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Abstract

We extend the notion of equivariant basic cohomology to singular Riemannian foli-
ations with transverse infinitesimal actions, aiming the particular case of singular
Killing foliations, which admit a natural transverse action describing the closures of
the leaves. This class of foliations includes those coming from isometric actions, as
well as orbit-like foliations on simply connected manifolds. This last fact follows since
we establish that the strong Molino conjecture holds for orbit-like foliations. In the
spirit of the classical localization theorem of Borel and its later generalization to reg-
ular Killing foliations, we prove that the equivariant basic cohomology of a singular
Killing foliation localizes to the set of closed leaves of the foliation, provided this
set is well behaved. As applications, we obtain that the basic Euler characteristic also
localizes to this set, and that the dimension of the basic cohomology of the localized
foliation is less than or equal to that of the whole foliation, with equality occurring
precisely in the equivariantly formal case.
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1 Introduction

Regular Riemannian foliations are relatively well known and have a robust structural
theory, due mainly to Molino [21]. This theory establishes that the leaf closures of such
afoliation  form a singular Riemannian foliation 7, which moreover is described by
the action of a locally constant sheaf €’z of Lie algebras of germs of transverse Killing
vector fields (see Sect. 3 for more details). When this sheaf is constant we say that F is
Killing, following [23]. One of the most elementary algebraic invariants of a foliation
is its basic cohomology H (F), which can be seen as the De Rham cohomology of its
(often quite singular) leaf space. For a regular Killing foliation one can also consider
its equivariant basic cohomology Hq(F), with respect to the transverse action of its
structural algebra a = €’#(M). This invariant, introduced in [10] and further studied
in [11], will also capture information on the leaf closures, since aF = F. In those
papers the authors proved transverse generalizations of the Borel-Hsiang and Atiyah—
Bott/Berline—Vergne localization theorems, which were later extended in [18] to the
case of infinitesimal transverse actions on regular Riemannian foliations in general.
Moreover, in [7] the authors showed that the ring structure of the equivariant basic
cohomology remains constant under regular deformations (see also [6]), which linked
this object to the theory of torus actions on orbifolds.

The theory of singular Riemannian foliations also started with Molino’s work, but
is still in plain development, having seen relatively recent answers to fundamental
questions and new interesting examples (e.g., [2, 19, 20]). For instance, Molino’s
conjecture that the closures of the leaves of a singular Riemannian foliation form
another singular Riemannian foliation was established recently in [2]. These foliations
appear naturally in the theories of isometric actions and submanifolds (for example,
as the set of all parallel submanifolds of an isoparametric submanifold [26]), and
play interesting roles in many other areas of geometry, for instance in the study of the
regularity of the Sharafutdinov projection onto the soul [27]. In this paper we are mostly
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Equivariant basic cohomology of singular Riemannian... 781

interested in singular Killing foliations, a subclass that includes foliations given by the
orbits of isometric actions (see Example 5.1), as well as some Riemannian foliations
on simply connected manifolds. This last fact is related to an important question,
know as the strong Molino conjecture (see [21, p. 215], [1]): is the Molino sheaf of
a singular Riemannian foliation smooth? We prove that this holds for the so-called
orbit-like foliations (see Sect. 3.3 for detais):

Theorem A If F is orbit-like, then € r is smooth. In particular, any orbit-like foliation
F of a simply connected manifold is Killing.

This is Theorem 3.4 in the text (see also Example 5.2). By analogous reasoning, if
the strong Molino conjecture holds true in general, the class of singular Killing folia-
tions will include all complete Riemannian foliations on simply connected manifolds.
Theorem A hence further motivates the study of singular Killing foliations as a rele-
vant class of Riemannian foliations, intimately connected with the study of their leaf
closures.

As in the regular case, the Molino sheaf €’ of a singular Killing foliation is con-
stant, and the structural algebra a = €#(M) acts transversely on F, with aF = F
(see Sects.3 and 5 for details). It is then relevant to investigate the equivariant basic
cohomology H, (F), with respect to this a-action. In this matter, our results generalize
some of those in [10] to the singular setting. Moreover, when specified to the regular
case, they do not involve the hypothesis of F being transversely oriented. The main
result is a singular transverse generalization of Borel’s localization theorem [5], which
we show to hold for the subclass of neat singular Killing foliations (see Definition
5.11). This hypothesis is necessary because, in contrast with the regular case, for a
singular Killing foliation the union M® of all closed leaves may not be a submanifold
(see Example 5.10). We denote F® := F|pja.

Theorem B Let (M, F) be a transversely compact, neat singular Killing foliation with
structural algebra a, and leti : M® — M be the natural inclusion. Then the localized
map

S7li* STVHL(F) — STV HL(F%

is an isomorphism, where § = S(a*) \ {0}.

This theorem appears below as Theorem 5.12. The technical tools to obtain this result
involve the study of the equivariancy of the Molino sheaf under the so-called homoth-
etic transformations of F (see Proposition 5.4). This enables us to construct a suitable
covering of M by saturated open sets which equivariantly retract by deformations onto
leaf closures (see Proposition 4.3), and the proof then follows usual cohomological
techniques. This tool also covers a gap in the proof of [28] that the basic cohomol-
ogy of a singular Riemannian foliation is finite dimensional, when M is compact (see
Sect.4). In fact, we prove this here under the weaker hypothesis of F being transversely
compact, in Theorem 4.4:

Theorem C Let F be a transversely compact, complete singular Riemannian foliation.
Then dim H (F) < oo.
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782 F.C.Caramello

The basic Euler characteristic y (F), in particular, is well defined for any trans-
versely compact, complete singular Riemannian foliation. In the case of neat singular
Killing foliations, a consequence of Borel’s localization is that this invariant localizes
to the set of closed leaves:

Theorem D Let F be a transversely compact, neat singular Killing foliation with
structural algebra a. Then

X(F) = x(F%.

This is Theorem 6.2, which generalizes [6, Theorem D] to the singular setting. Notice
that it is a singular transverse generalization of the localization of the classical Euler
characteristic x (M) to the fixed point set of a torus action, since a is Abelian (see
Sect. 3). It follows that, for any transversely compact, singular Killing foliation F, if
X (F) # 0, then F has at least one closed leaf (see Corollary 6.3). Another direct
consequence is that, if F has isolated closed leaves, x (F) is precisely their number
(see Corollary 6.4). The following result is also an application of the localization
theorem:

Theorem E Let F be a transversely compact, neat singular Killing foliation with
structural algebra a. Then

dim H(F%) < dim H(F),

and equality holds if, and only if, F is equivariantly formal.

This is Theorem 6.5, which generalizes [10, Theorem 1]. In analogy to the classical
case of Lie group actions, and more generally regular Killing foliations (see [11]), a
“concrete” version of Borel’s localization theorem, in terms of a localization formula
for the integral of basic equivariant forms to the set of closed leaves, is expected to
hold. We intend to investigate this in a future article.

2 Equivariant basic cohomology of singular foliations

When a Lie algebra acts infinitesimally and transversely on a (regular) foliation, one
can define its equivariant basic cohomology, which is an algebraic invariant that cap-
tures information from the action and the topology of the leaf space. This object was
first studied in [10], generalizing the ideas from classical equivariant cohomology of
Lie group actions. In this section we will see that this notion also generalizes to the
case of singular foliations. Let us begin by fixing our notation and recalling the main
notions and tools concerning smooth foliations. We work in the smooth category, so all
objects are considered of differentiability class C*°, unless otherwise explicitly stated.

2.1 Preliminaries

Let M be an n-dimensional manifold. A singular foliation of M is a partition F of M
into connected, immersed submanifolds, called leaves, such that the module X (F) of
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smooth vector fields that are tangent to the leaves is transitive on each L € F. This
means that, for each L € F and each x € L, any given v € TyL can be extended
to a smooth vector field V € X(F). We denote the leaf containing x € M by F(x).
The tangent spaces of the leaves form a distribution of varying rank, that we denote
by T F. The dimension of F is defined as

dim(F) = maxdim(L),
LeF

and its codimension by codim(F) = dim(M) — dim(F). We say that F is closed
when all leaves of F are closed submanifolds of M. When all leaves have the same
dimension we say that F is a regular foliation, or simply a foliation, of M. The space of
leaves M /F of F is the quotient space of M by the equivalence relation that identifies
points in the same leaf. A subset J C M is saturated when J = n 'z (J), for
m : M — M/F the canonical projection. In other words, J is saturated if it contains
all the leaves that it intersects.

