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Abstract. For a family of single-species delayed population models, a new global
stability condition is found. This condition is sharp and can be applied in both monotone
and nonmonotone cases. Moreover, the consideration of variable or distributed delays
is allowed. We illustrate our approach on the Mackey-Glass equations and the Lasota-
Wazewska model.

1. Introduction. This work is motivated by the problem of finding a sharp global
stability result for the Mackey-Glass equation with variable delay
1+ (z(t —7()"

Here 7 : R — [0,h] and n, h,p,d > 0. With constant delay 7(t) = h, this equation
was proposed in 1977 by Mackey and Glass [15] as a model in hematopoiesis (blood cell
production).

Eq. () is a particular case of the class of delay differential equations

2 (t) = —dx(t) +

2(t) = —0x(t) + f*(x(t — (1)), = € R [0, +00), (1.2)

Received January 15, 2004.

2000 Mathematics Subject Classification. Primary 34K20; Secondary 92D25.

Key words and phrases. Global stability, delay differential equations, Schwarz derivative, Mackey-Glass
equations, Lasota—Wazewska model.

E-mail address: eliz@dma.uvigo.es

E-mail address: pintoj@abello.dic.uchile.cl

E-mail address: vitk@imath.kiev.ua

E-mail address: trofimch@inst-mat.utalca.cl

(©2005 Brown University
56

License or copyright restrictions may apply to redistribution; see https://www.ams.org/license/jour-dist-license.pdf



A GLOBAL STABILITY CRITERION 57

where § > 0,7 : R — [0, h] is piecewise continuous, and f* € C(R™T,R") is either strictly
decreasing or unimodal. Concretely, we will consider that one of the following conditions
holds:

(H1) (f*)'(z) <0 for all z > 0.

(H2) (f*)71(0) = 0, liminf,_,o+ f*ggm) > § and f* : R™ — R™ has only one critical

point ¢ (maximum).

Besides Eq. (L), the family (T2)) includes the celebrated Nicholson blowflies equation,
the Mackey-Glass equations, and the Lasota-Wazewska delay equation (see [1]-[I3] and
[16] for more references).

Both (H1) and (H2) are sufficient to assure the existence of a unique positive equi-
librium for (L2); we denote such a solution by z(t) = z*. By definition, the global
attractivity of (ILZ) means that lim;_. 1. x(t) = «* for every nontrivial solution x(t) of
the equation.

Recently, we proved in [I3] a sharp global stability result which is easy to apply to
Eq. (2) with monotone nonlinearity when f* is dominated in some sense by a rational

function. We will assume that one of the following conditions is satisfied:

(D) (f*(y+az*) —d0z* —r(y))y > 0 for all y > max{—z*,—1/b}, y #0,

(D2) (f*(—y+az*)—dz*+r(y))y <O0forally e (=1/b,z*), y #0,
where r(x) = ax/(1+bx), for some constants a < 0, b > 0 (if b = 0, by abuse of notation,
—1/b means —o0).

We have the following consequence from [I3, Theorem 1.1]:

PROPOSITION 1.1. Assume that f* satisfies (H1) and either (D1) or (D2). Then (L2 is
globally attracting if
a? — ad
a? 462’

As we show in Section 3 below, when (H1) holds, one of two conditions (D1), (D2) is
always satisfied with a = (f*)’(z*) if f* has negative Schwarz derivative

(S = EV@ 3 ((f*)”(@)z
() (x) 2\ (f*) (=)

for all z > 0. Both the Lasota-Wazewska equation and the Mackey-Glass equation with
decreasing nonlinearity satisfy all conditions of Proposition [[.I] Hence, ([L3) gives a
stability condition which improves the main theorems in [3] [l [1]. Now, the impor-

se " > —qln (1.3)

tance of Proposition [T relies on its sharp nature: for every monotone f* satisfying
(D1) or (D2) and for every triple @ < 0, § > 0, h > 0 which does not satisfy (L3,
the equilibrium z(t) = z* loses its asymptotical stability with an appropriate choice of
piecewise-continuous periodic delay function 7: R — [0, h]. (See [8] [13] for details.)
However, the results in [13] do not apply directly to the nonmonotone case of Eq. (L2)).
The main obstacle for this consists in the fact that unimodal functions do not satisfy the
negative feedback condition with respect to the level x = z*. A simple approach allowing
us (at least theoretically) to overcome this difficulty was proposed in [I3]: it suffices to
prove that f has negative feedback on some interval covering the projection 7(A) of the
global attractor A of (LZ) on RT (here 7 : C([—h,0];R) — R is defined by 7(¢) = ¢(0)).
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58 E. LIZ anp M. PINTO anp V. TKACHENKO anp S. TROFIMCHUK

To apply this method, we should be able to obtain sufficiently sharp a priori estimations
of the global attractivity domain for Eq. (LZ), and this can be a very difficult task. In
the case of Nicholson’s blowflies equation,

2/ (t) = =0x(t) + p(t — 7(t))e 72T 5 p 4 >0, (1.4)

we succeeded to solve it (see [I3]), while in the case of Eq. (III]) this task seems to be
unrealizable (due to the necessity of enormous computations).

