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STRUCTURALLY STABLE FLOWS

DonG Pyo CHI, SuNnG Kyu CHOI AND JONG SUH PARK

We show that a C'-flow on a compact Riemannian manifold is structurally sta-
ble and topologically stable if and only if it satisfies Axiom A and the strong
transversality condition. This improves Smale’s conjecture for flows.

1. INTRODUCTION

The concept of structural stability was first introduced by Andronov and Pontrya-
gin in 1937. Roughly speaking, a given dynamical system is said to be structurally
stable if a C!-small change in the system does not change topologically the set of orbits
in the system. That is, it is the type of stability referred to the permanence of orbits
upon small perturbations of the parameters of the given system.

The well-known Smale’s conjecture on structural stability [8] is the following:

A dynamical system on a compact Riemannian manifold is structurally
stable if and only if it satisfies Axiom A and the strong transversality
condition.

Robbin [9] and Robinson [11] proved the sufficient condition of the above conjecture.
For the necessary condition, Mané (5] obtained a partial answer for discrete dynamical
systems by using his conjecture. However, by using Mané’s result, Hurley [4] obtained
a negative answer to Smale’s conjecture for discrete dynamical systems.

In this paper, we prove Hurley’s result for flows by using Mané’s conjecture. Thus
our main theorem is the following:

A C'-flow on a compact Riemannian manifold is structurally stable and
topologically stable if and only if it satisfies Axiom A and the strong

transversality condition.
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2. BASIC TERMINOLOGIES

Let M be a compact Riemannian manifold and X (M) be the set of all C!-flows
on M. Forany f, g € X(M), we define

d(f: g) - Sup

Yoo teo]

Let f € X(M). For a point = € M, is said to be nonwandering if for every
neighbourhood U of z and every ¢t € R, there exist a point y € U and a number s > ¢
such that f(y, s) € U. We denote by Q(f) the set of all nonwandering points.

For points z,y € M and numbers ¢, a > 0, a finite sequence {(z, ¢;)}2; in
M x R is called an (e, a)-chain from z to y if z; =z, t; 2 afori=1,...,n
d(f(zi, ti), ziva) <e fori=1,...,n -1 and d(f(za, tn), y) <E€.

A point z is related to a point y (written z ~ y) if for any € > 0 and any a > 0
there are (e, a)-chains from z to y and from y to =z, respectively. In particular, a
point z is chain recurrent if £ ~ z, and CR(f) is denoted by the set of all chain
recurrent points of f, that is, CR(f) = {z € M : z ~ z}. Clearly, the relation “~”
is an equivalence relation on the set CR(f). The equivalence classes are called chain
components of f.

A C'-flow g in X (M) is semiconjugate to f € X(M) if there exist a continuous
surjection h: M — M and a continuous map A: M x R — R satisfying

(i) for all z € M, A(z,0) =0 and A(z, -): R — R is an increasing homeo-
morphism,

(ii)) for all z € M and all ¢t € R, h(g(z, t)) = f(h(z), A(z, t)). We call (k, X)
a semiconjugacy from g to f.

A C'flow f is called topologically stable if for any € > 0, there exists a neigh-
bourhood U of f in X(M) such that for every g € U, there is a semiconjugacy (h, A)
from g to f with d(h, 1) < €, where d(k, 1) = su{i{d(h(z), z).

z€

A C'flow g is conjugate to f in X(M) if there exist a homeomorphism h: M —
M and a continuous map A: M x R — R satisfying the above conditions (i) and (ii).
In such case, (h, A) is called a conjugacy from g to f.

Finally, a C'-flow { is called structurally stable if there exists a neighbourhood U
of f in X(M) such that for all ¢ € U, g is conjugate to f.

We let B(z, €) denote {y € M : d(z, y) < ¢}.

3. CHAIN COMPONENTS OF TOPOLOGICALLY STABLE FLOWS

First, we can obtain the following properties about (e, a)-chains.
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LEMMA 3.1. For any number a > 0, there exists a map h: Rt —» R satisfying
the following:
(i) forany e >0, d(z, y) < h(e) for a < t € 2a implies d(f(=, t), f(y, 1)) <
€/4,
(i) R*<hi"1/2 forall icZ,
(i) if {(=:, )}, is an (h"(€), a)-chain and t; € 2a for all i, then

d(f (zl, it;), f(zn, tn)) < e/2.

