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1. Introduction

Consider the class of Emden—Fowler-type neutral delay differential equations of the form:

(F) W 1)) +h(y)w'(sy)) =0 for y>yo >0, 1)

where u(y) = w(y) + g(y)w(d(y)) and c and a are the ratios of two odd positive integers. Let us
consider the following conditions:

(@ f,h0,ceCRL,Ry)suchthatd(y) <y, c(y) <yfory > yp, 8(y) = oo ¢(y) = c0asy — oo;
(b) limy e A(y) = co where A(y) = [¢ (f(iy))fl/cdiy;

(0 g€ C(Ry,R_)with —1+(2/5)1/¢ < —a<g(y) <0fory € Ry;

(d) ge€C(Ry,Ro)with—1< —a<g(y) <O0fory e R,.

Brands [1] showed that for bounded delays, the solutions to:
w”(y) +h(y)w(y —9(y)) =0

are oscillatory, if and only if the solutions to w”(y) + h(y)w(y) = 0 are oscillatory. Baculikova
and Dzurina [2] studied (1) when ¢ = a = 1, by considering the assumptions 0 < g(y) < oo and
lim, 0 A(y) = co. They obtained sufficient conditions for the oscillation of the solutions of (1),
using comparison techniques. In another paper, Baculikova and DZurina [3] considered (1) and
established sufficient conditions for the oscillation of the solutions of (1) under the assumptions
0 < g(y) < o0 and limy ;00 A(y) = 0. Bohner et al. [4] established sufficient conditions for the
oscillation of the solutions of (1) when ¢ = a and assuming lim, . A(y) < coand 0 < g(y) < 1.
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Chatzarakis et al. [5] established sufficient conditions for the oscillation and asymptotic behavior of all
solutions of second-order half-linear differential equations of the form:

(F) @' (y)") +h(y)w (9(y)) = 0. )

In subsequent work, Chatzarakis et al. [6] established improved oscillation criteria for (2).
Dzurina [7] established sufficient conditions for the oscillation of the solutions of (1) whenc =a =1,
by considering the assumptions lim, e A(y) = c0oand 0 < g(y) < go < 0. Fisnarova and Marik [8]
considered the equation:

(fFm) @' (1)) +c(y)@(w(s(y))) =0,

where u(y) = w(y) + g(y)w(d(y)) and ®(y) = |y|P~2y, p > 2. Umar et al. [9] studied stochastic
intelligent computing with neuro-evolution heuristics for nonlinear SITRsystem of novel COVID-19
dynamics. Guirao et al. [10] considered novel third-order nonlinear Emden-Fowler delay differential
equations, designed a model, as well as found the numerical solutions of third-order nonlinear
Emden-Fowler delay differential equations. Touchent et al. [11] established the modified invariant
subspace method for solving partial differential equations with non-singular kernel fractional
derivatives. Sabir et al. [12] considered second-order singular periodic nonlinear boundary value
problems and performed the computing based on neuro-swarm intelligence. Grace et al. [13]
established sufficient conditions for the oscillation of the solutions of (1) when ¢ = a and by considering
the assumptions limy e A(y) < 0, limy 0 A(y) = o0, and 0 < g(y) < 1. Karpuz and Santra [14]
obtained several sufficient conditions for the oscillatory and asymptotic behavior of the solutions of:

(fF(n) (w(y) + g)w(@y)))) +h(y)f (w(c(y))) =0,

by considering the assumptions lim;, e A(y) < oo and limy ;0 A(y) = oo, for different ranges of
g. Li et al. [15] established sufficient conditions for the oscillation of the solutions of (1), under the
assumptions lim;, o A(y) < oo and g(y) > 0.

For further work on the oscillation of the solutions to this type of equation, we refer the readers
to [16-27]. Note that the majority of publications consider only sufficient conditions, and merely a
few consider necessary and sufficient conditions. Hence, the objective in this work is to establish both
necessary and sufficient conditions for the oscillatory and asymptotic behavior of the solutions of (1)
without using the comparison and the Riccati techniques.

