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NORMAL CONES IN ANALYTIC WHITNEY STRATIFICATIONS
by Heisuke HIRONAKA (%)

INTRODUCTION

In this paper, we prove that if A= Lana is a complex-analytic stratification of
a complex-analytic variety A with singularities and if it satisfies Whitney conditions,
then A is normally pseudo-flat along each stratum X, . (See § 2 for the definition of
normal pseudo-flatness.) This implies that the normal cone (which is a generalization
of normal bundle to the singular case) of A along X, is flat over the base X, within
an open dense subset of every fibre. This implies, at any rate, that the multiplicity
of A is constant along each stratum X, . This is only a microscopic step forward toward
the goal of determining the total scope of differential-geometric descriptions of singu-
larities (notably those of Thom and Whitney) in relation to various algebro-geometrical
characterizations of ‘“ equisingularity > proposed by Zariski, especially the one given
in terms of simultaneous desingularization of all transversal sections.

Zariski took experimentarily the case of a stratum of codimension one in a hyper-
surface in an affine space, proposed various algebro-geometrical definitions for equi-
singularity and established the equivalence among them and also between his notion
and Whitney condition combined with an additional assumption of equimultiplicity.
This paper shows that the equimultiplicity is a consequence of Whitney condition even
in the most general case. Incidentally, Zariski’s theory is quite satisfactory in the special
case and it presents us an attractive model for future exploration into the unknown
territory of general equisingularity problems.

From the technical point of view, this paper consists of the following simple obser-
vation about bounding the difference between varieties and their tangential cones at a
point. For simplicity, take a hypersurface H:f(x,, ..., x,)=0 in G" Let f, be the
initial form of f; i.e., the sum of those terms of the lowest degree in Taylor expansion
of f at the origin. The hypersurface H,:fy=o0 is called the tangential cone of H at
the origin 0. Let us assume oeH. There is a well-known criterion of Euler: H=H,
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128 HEISUKE HIRONAKA

if and only if the inner product (x, grad,f)= ; x;0f|ox;=0 on H. It is also known,
due to Whitney, that in general =l

qim (x, grad, f) /| x| . |grad, f| =o

In fact, one observes a stronger property:

| (3 grad, )| <8|x|'**. [grad, f| for xeH,

say within the unit ball B in C", where ¢ and § are positive numbers depending upon H.
Now our key lemma says: Given ¢>0 and ¢>o0, we can choose 3>0 such that for
every H satisfying the above inequality with these ¢ and 3, HnB lies within the
e-neighborhood of the tangential cone H,.

1. Whitney stratifications.

Let A be a topological space. Two local imbeddings of A around a point y €A,
say f;: U;—R" with an open neighborhood U; of y,in A, are said to be diffeo-equivalent
if there exists an open neighborhood U of y,, a pair of non-negative integers (r;, ,)
and a diffeomorphism % from a neighborhood of f,(,)x 0, in R™XxR" to a neighborhood
of fy(p)X0, in R™xR™ such that UCU,;nU, and kg (f;|U)=g(f;| U) where o
is the origin of R and g;: R"—>R"xR" is the inclusion by xt>xXxo; for i=1, 2.
A differentiably stratified space is by definition a topological space A furnished with the
following two data:

(1) A diffeo-imbedding type, i.e., a diffeo-equivalence class e(x) of local imbeddings
at each point xe€A, such that every point xycA admits an open neighborhood U and
an imbedding U—R" which belongs to ¢(x) for all xeU. An imbedding of this nature
will be called a permissible imbedding.

(11) A differentiable stratification, i.e., an expression A = 9 X,, a locally finite disjoint
union, such that each X, is a ¢ differentiable submanifold > (connected by definition)
of A with respect to local permissible imbeddings and that X, n XB +0 implies X, o Xg.
Each X, is called a stratum of (the stratification of) A, and X, >X; means X.o Xs-

