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ABSTRACT. The aim of this paper is to present ten research problems of the theory
of Gronwall lemmas. These problems are in relation with: concrete Gronwall lemmas,
abstract Gronwall lemmas, techniques of proof in concrete Gronwall lemmas, Picard and
weakly Picard operator theory, operatorial inequations, differential inequalities, integral
inequalities and applications of Gronwall lemmas.

1. INTRODUCTION

For to present our problems we need some standard notations of Nonlinear Analysis.

Let X be a nonempty set and A : X — X an operator. We denote:

PX)={Y CcX|Y #0}

A% =1y, Al := A, A"t := Ao A", n € N - the iterate operators of the operator A;

Fy:={x € X | A(z) = z} - the fixed point set of the operator A.

If (X, <) is an ordered set then:

(LF)4 :={x € X |z < A(z)} - the lower fixed point set of A;

(UF)g :=={x € X |z > A(z)} - the upper fixed point set of A.

The symbol, F4 = {z%}, has the following meaning: the operator A has a unique fixed
point and we denote this unique fixed point by z%.

In general, throughout this paper we follow the notation and terminology in I.A. Rus
[19] and [20].

2. PROBLEM 1

Let (X, <) be an ordered set and A : X — X be an operator.

Problem 1. If F4 = {z%}, in which conditions we have that:

(a)ze X,z <Ax) =z <zi?

b)yzeX,z>Ax) =2 >a%?

For to present a result for this problem we need the following notion.

Definition 2.1. (I.A. Rus [19]). Let (X, —) be an L-space. By definition an operator
A: X — X is a Picard operator if Fy = {z%} and A" (x) — =% as n — oo, for all x € X.

We have

Lemma 2.1. (Abstract Gronwall Lemma ([19]; see also [17] and [20])). Let (X, —, <)
be an ordered L-space and A : X — X an operator. We suppose that:

(i) A is a Picard operator (Fy = {z%});

(ii) A is an increasing operator.
Then we have:

(o) v € X, x <Ax) =z <a%;
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(b)xe X, z>Alx)=ax>a%.
Remark 2.1. It is clear that in the conditions of Lemma 2.1 we have that

(LF)s < 2% < (UF)a.

Remark 2.2. The Abstract Gronwall Lemma has as particular cases some abstract
Gronwall lemmas given by: K. Valeev, L. Losonczi, V.Ya. Stetsenko - M. Shaaban, V.
Lakshmikantham - S. Leela - A.A. Martynyuk, I.A. Rus, M. Zima,... (see I.A. Rus [19] and
[20], H. Amann [1], Sz. Andrés [3], D. Bainov and P. Simeonov [4], A. Buica [5], H. Heikkild
and V. Lakshmikantham [10], V. Lakshmikantham and S. Leela [11], V. Lakshmikantham,
S. Leela and A.A. Martynyuk [12], D.S. Mitrinovié¢, J.E. Pecari¢ and A.M. Fink [14], B.G.
Pachpatte [16], J. Schroder [23] and P. Ver Eecke [25]).

Remark 2.3. For a history of concrete Gronwall lemmas see T.M. Flett [8] and P. Ver
Eecke [25].

3. PROBLEM 2

Let (X, <) be an ordered set and A : X — X be an operator.

Problem 2. If F4 # (J, in which conditions there exists ¢ : X — Fl4 such that

(a) v < A(z) = = < p(x)?

(b) x > A(x) = x > ¢(x)?

For this problem we have the following partial result.

Lemma 3.1. (L.A. Rus [19]; see also [20]). Let (X,<,—) be an ordered L-space and
A: X — X be an operator. We suppose that:

(i) A is an weakly Picard operator, i.e., (A™(x))nen converges for allx € X and the limit
(which may depend on x) is a fixed point of A.

(ii) A is an increasing operator.
Then we have that:

(a) z < A(z) = o < A®(z) = nlirrgo A™(z);

(b) x > A(z) = x> A>(x).

For other results for Problem 2 see I.A. Rus [20].

Remark 3.1. If A: (X, —) — (X, —) is a weakly Picard operator then we consider the
operator A defined by A>*(x) := nl;rr;o A™(z). For some properties of A see [19].

4. PROBLEM 3

Let (X, <) be an ordered set and A, B: X — X two operators.

Problem 3. We suppose that Fiy = {z%}, Fig = {2} and A < B. In which conditions
we have that

< A(z) =z <zp?

Lemma 4.1. (Abstract Gronwall-comparison Lemma (I.A. Rus [20])). Let (X, —, <) be
an ordered L-space and A, B : X — X two operators. We suppose that:

(i) A and B are Picard operators;

(i) A is an increasing operator;

(iii) A < B.
Then:

< A(z) =z <z} <zp.

Remark 4.1. If in addition the operator B is increasing, then instead of condition (iii)
we can put the condition

(iil") z = A(z) = = < B(z).

