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Abstract

For a class of scalar delay differential equations with impulses and satisfying a Yorke-type
condition, criteria for the global asymptotic stability of the zero solution are established. These
equations possess a non-delayed feedback term, which will be used to refine the general results on
stability presented in recent literature. The usual requirements on the impulses are also relaxed.
As an application, sufficient conditions for the global attractivity of a periodic solution for an
impulsive periodic model are given.
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1 Introduction

In this paper, we consider a family of scalar non-autonomous delay differential equations (DDEs)
with impulses, and establish a criterion for the global asymptotic stability of its trivial solution. In
order to establish stability results, the basic approach is to control the growth of the delayed terms
by imposing a Yorke-type condition coupled with limitations on the amplitude of the delays. Since
the classic works of Wright [8], Yorke [13] and Yoneyama [12], this procedure has been often used
by many authors, and has led to notable generalized versions of the so-called “%-conditions”, see e.g.
Liz et al. [7]. Some historical conjectures, such as Wright’s conjecture, remain open, in spite of the
long-time investigation by some mathematicians; we refer the reader to the recent work by Banhelyi
et al. [1]. On the other hand, to deal with the impulsive character of the equation, assumptions on
lower and upper bounds for the jump discontinuities at the instants of impulses are prescribed here.

This note is a continuation of the research recently conducted by the authors in [3]. The family
of impulsive DDEs under consideration possesses a non-delayed feedback term, which will be used to
refine the general criterion for stability in [3].

Although we are mostly concerned with models with bounded, time-varing delays, the present
approach encompasses DDEs with unbounded delays. We shall consider a very general setting for
our method, not presenting however any theoretical results about existence and global continuation
of solutions, since this has been the topic of a variety of papers; see some references given below.
Nevertheless, we need to introduce some notation.

For [, 8] C R, denote by B([a, 8];R) the space of bounded functions ¢ : [a, 5] — R and by
PC([a, B];R) the subspace of B([«, 8];R) of functions which are piecewise continuous on [«, 8] and



left continuous on («, 8], endowed with the supremum norm. Define the space PC = PC((—o0,0]; R)
as the space of functions ¢ : (—o0, 0] — R whose restriction to each compact interval [o, ] C (—o0, 0]
is in the closure of PC([a, f];R) in B([a, f];R). Thus, each ¢ € PC is continuous everywhere
except at most for an enumerable number of isolated points s for which ¢(s7), ¢(s1) exist and
©(s7) = (s). Denote by BPC the subspace of all bounded functions in PC, BPC = {p € PC :
¢ is bounded on (—o0, 0]}, with the supremum norm ||¢|| = sup,<q |¢(s)].

Consider now a finite set of continuous delay functions 7; : [0,00) — [0,00), i = 1,...,m, such
that tlirglo(t — 7i(t)) = oo. The functions d;(t) = infs>¢(s — 7(s)) and d(t) = mini<;<m di(t) are
continuous and non-decreasing. In what follows, and without loss of generality, we shall suppose that
the functions ¢ +— t — 7;(t) are non-decreasing; otherwise, they can be replaced by d;(t). For ¢t > 0, we
set

T(t) = Jmax 7i(t), d(t) =t —7(t), d*(t) = d(d(t)) for t>0.
For each ¢t > 0, the spaces PC'(t) = PC([—7;(t),0;;R) (1 < i < m) and PC(t) = PC([-7(t),0];R)
are taken as subspaces of BPC, with PC*(t) C PC(t) C PC for all i. For x(t) defined on (—o0,d
and o < a, we denote by z, the function defined by z,(s) = x(s + o) for s <0.

Consider a family of scalar impulsive DDEs of the form

2 () +alt)x(t) =D filt.z}), 0<t#t,
i=1

Az(ty)) == x(t)) — x(tr) = Iu(z(tr)), k€N,

(1.1)

where: 2'(t) is the left-hand derivative of z(¢); 0 < ¢ <3 <--- <t <--- and ty — o0; a : [0,00) —
[0,00) is piecewise continuous and I : R — R continuous, k = 1,2,...; 7 : [0,00) — [0,00) are
continuous with d;(t) := ¢t — 7;(t) non-decreasing, for ¢ = 1,...,m, and let 7(¢) = maxi<i<m 74 (¢);
2% denotes the restriction of z(t) to the interval [t — 7;(t),], so that f;(t,2%) = fi(t, T|(yriiey.)» With
zi € PC(t) given by '

(@) =x(t+6) for —7(t)<0<LO0;

fi(t, ) is a functional defined for t > 0 and ¢ € PC%(t) with some regularity discussed below. We
shall also assume that f(¢,0) = 0 for ¢ > 0 and I;(0) = 0 for k¥ € N, thus = 0 is a solution of (1.1).
For the impulsive DDE (1.1), we consider initial conditions of the form z;, = ¢, or in other words

x(to + s) = @(s), s <0, (1.2)

with tg > 0 and p € BPC.