If A=UX is a differentiably stratified space and Y is a stratum, then for every
point y,e€Y, we can find an open neighborhood U of y;in A and a permissible imbedding
U—E=E, xE, with E;=R" such that y, is mapped to the origin 0=0,x0, and YnU
is mapped onto a neighborhood of 0 in E;Xxo0,. Such an imbedding will be called a
(local) Y-cartesian imbedding of A around y,. The tangent space Ty, at every point x
is naturally identified with E (as a vector space), and hence, when a Y-cartesian imbedding
of A is given as above, Ty , is identified with a vector subspace of E for every xeXnU.
Furthermore, we can speak of the inner product (z, z') for vectors z and 2’ in E in the
standard euclidian sense. In this sense, the normal vector space Ny x , of X in E at x
will be identified with the orthogonal complement of Ty , in E. Let n:E — E ;Xo,
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NORMAL CONES IN ANALYTIC WHITNEY STRATIFICATIONS 129

denote the projection map x; X#,+>x;X0,. Let us define the following functions on
Xnn Y (YnU) for each stratum X>Y:

ax,y (¥) =max, {| (4, 0) | /| 4] . |o]}

Bxv (¥) =max,{| (u, m(x)2) | [|u] . | =(x)x[}

where u (resp. ») runs through the non-zero vectors in Ny x , (resp. Ty ) and w(x)x
denotes the vector in E corresponding to the arrow from =(x) to x. We call ay,
(resp. Bxy) Whitney - (resp. B-)function for the pair (X,Y) (with respect to the
Y-cartesian imbedding of A).

Definition (1.1). — A differentiably stratified space A is said to satisfy Whitney conditions
(and its stratification is called Whitney stratification), if for every stratum Y and every point y,eY,
there exists a local Y-cartesian imbedding of A around y, such that

lirr; axy (¥)=1im By y(x)=0
z-> ’ z—>y ?

Jor every stratum X >Y and every yeY (whenever the expressions make sense).

Remark (1.2). — The functions ayy and @y y clearly depend upon the choice
of a Y-imbedding of A. One can prove, however, that the limit condition of (1.1)
for either ay y alone or for the combination of the two axy and By, is actually inde-
pendent of the choice with respect to the given (Y, X, y=y,).

Let A be a complex- (resp. real-)analytic space, not neccessarily reduced. Then the
underlying topological space | A| of A has a canonical diffeo-imbedding type, i.e., the
one induced by any local complex- (resp. real-)analytic imbedding in terms of the
structure sheaf @,. We shall thus speak of differentiable stratifications of A and obtain
various differentiably stratified spaces from A. A differentiable stratification A=UX
is said to be complex- (resp. real-)analytic if every stratum X is a difference of two closed
complex- (resp. real-)analytic subspaces of A such that the second subspace contains
the singular locus of the first. With a complex- (resp. real-)analytic stratification A=UX
and a point y, of a stratum Y, we can speak of a complex- (resp. real-)analytic Y-cartesian
imbedding of A around y, into E=E,xE, with E,=C" (resp. =R"), in which case
the map U—E is required to be complex- (resp. real-)analytic.

Remark (1.3). — Let A=UX be a complex-analytic stratification of a complex-
analytic space A. Let us pick a stratum Y, p,eY and a complex-analytic Y-cartesian
imbedding of A around y,into €"=C"x C™. Then, by means of the standard hermitian
form ((z, 2")) in the complex vector space C’, we can define

o, y((%) =max, {| ((u, 2)) | /|| . 0]}
Bx,v((x)) =max,{| (&, =(x)x)) | /|u]. | =(x)x]}
in the same way as before, but using complex normal (resp. complex tangent) vectors u
(resp. v) to the complex manifold X (resp. Y). On the other hand, by means of the
standard identification of C" with R, ie., (z;, ...,%,) (%, ..., %,,9,) where
z,.=x,~+\/: 9;, we obtain the derived real-analytic (hence, differentiable) stratifi-
129
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130 HEISUKE HIRONAKA

cation of the derived real-analytic space, A, =UX,, and the derived real-analytic
Y ,.-cartesian imbedding of A, into R¥*=R¥'xR”: In this sense, we also have
the previously defined Whitney functions ayy and Bxy. One can then prove
ax y((%))=oax y(¥) and By y((x))=Bxy(x) for all X>Y and all xeX.

