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We derive some simple sufficient conditions on the amplitude a(x), the phase ¢(x), and the instantaneous frequency w(x) such
that the so-called chirp function y(x) = a(x)S(¢(x)) is fractal oscillatory near a point x = x,, where ¢'(x) = w(x) and S = S(t)
is a periodic function on R. It means that y(x) oscillates near x = x, and its graph I'(y) is a fractal curve in R? such that its box-
counting dimension equals a prescribed real number s € [1,2) and the s-dimensional upper and lower Minkowski contents of I'(y)
are strictly positive and finite. It numerically determines the order of concentration of oscillations of y(x) near x = x,. Next, we
give some applications of the main results to the fractal oscillations of solutions of linear differential equations which are generated
by the chirp functions taken as the fundamental system of all solutions.

1. Introduction

The brilliant heuristic approach of Tricot [1] to the fractal
curves such as the graph of functions y(x) = x*sin x * and
y(x) = x* cos x P gave the main motivation for studying the
fractal properties near x = 0 of graph of oscillatory solutions
of various types of differential equations: linear Euler-type
equation y" + Ax™7y = 0 (see [2]), general second-order
linear equation y" + f(x)y = 0 (see [3]) where f(x) satisfies
the Hartman-Wintner asymptotic condition near x = 0, half-
linear equation (Iy'lp_zy')’ +f(x)|y|P_2y = 0 (see [4]), linear
self-adjoint equation (p(x)y'), +q(x)y = 0 (see [5]), and p-
Laplace differential equations in an annular domain (see [6]).

A function y(x) is said to be a chirp function if it possesses
the form y(x) = a(x)S(e(x)), where a(x) and ¢(x) denote,
respectively, the amplitude and phase of y(x), and S(¢) is a
periodic function on R. In all previously mentioned papers
[2-5], authors are dealing with the fractal oscillations of
second-order differential equations and are deriving some
sufficient conditions on the coeflicients of considered equa-
tions such that all their solutions y(x) together with the first
derivative y'(x) admit asymptotic behaviour near x = 0. It

is formally written in the form of a chirp function, that is,
y(x) = a(x) sin(p(x)) and y'(x) = b(x) cos(¢(x)) near x =
0. According to it, one can say that the asymptotic formula
for solutions of considered equations satisfies the chirp-like
behaviour near x = 0 (on the asymptotic formula for solu-
tions near x = 00, see [7, 8]). Then, in the dependence
of a prescribed real number s € [1,2), authors give some
asymptotic conditions on a(x), b(x), and ¢(x) such that all
solutions y(x) are fractal oscillatory near x = 0 with the
fractal dimension s.

In this paper, independently of the asymptotic theory of
differential equations, we firstly study the fractal oscillations
of a chirp function; see Theorems 8 and 11. Second, taking
two linearly independent chirp functions y,(x) and y,(x),
we generate some new classes of fractal oscillatory linear
differential equations which are not considered in [2-5] and
have the general solution in the form of y(x) = ¢ y,(x) +
G, ¥,(x); see Theorems 16 and 17 (on some detailed description
of the solution space of the second-order linear differential
equations and on their constructions, we refer the reader
to [9, 10]). Finally, we suggest that the reader considers the
fractal oscillations near an arbitrary real point x = x, instead
of x = 0 and studies the fractal oscillations near x = x,



from the left side and from both sides; see Theorem 24. Many
examples are considered to show the originality of obtained
results.

The chirp functions are also appearing in the time-
frequency analysis; see for instance, [11-15] as well as in
several applications of the time-frequency analysis; see for
instance, [16-20].

2. Statement of the Main Results

We study some local asymptotic behaviours of fractal types
for the so-called chirp function as follows:

y(x)=ax)S(p(x)), xe€(0ty], (1)
where t, > 0, the amplitude a = a(x) is a nontrivial function
on (0,t,], the phase @ = @(x) is singular at x = 0 and S = S(¢)
is a periodic function on R such as cos(t) and sin(t).

The chirp function (1) is sometimes written in the follow-
ing form in which the so-called instantaneous frequency w(x)
appears instead of phase ¢(x):

y(x)=a(x)S<Jt0w(£)df), x € (0,t,] . (2)

X

Let for some ¢, > 0, the functions a € C((0,t,]), ¢ €
C*((0,t,]), and S € C'(R) satisfy the following basic struc-
tural conditions:

a(x) >0, a(x) is bounded on (0,t,], (3)
Xlerio¢ (x)=00, @(x)>0, ¢ (x)<0, x¢€(0,¢],
(4)
for some 7> 0, [S(t+7)=[S(t)| VteR,
for some 7, € R, S(7,) =0, S(t) #0 (5)

Vt € (19, Ty + 7).

Definition 1. A function y € C((0,t,]) is oscillatory near
x = 0, if there is a decreasing sequence x,, € (0,t,] such that
y(x,) =0forn e N,and x,, \ 0asn — o00; see Figure 1.

