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ABSTRACT. Competitive autonomous systems in R3 have the remarkable prop-
erty of verifying an analogue of the Poincaré-Bendixon theorem for planar
equations. This fact allows us to prove the existence of orbitally stable closed
orbits for those systems under easily checkable hypothesis. Our aim is to intro-
duce, by changing the ordering in R3, a new class of autonomous systems for
which the preceding results directly extend. As a consequence we shall rein-
terpret some of the results of R. A. Smith in terms of the theory of monotone
systems.

1. INTRODUCTION

In this paper we consider an autonomous differential equation in R® and study
the existence of stable closed orbits. The papers of R. A. Smith [IT] and of H. Zhu
and H. L. Smith [T3] contain interesting results on this subject and we shall find
some connections between them.

Let us consider a system

(1) §=F(), €£eR’

with F € C1(R3,R3). Let us also assume that the system is dissipative and has
a unique equilibrium. This equilibrium is hyperbolic and the stable manifold has
dimension one. With this simple geometry and some additional conditions on the
vector field we would like to find a stable closed orbit.

The work of R. A. Smith [11], also applicable in higher dimensions, gives a first
answer to this question. The stable closed orbit exists if one can find a symmetric
and nonsingular matrix P, with two negative eigenvalues, and positive constants A
and € such that

(2) PF' (&) + F'(&)*P+ AP < —el V¢ €R3,

where < refers to the standard order in the class of symmetric matrices. In the proof
of his result in [IT], the matrix P is employed to produce an indefinite Lyapunov
function that helps to construct the so-called “amenable set”. This is an invariant
surface that attracts all orbits.
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Another answer to our question can be obtained from the work of H. Zhu and
H. L. Smith [I3]. A stable closed orbit will exist if the system is competitive and
irreducible (see [13] for more details on this definition). The proof of [13] is inspired
by a result of M. W. Hirsch (see [B] [, b]) that says that a competitive system in
RY behaves essentially like a system in RV~ The reduction of dimension plays
again an important role.

A system is competitive if the vector field F' satisfies

OF;

9¢;

This is equivalent to saying that the flow ®;(¢) associated to () is monotone in
the past; that is,

(€) <0 if i#j, VEER?

Here we are using the natural ordering in R3 produced by the cone Ri of vectors
with nonnegative components. The results in [13] were stated for competitive sys-
tems but they are also valid for flows which are monotone (in the past) with respect
to orderings induced by other cones. This is the link between [II] and [I3]. With
the help of the matrix P we shall construct an ordering such that the monotonicity
of a flow is equivalent to saying that the matrix

PF'(&) + F'(§)" P+ M&)P

is negative semidefinite. Now A = \(¢) is a function from R into R. This point of
view leads to an extension of the results in [I1] for three dimensions. Also, we can
interpret the condition of R. A. Smith as a sort of abstract competition.

The rest of the paper is organized as follows. In Section 2 we introduce some
terminology on cones and state the main result of [13] in an abstract setting. In Sec-
tion 3 we define an ordering associated to an indefinite quadratic form and analyze
the conditions for the monotonicity of flows with respect to this ordering. Finally,
in Section 4 we present a result on orbital stability and discuss the connections with

[11].
2. ABSTRACT MONOTONE FLOWS

A closed and convex subset K of RY is a cone if it satisfies the properties:
1. If € € K, then X € K for each A > 0.

2. KNn(=K)=1{0}.
Each cone induces an ordering in RN defined by
&E<n ifandonlyif n—¢e€K.
Of special importance are cones with nonempty interior. Whenever K # (3, the
following notation is employed:
Exn ifandonlyif n—¢e€ K.

The notation & < 7 just means & < n and & # 7. We shall discuss some
connections between cones and differential equations. Given the system

(3) £=F(), ¢eRY,

with F € CY(RY,RY), the solution starting at & is denoted by ®;(¢) and the
corresponding maximal interval is I¢. Also, I, = I¢ N (—0o0,0), Igr =1: N (0, +00).
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The flow associated to (B)) is said to be monotone in the past (resp. in the future)
if, given £, 7 € RY with ¢ < 7, then ®;(¢) < ®,(n) for each t € I NI, (resp.
telIl NnLh).

