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SUBEXPONENTIAL SOLUTIONS OF SCALAR LINEAR
INTEGRO- DIFFERENTIAL EQUATIONS WITH DELAY

J. A. D. APPLEBY *, I. GYORI' axD D. W. REYNOLDS

Abstract. This paper considers the asymptotic behaviour of solutions of the scalar
linear convolution integro-differential equation with delay

() = - ;aix(t -7 +/0 k(t—s)x(s)ds, ¢>0,
x(t) = o), —-7<t<0,

where T = maxi<;<, 7;. In this problem, k is a non-negative function in L*(0, c0)NC|0, 00),
7, > 0, a; > 0 and ¢ is a continuous function on [—7,0]. The kernel k is subexponential
in the sense that lim;_ o k(t)a(t)~! > 0 where « is a positive subexponential function. A
consequence of this is that k(t)e® — oo as t — oo for every e > 0.

Key Words. Volterra integro—differential equations, subexponential function, expo-
nential asymptotic stability.

AMS(MOS) subject classification. 34K20, 34K25, 34K06, 45D05, 45J05

1. Introduction and Results. This paper examines the asymptotic
behaviour of solutions of the scalar linear integrodifferential equation with
delay

(1) ' (t) = — iaix(t — 1)+ /Ot k(t —s)x(s)ds, t>0,
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subject to the initial condition
(2) z(t) = ¢(t), —T<t=<0.

The following hypotheses are postulated.
(Hl) T > O, a; > 0, Z?:l a; > 0and 7 = maxj<i<n Tj-
(Hy) The characteristic equation

n

— Tip

p=> ac®
i=1

has a real root.
(H3) The kernel k is a non-trivial function in L' (0, 00)NC[0, 0o) with k(t) > 0
for all t > 0.
(Ha) 5% k(s)ds < S0y as
(Hs) limg o k(t)/a(t) > 0 for some positive subexponential function a.
(Hg) The initial function ¢ is in C[—,0].

The significance of (Hy), and sufficient conditions for it to hold, are
discussed in Section 2. The definition of positive subexponential functions
and some of their important properties are also reviewed there. The main
result of this paper is the following theorem.

THEOREM 1. Suppose that (Hy)—(Hg) hold. Then the solution of (1)
and (2) satisfies

Ca(t) e(0) =X a0 é(s)ds
(3) E&uw"(g;%—mu@@f’
()
(4) tlggo k(t) o

The decay rate given in (3) can also be written as

lim x(t) _ Jo° x(s) ds
t—o0 k(1) i1 ai — Jo~ k(s) ds’

It is shown in [1, 2] that the decay rate of two classes of stochastic Volterra in-
tegrodifferential equations with subexponential kernels, can also be expressed
in this form.

In order to prove Theorem 1 we introduce the resolvent for (1), which is
the solution of the equation

(5) 7 (t) = — ﬁ;air(t - 7))+ /Ot k(t —s)r(s)ds, t>0,
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which satisfies the initial condition
1, t=0,
(6) T(t){o, —r<t<0.

The significance of 7 is that the solution of (1) which obeys (2) is given by
the variation of parameters formula

7 o(t) = 6O (0) + [ 1t = 5)0(s)ds, 120,
where
®) é(t)=—§;ai¢<t—n>xm,ﬁ]<t>, £>0,

and y s denotes the indicator function of a set J. The asymptotic behaviour
of the resolvent is described in the next theorem.

THEOREM 2. Suppose that (Hy)—(Hy) hold. Then the resolvent r, defined
by (5) and (6), is in L'(0,00), r(t) > 0 for allt > 0 and r(t) — 0 as t — oo.
If, in addition, (Hs) holds,

o0 (S [n) mi o

Moreover

(10) lim

Theorems 1 and 2 are generalisations of [3, Theorem 6.2], which concerns
linear scalar convolution integro-differential equations with subexponential
kernels but without delays. Theorem 2 has the following converse, which is
an extension of [3, Theorem 6.4].

THEOREM 3. Suppose that (Hy)—(Hy) hold, and that k(t) > 0 for all
t > 0. If the resolvent r satisfies (9), then k is a positive subexponential
function and (10) is true.

2. Mathematical Preliminaries. The convolution of two appropriate
functions f and g defined on [0, 00) is denoted, as usual, by

(f *g)(t /ft—s t>0.
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We recall a definition from [3], based on the hypotheses of Theorem 3 of

[5].
DEFINITION 1. A positive subexponential function is a continuous in-
tegrable function « : [0,00) — (0,00) satisfying

(11) lim (axa)t) = 2 /OO a(s)ds,
t—oo  at) 0
t—
(12) tlim sup a(a(t)s) — 1‘ = 0, forall A>0.
=00 0<s<A

It is noted in [3] that the class of positive subexponential functions in-
cludes all positive, continuous, integrable functions which are regularly vary-
ing at infinity. It is known that (12) implies for every € > 0 that

(13) a(t)e® — oo ast — oo,

(cf., e.g., [4, Lemma 2.2]), and hence by (Hs) that k(t)e® — oo as t — oo for
every € > 0.

If v is a positive subexponential function and f is a function on (0, c0)
such that lim;_, f(t)/a(t) exists, we define

L.f = lim @
t=eo aft)
An important result is the following lemma. It is essentially Theorem 4.1 of
[3]. Perusal of the proof of this theorem shows that the hypotheses that f/«
and g/« be bounded continuous functions on [0, 00) are redundant, and are
therefore omitted here.
LEMMA 1. Suppose that « is a positive subexponential function. Let f
and g be integrable functions on (0,00) for which Lof and L,g both exist.
Then Lo (f * g) exists and is given by

(14) La(f29) = Laf [ g(s)ds+ Lag [~ () ds.