Many researchers investigated regularity properties and obtained several existence results of
solutions to partial differential equations; see [286-30] and the references therein. Furthermore, the authors
in [31,32] considered the study of the exact and approximate solutions to differential equations.

Neutral differential equations have several applications in the natural sciences and engineering.
For example, they often appear in the study of distributed networks containing lossless transmission
lines (see, e.g., [33]). In this paper, we restrict our attention to the study of (1), which includes the class
of functional differential equations of the neutral type.

By a solution to Equation (1), we mean a function w € C([Yy, o), R), where Yy, > yo, such that
fu' e Ct ([Yw, ), R), satisfying (1) on the interval [Yy, c0). A solution w of (1) is said to be proper if w
is not identically zero eventually, i.e., sup{|w(y)| : ¥ > Y > 0} > Oforall Y > Y;,. We assume that
(1) possesses such solutions. A solution of (1) is called oscillatory if it has arbitrarily large zeros on
[Yu, 00); otherwise, it is said to be non-oscillatory. (1) itself is said to be oscillatory if all of its solutions
are oscillatory.

Remark 1. When the domain is not specified explicitly, all functional inequalities considered in this paper are
assumed to hold eventually, i.e., they are satisfied for all y large enough.
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2. Main Results

Lemma 1. Let (a), (b), and one of (c) or (d) hold. Furthermore, let w be an eventually positive solution of (1).
Then, u satisfies one of the following two possible cases:

i) u(y) <0, u'(y)>0 and (f(y)('(y))) <0
i) u(y) >0, u'(y)>0 and (f(y)('(y))) <0

foryo > y1 > 0, where y >y, is sufficiently large.

Proof. Suppose that there exists a y1 > Yy, such that w(y) > 0, w(d(y)), and w(g(y)) > 0 fory > y;.
From (1) and (a), we have that:

(f) W' (y)) = =h(y)w'(s(y)) <0 fory >y. ®3)

Consequently, (f(y)(u'(y))°) is nonincreasing on [y, ). Since f(y) > 0, thus either u/(y) < 0 or
u'(y) > 0fory > yo, where yp > .

If u’(y) > 0 for y > y,, then we have (i) and (ii). We prove now that u’(y) < 0 cannot occur.

If u'(y) < 0fory > y,, then there exists x > 0 such that (f(y)(u'(y))¢) < —x fory > y».
Integrating over [y, ) C [ya, c0) after dividing by f, we have:

Y -1/
u(y) < ulyz) - K“C/y (f(p))~"“dn fory > ya. @)
2
By virtue of Condition (b), limy e u(y) = —oco. We consider now the following possible
cases, separately.
If w is unbounded, then there exists a sequence {y;} such that limy ., yx = oo and

limy_, o, w(yx) = oo, where w(yy) = max{w(n);yo <1 < yx}. Since limy e ¥(y) = oo, ¥(yx) > yo for
all sufficiently large k. By d(y) <y,

w(O(yx)) = max{w(n);yo <1 < Oyi)} < max{w(y);yo <17 <y} = wy).

Therefore, for all large k,

u(yr) = wye) + () w(9(yx)) = (1+ g(yk))w(yx) >0,

which contradicts the fact that limy e u(y) = —co.
If w is bounded, then u is also bounded, which contradicts lim;, e #(y) = —oco. Hence, u satisfies
one of the cases (i) and (ii). This completes the proof. O

Lemma 2. Let (a), (b), and one of (c) or (d) hold. Furthermore, let w be an eventually positive unbounded
solution of (1). Then, u satisfies (ii), only.