Example 2.1 An important class of singular foliations consists of those given by Lie
group actions, which are called homogeneous: if a Lie group H acts smoothly on M,
then the partition of M by the connected components of the orbits of H is a singular
foliation Fpg. If all stabilizers of this action have the same dimension, in particular if
the action is locally free, then Fp is a regular foliation.

If (N, G) is another singular foliation, we say that a smooth map f : (M, F) —
(N, G) is foliate when it maps leaves of F into leaves of G. A smooth map f :
M x [0, 1] — N is a foliate homotopy when it is foliate with respect to the product
foliation of F and the trivial foliation of [0, 1] by points. Alternatively, f is a foliate
homotopy (between fy and f1) if f; : M > x — f(x,t) € N is foliate for each
t € [0, 1]. If J C M is a saturated submanifold, then a foliate deformation retraction
f:M x[0,1] = M of M onto J is a foliate homotopy which is also a deformation
retraction of M onto J.

A vector field X € X(M) is foliate when [X, Y] € X(F) for any ¥ € X(F).
These are the vector fields whose flows are foliate maps. We denote the Lie algebra
of foliate vector fields by £(F). The transverse vector fields are the elements of
[(F) := £(F)/X(F). Notice that [(F) inherits the Lie bracket from £(F) and is, thus,
also a Lie algebra. A transverse vector field X is tangent to a saturated submanifold
J C M when it admits a representative X € £(F) which is tangent to J. Notice that
in this case any representative of X is tangent to J. Let f : (M, F) — (N, G) be
foliate, X € [(F) and Y € [(G). We say that X and Y are f-related when they admit
f-related foliate representatives. In the case of a foliate map f : (M, F) — (M, F),
we say that X € [(F) is f-invariant when itis f-related to itself.

A tensor field & € TX(M) is called basic when it satisfies (x& = 0 and Lx& = 0
whenever X € X(F). We can consider, in particular, basic differential forms. By
Cartan’s formula Lx = 1xd + dix, a form w € Qk(M) is basic if and only if,
ixw = 0andiy(dw) = 0, for all X € X(F). The space of basic k-forms of F is
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784 F.C.Caramello

denoted by QF(F). Then

q
Q(F) = @Q"(f)

k=0

is the algebra of basic forms of F. It is clear that Q(F) is closed under the usual
exterior derivative d, so it is a Z-graded differential algebra (by defining Qk(F) = {0}
if k <0).

The cohomology groups of the complex

R B o v JELEY o LR o BRI

are the basic cohomology groups of F, denoted H!(F). We denote H(F) =
@ H'(F), which is a graded algebra with the usual exterior product. Notice that
when F is the trivial foliation by points, H (F) reduces to the De Rham cohomology
of M. In general, we can intuitively think of H (F) as the De Rham cohomology of
M/F.If f:(M,F)— (N,G) is foliate, then it pulls G-basic forms back to F-basic
forms, and thus induces a linear map f* : H(G) — H(F). For F-saturated open sets
U,V C M, the short exact sequence
i3} o=
0— QFlyuy) — QFlv) & QFly) — QFlunv) — 0

induces a Mayer—Vietoris sequence in basic cohomology, where iy : U — U UV,

iy:V—>UUV,jy:UNV — Uand jy : UNV — V are the natural inclusions.
When dim H (F) < oo, we define the basic Euler characteristic of F as

X(F) =Y (=)' dim H' (F).

Basic cohomology H (F) can in fact be infinite-dimensional, even for a regular folia-
tion F on acompact manifold (see [9]). In Theorem 4.4 we will see sufficient conditions
for it to be finite-dimensional.

2.2 Equivariant basic cohomology

Our definition of the equivariant basic cohomology of a singular foliation will be a
direct generalization of that in the regular case, which was introduced in [10] via the
concept of g*-algebras. We also refer to [14] for a thorough introduction to the topic
of equivariant cohomology. Let us begin by recalling that a g*-algebra consists of a
differential Z-graded commutative algebra (A, d) acted upon by a finite-dimensional
Lie algebra g, that is, for each X € g there are derivations Ly : A — A and
tx : A — A, depending linearly on X and of degree 0 and —1 respectively, satisfying

(1) 4 =0,
(2) LxLy — LyLx = Lix,v1s
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(3) Lxty +1vLx = x.v]»
@) Lx =dix +xd.

If A and B are g*-algebras, an algebra morphism f : A — B is a morphism of
g*-algebras if it commutes, in the Z-graded sense, with d, Lx and tx.

Now let (M, F) be a singular foliation and g a finite-dimensional Lie algebra. An
infinitesimal transverse action of g on F is a Lie algebra homomorphism p : g —
[(F). The isotropy g, = {X € g | u(X), = 0} is constant for points in the same leaf,
so we define g;, = gy, for x € L € F, which is the infinitesimal transverse analog of
the stabilizer of a point. More generally, for a saturated submanifold J/ C M, consider
the isotropy subalgebra

g/ ={Xeglul;=0=)a.

xelJ

Notice that g; = g7, for L € F. Somewhat conversely, for h < g, the h-fixed locus

MY ={x e M| uX), =0forall X € b}

is saturated (but not a submanifold in general). A saturated submanifold J C M is
h-invariant when p(X) is tangent to J, for each X € .

Let us prove that an infinitesimal transverse action induces a g*-algebra structure
on Q(F). More precisely, for X € g, consider the derivations Ly and tx on Q(F)
givenby Lxw = Lzwand txw = tgw, where X e £(F) is afoliate representative of
1 (X). One readily checks that they are well defined: if X1, X5 € £(F) are different
representatives for ;(X), then )N(l —f(z € X(F), thus Ei(] g0 = 0 andLX] g0 = 0
for any w € Q(F). Itis clear that Lx and tx have degree 0 and —1, respectively.

Proposition 2.2 Let (M, F) be a singular foliation and i : g — ((F) an infinitesimal
transverse action. Then, with the derivations Lx and tx defined above, (2(F), d)
becomes a g*-algebra.

Proof The algebraic properties that Lx, tx and d must satisfy all follow directly from
the same properties for the usual Lie derivative, interior multiplication and exterior
derivative. We thus only have to show that £xw and ¢y indeed remain in 2 (F) when
® € Q(F). Infact, for ¥ € X(F), we have iyt g = —i5tyw = 0 (because tyw = 0)
and Lytgw = 13z Lyw + 1 v. 8@ = 0 (because Lyw = 0 and [Y, X] € ¥(F)), so
txw € Q(F). Similarly, Ly/lxw =Liyw— gy @ = Oand LyLzw =Lz Lyw —
E[X’y]w—O hence Lxw € Q(F). O

Given Proposition 2.2, we can now define the equivariant basic cohomology of F
in the usual Cartan’s model way, which we recall here for the reader’s convenience
(see also [14] or [10]). Let S(g*) denote the symmetric algebra over the dual g*, which
we interpret as the polynomial algebra on g*. Consider the coadjoint action of g on g*
given by (ad P)(Y)=¢(—[X,Y]),for X,Y € gand ¢ € g*. It extends naturally to
S(g*) by (ad )= f(—[X,Y]).ForX egandw =) fiQw; € S(g") QQ(F),
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786 F.C.Caramello

we define
Xow = Z (ady fi ® wi + fi @ Lxw;) .
The basic Cartan complex of (F, g) is the subspace
Cq(F) = (S(g") ® Q(F)?

of g-invariant elements w, that is, those satisfying X = 0. Notice that an element
w € Cy(F) can be seen as a g-equivariant polynomial map g — 2 (F). Moreover,
if g is Abelian then its coadjoint action is trivial, so @ € Cy(F) is just a polynomial
map g — Q(F)9.

The basic Cartan complex Cg(F) is naturally an S(g*)9-algebra, with ring multi-
plication (wn)(X) = w(X) A n(X) and S(g*)¥-module multiplication induced by
f = f ® 1. Moreover, it is a cochain complex with coboundary maps d, the
equivariant derivative, given by

(dgw)(X) = d(0(X)) — tx(@(X)),

as one checks that this is a degree 1 derivation with respect to the usual grading

crF) = P st e ). e)
2k+1=n

We define the g-equivariant basic cohomology of F as the cohomology of its Cartan
complex:

Hy(F) = H(Cy(Q2(F), dy)).
It inherits an S(g*)%-algebra structure from Cy(F). When g = 0 is the trivial Lie

algebra, Hy (F) is just the usual basic cohomology of 7. Another simple, but important
particular case, is the following.

Example 2.3 Suppose the transverse action of g on F is trivial. Then one easily sees
that Cg(F) = S(g")?® @ Q(F) and (dgw)(X) = d(w(X)), so

Hg(F) =S(g")* @ H(F),

as S(g*)Y-algebras.

