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Abstract

In this thesis we collected some recent results from the theory of Picard operators
and its applications. This method was introduced by Prof. loan A. Rus and used later
on by many mathematicians (see the references). It seemed to be very powerful tool in
the theory of ordinary- and partial differential equations (to study existence, uniqueness,
stability and differentiability of the solutions, etc.), integral equations and inequalities
and also in many other type of problems related to fixed point theory.

Most of the results contained in the present thesis are taken from the recent papers [§],
[9] and [10], and some of them were presented as well at the 4th International Conference
on Nonlinear Operators, Differential Equations and Applications, ICNODEA 2011, Cluj-
Napoca, Romania, July 5-8, 2011 by the author and also by his advisor.

After a short introduction of Picard operators, some abstract Gronwall lemmas, Ulam-
Hyers stability and the relation between them, in the following chapters we will discuss
in a more detailed way some specific problems, applications of these results.

In Chapter 1 we present some new improvements of the well known Wendroff inequality
and give the representation for the best estimation. We also prove some nonlinear Bihari-
Wendroff type inequalities. These results are contained in [§] and were motivated by [I].

In Chapter 2 we extend the results obtained in the previous chapter to arbitrary time
scales. Moreover we study some nonlinear integral inequalities on time scales. These results
(published in [9]) improve some recently obtained results in [19], [4] and [5].

In Chapter 3 we continue our work with the study of the Ulam-Hyers stability of
dynamical equations on time scales. We present some results for bounded time scale
intervals and for unbounded ones as well. In the case of unbounded domains we cannot
use the usual operatorial framework of Picard operators, but using some direct methods
we could have obtained some positive results, which are more general, than the ones
discussed in [6]. And due to the fact, that we are working on time scales, these results
will unify the stability properties of differential and difference equations (see [31],[32],[16]
and [24]-]26]). The chapter is mainly containing the results from [10].

In Chapter 4 we will use the same ideas to study the Ulam-Hyers stability of some linear
and nonlinear elliptic PDEs on bounded, connected domains with Lipschitz boundary. In
the case of this chapter the main tools, which are used are not necessarily the abstract
techniques of the Picard operators, but there is a big accent on the Sobolev embeddings
(due to the bounded domains), Poincaré’s and the Cauchy-Schwartz inequalities.

Finally in Chapter 5 we will present some further research possibilities about improving
some stochastic Wendroff type inequalities, studying the Ulam-Hyers stability of stochastic
ODEs and PDEs, and some other type of (evolution) PDEs.

This work is the result of my own activity. I have neither given nor received unautho-
rized assistance on this work.
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Introduction

0.1 Preliminaries on Picard operators

The theory of Picard operators was introduced by Prof. Ioan A. Rus (see [34], [35], [36] and
their references) to study problems related to fixed point theory. This abstract approach
was used later on by many mathematicians and it seemed to be a very useful and powerful
method in the study (beside many others) of integral equations and inequalities, ordinary-
and partial differential equations (existence, uniqueness, differentiability of the solutions),
etc.

We recommend the textbooks [7],[36] and the references therein for a deep insight to
this theory and its applications. In what follows we will give some basic definitions and
results, mainly following the notations from [34], [35] and [36].

Let (X,—) be an L-space (i.e. a nonempty set X with a convergence structure, see
[35]), A : X — X an operator. We denote by F4 the set of the fixed points of A. We
also denote A% := 1y, A':= A, ..., A" .= A" 0 A, n € N the iterate operators of the
operator A.

Definition 0.1.1 ([38]). By definition A : X — X is weakly Picard operator if the
sequence of successive approximations, A™(x), converges for all z € X and the limit
(which may be depend on z) is a fixed point of A.

Definition 0.1.2 ([34], [35], [36]). A is a Picard operator (briefly PO), if there exists
x% € X such that:

() Fa = {z4};

(ii) A™(z) — x% as n — oo, Vx € X.

Equivalently we can say, that if for a weakly Picard operator A: X — X Fy = {a%},
then A is a PO.

The following class of weakly Picard operators is very important in our consideration.
Let (X, d) be a metric space.

Definition 0.1.3 ([3§]). Let A : X — X be a weakly Picard operator and ¢ > 0 a real
number. By definition the operator A is c-weakly Picard operator if

d(z, A®(z)) < c-d(z,A(z)), Vx € X.

We present two examples for c-weakly Picard operators from [38].
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Example 0.1.4. Let (X, d) be a complete metric space and A : X — X an operator with
closed graphic. We suppose that A is graphic a-contraction, i.e.

d(A%(z), A(x)) < a-d(z, A(z)), Vo € X.
Then A is a c-weakly Picard operator, with ¢ = (1 — a)™L.

Example 0.1.5. Let (X, d) be a complete metric space, ¢ : X — R, a function and
A: X — X an operator with closed graphic. We suppose that:
(i) A is a ¢-Caristi operator, i.e.

d(z, A(r)) < ¢(z) — p(A(z)), Vo € X;
(ii) there exists ¢ > 0 such that
o(r) <c-d(z,A(x)), Vo € X.
Then A is a c-weakly Picard operator.

Now let us say a few words about Ulam-Hyers stability in the theory of functional
equations and its generalization in metric spaces.

0.2 Stability problems studied by Ulam, Hyers and
Rassias

In 1940, S.M. Ulam gave a wide ranging talk before the Mathematics Club of the Univer-
sity of Wisconsin, in which discussed a number of important unsolved problems. These
problems were also discussed in [43]. Among those was the question concerning the sta-
bility of group homomorphisms, namely:

Let G be a group and let G5 be a metric group with the metric d(-,-). Given € > 0
does there exist a ¢ > 0 such that if a function h : G; — G, satisfies the inequality

d(h(zy), h(z)h(y)) <9, Va,y € G,
then there exists a homomorphism H : G; — G5 with
d(h(z),H(x)) < e, Yz € G17

The case of approximately additive functions was solved in the next year by D.H.
Hyers (J21]) under the assumption that G; and G, are Banach spaces. Indeed, he proved
that each solution of the inequality

1z +y) = flx) = fWl <& Va,y € Gy,

can be approximated by an exact solution, say an additive function. In this case, the
Cauchy additive functional equation, f(z + y) = f(z) + f(y), is said to have the Ulam-
Hyers stability.



Furthermore the result of Hyers has been generalized by Th. M. Rassias in 1978 ([33]),
he attempted to weaken the condition for the bound of the Cauchy difference as follows:

f(z+y) = Fz) = FI < e(l=]” + lyllP),

and proved the Hyers theorem. That is, Rassias proved the Ulam-Hyers-Rassias stability
of the Cauchy additive functional equation.

Since then, the stability of many functional equations have been extensively investi-
gated, and also it is a very important field of research in the theory of stability of functional
equations (see [23]-129],[31],[38]).

In the near past many research papers have been published in this field of Mathemat-
ics, but we can say that in most of them there were used some special direct methods,
constructions, which in many other cases could be used only with difficulties. The uniform
approach with Picard operators to the discuss of the stability problems of Ulam-Hyers
type is due to I. A. Rus (see [38]).

Now we give the definition of Ulam-Hyers stability of a fixed point equation due to I.
A. Rus.

By the analogy with the notion of Ulam-Hyers stability in the theory of functional
equations we have

Definition 0.2.1 ([38]). Let (X, d) be a metric space and A : X — X be an operator.
By definition, the fixed point equation

r = A(x) (0.2.1)

is said to be Ulam-Hyers stable if there exists a real number c4 > 0 such that: for each
€ > 0 real number and each solution y* of the inequality

d(y, Aly)) <e,
there exists a solution x* of the equation (0.2.1]) such that
dy*,x*) < ca-e.
Definition 0.2.2 ([40]). The equation
2 (t) = f(t,z(t)), Vt € [a,b) (0.2.2)

is Ulam-Hyers stable if there exists a real number ¢; > 0 such that for each € > 0 and for
each solution y € C'([a, b)) of the inequality

ly'(t) = f(ty(t)| <e, Vi€ [a,b)
there exists a solution x € C*([a, b)) of the equation with the property
ly(t) —2(t)] < cge, Vit € [a,b),

Now we present a very important characterization theorem from the point of view of
Ulam-Hyers stability:
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Theorem 0.2.3 ([38]-Remark 2.1). Let (X,d) be a metric space. If A : X — X is a
c-weakly Picard operator, then the fized point equation (O2T)) is Ulam-Hyers stable.

Remark 0.2.4. We can conclude, that the theory of Picard operators is a very powerful
tool in the study of Ulam-Hyers stability of functional equations. We only have to define
a fixed point equation from the functional equation we want to study, then if the defined
operator is c-weakly Picard we also have immediately the Ulam-Hyers stability of the
desired equation.

Of course it is not always possible to transform a functional equation or a differential
equation into a fixed point problem (for example we need some assumptions on the domain
of the ODEs, PDEs, etc.) and actually this point shows a weakness of this theory.

Lemma 0.2.5 ([38]). Let (X,d) be a Banach space. If an operator A : X — X is a
contraction with the positive constant q < 1, then A is c-weakly Picard operator with the

positive constant c4 = l%q. Moreover the fized point equation (02.1)) is Ulam-Hyers stable.

0.3 Abstract Gronwall lemmas

In the following we will present some abstract Gronwall type lemmas, as applications of
the Picard operators.

Lemma 0.3.1 ([34], [35]). (Abstract Gronwall lemma) Let (X, —, <) be an ordered L-
space and A : X — X an operator. We assume that:

(i) A is PO;

(ii) A is increasing.

If we denote by x% the unique fized point of A, then:

(a) < A(z) =z < a¥;

(b) x > Alx) = x > z7.

Lemma 0.3.2 ([34], [35]). (Abstract Gronwall-comparison lemma) Let (X, —,<) be an
ordered L-space and Ay, Ay : X — X be two operators. We assume that:

(i) Ay is increasing;

(ii) Ay and Ay are POs;

(i) Ay < As.

If we denote by x% the unique fixed point of Ay, then

r < Ai(z) =z <.

These lemmas are very powerful because once we prove that the operator is a Picard
operator and we have an L-space structure, the Gronwall type inequalities can be proved
without any additional effort (calculation). In many Gronwall type inequalities the upper
bound of the solution is the solution of the corresponding fixed point equation. These
can be proved using Lemma This is not the case of the Wendroff type inequalities,
where the upper bound is not the solution of the corresponding fixed point equation (see
[17]). To handle these cases Lemma can be used (see [41]). The main difficulty in
using Lemma is the construction of the operator As. To avoid this we proposed the
following variant in [9]:
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Lemma 0.3.3. ([9] - Abstract Gronwall lemma) Let (X, —, <) be an orderd L-space and
A: X — X be an operator with the following properties:

(i) A is increasing;

(ii) A is PO;

(iii) there exists T with the property AT < T.

If for some x € X we have v < Az, then v < T.

Proof. A is increasing, so the inequality x < Az implies z < A"z, Yn € N. Due to the
Picard property of the operator A this implies x < z*, where x* is the unique solution of
the operator A. On the other hand the inequality A7 < ¥ implies A"Z < ¥ and so z* < 7,
which completes the proof. O

Remark 0.3.4. If the conditions of Lemma [0.3.1] or are satisfied, than the conditions
of Lemma are also satisfied. From this viewpoint Lemma is more general than
Lemma [0.31] and Lemma [0.3:2 We have to mention that in many cases the inequality
AZ < T can be established by using the operator A, with the properties A < A, and
AT = T. Our result from [9] can not be proved with this technique because the operator
As for which A;T = T does not satisfy A < A,. This motivates the necessity of Lemma
0.9.3)

Basically these are the key definitions and results with the help of which we will build
the content of the present thesis. Later on we will introduce some notions in the case of
the study of these kind of problems on time scales and further in the case of elliptic PDEs.
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Chapter 1

Wendroff type inequalities

The Wendroff inequality is a generalization of the well-known Gronwall inequality for 2
independent variables, has its origin in the theory of partial differential equations and can
be found in many monographs on inequalities ([11], [12],[28], [30]). Recently the authors
in [I] gave a sharpened version for a Wendroff type inequality proved by Pachpatte (see
[30]) but unfortunately their proof contains some errors.

In [8] we proved the inequality given in [I] (Theorem 2.2) and we used the abstract
comparison Gronwall lemma to obtain new proofs for well known generalizations of the
Wendroff inequality. Our method uses an operatorial point of view and can be used to
simplify the proofs of many other Wendroff type inequalities.

In what follows, we present the results obtained in [§].

1.1 The inequality and its improvements in [1]

We consider D = [0,1] x [0,]] C R?. As a starting point we recall the following general-
ization of the original Wendroff inequality proved by B. G. Pachpatte:

Theorem 1.1.1 ([1],[30]). Let u(z,y), w(z,y) and a(x,y) non-negative continuous func-
tions defined for (x,y) € D, and let w(z,y) be non-decreasing in each variable x,y € D.

If
u(z,y) < w(z,y) —I—/O /0 a(s, t)u(s,t)dtds, Y(x,y) € D (1.1.1)

then :
u(z,y) < w(x,y)exp (/ / a(s,t)dtds) , Y(z,y) € D. (1.1.2)
o Jo
This theorem was generalized in [1] as follows:

Theorem 1.1.2 ([I] - Theorem 2.1). Suppose u(x,y), w(z,y) and a(z,y) are non-negative
continuous functions defined on a domain D. If inequality (ILIT]) is satisfied for all (x,y) €
D, then

u(z,y) < w(z,y)+G! (/O /Oya(s,t)dtds) , Y(z,y) € D, (1.1.3)



where

G(r) =/ & 7 >19 >0, (1.1.4)
To

s+ w
G~ is the inverse function of G and [; [ a(s,t)dtds € Dom(G™'), V(z,y) € D.