Proof. Suppose that there exists a y; > yo such that w(y) > 0, w(8(y)), and w(¢(y)) > 0 fory > y;.
Then, Lemma 1 holds, and u satisfies (i) and (ii) for y» > y;, where y > y,. By Lemma 1, if w is
unbounded, then u(y) > 0. Therefore, (i) cannot occur. This completes the proof. [

Lemma 3. Let (a), (b), and one of (c) or (d) hold. Furthermore, let w be an eventually positive solution of (1)
and u satisfy (i). Then, limy e w(y) = 0.



Axioms 2020, 9, 136 40f 11

Proof. Suppose that there exists y; > yo such that w(y) > 0, w(d(y)), and w(g(y)) > 0, for y > y;.
Then, Lemma 1 holds, and u satisfies (i) and (ii) for y» > y;, where y > y5. Let u satisfy (i) for y > y».
Therefore,

0> limu(y) = limsupu(y) > limsup(w(y) —ax(8(y)))
Y= y—roo y—roo
> limsup w(y) + liminf(—aw(9(y))) = (1 — a) limsup w(y)
y—oo y—oo y—oo

which implies that limsup, _, w(y) = 0, and hence, limy ;o w(y) = 0. O

2.1. The Casec > a

In this subsection, we assume that there exists a constantb > Osuchthat0 <a < b < c.

Lemma 4. Let Assumptions (a), (b), (c), or (d) be satisfied. Furthermore, assume w is an eventually positive
solution of (1) and u satisfies (ii). Then, there exists yo > y1 and x > 0 such that for y > vy, the following
inequalities hold:

u(y) < «°A(y) ®)
} 1/c

(AW) =A@ [ [ 1@ (e A(0)" " u (6(2)) g

Y

< u(y). (6)

Proof. Suppose that there exists y; > yo such that w(y) > 0, w(d(y)), and w(g(y)) > 0 fory > ys.
Then, Lemma 1 holds, and u satisfies (i) and (ii) for y, > y1, where y > y,. Let u satisfy (ii) for y > y».
By (ii), (f(v)(/(y))°) is positive and non-increasing. Therefore, there exists x > 0 and y, > y; such
that (f(y)(u/'(y))°) < «. Integrating the inequality u'(y) < (x/f(y))'/¢, we have:

u(y) < u(y2) + €/ (Aly) — Aly2)).

Since limy, ;0 A(y) = o, the last inequality becomes:
u(y) <xVA(y) fory >y,

which is (5). Note that ¥ depends on w being evaluated at a time y,. Thus, (6) must include all
possible «’s.
From (5), we have:

' (5(y)) = ()l (c(y) = (M °Alg)" " (c(y))- @)

Using u(y) < w(y) and (7) in (1) and then integrating the final inequality from y to oo, we have:

fim [(7) )Y + [0 (/A 60))* )ty <0

A—o

Using that (f(y)(1/(y))°) is positive and non-increasing, we have:

/yooh(ﬂ)(Kl/cA(G(W)))a_b“b(G(W)) dn < (Fy)('(y))°) fory >y.

Therefore,

1
f)

] ®)

W(y) > | /yw B (<A ()" (e () dy
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Since u(y) > 0, integrating (8) from y, to y, we obtain:

]1/C

u) 2 [ [ [ HOGAG@) " " e(0) a2
> (A) = ) [ [ 1O 0 ae@) u sl a]

dn

which is (6). O

Theorem 1. Under Assumptions (a)—(c), every unbounded solution of (1) oscillates if and only if:

() [7 h(n)A*(g(n))dn = +oo for every T > 0.

Proof. To prove sufficiency by contradiction, assume that w is a non-oscillatory unbounded solution
of (1). Then, there exists y; > yo such that either w(y) > 0 or w(y) < 0 for y > y;. Assume that
w(y) > 0, w(d(y)) > 0and w(¢(y)) > 0 for y > y;. Then, Lemmas 1, 2, and 4 hold for y > y,.
From Lemma 1, u satisfies (i) and (ii) for y > y,. Again, from Lemma 2, u satisfies (ii) only for y > y».
Therefore, by Lemma 4, we have:

u(y) > (Aly) = A(y1)) AV (y)  forall y >y,

where:
Aly) = /y Q) (A ((2)) " P ub (g()) dg > 0.