2.3 Homotopy invariance

Let us now study the invariance of equivariant basic cohomology under homotopies, so
let (M, F) and (N, G) be singular foliations with transverse g-actions u : g — [(F)
and v : g — [(G), respectively. A foliate map f : M — N is called g-equivariant if
w(X) and v(X) are f-related, for all X € g. In this case it is easy to check that the
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pullback f* : Q(G) — Q(F)is adegree O morphism of g*-algebras. In fact, it is clear
that it commutes with d, and a straightforward calculation shows that it also commutes
with each ty. The commutation with Ly then follows easily using Cartan’s formula
or also by a direct computation. Hence, we obtain an induced morphism in equivariant
basic cohomology (f*)s : Hg(G) — Hg(F), which we will often denote simply by
f* when there is no risk of confusion. A foliate homotopy f : M x [0, 1] — N is
g-equivariant if f; is g-equivariant for each ¢ € [0, 1].

We recall that, for g*-algebras A and B, two morphisms fy, f1 : A — B are chain
homotopic when there is a linear map Q : A — B of degree —1 that satisfies

tixQ+0ix =0, LxO—-0Lx=0and dO+ Qd = fi1— fo

forall X € g. This implies that the induced maps on equivariant cohomology are equal,
thatis (fo)« = (f1)x : Hg(A) — Hg(B) (see [14, Proposition 2.4.1]). The following
proposition is a generalization of [18, Lemma 2.5.1] to singular foliations, and the
proof is an adaptation of a classical proof of the homotopy invariance of equivariant
cohomology [14, p. 22].

Proposition 2.4 (Homotopy invariance of equivariant basic cohomology) Let (M, F)
and (N, G) be singular foliations acted upon transversely by a Lie algebra g, and let
f M x [0,1] — N be a foliate g-equivariant homotopy. Then

fo=rf: Hy(G) — Hy(F).
Proof As we saw above, the conclusion will follow if we show that f(;‘ QG —

Q(F) and f]" : Q(G) — Q(F) are chain homotopic. For each ¢ € [0, 1], consider
Vi : M — TN given by

d
Vi) = = fls)

=t
and for w € QK1 (G), let o) e Qk(M) denote the form
frayo)xc(ur, ..., n) = 0f0) (Vi(x), dfi(v), ..., dfi(v).
One has the identity (see [15, p. 158])

d
af,*a) = [y, dw) + df] (ty,). 2)

We claim that f*(ty,w) € Qk(F). In fact, since each f; is foliate, d f; maps TF
into TG, and then it follows easily that tx f;*(ty,w) = 0 when X € X(F). Hence, as
dw € QF2(G), we also have ty f7 (v, dw) = 0, and from equation (2) we have

d
txdft*(LV[a)) = LXEft*a) — fot*(Ltha)) =0.
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788 F.C.Caramello

Now notice that integrating Eq. (2) we obtain

d

1 1 1
fl*a)—f(;“a)z-/o Ef,*a)dt:/o fFydw) dt—i—/o df (ty,w) dt,

so if we define Q : Q2(G) — Q(F) by

1
0w = /0 Frayo) dr,

then it is a degree —1 linear map satisfying f|" — f' =d Q0 + Qd.

It remains to show that Q commutes with (x and Ly, for each X € g. Choose
XM ¢ &(F) and XV € £(G) to be fi-related foliate representatives of the transverse
fields corresponding to the action of X on F and G, respectively. Then

Iy ix @) (vr, .y vk—2) = (x @) 0 (Vi(X), d(f)xvr, - o, d(f)xvk—2)
= 500X (1), Vi), d(f)xv1, ... d(f)xvh—2)
=~ (Vi (), d(f)x XY, d(f)xvr, ..., d(f)xve—2)
= —fF o) (XM, v, ve2)

= —ix f (ty,0)x (V1 ..., Vk—2).

Hence the equality

fz*(LV,LX(U) = _LXft*([V,w)s 3)

which integrated yields tx O + Qtx = 0. Now from Cartan’s formula and Egs. (2)
and (3),

Lx f (ty,0) = ixdf (ty,w) + dix [ (1y,w)
d
= LXEfl*w — fot*(Ltha)) + lefz*(‘Vt‘U)

d
= Eft*txw + [ (yixdw) —dff (ty,ixw)
= ft*(Lthlxa)) —+ ft*(‘V,leCU)
= [y, Lxw).

Integrating this equation we get LxQ — QLx = 0. O

Two singular foliations (M, F) and (N, G) with transverse g-actions are g-
homotopy equivalent when there exist foliate g-equivariant maps f : M — N and
g : N — M suchthat g o f ~ idy and f o g =~ idy by foliate g-equivariant
homotopies.
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Corollary 2.5 If F and G are g-homotopy equivalent singular foliations, then Hy(F) =
Hy(G) as S(g*)8-algebras. In particular, if h : (M, F) — (M, F) is a foliate g-
equivariant deformation retraction onto a g-invariant submanifold J C M, then
Hy(F) = Hg(Fly).

3 Molino’s structural theory for Riemannian foliations

A singular foliation F is a singular Riemannian foliation when there exists a Rieman-
nian metric g on (M, F) which is adapted to F, that is, such that every geodesic which
is perpendicular to a leaf of F remains perpendicular to all leaves it intersects. We call
such geodesics transnormal. If the adapted metric g can be chosen to be complete,
then we say that F is complete. A main class of examples of singular Riemannian
foliations is that of isometric homogeneous foliations.

Example 3.1 [21, Section 6.1] Let (M, g) be a Riemannian manifold on which a Lie
group H acts by isometries. Then g is an adapted metric for Fp, which is thus a
singular Riemannian foliation.

When F is regular, the adapted metric g is also called bundle-like. It induces a
transverse metric for F, that is, a symmetric, basic (2, 0)-tensor field gT on M sat-
isfying g’ (v, v) > 0 whenever v is not tangent to . This means g’ projects to a
Riemannian metric on the quotient S of a submersion ; : U — S locally defining
F by its fibers. A transverse field X € [(F) is a transverse Killing vector field when
Ly g’ = 0, for a representative X € £(F). It is clear that such a field projects to a
Killing vector field on S.

There is a rich structural theory which describes the leaf closures of a complete
(regular) Riemannian foliation F, known as Molino theory (we refer to [21] and [1]
for details on this topic). One of its results states that the collection F = {L C
M | L € F}is a singular Riemannian foliation, and its leaves, the closures of leaves
in F, are determined by the orbits of a locally constant sheaf of Lie algebras of germs
of transverse Killing vector fields, the Molino sheaf ¢’z. This means that, for each
x € M, there is a small neighborhood U > x where

T,2F(y) = T,F(y) ®{Xy | X € €r(U)}

for each y € U. When M is connected, the typical stalk g of the Molino sheaf is the
structural algebra of F, an important invariant of the foliation.

A complete, regular Riemannian foliation with globally constant Molino sheaf is
called a Killing foliation. The terminology, from [23], is motivated by the case of a
homogeneous foliation Fy, given by the locally free, isometric action of a Lie group
H on a complete, connected Riemannian manifold M. In this case € is the sheaf of
germs of transverse Killing fields induced by the fundamental Killing vector fields of
the action of H < Iso(M). The structural algebra of a Killing foliation is Abelian [21,
Section 5.5], and to emphasize this we will denote it by ar (also omitting F if it is
clear from the context). Since for a Killing foliation the sheaf €'~ is globally constant,
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we have a = € (M). That is, a acts transversely on F, and its action describes the
leaf closures. We denote this succinctly by aF = F.

3.1 Structural theory of singular Riemannian foliations

Now suppose F is a complete singular Riemannian foliation, and let ¥ be the union
of all k-dimensional leaves of F. We call ¥ the k-locus of . One proves that each
connected component E(Ift of ¥ is an embedded submanifold of M, called a stratum
(see [21, Section 6.2]). This gives a stratification

M=|]=k
ko

of M. We will often omit k in X% when it is not needed. The restriction F, := Flx,,
endowed with g, := g|s,, is a regular Riemannian foliation, for each «. Moreover, if
L C Z4thenL C =4 [21, Lemma 6.4], and each X, is transversally totally geodesic,
meaning that a geodesic which is normal to the leaves and tangent to X, remains
within it at least for some time [21, Proposition 6.3]. We will say that a transverse field
X € I(F) is a transverse Killing vector field if its restriction to each stratum X is a
transverse Killing vector field for (Fy, gl).

