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Abstract: We investigate third-order strongly nonlinear differential equations of the type
(@(k(Ou” (D)) = f(t, u(t), u(t), u”(t)), ae.on [0,T],

where @ is a strictly increasing homeomorphism, and the non-negative function k may vanish on a set of
measure zero. Using the upper and lower solution method, we prove existence results for some boundary
value problems associated with the aforementioned equation. Moreover, we also consider second-order
integro-differential equations like

t

(k(V'(D))) = flt, Iv(s)ds, v(t), v'(t)], a.e.on [0, T],

0

for which we provide existence results for various types of boundary conditions, including periodic, Sturm-
Liouville, and Neumann-type conditions.

Keywords: boundary value problems, nonlinear differential operators, ®-Laplacian operator, singular equa-
tion, Nagumo condition
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1 Introduction

Nonlinear differential equations governed by general differential operators, such as the so-called ®-Laplacian
(a generalization of the classical r-Laplacian ®(y) =y |y["2, with r > 1), are widely studied in view of many
applications. Indeed, such operators are involved in various models, e.g., in non-Newtonian fluid theory,
diffusion of flows in porous media, nonlinear elasticity, and theory of capillary surfaces. In this framework,
the theory concerning second-order differential problems has been widely investigated (see, e.g., [1-8] and
references therein).
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On the other hand, boundary value problems (BVPs) associated with higher-order equations arise in
various applicative contexts. In particular, third-order nonlinear differential equations are involved in
some models in fluid mechanics or electromagnetic frameworks (see, e.g., [9,10] and the more recent articles
[11,12] for results on Blasius equation, [13] in regard to Falkner-Skan equation, and the recent articles [14-19]).
Nevertheless, to the best of our knowledge, a general theory concerning BVPs for third-order nonlinear
differential equations has not been developed yet.

The first aim of this article is to provide a general approach to deal with fully nonlinear third-order
differential equations, possibly singular, governed by a generic ®-Laplacian operator.

More in detail, we are concerned with third-order equations of the type

(@(k(OHu" () = f(t, u(t), u'(t), u”(t)), ae.onl=[0,T], 1))

where f is a Carathédory function, ® : R — R is a generic strictly increasing homeomorphism (not necessarily
satisfying ®(0) = 0), and k is a non-negative measurable function that can vanish in a subset of I of zero
measure; consequently, equation (1) can be singular.

Assuming 1/k to be in LP(I), for some p > 1, it is therefore natural to look for solutions of (1) in W2P(I).
A similar framework can be found in the recent articles [4,5].

In this context, we consider the following BVP:

(@(k(u”(t))) = f(t, u(t), w(t),u”(t)), a.e.on [0,T],

(P) u0)=a, uw@)=>b u(T)=c,

(2)
where a, b, c € R are given, for which we provide a general existence result (Theorem 3.3), under rather mild
conditions: the existence of a pair of lower and upper solutions, the validity of a weak form of the Wintner-
Nagumo condition, and the monotonicity of the function f(t, -y, z).

We also provide some classes of examples illustrating our main result, which can be applied to a wide
class of highly nonlinear equations. For instance, the following singular third-order BVP

(Jt@ - Huw @) = 4O - u@®du’ @), ae.on [0,1],
u0)=0, u()=>b u@ =c,

Q)

admits solutions whatever b, c € R may be, provided that a < 3/2 (Example 5.3).

This approach can also be successfully employed to deal with second-order integro-differential equations,
a subject of an increasing interest, in view of the applications, such as in some ecological and epidemiological
models [20,21].

Indeed, the third-order BVP (P) is equivalent to the following Dirichlet-type second-order integro-differ-
ential problem (where for simplicity, we put a = 0):

(@k(t)v' (1)) =f‘t, Iv(s)ds, v(t), v’(t)’, a.e.on [0, T], @
0

v(0)=b, wWT)=c.

So, the existence result stated for problem (P) can be reformulated as an existence result for Problem (4),
allowing us to treat different nonlinear boundary conditions including periodic, Sturm-Liouville, and Neu-
mann-type conditions (Section 4).

As in the aforementioned situation, our existence result can be applied to a large class of nonlinear
singular integro-differential equations. As an example, we are able to treat the following singular integro-
differential problem:

t

Iv(s)ds' +e&"Oy(t), ae.on [0, T],
0

(sinh(~tv'(1)))" = v(t) - arctan

v(0)=b, w(T)=c,

showing that it admits solutions for any choice of b, c € R (Example 5.4).
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In order to achieve our existence result, we adopt a topological technique, introducing an auxiliary
general functional problem to which we apply a fixed-point result (Section 2). Then, by a refined truncation
argument and the method of upper and lower solutions we show that the general abstract result can be applied
to problem (P) (Section 3). Section 4 is devoted to integro-differential equations, and finally, in Section 5,
we present various examples.

2 Auxiliary functional problem

In this section, we introduce a general functional Dirichlet problem in order to obtain sufficient conditions for
the existence of solutions. The next section is devoted to find suitable concrete assumptions for problem (P)
in such a way that it can be included in this general abstract setting.

In order to do this, we first introduce the closed, convex subspace of W2P(I) defined as

W) = {u € W2P(I) : u(0) = al.

Of course, looking for a solution u € W2P(I) of (2) is equivalent to look for a solution u € W,(I) of the
Dirichlet-type problem:

(@k(u”(t))) = f(t, u®), u'(t), u”(t)), ae.on I,

Plu(0) = b, w(T)=c. ©)

Moreover, problem (Pq) can be framed in the following wide class of functional BVPs

(@(k(t)u”(t))) = E(t), ae.on I,

w(0)=b, u(T)=c ©)

where F : W,(I) — L'(I), u - E, is a functional operator.
The aim of this section is to prove the existence of a solution to (6), i.e. a functionu € W,(I), withu’(0) = b,
uw(T) = c, such that

®o(k-u”) e wh(l) and (P(k(Hu’(t))) = E(t), ae.on I.

