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ON PERIODIC SOLUTIONS TO SECOND-ORDER DUFFING
TYPE EQUATIONS

ALEXANDER LOMTATIDZE AND JIRI SREMR

ABSTRACT. Sufficient and necessary conditions are found for the existence of
a positive periodic solution to the Duffing type equation

u” = p(t)u + q(t, v)u.
The results obtained are compared with facts well known for the autonomous
Duffing equation
y' 4 ay — by3 =0.
Uniqueness of solutions and possible generalisations are discussed, as well.

1. INTRODUCTION

The paper deals with the question on the existence and uniqueness of a positive
solution to the periodic boundary value problem

=p(t)u + q(t,u)u;  u(0) = u(w), v'(0) = u'(w). (1.1)

Here, p € L([0,w]) and ¢: [0,w] x R — R is a Carathéodory function. Under
a solution to problem (1.1), as usually, we understand a function u: [0,w] — R which
is absolutely continuous together with its first derivative, satisfies given equation
almost everywhere, and verifies periodic conditions.

In mathematical models of various oscillators, one can find the following equation

y' 4 6y + ay — by® = ysint, (1.2)

"

where a,b,v € R and the damping constant satisfies § > 0. This equation is the
central topis of the monograph [1] by Duffing published in 1918 and still bears his
name today (see also [5]). Considering the equation of motion of the forced damped
pendulum

y' + 6y + % siny = ysint, (1.3)

the equation (1.2) with a,b > 0 appears when approximating the non-linearity in
(1.3) by Taylor’s polynomial of the third order with the centre at 0. A survey of
results dealing with the analysis of the pendullum equation is given in [10]. The
equation (1.2) can be also interpreted as the equation of motion of a forced oscillator
with a spring whose restoring force is given as a third-order polynomial. The phase
portrait of the free undamped equation (1.2) with a,b > 0, i.e., the equation

y" +ay — by’ =0, (1.4)

can be easily determined and it is illustrated on Fig. 1.
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FIGURE 1. Phase portrait of equation (1.4) with a,b > 0.

Definition 1.1. A solution u to problem (1.1) is referred as a sign-constant solution
if there exists ¢ € {0,1} such that
(=1)'u(t) >0 fort € [0,w],

and a sign-changing solution otherwise.

Let us summarize some well-known facts concerning periodic solutions to equa-
tion (1.4) (see, e.g., [5,6]).
Proposition 1.2. The following statements hold:

(1) For any a < 0 and b > 0, equation (1.4) has a unique equilibrium y = 0
and no other periodic solutions occur.

(2) For any a,b > 0, equation (1.4) has exactly three equilibria y =0, y = \/%,

Y= —\/% and no other non-trivial sign-constant periodic solutions occur.
(3) For any a,b >0 and T < 2—7;, equation (1.4) has exactly three T-periodic
solutions.

(4) For any a,b> 0 and T > 2—’;, equation (1.4) has a sing-changing periodic
solution with the minimal period T .

In the present paper, we generalise these assertions to a non-autonomous case
and an arbitrary power of the super-linearity in (1.4) (see Corollaries 2.28, 2.31
and Remark 2.29). Therefore, for w > 0 we consider the non-autonomous periodic
problem

u" = p(tyu+ h(t)u sgnu;  u(0) = u(w), v (0) = u'(w), (1.5)

where p, h € L([0,w]) and A > 1. It is natural to refer the equation in (1.5) as a non-
autonomous Duffing type equation. The question on the existence and multiplicity
of periodic solutions to the autonomous Duffing equations is studied very often
in the existing literature and thus, plenty of interested results is known. As for
a non-autonomous case, many existence results can be found for the equations with
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a sub-linear non-linearity. However, the Duffing type equations are characterized
by a super-linearity in the equation and we have found only a few results covering
this case (see, e.g., [2,7,8,11-13] and references therein). Below, we establish
effective conditions for the existence and uniqueness of a positive periodic solution
to (1.1) and their consequences for problem (1.5) (with a non-autonomous Duffing
type equation), which can be easily compared with the facts well known in the
autonomous case (1.4). At last, we will show possible extensions for a more general
problem than (1.5), namely, for the periodic problem with two super-linear terms

u” = p(t)u+ h(t)|ul* sgnu + f()|ul*sgnu;  u(0) = u(w), u'(0) =/ (w), (1.6)

where p, h, f € L([0,w]) and A, > 1. Tt is worth mentioning that Duffing type
equations with two or more super-linear terms appear when approximating the
non-linearity in the equation of pendulum (1.3) by Taylor’s polynomials of higher
orders than 3.

Throughout the paper, the linear spaces of Lebesgue integrable and continuous
functions defined on an interval I C R are denoted by the standard symbols L(I)
and C(I), respectively. Having A C L(I), symbols A and Int A denote the closure
and the interior of the set A in the sense of the standard integral norm in L(I).
Moreover, AC*([a,b]) stands for the set of functions u: [a,b] — R which are ab-
solutely continuous together with their first derivatives. Furthermore, AC/([a, b))
(resp. ACy([a,b])) is the set of absolutely continuous functions u: [a,b] — R such
that «' admits the representation u'(t) = v(t) + o(t) for a.e. t € [a,b], where
v: [a,b] — R is absolutely continuous and o: [a,b] — R is a non-decreasing (resp.
non-increasing) function whose derivative is equal to zero almost everywhere on
[a,b]. Finally, for z € R, we put

_ e[+ I

)y = X = L
Definition 1.3 ([9, Definition 0.1]). We say that the function p € L([0,w]) belongs
to the set VT (w) (resp. V~(w)) if for any function u € AC*([0,w]) satisfying
u’(t) > p(t)u(t) fora.e. t €[0,w], u(0)=u(w), u(0)=u(w), (1.7)
the inequality
u(t) >0 forte[0,w] (resp.u(t) <0 fort e [0,w])
is fulfilled.

Definition 1.4 ([9, Definition 0.2]). We say that the function p € L([0,w]) belongs
to the set Vp(w) if the problem

' =p(t)u;  uw(0) = u(w), v'(0) = u'(w) (1.8)
has a non-trivial sign-constant solution.
Remark 1.5. Efficient conditions for p to belong to each of the sets V1 (w), V™ (w),
and Vo(w) are given in [9)].
2. MAIN RESULTS

In this section, we formulate all the results, their proofs are postponed till Sec-
tion 4 below.
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Theorem 2.1. Let ¢(-,0) =0,
pEV (W) UV(w), (2.1)
and there exists a function 8 € AC,([0,w]) satisfying
B(t) >0 forte[0,w],
B7(t) < p(t)B(t) + q(t, B(t))B(t)  for a.e. t €[0,w],
B(0) = Bw), B'(0) < B'(w).
Then problem (1.1) has at least one positive solution u such that
u(t) < B(t) forte[0,w)]. (2.5)
Let us introduce the hypothesis:
q(t,z) > qo(t,x) for a.e.t € [0,w] and all z > 0,
go: [0,w] x [0, +00o[ — R is a Carathéodory function, (Hy)
qo(t,-): [0, +00[ — R is non-decreasing for a.e. ¢t € [0,w].

Corollary 2.2. Let ¢(-,0) = 0, relation (2.1) hold, and at least one of the following
conditions be fulfilled:

(a) There exists ¢ > 0 such that
p(t) +q(t,c) >0 fora.e te€[0,w]. (2.6)

(b) Hypothesis (Hy) is satisfied and there exists r > 0 such that p + qo(-,7) €
V™ (w).

Then problem (1.1) has at least one positive solution.

In the next statement, we give an effective condition guaranteeing that the as-
sumption (b) of Corollary 2.2 is satisfied.

Corollary 2.3. Let g(-,0) = 0 and hypothesis (Hy) be satisfied. Let, moreover,
condition (2.1) hold and

lim qo(s,z)ds = +oo  for every E C [0,w], meas E > 0. (2.7)
E

r—+00
Then problem (1.1) has at least one positive solution.

