Lecture 3: Three fundamental theorems of
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TA LE Lor

Introduction

This note is devoted to the study of three fundamental theorems of Singularity
theory in o-minimal structures: Morse-Sard’s theorem, density of Morse functions
on definable sets, and Transversality theorem. The main results come from [L1]
and [L2].

Morse-Sard’s theorem in o-minimal structures is proved in Section 1. There is
no restriction on differentiability class and the dimensions of manifolds involved.
Note that, in general case, for differentiable mappings f : N — M of class CP,
Morse-Sard’s theorem requires p > max(dim N — dim M, 0 ). See [Wh] and [Y]
for examples that the theorem does not hold for mappings of low smoothness.

In Morse theory it is proved that the topological shape of a space can be described
via data given by Morse functions defined on the space. For Morse theory of com-
pact smooth manifolds we refer readers to the book by Milnor [Mi], for Morse theory
of singular spaces we refer to the book by Goresky and MacPherson [GM]. [GM]
proves the density and openness of Morse functions on closed Whitney stratified
subanalytic sets in the space of smooth functions endowed with Whitney topology
(see also the contributions by the following authors: [Mo], [Mi], [La], [Be], [P],
[O] and [Br]). In Section 2 we present similar results for definable sets in o-minimal
structures. The proofs are based on Sard’s theorem in o-minimal context. Note
that the spiral {(x,y) € R?:z = e=% cosp,y =e ? sing, o > 0}U{(0,0)} or the

oscillation {(z,y) € R? : y = zsin —,z > 0} U{(0,0)} has no Morse functions, even
T

though the first one is a closed Whitney stratified set (see Remark 2.4). Therefore,
in some sense, our results show a tameness property of definable sets.

In Section 3 we present Thom’s transversality theorem for maps and sets definable
in o-minimal structures. Whitney’s paper [Wh] provides examples of functions
which are nonconstant on a connected set of critical points (see also examples in
[Y]). Therefore, due to Morse-Sard’s theorem, in the general case (see [Le]) and
also in the X-version of the theorem given by Shiota [S2], there are some restric-
tions on differentiability class and the dimensions of manifolds involved. For the
restrictions in the general case we refer the readers to [Le, 7. Th.1] and [S2. Th.
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42 THREE FUNDAMENTAL THEOREMS

11.5.4 (3)]. In o-minimal structures, however, the theorem holds for any C! de-
finable submanifolds of any dimensions of the jet spaces. This can be seen as an
example of the tamenes of ominimality. Our proof is quite elementary, using some
standard arguments of Singularity theory in the o-minimal setting, and a tricky
computing of rank of Jacobian matrix.

In this note we fix an o-minimal structure on (R, +, ). “Definable” means definable
in this structure. Let p be a positive integer.
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1. Morse-Sard’s theorem

DEFINITION 1.1 (Definable Whitney topology). Let N, M be C? definable sub-

manifolds of R™, R™, respectively. Let DP(N, M) denote the set of CP definable
mappings from N to M. On this space the definable Whitney topology is defined
as follows (see [E] or [S1]).
First consider the case M = R. Let vy, --,vs be CP~1 definable vector fields on
N, such that vy (z), - ,vs(x) span the tangent space T, N of N at each z € N.
For each f € DP(N,R), and positive continuous definable function € on N, the
e-neighborhood of f in this topology is defined by

U-(f) ={9 € DP(N,R) : Jvg, v, (9 — f)| <&, 1 <k <p,1<iy, - ix < s},

where vf is the derivative of f along v, i.e. vf(z) = df (z)(v(x)).

Note that this topology does not depend on the choice of vy, - - - , vs.

The topology on DP(N,R™) = DP(N,R) x - -+ x DP(N,R) is the product topology.
For the general case, DP(N, M) is a subspace of DP(N,R™) with induced topology.
In this topology we have the following propositions which are proved in [E:

PROPOSITION 1.2. Let Ty be a definable open neighborhood of N in R™. Then
the restriction map

Dp(TN7M) — DP(N7M)7 f — f|N
18 continuous.

PROPOSITION 1.3. Let Ty be a CP definable submanifolds of R™. Let w : M —
Ty be a CP definable mapping. Then the mapping

DP(N>TM) _>DP(N7M)’ f = 71—Of
s continuous.

