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The one-sided invariance of sets with respect to systems of ordinary differential equations in R" is investi-
gated. We present a general class of sets which preserve such an invariance for a linear combination of
differential equations. As an application of these results, we consider the case of two coupled identical
systems, which is important for the synchronization problem.

Busuarombcsa MHOMCUHU,00HOOTUHO IHBAPIAHMHI BIOHOCHO CUCHIEM 36UYAUHUX OUpepeHUIaNbHUX Dis-
HAHb Yy R". HagedeHo 3a2anbHUIl KAAC MHOXCUH, W0 30epieatomb maky iH8apiaHMHICMb 04 AIHIUHOT
KOMOIHayil OughepenuiarbHux pieHaHb. Sk 3acMoCy8aHHA OMPUMAHUX Pe3YAbMAMIE PO32AA0AEMbCA
B8UNAOOK 080X 36 A3AHUX I0EHMUYHUX CUCIEM, U0 BANCAUBO 045 NPOOAEMU CUHXPOHIZAUL.

1. Introduction. The purpose of the present paper is to extend the analysis of invariant sets
to systems of ordinary differential equations. In the study of dynamical systems, the theory of
invariant manifolds has proved to be an important tool [1 — 8]. Here we discuss an approach
which allows to obtain new conditions for the invariance of submanifolds of R with boundary.
In order to outline the idea of this paper, consider the following example: let some smooth
submanifold M of R" be invariant under the action of flows generated by systems of ordinary
differential equations 2’ = g¢1(z) and 2/ = ¢a2(z), z € R", respectively. This means that both
vectors g;(z) belong to the tangent space T, M of the manifold at any point z € M. It is obvious
that the flow which is generated by the system 2z’ = «ag;(z) + Sg2(z), where « and /3 are some
constants, will also be tangent to M at the point x. Hence, M is invariant with respect to the
latter system as well. Using this idea, we indicate a general class of sets which possesses the
similar property in the case of one-sided invariance. This class will incorporate submanifolds of
R"™ with boundary as a special case.

As an example, we consider the system of two coupled equations of the form

d d
dif = f(l‘)-l-gl(fv,y), Y

o =W+ e(ry). wyeR" @)

We found out a perturbation g; which preserves the invariance of a "square” A x A, A € R",
assuming that A satisfies some additional conditions. To our knowledge, this result is useful in
the framework of the synchronization problem [9, 10]. In more details this question will be dealt
with in Section 4. Main results are formulated in Section 2. The proof of the main theorem is
given in Section 3.
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Recall the definition of an invariant set [5].

Definition 1. A set A € R" is invariant with respect to some flow ¢(t,z) € R",z € R", if
20 € Aimplies p(t,z9) € Aforallt € R.
Respectively, the notion of one-sided invariance is introduced.

Definition 2. A set A consisting of positive semi-trajectories is called a positively invariant
set of this system. Similarly, a set, consisting of negative semi-trajectories of a system is called a
negatively invariant set of this system.

2. Main results. We first define the admissible subsets of R which are the objects of this
study. Denote

H'={zxeR": z; e Rii=1,...,k,

r; € RT =[0,+00),i = k+1,...,m}. (2)

Definition 3. We will say that a set U € R" satisfies condition A if U can be represented as a
unionU = | o Ug where Ug satisfies the following conditions:

1) U, are open subsets of the set U (with respect to the relative topology);
Of(a)

2) for all q there exist homeomorphisms f, : Vo — U, f, € C*(V,) and rank 5

=m Ya € Vg, m < n. Vis an open subset of H]" with some k(q) < m.

Remark 1. If k(q) = 0 for all ¢ we obtain the definition of an m—dimensional differenti-
able submanifold of R™ as a special case. If k(q) = 0 or k(q) = 1 then Definition 3 includes
differentiable submanifolds of R"™ with boundary. Generally, the defined sets can be considered
as differentiable m-dimensional submanifolds of R with boundary where the boundary can not
be smoothly embedded into R™~!. A representative example is a closed square in R2, where a
neighborhood of a “corner” point is diffeomorphic to H3. We will prove later (Lemma 1) that
direct product of sets which satisfy condition A will also satisfy condition A.

