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Abstract. In this paper, we consider the following Emden—Fowler type dynamic equa-
tions on time scales

(a())|x2 (1)]* sgnx® ()" + b(1)|x(1) P sgn x(t) = 0,

when o < B. The classification of the nonoscillatory solutions are investigated and
some necessary and sufficient conditions of the existence of oscillatory and nonoscilla-
tory solutions are given by using the Schauder—Tychonoff fixed point theorem. Three
possibilities of two classes of double integrals which are not only related to the co-
efficients of the equation but also linked with the classification of the nonoscillatory
solutions and oscillation of solutions are put forward. Moreover, an important property
of the intermediate solutions on time scales is indicated. At last, an example is given to
illustrate our main results.
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1 Introduction

Emden-Fowler dynamic equations originated in the early 20th century and they were estab-
lished in the early research of gas dynamics in astrophysics [8]. They also occur in the study
of fluid mechanics, relativity, nuclear physics and chemical reaction systems, one can see the
survey article by Wong [15] for detailed background of the generalized Emden-Fowler equa-
tion. With the development of science and technology, the super-linear Emden—Fowler type
dynamic equations on time scales have played an important and extensive role in physics and
engineering technology. We refer the reader to [16] and the references cited therein. The basic
theorems and applications can be found in Agarwal et al. [1]. In the recent years, there have
been lots of results for Emden—Fowler type equations in [2,4,7,9].
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In 2007 and 2011, Cecchi et al. [3] and Naito [13] studied the asymptotic behavior of
nonoscillatory solutions for differential equations of the following forms

(a(t)p(x)") +b(t)p(x) =0,

and
(p(t)|x'|* sgnx’) +q(t)|x[P sgnx =0,

respectively. In 2008, Cecchi et al. [2] considered the intermediate solutions for Emden—Fowler
type equations
(a(t)]x' ()] sgnx’(t)), +b(t)|x(t)|P sgnx(t) = 0.

In 2010, Kamo and Usami [11] discussed the slowly decaying positive solutions for the quasi-
linear ordinary differential equations

(p() ! |*7 1Y + q(8)|u*u = 0.

In 2011, Jia et al. [10] discussed oscillatory solutions for the second order super-linear dynamic
equations on time scales

X () + p(t)f (x(e (1)) =0.

In 2011, Erbe et al. [7] considered the asymptotic behavior of solutions for Emden—Fowler
equations on time scales
XBA(1) + p(t)x*(t) =0, x>0, (1.1)

where p € C,y([to, )T, R), & is the quotient of odd positive integers, and T denotes a time
scale which is unbounded from above. This article proposed an important property about the
solution of (1.1) under the condition ft:o tp(t)| At < oo.

Zhou and Lan gave a classification of nonoscillatory solutions for the second-order neutral
delay dynamic equations on time scales

[x(t) = c()x(t = D] + f(t,x(g1(H)), .., x(gm(D))) =0, tET,

and some existence results of each kind of nonoscillatory solutions were also established in
[17].

In 2014, Dosl4 and Marini [4] studied the nonoscillatory solutions for second order Emden-—
Fowler type differential equation

(a(t)]x'(t)|" sgn x’(t))/ +b(t)|x(t)|P sgnx(t) = 0.

This article has an important and far-reaching influence because it solved the open problem

on the possible coexistence of three types of nonoscillatory solutions for super-linear Emden-—

Fowler differential equations. However, to the best of our knowledge, the coexistence of

nonoscillatory solutions for dynamic equations on time scales has been scarcely investigated.

