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Abstract. The linear delay differential equation

X'(t) = p(t)x(t =)

is considered, where r > 0 and the coefficient p : [tg,00) — R is a continuous function
such that p(t) — 0 as t — oo. In a recent paper [M. Pituk, G. Rost, Bound. Value Probl.
2014:114] an asymptotic description of the solutions has been given in terms of a special
solution of the associated formal adjoint equation and the initial data. In this paper, we
give a representation of the special solution of the formal adjoint equation. Under some
additional conditions, the representation theorem yields explicit asymptotic formulas
for the solutions as t — cc.

Keywords: delay differential equation, formal adjoint equation, asymptotic formulas.

2010 Mathematics Subject Classification: 34K06, 34K25.

1 Introduction

Consider the delay differential equation

x'(t) = p(t)x(t—r), (1.1)

where r > 0 and p : [tp,0) — R is a continuous function. The initial value problem associated
with (1.1) has the form

x(t)=¢(t), t-r<t<h, (1.2)

where t; > tgand ¢ : [t1 — 7, t;1] — R is a continuous function. Recently, under the smallness
condion

t4-r
/t p(s)|ds =0 ast— oo, (1.3)
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we have given an asymptotic description of the solution of the initial value problem (1.1)
and (1.2) in terms of a special solution of the formal adjoint equation

y'(t)=—pt+r)y(t+r). (1.4)
We have shown the following theorem (see Theorems 3.1-3.3 in [10]).

Theorem 1.1. Suppose (1.3) holds. Then up to a constant multiple the adjoint equation (1.4) has a
unique solution y on [ty, o0) which is positive for all large t and satisfies

. y(t+7r)
lim su
et y(D)

Furthermore, if x is the solution of the initial value problem (1.1) and (1.2), then

< o0, (1.5)

=10

(c+o0(1)), t— oo, (1.6)

where c is a constant given by

5]

c=pt)y(t) + [ pls+)p(s)y(s + 1) ds. 17)

tl—T

In the sequel, the solution y of the adjoint equation described in Theorem 1.1 will be called
a special solution of Eq. (1.4).

A close look at the proof of Theorem 3.1 in [10] shows that the special solution of the
adjoint equation y has the following additional properties: if t; > fj is chosen such that

t+r 1
/ p—(s)ds < =, t>ty, (1.8)
t

e
where p_ is the negative part of p defined by p_(t) = max{ 0, —p(t) } for t > ty, then

and (t )
Wrr 0 sy 1.10

Note that in view of the inequality 0 < p_ < |p| assumption (1.3) implies that condition (1.8)
is satisfied for all sufficiently large t;.

We emphasize that (1.6) gives a genuine asymptotic representation of the solutions of
Eq. (1.1) in the sense that there exists a solution x of (1.1) for which the constant c in (1.6) is
nonzero. Indeed, if t1 is chosen such that (1.8) is satisfied, then for the solution x of (1.1) with
initial data (1.2) defined by

1
¢(t):y(t+r)/ tl_rgtgtlf
we have (by (1.7)),
t t t f
“gthn ez = [ ends
1=r 1=

y
1 t1 1 ty+r
ZE—/ p_(s—l—r)ds:f—/ p—(u)du >0,
t

1—r e ty
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the second and the last inequality being a consequence of (1.10) and (1.8), respectively.
Our previous study [10] was motivated by the Dickman-de Bruijn equation (see [1,2,5])

X'(t) = — (1.11)
for which the special solution of the associated adjoint equation

y(t+1)
t+1

y'(t) = (1.12)
can be given explicitly by y(t) = t for + > 1. Thus, in this case (1.6) leads to the explicit
asymptotic representation

x(t) = %(c%—o(l)), F = oo, (113)

For similar qualitative results, see [3,4,6-8] and the references therein.

In contrast with the Dickman-de Bruijn equation (1.11), in most cases we do not know an
explicit formula for the special solution of the adjoint equation (1.4). Therefore the purpose
of the present paper is to describe the special solution of the adjoint equation (1.4) in terms
of the coefficient p and the delay r. In Section 2, we prove a new representation theorem for
the special solution of the adjoint equation (1.4) (see Theorem 2.1 below). In Section 3, in The-
orem 3.1, we show that under some additional conditions the representation theorem yields
explicit asymptotic formulas for the solutions of the linear delay differential equation (1.1).

