that in this example the rank of E_; is equal to the dimension of the Lie
algebra g and the rank of E_s to the one of its Cartan algebra. Their difference
is the dimension of the regular leaves, in agreement with Proposition 2.5.

ExXAMPLE 3.33. Let ¢ be a polynomial function on V := C”. The contraction
by di defines a complex of trivial vector bundles over V:

L e A3y e, p2py ey e, o
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where W stands for the trivial bundle V x W with fiber W. Let X := T'(A'TV)
stand for the sheaf of i-multivector fields on V. Taking sections of the previous
complex of vector bundles, we obtain the a complex of O-modules called a
Koszul complex associated to ¢:

Lde :{3 Lde xg Lde xl Lde O
)

The image of the map X' (V) — O(V) is the ideal generated by the functions

D¢ 22 According to a classical theorem of Koszul [20], the previous

Oxy’ ’ Oxy ’

complex is exact, if the sequence %‘%, el %@— is a regular sequence. This
n

happens in particular when ¢ is weight-homogeneous and admits an isolated
singularity at the origin.
In that case, the following complex of vector bundles over M
®id ®id ®id ®id
T MBTV oV LS ATV oV LR TV eV N CeV ~ Y,
is again trivial at the level of sections, since it is just n copies of the above com-
plex. It is therefore a geometric resolution of the singular foliation generated

by the vector fields
Oop O
— ithi,j=1,... .

This singular foliation is what we will call singular foliation of vector fields

vanishing on the singular locus of ¢. When the ideal generated by g—z, ceey 667“’
is nilradical, it is exactly the singular foliation of vector fields vanishing on the
subset g—ﬁz---:(%—i:&

EXAMPLE 3.34. Let F be the singular foliation of all vector fields vanishing at
the origin 0 of a vector space V = C" (or V = R"). Applying Example 3.33
to the function ¢ = 3" | 27, we obtain a geometric resolution of F. Let us
describe it in a precise manner, where, in the first factor and to simplify the
notation, we identify V' and V* using the canonical inner product:

1. For all i € Z, E_; is the trivial bundle over V with fiber A'V* @ V.

2. At a given point e € V| the anchor map V*® V — T,V ~ V is given by
pla®@v) = teav.

3. At a given point e € V, the differential dtV: E_;,_; — F_; is given by:
A (@ u) = (i.a) ®u, (3.17)
for all « € AFIV* u e V.

EXAMPLE 3.35. Let F be the singular foliation of all vector fields vanishing
to order k at the origin 0 of a vector space V of dimension n over K = R or
K = C. By Hilbert’s syzygy theorem, there exist a projective resolution of
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length n + 1 of the ideal Z} of functions on V vanishing to order k at 0 € V.
This projective resolution has to be of the form:

Ty T B Tk

for some family of vector bundle (I_;);>1 over V (which are in fact trivial vector
bundles). A resolution of F is then given by

o®id I®id ®id
A P, @x V) 2 (I, o V) — 22 o

I(]f Rk V =F
(with the understanding that, e.g., an element f ® v € I} ®g V is the vector
field fv on V where v is the constant vector field associated to v € V).

0025 088 72

with 6(F,G) = (yF,—aF — yG,2G) and po(F,G,H) = 2°F + 2yG + y*H.
Here (z,y) are the canonical coordinates on V. In this example, I_; is easily
identified with the trivial bundle with fiber S?(V*). Under this identification,
the anchor maps a®v (with a € S2(V*), v € V) to a* v, with the understanding
that o* stands for the homogeneous polynomial function of degree 2 on V'
associated to a € S?(V*).

Oy’ ? Oy
a regular sequence. Consider the singular foliation F, made of all vector fields
X on V such that X[p] = 0. Since the Koszul complex defined in Example
3.33 has no cohomology in degree —1, the singular foliation F, is generated by
the vector fields:

EXAMPLE 3.36. Let ¢ be a function on V := C™ such that ( 90 22 g

8:@- 896]- axj 81'1

{&p 0 9% 0 with1§i<j§n}. (3.18)

Since the Koszul complex defined in Example 3.33 has no cohomology in degree
—i for i > 2, a geometric resolution of that foliation is given by E_; := ATV
and d := tq,. In that case, I['(E_;) = X'™! with X’ being the projective
O(M)-module of i-vector fields on M = C™.

EXAMPLE 3.37. In the case of items 2 and 3 of Example 3.9, the Hilbert Syzygy
theorem implies that a geometric resolution by trivial vector bundles of length
n + 1 exists [20].

Since O is Noetherian, X' (W) admits a geometric resolution by trivial vector
bundles. The Syzygy theorem implies that it can be chosen to be of finite
length again.

ExaMPLE 3.38. The following example, that we owe to Jean-Louis Tu, provides
a smooth singular foliation that does not admit smooth geometric resolutions.
Let x be a smooth real-valued function on M := R vanishing identically on R_
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and strictly positive on R* . Consider the singular foliation F generated by the
vector field v on R defined by:

d
v = x(t) e (3.19)
All points in R* and all points in R are regular points. There are, therefore, an
uncountable family of regular leaves of dimensions 0 and there is one regular
leaf of dimension 1. Proposition 2.5 implies that no geometric resolution of
finite length exists.
Assume there is one. By an obvious adaptation of the last item in Proposi-
tion 2.3, we can replace it on a neighborhood of 0 by a geometric resolution
(E,d, p) such that the vector bundle morphism d® is zero at the point ¢t = 0.
Without any loss of generality, we can assume there exists a nowhere vanishing
section e such that p(e) = v. Since an open interval of R is a contractible mani-
fold, the vector bundle E_; must be trivial. Denote by n; the rank of £_;. The
module I'(E_1) is generated by ny generators eq, ..., e,,. Without any loss of
generality, we can assume that e; = e. We then have for every 1 < k < ngy:
pler) = grv = ggp(er) for some function g € C*°(U). It implies that
pler, — grer) = 0. Since Im(d®) = Ker(p), there exist fo,..., fn, € I'(E_»)
such that d® (fx) = ex — grey for all k = 2,...,n;. This contradicts the as-
sumption that d®) vanishes at ¢t = 0, unless n; = 1. Now, if n; = 1, then the
kernel of p: T'y(E-1) — X(U) is made of all real-valued functions vanishing on
R4+ NU. This is not a finitely generated module. As a conclusion, F does not
admit smooth geometric resolutions.

3.4 LIE co-ALGEBROIDS, THEIR MORPHISMS, AND HOMOTOPIES OF THOSE

In this section we recall and/or provide the needed facts about Lie oo-
algebroids, morphisms between Lie oo-algebroids, and a good notion of homo-
topies between such morphisms. It will be defined in the smooth, real analytic,
and holomorphic settings all together. We will also define the functor to the
isotropy Lie oco-algebra associated to each point m € M.

3.4.1 LIE 0co-ALGEBRAS, LIE 00-ALGEBROIDS, AND N(@Q-MANIFOLDS

Let us explain how we deal with the notion of Lie co-algebroids and its dual
notion of N@Q manifolds. In this article, we think and prove results with the
N @Q-manifold point of view, because this is the point of view that makes mor-
phisms easier to deal with. But we state theorems using the Lie oo-algebroids
point of view, since it is a notion which seems easier to grasp for mathemati-
cians who work on singular foliations, but are not used to the language of
graded geometry.

DEFINITION 3.39. A Lie oo-algebra is a graded vector space E = @,~, E_;
together with a family of graded-symmetric n-multilinear maps ({ . '}")n>1 of
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degree +1, called n-ary brackets, which satisfy a set of compatibility conditions
that are called higher Jacobi identities. For all n > 2 and for every n-tuple of
homogeneous elements x1,...,x, € E, they are defined by:

Z Z 6(0’){{:60(1), e 5za(i)}i5 za(i-{-l); e ;zo(n) }n—i—i-l = 0, (320)

=1 oc€Un(i,n—1)

where €(o) is the Koszul sign induced by the permutation of the elements
Llyeoey Ly’
To() © ... O Toin) = €(0)21 O ... O Tp, (3.21)

where ® is the symmetric product on T'(S™(E)). Un(i,n — i) denotes the set
of un-shuffles. A Lie co-algebra structure is said to be a Lie m-algebra when
E_;=0forali>n+1.

We now provide a possible definition of Lie co-algebroids [37]:

DEFINITION 3.40. Let M be a smooth/real analytic/complex manifold whose
sheaf of functions we denote by O. Let E be a sequence E = (E_;)1<i<co Of
vector bundles over M. A Lie oco-algebroid (resp. Lie n-algebroid) structure on
E consists of a Lie co-algebra (resp. Lie n-algebra) structure on the sheaf of
sections of E together with a vector bundle morphism p: E_1 — T M, called the
anchor, such that the brackets {...}, are O-linear in each of their n arguments
except if n = 2 and at least one of its two entries has degree minus one. Then,
the 2-ary bracket satisfies the following Leibniz identity:

{z, fy}e = Hz,y}o + p(@)[f]y. (3-22)
forallz e T(E_1), y e T'(E) and f € C>.

REMARK 3.41. Its follows from these axioms that p is a morphism of brack-
ets (for all z,y € T'(E_;) one has p({z,y}2) = [p(x),p(y)]), and that
po {}1‘ g, = 0 The above definition relies on the symmetric convention
of the Lie oc-algebras found e.g. in [32]. The original definition of Lie oo-
algebras involves graded skew-symmetric brackets [36]; however, they are in
one-to-one correspondence with the above ones, cf. [43,45].

We observe that for Lie n-algebroids all k-ary brackets with k& > n + 2 are
trivial for degree reasons. Moreover, for every Lie co-algebroid, the following
sequence:

g, Y pg, e 2T, (3.23)

is a complex of vector bundles that we call its linear part.

Also, for every Lie oo-algebroid E over M, the 2-ary bracket restricts to a
skew-symmetric bilinear bracket on I'(E_;). Together with the anchor map, it
defines an almost-Lie algebroid structure on E_;. Therefore, by using the first
item of Proposition 3.8, we obtain:
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PROPOSITION 3.42. For every Lie co-algebroid E over M with anchor p, the
sheafification of the pre-sheaf p(F(E,l)) is a singular foliation.

We call this singular foliation the singular foliation of the Lie oco-algebroid
structure on E.

The definition of Lie co-algebroids above, although elementary, is quite cum-
bersome and often hard to use—especially when dealing with morphisms later
on. @-manifolds with purely non-negative degrees, called N@-manifolds, are
much more efficient objects and in one-to-one correspondence with the Lie
oo-algebroids. Let us define them.

We call a sequence E := (E_;);>1 of finite rank vector bundles over M indexed
by negative numbers an N-manifold E — M.'° An element 2 € T'(E_;) is
said to be of degree —i, written as |z| = —i. The sheaf of graded commutative
O-algebras of smooth, real analytic, or holomorphic sections of the graded-
symmetric algebra S(E*) will be denoted by £ and called the functions on the
N-manifold E — M. Here, it is understood that E* = @,., E*, and sections
of E*, are considered to be of degree +i. N

By construction, £ is a sheaf of graded commutative O-algebras. For every
positive k and n, sections of

b ELo..0F,,
i1+ +ig=n

where ® denotes the graded-symmetric tensor product, will be said to be of
degree n and of arity k and will be denoted by &sk).

Graded derivations of £ will be called vector fields on the N-manifold £ — M.
A vector field @ is said to be of arity k if, for all function F' € £ of arity [, the
arity of Q[F] is [ + k. Every vector field @ can be decomposed as an infinite

sum:
Q=) Q¥

k>—1

with Q) being a vector field of arity k. The degree of a vector field is defined
in in a similar manner. A vector field Q of odd degree commuting with itself'!,
i.e. satisfying Q% := 1[Q, Q] =0, is said to be homological.

DEFINITION 3.43. An NQ@-manifold is a pair (E,Q) where E — M is an N-
manifold over some base M and where QQ is a homological vector field of degree
+1.

By construction, for every NQ-manifold (F, Q) with sheaf of functions &, we
have an isomorphism of sheaves & ~ O, while & ~ T'(E*,), so that the

10Strictly speaking, this is only an example of an N-manifold, but after the choice of what
is called splittings, every N-manifold takes this form. We will henceforth always talk about
these split graded manifolds without further mention.

Il The graded commutator [P, Q] of two graded derivations P and Q of degrees p and g,
respectively, is by definition the graded derivation P o Q — (—1)P4Q o P.
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derivation @ maps O to I'(E*,). By the derivation property, there exists a
unique morphism of graded vector bundles p: E_; — T'M such that

(Qf.x)=px)f forall feO,zel(E_y). (3.24)

Here (.,.) stands for the duality pairing between sections of a vector bundle
and sections of its dual and the application of a vector field to a function is
understood when the former one precedes the latter one. We call the vector
bundle morphism p the anchor map of the NQ-manifold (E, Q).

Q=) Q" (3.25)

k>0

The next result is classical by now [57] and describes the duality between Lie
oo-algebroids and N @-manifolds.

THEOREM 3.44. Let E = (E_;);>1 be a sequence of vector bundles over a mani-
fold M. There is a one-to-one correspondence between (split) NQ-manifolds
and Lie oo-algebroid structures on E. The anchor p of both is identified by
means of Equation (3.24) above. In addition, under this correspondence:

1. The differential d of the linear part of the Lie cc-algebroid structure is
obtained by dualizing the arity zero component Q©) of Q, i.e. for all
a €T(E*) and x e T(E):

(QW a,z) = (-1)*Na,d(x)). (3.26)

2. The 2-ary bracket {.,.}2 and the arity one component QW are related
by:

(QWa,z0y) = p(x) (a,y) — p(y) (@, 2) — (. {w,y}2),  (3:27)

for all homogeneous elements x,y € I'(E) and o € T'(E*), with the un-
derstanding that p vanishes on E_; for i # 1.

3. For every n > 3, the n-ary brackets {...},: I'(S"(E)) — I'(E) and the
component Q=D : T'(E*) — T'(S"E*) of arity n — 1 of Q are dual one
to the other.

CONVENTION. We shall denote Lie co-algebroids as pairs (E,Q), with @Q the
homological vector field of the corresponding NQ-manifold E. As before, £ =
F(S(E*)) is its sheaf of functions. Its linear part shall be denoted by (E,d, p),
with p being the anchor map.

3.4.2 MORPHISMS OF LIE co-ALGEBROIDS

DEFINITION 3.45. A Lie oo-algebroid morphism from a Lie oo-algebroid
(E', Q") to a Lie co-algebroid (E, Q), with sheaves of functions &' and &, respec-
tively, is a graded commutative algebra morphism ®: & — £ which intertwines
Q and Q':

®o@Q =Q od. (3.28)
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Every Lie co-algebroid morphism ® induces a smooth map ¢: M’ — M that
we call the base morphism. We say that a Lie co-algebroid morphism & is over
the identity of M, if the base morphism ¢ is the identity map. It also induces
a graded vector bundle morphism ¢g: E, — E, over ¢ that we call the linear
part of ®.