We remark that if u € W2P(I) is such that ® - (k - u”) € WLI(I), the continuity of ®! implies ku” € C(I),
meaning that ku” has a continuous extension on the whole interval I.
In what follows, we will assume that k : I - R is a measurable function satisfying

1
k(t)>0, forae t€I, and % LX), p>1 @)

For the sake of brevity, in the sequel, we denote

1
and k= H—

1
Ky = H_ K

k

P s

From now on, we assume that the operator F appearing in the right-hand side of equation in (6) is
continuous and there exists a function € LY(I) such that

|[E(O)] < nt), a.e.on I, forevery u € WyI). (€]

Moreover, let us introduce the integral operator H : ‘W,(I) —» C(I) defined by
t
H(t) = Iﬁ(s)ds, tel ©)
0

Note that by assumption (8), also the operator # is continuous in ‘W,(I), and we have

|Hu(OI < |Inllzrgy, forevery u € Wyl), tel (10)
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The following lemma will be used in the next existence result.

Lemma 2.1. Assume that conditions (7) and (8) hold. Then, for every u € ‘Wy(I), there exists a unique constant
I, € R such that

T
1
mq) I, + H(t))dt = ¢ - b. (1D

Moreover, the following estimate holds:
c-b
(I) -
[ ki ]
Proof. By (10), for every { € R, u € W,(I), and t € I, we have
&= Ny < &+ Hu®) < &+ [Inllray-

Ll < +Inllzgy,  for every u € Wu(D). 12)

Then, since ®! is strictly increasing and k is positive, we obtain

T T
1
@ - ||n||Lla>>£—k(t) k(t)fb‘l(f + H(O)E S DI + Ilnllle)I o

So, the function ¢, : R = R given by

T
1
0,8 = mcb (& + Hy(t)de

is well defined and continuous by Lebesgue’s dominated convergence theorem. Moreover, since ®! is strictly
increasing and k is positive, also ¢, is strictly increasing and

g}im ¢u(&) = —, Elim Pu(8) = +oo,

implying that ¢, is a homeomorphism. Therefore, for every u € W,(I), there exists a unique I, € R such that

J'%cp (I, + H(O)dt = ¢ - b.

Now, by the weighted mean value theorem, we obtain that for every u € W,(I), there exists a value t, € I such
that

T
~ 1
c-b= Jm‘b (L, + H(®)dt = 7T, + (Hu(tu))_ol’mdt

Thus, ®71(I, + Hy(ty)) = (¢ — b)/k so that

I + Hy(ty) = cp[c _ b].
ki

Hence, estimate (12) directly follows from (10). O

Now, we have all the tools to prove the following existence result for the functional Problem (6).

Theorem 2.2. Let F : ‘W,(I) — LX(I) be a continuous operator satisfying (8) and assume that condition (7) holds.
Then, problem (6) admits a solution.
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Proof. Let G : ‘Wy(I) = ‘W,(I) be the operator defined by
Gu(t) = a+ bt + H—cp 1, + Hy(r)drds, t€EL
First of all, we note that G is well defined. Indeed, given u € W,(I), we have

G(0)=a, Git)=h+ jmqﬂa Hy(s)ds, ae.on I,

G/(t)= %@‘1(1 H,(t)), ae.on .

Thus, thanks to (7) and (10), we deduce that G, G; € LP(I). Hence, we obtain G, € “W,(I). Observe, owing to
(1), that u € ‘W,(I) is a solution of Problem (6) if and only if it is a fixed point of the operator G.

* Claim 1: G is continuous.
Let uy, u, € ‘W,(I) be fixed. By (11), we obtain

{m[®'l(1u1 + Hyu (1) = O7U(L, + Hy,(1))]dt =

Hence, by the weighted mean value theorem there exists { € I such that
O (Ly + Huy(£)) = @70y, + Hul(£)) = 0
Since @ is strictly increasing, it follows
Ly, + Hy () = L, + Hy, (D).
This implies that
by = Lyl = [Hu(E) = Hu(D] S [|Huy = Hugllew-

Moreover, since for any t € I, we have
|7_{u1(t) - (]_{uz(t)l S I|E11(s) - Elz(s)ms s ”Eu - Elz”Ll(I))
0

we conclude that
Ly = Lyl < [|1Hu = Huplleay < 1By = Bollriay- (13)

Now, by (10) and (12), for every t € I and for every u € “W,(I), we obtain

® c-b

ki
Note that ®! is uniformly continuous on any compact interval of R. Therefore, for every £ > 0, there exists
& = 6(¢) > 0 such that, for any interval [, ] C R with |r; - | < 6 and

1%]

by the uniform continuity of ® on [r;, 1], we obtain

|L + H(O < L] + |H D] < +2||nll. a4

[, 12| < + 2{Inll 2y

& &
3ky” 3k Tr 3kT' P

|7'(r1) - @7'(ry)| < minj—— = p,. (15)

Now, let (1), be a sequence in W,y(I) converging to u € W,(I) in W>I(I) as n — +c, First of all, we note
that (F, ), converges to E, in L1(I), since the operator F is continuous. Moreover, by (13), also (I, ), converges to
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I,. Thus, if & > 0 is fixed and § = §(¢) > 0 as before, there exists 1 = ii(¢) such that, forn = 7, ||E,, - El|;1q) < 6/2

u- 'y
Consequently, for n > 1 and t € I, by (13), we obtain
|I + 7'{un(t) =L - 7’(u(t)| s 2”E1n - E1||L1(I) <é.

So, forn > nn and a.e. t € I, by (14) and (15), we obtain

|G (1) - GJ(®)| = 0 —— @7, + Hy, (D) - D7, + Hy(D)]
mlq’_l(lu Wun(t)) - q’_l(lu + 7‘{u(t))l
1 ¢

< Lp S —_’
k(6" ™ k(t) 3k,

implying
£
165, = Glllay < 5.