Remark 2.4. By using Lebesgue’s domination theorem, one can show that for the
function ¢qo appearing in hypothesis (H;), condition (2.7) holds if and only if
lim qo(t,z) = +oo for a.e. t € [0,w]. (2.8)
xr—+00
Remark 2.5. Assumption (2.7) in Corollary 2.3 is optimal and cannot be weakened

to the assumption
w

li ds = 2.9

LA qo(s, x)ds = +o0 (2.9)

(see Example 2.8 below). However, assuming (2.9) instead of (2.7), problem (1.1)

may still have a positive solution under a more restrictive assumption on p than
(2.1). More precisely, the following statement holds.
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Corollary 2.6. Let q(-,0) = 0 and hypothesis (Hy) be satisfied. Let, moreover,
condition (2.9) hold and there exist xg > 0 such that

qo(t,z0) >0 fora.e t € [0,w]. (2.10)
Then problem (1.1) has at least one positive solution provided that the inclusion
pEVT(w) (2.11)

holds.

Remark 2.7. By using Lebesgue’s domination theorem, one can show that for the
function gy appearing in hypothesis (Hy), condition (2.9) is satisfied if there exists
E C [0,w] such that meas E > 0 and the equality

lim qo(t,x) = +oo forevery t € E

xr——+00

holds.
Example 2.8. Let 0 <a <b<w, A > 1,

1 fort € 0,a[U]b,w],
0 fort € a,b],

p(t) == — e for t € [0,w], h(t) = {

and

q(t,z) := h(t)|z|*~' for a.e. t € [0,w] and all z € R.
It is clear that fowp(s)ds < 0 and thus, in view of [9, Remark 0.7, Proposition 10.8],
condition (2.1) is fulfilled. Moreover, hypothesis (H1) holds with qo(t, z) := h(t)z* 1.
Therefore, all the assumptions of Corollary 2.3 are satisfied except of (2.7), instead
of which condition (2.9) holds. We shall show that problem (1.1) has no positive
solution. Indeed, if u is a positive solution to (1.1) then the function w is a positive
solution to the equation

2
" ™

= 2.12

b—ap"’ (2.12)

on the interval [a, b], as well. However, the function v(t) := sin % for t € [a, b]

is also a solution to (2.12) with v(a) = 0 and v(b) = 0, which is in a contradiction
with Sturm’s separation theorem.

Under the hypothesis
for every d > ¢ > 0 there exists h.q € L([0,w]) such that
hea(t) >0 for a.e. t € [0,w], hea £ 0, (H2)
q(t,z) > heq(t) for a.e. t € [0,w] and all x € [c, d],
the assumption p € V™ (w) U Vy(w) in the above results is necessary as follows from
the next proposition.
Proposition 2.9. Let p € V™ (w) UVy(w), hypothesis (Hz) hold, and u be a non-
trivial solution to problem (1.1). Then
u(t) <0 forte|0,w]. (2.13)
If the function ¢ is non-decreasing in the second variable, then the assumption
that p + qo(t,r) € YV~ (w) for some r > 0 in Corollary 2.2 is necessary, in a certain

sense, for the existence of a positive solution to problem (1.1). More precisely, the
following statement holds.
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Corollary 2.10. Let ¢(-,0) =0
the function q(t,-): 10, +00 [—) R is non-decreasing for a.e. t € [0,w],  (2.14)

a(sa) 20 fora >0, (2.15)

and

the function x — / q(s,x)ds is not constant in every neighbourhood of + oo.
0

(2.16)
Then problem (1.1) has at least one positive solution if and only if p & Vo(w)UV ™ (w)
and there exists a number r > 0 such that p+ q(-,7) € V™ (w).

Now we give two uniqueness type results for problem (1.1). Introduce the fol-
lowing hypothesis:
For every d > ¢ > 0 and e > 0, there exists hqqe € L([0,w]) such that
hede(t) >0 for a.e. t € [0,w], (Hj)
q(t,x+e) —q(t,x) > hege(t) for a.e. t € [0,w] and all x € [c,d].
Theorem 2.11. Let p ¢ V™ (w) U Vo(w), ¢(-,0) = 0, and hypothesis (Hs) hold.

Then problem (1.1) has at most one positive solution.

Quite a stronger assertion can be proved under the assumption that p € V*(w).
On the other hand, hypothesis (H3) can be slightly weakened in that case to the
following one:

For every d > ¢ > 0 and e > 0, there exists hqqe € L([0,w]) such that
hede(t) >0 for a.e. t € [0,w], hege 0, (HS)
q(t,x+e) —q(t,x) > hege(t) for a.e. t € [0,w] and all x € [c,d].
Theorem 2.12. Let p € V1 (w), hypothesis (H}) hold, and
q(t,0) >0 fora.e. t € [0,w]. (2.17)

Then problem (1.1) has at most one positive solution. Moreover, any non-trivial
solution to this problem is either positive or negative.

Observe that, under the assumptions of Theorem 2.12, problem (1.1) has no sign-
changing solutions. Another possibility how to ensure this property of solutions to
problem (1.1) is presented in Theorem 2.16 below. Introduce the definition:

Definition 2.13. We say that the function p € L([0,w]) belongs to the set D;(w)
if for any a € [0,w[, the solution u to the initial value problem

"=p(t)u; w(a) =0, u'(a) =1 (2.18)
has at most one zero in the interval ]a,a 4+ w[, where p is the w-periodic extension
of the function p to the whole real axis.

Definition 2.13 is meaningful as follows from the following statement, which is
a consequence of two well-known results, namely, Corollary 5.2 stated in [4] and
Sturm’s comparison theorem (see, e.g., [4, Theorem 3.1]).

Proposition 2.14. Let p € L([0,w]) and either

/[p ds<— (2.19)
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or
p(t) > ——5 fora.e tel0,w] (2.20)
w
Then p € D1(w).

Remark 2.15. Observe that V™ (w) U Vy(w) U VT (w) C D;(w). Indeed, by virtue of
Definition 3.7 and Lemma 3.8 below, we derive V™ (w) U Vo(w) U VT (w) C Dy (w).
Moreover, let p(t) := k for t € [0,w]. Then it is not difficult to verify that p € V™~ (w)

itk >0 peVlwif k=0 peViw)iff k € [—2—2,0[, and p € Dp(w) iff
k> —‘%2. Consequently, V™ (w) U Vo (w) U VT (w) # Di(w).
Theorem 2.16. Let p € Dy (w),

q(t,x) >0 fora.e. t€[0,w] and all z € R, (2.21)
and

meas (UneN {t €[0,w]: qn(t) > 0}) >0, (2.22)
where
qn(t) := min{q(t,x) tL <) < n} fora.e.t€0,w], neN.

Then every non-trivial solution to problem (1.1) is either positive or negative.

Remark 2.17. It is easy to verify that condition (2.22) holds if and only if there
exists E C [0,w] such that meas E > 0 and

q(t,z) >0 forte E, x € R\ {0}, (2.23)
as well as, if and only if

Tl_l}l’gl_i_ meas {¢ € [0,w] : f(t,r) >0} >0,

where

f(t,r) := min {q(t,x) cr < x| < %} for a.e. t € [0,w] and all r €]0,1].

Remark 2.18. Assumption (2.22) in Theorem 2.16 is essential and cannot be omit-
ted. Indeed, let

p(t) :=——, q(t,x):= [z —sin %L_ for t € [0,w], x € R.

Then condition (2.21) holds and, by virtue of Proposition 2.14, se get p € Dy (w).
Moreover, we have

q(t,sin %) =0 forte|0,w]
and thus, it follows from Remark 2.17 that condition (2.22) is violated. There-
fore, all the assumptions of Theorem 2.16 are satisfied except of inequality (2.22).
However, the function

u(t) =sin 2% for ¢ € [0,w]

is a sign-changing solution to problem (1.1).

If ¢ in (1.1) is a function with separated variables, we arrive at the problem
u’ =p(t)u+h(t)e(wu;  u(0) =uWw), v'(0) =u'(w), (2.24)

where p,h € L([0,w]) and ¢ € C(R). This problem covers a rather wide class
of periodic problems arising in applications and serves us as a model problem to
illustrate the results stated above.
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Theorem 2.19. Let p ¢V~ (w)UVy(w), ¢(0) =0, and there exists ¢ > 0 such that
p(t) + h(t)p(c) >0 for a.e. t €[0,w].
Then problem (2.24) has at least one positive solution.