The main theorem in this paper allows us to deal easily with unimodal nonlinearities,
even when the negative feedback condition does not hold. Hence, in Section 3 we are able
to apply our result not only to the most famous examples of equation (I.2) with variable
delay, but also for the case of distributed or multiple delays, improving the results in
[31 4], [6], 10} [TT], 12| [16]. For the reader’s convenience, we state the main result in Section
2, and we prove it in Section 4, just after the section containing the applications.

2. The main result. Let C' := C([—h,0];R) be the space of continuous functions
from [—h,0] to R, h > 0, equipped with the sup norm ||¢|| = max_p<g<o |p(0)]. We
denote by C'T the cone of nonnegative functions C* = {¢p € C : ¢ > 0}.

We assume that the functional f : R x CT — R™T satisfies the Carathéodory conditions
and that, for every constant element m(s) = m from CT, the function f(-,m): R — R¥
is constant almost everywhere on R. Thus we obtain a continuous map f* : Rt — RT
such that f*(m) = f(t,m) for all m € R* and for a.e. t € R.

We also assume that f satisfies the following condition:

m = [E%fo]w(t) < [Sl}lfz)]w(t) = M implies f(t,¢) € f*([m, M]), t € R. (2.1)
Notice that each one of hypotheses (H1), (H2) implies immediately the existence of a
unique positive equilibrium z(¢) = z* of the delay differential equation

2 (t) = —0x(t) + f(t, 1), x € RT. (2.2)
Now we are ready to state the main result of this paper

THEOREM 2.1. Assume that the conditions ([L3)), (21]), (Hk) and (Dj) are satisfied for
some choice of j, k € {1,2}. Then lim;_, o 2(t) = 2* for every nonzero solution x(t) of

equation (2.2).

REMARK 2.2. As was noticed in the paragraph below Proposition[T.1], Theorem 2.1]is
sharp within the class of equations (2:2) with f satisfying (Hk) and (Dj) for some choice
of j,k € {1,2}.

The following corollary will be useful in the applications.

COROLLARY 2.3. Assume that f* satisfies either (H1) or (H2), has negative Schwarz
derivative for all > 0,z # ¢, and a = (f*)(«*) < 0. If, in addition, conditions (L3
and (Z10) hold, then lim;_, 4 x(t) = z* for every nonzero solution z(t) of equation (Z2].

Proof. By Lemma 2.1 in [I4], condition (D1) with b = (f*)”(«*) holds if (f*)”(z*) > 0.
If (f*)"(z*) < 0, condition (D2) holds with b = —(f*)"”(«*). Finally, if (f*)"(z*) = 0,
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then z* is an inflexion point and (D1) holds (notice that in this case r(z) = —az is a
linear function). O

3. Applications. In this section we apply Corollary 2.3 to obtain global stability
results for some well-known delayed population models. First, we observe that the direct
application of this corollary to Nicholson’s blowflies equation (.4) gives Theorem 2.1 in
[13]. Next we consider other examples.

3.1. Lasota- Wazewska model with distributed delay. Our first example is a generaliza-
tion of the celebrated model proposed by Wazewska and Lasota in 1976 for the survival
of red blood cells (see, for example, [6, 00, [T, T2 [16]),

o' (t) = —0x(t) + pe ¢ ¢ >0, (3.1)

where d,p,y,h > 0. This generalization is of the form
h
o' (t) = —ox(t) + / e =9 dg(s), t > 0, (3.2)
0

where §,v > 0, and ¢ is a nondecreasing and nonnegative function defined on [0, h], with
foh dgq(s) =p > 0.

Function f* is defined by f*(x) = pe 7", which satisfies (H1), and (Sf*)(z) =
—~2/2 <0 for all z > 0.

The unique positive equilibrium z* of B2) is the unique positive root of equation
f*(x) = dx. Since (f*)(z*) = —ydx* < 0, an application of Corollary 23] gives the
following result:

THEOREM 3.1. The unique positive equilibrium z* of (B2) is a global attractor if the
following condition holds:

—doh * ('Yx*)Q + 71‘*
e " > yz*In <71 ) ) . (3.3)

In the particular case of equation (3:I)), Li and Chang proved recently [11, Theorem
2] the global attractivity of #* under condition yz*(1 — e™%") < 1 + =" /(yx*), or,
equivalently,

vyt —1
14 (ya*)*
It is easy to check that Theorem [3.1] improves this result. Indeed, for v2* < 1 both
conditions hold. Now, for yz* > 1, (33) is sharper than ([3.4) since for y > 0 we have
the inequality In(1 +vy) < y (take y = (yo* —1)/(1 + (y2*)?)). We notice that condition
(B:4) was already obtained in [6]. Finally, for Eq. ([8:2), Theorem BIlimproves the result
in [12], Corollary 4.8].

