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Abstract

We prove a Bendixson—Dulac type criterion for the nonexistence of nontrivial compact minimal sets of
¢! vector fields on orientable 2-manifolds. As a corollary we get that the divergence with respect to any
volume 2-form of such a vector field must vanish at some point of any nontrivial compact minimal set. We
also prove that all the nontrivial compact minimal sets of a C 1 vector field on an orientable 2-manifold are
contained in the vanishing set of any inverse integrating factor. From this we get that if a C I vector field on
an orientable 2-manifold has a nontrivial compact minimal set, then an infinitesimal symmetry is inessential
on the minimal set.
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1. Introduction

A classical problem in the qualitative theory of 2-dimensional ordinary differential equations,
with many applications in the physical sciences, is to examine the existence (or nonexistence) of
limit cycles and describe their distribution in phase space. The Poincaré—Bendixson theorem and
its generalizations can be used to prove the existence of periodic orbits, and in particular limit
cycles, in various situations. One method to locate limit cycles that has appeared in the literature
makes use of certain functions called inverse integrating factors (see Definition 2.1 below). More
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precisely, it has been proved in [5] that if a C! vector field X on an open subset U of R? admits
a C! inverse integrating factor f:U — R, then every limit cycle of X is contained in f~1(0).
We refer the reader to [2] for further applications of inverse integrating factors in the qualitative
study of planar C! vector fields.

In this work we are mainly concerned with the divergence and inverse integrating factors of
C! vector fields on 2-manifolds. We were originally motivated by the question what kind of
information can they give about the location and shape of compact limit sets, and in particular
compact minimal sets, since a compact limit set always contains a compact minimal set. A C!
vector field on a 2-manifold can have compact minimal sets which are not periodic orbits and
are locally homeomorphic to the product of an open interval and a Cantor set. This kind of min-
imal sets are usually called nontrivial. The phenomenon of the existence of nontrivial compact
minimal sets does not occur in C2 vector fields on 2-manifolds (see [8]) and this is their great
difference from C! vector fields. In Section 3 we prove a nonexistence result for nontrivial com-
pact minimal sets of C! vector fields on orientable, connected, smooth 2-manifolds, which is
analogous to the Bendixson—Dulac criterion on the nonexistence of periodic orbits for planar C'!
vector fields. More precisely, we prove that if the divergence with respect to some C* volume
2-form is everywhere nonnegative (or everywhere nonpositive) then there are no nontrivial com-
pact minimal sets (see Theorem 3.3). It follows from this that the divergence of a C 1 vector field
with respect to any C* volume 2-form always has a vanishing point on a nontrivial compact
minimal set. This leads to the question whether for any nontrivial compact minimal set of a C!
vector field on an orientable, connected, smooth 2-manifold there exists a C* volume 2-form
such that its divergence with respect to that volume 2-form vanishes identically on the minimal
set. In the case of the Denjoy C! vector field on the 2-torus, which is concisely described in the
Appendix of [9], such a C* volume 2-form exists and is the riemannian volume element induced
by the euclidean flat riemannian metric. An obstruction for a general positive answer is provided
by the Gottschalk—Hedlund theorem (see [3]).

In Section 4 we prove that a nontrivial compact minimal set of a C! vector field X on an
orientable, connected, smooth 2-manifold is contained in the vanishing set of every inverse inte-
grating factor of X. Thus, in case a solution to the above question exists, it cannot have density
(with respect to any given C* volume 2-form) which is an inverse integrating factor of X on a
neighborhood of the nontrivial compact minimal set. As a corollary we obtain that if X admits
an inverse integrating factor for which 0 is a regular value, then X has no nontrivial compact
minimal set. As one can get inverse integrating factors from infinitesimal symmetries, another
corollary is that if X has a nontrivial compact minimal set, then an infinitesimal symmetry is
inessential on the minimal set. Moreover, if it is C2 it must vanish at some point of the nontrivial
minimal set.