THEOREM 1.4 (Morse-Sard’s theorem). Let N and M be C? definable mani-
folds, and f: N — M be a CP definable map. For each s € N, let

Su(f) = {o € N : rankdf(z) < s} and Cy(f) = F(S(f)):
Then Cs(f) is definable and dim Cy(f) < s.



2. DENSITY OF MORSE FUNCTIONS ON DEFINABLE SETS 43

ProOOF: C.F. [W, THM. 2.7. | It is easy to see that C,(f) is definable. To
prove the second part we suppose, contrary to the assertion, that dim Cs(f)) > s.
Then, by Definable Choice, there exist a definable subset U of Cs(f) of dimension
> s and a definable CP mapping g : U — X4(f) such that fog = idy. So
rank df (g(y))dg(y) > s, for all y € U. Hence rankdf (z) > s, for all x € g(U). This
is a contradiction. (]

2. Density of Morse functions on definable sets

DEFINITION 2.1 (Tangents to definable sets). Let X be a definable subset of R™.
Let S be a definable CP Whitney stratification of X. Note that if S is a definable
submanifold of R™, then the tangent bundle 7'S and the cotangent bundle 7*S are
definable submanifolds of TR™ and T*R", respectively.
For S € S, the conormal bundle of S in R™ is defined by

TR ={(&,z) € (R™)* x S :&|m,s =0}
Note that T¢R™ is a definable submanifold of T*R"™ of dimension n.
A generalized tangent space @Q at x € S is any plane of the form
Q= 1lm T R,
y—x
where R € S and S C R.

The cotangent vector (£, x) is degenerate if there exists a generalized tangent space
Q at z, Q # TS such that {|g = 0.

PROPOSITION 2.2. The set of degenerate cotangent vectors which are conormal
to S is a conical definable set of dimension <mn — 1.

PROOF. Let R be a stratum in S with S C R\ R, and dim R = r. Consider

the mapping
g: R — G.(R"), defined by g(z) = T, R,
where G,(R™) denotes the Grassmannian of the r-dimensional vector subspaces of
R™.
The graph g of this mapping is a definable set of dimension r. So its closure g in
R™ x G,.(R™) is a definable set, and hence dim(g\ g) <r — 1.
Let
Ar={(2,Q) e TSR" x G,(R") : (z,Q) € g\ 9,&lg = 0.}

Then Ap is definable. For each (z,Q) € g\ ¢ the fiber Ax N (R™)* x (z,Q) has
dimension < n —r. Hence, dim Ar < dim(g\g)+ (n—7r)=n—1.
Since there are a finite number of strata R in S such that S C R\ R, the set of
degenerate cotangent vectors which are conormal to S is of dimension < n—1. O

DEFINITION 2.3 (Morse functions on stratified sets). (c.f. [Be], [La], [P] and
[GM]). Let X be a subset of R™ and S be a C? Whitney stratification of X.
A Morse function f on X is the restriction of a CP function f : R” — R satisfying
the following conditions:
(M1) For each S € S, the critical points of f|g are nondegenerate, i.e.
if dim S > 1, then the Hessian of f|gs at each critical point is nonsingular.
(M2) For every critical point € S of f|g, and for each generalized tangent
space Q at x with Q # T,,S, df(z)|q # 0, i.e. df(z) is not a degenerate
cotangent vector (where df(x) denotes the derivative of f at x).
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REMARK 2.4. The property of being a Morse function depends strictly on the
particular stratification of X. For example, every zero dimensional stratum is a
critical point of f. We also note that all lines through (0,0) are generalized tangent
spaces of the spiral as well as of the oscillation mentioned at the beginning of this
note. So there are no Morse functions on these sets.

REMARK 2.5. From the definition, one can check that if S’ is a definable C?
Whitney stratification of X compatible with S, and Z is a union of strata of S,
and f is a Morse function on (X,S’), then f is Morse on (X, S) and (Z, S|z).

Throughout this section, let X be a definable closed subset of R™, which is
endowed with a definable C? Whitney stratification S.

