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Abstract

The purpose of this paper is to introduce notations of r-reticular map
germs on IR"™ and investigate their stability. The main results are proofs
of stability theorems, which is the similar to Mather’s stable theorems
for C*°-maps.

1 Introduction

In the Mather’s stable theory for C*° map-germ, in order to prove stable cri-
teria, J. Mather gave various equivalent notations of stability of map-germs.
They are Stable map; Transverse stability; Infinitesimally stable; Homotopi-
cally stable; Stability under deformation, and he proved that all notations are
equivalent (see [3], pp. 111-142).

We propose in this paper to generalize Mather’s theory of stable map-germ
and to prove stable theorems similar in Mather’s stable theorem for C'*° map-
germ by unfolding theory.

The paper contains two sections: The first section deals with the basic
notation and in Section 2, we prove some results concerning the stability of
r-reticular map-germ in IR™. The main results of this paper are theorems 3.1,
3.4 and 3.5.
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2 Preliminaries

We denote by e(n,p) the set of germs of differentiable maps at zero on R™ to
RP. We write e(n) instead e(n, 1).

Fix r € N0 < r < n, let X; denote a germ of the set {(z1,z2,...,2n) €
R™|z; = 0}, and let P(I,) denote the family of all subsets of the set I, =
{1,2,...,7}.

The collection X = (X,)scp(r,) Where Xy = Nico X, is called a germ
of r-reticular manifold. Denote by Diff (n) = {® : (R™",0) — (R",0)|® is a
diffeomorphism germ at zero, such that ®(X,) = X,,0 € P(I;)} and Y = R™.

2.1 Definition Let f: X — Y be a function from X into Y. Denote by f the
collection (f5)sep(r), where fo = f|x, . fis called a r-reticular map-germ, we
write f: X — Y.

We say that two germs [ £y (X,0) — (Y,0) are reticularly equivalent if
there exists ¢ € Diff"(n) such that f = f o¢.

Example 1 Let X = R?, Y = R, [ = {1,2} then

P(I) = {{0},{1},{2},{1,2}}. Let f : X — R, (x,y,2) — 2% + 22y + y=.
Then we have

ifoy =0=¢ € P(I), then f,, : R> — IR, f, (x,y,2) = 2>+ 22y + yz;

if o9 =0 ={1} € P(I), then f,, : X0, = R, f5,(0,y,2) =yz;

if o3 =0 = {2} € P(I), then f,, : Xoy — R, fo(x,0,2)= 2%

if oy =0 ={1,2} € P(I), then f,, : X,, — R, f5,(0,0,2)=0.

It is easily seen that f = {fo,, fos, [0y, [ou}, Where Xo, = Xqpy = R?, X,,
X{l} = {(O’ya Z) € BS}’ XUS = X{Q} = {(33,0,2’) € Bg}a XU4 = X{1,2} -
X1 N Xy ={(0,0,2) € R3}.

Example 2 Let X = R, Y =R, I = {1,2}, f: X — R, (z,y,2) —
2

—~—

22 4+2zy+yzandg: X — R, (v,y,2) — %+xy+yz. Then f, g are reticularly

equivalent. Indeed, taking ¢ : (IR3,0) — (IR3,0), (x,y, 2) — (22,y, ), we have
d(Xs,) =X, 1=1,2,3,4 andi:gogb.

Remark (a) By a change of basis in IR, each element ¢ of Diff"(n) is of the
form ¢(x) = (z161(x), . .., Trdr(x), Prip1(x), ..., Pn(x)) where ¢; are germs of
smooth functions on R™ and Jac(¢) # 0 .

(b) Let U be an open subset of IRY. Then X x U = (X, x U)|,ep(r) is also
a germ of a reticular manifold.

2.2 Definition Let f : X — Y be a r-reticular map-germ, and U be an
open subset of IR? (called the base of the unfolding). We say that a reticular
map-germ F : X x U > (z,u) — (F(x,u),u) € Y x U is an unfolding of f if
F(z,0) = f(x).