It is easy to prove the next proposition.

Proposition 2. Leta € C((0,t,]) satisfy a(x) > 00on (0,t,], let
@ € C((0,ty]) be strictly decreasing on (0, t], and let S € C(R)
satisfy (5). Then, the following two conditions are equivalent:

(i) the chirp function y(x) = a(x)S(¢(x)) is bounded and
oscillatory near x = 0;

(ii) the amplitude a(x) is bounded andlim . _, ,,¢(x) = co.

On the qualitative and oscillatory behaviours of solutions
of differential equations of several types, we refer the reader
to [7, 8].
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FIGURE 1: y is continuous, bounded, and oscillatory near x = 0.

Example 3. The following three main types of chirp functions
satisfy the conditions (3), (4), and (5):

(i) the so-called («, B)-chirps
¥, (x) = x% sin (xfﬁ), (6)

where o > 0 and 8 > 0; the first studies on the («, )-
chirps appeared in [1, 13, 14] from different point of
views;

¥, (x) = x* cos (xiﬁ),

(ii) the so-called logarithmic chirps

¥, (x) = x"sin (plog x),
@)

where y > 0 and p € R; this type of chirps appears
in definition of the Lamperti transform (see [11]) and
in the fundamental system of solutions of the famous
Euler equation y" + Ax?y = 0fory = 1/2and p =

VA = 1/4 (see [21]);

(iii) the chirp function of exponential type

¥, (x) = x¥ cos (plog x),

¥, (x) = xe @ cos (el/x),
1/(2 1 (8)
¥, (x) = xe M/ sin(e /x).

Example 4. Let y,(x) = a(x)cos(p(x)) and y,(x) =
a(x) sin(e(x)), x € (0,t,], where the amplitude a and phase
@ satisfy (3) and (4), respectively. Then, y(x) = ¢y,(x) +
6 ¥, (x), cf + c22 > 0, is also a chirp function which is bounded
and oscillatory near x = 0. Indeed, if ¢, = 0 or ¢, = 0, then
y(x) = g ¥,(x) or y(x) = ¢ y,(x); since S(f) = cost and
S(t) = sint satisfy (5), both cases y(x) are chirp functions;
otherwise, we have y(x) = Aa(x) sin(¢(x) + B), where A =
(C12 + 622)1/ 2and B = arctan(c, /c,); obviously, the amplitude
Aa(x) and the phase ¢(x) + B satisfy the required conditions
(3) and (4), respectively.

Next, let

I'(y)= {(tptz) €R?: t, € (0,t], 1, = J’(tl)} ©)

denotes the graph of a function y € C((0,t,]). In this paper,
we show that the graph I'(y) of chirp function (1) is a fractal



International Journal of Differential Equations

curve in R? in respect to the Minkowski-Bouligand dimen-
sion dimyI'(y) = s (box-counting dimension) and the s-
dimensional upper and lower Minkowski contents M**(I(y))
and M (I(y)) defined by

dim,, T (y) = lim (2 - M)

£ +0 ]ogg

M* (T (y)) = limsup(2e) > [T, ()|, (10)
e—+0

M (T () = lim inf(2) [T, (y)].

Here, I,(y) denotes the e-neighbourhood of graph I'(y)
defined by

L(y) = {(tl’tz) eR*:d((t,1,).T(y)) < 5}’ e>0,

(11)

and d((t,,t,),I(y)) denotes the distance from (t,,t,) to I'(y),
and |, (y)| denotes the Lebesgue measure of I,(y). On the
box-counting dimension and the s-dimensional Minkowski
content, we refer the reader to [22-27].

The main fractal properties considered in the paper are
given in the next definitions.

Definition 5. For a given real number s € [1,2) and a function
y € C((0,t,]), which is bounded on (0, ;] and oscillatory
near x = 0, it is said that y(x) is fractal oscillatory near x = 0
with the fractal dimension s, if

0 < M, (T (y)) =M™ (T (y)) < co.
(12)

dimy T (y) =,

On the contrary, if there is no any s € [1,2) such that I'(y)
satisfies (12), then y(x) is not fractal oscillatory near x = 0.

Fractal oscillations can be understood also as a refine-
ment of rectifiable and nonrectifiable oscillations. They are
recently studied in [3, 4, 21, 28-30].

Example 6. The chirp functions

1 1
y(x)—xcos<x>, y(x)—xsm(x> (13)
are not fractal oscillatory near x = 0. In fact, M*! ([(y)) = co
and dim,,I'(y) = 1 (see [2]). It also implies that M**(T'(y)) =
0 for all s € (1,2) (see [1, 23]), and thus the statement (12) is
not satisfied for any s € [1,2). Hence, y, and y, are not fractal
oscillatory near x = 0.