As mentioned in the introduction, M. W. Hirsch considered the cone K = Rf
and proved that the study of the dynamics of a monotone system in RV can be
reduced in one dimension. In particular, the conclusion of the Poincaré-Bendixon
theorem still holds for monotone flows in R? (see [3,5]). All this theory can be
extended to flows that are monotone with respect to the ordering induced by a cone

K with K # (). The crucial property of these orderings is that intervals of the kind
J&n={0eRY ¢ <0 <n}

are open and bounded in RY (see [7l pages 37-38]).
Let D®,(§) denote the derivative of the flow with respect to initial conditions.
This is the solution matrix of the linear problem

X(t) = FI(®(6)X (1), X(0)=In.

We shall say that the flow associated to (@) is strongly L-monotone (in the past)
if for each ¢ € RN and § € K — {0} one has

(4) D®(§)6 >0 Vtel, .

Let us see that a flow of this kind is monotone. Actually, given £, € RY with
& < n and t negative and sufficiently small,

By(n) — By(€) = / D&, (rn+ (1 = 1)€)(n — £)dr

and it follows from (@) that this difference is positive. The reader will notice that
we have used the monotonicity of the vector valued integral with respect to the

order induced by K. Actually, given any continuous function f : [0,1] — K, then
[e]
the average fol f(7)dr lies also in K. An easy way to prove this fact is as follows.

Consider the compact set C' = f([0,1]) C IO( . The convexity of I% implies that the

]

convex hull co C is contained in K. We know that co C' is compact (see [8] page 72])
and the mean value theorem for vector-valued integrals (see [8, page 75]) leads to
the conclusion.

Going back to the proof of the monotonicity of the flow ®;, we already know
that, for some small € > 0,

(&) < i) i L€ (~€,0).

To prove that this inequality also holds for all ¢ € I, NI, it is sufficient to
notice that Ieni; C IT_£+(1—T)n' This is a consequence of the local monotonicity
already proved.

The following theorem is a partial extension of the main result of [I3] to general
cones. We recall that the system (3 is said to be dissipative if there exists a compact
set D C RY such that, for all £ € R, ®;(¢) belongs to D for all ¢ sufficiently large.

[e]
Theorem 1. Let K be a cone in R® with K # (). Let us suppose that system (I) is
dissipative, its flow is strongly L-monotone in the past (with respect to the ordering
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induced by K ) and there exists a unique equilibrium £ = 0 such that the eigenvalues
of F'(0) satisfy

A < 0, Re )\Q,Re A3z > 0.

Then there exists at least one orbitally stable closed orbit. Moreover, every orbit
tends to the equilibrium or to a closed orbit as t — 400.

Proof. The existence of a stable closed orbit is proven essentially in the same way as
n [I3]. To prove the convergence of every orbit to £ = 0 or to a closed orbit we use
Theorem 4.2 of Chapter 3 in [9]. Again this result is stated for K = R} but extends

to general cones. We must prove that there is a vector in K that is tangent to the
stable manifold W#(0) at £ = 0. The matrix solution of the linearized equation
& =F'(0)¢ is exp(F'(0)t) = D®.(0). By assumption this matrix satisfies

D&, (0)(K — {0}) C K for t < 0.

The Perron-Frobenius theorem for abstract cones (see [I, [7]) implies that the

o

eigenvector of exp(F’(0)t) associated to exp(Ait) belongs to K. This vector is
tangent to W*(0) at £ = 0. O

Under the assumptions of the previous theorem one can also prove the existence
of an asymptotically stable closed orbit when all closed orbits are isolated. This is
the case if F' is analytic in the real sense.

3. QUADRATIC CONES AND KAMKE CONDITIONS

In this section the dimension will not play a relevant role and we shall always
work in RY with arbitrary N > 2. We shall fix a symmetric matrix P of dimension
N having one positive eigenvalue and N — 1 negative eigenvalues (each eigenvalue
is counted according to its multiplicity). The positive eigenvalue will be denoted
by A+ and ey will stand for an eigenvector satisfying

Pey = Ajeq, leq|=1.
We define the set
K ={¢eRY :(P£¢) >0, (&ey) >0}

where ( , ) is the usual inner product in R™. It is not difficult to prove that K is a
cone with nonempty interior. In this proof one uses the Cauchy-Schwartz inequality
and the following property:

This is true because P is negative definite on the orthogonal complement of e..
From now on the notations <, < and < will always refer to the ordering induced
by K. Namely, given £ € RY,

520@ (Pfag) Zoand (£7e+) 207

E> 0« (PE,€) >0and (,e4) > 0.

