INTERSECTION COHOMOLOGY OF S!'-ACTIONS!

Gilbert Hector and Martin Saralegi?

Given a free action ® of the circle S! on a manifold M there exists a long exact sequence (the Gysin
sequence) relating the cohomology of the manifolds M and M/S!:

() om0 Sty A sy T
Here [e] € H?(M/S') denotes the Euler class of ® and § the integration along the fibers of the canonical
projection m: M — M/S!. This result has been extended to almost free actions in [9]. In this context,
the orbit space is not a manifold but a Sataké manifold.
If the manifold M is compact, the Euler class vanishes if and only if there exists a locally trivial
fibration T: M — S* whose fibers are transverse to the orbits of ® (see [9], [10]). Nevertheless, there are
simple examples showing that the above results are not true if we allow the action ® to have fixed points.

In this work we construct a Gysin sequence for a generic action extending (). The first important
remark is that the orbit space M/S! is a singular manifold (more exactly, a stratified pseudomanifold
in the sense of [5]), possibly with boundary. Consequently, the intersection cohomology introduced by
Goresky and MacPherson in [5] appears as a natural cohomology theory to study S'-actions. The main
result of this work (Theorem 3.1.8) shows that for any perversity 7 = (0,0,0, 75,76, ...) there exists an
exact sequence

- — H'(M) 4, THEY(M/SY, a(mysty) 24 THZ (M — Fy)/S") T HFY (M) — -

where j{ is the integration along the orbits of @, r +2 = (0,1,2,r5+2,76+2,...), [e] € IH;((M—F4)/SI)

is the Euler class of ®, d(M/S!) is the boundary of the orbit space and Fy C M is the union of the
connected components of codimension 4 of the fixed point set.

The vanishing of the Euler class [e] has also a geometrical interpretation. We show that [e] = 0 is
equivalent to the existence of a singular foliation, in the sense of [13], whose restriction to M —{fixed
points} is a locally trivial fibration over S!, transverse to the orbits of the action ® (see Theorem 3.2.4).
In this case the codimension of the fixed point set is at most 2.

The main tool used here is a “blow-up” of the action ® into a free action d:S'x M — M. We
know that the intersection cohomology of the orbit space M/S! can be calculated using a complex of
differential forms of M /S* (see [11]). Then, we can apply the usual techniques for free actions in order
to get the Gysin sequence and the Euler class.

In Section 1 we introduce the “blow-up” of the action ®. We recall in the second section the notion
of intersection differential form. Section 3 is devoted to the proof of the main results of our work: the
Gysin sequence and the geometrical interpretation of the vanishing of the Euler class. In the Appendix
we prove some technical Lemmas stated on previous sections.

'First published in Transactions of the American Mathematical Society 338(1993), 263-288.
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In a coming paper we expect to extend this study to the action of a compact Lie group and obtain
a spectral sequence relating the cohomology of the manifold, the intersection cohomology of the orbit
space and the Lie algebra of G.

The second author is grateful to the Department of Mathematics of the University of Illinois at
Urbana-Champaign for the hospitality provided during the writing of this paper.

In this work all the manifolds are connected and smooth and “differentiable” means “of class C°°”.
The cohomology H*(X) (resp. the homology H, (X)) is the singular cohomology (resp. homology) of the
space X with real coefficients.

1 Stratifications and unfoldings

Let ®:S! x M — M be an effective differentiable action of the circle S! on a m-dimensional manifold
M. This action induces on M a natural structure of stratified pseudomanifold, invariant by S'. In this
section we study this structure and we construct an unfolding of M (see [11]), invariant by S!. Finally,
we show the orbit space M/S! inherits a similar structure in a natural way.

1.1 Stratification and unfolding of M

The stratification of M comes from the classification of the points of M according to their isotropy
subgroups. Since the stratified pseudomanifold M is a stratified space (see [15]) it possesses an unfolding
(see [1] and [12]). We recall in this paragraph these notions.

1.1.1 Definitions (see [2]). Let ®: G x M — M an action of a closed subgroup G C S!. We will write
®(g,z) = ®4(z) = g - x. Throughout this paper every action will be supposed to be effective, that is,
each @, is different from the identity, for g # e. The map m: M — M /G is the canonical projection onto
the orbit space M/G.

Consider on M the equivalence relation ~ defined by z ~ y iff G, = G, where G, denotes the
isotropy subgroup {g € G / g-z = z} of a point z € M. The connected components of the equivalence
classes of this relation are the strata of M, which are proper submanifolds of M. For each stratum S we
will write Gg the isotropy subgroup of any point of S. There are three types of strata: regular stratum
(if Gg = {identity element e}), fixed stratum (if Gg = G) and exceptional stratum (if Gs # {e},
G). The projection m: S — 7(S) is a principal fibration with fiber G/Gg. The union of regular strata is
an open dense subset of M (see [2, page 179)).

We will write ME the fixed point set of M. The action is said to be a free action (resp. almost
free action) if the strata of ® are regular strata (resp. regular or exceptional strata).

Since in this section it will be necessary to deal with actions of S! and with the induced actions on
the links S¢, we introduce the notion of good action which includes both. The action ®:G x M — M
will be said a good action if G = S' or M = S* and G is a finite abelian subgroup of SO(¢+ 1). Notice
that in this case we have the relation ®(G x S) C S for each stratum S.

Throughout this section we will suppose that ® is a good action. In order to describe the stratification
and the unfolding of M we need to recall some facts about the local structure of the action ®.

1.1.2 Local structure of M (see [2, page 306]). Each stratum S possesses a tubular neighborhood
Ns = (T, 7,8, D) satisfying:

i) 7 is an open neighborhood of S,

ii) 7:7 — S is a locally trivial fibration, with fiber the open disk D1 whose restriction to S is the
identity,
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iii) there exist an orientable orthogonal action Wg: G x S* — S’ and an atlas A = {(U, ¢)} such that
@©: 71 (U) — U x D is Gg-equivariant, that is, ogp~'(, [0,7]) = (z,[¥s(g,0),7]) for each g € Gg
and (z,[0,r]) € U x ¢S*. Here we have identified D*! with the cone ¢S* = S* x [0,1] /S’ x {0}

and written [0, r] an element of the cone ¢S*, and

iv) if g € G and ¢;: T_l(Uj) — Uj x ¢S’ j = 1,2, are two charts of A with ¢g-U; C Us, then there exists
amap v: U; — O(¢£+1) such that wagp; ! (z,[0,7]) = (9-z, [v(2)-6,7]) for each (z,[,7]) € Uy x cS-.

Condition iii) implies that the structural group of A is the centralizer Z of G in O(¢ + 1). Condition iv)
means that the group G acts on 7 by morphisms of fibration with structural group; it also implies that
the map 7 is equivariant. Notice that the action Wg is a good action without fixed points. The charts of
A will be said distinguished charts of the tubular neighborhood Ns.

1.1.3 Stratification of M. For each integer ¢ we put M; the union of strata S of M with dim .S < q.
This defines a filtration of M by closed subsets:

M:MmDMmflg"‘DMlDM(]DMflzw.

If the subset M,,—1 — M,,—2 is not empty then it is a submanifold, not necessarily connected, of
codimension 1. The group Gg acts trivially on S C M,;,_1 — M,,_o and each g € GGg acts transversally
by the antipodal map. This is impossible because the action ® is a good action. Therefore the above
filtration becomes:

M=M;,D>DMp1=Mp-o=XyD --DM DMy>dDM_=70.

For the definition of a stratified pseudomanifold we refer a reader to [6]. A stratified pseudomanifold
is said to be differentiable if the strata are differentiable manifolds.

Proposition 1.1.4 The above filtration endows M with a structure of differentiable stratified pseudo-
manifold.

