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FOREWORD

A stratified pseudomanifold is normal if its links are connected. A norma-
lization of a stratified pseudomanifold X is a normal stratified pseudomanifold
XN together with a finite-to-one projection n : XV — X preserving the inter-
section homology. Recall that intersection homology is the suitable algebraic
tool for the stratified point of view: it was first introduced by Goresky and
MacPherson in the pl-category and later extended for any topological strati-
fied pseudomanifold [2], [3]. Following Borel the map n is usually required to
satisfy the following property: For each z € X there is a distinguished neigh-
borhood U such that the points of n=!(z) are in correspondence with the
connected components of the regular part of U. A normalization satisfying
the above condition always exists for any pl-stratified pseudomanifold [4], [6].
In this article we study the main properties of the map n. More precisely, we
prove that n can be required to satisfy a stronger condition: it is a locally
trivial stratified morphism preserving the conical structure transverse to the
strata. We make an explicit construction of such a normalization for any topo-
logical stratified pseudomanifold. Our construction is functorial, thus unique.
We exhibit the relationship between the stratifications of X and X%. Finally
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we prove that the normalization preserves the intersection homology with the
family of perversities given in [7], see also [5], [9]. This family of perversities
is larger than the usual one. With little adjust our procedure holds also in
the C*° category.

1. STRATIFIED PSEUDOMANIFOLDS

For a detailed treatment of the results contained in this section, see [8].

Manifolds considered in this paper will always be topological manifolds.
A topological space is stratified if it can be written as a disjoint union of
manifolds which are related by an incidence condition.

DEFINITION 1.1. Let X be a Hausdorfl, paracompact, second countable
space. A stratification of X is a locally finite partition S of X in connected
and locally closed subspaces called strata, satisfying

(1) Each stratum is a manifold with the induced topology.

(2) If a stratum S intersects the closure S’ of another stratum S’ then S C S’
and we say S’ lies on S.

(3) There exist open strata, all of them having the same dimension.

If this situation we say X is a stratified space. A stratum is regular if it is
open and singular if not; the dimension of X is the dimension of the open
strata; which we write dim(X). The regular part (resp. singular part) is the
union of regular (resp. singular) strata. We write the singular part with the
symbol 3. For any paracompact subspace Y C X the induced partition is the
family Sy whose elements are the connected component of Y NS, where S
runs over the strata of X. If Sy is a stratification of Y then we say that Y is
a stratified subspace.

ExXAMPLES 1.2. Here there are some examples of stratified spaces:

(1) For every manifold the canonical stratification is the family of its connec-
ted components. For every connected manifold M and every stratified space
X the canonical stratification of the product M x X is the family of products
M x S such that S is a stratum of X.

(2) The canonical stratification of the n-simplex A C R"™! is the family of
connected components of A; —A;_1, where 0 < j <n and Aj is the j-skeleton
of A. Any face of A is a stratified subpace.

(3) For every compact stratified space L the cone of L is the quotient space
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c¢(L) = L x [0,00)/L x {0}. We write [p,r] for the equivalence class of
(p,7) € L x [0,00), the symbol x denotes the equivalence class L x {0}
called the vertex. By convention ¢()) = {*}. The radium is the func-
tion p : ¢(L) — [0,00) defined by p[p,r] = r. For every ¢ > 0 we write
ce(L) = p~1[0,€). The canonical stratification of the cone is the family

Sy = ¥ U{S xRt : S is a stratum of L}.

Every c.(L) is a stratified subspace of ¢(L). A basic model is a product
M x ¢(L) of a contractible manifold M with the cone.

LEMMA 1.3. If S is a stratification of X then

1
2

(1) The relationship S < S’ & S C S’ is a partial order on S.

(2)

(3) A stratum is maximal (resp. minimal) < it is open (resp. closed).
(4)

(5)

For any stratum S the family of strata lying on S is finite.

4
)

The regular part is a dense open subset.
If X is compact then it has a finite number of strata.