Theorem 1.1.3 ([I] - Theorem 2.2). Suppose u(x,y), w(z,y) and a(z,y) are non-negative
continuous functions defined on a domain D, and let w(x,y) be nondecreasing in each
variable (x,y) € D. If u satisfies inequality (LI1I), then

o) < wlea) [1+ [ [Matscresn ([ [ atenrdean) aias) e € .
(1.1.5)

Remark 1.1.4. The proof of Theorem 2.2 in [I] contains 2 errors. The first error is on line
5-6 of the proof and can be corrected only by adding further assumptions on the functions
w and a. This motivates the need of a new proof for this theorem. The second error is on
page 611, line 11 but this error can be corrected only by replacing the right hand side of
the inequality with an other expression and this weakens the inequality.

1.2 The representation of the best estimation

The inequation (LLIT]) is linear in w, so we can obtain a representation by applying
the successive approximation method. This representation gives also the solution of the
integral equation

u(z,y) =w(z,y)+ /Ox /Oy a(s,t)u(s,t)dtds, V(z,y) € D (1.2.1)

starting from the ug = w, hence this is the maximal solution of the inequality (LIII).
In [I7] the authors proved that the right hand side of the classical Wendroff inequality
is not the fixed point of the corresponding integral operator (it is not the solution of the
associated integral equation). In what follows we present some results from [§], which say
that this is also valid for the Wendroff type inequalities proved in [I] and we give the
construction of the best possible estimation (see in [8]). We use this representation to give
a correct proof of theorem 2.2 from [1].

Theorem 1.2.1 (Sz. Andras and A. Mészaros - [§]). Suppose u(x,y), w(x,y) and a(z,y)
are non-negative continuous functions defined on a domain D. If u satisfies inequality

(LI1I), then
u(z,y) <w(x,y) + /01‘ /Oy a(s,t)yw(s,t)H(z,y, s, t)dtds, V(z,y) € D (1.2.2)

where

H(x,y,s,t) = ZKj(z,y,s,t) and

J=0

T ry
Kj+1($aya Sat) = / / a(§>77)Kj(93>y>€>77)d77d§> KO =1
s t



Proof. The integral operator A : C(D) — C(D) defined by

Aw)(z,y) = w(z,y) + // (s, t)u(s, t)dtds (1.2.3)

is a Picard operator if we consider the Bielecki norm on the set C'(D) :

full = max e T |y (2, y)|.

Moreover the space (C(D),]| - ||) is an ordered Banach space with the natural ordering
u<v e ulr,y) <uvry), ¥Y(r,y) € D and the operator A is an increasing operator.
These observations allow us to apply the abstract Gronwall lemma, so

u(r,y) < u(z,y),

where u*(z,y) is the solution of the integral equation (L2.1I). But this solution can be
obtained as the limit of the successive approximation sequence starting from ug = w and
the terms of this sequence can be calculated as follows:

ui(z,y) = A(u)

w(z,y) // (s,t)w(s,t)dtds

= w(zy +/ / (s, t)w(s, t)dtds+
+/0 /0 “(S’t)/o /0 a(&, nw (&, n)dndédids

Changing the order of integration in the last integral we obtain

us(z,y) = w(z,y) + /Ox /Oy a(s, t)w(s,t)dtds+
+ /m /y a(s,t)w(s,t) /m /y a(€,m)dndédtds

=w(zx,y) / / a(s,t)yw(s,t) [Ko(x,y,s,t) + Ki(x,y, s, t)] dtds.

Applying the operator A one more time we obtain

U3(SL’, y) = A(UQ)(LL’, y)

=w(z,y)+ /090 /Oy a(s,t)w(s,t) Z K;(x,y,s,t)dtds

J=0



and by an inductive argument we deduce

ugy1(w,y) = Alug)(z,

k
w(z,y) // (s, t)w stZKJ:Ey,stdtds.
7=0

Hence the solution can be represented as

oy
w(@,y) = wz,y) + / / als, (s, ) H(z, y, 5, 1)dtds, ¥(x.y) € D,
0 0

where

H(z,y,s,t) = ZKj(:c,y, s,t) and

7=0
T Y
Kj+1($aya5at) :/ / a(§>77)Kj(93>y>€>77)d77d§, KO =1
s t
]

Theorem 1.2.2 (Sz. Andrds and A. Mészéros - [8] Corrected statement of theorem
2.2 from [1). Suppose u(z,y), w(x,y) and a(x,y) are non-negative continuous functions
defined on a domain D and w is nondecreasing in both variables. If u satisfies inequality

(LI, then

wep <u)+ [ [ alsouls e ( [ ya(f,n)dndf) dtds, ¥(z,y) € D.

(1.2.4)

Proof. Denote by u(x,y) the right hand side of the inequality (L.3.4]). Using the represen-
tation from theorem [[L.2.11it is sufficient to prove that

x [y
H(z,y,s,t) <exp (/ /t a(&,n)dndg) , Y(z,y) € D.

In order to prove this inequality we proceed by mathematical induction and we prove that
for all k € N

k : oy
S K, 5,1) < exp ( |/ a(&n)dnd&) Wz.y)eDands<at<y.
=0 s t

This inequality is trivial for & = 0. For a fixed k by replacing s with ¢ and ¢ with 7,
multiplying with a(¢,n) and integrating from s to x and from ¢ to y we obtain

Z// (&n)K nyﬂdﬁd5<// £nexp(// dﬁda)dndg

(1.2.5)



which implies

ZK(SE Y, s,t) <1+/ / (&,n) exp (/ / dﬂda) dnd¢ (1.2.6)

In order to complete the inductive argument (and also the proof) it is sufficient to prove
that

1+// §nexp<// dﬁda)dnd§<exp<// gndndg)

Consider the function
G(&,m) = exp (/ / dﬁda) (1.2.7)

For this function we have

G y
Se6m == [ ae. 95 G(r.9) ana
aZG T Y

by &1 = (&) Gle.y) + [ atomyio- ["ate,5)d5- e
From this equality and the nonnegativity of a we obtain

2

902G
8x8y(€’n)’

a(§,nG(E,n) <

[ [ atemctemn < [ [ 25

But calculating the integrals from the right hand side expression we obtain

—1 +exp (/: /ty a(&n)dndﬁ) )

so the proof is complete. O

hence

1.3 The abstract comparison lemma

The proof of theorem 2.1in [1] contains an error on line 7. The quantity n,(z, y)+w,(z,y),
where n(z,y) f f u(s, t)dtds is not necessary nonnegative, hence the inequality

is not valid.

In the following we use our new tool, the abstract Gronwall-comparison lemma, Lemma
032 to prove the theorem 2.1 from [IJ.



Theorem 1.3.1 ([1],[I7]). Suppose u(x,y), w(z,y) and a(x,y) are non-negative contin-
uous functions defined on a domain D. If inequality (LTI)) is satisfied for all (x,y) € D,
then

u(z,y) < w(r,y)+ G ! </0:v /Oy a(s,t)dtds) , Y(z,y) € D, (1.3.1)

where

" ds
G(r) = / ;7 >1 >0, (1.3.2)
ro ST W

G~ is the inverse function of G and [; [ a(s,t)dtds € Dom(G™"), V(z,y) € D.

Proof. We can see in [17], that if we take the integral operator A; : C(D) — C(D) defined
by

A (u)(z,y) = w(z,y) + /Ow /Oy a(s,t)u(s,t)dtds (1.3.3)

it’s a PO, but its fixed point is not the solution of the integral equation

u(z,y) = w(z,y) + G (/Ox /Oy a(s,t)dtds) , Y(x,y) € D, (1.3.4)

Now we have to find a PO A, : C(D) — C(D), with the property A; < A, and with
the fixed point, which satisfies the equation ([.3.4]) and due to Lemma we will finish
the proof of the theorem.

From the equation (L34]) we get:

e = g+ ([ [Matsvatas) [[ata vz € 2.
But @1y </Ox /Oya(S,t)dtds) = u(z,y),Y(z,y) € D,
o e e o) = Sow0) + ute) [ ale e V(o) € D,

From the basic theorem of the calculus we have:

T ou [ ow 4
ute.s) = u0) = [ G sads= [ (G +utsn) [ atsnjar) as.
From here we get the PO Ay : C(D) — C(D), defined by
Yy Yy
Au)(a,) = w(e)+ [ [ (s y)als, Ditds + G0),
0 0

with the fixed point satisfying the equation (L.3.4), and obviously A; < Ay, so with the
Lemma [0.3.2] the proof is complete. O

Now we present some nonlinear Bihari-Wendroff type inequality from [g].
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Theorem 1.3.2 (Sz. Andrds and A. Mészaros - [8]). Let u(z,y), w(x,y) and a(z,y)
non-negative continuous functions defined on a domain D, and let g : [0,00) — (0,00) a
continuous non-decreasing function, and suppose that w(x,y) < u(x,y),V(zx,y) € D. If

w(z,y) < wiz,y) / / a(s, 1) g(uls, 1))dtds, ¥z, y) € D (1.3.5)

then
u(z,y) <G (G(w(m,y)) +/0 /0 a(s,t)dtds) V(z,y) € D, (1.3.6)
where
" ds
G(r) = /TO ot > 19 >0 (1.3.7)

G~ is the inverse function of G and G(w(z,y))+ [ [} a(s, t)dtds € Dom(G™),¥(x,y) €
D.

Proof. Let us consider the integral operator A; : C(D) — C(D) defined by the right side
of the the inequality (L.3.5]), namely

A (u)(z,y) = w(z,y) + /Ox /Oy a(s,t)g(u(s,t))dtds,V(z,y) € D,

and the function

u(z,y) = G™! (G(w(:c,y)) + /01‘ /Oy a(s,t)dtds) V(z,y) € D. (1.3.8)

We can easily check that A; is a PO, but its fixed point doesn’t satisfy the equation
(L38), so we cannot use the first abstract Gronwall lemma, we have to deal with the

abstract Gronwall-comparison lemma, like in the proof of previous theorem.
From the (I3.8) we have:

%(az,y)z (G ( w(z,y)) / / a(s,t dtds) (G’( (z, y))(?9 (z, y)+/0ya(a:,t)dt)

But
<G*>( we)+ [ [ stmw)—g<@y»

ou ow Y
o) = atute)) (st G+ [ o).

From the basic theorem of calculus we have:

[T 0u [T gu(s,y)) Ow vy
u(:z,y)—u((),y)—/o %(s,y)dS—/O mﬁ—x(s,y)ds—l—/o /0 a(s,t)g(u(s,y))dtds

This relation shows that the function u defined by (L3.8]) is the fixed point of the
integral operator A, : C(D) — C(D), defined by

SO
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As(u)(x,y) = w(O,y)+/0x %g—:(s,y)dﬁt/j /Oy a(s,t)g(u(s,y))dtds,V(z,y) € D.

If we want to apply the abstract Gronwall-comparison lemma, we need to consider the
set

X ={u € C(D)|u increasing in y and u(0,y) = w(0,y),u(x,0) = w(z,0)}

and the restrictions of Ay, A to X. This is necessary in order to obtain A;u < Asu. But
we do not know Asu € X, and hence we can not apply the abstract Gronwall comparison
lemma as stated in [34] or [41]. This difficulty can be overcame if we observe that:

e from u < Aju we deduce u < u*, where u* is the limit of successive approximation
sequence for the operator A; starting from wu;

e if @ is the fixed point of Ay, then it is sufficient to have A;(u) < Aq(u).

Indeed if A; is a PO, then u* is the limit of the successive approximation sequence
starting from @ and from A;(u) < Ay(u) we can prove by induction that A%¥(u) < 4, so
u* < w. Due to this observation it is sufficient to prove Au < Asu. But u is defined by

([L3.8), so w(z,y) < ufz,y), hence g(w(s,y)) < g(u(s,y)), Y0 < s <, s0

w(z,y) Sw(O,y)+/0x%g_:

From (L3.8) we can deduce that @ is nondecreasing in the second variable, hence

// (5.£)g stdtds<// (5. )g(als,y))dtds, ¥(z,y) € D.  (1.3.10)

From (L3.9) and (L3.10) we deduce A;(u) < As(@), so the proof is complete.

(s,y)ds. (1.3.9)



Chapter 2

Wendroff type inequalities on time
scales

In this chapter actually we extend our results form the previous chapter to arbitrary time
scales. Recently some authors obtained results regarding to Wentroff type inequalities on
arbitrary time scales (see [19], [4], [5]).

The results from [9] improve the known Wendroff type inequalities on time scales and
here are also presented different proofs for the existing inequalities.

In what follows, we will present some results from [9], but at first let us recall some
basic definitions and results about the time scale analysis.

2.1 Time scale analysis

The time scale calculus was founded by Stefan Hilger in his PhD thesis (see [20]) as
a unification of the classical real analysis, the ¢-calculus and the theory of difference
equations. Since then this theory has been extensively studied in order to obtain a better
understanding and a unified viewpoint of mathematical phenomenons occurring in the
theory of difference equations and in the theory of differential equations. For an excellent
introduction to the calculus on time scales and to the theory of dynamic equations on time
scales we recommend the books [13] and [14] by M. Bohner and A. Peterson. Throughout
in this paper we use the basic notations from these books. For the sake of coherency we
recall a few basic definitions, notations and theorems from [13].

Definition 2.1.1. A time scale T is an arbitrary nonempty closed subset of the real
numbers R.

Definition 2.1.2. We define the jump operators o, p : T — R by the relations
ot)=inf{s € T:s>t}, p(t) =sup{seT:s <t}

Using these operators we can classify the points of time scale T as left dense, left scattered,
right dense and right scattered according to whether p(t) = ¢, p(t) < t, o(t) = t and
o(t) > t respectively.



Definition 2.1.3. A function f : T — R is said to be rd-continuous if it is continuous at
each right dense point in T. The set of all rd-continuous functions is denoted by C,.q. If T
has left scattered maximum m, then

T if T <

= J T m} i supT < oo (2.1.1)
T if supT = o0

We define the graininess function y : T® — R by the relation

wu(t) =of(t) —t.

We also define for f the function f7:T* — R by

fo(t) = f(a(t)), YVt € T.

Definition 2.1.4. Let f : T — R be a function and let ¢ € T*. Then we define f(t)
to be the number (provided if exists) with the property that given any € > 0, there is a
neighborhood U of t (i.e. U = (t — 0,t + ) N'T for some § > 0) such that

|[f7(t) = F(s)] = f2O) [o(t) = 8| < |o(t) — s, Vs € U.
We call f2(t) the delta (or Hilger) derivative of f at t.

