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Abstract. Let T be a bounded linear operator acting on a Banach space
X. We obtain some results on Ulam stability for the linear difference
equation z,+1 = Tx, + a, associated with an iterative process for the
linear equation x — Tz = y. As applications, we get some stability results
for the case when X is a finite-dimensional space and for the case when
T is a Fredholm operator.
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1. Introduction

One of the most important methods of determining solutions of an equation
is the successive approximation method. It is connected with the existence
of a fixed point of an operator and with a recurrent sequence converging to
the fixed point. In this paper, we deal with Ulam stability of the difference
equation which defines the sequence of successive approximations. In what
follows, let K be one of the fields R of real numbers or C of complex numbers,
X a Banach space over K, and T': X — X a bounded linear operator. By
N =1{0,1,2,...}, we denote the set of all nonnegative integers.
Consider the equation:

z—Tx =y, (1)

where y is a given element in X. Under appropriate conditions on T', Eq. (1)
admits a solution z* which is the limit of the sequence (z,)n>0 defined by
the difference equation:

Tpy1 =Tz, +y, neN (2)

for some zg € X, called the sequence of successive approximations. In this
connection, see also the early paper [24] by S. Reich.

Y Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s11784-020-00777-6&domain=pdf

41 Page 2 of 14 A. R. Baias et al. JFPTA

In what follows, we consider the linear difference equation:
Tpy1 =Txy +a,, neN, (3)

where (an)n>0 is a given sequence in X. We study its Ulam stability which
concerns the behavior of the solutions of the equation (3) under perturbations.
For various results on difference equations, we refer the reader to [12,13].

Definition 1.1. Equation (3) is called Ulam stable if there exists L > 0, such
that for every € > 0 and any (z,)n>0 in X satisfying the relation:

||$n+1 - T,]jn - Cln” < g nec Na (4)
there exists a sequence (y,)n>0 in X, such that:

Ynt1 = LYn +an, neN, (5)
||In *yn” SL57 n € N. (6)

A sequence (z,,)n>0 which satisfies (4) for some ¢ > 0 is called approx-
imate solution of Eq. (3).

In other words, we say that Eq. (3) is Ulam stable if, for every approx-
imate solution of it, there exists an exact solution close to it. The number L
from (6) is called an Ulam constant of Eq. (3). In what follows, we will denote
by Lp the infimum of all Ulam constants of (3). If Ly is an Ulam constant for
(3), then we call it the best Ulam constant or the Ulam constant of Eq. (3).
In general, the infimum of all Ulam constants of an equation is not an Ulam
constant of that equation (see [7,22]). If, in the above definition, the number
¢ is replaced by a sequence of positive numbers (g,,)n>0, We get the notion
of generalized stability in Ulam sense. Let ST be the set of all sequences of
nonnegative numbers, £ C ST, and U : £ — ST an operator.

Definition 1.2. We say that Eq. (3) is (£, U)-stable or generalized stable
in Ulam sense, if for every sequence € = (e,,),>0 in € and every sequence
(Tn)n>0 In X satisfying:

|Tne1r — Txp — an| < enyn €N,
there exists a sequence (yn)n>o0 in X, such that:

Ynt1 =1LYn +an, neEN,
||xn - yn” < (U&‘)n, n € N.

The problem of stability of functional equations was formulated by Ulam
[25] in 1940 for the equation of the homomorphism of a metric group. The
first answer to Ulam’s problem was given, a year later, by Hyers [14] for the
Cauchy functional equation in Banach spaces. Since then, the topic was in-
tensively studied by many authors, we can merely mention here a few papers
on Ulam stability of functional equations as [2,7,15,19]. Recall also the re-
sults obtained in [6,16,18] on Ulam stability of some second-order functional
equations connected with Fibonacci and Lucas sequences.

Some results on Ulam stability for the linear difference equations in
Banach spaces were obtained by Brzdek, Popa, and Xu in [8-10,20]. Buse et
al. [5,11] proved that a discrete system X, 11 = AX,,, n € N, where A is a
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m X m complex matrix, is Ulam stable if and only if A possesses a discrete
dichotomy. Recently, Baias and Popa obtained results on Ulam stability of
linear difference equations of order one and two, and determined the best
Ulam constant in [3,4]. Popa and Rasa obtained an explicit representation of
the best Ulam constant of some classical operators in approximation theory
in [21,23].

