Electronic Journal of Qualitative Theory of Differential Equations
2013, No. 23, 1-23; http://www.math.u-szeged.hu/ejqtde/

Asymptotic Behavior of Positive Solutions of a Class of Systems
of Second Order Nonlinear Differential Equations

Jaroslav Jaros® and Kusano Takasi

Abstract. The two-dimensional system of nonlinear differential equations

(A) " =p(t)y*, Y =q(t)2”,

with positive exponents a and (3 satisfying a3 < 1 is analyzed in the framework of regular
variation. Under the assumption that p(t) and ¢(t) are nearly regularly varying it is shown
that system (A) may possess three types of positive solutions (z(t), y(t)) which are strongly
monotone in the sense that (i) both components are strongly decreasing, (ii) both compo-
nents are strongly increasing, and (iii) one of the components is strongly decreasing, while
the other is strongly increasing. The solutions in question are sought in the three classes
of nearly regularly varying functions of positive or negative indices. It is also shown that if
we make a stronger assumption that p(t) and ¢(t) are regularly varying, then the solutions
from the above three classes are fully regularly varying functions, too.
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1 Introduction

This paper is concerned with positive solutions of the two-dimensional system of second
order nonlinear differential equations

(A) " =p(t)y*, Y’ =qt)2”,

where

(a) @ and 3 are positive constants;

(b) p(t) and ¢(t) are positive continuous functions on [ty, 00), ty > 0.

By a positive solution of (A) we mean a vector function (x(¢),y(¢)) on an interval of
the form [T, 00), T > to, with positive components z(t) and y(t) satisfying system (A)
for t > T. Our aim is to acquire as precise information as possible about the asymptotic
behavior of positive solutions of (A). Let (x(t),y(t)) be a positive solution of (A) existing
on [T, 00). Then, we see from (A) that 2”(t) > 0 and y”(¢) > 0, so that 2/(t) and y/(¢) are
increasing for ¢ > T and tend to finite or infinite limits as ¢ — oco. If 2/(t) is eventually
positive, then either lim; . 2/(t) = const > 0 or lim; .. 2'(t) = oo, in which case x(t)
satisfies

(I) lim 2(t) =oo or (II) lim @ = const > 0

t—o0 t t—o0

*The corresponding author
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respectively, while if 2/(t) is eventually negative, then lim; ., 2'(t) = 0, in which case x(t)
satisfies
(III) lim 2(t) =const >0 or (IV) lim z(t) =0,

t—o0 t—o00

respectively. Naturally the same is true of the asymptotic behavior of the component y(t).
A function z(t) (or y(t)) is referred to as primitive if it is of type (II) or (III), and as
non-primitive it it is of type (I) or (IV).

Positive solutions of (A) may exhibit a variety of asymptotic behavior at infinity depend-
ing on which of the four cases (I), (II), (III) and (IV) holds for each of their components. In
view of the symmetry of z(t) and y(t) there are ten different types of asymptotic behavior
beginning with type (II) and ending with type (IV.IV), of which the three types (ILII),
(ILIIT) and (IILIII) are special in the sense that the existence of solutions of these types
for (A) can be completely characterized without difficulty.

Proposition 1.1. (i) System (A) has solutions (z(t),y(t)) such that

t t
(1.1) tlim z(t) = const > 0, tlim # = const > 0,
if and only iof
(1.2) / tp(t)dt < oo, / tPq(t)dt < oo.
to to

(ii) System (A) has solutions (x(t),y(t)) such that

t
(1.3) lim ? = const > 0, tlim y(t) = const > 0,

t—o0

if and only if
(1.4) / p(t)dt < oo, / 71 q(t)dt < oo.
to to

(iii) System (A) has solutions (x(t),y(t)) such that

(1.5) lim z(t) = const > 0, tlim y(t) = const > 0,

t—o0

if and only iof

(1.6) /too tp(t)dt < oo, /too tq(t)dt < oco.

To prove each of these statements it suffices to construct a suitable system of integral
equations from (A) and solve it routinely by means of the Schauder-Tychonoff fixed point
theorem. The proof may be omitted.

Of the remaining types of solutions of (A) which seem to be difficult to deal with
in the case of general positive continuous p(t) and ¢(t) we take up the extreme three
types, i.e., (LI), (IV,IV) and (I,IV) types of solutions and show that, if analyzed in the
framework of regular variation, it is possible to indicate the situation in which system (A)
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possesses solutions of these types having accurate order of growth or decay as ¢ — oo. More
specifically, the exponents a and (3 in (A) are restricted to the case af < 1, the coefficients
p(t) and ¢(t) in (A) are assumed to be nearly regularly varying, and the above-mentioned
types of solutions are sought in the classes of nearly regularly varying solutions of suitable
but definite indices, positive or negative.

The present work was motivated by the recent progress of the asymptotic analysis of
positive solutions of nonlinear differential equations by means of regular variation which
was triggered by the publication of Mari¢’s book [8]; see, for example, the papers [3 - 7]. A
prototype of existence results we are going to prove here is Theorem 8 from [6] concerning
the fourth order sublinear differential equation of the Thomas-Fermi type

(1.7) e® = q(t)|zPsgn z, 0< B <1,

(equivalent to a special case of (A) where p(t) = 1 and a = 1) which states that if ¢(t) is
regularly varying of index o € (—o0, —4)U (=03 —3,-28—-2)U (=38 —1,00) and p is given
by
_o+4
p= 1 — 67

then (1.7) possesses solutions z(t) satisfying

tq(t) ] tq(t) =
plp—1)(2=p)(3—p) plo—1)2-p)B=p)] =~

for some constants T > ty and a, A > 0. Our purpose here is to generalize the above
result to nonlinear systems of the form (A) with “nearly regularly varying” coefficients p(t)
and ¢(t) and to show that the solutions of (A) satisfying (1.8) are actually fully regularly
varying if it is assumed that both p(t) and ¢(t) are regularly varying functions.

(1.8) a <z(t) < A{

2 Regularly varying functions

For the reader’s convenience we recall here the definition of regularly varying functions,
basic terminologies and notations, and Karamata’s integration theorem which will play a
central role in establishing the main results of this paper.

