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Introduction

The first purpose of this thesis is to introduce and study a notion of singular Riemannian
foliations which is adapted to the module definition of a singular foliation. Finding a
commonly accepted definition of singular foliations was a longstanding debate since the
1960s [[.18]. This debate ended with the definition proposed by Androulidakis and
Skandalis | ]. They defined singular foliations as follows: !

Definition 1.1. A singular foliation on M is defined as a C*°(M)-submodule F of the
module of compactly supported vector fields on M, which is locally finitely generated and
closed with respect to the Lie bracket of vector fields.

This definition induces a decomposition of M into injectively immersed submanifolds
called leaves [H(2], thus yielding singular foliations in the more traditional sense (see,
e.g., [L18]). But the association is not one-to-one: several singular foliations give rise
to the same leaf decomposition. However, in the case where all the leaves have the
same dimension, the relation is one-to-one and Definition 1.1 becomes equivalent to the
usual notion of a regular foliation. Examples of singular foliations are induced on the
underlying manifold by, e.g., Poisson manifolds, Lie algebroids, and Lie oco-algebroids.

Now let us add a Riemannian structure g to the above setting. Inspired by | , ],
but stripping off unnecessary data from the definitions given there, we propose:

Definition 1.2. A singular Riemannian foliation on a Riemannian manifold (M, g) is
defined as a singular foliation F on (M, g) such that for every vector field X € F we
have:

Lxg € Q(M) © g,(F), (1)

where g,: X(M) — QYM), X — g(X,-) is the standard musical isomorphism and ©
stands for the symmetric tensor product.

With this definition, every geodesic perpendicular to one leaf turns out to stay perpen-
dicular to all the leaves it meets, thus yielding singular Riemannian foliations in the

1. A singular foliation can be equivalently defined as an involutive and locally finitely generated
subsheaf of the sheaf of smooth vector fields on M closed under multiplication by C°(M) | |
(see also | ). This has the advantage that one can replace C°°(M) by an arbitrary sheaf of rings
O on M.
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more traditional sense | ]. The converse is not always true:* A singular Rieman-
nian foliation in the sense of Molino is not always a singular Riemannian foliation. For
a regular foliation, Definition 1.2 becomes equivalent to the usual notion of a (regu-
lar) Riemannian foliation ([H58], [R59]). Examples of singular Riemannian foliations are
given by isometric Lie group actions on Riemannian manifolds and, more generally, orbit
decompositions induced by Riemannian groupoids | |.

Our notion of singular Riemannian foliations behaves well under the pullback operation
of | |. This permits us to provide a definition of Morita equivalence between sin-
gular Riemannian foliations. It implies Hausdorff Morita equivalence for the underlying
singular foliations, as defined in | |. In the fore-cited work it is shown that the leaf
spaces of Hausdorff Morita equivalent singular foliations are homeomorphic. Here we
will establish:

Theorem A. Let (Ny, g1, F1) and (N, g2, Fo) be Morita equivalent singular Riemannian
foliations. Then their leaf spaces are isometric as pseudo-metric spaces.

A second purpose of this thesis is to introduce the category of Z-Poisson manifolds TPois.
For its objects, the intention is to generalize coisotropic submanifolds (see, e.g., | ]
to the singular setting. For simplicity of the presentation, in the Introduction we provide
the definition of objects for the subcategory of semi-strict Z-Poisson manifolds ssIPois
of IPois, which are constructed simply out of Poisson manifolds:

Definition 1.3. A semi-strict Z-Poisson manifold is a triple (P,{-,-},Z) where T is
a subsheaf of smooth functions on a Poisson manifold (P,{-,-}) which is closed under
multiplication by smooth functions, locally finitely generated, and for every open subset

UcC P, Z(U) Cc C®(U) is a Poisson subalgebra, i.e.
{Z(U), Z(U)} c Z(U) .

To describe dynamics, one needs a compatible Hamiltonian, i.e. a function H € N(Z)
where

N(I)={feC=P): {fluv,Z(U)} C Z(U) for every open subset U} .
We then call (P,{-,-},Z, H) a (semi-strict) dynamical Z-Poisson manifold and the cor-
responding category (ss)dynIPois.

The property that a singular foliation is locally finitely generated is crucial for the exis-
tence of the induced leaf decomposition. Similarly, the condition “locally finitely gener-
ated” in Definition 1.3 is essential for showing that the flow of any H € N(Z), if complete,
preserves the sheaf Z (see Proposition 4.28 for the precise statement).

Definition 1.4. A smooth map ¢: Py — P, between (P, {-,-},,Z1) and (P, {-,-},,Z2)
is a morphism of (semi-strict) Z-Poisson manifolds, iff the two obvious conditions
0" (Io(Py)) C Ih(P1) and p*N(Zy) C N(Zy) are complemented by

{o*f, 0" gh — e {f.9}2 € Ti(P))  Vf,g€ N(Ly). (2)
For dynamical Z-Poisson manifolds we add the condition ¢*Hy — Hy € 1.

2. In the real analytic setting, we will provide such a counterexample in the third chapter of this
thesis (cf. also Question below).
3. For the complete version see Definitions 4.13, 4.30, and 4.32 below. The more general notion

permits to cover also examples such as Hamiltonian quasi-Poisson manifolds | ], see Example
4.17.



These are also the morphisms of the general category, when “semi-strict” in the parenthe-
sis is dropped. With this notion of morphisms, the category Pois of Poisson manifolds is
a full subcategory of (ss)IPois for the choice of the zero ideal. In general, however, the
morphisms between (semi-strict) Z-Poisson manifolds are not necessarily Poisson maps
between the underlying Poisson manifolds—an important feature in several applications.

The condition (2) is optimal to ensure that ¢* decends to a Poisson morphism on the
level of reductions: In fact, every (semi-strict) Z-Poisson manifold (P, {-,-},Z) induces a
Poisson algebra structure on N(Z)/Z(P). In the case of coisotropic reductions | ],
this algebra coincides with the algebra of smooth functions on the reduced Poisson
manifold. The algebraic formulation here is, however, also applicable in the general
context of Z-Poisson manifolds, where, e.g., the vanishing set of the ideal Z(P) does not
need to be a submanifold anymore. The conditions in Definition 1.4 ensure that there is
a canonical contravariant functor F' from (ss)IPois to PoisAlg, the category of Poisson
algebras.

The third purpose of this manuscript is to bring the two aforementioned subjects to-
gether and, in particular, to use Z-Poisson geometry so as to learn more about singular
(Riemannian) foliations.

Starting from a singular foliation (M, F) and viewing every vector field in F as a smooth
function on T*M, we construct a semi-strict Z-Poisson manifold (T*M, {-, }p.,,; , Zr).
Moreover, every metric g on M defines a compatible Hamiltonian (making the semi-strict
Z-Poisson manifold dynamical) if and only if the metric satisfies condition (1). Thus there
is a canonical map from singular (Riemannian) foliations to the objects of ssIPois and
ssdynlIPois, respectively. As we will see, this construction is not only conceptually
illuminating, it also has technical advantages: we will use it to find elegant proofs of
several properties of singular (Riemannian) foliations, like to show, e.g., that Definition
1.2 automatically induces a singular Riemannian foliation in the sense of [M95].

To complete the above map on objects to a functor, one would need a proper definition
of the categories SF and SRF of singular (Riemannian) foliations. Surprisingly, already
for singular foliations, in the literature there is not yet any satisfactory proposal for
what a morphism between general singular foliations should be. However, the situation
changes if one restricts to submersions and Riemannian submersions in the case of singu-
lar foliations and singular Riemannian foliations, respectively, because in these cases the
previously mentioned pullback operations are defined. For example, a Riemannian sub-
mersion 7: (N, h) — (M, g) between two singular Riemannian foliations (V, h, Fx) and
(M, g, Far) which satisfies 771 F); = Fx should definitely be considered as a morphism.
Let us call SFy and SRF, the two (sub)categories with such restricted morphisms. In
this paper we show in particular:

Theorem B. There are canonical functors V: SFy — IPois and ®: SRF; — dynIPois.

As a side result, we will find that for Fy; = 0, ®(7) becomes an ordinary Poisson map
if and only if the horizontal distribution (kerdr)" is integrable—correcting | |,
where this map has been considered as well, but claimed to always be Poisson.

Composing the functor ¥, evaluated on a singular foliation (M, F), with the functor
F: TPois — PoisAlg, we obtain the (reduced) Poisson algebra A(F) := N(Zx)/Zx(T*M).
This algebra provides an invariant of Hausdorff Morita equivalence, since we will prove:

x1



Theorem C. Let (M, F1) and (M, F1) be Hausdorff Morita equivalent singular folia-
tions. Then the reduced Poisson algebras A(Fy) and A(Fy) are isomorphic.

The final purpose of this thesis is to study the exceptional example of the singular
octonionic Hopf foliation, constructed upon the octonionic Hopf fibration on S¥ C
0? = RS, Hopf fibrations associated to the complex numbers and quaternions are well-
known examples in differential geometry and mathematical physics | , |. Due to
the difficulties arising by the lack of associativity in the algebra of octonions O, the
octonionic Hopf fibration is less studied in the literature. However, it has remarkable
properties due to the nature of the octonions | , |. In the context of this
thesis, the study of this example was motivated by the following question:

Question: Let (M, g, F) be a triple inducing a leaf decomposition which is a singular
Riemannian foliation in the sense of Molino [M95|. Is it possible to find a singular
Riemannian foliation (M, g, F’) in the sense of Definition 1.2 which has the same leaf
decomposition as (M, g, F)?

The singular octonionic Hopf foliation introduced in Section 8 will be seen to provide a
counterexample to this in the real analytic setting. For the smooth setting, this is still
an open problem. Let us remark in parenthesis that the likewise question if every leaf
decomposition called a singular foliation in the traditional sense can be obtained as the
leaf decomposition of a singular foliation in the sense of Definition 1.1 is still an open
problem as well.

The singular octonionic Hopf leaf decomposition Loy is defined using the octonionic
lines in 0% = R'6 defined as | , |

b = {(z,m-z) € 0*: z € 0}. (3)

for every m € O, called the slope of the line, together with the octonionic line of slope

6.¢)
lo :={(0,2) €0?: 2z €0} .

Definition 1.5. The singular Hopf leaf decomposition of Q? is defined as the family of
the leaves

Ly, =1,NS(r) VmeQ,
Loy =1l NS(r), (4)

together with the origin in Q2. Here, S(r) = {(z,y) € D?: ||z|* + ||y||* = r*} is the
sphere of radius r > 0 in D2,

The leaf decomposition Loy is known to be locally non-homogeneous, i.e. there is no
isometric Lie group action, even locally, generating the leaves of Loy as its orbits | ,

, L93].
A central starting point of our discussion is the following lemma, characterizing the vector
fields tangent to the leaves in Lop: A vector field (Z’j) € X(0?) with u,v € C*(0?, Q)
is tangent to the leaves of Loy, if and only if
wg+rT=0 & (5)
(2, u) = (y,v) =0 (6)
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for all (z,y) € O* = R'®. This characterization is an essential tool in the study of
Lo, and provides the ingredient for the computational part of the thesis, done using
Eisenbaud’s Macaulay2?. In Section 8, we use this lemma to provide an alternative
proof for the non-homogeneity of Loy. Moreover, we improve the classic result of non-
homogeneity for Loy as follows:

Theorem D. Let Fy be any singular foliation on Q% having Loy as its leaf decompo-
sition. Then (02, Fy) is not Hausdorff Morita equivalent to any singular foliation F on
some Riemannian manifold (M, g), whose leaf decompoistion is locally given by orbits of
some 1sometic Lie group action.

The non-homogeneity of Loy gives the non-existence of an isometric Lie group action
around the origin in (R, g;) which induces Loz. Moreover, there is, more generally,
also no known (unconstrained) Lie group action around the origin generating these leaves.

In Section 7 we provide a Lie groupoid G = Q2. Its construction is based on considering
the rescaling function A: 0? x Q* — R defined by the formula

for all (F,G) and (x,y) € Q2.

Definition 1.6. The Lie groupoid G = Q? is given by the following data:
— The manifold of arrows G is an open subset of 0 x Q% given by

Q::@2X@2\C

where C = {(F,G,z,y) € 0? x 0% : \(F,G,x,y) =0}.
— For every arrow g = (F,G,x,y) € G, the source and the target maps are given
by:

1 _ _
t(g) = ) (z+ |2l F + (9)-G, y+ lylI* G + (y7)-F) .
— The product m(g', g) = ¢'-g for a pair of composible arrows ¢ = (F',G",z, )
and g = (F,G,x,y) is given by

g-9=(F+XNg)-F,G+X\yg)-G,z,y).

— The unit map u: QO* — G is given by associating the arrow 1(, ) := (0,0,z,y) to
every object (z,y) € Q2.

— The inverse i: G — G applied to an arrow g = (F,G,x,y) gives g~* = i(g) by
means of

97" = (=F/Xg), —G/X9), t(9)) -

Theorem E. The orbits of the Lie groupoid G = Q2 are precisely the leaves in Lop.

4. macaulay2.com
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In the same section, we then differentiate this Lie groupoid to a Lie algebroid. It consists
of the trivial vector bundle Ey = Q2 over 02 and the anchor map p: Ey — TQ? = Q2
given by

0y _ (|lelPu + (25) v — (o, u) + (g, v))a
o (v) = (Hyu% + (y-7)u— (o u) + <y,v>>y) ' (®)

/
The Lie bracket evaluated on constant global sections (%) , (z,) € I'(Ep) is defined by

(5 ()1 =G+ o) (3) = (st (1) )

This Lie algebroid realizes Loy as leaf decomposition induced by a singular foliation
Fon in the sense of Definition 1.1. This singular foliation turns out to be maximal
among all singular foliations with the same leaf decomposition. More precisely, utilizing
Equations (5) and (6), together with computations done using Macaulay2 in Appendix
2, prove the following result: The singular octonionic Hopf foliation Fpp is generated
by all vector fields tangent to the leaves of Loy.

As mentioned before, the singular foliation Fpg gives an answer to our question, in the
real analytic setting. More precisely, since the octonionic Hopf fibration is known to
be a regular Riemannian foliation | |, using Molino’s homothetic transformation
lemma [M98] we observe that the triple (0% ds? Fop) induces a singular Riemannian
foliation in the sense of Molino. However, in the real analytic setting we prove the
following result:

Theorem F. Let F be any singular foliation on the real analytic Riemannian manifold
(0?,ds?) having Loy as its leaf decomposition. Then the triple (Q% ds? F) induces
a singular Riemannian foliation in the sense of Molino[) 98], but not in the sense of
Definition 1.2.

Finally, we complete the study of Foy by extending the Lie algebroid (Ey, [,-],p) to
a universal Lie 3-algebroid. The universal Lie oo-algebroid of a singular foliations is
introduced in | |. Lie oo-algebroids, first appeared in [V 10| as higher analoguous
of Lie algebroids, are defined as a positively graded vector bundle £ = ,., E_; over
a manifold M, together with a family of graded skew-symmetric and multilinear maps
I: A\*T(E) — T'(E) of degree 2 — k, called k-brackets and an anchor p: Ey — TM.
The barckets and the anchor are required to satisfy some compatibility conditions. In
[ |, it is proven that for a foliated manifold (M, F), upon the existence of a ge-
omtric resolution, one can associate a Lie oo-algebroid to the singular foliation, called
a universal Lie oo-algebroid of F. This association turns out to be unique up to ho-
motopy, and leads to invariants of singular foliations. However, this association is not
constructive, and different singular foliations may need different techniques to compute
the universal Lie oo-algebroid. For example, for linear foliations obtained by the ac-
tions of some subgroups of the general linear group, the construction of the associated
universal Lie oo-algebroids is explained in [523].

To construct a universal Lie 3-algebroid of Fop, in the first step, we use an exact sequence
found via Macaulay2 in Appendix 2. This leads to finding a geometric resolution for
the foliated manifold (0%, Fog). There, we have Ey :== 0* E_; := RGO &R, and
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E_, := R. We have E; = 0 for ¢ > 3. The anchor map p: Ey — T0? = Q? and
the 2-bracket restricted to sections of degree zero, coincide with the anchor and the Lie

I

bracket of the Lie algebroid (Ey, |-, -], p). The 1-bracket on global sections (a) e(E_)
v

and t € ['(E_,) is given by

y vy +a-x
—llyll*t
d® () = | (@)t |,
—[lz||*t

and the 2-bracket on other sections is defined as

N[ —2(y,a-u) + 2(y, v)p
(1) ()= (e @a + @org—ue) - vum )
v —2(x,a-v) + 2(z, u)v

(1) =200+ o
p\ [
lal,|d]]:=4a,d)—2u/ —24v. (10)

The other brackets are set to be zero.

In Proposition 10.10 we prove that these data define a Lie 3-algebroid, which is in
addition minimal at the origin, i.e. all the 1-brackets vanish at the origin. Using the
results of | |, we prove:

Theorem G. The Lie algebroid (Ey, [+, -], p) and similarly the Lie groupoid G = O? have
the minimal dimension among Lie algebroids and Lie groupoids over O? which induce
the singular foliation Fop.

The structure of this thesis is as follows:

Section 2 contains a short review of the definitions and main properties of singular
foliations related to the goal of this manuscript, in particular the notion of Hausdorff
Morita equivalence of singular foliations.

In Section & we introduce singular Riemannian foliations and study some of their proper-
ties. We show (in Theorem 3.6 below) that every finitely generated singular Riemannian
foliation admits an almost Lie algebroid structure with connection to turn the singular
Riemannian foliation into an almost Killing Lie algebroid | |. We define Morita
equivalence of singular Riemannian foliations, show that it defines an equivalence rela-
tion, and prove Theorem A.

Section 4 introduces the category IPois, the reduction functor F' to PoisAlg, and pro-
vides several examples and properties of Z-Poisson manifolds.

In Section 5 we show how singular foliations and singular Riemannian foliations give rise
to particular Z-Poisson and dynamical Z-Poisson manifolds, respectively.

XV



In Section 5.4 we prove Theorems B and C.

In Section 6, we provide a self-contained background on the normed division algebras
and their properties. In particular, for the case of octonions, we mention many identities
which turn out to be useful in calculations, in the absence of the associativity. We
conclude the section by introducing the singular Hopf leaf decomposition associated to
each of the four normed division algebras R, C, H and O.

In Section 7, we explain the construction of the Lie groupoid which induces the singu-
lar octonionic Hopf leaf decomposition as its orbits. We then differentiate it to a Lie
algebroid of rank 16, realizing Loy as the leaf decomposition of a singular foliation.

Section 8§ is devoted to the study of Fop. Non-homogeneity and maximality of Fpy are
explained as well.

In Section 9, we study Fop as a singular Riemannian foliation in the sense of Molino
[ | and in our sense. We explain how this example distinguishes the two definitions
in the real analytic setting.

In Section 10, finally after recalling the Universal Lie oo-algebroid of singular foliations,
we construct the Universal Lie 3-algebroid of (02, Foy), and prove the minimality of the
rank for the Lie algebroid (Ej, [, -], p), and correspondingly for the Lie groupoid G = Q2.

The definition of almost Killing Lie algebroids as well as part of the proof of Theorem
3.6 (in the form of Proposition 1.5) are deferred to Appendiz 1. The computations done
via Eisenbaud’s Macaulay2 are explained in Appendiz 2.
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Singular Riemannian foliations

As a well-studied branch of differential geometry, reqular foliations are defined as smooth
decompositions of manifolds into connected and injectively immersed submanifolds of a
same dimension k called leaves | |. Using the Frobenius theorem [I'77], they can
be equivalently defined as involutive k-dimensional smooth distributions on manifolds.
In the case of regular foliations, Riemannian foliations have been studied in differential
geometry since the 1950s (see for example [H58] and [R59]). They are defined as regular
foliations on Riemannian manifolds with the property that every geodesic perpendicular
to one leaf stays perpendicular to all the leaves it meets.

If we let the dimension of the leaves to vary, a smooth singular leaf decomposition could
not be equivalently characterized with as certain involutive submodules of vector fields.
However, the second definition | |, contains more information than a leaf decom-
position. For singular foliations as singular leaf decompositions, definition of singular
Riemannian foliations in the traditional setting was introduced by Molino | |, by re-
quiring the above property of geodesics for the now possibly singular leaf decomposition.
Examples of such foliations are given by isometric Lie group actions on Riemannian
manifolds and, more generally, orbit decompositions induced by Riemannian groupoids
[ |. But, for the more recent definition of singular foliations by | |, using the
same property for the induced leaf decomposition seems inadequate due to the additional
information carried by singular foliations.

In this chapter, we present a new definition of singular Riemannian foliations which
also depends on the choice of the underlying singular foliation. We use a compatibility
condition which first appeared in the study of gauge theory for standard sigma models
[ | and was used in the definition of Killing Cartan Lie algebroids. Every singular
Riemannian foliation in this sense turns out to have a leaf decomposition that is a singular
Riemannian foliation in the sense of Molino | |. The converse is not always true. For
regular foliations, on the other hand, the two notions coincide.



2 Background on singular foliations

In what follows, M is assumed to be a smooth manifold and X.(M) denotes the C*(M)-
module of compactly supported vector fields on M. For more details and examples of
singular foliations see | : | or | .

2.1 Basic definitions and examples

Definition 2.1. A C*°(M)-submodule F C X.(M) is said to be locally finitely generated
if, for every point q € M, there exists an open meighborhood U C M containing q
such that the submodule ;' (F) = {X|y: X € F,supp(X) C U} of X.(U) is finitely
generated. This means that there ezist finitely many vector fields Xy,..., Xy C X(U)
such that

' (F) = (X1, Xn)exw) - (11)

Remark 2.2. Note that the generators of Lgl(}") in Definition 2.1 are not required to be
compactly supported. This allows for more flexibility in constructing singular foliations
on M.