Proof. We proceed by induction on the dimension of M. For dim M = 0 the Proposition is obvious.
Suppose that the statement holds for each manifold with dimension strictly smaller than that of M. We
first check the local structure near of a stratum S of M.

Let (U,¢) and Wg be as in §1.1.2 iii). By induction hypothesis the sphere S’ is a stratified pseu-
domanifold with the structure induced by the action Wg. We show that ¢ sends diffeomorphically the
strata of 71(U) to the strata of U x ¢S’

Since the isotropy subgroup of any point in 771(U) is included in Gg, the map ¢ induces a diffeo-
morphism between 7~ 1(U) N (M; — M;_;) and

0 ifj<m-—-4£-2
U x {vertex} ifj=m—-0-1
U x {(S)j40-m — (8 jre—m—-1}x]0,1[ if j >m —¢

where S* = (S%); D (S)r_1 = (S*)s_2 D -+ D (S D 0 is the stratification induced by ¥g.

If the stratum S is not regular we have 771 (U) N (M — M,,_2) = U x {S* — (S%),_2}x]0, 1], which by
induction hypothesis is a dense open subset of U x ¢S*. Hence the open set M — M,,_ is a dense subset
of M. &

Remark that the trace on 7-(U) of the stratification defined by G, is the same as the stratification
defined by Gg. The open M — M,,_5 is the union of regular strata.

An isomorphism between two differentiable stratified pseudomanifolds is a homeomorphism whose
restriction to the strata is a diffeomorphism. In particular, the map ¢ is an isomorphism.
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The length of M is the integer len(M) satisfying M, _ien(nr) # Mim—ten(m)—1 = 0. For example,
len(M) > len(S*). Notice that the action is free if and only if len(M) = 0.

1.1.5 Equivariant unfolding. If the action ® is free, an equivariant unfolding of M is just an equivariant
trivial finite differentiable covering. In the general case, an equivariant unfolding of M is given by

1) a manifold M supporting a free action of G,

2) a continuous equivariant map Lys: M — M such that the restriction to M — Ly (X)) is a finite
trivial differentiable covering, and

3) for each g € S, S stratum non regular, and for each Ty € £} (o) the following diagram commutes

SO o~
u U xSix]—1,1]
(1) L P
®
U - U x 8¢

where

UC MandU C M are (G g-invariant neighborhoods of zy and Z( respectively,
(U, p) is a distinguished chart of a tubular neighborhood of S,

@ is a Gg-equivariant diffeomorphism, and

P(x,0,r) = (z,[Lge(0), |r]]) for a Gg-equivariant unfoldingLge: S¢ — St

Notice that for each stratum S the restriction Lyr: £/ (S) — S is a submersion. The map £y U—u
is a Gg-equivariant unfolding.

Since the construction of an equivariant unfolding is a technical point without influence for the rest
of the work, the proof of the following statement can be founded in the Appendix.

Proposition 1.1.6 For every good action ®: G x M — M there exists an equivariant unfolding of M.

1.2 Stratification and unfolding of B

Now, we show how the stratification and the unfolding of M induce a stratification and an unfolding in
the orbit space B = M /G, by means of the canonical projection 7: M — B. To this end, we study the
local structure of B.

1.2.1 Local structure of B. For each stratum S of M, the image 7(7) is a neighborhood of 7(S) (see

§1.1.2). The map p:w(7) — 7w(S5) given by p(m(x)) = n7(z) is well defined. We are going to show that
Nsjas = (m(T), p,m(S), D! /Gg) is a tubular neighborhood of 7(S) in B.

Lemma 1.2.2 The map p: (1) — 7(S) is a submersion.

Proof . Let yo be a point of m(S). We choose a distinguished chart (U, ¢) of Ng such that:

1) V = x(U) is a neighborhood of yg, and

2) there exists a differentiable section o of m: U — V.
Thus, if x is a point of U there exists ¢ € G with g -z € o(V). The element g is not unique, but
g -z € o(V) implies g~1¢g’ € Gg, then n(U) = 7o(V) = o(V)/Gs. Because 7 is equivariant we get
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77 Y U) = 77710 (V) = 7710(V)/Gs. Since the restriction o: 7 1o(V) — (V) x ¢S’ is an equivariant

diffeomorphism we obtain the commutative diagram

~Llo(V) 7 (V) x ¢S*
s II
p~ (V) V x c(S'/Gs)

where p: S¢ — S%/Gy is the canonical projection and II(y, [0,7]) = (7(y), [p(6),7]). Finally, the home-
omorphism v satisfies pry¢m(z) = 7r(x) = pr(x), where pry:V x ¢(SY/Gs) — V is the canonical
projection. 3

The family B = {(V,4)} previously constructed is an atlas of Ng/q,. Each (V;1) will be said a
distinguished chart of Ng/q,. In order to simplify some calculations, we shall suppose that each V' is
a cube, that is, it is diffeomorphic to a product of intervals.

1.2.3 We have already seen that the family {7 (S) / S stratum of M} is a partition of B in submanifolds,
called strata of B. This leads us to the filtration

"'DBjDijlD"'DB[)DBflzm,

where each Bj is the union of the strata of B with dimension less or equal than j. This filtration enjoys
of the following three properties:

a) B = By, where n = m — dim G,

b) B — B,,—1 is a dense open set, and

¢) Bn_1 — Bn_2 = Urn({strata of codimension 2 with Gg = S'}).

In order to proof a) consider a regular stratum S. The projection 7: S — 7(S) is a G-principal bundle
and hence dim7(S) = m — dimG. Let S be a stratum of M,,_5. Consider (U, ¢) a distinguished chart
of Ns. The density of M — M,, o implies the existence of a m-dimensional stratum R of M satisfying
771 (U)NR # (). There exists a stratum R of 8¢ (for the action Wg) verifying p(7~1(U)NR) = UxRx]0, 1[.
Hence, dim7(S) = dimU < dim R = m — dim G, and therefore B = B,,.

Property b) is proved in a similar way.

Finally, if 7(S) is a stratum of dimension n — 1, we get from the previous diagram dim(S¢/Gs) = 0.
Thus Gg = S¢ and ¢ = 1.

For the definition of stratified pseudomanifold with boundary we refer the reader to [5].

Proposition 1.2.4 The filtration B = B, D B, o = X D B,_3 D --- D By D B_1 = 0, endows B
with a differentiable stratified pseudomanifold structure, possibly with boundary.

Proof. Assume that the statement is true for any good action of length smaller than len(A/). The boun-
dary 0B = U{n(9) strata of B / Gg = S! anddim S = m — 2} is a manifold. According to §1.2.2, OB
possesses a neighborhood N diffeomorphic to the product B x [0, 1]. It remains to show that B — 0B is
a stratified pseudomanifold. We need to check the local behavior of the above filtration.

Let 7(S) be a stratum of B — 9B and (V,1) € B a chart. According to §1.2.2, for each stratum
7(S0) # 7(S) of B meeting p~1(V) there exists a stratum oo of S¢ such that the diagram
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¥
= to(V)N Sy ~ o(V) x 0px]0,1]
T T X pX identity
. ¥
p~ (V) Nm(So) ~ V x p(o0)x]0,1]

commutes. By induction, the quotient S* /Ggs is a stratified pseudomanifold, with strictly positive di-
mension and without boundary (see §1.2.3 ¢)). Finally, since 7 and p are submersions and ¢ is a
diffeomorphism we get that ¢ is a diffeomorphism. Analogously we show that ¢ sends diffeomorphically
p 1N 7(S) to V. Moreover 9 is an isomorphism. )

1.2.5 Unfolding of B. We recall the definition of unfolding of a stratified pseudomanifold given in [11].
For the case len(M) = 0 an unfolding of B is a finite trivial covering. Assume len(M) > 0. An unfolding
of B is a continuous map L g from a manifold Bto B, such that the restriction Lp: B’—Egl (¥p) — B-Xp
is a diffeomorphism in each connected component and the following condition holds:

For each yo € 7(S), S non regular stratum, and for each 7o € L£5'(yo) there exists a commutative
diagram

¥ _
% V x 8¢/Gsx] —1,1]
(2) Lp R
G
)Y V x C(Se/Gs)

where: o
V C B and V C B are neighborhoods of yy and 7y respectively,
(V,4) € B is a distinguished chart of a tubular neighborhood of S/Gyg,

)
)
iii) 1 is a diffeomorphism, and
) R(z,C,r) = (z, [Ese/GS(g), r]]), for an unfolding Lg¢ /¢, S*/Gs — SY/Gyg.