Theorem 2.20. Let p ¢ V~(w) U Vy(w), ¢(0) =0, the inequality

h(t) >0 fora.e. t€[0,w] (2.25)
holds, and
xgr}rqoo o(x) = +o0. (2.26)

Then problem (2.24) has at least one positive solution. If, in addition, the function
¢ 1s increasing on [0, +00[ then problem (2.24) has a unique positive solution.

Remark 2.21. If p(z) > 0 for x > 0 then the assumption p € V™ (w) U Vy(w) in
Theorem 2.20 is also necessary for the existence of a positive solution to problem
(2.24) (see Proposition 2.9 with ¢(t, x) := h(t)p(x)).

It is shown in [9, Remark 0.7, Proposition 10.8] that if inclusion p € V™ (w)UVy(w)
holds, then either fowp(s)ds > 0 or p = 0. Hence, Theorem 2.20 immediately yields

Corollary 2.22. Let the functions h and ¢ satisfy the assumptions of Theo-
rem 2.20. Let, moreover,

/pr(s)ds <0, p # 0. (2.27)

Then problem (2.24) has at least one positive solution. If, in addition, the function
@ 1s increasing on [0, +00[ then problem (2.24) has a unique positive solution.

Remark 2.23. Tt follows from [11, Corollary 4.1] that problem (2.24) has a positive
solution provided that (2.25) holds,

@ 4
p(t) <0 fora.e. te0,w], pZ#O0, / Ip(s)|ds < o (2.28)
0
and
©(0) =0, @x)>0 forx >0, lim ¢(x)=+o0. (2.29)

r—+o0

In Corollary 2.22, condition (2.28) is weakened to (2.27) and condition (2.29) is
relaxed to ¢(0) = 0 and (2.26). Therefore, Corollary 2.22 extends the results
stated in [11].

Assumption (2.25) in Theorem 2.20 is optimal and cannot be weakened to the
assumption

h(t) >0 fora.e.te[0,w], h#0 (2.30)

(see Example 2.8). However, under a stronger assumption on the function p, prob-
lem (2.24) still may have a positive solution as follows from the next statement.

Theorem 2.24. Let p € VT (w), p(0) =0, and conditions (2.26) and (2.30) hold.
Then problem (2.24) has at least one positive solution. If, in addition, the function
@ is increasing on [0,+o0o[ then problem (2.24) has a unique positive solution and
no sign-changing solution.
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If the function ¢ in (2.24) is even, problem (2.24) can be rewritten in the form
' = pt)u+ h(t)e(Ju))u;  u(0) = u(w), v'(0) = u'(w), (2.31)

where p,h € L([0,w]) and ¢ € C([0,400[). Clearly, if u is a solution to problem
(2.31) then the function —u is its solution, as well.

Theorem 2.25. Let ¢(0) = 0, ¢ is increasing on [0,+00[, and relations (2.25)
and (2.26) be fulfilled. Then the following assertions hold:

(1) Ifp e V™ (w)UVy(w), then problem (2.31) possesses only the trivial solution.

(2) If p € Di(w) \ [V (w) UVy(w)], then problem (2.31) has ezactly three
solutions (positive, negative, and trivial).

(3) If p € D;y(w), then problem (2.31) possesses exactly three sign-constant
solutions (positive, negative, and trivial).

In the next theorem, assumption (2.25) is relaxed to (2.30).

Theorem 2.26. Let ¢(0) = 0, ¢ is increasing on [0,+00[, and relations (2.26)
and (2.30) be fulfilled. Then the following assertions hold:

(1) If p e V™ (w) UVy(w), then problem (2.31) has only the trivial solution.

(2) Ifp € VT (w), then problem (2.31) possesses exactly three solutions (positive,
negative, and trivial).

(3) If pe Di(w) \ [V~ (w) UVo(w) UVT(w)], then every non-trivial solution to
problem (2.31) is either positive or negative.

Remark 2.27. Tt follows from Remark 2.15 that assertions (2) and (3) of Theo-
rem 2.25, as well as assertion (3) of Theorem 2.26 are meaningful.

Now we derive corollaries for a non-autonomous Duffing equation and compare
the results obtained with the facts well known in the autonomous case.

Corollary 2.28. Let A > 1 and condition (2.25) be fulfilled. Then the following
assertions hold:

(1) If p e V- (w)UVy(w) then problem (1.5) possesses only the trivial solution.

(2) Ifp € Dy(w)\ [V~ (w)UVy(w)], then problem (1.5) has ezactly three solutions
(positive, negative, and trivial).

(3) If p & D1(w), then problem (1.5) possesses exactly three sign-constant solu-
tions (positive, negative, and trivial).

Remark 2.29. Tt is clear that the Duffing equation (1.4) is a particular case of the
equation in (1.5), where A := 3 and

p(t) :=—a, h(t):=>b forte|[0,w]. (2.32)

One can easily derive that, in this case, p € V™ (w) U Vy(w) if and only if a > 0.
Hence, Corollary 2.28(1) yields that for any ¢ < 0 and b,w > 0, equation (1.4) has no
non-trivial w-periodic solution. This is in a compliance with assertion (1) of Propo-
sition 1.2. On the other hand, it follows from Corollary 2.28(2),(3) and Remark 2.15
that for any a,b,w > 0, equation (1.4) has a unique positive (resp. negative) w-
periodic solution. This is in a compliance with assertion (2) of Proposition 1.2.
Finally, we know that p € D;(w) provided a < 472 /w? (see Proposition 2.14) and
thus, Corollary 2.28(2) yields that if a,b > 0 and y is a periodic solution to equa-
tion (1.4) corresponding to a closed orbit on Fig. 1, then the minimal period T of
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y satisfies the estimate
2
NG
This is in a compliance with assertion (3) of Proposition 1.2.
Therefore, Corollary 2.28 naturally extends the basic facts concerning periodic
solutions to the Duffing equation (1.4) to the non-autonomous case.

T >

Remark 2.30. Tt follows from [13] that problem (1.5) with a continuous p and
h(t) := ¢ has at least one w-periodic solution if ¢ > 0 and

p(t) <0 fortel0,w], p#D0. (2.33)

In Corollary 2.28, condition (2.33) is weakened to (2.1), which is guaranteed, e. g.,
by assumption (2.27). Moreover, the uniqueness of a positive solution follows from
Corollary 2.28.

In the next corollary, assumption (2.25) is relaxed to (2.30) which is possible
in the non-autonomous case only (if A(t) := b then assumptions (2.25) and (2.30)
coincide).

Corollary 2.31. Let A > 1 and condition (2.30) be fulfilled. Then the following
assertions hold:

(1) If p e V- (w)UVy(w) then problem (1.5) possesses only the trivial solution.

(2) If p € VT (w) then problem (1.5) has exactly three solutions (positive, neg-
ative, and trivial).

(3) If pe Di(w) \ [V~ (w) UVo(w) UVT(w)], then every non-trivial solution to
problem (1.5) is either positive or negative.

Remark 2.32. Tt follows from Remark 2.15 that assertions (2) and (3) of Corol-
lary 2.28, as well as assertion (3) of Corollary 2.31 are meaningful.

Finally, we consider problem (1.6) involving two super-linear terms. Clearly,
if w is a solution to problem (1.6) then the function —u is its solution, as well.
Therefore, the following statements follow from Corollaries 2.3 and 2.6.

Theorem 2.33. Let A > p > 1, relation (2.30) hold, and there exist ¢ > 0 such
that

[f()]= <ch(t) fora.e tel0uw]. (2.34)

If, moreover, p € V*(w) then problem (1.6) has at least three solutions (positive,
negative, and trivial).

Remark 2.34. If
f(t) >0 fora.e. tel0,w] (2.35)

then inequality (2.34) is satisfied and, by virtue of Theorem 2.12; we can claim in
Theorem 2.33 that problem (1.6) has exactly three solutions.

Theorem 2.35. Let A > p > 1, relation (2.25) hold, and
PETR
[F127 5% € L([0,w]). (2.36)

If, moreover, p € V*(w) then problem (1.6) has at least three solutions (positive,
negative, and trivial).
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Remark 2.36. Observe that if there exists ¢ > 0 such that inequality (2.34) holds
then inclusion (2.36) is satisfied.