Since limy 0o A(y) = oo, there exists y3 > v, such that A(y) — A(y1) > 2A(y) for y > y3. Then:

1

u(y) > SAWAYY) fory >y,

and ul / (k1/¢A)b > Ab/c/(2x1/€)b. Taking the derivative of A, we have:

< —h(y) (" Alg()))" A" (c(y)) (2M) " < 0.
Therefore, /\(y) is non-increasing so AP ¢(g(y))/Ab¢(y) > 1, and:
(A7) = (1 =b/) A () A (y) £ —(1 = b/e)27 kW h(y) A (g (y))-

Integrating this inequality from y3 to y, we have:

_ _ _ Y
(A, < (= b/t ) At (e) .
3
Since b/c < 1 and A(y) is positive and non-increasing, we have:
Yy 2bK(b—IZ)/C
h(n)A? dn < 25~ Al-b/e )
AT ) dy < T A )

This contradicts (e) and proves the oscillation of all solutions.
If w(y) < 0 fory > yq, then we set x(y) := —w(y) for y > y; in (1). Therefore,

(f@)) (y) + h(y)x"(s(y)) =0 fory >y,
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where u(y) = x(y) + g(y)x(d(y)). Then, proceeding as above, we reach the same contradiction.
This proves the oscillation of all unbounded solutions of (1).

Next, we show that (e) is a necessary condition. Suppose that (e) does not hold; so, for some « > 0,
the integral in (e) is finite. Therefore, there exists y > yq such that:

0 . xl-alc
[ sty <

Let us consider the closed subset M of continuous functions:

M= {w:w € C([yo,),R), w(y) =0fory € (yo, Y] and
() IAW) — AW)] < wly) <V [Aly) — Ay)] for v > o).

We define the operator ® : M — C([yo, +0), R) by:

0, y€(voY]

@ _ C
(®w)(y) {—g(y)w(ﬁ )-l—fy [ﬁ[ +fqooh(5)wa(€(g))d§]}l/ g,y =Y.

For every w € Mand y > Y, we have:

[ e 5+ ) mowcnaa] " an
[ 5] = (g)l/c[/\(y) ~ AW

For every w € Mand y > Y, we have w(y) < !/°A(y) and w*(y) < x*/°A”(y). Then:

(®w)(y)

y 1/c
@o)0) < —swew)+ [ [ (5+5)]
< ”C[A(ﬂ Ay)]+( 2x/5 )E[AlY) = Ay)]
< axV[A(y) - }+ (2x/5 “C[ (v) — Aly)]
— (a+(2/5)Y ) ‘[Aly) — Ay)] < &Y[A®y) — A(y)]

which implies that (Pw)(y) € M. Let us define now a sequence of continuous function v, : [y, +00) —
R by the recursive formula:

D _ 0, ye (}/OIY]
v {Q[A(y) -Ay)l, y=zY.

vu(y) = (Pv,—1)(y), n>1

It is easy to verify that forn > 1,

(5" [AW) = AW)] < waa(y) < way) <6 [A@W) = AW))-

Therefore, the pointwise limit of the sequence exists. Let lim, o vn(y) = v(y) for y > yo.
By Lebesgue’s dominated convergence theorem, v € M and (®v)(y) = v(y), where v(y) is a solution
of (1) on [T, o0) such that v(y) > 0. Hence, (e) is necessary. This completes the proof. [
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Example 1. Consider the delay differential equation:

(e ((w(y) — e Vwly —1))°) +y(w(y —2))* =0, y>0. ©)
Here,c = 3/5,a =1/3, f(y) = e ¥, -1 < gly) = =¥ <0,8y) =y—1,¢ly) =y—2,
Aly) = [§ e 3dy = 2(eD/3 —1). Forb=1/2and p < q, we have 0 < a < b < cand p*~* = p~1/6 >

q*~0 = g1/, To check (e), we have:

AwhOﬁA%ngdﬂ=1Awﬂ(§@mmiw3—1ﬂlﬁdn:ca

since the integral approaches 400 as 1 — H-oo. Therefore, all the assumptions of Theorem 1 hold.
Thus, every unbounded solution of (9) oscillates.