2 Representation of the special solution of the adjoint equation
To simplify the calculations instead of (1.3) we will assume the slightly stronger condition
p(t) -0  ast— oo. (2.1)

This implies that if t; > t is sufficiently large, then

1
q=sup|p(t)] < e (2.2)

t>t

Clearly, condition (2.2) implies (1.8). Therefore, under condition (2.2), the special solution y of
the adjoint equation has properties (1.9) and (1.10).
In order to formulate our main representation theorem, we need to introduce some auxil-
iary functions. Define
ay(t,s) = —p(s+r) fors >t > ty, (2.3)
and
S+r
apy1(t,s) = —p(s+ r)/ ap(t,u)du  fors >t >t (2.4)
t

fork=1,2,3,...
Theorem 2.1. Suppose that (2.1) holds. If t; > tg is chosen such that (2.2) is satisfied, then the unique
special solution y of the adjoint equation (1.4) with property y(t1) = 1 is given by

t
y(t) = exp </t o(s) ds), t>t, (2.5)
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where 0 : [t1,00) — R is defined by
o(t) =Y m(tt), t=t, (2.6)
k=1

the function series on the righ-hand side being uniformly convergent on [t,00).

Before we give a proof of Theorem 2.1, we establish some auxiliary results. Suppose (2.1)
and (2.2) hold. As noted above, if y is a special solution of Eq. (1.4), then conditions (1.9)
and (1.10) are satisfied. Define

Bi(t,s) = —p(s +r)y(;(—i—)r) fors>t>#, (2.7)
and
s+r
Brr1(t,s) = —p(s+ r)/t Br(t,u)du  fors>t>hH (2.8)

and k=1,2,3,...
In the following lemmas, we prove some useful identities involving the functions {a}¢° 4
and {Bx};>, defined by (2.3), (2.4), (2.7) and (2.8), respectively.

Lemma 2.2. Supppose (2.1) and (2.2) hold. If y is a special solution of Eq. (1.4), then for every positive
integer k,
ar(t,s) + Brr1(t,s) = Bx(t,s) whenever s > t > ty. (2.9)

Proof. We will prove (2.9) by induction on k. We have for s > t > ¢4,

s+r
(1) + Baltys) = —p(s+7) = pls+1) [ pultu)du

=—p(s+r)+p(s+r) /ts+rp(u_|_r)y(;‘(;|‘)7’) Ju

= —p(s+7)+ p(;(;r) /ts+rp(u+r)y(u+f) du

= —p(s+7) - p(;(;r) /twy’(u) du

= p(s+r)— ”%” (s +7) —y(1) = Pa(t,5).

Thus, (2.9) holds for k = 1. Now assume that (2.9) holds for some positive integer k. Then

S+r S+r
is1(t5) + Brraltis) = —pls+1) [ mit,uw)du—p(s+7) [ Besaltyu)du
= —pls+7) [ ot )+ e (s, m)
=—p(s+r) /tSH Bi(t,u) du = Bry1(t,s)

for s > t > t;. This proves that (2.9) holds for all k =1,2,3, ... O

Lemma 2.3. Supppose (2.1) and (2.2) hold. If y is a special solution of Eq. (1.4), then for every positive
integer n, we have

v(t) = (kz wlt, )+ Bt ) )y, t2h (210)
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Proof. We will prove (2.10) by induction on n. We have for t > t;,

Yy () = —p(t+r)y(t+r) = —p(t+r)y(t) — p(t+7)(y(t+7) —y(t))
= —p(t+ny() — pt+n) [y ) du

—pt+ () +p(tn) [ pluct )y ) d

< p(t+r)+p t+r)/tt+rp(u—l—r)y(;<—:>r) du)y(t)

( p(t+r) t+r)/tt+rﬁl(t,u)du>y(t)
= (aa(t,t) + Ba(t, 1))y (t).

