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Fixed point theorems for maps on cones in
Fréchet spaces via the projective limit approach

Marléene Frigon

Dedicated to Professor Ioan A. Rus on the occasion of his 80th anniversary

Abstract. We present fixed point results for admissibly compact maps on cones
in Fréchet spaces. We first extend the Krasnosel’skii fixed point theorem with
order type cone-compression and cone-expansion conditions. Then, we extend
the monotone iterative method to this context. Finally, we present fixed point
results under a combination of the assumptions of the previous results. More
precisely, we combine a cone-compressing or cone-extending condition only on
one side of the boundary of an annulus with an assumption on the existence of
an upper fixed point. In addition, we show that the usual monotonicity condition
can be weaken.

Mathematics Subject Classification (2010): 47H10, 47HO04.

Keywords: Fixed point, Fréchet space, cone, fixed point index, cone-compressing
and cone-extending conditions, multivalued map, monotone iterative method.

1. Introduction

The classical Krasnosel’skii fixed point theorem is very well known and use-
ful, see [13, 14]. Assuming cone-compression and cone-expansion conditions on the
boundary of two nested bounded, neighborhoods of the origin relative to a cone, it
establishes the existence of nontrivial fixed points of maps on cones in Banach spaces.
Two types of cone-compression and cone-expansion conditions were considered: one
involving the norm and the other involving the order on the space induced by the cone.
This result was extended to Fréchet spaces in [1, 2, 12] using the fact that a Fréchet
space is the projective limit of a sequence of Banach spaces. All those generalizations
rely on at least one cone-compression condition involving the norm of the values of
maps on the relative boundary of suitable bounded, open sets in those Banach spaces.

On the other hand, the monotone iterative method is often applied to deduce
the existence of fixed points of nondecreasing maps f defined on closed intervals [, /]
in ordered Banach spaces, where « is a lower fized point of f (i.e. a < f(a)) and S is
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an upper fixed point of f (i.e. f(8) < ). The fixed points are obtained as the limits
of iterative sequences. This method was introduced by Amann [3] for single-valued
maps and extended to multivalued maps in [7].

In a series of papers, Cabada, Cid, Infante and their collaborators (see [4, 5, 6, 8,
10]) obtained many fixed point theorems on cones in Banach spaces by imposing cone-
compression or cone-extension conditions on the boundary relative to a cone of only
one bounded, neighborhood of the origin instead of two. The usual second condition
was replaced by assuming that the map f is nondecreasing (or nonincreasing) on a
suitable shell and by assuming the existence of an upper fixed point (or a lower fixed
point) instead of assuming the existence of both as in the monotone iterative method.

In this paper, we present fixed point results for maps on cones in Fréchet spaces.
In section 3, we extend the Krasnosel’skii fixed point theorem with order type cone-
compression and cone-expansion conditions instead of norm-type conditions. Our re-
sults will rely on the fixed point index theory for multivalued mapping in cones ob-
tained by Fitzpatrick and Petryshyn [9].

In section 4, we extend the monotone iterative method to Fréchet spaces. In
addition, we show that the monotonicity condition can be dropped. In that case, the
existence of a fixed point is still insured but some precision on its localization is lost.

Finally, in the last section, existence results are presented relying on one cone-
compression or cone-expansion condition combined with one condition of the type
upper fixed point or lower fixed point. It is not assumed that the cone is normal
or solid. Also, a condition weaker than monotonicity is imposed. Therefore, even in
the particular case where the Fréchet space is a Banach space, our results generalize
theorems due to Cabada, Cid and Infante [6].

Using the fact that a Fréchet space is the projective limit of a sequence of
Banach spaces, our results are presented for admissibly compact maps. This notion
was introduced in [11]. It is worthwhile to mention that our results could have been
presented for admissibly condensing maps or admissible maps satisfying a Leggett-
William type condition as in [1]. We first present some preliminaries on the fixed point
index for multivalued maps on closed, convex sets, then on Fréchet spaces, and finally
on admissibly compact maps.

2. Preliminaries

2.1. Fixed point index

In all this text, E denotes a Fréchet space endowed with a family of semi-norms
{I| - lln}nen- Let X, Y be subsets of F and F : X — Y a multivalued map with non-
empty closed values. The map F is compact if F(X) is relatively compact in Y it is
completely continuous if F(B) is relatively compact in Y for every B C X bounded.
It is upper semi-continuous (u.s.c.) if {x € X : F(x) N A # (0} is closed in Y for every
A closed in X.

Let C be a closed, convex set in E. For U a nonempty, open set in F, we denote
Uc=UNC,Uc=UnNC and cU = Us\Uc the boundary of U in C.
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In [9], Fitzpatrick and Petryshyn defined a fixed point index for upper semi-
continuous, condensing, multivalued maps F : Uc — C with nonempty, convex,
compact values such that F' has no fixed point on dcU. This fixed point index is
denoted i (F,U). Here is their Theorem 2.1 in the particular case of compact maps.

Theorem 2.1 ([9]). Let F : Uc — C be a compact, u.s.c., multivalued map with
nonempty, convex, compact values and such that © & F(x) for all x € OcU. Then,
the following statements hold:
(1) If ic(F,U) # 0, then F has a fixed point.
(2) If zo € Ug, then ic({xo},U) = 1, where {zo} denotes the constant map.
(3) If U = Uy U U, where Uy and Us are disjoint open sets and are such that
x & F(z) if ¢ € 0cU; UdcUs, then

ic(F,U) =ic(F,Uy) +ic(F,Us).

(4) If H : [0,1] x Uc — C is a compact, u.s.c., multivalued map with nonempty,
convezx, compact values and such that x & H(t,x) for all t € [0,1] and x € OcU,
then

ZC(H(L )7U) = ZC(H(Oa )7U)

By K, we denote a cone in E; that is a closed set such that, for every x,y € K
and every \,d > 0, Az +dy € K and K N (—K) = {0}. A cone K is called normal if,
for every n € N, there exists ¢, > 1 such that

llzlln < cnllylln for every z,y € K such that y — 2z € K.

Fitzpatrick and Petryshyn [9] obtained the following Krasnosel’skii type fixed
point result which relied on the previous theorem in the particular case where the
closed, convex set is a cone. Using the fact that a Fréchet space is metrizable, they
considered d a metric on E generating the same topology. For r > 0, let

Bi(zg,r) ={x € E:d(z,z0) <r} and Bg(zg,r)={x € E:d(z,z9) <7}
Again, their theorem is stated for compact maps instead of condensing maps.

Theorem 2.2 ([9]). Let r1,7r9 € (0,00), » = min{ry, 7o} and R = max{ry,r2}. Let K
be a cone in E and F : B4(0,R) N K — K a compact, u.s.c., multivalued map with

nonempty, convex, compact values satisfying the following conditions:
(i) (F(LIZ) — Q:) CKifxe 8KBd(0,7"1),'
(i) (z— F(z)) C K if z € OxB4(0,72);
(iii) there exists a continuous semi-norm p, non-vanishing on K, such that
(I — F)(B4(0,71) N K) is p-bounded.

Then, F has a fized point o € Bg(0, R)\Bg(0,r).

It could be difficult to apply this result to deduce the existence of solutions
to differential or integral equations on unbounded intervals. Indeed, in general, the
operator associated to the problem will not be compact on open sets. The problem is
that open sets in Fréchet spaces are big.
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Let us give an example. Let C'(R) be the space of continuous functions on the
real line and, for n € N, the semi-norm

[zlln = max |z(t)].
te[—n,n]

Endowed with the family of semi-norms {|| - ||, }nen, C(R) is a Fréchet space. Let
U C C(R) be a neighborhood of 0. Then, there exist ng € N and r > 0 such that
{r € C(R) : ||z||n, <7} CU.

Also, in this context, it could be more difficult to get non trivial fixed points. For
example, let

B(0,r) ={x € CR) : |z(t)] < r Vt € R}.
From the previous remark, B(0,7) has empty interior. Therefore, there exists a se-
quence {z,} in C(R) such that a,, — 0 and ||z,]|, > r for every n € N.

2.2. Fréchet spaces and projective limits

For sake of completeness, we recall some notations and properties of Fréchet
spaces presented in [11].
Let FE be a Fréchet space with the topology generated by a family of semi-norms
{ll - In}nen. In what follows, we will always assume that the following condition is
satisfied:
|z <||z|l2 <--- for every x € E. (2.1)
For# € E,r >0, R=(r1,79,...) € (0,00)Y and n € N, we denote
B, (z,r)={z € E: ||z — 2|, <t}
By(&,r)={z € E: |z — &, <r},
B(#,R)={z € E: ||z — &||n < r, Vn € N},

B(z,R)={z € E:|z—z&|, <r, Vn € N}

For X C F and n € N, we denote by diam,, the n-diameter of X induced by || - ||x;
that is,

diam,,(X) = sup{|jz — y|l» : z,y € X} € [0,00) U {c0}.
We say that X is bounded if there exists R € (0,00)" such that X C B(0, R); so,
diam,, (X) < oo for every n € N.
Remark 2.3. Observe that if £ is not a Banach space, then
(1) an open set in E is never bounded;

(2) a bounded set in E has empty interior.

The space E is the projective limit of a sequence of Banach spaces {E,, }. Indeed,
for each n € N, we write

x ~y,y ifand only if ||z —yl/, = 0. (2.2)

This defines an equivalence relation on E. We denote by E,, the completion of the
quotient space E/~;, with respect to || - ||, (the norm on E/~,, induced by || - ||,, and
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its extension to F, are still denoted by || - ||). This construction defines a continuous
map u, : E — E, such that

pn(z) = [2]n, (€. pn(®) = pnly) = T Y)

Similarly, for every m > n, we can define an equivalence relation on FE,,, still noted
~n, which defines a continuous map ft, m : Ep, = E,, since E,,,/~, can be regarded
as a subset of E,. So, E is the projective limit of {E,}.

For each subset X C E and each n € N, we set X,, = j,,(X), and we denote X,
and 0,X,, respectively the closure and the boundary of X,, with respect to || - |, in
E,.

The following lemma gives an important property of closed subsets of F.

Lemma 2.4 ([11]). Let E be a Fréchet space endowed with a family of semi-norms
satisfying Q.l), and let X be a closed subset of E. Then, for every sequence {zp}
with z, € X, such that for every n € N, {ptn.m(2m)}m>n s a Cauchy sequence in

X, there exists © € X such that {tn,m(2m)}m>n converges to p,(x) € X, for every
n € N.
For every n € N, let A(n) C E,,. We define
Lim A(n) = {z € E: 3Ny C N infinite and z,, € A(n) for n € Ny
n—oo

such that VY n e N, i, m(zm) = pn(2) (2.3)

as m — oo with m € Ny and m > n}.
Notice that if X is closed, then
X = Lim X,,.

n—oo

Taking into account the fact that many applications in Fréchet spaces lead to
look for solutions in a closed set with empty interior, the notion of pseudo-interior
was introduced in [11].

Definition 2.5. Let X be a subset of E. The pseudo-interior of X is defined by
pseudo-int(X) = {z € X : u,(x) € X,,\0X,, for every n € N}.
The set X is pseudo-open if X = pseudo-int(X).

For n € N, let C), be a closed, convex set in F,. In what follows, the topology
in C,, induced by || - ||, will play a key role. So, we introduce the following notation.
Let U be a nonempty pseudo-open set in E, we denote

Ue, =U,NCy, Ucn =U,NC, and 0c,Up = Ucn\Ucn = (Un\Un) N Ch.
2.3. Admissibly compact maps
Here is the notion of admissibly compact maps introduced in [11].

Definition 2.6. Let X C E and C closed and convex in E. A map f : X — C is called
admissibly compact if it satisfies the following properties for every n € N:
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(i) The multivalued map ﬁn : X,, = C,, defined by
Fulin(w)) = 0 (f({}n.x)) ).

admits an upper semi-continuous compact extension F,, : X,, — C,, with convex,
compact values, where

{x}n,X ={ye X :pun(y) = pn(x)} = u;l([z]n) nx.
(ii) For every € > 0, there exists m > n such that, for every z € X,

diam,, (f({x}mx)> <e.

A map f : X — C is called admissibly completely continuous if it is admissibly
compact on every bounded sets in X.

The following proposition will play a key role in the proof of the forthcoming
fixed point theorems.

Proposition 2.7. Let X C E be closed, C C E closed, convex, and f : X — C an
admissibly compact map. Assume that there exists No C N infinite such that, for every
n € Ny, there exists z, € X,, such that z, € F,(z,). Then, f has a fixed point.

Proof. For m € Ny, F,, has a fixed point z,, € X,,. From the definition of F,,, one
sees that

tnm(Zm) € Fp(tin,m(zm)) for every n < m.
Thus, without lost of generality, we can assume that Ny = N.

The compactness of Fy implies that the sequence {1 x(2k)}r>1 has a sub-
sequence {1 x(2k)}ken, converging to some z; € Xp. It follows from the upper
semi-continuity of Fy that 1 € Fy(xq).

Similarly, the sequence {2 (zk)}ren, has asubsequence {poi(2k)}ren, con-
verging to 1o € Xo, with 2o € Fy(z2). The uniqueness of the limit implies that
,u1,2(172) =T1.

Repeating this argument gives, for every n € N, the existence of x,, € X,, such
that z, € F,(z,) and ppn m(zm) = z, for every m > n. It follows from Lemma 2.4
that there exists € X such that u,(z) € Fy,(un(x)) for every n € N.

We have to show that = f(z). If this is false, there exist n € N and r > 0 such
that ||z — f(z)||n = 7. Let € < r/2. By Definition 2.6(ii), there exists m > n such that

diam,, (f({x}mx)) < e. Observe that

diam,, (f({:c}m,x)> = diam,, (co( ({}m.x ))

On the other hand, since f,,(z) € Fy, (pm (), there is w € co(f({z}n,x)) such that
|z — wl||m < e. Thus,

r=lz—f@)ln <llz —wla+ w—f@)]a
< ||z — w||m + diam,, (co(f({x}myx))) <2<
Thus, z = f(x). O
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3. Krasnosel’skii type fixed point results

In this section, we present Krasnosel’skii type fixed point results with order-type
cone-compressing and cone-extending conditions on the pseudo-boundary of bounded
sets in F.

Let us first recall the following two fixed point results obtained in [12] for ad-
missibly completely continuous maps in Fréchet spaces satisfying norm-type cone-
compressing and cone-extending type conditions. Notice that, for K a cone in E, one
has that K, is a cone in F,, for every n € N.

Theorem 3.1 ([12]). Let f : K — K be an admissibly completely continuous map.
Assume that there exist U,V two bounded, pseudo-open subsets of E satisfying the
following conditions for every n € N:
@) llylln = [lzlln Yy € Fu(x),Ve € 0 Un
(resp. [ylln < [lzlln Yy € Fu(x), Ve € Og Un);
(i) fylln < llzlln vy € Fo(z),Vz € O Va
(res;i lylln > chﬂn Vge Fo(z),Vo € 0, Vo );
(iii) 0 € U \OnU, C U,, C V,\O,V,, for every n € N.
Then, there exists x a fized point of f such that

x € Lim A(n),

n—oo
where A(n) = K, N V,\U, and Lim,,_,, A(n) is defined in (2.3).

In the particular case where U and V are pseudo-balls, the previous result can
be stated as follows.

Corollary 3.2 ([12]). Let f : K — K be an admissibly completely continuous map.
Assume that there exist {r1,} and {rqs,} nondecreasing sequences in (0,00) such
that, for everyn € N,

W) lylln = llzlln Yy € Fu(z), Ve € O, Bu(0,71,0);

(i) flylln <llzlln Yy € Fu(z), Vo € Og, Bn(0,72,n);

(111) T1,n 75 T2,n-
Then, there exists x a fixed point of f such that

x € Lim K,, N B,(0, R,)\Bn(0,7,),
n—oo

where R, = max{ry n,r2n} and r, = min{ry ,,ran}.

Analogous results can be obtained if the norm-type cone-compressing and cone-
extending conditions are replaced by order-type conditions.

Theorem 3.3. Let [ : K — K be an admissibly completely continuous map. Assume
that there exist U,V two bounded, pseudo-open subsets of E satisfying the following
conditions for every n € N:
(i) (Fu(z)—2)NK,\{0} =0 for allz € O, Un
(resp. (@ — F(x)) N K,\{0} =0 for all x € 0 U,);
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(ii) (z — Fu(z)) N K, \{0} =0 for all x € 0 V,

(resp. (Fo(z) — ) N K,\{0} =0 for all x € 8% V,,);
(iii) 0 € U, \0wU, C U, C V,\OnV; for every n € N.
Then, there exists x a fized point of f such that

x € Lim A(n),

n—sco
where A(n) = K, N V,\U,.
Proof. For every n € N, we claim that
3z, € F,,(z,) such that z, € A(n). (3.1)
If this is false, we define
H, :[0,1] xUg — K, by Hy(t,z)=1tF,(z).
For z € 0 U, and t € (0,1}, x ¢ Hy(t, ). Otherwise,

(1 - 1) z € (Folz) —z) NK,,
which contradicts (i). It follows from (iii) and Theorem 2.1(2), (4) that
iz (Fo,Up) =iz (0,U,) = 1. (3.2)
On the other hand, choose @ € K, such that
il > max{[lz = ylln : € Vi, y € Fu(x)}. (3.3)
Such @ exists since V,, and Fn(V?n) are bounded. Let us define
H,:[0,1]x Vg — K, by Hy(t,z)=ti+F,(z).
("), ¢ H,(t,x) for all t € [0,1] and z € O Vn. Tt follows from (3.3) that
z & H,(1,z) for every x € V& . Theorem 2.1(1), (4) implies that
iz (Fn, Vo) =i (Ha(1,7),V,) = 0. (3.4)
Combining (3.2) and (3.4) and applying Theorem 2.1(3) permit us to deduce that
igg, (Fn, Va\Un) = i (Fn, Vi) — g, (Fn, Un) = —

Therefore, (3.1) holds.
The conclusion follows from Proposition 2.7. O

Here is a corollary of the previous theorem in the particular case where U and
V' are pseudo-balls.

Corollary 3.4. Let f: K — K be an admissibly completely continuous map. Assume
that there exist {r1,} and {ra,} nondecreasing sequences in (0,00) such that, for
every n € N,

(i) * — F,(z) C K, Yy€ Fy(x),Va € O, Bn(0,11,0);

(i) F.(z)—x C K, Vye€ F,(z),Vx € %, Bn(0,72,5).
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Then, there exists x a fixed point of f such that
x € Lim K,, N B,(0, R,)\Bn(0,7,),
n—o0

where Ry, = max{ry n,r2n} and r, = min{ry ,,r2n}.

4. Monotone iterative method in cones

Let K be a cone in E and K,, the associated cone in E,, for every n € N. The
cone K defines the partial orderings in £ and in E,, given by
for z,y € E, Xy if and only if y—zx € K,

_ 4.1
forn e Nand z,y € E,, x=2ny if and only if y—z e K,. (41)

For z,y € E such that « <y (resp. z,y € E,, such that z <,, y for some n € N)
we denote
[,y ={z€F:x=32=<Xy} (resp. [, yln ={2 € Ep:x 3p 2 =ny}),
[x,00) ={z € F:z <z} (resp. [z,00), ={z € E, : x =y 2}).

Arguing as in [3], the well-known monotone iterative method permits to get the
following fixed point result in Fréchet space.

Theorem 4.1. Let o < 8 be in E and f : [o, 8] — E a compact map. Assume the
following conditions are satisfied:
(i) @ =2 f(a) and f(B) = B;
(ii) f is nondecreasing; that is, for every x,y € |«, ] such that x < y, one has
fl@) 2 fy).
Then, f has a fired point and the iterative sequences {f*(a)} and {f*(B)} converge
respectively to the smallest and the greatest fized point of f in [a, f].

For some o € E (resp. f € E) such that a £ f(«) (resp. f(8) £ 53), there
could exist some n € N such that pu, () <, pn(f(a)) (resp. pn(f(8) =n 1n(B)). This
remark leads us to consider admissibly compact maps. Since they involve multivalued
maps, different notions of monotonicity can be defined.

Definition 4.2. Let Y be a space endowed with a partial order <, X C Y and
T : X — Y a multivalued map. Let 27,27 € X and y—,y" € Y be such that
2~ <zt and y~ <yt.
(i) The map T is right-nondecreasing on [z~ ,x%| and in [y~,yT] if y= € T(z7)
and, for every x1,x2 € X and every y; € T(z1) such that
a” <z <ap <zt oand yT <y <yt
there exists yo € T'(z2) such that y; <y < y™.
(i) The map T is left-nondecreasing on [z~ , %] and in [y~,y*] if y* € T(2™) and,
for every z1, 29 € X and every ya € T'(z2) such that
a7 <z <wp <zt oand yT <y <y,

there exists y; € T'(x1) such that y~ < y; < ys.
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Similarly, one can define that T is right-nonincreasing (resp. left-nonincreasing) on
[z7,2T] and in [y~,y ™).

The following fixed point result concerns admissibly compact maps which are
nondecreasing in the sense of the previous definition.

Theorem 4.3. Let X C FE be closed and f : X — E an admissibly compact map.
Assume the following conditions are satisfied:
(i) there exists Ny C N infinite such that, for every n € Ny, there exist o, B € X,
such that a, <, Bn in E, and (o, Bnln C Xn;
(ii) for every m € Ny, there exists &, € Fy(an) N [, Buln (resp. ¢ € Fn(Bn) N
[a’ﬂV ﬁn]n);
(iii) for every n € Ny, F, is right-nondecreasing on [, Bnln and in [&n, Brln (resp.
F, is left-nondecreasing on o, Bnln and in [am, Coln)-
Then, f has a fized point
x € Lim A(n),
n— o0
n€Ng
where

A(n) = {z € [an, Bnln : 2 = lm uy with ugy1 € Fr(ug)
k—o0
and Qn =p gn =uy Spu2 2y 2 ﬂn}y
(resp. A(n) = {z € [an, Bnln 1 2 = kli_}ngo v with vgy1 € Fp(vg)

andan =n o SR U2 X U1 :Cn =n 577,})

Proof. For n € Ny, F,, : [an,Bn]n — E, is compact, u.s.c. with compact, convex
values. From (i)-(iii), one can construct a sequence {u}} in [, B,]n such that uf =
§ny Uiy, € Fr(up) and uf =, uj,, for every k € N. Arguing as in the proof of
Theorem 3.4 in [7], one deduces that there exists z, = limg_,o, u} € A(n) such that
zn € F,,(2,). The conclusion follows from Proposition 2.7. O

Observe that assumption (iii) of the previous theorem implies that
Fn(x)ﬁ[an7ﬁn]n #@ Vr € [anyﬂn]na Vn € NO-

In fact, this is sufficient to insure that f has a fixed point. However, we loose some
precision on its localization.

Theorem 4.4. Let X C E be closed and f : X — E an admissibly compact map.
Assume the following conditions are satisfied:
(i) there exists Ny C N infinite such that, for every n € Ny, there exist o, B € X,
such that a, <, Bn in En and (o, Bnln C Xn;
(ii) for every n € No, © € [an, Bnln, there exists u € Fp () N [an, Buln-
Then, f has a fized point

z € Lim [o,, Bnln.
neNy
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Proof. For n € Ny, let us define ﬁn ¢ [, Brln = [, Brln by

The assumptions imply that f‘n is a compact, u.s.c., multivalued map with nonempty,
compact, convex values and defined on a closed, convex subset of the Banach space
E,. The Kakutani fixed point theorem insures the existence of z, € ﬁn(zn) The
conclusion follows from Proposition 2.7. O

Remark 4.5. In the results of this section, one can replace the compactness assumption
by the complete continuity if, in addition, we assume that K is normal. Indeed, in a
normal cone, an interval [«, 5] (resp. [au, Bn]n) is bounded.

5. Fixed point results in cones with mixed type conditions

In this section, we present fixed point results relying on a combination of con-
ditions imposed in the theorems obtained in the two previous sections. In particular,
the existence of suitable pairs (o, 85,) is not assumed. More precisely, the assumption
on the existence of a suitable {a,,} in Theorem 4.4 is removed and replaced by some

conditions on the pseudo-boundary of a suitable pseudo-open set. As before, K, is
the cone in E,, associated to a cone K in FE.

Theorem 5.1. Let § € K and f : [0,3] — K an admissibly compact map. Assume the
following conditions are satisfied:
(i) there exists U a bounded, pseudo-open set in E such that, for every n € N,
0e Ufn\aﬁnUn c U?n C [0, pn(B)]ns
(ii) the set
No={neN:Vx € 0z Uy, (Fu(z)— ) NK,=0
or  Fn(z) 0 [z, pn(B)]ln # 0}
is infinite;
(iii) for every n € No and every & € O U, such that F,, (%) N [&,00), # 0, one has
that Fy,(x) 0 [Z, p1n(B)]n # 0 for every x € [, pn (B)] -
Then, f has a fized point x* such that
z* € Lim A(n),
n—oo
n€Ng

where

A = (U )u( U m®).

:568?" U,

Proof. 1t follows from (i) that, for every n € Ny and every x € 0 U,, one has

Let

N, = {n € Ny : 3o, € O Uy such that Fy, () N [a, 00), # 0}.
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If V; is infinite, then the assumptions of Theorem 4.4 are satisfied with «,, and
Brn = pn(B). Therefore, f has a fixed point

UAS J—*_lglo[anvﬂn(ﬂ)]n C }J_IgIOA(TL)
neN; n€Ng

On the other hand, if N; is empty or finite, then Ny = No\ N, is infinite and,
for every n € Na, (Fy,(2) —2) N K, = () for every z € O U,. Arguing as in the proof
of Theorem 3.3, one deduces that the fixed point index

ifn(Fqun) =1 Vne NQ.

Hence, there exists z, € Ug such that z, € F,(z,). Proposition 2.7 permits to
conclude that f has a fixed point

x € Lim Up C Lim A(n).
n—oo n n— oo
neNs n€No

We obtain the following corollary by adding a monotonicity condition.

Corollary 5.2. Let 8 € K and f : [0,5] — K an admissibly compact map satisfying

conditions (1) and (ii) of Theorem 5.1. In addition, assume that

(iii’) for everyn € Ny and every & € O, Un such that Fo.(2)N[Z,00), # 0, there exists
9 € F,(Z) such that F, is right-nondecreasing on [&, i, (8)]n and in [§, tin(8)]n-

Then, f has a fized point.

In [6], Cabada, Cid and Infante consided completely continuous maps de-
fined on a solid, normal cone in a Banach space and which are nondecreasing on
[0, B]\B(0,7/c). Here is a corollary of Theorem 5.1 for admissibly completely contin-
uous maps satisfying a monotonicity condition analogous to the condition imposed
in [6].

Corollary 5.3. Let K be a normal cone and f : K — K an admissibly completely
continuous map. Assume there exist 8 € K and {r,} a nondecreasing sequence in
(0,00) satisfying the following conditions:

(i) Bn(0,7,) N K, C [0, tn(B)[n;
(ii) the set
No={neN:Vzedg B,(0,r,), (Fu(x) —z)NK,=10
or  Fy(z) N [z, pn(B)]n # 0}

is infinite; o

(i) for everyn € Ny and every & € K, \B,(0,r,/cn) such that Fp,(Z)N[0, pn (8)]n #
0, one has that F, is right-nondecreasing on [%, un(8)]n and in [§, pn(B8)]n for
every § € Fi,(2) N[0, pn(B)]n-

Then, f has a fized point.
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Proof. Since K is normal, [0, 8] is bounded and hence, f : [0, 5] — K is admissibly
compact. Moreover,

2, i (B)]n € Kn\Bn(0,7n/cn) Vi €8x Bn(0,7,).
So, (iii) insures that condition (iii’) of Corollary 5.2 is satisfied. O

Adding extra assumptions to Theorem 5.1 permits to obtain more precision on
the localization of the fixed point.

Theorem 5.4. Let f € K, X C K closed such that [0,5] C X and let f: X — K be
an admissibly compact map satisfying conditions (i)-(iii) of Theorem 5.1. In addition,
assume that the following conditions are satisfied:

(iv) there exists V' a pseudo-open set in E such that, for every n € Ny,
0 Vg \0g Vo CVg CUg \Og Un,
(resp. 0eUxg \Og UnCUg, CVg \Og Vu CVg C Yn);
(v) for every n € Ny, the fized point index
ix, (Fn, Vi) = 0.
Then, f has a fized point x* such that
z* € Lim A(n),

neNo
where
Am) = (Ug,\Vx, ) u( U = m®h),
wedg, Un
(resp. E(n) = (V?“\UF") U ( U [, pun (B n))
2€dg Un

Proof. Tt follows from the proof of Theorem 5.1 that f has a fixed point

velim( U @),

neNy xea?nUn

or, there exists No C Ny infinite such that iz (F,,U,) = 1 for every n € Na.
Theorem 2.1(1), (3), and assumptions (iv) and (v) imply that, for every n € Na,

i, (Fn, Un\Vy) = =1 (resp. i (Fy, V\Un) = —1).
So, there exists
Zp € Fp(zn) NUzz \V?n (resp. zp, € Fy(zn) N an\ﬁfn).
The conclusion follows from Proposition 2.7. 0
Remark 5.5. The fixed point obtained in the previous theorem is non trivial if

0 ¢ Lim A(n).
ne Ny
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Remark 5.6. Even in the particular case where F is a Banach space, Theorem 5.4
generalizes Theorem 2.3 in [6]. In particular, the cone is not assumed to be normal
and solid, and no monotonicity condition is imposed on f.

Corollary 5.7. Let f € K, X C K closed such that [0,5] C X and let f : X — K be
an admissibly compact map satisfying conditions (1)-(iv) of Theorem 5.4. In addition,
assume that

(v)) for every n € Ny, (z — Fy(z)) N K,\{0} =0 for every x € O V-
Then, f has a fized point x* such that

2* € Lim A(n),
n—oo
neNoy

where A(n) is defined in Theorem 5.4.

Proof. Arguing as in the proof of Theorem 3.3, one can show that, for every n € Ny,
F,, has a fixed point in 5?71 V,, or

iz (Fos Vi) = 0.

The conclusion follows from Theorem 5.4. O

Condition (iii) in Theorem 5.1 insured that, for suitable z, there exists y € F,,(x)
such that y < p,(5). In the next result, we assume the opposite inequality.

Theorem 5.8. Let « € K, X C K closed such that [0,a] C X and f : X — K an
admissibly compact map. Assume the following conditions are satisfied:

(1) there exists U a bounded pseudo-open set in E such that, for every n € N,
0e€ U?n\a?nUn C U?n C [O,Mn(a)}n;
(ii) the set

No={neN:Vz € dg Upn, (x—Fu(x))NK,=0 or Fu(z)C [z,00),

is infinite;
(iii) there exists V a pseudo-open set in E such that, for every n € Ny,

0V, \0g Vo C Vg CUg \Og Un,
(resp. 0e Ufn\(??n U, C Ufn C V?n \8F" V. C an C Yn);
(iv) for every n € Ny, the fized point index
iz (Fo Vo) = 1.
Then, f has a fized point x* such that

z* € Lim A(n),
n— 00
neNy
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where

. ()] ).

U,

(Um\vm) u ( U
vedg

(resp. A(n) = (an\Ufn) U ( U [xaﬂn(@)}n>>-
z€0g, Un
Proof. Tt follows from (i) that, for every n € Ny and every = € O, Un, one has
x =<y ().
Let
Ny = {n € No : 3z € 0 Uy such that (:c — Fn(x)) NK, #0}.

If Ny is infinite, then, for z, € 0 U, such that there exists u € F,(z,) with
2n —u € K, one has Fy,(2,) C [2n,00)n. S0, 4 =y 2, =n u. Thus, z, € F,(2,) and
f has a fixed point

x € Lim ( U [x,,un(a)]n) C nLﬁlr&K(n)

n—oo
neN, 1‘66?" U, n€Ng

On the other hand, if Ny ijempty or finite, then No = Ny\N; is infinite and,
for every n € Ny, (z — F,(2)) N K,, = 0 for every z € O, Un. Arguing as in the proof
of Theorem 3.3, one deduces that the fixed point index

iFn(Fn,Un) =0 VYné& N,.
Theorem 2.1(3), and assumptions (iii) and (iv) imply that, for every n € Na,
i?n(Fn,Un\Vn) =—1 (resp. i?n(Fn,Vn\Un) =-1).
So, there exists
Zn € F(zn) NUgz, \V?n (resp. z,, € Fp(zn) N V?n\U?n).
The conclusion follows from Proposition 2.7. O
Remark 5.9. Even in the particular case where F is a Banach space, Theorem 5.8

generalizes Theorem 2.5 in [6]. Again, the cone is not assumed to be normal and solid,
and no monotonicity condition is imposed on f.
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1. Introduction

The fractional calculus represents a powerful tool in applied mathematics to
study a myriad of problems from different fields of science and engineering, with many
break-through results found in mathematical physics, finance, hydrology, biophysics,
thermodynamics, control theory, statistical mechanics, astrophysics, cosmology and
bioengineering [16, 27, 38]. There has been a significant development in ordinary and
partial fractional differential equations in recent years; see the monographs of Abbas
et al. [1, 3, 4], Kilbas et al. [22], Miller and Ross [24], the papers of Abbas et al.
[2, 5, 6, 7], Vityuk and Golushkov [40], and the references therein. In [10], Butzer
et al. investigate properties of the Hadamard fractional integral and the derivative.
In [11], they obtained the Mellin transforms of the Hadamard fractional integral and
differential operators and in [28], Pooseh et al. obtained expansion formulas of the
Hadamard operators in terms of integer order derivatives. Many other interesting
properties of those operators and others are summarized in [29] and the references
therein.