Example 7. Let p > 0. It is clear that the chirp functions

¥ (x) = Vxsin (plog x)
(14)

¥ (x) = Vxcos(plogx),

are oscillatory near x = 0. Moreover, the length of T'(y)
is finite (see [21]), and therefore we observe that 0 <
MN(T(y)) < M*'(I'(y)) < oo and dim,,I['(y) = 1 (see [22]).
Thus, such chirp functions are fractal oscillatory near x = 0
with the fractal dimension 1.

In order to show that the chirp function (1) is fractal
oscillatory near x = 0, we need to impose on amplitude a(x)
the following additional structural condition:

aecC ((0,ty]), a' (x)=0 forxe(0,¢]. (15)

Now we are able to state the first main result of the paper.

Theorem 8. Let the functions a(x), ¢(x), and S(t) satisfy the
structural conditions (3), (4), (5), (15), and

¢" (x)>0 on (0,,],

!
1imsup< 1 ><oo. (16)

x—0 _(P, (x)

Let the amplitude a(x) and the phase ¢(x) satisfy the following
asymptotic conditions near x = 0:

lixm_%lf ( [—go’ (x)]z_S Jox a (&) dE) > 0, 17)

lim sup[xa (x)] V@9 Jto a(é) [—(p’ (E)] dé < oo, (18)

x—0

wheres € (1,2) is a given real number. Then, the chirp function
(1) is fractal oscillatory near x = 0 with the fractal dimension s.

Remark 9. Let s € (1,2). Assume that (15) and (17) hold.
Then,

. ! 2-s
111;1j;1p (xa (x) [—q) (x)] ) <00 (19)
implies
s—1 to
] [ oyl e

and (18). Therefore, condition (18) is better than (19) in
Theorem 8.

The proof of Remark 9 is presented in the Appendix.
Theorem 8 can be rewritten in the term of w(x) instead of
¢(x) as follows.

Corollary 10. Let the functions a(x), w(x), and S(t) satisfy the
structural conditions (3), (5), (15), and

weC ((0,t,]), @w(x) >0, ' (x)<0

on (0,t], @ ¢ L' ((0,1,]), (21)

lim sup(%) < 00.

x—>0 \W(X

Let the amplitude a(x) and the instantaneous frequency w(x)
satisfy the following asymptotic conditions near x = 0:

timint (1w COP " a (@) >0
, (22)
lim sup[xa (x)](s_l)/(z_s) J ’ a@) w (&) dE < oo,

x—0

wheres € (1,2) is a given real number. Then, the chirp function
(2) is fractal oscillatory near x = 0 with the fractal dimension s.



Now, we state analogous result to Theorem 8 in the case
of s = 1, which will be proved in Section 3.

Theorem 11. Assume that the function S(t) satisfies (5), a €
C([0,t,1)NC (0, £,]), @ € C*((0,t,]) andlim,. _, ,,¢(x) = co.
Ifa' e L'((0, to]), and go'a e L'((0, to]), then the chirp function
(1) is fractal oscillatory near x = 0 with the fractal dimension 1.

In respect to some existing results on the fractal dimen-
sion of graph of chirp functions, previous theorems are the
most simple and general. It is because in [31, 32] authors
require some extra conditions on the chirp function y(x)
which are not easy to be satisfied in the application, for
instance, the rapid convex-concave properties of y(x) as in
[31] and a condition on the curvature of y(x) as in [32].

According to previous theorems, we can show the fractal
oscillations of the so-called («, 3)-chirp as well as logarithmic
chirp functions.

Example 12. We consider the (e, §)-chirp y(x) = x*S(x7P),
where S(t) = cost or S(t) = sint and § > « > 0. It is fractal
oscillatory near x = 0 with the fractal dimension s = 2 -
(1 + a)/(1 + B). In fact, it is easy to see that a(x) = x*, S(¢),
and ¢(x) = x P satisty (3), (4), (5), (15), and (16). When s =
2—(1+a)/(1+ f3), we see that

e (L+a)/(145)
¢ ] [ a@de- F 7,

1+«

[xa (x)](sfl)/(Z—s) jto . (E) [_¢I (E)] df (23)

B (1

_ B-a tx—,B) ﬁ
= xP % <
B-«a °

_m.

From Theorem 8, it follows that y(x) = x*S(x7P), B>a=0,
is fractal oscillatory near x = 0 with the fractal dimension

s=2-(1+a)/(1+p).

Example 13. We consider the (a, 8)-chirp y(x) = x*S(x7P)
again, where S(t) = cost or S(t) = sint. Now, we assume that
0 < B < a. Applying Theorem 8, we easily see that it is fractal
oscillatory near x = 0 with the fractal dimension 1.

