Mathematische Zeitschrift

https://doi.org/10.1007/500209-021-02952-y Mathematische Zeitschrift
()

Check for
updates

On the automorphism group of foliations with geometric
transverse structures

Laurent Meersseman' - Marcel Nicolau? - Javier Ribéon3

Received: 25 March 2021 / Accepted: 26 November 2021
© The Author(s) 2022

Abstract

We study the structure of some groups of diffeomorphisms preserving a foliation. We give
an example of a C* foliation whose diffeomorphism group has not a natural structure of
Lie group. On the positive side, we prove that the automorphism group of a transversely
holomorphic foliation or a Riemannian foliation is a strong ILH Lie group in the sense of
Omori. We also investigate the relationship of the previous considerations with deformation
problems in foliation theory. We show that the existence of a local moduli space for a given
foliation imposes strong conditions on its automorphism group. They are not fulfilled in many
cases, in particular they are not fulfilled by the foliation mentioned above.

Mathematics Subject Classification 58DO05 - 53C12 - 22E65 - 58D27 - 22F50

1 Introduction

Let M be a closed smooth manifold. We denote by D = D(M) the group of all C*°-
diffeomorphisms of M endowed with the C* topology. It is a metrizable topological group.
In [15], Leslie proved that D is a Fréchet Lie group; namely, a group with a structure of infinite
dimensional manifold modeled on a Fréchet space such that the group operations are smooth.
Fréchet manifolds are difficult to deal with as many of the fundamental results of calculus,
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like implicit function theorem or Frobenius theorem, are not valid in that category. However,
Palais proved that D has a richer structure: it is a ILH Lie group, that is a topological group
that is the inverse limit of Hilbert manifolds D¥ each of which is a topological group [22,25].
Later on, Omori introduced the notion of strong ILH Lie group, whose precise definition is
recalled in 2.1. The interest of this stronger notion is that it allows to formulate an implicit
function theorem and a Frobenius theorem in that setting (cf. [23]). In addition to demonstrate
those results, Omori used them to show that D is a strong ILH Lie group.

Itis natural to ask for similar results for groups of diffeomorphisms preserving a geometric
structure. In [6], Ebin and Marsden proved the existence of a structure of a ILH Lie group
on D, and D,,, the subgroups of smooth diffeomorphisms preserving a volume element n
or a symplectic form @ on M respectively; and Omori showed that some subgroups of D,
including D, and D,,, are strong ILH Lie groups (cf. [23,24]).

In this paper, we are interested in the structure of groups of diffeomorphisms preserving a
foliation, and preserving a foliation with some additional geometric transverse structure. Our
main motivation comes from deformation problems. We want to understand the relationship
between the existence of a nice local moduli space for a certain type of foliations and the
structure of their automorphism groups.

It turns out that the structure of the automorphism group of a smooth foliation is much
more complicated than the structure of the subgroups of D mentioned above. Indeed, Omori’s
techniques are well-suited for groups of transformations of compact manifolds generating
primitive infinite pseudo-groups, which exclude explicitly groups preserving a foliation. We
give in this paper a negative result but also two positive ones.

Let us assume first that F is a smooth foliation on M. In [16], Leslie asserted that the group
of foliation preserving diffeomorphisms D is a Fréchet Lie group. Unfortunately there was a
gap in his demonstration, which remains only valid for foliations with a transverse invariant
connection. Indeed, for certain foliations the group Dr has not a natural structure of Lie
group. This fact seems to be folklore although, as far as we know, there is no published
example. In part 2, we construct and discuss in detail such a foliation.

Let us now consider a type of geometric structure E having the property that if € is a
structure of type E on a compact manifold M then the automorphism group Aut(M, €) is
a Lie group in a natural way. Assume that the foliation F is endowed with a geometric
transverse structure of type E. Because of the previous negative result, there is no reason
for the automorphism group Aut(F) (that is the group of the diffeomorphisms of M which
preserve the foliation as well as its geometric transverse structure) to be a strong ILH Lie
group. We show this is nevertheless true in the following two cases: F is a transversely
holomorphic foliation (part 4) or a Riemannian foliation (part 5). In both cases, we also
show the existence of a foliated structure on Aut(F) which is transversely modeled on a
finite-dimensional Lie group.

Part 3 investigates the impact of the previous results on deformation problems in foliation
theory. We want to understand the local deformations/moduli space of smooth foliations
possibly with a geometric transverse structure. Of course we would like to understand which
of these spaces have a natural structure of manifold, or analytic space. In contrast with the
theory of deformations of complex structures on a compact manifold, there are no general
results for deformations of foliated structures except for the transversely holomorphic case
[7]. We introduce the notion of Kuranishi property (cf. Definition 3.1), which is inspired
in the deformation theory of complex structures. A foliation satisfying that property has a
nice local moduli space. But we show that this property imposes strong constraints on the
automorphism group of the foliation. In particular, it must be locally path-connected, so the
example constructed in part 2 does not fulfill that property. We then study more thoroughly
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the case of foliations defined by suspension of a diffeomorphism of the circle (its holonomy
map). If such a foliation fulfills the Kuranishi property then its holonomy map fulfills an
analogous property imposing strong constraints on its centralizer. Especially, we show that a
diffeomorphism of the circle with the Kuranishi property cannot have an irrational rotation
number. All these facts make clear that the Kuranishi property is only fulfilled by quite special
foliations.

2 Groups of diffeomorphisms preserving a foliation

Throughout this article M will be a fixed closed smooth manifold. Let X = X(M) be the
Lie algebra of smooth (of class C*°) vector fields on M. Endowed with the C*°-topology, X
is a separable Fréchet space. We denote by D = D(M) the group of smooth (of class C*°)
diffeomorphisms of M endowed with the C* topology. It is a topological group, which is
metrizable and separable; so it has second countable topology.

We recall that a Fréchet manifold is a Hausdorff topological space with an atlas of coor-
dinate charts taking values in Fréchet spaces in such a way that the coordinate changes are
smooth maps (i.e. they admit continuous Fréchet derivatives of all orders). A Fréchet Lie
group is a Fréchet manifold endowed with structure of group such that multiplication and
inverse maps are smooth. In [15], it was proved by Leslie that D is a Fréchet Lie group with
Lie algebra X. In fact, D is endowed with a richer structure: it is the inverse limit of Hilbert
manifolds DF, each of them being a topological group [6,22]. Moreover D has in fact the
structure of a strong ILH-Lie group [23], a notion introduced by Omori that can be defined
as follows.

Recall that a Sobolev chain is a system {[E, Ef ke N} where E¥ are Hilbert spaces, with
E+1 linearly and densely embedded in EX, and E = (] EX has the inverse limit topology.

Definition 2.1 A topological group G is said to be a strong ILH-Lie group modeled on a
Sobolev chain {E, EX, k e N} if there is a family {G¥, k € N} fulfilling

(1) G* is a smooth Hilbert manifold, modeled on E*, and a topological group; moreover
G**1 is embedded as a dense subgroup of G¥ with inclusion of class C*°.

2 G=N G* has the inverse limit topology and group structure.

(3) Right translations Ry : G¥ — G* are C™.

(4) Multiplication and inversion extend to C" mappings G**" x G — G¥ and G¥*" — Gk
respectively.

(5) Let g* be the tangent space of G¥ at the neutral element e and let TG* be the tangent
bundle of G¥. The mapping dR: gkt x GK — T G, defined by dR(u, g) = dRgu,is
of class C™.

(6) There is alocal chart ¢ : Uc g! — G!, with £(0) = e whose restriction to Un g~ gives
a local chart of G* for all k.

Remarks 2.2 (a) The strong ILH-Lie group D is modeled on the Sobolev chain {¥, ¥*, k €
N}, where X* are the Sobolev completions of X. In that case GK = D are the Sobolev
completions of D and there are natural identifications g = X and gt = x* (cf. [23],
Theorem 2.1.5). As chart ¢ satisfying condition 6) in the above definition, one can take
the following mapping. Fix a Riemannian metric on M. Given & € X, let £(£) be the
diffeomorphism whose value at x € M is y (1) for y the geodesic starting at x with initial
velocity &(x).
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(b) Weaker definitions of ILH-Lie groups were considered in articles prior to [23], in partic-
ular in [6,22]. In the present paper we will only consider ILH-Lie groups in the strong
sense given by the above definition.

(c) This strong definition ensures, by means of the last condition, that G is endowed with a
structure of Fréchet Lie group. The space g = Ng* with the inverse limit topology is a
Fréchet space. Moreover, it is naturally endowed with a Lie algebra structure (cf. [23],
1.3). We call g the Lie algebra of G.

Suppose that H is a subgroup of a strong ILH-Lie group G and let B be a basis of
neighborhoods of e in G. For each U € B, let Uy(H) be the set of points x € U N H such
that x and e can be joined by a piecewise smooth curve c(¢) in U N H. Here, piecewise smooth
means that the mapping c: [0, 1] — G* is piecewise of class C' for each k. Then the family
Bo(H) = {Ug(H) | U € *B} satisfies the axioms of neighborhoods of e of topological
groups. As in [23], this topology will be called the LPSAC-topology of H, where LPSAC
stands for “linear piecewise smooth arc-connected". In general the LPSAC-topology does
not coincide with the induced topology.

Definition 2.3 Let G be a strong ILH-Lie group and let g be the tangent space of G at e.
A subgroup H of G is called a strong ILH-Lie subgroup of G if there is a splitting g = h & f
such that the following two conditions are fulfilled:

(i) Itinduces splittings g¢ = h* @ f* for each k, where h¥ and ¥ are, respectively, the closures
of h and § in g¥.

(i) There is alocal chart ¢ : UcC g1 - G! fulfilling condition 6) in Definition 2.1 such that
c(U Nh) = Uy(H), where U = ¢ (U N g)

Remark 2.4 Clearly, a strong ILH-Lie subgroup H of a strong ILH-Lie group G is itself a
strong ILH-Lie group under the LPSAC-topology.