Fort > 0, € PC*(t) and i € {1,...,m}, we take the extension » € BPC of ¢ which is p(—7;(t))
on (—oo, —7;(t)]. In this way, each function f; can be regarded as the restriction of some function
F; :]0,00) x PC = R, with fi(t,¢) = fi(t, Li(t,$)) =: Fi(t,), where Li(t,3) = @|__ o In view
of our purposes, we assume that these extensions F; of f; are continuous or piecewise continuous
(for simplicity, we abuse the language and refer to f; as being continuous or piecewise continuous as
well), but in fact less regularity could be prescribed. It is important to mention that these conditions
together with the set of assumptions imposed in the next section imply that the initial value problem
(1.1)-(1.2) has a unique solution z(t) defined on [ty, c0), which will be denoted by x(¢,to, ¢), see e.g.
[2, 5, 11].

We should emphasize that many authors restrict their analysis to impulsive DDEs with impulses
given by linear functions Ij(u) = byu (k € N), whereas we treat the more general case of impulses
given by functions I satisfying bpu < I (u) < agu, and prescribe some behaviour for the sequences
(bk), (ar). Our method to study the stability of the zero solution of (1.1) improves several results in
the latest literature. Clearly, it is applicable to the study of the global attractivity of other solutions,
such as periodic solutions, as illustrated in Section 3 with an example.



2 Preliminaries

In what follows, we denote
flta) =" filt,x}), t>0, 2 € BPC, (2.3)
=1

where f;(t,2%) = filt, 2y, ) Ti() (1 <4< m) are as in (1.1)

In a previous paper [3], the authors gave sufficient conditions for the stability and global attractivity
of the trivial solution of (1.1), relative to solutions with initial conditions (1.2) in BPC. The main
assumptions in [3], where either hypotheses (H2) or (H3) were adopted (but not both simultaneously),
are the following;:

(H1) there exist positive sequences (ay) and (bg) such that

bra? < x[z + Ix(z)] < agr®, xeR, keN;

(H2) (i) the sequence P, = H ay is bounded; (ii) / a(u) du = oo;
k=1 0

(H3) (i) the sequence P,, = H ay is convergent;
k=1

(ii) if w : [0,00) — R is a bounded, non-oscillatory and piecewise differentiable function with
w (t)w(t) <0 on (tg,tr+ 1), k € N, and tlim w(t) = ¢ # 0, then

| ftsiw ds = —se(e)os
0

(H4) there exist piecewise continuous functions A ;, A2 ; : [0,00) — [0, 00) such that
“ALiOMi() < filt, 1, 0) S A2i)M (=), ¢ >0, p € PC(t), (2.4)

where Mi(p) = max{0, sup (0}, fori=1,...,m;
0c[—7i(t),0]

(H5) there exists T' > 0 with d(T") > 0 such that

ajas <1,

where the coefficients o := o (7)) are given by

and

B;i(t) := 1) i=1,....m. 2.
i(t) 06[2?&),0] ( H i ), ' e (26)

Eit+0<t,<t

The above hypotheses (H1) and (H4) imply that I;(0) = 0 and f;(¢,0) =0 for k € N, ¢ > 0,1 <
i < m, thus = 0 is an equilibrium point of (1.1). In (2.6), the standard convention that a product
B;(t) is equal to one if the number of factors is zero is used. We recall here some usual definitions for
stability.



Definition 2.1. Let S C BPC be a set of initial conditions. The solution z = 0 of (1.1) is said to
be stable in S if for any € > 0 and ¢y > 0, there exists 6 = §(¢g,&) > 0 such that

llol| < 6= |a(t,to,p)| <&, for t>ty, pesl.

We say that 2 = 0 of (1.1) is globally attractive in S if all solutions of (1.1) with initial conditions
in S tend to zero as t — co. We say that x = 0 is globally asymptotically stable if it is stable
and global attractive. If either S = BPC or it is clear which set S we are dealing with, we omit the
reference to it.