We say that two unfolding F; and F5 are equivalent if there exist ¢ €
Diff"(n + q), G € e(m + ¢,m + q) (where dimY = m) such that ¢ (resp. G)
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is an unfolding of the identity of X (resp. Y) and the following diagram is

commutative
F

XxU ————— YxU
|+ |o
XxU —2 ., vxu

Let F be as above and let h : (U',0) — (U,0) be a germ of a diffeo-
morphism and h(u') € U. Then the map germ h*F defined by (h*F)(z,u’) =
(F(x,h(u)),u) is called the unfolding derived from the unfolding F' : X xU —
Y x U of f by the change of basis h.

We say that an unfolding F' of f is versal if any unfolding of f is reticularly
equivalent to an unfolding induced from F by a change of basis.

A reticular map germ is stable if any unfolding F' : X x U — Y x U is
trivial, i.e., it is reticularly equivalent to the constant unfolding

X xU>3(z,u) = (f(x),u) € (Y xU).

Let f: X — Y be a smooth map-germ, we say that [ is infinitesimally
stable if for any g € e(n,m), where £(n, m) is the ring of smooth functions
from IR™ into Y, there exist h; € e(n) and k; € e(m) such that

o) = gl + Y Shwe)+ k).

i=r+t1 j=1
Where (eq, ..., en) is canonical basis of e(n,m). We write
_ of of of Of,
T/ = em)in TR TR P axn} +frelm)(er, -, em)

where f*e(m) is the subring of e(n) defined by f*e(n) = {kof : k € e(m)}e(n).
The number Cod,(f) = dimpg (e(n,m)/T.f) is called the reticular codi-
mention of f.
Let F be an unfolding of f with base U. We say that F' is infinitesimally
versal if

Trf—|—B{F1,F2,...,Fq}zs(n,m) (1)

where F(z,u) = (F(z,u),u), F; () = %(x’ 0) and IR{F1, F2, ..., Fq} is the

vector subspace of £(n, m) generated by {F1, Fa, ..., Fq}.

Remark We can prove that f is infinitesimally stable if and only if any
infinitesimal unfolding f + ta is trivial (i.e a € T} f)
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3 Some Results

3.1 Theorem A smooth map-germ f has a versal unfolding if and only if
Cod,.(f) is finite.

Proof Assume that Cod,.(f) =1, and g1, . .., g; form a basis of e(n, m) /T, f.
Then the map-germ defined by

l
Fz,u) = (f(2) + ngi(x), u)

is infinitesimally versal unfolding (since it satisfies (1)). In order to proceed,
now we are interested in the case, all map-germs are holomorphic. In this
case, instead of £(n), we denote by O(n),O(p),O(n,p) the rings of germs of
holomorphic functions on the germs X,Y and of germs of holomorphic maps
of the germ X to the germ Y respectively, where n = dim X,p = dimY. We
need the following theorem.

3.2 Theorem Any infinitesimally versal deformation is versal.

The proof of this theorem is similar to that of theorem 3.3 in [5], if we know
a generalization of the flow-box theorem. Hence it is enough to formulate this
generalization and prove it.

3.3 Flow-box Theorem (in a generalized form) Let v(z) = ) fi(x)% be a
i=1 ‘

germ of a vector-field at 0, where & € e(n) and &(x) = xlgl(x), i=1,...,m
Let hy be the flow generated by v. Then, in a small neighbourhood of t =0, hy
is a reticular analysis map-germ.

Proof a) By the usual flow-box theorem, h; is a analysis map-germ. The
proof can be found in [V.Arnold, Ordinary Dif and only if erential Equations,
Moscow 1974]. Observe that this is the holomorphic version of the usual flow-
box theorem.

b) Let hy be of the form: hy(x) = (h}(z),...,h%(z)), it is enough to prove
that,

(3) hi

x;=0 :OfOI"L'Zl,...,’/‘.

In oder to prove (3), we show that %It:o =0 on x; = 0 for all s (since
by analyticity of the mapping ¢ — hy, h: must then vanish on z; = 0 in the
neighborhood of ¢ = 0).

Since the proof is the same for all i = 1,...,r, we consider i = 1 only.