Theorem 2. Under Assumptions (a)(c), every solution of (1) oscillates or limy o w(y) = 0 if and only if
(e) holds.

Proof. We show sulfficiency by contradiction. Assume that w is an eventually positive solution
of (1). Then, there exists y; > yo such that w(y) > 0, w(d(y)) > 0, and w(g(y)) > 0 fory > y;.
Then, Lemmas 1, 3, and 4 hold for y > y,. From Lemma 1, u satisfies (i) and (ii) for y > y».

If u satisfies (i), then limy , w(y) = 0 due to Lemma 3.

If u satisfies (ii), then we proceed as in Theorem 1 to get a contradiction to (e). Thus, (e) is a
sufficient condition.

The case where w is a negative solution is similar, and we omit it here.

The necessary part is the same as in Theorem 1. Thus, the proof of the Theorem is complete. [

2.2. The Casec < a

In this subsection, we assume that there exists a constant b > 0 such thata > b > ¢ > 0.

Lemma 5. Assume (a), (b), and one of (c) or (d) are satisfied. Let w be an eventually positive solution of (1)
and u satisfy (ii). Then, there exists yo > yq and x > 0 such that for y > vy, the following inequality holds:

() = &l (c(y)). (10)
Proof. Suppose that there exists y; > yo such that w(y) > 0, w(d(y)), and w(g(y)) > 0 fory > y;.

Then, Lemma 1 holds, and u satisfies (i) and (ii) for y» > y1, where y > 5. Let u satisfy (ii) for y > y».
By (ii), it follows that u’(y) > 0, so u is increasing, and u(y) > u(y2) for y > y,. Thus:

u(g(y)) 2 ulg(y2)) :=x>0 fory =y :=y.
Therefore,
u(g(y)) = u" " (c(y)u’(c(y) = & ul((y)) fory >y,
which is (10). O

Theorem 3. Assume that (a), (b), and (d) hold. Furthermore, assume that ¢'(y) > 1and v'(y) > 0 fory € Ry
Then, every solution of (1) oscillates or limy e w(y) = 0 if and only if:

1/c
" fr [ﬁ[ﬁo h(é)dgﬂ dy = +oo  forevery T > 0.
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Proof. We show sufficiency by contradiction. Assume that w is an eventually positive solution

of (1). Then, there exists y; > yo such that w(y) > 0, w(d(y)) > 0, and w(g(y)) > 0 fory > y.
From Lemma 1, u satisfies (i) and (ii) for y > 5.

If u satisfies (i), then lim,  w(y) = 0 due to Lemma 3.

If u satisfies (ii), then Lemma 5 holds for y > ;. Using u(y) < w(y) and (10) in (1) and integrating
the final inequality from y to co, we have:

tim [(£(n) (' (7))°)' ]+ w7 /y " () ut(c(n)) dn <.

A—c0 Y

Using that (f(y)(w'(y))¢) is positive and non-increasing and 7' (y) > 0, we have:

Kb /ywh(ﬂ)ub(g(n))dn < (fFW) ' @)% < (Flely) ' (cw)) < Fly) (' ()

for all y > y,. Therefore,

W MOV I Ve ga-b)eypre L Ve
(otw)) 2 w0 [ s |ttt an] ™ 2 RV ety [ [ o
implies that:
glavyse] L% Ve o W)
"l ] < ey -
Since b/c > 1and v/ (¢(y)) < u'(¢(y))¢' (v), integrating (11) from y; to oo, we have:

a-b)/c /: {L /17°° n@) ddl/cd’? < wlbb//;(f(i/z)) < .