In what concerns the stability of (1.1), some of the main results from [3] are summarized below
(see [3, Theorems 2.1, 2.2, and 2.3]).

Theorem 2.2. (i) Assume (H1), (H4), either (H2) or (H3), and ajas < 1, where of,al are as in
(2.5). Then all solutions of (1.1) are defined and bounded on [0,00) and the trivial solution of (1.1)
is uniformly stable.

(i1) Assume (H1), (H4), (H5), and either (H2) or (H3). Then the zero solution of (1.1) is globally
asymptotically stable.

3 Asymptotic Stability

In this section, we claim that the assertions in Theorem 2.2 remain valid if (H5) is replaced by a
weaker hypothesis and the other ones are kept unchanged. Instead of (H5), we shall impose:

(H5*) there exists 7' > 0 with d?(T) > 0 such that
lag,af)l(ag,05) < 1, (3.7)
where [ : {(z,w) € R? : 2 > w > 0} — R is defined by
wmin{l,z - %}, w<1

mir1{1117,z—%}7 w > 1

*

and the coefficients o := a;(7') and o} := o (T) are given by

t m
a;(T) = sup / S Nals)elro B, (s) ds, (3.9)
2T Jt—7(t) 5=
t m .
a(T) = sup / D Nji(s)em Je ot dup(s) ds, (3.10)
2T Jt—7(t) =1

with B;(t) given by (2.6), for i =1,...,m and j =1,2.

Some comments about our new hypothesis (H5*) are useful (for a discussion of the other ones, see
[3]). The coefficients o are the ones in the former assumption (H5). Since a(t) > 0, for

m t m

* K — ta U U s alu U
75 () :/t (t)§ Aji(s)e I W P Bi(s) ds, v;(t) :/t (t)§ Ajils)eliew @By (5) ds,
—7(t)i=1 —7(t)i=1

we have v;(t) = v} (t)eftt—f<‘> atwduthus o <aj fort>0,j=1,2. For a:[0,00) = [0,00) piecewise
continuous and not identically zero, with the possible exception of a countable set of points, then
Yi(t) < (t), 5 = 1,2, for t > 0. As we shall see, (3.7) is satisfied if either aj(T)a3(T) < 1 or



a1(T)as(T) < 9/4 for some T > 0. As a consequence, (H5) is strictly stronger than (H5*) for a(t)
as in (1.1) and such that liminf, ftt_T(t) a(u)du > 0. In some situations, which depend on the

values of a(t), one might have aj(t)as(t) > 1 for all ¢ > 0 and a1 (T)a2(T) < 9/4 for some T > 0,
in which case Theorem 2.2 is not applicable, but (H5%*) is fulfilled. For a comparison with alternative
hypotheses in the literature, see Remark 3.1, as well as [3] and references therein.

The proof of our main result, stated below, will be given in appendix.

Theorem 3.1. (i) Assume (H1), (H4), either (H2) or (H3), and l(oq,af)l(az,al) < 1, where
lyaj,af (5 = 1,2) are defined by formulae (3.8)-(3.10). Then all solutions of (1.1) are defined and
bounded on [0,00) and the trivial solution of (1.1) is uniformly stable.

(i1) Assume (H1), (H4), (H5%*), and either (H2) or (H3). Then the zero solution of (1.1) is globally
asymptotically stable.

In applications, it is useful to have criteria to easily check wether (3.7) is satisfied or not.

Theorem 3.2. For l(z,w) as in (3.8) and aj,aj, j = 1,2, as in (3.9),(3.10), the estimate (3.7) is
satisfied if one of the following conditions holds:

(i) afas < 1;
(ii) arap < (3/2)%;

2
0 <1

(11i) L(o1)L(az) < 1, where L(z) :=1(z,2) = 2 1
z— > z>1

Proof. Since I(z,w) < w for (z,w) € dom(l) = {(z,y) € R? : x > y > 0}, condition ajaj; < 1
implies (3.7). Now, we show that the generalized “3-type condition” (ii) is more restrictive than (iii).
In fact, assuming that 0 < oy < 9/4, we have: if max{aq, a2} < 1, obviously L(a1)L(az) < 1;

if min{ay,as} > 1, then L(a1)L(ag) = W < (201 — 1)(% -1 = %2?&1_9 < 1
1

if 7 <1 < ag (similarly if ag < 1 < ay), we get L(ag)L(ag) = %%(012 - 5) < %f(& - %) =