By the above lemma, the union of closed strata is called the minimal part
of X, which we write X,,.
Since the stratification is locally finite, strict order chains

So<S1<--- <85

are always finite. The length of X is the maximal p for which there exists
such an order chain, we write it len(X). For instance, len(X) = 0 if and only
if X is a manifold with the canonical stratification.

A function f: X — X’ between two stratified spaces is a morphism (resp.
isomorphism) if

(1) f is a continuous function (resp. an homeomorphism).
(2) f preserves the regular part: f(X — %) C (X' —Y).
(3) f sends smoothly (resp. diffeomorphicaly) strata into strata.

For instance the change of radium f; : ¢(L) — c-(L) defined by fe:[p,r] =
[p, 2¢ - arctan(r) /7] is an isomorphism. A morphism f is an immersion when
f(X) is a stratified subspace of X’ and f is an isomorphism from X onto
f(X). An embedding is an immersion whose image is open.

A stratified pseudomanifold is a stratified space having a conical behavior
near the singular part, transversally to the singular strata.
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DEFINITION 1.4. Fix a stratified space X (and a stratification S), take a
stratum S and a point x € S. A chart in x is the embedding of a basic model

p:Uxe(l)— X

such that U C S is a contractible open neighborhood of x and ¢(u,x) =
u for each uw € U. The image Im(yp) is a distinguished neighborhood of
x. The compact stratified space L is the link of the chart. Notice that
len(L) < len(X). An atlas of S is a family of charts with the same link
Ag ={a: U, x c(L) — X}q such that {U,}, is a covering of S. We say that
X is a stratified pseudomanifold if every stratum has an atlas whose link is a
stratified pseudomanifold itself. In that case, an atlas of X is the choice of an
atlas for each stratum.

ExXAMPLES 1.5. These are the three examples of stratified pseudomani-
folds the most frequently used in this work:
(1) Every manifold (with the canonical stratification) is a stratified pseudo-
manifold, the link of any stratum being the empty set. For every manifold
M and every stratified pseudomanifold X the product M x X is a stratified
pseudomanifold.
(2) If L is a compact stratified pseudomanifold then the open cone ¢(L) is a
stratified pseudomanifold. The link of the vertex is L.
(3) The canonical n-simplex A C R"! is a compact stratified pseudomanifold,
the links are faces of A.

LEMMA 1.6. If X is a stratified pseudomanifold then
(1) Any two strata S < S’ satisfy dim(S) < dim(S").
(2) The family of distinguished neighborhoods is a base of the topology
of X.
(3) Every open subset of X is itself a stratified pseudomanifold.

2. NORMALIZATIONS AND NORMALIZERS

From now on we fix a stratified pseudomanifold X and an atlas of X. In
this section we will provide a detailed construction of the normalization of X.
A stratified pseudomanifold is normal if its links are connected. For instance
the canonical n-simplex A C R"*! is a normal stratified pseudomanifold. If
X is a normal stratified pseudomanifold then any open subset A C X is also
normal, and any link of X is normal. The following result is straightforward.
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LEMMA 2.1. FEach connected normal stratified pseudomanifold has only
one regular stratum.

The normalization of X is made up by cutting along the singular strata.

DEFINITION 2.2. A normalization of a stratified pseudomanifold X is a

proper surjective morphism
n: XNV o X

from a normal stratified pseudomanifold X% to X, together with a family of
normalizations of the links {ny, : LY — L} (of some fixed atlas) satisfying

(1) The restriction n: (X —¥) — (X — ¥) is an isomorphism.
(2) For each singular point z of X* there is a commutative diagram

N

UxcL)N % XN
lno lu (1)
Uxel) 5 X

satisfying

(a) ¢ is a chart of n(z).

(b) ¢(L)N = U; ¢(K;) where K1, ..., K, are the connected components
of LN.

(c) ¢V is an embedding and Im(p") = n=1(Im(y)).

(d) to(u, [p,7)5) = (u, [ns(p), 7]) where [p, ]; € e(K;).

In the above situation we will say X% is a normalizer of X.

