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EXISTENCE AND PRECISE ASYMPTOTIC BEHAVIOR
OF STRONGLY MONOTONE SOLUTIONS OF SYSTEMS
OF NONLINEAR DIFFERENTIAL EQUATIONS

JAROSLAV JAROS AND KUSANO TAKASI

(Communicated by Michal Feckan)

Abstract. We analyze positive solutions of the two-dimensional systems of nonlinear differential
equations

X +p)y*=0, ¥ +q(t)xP =0, (A)
I =py*, Y =q)P, (B)

in the framework of regular variation and indicate the situation in which system (A) (resp.
(B)) possesses strongly decreasing solutions (resp. strongly increasing solutions) with accurate
asymptotic behavior as t — oo.

1. Introduction

Since the publication of the book of Mari¢ [9] theory of regular variation (in the
sense of Karamata) has gradually been recognized as a powerful tool for the asymptotic
analysis of positive solutions of linear and nonlinear ordinary differential equations.
Particularly noteworthy is the marked role played by Karamata’s integration theorem
in establishing the accurate asymptotic behavior at infinity of possible positive solu-
tions for nonlinear differential equations of Emden-Fowler and Thomas-Fermi types;
see e.g. the papers [4 - 8]. It is expected that similar analysis in the framework of regu-
lar variation could be effectively applied to a much larger class of differential equations.
Motivated by this expectation we experiment in this paper with deriving precise infor-
mation about the asymptotic behavior of positive solutions for the two simplest classes
of nonlinear systems of differential equations

X rp)y*=0, Y +q)xP =0, (A)

X =p)y®, ¥ =q)xP, (B)

where the following assumptions are always assumed to hold:
(a) a and B are positive constants such that o < 1;
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(b) p(t) and g(¢) are positive continuous functions on [a,e), a > 0, both of
which are regularly varying or nearly regularly varying in the sense specified in the
next section.

Our primary concern is with solutions (x(7),y(z)) of (A) such that lim; ... x(z) =
lim; ... y(t) = 0, which are referred to as strongly decreasing solutions of (A), and with
solutions (x(z),y(¢)) of (B) such that lim;_. x(#) = lim,_. y(¢) = o, which are referred
to as strongly increasing solution of (B). Such solutions are constructed as solutions of
the integral equations

X0 = [ poye)%as, 30 = [Caoxclas, =1 (1)

and
x(t) =xo+/Ttp(S)y(S)“ds, y(t) =yo+/th(S)X(S)’3ds7 t>T, (1.2)

X0 >0, yo >0 and T > a being constants, in the class of regularly varying or nearly
regularly varying functions with specific asymptotic behavior at infinity. The Schauder-
Tychonoff fixed point theorem is employed for this purpose (see [2]). It will be shown
that complete knowledge can be acquired of strongly monotone solutions with nonzero
indices of (A) and (B) in the particular case where p(z) and ¢(z) are regularly varying.
After stating the definition and some basic properties of regularly varying func-
tions in Section 2 we establish our main results on the existence and asymptotic behav-
ior of nearly regularly varying solutions with explicit nonzero indices which provides
strongly monotone solutions for systems (A) and (B) in Sections 3 and 4, respectively.
For the in-depth analysis of oscillation and asymptotic behavior for systems of
nonlinear differential equations the reader is referred to the book of Mirzov [10].

2. Regularly varying functions

For the reader’s convenience we recall the definition of regularly varying functions.

DEFINITION 2.1. A measurable function f : [0,00) — (0,0) is called regularly
varying of index p € R if

lim f(A1) =AP

forall A > 0.
o)

The totality of regularly varying functions of index p is denoted by RV(p). We
often use the symbol SV to denote RV(0), and call members of SV slowly varying
Sfunctions. Any function f(r) € RV(p) is written as f(r) =1Pg(r) with g(r) € SV,
and so the class SV of slowly varying functions is of fundamental importance in the
theory of regular variation. One of the most important properties of regularly varying
functions is the following representation theorem.
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PROPOSITION 2.1. f(t) € RV (p) if and only if f(t) is represented in the form

f(t)=c(r) exp{/tt ﬁds}, t =1,

0 S
Sfor some ty > 0 and for some measurable functions c(t) and 6(t) such that

limc(t) =co € (0,00) and 1lim (1) = (2.1)

f—o0 f—o0

If ¢(r) = cp in (2.1), then f(r) is referred to as a normalized regularly varying
function of index p.

Typical examples of slowly varying functions are: all functions tending to some
positive constants as t — oo,

N
[100g, )%, o €R, and exp{H (log,?) } € (0,1),
n=1 =1

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

L) = exp{ (logt)% (logt)% }
is a slowly varying function which is oscillating in the sense that

limsupL(¢) = and litminfL(t) =0.

t—o0

The following result concerns operations which preserve slow variation.