Definition 2.1. A measurable function f : (0,00) — (0,00) is said to be regularly
varying of index p € R if it satisfies

mM:Ap for VA > 0,

or equivalently it is expressed in the form

F(t) = e(t) exp{/t: @ds}, t > to,

for some t; > 0 and some measurable functions ¢(t) and §(¢) such that

lim ¢(t) =co € (0,00) and lim §(¢) = p.

t—o00 t—o0
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The totality of regularly varying functions of index p is denoted by RV(p). We often
use the symbol SV instead of RV(0) and call members of SV slowly varying functions. By
definition any function f(t) € RV(p) is written as f(t) = t”g(t) with g(t) € SV. So, the class
SV of slowly varying functions is of fundamental importance in theory of regular variation.
Typical examples of slowly varying functions are: all functions tending to positive constants
as t — oo,

N N
[Tos, 0, R, and exp{ TJ00z, 0" | 6 € 0.1)

n=1 n=1

where log, ¢t denotes the n-th iteration of the logarithm. It is known that the function

|

is a slowly varying function which is oscillating in the sense that

=

L(t) = exp{(log t)% cos (logt)

limsup L(t) = co and litm inf L(t) = 0.

t—00 —00

A function f(t) € RV(p) is called a trivial regularly varying function of index p if it is
expressed in the form f(t) = t?L(t) with L(t) € SV satisfying lim; ., L(t) = const > 0.
Otherwise f(t) is called a nontrivial regularly varying function of index p. The symbol
tr-RV(p) (or ntr-RV(p)) is used to denote the set of all trivial RV(p)-functions (or the set
of all nontrivial RV(p)-functions).

The following proposition, known as Karamata’s integration theorem, is particularly
useful in handling slowly and regularly varying functions analytically and is extensively
used throughout the paper.

Proposition 2.1. Let L(t) € SV. Then,

i) ifa > —1,
t
1
ar ~ a+1L .
/a s*L(s)ds —a+1t (t), t— oo;
(i) if o < —1,
o 1
/t s*L(s)ds ~ _Q—HtQHL(t)’ t — o0;
(i) if a = —1,
‘L L(t
I(t) = / ﬂd:s €SV and lim 0] =0,,
o S t=co I(t)
and <L L(t
m(t) = / ﬂds € SV and lim L) =0,
t S t—o0 m(t)

provided L(s)/s is integrable near the infinity in the latter case.

A measurable function f: (0,00) — (0, 00) is called reqularly bounded if for any \g > 1
there exist positive constants m and M such that

f(A)

l<A< )Ny = m<—=<M foralllarge t.

f(t)
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The totality of regularly bounded functions is denoted by RO. It is clear that RV(p) C
RO for any p € R. Any function which is bounded both from above and from below
by positive constants is regularly bounded. For example, 2 + sint and 2 + sin(logt) are
regularly bounded. Note that 2 + sint and 2 + sin(logt) are not slowly varying, whereas
2 + sin(log,, t), n > 2, are slowly varying.

We now define the class of nearly regularly varying functions which is a useful subclass
of RO including all regularly varying functions. To this end it is convenient to introduce
the following

Notation 2.1. Let f(¢) and g(f) be two positive continuous functions defined in a
neighborhood of infinity, say for ¢ > T'. We use the notation f(t) < g(t), t — oo, to denote
that there exist positive constants m and M such that

mg(t) < f(t) < Mg(t) for t>T.

Clearly, f(t) ~ g(t), t — oo, implies f(t) < g(t), t — oo, but not conversely. It is easy
to see that if f(t) < g(t), t — oo, and if lim;_., g(t) = 0, then lim; ., f(t) =

Definition 2.2. If positive continuous function f(t) satisfies f(t) < g(t), t — oo, for
some ¢(t) which is regularly varying of index p, then f(t) is called a nearly reqularly varying
function of index p.

Since 2 4 sint =< 2 + sin(log,, t), t — oo, for all n > 2, the function 2 + sint is nearly
slowly varying, and the same is true of 2 + sin(logt). If g(t) € RV(p), then the functions
(2+sint)g(t) and (2+sin(logt))g(t) are nearly regularly varying of index p, but not regularly
varying of index p.

The reader is referred to Bingham et al [1] for the most complete exposition of theory
of regular variation and its applications and to Mari¢ [8] for the comprehensive survey of

results up to 2000 on the asymptotic analysis of second order linear and nonlinear ordinary
differential equations in the framework of regular variation.

3 Strongly decreasing solutions of (A)

We begin with the problem of existence of strongly decreasing solutions of system (A),
by which we mean positive solutions of type (IV,IV), that is, those solutions (z(t),y(t))
such that

(3.1) lim z(t) = 0, tlim y(t) = 0.

t—o0

Let (x(t),y(t)) be such a solution of (A) on [T, 00), T' > ty. Since z/(t) and y'(t) tend to 0
as t — oo, integrating two equations in (A) twice from ¢ to oo, we have

(3.2) / / r)drds, y(t / / r)idrds, t>T.

Our aim is to obtain strongly decreasing solutions of (A) as solutions of the system of
integral equations (3.2) by means of fixed point techniques. For this purpose essential use
is made of the fact that regularly varying solutions of the system of asymptotic relations

(3.3) / / r)*drds, y(t / / r)drds, t— oo.
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which is regarded as an approximation at infinity of (A), can be completely characterized
provided af < 1 and p(t) and ¢(t) are regularly varying.

Let xz(t) = tP&(t), £(t) € SV (resp. y(t) = t7n(t), n(t) € SV) satisfy (3.1). Then, it is
clear that either p < 0, or p =0 and £(t) — 0 as t — oo (resp. either o < 0, or ¢ = 0 and
n(t) — 0 as t — o0). In this section we focus only on the case where p < 0 and o < 0,
leaving the remaining two possibilities to our later investigations.

3.1 Integral asymptotic relations

Lemma 3.1. Let af < 1 and suppose that p(t) € RV(A) and q(t) € RV(u) are expressed
as

(3.4) p(t) =tN(t), q(t)=t'm(t), I(t), m(t) € SV.

System (3.3) has regularly varying solutions of index (p,o) with p < 0 and o < 0 if and
only if (A, ) satisfies the system of inequalities

(3.5) At 2+4alp+2) <0, BO+2)+u+2<0,

in which case p and o are given by

(3.6) :)\+2+(X(M+2) BA+2)+pu+2

1—apf 7 1—apf ’
and the asymptotic behavior of any such solution (x(t),y(t)) is governed by the formula

ey T R ()
APA@» | NPENCI

where A(T) = —1(1 — 1) for 7 < 0.