Example 14. We consider the logarithmic chirp functions

¥, (x) = x"sin (plog x),
(24)

¥, (x) = x¥ cos (plog x),

where y > 0 and p > 0. Put S(t) = cos(—t) or S(¢) = sin(—t),
a(x) = x¥, and ¢(x) = —plogx. Then, we easily see that
S(t) satisfies (5) and that a'(x) = yx'™' € L'((0,t,]) and
a(x)<p'(x) = —px’k1 e LY((o, ty]). Theorem 11 implies that
y1(x) and y,(x) are fractal oscillatory near x = 0 with the
fractal dimension 1.

Question 1. Is it possible to apply Theorem 8 on the exponen-
tial chirp given in Example 3(iii)?
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Example 15. Let y,(x) = a(x)cos(p(x)) and y,(x) =
a(x) sin(p(x)), x € (0,t,], where the amplitude a(x) and
the phase ¢(x) satisfy all assumptions of Theorem 8 for an
arbitrary given s € (1,2). Then, the chirp function y(x) =
oy (x) + g y,(x), cl2 + (_22 > 0, is also fractal oscillatory
near x = 0 with the fractal dimension s. Indeed, similarly
as in Example 4, y(x) can be rewritten in the form y(x) =
d, sin(¢(x) + d,), where d, # 0 and d, € R. It is clear that the
function S(t) = d, sin(t + d,) satisfies the required condition
(5) and hence Theorem 8 proves that y(x) is fractal oscillatory
near x = 0 with the fractal dimension s.

Next, we pay attention to the fractal oscillations of
solutions of linear differential equations generated by the
system of functions as follows:

Y (x) =y (%) + 6y, (%), C12 + C22 >0,

where
(25)
7 (x) =a(x)cos (¢ (x)), y,(x) =a(x)sin(p(x)),

x €(0,,] .

It is not difficult to check that (25) is the fundamental system
of all solutions of the following linear differential equation:

y” + (—2Ra - Rq,,) y' + (—RL + Ri + RaRq,, + ((p')2) y =0,

x € (0,ty],
(26)

where Ry = Re(x) = f'(x)/f(x) for some C'-function f=
fx).

Theorem 16. Let the functions a, ¢ € C*((0,t,]) satisfy struc-
tural conditions (3), (4), and (15) as well as the conditions (16),
(17), and (18) in respect to a given real number s € (1,2).
Then, every nontrivial solution y € C*((o, to]) of (26) is fractal
oscillatory near x = 0 with the fractal dimension s.

With the help of Theorem 11, we can state analogous result
to Theorem 16 in the case of s = 1.

Theorem 17. Assume thata € C([0,t,])NC*((0,t,]), a(x) #0
for x € (0,t,], ¢ € C*((0,t,]), lim,_, ,,@(x) = oo, a' ¢
LY((o, tol), and (p'a e LY((o, tol). Then, every nontrivial solu-
tion y € C*((o, to]) of (26) is fractal oscillatory near x = 0
with the fractal dimension 1.

The previous two theorems will be proved in Section 4.
Assumptions on the coefficients of (26) in general are dif-
ferent to those considered in [2-5].

When a'/a = —(1/2)(p"/q)', then (26) becomes the un-
damped equation

y” + (%Sder ((PI) * ((p,)z) y= 0, xe¢ (0’ tO] ? (27)
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where Sg4..(f) denotes the Schwarzian derivative of f defined

by
Sder(f):fT_g(f7> . (28)

Hence, from Theorem 16, we obtain the following conse-
quence.

Corollary 18. Let the functions a € C((o, to]) and @ €
C*((o, tol) satisfy structural conditions (3), (4), and (15) as
well as the conditions (16), (17), and (18) in respect to a given
real number s € (1,2). Let a'Ja = —(1/2)(p"/g0'. Then, every
nontrivial solution y € C*((o, to]) of (27) is fractal oscillatory
near x = 0 with the fractal dimension s.

As a consequence of Theorem 16, and Corollary 18 we
derive the following examples for linear differential equations
of second order having all the solutions to be fractal oscilla-
tory near x = 0.

Example 19. The so-called damped chirp equation

+< 532+2 _“(ﬁ;“)) =0,
X X (29)

x € (0,ty],

n B-2a+1 ,
+
4 x

is fractal oscillatory near x = 0 with the fractal dimension
2-(1+a)/(1+p), where f > a > 0. When a(x) = x* and
o(x) = xB, (26) becomes (29). It is easy to see that (3), (4),
(15), and (16) are satisfied. In the same as in Example 12, we
see that (17) and (18) hold for s = 2 — (1 + «)/(1 + 3). Hence,
Theorem 16 proves that every nontrivial solution of (29) is
fractal oscillatory near x = 0 with the fractal dimension 2 —
(1+a)/1+p).

Now we assume that 0 < 8 < . Then, Theorem 17 implies
that (29) is fractal oscillatory near x = 0 with the fractal
dimension 1.