—_

a1(9—2a1)
——— < 1.
8
Finally, we deduce that (iii) implies (3.7). It is sufficient to show that I(z,w) < I(z,z) for any
22 1
2

(z,w) with z > w > 0. For the case z < 1, we have l(z,w) —(z,2) S w(z— %) -5 = —5(z—w)? < 0.
If z > 1 and w > 1, then clearly I(z,w) < z f% = Il(z,2). For 0 < w < 1 < z, we have: if

z— 4 > 1, then I(z,w) — I(2,2) :w—(z—%) = wTH—z<0; if z— % <1, then I(2,w) — I(2,2) =

—(w? — 2wz + 22— 1) <0. O

Remark 3.1. In [14], Zhang studied the stability of system (1.1) only for the situation a(t) = 0
and m = 1. The global attractivity of the zero solution was proven assuming that the impulsive
functions I satisfy (H1) with ax = 1 for all k¥ € N, the function f = f; satisfies (H3)(ii) and (H4),
and that the “Z-type condition” ajas < (3/2)? holds. As observed, with a(t) = 0 for all ¢ > 0, then
aj = o, j =1,2, and condition [(a1, af)l(az, a3) < 1reads as L(ay)L(az) < 1, thus our Theorem 3.1
generalizes the stability result in [14, Theorem 2.2]. On the other hand, in [10], Yan considered (1.1)
with m = 1 and obtained the global attractivity of its zero solution assuming a set of more restrictive
hypotheses: again the impulsive functions I are required to satisfy (H1) with ax = 1 for all k € N,
the Yorke condition (H4) for f = f; in (2.3) was assumed with a unique function A1 (t) = A2(t) =: A(t)
providing the left and right growth control of f in (2.4), and the “%—type condition”

t

s 3

= sup/ )\(s)eff'”(f') awdupig)ds < =, (3.11)
t>0 Jt—r(t) 2

with B(t) = Bi(t) as in (2.6), was imposed. In the case A1(t) = A2(t) = A(t), it is clear that
a1 = ay =: a and of = ad =: o* and the inequality (a1, af)l(ag, ad) < 1 reads simply as

o, ") < 1. (3.12)



If o* > 1, then inequalities (3.11) and (3.12) (with T' = 0) are equivalent; however, if o* < 1, condition
(3.11) is more restrictive than (3.12). In conclusion, our Theorem 3.1 also improves the stability result
in [10, Theorem 4.2].

Remark 3.2. As [(z,w) is a continuous function and condition (3.7) is a strict inequality, the defi-
nitions of a; and a7}, j = 1,2, given in (3.9) and (3.10) can be replaced by, respectively,

o = 1imsup/ Z/\J i [ts—m) adup (s)ds, j=1,2, (3.13)
t——+o0 (t) i—1
¢ m .
af = limsup/ Z/\j,i(s)ef Joawdup, (s)yds, j=1,2. (3.14)
t—+oo Ji—7(t) i—1

For the situation without impulses, we obtain the following criterion:

Corollary 3.1. For a,; : [0,+00) — [0,+00) and f;(t,¢) as in (1.1), and 7(t) = maxi<i<m 7i(t),
consider the scalar DDE

m

2(t) +at)a(t) = S filt,al), >0, (3.15)

=1

and assume either (H2)(ii) or (H3)(ii), the Yorke condition (H4), and I(a1,af)l(az, al) < 1, where
I(-,) is defined by (3.8) and

_5up/t 0 : Z)\L f:#(t)a(u)du ds, o —bup/t 0 Z/\J‘ J7 atu) du ds,

t>T t>T

j=1,2, for some T > 0. Then the zero solution of (3.15) is globally asymptotically stable.

Example 3.1. Consider a periodic Lasota-Wazewska model with impulses and time independent
delays multiple of the period (see e.g. [4, 6, 9]):

n

N'(t) + a()N(t) = D bi(t)e FONEmme) g < oy, (3.16)
=1 .