Thus, (2.10) holds for n = 1. Now suppose that (2.10) holds for some positive integer n. Then
fort > ty,

) = (X st + Bra (1,0) )

k=1

n+1
= (Z we(t 1) + Buaa (b t) — (ans1 (8 1) + Buaa(t £) — 5n+1(f/t)))]/(t)

k=1

n+1
= (C wwtt )+ arattn)weo,

k=1

the last equality being a consequence of conclusion (2.9) of Lemma 2.2. This proves that (2.10)
holds for all . 0

Now we are in a position to give a proof of Theorem 2.1.

Proof. We will show that the series (2.6) converges uniformly on [f,00). First we prove by
induction that for every positive integer k,

k

e (t,s)] < (kil)!(s—w(k—m)k—l whenever s > t > #, 2.11)

where g is defined by (2.2). By virtue of (2.2) and (2.3), we have
lagr(t,s)] = |p(s+7r)| <q  whenevers >t > t.

Thus, (2.11) holds for k = 1. Now suppose that (2.11) holds for some positive integer k. Then
fors >t > 1,

s+r
/ ar(t,u)du
t

s+ k
q

<
—qﬂ =

= g1 [(” —t+ (k- 1)r)k]s+r

SHr
a1 (t5)] = [p(s +7)] <q [ lalt,)|du

ol (u—t+ (k—1)r)1du

. <T(s—t+knf.

t



6 I. Gyori and M. Pituk

This proves that (2.11) holds for all k. From (2.11), we find that for every positive integer k,

ottt < gl T e

From this and the inequality

(k— 1)1

= (k—1)
GV M

, (2.12)

we obtain for every positive integer k,
(£, 6)] < qlgre)!,  t>h.

Since gre < 1, this implies the uniform convergence of the function series (2.6) on [t1,0).
Next we show that B, (t,t) — 0 uniformly on [t;,00) as n — oo. It is easy to show that if
gre < 1, then the equation
A = ge

has a unique root Ag in (0, ge). Moreover, for every A € (Ag,1/r), we have

Ar
ge
1 < 1. (2.13)
Choose
A€ (qe,1/r) (2.14)

so that (2.13) holds. We will show by induction that for every positive integer k,
gk
’.Bk(t/ s)| < Ak-1

First observe that by virtue of (1.9), (1.10) and (2.2), we have for t > ¢,

exp(A(s —t+kr)) whenever s > t > t;. (2.15)

t+r
v(t) = e+ Y ) < ey
y(t)
Hence n
y(t <
e, t> 1.
y(e) =1 1
Integrating the last inequality from t to s + 7, we find for s > t > ¢4,
y(s+r)
Ins=—=——><ge(s+r—t).
o) qe( )
Hence
y(s+r)

<exp(ge(s+r—t)) <exp(A(s+r—t)) whenever s > t > ty,

y(t)

where the last inequality is a consequence of (2.14). From this, (2.2) and (2.7), we find for
s>t>1,

B1(t,5)] < qexp(A(s +7—1t)).
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Thus, (2.15) holds for k = 1. Now suppose that (2.15) holds for some positive integer k. Then
fors >t > t1,

s+r s+r
[ Beltwdn| <q [ |Belt,u) du
t t

|Bra(t,s)| = |p(s +1)]

u—t+kr)]*

Ak

s+r gk
< q/t 9 exp(A(u —t +kr)) du = g* [exp(/\(

k—1
A t

qk+1
< S exp(A(s —t+ (k+1)r)).

This proves that (2.15) holds for all k. From (2.15), we obtain for every positive integer #,

Ar\ 1
el <A(T5), rzn

In view of (2.13), the last inequality implies that B,(t,t) — 0 uniformly on [t;,00) as n — oo.
Finally letting n — oo in conclusion (2.10) of Lemma 2.3, we obtain that the special solution y
of Eq. (1.4) satisfies the ordinary differential equation

y() =oby(t), t=t,

where ¢ is defined by (2.6). Since y(t;) = 1, this implies that y has the form (2.5) and the
proof of Theorem 2.1 is complete. O

3 Explicit asymptotic formulas

From Theorems 1.1 and 2.1, we can deduce explicit asymptotic formulas for the solutions of
Eq. (1.1).

