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17. listopadu 12, 771 46 Olomouc, Czech Republic

e-mail: jan.tomecek@upol.cz

Abstract

The paper deals with the boundary value problem for differential equation with φ-Laplacian and
state-dependent impulses of the form(

φ(z′(t))
)′

= f(t, z(t), z′(t)), for a.e. t ∈ [0, T ] ⊂ R,
4z′(t) = M(z(t), z′(t−)), t = γ(z(t))

z(0) = z(T ) = 0,

Here, T > 0, φ : R→ R is an increasing homeomorphism, φ(R) = R, φ(0) = 0, f : [0, T ]× R2 → R
satisfies Carathéodory conditions, M : R → R is continuous and γ : R → (0, T ) is continuous,
4z′(t) = z′(t+) − z′(t−). Sufficient conditions for the existence of at least one solution to this
problem having no pulsation behaviour are provided.
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1 Introduction

In this paper we are interested in the ordinary differential equation of the second order with φ-Laplacian,
state-dependent impulses and homogenous Dirichlet boundary conditions on the interval [0, T ] ⊂ R,
T > 0. We consider the differential equation

(φ(z′(t)))
′

= f(t, z(t), z′(t)) for a.e. t ∈ [0, T ], (1)

subject to the state-dependent impulse conditions

4z′(t) = M(z(t), z′(t−)), t = γ(z(t)), (2)

and homogeneous Dirichlet boundary conditions

z(0) = z(T ) = 0, (3)

where φ : R → R is an increasing homeomorphism, φ(R) = R, φ(0) = 0, f : [0, T ] × R2 → R
satisfies Carathéodory conditions, M : R → R is continuous, γ : R → (0, T ) is continuous, 4z′(t) =
z′(t+)− z′(t−) for t ∈ (0, T ), z′(t±) = lims→t± z

′(s).
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During the last twenty years a great amount of papers dealt with the impulsive differential equations,
including the boundary value problems. Various kinds of differential equations and boundary conditions
were considered. Among others, some of the works were devoted to the boundary value problems for
impulsive differential equations with impulses at fixed times with p-Laplacian, see e.g. [4, 14, 15, 20,
33, 34, 35, 36, 37] or more generally φ-Laplacian, see e.g. [11, 12, 21, 24, 31]. Impulsive problems
with Dirichlet boundary conditions and impulses at fixed times were studied e.g. in [1, 3, 18, 23, 38].
Till now, not so much attention was paid to boundary value problems with state-dependent impulses.
There can be traced works with periodic boundary conditions [5, 6, 7, 8, 16, 32], Dirichlet [17, 27, 30],
Sturm–Liouville [17, 26], general linear boundary conditions [28, 29] and nonlinear boundary conditions
[9].

On the other hand, to the author’s knowledge, nothing is known about impulsive boundary value
problems for differential equation with φ-Laplacian and state-dependent impulses. The aim of this
paper is to fill in this gap. The investigation relies on the method originally used by Rach̊unková and
Tomeček in [27]. The approach exploits the fixed point theory, which is extensively used in many works
for problems with impulses at fixed times, e.g. [2, 10, 13, 19, 22, 30]. The main idea of [27] lies in
the investigation of a fixed point in the product space of continuous functions instead of the space of
scalar valued discontinuous functions. This technique was also extended to relatively high generality
[25, 26, 28, 29, 30].

Here we work with the linear space C(E) of all continuous functions on a set E ⊂ Rn, n ∈ N.
Particularly, for a compact interval J = [0, T ] ⊂ R, where T ∈ R, T > 0, C([0, T ]) will be equipped
with the norm

‖u‖∞ = max
t∈[0,T ]

|u(t)|, u ∈ C([0, T ]).

Further, the space C1([0, T ]) of all continuously differentiable functions on the interval [0, T ] will be
equipped with the norm

‖u‖1,∞ = ‖u‖∞ + ‖u′‖∞, u ∈ C1([0, T ]),

the space L1([0, T ]) of all Lebesgue integrable functions with the norm

‖u‖1 =

∫ T

0

|u(t)|dt, u ∈ L1([0, T ]).

Also, we need to work with several product spaces. If Xi, i = 1, . . . , n, n ∈ N are normed linear spaces
with norms ‖ · ‖Xi

, the product space X1 × . . .× Xn is considered with the norm

‖(u1, . . . , un)‖ =

n∑
i=1

‖ui‖Xi , (u1, . . . , un) ∈ X1 × . . .× Xn.

By Car([0, T ] × R2) we denote the set of all functions f : [0, T ] × R2 → R that satisfy the so called
Carathéodory conditions, i.e. they have the following properties:

(i) f(·, x, y) is measurable on [0, T ] for every (x, y) ∈ R2,

(ii) f(t, ·, ·) is continuous on R2 for a.e. t ∈ [0, T ],

(iii) for every compact set E ⊂ R2 there exists m ∈ L1([0, T ]) such that

|f(t, x, y)| ≤ m(t) for a.e. t ∈ [0, T ], all (x, y) ∈ E.

The main result of this paper is the existence of at least one solution to the problem (1)–(3).