Remark that for each stratum S of M the restriction Lp: L5'(S/Gg) — S/Gyg is a submersion. The
existence of equivariant unfoldings for M implies the existence of unfoldings for B.

Proposition 1.2.6 For every good action ®: G x M — M there exists a commutative diagram

™

M B
(3) EMJ J»CB
M B

where:

a) M —Bisa principal fibration,
b) Ly M — M is an equivariant unfolding of M, and
c) Lp is an unfolding of B.
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Proof. See Appendix. 3

2 Differential forms

The aim of this section is to recall the notion of intersection differential forms (see [11]). We also establish
a first relation between the intersection differential forms of M and those of B.

From now on we will suppose G = S!. We will WriteNEM = M,,—9 and gB = B,,_2 the singular parts
of M and B respectively. We fix two unfoldings Ly;: M — M and Lp: B — B satisfying §1.2.6. By
7= (q2,...,qm) we denote a perversity, that is go = 0 and ¢x < g1 < qr + 1 (see [5]).

2.1 Intersection differential forms

The intersection cohomology of M and B can be calculated with a complex of differential forms on
M — ¥y and B — X respectively. This corresponds to the complex of intersection differential forms (see
[11]), which we recall now.
2.1.1 A differential form w on M —X s (resp. B—Xp) is liftable if there exists a differential form & on M
(resp. B), called the lifting of w, coinciding with £%,w on L3} (M — Xy/) (resp. Liw on LB — ).
By density this form is unique.

If the forms w and 7 are liftable then the forms w + 1, w A n and dw are liftable, and we have the
following relations: .

wHn=0+17, wAn=wA7, and dw = d.

Hence, the family of liftable differential forms is a differential subcomplex of the De Rham complex of M
(resp. B).
2.1.2 Cartan’s filtration. Let k: N — C be a submersion with NV and C manifolds. For each differential
form w # 0 on N we define the perverse degree of w, written ||w||c, as the smallest integer k verifying:

(4) If &, ..., & are vector fields on NV tangents to the fibers of x then
gy - igw = 0.

Here i¢; denotes the interior product by §;. We will write |[0[|c = —oc. For each k > 0 we let FyQy =
{we Q*(N) / ||lwllc <k and [|dw||c < k}. This is the Cartan’s filtration of x (see [3]).
Notice that for a, § € Q*(N) we have the following relations

() lla+ Blle <max([|allc, |18]lo) and [[a A Blle < [lalle +[|Bllc-

2.1.3 The allowability condition is written in terms of the Cartan’s filtration of the submersions
Lo L3 (S) — S and Lp: L5'(S/Gs) — S/Gg, where S is a stratum of M.

A liftable form w on M — X); is a g-intersection differential form if for each stratum S included
in ¥y the restriction of & to £} (S) belongs to Fqu’ZX}(S), where k is the codimension of S.

Analogously, a liftable form w on B — Xg is a g-intersection differential form if for each stra-
tum S/Gs included in Y p the restriction of & to L3'(S/Gs) belongs to Fo ¥ , where k is the
B

codimension of S/Gg.
We shall write Kz (M) (resp. K7(B)) the complex of g-intersection differential forms. It is a differential

(S/Gs)

subcomplex of the De Rham complex of M (resp. E), but it is not always an algebra. It coincides with
(M) (resp. *(B)) if the action ® is free.

We show in [11] that the complex of g-intersection differential forms computes the intersection coho-
mology. In fact we have the isomorphisms

o H*(Kz(M)) = IHY(M) = H, (M) = H*(M) ,
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o H*(Kz(B)) = IHP(B) ,
o H*(Kz(B,0B)) = IH?(B,0B).

Here p denotes the complementary perversity of § (see [5]) and Kg(B,0B) the complex of differential
forms of Kz(B) which vanish on 0B. In order to make uniform the notations, we will write: H*(Kg(M)) =
THZ (M), H*(Kg(B)) = IHz(B) and H*(Kq(B,0B)) = IHz(B,0B).

2.1.4 An important tool, used in Section 3 to get the Gysin sequence, is the study of the relationship
between the degrees defining the Cartan’s filtration on M and B. A first step in this direction is given
by

(6) 17 nlls = lInlls/cs

where S is a stratum of Xy, and 7 is a differential form on £3'(S/Gg). If the action ® has not fixed
points, then the codimensions of S and S/Gg are the same. Therefore, the equality (6) implies

w € Kz(B) & 1w € Kz(M).

In this case the map 7*: [H7(B) — H*(M) is well defined.
In order to proof (6) it suffices to remark that in the following commutative diagram

L31(S) L5'(S/Gs)
,CML LB
s — " . s/as

the restriction of 7 to the fibers of L), is a submersion onto the fibers of Lpg.

2.2 Invariant forms

It is well known that the De Rham cohomology of a manifold supporting an action of G is calculated
by the complex of differential forms invariant by the action. The same phenomenon happens when the
intersection cohomology is involved.

2.2.1 A differential form w on M — X, is called invariant under the action of G if it satisfies @;w =w
for each g € G. The invariant differential forms are a subalgebra of Q*(M — X,/), which will be denoted
by IQ*(M — Xp). It is shown in [7] that the inclusion IQ*(M — ¥jp) — Q*(M — Xj/) induces an
isomorphism in cohomology.

The following Lemmas are devoted to prove that the operators used in [7] send the liftable differential
forms to themselves. This will prove that the inclusion IKZ(M) = IQ*(M — Xp) N KZ(M) — Kz(M)
induces an isomorphism in cohomology.

Lemma 2.2.2 Consider ®: GxM — M and ®: GxM' — M’ two actions and f: M — M’ an equivariant
differentiable map. Suppose there exists an equivariant differentiable map f M — M’ with EM/f fLas.
If Gy = Gy for each x € M, then the map f* sends Kr(M') to Kz(M).

Proof. For each form w € IC%(M’) the lifting of f*w is f*& because Ly ffw= f*ﬁ}‘w,w on M— ﬁMl(EM).
Furthermore, for each stratum S of 3, there exists a stratum S’ of X, with f(S) C S’. This gives us
the commutative diagram
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_ f _
Ly (9) Lyp(S")
f
S S’
Therefore || f*@||s < |||, which implies f*(Fquz,l(S,)) C FquZ*l(S) and so f*Kz(M') C Kz(M). &
M/ M

For each manifold IV, we will consider on the product N x M the action G defined by g-(z,y) = (z, g-y)
and the equivariant unfolding Ly« s = identity X Lpr: N x M — N x M. We shall write my: N xM — N
the canonical projection.