Example 20. The following equation

yu+ 1_2YyI+Y2+P2

—y=0, xe (0], (30)
x x

is fractal oscillatory near x = 0 with the fractal dimension
1, where y > 0 and p > 0. In the case where a(x) = x’
and ¢(x) = —plogx, (26) becomes (30). We see that a €
C([0,t,]) N C*((0,£,]), @ € C*((0,t,]), lim, _, ,p(x) = 00,
a' € L'((0,t,]), and <p'a € L'((0,t,]). Therefore Theorem 17
implies that every nontrivial solution of (30) is fractal
oscillatory near x = 0 with the fractal dimension 1.

Question 2. What can we say about the application of Theo-
rem 16 on the case of ¢(x) given in Example 3(iii)?

At the end of this section, we suggest that the reader
studies some invariant properties of fractal oscillations of the
chirp function (1) in respect to the translation and reflexion.
Analogously to Definitions 1 and 5, one can define the fractal
oscillations near an arbitrary real point x = x,, as follows.

FIGURE 2: y is oscillatory near x = 0 from the left side.

Definition 21. Let x, € R and § > 0. A function y €
C((xg,xy + O1) is oscillatory near x = x,, if there is a
decreasing sequence b, € (x,,x, + 8] such that y(b,) = 0,
forn € N,and b, \» x;, asn — 00. Moreover, if the graph
I'(y) satisfies the condition (12) for some s € [1,2), then y(x)
is said to be fractal oscillatory near x = x, with the fractal
dimension s.

Definition 22. Let x, € Rand § > 0. It is said that a function
y € C([xy — 8,x,)) is fractal oscillatory near x = 0 from
the left side with the fractal dimension s € [1,2), if there is an
increasing sequence a,, € [x, — §, x;) such that y(a,) = 0 for
neN,a, ~ xyasn — 00, and the graph I'(y) satisfies the
condition (12), see Figure 2.

Definition 23. Let x, € R, and let & > 0. It is said that a
function y € C([x, -8, x,) U (xg, X, + 0]) is two-sided fractal
oscillatory near x = 0 with the fractal dimension s € [1,2),
if there is an increasing sequence a, € [x, — J,x,) and a
decreasing sequence b, € (xy,x, + 8] such that y(a,) =
yb,) = 0forn e N,a, / x,and b, \ xyasn — oo,
and the graph T'(y) satisfies the condition (12); see Figure 3.

With the help of Theorem 8, we state the following result.

Theorem 24. Let x, € R, and let § > 0. Let the functions
a,w € C(0,8]) satisfy structural conditions (3), (4), (5), (15),
and (16) as well as conditions (17) and (18) in respect to a given
real number s € (1,2). Then, one has

(i) the chirp function y(x) = a(x — x,)S(p(x — x;)), x €
(xg, xo + 6] is fractal oscillatory near x = x, with the
fractal dimension s;

(ii) the chirp function y(x) = a(x, — x)S(@(x, — X)), x €
[xo — &, x,) is fractal oscillatory near x = x, from the
left side with the fractal dimension s;

(iii) the chirp function y(x) = a(|x—x,)S(@(|x—x,|)), x €
[x0 =0, %) U(xy, xo + 8] is two-sided fractal oscillatory
near x = x, with the fractal dimension s.
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FIGURE 3: y is two-sided oscillatory near x = 0.

3. Proof for the Fractal Oscillations of
Chirp Functions

In this section, we give the proofs of the main results dealing
with the fractal oscillations of chirp functions.

By Definition 5, it follows that if for a prescribed real
number s € (1,2) there are two positive constants ¢; and ¢,
such that

a7 <L (y)| <6e™"  ee(0,g), (31)

for some g, > 0, then a function y € C((0,¢,]) is fractal
oscillatory near x = 0 with the fractal dimension s. The
following lemma plays the essential role in the proof of (31).

Lemma 25. Let y € C((0,t,]) be a bounded function on
(0,t,], and let a, € (0,t,] be a decreasing sequence of con-
secutive zeros of y(x) such that a, — 0. Let e, > 0, and let
k = k(e) be an index function satisfying

la, —a,.|<e Vn>k(e), e€(0,g). (32)
Then
L= Y max |y)|(a, - a..)
nok(e) ¥ € [Ane1s 33)
Ve € (0, &) .
Proof. It is exactly the same as [3, pp. 2350]. O

Let us remark that for some ¢, > 0, we say that a function
k = k(e) is an index function on (0, &) if k : (0,&,) — N and

lim, _, yk(e) = oo.

