SLOWLY VARYING SOLUTIONS OF A CLASS OF FIRST ORDER SYSTEMS
OF NONLINEAR DIFFERENTIAL EQUATIONS

JAROSLAV JAROS AND KUSANO TAKASI

ABSTRACT. We analyze positive solutions of the two-dimensional systems of nonlinear differential equa-

tions
(A) o +pt)y* =0, ' +aqt)a’ =0,
(B) o =p(t)y®, ' =q(t)aP,

in the framework of regular variation and indicate the situation in which system (A) (resp. (B))
possesses decaying solutions (resp. growing solutions) with precise asymptotic behavior as ¢ — co.

1. INTRODUCTION

This paper is devoted to the study of the existence and precise asymptotic behavior of positive
solutions of two simple classes of first order systems of nonlinear differential equations the form

(A) o +p(t)y* =0, ' +q(t)a” =0,
(B) o =plt)y*, ¥ =q(t)’,
Go back where the following assumptions are always assumed to hold:

(a) a and B are positive constants such that af < 1;

Full Screen

Received November 12, 2012; revised February 6, 2013.

Close 2010 Mathematics Subject Classification. Primary 34C11, 26A12.

Key words and phrases. systems of differential equations; positive solutions; asymptotic behavior; regularly varying
Quit functions.




Go back

Full Screen

Close

Quit

(b) p(t) and ¢(t) are positive continuous functions on [a, o).

The aim of this paper is to show how an application of the theory of regular variation gives the
possibility to acquire as detailed information as possible about the asymptotic behavior at infinity
of solutions (x(t),y(t)) of (A) such that lim; o x(t) = lim;— o y(¢) = 0, which are referred to as
decaying solutions of (A), and solutions (z(t),y(t)) of (B) such that lim;_, o () = lims— 00 y(t) =
00, which are referred to as growing solutions of (B). Such solutions will be constructed as solutions
of the integral equations

x(t) = / ey o) / = el ST,

and

¢ t
o0 =20+ [ pe)e(e)ds, yO=wo+ [ a(s)als)ds >,

T T
xg > 0, yo > 0 and T > a being constants in the class of nearly regularly varying functions with
specific asymptotic behavior at infinity. The Schauder-Tychonoff fixed point theorem is employed

for this purpose.

For the in-depth analysis of oscillation and asymptotic behavior for systems of nonlinear dif-
ferential equations the reader is referred to the book of Mirzov [7]. As for systems (A) and (B)
under consideration, it is very difficult to characterize the existence of decaying (resp. growing)
positive solutions and determine their precise asymptotic behavior at infinity in the case p(t) and
q(t) are general positive continuous functions. However, if we limit ourselves to systems (A) and
(B) with regularly varying coefficients p(t) and q(t), then fairly detailed and precise information
can be acquired about the existence and precise asymptotic behavior of regularly varying solutions
of (A) or (B). For related results see [2]-[5].



It is hoped that the present work will be a step towards deep and systematic investigations of
positive solutions of general multi-dimensional systems of differential equations based on the use
of the theory of regular variation combined with fixed point techniques.

2. REGULARLY VARYING FUNCTIONS

For the reader’s convenience we recall here the definition of regularly varying functions, nota-
tions and some of basic properties including Karamata’s integration theorem which will play an
important 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
indezr p € R if it satisfies

lim w =\ for all A > 0,
A% 70

or equivalently it is expressed in the form

F(t) = e(t) exp {/tt @ds} >4

0 S

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

tlg(r)lo c(t) =co € (0,00) and tli)Igo o(t) = p.

If ¢(t) = co, then f(t) is called a normalized regularly varying function of index p. 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) = tPg(t) with g(t) € SV. So, the class SV of slowly varying functions
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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
H(logn ), oy €R, and exp { H(logn t)ﬂ"} , Bn€(0,1),

n=1 n=1

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

L(t) = exp {(log t)% cos (log t)% }
is a slowly varying function which oscillates in the sense that

limsup L(t) = oo and liminf L(¢) = 0.
t—o00 t—o0

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; o, 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)) is
used to denote the set of all trivial RV (p)-functions (or the set of all nontrivial RV (p)-functions).

The regularity of differentiable positive functions can be decided by the following simple criterion
(see [6]).