Theorem 3.1. Suppose that there exists a positive monotone decreasing function a : [ty, 00) — (0, 00)
such that

lp(t)| <a(t), t=>t, (3.1)

and
/ a"tH(t)dt < oo for some positive integer n. (3.2)

to

Then for every solution x of Eq. (1.1) there exists a constant vy such that
t
x(t) = exp (—/ ou(s) ds) (v +o0(1)), t— oo, (3.3)
to
where o, is the n™ partial sum of the function series (2.6),
n
on(t) = ) ax(t 1), t> 1. (3.4)
k=1

Moreover, the asymptotic formula (3.3) is genuine in the sense that there exists a solution x of (1.1) for
which the constant -y in (3.3) is nonzero.
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Proof. First we prove by induction that under the hypotheses of the theorem for all positive

integer k,

(s —t+ (k—1)r)k1
(k—1)!

By virtue of (2.3) and (3.1), we have for s > t > ty,

g (t,8)] < ak(t+7) whenever s > t > t. (3.5)
aa(t,s)| = [p(s + 1) < a(s+7) <a(t+7),

where the last inequality is a consequence of the monotonicity of a. Thus, (3.5) holds for k = 1.
Now suppose that (3.5) holds for some positive integer k. Then we have for s > t > t;,

S+r S+r
lagi1(E,s)] = |p(s—|—r)|‘/t a(t,u)du| < a(s—i—r)/t lo (£, u)| du

u—t+ (k—1)r)1

<a(s+r) /ts+rak(t+r)( T du

u— _ r kst
:u(s+r)ak(t+r){( H_k(!k 1r) L
< a(s+r)ak(t+r)w < ak“(t+r)w

k! k! ’

the last inequality being a consequence of the monotonicity of a. This proves that (3.5) holds
for all k.
From (3.5), we find that for all positive k,

((k—1)r)*

lag(t, )] < ak(t + r)w,

t > to.
From this, using inequality (2.12) and taking into account that a is monotone decreasing, we
obtain for all k,

(8, 8)| < a(t)(re)*1, >t (3.6)

Choose g > 0 such that gre < 1. Since 4 is monotone decreasing and (3.2) holds, it follows that
a(t) — 0 as t — oo. Therefore there exists 1 > f( such that
1

sup [p(f)| <supa(t) <g< —. (3.7)

t>h t>h re
By the application of Theorem 2.1, we conclude that the special solution y of the adjoint
equation (1.4) with property y(t1) = 1 has the form (2.5). This, combined with Theorem 1.1,
implies that every solution x of Eq. (1.1) satisfies the asymptotic relation

x(t) = exp<— /t:(r(s)ds> (c+o(1)), t— oo, (3.8)

where c is a constant depending on x. Moreover, as shown in Section 1, there exists a solution x
of Eq. (1.1) for which ¢ > 0. For t > t;, define

pn(t) =0 (t) —ou(t) = i ag(t,1). (3.9)
k=n-+1

We will show that
on(t) = O0(a""L(t))  ast— co. (3.10)
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From (3.6) and (3.7), we obtain for t > tq,

[ee]

OIS MR ST

k=n+1 k=n+1
— an+1(t) Z ak—n—l(t)(re)k—l < an+1(t) Z qk—n—l(re)k—l
k=n-+1 k=n+1

[es) n
— L g reYk—1 — gty (re)
B L () (7= 1

which proves (3.10). From conditions (3.2) and (3.10), it follows that the improper Riemann
integral ftjo pn(t) dt converges. Since 0, = 0 — p,, we have for t > t;,

x(t) exp (/t: 0u(s) ds) = x(t) exp (/t:a(s) ds> exp(— /tlt Pn(s) ds). (3.11)