Motivated by [4], we consider the second order super-linear dynamic equations on time
scales

Ay A A B _
(a()x(1)[* sgnx® (1) + b(1) x(6) P sgnx(t) = 0, 12)

where 0 < a < 8 are constants and a(t) > 0, b(t) > 0 are rd-continuous functions on [0, %),
and

[ee] 1 (o]
Ia:/o mAs:oo, Ib:/o b(s) As < co.
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When a(t) = 1, that is equation

(Ix2(£)[* sgnx® (£))* + b(#)|x(t)|f sgnx(t) = 0. (1.3)
If « # B, then the prototype of (1.3) is the Emden—Fowler equation
xP £ b(t)|x|Psgnx = 0. (1.4)

Moreover, the half-linear case of (1.2) is the following form
(a()|x(#)|" sgn xA(t))A +b(t)|x(t)|*sgn x(t) = 0. (1.5)

We will consider only the eventually positive solutions of (1.2) in the following section and

denote
xl() = a(t)|x®(1)]* sgnx®(¢)
for convenience.

The main work of this article can be listed as follows. Firstly, we improve the result in [6].
We will show that the case when the solution is a constant as x[!() tends to a constant is im-
possible. Secondly, we investigate the necessary and sufficient conditions for the existence of
oscillatory and nonoscillatory solutions by methods different from [6]. Thirdly, we present an
important property about intermediate solutions on time scales which generalize the related
contributions to the subject in [4]. The research about the second order super-linear dynamic
equations on time scales unifies the cases of differential equations and difference equations.

The paper is organized as follows. In Section 2, we introduce some definitions and a
lemma about oscillatory and nonoscillatory solutions and the Schauder-Tychonoff fixed point
theorem. In Section 3, we investigate the classification of the nonoscillatory solutions. Then
we give some necessary and sufficient conditions for the existence of some oscillatory and
nonoscillatory solutions by the Schauder—Tychonoff fixed point theorem. We propose three
possibilities of two classes of double integrals which is related to the coefficients of the equa-
tion and an important property of the intermediate solutions. Moreover, an example is given
to illustrate our main results.

2 Preliminaries

In this section, we collect some definitions and a lemma about dynamic equations on time
scales.

Definition 2.1 ([14]). We say that a nontrivial solution x of (1.2) has a generalized zero at ¢, if
x(t)x(o(t)) <0.If x(t) = 0 we say that solution x has a common zero at ¢.

Definition 2.2 ([14]). We say that a solution x of equation (1.2) is nonoscillatory on T, if there
exists T € T such that there does not exist any generalized zero at t for t € [T,00).

A nontrivial solution x of equation (1.2) is called oscillatory on T, if for every T € T has x
a generalized zero on [T, c0)T.

Definition 2.3 ([6]). We say that equation (1.2) is super-linear, if there exists a constant y > 0
such that |o=7||b(s)vP| is nondecreasing in |v| for each fixed s and

© A
/ m—/va<oo for any M > 0. (2.1)
M

Lemma 2.4 (Schauder-Tychonoff fixed point theorem [12]). Let X be a locally convex space,
K C X be nonempty and convex, S C K, S be compact. Given a continuous map F: K — S, then there
exists ¥ € S such that F(X) = %.
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3 Main results

In this section, we investigate the classification of the nonoscillatory solutions. Then we give
some necessary and sufficient conditions for the existence of some oscillatory and nonoscilla-
tory solutions by Schauder-Tychonoff fixed point theorem. We also present three possibilities
of two classes of double integrals which is related to the coefficients of the equation and an
important property of the intermediate solutions. We extend some results of [4] to time scales.

Theorem 3.1. The class IP of all eventually positive solutions of (1.2) can be divided into three sub-
classes:

M:;le ={x €P:x(0)
M;IO ={x €P:x(0)
MZOI{xEH):x(oo):

(oo):€,0<€<oo},
3! (e0) = 03,
H(oo):o,0<£<oo}.

o,
o,
l,

The superscript symbol “+” means that solutions are eventually positive increasing. We
call solutions in M:g o M; o MZO dominant solutions, intermediate solutions and subdomi-
nant solutions.