Let T be a definable C? manifold. Let F : T x R — R, F(t,x) = f:(z) be a
definable C? function. Define ® : T'x R™ — T*R"™ by ®(¢,z) = (df(x),z). Con-
sider the set of “Morse parameters” M (F,X) = {t € T : f;|x is a Morse function}.
Note that M (F, X) is a definable set.

THEOREM 2.6 (Parameter version of the density for Morse functions). If ® is a
submersion, then M(F,X) is an open subset of T and dim(T\ M(F, X)) < dimT.

PROOF. For each S € S, consider the following sets
My = M;(S) = {t € T : fi|s has nondegenerate critical points}, and
My = My(S) = {t € T : df:(x) is a nondegenerate covector for each x € S}.

It is easy to check that M; and M, are definable sets.
Now we claim that dim(7"\ My N Ms) < dimT'. To prove the claim, let

D = D(S) ={(§x) € TER™ : £ is a degenerate cotangent vector at x}.

Then D is a definable set. Let &g : T x S — T*S, ®g(¢t,z) = ((df¢]S)(z),z), and
m: T x R®™ — T be the natural projection. Since ® is submersive, ®g is transverse
to the zero section S of T*S. So the set V; = <I>§1(S) is a definable submanifold
of T x S. Furthermore, ¢t € M; if and only if ¢ is not a critical value of 7|y,. By
Morse-Sard’s theorem, dim(7 \ M;) < dim T

On the other hand, ® is transverse to each stratum of any Whitney stratification
of D, and by Proposition 2.2, dim D < n — 1, the set Vo = ®~1(D) is a definable
set of dimension < dim7T — 1. So dim(7" \ M3) = dim7(V2) < dim7T — 1.

Since the collection § is finite, the claim implies dim(7 \ M (F, X)) < dim T
Openness of M (F, X) follows from the second part of Theorem 2.9 below. (]

COROLLARY 2.7. Consider the square of distance function
F:R"xR" =R, F(t,z)=|t—z|>

Let M ={t eR": F(t,.) is a Morse function on X}. Then M is definable, open
and dense in R™.

COROLLARY 2.8. Let f : R®™ — R be a definable C? function. Consider the
linear deformations of f: f + L, where L is a linear form of R™. Let

M={L e LR™,R): f+ L isa Morse function on X}.
Then M is definable, open and dense in L(R™,R).
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THEOREM 2.9. The set of definable CP functions on R™ which are Morse on
X and have distinct critical values is dense and open in DP(R™).

Before proving the theorem, we prepare some lemmas.

Let d(-,-) and || - || denote the distance and the norm on R™ induced by the Eu-
clidean inner product, respectively. Let L(R™,R) denote the space of linear forms
on R”, and Ly(R™, R) denote the space of bilinear forms on R™. For L € L(R™,R),
B € Ly(R™,R), and T € Gi(R™), as usual, we define

ILlr]] = sup{|L(v)|: v €T, |jv]| =1},
Bl sup{|B(u,v)| : u,v € T ||u] = [v]| = 1},
and det B|r to be the determinant of the matrix representation of B|r with respect

to an orthonormal basis of T'.
By the definition we have

LEMMA 2.10. The following mappings:
LR™"R) x G,(R") — R, (LT)+~ |L|r|,
LQ(anR) X Gk(Rn) — Ra (BvT) = ||B|T||a
Ly(R™",R) x Gx(R*) — R, (B,T)+ detB|r,

are continuous and semialgebraic.

Let f € DP(R™). To test the Morsity of f|s at x € S € S, we define

d(z,0585)
1+4d(x,085)’
where d? f(z) is the second derivative of f at #, S =S\ 9, and d(z,0) = 1.
Note that, by Lemma 2.10, my g is a continuous definable function on S, and f|g
is Morse at « if and only if my g(z) > 0. In general, my g can not be continuously
extended to the closure S. Instead, for a Morse function f, m¢ g is bounded from

below by the restriction of a positive continuous function on R"™, constructed as
follows.