In [23], Omori was able to state some of the classical theorems of analysis, like the
implicit function theorem or Frobenius theorem, in the setting of strong ILH-Lie groups. The
following is a special case of Frobenius theorem that will be used later (cf. [23], Theorem
7.1.1 and Corollary 7.1.2).

Theorem 2.5 (Omori) Let E and F be Riemannian vector bundles over M and let
A: T(TM) — T'(E) and B: I'(E) — T'(F) be differential operators of order r > 0
with smooth coefficients. Assume that the following conditions are fulfilled:

(i) BA=0.
(i) A A* + B* B is an elliptic differential operator, where A*, B* are formal adjoints of
A, B respectively.
(iii) § = ker A is a Lie subalgebra of X = I'(T M).

Then there is a strong ILH-Lie subgroup H of D whose Lie algebra is ). Moreover, H is
an integral submanifold of the distribution H in TD given by right translation of b, i.e.
H={dRsbh| f € D}.

Here, the notation I'(E) stands for the space of smooth sections of class C* of a given
vector bundle E.

As already remarked, the group H in the above theorem is a strong ILH-Lie group with the
LPSAC-topology. However that topology on H can be stronger than the topology induced by
D, even if H is closed in D. Therefore the above theorem is not sufficient by itself to assure
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that H, endowed with the induced topology, is a strong ILH-Lie group, or even a Fréchet Lie
group. The following Proposition gives sufficient conditions for the above two topologies to
coincide. (cf. [23], VIL.1).

Proposition 2.6 (Omori) Let H be a strong ILH-Lie subgroup of D and assume that the
following conditions are also fulfilled

(a) H is closedin D,
(b) the LPSAC-topology of H is second countable.

Then the topology on H induced by D coincides with the LPSAC-topology.

From now on we assume that M is endowed with a smooth foliation F of dimension
p and codimension m. We denote by T F its tangent bundle and by vF = TM/TF the
normal bundle of F. The foliation F decomposes the manifold into the disjoint union of
p-dimensional connected submanifolds that are called the leaves of the foliation.

An atlas adapted to F is a smooth atlas {(U;, ¢;)} of M, with ¢;: U; — RP x R™
homeomorphisms, such that the leaves L of F are defined on U; by the level sets ¢; =
constant of the submersions ¢; = mp o ;. Here mp: R x R” — R™ denotes the projection
onto the second factor. In that case there is a cocycle {y;;} of local smooth transformations
of R™ such that

@i =vjiodi. (1

The subsets ¢; = constant are called the slices of F in U;.
We consider now the following subgroups of D of foliation preserving diffeomorphisms

Dr={f e€D| [*F=F),
De={feDr| f(L)=L, foreachleaf L}.

We denote by X = the Lie algebra of foliated vector fields (i.e. of vector fields whose flows
preserve the foliation) and by X~ the Lie algebra of vector fields that are tangent to F (i.e.
vector fields that are smooth sections of 7' F). Notice that the flows associated to vector fields
of X7 and X, define one-parameter subgroups of D and D/ respectively. The following
result was proved by Omori in [23]. We include a sketch of proof for later use.

Proposition 2.7 (Omori) The group D is a strong ILH-Lie subgroup of D with Lie algebra
X =T(TF).

Proof Let w: I'(TM) — I'(vF) be the linear mapping induced by the natural projection
TM — vF. We can regard 7 as differential operator of order O and its adjoint operator
7*, constructed using Riemannian metrics on 7M and v.F, is also a differential operator
of order O such that w* is elliptic (i.e. an isomorphism). Theorem 2.5 implies now that
there is a strong ILH-Lie subgroup D/E of D with Lie algebra X .. Let D’Z and D%‘ be the
Sobolev completions of Dz and D/, respectively. Clearly D), C D, and D’}f C Dj. Since
D’ﬁ is obtained by the Frobenius theorem, if a piecewise C Lcurve ¢(t) satisfies ¢(0) = e
and c(1) € DX, then c(r) € DZ‘. Using the exponential mapping with respect to a connection
under which F is parallel, one can see that D’E has a structure of Hilbert manifold, hence it
is LPSAC. This implies that DZ‘ = D’Z,O (the connected component of D’Z containing ¢) and
therefore that D', is the connected component of D containing the identity. O

Remark 2.8 1t follows from the above Proposition that D is a strong ILH-Lie group with the
LPSAC-topology and, in particular, it is endowed with a structure of Fréchet Lie group. In
general, however, D is not closed in D. This is the case for instance if F is a linear foliation
on the 2-torus T2 with irrational slope.
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In [16], Leslie asserted that the group D is a Fréchet Lie group. Unfortunately there was
an error in his demonstration, which remains valid only for Riemann’s foliations or, more
generally, for foliations with a transverse invariant connection. In fact, the group D may
not be a Lie group for any sensible choice of the underlying topology of D~. That fact seems
to be folklore although, as far as we know, there is no published example. We exhibit here a
concrete one. More precisely we prove

Theorem 2.9 There is a foliation F on the 2-torus T such that D cannot be endowed with
a structure of a topological group fulfilling

(i) The topology of D is finer than the C°-topology.
(i) Dx has second countable topology.
(iii) D is locally path-connected.

We dedicate the rest of the section to prove that statement.

Assume that an orientation preserving diffeomorphism € D(S') has been given. Let
7: R — R be the translation 7(f) =t + 1 and let 1: R x S' — R x S! denote the map
defined by

h(t,x) = (t(t), ' (x)) = (t + 1, k= (x)).

Since 4 is isotopic to the identity, the quotient manifold M = R x §! / (h) is the 2-torus T2
The foliation F of R x ' whose leaves are R x {x} is preserved by A. Hence, F induces a
well defined foliation F on M, which is transverse to the fibres of the natural projection

7:Rx S'/(h)y — S'=R/(1).

We say that F is the foliation on 7' obtained by suspension of /.

We consider in D and D(S') the topology of uniform convergence. We fix a circle
C = (1) inside the 2-torus T2. Consider a neighborhood U = (tp — €, 9 + €) X s!
of C in the torus for € > 0 sufficiently small. Each element f € D close enough to the
identity map Id sends C into U. Moreover, in the adapted coordinates (, x), it is written

S, x) = (fit, x), f2(x)).
Therefore, there is a neighborhood W of Id in D such that the map

P: W — D(SH
f= r

is well-defined. Notice that P is a continuous map; it is also a morphism of local groups.

(@)

Lemma 2.10 The map P sends WV into the centralizer Z°°(h) of h in D(SY). Moreover, P
has a continuous right-inverse map o defined on a neighborhood V of the identity in Z°°(h)
in the C%-topology.

Remark 2.11 1t follows from the above statement that the image of the map P contains a
neighborhood of the identity in Z°°(h).

Proof The first assertion follows from an easy computation. Given an element g; € Z*°(h)
close enough to the identity, the map g: R x ' — R x S! defined by (1, x) = (¢, g1 (x))
commutes with & and preserves the foliation F. Hence, it induces an element g € D which
is close to the identity. The map g; +— o(g;) = g is well-defined on a neighborhood V of
the identity in Z°°(h). Clearly, the map o is continuous and fulfills P o o = Id. O
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Denote by D" (S') the group of diffeomorphisms of S! of class r, where 0 < r < oo,
endowed with the C”-topology. For a given 1 € D(S 1y = Do(s1), we denote by Z" (h) the
centralizer of z in D" (S'), and we denote by Z;(h) the closure in D" (S 1y of the group (h)
generated by h. Notice that Z{j(h) C Z" (h).

Let

p: DS — !

be the map that associates to each element & € DO(S1) its rotation number p(h). We assume
that 1 € D*°(S') has been given and that its rotation number oo = p () is irrational. Because
of Denjoy’s theorem, there is a homeomorphism ¢ of S! conjugating / to the rotation R,
ie.pohop ! = R,. Since « is irrational, the centralizer of R,, in DO(S') is the group of
rotations. Hence the centralizer Z°(h) is the set {go_1 oRgop}withf e€§ !, The natural
inclusion

1 Z%Mh) — Z0%h) = §! 3)

is a continuous group morphism mapping Z () onto a subgroup of S' (cf. [29], p. 185) for
both topologies that we considered in Z* (h), namely the C® and C* topologies. Note that
the map ¢ is just the restriction of p to Z°°(h). Notice also that the identification of Z*°(h)
with a subgroup of S! given by ¢ is algebraic but not topological.

We can consider a distance ds, defining the Whitney topology of D> (S') since such a
space is metrizable. We set

Koo (f) = igfidoo(fn71d)~

Lemma 2.12 KO_Q1 (0) = A U B where A is the subset of D*°(S') of elements f such that
Z5°(f) has the cardinality of the continuum and B is the subset of D™ (S Y of elements of
finite order.

Proof Let f be an element of K O’ol (0)\ B. Each neighborhood of the identity contains non
trivial elements of (/) and therefore of its closure Z3°( f) with respect to the C*°-topology.
Hence the group Z§°( f) is closed and non-discrete. As Z5°( f) is perfect, it contains a Cantor
set and its cardinality is bigger or equal to the cardinality of the continuum 2™0. In fact ZE(f)
is separable, as it is a space of smooth functions on a compact manifold, and therefore its
cardinality is that of the continuum. This shows that K ! (0) C B U A.

Clearly B is a subset of K O‘ol (0). Let us show that each element f € A belongs to K o‘ol 0).
The group Zi°(f) cannot be discrete. Otherwise it would be countable, since it is separable,
getting a contradiction. We deduce that there is a sequence (f"*);>; of pairwise different
elements that converges. Notice that K o_ol (0) is closed under inversion. Hence we can assume
that n;y > 0. Moreover we can also assume that the sequence ny is strictly increasing. We
choose a sequence my = ny k) —ny such that g (k) > k foreach k € N and such that (m)>1
is strictly increasing. Then (f"'*);>1 is a sequence of non-trivial elements converging to the
identity and therefore f belongs to K o_ol 0). O

Given an irrational number o € S — Q/Z, set
Z&P@ = (] Z5°W0)
p(f)=a

where the groups Z§°(f) are thought as subsets of S !, The following result was proved by
Yoccoz (cf. [29], Théoreme 3.5, p. 190)
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Theorem 2.13 (Yoccoz) There is a residual set C of numbers o € st— Q/Z such that Z$ (ct)
has the cardinality of the continuum.