2. Main results

Recall first some classical results which will be used in the sequel. Let T :
X — X be a linear and bounded operator and consider the geometric series:

NI =T+T+T%+... (7)
n=0

Theorem 2.1 [17, Théorem 1, Section 4.2]. For any linear and bounded oper-
ator T : X — X, there exists:

lim /([T = p. (8)

Moreover, the series (7) is absolutely convergent for p < 1 and divergent for

p> 1

Theorem 2.2 [17, Corollaire, Section 4.2]. The series (7) is absolutely con-
vergent if and only if there exists p € N, such that:

177} < 1. (9)

In what follows, we present some results on Ulam stability and general-
ized Ulam stability for Eq. (3). The following lemma is useful in the sequel.

Lemma 2.3. If (z,,)n>0 satisfies Eq. (3), then:

n

Tp =T"xo + ZT"‘kak_l, n > 1. (10)
k=1

Proof. Induction on n. O

The first result on generalized Ulam stability of (3) is contained in the
next theorem.

Theorem 2.4. Suppose that T is an invertible operator and let (€,)n>0 be a
sequence of positive numbers, such that the series:

oo

> T len- (11)

n=1
is convergent. Then, for every sequence (xy)n>0 in X satisfying:

lxnt1 — Txn — anl| <en, neN, (12)
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there exists a sequence (yn)n>0 in X with the properties:

Ynt1 = Tyn +a,, neN, (13)
(o]
& —yull < S IT ™ Ynsn, neN. (14)
k=0
Moreover, if
LI S
sup D IT ™ Hlensr < oo, (15)
n>1€n—1 b—0

then the sequence (Yn)n>1 satisfying (18), (14) is unique.
Proof. Existence. Suppose that (z,,),>0 satisfies relation (12) and let:
Tpe1 — Ty —ap =b,, n>0.
Then, ||b,|| < &, n > 0, and taking into account (10), we get:

T ZTn($0+ZT_k(ak71 +bk-1)), n>1
k=1
Since:
[T b1l S NT7"| - [[bn—1l] € €177, n=1

)

it follows that the series:

i T "by—1
n=1

is convergent, according to the comparison test for series with positive terms.
Let

ZT*”bn_l =s seX.
n=1

Define the sequence (y,)n>0 by the relation:
Ynt1 =Tyn +an, n=0, yo=1z0+s.
Then, in view of Lemma 2.3, it follows:
n
Y = T <y0 + ZTkak1> . n>1.
k=1
Consequently:

Ty —Yp =T" <96‘0 — Yo+ ZT_kbk—1> =T" (—8 + ZT_kb/c—1>
k=1

k=1

—T" (Z T‘”"“‘lbn+k> == T g, n>1
k=0 k=0
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Hence:

oo oo
2 = yall <D N7 bpgrl < D177 1]
k=0 k=0

oo
< Z IT7* Y ensn, neN.
k=0

Uniqueness. Suppose that for a sequence (z,,),>0 satisfying (12), there exist
two sequences (Yn)n>0, (2n)n>0 satistying (13) and (14). Then:

(o)
lyn = zall < lyn = zall + llon = zall <2 N7 Hlensn, 720,
k=0

On the other hand, taking account of Lemma 2.3, it follows:
Yn — 2n = T"(yo — 20) or equivalently yo — 20 = T " (yp — 2n)-
Hence:

||y0 — 20l ST (Yn — 20)| < ||T7nH||yn — 2z

<277 D NIT ™ e
k=0

1 =
T e, nz 1 (16)
"=t k=0

=2([T™"|len—1 -

The convergence of the series (11) implies that:
lim ||T77"|lep—1 = 0.
n—0oo

Therefore, according to (15) and (16), we get yo = 2o, and so y,, = z,, for all
n € N. O

Corollary 2.5. Suppose that T is an invertible operator and (ey)n>0 1S a se-
quence of positive numbers, such that there exists q € (0,1) with the property:

IT7!) < ¢g—"—, neN. (17)
En+1

Then, for every sequence (xy)n>0 in X satisfying the relation (12), there
exists a sequence (Yn)n>0 in X with the properties (13) and:

q
120 = yull < —en-1 nzl

1

o0
Proof. The series Y. || T~ "||en—1 is convergent. Indeed:
n=1

: 1T en _ .. 1T T |en
] sup ———— < limsuyp ——mM 8 ————
B T Ty P

= lim sup “n 1T <q<1.

