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Abstract

Let X, Y be two nonempty sets and s,t: X — Y be two single-valued operators.
By definition, a solution of the coincidence problem for s and ¢ is a pair (z*,y*) € X x Y such that

It is well-known that a coincidence problem is, under appropriate conditions, equivalent to a fixed point
problem for a single-valued operator generated by s and ¢. Using this approach, we will present some
existence, uniqueness and Ulam - Hyers stability theorems for the coincidence problem mentioned above.
Some examples illustrating the main results of the paper are also given.
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1. Existence and Ulam-Hyers stability results for coincidence problems

Let (X,d), (Y, p) be two metric spaces and s,t: X — Y be two operators.
We denote by Fiz(s) := {x € X | s(z) = x} the fixed point set of the operator s. Let us consider the
following coincidence problem:

find (z,y) € X x Y such that s(z) =t(z) = y. (1.1)
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Definition 1.1. A solution of the coincidence problem (1.1]) for s and ¢ is a pair (z*,y*) € X x Y such that
s(z*) =t(z") =y~

Denote by C'P(s,t) C X x Y the set of all solution for the coincidence problem (|1.1)).

Let (X, d), (Y, p) be two metric spaces and s,¢ : X — Y be two operators such that ¢ is a injection. Then,
t has a left inverse t; ' : t(X) — X. Suppose also that s(X) C ¢(X). Consider f: X x t(X) — X x t(X)
defined by

flar,w2) = (7 (22), 5(21))-
Lemma 1.2. Under the above mentioned conditions, we have CP(s,t) = Fix(f).
Proof. We successively have (z*,y*) € Fiz(f) < (z*,y*) = (t; ' (y*),s(2¥)) & y* = t(2*) and y* =
s(z*) <= t(z*) = s(z*) = y* < (a*,y*) € CP(s,t). Thus CP(s,t) = Fiz(f). O
Let (X,d), (Y, p) be two metric spaces, let dz be a metric (generated by d and p) on Z := X x Y and
s,t: X — Y be two operators. Let us consider the coincidence problem ([1.1)).

Definition 1.3. The coincidence problem (1.1)) is called generalized Ulam-Hyers stable if and only if there
exists 1 : Ri — Ry increasing, continuous in 0 and ¥(0,0) = 0 such that for every 1,2 > 0 and for each
w* = (u*,v*) € X XY an (e1,e2)-solution of the coincidence problem (|L.1)), i.e. w* := (u*,v*) satisfies the

* *) <
ZE?((;L*))’g*)) < 661 there exists a solution z* := (z*,y*) of 1’ such that
) > C2,

inequations {
dz(w*,z*) < 1(er,e2). (1.2)

If there exists ¢1, ca > 0 such that ¥(t1,t2) = c1t1+cata for each ¢, t2 € Ry then the coincidence problem
(1) is said to be Ulam-Hyers stable.

Definition 1.4. Let (X, d) be a metric space. An operator f : X — X is called contraction if there exists
a constant k € [0, 1[ such that

d(f(x), fy)) < k-d(z,y), for each z,y € X.

Definition 1.5. Let (X, d) be a metric space. An operator f : X — X is called dilatation if there exists a
constant k > 0 such that
d(f(x), f(y)) > k-d(z,y), for each z,y € X.

Our first result is the following.

Theorem 1.6. Let (X,d) and (Y, p) be two complete metric spaces. Suppose that the operatort: X —'Y
is a dilatation with constant ky > 1, the operator s : X — Y is a contraction with constant ks < 1 and
s$(X) Ct(X). Then the coincidence problem (1.1)) for s and t has a unique solution.

Proof. Since the operator ¢t : X — Y is a dilatation with constant k; > 1, we get that ¢ is an injection and
its left inverse tl_l :t(X) — X is a contraction with constant k% <1, ie,

B B 1
At (1) 4 (1) < o Pyrsy2), for each y, 2 € H(X).