The stability of functional equations was originally raised by Ulam [39] in 1940
and Hyers [17] in 1941. Thereafter, this type of stability is called the Ulam-Hyers
stability. In 1978, Rassias [30] provided a remarkable generalization of the Ulam-Hyers
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stability of mappings by considering variables. The stability question of functional
equations is how do the solutions of the inequality differ from those of the given
functional equation? Considerable attention has been given to the study of the Ulam-
Hyers and Ulam-Hyers-Rassias stability of all kinds of functional equations; one can
see the monographs of [18, 19]. Bota-Boriceanu and Petrusel [9], Petru et al. [25,
26], and Rus [31, 32] discussed the Ulam-Hyers stability for operatorial equations
and inclusions. Castro and Ramos [12], and Jung [21] considered the Hyers-Ulam-
Rassias stability for a class of Volterra integral equations. Ulam stability for fractional
differential equations with Caputo derivative are proposed by Wang et al. [41, 42].
Some stability results for fractional integral equation are obtained by Wei et al. [43].
More details from historical point of view, and recent developments of such stabilities
are reported in [20, 31, 43].

The theory of Picard operators was introduced by Ioan A. Rus (see [33, 34, 35]
and their references) to study problems related to fixed point theory. This abstract
approach was used later on by many mathematicians as a very powerful method in the
study of integral equations and inequalities, ordinary and partial differential equations
(existence, uniqueness, differentiability of the solutions, ...), see [35] and the references
therein. The theory of Picard operators is also 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 and actually this point shows a
weakness of this theory. The uniform approach with Picard operators to the discuss
of the stability problems of Ulam-Hyers type is due to Rus [32].

In [2, 5, 6], Abbas et al. studied some Ulam stabilities for functional fractional
partial differential and integral inclusions via Picard operators. In this paper, we
discuss the Ulam-Hyers and the Ulam-Hyers-Rassias stability for the following new
class of fractional partial integral inclusions of the form

u(e,y) — plz,y) € (MIGF)(z,y,u(z,y)); (z,y) € J = [1,a] x [1,8], (L.1)

where a,b> 1, 0 = (1,1), F: Jx E — P(FE) is a set-valued function with nonempty
values in a (real or complex) separable Banach space FE, P(FE) is the family of all
nonempty subsets of E, #ITF is the definite Hadamard integral for the set-valued
function F of order r = (r1,73) € (0,00) X (0,00), and p : J — F is a given continuous
function.

This paper initiates the existence of the solution and the Ulam stability via
Picard operators for such new class of fractional integral inclusions.

2. Basic concepts and auxiliary results

Let L(J) be the space of Bochner-integrable functions v : J — E with the norm

a b
lullzs = / / (e, 9)| zdyde,
1 1
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where || - ||z denotes a complete norm on E. By L*(J) we denote the Banach space
of measurable functions u : J — E which are essentially bounded, equipped with the
norm
|ullpee = inf{e > 0: |Ju(z,y)||g < ¢, ae. (z,y) € J}.
As usual, by C := C(J) we denote the Banach space of all continuous functions from
J into E with the norm ||.||« defined by
lullsc = sup [Ju(z,y)| 5.
(z,y)ed

Let (X, d) be a metric space induced from the normed space (X, ||.||). Denote

Pu(X) ={Y € P(X) : Y closed},

Ppa(X) ={Y € P(X) : Y bounded},

Pep(E)={Y € P(E):Y compact} and

Pep.co(E) ={Y € P(E) : Y compact and convex}.

Definition 2.1. A multivalued map T : X — P(X) is convez (closed) valued if T'(x) is
convex (closed) for all x € X, T is called upper semi-continuous (u.s.c.) on X if for
each ©og € X, the set T'(xg) is a nonempty closed subset of X, and if for each open
set N of X containing T(xg), there exists an open neighborhood Ny of xo such that
T(No) C N. T is lower semi-continuous (l.s.c.) if the set {t € X : T(t) N B # 0}
is open for any open set B in X. T is said to be completely continuous if T(B) is
relatively compact for every B € Pypa(X). T has a fized point if there is x € X such that
x € T(x). The fized point set of the multivalued operator T will be denoted by Fix(T).
The graph of T will be denoted by Graph(T) := {(u,v) € X x P(X) : v € T(u)}.

Consider Hy : P(X) x P(X) — [0,00) U {oc0} given by

Hy(A, B) = max {sup d(a,B),supd(A, b)} ,
ac€A beB

where d(A4,b) = ig(f4 d(a,b), d(a,B) = big? d(a,b). Then (Ppa,c1(X), Hq) is a Hausdorft
metric space.
Notice that A : X — X is a selection for T : X — P(X) if A(u) € T(u); for each
u € X. For each u € C, define the set of selections of the multivalued F : JxC — P(C)
by
Sru = {v:€ L'(J) 1 v(z,y) € F(z,y,u(z,y)); (z,y) € J}.

Definition 2.2. A multivalued map G : J — Py (E), is said to be measurable if for every
v € E the function (z,y) = d(v,G(z,y)) = inf{d(v,z) : z € G(z,y)} is measurable.

In what follows we will give some basic definitions and results on Picard operator
theory [35]. Let (X, d) be a metric space and A : X — X be an operator. We denote by
F, the set of the fixed points of A. We also denote A% :=1x, Al := A, ... A"l .=
A" o A; n € N the iterate operators of the operator A.

Definition 2.3. The operator A : X — X is a Picard operator (PO) if there exists
x* € X such that:

(i) Fa={z"};
(ii) The sequence (A™(x0))nen converges to x* for all xg € X.
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Definition 2.4. The operator A : X — X is a weakly Picard operator (WPO) if the
sequence (A™(z))nen converges for all x € X, and its limit (which may depend on x)
s a fized point of A.
Definition 2.5. If A is weakly Picard operator then we consider the operator A defined
by

A® X - X; A®(z) = lim A"(z).

n—oo

Remark 2.6. It is clear that A®(X) = F,.

Definition 2.7. Let A be a weakly Picard operator and ¢ > 0. The operator A is
c-weakly Picard operator if

d(z, A®(x)) < c d(z, A(x)); z € X.
In the multivalued case we have the following concepts (see [36]).

Definition 2.8. Let (X, d) be a metric space, and F : X — Py (X) be a multivalued
operator. By definition, F is a multivalued weakly Picard operator (MWPO), if for
each u € X and each v € F(z), there exists a sequence (un), N such that

(i) wo =u, u; =v;

(i) upt1 € F(uy), for each n € N;

(iii) the sequence (un), N is convergent and its limit is a fized point of F.

Remark 2.9. A sequence (un)nen satisfying condition (i) and (i7) in the above Def-

ingtion is called a sequence of successive approximations of F starting from (z,y) €
Graph(F).
If F: X = Py(X)is a (MWPO) then we define F : Graph(F') — P(Fiz(F))

by the formula Fi(z,y) := {u € Fiz(F) : there exists a sequence of successive ap-
proximations of F' starting from (x,y) that converges to u}.

Definition 2.10. Let (X,d) be a metric space and let ¥ : [0,00) — [0,00) be an
increasing function which is continuous at 0 and ¥(0) = 0. Then F : X — Py(X) is
said to be a multivalued V—weakly Picard operator (¥—MWPO) if it is a multivalued
weakly Picard operator and there exists a selection A® : Graph(F) — Fix(F) of F*>
such that
d(u, A (u,v)) < ¥(d(u,v)); for all (u,v) € Graph(F).

If there exists ¢ > 0 such that U(t) = ct, for each t € [0.00), then F is called a
multivalued c-weakly Picard operator (¢ — MW PO).

Let us recall the notion of comparison function.

Definition 2.11. A function ¢ : [0,00) — [0,00) is said to be a comparison function
(see [35]) if it is increasing and " (t) — 0 as n — oo, for all t > 0.

As a consequence, we have ¢(t) < t, for each t > 0, ¢(0) = 0 and ¢ is continuous
at 0.

Definition 2.12. A function ¢ : [0,00) — [0,00) is said to be a strict comparison

function (see [35]) if it is strictly increasing and Z ©"(t) < o0, for each t > 0.

n=1
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Example 2.13. The mappings p1, 2 : [0,00) — [0,00) given by p1(t) = ct; ¢ € [0,1),

and @o(t) = %ﬂ; t € [0,00), are strict comparison functions.

Definition 2.14. A multivalued operator N : X — Py (X) is called
a) ~y-Lipschitz if and only if there exists v > 0 such that
Hi(N(u), N(v)) <~d(u,v); for each u, v e X,

b) a multivalued y— contraction if and only if it is v-Lipschitz with v € [0, 1),
¢) a multivalued @— contraction if and only if there exists a strict comparison func-
tion ¢ : [0,00) — [0,00) such that

Hy(N(u), N(v)) < ¢(d(u,v)); for each u, ve X.

Now, we introduce notations and definitions concerning to partial Hadamard
integral of fractional order.

Definition 2.15. [15, 22] The Hadamard fractional integral of order ¢ > 0 for a function
g € LY([1,a],R), is defined as

1 ¥ x\4971 g(s)
")) = o [ (o) 224
("B =i | (ees) Fds
where T'(+) is the Euler gamma function.

Definition 2.16. Let 11, ro > 0, o = (1,1) and r = (r1,73). For w € L'(J,R), define
the Hadamard partial fractional integral of order r by the expression

(HI;w)(x,y) = m /11 /11/ <log §>r1—1 <log %)m_l w(:’t, ) dtds.

Definition 2.17. Let F' : J X E — P(E) be a set-valued function with nonempty
values in E. (FIT"F)(z,y,u(x,y)) is the definite Hadamard integral for the set-valued
functions F' of order r = (r1,72) € (0,00) x (0,00) which is defined as

Hrr Pz, y,u(z,y))= {/j/ly (log g)rl_l (log %)7‘2_1 Mdtds (fe SFJL} .

Remark 2.18. Solutions of the inclusion (1.1) are solutions of the fixed point inclusion
u € N(u) where N : C — P(C) is the multivalued operator defined by

(Nu)(z,y) = {u(z,y) + ("I7f)(x,9) + f€Sputs (w,y) €.

Let us give the definition of Ulam-Hyers stability of the fixed point inclusion
u € N(u), see for instance [2]. Let € be a positive real number and ® : J — [0, 00) be
a continuous function.

Definition 2.19. The fized point inclusion u € N(u) is said to be Ulam-Hyers stable
if there exists a real number cy > 0 such that for each € > 0 and for each solution
u € C of the inequality Hq(u(x,y), (Nu)(z,y)) <€ (x,y) € J, there exists a solution
v € C of the inclusion u € N(u) with

u(z,y) —v(x,y)|le < ecn; (z,y) € J.



414 S. Abbas, W. Albarakati, M. Benchohra and A. Petrusel

Definition 2.20. The fized point inclusion u € N(u) is said to be generalized Ulam-
Hyers stable if there exists an increasing function 6n € C([0,00),[0,00)), On5(0) =
0 such that for each ¢ > 0 and for each solution w € C of the inequality
Hi(u(z,y), (Nu)(z,y)) < € (x,y) € J, there exists a solution v € C of the inclu-
sion u € N(u) with

lu(z,y) —v(z,y)|e < On(e); (z,y) € J.

Definition 2.21. The fized point inclusion u € N(u) is said to be Ulam-Hyers-Rassias
stable with respect to ® if there exists a real number cy o > 0 such that for each
e > 0 and for each solution w € C of the inequality Hg(u(x,y), (Nu)(z,y)) <
ed(z,y); (x,y) € J, there exists a solution v € C of the inclusion u € N(u) with

u(z,y) —v(@,y)lle < eenoe®(z,y); (2,y) € J.

Definition 2.22. The fized point inclusion u € N(u) is said to be generalized Ulam-
Hyers-Rassias stable with respect to ® if there exists a real number cy .o > 0 such that
for each solution u € C of the inequality Hy(u(z,y), (Nu)(z,y)) < ®(x,y); (z,y) € J,
there exists a solution v € C of the inclusion u € N(u) with

|u(z,y) —v(z,y)l|e < cNo®(z,y); (2,y) € J.

Remark 2.23. It is clear that

(i) Definition 2.19 = Definition 2.20,
(ii) Definition 2.21 = Definition 2.22,
(iii) Definition 2.21 for ®(z,y) =1 = Definition 2.19.

The following result, a generalization of Covitz-Nadler fixed point principle (see
[14]), is known in the literature as Wegrzyk’s fixed point theorem.

Lemma 2.24. [44] Let (X,d) be a complete metric space. If A : X — Py(X) is a
p—contraction, then Fix(A) is nonempty and for any ug € X, there exists a sequence
of successive approzimations of A starting from ug which converges to a fixved point

of A.
Also, the following result is known in the literature as Wegrzyk’s theorem.

Lemma 2.25. [44] Let (X,d) be a Banach space. If an operator A : X — Py(X) is a
p—contraction, then A is a (MW PO).

Now we present an important characterization Lemma from the point of view of
Ulam-Hyers stability.

Lemma 2.26. [26] Let (X, d) be a metric space. If A : X — Pep(X) is a (V—MW PO),
then the fixed point inclusion u € A(u) is generalized Ulam-Hyers stable. In particular,
if Ais (c— MW PO), then the fixed point inclusion u € A(u) is Ulam-Hyers stable.

Another Ulam-Hyers stability result, more efficient for applications, was proved
in [23].

Theorem 2.27. [23] Let (X,d) be a complete metric space and A : X — Pep(X) be a
multivalued p—contraction. Then:
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(7) Existence of the fixed point: A is a (MW PO);
(74) Ulam-Hyers stability for the fixed point inclusion: If additionally ¢(ct) < cp(t)
for every t € [0,00) (where ¢ > 1), then A is a (V—MWPO), with ¥(t) :=

t—|—Zcp , for each t € [0, 00);

(#4) Data dependence of the fixed point set: Let S : X — Py(X) be a multivalued
p—contraction and n > 0 be such that Hq(S(z), A(x)) < n, for each x € X.
Suppose that p(ct) < cp(t) for every t € [0,00) (where ¢ > 1). Then,

Ha(Fix(S), Fiz(F)) < ¥(n).

3. Existence and Ulam-Hyers stability results

In this section, we present conditions for the existence and the Ulam stability of
the Hadamard integral inclusion (1.1).

Theorem 3.1. Assume that the multifunction F' : J x E — P.,(E) satisfies the fol-

lowing hypotheses:

(H1) (z,y) — F(z,y,u) is jointly measurable for each u € E}

(H3) uwv+—— F(z,y,u) is lower semicontinuous for almost all (z,y) € J;

(H3) There exists p € L>®(J,[0,00)) and a strict comparison function ¢ : [0,00) —
[0,00) such that for each (x,y) € J and each u,v € E, we have

Ha(F(z,y,u(z,y), F(z,y,0)|| < p(z,y)e([u—1ule), 3.1)
and
0z.0)" (g Iplo~ _ | (
F(1+T1)F(1+T‘2) -7
(Hy) There exists an integrable function g : [1,b] — [0, 00) such that for each z € [1,a]
and uw € E, we have F(x,y,u) C q(y)B(0,1), a.e. y € [1,b], where B(0,1) =
{u€e E:|ulg <1}
Then the following conclusions hold:
(a) The integral inclusion (1.1) has least one solution and N is a (MW PO).
(b) If additionally o(ct) < cp(t) for every t € [0,00) (where ¢ > 1), then the integral
inclusion (1.1) is generalized Ulam—Hyers stable, and N is a (¥—MWPO), with

3.

[\)
~

the function ¥ defined by ¥(t) :==t + Z ©"(t), for each t € [0,00). Moreover,

n=1
in this case the continuous data dependence of the solution set of the integral

inclusion (3.1) holds.

Remark 3.2. For each u € C, the set S, is nonempty since by (Hy), F has a
measurable selection (see [13], Theorem IIL.6).

Proof. We shall show that N defined in Remark 2.18 satisfies the assumptions of
Theorem 2.27. The proof will be given in two steps.

Step 1. N(u) € P, (C) for each u € C.

From the continuity of ;1 and Theorem 2 in Rybinski [37] we have that for each u € C
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there exists f € Sp., for all (z,y) € J, such that f(x,y) is integrable with respect to
y and continuous with respect to x. Then the function v(z,y) = u(z,y) +7 I7 f(z,y)
has the property v € N(u). Moreover, from (H;) and (Hy4), via Theorem 8.6.3. in
Aubin and Frankowska [8], we get that N(u) is a compact set, for each u € C.
Step 2. Hy(N(u), N(@)) < ¢(|lu — @l|o) for each u,w € C.
Let u,w € C and h € N(u). Then, there exists f(z,y) € F(z,y,u(z,y)) such that for
each (z,y) € J, we have

h(z,y) = pley) +1 I f (2,y).
From (Hs) it follows that

Hy(F(z,y,u(z,y)), F(z,y,0(z,y))) < ple,y)e(u(z,y) —u(z,y)|5)-

Hence, there exists w(z,y) € F(z,y,u(x,y) such that
1f(2,y) = w(z,y)lle < plz,y)e(lulz,y) —ulz,y)|e); (,y) € J.
Consider U : J — P(E) given by
Uz,y) ={w e E:[[f(z,y) —w(@,y)lle <ple,y)e([ulz,y) —u(z,y)lle)}

Since the multivalued operator u(z,y) = U(z,y) N F(z,y,u(x,y)) is measurable (see
Proposition I11.4 in [13]), there exists a function f(z,y) which is a measurable selection
for u. So, f(x,y) € F(x,y,u(z,y)), and for each (z,y) € J,

I1f(z,y) = Fz,y)lle < p,y)elulz,y) —a(z,y)|e)-
Let us define for each (z,y) € J,

Mz, y) = pla,y) +7 17 f(z,y).
Then for each (z,y) € J, we have
||h($,y) —E(l',y)HE < HI;Hf({IJ,y) —?(x,y)\
< ML, y)e(lu(z,y) - a(z,y)lls)

ol el — los) (/ / “Ogslr(m’r(g;)| dtds)
Lo
j

IN

(loga)™ (log b)"2|p|| _
S T Tty Pl )
Thus, by (3.2), we get

A — EHO@ < o(llu —1lloo)-
By an analogous relation, obtained by interchanging the roles of u and w, it follows
that
Hq(N(u), N(@)) < o([lu—ullo)-

Hence, N is a p—contraction.

(a) By Lemma 2.24, N has a fixed point witch is a solution of the inclusion
(1.1) on J, and by [Theorem 2.27,(i)], N is a (MW PO).
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(b) We will prove that the fixed point inclusion problem (1.1) is generalized
Ulam-Hyers stable. Indeed, let € > 0 and v € C for which there exists u € C such that
u(z,y) € pla,y) + (T F) (@, y,v(z,y)); i (2,y) € J,

and

Il — vl <.
Then Hy(v, N(v)) < e. Moreover, by the above proof we have that N is a multivalued
p—contraction and using [Theorem 2.27,(i)-(ii)], we obtain that N is a is a (¥ —
MW PO). Then, by Lemma 2.26 we obtain that the fixed point problem u € N (u) is
generalized Ulam-Hyers stable. Thus, the integral inclusion (1.1) is generalized Ulam-

Hyers stable.
Concerning the conclusion of the theorem, we apply [Theorem 2.27,(iii)].

4. An example

(oo}
Let BE=1'= {w = (w1, Wa, ..., Wp,...): Z |wn| < oo} , be the Banach space
n=1

with norm
oo

lolls = wal,

n=1
and consider the following partial functional fractional order integral inclusion of the
form

u(z,y) € pla,y) + (TIF) (2, y,ule,y)); ae. (z,y) € [1,¢] x [1,¢], (41)
where r = (r1,7r3), 1,72 € (0,00),
u=(ur,u,...,Upn,...), plx,y) =(x+e7,0,...,0,...),
and
F(z,y,u(z,y))
={veC([l,e] x [Le|,R) : | fi(z,y,ulz,y)le < [vie < | fo(z,y, ulz,y))|Ee};
(z,y) € [1,€] x [1,¢], where f1, fo : [1,€] x [1,¢] x E — E,
Jo=fe1, fe2s ooy foms---); ke {1,2}, ne N,

2
LY Un )
1 + ||Un||E)€1O+I+y7 n 6 ]N7

fl,n(xvyvun(xvy)) = (

and )
TY“Unp
f2,n(‘r7y7un(zvy)) = m; n e IN.
We assume that F' is closed and convex valued. We can see that the solutions of the
inclusion(4.1) are solutions of the fixed point inclusion u € A(u) where A : C([1, €] x
[1,e],R) — P(C([1,€] x [1,€],R)) is the multifunction operator defined by

(Au)(z,y) = {u(z,y) + ("I ) (2,9); f€Spu}s (z,y) € [Le] x [Le].
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For each (x,y) € [1,e] x [1,¢] and all 21,29 € E, we have

I fo(@,y, 22) — fr(z,y, 21) |5 < ay’e™ 0777 Y| 20 — 21| .

Thus, the hypotheses (H;) — (H3) are satisfied with p(z,y) = xy?e~107*=¥. We shall
show that condition (3.2) holds with a = b = e. Indeed, ||p|[r~ = €™, T(1 +7;) >

%; i =1,2. A simple computation shows that

(loga)™ (log b)"||p|| L
F(l + Tl)F(l + 7’2)

The condition (Hy) is satisfied with ¢(y) = %; y € [1,¢e], where

|Fllp = sup{|Ifllc : £ € S} for allu € C.
Consequently, by Theorem 3.1 we concluded that:
(a) The integral inclusion (4.1) has least one solution and A is a (MW PO).
(b) The function ¢ : [0,00) — [0,00) defined by ¢(t) = (t satisfies p((t) < (o(t)
for every t € [0,00). Then the integral inclusion (4.1) is generalized Ulam-Hyers
stable, and A is a (T—MWPO), with the function ¥ defined by ¥(¢) :=t+ (1 —

(t)~!, for each t € [0,¢~!). Moreover, the continuous data dependence of the
solution set of the integral inclusion (3.1) holds.

¢ = <4e? < 1.
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Abstract. The aim of this paper is to discuss some basic problems (existence and
uniqueness, data dependence) of the Cauchy problem for a hybrid differential
equation with maxima using weakly Picard operators technique.
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1. Introduction

Recently, the interest in differential equations with “maxima” has increased ex-
ponentially. Such equations model real world problems whose present state depends
significantly on its maximum value on a past time interval. For example, many prob-
lems in the control theory correspond to the maximal deviation of the regulated
quantity. Some qualitative properties of the solutions of ordinary differential equa-
tions with “maxima” can be found in [1, 2, 5], [16, 17] and the references therein.

The main goal of the presented paper is to study a hybrid differential equation
with maxima, using the theory of weakly Picard operators. The theory of Picard
operators was introduced by I. A. Rus (see [12], [14] and their references) to study
problems related to fixed point theory. This abstract approach is used by many math-
ematicians and it seemed to be a very useful and powerful method in the study of
integral equations and inequalities, ordinary and partial differential equations (exis-
tence, uniqueness, differentiability of the solutions), etc.

In this paper we consider the following hybrid differential equation with maxima

o' (t) = f(t,z(t)) +g(t,argg§tx(£)), (1.1)

with initial condition
z(a) = zo, (1.2)
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where t € [a,b], a,b € R,xg € R™, f,g:[a,b] x R™— R™.
We use the terminologies and notations from [12] and [14]. For the convenience
of the reader we recall some of them.
Let (X,d) be a metric space and A : X — X an operator. We denote by
A% =1y, Al := A, A"l := A" 0 A, n € N, the iterate operators of the operator
A. We also have:
PX)={Y CX|Y # ¢}
Fy:={zxeX|Alx) =1z},
I(A)={Y C X |A(Y) CY,Y #0}.
Definition 1.1. Let (X, d) be a metric space. An operator A : X — X is a Picard oper-

ator (PO) if there exists x* € X such that Fa = {a*} and the sequence (A™(x0))nen
converges to x*, for all xg € X.

Definition 1.2. Let (X, d) be a metric space. An operator A : X — X is a weakly
Picard operator (WPQO) if the sequence (A™(x))nen converges for all x € X, and its
limit (which may depend on x) is a fized point of A.

Definition 1.3. If A is weakly Picard operator then we consider the operator A defined
by A X — X, A®(z):= lim A"(x).
n—oo

Obviously, A*(X) = F4. Moreover, if A is a PO and we denote by * its unique
fixed point, then A (z) = «*, for each = € X.

2. Existence and uniqueness

We prove the existence and uniqueness for the solution of the problem (1.1)-
(1.2) using the Perov’s Theorem as in [7]. For standard techniques, when it is used
the Banach contraction principle, see [13], [9] and [10].

Theorem 2.1. (Perov’s fived point theorem) Let (X, d) with d(x,y) € R™, be a complete
generalized metric space and A : X — X an operator. We suppose that there exists a
matriz Q € My, xm(Ry), such that

(i) d(A(z), A(y)) < Qd(z,y), for all z,y € X;
(ii) Q™ — 0, as n — oo.
Then

(a) Fa={z"},
(b) A™(x) — z*, as n — o0 and

d(A™(z),z*) < (I — Q)~'Q"d(x0, A(xp)), Yxo,2z € X,Vn € N*;
(c) d(z,z*) < (I — Q) td(z, A(x)), Vo € X.
We consider on R™ the following vectorial norm
|z1]
|| :=

|Z1m
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We have the following result:

Theorem 2.2. We assume that:
(i) f,9 € C(la,b] x R™,R™);

(1) there exist Ly and L, nonnegative matrices such that

Vtelab] and ut = (ul,... ul), vt = (u3,... ud),
1 1 1y .2 v :

v :(Ula"'avm)}v

I
—
<
Lol V)

(i) the matrix

is convergent to 0, i.e. Q™ — 0, as n — ©.
Then, the problem (1.1)-(1.2) has a unique solution x* € C([a, b], R™).

Proof. We consider the generalized Banach space X = (C([a,b],R™), ||-||) where |||
is the norm,

t
;ggﬁjwl()

] := ; - (2.2)

ggﬁéjwnxtﬂ

The problem (1.1)-(1.2), x € C*([a, b],R™) is equivalent with the following fixed point
equation

t

x(t) = xo +/ f(s,z(s))ds +/ g(s,arélax xz(€))ds, t € [a,b]. (2.3)

£<s

We consider the operator A : X — X, where

A(z)(t) = g +/ f(s,x(s))der/ g(s, max z(§))ds. (2.4)

a<é<s

It is easy to see that if z* € F4 then z* is a solution of (1.1)-(1.2).
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Condition (ii) implies that
[A()(t) — Aly)(1)]

< [ Wts.wt) - sspelas s [

max [z1(s) — y1(s)|

9(s, max z(£)) — g(s, max y(£))|ds

<&<s a<é<s

a<s<b
<(b—a)Ly :
max [2m(5) ~ ym (5)
max | max z1(s) — max y1(s)
a<s<b |a<&<s a<é<s
+(b—-a)l,
max | max T, (s) — max ym(s)
a<s<b |a<&{<s a<{<s
But
. — . < . .
nax, algggswz(S) argggsyz(S) < max |lzi(s) — vi(s)]
So,

[A(z) = Al < Qllz -yl -
Using (iii), we get that the operator A: X — X is a Q-contraction, so
Fy=(aF,....;2}) ==

is the unique solution of (1.1)-(1.2). O

The equation (1.1) is equivalent with

/ fs,x( ds+/ 9(s, ax J;(f))ds, t € la,b], (2.5)

z € C([a,b],R™).
In what follows we consider the operator B : X — X defined by B(z)(t) :=the
right hand side of (2.5). For zy € R™, we consider

Xz = {2z € C([a,b],R™)| z(a) = zo}.

It is clear that

X= U

zo€Rm 1O

is a partition of X. We have

Lemma 2.3. We suppose that the condition (C1) is satisfied. Then
(a) A(X) C Xy, and A(Xyy) C Xauy;
(b) Alx,, = Blx,,-
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Remark 2.4. From Theorem 2.2 we have that the operator A is PO. Because A|x, =
Blx,,, X =C([a,b],R™) = UR Xsos Xu, € I(B) it follows that the operator B is
roER™

WPO and
FpN X, ={z*}, Vag € R,
where z* is the unique solution of the problem (1.1)-(1.2).

3. Data dependence: comparison results

Now we consider the operators A and B on the ordered Banach space
(C([a,b],R™), |I]| , <) where the order relation on R™ is given by: z <y < z; <y,
i=1

3

In order to establish the Caplygin type inequalities we need the following abstract
result.

Lemma 3.1. (see [14]) Let (X,d, <) be an ordered metric space and A : X — X an
operator. Suppose that A is increasing and WPO. Then the operator A% is increasing.

We have the following result

Theorem 3.2. Suppose that:
(a) the conditions of Theorem 2.2 are satisfied;
(b) f(t,) :R™ = R™ g(t,-) : R™ — R™ are increasing, Vt € [a, b].
Let x* be a solution of equation (1.1) and y* a solution of the inequality

y'(1) < S(t,y(®) + 9(t, maxy(€)), ¢ € [a,b].
Then y*(a) < x*(a) implies that y < x.

Proof. From Remark 2.4 we have that B is WPO. On the other hand, from the
condition (b) and Lemma 3.1 we get that the operator B* is increasing. If 2o € R™,
then we denote by Zy the following function

Zo : [a,b] = R™, T (t) = zo, YVt € [a,b].
Hence y* < B(y") < B2y") < ... < B¥(y") = B¥(§*(a)) < B(@(a) =a*. O

In order to study the monotony of the solution of the problem (1.1)-(1.2) with
respect to xg, f, g we need the following result from WPOs theory.

Lemma 3.3. (Abstract comparison lemma, [15]) Let (X,d, <) be an ordered metric
space and A, B,C : X — X be such that:

(i) the operator A, B,C are WPOs;

(ii) A< B < C;

(iii) the operator B is increasing.

Then x <y < z imply that A®(x) < B®(y) < C*®(z).

From this abstract result we obtain the following result:
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Theorem 3.4. Let f7,g7 € C([a,b] xR™,R™),j = 1,3, and suppose that the conditions
from Theorem 2.2 hold. Furthermore suppose that:

(i) ft < fP< gt <g* < g%

(ii) f2(t,) : R™ — R™ ¢2(t,-) : R™ — R™ are increasing.

Let %7 be a solution of the equation

2(t) = £ (t.0(t) + 9 (¢, maxa(€)). ¢ € [a.b] and j = T3,

Then x*'(a) < 2*%(a) < 2*3(a), implies x*! < %2 < 2*3, i.e. the unique solution of
the problem (1.1)-(1.2) is increasing with respect to xo, f and g.

Proof. From Remark 2.4, the operators B;,j = 1,3, are WPOs. From the condition
(ii) the operator Bs is monotone increasing. From the condition (i) it follows that
By < By < Bs. Let 77(a) € (Cla,b],R™) be defined by 77 (a) = 27 (a), Vt € [a,b]. We
notice that

T (a)(t) < T%(a)(t) < Z(a)(t), Vt € [a, ).
From Lemma 3.3 we have that B{°(7*!(a)) < B (2*%(a)) < B (7*3(a)).
But 2*7 = B°(7*(a)), so z*! < a*? < %3 O

4. Data dependence: continuity

In this section we prove the continuous dependence of the solution for equation
(1.1) and suppose the conditions of Theorem 2.2 are satisfied.