3.2. Mackey-Glass model with unimodal nonlinearity. Our next example is the Mackey-
Glass equation (ILT)). Taking into account the form of the right-hand side of (ITl), it has
only one constant solution z(t) = 0 if p < ¢ and two constant solutions z(t) = 0 and
z(t) = z* = (p/6 — 1)Y/™ in the case p > .

e " > ¥ (3.4)

THEOREM 3.2. Let p > 4. Then the positive equilibrium of Eq. (L)) is a global attractor
if one of the following three conditions holds:
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60 E. LIZ anp M. PINTO anp V. TKACHENKO anp S. TROFIMCHUK

(i) ne(0,2];
(i) mn>2andd € (0,d1(n,h)], where

1 n? —2n+2
51<”vh>‘ﬁ1n<m);

(iii) n>2,d>d1(n,h), and

) (1—=n+6én/p)?— (1 —n+dn/p)d
- —hd) >1 .
1—n—|—(5n/peXp( )>1n 24+ (1 —=n+dn/p)?

Proof. See [3] for the cases (i), (ii) and when n > 2, p/d < n/(n —1). Hence we have
to work only with n > 2, p/d > n/(n — 1). In this case, it is easy to check that the
nonlinearity f*(z) = pz/(1 + ™) in (1) satisfies condition (H2), with a unique critical
point ¢ = (n — 1)~Y/". Moreover, f* has negative Schwarz derivative for all z # ¢ (e.g.
see [B]), and (f*)'(z*) < 0. An application of Corollary[Z3 ends the proof. O

REMARK 3.3. We emphasize that Theorem B.2limproves the results in [3], where some
comparisons with previous results in the literature can be found. Moreover, condition
(B) is sharp in the class of equations (I.1l) with 7(¢) < h.

3.3. Mackey-Glass model with distributed delay. Consider the following generalization
of the Mackey-Glass equation [4]:

(3.5)

dq(s)

——— t>0,2>0 3.6
1+an(t—s)’ Zhe=b (36)

h
7' (t) = —ox(t) —I—/
0
with §,n > 0. The nonconstant, nondecreasing and nonnegative function ¢(s) is defined
on [0, h] and foh dq(s) =p > 0.
Function f* is defined by f*(z) = p/(1 + ™), which satisfies (H1) and (Sf*)(z) =
(1-n?)/(222) <0 for all z > 0, if n > 1.
The unique positive equilibrium z* of (3.6)) is the unique positive root of equation

p
5
THEOREM 3.4. The unique positive equilibrium x* of (B8] is a global attractor if one of
the following conditions holds:
(i) ne(0,1];
(i) n>1andé € (0,0d2(n,h)], where

2
d2(n, h) = %ln(nz—’_l);

nc—n

"t =

(iii) n>1,d > da(n,h), and

A+ dn(z*)"Ht
exp (—hé) > cln m7 Cc = T (37)
Proof. The cases (i) and (ii) were proved in [3]. Since (f*)'(z*) = —d8%n(a*)"T!/p,
case (iii) follows from Corollary 23l O
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REMARK 3.5. We notice that condition (371 holds for all values of h > 0 if ¢ < 1.
This is equivalent (see [I2] Theorem 4.10]) to condition

p(n— 1) /" < 5, (3.8)

It was proved in [12] that (3:8) is the best possible delay independent condition for (B:0]).

4. Proof of the main result. In this section we prove Theorem 211 For this, we
first show that, after some transformations, Equation (22) and the set of hypotheses
(D1)-(D2) can be simplified for the case b > 0. Then, we adapt the arguments in [I3]
to complete the proof. We will asssume that b > 0 until the end of Section 4, where the
case b = 0 is considered.

4.1. A reduction. First, we transform (22), making the changes of variables s = §t
and z = b~ 'y. These changes do not affect the global stability property of the equilibrium
solution of Eq. (ZZ), which now has the following simpler form:

2 (t) = —x(t) + ft,z), € RY, (4.1)

where f satisfies either (D1) or (D2) with the same a < 0 and b = 1. In the sequel, by
abuse of notation, we shall use the same letter f for f Using the variation of constants
formula, we can check that every solution of (41]) is nonnegative, if it takes nonnegative
values on the initial interval. Hence, if we consider a nontrivial solution z(¢) and denote
M = limsup,_, . z(t), m = liminf, . x(t), we conclude that m > 0. However, we will
need stronger positivity properties of the solutions to (@1l):

THEOREM 4.1. If either (H1) or (H2) holds, then all solutions z(¢) of (€] are defined
in [0, +00). Moreover, there exist v, u > 0 such that 4 < m < M < v for each eventually
nontrivial z(t). Furthermore, [m, M] C f*([m, M]).