Lemma 2.2.3 Let A be a differential form on N with compact support. Then,

w e KE(N x M) = jl{Nw ATRA € KE(M)
where f denotes the integration along the fibers of wy.
N

Proof. Since the fibers of Lyywpr: N X £]T/[1(S) — N x S are tangent to the second factor then 7y A €
IC;(N x M). Hence w A A € KZ(N x M). The result follows by noticing that the N-factor is tangent
to the strata. &

Lemma 2.2.4
w € Kz(M) = ®*w € Kz(G x M)

Proof. Apply Lemma 2.2.2 for f = ® and f = . &

Lemma 2.2.5 Let H: Nx[0,1]x M — N x M be a differentiable map defined by H(z,t,y) = (Ho(z,t),y).
Then
w € KZ(N x M) = hw € KZ(N x M),

1

where hw(z,y) = / (H*w)(z,t,y)(0/0t)dt.
0

Proof. Consider the commutative diagram

— H —

N x[0,1] x M N x M
['N><[0,1]><]\7[J Lnxm

N x[0,1] x M N x M

where H(z,t,7) = (Ho(x,t),7). Using §2.2.2 we deduce that H*w belongs to KZ(N x [0,1] x M). Now,
since the [0, 1]-factor is tangent to the strata, we get that hw belongs to KZ(N x M). )

The operators used in [7] to show that the inclusion IQ*(M — Xjp;) — Q*(M — X)s) induces an
isomorphism in cohomology are composition of operators of type §2.2.3, §2.2.4 and §2.2.5. Therefore we
get

Proposition 2.2.6 The inclusion IKZ(M) — KZ(M) induces an isomorphism in cohomology.
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2.3 Decomposition of invariant forms

In the case of a free action, each invariant form on M is written in terms of the differential forms on the
orbit space B and the fiber G. We extend this decomposition to the case of non-free actions. First we
need some definitions.

2.3.1 The fundamental vector field X of ® is defined by the relation X (z) = T, ®,(1), where ®,(g) =
g-z. This vector field is invariant by the action of G and tangent to their orbits. In particular, it vanishes
on the set of fixed points. Since £ is equivariant then the fundamental vector field X of ® and X are
(Lar)srelated. That is, (Lpr)«X = X o Lyy.

We define the fundamental forms X and X by
X =pu(X, ) and X = (X, ),

where p and g are two riemannian metrics on M — s and M respectively. These forms depend on the
choice of 4 and p. Improving the properties of p and jr we will have richer fundamental forms.

Lemma 2.3.2 There exist two riemannian metrics p and i, on M — X and M respectively, satisfying:
a) p and {1 are invariant,
b) Lin=f on M — L3} (Sar),
¢) for each exceptional stratum S the differential form X is a basic form, relatively to Ly EE(S) — 5.

d) for each fized stratum S there exists a Gg-equivariant riemannian metric M on St such that the
structural group of Las: E&I(S) — 8 can be reduced to the group of isometries of (S¢, M).

Proof. See Appendix )
2.3.3 A riemannian metric g on M — Xy is said to be a good metric of M if there exists p satisfying
the previous conditions a), b), ¢) and d). From now on we fix a good metric g of M. The following
properties of the fundamental forms associated to p and g arise directly from the preceding Lemma.

i) The Lie derivatives Lx X and L)?% are 0.

X(X) =h #0 (and we will suppose h = 1).

X||s = 0 if S is an exceptional stratum.

I[X||s = 1 if S is a fixed stratum.

For each fixed stratum S we have 3*Xg¢ = X on the fibers of

Las: L7 (S) — S. Here Xg¢ denotes the fundamental form associated

to (S¢, M) and (¢, U) is a distinguished chart.

PR
P py

=

—
oy
)

— — — — —

2.3.4 For each w € IV (M — X)) there exist two forms wq, wy € Q*(B — X ) such that
w="7"w + X AT ws.

The forms wy and wo are unique, in fact 7*w; = ixw and T™*wy = w — X Aixw. The above expression will
be called the decomposition of w. N
Analogously, for each n € IQ2*(M) there exist two unique forms 7y, 72 € Q*(B) such that

n =7 + X AT ne.

This expression is called the decomposition of 7.
If w is liftable we get the following relation between the two decompositions:

O =w1 + X A ws.

The relation between the perverse degree of 1, 1 and 79 is the following.
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Proposition 2.3.5 For each form n € Q*(M) and for each stratum S of M we get
[Inlls = max(|lmlls/cs. [1X]ls + [1n2]ls/¢5)-

Proof. By (5) and (6) it suffices to show that ||n||s > max(|[n||s/c. |[X]|s + [|n2]]s/cs). We distinguish
two cases.

e S is an exceptional stratum. Fix k > 0. The condition (4) on 7 is equivalent to

Ggo -G, TN = Ggy - lg, T2 = 0 for each family {&o, ..., &} of vector fields tangents to the
fibers of Lys: £ (S) — S (see §2.3.2 c)).
From (3) this condition is equivalent to

Ggo - g, T = gy - - lg,m2 = 0 for each family {&,..., &} of vector fields tangents to the fibers
of Lp: L3 (S/Gs) — S/Gs,

which holds if and only if k > max(|lmls/cs. [I72lls/cs)- Thus [Inlls > max(|[mlls/cs IX]]s +
ln2]ls/G¢) (see §2.3.3 iii)).

e S is a fized stratum. Fix k > 0. Since X is tangent to the fibers of £y L3/} (S) — S, condition (4)
on 7 becomes

igo g, = 0 and g, - - -dg, 7 2 = 0 for each family {&o, ..., &} of vector fields tangents
to the fibers of Lys: L3/} (S) — S.

Now we proceed as above taking into account that ||X||s = 1 (see §2.3.3 iv)). )

The form ixdX vanishes identically. Thus, the decomposition of dX is reduced to dX = n*e for a form
e € Q*B —Yp), called the Euler form of ® (we will also write e,,). Remark that e is a cycle. The Euler
form e of @ is the lifting of e.

Proposition 2.3.6 For each stratum S of M we get

Il _ 2 ifSc MS and dimS < m —2
S/Gs —00,0 otherwise.

Proof. We distinguish two cases.
e S is an exceptional stratum. Since X is a basic form we get llells/as = |dX||s < 0 (see (6)).
Remark that if ® is almost free, then e € IC%(B).

e S is a fived stratum. Each fiber F of Lyr: £/ (S) — S is equivariantly isometric to (é? M) endowed
with the free action ¥g. The restriction X | becomes the fundamental form ) of Wg. Then, we get the
decomposition

(7) €=+ &
where the restriction &;|r is the Euler form € of @5 and &3|p vanishes identically.

If £ > 1 we claim that the Euler form € € QQ(S[/\E}S) is not zero; in this case the restriction é|p
does not vanishes identically and therefore the perverse degree ||é]|s/c is 2. In order to prove the claim
it suffices to verify that [e] € I Hg(Se /Gg) is non-zero. Suppose that there exists v € Ké(Se /Gg) with
dvy = e. Thus, the differential form Xg¢ — p*v is a cycle of IC%(SZ), where Xg¢ is the fundamental form of

Ug. Since IHal(Sé) =~ H'(S% = 0 there exists f € ng(SE) with df = Xg¢ — p*5. We have arrived to a
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contradiction because f: S — R is a differentiable map, df # 0 (df(fundamental vector field of Ug) = 1)
and S is compact.

If ¢ = 1 the dimension of S’ is 1. Since €| is a differential 2-form, it vanishes identically. Therefore,
we get ||€]|s/qs < 0. &

Corollary 2.3.7 If the action ® has not fized points, then for each liftable form w € Q*(M — ) we
have

(8) w e Ki(M) & wi,ws € Ki(B).

Proof. The decomposition of dw is given by: (dw); = dwy + €A w2 and (dw)y = —dws. For each stratum S
of M we get max([|w]|s, ||dw]|s) = max([|w1[[s/cg, [[w2ll s/, [[dor + €A walls)q lld@z]]s ). Moreover,
since |[€ A @2|[s/as < Il€lls/as + [02]ls/as < ||02]ls/cy We obtain the relation

max(|||]s, [|do||s) = max(||w1]|s/ag [[@2]ls/as [|do1]] /a5 [[d@2]|s/cs)- Notice that the codimension of
S in M is the codimension of S/Gg in B. Thus

B € Fy1(S) & 01,32 € Fy, 21 (S/Gs),

from which the result holds. &

2.3.8 Euler class. We write Fj the union of 4-codimensional connected components of M%, and also
its image by m. Proposition 2.3.6 shows that the restriction of the Euler form e to B — Fj belongs to
IC;(B — Fy), where 2 is the perversity (0,1,2,2,...). The class [e] € IH;(B — Fy) is the Euler class of

®. Notice that the Euler class [¢] of ® belongs to H2(B).