Moreover, it follows from Proposition 2.9 that if inequality (2.35) is fulfilled,
then the assumptiuon p € V¥ (w) in Theorem 2.35 is necessary for the existence of
a non-trivial solution to problem (1.6).

3. AUXILIARY STATEMENTS

In this section, we establish several statements which we need to prove main
results. First of all, for convenience of references, we recall some results proved in
[9].

Lemma 3.1 ([9, Proposition 10.2]). The equality V~(w) UVy(w) =V~ (w) holds.
. Let g € L([0,w]), g # 0,

w

Lemma 3.2 ([9, Theorem 11.1]

~—

O 2, (3.1)

w 4 1
/O 9()]sds > - (1 e 1) . (3.2)

and

Then g € V™ (w).

Lemma 3.3. Let p ¢ V™ (w) UVo(w). Then there exists h € L([0,w]) such that
h(t) >0 for a.e. t €[0,w] (3.3)

and p+h € Int VT (w).

Proof. Tt follows from Propositions 10.10 and 10.11 stated in [9]. O

Lemma 3.4 ([9, Theorem 16.2]). Let g € V~(w). Then there exist v, A > 0 such
that for any non-positive function f € L([0,w]), the problem

v =g(tu+ f(t); u(0)=uWw), v (0)=u(w) (3.4)
has a unique solution u and this solution satisfies
y/w F()lds < u(t) < A/w F()lds fort € [0,u]. (3.5)
0 0

Lemma 3.5 ([9, Theorem 16.4]). Let g € Int VT (w). Then there exist numbers
v, A > 0 such that for any non-negative function f € L([0,w]), problem (3.4) has
a unique solution u and this solution satisfies (3.5).

Lemma 3.6 (]9, Theorem 8.3]). Let g € L([0,w]). Then the inclusion g € ¥V~ (w)
holds if and only if there exist a positive function v € AC*([0,w]) satisfying

V() < gt)y(t)  for ace. t €[0,w], 7(0) > y(w), V(W) S 20

and

¥ (w) +'(0) o
~(0) — y(w) + ) 0 + meas {t € [0,w] : 7" (t) < g(t)y(t)} > 0.
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Definition 3.7 ([9, Definition 0.4]). We say that the function p € L([0,w]) belongs
to the set D(w) if the problem

u =pt)u; wu(a) =0, ud)=0 (3.6)

has no non-trivial solution for any a,b € R satisfying 0 < b — a < w, where p is the
w-periodic extension of the function p to the whole real axis.

Lemma 3.8. D(w) = V™ (w) U Vy(w) UVT(w) and Int D(w) = V™ (w) U Vp(w) U
Int V't (w).

Proof. Tt follows from Propositions 2.1, 10.5, and 10.6 stated in [9]. O

Lemma 3.9 ([9, Proposition 2.2]). Let p € L([0,w]). Then the inclusion p €
Int D(w) holds if and only if problem (3.6) has no non-trivial solution for any a,b €
R satisfying 0 < b —a < w, where p is the w-periodic extension of the function p to
the whole real axis.

Lemma 3.10. Let p € D(w). Then the inclusion p + € € Int D(w) holds for any
function ¢ € L([0,w]) satisfying

Lt) >0 fortel0,w], €#0. (3.7)

Proof. Extend the functions p and £ periodically to the whole real axis and denote
them by the same symbols. According to Lemma 3.9, it is sufficient to show that
the problem
u” = (p(t) + £(t))w;  u(a) =0, u(b) =0 (3.8)

has no non-trivial solution for any a < b satisfying b — a < w.

Let a,b € R with 0 < b — a < w be arbitrary and let u be a solution to problem
(3.8). Suppose that u #Z 0 on [a,b]. Then we can assume without loss of generality
that there exists ¢ty €]a,b] such that

u(t) >0 fortela,to, wu(to) =0, u'(ty)<O. (3.9)
Let v be a solution to the initial value problem
v =pt)v; wv(a) =0, v'(a) = 1. (3.10)
Since we assume p € D(w), it is clear that
v(t) >0 fortela,a+w|. (3.11)
Moreover, from (3.8) and (3.10) we get
(u' (t)o(t) — u(t)v' (1)) = L(t)u(t)o(t) for a.e. t € [a,b].

Hence, by virtue of conditions (3.7), (3.8), (3.9), (3.10), and (3.11), it follows from
the latter equality that
to
U (to)v(ty) = L(s)u(s)v(s)ds >0
and
u'(to)v(tg) > 0 whenever tg = b and b = a + w.
Consequently, in view of the third condition in (3.9), we obtain v(ty) < 0, where

v(to) < 0if tg = a+w, which contradicts (3.11). The contradiction obtained proves
that « = 0 on [a,b] and thus, p + ¢ € Int D(w). O
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Lemma 3.11 ([9, Proposition 2.5]). Let g: R — R be an w-periodic function such
that g € D(w) (resp. g € IntD(w)). Then for any a < b and w € AC*([a,b])
satisfying b —a < w (resp. b—a <w) and
w”(t) > g)w(t) for a.e. t €la,b], w(a) <0, w(b) <O,
the inequality
w(t) <0 forté€ la,b] (3.12)
holds.
Now, we recall a classical result concerning the solvability of the periodic problem
u = f(t,u);  u(a) =u(d), v (a) = (b), (3.13)
where f: [a,b] x R — R is a Carathéodory function (see, e.g., [3]).
Lemma 3.12. Let there exist functions o € ACy([a,b]) and B € AC,([a,b]) satis-
fying
a(t) < B(t) fort e la,bl,
a’(t) > f(t,at)) fora.e t€lab], afa)=ad), o(a)>da D),

and
() < f(t,B(t)) fora.e telab], Bla)=7pb), pB'(a)<p(b).
Then problem (3.13) has at least one solution u such that
a(t) <u(t) < B(t) fort € [a,bl.

Proposition 3.13. Let p € L([0,w];R) and f: [0,w]x]0,4+00[— R be a locally
Carathéodory function' such that

the function f(t,-): |0, +oo[ = R is non-decreasing for a.e. t € [0,w]  (3.14)

and
ZEIEOO[Ef(s,:E)ds =400 for every E C [0,w], meas E > 0. (3.15)
Then there exists K > 0 such that
p+ f(,x) eV (w) forz>K. (3.16)
Proof. Assume, in addition, that
f(t,z) >0 fora.e.t €[0,w] and all x > 1. (3.17)
We first show that
[p(t) + f(t,-)]-: ]0, +oo[ — R is non-increasing for a.e. t € [0, w] (3.18)
and
[p(t) + f(t,-)]+:]0,+00] — R is non-decreasing for a.e. t € [0,w]. (3.19)

Indeed, in view of assumption (3.14), for any xo > 21 > 0 we have

[p(t) + f(t,22)] = %(Ip(t) + f(t, @) — (p(t) + f(t, x2)))
< 5 (1) + £t 20)] + 1 t22) = Flt,2)| = (0(0) + F(0,2)))

1t means that for any [z1,z2] C]0,4o0[, the restriction of f to the set [0,w] X [z1,z2] is
a Carathéodory function.
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= %(Ip(t) + [tz = (p(t) + f(t,:cl))) = [p(t) + f(t,21)]-

for a.e. t € [0,w] and thus, relation (3.18) holds. On the other hand, using
assumption (3.14) and the inequality

|y+2‘2|y|*2’ fOI'y,ZGR,ZZO,

for any xo > x1 > 0 we get

p(t) + £t @)l = 5 (Ip(8) + F(t.22)| + () + f(t,22)) )
5 () + £t 20)| = (F(t2) = F(20) + ((2) + (2, 22))

= %(\p(t) + f(t, )| + (p(t) + f(t,xl))) = [p(t) + f(t,z1)]+

for a.e. t € [0,w] and thus, relation (3.19) holds, as well.
Now observe that

/OW[P(S) + f(s,n)]+ds > /Ow p(s)ds + /Ow f(s,n)ds forn e N.