REMARK 3.46. Equation (3.28), restricted to terms of arity 0, implies that the
linear part ¢ of a Lie oco-algebroid morphism @ from (E’,Q’) to (F,Q) is a
chain map between their respective linear parts:

4 e, Y yE, Y B, L TV
¢o %o b0 on
4 g, 4 B, 4 5, i ™

An O-linear map from & := I'(S(E*)) to & := I'(S(E’)), which is not neces-
sarily a Lie oo-algebroid morphism, is said to be of arity/degree k if it maps
functions of arity/degree [ in £ to functions of arity/degree I + k in £’. By
construction, the component ®*) is such that the arity of ®*)(F) is k +1 for
every function F' of arity [. In particular, ® can be decomposed into compo-
nents according to arity, which allows us to consider ® as a formal sum:

=) oW, (3.29)

keZ

The component ®*) of arity k& > 0 maps I'(E*) to I'(S*1(E™)). By O-
linearity, it gives rise to a section of S¥*1(E™*) ® E that we denote by ¢ and
call the k-th Taylor coefficient of ®. For all « € T'(E*) one has, by definition,

©M(a) = (¢, a). (3.30)

It deserves to be noticed that ®: £ — £’ is a graded morphism of algebras if
and only if @) = 0 for all i < 0 and for all k,n € N and all oy, ..., € I'(E*)
one has:

™ - Oay) = Z ) (ag) @ - © B (). (3.31)
i1 tip=n

® is a morphism of N-manifolds if, in addition, it has degree zero. Evidently,
every algebra morphism is determined uniquely by its Taylor coefficients.
Let (F,Q) and (E’, Q") be two Lie oco-algebroids over M with sheaves of func-
tions £ and &', respectively. We define a degree one operator on the space of
linear maps Lin(&, E’) from € to &' by
Qe.e: Lin(€,&") — Lin(&, &),
U = Qol—(—)¥woq@
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for every map of graded manifolds ¥: & — £’ of homogeneous degree |¥| € Z.
This operator squares to zero because both vector fields are homological. It
generalizes the BV-operator in the AKSZ-construction. One evidently has the
following statement:

LEMMA 3.47. Let (E,Q)and (E',Q’) be Lie co-algebroids. A graded algebra
morphism ®: £ — &' is a Lie co-algebroid morphism iff it is a degree zero
Q¢ gr-cocycle, i.e. iff Qg e(P) =0.

DEFINITION 3.48. For every graded algebra morphism ®: & — £’, a homoge-
neous map W: & — &' of degree k which satisfies

W(EFG)=W(F)o Q)+ (—1)HFIa(F) 0 W(G) (3.32)

for all homogeneous functions F,G € & is called a ®-derivation of degree k. We
denote the space of ®-derivations by X(& 2 &) and its restriction to O-linear
ones by Xyert (€ 2 &.

LEMMA 3.49. For every graded algebra morphism ®: € — &' of degree k:
1. Qe e(®?) is a D-derivation of degree k + 1.
2. Qger(®) is O-linear if ® is O-linear and p' = p o ¢g.

Proof. The first item follows from a straightforward computation:

Qe e (®)FOG) = Q(P(F) o ®(G))
) (Q(F) oG+ (-DFIFe Q(G))
= Qo®(F)o®G) —doQ(F)®dG) (3.33)

+(=1)F12(F) © (Q' 0 2(G) — 20 Q(Q))
= Qeer(®)(F) © (G) — (-1)F19(F) © Qe e/(2)(G),

for all degree-homogeneous F, G € £. The second item follows from

Qee(@)(f) = Q(f) —2oQ(f) (since ®(f) = f)
= (o) (df) — 2O o p*(df) (®,0© coincide on T'(E*,))
= (o' —podo)*(df) (by duality)
= 0.

k
W (6 -Oa) :Z Z € @(il)(al)G...®<wij,aj>®...@(I)(ik)(ak)
=1 ia e tig=n

(3.34)
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with ¢; = (—1)Wlleal++lei-1D: again, for every a € T(E*), (wy,a) =
W) (a). Conversely, given an arbitrary graded algebra morphism ®: & — &’
and any section w € I' (S*(E’*) @ E), there is a unique ®-derivation W =: w®
whose arity n component satisfies Equation (3.34) where wy, is the restriction
of wto I' (S*(E™) ® E).

Now let ® be a Lie oo-algebroid morphism from (E',Q’) to (E,Q). By a
straightforward computation one shows that for every ®-derivation W of degree
k, the linear map Qg g (W) is a ®-derivation of degree k + 1. This implies in
particular:

LEMMA 3.50. For every Lie co-algebroid morphism ® from (E', Q") to (E,Q),
the graded space X(E % E") of ®-derivations is a complex when equipped with
the differential Qg /. (Xyert(E % &), Qe.gr) is a subcomplex.

3.4.3 HOMOTOPIES BETWEEN MORPHISMS OF LIE 0co-ALGEBROIDS

Let us define what we mean by a piecewise-C'* path valued in Lie co-algebroid
morphisms from (E’, Q) to (F,Q). A piecewise-C* path valued in T'(B), with
B a vector bundle over M, is a map ¥: M x I — B to the manifold B such
that for all fixed ¢t € T = [0,1], the map m — ¢ (m,t) is a section of B and
there exists a subdivision a =ty < -+ <ty = b of I = [a, b] such that the map
Y MX|t;, tiv1[— B is of class C*°.

DEFINITION 3.51. Let (E,Q) and (E',Q’) be Lie co-algebroids over M. A
path t — ®; valued in Lie oco-algebroid morphisms from E' to E is said to be
continuous piecewise-C> when for all k € N, its Taylor coefficients t — ¢y (t)
of arity k is a piecewise-C* path valued in 1"(5’”‘1 (E’*) ® E), which is also
continuous—even at the junction points..

Given a piecewise-C*® path t — P, valued in Lie co-algebroid morphisms from
(E',Q") to (E,Q), we say that a path t — H;, with Hy a ®;-derivation, is
piecewise smooth if its Taylor coefficients t — hy(t) of arity k is a piecewise-
smooth path valued in T (S*1(E™) ® E).

REMARK 3.52. A subtle point in this definition is that the subdivision of I
with respect to which ¢ (t) is piecewise-C* may depend on k. The derivative
%@t is well-defined for all ¢ € I which are not in the countable set of points
delimiting all these subdivisions. For Lie n-algebroids, since the components
of arity k of (S(E’*) ® E)o vanish for k large enough, this subdivision of I can
be chosen to be the same for all values of & > 0.

d
dat
of t for which it is defined: it satisfies Q¢ g (%fbt) = 0, i.e. it is a cocy-
cle for the complex of Lemma 3.50 for ® replaced by ®;. This justifies the
following definition, whose rough idea is that homotopies are curves of Lie co-
algebroid morphisms whose derivatives are coboundaries for the complex of
$-derivations(and gives back usual homotopies, see Proposition 3.57 below):

It is routine to check that £ ®; is a ®;-derivation of degree 0 for each value
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DEFINITION 3.53. Let ® and ¥ be two Lie co-algebroid morphisms from (E', Q")
to (E,Q) covering the identity morphism. A homotopy between ® and ¥ is a
pair (P, Hy) consisting of:

1. a continuous piecewise-C'*® path t — @, valued in Lie co-algebroid mor-
phisms between E' and E such that:

(I)O = and (I)l = \I/,

2. a piecewise smooth path t — H; valued in ®4-derivations of degree —1,
such that the following equation:

do
4 = Qee (H)=Q oH, +HoQ (3:35)

holds for every t € [0,1] where it is defined.

REMARK 3.54. Let us be more precise about the meaning of Equation (3.35):
It should be understood as meaning that the equality

do®
dt

k
= Qe (H)™ =3 (@)D 0 HF ) 4+ H* 0 QW)
i=0
olds for every £ € N and every ¢ € |0, 1| where it 1s defined, 1.e. which are not
holds f k € N and 0, 1] where it is defined, i hich
junction points of the partition of I with respect to which @gk) is piecewise-C'™.

The following fact is obvious:

PROPOSITION 3.55. Homotopy of Lie co-algebroid morphisms is an equivalence
relation, denoted by ~, which is compatible with composition.

Proof. Let us show that homotopy defines an equivalence relation ~ between
Lie oo-algebroid morphisms:

o reflexivity: ® ~ ®, as can be seen by choosing &; = ® and H; = 0 for
every ¢ € [0,1].

o symmetry: ® ~ W implies that ¥ ~ & by reversing the flow of time,
i.e. by considering the homotopy (®1_¢, —Hi_¢).

o transitivity: if ® ~ ¥ and ¥ ~ = then there exists a homotopy (01, H1+)
between ® and ¥ and a homotopy (©a¢, Hat) joining ¥ and =. It is
then sufficient to glue ©; and ©2 and rescale the time variables, so that
the new time variable takes values in the closed interval [0, 1]. (Notice
that the resulting function will be continuous at the junction, but not
differentiable in general at that point.)
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Now assume that ®,¥: & — &’ are homotopic Lie oco-algebroid morphisms
between (E’, Q') and (F,Q), and that &', ¥': & — £” are homotopic Lie co-
algebroid morphisms between (E”, Q") and (E’,Q’). Let us denote by (P, Hy)
the homotopy between ® and ¥, and (®}, H;) the homotopy between &' and
U’. Then ® o ® and ¥’ o ¥ are homotopic via (®} o ®;, H{ o ®, +®} 0 Hy). O

We now give an important example, that shall be used in the sequel:

EXAMPLE 3.56. Let (E, @) and (E’, Q') be Lie cc-algebroids over M and let w

be a section of degree —1 of I'(S*™(E™*) @ E) for some i > 0. For every

Lie oc-algebroid morphism ®: &€ — £’ from (E’, Q') to (E,Q), we denote the

O-linear ®-derivation with Taylor coefficient w by w®.

The following differential equation has a unique solution for @, for all t € R:
d(I)t

- = Qe (w®) and @y = o. (3.36)

Therefore, the pair (®;,w®) is a homotopy between the Lie co-algebroid mor-
phism ® and the Lie oco-algebroid morphism ®;.

Let us check this point. The differential equation above decomposes into a
sequence of coupled differential equations: For all o € T'(E*) one has

W = 3 (@ o (@) (@) - (@) 0 U ()
Q/(kfi) ow (a) — Zk:é (,w<1>t)(j) o Q(kfj)(a) (3.37)
—0F wo Q) (a) "

where 0¥ is the Kronecker symbol.

Equation (3.34) shows that (w®)¥) is a fixed expression involving w and CID,Ek/)
for ¥ = 0,...,7 —¢. This implies that the r.h.s. of the differential Equation
(3.37) does not depend on <I>§k) but only on <I>§k Vfor k' < k—1. (In fact, a closer

look shows that it only depends on @gk,) for ¥ <k —1—1). Therefore @Ek) ()
is obtained by integration of the r.h.s. of (3.37), which itself depends only on

@Ek/) for ¥’ < k—1. Equation (3.36) can therefore be solved by recursion. Since

(©
for i > 1 we have that %— vanishes identically and for ¢ = 0 it satisfies

49" (a)

Y = QO ow(a) +woQO(a) Va e T(EY),

one finds that @Ek) (a) is a polynomial in ¢ for all k¥ > 0 and o € T'(E*).
Equation (3.36) therefore has solutions defined on all of R.

The importance of Definition 3.53 relies on the following result, which states
that two homotopic Lie oco-algebroid morphisms are related by a Qg g/-exact
term:
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PROPOSITION 3.57. Let (E,Q) and (E',Q’) be Lie oco-algebroids over M. For
every two homotopic Lie co-morphisms ® and U from (E', Q') to (E,Q), there
ezists an O-linear map H: & — &' of degree —1 such that:

V-0=Qee(H=Q oH+HoQ. (3.38)

Proof. We shall use the following property: the variation of a continuous
piecewise-C'™ function is equal to the integral of its derivative. From the rela-
tion L&, = Q¢ ¢ (H;) and from the fact that the path ¢ — ¢j,(t) is continuous
piecewise-C'™ for all k € N, we therefore obtain:

1 1
d
vy—-—9o = / —(I)t dt :/ Qg o4 (Ht) dt
o di o
1

/ (Q' o H, + H, 0 Q) dt

0

- Q’o(/oltht)—i—(/Oltht)oQ

Hence H = fol H; dt satisfies Condition (3.38). Also, H is O-linear because so
is Hy for all t € [0,1]. O

It deserves to be noticed that the map H introduced in the Proposition 3.57
is, in general, neither an algebra morphism nor a derivation of any sort.

REMARK 3.58. Taking the arity 0 part of Equation (3.38), one finds a homotopy
of the two underlying chain maps:

d d d
E', E,———F,
no no
Yol |¢o 7 Yo||do .7 Yo | | o
d’ X d’ ol d’
E_3 E_2 _— E_l.

Above, ¢g and 1)y are the linear parts of ® and W, respectively, and h is the
dual to the component of arity 0 of H.

We now define what we mean by a homotopy equivalence of Lie co-algebroids:

DEFINITION 3.59. Let (E,Q) and (E',Q’) be two Lie co-algebroids over M
and ®: &' — £ a Lie co-algebroid morphism between them. We say that ® is a
homotopy equivalence if there ezists a Lie co-algebroid morphism ¥: & — &’
such that

(I)O\I/Nidg and \I/O@Nidg/.

In such a case, the Lie co-algebroids (E,Q) and (E',Q’) are said to be homo-
topy equivalent.
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3.4.4 COMPARISON WITH CYLINDER HOMOTOPIES

Although it may seem quite different at first look, Definition 3.53 is in fact
very similar to a more classical and natural definition of homotopy given
by [7,54], that we shall refer as the cylinder homotopy. The only difference
with our definition lies in an important relaxation of the regularity conditions.
It consists of defining homotopies between two morphisms as being Lie oco-
algebroid morphisms of differential graded algebras from £ to the tensor pro-
duct & ® Q°([0, 1]), where Q°([0,1]) stands for forms on [0, 1], equipped with
de Rham differential, whose restrictions to {0} and {1} are the two given Lie
oo-algebroid morphisms. Equivalently, a cylinder homotopy between two Lie
oo-algebroid morphisms @ and ¥ from (F, Q) to (E',Q’) is a Lie oo-algebroid
morphism (T1,dqr) x (E,Q) — (E’, Q") whose restrictions to {0} x (F, Q) and
{1} x (E, Q) are ® and U, respectively.