Example 2.3. Let M = R. Then the C*(R)-module X.(R) is globally generated by the
single vector field %. On the other hand, the C*°(R)-submodule of compactly supported
vector fields which vanish on R_ is not locally finitely generated around 0.

Definition 2.4. A singular foliation on M is defined as C*(M)-submodule F of X.(M)
which is locally finitely generated and closed with respect to the Lie bracket of vector
fields. The pair (M, F) is then called a foliated manifold.

For every foliated manifold (M, F) the leaf L, passing through ¢ € M is given by the
set of points which can be joined to ¢ by the flows of finitely many vector fields in F.

Theorem 2.5 ([H062]). Let (M, F) be a foliated manifold. Then for every point ¢ € M,
the subset Ly is an injectively immersed submanifold of M.

The space of leaves of (M,F), i.e. the quotient space obtained form the equivalence
relation of belonging to the same leaf, is denoted by M/F.

Let L, be the leaf passing through the point ¢ € M in a foliated manifold (M, F). Then,
by definition of the leaves, T,L, can be identified with {X|,: X € F} C T, M, which
motivates:

Definition 2.6. For every point ¢ € M in a foliated manifold (M, F), the tangent of F
at q is defined as
F,={X|,: XeF}ycT,M.

If ¢ — dim(F,) is constant on M, we obtain regular foliations as particular singular
ones. In this case, by the Frobenius theorem [I'77], there is a one-to-one correspondence
between the leaf decomposition of the foliation and the module of vector fields generating
it. This is no more the case if the singular foliation is non-regular; there always exist
different modules generating the same leaf decomposition then (for an example, see
Example 2.9 below). Note also that in the non-regular case all the vector fields tangent
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to the leaves of a given singular foliation do not necessarily define a singular foliation
anymore: the module of Example 2.3, despite not being a singular foliation since not
finitely generated, induces a leaf decomposition, which can be obtained also by an honest
singular foliation with the single generator y i. Here x € C*°(R) can be chosen, e.g.,

as the function
exp(=3) x>0
= T . 12
x(z) {0 5 <0 (12)

Remark 2.7. The function M — N given by q — dim(F}) is lower semi-continuous.
As a result, the subset U C M of the continuity set of dim(F;) is open and dense, and
1y (F) induces a regular foliation over each connected component of U [ /.

The following example shows the importance of being locally finitely generated:

Example 2.8. On M = R2, consider the module G generated by the vector fields 0,
and X(x)0,, where x is the function defined in (12), together with all their multiple
commutator Lie brackets. Then, by construction, G is closed under the Lie bracket.
However, it is not locally finitely generated as a C*°(M)-module since with each derivative
on X we obtain a new, independent coefficient in front of 0,. As a consequence, we loose
the well-behavedness of a leaf-decomposition: although every two points in R? can be
connected by a sequence of flows of vector fields in G (so that, in this sense, there would
be only one leaf that is R? itself), the tangent of G at every point in the left half-plane is
only one-dimensional.

As mentioned above, Definition 2.4 contains more information than a well-behaved de-
composition of M into leaves:

Example 2.9. Consider M = R and fix some k € N. Then the vector fields vanishing at
least to order k at the origin form a singular foliation Fy. While the leaf decomposition
15 the same for all k, one has Frpi1 C Fp.

To capture some of this additional information contained in the definition of a singular
foliation, we extract some more data from the module F by the following definition of

[AS09].
Definition 2.10. Let (M,F) be a foliated manifold. For every point ¢ € M, the fiber
of F at q is defined as:

F,=F/I,-F
where I, == {f € C°(M) : f(q) = 0} is the vanishing ideal of q in C>°(M).
Remark 2.11. The function M — N sending ¢ — dim(F,) is upper semi-continuous,
and dim(F,) gives the minimal number of vector fields locally generating F around ¢ € M

[4509].

Note that for every point ¢ € M the evaluation map ev,: F, — Fy, [X] — X]|, is a
homomorphism of vector spaces and induces the following short exact sequence:

0 — ker(ev,) <= F, =% F, = 0. (13)
here [X] denotes the equivalence class of the vector field X € F.

It is not difficult to see that the Lie bracket on F induces a Lie bracket on the finite-
dimensional vector space ker(ev,) C F,.



Definition 2.12. The vector space g(]; := ker(ev,) together with the bracket inherited by
Fy defines the isotropy Lie algebra of F at q.

In the case of regular foliations, the map ev,: F, — [y is a vector space isomorphism
and gf = (0. So one can say that the isotropy Lie algebra gqf characterizes in part the
singularity of F at ¢ € M.

In Example 2.9 all fibers and isotropy Lie algebras at the origin are isomorphic. This
changes, if we increase the dimension of M:

Example 2.13. Let M = R", n > 2, and let F be the singular foliation generated by
vector fields vanishing at the origin at least of order k € N. There are always only two
leaves M\ {0} and {0}, but the fiber at the origin has different dimensions for different
choices of k, dim Fy = (k+"_1).

n—1

2.2 Hausdorff Morita equivalence

Definition 2.14 (| ) ). Let f: N — M be a smooth map and let F be a
singular foliation on M. Then f is said to be transverse to F, if for every q € M one
has

dg f(TyN) + Fy(q) = Ty()M .

Example 2.15. If S C M is transverse to the leaves of a foliated manifold (M, F), then
the inclusion map ts: S — M 1s transverse to F.

Example 2.16. A submersion w: N — M is transverse to every singular foliation on
M.

Proposition 2.17 (| ). Let (M, F) be a foliated manifold and let f: N — M be a
smooth map transverse to F. Then the C®(N)-module f=*F generated by vector fields
on N projectable to F is a singular foliation on N.

Here, a vector field V' € X(N) is called projectable to F, if there exists a vector field
X € F such that for every point ¢ € N we have:

def(Vlg) = Xls(a) -

Definition 2.18 (| ). Two foliated manifolds (M, F1) and (M, F3) are Hausdorft
Morita equivalent if there exists a smooth manifold N and surjective submersions with
connected fibers m;: N — M;, i = 1,2 such that:

Wflflz’ﬂ';lfg.

In this case we write (My, F1) ~yp (Ma, Fo).

It is shown in | | that the singular foliations underlying Morita equivalent Lie alge-
broids [(G01] or Morita equivalent Poisson manifolds [X91] are Hausdorff Morita equiva-
lent. Also the Morita equivalence of regular foliations [V98] is a special case. Hausdorff

Morita equivalence defines an equivalence relation on foliated manifolds—something that
holds true for Poisson manifolds only upon restriction to those integrating to a symplec-
tic groupoid. The main fact about Hausdorff Morita equivalent foliated manifolds is
that they have Morita equivalent holonomy groupoids (as open topological groupoids)
defined in | |.



Theorem 2.19 (| ). Let (My,F1) and (Ma, F2) be foliated manifolds which are
Hausdorff Morita equivalent by means of (N, my,ms). Then:

(i) The map sending the leaf passing through q € M to the leaf of Fo containing
mo(m11(q)) is a homeomorphism between the leaf spaces. It preserves the codimension
of leaves and the property of being an embedded leaf.

(i1) Let ¢ € Ny and g3 € N be points in corresponding leaves. Choose transversal slices
Sq at i and Sy, at qa. Then the foliated manifolds (Sql,qullfl) and (SQQ,qulz]-"g) are
diffeomorphic and the isotropy Lie algebras gil and gg are isomorphic.

Example 2.20. For smooth, connected manifolds M and N, (M,%X.(M)) and (N, X.(N))
are always Hausdorff Morita equivalent. On the other hand, (M,0) and (N,0) are Haus-
dorff Morita equivalent only if M and N are diffeomorphic.

Example 2.21. Let (M, Fy) and (M, F3) be isomorphic foliated manifolds, i.e. there
exists a diffeomorphism ®: My — My satisfying ®.(F) = Fo. Then we have (My, F1) ~yE
(M, F3) by choosing N = My, m = Idy;, and m = ® in Definition 2.18.



3 Module singular Riemannian foliations

In what follows, (M, ¢g) denotes a Riemannian manifold. We begin by recalling the first
approach to defining singular Riemannian foliations, following | |. Then, we introduce
a second approach that considers additional information carried by a singular foliation.
We examine its properties and also explore Morita equivalence for both approaches.

3.1 Approaches for defining singular Riemannian foliations

The first approach to define singular Riemannian foliation, due to Molino | |, requires
compatibility between the Riemannian metric and the leaf decomposition of the singular
foliation. To distinguish it from the second approach, we add the suffix ’geometric’ before
singular Riemannian foliation.

Definition 3.1. Let F be a singular foliation on (M,g). We call the triple (M, g, F)
a geometric singular Riemannian foliation, if every geodesic orthogonal to a leaf at one
point is orthogonal to all the leaves it meets.

In this text, we focus mainly on the following definition of singular Riemannian foliations,
streamlining the one given in | |°:

Definition 3.2. Let F be a singular foliation on (M, g). We call the triple (M, g, F) a
module singular Riemannian foliation, if for every vector field X € F we have:

Lxg € Q(M) O g,(F). (14)

Here ® stands for the symmetric tensor product and g, is the map on sections induced by
the musical isomorphism g,: TM — T*M, (q,v) — g4(v,-). Let (g,)~': QY (M) — X (M)
denote the corresponding inverse map and g=! € T'(S*T'M) the 2-tensor inducing it.
Then, by means of Lx(g,)"" = —(g5) "' o (Lxg) o (g,)"!, we can express the defining
property of a module singular Riemannian foliation also in the following form

Lemma 3.3. The triple (M, g, F) is a module singular Riemannian foliation if and only
if
LxgteX(M)oF

for every vector field X € F.

As a consequence of the following lemma and proposition, it is enough to check Equation
(14) locally for a family of generators:

Lemma 3.4. Let (M, F) be a foliated manifold such that F = (X, ... 7XN>C°°(M) for
some positive integer N. Then the triple (M, g, F) is a module singular Riemannian
foliation if and only if there exist w® € QY(M) for a,b=1,..., N such that

N
Lx,g=Y w)© g(X).
b=1

5. For the relation of module singular Riemannian foliations with the notion defined in | | see
Appendix 1 as well as Theorem 3.6 below.



Proof. First assume that (M, g, F) is a module singular Riemannian foliation. Choose a
partition of unity {p;};-, subbordinate to a locally finite cover {U;};°, of M. For every
a=1,..., N we have

Lx,g= plx.g = Y (Lox.g—(dps) © g,(X,))
=1 =1
o'} N
= > (Z Na © 95(Xp) = (dps) @ gb(Xa)>
=1 b=1

N
= ) wh O g(X),
=1

for some 1-forms 77?,(1 on M and wb := >, nf@—égdpi. For the converse, let X be a vector
field in F. By assumption, there exist f1,..., f¥ € C®(M) such that X = Zflv:l feX,.
It follows that

N

N
Lxg=)Y Lrx,g = > [Lx.g+(df*) © g(Xa)

a=1 a=1

= YWk 0 g(f1X) + (dfY) © g,(Xa) € QM) © g,(F).

a=1

An important property of the definition of a geometric singular Riemannian foliation is
that the defining condition is local. This is less trivial in the case of module singular
Riemannian foliations.

Proposition 3.5. The triple (M, g, F) is a module singular Riemannian foliation if and
only if for every point ¢ € M there exist an open neighborhood U C M around q such
that (U, gu, L(}l}_) 1s a module singular Riemannian foliation, where gy s the restriction

to U of g.

Proof. If (M, g, F) is a module singular Riemannian foliation, then restricting both
sides of Equation (14) to any open subset U € M implies that (U, gy, 1;;' F) is a module
singular Riemannian foliation. It remains to prove the converse. Choose a partition of
unity {p;}.-, subbordinate to a locally finite cover {U;};2, of M, with open subsets U;
small enough such that L(_Jilf = (Xi1, .., Xin;) oo (Ua) for some positive integer N; and
vector fields X;1,...,X;n, € X(U;). Then for every vector field X € F,

i=1

Moreover, for every positive integer i, there exist functions f®!,..., fo%i € C>(U;) such
that

N
piX = [Xia,
a=1
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and consequently
X33
i=1 a=1

This together with Lemma 3.4 now permit us to prove that (M, g, F) is a module singular
Riemannian foliation:

oo N;
Lxg=33 fLx, gv. + ([df) © (9)(Xia),

i=1 a=1

which proves Lxg € QY(M) ® ¢,(F) since X is compactly supported and only finitely
many f“® are nonzero on supp(X). |

Every finitely generated singular foliation is image of the anchor map of an almost Lie
algebroid | | (see Appendix 1). For module singular Riemannian foliations, one
has furthermore:

Theorem 3.6.
— For every module singular Riemannian foliation (M, g, F) with F finitely gen-
erated, there exists an almost Lie algebroid (A, p,[-,-]a) over M equipped with a

connection V: I'(A) — I'(T*M ® A) such that F := p(I'.(A)) and
Vg =0, (15)

where AV is the A-connection induced by V, see Equation (100) in Appendiz 1.

— Let (A, p,[,-]a) be an almost Lie algebroid over a Riemannian manifold (M, g),
such that the triple (M, g, F := p(I'.(A))) is a module singular Riemannian foli-
ation. Then there ezists a connection V on A such that (15) holds true.

Proof. The proof of the first part of the Theorem can be performed by a straightforward
adaptation of the proof of Proposition 1.5 in the Appendix. In particular, the almost
Lie algebroid A then can be chosen to be trivial, A = M x R", where r is the number of
generators of F.

We prove the second part of the Theorem, where now one is given a particular, not
necessarily trivial almost Lie algebroid A inducing F, as follows: There exists a vector
bundle V' — M such that (A := A® V) — M is a trivial vector bundle of rank N.
Consequently there exist sections ey,...,ey € I'(A) and vy,...,vx € I'(V) such that
e1+ vi,...,exy + vy is a global frame for A. Now we define the almost Lie algebroid
(A, 5[] i), where the bracket and the anchor map are the trivial prolongation of [, |4
and p to A (since in an almost Lie algebroid one does not need to satisfy the Jacobi
identity for the bracket, this extension does not pose any problems here). By assump-
tion p(L(A)) = p(I'e(A)) defines a module singular Riemannian foliation on (M, g).
According to Lemma 3.4, this is equivalent to the existence of 1-forms w? € Q(M) such
that

N
EXag:ZwZQLng Va=1,...,N. (16)
b=1

Here X, := p(eq + va) = p(eq). Now define a connection V on A by

N
Vieq +v,) = sz ® (ep + vp)

b=1
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which induces a connection on A as follows: Let s € ['(A) C I'(A), then
Vxs:=Pryo(Vxs) VX € X(M),

where Pry: A — A is the projection to the first component. In particular, for every €a,
there exist unique functions f2 € C°°(M) forb=1,..., N such that e, = Zb WHEE=D
and we have

Vxea=Prao(Vx(O_ files+w)) = > X(fev+ Y (flixwy)e

b=1 b=1 b,c=1

29 (p(Vxead), X) = 2g (p (Z X(f2)ew + Z(ffbxw§)€c> 7X)

b=1 b,c=1
N N N
= 2> A (xw) 9 (Xe, X)) +2 3 X (f)9(X, X)
b=1 c=1 b=1
N N N
= > f (Zwb@bxc ) (X, X)+ ) (df2 © 1x,9)(X, X)
b=1 b=1 b=1
N
= Z (lez)'Cng + dlez) © Lng) (X’X>
b=1
= (LXag> (X7X)7
and, by Lemma 1.4 in the Appendix below, the statement then follows. |

So locally one can define singular foliations also as an equivalence class of almost Lie
algebroids and module singular Riemannian foliations as an equivalence class of almost
Lie algebroids over a Riemannian base with an appropriately compatible connection.
(For some related cohomology see also | ).

3.2 Comparison between the two approaches

Using the language of almost Lie algebroids, the following proposition is Theorem 7 in
[ |. Tt will be proven in an alternative, more direct way in the present manuscript,
using the techniques of Z-Poisson geometry:

Proposition 3.7. FEvery module singular Riemannian foliation is a geometric singular
Riemannian foliation.

Note that the converse is not true, at least not for every choice of the module F:

Example 3.8. Consider F = ((x*+y*)(20, — y0y))coomzy on M = R? equipped with the
standard metric go. The leaves are circles centered at the origin, which is a geometric
singular Riemannian foliation, but it does not satisfy Equation (14). More precisely, for
V= (2% + y?) (20, — y0,), a simple calculation implies that

& Gnv)

on R?\ (0,0). Ewvidently, the 1-form ‘“j;—jg;@ fails to have a smooth extension to the
oTLgin.

xdx + ydy

Lvgy =4
Vst [x2+y2



Despite the fact that the singular foliation introduced in Example 3.8 does not define
a module singular Riemannian foliation on R?, it is possible to find a module singular
Riemannian foliation with the same leaf decomposition. In fact, the singular foliation
Fo generated by the vector field V = 20, — y0, is a Killing vector field for the standard
metric g, and Equation (19) is obviously satisfied.

Question: Let (M, g, F) be a geometric singular Riemannian foliation. Is it possible to
find a module singular Riemannian foliation (M, g, '), having the same leaf decompo-
sition as (M, g, F)?

For the smooth setting, this is still an open problem. A counterexample for the polyno-
mial or analytic setting is the singular octonionic Hopf foliation, introduced in Section

8.

For singular foliations there is a pullback under maps transverse to the singular foliation,
see Definition 2.17 and the text following it. To adapt this to the context of singular
Riemannian foliations, we consider the following:

Definition 3.9. Let 7: (N,h) — (M, g) be a smooth submersion between Riemannian
manifolds. It is called a Riemannian submersion if, for every q € N, the restriction
dym: Hy = TugM of dym to H, = (kerdym)te C TyN is an isometry. The smooth
distribution H = (Hq)gen of rank dim(M) is called the horizontal distribution of 7.

Lemma 3.10. Let m: (N,h) — (M,g) be a Riemannian submersion and (M,F) a
singular foliation. Then the pullback singular foliation can be generated as follows

7 F = (FH 4T (ker dm)) oso(n) » (17)
where F'* is the horizontal lift of F.

Proof. By definition 2.17 the inclusion (F* +T' (ker dm))coo(ny C m~'F is evident. Now
let W be a projectable vector field on N projecting to F, i.e. there exists a vector field
X € F such that dym(W/|,) = X|r(). On the other hand, if we decompose W into its
horizontal part Wy and its vertical part Wy, we have dym(Wgl,) = X|x(), which gives
Xy = V*. This means that generators of 771 F belongs to F*+T (ker dr), consequently
T F = (F + T (ker dm)) oo (). [

Proposition 3.11. Letw: (N, h) — (M, g) be a Riemannian submersion and let (M, g, F)
be a module singular Riemannian foliation. Then (N,h,71F) is a module singular
Riemannian foliation as well. The same statement holds true for geometric singular
Riemannian foliations.

Proposition 3.11 will be proven in Section 5.4 below. As a consequence, and by the fact
that (regular) Riemannian foliations are locally modeled on Riemannian submersions
[MOg], we obtain:

Proposition 3.12. Let (M, F) be a regular foliation on a Riemannian manifold (M, g).
Then (M, g, F) is a geometric singular Riemannian foliation if and only if it is a module
singular Riemannian foliation.

Example 3.13. Let G be a Lie group acting by isometries on (M, g). Then after Lemma
3.4 the C=°(M)-submodule F C X.(M) generated by fundamental vector fields is a module
singular Riemannian foliation on (M,g), since every fundamental vector field X is a
Killing vector field: Lxg = 0.
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Example 3.14. The proof of Theorem 1 in [ | shows that the geometric singular
Riemannian foliation induced on the manifold of objects of a Riemannian groupoid—as
defined in [ |—is a module singular Riemannian foliation.

3.3 Morita equivalence of singular Riemannian foliations

Definition 3.15. Two module singular Riemannian foliations (M, g1, F1) and (Ma, g2, F2)
are Morita equivalent if there exists a Riemannian manifold (N, h) together with two sur-
jective Riemannian submersions with connected fibers m;: (N, h) — (M;, g;) fori=1,2
such that

71'1_1.71 = 7T2_1.F2

and we write (N1, g1, F1) ~ue (N2, g2, Fa).

Remark 3.16. This notion of Morita equivalence can be defined for geometric singular
Riemannian foliations as well as for module ones. Consequently, if two module singular
Riemannian foliations are Morita equivalent then they are also Morita equivalent as
geometric singular Riemannian foliations. Moreover, if we forget about Riemannian
metrics, we obtain Hausdorff Morita equivalent foliated manifolds.

While for Hausdorff Morita equivalence of singular foliations transitivity of the equiva-
lence relation is relatively easy to show, this is more involved in case of the additional
Riemannian structure due to the presence of the metric.

Proposition 3.17. The Morita equivalence of module singular Riemannian foliations
defines an equivalence relation.

