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Abstract. A continuous dependence on data result is established for a class of
second order difference inclusions associated to a maximal monotone operator A in a
Hilbert space. It is an extension of a theorem from another paper of the authors. The
second boundary condition is here more general, namely it is defined with the aid of a
monotone operator. One proves that the function that associates to A and to the other
initial data, the solution of this boundary value problem is continuous in a specific sense.
The sequence of operators is supposed to be convergent in the sense of the resolvent.
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1. Introduction

The goal of this paper is to study the continuous dependence on data for
the second order difference problem

Uip1 — (L +6;) s + Oui—1 € c;Aus + f;, 1<i<N

(1.1)
Uup = a, UN+1 —UN € —5 (UN—H — b)

where N is a fixed positive integer, A: D(A) C H — H and 5 : D (f) C
H — H are maximal monotone operators (possibly multivalued) in the real
Hilbert space H, D (A), D (B) are their domains, while a,b € H, f; € H,

¢i > 0,0, € (0,1), 1 < i < N are given elements. The above difference
inclusion is the discrete variant of the second order differential equation

pM)u" +rt)u € Au+ f(t), t €[0,T],
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subject to the boundary conditions
u'(0) € a(u(0) —a), ' (T) € =B (u(T) - D),

in the case when « is the subdifferential 0 of the lower semicontinuous,
convex, proper function j : H — (—o0,40o0], j(x) = 0 for z = 0 and
Jj (x) = 400, otherwise. In this case the domain of « is D (a)) = {0}, so the
boundary condition «’ (0) € o (u (0) — a) reduces to u (0) = a. This remark
has suggested us the first boundary condition in (1.1). Existence theory,
together with the asymptotic behavior and continuous dependence on data
for the above differential equation can be found in [11], [1], [3], [20], [16]
and many others. See also the monograph [8] and the references therein.

Similar results have been proved in the continuous case in [14] for first
order differential equations and in [4], [6] for second order differential equa-
tions of the above type.

For second order difference inclusions with different boundary condi-
tions, we mention the papers [2] . But unlike the paper [2], where the bound-
ary conditions are bilocal, the second boundary condition from the present
paper is defined with the aid of an one-to-one maximal monotone operator
B. The domain of 3 is bounded, while A is supposed to be S—dissipative.
Moreover, the proof of the main result is here simplified. Instead of the four
auxiliary problems considered in [2], in the present paper we employ only
two approximating problems, which are simpler than those from [2]. They
are defined with the aid of the Yosida approximations of A. About maximal
monotone operators theory, the reader may refer to [12], [13].

In [19], the authors obtain new convergence results for resolvent of ma-
ximal monotone operators and for generalized nonexpansive mappings in a
Banach space. Strong convergence results for maximal monotone operators
are also found in [15]. In [21] one proves strong and weak convergence
theorems for a new resolvent of maximal monotone operators in a Banach
space. The convergence theorem is next applied to a convex minimization
problem. A convergence theorem for a generalized resolvent of maximal
monotone operators in Banach spaces is proved in [18].

If in (1.1) we put ¢ > 1 (this corresponds in the continuous case to
t € [0,00)), the continuous dependence on data was studied in [9].

Let (-,-) and || - || be the scalar product and the norm in H and let
(a;)g<i<n be the sequence of real numbers given by

1
=1, a,=——, 1 <7<N.
a0 » 91...02" =t



3 SECOND ORDER DIFFERENCE EQUATIONS OF MONOTONE TYPE 55

Observe that
(1.2) aiei = 9,‘_1, 1 < 7 < N.

Existence and asymptotic behavior of the solutions to problem (1.1)
has been studied in [5], [7], [17] under different hypotheses on A and 5. We
recall briefly below such a result that we need in the sequel.

Without loss of generality we suppose that 0 € AO0. If this condition
is not satisfied, one replaces A in (1.1) by A=A+ A% and fi by ﬁ =
fi — ¢;A%0, where A%z is the element of least norm of the set Az, i. e.
1A% = inf {||y[|, y € Az}

Assume that the domain D () of 8 is bounded in H and that A is
[—dissipative, that is

(1.3) (Aye — Ary,2) <0, (V)ze -f(x—y) forz—ye D(p).

