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Abstract

In 2009-2013 the author introduced a concept of an (a, )-search functional on a metric space. Zero
existence theorem was proved for such functionals, and fixed points and coincidence theorems were obtained
as consequences. These results generalized several known theorems.

Then this idea was expanded by the author to the more general class of spaces. Here we consider a (by, ba)-
quasimetric space and survey some topological properties of such spaces. It turns out that the zero existence
problem for («, 3)-search functionals is solved in a (b, by)-quasimetric space rather similarly, though there
are some features concerning the proof of the Cauchy property and convergence of correspondent sequences.
Like as in usual metric space, we obtain in (b1, b2)-quasimetric space fixed point and coincidence theorems
for multivalued mappings as consequences of the zero existence theorem for an («, )-search functional.
These results also generalize some previous theorems of other authors.

As well, it is of an interest to consider analogous concepts and constructions on a cone-valued metric
space, where the metric takes its values in a given cone in a normed space. We consider such cone metric
space, investigate its properties and expand the idea of an («, 3)-search functional for such spaces. Moreover,
we define a concept of a multivalued (A, B)-search conic function on a cone metric space using positive linear
operators A, B, instead of number coefficients («, 3), for the characteristics of a search conic function. Zero
existence theorem is proved for multivalued (A, B)-search conic functions. As consequences of this theorem,
coincidence and fixed point theorems are presented for multivalued mappings defined on a cone metric space.
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1. Introduction

Zero search principle for so called (a, f3)-search functionals on a metric space [1, 2, 3, 4] is a useful
investigation method. It is important because it implies a series of fixed point and coincidence theorems
both for single-valued and multivalued mappings of metric spaces and theorems on the existence of preimages
of a closed subspace of a metric space, under a given mapping, generalizing some known results of other
authors.

Let us recall the concept of a multivalued («, §)-search functional and some other necessary definitions
(see [3, 4]).

The convergence and Cauchy property of sequences in X x R, are considered with respect to the metric
D: (X xR,)? = Ry, where D((2/,¢), (2", ")) :=d(a',2") + | — .

Definition 1.1. Let (X,d) be a metric space, 0 < 8 < . We say a multivalued functional ® : X = R
is (o, B)-search on X, if for any element (z,c) € Gr(®) := {(z,¢) € X x Ry|c € ®(x)} there is an element
(2/, ') € Gr(®) such that d(z,2') < Le, and ¢ < gc.

Definition 1.2. Let (X, d) be a metric space, ® : X = R, be a multivalued (a, 8)-search functional on X.
We say the graph Gr(®) of the functional ® is search-complete, if every search sequence {(x,,c,)} C Gr(®)
(that is a sequence with p(zn, Tpy1) < 2, cag1 < g - cp,n € {0} UN) converges to some element of the
graph. We say the graph of an («, #)-search functional is search-closed, if it contains limits of all search
sequences.

The following theorem is a slightly amended version of the correspondent theorem from [4].

Theorem 1.3. Let (X,d) be a metric space, ® : X = Ry be a multivalued (o, 8)-search functional on X

with its graph being search-complete, 0 < B < «. Then, for any pair (xg,co) € Gr(®), there exists a pair

(£,0) € Gr(®) that is 0 € (), and d(xo,&) < 0 5 In addition, it is clear that if co < R- (o — f3), it is
a p—

true that & € Br(xo).

2. (a, B)-search functionals on (b, b2)-quasimetric space. Basic concepts and some results

Now, let us turn to the concept of a (b1, b)-quasimetric space. In 1989 Voronezh (Russia) mathematician
I.A. Bakhtin introduced a concept of a b-metric space and generalized Banach contraction principle for such
spaces [5]. In the paper by 4 authors [6], and in several papers by A.V. Arutyunov and A.V. Greshnov (see
[7, 8, 9] and the bibliographies in these papers), there were considered and investigated more general spaces,
namely (b1, b2)-quasimetric spaces.

Let us give corresponding definitions and some examples.

Definition 2.1. [9] Let by, by, s be positive numbers, X be a set containing at least two points. A function
p: X2 = R, is called an (by, by)-quasimetric on X if the following conditions hold for any z,y, z € X.

p(x,y) > 0,p(z,y) =0 ==z =y;

p(x,y) < bip(x, 2) + bap(z, y).

If in addition the condition p(z,y) < sp(y,x) holds for any z,y € X, we say that the by, be-quasimetric
p is s-symmetric.

In the case when s = 1, X is called symmetric (b1, be2)-quasimetric space.
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It is easy to see that the coefficients b1, bo in the previous definition are not less than 1.

A b-metric space is a particular case of a symmetric (by, by)-quasimetric space, when by = by = b. As it
was already mentioned above, b-metric spaces were introduced by russian mathematician I.A. Bakhtin from
Voronezh in 1989 [5].

It should be also noticed that if s = b = by = 1, then p is a metric, and (X, p) is an ordinary metric
space.