Proof. Let x(t) be a positive solution of (1.2) for large t. Then there exists a ty > 0 such that
x(t) > 0ast > tg. From (1.2) we have

(x())® = =b(1)|x(1)|Psgn x(t) <0,

so x[(t) is non-increasing for t > t;, which implies that x['/(¢) is eventually positive or
negative.

We conclude that x[!/(t) > 0, t > t;. Otherwise, if x[!l(t) < 0 for t > tg, then there is a
positive number ¢, such that x[!/(t) < —c. Integrating the last inequality from 0 to ¢ and letting
t — oo, we have x(t) — —oo as t — oo since x*(t) < 0, which is contrary to the assumption of
the eventually positive solution. So x!/(t) > 0, i.e. x2(t) > 0.

Thus for any ¢, 0 < £ < oo, the possible cases of x[!/ () and x(t) when t — oo are as follows:

(i) x(c0) = £, xl(c0) = ;
(ii) x(c0) = oo, xl(c0) = ¢;
(iii) x(c0) = oo, xl'l(c0) = 0;
(iv) x(c0) = £, x[U(c0) = 0.

Now we prove the case (i) is impossible. If lim; . xm( t) = ¢, then there exists typ > 0
such that x[1(¢) > g for t > t, ie. x2(t) > (41)/1 7 Integrating the last inequality and by the

condition I, = oo, we have x(o0) = co. The proof is completed. ]
Denote
[ 1 ) 1/a 1 B
- b(r)Ar)  As, K= / / —Ar) A
1=}y ([ o) s 9 () a2

]m:/oooal/i(s)(/soob(r)Ary/mAs, Km—/o b(s) </OS al/i( )Ar>mAs.

Now we give some sufficient and necessary conditions for the existence of oscillatory and
nonoscillatory solutions.



Nonoscillatory solutions for Emden—Fowler dynamic equations 5

Theorem 3.2. The following hold for (1.2):

i1) The class IMZO is nonempty if and only if ] < co. Moreover, for any £, 0 < £ < co, there exists
x € My, such that lim; e x(t) = ¢.

ip) The class Mot,f is nonempty if and only if K < co. Moreover, for any £, 0 < { < oo, there exists
X € IM;:/Z such that imy_,e x1(t) = £,

i3) Let & < B. Equation (1.2) is oscillatory if and only if | = co.
ig) Let o > B. Equation (1.2) is oscillatory if and only if K = co.

Proof. i1) (The “only if” part) Let x(t) be a nonoscillatory solution in My, t > to > 0. ie.
x(00) = £, xl(c0) = 0. Integrating equation (1.2) from ¢ to co, we get

ie.

0 ey (o) = ks (5 ()

Integrating the above inequality from 0 to co, we obtain
1/«

x(o0) > x(0) + (ﬁ)ﬁ/a /Ooo al/i(s) (/soob(r) Ar) As.

By contrary, if ] = oo, then x(o0) = oo, which is a contradiction with x(c0) = ¢, 0 < ¢ < 0. So
] < o0.

(The “it” part) Suppose | < oo, then there exist c > 0, t; > 0 such that
1/«

pra [©_1 N ¢
c /n D </t b(s)As) eSS (3.1)

Define X = {x € Cyy[t,0)1: § < x(t) <c, t >t} and

Now, we separate the proof into the following two steps.
(i) T maps X into itself. If x € X, then from (3.1) we get

0< /tooal/i(s) </S°° b(r)xP (1) Ar)w As < %

So 5 < Tx < ¢, which implies that Tx € X.

(ii) T is continuous. Obviously Tx is compact. Let {x,} be a sequence of measurable
functions of X converging to x € X as n — oo in the topology of C,4[t1,0).

Since 0 < x,(t) < ¢, we get § < Tx,(t) < c. The Lebesgue dominated convergence
theorem shows that Tx, (1) — Tx(t;1), which implies Tx,(t) — Tx(t) uniformly on [t;,c0),
that is T is continuous.