PROPOSITION 2.2. Let L(t), L (t), Ly(t) be slowly varying. Then, L(t)%* for any
o€ R, Li(t)+Ly(r), Li(t)La(r) and Li(La(r)) (if La(t) — oo) are slowly varying.

A slowly varying function may grow to infinity or decay to 0 as t — co. But its
order of growth or decay is severely limited as is shown in the following

PROPOSITION 2.3. Let f(t) € SV. Then, for any € >0,

lim e f(t) =oco, lims ¢ f(t) =

[—o0 {—o0
A simple criterion for deciding the regularity of differentiable positive functions

follows.

PROPOSITION 2.4. A differentiable positive function f(t) is a normalized regu-
larly varying function of index p if and only if
!
ime L0
=10
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The following result which is called Karamata’s integration theorem is useful in
handling slowly and regularly varying functions analytically.

PROPOSITION 2.5. Let L(t) € SV. Then,

4 1
OCL ~ OC+1L oo,
/as (s)ds ~ —1“H L), 1
Gi)If o < —1,
°° 1
“L(s)ds ~ ———1%TIL(1), 1 — oo.
| s1)ds ~—— 20, 1=
(i) If o = —1,
"L L
l(t):/ LS ysesv ana im 2 —o,
a S t—oo [(1)
and . .
m(t)z/ ﬁdsGSV and limﬁzo.
s 1= m(t)

Here and throughout the symbol ~ is used to mean the asymptotic equivalence,
ie.
. 8()
f(t)~g(t), t—o <= lim=—==1.
(1)~ () Jim 55
A function f(¢) € RV(p) is called a frivial regularly varying function of index p
if it is expressed in the form f(r) =¢PL(r) with L(¢) € SV satisfying lim; .. L(t) =
const > 0. Otherwise f(¢) is called a nontrivial regularly varying function of index p .
The symbol tr-RV(p ) (or ntr-RV(p)) denotes the set of all trivial RV(p )-functions (or
the set of all nontrivial RV (p )-functions).
A measurable function f : (0,00) — (0,00) is called regularly bounded if for any
Ao > 1 there exist positive constants m and M such that

f(a)
™S

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(log?) are regularly bounded. Note that 2 4 sin# and 2 + sin(log?)
are not slowly varying, whereas 2 + sin(log, #), 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.

Let f(¢) and g(¢) be two positive continuous functions in a neighborhood of in-
finity, say for r > T'. We use the notation f(¢) < g(z), t — o, to denote that there exist
positive constants m and M such that

<A<l =

<M for all large ¢.

mg(t) < f(r) < Mg(t) for t>T.
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Clearly, f(z) ~g(t), t — oo, implies f(z) < g(t), t — oo, but not conversely. It is
easy to see thatif f(r) < g(¢), t — oo, and if lim, .. g(¢) = 0, then lim; . f(¢) = 0.

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

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

A vector function (f(),g(¢)) is called regularly varying (or nearly regularly vary-
ing) of index (p,o) if f(r) and g(¢) are regularly varying (or nearly regularly varying)
of indices p and o, respectively.

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¢ [9] for the comprehensive
survey of results up to 2000th 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)

One of the main results of this section is the following theorem ensuring the ex-
istence of strongly decreasing solutions for (A) in the class of nearly regularly varying
vector functions of negative indices.

THEOREM 3.1. Let A and U be constants satisfying the linear system of inequal-
ities
A+l+a(u+1)<0, BA+1)+u+1<0, (3.1)
and define p and ¢ by

A+ l+a(u+1) _BA+1)+u+1
B G_W. (3.2)

Suppose that p(t) and q(t) are nearly regularly varying functions of indices A and L,
respectively, such that

p(t) =M(@t), q(t)=t*m(t), I(r), m(t) €SV. (3.3)

Then, system (A) possesses a nearly regularly varying solution (x(t),y(t)) of negative
index (p, o) such that

x(r) =<

I+a o 1 1+B B L
! p)(t)q(t }lfaﬁ’ [P0 e L (5

(=p)(=0)* “L(-p)B(~0) ’
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The proof of this theorem is based on the fact (see Lemma 3.1 below) that complete
analysis of strongly decreasing regularly varying solutions of the system of integral
asymptotic relations

(AR) ~/p ~/q (s)Bds, 17— oo,

can be made provided p(¢) and ¢(z) are regularly varying.