Corollary 2.14 There is an element hg € D*®(S"') whose rotation number « is Liouville and
such that Z°°(hg) has the cardinality of the continuum. Moreover, each continuous path
y: [0, 11 = Z*°(hg) is constant where we consider the co topology in Z°° (hg).

Remark 2.15 We recall that for each Liouville number « there is a diffeomorphism of S!
of rotation number « that is not C°°-conjugated to a rotation. This result was proved by
Herman in [12, Chapter XI]. Yoccoz proved that, on the contrary, all diffeomorphisms with
a diophantine rotation number are C*°-conjugated to a rotation [28].

Proof Since the set of Liouville numbers is residual and the intersection of two residual sets is
residual, we can find an element /1 € D> (S') whose rotation number o = p (1) is Liouville
and belongs to the set C in the above theorem, and such that /¢ is not C°°-conjugated to the
rotation Ry . Since @ € C we deduce that there are non trivial elements of Z°°(hg) arbitrarily
close to the identity in the C*°-topology. Let y : [0, 1] — Z°°(hg) be a continuous path. The
path is constant if and only if the composition

poy: 0,11 > Z®(hg) — Z°hg) = §!

is constant. If this were not the case the image (p o y)([0, 1]) would contain diophantine
rotation numbers. In particular there would be an element f in Z°°(hy) which is C*°-
conjugated to a rotation, but then the same map would conjugate hg to R, leading to a
contradiction. O

Proof of Theorem 2.9 Let hg be the element of D>°(S') given by the above corollary and let
F be the foliation on T2 obtained by suspension of &g. Suppose that D+ is endowed with
a structure of locally path-connected topological group such that the topology 7 of Dr is
second countable and finer than the C%-topology. There exists a neighborhood Wy of the
identity in D for the C%-topology such that Wy ¢ W, f*l o g € Wand P(f*' o g) =
P(f)*'P(g) forall f, g € Wy. Let U be a path-connected neighborhood of the identity for
the topology 7 contained in W)y. Consider an open neighborhood ¢4 of the identity for the
topology 7 such that f*! o g € U for all f, g € Up.

Clearly {glp}gep, is an open cover of Dz for the topology 7. Since 7 is second
countable, it admits a countable subcover {g,lp},~;. The set P(W)) is uncountable by
Lemma 2.10 and equal to the union Uf,ozl P(g,UpN )/\70). Hence there exists ng € N such that
P (gnolo N Wp) is uncountable. Notice that f —-lg g belongs to U for all f, g € gy,Uo and
thus our choices of ¢/ and Wy imply that P (/) is uncountable. Since I/ is path-connected
for the topology 7, that is finer than the C°-topology, we deduce that Pyy4 is constant by
Corollary 2.14, obtaining a contradiction. O

Remark 2.16 The group Dx has no natural structure of Lie group. Indeed, local path-
connectedness is automatic if D is a Lie group modeled in a local Fréchet space. Moreover,
requiring the topology of D to be finer than the C°-topology and second countable is
appropriate, since D is a group of transformations of a compact manifold.

Remark 2.17 As a corollary of Theorem 2.9, we deduce that the group D is not locally
path-connected for the C”-topology for any 0 < r < co.

Remark 2.18 Theorem 2.9 provides an example of a closed subgroup of D(T%) for which
the LPSAC-topology and the induced topology do not coincide. More precisely, the induced
topology of the subgroup is not LPSAC and its LPSAC-topology is not countable. This shows
in particular that condition b) in Proposition 2.6 is not always fulfilled.
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3 Deformations of smooth foliations and Kuranishi properties
3.1 The Kuranishi property for foliations

In this section, we discuss deformations of smooth foliations. We emphasize that there are
no general results concerning the existence of local moduli spaces for a smooth foliation.
We show that having an automorphism group which is not locally path-connected is an
obstruction to the existence of a smooth local moduli space in the sense of Definition 3.1.
Hence, the example of Sect. 2 does not admit one.

Throughout this section, we use the notations introduced at the beginning of Sect. 2. We
first review the notion of deformation of a smooth foliation and its encoding by vectorial
forms. For omitted details, we refer to [11].

Let £ be the Fréchet manifold of p-dimensional distributions of 7'M, that is smooth
sections of the Grassmannian of p-dimensional subspaces of 7M. Let Z be the closed subset
of involutive distributions so defining foliations. Fix a foliation F, i.e. fix T F in Z.

A Fréchet local chart of £ in a neighborhood of 7 F is given by a neighborhood of 0 in
the Fréchet space of smooth 1-forms on 7 F with values in N F. Such a form o corresponds
to the distribution whose value at x € M is the subspace {v+ w (v) | v € T, F}. Such a form
encodes an involutive distribution if and only if it satisfies an explicit quadratic equation, see
[11,§2].

The Fréchet Lie group D acts smoothly on the right on £ by pull-backs. This action
preserves Z. The isotropy group of TF is Dr.

The tangent space of D at identity e is the Lie algebra of smooth vector fields X. We fix a
Fréchet chart ¢ from a neighborhood of 0 in X onto a neighborhood of e in D, cf. Remark 2.2
a).

We look for a smooth local section T to the action of D at TF. Such a local section
encodes all distributions close enough to 7'F up to isomorphisms. But we also ask for good
properties of minimality of the section, that is we also want the intersection of the section
with the local orbit at T F to be as small as possible. More precisely, we set

Definition 3.1 We say the the foliation F has the Kuranishi property if there is a smooth
Fréchet submanifold T of £ passing through 7' F which fulfills the following properties

(a) Thereexistaneighborhood U of T Fin &, a vector subspace £ of X and a neighborhood
V of 0 in £ such that the mapping

¢l 0)eVxTr—w-tE) elU 4

is a Fréchet isomorphism.
(b) There exists a neighborhood W of e in D such that the intersection of 7 with the local
orbit TF - W is reduced to the point TF € T.

Remarks 3.2 (a) The first condition implies that 7 parametrizes all the distributions close to
T F up to isomorphism; the second one is a minimality condition.

(b) Therestriction of ® to V x (T NZ) maps bijectively onto U NZ. Hence T NZ parametrizes
all the foliations close to F up to isomorphism.

(c) The second condition is exactly condition (MC2) in [19].

(d) Definition 3.1 is modeled on Kuranishi’s theorem for deformations of compact complex
manifolds as it is proved in [21, §4.3]. The above Kuranishi property is pertinent for
any type of geometric structures that can be encoded by elements of a Fréchet space
acted on by a subgroup of D such that isomorphic structures corresponds to elements in
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the same orbit. In fact, besides complex structures, the following geometric structures
always have the Kuranishi property: transversely holomorphic foliations [7], Riemannian
metrics [5], anti-self-dual (ASD) hermitian connections on 4-manifolds [3]. More detailed
considerations about the notion of Kuranishi type properties can be found in [19].

The next proposition relates D, D and V.

Proposition 3.3 Assume that a foliation F has the Kuranishi property. Then the germ of D
at Id is homeomorphic to the germ of Dx x ¢(V) at (1d, 1d). Moreover, if D is a Fréchet
submanifold of D then the germs (D, 1d) and (Dr x ¢(V), (1d, 1d)) are Fréchet isomorphic.

Proof Consider the map F : Dx x {(V) — D defined by F(f, g) = f o g. Let us define a
local inverse. Consider the smooth map G : (D, Id) — (€, TF) definedby G (h) = TF-h.
Let G, : € — D be the smooth map defined by G, = ¢ o7 o &~ L. 1t satisfies that the
map b(h) = (G3 o G1)(h) is the unique element of £(V) such that TF - h = TF - b(h)
for any & € D in a neighborhood of Id. We define a(h) = h o bWt belongs to Dr by
construction. As a consequence, the map G(h) = (a(h), b(h)) is a smooth map from D to
Dr x ¢(V). Itis clear that G is the local inverse of F. ]

Since D is locally path-connected, we deduce

Corollary 3.4 Assume that the foliation F has the Kuranishi property. Then the isotropy group
D is locally path-connected.

From this result and Remark 2.17, we obtain

Corollary 3.5 The foliation constructed in Sect. 2 does not have the Kuranishi property.

3.2 The Kuranishi property for diffeomorphisms of the circle

Let us study the Kuranishi property for foliations of the 2-torus T2 defined by suspension
of diffeomorphisms of the circle as described in Sect. 2. The foliations in a neighborhood of
a suspension are classified by the moduli space of their holonomy maps: the foliations are
C°°-conjugated if and only if the holonomy maps are C°°-conjugated. As a consequence, it
is natural to study the Kuranishi property for diffeomorphisms of the circle.

Remark 3.6 Proposition 3.3 and Corollary 3.4 can be immediately generalized for D*®(S!)
where the action by pull-back is replaced by the action by conjugacy. The isotropy group
Dx has to be replaced with the centralizer Z°°(h) in the version of Proposition 3.3 for
diffeomorphisms. The analogue of Corollary 3.4 for diffeomorphisms implies that if 7 €
D>(S!) has the Kuranishi property then Z*(h) is locally path-connected. In particular
the diffeomorphism ko € D> (S') given by Corollary 2.14 does not satisfy the Kuranishi
property.

If h € D®(S!) satisfies the Kuranishi property then the smallest local orbit in the neighbor-
hood of & is the local orbit of #. We interpret this principle in terms of the centralizer of 4.

Proposition 3.7 Assume that the diffeomorphism h has the Kuranishi property and Z*°(h)
is discrete. Then Z*®(g) is discrete for any g in a neighborhood of h in D®(S1).

Proof The proof of Proposition 3.3 implies that {(V) contains a neighborhood of Id in
D®(S"). Since @ is injective, every element g of T’ in a neighborhood of & satisfies that
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Z%(g) is discrete. Moreover, T intersects all local orbits of elements of D>°(S!) defined in a
neighborhood of / and hence Z*(g) is discrete for any g in a neighborhood of 4 in D*(S1).
m}

Proposition 3.8 Assume that h € D>®(S') has the Kuranishi property. Moreover, suppose
that (Z°°(h), 1d) is the germ of a finite dimensional manifold of dimension k. Then there
exists a neighborhood U of h in D> (S') such that the centralizer Z*°(g) does not contain
a manifold of dimension greater than k for any g € U.