Theorem 4.1. Let xé,fj,gj,j = 1,2 satisfy the conditions from Theorem 2.2. Fur-
thermore we suppose there exist n*,n?,n3 € R, such that
(i) |o — ab| <’
(ii) [f1(t,uw) = F2(tw)| <0, gt (tv) — g°(t,v)| < 0P, Yt € Cla, bl,u,v € R™.
Then
[a*(t;zg, f1 ") —2*(Gad, 2, 67| < (T = Q) (" + (b — a)(n* + 1)),

where a*(t; 2, f1,97) are the solutions of the problem (1.1)-(1.2) with respect to
xh, f1,97,5=1,2.

Proof. Consider the operator A_; fi g 7 =1,2. From Theorem 2.2 it follows that
0J 7L
[ Asp 10 @) = Agy )] < @l =yl Yoy € X
Additionally

|Ass 1192 @) = Az g2 (@) < 0"+ 0 = @) + ).
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Then
" (t: 20, 1, 9") — 2" (.25, £, 67|
= [Auy, 102 @ Wb £ 9M) = Aug o g2 (" (333, 12,9
< [[Aas g0 @ b £ 9D) = Ay o2 (0" (8508, 12, 62))|
+ HAxl pror (@ (Gl 12,0%) = Agg o g2 (0" (1128, 1%, 6%)
“(tag, f1gh) — 2t (g, 297 + 0t + (b= a) (i + ).
Since Q™ — 0 as n — oo, implies that (I — Q)~! € M,,,,(R;) and we finally obtain

ot zg, f1ogh) —2*(Bad, 200 < T - Q)7 (" + (0= a)(* +7%). O

5. Remarks

In this section we emphasize some special cases of (1.1).

Let 7 > 0 be a given number and we define the operator G : C([—7, 00),R™) —
R™ such that for any function z € C([—7, 00), R™) and any point ¢ € Ry there exists
a point £ € [t — 7,t] such that G(z)(t) = a(t)z(§) where a € C(R4,R).

Consider the nonlinear delay functional differential equation

a'(t) = f(t, (1) + g(t, G(z)(t)) (5.1)
for t > to with initial condition
z(t+1to) = p(t), t € [-7,0],

where x € R™, f: Ry X R™ = R™, tg € Ry, ¢:[-7,0] = R™.
Particular cases of (1.1):

i) For G(x)(t) = x(t—7), t € Ry, then (5.1) reduces to a delay differential equation
Jr

(see [6], [12], [14], [15));
(ii) For G(z)(t) = r[nax ]z(s) t € R4, then (5.1) reduces to a differential equation

with maxima (see[ ], [17], [9], [10], [1]);

(iii) For G(z ft ,a(s)ds, t € Ry, 7 > 0, then (5.1) reduces to a differential
equatlon Wlth distributed delay (see [11], [4]);

(iv) For g(t,G(z)(t)) = h(x)(t), where h : C([a,b],R) — C([a,b],R) is an abstract
Volterra operator, then (5.1) reduces to a differential equation with abstract
Volterra operator (see [8]);

(v) If 2/ (t) — f(t,(t) == 4 [%} , G(z)(t) = z(t), t > to, then (5.1) reduces

to a quadratic differential equation (see [3]).

Acknowledgements. The author is grateful to professor I. A. Rus for his helpful com-
ments and suggestions.
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Abstract. This is a collection of examples illustrating various properties of fixed
point sets under regularity assumptions on mappings.
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Working for many years on the fixed point theory I came across several original
questions asked by the newcomers to the field and young researchers. Answering very
often required constructions of various examples. Here, samples are recalled, answered
and discussed. Presented examples concern geometrical and topological properties of
the fixed point sets of mappings satisfying certain regularity conditions. If known, are
formulated and shown with some modifications and novelties.

For the whole text, let X denotes a Banach space with norm ||-|| and C be a
convex, closed and bounded subset of X. H stands for Hilbert space. We shall deal
with the classical situation of a mapping 7T : C' — C satisfying the Lipschitz condition
(lipschitzian mappings),

[Tz —Ty|| < kllz -yl (1)
The fixed point set for T is defined as,
FizT' =z € C:xz="Tuz].

If T is a contraction, k < 1, FixT consists of exactly one point, say z, and for
any xg € C, the sequence of iterates x,, = T"xy converges, lim,,_, . z, = 2.

If T is nonexpansive, k = 1, the set FizT may be empty unless the set C catisfies
some additional regularity condition. However, always the minimal displacement by
T satisfies,

d(T)=inf[||lz — Tzl :z € C] =0.
Even if FiaT # () the iterates Tz, in general, do not converge. If the space X, or the
set C, show some special conditions, it may have influence on the regularity of FixT.
For example, if X is strictly convex, then FizT is convex. If C' is weakly compact and
T has a fixed point in every T—invarint closed convex subset of C| then FixT is a
nonexpansive retract of C. The last means that there exists a nonexpansive mapping
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R : C — FizT such that FizR = FizT = R (C) . Without regularity conditions the
fixed point sets can be very bizzare (see below and [1]).

If £ > 1, FizT is in many cases empty unless C' is compact. If C' is not compact,
it may be that d (T) > 0.

The above standard facts in fixed point theory can be found, among other places,
in books [2], [5], [6] see also [3].

The first to discuss is:

Question 1. Given a Banach space X and a nonempty, closed set F' C X. Is there a
way, procedure, algorithm to find out whether F is a fixed point set for a nonexpansive
mapping T : X — X or T : C — C for a convex C containing F'?

The situation is clear if X = H is a Hilbert space. The fixed point sets of
nonexpansive mappings are convex. Since for any nonempty closed convex suset C' C
H the nearest point retraction Po: X — C assigning to each x € H the unique point

Pc (z) € C such that
[ = Pox|| = min[|jz -yl : y € C]

is nonexpansive, convexity is the necessary and sufficient condition for a closed set to
be of the form C' = FizT for nonexpansive 7.

The nearest point projection P is not the only one nonexpansive mapping hav-
ing C as the fixed point set. The reflection with respect to P,S = 2P — I is also
nonexpansive with FixzS = C. There are more examples in [4].

In other, even very regular, spaces convexity is not enough.

Example 1. Let for p € (1,00), 5 be the three dimensional space R* furnished with
the norm

1
]l = ll (1, z2, z3)ll, = (Jza]” + 22|’ + |2s]")? .

Let K be the triangle with vertices at unit vectors, e! = (0,0,1),e? = (0,1,0),¢e3 =
(0,0, 1) . There is the unique closed ball containing K having minimal radius. Simple
calculus shows that this is B (z,,7,) centered at z, = (¢, tp,t,) With

L -1
t = (277 +1)

1—-p

1 1 P
o= 20 (277 +1)
For two extremal cases, p = 1 and p = 0o, we have z; = lim,_,; 2z, = (0,0,0) ,7 =1
and 2o = limy, o0 2p = (%, %, %) Too = % Observe that 2z, € K if and only if p = 2.
Let C C I% be a closed convex set containing K and such that z, € C. Assume that
T : C — C is nonexpansive and such that FizT = K. For any € K we have

T2y = Txl| < |2 — ]| < 7

Thus K C B (T%p,7p). In view that the ball of radius 7, containing K is unique, it
must be z, = T'z,. For p # 2, z, ¢ K and thus, we have the contradiction K # FizT.
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In general, no topological propertis can characterize whether a closed set F' is,
or not is, of the form F = FixzT for nonexpansive T' . There may be the case that the
set C' C X is not the fixed point set of of any nanexpansive mapping 7 : X — X, but
for certain larger space Y, X C Y there is even an isometry G : Y — Y having having
Fix@G isometric to F.

Example 2. Let X be an arbitrary space and let F' C X be nonempty and closed.
Consider the space Z = C' x ¢y normed for (z,y) € Z,z € X,y = (y1,¥y2,-..) € co, by

1, y)ll = max ||z, [lyll.,] -
Since for any z1,z2 in X
|dist (z1, F) — dist (xo, F)| < |21 — 22,
the mapping T : Z — Z, defined as
T (z,y) =T (x,(y1,Y2,...)) = (z, (dist (x, F) ,y1, Y2, ...))

is not only nonexpansive but isometric. If (z,y) = T (z,y) , then

(y1,Yy2,...) = (dist (x, F) ,y1, Y2, -..)
which implies
dist (z,F)=y1 =y =...=0.
Thus, Fiz (T) C Z is
Fixz (T) =F x {0}
which is an isometric the copy of F' C X.

Summing up, any closed subset of any Banach space can be considered as a fixed
point set of an isometry.
Next two questions concern mappings which are lipschitzian with & > 1.

Question 2. Do there exist some characteristics of fixed point sets for Lipschitz map-
ping with constant & > 1?7 Do they depennd on the size of k or the regularity of the
space?

Question 3. The same as above with the additional assumption that T has convergent
iterates, for any z there exists Toox = lim,, o, T™x.

The first answer is that there is no dependence on the size of k. If C' is a closed
and convex set and T : C' — C'is k—lipschitzian, then for any « € (0,1) the mapping
T, = (1 — a) I +aT satisfies the Lipschitz condition wit a constant k, < (1 —a+ ak)
and has FizT,, = FixT. Since lim,_,q ko, = 1 possible characteristics may not depend
on the size of k.

The rest is answered by the following fact.

Claim 1. Let C' C X be a nonempty closed convex and bounded. Suppose F' C C' is
nonempty and closed. For any € > 0 there exists a mapping T : C' — C such that T
is k—lipschtzian with k <14 ¢, FixT = F.

Moreover, for any = € C, Tz = lim,,_, o, T"x does exist.
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Proof. Let F and C be as assumed. Fix a point z € F and 0 < ¢ < 1. Define the
mapping T : C' — C as
dist (z,F) (z — x)
2diamC '
Observe that FizT = F. Now it is easy to see that
ldist (z, F) (z — x) — dist (x, F) (z — y)|| < 2diamC ||z — y|

and consequently,

Tr =

[Tz =Tyl < (1+¢) |z -yl
Finally, for any = ¢ F the iterates {x, Tz, T?x,...} form on the segment [z, 2] the
sequence monotone in the way that for any n = 0,1,2,..., T" o € [T"z, 2]. It
implies convergence. O

Additional information can be obtained that Tx = lim,, ., 7"z is the point
in F N [z,z] closest to z, ||x — T°°z|| = dist (x, F N [z, z]) . Obviously, the above con-
struction does not imply the continuity of T,,. The simpliest example of it is, if we
consider F' consisting of only two distinct points.

The next question concerns retracts. Let us remain in our standartd assumptions
for FF C C. The set F is said to be the retract (lipschitzian, nonexpansive) if there
is a continuous (lipschitzian, nonexpansive) mapping R : C — F such that R (C) =
FixR = F. Any such R is said to be a retraction of C onto F. For a given retract F' of
C, there may be many retractions of various regularity. Retractions are characterized
by the condition R? = R which implies that R (C) is the retract of C. For any z € C
the iterates of each retraction R stabilize after one step, R"x = Rx,n =1,2,3, ... .

Question 4. What about mappings having iterates stabilized after k steps, meaning
Thtly = Tkg?
Under this condition for all n > k, we have T" = T*. In other notation, for any
zeC,
Thy = Thp = TF2, = .
Thus T?* = T* and R = T* is a retraction. Hence the fixed point sets of such
mappings are the retracts of C. There are simple example of such mappings.

Example 3. Let B C X be the unit ball. It is the retract of X. The standart retraction
Q@ : X — B is the radial projection mapping

e if |z <1
Qx—{ E i 2] > 1.

Bl

Let S = 2@Q — I. Since @ satisfies Lipschitz condition with constant k € [1,2], so S is
also lipschitzian. More precisely,

g z o if [z <1
T Hle i [z >0

and

el i el <t
ISzl = { el — 2| if ||z > 1
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For any x we have S"tlz = S™z begining from n = Ent”%”. Consequently for any
r>1,8:rB —rB for n= Ent5,S5" is a lipschitzian retraction of rB onto B.

It is easy to observe that there are more Lipschitz retractions of the whole space
X on B other than @ . Such are for example mappings of the form,

R,=QoS",n=12,...

In the most interesting case of the Hilbert space H, both mappings ) and S are
nonexpansive. So, nonexpansive are all R,,n=1,2, ... .
There is an advice for interested reader to prove:

Claim 2. Suppose F,C, F C C' C H are closed, convex and bounded. Assume that
F (so, also C) has nonempty interior. Let P = Pp : C — F be the closest point
projection and S = 2P — I. Then there exists n > 1 such that S™ is a nonexpansive
retraction of C onto F.

The last is the following:

Question 5. What can be said about mappings similar to presented above if we only
assume that for each individual point x the sequence T™x stabilizes but not necessarily
on on the same level?

The situation is unclear. This condition does not bring much of regularity. There
are sets F,C,F C C such that F' is not the retract of C' or even are disconnected
which satisfy the following.

For any € > 0 there is a (1 + ) —lipschitzian mapping T : C — F having
F = FizT and such that for each z € C,T**'2 = T*z for certain k depending on
x,k =k (x). It looks like it is unknown how to characterize such sets. Here we present
only a few simple examples.

Example 4. Consider the plain R? with standard Eucledean norm, or any Hilbert
space. Let B,S denote the unit ball and the unit sphere and let P be the radial
retraction on B. Then the mapping T : B — B,

To = P((1+2)a), (2)

is (1 4 ¢) —lipschitzian, FizT = SU{0} and for any = € B the iterates of T stabilize.
The level of stabilization k = k (x) for « ¢ FixT depends only on the norm of z and
grows to infinity as  — 0.

It is only a technicality to construct similar examples with F = FizT = SU
215U{0} or F=rBUS,0 <r <1 and other modifications as,

Example 5. Again for the Euclidean plane R? plain consider the square
K =[(z1,22) : |z1] < 1,|z2] <1].
Let P = Pk be the closest point projection of R? on K,
P (z1,22) = (a(z1), a (z2)),

where
-1 if t< -1
aty=¢ t if —1<t<1
1 if t>1
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Let again the mapping T : K — K be defined by (2). Then T fulfils required
conditions and has the fixed point set consisting of nine points: the origin, positive
and negative unit vectors and vertices of the square.
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1. Introduction

The well known Banach contraction’s principle states that in a complete met-
ric space each contraction has a unique fixed point and the sequence of successive
approximations converges to the fixed point. We consider, in this paper, mappings
with a contractive iterate at a point, which are not contractions, and prove some
uniqueness and existence results in the case of b—metric spaces. Some related results
for the case of metric spaces can be found in [12, 4, 17, 19] The starting point of this
theory is the article of V.M. Sehgal [22], where the author proves the following result:

Theorem 1.1. Let (X,d) be a complete metric space and f : X — X a continuous
mapping satisfying the condition: there exists a k < 1 such that for each x € X, there
is a positive integer n(x) such that for ally € X

d(f* O (y), frO(2)) < kd(y, ).
Then f has a unique fized point u and f™(x¢) — u, for each xzy) € X.

We investigate mappings that are not necessary continuous and extend the pre-
vious result to the case of b—metric spaces. The data dependence of the fixed points
is also considered. In the second part of the paper we prove an Ulam-Hyers stability
result. For more results regarding this concepts see [8, 13, 20, 21].
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2. Preliminaries

The b-metric space is a generalization of a usual metric space, which was in-
troduced by Czerwik [15, 14]. In fact, such general setting of metric spaces were
considered earlier, for example, by Bourbaki [11], Bakhtin [3], Heinonen [18]. Follow-
ing these initial papers, b-metric spaces and related fixed point theorems have been
investigated by a number of authors, see e.g. Boriceanu et al.[9], Bota [10], Aydi et
al. [1, 2].

Throughout this paper, the standard notations and terminologies in nonlinear
analysis are used. We recollect some essential definitions and fundamental results. We
begin with the definition of a b-metric space.

Definition 2.1. (Bakhtin [3], Czerwik [15]) Let X be a set and let s > 1 be a given
real number. A functional d : X x X — [0,00) is said to be a b-metric if the following
conditions are satisfied:

1. d(z,y) =0 if and only if x =y,

2. d(z,y) = d(y,z),

3. d(z, z) < sld(z,y) + d(y, 2)],

for all z,y,z € X. A pair (X,d) is called a b-metric space.

It is clear that a b-metric is a usual metric if we take s = 1. Hence, we conclude
that the class of b-metric spaces is larger than the class of usual metric spaces. For
more details and examples on b-metric spaces, see e.g. [3, 5, 11, 14, 15, 18].

For the sake of completeness we state the following examples, see [5, 6].

Example 2.2. Let X be a set with the cardinal card(X) > 3. Suppose that X =
X1 U X, is a partition of X such that card(X;) > 2. Let s > 1 be arbitrary. Then,
the functional d : X x X — [0, 00) defined by:

0, z=z=uy
d(l‘,y) = 287 T,y € Xl
1, otherwise.

is a b-metric on X with coefficient s > 1.

Example 2.3. The set IP(R) (with 0 < p < 1), where

IP(R) := {(:cn) CRIY |zalP < oo} ,

n=1

together with the functional d : I?(R) x IP(R) — R,

o 1/p
d(w,y) = (Z 2 — yn|p> ,

n=1

(where © = (2,),y = (yn) € IP(R)) is a b-metric space with coefficient s = 2/7 > 1.
Notice that the above result holds for the general case IP(X) with 0 < p < 1, where
X is a Banach space.
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Example 2.4. The space L?[0, 1] (where 0 < p < 1) of all real functions z(t), ¢t € [0, 1]
such that fo |z(t)|Pdt < oo, together with the functional

1/p
(/ | (¢) |pdt) , for each z,y € L?[0,1],

is a b-metric space. Notice that s = 21/7,

We will present now the notions of convergence, compactness, closedness and
completeness in a b-metric space.
Definition 2.5. Let (X, d) be a b-metric space. Then a sequence (Tn)nen n X is called:

(a) convergent if and only if there exists x € X such that d(x,,x) — 0 as n — +o0.
In this case, we write lzm N Tn = .

(b) Cauchy if and only if d(xn,xm) — 0 as m,n — +o0.
Remark 2.6. Notice that in a b-metric space (X, d) the following assertions hold:

(i) a convergent sequence has a unique limit;
ii) each convergent sequence is Cauchy;

(
(iil) (X, i) is an L-space (see Fréchet [16], Blumenthal [7]);
(iv) in general, a b-metric is not continuous;

Taking into account of (iii), we have the following concepts.

Definition 2.7. Let (X,d) be a b-metric space. Then a subset Y C X is called:

(i) closed if and only if for each sequence (x,)nen in Y which converges to an
element x, we have x € Y;

(i) compact if and only if for every sequence of elements of Y there exists a
subsequence that converges to an element of Y.

Definition 2.8. The b-metric space (X, d) is complete if every Cauchy sequence in X
converges.

Lemma 2.9. (Czerwik [15]) Let (X,d) be a b-metric space. Then and let {x}}_, C X.
Then d(zy,70) < sd(xg,x1) + ...+ 8" rd(Tp_o0,Tn_1) + 8"d(Tp_1,Tn)-

3. Main results
In order to prove the first main result we need the following Lemma:

Lemma 3.1. Let (X,d) be a complete b-metric space with s > 1 and f : X - X a
mapping which satisfies the condition: there exists an a € (0, %) such that for each
x € X there is a positive integer n(xz) such that for ally € X

d(f" (@), f19(y) < ad(w, y).
Then for each x € X, r(x) = sup,d(f™(x), ) is finite.
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Proof. Let x € X and let [(z) = max{d(f*(z),z),k =1,2,...,n(x)}.
If n € N there exists £ > 0 such that
E-n(z)<n<(k+1) n(x).
We have:

d(f" (@), ) < s[A(f"O (7 (@), 1 (@) + (1 (@), )
<s-a-d(f" M (), 2) + 5+ 1(a)
<s-l(z)+a-s?-Uzx)+a® s 1(z)+...+ad" "L 1(a)

=s-l(z)1+s-a+s’-a®>+... +s" a"
1—(s-a)kt! 1
—5- oo . : _
s-1(x) T s a <s-l(z) e
Hence r(x) = sup,d(f™(x),x) is finite. O

The next result presents a fixed point theorem for a mapping with a contractive
iterate. A data dependence result is also proved.

Theorem 3.2. Let (X,d) be a complete b-metric space with s > 1 and f : X — X
a mapping which satisfies the condition: there exists an a € (0, %) such that for each
x € X there is a positive integer n(x) such that for ally € X

d(f" @) (), ") (y)) < ad(z,y).

Then:

(i) f has a unique fized point x* € X and f"(xg) — z*, for each g € X, as n — oo.
If, in addition, the b—metric is continuous we have:
(ii) d(zg,z*) < sd(zo, f*®0)(20)) + s r(zo), for each xg € X.

1—sa

(iii) Let g : X — X such that there exists n > 0 with

d(f"™) (), g(z)) <, Vo € X.

Then

d(z*,y") <s-n+
for all y* € Fix(g).

Proof. (i) Let 29 € X be arbitrary. Let mg = n(zg), 1 = f™(x¢) and inductively
m; = n(x;), xip1 = ™ (x;). We show that the sequence {z,} is convergent. By
routine calculation we have

d(xng1,2n) = d(f7 (" (2n1)), [T (T0-1))
<a-d(f™ (zp-1),Tn-1) < ... <a" - d(f™(x0), o).
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Estimating d(xy,, Z,4p) We obtain
ATy, Tygp) < 8- ATy, Tpgr) + 87 - d(Tpg1, Togo) + oo+ 8P d(@pspo1, Tnip)
< s-a” - d(f (wo), o) + 87 - @ d(f (w0), @0) + - -
+ 8P a" P d(f (20), o)
<s-a"-r(xo) 482 -a" T r(zo) ..+ 8P a" TP r(20)
s-a"-r(zo)[l+s-a+...+ (s-a)P!]
1— (sa)?
1—sa

Hence {z,} is Cauchy. Let z,, — 2* € X. We want to show that f(z*) = x*.
First we show that

n

=s-a"-r(zg) - —0,n — oo.

f"("’”*)(xm) = Ym — f"(w*)(x*), as m — 0o.
We have
d(f"(x*)(xm), f”(x*)(:lc*)) < ad(Zm,x*) = 0,a8 m — 0.
On the other side we can write
A @), a) < s [0 @), £ @) + () ), 0]
where for ¢ sufficiently large we have

d(fn(m*)(x*)’fn(z*)(xi)) < %

We also have that
d(F) (), ) = d(FE (F (1), 7 (21))
= d(fmr () (o), f ()

< d() (), ai) < a (O @) a) < 2
s
for ¢ sufficiently large.
We also have
€ € 2e

A i), ) < s (A0 ), 1) + (s, 1) < 55+ s =
Hence
€ e
S@ + % =¢&.
Thus f**7)(z*) = z* which gives us the existence of a fixed point for g = f™(=").
In order to prove the uniqueness of the fixed point let us consider x* and y* two

fixed points with z* £ y*. We have

d(z*,y*) = d(g(x"), g(y")) = d(f"" ) (@), [ (y") < a-d(z",y"),
which is a contradiction with a € (0,1).
From the uniqueness of the fixed point and from f™(#") = z* we can conclude
that x* is a fixed point for f too. Indeed we have

F@) = F(fE0 @) = 0 (f ),

d(f") (@), 2%) <

S |s—= +
- 352
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so f(z*) is a fixed point for ") But ") has a unique fixed point z*. Hence
fa*) =a.

To show that f™(zg) — x* let us consider the set
px = max{d(f"(x0),2") :m=0,1,2,...,(n(z*) — 1)}.
For n € N sufficiently large we have: n = r - n(z*) + ¢, 0 < ¢ < n(u),r > 0 and
d(f" (x0), x*) = d(f™ (), 1)
< ad(fUr=DnED g0y ) < L
< a’d(f4(zo),z7) < a”p.
Since n — oo implies r — oo, we have d(f™(xg),x*) — 0, as n — oco. This establish
the theorem.

(ii) In order to prove the second assertion we consider the following inequality

obtained above:
1— (sa)?
d(zy, Tnyp) < s-a”-r(xo) - T
Since the b—metric is continuous and letting p — oo we obtain:

sa™

d(xp,z") < r(xg).

1—sa
For n = 1 we have

d(.’El,l'*) = d(fn(a:[))(xo)ax*) < 1— sa

r(zo).
Taking into account the previous inequalities we have:

d(zg, ") < s(d(xzo,z1) + d(z1,27))

(o)

< sd +
< sd(xg,x1) T
52

=5 -d(zg, fM™) (z9)) + r(z0)

1—sa

(iii) For the data dependence of the fixed points, using the result from (ii) for
zo = y*, we obtain:

d(@*,y") < sd(y*, ") + - (y")
2
=s-d(g(y"), " () + 1 = —(y")
2
<s o+ (Y’

O

In the second part of the paper is presented an Ulam-Hyers stability result. We
begin with the definition of the Ulam-Hyers stability for a fixed point equation.
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Definition 3.3. Let (X, d) be a b-metric space with s > 1 and f: X — X a mapping.
The fized point equation

r=f(x), r€X (3.1)
is called Ulam-Hyers stable if Ve > 0 and Vx € X there exists n(xz) € N* such that
Yy* a solution of the inequality

dly, " () <& (32)
there exist ¢ > 0 and x* € X a solution of (3.1) such that
d(y*,z*) <e. (3.3)

Theorem 3.4. Let (X, d) be a complete b-metric space with s > 1. Suppose that all the
hypothesis of Theorem 3.2 hold.
Then the fized point problem (3.1) is Ulam-Hyers stable.

Proof. Let us estimate the following:
d(y*,z*) < s(d(y*, "7 (") + d(f"Y ) (y"), %)
)

s(e+d(f"Y(y"), 1V (@)
<se+s-a-dy*,z¥)

Hence:
se

d* *) <
(y“r)_lfsa

O
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1. Introduction

One of the most useful methods for solving nonlinear equations arising from
mathematical modeling of real processes is the method of upper and lower solutions
(see [1], [2], [5], [6], [8], [10], [12], [13], [14]). It conmsists in localizing solutions of an
operator equation

u="Tu
in an order interval [ug,vg], where wg is a lower solution, i.e.
ug < Tug,
v is an upper solution, i.e.
vg > Ty,

and wug,v9 are comparable in the sense of order, that is wy < wvg. Thus a basic
problem is to find comparable lower and upper solutions. In this paper we present
such type of results for the abstract Hammerstein equation

u=ANu (1.1)
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in an ordered Banach space X. Here A is a linear operator and N is a nonlinear
mapping from X to X. Although the main motivation is in applications to real pro-
cesses from science and engineering, a general abstract method is essential in order
to understand unitarily particular results and to make clear the applicability of the
method to a specific problem.

2. Main results

The first result guarantees that the solutions of an equation u = A®wu simpler
than (1.1), are upper (lower) solutions for (1.1) provided that @ (respectively, N)
dominates N (respectively, ®).Throughout this paper we shall use the same symbol <
to denote the order relation in different ordered sets.

Theorem 2.1. Let X and Y be two ordered sets, N : X —'Y be any mapping and A :
Y — X be an increasing operator. Assume that there are D C X and ® : D — Y
such that

Nu < du  (respectively, Nu > du) (2.1)
for allw € D. Then any solution uw € D of the equation
u = Adu, (2.2)

if there is one, is an upper (respectively, lower) solution of the equation u = ANu.
Proof. Assume vy € D solves (2.2). Then, from (2.1) we have
N’UQ S (I)’Uo

and since A is increasing,
AN’U() § ACI)’UO = 9.

Hence vy is an upper solution. Similarly, if Nwu > ®u on D, then any solution of
(2.2) is a lower solution of the equation u = ANu. O
If in Theorem 2.1 we add linearity, then we obtain the following result.

Corollary 2.2. Let X, Y be ordered linear spaces, N : X — Y any mapping and
A:Y — X a linear increasing operator. Let Kx be the cone of all elements u of X
with u > 0. Assume there are ¢ € Ry and wg € Y such that

Nu < cu+ wp (2.3)
for all uwe Kx NY. Then any solution vy € Kx of the equation
u — cAu = Awyg (2.4)
is an upper solution of (1.1). If in addition,
=N (—u) < cu+ wy (2.5)

for all uwe Kx NY, then ug := —vg is a lower solution of (1.1).
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Proof. In Theorem 2.1 take D = Kx NY and ®u = cu+ wyp. For the second part of
the corollary, take D = (—Kx)NY, ®u = cu — wyp. O

Equation (2.4) suggests that more applicable results can be established if we
take into account the spectral properties of A.

Theorem 2.3. Let X be a Banach space ordered by a normal cone K. Assume that
A: X = X is a completely continuous linear operator whose non-zero eigenvalues
are positive and that A satisfies the weak mazimum principle

u—aAu=Aw, we K implies uve K (2.6)

for every « € (—o0, |A|_1). In addition assume that N : X — X is a continuous
mapping such that

Nu<cu+wy, N(—u)>—cu—wp (2.7)

for all uwe K and some 0<c< \A|71, wo € K, and there exists a € R4 such that
the operator

Nu+au is increasing on  [—vgp,vo] ,

where vy is the (unique) solution of the equation u— cAu = Awy.

Then equation (1.1) has at least one solution. Moreover, if the set Si (S-)
of all solutions u > 0 (respectively, u < 0) is nonempty, then it has a mazimal
(respectively, minimal) element.

Proof. First note that for any constant a < |A|71 , the operator I — aA is injective
(equivalently, bijective, according to the Fredholm’s alternative [4, p. 92]). Indeed,
otherwise for some u € X \ {0} one has u — aAu = 0. For « < 0 this is impossible
since all non-zero eigenvalues are assumed to be positive (here 1/a is a non-zero
eigenvalue). If « = 0, this equality is obviously impossible. It remains to discuss the
case a > 0. Then |u| = a|Au| < «|A| |u|, whence a > |A]™", a contradiction. Thus
our claim is proved.

Let v be the unique solution of the equation u — cAu = Awg.From (2.6) one
has wvg > 0. Now, (2.7) guarantees both (2.3), (2.5). Thus, by Corollary 2.2, v is
an upper solution and ug := —vg is a lower solution. Let

Nyou = Nu + au.
The equation © = ANw is equivalent to
u=(I+aA) " AN,u.
Let
T, = (I +aA) " AN,.
Clearly T, is completely continuous on [ug, vg]. Also T, is increasing on [ug, vg] since
N, is increasing by our hypothesis and (I 4+ aA)fl A is increasing as well. Indeed,

if we K and u:= (I +aA)”" Aw, then u+ aAu = Aw and by the weak maximum
principle u € K. Hence the linear operator (I + aA)f1 A is increasing. In addition

Ta’U() S V9. (28)
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To prove this denote wu := T,vg. Then
u+adu = ANvy+ aAvg = A(cvg + wy — h) + aAvg
= cAvg + Awg — Ah + aAvg = vg — Ah + aAvg
where h := cvg + wg — Nvg € K. Consequently
vo —u+ aA (vg —u) = Ah
and by the weak maximum principle vy — u > 0 which proves (2.8). Similarly,
ug < Thug.

Let u*,v* be the minimal, respectively maximal solution in [ug, vg] as guaranteed by
the Monotone Iterative Principle (see [9] and [13]). One has

—vg < u* <v* <.
We now show that if w € K solves w = ANw, then w < vy. Indeed, from
w=ANw = A(cw+wy — h) = cAw + Awy — Ah,
where h := cw + wg — Nw € K, and
vy = cAvg + Awy, (2.9)
by subtraction, we obtain
vg — w — cA (vg — w) = Ah.

Then by the weak maximum principle, vg — w > 0 and so w € [0,vg]. Consequently
w < v*. Hence v* is maximal in S;. Similarly, if w € —K and w = ANw, then
—vg < w. Hence u* is minimal in S_. O

For our next theorem, an existence and localization result of a nonnegative non-
zero solution, we assume that X is a Hilbert space with inner product and norm
(,.), || ordered by a normal cone K, which is also a vector lattice with respect to
the order relation introduced by K. Then any element z € X can be written as a
difference of two elements z©,x~of K, that is x = 2+ — 2, where z7 =2V 0 and
2~ = (—2) V0. Thus for an element = one has x > 0, if and only if = = 0. We also
assume that

(z, y) =20 forall z,y € K and (2%, 27) =0 for every z € X. (2.10)

We also note that if A : X — X is a completely continuous positive (with
(Au, u) > 0 for all u € X) self-adjoint linear operator, then there exists u; € X,
|ui| = 1, such that

Al = (Au, ui). (2.11)
This follows from the characterization of the norm of self-adjoint linear operators:
A
A — sup (4 )

w0 |ul®
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Since (2, 27) = 0 for every z € X, we have |uj +u; | = |uf —uy| = 1. Also if
A(K) C K, then
Al = (A —up), wf —uy)
= (Aui", uy ) (Aul, 1_) (Auf', U1_)
< (Auf, uf) + (Aup, uy) +2 (Auf, uy)
(A(uf +uy), uf +uy) <4 |uf+u1_|2
= Al

Hence in (2.11) we may assume that u; > 0 (otherwise, replace u; by uf + uj).

