Trudy Instituta Matematiki i Mekhaniki UrO RAN
Vol. 31 No. 4 2025

NONLINEAR ELLIPTIC VARIATIONAL INEQUALITIES
WITH UNILATERAL POINTWISE FUNCTIONAL CONSTRAINTS
IN VARIABLE DOMAINS!

A. A. Kovalevsky

We consider variational inequalities with operators As: WP (Q,) — (WLP(Q))* in divergence form and
constraint sets Vs = {v € WHP(Qy) : h(v) + ®s(v) < ¢s a.e. in Qg}, where Qs with s € N is a domain in R™
contained in a bounded domain Q@ C R™ (n > 2), p > 1, h is a convex function on R, ¢ is a function on 5, and
&, is a continuous convex functional on W1:P (925). We describe conditions for a weak convergence of solutions of
the considered variational inequalities to the solution of a variational inequality with an operator from W1-P(Q)
to (WHP(Q))* and constraint set defined by the equality V = {v € WhP(Q) : h(v)+®(v) < p a.e. in Q}, where ¢
is a limit function for ¢s and @ is a limit functional for ®5. These conditions include some requirements on
the involved domains, operators, and the mappings defining the constraint sets. In so doing, one of the main
conditions is the G-convergence of the sequence {As} to an operator A: WHP(Q) — (WhP(Q))*.

Keywords: nonlinear elliptic variational inequality, pointwise functional constraint, variable domains, G-
convergence of operators, convergence of solutions.

A. A. Kosanesckuii. Hesmuelinpie /M TU9eCKe BapualliOHHbIE HEPABEHCTBA C OJHOCTOPOH-
HUMM IIOTOYEYHO (PYHKIMOHAJIBHBIMYA OIPAHUYEHUSIMU B II€PEMEHHBIX ObBJIacTsX.

PaccMOTpeHb! BapHaIMOHHBIE HepaBeHcTBa ¢ omeparopamu As: WP (Qg) — (WHP(Q,))* museprenTHoro
Bua U MHOKecTBaMu orpamuuenuii Vs = {v € WHP(Q) : h(v) + ®5(v) < ps mB. B Qs}, rae Qs ¢ s € N -
obstacts B R", conepxkanasicss B orpanndenHoit obmactu @ C R™ (n > 2), p > 1, h — Beinykias ¢yskius Ha R,
s — bynkua #a Qs u $s — HeNpepBIBHLIH BbITyKJIbIH DyHKuonan xa WP (Qg). Onucansl yCJIoBHs HEKOTO-
poit cs1aboii CXOAMMOCTH DPEIICHUH PACCMATPUBACMBIX BAPHUAIMOHHBIX HEPABEHCTB K PEIICHUIO BAPUAIMOHHOIO
HepaBeHcTBa ¢ onepaTopom u3 WHP(Q) B (W1P(Q))* u MHOXKECTBOM OrpAHMHYEHMIA, OTIPE/IETIEHHBIM PABEHCTBOM
V ={veWbtr(Q) : h(v) + ®(v) < ¢ m.B. B Q}, rae ¢ — npejenbuasg GyHKIUA 11 s 1 P — NpejebHbIi
dyukponan aist Pg. DTU yCIOBUS BKIIIOYAIOT HEKOTOPbIe TpeGOBaHUS Ha ydacTBYOUMe OOJIACTH, OepaTOpbl
1 OTOOpAKEeHUsI, OIIPE/IeJIAIONe MHOXKECTBA orpanuydeHnil. [Ipu 95TOM OfHUM M3 OCHOBHBIX YCJIOBHIi SABJIAETCH
G-cxomumvocThb mociesiosarenbaoctn {As} K Hekoropomy onepatopy A: WP (Q) — (WHP(Q))*.
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1. Introduction

The theory of variational inequalities is an actively developing area of mathematics with numerous
applications in various fields (see, e.g., [1;2] for some results on the solvability of variational
inequalities and [2] for their applications). In particular, there is quite an extensive literature devoted
to the study of the convergence of solutions of variational inequalities with operators depending on a
parameter or having the parameterized domain. This study relates to the theory of multidimensional
homogenization, and an important role in it is played by the concept of G-convergence of operators
which goes back to the work [3]|. The significance of the specified concept is determined first of all
by the fact that the G-convergence of a sequence of operators guarantees a certain convergence of
solutions of the corresponding operator equations. A detailed investigation of the G-convergence
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and homogenization of linear elliptic and parabolic operators with the same domain was carried out
in [4;5], and the theory of G-convergence and homogenization of nonlinear elliptic and parabolic
operators with the same domain was developed in [6;7]. The G-convergence of nonlinear elliptic
operators with variable domain was studied in [8|. It is worth noting the importance of the concept
of strong G-convergence of operators in divergence form in the above-mentioned and other related
works. In simple words, the G-convergence of a sequence of operators means the weak convergence of
the corresponding inverse operators, and the strong G-convergence of operators in divergence form
means their G-convergence together with a weak convergence of the so-called generalized gradients
defined by the coefficients of the operators.

We emphasize that the G-convergence and the strong G-convergence of operators not only
imply a certain convergence of solutions of operator equations and, as a consequence, of solutions
of the corresponding boundary value problems, but also these convergences play a key role in
establishing the convergence of solutions of variational inequalities with different unilateral and
bilateral constraints. Thus, it was shown in [9] that the strong G-convergence of a sequence of
linear continuous operators Aj: I/VO1 2(Q) — W12(Q) in divergence form to a similar operator
A: I/VO1 2(€) — W~12(Q) implies that the solutions of variational inequalities with the operators A,
and some unilateral and bilateral constraints converge weakly to the solution of the corresponding
variational inequality with the operator A and similar constraints. In [10], the weak convergence
of solutions of nonlinear variational inequalities with variable measurable unilateral constraints
in a fixed domain was established under the assumptions on the strong G-convergence of the
corresponding operators and the convergence of the constraint sets in the sense of Mosco. In [8;11],
we proved the weak convergence of solutions of variational inequalities with G-convergent nonlinear
elliptic operators and variable regular unilateral and bilateral constraints in variable domains.