2. Divergence, inverse integrating factors and infinitesimal symmetries

Let M be an orientable, connected, smooth rn-manifold, n > 2, oriented by a C*° volume n-
form w. If X is a C! vector field on M, then the divergence of X with respect to w is defined as
the unique continuous function div,, X : M — R such that d(ix®) = (div, X)w. It is known (see
Section 3 in Chapter I of [6]) that the (local) flow of X preserves w if and only if div, X = 0. In
this case X is called w-incompressible.
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If we have a C! vector field X on M and we want to reparametrize its flow so that it becomes
w-incompressible, then we must find an everywhere positive C! function f: M — R such that
- X is w-incompressible. Therefore,

<=

0= div (l-x>—x(l>+l-cﬁv X=—1 xr+ L div,x
O\S IRV e foor

In other words, we must find an everywhere positive C! solution of the linear partial differential
equation X f = f - div, X. Thus we come to the following.

Definition 2.1. An inverse integrating factor (IIF) for X is a C' function f: M — R satisfying
the linear partial differential equation

Xf=f divy X. (1)

The set Hx of C! solutions of (1) is a linear subspace of C'(M,R), which is closed with
respect to the C! topology. It is clear that (1) may have no nowhere vanishing C! solution.

To describe the way that Hy depends on the choice of the volume form w of M, let 6 be

another C*° volume n-form of M. There exists a unique nowhere vanishing C* function g :
M — R such that = gw. Since

d(ix0) =dg Nixw + g(divy, X)w

and
(Xg)-w—dgANixw=ix(dgnw)=0,

we have

(divg X)0 = (Xg) - w + g(div, X)w
and therefore

divg X = ; - Xg +div, X.

If now f is an IIF with respect to w, then

f-dngX:i~Xg+f-divwX=£'Xg+Xf
8 8

and so

X(gf)=(gf)-divg X

or in other words gf is an IIF with respect to 6. This shows that the space of IIFs of X with
respect to 6 is g - Hy, which is naturally isomorphic to Hx. Thus, Hy is essentially independent
on the choice of the volume form on M.

The following two lemmas give basic properties of inverse integrating factors.
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Lemma 2.2. If f : M — R is an IIF for X, then f~1(0) is invariant under the flow of X.

Proof. Let y : I — M be a maximal integral curve of X, where / is an open interval containing
zero. The C! function f o y is a solution of the ordinary differential equation

x = x - div, X(y (t)) )

which is defined on I x R. It follows that
t
Flr®) = £y ©) p( [ i x>(y<s>)ds) )
0

for every t € I. Hence y(I) € M\ f~1(0), if f(y(0))#0. O

On the invariant open set M \ f~!(0) the C! function log | f| is a solution of the cohomolog-
ical equation Xu = divy, X

Lemma 2.3. For an IIF f: M — R of X the following hold:

(i) The C' (n — 1)f0rm Lixwon M\ £f~10) is closed.
(i) If D M\ f~'(0) is an open set on which lew is exact and 0 is a C* (n — 2)-form such

that 71Xa)|D =dn, then ix(dn) =0 on D. In particular, if n =2, then n is a Cc? function
and a first integral of X on D.

Proof. (i) Indeed, we have

d(lixa)> f2 df/\lxa)—i—? d(ixw) =

7 df/\lxw—i—% (divy, X)w

1
f2

1 [=df Nixo+ix@df) Aw]=0.

T

(i1) This is obvious. O

— [ df Nixw+ (Xf) - a)] fl

The first assertion of Lemma 2.3 is equivalent to saying that the (local) flow of % - X on

M\ f ~1(0) preserves the C* volume n-form w (see [4,6]). The integral curves of L.X are
reparametrizations of the integral curves of X and so both have the same (unoriented) orbits in
M\ f7H0).