Let us consider Z := X x ¢(X) and define d* : Z x Z — R, by
d* (w1, 22), (u1,u2)) = d(z1,u1) + p(z2,u2),

for each © = (z1,22),u = (u1,u2) € Z. Then, (Z,d*) is a complete metric space.
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We prove that f: Z — Z, f(x1,22) := (t; *(x2),s(x1)) is a contraction on (Z,d*). Indeed, we have:

d*(f(z), f(w)) = d"(f(z1, 22), f(ur, u2)) = & (17 (22), s(21)), (& (u2), s(wr))) =

= d(t; " (x2), 1y (u2)) + p(s(@1), s(ur)) <

(x
1
% p(xa,uz) + ks - d(z1,u1) <

1 1
< max{ ks } d(zy,u1) + p(z2,u2)) = max{kt, k:s} ~d*((x1,m2), (u1,u2)) =

_ X{klt’} “(z, ).
}

Since k := max{ ks p < 1, we deduce that

1

ke’
(f(z), f(u)) <k-d*(z,u), for each (z,u) € Z x Z.

Hence f is a contraction with constant £ < 1. By Banach’s contraction principle we obtain that there

exists a unique z* € Z such that z* = f(z*), i.e. Fiz(f) = {z*}. Thus, by Lemma we obtain the
conclusion. 0

Remark 1.7. We also have the following estimation:

1

d*((z1, z2), (27, 25)) < 1% d*((z1,x2), (tl_l(:cg),s(xl))),

for each (x1,x2), (27, 23) € Z.

Theorem 1.8. Let (X,d), (Y, p) be two complete metric spaces. Suppose that all the hypotheses of Theorem
hold and additionally suppose that for each (u,v) € X x Y we have: d(u,t; ' (v)) < p(t(u),v). Then the
coincidence problem (1.1) is Ulam-Hyers stable.

Proof. Let £1,e2 > 0 and w := (u,v) € Z := X x t(X) be a solution of (2), i.e.,
p(S(U)7’l}) <eér and p(t(U), U) < eg.

By Theorem [1.6] there exists a unique z* := (2}, x3) € CP(s,t) = Fiz(f), where f : Z — Z, f(x1,22) :=
(t; ' (z2), s(z1)). From Remark we have:

d*((z1,22), (7], 23)) < ﬁ - d*((z1,m2), (t; H(x2), s(21))), for each z = (z1,72) € Z.

Then we obtain that:

s, ) + plea, 73) < T A, 17 (22)) + pla, ()

Considering z := (u,v) € Z we get d(u,t; '(v)) < p(t(u),v). Thus, we have:
A, 27) + p(0,23) < 1o, 17 (0) + plo, s()] < 1o [p(E (), v) +21] < Tper +22).
Hence,
1
d* * <
(w7x ) — 1 _ k
proving that the coincidence problem (1) is Ulam-Hyers stable. O

(81 + 62),

Similar proofs for T heorem and Theorem are possible if we consider on Z := X x t(X) the metric
d*: Z x Z — Ry defined by

d*((z1,x2), (u1,u2)) = max{d(z1,u1), p(x2,u2)}.
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We consider now the case of a vector-valued metric on X x X. We will show the advantages of this
approach, since the assumptions of the main result are weaker than that in the above theorems. Notice
that, for the sake of simplicity, we will make an identification between row and column vectors in R?.

We recall for some notations and concepts. Let X be a nonempty set. A mapping d: X x X — R™ is
called a vector-valued metric on X if the following properties are satisfied:

(d1) d(z,y) > 0 for all z,y € X; if d(x,y) = 0, then z = y;
(d2) d(z,y) = d(y,z) for all x,y € X;
(d3) d(z,y) < d(x,z)+ d(z,y) for all z,y,z € X.

If a, 8 € R™, a = (a1,02,...,0am,) , B=(01,52,---,0m), and ¢ € R™ by a < 3 (respectively, a < j3)
we mean that a; < f; (respectively, a; < f3;) for i € {1,2,...,m} and by a < ¢ we mean that «; < ¢ for
1e{1,2,...,m}.

A set X equipped with a vector-valued metric d is called a generalized metric space. We will denote
such a space with (X,d). For the generalized metric spaces, the notions of convergent sequence, Cauchy
sequence, completeness, open subset and closed subset are similar to those for usual metric spaces.