Theorem 2.1.5. Assume f : T — R is a function and let t € T". Then we have the
following:

(i) If f 1is differentiable at t, then f is continuous at t.

(i) If [ is continuous at t and t is right-scattered, then f is differentiable at t with

Flott) ~ (1)
u(t)
(1i) If t is right-dense, then f is differentiable at t if and only if the limit

i 40 = 1)

s—t t—s

fA) =

exists and is a finite number. In this case

3(0) — 1 L0 = ()

s—t t— s

() If f is differentiable at t, then

flo(t)) = F(8) + u(t) f2(1).

Definition 2.1.6. A function F' : T — R is said to be an antiderivative of f : T — R
provided F'2(t) = f(t) holds for all + € T*. We define the integral of f by

/t f(r)AT = F(t) — F(s), (2.1.2)
where s,t € T.
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Definition 2.1.7. The function p : T — R is said to be regressive if 1+ u(t)p(t) # 0, for
all t € T". We denote by R = R(T) = R(T, R) the set of all regressive and rd-continuous
functions and define

Rt ={peR:1+u(t)p(t)>0forallt e T} (2.1.3)

Definition 2.1.8. For p € R we define (see [13]) the exponential function e,(-, o) on the
time scale T as the unique solution to the scalar initial value problem

z2(t) = p(t)z(t), x(ty) = L. (2.1.4)

If p € R*, then e,(t,tg) > 0, for all t € T. We note that, if T = R, the exponential
function is given by

ep(t,s):exp< / p(T)dT), ealt,s) = explalt —s)), eal(t,0) = exp(at), (2.1.5)

for s,t € R, where a € R is a constant and p : R — R is a continuous function. To
compare with the discrete case, if T = Z (the set of integers), the exponential function is
given by

ep(t,s) = 1:[ [14+p(7)], ealt,s)=(1+a)® eu(t,0)=(1+a), (2.1.6)

T=$

for s,t € Z with s < t, where a # —1 is a constant and p : Z — R is a sequence satisfying
p(t) # —1 for all t € Z.

Theorem 2.1.9 (Properties of the exponential function). If p,q € R, then
(i) eo(t,s) =1 and e,(t,t) = 1;
(i) ep(o(t), s) = (1 + u(@)p(t))ey(t, s);
(1) (1. 5) = ok = o5,
(iv) ep(t, s)ep(s,r) = €y(t,7);
(v) ep(t, s)eq(t, s) = epaq(t, s);
(vi) ZZE;:Z; = €peq(t, 5);
i) () =4t

where for all p,q € R we define

(p©q)(t) == p(t) +q(t) + ut)pt)q(t),

and
_ p(t)
S ETQTION

for allt € T".
We remark, that (R,®) is an Abelian group, called the regressive group.
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2.2 Linear Wendroff type inequalities on time scales

In what follows we assume that T; and T, are time scales with at least two points and
we consider the time scale intervals T; = [a1,00) N'T; and Ty, = [as, 00) N Ty, for a; € Ty
and ay € Ty. Let us denote D = ’]Tl X ']Tg. We also use the notation Rj = [0,00) and
Ny = NU {0}, while e,(t, s) denotes the usual exponential function on time scales with
p € R, where p is a regressive function (see [13]). In [19] the authors obtained the following
results:

Theorem 2.2.1. (Theorem 2.1. in [19]) Let u(ty,ts), w(ti,t2), a(ty, tz) € C(D,RY) with
w(ty, ta) nondecreasing in each of its variables. If

t1 to
u(ty, ta) < w(ty, ta) +/ / a(sy, s2)u(sy, $2)A181 A8, (2.2.1)
a1 Jas

for (t1,t2) € D, then
u(tl, tg) < ’LU(tl, t2)6ﬁ§ alty,s2)Azss (tl, al), (tl, tg) eD. (222)

Theorem 2.2.2. (Theorem 2.2. in [19]) Let u(ty,ts), w(ty, tz), a(ty, t2) € C(D,RY), with
w(ty, ta) and a(ty,ts) nondecreasing in each of the variables and g(t,ts, s1, s2) € C(S,RY),
where S = {(t1,t2,51,82) € DX D a3 <81 <1t1,a9 < 89 < 1o} and g is nondecreasing in
the first two variables. If u satisfies the condition

t1 to
u(ty, ta) < w(ty, ta) + alty, tz)/ / g(t1, ta, 51, 52)u(s1, 52) A151 M98, (2.2.3)
al as

for (tl,tg) € D, then
u(tl,tg) < w(tl,tg)eﬁg a(t1,tg)g(tl,tz,tl,SQ)AQSQ(tl’al)’ \V/(tl,tg) e D. (224)

In what follows we present the improvements of (222 and (2.2.4) obtained in [9].
These improved versions imply also improved bounds in the nonlinear cases (see Theorem
3.1 and 3.2 in [19]). Applying the same technique we can obtain new (and simple) proofs
for the previous theorems too.

But at first we need some mathematical tools to define a good notion of metric space
of the continuous functions defined on times scale pairs, similar to the notion of the usual
metric space of continuous functions equipped with some metric of Bielecki type.

2.2.1 Some mathematical tools

In this section we recall some preliminary results from [9] regarding to the metrics of
Bielecki type and differentiation under the integral sign.

We extend the metric introduced by C.C. Tisdell and A. Zaidi in [42] to functions
with several variables. This allows us to prove that our operators are Picard operators, in
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fact they are contractions if we use a well chosen metric. Suppose that o, 3 > 0 are real
constants and define the functionals

dap : C(lar, 01(b1)]r, X [az, o9(ba)]r,, R") X C([ar, o1(b1)]r, X [az, 02(ba)]r,, R")) = R

(2.2.5)
by
dop(u,v) = sup s, ) = vl o) (2.2.6)
s1€[a1,01(b1)]t, ea(sla al) : 65(82, a2)
s2€laz,02(b2)]T,
for all u,v € C’([al, Ul(bl)]’ﬂ‘l X [0,2, Ug(bg)]Tz,Rn) and
|- llas = Clar, o1(b1)]r, X [ag, oa(ba)]r,, R") = R (2.2.7)
[u(s1, 52)l
|lulla.s = sup (2.2.8)
7 sle[al,al(bl)]Tl €a(81, al) : 66(827 a2)
s2€[az,02(b2)]T,
for all u € C([a1, 01(b1)]r, X [a2, 02(b2)|T1,, R™), where || - || : R* — R is a norm on R".

Lemma 2.2.3 ([9]). If a, 8 > 0, and o1(b1) < 00,03(by) < 00, we have the following
properties:

1. dup is a metric on C([ar, o1(b1)]r, X [az, 02(b2)]T,, R™);

2. C([ay, o1(by)]1, X [ag, 02(b2)]r,, R™) is a complete metric space with d, g;

3. || la,g is @ norm on C([a1, 01(b1)|r, X [az, 02(b2)|1,, R™) and it is equivalent to || - ||o 0.
4. (C(lar, o1(b1)]1, X [az,02(b2)]1,, R™), || - [|a,8) is a Banach space.

The proof of this lemma is quite straightforward, so we omit it. For the simplicity of
notation in what follows we denote C'([a1,1(b1)]r, X [a2, 02(b2)]T,, R) by X. Using this
Bielecki type (or “TZ”) metric, we prove the following properties:

Theorem 2.2.4 ([9]). If w,a € X, 01(b1) < 00,05(b2) < 00, the operator A; : X — X
defined by

t1 to
Al(u)(tl, tg) = U)(tl, tQ) + / / a(sl, Sg)U(Sl, 82)A181A282, (229)

is well defined and there exist o, 5 > 0 such that Ay is a contraction on (X, dsz).

Theorem 2.2.5 ([9]). Ifw,a € X, g is continuous, o1(by) < 00, 04(by) < 00, the operator
Ay X — X defined by

t1 to
A (u)(ty, t2) = w(ty, ta) + a(t1>t2)/ / g(t1, t2, 51, 52)u(s1, 82) Ars18gsy,  (2.2.10)
al az
is well defined and there exist o, 5 > 0 such that Ay is a contraction on (X, dq3).
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Proof of theorem [2.2.]]. Denote by M the maximum of a(sy, s2) if s1 € [a1,01(b1)]r, and
Sy € [ag, 02(b2)]r,. Due to the given conditions M exists and M < oco.

t1 to
AL (1) (s t2) — Ay (0) (00, 82)] < / / a(s1, 52)[uls1, 52) — v(s1, 52)|Arsi Agso

to .
<M/ / |u51,32 ’0(31752)‘ea(Sl,01)65(32’a2)A151A282

€a S1, Q1 6&(82,@2)

to
SMHU_UHaﬁ/ / €a(81,a1)65(82,a2)A181A282
a1 Jasg
M
Sa—ﬁﬂu — vl|a,gea(t, a1)es(ta; as).

The last inequality implies

M
[AL(u) = Ax(v)]ap < @Hu—vﬂa,ﬁa (2.2.11)

so A; is a contraction on X if af > M. O

Remark 2.2.6. The proof of theorem 2.2.5 can be done in a similar way by using the

maximum of g on ([a1, 01 (by)]1, X [az, 72(b2)]r,)?.

Remark 2.2.7. We can obtain the contractive property of a more general nonlinear oper-
ator Az : X — X defined by

t1 to
As(u)(ty,t2) = w(ty, t2) + a(t17t2)/ / f(t1,ta, 51, 82, u(s1, 52)) A1510959,

where f is continuous and has the Lipschitz property in the last variable.

Remark 2.2.8. Due to theorem 2.2.4 and 2.2.5] the operators A; and A, are Picard oper-
ators.

In the calculations we use the following two properties:

Lemma 2.2.9 ([9]). If f is continuous and is continuously A differentiable with respect

to t, then the function
t
:/ f(s,t)As

admits a A derivative with respect to t and

UA(t) = Aj;(s t)As + f(t,t).

Lemma 2.2.10 ([9]). If f : E — R is a continuous function, where

E={(s,t) e Ty xTala <t <ba<s<t}
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then the function g : [a,b) — R, defined by

t
:/ﬁﬂ&aAw
is A integrable on [a,b) and we have

/ /fStﬁlsAzt—/ f(s,t)AgtAys.
o(s)

Remark 2.2.11. 1If f: E — R is a continuous function, where
E = {(tl,t2,81,$2) € (Tl X T2)2|CL1 <51 <t1,a0 < 859 < tg},

then the function g : [a1,t1) X [ag,t2) — R, defined by

g(s1,82) = /81 /82 ftr, 2,61, 6) D61 008,

is A integrable on [aq,t1) X [ag,t2) and we have

t1 to
/ / 9(31, 52)A131A2$2 =
al as
t1 to t1 to
= / / / / f(£17£2731752)A1£1A2£2A181A282'
a1 Jaz Joi(s1) Jo2(s2)

2.2.2 The improvements of the linear inequalities

In this section we give new estimates for u and we prove that these are better than (2.2.2),
(224)). These results are from [9]. We need the following lemma

Lemma 2.2.12 ([9]). For the function V : E — R, defined by

V(t1,ta, 51, 52) = €, (t1,51),
J a(t1,62)Azée
52
where
FE = {(tl,tg,sl,SQ) - (Tl X T2)2|CL1 <351 < t1,ao < 85y < tg}
we have
(51, 52V (11 1. 01(51), 0a(52)) < — 2 (b1, 51, 59) (2.2.12)
a o o - S9). 2.
1,22 1,02,U1\21),U2(92 = A181A2s2 1,02,91,92
and
(bt (bt 51, 59) < —0F (41 1. 51, 52) (2.2.13)
a S1, 8 - S1,82). 2.
1,02 1502y91y92) > A1t1A2t2 1,02y91y 92
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Proof. The function V' is A; differentiable with respect to s; and we have

t2
Aﬁl‘; (t1,t2,51,52) = —/a(sl,gz)A2§2 V(ty, ta, 01(s1), $2).
52
Moreover the function % is A, differentiable and we have
0*V 7 o
m(t1,t2,81,82) = /a(817§2)A2§2 / a1, $2) A& - V(t, ta, 01(s1), 0(s2))+
s2 o1(s1)

+a(81, SQ)V(tl, t2, 01 (Sl), 0'2(82)).
Since the function a is nonnegative we obtain
0?V

< — (11, 9, S1, S2).
_AlslAQSQ(l’ 25,91, 2)

a(sl, Sg)V(tl, tg, 0'1(81), 0'2(82))

Using a similar argument we have

to

(t1,t2, 51, 52) = /a(t1,§2)A2§2 -V (t1,ta, 51, S2).

52

ov
Altl

The function % is A, differentiable with respect to t, and we have

o2(t2) t1

(t1,1t2,51,52) = / a(t1>€2)A2€2/a(€1>t2)A1€1'V(tlat2a51>32)+

52 S1

+a(t1, tg)V(tl, tg, S1, 82).