By a theorem of E. Hopf which generalizes the Poincaré Recurrence Theorem to o -finite
measures, there exists a Borel set P € M \ f~!(0) such that the volume of M \ P U f~1(0) is
zero and if x € P then either x € LT (x) N L™ (x) or LT (x) UL~ (x) C M\ f~'(0), possibly
empty, where L (x) denotes the positive limit set and L™ (x) denotes the negative limit set of
the orbit of x (see [7, pp. 454-459]). Since the measure defined by a volume form is positive on
nonempty open sets, P is a dense subset of M \ f~1(0).

Under certain circumstances it may be possible to describe the flow outside f~!(0). One such
case is given by the following.
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Proposition 2.4. Let M be an orientable, connected, smooth n-manifold, n > 2, oriented by a
C™® volume n-form w and X be a C' vector field on M. Let M be noncompact and div, X > 0
everywhere on M. If f: M — R is an IIF, then there exists a continuous function g: M — RT
such that g=1(0) = f~1(0) and g is strictly increasing along the orbits of X in M\ f~1(0). If
in addition 3f 1 (0) is compact, then f~1(0) is globally negatively asymptotically stable.

Proof. If N is a connected component of M\ f~'(0), then f|y > 0or f|y < 0. So, if we define
g:M — Rt by

0, if f(x)=0,
glx)y=141 fx), if f(x)>0,
—f(x), if f(x) <0,

then g is continuous and satisfies our requirements. In other words, it is a global Lyapunov
function for the closed invariant set f ~10) with respect to —X. It is well known that if 9 f ()
is compact, this implies that £~1(0) is globally negatively asymptotically stable with respect
toX. 0O

Example 2.5. On R? consider the volume element w = dx A dy and let X be the (complete) C™
vector field defined by

d 0
X(x,y):£+y5.

Then div, X = 1 and the flow of X is given by ¢,(x,y) = (t + x,ye’), r € R, (x,y) € R2. If
f:R? — R is the C* function f(x, y) =y, then f is an IIF and in this case f~!(0) =R x {0}
does not have compact boundary.

Remarks 2.6.

(a) In case div, X < 0 everywhere on M, if f: M — R is an IIF, then the closed invariant set
£~1(0) admits a Lyapunov function and if 3f~!(0) is compact, then f~!(0) is globally
positively asymptotically stable.

(b) Proposition 2.4 is true under the weaker assumption (div,, X )y~10) f ~1(0).

(c) If M is a closed manifold, then by Stoke’s formula the continuous function div,, X cannot
be everywhere strictly positive (or negative) on M.

If X is a C! vector field on an orientable, connected, smooth 2-manifold M with C® volume
2-form w, the IIFs of X are closely related to its infinitesimal symmetries. This observation is
originally due to Sophus Lie. An infinitesimal symmetry of X is another C! vector field ¥ on M
such that [X, Y] = h - X for some continuous function 4 : M — R. It is well known that if Y is
a C? complete infinitesimal symmetry of X then the C? diffeomorphisms constituting its flow
send oriented orbits of X onto oriented orbits of X. If ¥ is C? but not necessarily complete, this
is true at least locally.

Ifg:M—Risa C! function, then g - X is an infinitesimal symmetry of X, but note that
the orbits of g - X are subsets of orbits of X. So, in a way, g - X is not essential, since every C!
diffeomorphism belonging to its flow induces the identity on the orbit space of X. In general,
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let A C M be an invariant set with respect to X. An infinitesimal symmetry ¥ of X is called
inessential (or trivial) on A if there exists a continuous function g: A — R such that Xg exists,
is continuouson A and Y = g - X on A. Then, [X, Y] = (Xg) - X on A.

Proposition 2.7. If X, Y are C' vector fields on an orientable, connected, smooth 2-manifold M
with C volume 2-form w and f = w(X,Y), then

Xf=o(X,[X,Y])+ f-dive, X.
Proof. Suppose first that X is C2. Then,
Lxiy0 =ix,y)0 +iyLx0

for every C! 1-form 6, where Ly is the Lie derivative with respect to X and i denotes contraction.
So,

Xf=Lxiyixwo=ixylixo+iyLxixw

=ow(X,[X,Y]) +ivixLxo =o(X,[X,Y]) + f - div, X.