Proposition 2.1. A differentiable positive function f(t) is a normalized reqularly varying func-
tion of index p if and only if

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. Here and throughout the symbol ~ is used to denote the asymptotic equivalence, that
is,

t
m I _

f@t)~g(t), t— o0 — Am

Proposition 2.2. Let L(t) € SV. Then,

(1) ’LfOl > _1;
t
/a s*L(s)ds ~ %Ht““L(t), t — o0;
> @ _ 1 a+1 .
/t s*L(s)ds ~ ——F1*TL(D), ¢ = oo;
(i) if o = —1,
I(t) :/ %ds € SV and tli}m lLtt)) =0,
and .
m(t) 2/ @ds € SV and lim 240) =0.
t B} t—o00 m(t)

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

I1<A< )Ny = m< % < M for all large t.
The totality of regularly bounded functions is denoted by RO. It is clear that RV(p) € RO for
any p € R. Any function which is bounded both from above and from below by positive constants
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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.

Notation 2.1. Let f(t) and g(t) be two positive continuous functions defined in a neighborhood
of infinity, say for ¢ > T. We use the notation f(t) < g(¢), 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(¢) < g(t), t — oo, but not conversely. It is easy to see
that if f(t) < g(t), t = oo, and if lim;_, g(¢) = 0, then lim;_, o, f(¢) = 0.

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

Since 2 + 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(¢) € 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
-

A vector function (z(¢),y(t)) defined on some interval [T, 00) is called positive if both z(t) > 0
and y(¢) > 0 for ¢ > T and is called regularly varying (or nearly regularly varying) of index (p, o)
if 2(¢) and y(¢) 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¢ [6] for the comprehensive survey of results up to 2000
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on the asymptotic analysis of second order linear and nonlinear ordinary differential equations in
the framework of regular variation.

3. DECAYING SLOWLY VARYING SOLUTIONS OF (A)

In order to have slowly varying solutions (x(t),y(t)) for (A) (or (B)) it is necessary that p(t) €
RV(—1) and q(t) € RV(—1), that is, p(t) = t~!I(¢) and q(t) = t~'m(t) for some I,m € SV. This
means that p(t) ~ L(t)q(t), ¢ — oo, for some L € SV. The simplest choice of L(t) is L(t) = 1,
which we are concerned with in this paper hoping to have an insight into the structure of slowly
varying solutions of (A) (or (B)) with general admissible p(¢) and ¢(t).

We recall that a decaying solution (z(t),y(t)) of (A) defined in [T, 00) satisfies the system of
integral equations

(1) o= [ s yO = [ o))’ 121,
t ¢
We associate with (IA) the system of asymptotic relations
(AR) o®)~ [ pErds u®~ [ a@alods 1o
¢ t

which may be regarded as an approximation of the system (IA) at infinity. The following result
concerning (AR) will be crucial in constructing decaying slowly varying solutions of (IA).

Theorem 3.1. Suppose that p(t) and q(t) are regularly varying functions of index —1 such
that p(t) ~ q(t) as t — co. Then, the asymptotic system (AR) possesses decaying slowly varying
solutions if and only if p(t) and q(t) are integrable on [a,00) are in such case the asymptotic



behavior of all such solutions (x(t),y(t)) of (

AR) is governed by the formulas
ati [0 1&_&_1[3
/ p(s)ds] , t — oo,

t

1-— 1
(3.1) 2(t) ~ | aff (gil
_B_
1- 1\ 7 [ £
(3.2) y(t) ~ [ B+af (i—ily /t q(s)ds] Lt

Proof. We begin with the proof of the “only if” part of the theorem. Let (z(t),y(t)) be a
decaying slowly varying solution of (AR) on [T, 00). Put

(3.3) (1) = / " p(s)y(s)eds, n(t) = / " i(5)a(s)Pds.

Notice that &(¢) and n(t) are slowly varying because p(t) and ¢(t) are in RV(—1). Then, using
(3.3) we have

a(6)x(t)°€' (t) = —p()a(t)a(t)’y(1)* = p(t)y)* ' (),  t=T,
which in view of p(t) ~ ¢(t), t — oo, implies that

B+1N’ atly’
B¢t ~ a, / : f(t) ~ 77(15)
(0P @ ~ w0, e, (S ) ~(BET) .t

Integrating the above from ¢ to oco yields
B )t

(3.4) B+1 a+1

whence it follows that

ﬁ a+1 "‘;'H Aol
0~ (27) 7m0, w0~ (57)7 0 1o




which is clearly equivalent to

£(t) ~ (B“)ﬁy@

G
:

a+1

1
1\ aF1
y(t) ~ (Z—L) 2, oo

(3.5)

Using (3.5) in (3.3), we obtain the following system of asymptotic relations for z(¢) and y(t) for
t — 00

= e e
x<t>~(“—“) | et s
t

B+1
(3.6) s e
+1 B(a+1
y(t) ~ (Q—H) | e as

Let u(t) denote the right-hand side of the upper relation in (3.6). Then, the upper relation can
be converted into the following differential asymptotic relation for w(t)

a(B+1

e . N
i (t) = (‘” ) Do) "SR (“* ) plEyult) S

CES R VFT

or

[e% 1 O‘LH
(3.7) —u(t)——iﬁrl’u'(t)w(““) p(t), t— oo.