Proof. Reflexivity is evident from the definition and for the self-equivalence the identity
map defines a Morita equivalence between a module singular Riemannian foliation and it-
self. Now we prove the transitivity as follows: Assume that (M, g1, F1) ~ue (Ma, g2, F2)
given by 7;: (U, gu) — (M;, g;) for i = 1,2 and (M3, g2, F2) ~mpe (Ms, g, F3) given by
ni: (W, gw) — (M;, g;) for i = 2,3. Now consider the smooth manifold U .,x,, W defined
as

Uy Xy W= {(u,w) € U x W |mo(u) = no(w) € My}

with canonical projections py: U r, Xy, W — U and pw: U , X, W — W. Note that
the tangent space at (u,w) € U ., X, W is given by

Tiww)(U ry Xy W) = {(X,Y) € LU x T,W | dyma(X) = duna(Y)}
since every smooth curve on U , x,, W can be expressed as (v, yw) where vy and vy

are smooth curves on U and W, respectively, such that m(vy) = n2(yw). We now define
a Riemannian metric g on U ., X,,, W as follows: ¢

9((X1, Y1), (X2, Y2)) = gu (X1, Xz) + gw (Y1, Y2) — g2(duma(X1), duma(X2)) (18)

where (X;,Y;) € T(uw) (U x, %, W) for i = 1,2, and note that d, 7y (X1) = dwnw (Y;) for
1 = 1,2. It is clearly smooth and symmetric. In addition we have

g(X,Y),(X,Y)) = [|XIP + Y * = [dum2(X)* = [|X]I* + [Y]]* = [[dum (V)] > 0

6. We were informed that this idea has been used already in [W83] and [ |
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for every (X,Y) € T(uuw)(U x, Xy, W) since 1y and ny are Riemannian submersions, and
it is zero if and only if both X and Y are zero vectors. Hence (U ,, X,, W, g) defines a
Riemannian manifold. Now we claim that the projections py and py are Riemannian
submersions. We have

ker(d(,wypu) = {(0,Y) € T,U x T,W | dyn(Y) = 0},

so its orthogonal complement is given by

Haw) = {(X,Y) € Tuu) (U my Xy W) | gw (Y, Z2) =0 VYV Z € ker(dynp) } -

Using the fact that ny is a Riemannian submersion, for every two vectors (X, Y1) and
(X2,Y3) in Hy,.) we have:

g((Xh}/l)a(XQa}/Q)) = gU<X1aX2)‘f‘gW(dan(Yl)adan(YQ)) _QQ(dwTD(}/l)vdan(}/Z))
= gU(X17 XQ) = gU(d(u,’w)pU(le }/1>7 d(u,’w)pU(X27 Sf2>>

which proves that py is a Riemannian submersion. It has connected fibers since for every
u € U, we have p;;'(u) = {u} x n;'(ma(u)), which is connected. Similarly it is shown
that py is a Riemannian submersion with connected fibers. These two Riemannian
submersions are surjective by construction. So the Riemannian manifold (U ., x,, W, g)
and the surjective Riemannian submersions with connected fibers m o py and w5 o py
define a Morita equivalence between (Ni, g1, F1) and (N3, g3, F3). This completes the
proof. |

Although the leaf space of a singular Riemannian foliation may not be topologically
well-behaved, it inherits a pseudo-metric space structure from the Riemannian metric.
Following | |, for every two leaves L; and Ly of a SRF (M, g, F), the distance
between them is defined by

dyyF (L, La) == inf {Z Lg(%‘)} :

Here the infimum is taken over all discrete paths (y1,--- ,vn) joining L; and Lo, i.e. a
family of piecewise smooth curves 7, --- ,yy: [0,1] — M for some positive integer N,
such that v,(0) € Ly, yv(1) € Lo and 7;(1) and 7;41(0) belong to the same leaf for each
1=1,--- ,n—1

As a corollary of Remark 3.16 and Theorem 2.19, there exists a homeomorphism between

the leaf spaces of Morita equivalent module singular Riemannian foliations. The following
theorem is the Riemannian counterpart of part (i) of Theorem 2.19:

Theorem 3.18. Let (Ny, q1,F1) and (Ng, go, Fa) be Morita equivalent module singu-
lar Riemannian foliations. Then the homeomorphism between the leaf spaces given in
Theorem 2.19 s distance preserving.

Proof. Assume that (M, g1, F1) ~ue (Ms, g, F2) is given by m;: (N, h) — (M;, g;)
for i = 1,2. Let Ly and L) be two leaves in (M, g1, F1) and let Ly and LY be their
corresponding leaves in (M, go, F2). Consider a discrete path (vq,---,7,) joining L,
and L. By lifting each ~; into finitely many piecewise smooth horizontal paths, one
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obtains a discrete path (1;,...,7,/) for some n’ > n on n joining 7, *(L;) and m; *(L})
with the same length as (1, ,7,)—since the lifts are horizontal with respect to the
Riemannian submersion 7;. Since 7, is a Riemannian submersion, (ma(n;), -« , T2 (1))
is a discrete path joining L, and Lf with a length which is smaller than or equal to the
length of (1, -+ ,7,)—since the lifts are not necessarily horizontal with respect to .
Consequently

dag 7 (L1, L) > dagyy 7, (Lo, Ly).

Slmllarly d]\/IQ/]:2 (Lg, L/2) Z dMl/]'-l (Ll, Lll), which 1mphes dMl/]'-l (Ll, Lll) = dM1/-7:2 (LQ, LIQ)
This proves the statement. |

To define a category SRF of module singular Riemannian foliations one needs to specify
their morphisms. We are not going to do this in the present manuscript. But since any
good notion of such morphisms should include Riemannian submersions which satisfy
that the pullback of the singular foliation on the base agrees with the singular foliation
on the total space, we define the following full subcategory SRFj:

Definition 3.19. The category SRF has module singular Riemannian foliations as its
objects and Riemannian submersions w: (N, h, Fy) — (M, g, Far) satisfying 7 Fy =
Fn as its morphisms.

3.4 Singular foliations as sheaves

One can equivalently define singular foliations as an involutive and locally finitely gen-
erated subsheaf of the sheaf of vector fields X. This definition is equivalent to Definition
2.4 in the smooth setting, but it offers advantages when working with sheaves of polyno-
mial, real analytic, or holomorphic functions (See | | or | ]). Notably, since
these sheaves of rings are Noetherian, the condition of being locally finitely generated
is automatically satisfied and can therefore be omitted. We observe that the definition
of module singular Riemannian foliations can be directly adapted to the definition of
singular foliations as sheaves.

In what follows, M is a smooth or real analytic manifold, or an affine variey. For
every open subset U C M, let O: U — O(U) be the sheaf of smooth, real analytic or
polynomial functions. We denote by X(U) the O(U)-module of vector fields on U and
the sheaf of vector fields by X : U — X(U).

Definition 3.20. A sheaf F: U — F(U) of O-modules on M s called locally finitely
generated, if for every point q € M, there exists a neighborhood U containing q and
finitely many sections Xy, ..., Xy € F(U), such that for every open subset V-.C U we
have

FV)=(Xilv,..., Xn[v)ow)

Definition 3.21. A singular foliations on an O-manifold M is a subsheaf F C X of
the sheaf of vector fields, which is locally finitely generated and involutive, i.e. the O(U)-
module of vector fields F(U) is closed under the Lie bracket of vector fields. The pair
(M, F) is referred to as a foliated manifold.

Theorem 2.5 stays valid and implies the partition of the foliated manifold (M, F) into
leaves. Moreover, except the pullback operation, all definitions and properties mentioned
in Section 2 can be similarly defined and verified for Definition 3.21 of singular foliations.
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Remark 3.22. The two definitions coincide in the smooth setting. More precisely, if
O s the sheaf of smooth functions on the smooth manifolds M, there is a one-to-one
correspondence between locally finitely generated subsheaves of the sheaf of vector fields
and the C*°(M)-submodules of the compactly supported vector fields [ /.

Definition 3.2 of module singular Riemannian foliation, can be directly adapted to Defi-
nition 3.21 of singular foliations, as follows:

Definition 3.23. Let F be a singular foliation on the Riemannian manifold (M,g). The
triple (M, g, F) defines a module singular Riemannian foliation, if for every open subset
UcCM and X € F(U) we have

Lxg € Q' (M) © g(F(U)). (19)

Here, ® stands for the symmetric inner product of 1-forms and g, : TM — T*M 1is the
musical isomorphism given by (q,v) — g,(v,-) for all (q,v) € TM.

In particular, for an open subset U with finitely many generators X,..., Xy € F(U),
Equation (19) is satisfied if and only if there exist 1-forms w? € Q'(U) such that

Lx,g=uwr®g(Xp,-). (20)

Remark 3.24. As a consequence of Proposition 3.5, Definition 3.23 is equivalent to
Definition 3.2 in the smooth setting.

14



Z-Poisson geometry

The idea of defining Z-Poisson manifolds arises from an algebraic perspective on the
coisotropic reduction of Poisson manifolds | |. Generalizing the well-known exam-
ple of the symplectic reduction | |, coisotropic reduction is defined for a Poisson
manifold together with a closed submanifold whose annihilating functions form an ideal
closed with respect to the Poisson bracket. This ensures that the Hamiltonian flows of
functions in this ideal decompose the coisotropic submanifold into leaves. Under certain
regularity conditions, the leaf space inherits a Poisson structure.

In differential geometry and mathematical physics, the regularity conditions for applying
the coisotropic reduction are not always satisfied, as shown in examples of this chapter.
To study examples with singularities and emphasize the algebraic aspects of the reduc-
tion, useful ideas have been developed in | , | and more recently in | |-

In this chapter, we introduce Z-Poisson manifolds in their most general sense. We will
clarify the relation and the differences between this definition and the aforementioned
notions. In addition, we define the category IPois bply introducing the morphisms of Z-
Poisson manifolds as a natural relaxation of Poisson maps. At the end of this chapter, we
utilize this framework to study singular (Riemannian) foliations and prove some results.
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4 7-Poisson manifolds

4.1 Background on Poisson manifolds

We start by recalling the necessary definitions and examples from Poisson geometry. See
[ , , | for a more detailed introduction to Poisson geometry

Definition 4.1. A Poisson manifold (P, {:,-}) consists of a smooth manifold P and an
R-bilinear Lie bracket {-,-} : C®°(P) x C*(P) — C*°(P) satisfying the Leibniz rule

{f,gh} =g{f,n} +{f,h} N
for every f,g,h € C(P).

The Leibniz rule implies that for every function f € C*(P), {f,-} and {-, f} are deriva-
tions of C*°(P), or equivalently vector fields in X(P). This implies that there exists a
bivector field IT € X*(P) = I'(A*(T'M)) such that for every two functions f, g € C*°(P)
we have:

{f,9} =1I(df,dg) .

Remark 4.2. The Jacobi identity for {-,-} is equivalent to [II,1I] = 0, where |[-,-] is
the Schouten—Nijenhuis bracket on multi-vector fields X°. The vector field Xy = {f, -} =
II(df,-) is called the Hamiltonian vector field of the function f. Functions with vanishing
Hamiltonian vector fields are called Casimir functions.

Remark 4.3. A Poisson algebra is an associative algebra over some field k equipped
with a Lie bracket {-,-}, where the Leibniz rule gives the compatibility condition between
these two products on A. The triple (C>*(P),-,{-,-}) where - stands for the pointwise
product of functions is an example of Poisson algebras.

Example 4.4. Let M = R?" for some positive integer n € N and choose local coordinates
(', ...,q", p1,...,pn). Then the bracket {-,-} defined by

R, 0f 99 Of 0y
(1.9} = ; 5. 07 " D70 (21)

for every f,g € C°(M) defines the standard Poisson bracket on M.

Example 4.5. More generally, every symplectic manifold (M,w) defines a Poisson man-
ifold with the bracket {-,-} defined by

1,9} = —w(Xy, Xy)

for every f,g € C*(M), where Xy and X, are Hamiltonian vector fields of f and g
satisfying tx,w = df and vx,w = dg. In particular the cotangent bundle of a smooth
manifold s a Poisson manifold, with the Poisson bracket given by Equation 21 in Dar-
boux’s coordinates.
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One can show that the assignment f +— X; defines a morphism of Lie algebras. This
proves the following definition:

Proposition 4.6. Let Fi; C X(P) be the C*°(P)-submodule of the vector fields generated
by all Hamiltonian vector fields. Then (P, Fn) is defines a singular foliation, called the
symplectic foliation.

Example 4.7. Let g be a finite dimensional Lie algebra with Lie bracket [-,-]. For every
smooth function f € C*°(g*) and every element { € g*, the linear map def: Teg* = g* —
R is naturally identified with an element def € g. Then g* is a Poisson manifold with
the Lie-Poisson bracket -

{93 (€) == (&, [def, deg])

for every two functions f,g € C*®(g*) and & € g*. The Jacobi identity holds by the Jacobi
identity of the Lie bracket |-, -], and the Leibniz rule is a consequence of the Leibniz rule
for the differential d. In this example, the symplectic foliation has the coadjoDarboux’sint
orbits in g* as its leaves.

Definition 4.8. A smooth map w: (P, {-,-},) = (P2, {-,-},) is called a Poisson map if
for every two functions f,g € C*(P,) we have:

{ﬂ-*fv Tr*g}l = ﬂ-* {f7 9}2 . (22)

The following example in | | reveals the relation of Morita equivalence of Poisson
manifolds and Hausdorff Morita equivalence of singular foliations.

Example 4.9 (| |). Poisson manifolds (Ny,111) and (No,1I5) are Morita equivalent
[XO1] if there exist a symplectic manifold (U,w) and surjective submersions ¢;: U —
N; for i = 1,2, which are Poisson and anti-Poisson maps respectively, and such that
ker(dyy ), and ker(dys), are symplectic orthogonal subspaces of T,,U for all u € U. Let
F1 and Fy be the symplectic foliations generated by Hamiltonian vector fields on Ny and
Ny respectively. Assume that (N1,11y) and (N3, Iy) are Morita equivalent, then we have
the following descriptions of I'(ker(dey)) and I'(ker(dps)):

[(ker(dgr)) = ({Xypse: g € CF(Na) })ee(
[(ker(dps)) = ({Xprg: g € CF(N1) }e)

where X;: = U#(df) stands for the Hamiltonian vector field of the function f. Conse-
quently

i (Fi) = ({Xpzgt g € C(N)) } + Dlker(dey))) e u)

fori=1,2. It follows that

P (F1) = ({Xprg: 9 € C¥(N) } + {Xpsg: g € CF(No) Plom ) = 93 ' (Fa)

which proves Corollary 2.24 in [ [: If two Poisson manifolds are Morita equivalent,
then their symplectic foliations are Hausdorff Morita equivalent.
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Remark 4.10. The above notion of Morita equivalence for Poisson manifolds defines
an equivalence relation on the family of integrable Poisson manifolds [X91], i.e. Poisson
manifolds having a complete symplectic realization or, equivalently, such that their Lie
algebroids defined over their cotangent bundles integrate to Lie groupoids. If one drops
the integrability condition, one has problems already with the self-equivalence.

4.2 Definitions and examples

Definition 4.11. A subsheaf T of a sheaf of rings O on a manifold P is called locally
finitely generated if for every q € P there exist an open neighborhood U C P containing
q and finitely many sections g1, ...,gn € O(U) such that Z(V) = (g1|v, ..., gn|v)ov) for
every open subset V C U.

Remark 4.12. In this text, we mostly work with O being the sheaf of smooth func-
tions, but one may equally consider sheaves of polynomial, real analytic or holomorphic
functions for the appropriate choice of P.

Definition 4.13. An Z-Poisson manifold is a triple (P,{-,-},Z) where I is a locally
finitely generated subsheaf of smooth functions on P, such that for every open subset
U C P we have

1. Z(U) is a C°°(U)-module,

2. Z(U) is closed under the bracket,

5. {fghhy+ g h} FY+{{h. 1o} €Z(P), Vg heNQT),
where N(Z) :={f € C*(P): {f|lu,Z(U)} C Z(U) for every open subset U}.
We call {-,-} the Z-Poisson bracket and N(Z) the Z-Poisson normalizer.

Example 4.14. Every Poisson manifold (P,{-,-}) is canonically an Z-Poisson manifold
for I generated by the zero function.

Example 4.15. Let (P, {-,-}) be a Poisson manifold and I = (fi,..., fx)ce(p) be a
finitely generated ideal of C*°(P) which is a Poisson subalgebra. Then the sheaf T defined

by
U Z(U) = (filu,-- -, [nlv)eew)

defines an I-Poisson manifold.

Example 4.16. Let (P, {-,-}) be a Poisson manifold and C' C P an embedded coisotropic
submanifold. Then the triple (P,{-,-},Z¢) where Zo(U) = {f € C°(U) : flcrv = 0}
for every open subset U C P defines an Z-Poisson manifold. Note that in this example,
Lo s in general not finitely generated, only locally so.

Example 4.17. Let (P, {-,-}, ®) be a Hamiltonian quasi-Poisson manifold / |: P
is a G-manifold for a compact Lie group G, {-,-} : /\2 C>®(P) — C>=(P) is an R-bilinear
bracket satisfying the Leibniz rule, such that

{1, 9% 1y +{{g.h}. £+ {{N. f}. g} = dp(df,dg.dh)  Vf.g.h e C=(P) (23)

where ¢p € X3(P) is a 3-vector field induced by the cartan 3-tensor ¢ € N*g, and
®: P — G a G-equivariant map satisfying the moment map condition

{2°f,} =30 ((eg + i) llea)p V[ €C®(G), (24)
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where (e,) is a basis for g, ek, el € X(GQ) are the left-invariant and and right-invariant

vector fields associated to e, respectively, and (e,)p € X(P) is the fundamental vector
field induced by e,.

Let P, be the open subset of P on which G acts freely. Fix a conjugacy class C C G and
let T C C®(P) to be defined as the vanishing ideal of C, := ®~1(C)N P,. Now the triple
(P, {-,-},Z) defines an Z-Poisson manifold: In Definition 4.13, Condition 1 is clear and
Condition 2 1s a consequence of the moment map condition and G-equivariance of ®. It
remains to show that Condition 3 s satisfied: The moment map condition gives

N(I)={f € C®(P): flo, € C™(C,)°},

which implies that for f,g,h € N(Z), the function ¢p(df,dg,dh) vanishes on C, since
orlc. € X3(CL).

Under some conditions, a reduction process applied to Examples 4.16 and 4.17 results
in reduced Poisson manifolds:

Example 4.18. In Example 4.16, the Hamiltonian vector fields of functions in Lo are
tangent to C' and they are closed under the Lie bracket, hence defining a singular foliation
on C. If this singular foliation is regular and the quotient map m: C' — C,.e¢q to the leaf
space Cheq is a smooth submersion, then C,eq inherits a Poisson bracket {-,-},_, such that
™ {f,9},eq = {F, G} o, where F' and G are smooth functions on P satisfying F|c = 7* f
and G|c = m*g. This process is called the coisotropic reduction [ /.

Example 4.19. In Ezample 4.17, Theorem 6.1 in [ | implies that the quotient
Crea := C./G inherits a Poisson bracket {-, }req.

Remark 4.20. The notion of an Z-Poisson manifold is motivated by generalizing Fx-
amples 4.16 and 4.17 and their reductions to a potentially singular setting, where the
quotient Cheq does not need to exist as a manifold and the reduction is performed alge-
braically.

As a consequence of Conditions 2 and 3 of Definition 4, the quotient N(Z)/Z(P) forms
a Poisson algebra. This motivates the following definition:

Definition 4.21. The reduced Poisson algebra of the Z-Poisson manifold (P,{-,-},Z)
is defined to be the Poisson algebra R(Z) := N(Z)/Z(P).

Remark 4.22. This is a straightforward generalization of the set of Dirac observables
[D50]. The algebra R(Z) also appears in [ | as an algebraic method of reducing
Hamiltonian G-spaces with singular moment maps.

Example 4.23. If C,eq in Example 4.18 is smooth, then R(Zc) is isomorphic to the
Poisson algebra C™(Cleq). Similarly, in Example 4.19, the Poisson algebra of functions
on Creq 18 isomorphic to the Poisson algebra R(Z).

Example 4.24. Let G be a connected Lie group acting on a Poisson manifold (P, {-,-})
by Poisson diffeomorphisms with a G-equivariant moment ji: P — g*. Following [ /
the subsheaf T C C* generated by smooth functions (u,g) is a Poisson subalgebra and
one has

R(I) = (C*(P)/T)".
Moreover, if G is compact, then Proposition 5.12 in [ | states that

R(T) = C=(P)“/IC .
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Example 4.25. Let P = T*R", n > 1, with coordinates (¢*,...,q", p1,...,pn) and
T C C® the subsheaf generated by the n(n—1)/2 functions ¢'p; — ¢’p; for 1 <i < j <n.
This is a special case of Example 4.2/ for the diagonal action of G = SO(n) on T*R™.
We have

R(Z)=W>(D),

where D C R? is defined by
D := {(z1,22,23) € R’ | 2] + 23 = 2} and z3 >0}

and W(D) stands for the smooth functions on D in the sense of Whitney, i.e. the
restriction of C*°(R?®) to D. For more details and proofs see Theorem 5.6 and Example
5.11(a) of [ /.

The Poisson bracket on W>(D) can be understood as follows: Identify R with the
Poisson manifold s0(2,1)* and, simultaneously, with 2+1 dimensional Minkowski space.
The symplectic leaves of s0(2,1)* then consist of spacelike vectors of a fized Minkowski
norm (one-sheeted hyperboloids), null vectors decompose into the origin, the forward light
cone, and the backward light cone as three distinct leaves, and finally timelike vectors
of a fized norm yield two leaves each (two-sheeted hyperboloids). Then restriction to
D corresponds precisely to restricting to the forward lightcone and the origin in this
Minkowskr space. This bracket does not depend on the extension of a function on D to
the ambient space since D is the collection of (two) symplectic leaves.

Remark 4.26. If in the previous example one restricts to the polynomial functions, such
that T C Rlq*,...,q", p1,...,pn], one finds

R(T) = S*(s0(2,1)) /(w] + 23 — a3) ,
i.e. the polynomial functions on s0(2,1)* modulo the ideal generated by the quadratic

Casimir. So one looses the restriction x3 > 0 that one finds in the smooth setting.