Theorem 2.4. Let A: X — X be a completely continuous positive self-adjoint linear
operator such that weak maximum principle (2.6) holds, and let N : X — X be any
continuous mapping such that N (0) =0,

Nu < cu+ wy (2.12)
for all we K and some 0<c< |A|_1 , wo > u1, and
N (euy) > e|A| " uy (2.13)
for all € € [0,e9] and some g9 > 0. Here wuy € K, |u1| =1 and (Auq, uy) = |A4|.
In addition assume that there exists a € Ry with
Nu+ au increasing on [0,vo],
where vy is the (unique) solution of the equation u — cAu = Awg. Then equation

(1.1) has a mazimal solution in K \ {0} .

Proof. First note that the non-zero eigenvalues of A are positive since A is positive.
As above, the unique solution vg of the equation u—cAu = Awyg is an upper solution
of the equation u = ANwu. Since N (0) = 0, the null element is a solution, and
so a lower solution. Now we apply the Monotone Iterative Principle to deduce the
existence of a maximal fixed point v* in [0, vg] of the operator

= (I +aA) " AN,.

As in the proof of Theorem 2.3 we can show that v* is maximal in the set of all
nonnegative solutions. To show that v* # 0, we prove that v* is the maximal fixed
point of T, in an order subinterval [ug,vg] C [0,vo] with ug # 0.

For any fixed v € X we consider the function

(A (ur + tv), ug +tv)
luy + tol®

g(t)=

i

which can be defined on a neighborhood of ¢ = 0. This function attains its maximum
|A| at ¢ =0, so ¢’ (0) = 0. Notice

g'(0) = 2[(Auy, v) — |A] (w1, v)].

Hence
= |A|7" Ay
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(i.e., |A| is the largest eigenvalue of A and wu; is an eigenvector). Let ug = euq,
where 0 < ¢ < gg. Clearly

ug >0, wuyg#0, wug= \A|_1Au0.
Using (2.13), we deduce
wo = |A 7 Aug=A (|A|’1 uo)
< ANuy.
Thus wug is a lower solution of u = ANwu. Also, from
vg = cAvg + Awg, ug = |A\_1 Auyg,

we have

cA (vg — up) + (c - |A|_1) Aug + Aw.

Vg — Up
= cA(vg—u)+A [(c— |A|71) Ug +w0} :
Since wg > u1, we may write wg = uy + h, where h = wyg — u; € K. Then
vO—UO:cA(vO—u0)+A[<<c—|A|71>5+1)u1+h}.

Now we choose € > 0 small enough so that (c - \A|_1) €+1>0. Then

((c - |A|71> €+ 1) up € K
and
((c— |A|_1)5—|—1) up+hek

too, and by the maximum principle, v — ug > 0. Next we apply the Monotone
Tterative Principle to deduce the existence of a maximal fixed point in [ug, vg] of Ty.
Clearly it is equal to v*. O
Remark 2.5. Under the assumptions on X from Theorem 2.4, the weak maximum
principle holds for A on (—oo, |A\71> if it holds on (—o0,0].

Indeed, if (2.6) holds on (—o0,0], then, in particular (take o = 0 in (2.6))
A(K) C K. Furthermore, assume « € (O, |A\71> and u :=v —aAv € K. We have

to show that v > 0, equivalently v~ = 0. Assume the contrary, i.e. v~ # 0. Then if
we multiply by v~ and we use (2.10), we obtain

0 < (vf, u) = (vf, v) —oz(v*, Av)
= (v*, v+)f|v*|2fa(v*, Av+)+a(v*, Av*)
< —|v*‘2+a(v*, Av*).

It follows that

2
]
~ (v, Av)’
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1
But (v—, Av™) < |A] \v_\g. Then o > —, a contradiction. Thus v~ = 0.

Al

3. Application to singular boundary value problems

We shall apply the above results to the boundary value problem for a singular
second order differential equation

(pu’) (0) =0 (3.1)

1
where p € C[0,1] N C*(0,1) with p > 0 on (0,1), / Z%dt < oo and ¢ €
L*>([0,1],R4). The equation is singular if p is zero at 2 =0 or/and ¢ = 1. Such
kind of problems are in connection with radial solutions to stationary diffusion and
waves equations and arise from mathematical modelling of many processes in physics
and biology [3], [7], [11].

By a solution of (3.1) we mean a function u € C'[0,1]NC*(0,1), with pu’ €
AC'[0,1] which satisfies the differential equation for almost every ¢ € (0,1).

Let X = L210,1] with inner product and norm

1 1
(u,v) = / puvdt, |ul= (/ D uzdt)
0 0

Clearly, X is vector lattice ordered by the regular (hence, normal) cone K of all
nonnegative functions, with the additional property (2.10).
Denote Lu = (pu')’, where

1/2

_1
P
D(L) = {ueC0,1]nC*(0,1): pu’ € AC[0,1],
Lu € L2[0,1], (pu')(0) =wu (1) =0}.
It is easy to see that for every h € L2 [0,1] there is a unique u € D (L) with Lu = h,

and
u(t):/tlp(ls) /Osp(r)h(r)des.

Let A be the inverse of L, more exactly

A:LIQ, [0,1] —>L12) [0,1], (Ah) (t)z/t p(ls)/osp(T)h(T)des.

We note that A has all the required properties, i.e., it is completely continuous,
positive, self-adjoint (see e.g. [11]) and satisfies the weak maximum principle. To
prove the last property, according to Remark 2.5, it is sufficient to show that (2.6)
holds for a < 0. For a = 0 this trivially holds as follows looking at the expression of
A. Let @« < 0 and let v — aAu = Aw for some w € K. Then

{ —%(pu’)/—au:w, 0<t<1

w(1) = (pu') (0) = 0. 32
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Suppose that u ¢ K. Then there would be an interval [a,b], 0 < a < b < 1 such that
u < 0 in (a,b), u(b)=0 and
eithera = 0, or 0 <aandu(a)=0.
Then on [a, b], one has —% (pu') >0, i.e. (pu')’ < 0. Hence pu’ is decreasing on [a, b]
and since (pu’) (b) > 0, we must have pu’ > 0 on [a, b] . Then w is increasing and since

u (b) =0, we have u (a) < 0. Hence a = 0 and u < 0 in (0,b) . Now integration from
0 to b in (3.2) gives

~) 0o [ " pudt / * ot

Since fobpwdt >0 and afobpudt > 0, we deduce (pu') (b) < 0, a contradiction.
Therefore u >0 in [0,1].
Theorem 3.1. Assume f € C' (R) and

f(x)

X

lim sup

<A™ gl g 0. - (3.3)

Then problem (3.1) has at least one solution. Moreover, if the set Sy (S-) of all so-
lutions u > 0 (respectively, u < 0) is nonempty, then it has a mazimal (respectively,
minimal) element.

Proof. From (3.3) we can find a ¢g € (O, |A| ! |q|£i[o)1]) and a g > 0 such that

[f (@) <colz| for |z|>p.
Next the continuity of f on [—u,p] guarantees the existence of a ¢; > 0 with
If (@) <er on [—p,p].
Thus
If ()] <colx|+e1 forall z€R. (3.4)
This implies that the mapping
N (u)(t) =q(t) f(u(t))

is well-defined and continuous from L2 [0,1] to itself and
[Nulap0,1) < ldlpeeio,1y (CO lulapo) + 1 |1|Lg[0,1]) :
On the other hand, if u € K = L2 ([0,1],R4), then (3.4) guarantees
N(u) <cu+wy and — N (—u) < cu+ wy,

where ¢ = colq|pecpq) < |A|™" and wo = ¢ 1a] poop0,1) -

If v is the (unique) solution of the equation w — cAu = Awg, then vy €
C([0,1],R4+) and so 0 < wg () < M for all ¢t € [0,1] and some M > 0. Function f
being C*, there is a number a € R, such that

|4l o /' (#) +a >0 forall ze[-M, M].
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Consequently, N (u)+ au is an increasing operator on [—vg,vp] and we may apply
Theorem 2.3. g
Finally Theorem 2.4 yields the following result.

Theorem 3.2. Assume q=1, f € C* (R,R), f(0) =0 and

nmsupM <A™t < f(0).

T—00 x

Then problem (3.1) has a maximal positive solution.
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Abstract. In this paper we give some coupled fixed point theorems for Zamfirescu
type operators in ordered generalized Kasahara spaces (X, —, d, <), where d : X X
X — RY" is a premetric. An application concerning the existence and uniqueness
of solutions for systems of functional-integral equations is also given.
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1. Introduction and preliminaries

Many coupled fixed point results were given in the context of complete gener-
alized metric spaces, for generalized contraction mappings. If we carefully examine
their proofs by the iteration method, we can see that in some cases, not all of the
metric properties are essentials. We give here some coupled fixed point theorems and
applications in a more general setting, the so called generalized Kasahara space.

We recall first the notion of L-space, given by M. Fréchet in [4].

Definition 1.1. Let X be a nonempty set. Let
s$(X) = {(xn)neN |z, € X, ne N}.
Let ¢(X) be a subset of s(x) and Lim : ¢(X) — X be an operator. By definition
the triple (X, c(X), Lim) is called an L-space (denoted by (X,—)) if the following
conditions are satisfied:
(2) if zp, =z, for alln € N, then (xn)nen € ¢(X) and Lim(xy)nen = .
(#3) if (xn)nen € c(X) and Lim(xp)nen = z, then for all subsequences (xy,)ien of
(Zn)nen we have that (zn,)ien € ¢(X) and

Lim(xy,)ien = .
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Remark 1.2. For examples and more considerations on L-spaces, see I.A. Rus, A.
Petrugel and G. Petrusel [10, pp.77-80].

The notion of generalized Kasahara space was introduced by I.A. Rus in [9] as follows:

Definition 1.3. Let (X, —) be an L-space, (G,+, <, g) be an L-space ordered semi-
group with unity, 0 be the least element in (G, <) and dg : X x X — G be an operator.
The triple (X, —,dq) is called a generalized Kasahara space if and only if the following
compatibility condition between — and dg holds:

for all (xp)nen C X with Z de(xp, Trny1) < +00
neN
= (Zn)nen is convergent in (X, —). (1.1)

Remark 1.4. Notice that by the inequality with the symbol +o00 in the compatibility

condition (1.1), we understand that the series Z de(zy, Tnt1) is bounded in (G, <).
neN

Remark 1.5. In the context of generalized Kasahara spaces, fixed point results for self
generalized contractions were already given by S. Kasahara in [5], for the case when
G =Ry U{+oo} and by LA. Rus in [9], for the case when G = R']".

An example of generalized Kasahara space is the following one:

Example 1.6 (I.A. Rus, [9]). Let p: X x X — R be a generalized complete metric
on aset X. Let zg € X and A € R with A # 0. Let dy : X x X — R" be defined by

d ( ) ,O(x,y) s 1fm7éx0 andy#xm
x’ = .
MY A , if x =g or y = x.

Then (X, 5 dy) is a generalized Kasahara space.

We recall also a very useful tool which helps us to prove the uniqueness of the fixed
point for operators defined on generalized Kasahara spaces.

Lemma 1.7 (Kasahara’s lemma [5]). Let (X, —,dq) be a generalized Kasahara space.
Then dg(x,y) = dg(y,x) = 0 implies ¢ =y, for all x,y € X.

Remark 1.8. For more considerations on Kasahara spaces, see [3] and [9].
We introduce now the notion of ordered generalized Kasahara space.

Definition 1.9. Let (X, —,dg) be a generalized Kasahara space. Then (X, —,dg, <)
is an ordered generalized Kasahara space if and only if (X, <) is a partially ordered
set.

Example 1.10. Let X := C([a,b],R™) = {z : [a,b] = R™ | x is continuous on [a,b]}
be endowed with the partial order relation

x<cyszt) <yl) e x(t) <y(t), forall t € [a,b], i =1,m.

We consider %, the convergence structure induced by the Cebisev norm
p:C(la,b],R™) x C([a,b],R™) — R,
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defined by

max |z (t) — y1 (t)]
t€la,b]

p(z,y) = ||z — yllc = max [z(t) — y(t)| =
t€la,b]

mt - mt
tren[gfg]lx (t) = ym(t)]

Let d : O([a, b],R™) x C([a,b], R™) — R7, defined by
d(z,y) = |z —yllc + Iz — y)Pllc = max |z(t) — y(¢)] + max [(t) — y(t)|”
t€la,b] t€la,b]
1) — i (¢ ) — y1 (1P
tgl[gfg]le() yl()|+t1gl[gf§]|x1() y1(t)]

m(t) — ym(t)| + m(@t) —ym ()P

21, (8) = g (8] + 10 [ (0) = €]

where p e N, p > 2.

Since p(z,y) < d(z,y), for all z,y € C([a, b],R™) we get that (C([a,b],R™), 5, d, <c)
is an ordered generalized Kasahara space. (See also I.A. Rus, [9]).

Let (X, —,dg, <) be an ordered generalized Kasahara space. Then we define
X< ={(z1,22) e X x X | 21 <@g or z2 < 21}

In the above setting, if f : X — X is an operator, then the Cartesian product of f
with itself is

[xf: X xX = XxX, given by (f x f)(@1,22) := (f(z1), f(2)).

In this paper, we consider the ordered generalized Kasahara space (X, —, d, <), where
d: X xX — R} is a premetric, ie., d(z,z) = 0, for all z € X and d(z,y) <
d(z,z) + d(z,y), for all x,y,z € X.

We mention that if o, 8 € R™, o = (a1, @2,...,am), 8 = (B1,082,--.,8m) and
¢ € R, then by a < 8 (respectively a < (), we mean that a; < f3; (respectively
a; < ), for all i = 1,m and by o < ¢ we mean that «; < ¢, for all i = 1,m.

We denote by M, ., (R4 ) the set of all m xm matrices with positive elements, by
O, the zero m x m matrix and by I,,, the identity m x m matrix. If A = (a:5); ;—77,
B = (b;) € My,.m(Ry), then by A < B we understand a;; < b;;, for all
1,7 = 1,m. The symbol A™ stands for the transpose of the matrix A. Notice also that,
for the sake of simplicity, we will make an identification between row and column
vectors in R™.

A matrix A € M, (R4 ) is said to be convergent to zero if and only if A — Oy,
as n — oo (see [10]). Regarding this class of matrices we have the following classical
result in matrix analysis (see [1, Lemma 3.3.1, page 55], [11], [8, page 37], [13, page
12).

i,j=1,m

Theorem 1.11. Let A € M., o (Ry). The following statements are equivalent:

(i) A is convergent to zero;
(i1) A™ = O as m — 005
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(#i1) the eigenvalues of A lies in the open unit disc, i.e., |A| < 1, for all X € C with
det(A — \I,;,) = 0;
(iv) the matrixz I, — A is non-singular and

(I —A) ' =L, + A+ A+ ...+ A"+ ...

(v) the matriz (I, — A) is non-singular and (I,, — A)~' has nonnegative elements;
(vi) A"q — 0 € R™ and g"A™ — 0 € R™ as n — oo, for all g € R™.

Remark 1.12. Some examples of matrices which converge to zero are:

@ a ),where a,beRy anda+b<1;

a) any matrix A := < b b

b) any matrix A := ( b ),Where a,be R, and a+b < 1;

a
a b
¢) any matrix A := ( 8 I; ), where a,b,c € Ry and max{a,c} < 1.

We consider now the following particular matrix set:

a1 a2 aiz ... A1m
0 922 423 e agm, 1
A
Mm,m(R-i-) = { 0 0 ass ... asm € Mm,m(R-‘r) max a;; < 2}~
: : : : i=1m
0 0 0 ... amm

Lemma 1.13. Let A € M5, (Ry). Then the matrices A and (I, — A)~'A are con-
vergent to zero.

Proof. Since the eigenvalues of A and (I, — A)"!A are in the open unit disk, the
conclusion follows from Theorem 1.11. O

Remark 1.14. For more considerations on matrices which converge to zero, see [6], [8]
and [12].

Let (X,—) be an L-space and f : X — X be an operator. The following nota-
tions and notions will be needed in the sequel of this paper:

o Fiz(f):={zr € X |xz= f(z)} the set of all fixed points for f.

o I(f):={Y C X | f(Y)CY} - the set of all invariant subsets of X with respect
to f.

o Graph(f) == {(z,y) € X x X | y = f(x)} the graph of f. We say that f has
closed graph with respect to — or Graph(f) is closed in X x X with respect to
— if and only if for any sequences (2, )nen C X, (Yn)neny C X with y, = f(z)
foraln e Nand z,, -z € X, y, > y € X, as n — 00, we have that y = f(x).

e A sequence (z,)nen C X is called sequence of successive approximations for f
starting from a given point xg € X if x,41 = f(zn), for all n € N. Notice that
Tn = f™(x0), for all n € N.
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2. Main results
Our first main result is the following one:

Theorem 2.1. Let (X, —,d, <) be an ordered generalized Kasahara space, where d :
X x X = R is a premetric, i.e., d(x,x) = 0 and d(z,y) < d(z, z) + d(z,y) for all
z,y,z € X. Let f : X — X be an operator. We assume that:

(i) for each (x,y) € X<, there exists z(, ) := 2z € X such that (x,2),(y,2) € X<;
it) for cach (z,y) € X<, we have (z, f(2)), (4, f(y)) € X<
(iii) X< € I(f  f);
(i) f:(X,—) = (X,—) has closed graph;

) f is a Zamfirescu type operator, i.e., at least one of the following conditions
holds:
(v1) there exists A € My, m(Ry) which converges to zero such that

d(f(z), f(y)) < Ad(z,y), for all (z,y) € X<

(v2) there exists B € M5, (Ry) such that
d(f(x), f(y)) < Bld(z, f(x)) + d(y, f(y))], for all (x,y) € X<
(vs) there exists C € M5, (Ry) such that
d(f (@), f(y)) < Cld(x, f(y)) + d(y, f(2))], for all (x,y) € X<
(vi) there exists xg € X such that (zo, f(z0)) € X<.
Then f: (X,—) — (X,—) is a Picard operator.

Proof. Let x € X be arbitrary.
Since (zg, f(70)) € X<, by (iii) we have (f(zo), f?(z0)) € X<.
If f satisfies (vy) then
d(f(z0), f*(x0)) < Ad(zo, f(x0))-

If f satisfies (vy) then

d(f (o), f*(w0))

)

( Bld(xo, f(x0)) + d(f(x0), f*(z0))],
ie., d(f(xo), f*(w0))

)

(z

(
( (Im 7B)7le(£L'0,f(£0)).

<
<

If f satisfies (v3) then

d(f(z0), f*(z0)) < Cld(zo, f*(w0)) + d(f(z0), f(20))]
< Cld(xo, f(x0)) + d(f (o), f*(x0))],
ie., d(f(x0), f*(20)) < (Im — C) ™' Cd(xo, f(x0))-

Let Q := {A, (I, — B)"'B, (I, — C)~'C}. For any matrix M € (, we have
M € My, m(Ry) and by Lemma 1.13, it follows that M is a matrix that converges
to zero. In addition, we have

d(f(zo), f*(x0)) < Md(zo, f(20)), for all (zq, f(20)) € X< and all M € Q.
Now, since (f(zo), f?(x0)) € X<, by (iii) it follows that (f2(zo), f3(z0)) € X<.
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If f satisfies (v1) then
d(f*(xo), f*(z0)) < Ad(f(wo), f*(w0)) < A%d(xo, f(0))-
If f satisfies (v2) then

d(f*(xo), f*(20))
ie., d(f*(wo), f* (w0))

Bld(f(z0), f*(x0)) + d(f*(z0), f*(x0))],
(Im — B) ™' Bd(f(x0), f*(x0))
[(Im — B)~ 1B]2d(x0,f(x0)).

IA A IA

If f satisfies (v3) then

d(f*(wo), [*(20)) < C(f (o), [*(w0)) + d(f*(20), F*(20))]

< Cld(f(x0), f*(x0)) + d(f*(x0), £*(0))],
Le., d(f*(x0), f*(x0)) < (Im — C)~'Cd(f(x0), f*(x0))
< [(Im = )" CPd(wo, f(x0)).

In all three cases presented above, we conclude that

d(f*(z0), f3(w0)) < M?d(zo, f(0))

for all (zo, f(z0)) € X< and all M € Q.
By induction, for n € N, we get

d(f"(xo), [+ (w0)) < M"d(x0, f(x0))

for all (xo, f(zo)) € X< and all M € Q.
Next, we obtain

> d(f™ (o), £ (o)) < Y M"d(wo, f(x0))

neN neEN
= (I — M) d(wo, f(0)) < +o0

for all (zo, f(x0)) € X< and all M € Q.

Since (X, —,d) is a generalized Kasahara space, we get that the sequence of
successive approximations for f, starting from xg, is convergent in (X, —). So, there
exists #* € X such that f™(zg) — z* as n — oo. By (iv) we get that a* € Fiz(f).

Notice also that:

o If (x,x0) € X< then by (ii7) we have (f"(z), f*(z0)) € X< and by (i) that
(2, f(2)), (y, f(y)) € X<.

If f satisfies (v1) then

0 <d(f" (@), f"(20)) + d(f" (20), " (2))
< Ad(f" (@), £ (wo)) + Ad(f" 7 (20), 7 (x)

Rm
< .. < AM(z, ) + Amd(zo, ) =5 0 as n — oo.
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If f satisfies (vy) then

0 < d(f"(x), f"(z0)) + d(
< 2B[d(f" " (x), f*(x)) + d(f" (z0), £ (x0))]
< 2B[(I, — B)™'B]""'[d(z, f(«)) + d(x0, f (0))]
< 2(Ipy + B+ B + .. )B[(I;, — B)"' B]"™'[d(=, f(x)) + d(x0, f(x0))]

[ (o), [ ()
+

= 2[(I,, — B) "' B]"[d(z, f(x)) + d(z0, f(z0))] H%n 0 as n — oo.
If f satisfies (v3) then

)

0 < d(f" (@), £ (z0)) + d(f" (o), £ (x))

< 2L (@), £ (w0)) + A(F" (o), £ ()]

< 20N (@), (@) + d(f" (), M (20))

+d(f" (o), [ (x0)) + d(f™ (o), [ (2))],

(@)1 )+ o). ()
(L — 2C)~12C[d(f*~* (&), £ () + d(f" (o), " (x0))
(I — 2C)12C[(Ly — C) 1€ [d(w, £(2)) + d(zo, f(0))]
< (I = 20)712[(L, — C) 2 C]"{d(w, [(2)) + d(wo, f(20))] -5 0

as n — o0.

ie, 0

IN A I/\

In all three cases we get that d(f™(z), f™*(xo)) = d(f™(zo), f*(z)) = 0. By
Kasahara’s lemma 1.7, it follows that f™(z) = f™(zo), for all n € N.

o If (x,209) ¢ X<, then by (i), there exists z(; ,,) := z € X such that (z,z2),
(x0,2) € X<. Since (z,2) € X<, by (i4i) we have (f”( ), f"(2)) € X< and by
(1) that (z, f(x)), (2, f(2)) € X<. In a similar way as presented above, we obtain
f"(x) = f*(2), for all n € N. On the other hand, since (xo,2) € X< we get that
f™(x0) = f™(2), for all n € N. Hence f"(x) = f™(xg) — =* as n — oc.

We show next the uniqueness of the fixed point x*.

Let y* € Fiz(f) such that y* # x*.

If (x*,y*) € X<, then by (iii) we have (f™(z*), f"(y*)) € X< and by (i) that
(=", f(z")), (v fy")) € X<

If f satisfies (v1) then we have:
0 <d(f(z%), f(y") +d(f(y"), f(27)) SAd( Sy7) + Ad(y", 27,
ie., 0 <d(@* y")+dy*,2*) < (I, — A)~'0=0.

If f satisfies (v2) then we have:

0 <d(f(z%), f(y") +d(f(y"), (")) < 2Bld(a”, f(z")) + d(y", f(y"))],
ie, 0 <d(z*,y")+d(y",a") <2Bld(z*,2") + d(y*,y")] = 0.
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If f satisfies (v3) then we have:

0 <d(f(z7), f(y*) +d(f(y"), f(z7))
< 2C[d(x7, f(y*) +d(y™, f(27)] = 2C[d(2", y*) +d(y™, 27)],
ie., 0 <d(x* y*)+d(y*,z*) < (I, —2C)"*0 = 0.

So, in all three cases, we conclude that d(z*,y*) = d(y*,2z*) = 0. By Kasahara’s
lemma 1.7, it follows that z* = y*.

If (z*,y*) ¢ X<, then by (i), there exists z(y« ,+) := 2 € X such that (z*, 2),
(y*,2) € X<. Since (z*,2) € X<, by following the same way of proof as presented
above, replacing y* with z, we get that z* = z. On the other hand, since (y*, z) € X<,
we get in a similar way that y* = z. Hence x* = y*. O

In the sequel, we will apply the above result to the coupled fixed point problem
generated by an operator.

Let X be a nonempty set, endowed with a partial order relation denoted by <.
If we consider two arbitrary elements z := (z,y), w = (u,v) of X x X, then, we can
introduce a partial ordering relation on X x X, denoted by < and defined as follows:

z X w if and only if (z > u and y < v).

Theorem 2.2. Let (X, —,d, <) be an ordered Kasahara space, where d : X x X — Ry
is a functional, satisfying the following conditions: d(x,z) = 0, for all v € X and
d(z,y) < d(z,z)+d(z,y), for al z,y,z € X.

Let S : X x X — X be an operator. We suppose that:

(7) for each z = (xz,y), w = (u,v) € X X X, which are not comparable with respect
to the partial ordering < in X x X, there exists t := (t1,t2) € X x X, which may
depend on (z,y) and (u,v), such that t is comparable with respect to the partial
ordering <, with both z and w;

(i3) for each x = (z1,22), ¥y = (y1,92) € X x X, with (x1 > y1 and z2 < y2) or
(y1 > 1 and yo < x2) we have

( ry > S(21,72) or S(x1,22) > 71 >
ry < S(w2,71) S(w2,21) < 22
( Y1 > S(y1,92) or S(1,y2) > 0 )
y2 < S(y2,y1) S(y2,y1) < yo
(#i1) for all (x > u and y < v) or (u >z and v < y), we have

{s<x,y> >Swo) {S(u,v) > S(x.y)

and

S(y,x) < S(v,u) S(v,u) < S(y, )

i.e., S has the generalized mized monotone property;
(iv) S: X x X — X has closed graph with respect to —;
(v) at least one of the following conditions holds:
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(v1) there exists ki,ka € Ry, k1 + ko < 1 such that
d(S(z,y), S(u,v)) < krd(z,u) + k2d(y, v)
(v2) there exists k € [0, 3| such that
d(S(z,y), S(u,v)) < kld(z, S(x,y)) + d(u, S(u,v))]
(v3) there exists k € [0, 3] such that
d(S(z,y), S(u,v)) < kld(z, S(u,v)) + d(u, S(z,y))]

(vi) there exists zo == (2§, 28) € X x X such that

2 2 S(25,25)
25 < 523, %))

Then there exists a unique element (z*,y*) € X XX such that x* = S(z*,y*) and y* =
S(y*,z*) and the sequence of successive approzimations (S™(wg,w?), S™(w3,wy))
converges to (z*,y*) as n — oo, for all wy = (wj,wd) € X x X.

Proof. Let Z := X x X and consider =<, the partial order relation on Z, defined as
follows: for all z := (z,y), w := (u,v) € Z, z < w if and only if (z > u and y < v).
Let Z< :={(z,w) := ((z,y),(w,v)) € Zx Z | z<wor w = z}.
Let F: Z — Z be an operator defined by

Pl = (g0 Y)) = (5. 50:0).

We show that all of the assumptions of Theorem 2.1 are satisfied.

By (¢) and (iv) it follows that the assumptions (7) and (iv) of Theorem 2.1 are
satisfied.

By (i), since © = (z1,22) € X x X with

{331 > S(x1,x2) or {5(351,332) > x

Zo S S(Ig,xl) S($2,$1) S o

we have (z1,22) < (S(x1,22),S5(x2,21)) and so, x < F(z). By a similar approach
we get F(z) < z. So, (z,F(x)) € Z<. By following the same way of proof, we get
(y, F(y)) € Z<. Hence, the assumption (i7) of Theorem 2.1 holds.

By (iii), we have Z< € I(F x F).

Indeed, let z = (z,y), w = (u,v) € Z< be two arbitrary elements, where (z >
wand y <wv) or (u >z and v < y) such that

S(x,y) > S(u,v) S(u,v)
() {S(y,x) < S(v,u) or (2) {

From (1) and (2) we have that (S(z,y),S(y,z)) =< (S(u, ) S(v,u)), 1
F(z,y) = F(u,v) or F(z) =< F(w). Similarly, we get F(w) F(z). Hence
(F(2), F(w)) € Zx, for all (z,w) € Z<. So, (F x F)(Z<) C Z<, ie., Z e I(FxF).
Thus, the assumption (i) holds.
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By (vi), since (23, 22) € X x X such that
{z& >S(=,28) {5@3723) > 2

25 < S(28, %) S(25,29) < 25

we get that (z3,28) = (S(28,28),59(22,2)) and thus, 29 < F(z0). By a similar ap-
proach we get F'(z9) = zo. Hence, there exists zp € Z such that (29, F(20)) € Z<, so,
the assumption (vi) of Theorem 2.1 holds.

Finally, we prove the assumption (v) of Theorem 2.1.

Let d: Z x Z — R2, defined by d((z,y), (u,v)) := (gg:g;) .

Since (X, —,d, <) is an ordered Kasahara space, it follows that (X, —, d, <) is
an ordered generalized Kasahara space.
o If (v1) holds, then we have

d(F(z,y), F(u,0)) = d((S(z,y), S(y, 7)), (S(u, v), S(v,u)))
(

) (
d(S(z,y) u,v))) < (kld(m,u) + kgd(y,v)>
d(S(y,z),S(v,u))) = \kid(y,v) + ked(z,u)

S
S

Since k1 + ko < 1, we get that the matrix A :=
o If (v3) holds, then we have

d(F(z,y),F (u,v)) = d((S(z,y), S(y, x)), (S(u, v), S(v,u)))
_ (d(s(%y),s(u,v))) < (kld(z, S(z,y)) + d(u, 5(“»”))])
d(S(y,x), S(v,u))) = \kld(y, S(y,x)) + d(v, S(v,u))]
_ (k O) (d(x S(z,y)) + d(u, S(u,v))
0 k) \d(y,S(y,z)) + d(v, S(v,u))
= Bld((z,y), (S(x,y), S(y, 2))) + d((u, v), (S(u,v), S (v,u)))]
= Bld((z,y), F(z,y)) + d((u,v), F (u,v))]

Since 0 < k < %, we get that the matrix B := <
o If (v3) holds, then we have
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. 1 . k 0O A
Since 0 < k < 5, we get that the matrix €' := 0 k)€ MGy (Ry).
We apply next Theorem 2.1 and the conclusion follows. O

3. Application
Let us consider the following system of functional-integral equations
B b
(S) w(t) = f(t2(t), f‘}, Bt 5,(s), y(s))ds) , for all t € [a,b] C R;.
y(t) = f(ty(t), [, Bt s,y(s),2(s))ds)

By a solution of the system (S) we understand a couple (x,y) € C|a, b] x Cla, b],

which satisfies the system for all ¢ € [a,b] C Ry.
Let X = Cla,b] be endowed with the partial order relation

z <oy () <y(t), for all t € [a,b].
We consider %, the convergence structure induced by the Cebisev norm

p:Clat] x Clat] = Re play) = o = ylle = max la(t) = (o).