Definition 1 A function z ∈ C([0, T ]) is called a solution of problem (1)–(3), iff

• φ ◦ z′ is absolutely continuous on each interval J ⊂ [0, T ] satisfying condition

t 6= γ(z(t)) for all t ∈ J,
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• z satisfies the differential equation (1), fulfills impulse conditions (2) and boundary conditions
(3).

The existence results are obtained under following assumptions:

(H1) T > 0, f ∈ Car([0, T ]× R2), M ∈ C(R2);

(H2) φ : R→ R is an increasing homeomorphism, φ(0) = 0, φ(R) = R;

(H3) there exists h : [0, T ] × [0,∞) × [0,∞) → [0,∞) increasing in its second and third variable such
that

|f(t, x, y)| ≤ h(t, |x|, |y|) for a.e. t ∈ [0, T ], all (x, y) ∈ R2

and there exists K > 0 such that

2

∫ T

0

h(s,K,K/T ) ds+ φ

(
φ−1

(∫ T

0

h(s,K,K/T ) ds

)
+M

)
< φ(K/T ),

−2

∫ T

0

h(s,K,K/T ) ds+ φ

(
φ−1

(
−
∫ T

0

h(s,K,K/T ) ds

)
−M

)
> φ(−K/T ),

where
M = max

[−K,K]×[−K/T,K/T ]
|M |;

(H4) γ ∈ C(R), 0 < γ(x) < T for x ∈ R and there exists L ≥ 0 such that

|γ(x)− γ(y)| ≤ L|x− y| for all x, y ∈ [−K,K]

and
LK/T < 1.

These assumptions will guarantee the existence of at least one solution of (1)–(3) with exactly one
cross through the barrier, i.e. such solution z satisfies the condition t = γ(z(t)) for exactly one t ∈ (0, T ).

2 Problem with impulses at fixed times

In order to obtain the operator equation corresponding to problem (1)–(3) we consider its special case
for right-hand side independent of the solution and with one impulse at fixed time, i.e.

γ(x) = τ, x ∈ R,

where τ ∈ (0, T ). More precisely, we investigate the impulsive boundary value problem

(φ(u′(t)))
′

= `(t) for a.e. t ∈ [0, T ], (4)

u′(τ+)− u′(τ−) = µ, (5)

u(0) = u(T ) = 0, (6)

where
` ∈ L1([0, T ]), τ ∈ (0, T ), µ ∈ R and (H2) is satisfied. (7)

Definition 2 A function u ∈ C([0, T ]) is called a solution of problem (4)–(6), iff

• φ ◦ u′ is absolutely continuous on [0, τ) and (τ, T ],

• u satisfies differential equation (4), fulfills impulse conditions (5) and boundary conditions (6).
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Lemma 3 Assume (7). Let v, w ∈ C([0, T ]) be defined by

v(t) =

∫ t

0

φ−1
(
A+

∫ s

0

`(ω) dω

)
ds,

w(t) =

∫ t

T

φ−1
(
B +

∫ s

T

`(ω) dω

)
ds,

 t ∈ [0, T ], (8)

where A,B ∈ R satisfy∫ τ

0

φ−1
(
A+

∫ s

0

`(ω) dω

)
ds+

∫ T

τ

φ−1
(
B +

∫ s

T

`(ω) dω

)
ds = 0, (9a)

φ−1
(
B +

∫ τ

T

`(s) ds

)
− φ−1

(
A+

∫ τ

0

`(s) ds

)
= µ. (9b)

Then the function

u(t) =

{
v(t), t ∈ [0, τ ],

w(t), t ∈ (τ, T ]
(10)

is a solution of problem (4)–(6).

Proof. Let us consider v, w, u defined by (8) and (10). After differentiation of (8) and application of
φ we get

φ(v′(t)) = A+

∫ t

0

`(s) ds, φ(w′(t)) = B +

∫ t

T

`(s) ds, t ∈ [0, T ].

Clearly, φ ◦ v′ and φ ◦ w′ are absolutely continuous on [0, T ] and v, w satisfy the differential equation
(4). Hence φ ◦ u′ is absolutely continuous on [0, τ) and (τ, T ] and u satisfies (4), as well. According to
(10), (8) and (9) we have

u(τ+)− u(τ−) = w(τ)− v(τ)

=

∫ τ

T

φ−1
(
B +

∫ s

T

`(ω) dω

)
ds−

∫ τ

0

φ−1
(
A+

∫ s

0

`(ω) dω

)
ds = 0

and
u′(τ+)− u′(τ−) = w′(τ)− v′(τ)

= φ−1
(
B +

∫ τ

T

`(s) ds

)
− φ−1

(
A+

∫ τ

0

`(s) ds

)
= µ.