Next we introduce the resolvent z associated with the purely point delay
part of (1). It satisfies the equation

(15) 2 (t)=— ﬁ:aiz(t —7), t>0,
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and the initial condition

1, t=0,
(16) 2(t) _{ 0, —7<t<0.

We collect in a lemma some salient properties of z.
LEMMA 2. Suppose that (Hy) and (Hs) hold. Then z(t) > 0 fort > 0

and
oo 1
(17) / At)dt = ——
0 i=1 Qi
(18) z(t) = 0 exponentially as t — oo.

Thus if a is a subexponential function

(19) Loz =0.

The positivity of z and (17) are part of Proposition 2.1 of [7]; (18) follows
from the same proposition and Lemma 6.5.3 of [8]; (19) is a consequence of
(13) and (18).

It is shown in [9] that a necessary condition for (Hs) to be true is
S a;m < et and that 737 a; < e !is a sufficient condition. In the case
of a single delay with n = 1, a; = a > 0, 74 = 7, a necessary and sufficient
condition for (Hs) to hold is ar < et

The following yields a representation of the solution of

(20) YO = =D ay(t—m)+ [0, >0
(21) yt) = {(1) —rt;oé 0.

LEMMA 3. Let f be in C[0,00). Then the solution of (20) and (21) can
be represented as y(t) = z(t) + (z * f)(t), t > 0.

3. Proofs. Proof. (Theorem 2) The resolvent r of (1) satisfies (5) and
(6). It is a consequence of Lemma 3 that r satisfies

(22) r=z+4zx(kxr)=z+hxr,

where h = zxk. Due to (H3) and Lemma 2, h(t) > 0 for all t > 0. A standard
argument shows that r(¢) > 0 for all ¢ > 0. By taking the convolution of
each term in (22) with k, we see that

p=nh+hxp,
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where p = k x r. Since by (17) and (Hy),

/Oooh(s)dSZ/Oooz(s)ds/oook‘(s)dsZ Z?llai /Oook;(s)ds< 1,

it can be deduced from a theorem of Paley and Wiener (cf., e.g, [6, Theo-
rem 2.4.1]) that p is in L'(0,00). It is then an immediate consequence of
Lemma 2 and

r=z+p*z,

that r is in L'(0,00). Tt then follows from this equation that r(t) — 0 as
t — o0, since z is a bounded continuous function obeying (18).
Integration of (5) gives

Zal/ r(t — 1) dt—l—/ ds/oook(s)ds,

which the aid of (6) leads to

/OOOT(S)dS— 2t @ — 1fo k(s)ds

Also we can deduce from Lemma 1, (17) and (19) that

L,k
Z?:1 a; .

Suppose now that L,r exists. Then we can infer from Lemma 1, (19),
(22) and the above formulae that

Lah:La(z*k):Laz/ook:()ds+L k:/ §)ds
0

Lot = Loaz+ L, h/ s)ds+ L r/ooh(s)ds
0

L k 1 00
= = Lot [ k(s)ds.
i1 ai(Xiy ai — Jo° k(s) ds) ey a; Jo

Rearranging yields the first formula in (9). To obtain the second, note that
(12) implies L,r(- — 7;) = Lqar, so then, by applying L, to (5) and using
Lemma 1, we get that

L /:—L 3 I > L ~ - .
ol oﬂ’(;az /0 k(s)ds>+ ak/o r(s)ds =0

We note that by Lemma 1

Lo(rxr)=2L,r /OO r(s) ds,
0
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which immediately implies (10).

To complete the proof, it only remains to show that L,r exists. For the
sake of brevity a proof is indicated here under the additional (and unneces-
sary) assumption that k(t) > 0 for all ¢ > 0. It follows then that h(t) > 0
for all t > 0. Then by Lemma 4.3 of [3], h is a subexponential function. By
applying Theorem 5.2 of [3] to (22), we conclude that Ljr exists and hence
L,r. O

Proof. (Theorem 1) First, we observe from (8) that L,¢ = 0 and

[ oty e = —zn:ai/o 6(s) ds.

i=1 T

Then, by applying L, to (7) and using Lemma 1, we obtain

Loz = ¢(0)Lor + Lor /oo d(s)ds + Lo /OO r(s)ds
0 0
Therefore we can conclude that

0(0) — Sy ai J2, ¢(s) ds
(S ai — J5* k(s)ds)”

Loz = L,k

and hence that (3) holds.
It also follows easily from (7) that

o0 ~0(0) =0 ai [0, 6(s) ds
/Ox(t)dt_ i1 ai = Joo ()

By applying Lemma 1 to (1), we then see that

Loa = — Zal e )+ Lox /OO k(s)ds + LOJ{:/Oo x(s)ds
0

n

— (/Doo k(s) ds—;ai)Lax—i-Lak:/oox(s) ds

US> T OTINY

= —Lok——
21:1 a; — fO ( )dS

ds = 0.

Therefore (4) is true. O
Proof. (Theorem 8) For convenience we introduce

n=> a;— /Ook:(s)ds.
i=1 0
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Dividing (5) by k(t), we see that

' (t) " t — Tl) (k= r)(t)
ERR K0

=1

By letting t — oo and using (9),

o (kxr)@) 1 o
B TR

Hence (k*r)(t)/r(t) — I, a; as t — oco. Since r and k are positive and
limy o0 k(t)/r(t) > 0, Lemma 3.8 of [3] applies. We can conclude from it
that k satisfies (12) and

, (k: * k: (t U
tlggo Zal—i-/ 77/ d8—2/
Thus k satisfies (11), finishing the proof. O
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