Moreover, for n 2 i1 and a.e. t € I, by (13) and (15), we obtain
t

—[‘D Ty, + Hu (8)) = D&y + Hy(s))]ds

|Gy, (D) — Gy (O] = 0)

t
ml‘b 1(Iu,l + 7’(un(s)) - (I)_l(lu + H(s))|ds
& _ &
< :
<P J k(S) 3k1Tp 3T»
Thus, we have
€
G, = Gilleay < 3

Finally, for n 2 n and ¢ € I, again by (15), we have
ts 1 . .
16 (8) = Gul®)] = Hm[‘b ( + Hu (7)) = @30, + H,(7))]deds

H—|<I> (L, + Hu (D) = ©I(, + Hy())ldeds

k(7)
£
< —drds < Th = ,
ps-[ ) k(7) ' le1 b 3T
implying that
€
1Gu, = Gullrry < 3

n = f(e) such that, for n = n,

Summarizing, we proved that, for any ¢ > 0, there exist
G, = Gullwray = 1Gu, = Gullray * 11Gy, = Gulleray + 1G, = Gillray < &

That is, the operator G is continuous

* Claim 2: G is bounded.
By (14) and the continuity of @, there exists a constant C such that
(16)

|, + H ()| £C VteI, Yue W).
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Thus, for every u € Wy(I) and a.e. t € I, we obtain

") = 1 <
Gy ()] = k(t)lfb I+ HU(O)] < kD)’ 7

implying that
G |lzeay = Chp.

Moreover, we have

t

1
b+ [——ai(1, + Hys))ds

Gio1=lp+ [

. (18)
<|b| + J'imrl(f + Hy(s))|ds < |b| + Chy
. k(s) u u ’

implying |Gy, < (|b] + Ckl)T% for every u € ‘Wy(I). Finally, for every u € ‘W,(I) and t € I, we have

|Gu()| = < |a| + |b|T + CkiT.

ts

1

a+bt+ qurl(lu + Hy(1))dsdr
00

Consequently,
IGullzery < (lal + |B|T + ClT)T/P.
Summarizing,

IGullweay = 1Gulleray + Gulleray + 1GE lleeay
< Ck, + (|b] + Ck)T? + (|a| + |B|T + ClgT)T.

* Claim 3: G is a compact operator.

Let us fix a bounded set D C ‘Wy(I). Our aim is to show that G(D) is relatively compact, i.e., for any
sequence (u,), C D, the sequence (G,,), admits a converging subsequence in Wy(I).

First of all, we show that (G,;’n ) admits a converging subsequence in LP(I). Indeed, by (18), for everys, t € I
and n € N, we have

t
[Gimar| <16©) + 16, s)I < 21b] + 20k,
N
Moreover, by (17), for everyn € N and a.e. t € I, we have
C
G/()] € —.
G5 75

Since by (7), we have 1/k € LP(I), we obtain that ((G,,)")» is uniformly integrable. Hence, if we prove
T-h
lim j G (t + h) - G (HlPdt = 0, uniformlyin n, (19)
0
0

we can apply the characterization of relatively compact sets in L? given by [22, Theorem 2.3.6] and infer the
relative compactness of the sequence (G ).

In order to prove (19), we fix £ > 0 and we observe that, since 1/k € LP(I), there is p; = p;(¢) > 0 such that,
for0 < h < p,,

T-h

|

0

1 1 P

k(t+h)  k(t)

&

t< W’ (20)
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where C is the constant appearing in (16). The uniform continuity of ®! on any compact interval of R implies
the existence of §; = §;(¢) > 0 such that

1071(r) - () < = @1

P

2k,’
b-a
o5

0,
Iq(t)dt <8, forevery 6,6, € Iwith|6; - 65 < p,.
0,

for every r,  with | — 5| < §; and |y, || <
more, there exists p, = p,(¢) > 0 such that

+ 2||nllzyr), where n is the L! function in (8). Further-

Thus, by (8) and (9), for every n € N, we have

6, )
[Hu,(00) - Hu (0] = | [E, (0| < | [neodt | < 61
0, 0,

Consequently, from (10), (12), and (21), we obtain

1

|07 (T, + Hu(01) = @7 (I, + Hu (0] < % 22)
14

for every n € N and every 60y, 0; € I with [0, - 0y] < p,.
Now, lett € I and h > 0 be fixed such that t + h € I. By (16), we have

1 1)
TR M

|Gy, (t + h) = Gy (D] = ‘[

+

R 1@+ €+ 1) = @70, + Ha (0]

11, 1
k(t+h) k@©| k(t+h

<C ‘ Iq)—l Iun + 7'{u,,(t + h)) - (D_l(lun + Hun(t))l-

Therefore, by the convexity of the function 7 ~ |7|P, we obtain

T-h
[ 16zt + - Greowar
0

T-h
< 2r71cP J
0

1 1 P

k(t+h) k@)

+ 2071 |07y, + Hu,(t + B)) = @7 (I, + Hy (O)PL.

T-h
[ _r
) (k(t + Wy

Now, let 0 < h < p with p = min{p,, p,}. From estimates (20) and (22) with 6; = t + h and 6, = ¢, it follows that

T-h
[z +m - Gropde<e,

0

for every n € N, and this implies that condition (19) holds. Hence, the sequence (G ), verifies the assumptions
of [22, Theorem 2.3.6], so there exists a subsequence, denoted again (G, (t))», converging in L? to a certain
Yo € LP().

Second, our aim is to show that (G; ), admits a converging subsequence in LP(I). In order to do this,
we introduce

t
2t) = b+ jyo (s)ds.
0
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By Hélder’s inequality, we have
t

JGi(s) - y(sds

0

l ”
|Gy, (6) = z(O)] = < T7|Gy, = Yo llzrarys

where p’ is the conjugate exponent of p. Therefore, G; (t) — z(t) uniformly in I, implying thatG; — z in LP(I).
Hence, taking into account that z'(t) = y,(¢) a.e., we conclude that (G; ), converges to z in WLP(I).
Finally, we are left with the proof that (G,,), admits a converging subsequence in LP(I). Thus, we introduce

t t

w(t) =a+ Iz(r)dr =a+bt+ ijo(r)dr.
0 00

Once again, by applying Hélder’s inequality, we obtain

|Gy, () — w(t)| =

t
[(Gi(s) - z(sppas
0

<

ts
[[Gz (@ -y @asar
00

1+ 10 ~n
<TGy = Yo llera-

This shows that G(D) is relatively compact in the set W,(I).
Taking into account Claims 1-3, we are able to apply the Schauder fixed point theorem and prove
the existence of a fixed point for the operator G. This concludes the proof. O

3 Main result

This section is devoted to state and prove our main existence result of solutions for problem (P). First of all,
let us precisely clarify the meaning of solution.