2. Normal cone and blowing-up.

Let A=UX be a complex- (resp. real-)analytic stratification of a complex-
(resp. real-)analytic space A. For the ideal sheaf .# of a stratum X in A, the direct

o)

sum D (#™/F™+1) can be viewed in a natural way as a graded Oy-algebra, which we
m=0

denote by gry(A). The homogeneous part of degree m of gry(A), denoted by gr(A),
is the restriction of the sheaf #™/.#™*! to X. One can then prove that gry(A) is of finite
presentation as Oy-algebra and hence defines a complex (resp. real) fibre space
C, x=Specan(grg(A)) over X (cf. [1]).

Definition (2.1). — This G, y together with the projection p: Gy x—X s called the
(intrinsic) normal cone of X in A.

Due to the graded structure of gry(A), we have the homothety in the fibres G, x ,
of p: Gy x—X, in terms of which we can speak of lines in the fibres. The notion of
lines can be made somewhat more explicit as follows. Restricting our attention to
local phenomena, let us assume that A is imbedded in a complex (resp. real) manifold E.
Then we have a canonical imbedding of G, yx into the normal bundle Ny (=Cgx)
of X in E. This imbedding induces an imbedding of fibres C,y ,—~Nyx, over
each point x of X in such a way that the image is defined by homogeneous polynomial
equations in the vector space Ny ,. Hence Gy x , is point-set-theoretically a union
of complex (resp. real) lines in the vector space Ny x ,.

In the real-analytic case, we consider various real-analytic maps ¢ : D—~A, where
D=(—1, 1), such that ¢(0)eX and ¢(¢)eA—X forall ¢40, where X is a stratum of A.
Given such ¢, the ideal .# of X in A induces an ideal in ¢}, which has a certain order e=e¢,
at t=o, ie., ¢ '(S)0,,=(t)0,, and hence ¢ (I™)0O ,=(")0y, for all m>o.
Thus ¢ induces an epimorphism of graded algebras h=4#,:grg(A),o—R[«], the
polynomial ring, such that if wel™ represents wegrZ(A) then #i(w)=(w"/f")(0)u™
where " denotes the function on D induced by w in terms of ¢. Let H, denote the real
half-line in Gy x . which corresponds to #>o0 by means of 4,. Let —H, denote
the complementary half-line of H,, i.e., the one corresponding to «<o. If ¢(¢)=q¢(—1?),
then H, is equal to either H, or —H, depending upon whether ¢, is even or odd.
We will denote by CPy the union of all those halflines H, in C,y (and the
vertices).

In the complex-analytic case, we take the induced real-analytic stratification
A’'=UX’ corresponding to the given complex-analytic stratification A= X. Then
Cy x in the real-analytic sense is canonically isomorphic to the induced real-analytic
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NORMAL CONES IN ANALYTIC WHITNEY STRATIFICATIONS 131

space of G, x in the complex-analytic sense. By means of this isomorphism, we shall
view G{ x. as a subset of G, x and denote it by C} 4.

Definition (2.2). — The topological subspace C{ x of C, x is called the extrinsic normal
cone of X wn A.

Let g:A"—>A be the blowing-up with center X, i.e., the composition of the
blowing-up A’—+A—(boundary of X) with the closed center X and the inclusion
into A. (The blowing-up in the real-analytic case is obtained by taking the  real
part ” of the complex blowing-up 7 : A*->A with center X, where A (resp. )~() is a
complexification of A (resp. X). The term ¢ real part ” makes sense with respect to
local imbeddings of A" into products C”xP% associated with local imbeddings of A
into R" and local ideal bases (g, &, ..., &,) of X in A.) Now the proper fibre space
g '(X)—>X, induced by g, is related to the intrinsic normal cone C, x as follows:
C, x=Specan(gry(A)) and g !(X)=Projan(grg(A)). This shows for instance a one-
to-one correspondence between the set of points of g~ '(X) and the set of complex (resp.
real) lines (through vertices) in C, x. In the complex-analytic case, g~'(A—X) is
dense in A". In the real-analytic case, however, the closure of g '(A—X) need not
be the entire set A" (nor even real-analytic in general).