LEMMA 3.1. Suppose that p(t) € RV(A) and g(t) € RV (u) are expressed in
the form
p(t)=tM@t), qt)=t"m(t), 1(r), m(t) € SV. (3.5)
Relation (AR) possesses regularly varying solutions of index (p, o ) with p <0 and
06 <0 if and only if (A,) satisfies the system of inequalities (3.1), in which case p
and o are given by (3.2) and the asymptotic behavior of any such solution (x(t),y(t))
of (AR) is governed by the unique formula

o [P0 e R0 g(0))
(t) (—p)(—o0)“ } ’ ! (—p)ﬁ(—O‘) ,

Proof. (The “only if” part) Let (x(7),y(¢)) be a regularly varying solution of (AR)
such that

x(t) =tPE®), y(t)=1:n(@), &E@),n()eSV, p<0, 6<0. (3.7)

Then, we have

x(t)w/ ST (s)n(s)%ds, (e N/ PP m(s)E (5)Pds, t—ee.  (3.8)
13

t — oo, (3.6)

The convergence of the above integrals implies that A + o < —1 and u+ Bp <
If A+aoc=—1 and u+ Bp = —1, then by Karamata’s integration theorem ((111) of
Proposition 2.5)

/ s(s)n(s)%ds € SV, / s~ 'm(s)E(s)Pds e SV,
t t
so that neither x(¢) nor y(r) can be regularly varying functions of negative index.
Therefore, we must have A + o6 < —1 and u+ Bp < —1, in which case applying
Karamata’s integration theorem ((ii) of Proposition 2.5) to the integrals in (3.8), we
obtain

A+oao+1 o +Bp+1 B

t W)t # 1)&(t
5 @ L e

—(A4+aoc+1) —(u+Bp+1)
which shows that x(z) and y(#) must be regularly varying of negatives indices A +
oo+ 1 and pu+ Bp + 1, respectively. It follows that

x(t)

p=A+ac+1, oc=u+pp+1,
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from which we see that p and ¢ are uniquely determined by (3.2). We now rewrite
(3.9) as

iy~ OO )" 0P e
P P c c

from which it follows that

1 p(1)q(r) *x(r)*P Wt ! Pp()Pa(e)y()*P
(=p)(=o)* ~ (=p)f(=0)
This immediately yields the asymptotic formulas (3.6) for x(¢) and y(z).

(The ”if” part) Suppose that (A, ) satisfies (3.1), define (p, o) by (3.2) and con-
sider the function (X (¢),Y(r)) given by

x(t) ~

1 — oo,

4 p(1)g(1)* ] ap " Pp(1)P (1) ap
X(t)=|—5 22 , Y() = | ——2 , 3.10
0= o) =owce) 10
It is convenient to notice that X (¢) and Y () are rewritten as
L(t)m(1)* | rap [(e)Pm(t) 7v-ap
X(t) =t | ———— , YY) =1 | —fr— .
QR (e IO R el
Using these expressions and applying Karamata’s integration theorem, we obtain
I(s)Pm(s) 1%
p(s ads—/ sAHeo(s) | L2 ds
A [<—p>ﬁ<—o>]

ﬁm 170‘:1
- [ >)ﬁ(<>)} »

() {
(—p) (—p>ﬁ(—0

as t — oo, and similarly,

©m() [ 1Om@)* 1
| axepPas~ 2R R T Yo, o
Thus, we conclude that (X (7),Y (¢)) satisfies
/p 5)%ds ~ X (t /q ($Pds~Y(t), 1— oo,

that is, provides a regularly varying solution of index (p, o) of the asymptotic relation
(AR). This completes the proof of Lemma 3.1.

Proof of Theorem 3.1. Let (A,u) satisfy (3.1) and define (p,o) by (3.2). Let
p(t) and g, () denote the functions

pa(t) =1*1(1) ERV(A),  qu(t) =1*m(r) € RV (u), (3.11)
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where [(r) and m(z) are SV-functions appearing in (3.3). By (3.3) there exist positive
constants k,/,K and L such that

kpy (1) < p(t) <Kp; (1), 1qu(t) <q(t) <Lgu(r), t>a. (3.12)

Define the function (X (¢),Y,(¢)) by the formulas (3.10) with p(r) and ¢(r) replaced
by py(t) and qu (1), respectlvely Since (X (7),Yy(r)) satisfies (AR) by Lemma 3.1,
there exists 7 > a such that

{%XA (1) < I} pas)Yu(5)%ds < 2X. (1), (3.13)
< I qu(5)X (5)Pds < 27, (1),

for t > T. We may assume that X, (r) and Y, (¢) are decreasing for r > T. Let us now
choose (a,b),(A,B) € R? sothat a <A, b < B and

1 1
a< Ekboz b< Elaﬁ, 2KB* <A, 2LAP <B. (3.14)

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

1

a4 = (2—(1+a)lak) -

b= (2 BBy

A= (2FOLeg) Tl B— (21BLKP) T,
We define 2" to be the subset of C[T,0)xC|T, ) consisting of vector functions
(x(2),y(r)) satisfying

aX; (1) <x(t) <AX) (1), bYu(r)<y(t) <BY,(r), t>T. (3.15)