3 Gysin sequence

In this section we establish the Gysin sequence that relates the cohomology of M and the intersection
cohomology of B. We also give a geometrical interpretation of the vanishing of the Euler class. Recall
that G denotes the unitary circle S*.

3.1 Integration along the fibers

Differential forms on M — X ;s and differential forms on B — X5 are related by the integration ¢ along

the fibers of the projection w. The Gysin sequence here obtained arises from the study of this integration
3.1.1 For each differential form w € Q*(M —X;s) we define j{w = wo, the integration along the fibers
of m. The form ]{w belongs to 2*~1(B —Xp). Notice that for each o, 8 € Q*(B—X3g) we have 7{77*(1 =0

and %X/\ﬂ'*ﬁ = 4.

If the action ® is free, the above relations show that the short sequence

0 — Q*(B) =5 Q*(M) S, Q" Y(B) —0

is exact. The associated long exact sequence

o) oo £ ) sy = B
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is the Gysin sequence of the free action ® (see [7]).

If the action ® is almost free the relation (8) shows that the integration 7{ defines a short exact
sequence

¢

0 — Ki(B) ™ IKL(M) - K24 (B) — 0.

Since M and B are homological manifolds, the associated long exact sequence is in fact (9) (see Proposition
2.2.6 and [5, §6.4]), which has been proved already in [9].

If fixed points appear, the above relation (9) is not longer true (see §3.1.10 1)). The Gysin sequence
of ® arises from the study of the short exact sequence

(10) 0— Ker% kzon Imf S

where ¢ is the inclusion. The crucial point is to compare Ker 7{ and I'm 7{ with KZ(B). We will observe

a shift in the perversities involved; this is due to the fact that for each fixed stratum S we have
1) codimension of S in M = (codimension of S/Gg in B) +1,
2) [|X||s = 1, and
3) llells/as = 2 (except for the case dim S =m — 2).

This led us to consider the following perversities:

T = (ro,73,74,75,...) With 79 =13 =14 =0,
r+2=(0,1,2,754+2,16 +2,...), and
q=1(0,1,2,2,75+ 2,76 +2,...).

We begin recalling Propositions 3.2.3 and 3.3.2 of [10].

Proposition 3.1.2 Let A be an unfoldable pseudomanifold (possibly with boundary). Fix I =] — e, €] an
interval of R. The maps pr:I x (A—X4 ) > A=Y 4 and J: A=Yy — I x (A—3X,), defined respectively
by pr(t,a) = a and J(a) = (to,a), for a fived to € I, induce the quasi-isomorphisms:

pr*: IC%(A) — IC%(I x A) and J*: /Cg([ x A) — /C;(A).

Proof (sketch). Consider pr: xA — A and J: A — I x A defined by pr(t,a) = a and i@) = (to,a). The
two operators pr* and J* are well defined because, for each stratum S of A, we have |[pr*w = pr*o|[1xs <
l|@|ls and ||J*n = J*n||s < ||7]|rxs, for any liftable form w € Q*(A —34) and n € Q*(I x (A—X4)). In

fact, these two operators are homotopic; a homotopy operator is given by Hn = 1. This comes from
to
the following facts:

o Hp= 7ﬁ(on[><;1),
to
o |[Hpll1xs < [[7llrxs, and
o dHn— Hdn = (=1)"""(n —pr*J*n),

where n € QI(I x (A —%4)) is a liftable form. L)
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Proposition 3.1.3 Let A be a n-dimensional compact unfoldable pseudomanifold. Then

' HKCE(A if 4 n
H(Kz(cA)) %{ i oq( ! Zfiﬁ

where the isomorphism is induced by the canonical projection pr: (A — X 4)x]0,1[— (A — 3 4).

Proof (sketch). The complex K7(cA) is naturally isomorphic (by restriction) to the subcomplex C* of
K3(Ax] —1,1[) made up of the forms 7 satisfying:

a)n=0on (A—X) x {0} if (degree of n) > qnt1,

b) dn=0on (A—X) x {0} if (degree of ) = gn+1, and

c)o'n=non (A-X4)x(]—1,1[—{0}) where 0: Ax]—1, 1[— Ax]—1,1]is defined by o(a,t) = o(a, —t).

With the notations of the above Proposition (for e = 1 and ¢y = 0), we get: pr*(lC%(A)) C O, for
i < Qnt1; pr*(lCé(A) Nd=t{0}) c C?, for i = qu1; J*C* = {0}, for i > q,41 and H(C*) C C*. The same
procedure used in §3.1.2 finishes the proof. &

3.1.4 Kernel of 7{ . The elements of Ker j{ are the differential forms n*w verifying

i) weQ"(B—-Xp) is a liftable form,

i) we FquZgl(S/GS) for each exceptional stratum S with dim S =
n — k and for each fixed stratum S with dim .S =
n—k<n-—4,
i) we FQQZ,l(S/GS) for each fixed stratum S with dim S = n — 4, and
B
iv) we FOQZEJ(S/GS) for each fixed stratum S with dim S =n — 2.

(see (6)). The two last conditions are always fulfilled. In fact, the dimension of the fibers of
Lp: L5 (S/Gs) — S/Gg are 2 and 0 respectively.

Proposition 3.1.5 The map n*: IH

*
r+2

(B — Fy) — H*(Ker%) is an isomorphism.

Proof. Consider D*(B) the subcomplex of Q*(B — ¥Xp) made up of the differential forms satisfying 1)
and ii). This complex is isomorphic to Ker % by 7*. The relations § < r+2 and ¢ < rg—1 + 2, for
k > 6, imply that the restriction D*(B) — K* (B — Fj) is well defined. Now, it suffices to show that

42

this restriction induces an isomorphism in cohomology. First of all notice that for each stratum .S the
space S* /Gs is a homological manifold. We have several possibilities:

1) B=V x¢(S* /Gs) and G5 # S'. We have F; = () and D*(B) = K3(B). The result comes from
the fact that B is a homological manifold (see [5, §6.4]).

2) B=V x¢(SY/Gs), Gs = S' and £ > 3. We have Fy = (), the local calculations of the intersection
cohomology give IHjTQ(B) = IH%(SZ/GS) if j <r;+2, and IH%(B) = 0 otherwise.

On the other hand, the operators used in §3.1.2 and §3.1.3 preserve the Cartan’s filtration. Following
the same procedure used there, we get:

H*(D(B)) = H*(D(c(8/Gs)) = H*{w € KL((S'/Gs)x] — 1,1]) such that

a) w=0 on (SE/GS—Zsé/GS)X{O} if j > qr1=r0+2,
b) dv=0 on (S‘/Gs — Yst/ay) X 10} if § = qey1 = re + 2, and
¢) c*fw=w on(S'/Gg— Ygtag) X103 1),

~ H*({w EIC%(SK/GS) Jw=0ifj>ry+2, and dw =0 if j =1y + 2}),
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which is isomorphic to ITH* _(B).

42

3) B=V xc(SY/Gs), Gs = S' and £ = 3. We have Kr (B—Fy) =K (Vx (S?/Gs)x]0,1]). The

==
local calculations of the intersection cohomology show [ H%(B — Fy) = H*(S?/Gy).