Integrating (3.7) from ¢ to co and noting that u(t) — 0 as t — oo, we see that p(t) is integrable
on [a,00) and obtain

1—aB (a+1 aH oo e
(3.8) o(t) ~ ult) ~ | = (W) /t p(s)ds|  , to oo

Denoting by v(t) the right-hand side of the lower relation in (3.6) and arguing as above, we conclude
that ¢(t) is integrable on [a,00) and the asymptotic formula for y(¢) is given by

B+1

B8 1-aB
1- 1\ [
3 +a16 (gi 1) /t q(s)ds] , t— o0.

This finishes the proof of the “only if” part, of Theorem 3.1. To prove the “if” part it suffices to
show that if p(¢) and ¢(t) are integrable on [a,c0), then the vector function (X (t),Y (¢)) defined

(3.9) y(t) ~o(t) ~

a+t1
1-af (a+1 T/oo (e}l o
a+t1 \B+1 A ’

- 1-aB
1-af (B+1)P7 [
B+1 (a+1) /t q(s)ds] '

satisfies the system of asymptotic relations

X(t) =

Y(t) =




(3.11) ~
Y (t) ~ /t q(s)X (s)?ds, t — 0.

But this is a matter of straightforward calculation of rudimentary nature. For example, the validity
of the first relation is confirmed as follows:

(o)
1 — el °
p ( r] ds

| soveras= [ ae )7
1/3_+0‘f (a ) o 7“] s
B

o /t h
(ﬁ—> 1/8_+a1 (a > - S]
X(t), t — 0.

This completes the proof. |

One of our main results in this section is the following theorem which ensures the existence of
decaying solutions for (A) in the class of slowly varying functions.

Theorem 3.2. Let p(t), q(t) be positive continuous functions which are integrable on [a,c0)
and are nearly regularly varying of index —1. Assume that p(t) < po(t) € RV(—1), q(t) < qo(t) €



RV(—1), and po(t) ~ qo(t) as t — oo. Then, the system (A) possesses a decaying slowly varying
solution (x(t),y(t)) such that for t — oo,

1 — 1)+t oo e
(3.12) x(t) < a+a1ﬂ (g—il) /t po(s)ds] ,
8 =55
_|1=aB (BH1\FTT [
(3.13) y(t) < 11 (a——l—l) /t QO(S)dS] .

Proof. By hypothesis there exist positive constants k£ and K such that

(3.14) kpo(t) < p(t) < Kpo(t),  kqo(t) < q(t) < Kqo(t), t>a.

Let Xo(t) and Yy(t) denote the functions defined by

l1—aB [a+1\a+T [ e
xo0) = ' (57) " [ meeas|
(3.15) L e
1- 1\ 7 [ °
Yo(t) = - +a1ﬂ (ijrr 1) /t qo(s)ds]

As shown in Theorem 3.1, (Xo(t), Yo(t)) satisfies the system of asymptotic relations

(3.16) Xo(t) ~ /too po(s)Yo(s)%ds, Yo(t) ~ /too qo(s)Xo(s)ﬂds, t — oo,



from which it follows that there exists 1" > a such that

and
1 (o)
(3.18) SYolt) < /t qo() Xo(s)Pds < 2Yp(t), t>T.

Let us define W as the set of continuous vector functions (x(t),y(t)) € C[T,00)xC[T,c0)
satisfying
(3.19) aXo(t) < z(t) < AXo(t), bYo(t) < y(t) < BYy(t), t>T,

where the positive constants a, A, b, B are required to satisfy the inequalities
k k
(3.20) a< 5ba, 2KB*< A, b< §a/3, 2K AP < B.

It is easy to see that there is an infinitely many such choices of (a, 4, b, B). For instance, one can
choose

A= k A
a=<§> , A= (2K)T%p, b=(§) , B=(2K)Tes.