Proof. See Lemmas 3.1, 3.3 and Theorem 3.6 in [12] (their proofs are still valid for
the nonautonomous case under condition (2:1)). O

The following result shows that, from now on, we should focus our analysis solely on
solutions which oscillate around the positive equilibrium:

LEMMA 4.2. If m < M <z* or M > m > z*, then lim; . x(t) = z*.

Proof. We have from Theorem E1 that [m, M] C f*([m, M]), where M > m > z*
orm < M < z*. Since f* is either decreasing or unimodal, this is possible only if
m=M = z*. O
Now let z(t) be such that M > z* > m. Then there exist two sequences of intervals
(aj,b;) and (af,b’) with the following properties: x(a;) = z(b;) = x(a}) = (b)) = z7,
z(t) > " fort € (a;,b;) and x(t) < z* for t € (af,b}). Furthermore, max,, 3,y z(t) — M
and min g/ b ) x(t) — m as j — 0.

LEMMA 4.3. If t; is the leftmost point from (aj,b;) satisfying x(t;) = max(q, ;) (1),
then ¢; — a; < h. Analogously, if s; is the leftmost point from (a}, b}) satisfying z(s;) =
min(a;’b;) J,‘(f,), then S5 — a} < h.
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Proof. In the proof, ¢* denotes min{(f*)~!(x*)} in the unimodal case, and c¢* = 0
if f* is decreasing. We have z’(t;) = 0 and f(¢;, :ctj) =zx(t;) > z*. Halt;+s) >
holds for all s € [—h,0], then z* < f(t;,2¢,) € f*([z*, M]), a contradiction (since f is
decreasing on [z*, +00)).

Analogously, 2'(s;) = 0 so that f(sj,zs,) = x(s;) < x*. If we suppose that ¢* <
z(s; +s) < x* for s € [—h,0], then we get a contradiction again, since the relations
x* > f(tj,x¢,) € f*([¢*,2*]) C [z*, +00) are impossible. Thus either x(s; + s") > z* for
some s € [—h,0] (and the lemma is proved) or z(s; + s) < z* for all s € [—h,0] and
x(sj+ ") < ¢* for some s” € [—h,0]. The second case is only possible if f* is unimodal,
and we can suppose that x(s; +s") = minge[_p,0) 2(s; + ) < ¢*. Thus

J)(Sj) - f(sjvij) > f*(l‘(sj + 5/,)) > J)(Sj + S/,),

contradicting the choice of x(s;) as the minimal value of z(¢) on (aj},b’). O

A simple observation of the graph of f = f* shows that, in the case (H1), the interval
I =10, f(0)] is invariant under f; moreover, f2(I) C Int(I). In the case (H2), if we take
a sufficiently small € > 0 and consider I = [—e+ f(f(c) + €), f(c) + €], we again obtain
that f(I) C Int(I). Furthermore, Theorem [41] implies that [m, M| C Int(I). When f
is decreasing, this relation follows from the chain of inclusions [m, M] C f([m, M]) C
f2(RY) = f2(I) C Int(I). In the unimodal case, if we take a sufficiently large integer
N, we get analogously [m, M] C f([m,M]) C fN([m,M]) C f(I) C Int(I). As a
consequence, if we analyze the asymptotical behavior of some fixed solution z(¢) to (),
we do not need to know the values f(t,¢) for those ¢ whose graphs do not lie entirely
within the rectangle [—h,0] x I. In particular, we can replace the original nonlinearity

f(t, @) with f1(t,¢) = f(t,T¢), where the squeezing operator T : C*t — CT acts as

follows:
o(s) if ¢(s) €
(To)(s) =< maxI if ¢(s) > maxI
min/ if ¢(s) < minl.
Obviously, fi(t,¢) satisfies (ZI) and fi(x) = f*(z) for all x € I. Also, f; is strictly

positive and continuous on the whole R and it is a constant function outside of I. An
elementary analysis shows that f{ and f* satisfy the same hypothesis from the list of
(D1) and (D2).

Summing up all the above, we come to the following conclusion: in order to establish
the global stability of Eq. (1), it suffices to prove the convergence to x* of every solution
z(t) of

2 (t) = —z(t) + fr(t,z), T € R. (4.2)

Due to Lemmas and [L3] we can suppose additionally that x(t) oscillates about a*
and satisfies the conclusions of Lemma 3]l Notice that z(t) = z* is the unique steady
state solution of (£2).