Let d : Cla, b] x Cla,b] — Ry, defined by

d@.9) = = )le + @ =)l = max|e(t) = y(0)] + mas (a(t) ~ y(t))*

Since p(z,y) < d(z,y), for all z,y € Cla,b] we get that (C’[a,b],ﬁnd,gc) is an
ordered Kasahara space.
Theorem 3.1. Let @ : [a,b] x [a,b] x R? = R and f : [a,b] x R2 — R be two continuous
mappings and consider the system (S). We suppose that:

(i) there exists zg := (2§, 28) € Cla,b] x Cla, b] such that

{z&(t) > f(t 2 (t), [2 Dt 5, 28(1), 22(t))ds)
2() < f(t,23(0), [L ®(t,s,23(t), 24(1))ds)

b

b
z5(t) < f(t, (1), f% D(t, 5,25 (t), 25 (t))ds)
25(t) > f(t,23(t), [, @(t. s, 28(t), 25(t))ds)
(i1) f(t,-,2) is increasing for all t € [a,b], z € R and ®(t,s,-, 2) is increasing,
O(t, s,w,-) is decreasing and f(t,w,-) is increasing for all t,s € [a,b], w,z € R,
or, f(t,-,z) is decreasing for all t € [a,b], z € R and ®(t,s,-,2) is decreasing,
D(t, s,w,-) is increasing and f(t,w,-) is decreasing for all t,s € [a,b], w,z € R
(#31) there exists ki, ks € |0, \/‘?’4_1[ such that

|f(t,wr, 21) — f(E, w2, 22)| < ka|wy — f(E, w1, 21)] + ka|wa — f(t, w2, 22)]

for all t € [a,b] and wy,ws, 21,22 € R.
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() for all x = (z1,22), y = (y1,y2) € Cla,b] x Cla,b], with (z1(t) > yi(t) and
xa(t) <yao(t)) or (y1(t) > z1(t) and ya2(t) < z2(t)) we have

({axl(t) > ftai(0), [, @t s,21(1),2a(0))ds)
2a(t) < f(t,wa(t), L ®(t, 5, 2(t), 21 (t))ds)

and

for all t € [a,b].

Then there exists a unique solution (x*,y*) for the system (S).

Proof. Let us consider the operator S : C[a,b] x C[a,b] — Cla,b], defined by
b
S(a.)(0) = Flta(t), [ B(t,s.2(5),(5))ds).

x=S(z,y)
y = S(y,x)
Since S(z,y) is a continuous operator on (Cla,b] x C[a,b], %), it follows that

Graph(S) is closed with respect to 5.
For all (z > w and y <) or (u > x and v < y) we have

1S, 9)(t) — S (u,v) (8)
b b
:mmm/ﬁmmmmmwmﬁm/w@mmwmw

a

Then the system (S) is equivalent with {

i b
(gﬂﬂmwﬂamm/“ﬂu&ﬂ@ww»m>

b

+ kafu(t) — f(t»U(t)y/ D(t, 5, u(s), v(s))ds)|

< ky(J2(t) = S(a,y) ()] + a(t) = S(z, ) ()]?)
+ ko (u(t) — S(u, v) ()] + Ju(t) — S(u,v) (1))
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On the other hand, we have
S (2, y)(8) — S(u,v) (1)

b
< (km:(t)f(t,x(t), / B(t, 5, 2(s), y(5))ds)

2(kf\fv( ) = Sz, y) ) +k2\U( ) ( )(t)l ?)
283 (Ja(t) = S(z,9)(1)] + |=(t) Ol
+ 263 (Ju(t) — S (u, v) ()] + |u(t ) ( v)(6)%).

We get further that:
1S(@,y)(t) = S(u,v)(t)] + |S (2, y)(t) — S(u,v)(t )|2
< (b + 2k7) (|2 (t) — S(x,y)(8)] + | (t) - ®))
+ (k2 + 2k3) (Ju(t) — S(u,v) ()] + [u(t ) ( )( ).

Hence, by taking the maximum over ¢ € [a, b] we get

(S . y). S(u.v)) < K[d(w. (1) + d(u S(u,0)].
for all (z > w and y <) or (u >z and v < y), where

K := max{k; + 2ki, ko + 2k3}.

Since k1, ko € [0, @[, we get that 0 < K < %
We see that all the assumptions of Theorem 2.2 are satisfied and the conclusion
follows. O

Remark 3.2. Similar applications were given in [2] and [7].
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1. Introduction

The Black-Scholes equation was introduced as a model for the financial mathe-

matics ([1]). We will consider the following equation ([10], [11]):
OV (s,t)  o%s? 3%V (s,t) oV (s,t)
- +rs
ot 2 0s? Os
Q=1{(s,t)| s € (s1,82), t € (T1,T)}, V € C*(Q),

where V' (s, t) represents the price of the derivative financial product. The independent
variables (s,t) are the share price of the underlying assets and time, respectively. The
constants o and r are the volatility of the underlying asset and the risk-free interest
rate, respectively. This equation is of the parabolic type and it can be considered as a
diffusion equation. In what follows, we refer to this equation as BS equation. In this
case we consider the conditions ([11]):

(i) Cauchy problem:

—rV(s,t) = F(s,t) (1.1)

V(s,T) = ¢(s), (1.2)
©(s) is the pay-off function of a given derivative problem at ¢t = T..
(ii) The boundary conditions (Darboux):

V(Sl,t) = bl(t), V(Sg,t) = bg(t) (13)
By an appropriate substitution ([11]), we obtain the equation:
Ov(s,t)  o2s% 0%v(s,t) dv(s,t)
ot + 2 0s? trs s

—ru(s,t) = h(s,t), (1.4)
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with
v(5,T) = £(s) (L5)
and homogeneous conditions:

v(s1,t) = v(s2,t) =0, (1.6)

Q={(s,t) | s € (s1,82), t € (T1,T)}, h € C(QR).

In what follows we consider the Cauchy-Darboux problem (1.4)4(1.5)4(1.6).
Here ([11])

h(s,t) = F(s,t) + G
s

[r(b2(t) = bu () + b1 (t) — b5 (1))

— by (t) +rbu(t) + rs% (1.7)
and
So T frs2
o) = [ Gt foan+ [ [ Gt —mhn dndr. (19

Further we study the problem of Ulam-Hyers stability of this equation, where
the unknown function appears here as the price of financial derivatives.

We recall that this equation can be called Black-Merton-Scholes equation and it
was a subject of the Nobel Prize in Economics in 1997.

2. Notions and definitions

In this section we will present some types of Ulam stability for the Black-Scholes
equation.

In 1940, on a talk given at Wisconsin University, S.M. Ulam formulated the
following problem: ” Under what conditions does there exist near every approzimately
homomorphism of a given metric group an homomorphism of the group?” ([4], [8], [9],
[12], [13], [20]). Generally, we say that a differential equation is stable in Ulam sense
if for every approximate solution of the differential equation, there exists an exact
solution near it. The goal of this paper is to give a stability result for Black-Scholes
equation ([1], [11]).

It seems that the first paper on the Ulam-Hyers stability of partial differential
equations was written by Prastaro and Rassias ([15]). For other results on the stability
of differential equations and partial differential equations we refer to ([2], [3], [5], [6],
7, [14], [17], [19]).

Let € > 0, ¢ € C(R4,Ry) and ¢(0) = 0. We consider the following inequations:

Ou(s,t)  o%s? 0%u(s,t) ou(s,t)
ot 2 o2 T s

—ru(s,t) — h(s,t)‘ <eg V(s,t) e (2.1)

ou(s,t) n o2s? 9%u(s,t) n ou(s,t)
ot 2 0 7 0

—ru(s,t) — h(s,t,u)|<e, ¥V (s,t) €. (2.2)
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Definition 2.1. ([17], [18]) The equation (1.4) is Ulam-Hyers stable if there exists a
real number ¢, such that for each solution u of (2.1) there exists a solution v of (1.4)
with

|u(s, t) —v(s,t)| <e1-g, ¥ (s,) € Q. (2.3)
Definition 2.2. The equation (1.4) is generalized Ulam-Hyers stable if there exists
v € C(R4,Ry), ¢(0) = 0, continuous, such that for each solution u of (2.2) there
exists a solution v of (1.4) with

lu(s, t) —v(s,t)] < ple), V¥ (s,t) € Q. (2.4)

Remark 2.3. A function u is a solution of (2.1) if and only if there exists a function
g € C(Q) such that
(1) lg(s, D) <&, V (s,) €
Ou(s,t)  o%s? 0%u(s,t) ou(s,t)
) =5 2 o2 T s
Remark 2.4. A function u is a solution of (2.2) if and only if there exists a function
g € C(Q) such that
(1) lg(s, ) <&, V (s,) €
Ou(s,t)  o%s? 0%u ou(s,t)
(i) 5 5 92 TS, ru(s,t)

—ru(s,t) = h(s,t) + g(s,t).

= h(s,t) + g(s,t).

3. Ulam-Hyers stability of equation BS
Here we will present some results of Ulam-Hyers stability for the equation BS.

Theorem 3.1. We suppose that:
(i) Qs a bounded domain and G is the Green function for the BS equation;
(i) h € C(2), f € C(s1,52);
T

(iii) / / |G(s,t — T;m)|dndT < ¢ <1, V (s,t) € .
t 81

Then:
(a) the problem (1.5) 4+ (1.6) has a unique solution;
(b) the equation BS, (1.5), is Ulam-Hyers stable.

Proof. (a) This is a well known result, consequence of Banach principle ([16]).
(b) Let u be a solution of the inequation (2.1). Let v be the unique solution of
the problem (1.5)+(1.6). From Remark 2.3 and the condition (iii) we have that

u(s;t) —v(s, )| <

T S2
/ Gs,tm) f (m)dn + / / G(s,t — 73 m)h(n, 7)dndr

o [ Gt = rimotn rynar — [ st sy
—/t /Sl G(s,t — m;m)h(n, T)dndr
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/ / (s,t —m5m)| - g(n, 7)|dndT < q-¢.

So, the equation (1.5) is Ulam-Hyers stable.

4. Generalized Ulam-Hyers stability of nonlinear BS equation

In this paragraph we will consider the nonlinear BS equation. Let Q be the
domain considered above.
In what follows, we consider the mixed problem (Cauchy-Darboux) ([11]):
ov(s,t) n o252 9%v(s,t) . 81}(5 t)
ot 2 0s? 0s
v(s, T) = f(s),
v(s1,t) = v(s2,t) = 0.

—ro(s,t) = h(s, t,v), (4.1)

(4.2)

Theorem 4.1. Let us consider the equation (4.1) and the inequation (2.2). Let G be
the Green function corresponding to BS equation.

We suppose that:

(i) h € C(Q) and there exists I, > 0 with

T S92
zh// IG(s,t — mm)ldndr < g < 1
t S1

and a comparison function ¢ : Ry — Ry such that
[h(s,t,u) = h(s,t,0)| < lp(lu — o).

Then

(a) the Cauchy-Darbouz problem (4.1) + (4.2) has a unique solution v;

(b) if the function ¢ : Ry — Ry, ¥(2) = z—(2), is strictly increasing and onto
or bijective, the problem (4.1) + (4.2) is generalized Ulam-Hyers stable.

Proof. (a) This result is a consequence of Banach theorem.
(b) Let u be a solution of the inequality (2.2) and v the unique solution of the
problem (4.1)+(4.2). From the above conditions we have

lu(s, t) —v(s,t)| =

T S2
/ G(s,t; n)f(n)dn+/t / G(s,t — m;n)h(s,t,u)dndr

/ / G(s s1)g(n,7) dndT—/ G(s,t;m).f(n)dn
/ / G(s im)h(n, T,v)dndr

smh(s, t,u dnd7+/ / G(s ;n)g(n, T)dndr
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T S2
—/ / G(s,t — m;m)h(s,t,v)dndr
t S1

T S2
< / / |G(s,t —T;m)| - |h(s,t,u) — h(s,t,v)|dndr
t S1
T S2
[ [ 16G =l gt ldns
t S1

T rsa T ps2
< / / G (s, — 7 )l — v)dndr + / / G(s.t —7im)] - lg(n, 7)|dndr,
t S1 t S1

then we have

u(s. 1) = v(s. )] < @lfu(s, 1) (s 1)) + -

and .
Y(luls,t) —v(s,?)]) < I
therefore we have

u(s,2) — v(s,8)] < p? (lh) .

So the equation (4.1) is generalized Ulam-Hyers stable.
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contractions
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Abstract. In this paper, we will consider the coupled fixed problem in b-metric
space for single-valued operators satisfying a generalized contraction condition of
rational type. First part of the paper concerns with some fixed point theorems,
while the second part presents a study of the solution set of the coupled fixed
point problem. More precisely, we will present some existence and uniqueness
theorems for the coupled fixed point problem, as well as a qualitative study of
it (data dependence of the coupled fixed point set, well-posedness, Ulam-Hyers
stability and the limit shadowing property of the coupled fixed point problem)
under some rational type contraction assumptions on the mapping.

Mathematics Subject Classification (2010): 47H05, 47H09, 47H10.
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fixed point, data dependence, well-posedness, Ulam-Hyers stability, limit shad-
owing property.

1. Introduction and preliminaries

The notion of b-metric spaces and discussion on the topological structure of it
appeared in several papers, such as L.M. Blumenthal [2], S. Czerwik [6], N. Bourbaki
[5], Heinonen [10].

On the other hand, the concept of coupled fixed point problem, was considered,
for the first time, by Opoitsev in [14]-[15], but a very fruitful approach in this field
was proposed by D. Guo, V. Lashmikantham [9] and T. Gnana Bhaskar and V. Lash-
mikantham [7]. Later on, many results related to this kind of problem appeared (see,
for example [8], [13],...).

Moreover, starting with the paper of Dass and Gupta [9], several extensions of
the contraction principle considered the case of self mappings satisfying some rational
type contraction assumptions, see, for example, [7].
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Our aim is to consider both of the above research directions. More precisely,
we will prove, using some adequate fixed point theorems for monotone rational con-
tractions in ordered b-metric spaces, some coupled fixed point theorems for operators
T:X x X — X satisfying some rational type assumptions on comparable elements.

We shall recall some well known notions and definition of the b-metric spaces.
Definition 1.1. Let X be a set and let s > 1 be a given real number. A functional
d: X x X — Ry is said to be a b-metric if the following axioms are satisfied:

1.if x,y € X, then d(x,y) = 0 if and only if 2 = y;

2. d(z,y) = d(y,z) for all z,y € X;

3. d(z,z) < s[d(z,y) + d(y, 2)], for all z,y,z € X.

A pair (X, d) with the above properties is called a b-metric space.

Let (X, <) be a partially ordered set and d a metric on X. Notice that we can
endow the product space X x X with the partial order <, given by

(2,9) <p (u,0) &z <u,y > v.

Definition 1.3. Let (X, <) be a partially ordered set and let T': X x X — X. We

say that T has the mixed monotone property if T'(-, y) is monotone increasing for any

y € X and T'(z,-) is monotone decreasing for any = € X.

Lemma 1.4. Let (X, d) be a b-metric space. Then the sequence (x,,)nen C X is called:
i) convergent if and only if there exists € X such that d(z,,z) — 0 as n — oo.

In this case we write lim z, = x;
n— oo

ii) Cauchy if and only if d(x,,, z,,) — 0 as n,m — .
If (X, d) is a metric space and T': X x X — X is an operator, then by definition,
a coupled fixed point for 7" is a pair (z*,y*) € X x X satisfying

(7=t

y =Ty, z")

We will denote by C'Fiz(T') the coupled fixed point set for T.

The aim of this paper is to present, in the framework of complete ordered b-metric
spaces, some existence and uniqueness theorems for the coupled fixed point problem,
as well as, a qualitative study of this problem (data dependence of the coupled fixed
point set, well-posedness, Ulam-Hyers stability and the limit shadowing property of
the coupled fixed point problem) under some rational type contraction assumptions
on the mapping. Our results extend and complement some theorems given in the
recent literature, see e.g. [21], [22].

(P1)

2. Fixed point theorems

In this part of the paper, we will present a fixed point theorems in ordered
b-metric spaces for a single-valued operstor satisfying a rational type contraction
condition.

Theorem 2.1. Let (X, <) be a partially ordered set and d : X x X — R, be a complete
b-metric with constant s > 1. Let f: X — X be an operator which has closed graph
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with respect to d and it is increasing with respect to ” < ”. Suppose that there exists
a, >0 with a + 8s < 1 satisfying

d(f(x), fly)) < & dly, f(y))[1 + d(z, f(2))]

1+ d(z,y)
for z,y € X with xz <y .
If there exists xg € X such that x¢p < f(z0), then there exists * € X such that
z* = f(z*) and (f™(20))neny — =%, as n — 00.
Proof. We have two cases:
Case 1. If f(zo) = zo, then Fiz(f) # 0.

Case 2. Suppose that zg < f(zo).
Using that f is an increasing operator and by mathematical induction, we have

zo < f(xo) < f2(xo) < ... < fM(zo) < " Hxo) <.
By this method we get a sequence (x,),cn € X defined by
Tpy1 = f(n) = f(f(Tn-1)) = f2(xn—1) =...=f"x1) = fnJrl(xO)-
If there exists n > 1 such that x,,11 = x,, then f(z,) = x,. So we get that x,
is a fixed point of f, which implies Fiz(f) # 0.

Suppose that z,1 # x, for n > 0.
Since z,, < x,41 for any n € N, we have

(T, Tny1) = d(f(Tn-1), f(2n))
<@ A, f(2n))[1 + d(@n-1, f(®n-1))]
- 1+d(xp_1,zn)

_a- A(Tn, Tnt1)[1 + d(xp_1,z,)]
1+d(xp_1,n)
=a- -d(@n, Tpy1) + B d(@n_1,Ts).

+ B -d(z,y), (2.1)

+ B : d('rn—la xn)

+8- d(xn—la xn)

So we obtain

d(xp, Tpt1) < % ~d(xp—1,%,) for any n € N.

Using mathematical induction we get that

d(1'7l,33n+1) S % . d(xn—lamn) S e S (1 fa) . d(l‘o,ﬂfl)

or

a5 e < (122) - dlen fe) or any nen.

Let n € N and p € N*. We will prove that (z,)nen defined by x,, = f™(z¢) is a
Cauchy sequence in X.

d(f™ (o), P (x0)) < 5+ d(f™ (o), [T (o)) + 57 - d(f"H (o), F1 P (20)) + - .-
8P d(fP T (o), [P (o)) + 8P - d(fTP T (o), 1P (20)
We denote
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So we obtain
d(f™(xo), fPP(x0)) < s+ A™ - d(z0, f(z0)) + 52 - A" - d(20, f(z0)) + ...
5P AMPTR (g, f(w0)) + 8P - AMTPTY - d(xo, f(w0))

=s-A"[l+s-A+...+(s- AP -d(zo, f(z9)) = 5- A" - L-(s-AP

1_s. A d(xo, f(wo)).

But A = p < 1, then we get that
l—-a s
—(s- AP
A" (o), 7o) < s 4" LA e pag) 50 as ns o

Hence (f™(x0))nen is a Cauchy sequence on X. We also know that (X,d) is
a complete b-metric space. So there exists * € X such that (f™(zo))neny — z* as
n — oo. Because f has closed graph, then z* € Fiz(f), which implies Fiz(f) # 0.
Or f is continuous, we have

f@") = f(lim z,) = lim f(z,) = lm 2,4 = 2" O

A uniqueness result concerning the fixed point equation is the following.
Theorem 2.2. Suppose that all the hypotheses of Theorem 2.1. take place. Addition-
ally, suppose that the following condition holds: for all z,y € X there exists z € X
such that z <z and z < y.

Then Fiz(f) = {«*}.
Proof. Suppose that x*,y* € X are two fixed points of f. We have two cases:
Case 1. z* and y* are comparable. Suppose z* < y*(or y* < a* is the same)

- . oy @Ay, )+ d(z”, f(27))]
d(x Y )—d(f([L’ )7f(y ))§ 1+d(x*,y*)
=B-d(@",y").
Since 8 < 1, this is only possible when d(z*,y*) = 0. This implies z* = y*, so
Fix(f) = {z"}.
Case 2. z* and y* are not comparable.
By our additional assumption, we have that there exists z € X with z < x* and

*

z < y*.
Since z < z*, then f"(z) < f*(z*) = z* for any n € N.

We obtain
) = d(e), i)y < AL L A (2 )
+B-d(f" N 2), @) = B AT (=), @) = B d(f T (2),2Y)
So we have
d(f"(z),2") < B-d(f*H(2),2%) < 7 d(f"72(2),2") < ... < B d(z,07)
and since # < 1, " — 0 then we get that
lim d(f"(z),z*) =0

n— oo

+B-d(z", ")
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This implies lim f™(z) = z*. Using a similar argument, we get that lim f"(z) = y*.
n—oo n—oo
Then z* = y*.
A global version of the previous result is the following:
Theorem 2.3. Let (X,d) be a complete b- metric space with constant s > 1, f :
X=X be an operator of X with the following condition: there exists a, 5 > 0 with
max{«a } < % such that

’la

@ dly, f)[1 + d(z, f (@)
(@), S ) < e

for x,y € X. Then f has a unique fixed point.
Proof. Let o € X be arbitrary chosen. Using the same method as in previous proof,
we can construct a sequence (2, )nen given by x,41 = f(z,) for all n € N, which is a
Cauchy sequence.

Since (X, d) is a complete b-metric space, we get that there exists * € X such

that lim xz, = x*. Then, we have
n—oo

A", f@*)) < 5 d(a", F(an) + 5 d(f (), Fa)

< sedla® fla)) 4 50 S ATEIE L A [2))

o dla, f )L+ (i, Trsn)]
1+ d(xp,x*)

+s-08-d(xy,z¥)

=s-d(x", xne1) + 8- +s-8-d(xy,x¥).

Thus, we obtain
. . l+d(zp,z*)—s-a—s-a - d@n, Tnt1)
da, (o) s .

<s-d@*,zpi1) + 5B d(ag,z¥).
Letting n — oo we have d(z*, f(z*))(1 — s - a) < 0. Thus d(z*, f(z*)) = 0, ie.,
x* € Fiz(f).

We prove that x* is the unique fixed point of f. Suppose that y* is a fixed point
of f,ie. f(y*)=y*. Then

dly ) = dl (), £ < TSN

Hence d(y*,z*) < f-d(y*,z") and thub y* =

Therefore x* is the unique fixed point of f.

+d(y*, f(y"))]
y )

3. Coupled fixed point theorems

In this section, using the fixed point theorems proved in Section 2, we will obtain
some existence and uniqueness theorems for the coupled fixed point problem.
Theorem 3.1. Let (X, <) be a partially ordered set and d : X x X — R, be a complete
b-metric on X with constant s > 1. Let T': X x X — X be an operator with closed
graph (or in particular, it is continuous) which has the mixed monotone property on
X x X. Assume that the following conditions are satisfied:



478 Anca Oprea and Gabriela Petrusel

i) Suppose that there exists «, 8 > 0 with % < % such that
d(T(x,y), T(u,v)) +d(T(y,x), T(v,u))
< @ [dw, T(u,0)) + d(v, T (v, w))][1 + d(z, T(z,y)) + d(y, Ty, z))]
- 1+d(z,u) +d(y,v)
+6 - [d(z,u) + d(y, v)], (3.1)
for all (z,y), (u,v) € X x X with x <wu,y > v ;

ii) there exists xo,y0 € X such that o < T(x0,%0),%0 > T(yo, o), i.e.

(330, Z/O) Sp (T(J?O, 90)7 T(yOa Jf()))
Then, the following conclusions hold:
a) there exists (z*,y*) € X x X a solution of the coupled fixed point problem

(Py), such that the sequences (zp)nen, (Yn)nen in X defined by

Tyt1 =T (Tn, Yn),
Ynt1 = T(Yn,xn), for all neN.

have the property that (2,)neny = =, (Yn)neny — y* as n — oo.
b) in particular, if d is a continuous b-metric on X, then

n

s-A
* *) <

26 .14 {1‘1 = T'(x0,%0)

d(zo, 1) + d(yo, y1)]

where A =
o2 y1 = T(yo, o)-

Proof. By ii) we have that zp = (zo,v0) <p (T(x0,¥0),T (Y0, x0)) = (x1,41) = 21. So
we have 29 <p, 21.

If we consider xo = T(x1,y1) and yo2 = T(y1, 1), then we get 2o = T(21,y1) =
T?(z0,y0) and y2 = T(y1,71) = T?(yo, o). Using the mixed monotone property of
T, we get

xe =T (x1,y1) (xo,y0) = 1 implies x1 < x4

>T
yo =T (y1,21) <T

(Yo,z0) =y1 implies 1 > yo
Hence z1 = (z1,y1) <p (T2,92) = 22.
By this approach we obtain the sequences (2 )nen, (Yn)nen in X with

Tp+1 = T(xmyn)
Yn+1 = T(yn; mn)

and by mathematical induction we obtain z, = (n,¥n) <p (Tnt1,Yn+1) = Zn+1,
which implies (2, )nen is a monotone increasing sequence in (Z, <,), where Z = X x X.

Consider the metric d : Z x Z — R, , defined by

d((2,9), (u,v)) = d(z,u) + d(y, v).

Then, d is a b-metric on Z with the same constant s > 1 and if (X,d) is complete,

we have (Z,d) is complete, too.
Let F : Z — Z be an operator defined by F(x,y) = (T(z,y),T(y,x)), V(z,y) € Z.
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We have zp,4+1 = F(z,), for n > 0 where zp = (20, yo). Using the mixed monotone
property of T', then the operator F' is monotone increasing with respect to ” <, ” i.e.
(x,v), (u,v) € Z, with (z,y) <, (u,v) = F(z,y) <, F(u,v).

Because T has a closed graph (or, in particulat it is continuous on X x X), then
F has a closed graph (or respectively is continuous on 7).

F is a contraction in (Z,d) on all comparable elements of Z. Let z = (z, ) <,
(u,v) =w € Z, so we have

d(F(2), F(w)) = d(T(2,9), T(y, ), (T(u,v), T(v,u))
=d(T'(z,y), T(u,v)) + d(T'(y,z), T (v, u))
Lo [d(U,T(Uav)) +d(w, T(v,w))][L + d(z,T(z,y)) + d(y, T(y, z))]
- 1+ d(z,u) + d(y,v)
B ld(z,u) + d(y, v)]
_a- d(w, F(w))N[l +d(z, F(2))] 4B dlnw).
1+ d(z,w)

The operator F': Z — Z has the following properties:
1) F: Z — Z has a closed graph;
2) F: Z — Z is increasing on Z;
3) there exist zp = (zo,yo) € Z such that zo <, F(29);
4) there exists «, > 0 with % < % such that

a-d(w, F(w))[1 +d(z, F(2))]
1+d(z,w)
We can apply the conclusion of the Theorem 2.1. and we get that F' has at least
one fixed point. Hence, there exists z* € Z with F(z*) = z*. Let 2* = («*,y*) € Z,
so we have F(z*,y*) = (z*,y"*).
This implies

d(F(2), F(w)) < + 8- d(z,w).

(T2, y"), T(y",2")) = (", y") = { .
and the sequences (Z,)nen, (Yn)nen in X defined by

g1 = T(@n, yn) forneN
Yn4+1 = T(yn7 xn)

have the property that x,, - «* and y,, — y* as n — .
We know that z,1 = F(z,) = F(2n,yn) for n > 0. This yields to

J(Znazn+1) = J(F(Zn—l)vF(Zn))

= d((T(xn—la yn—1)7 T(yn—h xn—l))v (T(xm yn)a T( n s xn)))
= d(T(#n-1,Yn-1),T(Tn,yn)) + AT (Yn-1,Tn-1), T(yn, Tn))
ald(@n, T(@n, Yu ) H-d(Yn, T (Yns 20))] 14 d(@n1, T (@n-1, Yn1)) +d(Yna, T(Yn1, Tn1))]
1+d(Tna, Tn)+d(Ynr1,Yn)
+Bld(xn-1,7n) + d(Yn—1,Yn)]

<
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_ - d(zn’ F(Zn))[} + d(Zn—laF(Zn—l))} +8- g{i(zn,h Zn>

1+ d(zn-1,2n)

_ - d(ZnyF(Zn))[l + d(znflyzn)] +5'J(anlazn) _ a'dv(zn;szrl) _’_5.(’{(2717172”).

1+ d(zn—la Zn)
This yields to

- B BN =
d(zn727L+1) S 1—a : d(zn—hzn) S (1 — a) : d(zn—272n—1)

<...Z|—— n~CAl’(ZQ 2’1)
11—« ’
where <%<1.

l-a

We denote A = % < 1. Moreover, for n € N and p € N*, we have
J(Zm Zn+p) <s- J(Zn7 Znt1) + s? - J(Zn+17 Znt2) + o+ 5Pt J(Zn+p—1’ Zn+p)
< s A" d(z0,21) + 82 AM (2o, 2) L+ SPTE AP (2, 2)

<s A" [14s-A+.. 4 (s- AP d(z, 21)

1—(s- A1 ~ 1 -
:SAnﬁd(Z(),Zl)ésAnmd(Z()?Zl)

If the b-metric is continuous, letting p — oo we obtain
~ « S . An ~
d(Zn,Z ) S m . d(ZQ,Zl).

But 2z, = (Tn, Yn), SO we get

~ . s A"~

d((xn; yn)a < ) < m : d((:l?o, yO)v (501, yl))
and, by definition of c?, we finally get

s A™
dn7* dna*gi'
T
The following theorem gives the uniqueness of the coupled fixed point.

Theorem 3.2. Consider that we have the hypotheses of Theorem 3.1. and the following
condition holds:

for all (z,y), (u,v) € X x X there exists (z,w) € X x X such that

(z,w) <p (2,y) and (2, w) <p (u,v).

Then CFix(T) = {(z*,y*)}.

Proof. The operator T verifies the hypotheses of Theorem 3.1. Hence there exists
(x*,y*) € Z := X x X such that

Let (z,7) € CFiz(T) and d : Z x Z — R, defined by

d((l‘,y), (uvv)) = d(l‘,u) + d(y,v)7

[d(zo, z1) + d(yo, y1)]- -



Coupled fixed point theorems 481

where Z = X x X.
We have two cases:
Case 1. (z*,y*) <, (Z,7), which implies
d((z*,y"), (@,7)) = d(T(=",y"), T(y",2")), (T(Z.7), T(7,7)))
=d(T(z",y"), T(,y)) + d(T(y" ) T(y,z))
o @ @ T(.y) +dy,T(y,2))[1 +d(=" T( yr) Hdly", Ty, x"))]
- 1+d(:c,x)+d(y,y) N
+6 - [d",7) +d(y",y)] = B - [d(",7) + d(y",y)] = B - d((=z",y"), (Z,7))
This yields to

d((z*,y"), (7,9)) < B-d((=",y"), (7,7))
or B
(1=p5)-d((z",y%),(%,y)) <0 (but 1—5>0)
Hence, we have
(2,y") = (7,7).
Case 2. (z*,y*), (Z,7) are not comparable.

Let F : Z — Z be defined by F(z,y) = (T(z,y),T(y,z)) V(z,y) € Z. There
exists (z,w) € Z, such that (z,w) <, (¢*,y*), implies F"(z,w) <, F™(z*,y*) because
F is an increasing operator and (z,w) <, (Z,7), implies F"(z, w) <, F(Z,7y), Fis an
increasing operator.

We have

d(F"(z,w), (2%,y7)) = d(F"(z,w), F"(@*,y*)) = d(F(F"" (z,w)), F(F" (2", y")))
0 " (@), Py )+ P (2, w), P ()]
1+ d(Fr=Yz,w), F*~1(z*,y*))
+B-d(F" (2, w), P (@, y"))
= 8- d(F" " (z,w), F" 7! (2", y")).
By mathematical induction we get
d(F"(z,w), F"(27,y")) < 8- d(F" 7! (z,w), F" 7! (2", "))

§...§ﬂ"~~((z,w),(x ,¥*)) — 0, as n — oo.

<

Hence
lim F"(z,w) = («*,y"). (3.2)

n—oo
But, we also know,

implies
F"(zw) <, F'(7,7) = (7.7).
Similarly, we obtain that
d(F"(z,w), (%,7)) < A" d((2,0),(F,7) >0 as n— o0
Hence,
lim F"(z,w) = (Z,7). (3.3)

n—oo
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By (3.1)+(3.2) we obtain that
(=%y") = (7,7). [
A global version of the previous results is the following.
Theorem 3.3. Let (X,d) be a complete b-metric space with constant s >
£

T : X x X — X be an operator such that there exist o, 8 > 0 with max{c, 1

nd
l
such that

1 a
o) <
d(T(z,y), T(u,v)) + d(T(y,2),T(v,u))
< - dw, T(u,0)) +d(v, T (v, w))][1 + d(z, T(z,y)) + d(y, Ty, z))]
- 1+ d(z,u) +d(y,v)
+8 - [d(z,u) +d(y,v)] for (x,y),(u,v) € X x X.
Then, there exists an unique solution (z*,y*) € X x X of the coupled fixed
point problem (P;), and for any initial element (zg,yo) € X x X the sequence z,,+1 =

(Tnt1,Ynt1) = (T (@ny Yn)s T (Yn, 2n)) € X X X converges to (z*,y*).
Proof. Let Z = X x X and the functional d : Z x Z — R, such that

d((z,y), (u,v)) = d(z,u) + d(y,v).

We know that d is a b-metric on Z with the same constant s > 1. Moreover, if
(X,d) is a complete b-metric space, then (Z,d) is a complete b-metric space too.