PRroOF: For any ¢ > 0, we can choose § > 0 with § < €/2 such that
d(f(z, t), f(y,t)) < €e/4 if d(z,y) < 6§ and a < t < 2a. Define h: R* —» R* by
h(e) = 6. Then, clearly, (i) and (ii) hold.

We prove (iii) by induction on n. Obviously, (iii) holds when n = 1, 2. Suppose
that (iii) is true for n > 2. Let {(z:, t:;)}2%! be an (h™*!(¢), a)-chain with ¢; < 2a for
all i. Since {(zs, t:)}2, is an (A™h(e), ) cha.m, we have

( (zl,zt) F(@n, ,,)<h(e>/2<h(e).

n+1
d(f(zl, Zti) s f(:l:,,,, itn + tn+1)) < 6/4.
=1

d(f(Zn, tn + tnt1), f(Tns1, tny1)) < €/4

In view of (i),

It follows that

because

d(f(2n, ta), Tnt1) < h™F1(e) < h(e).

n+l
d(f (1‘1, Z ti), f(Zn+1, tn+1)) <e/2.
g

Now, we prove that the relation “~” is equivalent to the property of (e, a)-chains.

Therefore we have

PROPOSITION 3.2. Let a >0 and z,y € M. Then z ~ y if and only if for
any € > 0 there exist (e, a)-chains from z to y and from y to z.

PROOF: (=) It is straightforward.
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(<) Let b > 0. We may assume that a < b. Then b < pa for some p € Z*. Then
for any € > 0, there are (h?P(¢), a)-chains {(z:, t;)}%, from z to y and {(y;, 3;)}
from y to z. Also, we may assume that ¢;, s5; < 2a for all 4, j.

For 1 < k< (p+1)n+ pm, we define 2, € M and a < rx < 2a by

Tk_i(ntm) filn+m)<k<(i+1)n+im,:=0,1,
zZE =
Ye—(G+1)n—jm H (F+1)n+im<k<(j+1)(n+m),j= 0, e, p—1,

and
tk—i(nt+m) filn+m)<k<(i+1l)n+im,i=0,...,p,
Tk = ip g
Sk—(j+l)n—jm H(F+in+im<k<(j+1)(n+m),j=0,...,p—1.

Then {(z, rk)}(p+l)"+pm is an (h??(c), a)-chain from z to y. Let (p+ 1)n +pm =
sp+qfor 0 < g<p. Let

Wi = Z(i—1)p+1>s 1=1,...,5s
p

ui:zr(i—l)p+]’) i=1,...,s—1,

i=1
and

P+q

Uy = Z"('—l)pﬂ"
i=1

For 1 < i < s, since {2(i—1)p+j» T(i-1)p+j}i=1 is an (hP(e), a)-chain, we have

P
d(f(‘wi, ui), 'wi+1) <dl| f Z(i—1)p+1>s zr(i—l)p-f-j’ .f(zip’ "‘ip)))

j=1
+ d(f(zip, Tip), Zip+1)

< E.
Furthermore
rt+q
d(.f(wh u,), y) <d| f 2(s—1)p+1» ZT(J—I)P+J' ’ f(zlp+q) Tlp+q)
j=1
+ d(f(ztp+q7 "':p+q)v y)
< E.
since {(z(, —1)p+is T(a— 1)p+,)}fflq is an (hP*9(e), a)-chain. Noting that u; > pa > b for

i=1,...,8—1and u, > (p+q)a > b, {(wi, ui)},, is an (¢, b)- chamfromztoy
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An (g, b)-chain from y to z can be constructed by a similar method. Consequently,

we have z ~ y. 0
We can obtain a useful characterisation of chain components of f.

PrROPOSITION 3.3. A subset X of CR(f) is a chain component of f if and
only if it is a connected component of CR(f).