Let us also notice that a (b1, b2)-quasimetric (and the corresponding space (X, p)) is called weakly sym-
metric if lim p(x,, &) = 0 implies that lim p(§, z,) = 0.

n—o0o n—oo
We remark that for s-symmetric (b1, b2)-quasimetric space it is true that

lim p(zn,€) = 0 <= Lim p(&,z0) = 0.
n—oo n—oo

So, every s-symmetric (b1, b2)-quasimetric space is weakly symmetric. But it is known that the converse
fails (see [6], Example 2.2).

Quasimetric spaces are studied in topology, functional and metric analysis, and have some applications
in optimization and approximation theory, and in convex analysis.

The authors of the paper [9] give the following nontrivial example of a (b1, ba)-quasimetric space, where
by # by. The space L,(E) is considered, where E is a measurable bounded set in R”, and 0 < p < 1.

Such spaces are quasinormed, because it is true that || f1 + fa|l, < 277 (|| f1ll, + || f2llp) for all f1, fo €
L,(E), where p’ < 0 is the number conjugate to p, that is 1/p+ 1/p’ = 1.

Moreover, for every € > 0, it is true that

11+ follp < L+ )l f1llp + Cle, D)l fallp, V1, f2 € Ly(E),

where C(e,p) = (1—(1+¢)?)/P". Thus, L,(E) with 0 < p < 1is a symmetric (by, by )-quasimetric space, and
the quasimetric pr, (g is given by the formula py (g (f1, f2) == [|f1 — follp, b1 = b2 = 21/7" . Moreover, for
every € > 0, the (b, ba)-generalized triangle inequality holds in L, (E) provided that by = 1+¢,by = C(e, p).
It is noticed in [6] that similar properties hold for the spaces [, with 0 < p < 1.
As well, in analysis and geometry there are other examples of (b1, b2)-quasimetric spaces with by # ba .

Definition 2.2. In a (b1, be)-quasimetric space (X, p), a sequence {x} is called convergent to a € X,
if p(zk,a) P 0. We say a sequence {zr} in (X,p) is Cauchy if, for any € > 0 there exists a number
— 00

N = N(e) € N, such that for all n,m € Nym >n > N, it is true that p(x,,zm,) < €.
Like as for an ordinary metric space, a (b1, ba)-quasimetric space (X, p) is complete if any Cauchy sequence
has at least one limit in X.

It should be mentioned that in a weakly symmetric (b;, by)-quasimetric space (X, p) any convergent
sequence has a unique limit.

Now, let us consider a zero search theorem for a multivalued (c, 5)-search functional in (b;, by)-quasimetric
space.

Let (X, p) be a (b1, ba)-quasimetric space, and 0 < 8 < a.

The following definition of an («, 3)-search multivalued functional ¢ : X = Ry on a (b1, b2)-quasimetric
space (X, p) is quite the same as on a usual metric space (see definition 1.1).

Definition 2.3. A multivalued functional ¢ : X = Ry is called («, 8)-search if for any x € X and any
c € p(z) there is 2’ € X, € p(2') such that p(z,2") < £, ¢ < g - C.

In addition, concepts of a search sequence and of a search-complete space, for a (b1, bz)-quasimetric space
with a given (o, §)-search multivalued functional, are also the same as for an ordinary metric space (see
above definition 1.2).
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Theorem 2.4. Let (X, p) be a (b1, b2)-quasimetric space, and ¢ : X = Ry be a multivalued («, 3)-search
functional. We suppose that X is a search complete (by,bs)-quasimetric space and the graph Graph(y) is
0-closed. Then, for any point zog € X and any co € p(xg) one can find a point & € Nil(yp), such that

- b1)2Q(b22 kg — 1) + by (bp 2 )k~
hﬂp(fL’OaV) S ( ) ( )B ( ) o, (1)
7€ a1 — by(£)ko)

where Q(ba2, k) := 1+ b22 + (b2)2 + .. + (o 2)1.
In addition, if the quasimetric p is lower semicontinuous in the second variable, the estimate (1) is true

for p(xo, &) = lim p(z0,7).

Y€
Proof. The reasonings are quite similar to the proof of the zero search theorem for a single-valued («, 3)-
search functional in a (b1, be)-quasimetric space [10]. Nevertheless, for the completeness, we give here the
complete proof.

We shall take into account the specifics of a (b1, ba)-quasimetric p which tell it from a usual metric. As
in the case of an usual metric, one can construct a sequence of points {@, }m=0,1,2,. in X, meeting the
following conditions:

(@) p(Tm, Tm+1) < 2

(b) Cm+1 < gcm-

If a point z,, has already been chosen, and ¢,, = 0, we put z; = x,, for all j > m. If ¢, > 0,
then by the conditions of the theorem and the definition of an («, 3)-search functional ¢ (relative to the
(b1, be)-quasimetric p) there exist a point z,,+1 and a value ¢,41, satisfying the conditions (a) and (b).

Now, we need to prove the Cauchy property of the constructed sequence {zy, }m=01,2,.., with respect to
the quasimetric p. Below we give the standart arguments. Similar reasonings are contained in [9] (see also
the papers [7, 8] where analogous sequences are considered).