Consider the operator F : Z — Z defined by F(z,y) = (T(x,y),T(y,z)) for
(x,y) € Z.

Let z = (z,y) € Z and w = (u,v) € Z.

We have

d(F(2), F(w)) = d((T(x,y), T
( 0)) +

(y,2)), (T'(u,v), T (v, u)))
) +d(T(y, ), T(v,u))
o [d(u, T(u,v)) + d(UaT(U w)][L +d(z, T(z,y)) + d(y, T(y, x))]
1+ d(z,u) +d(y,v)
+B - [d(z, u) + d(y, v)]
o - d((w,0), (T, 0), T, w))[1 + d{(@, ), (T(, ), T(y, 7))

_ et - d z,y), (u,v
L+ d((x, ), (u,0)) oy, (o)

_asd(w, Fw)[1+d(z,F(2))] | o
N 1—|—J(z,w) + - d(z,w),

Therefore

ol poen < @A F@))[L+d(z F(2))]
d(F(z), F(w)) < T )

From Theorem 2.3. we have that Fiz(F) = {(x*,y*)}, so the coupled fixed point
problem (P;) has a unique solution (z*,y*) € Z.

An existence and uniqueness result for the fixed point of T" is given now.
Theorem 3.4. If we suppose that we have the hypotheses of Theorem 3.2., then for
the unique coupled fixed point (z*,y*) of T we have that 2* = y* i.e. T(z*,2*) = z*.

+ B : dv(zaw)
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Proof. From Theorem 3.2., there exists an unique coupled fixed point of T, (
X xX.

We have two cases:
Case 1. If z* and y* are comparable, z* < y*.

Then we have

d(T(z,y), T(u,v)) + d(T'(y,z), T'(v,u))
< @ dw, T(u,0)) + d(v, T (v, w))][1 + d(z, T2, u)) + d(y, T(y, 2))]
- 1+ d(z,u) + d(y,v)
+B : [d(l’, u) + d(y» U)]

Let
r=v=z" and y=u=y".
Thus we obtain

483

T y*) €

(T(SE* y*), T(y*,z"))
ca [d(yﬁT(y*,w*))er( T(z*,y* )1 +d(z*, T (", y")) +dly*", T(y*, =*))]
- 1+ 2d(fﬂ*,y*)

This yields to
d(z*,y*) < B -d(z*,y").
So
(1—=p)-d(z",y") <0,
follows that z* = y*.
Case 2. Suppose that z* and y* are not comparable.

Hence, there exists z € X such that z < z* and z < y*. Thus, the following

relations are satisfied:

(Zvy*) SP (y*vz)v (Zvy*) S;D (f*,y*), (y*7x*) S ( * Z)
Let F : Z — Z be defined by F(z,y) = (T(z,y),T(y,z)) VY(x,y) € Z. Then,

At y) = 5 A7), (2 97) = 5 A a), F (0 )
< S (), Py 2) + 5 A (Y 2) FR ()
< Sy a) Fr (" )4 (P (=), P () + A 2y, P e
But we know that

d(F™(y*,2"), F"(y", 2)) < B" - d((y*, %), (y, 2)) = B" - d(z", 2)
AE (" 2), F(zy7) < B d((y7,2), (2,97) = 267 -y 2)
d(F"(Z,y*)7Fn(x*,y*)) S Bn : d((z,y*), ('T*ay*)) = ﬁn : d(Z,l‘*)

Using this assumptions, we get that

2 2
d(z*,y*) < % B d(zt 2) + % BT -2-d(y", 2) + % B -d(z,27)

B [T+ s)d(z" z) +2-s-d(y",2)] >0 as n— oo.

N ®»

“y)
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Hence, we have that o* = T'(z*, z*).

4. Properties of the coupled fixed point problem

This section presents data dependence, well-posedness, Ulam-Hyers stability and
limit shadowing property for the coupled fixed point problem.

The following theorem is a data dependence result of a coupled fixed point
problem.
Theorem 4.1. Let (X,d) be a complete b-metric space with constant s > 1 and
T,: XxX —- X (i €{1,2}) be two operators which satisfy the following conditions:

i) there exist a, 8 > 0 with max{a, %} < 1 such that

d(Ty(z,y), T1(u, v)) + d(T1(y, x), Ta (v, u))
< @ ldw, Ti(u, v)) + d(v, T (v, w)][1 + d(z, T1(2,y)) + dly, Ta (y, 2))]
- 1+ d(z,u) + d(y,v)
+8 - [d(z,u) +d(y,v)] allfor (z,9),(u,v) € X x X;
i) CFiz(Ty) # 0
iii) there exists n > 0 such that d(T1(z,y), Ta(z,y)) < n for all (z,y) € X x X.
In the above conditions, if (z*,y*) € X x X is the unique coupled fixed point
for Ty, then d(z*,T) + d(y*,7) < 281(%;?) -1, where (Z,7) € CFix(Ty).
Proof. By Theorem 3.3, there exists (z*,y*) € X x X such that

l'* — T1($*,y*)
y* =T (y*, z%).

Let (Z,y) € CFix(T3), i.e. {

Consider the b-metric d : Z x Z — R, defined by

d((l‘, y)’ (U, U)) = d(ajv ’LL) + d(yv ’U)
for (x,y), (u,v) € Z, where Z = X x X.
Consider two operators F; : Z — Z defined by F;(x,y) = (T;(z,v), Ti(y, x)), for
(z,y) € Z,1€{1,2}.
We denote by z = (z*,y*) € Z, which means Fi(z) = z and w = (Z,7) € Z,
which means F»(w) = w. Then,

d(F\(2), Fi(w)) = < d(w, Fll(zi)g[(z +w0)l(z, B .

o dlw Bu(w)) | 5. feyw) < o dw, Fr(w)) + 8- d(zw) < 207+ 8- d(zw)

d(z,w) = d(F1(2), Fa(w)) < s - [d(F1(2), Fi(w)) + d(F1(w), F(w))]

<s-[2a-n+p-d(z,w)]+2s-n,
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we will obtain that (1 — sﬂ) dz,w) < 2s-(1+a)-n.

} < , we get that 1 — s8 > 0. Therefore CA[(Z, w) < 2s(1ta) |

Since max{« T3

L——
and by definition of the metrlc d, we have
_ . 28(1+«)
d(z* dly*,y) < ———=-
(@ 7) +d(y",y) < g "
Definition 4.2. Let (X, d) be a b-metric space with constant s > land T : X x X — X

be an operator. By definition, the coupled fixed point problem (P;) is said to be well-
posed if:

i) CFin(T) = {(=*,y)}
ii) for any sequence (Zn,Yn)nen € X x X for which d(z,, T(zn,yn)) — 0 and
A(Yn, T (Yn,zn)) — 0 as n — oo, we have that (z,)neny — z* and (Yn)neny — y* as
n — oo.
Theorem 4.3. Assume that all the hypotheses of Theorem 3.3. take place. Then the
coupled fixed problem (Py) is well-possed.
Proof. We denote by Z = X x X. By Theorem 3.3. we have CFiz(T ) {(z*,y")}.
Let (zn,Yn)nen be a sequence on Z. We know that d(zp, T(2n,yn)) — 0 and
AYn, T (Yn, Tpn)) = 0 as n — oo.
Consider the b-metric d : Z x Z — Ry, such that d((z,y), (u,v)) = d(z,u) +
d(y,v) for all (z,y), (u,v) € Z.
Let F': Z — Z be an operator defined by F(z,y) = (T(z,y),T(y,x)) for all
(x,y) € Z. We know that F(z*,y*) = (z*,y*), so we have

d((n, yn), (@",y")) = d(@n, %) + d(yn, y")
< s d(@n, T(zn,yn)) + 5 d(T (@, yn), T(z",y"))
+5 - d(Yn, T(Yn, ¥n)) + 5 - d(T(Yn, n), T(y", 27))
=5 [d(@n, T(zn, yn)) + dYn, T (yn, zn))]
+5 - [d(T(zn, yn), T(z",y")) + d(T(yn, ), T(y", z7))]
< s [d(@n, T(Tn,yn)) + d(Yn, T (Yn, Tn))]
a-[da”, T(z",y")) +dy", Ty, 2")][L + d(@n, T(@n, yn)) + d(yn, T (yn, 2n))]
1+ d(zp,2*) + d(Yn, y*)
+s- 01+ d(@n,z*) + d(yn, y")]
< 5 [d(@n, T(@n,yn)) + AWns TG @) + 5+ B+ A0, yn), (27, y7))-
We obtain that
(=080 o) 0")) < 0 0 T+ s Tl

J((xnyyn) ( Y )) = 1-s8

Therefore, (z,,,y,) — (z*,y*) as n — oo.

Definition 4.4. Let (X, d) be a b-metric space with constant s > land T : X x X — X
be an operator. Let d any b-metric on X x X generated by d By definition, the coupled
fixed point problem (Pj) is said to be Ulam-Hyers stable if there exists a function

0

+s -

[ (InaT(Ina yn))+d(yn,T(yn,IEn))] —0 as n— oo
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1 : Ry — Ry increasing, continuous in 0 with ¢(0) = 0, such that for each ¢ > 0 and
for each solution (Z,7) € X x X of the inequality
d((z,9), (T(2,y), T(y, 7)) <,
there exists a solution (z*,y*) € X x X of the coupled fixed point problem (P;) such
that 3
d((@,9), (z7,y")) < ¥(e).
Theorem 4.5. Assume that all the hypotheses of Theorem 3.3. take place. Then the
coupled fixed point problem (P;) is Ulam-Hyers stable.
Proof. Let Z = X x X. By Theorem 3.3., we have CFix(T) =
e > 0 and let (Z,7) € Z such that d(axT(w,y)) +dy,T([Y,7)) <e
Consider the b-metric d : Z x Z — R, given by

J((x,yL (u,v)) = d(xvu) + d(y,v), V(x,y), (’LL,’U) €7

and F': Z — Z an operator defined by F(x,y) = (T(z,y),T(y,x)) for all (z,y) € Z.
We have

d(@,7), (%, y")) = d(@,2*) + d(F,y*) = A&, T(2",y")) + dF T(y",2"))
<s-[d@T(z7) +dT(77), T, y")] +s-[dy T(? 7)) +d(T(y,2), T(y",2"))]

{( *,y*)}. Let any

< s-[d@T(.7)) + d7.7(.7)]
L 0@ T y) + ' Tl o)+ d@ T@.5) + dE, 77.7)]
14+ d(z,z*) + d(7, y*)
+s- 0 d(T,27) + d(7,y7)].
Thus
A7), (@ 97) < =5 @ T@ )+ dF TG < =5

Therefore the coupled fixed point problem (P;) is Ulam-Hyers stable, with a mapping
YRy — Ry, ¥(t) := ct, where ¢ = =5 >0
Definition 4.6. Let (X,d) be a b-metric space with constant s > 1 and T :
X x X — X be an operator. By definition, the coupled fixed point problem (P;)
has the limit shadowing property, if for any sequence (Z,,Yn)nen € X x X for
which d(2,41,T(Tn,yn)) — 0 and respectively d(yni1,T(Yn,2n)) — 0 as n — oo,
there exists a sequence (T™(z,y),T™(y,x))nen such that d(x,,T"(x,y)) — 0 and
A(Yn, T"(y,x)) = 0 as n — oo.
Theorem 4.7. Assume that the hypotheses from Theorem 3.3. take place. Then the
coupled fixed point problem (P;) for T has the limit shadowing property.
Proof. By Theorem 3.3, we have CFix(T) = {(z*,y*)} and for any initial point
(z,y) € X x X the sequence z,+1 = (T"(x,y), T"(y,x)) € X x X converge to (z*,y*)
as n — 0o.

Let (Zn, Yn)nen be a sequence on Z = X x X such that d(xnq1,T (2, yn)) = 0
and d(Yn+1,T(Yn, xn)) — 0 as n — co.

We consider the b-metric d : Z x Z — R, defined by

d((z,y), (u,v)) = d(z,u) + d(y,v) for all (z,y), (u,v) € Z.
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Let F': Z — Z be an operator defined by F(u,v) = (T'(u,v),T(v,u)) for all
(u,v) € Z. We know that F'(z*,y*) = (z*,y*). Then for every (x,y) € Z we have:

67((ajn+17 yn+1)> (Tn+1 (!L‘7 y)7 Tn+1 (ya Q?)))

< s [d((@nr1,ynr), (@, y) +d((2, %), (T (2,), T (y, 2)))))
But

A(Tnt1; Yn41); (27,y7)) < s+ [d((@ng1, Yns1), F(@n, yn)) + d(F (@0, yn), F(2",y7))]

g7 a-d((z",y"), F(z*, y*)[L + d((zn; Yn), F(zn, yn))]
< s-d(xpi1,Yna1), F(Tn, yn s- —
= s e T d(n, ), (7))
+56 ' d((xnayn)a(m*vy*)) _
= s [d(@n+1, T(@n,Yn)) + dYn+1, T(Yn, T0))] + 5 - B+ d((Tn, yn), (27, y7))-
This yields to

d((‘rn+17yn+1)a (x*vy*)) <s- [d(‘rnJrlvT(xnvyn)) + d(ynJrlvT(yn»xn))]

+36{5 [d(l'»,“ T(xnfh ynfl))""_d(yna T(ynfh xnfl))]"i_s'ﬁ'g((mnflv yn71>7 (.’IJ*, y*)>}
Therefore,

d((‘rn-i-lvyn-‘rl)a (m*,y*)) <s- [d(‘rn-i-lvT(‘rnvyn)) + d(yn-l-l’T(yn)mn))]
+5'(5'B)'[d(xan(xn—layn—1)>+d(yn7T(yn—17xn—l))}+(5'ﬂ)2'g(($n—lvyn—l)v (z*,y))

<< (s B)" T d((wo, wo), (2%, y)) H s | D (s B dl(wpr, Ypr), Fp, 9p))
p=0

From Cauchy’s Lemma we have d((p+1, Ynt1), (z*,4*)) — 0 as n — oo.
Thus d((®n+1, Yni1), (T (2, y), T (y, z))) — 0 as n — oo, so there exists a
sequence (T™(x,y), T"(y,z)) € Z with

d((@n, yn), (T" (2, ), T"(y, x))) = d(@n, T" (2, y))+d(yn, T"(y,2)) = 0 as n — occ.
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Abstract. Some inequalities of Hermite-Hadamard type for AH-convex functions
defined on convex subsets in real or complex linear spaces are given. The case for
functions of one real variable is explored in depth. Applications for special means
are provided as well.
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1. Introduction

The following inequality holds for any convex function f defined on R

(b—a)f (““’) /f Jdz < ( )f”;rf(), abeR a<b (L)

It was firstly discovered by Ch. Hermite in 1881 in the journal Mathesis (see [41]).
But this result was nowhere mentioned in the mathematical literature and was not
widely known as Hermite’s result.

E. F. Beckenbach, a leading expert on the history and the theory of convex
functions, wrote that this inequality was proven by J. Hadamard in 1893 [5]. In
1974, D. S. Mitrinovié¢ found Hermite’s note in Mathesis [41]. Since (1.1) was known
as Hadamard’s inequality, the inequality is now commonly referred as the Hermite-
Hadamard inequality.

For related results, see [1]-[19], [22]-[24], [25]-[34] and [35]-[44].

Let X be a vector space over the real or complex number field K and z,y €
X, x # y. Define the segment

[, y] = {(1 = )z + ty, ¢ € [0,1]}.

We consider the function f : [z,y] — R and the associated function

g(z,y) : [0,1] = R, g(x,y)(t) := f[(1 — )z +ty], t € [0,1].
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Note that f is convex on [z,y] if and ouly if g(x,y) is convex on [0, 1].
For any convex function defined on a segment [x,y] C X, we have the Hermite-
Hadamard integral inequality (see [20, p. 2], [21, p. 2])

f (T) g/o FI0 = ) + tylat < LB ETW) ;f(y), (1.2)

which can be derived from the classical Hermite-Hadamard inequality (1.1) for the
convex function g(z,y) : [0,1] — R.

Let X be a linear space and C' a convex subset in X. A function f : C — R\ {0}
is called AH-convex (concave) on the convex set C' if the following inequality holds

1 f(@) f(y)
1-Nz+ Xy < (> = AH
for any =,y € C and A € [0,1].
An important case which provides many examples is that one in which the
function is assumed to be positive for any « € C. In that situation the inequality
(AH) is equivalent to

1 1 1

@ T B RN

for any z,y € C and A € [0,1].
Therefore we can state the following fact:

(1=2)

Criterion 1.1. Let X be a linear space and C a convex subset in X. The function
f:C — (0,00) is AH-convex (concave) on C if and only zf% is concave (convez) on
C' in the usual sense.

If we apply the Hermite-Hadamard inequality (1.2) for the function % then we
state the following result:

Proposition 1.2. Let X be a linear space and C' a convex subset in X. If the function
f:C —(0,00) is AH-convex (concave) on C, then

f@)+ 1) ' dA 1
2f (x) f (y) = (2)/0 F((1=XNz+\y) <= ED

for any x,y € C.

(1.3)

Motivated by the above results, in this paper we establish some new Hermite-
Hadamard type inequalities for A H-convex (concave) functions, first in the general
setting of linear spaces and then in the particular case of functions of a real variable.
Some examples for special means are provided as well.

2. Some Hermite-Hadamard type inequalities

The following result holds:
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Theorem 2.1. Let X be a linear space and C' a convezr subset in X. If the function
f:C —(0,00) is AH-convex (concave) on C, then for any x,y € C we have

G*(f(z). f ()
L(f(x),f(y)’

where the Logarithmic mean of positive numbers a,b is defined as

Inb Ina Zfa?éb
L(a,b) :=
a if a =70,

/Olf«l—mmy)cms(z) 2.1)

and the geometric mean is G = v/ ab.

Proof. Let z,y € C withx #£y. If f: C — (0,00) is AH-convex (concave) on C, then

% is concave (convex) on C. This implies that the function

1
FI=XNz+Xy)
is concave (convex) on [0,1] and therefore continuous on (0,1) with ¢z, (0) = ﬁ
and ¢, (1) = The function [0,1] 3 ¢ — f ((1 — t) z + ty) is continuous on (0,1)

( )
and since f (z), f (y) > 0 are finite, then the Lebesgue integral fol fA—=t)z+ty)dt
exists and by (AH) we have

P,y * [O 1] (0, 00), P,y (t) =

A
(y) + Af (z)

1 1
[ ra-vaswmars@i@io | g (22)

If £ (y) = f (x), then

/1 dA 1
o A=NFfl)+Af(z) [fly)’
If f(y) # f (z), then by changing the variable u = A (f (z) — f (y)) + f (y) we have

/1 dx CWf@)-hf) 1
o A=Nf+Af(x)  f@)-f( L(f (), f(y)
By the use of (2.2) we get the desired result (2.1). O

Remark 2.2. Using the following well known inequalities
H (a,b) < G(a,b) < L(a,b)

we have

G (f (=), f ()
L(f(x),f ()

for any «,y € C, provided that f: C — (0,00) is AH-convex.

1
/0 FUL= N2+ Ay)dA < <G(@). ) @23
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If f:C — (0,00) is AH-concave, then

[ ra-vema 2 SRR (24)
G (f (2).f )
> G (@) o)

for any x,y € C.

Theorem 2.3. Let X be a linear space and C' a conver subset in X. If the function
f:C — (0,00) is AH-conver (concave) on C, then for any x,y € C we have

f<x+y> >) fo m—l—/\y)f(/\x—l—(l—)\)y)d)\ (2.5)
2 )7 fo )z + Ay) dA ' '
Proof. By the definition of AH-convexity (concavity) we have
u+v 2f (u) f (v)
1(50) =0 7 26)

for any u,v € C.
Let z,y € C and A € [0,1]. If we take in (2.6) u = (1 —X)z + Ay and v =
Az + (1 —A)y, then we get

Tty 2f (1 =Nz +Xy) f(Az+(1—-XN)y)
f< 2 ><<>)f<<1—A>x+Ay>+f<Am+<1—A>y>’

which is equivalent to

T+
3 (S5 =+ 20) 4 £ O (1= N )] (2.7
SE(A=Nz+xy) fAz+(1-N)y).
Integrating the inequality on [0,1] over A € [0, 1] and taking into account that
1 1
/ f((l—/\)x+)\y)d)\:/ FO@+ (1= A y)d
0 0
we deduce from (2.7) the desired result (2.5). O
Remark 2.4. By the Cauchy-Bunyakovsky-Schwarz integral inequality we have
1
/ FUL= Nz +2g) f (O + (1—N)y) dA (2.8)
0
1 1 1/2
< U f2((1—/\)x+)\y)d)\/ Pz + (1= N)y)dr
0 0
1
:/ A =Nz + My)dX
0

for any x,y € C.
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If the function f : C' — (0,00) is AH-convex on C, then we have

T4y fo x+)\y)f()\m+(1—>\)y)d)\
f( 2 ) fo A) x + Ay) dA 29)
f0f2 ((1— )Jc—|—)\y)d)\
fo Az + Ay)dh

If the function ¢, , (t) = f((1 —t) x + ty), for some given z,y € C with = # y,
is monotonic nondecreasing on [0,1], then x,, (t) = f (tz + (1 —¢)y) is monotonic
nonincreasing on [0, 1] and by Cebysev’s inequality for monotonic opposite functions
we have

/o F(A=XNz+Xy) fAx+(1—=N)y)dA

g/of((l—)\)x—i—)\y)d)\/o FOx+(1— A y)d

2

= (/Olf((l—)\)x+/\y)d/\> .

So, for some given z,y € C with x # y, ¥, (t) = f((1 —¢)z+ ty) is monotonic
nondecreasing (nonincreasing) on [0, 1] and if the function f : C — (0,00) is AH-
convex on C, then we have

f(x—i—y)_fo a?+)\y)f()\3:+(1—)\)y)d>\

2 fo )& + Ay) dX (210)

S/o F1=X)z+ Ay)dA.

If (X,|-|]) is a normed space, then the function g : X — [0,00), ¢ (l’) = ||z||”,
p > 1 is convex and then the function f: C € X — (0,00), f(x) = W is AH-
concave on any convex subset of X which does not contain {0} .

Utilising (2.1) we have

1 d\ 1
> 7 2.11
/ T Net 0l = L0, o) (2.11)

for any linearly independent z,y € X and p > 1.
Making use of (2.5) we also have

1
d\
2.12
/o||<1—A>x+Ay|p (2.12)
S z+yll? ! d\
2| S TN P e =Nl

for any linearly independent z,y € X and p > 1.
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3. More results for scalar case

If the function f is defined on an interval I and a,b € I with a < b, then

/f (1= A)w+Ay)d /f

and the inequalities (1.3), (2.1) and (2.5) can be written as

f(a)+ £ (0)
2f@re) = —a/f d= f( By’ 31
G*(f(a), £ (b))
b—a/a T8 = ) ) ) 2
and
a+b JPF@) fla+b—1t)dt
() <@ T (3.3

respectively, where f : I — (0,00) is assumed to be AH-convex (concave) on I.
The following proposition holds:

Proposition 3.1. Let f : I — (0,00) be AH-convex (concave) on I. Let x,y € I, the
interior of I, then there exists ¢ (y) € [f (y), f} (y)] such that

fly) LA .
o) LS (>) W (y—2) (3.4)

—~

holds.
Proof. Let x,y € I. Since the function % is concave (convex) then the lateral deriva-

° /! ’
tives f (y), fi (y) exists for y € I and (%) (y) = _ffww

—(4) 2(y)
Since % is concave (convex) then we have the gradient inequality
1 1
XY 2 (AW (y—z)=-Ay) (z -y
W T (DAW (y—2) ==A(y) (z —y)
with A (y) € [— J}’E((z)) , ,; g)) ] which is equivalent to
1 1 ¢ (y)
— > (< x—y 3.5
o T S ey Y 59)
with ¢ (y) € [fL (y), f1 ()] -
The 1nequahty (3 5) can be also written as
f ) ¢ (y)
1-— > (< T —
f = S Y

or as

f) L)
O () W (y— )
and the inequality (3.4) is proved. O
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Corollary 3.2. Let f: 1 — (0,00) be AH-convex (concave) on I. If f is differentiable
on I then for any x,y € I we have

f W)

f ()

The following result also holds:

-1<(>) (3.6)

Theorem 3.3. Let f : I — (0,00) be AH-convex (concave) on I. If a,b € I with a < b,
then we have the inequality

b —s s—a
i [ Poase 2o @] e (3.7
for any s € [a,b].
In particular, we have
and
b
- / £ ()t < (2) £ (@) ] 0). (39)

Proof. If the function f : I — (0,00) is AH-convex (concave) on I, then the function
f is differentiable almost everywhere on I and we have the inequality

/
0 oy L0
f(s) f(@)
for every s € [a,b] and almost every ¢ € [a,b].
Multlplymg (3.10) by f (t) > 0 and integrating over ¢ € [a, b] we have

/f2 dt—/f t)dt < ( /f (t—s) (3.11)

Integrating by parts we have

b b
/f’(t)(t*S)dt:f(b)(b*5)+f(a)(sfa)*/ f(0)dt

and by (3.11) we get the desired result (3.7).
We observe that (3.8) follows by (3.7) for s = %% while (3.9) follows by (3.7)
for either s = a or s =b. O

(t—s) (3.10)

Remark 3.4. By the Cauchy-Bunyakovsky-Schwarz integral inequality we have

(bla/abf(t)dt> <7/ 2

and if we assume that f: I — (0,00) is AH-convex on I, then we have

iCL/abfu)dts( /ﬁ dt) QS\/f(“;b)““);f(b) (3.12)
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and

b b 1/2
= f(t)dtg(bla/ f2<t)dt> < VI@7®).

(3.13)
The following result also holds:

Theorem 3.5. Let f : I — (0,00) be AH-convex (concave) on I. If a,b € T witha <b
then we have the inequality

/lnf dt+ B) / ft (3.14)
S(z)b—a—&—(b—slnf b)+ (s—a)ln f (a)

for any s € [a, b].

In particular, we have

1
. lnf()dt+ a+b / f(t (3.15)
< (_)1+ln f(b)f(a)
and
f
—/lf dt+[2f }ba/f (3.16)
< () 1+ f(b) f(a)
Proof. Integrating the inequality (3.10) over ¢ € [a,b] we have
/f (b—a) / f/tt t—s (3.17)
Observe that

bfl(t) B B b , .,
o s)dt—/a (In f (t)) (t — s)dt

b
— (-9t~ [ wfed

_ (b—s)lnf(b)+(s—a)1nf(a)—/ In f () dt

and by (3.17) we get

1

b
()/ f)dt— (b a)

b
(2) (b—s)Inf (b) + <s—a>1nf<a>—/ In £ () dt,
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which is equivalent to

/mf )dt + S/f

<(Z)b—a+(b—s)Inf(b)+ (s —a)nf(a)

for any s € [a,b].
If we take in (3.14) s = %% then we get the desired result (3.15).
If we take in (3.14) s = a and s = b we get

b 1 b
/alnf(t)dtJrf(a)/a f)dt<(>)b—a+(b—a)lnf(b)
and
b
/lnf()dt+ /f )ydt < (>)b—a+ (b—a)lnf(a),

which by addition produces

/lnf dt+ /f dt+ /f t) dt

§(>)2(b—a)+(b—a In f (b) + ( —a)lnf(a

/blnf(t)dt+[ ]/ ft
<(>)b—a+ (- )ln\/f(

which is equivalent to (3.16).

and then

Remark 3.6. We observe that
b—s)lnf(®d)+(s—a)lnf(a)=0
iff

_bnf()—alnf(a) _ L(f(a).f(B)
mf®) =i L (if @) [ o)
If

then from (3. 14) we have

1
ln t)dt t)dt < (
b—a 1o +f<(L(f )./ (5)) > /f

[ (@)]*,[F(0)]")

497

(3.18)
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Let (X, |I-]]) be a normed space and z,y € X two linearly independent vectors
on X. Since the function g : [0,1] — (0,00), g (t) = [|(1 — ) x + ty||”, p > 1 is convex

on [0,1], then the function f : [0,1] — (0,00), g (t) = m is AH-concave on
[0,1].
Making use of the inequalities (3.8) and (3.9) we get
2 o [l(1—tya+ty|™ 2z llyl”
and
1
1 1
dt > . (3.20)
/0 1=tz -+t l=l” gl

4. Applications for special means

Let us recall the following means:
a) The arithmetic mean

Ala,b) = a—2|—b7 a,b >0,

b) The geometric mean
G (a,b) := Vab; a,b>0,

¢) The harmonic mean

2
H (a,b) := ;oa,b> 0,
T+
d) The identric mean
1
1 <bb ) b—a .
- = if b#a
I(a,b):={ €\a* ca,b>0
a if b=a
e) The logarithmic mean
o 0P
L(a,b) := nob—ma 7 a,b>0
a it b=a

f) The p—logarithmic mean
ppt1l _ gptl

L, (a,b) == ((p+1) (b—a)

a if b=a

)p if b#a, peR\{-1,0}

; a,b>0.
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It is well known that, if L_; := L and Lg := I, then the function R 3p — L, is
monotonically strictly increasing. In particular, we have

H (a,b) < G(a,b) < L(a,b) <I(a,b) < A(a,b).

Consider the function

‘ —-

fy=1=—

if -p>1lor —p<0,ie p€ (—o00,—1)U(0,00) then the function f (t) =¢*,t > 0is
AH-concave. If p € (—1,0) then the function f( ) =1tP,t > 0is AH-convex.
Now, if we write the inequality (3.2) for the function f(¢t) = and 0 < a < b

\./(‘F

we get
b 2
G* (aP,bP)
thdt < (>) ———~ 4.1
b—a/a = (=) L (aP,bP)’ (41)
where p € (—1,0) (p € (=00, —1) U (0,00)) .
Now, observe that
1 b prtl — gptl
—— | Pdt=——————=1IL2(a,b
R e Iy A
bP — aP P —aP b—a

p = =
L((L »bp) Inb? — lna? p(b—a)lnb—lna

= Lpoi(a,b) L(a,b), p € R\{0,1}
and
G? (aP,bP) = G?? (a,b).
Then by (4.1) we get

LE (a,b) L2~1 (a,b) L (a,b) < (=) G* (a,b), (4.2)
where p € (—1,0) (p € (—o0, —1) U (0,00) \ {1}).
If we write the 1nequahty (3.8) for the function f () =t and 0 < a < b we get
1 b 2 a+b\" a? + b
I —— < (> 4.
. at dt_(_)( ) 5 (4.3)
where p € (—1,0) (p € (—o0, —1) U (0,00)) .
Since
b 9 2p 1
Pt — _=
b—a/at dt = L (a,b), p € R\ 5 },
p D
(“;b) —ar(at), T - A,
then by (4.3) we have
L (a,b) < (=) A? (a,0) A(a”, ") (4.4)

where p € (—1,0)\ {=3} (p € (00, —1) U (0,0)) .
Now consider the function f () =Int, ¢t > 1. The function

t)=—,t>1
9(t) Int’ >
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is convex on (1,00). If we apply the inequality (3.2) for the AH-concave function
f(@)=1Int,¢>1on [a,b] C (1,00), then we get

G? (Ina,Inb)

> 0
In 1 (a,b) 2 L(Ina,lnb)

(4.5)
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Abstract. In this paper we study the uniqueness problems of meromorphic func-
tions when certain non-linear differential polynomial sharing a nonzero polyno-
mial with certain degree. We obtain some results which will rectify, improve and
generalize some recent results of C. Wu and J. Li [15] in a large extent. Our results
will also improve and generalize some recent results due to Fang [5], Zhang-Zhang
[24], Zhang [22], Xu et al. [16], Qi-Yang [14], Dou-Qi-Yang [4], Zhang-Xu [26] and
Liu-Yang [13].
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1. Introduction, definitions and results

In this paper by meromorphic functions we shall always mean meromorphic
functions in the complex plane.

Let f and g be two non-constant meromorphic functions and let a be a finite
complex number. We say that f and g share a CM, provided that f —a and g — a
have the same zeros with the same multiplicities. Similarly, we say that f and g share
a IM, provided that f —a and g — a have the same zeros ignoring multiplicities. In
addition we say that f and g share oo CM, if 1/f and 1/g share 0 CM, and we say
that f and g share co IM, if 1/f and 1/g share 0 IM.

We adopt the standard notations of value distribution theory (see [7]). For a non-
constant meromorphic function f, we denote by T'(r, f) the Nevanlinna characteristic
of f and by S(r, f) any quantity satisfying S(r, f) = o{T(r, f)} as r — oo possibly
outside a set of finite linear measure.

