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EXTENSION OF THE PERRON-FROBENIUS THEOREM TO
HOMOGENEOUS SYSTEMS*

DIRK AEYELST AND PATRICK DE LEENHEER?

Abstract. This paper deals with a particular class of positive systems. The state components
of a positive system are positive or zero for all positive times. These systems are often encountered
in applied areas such as chemical engineering or biology. It is shown that for this particular class
the first orthant contains an invariant ray in its interior. An invariant ray generalizes the concept of
an eigenvector of linear systems to nonlinear homogeneous systems. Then sufficient conditions for
uniqueness of this ray are given. The main result states that the vector field on an invariant ray
determines the stability properties of the zero solution with respect to initial conditions in the first
orthant. The asymptotic behavior of the solutions is examined. Finally, we compare our results to
the Perron—Frobenius theorem, which gives a detailed picture of the dynamical behavior of positive
linear systems.
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1. Introduction. A dynamical system is said to be positive if it leaves the first
orthant of R™ invariant for future times when initiated in this orthant. Examples
of these systems abound in a variety of applied areas such as biology, chemistry,
economics, and sociology [6], [14], [9]. In a biological system, for example, a state
component will typically be the number of individuals of a certain species in a pop-
ulation of interacting species. State components in a chemical system are typically
concentrations or amounts of chemical substances. Important issues arising in the
study of positive systems are the boundedness of solutions, permanence or persis-
tence, and the (asymptotic) stability of equilibrium points. In this paper the stability
properties of the zero solution of a class of positive systems is considered. At first
glance, it might be surprising that we are interested in the zero solution, because in
most applications this solution is not very interesting. For example, it corresponds to
death of all species in a biological context, or to washout of all chemicals in chemical
engineering. In the context of positive systems, nontrivial equilibrium points are of
much more interest. However, these equilibrium points arise in models where some
type of control action is already present in the model, although implicitly.

As an illustration, consider the simplest example of the well-known predator-prey
model proposed by Volterra (see [6]) to explain the observed oscillations in the biomass
of prey species (denoted by x) and predator species (denoted by y):

T = —axy + bz,
Yy = cxy — dy,
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where a, b, ¢, and d are positive constants. The term bz is the growth rate of the prey
species and suggests the availability of a feeding source. The abundance of the food is
represented by the parameter b, which can be interpreted as the implicit control action
hinted at before. If there is no food (b = 0), then the only equilibrium point of the
system is the trivial one. If there is food available (b > 0), then there is a nontrivial
equilibrium point. It might not come as a surprise that the stability behavior of
the zero solution of the simpler system with b = 0 determines to some extent the
behavior of the system with b > 0. (Bifurcation theory might serve as a tool here.)
This motivates the study of the zero solution for the case in which b = 0.

We provide another example of a chemical reactor at the end of section 5.

Therefore, the study of the stability behavior of the zero solution is not only
interesting in its own right, but also important for control purposes.

Homogeneous systems on R™ (see, e.g., [3]) are a particular class of nonlinear
systems. Invariant rays—when they exist—play an important role in the study of the
stability behavior of the zero solution of a homogeneous system. An invariant ray is a
particular curve that is invariant for the flow of the system. It can be interpreted as
the generalization of the concept of the linear space spanned by an eigenvector of a
real eigenvalue, in the context of linear systems, to the context of homogeneous—and
thus generally nonlinear—systems. Suppose that a homogeneous system possesses a
number of invariant rays. A necessary condition for global asymptotic stability (GAS)
of the zero solution is that the vector field on all invariant rays points towards the
origin. Although this condition is not sufficient in general for GAS, we introduce
a particular class of homogeneous systems for which invariant rays determine the
stability behavior.

Within the class of positive systems, cooperative and irreducible systems are well
examined [5], [13]. In this paper a class of positive systems is introduced, characterized
by homogeneous cooperative and irreducible vector fields. It is shown that these
systems enjoy a fairly simple dynamical behavior. This may come as a surprise, since
it is well known that the behavior of homogeneous systems is in principle as involved
as the behavior of general nonlinear systems.

Next, to describe our results in some detail, we digress to discuss positive linear
systems, known to model a number of important physical systems; see, e.g., [9]. A
necessary and sufficient condition for a linear system & = Az to be positive is that
A be a Metzler matrix (i.e., have nonnegative off-diagonal entries) or equivalently
that the system be cooperative. The principal tool for the analysis of the (stability)
behavior of a positive linear system is the Perron—Frobenius theorem. It is natural to
ask whether it is possible to generalize this to classes of positive nonlinear systems.
The purpose of this paper is to show that this is indeed the case for homogeneous
cooperative and irreducible systems.

First of all it is shown that these systems always possess an invariant ray in the
interior of the first orthant. If the order of the homogeneous vector field is equal to
zero, then this ray is unique in the first orthant; if the order of the vector field is
strictly greater than zero, then the ray is unique in the first orthant if the vector field
on this ray does not point away from the origin. In both cases the stability behavior
of the zero solution of the system is determined by the behavior of the system on this
unique invariant ray.

Several invariant rays may exist if the order of the homogeneous vector field is
strictly greater than zero and if the vector field on every invariant ray points away
from the origin. In this case the stability behavior of the zero solution of the system
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is also determined by the behavior of the system on the invariant rays.

This paper is organized as follows. Basic definitions are given in section 2. In sec-
tion 3, results on homogeneous systems are reviewed. A class of positive homogeneous
systems is introduced in section 4, leading to a criterion for GAS of the zero solution
with respect to the initial conditions in R’} (section 5). The asymptotic behavior of
solutions of this class of systems is examined in section 6. The paper is concluded in
section 7 with a discussion; in particular, the classical Perron—Frobenius theorem for
linear differential equations (see [1] or [13]) is compared to the results of this paper.

2. Preliminaries. Let R be the set of real numbers, and R™ the set of n-tuples
with all components belonging to R. For z € R", |z| is the Euclidean norm of z.
RT := [0,400), Ry := (0,+00), and R (int(R7)) is the set of n-tuples with all
components belonging to R* (Ry). Finally, bd(R?) := R" \ int(R?) is the boundary
of R%}.

Let z,y € R%}; then o < y means z; < y; Vi = 1,...,n. Furthermore, z < y if
and only if z < y and x # y, while x < y if and only if z; < y; Vi = 1,...,n. For
subsets U and V of R"}, we denote U < (<, )V if 2 < (<, <)y Vr € U and y € V.

For x € R™, diag(z) stands for an n x n diagonal matrix, where the ith diagonal
entry is equal to x;, the ith component of the vector . A real n x n matrix A = (a;;)
is Metzler if and only if its off-diagonal entries a;;, Vi # j, belong to R*.

A real n x n matrix A = (a;;) is reducible if and only if the index set N :=
{1,2,...,n} can be split into two sets J and K, with JUK = N and JNK = @ such
that ajr =0Vje Jand k € K.