At first we mention that conditions (a) and (b) imply the following inequalities

It follows that
P(Tr, Tm) < 01p(Tn, Tng1) + b2p(Tny1, Tm) < b1p(Tn, Tny1) + b2(b1p(Tni1, Tny2) + bop(Tnio, o)) =

= b1p(Zn, Tnt1) + b2b1p(Tng 1, Tng2) + (02)°p(Tnsa, Tm)) < oo < b1p(Tn, Tngr)+
+b2b1p(Tn i1, Tnya) + 01(02) p(Tnt2, Tnis) + oo+ (02)" " 201p(Tm—2, Tm1) + (b2)™ p(Tm1, T

Using the inequalities (2), we have:

B

(07

5)2 + ".(b2é)m—n—2 + i(b2é)m—n—1]_

by 2
+(2a « b "«

ap(xy, Tm) < blco(g)n[l + by

As above, we denote Q(bgg, k):=1+ bgg + (b2§)2 +..+ bgg)k_l. Then

1
aplins o) < bico 27 1Q@ 2, m = n = 1)+ Dy,
For any k € N, we denote ®(k) := Q(bgg, E—1)+ %(bgg)k_l, and put ®(0) = 0.
Then we have from (3) that

ap(xy, Ty) < blco(g)”q)(m —n). (4)

It was mentioned above that as 2 < 1 and hence (’8 )k — 0, k — oo, it follows that there is the least natural

« [}

number ko, such that for any & > kg it is true that bQ(g)k < 1. Using this number kg one can divide the



Fomenko T.N., Lett. Nonlinear Anal. Appl. 2 (2024), 125-137 129

part of the constructed sequence between points x,, and x,, into ”peaces” in which of them the difference of
numbers is nongreater than kg. After that we obtain the following estimates, for any n,m € Nym >n > N.
Let m — n = gko + r, where r be the residue of the division m —n by kg, 0 < r < kg. Then

P(Tns Tm) < 01p(Tns Ty ) F020(Tnkigs Tim) < b1(Tns Ty ) F0261 0Tt ks T2k )+ (02) 20 (T 2bg s T) < o

S blp(l’n, xn-‘rko) + belp(xn—I—ko, xn+2ko) + (b2)2b1p(mn+2koa$n+3ko) + ..
o (02) 01 (T (g— 1)k Trtgro) + (02)?P( Tt g Tm)- (5)

We apply the estimates of the form (4) to every summand of the inequalities (5). One can notice that

Bin+t; .
aP(Tnpikos Tnt(j+1)ko) < blco(a)nﬂkoq’(ko)d =0,1,...,g - L
In addition,
(gt om) < brco(2 )0 (r),

So, it follows from (5) that

Otp(l‘n, .%'m> < blblc()(g)n(b(ko) + b2b1blcg(§)"+k0¢>(l€0) + (b2)2blblco(§)n+2k0¢)(k0) 4+ ...
ot b1(bg)q_lblco(g)”+(q_1)k0<13(k:0) + bgblco(g)”ﬂ’foq»(r).

Further we have (using the inequality bz(g)ko <1):

b i

aplin,zm) < () eo(ko)(2)"[1+ ba( D)0+ o220 4.
02 E) DR ()0 -
= ()eo(C)" @ (k) Q02 210, ) + bgpreo( 2oy <
< (1;1)%;0(2)”1_QI’b(f(Oé)k0 + bgblco(g)””k(@(r) _
= (oo 5 s + ) 00 < ) B+ () )
So, finally we obtain
aplinsen) < (ool L) o+ ()0 ©)

As (g)" — 0 when n — oo, and the rest expression in the right part of (6) is bounded, we have p(x,, ;) — 0
when n — oco. Therefore, the sequence {z,,} is Cauchy, hence it converges in the search-complete space
(X, p) to some element £ € X. Since ¢, — 0, we have ¢(§) = 0 by the conditions of the theorem, that is

¢ € Nil(yp).
Further, under n = 0 the inequality (6) implies the following inequality:
(ko) _
2 1
ap(xo, Tm) < (b1) CO[W + (b1) 7 @(r)]. (7)

If m is divisible by ko, r = 0, hence ®(r) = 0, and the inequality (7) takes the form

D (ko)

ap(zo, Tm) < (b1)*co———2—.
(o, 2m) < (b1) T by( )
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We consider the subsequence {xj,} of the above constructed sequence {z,,}, not supposing that the metric
p is semicontinuous in one of its variables. It’s clear that this subsequence converges to &, so we obtain from

(8):

(ko)
1= by (D)ko
a1 (b1)2Q(be 2 kg — 1) + by (bo )0~
= ako — bQIBkU Co.