Lemma 26. Let y € Cla,b]. Then,

L. ()| < 4nelength (y) + 4me®,  for every e > 0. (34)
Proof. Lete > 0. Set x; = g, and set

Xipp = max {x € [x;,b] : d (£, y (1) (x5 ¥ (x7)))

<eforte[x;,x]},

(35)
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fori = 1,2,.... Then, there exists n > 2 such that x,, = b. Set
N = max{n € N: x, < b}. Wesee that N > 1,

=X <X, < <X <Xjy <o <Xy <Xpyy=b (36)

and if N > 2, then

d((xpy (%) (i y (xi1))) =& i=1,2,...,N-1
(37)
We will show that
N
L, (y) < By (x5 y (1) » (38)
i=1
where
By (t1,1;) = {(TpTz) eR:d((t1,1), (1,m)) < 28}‘
(39)

Let (1;,7,) € T,(y). Then there exists & € [a,b] such that
d((t1,1,), (€, ¥(£))) < e. Because of the definition of x;,,, we
find that & € [x;, x;,,] for somei € {1,2,..., N}, so that

d((&y(©),(x»y(x;)) <e. (40)
Hence, it follows that
d((r,,1,), (x5 ¥ (%)) <d ((71,72), (& ¥ (8)))

+d (& y (&), (x v (1)) < 2¢,
(41)

which means that (7,7,) € B,.(x;, y(x;)). Therefore, we
obtain (38). By (38), we conclude that

N
Irs (y)| < Z|BZE (xi’y(xi))| = 4N7T€2' (42)
i=1
When N = 1, from (42), it follows that
L. ()| < 47e® < 4melength (y) + 47e’. (43)
Now, we assume that N > 2. We observe that

N
length (y) = Zlength (J’ | [x,-,xm])

i=1

2 Zd ((xi’y (xi)) > (xi+1>)’ (xi+1)))

= (44)
2 . d (x5 y (%)) > (Kis1> ¥ (x241)))

=(N-1)e,
that is,
Ne < length (y) +&. (45)
Combining (42) with (45), we obtain

T, ()| < 4nelength (y) + 4re’. (46)
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Lemma 27. Let y € C(0,t,] be bounded on (0,t,], and let
€ > 0. Then, there exists C > 0 such that, for every € > 0 and
t € (0) t()])

|l“£ (y)| <C|t Sl(lp] |y(x)| + elength (ylwo]) teté
x€(0,t

(47)

Proof. Lete > 0, and lett € (0,¢,]. From the geometry point
of view, it is clear that

IT. (Vo) € R (48)

where R is a rectangle in R* defined by

R= {(tl,tz) it €[-et+e],
(49)
t, € [—s— sup |y (x)],e+ sup |y (x)] }
x€(0,t]

x€(0,t]

Hence, we have

IT. (Yio)| < Qe +1) (28 +2 sup ly(x)|)

x€(0,t]

= 4¢’ +2(t+2 sup |y(x)|>s
(50)

x€(0,t]

+2t sup |y (x)|
x€(0,t]

< 4e” + Cye + 2t sup |y(x)| ,
x€(0,t]

where C; = 2(t; + 2sup (g 11 ¥(x)]). Lemma 26 implies that

|re (v |[t,to])| < drelength (yly;,, ) + 47e”. (51)

Consequently, we see that

|rs (y)| < lrs (yl(O,t])l + rs (yl[t,to])|
<4e’ + Cre+2t sup |y (x)
x€(0,t]

+ 4melength ( ¥ [t,tO]) +47e”

<C [t sup |y (x)| + elength (yl[t,to]) te+e|,

x€(0,t]

(52)
where C = max{C,,4(mw + 1)}. O

Lemma 28. Let y € cl(o, to] be bounded on (0,t,]. Assume
that

J:O |y' (x)' dx = oo, (53)

:| (s=D/@2=s) ,

limsup[x sup |y (§)] ' |y' (E)|d§ < oo, (54)

x—0 £e(0,x] x

for some s € (1,2). Then, there exists ¢, > 0 such that

Il (y)] € 0™, e€(0,1). (55)

Proof. Lete € (0,1) and let s € (1,2) be satisfy (54). By (53),
there exists x, € (0,t,), which depends on € and s, such that

jt" |y (®)]de = &, (56)

1

Therefore, we have

to
length (yl[xl’tl]]) = J 1+ |y’ (x)|2 dx

to
< J (1+|y’ (x)|)dx (57)

Xy
1-s
=ty— X, +¢
<ty+e.
By (54), there exists C; > 0 such that

(s=1)/(2-s)
:| x € (0,ty],

[x sup]|y(£)|

£e(0,x

[ @l <c,
(59)

which implies that

(s=1)/(2—s) ,
[xl sup |y(€)|} j Y ®ld<c, (9

Ee (O,xl]

that is,

x, sup |y ()] < Czez_s, (60)
§e(0,x,]

where C, = ng_s)/(s_l). From Lemma 27, (57), and (60), it
follows that

IT.(y)| <C [Czsz_S +e (to + 81—3) +e+ sz]
=C[(Cy+ 1)+ (tp+1) e +6] & (61)
<C(Cy+ty+3)e™™, €€ (0,1).
O

In order to show Theorems 8 and 11, we need the following
two geometric lemmas.