From this and the asymptotic representation (3.8), we obtain

x(t) exp (/tlt ou(s) ds) —rd = cexp(— /tloo Pn(s) ds)

as t — oo. Thus, (3.3) holds with
t
¥ = dexp(/ o (s) ds).
fo

Clearly, if c is nonzero, then so is d and hence <. This completes the proof of the theorem. [J

Remark 3.2. To illustrate the importance of hypothesis (3.2) in Theorem 3.1 condsider Eq. (1.1),
where p : [ty,00) — (—00,0) is a negative monotone increasing function which tends to zero
as t — oo. Clearly, in this case condition (3.1) holds with a = |p|. Suppose that condition (3.2)
does not hold, that is

/ lp(t)|"*1dt = 0 for every positive integer 7. (3.12)
to

(An example of such a p is the function p(t) = —In"'t defined for ¢t > 2.) We will show that
if 0, has the meaning from Theorem 3.1, then for every positive integer ,

x(t) exp </tt 0n(s) ds) — 0 asft—oo. (3.13)
0
Thus, in this case the constant 7y in the asymptotic relation (3.3) is always zero. Therefore
if hypothesis (3.2) is not satisfied, then (3.3) in general does not give a genuine asymptotic
description of the solutions as t — co.
Now we prove (3.13). Using the facts that p is negative and |p| is monotone decreasing, it
follows by easy induction that for all positive k,

we(t,s) > p(s+ k)| >0  whenevers >t > t. (3.14)

As noted in the proof of Theorem 3.1, if t; > f( is chosen such that (3.7) is satisfied, then for
every solution x of (1.1) the asymptotic formula (3.8) holds. If p, is defined by (3.9), then by
virtue of (3.14), we have for t > tq,

Pu(t) = w1 (b £) > 1" |p(t+ (n+ D))",
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From this and (3.12), we find that

/ on(t)dt = oo for all n.

t
This, together with (3.8) and (3.11), implies (3.13).

Example 3.3. As an application of Theorem 3.1, we will describe the asymptotic behavior of
the solutions of the equation

x(t—r
x(t) = — (\/f >, (3.15)
which is a special case of Eq. (1.1) when
1

In contrast with the Dickman-de Bruijn equation (1.11) in this case we do not know an explicit
formula for the special solution of the associated formal adjoint equation

y'(t) = y\(/t%rr)- (3.16)

Therefore conclusion (1.6) of Theorem 1.1 does not give an explicit asymptotic description
of the solutions of Eq. (3.15). We will determine the asymptotic behavior of the solutions of
Eq. (3.15) by applying Theorem 3.1 with

a(t) =

t>1

ﬁ/
and n = 2. By simple calculations, we obtain for t > 1,

1
ViE+r

t+2r r
zxz(t,t):2<1/ o —1) :2< 1+t—|—r_1)' (3.18)

From (3.17), we find for t > 1,

ay(t,t) = (3.17)

and

t
exp (/ a1(s,s) ds) =exp(2vit+r)exp(—2v1+r). (3.19)
1
By Taylor’s theorem, we have
2(vV1+x—1) =x+0(x?) as x — 0.
This, combined with (3.18), yields
r
= — 2
Dcz(t,t) P +1,b(t), (3.20)

where

P(t) = O<t12> as t — oo.



Asymptotic formulas for a linear delay differential equation 11

In particular, the improper Riemann integral floo P(t) dt converges. From this and (3.20), we
find that

(t—i—r)rexp(/ltucz(s,s)ds) =(1 —|—r)7exp</1tlp(s)ds> — % ast— oo,

where
x=(1+ r)rexp</lool/)(s) ds>.

From the last limit relation and (3.19), by the application of Theorem 3.1, we conclude that
every solution x of Eq. (3.15) has the form

x(t) (6+0(1)) as t — oo, (3.21)

1
o exp(2v/t)
where 0 is a constant depending on x. Moreover, there exists a solution x of Eq. (3.15) for
which ¢ # 0. Thus, every solution of Eq. (3.15) converges to zero as t — oo and formula (3.21)
describes how the rate of convergence depends on the size of the delay r.