Qb2 kg —1) + i(mg)ko_l -
1 — by(Byko

lim p(wg,7) < lim p(xo, zj1,) < @' (b1)%c =a~ (b))’
j—00

=€

O

Now, basing on the proved zero existence theorem, we can suggest the following coincidence theorem.
Let (X, p), (Y,v) be (b1, ba)-quasimetric spaces. In the product Y =Y x ... x Y we consider a metric 7,
n

where 0(y, z) = Y v(yg, 2x) for any y = (y1, ..., Yn), 2 = (21, ..., 2n) € Y. We denote by C(Y') the totality

k=1
of closed subsets of Y, and A,, stands for the main diagonal in Y that is

An={y= Y1,y yn) €EY"y1 = ... = yn}.

Theorem 2.5. (see also [10]) Let in the described situation Fy,...F,: X = C(Y), F=Fx..xF,: X =
C(Y™), and the graph Graph(F) of the mapping F be A, -closed that is all limit points (z,y) € X x Y™ of
the graph Graph(F), with y € A, be contained in Graph(F'). In addition, we suppose that at least one of
the graphs Graph(F;),i = 1,...,n, is complete.

Let numbers «, 3,7, v > 0,0 < 8 < «, be such that for any x € X, y € F(z) there exist points 2’ € X,
y' € F(2'), such that p(z,z') < W, Uy, y) <~ -0(y,An), and v(y', A,) < g -0(y, Ap).

Then, for any point (xo,y0) = (0, (Y10, ..., Yno)) € Graph(F), that is yi0 € Fi(zo),i = 1,...,n, there exists
a convergent sequence {(xg, Yr)} = {(Tk, Y1k, > Ynk)) te=0,1,..., where z}, el &, Yik 2 mE Y,i=1,..,n,
and the point (&, (n,...,n)) € Graph(F), that is £ € Coin(Fy,..., Fy), n € F1(§)N...NE,(§). In addition, the
following estimates are valid:

(01)2Q(b2 2 kg — 1) + by (b 2 ko1

lim p(xqg, w) < (Yo, Ar).

wjfp( 0, W) o1 — ba(E)0) (Yo, An)
b1)2Q(b2 2 ko — 1) + by (by 2 ko1

lim p(yo,v) Sv( V) Qb2 ko = 1) + bu(ba) (Yo, An).

e (1 — by(E)ko)

It is not difficult to see that this theorem is a consequence of theorem 2.4, for the functional ¢ : X =3 Y™,
where p(z) := {c =0(y, Apn)|y € F(x)}. So, we do not give the proof here.

Recently, A.V. Arutyunov and A.V. Greshnov proved a coincidence theorem for two multivalued map-
pings between (b1, by)-quasimetric spaces (X, p), (Y,v) [7, 8, 9].

Before its formulation, we need to give necessary definitions.

We consider two multivalued mappings F,G : X = Y, where F(z),G(x) are non-empty closed subsets
in Y, for any z € X. Suppose numbers «,  be given, with 0 < 8 < .

Definition 2.6. A point z € X is called a coincidence point of multi-valued mappings F, G if x € Coin(F,G),
that is F'(z) N G(x) # 0.

Definition 2.7. A multivalued mapping F' : X =2 Y is said to be a-covering if, for any x € X and any
r > 0, it is true that the neighbourhood U,,(F(x)) of the set F'(x) of radius ar is covered by the image
F(B,(z)) under the mapping F of the ball B,(z) centered in = of radius r. In other words,

Uar(F(2)) == U Bar(y) € F(Br(z)).
yEF(z)
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Definition 2.8. A multi-valued mapping G is said to be §-Lipschitz if for any 1,22 € X the following
inequality holds.
H(G(z1,G(22)) < Bp(z1, 32)

Here H(A, B) stands for the Hausdorff (generalized) (b1, bs)-quasimetric between closed subsets A, BcCY
relative to the given (by, by)-quasimetric ¥ on Y. One should notice that in general the constants by, by

might be different from by, by (see the detailed definition of the Hausdorff (generalized) (by, by )-quasimetric
H(A,B) in [7, 8].

In what follows we consider (b1, by)-quasimetric spaces (X, p), (Y,v). We put mg = min{j € N|by/ <
a’}, and under the assumption that ¢33 < a, we put ng = min{j € N|by(¢38)’ < o’}.

Theorem 2.9. ([7, theorem 1], [8, theorem 5.7], [9, theorem 3.2]) Consider two multivalued mappings
F,G: X =2 Y. Let F be an a-covering multivalued mapping with closed graph Graph(F'), and G be a
B-Lipschitz multivalued mapping, 0 < B < a. Suppose also that at least one of the graphs Graph(F),
Graph(G) is a complete subspace in'Y .

Then, for an arbitrary point g € X and arbitrary positive number € > 0, the mappings F,G have a
coincidence point € € X such that

. b3a™0 1S (b2 mg — 1) + by (beB)™0 !
lim p(zo,7n) < <

. Qo — by 30 v(F(20), G(wo)) + €. (9)

If the space (X, p) is weakly symmetric, and there is the limit uniqueness, then from (9) one can obtain the
following inequality for &.