Since the function a is nonnegative we obtain

_&V
AltlAth

0*V

t1, )V (t1, ¢t < -
a( 1 2) (17 2781782> >~ A1t1A2t2

(t17 t27 S1, 82)'

O

Theorem 2.2.13 (Sz. Andras and A. Mészaros - [9]). Let u(ti,ta), w(ti,ta), a(ti,t2) €
C(D,Ry) with w(ty,ts) nondecreasing in each of its variables. If u(ty, t3) satisfies

t1 t2

u(ty, ta) < w(ty, ts) + //a(81,SQ)U(Sl,SQ)AlSlAQSQ, (2.2.14)
a1 as
for (t1,t2) € D, then
t1 t2
u(ty, tg) < w(t1’t2)+//a(51’52)“)(51’S2)6f;§(32)a(tl,n)Azn(tlv01(51))A151A2527 (2.2.15)
ar az

for (t1,t2) € D, where o1 and o9 are the jump operators on Ty respectively Ts.
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Proof. The integral operator A : C(D) — C(D) defined by

t1 to
A(u)(t1,t2) = w(ty, t2) +/ / a(s1, s2)u(s, $2)A151A252, (2.2.16)

is a Picard operator (due to theorem [2.2.4]). Moreover the space (C(D), ||-|) is an ordered
Banach space with the natural ordering

u<v&s U(tl,tQ) < U(tl,t2>, V(tl,tg) eD

and the operator A is an increasing operator, so the inequality v < Awu implies u < u*,
where u* is the unique solution of the equation Au = u. On the other hand it is easy to
check that the unique fixed point of A is not the function

t1 to
ﬂ(tl,tg) = w(tl,tg) + / / &(Sl,Sg)w(Sl,Sg)eftg a(tl,n)Azn(tl’01(81))A1$1A2S2’
a1 Jas

oa(s2)

so by Lemma [0.3.3] we need to prove Au < wu. Using the function V' from Lemma 2.2.12)

it is sufficient to prove
t1 to

/CL(Sl,Sg)w(81,82)A181A282+ (2217)

a1 a2

t1 t2 s1 S2

+////0(81>$2)a(§1,f2)w(§1,52)‘/(51,52,01(51),02(52))A1§1A2€2A181A282S

ai a2 a1 a2

(2.2.18)
t1 to
S//G(Sl,Sg)U)(Sl,82)V(t1,tg,0'1(81),0'2(82))A181A282. (2219)

Changing the order of integration in (2.2.18) and renaming the variables it is sufficient to
prove

t1 to

1+ / / a(&1, &)V (&1, 62, 01(51), 02(52)) A161 808 < V (11, t, 01(51), 02(82))-

o1(s1) o2(s2)

This can be obtained by integrating ([2.2.13)) from o4(s1) to ¢; and than from oy(s2) to
ty. U

Theorem 2.2.14 (Sz. Andras and A. Mészaros - [9]). If the conditions of Theorem[2.2.13
are satisfied, the estimation of the Theorem [2.2.13 is better than the estimation from
Theorem [2.21]

Proof. Integrating inequality (Z2.12)) with respect to s; and so on the rectangle [aq, t1)T, X
las, t2)T, we deduce

t1 to
/ / a(sy, s2)V (t1,ta, 01(51), 02(52))A151A089 <
a1 Jas
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(t1,t2, 51, 82)A181 089 =
/ / A1$1A282 1,02, 91, 2) 19183292

- v(t17t27t17t2> - v(t17t27a17t2> - v(t17t27t17a2> + V(tl,tg,al,CLQ).
But V(tl,tg,tl,tg) = V(tl,tQ,al,tg) = V(tl,tQ,tl,ag) = 1, so we obtain

t1 to
/ / a(Sl,Sg)V(tl,t2,0'1(81),0'2(82))A181A282 S V(tl,tg,a,l,ag) — 1. (2220)
1 a2

The function w is nonnegative and nondecreasing in both variables, hence we have

t1 to

w(tl,tg)+//CL(Sl,82)’(1](81,82)€f0t§(32)a(tlm)Azn(tl,0'1(81))A181A282 S
a1 a2
t1 to
w(tl,tg) 1+//a(sl’82)6f;§(32)a(tl,n)Agn(tl’01(51))A1$1A2$2 <
a1 a2

< w(ty, t2)V(ty, ta, a1, as).

This inequality shows that the estimation in Theorem [2.2.13]is better than the estimation
from Theorem 2.2.1] O

Lemma 2.2.15 ([9]). For the function W : E — R, defined by

W(tl’ ta, 1, 82) - 6fst22 “(tl,tz)g(tlvtz,tl,n)ﬁzn(tl’ Sl)’

where
FE = {(tl,tg,sl,SQ) € (Tl X T2)2|CL1 <81 <t1,a9 <859 < tg}
we have
OPW
a(th t2)g(t17 t27 S1, SQ)W(th t27 01(81)7 02(82)) S 7(t17 t27 S1, 82) (2221>
A181A282

Remark 2.2.16. The proof of the Lemma is similar to the proof of the Lemma
2.2.12l

Theorem 2.2.17 (Sz. Andrds and A. Mészéros - [9]). Let u(ty,t2), w(ty,te), a(ty, tz) €
C(D,RY), withw(ty, t2) and a(ty, ts) nondecreasing in each of the variables and g(t, to, 1, 2) €
C(S,RY), where S = {(t1,t2,51,82) € D x D :a; < 81 < ty,a5 < 59 <t} and g is non-
decreasing in the first two variables. If u satisfies the condition

t1 17
u(tl,tg) S w(tl,tg) +&(t1,t2)/ / g(tl,tg,81,82)u($1,$2)A151A252, (2222)
a1 Jaz

for (t1,t2) € D, then
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u(ty, ta) <w(ty,te)+

t1 to
a,(tl,tg)//g(tl,tg,Sl,Sg)w(Sl,Sg)W(tl,tQ,0'1(81),0'2(82))A181A282, (2223)

a1 a2

for (t1,t2) € D, where o1 and o9 are the jump operators on Ty respectively Ts.

Proof. We apply the same technique as in [19]. We consider that ¢ and ¢ are fixed and
we consider the operator A* : C'(D) — C(D) defined by

t1 to
A*(U)(tl, tg) = U)(tl, tg) + CL( T, t;) / / g(f{, t;, S1, Sg)U(Sl, 82)A181A282. (2224)
a1 Jaz

It is clear that if u satisfies the conditions of theorem 22,17 then u(ty,t2) < A*(u)(t1,t2),
for t <t7 and ty < 85. t7, 15 beeing fixed, theorem 2.2.13] implies

U(tl,tg) S w(tl,t2)+ (2225)
t1 to
+//a(tit;)g(t;tzaslaSQ)w(517SZ)H(Sb527t17t27t>{at;)A151A252a
a1 as

where

H(s1 52t t0,t1512) = €02 ot ipygtes.tgnmen (12 91(51))

This inequality is valid for ¢; = ¢ and ¢, = t} and ¢},t} are arbitrary, so we obtain

@Z223). O

Theorem 2.2.18 (Sz. Andrés and A. Mészaros - [9]). If the conditions of Theorem[2.2.17
are satisfied, the estimation of the Theorem [2.2.17 is better than the estimation from
Theorem [2.2.2.

Proof. Integrating inequality (2.2.21]) from a; to ¢; and from as to to with respect to s;
and s, on the rectangle [a1, )1, X [ag,t2)T, We have

t1 to
/ / a(ty, t2)g(t1, ta, s1, s2)W(t1, ta, 01(51), 02(52)) A151 4959 <
a1 as

(t1,t2, 51, 82)A181 0085 =
/ / A1$1A282 1,t2,91, 2) 191843292

- W(t17t27t17t2) - W(t17t27a17t2> - W(tl,tQ,tl,CLg) + W(t17t27a17a2)'
But W(tl,tg,tl,tg) = W(tl,tg,al,tg) = W(tl,tg,tl,ag) = 1, SO0 we obtain

t1 to
a(tl,tg)/ / g(tl,tg,81,SQ)W(tl,t2,0’1(51),0’2(52))A1$1A2$2 S (2226)
a1 a2
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< Wit ta,a1,a0) — 1.

The function w is nonnegative and nondecreasing in both variables, hence we have

t1 t2
w(tl,tg)—l—a(tl,tg)//g(tl,tg,81,Sg)w(sl,SQ)W(tl,tg,0’1(81),0’2(82))A1$1A282 S
a1 a2
t1 to
w(ty, ta) 1+a(t1,t2)//g(t17t27817Sz)W(t1,t2,01(81)702(82))A1S1A282 <
ai a2

< w(ty, to)W(ts, ta, a1, a2).

This inequality shows that the estimation in Theorem 22,17 is better than the estimation
from Theorem [2.2.2] O

2.3 Nonlinear inequalities

In this section we present the improved estimations (see [9])to the recently proved nonlin-
ear integral inequalities in ([I9]) combining the method from ([19]) with theorem Z2.T3]
and 2.2.17 First we recall the nonlinear integral inequalities from [19]:

Theorem 2.3.1. (Theorem 3.1 in [19]) Let u(ty,t2), w(ty, t2), a(ts, t2) € C(D,RY) with
w(ty,t2) nondecreasing in each of its variables. If p and q are two positive real numbers
such that p > q and if

t1 to
Up(tl, tg) S ’LU(tl, tg) + / / CL(Sl, Sg)uq(sl, 82)A181A282 (231)
a1 a2
for (t1,t2) € D, then

u(ty, ts) < w# (b, to) {e (t1, al)]  (t1,t2) € D. (2.3.2)

fatg [l(tl,SQ)w%il(tl,SQ)AQSQ
Theorem 2.3.2. (Theorem 3.2 in [19]) Let u(ty,ta), w(ty, t2), a(ty, t2) € C(D,Ry), with
w(ty, ta) and a(ty,ts) nondecreasing in each of the variables and g(t1,ts, 51, 52) € C(S,RY),
where S = {(t1,t2,51,82) € D x D :a; < 81 < ty1,a9 < 59 < ta} and g is nondecreasing
wn each of its variables. If p and q are two positive real numbers such that p > q and is u
satisfies the condition

t1 to
uP (t1,t2) < w(ty, ta) + a(t1,t2)/ / g(t1, 2, 51, 52)u(s1, 52) A151 959, (2.3.3)
a1 as

for (t1,t2) € D, then

LA

ulty, ts) < wr(ty, o) [e (t,a1)| , V(t1,t2) € D. (2.3.4)

4_1
f;; a(ty,t2)wP (t1,52)g(t1,t2,t1,52)Aasa
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In what follows we prove the following improvements of these to theorems:

Theorem 2.3.3 (Sz. Andrds and A. Mészaros - [9]). Let u(ty,t2), w(ti, ta), a(ty,ta) €
C(D,Ry) with w(ty,t2) nondecreasing in each of its variables. If p and q are two positive
real numbers such that p > q and if

11 to
Up(tl, tg) S w(tl, tg) + / / CL(Sl, Sg)uq(sl, 82)A181A282 (235)
al a2

for (t1,t2) € D, then

t1 to P
U(tl, tg) S w(tl, tg) + w(tl, tg) / / H(tl, tQ, S1, 82)A181A282 y (236)
a1 Jaz
where
H{(t, s, 51, 82) = a(sy, sp)we (81732)ef0(32)a(t1,77) 10, gy (11 1(81));
(t1,t2) € D.

Proof. Suppose w(ty,ts) > 0, (t1,t2) € D. We denote u? by . If u satisfies the conditions
of the previous theorem, due to the monotonicity of w we obtain

u(ty, to) 2 a(sy,52) _a
1’ 2 < 1+/ / L 2 ﬂp(sl,SQ)AlslAQSQ,

w(ty, t2) w(s1, 82)
hence for the function v defined by the right hand side of the previous inequality we have

821) (tl, tg)
A1151A2152 w(ty, t2)

q
W (t, ta) < a(ty, to)wr ™ (tr, t2)v(tr, ta).

Integrating both sides we deduce that the function v satisfies the following inequality:

t1 to
v(ty,te) <1 +/ / a(sl,SQ)le(sl, S9)v(81, S2)A181Ag8s.
al as

B =

Aplying theorem 2213 for v and using u(t1,t2) < (w(ty, ta)v(ty, t2))

we obtain (2.3.6).
U

Remark 2.3.4. If w > 0, we can replace w with w. = w + € and then consider € — 0.

Remark 2.3.5. Due to Theorem 2.2.14] the estimation in Theorem 2.3.3]is better than the
estimation in Theorem 2.3.11

Using the same argument as in the previous theorem we obtain the following result:
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Theorem 2.3.6 (Sz. Andrds and A. Mészaros - [9]). Let u(ty,t2), w(ty, ta), a(ty,ta) €
C(D,RY), withw(ty, t2) and a(ty, ts) nondecreasing in each of the variables and g(t, to, 51, S2) €
C(S,RY), where S = {(t1,t2,51,52) € D x D :ay < 51 < ty,a3 < 89 < o} and g is non-
decreasing in the first two variables. If p and q are two positive real numbers such that

p > q and u satisfies the condition

t1 to
u (ty,t2) < w(ty, ta) + a(t1,t2)/ / g(t1, 2, 51, 52)u(s1, 52) A151 0959, (2.3.7)
al as

for (t1,t2) € D, then

1
1 t1 to P
U(tl,tg) S U)p(tl,tg) |i1 +a(t1,t2)/ / g(tl,tg,Sl,82)H(t1,t2,81,82)A181A282 s
a1 a2
(2.3.8)
where
_ -t
H(ty, tay 1, 82) = wr (s, 82)6];%32)a(tl777)g(t1,t2,t1777)w%71(t1777)A277(t170-1(81>>’
(tl,tg) eD.

Remark 2.3.7. Due to Theorem 2.2.18 the estimation of the Theorem [2.3.6] is better than
the estimation from Theorem [2.3.2]

Remark 2.3.8. Theorem 2.3.3] and Theorem [2.3.6] generalize and extend to time scales
Theorem 2.1, Theorem 2.2 and Theorem 2.3. from [I§].