Clearly, W is a closed convex subset of the locally convex space C[T', 00) xC|[T’, 00).
Consider the integral operators

Fy®)= [ p(s)y(s)*ds,
(3.21) /t

Gz(t) = /oo q(s)z(s)Pds, t>1T,



and define the mapping ®: W — C[T, c0)xC[T, 00) by
(3.22) (x(t), y(t)) = (Fy(t),Gx(t)), t=T.
It can be proved that ® is a continuous self-map on W and sends W into a relatively compact

subset of C [T, 00) xC[T', 00).
(i) ®(W) c W. Let (z(t),y(t)) € W. Then, using (3.16)—(3.22), we see that for t > T,

Py(t) < KB® / po(5)Yo(s)ds < 2K B Xo(t) < AXo(2),
t
e k
Fy(t) > kbo‘/ po(s)Yo(s)%ds > §b°‘X0(t) > aXo(t),
t
Gz(t) < KAP / qo(8)Xo(s)Pds < 2K APY,(t) < BYo(2),
t
s [T Bas > £y
Gz(t) > ka qo(s)Xo(s)’ds > 29 Yo(t) > bYo ().
¢
This shows that ®(x(t),y(t)) € W. Implying that ® maps W into itself.

(ii) ®(W) is relatively compact. The inclusion ®(W) C W guarantees that ®(W) is uniformly
bounded on [T, c0). From the inequalities

0> (Fy)'(t) = —p(Oy()* >
0> (Ga)'(t) = —q(D)(t)’ >
Yy

holding for ¢ > T and for all (z(¢),y(t)) € W, it follows that ®(W) is equicontinuous on
[T, 00). The relative compactness then follows from the Arzela-Ascoli lemma.



(iii) @ is continuous. Let {(x,(t),yn(t))} be a sequence in W converging to (z(t),y(t)) € W
uniformly on any compact subinterval of [T, c0). Noting that

|Fyn(t) = Fy(t)] < /toop(S)lyn(S)“ —y(s)"|ds,
|G (t) — Ga(t)] < /too a(s)lzn(s)” —y(s)’|ds,

for t > T and applying the Lebesgue dominated convergence theorem to the above integrals,
we find that Fy,(t) — Fy(t) and Gz, (t) = Gz(t) as n — oo uniformly on [T, 00), which
implies that

q)(xn(t)’yn(t)) = (Fyn(t)’ Gxn(t))
— (Fy(t), Gz(t)) = ®(x(t),y(t)) as n — 0o,

the convergence being uniform on [T, 00). This establishes the continuity of ® in the topology
of C[T, 00)xC|T, 00).
Therefore, by the Schauder-Tychonoff fixed point theorem, there exists(x(t),y(t)) € W such
that (z(t),y(t)) = ®(x(¢),y(t), t > T, that is,

o0

(o)
o0 = [ poErds w0 = [ a@alods =T
t t
This means that (x(¢),y(¢)) is a solution of the differential system (A). That z(t) and y(t) are
nearly slowly varying functions satisfying (3.12) and (3.13), respectively, is a consequence of the
fact that (z(t),y(t)) is a member of .



It remains to verify that (x(t), y(t)) is really slowly varying. For this purpose we note that

2(t) = /t = p(s)y(s)2ds = Xo(t),

(3.23) .
y(t) :/t q(s)z(s)Pds < Yy(t), b s,

and

(3.24) —a'(t) = p(t)y(t)* < po(t)Yo(t)",

—y'(t) = q(t)x(t)? = qo(t) Xo(t)?, t — oo.

According to Proposition 2.1 in order to make sure that z(¢) and y(t) are slowly varying, it suffices
to show that

/ /
(3.25) im ¢ 2O _o 1m LY
t—00 m(t) t—o0 y(t)
It is convenient to rewrite Xo(¢) and Yo(t) as
o0 55 oo 55
X0 = [ [T meas] T~ 3 [Caea] T e
t



Using (3.23), (3.24) and the above simplified expressions for Xo(t) and Y5(t), we obtain

_tx/(t) _ tpo(t) [Nj;oopo(s)ds]al(f_:;)
(3.26) 2 (A [ po(s)ds] =
_ (a4 Dipo(t) .
~ (1-ap) [ po(s)ds’ v e,
and similarly,
(3.27) YO B+ Dig) .

y(t)  (1—aB) ftoo qo(s)ds’
Since po(t) and qo(¢) are regularly varying of index —1, from Karamata’s integration theorem it
follows that o o

. tpo(t . tqo(t

l —_— = 1 —_— =

ti>rgo ftoo po(s)dg t;lgo j;oo qo(s)ds
which, combined with (3.26) and (3.27), ensures that (3.25) holds true as desired. Thus, both x(t)
and y(t) are slowly varying functions. This completes the proof. O

As the next result shows, under the stronger assumption that p(t) and ¢(t) in Theorem 3.2
are regularly varying functions, the existence of decaying slowly varying solutions for (A) can be
completely characterized.