PROPOSITION 3.60. Cylinder homotopies are homotopies (¢, Ht) as in Defi-
nition 3.53 that depend smoothly on the parameter t.

There is, however, a technical issue in the proof of Theorem 2.9 that imposes
the need to use of continuous piecewise C'*°-paths.

Proof. Let us explain the correspondence between both definitions. Let (E, @),
(E',Q"), and (®y, H;) be as in Definition 3.53.

Let us equip the tensor product & @ Q®([0, 1]) with the differential D given for
all F €& and w e Q°([0,1]) by

D:Fowr Q(F)ow— (—)FIF® dapw.

The graded commutative algebra £ ® Q°([0,1]) can be identified with the
algebra made of sums F; + G} € with F}, Gy families of elements in £ depending
smoothly on the parameter ¢ € [0,1] and € some free parameter of degree +1
that squares to 0 (that we invite the reader to think of it as being ”dt”). The
product in & ® Q°([0,1]) is then given by (F; + Gye)(F; + Gre) = F,Fy +
(Ftét + Fth)e. Also, the operator D is given for all F; + G:e of degree i, by:

.dF,

D(F; + Gre) = (Q(F)) + (—(—1) Sy (Q’(Q))) e (3.39)

Consider the map of degree 0 given by:

o= & - &o0(01])
F = t &y(F) + (—=1)FIH(F)e.

This map is a graded algebra morphism. This follows from the fact that ®, is
an algebra morphism and H; is a ®;-derivation for all £, as can be seen by a
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direct computation, valid for all F' € &;,G € &;:

B(FG) = &,(FG)+ (1) H,(FG)e
= &(F)P(G) + ((—1)H(F)Pi(G) + (—1)7®(F)H,(G)) €
= (Qu(F) + (-1)'Hy(F)e) - (24(G) + (1) Hi(G) €)
= O(F) - B(Q).

Equation (3.35) holds, as can be seen by the following computation:

Do®(F)=Qo®,(F)— (—1)l1 22 e | (_1)i Qo Hy(F)e.

{ o Q(F) =0 Q(F) +(~1)'H 0 Q(F)e
As a consequence, ® is a chain map. Since dis a graded algebra morphism
and a chain map, this implies that the data of Definition 3.53 induces, when it
is smooth, a cylinder homotopy. The converse goes by going backward in the
previous computations and proves the equivalence of the cylinder homotopy
with homotopies as in Definition 3.53 given by smooth data. o

For a more enhanced discussion about this more restricted notion of homotopy
of Lie co-algebroid morphisms, we refer to [8] or [54].

PROPOSITION 3.61. The equivalence relation given by cylinder homotopies and
the equivalence relation given by homotopies as in Definition 3.53 coincide on
morphisms of Lie oco-algebroids constructed on complezxes of finite length.

Proof. Let (P4, Ht) be a homotopy as in Definition 3.53 relating two morphisms
D, @1, defined on complexes of finite length. Then only finitely many of the
Taylor coefficients of ®; and H; are different from zero. The set S of points in
I =[0,1] at which ®, or H; are non-smooth is therefore finite. Let f: I — I be
a smooth function such that f(0) = 0 and f(1) = 1 and such that f*)(¢) =0
forallk > 1andt € S. The pair (® ), f'(t)H)) is then a homotopy given by
smooth data relating ®y and ®;. The result then follows from Proposition 3.60.

O

3.4.5 THE HOMOTOPY AND THE ISOTROPY FUNCTORS

Let M be a manifold. For every k € NU oo, Lie k-algebroids over M together
with Lie oo-algebroid morphisms of M form a category that we denote by LIE-
k-ArLcoID. In this article, we rather consider the quotient category HLIE-k-
ALGOID)s where objects are Lie k-algebroids over M and arrows are homotopy
classes of morphisms.

REMARK 3.62. In this language, Theorem 2.9 translates into: Universal Lie co-
algebroids of F are terminal objects in the sub-category of HLIE-00-ALGOID s
of Lie oo-algebroids for which the image of the anchor map is contained in F.
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When the manifold is a point, we recover the usual categories of Lie co-algebras
defined over negatively graded vector spaces. We denote by LIE-k-ALG and
HLIE-k-ALG the counterpart of the above-defined categories in this case.
Every point m € M induces a functor J,,: LIE-k-ALGOID); +— LIE-k-ALG,
called the isotropy functor, that we now describe.

1. Let (F,Qp) be a Lie k-algebroid over M with anchor p. According to
the axioms of Lie k-algebroids, the k-ary bracket restricts to the graded
vector space

K*(F,m) = Ker(plm) & D F-ilm (3.40)

i>2

for every k € N| see Definition 3.40, Equation (3.22), and Remark 3.41.
This implies that (3.40) is equipped with a Lie k-algebra structure. This
defines J,,, on objects.

2. Let @: T'(S(F*)) — T'(S(E*)) be an arbitrary Lie k-algebroid morphism
from (E,Qg) to (F,QF). Since it is O-linear, it induces a graded Lie
algebra morphism ®|,,: S(F|%,) — S(E|%,). The linear part of ® being
a chain map by Remark 3.46, it restricts to a graded algebra morphism
T (®): S(K(F,m)*) — S(K(E, m)*), which is easily checked to be a Lie
oo-algebra morphism. This defines J,, on arrows.

Homotopies between morphisms being given by O-linear data (®;, H;), the
following lemma is easily verified:

LEMMA 3.63. Let ®,U: (E,Q) — (E',Q’) be two homotopic Lie-oo algebroid
morphisms over M. For every point m € M, J,(®),T,(¥): T,(E,Q) —
Jm(E', Q") are homotopic Lie-co algebra morphisms.

This Lemma implies that the isotropy functor passes to the quotient to yield a
functor

h3J,,: HLIE-k-ALGOID s — HLIE-k-ALG, (3.41)

that we call the isotropy functor.

Let us finish this discussion with a few words on invertible arrows in these
categories. Homotopy equivalences, see Definition 3.59, are invertible arrows
in the category HLIE-k-ALGOID /. An invertible arrow in the category HLIE-k-
ALG relating two objects (V, Qv ) and (W, Qw ) is a differential graded algebra
isomorphism of the corresponding symmetric algebras, S(V*) ~ S(W*).

3.5 PROOF OF THEOREM 2.8 ABOUT EXISTENCE

Throughout this subsection we assume that we are working in the smooth
setting but the arguments below also work in the real analytic or holomorphic
case in a neighborhood of a point.

DOCUMENTA MATHEMATICA 25 (2020) 1571-1652



1614 C. LAURENT-GENGOUX, S. LAavau, T. STROBL

3.5.1 ARITY-DEFORMATION OF COMPLEXES OF VECTOR BUNDLES

A complex of vector bundles

4B —45E, 45 B, (3.42)

is in one-to-one correspondence with an NQ-manifold where @ is of arity zero,
Q = Q) see in particular Equation (3.26). In this subsection, we discuss
deformations of such a complex inside the category of NQ-manifolds following
the general expansion (3.25): Theorem 2.8 will then follow from this discussion.
The homological condition [Q,Q] = 0 is equivalent to the following set of
equations:

[Q©,Q"] =0 (3.43)
R, QM =0 (3.44)
vazz  QO.QU=-3 Y QU.QV. (345
21§i,j§n—1
i+j=n

The first one is valid by assumption, the second of these equations determines
the tangent vector of the deformation. It has to be a Q(®)-closed, arity one, and
degree one vector field. Such a vector field Q) corresponds to the following
data: An anchor map p: E_1 — TM and a family of binary brackets on
the sections of E such that the Leibniz identity (3.22) holds true and d is a
derivation of the bracket.

Now we assume that E, Q©, and such a Q) are given. Then there is a
standard theory of obstruction classes entailed by Equations (3.45) (see, for
example, Chapter 13.3.3 in [39]): The deformation problem is governed by the
differential graded Lie algebra (DGLA)

(:{(E)a [" ']a [Q(O)a ])

While the right hand side of Equation (3.45) is always Q(®)-closed by the Ja-
cobi identity of the graded Lie bracket of vector fields, according to this equa-
tion it has to be exact so as to extend the procedure one step further. Thus
the obstruction for finding Q™ lives in H*(X(E),adg ), the cohomology of
adgo = [Q), ] at degree two.

What we said so far is valid for every DGLA. In the particular context of
NQ-manifolds, it turns out to be useful to relate this problem to the following
differential graded Lie subalgebra

(xvert(E)a ['7 ']a [Q(O)a ])

of vertical vector fields. By definition, vertical vector fields are O-linear deriva-
tions of £. Now it is an important observation that within the expansion (3.25)
only the term within Q@(*) which specifies the anchor is non-vertical; all the other
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parts of Q are vertical vector fields. Moreover, the Lie bracket of Q) with Q™)
is vertical whenever n > 2. Thus all the obstruction classes for n strictly bigger
than two actually live inside H?(Xyer(E), adg ). In fact, noting that the Lie
bracket preserves arity and the arity of the right hand side of Equation (3.45)
is n, for every n > 2 the cohomological obstruction lives in

HQ(%EZA(E), adg)) - (3.46)

Here %gzt (E) denotes vertical vector fields of arity n.
The case n = 2 needs special care. The condition [Q(®,Q®] = 1[Q™M QW]
can be split into two parts: Since the left hand side of this equation is vertical,

one needs
[Q(l)a Q(l)] € %Vert(E) . (347)
If this is satisfied, then its class inside (3.46) is defined and needs to vanish.

3.5.2 COHOMOLOGY OF VERTICAL VECTOR FIELDS FOR GEOMETRIC
RESOLUTIONS

We denote the space of vertical vector fields on F of arity n and degree k by
x(")

vort (E)k. There is a natural isomorphism

x(")

vert

(E)e ~T(S"T(E*) ® E),. (3.48)
Consider the following map, which we call the root map:

rt: f{(n)

vert

(E)e = D(S"HH(E"))e ®0 F[-1]

which is obtained by applying id ® p to the component of a vertical vector
field in SV (E*)y ® E_;. The shift in degree is needed if we want rt to be
of degree zero. Later, it will be useful to characterize this map also in the
following way: Let f denote a function on M, dar f € I'(T* M) its differential,
and p*: D(T*M) — I'(E*,) the dual of the anchor map. Then for every vertical
vector field W on E, one has:

W(p"dar f) = rt(W)[f], (3.49)
since for every z € T'(E_1), (z,p*darf) = p(x)[f]. We will call the image

rt(W) of a vertical vector field W with respect to this map the root of this
vector field.

PROPOSITION 3.64. If (E,d, p) is a geometric resolution of F, then
rt: (X(E)s, adgo) = (N(S™(E7))s @0 FI-11,Q" ® id)
18 a quasi-isomorphism.
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The proof of this proposition requires some preparation. The following lemma
is straightforward to show: We leave the details to the reader, some of which,
however, can be found also in the proof of Lemma 3.66 below.

LEMMA 3.65. Under the isomorphism (3.48), the differential adgo) becomes
the total differential of the following bicomplex:

-

T(S™H(E*) i ® EB_g) o T(S™ (B3 @ B_a) —2 T(S™(E*) 15 ® E_1) —= 0

(3.50)

Qm)@‘dT Q(m@idT Qm)@,dT
. Jidwd_ . ided .
T(S™ M (E* ) pt2 ® BE_3) ——=T(S" T (E*)pt2 ® B_y) ——>T(S""(E*) 2 ® E_1) —>0
QW @id Q“’)QbidT Q“‘”@:dT
)

e TS (B )1 © Bog) “5 TS (B*) i1 © Boa) “2% (S (B*) i1 © B_1) ——

| | |

0

For degree reasons S¥(E*); = 0 for | < k—the first non-zero row starts at
height n 4 1.

|
HEIGHT |
A

--4n+1

Figure 1: A vertical vector field Y of arity m and degree n + 1 — d and its image
under the differential adg0) & Q(O) Rid+id®d

Proof of Proposition 3.64. By definition of a geometric resolution, the following
is an exact complex of O-modules:

S T(E) —YsT(E) L sF——>0.
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Sections of S"T1(E*); form a projective O-module for all & > 0, thus tensoring
over O with T'(S"T1(E*);) preserves exactness:

e T(STUE ) @ Bg) ¥ D97 (B) @ By) “22% D(§7H (B4 @0 F ——0.  (3.51)

Therefore, all lines in the bicomplex below are exact complexes:

: : (3.52)
e (SN (E gy ® Eeg) ~20L D57 (B s @ E_p) 2228 D(S" 1 (E*)ts) ®0 F —— 0
Q(‘))@mT QO @id QW ®id

_idgd id®p

= T(S" M (E*) g2 @ E_g) —=T'(S"H(E*) 2 @ B_1) —

E)

Q(“)WT Q) id 1T QU wid
)
0

i id
e TS (E )1 © B) 22 T(SM (B0 @ By) % T(S™HY(E

T

0

nt1) @0 F —=0

)

|
—=D(S"H(E")ns2) ®0 F —=0

|

*)

|

0

so that the cohomology of the total differential of this bicomplex is zero. By
diagram chasing, this implies that the sub-bicomplex obtained by removing the
last column on the right is quasi-isomorphic to the complex formed by the last
column. The quasi-isomorphism is simply given by the collection of arrows
from the penultimate column to the last one, which, up to the shift in degree,
is precisely the map rt.

Alternatively, this quasi-isomorphism can be seen as follows. There is a short
exact sequence of complexes:

0= T(S"THE")) ®o F — B, —>%Vm( Yo — 0,

where B, is the complex associated to the bicomplex (3.52) and = is the projec-
tion of the bicomplex (3.52) onto (3.50) composed with the isomorphism (3.48).
Since the lines of the bi-complex B, have trivial cohomology, the total differ-
ential of B, has trivial cohomology. Taking the associated long exact sequence
in cohomology, we obtain an isomorphism at the level of the connecting map:

HY(X(E), adgo) ~ H¥H(D(S™HH(E") @0 F,Q @/id)
for all k € Z. This connecting map is easily seen to be induced by rt. o

LEMMA 3.66. Let (E,d,p) be a geometric resolution of F and R a vertical
vector field of degree i and arity n which is Q(®)-closed and whose root is
strictly zero. Then R = [Q(®), W] for some vertical vector field W of arity n
which has no component in T'(S" T (E*); ® E_1).