AN(t) :== N(t}) — N(tx) = I(N(t)), k=12,...,

where 0 < t1 <ty < -+ <ty <--- with tx — 00, and

(fo) the functions a(t),b;(t), 5;(t) are continuous, positive and w-periodic and m; € N, for some
constant w > 0 and for 1 < ¢ < n,t € R;

(i) the functions I : [0,00) — R are continuous with ;(0) = 0, u + I(u) > 0 for u > 0, k € N;
moreover, there is a positive integer p such that

thep =tk +w, Ipip(u) = Ixg(u), ke Nu>o0;

(41) there exist constants as,...,a, and b1,. .., by, with by > —1, and such that

Iy (7) — Ix(y)

r—=y

b, <

Sak’ x?y207z#y7k‘:1""7p7

(2) JT1+ar) <1

B
Il
—



To fix our setting, and without loss of generality, we suppose that there are exactly p instants
t1,t2,...,t, of impulses on the interval [0,w]. In view of the biological interpretation of the model,
only positive solutions of (3.16) are to be considered.

The existence a positive w-periodic solution N*(¢) of (3.17) has been established by some authors
(see e.g. [4, 6]), under some severe additional restrictions, both on the impulses and on the delays.
Here, we assume that such an w-periodic solution N*(t) exists, and effect the change of variables
x(t) = N(t) — N*(t). Eq. (3.16) is transformed into

n

D bilt)e HONTW [t q] o <t £y,
& (3.17)

Ax(ty) = fk(a:(tk)), keN,

K
—~
~
N2
+
Q
—~
~
—
&
—
~
N2
I

where B
Ik(u):[k(N*(tk)+u)*Ik(N*(tk)), k'::l,...,p.
For (3.17), we take S = {¢ € PC([—mw,0;R) : ¢(0) > —=N*(0) for — mw < 0 < 0,p(0) > —N*(0)},
where m = maxi<;<, m;, as the set of admissible initial conditions; the spaces PC*(t) in (1.1) are
replaced here by S*(t) = {¢ € PC"(t) : ¢(0) > —N*(t — 0) for —m;w < 6 < 0}.
In the next theorem, for an w-periodic real function f : R — R, we use the notation f :=
SuPyeo,w) f(1)-

Theorem 3.3. Consider (3.16) and set m = maxy<;<, m;. Assume (fo), (i0)-(i2) and that there is
a positive w-periodic solution N*(t) of system (3.16). If either o <1 or oe™ 5" alw) du %, where

o=B" (BW(eW — 1)) : (1 —e ™5 aw) du)

) nr (3.18)
. [1 _ (1 _ e Joaw) du) Zmin(bk,())‘| 5
k=1
J
and B = | max (14 byyr) b, then N*(t) attracts any positive solution N(t) of (3.16).
Sbisp

Proof. Tt was proven in [3, Theorem 3.3] that the assumptions (fy), (i9)—(i2) imply that (3.17) satisfies
(H1), (H2) and (H4), with A;;(¢), for j =1,2,9=1,...,n, given by

1
N*

Aa(t) = Bi(O)bi(£)e P ONO g (1) = — (PN — 1)by(1)e”HON O 0 <t £ 1y,

Note that condition (i2) implies B > 1 for B defined above, hence for ¢ > 0 and 1 < ¢ < n we have

Bi(t) := max II @.+n'|<B™<B™
f€[—miw,0] kit4+0<t,<t

For the sake of simplicity, in what follows we suppose that the coefficients by in (iy) satisfy by €
(—=1,0] (1 < k < p); otherwise we may replace by by min{0, by}, as it appears in (3.18).
Since N*(t) is an w-periodic solution of (3.16), for ¢t > 0,¢ # ¢, it was derived in [3] that

t n
O‘T(t) = / Z)‘l,i(S)Bi(S)ei f: a(u) du ds
t—mw

=1

< B3N~ (1 _emm [ alw) dU> ll _ (1 — e Joaw) du)71 zp: bk] =101,

k=1



/ Z)\Zz 6 fau)duds
t—mw

=1

Bm(eW— 1)(1 —e 5 a(“)d“) |} - (1 —e Jo'e ")d“> Zbk] =: 03.

We have o109 = 02, for o as in (3.18). Clearly, condition o109 < 1 is equivalent to o < 1. On the
other, for the present situation

IN

a;(t) = al(t)e™ o et =1 9,

thus o e™Jo (W du < 3/9 implies oy < 3/2. The result follows by Theorems 3.1 and 3.2. O

4 Appendix: proof of Theorem 3.1

The proof of Theorem 3.1 follows exactly along the lines of the arguments in [3], with the exception
that assumptions ajaj < 1 and ajas < 1 are replaced by the weaker conditions I(aq, af)l(ae, o) <1
and l(aq, af)l(ag, ad) < 1, respectively. Therefore, here we only present the part of the proof which
has to be modified accordingly: to be more precise, this amounts to substitute Lemma 2.4 in [3] by
Lemma 4.1 below.