It will be useful to define some more terminology. The dim(F)-locus of F is an
open and dense submanifold of M, also called the regular locus of F and denoted by
Yreg. Each connected component of Xy, is a regular stratum of F. All other strata are
called singular and have codimension at least 2 (in particular, when M is connected
Yreg is connected, and hence a stratum). The union Xgjne of all singular strata is the
singular locus of F. The most singular strata, that is, those containing the leaves
of least dimension, are called minimal. Their union is the minimal locus of F, also
denoted by Xmin. The closed locus of F is the union of all closed leaves, denoted by
Xl

There is an analog of Molino’s structural theorem for singular Riemannian foli-
ations. Its main part is the fact that the collection F of the closures of leaves of a
complete singular Riemannian foliation F is again a singular Riemannian foliation,
known as Molino’s conjecture. It remained open for more than three decades, and was
proven to hold recently in [2, Main Theorem].

The generalization of the Molino sheaf to the singular setting has a caveat. Although
a restriction F is not necessarily complete, one can still apply Molino’s theory to it.
This can be done by the approach to Molino theory via pseudogroups [21, Appendix D],
since the holonomy pseudogroup of F, is complete. In particular, for the case of Freg,
it is possible to prove that the corresponding Molino sheaf 4c, extends continuously
to a locally constant sheaf € on M, called the Molino sheaf of F (see [21, Lemma
6.5]). And this is the caveat: a section of ‘Kreg admits a continuous extension through
the singular locus, but we do not know whether in general this extension is smooth.
In other words, a section of € is a “continuous transverse Killing vector field” X: it
restricts to a transverse Killing vector field on each stratum, but it is represented by a
local vector field X on M which is only continuous.
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The question of whether in general e, extends smoothly to a sheaf of Lie algebras
of germs of genuine transverse Killing vector fields is known as the strong Molino
conjecture (since it implies the usual one). Molino states this conjecture in [21, p.
215]. We will see that it holds for an important class of foliations in Theorem 3.4.
In general, we will say that F is a singular Riemannian foliation with smooth €'r
when it satisfies the strong Molino conjecture. Another relevant class of Riemannian
foliations with this property is the following.

Example 3.2 (Molino sheaf of a homogeneous singular Riemannian foliation) Let
(M, g) be a complete Riemannian manifold with an isometric homogeneous foliation
F, given by the connected components of the orbits of H < Iso(M). The fundamen-
tal vector fields of the action of the closure H < Iso(M) are g-Killing and foliate.
The Molino sheaf €r is the sheaf of Lie algebras of germs of transverse Killing vec-
tor fields induced by them. Hence F is also homogeneous, given by the connected
components of the orbits of H.

The Molino sheaf %, of each F, is the quotient of the restriction of €'~ to X, by
the kernel of the restriction map on sections, that is, by the subsheaf consisting of those
sections whose restriction to X, vanish [21, Proposition 6.8]. It is clear, hence, that
the orbits of €’r describe the closures of the leaves of F. In analogy with the regular
case, when M is connected we say that the typical stalk g of €r is the structural
Lie algebra of F. It coincides with the structural algebra of Fiey. From the relation
between %, and €'r, it follows that the structural algebra g, of F, is a quotient of g.r.

Example 3.3 (Structural algebra of a homogeneous singular Riemannian foliation) In
the context of Example 3.2, the structural algebra g~ is isomorphic to Lie(H) /Lie(H).

3.2 Homotheties

Let (M, F) be a complete singular Riemannian foliation and let / C M be a saturated
submanifold contained in some stratum . Let P C J be a connected open subset
that admits a tubular neighborhood Tub, (P), for some r > 0. That is, Tub, (P) is
the diffeomorphic image of {v € vP | ||v|| < r} under the normal exponential map
expt : vJ — M. This is the case, for instance, when P is relatively compact in
J. We denote by pp : Tub,(P) — P the orthogonal projection. By shrinking r if
necessary, we can assume further that for any y € Tub, (P) the leaf F(y) is transverse
to ,0;1(,0 p()). Then each connected component of F(y) N Tub,(P) is a plaque of
JF, and the neighborhood Tub, (P) is called a distinguished tubular neighborhood for
P.

Any closed leaf L € F has a distinguished tubular neighborhood, even if it is not
compact. In fact, it is shown in [20, Proposition 16] that for a fixed x € L, ifr > O is
such that exp, (#v)|s¢[o0,1) is the unique minimizing geodesic between L and exp, (v),
forall v € v, L with ||v|| < r, then Tub, (L) is a tubular neighborhood for L. The same
holds for any leaf closure L € F, since F is again a singular Riemannian foliation.
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For all A € (0, co) such that Tub,, (P) is a distinguished tubular neighborhood of
P (let us call such a A admissible), we define the homothetic transformation

hy : Tub,(P) 3 exp™(v) —> expt(Av) € Tub;,(P)

around P. We also say that P is the homothety center of h). Notice that each & is a
diffeomorphism, and £ o b, = hj,, when both sides of the equation make sense. We
extend the definition to A = 0, getting kg = pp. One checks that in fact &, converges
to pp in the compact-open topology, as A — 0 (see [16, Section 2.2]). These maps
are of particular interest in the theory of singular Riemannian foliations because of
Molino’s homothetic lemma, which asserts that they are foliate with respect to the
restrictions of F to Tub, (P) and Tub,,(P) (see [21, Lemma 6.2] for the case A > 0;
for A = 0 this follows easily from the properties of F). Special cases of interest are
P=Land P =%, C Tmin.

Let Tub, (P) be a distinguished tubular neighborhood and U C Tub, (P) a saturated
set which is preserved by h;, for A € [0, 1]. Let us say U is P-star-shaped. Since
homothetic transformations on Tub, (P) restrict to the identity on P and are defined
for A € [0, 1], they provide a homothetic retraction

hp:U x[0,1] — U

of U onto P by hp(x,t) = h1—;(x). These maps will be very useful to us, since they
are foliate strong deformation retractions.

3.3 Orbit-like foliations

In this section we prove Theorem A (as Theorem 3.4 below). We start by introducing
the class of foliations for which it is stated. Let 7 be a complete singular Riemannian
foliation and consider a distinguished tubular neighborhood Tub, (P) for P C L € F.
A fiber S, = ,o;l (x) is a slice for F at x € P, and F|g, is called the slice foliation
at x. Its pullback by expﬁ is a singular Riemannian foliation of B,(0) C TSy =
vy L which, by Molino’s homothetic lemma, can be extended via homotheties to a
singular Riemannian foliation F, on the whole of v, L. This extension is the so-called
infinitesimal foliation at x.

Some relevant subclasses of singular Riemannian foliations are defined in terms of
infinitesimal foliations. For instance, F is called

(1) infinitesimally closed when Fy is closed for each x € M,
(2) infinitesimally homogeneous when Fy is homogeneous for each x € M, and
(3) orbit-like when it is infinitesimally closed and infinitesimally homogeneous.

By Molino’s theory, the closure F of a complete regular Riemannian foliation F
is orbit-like, which led him to study this class of foliations (see, e.g., [22]). Other
examples of orbit-like foliations are given by the so-called holonomy foliations, whose
leaves are the holonomy tubes with respect to a metric connection on an Euclidean
vector bundle over a Riemannian manifold L (see, e.g., [2, Example 2.7]). Orbit-like
and infinitesimally closed foliations were also prominent in the proof of Molino’s
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conjecture in [2] (also [3]). In fact, let us now see that the machinery developed in
[3] adapt directly to conclude that the strong Molino conjecture holds for orbit-like
foliations.

Let X be the stratum containing x and let V = Tub,(P) C U be a distinguished
tubular neighborhood around an open homothety center P C X containing x. Take a
slice S C P through x for F|p. We are interested in the so called local reduction at x

N =exp({v € WP)[s | vl <1},

which can be thought as a generalized slice (see [3, Section 2.8]). As in the case of
slices, by shrinking V if necessary we can assume that there is a submersion p : V —
N, whose fibers are contained in the leaves of F. The connected components of the
intersections of the leaves of F with N define a singular foliation Fp, which is in
general more sensible to the dynamics of F then the infinitesimal foliation F,. We
now cite some results of [3] concerning (N, Fy) that will be useful.

First, in [3, Proposition 2.20] the authors construct a Riemannian metric gy on
N that is adapted to Fy, hence turning it into a singular Riemannian foliation. Fur-
thermore, gy preserves the transverse metric of 7, meaning that the distance between
leaves of F with respect to gy coincides with the distance between the corresponding
plaques of F defining them. We will also use [3, Corollary 2.25], which establishes that,
when F is orbit-like, the foliation Fy is a homogeneous singular foliation, given by
the orbits of a compact Lie group (notice that the assumption on [3, p. 13] that (M, F)
is locally closed, under which [3, Corollary 2.25] falls, is automatically satisfied when
F is orbit-like).