Proof. Decompose R as a sum R = Y., R; with R; € T(S"V(E*);,; ®
E_;). We need to find W of the form W= 5. W; with W; €
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DS+ (E*)4i—1 ® E_j). The relation R = [Q(®), W] amounts to a sequence
(Hi)r>2 of conditions:

{ (H2) (id®d) W,
(Hi) (id®d) W

Since rt(R) = (id ® p)(R1) = 0, exactness of the ith line in (3.51) implies that
there is some Wy € T'(S™tV(E*); 11 ® E_,) satisfying (Hz). The remaining
components are then constructed by recursion: Assume that we have con-
structed Wa, ..., Wy satisfying (Hs),. .., (Hy) for some k > 2. The condition
[Q®, R] = 0 translates into the following set of equations

Ry,
Rip_1 — (Q© ®id)Wy,_; for all k> 3.

QO ®@id)R;_; = —(id® d)R; forall j > 2.

Applying (Q(® ®1id) to the recursion assumption (Hy), the above equation for
j = k, together with anticommutativity of the two differentials, shows that
Ry — (Q© ®id)W}, is (id ® d)-closed. Then exactness of the ith line in (3.51)
grants the existence of some Wy € T(S™HD(E*);,x ® E_j_1) which satisfies
(Hrt1)- O

COROLLARY 3.67. In the case of a geometric resolution (E,d, p) one has:

1. mHRxm

vert

(), adg) = HEL(D(S™ (%)) 90 F, QO @ id)

2. H2(x{M

vert

(E),adQ(o)) =0ifn>3.
Proof. The first item is a trivial consequence of Proposition 3.64 after dropping

the shift in degree of . The second item follows from the first one for £ = 2 and
the fact that every element of degree three in I'(S"T1(E*)) is zero if n > 2. O

3.5.3 EXTENSION OF AN ALMOST LIE ALGEBROID TO A GRADED ALMOST
LIE ALGEBROID ON A GEOMETRIC RESOLUTION

Now we return to our initial problem: We are given a geometric resolution
(E,d,p). This specifies in particular E and Q(®) in the deformation problem
outlined in section 3.5.1. To take care of the given anchor map, we now search
for a Q(©-closed Q) inducing p.

In fact, according to Proposition 3.8, we know that we can equip E_; with an
almost Lie algebroid bracket for the given anchor. More precisely, an anchor
and a binary bracket on F_; satisfying the Leibniz identity correspond precisely
to a degree one vector field ngl of arity one. These data define an almost

Lie algebroid structure if in addition Equation (3.2) is satisfied. It is an easy
exercise to verify that this last identity is satisfied iff

[ngl ) Q(Elzl] S %Vert(E—l) . (353)

Thus, to initiate our deformation problem, we need to extend ngl on F_1 to
a vector field Q) defined on all of E which is adg-closed. We now first lift
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gzl to a vector field Q) by means of a connection.'? Given an arbitrary
choice for the lift, we search for

QW =P +v (3.54)
where V is a vertical vector field in &;>2I'(S?(E*)iy1 ® E_;), i.e. with no
component in N(A2E*; ® E_1).

Note that V now also parametrizes different choices for the initial lift QS).
One can convince oneself that for every choice of lift and of V', the property
(3.53) ensures that the obtained Q1) satisfies Equation (3.47). We now want
to show that there always exists a choice for V such that Q! in (3.54) becomes
adg-closed. The resulting structure on E given by QW + QW™ then defines
what we call a graded almost Lie algebroid defined over the initial resolution:

DEFINITION 3.68. A graded almost Lie algebroid is a complex of vector bundles
(3.42) equipped with a bracket

[ ] D(E-i) x T(E-;) = D(E_i—jt1)

which satisfies the following three arioms

[z, fy] = flz.yl+p(@)[fly, (3.55)
dlz,y] = [d(z),y] + (=1)'[z,d(y)], (3.56)
p(fz,y]) = [p(z),p(y)] (3.57)

forallz e T(E_;), y e T(E_;), and f € C>®(M). Above, it is understood that
px) =0 if x e T(E_;) for all i > 2.

PROPOSITION 3.69. FEvery geometric resolution (E,d, p) and every almost Lie
algebroid structure on E_1 C E can be extended to a graded almost Lie
algebroid structure on E.

LEMMA 3.70. A graded almost Lie algebroid structure is in one-to-one corre-
spondence with a graded manifold E equipped with a degree one vector field
Q = QY + QW of arity at most one such that Equations (3.43), (3.44), and
(3.47) are satisfied.

LEMMA 3.71. The vector field [Q®), Q] with Q) as in (3.54) defines, up to
different choices of V', an element in H? (%E,lezrt(E), adg )-

Proof. We first observe that QM) f = p*(dgqr f). This yields

[Q,QWI(f) = (d®)* 0 p"(dar f)

and this vanishes due to property p o d® = 0 of the resolution. Thus
[Q©, QM] € Xyert. The rest is obvious then. O

12The graded manifolds we discuss here are split and thus we also have an embedding of
E(_y) into E. We can choose any extension of the vector field outside the given graded
submanifold, provided only of the given degree and arity. For degree reasons, these two
notions of a lift and such an extension are equivalent here.
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LEMMA 3.72. For every choice of V in (3.54), 1t([Q(®,QM]) =0

Proof. We already established above that the self-commutator of Q) is verti-
cal, Equation (3.47). Thus so is [Q(©), [@™M), QW]]. For every function f € O,
we then compute:

0= [@® [, QW] (/) =
(2@, Q1] (1) = [, QW] (¢ (dar)) (3:58)
Comparison with Equation (3.49) then establishes the equation to prove. O

REMARK 3.73. The relation rt([Q(®, QV)]) = 0 translates into p({d(z),y}2) =
0 for every x € T'(E_2), y € T'(E_1). The latter equation can be proven also
by using first that, in an almost Lie algebroid E_;, p is a morphism of the
brackets and then that d o p = 0 by the resolution property.

Proof of Proposition 3.69. For every choice of V in (3.54), Lemma 3.71 implies
that [Q(®, Q)] is a vertical vector field. Lemmata 3.72 and 3.66 imply that
there exists a vertical vector field W with [Q(®, QW] = [Q®), W] whose com-
ponent in A2E*; ® E_1 is zero. This W can now be used to redefine the initially
given V above, V — V — W, such that the resulting Q(®©) and Q") satisfy the
required relations of a graded almost Lie algebroid, see Lemma 3.70. o

Proposition 3.69 together with Proposition 3.8 imply:

COROLLARY 3.74. Every geometric resolution (E,d, p) of a singular foliation F
admits a graded almost Lie algebroid structure over it, i.e. the complex (E, Q(O))
permits the definition of a degree and arity one vector field Q) such that
Equations (3.43), (3.44), and (3.47) are satisfied.

REMARK 3.75. In contrast to Proposition 3.69, Corollary 3.74 permits us to
deform an initially specified almost Lie algebroid structure (F_1, Q(l) .). For
the proof of this weaker statement, it is sufficient to show that, for every lift
Qg) of some ngl, the bracket [Q(O),Qg)] defines a vanishing cohomology
class in (3.46) for n = 1. It is interesting to see that while the deformation
problem leads to cohomology classes in (3.46) for n > 2, setting its initial data
leads to a likewise one for n = 1.

3.5.4 EXTENSION OF AN ALMOST LIE ALGEBROID TO A LIE
00-ALGEBROID ON A GEOMETRIC RESOLUTION

In this section we extend Proposition 3.69 to the following statement:

PROPOSITION 3.76. Every graded almost Lie algebroid (E,Q© + QW) over a

geometric resolution (E,d,p) can be extended to a Lie co-algebroid structure
on E.
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Proof. We are thus given Q(® and Q) satisfying Equations (3.43), (3.44),
and (3.47) for the deformation problem described in section 3.5.1. For the
extension problem, Equations (3.45), to have a solution, vanishing of the coho-
mology classes in (3.46) for all n > 2 is necessary and sufficient. According to
Corollary 3.67, all cohomology spaces for n > 2 are trivial,

HQ(,'{\(/ZZt(E)7 adge) =0 Yn > 3.

We are thus left with considering only the case n = 2. By Proposition 3.69,
[QW, QW] is vertical and adg-closed. In this case H> (Z{S,i)rt(E), adg) ) may
be nontrivial, but the following lemma shows that the 2-class of [Q(l),Q(l)]
vanishes. O

LEMMA 3.77. For the arity one part Q1) of the odd vector field characterizing
a graded almost Lie algebroid, one has

rt ([Q<1>,Q<1>]) = 0. (3.59)

Proof. The Jacobi identity implies [[Q™),QMW],QM] = 0. Application to a
function f € O and the verticality of [Q™"), QM] implies
0=[[QW,QW,M](f) = Q™. @MIQM () = @M, QW](p" (darf)-

Thus, by Equation (3.49), rt([Q™), QM])[f] = 0 for all functions f € O. com-
pletes the proof of the proposition. O

REMARK 3.78. Equation (3.59) is equivalent to the following relation
Va,y,z€e(E_) p(Jac(z,y,2)) =0, (3.60)

where Jac is the Jacobiator of the almost Lie algebroid bracket on E_;. The
validity of Equation (3.60) now follows immediately from the fact that p is a
morphism of brackets and the brackets of vector fields form a Lie algebra. This
then provides an alternative proof of Lemma 3.77.

COROLLARY 3.79. Every geometric resolution (E,d, p) and every almost Lie
algebroid structure on E_; C E can be extended to a Lie co-algebroid structure
on E.

COROLLARY 3.80. Every geometric resolution (E,d, p) of a singular foliation F
admits a Lie co-algebroid structure over it.

3.6 PROOF OF THEOREM 2.9 ABOUT UNIVERSALITY

Throughout this section:

e (E,Q) and (E',Q’) are Lie oo-algebroids over the same base manifold
M. Their sheaves of functions are denoted by, respectively, £ and £, and
their linear parts are, respectively, the complexes (E,d, p) and (E’,d’, p’).
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e The anchor of E’ defines a sub-singular foliation F’ of the singular folia-
tion F defined by p, i.e.
F' CF,

where F = p(I'(E_1)) and F' = p'(I'(EL)).

Within this section, we work simultaneously in the smooth, real analytic, and
holomorphic settings. The proof of Theorem 2.9 is related to two deformation
problems, which we will first introduce one after the other.

3.6.1 LIE 0c0o-ALGEBROID MORPHISMS UP TO ARITY n

DEFINITION 3.81. Let n € Ng U {400}. A Lie oco-algebroid morphism up to
order n is a O-linear graded algebra morphism ®: £ — &' such that components
of arity i <n of Q' o ® — ® o Q vanish, i.c.

Qee(®P =0 V0O<i<n. (3.61)

For n = +o00, we simply recover a standard Lie co-algebroid morphism.
Throughout this subsection, we are given a chain map

Lﬁo J;% J;’o J{id : (3'62)

d,2p, 4 p, 4, L TM

The dual chain map ¢§: I'(Ey) — I'(EL*) admits a unique extension to an O-
linear graded algebra morphism ®©): & — £’. Since, by duality, the arity zero
components Q@ of Q and Q¥ of Q’ correspond to the differentials d and d’,
respectively, this map is in fact also a morphism of graded differential algebras
®O: (£,Q0) = (&,Q'). Tt is therefore a Lie co-algebroid morphism up to
arity 0. Note that for being a Lie oo-algebroid morphism up to arity 0, one
only needs the commutativity of the squares in (3.62) except for the one to the
utmost right. Using Equation (3.31), we can also rewrite the conditions (3.61)
in terms of the Taylor coefficients of ®:

LEMMA 3.82. The i-th condition (3.61) restricted to I'(E*) is equivalent to

e U L

where the Taylor coefficients are viewed upon as maps ¢p: SFT1(E")e — E.
The whole set of equations (3.61) as it stands is equivalent to the set of equations
(3.63) for all 0 < i <n.

QYL (W) = QO oW — (~1)WIW 0 Q© VW € Xyere(€ 22 &),
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For every n € N, the space %f,zzt(é' LAy ) of O-linear ®(°)-derivations of arity n
is a sub-complex of this complex. Consider a Lie co-algebroid morphism ® up
to order n whose component of arity 0 is (@ : & — &’ or, equivalently, whose
zeroeth Taylor coefficient is ¢g. We say that a Lie oo-algebroid morphism
P: £ — £ up to order n + 1 is an extension of ® if @) = &) for all i < n
or, equivalently, if ® and ® have the same Taylor coefficients up to order n.
Such as H? (f{("H (E),adgo ) governs the deformation problem in the context

vert

of Equations (3.45), the following proposition shows that this role is played by
n+1 o
(x\(/ert ( ) QS 5’)

for the Equations (3.63) in the search of ¢n+1 Note that for each 4, the Lh.s.

of Equation (3.63) can be rewritten as QS g,(qﬁ )= QO ogr — ¢t oQ) while
the r.h.s. contains Taylor coefficients of P up to order ¢ — 1 only.

PROPOSITION 3.83. For every Lie oco-algebroid morphism ®: € — &' up to
order n one has:

1. cpi1(®) = (Qgﬁg/((l)>>(n+1) is an O-linear, Qé%,—closed ®O) _derivation.

2. If the class [cn41(DP)] is zero in Hl(%(m_l)( &, ng)g,), then ® per-

vert
mits an extension to a Lie co-algebroid morphism up to order n + 1.

Proof. Considering the component of arity n + 14 ¢ + j in (3.33), for all ho-
mogeneous functions F' and G of arities ¢+ and j, respectively, yields:

Qe (®) " V(FoG) =
Qe (@) "V (F) 0 20(G) (3.64)
— ()T (F) © Qe (®) "V (@).

Since ¢p1(®) = Qe.e ()", this proves that c,41(®) is an O-linear ®(©)-
derivation.

Q' 0 Qe.er(®) "™ + Qeer ()" 0 QO = 0. (3.65)

In other words, ¢,11(®) = ngg/(d))("ﬂ) is Q((go)g,—closed. This concludes the
proof of the first item. 7

Let @ be as in the following lemma, which is shown easily by use of Equations
(3.31) and (3.34):

LEMMA 3.84. Let ®: £ — &' be an O-linear graded algebra morphism and W a
®O)_derivation of arity n+ 1. Consider an O-linear graded algebra morphism
: £ — & whose Taylor coefficients coincide with those of ® up to order n,
gi)z - @i for all 0 < i < n and whose n plus first Taylor coefficient agrees with
W, dnsr = W. Then @@ = &0 for 0 <i<n and "+ = 0+ 1 7.
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the components of arity 0,...,n of Qgﬁg/(i)) coincide with those of Qg ¢/ (P)
and therefore vanish as well. In addition,

(Qe.er(8)) ") = (Qe.er (@)™ 4+ QoW - WoQ© = 1 (®)+QV, (W),

The right hand side of this equation is equal to zero by definition of W. This
proves the second item. O

3.6.2 HOMOTOPY DEFORMATIONS UP TO ARITY n.

DEFINITION 3.85. Let n € NoU{4o00} and ®, ¥ two Lie co-algebroid morphisms
from (E', Q") to (E,Q). A homotopy deformation of ¥ into ® up to arity n is
a sequence (U;)_1<i<n of Lie co-algebroid morphisms from (E', Q") to (E,Q)
such that:

(i) U_, =0,

(il) ¥, and ® agree up to arity i for all 0 < i < n,

(iii) W; and W;y1 are homotopic through a homotopy (¥, Hr)rc[i i+1) where,
for all T €]i,i+ 1], H; is a ¥, -derivation whose components of arity less
or equal to © vanish.