The following theorem establishes some property of the introduced sets:

Theorem 1. Suppose that a set W, W C R", m < n, is positively (negatively) invariant
with respect to the systems 2z’ = ¢1(z) and 2’ = g2(z), = € R", respectively, and, additionally,
satisfies condition A. Then W is positively (negatively) invariant with respect to the system z' =
= v191(2) + 1292(2) for all nonnegative constants v, and ~s.

The following corollary is straightforward.

Corollary. Any linear combination of the form
7= aigi(2)

will preserve the positive (negative) invariance of a set, if this set is positively (resp. negatively)
invariant with respect to each system z' = g;(z), i € T, and satisfies condition A.

Finally, as an application of Theorem 1, we will show the invariance of the ”square” A x A
with respect to some symmetric coupled system.

ISSN 1562-3076. Heainitini koausarnnsa, 2002, m. 5, N2 2



280 S.V. YANCHUK

Theorem 2. Suppose that a set A C R" is linearly convex and satisfies condition A. Let also
the set A be positively (negatively) invariant with respect to some system v’ = f(u), u € R™
Then the set A x A is also linearly convex set and satisfies condition A. Moreover, it is positively
(resp. negatively) invariant with respect to the following coupled system:

o' = f(x) +aly - ),

(3)
Y = f(y) +alz—y),

where o is any nonnegative (resp. nonpositive) constant.

3. Proof of Theorem 1. For the sake of convenience we split the proof in a number of
lemmas. We will use the notion of locally invariant sets [5].

Definition 4. A set A € R" is said to be locally invariant with respect to the flow ¢(t,z) €
€ R",z € R", if zo € Aimplies ¢(t,zy) € Afort € (—s,s) withsome s > 0.
The notion of positive and negative local invariance is introduced similarly.

Definition 5. A set A € R" is said to be locally positively (negatively) invariant with respect
to the flow p(t,z) € R", z € R", if zo € Aimplies p(t,z) € Afort € (0,s) (t € (—s,0),
respectively) with some s > 0.

Remark, that in those cases when the right-hand side g(z) of a system of ordinary differenti-
al equations is only continuous, i.e., in general, it does not satisfy the conditions of the uni-
queness theorem, we will also accept Definitions 3 -5 with the only difference that an existence
of solution with the required properties is supposed. For example, in the case of a positively
invariant set (Definition 2), we have to require that for any initial point oy € U there exists a
solution «/(t, o) of the system which satisfies «(¢, o) € U fort > 0.

Lemma 1. Assume the sets Uy, Us, Uy C R™, Uy C R satisfy condition A. Then W =
= Uy x Uy C R"™ satisfies condition A.

Proof. Suppose z € W. Then z can be represented as z = (u1, ug) where u; € Uy, ug € Us.
According to Definition 3, there exist sets Ui and Uj such that uwy € U}, us € Uj. Here U}
is diffeomorphic to some open subset of H;, k1 < m, and U is diffeomorphic to some open
subset of H ”2, ko < n. Itis easy to see that U11 X U21 is a neighborhood of z in W which is
diffeomorphic to some open subset of H;"' x H}’ , which can be represented as H*" with some

k < n+ m. Finally, note that an admissible covering can be chosen as |J U} x U3” for the set
q1,42
W to satisfy Definition 3, where {U{" } and {UJ?} are corresponding coverings of U; and Us.

Lemma 2. 1. Suppose a closed set W C R™ is invariant (positively, negatively invariant)
with respect to some flow (t, z). Then any open subset V of the set W is locally invariant (resp.
positively, negatively invariant).

2. If W = \JV,, where V, are locally invariant (positively, negatively invariant) sets, then W

q

is invariant (resp. positively, negatively invariant) with respect to the same system.

Proof. Let us conduct the proof for the case of positive invariance. The other cases can be
treated similarly.

1. Given any open subset V and a point z € V, from the positive invariance of W we have
o(t,z) € Wfort > 0. Because the set V' is open in W, there exists an open neighborhood U, C
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C R™such that U, N W = V. Therefore, there exists some s > 0such that p(0 < ¢ < s,2) €
€ U,, which implies the necessary inclusion ¢(0 < ¢t < s,2) € V.