If X is only C!, it can be approximated by a sequence of C? vector fields in the C! topology,
and taking limits we arrive at the conclusion. O

The following corollary has its origins back to Sophus Lie.

Corollary 2.8. Let M be an orientable, connected, smooth 2-manifold with a C*° volume 2-form
w and X be a C" vector field on M. If Y is a C' vector field on M such that [X,Y]1=h- X for
some continuous function h: M\ F — R, where F is the vanishing set of X, then f =w(X,Y)
isan IIF of X.

If X is a C® vector field on an orientable, connected, smooth 2-manifold with C* volume
2-form w, the set Sx of the C* infinitesimal symmetries of X is a Lie subalgebra of the Lie
algebra of C* vector fields on M. The set Ix of the inessential C* infinitesimal symmetries of
X is an ideal of Sx. The map from S to the vector space of the C*° IIFs of X sending Y € Sx
to w(X,Y) provided by Corollary 2.8 is linear, and its kernel is precisely Iy, if X is nowhere
vanishing on M.

Conversely, suppose that the C! function f: M — R is an IIF of the C! vector field X and
div,, X # 0 everywhere on M. Let X y be the continuous Hamiltonian vector field with Hamil-
tonian f defined by ix @ =df. Then,

fodivy X =df (X) = (X, X)

and therefore
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The vector field Y = —(1/div,, X) - X ¢ is only continuous, but if X and f are C, then Y is
also C® and there is a C* function h: M \ F — R such that [X,Y]=h-X on M \ F, since
[X,Y]eKeriyw.

3. Divergence of vector fields and Poincaré maps

Let X be a C! vector field on an orientable, connected, smooth n-manifold M, n > 2, and
p € M be such that X (p) # 0. There exist then € > 0 and a C' embedding ¥ : (—¢, €) x D"~ —
M, where D"~ ! is the (n — 1)-dimensional open unit disc, such that v/ (0, 0) = p, the set V =
Y((—e,€) X D"‘l) is an open neighborhood of p, called a flow box around p, and

ad
Xlv =1//*(5>.

For every x € D" ! let r(x) = inf{r > 0: ¢; (¥ (0, x)) € ¥ ({0} x D" 1)}, where ¢ is the flow
of X. The continuity of the flow implies that the set {x € D"~!: r(x) < 400} is open, but
maybe empty. If p € Lt (p), then it is not empty. If moreover the orbit of p does not intersect
¥ ({0} x D"=1)\ ({0} x D"~ 1), there exists an open neighborhood U of 0 in D"~ such that the
function r: U — (¢, +00) is C', because the flow is C'. Consequently, the map T :U — D"~!
defined by

W o N(T ™) =¢(r(x), ¥ o j)(x))
is a C! embedding of U onto an open subset of D"~!, where j: D"~! — (—¢,¢€) x D" is the
natural embedding j(x) = (0, x). T is called the first return map or Poincaré map associated to

the flow box.

If @ is a C* volume n-form on M, it is easy to see that the continuous n-form ¥ *w is given
by the formula ¥*w =dt A Y*(ixw). Let 2 = (Y o j)*(ixw).

Lemma 3.1. For every x € U we have

r(x)
(1°2). =exp( f (dive X)(qbs(t/f(o,x)))ds) Q..

0

Proof. Since Yo joT =¢ o (r, ¥ o j), from the chain rule we have

)
(T*‘Q)x = (in)(pr(X)(w(O,x)) o <8_(f(r(x)7 v (0, x)) oryx + (¢r(x))*1ﬂ(0,x) o(o j)*x),

where the subscript * means derivative. On the other hand,

d¢

E(r(x)’ ¥(0, %)) 0 rx (V) = Fax (V) - X (¢r ) (¥ 0, X)),

forevery v € T, D"~ ! and X(¢roy (W (0,x))) = (dr(x) 5w 0,0) (X (W (0, x))) because ¢ is the flow
of X.If now vy, va, ..., Un_1 € Ty D" 1, then
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(T*2) (v1,v2,..., Vp—1)
= ((@r() @) 0.0y (X (¥(0.)), (¥ 0 e 1)+ (¥ © P (V1))
However, from Liouville’s formula (see Theorem 3.2 in Chapter I of [6]) we get