Using the same procedure as before, we get:
H*(D(B)) = H*(D(c(S°/G))) = H* ({w € K5(S*/Gs)x] — 1,1]) / 0"w = w})

= H*(8%/GY).
4) B =V x ¢(S*/Gs), Gs = S' and £ = 1. We have X5 = () and therefore D*(B) = IC*+2(B) =
{liftable forms of Q*(B)}.

5) General case. The space B possesses a cover by open sets W = {W} and every W satisfies one of
the previous conditions. We finish the proof if we construct a subordinated partition of unity {f} such
that

(11) w € Kz(B — Fy) (resp. D*(B)) = fw € KZ(B — Fy) (vesp. D*(B)).

To this end, take {f} a partition of unity made up of controlled functions (see [15]). It is easy to check
that each function f is a liftable one (see [10, §4.1.5]). Since the lifting f is constant on the fibers of each
Lp: L5 (S/Gs) — S/Gg we get I1flls/as = lldflls/ag < 0. Therefore (11) holds. &

3.1.6 Image of ?{ Recall that for a liftable differential form w = 7o+ X A 7*3 on IQ*(M — Xjr) the

perverse degrees ||@||s and ||d®@||s, where S is a stratum of 3y, are calculated by:

1B]ls = max(|[@|ls/as, |[X]ls + [1B]ls/as)  and
ldolls = max(||da + €A Blls/as. [IX]ls + 1d5]]s/cs)-

Therefore, a differential form 7* (3 belongs to the image of f if and only if there exists a differential form

« satisfying:

i) a,0eQ(B—-Xp) are liftable forms,

i) a,0¢€ FquZ;(S/GS> for each exceptional stratum S with dim S =n — k,

i) pe FQk_legl(S/Gs)’ for each fixed stratum S with dimS=n—k <n—4
l|alls/as < ax and
|ldo + €A Blls/cs < ar

iv) Blsjas =0 for each fixed stratum S with dimS' =n — 2.

The relations 7 < g and rp_; < g — 1, for k¥ > 4, imply that K%(B,0B) is a subcomplex of Im]{

(taking o = 0). Moreover we have
Proposition 3.1.7 The inclusion K:(B,0B) — Imj{ mduces an isomorphism in cohomology.

Proof. We consider several cases.

1) B=V xc¢(SY/Gs) and Gs # S'. We have K%(B,0B) = K(B) and Im?{ = K%(B). The result

T

comes from the fact that B is a homological manifold.
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2) B=V x ¢(S*/Gs), Gs = S! and ¢ > 1. We have Kx(B,0B) = Kx(B) and therefore

. - | HI(S'G ifj<r

(see §3.1.2 and §3.1.3).

On the other hand, remark that we can change in iii) the form € by the (pullback of the) Euler form
€ of Ug (see (7)). Since the operators used in §3.1.2 and §3.1.3 preserve the form € we get, following the
same procedure used there, the isomorphisms:

H*(Im ]{ )=~ H*(Im j'{ I (eS") — 1 (e(S' — Tg1)/Gs))

> H*({8 € KL((S*/Gs)x] — 1,1[) / Ja € KL ((8"/Gs)x] — 1,1]) satisfying
a) a=0p=0 (S/GS—ESZ/GS)x{O}iijm—i—Z
b) da+eAfB=dB3=0 (S/GS—Esl/GS)X{O}ifj:’f'g—i-l, and
¢c) c*fa=aand c*3=43 on (S /Gs —Egeyas) x {0} })
> H*({8 € K(S"/Gs) / 3o € KIT(S8'/Gy) satisfying
a) a=pF=0 if j >rp+2, and
b) da+enp=d3=0 ifj=r,+1 }).

These calculations imply directly

] e . .
Im% {H (S°/Gs) %fj.grg
if 9 >rp+2.

Consider now a cycle 3 in IC%‘+1(S£/GS) with da+eAB = 0, for some o € IC%;H(S(Z/GS). Since the action
U has not fixed points, the map Ale]: H”H(ICg(SZ/GS)) — H”+3(IC§(SZ/G5)) is a monomorphism (see

§3.1.1). Thus, there exists v € K;‘(Sé/GS) with dy = 3. This implies the vanishing of H"¢+! (Im%) and

therefore the isomorphism H*(Im%) = H*(IC#(B,0B)).

3) B =1V xc(SY/Gs), Gs = S" and ¢ = 1. We have B = V x [0,1[ and therefore Im]{ =
Ki(B,0B) = { liftable forms } N Q*(B,0B).
4) General case. Same procedure followed in §3.1.5 5). )

We arrive to the main result of this work.

Theorem 3.1.8 Let ®:S' x M — M be an action of S' on a manifold M. For each perversity ¥ =
(0,0,0,75,76,...) there exists a long exact sequence

Ia

Ale] Hz+1((M F4)/S ) L HiJrl(M) ..

(12) - — H'(M) ~— [H; " (M/S',0(M/S")) —
where
a) ]{ is the integration along the fibers of the projection w: M — M/S?,
b)r+2=1(0,1,2,r5+2,76 +2,...),
¢) Fy is the union of 4-codimensional connected components of the fized point set of ®, and
d) [e] € IH;((M — Fy)/SY) is the Euler class of ®.
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Proof . Consider the perversity § = (0, 1,2,2,75 + 2,76 + 2,...). The short exact sequence
0— Kerj{ xon) Imj{ —0

produces the exact long sequence

man L Hi—l(fm]{) R Hi+1(Kerj{) (M) = -

(see (10) and Proposition 2.2.6). The connecting operator of this sequence is defined by 6[3] = [7*(eAJ)].
The result comes now from Propositions 3.1.5 and 3.1.7. &

Corollary 3.1.9 Let ®:S' x M — M be an action of S' on a manifold M. If the codimension of the
fized point set is at least 5, we get the following exact sequence

- — H'(M) L Hi-L(Myst) 2 THI (M/SY) T HH (M) — -

Proof . By hypothesis we have Fy = () and 9M/S! = (). Applying Theorem 3.1.8, for ¥ = 0, and [5, page
153] the result follows. )

3.1.10 Remarks.

1) The sequence (12) does not degenerate necessarily in (9). In fact, consider S2**! the unit sphere of
C/1, where the product induces the action W:S! x S2(+1 — §26+1  Jdentify S2¢+2 with the suspension
N2+ = 82641 5 [1,1]/{S**+ x {1}, S+ x {—1}}. Consider the action ®: S! x 8242 — S§2+2 defined
by ®(0, [z,t]) = [¥(0,x),t]. If £ > 2 then 9(S**+2/S') = F, = ) and the sequence (12) becomes

- — H'(S**?) —» H"Y(SCP') — THM (SCPY) — H™/(S*?) — ...
On the other hand, the sequence (9)
RN Hi(s?f-f—z) N Hl—l(ZCPK) N H'L—‘,—l(ZCPZ) N Hi+1(s2€+2) N

cannot be exact, therefore it is different from (12).
For £ =1 we get

N H”L(s4) N Hi—l(s3) N Hi+1(82) N Hi+1(s4) —
and for ¢ = 0 we obtain
- — H'(S*) — H'7'([0,1],{0,1}) — H**'([0,1]) — H'T'(S?) — -+

2) Up to a non-zero factor, the Euler class of ® does not depend on the choice of the good metric.
Indeed, let p; and po be two good metrics of M. Suppose first that d(M/S!) = (). For 7 = 0 we obtain
from the two Gysin sequences:

/\[euﬂ

HO(M/S') —% TH2((M — Fy)/S") L HA(M) j=1,2.

The space H°(M/S?!) is of dimension one, then, by exactness, dim Kerr* < 1 and Im(Aley,]) = Kerr* =
Im(Aley,]). Now, there exists A € R — {0} such that [e,, ] = Aley,].