Definition 3.1. A function u € W,(I) is said to be a solution of (5) if it satisfies ® (k- u”) € Wb(I),
(@k(u”(t))) = f(t, ut), w(t),u”(t)) for a.e.t € I, u’'(0) = b and u'(T) = c.

As we already observed in the previous section, the condition @ ° (k- u”) € WL(I) implies that the
product function k - u” has a continuous extension on the whole interval I.

Our technique is based on a suitable combination of fixed point results and lower and upper solutions
method. So, let us now give the definition of lower and upper solution of equation (1) appearing in Problem (5).

Definition 3.2. A function a € W,(I) is said to be a lower solution of equation (1) if it satisfies
® o(k-a”) € WH(I) and

(@(k(D)a"(1)))" 2 f(¢, a(t), a’(t), a” (1)),

for a.e. t € I. Analogously, a function € W,(I) is said to be an upper solution of equation (1) if it satisfies
® o (k- B”) € WH(I) and

(@(k(OB" (1)) = f(t, B(D), B(1), B"(1)),

forae. tel.
A pair a and S of lower and upper solutions is said to be well ordered if a’(t) < p'(t) for every ¢ € I.
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Theorem 3.3. Let us suppose that the following conditions are satisfied:
(H1) there exist a lower solution a € “W(I) and an upper solution B € W(I) of equation (1), which are well
ordered on I,
(H2) f: I x R® - R is a Carathéodory function, monotone decreasing with respect to the second variable, i.e.,

f(ta X, Y, Z) Zf(t, X2, Y, Z), for ae.t e I,

for every x, X, v,z € R such that x; < X;
(H3) for every R > 0 and for every non-negative function y € LP(I), there exists a non-negative function
h = hg, € LX(I) such that

If (&, x,y,z(t))| < h(t), for ae t€EI,

for every x,y € R such that |x|, |y| < R and every z € LP(I) such that |z(t)| < y(t) for a.e. t € I,
(H4) there exist a constant H > 0, a non-negative function v € L1(I), with 1 < q < o, a non-negative function

¢ € L(I), and a measurable function i : (0, +o) — (0, +) satisfying

1 1 P 1
— € ——ds =
" Lyo(0, +) and L/)(S) ds = +oo,

such that
Ift, x,y,2)| < ¢(|®(k(t)2)|)[€(t) + V(t)IZIqq;l], for ae tel,

for every x,y, z € R such that x € [a(t), B(0)], y € [a'(t), B'()], and |z| = H, where qT_l =1ifq = +oo.

Then, for every b,c € R such that a’(0) < b < p(0) and a’(T) < ¢ < B'(T) problem (5) admits a solution
u € WyI) such that

a(t) <u(t) < B@) and a'(t) <u'(t)<p(t) VteL

Proof. By assumption (H1), there exists a well ordered pair of lower and upper solutions a and S of equation
@), ie., a’(t) < p(¢t) for every t € I and since a(0) = 5(0), we also have a(t) < B(t) for every t € I.
Choose M > 0 such that

llallz=a@ys 1Blle=ays l1&llz=ys 1B Nl=ary < M. 23)

Since @ is a strictly increasing homeomorphism, there exists N > 0 such that

O(N)>0, @O(-N)<0, and N> max

2M
H, T] N1kl (24)

Furthermore, by Definition 3.2 and taking (H4) into account, we can fix L = L(H, M) 2 N > 0 such that
lka"||=ry, IKB”|l=¢ry < L and

(L) —q)(—L)1
. q-1
min J’Eds, | 01> My + Vb M) (25)
B(N) ~&(-N)

Finally, we introduce the function y, € LP(I) defined by

Yo(t) = % forae. tE€ I (26)

Now, following the notation of [8, Appendix A], given a pair of functions , { € L'(I) satisfying the ordering
relation &(t) < {(t) a.e. t € I, we introduce the truncating operator

746 L) ~ L),
defined by

T785(t) = max{&(t), min{x(¢), {(t)}}, forae. t€E L
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By [8, Lemma A.1], the following statements hold true:

© T - T < IX() - YOI, ¥x,y € II) and ae. t €
. if £ ¢ € WD), then TE(WIYI)) C WH(I); @7
o if & ¢ € W), then 7¢ is continuous from W'I(I) into itself.

From now on, given u € W2P(I), we denote
Dy(t) = T(_?é’f%f),(t), forae. t €1, ©8)
where y, is the function defined in (26). Observe that definition (28) is well posed since, by (27), the map 7 ﬂf’ﬁ '
belongs to L' whenever u € W2P(I). Furthermore, we introduce the operator
F W) - LX), u~ Fy
defined by
Fu6) = f(& TEH0, TP (0, D(®)) + arctan@ (©) - 737 (),

for a.e. t € I. Actually, in Step 1 we will show that the definition of ¥ is well posed. Finally, we consider
the following auxiliary problem:

(®(k(tu”(t))) = F4t), ae.on I,

u'(0) = b, u(T) = c. (29)

(P2)

STEP 1. Existence of a solution to the auxiliary problem (P;). The aim of this step is to show that ¥ satisfies
the assumptions of Theorem 2.2, i.e., ¥ is continuous and bounded by a summable function.

Claim 1: There exists a non-negative function n € L'(I) such that |F,(t)| < n(t) for a.e. t € I and for
every u € Wy(I).

By the choice of M in (23) and the definition of the truncating operators, for every t € I and u € Wy(I),
we obtain

-M<TY%t) <M, -M<T% @) <M.
Moreover, from the definition of D (see (28)), for every u € W,(I) and a.e. t € I, we have
|Du ()] < yp(0).