It is clear that A is reducible if and only if there exists a permutation matrix P

such that
r (B 0
PAP" = ( c D)

where B and D are square matrices.

The standard basis of the vector space R™ is given by {e;|¢ € N}, where the ith
entry of e; is equal to 1, while the other entries are equal to 0. An m-dimensional
coordinate subspace of R™ is a subspace of R™ with a basis {ek,, €k, -, €k, }, with
1<k <ky < <ky.

The matrix A is reducible if and only if the linear operator, associated to the
matrix A and the standard basis, has an m-dimensional invariant coordinate subspace
with 1 <m < n.

When A is not reducible, it is irreducible.

Consider the system

(1) &= f(x),

where z € R™ and f(z) is a continuous vector field on R™, continuously differentiable
(of class C') on R™ \ {0}, and such that f(0) = 0. Later we give conditions such
that the uniqueness of solutions for system (1) is guaranteed. The forward solution
of system (1) with initial condition xg € R™ at ¢t = 0 is denoted as x(¢, z¢), t € Iy, :=
[0, Timax(Z0)), where T, is the maximal forward interval of existence. A set D C R"
is forward invariant for system (1) if and only if Vzg € D, z(t,x0) € D Vt € I,,.
System (1) is positive if and only if R"} is forward invariant.

Suppose that D C R™ is a forward invariant set for system (1). The flow of system
(1) is monotone in D if and only if Vxg, yo € D with zy < (<, <)yp it holds that
z(t, o) < (<, K)x(t,yo) YVt € (Zyy NIy,).
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The flow of system (1) is strongly monotone in D if and only if it is monotone in
D and Vzo, yo € D with ¢ < yo it holds that z(¢, zo) < z(t, yo) Vt € (L, NZy,) \{0}.

A point p € R™ is an omega limit point of xq if there exists an increasing sequence
of time instances {t; }, with ¢, — 400 when k — +o00, such that lim;, —, 1 oo x(tx, 2o) =
p. The set of all omega limit points of zq is the omega limit set of xy and is denoted
by w(zp). Notice that the omega limit set of xg may be the empty set, for instance
if the solution starting in xo diverges. If Tiax(e,) = +00, then the set O(zo) =
{z(t,z0)|t € RT} is the forward orbit of the forward solution z(t,z¢). It follows from
classical results on the theory of ordinary differential equations that if cl(O(zg)), the
closure of the forward orbit O(xg), is compact, then w(zg) is nonempty and compact
and d(w(zo), z(t,z0)) — 0 when ¢t — 400 (where d(4, z) := inf,c 4 d(y, z) and d(y, 2)
is the Euclidean distance between y and z).

3. Homogeneous systems. In this section we review the concept of a homo-
geneous system and discuss some of its properties. Many of these results are known,
and no originality is claimed here. However, we have chosen to include the proofs to
make the paper self-contained.

3.1. Definition and Euler’s formula. We first introduce the concept of a
homogeneous vector field [12].

DEFINITION 3.1. A wvector field f(z), x € R™, is homogeneous of order T € R with
respect to the dilation map 65 (z) : R™ — R™ with 65 (x) = (A" @1, A\229,...,A""xy),
where 1 := (11,72,...,7,) is a fived n-tuple(r; € REVi € N), and VA € R{ if and only

if
(2) Vo eR™AER]  f(65(2)) = N65(f(@)).

To every n-tuple of positive real numbers, one can associate a dilation map 6% (z).
When r = (1,1,...,1), then 6% (x) is the standard dilation map.

System (1) is homogeneous if f(x) is homogeneous.

We introduce the following hypothesis:

(H1) f(z) is a homogeneous vector field of order 7 € R with respect to a dilation
map 8% (x).

Notice that if (H1) holds, then f(0) = 0 (by continuity of f on R™), and thus
x = 0 is an equilibrium point of system (1). Since f(z) is C* on R™ \ {0}, solutions
starting in R™ \ {0} exist and are unique. On the other hand, the vector field f(z)
is only continuous at = 0. This implies that a solution starting in x = 0 exists
(the zero solution satisfies the differential equation) but might not be unique. The
additional hypothesis (H1) excludes the possibility that there are multiple solutions
starting in z = 0 as proved in [10].

Let U be an open subset of R™, and suppose that f(z) is a homogeneous vector
field of order 7 with respect to the dilation map 6%(z) and of class C' on R". For
future reference we recall Euler’s formula:

0
Ve e U %(m)diag(r)x = diag(r + 7*) f(z),
where 7* := (7,...,7). This formula is easily proved by first taking the derivative

with respect to A on both sides of (2) and then evaluating the resulting equation for
A= 1

3.2. Invariant rays. For x € R” \ {0} and a fixed but arbitrary dilation map
85 (z), Ry := {65 (z)|A € R{} is the ray through .
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The w limit sets of points on a ray are related as follows.

LEMMA 3.2. If system (1) satisfies (H1) and if p € w(xo), then 85 (p) € w(65(zo)).

This follows immediately from the scaling property [7] of solutions of homogeneous
differential equations. By the scaling property we mean the following: Suppose that
z(t,m0), t € [0, Tmax(70)), is a solution of system (1). Then VA € Ry the term
o5 (x(A7t, x0)), t € 0, T’”}\"i,(x”)), is also a solution of system (1).

LEMMA 3.3. If system (1) satisfies (H1) and if there exists a point T € R™\ {0}
such that

3) f(@) = 1zdiag(r)z

for some vz € R, then the vector field f(x) is tangent to Rz at each point of Ry.
Proof. Indeed, £ (85(Z))|r»=1 = diag(r)z. This and (3) imply that the vector
field f(x) is tangent to Rz at the point Z. Moreover, VA € R

(4) f(83(7)) = (v=A")diag(r)6} (),

and thus the vector field f(z) is tangent to Rz in every point of Rz, which proves the
lemma. Notice that (4) implies that YA € R

(5) Yoy(z) =A - O

Suppose that there exists a point £ € R™\ {0} such that (3) holds. Then it follows
from Lemma 3.3 that the forward (and backward) solution of system (1), starting in
an arbitrary point of Rz, stays on this ray for all future (and past) times for which
this solution is defined. Such a ray is an invariant ray for system (1).

An invariant ray R, is asymptotically stable, stable, or unstable if and only if
vz < 0, 72 < 0, respectively, v, > 0 for some = € R, and by (5) for any « € R,.

An easy calculation shows that solutions starting on an invariant ray Rz satisfy
the set of decoupled differential equations

-

—Z\ 147
(6) iy = (vzrkzk ) z, "  VkeN

for some z € Rz, and thus f(z) = ~,diag(r)z for some v, € R. Notice that invariant
rays do not always exist for homogeneous systems. The linear harmonic oscillator,
for example, is homogeneous of order zero with respect to the standard dilation map
but does not possess an invariant ray.