EXAMPLES 2.3. These are three easy examples of normalizations:
(1) For any normal stratified pseudomanifold Z the identity 17 is a normali-
zation.
(2) Left vertical arrow ng of diagram (1) is a normalization.

(3) Fix a normalization n : X~ — X. Then for every open subset A of X the
restriction n: n71(A) — A is a normalization of A. If X’ is another stratified
pseudomanifold and f : X — X’ is an isomorphism then the composition fn
is a normalization of X’. Finally, for every manifold M the map

1M><n:M><XN—>M><X

is a normalization of M x X.
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The stratification of a normalizer can be written in terms of the starting
stratified pseudomanifold.

PROPOSITION 2.4. Ifn: XV — X is a normalization then

(1) For each stratum S the restriction n : n=*(S) — S is a locally trivial
finite covering.

(2) Every stratum of X~ is a connected component of n~'(S) for some
stratum S of X.

(3) "1 (Zmin) = Smin and len(XV) = len(X).

Proof. (1) It follows directly from §2.2. (2) Fix a stratum S of X. Since
any two strata R, R' C n=1(S) have the same dimension of S, they cannot be
compared. Consequently n™1(S) N R = R; so R is a closed, connected and
codimensional submanifold of n=1(S). Hence it is a connected component.
(3) In order to prove the first equality we first notice that
(a) If S is a stratum and R C n~1(S) is a stratum then n(R) = S: By step
(1) of this proof and the fact that n is proper; it follows that n(R) is a closed,
connected and codimensional submanifold of S.

(b) Strata contained in n=1(X,,;,) are not comparable: It follows from step
(2), and the fact that minimal strata in X are not comparable (they are
disjoint closed subsets).

Next fix a stratum R of X~. By §1.3 it suffices to show that that R is closed
< S =n(R) is closed. Then < follows from step (2) and the continuity of n.
By the other hand, since n is a proper map; the converse = follows from step
(a). This proves the first equality. The second equality is straightforward, it
can be deduce from the first one by an inductive argument. [

In order to show the uniqueness of the normalization we will establish its
functoriality.

PROPOSITION 2.5. (The lifting property) Let n : Y~ — Y be another
normalization, f : X — Y a continuous map preserving the regular part. Then
there is a unique continuous function f making commutative the following
diagram

fN
XN L yN
" "
x L vy
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Proof. If there exists such a map fV, then in X — ¥ it satisfies
N =l

So fV is unique because XV — ¥ is an open dense. The above equation shows
that we only need to define fV in the singular part. Fix a singular point z
of X¥; we will say that fV(2) = v if there exists a sequence {z;} C XV — %
converging to z, such that {f~(z;)}; converges to v. Such a v always exists
because XV — ¥ is an open dense and the normalizations are proper maps.
Notice that, by definition

o) =n (in 1¥(:)) =g ) <t fole) =y (@)

Consequently, v € n1(y). Then:
e The lifting is well defined: Since this is a local matter, we can suppose that
XN is connected and little. By §2.1 X has a unique regular stratum R (and
so does X). Take a chart ¢ : V x ¢(L) — Y of y = fn(z) as in diagram (1).
Assume that f(X) C Im(v), so we get a diagram

xv Ioyv oy c(L)N

ln ll’l lno

x L v ¥ vxew

where the dashed arrow fV is well defined in the regular part. So the composi-
tion (V)71 fV sends R in a regular stratum U x R’ x RT € U x ¢(L)N. Notice
that R = Kj is a connected component of LY. So, for any sequence {z;}; C R
converging to z the sequence {(¢¥")"1fN(2)}; is contained in U x c(Kj).
Hence

lim(™) " £V () = (fn(2).x) € U x {7}
This implies that f~(2) = N (f(z),%;) is well defined.

e The lifting is continuous: This is easily seen by taking limits. 1

THEOREM 2.6. (Functoriality) In the same situation of § 2.5, if f is a mor-
phism (resp. an embedding or an isomorphism) then so is f~.