3018 by img — 1) + by (boB) ™01

<b
p(x0,§) < by o — byBmo

v(F(x0),G(x0)) +&. (10)

If the space (X, p) is qo-symmetric, with ¢33 < «, then besides (9) and (10), € also satisfies the following
inequalities (11) and (12).

b0 1S (b1g22 g — 1) + (b1g3B)"0
- < qob? .
p(x0,€) < qoby ano — by (g3 )

v(F(z0), G(z0)) + ¢, (11)

o baa LS (bigg 2, ng — 1) + (brggB)"0
lim p(x0,7) < qoba (it o ) hoP)

n—€ amo —by(g}p)me v(F(wo), G(wo)) +e. (12)

In the case when X =Y is complete, F' = Idx, 0 < 8 < 1, and G is a $-Lipschitz multivalued mapping,
the previous theorem turns to the fixed point theorem for a multivalued contraction mapping G. We do not
give here this formulation.

Below we demonstrate the connection between theorems 2.4, 2.5 and 2.9.

Before this, we need the following auxiliary statement.

Lemma 1. In an s-symmetric (by, ba)-quasimetric space Y, for any y = (y1,y2) € Y2, the following

estimate holds. 14 1+
S S+
5 l/(ylva) S 9 bV(y, A2)7

D(y,Ag) <
where b = max{by, sba).

Proof. For any z € Y, u(y1,2) < biv(n, 2) + baw(z, 42) < by, 2) + basu(ye, 2) < By, ) + vy, 2)) =
bo(y, (2, 2)), where b = max{b1, sba}. As z € Y is an arbitrary element, it follows that v(y1, y2) < b-(y, Aa).
On the other hand, #(y, A2) < 5[0((y1,92), (y1,91)) + 2((y1,92), (y2,42))] <= F2v(y1,42). So, we have
ﬁ(yaAQ) < %V(ylay2) < %bﬁ(y7A2) O
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Theorem 2.10. The main statement of theorem 2.9 with inequality (9) follows from theorem 2./ and
from the version of theorem 2.5, in the case when n = 2 and the functional ¢ : X = Y", p(x) = {c €
Ri|Fy = (y1,92),y1 € Fi(x),y2 € Fo(x),0(y,An) = ¢} is replaced with the functional ¢ : X = Ry,
Y(x) =={c€ Ry|Fy = (y1,¥2), 41 € F(x),y2 € G(x),v(y1,92) = c}.

Proof. Let (X, p), (Y,v) be (b1, b2)-quasimetric s-symmetric spaces, b = maz{b1,sbs), and F1,Fp : X = Y
be given multivalued mappings satisfying the conditions of theorem 2.9. It means that the mapping Fj
is a-covering and closed (that is its graph is closed), the mapping Fb is B-Lipshitsz, 0 < 3 < &, and in
addition, at least one of the graphs Graph(F;), Graph(F3) is complete. We show that then all conditions of
theorem 2.5, for n = 2, are fulfilled for the multivalued functional ¥ : X = Ry where ¢(z) = {c € Ry|Ty €
F(z) = (y1,y2) € (F1, F2)(x),v(y1,y2) = ¢}, instead of the functional .

At first, we show that the graph Graph(F; x F2) of the mapping F' = (F}, F») is closed. Indeed, as the
mapping Fb is B—Lipshitsz7 it is sequentially upper semicontinuous. By this reason, it is true for any con-
vergent sequence {(zx, yar) }x=0,1,... © Graph(Fz) that klingo v(yok, F2(£)) =0, if £ = klirglo x. Consequently,
kli_}xgo(a:k, yar) € Graph(F2). So, Graph(F'2) is closed, hence Graph(F) = Graph(F; x F) is also closed.

Now, let x € X be an arbitrary point and y = (y1,y2) € F(x) = (Fy, F2)(x). As the mapping F} is
a-covering, there exists a point 2’ € X, such that p(z,2’) < %, and yo € Fi(a') N Fa(z).

Then, as Fy is B-Lipshitsz mapping, we have

v(y2, Fa(a')) < H(Fa(x), Fa(a’)) < B - p(z,a") < (B+a-6) - pla, ), (13)
where § is a positive number, such that 3+ &-8 < a. Thatis0<d<1— g Here above

H(Fy(z), Fa(2)) = max{ sup {v(y,F(z)}, sup {v(z, Fa(2')}}
yEF(x') 2€F>(x)

is the Hausdorff quasimetric defined by the given quasimetric v. 3
It follows from (13), that there exists a point y3 € Fy(z'), such that v(ya,y3) < (8+ @d) - p(x,2’). When
denoting ' = (y2,y3) € (F1 x F3)(2'), we have

D(y,y') = v(y1,42) + v(y2.y3) < v(y1,y2) + (B + @d) - p(a,a’) <

B+a5 B+ asd

~ B 1% ,
o) + (B 60) B 1 PR ) )= 04 2R
When denoting ¢’ = v(ys2,ys3), we also have
31 A 5, ~ oYL, 3+ @b 3+ ad
/< (Bt ad)-pla,o!) < (B +a0) W) _FEA0 ) PAAD,