Clearly, 2" is a closed convex subset of C[T,c0)xC[T, ). Furthermore, define the
mapping @ : 2" — C[T,)xC[T,) by

Bx(1),3(1) = (Fy(1),9x(1), 1>T, (3.16)

where . and ¢ denote the integral operators
/ p(s)y(s)%ds, / q(s)x(s)Pds, t>T. (3.17)
It can be shown that @ is a continuous self-map of 2~ which sends 2" into a relatively

compact subset of C[T,e0) X C[T, o).
(1) (Z)C Z . If (x(r),y(t)) € Z, then using (3.12) - (3.15), we see that

Zy0) 2 [ kpa 5) O¥a(5))ds > S0, (1) > X 1),

Fy0 < [ Kpp(5)(BYu(5))ds < 2KBUX, (1) < AX, 1),
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300> [ 1au(6)(@X ()5 > 51V (0) > B, 1),

(1) < [ Lau(s)(AX, (5))°ds < 2LAPY, (1) < BY, 1),

for ¢t > T, which implies that (Zy(z),9x(t)) € Z .
(ii) (Z") is relatively compact. The inclusion ®(2") C 2~ shows that ®(2")
is uniformly bounded on [T,<). The inequalities

0= (Fy) (1) = =B*p(t)Yu()*, 0= (¥x)(1) = -APq)X, (1), 1>T,

holding for all (x(¢),y(¢)) € 2 ensure that ®(2") is equicontinuous on [T, ). The
relative compactness of ®(.2") then follows from the Arzela-Ascoli lemma (see [2],
pp- 7-8).

(iii) @ is continuous. Let {(x,(t),y,(¢))} be a sequence in 2" converging to
(x(2),y(t)) € Z as n — oo uniformly on any compact subinterval of [T,e). We have
to prove that ®(x,(7),y, (1)) — ®(x(r),y(¢)), that is,

Fyn(t) — Fy(t), Gx,(t) —Gx(t) as n— oo, (3.13)

uniformly on compact subintervals of [T,e). But this follows immediately from the
Lebesgue dominated convergence theorem applied to the integrals in the inequalities

Z3,(0) = F0I < [ pO)l(s)” —y(5)as,

|G x,(2) /q )xn(5)P — x(s)P|ds.

This establishes the continuity of ®.

Thus all the hypotheses of the Schauder-Tychonoff fixed point theorem are fulfilled
for @, and so there exists (x(¢),y(r)) € 2" such that ®(x(¢),y(t)) = (x(¢),y()), t > T,
that is,

x(t /p $)%ds, y()= /q (s\Pds, t>T,

which implies that (x(7),y(¢)) gives a strongly decreasing solution of system (A). Since
(x(2),y(z)) is a member of 2", it becomes nearly regularly varying of negative index
(p, o). This completes the proof of Theorem 3.1. I

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

The generalized L’Hospital’s rule given in the following lemma (see [3]) plays a
crucial role in the proof of Theorem 3.2 below.

LEMMA 3.2. Let f(t),g(t) € C}[T,e) and suppose that

lim f(t) = limg(t) = and g'(t) >0 forall large t,

t—oo t—oo
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or
tlimf(t) = tlimg(t) =0 andg'(t) <0 forall larget.
Then, ) )
liminf F) < liminf m limsup m < limsup f/ t)

1o g (t) t—oo0 g(t)7 f—oo & t) t—oo & (t) '

THEOREM 3.2. Suppose that p(t) and q(t) are regularly varying of indices A
and L, respectively. System (A) possesses regularly varying solutions (x(t),y(t)) such
that

x(t) eRV(p), y()€eRV(o), p<0, o0<0

if and only if (3.1) holds, in which case p and o are given by (3.2) and the asymptotic
behavior of any such solution (x(t),y(t)) is governed by the formulas

" p(1)q(1)* ) e P p(0)Pg(r) o
x(t) ~ | ———— , t)~ | ——— , 1 —> oo, 3.19
O~ o 0~ e o1
Proof of Theorem 3.2.

(The “only if” part) This follows from Lemma 3.1.