We know that d%h% () = & (he(2)), %hﬂf;g =& (x) = 21&1(x), and hence
d%h% |t=o vanished at z = 0. Now consider the second derivative:

06 dh R 05

a2 T 2o, a T - 8xj§j(ht($))
Jj=1 Jj=1
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_ (aixlgl(ht(x)> b (E; %&(b&x)) .
2,1
a Ny
dt* ,
tives of all order vanish at t = 0 for 1 = 0. Because h; are analytic therefore
hi=0.
Proof of Theorem 3.2
Before giving our proof of the theorem, we need a lemma.
Let F' is an infinitesimally versal deformation of the germ f and let ¢ be
any one-parameter deformation of F : B
O(x,\,0)=F(x,)), F(x,0) = f(x)
®: (R" x R x R,0) — (RY,0).
We may consider ® as an [ + 1—parameter deformation of the germ f of a
map from R” into R? with parameters A € R!, u € R.

Hence lt=o = 0 at z; = 0. By induction we conclude that the deriva-

Lemma (Reduction) The deformation ® of f is equivalent to one induced
from F.

Proof We construct a vector field germ v at 0 in space R™ x R! x R. In such
a way that

i)ov= a% + E(A,u)% + X(z, )\,u)a%

ii) vo® = 0.

According to i) the phase curves of such a field are transversal to the hyper-
plane © = 0 and determine near zero a smooth fibration of n+I741—dimensional
space over n+[—dimensional space. This fibration may be described as follows.
Associate to each point (z, A, u) the intersection of the phase curve through it
with plane © = 0. Denote the z—and A—coordinate of this point of intersec-
tion by g and . According to i) the fibration so constructed can be written
in the form (z, A, u) — (g(x, A, u), (A, u)). By ii) it is clear that ® is constant
deformation of F), hence v is constant of vector field

n= a% + e(\, u)a% in neighbourhood of 0 € R! x R.

If Y(u,t1, ..., t) = (u,Yu(ts, ..., 1)) is locally dif and only if eomorphism
defined by in integral of vector field n. By theorem 3.3 we have vy, (t1, ..., )
is a germ of holomorphic function, then deformation ® of f is r—reticularly

equivalent to one induced from F for h: (R x R,0) — (RL,0) (u,t1,...,1) —

w;l(tla s 7tl)'
Therefore to prove the lemma, it remains to construct a field v satisfying i)
and ii).

Since F is an infinitesimally versal deformation of f then Va € e(n + 1, p)
we have

T n

o) ) L.
o)=Y e lh) + Y )+ Y Bie
i=1 t K i=1

i=r+1
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Consequently for every variation a(z, A\, u) of ® there exists a decomposi-
tion:

n+1

alz, \,u) = le ,1' Zaf —|—ZF§1

i=r+1 Li

The preparation theorem (see section 6.6, p.130 of [2]) shows that the de-
composition exists also for convergent series and in the C'*°—case [it is necessary
to apply the theorem to the A, » ,—module (Ar7A7u)"/{gfz, ®,e;}, to the map
(z, A, u) — (A, u) and to generators g—i ].

The decomposition as above for a = —g—f supplies the desired solution, the

lemma is proved.

The continuation of the proof of theorem 3.2

Let F' be any deformation of f with parameter N € R! and let F be
an infinitesimally versal deformation of the same germ with parameter A € R’
From the “sum” that is the deformation F(z, A, N') = F(x, \)+ F'(z, X) —f(z)
with [ 4+ I’—dimensional parameter (\, \').

For X' = 0 the deformation F' reduces to F and for A = 0 to F'. The
inclusion of submanifold in the base of the deformation induces a deformation
whose base is the embedded submanifold; we shall call the original deformation
(with the large base) an extension of the deformation with the smaller base.
Note that an extension of an infinitesimally versal velocities only increase.