Hence, by assumption (H3), there exists a non-negative function h = h(M, y,) € L*(I) such that
g b3 m
701 < (TR0, T3P 0, DuO)] + 5 < h(©) + 5 = n(®), (30)

for every u € ‘W,(I) and for a.e.t € I. Since h € LY(I), also n € L(I); hence, we conclude that 7, € L'(I) for
every u € ‘W,(I). This shows that #, is well defined and satisfies the boundedness assumption of Theorem 2.2
and the claim is proved.

Claim 2: ¥ is continuous from W,(I) € W2P(I) into L(I).
Given a sequence (up), € Wy(I) converging tou € W,(I) in W2P(I), our aim is to show that 7, (t) = Fu(t)
in L1(I), up to a subsequence. First, by possibly passing to a subsequence, we have

U, =~ u, u,—u in WH({I), and u;-u” in L'(I).
Then by [8, Lemma A.1], we obtain
78 -7 in wD), and 747 -7, i wh),
which, up to a subsequence, also implies that

"y = @y in D).
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Then,
Ty - (TP, forae tel
Thus, combining this convergence with [8, Lemma A.1], we have
Dy (t) = Dy(t), forae. telL
By the previous convergence relations, since f is a Carathéodory function, we then obtain

lim 7,() = lim [£(t, T&A0), T4 (1), Dyy(0) + arctan(u;(t) - 747 ()]
n—+oo n—+oo
=Fu(t), forae tel.
By combining this pointwise result with a standard dominated convergence argument based on (30), we
conclude that 7, — 7, in L}(I) as n — +c, which is the desired result.

As a consequence of Claims 1 and 2, we can apply Theorem 2.2 obtaining the existence of a solution
u € Wy(I) to the auxiliary Problem (29). This completes the proof of Step 1.

STEP 2. Any solution u to (29) is also a solution to (5).

Claim 1: a’(t) < u'(t) < p'(t) and so a(t) < u(t) < B(t) for every t € I.

Letu € ‘W,(I) be a solution to (29). We show that a’(t) < u'(t) for everyt € I (the proof that u’(t) < f(¢t) is
analogous). In order to do this, we proceed by contradiction and assume that there exists a ¢t € I such that
u’(t) - a’(t) < 0. Since u is a solution to (29) and a is a lower solution to (5), we obtain

w0)=b=2a’(0) and u(T)=cz2a(T).

This implies u’(0) — a’(0) = 0 and u(T) — a’(T) = 0. As a consequence, it is possible to find two points &, t; € I,
with ; < t, such thatu’(t;) — a’(t;) = 0 fori = 1,2,and u’(t) - a’(t) < 0 forallt € (t, t,). So,?"z/’ﬁ = a’on(h, &)
and consequently (see (28))

D) = T = a’(t) forae. t € (4, b).
Hence, by the monotonicity assumption (H2), for a.e. t € (¢, t;), we obtain
@KU ®)) = f(t, TEE), 7w (), Du(t)) + arctan('(t) - 747 (1)
= f(t, TP, (), a”(0)) + arctan(u'(t) - a'(t))

< f(&, TR, a'(t), a” (1))
< f(t, a(®), a’(t), a”(t)) < (Pk(D)a” (1)),

from which, we obtain

(@k(Ou (1)) < (Pk(t)a" (1)) (3D
Then, integrating (31) on (¢, t;), we obtain
D(k(L)u"(t)) - k(t)a" () < @(k(tu”(t)) - @(k(t)a”(t)). (32)

On the other hand, since u’()) = a’(;)) and w'(¢) < a’(t) in (4, t,), recalling that k(t) > 0 for a.e. t € I, we have
k(tu”(t) < k(t)a”(t),
and similarly, we have
k(L)u”(t) 2 k(k)a"(&).
Hence,
®(k(tu" () - Pk(t)a”(t)) <0 and  P(k(L)u" (%)) - P(k(L)a" (%)) 2 0.

This is in contradiction with (32). Thus, u’(t) — a’(t) 2 0 for every t € I. By adapting this argument, one is also
able to prove that u’(t) — B’(t) < 0 for every t € I. Hence, a’(t) < u'(t) < p(t) for every t € I. So, since
u(0) = a(0) = B(0), it immediately follows a(t) < u(t) < B(t) for every t € I.
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Claim 2: |u(t)|, |w'(t)| < M for every t € I.
By Claim 1, we have a(t) < u(t) < (t) and a’(t) < u'(t) < B'(t) for everyt € I. Then, by the definition of M
in (23), for every t € I we obtain

“-M<a®)su@)<pt)<M, and -M<a(t)<u'(t)<p() <M.

Claim 3: min;e;|k(t)u”(t)| £ N, where N > 0 is chosen as in (24).
By contradiction, we assume that

k(®u”(t) > N, foreverytel.

By integrating on I both sides of the previous inequality, by (24) we have

T
NT < Ik(t)u”(t)dt
0

T

< ll=a [w 0t = [kl (e - b)
0

<2M - ||Kllz=qy < NT,

which is a contradiction. By arguing in the same way, we are able to complete the proof by showing that also
k(t)u”(t) < -N for every t € I leads to a contradiction. Hence, min.e;|k(t)u”(t)| < N.

Claim 4: |k(t)u”(t)| < L for every t € I, where L > N is chosen as in (25).

Once again, we proceed by contradiction, and we assume that there exists 7 € I such that [k(7)u”(7)| > L.
Let us consider the case

k(tu”(t) > L > 0.

Since k - u” is a continuous function, by Claim 3 there exist two points &, t, € I, with < ¢, to fix ideas, such that
k(t)u”(y) = N, k(t,)u”(t;) = L and N < k(t)u”(t) < L for every t € (4, ;) C 1.
Hence, by (24), we obtain

L > k(tyu”(t) > N > H||k||;~q), forevery t € (4, t). (33)

That is, by the definition of y, (see (26)),

L
H<u'(t) < Ft) =y(t) forae. te€ (f,t). 6D

Combining this estimate with Claim 1 and the definition of D (see (28)), we deduce D, = u” on (4, ).
Consequently, since u is a solution to (29), by (34) assumption (H4) implies that, for a.e. t € (t, t),

[(@Ck@®u” ()] = If (&, u(t), w'®), u” () < Pp(Pk®u”()H)-(£(t) + V(t)lu”(t)qu;l)-
Moreover, by (33), since @ is a strictly increasing function, we have
O(k(tu”(t)) > d(N) > 0, forevery t € (4, t,).