Lemma 29 (see [1]). If T < R? is a simple curve (i.e., its
parameterization is a bijection) and length(T') < oo, then

. II |
I) = lim =&, 62
length( ) elmo e (62)

where T, denotes the e-neighborhood of the graph T.



Now, we are able to prove Theorem 8.

Proof of Theorem 8. Let s € (1,2), and let y(x) be a chirp
function given by (1). We note here that it is enough to show
that y(x) satisfies (31).

At the first, let x,, be a sequence defined by x,, = ¢~ (7, +
nt) for all sufficiently large n € N. From (4), it follows that
¢~ (t) is decreasing. Hence, x,, is decreasing as well as x,, —
Oasn — oobecause oflim, _, ,,¢(x) = co (see (4)). We note
that y(x,) = 0 and y(x)#0 on (x,,,,x,,) for all sufficiently
large n € N. Also, -1/ (p'(x) is an increasing function because
of (16). The mean value theorem shows that

— <X —xﬂg;. (63)
=0 (x1) T -9 (%)
Now, let &, € (0,1). Let k(e) be the smallest natural number
satisfying

T
————<¢ Vee(0,g). 64
¢ (xke) (64
Such k(e) exists for every € € (0,¢,), since x, — Oasn —
0o and lim, _, ,,¢'(x) = —oo (this equality is true because

¢’ ¢ L'(0,t,) since lim, _, ,,¢(x) = 00). Moreover, since x,,
is decreasing and —1/¢'(x) is increasing, we obtain

—(P' (x,) = et Yn>k(e). (65)

Combining (63) and (65), it is easy to deduce that such
defined k(e) satisfies condition (32).

By (16), there exists L > 0 such that (1/(—g0'(x)))’ < L for
x € (0,t,], which means that

B -Lg' (x),

T S x € (0,ty]. (66)

Integrating (66) on [go_l(t +27), (p"l(t)], we have

—¢' (97" (t +27))

lo <2Lt, telp(t),00), (67)
g _§D’ ((P_l (t)) [(P( 0) )
that is,
—¢' (go_l (t)) > e ((p_1 (t + T)) , telp(ty),00).
(68)
By the definition of k(¢) and (64), we see that
T
(69)

—— >e=
-¢' (xk(s)—l)

Hence, from (68), it follows that
7 >~ (i)
=" (97 (ro+ (k(e) - ) 7))
> —e 9" (7! (1 + (k(e) - 1) T +27)) (70)
= (97 (1 + (k(2) + 1) 7))

= —e_zuﬁl” (xk(s)+1)>
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which implies that

¢ (xin) <Me ', €>0, (71)

where M = 1e?*.

Next, it is clear that the assumption (5) ensures a real
number M, > 0 such that

M, = ) = t)|.
0 rg%xlsol tg}&f}ls()l (72)

Hence, from (15), we have

(@) [S(p ))I)

max |y(x)|= max
ST %[ yerrtn

IS(p(x))]  (73)

>a(x,,) Jnax.
n+1>*n

= Mpa (xnﬂ) .

Now, from (63) and (73), it follows that

max |y (x)| (xn - xn+1) 2 MOa (xn+1) (xn - xn+1)
Xx€ [xnﬂ’xn

a (xn+1)
_90’ (xn+1)
a ((p_l (1o+(n+1) T))

C' (97 (1p+(n+1)T))’
(74)

> 1™,

Since go_l(t) is decreasing as well as —1/<p'(x) is increasing
and a(x) is nondecreasing and positive, we conclude that the
function

a (go"l (t))
-9’ (971 (1))
Hence, we observe that

Y max [y (x, = %)

n>k(e)X€ [%e1%4]

is nonincreasing. (75)

a ((p"l (p+(n+1) T))

> T™™
Onzk(e)_ﬁ"' (97t (rp+ (n+1)1))

0 g ((P_l (To + (t + 1) T)) (76)
=My Ik(e) ¢ (7 (o + (£ + 1) 7)) a

=M, a(§)ds

r‘ (1o+(k(e)+1)7)

0
-y [ e

Next, from assumption (17), we get some M, > 0 such that

L a@®de= M- @] "7 xet].  77)
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Now, from (76), (77), and (71), we obtain

Z max

n>k(e)*€ [xn+1’xn

|y (x)| (xn - xn+1)

= MOMl[ - (xk(s)+1)] e (78)
> MMy (Me™)
= MMM 9>,
Thus, using Lemma 25, we have
IL ()| 2qe®™ ee(0,g), (79)

for some ¢; > 0.
Next we prove that y(x) satisfies (53). Assume to the
contrary that

J? |y' (x)' dx < oo. (80)