(3.7) x(t) ~

t — 00,

PROOF. (The "only if” part) Suppose that (3.3) has a regularly varying solution
(z(t),y(t)) of negative index (p, o) which is expressed in the form

(3.8) a(t) =7€(t), y(t)=1n(t), &@), n(t) €SV, t>T.

Since the functions p(t)y(t)® = t* 1 (t)n(t)* and q(t)z(t)? = t+PPm(t)E(t)? are integrable
twice on [T, 00) we see that A + ac < —2 and p + Bp < —2, in which case we have by
Karamata’s integration theorem ((ii) of Proposition 2.1)

0 o) t)\—i—aa—i—ll(t),n(t)a
ozd — )\—i—aal ozd ~
[ ptmtsras = [ eniasyas ~ UL ,
and hence
[e%s) 0o [e%e) $A+aa+1l(8)n(8)a
) *drds ~ d t )
(3.9) /t /8 p(r)y(r)*drds /t Dracrn 1T

This excludes the possibility A + aoc = —2. In fact, if this equality would hold, then (3.9)
and the first relation of (3.3) would imply that

> s (s)n(s)”
x(t) N/t —()\+aa+1)d8 €SV, t— o0,
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which shows that the regularity index of x(t) is zero: p = 0, an impossibility. Thus, we
must have A+ao < —2. In this case, applying (ii) of Proposition 2.1 to (3.9) and combining
the result with the first relation in (3.3), we obtain the asymptotic equivalence

t)\+ao+2l(t)n(t)a

(3.10) (t) ~ A+ a0+ 1)][-(A+ ac + 2)]’

t — o0.

The same argument applies to the second relation in (3.3) and leads to the conclusion that
i+ Bp < —2 holds and y(t) satisfies the asymptotic relation

AR ONOK
[—(p+ Bp+ D[—(u+ Bp+2)]

From (3.10) and (3.11) it follows that

(3.11) y(t) ~

p=A+ac+2, o=p+p0bp+2,

from which p and ¢ are determined uniquely by the formula (3.6). This clearly implies
(3.5).
As is easily checked, (3.10) and (3.11) can be rewritten as
Iy () )y () u(t) tPm(a(t)” _ Pe(t)x(t)’
(=p)(1 = p) Ap) (—o)(1-0) Alo) -

as t — oo, which in turn is transformed into

x(t) ~

2D () g(£)* =55 2B (B (t)1 =55
o(t) ~ p(t)q(t)*71 )~ p(t)’q(t)71 PN

Alp)A(o)e

establishing the asymptotic formula (3.7) for (z(t), y(t)).

(The "if” part) Suppose that (A, p) satisfies (3.5) and define (p, o) by (3.6). We define
(X(t),Y(2)) by

t2(a+1)p<t>q<t>a] ﬁ Vi) = [t2(5+1)p<t)ﬁq<t) 1

(312) Xt =] AAG). A AAL) |77 =,

which can be rewritten as

It suffices to prove that

(3.13) /t h / )Y (r)rdrds ~ X (1), /t h / T X () drds ~ Y (), t— oo,

Using Karamata’s integration theorem, we compute as follows:

/too p(s)Y (s)%ds = /too s (s) [%} 1fxaﬁals
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- /t " (s) [7“5)%(5) |77 s O] () m(t) 7+

|77t

A(p)PA(o) 1—p LA(p)°Alo
and hence
Vodrds ~ trl(t) I(t)m(t) 15 e
[ i~ S [ R T =X, e
Similarly we obtain
Vdrds ~ toml(t) 1(H)ym(t)* 1% _ .
[ amxeyaas RO [ LOR R T =Y, e

This ensures the truth of (3.13). This completes the proof of Lemma 3.1.

3.2 Strongly decreasing solutions of (A)

We now consider system (A) with nearly regularly varying p(t) and ¢(t) and show that
strongly decreasing solutions of (A) can be found in the class of nearly regularly varying
functions of negative indices.

Theorem 3.1. Let aff < 1 and let p(t) and q(t) be nearly regularly varying of index A
and i, respectively, such that

(3.14) p(t) = (L),  q(t) = t*m(t), 1(t), m(t) € SV.

Suppose that A and p satisfy (3.5) and define p and o by (3.6). Then, system (A) possesses
nearly reqularly varying solutions (z(t),y(t)) of index (p, o) with the property that

1(t)ym(t)® 1(t)°Pm(t)

(3.15) x(t)xtﬂ[m}”ﬁ, y(t)xt”[m]laﬁ, t— o0,

where A(T) =71(1 — 1) for 7 < 0.
PROOF. Let py(t) and ¢,(¢) denote the functions
(3.16) pA(t) = () € RV(N),  qu(t) = t"m(t) € RV(n).
By hypothesis there exist positive constants k, [, K and L such that
(3.17) kpa(t) < p(t) < Kpa(t), 1qu(t) < a(t) < Lau(t), ¢ to.

Define the function (X(¢),Y,(t)) by the formula (3.12) with p(¢) and ¢(t) replaced by px(t)
and ¢, (t), respectively. Since by Lemma 3.1 (X (¢), Y, (t)) satisfies the asymptotic relation
(3.3), i.e. (3.13), there exists T' > tq such that for t > T

(3.18) Lx / / PA(P)Y,(r)drds < 2X(),
< /t h / " ()X ()P drds < 2V, ().
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We may assume that X, (t) and Y),(¢) are non-increasing for t > T" because it is known ({1,
Theorem 1.5.3]) that any regularly varying function of negative index is asymptotic to a
monotone non-increasing function. Let us now choose (a,b), (A, B) € R? so that a < A,
b < B and

1 1
(3.19) a< §kba, b < 51aﬁ, 2KB* < A, 2LA° <B.

It is elementary to see that such a choice of (a,b), (A, B) is really possible. For example,
one may choose as follows:

a= (2 g Tw, A= (UKL,

b= (2-AB=as, B = (2P KAL) a5,

We define X to be the subset of C[T, 00)x C[T, 00) consisting of vector functions (x(t), y(t))
satisfying

(3.20) aXy\(t) < x(t) < AX,(t), bY,(t) <y(t) < BY,(t), t>T.