bR

Remark (2.3). — In the complex-analytic case, Cf x is the underlying topo-
logical space of C,x. In fact, let © be any point of G, x—(vertices). Then o
corresponds to a point w of g7*(X). Since g~*(X) is in the closure of g '(A—X),
we can find a holomorphic map f:B—A’, where B={zeC: |z] <1}, such that
flo)=w and f(B—{o})Cg '(A—X). Let A:(—1,1)>B be the inclusion of the
real part. Then for each «eC'=C—{o}, |a|<1, we obtain a real-analytic map
¢yt (—1, 1) >A by o,(8)=g(f(er(f))). The order e=e, is equal to the order of the
complex ideal (gf)~'(#)0g , which is independent of «. Now, if &’ is any point of the
half-line H,, other than the vertex, then «’ corresponds to the same point w as .
Hence we have «€C’ such that ©=a‘e’ with respect to the canonical action of C'
on the cone G, x. Then o is a point of H‘% with B=ua/|a|.

Definition (2.4). — We say that A is normally pseudo-flat along a stratum X, if the
projection. po: C x—X  is universally open, i.e., for every real-analytic map KX, the base
extension poXxK : Cf x XxK—K is an open map of topological spaces.

Remark (2.5). — Let us consider the complex-analytic case and assume that A is
equidimensional. Then the following conditions are equivalent to one another:

(i) A is normally pseudo-flat along X.

(ii) p:Cyx—>X is universally open with respect to complex-analytic base
extensions.

(iii) For every holomorphic map B—+X, where Bz{zeC: |z < I}, the induced
map (pXxB).q: (CyxXxB)a—B is flat, where red indicates the reduced structure.

(iii)* For the blowing-up g: A*—A with center X and for every B—>X as in (iii),
the induced morphism (gXx«B),, is flat.
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132 HEISUKE HIRONAKA

(iv) dim G, x , is independent of xeX.

(iv)" dim g~ *(x) is independent of xeX.

Moreover, the implications (i) = (ii) = (iii) < (iii) "= (iv) < (iv)" do not require the
equidimensionality assumption on A. In fact, (i) = (ii) = (iii) are clear. In view of the
spec-proj relation between C,x and g '(X), we see (iii)<>(iii)" and (iv)<(iv)"
(iii)" = (iv)" because g is proper and X is connected. Let us prove (iv) = (i). First of
all, the ideal sheaf of g~*(X) in A" is invertible as ¢,.-module. Hence the equidimen-
sionality assumption on A implies the same of g~!(X). Since G, x—(vertices) is a
C’-bundle over g~'(X), C,  is also equidimensional. Thanks to this fact, (iv)" implies
that given any point weC, ¢, we can find an irreducible complex subvariety W of C; x
through the point w, such that dim W=dim X and p~!(x) "W is finite (possibly empty)
for all xeX. It is easy to see that p induces a universally open map W—X even with
respect to all real-analytic base extensions. The point w being arbitrary, p itself must
be universally open in this sense. (i) follows, because C} x is the underlying topological
space of G, .

3. Equimultiplicity along a stratum.

Let A=UX be a complex- (resp. real-)analytic stratification. Let us pick a
stratum X and an X-cartesian imbedding of A around a point x, of X into E=E, XE,.
As we are interested in local phenomena, we localize the situation around the given
point x, and assume that the entire A is imbedded in E and X =(E,;xo0,)nA. For each
d>o, let S;,={(u,0)eE:|v]|=d} and A:E—(E;X0,)>S, the map defined by
(u, v) > (u, v/|v]). Gy x is imbedded in the normal bundle N x, and N yx is naturally
identified with =~ }(X)=X,;xE,, where X=X, Xxo,.

Remark (3.1). — Cf xnS,==n"1(X) n;i_l)l% MANS,). In fact, take the real case
and let ¢ : D—>A be as before. The ideal # of X in A is generated by the coordinate
functions (vy, 2, ...,,) of E;. With e=e,, welet v,0—ait’e(t**)0; , where a.eR.

Then H,nS,=(¢(0),, a/|a|) with ¢(0)=(¢(0);, ¢(0),) and a=(a, ...,q,). It is

©s Yy

clearly contained in Glli_{r(l) Me((o, 1))nS;) and hence in (}1_1)1}) AMANS,). Conversely, let
G=limA(AnS)n="}(X) and G =g'X)ng '(A-X), where g:A"—>A is the
blowing-up with center X. We have a natural surjection s:G-—>G". Let
L,={(u,v)eE: (v, w,)>0} for each o=(w,, »,)eG. We then have s(w)eg '(AnL,).
Since A" is analytic and g '(AnL,) is open and semi-analytic in A", there exists an
analytic map ¢ :D-—>A" such that ¢(0)=s(w) and ¢(t)eg '(AnL,) for all >o.
Then for ¢=g¢, we get weH,nS,cC} xnS,.