This contradicts (f) and proves the oscillation of all solutions.
The case where w is an eventually negative solution is omitted since it can be dealt with similarly.
Next, we show that (f) is necessary. Assume that (f) does not hold, and let there exist y > g

such that: v 00 1/¢ 1—a
/Y[]W[/7 h(g)dg]} dy <~

Let us consider the closed subset M of continuous functions:

1—a
5

M= {we C(lyo,) B : wly) = ? y € [yo, Y]; < w(y) <1fory >Y}.

Then, we define the operator ® : M — C([yo, o), R) by:

oy = | € e
—gW)w(8)) + 152+ [ |75 [y h@) f (wic@))ae]| “dn, y =Y.
Foreveryx € Mandy > Y, (dw)(y) > % and:
@0 < ae 50 [ m@a]
< a+1ga+1ga:3a;—2 <1

which implies that ®w € M. The rest of the proof follows from Theorem 1. The proof of the Theorem
is complete. [
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Example 2. Consider the delay differential equation:

@IN

(((w(y) — e ¥a(8@)))*) + @+ Dy -2)F =0, y>o0. (12)

Here,c = 1/5,a =7/3, f(y) =1, ¢ly) =t—2, A(ly) = y. Forb = 4/3 and p < g, we have
a>b>c>0andp” b =p <q° b =q. Tocheck (f), we have:

/200 [/)700(C+1)d5]5d17:oo.

Thus, all the assumptions of Theorem 3 hold. Hence, every solution of (12) oscillates or limy, o w(y) = 0.

3. Conclusions

It is worth noting that the necessary and sufficient conditions we established hold when
—1 < g(y) < 0. These conditions do not hold in other ranges of g(y). Therefore, the conditions
we obtained hold in a limited range of g(y).

At this point, we give one remark and two examples to conclude the paper.

Remark 2. The results in this paper also hold for equations of the form:

(F (@) + som))) + L ) =0,

where g, f, hi, ¢; (i =1,2,...,m) satisfy Assumptions (a)—(d). Then, Theorems 1-3 can be extended, using an
index i such that h;, a;, g; fulfill (e) and (f).

We conclude the paper by presenting two examples, which show how Remark 2 can be applied.

Example 3. Consider the delay differential equation:

1

(¥ () — e (o)) + S0l =20+ -1)Y =0, y20. (3)

y+2

Here, ¢ = 3/5, a1 = 1/3,a, = 1/5, f(y) = e7¥, g(y) = —¢ ¥, cily) =y -2, cy) =y -1
Aly) = [§e*/3ds = 2(e®/3 —1). Forb = 1/2and p < q, we have 0 < max{aj, a2} < b < ¢,
and p“l’h = p’1/6 > q”l’b = q’1/6 and p“Z’b = p’3/10 > q“Z’b = q’?’/lo. To check (e), we have:

o M o 1 3 1/3

) ai (. > ay — = (2(51=2)/3 _ —
Ji Smtnattaoman = [“mimat@onman = [ (5 1) dy=co,

since the integrand approaches +oo as § — +oo. Therefore, all the assumptions of Theorem 1 hold.
Hence, every unbounded solution of (13) oscillates.

Example 4. Consider the delay differential equation:

(@) —eYw@)))7) + 3wy -2 + G+ Dy - 1P =0, y>0. 14)

Here,c =5/7,m4 =5/3,a0 =3, fly) =L c1(y) =y—2,62(y) =y—1, Aly) = y. Forb =4/3
and p < q, we have min{ay, a} > b > ¢ > Oand p"=b = pl/3 < g~ = g1/3 gpd p2=t = p5/3 <
g2t = q5/3. Clearly, all the assumptions of Theorem 3 hold. Hence, every solution of (14) oscillates or
limy, 00 w(y) = 0.
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