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on surfaces'
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Abstract. The class of C*-smooth gradient-like flows (Morse flows) on closed surface is the subclass
of the Morse-Smale flows class, which are rough. Their non-wandering set consists of a finite number
of hyperbolic fixed points and a finite number of hyperbolic limit cycles, and they does not have
trajectories connecting saddle points. It is well known that the topological equivalence class of a Morse-
Smale flow on a surface can be described combinatorially, for example, by the directed Peixoto graph,
or by the Oshemkov-Sharko molecule. However, the description of the class of the topological conjugacy
of such a system already requires the introduction of continuous invariants (moduli), corresponding
to the periods of limit cycles at least. Thus, one class of the equivalence contains continuum classes
of the topological conjugacy. Gradient-like flows are Morse-Smale flows without limit cycles. In this
paper we prove that gradient-like flows on a closed surface are topologically conjugate iff they are
topologically equivalent.
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1. Introduction and formulation of results

In 1937 A. Andronov and L. Pontryagin published the classical paper [1], in which
they considered a system of differential equations

T =v(x), (1.1)

where v(z) is a C'-vector field given on a disc bounded by a curve without a contact in
the plane and found a roughness criterion for the system (1.1). They established that
on the plane the rough system is exactly system whose non-wandering set consists of
finite number of hyperbolic fixed points and hyperbolic limit cycles and which does
not have trajectories connecting saddle points. Such systems were called Morse-Smale
systems when in 1967 S. Smale generalised such systems to multidimensional case in [8].
If a Morse-Smale system does not have limit cycles, then it is called as Morse system
or gradient-like system.

The present paper is devoted to the classification of Morse flows on a closed
surfaces S.
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16 V. KRUGLOV

Let us recall that two flows f* and f* on surface S are called topologically equivalent
if there exists a homeomorphism h: S — S mapping trajectories of one flow into
trajectories of another preserving directions of moving. Flows f* and f* on surface S
are called topologically conjugate if there exists a homeomorphism A: S — S such that
ho ft = f"®oh for every real t.

It is well known that the topological equivalence class of the Morse-Smale flow on
surface can be described combinatorially, for example, by the directed Peixoto graph,
or by the Oshemkov-Sharko molecule. In more details.

The directed Peixoto graph introduced by him in 1971 in [6] for arbitrary Morse-
Smale flow on a closed surface, is the generalisation of the Leontovich-Mayer scheme,
introduced in [2] (1937) and [3] (1955) for flows on the plane (but not only Morse-
Smale). Their approach is based on the ideas of Poincaré-Bendixon to pick a set
of specially chosen trajectories so that their relative position fully determines the
qualitative decomposition of the phase space of the flow into the trajectories. The
Peixoto graph’s vertices bijectively correspond to fixed points and limit cycles of the
flow, its edges correspond to the connected components of the invariant manifolds of
fixed points and closed trajectories without the points and the trajectories itself (see
Fig. 1). To be a complete topological invariant such graphs contain the specially chosen
subgraphs as well.

a, a;

Sy S

Wy W
Directed graph

Fig. 1. An example of a gradient-like flow on a sphere S2, its Peixoto’s directed graph and its
Oshemkov-Sharko’s three-colour graph

However, in 1998 Oshemkov and Sharko in [4] found that the Peixoto’s graph is
not complete for all Morse-Smale flows, especially it does not always distinguish the
difference between two types of decompositions into trajectories for a domain bounded
by two limit cycles of the flow. For Morse flows they introduced the new complete
invariant — three-colour graph, its vertices correspond to the so-called triangular
domains, restricted by two saddle separatrices and one usual trajectory which are
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TOPOLOGICAL CONJUGACY OF GRADIENT-LIKE FLOWS 17

called sides, and these sides correspond to coloured edges of the graph, side of each
type corresponds to the edge of the certain colour. Then Oshemkov and Sharko in the
same work took three-colour graphs and elementary domains with simple behaviour as
atoms and constructed with these atoms the molecules, and proved that such molecules
are surely complete topological invariant for Morse-Smale flows on surfaces.