A meromorphic function a(z) is called a small function with respect to f, pro-
vided that T'(r,a) = S(r, f).
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We denote by T'(r) the maximum of T'(r, f) and T'(r,g). The notation S(r)
denotes any quantity satisfying S(r) = o(T'(r)) as r — oo, outside of a possible
exceptional set of finite linear measure.

A finite value z is said to be a fixed point of f(z) if f(z9) = z0.

For the sake of simplicity we also use the notations m* := x,m, where x, = 0
if u=0,x,=1if u#0.

In 1959, W.K. Hayman (see [7], Corollary of Theorem 9) proved the following
theorem.

Theorem A. Let f be a transcendental meromorphic function and n(> 3) is an integer.
Then f™f" =1 has infinitely many solutions.

Theorem A was extended by Chen [3] in the following manner:

Theorem B. Let f be a transcendental entire function, n, k two positive integers with
n > k4 1. Then (f™)*) — 1 has infinitely many zeros.

Latter Fang [5] obtained the following two uniqueness theorem corresponding to
Theorem B.

Theorem C. Letf and g be two non-constant entire functions, and let n, k be two
positive integers with n > 2k + 4. If (f")*) and (¢")*) share 1 CM, then ei-
ther f(z) = c1e%*, g(z) = cae™ %, where ¢1, co and ¢ are three constants satisfying
(—=1)*(c1c0)(nc)?) =1 or f =tg for a constant t such that t" = 1.

Theorem D. Let f and g be two non-constant entire functions, and let n, k be two
positive integers with n > 2k+8. If (f™(2)(f(2) = 1))*) and (¢"(2)(g(z) —1))*) share
1 CM, then f(z) = g(2).

In 2008, improving the above results J. F. Zhang and X. Y. Zhang [24] obtained
the following theorem:

Theorem E. Let f and g be two non-constant entire functions and let n, k be two posi-
tive integers with n > 5k+7. If [f"]*) and [¢"]*®) share 1 IM, then either f(z) = c1e?,
g(2) = cae™%, where c1, ca and ¢ are three constants satisfying (—1)*(cic2)"[nc]?* =1
or f =tg for a constant t such that t" = 1.

Theorem F. Let f and g be two non-constant entire functions, and let n, k be two
positive integers with n > 5k 4+ 13. If (f*(2)(f(z) — 1)*) and (¢"(2)(g(z) — 1))*)
share 1 IM, then f(z) = g(z).

In 2008 Zhang [22] obtained similar type of result as mentioned in Theorem E
in the the following way:

Theorem G. Let f and g be two non-constant entire functions, and let n, k be two
positive integers with n > 2k + 4. If (f*)*) and (¢™)*) share = CM, then either

(1) k =1, f(z) = c1e, g(z) = coe=%, where ¢1, ca and ¢ are three constants

satisfying 4(ci1c2)™(ne)? = —1 or
(2) f =tg for a constant t such that t"™ = 1.
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Recently Xiao-Bin Zhang and Jun-Feng Xu [26] proved the following result for
meromorphic function.

Theorem H. [26] Let f and g be two non-constant meromorphic functions, and a(z)
(# 0,00) be a small function with respect to f. Let n, k and m be three positive
integers with n > 3k + m + 8 and let P(w) = apw™ + A1 W™ Y+ + aqw + ag

or P(w) = ¢o where ag(# 0),a1,...,0m—1, am(# 0),co(# 0) are complex constants. If
[f"P(f)]*) and [g"P(g)]*) share a CM, then

(I) when P(w) = apnw™+apym_1w™ 4. ..+ ajw+ag, one of the following three cases
holds:
(I1) f(2) =tg(z) for a constant t such that t* = 1, where
d=GCD(n+m,....n+m—14,...,n), apm_; #0
for somei=1,2,...,m,
(I12) f and g satisfy the algebraic equation R(f,g) =0, where

R(w1,w2) = W (@mw!™ + am 1w 4. 4 ag) — W (Qmwh + G 1wd ™ 4.+ ag),
(13) [f*P(P[g" PP = a*;
(IT) when P(w) = ¢p, one of the following two cases holds:

(I11) f =tg for some constant t such that t"™ =1,
(112) gf"]®[g"® = a®.

Generalized results in the above directions for entire function were obtained by
Qi-Yang [14] and Dou-Qi-Yang [4] in the following manner:

Theorem 1. Let f and g be two transcendental entire functions, and let n, k and
m be three positive integers with n > 2k +m* + 4, A\, p be two constants such that
Al + ] # 0. IfF [f™ (ANf™ + ,u)](k) and [g" (Ag™ + ,u)](k) share z CM, then one of the
following conclusions hold:
(1) If \u # 0, then f¢ = g%, where d = ged(n,m); in particular f = g, when d = 1;
(2) If A = 0, then f = cg, where ¢ is a constant satisfying ¢"*™ =1, or k = 1
and f(z) = blebZQ, g(z) = bge*bz2, for some constants by, by and b that satisfy
4O+ )2 (bibe)" ™ [(n + m*)b]? = —1.

Theorem J. Let P(z) = amz™ + am-12""1 + ... + a1z + ag or P(z) = C, where
ag, a1y ..y Am—1, am(# 0),C(# 0) are complex constants. Suppose that f and g be
two transcendental entire functions, and let n, k and m be three positive integers with
n > 2k +m** + 4, where m** = 0, if P(z) = C, otherwise m** = m. If [f*P(f)]*)
and [g"P(g)]*®) share z CM then the following conclusions hold:
() If P(w) = amw™ + apm_1w™ 1t +...+ayw + ag is not a monomial, then f(z) =
tg(z) for a constant t such that t* = 1, where d = ged(n+m, ..., n+m—i,...,n),
Am—i # 0 for some i =0,1,2,....,m, or f and g satisfy the algebraic equation
R(f,g) =0, where

R(w1,ws) = w (amwi” + am,lw’f%l +...+ag) —wi(amwy + am,lw;'“l +...4ap);
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(ii) If P(z) = C or P(z) = anz™ then f = tg for some constant t such that
"t =1, or then f = blebzz, g = bge_bzz, for three constants by, by and b
that satisfy 4a2,(b1b2)" ™ [(n + m)b]? = —1 or 4C?(b1by)"[nb]? = —1.

In 2013, Liu and Yang [13] replaced the CM value sharing concept by IM fixed
point sharing one in the above two theorems. They proved the following results:

Theorem K. Let f and g be two transcendental entire functions, and let n, k and
m be three posilive integers with n > bk + 4m* + 7, A, p be two constants such
that || + |u| # 0. If [f* Af™ + )™ and [g" (\g™ + )™ share =z IM, then the
conclusion of Theorem 1 holds

Theorem L. Let P(w) = apw™ + ap_1w0™ L + ... + a1w + ag or P(w) = C, where
ag, a1y, Am—1, am(# 0),C(#£ 0) are complex constants. Suppose that f and g be
two transcendental entire functions, and let n, k and m be three positive integers with
n > 5k +4m** + 7. If [f*P()]*) and [¢"P(g9)]*) share z IM then the conclusion of
Theorem J holds

In this paper, we always use P(w) denoting an arbitrary polynomial of degree n
as follows:
P(W) = anw" 4+ an 1w . 4 ag = ap(w—c) (w—e,)? . (w— cls)ls, (1.1)

where a;(i = 0,1,...,n—1),a, # 0and ¢;,(j = 1,2,...,s) are distinct finite complex
numbers and [lq,ls,...,ls, s, n and k are all positives integers satisfying

i ll =n.
i=1

Also we let
I =max{ly,la,...,ls}
and from (1.1) we have
P(w) = (w— ) Py(w),
where P, (w) is a polynomial in degree n — I = r(say).
We also use Pj(wq) as an arbitrary non-zero polynomial defined by

S

Pi(w1) = an H(w1 +c—c,) =bpw* + bm,lwinfl + ...+ by, (1.2)
i
where wy =w — ¢ and m=n — [.

Obviously
P(W) = wllPl(wl).

If we observe the above theorems carefully we see that all the investigations were
done on the basis of sharing of the expression of the particular form h"P(h) (h = f
or g). So it will be quiet natural to investigate all the results for the most standard
form P(h) instead of h™P(h) (h = f or g).

Recently, C. Wu and J. Li [15] obtained the following results in this direction:
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Theorem M. Let f and g be two mon-constant meromorphic functions, and let n,
k and 1 be three positive integers satisfying 4lk + 121 > 4kn + 11n + 9k + 14. If
[P(£)]®) and [P(g)]*®) share 1 IM, then either f = b1e’* +c¢, g = bae™% + ¢, or f
and g satisfy the algebraic equation R(f,g) = 0, where by, by, b are three constants
satisfying (—1)%(b1bo)™(nb)?* =1 and R(wi,ws) = P(w1) — P(wy).

Theorem N. Let f and g be two non-constant meromorphic functions, and let n, k
and | be three positive integers satisfying kl + 61 > nk + 5n + 3k + 8. If [P(f)]*) and
[P(g)]*®) share 1 CM, then conclusion of Theorem M holds.

Theorem O. Let f and g be two non-constant entire functions, and let n, k and [ be
three positive integers satisfying 51 > 4n 4 5k + 7. If [P(£)]®) and [P(g)]*) share 1
IM, then conclusion of Theorem M holds.

Theorem P. Let f and g be two non-constant entire functions, and let n, k and [ be
three positive integers satisfying 21 > n + 2k + 4. If [P(f)]*®) and [P(g)]*®) share 1
CM, then conclusion of Theorem M holds.

Remark 1.1. The results [15] are new and seem fine. However in the proof of Theorem
11 [15], one can easily point out a number of gaps.

We first consider p. 299 under the case 1.1.2 fifth line from top.
The calculations are true only when p; >k, : A question arises: When pj, <k ?
Actually the author did not consider this case.

In the same page the author used the inequality

N(r.00: ) < S N(rc559) + N(r,0:9),

j=1
which is not true for any arbitrary k and the situation when

(LM Lg)™ =1.

Remark 1.2. The authors declare that Lemma 11 in [15] can be obtained from [17].
But in [17] there is no such lemma. One can easily verify that the lemma 11 in [15] is
actually Lemma 2.12 of [25]. Also one can easily observe that to prove Lemma 2.12 in
[25], Lemma 2.8 plays a vital role [see p.8 last line in [25]]. But the following example
shows that Lemma 2.8 of [25] is invalid.

Example 1.1. Let F = ze*, G = -, then F and G share 1 and —1 and satisfy

N(r,0; F) + N(r,00; F) = S(r, F)
and
N(r,0;G) + N(r,00;G) = S(r,G).
It is clear that F' and G share neither 0 nor co.
So the very existence of Lemma 11 in [15] and proof of Theorem 11, where
Lemma 11 plays a vital role is questionable. In this paper we tackle the problem by

obtaining the correct proof of Lemma 11 as well as Theorem 11. We also observe that
in Theorems M and N as n = [+, the relation 4lk+12] > 4kn+11n+9k+14 (kI+61 >
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nk + 5n + 3k + 8) ultimately produce ! > (4k+11)r + 9k + 14 (I > (k+5)r + 3k +8)
which are very much stronger result in-comparison to the lower bound of [ obtained
by the previous authors. In that sense in this paper we shall decrease the lower bound
of I to a large extent. Not only that our results will largely improve and generalize
all the previous results mentioned earlier. To proceed further we require the following
definition. In 2001 an idea of gradation of sharing of values was introduced in {[8],
[9]} which measures how close a shared value is to being share CM or to being shared
IM. This notion is known as weighted sharing and is defined as follows.

Definition 1.1. [8, 9] Let k£ be a nonnegative integer or infinity. For a € CU {o0} we
denote by Ej(a; f) the set of all a-points of f, where an a-point of multiplicity m is
counted m times if m < k and k + 1 times if m > k. If Ex(a; f) = Ex(a;9), we say
that f, g share the value a with weight k.

The definition implies that if f, g share a value a with weight k then z is an a-
point of f with multiplicity m (< k) if and only if it is an a-point of g with multiplicity
m (< k) and 2z is an a-point of f with multiplicity m (> k) if and only if it is an
a-point of g with multiplicity n (> k), where m is not necessarily equal to n.

We write f, g share (a,k) to mean that f, g share the value a with weight k.
Clearly if f, g share (a,k), then f, g share (a,p) for any integer p, 0 < p < k. Also
we note that f, g share a value ¢ IM or CM if and only if f, g share (a,0) or (a,c0)
respectively.

The main results of the paper are as follows.

Theorem 1.1. Let f and g be two transcendental meromorphic functions and p(z) be
a nonzero polynomial with deg(p) <1—1, where n, k, r and [ be four positive integers
with n = 1 + 7 such that | > 3k +r + 8. Suppose [P(f)]*) and [P(g9)]*®) share (p,2),
where P(w) be defined as in (1.1). Now
(I) when s > 2 then one of the following three cases holds:
(I1) f = tg for a constant t such that t* = 1,whered = GCD(n,...,n—i,..., 1),
an—i # 0 for somei € {1,2,...,n—1};
(I12) f and g satisfy the algebraic equation R(f,qg) =0, where

R(wy,we) = (anwi + an,lw’f71 + ...+ awr) — (awy + an,lw;“l

(13) [P(IP[P())® = p*;
(IT) when s =1 then one of the following two cases holds:
(I11) f =tg for some constant t such that t" =1,

(I12) if p(z) is not a constant, then f = Q) + ¢, g = coe™ Q) 4 ¢;, where

Q) - | p(),

c1, ca and c are constants such that b?(cico) T (1 +i)c]* = —1, if p(2) is a
nonzero constant b, then f = cze®® 4+ ¢;, g = cue™“* + ¢;, where c3, ¢4 and
c are constants such that (—1)kb2(c3cq) (1 + i) c]?* = b2,
In particular when l; > k(i =1,2,...,s) and
n(3 —s) — 2ks + 4k
n+ 2k

+ ...+ a1we);

)

O(0; f) + ©(o0; f) >
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then (I3) does not hold.

Theorem 1.2. Let f and g be two transcendental meromorphic functions and p(z) be
a nonzero polynomial with deg(p) <1—1, where n, k, r and [ be four positive integers
with n = 14 r such that 1 > 9k + 4r 4 14. Suppose [P(f)]®) and [P(g)]*) share p(z)
IM, where P(w) be defined as in (1.1). Then the conclusion of Theorem 1.1 holds.

Remark 1.3. Theorems 1.1 and 1.2 both hold for two non-constant meromorphic
functions f and g when p(z) is a non-zero constant.

Remark 1.4. When [ = n, ¢; = 0 from Theorem 1.1 we can easily get an improved
version of Theorem H.

Corollary 1.1. Let f and g be two transcendental entire functions and p(z) be a nonzero
polynomial with deg(p) < 1 — 1, where n, k, r and | be four positive integers with
n =147 such that | > 2k +r +4. Suppose [P(f)]*) and [P(g)]*®) share (p,2), where
P(w) be defined as in (1.1). Then one of the following three cases holds:
(1) f = tg for a constant t such that t* = 1,where d = GCD(n,...,n —1i,...,1),
an—i # 0 for some i€ {1,2,...,n—1};
(2) f and g satisfy the algebraic equation R(f,g) =0, where

R(wy,we) = (apwi + an_lw?_l +.. .+ awr) — (awy + an_lwg_l + ...+ a1we);

(3) if p(z) is not a constant, then f = c1e°?3) 4 ¢, g = c2e™ QB 4 ¢, where
Q(z) = [, p(2)dz, c1, 2 and c are constants such that b?(cyc2)' T [(1+14)c]? = —1,
if p(2) is a nonzero constant b, then f = cze®® + ¢, g = cae” % + ¢, where cz,
ca and c are constants such that (—1)*b? (czeq) P [(1 +i)c]?* = b2,

Corollary 1.2. Let f and g be two transcendental entire functions and p(z) be a nonzero
polynomial with deg(p) < Il — 1, where n, k, r and l be four positive integers with
n =1+ such that | > 5k + 4r + 7. Let P(w) be defined as in (1.1). If [P(f)]*) and
[P(9)]*) share p(z) IM then the conclusion of Corollary 1.1 holds.

Remark 1.5. Corollaries 1.1 and 1.2 both hold for two non-constant entire functions
f and g when p(z) is a non-zero constant.

Remark 1.6. When | = n, ¢; = 0, from Corollary 1.1 and Corollary 1.2 we can easily
get the improved version of Theorems C, G and Theorem E respectively.

Remark 1.7. When ! = ny, n = n1+1 and ¢; = 0, from Corollary 1.1 and Corollary 1.2
we can easily obtain the improved version of Theorem D and Theorem F respectively.

Remark 1.8. When | = ny, n = ny + m* and ¢; = 0, from Corollary 1.1, Lemmas
2.16 and 2.17 we can easily obtained the improvement of Theorem I where as from
Corollary 1.2 we get the improved version of Theorem K.

Remark 1.9. When | = ny, n = ny+m** and ¢; = 0, from Corollary 1.1 and Corollary
1.2 we can easily get an improved version of Theorem J and Theorem L respectively.

We now explain some definitions and notations which are used in the paper.

Definition 1.2. [11] Let p be a positive integer and a € C U {o0}.
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(i) N(r,a; f |> p) (N(r,a; f |> p))denotes the counting function (reduced counting
function) of those a-points of f whose multiplicities are not less than p.

(ii) N(r,a; f|<p) (N(r,a; f |< p))denotes the counting function (reduced counting
function) of those a-points of f whose multiplicities are not greater than p.

Definition 1.3. {11, cf.[19]} For @ € C U {oo} and a positive integer p we denote
by N,(r,a; f) the sum N(r,a; f) + N(r,a; f |> 2) + ... + N(r,a; f [> p). Clearly
Nl(raa§ f) = N(Taa; f)

Definition 1.4. Let a,b € C U{oo}. Let p be a positive integer. We denote by N (r, a; f |
>plg=0b) (N(r,a;f|>p|g#b)) the reduced counting function of those a-points
of f with multiplicities > p, which are the b-points (not the b-points) of g.

Definition 1.5. {cf.[1], 2} Let f and g be two non-constant meromorphic functions
such that f and g share the value 1 IM. Let zy be a 1-point of f with multiplicity p,
a 1-point of g with multiplicity ¢. We denote by N(r,1; f) the counting function of
those 1-points of f and g where p > ¢, by N;J)(r, 1; f) the counting function of those

1-points of f and g where p = ¢ = 1 and by Nﬁ (r,1; f) the counting function of those
1-points of f and g where p = ¢ > 2, each point in these counting functions is counted

only once. In the same way we can define N (r,1;g), Ng)(r, 1;9), Ng(r, 1;9).

Definition 1.6. {cf.[1], 2} Let k be a positive integer. Let f and g be two non-constant
meromorphic functions such that f and g share the value 1 IM. Let zy be a 1-point of
f with multiplicity p, a 1-point of g with multiplicity ¢. We denote by N~y (r,1;9)
the reduced counting function of those 1-points of f and g such that p > ¢ = k.

Ngsi (r,1; f) is defined analogously.

Definition 1.7. [8, 9] Let f, g share a value a IM. We denote by N.(r,a;f,g) the
reduced counting function of those a-points of f whose multiplicities differ from the
multiplicities of the corresponding a-points of g.

Clearly N.(r,a; f,9) = N.(r,a;9, f) and N.(r,a; f,g) = Nrp(r,a; f) + Np(r,a;g).

2. Lemmas

Let F' and G be two non-constant meromorphic functions defined in C. We
denote by H the function as follows:

F// 2F/ G// 2G/
H_<F’_F1>_(G’_Gl)' (2.1)
Lemma 2.1. [17] Let f be a non-constant meromorphic function and let a,(z)(# 0),
an-1(2),..., ao(z) be meromorphic functions such that T(r,a;(z)) = S(r, f) fori =

0,1,2,...,n. Then
T(T7anfn+anflfn_1+~~~+a1f+a0) :’I’LT(’I’7f)+S(T’7f)

Lemma 2.2. [23] Let f be a non-constant meromorphic function, and p, k be positive
integers. Then

Ny (1.0 D) < T (7, F9) = T )+ Ny 1.0 £) + (1, ),
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Ny (1,05 £0) < kN (1,001 £) + Nyra(r, 05 £) + S, ).

Lemma 2.3. [10] If N(T,O;f(k)‘f # 0) denotes the counting function of those zeros
of f*%) which are not the zeros of f, where a zero of f*) is counted according to its
multiplicity then

N(r,0; f®|f #0) < kN(r,00; f) + N(r,0; f| < k) + kN (r,0; f| > k) + S(r, f).

Lemma 2.4. Let f be a non-constant meromorphic function. Let n, k and | be three
positive integers such that | > k + 2 and P(w) be defined as in (1.1), a(z)(# 0,00) be
a small function with respect to f. Then [P(f)]*®) — a(2) has infinitely many zeros.

Proof. Let us take F' = P(f).
In view of Lemmas 2.1, 2.2 and by the second theorem for small functions (see [18])
we get

nT'(r, f)

T(r,F)+0O(1)

T(r, F®Y = N(r,0; F®) 4 Npy1(r,0; F) + S(r, f)

N(r,0; F®Y £ N(r,00; F®)) + N(r,a(z); F®) = N(r,0; F®)) + Njy1(r, 0; F)
+(e+0(1) T'(r, f)

N(r,00; f) + (k+1) N(r,ci; f) + N(r,0; P(f)| f # 1) + N(r, a(2); F®)
+(e+0(1)) T(r, f)

< (n=l4+k+2)T(rf) —&—N(r,a(z);F(k)) + (e +0(1)) T(r, f),

for all e > 0. Take e < 1. Since [ > k+2 from above one can easily say that F'*) —a(z)
has infinitely many zeros. O

INCIN

IN

Lemma 2.5. ([20], Lemma 6) If H =0, then F, G share 1 CM. If further F, G share
oo IM then F, G share oo CM.

Lemma 2.6. [i?] Let f1 and fy be two non-constant meromorphic functions satisfying
N(r,0; fi) + N(r,00; fi) = S(r; f1, f2) fori = 1,2. If f{fs — 1 is not identically zero
for arbitrary integers s and t(|s| + |t| > 0), then for any positive e, we have

No(r, 15 f1, f2) < eT(r) + S(r; f1, fo),

where No(r,1; f1, f2) denotes the reduced counting function related to the common 1-
points of fi and fy and T(r) =T(r, f1) +T(r, f2), S(r; f1, f2) = o(T(r)) as r — oo
possibly outside a set of finite linear measure.

Lemma 2.7. Let f and g be two non-constant meromorphic functions. Let n, k and
I be three positive integers such that 21 > n + 3k. If [P(f)]*) = [P(9)]®, then
P(f) = P(g), where P(w) be defined as in (1.1).

Proof. We have [P(f)]*) = [P(g)]®).

Integrating we get

[P()I*D = [P(g))* D + ¢y
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If possible suppose ¢_1 # 0.
Now in view of Lemma 2.2 for p = 1 and using the second fundamental theorem we
get

nT(r, f)
=T(r, P(f)) +O(1)
< T(r, [P(f)]*D) = N(r,0;[P(/)]*V) + Ni(r,0; P(f)) + S(r, f)
<N, 0; [P(N]*D) + N(r, 005 f) + N(r, e 15 [P()FD) = N(r, 0; [P(£))*)
+ Ni(r, 0, P(f)) + S(r, f)
< N(r, 005 f) + N(r, 05 [P(9)] D) + Ni(r, 0; P(f) + 5(r, )
< N(r,00; f) + ( 1)N(r,00; g) + N (7, 0; P(g)) + Ny (r,0; P(f)) + S(r, f)
< N(r, 005 f) + (k = 1)N(r,00; g) + kN (r, ci3.9) + N(r,0; P(g9)|g # 1) + kN(r, ci; f)
+N(T,O;P(f)|f 75 a)+5S(r, f)
<(n—=Il+k+1)Tr f)+(n—1+2k—1)T(r,g)+ S(r, f) + S(r,g)
< (2n—20143k) T'(r) + S(r).

Similarly we get
nT(r,g) < (2n—20+3k) T(r) + S(r).
Combining these we get
(2l =n —3k) T(r) < S(r),

which is a contradiction since 2] > n + 3k.
Therefore cx_1 = 0 and so [P(f)]*~Y = [P(g)]*~1).
Proceeding in this way we obtain

Integrating we get
P(f) = P(g) + co-
If possible suppose ¢y # 0. Now using the second fundamental theorem we get

nT(r, f)

T(r,P(f))+0(1)

N(r,0; P(f)) + N(r,00; P(f)) + N(r,co; P(f))
N(r,0; P(f)) + N(r,00; f) + N(r,0; P(g))
n=14+2)T(r, )+ (n—1+1)T(r,g)+ S(r, f)
(2n —21+3)T(r) + S(r).

INIA N CIA I

Similarly we get

nT(r,g) < (2n—20+3) T(r) + S(r).
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Combining these we get
(20 —n—=3)T(r) < S(r),

which is a contradiction since 21 > n + 3.
Therefore ¢g = 0 and so

P(f) = P(g).
This proves the Lemma. O
Lemma 2.8. Let f, g be two non-constant meromorphic functions. Let n, k and | be
three positive integers such that 1 > k+2 and P(w) be defined as in (1.1). If [P(f)]*

and [P(g)]*) share a IM, where a(# 0,00) is a small function of f and g, then
T(r,f) = O(T(r,g)) and T(r,g) = O(T(r, f))-

Proof. Let F' = P(f). By the second fundamental theorem for small functions {see
[18]}, we have

T(r, F®) < N(r,00; F®) + N(r,0; F®) + N(r,a; F®) + (e + o(1))T(r, F),
for all € > 0.
Now in the view of Lemmas 2.1 and 2.2 for p = 1 and using above we get
nT(r, f)
< T(r, F®) = N(r,0; F®) + Nyt (r,0: P(f)) + (¢ + o(1)T(r, f)
< N(r,0; F®) + N(r,00; f) + N(r,c; F®)) = N(r,0; F®)) + Ny i1 (r, 0; P(f))
+ (e +0(1)T(r, f)
< N(r,00: f) + N(r, 05 [P(/))*)) + (k + )N (r, i f) + N(r, 0: P(f)|f # 1)
+ (e +o()T(r, f)
< (n—1+k+2) T(r, f) + N(r,a; [P(9)] ™) + (e + o(1)T(r, f)
Sn—=Il+k+2)T(r, f)+(k+1)nT(r,g)+ (e +o0(1)T(r, f),
ie.,
(=k=2)T(r f) <(k+1)nT(r,g) + (e + o(1))T(r, f).
Since | > k + 2, take ¢ < 1 and we have T'(r, f) = O(T(r,g)). Similarly we have
T(r,g) = O(T(r, f)). This completes the proof of Lemma. O

Lemma 2.9. Let f, g be two non-constant meromorphic functions and let

F=[P(f)]® /a(z), G = [P(9))¥/a(2),
where P(w) be defined as in (1.1), a(z) be a small function with respect to f, g and
n, k and | be positive integers such that 2l > n + 3k + 3. Suppose H = 0. Then one
of the following holds:
(i) [P(HIF[P(9)* = a?
(ii) f = tg for a constant t such that t¢ = 1, where d = GCD(n,...,n —i,...,1),
an—i #£ 0 for some i€ {1,2,...,n—1};
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(iil) f and g satisfy the algebraic equation R(f,g) =0, where

R(wi,w2) = (apwi + ap_1wi™ Ty o+ a1wi) — (apwy + an_qwsy ™ Lo+ a1ws).
Proof. Since H =0, by Lemma 2.5 we get F' and G share 1 CM.
On integration we get
1 bG —-b
Xt (2.2)

F—-1~— G-1~
where a, b are constants and a # 0. We now consider the following cases.
Case 1. Let b # 0 and a # b.
If b = —1, then from (2.2) we have
—a

F=——.
G—-—a-1

Therefore
N(r,a+1;G) = N(r,00; F) = N(r,00; f).
So in view of Lemma 2.2 and the second fundamental theorem we get
nT(r,g)
=T(r, P(f)) +0O(1)
< T(r,G) + Ng41(r,0; P(g)) — N(r,0; G)
< N(r,00;G) + N(r,0;G) + N(r,a + 1;G) + Nyy1(r,0; P(g9)) — N(r,0;G) + S(r,9)
< N(r,0059) + (k+ 1)N(r, ci59) + N(r,0; P(g)lg # c1) + N(r, 00; f) + S(r, g)
< Tl fl+(n—=1l+k+2)T(r,g)+ S(r,f)+ S(r,9).

Without loss of generality, we suppose that there exists a set I with infinite measure
such that T'(r, f) < T(r,g) for r € I.
So for r € I we have

(l=k=3)T(r,g) <S5(r9),
which is a contradiction since { > k + 3.
If b # —1, from (2.2) we obtain that

—a
F_(1+b)EbQ[G—|—“T7b]
So
N(r, (b ; 9) ;G) = N(r,00; F) = N(r,00; f).
Using Lemma 2.2 and the same argument as used in the case when b = —1 we can

get a contradiction.
Case 2. Let b # 0 and a = b.
If b = —1, then from (2.2) we have

FG = o?,

ie.,

[PNPP@I® =a®
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where [P(f)]* and [P(g)]* share ot CM.
If b # —1, from (2.2) we have

l:L
F~ (1+bG-1
Therefore 1
Nir,— GY=N : F).
(r, 15 G) = NG, 05 F)

So in view of Lemma 2.2 and the second fundamental theorem we get
nT(r,g)
< T(r,G) + Ny41(r, 0 P(g)) = N(r,0;G) + S(r, g)

__ __ __ 1 __
< N(T,OO;G) +N(ra0; G) +N(T7 m’G) +Nk+1(T,O;P(g)) —N(T,O; G) +S(T7g)

< N(r,00;9) + Niy1(r,0; P(g)) + N(r,0; F) + S(r, g)
< N(r,00;9) + Ni+1(r, 05 P(g)) + Nig1 (7,03 P(f)) + kN (r, 00; f) + S(r, f) + S(r, 9)
<(n=-Il+k+2)T(r,g)+(n—=104+2k+1)T(r,f)+ S(r, f)+ S(r,9).
So for r € I we have
(20 —n—3k—3)T(r,g9) < S(r,g),
which is a contradiction since 2I > n + 3k + 3.
Case 3. Let b = 0. From (2.2) we obtain
G+a—-1
a

F =

If a # 1 then from (2.3) we obtain
N(r,1—a;G) = N(r,0; F).

We can similarly deduce a contradiction as in Case 2. Therefore ¢ = 1 and from (2.3)
we obtain

ie.,

Then by Lemma 2.7 we have

P(f) = P(g). (2.4)
Let h = 5. If h is a constant, by putting f = hg in (2.4) we get

ang" M (R = 1) +an_1g" (A" = 1)+ ... +ai(h—1) =0,

which implies that k% = 1, where d = GCD(n,...,n —1i,...,1), a,_; # 0 for some
i€ {1,2,...,n —1}. Thus f = tg for a constant ¢ such that t¢ = 1, where d =
GCD(n,...,n—1i,...,1), ap_; #0 for some i € {1,2,...,n—1}.
If h is not constant then f and g satisfy the algebraic equation R(f,g) = 0, where
R(w1,ws) = (apwi + an,lw{“l +.. .t awr) — (apwh + an,lwgfl +...taw). O
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Lemma 2.10. [6] Let f(2) be a non-constant entire function and let k > 2 be a positive
integer. If f(2)f%)(2) # 0, then f(z) = e®***, where a # 0,b are constant.

Lemma 2.11. [[7], Theorem 3.10] Suppose that f is a non-constant meromorphic func-
tion, k > 2 is an integer. If

f

N(r,00, f) + N(r,0; f) + N(r, 0; f¥) = S(r, f)’

then f = e*** where a # 0, b are constants.

Lemma 2.12. [[21], Theorem 1.24] Let f be a non-constant meromorphic function and
let k be a positive integer. Suppose that f*) 20, then

N(r,0; f¥)) < N(r,0; f) + kN (r, 003 f) + S(r, f).