Therefore, applying the Schauder-Tychonoff fixed point theorem, we see that there exists
an element x € X such that x = Tx, which shows that x(t) is a positive solution of equation
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(1.2) for t > t;. Since x(t) is uniformly bounded, then from Theorem 3.1 we get that x(¢) is an
element in M.

i) (The “only if” part) Let x(¢t) be a nonoscillatory solution in M:g,[, t >t > 0, ie.
x(00) = o0, x[1l(c0) = £. According to the definition of limit, we know

(5)""
al/a(t)’

, ie. xA(t)z

N~

a(t)(x2(H)" >

Integrating from 0 to ¢, we get

w0z () [

Substituting the above to equation (1.2) and integrating from 0 to co, we have

/Ooo(xm(t))AAt __ /Owb(t)xﬁ(t) At

< - (ﬁ)l/a/omb(t) (/Otal/i(s)AsygAt,
xM(00) < l1(0) — (ﬁ)w /Ooob(t) </Otal/1(s)As>ﬁAt.

By contrary, if K = oo, then xm(oo) < —o0, which is a contradiction with the condition
xM(e0) =4, 0 < £ < . S0 K < 0.
(The “if” part) Suppose K < oo holds. We can choose proper ¢ > 0 such that

/: b(t) ( /tf ﬁf)z;) As>ﬁ At < L.

Define the subset X of C,;[t1,00)1 and the mapping A: X — C4[t1,00)1 by

X = qx € Cylty, o) -/tMAs<x(t)</tWAs E>t
- rd b1, T - b = = " al/“(S) L= |

i.e.

and

Ax(t) = /tt (E+ J7 b () Ar)T e A t> . (3.2)

y al/e(s) '
Now, in order to use the Schauder-Tychonoff fixed point theorem in Lemma 2.4 we sepa-

rate the proof into the following three steps.
(i) A maps X into itself. For any x € X, we have

(o] (o] 4 IB
0< / b(r)xP(r) Ar < / b(r) < /tlt iffg:;)m> Ar<t(, s>t (3.3)

from (3.2) and (3.3) we obtain

t 1/a t (pp)1/
/ éAsgAx(t)g/ LAs, t>t,
f al/zx(s) f al/zx(s)

which implies that Ax € X.
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(ii) AX is compact. Since A maps X into itself, we only need to illustrate X is compact. Let

x(t)

y(t) =
Juy w7y s

Then
gl/zx < y(f) < (26)1/“.
For any x, € X, since
_ xXn(t)
=
Juy ey B
is bounded, from the compactness theorem, we can know that there exists a convergent sub-

sequence Yy,. So for any x, € X there exists a convergent subsequence x,,, which shows that
X is compact.

Yn

(iii) A is continuous. Let {x,} be a sequence of measurable functions of X converging to
x € X as n — oo in the topology of C,;[t1, ).

/&
From 0 < x,(t) < f:l %21(5) As, we obtain

0< [ b Atg/toob(t) (/tt fjf)z;) As)ﬁAt

f

< (20)/8 /0°°b<t) </Ot al/i(s) As)ﬁAt = (20)VK < .

The Lebesgue dominated convergence theorem shows that

/t b(s)xﬁ(s) As — t b(s)xP(s)As asn — co,
1 1

ie. Ax,(c0) — Ax(oo), which implies Ax,(t) — Ax(t) uniformly on [t;,00), that is A is
continuous.

Therefore, applying the Schauder-Tychonoff fixed point theorem, we see that there exists
an element x € X such that x = Ax, which shows that x(f) is a positive solution of equation
(1.2) for t > . So x(t) is an element in M, ,.

i3) The “only if” part follows from iy).

To prove the “if” part. Assume for contradiction that (1.2) has a nonoscillatory solution
x(t). We may assume without loss of generality that x(¢) > 0 for t > to > 0. Integrating (1.2)
from t to oo and noting that lim;_, a(t)(x*(¢))* > 0, we have

a(H) (x3(1)" > /toob(s)xﬁ(s) As, £t
which implies
0 1/a
e al/l(t) (/t b(s)x(s) As) . t> k.