4.3 Dynamical Z-Poisson manifolds

Definition 4.27. A dynamical Z-Poisson manifold denoted by (P,{-,-},Z, H) consists of
an Z-Poisson manifold (P,{-,-},Z) and a Hamiltonian function H € N(I). Its reduction
is defined to be the pair (R(Z),[H]) where [H] € R(Z) is the equivalence class of H.

The following proposition reveals one of the main properties of dynamical Z-Poisson
manifolds.

Proposition 4.28. Let (P, {-,-},Z,H) be a dynamical Z-Poisson manifold. Then the
Hamiltonian flow of H locally preserves I, i.e. for every qy € P there exists an open
neighborhood U C P around qo such that ®|y is defined fort € (—e, €) and

(%) Z(P (V) = Z(V). (25)

In the case that the Hamiltonian vector field Xy is complete, this implies that, for all
t € R, one has (94,)*Z o ®Y; = T and, in particular, that the ideal Z(P) is preserved,

(@) Z(P) =Z(P).
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Proof. Choose an open neighborhood W C P around gy where Z(WW) is generated by
finitely many functions ¢y, . .., gy for some positive integer N. Then by the existence and
uniqueness theorem for ODEs there exist an open subset U C W containing ¢y and an
interval (—¢, €), € > 0, such that ®%;|; is defined for ¢ € (—¢, €). By the definition of the Z-
Poisson normalizer in Definition 4.13, there exist functions \> € C*°(U), a,b=1,..., N,
such that:

N
{H;ga} = ZAZgb
b=1

Using this equation, we obtain:

N

G (©4)790) = ()" {H.ga} = Y ((P5) A (®h) ga) (26)

Now, let X,(t) € RY be a column vector with a-th component equal to g, o ®%(p) for
a=1,...,N and let A,(t) be the N by N matrix (A, o ®};(p))Y,—,- Equation (26) then
transforms into the following family of non-autonomous linear ODEs

(1) = Ap () X,(1). (27)

This equation and its initial conditions depend smoothly on p € U. It is standard
knowledge that solutions to (27) take the form:

X, (1) = Uy (1)X,(0) (28)

Here W,,(t) = (¢2(t,p))2,—; is the fundamental matrix of the ODE, satisfying ¥, (0) = I
and

U, (t) is sometimes also called the (time-) ordered exponential of A,(t).

Since A,(t) and X,(0) depend smoothly on p, the components of the fundamental matrix,
Y (t, p), depend smoothly on p as well. Now, Equation (28) can be written as

(D5)"9a(p) = > _ Vb, p)gb(p)

which implies the inclusion (®%)* Z(®%,(U)) € Z(U).

To prove equality, we first observe that the inclusion yields also (®)* Z(U) C Z(®%,(U))
for every t € (—¢,¢€). Thus, for every f € Z(U), one has (®;/)*f € Z(®%(U)). But on
the other hand, we have the obvious identity

= (@) (@) f),

and therefore f € (®%,)* Z(P%,(U)). [

The following example shows that the condition of being locally finitely generated in the
definition of Z-Poisson manifolds is crucial for Proposition 4.28 to hold true:
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Example 4.29. Consider the Poisson manifold M = T*R = R? with coordinates (g, p)
and standard Poisson bracket

Let T be the subsheaf of C™ wvanishing on {q <0} C M, which is not locally finitely
generated around every point on the p-axis, but still closed under the Poisson bracket.
Then the coordinate function p is an element of N(Z) since X, = a% preserves L. But

the Hamiltonian flow of X, is given by @tXp(q,p) = (q + t,p), which evidently does not
preserve L if t > 0.

4.4 The categories IPois and dynIPois

In order to define the category of Z-Poisson manifolds, we introduce a notion of mor-
phisms and show that they can be composed:

Definition 4.30. Let ¢: (P, {-,-},,Z1) = (P, {-,-},,Z2) be a smooth map between two
T-Poisson manifolds. We call it an Z-Poisson map if the following three conditions are
satisfied:

0 (Lo(R)) C Ti(P), (29)
¢*N(I) C N(Th), (30)
{o*f,0*gh — e {f, g} € Ti(P) Vf,g€ N(I). (31)

For dynamical Z-Poisson manifolds we add the condition ¢*Hy — Hy € 1.

Proposition 4.31. The composition of two Z-Poisson maps is an I-Poisson map.

Proof. Consider the following Z-Poisson maps:

@:(Pla{’f}lvzl) - (P27{'7'}27IQ)
w:<P27{'7'}27IQ) - (P3>{'7'}3’I3)'

Equations (29) and (30) for v o ¢ follow directly from those equations for 1) and ¢. It is
thus enough to verify Equation (31) for the composition. For all f,g € N(Z3) we have:

{fovbop,gohopt —{f,glsovop
= {(fov)op, (govp)op}, —{foth,got},0p
+ ({fov,govt, —{f.gts0) 00
€ Li(P)+ ¢ L(P) Ci(P),

where we used Equations (29) and (31) for ¢ and Equations (30) and (31) for ¢ in
the last line of the proof. A similar computation shows that morphisms of dynamical
Z-Poisson manifolds can be composed as well. |

Definition 4.32. The category IPois and dynlIPois consist of Z-Poisson manifolds
together with Z-Poisson maps and dynamical Z-Poisson manifolds together with dynam-
1cal L-Poisson maps, respectively. By requiring the Z-Poisson bracket to be a Poisson
bracket, we obtain a subcategory which we call (dynamical) semi-strict Z-Poisson mani-
folds ssIPois (ssdynlIPois). Similarly, the category sIPois (sdynIPois) of strict (dy-
namical) Z-Poisson manifolds is defined by requiring that the Z-Poisson bracket is a
Poisson bracket and that the morphisms are Poisson maps.
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Remark 4.33. While ssIPois is a full subcategory of IPotis, sIPois is not.

Remark 4.34. The three conditions in Definition 4.30 are the minimal conditions for
the map ©* to induce a morphism of Poisson algebras ¢: R(Zy) — R(Zy). In particular,
we obtain a functor F' from IPois? to PoisAlg, the category of Poisson algebras. We
call F' the reduction functor.

Remark 4.35. Viewing Poisson manifolds (P,{-,-}) as Z-Poisson manifolds (P,{-,-},0),
Z-Poisson maps are precisely Poisson maps. This identifies the category of Poisson man-
ifolds Pois with a full subcategory of sIPozis.

Remark 4.36. There is a functor from IPois to C3Alg, the category of coisotropic
triples of algebras as introduced in [ [. On the level of objects, one assoicates the
triple (C*(P),N(Z),Z(P)) to every Z-Poisson manifold (P,{-,-},Z), while a morphism
© in our sense gives rise to a morphism @* in CzAlg due to the first two defining
conditions (29) and (30).
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5 Singular (Riemannian) foliations through Z-Poisson
manifolds

5.1 Vector fields as functions on the cotangent bundle

Let M be a smooth manifold. We denote by C°(T*M) C C*(T*M) the algebra of
homogeneous polynomials of degree k in the fiber coordinates of T*M with coefficients
in C=(M). Every vector field X € X(M) defines an element X € C{°(T*M) on the
cotangent bundle of M, defined as

X(g,p) = (p, X|y)

for every (¢,p) € T*M, where ¢ € M and p € T;M and (,-) denotes the canonical
pairing. This construction can be naturally extended to the sections of T'(S¥(T'M)) to
obtain elements in Cy(T*M).

Lemma 5.1. Let X, Y € X(M) be two vector fields on M. Then
{Y’V}T*M - [Xv Y], (32)

where {-, -} 1., is the canonical Poisson bracket on T*M and [-,-] is the Lie bracket of
vector fields on M.

Proof. Let (¢, ...,¢") be a local coordinate system on M, and (¢',...,¢", p1, ..., pn) the
corresponding canonical local coordinates on 7M. In this coordinate system X and Y
can be written as X = > 7 X'p;and Y = 3.7 | Y'p;, where X, Y are the components
of V,W in the above coordinate system. The following calculation proves the lemma:

n n

(XY} =0 X2 —yidky, = N UIX Y] = [X,Y].

=1 j=1 =1
|

Lemma 5.1 and the Leibniz rule for the Lie derivative of tensor fields imply:

Corollary 5.2. Let S be an element of T'(S¥(TM)) for some k > 0, and S be its
corresponding element in C°(T*M). Then for every vector field X € X(M) we have:

{X,S},., = LxS. (33)

5.2 Singular foliations and Z-Poisson manifolds

Now let (M, F) be a foliated manifold. Define a C°°(T™* M )-submodule Jr C C*°(T*M)
by
Jr = <X X € f>C§°(T*M) .

Note that the generators of Jr are not required to be compactly supported on T*M.
Then we define the sub-presheaf Zr of the sheaf of smooth functions on T*M by

Ir(U) ={f € C*(U) : pf € Tr VpeCZ(U)} (34)

for every open subset U C T*M.
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Proposition 5.3. The preschaf I defined in Equation (34) is a subsheaf of the sheaf
of smooth functions on T*M.

Proof. The locality of Zr is evident, since Zr is a sub-presheaf of the sheaf of smooth
functions on T*M. To verify the gluing property, let {U;};°, be an arbitrary open cover
of T*M and let f € C°°(T*M) be such that f|y, € Zx(U;) for every positive integer i. We
prove that f € Zx(T*M) as follows: it is enough to show that for every p € C°(T*M),
we have pf € Jr. Since supp(p) is compact, it can be covered by finitely many open
subsets U;,, ..., U, in {U;};~,. Choose a partition of unity oy, 0;,,...,0;, subordinate
to the open cover {Uy := T*M \ supp(p), Ui,, ..., U } of T*M and write

N

Ui, -

N
pf =) pouf
k=1

The latter implies that pf € Jr, since by definition of Zx(U;, ), for each k = 1,..., N
we have po;, f U, € Jr. [ |

We prove that the sheaf Zr satisfies the properties of Definition 4.13, in the following
lemmas:

Lemma 5.4. For every open subset U C T*M we have

{Z#(U), Zr(U) } 1 py € Z¢(U)

Proof. Let f,g € Zx(U). It is enough to show that for every p € C*(U) we have
p{f.g} C Jr. Choose a compactly supported function o € C°(U) such that o|supp,) =
1. One obtains

oL 9 e =009 ey — A0S 0} pene 9 — Pf {0, 9 pers € TF,

since the first term belongs to Jr by Lemma 5.1, the second term is inside Jr by
Definition of Zx(U), and the last term vanishes identically. Consequently {f,g},.,, €
(). n

Lemma 5.5. Let U C M be an open subset such that i F = (X, ... , Xn)oe ) for
finitely many vector fields X1,..., Xy € X(U). Then

Ir(V) = Xilv, ..., Xn|v)e=y ,
for every open subset V. C T*U.

Proof. We first prove that (Xi|v,..., Xn|v)c~@w) C Zr(V). Let SV X, |y be an
element of (Xi|y,...,Xn|v)cx@ and take an arbitrary p € C>(V). By choosing a
compactly supported function h € C°(U) such that hlspp(p) = 1 (when viewing h as an
element of C3°(T*U)), we have

N N
PZ)\GZW = Z,O)\ah_Xa € Jr,
a=1 a=1

since pA® € C°(V) and hX, € F foralla=1,...,N. To prove equality, let f € Zx(V).
Choose a partition of unity {p; };-, subordinate to alocally finite cover {V;};°, of V. Since
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for every i we have p;f € Jr and V C T*U, there exist functions A}, ..., AN € C=(T*U)
such that

N
pif = Z Ay Xalv .
a=1

This implies

o) co N
= Zpif = ZZ)\?’\/E‘V
i=1 a=1

i=1

which completes the proof. |

Corollary 5.6. Let (M, F) be a foliated manifold. Then the triple (T*M,{-, }1.ps > ZF)
1s an I-Poisson manifold.

5.3 Singular Riemannian foliations and dynamical Z-Poisson man-
ifolds

For every Riemannian manifold (M, g), its cotangent bundle T*M carries a natural
Hamiltonian function Hy:

Hy(q,p) = 3(p,g, ' (p))

for every (¢,p) € T*M, where g,: T,M — Ty M is the musical isomorphism v ~ g(v,-).
In local Darboux cqqrdinates this becomes Hy(q',...,q", p1y ..., Pn) = %szzlg”pipj
where the matrix (¢*7) is the inverse to the matrix of the Riemannian metric (g;;) in
the coordinates (¢', ..., ¢"). Equivalently, we can define also H, using the isomorphism
[(S*(TM)) = C5°(T*M), under which it becomes identified with g =2009700
0;, le. Hy= 3g1.

The following fact about H, is standard knowledge, which we still prove for completeness.

Proposition 5.7. The Hamiltonian flow of Hy is the image of the geodesic flow under
the musical isomorphism, i.e. for every geodesic y: (—e,€) — M and every t € (—¢,€),
we have

O, (7(0), 9(4(0),-)) = (¥(t), g(¥(t),)) -

Proof. Assume that (¢',...,¢") is a normal coordinate system centered at ¢ € M, i.e.
9i5(q) = dij and Orgij(q) =0 for 4,5,k =1,...,n. For every p € Ty M we have

Xu,(q.p) sza l

Let v: (—€,€) — M be a geodesic passing through ¢ at ¢ = 0; in particular, ¢*(0) = 0.

€, €) =
Then ((7(t),g(%(t),-)) is a curve on T*M passing through (¢,p) = ((7(0), g(7(0)), ) at
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t = 0; in local coordinates, ((v(¢),9((t)),-) = (¢'(t),...,q"(t),p1(t), ..., pa(t)) where
pi(t) =271 gij(q(t))¢’ (t). Then, since p;(0) = 0, we have

S0 95 (0).) = D' 0) (jﬁ .

On the other hand, ¢*(0) = g(5(0), -2

? 8(17‘

XHg(q,p) = %’t:o((’Y(t)>9<"Y(t)a )

4) = pi(0), which indeed gives

Lemma 5.8. Let (M, F) be a foliated manifold. We have
N(Tr) = {f € CXT*M) s {f, Tr}bpors C Tr} -

Proof. The inclusion N(Zz) C {f € C®(T*M) : {f, Tr}tp.y C Jr} is satisfied by Def-
inition 4.13 and the fact that Jr is equal to the set of compactly supported elements in
Zr(T*M). Now let f € C°(T*M) be such that {f, T}, C Tr. Let U C T*M be an
open subset and g € Zx(U). For every p € C2°(U) we have

pAflos 9y penr = fs 09 pens = s PYpers 9 € Tr s

since pg € Jr and {f, p}.,, s compactly supported in U. The definition of Zx(U) then
implies that {f|v, Zz(U)}7.y; € Zr(U). Since U is arbitrary, we obtain f € N(Zr). W

Now we can state an equivalent definition of module singular Riemannian foliations
through Z-Poisson geometry.

Proposition 5.9. A singular foliation F on a Riemannian manifold (M, g) defines a
module singular Riemannian foliation, if and only if

H, € N(ZI5). (35)

Proof. Assume that (M, g, F) is a module singular Riemannian foliation. By Lemma
3.3, for every X € F we have

LxgleX(M)oF.

Using the isomorphism I'(S?(T'M)) = C5°(T*M) and Corollary 5.2, we obtain

{X,Hy}popr = 2Lxg™! € X(M) © F,
which together with the Leibniz rule imply {Jr, Hy};,.,, C Jr. Lemma 5.8 then implies
that H, € N(Zr). Conversely assume that H, € N(Zr). After Proposition 3.5 we can

assume that 7 = (Xi,..., Xn)ce). Using Lemma 5.5, H; € N(Zr) implies that for
every a = 1,..., N there exist functions f!,..., fN € C(T*M) such that

N
$ex g7 = (X0, Hy} = ) f2X, (36)
b=1
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where we used Corollary 5.2 for the first equality. Locally, for each a and b, consider
the first-order Taylor approximation of f°(g, p) with respect to the fiber coordinates {p;}
around (g, 0)

fala,p) = £2(2.0) + Aq(a,p) + o([lpl)) (37)
where \2(g, p) is linear in fiber coordinates. Equations (36) and (37) then imply that
N N
{(Xa Hy} =Y XX = [£2(g,0) + olllpl)] X -
b=1 b=1

The left-hand side of the last equation is quadratic in fiber-coordinates, while the righ-
hand side is not. This implies that both sides are identically zero. Consequently

N
{(Xo Hy} =) MK,
b=1

for some \b € C°(T*M). Lemma 3.4 then implies that Lyg™' € X(M) ® F. [
Now we are able to present the proof of Proposition 3.7.

Proof. [Proposition 3.7| Let (M, g, F) be a module singular Riemannian foliation. As
the statement is local, we can assume that F is finitely generated, i.e. there exist vector
fields X7, ..., Xy € X(M) for some positive integer N, such that F = (X}, "'7XN>Cg°(M)'
By Lemma 5.5, Zr is generated by functions X, ..., Xy. By Proposition 5.9, for every
a=1,...,N there exist functions \!, ..., AN € C°(T*M) such that

N
{Hgara} = Z )‘Zyb
b=1

Assume that v: (—e,e) — M is a geodesic such that ¥(0) L F,q), i.e. the geodesic
is orthogonal to the leaf at ¢ = 0. Then the ideal Z(7*M) vanishes at (qgo,po) =
(7(0), 9(%(0),.)) € T*M. Since @} (qo) is defined for —e < t < ¢, for every r < e there

exists an open neighborhood U C M of gy such that @fqg is defined for ¢t € (—r,r) on U.
According to Proposition 5.7,

g(1(1), Xa(v(1))) = Xa(v(), 9y (¥(1), )
° iy [0(7(0), 95(0) (4(0), )

- ‘I)l}lg |7 Xa(0, o)

X,
X,

fora=1,..., N. But now, according to Proposition 4.28, the function (@?Ig lv)* (ZB}, (U)>
g

is an element in Zz(U) for t € (—r,r). This means that for ¢ in this interval, §(¢) L F, ).
As r < € is arbitrary, the proof is complete. |

5.4 The functor ® and reduction

At the end of Section 3 we introduced the category SRF, and in Section 4 we intro-
duced the category of Z-Poisson manifolds IPois. In this section we will provide a
functor from the first to the second category, by sending a module singular Rieman-
nian foliation (M, g, F) to the Z-Poisson manifold (T*M, {-,-} ,Zx) and every surjective
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Riemannian submersion 7: (My, g1) — (Ma, g2) to the bundle map ¢, := (g2), o dm o
(go);': (T*My, {-,-},) — (T*Ms,{-,-},), see Theorem 5.18 below. ¢, is precisely the
map making the following diagram commute:

TM, (91)» T M,

o s

TM2 —— T*MQ
(92)s

The map ¢, is not a Poisson map in general: "

Example 5.10. Let m: R® — R? be the projection (z,y,z) — (x,y) in the canonical
coordinates. Equipping R and R? with the following metric tensors

g3: = dr@dr+(1+2°)dy®dy —2dy®@dz —rdz ®@dy +dz®@dz  and
go: = dg@dg—i—dg@dg,
respectively, turns 7 into a Riemannian submersion. Here (x, y) denote the coordinates

on R?. In the induced coordinates (z, Y, Pes Py) and (2,Y, 2, Pz, Py, P2) ON T*R? and T*R3,
respectively, the map @, is given by

0T, Y, 2, Py Dy, P2) = (X, Y, Pus Dy + TD2).

This is not a Poisson map, since {spy, 3Py} = Pz, Py + 2p=} = p. # 0.

In the last example the obstruction for ¢, to be a Poisson map is that the horizontal
distribution of the Riemannian submersion m, which is generated by vector fields a% and
a% + x%, is not integrable; the corresponding connection has curvature.

The map ¢, still preserves the Poisson bracket up to some ideal of functions Zye, gx:
Definition 5.11. Let w: My, — My be a submersion. The subsheaf of smooth functions

Tierar on T* My s defined as the corresponding sheaf Lx for the reqular foliation F :=
I.(kerdm).

When there is no ambiguity, for simplicity, we denote the ideal Zyey 4r (T*M1) by Zyer dn-

Remark 5.12. [t is not difficult to see that for every open subset U C T*M, The
ideal Ty ax(U) is the vanishing ideal of the submanifold Ann(kerdr) "U C U. Here
Ann(ker dm) stands for the annihilator of the subbundle ker dm C T'My. Moreover, since
Ann(kerdr) is an embedded submanifold, we have:

C:= {(q7p) € T*Ml: f(Q>p) =0 Vf € Ikerdrr} = Ann(ker d7T) . (38)

Lemma 5.13. Let w: (M, g1) — (Ma, g2) be a Riemannian submersion. Then for every

{f © Pr, g0 QOﬂ-}l - {fa 9}2 C @r € Ikerdﬂ' (39>
{fogpmzkerdw}l C Ikerd7r- (40)

7. In contrast to what is claimed in | |
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Proof. Choose local Darboux coordinates (g4, p?) on T* M, and (¢t, ¢%, p},pl) on T* M,
such that giom = ¢! (this is possible since 7 is assumed to be a submersion). In particular,
Tyerdn is generated by the momenta pl. Now note that at every point ¢ € Mj,

dqﬂ(@%@i’q) = aiqé’?r(q) )

since for every function f € C*°(Ms)

Ay (Zela) - = 2 (q) = 2 (m(0) 227 () = 2 ((a).