3.3. Projection of a homogeneous system. We next introduce the concept
of a homogeneous norm.
DEFINITION 3.4. A homogeneous norm associated to the dilation map 6%(x) is a
function p : R™ — RY satisfying the following:
1. p(z) is continuous on R™ and of class C* on R™\ {0}.
2. p(x) =0 only if x = 0.
3. Vz € R™ and YA € Ry, p(6%(x)) = Ap(x).
For example, the function

(7) (Z Ja ) :

i=1

with p > max;=1, _,(r;), is a homogeneous norm.
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Pick an arbitrary homogeneous norm p(z). Then the p-homogeneous unit (n—1)-
sphere is defined as S, := {x € R"|p(z) = 1}.
LEMMA 3.5. Suppose that system (1) satisfies (H1). Consider the system

1 n
(8) i = glx) = {Wf@ for € R A {0},
0 forz = 0.
Then g(z) is a continuous vector field on R™, of class C* on R™\{0}, and homogeneous
of order zero with respect to 6% (x).
Proof. Indeed, it is clear that g(z) is continuous on R™ \ {0}, so it only has to be
shown that g(z) is continuous at = 0. Pick a sequence {1} — 0 when k — +oo.
Associated to this sequence is the sequence {z}.} C S, with

9) i = 0, (2},)

for suitable Ay € Ry and such that {\;} — 0 when k — +o00. Then

. 1 T 1 r ’
W G T = s (o, Gy )
= Al,jglo WA;% (f(z})) by homogeneity of f(x)and of p(z)
= Alim0 65, (f(x})) because p(x},) =1 as {z},} C S,
=0.

Since f(x) and p(z) are of class C* on R™ \ {0}, and since p(x) > 0 Vo € R™\ {0},
it follows that g(z) is of class C! on R™ \ {0}. It is also easily verified that g(x) is
homogeneous of order zero with respect to 63 (z). d

Uniqueness of the solutions for system (8) is guaranteed. A proof of this assertion
proceeds along the same lines of the proof of the uniqueness of solutions of system
(1). In addition, system (8) is topologically equivalent to system (1). Indeed, the
direction of both the vectors f(x) and g(x) is the same Vz € R™. This implies that
the solutions of system (1) are transformed to solutions of system (8) by a change in
time scale. In particular, a ray is invariant for system (8) if and only if it is invariant
for system (1), and system (8) is positive if and only if system (1) is positive.

With system (8) we now associate a system defined on S, as follows. Consider
the projection map 7 : R" \ {0} — 5, with 7(z) := 6], (x). Notice that

(10) m=mody
VYA € Ry. This means that the image of a ray under 7 is a unique point of Sp.
Geometrically, m(x) is the intersection of the ray through = and S,,.

Now pick a point m € R™\ {0} and consider R,,. It will now be shown that for

all points m’ of the ray R,,, the tangent mapping of = maps the vector g(m’) to the
same vector at w(m). More precisely, it will be shown that

(11) Tnm(g(m)) = T (g(m))

VYm' € R,,, where T,, 7 is the derivative of 7 at m. ~
For m’ € R,, there exists by the definition of R, a A € Rsr such that

(12) m' = 65 (m).
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Then

Tour(g(m)) = Tu(m 0 8)(g(m)) by (10)
= Tsrmym 0 Tin65(g(m)) Dy the chain rule
=Ty on(S/T\(g(m)) by (12)
= Ty 0 8% (g(m)) by linearity of the dilation map
=Twm(g(m')) by homogeneity of g of order zero and (12).

Since the preimage of a point y € S,, 7~ !(y) is equal to the ray through y, R,, and
by (11), it follows that Vy € S, a unique tangent vector h(y) € TS, can be defined
as follows:

(13) h(y) = Tmm(g(m))  Vm € R,

It remains to be shown that h defines a vector field of class C* on S,. This is done
by showing that for every C'* function f : S, — R the function h(f) 1S, = Ris of
class C' on S,,.

For all m € R™\ {0} it holds that

h(w(m))(f) = Tmm(g(m))(f) by (13)
= g(m)(f o) by definition of the tangent mapping.

This implies that
(14) h(f) o lm = g(f o 7)lm

vm € R™\ {0}, and thus h(f) o™ = g(f o 7). Denoting the canonical injection by
j: S, — R\ {0}, we obtain that

(15) hf)omoj=g(fom)oj.

Since 7 o j is the identity mapping on Sy, it follows that h(f) = g(fo ) o §, which is
clearly of class C*! on S,,.
Thus the following system can be considered:

(16) ¥ = h(y),

where y € S, and h is the vector field of class C'' defined above.

We conclude this section with the following claim.

PROPOSITION 3.6. Suppose that yo € S, is an equilibrium point for system (16).
Then Ry, is an invariant ray for system (8).

Proof. Since h(yo) = 0, it follows by (13) that

(17) Tr(g(m)) =0  ¥m € Ry,

By the chain rule, we have that the tangent mapping of the mapping jor : R\ {0} —
R™\ {0} equals

(18) Tm(joﬂ) ZTﬂ(m)jOTmﬂ'.
We obtain from (17) and (18) that Vm € Ry,

(19) (T (5 © 7)) (g(m)) = 0.
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In local coordinates we have that jon(z) = ( Zn), and this implies

that

1 1
2 P
pri (@)l pra(a)

(20) glm) =~ ( éf;(m)gi(m)) diag(r)m

Vm € Ry, and therefore R, is an invariant ray for system (8). 0O

4. A class of positive homogeneous systems. We call on the concept of a
cooperative vector field, which has been widely studied [5], [13].

DEFINITION 4.1. A wector field f(x), x € R™, is cooperative in W C R™ if the
Jacobian matriz % is Metzler Vo € W.

System (1) is called cooperative if the following hypothesis holds.

(H2) f(x) is cooperative in R \ {0}.

THEOREM 4.2. If system (1) satisfies (H1) and (H2), then R is a forward
invariant set for system (1).

Proof. Since 7 > 0 and f(z) is cooperative in R \ {0}, it follows from Euler’s
formula that f;(z) > 0 Vo € R%} \ {0} : 2; = 0. Also f(0) = 0 and the uniqueness of
solutions for system (1) are guaranteed, as has been shown in the previous section.
Then forward solutions cannot leave R’} , proving Theorem 4.2. |

For future reference we apply Kamke’s theorem to obtain the following.

PROPOSITION 4.3. If system (1) satisfies (H1) and (H2), then the flow of system
(1) is monotone in R .

Proof. This follows from Kamke’s theorem [13, Remark 1.4, p. 34] if the following
conditions hold:

L. f(x) is of type K on int(R%), ie., Va,y € int(R"}) with 2 < y it holds that
filx) < fily) Vi : x; = y;. It is easily checked that f(z) is of type K on
int(R" ) since (H2) holds (see [13, Remark 1.1, p. 33]).

2. R is a forward invariant set for system (1). This follows from Theorem 4.2.

3. Va,y € R with x < y there exist sequences {z,}, {y,} C int(R?) such that
Ty < Yn Vn and x, — =, y, — y when n — +oo. It is easily checked that
this condition holds.