(The “if” part) Suppose that (3.1) holds and define the negative constants p and o
by (3.2). By Theorem 3.1 system (A) has a nearly regularly varying solution (x(z),y(¢))
on [T,e) such that

aX(t) <x(t) <AX(t), bY(r)<y(t)<BY(t), t

WV

T, (3.20)

for some positive constants 7,a,A,b and B, where

1
x() = [P0 = ), ()= [ 2] gy,
(3.21)
It is clear that (x(¢),y(r)) satisfies
/ p(s)y(s)%ds, y(t / q(s)x(s)Pds, t>T. (3.22)
Let U(t) and V(¢) denote the functions defined by
/ p(s)Y (s)%ds, V(t / q()X(s)Pds, t>a. (3.23)
Note that U(r) and V(z) satisfy the asymptotic relations
U@)~X(t), V({@)~Y(t), t— eco. (3.24)
Put
k= timinf = K Ztimsup 2L Zhiminf 2% L himsup 27 (3.25)

e UM) T e U = V(1) e V(1)
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From (3.20) and (3.22) we see that 0 < k < K < o and 0 <[ < L < . Applying the
generalized L' Hospital rule repeatedly, we obtain

and

= litnlglf<%>ﬁ = ligglf<%)ﬁ = <ligglf%>ﬁ =KP,

where (3.24) has been used in the final step of each of the above computations. Since
af < 1, the inequalities k > [* and [ > kP thus obtained imply

1<k <oo, 1< <00, (3.26)
Similarly, we obtain K < L* and L < KB , from which it follows that

0<K<1, 0<L<I. (3.27)
From (3.26) and (3.27) we conclude that k=K =1 and [ = L =1, that is,

) o 30

i
CRU@) 0 emve)

which combined with (3.24) shows that

This completes the proof. [l

EXAMPLE 3.1. Consider system (A) with
p(1) =21 3(logr)**!, q(r) =< 2P~V (logr)" B+ 1 — o,
This means that (3.3) holds with
A=a-3, u=2B-1), I(r)=20ogt)*", m(t)= (logr) P+

Since A+ 1+o(u+1)=-2(1-af)<0and B(A+1)+u+1=1—-0ff <0,(3.2)
determines the constants p and ¢ tobe p = —2 and ¢ = —1, and one finds that

OmO* e
Cpi-oye

1(1)Bm(r)

@)Pm@) e
e
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Therefore, by Theorem 3.1 the system (A) possesses a strongly decreasing solution
(x(2),y(r)) such that

x(r) =1 2logr, y(t) = (tlogt)™!, 1 — oo

Assume more strongly that p(7) and () are regularly varying functions such that
p() ~ 2% 3 (logr)**!, (1) ~ *P~V(logr) P, 1 — oo,

Then, applying Theorem 3.2 we conclude that system (A) possesses strongly decreasing
solutions of index (-2,-1) all of which enjoy the unique asymptotic formulas

x(t) ~ 1 2logr,  y(t) ~ (tlogt)™!, 1 — oo
If in particular

1

—) q(r) =t2<ﬁ‘”(10gl)_(’3+1)<1 +L>7

1) =2t 3(logt "‘“(1—
plt) (log?) 2logt logt

then the system (A) has an exact strongly decreasing solution (¢ ~%logz, (tlog?)™!).

4. Strongly increasing solutions of (B)

We turn our attention to the study of strongly increasing solutions of system (B)
satisfying conditions (a) and (b). One of our main results here is the following theorem
which enables us to find the desired solutions in the class of nearly regularly varying
solutions of positive indices.

THEOREM 4.1. Let A and U be constants satisfying the linear system of inequal-
ities
A+l+a(u+1)>0, BA+1)+u+1>0, (4.1)
and define p > 0 and ¢ > 0 by (3.2). Suppose that p(t) and q(t) are nearly regularly
varying functions of indices A and [, respectively, given by (3.3). Then, system (B)
possesses a nearly regularly varying solution (x(t),y(t)) of positive index (p,0) such
that

(I)X{t”"‘p(t)q(t)“]ﬁ7 y(t)x{t”ﬁp(t)%(t)}liﬁ, (e (42)

! po” pPo

We notice that a strongly increasing solution (x(z),y(¢)) of (B), if exists on [T,eo),
satisfies the following system of integral asymptotic relations

w0~ oo s, 30~ [qonlds 1= @R)

The proof of Theorem 4.1 heavily depends on the fact that accurate information can be
acquired about regularly varying solutions of (BR) provided p(¢) and ¢(¢) are regularly
varying.
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LEMMA 4.1. Suppose that p(t) € RV(A) and g(t) € RV (u) are expressed in
the form (3.5). Relation (BR) possesses regularly varying solutions of index (p, o)
with p >0 and ¢ > 0 if and only if (A,U) satisfies the system of inequalities (4.1),
in which case p and ¢ are given by (3.2) and the asymptotic behavior of any such
solution (x(t),y(t)) of (BR) is governed by the unique formula

AN e 71 L N G 10\

— oo, 4.3
o0 oG ,t (4.3)

Proof of lemma 4.1. (The “only if” part) Suppose that (BR) has a regularly varying
solution (x(¢),y(¢)) of positive index (p, o) which exists on [T, o) and is expressed in
the form (3.7). Then,