LEMMA 2.11. Let f € DP(R™). Then f is a Morse function on X if and only if
there exists a positive continuous definable function my on R"™, such that for each
SeS, my(x) <myg(x),Vr e S.

my.s(@) = |ldf (@)|z, 5|l + | det d* f )|z, ]

Proor. Assume f is Morse on X. To construct ms, we imitate the arguments
of the proof of Lemma 6.12. in [C].
For each S € S, let

p(r) =inf{msg(z):z € S, |z|| <r}.
Then u(r) is defined when r > 7, for some rg > 0. So p : [rg, +00) — R is a positive
definable nonincreasing function. To prove p(r) > 0, suppose to the contrary that
p(r) = 0. Then there exists a sequence (xy) in S, ||zx|| < 7, and ms g(zx) — 0. By

the boundedness, taking subsequence if necessary, we can assume that z, — z € S
and T, S — Q. This implies
d(z,0595)
d det d? —
Jdf (@)l + | det F(@) o] - 75
If x € S, then Q = T,S and hence the above equality contradicts condition M1.
If x € 0.5, then Q is a generalized tangent space. Since X is closed and the strata

=0.
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of § satisfy Whitney condition (a), the above equality contradicts condition M2.
By Monotonicity theorem, there exists a > g such that p is continuous on [a, +00).
Let 6 : R — [0,1] be a continuous nondecreasing definable function such that
0 = 0on (—o0,al, 8 =1 on [a+ 1,+00). Define ¢s : R” — R by ¢s(z) =
Ol ee(lz]) + (1 =0(]|z|]))(a+1). Then ¢g is positive, continuous, definable and
by construction ¢g < my s on S.

Define my = min{¢g : S € S}. Then my has the desired properties.

Now let us assume conversely that my is a positive continuous definable function
on R™, such that for each S € S, my(z) < myg(x),Vx € S. Then my g(z) > 0,
and hence f|g satisfies condition M1. On the other hand, if a sequence of points
xx € S converges to y € 05, and T,, S converges to @), then the above inequality
implies [|df (y)|q|l = my(y) > 0, and hence f satisfies condition M2.

Therefore, f is Morse on X. (I

Roughly speaking, the following lemma says that in the (e, §)-formulation of
continuity, § can be chosen to be continuously dependent on e and the variables.

LEMMA 2.12. Let v : F — R be a continuous definable function. Suppose F
is a closed subset of R™. Then there exists a positive continuous definable function
6 : Ry x F — R satisfying:

o' € F|a' -zl <d(e,x) = [P(a') — ()] <e
PRrROOF. Let
A={(e,z,0):e>0,z € F,§ >0Vz' € F, |2’ —z| <= |[¢) —(z)] <€)}
Then A is a definable set. For each (e,2) € R} x F', define

d(e,x) = min{sup{d : (¢, z,0) € A}, 1}.
Since 9 is a continuous definable function, § is well-defined, definable and positive
on Ry x F. For r > 0, define
1 - 1
wu(r) = iinf{cS(e,x) te> ek e F x| <r}.

Then g : (0,4+00) — R is a definable nonincreasing function. Moreover, u(r) > 0,
for all » > 0. Indeed, by the uniform continuity of ¢ on {z € F : ||z| < r+1}, there
exists dg € (0,1), such that if x,2’ € F, ||z]| <r+1,|2'|| <r+1, and ||z —2'|| < do,

1 - 1
then [ (z) — (2] < o So, by the definition of 4, if € > T € F and ||z|| <r,

— -1 0
then d(e,z) > d(—,x) > dp > 0. Therefore, pu(r) > 50 > 0.
T
Repeat the arguments of the proof of Lemma 2.11 for this u, keep the notations
there, and then define § : Ry x F'— R, by

1 1 1
8(e,z) = O(max(, [|z[])) p(max(=, [lz]))) + (1 = O(max(=, [|z])))nla +1).
It is easy to check that § has the desired properties. (Il
LEMMA 2.13. Let U be an open definable subset of R™. Let € : U — R be a

positive continuous definable function. Then there exists a positive definable CP
function ¢ : U — R, such that

|0%p| < e, V]|a| < p.
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PrOOF. For n = 1: By finiteness of the number of the connected components
of U, we can assume U = (a,b). Moreover, by Cell Decomposition, £ can be
smoothened at unsmooth points in an elementary way. So we reduced to the case
that ¢ is of class CP.