4. f(x) is continuously differentiable on some neighborhood of R’}. This condi-
tion is not necessarily satisfied here. Indeed, it may happen that % is not
defined at x = 0. A closer look at the proof of Kamke’s theorem as stated
in [13] indicates that only the continuity of solutions with respect to initial
conditions is needed. Since we have shown that with (H1) the solutions of
system (1) are unique, it follows that solutions of system (1) are continuous
with respect to initial conditions [4, Theorem 2.1, p. 94].

This concludes the proof. 0

THEOREM 4.4. If system (1) satisfies (H1) and (H2), then there exists at least
one invariant ray in R’ for system (1).

Proof. Since, by Theorem 4.2, R is a forward invariant set for system (1), R is
also a forward invariant set for system (8). It follows that the set S, ;. :=R%} NS, is
a forward invariant set for system (16). If not, there exists a forward solution y(t, yo),
Yo € Sp+ and t € Z,,, for system (16) and a T € Z,, such that y(T,yo) € S, \ Sp,+-
But then the forward solution of system (8) starting in yo at t = 0, 2(¢,yo), is such
that z(T',y0) € R™ \ R}, and thus we obtain a contradiction.

Since S, ; is compact, system (16), restricted to S, 4, is forward complete; i.e.,
forward solutions are defined V¢ € RT. For each ¢t € R™ consider the mapping
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P+ Sp+ — S, 4 of system (16), mapping yo — ¥:(yo) := y(t,90). Since S,y is
compact and since it is a retract of the (n — 1)-dimensional unit disk D"~ ! := {x €
R~ |z| < 1}, it follows from a generalization of Brouwer’s fixed point theorem (see,
e.g., [2, p. 171]) that each (continuous) mapping v, t € RT has a fixed point z;.

Pick an arbitrary 7% € Ry and consider the sequence of times {%} withn > 1
integer and n — +o00. Then Vn the map ¢z~ has at least one fixed point x},. Since
the elements of the sequence {z}}, n — —|—os, belong to the compact set S, +, there
exists a convergent subsequence {z;, } with ny — +o0o when k — +o0o. The limit of
this subsequence is denoted as z*. We will prove that v;(z*) = 2* V¢t € R and thus
that z* is an equilibrium point for system (16).

Pick an arbitrary ¢+ € R. We can find a sequence of nonnegative integers {l;.}
and a sequence of real numbers {d;} with 0 < dj < % and dp — 0 when k& — +o00

and such that t = lk% + dj.. It follows that

V() = limg— 400 Pe(y;, )

= limy— 4 o0 P, (P, 2= (5,)) because t = zk% + dy
s
= limg .y o0 Ya, (23,,) because z;, is a fixed point of ¢; =
, -
= limg 4 0o y(dp, 25, ) by definition of g,
=z,

In the above, the third equality is valid since if z} is a fixed point of ¢ z+, then x*
is also a fixed point of ¢, = V¥ nonnegative integers k; the fifth equality is valid since

y(t, 7o) is continuous on R* x S, ;. Since t € R} was arbitrary, we have proved that
Yy(z*) = 2% ¥Vt € RY, and thus z* is an equilibrium point of system (16).

Then by Proposition 3.6, R~ is an invariant ray for system (8) and thus also for
system (1). 0

We introduce the following hypothesis:

(H3) For x € int(R7), & is irreducible. For 2 € bd(R%) \ {0}, either 3 (z) is
irreducible or f;(z) > 0Vi: z; =0.

System (1) is called irreducible if (H3) holds.

PROPOSITION 4.5. If system (1) satisfies (H1), (H2), and (H3), then the flow of
system (1) is strongly monotone in R}.

Proof. The flow of system (1) is monotone by Proposition 4.3.

It will now be shown that Vg, € R} with zq <y it holds that

(21) x(t,x0) < x(t,yo) Vt € (Zy, NZy,) \ {0}

Case 1. yo € int(R%).

1. If g = 0, then 29 < yo, and thus (21) follows from Proposition 4.3.

2. If g # 0, then (21) follows from the generalized Kamke theorem in [13,

Remark 1.1, p. 58].
Case 2. yo € bd(R?}) \ {0}. Notice that in this case 2o belongs to bd(R"} ) since
o < yo. We distinguish two cases:
1. g = 0. We distinguish two subcases:
(a) fi(yo) > 0Vi: (yo); =0. It is clear that for ¢ small enough and strictly
positive,

(22) 0 =xz(t,x0) < z(t,y0).

Then it follows by Proposition 4.3 that (22) holds Vt € Z,, \ {0}, which
proves (21).
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(b) %(yo) is irreducible. It follows from Proposition 4.3 that x(¢,yo) > 0
Vt € T, \ {0}. Suppose that (21) does not hold; then there exists some
i € N such that x;(t,yo) = 0 V¢ € [0,¢], where ¢’ is some strictly positive
real number.
On the other hand, since %(yo) is irreducible, it follows from Euler’s
formula that there exists some j € N such that f;(yo) > 0, implying
that for small and strictly positive t, x; (¢, yo) > 0.
If j = 4, then we have reached a contradiction. If j # 4, then we can
pick 0 < t; <t and consider x(t1,y0) € bd(R%) \ {0}.
It %(x(tl, o)) is reducible, then it follows from (H3) that fi(x(t1,y0)) >
0 Vk : zk(t1,90) = 0 (and thus, in particular, for k = i), yielding a
contradiction.
If %(x(tl, yo)) is irreducible, then there exists a j° € N with j' # j such
that z;/(t,yo) > 0 for small ¢t > ¢;. This argument is repeated and ends
in a finite number of steps, leading to a contradiction.
2. zg # 0. It follows from Case 2.1 that both solution x(t, zo) and y(t, yo) belong
to int(R7%) for ¢t € Z,, \ {0}, respectively, t € Z,, \ {0}.
On the other hand, it follows from Proposition 4.3 that (¢, z0) < y(t,%o)
Vt € (Zyo NZy,) \ {0}. Suppose that (21) does not hold; then there exists
some [ € N such that z;(¢, o) = (¢, y0) Vt € [0,t”], where " is some strictly
positive real number. This contradicts that the flow on int(R? ) is strongly
monotone, which follows from the generalized Kamke theorem in [13]. d

It follows from Theorem 4.4 that if system (1) satisfies (H1) and (H2), there
exists at least one invariant ray in R’ for system (1). Adding hypothesis (H3) allows
us to draw more conclusions regarding the location of these invariant rays in R’} and
their possible uniqueness, by means of the strong monotonicity property of the flow
of system (1) as expressed in Proposition 4.5.

THEOREM 4.6. If system (1) satisfies (H1), (H2), and (H3), then the invariant
rays for system (1) in R belong to int(R’).