Proof We consider the notations in Definition 3.1. The manifold ¢ (V) has codimension k in
D> (S') by Proposition 3.3. Suppose that there exist g € U and a germ of manifold (N, Id)
of dimension greater than k and contained in Z°°(g). We can suppose g € T without loss of
generality. The tangent spaces of N and ¢(V) at Id contain a common vector X # 0. Since
flogo f=gforany f € N, the vector X is in the kernel of the differential of the map
f +— f~logo f atId. But such differential is injective since ® is an isomorphism. We
obtain a contradiction. O

Corollary 3.4 and Propositions 3.7 and 3.8 provide negative criteria for the Kuranishi property.
Let us introduce a new one.

Proposition 3.9 Assume that h € D>®(S') has the Kuranishi property. Moreover, suppose
that (Z°°(h), 1d) is the germ of a one dimensional manifold. Then there exists a neighborhood
U of h in D®(S') such that the set ® = {g € U : Z®(g) isdiscrete} is open.

Proof We consider the notations in Definition 3.1. Notice that if g, g’ € U belong to the
same orbit then g belongs to D if and only if g’ does. So given g € D we can replace it with
some other diffeomorphism in the orbit of g without lack of generality, for instance we can
suppose g € T.

Let g € ®. Since Z®(g) is discrete, the map A : D®(S!) — D(S!) defined by
A(f) = f~'ogo f is injective in a neighborhood of Id. Let us consider f in a neighborhood
of Id in Z°°(h) such that A(f) belongs to the “plaque” A(¢(V)). Then A(f) = A(f’) for
some f’ € ¢(V) in a neighborhood of Id. We obtain f' = f if f is in a small neighborhood
of Id by injectivity of A. Since f € Z*®°(h), f’ € ¢(V) and the expression of an element
of D®(S1) as a product of an element of Z°°(h) and an element of £(V) is unique by
Proposition 3.3, we obtain f = Id and f’ = Id. We deduce that A(f) does not belong to
the “plaque” A(¢(V)) for any f € Z°°(h) \ {Id} in a neighborhood of Id. In particular the
map B:=mod lo A|z () is non-constant. Notice that B( f) belongs to 7 and satisfies
B(f) = b(f)~' o g ob(f) where b(f) := fo[(om o® oA ()] ! and the map
b Z®(h) — D®(S!) is smooth.

Since B is non-constant in every neighborhood of Id in the one-dimensional manifold
Z*°(h), we can consider a point fj in a neighborhood of Id such that the differentials of B
(and b) at fp have rank 1. The equation

o) L ob(f) T o (b(fo) T o gob(fo)) o (b(fo) o b(f)) =b(f) " ogob(f) = B(f)
implies

b(fo) M ob(foo ) o b(fo) ogob(fo)) o (b(fo) ob(foo £))=B(foo f).

We can suppose that the differentials of B(f) and b(f) have rank 1 at Id up to replace b(f),
B(f) and g by b(fo) "' o b(foo f), B(foo f) and A(b(fy)) respectively. By parametrizing
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(Z%°(h), 1d) with (R, 0) let us denote b(r) and B(¢) instead of b(f) and B(f) where 7 is a
real parameter.

Consider the smooth map C :RxT — T definedina neighborhood of (0, g) in R x T by
the formula C(¢, g') = (712 0 ®~1)(b(1) ! 0 g’ 0 b(¢)). It satisfies C (¢, g) = B(r) and hence
the differential of C (-, g) hasrank 1 at 0. Let g’ be an element of 7' in a small neighborhood
of g. The map C : R — T defined by C(¢) := é(t, g’) is an immersion at 0. In particular C
is injective in a neighborhood of 0. The formula

c(t) :=b(t)o[(f om0 d L b(t)  og - b(r)]™!

defines a smooth map such that c)'o g oc(t) = C(t). Since C(¢) is an immersion
and @ is an isomorphism, c(¢) is transversal to (V) at ¢+ = 0. Consider the smooth maps
d:Rx¢(V)— D® S and D : R x (V) — D®(S') defined by d(z, f) = c¢(t) o f and
D, f)=d(, f) ' og od(, f) respectively. Since @ is injective, the map D is injective
in a neighborhood of (0, Id) and so is d. Assume for now that Im(d) contains a neighborhood
of Id in D*®°(S!). Therefore the map f — f~! o g’ o f is injective in a neighborhood of Id
in D®(S') and hence Z>(g’) is discrete.

Finally let us show that Im(d) contains a neighborhood of Id in D*°(S 1) There exists a
local smooth submersion « : DOO(SI) — R defined by the formula x(f) = (1 o G)(f)
where G is the Fréchet isomorphism defined in the proof of Proposition 3.3. By definition,
we have a~1(0) = ¢(V). Let us define the smooth function g : R x D®(S!) - R by
B, f)= alc@®) o f). Theimage by t — f(t, Id) of any neighborhood of 0 in R contains
a neighborhood of 0 by the transversality of c(¢) and ¢(V) at t = 0. In particular there
exists 7y € R near 0 such that B(ty, f)B(—to, f) < O for any f in a neighborhood of Id in
D. Fix a small neighborhood U’ of Id in D. Given f € U’, Bolzano’s theorem assures the
existence of 1y € (—to, fo) such that (¢, f) = 0. This implies c(tf)_1 of e€¢(V)and
hence f =d(t7,c(tf)~' o f) € Im(d). o

Let us generalize Corollary 3.5 to any diffeomorphism of the circle with irrational rotation
number. We denote by DS°(S 1Y the set of C*°-diffeomorphisms of rotation number .

Proposition 3.10 Assume that h € D> (S') has irrational rotation number. Then h does not
satisfy the Kuranishi property.

Proof Consider the notations in Definition 3.1. Suppose, aiming at contradiction, that &
satisfies the Kuranishi property. First, we consider the case where / is not C*°-conjugated to
a rotation. Analogously as in the proof of Corollary 2.14, the path-connected component of
Id in Z°°(h) is equal to {Id}. Hence Z°°(h) is discrete by the analogue of Corollary 3.4 for
diffeomorphisms. The set of diffeomorphisms C*°-conjugated to R, ;) is dense in D;‘(’h) (shH
by a theorem of Yoccoz [29, Chapitre III]. This contradicts Proposition 3.7 since Z*°(g)
is C*°-conjugated to Z*°(R,n)) = {Ry : o € $1} and hence non-discrete if g is C°°-
conjugated to the rotation R, ).

Suppose that 4 is C*°-conjugated to the rotation R, where « = p(h). Indeed we can
suppose i = R, without lack of generality. We claim that the diffeomorphism R/, has
an infinite dimensional centralizer for any rational rotation number p/q where p and g are
coprime integer numbers. Indeed, given the g-to-one covering map o : ! — S! defined
by 0(z) = z9 (we consider that S' is embedded in C), we have that Z°(R,,q) is the
group of lifts of diffeomorphisms of the circle with respect to the covering map o and hence
infinite dimensional. Since there are rational rotations in every neighborhood of R, and
dim Z*°(Ry) = 1, this contradicts Proposition 3.8. m}
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Remark 3.11 There are diffeomorphisms of S' with rational rotation number that do not
satisfy the Kuranishi property. Consider the subset D/, of D*(S 1) of diffeomorphisms
with rational rotation number p/q and a unique finite orbit. Let E,/, be the subset of D/,
of diffeomorphisms & such that Z°°(h) = (h); it is a dense open subset of D,/ by a
theorem of Kopell [14]. Fix h € Ep 4, clearly Z°°(h) is discrete. We show below that there
are elements of D*°(S') in any neighborhood of & whose centralizer is non-discrete. This
implies that 4 does not satisfy the Kuranishi property by Proposition 3.7. Moreover, since
there are elements of UsegDs (and then of UseEs) in any neighborhood of an irrational
rotation R, and dim Z°°(R,) = 1, Proposition 3.9 shows in an alternative way that R, does
not satisfy the Kuranishi property.

Let us define i) = R) o h for & € R. Since & has a unique finite orbit, and up to replace
h by h~" if necessary, we can suppose that & has a lift & to R such that Fix(h9 — p) # ¢ and
h(x) — p/q > x for any x € R. As a consequence hi does not have fixed points for A > 0
sufficiently small and hence p(h;) # p(h). Since the rotation number varies continuously,
given any € > 0 there exists A € (0, €) such that 4 has a diophantine rotation number and
then is conjugated to a rotation and has a non-discrete centralizer.

The identity map satisfies the Kuranishi property. There are also non-trivial diffeomor-
phisms with rational rotation number that satisfy the Kuranishi property: the existence of
a nice moduli space for the diffeomorphisms with rational rotation number whose periodic
orbits are hyperbolic [29, XI.5.3] allows to find such examples.

Remark 3.12 Let us remark that the obstructions to the Kuranashi property provided by
Corollary 3.4 and Propositions 3.7, 3.8 and 3.9 are related to the nature of centralizers and
its dependence with respect to diffeomorphisms.

Observe that, if # has the Kuranishi property, then its local orbit in D*°(S!) must be
closed. Having non-closed local orbit is thus the primary obstruction to having the Kuranishi
property. However, it may be very difficult to check. Anyway, this idea can be used to provide
an alternative proof of the lack of the Kuranishi property for every Liouville number « and
any map C®°-conjugated to a rotation Ry. Indeed Yoccoz’s techniques [29, Chapitre III]
allow to show that the closure of the local orbit {g™' o Ry 0 g : g € W} of R, contains a
neighborhood of R, in D°(S') for any neighborhood W of Id in D®(S'). Since the orbit of
R, is meager in D° (S 1) [12, Chapter XI, Théoreme 4.3], the local orbit of R, is non-closed.