Dividing the above by x7/*(t), we obtain

(1) 1 © p(s)xb(s)  \"* 1 © p(s)xb(s)  \"“
S 2 an U ) 2 ([ e )
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Since x(t) is an eventually positive solution, there exists a positive constant ¢ such that x(¢) >
co for t > t;. We have

b(t)ch
x7(t) o

Y

t > to,

Integrating above over [ty, f] and by condition (2.1), we have

1 t 1 0 P 1/a x(H) Ap
L Paa) e 02,
2 b ([ vedas) < [ <o

e 1 ﬁ 1/«
— b A At < oo.
o (G [Toerdas) ot <o
But this contradicts | = oo.

The proof of iy) is similar to that of i3), so it is omitted here. The proof is completed. O

which implies

Motivated by [5], now we give the following proof.
Lemma 3.3. If 0 < m < 1, then [, = c0 = K, = oo.

Proof. Let p =1/m. Obviously p > 1. The integrals J,;, K, can be written as

o 1 oo P oo toq 1/p
= As) At, K= t A At.
=) g (] v02s) [ oo ([ s e)
Put m =0 fors < tand aw( 5= W for s > t. Then we obtain
o0 1 OO 1/ P
T = / alT t b(s) s " At = / (5 /“ ) Pb(s) As] At
oo 1/p < b
(// (-7 t,s)) b(s As "t / (// aw o) At as

= 1
/0 WtSAt /b(s)As /oal/“(t)At

The proof is completed. ]

Lemma 3.4. If « < f, then | = c0 = K = co.
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Proof. Consider two cases: (i) & < 1; (11) o > 1.
Case (i): Let tg > 0 be such that fo : /a As > 1 for t > ty. Since ] = oo, by Lemma 3.3

Ky = 0. Since & < B, we have K > K, = co.

Case (ii): We have
0o 1 0o 1/a
]:/0 al/‘"(f)</t b(s)As> At fort > t.

Integrating by parts we have

1/«

J= /(/ al/uc AS>A</tOOb(s)As> At
:i/ooob(t) (/Og(t)al/i(s)As> (/fb(s)As)laaAt.

Since 1 < a < B, by the Holder inequality, we obtain

0 ot b 0 —1/B)? i
] < % </0 </O ()al/i( )As)ﬁb(t)AtY x (/0 (fz(f)(l 1//31“_35 At) .

. b(s) As) -

Since [;° b(s) As < oo, (1—1/B)* <1and Eﬁ §ﬁ<1 we get

g1

B-1
_ 2 B o B
(/oo b(t)(l 1/13)(%1)‘3 At) < (/ b(t) — At) <M,
0 (ftwb(s) As) (B=1s 0 (ft"" b(s) As) P De

where M is a finite positive constant. So we can choose proper M such that | < %Kl/ P. Since
J = oo, this inequality yields the assertion. The proof is completed. O

Theorem 3.5. The possible cases of mutual behavior of integrals |, K, when « < B are as follows:
C1) J =00, K= o0,
C2) ] <00, K= o0 when a < f5;
C3) ] < o0, K < co.
Proof. The theorem can be easily proved by applying Lemmas 3.3, and 3.4. O

Lemma 3.6. Let > 1,Ap > 1 and f, g be nonnegative rd-continuous functions on [tp,00). Then

( IRCIVRLE Ar)AAsY
< (B2 ([ ([s0ras) o) ([ smar) "

Proof. Consider two cases: (i) f > 0; (ii) f has zeros.
Case (i): Integrating by parts, we have

o ([ o Ar)H ([ stman)as=3 [se ([ 50 Ar)AAs.