Definition 1.1. The multivalued operator A is called one-to-one if
condition Ax N Ay # ® implies that x = y.
The following result follows directly from the Theorem 3.2, [5].

Theorem 1.1. Let A: D(A) C H — H, 8 : D) C H— H
be maximal monotone operators H with 0 € D(A)ND(B), 0 € 5(0),
a,be H, fi € Hy¢; >0,0;, € (0,1), 1 < ¢ < N. If condition (1.3) holds
and the domain D (B) of B is bounded, then problem (1.1) has at least one
solution u = (u;) <,y € D (AN . If A or B is one-to-one, the solution is
unique. o

In the present paper we prove that the function that associates to
{A,a,b, f;} the solution u = (u;); ;< of problem (1.1) is the continuos
in the following sense. Consider a sequence of maximal monotone operators
A" : D(A") C H — H with 0 € D (A"), a™,b", fI* € H sequences from H
and the sequence of boundary value problems

(1.4) ut g — (L+0) uf +0iui | € ;A" + f', 1<i< N
ug = a", ulyy —uy € =B (uf, — ).
Our goal is to prove that if a" — a, b" = b, f/' = f; in H and A" — A in
the sense of resolvent, then u]" — w; strongly in H, for all 1 <7 < V.

The structure of the paper is the following. In the next section, we
formulate our hypotheses and the main result. Section 3 contains the proof
of the main result. An application to difference-differential equations is

given in the last section.
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2. The main result

In this section, we give the main result of the paper, namely we show the
convergence of the solution of problem (1.4) to the solution of problem (1.1).
We work under the following hypotheses.

(H1) p: D(B) € H — H is a nonlinear one-to-one maximal monotone
operators in H, 0 € D (8), 0 € 3(0);

(H2) the domain D () is bounded in H.

(H3) A:D(A)CH— H, A" : D(A") C H — H are maximal monotone
operators in H with 0 € D (A")N D (A).

(H4) A and A™ are f—dissipative, i. e. (1.3) holds for both A and A™.

Hypotheses (H1) — (H4) assure the existence and uniqueness of the
solutions of problems (1.1) and (1.4).

In the sequel we impose some convergence conditions for the data:
H5) a™ = a,b" — b, f* — f; in H;
( ) ) 1 9’
(H6) Sequence A™ converges to A in the sense of resolvent, i. e.

(T+ XA e 5 (T+2A) 71 asn— o0, (VA >0, (V)€ € H.

More details about different type of convergences can be found in [10]. The
main result now can be stated.

Theorem 2.1. Under the hypotheses (H1) -(H6), if u; and u} are the
solutions to (1.1) and (1.4), respectively, we have

uyt — u; strongly inH, for 1 <i < N.

In order to estimate the norm ||u]' —u;||, consider the auxiliary boundary
value problems

)

(2.1) {uf‘ﬂ — (1 +0)ud +0u} | =ciAyud + ud + fi, 1<i<N

A A A A
uy = a, uN+1—uNE—ﬁ(uN+1—b)

(o) {UR = A 0) U+ Oy = cidfui + X+ 7, 1<i<N
ugA =a", URTA—H _ U%A c 75 (U%/\_;'_l - bn) ‘
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Since ¢; Ay + Al and ¢; A} 4+ Al are strongly monotone, problems (2.1) and
(2.2) admit unique solutions in H (see Theorem 2.2 in [5]).

Remark 2.1. Denote by Jy = (I + AA)~L, J? = (I + AA")7! the
resolvent of A and A" respectively, and by Ay = (I — (I + AA)71)/\ and
A% = (I — (I +AA™) 7Y/ the associated Yosida approximations. Then,
from the convergence (H6) it follows that

(2.3) JVE = TN, AYE — Ay§asn — oo, (V)A>0, (V)€€ H.
Recall also that
(2.4) E=NE+AAE (V)EeH.

In the next section we give some auxiliary results about the boundedness
of the solutions to (1.4) and (2.2). Next, we prove Theorem 2.1 with the
aid of the solutions of problems (2.1), (2.2).

3. The proof of the main result

To deduce the convergence result from Theorem 2.1, observe that
(31) [ —wil| < [ = w4 [Jui* = wd ]|+ ||ug —will, 1< i <N, A> 0.