Recalling that ® » (ku”) € WLY(I), we then obtain

(L) Dkt (1) b ”
[ g- 1 Fekou@)y
PO o, VO p@kOu D)

2}
< Jtew + vy

4
-1 . .
<llllpgy + Vil @(®) - w(w)'s  (by Holder inequality)
o .
<l1ellzy + IVl 2V (by Claim 2),
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which contradicts our choice (25) of L. Hence, k(t)u”(t) < L for everyt € I. By a similar argument, we are also
able to conclude that k(t)u”(t) = -L for every t € I. The claim is then proved.

Claim 5: D, = u” a.e.on I.

By Claim 4 and (26), we obtain
lk@u"®] _ L

—— =), forae te€IL

[u” (O] = KO kO

Therefore, from (28), we conclude D, = u” a.e. on I.
Combining the results established in Claims 1-5, we are able to complete the proof of this step. Indeed,

by Claims 1 and 5, we obtain 7% = u, 7° fff’ﬁ "=uw onland D, =u” ae. onl. Collecting all these facts and
considering that u is a solution of (29), for a.e. t € I we obtain

(@(k(Ou”(t))) = f(t, u(®), u’(®), u”(t)).

Hence, u is a solution to (5). (I

4 Existence results for integro-differential problems

As we pointed out in Section 1, by the change of variable u’ = v, setting for simplicity a = 0, the BVP (P) is in fact
equivalent to (4).

Themaps® : R - R,k :I— R, f: I xR3 - R verify the same properties as mentioned earlier. In particular,
f:1xR3—- R is a Carathéodory function such that the monotonicity condition (H2) holds (Theorem 3.3).

We look for solutions of (4) in the following subset of WLP(I):

V={uewWl): k-u€cl),®-k- u)e wi(D}.

By a solution of Problem (4), we mean a function v € V, satisfying v(0) = b, v(T) = ¢ and such that

(@k(tV'(2)) = f(t, _[Otv(s)ds, v(t), v'(t)) a.e. on I.

Moreover, a function o € V is called a lower [resp. upper] solution of the integro-differential equation

t
t, jv(s)ds, ) v’(t)], ae.on I, (35)
0

(@kOV(®)) = f

appearing in Problem (4), if

t

t, Ia(s)ds, a(t), a’(t)

0

(@k(t)a’®)) 2 [<] f

, ae.on I.

By adapting the assumptions to the second-order case, we are able to state the following existence result
for (4) as a consequence of Theorem 3.3.

Note that this result is actually more general than [4, Theorem 3.1], since here the right-hand side f also
depends on the integral function of v.

Theorem 4.1. Assume that conditions (H2) and (H3) in Theorem 3.3 hold. Moreover, suppose that the following
additional conditions are satisfied:
(H1*) there exists a well ordered pair of lower and upper solutions g, T € V of (35): i.e. a(t) < 7(t), for
everyt € I.
(HA*) there exist a constant H > 0, a function v € L{(I) for some 1< q < ®, a non-negative function

¢ € L\(I), and a function ¢ : (0, ©) — (0, »), with 1/ € L (0, ©) and rwﬁds = +oo, such that

ORRIOKG

If (. x, y, 2)| = Y(|@(k(O)2)])

bl

foraete€l,allx € [I;o(s)ds, I;T(s)ds],y € [o(t), 7(t)] and all z with|z| > H, whereqT_1 =11ifq = .
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Then, for every b, ¢ such that o(0) < b < 7(0), a(T) < ¢ < 7(T), problem (4) has a solution vy € V such that
o(t) 2 vpe(t) < T(t) for everyt € I.

Remark 4.2. As in [4, Theorem 3.1], one can prove the following further claim: for every M > 0 there exists
a constant L = L(M, H, v, ¢,¥), such that if ||ollcqy < M, ||tllcqy <M, ||k 0'|lcqy <L, and ||k - T'|lcy < L,
then the solution v as in the statement of Theorem 4.1 verifies

[Vlleqy =M and ||k - Vg < L. (36)

4.1 General nonlinear boundary conditions

Let us now show how from Theorem 4.1, one can obtain existence results also for various boundary conditions,
more general than Dirichlet ones. The following results generalize those in [4, Section 4], in the spirit of [1].

First of all, we state a compactness-type result for the solutions of Dirichlet problems in the framework of
integro-differential equations. We omit the proof, since it can be carried out just as in [4, Lemma 4.1], since that
proof does not depend on the variables of the right-hand side f.

Proposition 4.3. Let 0, T € V be a well ordered pair of lower and upper solutions of (35).
Then, for every pair of sequences (bp), and (c), of real numbers satisfying b, € [a(0), 7(0)] and
¢, € [a(T), ©(T)] for every n € N, and for every sequence (vy), of solutions of problem

t

t, Iv(s)ds, v(t), v'(t)
0
v(0) = by, W(T) = o,

(@) = f

, aeonl,

such that a(t) < vp(t) < 7(t) for everyn € N and t € 1, and satisfying the estimate (36) of Remark 4.2 for some
M > 0, there exists a subsequence (vy); such that, for every t € I,

Vi (£) = vo(t),  k(®)vy(t) = k(O (L), asj— o,

for some solution v, of equation (35).

In order to handle various types of boundary conditions, it is convenient to introduce the following
general problem:

t

(@k(t)v' (b)) =f[t, Iv(s)ds, v(t), v’(t)', ae.on I,

0
g(0), u(T), k(0)u’(0), k(T)u(T)) = 0,
u(T) = h(u(0)),

(37)

where g : R* -~ R and h : R — R are continuous functions. Note that here we deal with “weighted” boundary
conditions, i.e., involving k(0)v'(0), k(T)v'(T) since we are looking for solutions in the set V, i.e., functions
v € WP(I) with k - v € C(I).