En—1
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Then, according to Theorem 2.4, for every sequence (z,),>0 satisfying (12),
there exists a sequence (Yn)n>0:

Yn1 = Tyn + an, n € N,yo =z + 5,
such that

oo

ln = yall < S UTHlensn, neEN.
k=0

Taking account of (17), we get:
enllT7H < gen—
enttIT 2 S ena ITTHITTH < genll T7H| < e

enti|T*H < ¢ ey

Hence:
o0 o0
DT lensn < (Z qu) €n—1
k=0 k=0
=1 E qen_l, n > 1.
The corollary is proved. O

Corollary 2.6. Let T' be an invertible operator with ||[T—P| < 1 for some p €
N. Then, Eq. (3) is Ulam stable with the Ulam constant:

o
L= Z_;HT_"H-

Proof. The condition || T-P|| < 1, leads to the convergence of the series

ST, in view of Theorem 2.2. The conclusion of the corollary follows
n=1

letting &, =&, n € Nand 37, [|T7"| = L in Theorem 2.4.
Uniqueness holds since for €, = ¢, n > 0, the condition (15) is satisfied.
O

Remark 2.7. 1f, in Corollary 2.6, we take p = 1, i.e., [T~} < 1, the conclu-
sion holds with:
[ame
L=————.
L— |7

0o —n 00 “1in 71
Indeed: 3272, 777 < 3572, 17" = =y

Similar results can be obtained replacing the condition on the operator
T~ with conditions on T in the previous theorems and corollaries.

Theorem 2.8. Let (¢,,)n>0 be a sequence of positive numbers and suppose that

there exists q € (0,1), such that:
171l < g™, neN. (18)

n
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Then, for every sequence (xy)n>0 in X satisfying:
lZnt1 — Tzn — anl| <&, neN, (19)
there exists a sequence (yn)n>0 i X with the properties:
Ynt1 = LYn +an, neN,

1
Tn — ynll < —=e€p1, n>1. (20)
I =

Proof. Let
xn+1_Txn_afn:bn; TLEN,

for some sequence (x,),>0 satisfying (19). Then, ||b,|| < €,, n € N, and
according to Lemma 2.3, we get:

Ty =T"xo + ZTn_k(ak—l +bk—1), n=>1
k=1

Consider the sequence (yn,)n>0 given by (20) with yo = x, and then:
Yn = T"xo + ZT"_kak,l. (21)
k=1
Consequently:

n n
= yall = 11D T F b < Y IT" Fbpa
k=1 k=1

n n
<D AT F bl < DTN Fermr, n= 1
k=1 k=1

On the other hand, in view of (18), it follows:

En—1 _ En—1 En—2 & o 1 Tk
- . > — ||
Ek—1 En—-2 &n-3 Ek—1 q

n>k>1,

7

and

n
2 = ynl <Y ¢ Fen
k=1

=(1+qg+...+¢" Hens

S En—1, n > 1.

1-g¢
O

Theorem 2.9. Suppose ||[T?|| < 1 for some p € N. Then, Eq. (3) is Ulam
stable with the Ulam constant:

L= |IT".
n=0
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Proof. Let € > 0 and let (z,,)n>0 be a sequence in X satisfying:
Tne1 —Twp —an = bn, meN,
with [|b,|| < &, n € N. Then, in view of Lemma 2.3, we get:
n
wn =T 20+ ) T" Map-1+bp1), n>1.
k=1
Define the sequence (yn)n>0 by Ynt1 = TYn + an, n € N, yo = x¢. Then:
n
n :Tny0+ZTn_kakfla n > 13

k=1
and

n n
=yl = 1Y T *bpall < Y17 1o |
k=1 k=1

n e’}
<ed IrF <Y ITH = Le, n>1.
k=1 k=0

O

Remark 2.10. If, in Corollary 2.9, we take p = 1, i.e., ||T]| < 1, then the
conclusion holds with:
1