If lim e(¢) >0 and lim e(¢) > 0, then take ¢ = ¢, where ¢ is a constant, 0 < ¢ <
t—at t—b—

min e(t).

te(a,b)

If tlirl? g(t) = 0, then by Motonicity, ¢’ is strictly increasing on a neighborhood of

el
b, and tends to 0 at b. Repeating the previous argument for &”,--- ,e®) we get
a < b < b, such that ,&’,---, e are strictly monotone on (b',b), tend to 0 at b,
and |e(t)| < 1,---,]e®(t)] < 1, V¢t > V. Similarly for the case fher e(t) = 0, the
L—a

above conditions satisfy for € on (a,a’), with a < @’ < b. If we take a constant M
ept!
big enough, then ¢ = S has the desired properties.

For general n: Let g1(z) = N £l@) where N is a positive number. Fix

(14 [fI7)’
xzo € U. For t € R, let

d(LL'()7 6U)

a(t) = minfes(a) : o — aol* < 2, d(a, 00) = T2

}.

Applying the case n = 1, we have a positive definable C? function g : R — R, such
that [¢¥)| < a,Vk € {0, ,p}. Now let p(z) = g(||=[|?). Then by the chain rule,
when N is big enough, we have |0 “p(z)| < Ney(z)|z|l*l < e(z), Vz € U,V|a| <
p. O

Proof of Theorem 2.9. We divide the proof into two parts: density and openness.

Density: Let f € DP(R™), and € : R® — R be a positive continuous definable

function. We will find a Morse function on X in the e- neighborhood of f.

Let N =1+ n2P. By Lemma 2.13, the(re) exists a positive definable C? function
. o e(x

¢ : R™ = R, such that |0 “p(z)| < N+ ”xH),V|a\ <p.

Consider the following family

F:I"W xR" =R, F(t,2) = fi(x) = f(x) + top(z) + Ztixigo(a:),
i=1

where I = (—1,1), t = (to,t1, - ,tn), and x = (z1, -+ ,Zp)-
To apply Theorem 2.6, we check that

D(t,z) = Zl (aag‘i(a:) + to%(:c) +tjo(z) + Ztlng;’;(xo dzj,x

J
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is submersive. Indeed, since ¢(x) # 0, the rank of the Jacobian J®(t,x) =

0] O O 0] I,
X% dp dp 0]

?(x) @(x)‘*‘fl%(f) 90287961(1”) xn@(x) *
22 (x) Ny @) pla)+ g (s) g ee)
¢ ¢ 9 9
@ mpt@ mpt@ o e @

is n +rank(¢’(z), p(z)er + 219 (2), p()er + 229 (2), -+, p(2)en + o9’ (x)) = 21,
(where eq, - -+ , e, denote the standard basis of R™).

So the set {t € "' : f, is Morse on X} is dense in "1,

On the other hand, by Leibniz’s rule, it is easy to see that for each o € N", |a| < p,
we have

0°%(fe = P(@)] < [to]|0%p(2)] +thi||3“(xis0)(x)\ <( +n2p)ij\g;) = e().

Therefore, there exists t € I"t!, such that f; is a Morse function on X in the e-
neighborhood of f in DP(R™).

To get a Morse function with distinct critical values, we construct it as follows.
Suppose f is a Morse function on X. For each S € S, the set of critical points of
f|s is finite, because it is definable and discrete. So f has only finitely many critical
points on X. Let @1, - - - ,x4 be the critical points of f|g, of all S'in S. Let r > 0 be
small enough so that the balls B(x;,7),i=1,--- ,q, are disjoint. For i =1,--- ¢,
choose a definable C? function A; : R™ — [0,1], such that A\; = 0 on R™ \ B(x;,r),
and \;j(z) =1 on B(x;, 5). Consider the approximations of f of the form:

g=fH+cih 4+ FcgAg

Then in any neighborhood U of f, we can choose ¢i,---,¢cq so that g € U, g
is a Morse function on X with the set of critical points being {z1,---, 24}, and
g(x;) # g(x;), when i # j. This completes the proof of the density part.
Openness: Let f € DP(R™) be a Morse function on X with distinet critical values.
We will find a neighborhood of f that contains only Morse functions on X with
distinct critical values.