The idea of the proof of Theorem A is to smoothly lift the local isometric flow ¢ on
M /F induced by a section of ¢’~. For that, as noted in [3], one can apply G. Schwarz’s
fundamental result on the isotopy lifting conjecture: a smooth flow on the orbit space
M /G of a proper action G x M — M is the projection of a smooth G-equivariant
flow on M [24, Corollary 2.4]. Finally, to guarantee that ¢ is smooth in order to apply
Schwarz’s theorem, we will use [3, Theorem 3.1]: if (M, F) is a singular Riemannian
foliation whose leaves are spanned by a proper smooth action G x M — M and ¢ is
a continuous local flow of isometries on the orbit space, then ¢ is smooth.

Theorem 3.4 (Strong Molino conjecture for orbit-like foliations) If F is orbit-like,
then €'r is smooth.

Proof Let X € €'F(U) be alocal section and let x € U. We must prove that X admits
a smooth representative X in some neighborhood V > x, which we will take to be a
distinguished tubular neighborhood defining a local reduction N at x. Let gy be the
aforementioned Fy-adapted metric on N [3, Proposition 2.20]. Since gy preserves
the transverse metric of F, it follows that the restriction X |y defines a continuous
isometric flow ¢ on N/Fy, as it restricts to a transverse Killing vector field on the
dense open subset Xeg N N.

Now, as we saw above, Fn is homogeneous, given by the orbits of a compact Lie
group [3, Corollary 2.25]. Hence, by [3, Theorem 3.1], the local flow ¢ is smooth. By
Schwarz’s theorem, it hence follows that ¢ lifts to an equivariant smooth flow ¢ on N.
The infinitesimal generator Xy of ¢ is then a smooth representative for X |y. Having
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that, we can now just choose any smooth field X on V that is p-related to X N, Where
p:V — N is the submersion of V onto N. Since X is F-invariant and the fibers of
p are contained in the leaves of F, it follows that X is a local representative of X. O

4 Good covers and the dimension of basic cohomology

We say that a locally finite cover Y = {U;} of M by saturated open sets is a good
cover for (M, F) when any non-empty intersection U of elements of the cover admits
a foliate deformation retraction onto the closure of some leaf Ly C U. We will
prove here that singular Riemannian foliations of compact manifolds admit finite
good covers, whose retractions are furthermore homothetic (we will actually obtain
this more generally for transversely compact foliations, see Sect. 4.2). This result were
previously stated in [28] for a singular Riemannian foliation of a compact manifold
M, but we will provide an alternative proof here, because the original one relies on
[28, Lemma 2], which does not hold as stated. It claims that there exists r > 0 which
works as the radius of a tubular neighborhood Tub, (L) for any L € . This can fail
because regular leaves near a singular leaf L must lie inside distance tubes dTub, (L),
and so their focal radii tend to zero as they get closer to L. The claim also fails for a
regular foliation if it has at least one leaf L with non-trivial holonomy: the recurrence
of generic nearby leaves makes their normal injectivity radii also tend to zero as they
get closer to L.

4.1 Holonomy types and transverse convexity

Guided by the discussion above, we will define a finer stratification of M that dis-
criminate leaves based not only on their dimension but also on their holonomy. Let
F be a complete closed singular Riemannian foliation of M. The restriction Fq to
each stratum X, is a closed regular Riemannian foliation. Each X, /F, is then a Rie-
mannian orbifold, whose local groups are the holonomy groups of the leaves, and the
projection iy, : ¥, — X4 /F, is an orbifold map (see [21, Proposition 3.7]; it is stated
for F with compact leaves, but notice the proof there works when F is only closed
and complete). Let X, (I") be the inverse image under w, of the locus of points in
Yo/ Fo with local group I' (defined up to action isomorphism). It is a totally geodesic
manifold (see [8, Lemma 4.5.3 and Theorem 4.5.4]), thus X, (I") is a transversely
totally geodesic submanifold. We say that a leaf L C X, (I") has holonomy type T".
This furnishes the stratification

v =]k

by holonomy type. For simplicity, we will denote a generic holonomy type stratum by
S, and the one containing L € F by Sy.

We will need a type of uniformly normal saturated neighborhood. As already noted,
one cannot expect to find r > 0 that works as the radius of a tubular neighborhood
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Tub, (L) for any leaf in some saturated neighborhood. Instead, we will use the follow-
ing weaker notion: for S a holonomy type stratum of F, we say that a saturated open
set W C M is uniformly S-normal if there exists r > 0 such that W C Tub, (L) for
every leaf L C WNS.

Lemma 4.1 Let F be a closed, complete singular Riemannian foliation. Given a leaf
L € F and any saturated neighborhood U D L, there exists a uniformly Sp-normal
open set W C U containing L.

Proof Since F|g, isasimple Riemannian foliation, hence alocally trivial fiber bundle,
we can find a local reduction N C U for F such that N N Sy, is a trivializing slice for
Fls, - Recall there is a metric gy on N that preserves the transverse metric of F (see
[3, Proposition 2.20]). Then, if B,(x) C N is a geodesic ball at x € N NSy, we have
that Tub, (F(x)) is a tubular neighborhood for F(x). Therefore it is sufficient to take
W as the saturation of a uniformly normal neighborhood of (the singleton) L N N in
N. O

We say that W D L, given by Lemma 4.1, is a uniformly Sy -normal neighborhood
of L. We will also need tubular neighborhoods with a type of transverse convexity.
A saturated open set U C M is strongly transversely convex when for any two leaf
closures in U there is a transversely unique minimal geodesic segment y that lies
completely in U connecting them. By transversely unique we mean that if o is another
minimal geodesic between those leaf closures, with y (0) = ¢ (0) and y (1) = o (1),
theno = y.

Lemma4.2 Let F be a closed, complete singular Riemannian foliation. For each
L € F there exists ¢ > 0 such that Tub, (L) is strongly transversely geodesic, for any
O<r<ec

Proof The proof of [25, Lemma A.3] for the homogeneous case adapts directly to the
above setting since it does not use the homogeneity. O

4.2 Existence of good covers

We say that a singular foliation F is transversely compact when M /F is compact.
Of course, if M is compact then any singular foliation of M is transversely compact.
Recall that, if F is a complete singular Riemannian foliation, then F is again a singular
Riemannian foliation [2, Main Theorem]. In this case F is transversely compact if,
and only if, F is transversely compact, because F and F have the same saturated open
sets in M. In fact, it is clear that F-saturated sets are F-saturated. For the converse,
let U be open and F-saturated, containing L € F, and suppose L ¢ U. Then there
is some x € L withx ¢ U, hence F(x) N U = @, thus F(x) N U = @, which is a
contradiction since F(x) = L.

Proposition 4.3 A transversely compact, complete singular Riemannian foliation F
admits a finite good cover U with the additional property that each foliate deformation
retraction of a non-empty intersection of its elements onto a leaf closure in it is a
homothetic retraction.
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Proof We begin by noticing that we can assume F is closed: a cover for F with the
desired properties will work for F as well, by what we just saw above.

Let L € F. By combining Lemmas 4.1 and 4.2, we can choose ¢y > 0 such that
Tub, (L) is strongly transversely geodesic and uniformly Sz -normal, for all 0 < r <
cr- Notice also that, since M /F is compact, there are finitely many holonomy type
strata S(i) = 22((3 (' (7)), and we can assume they are ordered so thati < j implies
that k(i) < k(j), and if moreover « (i) = «(j), that I'(j) is conjugate to a subgroup
of I'(i).

We now cover M inductively as follows. Let S(1), ..., S(£1) be the closed holon-
omy type strata. They are all disjoint, so we can choose tubular neighborhoods
Tub,, (L) so that

| Jso <[ ]| U Tub, @) |=v.

i=1 i=1 \LeS(i)

Notice that in fact we can suppose the unions | J; S UL are pairwise disjoint by
choosing r; < ¢y, appropriately. For the generic k-th step, we select the strata S ({1 +
1), ..., SW) for which §'(i) := S(@) \ U'j‘;} V() is closed and non-empty. Then
similarly, we take the cover

i 193
] soc |] L Tub, (L) | = V.
i=lr_1+1 i=lr_1+1 \LeS'(i)

choosing r. so that furthermore V (k) N |_]f":’1l S@G) = 0.