Theorem 1.9. Let A € My, . (Ry). The following are equivalents:
(i) A™ = 0 as n — 0o;
(ii) The eigen-values of A are in the open unit disc, i.e. |\ < 1, for every A € C with det(A—\I) = 0;
(i4i) The matriz I — A is non-singular and

I-A) ' =T+A+. . +A"+ .,

(iv) The matriz I — A is non-singular and (I — A)~! has nonnenegative elements.
(v) A"q — 0 and ¢gA™ — 0 as n — oo, for each ¢ € R™.

We need, for the proof of our next result, the so-called Perov’s fixed point theorem, see [6].

Theorem 1.10. (A.I. Perov, [6]) Let (X,d) be a complete generalized metric space and the mapping f :
X — X with the property that there exists a matrix A € My, ;m\(R) such that

d(f(x), f(y)) < Ad(z,y) for all z,y € X.
If A is a matriz convergent towards zero, then:
1) Fix(f) ={="};

2) the sequence of successive approrimations (Tp)nen, Tn = f™(x0) is convergent and it has the limit x*,
for all xg € X;

3) one has the following estimation

d(xp,z") < A™(I — A)_ld(mo,:t:l);

4) If g : X — X satisfies the condition d(f(x),g9(y)) < n, for all x € X,n € R™ and considering the
sequence Yy, = g™ (xo) one has

d(yn, 2*) < (I = A) "'+ A"(1 — A)"'d(o, 21).

Theorem 1.11. Let (X,d) and (Y, p) be two complete metric spaces. Suppose that the operatort: X —Y
is a dilatation with constant ky > 0, the operator s : X — Y s Lipschitz with the constant ks > 0 and

k
s(X) Cct(X). If k—s € [0,1), then the coincidence problem 1' for s and t has a unigque solution.
t
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Proof. Since the operator ¢t : X — Y is a dilatation with the k; > 0, we have that ¢ is injective and its left

— 1
inverse tl_l : t(X) — X is Lipschitz with constant T >0, i.e.,
t

_ _ 1
At (1), 1 (1) < % p(y1,y2), for each yi,y2 € t(X).

Let us consider on Z := X x ¢(X) a vectorial metric dV : Z x Z — R% defined by

d¥ (z,u) = d” ((z1,32), (w1, u)) = (d(z1,u1), p(w2,u2)),

for each (z,u) € Z x Z.
We prove that f : Z — Z, f(x1,22) := (t; *(x2), s(x1)) is an A-contraction on the space (Z,d"). Indeed,
we have:

d"(f(2), f(w)) = d" (f(w1,22), f(ur,u2)) = d¥ (7 (x2), s(21)), (17 (u2), s(w1))) =

- (d(tl_l(x2)7tl_l(UQ))vp(s(xl)73(“1))) < <]: : p(.’Eg,’UQ),ks : d('rlaul)) =

(0 5) G )

1
If we denote A := < IS ’8 >, then we got that d¥ (f(z), f(u)) < A-d"(z,u).

Since — € [0,1), we deduce that A is a matrix convergent to zero.

Ky
We apply Perov’s fixed point theorem for f and we deduce that there exists a unique fixed point for f,
ie., Fiz(f) ={z*}. O

Remark 1.12. We have the following estimation:

d"((w1,22), (21, 23)) < (I — A)~H-d (21, 22), (1 (x2), s(21))),

for each (x1,x2), (x7,25) € Z.
Notice that, by Theorem [1.10| we also obtain an approximation and an error estimate for the solution of the
coincidence problem, as well as a data dependence theorem.

Theorem 1.13. Let (X, d), (Y, p) be two complete metric spaces. Suppose that all the hypotheses of Theorem
hold and suppose additionally that for each (u,v) € X x Y we have that d(u,t; (v)) < p(t(u),v). Then
the coincidence problem (1.1)) is Ulam-Hyers stable, i.e., for each e1,e2 > 0 and for each w := (u,v) € X XY

solution of (2), there exist a matriz C € Mao(Ry) and a solution x* of (1) such that d¥ (w,z*) < C il ) .
2

Proof. Let £1,e2 > 0 and w := (u,v) € X XY be a solution of (2), i.e.,
p(t(u)7’l}) <er and p(S(U),U) < ég.