1 !
o)~ [ s, 0~ [ ImE @ s 1o (@)
T T
The divergence of the above integrals as ¢t — oo implies that A + o6 > —1 and u +
Bp > —1. The possibilities A + o6 = —1 and u + fp = —1 should be excluded
because

/[s_ll(s)n(s)ads €SV, /ts_lm(s)’g'(s)ﬁds €SV,
T T

by (iii) of Proposition 2.5. Therefore, we must have A + oo > —1 and u+ fp > —1,
in which case from Karamata’s integration theorem ((i) of Proposition 2.5) applied to
the integrals in (4.4) we obtain

A+ao+l o +Bp+1
il 0L NN o101 ) LR
A+aoc+1 u+pp+1
which shows that x(¢) and y(r) are regularly varying of positive indices A + oo + 1
and i+ Bp + 1, respectively. Consequently, we must have p =A + o6+ 1 and 6 =
w+ Bp+ 1, from which it follows that the positive constants p and ¢ are uniquely
determined by (3.2). We note that (4.5) can be rewritten as

Nﬂ“l(t)y(t)“ tp(t)y(t)*

x(1)

x(t) = ;
p p
JE) ~ t”“mgt)x(t)ﬁ _ tq(t):(t)ﬁ’ A

which implies

N 1% p(1)g(r)%x(t) P
po

B (1) g(0)y(0)*

x(1) Fo

;o (1)

, 1 — oo,
Clearly, this leads to the asymptotic formula (4.3) for (x(z),y(z)).

(The “if” part) Let (A,u) satisfy (4.1) and define (p,o) by (3.2). Consider the
regularly varying function (X (¢),Y(¢)) defined by

X() = [tl+al;(;)aq(t)a] 171(1/37 Y() = [tl+l32g)6ﬁq(t) =8 (4.6)
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It can be verified that (X (¢),Y (¢)) satisfies the system of asymptotic relations (BR)
forany T > a. In fact, rewriting (4.6) as

= [,y e L50]

we compute via Karamata’s integration theorem as follows:

/ p ads_/t A+aol( )[l(sl)j;Z( )} l—ofxﬁds

_/ p— 1l pﬁG( )} l—ofxﬁds
aalo, 1(6)Pm(t )

~

P pPo
:X(t)7
as t — oo, and similarly
0 o, B
s~ MO [HOmO ) ey .
/q ds p [ pod ] Y(1), 1t .

This completes the proof of Lemma 4.1. [

Proof of Theorem 4.1. Let (A, ) satisfy (4.1) and define (p,c) by (3.2). Define
pa(t) and g, () by (3.11), which satisfy (3.12) for some positive constants k,K,I,L,
and let X, () and Y, (r) denote the functions defined by (4.6) with p(r) and ¢(t) re-
placed by p,(t) and gy (1), respectively. Since (X (z),Y,(t)) satisfies relation (BR),
there exists 7Ty = a such that

/m VY (s)%ds < 2X;.(1) /q# X ()Pds W), 12T, (47)

We may assume that X, (r) and Y, (¢) are increasing for r > Ty. Using (BR) again, we
see that there exists 77 > Ty such that

L 1
/m Wi (5)%ds > 5X /qy I (Pds > SVule), 12T (48)
We now choose (a,b),(A,B) € R? sothat a <A, b < B,
1 1
a<okb®, b<SlaP, 4KBY <A, 4LAP <B, (4.9)

and
1 1
aX, () < EAX;L(TO), bY,(Th) < EBY,L(TO). (4.10)

It is easy to check that (4.9) and (4.10) are consistent. Let 2 be defined to be the set
of continuous vector functions (x(z),y(¢)) on [Tp,e) such that

aX; (1) <x(t) <AX) (1), bYu(r) <y(t) <BY,(r), t=>To, (4.11)
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and consider the mapping @ : 2" — C|[Tp, ) xC[Tp, ) given by
O(x(1),y(t)) = (Fy(1),9x(1)), =T, (4.12)

where . and ¥ stand for the integral operators
—x0+/ p(s)y(s)%ds, y0+/ q(s)x(s)Pds, t>Ty, (4.13)

where x¢ and yg are positive constants satisfying
1 1
aX;L(Tl) ng < EAX)L(TO), bYIJ(Tl) gy() < EBY“(TO)' (414)

It is proved without difficulty that @ is a continuous self-map of 2~ with the
property that ®(2") is relatively compact in C[Tp, ) xC[Tp,=). Let (x(¢),y(t)) € Z .
Using (4.7) - (4.11), we see that

ﬁy(t) > X9 = aX;L(Tl) > aX;L(t), To<t<T,

and

F30)> [ pe)ds> [ty ()0 0)ds

1
> EkbaX)L(t) >aX, (1), t=T.