Now, consider the multivalued functional ¢ : X = R, where ¢)(z) = {c € R+ |3y = (y1,42) € F(2),v(y1,y2) =
c}. Let it be a = &, B =+ ad, 'y—l+5

We have obtained that, for any point x € X and any value ¢ = v(y1,y2) € ¥(x), there exist a point
2’ € X and a value ¢’ € 9(2'), such that p(z,2') < £, ¢ < B

So, one can see that all conditions of theorem 2.4 are fulﬁlled for (o, B)-search multivalued functional
b

The connection between multivalued functionals ¢,9 : X = Ry, ¢(x) = {c¢ € Ry|Jy = (y1,92) €
F(z),0(y,A2) = ¢} is shown in lemma 1. In the case when X is a metric space, these functionals coincide
(for n = 2). So, by virtue of theorem 2.4, for any point xg € X

i (01)2Q(b22 kg — 1) + by (b 2)ko—1
lim p(zg,w) < co.

w—¢ a1 = by(5)ko)
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, (01)2Q(b22 kg — 1) 4 by (by 2 )ko 1
lim p(yo,v) <~ v
v (1 —ba(5)ko)

o.
We notice that
co = v(yo1,Y02) = V(Fi(x0), Fo(z0)) - (1 + 1),

where 17 > 0. It is clear that depending on the choice of yo = (yo1, yo2), the number n may be made arbitrarily
small. Then we have

lim p(z9, w) < (b1)*Q(ba5, ko — 1) + b (by )k~

SO E T gy B

 B3Q(b22 kg — 1) + by (b2 )k
a(1 — ba(Z)ko

v(F(z0),G(20)) + €.

Here

(61)*Q(b22, ko — 1) + b (bo 2 )R
(1 = by(£)ko)

Bk 1Q(bal, ko — 1) + b (bB)R0~!
B ako — by ko

(b1)2Q(b22 ko — 1) + by (bp 2)k0
a(l = by(Z)ko)

As it was mentioned above, depending on the choice of yo = (yo1,v02) € (Fi(zo), F2(x0)) = F(zg), the

number 7 = v(yo1,yo2) — V(F1(zo), F2(z¢)) may be made arbitrarily small. Hence, one can see from (14)

that the number € may be also made arbitrarily small.
So, the estimate (9) is proved. We don’t consider here the derivation of estimates (10)—(12). O

£ = v(F1(wo), Fa(zo)) - (1 +n)—

v(F (o), G(20)) =

[v(F(x0), G(x0)) - 7] (14)

It should be noticed that the statement similar to theorem 2.10 was given in [10]. Unfortunately there
are misprints at the end of its proof given in that paper.

3. (A, B)-search conic functions on a normed-space-valued cone metric space. Basic concepts
and results

In this section we introduce a concept of a cone (conic) function with operator coefficients on a cone
metric space. The exposition of basic results here follows the author’s paper [14]. Below we prove a zero
existence theorem for such functions. On this basis, a fixed point theorem for a multivalued self-mapping of a
cone metric space is obtained, which generalizes the recent fixed point theorem by E.S. Zhukovskiy and E.A.
Panasenko [13], for a contraction multivalued mapping of a cone metric space, with an operator contracting
coefficient. In addition, we prove coincidence theorems for two multivalued mappings between cone metric
spaces, which generalize the author’s previous results on coincidences of two multivalued mappings of usual
metric spaces.

Let X be a nonempty set and E be a Banach space, 6 be a trivial element of E. Let K be a positive
convex closed acute cone, that is a closed convex subset satisfying the following conditions:

1)0eK; 2)VaeK,a#60 = VYu>0,puac K,—pua ¢ K; 3)Va,be K = Vte[0;1],ta+ (1 —1t)be K.

The cone K defines a partial order on E. Namely, for any a,b € E (a <g b) <= (b —a € K). Thus,
(E, K) is a given partially ordered set.

Definition 3.1. The cone metric on X associated with the cone K is a mapping dx : X2 — E satisfying
the axioms of a usual metric, that is for any z,y € X, the following conditions hold.
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L. dg(z,y) 2k 0; (dx(z,y) = 0) <= (z =y);
2. dg(x,y) = di (y, 2);
3. for every z € X it is true that dg (z,vy) <k dx(z,z) + di(z,y).

Suppose that the set X # () is equipped with a cone metric di as described above. The space (X, dg)
with a cone metric is called a cone metric space. In some previous works by different authors, where cone
metric spaces were used, mappings were usually characterized by numerical coefficients, as in usual metric
spaces.

In 1964 Perov proved a generalization of the contraction mapping principle [11] in spaces with a metric
taking values in the cone R} (see also [12]). A positive linear operator in R" with the spectral radius
smaller than unity was used as a contraction coefficient. In 2018 this useful natural idea was employed
by E.S. Zhukovskiy and E.A. Panasenko [13] (without any reference to A.I. Perov papers) to characterize
contraction mappings in a cone metric space.