If the order T of the homogeneous vector field f(x) is equal to zero, then there
exists a unique invariant ray for system (1) in int(R7).

If the order 7 of the homogeneous vector field f(x) is greater than zero and if
there exists a stable invariant ray for system (1) in int(R7), then this invariant ray
is unique in int(R7).

If the order T of the homogeneous vector field f(x) is greater than zero and if
there exists an unstable invariant ray for system (1) in int(R?), then this invariant
ray is not necessarily unique in int(R%). There may be multiple invariant rays for
system (1) in int(R7), all of them unstable.

Proof. Let R,~ C R} be an invariant ray for system (1); then

(23) f(@") = ya-diag(r)z”

for some v,« € R.
First it is shown that R,- C int(R’}). Suppose not; then R,~ C bd(R?). Ac-

cording to (H3), two cases can be distinguished: g—i(x*) is irreducible or f;(z*) > 0
Vi:xz; =0.
Case 1. %(x*) is irreducible. From Euler’s formula and (23),

(24) (diag(r + T*))*lg(x*)diag(r)x* = y~diag(r)z”.
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Since r € int(R? ), 7 € R’} , and %(x*) is Metzler and irreducible, (diag(r+r*))’1%(z*)
is also Metzler and irreducible. In addition, diag(r)z* € bd(R?}) \ {0}. However, an
irreducible Metzler matrix has no nonzero eigenvector belonging to bd(R?) [1]. Thus
we obtain a contradiction.

Case 2. fi(x*) > 0 Vi:x; = 0. Since * € bd(R"}) and with (23), there exists
i € N such that ¥ =0 and f;(z*) = 0, yielding a contradiction.

Next it is shown that an invariant ray for system (1) is unique.

Suppose that there are two invariant rays R, Ry C int(R7}) (Ry # Rz) for system
(1). Pick an arbitrary point & € R;. There exist two points p,q € Ro such that
p<Z<gqandp; =2 qj =; for some i # j, 7,7 € N. Indeed, pick an arbitrary
y € Ry. Since Ry C int(R%), it follows that y > 0, and thus the following positive
real numbers can be defined:

(25) A = min ((Zj:) > ,
(26) Az = mag ((z:) ) .

Since Ry # Ra, it follows that A; # Ay. Then there exist 4, j € N with ¢ # j such that
' 1
Av = (3)7 and Ap = (3%)"7. This implies that p := 6}, (y) and ¢ := 6}, (y) satisfy

Ly
Yj

the desired properties.

Solutions of system (1) starting on R;, respectively on R, satisfy (6). Since p,
q € Ry, there exists a A € R such that ¢ = 65(p) and g = AT, (see (5)). Tt follows
from Proposition 4.5 that

(27) z(t,p) € z(t, T) < x(t, q),

where the first inequality holds V¢t € (Zz N Z,) \ {0}, and the second inequality V¢ €
(Zz NZ,) \ {0}. We obtain from (6), (27) and since p; = Z; and Z; = g; that

S Wi e A
(28) <vpmpi ‘>pi ' < <7mTﬂ7i )xz }
i W -\
(29) YeriT; )Ty T <\ verie; )4 s
or
(30) Tp <Yz < Vg

Two cases can be distinguished: 7 =0 and 7 > 0.
Case 1. 7= 0. If 7 =0, then v, = A%y, = v,, contradicting (30).
Case 2. 7 > 0. We introduce the sign function sign : R — R as

—1 forx <0,
(31) sign(z) =¢ 0 forz=0,
+1 forz > 0.

From 7y, = A", it follows that sign(7,) = sign(v,)-
Case 2(a). sign(yz) # sign(vy,). Since sign(y,) = sign(y,), it follows from (30)
that sign(vyz) = sign(vy,) = sign(~,), which is impossible because sign(vyz) # sign(v,).
Cuase 2(b). sign(vz) = sign(y,). Two cases can be distinguished: sign(vz) = 0
and sign(vz) = —1.
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1. sign(yz) = sign(v,) = 0. This is impossible since, from (30), v, < V3.
2. sign(vyz) = sign(vyp) = —1. From (30),

(32) Yp < Vg

On the other hand, since p < T < q and q = (5;3\(;0), it follows that A > 1.

Furthermore, v, = S\Tfyp. But since sign(vy,) = sign(v,) = —1, 7 > 0, and
A > 1, it follows that v, < 7,, contradicting (32). d
Notice that Theorem 4.6 does not exclude the possibility of several invariant rays
in int(R? ) for system (1). This can happen only if 7 > 0 and if all invariant rays are
unstable. This situation can indeed occur; in particular, we will give an example of
a planar cooperative irreducible and homogeneous system of order 7 = 1 possessing
infinitely many unstable invariant rays in int(R7 ).
Example. Consider the following system:

(33) = fi(z) := (z1 + z2)x,

where 2 := (x1,72)7 € R%. This system is homogeneous of order 7 = 1 with respect
to the standard dilation map. In addition, fi(x) is cooperative in Ri, and % is
irreducible Vz € int(R% ). Notice that (H3) is not satisfied.

Next consider the following system:
(34) z = fox) := <

a:% + T12o —|—x§ )

x% + 2120 + x%

This system is also homogeneous of order 7 = 1 with respect to the standard dilation
map. In addition, f>(x) is cooperative in R%, and % is irreducible Vz € R2 \ {0}.
In particular, % is irreducible when z €bd(R?%)\{0}.

Based on systems (33) and (34), we would like to construct a system with infinitely
many unstable invariant rays in int(R?3 ). Before doing so, partition R into five conic

parts:

5
2 .

(35) R: =G,

i=1
where C; := {x € Rﬂxg — %xl > 0,71 — %1‘2 >0}, Cy:={x € Rﬂxg — %Il < 0},
Cs:={x € Ri|x2 — %xl < 0,29 — ixl >0}, Cy :i={x € Ri\xl — il‘g < 0}, and
Cy := {l’ € R3_|I1 — i$2 > 0,21 — %I’Q < O}

Now define the system

Ji(z) forz € C1,

. — fg(.r) forx € 02,04,
(%) PRI = @) b @) forz e Gy,
fi(z) + g2(0)p(z) forz € Cs,

where 0 := 22, p(z) := (23,2)T, and ¢1(0) (g2(0)) is a continuously differentiable
function defined on [0, 61] := [1, 2] ([03,04] := [2,4]) to be specified hereafter. The
aim is to construct g;(6) and g»(6) such that f(z) is continuously differentiable on R%
homogeneous of order 7 = 1 with respect to the standard dilation map, cooperative
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on R%, and such that % is irreducible when = € R \ {0}. First g;(6) is constructed.
Notice that fi(x) + g1(0)p(z) is homogeneous of order 7 = 1 with respect to the
standard dilation map since p(z) is homogeneous of order 7 = 1 with respect to the
standard dilation map and since g; is constant along any ray in Cs. For f(x) to
be continuous on U3_,C;, it suffices that the following hold: g;(#) is continuous on
[02,61], g1(01) = 0, and g1 (02) = 1. Consider the Jacobian of fi(x)+ g1(0)p(x) on Cs:

afl 0 2{E2 691 7% i—g
(37) . +g(0)(2x1 0 )*ae o)