PROOF: (=) Let U and V be disjoint open subsets with the property that UUV C
X.Forapoint z€ X,let U(z)={t€R: f(z,t) €U} and V(z)={t e R: f(z, t) €
V}. Then U(z) and V() are disjoint open and U(z)UV(z) = R. Moreover, U(z) =0
or V(z) = 0 since R is connected. Thus U N X and V N X are invariant, both open
and closed sets in X . Since U N X is compact, B{UNX, §)N(VNX) =0 for some
§>0. Assumethat UNX #0 and VNX #0Q andlet zec UNX and ye VNX.
Then there is a (4, 1)-chain {(=z;, t;)}~; from z to y. From f(z:,t)) € UNX
and d(f(z1, t1), 22) < 6, it follows that 2, € UN X. Also, z3 € UN X follows
from f(z2, t2) € UN X and d(f(z2, t2), zs) < §. Continuing this process, we obtain
y € UUX from f(zn,t,) € UNX and d(f(zn,ts),y) < 6. This implies that
(UNnX)N(VNX)+#0, which is a contradiction. Hence X is connected.

(<) Let X be a connected component of CR(f) and z,y € X. For any € >0,
there exists a § with 0 < § < ¢/2 and d(f(a,t), f(b,t)) < €/2 when d(a, b) <
§and 1 < t < 2. It is clear that {B(z, 6/2) : = € X} forms an open cover of
X . Thus there are finitely many points z; € X, i € I for some index set I, such
that X C | B(=i, 6/2). Since X is also connected, for a subset I' C I, we have

el
(U B(z;, 6/2)) n ( U B(z, 6/2)) # 0. Therefore we have a finite sequence
ier ier-r
{z:}*, in X such that
(1) Tp =21,
(i) d(zi, zip1)<bfori=1,...,n—-1,

(i) Xc ;QI B(z:, 6/2).

Hence for i =1, ..., n, we have a (§, 1)-chain C; = {(:c,-j, tgi)};-'.'__‘l from z; to =z;.
Now, we may assume that t;; <2 for all 4, j. Let d(z:, z) < §/2 and d(zs, ¥) <
§/2. Then, for i = k, we obtain an (e, 1)-chain from z to y:

(2, ti)s (igy tig)s -+ (z""i ! t‘"‘-‘)

and an (e, 1)-chain from y to z:

(y’ ti‘ ), (ziz) ti:), seey (zimi ) tim'.)-
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For i < k, we obtain an (e, 1)-chain from z to y:

(31 ti, )1 (ziza ti;)s vy (3im'~s tim;)a Cit1s .-+, Ck

and an (€, 1)-chain from y to z:
(y) tk1 ), (3k2a tk;), ceey (zkmk’ tkmk)’ Ck+ly ceey C‘n’ Cl) ey Ci-

This implies that z ~ y. It completes the proof. 0
When f € X(M) is topologically stable, Hurley [5] obtained the following:
PrROPOSITION 3.4. If f € X(M) is topologically stable, then

(i) there are only finitely many chain components of f,
(ii) for any chain component X of f, ws(z) = X for some z in X, where
wg(z) is the w-limit set of f at z.
We can obtain a property of chain components of topologically stable flows.
PrOPOSITION 3.5. Let f € X(M) be topologically stable and X be a chain
component of f. For any g € X(M), if (h, A) is a semiconjugacy from g to f, then
(i) ACHR(g)) = CR(f),
(ii) if Y is a chain componentof g and Y Nh™}(X) #0, then Y C h™}(X),
(iii) h(X)= X for some chain component Y of g.

PRrooF: (i) Since A(-,1): M — R is continuous on the compact manifold M,
there exists K = min A(M, 1). Let K = A(z,1). Then K > 0 since A(z,-): R—> R is
an increasing homeomorphism and A(z, 0) = 0.