It is worth mentioning, even if it is not a result about local orbits, that there exist a residual
set C of Liouville numbers such that for any o € C every orbit in D°(S 1) is dense in
D°(S') by a theorem of Benhenda [1] (whose generalization for any Liouville number has
been recently announced by Avila and Krikorian). As a consequence we could choose the
diffeomorphism /¢ provided by Corollary 2.14 to have a dense orbit in ch(’ho) (shH.

3.3 Deformations of foliations on the 2-torus

Let us study the relation between the Kuranishi property for a diffeomorphism of §' and the
foliation of the 2-torus obtained by suspension of such a diffeomorphism. More precisely,
givenh € D> (81) we consider the torus T2 ~ R x Sl/(fz) where ﬁ(t, x)=(+1, 1 (x)).
The foliation dx = 0 of R x S' defines a foliation  in the quotient T? that is transverse to
the fibration dt = 0. The holonomy map of F along the path [0, 1] (in the z-coordinate) in
the transversal r = 0 is equal to /. The main goal of the remainder of this section is proving
the next proposition.
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Proposition 3.13 Suppose that h satisfies the Kuranishi property in D> (S1). Then F satisfies
the Kuranishi property in the space £ of C*°-foliations of dimension 1 of the torus.

Since A satisfies the Kuranishi property, let ® : V x T — U be the Fréchet isomorphism
associated to i, where V is a neighborhood of 0 in a subspace £ of X(S 1y, T is a Fréchet
submanifold of D> (S!), U is a neighborhood of 4 in D> (S') and

D5, 8) =¢(6) " 0gol(®).
First, let us explain how to construct a foliation with a prescribed holonomy map.

Lemma 3.14 There exists a C*° map s : T — &, defined in a neighborhood of h in T, such
that s(h) = F and s(g) is a C* foliation of T? that is transverse to the fibration dt = 0 and
such that the holonomy of s(g) associated to the path t € [0, 1] and the transversalt = 0 is
equal to g for any g € D®(S') in a neighborhood of h.

Proof The foliation  was defined in such a way that its lift to R x S! is equal to the foliation
dx = 0. In order to obtain new holonomy maps we are going to modify the foliation dx = 0
in {(t,x) € [ty, 1] x S'} where we fix 0 < 7y < #; < 1. Let us consider a C* function
r:R — [0, 1]suchthatr(t) =0ift <tgpandr(t) = 1ift > ;. Wedenoteby 7 : R — s!
the covering map 7 (y) = ¢>™? where we identify S with the unit circle of C.

We fix alocal chart t: T — E of T, where E is a Fréchet space, such that 7 (Id) = 0. The
mapR x T — T givenby (¢, f) — f; = @) - 7(f)) is well-defined and smooth. Let
X'(S!) be the Fréchet space of time-dependent vector fields on S!. The map T — X'(S b,
that associates to f* € T the vector field X,f = %f,, is smooth. We define5: T — X(Rx S!)
as the map sending a diffeomorphism g of S' close to / to the distribution 5(g) in R x §!
determined by the vector field X8 := ‘,% + X ,f where f = h~! o g. Since the foliation G
defined by X¢ coincides with F in the neighborhood of t = 0 and ¢ = 1, it follows that G
coincides with 7, and therefore G induces a foliation s(g) of T2~RxS 1/ (fz). The foliation
s(g) is transverse to t = 0, its holonomy map at = Oisequaltog =ho fands: T — &£
is a C*° map. By construction we have s(h) = F. O

Proof of Proposition 3.13 We keep the previous notations. We denote by P the set of diffeo-
morphisms F of T2 that satisfy t o F =t and F;—o € {(V). We define @ : P x s(T) — &
by the formula

O(F,s(f) =s(f)-F.

Clearly, it is a C* map. Next, we will construct its local inverse W in a neighborhood of F.
Consider G € & close to F. Let g be the holonomy map associated to the foliation G, the
path ¢ € [0, 1] and the transversal + = 0. Denote (X, go) = > 1(g). By definition of &,
the holonomies g and go of G and s(go) respectively, are conjugated by ¢ (X). We claim that

: : ¢(X) Xy ¢(X) _
there exists a unique Fg,s(go) € P such that s(go) - Fg,s(go) =G and (Fg,s(go))\t=0 = ¢(X).

More precisely, let H,g be the holonomy map of the foliation G, between the transversals
t = 0 and r = 1y and associated to the path ¢ € [0, f9]. We have

FE @0 = (1B 0 000 0 (™ (1,))
The map ¥ : £ — P x s(T) defined by

v(@G) = (F§ omo ™))
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is C™ and it is a local inverse of ® in a neighborhood of F. Hence ® is a local Fréchet
isomorphism in a neighborhood of (Id, F).

It remains to show that the local orbit of F coincides with F - P. Let G be a foliation in
the local orbit of F. Then the holonomy g of G, associated to the path ¢ € [0, 1] and the
transversal ¢ = 0, is in the local orbit of . Thus there exists a unique f € ¢(V) such that
f~loho f = g as aconsequence of the Kuranishi property for 4. Since Fgf’ -+ € P and

F - Fg’f = G we are done. ]

Remark 3.15 We do not know if the converse of Proposition 3.13 is true. The map P :
P x s(T) — & used to prove the Kuranishi property has additional properties. It satisfies
that if two foliations G and G’ have the same holonomy g then both are in the same “plaque",
i.e. there exists 7/ € s(T) and F,F' € Psuchthat /- F = Gand F - F' = G'.
Moreover, the “transversal actions" Fj;—o and F, \/t=0’ induced in the corresponding leaf spaces,
coincide. As a consequence, the Kuranishi property for diffeomorphisms of the circle is
equivalent to a stronger version of the Kuranishi property for foliations of the torus. Showing
that the Kuranishi property for foliations is equivalent to this stronger version is the main
difficulty to show that the Kuranishi property for foliations implies its analogous counterpart
for diffeomorphisms.

4 The automorphism group of a transversely holomorphic foliation

Throughout this section we assume that the foliation F on the compact manifold M is
transversely holomorphic, of (real) dimension p and complex codimension g. This means
that the atlas of adapted local charts {(U;, ¢;)} can be chosen as taking values in R” x C? and
that the maps {y;;} fulfilling the cocycle condition (1) are local holomorphic transformations
of C1.

The transverse complex structure of F induces a complex structure on the normal bundle
vF = TM/TF of the foliation, which is invariant by the holonomy of the foliation.

We denote by Aut(F) the group of automorphisms of the foliation. That is, Aut(F) is the
group of elements f € D which are transversely holomorphic in the sense that, in adapted
local coordinates they are of the form

f(x,2) = (filx,z,2), [2(2))

with f> holomorphic transformations.

Let aut(F) denote the Lie algebra of (real) vector fields £ on M whose flows are one-
parameter subgroups of Aut(F). In particular, aut(F) is a Lie subalgebra of X .

In adapted local coordinates (x, z), a (real) vector field £ € X is written in the form

; 0 ; a —j d
_ i = J = J =
§= ,Za (2.5 7+ ;b (2855 + ;b (0225 ®)

where the functions a’ are real whereas b/ are complex-valued. Then £ is a foliated vector
field, i.e. it belongs to X, if b/ are basic functions, that is if 5/ only depend on the coordinates
(z,2). And & is a holomorphic foliated vector field, i.e. it belongs to aut(F), if b/ are
holomorphic basic functions.

Notice that D, is a normal subgroup of Aut(F) and that X, is an ideal of aut(F). We
denote by G = aut(F)/X the quotient Lie algebra. Notice also that D, is not necessarily
closed in Aut(F) as far as the leaves of F are not closed.
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We will suppose that a Riemannian metric g on M, that will play an auxiliary role, has
also been fixed.

We recall now some facts concerning transversely holomorphic foliations that we will use
in the sequel (for the omitted details we refer to [4]). The complex structure on the normal
bundle v.F, inherited from the transverse complex structure of F, induces in the standard
way a splitting of the complexified normal bundle

vc}' =0 ® o1

There is a short exact sequence of complex vector bundles

1,0
0— E—TM 5010 — 0
where 710 denotes the composition of natural projections
TM - VCF — 10

and E is the kernel of 70, In local adapted coordinates (x, z), the bundle v!-? is spanned
by the (classes of) vector fields [8/8z7]. In a similar way, the bundle E is spanned by the
vector fields 9/dx%, /877, and the dual bundle E* is spanned by the (classes of) 1-forms
[dx', dz/]. For a given k € N, denote

k
Ak = r(/\E* ® vl’o).
The exterior derivative d induces differential operators of order 1 (cf. [4])
di: A — AT

In adapted local coordinates, the operators d_/;- act as follows

0 0
k 4 1 =J l 1 =J
d]:[ E oy dx’ Adz ®3iz£] = E I:d((){”dx ANdZ )] ® [g]
dagy ;o dapy - d
— _1J _1J gz 1 J
= E |:< PP dx' + 3% dz’ | Adx" Ndz ®—azz .

Notice that A is just the space of smooth sections of the vector bundle v!:? and that G is
the kernel of the map dg_-: A% — A One has

Proposition 4.1 [4] The sequence

Y d! d>
0— A S A L 225 a0 (©6)

is an elliptic complex.

The elements of the quotient Lie algebra G = aut(F)/X . are naturally identified to the
holomorphic basic sections of the normal bundle v10 and are called holomorphic basic
vector fields. In particular G is a complex Lie algebra in a natural way. Using the Riemannian
metric on M, we can identify G to the vector space Xy of those vector fields in X that are
orthogonal to F. Notice that, although Xy is not a Lie subalgebra of X, there is a vector
space decomposition X = X, @& Xy.

As a corollary of Proposition 4.1 one obtains the following result, which was also proved
by a different method by Gémez-Mont [8].
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Proposition 4.2 (Gomez-Mont, and Duchamp and Kalka) Let F be a transversely holomor-
phic foliation on a compact manifold M. The Lie algebra G of holomorphic basic vector
fields has finite dimension.