Remark (3.2). — In the complex-analytic case, if A is normally pseudo-flat, then A ;
is equimultiple along X, i.e., the multiplicity v, (A,,) of the reduced complex space A,
at the point x is independent of xeX.

In fact, the normal pseudo-flatness of A along X implies that dim C, x , (=¢, say)
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NORMAL CONES IN ANALYTIC WHITNEY STRATIFICATIONS 133

is independent of xeX. This condition is unaffected if A is replaced by the union of
those irreducible components of A,,;, whose dimensions are ¢+dim X and which
contain X. So is the equimultiplicity of A along X. Thus we assume:

(3-2.1) A is reduced, equidimensional, and X is contained in every irreducible component
of A.

Let P, be the projective space of dimension 7,—1 associated with the vector
space E,. Then P, carries a complex line bundle F,—P, whose fibres correspond
in a one-to-one fashion to the complex lines through the origin o, in E,. We shall
identify P, with the zero section. Let o¢,:F,—>E, be the natural map, and
6=idy X 6,: F—+E where F=E;xF,. This ¢ is the blowing-up with center E,Xo0,.
Hence there is a canonical imbedding of A" into F such that ¢ induces g: A*—>A. Since
dim g7 '(x)=dim C, x ,—1=¢—1 for all xeX, by localizing the situation around
any given point ¥, of X, we may assume that there exists a nonempty open set U in
the grassmannian Grass(r,—c, 7,) such that if Ly is any vector subspace of dimension
r,—¢ of E, which corresponds to a point BeU, then we have A"n (E;xLy)=e¢ where L
denotes the linear subspace of P, which corresponds to L;. Let 2, =0,=...=0,=0
be the linear equations for Ly in E,, and let =, : E,—~E; be a homomorphism to a vector
space E; of dimension ¢ defined by (o, ...,7,). Then t=idg Xt,: E - E'=E;XE;
induces a morphism 4:A—E’. We then have:

(3.2.2) X=~r"YE,;X0;) and h is a finite morphism in a neighborhood of X.

Let E.=x,XE;, A, =An (x,xE;)=h"'(E}) and h,: A,—~E. the morphism induced
by h, where xeX and A(x)=x;X0;. Note that A, does not depend upon the choice
of BeU, while %, does. By choosing pfeU, we may assume: v,(A,)=deg#, for all x
near x,, where (and below) deg /, denotes the degree of the map 4, in a sufficiently small
neighborhood of x in A,. Now, for almost all xeX, A is normally flat along X at x so
that gr,(A) is isomorphic to gr,(A,) ®.gr,(X). Thisisomorphism implies v (A)=v,(A,).
On the other hand, (g.2.1) and (3.2.2) imply that deg £, is independent of xeX.
Thus v, (A)=v,(A,) >deg h,=deg b, =v, (A,)>v,(A) for almost all xeX near x,.
Hence we get v,(A)=v,(A) for such x by the upper-semicontinuity of multiplicity.
Since x, is arbitrary, A must be equimultiple along X.

4. A key lemma.

Let us fix E=R" and let V be the closed unit ball about the origin 0. We are
interested in various closed subsets H of V furnished with stratification H=UY such
that each stratum Y is of the form VY with a differentiable submanifold ¥ of E.
We define H(d)=A(HnS,) for >0 and H(o)=lim H(d), where S,={veE:|v|=d}
and A:E—{o}—8, isdefined by v0/|v|. Aswas seen before, if H is real-analytic then
H(0)=0CY (nS, with the extrinsic tangential cone Cy , of H. We define the following
function on H—{o}:

Bu(y)=max {| (1, )| /|«|.| oy |}
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134 HEISUKE HIRONAKA

where z runs through the non-zero vectors in the orthogonal complement Ny y , of Ty ,
with the stratum Y containing y. (Here and below, Ty , means Ty , when yeYnS,.)
We shall measure the difference between two closed subsets A and B of S, by

dif(A, B)= max (min |bx |4 min|ax]).