Let y € h(CR(g)). Then y = h(z) for some z in CR(g). For any ¢ > 0, there
exists a § > 0 such that d(a, b) < § implies d(h(a), h(b)) < €. Also, there is a (§, 1)-
chain {(z:, t;)}., from z to z. Note that h(z;) = h(z) =y and Az;, t;) > M=, 1) 2
K. Since d(g(z:, t:), Tit+1) < &, we have

d(h(g(zs, t:)), A(ziv1)) = d(f(A(z:), Al=i, t)), h(zi41)) <e.
Also, we have
d(h(g(Zn, tn)), h(z)) = d(f(A(zn), Mzn, tn)), ) <€
since d(g(en, tn), ) < 6. Thus {(h(z:), Mzi, )}, is an (e, K)-chain from y to

y. By Proposition 3.2, y € CR(f). Therefore h{(CR(g)) C CR(f). Consequently, we
have h(CR(g)) = CR(f) by (iii) (we prove (iii) later).
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(i) Let z € Y Nh™Y(X). Then h{(X) € R(Y)NX. If Y C CR(g) is connected,
then h(Y) C CR(f) is also connected. Since X is a connected component of CR(f),
we have h(Y) C X. Therefore Y C b~ (h(Y)) C A~1(X).

(i) By Proposition 3.4, there is a point z in X such that wy(z) = X. Let
y € h™}(z). Since wy(y) C CR(g) is connected, wy(y) C Y for some chain component
Y of g. We claim that X C h{wg(y)) C h(Y). Let z € X. Then f(z, t;) — = for some
t; > 00. Let 9 = A(y, -): R - R. Then the sequence {g(y, ¥~'(:))} has a convergent
subsequence. So we assume g(y, ¥ 7}(;)) — a. Since $7(¢;) — o0, a € wy(y). Notice
that

h(g(y, v (1)) = F(h(y), My, ¥ ())) = F(=, (¥ (1))
= f(z, t;) — 2.

Thus z = h(a) € h(wy(y)). Since Y NA™}(X) # 0, we have Y C A~}(X). Hence
h(Y) C h(h™}(X)) = X. Therefore h(Y) = X .

4. CLOSED ORBITS OF TOPOLOGICALLY STABLE FLOWS

In this section we obtain some properties of closed orbits of topologically stable
flows. O(z) denotes the orbit of a point z in M.
Let f € X(M). For a point z in M, we define

W(z) = {y € M :d(f(z, 1), f(y,t)) = 0 as t — o0}
and W*(z)={y e M :d(f(z, t), f(y,t)) > 0 as t » —c0}.

We call W*(z) and W*(z) a stable set and an unsteble set of z, respectively.
For a subset A C M, let W(A) = |J W(z), where ¢ = s,u. If z isa
z€EA

hyperbolic fixed point of f, then W*(z) and W*(z) are immersed submanifolds of M
whose dimensions sum to the dimension of M [7].

For a periodic orbit v of f, we define

We(y)={z € M:d(y, f(z,t)) >0 as t - oo}
and Wh(y)={z € M:d(v, f(z,1)) >0 as t - —o0}.

We call W*(vy) and W*(y) a stable set and an unstable set of v, respectively. If vy isa
hyperbolic orbit of f, then W7 (y) = |J W?9(z), where o = s, u, and W*(y), W*(v)

z€Y
are immersed submanifolds of M whose dimensions sum to one plus the dimension of

M [7]. When we need to emphasise the dependence of any these sets on the flow f, we
write them as W*(z; f) = W*(z), et cetera.
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LEMMA 4.1. Let f,g € X(M). If (h, A) is a semiconjugacy from g to f and
v is any closed orbit of f, then for any point z in h™1(y), we have h(W?(0(z);g)) C
W(~; f) for c = s, u.

PRroOF: Let y € W*(z;g). Then d(g(z, t), g(y, t)) — 0 as ¢ — oo. Also, we have

d(h(g(=, 1)), h(g(y, 1))) = d(f(h(2), A(=, 1)), f(h(y), Ay, 1))) = O

as t — oo. Since f(h(z), A(z, t)) € v and A(y, t) — o0 as t — o0, d(7, f(h(y), t)) = 0
as t — oo. This means that h(y) € W*(«; f). Thus h(W*(z;g)) C W*(v; f). Since
h=1(v) is g-invariant, O(z) C h~!(v). Therefore we have

Y€O(z) ¥€0(2)
= H(W*(O(z);9)) C W*(%; f).