On the other hand, we have for r > Tj

F30) < AT + [ Kpa0) (B8 ()

— N

< ZAX) (t) +2KBYX, (1)

| — o

1
2A)Q 1)+ EAX;L(I) =AX; (1).
This implies that aX) (1) < Zy(t) < AX) (¢) for t > Ty. And entirely analogous com-
putations apply to &, showing that bY), (1) < ¥x(r) < BY,(t) for t > Ty. It follows that
D(x(1),y(t)) € Z . The relative compactness of ®(Z2") follows from the inclusion
®(27) C 2 and the inequalities

0< (Fy) (1) <B p(0)Yu()®,  0<(@x)(1) <APq(0)X ()P, 1> Th,

holding for all (x(7),y(r)) € Z . To confirm the continuity of @ it suffices to con-
sider any sequence {(x,(r),y,(f))} in 2" convergingto (x(¢),y(¢)) € Z uniformly on
compact subintervals of [Ty, o) and verify that .Zy, (1) — Fy(t) and Gx,(t) — Gx(t)
uniformly on any compact subinterval of [Tp, ) by applying the Lebesgue dominated
convergence theorem to the following integrals

t

| Fyn(t) — Fy(t)| < a p($)|ya(s)* —y(s)¥|ds,
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t

|G, (1) —9x(1)| < Toq(s)|xn(s)ﬁ—x(s)ﬁ\ds, 1>T.

Consequently by the Schauder-Tychonoff fixed point theorem @ has a fixed point
(x(2),y(z)) € 2, which satisfies the system of integral equations

x(t) =xp+ /Tt p(s)y(s)%ds, y()=yo+ /Tt q(s)x(s)ﬁds, t>Tp.

It follows therefore that (x(¢),y(¢)) provides a strongly increasing solution of system
(B) which is nearly regularly varying of index (p,c). This completes the proof of
Theorem4.1. [

As the next theorem shows, under the stronger assumption that p(¢) and ¢(z) are
regularly varying functions, the full regularity of the solutions obtained in Theorem 4.1
can be proved via the generalized L’Hospital rule (Lemma 3.2), so that the existence
of regularly varying solutions with positive indices 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 |, respectively. System (B) possesses regularly varying solutions (x(t),y(t)) such
that

x(r) €RV(p), y()eRV(c), p>0,0>0,
if and only if (4.1) holds, in which case p and o are given by (3.2) and the asymptotic

behavior of any such solution is governed by the formulas

o+1 o # B+1 B 1710!
st [ LI T2y o [T )

EXAMPLE 4.1. Consider system (B) with

p(t) <2t %exp((1+ a)/logt),
q(t) <3 Plexp(—(1+B)y/logt), 1 — oco.

This means that (3.3) holds with A =1 -3¢, u =2(1—f3),
1(r) =2exp((1+ a)\/logr) and m(r) =3exp(—(1+ B)\/logr).
Since
A+l+au+1)=2(1—0B)>0 and BA+1)+u+1=3(1-0of)>0,

(3.2) determines the constants p =2 and ¢ = 3, and we have

m(t)% Bm
%:exp((l—aﬁ)\/logt% l(tl))ﬁic(t):exp((aﬁ—l) /I_Ogt).
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Therefore, by Theorem 4.1 this system (B) possesses a strongly increasing solution
(x(2),y(r)) such that

x(1) =< r*exp(y/logt), y(t) < exp(—+/logt), t— co.

If p(r) and ¢g(r) are regularly varying functions such that

p(t) ~ 2" %exp (14 )y /logr),
q(t) ~ 32 Plexp (— (1+B)y/logt), 1 — oo,

then by Theorem 4.2 system (B) possesses strongly increasing solutions which are reg-
ularly varying of index (2,3) all of which enjoy the unique asymptotic formulas

x(1) ~t*exp (y/logt), y(t) ~tPexp(—+/logt), t— oo

If in particular
1
p(t) =2t"%exp((1+ a)/logt) <1 + r\/@),
1
q(t) = 3t2(17ﬁ)exp(—(l +ﬁ)\/ logt) <1 — T@)’

then the system (B) has the following exact strongly increasing solution

(t*exp(y/logt), 1> exp(—+/logt)).