By Lemma 2.11, there is a positive continuous definable function my : R® — R,
such that for each S € §

d(xz,09)

my (@) < df @)lr.sl + | det & @lnsl T g5

Vr e S.

Define ex = %mf.

By Lemma 2.10 and 2.12, there exists a positive continuous semialgebraic function
d: Ry x La(R™,R) — R, satisfying the following condition for all & € {0,--- ,n}
and all T € G(R™):

B’ € Ly(R™,R),||B — B| < 8(¢, B) = |det By — det B'|7| < e.

Let e = min{ex, 6(ex,d?f)}. Then ¢ is a positive continuous definable function on
R". By the construction of ¢, if g € DP(R"), ||dg — df|| < ¢ and ||d*g — d*f]| < e,
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then for each x € S € S,

d(z,05)
1+d(z,085)

So, by Lemma 2.11, g is a Morse function on X.

Moreover, since f has only a finite number of critical points and takes distinct val-
ues at them, we can reduce ¢ so that if g € DP(R"™), |g — f| <, ||dg — df]| < e, and
|d2g—d?f|| < €, then g is Morse on X, the set of critical points of g|x is close to that
of f, and g still has distinct critical values. We have constructed a neighborhood
of f in DP(R™) containing only Morse functions on X with distinct critical values. O

mg,s(w) = |ldg(x)|z,sll+ | det d*g(x)| 1, ] >mys(x) = 2ex(z) > e(@).

To apply Morse theory to definable sets, one needs the following corollary:

COROLLARY 2.14. There exists a definable C? Morse function on X which is
proper and has distinct critical values.

ProOOF. By Corollary 2.7, there exists a definable C? Morse function f on
X which is proper. An approximation of f which has distinct critical values is
constructed in the proof of Theorem 2.7. ([l

Using the same arguments as in [P, Th.2] one obtains:

COROLLARY 2.15. If f € DP(R™) (p > 3) is a Morse function on X which is
proper and has distinct critical values, then f is stable in the sense that there exists
an open neighborhood U of f in DP(R™) such that for each g € U, one can find
homeomorphisms h : X — X and A : R — R, such that goh = Ao f.

REMARK 2.16. For the density of Morse functions to be true, X is not required
to be closed. However, for the openess to be true, X must be closed and the
stratification must satisfy Whitney’s condition (a) (i.e. for every pair strata (I',T")
of the stratification with T" C fl, given a sequence of points (x) in I converging
to a point y of I" such that T, I converging to a vector subspace T' of R™, then
T,I' C T). See an example in [P] (see also [T]).

3. Transversality theorem

DEFINITION 3.1 (Definable jet bundles). Let N, M be CP definable submani-
folds of R™, R™, respectively. Let 0 < r < p. Let J"(IN, M) denote the space of all
r-jets of maps from N to M (see for example [H] for the definition). We define the
definable r-jet space by

J(N,M)={j"fe J(N,M): feD"(N,M)}.

To see that this space is a definable set, we can construct it as follows (c.f. [S2]).
Let P"(R™) denote the set of all polynomials in n variable of degree < r which have
their constant term equal zero. Let

R:#{O[:(Oéh"' 7an) 6Nn1§ ‘OélZO[l—‘r"'—‘ran ST’}
We identify P"(R") with R, by Z o X & (lan)i<|a)<r

1<|a|<r
For the case N = U and M =V being open subsets of R™ and R™, respectively, it
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is easy to see that

Ip(UV)=J(UV)=UxV x [[PP®R")=U xV xR~
i=1

For f € D"(U, V), we denote and identify the r-jet of f at = by

60{
]Tf(‘r) = ($7f(il7), Z af'(x) (X - (E)Oé) = (xvf(x)7aaf(x))1§|a\§ru
1<]e|<r ’
||
where 0%f = 0" s , when a = (g, -+ ,a,) € N

oxft---dxp”
For general N and M, take C" definable tubular neighborhoods (T, 7y, pn) and
(Thi, 7, par) of N and M in R™ and R™, respectively. Note that such neighbor-
hoods exist by [E, Th.1.9]. Then we have

Jp(N,M) = {j"(mymofornn)(@): f €D (In,Ty),x € N}
= {jT(WMOT:;fOWN)(l')ZfEJT(TN,T]V[)7.’)L‘EN},
where T2 1) = f() + Y T T Dy e,
1<|a|<r '

Indeed, for each f € D" (N, M), there exists f=fony€ D"(Tn,Thr) such that
f|N = f, so we have the first equality. By Leibniz’s rule, % (mas o f o wn)(x) is
a polynomial of 87wy (), 0° f(mn(x)) and 8 Vmpr (f (mn (), with |, 18], || < |al,
so we have the second equality.