Consider now the chain of subspace Rl ¢ R! ¢ .. ¢ R beginning with
the base of the deformation F and finishing with the base of the deformation F'.
The restrictions of F' to these subspaces are infinitesimally stable. Consequently
applying the reduction lemma we may see that deformation F is r—reticularly
equivalent to one induced from F. But the deformation F’ is induced from F.
Therefore the deformation F’ also is r—reticularly equivalent to one induced
from F, at which point therefore F' is the versal unfolding the proof of the
theorem is concluded.

Now we consider the case when F is versal we see that Cod,(f) is finite.
Indeed, it follows readily from F is a versal unfolding of f that for all a(z) €
g(n,m), we construct an l-parameter unfolding F’(z,t) = f(z) + a(z) of f.
Since F is versal hence there exist g, ¢ such that f(z)+ta(z) = Flg(z,t), ¢(t)],
where g : X x R — X, g(2,0) = z and ¢ : R — IR!, ©(0) = 0 such that f
and g are smooth germs. Dif and only if erentiating by ¢ at zero we get B

a(x) = (Flg(x,t), o)) ],—o = le 8_FM N

t=0
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! . " .
OF dy; B of of
> e | = 2Ty hi@)+ D Ehile) + Y e B (w)
i=1 t=0 i=1 i=r41 i=1
where
1) = =5 — = (@) =2—,j=1,2
hi(x) T i=1,2,...,n; F;(x) 8%,] .2,...0;
c; = 8()01 (xa t) )
ot t=0

Therefore F' is an infinitesimally versal [-parameter unfolding of f, then the
equality (1) holds and it implies, of course, the finiteness of Cod,.(f).

3.4 Theorem [ is infinitesimally stable if and only if f is stable.

Proof Firstly, we note that f is infinitesimally stable if and only if Cod,.(f) = 0
(by definition). Now assume that f is stable, we have to prove that Cod,.(f) =
0. This mean that for all g € e(n,m) we have g € T,.f. Because f is sta-
ble, any unfolding of f is trivial, in particular the one-parameter unfolding

F defined by F(x,u) = (f(z) 4+ ug(z),u) is trivial. Therefore there exist
H € Diffandonlyif™(n +1), G : R™*' — IR™*! (without loss of general-
ity we can assume that G = Idgm+1) such that F = G o F’ o H, where H is of

the form
H(z,u) = (x1h1(z,u), ..., zh-(z, ), hey1(x,u), ..o hy (2, u), w)
and F"’ is the constant unfolding of f. Hence we have

f(x) +ug(x) = flhi(z,u), ha(z,u), ..., hy(z,w)]; (5)

hi(z,u) = z;hi(x,u), i=1,...,r

Differentiating both sides of (5) by u at u = 0 we get the equality

~—  Oh; 0f " Oh; Of
g(x)—;xl ou Ozx; * Z 200 0xi|,_o

u=0  j=p41

Hence g € T, (f).

If f is infinitesimally stable, then Cod,.(f) = 0 . Now if we consider f as an
unfolding of f with base u = {0}, then f is versal, and so any unfolding F of f
is derived from f by a change of basis. Therefore F is trivial, and we conclude
that f is stable.

3.5 Theorem An unfolding F' of f is versal if and only if F is stable.
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Proof Let F be an unfolding of f. Then F is stable if and only if Cod,.(f) =0

(see 3.4), hence it is enough to prove that F is versal if and only if Cod,.(F) = 0.
We use the Weierstrass preparation theorem (in the algebraic version) (see

[4]).-

Let F(z,u) = (F(z,u),u), let g1,...gs € O(n + ¢, p) and put gio(z) =

gi(z,0); of course g; o € O(n, p). Then the following conditions are equivalent:
a) T f + R{g1,0 o gs,0f =O0(n,p)

b) O(n—!—p){xlgxil, . .,J?raaxir’ agf’—P—;—l, o aaxin}_F

O(n+p){er,...,ept +O@{01,...95F = O(n+q,p).
By the notation of Cod,.(F'), we have Cod,.(F') = 0.

Problem We have generalized Mather’s theory of singularities of map-germs to
reticular map-germs. In [10] D. Siersma classified the germs of function with
boundary and with corners in small dimensions only. Hence the interesting
problem in singularity theory is to classify the reticular map-germs in higher
dimensions?
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