5. Application to generalized Thomas-Fermi equations

We conclude this paper with a remark that our main results for systems (A) and (B)
can be used to produce new results on the existence and precise asymptotic behavior
of strongly monotone regularly varying solutions for the generalized Thomas-Fermi
differential equation

(p()[X'| ') = ()P, (5-1)
where o, 3 are positive constants such that o > 8 and p(t), ¢(¢) are positive contin-
uous functions on [a,e<). An important feature of our results is that we do not need to
distinguish the two cases

M [Zpe) V%t = oo, ) [ p(r)~ Yt < oo,

as was done by some authors.
A positive solution x(7) of (5.1) is said to be strongly decreasing if it satisfies

limx(r)=0 and lim p(t)ax () =0 (5.2)

f—o0 f—o0

and strongly increasing if it satisfies

limx(r) e and lim p(t)ax (1) = o. (5.3)

[{—o0

(It is easy to see that if we define the functions
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P(t) = ['p(s)""/%ds inthecase (), =(t)= ["p(s)~"/%ds in the case (II),

then (5.2) is equivalent to a single condition

t
limx(r) =0 if(D)holds and lim & =0 if (IT) holds.
{00 t 00 TL'(Z)
Similarly, (5.3) reduces to:
lim ﬂ =co inthecase (I), and limx(z) =oco in the case (II).)
t—so0 P([) - ’ —so0 - '

Let x(7) be a strongly decreasing (resp. strongly increasing) solution of equation
(5.1) and put y(r) = p())(—<'())* (resp. ¥(r) = p(t)x'(1)). Then, (x(r),¥(t)) is a
strongly decreasing (resp. strongly increasing) solution of the following system of first
order differential equations

X p)eye =0, Y +q)xF =0, (5.4)

aya, Y =q(t)xﬁ>- (5.5)

In order to study these systems in the framework of regular variation we need
to require that p € RV(A) and g € RV(u) and that they are expressed in the form
p(t) =1*1(r) and g(t) = t*m(t) with [,m € SV.

We are now in a position to apply Theorems 3.2 and 4.2 to the systems (5.4) and
(5.5), respectively. From Theorem 3.2 applied to (5.4) we see that (5.4) has strongly
decreasing solutions (x(¢),y(7)) such that x € RV(p) and y € RV(0) for some negative
p and o if and only if

(resp. X =plt)

o—A+pu+1<0 and PBla—A)+a(u+1)<0,
in which case p and ¢ are determined uniquely by

_athtudl gy g Blesbrautl) (56)

a—p a—p

On the other hand, from Theorem 4.2 it follows that (5.5) has strongly increasing solu-
tions (x(¢),y(z)) such that x € RV(p) and y € RV(0) for some positive p and o if
and only if

o—2A+u+1>0 and Bla—A)+a(u+1)>0,

in which case p and o are given by (5.6).
As easily seen, if o > A, then

o0—A+u+1<0 implies B(oc—A)+o(u+1)<0,

and
Ble—A)+o(u+1)>0 implies a—A+u-+1>0.
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Similarly, if o < A4, then
Blo—A)+o(u+1)<0 implies a—A+u+1<0,

and
oo—A+u+1>0 implies B(oc—A)+o(u+1)>0.

The above-mentioned statements concerning the strongly monotone solutions of
systems (5.4) and (5.5) can be transformed into the following theorems on the strongly
monotone regularly varying solutions of the generalized Thomas-Fermi equation (5.1).

THEOREM 5.1. Suppose that p € RV(A) and g€ RV (u). (i) Let A < o.. Then,
equation (5.1) possesses strongly decreasing regularly varying solutions in RV (p) with
p <0 ifandonly if o« — A+ u+1 <0, in which case the regularity index p is uniquely
determined by

o—A+u+1
= o p ,
and the asymptotic behavior of any such solution x(t) is governed by the unique decay
law

(5.7)

1
A sl Oy DN
(=p)*(a—A—ap)
(ii) Let o0 < A. Then, equation (5.1) possesses strongly decreasing regularly varying
solutions in RV (p) with p < % if and only if B(ot—A)+ o1+ 1) <0, in which
case the regularity index is uniquely determined by (5.7) and the asymptotic behavior
of any such solution x(t) is governed by the unique decay law (5.8).

t — oo, (5.8)

THEOREM 5.2. Suppose that p € RV (A) and g € RV (1). (i) Let A > o. Then,
equation (5.1) possesses strongly increasing regularly varying solutions in RV (p) with
p >0 ifandonly if o« — A+ u+ 1> 0, in which case the regularity index p is uniquely
determined by (5.7) and the asymptotic behavior of any such solution x(t) is governed
by the unique growth law

1 p()q(r) 177
X(l) ~ {m} , 1 — oo, (59)

(ii) Let oo > A. Then, equation (5.1) possesses strongly increasing regularly varying
solutions in RV (p) with p > % if and only if B(ot —A)+ o1+ 1) > 0, in which
case the regularity index is uniquely determined by (5.7) and the asymptotic behavior
of any such solution x(t) is governed by the unique growth law (5.9).

We note that the above theorems generalize some of the recent results of Kusano
et al. [8] concerning the special case of (5.1) with p(r) = 1.
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