We denote by G the simply-connected complex Lie group whose Lie algebra is G.
Let D ¢ denote the connected component of D, containing the identity. Our main result
concerning the structure of Aut(F) is the following

Theorem 4.3 Let F be a transversely holomorphic foliation on a compact manifold M.
Endowed with the topology induced by D, the group Aut(F) of automorphisms of F is a
closed, strong ILH-Lie subgroup of D with Lie algebra aut(F). Moreover, the left cosets of
the subgroup D o define a Lie foliation Fp on Aut(F), which is transversely modeled on
the simply-connected complex Lie group G associated to the Lie algebra G.

We recall that a Lie foliation, modeled on a Lie group G, is defined by local submersions
®; with values in G fulfilling ®; = L, o ®;, where y;; is a locally constant function with
values in G and Ly, denotes left translation by y;;.

The proof of the above theorem will be given in several steps:

(1) First, we use Theorem 2.5 to show that there is a strong ILH-Lie subgroup Aut’(F) of D,
contained in Aut(F) and whose Lie algebra is aut(F). Note that this is not sufficient to
assure that Aut’(F) coincides with the connected component of the identity of Aut(F).

(2) We consider the group Aut(F) endowed with the topology induced by D and the group
D with the Fréchet topology given by Proposition 2.7. We find small neighborhoods of
the identity V and V. of these two groups and we construct a continuous map ®: V — D,
with image ¥ = ®(V) contained in Aut(F), with the property that V is homeomorphic
to the product V. x >,

(3) We show that ¥ is naturally identified to a neigbourhood X of e in the Lie group G. This
implies that the induced topology of Aut(F) is LPSAC and reasoning as in the proof of
Proposition 2.7 we conclude that, with the induced topology, Aut(F) is a closed strong
ILH-Lie subgroup of D, proving the first part of the Theorem.

(4) Finally, we prove that the map ® is smooth with respect to the Fréchet structure of Aut(F)
and that the identification of V with V, x X is a local chart of Aut(F) defining the Lie
foliation in a neighborhood of the identity. A similar construction of local charts around
any element of Aut(F) completes the proof.

Thus we begin with showing the following statement.

Proposition 4.4 There is a strong ILH-Lie subgroup Aut'(F) of D whose Lie algebra is
aut(F). It is contained in Aut(F).

Proof Letw: X = ['(TM) — A° = T (v!-?) be the natural projection. That is, if £ € X is
written in local adapted coordinates as in (5), then

: a
7§ =) b 2D
J

Then r is a differential operator of order 0 and its adjoint operator 7*, constructed using
Riemannian metrics on TM and v!:0, is also a differential operator of order O such that
ar* =1d.

We define the operator A: I'(TM) — Al as the composition A = d% o and we set
B=d ]1_- Then one has BA = 0 and ker A = aut(F). Moreover the operator

AA* 4+ B*B=d%08" +5' odk,
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where 8* are formal adjoints of dX., is elliptic because of Proposition 4.1. Then Theorem 2.5
proves the existence of a strong ILH-Lie subgroup Aut’(F) of D with Lie algebra is aut(F).
The fact that Aut’(F) is an integral submanifold of the distribution 7D obtained by right
translation of aut(F) implies that each smooth curve ¢ = c(¢) in Aut/(F) starting at the
identity fulfills an equation of type

¢(t) =& oc(r)

where & is a curve in aut(F). This implies that each diffeomorphism c(¢) preserves the
transversely holomorphic foliation F showing that Aut’(F) is contained in Aut(F). O

Remark 4.5 The above argument also shows that the Sobolev completion of order k, Aut’ k (F),
of Aut’(F) is also a subgroup of the Sobolev completion Autk (F) of Aut(F).

Proposition 4.6 Let us consider Aut(F) endowed with the topology induced by D, and D,
endowed with the Fréchet topology given by Proposition 2.7. There are open neighborhoods
of the identity V C Aut(F) and V. C D, and a continuous map ®:V — D, with image
T = O (V) contained in Aut(F), such that the multiplication map

U:V,xE — Y

(f,s) = fos ™
is a homeomorphism and the following diagram commutes
Vexs Ly ®)

Proof The idea for proving this proposition is to associate, to any given diffeomorphism
f € Aut(F) close enough to the identity, the element f € Aut(F) fulfilling the following
property: for each w, f (w) is the point of the local slice of the foliation through f(w) which
is at the minimal distance from w. The mapping f is uniquely determined by that condition
and the diffeomorphisms f and f differ by an element of D/ close to the identity. Then
¥ will be the set of the diffeomorphisms f obtained in this way. In order to carry out this
construction in a rigorous way we need to introduce appropriate families of adapted local
charts.

We say that a local chart (U, ¢) of M adapted to F is cubic if its image ¢(U) C R? x C?
is the product C x A of acube C C R” and a polydisc A C CY, and we say that it is centered
at wg € U if p(wg) = (0, 0). The submersion ¢ = 7 o ¢ maps U onto A and the slices
S, = ¢~ '(z) in U are copies of C.

Let NF = vF be the subbundle of T M orthogonal to 7F and let p: NF — M be the
natural projection. We denote by exp: NF — M the geodesic exponential map associated
to the Riemannian metric g and we set W, = {(w, v) € NF | |v| < €}. Since M is compact
there is €] > 0 such that 73, = exp( p_1 (w) N We,) is a submanifold transverse to F for each
weM.

Given a cubic adapted local chart (U, ¢), we set Wy = W N p’l (U) and we define
Yu: Weuy — A x M as the map

Yu(w, v) = (¢(w), exp(w, v)). ©))

Then there are constants 0 < €y < €1 and 0 < §p such that, if the diameter of U fulfills
diam U < 8o, then vy is a diffeomorphism from W ¢ onto its image. We fix once and for
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all the values €y, §p and we set Wy = W, . We denote by WLZ, the restriction of Wy to the
slice S, i.e. W), = {(w,v) € Wy | ¢(w) = z}.

Let (U, ¢) be a cubic adapted chart centered at wy and U’ an open subset of U. We say
that the pair (U, U’) is regular if the following conditions are fulfilled:

(R1) diam U < §y,
(R2) wy e U’ C U c Uand (U, ¢|y) is a cubic chart,
(R3) U is contained in the image exp(WlZ]) foreach z € A.

If the pair (U, U’) is regular then the intersection of a slice S, of U with U’ is either empty
or coincides with a slice of U’. Condition (R3) implies that, for each point w € U’ and each
slice S; of U meeting U’, there is a unique point w’ € S, which is at the minimal distance
between w and S;, namely

w' = poyy'(zw). (10)

Notice also that the submersion ¢ maps the intersection 7.} =T, NU diffeomorphically
onto the open polydisc ¢ (U’) C C4.

Since M is compact, we can find positive numbers 0 < §' < § < &, a finite family
of adapted and cubic local charts {(U;, ¢;i)}i=1,....m, centered at points w;, and a family of
4-tuples

.....

u = {(Uiv U[’v Viv ‘/i/)}i=1 ..... m (1])
of open sets such that

(C1) (U;, U)) is aregular pair fulfilling diam U; < & and 8" < d(w;, dU)),

(C2) V; C Ul./, (Vi, @ilv,) is a cubic adapted local chart centered at w;, diam V; < §’/4 and
(Vi, V/) is a regular pair,

(C3) the family {Vi’}izl,n_m is an open covering of M.

We then set ¥; = Yy, W; = Wy, and W' = WLZ/,-‘ We remark that such a covering has
the following properties:

(PD) IfViNV; #@then V; UV; CU/NUJ,
(P2) given a point w € V/ and a slice S, in U; which meets V;, the point w’ € S that is at
the minimal distance from w belongs to V;.

We fix from now on such a family ¢/. We denote by V' the open neighborhood of the
identity in Aut(F) defined by f € V if and only if f(V;) C Viforeachi =1,...m. We
also define the subset V. of D, of those elements f € D fulfilling f (V;) C V; for each
i = 1,...m and keeping fixed each slice of V/ (recall that a leaf of F can cut V; in many
slices). The set V. is open in the Fréchet topology of D,. We are now ready to define the
map ®: V — Aut(F) C D and the set T =oW).

Let f be a fixed element in V. For a given point w € M we choosei = 1, ..., m with
w e Vl/. Then @ = f(w) € V; and we denote by S; and S; the slices of U; through the
points w and W respectively, i.e. z = ¢;(w) and Z = ¢; (f(w)). Then S; meets V; C Ul.’
and, since the pair (U;, U]) is regular, there is a uniquely determined point w’ € S; which
is at the minimal distance from S; to w, moreover w’ € V;. We then define a local map
VE Vi’ — Vi, C M by f(w) = w'. It follows from properties (P1) and (P2) that the above
definition does not depend on the choice of i = 1, ..., m. Indeed, if w € Vi’ N V]f then the
points w’ constructed using U; or U; belong to V; N V; and are necessarily the same. This
fact implies that the map f is globally defined in the entire manifold M.
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Since f preserves leaves and is transversely holomorphic, it induces local holomorphic
transformations f, between open subsets of A; = ¢; (U;) C C". Notice that, by construction,
f sends leaves into leaves and that the local transverse part of f in U; is just f,

Let us prove that f is a smooth diffeomorphism. We first notice that, if w’ = f(w) with
w € V/, then the geodesic joining w and w’ and giving the minimal distance between w and
the slice S,/, where z’ = ¢; (w’), meets S,/ orthogonally. By applying (10), we have

Fw)y=w'=poy; @i(f ) w), (12)
Using the local transverse part f, of f the above equality can be written as
Fw)y=w'"=p(y; " (fi(gi(w), w)). (13)

This equality proves that f is smooth and that f is entirely determined by the set of local
transformations { f, 1

Restricted to V/ the map f has an inverse that can be described as follows. Given w’ =
fw) € Viweputz = ¢;(w')andz = ¢; (w) = fi_] (z'). As pointed out before, exp (N, FN
W;) meets the slice S; and the intersection is precisely the point w € §;. In fact, there is a
unique vector v = v(w’) € Ny F N W; such that w = exp(w’, v). Therefore we can write

w=fw)=expw,v) =m0 YW, v(w))

and, since ; is a diffeomorphism, the vector v = v(w’) depends smoothly on w’. Indeed, if
we set T = exp(Ny F N W;) N'V; then ¢;|r maps T isomorphically onto ¢; (V;) C A; and
we have

W', vw") =¥z, (i) (@)

We deduce in particular that f is locally injective and that its (local) inverse is smooth. This
also proves that the map f is open and, as the manifold M is compact, f is necessarily
surjective.