Hence, assumption (3.15) yields that

w

lim [p(s) + f(s,n)]+ds = 4o0. (3.20)

n—-+oo 0

| =D

>

Furthermore, we will show that

ngrfoo/o fn(s)ds =0, (3.21)
where
fu(t) :=[p(t) + f(t,n)]- fora.e. t€[0,w], n€N.
Indeed, let
Ay = {te[0,w]:p(t) + f(t,n) <0} forneN, Ag =N A,

It is clear that A,, are measurable sets, A,+1 C A, for n € N and thus, the set Ay
is also measurable and

meas Ag = liI_’I_I meas A,,. (3.22)
n—-+0oQ

Moreover, we have

0 S/ fu(s)ds = —/ p(s)ds —/ f(s,n)ds forneN (3.23)
A, A, An

which, in view of (3.17), yields that

. f(s,n)ds < /An fls,n)ds < /Ow Ip(s)|ds for n € N.

Therefore, by virtue of assumption (3.15), we get
meas Ay = 0. (3.24)

Now let € > 0 be arbitrary. Since the Lebesgue integral has the so-called property
of an absolutely continuous integral, there exists a number § > 0 such that

/ [p(s)|ds < e for every B C [0,w], meas B < 4. (3.25)
B
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On the other hand, it follows from relations (3.22) and (3.24) that there is a number
ng € N such that
meas A, < for n > ng. (3.26)

Consequently, in view of (3.17), (3.23), (3.25), and (3.26), we get

0</ fn(s dsf/ fn(s d5</ Ip(s)|ds <& for n > mng

and thus, desired relation (3.21) holds.
Finally, in view (3.18), (3. 19) (3.20), and (3.21), there exists K > 0 such that
for any = > K, the inequalities

| o)+ ssds <

and
1

“ 4
/0 [P(8)+f(s,x)]+ds>w< *4f0 Sy ds_1>

are fulfilled. Consequently, by virtue of Lemma 3.2 with g(t) := p(t) + f(t, 2),
condition (3.16) holds.
To finish the proof it is sufficient to mention that if condition (3.17) is violated,
then we put N
ﬁ(t) ::p(t)+f(t’ 1)7 f(t,.%‘) = f(t7x) _f(t71)
and the assertion of the proposition follows from the above proved with p and f
instead of p and f because, in view of assumption (3.14), we have

f(t,2) >0 fora.e. t€[0,w]andall z > 1.
(I
Proposition 3.14. Let p € V1 (w) and f: [0,w]x]0,+c0[— R be a locally Ca-

rathéodory function?® such that condition (3.14) holds. Let, moreover, there exists
xo > 0 such that

f(t,xg) >0 fora.e. t€[0,w] (3.27)
and "
xgrfoo/o f(s,z)ds = +o0. (3.28)

Then there exists K > xo such that relation (3.16) is satisfied.
Proof. We first mention that, in view of assumption (3.14) and (3.27), we have
f(t,z) >0 fora.e. t € [0,w] and all x > x. (3.29)

X1 := sup {x >z /m f(s,z)ds = /w f(s,xo)ds} .
0 0

Clearly, assumption (3.28) yields that xg < ;1 < +00. Moreover, since the function
f satisfies condition (3.14), we have

flt,x) > f(t,z1) fora.e.t€[0,w]and all z > z; (3.30)

Put

and
meas {t € [0,w] : f(t,x) > f(t,z1)} >0 for x> 1. (3.31)

2It means that for any [z1,z2] C]0,+oo[, the restriction of f to the set [0,w] X [z1,z2] is
a Carathéodory function.



16 A. LOMTATIDZE AND J. SREMR

Let
fot,z) :== f(t,x) — f(t,z1) fora.e.t€[0,w] and all x > zy.
Then, in view of conditions (3.30) and (3.31), it follows from Lemmas 3.8 and 3.10
with £(t) := fo(t, z) that
1
Pt fo(-,z) € Int D(w) for x > ;. (3.32)
We will show that there exists x5 > 21 such that

p+ % fo(-,z2) € Int V(W) (3.33)

holds. Indeed, assume on the contrary that (3.33) is violated for every xzo > .
Then there is a sequence {y, },> C a1, +00[ such that lim,, o0 ¥ = 21 and

1
D+ > fo(-,yn) € Int VT (w) for n € N.

In view of (3.32), it follows from Lemma 3.8 that p+ 3 fo(-,yn) € V™ (w) U Vy(w)
for n € N and thus, taking into account that the function fy is continuous in the
second argument, we get

pt g foln) € V(@ U Vol

However, p + %fo(',xl) = p. Consequently, Lemma 3.1 then yields p € V~(w) U
Vo(w) which contradicts the assumption p € VT (w). The contradiction obtained
proves that (3.33) holds with some xg > .

Now let ¥ > 0 be the number appearing in the assertion of Lemma 3.5 with
g(t) :==p(t)+ % fo(t,x2). According to assumption (3.28), there exists K > x5 such
that

/ fo(s,z)ds > 3 for z > K. (3.34)
0 14

Let z > K be arbitrary. Then, in view of (3.30) and (3.33), it follows from
Lemma 3.5 that the problem

¥ = (p(t) + %fo(t, xg))v + fo(t,2); 7(0) = v(w), ¥(0) =7'(w)  (3.35)

has a unique solution v and
t) > V/ fo(s,z)ds for ¢ € [0,w].
0

Hence, on account of (3.34), we get () > 3 for ¢t € [0, w]. Therefore, taking (3.14),
(3.29), and (3.31) into account, from (3.35) we obtain

71(8) < (pl0) + 5 folts22) + 3 folts2)) (1)
< (p(t) +fot:c) (1)
< (p(t) + f(t,2))v(t) fora.e. t € [0,w],

and

meas{t € [0,w] : 7" (t) < (p(t) + f (¢, 2))y(t)} > 0.
The assertion of the proposition follows now from Lemma 3.6 with g(t) := p(t) +
f(t, ). O
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The last three statements deal with the existence of functions « and g appearing
in Lemma 3.12 with f(¢,z) := p(t)x + ¢(¢, z)z, which are usually called lower and
upper functions of problem (1.1), respectively.

Proposition 3.15. Let { € V™~ (w) U Vy(w). Then for any ¢ > 0, there exists
a function o € AC*([0,w]) such that

0<at)<c fortel0,w] (3.36)
and
a'(t) > U(t)a(t) fora.e te0,w], a0)=aw), o0)=d(w). (3.37)

Proof. Let ¢ > 0 be arbitrary. According to Lemma 3.3, there exists a non-negative
function h € L([0,w]) such that ¢ + h € Int V' (w). Let v,A > 0 be numbers
appearing in the assertion of Lemma 3.5 with g(¢) := £(t) + h(t). Then it follows
from Lemma 3.5 that the problem

o = (O +h(B)a+ =5 al0) = aw), o/(0) =)
has a unique solution « and

%c <at)<ec forte|0,w].

Consequently, in view of inequality (3.3), the function « satisfies relations (3.36)
and (3.37). O

Proposition 3.16. Let p ¢ V~ (w)UVy(w) and q: [0,w] xR — R be a Carathéodory
function satisfying
q(t,0) =0 for a.e. t€[0,w]. (3.38)
Then for any ¢ > 0, there exists a function a € AC*([0,w]) such that relation (3.36)
holds and
a’(t) > pt)a(t) + q(t, a(t))al(t)  for a.e. t €[0,w], (3.39)
a(0) = a(w), a'(0) = (w). (3.40)
Proof. Since ¢ is a Carathéodory function with property (3.38), there exist a non-

negative function h € L([0,w]) and a non-negative, non-decreasing function ¢ €
C([0,+00[) such that ¢(0) =0 and

lg(t,z)| < h(t)p(Jz|) for a.e.t € [0,w] and all z € R, |z| < 1. (3.41)
We first show that there is gy €]0, 1] such that
p+hp(e) €V (w) UVy(w) for every e €]0,¢¢]. (3.42)

Indeed, assume on the contrary that there exists a sequence {e,,}.7>% of numbers
from the interval ]0, 1] such that
p+ ho(e,) €V (w)UVy(w) forn €N, lim e, =0.

n——+oo

Since ¢(0) = 0, it is clear that

lim |h(s)p(en)|ds = 0.

n—-+oo 0

Consequently, we have p € V= (w) U Vy(w) which, by virtue of Lemma 3.1, contra-
dicts the assumption p € V™ (w) U Vy(w).