Example 3.4. In [8] we have considered the equation

in t
M) = Tx(t—r),  t>1, 3.22
(8) = —x(t=7) > (3.22)
where 7 > 0. We have shown that the solutions of Eq. (3.22) can be asymptotically stable, stable
or unstable depending on r (see Corollary 3.2 in [8]). As a refinement of the results presented
in [8], we will show that Theorem 3.1 enables us to determine the precise asymptotics of the
solutions of Eq. (3.22). Note that Eq. (3.22) is a special case of (1.1) when

sin
t) = —, t>1.
Pl =7
The hypotheses of Theorem 3.1 are satisfied with
a(t) = 1 t>1

N >

and n = 2. By simple calculations, we obtain for t > 1,

_sin(t +7)

Vi+r

Oél(t, t) =

and
sin(t+7r) [ sin(u+7)

VE+r o Jt Vvu-+r

By the Dirichlet convergence test for improper integrals, the improper integral

du.

0(2()5, t) =

® gin(s +r)

—d
1 VSs+r °

converges. Hence

exp (/1tuc1(s,s) ds) — o = exp<— /100 Sin(ss\/%:)ds) t — oo. (3.23)
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Further, we have for t > 1,
ar(t,t) = f(t)+g(t), (3.24)

where

f(t):Si“(fW/tt”sm(u+r)< LI )du

Vitr Viu+r  Vit+r
and
_sin(t+r) [HT _sin(t+7)
g(t) = Py /t sin(u+r)du = T(Cos(t + 1) — cos(t +2r)).
Clearly,
1 t+r 1 r 1 1
B < 7/ — du < -
\f()\_m <\/t+r \/u+r) _\/f+7’<\/t+7’ x/t+2r>
rooNVEF2r—E+r r r <i
VY VEFrVEF2r (b r)VEF2rVEF2r+VE+r T 282
for t > 1. Therefore the improper integral fl s) ds converges and
t 00
exp (/ f(s) ds) — ) = exp </ f(s) ds), t— oo. (3.25)
1 1
Using the trigonometric rules
cosa — cosff = —Zsina—;ﬁsina;ﬁ,

sinasinp = %(cos(zx — B) —cos(a+B)),

2sin« cos & = sin2«,

we obtain for t > 1,

r 1

t) =2sin =
3(t) sm2t—|—r
sinr 1 rcos(Zt—F%)

2 t+r Slrl2 t+r

(cos r_ cos (2t + %))

sin(t + ) sin(t + i) —ginl !
27 +ri 2

From this, we find for t > 1,

t sinr t+r t cos 25+5r
ds = N P /
/lg(s) s 2 +r 2 s+r ds

and hence

t P\ 2 tcos(2s + ¥
exp(/1 g(s)ds>:<1+r> exp(—smz/ s+r)d5>'

Taking into account that according to the Dirichlet convergence test the improper integral

0o 5r
/ cos(2s + Z)ds
1 S+r
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converges, it follows that

. t
(t+ r) T exp (/ <(s) ds> — 113, t — oo, (3.26)
1

where

—sins .1 [°cos(2s+ %)
w3 = (1+47r)2 exp(—s.mz/1 st).

From (3.24), (3.25) and (3.26), we find that

_ t
(t+r)_s"2"exp</ ucz(s,s)ds> — %, t — oo,
1

where > = 3033 > 0. From this and (3.23), by the application of Theorem 3.1, we conclude
that every solution x of Eq. (3.22) has the form

x() =t (7 +0(1))  ast— oo, (3.27)

where 7 is a constant depending on x. Moreover, there exists a solution x of Eq. (3.22) for
which 1 # 0.

Note that the asymptotic representation (3.27) implies the following interesting stability
criteria for Eq. (3.22) (see Corollary 3.2 in [8]).

(i) The zero solution of Eq. (3.22) is asymptotically stable if and only if

re |J km, 2k+1)n),
keZ+

where Z* denotes the set of nonnegative integers.

(ii) The zero solution of Eq. (3.22) is stable if and only if

re |J [2km, (2k+1)7).
kez+

(iif) The zero solution of Eq. (3.22) is stable, but it is not asymptotically stable if and only if

r=krm for some k € Z™*.
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