2.4 Applications and examples

In what follows we present an application and two examples for Theorem 2.2.13] (see [9]).
Let us consider the the following partial delta dynamic equation

82U(t1, tg)

=F 241
i = Flt o ult ) (241)

on the domain D, equipped with the initial conditions
U(tl,ag) = gl(t1>, u(al,t2) = gg(t2),Vt1 S ﬁ‘l, t2 S Tg (242)

where F' € C(D x R, R), g1 € C(T1,RY), g2 € C(Ty,RY) and gy and g, are nonde-
creasing.
If we assume, that F' satisfies the inequality

F(tl,tg,u) < f(tl,tg)u, V(tl,tg) € D, u € C(D,Ra—), (243)

for a given function f € C'(D,Ry), which is nondecreasing in both of its variables.
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Theorem 2.4.1 (Sz. Andras and A. Mészéros - [9]). If u is the solution of the initial value
problem (ZZAI)-Z4A2) and the previous assumptions hold, then u satisfies the inequality

u(ty, tz) <gi(ti) + ga(t2)+

t1 to
+ //f(sl, 82) (91(51) + 92(52)) 6ft2(\ )f(tl,n)Azn(tl’01(51))A151A252' (244)

Proof. Tf u(ty, ts) is a solution of the initial value problem (24.1))-([2.4.2)), then it satisfies
the equation

t1 to
u(ty, t2) = g1(t1) + g2(t2) + / / F(s1,592,u(s1,52)) A151A955.
a1 Jas
From (2:43]) we have
t1 to
u(ty, ta) < g1(t1) + ga(t2) + / / J (51, 82)u(s1, 52)A151Ag5s.
a1 Jas
Hence Theorem can be applied for w(ty,t3) := g1(t1) + go(t2), a(ty, t2) := f(t1,t2),

V(t1,t2) € D and implies inequality (2.4.7]). O

Remark 2.4.2. Using the previous theorem we can study also other properties of the
solutions for the initial value problem (2.4.1))-(2.4.2)) (existence, uniqueness, continuity,
etc.). Moreover the same technique can be applied to a wide range of problems. If we

replace (Z4.1)-([2.4.2) with

82up(t1 tg)
" = F(ty,t t1,t 2.4.5
AQtQAltl ( 1, 27u( 1, 2)) ( )
on the domain D, and the initial conditions

Up(tl,CLQ) = gl(t1>, up(al,tg) = gg(t2),Vt1 c Tl, t2 S Tg (246)
where we assume the same regularity conditions F, g1, g2, and also

F(ty,tg,u) < f(ty,t2)ud, Y(t1,ts) € D, u € C(D,RY), (2.4.7)

for a fixed positive real numbers p and ¢ with p > ¢, we could have a similar estimate for
the solution u of the initial value problem (Z4.0)-(2Z4.0), using our result form Theorem
2.9.3l

Example 2.4.3 ([9]). If T, :=R, Ty =R, a =1 and w = 1, than by applying Theorem
we obtain

t1 to
U(tl, tg) Sl + / / exXp ((tl - 81)(t2 - 52)) d82d81
0 0

o (tltg)k+1
=By Tt
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On the other hand, if we use the estimate from Theorem 2.2.1] we have

o

t1t2

u(ty, tz) < exp(tita) ]

k=0

It is clear that the difference between the two estimates increases exponentially and the
ratio of the estimates tends to 0 as x tends to co. In order to obtain also a numerical com-
parison between the two estimates we calculated numerically the values of the difference
ho(t1,t2) — hi(t1,t2) on a grid with node points

O0=tio<tig < - <tip-1 <tlin=3.5,

0=1tg0 <tlo1 < <typ_1 <lan=3.5,
where At; = Aty = 0.5 and

t1 to
hl(tl, tg) =1 + / / exXp ((tl — 81)(t2 — 82)) dSQdSl,
0 0

hg(tl, tg) = exp(tth).

| t\tJOJoOo5 ] 1 [ 15 ] 2 | 25 | 3 | 35 |
0 Jo[ 0 0 0 0 0 0 0
05 [[0]0.01] 007|019 ] 040 [ 070 | 1.16 1.80
1 [J0]007] 040 [ 1.16 | 270 | 5.60 | 10.82 20.02
15 [J0[0.19] 1.16 | 3.93 | 10.82 | 26.90 | 63.16 143.4
2 [J0[040] 270 | 10.82 | 35.93 | 109.41 [ 318.81 |  906.65
25 [0]0.70 [ 5.60 | 26.90 | 109.41 | 414.74 | 1520.2 |  5476.4
3 [0[116]10.82]63.16 | 318.81 | 1520.2 | 7067 32434
35 [ 0]1.80]20.02]143.4|906.65 | 56476.4 | 32434 | 1.9021e+05

These numerical results show that the estimation from Theorem 2.2.13] are much
sharper than the estimation from Theorem 2211

Example 2.4.4 ([9]). If T, :=Z, Ty = Z and a = 1, w = 1, then for the solution of the

inequality
m—1n—1

u(m,n) <1 +ZZu

s=0 t=0

we obtain (by applying Theorem 2.2.13)) the estimation
u(m,n) <14+m-n™'
For the same functions from Theorem 2.2.1] we deduce
u(m,n) < (1+n)™.

Due to the binomial theorem the first estimation is much sharper than the second one.
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Chapter 3

Ulam-Hyers stability of dynamical
equations on time scales

In this chapter we change a little bit the subject, but we will follow mainly the same rout,
the operatorial approach. We will give another application of the Picard operators, i.e.
the Ulam-Hyres stability of dynamical- and integral equations on time scales.

The definitions of Ulam-Hyers stability in the Introduction show that on an unbounded
interval the Ulam-Hyers stability of the differential equation is not equivalent with the
Ulam-Hyers stability of the corresponding integral equation (which is a fixed point prob-
lem), while on a bounded interval these two notions are the same.

So we remark that the usual operatorial technique with the Picard operators cannot
be used in the usual way, when the domains of the dynamical equations are not bounded,
in this case we will use some direct methods.

We will present some recent results from the paper [10].

Our results extend some recent results from [31],[32], [16], [29], [26] to dynamic equa-
tions and are more general than the results from [6].

3.1 Linear dynamic equations with constant coeffi-
cients

First we recall some examples regarding Ulam-Hyers stability of differential, difference
and dynamic equations.

Example 3.1.1. ([I6]) The differential equation ' = ay,a € R is Ulam-Hyers stable if
and only if a # 0. Moreover, the equation

n

Y =3 a0,

k=1

where a; € R, 1 < j < n is Ulam-Hyers stable if and only if the roots of the corresponding
characteristic equation are nonzero.
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Example 3.1.2. ([32]) The difference equation y,+1 = ay,,a € R is Ulam-Hyers stable
if and only if |a| # 1. Moreover, the equation
p—1
Yntp = Z ArYn+k,
k=0
where ap € R,0 < k < p — 1 is Ulam-Hyers stable if and only if the modulus of the roots
of the corresponding characteristic equation are different from 1.

Example 3.1.3. If T = {to,tl, coytn, . b owith tg = 1, p(tyy) = (2J+2 e and pu(te;—1) =

2 — T +1 —1_ then the equation y® = —y is not Ulam-Hyers stable.

These (and also other) examples shows that the Ulam-Hyers stability of linear dynam-
ical equations with constant coefficients on a timescale T is closely related to the behavior
of the exponential functions defined on T. Moreover, this behavior is connected also with
the inner structure of the timescale, not only with the constants (or functions) defining
the exponential functions. For this reason we formulate our results in terms of the asymp-
totical behavior of the exponential functions and by some remarks we emphasize special
classes of constants, for which we have Ulam-Hyers stability. Let a € C be a complex
number and T a time scale. Consider the following conditions:

S1 |e,(t, to)| and ftl; leq(t,0(s))|As are bounded on [tg, 00)r;

S2 tllglo lea(t, to)| = 00 and [ |eq(to, 0(s))|As < oo, for all t € [ty, 00);

S3 |eq(t,to)| is bounded on [ty, c0) and tlim fti lea(s, to)|As = 0o
—00

Remark 3.1.4. a) If T =R, and |a| # 0, one of the conditions S1 and S2 holds.

b) f T=7Z and a ¢ {— 2 ,0}, one of the conditions S1 and S2 holds.

c) lfto =1, pu(ty) = (2J+2 @z and p(taj—1) =2 — @ +1)2, then the exponential function
e_1(t,t9) changes sign on each interval [t;,¢;11] and condition S3 holds.

d) There are timescales T for which the modulus of some exponential functions has
arbitrary large and arbitrary small values on each interval [t, 00). In such a case none of
the previous conditions hold.

Theorem 3.1.5. Consider the following dynamic equation:

{ v3(t) = ay(t) (3.1.1)

If S1 or S2 holds, then the above equation is Ulam-Hyers stable on [tg, +00)r. The same
property is valid also for the inhomogeneous equation.

Theorem 3.1.6. Consider the following n'* order dynamic equation.:
{ ya) — Ifjl ary®® =0 (3.1.2)
Denote by A\, Ag, ...\ the roots of the cha_mcteristic equation
r’t — Zn: aprF =0
k=1

If 14+ p(t)A; # 0,Vt € T for all 1 < j < n, and for each \; S1 or S2 is verified, then
equation (3.1.2) is Ulam-Hyers stable on [ty, +00)r.
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Remark 3.1.7. If a > 0, the exponential function e, (¢, o) is positive, hence the integrals in
S1, S2 and S3 can be calculated effectively. In this case equation BT Tlis always Ulam-Hyers
stable. If a = 0, the equation y*(¢) = 0 has only constant solution, while the perturbed
equation y>(t) = ¢ has the solution y(t) = y(to) +<(t —to), hence the equation B.I.1]is not
Ulam-Hyers stable. The same example shows that if at least one of the roots Ay, Ag, ..., A\,
is 0, then the equation is not Ulam-Hyers stable. The condition 1+ p(t)a # 0 (and
1+ pu(t)A; # 0,1 < j <n)is necessary for the existence of the corresponding exponential
function(s).

Remark 3.1.8. The previous theorems are an extension (a unified formulation) of the
results from [31], [16], [26] and [32]. In [32] the critical value seems to be 1, but this is
only because the equation is in the form %,.; = ay, which is y® = (a — 1)y.

Proof of theorem [3.1.3. The solution of the equation B.1.1] is
y(t) = yoea(t, to)- (3.1.3)
The solution of the perturbed equation
22 (1) = az(t) + h(t), (3.1.4)

can be represented as

2(t) = zpeq(t, to) +/ h(s)eq(t,o(s))As. (3.1.5)

to

We need to estimate the difference between y(t) and z(t), if |h(t)| < e, Vt € T.
Case 1. If S1 holds, we have

12(t) — y(t)| = | (20 — Wo)eal(t, to) + / h(s)eq(t,o(s))As| <

to

ﬂ%—%»mwmuglmwdmm&

These inequalities imply that if M; > 0 is an upper bound for |e,(¢,tp)| and My > 0 an
upper bound for ftz lea(t, o(s))As|, then by choosing yo such that |yy — 20| < &, we have
ly(t) — 2(t)| < e(My + My), for all t € [tg, 00)T.
Remark 3.1.9. If T =R and a < 0, this situation occurs.

Case 2. If S2 holds a # 0 and we have

|2(t) — y(t)| = ’(Zo — Yo)ea(t, to) +/ h(S)ea(t,a(S))AS‘ <

to

%—m+/h@%%vwms

to

< lea(t;to)]
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From condition S2 we deduce that the improper integral ftzo h(s)eq(to, o(s))As is ab-
solutely convergent, hence it is also convergent. If we choose

Yo = 2o + /OO h(s)eq(to, o(s))As,

to

we have 00
20—y < e ealtt0) [ ealto, (s s,
t
But . o)
1 —a
As = —— As =
/€a(t0a0(3)) S a/(l_’_[u(s)CL)ea(S,t(]) s
+ t
LY PR S S
a Si{goea(suto) ealt o) | aeq(t,to)’
SO

|wwmw§§Tw6mm>

and the equation B.1.1]is Ulam-Hyers stable.
Remark 3.1.10. f T=R and a > 0, or T = Z and a > 1 this situation occurs.
U

Remark 3.1.11. If we consider the inhomogeneous equation y® = ay+ f and the perturbed
equation z® = az + f + h, the difference of the solutions is not depending on f, so the
Ulam-Hyers stability automatically is transferred to the inhomogeneous equation.

Proof of the theorem [31.0. If y is a solution of the equation
P20 3 0 = hit
k=1

and )\, is a root of the corresponding characteristic equation, then the function z =
y' — A\, -y is satisfying an (n—1)" order inhomogeneous equation with constant coefficients
for which the roots of the characteristic equations are \q, ..., \,_; and the inhomogeneity
is the same. Hence by an inductive argument there exists a solution y; of the corresponding
homogeneous equation and a constant ¢y, such that |z(t) — y1 ()| < ¢1 - €, Vt € [tg, 00).
Applying Theorem for the inhomogeneous equation 3’ — A,y = vy, we deduce the
existence of a function y, with the properties y5* = A\yyo + 41 and |y — 42| < co - 18, Vt €
[to, 00). But 3, being the solution of the (n — 1) order equation ¥, is the solution of the
initial n'* order equation, so we have the Ulam-Hyers stability of the initial equation. [

28



3.2 Ulam-Hyers stability of some integral equations

In this section we study the Ulam-Hyers stability of the integral equation

t1 to t1
U(tl, tg) = w(tl, tg) —+ / / a(sl, 32)u(51, Sg)AlSlAQSQ + / b(Sl, tg)u(sl, t2)A181,
a1 Jaz

al
(3.2.1)
and of the more general equation

u(t) = w(t) +/ ar(s1)u(sy)As+

/ / u(s9)AsyAsy + - - / / / w(sn)As, . .. Asy.

Equations of this types appear when we transform higher order dynamic equations
to fixed point problems, hence the Ulam-Hyers stability of these equations also provides
information on the Ulam-Hyers stability of the dynamic equations. The main difference
consists in the fact that using integral equations, the Ulam-Hyers stability is obtained in
a well chosen metric space, neither the conditions, nor the conclusions of these theorems
are not the same as in the classical framework (the closeness of the approximative solution
and the exact solution is not measured in the classical sense).

We assume, that the reader is already familiar with all the notions about the time
scale calculus recalled in the previous chapter. We also will use the Bielecki type metrics
introduced in the previous chapter.

For the simplicity of notation in what follows we use again the following notations:
X = C([ar, o1(br)]r, x [a2,02(b2)]1,, R), D1 = a1, 01(b1)]r,, D2 = [az, 02(b2)]r,

Using the Lemma we obtain the following results:

Theorem 3.2.1. Let w,a,b € X, 01(b1) < 00, 05(be) < 0o. Then the integral equation

t1

t1 to
U(tl, tg) = w(tl, tg) + / / a(sl, 32)u(51, Sg)AlSlAQSQ + / b(Sl, tg)u(sl, t2)A181,
al a2 a

1
(3.2.2)
1s Ulam-Hyers stable on Dy x Ds.