Therefore u is continuous on [0, T ] and satisfies (5). Finally,

u(0) = v(0) = 0 and u(T ) = w(T ) = 0,

which implies that u is a solution of problem (4)–(6). �

Lemma 4 Assume (7). A couple (A,B) ∈ R2 is a solution of system (9), iff A ∈ R is a root of the
function F (·, `, τ, µ) : R→ R, where

F (x, `, τ, µ) =

∫ τ

0

φ−1
(
x+

∫ s

0

`(ω) dω

)
ds

+

∫ T

τ

φ−1
(∫ s

τ

`(ω) dω + φ

(
φ−1

(
x+

∫ τ

0

`(ω) dω

)
+ µ

))
ds

(11)

and B ∈ R is a root of the function G(·, `, τ, µ) : R→ R, where

G(x, `, τ, µ) =

∫ τ

0

φ−1
(∫ s

τ

`(ω) dω + φ

(
φ−1

(
x+

∫ τ

T

`(ω) dω

)
− µ

))
ds

+

∫ T

τ

φ−1
(
x+

∫ s

T

`(ω) dω

)
ds.

(12)
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Proof. From (9b) we derive

φ−1
(
B +

∫ τ

T

`(s) ds

)
= φ−1

(
A+

∫ τ

0

`(s) ds

)
+ µ

and after applying φ on this equality and subtracting
∫ τ
T
`(s) ds from both its sides, we get

B = −
∫ τ

T

`(s) ds+ φ

(
φ−1

(
A+

∫ τ

0

`(s) ds

)
+ µ

)
.

After substituting B into (9a) we get the equality F (A, `, τ, µ) = 0. Similarly we get G(B, `, τ, µ) = 0.
�

Under the assumption (H2) we define the mappings

F,G : R× L1([0, T ])× (0, T )× R→ R

by (11), (12), respectively. In the first place, let us explore their properties.

Lemma 5 Assume (H2). The mappings F and G are continuous.

Proof. Let us prove the continuity of F . Similar argument holds for G. Let (xn, `n, τn, µn), (x, `, τ, µ) ∈
R× L1([0, T ])× (0, T )× R for n ∈ N such that

lim
n→∞

(xn, `n, τn, µn) = (x, `, τ, µ) in R× L1([0, T ])× R2.

We have ∣∣∣∣∫ s

τn

`n(ω) dω −
∫ s

τ

`(ω) dω

∣∣∣∣ ≤ ∣∣∣∣∫ s

τn

|`n(ω)− `(ω)|dω
∣∣∣∣

+

∣∣∣∣∫ s

τn

`(ω) dω −
∫ s

τ

`(ω) dω

∣∣∣∣
≤ ‖`n − `‖1 +

∣∣∣∣∫ τ

τn

`(ω) dω

∣∣∣∣→ 0

uniformly w.r.t. s ∈ [0, T ] as n→∞. Therefore∫ s

τn

`n(ω) dω + φ

(
φ−1

(
xn +

∫ τn

0

`n(ω) dω

)
+ µn

)
tends to ∫ s

τ

`(ω) dω + φ

(
φ−1

(
x+

∫ τ

0

`(ω) dω

)
+ µ

)
w.r.t. s ∈ [0, T ] as n→∞. This implies

lim
n→∞

∫ τn

0

φ−1
(∫ s

τn

`n(ω) dω + φ

(
φ−1

(
xn +

∫ τn

0

`n(ω) dω

)
+ µn

))
ds

=

∫ τ

0

φ−1
(∫ s

τ

`(ω) dω + φ

(
φ−1

(
x+

∫ τ

0

`(ω) dω

)
+ µ

))
ds.

Similarly

lim
n→∞

∫ τn

0

φ−1
(
xn +

∫ s

0

`n(ω) dω

)
ds =

∫ τ

0

φ−1
(
x+

∫ s

0

`(ω) dω

)
ds.

We get limn→∞ F (xn, `n, τn, µn) = F (x, `, τ, µ). �

Lemma 6 Assume (7). Then the function F (·, `, τ, µ) : R→ R has the following properties:
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(a) it is strictly increasing,

(b) it is continuous,

(c) for x ∈ R

F (x, `, τ, µ) ≥ τφ−1 (x− ‖`‖1) + (T − τ)φ−1
(
−‖`‖1 + φ

(
φ−1 (x− ‖`‖1) + µ

))
and

F (x, `, τ, µ) ≤ τφ−1 (x+ ‖`‖1) + (T − τ)φ−1
(
‖`‖1 + φ

(
φ−1 (x+ ‖`‖1) + µ

))
,

(d) limx→±∞ F (x, `, τ, µ) = ±∞,

(e) it has a unique root A(`, τ, µ) ∈ R, for which

min{−‖`‖1,−‖`‖1 + φ
(
φ−1 (−‖`‖1)− µ

)
} ≤ A(`, τ, µ)

and
A(`, τ, µ) ≤ max{‖`‖1, ‖`‖1 + φ

(
φ−1 (‖`‖1)− µ

)
}.

Proof. (a) The monotony follows directly from monotony of φ and φ−1.
(b) The continuity follows directly from Lemma 5.
(c) Let us prove the first inequality only. The second one can be obtained by similar manners. Let
x ∈ R be arbitrary. We have

x+

∫ s

0

`(ω) dω ≥ x− ‖`‖1

and in view of monotony of φ and φ−1 we get∫ τ

0

φ−1
(
x+

∫ s

0

`(ω) dω

)
ds ≥

∫ τ

0

φ−1 (x− ‖`‖1) ds = τφ−1 (x− ‖`‖1) .