We also note that the asymptotic behavior of solutions of variational inequalities with the
biharmonic operator and general variable bilateral constraints was studied in the work [12]| using
I'-convergence techniques.

We mention some other works on the asymptotic analysis of solutions of variational inequalities
with unilateral constraints. Thus, in [13;14], the convergence of solutions of variational inequalities
with nonlinear operators in divergence form (having periodic rapidly oscillating coefficients) and
variable regular unilateral constraints in periodically perforated domains and in a fixed domain
was studied. In [15; 16|, the asymptotic behavior of solutions of variational inequalities for the
Laplacian and the p-Laplacian with unilateral constraints on the boundary of perforated domains
was investigated, and in [17], the asymptotic behavior of solutions of variational inequalities for the
Laplacian and the biharmonic operator with unilateral constraints on subsets located e-periodically
along the domain boundary was studied. Finally, in [18], the asymptotic behavior of solutions of
variational inequalities for the p-Laplacian with unilateral constraints on the boundary of perforated
domains was investigated in the case of perforations distributed along a manifold.

In the present paper, we also consider variational inequalities with unilateral constraints. However,
in contrast to the mentioned and other related works on the asymptotic analysis of solutions of
variational inequalities, the constraints we deal with in this work have a more complicated and
implicit form.

Speaking in more detail, in the present paper, we consider variational inequalities with operators
Ag: WEP(Q,) — (WP(Q))* in divergence form and constraint sets

Ve ={v e WHP(Q,) : h(v) + ®4(v) < @, ae. in Q) (1.1)

where Qg with s € N is a domain in R" contained in a bounded domain Q@ C R™ (n > 2), p > 1,
h is a convex function on R, s is a function on €y, and @4 is a continuous convex functional on
WLP(Qy). We describe conditions for a weak convergence of solutions of the considered variational
inequalities to the solution of a variational inequality with an operator from W1?(Q) to (W1P(Q))*
and constraint set defined by the equality

V={veW'P(Q): h(v)+ &) < ¢ ae inQ},
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where ¢ is a limit function for ¢4 and ® is a limit functional for ®,. These conditions include some
requirements on the involved domains, operators, and the mappings defining the constraint sets.
In so doing, one of the main conditions is the G-convergence of the sequence {A;} to an operator
A: WHP(Q) — (WEP(Q))*.

We note that the convergence of solutions of minimum problems for integral and more general
functionals I,: W1P(€,) — R on sets defined by unilateral pointwise functional constraints including
sets of the form (1.1) was studied in our recent works [19;20].

The structure of the present paper is as follows. In Section 2, we state necessary assumptions
and definitions. In Section 3, we introduce the operators Ay involved in the variational inequalities
considered in the sequel. We describe some properties of these operators and prove a result on
the existence of some special sequences of functions approximating in W1P-norms the solutions of
equations with the operators A and the right-hand sides related to the values of the G-limit operator
of the sequence {A;} (see Proposition 1). In Section 4, we introduce the constraint sets Vs and V
involved in the studied variational inequalities and in the corresponding limit variational inequality,
respectively. This is preceded by the description of the conditions on the functions and functionals
defining the sets Vi and V. After introducing the specified sets, we establish Propositions 2 and 3
which play a key role in the proof of our main result (Theorem 1) stated in Section 5. We note that
while Proposition 2 concerns a relation only between the sets Vs and V', Proposition 3 describes
a relation between V; and V involving the operators Ag and their G-limit. We also note that
Proposition 1 is essentially used in the proof of Proposition 3. As for Theorem 1, it not only
asserts that solutions ugs of variational inequalities with the operators Ag and the sets Vi converge
weakly to the solution of the limit variational inequality but also describes the convergence of the
functionals Azus and the energy integrals (Agus,us). In addition, this theorem asserts that the
solutions wu, are approximated in W1P-norms by the solutions of equations with the operators A,
and the right-hand sides related to the value of the G-limit operator on the solution of the limit
variational inequality. The proof of Theorem 1 is based on the use of the approach to the study
of the convergence of solutions of variational inequalities with abstract operators proposed in |8,
Subsection 1.4]. For some applications of this approach to variational inequalities with nonlinear
elliptic operators, see, e.g., |8, Subsection 2.5] and |11, Section 3]. Finally, in Section 6, we give some
examples where the conditions on the functions and the functionals defining the constraint sets Vj
and V are satisfied.

2. Assumptions and definitions

Let n € N, n > 2, let Q be a bounded domain in R”, and let p > 1. Let {24} be a sequence of
domains in R™ contained in €.

We recall some definitions used in the study of the limit behavior of solutions of minimization
problems, boundary value problems, and variational inequalities in the domains Qg (see, e.g., [11]).

Definition 1. We say that the sequence of domains ) exhausts the domain € if for every
increasing sequence {m;} C N, we have

meas <Q \ j§19mj) =0.

It is easy to see that if v € WHP(Q) and s € N, then v|q, € WHP(€,).
For every s € N, let ¢s: W'P(Q) — WP(Q,) be the mapping such that for every function
v € WIP(Q), gsv = v|q,.

Definition 2. We say that the sequence of spaces W1P(€),) is strongly connected with the
space W1P(Q) if there exists a sequence of linear continuous operators ls: W1P(Q,) — WLP(Q)
such that the sequence of norms ||/s|| is bounded and for every s € N and every v € W1P(Qy), we
have ¢s(lsv) = v a.e. in Q.
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We denote by H the set of all sequences {v,} such that for every s € N, v, € WhP(Qy).

Definition 3. Let {vs} € H. We say that the sequence {v,} is bounded if the sequence of
norms [|vs||y1p(q,) is bounded.

Definition 4. Let {vs} € H, and let v € W1P(Q)). We say that the sequence {v4} converges
weakly to the function v if the sequence {vs} is bounded and [jvs — qsv[zr(q,) — 0.

It is easy to see that if v € WLP(Q), then {gsv} € H and the sequence {gsv} converges weakly
to the function v.
We denote by H* the set of all sequences {fs} such that for every s € N, fs € (W1P(Qy))*.