Let f:Z — Z, f(z1,22) := (' (2), s(21)).
From Remark for x* := (af, %) € CP(s,t) = Fiz(f), we have:

d¥ ((u,v), (27,23)) < (I = A) 7" -d" ((u,0), (6 (v), 5(u))
= (I—A)_l. ( d(’u,,tl_l(v)) ) < (I—A)_l . ( p(t(u)’v) ) < (I—A>_l . ( €1 )

p(v, 5(u)) p(v,5(u)) €2

Thus, we obtain that dv(w,a;*) < (I—A)*l. ( il
2

stable. 0

) . Hence, the coincidence problem (1) is Ulam-Hyers
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Theorem 1.14. Let (X,d) and (Y, p) be two metric spaces and f;,g;: X — Y, i € {1,2} be four operators.
Consider the following coincidence equations:

filx) =gi(x), xze€X (1.3)

fo(x) = go(x), x€X. (1.4)

Let us consider the sets:
Cie :={z € X|p(fi(2),gi(x)) < e}, i € {1,2}.
If the following conditions are satisfied:
(7') C(f27 92) - C(flu gl);
(ii) the coincidence equation is Ulam-Hyers stable;
(iii) C1e C Coe, for each € > 0;
then, the coincidence equation 1s Ulam-Hyers stable.

Proof. Let ¢ > 0 and yi € X such that p(fi(v7),91(y7)) < e. We deduce that yi € Ci.. Now by (iii)
we obtain that yi € Ca. and, thus, we have p(f2(y7), g2(y7)) < e. Condition (ii) implies that there exists a
solution, x5 € X, for the coincidence equation , such that d(yj, x3) < cae, for some ¢y > 0.

Since =3 € C(f2, g2), taking into account (i), we get that x5 € C(f1, g1). Hence, 25 € X is a solution for
the coincidence equation (|1.3)).

Thus, we have obtained that d(y},z3) < cae, showing that the coincidence equation is Ulam-Hyers
stable. (]

In the particular case Y := X and g1 = g9 := 1x, we get the following Ulam-Hyers stability result for a
fixed point equation.

Theorem 1.15. Let (X,d) be a metric space and f1, fo : X — X be two operators. Consider the following
fized point equations:

filx)=z, ze€X (1.5)
fo(x) =2z, =ze€lX. (1.6)

Let us consider the sets:
Fie :={z € X|d(fi(z),x) <e},i={1,2}.

If the following conditions are satisfied:
(i) Fiz(f1) = Fiz(f2);
(i) the fixed point equation 1s Ulam-Hyers stable;
(iii) F1. C Fae, for each e > 0;

then, the fized point equation 1s Ulam-Hyers stable.

Definition 1.16. Given a set X and two metrics, p and d, we say that p and d are strongly equivalent
metrics on X if there exist h, k > 0 such that

h-d(z,y) < p(z,y) < k-d(z,y), for any z,y € X. (L.7)

If we suppose that X = Y and p, d are two strongly equivalent metrics on X, then we can obtain a
Ulam-Hyers stability result for the coincidence equation (|1.3]).

Theorem 1.17. Let X be a nonempty set, p and d two strongly equivalent metrics. If the coincidence
equation (1.3) is Ulam-Hyers stable with respect to metric d, then it is Ulam-Hyers stable with respect to
metric p.
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Proof. Suppose that the coincidence equation (|1.3)) is Ulam-Hyers stable with respect to metric d, i.e.,
exists ¢; > 0 such that for each € > 0 and each solution y* € X of the inequation

d(fi(y),01(y)) <e (1.8)

there exists a solution z* € X of ([1.3) such that
d(y*, z%) < cie.