U h(W’(y;y))=h< U W'(y;y))

For the case o = u, the proof is essentially the same. 0

A C'-flow f satisfies the strong transversality condition if for all z in M, W*(z)
and W*(z) intersect transversally at z.
A C!-flow f is called a Smale flow if

(1) CR(f) has a hyperbolic structure,
(ii) each chain component of f is either one dimensional or is a single point,
(ii1) f satisfies the strong transversality condition.

PROPOSITION 4.2. [1] A set of Smale flows on M is dense in X(M).

PROPOSITION 4.3. [3] Let X be a chain component of a Smale flow f. Then
forall z,y in X, W*(O(z))N W*(O(y)) N X is dense in X .

We can obtain the above result of Franks for the closed orbits of topologically
stable flow f.

PROPOSITION 4.4. Let X be achain component of a topologically stable flow
f in X(M). Then for all closed orbits v, v2 of f, W*(m1; fYNW*(v2; f)NX is dense
in X.

PROOF: There exists a neighbourhood U of f in X(M) such that for all g in
U, there is a semiconjugacy (h, A) from g to f with d(h,1) < 1. Also, there is a
Smale flow g in U. By Proposition 3.5, h(Y) = X for some chain component Y of
g. Since v; C X for 7 =1,2, A7Y(y;)NY # 0. Let y; € A7 (y;)NY for j =1,2.
In view of Proposition 4.3, W*(O(y1);9) N W*(O(y2);g) NY is dense in Y and so
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h(W*(O(y1); g) N W*(O(y2);9) NY) is dense in h(Y) = X. Therefore we have

R(W*(O(31);9) N W*(O(y2);9) NY)
C h(W*(O(y1); 9)) N A(W*(O(y2);9)) N h(Y)
C W' (m; )N W¥(2; f) N X.

It follows that W*(y,; f) N W*(y2; f)N X is densein X. 0
A C'Aflow f is called Kupka-Smale if
(i) every closed orbit of f is hyperbolic,
(i1) any intersection of stable and unstable manifolds of closed orbits is trans-
verse.

ProrPosITION 4.5. [7] A set of Kupka-Smale flows on M is dense in X (M).

Let v be a hyperbolic closed orbit of f. An index of 7y (written index ) is defined
to be a pair of integers (S, U), where § = dim W*(y) and U = dim W*(y).

Now, we can obtain the following useful property about the index of the hyperbolic
closed orbit.

PROPOSITION 4.6. Let X be achain component of a topologically stable flow
f in X(M). If v1 and v, are distinct hyperbolic closed orbits of f, then they have
the same index.

ProoF: By the Hartman-Grobman theorem and the local stability of hyperbolic
orbits [7, 12], there exist disjoint neighbourhoods U; and U; of v; and v, respectively,
and a neighbourhood G’ of f in X (M) such that

(i) for any g € G', there exist hyperbolic closed orbits X;(g) C Uz, A2(g) C

Uz of g such that index A(g) = index v, and index Az(g) = index v2;

(ii) Ai(g) and Xy(g) are unique g-invariant sets in U; and U,, respectively.

There exists an € > 0 such that B(y;,¢) C Uy and B(7¥2,€) C Uz. Also, there is a

neighbourhood G C G' of f in X(M) with the property that for all g in G, thereisa

semiconjugacy (k, A) from g to f such that d(h, 1) < e. We claim that A~}(y1) C Uy
and h™1(y;) C U,.

Let z € h™!(y;) for j = 1,2. Then h(z) € 4; for j = 1,2. Thus d(vj, z) <
d(h(z), z) < d(h, 1) < €. It follows that z € B(v;, €) C U;. Now, h~!(y;) is closed
g-invariant for j = 1, 2, since each «; is closed f-invariant. Hence hA~!(71) = Ai(g)
and h71(72) = X2(g).