We go back to the differential equation (B]). We shall say that @) is P-competitive
if there exists a function A : RV — R such that the symmetric matrix

PF'(§) + F'(&)*P+ A(&)P
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is negative semidefinite for each ¢ € RY. If this matrix is negative definite every-
where, we shall say that the system is strictly P-competitive.

Theorem 2. The flow generated by ([B)) is monotone in the past (with respect to
K) if and only if @) is P-competitive. Moreover, if (3)) is strictly P-competitive,
then the flow is strongly L-monotone.

Remark 1. In his works [I0] II], R. A. Smith assumed that the vector field F' was
locally Lipschitz continuous and satisfied the condition

(6) (E=n, P(F(§) = F(n) + AP(§ —n)) < —el¢ —nf®

where € and \ are positive constants. When one assumes that F is of class C*, this
condition is equivalent to (). The proof of the implication (@) = (@) can be seen
in the proof of Lemma 5 in [I2], and the converse is a consequence of the identity

1
€ —n, P(F(E) - F(n))) = /0 (PF'(r€+ (1 = 7)n)(§ —n), & — n)dr.
Thus the condition (B) implies that the system is P-competitive.

Remark 2. From Theorem B the previous remark and the results in [3, [0, O] we
obtain a partial generalization of the Extended Poincaré-Bendixon Theorem of R. A.
Smith [10, [I1] in the case N = 3. Namely, in a three-dimensional P-competitive
system, compact omega limit sets without equilibrium points are closed orbits. Our
extension of R. A. Smith’s result is only partial because we do not consider the case
of locally Lipschitz continuous fields and also because in [L0} [11] the field F' is not
necessarily defined in the whole space R3. On the other hand, P-competitivity is a
condition more flexible than (@). In R. A. Smith’s work the matrix

PF' (&) + F'(&)*P + \P

is negative definite in a uniform sense with respect to £, and ) is a constant. These
two requirements are not needed for strict P-competitivity. At the end of the paper
we show an example emphasizing this point.

Remark 3. It is interesting to analyze the class of P-competitive systems for some
simple matrices. For example, if N =2 and

~1 0
r(01)

then (@) is P-competitive if and only if
oF, OF,

it ek Py
08  0& |~ 06 08

Remark 4. If we suppose that F has a bounded derivative in R, then flow asso-

ciated to (B) can be embedded in a monotone flow of R¥*!. To be more specific,

it is not difficult to see that the system

{é = F(§), (eRY,
77 = -, WGR

oF, 0F;,

is strictly P-competitive if @ € R is great enough, where P is the matrix

-I, 0
(1)
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Before the proof of Theorem [2 we need the following algebraic result.

Lemma 1. Let A be a symmetric matriz of dimension N. The following statements
are equivalent:
(i) For each & € RN £ # 0, satisfying (P¢,€) = 0, the inequality below holds:

(A€, ¢) < 0.
(ii) There exists A € R such that A+ AP is negative definite.

Proof. The implication (ii) = (i) is immediate. To prove the converse let us assume
that (i) holds.
Define the sets

Hy ={¢ RV : (P,&) =1} and H_={¢eRY :(P&,&)=—1}.
Let us prove first that
(7) (AL, &) — —o0 as [€] — 400, E€ Hy UH_.
If not, there would exist M > 0 and &, € H; U H_ such that
lim [&,] =400 and (4&,, &) > —M.

n—-+o0o

Let us call 4,, = é”l. Then {6,,} is a sequence of unitary vectors verifying

(8) (Ab,,0,) > and (P6,,6,)

-M _c
|€n|? €02
where ¢ = +1.
Passing to a subsequence if necessary, we can suppose that {6, } converges to a

nonzero vector 6. Taking limits in (§) we have that
(Ago,go) Z 0 and (P90,90) =0

which contradicts (i).
Property (@) allows us to define the numbers

pt = max{(AE,§) : £ € Hy}

and

j = max{(A€,€) € € H_}.
It follows that

and

Let v € Hy and v— € H_ be vectors where the maxima are reached. The
Lagrange multipliers theorem implies that they satisfy

(11) Avy = puyPvy, Av_ = —pu_Pu_.

Let us suppose for a while that g = —p— = p and let II be the plane generated
by vy and v_. Then we would have that

AE = pP¢ VEETL
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Since (Pvy,v4) > 0 and (Pv_,v_) < 0, there would exist v € II, v # 0,

satisfying (Pv,v) = 0. Then
(Av,v) = p(Pv,v) =0
which contradicts (i). So 4 # —p—. This fact and () easily imply that
(Avy,v_) = (Pvg,v_) =0.