Corollary 3.1. Let p(t), q(t) be continuous regularly varying functions of index —1 such that
p(t) ~ q(t) ast — co. Then, system (A) possesses decaying slowly varying solutions if and only if
p(t) and q(t) are integrable on [a,0), in which case the asymptotic behavior of all such solutions
(x(t),y(t)) is governed by the formulas (3.1) and (3.2).



Example 3.1. Consider the system of differential equations
(3.28) o +p(ty* =0, y +q(t)z’ =0,
where p(t) and ¢(t) are positive continuous functions on [e, 00).
(i) Suppose that p(t), q(t) are continuous nearly regularly varying functions of index —1 such
that p(t) < r(t) and ¢(t) < r(t) as t — oo, where r(t) € RV(—1) satisfies
r(t) ~ (a+1)"551 (B + 1)~ 71t (logt) " @IDGHT, ¢ — oo.

Then, system (3.28) possesses a slowly varying solution (z(t),y(t)) such that

2(t) = (8 + 1)+ (log )71,
y(t) < (a+1)a (logt)~aF1,  t— oo.

(ii) Suppose that p(t) and ¢(t) are continuous regularly varying functions of index —1 satisfying
o __atp
p(t) ~ q(t) ~ (@ + 1)~ (8 + 1)~ 71t (logt) " =HIGID, ¢ — 0.

Then, system (3.28) possesses slowly varying solutions (z(t),y(t)) and all of them enjoy the
following precise asymptotic behavior at infinity:

2(t) ~ (8 + 1) (logt) "7+,
y(t) ~ (a4 1)71 (logt) "=+,  t— oo.



4. GROWING SLOWLY VARYING SOLUTIONS OF (B)

Let (x(t),y(t)) be a growing slowly varying solution of (B) on [T, c0), T > a. Then, it satisfies the
system of integral equations

t t

(1B) o®) =20+ [ pou(s)ds, &) =w+ [ aea(s)ds, 2T,
T T

where xg > 0, yo > 0, and hence the system of asymptotic relations
t t

(BR) i)~ / dOErds  wi)~ / g(s)z(s)Pds, t>T.
T 0

An analogue of Theorem 3.1 is the following result.

Theorem 4.1. Suppose that p(t) and q(t) are regularly varying functions of index —1 such
that p(t) ~ q(t) as t — oo. Then, the asymptotic system (BR) possesses growing slowly varying
solutions if and only if

(4.1) /:O p(t)dt = /aoo q(t)dt = oo,

and in such case the asymptotic behavior of all such solutions (x(t),y(t)) of (BR) is governed by
the formulas

1-aB 1\ [t e

—« a4+ R

(4.2) o) ~ |- (ﬁ) /a p(s)ds] . tooo,
1—af (B+1\77 [t =
— 1

(4.3) )~ |5 (a—+1> / q(s)ds] . tooo.




Proof. (The “only if” part) Let (z(t),y(t)) be a growing slowly varying solution of (AR) on
[T, 00). Put

(4.4) £(t) = /T p(s)y(s)°ds,  n(t) = /T a(s)(s)Pds.

Notice that £(¢) and n(t) are slowly varying because p(¢) and ¢(¢) are in RV(—1). Then, using
(4.4), we have

q(D)()P¢ (1) = p(H)q(t)x (D)’ y(t)* = p()y(H)*n' (1), ¢>T,
which in view of p(t) ~ q(t), t — oo, implies that

BN’ a+1y’
B¢t ~ o ! . f(t) ~ 77(15)
(0@~ w0, e, (S ) ~(BET) .t
Integrating the above from 7" to ¢ yields

EPH e
B+1 a+1

(4.5) , t— o0,

whence it follows that

7 atl o1 +1
0~ (2) 0, a0~ (557)7 0, o,

which is clearly equivalent to

(46) x<t>~(§—ji)ﬁy<t)ﬁ+u v~ (557)7 s, o,

i




Using (4.6) in (4.4), we obtain the following system of asymptotic relations for z(¢) and y(t) for

t — oo:
0~ (55) () s,
T
(4.7) g4y o
iRl Blat1)
v~ (25) 7 [ atormte) i as.

Let u(t) denote the right-hand side of the upper relation in (4.7). Then, the upper relation can
be converted into the following differential asymptotic relation for u(¢):

)= (557)7 pe@ R ~ (55) 7 poutn
or
o 1\ &+t
(4.8) u(t)” ;ﬁjlpu/(t)N(;%) p(t), t— oo.