Recall the definition of f(¢,z:) given in (2.3). A standard change of variables introduced in [10] is
useful: let x(t) be a solution of (1.1) on [0, 00), and define y(t) by

vy = [ Jela(tn))=(), (4.19)

k:0<tp <t
where
U
J = R\ {0},k € N. 4.20
W) = o wER\{O) ke (4.20)
From (H1), we have
ap' < Jp(u) < byt for u#0,keN. (4.21)

In [10], Yan showed that y(¢) is a continuous function satisfying

y(t)+atyyt) = [ Je@te)f(ta:), t>0, t#tb. (4.22)
k:0<t <t

Note that (H4) implies that f;(¢,0%) < 0 if ¢* > 0 and fi(t,¢%) > 0 if ¢* < 0, for t > 0,¢° €
PC(t),1 < i < m. This condition and either (H2) or (H3), jointly with hypothesis (H1), which enables
us to control the impulses, were used in [3] to derived that all non-oscillatory solutions converge to
zero as t — oo0. To deal with oscillatory solutions, hypotheses (H1), (H4) and (H5) were imposed:
some essential estimates on the amplitude of solutions were deduced in [3, Lemma 2.4], and further
used to show that all oscillatory solutions go to zero as t — co. As announced, we prove a lemma
which asserts that the estimates given in [3, Lemma 2.4] remain true with ajaj < 1 replaced by the
weaker hypothesis

lag,a))l(ag,a5) < 1. (4.23)

Lemma 4.1. Assume (H1), (H{), and (4.23) for some a; = a;(T) < oo and o} = o (T') as in (3.9)
and (3.10) respectively, j = 1,2. Let x(t) be a solution of (1.1) on [0,00) and y(t) defined by (4.19).
Then, for any n > 0 and to > T such that d*(to) > 0 and y(to) = 0, the following conditions hold:

(1) If —n < y(t) < nl(ag,a3) fort € [d*(to), to], then —n < y(t) < nl(ae, a) for all t > to;



(ii) If —ni(on,af) < y(t) < n fort € [d*(to), to), then —nl(cn, of) < y(t) < n for all t > to.

Proof. For simplicity of exposition, we consider the case m = 1 in (1.1), so that (1.1) reads as

a'(t) +a(t)x(t) = f(tz), 0<t#t,

Az(ty)) == z(t]) — a(ty) = L(z(ty)), k=1,2,..., (4.24)

where f(t,p) is defined for ¢t > 0 and ¢ € PC(t): in fact, a careful reading of this proof shows that
the arguments are carried out in a straightforward way to the situation of m > 1.
With m = 1, condition (2.4) reads as

—M(OMi(p) < [t @) < Aa(Mi(=p), £20, 9 € PC(R), (4.25)

for some piecewise continuous functions Aj, As : [0,00) — [0,00). We shall use the notation

At) = /Ot a(u)du, t>0. (4.26)

Let x(t) be a solution of (4.24), and recall that y(¢) given by (4.19) satisfies (4.22). We now prove
(1); the proof of (ii) is similar, so we omit it.

If the assertion (i) is false, there exists Ty > to such that either y(Tp) > ni(az, ab) or y(To) < —n.
We consider these two situations separately.

Case 1. Suppose that y(Tp) > nl(asg,ad) for some Ty > to, with —n < y(t) < y(Tp) for t €
[d(t0), To)-

We first prove that there is & € [Ty — 7(To), Tp] such that y(&) = 0. Otherwise, we obtain

necessarily that y(t) > 0 for ¢t € [Ty —d — 7(Tp — 6),Tp] and some small § > 0 (recall that y(¢) and
7(t) are continuous), and from (4.22) and (4.25) it follows that

y'(t) < —a(t)y(t) + H Ji(x(tr)) A () Me(—x¢) <0, t € [Ty — 0, Ty,
k:0<tp <t

implying that y(To — §) > y(Tp), which contradicts the definition of 7.