Lemma (4.1). — Given e>0 and e>o, there exists 3>0 such that the following state-
ment is true: For any H=UY as above, if Bu(»)<8|oy|® for all yeH—{o}, then
dif(H(o), H(d))<ed® for all d with 0<d<1.

Proof. — To begin with, we assume 8<1 so that By(»)<1 for all . We define
a “ vector field ” @ on H—{o} as follows: For each yeH—{o0}, w(y)=|0y|v/(v, o)
with the orthogonal projection v of 0y to the tangent space Ty ,, where Y is the stratum
of H containing y. By a complete integral curve of o, we shall mean a continuous map
¢ : [0, 1]—>H, such that ¢(1)eH(1), ¢(0)=o0 and, except for denumerable values
of ¢, do(u)/du= o(¢(x)) for all u sufficiently near . We shall first prove:

(4-x.x) For every point zeH—{0}, there exists at least one complete integral curve of «
through z.

Consider various continuous maps ¢ : (a, b) -H, such that ¢<|o0z|<b, ¢(|oz]|)=
and, except for denumerable values of ¢, d{(u)/du= w({(x)) for all  sufficiently near .
First of all, ¢(f)=y» implies t—[oy| for every ¢t. In fact, this is true for y=2z and
d|Y(2)|/dt=((b(t)), od(2))/|od(t)|=1 for almost all #, so that it remains true for
all &. Now consider the ordering among those ¢, by defining ¢;<¢, to mean
that ¢, is an extension of ¢;. A maximal element exists and we call it §: (p, q)—~H.
For p<¢,<t,<q,

() — () | < [ o(B(0) [ < [} at/V 1—Bu@E)P< (1) [V 15

Hence, 3 being <1, we see that }iir; ¢(t) and }151; ¢(t) exist. Call these §(p) and §(q).
In this extended sense, ¢ is a continuous map: [p, g]—>H. If p>o, then y=1{(p)
is a point of a stratum Y of H, and Y carries a differentiable vector field «|Y within
a neighborhood of y. This then enables us to extend ¢ further. Thus the maximality
of § implies p=o. Similarly we get g=1. The extended { is hence a complete integral
curve of w. This proves (4.1.1). Next let us pick any positive § such that 258<1 and
1+e714/r(1/2)7°8/(1—28)<4/2. We shall then prove:
(4.1.2) For every complete integral curve ¢ of w, we have

le@/le@|—e@) /e ]| <{e™"/7(v/2)"**3/(1—28) } o (1) |

Sor all (s, t) with 0<s<t<1.

Since any orthogonal transformation of R’ does affect neither the assumptions nor
the conclusion, we may assume that o¢(s)=(¢,(s), ..., ¢,(s5))=(s, 0, ..., 0). We
have

(2] 0:(1) 9 (1) —@i(w)ei (W) [*) = | @ (w) | . | ') Bale(@) <3]¢'(@)] . | o) [***
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NORMAL CONES IN ANALYTIC WHITNEY STRATIFICATIONS 135

whenever o'(u)=do(u) /du = w(p(x)). This implies
(%) | i) ;) — (W) i () | <3| 9" (w) | . | () |***

for every isj.
Let us pick any ¢, s<t'<t, such that:

(%%) o () > | o) |//2  for all uels, ¢'].
This implies:
(%%) o1(w) > {(1—28)[4/2}| 9" (w)|  for all ue[s, ¢].
In fact:
Loy (@) [ o(w) |—ei(@) [ @' (@) | | <[ o) /| 9(u) [—0"(w) /| ¢'(¥) ||
=1/2(1—(1—Bu((®))*)"")'"* <1/2 By(o (1)) <4/23.
By (%), (%x) and (x%%), we get
| 9i () [o1 () — i(w) o () | <{ (v/2)* T8/ (1—23) }.. oy ()
for every i>1. Let z(u)=q;(u)/p,(x), and call £(3) the number in the last { } divided
by e. Then we get |zi(u)/oy(x)| <k(S)ep,(u)*~" so that
|2:(8) —2i(5) | <) (@1 (8) —1(5)) S(3) s (¢)"