Definition 5. Let {f;} € H*, and let f € (W'P(Q))*. We say that the sequence {f;} converges
strongly to the functional f if for every function v € WP(Q) and every sequence {vs} € H
converging weakly to the function v, we have (fs,vs) — (f,v).

We note that Definitions 3-5 are realizations of the corresponding definitions given in [8,
Section 1] for the case of abstract Banach spaces.

Further, we assume that the following conditions are satisfied:

(C1) the embedding of WP(Q) into LP(f2) is compact;

(C2) the sequence of domains €4 exhausts the domain €;

(C3) the sequence of spaces W1P(Qy) is strongly connected with the space W1P(€).

We denote by L the set of all sequences {ls} such that:

(a) for every s € N, Iy is a linear continuous operator from WHP(Q) to W1P(Q);

(b) the sequence of norms ||/s]| is bounded;

(c) for every s € N and every v € WHP(€y), we have g(lsv) = v a.e. in Q.

As seen, condition (Cg) implies that the set £ is nonempty. We also note that if f € (W1P(Q))*
and {ls} € L, then {f ols} € H*. On the whole, conditions (C;)-(Cs) make it possible to obtain
a number of important assertions concerning the sequences in the sets H and H*. These assertions
are used in the sequel, and for a detailed exposition of them, see, e.g., [11, Section 2|. In particular,
according to Proposition 2.9 in [11], if f € (W1P(Q))* and {ls} € L, then the sequence {f oI}
converges strongly to the functional f.

Definition 6. For every s € N, let Ag: WHP(Qy) — (WHP(Q,))* be an invertible operator, and
let A: WHP(Q) — (WHP(Q))* be an invertible operator. We say that the sequence {As} G-converges
to the operator A if for every functional f € (W1P(2))* and every sequence {fs} € H* converging
strongly to the functional f, the sequence {A;!f;} converges weakly to the function A=!f.

This definition is a particular case of the general definition of GG-convergence of abstract operators
with variable domain given in [8, Section 1].

3. Operators A, and their properties

In this section, we introduce the operators involved in the variational inequalities studied in the
present paper. We begin with the conditions on the coefficients of these operators.
Let 0 < p1 < min{p,p/(p — 1)}, let p» > max{p,2}, and let ¢1,cy > 0. For every s € N and

every i € {1,...,n}, let ags) : Qs x R” — R be a Carathéodory function. We assume that for every
s € N, every x € Qg, and every £, & € R”, the following relations hold:

> Jaf? (x,0) =0, (3.1)
=1

n

3 lal (2,€6) — ol (@, )PPV < er(1 + [¢] + [P PHE — €, (3.2)

i=1
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n

S 10 (2,6) — ol (@, €)](& — &) = ca(1 + [€] + |€)PP2|E — €' |P2. (3.3)

i=1

Next, let ¢3,c4 > 0, and, for every s € N, let aés) : Qs Xx R — R be a Carathéodory function. We
assume that for every s € N, every x € (), and every 1,7’ € R, the following relations hold:

al) (z,0) =0, (3.4)
a8 (.m) — ) (o )PP < es(1+ fnl + o PP 0 — o, (3.5)
(a8 @, ) — 0§ @, ) — ') = ea(L+ Inl + |of P72 — ' [P2. (3.6)

It is easy to see that relations (3.1)—(3.3) imply that for every s € N, every x € (), and every
£ € R,

3 Jal (@, )P/ < en(1+ €], (3.7)
=1
S al (2,6)6 = 2 Pe(gl - 1), (3.8)
=1

Similarly, relations (3.4)—(3.6) imply that for every s € N, every = € €2, and every n € R,

ja$) (e, m) P/ PD) < (1 + [n))P, (3.9)
S (z,m)n = 27 P2 eq(InfP — 1), (3.10)

In view of inequalities (3.7) and (3.9), the following assertions hold: if s € N, i € {1,...,n},
and v € W1P(€,), then ags)(x,Vv) e LP/P=1(Q,); if s € N and v € WHP(Q,), then a(()s)(:c,v) €
Lr/P=1(Q).

Now, for every s € N, let As: WIP(Q) — (WIP(Q,))* be the operator such that for every

v,w € WHP(Qy),
(Asv,w) = /{Za vaDw—i—ag)( )w}dm.
Qs

In what follows, we denote by ¢;, i = 5,6, ..., positive numbers depending only on n, p, pa, c1,
ca, €3, ¢4, and meas (2.
By inequalities (3.7)-(3.10), for every s € N and every v € W1P(Qy), we have

A0 w1o @) < es(1+ [[vllwrn@n))P (3.11)

(Asv,v) = 06HUH€V17P(QS) — cr. (3.12)

Therefore, for every s € N, the operator A, is bounded and coercive.
In addition to (3.11) and (3.12), by inequalities (3.2), (3.3), (3.5), and (3.6), for every s € N and
every v,w € WHP(Qy), we have

1 _
1A = Al . < s+ [ollwin,y + lwlwin@) PP = wlf g, (313)
(Ao = Agw,v = w) > eo(1+ [0]lwrn) + wllwrio,)) 710 = w]P g (3.14)

Therefore, for every s € N, the operator A is continuous and strictly monotone.

The specified properties of the operators A, and the known results on the solvability of operator
equations (see, e.g., |1, Chapter 2|) imply that for every s € N, the operator Ay is invertible.

We also note that if A: WHP(Q) — (W1P(Q))* is an invertible operator and the sequence {A;}
G-converges to the operator A, then the operator A is strictly monotone (in this connection, see
Proposition 2.13 in [11]).
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Proposition 1. Let A: WhP(Q) — (WLP(Q))* be an invertible operator, and assume that
the sequence {As} G-converges to the operator A. Let v € WIP(Q), let {gs} € H*, and let the
sequence {gs} converge strongly to the functional Av. Then the following assertions hold:

(a) there exists a bounded sequence {ws} € M such that |[ws— A gsllwrso,) — 0 and for every
s €N, ws < qsv in Qg;

(b) there exists a bounded sequence {ys} € H such that |lys — A7 gsllwre(a,) — 0 and for every
s € N, Ys = sV m Qs'

Proof. For every s € N, we define v; = A;lgs. Obviously, {vs} € H. Moreover, since the
sequence {Ag} G-converges to the operator A, the sequence {vs} converges weakly to the function v.
This means that the sequence {vs} is bounded and

[vs = qsvllLr(0,) = 0. (3.15)

For every s € N, we define
1/2
s = (llvs — asoll 1) +1/5) 2.