Proof. Using the notations from the proof of Theorem 2.2.4] we have M; < oo and
M, < o0, so the operator defined as

t1 to t1
A(u)(tl, tg) = w(tl, tg) -+ / / CL(Sl, 32)u(51, 82)A181A282 + / b(Sl, tQ)U(Sl, tg)AlSl,

al
(3.2.3)
is a contraction with the positive constant ¢ := Ml+é”®, if we choose «, 3 such that ¢ < 1.

From the Lemma [0.2.5] we deduce that our operator A is a c-weakly PO with the positive

constant ¢4 = Wﬁﬁ% and from Theorem [0.2.3] we obtain the Ulam-Hyers stability of
the equation (3.2.2]). O
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Using a similar argument we obtain the Ulam-Hyers stability of a more general integral
equation.

Theorem 3.2.2. Let w,a,b € X, 01(by) < 00,05(bs) < 0o. Further let be the functions
f,9 € C(D1x Dy xR, R) with a Lipschitz property in their last variables. Then the integral
equation

t1 to
u(tl,tg) = w(tl,t2)+/ / CL(Sl,Sg)f(Sl,SQ,U(Sl,Sg))AlslAQSQ
al a2

t1
_'_/ b(817t2>g(817t27u(817t2>)A1817

ail
1s Ulam-Hyers stable on Dy X Ds.

As a consequence we give the following results for second order dynamic equations
with constant coefficients.

Theorem 3.2.3. For the real constants ¢; and cy we consider the second-order linear
dynamic equation
22 () + cya® () + cox(t) = 0, (3.2.4)

on a time scale interval |a, bly. This equation is always Ulam-Hyers stable on [a, b]r.

Proof. We integrate the equation (3.:24)) from a to ¢ and we have:

t

z2(t) — 22(a) + er(x(t) — z(a)) + cz/ z(s)As = 0.

a
Now we integrate once again this equation from a to ¢, and renaming the variables we
get:

2(t) =z(a) — (22(a) + c1z(a)) a + (2% (a) + c1z(a)) t—

—c /: /as 2(§)AEAs — ¢ /atx(s)As

Using the function w(t) := z(a) — (z%(a) + c1z(a)) a + (2*(a) + c12(a)) t, we define
the operator on C|a, b|t

A(z)(t) = w(t) — e /at /as 2(§)AEAs — ¢ /atx(s)As. (3.2.5)

Equation B.2.4] is equivalent to the equation Az = z, so theorem [B.2.1] can be applied
to obtain the Ulam-Hyers stability of the fixed point equation derived from A. Due to the
equivalent transformations of ([B.2.4]), the boundedness of the interval and the boundedness
of the exponential functions we also have the Ulam-Hyers stability of the dynamical

equation [3.2.4] O
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Theorem 3.2.4. Let p,q, f € Cy4la,blr and consider the following second-order inhomo-
geneous delta dynamic equation with variable coefficients:

AR + p()x™(t) + q)x(t) = f(t), t € [a,b]r. (3.2.6)

If p is A differentiable and p = p° on its domain, then the dynamic equation (3.2.6])
1s Ulam-Hyers stable.

Proof. We use the same idea as in the proof of Theorem B.2.3] what is, we want to
construct an integral operator and we prove that it is c-weakly PO.
So we integrate [3.2.6] from a to t:

22 (t) — 2™ (a) + /atp(s):vA(s)As + /:q(s)at(s)As = /: f(s)As

Furthermore with partial integration using that p = p” we have:

£3(t) — 2(a) + p(t)z(t) — pla)r(a) - / P ()2(s) As + / 4(s)x(s)As = / f(5)As

Integrating once more from a to ¢ and arrange the terms we get:

2(t) =(a) + (°(a) + p(@)z(a)) (t — a) + / / CFO)AEAS

[ ] 0@ - a@)a@acas - [ psrwas

So with w(t) := x(a) + (v2(a) + pla)z(a)) (t — a) + [, [ f(€)AEAs we define the
operator A on Cla, blr as it follows:

Alx)(t) = wlt) + / / (120 — 4(6) w(©)AEAs — / p(s)(s)As.

By applying Theorem [3.2.1] we obtain the Ulam-Hyers stability of the fixed point equation
generated by A. Due to the boundedness of the interval and of the exponential functions
we also obtain the Ulam-Hyers stability of the equation (3.2.6]). O

Remark 3.2.5. Theorem and Theorem [B.24] can be obtained also without using
Theorem [3.2.1] by using directly and a metric space with functions having only one
variable (see the proof of Theorem [B.2.6]). These results are more general than Theorem
1.5. in [6].

Theorem and Theorem B.2.4] can also be generalized in order to imply the Ulam-
Hyers stability of linear delta dynamic equations of order n.

Theorem 3.2.6. Let w,ay,as,...,a, € Cla,o(b)|r, 0(b) < co. Then the integral equation

) =)+ [ anlsulon) s + / / an(s2)u(s2) Aso s,

S

is Ulam-Hyers stable on [a,o(b)]r.
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Proof. In the proof we use the same idea as in the proof of the Theorem B.2.1], based on a
one dimensional Bielecki type metric and norm in order to prove the contractive property
of the defined operator. Let us define the integral operator A : Cla, o(b)]r — Cla, o(b)]r,
by

MW@Iw@+/%MM(aA&+//ﬁ@Sz@ﬁMﬁ&

/ / / U(5p)Asy ... Asy,

The functions ay,as,...,a, € Cla,o(b)]r, so there exist positive real constants M; <
00, ..., M, < oo such that |ai(t)| < My, ..., |a,(t)] < M,, for all t € [a,0(b)|r. If u,v €
Cla,o(b)]r, we have

[A(u)(t) = A(v) (@)l §M1/ u(s1) = v(s1)|As1+

t s1
+ M2/ / |u(32) - U(82)|A82A31 4+t

t s1 Sn—1
+Mn/ / / u(sn) — 0(5)|Asn .. Asy.

eq(t,a)
o2

My M, M,
:Hu_vHaea(t,a) —_'_—_'_'.'—i_ﬁ .

ea(t, a) ealt,a)

an

< Milu = vfa

+ Ms||u — v||q

+ -+ My||lu—v||a

Now we divide the inequality by the positive function e, (¢, a) and taking the supremum
over t € [a,o(b)]r we have

My M M,
Alu) — A Z|u—vllog| —F+F—++ — 3.2.7
1400) =A@l <= oo (52 + 52404 22) (327
Let M := max{Mj, My, ..., M,} and so we get
11— = M
4G = AWl < lu— ol M2 < a2 G2

07

If % < 1, the operator A is a contraction, and due to Lemma we have the c-
weakly PO property of A. Moreover we also obtain the Ulam-Hyers stability of the integral
equation and this implies the Ulam-Hyers stability of the n'" order dynamic equation with
constant coefficients (because of the boundedness of the interval and of the exponential

function e, (t,a)). O

We can generalize the Theorem [3.2.6] in the following way:
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Theorem 3.2.7. Let Ty, Ty, ..., T, be arbitrary time scales and

[0,1, O'l(bl)]']fl C Tl, ey [an, O-n(bn)]']l'n C Tn

time scale intervals such that o1(by) < 00, ...,0,(b,) < 00. Denote Y := C([ay, 01(b1)]T, X
- X [an, o0 (bn)]r,, R).
Ifw, fi,..., fn €Y, the operator A:Y — Y defined by

t1
A(u)(tl, Ce ,tn) = w(tl, P ,tn) + / fl(Sl,tg, P ,tn)u(Sl,tg, P ,tn)A1$1+
al

t1 to
-+ / fg(Sl, S9, tg, e ,tn>u(81, 82,t3, . ,tn)AQSQAlsl “+ e+

1 a2
t1 to tn
—|—/ / / fu(S1, oy sp)u(st, .oy $n)Ansy ... A1sy
a1 as an

is a c-weakly PO, moreover the fixed point equation u = A(u) is Ulam-Hyers stable on
D1 X X Dn, where Dz = [aiaai(bi)]’ﬂ’i;i = 1, Lo, n.

The proof of this theorem uses a similar argument as the proof of Theorem B.2.3] and
is based on the norm

[l = sup (st .- 8n)l
Al yeees O $1€D1,...,sn€EDR €y (317 al) - €an(5m an)

(3.2.9)

for all w € Y. For this reason we omit the details.

3.3 Ulam-Hyers stability of linear delta dynamic sys-
tems

Here we study the Ulam-Hyers stability of linear delta dynamic systems
u®(t) = K(t)u(t) + F(t), (3.3.1)

where u(t) = (ui(t),...,un(t))", with uy,...,u, : D — R, K(t) = (kij (), ;-
a matrix of dimensions n x n, u®(t) = (uf(t),...,uﬁ(t))T, fi,-yfu : D — R and
Ft) = (f1(t), .. .,fn(t))T, on an arbitrary time scale interval D := [a,o(b)]r. We use

the one dimensional version of the Bielecki type metric (2.2.5]) for the function space
C(D,R™). With this metric d,, the space X = (C(D,R"),d,) is a Banach space.

Theorem 3.3.1. If the functions k;;, fi € Cra(D,R), Vi,j =1,...,n, then the equation
B3d) is Ulam-Hyers stable on D.

Proof. Without loss of generality we can assume, that u(a) = 0. Integrating the equation
B31) from a to t we have

u(t):/ K(s)u(s)As+/ F(s)As. (3.3.2)
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If we define the operator A : C(D,R") — C(D,R™) by

Au)(t) = / F(s)As + / K (s)u(s)As, (3.3.3)

we need to prove, that there exists a positive constant « such that A is a contraction
on X. k;i; € Crq(D,R™) implies that there exists a positive constant A < oo, such that
|| K (t)|| < M,Vt € D, where || - || is a matrix norm. If u,v € C(D,R"), we have

1A(u)(t) = A() )] S/ ||K(S)(U(S)—v(8))I|A8§/ [ (8)[[[[uls) = v(s)[|As

Hlu(s) — v(s)]]
< M/a Wea(s,a)As
M

< —{fu = tllacalt, )

Dividing the inequality by the positive function e, (¢, a), and taking the supremum over
t € D we have

1A~ AWl < s~ o]l

If & <1, the operator A is a contraction, so by the Lemma and Theorem [0.2.3]
we deduce the Ulam-Hyers stability of the fixed point equation v = A(u). Due to the
equivalent transformations, and the boundedness of the interval we also have the Ulam-
Hyers stability of the equation (3.3.1). O

Remark 3.3.2. The previous results show that on a bounded intervals the Ulam-Hyers
stability can be proved using a unified approach. On the other hand these results may
not be relevant on some timescales (such as Z). The theory of Picard operator can also
be applied on unbounded intervals, where the generated function spaces are gauge spaces,
but in generally we can establish only generalized Ulam-Hyers-Rassias stability and this
is not the aim of this thesis.
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Chapter 4

Ulam-Hyers stability of elliptic
PDEs in Sobolev spaces

In this chapter we would like to study the Ulam-Hyers stability of some linear and non-
linear elliptic PDEs, using eventually some tools from the previous chapters.

Later on we always assume, that we are working in bounded, open, connected domains
of R%, d > 2, with Lipschitz boundary.

We will see that in the case of the linear problems, the Ulam-Hyers stability does not
say much in plus, because it will be the consequence of some usual elliptic estimations,
using the Sobolev embedings, and some other usual inequalities as Poincaré’s and Cauchy-
Schwartz inequalities. While in the case of nonlinear problems the question of Ulam-Hyers
stability will be not so trivial.

But at first for the coherency of the thesis, we will present some well known results
about Lebesgue and Sobolev spaces and other tools, we will need later on.

4.1 Preliminaries from functional analysis

As we said before, in what it follows let @ C R% d > 2 a bounded, connected, open subset
of R? with Lipschitz boundary.
For a real number p € [1,+00) we define the Lebesgue space LP(Q2) as it follows

LP(Q) = {u Q= R‘ u is mesurable and (/ \u(x)|pdx) "< —i—oo}
Q
For p = +00, we have

L>(Q) = {u : 0 — R| w is mesurable and sup |u(z)| < +oo}

zeN

On these spaces we define the norms

lul[p = 4 Un le(@)Pde)?, i p € [1,400),
Supxeﬁ ‘U(CL’)L lf p = “+00.
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Remark 4.1.1. We remark, that actually the above defined Lebesgue spaces contain equiv-
alence classes, where two functions are equivalent, if the set where they do not coincide
has Lebesgue measure zero in R

It is also well known, that (LP(Q2),]|| - ||z») are Banach spaces for all p = [1, 4o00].

Remark 4.1.2. Previously we were used, and further we are using the integrations re-
spect to the Lebesgue measure on R more precisely we denote by dr = dL%(x), the
d-dimensional Lebesgue measure. This is natural of course.

We similarly define the Sobolev spaces WF»(Q), WE?(Q), H¥(Q), HE(Q) as it follows.

Whe = {u € LP(Q)‘Dau e L(Q),¥]a| < k}

Here « is a positive multi index and for a function u € LP(Q)) we denote by D%u its
derivative of order « in the sense of distributions. The ”power” k is a positive integer and
the p € [1, +o0].

We define a norm on the space W*P?(Q) as

1

ol [y = (Z\agk ||Dau||1£p> ", if p € [1, +00)
> jaj<k 1P| zee, if p=+o00

We can define the space Wg? () as the closure of the space of smooth functions with
compact support, C>°(Q) in WHP(Q) with respect to the || - ||yy+» norm. This definition
of WFP(Q) is equivalent to the space of functions from W*?(2) which are zero on 99 in
the trace sense.

By definition H*(Q) = W*2(Q) and HY(Q) = W?(Q).

We denote by W=F#'(Q) = (Wf’p(ﬂ))* , the topological dual space of Wf’p(ﬂ), where

P’ is a conjugate exponent of p, i.e. % + z% = 1. Clearly we have H~*(Q) = (H*(2))".

For a Banach space X and its topological dual X*, we denote the duality pairing
between X* and X by < -« >x+yx .

Remark 4.1.3. It is well known, that all the above defined spaces endowed with their
norms are Banach spaces, and the spaces H*() and H}(Q) are Hilbert spaces. For finite
p we also have, that the spaces W*?(Q) are separable and if in addition p > 1 they are
also reflexive and uniformly convex.