r(x)
((¢r(x))*a)),/f(0’x) =€XP(/ (divy, X)(¢s(lﬂ(0,X)))dS) Wy (0,x)
0

Substituting we arrive at the required formula. 0O

In case M is 2-dimensional there exists a continuous function g: D! — (0, +00) such that
2 =gdx on D! = (-1, 1). From Lemma 3.1 follows that the derivative of T is given by

r(x)
'@ = (gT(f;)) -exp( 0/ (div X)(¢s(w<0,x)))ds) @)

for every x € U. More generally, if x € U is such that the nth iterate 7" of T is defined at x, then
from the chain rule and the group property of the flow we get

Spr(x)

n—1
(T")’(x)zHT’(T"@)):%-exp( / (divwX)(¢S(w(O,x)))ds>, (5)
k=0 0

where S,r(x) = Y7120 r(T*(x)) > ne.

It is well known that the phase portrait of a C! vector field X on a connected, orientable,
smooth 2-manifold M can contain 1-dimensional compact minimal sets that are not periodic
orbits (see the Appendix in [9]). Minimal sets of this kind are called nontrivial, and are locally
homeomorphic to the cartesian product of an open interval with a Cantor set. However, a C?
vector field on a 2-manifold cannot have nontrivial compact minimal sets (see [8]).

Let A be a nontrivial compact minimal set of X, let p € A and let V be a flow box around p
as above. Then K = {x € D': (0, x) € A} is a Cantor set and shrinking V/, if necessary, we can
choose so that A N (¥ ({0} x D)\ ¥ ({0} x D)) = . Thus, there is an open neighborhood U of
K in D! such that the function r: U — (€, +00) is defined and is C I Moreover, K is minimal
under the corresponding Poincaré map 7.

Lemma 3.2. For every open neighborhood W of K in U there exists a connected component I
of U\ K at least one of whose endpoints is contained in K such that T" is defined on 1 and
T"(I) C W foreveryn = 0.

Proof. Since K is a Cantor set, there exists some a € K which is an endpoint of some connected
component of U \ K. Then 7" (a) is defined and is endpoint of a connected component of U \ K
for every n > 0. Let § = inf{dist(x, U \ W): x € K}. Then § > 0 and since the sum of the lengths
of these connected components must be at most 2, there exists some n¢ such that the connected
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component of U \ K with one endpoint 7" (a) has length less that § for every n > ng. It suffices
now to take / to be the connected component of U \ K with one endpoint 7"0(a). O

The above calculations lead to the following nonexistence result of Poincaré—Bendixson type,
which is analogous to the Bendixson—Dulac criterion on the nonexistence of periodic orbits for
planar C! vector fields.

Theorem 3.3. Let X be a C! vector field on an orientable, connected, smooth 2-manifold M. If
there exists a C* volume 2-form w on M such that div,, X > 0 everywhere on M, then X has no
nontrivial compact minimal set.

Proof. Suppose that A is a nontrivial compact minimal set. Using the preceding notations, let
I = (a, b) be the connected component of U \ K given by Lemma 3.2, starting with any open
neighborhood W of K having compact closure contained in U. By the Mean Value Theorem, for
every n > 1 there exists some a < ¢, < b such that T"(b) — T"(a) = (T") (&n) - (b — a). Since
W is compact, there exists some ¢ > 1 such that - <gx) < c for every x € W. From Eq. (5)

giving (T™)’ and our hypothesis follows now that (T") (&) > 2 for every n > 1. Therefore,
o o 0

e L T -

n=1 n=1 n=1

This contradiction proves the conclusion. O

Since the vector fields X and —X have the same unoriented orbits, Theorem 3.3 is also true
under the assumption div, X < 0 everywhere on M. Thus, if A is a nontrivial compact minimal
set of a C! vector field X on an orientable, connected, smooth 2-manifold M with a fixed C*®
volume 2-form, then in every connected open neighborhood of A the divergence of X takes
positive and negative values, and so there are points at which it vanishes. Since A is a continuum
and M is a manifold, A has a neighborhood basis consisting of connected open subsets of M,
and so we get the following corollary which can also be proved directly using a similar argument
as in the proof of Theorem 3.3.