18 A. LOMTATIDZE AND J. SREMR

Now let ¢ > 0 be arbitrary and 6 := min{eg,c}. Then, in view of (3.42), it
follows from Proposition 3.15 with £(t) := p(t)+h(t)¢(J) that there exists a function
a € AC([0,w]) such that

0<a(t)<d forte|0,w]
and
() > (p(t) + h(t)p(d))a(t) fora.e.t€[0,w], a0)=a(w), «(0)=d(w).

Taking now into account that the function ¢ is non-decreasing and inequality (3.41)
holds, we easily conclude that the function « satisfies relations (3.36), (3.39), and
(3.40). |

Proposition 3.17. Let p ¢ V~ (w)UVy(w) and ¢: [0,w] xR — R be a Carathéodory
function satisfying hypothesis (Hy). Let, moreover, there exist r > 0 such that

p+qo(,7r) €V (w). (3.43)

Then for any ¢ > r, there exists a function B € ACl([O,w]) satisfying inequalities
(2.3) and

B(0) = Bw), B'(0) = B'(w), (3.44)
B(t)>c forte|0,w]. (3.45)

Proof. Let v > 0 be the number appearing in the assertion of Lemma 3.4 with
g(t) == p(t) + qo(t,r) and let ¢ > r be arbitrary. Then, in view of inclusion (3.43),
it follows from Lemma 3.4 that the problem

8" = (p() + ao(t,1)B =~ B(0) = B(w), B'(0) = B'(w)

has a unique solution 5 and this solution satisfies inequality (3.45). Consequently,
(3.44) holds and since ¢ > r, hypothesis (H;) guarantees that the function f satisfies
condition (2.3), as well. O

4. PROOFS OF MAIN RESULTS

Proof of Theorem 2.1. According to Proposition 3.16, there exists a function « €
AC,([0,w]) satisfying relations (3.39), (3.40), and

0<alt) <p(t) forte|0,w]. (4.1)

Consequently, all the assumptions of Lemma 3.12 with f(¢,z) := p(t)z + q(t, z)z,
a := 0, and b := w are fulfilled and thus, problem (1.1) has at least one positive
solution u such that relation (2.5) holds. O

Proof of Corollary 2.2. By virtue of Theorem 2.1, to prove the corollary it is suffi-
cient to show that, in both cases (a) and (b), there exists a function 8 € AC, ([0, w])
satisfying relations (2.2), (2.3), and (2.4).

If condition (a) is fulfilled then it is clear that the constant function 3(t) := ¢
satisfies (2.2), (2.3), and (2.4).

On the other hand, if condition (b) holds then the existence of a function S
fulfilling (2.2), (2.3), and (2.4) follows from Proposition 3.17. |
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Proof of Corollary 2.3. Since the function go(, -) in hypothesis (H;) is non-decreasing
for a.e. t € [0,w] and relation (2.7) holds, it follows from Proposition 3.13 with
f(t,x) := qo(t,z) that there exists » > 0 such that p + go(-,7) € V~(w). Conse-
quently, the assertion of the corollary follows from Corollary 2.2(b). O

Proof of Corollary 2.6. Assume that condition (2.11) is satisfied. Since the function
qo(t,-) in hypothesis (H7) is non-decreasing for a.e. t € [0,w] and relations (2.9)
and (2.10) hold, it follows from Proposition 3.14 with f(¢,x) := qo(t, z) that there
exists 7 > x¢ such that p + qo(-,7) € V™ (w). Consequently, the assertion of the
corollary follows from Corollary 2.2(b). O

Proof of Proposition 2.9. Assume on the contrary that condition (2.13) is violated.
Then it is clear that either
u(t) >0 fort e [0,w],
or
max{u(t) : t € [0,w]} >0, min{u(t):tec[0,w]} <O, (4.2)
or
u(t) <0 forte[0,w], wu(to)=0 {forsometye [0,w], u#O0. (4.3)
First assume that u is positive on [0,w]. Then there are numbers u* > u, > 0
such that
ue < u(t) <u* fort € [0,w)
and thus, by virtue of hypothesis (Hs), we have
q(t,u(t)) > hy,u«(t) >0 for a.e. t € [0,w]. (4.4)

However, it means that v is a positive function satisfying relations (1.7) and conse-
quently, p € V™ (w) as follows from Definition 1.3. Further, we show that p & Vp(w).
Suppose on the contrary that problem (1.8) has a positive solution wg. Then, by
virtue of Fredholm’s third theorem and condition (4.4), we get the contradiction

0= /Ow q(s,u(s))u(s)uo(s)ds > co /Ow s~ (5)ds > 0,

where ¢ := min{u(t)uo(t) : t € [0,w]}. Hence, we have proved that p ¢ V™ (w) U
Vo(w) in this case, which contradicts the assumption p € V~(w) U Vo(w) of the
proposition.

Now assume that (4.2) holds. Extend the functions u, p, and ¢(-, z) periodically
to the whole real axis and denote them by the same symbols. Then there are a < b
such that b — a < w and

u(t) >0 fort€la,b[, wu(a)=0, wu(b)=0. (4.5)
Moreover, it follows from hypothesis (Hs) that
q(t,z) >0 fora.e. t € [a,b] an all z > 0.
Consequently, from the equation in (1.1) we get
u’(t) = p(t)u(t) + q(t, u(t))u(t) > p(t)u(t) for a.e.t € [a,b].
Therefore, Lemmas 3.8 and 3.11 (with g(¢) := p(t)) yield that the inequality
u(t) <0 fort € [a,b
holds which contradicts (4.5).
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Finally assume that (4.3) is satisfies. Then the function u is a solution to the
initial value problem

w” = (p(t) + q(t, ut)))w; w(ty) =0, w'(to) = 0. (4.6)
Consequently, we have u = 0 which contradicts (4.3). O
Proof of Corollary 2.10. 1t is clear that hypothesis (H;) holds with go(t,z) =
q(t,z). Therefore, if (2.1) is fulfilled and there exists r > 0 such that p + ¢(-,r) €
V™ (w), then it follows from Corollary 2.2(b) that problem (1.1) has at least one
positive solution.
Now suppose that problem (1.1) possesses a positive solution u. In view of
assumptions (2.14), (2.15), and ¢(-,0) = 0, the function ¢ satisfies hypothesis (Hs).

Hence, Proposition 2.9 guarantees that p & Vy(w) UV~ (w). Moreover, by virtue of
assumptions (2.14) and (2.16), there exists r > 0 such that

alt,u®) < q(t,r) forae te 0w, alu() Zalr).
Therefore, from (1.1) we get
u"(t) < (p(t) +q(t,7))u(t) for a.e. t € [0,w],
meas {¢ € [0,w] : u”(t) < (p(t) + q(t,r))u(t)} >0

and thus, Lemma 3.6 with g(t) := p(t) + q(t,7) and v(t) := u(t) yields that p +
q,r) € V7 (w). O
Proof of Theorem 2.11. According to hypothesis (H3), one can show that

the function ¢(¢,-): [0, +00[ — R is non-decreasing for a.e. t € [0,w]. (4.7
Assume on the contrary that u and w are positive solutions to (1.1) satisfying

u(to) > w(to) (4.8)

for some tg € [0, w].
We first show that there exist t1,f2 € [0,w] and a solution v to problem (1.1)
such that t; < t5 and

u(t) >v(t) >0 fort e [0,w], u(t) > v(t) fort € [t1,1a]. (4.9)
Indeed, it is clear that either
u(t) > w(t) fort e [0,w] (4.10)
or
u(ty) = w(ty) for some t, € [0,w]. (4.11)