Here we use the idea of operator coefficients in order to develop and expand the above mentioned method
of («, B)-search functionals to a cone metric space and to demonstrate its applications to the theory of fixed
points and coincidences. Assume that the norm in E is monotone with respect to the partial order <g, that
is (a <g b) = (|| a ||<]| b ||). Note that in this case, K is usualy called a normal cone with the normal
constant equal to 1. Additionally, we assume that K is a generating cone, that is £ = K — K. In other
words, any element a € E can be represented as a difference of elements of K.

In the set of all bounded linear operators on E, we consider the subset of linear operators leaving K
invariant, that is £y := {P € L(E)|P(K) C K}. Since K is a generating cone with a monotone norm,
it is easy to see that £, is also a positive convex closed acute cone in £(S) (see also [13]). This cone £
defines a partial order < on the space L(E). Namely, we say that for F,G, € L(F) it is true that F' < G, if
G-Fel,.

Now we introduce the concept of a cone search function with operator coefficients. Multivalued mappings
will be denoted by double arrows =.

Definition 3.2. A multivalued mapping ¢ : X = K is called a cone search function (with operator
coefficients A, B € L), or (A, B)-search cone function if the following conditions hold:

(i) A and B are bounded linear operators such that A is invertible, A=! € £, and the composition
A7'B: K — K has a spectral radius A = \(4A™'B) < 1;

(ii) for any z € X and any ¢ € p(x) C K, there exists an element 2’ € X, such that dg (z,2') <x A7Y(c),
and there exists a value ¢’ € p(z'), such that ¢ <x A~!B(c).

The graph of an (A, B)-cone function ¢ is denoted by Graph(y) = {(z,c)|lz € X,c € p(x)} C X X E.
The Cauchy property and convergence of sequences in X x E (in particular, in Graph(y)) are considered
in the componentwise metric D = dg X v, where v(a,b) :==|| a —b ||.

Definition 3.3. The graph Graph(y) of an (A, B)-cone function is called -complete if any Cauchy sequence
{(zn,cn)} C Graph(p), where ¢, — 0 as n — oo, converges to an element of this graph.
Graph(y) is called 0-closed if any of its limit elements of the form (¢, 6) is contained in it.

Theorem 3.4. Let (X,dr) be a complete cone metric space, and ¢ : X = K be a multivalued (A, B)-cone
function with operator coefficients A, B : K — K defined on (X,dr). Assume that the graph Graph(e) of ¢
is 0-closed. Then, for any point xo € X and any value co € p(xg), there exists a point x. = x«(xo, o) € X,
such that 0 € (x) and the cone distance di(xo,xs) satisfies the estimate

dK($0,IL’*) <K Ail(I — AilB)il(Co).

Proof. The properties of the multivalued (A, B)-cone function ¢ imply that, starting from an arbitrary
initial point g € X and any value ¢y € ¢(x¢), it is possible to construct a sequence {(zn,cn)} C Graph(y)
with the following properties

dK(xn—laxn> <K A_l(cn—l)acn <K A_lB(Cn—l)- (15)
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We show that {z,} is a Cauchy sequence in (X,dg). Indeed, consider the cone distance d (%, ZTpim)-
Note that the assumption A(A~'B) < 1 implies the invertibility of the operator I — A™'B : E — E. Here,

the operator (I — A~1B)™! is equal to the sum of the iterative series OZ? (A71B). This series consists of the
operators (A~'B)? € £, . Since the cone £ is closed, it follows that EO— A~1B)~! € £ ; moreover, for any
N € N, we have g (A71B)! < (I — A='B)~!. Using the inequalities (15) and the properties of the metric
di one obtains =

m m—1 _1 m—1 _1 _1 n+j
di (Tn, Tnym) <Kk 'Zo di (Tntjs Tnyjr1) <K 'Zo A" (enyj) <K 'Eo AT (AT B)" (o) =
= j= j=

= A1 ]E HATI B (e) = AN(ATB) Eo (A™'BYi(co) <x A1 — A7\ B)"Y (A7 B)"(co).

As A~!B has the spectral radius A = A\(A~!B) < 1, it is true that (A=!B)" — 0 in £,. Since the norm

n—o0
is monotone, we have

I d(@n, nsm) |<xll A™HI = A7 B)"H (AT B) (co) | — 0.

So, it follows that {z,} is a Cauchy sequence. As the cone metric space (X, dg) is complete, there exists a

limit lim x, = 2. € X. The metric dg is continuous (in the corresponding topology), consequently
n—oo

n—

dg (zg, ) = llrgodK(xo,xn) <k nlg]gojzo dg(xj,zj41) <k lgrolo]EoA Yej) <k

n—1 .
<K A" lim 3 (A_lB)](Co) <K A_l(I - A_lB>_l(Co).

n—00 j=0
We notice that ¢, <x (A71B)"(co) — 0. By the theorem condition, Graph(y) is {f}-closed, so (z,0) €
n—oo
Graph(p) that is 0 € p(z,). O

Now we present some consequences of the proved theorem.