Integrating (4.8) from T to ¢ and noting that u(t) — oo as t — oo, we see that p(t) is not integrable

on [a,c0) and obtain
a+1
1—aB (a+1\ar [t e
a1 m _ p(S)dS , ©—o0.

Let v(t) denote the right-hand side of the lower relation in (4.7). Arguing as above, we conclude
that ¢(t) is not integrable on [a, c0) and the asymptotic formula for y(t) is given by
B+1

1—a

(4.10) y(t) ~v(t) ~ [1-—&@ (M)FiL It q(s)ds] b oo

(4.9) x(t) ~u(t) ~

B+1 \ a+1



This finishes the proof of the “only if” part of Theorem 4.1.
(The “if” part) It suffices to show that if p(¢) and ¢(¢) are not integrable on [a, o), then the
vector function (X (t),Y(t)) defined by

1- 1\ =+t e
X(t) = (Halﬁ (;L) / p(s)dS] ,
(4.11) L
_B_ 1—aB
_|1—aB (B+1\PT [f
A (a+1> /aq(s)dS] '

satisfies the system of asymptotic relations

(4.12) X(t) ~ / p(s)Y (s)“ds, Y (t) ~ /tq(s)X(s)ﬁds, t — 0.

But this is a matter of straightforward calculation of rudimentary nature. For example, the validity
of the first relation is confirmed as follows:

t t 1 1 F‘B_ . %%l
[ reroras= [ o 222 (20) [ q(r)dr] ds
t o T1-ap (17 [ =
N/a p(s) B+1 (a_—l-l) /a p(r)dr ds
__1 B %
1 T(1-— 1\ 1 [t
~ <a_:[1> + ﬁflﬂ <§Il> / p(S)dS] = X(t), t — oo.
Quit a




This completes the proof. O

A dual result to Theorem 3.2 is the following theorem.

Theorem 4.2. Let p(t) and q(t) be positive continuous functions which satisfy (4.1). Assume
that p(t) < po(t) € RV(—1), q(t) < qo(t) € RV(—1) and po(t) ~ qo(t) ast — co. Then, the system
(B) possesses a growing slowly varying solution (z(t),y(t)) such that for t — oo,

1- 1\ =¥ =

(4.13) x(t) < [ a +a16 (g—L) / po(s)ds] ;
_ BTt a8

(4.14) y(t) < [1ﬁ +a1ﬂ (%) ’ / qo(s)ds} B.

Proof. Since p(t) =< po(t) and ¢(t) =< qo(t), there exist positive constants k and K such that
(4.15) kpo(t) < p(t) < Kpo(t), kqo(t) < q(t) < Kqo(t), t>a.

Let Xo(¢t) and Yy(t) denote the functions defined by

1- 1\ gt o
S
(4.16) N o
_|1=aB (B1\7TT o
Yo(t) = A+l <a—+1> /a QO(S)dS]




It is known from the proof of Theorem 4.1 that (Xo(t), Yo(t)) satisfies

Xo(t) ~ / Po(5)Yo(5)ds,
(4.17) b

Yo(t) ~ /b 0o () Xo(s)%ds, t = o0,

for any b > a, from which it follows that there exists Ty > a such that

/T po(s)Ya(s)ds < 2Xo(t),
(4.18) :

t
/ q0(s)Xo(s)ds < 2Yy (1), t > Tp.
To

Since (4.17) holds for b = Tp, there exists Ty > Ty such that

[ moos(s)as 2 10

(4.19) o
1
/ (5 Xo(s)*ds > 2¥o(1), > T

To

Choose positive constants a, A, b and B so that a < A, b < B and the inequalities
1 1

(4.20) a< §kb"‘, b< §kaﬁ, 4KB* < A, 4KA® < B,
and

1 1




hold. It is easy to check that such choices of a, A, b and B are indeed possible by taking, if
necessary, k sufficiently small and K sufficiently large. With these constants we define W as the
set of continuous functions (z(t), y(t)) on [Ty, o) such that

aXo(t) < z(t) < AXo(t),

(4.22) Yo(t) < y(t) < BYo(t), t>To.

It is clear that W is closed and convex in C[Tp,o0) X C[Tp,00). Consider the mapping ®: W —
C[Ty, ) x C[Ty, o0) defined by

(4.23) O(z(t),y(t)) = (Fy(t),Gx(t), t=To,

where
Fu®) =20+ [ p(s)yls)*ds,
(4.24) .

t

Gx(t) = yo + / q(s)z(s)?ds, t > Tp.