The following statement explains the importance of homotopy deformations:

PROPOSITION 3.86. If a homotopy deformation up to arity +oo of ¥ into ®
exists, they ® and ¥ are homotopic Lie co-algebroid morphisms.

LEMMA 3.87. Let f: [0,1[— [—1, +00[ be a strictly increasing surjective smooth
function. Then the pair (V). f'(t) Hyw) together with Wy := ® is a ho-
motopy between ® and V.

Proof. Assumptions (i) and (iii) imply that, for all 7 > n, o g equal to
®("), Hence, for each fixed n, there exists a neighborhood U,, C [0, 1] of 1 such

that for all t € U,, we have \II;(Z) = &), In particular, t — \II;(Z) is continuous

and piece-wise-C'*°. Likewise, f’(t )H}?t)) is piece-wise smooth and vanishes for
allt € U,.
By construction, the pair (W, f'(t) Hf)) satisfies the following equation

df( L= Qe (F/(H) Hyqy) -
Comparison with Equation (3.35) shows that this pair provides a homotopy
between Wy = V_; = ¥ and ;1) = . 0

Given a homotopy deformation up to arity n, we wish to extend it up to arity
n+ 1. As the following proposition shows in parallel to Proposition 3.83, there
is again an obstruction which is cohomological in nature, now living in

n q>( )
HO (aese;?)( &, Qé%) -
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PROPOSITION 3.88. Consider a homotopy deformation (V;)i=—_1,...n of ¥ into
D up to arity n > 0. Then:

1. Cpy1(®,0,) := (®—U,)" D is an O-linear Qggé/—closed &) _derivation.

(0)
2. If the class of cuy1(P, ;) in HO(Xyers (€ 2 5’),@{507)5,) vanishes, then
there exists a Lie co-algebroid morphism .41 such that (¥;)i=—1,.. n+1
provides a homotopy deformation of ¥ into ® up to order n+ 1.

Proof. For all F,G € &, one has:
(P-T)FOG)=@-T,)(F)Oo®(G)+T,(F)®(®-T,)(G). (3.66)

Since, by assumption, (& — ¥,)() = 0 for all 0 < i < n, taking F and G
of arity ¢ and j in the above equation and considering its component of arity
n+ 1414+ j, we obtain:

(@ -V, ""T(FoG) =
(@ —0,)"(F) 0 eO(G) + 2O(F) o (& — w,)"TD(Q). (3.67)

This implies that (® — )"tV : & — £ is a ®()-derivation. Moreover, since
both & and ¥,, are Lie co-algebroid morphisms, one has:

(@-V,)0Q=Q 0o(®—V,) (3.68)

Restricting this equation to the component of arity n 4+ 1 yields, for the same
reason, (¢ — ¥,,)"* 0 Q) = Q" o (& — W,,)™ ). Thus (& — ,,) " is
Q((g?)g,—closed, which proves the first item.

Assume now that (& — ¥,,)("*1 ig Qg))g,-exact, so that there exists a ®()-
derivation W of arity n + 1 and degree minus one such that:

(@ — )" = QL% (W), (3.69)

In view of Example 3.56, the following differential equation admits a solution
on the interval [n,n 4 1] with initial condition at ¢t = n:

d¥
G = Qe (@), (3.70)

where w is the Taylor coefficients of W and, as before, w?¢ denotes the -
derivation with this coefficient.
For notational simplicity, let H; := w"¥*. Since w is a section of T'(S"*2(E"*) ®
E), Equation (3.34) implies:

H® =0 and  (Qee(w¥)® =Qee(H)P =0 Vk<n. (3.71)
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Thus according to Equation (3.70) and by an appropriate choice of initial con-
ditions satisfying our assumptions, one has

o) =gk —o® e nn+1], Vk<n,
and thus also
oM =™ k< (3.72)

Since, according to Equation (3.34), for the critical arity n+1, the morphism ¥,
does not enter the expression for H; = w¥t, it also coincides with the ®(®)-
derivation having the same Taylor coefficient w:

HM =W, (3.73)
By Equations (3.70), (3.71), and (3.73) therefore:

d\PgnJrl)

_ J(H (n+1)
g Qe e (Hy)

— Q/(O) o Ht(""l‘l) + Ht(""l‘l) ° Q(O)
QoW +WoQ® =QP,, (W)= (& ¥,)" D,

This implies U{" ™ = ¥ 4 (¢ — n)(® — T,,)) D), 50 that
n+1 n
\II’EL-FI ) = (I)( +1)a

which, together with Equation (3.72), completes the proof of the second item.
O

3.6.3 THE COHOMOLOGY OF O-LINEAR ®(®)-DERIVATIONS
Let ¢ be as in (3.62) and ®(©): & — £ its extension as in Section 3.6.1. We
now study the complex (%(")

o0 4, (0) .
vert (€ == &')e, Q¢ ¢/), the cohomology of which hosts
the obstruction classes of both previous subsections.

Assigning to an O-linear ®(©-derivation of arity n its Taylor coefficients yields
a graded O-module isomorphism:

£ (& 2 g, ~ T(S™HY(E™) ® E).. (3.74)

vert

For E' = FE and ® = id, this reproduces (3.48). Under this isomorphism, the
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differential Qé%, becomes the total differential of the following bicomplex:

[ ided

s (ST (E) s ® F_g) ——> T(S™ (B ) g3 ® E_p) ——> _id®d

D(S"THE™ )nys @ E_1) —
Q" wid

)

|
——=T(S"*H(E*)pi2 ® E_g) —

T

)

T

0

Q' ®id Q' ®id

)
|
D(S"HE g2 @ Boq) —
T
)
T
0

ided d@d

e D(SPTL(E™ ) ® B_g) 2224
Q' @id

idod
)x

e TSN (B )y © Bg) 2L D (S (B, @ B

)

Q (°)®1dT Q' ®id
) T(S"HYE") 1 @ B_y) —
0

(3.75)
Again, we can consider the root map:
IO
rt: X2 (E T E)e — T(S™(E™))e ®0 F-1]
which is obtained by applying id ® p to the component S"HL(E™)e® E_; of an
O-linear ®“-derivation W. Thus, if P: ffvzzt(g = ENe — T(S"THE™)e ®
E_;) denotes the corresponding projector, simply

rt=(id®p)o P. (3.76)

The proof of the following proposition and corollary follows the same line of
reasoning as the proof of Proposition 3.64 and its Corollary 3.67 and is left to
the reader.

PROPOSITION 3.89. If (E,d, p) is a geometric resolution of F, then

(0)
rt: (XU (& 2>

&0, Q%) — (DS HE™))a 00 FI-1),Q @ id)
18 a quasi-isomorphism.

COROLLARY 3.90. In the case of a geometric resolution (E,d, p), one has:

)

i (2 22 0.0 ) =002

2. HO (36522t(5 2 e, f;fzg,) =0ifn>1.

REMARK 3.91. If (E',d’,p') = (E,d,p) and ¢y = id, then O-linear ®(©)-
derivations are vertical vector fields on E and Proposition 3.89 and Corol-
lary 3.90 reduce to Proposition 3.64 and Corollary 3.67, respectively.
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3.6.4 FIRST PART OF THEOREM 2.9: CONSTRUCTION OF A MORPHISM
AS A UNOBSTRUCTED DEFORMATION PROBLEM

PROPOSITION 3.92. Let (E, Q) be a universal Lie co-algebroid of a singular fo-
liation F, i.e. (E,d, p) is a geometric resolution and let (E', Q") be an arbitrary
Lie co-algebroid over the same base M. Fwvery Lie co-algebroid morphism up
to order n € N, ®: (F',Q") — (F,Q), can be extended to a (strict) Lie oco-
algebroid morphism. For m = 0, this statement is true as well if we add the
condition p' = po ¢y on E’ ;.

Proof. Tt is sufficient to show that all the obstruction classes [cx+1] in Proposi-
tion 3.83 for all £ > n are zero. For n € N and all k£ > 0, this is automatic due
to first item in Corollary 3.90. We are thus left with the case k = 0, where we
still need to consider the class of

1 (00 = (q)(m 0@ — Qo ¢<o>) W50 50 _ g 690

Its component in S?(E’*) ® E_; contracted with x,y € ['(E’ ) is given by

{¢0($)a¢0(y)} _¢0({‘T’y}/)’ (377)

where { . ,. } and { ., .}’ denote the almost Lie algebroid brackets on E_;
and E’ ;| dualizing Q") and Q') respectively. According to Equation (3.76),
rt(c1 (®(?))) is obtained by applying p to Equation (3.77)

(rt(c1 (@), z © ) = {p(do(2)). p(¢0(y))} — p(do({z.y}')), (3.78)

where we used the morphism property of the almost-Lie algebroid E_;. The
assumption p’ = po ¢y (which follows automatically for n > 0 and is added by
hand for n = 0) and the morphism property of the almost-Lie algebroid E’ ;
then imply rt(cy (®())) = 0. Together with Proposition 3.89, this shows

[Cl (‘I)(O))] =0. O

2.9. Given the assumptions specified at the beginning of this subsection, Section
3.6, together with (E,d, p) being a geometric resolution, there always exists a
chain map ¢o as in (3.62)—globally in the smooth setting (this is a classical
result of abelian categories and was cited already as Lemma 3.19 above) and
locally in the real analytic and holomorphic cases. The corresponding graded
algebra morphism from &£ to £’ is also a Lie oo-algebroid morphism up to order
zero from (€,Q) to (£,Q"): Qe.e/(®) = Q' 0 &) — &) 6 QO vanishes
due to the commutativity of (3.62). In addition, by the same diagram, also
the additional condition for n = 0 is satisfied in the above proposition. This
completes the proof for the first part of the theorem.
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3.6.5 SECOND PART OF THEOREM 2.9: CONSTRUCTION OF A
HOMOTOPY AS A UNOBSTRUCTED HOMOTOPY DEFORMATION
PROBLEM

PROPOSITION 3.93. Let ® and ¥ be Lie co-algebroid morphisms over the iden-
tity of M from an arbitrary Lie oco-algebroid (E', Q') to a universal one (E, Q)
of a singular foliation F. Every homotopy deformation (¥;)i=_1,.. n of ¥ into
D up to arity n > 0 can be extended up to arity infinity.

Proof. For a homotopy deformation up to arity n+ 1 to exist, vanishing of the
cohomology class

(0)
(i1 (@, 0,,)] € HO (%i’é#’(s 2l e, fé??sf)

is necessary and sufficient, see Proposition 3.88. However, according to the
second item in Corollary 3.90, for (F, Q) universal, these cohomology spaces
are already trivial. Therefore, the extension of a homotopy deformation of ¥
into @ from up to an arity n > 0 to arity infinity is unobstructed and exists. O

By Proposition 3.86, if a homotopy deformation (¥;)£>°, of ¥ into ® up to

arity infinity exists, then ® and ¥ are homotopic Lie co-algebroid morphisms.
In view of the above proposition, Proposition 3.93, to complete the proof of
the second part of Theorem 2.9, it suffices therefore to construct a homotopy
deformation of ¥ into ® up to arity zero—on the manifold M in the smooth
case and in a neighborhood of a point in the real analytic or holomorphic cases.
In the smooth case, Lemma 3.19 implies that the linear parts ¢g and g of ®
and ¥ are homotopic through a homotopy h: E, — Ee_1:

d ,p,—4 5,4 S F,
7/ 7/ /
// //
h h 7
Yoll¢o 7 Wo||do T Yo | | bo TM (3.79)
7/ 7
s . P
d’ o & < d’ /
E_3 E o — FE 4

In the real analytic or holomorphic cases, such a homotopy h may exist in
a neighborhood of a point only. Theorem 2.9 now follows from the above
discussion and the following lemma.

LEMMA 3.94. Assume a homotopy as in (3.79) is given. Then the Lie co-
algebroid morphism ¥ is homotopic to a Lie oco-algebroid morphism whose lin-
ear part is the linear part of @, i.e. there exists a homotopy deformation of ¥
mto ® up to arity 0.

Proof. Consider the differential equation:

dw,

hadull N , (BYe
T Qe (RY)
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where h?¥* is the unique W;-derivation whose unique non-vanishing Taylor co-
efficient is h, i.e. whose restriction to I'(E*) is the dual h* of h. According to
Example 3.56, this differential equation admits a solution (¥4, hq't)te[oﬁl] which
is a homotopy between Wg := ¥ and ¥;. Moreover, since the linear part of h¥
is h* for all ¢, the following differential equation is satisfied for all o € T'(E*):

(0)
() = (@@ o h%) (@) + (h* 0 Q) ()

dt (3.80)
= 30(a) - ¥O(a),

where in the second line we used the homotopy property expressed by diagram

(3.79). In view of the initial condition \I/éo) = ¥ we thus have \IIEO) =

VO 4 ¢ — w®), As a consequence, the component of arity zero of ¥ is

equal to ®©). This proves the claim. O

3.7 EXAMPLES OF UNIVERSAL LIE co-ALGEBROID STRUCTURES OF A SIN-
GULAR
FOLIATION

In this section, we give examples of universal Lie co-algebroid structures of a
given singular foliation.

ExXAMPLE 3.95. For a regular foliation F on a manifold M, the Lie algebroid
TF C TM, whose sections form F, is a universal Lie co-algebroid of F.

ExXAMPLE 3.96. A singular foliation is a Debord foliation if and only if one of
its universal Lie oo-algebroids is a Lie algebroid (see Example 3.30).

ExaMPLE 3.97. In Example 3.31, we gave a geometric resolution of length two
of the singular foliation coming from the action of sly on R%. Let us compute
now the Lie co-algebroid structure on that geometric resolution. We define the
bracket between two constant sections of £_; ~ sls as being their bracket in
sls. Then we extend this bracket to every section of E_; by the Leibniz identity
(3.22). To define the bracket between sections of F_; and E_5, we notice that:

{e,dr} = zy{e, h} + p(e)(zy)h + p(e)(y*)e — z*{€, f} = 0. (3.81)
Since d is injective on a dense open subset, this imposes {€,7} = 0. The
same argument also gives [f,r] = [h,r] = 0. We then extend these brackets

to a bracket between sections of E_; and E_5 by the Leibniz property (3.22).
There is no k-ary bracket for k > 3.