From the properties of v_ and v we deduce that the vector vy = vy +v_ satisfies

(Pvg,vg) = 0. Applying (i) to vy we obtain that
(Avg,vg) = pg + p— < 0.

Taking A € R such that

(12) fe <A< —piy

let us prove that

(AL, &) + A(PE,€) <0 VEF#0.
The case (P&, €) = 0 is straightforward from (i).
If (P, &) > 0, then (@) and (1) imply
(AL, §) + AP, §) < (p+ + A)(PE,§) <0.
If (P&, &) <0, then ([I) and ([F) imply
This completes the proof. O

Proof of Theorem [A First we assume that the system is strictly P-competitive and
we shall prove that the flow is strongly L-monotone. Given § > 0 we must prove
that

Do(§)6 > 0ift e I, .
The function y(t) = D®:(£)d is the solution of
§=F(2(&))y, y(0) =0
Define a4 (t) = (Py(t),y(t)). The derivative satisfies
a(t) = (PF'(®:(8)) + F'(24(£))" P)y(t), y(£)) < =A(@1(€))ax (1)

In particular we deduce that a1(to) < 0 if a1(to) = 0. Since § > 0, we know
that a1(0) > 0 and therefore a; must be positive for negative ¢. Next we define
as(t) = (y(t),e4). It follows from (Bl) that as cannot vanish when a4 (¢) is positive.
From a3(0) > 0 we deduce that also ay is positive in [ ¢ - This proves that y(t) >0
iftel,.

Now we assume that the system is P-competitive and we prove that the flow is

monotone. This follows easily by an approximation argument. For each ¢ > 0 the
system

§=F(€) —eP7¢
is strictly P-competitive. In consequence the associated flow is strongly L-monotone
and so it is monotone. For ¢ = 0 the flow is also monotone by continuous depen-
dence.
To finish the proof we assume that (3)) is not P-competitive and we prove that
the flow is not monotone in the past. If the system is not P-competitive, we apply
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the preceding lemma with A = PF'(£) + F'(£)* P to deduce the existence of & and
n in RY such that

(Pom) =0 and (PF'(€0)n.n) = 5 ((PF'(€) + F'(60)" P)n.n) > 0.

Notice that the equivalence in that lemma still holds when the inequality in (i)
is not strict and A + AP is negative semidefinite.

We can choose 7 so that (n,ey) > 0. This follows from (B and implies n > 0.
Let € > 0 be such that

(P(F(So + en) — F(£0)),n) > 0.
This is precisely the derivative at t = 0 of

1
as(t) = 5 (P(®e(§o + en) = P4(80)), Pe(So + en) = P4 (Eo))-
Since a3(0) = 0, the inequality ®;(§p + en) > P+(&y) cannot hold for small negative
values of ¢. This shows that the flow is not monotone in the past. O

4. A RESULT ON ORBITAL STABILITY

Theorem [together with the previous result lead to the following result on orbital
stability.

Theorem 3. Let us suppose that system (d)) is dissipative, strictly P-competitive
and there exists a unique equilibrium £ = 0 such that the eigenvalues of F'(0) satisfy

A1 <0, Re A2, Re A3 > 0.
Then the conclusions of Theorem [l hold.

Remark 5. The assumption of hyperbolicity of £ = 0 can probably be relaxed but
not completely removed. For example, we can consider the planar autonomous
system appearing in [2, pages 191-194]. This is a dissipative system having a
unique equilibrium, which is unstable, and having no closed orbit. Multiplying the
vector field by a suitable scalar function we obtain another equation with the same
phase portrait and such that F'(£) has bounded derivative. We can now use Remark
Hlto construct a three dimensional system that is strictly P-competitive, dissipative
and has a unique unstable equilibrium and no closed orbit.

Remark 6. The previous theorem extends the results in [11] if N = 3. However it
cannot be considered as a complete extension of the result of R. A. Smith due to
the reasons already discussed in Remark[2]

To conclude the paper we give an example for which the assumption of R. A.
Smith in [II] does not hold while Theorem [] is applicable. Let us consider the
system

i :xfy*xZQ—x(xz—'_yz)
23 2’
(13) Y :a:—f—y—yzQ—y(x ;—y),
3
z
Z ——z—g—z(xQ—i—yQ).
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Using the function V(z,y, z) = 2% + y? + 22 it is easy to see that this system is
dissipative. The linearization in the origin, which is its unique equilibrium point,
has as eigenvalues —1, 1 +¢ and 1 — i. If we take

-1 0 0
P = 0 -1 0
0 0 1

a computation shows that (I3)) is strictly P-competitive, where A must satisfy
2% + 2 + 2% — 1) < Mz, y,2) < 2(@? + 92 + 22 +1).
So A cannot be constant.