If O(M/S') # ) we get the above result for M /S —9(M/S!). Now it suffices to apply the isomorphism
IH;(M/Sl) & IH;(M/S1 — 0(M/S1)), induced by restriction, to get the result.
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In particular, the fact that the Euler class of ® respect to the metric u vanishes does not depend of
the choice of the good metric u.
3) If the action ® has not fixed points, we obtain two exact sequences:

¢

7r_*>H1(M) H'L 1(M/S ) /\[e Herl(M/S)
T H (M) LHZ Lvy/st) 22 ]H’“(M/S )

The first is (12) and the second one is given by [10]. Here E denotes the Euler form associated to a global
invariant riemannian metric on M. The same argument used in 2) shows that [e] and [E] are that there
exists A € R — {0} such that [e] = \[E].

3.2 Vanishing of the Euler class

Consider ® an almost free action on a compact manifold M. The Euler class [e] € H?(M/S') vanishes
if and only if there exists a locally trivial fibration Y: M — S!, whose fibers are transverse to the orbits
of @ (see [9], [10]).

We show now that if the action ® has fixed points, the vanishing of the Euler class [e] € T Hg( (M —

F4)/S%) has also a geometrical interpretation, for that we need some preliminary results.

Lemma 3.2.1 If the FEuler class of ® vanishes then the codimension of M8 is at most two.

Proof. Let S be a fixed stratum on M. Since the Euler class of ® vanishes then the Euler class of g
also vanishes. From §3.1.10 3) and [10, §4.3] we deduce H'(S*) # 0 and therefore ¢ = 1. &

Lemma 3.2.2 Suppose that M is compact . and that the codzmenszon of MS' is two. There exist a
compact manifold M an almost free action ®:S! x M — M and a commutative diagram

where

i) EM s an equz’vam’ant differentiable map,
ii) the restriction of Ly to each connected component C of M— ,C Y(MS") is a diffeomorphism,and
iii) the adherence C is manifold with boundary E LS.

There also exist two good metrics p and i, of M and M respectively, such that Ej‘wu = [, on
M — Ly} (Sm).

Proof . For the first part we proceed as in §4.1.1, taking MS" instead of My _p_1.
For the second one we remark that the set of fixed points M ! has a neighborhood on M which is
diffeomorphic to M 8! % D2. The restriction of the above diagram to this neighborhood becomes
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MS' x Slx ] —1,1[
7\

_11%]\451

where Ly (z,0,7) = (z,[0,|r]]), L (2,0,7) = (2, Ls1(0),7), Las(z,0,7) = (z,[Ls1(0), r]]) and Lgi: ST —
S! is a trivial covering.

Out of that neighborhood we take p the restriction of a good metric of M and i = Ef,‘\/[u Inside we
consider: 1 = v + Lgdf + dr?, fi = v+ df + dr? and p = v + df + dr? where v is a riemannian metric
on M3, df is an invariant metric on S! and dr? is the canonical metric on | —1,1[. It is easy to see that
they satisfy the given conditions. &

Lemma 3.2.3 Suppose that the codimension of MS" is two. The Euler class of ® and the Euler class of
St x (M — MS") — (M — MS") vanish simultaneously.

Proof. The orbit space M/S! is an homological manifold with boundary M Sl/ S!. Thus, the inclusion
(M — MS")/S' — M/S' induces an isomorphism H*((M — MS")/S!) = H*(M/S'). We have finish,
because the Euler class of @' is the restriction of the Euler class of ®, for a good metric. &

A singular foliation F (see [13]) on M is said to be transverse to ® if for each point z € M — MS'
the leaf of F and the orbit of ® passing trough z, are transverse.

Theorem 3.2.4 Let ®:S' x M — M be an action of S' on a compact manifold M. The following
statements are equivalent:
a) the Euler class [e] € IH;((M — Fy)/S') vanishes, and

b) there ezists a singular foliation transverse to ®, whose restriction to M — MS' s a locally trivial
fibration over S'.

Proof . If there are not fixed points, the result was already proved in [10, §4.1], by means of §3.1.10 3).
Then, we can suppose MS' # (.

a) = b) Take p and /i the metrics given by Lemma 3.2.2. Since Lypu = fi we get L}[e] = [¢] and
therefore [¢] = 0. By §3.1.10 3) and [10, §4.1], there exists a locally trivial fibration T: M — S! transverse
to the fibers of ®.

Let C be a connected component of M — ZX}(M Sl). It is easily checked that the distribution
(L)« (Ker X, NTC) is locally of finite type, therefore it defines a singular foliation F (see [10, pages
185-186]). By §3 2.2 ii), the foliation F is transverse to ®. So, it remains to verify that the restriction of
Fto M — MS' is defined by a locally trivial fibration over St

Since the restriction Ly:C — (M — MS') is a diffeomorphism it suffices to show that T:C' — St
is a locally trivial fibration. Take a fiber N of T we get M = N x [0,1]/ ~ , where (z,0) ~ (f(z),1),
for a diffeomorphism f: N — N. The fibration T becomes Y([z,t]) = > and the action is tangent
to the [0, 1]-factor. Since C' is invariant, there exists a submanifold Ny C N, invariant by f, such that
C' = Ny x [0,1]/ ~. This finishes the proof.

b) = a) We show first that the codimension of M S' is two. Let S be a fixed stratum of ®. The locally
trivial fibration given by b) is defined by a closed differential form. Since S is an invariant submanifold
of M — MS" then the restriction of the above form defines a locally trivial fibration on S¢ transverse to
U (see [14]). From [10, §4.1, and §4.3] we deduce that the Euler class of Wg vanishes, and therefore
(=1.
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Consider on M — MS' an equivariant riemannian metric v such that: i) the leaves of F and the orbits
of ® are orthogonal, and ii) (X, X) = 1. Thus, the associated characteristic form X is a cycle. That is,
the Euler class [E] (in the sense of [10]) of ®:S! x (M — MS") — (M — MS") vanishes. By §3.1.10 3),
the Euler class [¢/] of @ also vanishes. Now we apply Lemma 3.2.3 &

As in [10, §4.3 and §4.4], we obtain

Corollary 3.2.5 Under the conditions of the previous Theorem, if B has not boundary and H*(M) =0
then the Euler class of ® is non-zero.

Proof . If the Euler class of ® is 0 then the action ® is almost free (consider §3.2.1 and 9B = ()) and we
can apply [10, §4.3]. )
The example §3.1.10 1), with £ = 0, show that the hypothesis 9B = () is necessary.

Corollary 3.2.6 Under the conditions of the previous Theorem, if the Euler class of ® vanishes, then
any equivariant unfolding M of M possesses a finite covering of the form N x S'.

Proof. Let u be a good metric of M. The relation £3,[e] = [¢] imply the Euler class of & vanishes.
Therefore, M has a finite covering of the form N x S (see [10]). L)

4 Appendix

The Appendix is devoted to the proofs of Proposition 1.1.6, Proposition 1.2.6 and Lemma 2.3.2.

4.1 Proof of Proposition 1.1.6

The construction of the equivariant unfolding that we exhibit now is the equivariant version of [1]. We
need the two following Lemmas.

Lemma 4.1.1 Suppose len(M) =€+ 1> 0. Then there exists a manifold M supporting an action of G
and a continuous equivariant map Lyr: M — M such that:

o~

a) len(M) < len(M),
b) Las: (M — E]T/[l(Mm_g_l)) — (M — My,—¢—1) is a finite trivial differentiable covering, and

¢) for each stratum S of dimension m —{€—1, for each xy € S and for each &g € E]T/[l (x0) there exists
a commutative diagram

o
U U x S'] —1,1]
(13) L Q
12
U ~ U x 8¢
where o
i) UC M andU C M are neighborhoods of xo and Ty respectively,
ii) (U,y) is a distinguished chart of a tubular neighborhood of S,

1s a Gg-equivariant diffeomorphism, and
(JZ‘, 977") = ($7 [07 ‘TH)

O
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Proof. We follow the process of “removing a tubular neighborhood” of [8] (see also [4]). In fact, we shall
take the double of the original construction in order to avoid corners.