In view of (3.15), we have

As — 0. (3.16)

Next, for every s € N, we define

Ws = min{vs = As, QSU}, Ys = max{vs + As, QSU}a
ELIQ = {US —As 2 QSU}7 Efq/ = {Us +As < QSU}-
It is clear that {ws} € H and {ys} € H. Moreover, since the sequence {vs} is bounded, the sequences

{ws} and {ys} are also bounded.
Let s € N. By the definition of the functions ws and y,, we have

lws = vsl o) < l0s = gsvllr(,) + As(meas )17,
Hys - USHLP(QS) < Hvs - QSUHLP(QS) + )\s(meas Q)l/p-
In addition, if z € E., we have Ay < (vs — gsv)(x). Therefore,

Asmeas B < [Jvs — qsvll 1,y < A2

Hence, meas E/, < \;. Similarly, we find that meas E < A;.
The considerations in the previous paragraph along with relations (3.15) and (3.16) impy that

st - USHLP(QS) — 0, Hys - USHLP(QS) — 0, (317)
meas B, — 0, meas E/ — 0. (3.18)
We now show that
/ |V P de — 0. (3.19)
E/

We denote by z the zero function on  and for every s € N, we define z; = max{vs — qsv, A\s}.
Obviously, {zs} € H. In addition, since the sequence {vs} is bounded, the sequence {zs} is also
bounded. Moreover, by (3.15) and (3.16), we have

125l Lr(0y) = O (3.20)
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Thus, the sequence {zs} converges weakly to the function z. Then, taking into account that the
sequence {gs} converges strongly to the functional Av, we conclude that (gs, zs) — (Awv, z). Hence,
in view of the definition of the functions vy, we get

(Asvs, z5) — 0. (3.21)

We also note that

/ { Zn: af” (@, Vvs)Di(qsv)}dx — 0, (3.22)

2 =l
/a(()s) (x,vs)zsdr — 0. (3.23)
Qs

These relations are established using the boundedness of the sequence {vs}, inequalities (3.7)
and (3.9), the first relation in (3.18), and relation (3.20). Next, let s € N. By the definition of
the function z; and the set E’, for every i € {1,...,n}, we have

Dizs = (Divs — Di(qsv)) - 1g7 a.e. in Q.

Therefore, using the definition of the operator Ay, we find that

(Agvg, 25) :/{Za x, Vus)(D;vs — D;i(gsv }dﬂ:—l—/ (x,vs)zsd.

E‘/

Hence, using (3.8), we obtain

QPPQCQ/IVvSV’dx g/{Za x, Vus)D;(qsv }dx—/ (x,vs)zsdx

/
E] E]

+ 2P P2comeas E., + (Asvs, 2s).

This along with the first relation in (3.18) and relations (3.21)—(3.23) implies relation (3.19).
Next, using the definition of the functions ws and the sets E., we find that for every s € N,

Z /|D s — Us |pda:<2pn/|Vvs|pdx+2pn/|Vv|pdx

zlﬂs

This along with the first relation in (3.18) and relation (3.19) implies that
n
Z /\Di(ws — )P dz — 0.
=10

Then taking into account the first relation in (3.17) and the definition of the functions vs, we get
Jws — A; ' gsllwrw(a,) — 0. Moreover, as seen from the definition of the functions ws, for every
s € N, ws < gsv in Q. Thus, assertion (a) holds.

Next, for every s € N, we define z; = min{vgs —gsv, —As}. Obviously, {z;} € H. In addition, since
the sequence {v;} is bounded, the sequence {z} is also bounded. Moreover, by (3.15) and (3.16),
we have

1Zs]l o (02,) = 0. (3.24)

Thus, the sequence {zZ;} converges weakly to the function z. Then, taking into account that the
sequence {gs} converges strongly to the functional Av, we conclude that (gs, zZs) — (Av, z). Hence,
in view of the definition of the functions vy, we get

(Agvg, Z5) — 0. (3.25)
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Then, similarly to the proof of relation (3.19), we establish that

/ |Vous|P dz — 0. (3.26)
By

In so doing, we use the definition of the functions zs and the sets E”, the boundedness of the
sequence {v;}, inequalities (3.7)—(3.9), the second relation in (3.18), and relations (3.24) and (3.25).
Moreover, using the definition of the functions ys and the sets E”, we find that for every s € N,

Z /]Di(ys — )P dx < 2pn/ |Vus|P dz + 2pn/ |VolP da.

=lo, Bl Bl

This along with the second relation in (3.18) and relation (3.26) implies that

Then taking into account the second relation in (3.17) and the definition of the functions vs, we
get [lys — A gsllwreq,) — 0. In addition, as seen from the definition of the functions ys, for every
s €N, ys = qsv in Q. Thus, assertion (b) holds. O

4. Constraint sets and their properties

In this section, we introduce and examine the constraint sets involved in the variational inequalities
studied in the present paper. We begin with the conditions on the mappings defining these sets.
Let h: R — R be a convex function, and assume that the function A is nondecreasing or
nonincreasing. Let ¢: 2 — R be a function, and for every s € N, let ¢5: Qs — R be a function. Let
{15} C [0,+00), s — 0, and for every s € N, let ag: 2 — R be a nonnegative function. We assume
that
as — 0 ae. in Q, (4.1)

VseN ¢ —7s < ps <@+ as ae in Q. (4.2)

Let ®: WLP(Q) — R be a functional, and for every s € N, let ®,: W1P(),) — R be a continuous
convex functional. We assume that the following condition is satisfied:

(A1) for every function v € W1P(Q) and every sequence {vs} € H converging weakly to the
function v, we have ®4(vy) — ®(v).