Finally, it can be seen that z(t) = /3cost, y(t) = V/3sint, z(t) = 0 is an
orbitally stable solution of (I[3).

Final remark. After we finished this paper we learned from E. N. Dancer that the
quadratic cones had been already employed by Hofer and Toland in [6] to study a
class of hamiltonian systems.

REFERENCES

(1] A. Berman and R. J. Plemmons, Nonnegative matrices in mathematical sciences, SIAM,
Philadelphia, 1994. MR, 95e:15013
[2] W. Hahn, Stability of Motion, Springer-Verlag, Berlin, 1967. MR 36:6716
[3] M. W. Hirsch, Systems of differential equations which are competitive or cooperative. I: Limit
sets, STAM J. Math. Anal. 13 (1982), 167-179. MR, 83i:58081
[4] M. W. Hirsch, Systems of differential equations which are competitive or cooperative. II:
Convergence almost everywhere, SIAM J. Math. Anal. 16 (1985), 423-439. MR 87a:58137
[5] M. W. Hirsch, Systems of differential equations which are competitive or cooperative. IV:
Structural stability in three-dimensional systems., SIAM J. Math. Anal. 21 (1990), 1225-
1234. MR 92h:58109
[6] H. Hofer and J. Toland, Homoclinic, heteroclinic, and periodic orbits for a class of indefinite
hamiltonian systems, Math. Ann. 268 (1984), 387-403. MR 85j:58123
[7] M. A. Krasnoselskij, J. A. Lifshits, A. V. Sobolev, Positive Linear Systems, Heldermann
Verlag, Berlin, 1989. MR 91f:47051
[8] W. Rudin, Functional Analysis, McGraw Hill, New York, 1973. MR 51:1315
[9] H. L. Smith, Monotone Dynamical Systems, American Mathematical Society, Providence,
1995. MR. 96c:34002
[10] R. A. Smith, Ezistence of periodic orbits of autonomous ordinary differential equations,
Proceedings of the Royal Society of Edinburgh 85A (1980), 153-172. IMR._81e:34034
[11] R. A. Smith, Orbital Stability for Ordinary Differential Equations, Journal of Differential
Equations 69 (1987), 265-287. MR 88g:34087
[12] R. A. Smith, Certain differential equations have only isolated periodic orbits, Ann. Mat. Pura
Appl. 137 (1984), 217-244. MR 86d:34070
[13] H. R. Zhu and H. L. Smith, Stable Periodic Orbits for a Class of Three Dimensional Com-
petitive Systems, Journal of Differential Equations 110 (1994), 143-156. MR 95e:34033

DEPARTAMENTO DE MATEMATICA APLICADA, FACULTAD DE CIENCIAS, UNIVERSIDAD DE
GRANADA, 18071 GRANADA, SPAIN
E-mail address: rortega@goliat.ugr.es

DEPARTAMENTO DE MATEMATICA APLICADA, FACULTAD DE CIENCIAS, UNIVERSIDAD DE
GRANADA, 18071 GRANADA, SPAIN
E-mail address: lasperez@goliat.ugr.es


http://www.ams.org/mathscinet-getitem?mr=95e:15013
http://www.ams.org/mathscinet-getitem?mr=36:6716
http://www.ams.org/mathscinet-getitem?mr=83i:58081
http://www.ams.org/mathscinet-getitem?mr=87a:58137
http://www.ams.org/mathscinet-getitem?mr=92h:58109
http://www.ams.org/mathscinet-getitem?mr=85j:58123
http://www.ams.org/mathscinet-getitem?mr=91f:47051
http://www.ams.org/mathscinet-getitem?mr=51:1315
http://www.ams.org/mathscinet-getitem?mr=96c:34002
http://www.ams.org/mathscinet-getitem?mr=81e:34034
http://www.ams.org/mathscinet-getitem?mr=88g:34087
http://www.ams.org/mathscinet-getitem?mr=86d:34070
http://www.ams.org/mathscinet-getitem?mr=95e:34033

	1. Introduction
	2. Abstract monotone flows
	3. Quadratic cones and Kamke conditions
	4. A result on orbital stability
	References