The process will end since there are finitely many holonomy type strata, furnishing
us a cover {U, := Tub,, (L)}LeF. Since F is transversely compact and this cover
is by saturated open sets, we can choose a finite subcover U/. Now notice that if
U =U;N---NU; with U; € U, then by construction F|y has a unique holonomy
type stratum which is closed. In fact, itis S(iy )N U, where iy = min{i | S@)NU # @}.
Then for any leaf L € S(iy) N U, the set U is contained in a tubular neighborhood

Tub, (L), since at least one of the sets Uy, ..., U; is uniformly Sy -normal. Moreover,
U is strongly transversely geodesic since each Uy, . . ., U; has this property. Therefore
U retracts by homothety to L. O

4.3 Basic cohomology is finite dimensional

We can now apply the classical Mayer—Vietoris argument to conclude that H (F) is
finite dimensional.

Theorem 4.4 Let F be a transversely compact, complete singular Riemannian
foliation. Then dim H (F) < oo.

Proof Let us prove this, more generally, for any (M, F) which admits a finite good
cover and whose leaf closures are complete and transversely compact. We proceed
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by induction on the number n of elements in a finite good cover Y. If n = 1 then M
itself admits a foliate deformation retraction to a leaf closure J = L. By Corollary
2.5 (taking g = 0) we have H(F) = H(F]|y). Since F|; is a regular complete
Riemannian foliation of the transversely compact manifold J, its basic cohomology
is finite dimensional (see [10, Proposition 3.11], also [17, Theorem 0]).

For the induction step, let &/ = {Uj, ..., U,} be a good cover. Defining U =
U?:Z U;, we easily see that both 7|y and F|y, ny are Riemannian foliations admitting
good covers with n — 1 elements. Thus, by the induction hypothesis, both extremes in
the exact sequence

H"Y(Fly,nv) — HYF) — HYFlu,) @ HY(Flv),

are finite dimensional, for each k. Hence dim H (F) < oo. O

5 The natural transverse action on a singular Killing foliation

In analogy with the regular case, we define a singular Killing foliation as a complete
singular Riemannian foliation F whose Molino sheaf €'~ is a globally constant sheaf
of Lie algebras of germs of transverse Killing vector fields. In other words, F is a
complete singular Riemannian foliation with a globally constant, smooth ¢’~. An
important class of Killing foliations is that of isometric homogeneous foliations.

Example 5.1 [Homogeneous Riemannian foliations are Killing] Let (M, F) be acom-
plete homogeneous Riemannian foliation, given by the orbits of an isometric action.
Then F is Killing, as it is clear from Example 3.2 that €~ is a globally constant sheaf
of Lie algebras of germs of transverse Killing vector fields.

Another important class of examples is the following.

Example 5.2 [Orbit-like Riemannian foliations on simply connected manifolds are
Killing] As we saw in Theorem 3.4, if F is an orbit-like foliation then €'~ is smooth.
Hence F is Killing when M is simply connected, since in this case 4’z has trivial
monodromy and is thus globally constant.

Let F be a singular Killing foliation. As we saw in Sect. 3, the Molino sheaf %,
of the restriction F, of F to a stratum X, is a quotient of €=, hence constant. We
already mentioned in Sect.3.1 that F, is not complete in general, but its holonomy
pseudogroup is, so we can say that each F, is a regular Killing foliation in this
generalized sense (i.e., with completeness of the metric changed to completeness of
the pseudogroup). In particular, the structural algebra a of F is Abelian (notice that
a is well defined even if M is not connected, since €'z is a constant sheaf). It acts
transversely on F via the isomorphism a = €’#(M), and aF = F. From what we saw
in Sect.2.2, with this natural transverse a-action, 2 (F) becomes an a*-algebra and
we can consider the equivariant cohomology H, (F). It is then expected that H, (F)
carries information on the closed leaves of F, since

M®*=3X,.
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Before we investigate that, let us establish some basic tools, the first one being the fact
that the a-action behaves well under homothetic transformations.

5.1 Homothetic invariance of the Molino sheaf

Let Tub, (P) be a distinguished tubular neighborhood and X be a smooth vector field
on Tub, (P) which is tangent to P. The linearization of X around P is the vector field
X! given by

Xt = A1i£%dh;1(x o hy).

By choosing adequate coordinates one verifies that X* is in fact well defined, smooth,
h;,-invariant for all admissible A (including A = 0) and moreover X¢|p = X|p (see[20,
Proposition 13]). Furthermore, X ¢ is foliate when X is foliate (see [16, Proposition
2.14]). The next lemma will help us prove that sections of €z are invariant under
certain homothetic transformations.

Lemma5.3 Let (M, F) be a complete singular Riemannian foliation with smooth
Molino sheaf, J C M an F-saturated homothety center, and h; : Tub.(J) —
Tuby,-(J) a homothetic transformation, with A > 0. If X is a foliate representative of
a section X € €r(Tub,(P)), for P C J an open subset, then d(h;)xf(x — )M(hl(x) €
Ty, (x)F, for all x € Tub,(P).

Proof 1t suffices to show this for A € (0, 1]. In fact, assuming this holds, the result for
an admissible A > 1 follows by the chain rule (as 4 o k1) = idTup, (s)), and the fact
that homothetic transformations are foliate.

Since h; ohy = hyy, we have that &, (x) defines a (Iocal) flow on Tub, (J). Consider
the infinitesimal generator R of this flow, that is

~ d
R(x) = Ehet )| .
t=0

Itis the foliate radial vector field around J, and in particular it is tangent to each stratum
of F that it intersects. For a fixed x € Tub, (P), take r’ < r with x € Tub,~(J) and
extend R to a global foliate field by multiplying it with a basic bump function for
Tub,(J) with support in Tub, (J) and defining R = 0 outside that set. We will denote
the flow of Rby 6 : R x M — M.

Now since X is a section of G, its restriction X |y, to the stratum ¥ > x commutes
with each global transverse vector field in [(F|x) (see [21, p. 160]), in particular with
the transverse field induced by the restriction Ié|2. This means [)~( s, Rlz] is tangent
to F on U = ¥ N Tub, (P). Define Z(¢) = d(0—;)s,(x)(Xs,(x)). Then

d - ~ ~
EZ(t) =d(0-5)[XIz, RIzlo,x) € TxF,

t=s
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since 6_; is foliate. Moreover, 7 ) = }N(x, therefore

t
Z() - X, =/ dO_)[ Xz, Rlsl o ds € TuF
0

for each ¢. Thus
dO)x(Xx = Z(®) = d0)x X — Xo,v) € To,0) F-
By construction, for ¢ < 0 the flow 6, is given by &, on Tub, (J), hence
d(h)x Xx = Xn,(x) € Tny o) Fs

for A € (0, 1]. O
We can now prove that sections of ¢’z admit linearized representatives.

Proposition 5.4 (Homothetic invariance of the Molino sheaf) Let (M, F) be a com-
plete singular Riemannian foliation with smooth Molino sheaf, J C M an F-saturated
homothety center, h;, : Tub,.(J) — Tuby,(J) a homothetic transformation, and P C
J an open subset. Then any X € €x(Tub,(P)) admits a linearized representative,
and hence is h; -invariant (in particular pp-invariant).

Proof Let X be any representative for X on Tub, (P). By Lemma 5.3, d(h DX —Xohy
is tangent to F, hence d(s1/,)d(h;) X — d(h;)X o hy is tangent to F as well. Then

X — limdh)Xoh;, =X — X*
A—0
must also be tangent to F, and thus X is a representative for X. We already know

that X% is h »-invariant for any admissible A. O

An F-saturated homothety center J C M is a-invariant, since af = F. Notice
that an F-saturated open set is also a-invariant, since it must be F-saturated. By
Proposition 5.4, a homothetic retraction

hy:Ux[0,1]>U

is a-equivariant, for U C Tub,(J) any J-star-shaped open set (in particular, for
U = Tub,(J)). Let us sum this up in the following corollary.

Corollary 5.5 Let (M, F) be a singular Killing foliation. A homothetic retraction h :
U x [0,1] — U onto an F-saturated homothety center J C M is a foliate, a-
equivariant deformation retraction of U onto J.

It follows that the good cover U constructed in Proposition 4.3 is equivariant: any
non-empty intersection U of its elements admits a foliate, a-equivariant, deformation
retraction onto the closure of some leaf Ly C U.
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5.2 Calculating tools

Combining Corollary 5.5 and Corollary 2.5, we obtain the following property, which
is crucial.

Proposition 5.6 (Poincaré lemma for equivariant basic cohomology) Let (M, F) be
a singular Killing foliation and suppose J C M is an F-saturated homothety center.
Then for anyr > 0 such that Tub, (J) is a distinguished tubular neighborhood and any
J -star-shaped open set U C Tub,(J), the inclusion J — U induces an isomorphism

Ho(Fly) = Ha(Fly)

of S(a*)-algebras.