In particular, since ¢, is a bundle map, we have
0 =00 ¢n (41)
Next we prove that upon restriction to the vanishing submanifold C of Zyerdsr,
C={(q,p) €eT*M;: f(q,p) =0 Vf € Lyerar} = Ann(kerdn), (42)
one has p! = p? o .. Indeed, let (¢, p) be a point in T*M; and X = (g1), ' (p). Then

o) = 91X, 57le) = 01 (X, (5 J7) + a(X, (3 )

pi(a.p) = p(a—qi

)V

are the horizontal and vertical parts of the vector 7=

where (

H
respect to g1, respectlvely Using that 7 is a Riemannian submersion and that there
exist functions A, such that ( a?;; DV =, Aa(q)%b, this implies:

+ZngA dq1|>

p}((bp) = gQ(qu(( ) 8q

Consequently, by definition of ¢,

pi(a,p) = p} o pa(q.p) + Y Aala)ph(a,p)

and thus
pile = (0F © ¥x)le- (43)
Now for every f € C°(T*My;), we have:
oY - d(p2op
A2 (g,p) = 2L (pela, ) "2 (0. 0) + Lalonla,p) o ap) . (44)

(¢,p) € C, we may use Equation (43) to

Since %
a1
transform Equation (44) into:

o d ap;
Aoex)(q,p) = %(%(q,p))%(q,p) + 552 (02(0,2)) 5t (0. ) (45)
= o (on(a,p
In a similar way, using the chain rule and that 2> |c and 55 |c are tangent to C, for every
function f € C*(T*M,) and every (¢,p) € C, one finds
Aoed(a.p) = g5(enla,p)), (46)
Aoed(g,p) = 0. (47)
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For every two functions f,g € C°°(T* M), upon restriction to | we have:

O(fopr) O(gopr 0(gowr) O(fopr
opngopmhle = Z( (Jépzf) (%q?)_ (%p:f) (gq?)>|c

i

O(fopr) O(gopn) _ 9(gowr) O(fopr)
T Z( ok oax ok dap )’C

o

— Z O(fopr) O(gopr) _ (gopn) O(fopr) |
apl o4 ol oqp )IC

= S (Zova)le(Zowr)le— (Bowr)le (Zown)le

= {f7g}2 © ()077|C

Here in the first equality we used just the definition of the Poisson bracket, in the
second one we used Equation (47), thereafter Equations (45) and (46), and finally again
the definition of the bracket. Note that every function on 7" M; vanishing on C is an
element of Zye 4, which proves Equation (39).

Equation (47) implies Equation (40) as well, since Zye q, is locally generated by coordi-

nate functions p, for « = 1,...,k, and we have
{pou f % 907r}1 |C B(fogoﬁ) ’C =0.
which gives {f o ¢, Pa}t; € Lkerdr- [ |

Corollary 5.14. The restriction pr|c: C — T*M; is a surjective submersion. It coin-
cides with the projection to the leaf space for the coisotropic reduction of C C T*M;.

Proof. Choosing the same local coordinates as in the proof of Lemma 5.13, (¢}, ¢%, p;)
give local coordinates for C and Equations (41) and (43) ensure that ¢, (¢i,q¢,p}) =

(41, p;)- m
To study the obstruction for ¢, to be a Poisson map, we first prove the following lemma
which describes the horizontal distribution in terms of the map ¢,

Lemma 5.15. Let w: (N,h) — (M, g) be a Riemannian submersion and let X be a
vector field on M. Then the horizontal lift of X is given by a vector field V- on N
satisfying

V= ()X, (48)
which is an element in C7°(T*N).
Proof. Define V € X(N) by V = (p,)*(X) € CX(T*M). Using Corollary 5.2 and
Lemma 5.13 for every function f € C*°(M), we have
V. ﬂ-*f - {V,W} - {(QOTF)*Y7 ﬂ-*f}

= {(SOW)*X7 (‘Pﬂ)*f} = (QOW)* {X7 f}

= (X f),
which means that V' is projectable and projects to X. In addition, for every vertical
vector v € kerd,m and i = 1,...,n we have

h(v,V]g) = V(hs(v)) = (x)"
= X(prohy(v)) =
0

(7 (v))

X
X(gs 0 dgm(v))
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showing that V' is the horizontal lift of X. |

The following identifies the obstruction for ¢, to be a Poisson map:

Proposition 5.16. Let 7: (N, h) — (M, g) be a Riemannian submersion. Then the map
or i =g,odmo h;l is a Poisson map if and only if the horizontal distribution H C T M
of m is integrable.

Proof. Let {fi};_, be a local orthonormal frame around a point ¢ € M and {e;}; ,

their horizontal lifts. By Lemma 5.15 we have & = ()" fi for i = 1,...,n. If ¢, is a
Poisson map, the family of functions (p,)*(fi) € C°(T*N) is closed under the Poisson
bracket, and consequently the horizontal distribution locally generated by vector fields
e; is integrable. This proves the if part of the proposition.

Conversely assume that H is integrable. It is enough to check the condition of being
a Poisson map on smooth functions in C§°(T*M) @ C°(T*M) only. First, for every
f,g € C°(T*M) we have {fo¢r,go@rtry = {f9tpyy = 0. Second, for every
X € C¥(T*M) and f € C(T*M) we have

{YOQOme%r}T*N = XH'(fOSOW)
= (X-floys
= {X’f}T*MOSO”'

Finally, by Lemma 5.15 and integrability of H, for every X,Y € C®(T*M) one obtains

{YOQOW,YOQOW}T*N = [XH;YH]
= XY

= [X,Yocpﬁ
= {X. Y}y owr

Lemma 5.17. Let w: (N,h) — (M, g) be a Riemannian submersion. Then
Hh - Hg ° @r € Ikerdﬂ .

Proof. It is enough to show that the left-hand side vanishes on C, defined in Equation
(38). For every (q,p) € C, we have

Hi(g.p) = 3(p.(b)""(p)) =5 (p,
= (
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Now we are able to prove the well-behavedness of module singular Riemannian foliations
under Riemannian submersions.

Proof. [Proposition 3.11| Let (M, g, F) be a module singular Riemannian foliation
and 7: (N, h) — (M, g) a Riemannian submersion. By Lemma 3.10

Fn = (FF + T (kerdm))os(w) (49)

where F}t consists of horizontal lifts of vector fields in Fy. By Lemma 5.15 we have
j]:N = <(907r)*m + Ikerdﬂ'>Cg°(T*N) )

where Fy := {7 X € ]-"M}. Finally, it remains to check H, € N(Z,-17). By Lemma
5.8 it is enough to verify the following:

{H97 (@w)*-F_M + Ikerd7r} = {Hg - Hh © @, (Soﬂ)*-F_M} + {Hh © @, (@ﬂ)*-F_M}
+ {Hg_HhOSOTHIkerdﬂ'}+{Hho§07raIkerd7r}
- (gpﬂ)*fM +Ikerd7r .

Here we used Lemmas 5.13 and 5.17 to prove the inclusion. |

The following theorem is the main result of this section:

Theorem 5.18. The map sending every module singular Riemannian foliation (M, g, F)
to the corresponding dynamical Z-Poisson manifold (T*M,{-, }1.,,,Zr, Hy) and every
morphism 7 of singular Riemannian foliations within SRF¥y to the map p, defines a
functor ®: SRF; — dynIPois.

Proof. It is enough to show that ® preserves the morphisms. A morphism 7 within SRF
is a Riemannian submersion 7: (N, h, Fy) — (M, g, Fyr) such that Fy = 77 (Fy).
Similar to the previous proof we have

‘-7-7'—N = <(¢W)*E + Ikerdﬂ—>C’g°(T*N)

and therefore the pullback () *Zx,, (T*M) and Zyerar lie inside Zg, (T*N). By Lemma
5.13, for every f € N(Zz,,) we have

{f © Pr, (QOTr)*]:_M + Ikerdw}T*N - {fy]:_M}T*M O @r + {f © wwazkerdw}T*N + Ikerdw
- (SDW)*-F_M_’_Ikerdﬂ

which implies that {f o ¢r, Try } ey € Try, and consequently (¢)*N(Zg,,) lies inside
N(Z#,). Using Lemma 5.13 again, for every f,g € N(Zx,,)

{f O Pr,g o SDW}T*N - {f:g}T*M O Pr € Ikerd7r - I]:N<T*N) .
These together with Lemma 5.17 complete the proof. |

Theorem 5.19. Let (My,Fy) and (My,F1) be Hausdorff Morita equivalent singular
foliations. Then the Poisson algebras R (Zx,) and R (Zx,) are isomorphic.

Here R (Zx,) = N(Zx,)/Zr(T*M,;), i = 1,2, see Definition 4.21.

The proof of this theorem will be a consequence of the following two lemmas.
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Lemma 5.20. Let 7m: (N,h) — (M,g) be a surjective Riemannian submersion with
connected fibers and F be a singular foliation on M. If f o o, € Z.-1x(T*N) for some
feC>(T*M), then f € Tx(T*M).

Proof. We first demonstrate that the result holds true for finitely generated singular
foliations. Let F = (Xi,..., Xn)ceo(m) and let Yi,..., Yx € X(NN) be generators of the
regular foliation I'.(ker dmr) for some positive integers N and K. Lemma 3.10 implies that
T F = (X, XY, Y ) e (vy. Consequently, for every open subset V' C T*N,
we obtain

Zi-17(V) = (X1 0 ¢alv, .., Xn o oalv, Yilv, - oo, Y v ) ooy (50)

where we used Lemmas 5.15 and 5.5.

Let us assume for a moment that there exists a global section s: T*M — C for the surjec-
tive submersion ¢, |c: C — T*M (see Corollary 5.14). Since fop, € Z,-17(T*N), Equa-
tion (50) implies that there exist smooth functions A!,... AN nt ... & € C°(T*N)
such that

N K
foor=) M (Xeows)+ > 1" Y. (51)
a=1 b=1

Since ¢, 0 50 ¢, = @, and Yy|e = 0, composing both sides of Equation (51) by s o ¢
gives

N
fopr=fopros0p, = Z()\aosonﬂ).(Zogpﬂosogpﬂ)
a=1

a=1

This implies that f = S (A0 s) - X, € Zr(T*M), since g, is surjective.

If a global section does not exist, we can choose an open covering {U;};°, of T*M such
that for every positive integer i there exists a local section s;: U; — C. Using the same
argument as for the global case, we may show that f|y, € Zx(U;) for each i. Since Zr is
a sheaf on T* M, we have f € Zx(T*M).

For the general case, choose an open covering {U;};~, of M such that for every positive
integer ¢ the pullback L[}il}" is finitely generated. The finitely generated case discussed
before then implies that f|r«y, € Zx(T*U;) for every i, and since Zr is a sheaf, we obtain
feZr(TM).

Lemma 5.21. Let w: (N,h) — (M,g) be a surjective Riemannian submersion with

connected fibers and F be a finitely generated singular foliation on M. Then for every
F € N(Z,-15), there exists some f € C®(T*M) such that F' — fo g, € Z-17(T*N).

Proof. We proceed as in the beginning of the proof of Lemma 5.20, establishing Equation
(50) and assuming first again that there is a global section s: T*M — C = Ann(ker dr)
for the surjection ¢,|c: C — T*M. Define, in addition, f := Fos e C®(T*M).
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We now will prove that for every x € T* M, there exists an open neighborhood V, C T*N
such that (F' — fo.)|v, € Zr-17(V,). Since Z,-17 is a sheaf, this implies the desired
F— fop, €Z,.-17(T*N). The proof is divided into the following three cases:

Case 1. [z ¢ C]: We choose an open subset V, C T*N such that V, NC = ¢. Let
p € C*(T*N) with supp(p) C T*N \C and ply- = 1. Then since p- (F' — f o @) vanishes
on C, we obtain

(F = fowr)lv, =p- (F = fovr)l, € Deeran(Va) C L7 (Va) -

Case 2. [z € s(T*M) C C]: Choose local coordinates (¢*, ¢*) centered at the base-point
of x and (¢;) on N and M, respectively, were i € {1,...,m := dim M} and o € {m +
1,...,n = dim N}, which are compatible with the submersmn m, ie. w(q', q¢%) = (¢%).
Let (q , 4%, Pi, Do) be the corresponding Darboux coordinates on some open neighborhood
V., C T*N centered at z. As a consequence, in particular o, (q", ¢, p;,0) = (¢*, p;) (see
Corollary 5.14) and Zyerdr(Vz) = (Pa)coo(v,). For simplicity also assume that, in these
local coordinates, s o (¢, ¢% p;,0) = (¢*,0,p;,0). Then, for every arbitrary point
(g8, q8,1%,0) in V, NC, we have

(F = foa) (g ay.p),0) = F(g.q5,p),0) — Flgp,0,p7,0)
1

LF(g), tqf,py,0)dt

(Z {QOP57 } ) )(Qé,tq(ﬁ“,p?,O) dt

B

I
N\N

(Z {ps, Flpey )(Qé,tqé’“,p?,o)dt- (52)

B

Since F' € N(Z-1x), for every 3 there exist smooth functions Aj, ..., AJ,ns,....nf €
C>(V,) such that {pg, F},.y = >, A (Xao@xlv,) + >, 15 (Yalv,). Implementing this
into Equation (52) gives

(F — foex)(gh. 459, 0)
1
= / (Zqoﬁ (Z R (Xawwlvz)»((Jé,tqéi‘,p?,o) dt
0 3 a

= D (A" (Xaopaln)) (4, 45 #,0) (53)

a

where A® € C*(V,,) is defined as

1
A(q", q%, pis pa) ;:/ (Zqﬁk%) (¢',tq", pi, pa) dt .
5

0

Equation (53) implies that (F — fo,) — Y., A%+ (X, 0 ¢r|y,) vanishes on V; NC and
consequently this difference is an element of Zyerqr(Vy). Since >, A% (X, 0 ¢rly,) €
Z,—17(V,) we obtain

(F = foyr)lv, €Li17(Vy).
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Case 3. [z € C\s(T*M)]: Define 20 = sop, (). Since x and x( belong to the same fiber
of ¢x|e, there exist compactly supported functions hy, ..., h; € Zyerqr for some positive
integer [ such that their Hamiltonian flows connect xy to x, i.e.

x==>o, 0...00; (z0).

Then the global section s := @,1” 0...0 @,111 o s passes through the point x. After Case
2 for the function f’ := F o', there exists an open neighborhood V,, around x such that
(F — f' o)y, € Li-17(Vy). It remains to show that (f' — f) o ¢, € Z,-1£(T*N). For
arbitrary y € C, defining CID';LO = Idp-ny and yo = s 0 @, (y) gives

(f'=Fopaly) = (Fos' —Fos)op(y)

= Z(Fo@}“o...oq),lm—Fo@,lli_lo...oq)}lo)(yo)
= Z/ LFo®, o®, o...0o®, (yo)dt

= Z/ {hi, F}peyo @, 0®) o...0® (yo)dt.  (54)
i=1 70

Since F' € N(Z,-17), for every ¢ there exist smooth functions A}, ..., AN nl ... nK €
C>°(T*N) such that {h;, F},.y = >, M- (Xpo00.)+ >, nt- (V). Implementmg this into
Equation (54), making use of the fact that the flows of the h;s preserve C, and noting
that the Y,s vanish on C, this gives

(f' = f)opr(y)
l 1
= Z/ (ZA?'(EOSOW)>OCI)ZZ.O‘D;1%10---Oq);1u<y0)dt
- ZA“ X o p(y)) - (55)

Here we defined A* € C*(T*N) by
! 1
:Z/ A o®) o® o...0o®; oso0p.(z)dt VzeT"N.
— Jo

Equation (55) implies that (f' — f) o o= — >, A%(y) - (Ya_o ©r(y)) vanishes on C and,
equivalently, it thus belongs to Zyerar and since Y, A* - (X, 0 ¢r) € Z—1x(T*N). This
gives (f' — f) opr € Zo—17(T*N), which completes the proof in Case 3.

If a global section does not exist, we can choose a locally finite open covering {U;};~,

of T*M with a partition of unity {p;};-, subordinate to it, such that for every positive
integer 7 there exists a local section s;: U; — C. Similar to the global case, we can show
that for f; := F os; € C®(U;), we have F| 1) — f 0 ¢al,o10,) € Lra;((p;l(Ui)).
Defining f := Y2, pifi, we claim that F — f o ¢, € Z,-1x(T*N). This is equivalent to
showing that for every o € C°(T*N) we have o - (F' — foy,) € J,—17. Since supp(o) is
compact, it can be covered by finitely many open subsets (U, ), ..., - (U;,) of the
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covering {p;*(U;)};=,. This gives
o-(F=fops) = Y o-(piogs) - (F—fopy) (56)
i=1

= ZU‘ (pi © Pr) - (F’¢;1(Uia) — fi, 0 ¢x ¢;1(Uia))
a=1
€ jﬂ—lfu

since o - (p;, © or) € C®(p;1(U;,)). This completes the proof. |

Proof. [Theorem 5.19| It is enough to show that for every surjective submersion
m: N — M with connected fibers over a foliated manifold (M, F), the Poisson alge-
bras R (Zr) and R (Z,-15) are isomorphic.

To do so, we first choose Riemannian metrics gy, and gy such that 7 becomes a Rie-
mannian submersion. This can be done as follows: choose a Riemannian metric gy, on
M, a fiber metric g- on kerdm C TN, and a subbundle H C TN complementary to
kerdm; one then declares these two subbundles to be orthogonal to one another and
defines gy = (w"gar) e + g+

Injectivity of ¢, is a direct consequence of Lemma (5.20). It remains to prove that g, is
surjective. It follows from showing that, for every F' € N(Z,-17), there exists f € N(Zx)
such that F — f oy, € ZT,-17(T*N). To do so we choose an open covering {U;};~, of
M such that, for every positive integer i, the pullback L&Z_lf is finitely generated. Let
{V.}.2, be a locally finite refinement of the covering {T*U;)};=, of T*M and let {p,}.-,
be a partition of unity subordinate to {V,},-,. Lemma 5.21 then implies that for every
a there exists f, € C™(V,) such that F| -1y — fo 0 Orl-10) € Ze1r(p (V).
Using the same argument as in the proof of Lemma 5.21 (see Equation (56)), for f :=
Yo Pafa we have F — f oy, € T,-1z(T*N). To complete the proof, we show that
f € N(Zz) as follows: Since f o ¢, € N(Z.-15), Equation (39) of Lemma 5.13 implies
that {f, Tr}p00r C idr C Li—17(T*N). As a consequence of Lemma 5.20 we have
{f, Tr}pe2; C Jr, which together with Lemma 5.8 gives f € N(Zx). [ |
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The octonionic Hopf singular foliation

~Y

The singular leaf decomposition Loy of R® = 02 induced by the Hopf construction
for octonions O | | is not locally induced by any isometric Lie group action, has
no known Lie group action generating it. In this chapter we construct a Lie groupoid
G = 07 whose orbits coincide with Log. Its Lie algebroid Ey = Lie(G) is of the form
0* — O? with polynomial structure functions. Its sheaf of sections induces a singular
foliation Foy := p(I'(Ep)) on @2 which we call the singular octonionic Hopf foliation.
Fon is shown to be maximal among all singular foliations F generating Log—in the
polynomial, the real analytic, as well as in the smooth setting.

We extend FEy to a Lie 3-algebroid, which is a minimal length representative of the
universal Lie co—algebroid of the singular octonionic Hopf foliation. This permits to
prove that FEj is the minimal rank Lie algebroid and that G the lowest dimensional Lie
groupoid which generate Fop.

The leaf decomposition Loy is one of the few known examples of a singular Riemannian
foliation in the sense of Molino which cannot be generated by local isometries (local non-
homogeneity). We improve this result by showing that any smooth singular foliation F
inducing Loy cannot be even Hausdorff Morita equivalent to a singular foliation F,; on
a Riemannian manifold (M, ¢g) generated by local isometries. Furthermore, we show that
there is no real analytic singular foliation F generating Loy which turns (RS, gy, F)
into a module singular Riemannian foliation.
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6 Normed division algebras and Hopf fibrations

Throughout this section, we cover the basic definitions and properties of normed division
algebras, particularly focusing on the non-associative case of octonions. We recall the
Hopf fibrations associated with these algebras and construct the corresponding singular
Hopf leaf decompositions. For a detailed introduction to the algebra of octonions, we
refer to [302].

6.1 Basic properties of normed division algebras

Definition 6.1. A normed division algebra is a (finite-dimensional) Euclidean vector
space (D, (-, -)) equipped with the structure of a unital R-algebra satisfying

la-bll = o]l |0 (57)

for all a,b € D, where the norm is the one induced by the inner product.

Since (57) implies a-b = 0 can be satisfied only if a = 0 or b = 0, this is a division algebra,
as suggested by the name. The existence of a unit element 1 implies the embedding
t: R — D, al. The orthogonal projections of an element a € D to im(¢) and im(¢)*
permit us to define the real part and the imaginary part of a, respectively: Re(a) = (a, 1)1
and Im(a) = a—Re(a) and to generalize complex conjugation by means of the involution:

@ := Re(a) — Im(a). (58)

Theorem 6.2 ([[193]). Every normed division algebra is isomorphic to one of the follow-
ing four: The real numbers R, the complex numbers C, the quaternions H, the octonions

0.

They can be obtained successively by the Cayley-Dickson construction starting from
the real numbers, doubling the dimension in each step. In the process one looses in
the first step that all elements are real, in the second step commutativity, and in the
last step associativity. Continuing Cayley-Dickson further then violates Equation (57).
While non-associative, the octonions are still an alternative algebra, i.e. the associator
la, b, c] = a-(b-c) — (a-b)-c is skew-symmetric for all a,b, ¢ € @. This implies in particular

a-(b-a) = (a-b)-a, (59)

which, for this reason, we will simply write as a-b-a henceforth.
In addition, the real components of the arguments of the associator do not contribute.
Thus one has, for example, |a, b, ¢] = —[b,@, ¢|, which, when written out, gives

a-(b-c) +b-(a-c) = (a-b)-c+ (b-a)-c. (60)

This equation yields several ones that we will use in this chapter and which we will derive
from it now.