Hence |2(t)—z(s) | </7k(3)e(t)", where 2(u)=(z,(), - .., 2,). Since ()] z(t)]
=¢()/|o(t)| and z(s)=e¢(s)/| ¢(s);
lo() /o) |—2()/o() | | <[2(#)/]2(#) | =2(¥') [4+] 2() —2(s) |

Sli—[2() ] |+ 2() —2(s) | <2 | 2() —2(s) | <2v/TE(3) [ () |
Thus (4.1.2) follows if we check that ¢ can be £ We see this as follows. Since
[2() [=1, |2(E) [ S1+4/TR(D), de, @()/|@() [2(1+4/7K(3))"">(¢/2)"" by the
assumption on 3. This being a strict inequality, the continuity of ¢ (and ¢,) implies
that (x%) holds for all ue[s,f]. Now, (4.1) follows immediately from (4.1.1) and
(4.1.2) if we take 3 so small that the number in {} of (4.1.2) is less than ¢ (in addition
to the preceeding inequalities). (Note that every complete integral curve ¢ of o has
the property: o¢(f)=y implies ¢=|oy|.)

5. Strict Whitney conditions.

If L and K are two subsets of a euclidian space E, we denote by distg(L, K) the
distance between the two sets L and K in E, i.e., the greatest lower bound of | xy| with
xeL and yekK.

Definition (5.1). — A differentiably stratified space A=\ X is said to satisfy the strict
Whitney conditions, if for every points y, of every stratum Y of A, there exists a local Y-cartesian
imbedding of A around y, into E and a positive real number e such that

%ﬂi_{’; oy, y (%) [distg(x, Y)* = !81—13111 Bx v (%) [distg(x, Y)=o0
Sor every stratum X >Y and every point yeY (whenever the expressions make sense).
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Lemma (5.2). — For a complex- (or real-)analytic stratification of a complex- (or real-)
analytic space, Whitney conditions imply strict Whitney conditions.

Proof. — It is enough to take the real-analytic case. Since the question is local,
let us assume that we have a real-analytic Y-cartesian imbedding of the entire A into
E=E,xE, with E,=R" Let us pick any X to check the conditions of (5.1).
We may then assume that X is open in A, A is smooth in X and Y is closed in A.
We consider the case of Byy(x). (The proof for ayy(x) is quite similar.) Let
n;: E=E, denote the projection for i=1,2. We have the canonical R'-bundle
A : E;—{o0,} >P, with the real projective space P, of dimension 7,—1. Let n=dim X
and, for each xeX, t(x) denotes the point of Grass(n,r) which corresponds to the
tangent space of X at x (identified as a vector subspace of E). We then get a map
g=AmyX1: X—>P,XGrass(n,r). We can show that there exists a closed real-analytic
subspace Wof A xP,x Grass(n, r) whichinduces the graph of gin X X P, X Grass(n, ).
The projection induces a proper morphism % : W-—A, which induces an isomorphism
X'—+>X where X'=h"4X). Let Y =4"'(Y). We have a real-analytic function B
on P,xGrass(n, r) such that By y=Bg. Namely, B(L, T)=max{|(u,0)|/|u|.]|v|},

where L (resp. T) is a vector subspace of dimension 1 (resp. #) and u {resp. v) runs through
the vectors +o0 in L (resp. the orthogonal complement of T). Let p’ be the function
on W induced by 8. Whitney condition on By y is equivalent to saying that B’ vanishes
on X'nY’. This then implies the strong vanishing of 8’ of the type (5.1) due to the
real-analyticity of the space and the strata. A quick way to see this is to apply the
resolution of singularities to the pair (W, Y’), i.e., a proper real-analytic map f:V—->W,
such that V is smooth, that f induces an isomorphism X" X' with X" =f~}(X’)
and that Y =f~"'(Y’) has only normal crossings. Let Z be the connected component
of V containing X/, and Y'=Y""nZ. Let .# be the ideal sheaf of Y in A, which is
generated by the coordinate functions of E,. Now the function 8° on Z induced by B’
vanishes on Y", for the complement of X’ in Z is real-analytic and hence X"’ is dense in Z.
Locally at every point of Y', we can find a coordinate system (z, ..., z,) of Z such
that #@, is generated by a monomial in the z;. Thanks to this, it is easy to prove that

~ the radical of #0, contains the function B* which vanishes on Y = Supp(0,/£0,).
Then there exists an integer ¢>1 such that #@, contains "¢, It then follows that
the limit condition of (5.1) is satisfied with the number e=1/gq.