Theorem 3.5. Let (X,dg) be a complete cone metric space and F : X = X be a multivalued mapping.
Let a mapping ¢ : X = K, where p(x) = {d € K|3z € F(z),d = dx(z,z)}, be an (A, B)-cone function
for linear bounded operators A,B € L. Assume that the graph Graph(yp) of ¢ is {0}-closed. Then, for
any point xog € X and any yo € F(xg), there exists a fized point & = £(xg,y0) of F, i.e., & € F(§), and the
following estimate holds: dg(xo,€) <xg A=Y — A7'B)~Y(dg (z0,10)).

Proof. The statement follows from Theorem 3.4. One can notice that the set of zeros of (A, B)-search cone
function ¢, that is the set of points € X, such that 0 € (), coincides with the fixed point set of F.
Taking co = dx (0, yo) and repeating step by step the proof of Theorem 3.4, we obtain a point x, such that
(24,0) € Graph(p) that is 0 € p(z4). It is equivalent to the inclusion x, € F(xy). O

To formulate the next result, we need the following definition.

Definition 3.6. Let (X, dx) be a cone metric space, F': X = X be a multivalued mapping, and @ : K — K
be a bounded linear operator with a spectral radius A\(Q) < 1. The mapping F' is called Q-contraction
(contraction with operator coefficient Q) if for any z1, 22 € X and any y; € F(x1), there exists yo € F(x2)
for which dg (y1,y2) < Q(dx (x1,x2)).

The following theorem is contained in [13] and represents a cone metric analogue of the well-known Nadler
fixed point theorem for a multivalued mapping. Below we show that this result follows from Theorem 3.5
which follows, in its turn, from theorem 3.4.
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Theorem 3.7. (see [13], Theorem 1). Let (X,dr) be a complete cone metric space, F' be a multivalued Q-
contraction mapping with closed images, and QQ € L4 be an operator contraction coefficient with the spectral
radius \(Q) < 1. Then, for any xo € X and any yo € F(x¢), the mapping F has a fized point £ € X, that
is £ € F(£), and the following estimate holds: dg(7o,&) <k (I — Q)™ (dk (w0, 0))-

Proof. In fact, this is a particular case of Theorem 3.5. It is easy to see that, under the conditions of
Theorem 3.7, the mapping ¢ : X =% K, where p(z) = {c € K|Jy € F(z),c = dx(z,y)} , is a multivalued
(I,Q)-search cone function (I = idg is the identity self-mapping of K). Indeed, for any point x and any
y € F(x), that is for any value ¢ = dg(z,y) € p(x), one can find a point 2’ € X,2/ =y € F(x) such
that dg (z,2') = dg(x,y) <k ¢ = di(z,y), and there exists a value ¢’ € ('), that is there is an element
y' € F(a') = F(y), such that ¢ = di(y,y') <k Q(dx(z,z")). We notice that the contraction mapping F'
is closed, that is its graph is closed. Then the graph of ¢ is also closed, and in particular it is {6}-closed.
Thus, all conditions of Theorem 3.5 are satisfied for the mapping F'. Therefore, the statement follows from
Theorem 3.5 (which follows, in its turn, from theorem 3.4). O

Now we consider the problem of existence of coincidence points for two multivalued mappings. Let
(X,dg) and (Y, px) be two cone metric spaces with cone metrics di : X? — K, px : Y2 — K, taking their
values in the cone K. We assume that the space (X, dg) is complete.

Theorem 3.8. Under the described conditions, let F,G : X =Y be two multivalued mappings with bounded
closed images. Consider the mapping ¥ : X = K defined by the rule ¢¥(x) := {c € K|Jy € F(x),3z €
G(z), pr(y, z) = c}. Assume that ¢ is an (A, B)-search cone function, with respect to some linear operators
A,B € L. In addition, assume that Graph(y) is {0}-closed. Then, for any initial point xo € X and any
pair of values yo € F(xg), z0 € G(xg), the mappings F,G have a coincidence point & = &(xg, Yo, 20) € X,
that is F(£) N G(€) # 0, and the following estimate holds: dg(xo,&) <x A~YI — A~'B)"Y(px (y0,20))-

Proof. 1t is not difficult to see that the set of coincidence points of the mappings F' and G coincides with the
set of zeros of the functional 1. Therefore, the statement follows from Theorem 3.4. Indeed, for an initial
point zp € X and points yg € F(z0), 20 € G(x0), we take co = px(yo, 20) as the initial value of . When
reasoning similarly to the proof of Theorem 3.4, one obtains a point £ € X, such that ¢(§) > 0. It means
that F'(§) N G(§) # 0, in other words, & € Coin(F,G) := {x € X|F(z) N G(x) # 0}. O

4. Conclusion and possible prospects

In this paper we have presented some results concerning the development and expanding of our early
idea of search for zeros of (a, 3)-search functionals in two directions. The first one is the expanding this idea
to (b1, b2))-quasimetric spaces. The second one is an essential development and expanding it to cone metric
spaces with a cone metric taking its values in a cone of a normed space. As one can see, this approach allows
to generalize several previous results of other authors.

It seems to be of interest and of some use to continue and expand this activity, to consider the more
general classes of spaces and multivalued mappings.
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