Choose &y € [Ty — 7(Tp), To] such that y(&) = 0. We may suppose that y(¢) > 0 for & < t < Ty,
thus to < &. Let A(t) be given by (4.26). By (4.19), (4.21), (4.22) and (4.25), for s € [§o — 7(&0), To] \
{tr} we obtain

/
(y) =TI @)@ fisa) <e*@n(s) [ Jlate) M,(~a,)
k:0<tp<s k:0<tp<s
= (s) [ Jela(tn)
k:0<tp<s
-max< 0, sup —y(s+6) H Je(@(te)
0€[—7(s),0] k:0<tp<s+6
= Ay (s)max{ 0, sup —y(s+0) H I (z(tr))
0€[—7(s),0] kis+0<tp<s
< e0(5) Bls) M), (4.27)

with B(s) = Bi(s) as in (2.6). Now, as ys(0) > —n for s € [§o — 7(&), To] and 6 € [—7(s), 0], we have

(eA(S)y(s))/ < e Ny (s)B(s), Vs € [0 —T(&0), To) \ {tx}. (4.28)



Integrating over [£p, To], we get

T() TO
y(To) < ne~A) / A Ny (5)B(s) ds = 1 / e~ IO aw duy, () B(s) ds < o,
&o &o

and deduce that
y(To) < nas. (4.29)

From (4.28) and integrating over [s, &), with s € [§y — 7(£0), o], we obtain

&o &o
—y(s) gne"“(”/ A 2y (1) n/ No(r)el? s du By gy
S

which implies that

o
y(s) > —n / Ao(r)eld AW By dr, Vs € [¢ — (&), & (4.30)
For s € [&,To] and 6 € [—7(s), 0], we therefore have y(s 4+ 0) > 0 if s+ 0 € (&, To], and y(s +6) >
€ .
-n Xa(r)B(r)elste AWdu g if s 4+ g € [¢9 — 7(&), €. Now, for s € [€o, Tp] \ {t}, we have
s5+6

0€[—7(s),0] kis+0<tp<s

(GA(s)y(S))’ < eA) \y(s) max {0, sup (y(s +90) H Jk(z(tk))> }

o ”
< e \y(s) -max< 0, sup 77/ Ao (r) B(r)elo 08 gy H T ((t))
0c[—7(s),0] s+6 kis+0<tp<s

€o .
< ne®) \y(s)B(s) / Ao (r)B(r)els—re aWdu gy, (4.31)
s—7(s)

From (4.28) and (4.31), for all s € [£o,To] \ {tx} we have
€o

(eA(S)y(s))/ < e \y(s) B(s) min {1,/ AQ(T)B(T')@‘[:;T(S) a(u)dudr} . (4.32)
s—1(s)

To
For As := / Xo(r)B(r)e” ) awdugy clearly Ay < af. Integrating over [£o, Ty], we obtain
0

To . o -
y(To) < n [ Aa(s)B(s)e I alwdu (/ Ag(r)B(r)efs*<s>“(“)d“dr> ds

€o —7(s)

To 7
= o [ daleBls)e S
0

: (/ )\Q(T)B(T)GII_T(S) aludu gy, f/ AQ(T)B(T)BI‘:_T(S) “(u)dudr> ds
s—T(s)

o

IA

To
U <a2/ Aa(s)B(s)e™ J<* alwdugg
0

i . s .
—/ )\g(s)B(s)e_fsoa(“)d“/ Ao (r)B(r)els—re a(u)dudrds>. (4.33)

o o
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Using the definition of Ay, (4.33) yields the estimate

To S
y(To) < 7 (azAz/ Ao (s)B(s)e™ ) “(“)d“/ Ao (r)B(r)e™ I+ “(“)d“drds>
o o

2
To .
- azAQi(/ AQ(S)B(S)BISOG(“)d“ds>

o

1
n <a2A2 — 2A§> . (4.34)
Since Ay < o} < as and the function z — asx — 2%/2 is increasing on (—o0, as], we obtain

x a3
y(To) < nas (a2 — —= (4.35)

and, from (4.29) and (4.35), we conclude that

y(To) < naj min {1,042 - 0;2} . (4.36)

If o < 1, then we obtain y(Tp) < nl(as, a3), which is not possible by definition of Tp, thus we have
az > 1.
If A <1, again by (4.34) we get