Similarly

x+

∫ τ

0

`(ω) dω ≥ x− ‖`‖1

and in view of monotony of φ and φ−1 we get

φ

(
φ−1

(
x+

∫ τ

0

`(s) ds

)
+ µ

)
≥ φ

(
φ−1 (x− ‖`‖1) + µ

)
.

Further ∫ T

τ

φ−1
(∫ s

τ

`(ω) dω + φ

(
φ−1

(
x+

∫ τ

0

`(ω) dω

)
+ µ

))
ds

≥
∫ T

τ

φ−1
(
−‖`‖1 + φ

(
φ−1 (x− ‖`‖1) + µ

))
ds

= (T − τ)φ−1
(
−‖`‖1 + φ

(
φ−1 (x− ‖`‖1) + µ

))
,

which gives

F (x, `, τ, µ) ≥ τφ−1 (x− ‖`‖1) + (T − τ)φ−1
(
−‖`‖1 + φ

(
φ−1 (x− ‖`‖1) + µ

))
.

(d) The values of limits directly follow from (c) and

lim
x→±∞

φ(x) = ±∞, lim
x→±∞

φ−1(x) = ±∞.

(e) The existence and uniqueness of the root A(`, τ, µ) of F (·, `, τ, µ) follow from (a), (b) and (d). Let
us prove its upper bound. For the simplicity of notation we put

Ā(`, µ) = max{‖`‖1, ‖`‖1 + φ
(
φ−1 (‖`‖1)− µ

)
}.
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From the first inequality in (e) and the monotony of φ and φ−1 we have

F (Ā(`, µ), `, τ, µ) ≥ τφ−1
(
Ā(`, µ)− ‖`‖1

)
+ (T − τ)φ−1

(
−‖`‖1 + φ

(
φ−1

(
Ā(`, µ)− ‖`‖1

)
+ µ

))
≥ τφ−1 (‖`‖1 − ‖`‖1)

+ (T − τ)φ−1
(
−‖`‖1

+ φ
(
φ−1

(
‖`‖1 + φ

(
φ−1 (‖`‖1)− µ

)
− ‖`‖1

)
+ µ

))
= 0 = F (A(`, τ, µ), `, τ, µ).

The concluded inequality together with (a) implies that A(`, τ, µ) ≤ Ā(`, µ). �

Similarly, we can prove the following lemma for the function G.

Lemma 7 Assume (7). Then the function G(·, `, τ, µ) : R→ R has the following properties:

(a) it is strictly increasing,

(b) it is continuous,

(c) for x ∈ R

G(x, `, τ, µ) ≥ τφ−1
(
−‖`‖1 + φ

(
φ−1 (x− ‖`‖1)− µ

))
+ (T − τ)φ−1 (x− ‖`‖1)

and
G(x, `, τ, µ) ≤ τφ−1

(
‖`‖1 + φ

(
φ−1 (x+ ‖`‖1)− µ

))
+ (T − τ)φ−1 (x+ ‖`‖1) ,

(d) limx→±∞G(x, `, τ, µ) = ±∞,

(e) it has a unique root B(`, τ, µ) ∈ R, for which

min{−‖`‖1,−‖`‖1 + φ
(
φ−1 (−‖`‖1) + µ

)
} ≤ B(`, τ, µ)

and
B(`, τ, µ) ≤ max{‖`‖1, ‖`‖1 + φ

(
φ−1 (‖`‖1) + µ

)
}.

Due to Lemma 6(e) and Lemma 7(e) we can define the mappings

A,B : L1([0, T ])× (0, T )× R→ R

assigning for every triple (`, τ, µ) a unique root of the functions F , G, respectively. Now, let us turn
our attention to the properties of these mappings.

Lemma 8 Let (H2) be satisfied and `∗, µ∗ ∈ R, `∗, µ∗ > 0. Then for each (`, τ, µ) ∈ L1([0, T ])×(0, T )×
R satisfying

‖`‖1 ≤ `∗, |µ| ≤ µ∗, (13)

the bounds
−`∗ + φ(φ−1(−`∗)− µ∗) ≤ A(`, τ, µ) ≤ `∗ + φ(φ−1(`∗) + µ∗)

and
−`∗ + φ(φ−1(−`∗)− µ∗) ≤ B(`, τ, µ) ≤ `∗ + φ(φ−1(`∗) + µ∗)

hold.

Proof. Let (13) be satisfied for some (`, τ, µ) ∈ L1([0, T ])×(0, T )×R. Then from (H2) and Lemma 6(e)
it follows that

A(`, τ, µ) ≥ min{−‖`‖1,−‖`‖1 + φ
(
φ−1 (−‖`‖1)− µ

)
}

≥ min{−`∗,−`∗ + φ(φ−1(−`∗)− µ∗)}
= −`∗ + φ(φ−1(−`∗)− µ∗).

Similarly we get the upper bound of A(`, τ, µ). The bounds for B(`, τ, µ) can be obtained using Lemma 7.
�
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Lemma 9 Let (H2) be satisfied. The mappings A,B are continuous.