We prove that the coincidence equation (1.3)) is Ulam-Hyers stable with respect to metric p. Let € > 0
and y* € X such that p(fi(y*),91(y*)) < e. Taking into account of (1.7) we have d(fi(y*),g1(v*)) <

1
E/)(f 1y), 1(y")) < % := ¢/. Because the coincidence equation ll is Ulam-Hyers stable with respect to

€
metric d, we get that exists * € X solution of |} such that d(y*, 2*) < 1€/, so we have d(y*, z*) < €1y

k k
Using again the condition 1) we deduce that p(y*, %) < k- d(y*,z*) < %5. Denote by %5 = c,
we have p(y*,z*) < ce. Hence, the coincidence equation (|1.3]) is Ulam-Hyers stable with respect to metric
p- ([

Example 1.18. Let us consider on R a metric d (d(z,y) € Ry,d(z,y) = |z — y|) and the operators
fi,gi : R — R,i € {1,2} defined by:
sin(z) ,r<0

fl(x) = arctan($) — Tz, gl($) = { —6x—1, x>0

Consider the following coincidence equations:

, fao(x) = —4x, go(x) = %:p

i <
arctan(x) — Tx = { S_Héix)_ 1 :;3;_00 (1.9)
1
—4dx = 3T TE R. (1.10)

We have C(f1,91) = {0} and C(f2, g2) = {0}, hence C(f2,92) € C(f1,491)-
We prove that the coincidence equation ((1.10) is Ulam-Hyers stable. Let 1,62 > 0 and (u,v) € Rx R a
solution of the approximative coincidence problem

< . (1.11)

1
| —du —v| <e; and ’3u—v

We have:
| —du—v|<egj<= —e1 < du—v<e <= —1 —4du<v<e +4u. (1.12)

L) If u > 0, we deduce that —5u < —4u < 5u and taking into account ((1.12)), we have

v] < &1 + 5u. (1.13)

On the other hand we ?ave:

1
‘3u — v‘ <egg <= —g9 < gu —v < g9 <= —3e9 + 3v < u < 369 + 3v. Using the relation ((1.12)) we obtain:

3 3
lu| < 981 1 9e2 (1.14)
13.
Taking into account ([1.13) and (|1.14) we get:
28 15
v] < 781;; . (1.15)
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From relations ((1.14) and (1.15]), we obtain

3le; + 18¢
lu| + |v| < % =11 (e1,€2).

IL.) If w < 0, we deduce that 5u < —4u < —5u and taking into account (|1.12f), we have

lv| < e —bu. (1.16)
From relations ((1.14) and (1.16)) we obtain
—261 — 1582
o < =g (1.17)
Using the relations (1.14]) and (|1.17)), we have
g1 — 12¢
lu| + |v] < 11732 1= 1Pa(e1,€2).

If we denote (g1, e2) := max{i1(e1,e2),¥2(e1,€2)}, we have |u| + |v| < ¥(e1,£2), (when ¥(e1,e2) satisfy
the conditions of Definition , hence the coincidence equation ((1.10)) is Ulam-Hyers stable.
Let us consider the sets:

Cie = {z € (—00,0]|| arctan(x) + 7z — sin(z)| < e} U {z € (0, 00)|| arctan(z) + 6z + 1| < &},

1
Coe :={z € ]R]’—éla: — 3¢ <e}.

We prove that C7. C Co.. Let x € Cye.

I) Let x € (—o0,0] such that |arctan(x) + 7x — sin(z)| < e. We proof:

1 3¢
A — —x| < i.e. < —. 1.18
‘ z— gz <e¢ ie ]m\_lg (1.18)
On the other hand we have:
|z| < |Tz| < |7z + arctan(x) — sin(x)| + |arctan(z) — sin(z)| < & + 2|z| = |z| < % (1.19)

Taking into account ([1.18) and (|1.19) we get: |z| < % < % Hence z € Cy,.
IT) Let = € (0,00), such that |arctan(x) + 6x + 1| < e. We have:

|z| < |6x] < |62+ 1| < |62 4+ 1+ arctan(z)| + |arctan(z)| < e + |z] = |z] <

Using @ we obtain that:

e _ 3
x| < £ < 3 Hence z € Cs..
So, we deduce that C;. C Co.. Since all the conditions of Theorem hold, then the coincidence
equation ([1.9)) is Ulam-Hyers stable.

€
=
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