Then, we have

t
length (y) = L V1+]y (o) dx

. (81)
< J (1 + |y' (x)|)dx < 0o0.
0
From Lemma 29, it follows that
I, ()|
= lim =224 82
length (y) Jim e (82)
On the other hand, by (79), we see that
I
lim —l O = co. (83)

e—+0 2¢

This is a contaradiction, and hence y(x) satisfies (53).
Finally, we show that y(x) also satisfies inequality (54).
Because of (5), we obtain a constant ¢ > 0 such that

max [S (¢)] = max [S(¢)] < ¢
teR te[0,7]

(84)
max|S (t|— ax |8’ (t)'<c
teR te [ 1]
By (15), we find that
sup ly ()| = sup la@®)]|S(e®))| < ca(x). (85)

te(0,x]

Hence, from (1) and (15), it follows that
'y' (x)| <c (a' (x) +a(x) [—(p' (x)]) , (86)

and therefore

| I @ldg<caty)re| a@ (¢ @] ®)

Using (85) and (87), we see that

] (s-D/@2=s)

[x sup |y () NGIE
Ee(0,x] X

< ca(ty) [exa (x)]) /@)

+ clexa (x)]/C j a@®[-¢ ©a  ©¥

< ca(ty)[ctya (to)](s_l)/(z_S)

+ M) [xq (x)) /) Jto a () [_GDI (f)] dé.

By (18) we conclude that (54) holds.
By Lemma 28, there exists ¢, > 0 such that

IL(y)| <™, e€(0,5). (89)

Thus, we have proved that the chirp function y(x) given by (1)
satisfies the desired inequality (31). This completes the proof
of Theorem 8. O

Proof of Theorem 11. Let y(x) be the chirp function (1). It is
easy to see that y(x) is oscillatory near x = 0. By (5), there
exists M > 0 such that

ISOI<M, [S'0)|<M, teR (90)

Hence, we observe that
' ()] < |a' () S (@ ()| +|a () S (9 (x) ¢’ ()]
<M |a' (x)| +M |a(x) o' (x)|,

for x € (0,t,]. From (81), it follows that length(y) < oo.
Lemma 29 shows that

I,
length (y) = l ) | (92)
0 2¢e
which implies that elength(I') < |I(y)| < 4elength(T), ¢ €

(0, &), for some g, > 0. Therefore, y(x) is fractal oscillatory
near x = 0 with the fractal dimension 1. O

4. Proof for the Fractal Oscillations of (26)

In this section, we give the proofs for the fractal oscillations of
the linear second-order differential equation (26) considered
as an application of the main results on the fractal oscillation
of chirp functions.

Before we present the proofs of Theorems 16 and 17, we
make the following observation. Since

¥, (x) = a(x)sin (¢ (x))
(93)

y1 (%) = a(x) cos (¢ (x)),

are solutions of (26), we see that y(x) = ¢, y,(x) + ¢, ¥,(x)
is a fundamental system of all solutions of (26). Assume that
C12 + ('22 > 0, and set S(t) = ¢, sint + ¢, cost. Then, S(t) clearly
satisfies (5).
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Proof of Theorem 16. Applying Theorem 8 on y(x) =
¢ ¥1(x) + 6 ¥,(x), we conclude that y(x) is fractal oscillatory
with the fractal dimension s. O

Proof of Theorem 17. Theorem 11 implies that y(x) =
ay1(x) + ¢, p,(x) is fractal oscillatory near x = 0 with the
fractal dimension 1. O

Appendix

Proof of Remark 9. By (17), there exists ¢; > 0 such that
cl_[ - (x)] j &) dE, x€(0,ty].

From (15), it follows that

6 <[ @] a0 | dE = xat[-¢' @]

(A])

(A.2)
x € (0,t],

which implies that

1
< G -1/(2-s) 1/(2 3)[a (x)]l/(2 s)
-¢' (x)
By (19), there exists ¢, > 0 such that

xa (%) [-¢' (0]

x € (0,ty]. (A3)

<g, x€(0,t], (A4)

and hence

1/(2-s) —1/(2 s)[a( )] 1/(2-s)

-9’ (x) < € (0,t,].

(A5)

Therefore, we see that

]Sl j a®[-¢' ©)]dt

[ 1
-¢' (x)
< Cl—(s—l)/(Z—S)x(s—l)/(Z—S) [a (x)](s—l)/(l—s)czl/(Z—s)
tO
<[ e ey
X

(s-1)/(2-s) [a (x)](sfl)/(Z*S) [a (x)]*(sfl)/(Z*S)

<gx (A.6)

<[ g

:%b(l_

X(S_l)/(Z_S)ta(s_l)/(z_s))
s—1

<05$_—1 € (0,1],

so that (20) holds. We conclude that
to
) el G R G

_ (xa %) [—(P, (X)]z—s)(s—l)/(Zfs)

« ([ﬁ]l j a®[-¢' ®] d&).

(A7)
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By (19) and (20), we conclude that (18) is satisfied. The proof
of Remark 9 is complete. O
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