We will show that each norm in the right-hand side tends to zero as
A — 0 and n — oo. To do this, we first prove the boundedness with respect
to n of the solutions to (1.4) and (2.2). Like in the proof of Theorem 3.2
from [5], we obtain the following result.

Lemma 3.1. If ¢; >0,0; € (0,1),1<:< N, a", 0" € H, f € H are
bounded sequences and (H1) -(H4) hold, then the solutions (uj'),.,. 5 and
(U?A)1<i<N of problems (1.4) and (2.2) are bounded in H for all 1 < i < N.

Now we give some estimates for each norm in the right-hand side of the

inequality (3.1).

Lemma 3.2. Under the hypotheses of the previous section, the solutions
of problems (1.1), (1.4), (2.1), (2.2) satisfy the inequalities:

[[uf = uiM| < CVA, [uf = wl| < CVA,

forall i, 1 <1 < N and for some constant C' > 0 independent of n and .
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Proof. We show the first inequality. To do this, we multiply the dif-
ference between (1.4) and (2.2) by a; (u — u?*) and sum up from i =1 to
i = N. With the aid of (1.2) one finds

n ni n n\x .n ni
E ai(uy — Uity —u +uitug —ut)
N
n ni n ni n ni
- E ai—1(ui — ™ = wil g + ity v — ug”)

N N
= ciai(s? — ARl — ) = N3 ag(u - u),
; i=1

where s is an arbitrary element from the set A™w.

Since ARul € A”(J” ") and s? € A™u?, in view of the monotonicity

ofA we get (s ( — ARt — JRul) > 0. By (2.4) we have (s? — AJu, ul' —
mA) > —\(sP — ARu ">‘ A” ”A) hence the above equality 1mphes

Zaz i — _uz 1w 1”2 )‘Zczaz AX nA , Axu m\)

+ /\Zaillu? —ufA|* ~ /\Zai(U?,U? —uj?)
1=1 i

n ni n/\ n ni
<an(Uyyy — Uy — Uy +UR, Uy — U

The boundary conditions and the monotonicity of 5 lead to

n ni n nx ,n ni
(U1 — U — Uy FUN, U — Uiy g) <0,

SO
A A
(up1 — up —uy + Ui, uly — Ui
nA 2
(3.2) = —[luf 1 — uNY — U Uy H
A A

(W — Uy — Ul Ul ul g — uly) < 0.

Thus we get

Zal 1ug — _uz 1w 1”2
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N N
FAYailfuf — ufP A e[ ARu
=1 =1

1/2

N 12 /N
<A (Z ciaiHS?Hz) (Z Ciai\|A§u?A\|2>
=1 =1
N 1/2 , n 1/2
+>\<ZaiHU?H2> (ZMHU?—U?AHz) :

i=1 i=1

Lemma 3.1, together with equation (1.4), assures the boundedness of s}
and thus,

N N
Zaiflnu? - U?)\ - U?_l + U?_)\1||2 + AZ@@HU? _ U;U\HQ
=1

i=1

N N 1/2
(3.3) + A ciail|[ARuM P < Cia (Z ciai\|A’>fu?>‘\|2>
=1

=1
N 1/2
+ CoA (Z ail|ui’ — U?AHQ) ;
i=1

for some constants C1,Cy > 0. Therefore, there exist Cs, Cy > 0 such that

N N
{Z ailluf — uPM* < Cs, > cial|[ AP < Cy
=1 =1

and consequently (3.3) gives
N

(3.4) S aicallul — g =y + w2 < CoA,
i=1

From this inequality and

i
A A A .
up — ug :5 (u’g—uz —u%,l—i—uz,l), 1<i<N,
k=1

we easily derive the desired estimate. Analogously one proves the second
inequality. The Lemma is proved. O
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Another estimate is obtained in the following auxiliary result.

Lemma 3.3. The solutions of problems (2.1), (2.2) satisfy the estimate
limy, o0 [[uf — u|| =0, for all A >0 and 1 <i < N.