There is an evident Lie algebroid inducing the same foliation, namely the action
Lie algebroid A = M x sly. According to Theorem 2.9, there must exist a Lie
oo-algebroid morphism ¢: (4,Q4) — (F,Q), which here can be realized by
the obvious inclusion id ® 0 of A into £ = E_1 ® F_s.
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EXAMPLE 3.98. The result is similar for the geometric resolution of the foliation
Faq given by the adjoint action of a semi-simple complex Lie algebra on itself,
as in Example 3.32. In that case, F'_; is the trivial bundle over M = g with
typical fiber g, and the bracket of constant sections can be chosen to be the
bracket of the Lie algebra g. In fact, F_; by itself is the corresponding action
Lie algebroid. The bracket of a constant section of F_; with a constant section
of E_5 has to be zero and there is no 3-ary bracket.

EXAMPLE 3.99. Let F be the singular foliation of all vector fields vanishing at
the origin 0 € V', V a vector space. Let us consider the geometric resolution
given in Example 3.34.

A Lie oo-algebroid structure on that geometric resolution can be described
explicitly. Let all k-ary brackets vanish for k£ > 3. The 1-ary bracket is already
given by the resolution. It now suffices to define the 2-ary bracket on constant
sections, since they can be extended to all sections by means of the Leibniz
property, using the anchor map (3.22). For all a € A'V*, 8 € AMVV*, and
u,v € V, it is defined as follows:

{a@u,ﬂ®0}2:oa/\iuﬂ@)er(fl)ijﬁ/\iua@u. (3.82)

This bracket is graded symmetric by construction. The Jacobi identity can be
checked by a direct calculation, which one is permitted to perform on constant
sections, since the above bracket preserves constant sections. The compatibility
with the differential is shown as follows, where first we assume 7,5 > 2:

A N a@u,Bev), = i(ariB@v+(-1)78Aia® u)
= (i) ANiB@v+ (=1)THTIB AL (la)@u
+(=D)"HMaAiieBRv+ (1Y (i) Aa®@u
= {d(i) (a®u),B® v}2
~(~1)i{azu,d) (Bav)},
For i =1 or j = 1, one replaces d(!) by the anchor p in the above.
Again, in this example, there is an action Lie algebroid giving rise to the same

foliation, which can be obtained by restriction to E_;. In fact, this Lie algebroid
is just V' x gl(V).

EXAMPLE 3.100. We consider the foliation F of vector fields vanishing to or-
der 2 at 0 on V = K? and its resolution

0O0—-FE o —FE 1—-TM

constructed in Example 3.35. The vector bundle E_; is the trivial bundle with
fiber S?2(V*)® V. Denote by a*, 3* the quadratic functions on V associated to
a, 3 € S?V* and by u, v the constant vector fields on V associated to elements
u,v € V. Then the anchor map can be defined by means of p(a ® v) = a*v
and the 2-ary brackets between constant sections by:

{a@u,fev}s = W[f"]) () - (v[a"]) (BOu). (3.83)
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The Jacobiator of this bracket is non-zero and thus, in this example, the com-
pletion of which we leave to the reader, the 3-ary bracket is necessarily non-zero
as well. In this case, we do not know of a Lie algebroid that generates the same
foliation.

ExAMPLE 3.101. We return to Example 3.36 with its geometric resolution
(E,d, p) where I'(E_;) is the sheaf of (i + 1)-multivector fields on C”. This
can be equipped with the structure of a Lie oo-algebroid by postulating the
following k-ary brackets:

. . k
{611""’61k}k = Z 6(@1,...,’%)% 81;-1.[;-2.__.13. (3.84)
i1€11,..., ik €lE

Here for every multi-index I = (i1, ...,%;) of length j of elements in {1,...,n},
Or is a shorthand notation for az_l ARERWA ai_ . Given a collection of k£ multi-
indices Iy, Io, ..., Iy, we can form a new multji-index I:=Ielye...0[; by
concatenation. For every iy € I1,... i) € Iy, €(i1,..., i) is the signature of
the permutation needed inside I to bring them to the first k slots in the given
order. For every i, € I, I'* denotes the list which results from dropping i
from the list I = (i1,...,4;).

The anchor is defined by

0 9 ). 9 9 _ 9p 9
p (azi A 6zj) ‘= Px; 0x;  Ox; Ox; (3.85)

and the brackets, defined in (3.84) on constant sections only, extended appro-
priately. One may verify, e.g. by an adaptation of the techniques in [56,57],
that indeed these data define a Lie co-algebroid.

In this example, in general, the k-ary brackets for k£ = 3,4, ... are not zero and
there is no obvious Lie algebroid inducing the same singular foliation.

ExaMpPLE 3.102. Our construction can be used also to associate three poten-
tially different homotopy classes of Lie co-algebroids to a given affine variety
W C C". These result from application of the main theorem to the three
different O-modules described in Example 3.37.

4 THE GEOMETRY OF A SINGULAR FOLIATION THROUGH ITS
UNIVERSAL LIE co-ALGEBROID

In this section we relate the geometry of a singular foliation to its universal
Lie oo-algebroid. More precisely, since any two universal Lie oo-algebroids
of a singular foliation F are homotopy equivalent by Corollary 2.10, every
homotopy invariant mathematical notion deduced from it is in fact associated
to the singular foliation F itself.

For example, Lemma 3.18 shows that the alternate sums of the ranks of the vec-
tor bundles underlying a Lie oo-algebroid is preserved under homotopy equiv-
alence. Therefore it must have a geometrical meaning associated directly to
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the singular foliation. And indeed, this was provided in Proposition 2.5: it
coincides with the dimension of regular leaves.

Typical examples of such notions are various cohomologies that Lie oo-
algebroids are equipped with. In what follows, we shall first study some global
cohomologies and then turn to those attached canonically to every given leaf.
to the holonomy groupoid of a given singular foliation and conclude with some
remarks about an eventual Lie or Leibniz algebroid over it.

Throughout this section, we work in the smooth context. Except for the discus-
sion about the holonomy groupoid, the results remain valid in the holomorphic
and in the real analytic context in a neighborhood of a point.

Unless otherwise specified, throughout Sections 4.1, 4.2, and 4.3, F is a singular
foliation on a manifold M, (E,d,p) is a geometric resolution of finite length,
(E, Q) is a universal Lie co-algebroid of F, and & its sheaf of functions.

4.1 UNIVERSAL FOLIATED COHOMOLOGY

Here is a first example of cohomology associated to a singular foliation with
the help of the universal Lie co-algebroid.

LEMMA 4.1. Let F be a singular foliation on M. Let (FE,Q) and (E',Q’)
be two universal Lie co-algebroids of F with sheaves of functions € and E'.
The cohomologies of (£,Q) and (£',Q’) are canonically isomorphic as graded
commutative algebras.

Proof. By Corollary 2.10, there exist Lie oo-algebroid morphisms ¢: & — &
and ¢: & — £ whose compositions are homotopic to the identity. Proposition
3.57 implies that ® := @ o ¥ and ¥ := id are inverse to one another at the
level of cohomology. Two morphisms ¢, ¢': & — £ are homotopic to one
another, moreover, so that, again at the level of cohomology, they define the
same isomorphism. O

DEFINITION 4.2. Let F be a singular foliation on M that admits a geometric
resolution. We call the cohomology of (€,Q), where £ is the sheaf of functions
of any universal Lie oo-algebroid (E, Q) of the given F, the universal foliated
cohomology of F and denote it by Hy (F).

REMARK 4.3. By construction, H& (F) is the algebra of functions on M con-
stant along the leaves of F.

There is another cohomology of interest. Let us call

Q(F) :=Homo (Ao F,0) = @ Home (Af F,0)
k>0
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the space of longitudinal forms. It is equipped with the differential:

k
dr(a)(Xo,..., Xp) = Z(—l)iXi [( X0, Xiy oo, Xi)] (4.1)
=0
+ (fl)i”a([Xi,Xj],Xo,...,)/(\i,...,)/(\j,...,Xk).
0<i<j<k

Here o € Q%(F), Xo,..., Xy € F, and )/(\z means that the term X; is omitted.
We call the cohomology of this operator the longitudinal cohomology of F and
denote it by H*(F).

REMARK 4.4. A k-form a € QF(F) induces a k-form on each regular leaf L:
for every regular point m, it is the unique k-form oy, on the leaf L,, through
m such that

a(X1, ..o, Xi)|lm = ar,, (X1(m),..., Xr(m)) (4.2)

for all X;,..., Xy € F. In contrast, a k-form satisfying (4.2) may not exist on
singular leaves. For instance, consider the singular foliation on R generated by
the vector field xa% and the longitudinal 1-form «: an% — F forall F € O.
The leaf {0} being of dimension 0, it does not permit a 1-form satisfying (4.2).

There is a natural map p* from Q(F) to € which associates to each a € QF(F)
the element p*o € I'(S¥(E*,)) C & defined for all z1,...,z, € T(E_1) by:

pra(ay,...,zk) = a(p(zr),. .., p(zr)). (4.3)

LEMMA 4.5. Let F be a singular foliation on M that admits a universal Lie
oo-algebroid. There is a canonical algebra morphism p*: H®(F) — Hy(F).

Proof. Tt is routine to check that o — p*(a) is a chain map and a graded
commutative algebra morphism. It therefore induces a map in cohomology.
Now, let (F,Q) and (E’,Q’) be two universal Lie oc-algebroids of F, with
sheaves of functions £ and &’ respectively. Let ®g ¢ : & — & be a Lie oco-
algebroid morphism from (E, Q) and (E’, Q') as in Corollary 2.10. The relation
Og e 0(p')* = p* holds and proves the commutativity of the following diagram

H*(F)

H*(£,Q) = H*(E', Q')

where the horizontal map is the canonical isomorphism given in Corollary 4.1.
This proves the claim. O
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ExaMPLE 4.6. For Debord foliations, the universal foliated cohomology is the
Lie algebroid Chevalley-Eilenberg cohomology of (A, [-, ], p) and p*: H*(F) —
H3 (F) is an isomorphism.

REMARK 4.7. Let W be an affine variety and X'(W) be as in Example 3.37.
The longitudinal cohomology of X' (W) is the usual de Rham cohomology of an
affine variety. It would be interesting to relate its universal foliated cohomology
to derived de Rham cohomology [51].

4.2 THE ISOTROPY LIE 0co-ALGEBRA

Androulidakis and Skandalis were able to define [1,4] a Lie algebra associated
canonically to each point m € M, if M is equipped a singular foliation. They
call it the isotropy Lie algebra of F at m. It is defined as the quotient of the
Lie algebra F(m) of local sections in F vanishing at m € M by the Lie ideal
I, F, where I, C O are the functions vanishing at m.

4.2.1 THE GRADED SPACE OF THE LIE co-ALGEBRA.

Choose an arbitrary point m € M. Denote by i,V the fiber of a vector bundle
V — M at m, and by i,,¢ the restriction to i,,V of a vector bundle morphism
o: V=V,

Recall that although (FE,d,p) is a geometric resolution, the complex
(imE, imd, imp)

imd ™ imd® imd® .
S By s i By s Ker(ipp) — 0 (4.4)

may have cohomology: Exactness at the level of sections does not imply that
the complex (4.4) is exact at all points. For instance, the geometric resolutions
constructed in Examples 3.31,3.34, and 3.36 have a non-zero cohomology when
m is the origin.

We define the graded vector space:

H*(F,m) =@ H(F,m) (4.5)

i>1

to be the cohomology of the complex (4.4). Notice that the chosen notation
does not make reference to any particular geometric resolution. This is justified
by the first assertion of the following lemma:

LEMMA 4.8. Let F be a singular foliation that admits geometric resolutions on
the neighborhood of some m € M.

1. The cohomology of the complex (4.4) does not depend on the choice of a
geometric resolution of F.
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2. For every geometric resolution (E,d, p) of F which is minimal at m and
every i > 2, the vector space H=(F,m) is canonically isomorphic to
imE_;. In addition, H=Y(F,m) is canonically isomorphic to the kernel
of imp: imE_1 — Ty M.

Proof. According to Lemma 3.20, between two geometric resolutions (E, d, p)
of (E',d’, p') of the same O-module F there is a distinguished homotopy class
of homotopy equivalences relating them. By O-linearity, it restricts to a ho-
motopy class of homotopy equivalences between the complexes (i, E, imd, imp)
and (i, B, i d’, imp’). This proves the first assertion of the lemma.

The second statement follows from the obvious fact that for a minimal reso-
lution at m, one has i,,d = 0 and thus the complex (4.4) coincides with its
cohomology. O

REMARK 4.9. In terms of abelian categories, H®*(F,m) is Tory (F,K). Here,
the field K is equipped with the O-module structure defined by F -\ = F(m)A
for all FF € O, )\ € K.

ProprosITION 4.10. Let F be a singular foliation that admits geometric res-
olutions on the neighborhood of some m € M. Then the following items are
equivalent:

(i) There is a neighborhood of m € M on which F is a Debord foliation.
(i) H=4(F,x) =0 for all i > 2 and for all x in a neighborhood of m.
(iis) H=2(F,m) = 0.

Proof. If a foliation is Debord, it admits a resolution of length one, see Exam-
ple 3.30. This implies that the cohomologies H~¢(F,y) are all trivial for all
i > 2 and every point y in that neighborhood. Hence (i) implies (4). It is
obvious that (i) implies (44). Let us assume that (i7) holds, so that for every
geometric resolution (E,d, p) of F, the image of i,,d® is the kernel of i,,d®.
Since there exists a neighborhood of m such that

1. the dimension of the image of d® at every z € U has to be greater than
or equal to its dimension at m € M and

2. the dimension of the kernel of d®: F_5 — E_; at every x € U has to be
lower than or equal to its dimension at m € M,

but always imi,d® C keri,d®, these dimensions have to coincide inside
U. Therefore, H=2(F,z) = 0 for all x+ € U. This implies that £’ :=
(E—l/d@) (E_2)) o is a vector bundle. The anchor descends to the quo-
tient defining a morphism of O-modules p: I'(E’ ;) — F. By construction, it
is an isomorphism of O-modules and hence (4) implies (7). O
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4.2.2 'THE BRACKETS OF THE LIE co-ALGEBRA.