It is clear that X is a closed convex subset of C[T,00)xC[T, o). Furthermore, define the
mapping ¢ : X — C[T,00)xCI[T, o0) by

(3.21) (x(t),y(t) = (Fy(t),Gz(t)), t=T,
where F and G denote the integral operators
(3.22) Fy(t) = / / p(r)y(r)*drds, Gx(t) = / / q(r)z(r)Pdrds, t>T.
t s t s
It can be checked that & fulfils the hypotheses of the Schauder-Tychonoff fixed point the-

oremnl.

(i) (X)) C X. If (z(t),y(t)) € X, then using (3.18), (3.19) and (3.20), we see that
Fylt) > /t N / " kpa(r) (B, () drds > %kbO‘XA(t) > aXy(1),
Fy(t) < /OO /OO Kpx(r)(BY,(r))%drds < 2KB*X,(t) < AX\(t),

G (t) > /t h / T lgu(r)(@Xa(r)Pdrds > %laﬁYu(t) > Y, (1),

Gz(t) < /OO /00 Lg,(r)(AX\(r))drds < 2LAPY,(t) < BY,(t),
t s
for t > T. This shows that (Fy(t),Gz(t)) € X.

(ii) ®(X) is relatively compact. From the inclusion ®(X) C X it follows that ®(X) is
uniformly bounded on [T, 00). The inequalities

0= (Fy)'(t) = —B* /toop(S)Yu(S)ad& 0> (Ga)'(t) > —A” /too q(5)Xx(s) ds,
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holding for all (z(t),y(t)) € X guarantee that ®(X) is equicontinuous on [T, 00). The
relative compactness of ®(X') then follows from the Arzela-Ascoli lemma.

(iii) @ is continuous. Let {(z,(t), y(t))} be a sequence in X converging to (z(t), y(
X uniformly on any compact subinterval of [T, 00). We need to prove that ®(x,,(t), y,(t
O(x(t),y(t)), that is,

Fyn(t) — Fy(t), Gr,(t) — Gz(t) as n— oo

uniformly on compact subintervals of [T,00). But this follows immediately from the
Lebesgue dominated convergence theorem applied to the integrals in the following inequal-
ities holding for t > T

[ Fyn(t) — Fy(t)] < /too sp(s)|yn(s)® — y(s)%|ds,

KhAﬂ—gﬂOhélmm@W%wf—x@WM&

Therefore, the Schauder-Tychonoff fixed point theorem ensures the existence of a func-
tion (z(t),y(t)) € X such that ®(z(t),y(t)) = (z(t),y(t)), t > T, that is,

x(t / / r)drds, y(t) / / r)Pdrds,

for t > T. Tt follows that (z(t),y(t)) gives a strongly decreasing solution of system (A).
The membership (z(t),y(t)) € X implies that (z(t),y(t)) is a nearly regularly varying of
negative index (p, o). This completes the proof of Theorem 3.1.

As for the solutions constructed in Theorem 3.1, their regularity can be characterized
completely under the stronger assumption that p(¢) and ¢(¢) are regularly varying functions.

The generalized L’Hospital’s rule given in the following lemma (see [2]) plays a crucial
role in the proof of this theorem.

Lemma 3.2. Let f(t),g(t) € C'[T, 00) and suppose that

Jim f(t) = Jim g(t) =00 and ¢'(t) >0 for all large t,

or
lim f(t) = lim gt) =0 and ¢'(t) <0 for all large t.
Then,
"(t t t "(t
liminff( ) Sliminfm, limsupM Slimsupf( )

Pl () T g e g() SR ()

Theorem 3.2. Suppose that p(t) and q(t) are regularly varying of indices A and p,
respectively. System (A) possesses reqularly varying solutions (x(t),y(t)) such that
z(t) € RV(p), y(t) € RV(s), p<0, o<0

if and only if (3.5) holds, in which case p and o are given by (3.6) and the asymptotic
behavior of any such solution (x(t),y(t)) is governed by the formulas
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2(a+1) al 1Toap 2(8+1),(4)8 )
om0~ [SEhee| 0~ [TSopae o

PROOF OF THEOREM 3.2.
(The “only if” part) It follows from Lemma 3.1.

(The “if” part) Suppose that (3.5) holds and define the negative constants p and o by
(3.6). By Theorem 3.1 system (A) has a nearly regularly varying solution (z(t),y(t)) on

[T, 00) such that
(3.24) aX(t) <az(t) < AX(t), bY(t)<y(t) <BY(t), t>T,
for some positive constants T',a, A,b and B, where

e+ p(t)q(t)”
A(p)A(O)“

27+ Dp(t)%q(t)
A(p)PA(o)

(3.25) X(1) = [ }—‘3 ERV(p), Y(t)= [ ] = RV (o).

It is clear that (z(t),y(t)) satisfies

(3.26) / / r)*drds, y(t / / rYdrds, t>T.

Let U(t) and V() denote the functions defined by

(3.27) / / r)*drds, / / rYodrds, t>t,.

Note that U(t) and V() satisfy the asymptotic relations

(3.28) U(t) ~X(t), V(t)~Y(t), t— oco.
Put

() 0 () y(t) gt y(t)
(3.29) k= hrgg)lf 0@ K= hrtris;lp U@’ [ = htrgg)lf Ok L= hrtris;lp VD)

From (3.24) and (3.26) we see that 0 < k < K < oo and 0 < | < L < oo. Applying the

generalized L’Hospital rule twice, we obtain

Lzt '(t) o p(t)y(t)”
k=1 f —~ > liminf =1 f——
BT = R T T R ey e
= lim inf M = lim inf M = | liminf M =1,
and , 5
[ = liminf & > liminf 2 ®) _ lim inf a(t)z(t)

t—o0 V(t) T t—oo V”(t) oo q(t)X(t)ﬁ

= lim inf <%)6 = lim inf <%)ﬁ = <1itxgglf %)ﬁ = kP,
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where (3.28) has been used in the final step of each of the above computations. Since
af < 1, the inequalities k& > [* and [ > k” thus obtained imply

(3.30) 1<k<oo, 1<I<o0.

Similarly, we obtain K < L* and L < K#, from which it follows that

(3.31) 0<K<1, 0<L<L

From (3.30) and (3.31) we conclude that k = K =1 and | = L = 1, that is,
x(t) y(t)

lim =5 =1, lim 2ot =1,

U(t) 7 e V()

which combined with (3.28) shows that

This completes the proof.