Proof. Let (`n, τn, µn),(`, τ, µ) ∈ L1([0, T ])× (0, T )× R, n ∈ N be such that

lim
n→∞

(`n, τn, µn) = (`, τ, µ) in L1([0, T ])× R2.

The convergence implies boundedness, i.e. there exist `∗, µ∗ ∈ R, `∗, µ∗ > 0 such that

‖`n‖1 ≤ `∗, |µn| ≤ µ∗, n ∈ N.

From Lemma 8 we get

−`∗ + φ(φ−1(−`∗)− µ∗) ≤ A(`n, τn, µn) ≤ `∗ + φ(φ−1(`∗) + µ∗), n ∈ N,

i.e. {A(`n, τn, µn)} is bounded too. Therefore it has a convergent subsequence – let us denote it by
{Akn} and its limit as A. From Lemma 5 it follows that

0 = F (Akn , `kn , τkn , µkn)→ F (A, `, τ, µ) as n→∞,

which implies F (A, `, τ, µ) = 0. From Lemma 6(e) it follows that A = A(`, τ, µ). We have proved that
each convergent subsequence of the sequence {A(`n, τn, µn)} has the same limit equal to A(`, τ, µ) and
therefore the sequence itself is convergent having the same value of limit. �

The following lemma will be needed to prove the compactness of the operator corresponding to the
investigated boundary value problem.

Lemma 10 Let S ⊂ C([0, T ]) be a set of uniformly bounded and equicontinuous functions. Let φ : R→
R be continuous and increasing on R. Then the set

φ(S) = {φ ◦ u : u ∈ S}

is also a set of uniformly bounded and equicontinuous functions.

Proof. From the boundedness of S it follows the existence of a constant c > 0 such that

−c ≤ u(t) ≤ c, t ∈ [0, T ], u ∈ S.

Then
φ(−c) ≤ φ(u(t)) ≤ φ(c), t ∈ [0, T ], u ∈ S,

which proves the boundedness of φ(S).
Now, let us choose an arbitrary ε ∈ R, ε > 0. According to the uniform continuity of φ on [−c, c] there
exists δ1 > 0 such that for each x1, x2 ∈ [−c, c]

|x1 − x2| < δ1 =⇒ |φ(x1)− φ(x2)| < ε. (14)

From equicontinuity of functions from the set S there exists δ > 0 such that for each t1, t2 ∈ [0, T ] and
all u ∈ S

|t1 − t2| < δ =⇒ |u(t1)− u(t2)| < δ1. (15)

Since for all u ∈ S we have ‖u‖∞ ≤ c, from (14), (15) we get for each t1, t2 ∈ [0, T ], u ∈ S the
implication

|t1 − t2| < δ =⇒ |φ(u(t1))− φ(u(t2))| < ε.

�
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3 Transversality conditions

In this section we assume some constant K > 0 and validity of the assumption (H4). We define the set
B ⊂ C1([0, T ]) as

B = {u ∈ C1([0, T ]) : ‖u‖∞ < K, ‖u′‖∞ < K/T}.

The following two lemmas were already presented in the past in various forms, see [30, 26, 28, 29, 25].
Their meaning lies in the fact that each function from B crosses the barrier t = γ(x) once and the time
of the hit has continuous dependence on the choice of such function.

Lemma 11 Assume a constant K > 0 and (H4). For each u ∈ B, there exists exactly one solution of
the equation

t = γ(u(t))

in (0, T ).

Proof. Let u ∈ B. We define the function σ : [0, T ]→ R by

σ(t) = γ(u(t))− t, t ∈ [0, T ].

From the properties of γ and u it follows that σ is continuous on [0, T ]. By (H4) we have that

σ(0) = γ(u(0)) > 0 and σ(T ) = γ(u(T ))− T < 0.

Therefore there exists a solution of the equation. Let us prove that it is unique. If not, there exist
t, s ∈ (0, T ), t 6= s such that t = γ(u(t)), s = γ(u(s)). By (H4) and the inclusion u ∈ B we have

|t− s| = |γ(u(t))− γ(u(s))| ≤ L|u(t)− u(s)| ≤ L‖u′‖∞|t− s|
≤ LK/T |t− s| < |t− s|,

which is a contradiction. �

Let us define the operator P : B → (0, T ) by

P : u 7→ τu,

where τu is given by Lemma 11 as a unique solution of the equation t = γ(u(t)).

Lemma 12 Assume a constant K > 0 and (H4). The operator P is continuous on B in C([0, T ]).

Proof. Let u, v ∈ B. Then Pu = γ(u(Pu)), Pv = γ(v(Pv)) and by (H4) we get

|Pu− Pv| ≤ |γ(u(Pu))− γ(v(Pv))| ≤ L|u(Pu)− v(Pv)|
≤ L|u(Pu)− u(Pv) + u(Pv)− v(Pv)|
≤ L‖u′‖∞|Pu− Pv|+ L‖u− v‖∞ ≤ LK/T |Pu− Pv|+ L‖u− v‖∞.

Therefore

|Pu− Pv| ≤ L

1− LK/T
‖u− v‖∞.

�
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4 Fixed point problem

In this section we construct the operator, corresponding to the boundary value problem (1)–(3), defined
on a certain subset of some Banach space.