Hence, J5 (N, M) is a definable submanifold of J"(R",R™).

THEOREM 3.2 (Transversality theorem). Let N and M be definable C? man-
ifolds. Let A be a finite collection of definable C* submanifolds of J5(N,M)
(0 <r <p). Then the set

-(A) ={f € DP(N,M) : j" f is transverse to each member of A}

is a dense subset of DP(N, M).
Moreover, if A is a stratification of a closed subset and satisfies Whitney’s condition
(a), then 7.(A) is an open subset of DP(N, M).

To prove the theorem, we use the following lemmas.

LEMMA 3.3. Let ¢ : R® — R be a CP function, and o« € N*. For v € N",
denote v < « iff o« —v € N" and v < a iff v < a,v # «. Then there exist real
numbers a, (v < «) such that for all § € N" with || < |a|, we have:

0P (avp) = > a2 0 () if BFa,
y<a

% x%p) = alp + Zavxa—vaa(m).
y<a

Proor. First, note that
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Let a, (v < «a) be the solution of the following system of linear equations of
triangular form:

—§)! al
3 o )a,y = o GENI<a).

i<y<a

We shall check that the a, (7 < «) satisfy the equations of the lemma.
For each 8 € N™ |8] < ||, by Leibniz’s rule and the note, the lefthand side is

5 ol a— -5
Az =0"(a%p) =) Ci0 ()0 o= > (Cg(a_é)!a: 5>aﬁ ©.

6<B §<B,0<a
On the other hand, by Leibniz’s rule and the note, the righthand side is
B = Z a,z®798 (27 )

<«

- Y (et
<« 6<pB

- S (St ot
6<B \v<a

= Z Z avxo‘_WC’ga‘s(aﬂ) 857%7

6<B \<y<a

= Z Z C";’y 5 ,yxo‘f‘s 9P .

0<B \I<y<a

By the definition of the a ’s, we have

a!
Bg = Z <Cg z”“g)ﬁﬁ_‘sgo.
5<B,6<a (@ —d)!
If |5 <|afand B# o, then {§ e N": § < B, 0 <a}={0eN":§ < p,§ <a},
and thus Ag =B
IfB=a,then{§eN":§< 3,6 <a}\{0eN":6<8,§ <a}={a},
!
and thus A, — B, = Cg%xa—aa T = alp.

a—a)l

This completes the proof of the lemma. O

LEMMA 3.4. Let N,J and T be definable C? manifolds, and ® : T x N — J
be a definable CP map. Let A be a finite collection of definable submanifolds of J.
If ® is submersive, then the set

T(®,A)={t €T :®(t-) is transverse to A}
is a definable set and dim(T \ 7(®, A)) < dimT.

PRrROOF. Using the same arguments as in the proof of Theorem 2.6. O

Proof of Theorem 3.2. (c.f [S2, Th. I1.5.4 (3)])

We reduce the proof to the case N = U being an open subset of R, and M = R™,
by the following arguments.

Let (Tar,7ar, par) be a CP definable tubular neighborhood of M in R™. Let
w2 Jp(N,Tar) = JH(N,M),j"f — j"(mp o f). Let f € DP(N,M). If g is
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an approximation of f in DP(N,R™) and j"g is transverse to m,,,(A), for each
A € A, then, by Proposition 1.3, ms o g is an approximation of f in DP(N, M) and
j"(mar 0 g) is transverse to each member of A. Therefore, we can reduce to the case
M =TR™.