For f(z) to be continuously differentiable on U?_, C;, it suffices that the following hold:
g1(0) is continuously differentiable on [0, 61 ] and 891 7 (01) = 891 7-(02) = 0. Finally, f(x)
is cooperative in U?_; C; and irreducible in (U?_,C )\{O} if and only if the off-diagonal
elements of the Jacobian (37) are strictly positive when € C5. This is the case when
the following two conditions are satisfied:
L 21(1+6(2¢91(9) + 0391 )) > 0 when 6 € [02,64] and = € Cs.
II. 29+ 2g1(0)x1 — 86 29 > 0 when 0 € [03,01] and = € Cs.
Condition IT is satisfied if g;(f) is chosen such that g1(¢) > 0 and % < 0 when
0 € [02,01]. Summarizing, we are looking for g1(6) : [02,61] — R such that the
following conditions are satisfied:
(C1) g1(0) is continuously differentiable in [fa, 6].
( ) ( )>Oin [92,91] and g1(91)—0 91(92)—1
( ) g1 < 0 in [92,01] and 91 (91) = d@ (02) =0.
(Cc4) x1(1 +60(291(0) + 09 )) > 0 when 6 € [f2,6,] and z € Cs.
From this we propose that g1(0) is a third order polynomial in 6:

03 6,40
(38) gl(a)_a<_ 1; 202 4 6, 929—|—c>,

where a and c are real numbers that we will determine hereafter. It is clear that
(C1) and (C3) are satisfied if @ > 0. From (C2) we find that ¢ = —gs and a = 384,
fixing the function g1 (#). We have to check whether (C4) holds. This amounts to the
following question:

(39) h() := 6400* — 57663 + 1446% —80+1 >0 VO € [h2,0,]?

It is easily verified by means of Cardano’s formula for finding the roots of a third order
polynomial that 2% = 2560(6 —6')(6 —6")(0 — 6% ), where 6',6" < 65 and 6* € (62, 61).
In addition, ‘39}2’ (0*) > 0, and thus h(#) reaches a global minimum in [f3,6;]. Finally,
h(6*) > 0, and this implies that h(0) > 0 V0 € [fs, 61].

We are left with finding an appropriate g2(0) : [03,04] — R. Because of the
symmetry of both fi(x) and fo(z) and because é = 6; and é = @, we can set
92(0) == g1(5) V0 € (05, 64]-

In conclus1on system (36) is homogeneous of order 7 = 1 with respect to the
dilation map, f(x ) is cooperative in R%, and % is irreducible for z € R2 \ {0}. There
are an infinite number of unstable invariant rays for system (36) in int(R%). Indeed,
every ray in C is invariant and unstable for system (36). 0

5. Main result. Suppose that system (1) satisfies (H1), (H2), and (H3), and
assume that initial conditions for system (1) belong to R”. From Theorem 4.6 it
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follows that there exists at least one invariant ray in R’} for system (1) and that this
invariant ray belongs to int(R"}).

If 7 =0, then there exists a unique invariant ray in int(R? ).

If 7 > 0 and if there exists a stable invariant ray in int(R’ ), then this invariant
ray is unique.

Consider the flow ¢; : R — R™ of system (1) mapping z¢ to ¢¢(zo) := x(t, xo).
Vg € R, ¢¢(xg) exists when ¢ € Z,,,. In the following lemma, we provide sufficient
conditions guaranteeing that ¢; is defined V¢ € R™ when restricting initial conditions
to RY}.

LEMMA 5.1. If system (1) satisfies (H1) and if 7 = 0, then ¢y : R, — R s
defined Vt € RT.

If system (1) satisfies (H1), (H2), and (H3); if T > 0; and if there exists a stable
(and thus unique) invariant ray for system (1) in int(R7), then ¢, : R} — R% is
defined for allt € RT.

Proof. Case 1. T = 0. First it will be shown that every forward solution of
system (1) remains in a compact set in finite time intervals. Therefore we consider
the dynamics of a homogeneous norm:

. (19p
p(p@w >”

(40) = k(x)p.
It is easily verified that
(41) k(63 () = k(x)

Vr € R"\ {0} and A € Rf. The function k(z) takes a maximal value M on the
compact set {z € R"|p(z) = 1}. In fact, by (41), M is the maximum of k(z) in
R™\ {0}. Then p < Mp, and thus

(42) p(x(t,z0)) < €™ p(xo).

This implies that x(t,z), t € Z,,, belongs to the compact set K := {z € R"|p(z) <
eMTrnax(wO)p(wO)}'

Now suppose that Z,, = [0, Tmax(Z0)), with Tmax(zo) < +00. Pick a sequence
{zs,} C x(t,zo) with t,, — Tmax(zo) when n — 4o00. Since |f(x)| is continuous, it
attains a maximum M’ on K. Then V¢, and ¢,

tn
2, — 21, < / (o)) dt
t

m

< M|ty — tml.

This implies that |z;, — =z, | — 0 when n and m — 4o00. Therefore {z;, } is a Cauchy
sequence and thus converges.

Every sequence on x(t, zg) converges to the same point p € K. Indeed, if this were
not the case, then there would exist two Cauchy sequences on z(t, zg), converging to
different points p; and ps € K. Then there would exist a sequence on z(t, o) with
two limit points p; and po. This is impossible since, as we have shown, every sequence
on z(t,xg) is a Cauchy sequence and therefore converges.

Since every sequence on x(t, z¢) converges to p, it follows that lim, 7, . (zy) Z(%, 70)
= p. The solution z(¢,zo) can then be extended by concatenating it with the solu-
tion starting in p. This implies that the maximal forward interval of existence of the
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solution starting at ¢ = 0 in xo contains Z,, as a proper subset, contradicting the
assumption that 7, is the maximal forward interval of existence. Thus Vzy € R,
Tiax(T0) = 400, implying that ¢; is defined V¢ € RT.

Case 2. 7 > 0. Let R~ be the unique stable invariant ray for system (1) in
int(R’}). For each xp € R’} we can find yo € R, such that zy < yo. Since x(t, o)
satisfies (6) with z = z* and ;- < 0, we obtain that Z,, = [0, +oc0). This implies that
x(t, zo) belongs to the compact hypercube C' := {z € R} |0 < 2z < 2(Tmax(0), v0) }-

The rest of the proof follows the same lines as the proof of Case 1. The role of
the compact set K is now played by the compact set C. 1]

We are ready to state the main theorem.

THEOREM 5.2 (Main Theorem). Assume that system (1) satisfies (H1), (H2),
and (H3), and assume that initial conditions for system (1) belong to R'}. Then there
exists at least one invariant ray Ry~ C int(R7).