For a very detailed study of the Sobolev spaces we recommend the book of Adams
and Fournier ([2]) and the book of H. Brezis ([15]).

We can also define Sobolev spaces with non-integer "power” k on the whole space R?,
with the help of Fourier transformation. An equivalent construction of these, so called
Besov spaces on bounded and unbounded domains can be done by interpolation methods
between Banach spaces. The very detailed construction of the Besov spaces can also be
found in the book of Adams, ([2]).

We present here some important well known theorems without proofs, which we will
use later on.
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Theorem 4.1.4 (Fredholm Alternative). Let H be a Hilbert space and K : H — H a
compact linear operator. Then the following alternative holds:

Either

(a) I + K is an isomorphism of H, that is for any v € H there is a unique u € H,
such that u + Ku = v and there is a ¢ > 0 independent of v such that ||u||g < ¢||v||u,

or

(b) ker(I + K') # {0}, that is, there is w € H \ {0}, such that u+ Ku = 0.

Here we denoted I : H — H, the identity operator on H.

Theorem 4.1.5 (Refined version of the Fredholm Alternative).
R(I + K) = (ker(I + K*))™,

where R(I + K) denotes the range of the operator I + K, while K* the adjoint operator
of K.

In other words, in case (a) the equation uw + Ku = v has a solution if and only if
Vh € ker(I + K*), we have (h,v)g = 0.

Moreover, ker(I + K) has the same dimension as ker(I + K*) so, in case (b) if v
satisfies Yh € ker(I + K*) : (v, h)g = 0, then the set of solutions u of u+ Ku = v is an
affine subspace of H of dimension dimker(I + K) = dimker(I + K*).

Remark 4.1.6. We remark, that in the special case of H}(£2), we can define a norm, which
is equivalent to the restriction of || - ||z norm to H}(Q2), because of Poincaré’s inequality.

So this norm is: )

lully = ([ 1vato)Par)”

Now let us define, what does it mean the Ulam-Hyers stability of an elliptic equation.
Let us take for example Poisson’s problem with homogeneous boundary conditions. We
will give the rigorous assumptions for the function space, domain, right hand side, etc.
later on.

Definition 4.1.7. Let us consider the problem:

—Au=f, in
{ u =0, on 0f). (4.1.1)

We say that the above equation is Ulam-Hyers stable, if there exists a positive constant
C such that for every ¢ > 0 and for each solution v of the problem:

—Av=Ff, inQ
{ v =20, on 0, (4.1.2)

where ||f — f|| < e, there exist a solution u of the original problem (EI.1]), such that
llu—v|| <C-e.

Remark 4.1.8. We can use this type of definition to define the Ulam-Hyers stability of
any type of elliptic PDE.
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Remark 4.1.9. We remark, that a well-known natural method in PDEs is to work with
some kind of week solutions, after when we got some results, concerning the existence,
uniqueness, etc. of these week solutions, with some regularity assumptions, we will have
information about the classical solutions. This is the situation also in case of Ulam-
Hyers stability. We will get at first results for week solutions, then with some regularity
argumentations these will hold also for classical solutions.

4.2 Linear problems

At first we study the stability in the Ulam-Hyers sense of some particular linear elliptic
PDESs, namely Poisson’s equation with Dirichlet and Neumann boundary conditions, and
then we will give more general results.

If we don’t say otherwise, we are using the assumptions mentioned in the previous
subsection.

Theorem 4.2.1. Let f € H '(Q). Then Poisson’s problem with Dirichlet boundary con-

ditions A £
—Au=f, in
{ u =20, on 0f) (4.2.1)

is Ulam-Hyers stable with respect to weak solutions in H} ().

We can prove this theorem in two ways. We can work with the abstract method of
Picard operators, or simply we can use just some elliptic estimations. However the second
approach is more simpler, we will give the other proof in details too, because we can use
this idea also in the nonlinear case, or in cases, where the second method does not work.

First proof, with fixed point approach. The idea of the proof is to construct a fixed point
equation as (L2Z]]), then try to prove, that the operator is c-weakly Picard, finally we can
conclude by the Theorem the Ulam-Hyers stability of the desired problem.

At first we remark, that it is well known due to Riesz’s representation theorem, that
the problem ([£2.1)) has a unique weak solution in H} ().

We define an abstract operator as follows. Let A : H}(Q2) — HL(Q), which associates
to an input v € H} () the unique weak solution of the modified problem

{ —Au+du=f+ v, in Q (4.2.2)

u =0, on 052

where A > 0 is a positive real constant to be chosen small enough. We will give the precise
assumptions to the \ later.

By Riesz’s representation theorem it is obvious again, that for any input v € H}(2)
the problem (£.2.2) has a unique weak solution in H{(€2), due to the fact that the right
hand side is an element in H~1(Q2) (because for bounded domains, we can use a Sobolev
embedding theorem, since there exists a continuous and compact embedding Hg () —
L*(Q) and L*(Q) € H~'(Q).) Hence the operator A is well defined.

Next we are going to prove, that A is a c-weakly Picard operator. Actually we can
prove a stronger fact, namely that it is a contraction.
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Let us write the weak formulation of the problem (£2.2)) and prove the claim. The
problem (£2.2)) is equivalent to

/Q Vu(z)-Vo(z)do+ A /

[ we)plw)ts =< 1.0 > vapmmo + / o(z)p(x)de, (4.2.3)

Q

Vo € HL Q).
Now we take two input functions vy, vy € H}(Q), and by definition let u; = A(v;),i =
1,2 the unique weak solutions of (£2.2). Our aim is to give an approximation to ||lu; —

us| ‘H&-

We write the corresponding weak formulations for vy, u; and vs, us and take the dif-
ference. Without the loss of the generality we can use the same test function ¢ € H}(Q)
in both formulations. Hence we will have:

/QV(ul —uy)(x) - Vo(z)dr + A /Q(ul — ug)(x)p(z)dr = )\/(vl — o) (x)p(x)dz,

Q

Vo € H(Q).

Now let ¢ = uy — us, so we have

/Q IV (uy — up)[2(2)dz + /\/Q luy — us|2(x)dz = A /Q(vl — o) (@) (w1 — us)(2)dz.

This implies, that

s = el < [ (0= )00 = o))
Using the Cauchy-Schwarz inequality for the right hand side, we have
[lur = wal[fn < Alfor = va| 2l |ur — ug|] 2.
Using twice Poincaré’s inequality we have
[|ur — wal[fn < A~ Ca - Collvr — va |yl — uz| |y

where Cg > 0 is the positive Poincaré constant, depending only on the geometry of 2,
and its value is actually Cq = /\%’ where \; > 0 is the least eigenvalue of —A on H}(Q).
Now dividing the inequality by ||ui — us||g1, we have

1A(v1) = A(v2) [y = llur — ual [y < A~ CQllvr — o[y

So if we choose A < é = A2, then the operator A is a contraction.

So by the Theorem and Theorem we have the Ulam-Hyers stability of
([E222)), hence the Ulam-Hyers stability of (£.2.]). O
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Second proof using elliptic estimations. Let € > 0 be fixed. We consider the problem

{—szg, in

v =0, on 0f), (4.24)

where g € H™1(Q) and || f — g|| -1 < &. We know that the solution v exists and is unique
in H}(Q), so is for the original problem (£2.1]), let us call this u. We want to show, that
there exists a positive constant C' > 0, independent of ¢, such that

= vl < Ce.

We subtract the two equations and write the weak formulation of this equation, then
take as test function u — v € H}(Q). So we have

[ 19— << = gou= vy
Q
Now using an estimation for the right hand side, we will have
= vllg <
So the original problem is Ulam-Hyers stable. O

Now we study the stability of Poisson’s problem, with non homogeneous Dirichlet
boundary condition. We have the following result:

Theorem 4.2.2. Let f € HY(Q) and g € H2(0Q). Then Poisson’s problem with Dirich-

let boundary conditions
—Au=f, in
{ w=g. on 90 (4.2.5)

is Ulam-Hyers stable with respect to weak solutions in H* ().

Proof. 1f 09) is Lipschitz, we know by the trace theorem, that for any g € H %(Q) there
exits a function u, € H*(Q), such that the trace of u, is g.

On the other hand, we know by the maximum principle, that the problem (£.2.5]) has
at most one solution.

We pose w = u — ugy, and the problem (4.2.9)) is equivalent to

{ —Aw = f+ Aug, in )

w =0, on 0f2 (4.2.6)

So we transformed our problem with non homogeneous Dirichlet boundary condition
into one, with homogeneous boundary conditions.

Notice that, u, € H*(Q), so we do not have, that Au, € L*(Q), but we have that
Au, € H71(Q). So the right hand side is in H1(£2).

We also remark here, that it is well known, that the original problem (4.2.5) has a
unique weak solution, independent of the Dirichlet lift function w,.

By the Theorem .21l we have the Ulam-Hyers stability of the problem (£2:6]) and by
equivalent transformation, we will have the Ulam-Hyers stability of the original problem

E23). O
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Now we formulate some stability results for Poisson’s problem with Neumann bound-
ary conditions.

Theorem 4.2.3. Let f € L*(Q). Then the problem

{ SAu=f, in{) (4.2.7)

=0, on 02

is Ulam-Hyers stable with respect to weak solutions in H*(Q2)/R if and only if

/Qf(:c)da: = 0. (4.2.8)

Here g—z denotes the derivative of u with respect to the outer normal vector n, and this is
defined almost everywhere on 9Q. The space H'(Q)/R is the space of equivalence classes
on HY(Q), where two functions are in the same class, if their difference is a constant.

Proof. We know from the Fredholm Alternative theorem, that the problem (£.2.7)) has
weak solutions if and only if the compatibility condition (4.2.8]) holds. Also by this theorem
we know, that the affine solution space of this problem is of the form wuy + ¢, where
ug € H'() is a particular solution and ¢ € R is an arbitrary constant. Hence the problem
has a unique weak solution in the space H'(Q)/R.

We know that the above defined || - ||z norm is a norm on H'(Q)/R (because of the

Poincaré-Wirtinger inequality) and moreover (H LQ) /R, ||| Hé) is a Banach space.

In order to prove an Ulam-Hyers stability result for this problem, we use the same
technique, as in the proof of Theorem .21l So we modify the problem (£2.7) into

{ —Au+Au=f+ v, inQ

9u — on 02 (4.2.9)

where A > 0 is a small enough positive constant, we give more assumptions on it later
on and v € H'(Q).

We know from Riesz’s representation theorem, that for every v € H*(2), the problem
(EZ39) has a unique weak solution in H'(£2). We also observe, that if u is the solution of
(A29) for input v, that for an arbitrary constant ¢ € R, u + ¢ will be the unique solution
of (A.2.9) for the input v + ¢. This observation allows us, to define an operator

A:HYQ)/R — HY(Q)/R,

which for an input function v € H'(Q)/R corresponds the unique weak solution of ([E2.9)
in the same space. Hence this operator is well defined.

If we prove, that A is a c-weakly PO, then we are done, similarly to the proof of the
Theorem [1.2.7], i.e. we will have the Ulam-Hyers stability of the problem (A.2.7).

Here we also can prove a stronger fact, what is that the operator A is a contraction.

We write the weak formulation of the problem, what is Vo € H(Q) :

/QVU(ZE) : Vgp(z)da?jt)\/ﬂu(a:)go(x)dx = )\/Qv(:)s)gp(:v)daﬁt/gf(x)go(a:)d:v
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We are looking actually weak solution in the space H'(Q)/R and the operator A
also acts on this space, that is why we can take in the weak formulation test functions
Vo € HY(Q)/R.

Now we take two inputs v1, v, € H'(Q)/R and let u; = A(v;),i = 1,2. Without loss of
generality we can take the same test function ¢ for both equations, then after substraction
and taking ¢ := u; — ug, we have

/Q IV (ug — ug)(z)|*dx + A /Q(ul — ug)*(x)dx = )\/(vl — v9)(x)(ug — ug)(z)dx

)
Using Cauchy-Schwarz inequality to the right hand side of the equation we have:

|lur = s | g < Alfor — vaf| 2] |ua — us] 2.

On the space H'(Q)/R all the functions, which differ only by a constant are in the same
equivalence class, so they are equal an this space. Hence we have, that

||u1—uQ||§{é§)\Hv1—v2 |Q|/ dIH Hul Uy — |Q|/ d:z‘L

More precisely, in the step, when we took the input functions v; and v, and associated
the solutions w; and wuy, we change nothing if we take instead v; — ﬁ fQ v;(z)dr and

9 .

U — |—512‘ fQ u;(x)dx, i = 1,2. And taking these functions, we get the above inequality. Here
we denoted by || the d-dimensional Lebesgue measure of .
Using the Poincaré-Wirtinger inequality, we have

[|ur = wal[fn < ACGv1 = vo [y llur — wallay.
so we have
ur = uall gy < ACE||v1 — val |3,

where C is the Poincaré constant, depending only on the geometry of €.
And if A < 02 , then the operator A is a contraction, form where it follows the Ulam-

Hyers stability of the the problem (L27]). O
Remark 4.2.4. Of course, we can prove the Ulam-Hyers stability of this problem without
this operatorial approach, as in the case of the second proof of the Theorem [£.2.1

Now we will treat with the stability of Poisson’s problem with non homogeneous
Neumann boundary conditions.

Theorem 4.2.5. Let f € L*(Q) and g € Hz(0S).) Then the problem

—Au = f, in Q
{ o, / g (4.2.10)

is Ulam-Hyers stable with respect to weak solutions in H*(Q)/R if and only if

/Q fla)dz + /6 glo)do =0. (4.2.11)

Here we denote by fmg )do the d — 1 dimensional surface integral of the function g in
the Lebesgue sense.
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Proof. We know form Fredholm Alternative theorem, that the compatibility condition
(A217) is a necessary and sufficient condition which guarantees the existence of weak
solutions in the space H'(f2). Similarly to the previous theorem, we know that we have
uniqueness of the solutions in the space H'(Q)/R.