On the other hand, let (T, 7N, pn) be a CP definable tubular neighborhood of N
in R". For each A € A being a definable submanifold of JI(N,R™), define

A= {(xayaaa)1§|a|§r € JT(TNva) : (ﬂ-N(x)vyvaOé)lg\MSr € A}

Then A is a definable submanifold of J"(Tx,R™). Let f € DP(N,R™). If g is an
approximation of f in DP(Txn,R™) and j"g is transverse to A, for each A € A,
then, by Proposition 1.2, g|n is an approximation of f in DP(N,R™) and j"(g|n)
is transverse to each member of A in JJ,(INV,R™). Therefore, we can reduce to the
case N being an open subset of R"™.

Now, let f: U — R™, f = (f1, -+, fm) be a CP definable map. Let ¢ : U — R
be a positive continuous definable function. We shall construct a function in 7,.(\A)
which is in e-neighborhood of f.

Case m = 1: Let P = #{a € N" : |a| < p}, and C = P?(p!)?>". Let ¢ : U — R be
a positive CP definable function such that

0°0 )l < G T

————— V]o| < p.
L4 [|][?)

Note that such a function exists by Lemma 2.13.
Consider the following family of definable functions

F(ta) = fi@) = fl@) + 3 taa®p(a),

la|<r

where I = (—=1,1),t = (ta)jaj<r € I, Ro = #{a e N":|a| <r},and z € U.
First, we prove that f; is in e-neighborhood of f. Indeed, for each o € N™ with
ol < p,

0°(fe = N@) < Y 1tsl [0 (@ @)(@)] < Y |02 0)(@)].

|Bl<r |Bl<r

From the proof of Lemma 3.3 and by the definition of ¢, we have

|8°‘(:17ﬁ90)| = ZC’i@‘S(l’B)ﬁ‘X—‘S(p = Z C’(‘i A ':EB*‘S@“_(SQD
§<a §<fB,6<a (8 —9)!
< SO E) (1 + e )P) A
Py O+ Jl?)

Therefore, by the selection of C', we get
0“(fr — f)(z)| < e(z) Vo € U.

Using Lemma 3.4, we shall prove that there are many ¢ € I such that f; € 7.(A).
To this end, we need to check that

: 1% xU - J(UR)=U x Rf°, defined by ®(t,z) = (x, (O ft(x))al<r)s



is a submersion.

3. TRANSVERSALITY THEOREM

53

Calculating, we can write the Jacobian matrix J®(z,t) in block form:

0 0 0 0 S
o(z) V() 2B () 2@(z) ok
:éwtp(x) :avxw(:c) Z(T’mﬁap(x) :avxa@(x) e
2% () 2P 270(a) 282 o) DPaop(z) o »
Dop(z) o Do) - DoaPe() - Dwplz) o

where 1 < |y] < |8| = |a].
Applying Lemma 3.3, we can reduce the matrix to the form

0 .0 .0 .0 N
o(z) o0 0 o0 %
;’9790(96) ;v!tp(x) 6 6 *
0P o(x) * :ﬁ!gp(x) 0 %
S S S P

Therefore, rank J®(¢,z) = Ro + n,V(t,x) € I x U, i.e. ® is submersive.
For the general case: Use the same arguments as in the case m = 1 for the family

F(t,{L‘) = f1($) + Z tl,a‘ra(p(x)ﬂ T 7fm(x) + Z tm,axa@(m) s

|| <r la|<r

where ¢t = (ti,a)lgigm,m‘gr S JmEo,

Since the mapping j” : DP(N, M) — DP~"(N, J5(N, M)) is continuous and 7,.(A) =
(7)Y F € DP="(N, J5(N, M)) : F is transverse to each member of A}, the proof
of the second part of the theorem reduces to the case A being a stratification of a
definable closed subset of M and satisfying Whitney’s condition (a). Let K be the
subset of J5(N, M) defined by

o€ K iff there exist x € N, S € A,y € S such that a, , is not transverse to T},5,

where ag,, : T, N — T, M denotes the restriction of o to J5(N, M)y,

Then by the proof of [F, Prop. 3.6], K is closed in J& (N, M). Since the mapping
j:DP(N,M) — J5(N,M), f — j'f, is continuous, ;=1 (K) is closed.

Therefore, 71(A) = DP(N, M) \ j~(K) is open. O

REMARK 3.5. We do not know if the theorem hold for p = co or p = w.
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