Example 3.1. Consider the system (A) with
(3.32) p(t) = 2t 3(logt)" @tV q(t) =< 6t°(logt)’ T, t — .

Since
A24+a(p+2)=af—-1, BA+2)+p+2=2(af-1),

(3.6) gives p = —1 and 0 = —2, which implies that A(—1) = 2 and A(—2) = 6. Using these
constants and (3.27) in (3.15), we conclude from Theorem 3.1 that the system (A) under
consideration possesses a strongly decreasing solution (x(t),y(t)) which is nearly regularly
varying of index (—1, —2) such that

x(t) < (tlogt)™', y(t) <t ?logt, t— oo.
In case condition (3.32) is strengthened to
p(t) ~ 2t 3(logt) @D g(t) ~ 6t°*(logt)’ T, t — oo,

then Theorem 3.2 guarantees the existence of a strongly decreasing regularly varying solu-
tion (z(t),y(t)) of index (-1,-2) such that

x(t) ~ (tlogt)™', y(t) ~t?logt, t— oco.

If in particular

3 n 1
2logt  (logt)?

>> q(t) = 6t5*4(10gt)ﬁ+1 (1 0 )7

) = 9120-3 (1o £)—(@+D) (1
p(t) = 21~ 10g ) (1 ¢ o

then this system has an exact regularly varying solution ((tlogt)~!, ¢ 2logt).
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4 Strongly increasing solutions of (A)

We turn our attention to strongly increasing solutions of system (A), by which we mean
positive solutions of type (I,I), that is, those solutions (x(t),y(t)) such that
t t
(4.1) lim z(t) =00, lim ) _

t—oo TotSeo t

Let (z(t),y(t)) be one such solution of (A) on [T,00). Note that 2/(¢) and y'(t) tend to
infinity as ¢ — oo. Integrating (A) twice on [T, t] gives
(4.2)

z(t) =xo+z1(t—=T)+ // r)%drds, y(t) =yo+y(t—=T // r)Pdrds,

for t > T, where xy = x(T), 1 = 2/(T), yo = y(T) and y; = y/(T). The wanted strongly
increasing solutions of (A) are obtained by solving the system of integral equations (4.2)
with the help of the Schauder-Tychonoff fixed point theorem. For this purpose an essential
role is played by some of the basic properties of regularly varying solutions satisfying (4.1)
and the system of integral asymptotic relations

(4.3) / / r)edrds, y(t / / rPdrds, t— oo,

in which a8 < 1 and p(t) and ¢(t) are regularly varying. Let (x(t),y(t)) be a regularly
varying solution of (4.3) which is expressed as

(4.4) w(t) =t76(t),  y(t) =t'n(t), &), n(t) € SV.

Then, it is easy to see that (4.1) holds for (z(t),y(t)) if p > 1, orif p =1 and £(t) — oo as
t — oo on the one hand, and if ¢ > 1, or if 0 = 1 and 7(t) — oo as t — oo on the other. In
this section we consider only the case where p > 1 and o > 1, leaving the other possibilities
to a later occasion because of computational difficulty.

4.1 Integral asymptotic relations

This subsection is concerned with the asymptotic system (4.3) which is regarded as
an approximation of the system of integral equations (4.2). As a result of the analysis of
(4.3) by means of regular variation full knowledge can be acquired of its regularly varying
solutions satisfying (4.1) as the following lemma shows.

Lemma 4.1. Let af < 1 and suppose that p(t) € RV(A) and q(t) € RV(u) are expressed
in the form (4.4). System (4.3) has regularly varying solutions of index (p,o) with p > 1
and o > 1 if and only if (A, ) satisfies the system of inequalities

(4.5) At 1+a(B+p+2)>0, Bla+A+2)+u+1>0,

in which case p and o are given by (3.6), and the asymptotic behavior of any such solution
(x(t),y(t)) is governed by the formula

£0+0p()q()*] =
ApA@)y |

209 p(t) g 1)) s
A(pPAl) |

(4.6) x(t) ~ y(t) ~ t — 00,
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where A(T) =71(17 — 1) for 7 > 1.

PROOF. (The ”only if’ part) Suppose that (4.3) has a regularly varying solution
(x(t),y(t)) on [T, 00) which is expressed in the form (4.4) with p > 1 and o > 1. Then,

(4.7) // Al (rn(r)*drds,  y(t // PP PP m(r)E(r)Pdrds,

from which we have for ¢t — oo

(4.8) @N/ s (s)n(s)ds, @w/ sHPPm(5)E(s)  ds.

t T T

Since both integrals in (4.8) diverge as t — oo, it holds that A+aoc > —1 and p+fp > —1.
But the cases A + ap = —1 and u + fo = —1 are impossible, because if these equalities
would hold, then Karamata’s integration theorem would imply that

t

x(t) ~ t/t s H(s)n(s)*ds € RV(1), y(t) ~ t/ s 'm(s)¢(s)’ds € RV(1), t — oo,

T T

(cf. (iii) of Proposition 2.1). Consequently, we must have A +ap > —1 and pu + fo > —1,
in which case, applying Karamata’s integration theorem to (4.7), we find that

t e[ t P ()€ (1)
Aao e’ ~ u+Bp B ~
/T U s)n(s) ds Aac+1 7 /T ’ (5)¢(s)"ds pw+pp+1 7

and

t)\+ao+2l(t)n(t)a
A+ ac+ 1A+ ao +2)’

t“*ﬁ’”?m(t)g(t)ﬁ

(4.9)  x(t) ~ (n+Bp+ 1)+ Bp+2)

y(t) ~

This shows that z(¢) and y(t) are regularly varying of indices A+ao+2 > 1 and p+03p+2 >
1, respectively, and so we must have

p=A+ac+2, o=p+pbp+2,

from which it readily follows that p and o are given by (3.6). Since p > 1 and ¢ > 1, (3.6)
determines the range of (A, 1) to be the subset of R? defined by the inequalities

At l+aB+p+2)>0, Bla+A+2) +u+1>0.
Noting that (4.9) can be rewritten as

PRI Pty )
Ay Ap o YO TR T T A

we easily conclude that x(t) and y(t) satisfy

x(t) ~

(0 LR PO a0
! Alp)Af)y Y Alp)PA(e)

t — 00,
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from which the asymptotic formula (4.6) immediately follows.