Let us denote
X = C1([0, T ])× C1([0, T ])

and the set
Ω = B × B ⊂ X,

with B defined in the previous section for arbitrary K > 0. Let us define the mapping f̃ : (0, T )×Ω→
L1([0, T ]) by

f̃(τ, v, w)(t) =

{
f(t, v(t), v′(t)), t ∈ [0, τ ],

f(t, w(t), w′(t)), t ∈ (τ, T ],

for (τ, v, w) ∈ (0, T )× Ω.

Lemma 13 Assume some constant K > 0 and (H1). Then the mapping f̃ is continuous.

Proof. Let (τn, vn, wn), (τ, v, w) ∈ (0, T )× Ω, n ∈ N be such that

lim
n→∞

(τn, vn, wn) = (τ, v, w) in R× X.

Let n ∈ N be such that τ ≤ τn. Then∫ T

0

∣∣∣f̃(τn, vn, wn)(s)− f̃(τ, v, w)(s)
∣∣∣ ds

=

∫ τ

0

∣∣∣f̃(τn, vn, wn)(s)− f̃(τ, v, w)(s)
∣∣∣ ds

+

∫ τn

τ

∣∣∣f̃(τn, vn, wn)(s)− f̃(τ, v, w)(s)
∣∣∣ ds

+

∫ T

τn

∣∣∣f̃(τn, vn, wn)(s)− f̃(τ, v, w)(s)
∣∣∣ ds

=

∫ τ

0

|f(s, vn(s), v′n(s))− f(s, v(s), v′(s))| ds

+

∫ τn

τ

|f(s, vn(s), v′n(s))− f(s, w(s), w′(s))| ds

+

∫ T

τn

|f(s, wn(s), w′n(s))− f(s, w(s), w′(s))| ds

≤
∫ T

0

|f(s, vn(s), v′n(s))− f(s, v(s), v′(s))|ds

+

∫ T

0

|f(s, wn(s), w′n(s))− f(s, w(s), w′(s))|ds

+ 2

∣∣∣∣∫ τn

τ

m(s) ds

∣∣∣∣ ,
where m ∈ L1([0, T ]) is the function from the third Carathéodory property for f and a compact set

E = [−K,K]× [−K/T,K/T ].

The last inequality is true for the case τn ≤ τ , as well. Since limn→∞ τn = τ , vn → v, wn → w in
C1([0, T ]) and from the Carathéodory property of f , we conclude that f̃(τn, vn, wn) → f̃(τ, v, w) in
L1([0, T ]). �

Let us note that in Lemma 13 the constant K was arbitrary positive real number. From now on,
this constant will have the meaning from (H3). As a consequence, the set B will be considered with the
constant K from (H3).
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Lemma 14 Assume (H1)–(H4). Let v, w ∈ B be such that

v(t) =

∫ t

0

φ−1
(
A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ s

0

f̃(Pv, v, w)(ω) dω
)

ds, t ∈ [0, T ],

w(t) =

∫ t

T

φ−1
(
B
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ s

T

f̃(Pv, v, w)(ω) dω
)

ds, t ∈ [0, T ].

(16)

Then the function

z(t) =

{
v(t), t ∈ [0,Pv],

w(t), t ∈ (Pv, T ]
(17)

is a solution of problem (1)–(3) hitting the barrier γ exactly once.

Proof. Let v, w ∈ B satisfy (16) and z be defined by (17). By Lemma 3, 4 and the definition of
mappings A and B, z is a solution of problem (4)–(6) with

`(t) = f̃(Pv, v, w)(t) for a.e. t ∈ [0, T ], τ = Pv, µ = M(v(Pv), v′(Pv)). (18)

By Lemma 3 the definition of f̃ and (17), z satisfies

(φ(z′(t)))
′

= f̃(Pv, v, w)(t) = f(t, v(t), v′(t)) = f(t, z(t), z′(t))

for a.e. t ∈ [0,Pv] and

(φ(z′(t)))
′

= f̃(Pv, v, w)(t) = f(t, w(t), w′(t)) = f(t, z(t), z′(t))

for a.e. t ∈ (Pv, T ], i.e. z is a solution of differential equation (1). Further, by Lemma 3, z is continuous
on [0, T ] and satisfies

4z′(Pv) = M(v(Pv), v′(Pv)) = M(z(Pv), z′(Pv−)),

where Pv ∈ (0, T ) is such that Pv = γ(v(Pv)) = γ(z(Pv)). This is the condition (2). Since z satisfies
(6), it satisfies (3) as well. The only thing that left to prove is that z hits the barrier exactly once. It
suffices to prove that

t 6= γ(z(t)) for all t ∈ [0,Pv) ∪ (Pv, T ].

From the fact that Pv is the only solution of equation t = γ(v(t)) on [0, T ] and from (17) it follows

t 6= γ(v(t)) = γ(z(t)) t ∈ [0,Pv).

Moreover, from the continuity of z at Pv it follows that v(Pv) = z(Pv) = w(Pv) and hence

Pv = γ(v(Pv)) = γ(w(Pv)),

i.e. Pv is the only solution of t = γ(w(t)), as well. Hence

t 6= γ(w(t)) = γ(z(t)) t ∈ (Pv, T ].