We note that by the convexity of the functionals ®, and condition (Aj), the functional @ is
convex.

For the further purposes, we also need some conditions combining the above functions and
functionals in suitable expressions. Namely, we assume that the following conditions are satisfied:

(Ag) there exist ¢ € WIP(Q) and ¢ > 0 such that h()) + ®(¥) < ¢ — ¢ a.e. in Q;

(As) there exists a bounded sequence {@¢s} € H such that for every s € N, h(@s) + P5(@s) < @5
a.e. in €.

Now, for every s € N, we define
Ve = {v € WP(Q,) : h(v) + ®4(v) < ps a.e. in Q).

Condition (Ajg) along with the continuity and the convexity of the function h and the functionals @
implies that for every s € N, the set V5 is nonempty, closed, and convex.
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We define
V={veWh(Q): h(v)+ ®(v) < ¢ ae. in Q}.

Condition (Ag) along with the convexity of the function h and the functional ® implies that the
set V' is nonempty and convex.

Proposition 2. Let {vs} € H be a bounded sequence, and for every s € N, let vy € V. Let {s;}
be an increasing sequence in N, let v € WIP(Q), and let

lvs; = 45,0l Lr(e.,) = 0- (4.3)
Then v € V.
Proof. We define the sequence {v4} as follows:
o {vs if s =s; for some j € N,
qsv if s# s; for any j € N.

Obviously, {vs} € H and the sequence {vs} is bounded. In addition, in view of (4.3), we have
10s — qsvllzp(,) — 0. Thus, the sequence {vs} converges weakly to the function v. Then, by
condition (A1), we have ®4(v5) — ®(v). Hence,

Dy, (vs;) = @(v). (4.4)
Next, in view of the inclusions vs € Vi, there exists a set £ C ) of measure zero such that
seN, 2z e Qs \ By = h(vs(x)) + Ps(vs) < ps(). (4.5)
In addition, by (4.2), there exists a set Ey C €2 of measure zero such that
seN, € Qs \ B2 = ps(z) < p(x) + as(z). (4.6)

We fix a sequence {l;} € L. Obviously, for every s € N, we have ¢s(lsvs) = vs a.e. in 5. Then there
exists a set B3 C ) of measure zero such that

seN,z e Qy\ Es = (lyus)(x) = vg(x). (4.7)

Since the sequence {75} converges weakly to the function v, by Proposition 2.8 in [11], we have
Is0s — v weakly in WP(2). Hence, Iy,vs; — v weakly in WP(€2). This along with condition (C1)
implies that [s;vs, — v strongly in LP(§2). Therefore, there exists an increasing sequence {t;} C {s;}
such that l;, vy, — v a.e. in Q. In addition, by (4.1), we have a;, — 0 a.e. in Q. Then there exists a
set By C Q of measure zero such that for every z € Q\ Ey4, we have

(I, v, ) () = v(x), oy (z) — 0. (4.8)

We also note that by (4.4),
Oy, (Vi) = B (v)- (4.9)

For every r € N, we define
EM =\ UQ,,
k=r

and let E5 be the union of all the sets E(, r € N. By condition (Cz), we have meas E5 = 0. We
now fix z € Q\ (Ey U EyU E3U E4 U E5) and take an arbitrary € > 0. Since z € Q\ Ey, by (4.8) and
the continuity of the function h, we have h((l;, vy, )(x)) — h(v(z)) and o, (x) — 0. Then, taking
into account (4.9), we find that there exists m € N such that for every k € N, k > m,

h(v(x)) < h((ltkvtk)(x)) t&,  ay (x) = CI)(U) < (I)tk (Utk) +e. (4-10)
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Since x ¢ Es5, we have x ¢ E(m), Consequently, there exists k € N, k > m, such that z € €, .
Hence, z € 4, \ (E1 U Ey U E3). Then, by (4.5)-(4.7), we have

h’(vtk (:C)) + q)tk (vtk) < Pty (x)’ Pty (:C) < Qp(x) + ay, (x)’ (ltkvtk)(x) = Uy, (x)

From this and (4.10), we deduce that h(v(z)) + ®(v) < @(z) + 3. Therefore, in view of the
arbitrariness of ¢ > 0, we have h(v(x))+®(v) < ¢(x). Hence, h(v)+®(v) < ¢ a.e. in 2. Consequently,
velV. O

Proposition 3. Let A: WIP(Q) — (WLP(Q))* be an invertible operator, and assume that the
sequence {As} G-converges to the operator A. Let v € V, let {gs} € H*, and let the sequence
{gs} converge strongly to the functional Av. Then there exists a sequence {zs} € H such that
l2s — At gsllwrnq,) = 0 and for every s €N, z, € V.

Proof. We first note that by (4.2), there exists a set E' C € of measure zero such that
seN, €\ E = ¢(z) < ps(x) + 7s. (4.11)

Since v € V, we have h(v) + ®(v) < ¢ a.e. in Q. Then there exists a set E” C Q of measure zero
such that
Ve e Q\ E" h(v(z)) + ®(v) < p(x). (4.12)

Moreover, by condition (As), there exist ¢ € WP(Q) and ¢ > 0 such that h(¢) + ®(¢) < ¢ — ¢
a.e. in . Then there exists a set E” C Q of measure zero such that

Ve e Q\ E"  h(y(x)) + () < ¢(z) —c. (4.13)
Since the sequence {gs1} converges weakly to the function 1, by condition (A;), we have

D,(gs¢) — @(). (4.14)
Next, by Proposition 1, there exists a bounded sequence {ws} € H such that
lws — AL gsllwiw,) = 0, (4.15)
Vs €N ws < gsv in . (4.16)
In addition, by the same proposition, there exists a bounded sequence {y,} € H such that
lys — A5 ' gsllwreo,) = 0, (4.17)

Vs €N  ys > qsv in Q. (4.18)