2. We argue by contradiction. We assume that there exists = € W such that p(0,2) € W
and ¢(t,z) ¢ Wfort € (0,s), s > 0. But for the point z there exists V; > z which is locally
positively invariant. We arrive at the contradiction for the point z to be an escape” point.

Lemma 3. A set H" C R™ (or some open subset V. C HJ") is positively invariant (resp.
locally positively invariant) with respect to the flow, generated by system z' = h(z),z € R", if
and only if the following inequalities hold:

hk-ﬁ-l(z) > Oa SRR hm('E) >0

(4)

VZ:(zl,...,zk,O,...,O)T, z € R, i=1k.

(In the case of an open subset V. C H]", we have to additionally require z € V in Eq. (4).)

Proof. We shall only note the case of an open subset V' C H}"*, because the case of H;" can
be proved similarly. First, for any interior point z € V' \ 0H[", p(t,z) € V for allt > 0 small
enough. Next, consider a boundary point z € V N 0H}". This point can be represented in the
form z = (z1,...,2,0,...,0)T with some real z;.

We argue by contradiction. Assume that there exists some k + 1 < j < m such that the
j-component of the flow ¢;(t, z9) < 0for small ¢ > 0. Let us represent the function ¢;(t, zo)
in the form ;(t,20) = hj(20)t + (¢, 20), where 1¥(t, z9) = o(t?). If h;(20) # 0, than it follows
that hj(z9) < 0and we arrive at a contradiction. If 4;(z9) = 0, then for all points z € VNOH]"
close enough to zy, we have ¢;(t,2) = h;(z)t +1(t, z) < 0. For small enough ¢, sign of ¢;(t, z)
coincides with the sign of h;(z) unless h;(z) = 0. Thus, we obtain the following conclusion:
there exists z € V NJH;" such that hj(z) < 0or h;(z) = 0in some neighborhood of z. In the
latter case the flow is tangent to the plane z; = 0, and, therefore, it can not escape this plane
in the considered neighborhood. This again leads to contradiction and shows that Eq. (4) is a
sufficient condition for local positive invariance of V. Let us show that Eq. (4) provides also
necessary conditions. Assuming that for some £+ 1 < j < mand z € V hj(z) < 0, we get
@;(t,z) = hj(2)t +(t, z) < 0for ¢t small enough, which implies ¢;(¢,z) ¢ V for these values
of t. Thus we again argue by contradiction.

Lemmad. LetasetU C R™ be positively invariant (locally positively invariant) with respect
to the system

o =Xa), ae R™ (5)
Assume also that there exists a C* map f : U — R"™, which satisfies

o) = 2@) vacw ©)

Then f(U) C R" is positively invariant (resp. locally positively invariant) with respect to the
system

7 =g(z), z€ R" (7)
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(Note, that the same assertion is valid for invariant and negatively invariant sets.)

Proof. Consider an arbitrary point zy € f(U). Then there exists ag € U such that zy =
= f(ao). Denote the solution of Eq. (5) «(t, ap) with by initial condition «(0, g) = ap. We
want to show that ¢(¢,20) = f(a(t,ap)) is a solution of 2/ = g(z) with the initial point z.
Indeed, we have (0, z9) = f(a(0,a9)) = f(ap) = 20 and

o 00 _ O (ot an)Aat,00)) = glf(alt,a0))) = 9.

The positive invariance of U with respect to Eq. (5) implies a(t,ap) € U fort > 0(0 < t < ¢
in the case of local invariance of U). Hence, ¢(¢, z0) = f(a(t,ap)) € f(U) for these values of .
This completes the proof.

In a certain sense, the inverse statement is represented by the following lemma which is
formulated for positively invariant sets. The same assertion holds true for invariant and negati-
vely invariant sets.

Lemma 5. Suppose that the set W is positively invariant (locally positively invariant) with

respect to system (7), there exists a homeomorphism f : U — W, f € C1(U), rankgf(a) =
(6%

=m VYa € U W = f(U). Then there exists a continuous mapping \(«) : U — R such that
(6) holds. Moreover, U is positively invariant (resp. locally positively invariant) with respect to
Eq. (5).