L=— .
1|7

Proof. Indeed, according to Corollary 2.9, we obtain:

ZHT ||<Z||T|| - =7
g

Finally, we present a nonstability result for Eq. (3). Taking into account
that the stability results hold in general for ||T|| < 1 or ||T71|| < 1, we will
consider for nonstability results the case ||T|| =1

Theorem 2.11. Suppose that |T'|| =1 and there exists ug € X, such that:
lim [|[T"uop|| > 0. (22)
n—oo

Then, for every e > 0, there exists a sequence (Tn)n>0 in X satisfying:

|Xni1 — Txy —an]| <&, neN,
such that for every sequence (yn)n>0 given by the recurrence:
Ynt1 =TLYyn +a,, meN, yoe X,
we have:

sup [z — yn | = +oo,
neN

e., Eq. (3) is not Ulam stable.
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Proof. The sequence (||T"ugl|)n>0 is decreasing (see Remark 2.14) and (22)
shows that | T"ug|| > 0, n € N. Let ¢ > 0 and consider the sequence (2, )n>0
defined by the relation:

Tn+11LQ

_ n € N.
||T”+1u0||

Tne1 =Ty +an +

Then, in view of Lemma 2.3, we get:

_TnxO-f'ZTn kak 1+s<z g ||> "ug, n>1.

On the other hand:
leni1 — Ton —anl =, neN,

and hence, (2,)n>0 is an approximate solution of Eq. (3). Let (¢ )n>0 be an
arbitrary sequence in X, y,+1 =Ty, +an, n >0, yg € X. Then:

n
n = T"yo + ZT"_kakq, n>1;
k=1
therefore:

n
1
g = T (2 — —— )T, neN.
Yn (130 ?JO) +e (; ||Tku0||> Uo n

The sequence (T (zo — Yo))n>0 is bounded, since:

1T (zo — yo)ll < 17" [lz0 = yoll < ITN"[lz0 — woll = [lzo — woll,» € N.
Taking account of
li 1 >0
img_ oo —— > 0,
[T uol|
we get Z HT’“ =
It follows
~ 1
lim ||z, — ynl| = lm ||T"(x0 —yo) + ¢ T ||
e e 2 Tl
> tim (170 — )l - (3 e | 1700l
S 2 g
= +00.

O

Remark 2.12. Every linear and bounded operator T', which has an eigenvalue
A, |A| = 1, satisfies the condition (22).

Indeed, there exists ug # 0, such that Tug = Aug. Then, it is easy to
check that T"™ug = A\"uy, for all n € N, and the condition (22) is satisfied.

Remark 2.13. There exist operators T which do not satisfy condition (22).
Indeed, if T is nilpotent, there exists p > 1, such that TP = 0; therefore,
T™ug =0 for all n > p.
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Remark 2.14. Let |T|| = 1, ug € X. Then:
1T ol = IT(T"uo) || < | T"uol,

i.e., the sequence (||T"ug||)n>0 is decreasing and convergent. Suppose that
there exists p € N, such that | 77| < 1. Then:

1T uol| = [[(T7)" uoll < [|T*[[" [[uoll,
and so lim T"™Pug = 0. This implies lim T"ug = 0.
Briefly, if lim T™ug # 0, as in Theorem 2.11, then || T"] = 1, for all
n € N. An example is presented below.
Ezample 1. Let C[0, 1] be the Banach space of continuous, real-valued func-

tions defined on [0,1], endowed with the supremum norm. Consider the Bern-
stein operator:
By :C[0,1] = C[0,1], Bnf(z)=> (’Z) (1= 2)™ R p(2).

k
m
k=0

Then, for a fixed m, each operator B}, is linear, positive, and reproduces the
constant function 1. Therefore, || B} || = 1, n € N. Moreover:

lim By f(x) = (1-2)f(O) +2f(1), feClo,1
uniformly on [0, 1]; see, e.g, Example 3.2.7, with b = 0, in [1]. Hence lim B f =
0 if and only if f(0) = f(1) = 0.

Consequently, for T = B,,, Eq. (3) is not Ulam stable.
On the other hand, the following result shows the stability of the equa-
tion (3) when T is a nilpotent operator.