Applying the isotropy functor J,, for a chosen point m € M to a universal
Lie oc-algebroid (F, Q) of a given singular foliation F, we induce a Lie infinity
algebra structure on the complex (4.4). Since this functor maps homotopy
equivalences of Lie oo-algebroids to homotopy equivalences of Lie oo-algebras,
we prefer to look at the homotopy isotropy functor (3.41). By Corollary 2.10,
different choices of the universal Lie oo-algebroid yield homotopy equivalent
Lie oo-algebras, i.e. isomorphic Lie co-algebras inside HLIE-co-ALG.

We now may choose the universal Lie oco-algebroid appropriately, so as to
directly induce a Lie oc-algebra structure on (4.5), namely, according to
Lemma 4.8, by letting it be minimal at m. Every other one is isomorphic
to this one and, since (4.5) is a trivial complex, it provides a minimal model of
the isotropy Lie oco-algebra.

DEFINITION 4.11. Let (E,Q) be a universal Lie oo-algebroid of F which is
minimal at m. Then hJ,(E,Q) is a Lie co-algebra structure on H®(F,m),
which we denote by (H*(F,m),Qm) and call the isotropy Lie co-algebra of the
singular foliation F at m.

PRrROPOSITION 4.12. Any two isotropy Lie co-algebras at m of F, constructed
out of two universal Lie co-algebroid of F minimal at m, are isomorphic,
through an isomorphism whose linear part is the identity of H*(F,m).

In particular, the 2-ary bracket is a graded Lie algebra bracket on H®(F,m),
which does not depend on any choice made in the construction.

LEMMA 4.13. Let (V,Q) be a Lie co-algebra whose 1-ary bracket is equal to
zero:

1. Its 2-ary bracket is a graded Lie algebra bracket.
Let (V', Q") be a second Lie co-algebra whose 1-ary bracket is equal to zero.

2. The linear part of any Lie co-algebra morphism from (V,Q) to (V',Q’)
is a graded Lie algebra morphism of the 2-ary brackets.

3. The Lie co-algebras (V,Q) and (V', Q") are isomorphic to one another if
and only if they are homotopy equivalent.

Proof. The first item is an easy consequence of the higher Jacobi identity (3.20)
for n = 3. The second item is easily derived from the axioms of Lie co-algebra
morphisms.

A graded commutative algebra morphism ®: S((V')*) — S(V*) is invertible if
and only if its linear part ¢: V — V’ is invertible. Evidently, if ®: (V,Q) —
(V', Q') is part of a homotopy equivalence, so is its linear part ¢: V' — V’. But
a homotopy equivalence between complexes whose differential is zero has to be
invertible. O
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Proof (of Proposition 4.12). By the functorial properties of hJ,,, two isotropy
Lie co-algebras at m € M of F which are constructed out of two universal Lie
oo-algebroid of F minimal at m are homotopy equivalent. The first assertion
from the proposition then follows from item three of Lemma 4.13, the second
one from items one and two. O

If we restrict the graded Lie algebra structure on H®(F,m), see item one in
Lemma 4.13, its restriction to H~1(F,m) yields an ordinary Lie algebra.

PROPOSITION 4.14. The isotropy Lie algebra of the singular foliation F at a
point m € M, as defined by Androulidakis and Skandalis, is isomorphic to the
degree minus one component H=1(F,m) of the isotropy Lie co-algebra of F
at m.

Proof. The isotropy Lie algebra at m of I. Androulidakis and G. Skandalis [1]
is the quotient g,, := F(m)/I,F(m) where F(m) denotes vector fields in F
which vanish at m and I,,, functions vanishing at that point.

Let (E, Q) be a universal Lie oco-algebroid of F which is minimal at m. Choose
e € iy, E_1 in the kernel of p,,. Let € be a local section through e. Then p(é)
belongs to F(m). Its class 7(e) € F(m)/InF is well-defined, since another
choice for é differs from the first one by a section in I,,I'(E_1). This defines
a linear map 7: H~1(F, m) — g,, which is easily checked to be a Lie algebra
morphism.

It is clear that 7 is surjective, since every local section of F vanishing at m € M
is of the form p(é) with € a local section of EF_; whose value at m is in the
kernel of p.

Now, let us prove injectivity. Let e € i,,E_1. Choose a local section € of E_;
through e. If 7(e) = 0, then p(€) is in the ideal I,, F. As a consequence, it
is a finite sum of the form Y ;_, f;X;, with X; € F and f; € I, for all i =
1,...,r. This implies p(é — >_._, fi€;) = 0, where ¢; is, for every i = 1,...,n,
a local section of F_; mapped to X; through p. Since (F,d, p) is a geometric
resolution, there exists a local section h € I'(E_5) such that:

é—Y_ fiei=d®h. (4.6)
i=1
Evaluated at m € M, this last relation gives that e = 0. o

4.3 LEAVES AND ISOTROPY LIE co-ALGEBRAS

The isotropy Lie co-algebra structure is attached to a leaf rather than to a
point. More precisely, let us consider a leaf L of F. The following proposition
is a simple consequence of the fact that for every two points m, m’ in the same
leaf L of a singular foliation F, there exist neighborhoods U,,,U,, of these
points on which the singular foliations are isomorphic [1].
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PRrROPOSITION 4.15. Let F be a singular foliation that admits a universal Lie
oco-algebroid in the neighborhood of every point. For any two points in the
same leaf of a singular foliation F, the isotropy Lie co-algebra structures at
these points are isomorphic.

REMARK 4.16. It deserves to be noticed that the isomorphism in Proposition
4.15 is not, in general, canonical: It may depend on the choice of an identifi-
cation between U, and U,, . An explicit Lie co-algebra isomorphism can be
associated to a path staying inside the leaf L which relates m and m’. Homo-
topy equivalent paths yield homotopy equivalent isomorphisms.

The isotropy Lie oo-algebra of a singular foliation is of interest for singular
leaves only:

LEMMA 4.17. The isotropy Lie co-algebra of a reqular leaf is identically zero.

Proof. Around every regular point m € M, a minimal resolution, is given by
E_, = T[1)F C T[1)M, where F = T'(TF) and E_; = 0 for all ¢« > 1. In
particular H*(F,m) = 0, since the anchor map is an inclusion map. O

The codimension of the leaf gives an obvious restriction about the length of
the graded space H(F,m) on which the isotropy Lie co-algebra is defined.

PRrROPOSITION 4.18. Let L be a leaf of a holomorphic, real analytic or smooth
locally real analytic singular foliation F. The isotropy graded Lie algebra at a
point m € L is concentrated in degrees —1, ..., —codim(L) — 1.

Proof. According to Proposition 1.12 in [1], every singular foliation is, in a
neighborhood of a point m in a leaf L, the trivial product of a singular folia-
tion on a neighborhood of 0 in R?»~4™(X) (called the transverse foliation) with
the regular foliation T8, with B an open ball of dimension dim(L). A geometric
resolution of F is therefore obtained by adding T'B (in degree minus one ) to
a geometric resolution of the transverse foliation. In the real analytic or holo-
morphic cases, the transverse foliation admits geometric resolutions of length
less or equal to codim(L) + 1 by Proposition 2.3. This concludes the proof
in the holomorphic or real analytic cases. The second item in Proposition 2.3
concludes the proof in the smooth locally real analytic case. O

Proposition 4.15 implies that for all ¢ > 2, the image of the vector bundle
morphism d0*Y : i,E_, | — i,E_; has the same dimension at all points
of the leaf L. Here i;, stands for the restriction of a vector bundle to the
submanifold L C M. This allows us to truncate the Lie oo-algebroid restricted
to a leaf L at a certain order ¢ in two different ways. Both

LB /iy q(i+D) —ipE_jy1 — -+ —igE_y — TL (4.7)

and
iLE‘—i/kerd(i) — iLE—H—l — - — i F_1 —TL (48)
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define a transitive Lie i-algebroid structure over L, the second one being a
quotient of the former one. Here for i = 1, we need to replace dV) by p in
(4.8). The lowest possible truncations lead to known Lie algebroids over L:
while (4.8) gives simply T'L, (4.7) yields a transitive action Lie algebroid with
fiber the isotropy Lie algebra of the leaf.

PROPOSITION 4.19. Let F be a singular foliation equipped with a universal Lie
oo-algebroid (E, Q), and let L be a leaf of F. The 1-truncation of the restriction
(4.7) of (E,Q) to L coincides with the holonomy Lie algebroid of L defined by
Androulidakis and Skandalis in [1].

Proof. We recall the definition of the holonomy Lie algebroid in [1]. Consider
the vector bundle A; — L whose fiber over x € L is F/I,F. Its sections
are isomorphic to F/I.F, where I, C O is the ideal of functions vanishing
along L. The Lie algebra bracket on F/IF equips Ay with a Lie algebroid
bracket. The proof is then similar to the proof of Proposition 4.14 and is left
to the reader. O

4.4 EXAMPLES OF ISOTROPY LIE co-ALGEBRAS

ExaMPLE 4.20. For regular foliations, the isotropy Lie co-algebra is trivial at
all points m € M because H*(F,m) = 0 (see Lemma 4.17).

ExamMpLE 4.21. For a Debord foliation, Proposition 4.10 implies that the
isotropy Lie co-algebra at a point m is concentrated in degree minus one, ¢.e. it
is a Lie algebra.

EXAMPLE 4.22. Consider the singular foliation given by the action of sl on R2.
Using the universal Lie co-algebroid structure of Example 3.97, we see that one
obtains an isotropy Lie 2-algebra on H*(F,0) ~ R[2] @ sl3[1]. The restriction
of the 2-ary bracket to H~1(F,0) =~ sl is the usual Lie algebra bracket and
the 2-ary bracket of an element of degree minus one with an element of degree
minus two vanishes. There are no k-ary brackets for k > 3.

The appearance of the apparently unnecessary abelian factor R[2] in the pre-
vious example can be seen also as a consequence of the third item in Proposi-
tion 4.10.

ExXAMPLE 4.23. Consider the singular foliation given by all vector fields on a
vector space V' vanishing at the origin. Using the universal Lie oo-algebroid
structure of Example 3.99, we see that the isotropy Lie co-algebra at the origin
reduces to the graded Lie algebra %, AV* ® V equipped with the (graded
symmetric) Lie bracket defined as in (3.82). There is no k-ary bracket for k # 2.

EXAMPLE 4.24. Consider the singular foliation F,4 for the adjoint action of
a semi-simple complex Lie algebra g on itself, studied in Examples 3.32 and
3.98. The isotropy Lie co-algebra at 0 is defined on the graded vector space
H*(Faa,m) = C'[2] @ g[1], where [ is the rank of g. The only non-vanishing
bracket is the 2-ary bracket between two elements of degree minus one; it
coincides with the Lie bracket on g.
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EXAMPLE 4.25. Consider the foliation F of vector fields vanishing to order 2
at 0 € K2, studied in Example 3.100. The isotropy Lie oo-algebra at the
origin is a Lie 2-algebra whose n-ary brackets are equal to zero for all n, with
underlying graded vector space K2[2] ©KO[1]. More precisely, the 2-ary bracket
is zero by Equation (3.83). This equation also implies that the Jacobiator
Jac(X,Y, Z) of three elements belongs to I3 T'(E_1). Since the 3-ary bracket
satisfies d® o {-,-,-}3 = Jac(,-,-) and since d® is injective except at the
origin, the 3-ary bracket has to be valued in IyT'(E_5).

ExampLE 4.26. Consider the singular foliation F, of all vector fields X on
M = C™ such that X[p] = 0, with ¢ a weight homogeneous function with
isolated singularities. Example 3.101 describes a universal Lie co-algebroid for
this singular foliation.

The origin 0 of C™ is a leaf. Since all partial derivatives of ¢ vanish at the
origin 0, the Koszul resolution, see Example 3.36, is a geometric resolution
which is minimal at 0. Hence H*(F,,0) ~ A¥+1C". For all k > 2, the k-ary
brackets of the universal Lie oo-algebroid given by Equation (3.84) restrict as
follows:

— ; ; (S o .
{Or,.. .00}, = > elin,... ix) pirge(0) Opin iy opin
1€ ... ix €Iy
(4.9)
where notations are as in Example 3.101.

4.5 ON THE EXISTENCE OF A LIE ALGEBROID DEFINING A SINGULAR FOLI-
ATION
4.5.1 LIE ALGEBROIDS OF MINIMAL RANK

In this section we exploit the cohomologies of the isotropy Lie oco-algebra at
a point and define a class in the third Chevalley-Eilenberg cohomology of the
Androulidalis-Skandalis isotropy Lie algebra. This class was later on general-
ized for an arbitrary Lie oo-algebroid by Ricardo Campos in [10].

PROPOSITION 4.27. Let F be a singular foliation that admits a geometric res-
olution of finite length in a neighborhood of m € M. Equip H*(F,m) =
@D.~, H'(F,m) with the isotropy Lie co-algebra brackets ({---}x)x>2 con-
structed out of some universal Lie co-algebroid (E, Q) minimal at m.

1. The restriction of the 2-ary bracket
{'a '}2: Hﬁl(‘/—'.vm) ®H72(‘Fam) — H72(‘F7m)

makes H=2(F,m) a module over the isotropy Lie algebra H~1(F,m),
which does not depend on the choice of (E, Q).

2. The restriction of the 3-ary bracket

{3 ASHY(F,m) — H2(F,m)
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is a 3-cocycle for the Chevalley-Eilenberg complex of H~(F,m) valued
in H=2(F,m).

8. The cohomology class of this cocycle does not depend on the choice of
(B, Q).

Proof. The first item follows from Proposition 4.12. The second item is an
easy consequence of the higher Jacobi identity (3.20) applied to four elements
of degree minus one. The third item can be obtained as follows: Two dif-
ferent choices made in the construction of the universal Lie co-algebroid give
isotropy Lie co-algebra structures which are strictly isomorphic by Proposi-
tion 4.12, through isomorphisms whose linear parts are the identity. The sec-
ond Taylor coefficient of this isomorphism has a component which is a map
0: A2 (H=Y(F,m)) — H~*(F,m). Writing explicitly the definition of Lie oo-
algebra morphisms, applied to three elements in H~1(F,m), one obtains that
the 3-ary bracket is a multiple of the Chevalley-Eilenberg differential of 6. O

DEFINITION 4.28. We call the 3-cohomology class of Proposition 4.27 the No-
Minimal-Rank-Lie-Algebroid class or the NMRLA class for short.

Recall that the rank of F at m € M is the minimal number of generators of F
in a neighborhood of that point.

PROPOSITION 4.29. Let F be a singular foliation on a manifold M that admits
a geometric resolution of finite length. Let r be the rank of F at the point m.
defined in a neighborhood U, of m which satisfies the two following conditions:

1. the rank of the vector bundle A is r and
2. p(F(A)) = Flu,,-

LEMMA 4.30. For every geometric resolution (E,d,p) of F which is minimal
at m, the rank of the vector bundle E_1 is equal to the rank v of F at m.