Since the sequence { A} G-converges to the operator A, the sequence {A; !¢} converges weakly to
the function v. This along with relations (4.15) and (4.17) implies that the sequences {ws} and {ys}
converge weakly to the function v. Therefore, by condition (A1), we have

D (ws) = P(v), Py(ys) = P(v). (4.19)

Since the function h is nondecreasing or nonincreasing, using relations (4.15)-(4.19), we find that
there exists a bounded sequence {zs} € H such that

125 — -As_lgsHWLP(QS) — 0, (4.20)
Dy(z5) = P(v), (4.21)
seN,zeQy = h(zs(x)) < h(v(z)). (4.22)
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Next, for every s € N, we define

ls = 2(7'5 + ’(IDS(QSw) - ‘b(ib)\ + ‘q)s(zs) - (I)(U)D

We recall that by assumption, 7, — 0. This along with relations (4.14) and (4.21) implies that
ts — 0. Therefore, there exists sy € N such that for every s € N, s > sg, we have t; < ¢. For every
s €N, s> sg, we define

c ts

c—l—tszs c—l—tsqs

Zg = . (4.23)
We also recall that by condition (As), there exists a bounded sequence {@s} € H such that for every
s €N, ps € Vy. For every s € N, s < 59, we define z; = @5. Thus, we have {z;} € H. In addition,
using relation (4.20), the convergence t; — 0, and the fact that the sequence {A;'gs} is bounded,
we find that |zs — A7 gsllwir(q,) — 0. Finally, we show that for every s € N, z, € V;. Let s € N.
Obviously, if s < sg, we have z; € V. Now, let s > s¢. Since the functional ®4 is convex, by (4.23),

we have
c

t
(I)s(zs) < C—{—ts(I)S(ZS) + ﬁ‘bs(q&p)'

Then, taking into account the definition of ¢, we obtain

ls
c+ts

ts
2

Dy (z5) < D (v) + O(Y) + = — 7. (4.24)

c+ts

We fix x € Qs \ (F' U E” U E"). Using the convexity of the function h, equality (4.23), and
implication (4.22), we find that

c ts
h
cro @)+

h(zs(x)) < h(y(x)). (4.25)

From (4.24) and (4.25), we deduce that

C(h(w(@) + D)) + —2

h S ¢S S <
(25(2)) + Ds(2) ctt, ct i

ts
(h(¥(2)) + (%)) + 5 — 7.
This along with (4.11)—(4.13) implies that

ts(c—ty)

h(zs(2)) + Ps(2s) < ps(x) — 20c+ts)

Hence, taking into account that ts < ¢, we get h(zs(x)) + ®s(2s) < @s(z). Thus, h(zs) + Ps(zs) < ps
a.e. in ;. Consequently, z; € V. Thus, for every s € N, z; € V;. This completes the proof of the
proposition. ]

Remark 1. We used earlier the above conditions on the mappings defining the sets V5 in the
study of the convergence of minimizers and minimum values of variational problems on these sets
(see our paper [20]).

5. Convergence of solutions of variational inequalities

In this section, we give the main result of the present paper on the convergence of solutions of
variational inequalities with the operators A and the constraint sets V.

We first note that if s € N and f € (WHP(€,))*, then there exists a unique function w € Vj
such that for every v € Vy, we have (A;w — f,w —v) < 0. This follows from the above properties of
the operators A and the sets V; and the known results on the solvability of variational inequalities
(see, e.g., [1, Chapter 2|).
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Theorem 1. Let A: WHP(Q) — (WLP(Q))* be an invertible operator, and assume that the
sequence {As} G-converges to the operator A. Let {fs} € H*, f € (WHP(Q))*, and let the
sequence {fs} converge strongly to the functional f. Finally, for every s € N, let us € Vy and

VoeVy (Asgus — fs,us —v) <O0. (5.1)

Then there exists a function u € V' such that the following assertions hold:

(a) VoeV (Au— f,u—wv) <0;
(b

the sequence {us} converges weakly to the function u;

(d) (Agug,us) = (Au,u);

(e) if {gs} € H* and the sequence {gs} converges strongly to the functional Au, then we have
s — A;193||W17P(Qs) — 0.

)
)
(c) the sequence {Asus} converges strongly to the functional Au;
)
)

Proof. The conclusion of the theorem follows from the above Propositions 2 and 3 and
Theorem 1.2 in [8] related to abstract operators with variable domain. However, for the convenience
of the reader, we expose the direct proof showing the role of Propositions 2 and 3 in the study of
the asymptotic behavior of the solutions us of variational inequalities (5.1).

First of all we note that since the sequence {fs} converges strongly to the functional f, the
sequence of norms || fs || (w1.»(q,))+ is bounded. This follows from Proposition 2.10 in [11]. In addition,
by condition (Ag), there exists a bounded sequence {ps} € H such that for every s € N, @5 € V.
Then by (5.1), for every s € N, we have (Agus — fs, us — @s) < 0. Using this fact, the boundedness
of the sequences of norms || fs||w1r(,))+ and [|@s|lw1r(,), and inequalities (3.11) and (3.12), we
find that the sequence {us} is bounded.

Next, we prove the following assertion:

(B) if uw € V, {s;} is an increasing sequence in N, and |us; — quuHLp(QSj) — 0, then for every
v eV, we have (Au — f,u—v) <0.