Proof. Subtract (2.1) from (2.2), multiply by a; (u* — u}') and sum

(2 7

them up from ¢ =1 to ¢ = N. With the aid of (1.2) one obtains that

N
Y ailfuf = u = ufdy |
i=1

N
n, nNA n, A, nA A
+E ciai(ANui™ — ANug, ul™ — ug)
=1

N N
(3.5) + Z ciai(AYu) — Ayud, ul — ud) + A Z ai[ul — u)?
i=1 i=1

n A nA A, nA A
= an (U — Uy — UN U U = uy)
N
n A n n A n nA A
— (ui” —ui —a” +a,ul” —uy) _Zai(fi — fi,ui”™ — ).
i=1
But A7 is monotone, so (Afuf* — ATu}, uf —u) > 0. Like in the proof

of Lemma 3.2, we can easily deduce a inequality similar to (3.2) :

ni A ni A ni A
(U’N—Fl 7U’N+1 *UN +uN7U’N *’LLN) S O

Next,
= (u? —ug —a" + a,ut —uy) = —[[uf? — wg
—a" +a|? = (uP =g — a" +a,a" —a) < [[uf* —uy —a" +al| - ||a" — ]

N 1/2
< (Z aicalJuf =} =iy + u?_n?) la” ~ al].
=1

Thus, from (3.5) one derives that

N N
S a2 4 A gl — P
i=1 i=1
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N 1/2 N
< (zaz-ruzw —uﬁw) (chaiuA:uﬁ—Aw)
i=1 =1

1/2

N 1/2
+ <Zai"fin - fﬁ)
=1

N 1/2
+ <Zai_1|u?/\ —u} —uf +U§\—1|’2> ||a"™ — all.
i—1

It follows that

N
D aia|[uf? =} — w4 i P < 2fla” ol
=1

L1
A

N N

S Gail A} — AP+ 3 aillfp - fz-||2] ,
i=1 i=1

N

1

A2

> ailluf — | < oy la” —alf®
i=1

+4

N N
S Gaill A%} — AP+ ail |7~ W] :

i=1 =1

Now, the claim follows in view of hypotheses (H5), (H6) and (2.3).

Proof of Theorem 2.1. We pass to the superior limit as n — oo and
next to the limit as A — 0 in (3.1), and make use of Lemmas 3.2, 3.3. This
completes the proof. O

4. Applications to difference-differential equations

Let Q be an open bounded subset of R?, d > 1, with the boundary 99
smooth enough and let H be the Hilbert spaces H = L? (). Consider
a sequence of maximal monotone operators in R, v : D(y) € R — R,
4" : D(v") C R — R such that 0 € D(y) N D (™). Then the operators

Au = —Au + vy(u),

D(A) = {u € HX(Q), du(z)/dn € y(u(z)), = € 90}
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and
A"u = —Au+ " (u)

D(A™) ={u e H?(Q), ouy'(z)/on € " (ull(x)), = € IN}

are maximal monotone in H = L?(Q) ([12,p.89]). If v — ~, then A"
converges to A in the sense of the resolvent.

Assume that the operator 3 : D (3) C L?(Q2) — L?(f) is one-to-one
maximal monotone in L? (), such that 0 € D (3), 0 € 3(0), its domain is
bounded, and condition (H4) holds for both A and A™. If0 < ¢;, 0 < §; < 1,
for 1 <i < N, are given sequences and a,a", b,b", fi, f* € L? (), then we
compare the solutions of the boundary value problems

wir1(x) — (14 0;)ui(z) + Oiui_1(z) € —c;Aui(x)

Wy | ) A, e
Ou;(x)/0n € v(u;(x)), x € 0N
uo(@) = alw), un+1(z) — un(@) € —Bluns(w) — b)), @€

and
uilyy (x) — (L + 0w (@) + Osui_y (v) € —ciAuj (x)

wy | P ) e

oui (x)/on € v (uf (x)), z € 00
ug(z)=a" (), uf () — uR(z) € =B(uR,,(z) —b"(2), z€Q,

for 1 <i < N, where 0/9n is the outward normal derivative.

As a consequence of Theorem 1.1, we first remark that these problems
admit unique solutions u = (u;)i>1, u” = (u}')i>1 € D(A). By virtue of
Theorem 2.1, we have the following continuous dependence on data result.

Corollary 4.1. In addition to the above hypotheses, suppose that a™ —
a, b = b, f* — f; in H = L? (Q) and v — « in the sense of the resolvent.
Then , ul — u; as n — oo in H, for all 1 <7 < N.
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