If condition (4.10) holds then inequalities (4.9) are obviously satisfied with v(t) :=
w(t), t1 := 0, and ty := w. Therefore, suppose that condition (4.11) is fulfilled.
Extend the functions u, w, p, and ¢(-,z) periodically to the whole real axis and
denote them by the same symbols. Then, in view of (4.8), there exist a,7 € R such
that a <tg <7 <a+w and

u(t) > w(t) fort€la, [, u(a) = w(a), u(r) = w(r). (4.12)
Put

_Jw(t) forte a1,
Bol) := {u(t) fort € [1,a + w].
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By virtue of (4.12), it is not difficult to verify that 5y € AC,([a,a + w]),
Bola) = Bo(a+w), Byla) < Byla+w), (4.13)
and
0< Bo(t) <wu(t) forté€[a,a+wl, Bo(t) <wu(t) fort€la,r]. (4.14)
Moreover, we have

o (t) = p(t)Bo(t) + q(t, Bo(t))Bo(t) for a.e.t € [a,a+ w) (4.15)

because both the functions u and v are solutions to problem (1.1). On the other
hand, according to Proposition 3.16, there exists a function o € AC'([0,w]) satis-
fying relations (3.39), (3.40), and

0 < a(t) <min{fy(s) : s € [a,a +w]} fort e [0,w]. (4.16)

Extend the function a periodically to the whole real axis and denote it by the same
symbol. Then, by virtue of relations (3.39), (3.40), (4.13), and (4.15), it follows
from Lemma 3.12 with f(¢,2) := p(t)x + q(t, x)z, B(t) := Bo(t), and b := a +w that
there exists a function v € AC*([a, a + w]) satisfying

v (t) = p(t)v(t) + q(t,v(t))v(t) for a.e.t € [a,a+ w],
v(a) = v(a + w), v'(a) =v'(a +w),
and
alt) <ou(t) < Bo(t) fort € [a,a+ w].
However, in view of (4.14) and (4.16), the latter relation yields that
0<w(t) <u(t) forté€[a,a+w, v(t) <u(t) fort€la,r].

If we extend the function v periodically to the whole real axis and denote it by the
same symbols, we easily conclude that the restriction of v to the interval [0, w] is a so-
lution to problem (1.1) satisfying desired condition (4.9) with ¢; := max{0, “tf
and to := min{w, 25T},

Now it follows from relation (4.9) that there exist positive numbers v,, v*, eg
such that

u(t) > v(t) +eg, v <wv(t) <v* fort € [ty,ta]. (4.17)
Therefore, in view of conditions (4.7), (4.9) and hypothesis (Hs), we get
q(t,u(t)) > q(t,v(t)) fora.e.t € [0,w] (4.18)
and
q(t, u(t)) —q(t,v(t) = q(t, v(t) + o) = q(t, v(t) = T, v=ey () (4.19)

for a.e. t € [t1,t2]. On the other hand, it follows immediately from the equation in
(1.1) that w and v are periodic solutions, respectively, to the equations

2" = (p(t) +q(t,v(1)) 2 + [a(t, u(t)) — qlt, v(t))]u(t),
2 = (plt) + alt, (1)) 2
and thus, by virtue of (4.17), (4.18), and (4.19), Fredholm’s third theorem yields

the contradiction

0= [ latsvu(s) = ats, o) uts)u(s)ds

(4.20)
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ta

> / " [qls. u(s)) — (s, v(s))]u(s)o(s)ds > (v + o). / Bovoeeg(8)ds > 0.

t1 t1

O

Proof of Theorem 2.12. According to hypothesis (H%), one can show that condition
(4.7) holds, which together with assumption (2.17) yields that

q(t,z) >0 fora.e. t€[0,w] and all z > 0. (4.21)

We first show that problem (1.1) has at most one positive solution. Assume on
the contrary that u and v are positive solutions to (1.1) such that u(t.) > v(t.) for
some t, € [0,w]. It is clear that either

u(t) > v(t) for t € [0, w] (4.22)
or

u(to) = v(ty) for some ty € [0, w]. (4.23)
Suppose that (4.22) is satisfied. Then there exist positive numbers v, v*, eg

such that
u(t) > v(t) + e, ve <w(t) <ov" forte[0,w]. (4.24)
Therefore, in view of condition (4.7) and hypothesis (Hj), for a.e. t € [0, w] we get
q(t,u(t)) — q(t, v(t)) = q(t,v(t) + e0) = q(t, v(t)) = P, veeo (1) (4.25)

On the other hand, it follows immediately from the equation in (1.1) that v and v
are periodic solutions, respectively, to equations (4.20) and thus, by virtue of (4.24)
and (4.25), Fredholm’s third theorem yields the contradiction

0= /Ow [a(s,u(s)) — q(s,v(s))|u(s)v(s)ds > (v, + eg)vs /Ow B vreg (5)ds > 0.

Now suppose that (4.23) holds. Extend the functions u, v, p, and ¢(-,x) pe-
riodically to the whole real axis and denote them by the same symbols. Then
either

(i) there exists a € [0,w[ such that

u(t) > wv(t) fort€la,a+wl, wula)=uv(a), (4.26)
or
(ii) there are a < b such that b — a < w, u(a) = v(a), u(b) = v(b), and
u(t) > v(t) fort €la,bl. (4.27)
Put

w(t) :=wu(t) —v(t) forteR.
In the case (i), in view of conditions (4.7) and (4.26), it follows from the equation
n (1.1) that w(a) =0, w(a + w) =0,

w”(t) = (p(t) + a(t, v(t))w(t) + [at, u(t)) — q(t, v(t))]u(t)
(4.28)
> (p(t) + q(t,v(®))w(t) fora.e. t€ la,a+w],
and
w(t) >0 for Ja,a+wl. (4.29)

Since the function v is positive, from (4.21) and hypothesis (H}) we get
q(t,v(t)) > q(t,6) > q(t,0) — q(t,6/2) > hgég(t) for a.e. t € [0,w],
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where § := min{v(t) : t € [0,w]} and thus, we have
q(t,v(t)) >0 fora.e.t€[0,w], q(-,v(-))#D0.

Hence, Lemmas 3.8 and 3.10 (with 4(¢) := q(¢,v(t))) yield that p + ¢q(-,v()) €
Int D(w). Consequently, in view of Lemma 3.11 (with g(¢) := p + ¢(-,v(-)) and
b:=a+w), from (4.28) we get w(t) < 0 for t € [a,a+ w] which is in a contradiction
with (4.29).

In the case (ii), by virtue of conditions (4.7), (4.21), and (4.27), it follows from
the equation in (1.1) that

w”(t) = p(t)w(t) + [a(t, u()) — q(t, v(t)]u(t) + q(t, v(t)) [u(t) — v(t)] = p()w(t)
for a.e. t € [a,b]. Consequently, taking Lemmas 3.8 and 3.11 (with g(¢) := p(t))
into account, we get inequality (3.12) which is in a contradiction with (4.27).

It remains to show that any non-trivial solution to problem (1.1) is either positive
or negative. Assume on the contrary that u is a non-trivial solution to problem
(1.1) such that u(tg) = 0 for some ¢y € [0, w]. Extend the functions u, p, and ¢(-, z)
periodically to the whole real axis and denote them by the same symbols. It is clear
that either

(a) there exists i € {0,1} such that
(=1)'u(t) >0 forteR,
or

(b) there are a < b such that b — a < w and (4.5) holds.

In the case (a), the function u is a non-trivial solution to problem (4.6) which is
a contradiction.