We can simplify the situation even more if we translate the origin to the equilibrium
point z*. It can be done by the simple shift + = y + «* in the case (D1) and by the
transformation x = ™ — y if f; satisfies (D2). As a result, (f2) is transformed into the
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equation
()= —z(t) + g(t,z), v € R, (4.3)

whose unique equilibrium is the trivial solution z(t) = 0. Now, we are interested in
proving the convergence to zero of every solution z(¢) of (£3)) which oscillates about 0
and satisfies the conclusions of Lemma B3l Since g(t,¢) = fi(t,¢ + z*) — 2* in the
case (D1) and g(t,¢) = —f1(t,—¢ + *) + =* in the case (D2), it is easy to check that
the function ¢*(y) = ¢(t,y), y € R, is nonincreasing or unimodal (notice that for (D2)
the critical point in case of unimodality is a local minimum instead of a maximum).
Furthermore, g* satisfies (Z.I) and the following modification of (D1):

(DD) (g*(y) —r(y))y >0 forally > -1, y #0,
where 7(y) = ay/(1 + y). It should be noticed that, in general, the negative feedback
condition on g* is not assumed.

Let y(t) be a solution of (@3] such that

litminfy(t) =m <0< M =limsupy(t).
0 t—o0
Then there exist two sequences of intervals (a;,b;) and (a’;,b’) such that y(a;) = y(b;) =
y(a;) = y(b}) = 0, y(t) > 0 for t € (a;,b;) and y(t) < 0 for ¢ € (a},d’). Moreover, for
y(t), the conclusions of Lemma [£.3] are fulfilled: if ¢; is the leftmost point from (a;,b;)
satisfying y(t;) = max,, »,) y(t), then t; —a; < h. Analogously, if s; is the leftmost point
from (aj}, b}) satisfying y(s;) = min(a; ) y(t), then s; —aj < h. We can also assume that
M; =y(t;) — M and m; = y(s;) — m as j — oo.

The following consequence of Lemma will play a key role in the proof of Theorem

2T
COROLLARY 4.4. Let m(u) = min y(u + 6), M(u) = max y(u + 6). Then for
0€[—h,0] 0€[—h,0]
sufficiently large j:
9(u,yu) > r(M(u)), u € (aj, s;], (4.4)
and, if m(u) > —1,
9(u,yu) <r(m(u)), ue (aj,t;]. (4.5)

Proof. We prove ([@4); the proof of ([@H) is similar.
Since g(u, yu) € g* (), M(u)]), we get
glu, yy) > min_ g*(s).
s€[m(u), M (u)]

Hence the proof of (4) is immediate for g* decreasing on [m(u), M(u)]

If ¢* is unimodal with a local minimum at some point ¢ € [m(u), M(u)], then
glu,yu) > g*(c') > r(c) > r(M(u). Notice that, in view of our reduction, the point
¢’ of local minimum is necessarily positive.

Next, for g* having a local maximum at some point ¢ (it must be negative) we will

prove that, for sufficiently large j,

g7 (M(u)) = mj = g*(M(s;)) = g"(M(u)),u € (a}, 5], (4.6)
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From (fLG) we easily deduce ({A):
9(u, yu) € [min{g”(m(u)), g"(M(u))}, g% (c)] C [r(M(u)), g% (c)].

Since, by definition, y(t) < 0 for ¢ € (a}, s;], the following inequalities are fulfilled for
u € [af, 5]

M(u) > M(s;) = 0, g"(M(s;)) = g*(M(u)).

To prove the first inequality in (LG), we observe that, for u € [a}, s;], either m(u) =
y(u) > my, or m(u) = y(u—h) < mj, or m(u) = y(sx) for some k < j. In the first case, we
have g*(m(u)) > m(u) > m; which proves the leftmost inequality of (Z&). In the other
cases, ¢ > m(u) > y(sx) = my for some k < j. Since m = lim;_.oo m; = liminf, . y(t),
there exist € > 0, Ny € N such that

my < ming*(jmg — e, myg]), for all r, k> Ny. (4.7

In this way, ¢*(m(u)) > g*(mg) > m; when j is sufficiently large.
It remains to prove the inequality

mj > g*(M(sj)). (4.8)
Since

my = g(s;,ys;) € 9" ([Mls;), M(s;)]) = [min{g* (m(s;)), 9" (M (s;))}, 9" (e)];

) =
inequality (£8) holds if g*(M(s;)) < g*(m(sj)). Assume the contrary; then, m; =
9(85,ys;) € lg"(M(s5)), g% (c)] C [g"(mx), g"(c)], for some k < j. Hence m; > g*(my), a
contradiction to (4.7]). O
4.2. Domains of parameters. Based on the previous subsection, we will use the rational
function r(z) = ax/(1 + =) and we will prove Theorem -1l for equation