To

Here xy and yy are positive constants satisfying
1 1
(425) aXo(Tl) S Zo S §AXO(T0), bYO(Tl) S Yo S EB}/O(TO)
It is proved without difficulty that ® is a continuous self-map of W with the property that

O (W) is relatively compact in C[Tp, 00) x C[Tp, 00).
(i) ®(W) C W. Let (z(t),y(t)) € W. Using (4.18)—(4.25), we see that

Fy(t) > xo > aXo(Th) > aXo(t), To<t<Th,



(i)

(iii)

and

Fy(t) > / p(s)y(s)°ds > / kpo(s) (BYa(s)) *ds

To To

Z kbaXo(t) Z aXo(t)7 t Z T1.

On the other hand, for ¢ > T, we have

1 ¢ a

§AXO(T0) =+ Kpo(s) (BYO(S)) ds
To

N | =

IA

Fy(t)

< %AXO(t) + 2K B Xo(t) < %AXo(t) + %AXO(t) — AXo(b).

This implies that aXo(t) < Fy(t) < AXo(¢) for t > Tp. An analogous computation applies to
G, showing that bYy(t) < Gz(t) < BYy(t) for t > Ty. It follows that ®(x(t),y(t)) € W.

The relative compactness of ®(W) follows from the inclusion ®(W) C W which guarantees
that ®(W) is uniformly bounded on [T, c0) and the inequalities

0< (Fy)'(t) < Bp(HYo(1)",

0< (G2)'(1) < A%qWXo(®)’,  t2T,
imply that ®(W) is equicontinuous on [T, c0).
To prove the continuity of ®, it suffices to consider a sequence {(z,,(t), y»(t))} in W converging
to (z(t),y(t)) € W uniformly on compact subintervals of [Ty, 00) and to show that Fyy, (t) —
Fy(t) and Gz, (t) — Gz(t) uniformly on compact subintervals of [Tp,00) by applying the

Lebesgue dominated convergence theorem to the integrals
t

| Fynt) — Fu(t)] < / p(8) [ (5)° — y(5)°|ds,

To



and
|Gz () — Ga(t)| < /T q(s)en(s)’ — 2(s)°|ds, ¢ > Tp.

Consequently by the Schauder-Tychonoff fixed point theorem ® has a fixed point (x (1), y(t)) €
W, which satisfies the system of integral equations

t

x(t) = xo +/ p(s)y(s)*ds, y(t) =yo —l—/ c_](s)at:(s)ﬁds7 t>Tp.

To To

That (z(t), y(t)) provides a growing solution of (B) which is nearly slowly varying is a conse-
quence of the fact that (z(t),y(t)) is a member of W.

It remains to verify that (z(t),y(¢)) is really a slowly varying vector function. For this purpose
we note that

w@=m+/p@WW®X%®,

(4.26) T
vO) =wn+ [ aalo)ds = Ya()
To
and
(427) a'(t) = p(t)y(t)* < po(t)Yo(t)",
‘ y'(t) = q(t)x(t)” < qo() Xo(t)",
as t — oco. In order to make sure that x(¢) and y(¢) are slowly varying it suffices to show that
/ /
(4.28) m &0 o O

t11>oo x(t) t—oo y(t)



(see Proposition 2.1). It is convenient to rewrite Xo(¢) and Yy(¢) as

1

¢ = ¢ =
Xo(t) = [A/ pg(s)ds] ~ [)\/ qg(s)ds] , t— o0,

" i ¢ i
Yo(t)z[ﬂ / qo<s>ds] ~[u / po<s>ds} | ises

Using (4.26), (4.27) and the above simplified expressions for Xo(¢) and Yy(t), we obtain

(o) _ @ [ Lm@ds] T s i)
O 7T ] 0o [

(4.29) t — o0,

and similarly
(4.30) ty't) _ (B4 Digo(t)
yt)  (1-ap) fl: qo(s)ds’

Since po(t) and qo(t) are regularly varying of index —1, from Karamata’s integration theorem it
follows that

t — oo,

tpo(t) tgo(t)
1m %, .. = lim —_— =
t—00 fa po(S)dS t—00 fa qg(s)ds
which combined with (4.29) and (4.30), ensures that (4.28) holds true as desired. Therefore, both
x(t) and y(t) are slowly varying functions. This completes the proof. O

Corollary 4.1. Let p(t) and q(t) be continuous regularly varying functions of index —1 such
that p(t) ~ q(t) ast — oco. Then, system (B) possesses growing slowly varying solutions if and only



if (4.1) holds, in which case the asymptotic behavior of all such solutions (z(t),y(t)) is governed
by the formulas (4.2) and (4.3).