Proof. We consider three cases:
(a) f is a morphism: Since f is continuous and nf = fn, by §2.4, it sends
strata into strata. Hence f% is a morphism.
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(b) f is an isomorphism: The inverse morphism f~! lifts to a unique morphism
g : YN — XN such that ng = f~'n. Notice that

ngfN =N = = 1yn

so gf" is a lifting of the identity 1y. Since the lifting is unique gf = 1¥
is the identity of Y. With the same argument f~g = 1¥ is the identity of
XN thus ¢ is the inverse of fV.

(c) f is an embedding: Notice that the restriction n: n=1(f(X)) — f(X) is a
normalization, because f(X) is open. Now apply step (b) to the isomorphism

COROLLARY 2.7. Normalizations and normalizers are unique up to iso-
morphisms.

Now we will prove the existence of a normalization of X.
THEOREM 2.8. FEach stratified pseudomanifold has a normalization.

Proof. Fix a stratified pseudomanifold X and an atlas.

e Reduction to a local matter: Proceed by induction on p = len(X). For
p = 0 it is trivial, assume the inductive hypothesis. Then each link of X has
a normalization and for each chart ¢ : U x ¢(L) — X the composition ¢ng is
a normalization of Im(y), where ng is the map given in §2.2. The family

U={AC X :Aisopen and has a normalizer}

is a basis of the topology of X (see §1.6), and it is closed by finite intersections
(see §2.3) and by arbitrary disjoint unions. By a Mayer-Vietoris argument
known as the Bredon’s Trick [1], it suffices to consider the case when X = AUB
for two open subsets A, B having normalizations

ng: AV = A ng:BY - B

By Theorem 2.6 there is an isomorphism ¢ such that the following diagram

commutes
nMANB) % np'(AnB)
na e npo =ny (3)

ANB — ANB
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e Construction of the normalizer: Define X as the sum of AY and BY
amalgamated by the isomorphism ¢, i.e.;

XN =ANuUBYN/ ~ 2z~ ¢(2) Yz €ny (AN B) (4)

We write[z] for the equivalence class of z € AN LI BN, Endow XV with the
quotient topology induced by the canonical projection ¢ : z — [z]. Since ¢
is an isomorphism it’s easy to see that X% is a stratified space and ¢ is a
surjective morphism.

e Embedding of AN and BN in X~: The arrow q : AN — X is continuous
and injective by definition. For every subset R C AN we have

¢ 'q(R) = RUG(RNn," (B))

If R is open then so is ¢(R), which implies ¢ |4~ is open. By the other hand,
if R is a stratum then ¢ sends it into a stratum of X~ and ¢: R — ¢(R) is a
homeomorphism. Hence, ¢ |4~ is an embedding; the same holds for g |z~

e Definition of the normalization: Define n: X — X by the rule

| na(z) ifze AN
nle] = ng(z) if z€ BY

(5)

Then n is well defined by diagram (3); besides it’s continuous and surjective.
We obtain a commutative diagram

xX{ 1 AN U BN

n
nplng

X

where ¢ and nslLing are morphisms, then so is n. It’s easy to see that restricted
to the regular part n is a diffeomorfism, so we verify the other properties of
§2.2.

e Local triviality: For every point z € X'V its image 2 = n(z) lies in A or in B.
Suppose x € A and let ¢ : U x ¢(L) — A a chart of x. We get a commutative
diagram

o q
UxcL)N & AN 5 XN
llan lnA n
UxelL) 2 AV — X
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By restricting go” to the connected component of U x ¢(L)" which contains
(eN)~1(2) we get a chart of z.

From the above discussion it is straightforward that n is a proper map and
X" is a normal stratified pseudomanifold. §

Remark 2.9. If we ask n to be smooth on each stratum and a diffeomor-
phism in the regular part; then Theorems 1 and 2 still hold in the C*° category.

EXAMPLE 2.10. Normalizing a tubular neighborhood: A tubular neigh-
borhood is a locally trivial fiber bundle £ = (T, 7, S, ¢(L)) where

(1) T is a stratified pseudomanifold, S C 7' is the unique minimal stratum.
The fiber ¢(L) is the cone of a compact stratified pseudomanifold.