(3.4)
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According to the above equality and Holder’s inequality, we obtain

[so (], f(r)Ar>AAs
—/\/tzfl/r’ (s)fM(s) (/f Ar) ( )
1/q

_/\< t:f(s) </:g(u)Au> As>1/p (/ (/f Ar> o As> ,

where p > 1,1/p+1/q=1. Letting p =y, q = ﬁ, we get

IRCIVNC Ar)A s
)\( t: £(s) ( /t g(u)Au)y As>w( t: £(s) ( / ) Ar>7A5> (PHW,

where vy = (A —1)u/(u — 1) > —1. Moreover, we have

o[ e o)

(3.5)

Hence, from (3.5) we obtain

IRCIVNG Ar)A As
9<;—_z>(”‘“”< (o) ) ([

Case (ii): If f has zeros for t > ty, for any s € [to, t)T, let I(s) = cl{r € (s, t) : f(r) > 0}.
Since fs f(r)Ar = f (s r) Ar, the conclusion is true as before. The proof is completed. [

Theorem 3.7. Let 1 < a < BB, and fooo sPb(s) As < co. Then any intermediate solution x of (1.3)
satisfies lim inf;_,o x(—t()t) > 0.
Proof. Integrating equation (1.3), we obtain x(t) = (fsoo b(r)xP(r) Ar)l/a. We can choose t3
large enough so that x(t) > 0, x®(t) > 0 and f:’ Pb(r) Ar < 1for t > t.

Choose t4 large enough such that

o0 (B—a)/a
k (/ Pb(r) Ar> <1, (3.6)
ta

_1)\ (B-1)/B
where k = % (704([3137“1))

x(t) —x(n) = /Wt (/(:(s) b(r)xP(r) Ar + /toob(r)xﬁ(r) Ar)l/a As

. Let # = max{f3, t4}. Integrating (1.3) twice, we obtain

for t > 7.
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From the inequality
(X—f—Y)l/“ S Xl/zx —I—Yl/“,

where X, Y are positive numbers, we obtain

t </Ut b(r)xP(r) Ar>w As+t </t°o b(r)xP(r) Ar>w As.

w0 —xn < [ ([

U

Let f(r) = b(r)xP(r), g(s) =1, A = 1/a and u = B and by Lemma 3.6 we have

() = x(n) < k ([ 0002700 Ar)w ([ o ar) M ([ oo Ar)w,

from (3.6),

1/a

() —x(n) < (/}; ()b (r) Ar>w ' (/tm b(r)xb(r) Ar)
_ < /}7 ' Bb(r) 2P () Ar> e,

Since
1/p o 1/p
(/ Po(r)xP (r) Ar> < x(t) (/ Pb(r) Ar) ,
U Ul
we obtain 1/p
x(1) / B tx® ()
2 <
1 xt)_<’7rb(r)Ar +x(t)'
Le. 178
A o)
b (t) zl—x(n)—(/ rﬁb(r)Ar> .
x(t) x(#) y
We obtain the assertion from (3.6). The proof is completed. O
4 Examples

In this section, we will present an example to illustrate our main results.

Example 4.1. Let T = R. Consider the following Emden-Fowler equation

x" + G _1_12)3 |x[?sgnx =0, t>0. (4.1)
Wehavea =1, =2,a(t) =1and b(t) = ﬁ Thus
© 1 © 1/
® roo ] (4.2)
= ———— dsdt
Iy (s+2)7°

=0 < oo.

From Theorem 3.2 we can get that (4.1) above has subdominant solutions for ¢ > 0.
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5 Conclusion

At the end of this paper, let us suggest the further possible research in the theory of dynamic
equations, concretely for Emden-Fowler dynamic equations. First, the coexistence of three
classes of nonoscillatory solutions can be studied. Second, the sufficient and necessary con-
ditions for the existence of intermediate solutions may be established. Third, the cases of
sub-linear and half-linear about the corresponding conclusions can also be considered.
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