The next existence result holds (cf. [4, Theorem 4.3]). We omit the proof since it can be carried out as in [23,
Theorem 3], by applying the previous compactness result Proposition 4.3 instead of [23, Lemma 1].

Theorem 4.4. Let 0 and T be a well ordered pair of lower and upper solutions of (35) such that

£(a(0), a(T), k(0)a(0), k(T)a"(T)) 2 0,
o(T) = h(a(0)),
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8(1(0), 7(T), k(0)7(0), k(T)(T)) < 0,
7(T) = h(z(0)).
Assume that conditions (H2), (H3), and (H4*) are satisfied. Moreover, suppose that h is increasing and
g, v, -, z) is increasing and g(u,v,w, -) is decreasing. (38)
Then, problem (37) has a solution v € V such that a(t) < v(t) < 7(¢t) for every t € I and

Vllcwy =M and ||k~ Vcay < L, (39)

where M and L are as in Remark 4.2.

The general boundary conditions considered in Problem (37) include, as a particular case, periodic-type
boundary conditions, i.e.,

t

@k(OV(D))) = f‘t, Jv(s)ds, (o), v’(t)], ae.on I,
0
v(0) = wW(T), k(OW(0) = k(T)W(T).

(40)

The next result is an immediate consequence of Theorem 4.4.

Corollary 4.5. Let 0 and t be a well ordered pair of lower and upper solutions of (35) such that

7(0) = =(T),

a(0) = a(T),
and 1 0)r(0) < k(T)T/T).

k(0)a"(0) = k(T)a"(T),

Assume that conditions (H2), (H3), and (H4*) are satisfied. Then, problem (40) has a solution v € V such that
a(t) < v(t) < 7(t) for everyt € I.

Finally, we now consider a different kind of BVP which includes, as particular cases, both Sturm-Liouville
and Neumann-type boundary conditions:

t
(@k(OV(D))) = f‘t, _O[v(s)ds, (o), v’(t)], ae tel, @
P(v(0), k(0)v'(0)) =0, Q(T), k(THv(T)) =0,

where P, Q : R2 — R are continuous functions. The following result holds (cf. [4, Theorem 4.5]).

Theorem 4.6. Let 0 and T be a well ordered pair of lower and upper solutions of (35) such that

P(a(0), k(0)a’(0)) 2 0,
Q(a(T), k(T)a'(T)) 2 0,

P(7(0), k(0)7(0)) < 0,
Q(z(T), k(T)7(T)) < 0.

Assume that conditions (H1*), (H3), and (H4*) are satisfied. Moreover, assume that for every s € R, we have

and

P(s, -) is increasing and Q(s, -) is decreasing.

Then, problem (41) has a solution v € X such that a(t) < v(t) < 7(t) for everyt € I.

Sketch of the proof. The proof follows by using the compactness-type result Proposition 4.3 similar to [23,
Theorem 5] with small modifications. O
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5 Some examples

Let us now provide some examples illustrating our main results.
We start from a quite general class of nonlinearities f such that f(t, x, y, -) is linear. This allows the choice
q =1 and ¥ constant in the Wintner-Nagumo-type condition (H4).

Example 5.1. Consider the following BVP:

(@(k(Ou”(£))) = u@®[p(t, u®) + w'O] + gw®u"(t), ae.on [0,T],

(42)
ul0)=a, u()=>»b u(T)=c,

where ® : R —» R is a strictly increasing homeomorphism with ®(0) =0; k: I~ R is a.e. positive with
1/k € LP(I) for some p > 1; u : I — R belongs to L'(I) with u(t) = 0 for a.a.t € I; p : I x R = R is continuous,
and finally, also g : R — R is continuous.

Assume that the function p is monotone decreasing with respect to the second variable and globally
bounded, i.e. suppose that

p(t,x) 2 p(t,x;), forany t € andany x,x € R with x < x; 43)
there exists L, > 0 such that |p(t, x)| £ L,, forall (t,x) €IxR. (44)

Let us prove that Problem (42) admits solutions whatever b, ¢ € R may be. Put
ft,x,y,z) = u(t)(p(t,x) +y) + gy)z.

Observe that f is a Carathéodory function, and by (43), assumption (H2) is satisfied.

Moreover, if we take K = max{L,, ||, |c|}, where b and c are the boundary data, then the linear functions
a(t) = a- Kt and B(t) = a + Kt are a pair of well ordered lower and upper solutions of the equation
appearing in (42).

Let us show that also (H3) is fulfilled. Indeed, let R > 0 and y € L?(I) be fixed. Define My = max,e[-z z|lg(V)|.
By (44), we have

[f (e, X, , 2())] < u(OK + R) + Mpy(t) = hg,y (),

whenever x €R, |y| < R and z € LP(I) with |z(t)| < p(t) for a.e. t € I. Since hg ) € LX), we have that (H3)
holds.
Finally, for all y € [-K, K], we have

If(t, x,y,2)| < 2Ku(t) + Mxlz|,
where My = maxye[-x,xl€(y)|. Consequently, the Nagumo-Wintner assumption (H4) holds with the choice
H=1, ¥(s)=1, &()=2Ku(t), v(t)=Mg, q=+oo,

Hence, Theorem 3.3 applies yielding the existence of a solution of Problem (42).

We now provide a similar example in which we drop the global boundedness of the nonlinearity
f(t, x,y, z) with respect to x (condition (44)).

Example 5.2. Consider the following BVP:
(@O’ ) = u®O[pu®) + wO] + g ®O)u’(t), ae.on [0,T],

(45)
u0)=0, u@)=»b u(T)=c,
where &, k, u, and g are as in Example 5.1, while p : R = R is continuous, decreasing, and such that
|x|
[p()| < forall x € R. (46)

T:
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We show that Problem (45) admits solutions whatever b, ¢ € R may be. In fact, set
ft,x,y,2) = u@®)(p(x) +y) + gy)z.

Then, f is a Carathéodory function, and (H2) is satisfied.