As a direct consequence of the Cayley-Dickson construction, we have a-b = b-a for all
a,b € O as well as
aa=aa=|al?, (61)
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where the embedding ¢ is understood on the right-hand side. Replacing a by a + b in
Equation (61) then recovers the standard inner product by the formula.

{a,b) = L(a-b+b-a) = Re(a-b). (62)

N

This in particular implies that Equation (60) can be rewritten as

a-(b-c) +b-(a-c) = 2{(a,b)-c. (63)

Equation (61) implies that every a # 0 has an inverse a~! = @/||a||*. If we replace b and
c in Equation (63) by @ and b, respectively, we obtain a-(a-b) = ||al|?*-b, which, for a # 0,
implies

a-(atb) =0, (64)
(b-a™')-a=0b, (65)

where the second equation follows from the first one by conjugation.

Polarization of Equation (57) leads to

<a'b7a'c> = ||6L||2<b, C> = <b'CL,C-CL> ) (66)
which yields the frequently used equations (for a # 0, replace ¢ by a™! - c and by ¢-a™!,
respectively):

<a'b7 C> = <baa'c> ) (67)
(b-a,c) = (b,c-a). (68)

Replacing ¢ by a in Equation (63), we obtain the conjugation formula
a-b-a = 2{a,bya — ||a|®b. (69)

Finally, these equations imply the well-known Moufang identities: for every a,b,c € O
we have

(a-b)-(c-a) = a-(b-c)-a, (70)
a-(b-(a-c)) = (a-b-a)-c, (71)
((a-b)-¢)-b=a-(b-c-b) (72)

Let us illustrate this for Equation (70): Using Equations (63) and (65), we have

(a-b)-(c-a) = 2(a-b,¢)-a — ¢ ((b-a)-a)
= 2(a, (bc))-a— [la*(b-c)

where we used Equation (63) once more to obtain the last equality.
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6.2 Hopf fibrations

The Hopf fibration can be constructed for each of the four normed division algebras
R,C,H, and O. | | As explained in this subsection, there is a significant difference
between the first three and the octonions, due to the lack of associativity for the latter.

We start by describing the construction for the case of associative normed divisions
algebras. Here A stands for R,C or H. Associativity implies that the set of units
U={ueA: ||ul|* =1} in A forms a Lie group. As multiplication by elements of norm
one preserves the norm of every element in A, we can consider the right Lie group action
of U on the unit sphere S C A2, defined by

(a,b)-u:= (a-u,b-u) (73)

for every (a,b) € A% and u € U. This action is free. It is proper as well since both U and
S are compact manifolds. Consequently, the right Lie group action S x U — S defines

a principal U-bundle. Table 1 below provides an overview of the three corresponding
bundles.

A | Structure group | Total space | Base manifold

R 727 =~ SY St St

C U(l) = st S3 S?

H SU(2) = 53 S7 S4
Table 1 —

Remark 6.3. If we replace the right action in the construction of Hopf fibrations by a
left action, we obtain the same fibrations for the cases of A = R,C. Howewver, due to
non-commutativity, the case of A = H will have a different fibration. Although we again
obtain a fibration of S7 into 3-spheres, these fibers are not identically the same as the
fibers in the construction by the right action described above. To confirm this, note that
in our description for any point (a’,V') on the fiber passing through (a,b) € ST C H?, we
have b'-a’ = b-a, which is not true in the other description.

Due to the lack of associativity, the set of unit octonions S” C @ does not form a Lie
group. Consequently, right multiplication by unit octonions is not a Lie group action
and may fail to construct the octonionic Hopf fibration. To see the disadvantages of
such a construction, it is useful to introduce the following more explicit description of
octonions:

Definition 6.4. The algebra O of octonions is generated by an orthonormal basis e = 1
and {ei}i?:p where eq 1s chosen to be the unit and the multiplication among the remaining
basis elements can be defined by

€;-€; = —(Sljl -+ €ijkCk, Z,j = 1, ,7 (74)

Here 6,5 1s the Kronecker delta, and €;;1, is a completely anti-symmetric tensor with value
1 when ijk € {123,145,176,246, 257,347,365} and O for all other triples.
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In particular, Definition 6.4 identifies the underlying vector space of Q@ with R®, where
the identification is given by a = 21‘7:0 a;e; — (ag,ay,...,ay). When this identification
is understood, by abuse of notation, we write a = (ag, a1, ...,a7) = (ai)zzo.

Now for every (z,y) € S'® C ©? consider the 7-sphere defined as

Sty = {(zu,yu): ueO, [Ju] =1} €SP CO?.

If right multiplication by octonions of norm 1 induces an honest fibration, for every point

(«',y) € S(Z’y), we should have S(Z,’y,) = ng’y). Equivalently, for every (z,y) € S c 0?

and every two unit octonions u; and wus, there should exist a unique unit octonion us
such that
(x-uy)-us = - ug, (75)
(y-ur)-ug =y - uz. (76)
But it is not difficult to find an example violating this necessary condition: If we choose
(z,y) = (e1/V2,e2/V2), uy = e5 and uy = ey, in Equation (75) we find the unique
solution uz = —ey, but the unique solution for Equation (76) turns out to be usz = e;.

Consequently, right multiplication by unit octonions does not fibrate S'® into 7-spheres.
In particular, it does not induce the octonionic Hopf fibration.

6.3 Singular Hopf leaf decomposition

Since the usual construction fails for the octonionic Hopf fibration, we describe the
construction of Hopf fibrations using D-lines, which can also be used in the case of
octonions.

Definition 6.5. Let D be a normed division algebra. For every m € D, the D-line in D?
with slope m is defined as

L = {(z,m-z) €D*: z €D} . (77)
One also defines D-line with slope oo:
lo :={(0,z) eD*: 2 €D} .
Definition 6.6. Let D be a normed division algebra. The singular Hopf leaf decompo-
sition of D? is defined as
Ly, :=10,NS(r) VmeD,
Lo, :=1cNS(r), (78)
together with the origin in D?. Here, S(r) := {(z,y) € D*: ||z|*> + ||y||* = r*} s the
sphere of radius r > 0 in D?.

The Hopf fibration associated to any of the normed division algebras D = R, C, H, and
O can be defined as the partition of the unit sphere S(1) C D? into the leaves L,, , for
all m € D, and the leaf L ;.

Remark 6.7. It can be easily verified that the definition of Hopf fibrations using A-lines
conincides with the fibrations described in Table 1. Note that in the case of quaternions,
if one prefers to work with left action, the definition of H-lines should be modified as

L = {(z,z-m) e H* : © € H} (79)

for the two fibrations to coincide.
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7 The Lie groupoid and its induced Lie algebroid

In this section, we describe the constrution of a Lie groupoid G = 02 which has Loz as
its orbits. The corresponding Lie algebroid is computed using the right-invariant vector
fields.

7.1 The Lie groupoid

A prominent role in its construction of the Lie groupoid will be played by the following
function:

Definition 7.1. The (octonionic) rescaling function \: Q? x Q% — R is defined by the
following formula:

AF, G, a,y) = \/1 +2((2, F) + (4, G) + (2.7, F-G)) + [z | FII* + lyl* [ GII* . (80)

We refer to F' = (Fi):ZO,G = (Gi)::o as arrow coordinates and to x = (xi)zzo,y = (yi)zzo
as object coordinates.

The following lemma ensures that the radicand in Definition 7.1 is non-negative. Con-
sequently, the rescaling function A is defined throughout Q2 x Q?.

Lemma 7.2. For all (F,G,x,y) € Q% x Q?, one has

l* [L+2 (2, F) + (y, G) + (27, F-G)) + [l=]* | FI* + [lyll* |G1]*]
=z +llzl* F + (z-7) - G|I”

Proof. We first expand the right-hand side of the identity:

|z + [|z]]* F + (z-7)-G|” = (x + ||z|* F + (z-9)-G,z + ||z|* F + (2-7)-G) =
= ||lz[|* + 2)|z|* ((z, F) + (=, (z-9)-G) + {(z-7)-G, F)) + [|z|* |[F|* + lz[|* ||y[|* || G]|* -

The result then follows by noting that ((x-%)-G, F)) = (z-7, F-G) due to Equation (68)
and that (x, (z-7)-G) = (y,G) as a consequence of Equations (67) and (65). B

Theorem 7.3. The following data define a Lie groupoid G = Q2% whose orbits coincide
with the singular octonionic Hopf leaf decomposition Loy .
— The manifold of arrows G is an open subset of O? x Q2 given by

G:=0?x0*\C

where C = {(F,G,z,y) € 0?2 x Q% : \(F,G,x,y) = 0}.
— For every arrow g = (F,G,x,y) € G, the source map s: G — Q% and the target
map t: G — Q2 are given by:

s(g) = (v,y),
(g) = ﬁ (x4 |al? F+ (@ 5)-C .y + W2 C + (y-T) F) .
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— The multiplication mapm: G :={(¢',g) € G x G: s(¢') =t(g)} — G, is defined
as follows: The product m(q’,g) = ¢'-g of composable arrows ¢ = (F',G',x, ,y)
and g = (F,G,z,y) is given by

g9 =F+XNg)-F,G+ Xyg)-G,x,y).

— The unit map u: Q? — G is given by associating the arrow Ly = (0,0,2,y) to
every object (z,y) € Q2.

— The inverse i: G — G applied to an arrow g = (F,G,x,y) gives g~1 = i(g) by
means of

97" = (=F/Xg), —G/X9), t(9)) -

We first establish some identities for the structure maps of G in the following lemmas,
which will be used in the proof of the theorem.

Lemma 7.4. For every arrow g € G, both s(g) and t(g) belong to the same octonionic
line.

Proof. If 2 = 0, both s(g) and t(g) belong to the octonionic line . If x is non-zero,
put m = y-z~*. Then evidently s(g) = (2, y) € l,,. To show that also t(g) belongs to I,
we first show that (||z|*F, (y-7)-F) and ((z-y)-G, ||y||*G) belong to the octonionic line

Lin:
_ _ _ ([l[[*F) z . |F|P o
y.x F . x 2F 1: yaj F _ 7 = y. . :y.l‘
and
e G-(y-7) [edlis v .
(wlIPG)-((z-m)-G) " = (ly]*G)- = Yy —) =y
) ) TeTyiPIeE = 16 Y Tal?
As I, is a vector space, we obtain that also t(g) € I,. [ |

Corollary 7.5. For every arrow g = (F,G,x,y) € G with t(g) = («',y'), we have

/

g

Lemma 7.6. For composable arrows (¢',g) € G® the map X is multiplicative, i.e. it
satisfies A(g'- g) = Mg') -A(g)-
Proof. Using Lemma 7.2 and Corollary 7.5, we have

g - BAEER LD T
M9+ [elPA )+ (25)- M9)-C|
]
@+ lPF + (@9)-G) + 2]PAl9)F + (9):Mg) -G
]
e el - (F+ A9)F) + (49)-(G + A(g)-G)
]

= AMF +Xg)-F',G+ \9)-G,z,y) = \g'-g)
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Lemma 7.7. The multiplication map m: G® — G is associative.

Proof. Consider the arrows ¢”, ¢, g € G, such that s(¢”) = t(¢”) and s(¢’) = t(g). Using
Lemma 7.6, we have

g"-(g'-9) = g"-(F + Xg)-F', G+ Xg)-G',2,y)
=(F+Xg)-F'+Xd.9) F',G+Xg)- G+ Xg'-9)-G", x,y)

= (F+Xg) F'+Xg)-Mg)-F", G+ Xg)-G"+ Mg)-Ag)-G", 2,y)
=(F"+Ng) F".G"+ Ng')-G" 2, y) g

=(9"9)9

Lemma 7.8. For composable arrows (¢',g) € G?, we have t(g'- g) = t(¢') and s(g'-g) =

s(g)-

Proof. Let ¢ = (F',¢',2',y') and g = (F,G,x,y) with (2/,y) = t(F,G,z,y). Lemma

7.6 together with Corollary 7.5 and ||2'|| = ||z|| and ||y/|| = ||y|| imply that

t(g"g) = t(F + Mg)-F', G + Ag)-G, z,y)

v+ ll* (F + Mg)- F') + (29) (G + Mg)-&) , y+ lyl* G + (y-7)- F)

1 (
~ A(9)-A(g)

1 / ! / /i — /
= g (2 + [|2|2F + («"-y)-G", y + [V PG+ (y-7)-F) =t(g').

The second identity is obvious from the definition. [

Lemma 7.9. For every arrow g € G, one has g~'-g = 1yg). In addition, toi=s.

Proof. For every arrow g = (F,G,z,y) g '-g = (0,0,2,y) = 1(sy) is evident by the
definition. Lemma 7.8 implies, moreover, that t oi(g) = t(g7"-g) = t(1zy) =s(g) M

Corollary 7.10. For every arrow g = (F, G, x,y), the composition g-g~' is defined and
equal to 1yg).

Proof. The composability of two arrows is a direct consequence of Lemma 7.9. For
g-9g7=1(0,0,t(g)) = 1y use that A\(g~') = ﬁ;) by Lemma 7.6. [ |

Proof of Theorem 7.3. It is clear that G is a smooth manifold and the maps s,t,i
and u are smooth. In addition, Lemmas 7.7, 7.8 and 7.9 imply that the structure maps
satisfy the compatibility conditions in the definition of a groupoid.

The source map is obviously a surjective submersion. The target map is a surjection as
well, cf. Lemma 7.9. In order to prove that the target map t is also a submersion, it is
sufficient to show that for every arrow g € G, there is a local section passing through
it. Let g = (Fy,Go,0,y0) € G and consider its inverse arrow ¢! = (F,G,x1,91).
There exists an open neighborhood U C Q2 with (F,G,z,y) € G for all (z,y) € U.
We now define a smooth map o: U — G by means of o(z,y) := i(F,G,z,y). We have

U(xlvyl) = g and

too(z,y) =toi(F,G,x,y) =s(F,G,z,y) = (z,y), (81)
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where we used Lemma 7.9 to obtain the last equality. This implies that o is a local
section passing through ¢, and consequently, t is a submersion. As a result, G is a
smooth manifold and the multiplication map m is smooth. This completes the proof
that G = 02 is a Lie groupoid.

It remains to prove that the orbits of G = Q2 coincide with the leaves in Lop. According
to Lemma 7.2 one has [[t(g)|| = [|s(g)| for all ¢ € G. Together with Lemma 7.4 this
implies that the orbits of G are included in the leaves of Lpy. In addition, for every
(x,m-x) € Ly,,, we consider the arrow

Gy = (|| T 2,0, el m-flal) € G

which satisfies s(gm») = (||z]|, m-||z]]) and

t(gmr) = sy (el + llzll-(z = 1), m-||z]| + m-||z]|-(z — 1))

— =l

- )‘(gm,r).(m’m.x) = (l',ml') .

The last equality holds since

Hx 1

=V1+2(1,z—1)+ ||z — 1|2
= VIT+ (@ =12 =z .

Similarly for (0,y) € Lo ,: The source of g = (0, Wﬁly\\ is (0,]|y||) while its target is
(0,y). Consequently, all points in a leaf of Loy can be joined to a single point of the

same leaf by an arrow in G = 2. [ |

The same construction can be applied for any of the normed division algebras D, i.e.
also for A € {R,C,H}. In the latter cases it then yields a Lie groupoid G, = A? for
which the orbits give precisely the leaves of the singular Hopf foliation associated to
the respective associative division algebra A. The dimension of G, equals to 4 dim(A),
i.e. 4, 8, and 16, respectively. This is significantly bigger than the ones found for the
corresponding action Lie groupoids A% x Uy = A? where Uy = {ue€A: |ul] =1}
denotes the group of unitary elements found in the first colomn of Table 1; these Lie
groupoids have dimensions 2, 5, and 11, respectively. This is in contrast to G = Gg
whose dimension 32 turns out to be minimal (see Theorem 10.11 below). The relation of
the Lie groupoids G, with the corresponding action groupoids is clarified in the following
proposition.

Proposition 7.11. Let A? x Uy = A? be the action groupoid for the diagonal right
action of unitary elements Uy on A%. Then the smooth map ¢: Gy — A% x Uy given by

1+7-F+5-G
o(F,G,x,y) = ((:c,y), Y >

I1+Z-F+7-G
defines a Lie groupoid morphism covering the identity on A2
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Proof. First we observe that the rescaling function A\: A? x A? — R, defined by Equation
(80), simplifies drastically in the case when the division algebra is associative: For every
g=(F,G,z,y) € Gy we have

_ Nzt lzPF+ay-Gll _ Jla-(1+7-F+7-G)

Ag) =|1+z-F+79-G.
] ]
Similarly, for the target map one now finds:
1 _ _
=30 (@ + |z F + 2-5-G,y + |*|G + y-7-F)
1 _ _ _ _ 1+Z-F+75-G
=—(r(14+72F+9G),y(1+2-F+79y-G)) = (z,y)- — - ,

TR hol R s e

which is evidently equal to the target of ¢(g) in the action groupoid.

To prove that ¢ is a morphism of Lie groupoids, it remains to show that it also preserves
the multiplication: Let ¢ = (F',G',2',y') and g = (F,G,z,y) be arrows such that
(«',y") = t(g). On the one hand, we have

w(g')-e(g) = ((CE” y), = F;;;; in/) ' <(:”” ) = f.j; @-G>

— (s 1+z2F+5G)(1+7-F +y-G)
= (( 7y)7 )\(g))\(g/) )

and, on the other hand,

p(g'-g) = ((:v,y), L+ T (F+ M) F) +5:(G + A(9)-G/)) .

AMg'-9)

Using Lemma 7.6, to establish ¢(¢’"-g) = ©(¢')-¢(g) it suffices to show that
1+Z2-F+3-G)(1+2F +y.G)=1+7-(F+Xg)-F)+7(G+ \g)-G')
or, equivalently, that

1+7F+73-G) (2 -F +y-G)=\Ng)- (T F +3-G').

Butas (1+Z-F+7y-G)™' = (1+7-F+7-G)/\g)? the latter equation becomes
equivalent to

— — 1+7-F+9-G
(x’-F’+y'~G’>=( R )‘<‘

A(g)

which holds true since

e (IO o (2509
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7.2 The induced Lie algebroid

We differentiate the Lie groupoid G = Q? introduced in the previous subsection so as to
obtain a corresponding Lie algebroid. We follow the conventions of | |. In what
follows, for every vector space V' and smooth manifold M, we denote the corresponding
trivial vector bundle by V.

Proposition 7.12. The Lie algebroid associated to the Lie groupoid G = Q2 is given by
— The trivial vector bundle Ey = 92 over 0?2,

— The anchor map p: Ey — TO? = 0*:
w\ _ (lz|Pu+ (z-7)v — ((z,u) + (y,v))x
o(v) = <Hy|\2v () u — () + <y,v>>y) ’ (82)

for every (%) € Ey based at (x,y) € Q2.

!/
— The Lie bracket evaluated on constant global sections (Zj) , (g,) e I'(Ey):

(1) ()=t o (4) -+ (1) ®

Proof. The vector bundle Ej can be identified with ker ds|,@2) C Glu02). Ass: G — 0?
is projection to the second component of G C 0? x Q?, Ej is the trivial, rank 16 vector
bundle 0% = 0% x 0. Assuming that the trivialization is given by the constant global
0

55 and 9 fori=0,1,...,7, we may identify every vector field

frame e

7
(u, Op) + (v, 0g) = Z (u' 52 +v'52;) € T(Ep) (84)

with (g) € I'(0?), where u and v can be thought of as O-valued functions on Q2.

To evaluate the anchor map p : Ey — T0? = O, it suffices to compute p (%) and

p ( eO ) Let us represent the vector a?m' as the velocity vector of the smooth curve
! (z,y)
g(1) : 7 — (1-€;,0,2,y) € s7'(z,y), for which we have ¢(0) = 1(,,) and §(0) = % N
(z,y)
On this curve, the rescaling function is given by
Mg(7)) = V1 +27(z, e5) + 72| ]2
which implies that
(M) = (55)
P T = X
dr g T7=0




For every ©+ = 0,...,7 we can compute p (%’) as

) (0) = () = S| t((r))

=l gy ()|
= (3)* (00)

_ ( z]]e; — iUﬂ)
(y7)ei—wiy)

p ((2 ) can be computed in a similar way. Equation (82) then follows from the C°°(0?)-

linearity of p.

Given the anchor map, it is sufficient to specify the Lie algebroid bracket [-,-]: I'(Ey) A
['(Ey) — I'(Ep) on constant sections: We first compute the Lie bracket of the right-

invariant vector fields induced by =2 and onG. Let g = (F,G,x,y) €
o I o 9 9= y)eg

be an arrow with t(g) = (2/,4'). Consider the curve g(7): 7 — (7e€;,0,2',y’) which
satisfies g(0) = 17, and §(0) = 2

9
aGT

= oF
(=9
The right-invariant vector field (%)R € X(G) induced by % . is given by
u(O
R d d
o (9)= 1| _ 9()gl = | (F+7Ag)-e G ay)
= A9) a?w
g

and similarly

R
32;1‘ (g) = /\(g) agi

)
To calculate commutators of the above vector fields, we need to compute for example
9\t
( (aFi) ' /\> (1(%1/))7

a calculation we performed already in Equation (85). This implies in particular

a R 9 R _ . io R j o R i 9 i 9
57 > am LT e | TTaRE | Torr|, T TaR
(z,y) (z,y) (z,y) (z,y) (z,y)
In a similar fashion, one obtains
o R o R _ i 8 )
[W>Gj]1 — e |, Y ar |,
(z,y) (z,y) (z,y)
[ o R o R _ . id _§0
oGt aG1 |, — 4867, aG" |,
(z,y) (z,y) (z,y)
Equation (83) now follows by R-linearity of the bracket. [ |
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8 The singular octonionic Hopf foliation

The Lie algebroid introduced in the previous section realizes Loy as the leaf decompo-
sition of a singular foliation on O? = RS, It provides the setting in which we will prove
our result on the non-homogeneity of the singular octonionic Hopf foliation, see Theorem
8.9 below.