We show that W?(A,(g);9) N W*(X2(g);g9) # 0 for some Kupka-Smale flow g
in G. Using Proposition 4.3, we choose a point z in W*(vy; f) N W*(2; f) and let
y € h™!(z). Since h(wy(y)) C wy(z) = 71, we have wy(y) C A~Y(71) = A1(g9). Thus
y € W*(Ai(g); ). Similarly, y € W*(X2(9); ) since h(ay4(y)) C as(z) = 72, where
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ag(z) is the o-limit set of f at z. Reversing the roles of A;{g) and A3(g), it follows that
W*(A1(g); 9)NW™(A2(g); g) # 0. Since g is Kupka-Smale, W*(A1(g); 9)NW*(X2(g); 9)
and W*(A1(g);9) N W?(A2(g); g) are submanifolds of dimension at least one. In what
follows (Sj, U;j) represents the index of A(g) with respect to ¢ and m = dimM,
Ui+ S 2m+1 and Uz + 51 2 m+ 1. In addition, general facts about indices
of hyperbolic closed orbits give a second pair of inequalities U/; + $; < m + 1 and
Uz + Sz < m+1. Hence §; = §; and U; = U;. Combining these equalities with (i)
gives the conclusion of the proposition. 0

5. STRUCTURALLY STABLE FLOWS

In this section, we prove the main result.

ProrosiTION 5.1. [10] If a C!-flow is structurally stable, then it is Kupka-
Smale.

A C*-flow f satisfies Aziom A if

(1) the set of the periodic orbits of f are dense in §(f),
(i1) Q(f) has a hyperbolic structure.

Smale’s conjecture [8] is the following:

f € X(M) is structurally stable if and only if it satisfies Axiom A and
the strong transversality condition.

Robinson [10] obtained the following sufficient condition of Smale’s conjecture.

PROPOSITION 5.2. If f € X(M) satisfies Axiom A and the strong transver-
sality condition, then it is structurally stable.

Moreover, Nitecki [6] proved the following:

ProposITION 5.3. If f € X(M) satisfies Axiom A and the strong transver-
sality condition, then it is topologically stable.

Let

F(M)={f€ X(M): there exists a neighbourhood U off in X (M)
such that for all g in U, every closed orbit of g is hyperbolic} .

Also, for f in F(M), we denote by A;(f) the closure of the set of hyperbolic closed
orbits of f whose stable manifold has dimension 7, where 0 < i < dim M.
Maneé (5] conjecutred the following:
For f in F(M),if A;NAj =0 forall 0<i< j<dimM, then f satisfies
Axiom A.
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He showed that his conjecture is true in the case of a discrete dynamical system.

Now, we prove the main theorem.

THEOREM 5.4. f € X(M) is structurally stable and topologically stable if and
only if it satisfies Axiom A and the strong transversality condition.

ProoF: (=) Since f is structurally stable, it is Kupka-Smale by Proposition 5.1.
Thus f € F(M).

We claim that A;NA; =0 for all 0 i< j<dimM. Suppose that A;NA; #£0,
say £ € A; N A;. If we denote by Per; the set of periodic points whose stable manifold
has dimension %, then there exist sequences {z,} C Per; and {yn} C Per; such that
zn, — z and y, — y. In view of Propositions 3.4 and 4.6, we may assume that z, and
Yn are sequences in the chain components of X and Y, respectively. But z € X = X
and z € Y =Y. This contradicts XNY = 0.

Now f satisfies Axiom A by Mané’s conjecture. Since f is structurally stable, it
satisfies the strong transversality condition [10].

(<) It follows from Propositions 5.2 and 5.3. 0

Let f € X(M). A closed subset A of Q(f) is called an attrector if

(i) A is f-invariant;

(ii) there is a neighbourhood U of A in M such that [ f(U,t) = A;
20

(i)  f |axm is transitive.
Smale showed that if f € X(M) satisfies Axiom A, then it has only a finite number of
hyperbolic attractors. Therefore we can obtain the following corollary.

CoROLLARY 5.5. If f € X(M) is structurally stable and topologically stable,
then it has only a finite number of hyperbolic attractors.
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