A description of the class of the topological conjugacy of Morse-Smale flows, in
a difference with the equivalence, requires an introduction of continuous invariants
(moduli), corresponding with the periods of the limit cycles at least. Thus, one class of
the equivalence contains continuum classes of the topological conjugacy. In this paper
we show that for gradient-like systems these classes are coincide, namely we prove the
following fact.

Theorem 1. If two gradient-like flows on a closed surface are topological equivalent
then they are topologically conjugate.

2. Necessary facts and statements

Definition 1. A map h of a metric space (X, px) to a metric space (Y, py) is called
Lipschitz, if there is some positive constant L called as Lipschitz constant such that
pY(h(I)7 h(y)) < L- /OX(xuy) for all T,y € X.

Let C‘O(R”) be the Banach space of bounded continuous maps from R” to R™ with
uniform norm ||u|| = sup{||u(z)|| : = € R"}.

Proposition 1 ([5], Ch. 2, Lemma 4.3). Let ¢: R" — R™ be a hyperbolic isomorphism.
Then there exists a value ¢ > 0 such that for every ¢1, ps € C°(R™) with the Lipschitz
constant less or equal than e there is an unique continuous map h : R” — R"” of the
form

h=1+u,

where I is the identity map and u € C°(R"), such that
WMo+ ¢1) = (¢ + @2)h.

Moreover h is a homeomorphism.

Proposition 2 ([5], Ch. 2, Lemma 4.9). Let F': R" — R" be a C"-vector field with the
equilibrium point 0. Then for every € > 0 there exists a C"-vector field G: R* — R”
and neighborhoods U C V of 0 such that:

1) G=F on U and G = DF; outside V;

2) G is Lipschitz and generates a flow ¢ on R™ of the form

g =06 +¢,

where ¢' is a flow generated by the vector field DFy, o' € CO(R") for all t € [—2,2],
©" has the Lipschitz constant less than ¢ and Dy} = 0.
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18 V. KRUGLOV

Now let M™ be a C"-smooth n-manifold.

Lemma 1. Let F': M™ — M™ be a C"-vector field with the hyperbolic equilibrium point
p. Then there exists a neighbourhood U of the point p where the flow f' generated by
F is topologically conjugated to the flow ¢' generated by DF,.

Proof. As the problem is local, and there exists some local map (V,0), where U C V/,
0:V — R™ is homeomorphism and 6(p) = 0, let us think that M"™ = R™ and p = 0.

As 0 is the hyperbolic equilibrium point of F' then ¢ = ¢! is the hyperbolic
isomorphism of R™. Let ¢ be a constant from Proposition 1 for ¢ and G be the vector
field from Proposition 2 for F' and . Then the flows f* and ¢' generated by F and
G, accordingly, are coincide on U and, hence, they are topologically conjugate on U.
Using an idea of the proof of Theorem 4.10 from Ch. 2 of [5], let us show that the flow
¢! is topologically conjugate to g in R™.

By Propositions 1 and 2 there exists an unique homeomorphism h: R™ — R" being
in a finite distance from the identity map such that hg = ¢h. Let

1
H = /(bthgtdt.
0

This map is continuous and, by Proposition 2, is in a finite distance from the identity
map. Let us show that ¢p°H = Hg® for all s € R, all we need for this is to consider the
segment from 0 to 1, because it is fundamental. Let us take and fix some s from [0, 1].
We have

1 1
¢_8Hgs _ ¢—s / qb_thgtdt gs _ / ¢—(t+s) hgt+sdt.
0 0

Let u=1t+ s —1, then

1 s
/¢—(t+s)hgt+sdt: / o~ hgt T dy =
0 —1+s

0 s
_ / ¢—u¢—1hglgudu+/gb—u—lhgu-i-ldu.
—14s 0

Let v = u+1 in the first sum and v = u in the second one and recall that ¢~ thg' = h.
It gives us the formula

s 1
¢ °*Hg® = /gb‘”hg”du + /gzﬁ_”hg”du =H.
0 s
It implies that H is the continuous map being in a finite distance from the identity

map and conjugating the flow ¢' with ¢*. As hg' = ¢'h and Hg' = ¢'H, uniqueness
of solving of this equation gives h = H. O
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Proposition 3 (|7], Ch. 4, Theorem 7.1). Let A and B be two n x n real matrices such
that all the eigenvalues of A and B have nonzero real part and the dimension of the
direct sum of all the eigenspaces with negative (and, obviously, positive too) real part
is the same for A and B. Then the two flows generated by the vector fields # = Ax
and © = Bz are topologically conjugate.