Moreover, if we take K = max{|b|, |c|}, where b and c¢ are the boundary data, then the linear functions
a(t) = -Kt and B(t) = Kt are a pair of well ordered lower and upper solutions of the equation appearing in
(45). In fact,

pla(t)) +a’(t) = p(-Kt) - K< 0, forae. t€l,

in view of (46). An analogous remark holds for f.
We proceed as in Example 5.1: to see that (H3) holds, we fix R >0 and y € LF(I), and, we put
Mg = maXxye[-g )€ (V)| By (46), we have

£t %y, 2(0)] < u(t)[% + R] + Mgy () = hyy (0),
whenever x| < R,|y| < Rand z € LP(I) with|z(t)| < y(t) for a.e.t € I, wherehg ), € LXI). Thus, (H3) is verified.
Finally, for all x € [-KT, KT] and y € [-K, K], we have
If (t, x,y, 2)| < 2Ku(t) + M|z,
where Mg = maxye[-x x)lg(¥)|- Consequently, the Nagumo-Wintner assumption (H4) holds with the choice
H=1, ¥(s)=1, &(t)=2Ku(t), v(t)=Mg, q=+c.
Hence, Theorem 3.3 applies yielding the existence of a solution of Problem (45).

In the next example, the nonlinearity f(t, x, y, z) has a product structure and may exhibit a superlinear
growth with respect to the last variable.

Example 5.3. Consider the following BVP:

(@ k(O (©) = pOg®), W)@, ae.on [0,T],

47)
u0)=a, u@=>b u(T)=c,

where @, : R — R is the r-Laplacian, i.e., ®,(¢) = & |€]"2, withr > 1;k : I - R is a.e. positive with 1/k € LP(I)
for some p > 1; u : I -~ R belongs to LP(I) for some B with 1 < B < «; moreover, g : R x R - R is continuous
and monotone decreasing with respect to the first variable, i.e.,

g(x,y) 2 g(x,y), forany y €R andany x,x, € R with x < x. (48)
Finally, a > 0 is fixed and such that
1 1
asl——+(r—1)[1——]. (49)
B p
Moreover, assume that
1,r-toy (50)
B p '

We claim that Problem (47) admits solutions for every choice of b,c € R. Indeed, let f(t, x,y,z) =
u(®)g(x, y)|z|*. The function f is Carathéodory, and from (48), we have that assumption (H2) is satisfied.

Moreover, if we take K = max{|b|, |c|}, where b and c¢ are the boundary data, then the linear functions
a(t) =a - Kt and B(t) =a+ Kt are a pair of well ordered lower and upper solutions of the equation
appearing in (47).

Now, for every R > 0, define My = mMaxy yye[-r, rpl€ (X, Y)I. Then, for any y € LP(I), we have

[fF (e, X, y, 2()] < [u(OIMp(Y(£)® = hg,(8),
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whenever |x| < R, |y| < R and z € L}(I) with |z(t)| < p(t) for a.e. t € I. Moreover, from the inequalities in (49)
and (50), it follows

a-

R R L O SO S e
p B

S0, > 5o implying that y* € L%(I). Hence, by Hélder’s inequality, the function hg, belongs to L'() and

condition (H3) is fulfilled as well.
In order to show the validity of (H4), define

Mg = max{g(x,y) : x € [a- KT,a + KT),y € [-K,K]},

and choose
M |u(t)]
H:=1 = = = .
, W(s)=s, €(t)=0, and v(t) TOR
Put q = Py lﬁlr{ —5- BY (50), we obtain g > 1, and the summability assumptions on x4 and k imply that
B 1 )¢ -
wie ™) and W] e L (D).

Then, by applying again Holder’s inequality, we deduce that v € L'(I), ie, v € LI(I). Furthermore,
(49) implies
1 r-1 q-1
as(r-D+1-—--——=(@F-1D+ .
B p q

Consequently, whenever x € [a - KT, a + KT], y € [-K, K], and |z| > 1, we obtain

(6, X,y, 2)| < Melu(®)1zl < Milu(Ollzl 12T = p(ek)2)]) v(D)lzlT

and this shows that condition (H4) is satisfied.
So, Theorem 3.3 applies and we conclude that there exists a solution for any choice of b, ¢ € R, as claimed.
Observe that Problem (3) in Section 1 is a particular case of (47). Indeed, in (3), we have r = 2, u(t) =1,
so that u € LY¢([0, 1]) for any £ > 0, and finally, 1/k € L?-9([0, 1]) for any & > 0. Now, if a < 3/2, then for ¢
sufficiently small, we have

1
a<2-g-—— and e+ <1

2-¢ 2-¢

so that both inequalities (49) and (50) hold. Hence, Problem (3) admits solutions whatever b, ¢ € R may be,
as we stated in Section 1.

We explicitly point out that, with the procedure illustrated in Section 4, it is possible to modify the
previous examples and to provide a new class of examples.

Example 5.4. Consider the following second-order integro-differential Dirichlet problem:

t

t, Iv(s)ds

0

(D(k(OV(1)) = u(®)|p +v()| + gw®)v(®), ae.on [0,T],

(51

v(0)=b, v(T)=c,

where the functions &, k, y, p, and g are as in Example 5.1.

In particular, the function p is monotone decreasing in the second variable and bounded, i.e., conditions
(43) and (44) hold.

Then, one can show that for every fixed b, ¢ € R, Theorem 4.1 applies yielding the existence of a solution
of Problem (51). Note that Problem (1) in Section 1 can be framed in this class of example.
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We stress that, if p does not depend on ¢, we can avoid the boundedness condition provided that (46) holds,
as in Example 5.2.

Example 5.5. Consider the following second-order integro-differential Dirichlet problem:

t

(@, (k(OV(1))) = u(t)g {V(S)ds, v(O| V(B ae.on [0, T], 52)

v(0)=b, wT)-=c,

where @, : R — R is the r-Laplacian, a > 0 is fixed, and the functions k, y, and g are as in Example 5.3.
As in Example 5.3, assume that conditions (48), (49), and (50) are satisfied. Then, one can prove that
Problem (52) admits solutions for every choice of b, ¢ € R.
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