Remark 4.2. In order to use the Abstract Gronwall Lemma for to have a concrete
Gronwall lemma we need to ”determine” the fixed point «*. If this is a difficult problem
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we choose an operator B, as in Lemma 4.1, for to have an upper bound for the solution x
of the inequation, < A(x).
Remark 4.3. For more considerations on the Problem 3 see [20].

5. PROBLEM 4

Let (X, <) be an ordered set and A, B: X — X be two operators.

Problem 4. we suppose that Fia # 0, Fg # () and A < B. In which conditions there
exists ¢ : X — Fp such that

x < A(zr) =z < ¢(x)?

For this problem we have:

Lemma 5.1. ([20]). Let (X,—,<) be an ordered L-space and A,B : X — X two
operators. We suppose that:

(i) A and B are weakly Picard operators;

(ii) A is an increasing operator;

(iii) A < B.
Then:

(a) 2 <y = A®(z) < B¥(y);

(b) x < A(z) = = < B¥(y).

For other results on the Problem 4 see [20], [4], [12], [14] and [25].

6. PROBLEM 5

The abstract Gronwall lemmas are very usefully for to give some concrete Gronwall
lemmas.

Example 6.1. Let a € R, § € Ry and ¢ € C([a,b],Ry) be given. Then if x € Cla, b] is
a solution of the inequation

b
() < oz—l—ﬁ/ W(s)z(s)ds, ¥ ¢ € [a, 1],
then ,
z(t) < aexp <[3/ w(s)d5> , Ve la,b].

Proof. If a > 0 then there is a direct proof for this well known Gronwall lemma. In

what follow we shall prove that it follows from Lemma 2.1.

Let (X, —, <) := (Cla, b, m, <), where | - ||~ is the Bielecki norm on Cfa,b], i.e., T is a

positive real number and
el = s (J(6) exp(=r(t — ).
We consider on X := C[a, b] the operator A : X — X defined by
A(z)(t) = a+ b’/t Y(s)x(s)ds, t€ la,b].
a
We remark that Fy = {z%}, where
% (t) = aexp <[3/t1/)(s)ds> , t€la,bl,
and A is a contraction with respect to || - ||, with 7 suitable chosen. On the other hand

(a < b)), z <y, x,y € Cla,b] imply that A(z) < A(y), i.e.,, A is an increasing operator.
The proof follow from Lemma 2.1.
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Example 6.2. ([16], p. 2 or [12], p. 6 or [6], p. 146). Let ¢,v € C([a,b],Ry) be
two functions. We suppose that ¢ is increasing. If x € C([a,b],Ry) is a solution of the
inequation

b
o0 < olt) + [ wl)a(s)ds, te fat]
then .
x(t) < p(t) exp (/ w(s)ds> , t€la,b.

In this case the corresponding operator, A : (Cla, b], m, <) — (Cla, b, m, <) is defined

by
A(z)(t) = p(t) + / b(s)x(s)ds, ¢ € [a,]

and is an increasing Picard operator, but the function

= et ( [ tw<s>ds)

is not a fixed point of the operator A. So, this result is not a consequence of Lemma 2.1.
In fact from Lemma 2.1 we have a better result, namely,

) <o)+ [ t (eevren ([ tw(é)d£)> ds.

By the above considerations we have
Problem 5. In which Gronwall lemmas the upper bounds are fixed points of the corre-
sponding operator A?

7. PROBLEM 6

Problem 6. If the answer in Problem 5 is yes, which of them are a consequence of some
abstract Gronwall lemmas?

Example 7.1. Specific Gronwall lemma ([22], p. 5 or [6], p. 147). Let € C([a,b],R4)
be such that

2(t) < 6ot — a) + 61 /tx(s)ds + 65, Yt [a,b]

where 61 > 0, 6o > 0 and d3 > 0 are real numbers. Then

z(t) < <g—j + 53) exp(01(t —a)) — g—j, Vte[a,b].

In this case we have:
(a) A(z)(t) := 82t — a) + & [, x(s)ds + 03, t € [a, b];
(b) Fs = {x%}, where

] ]
(1) = (5 + 0 ) exp(da(t —a)) = 2
(51 51
(c) the operator

A+ (Cla,b), M <) = (Cla,b), 5, <)

is an increasing Picard operator, for 7 suitable chosen.
So, the specific Gronwall lemma is a consequence of Lemma 2.1.
More general we have ([7], [9], [10], [16], [17],...):
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Theorem 7.1. Let x € C([a,b]) be such that

o0) < gle) + [ Ktos.a(s)ds, t€ oy

where:
(1) g € Cla,b], K € C(la,b] x [a,0] x R);
(i) there exists Lx > 0 such that

|K(t,s,u) — K(t,s,v)| < Lglu—v|, Vt,s€]lab], VuveR;

(1ii) K(t,s,-): R — R is increasing for all t,s € [a,b].
Then we have that:
(a) the equation

ot) =gl0) + [ Ktos.a(s)ds. t€ ol

has in Cla,b] a unique solution, x*;
(b) z(t) < z*(t), Vt € [a,b].
Theorem 7.2. Let x € Cla,b] be such that

b
z(t) < g(¢) +/ K(t,s,z(s))ds, te€]la,b,

where g and K are as in Theorem 7.1 and in addition we suppose that:
(iv) Lg(b—a) < 1.