In the case (b), in view of conditions (4.5) and (4.21), from the equation in (1.1)
we get

u” (t) = p(t)u(t) + q(t, u(t))u(t) > p(t)u(t) for a.e.t € [a,b].
Therefore, Lemmas 3.8 and 3.11 (with g(t) := p(t)) yield that the inequality
u(t) <0 fort € [a,b]
holds which contradicts (4.5). O

Proof of Theorem 2.16. Let u be a non-trivial solution to problem (1.1). Assume
on the contrary that u has a zero on the interval [0,w]. Then it is clear that either

(a) there exist tg € [0,w] and 7 € {0, 1} such that
(=1)'u(t) >0 fort € [0,w], u(to) =0,

or

(b)

max{u(t) : t € [0,w]} >0, min{u(t):t e [0,w]} <O0.
If condition (a) holds, then the function u is a non-trivial solution to problem (4.6)
which is a contradiction.
Therefore, suppose that condition (b) is satisfied. We first show that the function

u has a finite number of zeros in the interval [0,w]. Indeed, assume that {t,}> C
[0,w] and tg € [0,w] are such that

tn # tnt1, u(tn) =0 forneN, lim t, = fo.

n—-+oo
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Then we have u(tg) = 0, u/(tp) = 0 and thus, the function « is a non-trivial
solution to problem (4.6), which is a contradiction. Consequently, it follows from
assumptions (2.21), (2.22) and Remark 2.17 that

q(t,u(t)) >0 for a.e. te[0,w], q(-,u(-)) Z0 on [0,w]. (4.30)

Now we extend the functions u, p, and ¢(-, ) periodically to the whole real axis and
denote them by the same symbols. Then there exist a € [0,w| and 71,72 €a,a+w]|
such that 7 < 7o,

u(t) >0 forté€la,mn[, wu(a)=0, u(r)=0, (4.31)
and
u(t) <0 forte€lm,a+w[, ulr)=0 ula+w)=0. (4.32)
Let v; and vo be solutions to the equation
v =p(t)v (4.33)
satisfying the initial conditions
v(a) =0, v'(a)=1 (4.34)
and
vla+w)=0, v(iet+w)=1, (4.35)

respectively. It follows from (1.1) and (4.33) that
!/
(u'(t)vk(t) — u(t)vfc(t)) = q(t,u(t))u(t)vg(t) fora.e teR, k=1,2. (4.36)
We show that there exists (1 €]a, 1] such that

V1 (t) >0 fort E]a, Cl[, U1 (Cl) =0. (437)

Indeed, if v1(t) > 0 for ¢ € ]a, 71] then, in view of (4.30), (4.31), and (4.34), equality
(4.36) yields that

u' (1) (1) = /Tl q(s,u(s))u(s)vy(s)ds > 0.

However, from the latter inequality we get «’(71) > 0 which is in a contradiction
with (4.31). Therefore, (4.37) holds and, moreover,

if q(-,u(-))#0on [a,m] then ¢ <. (4.38)
Analogously one can show that there exists (3 € [72,a + w [ such that
va(t) <0 fort €], a+w[, v2((2) =0, (4.39)
and
if q(,u(:))Z0on [r,a+w] then 7 < (o (4.40)

Observe that, by virtue of conditions (4.30) (4.38), and (4.40), we have (1 < (o.
Therefore, if solutions v; and wve are not linearly independent then condition
(4.39) yields that v1({2) = 0. On the other hand, if solutions v; and v are linearly
independent then, in view of condition (4.39), it follows from Sturm’s separation
theorem that there exists a point (3 € ]¢2, a+w] such that v1((3) = 0. Consequently,
in both cases, the solution vy to problem (4.33), (4.34) has at least two zeros in the
interval Ja,a + w[, which contradicts the assumption p € D;(w). O

Proof of Theorem 2.19. The assertion of the theorem immediately follows from
Corollary 2.2(a) with ¢(t, z) := h(t)p(z). O
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Proof of Theorem 2.20. Let
q(t,z) := h(t)p(z) fora.e. t € [0,w] and all z € R. (4.41)

It is clear that ¢ is a Carathéodory function satisfying ¢(-,0) = 0.
Put
Y(x) :=min {¢(2) : z € [z, +00[} for z > 0. (4.42)
One can easily verify that the function 1 is well defined. Moreover, the function
is continuous, non-decreasing and satisfies
o(x) > ¢(z) for x>0, lim ¢(z) = 4o0. (4.43)

Tr—r+00

Consequently, in view of assumption (2.25), the function ¢ satisfies hypothesis (H;)
with go(t,x) := h(t)y(x) and condition (2.7) is fulfilled. Therefore, Corollary 2.3
guarantees that problem (2.24) has a positive solution . If, in addition, the function
 is increasing on [0, +oo[ then ¢ satisfies hypothesis (H3) and thus, u is the unique
positive solution to (2.24) as follows from Theorem 2.11. O

Proof of Theorem 2.24. Let the function ¢ be defined by formula (4.41) and the
function 4 by relation (4.42). One can easily verify that the function 1 is well
defined, continuous, non-decreasing, and satisfies relations (4.43). Moreover, it is
clear that there exists xg > 0 such that

¥(zo) 2 0. (4.44)

Consequently, in view of (2.30), (4.43), and (4.44), the function ¢ satisfies hypoth-
esis (Hy) with qo(t, z) := h(t)y(x) and conditions (2.9) and (2.10) hold. Therefore,
Corollary 2.6 guarantees that problem (2.24) has a positive solution u. If, in ad-
dition, the function ¢ is increasing on [0,4oo[ then ¢ satisfies hypothesis (Hj).
Therefore, it follows from Theorem 2.12 that u is the unique positive solution and
problem (2.24) has no sign-changing solution. O

Proof of Theorem 2.25. Observe that if u is a solution to problem (2.31) then the
function —u is its solution, as well. Hence, Theorem 2.20 yields that

if p€ V™ (w)UVy(w), then problem (2.31) has a unique

4.45
positive solution and a unique negative solution. ( )

Put

q(t,z) == h(t)p(|z|) for a.e.t € [0,w] and all z € R. (4.46)
It is clear that, in view of (2.25), the function ¢ satisfies hypothesis (H3) and
conditions (2.21) and (2.23) with E := {t € [0,w] : h(t) > 0}. Therefore, assertion
(1) can be easily derived from Proposition 2.9 and assertion (2) is a consequence of
(4.45) and Theorem 2.16 (see also Remark 2.17). Finally, in view of Remark 2.15,
assertion (3) follows immediately from (4.45). O

Proof of Theorem 2.26. Observe that if u is a solution to problem (2.31) then the
function —u is its solution, as well. Hence, assertion (2) follows immediately from
Theorem 2.24.

Let the function ¢ be defined by formula (4.46). It is clear that, in view of
(2.30), the function ¢ satisfies hypothesis (Hz) and conditions (2.21) and (2.23)
with F := {t € [0,w] : h(t) > 0}. Therefore, assertion (1) can be easily derived
from Proposition 2.9 and assertion (3) is a consequence of Theorem 2.16 (see also
Remark 2.17). O
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Proof of Corollary 2.28. Tt is clear that problem (1.5) is a particular case of (2.31),
where ¢(z) := 271 for x > 0. Therefore, the assertions of the corollary follow
immediately from Theorem 2.25. (]

Proof of Corollary 2.31. 1t is clear that problem (1.5) is a particular case of (2.31),
where p(z) := 227! for # > 0. Therefore, the assertions of the corollary follow
immediately from Theorem 2.26. (]

Proof of Theorem 2.33. Put
q(t,z) == h)|z* + f(t)|z[*~ for a.e. t € [0,w] and all z € R. (4.47)
By virtue of assumptions (2.30) and (2.34), we have
lt.2) = (W)~ [F(D)-)
> h(t)zt ! (xkf“ —c)
> h(t)y(xz) fora.e.t € [0,w] and all z > 0,

where
e =
_Aop fp=l e S= p=l _"
= {A_l] cxr for0<xz < |f=c ,
11[}(1:) = L
pn=1( A—p _ p—1 —H
T (x c) for z > [)\71 c}

Consequently, the function g satisfies ¢(-,0) = 0 and hypothesis (H;) with g (¢, z) :=
h(t)y(z). Moreover, inequality (2.10) holds with x¢ := ¢#~* and, in view of (2.30),
condition (2.9) is fulfilled. Therefore, the assertion of the theorem follows from
Corollary 2.6. O

Proof of Theorem 2.35. Let the function ¢ be defined by formula (4.47). It is clear
that ¢(-,0) = 0 and, in view of assumption (2.25), we get

q(t,x) > h(t)x" ! (1’)‘_“ — U;g%_) for a.e. t € [0,w] and all z > 0.

Now for a.e. t € [0,w] and all z > 0, we put

A1 | A-1 21 )
qo(t,z) := .

. — _ | xR
h(t)a =t — [f(£)] _ar! if o > 4=} B |77

! [Ll} = FOP R 55 if0<a< {L—l [f(t)],}ﬁ |

Then, by virtue of assumption (2.36), one can verify that go: [0,w] x [0, +00[ = R
is a Carathéodory function and hypothesis (H7) holds. Moreover, the function g
satisfies (2.8) which, in view of Remark 2.4, yields that (2.7) is fulfilled. Therefore,
the assertion of the theorem follows from Corollary 2.3. (]
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