�
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Now, we are motivated enough to introduce the operator corresponding to problem (1)–(3). We
define the operator F : Ω→ X by F(v, w) = (x, y) ∈ X, where

x(t) =

∫ t

0

φ−1
(
A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ s

0

f̃(Pv, v, w)(ω) dω
)

ds, t ∈ [0, T ],

y(t) =

∫ t

T

φ−1
(
B
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ s

T

f̃(Pv, v, w)(ω) dω
)

ds, t ∈ [0, T ].

(19)

Remark 15 Obviously, a fixed point (v, w) of operator F is a solution of system (16), which by Lemma
14 gives a solution z of problem (1)–(3) defined by (17).

5 Main results

Here we investigate the properties of the operator F and prove that it has at least one fixed point.
From this fixed point we construct a solution of problem (1)–(3).

Lemma 16 Assume (H1)–(H4). The operator F is compact.

Proof. Let us prove the continuity of F . Let (vn, wn) ∈ Ω, n ∈ N, (v, w) ∈ Ω and

(vn, wn)→ (v, w) in X. (20)

Let us denote

τn = Pvn, (xn, yn) = F(vn, wn), n ∈ N, τ = Pv, (x, y) = F(v, w).

By Lemma 12 we get limn→∞ τn = τ . Together with (20) we have

lim
n→∞

vn(τn) = v(τ) and lim
n→∞

v′n(τn) = v′(τ),

and by (H1)
lim
n→∞

M(vn(τn), v′n(τn)) = M(v(τ), v′(τ)).

From Lemma 13 it follows that

lim
n→∞

∫ T

0

|f̃(τn, vn, wn)(s)− f̃(τ, v, w)(s)|ds = 0.

These facts together with Lemma 9 give

lim
n→∞

A(f̃(τn, vn, wn), τn,M(vn(τn), v′n(τn))) = A(f̃(τ, v, w), τ,M(v(τ), v′(τ)))

and
lim
n→∞

B(f̃(τn, vn, wn), τn,M(vn(τn), v′n(τn))) = B(f̃(τ, v, w), τ,M(v(τ), v′(τ))).

Further, using the continuity of φ−1 we see that x′n → x′, y′n → y′ in C([0, T ]) as n → ∞. Since
xn(0) = 0 → x(0) = 0 and yn(T ) = 0 → y(T ) = 0 as n → ∞, we conclude that xn → x, yn → y in
C1([0, T ]) as n→∞.

Let us turn our attention to the relative compactness of the set F(Ω). Let (v, w) ∈ Ω. Then

|f̃(Pv, v, w)(t)| ≤ max{|f(t, v(t), v′(t))|, |f(t, w(t), w′(t))|} ≤ m(t) (21)
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for a.e. t ∈ [0, T ], where m ∈ L1([0, T ]) is the function from the third Carathéodory property of f for
compact set E = [−K,K] × [−K/T,K/T ]. Let (x, y) ∈ F(Ω), i.e. there exists (v, w) ∈ Ω such that
(x, y) = F(v, w). From the definition of F we have

x′(t) = φ−1
(
A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ t

0

f̃(Pv, v, w)(s) ds

)
for all t ∈ [0, T ]. Since v, w ∈ B, Lemma 9 gives us

−‖m‖1 + φ(φ−1(−‖m‖1)−M) ≤ A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
≤ ‖m‖1 + φ(φ−1(‖m‖1) +M).

These inequalities and (21) give

−2‖m‖1 + φ(φ−1(−‖m‖1)−M) ≤ φ(x′(t)) ≤ 2‖m‖1 + φ(φ−1(‖m‖1) +M)

and the monotony of φ−1 that

φ−1
(
−2‖m‖1 + φ(φ−1(−‖m‖1)−M)

)
≤ x′(t)

≤ φ−1
(
2‖m‖1 + φ(φ−1(‖m‖1) +M)

)
for all t ∈ [0, T ]. The same bounds hold also for y′(t). Since x(0) = 0 and y(T ) = 0, by integrating of
obtained inequalities, we get the bounds also for x and y depending only on m and M . Therefore F(Ω)
is bounded in X.

Further, from the definition of F and by (21) we have

|(φ(x′(t)))′| = |(φ(y′(t)))′| = |f̃(Pv, v, w)(t)| ≤ m(t) for a.e. t ∈ [0, T ].

It follows that
{φ ◦ x′ : (x, y) ∈ F(Ω)} and {φ ◦ y′ : (x, y) ∈ F(Ω)}

are sets of equicontinuous functions. From Lemma 10 we have that

{x′ : (x, y) ∈ F(Ω)} and {y′ : (x, y) ∈ F(Ω)}

are sets of equicontinuous functions, too. Therefore

{(x′, y′) : (x, y) ∈ F(Ω)}

is a set of equicontinuous (vector valued) functions, as well. Consequently, by Arzelà–Ascoli Theorem,
we have proved that F(Ω) is a relatively compact set in X. �

Lemma 17 Let (H1)–(H4) be satisfied. Then for each u ∈ Ω and λ ∈ [0, 1] satisfying u = λFu, the
inclusion u ∈ Ω holds.