(The "if” part) Suppose that (A, p) satisfies (4.5) and define (p, o) by (3.6). We define
(X(t),Y(2)) by

2(at1) S 2(8+1) ()8 =
w0 o= [T Yo = [Fppag )
which can also be expressed as
m(t)* 1—1az3 Pm 1—1aﬁ
(4.11) X = tp[Al((IZ)A((g)a} - Y= t(fui?)m((t;)] |

Using Karamata’s integration theorem, we see that for any b > ¢,

/b tP(s)Y(s)o‘ds: /b tusz( [ 2)]
_ / ()| l<s>ﬁm<s>)] o g 1 1z< o Z<(t>ﬂm< ) )

A(p)° Ao A(p)?A(o)
and
bors N PP (s) 1 1(s)Pm(s) 1155
/b /b p(r)Y (r) d'r’dSN/b P [A(p)ﬁA(a)] ds
A 1(t)°m(t) 175% s
o1 ApPAE) |~ X0 o
Similarly, we obtain for any b > tg
ridrds ~ t7m(t) 1 1(H)m()* e _ s
[ axoaas RS T v, e

Thus, it follows that

(4.12) / / r)drds ~ / / r)drds ~ Y (t), t— oo,

for any b > to, which shows that (X (¢),Y(¢)) is a solution of (4.3). This completes the
proof of Lemma 4.1.

4.2 Strongly increasing solutions of (A)

It is shown that if p(¢) and ¢(t) are nearly regularly varying, then strongly increasing
solutions of system (A) can be found in the class of nearly regularly varying functions of
indices greater than 1.

Theorem 4.1. Let a8 < 1 and let p(t) and q(t) be nearly reqularly varying of index A
and pi, respectively, which are expressed in the form

p(t) < (1), q(t) <t'm(t), 1(t), m(t) €SV, t— oo.
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Suppose that X and p satisfy (4.5) and define p > 1 and 0 > 1 by (3.6). Then, system (A)
possesses nearly reqularly varying solutions (x(t),y(t)) of index (p, o) with the property that

[(t)ym(t)* Vi=as 1(t)Pm(t) 11es
t) < tP | ———"— ) =<t | ———— t
o) =[S aee] 0 YOO |Rgpa@] e
where A(T) =71(1 —1) forT>1.
PROOF. Put p,(t) = t)(t) and q,(t) = t*m(t). There exist positive constants k, K, [
and L such that
kpa(t) < p(t) < Kpa(t), lgu(t) < q(t) < Lgu(t), t=>to.

Define the vector function (X(¢),Y,(t)) by (4.10) with p(¢) and ¢(¢) replaced by px(t) and
qu(t), respectively. Since (X,(¢),Y, ( )) satisfies (4.12), there exists Ty > to such that

(4.13)

(4.14) / / pa(r)Y,(r)%drds < 2X,(t) / / qu(r) Xa(r)Pdrds < 2Y,(t), t>T,.
TO TO TO TO

We may assume that X (¢) and Y),(¢) are non-decreasing for ¢t > Tj because any regularly
varying function of positive index is asymptotic to a monotone non-decreasing function (cf
[1, Theorem 1.5.3]). Noting that

//p,\ r)*drds ~ X,(t) //qﬂ )X (r BdeSNY() t — oo,
To J Ty To JTo

one can choose T} > Tg such that

(4.15) //px r)*drds > X)\ //q“ )X (r)Pdrds > Y(), t>T.
To JTo To JTo

Let us choose (a,b), (A, B) € R? so that a < A, b < B and the following inequalities
hold:

1 1
(4.16) a< 5@@, b < 5zaﬁ, 4KB* < A, 4LA® < B,

(4.17) 2aX,(Ty) < AXN(To), 20Y,(Th) < BY,(To).

It is easy to check that such choice of (a,b) and (A, B) is possible by taking, if necessary,
k and [ sufficiently small and K and L sufficiently large. Let X denote the closed convex
subset of C[Tp, 00)xC[Ty, 00) consisting of the vector functions (x(t),y(¢)) such that

(4.18) aXy\(t) < x(t) < AX\(t), bY,(t) <y(t) < BY,(t), t>1T,
and consider the mapping ® : X — C[Tp, 00)xC[Ty, 00) defined by
(4.19) (2(t),y(t)) = (Fy(t),Gz(t), t=To,

where

(4.20) —xo+/ / r)%drds, Gx(t) —yo—l—/ / r)idrds,
To JTo To JTo
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for t > T}, and x(y and y, are positive constants satisfying
1 1
(421) CI,X)\<T1) S Zo S §AX)\<T0), bYH<T1) S Yo S §BYN<T0)

We prove that ® is a continuous self-map of X and sends & into a relatively compact
subset of C[Tp, 00)xC[Ty, 00).
(i) &(X) C X. Let (z(t),y(t)) € X. Using (4.14) - (4.21), we compute as follows:

Fy(t) > xg > aXy(Ty) > aX\(t), To<t<T,

// O‘drds>/ / kpa(r)(bY,(r))*drds
To TO TO TO

Z ékbaX)\<t) Z aX)\(t), t Z T17

and
¢

Fylt) < %AXA(TO)jL / " Kpy(r) (BY,\(r))*drds

To JTo
1 1 1
< SAXMH) +2KBX\(¢) < AXL(E) + SAXLE) = AX(), t 2 To.

This shows that aX,(t) < Fy(t) < AX\(¢) for t > Tp. Likewise, it can be shown that
bY,(t) < Gx(t) < BY,(t) for t > Tj.