Theorem 2.15. Let T : X — X be a nilpotent operator, i.e., there exists
p > 1, such that TP = 0. Then, for every ¢ > 0 and every sequence (Zy)n>0
in X satisfying:

|Tni1 — Txy —an]| <e, neN, (23)
there exists a sequence (Yn)n>0 tn X with the properties:

Yn4+1 = Tyn + an
[Zn —ynl < Le, n2>p,

where L =1+ ||T|| +--- + ||T|P~L.
Proof. Let
Tpy1 — Ly —ap =05, neN
for some sequence (z,)n>0 satisfying (23). Then, in view of Lemma 2.3, we

get:

T, =T"xo + ZT”_k(ak,I +bk-1), n>1
k=1
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Since T is a nilpotent operator, we have:
p
—k
Ipn = § r (anprrkfl + bnfp+k:71)7 nzp.

k=1

Define (yn)n>0 bY Ynt1 = Tyn + an, n € N, yo = x. Then:
n
yn =T"zo+ Y T Far_y, n>1,
k=1

or equivalently:

P

—k
Yn = Z T? p—p+k—1, N > p.
k=1

Therefore:
p
n— Yn = Z Tpikbn—p+k—l == bn—l + bn—2T + -+ bn_pril, n Z p,
k=1

and

[2n = ynll < 0nll + 101 TN+ - - 4 [1ba—p TP
<e(L+|TI+ T +---+TIP~)
=cecl, n>p.

3. Applications

Let X = K? be endowed with the Euclidean norm ([|z|| = /[z1[2 + - - + [z,[2,
x = (x1,%2,...,2p) € KP) and T : KP — KP, Tx = Az, where A is a square
matrix of order p with entries in K. Suppose that A is normal, denote by
Aty ..., Ap and Aq, ..., A, the eigenvalues of A and A* A, respectively. Recall
that A* denotes the conjugate transposed of A. Suppose that:

Al < [Ae] <--- < Apland Ay S Ay < -2 <AL

Then (see [17]) [|T]| = \/A,, and, if A is an invertible matrix, |77 = A

VAL
Moreover, if A is a self-adjoint, invertible matrix, we obtain ||T|| = |\,|,
T~ = i /\11|. Consequently, we get the following result on Ulam stability.

Theorem 3.1. Let ¢ > 0 and (z,)n>0 be a sequence in KP satisfying:
lxnt1 — Azy —anl] <&, mneN.
i) If A, < 1, then there exists a sequence (Yn)n>0 in KP, such that:
Ynt+1 = Ayn + an,

£
lzn = ynll < T—=
1- VA,

n € N.
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it) If A is an invertible matrix and Ay > 1, then there exists a sequence
(Yn)n>o in KP, such that:

Yn4+1 = Ayn + Ap,

& = yall € =—, neN
Ty — Ynl| < , n .
Il =R 1
Proof. The result follows from Remark 2.7 and Remark 2.10. O

Remark 3.2. If A is a self-adjoint, invertible matrix Theorem 3.1 holds with
A1l [Ap| instead of /Ay, \/A,, respectively.

Consider the linear operator 1" : L?[a,b] — L?[a,b] defined by:
b
(T2)(s) = / K (s, )a(t)dt,
a
where K : [a,b] X [a,b] — R is symmetric, square-measurable and:

bopb
//\K(s,t)|2d8dt=l)2<oo.

1
Xl
K of least absolute value (see [17]). Then, for the linear difference equation:

Then, T is a continuous operator and ||T'|| = where \; is the eigenvalue of

Tpy1 = Txp + an, w0 € L?[a,b], neN,
where (a,)n>0 is a sequence in L?[a, b]; we get the following stability result.

Theorem 3.3. Suppose that |A1| > 1. Then, for everye > 0 and every (,)n>0
in L?[a,b] satisfying

|znt1 — Txp —an|| <&, neN,
there exists a sequence (yn)n>o0, such that:

Yn+1 :Tyn+anay0 S L2[”’7b]7 TLEN,

e[|
Ty — Ynl| < , neN.
I =l < 0
Proof. The result is a simple consequence of Remark 2.10 0

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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