Proof. The case of locally invariant sets is similar, therefore we consider only the case when
W is positively invariant. Let us take an arbitrary oy € U. Then there exists zp € W such that
20 = f(ap). Denote a solution of Eq. (7) with the initial condition zy by z(t, z9). Consider the
function a(t, ag) = f~1(z(t, f())). Because z(t, z9) € W fort > 0, we have a(t,ag) € U for
t > 0, and it is not difficult to check that «(0, ap) = .

We also have

@ (t20) = glz(t.20)) = g(f(alt a0))) =

dt
= 4 f(a(t.00) = 2 (aft,ap) 220,
Hence,
o) = 2L fa(en®. ®)
Denote A(f) = doc‘lf). Equation (8) implies that A(t) depends on a(t), i.e., we can rewrite

A(a(t)). Expression (6) follows from this and Eq. (8). Moreover, a(t, ap) is a solution of Eq. (5)
belonging to U for ¢t > 0. This completes the proof.

Lemma 6. Suppose W is a locally positively invariant set for Eq. (7); there exists a homeomor-

phism f : V. — W, where f € C1(V), rankgi =mVa € V, m < n; Visan open subset of
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H", k < m. Then there exists a continuous mapping A(«) : R™ — R"™ such that (6) holds.
Moreover, \(«) satisfies the following inequalities:

Neg1(@) >0, ..., Ap(@) >0 Va= (a1, ...,04,0,...,007 €V, 9)

ie, foralla € VNOH".

Proof. Note that the conditions of Lemma 5 are satisfied if U = V is an open subset of
H;". Hence, the set V is locally positively invariant with respect to Eq. (5). The proof will then
follow from Lemma 3.

The next lemma is converse to the previous one.

Lemma 7. Assume thatW C R™ V C R™, and there exists a homeomorphism f : V. — W,

where f € C1(V), rankgf =mVa € V, m < n,V is an open subset of H"*, k < m. Assume
(8%

also that there exists a continuous mapping A\(«) : R™ — R™ such that Egs. (6) and (9) are
fulfilled. Then the set W is locally positively invariant with respect to Eq. (7).

Proof. In view of Lemma 3, V is locally invariant with respect to Eq. (5). Now by Lemma 4,
W = f(V) is locally positively invariant with respect to Eq. (7).

Consider two systems in R™:
2= qg1(z), 2 = g2(2). (10)

Lemma 8. Suppose aset W C R"™ is given and there exists a homeomorphism f : V. — W,

0f(a)

where f € CY(V), rank——=—~ = mVa € V, m < n,V is an open subset of Hi", k < m. If,
(8%

in addition, W is locally positively invariant with respect to each system (10), then W is locally
positively invariant with respect to the system

7 = 7101(2) + 7292(2), (11)

where 1 and v, are nonnegative constants.

of

(8(1) )‘91 (a)

for all @ € V and A, () satisfies conditions (9). Similarly, there exists Ay, (o) with the same

properties. Consider the function Ay, g, 4+,9.(®) = 1Ay, () + 72X, (). Note first that this

function satisfies conditions (9) when the constants +; and 7, are nonnegative. Also, it is easy
0

to check that (v191 + 7292) (f(a)) = (‘Tﬁ

fulfilled for system (11). The result now follows from Lemma 7.

Proof of Theorem 1. We consider the case of positive invariance, because the case of negati-
vely invariant sets can be proved in much the same way. According to Definition 3, W =
=U ¢ Uq and there exist mappings f, with the corresponding properties. For any ¢ the set U, is
locally positively invariant with respect to both systems 2’ = g;(z) and 2’ = g2(2) in virtue of
Lemma 2. Now, Lemma 8 implies that U, is locally positively invariant with respect to Eq. (11).
Using the second statement of Lemma 2, we obtain that W is positively invariant with respect
to Eq. (11).

Proof. In view of Lemma 6, there exists a function Ay, («) such that g; (f(«)) =

Ay1g144292 (). Thus the conditions of Lemma 7 are
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4. Linearly coupled system. The goal of this section is to consider the case of coupled systems
of the form (3), in order to apply Theorem 1 and to obtain conditions for positive and negative
invariance of the direct product A x A. We begin with the proof of Theorem 2, then discuss the
obtained result in the framework of the synchronization problem.