(ii) ®(X) is relatively compact. The local uniform boundedness of ®(X) on [Tp, o00)
follows from the inclusion ®(X) C X. The local equicontinuity of ®(X) on [Tp,00) is a
consequence of the inequalities

t t

0< (Fy)(t) < BO‘/ p(s)Yu(s)*ds, 0 < (Gz)'(t) < AB/ a(s)Xx(s)"ds,
TO TO
holding for ¢t > Ty and for all (z(t),y(t)) € X.
(iii) @ is continuous. Let (z,(t), y,(t)) be a sequence in X converging to (z(t),y(t)) € X
as n — oo uniformly on any compact subinterval of [T, 00). Noting that

t

[Fyn(t) — Fy(t)] < t/ p(s)|yn(s)® — y(s)*|ds,

To

t

Gaa(t) — Ga(t)] < t / 4(3) |z (5)? — 2(s)°|ds,

To
and applying the Lebesgue dominated convergence theorem to the right-hand sides of the
above inequalities, it follows that

Fyn(t) = Fy(t),  Gan(t) — Gz(t), n— oo,

uniformly on compact subintervals of [Ty, 00). This implies the continuity of ®.
Therefore, the Schauder-Tychonoff fixed point theorem guarantees the existence of an
element (x(t),y(t)) € X such that (z(t),y(t)) = ®(x(t),y(t)), t > To, that is,

x(t) = Fy(t —:co—i—// r)¥drds, y(t) = Gx(t) —y0+// r)Pdrds
To JTo To J T
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for t > Tjy, which is a special case of the system of integral equations (4.2). Thus, (x(t),y(t))
is a solution of the system of differential equations (A) on [Tp, 00). Since (z(t),y(t)) is a
member of X, it is a nearly regularly varying solution of index (p, o) with p > 1 and o > 1,
which clearly provides a strongly increasing solution of (A). This completes the proof of
Theorem 4.1.

As the next theorem demonstrates, the full regularity of the strongly increasing solutions
obtained in Theorem 4.1 can be proved with the help of the generalized L’Hospital rule
(Lemma 3.2), if we make a stronger assumption that the coefficients p(t) and q(t) are
regularly varying functions. Thus, the existence of regularly varying solutions with indices
greater than one is characterized completely in this particular case. The proof is similar to
that of Theorem 3.2 and we omit it.

Theorem 4.2. Suppose that p(t) and q(t) are regularly varying of indices A and p,
respectively. System (A) possesses regqularly varying solutions (x(t),y(t)) such that

z(t) € RV(p), uy(t) €RV(s), p>1, 0>1,

if and only if (4.5) holds, in which case p and o are given by (3.6) and the asymptotic
behavior of any such solution is governed by the formulas

£ Dp(t)g(1)] = 20 p(t) q(t) ] 17
(4.22) z(t) ~ { AD)A (o) ] ; t) ~ { A(p)8A(o) ] . t— 00,
where A(1) = 7(7 — 1) for 7 > 1.

Example 4.1. Consider the system (A) with
(4.23) p(t) ~ 2t exp((a+1)y/logt), q(t) ~ 6t % exp(—(8 +1)y/logt), t— oo,
Here A = —3a and p =1 — 273, and hence
At l14+af+p+2)=1—af >0, fla+A+2)+pu+1=2(1-af) >0,

which implies that condition (4.5) holds. It is easy to see that (3.6) defines p = 2 and 0 = 3,
so that A(o) =2 and A(c) = 6. On the other hand, since I(t) = 2 exp((a + 1)y/logt) and

m(t) = 6exp(—(3 + 1)y/Iogt), we obtain

L Sy ) B
AaEy ~ o —adVisl). KEmRes = exp((ed —1)Vios).

Combining the above calculations, we conclude from Theorem 4.2 that the system (A)
under consideration possesses a strongly increasing solution (z(t),y(t)) such that

x(t) ~ P exp(y/logt), y(t) ~t*exp(—y/logt), t— oo.

As is easily checked, if

p(t):2t_3o‘exp((oz—|—1)\/10gt)<1+4\/?0?—1— ! ! >,
1

8logt a 8logty/logt
5) 1
£) = 6128 exp(—(8 + 1)y/log (1— )
at) exp(—(7+1)vlogt) 12vloal | 24logt | 24logtyiogt/’

then system (A) has an exact strongly increasing solution (¢? exp(y/logt), t* exp(—+/logt)),
components of which are regularly varying of indices 2 and 3, respectively.
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5 Mixed strongly monotone solutions of (A)

The purpose of the final section is to indicate the situation in which the system (A)
possesses a positive solution (x(t),y(t)) such that

(5.1) tlim x(t) =0, tlim @ =00

Such a solution is referred to as a mized strongly monotone solution of (A). As in the
preceding sections it is assumed that o < 1 and that p(t) and ¢(t) are nearly regularly
varying functions. Mixed strongly monotone solutions of (A) are sought as solutions of the
system of integral equations of the form

(5.2) / / r)%drds, y(t) = y0+/ / rYdrds, t>T,

for some constants T' > ¢y, and y, > 0, belonging to the class of nearly regularly varying
vector functions of indices p < 0 and ¢ > 1. The construction of such solutions of (A) is
based on the accurate asymptotic behavior of reqularly varying solutions of the system of
asymptotic relations

(5.3) // r)*drds, y(t // r)drds, t— oo,

with regularly varying coefficients p(t) and q(t).

5.1 Integral asymptotic relations

Lemma 5.1. Let aff < 1 and suppose that p(t) and q(t) are reqularly varying functions
of indices A and p, respectively. System of relations (5.3) has reqularly varying solutions of
index (p, o) with p <0 and o > 1 if and only if

(5.4) A+2+a(p+2)<0, Bla+A+2)+p+1>0,

in which case (p,o) is given by (3.6) and the asymptotic behavior of any such solution
(z(t),y(t)) is governed by the formula

G (0VO E N L O O
ApA@)e | ApPAle) |

(5.5) x(t) ~

where A(T) =71(17 — 1) for 7 € (—00,0) U (1, 00).

SKETCH OF PROOF. Since the right asymptotic relation (resp. the left asymptotic
relation) in (5.3) can be analyzed exactly as in Lemma 3.1 (resp. Lemma 4.1), we need
only to give a brief sketch of the proof, in which use is made of the expressions (3.4) and

(3.8) for p(t), q(t), z(t) and y(t).
(The "only if” part) Suppose that (5.3) has a regularly varying solution (z(t),y(t)) on
[T, 00) of index (p, o) with p < 0 and o > 1. Analysis of the relation

t) N/ / r e (ryn(r)drds, t — oo,
t s
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shows that A + aoc < —2 and

tA+ao+2 l (t)ﬁ(t)a

(5.6) () ~ [—(A+ ac + D)][—(A+ ao +2)]

eRVIA+ao+2), t— o0,

while analysis of the relation

t s
y(t) ~ / / rPPPm(r)E(r)Pdrds,  t — oo,
T Jr
shows that p+ Bp > —1 and

o ()€ ()"
(4 Bp+ 1)+ Bp+2)

Therefore, we have p = A+ ao +2 and 0 = p+ Bp+ 2, from which we see that (p, o) must
be given by (3.6). The inequalities p < 0 and o > 1 require that the range of (A, ) be
given by (5.4). The asymptotic formula (5.5) is an immediate consequence of the fact that
(5.6) and (5.7) are rewritten as

(5.7) y(t) ~

eERV(p+Bp+2), t— oo

ety (t)” tq(t)x(t)”

TR MO T A

, t—o0.
(The "if” part) Suppose that (A, u) satisfies (5.4) and define p < 0 and ¢ > 1 by (3.6).