We remark that formula (13) also shows that f is entirely determined by the set of local
transformations { fi}. That formula also shows that f depends continuously on f € I{. Since
the transverse part of f is just f , the map f is transversely holomorphic. It remains to prove
that f is globally injective and therefore an element of Aut(F) C D.

Assume that w’ = f(w;) = f(w>) and choose i, j € {1,...,m} with w; € W and
wy € V]f. Then V; N V; 3 ¢ and therefore V; N V; C U/. We deduce that wy, wy belong to

the same slice S; of U; where z = ﬁ71(¢,~(w’ )). Now wp, wy are in the intersection of S
with the submanifold exp(N,,F N W;) N V;. But this intersection reduces to a unique point,
which shows that w; = ws.

Summarizing the above considerations, we see that the correspondence f — f = ®(f)
given by (13) defines a continuous map ®: V — D with image ¥ = ®(V) contained in
Aut(F). By construction, the diffeomorphism f; := f o f~!is an element of V and ®
maps V. to the identity. It is clear from the construction that each element f € V decomposes
in a unique way as the composition

f=frof
with f = ®(f) € £ and f; € V, and that f and f depend continuously on f, with respect
to the Fréchet topology. This tells us that the composition map ¥: V, x ¥ — V defined in
(7) has a continuous inverse. Therefore, by shrinking the set V. if it is necessary, the map ®
is a homeomorphism and the diagram (8) is commutative. O
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Remark 4.7 Notice that 3 is not necessarily closed under composition or taking inverses,
even for elements close to the identity.

Remark 4.8 The construction carried out in the proof of the above proposition also provides
a commutative diagram of continuous maps

VE x Sk 2 pk (14)

| A

Sk

where V¥ and Vﬁ are open neighborhoods of the identity in the Sobolev completions AutX (F)
and D’Z respectively, the maps ® and W are defined in the same way and W is a homeomor-
phism.

Remark 4.9 Assume for a moment that F is a smooth foliation without any particular geo-
metric transverse structure. We notice that the correspondence f — f = ®(f) carried out
in the above proposition is still well defined for any f € Dx close enough to the identity,
since the transverse holomorphy of the diffeomorphisms plays no role in the construction
of ®. In fact Proposition 4.6 can be stated by substituting the group Aut(F) for any closed
subgroup K of D fulfilling Dz C K C Dx. The proof of such a statement is the same as the
proof of Proposition 4.6 without minor changes.

The following proposition states that, after shrinking it, if necessary, the set % is naturally
identified with an open neighborhood of the unity in the simply-connected Lie group G
associated to the Lie algebra G. More precisely, if we identify G with the space Xy 5 of
transversely holomorphic basic vector fields on M that are orthogonal to F, then we have:

Propositiop 4.10 There is a neighborhood ¥ of the unity in G and a homeomorphism
0 : ¥ — X such that the composition

d:=clod: V>3

preserves multiplication and inverses, i.e. D isa morphism of local topological groups.
Moreover; the composition

Ucg=Xyp— X%,

defined as [§] — d o (pf for vector fields & in Xy close to zero, is the restriction to a
neighborhood of zero of the natural exponential map G — G.

Here, (pf stands for the one-parameter group associated to &.

Proof We assume, as in the proof of the above proposition, that a finite family of adapted
and cubic local charts {(U;, ¢;)}i=1,...,m, and a family of 4-tuples {(U;, U/, Vi, V))}i=1,...m
fulfilling conditions (C1), (C2) and (C3), have been fixed. As before we set ¢ = 7> o ¢ and
we denote by A; the polydisc ¢; (U;) of C7. We also set D; = ¢;(V;) and D] = ¢;(V/). Let
B; be the Banach space of continuous maps f: D; — C¢ that are holomorphic on D; with
the norm

[fli = max [f(2)].

ZED,‘
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Then the space B = @; B; with the norm

IFI=1CA, - fdl =D 1A

is also a Banach space. Notice that / = (Idy, ..., Id,,), where Id; denotes the identity map
of Dj;, is an element of B.

We claim that there is an open neighborhood Z, = {F € B | |F — I|| < €} of I in B such
thateach F' = (f1, ..., fn) € Z. fulfills: (i) f,-(Df) C Dj and (ii) f; |D§ is a biholomorphism
onto its image for i = 1, ..., m. Indeed, we know from Cauchy’s inequalities that, for a
given €’ > 0 there is € > O such that | F — I|| < € implies that || f; — Id; |1 < €, where
Il - llc1 stands for the C "_norm on the polydisc le . Using the mean value theorem we see
that, for z, z’ € D], one has

lfi(@) = fi@)l = clz—7| (15)

for a suitable constant ¢ > 0. Inequality (15) implies that the restriction of f; to the polydisc
D] is injective and it is known that a one-to-one holomorphic map is necessarily a biholo-
morphism onto its image. Therefore, there is € < 0 such that condition (ii) holds for F' € Z
and condition (i) is also fulfilled if € is small enough. We assume that such an €, and therefore
the open subset Z, of B3, have been fixed.

We consider now the holonomy pseudogroup H of the transversely holomorphic foliation
F. As atotal transversal of 7 we choose the union 7" = UT; of disjoint submanifolds 7; of
X of dimension 2¢ and transverse to F with the property that 7; C V/ and ¢;(T;) = D..
Notice that T is naturally endowed with a complex structure. We identify 7', through the
maps ¢;, with the disjoint union of open polydiscs T’ = LI D}. The holonomy of the foliation
F induces local transformations between open subsets of the total transversal 7. They are
holomorphic and H is the pseudogroup generated by these holonomy transformations. Since
the manifold X is compact, H is a compactly generated pseudogroup. This means that H
is generated by a finite number of transformations of the pseudogroup, A, : W, — T for
w=1,..., ¢, with the following properties: W, is a relatively compact subset of some D]
and h,, has an extension to an open neighborhood of W, in D/ such that h (W) C D;. for
some 1 < j < m (cf. [9]).

We define S as the subset of Z, of those F = (f1, ..., f) fulfilling

filohuo fi=hy (16)

in the common domain of definition. Clearly, S is closed in Z.. We notice that each element

= (f1, ..., fm) € S induces a well-defined diffeomorphism o (F) belonging to %. This
correspondence o : S — ¥ can be constructed as follows. Formula (13), where we replace
fi by the corresponding component f; of F, determines a (local) foliation preserving diffeo-
morphism f; : V! — V; whose transverse part is just f;. The identities (16) guarantee that
formula (13) apphed to the family {;} provides a well defined diffeomorphism f = o (F)
of M belonging to >, Clearly o maps S homeomorphically onto its image Y = 0(S). The
fact that f = o (F) is a diffeomorphism globally defined over M implies in particular that
each one of the maps f; extends holomorphically to the polydisc A; = ¢;(U;) and maps
¢; (U]) biholomorphically onto an open subset of A;. From that fact one deduces easily that
S is alocal topological group (for the general properties of local topological groups we refer
to [26]). Moreover, if we set V' = ® 1 (') then the composition

A

d=0clod:V >S5S
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can be seen as the map which associates its transverse part f to each diffeomorphism f in
Aut(F) which is close enough to the identity. It follows in particular that the map P preserves
multiplication and inverses. It is therefore a morphism of local groups.

The end of the proof will be based on the following fact. O

Lemma 4.11 The local group S is locally compact.

Proof Letus fix 0 < € < e. It is sufficient to prove that the neighborhood S, of I defined
by ||F — I|| <€’ is compact. Let {Fx = (fk.15-- -, fk.m)} be a sequence of elements of S,
As noticed before, we can think of each f; ; as a holomorphic transformation defined on A;
that sends ¢; (U/) into A;. By taking ¢’ small enough, we can also assume that fi ; (¢; (U/))
contains D;. It follows from Montel’s theorem that there is a subsequence { Fy; } of { F¢} such
that each f; ; converges uniformly to a holomorphic map fi. Since fi; are invertible, we
can suppose that the sequences { f,;_l }, that are defined on D;, also converge to a limit which

necessarily is fi_l. This proves that {ij} has a limit that belongs to S. ]

End of proof of Proposition 4.10 Now we are in position to apply Theorem A in [2] to the
local group S. Although the result by Bochner and Montgomery is stated in the context of
topological groups, the arguments used there are purely local and therefore they still remain
valid for locally compact local groups of transformations. It implies in particular that S is a
local Lie group, i.e. S is isomorphic to a neighborhood of the identity of a certain Lie group.

Finally, we claim that this Lie group is just the 1-connected Lie group G associated to the
Lie algebra G. Indeed, each element & of X , = G induces a one parameter group gof that is
sent by ® (and for small 7) into a local one parameter subgroup of S which does not reduce
to the identity unless £ = 0. Conversely, each local one parameter subgroup of S is obtained
in this way. Hence S is naturally identified to a neighborhood ¥ of the unity in G. The last
assertion of the proposition is clear from the above discussion. O

Remark 4.12 The map o constructed in the above proposition also identifies X with the set
2k = @ (V) considered in Remark 4.8

Remark 4.13 The following criterium is useful to assure that certain maps between Fréchet
manifolds are smooth (cf. [10]). Let V and V' be fibre bundles over a compact manifold
X, eventually with boundary, and let I'(V) and I'(V’) denote the Fréchet manifolds of the
smooth sections of V and V' respectively. Assume that there is an open subset U C V
meeting all the fibres of V and a fibrewise smooth map F: U — V' projecting onto the
identity of X. Let U be the subset of I'(V) of those sections s having image in U. Then the
map x: U cC (V) — (V) given by s = x(s) = F os is a smooth map of Fréchet
manifolds. Moreover, assume that £ and £’ are Fréchet submanifolds of I'(V) and I'(V")
respectively with € C U and such that x (£) C €', then the restricted map x : € — &' is also
smooth.