2'(t) = —x(t) + f(t, 24), (4.9)
where f*(z) = f(t,x),x € R, satisfies the inequality
(f*(x) = r(z))x >0 for z>—-1,2#0. (4.10)
Inequality (C3]) takes the form
2
f=c">—aln=—2 411
e "> —aln PR (4.11)

Following [13], in order to prove Theorem [[IT], we decompose the domain of parameters
(a,0) € (—o00,0) x (0,1) satistying ([@II) into two complementary subsets:
a’>+a

B_{(G’Q) S+ 1

a?—a a2+a
D= 0) : —al 0 < — .
{(a’) CNFT S a2+1}

Notice that B contains all points (a,6) € [-1,0) x (0,1). We will also split the domain
D into two subsets D* and S defined by
95a + 108 a’+a

S—{(a,ﬂ)GD: 96[08,1),m§9§a2+1

<9<1};

}, D* =D\S.
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4.3. Global stability for (a,0) € B. We again use the notation

M =lim sup z(t), m = lim ltinf x(t),

t—o0
and, taking into account Lemma [£.2] we only consider the case m < 0 < M. As before,
let {¢;} and {s;} be two sequences of points of local maximum and local minimum such
that z(t;) = M; — M and z(s;) =m; — m as j — oc.
First, we prove the global attractivity of Eq. (£9) if a(1 —6) > —1.

LEMMA 4.5. If a(1 — 0) > —1, then M = m = lim;_, z(t) = 0.

Proof. For ¢ > 0 arbitrary, we have that xz(s) < M + ¢ and z(s) > m — ¢ for s
sufficiently large. Next, by Lemma [43 there exists h; € [0, h] such that z(s; — h;) = 0.
In view of Corollary B4, for s € (s; — hj, s;],

f(s,xs) > T(eer?fa}fo] x(s+6)) >r(M+e).

Therefore, by the variation of constants formula, we have
8j
mj = x(sj) = / e~ i7) f(s,x)ds > (1 — e M)r(M +¢).
Sj—hj
As a limit form of this inequality, we get
m > (1—0)r(M). (4.12)
Hence, m > —1. Analogously, taking into account (5],
tj
Mj = {E(tj) = / X ei(tjis)f(s,xs)ds
t;— 3

< (1- e*h)r(eer[rli}lllo] z(s+6) < (1—-0)rim-—e),

)

where the number ' € [0, h] is such that x(¢; — h’;) = 0. Therefore,

M < (1—=0)r(m). (4.13)
By [@I2) and (@I3), we have

M < (1=0)r((1 —0)r(M)),
which is equivalent to
MA+a(l—6)1—a(l—6)+M) _ 0
1+ M1 +a(l-90)) -

Since a(1 — #) > —1, the last inequality is possible only if M = 0. O

Now, in Lemma [£.7] given below, we prove the global attractivity of Eq. (&3]) for all
parameters (a, ) € B. In the proof of Lemma H.7 we use the following statement:

LEMMA 4.6 ([I3, Proposition 3.3]). Let q : [o, 8] — [c, 8] be a C® map with a unique fixed
point v and with at most one critical point z* (maximum). If « is locally asymptotically
stable and the Schwarzian derivative (Sq)(xz) < 0 for all & # x*, then + is the global
attractor of gq.

LEMMA 4.7. If (a,0) € B, then M = m = lim;_,o () = 0.
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Proof. Due to LemmalL5] we can suppose that a(1—60) < —1. There exist sequences of
positive £5 — 0 and £; — 0 such that z(s) < M+ej for all s € [s;—h, s;] and m; < m+e;.
By Lemma B2} there exists h; € [0, h] such that x(s; — hj) = maxge—p,0) 2(s; +0) > 0.
From Corollary £.4] we get

my = x(s;) = f(sj,2s;) = r(2(s; — hy)). (4.14)
Next, by @I2), m > (1 — 0)r(M) > a. Hence m; > a for j sufficiently large and,
therefore, 7~ (m;) is well defined, where r~!(z) = z/(a — z) is the inverse function of
r(z). From (@I4) we obtain the inequality z(s; —h;) > r~1(m;). Next, by the variation
of constants formula and ([@4]), we have

sj
my = als) e tas — )+ [ e psnds
> e Mhirt(my) +r(M +e5)(1 - e ) (4.15)

> e my) 4+ (M + ex)(1 - e M.
We denote 1(z) = z — 0r~1(z); as a limit form of (L15)), we get

Y(m) > (1 —6)r(M) > a(l —6). (4.16)
This implies that
m > W. (4.17)

Next, since (a,6) € B, we have that a?>(1 —6) +a—60 < 0 < m(a(1 —6) + 1), from which
a(l —0)(a —m)
a—m—96 ”
From (@I7) and @IR) it follows that m > —1, and hence we can use inequality (EI0)
for x(t) with sufficiently large t.
Analogously, by Lemma[Z2] there exists h; € [0, h] such that

x(ty — h}) = Ger[niiao]x(sj +0) <0.