1
y(To) <n (az - 2) : (4.37)
If Ao > 1, then there exists ¢ € (§o,Tp) such that
To Ty
/ Ao (r)B(r)e~ Ja* atwdugy — 1
¢

and from (4.32) we have

/OTO (eA(s)y(s))/ds < /;776,4(8))\2(8)3(8)d8

0
r

To 50
+ / ne® x(s) B(s) / No(r)B(r)el = W g,
¢

s—7(s)
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which implies

¢ T
y(TO) < n [/ )\Q(S)B(s)e_ /o a(u)duds

To

+ [ als)B(s)e i atwidu (/

¢

o

Ao (r)B(r)els—re a(u)dudr> ds]
—7(s)

¢ To
< 7 [/ /\2(8)3(5)67 fsTO a(“)d“ds + / /\2(5)3(8)67 fSTU a(u)du
0 ¢
¢ R 4 ¢ i )
. / )\2 (T)B(T)efs—T(S) a(u) Ud/r . / AQ (T)B(?")efs_ﬂs) a(u) ud’r dS
s—7(s) I
<

C T
g V Ao (s)B(s)e™ J-* atwidugg

To - ¢ T
- Aa(s)B(s)e™ J:* atwdu ( Ao (r)B(r)e= J-° a(“)d"dr> ds
¢ o
To T ¢ - u
+ Aa(s)B(s)e™ J=* atwdu / Ao (r)B(r)els—r aWdugy | gg
¢ s—7(s)
To - ¢ -
= 0| Da(s)B(s)e J-°alwdu ( / Ao (r)B(r)eli=rc “(“)d“dr> ds,
¢ 5—7(s)

because Ay > 1. This yields

To s r
uT) < [ dals)Blee e </ Ao (r) B(r)el s 20 gy
¢ s—=7(s)
— [ 2B “(“)d“dr> ds
¢
To T s T
< n | Aa(s)B(s)e f et (0‘2 - / Ao (r)B(r)e” I+ a(u)dudr) *
¢ ¢
2
1 To — [T0 a(u)du 1
= n|az—g Ao(r)B(r)e”/r dr =nlaz—3 ). (4.38)
¢
Thus, from (4.29), (4.37) and (4.38), we obtain
: . 1
y(To) < nmin {%az - 2} ; (4.39)

and, since a3 > 1, we conclude that
y(TO) < 77l(042, a;)’

which again contradicts the definition of Tj.

Case 2. Suppose that y(Tp) < —n for some Ty > to, with y(Tp) < y(t) < nl(az,al) for all
t e [to,To).
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Reasoning as above, we deduce that there is & € [tg, 7o) N [To — 7(T0), To) such that y(&) = 0 and
y(t) < 0 for & < t < Tp. Since y,(0) < nl(ag, ad) for s € [§g — (&), To] and 0 € [—7(s),0], by “dual”
arguments, for all s € [§,To] \ {tx} we now obtain

o

(eA(s)y(S)), > —nl(ag, a3)e ™\ (s) B(s) min {1,/ A (r)B(r)el i a(“)d“dr} (4.40)

—7(s)

instead of (4.32). On one hand, integration over [£p, Tp] leads to

To
y(To) > —nl(ag, az)e” 470 / A\ (s)B(s) ds
o

To
= —nl(ag, ag)/ e~ [0 aw d“)\l(s)B(s) ds > —nl(ag, ad)ai,
0
which implies

y(To) > —nl(ag, al)aj. (4.41)

To
On the other hand, defining Ay := / A(r)B(r)e” e a(Wdugr and again integrating (4.40) over
0

&
[€0, T0], by dual arguments as in (4.34), we derive
* 1 2
y(To) 2 —nilaz,az) { axhy — SA7 ).

Since A; < af < a; and the function z — ajx — 2%/2 is increasing on (—o0, o], we obtain

a*
V() = ez, aai (- ). (1.42)
and from (4.41) and (4.42) we conclude that
y(To) > —nl(az, af)a] min {1,041 - 0;1} . (4.43)

If af < 1, then, using the inequality (4.23), we obtain y(Tp) > —nl(az, o3)l(oq, af) > —n, which is
not possible. Thus we have o] > 1.
By similar arguments to the ones in (4.37), (4.38) and from (4.41), we now obtain

. " 1
y(TO) 2 _771(04% a;) min {alaal - 2} ) (444)

with af > 1. Consequently, using again the inequality (4.23), we deduce
y(TO) > _nl(a27a;)l(al70q) > -,

which is a contradiction. This ends the proof. O
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