Let u € V, let {s;} be an increasing sequence in N, and let ||us, — gs,ullrr(q, ) — 0. We fix
J
a sequence {gs} € H* converging strongly to the functional Au and for every s € N, we define
vs = A; 1gs. By Proposition 3, there exists a sequence {zs} € H such that

25 = vsllwrr() = 0, (5.2)

VseN, z,€V. (5.3)

Since the sequence {As} G-converges to the operator A, the sequence {vs} converges weakly to the
function u. Hence, the sequence {v,} is bounded. Then by (5.2), the sequence {zs} is also bounded.
Using the boundedness of the sequences {vs} and {zs} along with relations (3.13) and (5.2), we find
that

[Aszs = gsll(w1p ()« — 0 (5.4)
This and the boundedness of the sequences {us} and {zs} imply that

(Aszs — gs,us — z5) — 0. (5.5)

In addition, taking into account that [lus; — gs,ullrr(q, ) — 0, the sequence {zs} converges weakly
J

to the function u, and the sequences {fs} and {gs} converge strongly to the functionals f and Au,
respectively, we obtain

(fs; = Gs;>us; — 2s;) — 0. (5.6)
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Obviously, for every s € N, we have
<Asus - AsZSaus - Zs> = <Asus - fSaus - Zs> + <fs — Gs, Us — Zs> + <gs - AsZSaus - Zs>-
This along with (5.1), (5.3), (5.5), and (5.6) implies that

limsup(As;us; — As;2s;, us; — 2s;) < 0.
j—00
Therefore, using (3.14) and the boundedness of the sequences {us} and {zs}, we establish that
|us; = 2s;lwir(o,.) — 0. Then by (3.13), we have
J

[Asjus; = As;2s L owrr @) = 0 (5.7)

Now, let v € V. Since the sequence {A;} G-converges to the operator A, by Proposition 3, there
exists a sequence {ys} € H converging weakly to the function v and such that for every s € N,
ys € Vs. Then by (5.1), we have

Vs e N (Asus — fs,us — ys) < 0. (5.8)

In addition, taking into account that [us; — gs,ullrr(q, ) — 0, the sequence {ys} converges weakly
J

to the function v, and the sequences {fs} and {gs} converge strongly to the functionals f and Au,
respectively, we get

<gSj - ijaU’Sj —y5j> - <'Au— fau_ U>' (59)

It is clear that for every s € N,

<gs - fSaus - ys> = <Asus - fSaus - ys> + <gs - ASZS7U’S - ys> + <-Aszs - -Asuéhus - ys>-

Hence, taking into account the boundedness of the sequences {us} and {ys} and using relations (5.4)
and (5.7)—(5.9), we deduce that (Au — f,u —v) < 0. Thus, assertion (B) is proved.

Next, since the sequence {us} is bounded, by Proposition 2.7 in [11], there exist an increasing
sequence {s;} C N and a function u € W'?(Q) such that |jus, — quuHLp(Qsj) — 0. Consequently, in

view of Proposition 2, we have u € V. Therefore, assertion (B) implies that
YoeV (Au— f,u—v) <0. (5.10)

Then reasoning by contradiction, we prove that the sequence {ug} converges weakly to the function w.
In so doing, along with (5.10), we again use the boundedness of the sequence {us}, Proposition 2,
and assertion (B). The strict monotonicity of the operator A is also taken into account.

Now, let {gs} € H*, and let the sequence {gs} converge strongly to the functional Au. By
Proposition 3, there exists a sequence {z,} € # such that ||z, — A7 gs[lwre,) — 0 and for every
s € N, zg € Vs. Arguing similarly as in the proof of assertion (B), we find that

| Aszs — QSH(WLP(QS))* — 0, (5.11)

Hus — ZSHWl,p(QS) — O, H.ASUS - .Aszs”(wl,p(ﬂs))* — 0. (512)

The strong convergence of the sequence {gs} to the functional Au, relation (5.11), and the second
relation in (5.12) imply that the sequence {Asus} converges strongly to the functional Au. Therefore,
taking into account that the sequence {us} converges weakly to the function u, we conclude that
(Asus, us) — (Au,u). Finally, from the convergence ||z5 — As_lgSHWl,p(Qs) — 0 and the first relation
in (5.12), we deduce that [Jus — A5 gsllwir,) = 0. This completes the proof of the theorem. [J
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6. Examples

First of all, we note that the fulfillment of conditions (C;)—(Cs) is discussed, for instance, in [21].
Some examples of the functions ags) satisfying conditions (3.1)—(3.6) are given in [11]. Therefore,
below we focus only on the examples where the conditions stated at the beginning of Section 4 are

satisfied.

Example 1. Let h: R — R be the function such that for every t € R, h(t) = t. Obviously, the
function h is convex and increasing. Let ¢: €2 — R be a function, and assume that there exists a
function @ € WHP(Q) such that @ < ¢ a.e. in Q. For every s € N, let a: 2 — R be a nonnegative
function. Now, for every s € N, we define ¢, = (¢ + as)|q,. It is clear that the functions g
satisfy condition (4.2) with 75 = 0 for every s € N. Next, let ® be the zero functional on W!?(Q),
and for every s € N, let @, be the zero functional on W1P(€,). Obviously, the functionals ®, are
continuous and convex. In addition, the functionals ®, and ® satisfy condition (A;). Moreover,
defining ) = ¢ —1 and ¢ = 1, we find that h(y)) + ®(¢)) < ¢ —c a.e. in Q. Therefore, the functions h
and ¢ and the functional ® satisfy condition (As). Finally, for every s € N, we define @5 = ¢5¢.
Then {@s} € H, the sequence {@s} is bounded, and for every s € N, we have h(@s) + Ps(@s) < s
a.e. in Q. Therefore, the functions h and ¢, and the functionals ® satisfy condition (As). Thus, if
as — 0 a.e. in §2, then all the conditions stated at the beginning of Section 4 are satisfied. As seen,
for the functions and functionals considered in this example, the sets Vs and V take the form

Ve={v e W"P(Q,):v <, ae. in Q}, V={weW"(Q):v<p ae in Q}.

Example 2. Let h: R — R be the function such that for every ¢t € R, h(t) = —t. Obviously,
the function h is convex and decreasing. Let ¢, @, ag, @5, ©, and $4 be the same as in Example 1.
Defining ¢ = —¢+1 and ¢ = 1, we find that h(¢))+®(¢) < p—c a.e. in Q. Therefore, the functions h
and ¢ and the functional ® satisfy condition (As). Now, for every s € N, we define ¢, = —q,p.
Then {@s} € H, the sequence {@s} is bounded, and for every s € N, we have h(@s) + Ps(@s) < s
a.e. in Q. Therefore, the functions h and ¢, and the functionals @ satisfy condition (As). Thus, if
as — 0 a.e. in §2, then all the conditions stated at the beginning of Section 4 are satisfied. As seen,
for the functions and functionals considered in this example, the sets V and V take the form

Ve={v e W"P(Q,):v+¢ps>0ac in Q}, V={veW(Q):v+¢>0 ae in Q}.