Proof. Let rg and r,, be the respective ranks of the vector bundle £_; and of
the singular foliation F at m. Let eq,...,e,, be a local trivialization of E_.
Since p(I'(E_1)) = F, the family (p(e;))i=1....rp generates F as an O-module.
Hence r < rg. If r < rg, then one of these generators is a linear combination of
the others. Without loss of generality, we can assume that it is e;. Therefore,
there exist functions fa, ..., fr, € O such that

ple) =3 firleo)

This implies that e; = /7, fie; + d@g for some g € T(F_2). Since (E,d =
(A);59, p) is minimal at m, this relation implies upon evaluation at this point:
e1(m) = Y%, fi(m)e;(m). This contradicts the assumption that eq,..., e,
is a local trivialization. Hence rg = r. O
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Proof of Proposition 4.29. Assume that a Lie algebroid (A, [, ], pa) satisfying
pa(T(A)) = F exists. Let (E,Q) be a universal Lie oo-algebroid of F in a
neighborhood of m, built on a geometric resolution (F,d, p) minimal at m. By
Theorem 2.9, a Lie co-algebroid morphism ® over the identity of M from A to
(E, Q) exists. We need a first step:

LEMMA 4.31. Upon restriction to m, the vector bundle morphism ®1: A — E_4
becomes a surjective linear map.

Proof of Lemma 4.31. Let € € T'(E_1) be a section through a given e € i,, E_;.
Then, by the assumption on A, there exists a local section a € T'(A) such
that pa(a) = p(é). By the morphism property, this yields p(é — ®1(a)) = 0.
Because (E,d, p) is a geometric resolution of F, this implies that there exists
some g € T'(E_3) such that é — ®;(a) = d®g. Since (E,d, p) is minimal at m,
when evaluated at this point, the last relation gives e = i,,®1(a(m)). Hence
in®1: imA — i, F_1 is surjective. O

We complete the proof of Proposition 4.29. Assume now that the rank of the
vector bundle A is r, so that A and E_; are vector bundles of the same rank
by Lemma 4.30. By Lemma 4.31, upon restriction at m, the vector bundle
morphism ®;: A — F_; becomes a bijective linear map. By definition of a
Lie oo-algebroid morphism, the linear, quadratic and cubic terms in the Taylor
coefficients of ® satisfy for all a,b,c € T'(A4):

{fl)l(a), (I)Q(b, C)}2 — P, ({a, b}g, C) + Yab) =
{®1(a), 1(b), ®1(c)}, — d® D3(a,b, ). (4.10)

If we now evaluate this equation at the point m, the last term on the r.h.s.
vanishes by minimality. By the above bijectivity, moreover, we can assume
that i,,A = i,, F_1 and that, in particular, the first order Taylor coefficient
im®1: imA — i, E_1 of the Taylor coefficient of ® at m is the identity map. If
we choose the sections i,,a,ipb, i,,c in the kernel of i, p, the equation resulting
from Equation (4.10) in this way shows that {.,.,.}5 is a Chevalley-Eilenberg
coboundary. O

EXAMPLE 4.32. Let n >4 and ¢: C* — C, (z1,...,2,) — » ., 7. Consider
the singular foliation F,, of all vector fields X on C" satisfying X [¢] = 0, which,
according to (3.18), has rank n(n — 1)/2. The function ¢ has an isolated
singularity at the origin and therefore satisfies the requirements of Example
4.26. It follows from Equation (4.9) that, at the origin 0, one has:

1. The 2-ary bracket of the isotropy Lie occ-algebra vanishes. Thus the
isotropy Lie algebra is abelian and its action on H~2(F,0) is trivial.

2. The 3-ary bracket is non-zero since (see the conventions of Example 4.26):
{012,013, 014}3 := Oa34.
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This implies that the NMRLA 3-class of F,, at the origin is non-zero. Therefore,
the foliation F, cannot be induced by a Lie algebroid of rank n(n—1)/2, around
the origin even not locally.

Example 4.32 and Proposition 4.29 imply the following result.

PROPOSITION 4.33. There exist singular foliations of rank r that, even locally,
can not be induced by a Lie algebroid of rank r.

Let us give an even more explicit interpretation of Proposition 4.33. Let F
be a singular foliation generated by vector fields X1,..., X,.. There may be
relations between these vector fields, i.e. r-tuples fi,...,f, € O such that
>oi_ fiXi; = 0. In fact, this always happens except if, and only if, F is Debord,

see Example 3.30. If there are such relations, the functions cfj = —c ; € O in

(X, X,] ZC”Xk (4.11)
are not unique. On the other hand, an easy computation gives
(X, X1, Xi] +é) = Z X0 (4.12)
where we defined the symbols Jiljk € O by

zgk - (Z cz_]cmk Xk 1] ) +@

Since vector fields on a manifold satisfy the Jacobi identity, the left hand side of

Equation (4.12) is identically zero. This implies that the family ka, vl
constitutes a relation between the vector fields Xi,...,X,, but, in general,

these functions may be different from zero. A natural question is:

”Given a fixed singular foliation F on a manifold M generated by X1,..., X,
can we choose functions ¥, = —c ; subject to Equation (4.11) such that

9
l — 0?7
ka = 07

Consider the bundle A := M x R" and denote its constant standard basis of
sections by ey, . .., e,. Define an anchor by means of the map p: A — TM,e; —
X; and use it to extend the 2-bracket [e;, €] := >, _; cfjek to a bracket between
arbitrary sections of A. It is now easy to verify that this turns A into a Lie
algebroid. Thus, by Proposition 4.33, the answer to the above question is
negative in general.

4.5.2 THE LEIBNIZ ALGEBROID OF A SINGULAR FOLIATION

As already mentioned in the introduction, it is not easy to know if a singular
foliation is, locally, the image of a Lie algebroid under the anchor map. It is
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known not to be the case globally, cf. [4], while in a neighborhood of a point
the question is open. We are not able to give a positive or negative answer
to decide this question, but it is an easy consequence of Theorem 2.8 that a
Leibniz algebroid exists. Had Theorem 2.8 not be proven, this would be a far
from obvious result.

DEFINITION 4.34. [35] Let L be a vector bundle over M. A Leibniz algebroid
structure on L is a bilinear assignment [ . , .| : (L) @ T(L) — I'(L) and a
vector bundle morphism p: L — T M, satisfying the Loday-Jacobi condition:

[x, ly, z]L}L = [[x,y]L, Z}L + [y, [z, Z]L}L (4.13)

for all z,y,z € T(L), and the Leibniz identity:

for every x,y € L and f € O.

Note that the skew-symmetrization of a Leibniz algebroid bracket does not
turn a Leibniz Lie algebroid into an almost Lie algebroid in general. Adapting
Proposition 5.4 item 1 and Lemma 5.5 in [26] to our case, we easily derive the
following result.

PROPOSITION 4.35. Let F be a singular foliation that admits a universal Lie co-

algebroid (E, Q) with anchor p. Assume that its associated geometric resolution
is of finite length. Then L = (S(E*) ® E) ’71 s a vector bundle of finite rank
and comes with a Leibniz algebroid structure, when equipped with:

1. the Leibniz bracket defined by:
(X, Y] = [[Q, X],Y]

for all XY € T'(L) (identified with vertical vector fields Ox and Oy of
degree minus one on the graded manifold E ),

2. the anchor given by the composition:

E1 & (@ SHE)QE)|_, E, 2> TM.

Proof. For every graded Lie algebra, g := P,, g; and every homological ele-
ment Q) € g of degree +1, g_; is a graded Leibniz algebra when equipped with
the bracket (X,Y) — [[Q, X],Y], cf. [34]. Applied to the graded Lie algebra of
derivations of functions £ on the Lie co-algebroid (F, Q) (that is, vector fields
on the N-manifold E) and to the vector field @, the bracket given as above
induces a Leibniz algebra bracket on vector fields of degree minus one. Now,
every vertical vector field of degree minus one is O-linear derivations of £. Ver-
tical vector field of degree minus one can therefore be identified with sections
of the vector bundle L = (S(E*)® E)|_1, i.e. the degree minus one component
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of S(E*)® E. Also, since sections of S¥(E*) ® E are of non-negative degree for
k > n, L is a vector bundle of finite rank over M. One checks directly that the
anchor 7 is given as in item 2. By construction, n(I'(L)) = p(I'(E-1)) = F.
This proves the proposition. o

The following proposition is an immediate consequence of Proposition 4.35 and
Theorem 2.8.

PROPOSITION 4.36. Let F be a singular foliation that admits a geometric res-
olution of finite length. Then there exists a Leibniz algebroid structure whose
induced singular foliation is JF.

Indeed, one could imitate even further the construction in [26] and obtain a
Vinogradov algebroid, by adding vector fields of degree —2 into the picture.

4.6 'THE HOLONOMY LIE GROUPOID AS THE FUNDAMENTAL GROUPOID OF
THE UNIVERSAL LIE co-ALGEBROID

Let us define the fundamental or Severa groupoid of a Lie co-algebroid (E, Q)
over a manifold M. It is a suitable generalization of the fundamental groupoid
of a manifold to the world of Q-manifolds: essentially everywhere the interval
I :=10,1] is replaced by its tangent Lie algebroid (T[1]I,d4r). To our knowl-
edge this construction was first proposed by Severa (cf. letter 8 of [48] and [47]).
It reproduces the previously found symplectic groupoid of Cattaneo and Felder
[12] when applied to the Lie algebroid T*M associated to a Poisson manifold
(M, 7), where it was found in terms of the reduced phase space of the Hamil-
tonian formulation of the Poisson sigma model [31,46]. Most famously, it was
studied for its smoothness properties by Cranic and Fernandes [16], under the
name of the Weinstein groupoid, where the necessary and sufficient conditions
for a (smooth) integration of a Lie algebroid were found.'?

1. We call E-path a morphism of Lie co-algebroids from (T'1, dgr) to (E, Q).
Since I is just one-dimensional, the morphism property only captures
information about the anchor. In particular, F-paths are in one-to-one
correspondence with paths a: I — E_; covering a path v: I — M such

that:
dy(t)

5 p(a(t)). (4.15)

An E-path is said to be trivial if, for all ¢ € I, v(¢) is a constant path,
~(t) = z for some z € M, and in addition a(t) = 0,,.

2. A homotopy between two E-paths ag and a1 is a Lie oco-algebroid mor-
phism from (T'1%,d4r) to (E,Q) whose restrictions to {0} x I and {1} x I

13In [47,48] a generalization of this to Lie n-algebroids was proposed so as to yield a (not
necessarily smooth) integration to n-groupoids. Here, however, we will apply the fundamental
groupoid construction also to Lie oco-algebroids: It is clear that the fundamental groupoid
depends only on the components of degree minus one and minus two of a Lie oo-algebroid.
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are ap and aj respectively, while the restrictions to I x {0} and I x {1}
are trivial F-paths.

Homotopy defines an equivalence relation on FE-paths. Concatenation of
paths'* is compatible with this equivalence relation and turns the quotient
set into a groupoid over M that we call the fundamental groupoid or Severa
groupoid of (E, Q). The definition is justified because homotopy equivalent Lie
oo-algebroids obviously have isomorphic fundamental groupoids. Here is the
main result of this section.

PROPOSITION 4.37. Let (E,Q) be a universal Lie co-algebroid of a singular
foliation F. The fundamental groupoid of (E,Q) is the universal cover of the
holonomy groupoid described by Androulidakis and Skandalis in [1].

The proof of this proposition uses the following lemma.

LEMMA 4.38. The restriction of the fundamental groupoid of any universal Lie
oo-algebroid (E,Q) of F to a leaf L coincides with the fundamental groupoid
of the holonomy Lie algebroid of L.

Proof. Let L be a leaf, Ay, its holonomy Lie algebroid, and (Fr, @) the restric-
tion of the Lie oo-algebroid (E, Q) to L.
It follows from Proposition 4.19 that the following sequence of vector bundles
is exact:

0— d(2) (iLEQ) —irE_q l) A — 0. (416)

Here the map 7: iy F_1 — Ay is a morphism of almost Lie algebroids, thus
preserving the anchor and the 2-brackets. Therefore the projection ifE_; —
Ay, maps an Ep-path to an Ap-path and maps homotopies of Ep-paths to
homotopies of Ar-paths. Hence, the fundamental groupoid of (E, Q) maps to
the fundamental groupoid of Ay.

Let us check that this map is bijective. Surjectivity is obvious: every section
o: Ap — ipE_; of 7 in (4.16) lifts an Ay, path to an Ep-path.

Let us check injectivity. Let a: TI? — A be an algebroid morphism whose
restriction to the boundaries satisfies the usual requirements of homotopies re-
lating two Ap-paths a; and as. It is easy to check that there exists a vector
bundle morphism a: T'1 2 5 i, E_; that satisfies the requirements of a homo-
topy of E-paths when restricted to boundaries, that relates arbitrary lifts of
a1 and as, and that satisfies m o & = a.

The vector bundle morphism @ may not be a Lie oc-algebroid morphism,
i.e. U:=a*o@Q — dgr o @* may not be zero.

However, since « is a Lie algebroid morphism, ¥: T'(i, E* ;) — Q2(I?) is linear
over functions and vanishes on the image of 7*: I'(4}) — I'(i,E*,). By the
linearity, it is the dual of a vector bundle morphism & : A’TI — iy E_; and,

14The concatenation of E-paths may not be smooth, but every E-path is homotopy equiv-
alent to an E-path which is trivial in neighborhoods of 0 and 1, and the concatenation of
such E-paths is smooth.
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by the second property, « is valued in the kernel of m. By exactness of the
complex (4.16), there exists a vector bundle morphism #: A2T'T — i, E_5 such
that d® o %z = k. The pair (a*, k*) defines a graded algebra morphism from &
to Q(I?) which is easily checked to be a Lie oo-algberoid morphism. O

REMARK 4.39. A close look at its proof may convince the reader that Lemma
4.38 is valid for any Lie oo-algebroid, universal or not, inducing F upon re-
placing the holonomy Lie algebroid of L with the 1-truncation Lie algebroid

iLE—l/d(Q) (iLELQ) as in (47)

Proof of Proposition 4.37. Given a singular foliation F, the holonomy groupoid
of F described in [1] is a topological groupoid, whose leaves are the leaves
of F. Moreover, according to [1], its restriction to every leaf L of F is a
smooth groupoid integrating the holonomy Lie algebroid Ay, of that leaf. Since
the fundamental groupoid of Ay is simply connected, it is the universal cover
of every source-connected Lie groupoid integrating Ay, and the Proposition
follows from Lemma 4.38 O
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