Let us now establish that H,(F) can be calculated via Mayer—Vietoris sequences.
We will adapt the arguments from [10] for the regular case.

Lemma 5.7 Let F be a singular Killing foliation of M with structural algebra a and
let U C M be an open saturated subset. Then Q(F|y)® = Q(F|y), and hence
Qa(Fly) = S(a*) @ Q(F|v).

Proof Since the regular locus Xeg of F is open and dense in M, it is sufficient to show
that S2(.§’-'|Umgmg)Cl = Q(]:IUmzrcg)- On ey, the transverse a-action is nothing but
the natural transverse action of the structural algebra of the regular foliation Fieg, S0
the result follows from [10, Lemma 3.15]. O

The proof of [10, Proposition 3.16] now adapts directly to the singular setting: for
saturated open sets U, V C M,

i3y io=ii
0— QFluwy) = FI) & 2FIV) = Q(F lunr) — 0

is a short exact sequence of a*-modules. Since tensoring with S(a*) preserves
exactness, we obtain, by Lemma 5.7, the short exact sequence

0 — Qa(Flyww) — Qa(Fly) @ Qa(Fly) — Qa(Fluny) — 0

that induces an exact Mayer—Vietoris sequence in equivariant basic cohomology. Let
us state this below.

Proposition 5.8 (Mayer—Vietoris sequence for equivariant basic cohomology) Let F
be a singular Killing foliation of M with structural algebraaand U,V C M saturated
open sets. Then the sequence of S(a*)-modules
B i* @it JE—j* B
s == Ho(Fluwy) = Ha(Flo) @ Ha(Fly) =" Ha(Flunv) — -+

is exact.
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5.3 Borel type localization

A remarkable feature of the equivariant cohomology of the action of a torus 7 on a
manifold M is that, modulo torsion, Hy (M) can be recovered from the fixed point
set MT. This property became know as Borel’s localization, as he observed close
relations between Hy (M) and Hr (MT) (see [5, Chapter XII]) which later led to the
formalization of the localization theorem. Our objective in this section is to obtain a
version of this result for equivariant basic cohomology of singular Killing foliations.
The case of regular Killing foliations, with the canonical action by the structural
algebra, was treated in [10]. It was later generalized for arbitrary transverse actions
on (regular) Riemannian foliations in [18].

This topic is better formulated with the notion of localization of modules, for which
we refer to [4, Chapter 3]. In fact we will be interested in the localization S~! Hy (F) of
Hq(F) withrespectto S = S(a*)\ {0}. We view an element of S~V H(F) as afraction
[w]/ f.for [w] € Hq(F)and f € S.The usual fraction operations turn S~V Hq(F) into
a vector space over the field Q(a*) of fractions of S(a*), whose dimension is the rank
of Hy(F).Recall that [w] € Hq(F) is a torsion element if there exists f € § such that
flw] = 0. The submodule Tor(Hy(F)) of torsion elements is the torsion submodule
of Hy(F). A module is a torsion module when it is equal to its torsion submodule. In
particular, Hq (F) is torsion if, and only if, S~' Hq(F) = 0. The following fact will
be useful.

Proposition 5.9 Let F be a singular Killing foliation. Then Hq(F|y) = S(a}) for
every L € F. In particular, if L is not closed, then Hq(F|T) is a torsion module.

Proof The restriction F | is a (regular) Killing foliation of the manifold L, hence it
follows from [10, Corollary 3.21] that Hq (F|3) = S(aj ), which is torsion when L is
not closed: if f € S(a*) is any non-zero form that vanishes on aj , then multiplication
by f is the zero map on S(aj). O

The regular version of Borel’s localization theorem states that ST H(F) =
S~V Hy(F|pe). In the singular setting there is a particular phenomenon that, in prin-
ciple, prevents us from obtaining the same result for all Killing foliations: unlike the
regular case, for some singular Killing foliations the closed locus M® is singular, that
is, its connected components may not be submanifolds of M.

Example 5.10 Fix A € R\ {0} and consider the isometric R-action on C x C given by

(e2zrit eZniM
9

1(z1,22) = 71 22).

Denote by H < SO(4) the corresponding one-parameter subgroup. As we saw in
Example 5.1, the homogeneous foliation F given by its orbits is Killing. Notice that its
only singular leaf is the origin {0}. Since F is invariant by homotheties with respect to
it, itis completely determined by its restriction to S* C Cx C, which is a regular Killing
foliation with one dimensional leaves known as a generalized Hopf fibration. We are
interested in the case of an irrational A, but it is instructive to first analyze rational

cases in order to get a better grasp. If A = 1 one gets the usual Hopf fibration on S?,
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whereasif . = p/q € Q, one gets its orbifold version, whose quotient is the weighted
projective space CP(p, ¢g) (also known as the (p, g)-football orbifold): a sphere with
cone singularities of order p and ¢ at the poles, corresponding to the exceptional orbits
R(1, 0) and R(0, 1). In either case F is closed, so let us now assume that A is irrational.
The exceptional orbits R(1, 0) and R(0, 1) remain closed (two linked circles), but now
have infinite holonomy. As we saw in Example 3.2, the closure F is given by the orbits
of H < SO(4), which is a maximal torus. A regular ‘H-orbit is a torus in S3, on which
J restricts to an irrational Kronecker foliation. By the homothetic invariance of F, the
closed locus M is a double cone with vertex {0} and with each nappe “homothetically
spanned” by an exceptional orbit.

More generally, this phenomenon happens whenever there is a closed /-dimensional
leaf L near a stratum E{;, with k < [: since @r is invariant by homothetic transforma-
tions (Proposition 5.4), L “propagates” towards th, leading to singularities in M ®.
This observation motivates the following definition.

Definition 5.11 A singular Killing foliation (M, F) is neat when each connected
component C of M*® is contained in a single stratum of F.

Notice that if F is neat then a connected component C C M@ is a stratum of .
Also, if Xy is the F-stratum containing C, then C is a minimal stratum of 7:|Ea-
It follows that each C C M* is a closed, saturated, horizontally totally geodesic
submanifold of M. An important particular case is that of a singular Killing foliation
F with M® C Xpin, in which case M %, if not empty, is precisely the minimal locus of
F. Another subclass is that of singular Killing foliations with isolated closed leaves.
Notice also that, of course, if M® = @ or if F is regular, then F is automatically neat.

Let us now prove Borel’s localization property for the equivariant basic cohomology
of neat singular Killing foliations. We denote F* = F|a.

Theorem 5.12 (Borel localization for equivariant basic cohomology) Let (M, F) be
a transversely compact, neat singular Killing foliation with structural algebra a, and
leti : M®* — M be the natural inclusion. Then ker i* = Tor(Hy(F)) and coker i* is
a torsion module. Hence, the localized map

S7li* STVHL(F) — STV HL(F%)

is an isomorphism, where § = S(a*) \ {0}.

Proof Let M® = C; U --- U Ci be the decomposition into connected components,
which are finitely many since F is transversely compact, and choose pairwise disjoint
distinguished tubular neighborhoods Tub,, (C;). Take ¢/ = {U;} a finite equivariant
good cover for (M, F) as in Proposition 4.3 (see also Corollary 5.5). Since each C;
is a stratum of F, we have that if U; N C ; # ¥, then U; is a tubular neighborhood
around some leaf in C;. Moreover we can suppose that in this case U; C Tub,,(C}),
as we could have imposed this condition during the construction of /. Define

v= |J u.

UiNM9£(
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Then the connected component of U containing C; retracts by homotheties to it, so
the inclusion i|Y : M® — U induces an isomorphism Hq(F|y) = Ha(F%), by
Proposition 5.6. Define V = UU,nMazﬂ U;, so that {U, V} is a cover of M with the
property that U/ restricts to finite equivariant good covers for both 7|y and F|yny.

We can now follow the standard proofs of the classical Borel localization for torus
actions (see, for instance, [13, Theorem C.21], [14, Theorem 11.4.4] and [12, Theorem
8.1]), which we include here for the sake of completeness. First, we claim that Hq (F |y )
and H,(F|yny) are torsion modules. In fact, let us prove that if W € M\M* is any
saturated open set admitting a finite equivariant good cover W = W U - - - U W, then
Hy(F|w) is torsion. If & = 1 then W retracts equivariantly to the closure of a non-
closed leaf L C V, therefore Hq (F|v) = Hq(F|) is torsion, by Proposition 5.9 (and
Corollary 2.5). For the induction step, define W = Wi U- . -UW;_1,so W = W UW,.
Then, by the induction hypothesis, both extremes of the exact sequence

Hao(Flwnw,) — Ha(Flw) — Ha(Fly) ® Ha(Flw,)

are torsion modules.