Lemma 2.13. Let f, g be two transcendental meromorphic functions and p(z) be a
non-zero polynomial with deg(p) < m — 1, where n and k be two positive integers
such that n > max{2k, k + 2}. Suppose [f"]|*)[g"]*) = p?, where [f*]*) — p(2) and
[9"]®) — p(z) share 0 CM. Now

(i) if p(z) is not a constant, then f = c1e°Q), g = coe™ Q) where

Qe - | p(),

c1, ¢a and ¢ are constants such that (nc)?(cic2)™ = —1,
(ii) if p(2) is a nonzero constant b, then f = cze?*, g = cqe™¢
d are constants such that (—1)¥(czcq)" (nd)?* = b2

#, where c3, ¢4 and

Proof. Suppose

[ ® g™ = p*. (2.5)
We consider the following cases:
Case 1. Let deg(p(z)) =1(> 1).
Let 29(p(20) # 0) be a zero of f with multiplicity ¢. Note that zq is a zero of [f]*)
with multiplicity ng — k. Obviously zy will be a pole of g with multiplicity ¢;, say.
Note that zg is a pole of [¢"]®) with multiplicity ng; + k and so ng — k = nq; + k.
Now

ng—k=nq +k

implies that
n(qg — q1) = 2k. (2.6)

Since n > 2k, we get a contradiction from (2.6).
This shows that zq is a zero of p(z) and so we have N(r,0; f) = O(logr). Similarly we
can prove that N(r,0;g) = O(logr).
Thus in general we can take N(r,0; f) + N(r,0;9) = O(logr).
We know that

N (r, 003 [f"|*™) = nN (r, 00 f) + kN (r, 00; f).
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Also by Lemma 2.12 we have
N(r,0;[g"™) < nN(r,0; 9) + kN(r,00; g) + S(r, 9)
< kN(r,00;g) + O(logr) + S(r, g).
From (2.5) we get
N(r,00;[f"]™) = N(r,0;[g"]™)),

ie.,

nN (r,00; f) + kN (r, 00; f) < kN (r,00; g) + O(logr) + S(r, g). (2.7)
Similarly we get

nN (r,00; ) + kN (r,00; g) < kN (r, 00; f) + O(logr) + S(r, f). (2.8)

Since f and g are transcendental, it follows that
S(r, f) + O(logr) = S(r, f), S(r,g) + O(logr) = S(r,g).
Now combining (2.7) and (2.8) we get
N(r,00; f) + N(r,00;9) = S(r, ) + S(r, ).

By Lemma 2.8 we have S(r, f) = S(r,g) and so we obtain

N(r,00; f) = S(r, f), N(r,o0;9) = 5(r,9). (2.9)
Let

[f®)

F1 = and G1 = [ (210)
b

p
Note that T'(r, F1) < n(k+ 1)T(r, f) + S(r, f) and so T(r, F1) = O(T(r, f)). Also by
Lemma 2.2, one can obtain T'(r, f) = O(T'(r, F1)). Hence S(r, F1) = S(r, f). Similarly
we get S(r,G1) = S(r, g). Hence we get S(r, Fy) = S(r, G1). From (2.5) we get

If F1 = c¢Gq, where ¢ is a nonzero constant, then F) is a constant and so f is a
polynomial, which contradicts our assumption. Hence F} # ¢G1 and so in the view of
(2.11) we see that F} and G share —1 IM.

Now by Lemma 2.12 we have

N(r,0; F1) < nN(r,0; f) + kN(r,00; f) + S(r, f) < S(r, Fy).
Similarly we have
N(r,0;G1) <nN(r,0;9) + kN(r,00;9) + S(r,g) < S(r,G1).
Also we see that
N(r,o0; F1) = S(r,F1), N(r,00;G1) = S(r,G).
It is clearly that T'(r, F1) = T(r,G1) + O(1). Let

Iy
1 G

g1

and
-1
G -1

f2
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Clearly f; is non-constant. If f5 is a nonzero constant then F; and G; share co CM
and so from (2.11) we conclude that F; and G have no poles.
Next we suppose that fo is non-constant. We see that

[l = fo) 1— /2
ey
Clearly
T(r, Fy) < 2[T(r, f1) + T(r, f2)] + O(1)
and
T(r, f1)+T(r, f) < AT(r, F1) + O(1).
These give S(r, F1) = S(r; f1, f2). Also we note that
N(r,0; fi) + N(r,00; fi) = S(r; f1, f2)
fori=1,2. o
Next we suppose N (r, —1; Fy) # S(r, Fy), otherwise by the second fundamental

theorem F will be a constant.
Also we see that

N(r,—1; F1) < No(r, 1; f1, fa).
Thus we have
T(r, fr) +T(r, fo) <4 No(r,1; f1, f2) + S(r, F1).

Then by Lemma 2.6 there exist two mutually prime integers s and #(|s| 4 |¢| > 0) such
that

=1,
ie.,
[%Hg:ﬂtzl (2.12)

If either s or t is zero then we arrive at a contradiction and so st # 0.
We now consider following cases:
Case (i). Suppose s > 0 and ¢ = —¢;, where ¢; > 0. Then we have

Fis Fy—17t
&l =le=l" (213)
Let z; be a pole of F; of multiplicity p. Then from (2.11) we see that z; must be a
zero of Gy of multiplicity p. Now from (2.13) we get 2s = t;, which is impossible.
Hence F; has no pole. Similarly we can prove that G; also has no poles.
Case (ii). Suppose either s > 0 and ¢ > 0 or s < 0 and ¢ < 0. Then from (2.13) one
can easily prove that F; and G; have no poles.

Consequently from (2.11) we see that F; and G; have no zeros. So we deduce
from (2.10) that both f and g have no pole.

Since F and G have no zeros and poles, we have

=Gy,
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ie.,
[/ = e g™,
where 7 is a non-constant entire function. Then from (2.5) we get
[FM® = cerp(z), [g"® = cem2p(2),

where ¢ is a nonzero constant. This shows that [f?]®*) and [¢"]*) share 0 CM.
Also we deduce from (2.10) that both f and g are transcendental entire functions.
Since N(r,0; f) = O(logr) and N(r,0;g) = O(logr), so we can take

f(z)= hl(z)eo‘(z), g(z) = hg(z)eﬁ(z), (2.14)

where h; and hsy are nonzero polynomials and «, § are two non-constant entire func-
tions.

We deduce from (2.5) and (2.14) that either both o and 8 are transcendental entire
functions or both « and S are polynomials.

We consider the following cases:

Subcase 1.1: Let k£ > 2.

First we suppose both « and [ are transcendental entire functions.

Let a1 = o+ % and B = B/ + Z—; Clearly both a; and §; are transcendental entire
functions.
Note that

’ ’

) Srnsy) — s, 7

S(r,nay) = S(r,
(r,non) = 5( Iz o

).
Moreover we see that

N(r,0; [f"](k)) < N(r,0;p%) = O(logr).

N(r,0;[g"]®) < N(r,0;p*) = O(logr).

From these and using (2.14) we have

N(r,00; f*) 4+ N(r,0; f) + N(r,0;[f"]*®) = S(r,naq) = S(r, [J;:} ) (2.15)
and
N(r,00;¢") + N(r,0;g™) + N(r,0; [g"]|®)) = S(r,np1) = S(r, [‘Zj ) (2.16)

Then from (2.15), (2.16) and Lemma 2.9 we must have
f — eaz+b’ g = ecz+d7 (217)

where a # 0, b, ¢ # 0 and d are constants. But these types of f and g do not agree
with the relation (2.5).

Next we suppose « and (3 are both polynomials.

From (2.5) we get a+ 8 = C ie., o = —3 . Therefore deg(a) = deg().

We deduce from (2.14) that

(8 = AR FRE ()R + Peci(a, hy)le™ = p(z)e™, (2.18)
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and

(9% = By~ RS (8)* + Q-1 (8 hy))e™ = p(z)e™”, (2.19)
where A, B are nonzero constants, Py_1(a’, h}) and Qu_1(8, hy) are differential poly-
nomials in o/,hll and 6/, h/2 respectively.
Since deg(p) < n — 1, from (2.17) and (2.19) we conclude that both h; and hs are
nonzero constant.
So we can rewrite f and g as follows:

f=e? g=e”, (2.20)

where 72 + d2 = C and deg(y2) = deg(ds).

If deg(y2) = deg(d2) = 1, then we again get a contradiction from (2.5).
Next we suppose deg(v2) = deg(da) > 2.

We deduce from (2.20) that

)" = ()" + P (0)le™2, [g"®) = Bil(6,)" + Qu-1(82)]e",

where A1, By are nonzero constants, Pj_1(7,) and Qx_1(8,) are differential polyno-

mials in 'y; and 5; of degree atmost k — 1 respectively.
Since [f™]*) and [¢"]*) share 0 CM, it follows that

[(72)F + Pro1(2)] = D[(69)" + Qu-1(5,)],

where D is a nonzero constant, which is impossible as k > 2.

Actually [(79)* + Pu_1(72)] and [(05)* + Qx_1(Jy)] contain the terms (y5)* +
K (75)F 2y, and (6,)% + K (8,)*~25, respectively, where K is a suitably positive in-
teger. But these two terms are not identical.
Subcase 1.2: Let k = 1.
Now from (2.5) we get

g =t (2.21)
where p? = Lp?.
First we suppose both a and [ are transcendental entire functions.
Let h = fg. Clearly h is a transcendental entire function. Then from (2.21) we get

’ N\ 2 I\ 2
g 1h 1(h n
<g—2h> ;4<h — h "t (2.22)
Let
w910
’T 2h°

From (2.22) we get

N\ 2
1(h .
a%zz <h> — h"pl. (2.23)
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’ 2
First we suppose oo = 0. Then we get h™"p} = 1 (%) and so T'(r,h) = S(r,h),

which is impossible. Next we suppose that as # 0. Differentiating (2.23) we get

’

;1R (W . o
2a2a255ﬁ (h) +nhh™" 1p§—2h "D1py.

Applying (2.23) we obtain

h, , a/ 1 h/ h/ h/ a/
B | —nep? 9 _92,2 | =21 — ] —==2. 2.24
( n hpl + 2p1py a2p1 2h h h oo ( )

First we suppose

’ ’

h ’ (6%
—npt + 2p1py — 207210? =0.

Then there exist a non-zero constant ¢ such that o = ch™"p? and so from (2.23) we

get
NIAY
(c+1)h~"p? 4<h)

If ¢ = —1, then h will be a constant. If ¢ # —1, then we have T'(r, h) = S(r, h),
which is impossible. Next we suppose that

’ ’

h ’ 07
*nzp? +2p1p; — 2072:0? £ 0.

Then by (2.24) we have

n T(r,h) (2.25)
= nm(rh)
TRANE 1
< m|rh"-— — | -==2 +m |, - +0(1
2h <h> haz w((w) _,,a;) W
2 h h h as

1h [ (h h oy - L ah
< -z o) =2 D2 -2
< T "5 <h> I o +m<r,nhp1 2p1p1+2a2p1
< N(r,0;00) + N(r,00;a2) + S(r, h) + S(r, az)
< T(r,az) + S(r,h). (2.26)

From (2.23) we get
1
T(r,as) < 3" T(r,h) + S(r, h).
Now from (2.25) we get

%n T(r,h) < S(r,h),
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which is impossible .
Thus « and 8 are both polynomials. Also from (2.5) we can conclude that a(z)+6(z) =
C for a constant C and so a (z) + 8 (z) = 0. We deduce from (2.5) that

"] = nlhia’ + By gl = p(z)em?, (2.27)
and

(g7 = nlhZ8 + ki hgle™ = p(z)em®. (2.28)
Since deg(p) < n — 1, from (2.27) and (2.28) we conclude that both h; and hs are

nonzero constant.
So we can rewrite f and g as follows:

f=e", g=e%. (2.29)
Now from (2.5) we get
Ny 0ae(3793) = 2, (2.30)
Also from (2.30) we can conclude that y3(z) + d3(z) = C for a constant C and so
Y5(2) + 05(2) = 0. Thus from (2.30) we get n2e"“y3d; = p?(z). By computation we
get

’

Y% =ep(z), 63 = —cp(2). (2:31)
Hence

v3 = cQ(z) + b1, I3 =—cQ(z) + ba, (2.32)
where Q(z) = foz p(2)dz and by, by are constants. Finally we take f and g as

f(Z) = CleCQ(Z)a g(z) = CngcQ(z),

where c1, ¢co and ¢ are constants such that (nc)?(cico)™ = —1.

Case 2. Let p(z) be a nonzero constant b. Since n > 2k, one can easily prove that f
and g have no zeros. Now proceeding in the same way as done in the proof of the Case
1 we get f = e and g = e, where a and /3 are two non-constant entire functions.
We now consider the following two subcases:

Subcase 2.1: Let k£ > 2.

We see that
N(r, 0 [f"] ™) =0
and
@)™ #o. (2.33)
Similarly we have
7" @)g" () ® #0. (2.34)
Then from (2.33), (2.34) and Lemma 2.10 we must have
f _ eaz-l—b’ g = ecz+d7 (235)

where a # 0, b, ¢ # 0 and d are constants.
Subcase 2.1: Let £ = 1.
Considering Subcase 1.2 one can easily get

f=ewtt  g=e=td (2.36)
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where a # 0, b, ¢ # 0 and d are constants.
Finally we can take f and g as

f2036dz, g:C4€7dZ,
where c3, ¢4 and d are nonzero constants such that (—1)*(czcy)"(nd)?* = b2
This completes the proof of Lemma. O

Lemma 2.14. Let f, g be two transcendental meromorphic functions, p(z) be a non-

zero polynomial with deg(p) < n—1, where n and k be two positive integers such that

n > max{2k, k + 2}.

Let [(f = a)™]®), [(g — a)"]®) share p CM and [(f —a)"]*)[(g —a)"]*) = p*. Now
(i) if p(z) is not a constant, then f = c1e°Q?®) 4+ a, g = e~ Q) + a, where

o) - | p(a)d,

c1, ¢a and ¢ are constants such that (nc)?(cic2)™ = —1,
it) if p(z) is a nonzero constan en [ = cze® +a, g = cyue”% + a, where
i) if p(z) i tant b, th 4z 4 a, g dz h
c3, c4 and d are constants such that (—1)*(czcq)™(nd)?* = b2.

Proof. The Lemma follows from Lemma 2.13. g

Lemma 2.15. Let f, g be two transcendental entire functions and P(w) be defined as
in (1.1), p(z) be a nonzero polynomial such that deg(p) < | — 1, where n, k and |
be three positive integers such that 21 > n + 3k + 3. Suppose [P(f)]®[P(g)]*) = p?.
Then

(i) if p(2) is not a constant, then f = c1e“?) + ¢, g = coe Q) 4 ¢, where

o) - | p(e)ds,

c1, ca and ¢ are constants such that (nc)?(cic2)™ = —1,
(ii) if p(z) is a nonzero constant b, then f = cze?* + ¢;, g = cae™% + ¢;, where
c3, ¢4 and d are constants such that (—1)*(czcq)™(nd)?* = b2.

Proof. Suppose

[P(HPP(g)] ™ = p*. (2.37)
Since [ > k, we can take

f(2) — e = h(z)e®), (2.38)
where h is a nonzero polynomial and « is a non-constant entire function.
Let fi=f—-a,g1=9—a.
Clearly P(f) = f{P1(f1) and P(g) = gi P1(g1),
ie.,

P(f) = filbm 1" 4 bm-1 f1" "+ ...+ bo]

and
P(g) = gh[bmg?" + bm—197 " + ... + bo.

We now consider the following two cases:
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Case 1. Let s > 2, where s denotes the number of distinct zeros of P(w) = 0.

In this case m > 1 and so atleast two of b;, where ¢ € {0,1,...,m} are nonzero.
Since f; = he®, then by induction we get

b fFH® =i’ 0", a® b )t (2.39)
where ti(o/, o o a® hn R, (i =0,1,2,...,m) are differential polynomi-
als in
a,,a”, .. .,a(k),h,h,, o R,
Obviously

tia,a’s . a® b R W) #£0

and [P(f)]®

(f

From (2.37) and (2 39) we obtain

N(r,0;tye™ @) ¢, jem=DaE L 4 th) < N(r,0;p%) = S(r, f). (2.40)
Since « is an entire function, we obtain T'(r, ")) = S(r, f) for j = 1,2,..., k. Hence
T(r,t;) =S(r, f) for i =0,1,2,...,m. So from (2.40) and using second fundamental
theorem for small functions{see [18]}, we obtain
m T(r, f)
T(rytme™® + ...+ t1e*) + S(r, f)

< N, 05tpe™ 4+ ...+ t1e®) + N(r, 03 tme™ + ...+ t1e® +to)
+N(r,00;tme™™ + ...+ t1e*) + (e + o(1)) T(r, f)

< N 05 tme™ ™D 4 ty) + (e +0(1) T(, f)

< (m=1T(r, f)+ (e +0(1)) T(r, f),

for all € > 0. Take € < 1 and we obtain a contradiction.
Subcase 2.2: Let s = 1.
In this case | = n. From (2.37) we get

()" (g0)" ™ = p2. (2.41)
Finally Lemma follows from Lemma 2.14.
This completes the proof of the Lemma. 0

Lemma 2.16. [14] Let f and g be two non-constant entire functions and A, u be two
constants such that Ap # 0. Let n, m and k be three positive integers such that n >

2htm. IF [f* (™ + )] = g7 (Ag™ + W)™, then f4(z) = ¢*(2), d = GCD(n,m).

Lemma 2.17. [16] Let f and g be two non-constant meromorphic functions, k, n >
2k + 1 be two positive integers. If [f*]F) = [g"]¥), then f = tg for a constant t such
that t" = 1.

Lemma 2.18. Let f and g be two non-constant meromorphic functions and a(z)(#
0,00) be a small functions of f and g. Let n, k and s > 2 be three positive integers
such that n > 2ks + k and P(w) be defined as in (1.1). If I; > k(i = 1,2,...,s) and

©(0; f) +O(c0; f) > W then

[P(NWPIM £,
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Proof. First suppose that
[P(HIWIP(9)"W = a?,

ie.,

[(F = )" (F =)l (F = o) 1B (g — e) (g = e2)"2 .. (g — )] ™) = a2, (2.42)

Now by Lemma 2.8, we have

S(r, f) = S(r,9)-

Now by the second fundamental theorem for f and g we get respectively

T(’I“7 f) < N(Ta();f) —‘rN(T,OO;f) + ZN(T, Ci; f) _NO(T70§ f/) + S(Ta f) (243)

i=1

and

s T(T, g) < N(’ru 0; g) + W(T, 003 g) + ZW(H Ci; g) - NO(T7 0; g/) + S(T‘7 g), (244)
i=1
where No(r, 0; f/) denotes the reduced counting function of those zeros of f/ which
are not the zeros of f and f —¢;, i = 1,2,...,s and WO(T,O;g,) can be similarly
defined.
Let z1(a(z1) # 0,00) be a zero of f — ¢; with multiplicity ¢;, i = 1,2,...,s
Obviously z; must be a pole of g with multiplicity 7. Then from (2.42) we get l;q;—k =

m"—i—k.Thisgivesin%fk'fori:1,2,...,sandsoweget
N i < ! N i < ! T, .
(r’c7f)—n+2k (T7cvf)—n+2k (Tf)
Clearly
N(r, ¢ 2.45
SN f) £ g T ) (2.45

Similarly we have
n
ZN T, Cis g m T(r,g). (2.46)
Then by (2.43) and (2.45) we get
sT(r, f) (2.47)
n
< —0(0; f) - ; :
< (24l - 00~ Bl ) &) T )+ (1. 5)
Then from (2.47) we get

(s—2— (0 1) + O(oci ) - ) T(r. ) < S(r. ).

Since O(0; f) + O(o0; f) > W, we arrive at a contradiction.

This completes the proof. O
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Lemma 2.19. [2] Let [ and g be two non-constant meromorphic functions sharing 1
IM. Then
(2

Ni(r,1;f)+2Np(r,159) + Ng(r,1; f) = Nys1(r,1;9) = Ngsa(r, 1; f)

< N(r19) = N(r, 15 9).
Lemma 2.20. [2] Let f, g share 1 IM. Then
Np(r 1 f) < N(r,0;f) + N(r,00; f) + S(r, f)
Lemma 2.21. [2] Let f, g share 1 IM. Then
(i) Nysa(r159) < N(r,0; f) + N(r,00; f) = No(r,0; £ ) + S(r, f)
(i1) Ngsa(r,15f) < N(r,0:9) + N(r,0059) — No(r,0:') + S(r, ).

3. Proofs of the Theorems

Proof of Theorem 1.1. Let F = % and G = %. Note that since f and g

are transcendental meromorphic functions, p(z) is a small function with respect to
both [P(f)]*®) and [P(g)]*). Also F and G share (1,2) except the zeros of p(2).
Case 1. Let H # 0.

From (2.1) it can be easily calculated that the possible poles of H occur at (i)
multiple zeros of F' and G, (ii) those 1 points of F' and G whose multiplicities are
different, (iii) those poles of F and G, (iv) zeros of F'(G') which are not the zeros of
F(F-1)(G(G—-1)).

Since H has only simple poles we get

N(r,o00; H) (3.1)
< N(r,00;F) 4+ N(r,00;G) + N.(r,1; F,G) + N(r,0; F| > 2) + N(r,0; G| > 2)
+No(r, 0;F') + No(r,0:G") + S(r, f) + S(r, 9),

where No(r,0; F ,) is the reduced counting function of those zeros of F' which are not
the zeros of F(F —1) and No(r,0;G") is similarly defined.

Let zg be a simple zero of F'—1 but p(zg) # 0. Then z is a simple zero of G — 1
and a zero of H. So

N(r,1;F| =1) < N(r,0; H) < N(r,00; H) + S(r, ) + 5(r,9). (3.2)
Now using (3.1) and (3.2) we get
N(r,1;F) (3.3)

N(r,1;F|=1)+ N(r,1; F| > 2)

N(r,00; F) 4+ N(r,00;G) + N(r,0; F| > 2) 4+ N(r,0;G| > 2) + N.(r, 1, F,G)

+N(r,1;F| > 2) + No(r,0; F ) + No(r,0; G ) + S(r, f) + S(r, 9).

Now in view of Lemma 2.3 we get

No(r,0,G)+N(r,1;F |>2) + N.(r,1; F,G) (3.4)
-

< N(r,0;G |G #0) <N(r,0;G) + N(r,00;G) + S(r, g),

INIA
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Hence using (3.3), (3.4), Lemmas 2.1 and 2.2 we get from the second fundamental
theorem that

nT(r, f)
<T(r, F) + Nigt2(r,0; P(f)) — Na(r,0; F') + S(r, f)
< N(r,0; F) + N(r,00; F) + N(r,1; F) + Niy2(r,0; P(f))— Ny (r,0; F)— No(r,0; F)
2N (r,00, F) 4+ N(r,00; G) + N(r,0; F) + Npyo(r,0; P(f)) + N(r,0; F| > 2)
N(r,0;G| > 2) + N.(r,1;F,G) + N(r,1; F| > 2) + No(r,0;G ) — Na(r,0; F)
S(r, f)+5(r,9)
<2 N(r,00; P(f)
+S(r, f)+ S(r,g
<2 N(r,00; P(f)
+S(r, f)+S(r,g
<2 N(r,00; f) + (24 k) N(r,00; ) + Nir2(r, 0; (f — 1) Pl f)) (35)
+ Niya(r, 05 (9 — @) Pu(g)) + S(r, f) + S(r,9)
< 2N (1,005 f) + (k + 2)N(r,00;9) + (k + 2){T(r, f) + T(r, )} +r{T(r, f) + T(r, 9)}
< (Bk+2r+8)T(r)+ S(r) (3.6)

IN

+ +

+2 N(r,00; P(g)) + Nypy2(r,0; P(f)) + Na(r,0; G)

+ (24 k) N(r,00; P(g)) + Nig2(r,0; P(f)) + Nyt2(r,0; P(g))

—_ D —

—~ —

In a similar way we can obtain
nT(r,g) < (Bk+2r+8)T(r)+ S(r). (3.7)
From (3.5) and (3.7) we get
(1—3k—r—8)T(r) < S(r),

which is a contradiction since [ > 3k + r + 8.
Case 2. Let H = 0. Then the Theorem follows from Lemmas 2.9, 2.14 and 2.18. O

Proof of Theorem 1.2. In this case F' and G share 1 IM.
Case 1. Let H # 0. Here we see that

NP (r,1;F |=1) < N(r,0; H) < N(r,00; H) + S(r, F) + S(r,G).  (3.8)
Now using Lemmas 2.3, 2.19, 2.20, 2.21, (3.1) and (3.8) we get

N(r,1; F) < Né)(T, L,F)+Ni(r,1;F)+ Np(r,1;G) —l—Wg(r, 1; F) (3.9)
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< N(r,00; f) + N(r,00;9) + N(r,0; F| > 2) + N(r,0;G| > 2) + N,.(r,1; F,G)
L(r,1; F) + Ng(r,1; G)—i—NE(r 1, F)

o(r,0: F') + No(r,0;G ) + S(r, f) + S(r, 9)
(r,00; f) + N(r,00;9) + N(r,0; F| > 2) + N(r,0; G| > 2) + 2N (r, 1; F)
L1 G) + N (r, 1 F) + No(r,0; F') + No(r,0: G ) + S(r, f) + S(r,g)
(r,003 f) + N(r,0039) + N(r,0; F| > 2) + N(r,0;G| > 2) + Np>1(r, 15 G)

(L F)+ NL(r,1;F) + N(r,1;G) = N(r,1;G) + No(r,0; F' ) + No(r,0; G )

( ) +5(r,9)

N(r,00; f) + 2N (r,00; g) + No(r,0; F') + N(r,0; F') + No(r,0;G) + N(r, 1; G)
—N(r,1;G) + No(r,0;G') + No(r,0; F') + S(r, f) + S(r, 9)

<3 N(r,00; f) +2N(r,00;g) + No(r,0; F) + N(r,0; F) 4+ No(r,0; G)

+N(r,0;G'|G # 0) + No(r,0; F') + S(r)

< 3N(r,00; f) + 3N(r,00;g) + No(r,0; F) + N(r,0; F) + Na(r,0; G) + N(r,0; G)

+ No(r,0; F') 4+ S(r).
Hence using (3.9), Lemmas 2.1 and 2.2 we get from second fundamental theorem that

WT(r, f)

< N(r,0; F) + N(r,00; F) + N(r,1; F) 4+ Nj12(r, 0; P(f))— Na(r, 0; F)— No(r, 0; F)
< 4N(r,00, P(f)) + 3N(r,00; P(g9)) + Na(r,0; F) +2 N(r,0; F) + Ni12(r,0; P(f))
+ No(r,0;G) + N(r,0;G) — Na(r,0; F) + S(r, f) + S(r, 9)

< A4N(r,00; P(f)) + 3N(r,00; P(g9)) + Ni42(r,0; P(f)) +2 N(r,0; F) + Na(r,0; G)
+ N(r,0;G) + S(r, f) + S(r, 9)

< AN (r,00; P(f)) + 3N (r, 005 P(g)) + Neyo(r,0; P(f)) + 2 KN (r, 00; P(f)

+ 2 Ni1(r,0; P(f)) + k N(r,00;g) + Nii2(r,0; P(g)) + kN (r, 00; g)

+ Niga(r,0; P(g)) + S(r, f) + 5(r, 9)

< (2k +4)N(r,00; f) + (2k + 3)N(r,00; g) + (3k + 3r + 4)T'(r, )

+ 2k +2r+3)T(r,g) +S(r, f)+ S(r,9)

N+ +
2\ 2 =

IN +
[N}
2\ 2\ 2\

N+ +
wto

< (9% + 5r + 14T (r) + S(r). (3.10)
In a similar way we can obtain
nT(r,g) < (9k+ 5r 4+ 14)T(r) + S(r). (3.11)
Combining (3.10) and (3.11) we see that
(I =9k —4r —14) T(r) < S(r). (3.12)

When [ > 9k + 4r 4 14, (3.12) leads to a contradiction.
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Case 2. Let H = 0. Then the Theorem follows from Lemmas 2.9, 2.14 and 2.18.
This completes the proof of the Theorem. O

Proof of Corollary 1.1 and 1.2. From Theorem 1.1 and 1.2 one can easily prove the
corollaries. So we omit the details. O
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Book reviews

Antonio J. Guirao, Vicente Montesinos and Vaclav Zizler, Open problems in the
geometry and analysis of Banach spaces. Cham: Springer 2016, xii + 169 p., ISBN
978-3-319-33571-1/hbk; 978-3-319-33572-8 /ebook.

This is a collection of 304 open research problems from Banach space theory and
related areas (measure theory, vector measures, nonlinear analysis, best approxima-
tion and optimization).

The problems are grouped into seven chapters: 1. Basic linear structure
(Schauder bases, approximation properties, weak Hilbert spaces, Daugavet property);
2. Basic linear geometry (Chebyshev sets, isometries, Banach-Mazur distance, rotund
renormings); 3. Biorthogonal systems (Markushevich bases, Auerbach bases, weakly
compactly generated Banach spaces); 4. Differentiability and structure, renormings
(Asplund spaces, weak Asplund spaces, Gateaux and Fréchet differentiability, Krein-
Milman and Radon-Nikodym properties, norm-attaining functionals and operators);
5. Nonlinear geometry (Lipschitz-free spaces, Lipschitz homeomorphisms and Lips-
chitz quotients); 6. Some more nonseparable problems (Schauder basis in nonsepara-
ble setting, equilateral sets); 7. Some applications (fixed points, Riemann integrability
of vector-valued functions).

As the authors point out in the Preface:

Some of the problems are longstanding open problems, some are re-
cent, some are more important, and some are only “local” problems.
Some would require new ideas, and some may go only with a subtle
combination of known facts.

The book is very well organized - every problem is preceded by an introductory
part containing the notions and previous results necessary for its understanding, as
well as references to significant papers or books containing partial solutions or related
results. At the end there are a detailed index and a comprehensive table referring to
the listed problems by subject (and a reference list, of course).

The second and the third named authors are coauthors of two impressive volumes:
M. Fabian, P. Habala, P. Héjek, V. Montesinos Santaluca, J. Pelant and V. Zizler,
Functional analysis and infinite-dimensional geometry. CMS Books in Mathematics,
451 p., Springer, 2001, and

M. Fabian, P. Habala, P. Hdjek, V. Montesinos Santaluca and V. Zizler, Banach space
theory. The basis for linear and nonlinear analysis, CMS Books in Mathematics, 820
p, Springer, 2011.

The present collection of problems is tightly connected with the two books men-
tioned above, being often used by the authors to upgrade and update information
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provided in these two references (as they confess in the Preface). All in all, the au-
thors produced a marvelous piece of mathematical writing of great use for researchers
in various fields of functional and mathematical analysis as well as for young graduate
or PhD students.

S. Cobzasg

Advanced Courses of Mathematical Analysis V Proceedings of the Fifth Interna-
tional School; (edited by Juan Carlos Navarro Pascual and El Amn Kaidi); V In-
ternational Course of Mathematical Analysis in Andalusia Universidad de Almerfia,
Almerfa, Spain, 12 - 16 September 2011. ISBN: 978-981-4699-68-6 (hardcover), 978-
981-4699-70-9 (ebook).

The courses of Mathematical Analysis in Andalusia started in 2002 at the Uni-
versity of Cadiz at the initiative of the late Professor Antonio Aizpuru. Their aim
was to provide opportunities for different research groups in Andalusia working in
various areas of Mathematical Analysis to share information about their research and
to cooperate, and, at the same time, to introduce the young researchers to the most
advanced research lines.

The project turned to be a great success, both concerning the conferences and
the published volumes. The present volume is dedicated to the V International Course
on Mathematical Analysis, carried out at the University of Almeria, September 1216,
2011, following the first one from 2002, the second (Granada 2004), the third (Huelva,
2007), and the fourth (Cadiz, 2009).

It contains the elaborated versions of four mincourses of three ours each and five
plenary one-our presentations. Besides these plenary lectures the interested partici-
pants had the occasion to present their recent contributions, short communications
or posters.

The minicourses are the following: B. Cascales, Measurability and semi-
continuity of multifunctions (26 p), F. Cobos, Introduction to interpolation theory
(22 p), L. Pick, Optimality of function spaces in Sobolev embeddings (69 p), and B.
Russo, Derivations and projections on Jordan triples: An introduction to nonassocia-
tive algebra, continuous cohomology, and quantum functional analysis (10 p).

The one-our plenary lectures are dealing with topics as: weighted inequalities and
extrapolation (J. Duoandikoetxea), Muckenhoupt-Wheeden Conjecture for Calderén-
Zygmund operators (D. Cruz-Uribe, J. M Martell and C. Pérez), nonlinear partial
differential equations and game theory (J D Rossi), the Radon-Nikodym theorem for
vector measures and integral representation of operators on Banach function spaces
(E. A. Sénchez Pérez), the Orlicz-Pettis theorem for multiplier convergent series (C.
Swartz).

The volume contains papers of great interest, both for researchers in Functional
Analysis, Operator Theory, Measure Theory as well as for young researchers and
graduate students desiring to get a first-hand acquaintance with the last developments
and open problems in various areas of Mathematical Analysis.

V. Anisiu
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