Example 4.1. Consider the system of differential equations
(4.31) o =p(t)y*, o =aqt)a’,
where p(t) and ¢(t) are positive continuous functions on [e, 00).
(i) Suppose that p(¢t) and ¢(t) are nearly regularly varying functions of index —1 such that
p(t) < r(t) and q(t) < r(t) as t — oo, where r(t) € RV(—1) satisfies
r(t) ~ (a+1)"=F1 (8 + 1)~ 71t (logt) @IDGID, ¢ - oo.
Then, system (4.31) possesses a nearly varying solution (x(t),y(t)) such that
z(t) < (B + )71 (logt) 71,  y(t) = (o + 1)a*1 (log t) =+, t — oo.
(ii) Suppose that p(t) and ¢(t) are regularly varying of index —1 satisfying
p(t) ~ qt) ~ (a + 1) (B + 1) FF1¢ ! (log ) “@iDED, ¢ — oo,
Then, system (4.31) possesses slowly varying solutions (z(t),y(t)) and all of them enjoy the

following precise asymptotic behavior at infinity:

G back 2(t) ~ (B + 1) (log )71, y(t) ~ (a+ 1) 7 (log t) 1, ¢ — oo.

Full Screen

5. APPLICATION TO GENERALIZED THOMAS-FERMI EQUATIONS

Close

We conclude this paper with a remark that our results for the systems (A) and (B) can be applied
to provide new results on strongly monotone positive solutions of the second order nonlinear

Quit




differential equation of Thomas-Fermi type
(5.1) (p@)|2'|* ") = q(t)]a’ 'z,

where o and 8 are positive constants such that @ > 8 and p(t) and ¢(t) are positive continuous
functions on [a, o).
A positive solution z(t) of (5.1) is said to be strongly decreasing if

g T / a—1_/ _
Jim a(t) = Jim p(O)la’ ()" (1) = 0
and strongly increasing if

lim z(t) = tl_i)Iglop(t)|m'(t)|o‘_1x’(t) = oo.

t—o0

It is easy to see that if z(t) is a strongly decreasing solution of (5.1), then by putting

y(t) = —p®)]' ()" "2’ (1) = p() (—2'(t))*,
equation (5.1) is converted into the system of first order equations
(5.2) ¥ +p(t) myE =0, Y +q(t)2’ =
Likewise,s if x(t) is a strongly increasing solution of (5.1), then by putting

y(t) = p(t)|2' ()|~ (t) = p(t)a' ()%,

equation (5.1) is converted into the system of first order equations
(5.3) P =pt)Fy=,  y =q(t)a’.
Conversely, if (z(t),y(t)) is a strongly decreasing solution of system (5.2) [resp. strongly increasing

solution of system (5.3)], then z(t) is a strongly decreasing [resp. strongly increasing] solution of
equation (5.1).




We now assume that p € RV(a) and g € RV(—1) and seek positive solutions z(t) of (5.1) such
that z(t) and p(¢)|«'(t)|* are slowly varying. Then, by applying Corollary 3.1 and Corollary 4.1
to (5.2) and (5.3), respectively, we obtain the following proposition concerning the existence and
asymptotic behavior of strongly monotone solutions of equation (5.1) in the framework of slowly
varying functions.

Proposition 5.1. Let p € RV(a) and ¢ € RV(—1) and suppose that p(t)~'/* ~ q(t) as t —
0.
(i) Equation (5.1) possesses strongly decreasing solutions which are slowly varying if and only
if p(t)=Y* and q(t) are integrable on [a,00) and in that case the asymptotic behavior of any
such solution x(t) is governed by the unique formula

1

o4 w0~ | e ] Perie) QH] T o

(ii) Equation (5.1) possesses strongly increasing solutions which are slowly varying if and only if
p(t)=Y and q(t) are non-integrable on [a,o0) and in that case the asymptotic behavior of any
such solution x(t) is governed by the unique formula

) o0~ [ ([ poes) QH] 7t

We notice that the asymptotic analysis of equation (5.1) in the framework of regularly varying
functions has just begun. See, for example, the paper [5] in which the special case with p(t) = 1
of (5.1) was studied. Nothing seems to be known about regularly varying solutions of (5.1) with
general positive p(t), and our observation could be a clue to a comprehensive study of generalized
Thomas-Fermi differential equations by means of regular variation.
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