Let S be the family of strata of M with dimension m — ¢ — 1. We choose for each S € S a tubu-
lar neighborhood Ns = (7g,7s, S, D) as in §1.1.2. Notice that the map U TS: U Ts — U S is

Ses Ses Ses
equivariant. For each S € S consider

1

Dg = {x €7s / 90(33) = (TS(x)’ [97 5])7 (Uv 90) € A}

It follows from §1.1.2 ii) that U Dg is a submanifold of M of codimension 1. The map
SeS

F:(|JDs) x (1= 1,1[-{0}) — U (Ts - 9)

Ses SeS

defined by F(z,r) = ¢ 1(75(2),[0,]|r]]), where p(2) = (15(2), [0,1

2]), is a two-fold equivariant differen-

tiable trivial covering.
We define now EAM: M — M.

o M is the quotient of {(M — U S) x {-1, 1}} U { U Dg)x] —1,1] } by the equivalence relation
SeS SeS
generated by:

(x,7) ~ (z,7) iff |r| = jr and x = F(z,|r]).

In the terminology of [8], the manifold M is the double of M ® U S.
Ses

x if y = (z,4) € (M- [J8) x{-1,1}

L — Ses
* Luy) F(z,|r]) ify=(z,r) UDS ] —1,1]
Ses

The set M is a manifold supporting an action of G (taking the trivial action on {—1,1} and ] —1,1[). The
map L is an equlvarlant continuous function. By construction len(]\? ) = len(M) — 1 and the restriction
of Ly to M — E Y(M,,_s_1) is a finite trivial covering. This glves a) and b).

In order to check c¢) we first notice that near S € S the map L becomes

Ly Dgx] —1,1[— Tg defined by Lys(z,7) = F(z, |r]).

Consider (U, ) a distinguished chart of Ng with 2o € U and take & = 7~ }(U) and U = LA]T/} (U) which
is (171(U) N Dg)x] — 1, 1[. They satisfy i) and ii).
1

Define the map ¢ by ¢(z,7) = (7s(2),6,r), where ¢(z) = (15(2), [0, 5]), it is a G g-diffeomorphism
satisfying iv). ~ -

Since the isotropy subgroup of any point of I/ is included in Gg we conclude that the trace on U of
the stratification defined by G is the stratification defined by Gg. Therefore ¢ is an isomorphism, which
gives iii). &

It is shown in [8] that the manifold M i is unique. So, for any equivariant diffeomorphism f: M — N
there exists an equivariant diffeomorphism f M — N with £ N f L.
4.1.3 Proof of Proposition 1.1.6

Assume inductively that the statement is true for any good action of length smaller than len(M).
Let Lp: M — M be the equivariant map given by §4.1.1. Recall that len(M) < len(M), therefore by
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induction there exists an equivariant unfolding £ i M — M. We consider the composition Ly = L MEA M,
which verifies §1.1.5 1) and 2). It remains to verify 3).

Let x¢ be a point of a non regular stratum S and let Zy be a point of Eﬁ(mo). If ¢ & My,_¢_1 we
consider g € M with EM(ﬁjo) = x9 and we apply the induction hypothesis to Lo If 29 € My we
apply §4.1.1 and we obtain the commutative diagram (13).

Defining U = L’ L(7f), we get i) and ii). Since ¢ is a Gg-equivariant isomorphism the composition

PLy is a Gg-equlvarlant unfolding. By uniqueness of ~ we have U x Sx] —1,1[= U x gzx] —1,1[. This
gives iii) and iv). L)

4.2 Proof of Proposition 1.2.6

Let Ly M — M be an equivariant unfolding of M (see Proposition 1.1.6). Since Ly is equivariant it
induces the continuous map Lp: M /G = B — B defined by L5(7()) = 7L(Z). Then a) and b) hold.
In order to prove c¢) assume inductively that the statement is true for any good action of length smaller
than len(M). In particular, for any non regular stratum S we have a commutative diagram

p o~
S? - SY/Gs

(16) Lge Lstaq

SZ . SE/GS )

satisfying a), b) and c).

Take yo € 7(S), %o € L5 (v0), ®0o = m(yo) and Ty = 7(J). Consider the diagram (1) given by
Proposition 1.1.6. We can choose the open set U small enough to have:

1) V.=m(U) is a neighborhood of y, and

2) a differentiable section o of m:U — V.

Define V = p=1(V) and V = L3 (V). We get 1) and ii). Following the same method used in the proof
of Proposition 1.2.2 and using the equivariance of Lj;, we can write:

V=L Y V)=7Ly n nr e (V) = £y 77 o (V) /Gs.
Since the restriction @: L3} 7 'o(V) — o(V) x é7x] —1,1[ is a Gg-equivariant diffeomorphism (see §1.1.5),

it induces the homeomorphism 0V — VxSt /Gsx] —1,1]. The map ¢ satisfies iii). Finally, for each
7(Z) € V we can write:

Ry7(Z) = R{m x p x identity }¢(T) (definition of )
=1IPp(7) (see (16))
= MLy (2) (see (1))
=YLy (T) (see §1.2.2)
= L7 (T) (see (3))
from which iv) is satisfied. &

4.3 Proof of Lemma 2.3.2
We prove this result for any good action, where we suppose X = X=0ifG £ St
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Assume inductively that the statement is true for any good action such that the length of the induced
stratification is smaller than len(M). It suffices to construct two riemannian metrics v and 7, on M — ¥y
and M respectively, satisfying b), ¢) and d); in this case the metrics:

(13) ,u:/ d v and ﬁ:/ 5217
G G

(see [2, page 304]), verify a), b), ¢) and d).

In order to get v and v we proceed in two steps: (I) construction of two riemannian metrics vy and
4 on open sets of the type U — ¥y and U respectively (see (1)), satisfying b), ¢), d) and (II) pasting
them by a partition of unity.

(I) Fix an open set U as in (1). Consider M and M two riemannian metrics, on S¢ — $g; and S
respectively, satisfying b), ¢) and d), which exist by induction. We can suppose M invariant by the
structural group of Ly: £37(S) — S (averaging as in (13)). By means of (U, @) we identify (U, U, Lys)
with (U x e8¢ U x 8¢x] — 1,1[, P).

There exists a decomposition TU = T(Stx]—1,1]) @ E, where X is tangent to E if S is an exceptional
stratum. The map P induces a decomposition T(U — Xp) = T{(S* — Xg¢)x]0,1[} © TU. We define
vy = py + M+ dr? and vy = P*uy + M + dr?® where py is any riemannian metric on U. We need to
check properties b), ¢) and d).

b) Pruy = P*uy + LLHEM + dr? = P*uy + M+ dr? = .

¢) For any exceptional stratum R the natural projection pr:U X §ZX] - 1,1[- U x S? induces a map
pr: L3} (R) — L3/ (S) with Ly = Las o pr. So, it suffices to check c) on £3/(S). Here, we have:
ny(X) = P uy(X) = pu(X).

d) For each stratum R meeting U the fibers of Lys: £, (R) — R are included on the fibers of P. Each
of the fibers of P is Gg-equivariantly isometric to (S, /{/lv) We apply now the induction hypothesis.

(II) Let Z = {U} and Z = {U} be coverings of M and M respectively made up of open sets as in (I).
Consider {vy, 7y }yez a family of riemannian metrics satisfying b), ¢) and d). Fix a partition of unity
{fu:td — [0,1]} subordinated to Z. Notice that the family {fy = fuLar:U — [0,1]} is a partition of
unity subordinated to =. Define the riemannian metrics v = Z fuvy on M — X and v = Z fuﬁu on

[m

M. Tt is easily checked that v and 7 satisfy b) and c) . For d) we use §1.1.2 iv). )
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