~1. (4.18)

From (1) and (@I0) we get x(t; —h’;) < r~'(M;). By the variation of constants formula
and ([£3), we have, for some positive sequence €j — 0,

’ t']
M; = a(t;) =e izt — h}) —|—/ e~ =) (s, 25)ds

tj—h;'
< e M M) +r(m —e5) (1 —e7h)
< e TN M)+ r(m — ex)(1 - e ™).
When j — oo, we obtain
Y(M) < (1 —=0)r(m). (4.19)

Define x(z) = ¥~ 1((1 — 0)r(z)). From (EIB) and [@I9) we conclude that M < x(m)
and m > x(M). Hence, [m,M] C x([m,M]). On the other hand (see [I3, Lemma
3.6]), x : [a, 8] — [a, (] is strictly decreasing and (Sx)(z) < 0 for all = € [«, 5], where
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a = x(+0) = (1 — )a) > —1 and B = x(a). Since, by our assumptions, x’(0) =
(1 —0)a?/(a — 0) € (—1,0), an application of Lemma shows that 0 attracts [, 5]
under x. Since [m, M] C x*([m, M]) C x*([a, B]) for all integer k& > 1, it is clear that
m=M=0. O

4.4. Global stability for (a,6) € D. In this subsection, we prove Theorem R.] for
(a,8) € D. For this, we will use two scalar auxiliary functions introduced in [13].

For (a,0) € D, the inequality a(d — 1)/0 — 1 > 0 holds, and therefore the interval
I=(—1,a(6 —1)/6 — 1) is nonempty. Furthermore, t; = ¢1(2) = —In(1 — %) € [—h,0]
for every z € I\ {0}. Consider now the map F' : I — R defined in the following way:

0 if z=0,
F(z)={ Do y(t2) if z€land 2 >0,
tg%gﬁ]y(m) if z € (—1,0),
where y(t,z) is the solution of the initial value problem y(s,z) = z, s € [t1(z) —
h,t1(2)], z € I for
y'(t) = —y(t) +r(y(t — h)). (4.20)

The importance of function F' is due to the following result:
LEMMA 4.8. Let x(¢) be a solution of ([9) and set

M = lim sup z(t), m = litm inf x(¢).
— 00

t—o0

If m,M € I, then m > F(M) and M < F(m).

Proof. Consider two sequences of extremal values m; = z(s;) = m, M; = z(t;) - M
such that s; — +o00,t; — 400 as j — oo. Let ¢ > 0 be such that (m —e, M +¢) C I.
Then m; > m—e and M; < M +¢ for sufficiently large j. We will prove that m > F(M);
the case M < F(m) can be proved analogously by using inequality (£35).

By Lemma [£2] we can find 7; € [s; — h,s;) such that 2(7;) = 0 and z(s) < 0 for
s € (75,8;5]. Next, since M +e € I, v; = 7 + t1(M +¢) > 7, — h . We consider the
solution y(t) of Eq. (B20) with initial condition y(s) = M + ¢, s € [v; — h,v;], which
satisfies y(7;) = 0. Obviously, M + ¢ = y(t) > z(t) for all ¢ € [v; — h, v;]. Furthermore,
for all s € [v;,7;], we have maxge|_p,0)2(s +6) < M + ¢ so that, in view of (2I) and

&I10), f(s,xs) > (M +¢), and

o) = [ e (s, )ds < [ e o+ s = yte).t € o)

i 7

proving that y(t) > x(t) for all t € [r; — h, 7]
Now, for ¢ € [}, s;], we have

z(t) = / e f(s,25)ds > / e~ )r(y(s — h))ds = y(t), (4.21)

i 7
since, by (#4)) and [EI0),

f(s,2s) = T(eé?f‘ffo] z(s +0)) > T(eé?f‘ffo] y(s +0)) =r(y(s —h)).
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Hence, by (#2I) and the definition of F', we have
mj = x(sj) > y(s;) > F(M +e¢). (4.22)
As a limit form of ([.22)), we get m > F(M). O
When (a,0) € D*, we need other auxiliary function; for z > 0, we define Fj(z

)
= mingejo,n y(t, 2), where y(t,z) satisfies ([{20) and has the initial value y(s,z)
=(1—-e®)r(z), s € [-h,0].

LEMMA 4.9. Suppose that (a,0) € D. Then m > Fy(M).

Proof. Consider a solution x(¢) of (Z9) and take €, s;,t;,m;, M;, 7; as in the first two
paragraphs of Lemma [Z.8

For t € [1j; — h, 7], we have, by (2] and (£10),

t t
x(t) = / e f(u, 2y )du < / e Wr(M 4 ¢)du = y(t — 7j, M + ¢).