Wehave i *(Tor(Hq (F))) C Tor(Hq(F*®)) = 0, the lastequality following from the
fact that Hy (F®) = S(a*) @ H(F*®) is free (see Example 2.3). Thus, Tor(Hq(F)) C
ker i*. Conversely, since i = iy 0i|Y, from the Mayer—Vietoris sequence for the cover
{U, V} we obtain the exact sequence

reiy a =iy
- —> Hy(F) — Ho(F*) ® Ho(Fly) —> Huo(Flyay) —> ---. (4

One has ker(i* @ ij,) = keri* Nker iy, so the sequence

Ho(Fluny) — keri* —> Ho(Fly)

of S(a*)-modules is also exact. As the extremes of this sequence are torsion modules,
it follows that ker i* C Tor(Hq (F)).
The exactness of (4) also implies that

Ho(F*) ® Ho(Flv)  Ho(F®) ® Ha(Flv)
im(i* @ i) o ker(G*— i)
=im(j* — jy) C Hao(Flunv),

coker(i* @ iy) =

so coker(i* @iy;) is a torsion module. The projection Hq (F*) @ Hq(Fly) — Hq(F*®)
induces a surjective map coker(i* @ i ’(,) — coker i*, so coker i* is torsion as well.

Finally, since localization preserves exactness [4, Proposition 3.3] and kills torsion,
from the exact sequence

0 —> keri* —> Hy(F) —— Hy(F*) —> cokeri* —> 0
it follows that S~1i* : STVH(F) — S~ Hy(F*?) is an isomorphism. O
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The following can be seen as a transverse version of [10, Corollary 5.4] (notice,
although, that we cannot obtain a complete characterization of the presence of closed
leaves in terms of Hy(JF), because of the neatness hypothesis).

Corollary 5.13 Let (M, F) be a transversely compact, singular Killing foliation.

(1) If Hy(F) is a torsion module, then either F has no closed leaves or it is not neat.
(2) If F has no closed leaves, then Hq(JF) is a torsion module.

Proof Suppose there is a closed leaf L € F and F is neat. Then i*(1) = 1 € Hq(F*%)
and, since Hq(F®) = S(a*) ® H(F?) is torsion-free, 1 € Hy(F) must have no
torsion.

For the second item, if there are no closed leaves, thatis, M® = @, then H,(F*%) = 0.
Moreover, in this case F is neat, so Theorem 5.12 applies, giving us that Hq(F) is
torsion. O

6 Applications of the localization theorem

In this section we will see that there is a spectral sequence that converges to Hq (F).
This can then be used in association with Theorem 5.12 to show that x (F) = x (F9),
in analogy with the localization of the Euler characteristic of a manifold to the fixed
point set of a torus action. In fact, all constructions will be direct adaptations of the
classical case of torus actions on manifolds, as presented in [12] (see also [14, Chapter
6]), so we will not delve into too much details of the proofs. These results are also
already established for the case or regular Killing foliations in [10].

6.1 A spectral sequence for equivariant basic cohomology

Let F be a singular Killing foliation of M. Endow C4(F) with the bigrading

(SK2(a%) @ QL (F))®, ifk is even,

Cl(F) =
a (F) 0, if k is odd,

so that CII(F) = @, 1= C ’;’l (F) recovers the grading (1). The differential d, splits
as 1 ® d + 6, where (bw)(X) = —ix (w(X)). The filtration

Frea(F) = @l .
Jjzk
=0

is canonically bounded, hence the associated spectral sequence (E,) is first quadrant
and converges, that is,

Es = Ho(F)
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as vector spaces. By Lemma 5.7 we have Q4(F) = S(a*) ® Q(F), which leads to
E| = S(a*) @ H(F).

Eachpage E, = H(E,_1, d,—1) inherits a S(a*)-module structure recursively from
E,_1.0On E| = S(a*)® H (F) itis given by the usual product on the first factor. If F is
transversely compact, by Theorem 4.4 we have dim H (F) < oo, hence E| is finitely
generated as an S(a*)-module. Since S(a*) is Noetherian, submodules and quotients
of finitely generated S(a*)-modules are finitely generated, thus each E, is finitely
generated. In particular, let {x;} C E be a finite set of homogeneous generators for
E . Then one proves that representatives y; € H,(F) chosen via

Fk H§+l (F)
FA G (F)

12

Ek,l

o]

generate Hqy(F) (see [12, Lemma A.17]). Summing up (cf. [12, Lemma A.18]):

Proposition 6.1 Let F be a transversely compact singular Killing foliation. Then
Hy (F) is finitely generated as an S(a*)-module.

As a corollary, it follows that rank HZ'*"(F) = rank EZ" and rank Hgdd F) =

rank Eggd, with respect to the Z,-graded decompositions in even and odd degree

elements of Hy(F) and E, (see [12, Corollary A.19]). This is proved by comparing
the respective Poincaré series, and using that Eo, = H,(F) as vector spaces.

6.2 Localization of the basic Euler characteristic

We can now directly adapt [12, Theorem 9.3] to our transverse setting.

Theorem 6.2 [Localization of the basic Euler characteristic] Let F be a transversely
compact, neat singular Killing foliation with structural algebra a. Then

X (F) = x (F).
Proof We have

X(F) = dim H*"(F) — dim H*(F)
= dimg(qr) Q(a*) ® H*"(F) — dimq(q+) Q(a*) ® H°Y(F).

Using that E] = S(a*) ® H(F), this leads to
X (F) = rank E$**" — rank E{4.

Localizing each page of the spectral sequence (E,), we obtain Z;-graded vector
spaces with odd differentials d : E, — E;, so that E, 1 = H(E,, d,). It follows
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that rank E;V°" — rank E;’dd =rank E leJVr"’l“ —rank E ;’i‘}, since the Euler characteristic
is preserved under taking cohomology (see [12, Lemma 9.2]). Therefore

X (F) = rank ES*" — rank ES3
= rank H{'*"(F) — rank Hgdd(]:).

Using Theorem 5.12 and the fact that Hy (F%) = S(a*) ® H(F*®), we then have

X (F) = rank HS"(F*) — rank H2Y(F®)
= dimQ(a*) Q(a*) ® Heven(fa) — dimQ(u*) Q(a*) ® HOdd(fa)
— dim He&ve" (fa) . Hodd (]:u)
= x(F%,
which finishes the proof. O

The following are obvious consequences.

Corollary 6.3 Let F be atransversely compact, singular Killing foliation. If x (F) # 0,
then F has at least one closed leaf.

Proof If F has no closed leaves (and hence is neat), then x (F) = x (F?) = 0. O

Corollary 6.4 Let F be a transversely compact, singular Killing foliation whose closed
leaves are isolated. Then

#F = x(F),
that is, the basic Euler characteristic is precisely the number of closed leaves.

6.3 The equivariantly formal case

As in the classical case of Lie group actions, one can consider the equivariantly formal
case, which includes the equivariant cohomology of compact symplectic manifolds
with Hamiltonian torus actions. In our case, we will say that singular Killing foliation
F is equivariantly formal if its equivariant basic cohomology is equivariantly formal,
that is,

Hq(F) = S(a¥) ® H(F)

as S(a*)-modules (cf. [10, Section 6.3]). Equivalently, F is equivariantly formal when
(E}) collapses at the first page (see [12, Theorem 7.3]). This is the case, for instance, if
H°Y4(F) = 0 (see [12, Corollary A.10]). The following theorem is a singular version
of [10, Theorem 1].

@ Springer



Equivariant basic cohomology of singular Riemannian... 807

Theorem 6.5 Let F be a transversely compact, neat singular Killing foliation with
structural algebra a. Then

dim H(F*%) < dim H (F),

and equality holds if, and only if, F is equivariantly formal.

Proof The proof of the classical case of torus actions in [12, Proposition 9.6] adapts
directly. One has

H(F%) = rank(S(a*) ® H(F%))
= rank Hy(F%)
= rank Hy(F)
< dim H(F),

The last inequality comes from E1 = S(a*) ® H (F). It is clear that equality holds if
F is equivariantly formal. Conversely, localizing each page of (E,) one sees that, if
some d, is not zero, there must be a drop in the dimension at the corresponding pages.
So if dim H(F?*) = dim H (F) (hence rank Hy(F) = rank E;), then d, = 0 for all
r > 1, and the sequence collapses at the first page. O
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