Then we have that:
(a) the equation

x@:mwf/Kw&mw@,temw

has in Cla,b] a unique solution, x*;
(b) z(t) < z*(t), Yt € [a,b].

8. PROBLEM 7

Problem 7. If the answer in Problem 6 is negative, in which of them the corresponding
operator A is such that

FA ZFAn = {l‘*},

i.e., A is a Bessaga operator?
If yes, the problem is to find 7 — ” and ” <” on X such that

A (X, =, <) = (X, =, <)

is an increasing Picard operator.
In this case we have that
r<A(x)=>z<z*

and the upper bound z* is the best upper bound for the set (LF')4 of the lower fixed point
set of A.
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9. PROBLEM 8

Let (X, <) be an ordered set and A : X — X an operator with F4 = {z*}. In the case
in which we have some difficulties to determine z* the following problem arises.
Problem 8. Find some upper fixed points of the operator A, or some upper bounds for
xT*.
Example 9.1. ([18]). We have the following result
Theorem 9.1. Let F : [a,b] x C([a,b],R1) — Ry be a functional. We suppose that:
(Z) F(,J)) € Cl[a,b], fOT all z € C([a’ab]vR-i-);
(i) there exists ¢ € C([a,b] x Ry) such that
(F'(-2))'(t) = o(t,x(t), telab];
r=x(t)
(111) ¢(t,-) is increasing for all t € [a,b];
(w) (F(-,x)) (t) < ¢(t, z(t)) for all t € [a,b];
(v) there exists o € Ry such that
F(a,z) = «, for all x € C([a,b],Ry).
If x € C([a,b],Ry) is a solution of the inequation
x(t) < F(t,x), Yt € la,b],
and y € C'a, b is the mazimal solution of the Cauchy problem
y/(t) = ¢(t,y(t), tE€la,b],

y(a) = a,
then x < y.

Remark 9.1. For the differential inequalities and for the relations between differential
inequalities and integral inequalities see J. Szarski [24], W. Walter [26], H. Amann [1], D.
Bainov and P. Simeobov [4], V. Lakshmikantham and S. Leela [11], N. Lungu [13], A. Buica
[5], D.S. Mitrinovi¢, J.E. Pecari¢ and A.M. Fink [14] and the references therein.

10. THE LAST TWO PROBLEMS

With the above considerations in mind look to the following problems:

Problem 9. Give new concrete and abstract Gronwall lemmas.

Problem 10. Give new applications of the Gronwall lemmas.

In what follow we shall give an application of Gronwall lemma in Example 6.2, to study
the Hyers-Ulam-Rassias stability of an integral equation.

Let (B, |-]) be a real or complex Banach space, K : [a,b] X [a,b] xB — B and g : [a,b] — B.
We consider the following nonlinear Volterra integral equation

(10.1) x(t) = g(t) —I—/ K(t,s,xz(s))ds, t€[a,b].

We have the following stability result of Hyers-Ulam-Rassias type ([21]) for the equation
(10.1).

Theorem 10.1. We suppose that:

(i) K € C(a,8] X [0,5] x B,B), g € C([a, 8], B) and ¢ € C([a, b}, R );

(i) there exists Lx > 0 such that

|K(t,s,u) — K(t,s,v)| < Lg|u— v

for all t,s € [a,b] and u,v € B;

(iti) p is an increasing function.
Then:
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(a) The equation (10.1) has in C([a,b],B) a unique solution, x*;
(b) If x € C([a,b],B) is such that

x(t)—g(t)—/ K(t, 5, 2(s))ds| < o(t), ¥ ¢ € [a, 1],

then

lz(t) — a*(t)| < eLxC=Dp(t), V t € [a, b],
Proof. (a) It is a well known result ([7], [9], [17],...).
(b) We have

|z(t) — 2" ()] <

(1) — g(t) - / K (t, 5,2(s))ds

+/ K (L5, 2(s)) — K (£, 5,2"(s))|ds

¢
< p(t)+ LK/ |z(s) — a™(s)|ds.
a
From the Gronwall lemma in Example 6.2 it follows that
[2(t) — 2 (0] < (e, ¥t € [a,1]
Remark 10.1. For some applications of the Gronwall lemmas see [2]-[7], [9]-[26] and

the references therein.
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