(2) 7: T — S is a morphism, the restriction 7 |g is the identity of S.

(3) The structure group of the fiber bundle is G = Iso(L). In other words,
there is a trivializing atlas

U={a:Usxc(L) =7 HUd)}a
such that, if U, N Ug # 0, then the change of charts satisfies
Ba~t U, NUsz x ¢(L) — Uy NUs x c(L) (z,[p,r]) = (x, [gap(z,p),7])
Notice that gos(z, —) is an isomorphism and the global extension of the radium
piT—[0,00)  palw,p,r]) =1

is a stratified morphism which makes sense.
Fix two normalizations n : TV — T and ny, : LY — L; take ng : ¢(L)N —
¢(L) as in §2.2. We will show that there is a fiber bundle

eV = (T, 7 n71(S), (L))

where each object is induced by the process of normalization and the structure
group is G = [ so(LN ). But this in immediate since, by Theorem 2.6, there is
a unique lifting 7% : TV — n=1(S) such that the following diagram commutes

TN
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Each trivialization « in the atlas i/ lifts to a trivialization
aN U, x c(L)N — (TN)_I(n_l(U))

By the existence and uniqueness of liftings, the family of cocycles {gqg} lifts
to a family {gi\%} satisfying gévﬂgé\g = gOJX; for all o, 3,d; thus it is again a
family of cocycles. It is straightforward that the radium p lifts in a consistent
way to a radium p%.

3. INTERSECTION HOMOLOGY OF THE NORMALIZER

Intersection homology was first introduced by Goresky and MacPherson
in the category of pl-stratified pseudomanifolds, and later extended for any
stratified pseudomanifold [2], [3]. In order to show that the normalization
preserves the intersection homology, we extend Borel’s procedure to the family
of perversities given in [7]; see also [4], [5], [9]. Those preversities are more
general than the usual ones.

DEFINITION 3.1. Fix a stratified pseudomanifold X. A perversity in X is
a function p : § — Z from the family of strata S to the integers. A singular
simplex o : A — X is p-admissible if it satisfies the following properties:

(1) o sends the interior of A in X — 3.

(2) o71(9) C (dim(A) — codim(S) + p(9))-skeleton of A, for each singular
stratum S of X.

A singular chain & = Y7 rjo; is p-admissible if every o; is p-admissible. We
will say that § is a p-chain if § and its boundary ¢ are both p-admissible. We
write SC¥(X) for the complex of p-chains. The p-intersection homology of X
is the homology HY(X) of the complex SCY(X).

Given a normalization n : X — X, each perversity p in X induces
trivially a perversity in XV which we write again p by abuse of language.

THEOREM 3.2. HY(XN) = HP(X) for any perversity  in X.

Proof. We claim that the usual chain morphism n, : SC?(X") — SC?(X)
is an isomorphism. It suffice to show it in the p-simplexes.

e The arrow is well defined: We will proof that if ¢ is a simplex p-admissible
in X" then no is p-admissible in X. Condition (1) is trivial, so we verify (2):
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Fix a singular stratum S of X. Let S’ be a stratum contained in n=1(.S). Then
o~ 1(8") ¢ dim(A) — codim(S") +p(S")-skeleton of A. Since dim(S) = dim(S’)
then we conclude that (no)~1(S) C (dim(A) — codim(S) + p(S))-skeleton of
A.

e The arrow is injective: Take two singular simplexes o,0’ : A — XV and
suppose no = no’; then o and ¢’ coincide in the interior of A which implies
that o = o’.

e The arrow is surjective: Recall that A is a normal stratified pseudomanifold,
thus the identity 1a : A — A is a normalization. Take a p-admissible singular
simplex o : A — X. By §2.5; lifts to a unique singular simplex o : A — XV
satisfying no™ = 0. Conditions (1) and (2) of §3.1 are easily verified for o'¥;
so it is p-admissible. |
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