3. The proof of the main theorem

Let S be a closed surface and f': S x R — S be a C! gradient-like flow. Then for
every wandering trajectory £ of f* there are exactly two different fixed points p, ¢ of f*
such that the boundary of the trajectory has the form

cl(O\ = {p,q}

and the trajectory is directed from p to ¢. In this case we will denote the trajectory by
¢, , assuming that the trajectory is directed from p to g.

Let f* and f” be topologically equivalent C! gradient-like flows, i.e. there is a
homeomorphism h: S — S mapping trajectories of f* into trajectories of f”* preserving
orientation. It implies that A maps the fixed points of f to the fixed points of f", what
we will denote by p’ = h(p) for a fixed point p of f*. Then

h(gpq) — g;/q/

for every wandering trajectory £,, of f*.
By Lemma 1 and Proposition 3 there are neighbourhoods u,, u, of p, p’ respectively
such that ft\up, f’t]up, are topologically conjugated by a homeomorphism h,, : u, — uy.

Fig. 2. Neighbourhood u,

Let o be a saddle point of f. Without loss of generality we will assume that the
neighborhood u, has a form as on Figure 2, u,s = h,(u,) and a map h~'h, preserves
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separatrix of o. For a point z € S denote by O, (O.) the orbit of the flow f* (f")
passing through the point z. Let

V,= |J 0. Vo= | O
zecl(ug) zecl(u,r)

Let us extend h, up to a homeomorphism hy, : V,, — V,. by the following rule (see
Fig. 3). For a point z € (V,\cl(u,)) let {20} = O, N Iu, and f'*(z9) = z for ¢, € R,
then

hv, (2) = £ (he(20))-

Fig. 3. Main constructions for f* (on the left sphere) and for f’* (on the right sphere)

Let V' (V') be a union of all V, (V,/) and hy : V — V'’ be a homeomorphism
composed by hy, .

To extend the homeomorphisms hy up to ambient conjugating homeomorphism
note that the closure 7" of any connected component of the set S\ (V U Q) belongs
to the basin of a sink w. As h™'h, preserves separatrix of o then there is the closure
T" C W of an unique connected component of the set S\ (V' U Q) such that
h(T)NT" # (. Let us extend hy to T by conjugating homeomorphism hy-.

By Lemma 1 flows f*[,, and f"[,,,, are conjugate by means of 1, and
respectively to some linear flows in some neighbourhood of 0 on the plane. Let ~
be some closed curve without a contact, transversally crossing all trajectories of the
linear flows, and let v = ¥ (o), 7/ = ¥ (7). So we correctly constructed a closed
curve without a contact around w and w’.

Let Jr = yNT and let ag, a; be the endpoints of the arc Jr. Then there are saddle
points oy, 01 (possible oy = o01) such that a; € (Jr NV,,),i = 0,1. Similarly the arc
Jrr =~ NT is bounded by the points dg,a; belonging to V1, Vi, accordingly. Let
to,t1 € R so that f%(a;) = hy(a;),i = 0,1 and p: Jr» — [0,1] be a homeomorphism
such that p(a;) = 4,9 =0,1. Let

Jr = {f/tz(g) | z € jT/,tz =19+ (tl — tg)p(g)}.
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Define an arbitrary homeomorphism h;: Jr — Jp so that hy(a;) = hy(a;),i =0, 1.
Then every point z in 7' is uniquely defined by the point zp = O, N Jr and the value
t, € R such that f'*(zy) = z. Let us define a homeomorphism hr: T — T’ by the
formula

ho(f(20)) = f** (hy(20)).

Let us define the conjugating homeomorphism h.: S — S so that h.|y = hy, he|r = hr
and hc|th = h|th. Thus the conjugating homeomorphism is constructed and Theorem
is proved.
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