Then, it can be shown that the regularly varying function (X (¢), Y (¢)) of index (p, o) given
by

_ P p(t)g(t)*) s _ P p(t)%q(t)] e
X(6) = A(p)A(o)e ] Y _[ A(p)?A(o) } ’

satisfies the system of asymptotic relations (5.3).

5.2 Mixed strongly monotone solutions of (A)

It is shown that system (A) with nearly regularly varying coefficients may have strongly
monotone solutions of the mixed type which are nearly regularly varying vector functions
of indices p < 0 and o > 1.

Theorem 5.1. Let aff < 1 and let p(t) and q(t) be nearly regularly varying of index
A and p, respectively. Suppose that \ and p satisfy (5.4) and define p < 0 and o > 1 by
(3.6). Then, system (A) possesses nearly regularly varying solutions (x(t),y(t)) of index
(p, o) with the property that

m(t)® 11=es m s
(5.8) x(t)xt”[%} ’ y(t)xg[%

where A(T) =71(17 — 1) for 7 € (—00,0) U (1, 000).
SKETCH OF PROOF. By hypothesis there exist regularly varying functions
palt) = PU(E) € RV(),  qu(t) = t*m(t) € RV (u),
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such that p(t) =< px(t) and ¢(t) < q,(t) as t — co. Define the regularly varying functions
X\(t) and Y, (t) by

[ UOm@® .
%0 =¢|50aer] 0= (3G

A T=ap
l<t> m<t) i| 57 t Z th

which satisfy the asymptotic relations

(5.9) //px r)*drds ~ X,(t) //qu )X (r)Pdrds ~ Y, (1), t— oo,

for any fixed b > t,.
Using (5.9), one can choose first T' > ¢, so that

(5.10) - / / pa(r)Y,(r)%drds < 2X,(t) //qu )X (r)Pdrds < 2Y,(t),

for t > T, and then T7 > T so that

t s 1
(5.11) / / qu(r) X\ (r)Pdrds > §Yﬂ(t) for t > Tj.
T Jr

We may assume that X, (¢) is decreasing and Y),(t) is increasing for ¢ > T. Using the
positive constants k, [, K and L such that

kpa(t) < p(t) < Kpa(t), lgu(t) < q(t) < Lqu(t), t=>to,

choose (a,b), (A, B) € R? so that a < A, b < B, and
1 1
a<=kb* b<=ld’, 2KB*< A, 4LA° < B, 2bY,(T1) < BY,(T).
2 2

Let us now define the mapping ®(x(t),y(t)) = (Fy(t),Gx(t)), where

(5.12) / / r)*drds, Gx(t) —y0+/ / Bdrds t>T,

with a constant yo satisfying bY,(T1) < yo < 1 BY,(T), and let ® act on the set X comprised
of vector functions (x(t),y(t)) € C[T, oo)XC[T oo) satisfying

aX(t) < x(t) < AXA(), bY,(t) <y(t) < BY,(t), t>T.

It is clear that X’ which is a closed convex subset of C[T’, 00)xC|T, c0) and it can be verified
in a routine manner that ® is a continuous self-map of X and sends X into a relatively
compact subset of C[T,00)xC|[T,o0). Consequently, ® has a fixed point (z(t),y(t)) € X
which satisfies the integral equation

// r)“drds, yt—y0+// rVidrds, t>T.

This implies that (z(t),y(t)) is a positive solution of system (A) belonging to the class of
nearly regularly varying functions of index (p, o). Since p < 0 and o > 1, this solution
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provides a mixed strongly monotone solution of (A). This sketches the proof of Theorem
5.1.

As in the preceding sections, under a stronger assumption that both coefficients in (A)
are regularly varying functions, the following theorem characterizing the existence of fully
regularly varying mixed strongly monotone solutions can be proved. The proof is similar
to that of Theorem 3.2 and we omit it.

Theorem 5.2. Suppose that p(t) and q(t) are regularly varying of indices A and p,
respectively. System (A) possesses reqularly varying solutions (x(t),y(t)) such that
z(t) € RV(p), y(t) eRV(s), p<0, 0>1,

if and only if (5.4) holds, in which case p and o are given by (3.6) and the asymptotic
behavior of any such solution is governed by the formulas

2(at1) a1 2(8+1) B T=ap
o1 0~ [SEREE] v~ [Sgiag ]

where A(t) = 7(1 — 1) for 7 € (—00,0) U (1, 00).

Example 5.1. Consider system (A) with
(5.14) p(t) ~ 27 (log )2+t q(t) ~ 2t°(logt)~P+Y |t — 0.
Condition (5.4) is satisfied since
A+24+a(p+2)=af—-1<0, pla+A+2)+p+l1=1—af >0,
and (3.6) gives p = —1 and ¢ = 2, which implies A(p) = A(o) = 2. Since

1(t)%m(t)
A(p)PA(0)

[(t)m(t)*

— 7 = (lo 1-afB
A(p)A(oy — los? ™

= (log t)aﬁ’l,

from Theorem 5.2 it follows that our system (A) possesses mixed strongly monotone solu-
tions belonging to class of regularly varying functions of index (—1,2) and that the asymp-
totic behavior of any such solution (x(t),y(t)) is governed by the formula

x(t) ~t Hlogt), y(t) ~t*(logt)™t, t— oco.

If in particular

3
2logt

1
plt) = 26 (log )1 (1~ g(t) = 26%(log )~ (1 5 ).

"~ 2logt ' (logt)?

then system (A) has an exact mixed strongly monotone solution (¢~ logt,#?(logt)~!) which
is regularly varying of index (—1,2).
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