If 7 =0, then Ry~ is unique in int(R?). If 7 > 0 and if R~ is stable, then R~
is unique. If T > 0 and if Ry~ is unstable, then R« is not necessarily unique. If there
are several invariant rays, all of them are unstable.

The zero solution of system (1) is

o unstable if and only if Ry~ is unstable,

e stable if and only if Ry~ is stable,

e globally asymptotically stable if and only if Ry~ is asymptotically stable.

Proof. Sufficiency.

1. Ry« is unstable. Vzg € R,«, the forward solution of system (1) starting at
t =0 in xg satisfies (6) with z = z*. Since Ry« is unstable, v,~ > 0, and thus
z(t,xo) diverges when ¢t — Tpyax(xo). Then the zero solution of system (1) is
unstable.

2. R, is stable. Vzy € R,«, the forward solution of system (1) starting at
t = 0 in xg satisfies (6) with z = z*. Since R~ is stable, .~ < 0, and thus
x(t,z0) < xo VEt € RT.

It follows that Vg € Ry« the hypercube Cy, := {yo € R0 < o < 20} is a
forward invariant set for system (1). Indeed, if yo = xo, then x(t,y0) € Cy,
Vt € RT, since z(t,z0) < o Vt € RT. If yg < zo with yo € C,,, then from
Proposition 4.5 and Lemma 5.1, z(t,y0) < x(t,79) < ¢ V¢t € RT, and thus
x(t, o) € Cy, Vt € RT.

Since zy can be chosen arbitrarily close to the origin, the zero solution of
system (1) is stable.

3. R, is asymptotically stable. Vg € R,+, the forward solution of system (1)
starting at ¢ = 0 in xq satisfies (6) with z = 2*. Since R,~ is asymptotically
stable, v« < 0, and thus lim;_ o 2(¢,29) = 0. Also all forward solutions
starting outside R+ converge to the origin. Indeed, Vyo ¢ R~ there exists p €
R~ such that yo < p since R« C int(R7}). Then it follows from Proposition
4.5 and Lemma 5.1 that z(t, yo) < x(t,p) Vt € RT. From lim;— 4o 2(¢,p) =0
it follows that lim;—, 4o (¢, yo) = 0.

It has been shown that all forward solutions converge to the origin. Stability
of the zero solution follows from the proof of item 2 above. Thus the zero
solution of system (1) is globally asymptotically stable.

Necessity.

1. System (1) is unstable. This follows from the contrapositive statement of the
statement proved in item 2 of the sufficiency part of this theorem.

2. System (1) is stable. This follows from the contrapositive statement of the
statement proved in item 1 of the sufficiency part of this theorem.
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3. System (1) is asymptotically stable. Suppose that R« is not asymptotically
stable. Then 7, > 0, implying that no forward solution starting on R«
converges to the origin and contradicting the assumption that system (1) is
asymptotically stable. 0

Ezxample. Consider a reversible chemical reaction at a given, constant tempera-
ture:

(43) AS B,

where A and B are chemical components. Denote the concentrations of A and B,
respectively, by z; and xo. We assume that this reaction takes place in a closed
chemical reactor and thus there is no exchange of material with the environment.
The rate constant of reaction A — B is denoted by k; € RT, and the rate constant
of reaction B — A by ko € R,. Supposing that the dynamics of both reactions is
dictated by the mass action principle [11] and that both reactions are of second order,
we obtain that the concentrations satisfy the following differential equations:

fCl _ —kl‘iﬂ% + kQZL’%

(44) <x2> - < klx% — kgxg ) ’
System (44) is homogeneous of order 7 = 1 with respect to the standard dilation
map, cooperative in Ri, and (H3) holds. Therefore Theorem 5.2 can be applied. It is
easily verified that R« with x* = (\/Eg \/El) is the unique invariant ray in ]Ri that
belongs to int(R3) and that this ray is stable. We conclude that the zero solution of
system (44) is also stable but not asymptotically stable.

One of the basic assumptions in model (44) is that the chemical reactor is closed,

which is usually not satisfied. Indeed, in most models of chemical reactors there is
exchange of chemicals with the environment, and a more realistic model would be (see

[14])
(45) <x1> _ <_k1x§+k2x§ + (p1(21, 72) — a1 (a1, xz))>’

T kiz? — kaxd + (p2(z1, 22) — g2(21, 2))

where the functions p; > 0, respectively g; > 0, model the inflow, respectively outflow,
of the chemicals. We show in [8] that the stability behavior of the trivial solution of the
(simpler) system (44) plays an important role in determining the behavior of system
(45) and that this can be extended to more general chemical reactors (in particular, to
reactors containing more than two chemicals, in which several reactions take place).

6. Asymptotic behavior. Assume that system (1) satisfies (H1), (H2), and
(H3), that the initial conditions of (1) belong to R?, and that 7 = 0. We recall
from Theorem 4.6 that system (1) possesses a unique invariant ray R,-in R, which
belongs to int(R’ ), such that

(46) f(@") = ~diag(r)z”

for some v € R. The sign of v then determines the stability properties of the zero
solution of system (1). In this section the limiting behavior of solutions of systems
satisfying these conditions will be described in more detail.

Introduce the following variable:

(47) 2(t, 2g) := (diag(e?™)) "1 ¢¢(x0),
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where 77t 1= (71t V2t | e7Tnt),
Since f(x) is homogeneous of order 7 = 0 with respect to 8% (x), it is easily verified
that z(t, zo) satisfies

(48) z2 = —vdiag(r)z + f(z),

where z € R% and 2(0, zo) = 0.

System (48) satisfies (H1) with 7 = 0, (H2), and (H3), and therefore Theorem
4.6 can be applied to system (48). In particular, there exists a unique invariant ray
for system (48) in int(R? ). It is easy to see that this invariant ray is R,~, the unique
invariant ray of system (1). For system (48) this ray consists of equilibrium points. It
follows from Theorem 4.2 that system (48) is positive. Restricting initial conditions
for system (48) to R, it is possible to define the flow ®; : Rt — R™ of system (48)
(which is defined V¢ € R* by Lemma 5.1), mapping R into R7}.

We recall the following results (see [13, Theorem 2.3, p. 5, and Theorem 3.7, p.
8])

LEMMA 6.1. If the forward flow of a system is strongly monotone, then a limit
set cannot contain two limit points x and y with © < y.

LEMMA 6.2. If the forward flow of a system is strongly monotone, if z1 < zo,
and if w(z1) and w(z2) are nonempty, then w(z) < w(zq).

It follows from Proposition 4.5 that the forward flow of system (48) is strongly
monotone since system (48) satisfies (H1) with 7 = 0, (H2), and (H3). This implies
that Lemmas 6.1 and 6.2 apply to system (48).