We also know, that there exits a function u, € H'(Q), such that 8“9 = g on 0. So
following a similar decomposition procedure as in the case of Theorem [4.2 - 2.2l and knowing
Theorem we can deduce the Ulam-Hyers stability of the problem (£.2.10). 0O

Now after these examples we show the Ulam-Hyers stability of general linear elliptic
problems.

We want to study the Ulam-Hyers stability with respect to weak solutions of the
problem in divergence form

{‘Z?,j:m%(%m () + Sl ) g o)+ el)ula) = f) mQ oo,
o on 0f2

The above equation is written for almost every x € ) and the boundary condition
also should be satisfied almost everywhere.

It is a well known consequence of the Lax-Milgram theorem, that if a;;, b;, c € L>(Q), Vi, j =
1,...d and the a;;’s satisfy a coercivity (or an ellipticity) condition, which is

36> 0: Z a;(2)E€7 > 6|€)?, Ve = (£Y,...,¢%) e R and Vz € Q, (4.2.13)

1,7=1

moreover if we take a constant g > 0 large enough, the modified problem, where in
problem [2T12) we take c¢(z) + p instead of ¢(x) has a unique weak solution in H}(2).
For the general case, when we don’t deal with a modified problem, but the original
ne, (£2.12)) by a consequence of the Fredholm Alternative theorem we should have some
compatibility condition to be satisfied, in order to guarantee the existence of the weak
solutions.
At first we will present a stability result for the modified problem.

Theorem 4.2.6. Let f € H Y(Q). We assume moreover, that the coefficients satisfy
aij,bi,c € L®(Q),Vi,j = 1,...,d and the coercivity property ([LZI3) holds. Then for a
large enough constant p > 0 the problem

{ — S (s () 2 (@) + S @) 2 (2) + (e(@) + ) u(z) = £ in O

u=20 on 0f)
(4.2.14)

is Ulam-Hyers stable with respect to weak solutions in Hg ().

Proof. We write the weak formulation of the problem ([£2.I4). For all p € H}(Q) test
function we write
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B, (u )—/ ia--%a—(p%—ib-% + (c+ p)uyp | dz
14 7%0 c— 0 ZJ&LU]‘ 8:6@ p 28262%0 /J“ 90

ij=1
=<f, ¢ >u-1xm -

At first we will show the well known result, i.e. the existence and uniqueness of weak
solution.

We defined the (not necessarily symmetric) bilinear form B, on the space H}(£2) X
HNQ).

In order to use the Lax-Milgram theorem, we need the continuity and coercivity of
B,.

The continuity it can be easily shown, since the coefficient functions are bounded.

We will show the coercivity. This procedure will be useful later on, for the stability
result.

Let us take ¢ = u, X := ||[Vul|r2 = |[ul[g, YV = [|u]|r2 and M = max; |[b;[ 1.

Then using the property (£2.13), we can write:

Bu(u,u) > 6X2 — MXY + (1 — ||c_|| =)V, (4.2.15)

where c_ is the negative part of the function c.
We consider
¢ X,Y) :=0X* - MXY + (1 — ||e_||p= )Y

If u > 0 is large enough, we have that the discriminant
A= M?—46(p — ||c_||z=) < 0,

hence there exists an o > 0 : ¢(X,Y) > «(X? + Y?). This implies that B, (u,u) >
o ullZs > o full2,.

So by the Lax-Milgram theorem we can conclude the existence and uniqueness of the
weak solution of the problem (A.2.14]).

Now we return to the proof of Ulam-Hyers stability of the problem (A.2.14).

Here we can work either with the operatorial approach or with the standard estima-
tions. We chose the second one.

So we want to study the stability of the following problem:

Bu(u, ) =< f, ¢ >g-1m, Yo € Hy(Q),
We want to show, that there exists a constant C' > 0 such that for all € > 0 and for
all g€ HY(Q), ||f — gllu— < &, there exists a solution of the problem

BM('Ua ()0) =<g,p >H*1><H3a VQP € H&(Q)’

such that |[u —v[|g < Ce.
We subtract the two equations and by the bi-linearity and coercivity of the form B,
and using as test function ¢ := u — v, we have

olfu— vl < Bulu—v,u—v) < [If — glla-sllu— vllm-
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From here we have

1
Ju— o[z < pa

i.e. the Ulam-Hyers stability of the original problem.
O

Remark 4.2.7. In the case of not a modified problem, i.e. when we do not have ¢+ p, but
only a ¢ function on the left hand side, as we mentioned, if some compatibility condition
is satisfied, we will have existence of the weak solutions. In this case we also will have
Ulam-Hyers stability, we omit these details.

Remark 4.2.8. We can consider general problems with more general boundary conditions,
for example some Robin type conditions, in this case we will also have Ulam-Hyers sta-
bility.

4.3 Nonlinear problems

In this section we would like to study the Ulam-Hyers stability of some nonlinear elliptic
problems. Let us take an example. We consider the following problem:

—Au(z) = f(z,u), in
{ u =20, on 0f). (4.3.1)

We remark that the equation is written for a.e. € Q. We study the Ulam-Hyers
stability of this problem, assuming some conditions to the function f. We will use some
operatorial techniques, because in the case of nonlinear problems this will be more con-
venient.

At first let us study the case, when f is Lipschitz continuous in the second variable.

Theorem 4.3.1. If f : Q2 xR — R is Lipschitz continuous in the second variable, with a
constant 0 < ¢ < C% such that
Q

|f(z,t) — f(z,8)| < |t —s|,Y(z,1),(z,5) € 2 xR, (4.3.2)

where Cq is the Poincaré constant, then the problem (31 is Ulam-Hyers stable in
Hy().

Proof. We will study a modified problem at first. Let A > 0 a constant (we will give the
precise assumptions to it later) and for a v € H}(2) define

{ —Au(z) — Mu(z) = —AAv(z) + f(z,v), inQ (4.3.3)

u =0, on 0f).
Let us take an operator A : H}(Q2) — H}(Q) which associates for an input v € H}(Q)
the unique solution of the problem ([£3.3). So we transformed our elliptic problem to a

fixed point problem. If we can prove that A is a c-weakly PO, then we will be done,
because we will have the Ulam-Hyers stability of the fixed point problem, hence of the
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original elliptic problem. (If we prove that A is a contraction, this would imply, that A is
c-weakly PO, and also that the elliptic problem has a unique solution).

Let us take two inputs v1,ve € HJ(€2) and let us denote the corresponding solutions
u; = Av;),i=1,2.

Writing the weak formulations and taking the difference, we will have

(1+)\)/QV(ul—u2)~V<p:>\/QV(v1—v2)-Vg0—|—/ (Fv) = T

Q
Vo € HL Q).
Now we will use some similar steps, as in the case of linear problems.
We choose ¢ := u; — uy and we will have:

cCq+ A
A1) = Al = llur = waf 7y < =

> ﬁ““l - U2||H3||U1 - U2||H3

Now dividing the inequality with the positive quantity [|ui — us||g1, and because of
c< 0—12 we will have, that the operator A is a contraction, hence a c-weakly PO.
Q

So from here we will have, that the problems (43.3) and (431 are Ulam-Hyers
stable. O

Remark 4.3.2. We will have the same result, if we replace f by an operator F': H}(Q) —
L?(2) with the property that

1F(u) = F(0)l]22 < clfu—vllgy, Yu, v € Hy(Q),

for a given 0 < ¢ < CLQ The only difference is the condition for the constant ¢, because in
this case we have to use just once Poincaré’s inequality.
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Chapter 5

Further research ideas. Conclusions

In this last chapter we present some further research possibilities and some final remarks
and conclusions.

The theory of Picard operators has many-many applications, some of these have been
presented in the previous chapters and we recommend also the study of the references. In
Mathematics (and of course also in other scientific fields) the obtained results naturally
generate always new questions, which could be studied more or less with the same ideas.
This is also the case of the presented results from the previous chapters. So we present
some of these (open) questions.

5.1 Further research possibilities

We divide these ideas in two little sections.

5.1.1 Stochastic integral inequalities and differential equations

One of the main topics would be the study of stochastic integral inequalities in the frame-
work of Picard operators. The aim would be at first to obtain the upper bounds for
stochastic Gronwall type inequalities, using the techniques presented in Chapter 1, i.e. to
construct a god notion of metric space (possibly Banach space) for stochastic processes,
in order to have a god notion of convergence. Then we can try to adapt some abstract
Gronwall inequalities to prove the existing stochastic Gronwall inequalities. Hopefully it
would be a god idea to extend the well-known Bielecki type metrics to stochastic processes
and try to work in spaces endowed with these type of metrics, norms.

Of course these results would help us to study some more general stochastic integral
inequalities, like Wendroft’s inequality. If we could adapt the theory of Picard operator
to stochastic processes, this fact would also allow us the study of Ulam-Hyers stability of
many type of stochastic ODEs and PDEs. By our best knowledge, there have not been
obtained yet any results regarding to the Ulam-Hyers stability of stochastic ODEs and
PDEs.

We present some known results from [3].

Let W (t),t > 0 be a standard Brownian motion on a probability space (€2, F,P) and
Fi,t > 0 be the natural filtration of F. For a positive number T', M3, [0, 7] denotes the
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set of all separable non-anticipative functions f(t) with respect to F; defined on [0, 7]

satisfying
T
E {/ f2(t)dt] < +00.
0

Theorem 5.1.1 ([3]). Assume that £(t) and n(t) belong to ME,[0,T). If there exist func-
tions a(t) and b(t) belonging to MZ,[0,T] such that

d b(s)dW 5.1.1
g0l <| [ atsyis+ [ woawes (5.L1)
and if there are nonnegative constants g, aq, By and By such that

|a(t)] < aoln(t)] + anl€(B)l,  [b()] < Boln(t)] + Bul€(?)] (5.1.2)

for 0 <t < T, then we have

E (€%(1)) < 4(apVt + By)* exp (415(041\/1_5 + 51)2) /Ot E (n°(s)) ds (5.1.3)

for0<t<T.

So we propose the study of these type of integral inequalities and its generalizations
in the framework of Picard operators.

5.1.2 Ulam-Hyers stability of other type of PDEs

As we have seen in Chapter 4, we gave some results for the Ulam-Hyers stability of
some linear and non-linear elliptic PDEs in a very general setting, i.e. in Sobolev spaces.
Further research ideas would be in this topic to study the stability of more general non-
linear problems, where the non-linear part is not Lipschitz continuous, but it has some
growth property. Moreover on could study the stability of of problems with more general
elliptic operators, which involve for example the p—Laplacian operator.

Another objective is to study the Ulam-Hyers stability of evolution equations (in-
cluding hyperbolic and parabolic problems) in Bochner spaces (time dependent Sobolev
spaces). This includes the study of linear and non-linear problems.

For example we can write a general problem, as follows.

{ Ou+ Au = 0, (5.1.4)

u(0) =ug € E,

where E is a Banach space and (A, D(A)) is an m—accretive operator. By the famous
Hille-Yosida theorem we know that by m—accretive property, (A, D(A)) generates a C°
semi-group of contractions (we can denote it by S(t) := e~4!), with the help of which we
can represent the solutions of (B.1.4]).
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A second objective in the topic of evolution equations would be the study of stability of
some nonlinear problems, namely the Ulam-Hyers stability of Hamilton-Jacobi equations
with respect to the viscosity solutions. A problem like this can be written as:

{ Ou+ H(t,u,Vu) =0, in [0,T] x Q, (5.1.5)

u(O) = Uy, n Q,

where the Hamiltonian H has some properties (for example convex).

So basically these are the main topics which could represent the basics of further
research in the theory of Ulam-Hyers stability of PDEs.

Of course we could continue our ideas listing many other type of problems, where we
could try to use the framework of Picard operator, but this is not our aim right now.

5.2 Final conclusions

In the present thesis we presented two basic type of applications of the theory of Picard
operators, developed by Prof. Ioan A. Rus. These are the use of abstract Gronwall lemmas
proving (and improving) well-known integral inequalities and secondly the study of the
Ulam-Hyers stability of different problems (in different setting).

In Chapter 1 we have obtained the best estimation for the well-known Wendroff’s
inequality in usual setting, i.e. for some continuous functions defined on closed interval
pairs of the real line. This results were motivated mainly by the work of A. Abdeldaim
and M. Yakout, who actually tried to give a best estimation to the mentioned inequality
in [I], but unfortunately in their paper were more essential errors, hence it was necessary
to construct new estimations and proofs. The obtained results were published in [§]. In
this paper we also studied some non-linear Wendroff-Bihari type inequalities.

In Chapter 2 we extended the obtained results from Chapter 1 to arbitrary time scales.
More precisely we gave improvements to recently obtained results by R. A. C. Ferreira and
D. F. M. Torres in [19]. Our proofs are more elegant and powerful in the sense, that we did
not use direct methods, but the theory of Picard operators and abstract Gronwall lemmas.
The advance of working on arbitrary time scales is that we obtain general results, because
time scale calculus unifies the usual continuous and discrete (¢—)calculus, for example
it allows to study differential- and difference equations in the same time. The obtained
results from this chapter were published in [9].

In the next chapter we studied the Ulam-Hyers stability of some dynamical equations
on arbitrary time scales. We obtained results for bounded time scale intervals and for un-
bounded ones as well. Here we pointed out that the application of Picard operators to the
Ulam-Hyers stability of problems defined on unbounded domains has some disadvantages,
it is more difficult to adapt to this case, so we used also some direct methods. Despite
this our results are more general than the results of D. R. Anderson in [6] and unifies
some results from the theory of differential- and difference equations. The results of this
chapter are submitted for publication.

Finally in the next chapter we showed some possible approaches to the Ulam-Hyers
stability of some elliptic PDEs in Sobolev spaces through Picard operators. We pointed
out here also that in the case of linear elliptic PDESs, the Ulam-Hyers stability does not say
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some extra information in plus, because it can be obtained just by some simple estima-
tions, using Sobolev embedding theorems, Poincaré’s inequality and the Cauchy-Schwartz
inequality (we are working on bounded, connected domains with Lipschitz boundary). So
in this case there is no need for Picard operators. While in the case of non-linear problems
in the present moment we are able to prove only some specific problems, more general
problems regarding to Ulam-Hyers stability are still open.
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