Corollary 3.4. Let X be a C! vector field on an orientable, connected, smooth 2-manifold M. If
A C M is a nontrivial compact minimal set of X, then for every C* volume 2-form w on M the
divergence div,, X of X with respect to w vanishes at some point of A.

4. Nontrivial compact minimal sets and inverse integrating factors

Let M be an orientable, connected, smooth n-manifold, n > 2, oriented by a C* volume
n-form @ and let X is a C! vector field on M with (local) flow ¢. Let also A be a compact
minimal set of X. Suppose that 8 = % - w is another C* volume n-form for some C*° function
f M — R\ {0}. If the divergence of X with respect to both volume forms w and 6 vanishes on A,
then X =0 on A and so f must be constant on A, because A is minimal. By Corollary 3.4, if M
is 2-dimensional and A is a nontrivial compact minimal set, then for every C°° volume 2-form 6
on M there exists some point of A at which divy X vanishes. The above observation shows that
it is not true that the divergence of X vanishes everywhere on A for every C* volume 2-form
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on M. The question now arises whether there exists a C*° volume 2-form 6 = L .won M such
that divg X = 0 on A. As we saw in the beginning of Section 2, this question is equivalent to
the problem of the existence of a C* function f: M — R\ {0} which satisfies the linear partial
differential equation Xf = f - divp, X on A. Recall that by the Gottschalk—Hedlund theorem
for compact minimal sets, there exists a (necessarily unique up to constant) continuous function
f:A— R\ {0} such that X (log|f|) = div,, X on A if and only if there exists a point p € A and
¢ > 0 such that

<c

t
/ (div X) (¢ () ds
0

for every t € R (see [3]). So an obvious obstruction for a positive answer is the following. If there
exists a C* volume 2-form w on M, a point p € A and a sequence f,, — +00 such that

In

lim (div,, X)(qﬁs(p)) ds =400 (or —o0)

n— 400

0

then there is no C* volume 2-form 6 on M such that divg X =0 on A.

In the rest of this section we shall prove that such a (even C 1) solution on A, if it exists, cannot
be the restriction to A of an IIF of X on a neighborhood of A and derive some corollaries.

In [1] we have given the following description of the flow near a nontrivial compact minimal
set A (of a general continuous flow) on an orientable 2-manifold M. There exists a connected,
open, invariant neighborhood E of A with the following properties:

(a) The restricted flow on E \ A is completely unstable.

(b) If xe E,then LT (x) UL (x) CAUJE and LT (x) =A or L™ (x) = A.

(c) Every connected component of E \ A contains at least one point x such that L*(x) =
L™ (x) =A.

(d) OF contains no nontrivial compact minimal set, and if M is compact, it contains no periodic
orbit also.

Proposition 4.1. Let X be a C' vector field on a connected, orientable, smooth 2-manifold M,
which is oriented by a C* volume 2-form w. If f : M — R is an IIF for X, then every nontrivial
compact minimal set of X is contained in f~1(0).