8.1 The singular foliation and non-homogeneity

Definition 8.1. The C*(0?)-module Foy generated by elements of p(Ey) for the Lie
algebroid given in Proposition 7.12 defines a singular foliation on Q2 referred to as the
singular octonionic Hopf foliation.

We can characterize vector fields tangent to the leaves in Fpg as solutions of a system
of functional equations. Throughout this section, every vector field

7

(0, 2) + (v, 2) = 3 (uda' +vidy)

=1

is identified with <g) € I'(0?), where u and v can be thought of as O-valued functions

on Q2.

Lemma 8.2. A vector field <g> € X(Q?) is tangent to the leaves of Lo, if and only if

<Y

+ - 0, (86)
(y, 0

S g
1

u'
(a:,u) =
for all (z,y) € 0* = R,

Proof. Assume that <g> is tangent to all the leaves in Lpy. For x = 0, the vector field

(v) being tangent to the octonionic line [, gives v = 0, implying Equation (86). As
the vector field is also tangent to the spheres S(r) for every r > 0 and (z,u) = 0, one
obtains Equation (87).

For (z,y) = (w9, yo) with xy # 0, consider the integral curve y: R — O? of the vector field

() satistying 7(0) = (o, yo). Writing () = (2(t), y(£)), one has ((0), y(0)) = (o, yo).
(t) = u(z(t),y(t)), and y(t) = v(x(t),y(t)). The curve v is contained in the octonionic
line I, with m = yo-25". This implies that m = y(t)-z(t)~! for all £. Consequently,
y(t) = m-x(t), and differentiation with respect to ¢ gives v(x(t),y(t)) = m-u(z(t), y(t)).
Evaluation at ¢ = 0 yields

(yz Hu=wv. (88)

Taking the inner product of both sides with y and using the identities (67) and (64), we

have

(y.0) =y, (v ") u) = ppll@g) v =

(x,u) (89)
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Since, in addition, (z,u) + (y, v)(1+
S15(r), Equation (87) follows.

Multiplying both sides of Eq. (88) by x~! from the right and using the third Moufang
identity(72), we obtain

|| H )z, u) = 0 by ( > being tangent to the spheres

1 -1

y-(rtuar ) =va

Multiplying both sides by ||z||* and using Equation (69) imply that

|2)*v-7 = y-(T-u-T) = y-(2(7, 0)7 — ||z|*a) = —||=|*y-7,
which gives v-T = —y-u or, by conjugation, to Eq. (86).

Conversely, assume that (g) satisfies Equations (86) and (87). These equation together

with Equation (69) and the third Moufang identity (72) imply Equation (88), by following
the above calculation from back to front. Now, consider some integral curve v(t) =
(x(t),y(t)). Since #(t) = u(z(t),y(t)) and y(t) = v(z(t),y(t)), Equation (87) implies
that ||z(¢)]|* and ||y(¢)||* are constant in ¢. As a first consequence, if v passes through
the origin it must be a constant curve, and if it intersects Lo, it stays in Lo ,. If
x(to) # 0 for some tg, then one has z(t) # 0 for all ¢. Differentiation with respect to ¢ of

the equation (y(t)-z(t)™1)-z(t) = y(t) gives

0= (y(0)a(t) -0 = 900 + | 00210 ) = [ 00210 ), 90

where we used Equation (88) in the last equality. Since x(t) # 0, this implies that
y(t)-z(t)~" equals to a constant m € O and in particular y(¢) = (z(t), m-z(t)) lies in the
octonionic line [, for all ¢. In addition, Equation (87) ensures that it lies in some leaf of

Low.
We have shown that, if the integral curve ~ intersects a leaf in Loy, it stays in that leaf.
As a result, the vector field (g) is tangent to the leaves of Log. [

Proposition 8.3. The singular octonionic Hopf foliation Fog is generated by all vector
fields tangent to the leaves of Loy .

Proof. Using the exact sequence described in Appendix 2 for the case of C*(M)-
modules, kernel of the map J: I'(0?) — I'(R & O & R) given by

u <_ )

J (v) =|luy+zov

{y, v)
is generated by the image of the anchor p: I'(Ey) — X(0?) = I'(0*). Lemma 8.2 implies
the result. [

This characterization of the vector fields tangent to the leaves in Loy, together with the
non-associativity of octonions, gives rise to the following important lemmas:

Lemma 8.4. Let (%) € X(0?) be a vector field with u,v € C*(0?,Q) linear in coordi-

nates x* and y'. If <%> s tangent to Loy, then u=v = 0.
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Proof. We prove the statement by contradiction. Assume that X is a non-zero linear
vector field on 0% = R tangent to the the leaves of Log. Equation (86) then implies
that wu is forced to be independent of y and v be independent of z. Consequently, there are
R-linear maps A, B: O — O such that u(z,y) = Az and v(z,y) = By. Now, Equation
(86) and (87) can be rewritten as

(Az)-y+=x-(By) = 0, (91)
(Az,z) = 0. (92)

Choosing y = 1 in Equation (91) gives

Azr = —z-(B1),

which together with Equation (92) imply that B1 is an imaginary element of Q. Putting
x = 1 in the last equation we obtain A1 = B1. Similarly, with x = 1 in Equation (91),
we obtain By = —y-(Al). Denoting —(Al) = —(B1) € Im(Q) by ¢, we have shown

Ar=x-c, By=y-c.

This turns Equation (91) into

(z-¢)-y = z-(c-y),
which must hold true for all z and y. But this is possible if and only if ¢ € Re(Q). Since

we already showed that c is purely imaginary, this implies that ¢ = 0, and consequently
that u = v = 0, which is in contradiction with our assumption. |

Definition 8.5. Let F be a singular foliation on a Riemannian manifold.
— F is called homogeneous if there exists a Lie group of isometries G C Isom(M, g),
such that the leaves of F are generated as the orbits of the action.
— F s called locally homogeneous if for every point ¢ € M, there exists an open
subset U such that v F is homogeneous on (U, gy ).
Otherwise, F is called (locally) non-homogeneous.

Since the fundamental vector fields of isometries of (R”, g5;) which leave the origin fixed
are always linear, we have the following immediate corollary of Lemma 8.4:

Corollary 8.6. The singular foliation For on Q% = R equipped with the standard
Riemannian metric, is both non-homogeneous and locally non-homogeneous at the origin.

Remark 8.7. Corollary 8.6 can be used also as an alternative proof of the classical
result that the octonionic Hopf fibration of S is non-homogeneous, which was shown in
[L.93] by examining all isometric Lie group actions on RY®, and (implicitly) [ | by
different methods.

Remark 8.8. The local non-homogeneity of the singular leaf decomposition Loy around
the origin has been discussed in [ /.

Finally, we improve the previous classical results, and show that local non-homogeneity
does not hold even up to Hausdorff Morita equivalence.
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Theorem 8.9. Let Fy be any singular foliation on Q? having Loy as its leaf decom-
position. Then (02, Fy) is not Hausdorff Morita equivalent to any locally homogeneous
singular foliation F on some Riemannian manifold (M, g).

Proof. Assume that (02, Fy) ~yg (M, F) for some locally homogeneous singular foli-
ation F on a Riemannian manifold (M, g). Using the first part of Theorem 2.19, the
origin in ©?, as the zero-dimensional leaf of F, corresponds to a leaf qu C M of F for
some g € M. Denote the orthogonal complement of Tqu in T,M by v, := (TqL;T ). We
define the slice S, C M at g € Lf as the image of the exponential map exp,: vy — M,
where vy stands for the vectors of length smaller than some € > 0, chosen small enough
such that v lies inside the domain of definition of exp,.

The singular foliation qul]: (see Example 2.15 and Proposition 2.17) is generated by
vector fields in F tangent to the slice S;. The second part of Theorem 2.19 then implies
that the foliated manifold (.S, qul}" ) is isomorphic to a neighborhood of the origin in the
foliated manifold (Q?, Fy). In particular, (S, qul]-" ) has a single leaf of dimension 0 and
all the other leaves are diffeomorphic to 7-spheres.

On the other hand, by assumption there exists an open subset U C M containing g,
such that qul]: is induced by a Lie group G C Isom(U, gy), acting on U by isometries.
Assuming that e is chosen small enough to have S, = exp,(vg) C U, we claim that the
stabilizer H, of G at ¢ acts orthogonally on S, and determines a singular foliation F.
More precisely, since H, acts on S, by isometries and for every h € H, C G, we have

h-exp,(v) = exp,(dyLn(v)),

we can define the left Lie group action H, x v — vg by the mapping (h,v) — dgLx(v).
Note that H, acts linearly and since

9(dgLn(v), dgLn(v)) = Lyg(v,v) = g(v,v),

it preserves the norm. Consequently, it defines an orthogonal left Lie group action on
0?. But according to [[.93], an orthogonal Lie group action on (R, g.) cannot induce
7- dimensional leaves. This contradicts what we found above. [
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9 Loy and singular Riemannian foliations

9.1 Fom, a counterexample

Question: Let (M, g, F) be a geometric singular Riemannian foliation. Is it possible to
find a module singular Riemannian foliation (M, g, '), having the same leaf decompo-
sition as (M, g, F)?

Here, we claim that for O being the sheaf of real analytic functions on a real analytic
manifold, the singular octonionic Hopf foliation provides a counterexample.

Consider O? as a real analytic manifold, equipped with the standard Riemannian metric
gst- The restriction of Fpy to S C 0? induces the octonionic Hopf fibration, which is
known to be a regular Riemannian foliation. M98’s homothetic transformation lemma
[VMOZ] then implies that (02, gy, For) itself defines a geometric singular Riemannian
foliation.

Theorem 9.1. Let F be any singular foliation on the real analytic Riemannian manifold
(02, gs), having Low as its leaf decomposition. Then the geometric singular Riemannian
foliation (02, gg, F) is not a module singular Riemannian foliation.

Proof. Let (02 gy, F) be a module singular Riemannian foliation on the real analytic
manifold Q% with Loy as its leaf decomposition, and consider the vector field X € F.
The Taylor expansion around the origin gives homogeneous polynomials Py (z,y) and
Qr(x,y) of degree k, such that

9y 4 (Qula.y),

X(:U,y) = <Pk<x7y)7 %

oy

Denote the homogeneous part of degree k£ in X by Xj. Since X is tangent to the leaves
in Loy, we have X (0,0) = 0 which translates into

F(0,0) = Qo(z,y) =0.
In addition, Equation (86) implies that

ZPk(ZE,iU)@-F ZE'Qk(ZE,y) =0

k=1

and in particular

(Pi(z,y), %) + <Q1(x,y),a%> =0.

Similarly, we can show that the linear vector field X; satisfies Equation (87), and Lemma
8.2 implies that it is tangent to the leaves of Loy. But according to Lemma 8.4, there
is no there is no non-zero linear vector field tangent to the leaves in Log, showing that
Xo = X; = 0. Consequently we have X =3 >, Xj

As a direct consequence of the result above, every element in the space Q' (0?)©(gq ), (F)
vanishes at least quadratically at the origin.

In the other hand, we have
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Engt = Zﬁngst .
k=2

For k = 2, the homogeneous part Lx,gs is a symmetric 2-tensor of degree 1 in x and
y. This term cannot be an element of 2!(0?) ® (g« ),(F), and X5 is not a Killing vector
field, consequently we obtain X, = 0.

Recursively, we can prove that X = 0 for all k£, which implies X = 0. This completes
the proof. [
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10 Universal Lie oo-algebroid of Fpy

In | |, it is proven that for every singular foliation which admits a geometric
resolution, one can associate a Lie co-algebroid inducing it. (The necessary notions will
be recalled in Section 10.1). This association turns out to be unique up to homotopy
and leads to invariants of the singular foliation. In Section 10.2, we construct a Lie
3-algebroid that represents the universal Lie co-algebroid of Fpp. This Lie 3-algebroid
will be used then in to prove that G = Q? has the minimal dimension among all Lie
groupoids having Loy as their orbits.

10.1 Lie oc-algebroids of singular foliations

In what follows, M is a smooth or real analytic manifold, or an affine variety over K = R
or C, whose sheaf of functions is denoted by O. For every vector bundle F' — M, the
space of sections I'(F') is viewed as a sheaf of O-modules.

Definition 10.1. A (split) Lie oo-algebroid (E, (Ix)k>1, p) consists of a positively-graded
vector bundle E = @z‘zo E_; over a manifold M, equipped with.:

1. A family of graded skew-symmetric and multilinear maps ly: A* T(E) — T'(E) of
degree 2 — k, called k-brackets, for all integers k > 1,

2. A wector bundle morphism p: FEq — TM, called the anchor.

These must satisfy the following conditions:
— For k # 2, the k-brackets l;, are O-linear,
— The 2-bracket ly is O-linear, except when at least one of the entries is of degree
zero: for sections x € I'(Ey), y € I'(E), and f € O, the 2-bracket satisfies

lr(z, fy) = fla(z,y) + (p(z) - )y

— For every x € I'(E_y), one has p(l1(x)) = 0;
— The k-brackets satisfy the higher Jacobi identities: for every positive integer n
and sections 1, ..., x, € I'(E),

Z(—l)“"‘i) Z €(0)lp—it1(li(@o(1), - - - To(i))s Ta(id1)s - - -+ To(n)) = 0,

=1 c€Un(i,n—1)

where Un(i,n—1) stands for the set of (i, n—1)-unshuffles, and (o) is the signature
of the permutation o given by

To) N oo NZg(n) = 6((7)1‘1 VANRIRRVANE

A Lie n-algebroid is a Lie co-algebroid with E_; = 0 for i > n.

The O-linearity of I, with k # 2 implies that for these k& we have l,: AFE — E. (We do
not distinguish between the vector bundle morphisms and the induced map on sections).
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Example 10.2. A Lie co-algebroid (E, (Ix)g>1,p) with Iy = 0 for all k > 3 is called a
dg-Lie algebroid. Denoting the 1-bracket by d and the 2-bracket by [-, -], the higher Jacobi
identities become:

dod =0, (93)
dlz,y] = [da,y] + (=1)!"[z, dy], (94)
(=1, [y, 2]) + (=), [z, 2] + (=)W, [, 9] = 0, (95)

for all homogeneous sections x,y, and z. Here, |x| denotes the degree of the homogeneous
section x.

In a Lie oc-algebroid, writing d® := [;|g_,, the higher Jacobi identities implies that the
sequence

dae)

> E_3 > B_o

is a chain complex, called the linear part of the Lie oo-algebroid.

Definition 10.3. Let F be a singular foliation on M. A geometric resolution of F is a
chain complex

a3 42

d® p
y B_a > B o y B4 y By > T'M

with p(I'(Ey)) = F, such that for every open subset U C M the chain complex

e Tu(Bos) <2 Tu(B) 225 Tu(Boy) -2 Ty (B,) —2 F(U) —— 0

is an exact sequence of O(U)-modules. The geometric resolution (E,d, p) is said to be
minimal at ¢ € M, if d((f): E_ilq = E(i-1), vanishes for all i > 1.

Lemma 10.4 (| ). Let F be a singular foliation on an O-manifold M.

For O being the sheaf of smooth functions on M, geometric resolutions F are in one-
to-one correspondence with resolutions of the O-module F by locally finitely generated
projectvice O-modules.

For O being the sheaf of polynomial or real analytic functions on M, geometric resolutions
are in one-to-one correspondence with resolutions of F by finitely generated free O-
modules.

The flatness theorems of Malgrange [ 168] imply the following proposition on the transi-
tion between different choices of O on R™ in the study of geometric resolutions.

Proposition 10.5 (| ). Let F be a singular foliation on the affine variety R™.
A geometric resolution of F' for O being the sheaf of polynomial functions, is also a
geometric resolution for O being the sheaf of smooth functions.

Definition 10.6. Let F be a singular foliation on M. A universal Lie co-algebroid of
F is a Lie co-algebroid (E, (Iy)k>1, p), such that its linear part is a geometric resolution
of F. If E_; =0 for i >n, it is called a universal Lie n-algebroid.
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As it is clear from Definition 10.6, for a singular foliation to be induced by a universal
Lie oc-algebroid, it is required to admit a geometric resolution. There are examples
of singular foliations which do not admit a geometric resolution, see Example 3.38 in
| |. However, if O is the sheaf of polynomial or real analytic functions, Hilbert’s
syzygy theorem ensures the existence of a geometric resolution in a neighborhood of
every point.

Theorem 10.7 (| ). Let F be a singular foliation on M, admitting a geometric
resolution (E,d, p). There exist a universal Lie co-algebroid, having (E,d, p) as its linear
part.

Such a universal Lie oo-algebroid is unique up to some precise notion of homotopies; for
details on this and about why it is universal, see | |.

Let us recall that for a foliated manifold (A, F) the minimal number of locally generating
vector fields for F around ¢ € M is equal to the dimension of the fiber F,.

Proposition 10.8 (| ). Let (E,(lx)k>1,p) be a universal Lie co-algebroid of a
singular foliation F on M. If the linear part (E,li,p) is minimal at ¢ € M, then
rank(Ey) = dim(F,) =: r. In particular, the rank of every Lie algebroid inducing F in a
netghborhood of q is at least 7.

10.2 The universal Lie 3-algebroid of of Fpy

We start the construction of the Lie 3-algbroid by choosing a geometric resolution for
Fom. Let us first view Fop as a sheaf of O-modules over the affine variety 02 = R*6,
where O is the sheaf of polynomials functions. This is possible since Fpp is generated
by polynomial vector fields. In this setting, according to Lemma 10.4, it suffices to find
a free resolution of the module Fpp. This can be done using Eisenbaud’s Macaulay2, as
explained in Appendix 2. The result is as follows:

The graded vector bundle of the geometric resolution is given by the trivial vector bundles
Ey, E_, and E_, over Q?, where

Ey =07, E,=RoOaR, E_,:=R

The vector bundle morphisms p, dV and d® in the sequence

0— B, g, % B 2 T0? >~ 0? (96)

are given by the following evaluations on the constant global sections (g) € I'(Ey),
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M
a S F(E_1> and t € F(E_Q)Z

v

p<U) _ (||93||2u—|—<(;5-§)-v: ((x,ui + (y,v>)x) |

v lyll*v + (y-7)-u — ({z,u) + (v, v))y
K :
dY la ] = (”x+f y), (97)
vy +a-x
v
—llylI*t
dDt) = | (z-7)t
—[lz|l*t

Lemma 10.9. The triple (E =&2 ,E_;,d,p) is a geometric resolution of Fou on the
smooth manifold Q% = R, Moreover, this geometric resolution is minimal at the origin.

Proof. Since (E=®2 E_;,d, p) is a geometric resolution of Foy as a sheaf of modules
over the ring of polynomials, Proposition 10.5 implies that it is also a geometric resolution
for For when O is the sheaf of smooth functions on R™. Clearly, both d™ and d® vanish
at the origin, showing that the geometric resolution is minimal at this point. |

We construct a degree 2-bracket [-,-]: I'(E) AT'(E) — I'(E) of degree 0 as follows:

"] = 4{a,d") — 2 — 2u'v, (98)

and extend it to all sections of F using Leibniz rule. We define [, = 0 for all k£ > 3.

Proposition 10.10. The triple (E, (Ix)k>1, p) defines a Lie 3-algebroid. It is a universal
Lie 3-algebroid of Fom, whose linear part is a geometric resolution minimal at the origin.

Proof. Since I, = 0 for k£ > 3, we have to show that (E, (Ix)r>1, p) is a dg-Lie algebroid.
Note that as (E,d,p) is a geometric resolution, we have pod = 0 and dod = 0. It
suffices to verify Equations (94) and (95) in Example (10.2).