In order to simplify the notations, let us introduce the following notations: z = (z,y)7,
r € R" g(2) = (f(z), fy)T, n(z) = (a(y — z),a(z — y))T. Using this notations, coupled
system (3) will have the form

27 = g(z) +n(z). (12)

Here n(z) represents the “perturbation” term which vanishes for o = 0.
Proof of Theorem 2. The following lemmas are necessary for the proof.

Lemma 9. [fsome set U is invariant (positively, negatively invariant) with respect to the system
/!

v = f(u), then W = U x U is invariant (positively, negatively invariant) with respect to the
system z' = g(z).
Proof is evident, taking into account that the system under consideration is uncoupled.
Lemma 10. Any set W C R?" which can be represented in the form W = U x U, where U
is a linearly convex set, is positively (negatively) invariant with respect to the system
2 = n(z), (13)

if the constant « is nonnegative (nonpositive).
Proof. System (13) is linear. The general solution of this system has the form

[e_2at($0 _ yO) + (ZEO + yo)] = K1 (t)$0 + IQQ(t)yO,

NN

(14)
[(zo + o) — e 2 (20 — yo)| = K2(t)z0 + K1 ()0,

N | =

1 1 1 1
where x4 (t) = 3 + 567204, ka(t) = 3 56720415, xo and gy are initial values. Note that 1 (t) +

+ra(t) = 1 and K1(t), k2(t) € [0,1] forallt > 0for o > 0 (for all¢ < 0 for a < 0). Suppose
(z0,y0) belongs to W. Hence, g € U and yy € U. Equation (14) and convexity of U implies
that z(t) and y(¢) also belong to U forany ¢ > Oifa > 0 (t < 0ifa < 0),i.e., (z(t),y(t)) € W
in the corresponding time interval and the set W satisfies the definition of positive (negative)
invariance.

Now the assertion of Theorem 2 is a straightforward consequence of Lemmas 9, 10, and
Theorem 1.

Let us discuss now the application of Theorem 2 to the synchronization problem for two
coupled systems [9]. Lately, the synchronization problem attracts a lot of attention in the scienti-
fic community, see references in [9], in connection with a wide variety of phenomena in physics,
biology, and economics. In the biological sciences, for instance, one of the most interesting
problems is to understand how a group of cells or functional units, each displaying complicated
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nonlinear dynamic behavior, can interact with one another to produce different forms of coordi-
nated function on a higher organizational level. Similarly, different sectors of the economy may
adjust their behavior relative to one another via the exchange of commodities and capital or via
aggregate signals in the form of interest rates and prices of common raw materials. At the same
time, application of chaotic synchronization for monitoring and control of nonlinear dynamic
systems and for new types of communication are vigorously being pursued by numerous investi-
gators. Therefore it becomes extremely important to obtain some analytical general results in
this direction.

First, we briefly describe the mathematical core of this problem (see, for example, [9, 10]).
Suppose that some system v’ = f(u), u € R™ possess an attractor A with some attracting
neighborhood U. In terms of invariant sets we can describe this situation as existing of some
positively invariant set U which contains an invariant set A C U C R". Consider a coupled
system of the form

o= f(z)+aly—=), ¥ = fly)+alz-y). (15)

Then the subject of the synchronization problem is the symmetric set A x A C R?"
which is invariant in the phase space of system [9]. In the case when this set is asymptotically
stable, the synchronization takes place. Another important question concerns the mechanisms
of desynchronization, i.e., the stability loss of the set A x A. It is clear that for o = 0 this set is
not asymptotically stable in general (it is enough to consider an example when A is a stable peri-
odic orbit), while for « large enough this set seems to be asymptotically stable [9]. Therefore,
for some a € (0, ag) the symmetric set A x A is not stable. In this case, according to Theorem 2,
there still exists some positively invariant set U x U around A x A for these parameter values.
It implies that, after stability loss of A x A, trajectories of the system are attracted to another
attractor in a neighborhood and never escape to infinity.
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