Proof. Let A C M be a nontrivial compact minimal set of X and E be the connected, open,
invariant neighborhood of A as above. Suppose that A is not contained in f~'(0). Then
AN f~1(0) = @, because A is minimal and f~!(0) is closed and invariant, by Lemma 2.2. Prop-
erty (b) of E implies that E N f~1(0) = @ also. Since L. X restricted to E preserves the volume
2-form w, by Lemma 2.3, it follows from E. Hopf’s generalization of the Poincaré Recurrence
Theorem that there exists a dense subset P of E such that if x € P then either x € LT (x)N L™ (x)
or LY(x)UL™(x) C M\ E, possibly empty. Therefore P N (E \ A) # ¢ and we get a contradic-
tion with property (b) of E. O

The above proposition has a number of corollaries. First we obtain the following analytic
criterion of Poincaré—Bendixson type.
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Corollary 4.2. Let X be a C' vector field on a connected, orientable, smooth 2-manifold M,
which is oriented by a C* volume 2-form w. If X admits an IIF f:M — R such that 0 is a
regular value of f, then X has no nontrivial compact minimal set.

If C is a limit cycle of a C! vector field X on a connected, orientable, smooth 2-manifold M,
then C C £~1(0) for every IIF f:M — R of X. This is proved in [5, Theorem 9] in case M
is an open subset of R?, but the proof works for any orientable 2-manifold. So we arrive at the
following.

Corollary 4.3. Let X be a C! vector field on a connected, orientable, smooth 2-manifold M and
x € M. If LY (x) is a 1-dimensional compact minimal set, then L™ (x) C f_l(O) for every IIF
f:M—>RofX.

Finally, we obtain the following corollary concerning infinitesimal symmetries.

Corollary 4.4. Let X be a C' vector field on a connected, orientable, smooth 2-manifold M.
If A C M is a nontrivial compact minimal set of X, then every infinitesimal symmetry of X is
inessential on A.

Proof. Let Y be an infinitesimal symmetry of X and #: M — R be a continuous function such
that [X,Y]=h - X. If w is any C* volume 2-form on M, then f = w(X,Y) is an IIF of X,
by Corollary 2.8. Therefore, A C f~'(0) from Proposition 4.1, which means that there is a
continuous function g: A — R such that Y = g - X on A, since X nowhere vanishes on A.
Moreover, X g exists on A and h|4 = Xg. So, Xg: A — R is continuous. Hence Y is inessential
onA. O

Remark 4.5. Note that a C? infinitesimal symmetry ¥ of X in the situation of Corollary 4.4
must vanish at some point of A. Indeed, if ¥ nowhere vanishes on A, then A is also a nontrivial
compact minimal set of ¥ and so ¥ cannot be C? by [8].

Proposition 4.1 or Corollary 4.3 can be used as a substitute to Poincaré—Bendixson theory
to exclude the existence of nontrivial compact minimal sets for C! vector fields on orientable
2-manifolds. As an illustration we give a specific example.

Example 4.6. Let ¢ : R — R be the 277 -periodic C! function given by the formula

sin?x,  if k — D < x < 2k,

1
2

X) =
V) Zsin®?x, if 2kmw <x < 2k + D,

sin
where k € Z. Let f : R?2 — R be the 27 Z2-invariant C! function with
Fo )=y @+ ¥ ).

The vanishing set of f consists of the points

(nm, 2mm), ((2n + D, 2m71), (Znn, 2m + 1)n), ((Zn + Dm, CQm + l)n), n,me.
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If &, u:R — R are 277 -periodic C! functions (take for instance A =y = ), the C! vector field
~ 0 a
X, y)=pufx,y)—+rx) f(x,y)—
ox ay

is 27 Z2-invariant. So X projects to a C! vector field X on the 2-torus T2 = R?/27xZ?. The
vanishing set F' of X consists of the four points p(0,0), p(m,0), p(w,0) and p(rw, ), where
p:R? — T2 is the quotient map. Also f induces a C! function f:T2 — R with f~1(0) = F.
Let o denote the euclidean volume 2-form on 72. This means that p*w = dx A dy. An easy
calculation shows that f is an IIF for X with respect to w. Now Proposition 4.1 ensures that X
has no nontrivial compact minimal set in T2 \ F, and therefore on T2, since F is finite. Note
that the main result of [8] cannot be applied here, as X is not twice differentiable. The classical
Poincaré—Bendixson theory cannot be applied either, since F is finite.
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