Step 1. Verifying Equation (94): For constant global sections (g) € I'(Ep) and

i
(CL> € I'(E_1), we have

14
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R @&

—2(y,a-u) + 2(y,v)p
D) =d" | z-(u- )+(< a-v)-y — p(x-v) — v(u-y)

d“’([(’j) 7 ( 2z, a-v) + 2{z, u)v

(—2<y, a-u)x + 2(y, v)px + (z-(w-a))-y + [yl *a-v — p(z-v)-y — VHyHQU)
—2(z, a-v)y + 2(z, uyvy + (y-(U-a)-x + ||z|*a-u — v(y-1) -2 — pllz|*v
—(

_ ( z-7)- (@) + ||y|Pa-v + p(z-g)-v — V“UH2U)
—(y-Z)-(av) + ||z||?a-u + v(y-T)-u — plz)?v)

where we used Equation (63) to obtain the second equality, and

[(Z) 4 (g)] = [(:f) 7 (‘;jjj;i)]
( plllzlPu + (z-7)-v = ((2,u) + (Y, v)z) + a-([lyl*v + (y'T)'g — (&, u)

(IyllPo + (y-7)-u = ({2, w) + (v, 0)y) + @ ([2)*u + (@-7)-v = (2, u)

(e + o)) (S0 00) = o+ 0 + G+ (1)

+ +

After cancellations and using Equations (67) and (68) in the last term, it becomes equal

to _ ( a-((y-7)-u) + llyl*a-v + p(z-g)-v - vyl v ) ez ) (Z) ’

=t ((z-9)-0) + ||zll*@-u + v(y-T)-u — pflz|*v
which together with Equation (63) gives

a(t). (;)n SHEC (M)]

For global constant sections <g> € I'(Ep) and t € I'(E_5) one has

" —llyll*t
d%( ) 1) = 2@ + (. 0)AOW) = 2((esa) + o)) | @ | -

(%
—lll*t

On the other hand, since by Lemma 7.4 and Corollary 7.5 the functions ||z|?, ||y||* and
x-y are constant along orbits of G = 0?2, we have

o (-l (o
0-(#5)-()
which glVeSu N LK
(2) a20=1). (Ex?yl);’f)]

—2(y, (y-7)-u)t — 2[Jy[|*(y, v)t
= | z-(@ (z-9)t + ((z-7)-v)-Gt + [Jyl>x-0t + [|z|*u-Ft
—2<$,($g)U)t—QH.T”Q@T,U)t
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Using Equation (67), the first and the third components become 2({x, u)+(y, v))(—||y||*t)
and 2((z,u) + (y,v))(—||z||*t), respectively. After Moufang identities (71) and (72), and
using Equation (63) the second component equals 2((x,u) + (y,v))((z-y)t). These
together give
@ (v (2)
a((4) . =1(%) a2n
. ey (R
Finally, for constant global sections ( a |, | a' | € T'(F_;) one has
v v
(K =2[ly|*(2(a, d) = pv/" — p'v)
([ a], (o)) =d®@aa) ' —wv) = | 200 ) - w — )
v) \V —2z)*(2(a, a) — p' — p'v)

' 7 I 7
- (@) () - ()
)

—2(y, a-(px + a-y)) + 2{y, vy + a-z)p’
= |z ((pz+7y-a)d)+(d -(vy+ax)y—p(z-(vy+7z-a) —V((pz+ ay)-7)
—2(x,d - (vy+a-x)) + 2{x, ux + a-y)/

—2|lyl*((a,a’) — p'v) + 2a, z-G)p' — 2(a’, - G)p
(ullzl? + vl = Gz + v [ly|P)a+ - (F-3)-a') + (@ (@2)-F - (@) + ')
=2||z[*((a, a') — ') + 2(a, z-G)v' — 2(d,

—2[ly|1*(2(a, a >—W’—u1/)

(w-((y-a)-a”r( a’)-a) + (a-(d-x) + d'-(a-x)) - — (a- )(MV’+M’V)),
—2||z[*((a, ) - /w—/w)

p w
where {<a> o (a’ } stands for the terms obtained by switching of the sections.
v v

Equation (63) then implies

/ / !/

W\ [ W\ [ 7 7
d([lal. [« )=V [a]. |« |]1-[|a]|.dY|d|]
v v v v v v

The other cases are obvious for degree reasons.

Step 2. Verifying Equation (95): Similar to approach of the first step, we proceed
by verifying Equation (95) for some particular choices of constant global sections. For
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all the other choices, the Jacobiator vanishes for degree reasons.

Since restriction to Ej coincides with the Lie algebroid of G = 2, for three sections of
degree 0, the Jacobi identity is already satisfied.

/ 7
For constant global sections <g> : (Z@) € I'(Ep) and (a) € I'(E_1), we claim that
v
u
(1),

(). (g)n[(;‘f) 1(1), (g)nu(j) , (ﬁjﬁ)J,( )] (é) )

We proceed by showing that each component of the result vanishes. Note that

(04 (=) (s A en)

R &%

and

(1) (o)

The first component of the left-hand side of Equation (99) then decomposes into
- ((JI, u> + <y7 U>)<_2<y7au/> + 2<y7vl>lu)

(1) e ()

Straightforward cancellations then turn it into

= 2[lyllPv + (y-7)-u,a-u') + 2((y-T)-u, ')
—2<y,(( W) T +y- (V@) - p(v'-T) - (yU)) u)
+ 4z, u)({y,a-u') — (y,v") )

() (D)

which vanishes after the following consequences of Equations (63), (67) and (68):
((y7)-u,v) = (=(y-a)z + 2z, u)y,v") = —(y, (V" -x)-u) + 2(z,u)(y, V),

(y, (@) 7)u) = ((y-u)z 5'u'> = (—(y-7)u+2(z,u)y,a-u),
(y, (y-(v'-@)-u) = (Jyl*v',a-u),
)=

(y: (1)) = |lyll* <UU> (y. (y-u/)-u).
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The third component vanishes in a similar way. Finally, the second component equals to

+ (a-0")-(|ylIPv + - (z-7) — (@, u) + (y,v))7)
— (- (ly*o +u-(z-7) — ((z,u) + (y,v))7))
")

+ (2 (W-a) + (a-0)-7 — pla-v') = v(u'7)))-v)-§
2

T z,u')v)-(u-y)
— ({z,u) + (y,v))- (- (v -a) + (a-v")-

()= ().

which can be rewritten as

<

= p(=||z]Pu-v = ((z-7)-0)-V" = (z-u-2)-0" = ((z-0)-0)F = 2y, ')z T+ 2(z, u)z-v" + 2(y,v)z-')
+v(=llyllv" -7 — '@ (z-7)) — 2 (@ (u"-7)) — v (G-v-7) — 2(x, v )u-F + 2(x, u)u"- 7 + 2(y, v)u"-7)
+ (J|z]Pu+ z-w-x)- (u'-a) i(a-v’)-(llyll%wm-@) + ((z-7)-v)-(v-a) + (a-v")- (T (z-7))

+z-(u ((a-v')7y) + ((x-(v-a))v)-y+ 2y, au))x-v+ 2(x,av)u-y
(

= 2((z, u) + (y, 0)2-(v/-a) = 2((z,u) + (y, v))(a-v) 7

()=

Here, the coefficient of ;1 vanishes as a result of the following identities, concluded from
Equation (63):

The coefficient of v vanishes in a similar way. Using the identities ||z||*u+zuz = 2(z, u)z
and ||y||*v + 7-v-7 = 2{y, v)¥, the remaining terms simplify into

: Yot + 2, @) g — (@ (7-0) )7,
2(z,u)(a-v')y — 2z, a-v"Yu-y + 2(u,a-v )y — - (u-((a-v) 7)),

which implies that the second component vanishes as well, and Equation (99) is verified.
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v

(1), [(%),tn-—[(j)7[(5),tn—-u(z), (1)1
(8) 20 0t = g G () {(%( )

= |
2(¢ ||$HQU+ (29)v — ((z,u) + (g, 0)z,u') + (lyll*v + (y-7) v — (2, Y v))y, v)t
4

:(( w) + (v, 0) ({2, @) + (y, v'))t = 2((z, u) + (y, 0)) ({z, v) + (y, >)
() (e

which vanishes due to the following consequences of Equation (67):

!/
For global constant sections <u) : (Z,) € I'(Eyp) and t € I'(E_5), we have

<
~

= —2((z,u) + (y,v)){a,d’) + 2{y,v) (/' — p'v) + 2{a,z-(u-a') + (a’'-v)-
+ 9l a0} + 1y, ) — i, @) — Vg, w)
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By anti-symmetry, the second and the fourth terms of the expression cancel with the
/

u pu
corresponding terms in {(a) — (a’ ) }. The remaining terms can be written as
v v

=2(a,z-(w-a") + u-(T-a") — 2(x,u)a’y + 2(a, (a’-y)- v+ (a’-v)-y — 2{y,v)a’) =0

which vanishes as a result of Equation (63).
[

Theorem 10.11. The Lie algebroid (Ey, |-, -], p) and correspondingly the Lie groupoid
G = O? have the minimal dimension among Lie algebroids and Lie groupoids over O2,
with Fog as their orbits.

Proof. Since the universal Lie 3-algebroid of Fpp introduced in Proposition 10.10 is
minimal at the origin, and rank(Fy) = 16, Proposition 10.8 implies that every such Lie
algebroid is of dimension at least 16. As a consequence, since O? is a 16-dimensional
manifold, every Lie groupoid inducing Fog has a manifold of arrows with dimension at
least 32. [ |
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Appendix

1 Almost Killing Lie algebroids

In the appendix we recall the notion of almost Killing Lie algebroids as defined previously
in | | and provide their relation to module singular Riemannian foliations defined in
this paper. (See, in particular, Proposition 1.5 below, but also Theorem 3.6 in the main
text).

Definition 1.1. A wvector bundle A — M equipped with a vector bundle morphism
p: A — TM covering the identity is called an anchored bundle. Let (A, p) be an anchored
bundle equipped with a skew-symmetric bracket [-,-]4 on T'(A). The triple (A, p, |-, ]a)
is called an almost Lie algebroid if the induced map p: I'(A) — X(M) preserves the
brackets, and the Leibniz rule is satisfied:

[s, fs'la = (p(s) - f) 5"+ fls,5']a.

Definition 1.2. Let (A, p) be an anchored bundle over M and E — M a vector bundle
over the same base. An A-connection on E is a C™®(M)-linear map ¥V from T'(A) to

Homg(I'(E),['(E))) satisfying
Vi(fe) = (p(s) - fle+ f'Vse,
for every f € C*(M), e € I'(E) and s € ['(A).

An anchored bundle (A, p) together with an ordinary connection on A, V: T'(4A) —
I(T*M ® A), defines an A-connection 4V on T'M by:

AV X = LyoX +p(Vys), (100)

valid for every s € I'(A) and X € X(M). Note that by assuming the Leibniz rule and the
commutativity of 4V, with contractions, these derivations can be extended to arbitrary
tensor powers of TM and T*M.

Definition 1.3. Let (A, p, |-, ]a) be an almost Lie algebroid over a Riemannian manifold
(M,g) and V:T'(A) - I'(T*M ® A) a connection on A. Then (A, V) and (M, g) are
called compatible if

Vg =0,

where the A-connection 4V is defined by Equation (100). The triple (A,V,g) is called
a Killing almost Lie algebroid over M.
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Lemma 1.4. Let (A, p) be an anchored vector bundle over a Riemannian manifold
(M, g), and let V be an ordinary connection on A. The triple (A, V,g) satisfies *Vg = 0
if and only if for every X, Y € X(M) and s € T'(A) we have

('Cp(s)g)(Xv Y) = g(p(VXS)7 Y) + g(X>p(VYS)) .

Proof. By Equation (100), for every vector field X € X(M)
(Vi) (X, X) = Vi(9(X, X)) = 29("V.X, X)
= (Ep(s)g>(X7 X) - 2g<p(vXS)7 X) :

Consequently, *Vg = 0 if and only if

(Lp)9)(X, X) =29(p(Vxs), X).
|

Proposition 1.5. Let (M, F) be a singular foliation on a Riemannian manifold (M, g).
Then the triple (M, g, F) is a module singular Riemannian foliation if and only if it
1s locally generated by Killing almost Lie algebroids, i.e. Yq € M, there exist an open
neighborhood U € M containing q and a Killing almost Lie algebroid (Ay,V, gu) over
(U, gv) such that p (T.(Ay)) = o' F.

Proof. Assume that (M, g, F) is a module singular Riemannian foliation and ¢ € M.
Then there exists an open neighborhood U € M containing ¢ such that Lgl}" is generated
by finitely many vector fields V;, ..., Vy € X(U) for some positive integer U. By involu-
tivity of «;;' F, the trivial vector bundle Ay of rank N with a frame ey, ..., ey € T'(Ay)
together with the anchor map p: Ay - TM, e, — V, fora=1,..., N, can be equipped
with an almost Lie algebroid structure. By Lemma 3.4 there exist 1-forms w® € QY(U)
such that

N
£Vag:Zw2®Lng Ya,b=1,...,N.
b=1

Now if we define Ve, = S0 w? ® e, for every X,Y € X(U), we have

(ﬁp(ea)g)(xv Y) = (£Vag><X7 Y)

= 5 ((exw?)g(Vi, V) + (1yw?)g(X, Vi)

b=1

) ) )
= Jp(Vxea).Y) +9(X, p(Vyes).

Consequently, by Lemma 1.4, (Ay, Vy,gy) is a Killing almost Lie algebroid and we
have p(T.(Ay)) = ;' F. Conversely, Assume that (M, F) is locally generated by Killing
almost Lie algebroids. Let ¢ € M, and take a neighborhood U € M containing ¢ with
a Killing almost Lie algebroid (Ay, V, g) over (U, giy) such that p(T.(Ay)) = ;' F. By
choosing U small enough, we can assume that Ay is trivial and there is a global frame
e1,...,en € [(Ap). Then there exist 1-forms w? € Q(U) such that

N
Vea:ZwZ@)eb Va,b=1,...,N.

b=1

68



With V, := p(e,) for a,b=1,..., N, by Lemma 1.4, for every X, Y € X(U) one has

(Lv,9)(X,Y) = Y ((exwh)g(Ve, V) + (ywh)g(X, Vi)

b=1
N

= (ng © Lng> (X,Y).
b=1

This implies, using Lemma 3.4 and Proposition 3.5, that (M, g, F) is a module singular
Riemannian foliation. |
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2 Computations with Macaulay?2

In this appendix, we use Eisenbud’s Macaulay2 to construct a short exact sequence of O-
modules, where O stands for the sheaf of smooth, polynomial, or real analytic functions
on 0? = R This exact sequence will be used in Section 8.1 to prove the maximality
of Fom, and in Section 10.2 to construct a universal Lie 3-algebroid for Fpy. This can
be done as follows: In Macaulay2Web, first specify the ring of polynomial functions on
R1® by entering the following code in the first line:

X X x_3, x_4, x_5, x_6, x_7,
» y-1, y2, y_3, y_4, y_5, y_6, y_7]

Then, considering the characterizing equations of Lemma 8.2 for vector fields tangent to
the leaves in Loy, we construct the morphism of O-modules J: I'(0?) — I'(R & O & R)

given by
(u) )
J =|uy+zv
v
(y,v)
whose kernel gives the desired O-module of vector fields tangent to Log. In Macaulay?2

one can use the following code to specify this morphism as a matrix, which is a result of
considering the octonion multiplication as a product on R®:

F = image matrix {{ x_0, =x_1, =x_2, x.3, x4, x5, x_6, x_7,
o, 0o, o, o, 0O, O, O, 0 3
{yo0, y_1, y.2, y.3, y_4, y_5, y_6, y_7,
x 0, x_1, x_2, x_.3, =x_4, x_5, =x_6, x_T7T},
{-y_1, y_0, -y_3, y_.2, -y_5, y_4, y_7, -y_6,
x_1, -x_0, x_3, -x_2, x_5, -x_4, -x_7, x_6},
{-y_2, y.3, y_.0, -y_1, -y_6, -y_7, y_4, y_5,
x_ 2, -x_3, -x_0, =x_1, =x_6, =x_7, -x_4, -x_5},
{-y38, -y-2, y1, yoO, -y.7, y6, -y.5, y.4,
x.3, x2, -x_.1, -x_.0, x_7, -x_6, x_5, -x_4},
{-y_4, y_5, y_6, y_7, y_0, -y_1, -y_2, -y_3,
x_4, -x_5, -x_6, -x_7, -x_0, =x_1, =x_2, =x_3%},
{-y_5, -y_4, y_7, -y_6, y_1, y_0, y_3, -y_2,
x5, x4, -x_7, x_6, -x_1, -x_0, -x_3, x_2},
{-y_6, -y_7, -y_4, y_5, y.2, -y_3, y_0, y_1,
x 6, x.7, x4, -x_5, -x_2, x.3, -x_0, -x_1},
{-y_7, y_6, -y_5, -y_4, y.3, y_.2, -y_1, y_0,
x_7, -x_6, x_5, x_4, -x_3, -x_2, x_1, -x_0%},
{0 , o, o, o, o, o0, o0, 0,
y_0, y_.1, y.2, y.3, y_4, y_5, y_6, y_7}}

This map can be completed to an exact sequence, using the code

resolution minimalPresentation F
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https://www.unimelb-macaulay2.cloud.edu.au/

Finally, to view the matrices associated with the differential, use the codes

03.dd_1

03.dd_2
and
03.dd_2

This exact sequence can be translated back to the framework of octonions as follows

0 — T(E_) % 1(E_) %5 T(B) —2— I'(0*) — - T(R& 0B R)
(101)
where
E() 1292, E_1 :R@@@R, E_2 :K
u H
and for global sections (v> e(Ey), [a] eT(F-1) and t € I'(E_s):
v
p (U) :: (HSUH2qu (z-g)-v— ((z,u) + <y,v))x>
v lyl*o + (y-7)-u = ({2, w) + (g, 0))y )
K :
AV [ a ] = (“m+f y) : (102)
vy +a-x
v
—llyl*t
d2(t) = | (z-p)t
==t

Finally, using Malgrange’s flatness theorem, this remains exact as a sequence of modules
over real analytic or smooth functions.
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List of Notations

Lz Unit arrow for the object (z,v)

Fy Fiber of F at ¢ € M

¢ Set of G-invariant elements in Z

@ Sheaf of rings of polynomial, real analytic or smooth functions
dgf Differential of f at ¢ € M

Ls Inclusion map of S C M

R(Z) Reduced Poisson algebra of an Z-Poisson manifold

gf Isotropy Lie algebra of F at ¢ € M

X Module of compactly supported vector fields

® Symmetric tensor product

X A vector field X viewed as a function on the cotangent bundle
oL, Hamiltonian flow of a function H

Vv Trivial vector bundle with a vector space V as fibers
evqy Evaluation at ¢ € M

F, Tangent of the singular foliation F at ¢ € M

9 Musical isomorphism (g,v) — g,4(v, -)

qu Restriction of the Riemannian metric g to U C M

L, Leaf passing through ¢ € M

S(r) Sphere of radius r

Vit orthogonal complement of V' with respect to g

Wwee Set of smooth functions in the sense of Whitney

X, Evaluation of the vector field X at a point ¢ € M

XH Horizontal lift of the vector field X

AV A-connection induced by an ordinary connection on A
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(dynamical) semi-strict Z-Poisson manifolds,
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(octonionic) rescaling function, 44

IPois, 22
dynlIPois, 22
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geometric singular Riemannian foliation, 6
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Killing vector field, 10
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Lie oo-algebroid, 57
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Lie group, 18

Lie groupoid, 39

linear part, 58

locally finitely generated, 2, 13, 18
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lower semi-continuous, 3

minimal at ¢ € M, 58

Minkowski space, 20

module singular Riemannian foliation, 6, 14
moment map condition, 18

Morita equivalent, 11, 17

multi-vector fields, 16

musical isomorphism, 6

Noetherian, 13
non-autonomous linear ODE, 21
normed division algebra, 40

object coordinates, 44
octonionic Hopf fibration, 53
ordered exponential, 21

Poisson algebra, 16
Poisson bracket, 15
Poisson diffeomorphisms, 19
Poisson manifold, 16
Poisson manifolds, 4
Poisson map, 17
Poisson subalgebra, 18
polynomial, 13
principal bundle, 42
projectable to F, 4
pullback, 10

real analytic, 13

real part, 40

reduced Poisson algebra, 19
reduced Poisson manifolds, 19
regular foliations, 1, 2
Riemannian foliations, 1
Riemannian groupoid, 1
Riemannian submersion, 10
rings, 13
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short exact sequence, 3

sigma models, 1

singular foliation, 2, 51

singular Hopf leaf decomposition, 43
singular leaf decomposition, 1

singular moment maps, 19

singular octonionic Hopf foliation, 39, 51
singular Riemannian foliations, 6
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strict (dynamical) Z-Poisson manifolds, 22
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universal Lie oo-algebroid of F, 58
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Résumé. Les feuilletages singuliers sont définis comme certains sous-modules de
champs vectoriels, dont les flots décomposent la variété en feuilles injectivement immer-
gées de dimensions potentiellement différentes. En présence d’une métrique riemannienne,
la recherche de compatibilité entre les feuilles et la structure riemannienne conduit a la
notion de feuilletages riemanniens singuliers géométriques, tels que décrits par Molino.
Ici, nous adoptons une approche différente pour adapter la notion de feuilletages rieman-
niens singuliers afin de capturer les riches propriétés algébriques du feuilletage singulier.
Notre concept interagit naturellement avec la géométrie de Poisson et motive la défini-
tion des variétés I-Poisson comme une relaxation de la catégorie des variétés de Poisson.
Nous comparons les feuilletages riemanniens singuliers dans notre sens et celui de Molino,
montrant que notre notion est plus restrictive et se distingue par I'exemple du feuille-
tage singulier octonionique de Hopf. Construit sur la fibration de Hopf octonionique, le
feuilletage singulier octonionique de Hopf illustre un feuilletage singulier localement non
homogeéne, c’est-a-dire qu’il ne peut pas étre généré par des isométries locales. Cependant,
nous construisons un groupoide de Lie induisant ce feuilletage singulier et un algébroide
de Lie universel, démontrant la minimalité de la dimension pour le groupoide de Lie.

Mots-clés : Feuilletages singuliers, Géométrie différentielle, Théorie de Lie, Géométrie
de Poisson

Singular foliations in differential geometry

Abstract. Singular foliations are defined as certain submodules of vector fields, whose
flows decompose the manifold into injectively immersed leaves of possibly different di-
mensions. In the presence of a Riemannian metric, seeking compatibility between the
leaves and the Riemannian structure leads to the notion of geometric singular Rieman-
nian foliations, as described by Molino. Here, we adopt a different approach to adapt the
notion of singular Riemannian foliations to capture the rich algebraic properties of the
singular foliation. Our notion naturally interacts with Poisson geometry and motivates
the definition of I-Poisson manifolds as a relaxation of the category of Poisson manifolds.
We compare singular Riemannian foliations in our sense and Molino’s, showing that our
notion is more restrictive and distinguishable by the example of the singular octonionic
Hopf foliation. Constructed upon the octonionic Hopf fibration, the singular octonionic
Hopf foliation exemplifies a locally non-homogeneous singular foliation, i.e., it cannot
be generated by local isometries. However, we construct a Lie groupoid inducing this
singular foliation and a universal Lie infinity algebroid, demonstrating the minimality of
the dimension for the Lie groupoid.

Keywords: Singular foliations, Differential geometry, Lie theory, Poisson geometry
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