6. Normal pseudo-flatness theorem.

In this section, A=UX will denote either a complex-, or real-, analytic stratifi-
cation of a complex-, or real-, analytic space A.

Theorem (6.x). — If A=UX satisfies Whitney conditions, then A is normally pseudo-
flat along each stratum.

Proof. — It is enough to consider the real-analytic case. Let us pick a stratum Y
of A and a point y, of Y. The question being local, we may assume that there is given
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a global Y-cartesian imbedding of A into E=E,; XE, and that A is contained in =~ *(Y)
where ©:E—E,;Xo0, denotes the projection. Whitney limit condition (1.1) on ayy
for each stratum X >Y implies that = induces a smooth morphism XnU—Y with
an open neighborhood U of Y in E. We may assume that U=E forall X>Y, and
furthermore that Y is a boundary of every other stratum X of A. By Lemma (5.2),
we may assume that there exists ¢>o0 such that

lim By v(x)/|m(2)x|* =0

z—>y
for all X and all yeY. Now let us pick 5>0 such that G={x,x0,eE : |x,|<b}cY.
Then, by taking a suitable expansion (i.e., a scalar multiplication by a number >1)
in E,, we may assume that if V,={x xx,en"'(G):|x,|<d}, then A is closed and
analytic in a neighborhood of V,;. Here note that for any given 3>0, we can choose
the above expansion so large that By y(x) <8|n(x)x|® for all X>Y and all xeXnV,.
Let H ==""(y) nAnV, which inherits a stratification UXy with X, =H,nX and an
imbedding into the euclidian space y X E,, where yeG. Asm inducesa smooth morphism
XY for all x, we can apply Lemma (4.1), say with e=1, to each H, = U X, in yxE,.
We may thus assume

0 dif(H, (o), H,(d)) <d* for all yeG and all d, 0<d<1.

Now, if K is any real-analytic space, such as the one in the condition (2.4), and if 2z
is any point of K which is contained in the closure of K-z, then there exists a real-
analytic map g:D=(—1, 1)—->K such that g(o)=2z and g(t)eK—z for all t=o.
Thus, to verify the normal pseudo-flatness condition (2.4) of A along Y, it is enough
to show that, for every real-analytic map #%:D-—Y with its image in G, the exten-
sion ¢:Q—>D with Q=DxyC{y is an open map. Since y, is arbitrary, this then
amounts to proving that ¢~*(o) is contained in the closure of ¢~'(D—{o}) for every
such ¢ as above. Let S;={x x#xeE:|x|=d}, and T,={txx,eDXE,:|x|=1}.
We have teDL!{O} t X yHy(0) C.}i—{%(tenl‘—lm) tx yHy,y(d)) n (D—{o0}) XE,) and, by (3.1),
thisisequal to (D—{0}) X y(C} ynS,)=¢"'(D—{0})nT,. Therefore, (!) implies that for
every d, 1>d>o, the 2d*-neighborhood of ¢~*(D—{0}) nT, (with respect to the euclidian

distance in E) contains the closure of the set teDU{o}tXYH"(“(d)' This closure contains

tléJDtXYHh(,)(d) for all sufficiently small d>o, because X—>Y is smooth surjective
and X is transversal with S; for all strata X by Whitney condition on B. It follows
that the closure of ¢~*(D—{o})nT, contains ,,l,i_r,%tléjthYHh(t)(d)’ which is by (3.1)
equal to (DxyC}y)nT;. In particular, ¢ '(0)nT, is contained in the closure of
g7 (D—{0})nT;. Cf y being a family of cones, it follows that g~*(0) is in the closure
of ¢=*(D—{o}).

Corollary (6.2). — If A=UX is a complex-analytic stratification of a reduced complex
space A and if it satisfies Whitney conditions, then A is equimultiple along every stratum.

Proof. — Immediate from (6.1) and (3.2).
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