Proof. Let u = (v, w) ∈ Ω, λ ∈ [0, 1] be such that

u = λFu.

Obviously, for λ = 0 we have u = 0 ∈ Ω. Let λ > 0. Then

v′(t) = λφ−1
(
A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ t

0

f̃(Pv, v, w)(s) ds

)
,

for all t ∈ [0, T ]. Hence

φ(λ−1v′(t)) = A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ t

0

f̃(Pv, v, w)(s) ds (22)
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for all t ∈ [0, T ]. From the definition of f̃ and the facts v, w ∈ B, we get

|f̃(Pv, v, w)(t)| ≤ max{|f(t, v(t), v′(t))|, |f(t, w(t), w′(t))|} ≤ h(t,K,K/T )

for a.e. t ∈ [0, T ], and consequently∫ T

0

|f̃(Pv, v, w)(s)|ds ≤
∫ T

0

h(s,K,K/T ) ds. (23)

From Lemma 8 and (23) we have

A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ t

0

f̃(Pv, v, w)(s) ds

≤ 2

∫ T

0

h(s,K,K/T ) ds+ φ

(
φ−1

(∫ T

0

h(s,K,K/T ) ds

)
+M

)

and

A
(
f̃(Pv, v, w),Pv,M(v(Pv), v′(Pv))

)
+

∫ t

0

f̃(Pv, v, w)(s) ds

≥ −2

∫ T

0

h(s,K,K/T ) ds+ φ

(
φ−1

(
−
∫ T

0

h(s,K,K/T ) ds

)
−M

)
.

These inequalities, (22) and (H3) imply

φ(−K/T ) < φ(λ−1v′(t)) < φ(K/T ), t ∈ [0, T ].

Using the monotony of φ−1 we obtain

−K/T ≤ −λK/T < v′(t) < λK/T ≤ K/T, t ∈ [0, T ].

The continuity of v′ on [0, T ] gives
‖v′‖∞ < K/T.

This inequality together with v(0) = 0 implies

|v(t)| =
∣∣∣∣v(0) +

∫ t

0

v′(s) ds

∣∣∣∣ ≤ T‖v′‖∞ < TK/T = K, t ∈ [0, T ],

which, again according to the continuity of v on [0, T ], proves the inclusion v ∈ B. Similarly, we get
w ∈ B and therefore u = (v, w) ∈ Ω. �

Theorem 18 Let (H1)–(H4) be satisfied. Then there exists at least one solution z of (1)–(3) hitting
the barrier at exactly one instant and

‖z‖∞ < K.

Proof. Under the assumptions (H1)–(H4) we can define the set Ω ⊂ X, and the operator F : Ω → X
by (19). By Lemma 16 and 17 the mapping I − F , where I : X→ X stands for identity mapping, has
nonzero Leray–Schauder degree on Ω and hence it has a fixed point (v, w) ∈ Ω. By Remark 15, the
function z defined by (17) is a solution of (1)–(3). The bound of its norm follows from

‖z‖∞ ≤ max{‖v‖∞, ‖w‖∞}

and the inclusions u, v ∈ B. �

Remark 19 If the function φ is odd, then the two inequalities in (H3) are the same, i.e. in this case it
suffices to check just one of them.
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To show that Theorem 18 is applicable, let us present the following example.

Example 20 Let us consider problem (1)–(3) with

φ(x) = x3, f(t, x, y) = tα + |x|β sgnx, α ≥ 0, β ∈ [0, 1], (24)

M(x, y) = − 3
√
y, γ(x) =

T

2
+ L sinx, x, y ∈ R, where |L| < T

2
. (25)

Obviously, the assumptions (H1) and (H2) are satisfied. Let us check the validity of condition (H3). We
put

h(t, x, y) = tα + xβ , (t, x, y) ∈ [0, T ]× [0,∞)2.

According to Remark 19, it suffices to find such K > 0 for which

2

(
Tα+1

α+ 1
+ TKβ

)
+

(
3

√
Tα+1

α+ 1
+ TKβ +

3

√
K

T

)3

<

(
K

T

)3

.

This is equivalent to the inequality

2

(
Tα+4

(α+ 1)K3
+ T 4Kβ−3

)
+

(
T

K

)3
(

3

√
Tα+1

α+ 1
+ TKβ +

3

√
K

T

)3

< 1.

For sufficiently large K the left-hand side of the last inequality can be made arbitrarily small. For
instance, if

α = 2, β = 1, T = 1,

the inequality from (H3) reduces to

2

3K3
+

2

K2
+

1

K3

(
3

√
1

3
+K +

3
√
K

)3

< 1,

which is satisfied for K = 4. The assumption (H4) holds for each L ∈ R satisfying

|L| < T min

{
1

2
,

1

K

}
.

Due to Theorem 18 there exists at least one solution z of the problem having exactly one jump.
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[28] I. Rach̊unková and J. Tomeček. Existence principle for higher-order nonlinear differential equations
with state-dependent impulses via fixed point theorem. Bound. Value Probl., 2014(1):1–15, 2014.
Article ID 118.
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