Now, using the last inequality, (4] and (@I0), we get
flu,zy) > 7"(9 n[laico] z(u+0)) >ry(u—h—1,M+e¢)),u € [15,s;]
€[—h,
This implies that

5j

z(s;) = / ’ e*(sj*“)f(u,xu)du > / e*(sﬂ'*“)r(y(u —h—1;,M+e¢))du

i 7

= y(s;—1,M+¢e)>Fi(M+e¢).

Since € > 0 and x(s;) = m; — m are arbitrary, we conclude that m > Fy (M). O

To finish the proof of Theorem [ZT], we need the following technical lemmas from [T3]:

LEMMA 4.10. Assume that (a,6) € D. Then F(z) > R(r(z)) if z€ (0,a(0—1)/0-1),

and F(z) < R(r(z)) if z € ((aB — 1)71,0), where
afa, 0)r

R(r) =R(r,a,0) = T— 30’ (4.23)
ala,0) = (1 —a)exp(f/a) + a > 0,
a? +exp(0/a)(1 —2a+20(a—1)) — (1 — a)?exp(f/a
) = U020 00— )40
Moreover, R(a) > —1.
LEMMA 4.11. If (a,6) € D* and z > a(6 — 1)/0 — 1, then Fi(z) > R(r(2)).
LEMMA 4.12. If (a,0) € S and z > 0, then
Fi(z) > 1+In6—6 ar(z) def Ro(r(2)). (4.24)

2+1n9—91+r(z)%

Furthermore, Ra(a) > —1 and r(Ra(a)) < 1/8. Next, if (a,0) € S, then
1—0+1In6

_ 2
~v(a,0) =a a(a,9)2_0+1n0 <1
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We are now in a position to prove Theorem T for (a,0) € D. The arguments are
taken from the corresponding proof of Theorem 1.1 in [I3]. We include the details for
the sake of completeness.

LEMMA 4.13. Let z be a solution of Eq. (B3) and set M = limsup,_, z(t), m =
liminf; o x(t). If (a,0) € D, then m = M = lim;_,oc 2(t) = 0.

Proof. We will reach a contradiction if we assume that m < 0 < M (note that the
cases M < 0 and m > 0 were already considered in Lemma ELZ).
First suppose that (a,6) € S. By Lemmas and we obtain that

m > F(M)> Rao(r(M)) > —1. (4.25)

Now take an arbitrary z > 0. Since r(z) € (a,0] and R2(z) is increasing on (a, 0], we get

r(Ra(r(z))) < 1/6 from LemmalT2l Therefore, the rational function A = RoroRqor:
[0,00) — [0,00) is well defined. From Lemmas FE] and [0, we obtain

M < R(r(Ra(r(M)))) = A(M).

On the other hand, due to the inequality A'(0) = v(a,0) < 1 (see Lemma E.T2), we obtain
that A(z) < z for all z > 0, a contradiction.

Now let (a,6) € D*; notice that aa(a,d) € (—1,0) in view of (LII). We define the
rational function

R:((af —1)7" +00) — (—aa(af — 1), +00) C ((af — 1), +00)
as R =Ror. By [@23), we have R'(0) = aa(a,0) € (—1,0). Next,
m > R(M) > R(a) > —1. (4.26)

Indeed, if M < a(f —1)/6 — 1, then Lemmas and imply that m > F(M) >
R(r(M)) = R(M). Now if M > a(f —1)/6 — 1, then Lemmas and [£17] give that
m > F1(M) > R(r(M)) = R(M). The last inequality in (@26)) follows from Lemma ET0l

Finally, applying Lemmas EERland ET0land (£26)), and using the inequality Ro R(z) <
x, x > 0, which holds since (R o R)'(0) = (R'(0))? < 1, we obtain

M < F(m) <R(r(m)) < R(r(R(M))) = R(R(M)) < M,

a contradiction. ]
REMARK 4.14. Theorem 211 follows from Lemmas [Z7 and ET3 if b > 0 in (D1) and
(D2).

For b = 0, the same arguments work taking r(x) = az. Since r is linear, all involved
functions are much simpler; for example, in LemmalZ7 x(z) = a?(1—0)x/(a—0) is linear.
In the same way, functions F' and Fj introduced in Subsection 4.4 are now linear. Indeed,
we have F(z) = [a%2+a(1l —a)exp(a~te )]z and Fi(z) = a®[l —exp(e ™" +h—1)]z. We
can proceed analogously to the proof of LemmalT3] taking into account that F’'(0) > —1
for (a,0) € D and F{(0) > —1 for (a,d) € S. Obviously, functions R and Ry are not
necessary in this case.
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