THEOREM 6.3. If system (1) satisfies (H1) with 7 = 0, (H2), and (H3), then
Vzg € R there exists a py, € Ry« U {0} such that limy_ 4 (diag(e?™)) " ¢y (z0) =
Pao-

Proof. The forward solutions of system (48) are bounded. Indeed, for each zy €
R? there exists a y € Ry~ such that g < y. From Proposition 4.5 it follows that
z(t,0) < z(t,y) =y Vt € RT, since y is an equilibrium point of system (48). Thus
all forward solutions of system (48) are bounded, implying that the omega limit set
of every forward solution is nonempty.

The proof of the theorem proceeds in two steps:

1. The omega limit set of every forward solution of system (48) is a subset of
R, U{0}.
2. The omega limit set of every forward solution of system (48) consists of a
single equilibrium point.
First a proof of item 1 is given. Suppose that there exists a xg € R’} such that
w(zg) ¢ Ry U{0}. Then there exist at least two points p and ¢ € w(xg) with p # ¢
and p ¢ R« U {0}. Indeed, the existence of p € w(xp) with p ¢ R~ U {0} follows
immediately from the assumption that w(zg) ¢ R,~ U{0}. Now suppose that p is the
only element in w(zg). Then p is an equilibrium point of system (48) and thus belongs
to Ry« U{0}, since omega limit sets are (forward) invariant sets. This contradicts the
fact that p ¢ R,~ U{0}. Therefore there exists a second element ¢ € w(xg) with p # ¢.

Three cases can occur: p < ¢, ¢ < p, or p and ¢q are not related by <.

Case 1. p < q. Now 6%(zg) < xg VA € (0,1), and using Lemmas 3.2 and 6.2, this
implies in particular that VA € (0,1)

(49) ox(a) <p-

On the other hand, it follows from p < ¢ and p # ¢ that p < ¢. This means that there
exist two subsets J and K of N, where J is a subset of N and K can be empty such
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that N = JU K and

pi<gqj VjEJ
Pr = Qqk Vk € K.

This implies that there exists a A* € (0,1) close to 1 such that

pj < (65-(q)); Vi€ J,
O3 <pr  VkeEK.

This implies that p < 65.(g) or that p and 65.(¢) are not related by <, contradicting
(49).

Case 2. q < p. If ¢ < p, then a contradiction is obtained using an argument
similar to that of Case 1.

Case 3. p and g are not related by <. We have 6% (z¢) < 2o VA € (0, 1), and using
Lemmas 3.2 and 6.2, this implies in particular that VA € (0,1)

(50) o) < g

On the other hand, since p and ¢, p # ¢, are not related by <, there exist i,j € N
with ¢ # j such that

Di < i,
Dj > 4j-
This implies that there exists a A € (0,1) close to 1 such that

(6
(6

)i < @,
() > ;-

>3

>3

This implies that 6§ (p) and ¢ are not related by <, contradicting (50). This concludes
the proof of item 1.

Next a proof of item 2 is given. Suppose that there exists a xo € R’} such that
w(zg) C Ry~ U{0} contains two points p and ¢ with p # ¢. Since both p and ¢ belong
to R, U {0} and since R, C int(R’}), we may assume that p < ¢. However, it
follows from Lemma 6.1 that p and ¢ cannot be related by <. Thus a contradiction
is obtained, and this proves item 2. 0

7. Discussion of the results. In this paper a particular class of positive homo-
geneous systems has been introduced for which the stability behavior with respect to
initial conditions in R’} can be characterized by means of a simple criterion expressed
in Theorem 5.2. This contrasts with the case of homogeneous systems on R", where
in general no criteria for (asymptotic) stability are available.

In the following we will review the Perron—Frobenius theorem. Although this
theorem normally refers to discrete-time systems, we consider its linear continuous-
time version.

Consider the linear system

(51) = Az,

where A is an irreducible Metzler matrix and « € R™. This system is cooperative and
irreducible in R”} (in fact, also in R™) and homogeneous of order 7 = 0 with respect
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to the standard dilation map. Since (Az); > 0 when z; = 0, R"! is a forward invariant
set for system (51). Thus system (51) is a positive system.

For this class of systems the Perron—Frobenius theorem states that there exists a
unique eigenvector z in R’ (up to multiplication with positive scalars) and such that
z € int(R?). Also, the eigenvalue v associated with z is real and simple and has the
property that if 4/ is an eigenvalue of A and +' # ~, then Re(v')< v, where Re(y’)
stands for the real part of 4'. The sign of v then determines the stability behavior of
the zero solution of system (51): It is unstable if v > 0, stable if v < 0, and GAS if
v < 0. Furthermore, Vg € R’} there exists a c,, such that lim; ., o eAt:cO/e”ft = Cgy 2.

Theorems 4.6 and 5.2 generalize the Perron—Frobenius theorem for linear cooper-
ative and irreducible systems to the class of homogeneous cooperative and irreducible
systems and therefore to a nonlinear context. We distinguish two cases.

Case 1. 7 = 0. If the order of the homogeneous vector field equals zero, then
according to Theorem 4.6 there exists a unique invariant ray in R}, and it belongs to
int(R’ ). This ray plays the role of the unique eigenvector associated to the dominat-
ing eigenvalue featured in the Perron—Frobenius theorem for linear cooperative and
irreducible systems.

According to Theorem 5.2, the stability behavior of the zero solution with re-
spect to the initial conditions in R”} is completely determined by the flow on the
unique invariant ray. This is reminiscent of the Perron—Frobenius theorem for linear
cooperative and irreducible systems, where the sign of the eigenvalue associated to
the unique eigenvector determines the stability behavior of the system. The only
difference is that the stability behavior in the linear case holds with respect to initial
conditions in R™ and not just in R”.

It follows from Theorem 6.3 that the properties of the asymptotic behavior of
solutions of homogeneous order zero, systems which are cooperative and irreducible,
are similar to those of solutions of system (51).

Therefore the conclusions of the Perron—Frobenius theorem for linear coopera-
tive and irreducible systems remain valid for the class of homogeneous order zero
cooperative and irreducible systems, provided one restricts initial conditions to R’;.

Case 2. 7 > 0. If the order of the homogeneous vector field is strictly positive,
then according to Theorem 4.4 there is at least one invariant ray in R’ . It follows
from Theorem 4.6 that every invariant ray in R’} belongs to int(R").

1. An invariant ray is unique in R} if it is stable or asymptotically stable. The
stability behavior of the zero solution with respect to the initial conditions
in R%} is completely determined by the flow on this unique invariant ray.
Therefore the conclusions of the Perron—Frobenius theorem remain valid for
the class of homogeneous systems of positive order, which are cooperative and
irreducible, if the invariant ray is stable or asymptotically stable, provided
one restricts initial conditions to R} .

2. If an invariant ray is unstable, then it is not necessarily unique. In case there
are several invariant rays in R, all of them belong to int(R? ), and they are
all unstable. The zero solution is then unstable. This is in contrast with
the Perron—Frobenius theorem for linear cooperative and irreducible systems,
where the eigenvector associated with the dominating eigenvalue is always
unique.
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