Combining the above two propositions we obtain the commutative diagram

Vexs X oy (17)

| A

)y

As a corollary we deduce the following
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Proposition 4.14 With the induced topology, Aut(F) is a closed strong ILH-Lie subgroup of
D with Lie algebra aut(F).

Proof Notice first that Aut(F) is a closed subgroup of D. Using the above commutative
diagram as well as Remarks 4.8 and 4.12 , and arguing as in the proof of Proposition 2.7, we
see that Aut’* (F) coincides with Aut’é (F) (the connected component of Autf (F) containing
the identity). This implies that Aut’(F) is the connected component of the identity of Aut(F)
concluding the proof. O

End of proof of Theorem 4.3 We first prove that the map ® in diagram (17) is smooth. Let
{(Ui, ¢i)}i=1,....m be afinite family of adapted and cubic local charts of M and let {(U;, Ui’ )} be
a family of regular pairs with the properties that {U/} is an open cover of M and ¢; (U;) = D;
and ¢; (Ui’ ) = le are open polydiscs. We choose a family {7;} of disjoint transversals 7; C U;
of F suchthat ¢; (T;) = D;. Weset T/ = T; N Ui’ and we identify 7 = LI T}, through the maps
@i, with the disjoint union of closed polydiscs 7 = LI ﬁlf . The manifolds V = LI (7] x U;) and
W =1( Tl/ x Dj) are fibre bundles over T taking as projection the natural projections onto the
first factor. The map F': V — W givenby F(z;, w;) = (2;, ¢i (w;)) is fibrewise and smooth,
and it follows from the criterium stated in Remark 4.13 that the map x: I'(V) — I'(W),
given by x(s) = F o s, is smooth. Notice that diffeomorphisms of M close to the identity
can be thought of sections of the fibre bundle 71: M x M — M with image close to the
diagonal. Moreover, for a small enough neighborhood W of the identity in D, the map

T: W — rw)
o= Az @ f@))

is well defined and smooth. If f € W belongs to Aut(F) the family {z;, ¢; (f(zi))} =
x (t(f)) is an element of the local group S = X constructed in the proof of Proposition 4.10.
Therefore the map ®:V — X can be written as the restriction to V C Aut(F) of the
composition x o T, which proves that it is smooth.

Let us consider now the mapo: ¥ = S — ¥ C Aut(F). A reasoning similar to the
previous one, using now the local expression of the correspondence s = {fi} € S+ f € &
given by the equality (13), shows that o is smooth and therefore that U: Ve, x T — V),
which is given by the multiplication U ( f.8) = fool(s),is also smooth. Its inverse gl
is just the correspondence f +— (fr, fn), where fy = <i>(f) and fr = f o f;l, which
proves that W is a diffeomorphism.

Therefore, the map U Vr x ¥ — V can be regarded as a local chart of Aut(F) and the
map ®:V — X asasubmersion defining the foliation Fp in a neighborhood of the identity.

Let f € Auty(F) be given. As each connected topological group, Autg(F) is generated,
as a group, by a given neighborhood of the identity, in particular by V = V x %. It follows,
using that D is a normal subgroup of Auto(F), that we can write

S =fLofn=fLoexp(vi)o---oexp(vk)
where fr € D, and v; € Xy are vector fields with the property that, if we denote
v; = v(v;) € G, where ¥: Xy, — G is the natural identification, then exp(?;) € X.
We denote by fu the element of G given by

fnv = exp(dy) o-- - oexp(iy)
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Now, proceeding as before we can prove that there exist neighborhoods Vy C Aut(F),
Ve, r CDgand Xy C G, of f, fi and f respectively, and a commutative diagram

Wy
Ve f X Zp ——Vy

| A

Xy

where \Iff is a diffeomorphism providing a local chart of Aut(F) and <I>Af is a smooth sub-
mersion defining Fp in Vy. Finally, it also follows from the above discussion that, if Vy,
and V¢, have non-empty intersection, then there are locally constant G-valued functions y;;
fulfilling

Dp = LVU oDy;.
This ends the proof of the theorem O

Remark 4.15 The Kuranishi property can also be formulated in the setting of transversely
holomorphic foliations. It follows from the versality theorem in [7] that each transversely
holomorphic foliation on a compact manifold has the Kuranishi property.

5 The automorphism group of a Riemannian foliation

We suppose in this section that the foliation F on M is Riemannian. This means that the
local submersions ¢; defining the foliation take values in a Riemannian manifold 7 and that
the transformations y;; fulfilling the cocycle condition (1) are local isometries of 7. In an
equivalent way, the foliation F is Riemannian if there is a Riemannian metric g on M which
is bundle-like with respect to F, that is a metric that in local adapted coordinates (x, y) is
written

g=y gjx, Moo+ ga(y)dy'dy”,

where {w’, dy®} is a local basis of 1-forms such that ' vanish on the bundle of vectors
orthogonal to F.

We suppose that such a bundle-like metric g has been fixed. Let p and ¢ stand for the
dimension and the codimension of F respectively.

In this section Aut(F) will denote the automorphism group of the Riemannian foliation
F, that is the group of elements of Dz which preserve the transverse Riemannian metric,
and by aut(F) the Lie algebra of vector fields whose flows are one-parameter subgroups of
Aut(F). Also in this case, D is a normal subgroup of Aut(F) and X is an ideal of aut(F).
We denote by G = aut(F)/X . the quotient Lie algebra. The elements of G generate local
isometries on T, therefore they are called basic Killing vector fields.

Proposition 5.1 The Lie algebra G of basic Killing vector fields has finite dimension.

The above proposition can be proved in the same way as the classical theorem of Myers
and Steenrod (cf. [13,20]). Namely, let #: P — M be the O(q)-principal fibre bundle of
transverse orthonormal frames of the Riemannian foliation . The total space P is endowed
with a foliation Fp of dimension p that is projected by 7 to F. The foliation Fp is trans-
versely parallelizable and the elements of Aut(F) are in one-to-one correspondence with the
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automorphisms of the principal fibre bundle which preserve the transverse parallelism and
the Riemannian connection. The finiteness of G then follows from the general fact according
to which the automorphism group of a parallelism is finite dimensional.

In particular we can consider the simply connected Lie group associated to the Lie algebra
G that we denote G.

As we already mentioned Leslie proved in [16] that, in the case of a Riemannian folia-
tion, the group D is a Fréchet Lie group. Moreover, using the connection provided by the
Riemannian metric, Omori’s proof that D is a strong ILH-Lie group can be adapted to show
the following

Proposition 5.2 Let F be a Riemannian foliation on a compact manifold M. Then D is an
ILH-Lie group with Lie algebra X r.

Remark 5.3 The structure of the group Dx when F is a Riemannian foliation on a non
necessarily compact manifold has been studied in [17].

Our main result in this section is the following theorem.

Theorem 5.4 Let F be a Riemannian foliation on a compact manifold M. The automorphism
group Aut(F) of F is closed in Dx and, with the induced topology, it is a strong ILH-Lie
group with Lie algebra aut(F). Moreover, the left cosets of the subgroup D define a Lie
Joliation Fp on Aut(F), which is transversely modeled on the simply-connected complex
Lie group G associated to the Lie algebra G.

Remark 5.5 The above theorem is weaker than Theorem 4.3 as we are not able to exhibit a
supplementary to the Lie subalgebra aut(F) inside the Lie algebra X of D. Consequently we
do not show that Aut(F) is a strong ILH-Lie subgroup of D. Notice however that Theorem 5.4
implies in particular that the topology of Aut(F) is second countable and LPSAC.

The proof of the above result is parallel to that of Theorem 4.3, hence we just indicate the
differences.

Proof (Sketch of proof) We recall first that the correspondence f — f = ®(f) given by
Proposition 4.6 is well defined for each f € D close enough to the identity (cf. Remark 4.9).
The proof of that proposition shows that there is a commutative diagram of continuous maps

Vexs X oy (18)

by

where V and V. are neighborhoods of the identity in Aut(F) and D respectively, ¥ is the
image of ® and the map W, that is given by multiplication, is a homeomorphism. As stated in
Remark 4.8 the same proof also provides commutative diagrams of continuous maps between
the Sobolev completions of the spaces in (18).

Proceeding as in Proposition 4.10, we consider a complete transversal 7' to F which now
is endowed with a Riemannian metric. The families of local isometries of 7 that are close
to the identity and that commute with the holonomy pseudogroup of F are the elements of a
local group & that can be identified to . We claim that S is locally compact. In the present
setting this fact follows from the following observation that replaces Lemma 4.11. A local
isometry is determined, on a connected domain, by its 1-jet at a given point, therefore S can
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be embedded in a space of 1-jets over T, which is finite dimensional. Moreover, S is locally
closed in this space of jets and therefore it is locally compact.

The arguments used by Salem in [27] can be applied here to show that S is in fact a local
Lie group, more precisely each element of S is in the flow of a Killing vector field over T
that commutes with the holonomy pseudogroup of F. These Killing vector fields form a Lie
algebra naturally isomorphic to G and therefore ¥ is identified, through a suitable map o, to
a neighborhood X of the neutral element of the simply connected Lie group G. Notice that
isometries of a smooth Riemannian metric are necessarily of class C*. Therefore, and as
it happens in Remark 4.12, the map o also identifies & with the set £% = & (V¥) for k big
enough.

The maps U:V, x¥ — Vand U: Vﬁ x % — VK can be regarded as local charts of

Aut(F) and Aut® (F) respectively. Moreover the map ®:V — Tisasubmersion defining the
foliation Fp in a neighborhood of the identity. In a similar way as in the proof of Theorem 4.3,
one can construct atlases of adapted local charts for Aut(F) and Aut(F). In particular the
groups AutX(F) turn out to be Hilbert manifolds showing that Aut(F) is an ILH-Lie group.
This ends the proof. O

Remark 5.6 In Appendix E of [20], E. Ghys raised the problem of developing a theory of
deformations for Riemannian foliations and conjectured the existence of a versal deformation
parametrized by a finite dimensional space. Up to now there are not general answers to that
question. In particular, we do not know if Riemannian foliations on compact manifolds fulfill
the corresponding Kuranishi property.
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