Example 3. Let h: R — R be the zero function. Let ¢ > 0, and let ¢: 2 — R be a function
such that ¢ > c a.e. in §). For every s € N, let as: 2 — R be a nonnegative function. We assume
that as — 0 a.e. in Q, i.e., we require that condition (4.1) is satisfied. Now, for every s € N, we
define s = (¢ + as)|q,. It is clear that the functions ¢, satisfy condition (4.2) with 75 = 0 for every
s € N. Next, for every s € N, let ®,: WP(Q,) — R be the functional such that for every function

v € WP(Qy), ®4(v) = / [vP dz. Tt is easy to see that for every s € N, the functional ®4 is
Q

continuous and convex. In order to deal with the limit functional for the sequence {®4}, we assume
that the following condition is satisfied:

() there exists a nonnegative bounded measurable function b on  such that for every open

cube @ C 2, we have meas(Q N Q) — / bdzx.
Q

By this condition, we have

Vo € LY(Q) ‘/vdx—>!¢v¢u (6.1)

Qs
Now, let ®: WP(Q2) — R be the functional such that

Yo € WP(Q) ym:/m%m
Q
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By (6.1), the functionals ®4 and ® satisfy condition (A;). Next, let ¢): @ — R be the zero function.
Taking into account that ¢ > ¢ a.e. in Q, we find that h(¢)) + ®(¢) < ¢ — ¢ a.e. in Q. Therefore,
the functions h and ¢ and the functional ® satisfy condition (As). Finally, for every s € N, let
s 25 — R be the zero function. Then {@s} € H, the sequence {@;} is bounded, and for every s € N,
we have h(@s) + @s(@s) < s a.e. in Q. Therefore, the functions h and s and the functionals @
satisfy condition (Ag). Thus, all the conditions stated at the beginning of Section 4 are satisfied. As
seen, for the functions and functionals considered in this example, the sets Vi and V take the form

Vs = {v e Whr(Q,) : / |v|Pdx < @g a.e. in QS},
Qs

V= {v e WhP(Q) : /b]v]p dr < ¢ a.e. in Q}

Example 4. Let h: R — R be the function such that for every ¢t € R, h(t) =t. Let ¢: Q - R
be a nonnegative function, and let as, s, and @4 be the same as in Example 3. We assume that
condition (x) stated in Example 3 is satisfied, and let ® be the same functional as in Example 3.
As mentioned above, the functionals ®5 and ® satisfy condition (A;). Next, we fix ¢ > 0 such that

! /bdaz <27P, (6.2)
Q

and let ©:  — R be the function such that for every x € Q, ¥(x) = —2¢. Using (6.2), we find
that h(y)) + ®(¢0) < ¢ — ¢ in Q. Therefore, the functions h and ¢ and the functional ® satisfy
condition (Ag). Finally, for every s € N, let ¢5: 5 — R be the zero function. Then {@s} € H, the
sequence {@,} is bounded, and for every s € N, we have h(@s) + P5(@s) < s in Q4. Therefore, the
functions h and ¢s and the functionals ®g satisfy condition (Ag). Thus, all the conditions stated
at the beginning of Section 4 are satisfied. As seen, for the functions and functionals considered in
this example, the sets Vs and V' take the form

V, = {v c Whr(Qy) : v—l—/|v|pd:n < ps a.e. in QS},
Qs

V= {v cWhP(Q) v+ /b|v|pd:v < p ae. in Q}

Example 5. Let h: R — R be the function such that for every ¢ € R, h(t) = —t. Let ¢: Q@ - R
be a nonnegative function, and let as, s, and ®¢ be the same as in Example 3. We assume that
condition (x) stated in Example 3 is satisfied, and let ® be the same functional as in Example 3.
As mentioned above, the functionals ®¢ and ® satisfy condition (A1). Next, we fix ¢ > 0 satisfying
inequality (6.2), and let ¢): 2 — R be the function such that for every z € Q, ¢(x) = 2¢. Using (6.2),
we find that h(¢)+ ®(¢) < ¢ —cin Q. Therefore, the functions h and ¢ and the functional ® satisfy
condition (Ag). Finally, for every s € N, let ¢5: 5 — R be the zero function. Then {¢s} € H, the
sequence {@,} is bounded, and for every s € N, we have h(@s) + P(@s) < s in Q4. Therefore, the
functions h and ¢s and the functionals ®g satisfy condition (Ag). Thus, all the conditions stated
at the beginning of Section 4 are satisfied. As seen, for the functions and functionals considered in
this example, the sets Vs and V take the form

V, = {v e WP(Q,) tv+ s > /|v|pd:v a.e. in QS},
Qs

V= {v ceWhP(Q):v+p> /b]v]p dr a.e.in Q}
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Example 6. Let h: R — R be the function such that for every t € R, h(t) = e'. Obviously,
the function h is convex and increasing. Let ¢ > 1, and let ¢: 2 — R be a function such that ¢ > ¢
a.e. in 2. In addition, let oy, @5, and @4 be the same as in Example 3. We assume that condition (x)
stated in Example 3 is satisfied, and let ® be the same functional as in Example 3. As mentioned
above, the functionals ®; and @ satisfy condition (A;). Next, we define ¢ = ¢—1, and let ¢p: @ — R
be the zero function. It is easy to see that h(¢) + ®(1)) < ¢ — c a.e. in Q. Therefore, the functions h
and ¢ and the functional ® satisfy condition (Ag). Finally, for every s € N, let @5: Q5 — R be
the zero function. Then {ps} € H, the sequence {ps} is bounded, and for every s € N, we have
h@s) + Ps(@s) < ps a.e. in Q. Therefore, the functions h and ¢, and the functionals @ satisfy
condition (As). Thus, all the conditions stated at the beginning of Section 4 are satisfied. As seen,
for the functions and functionals considered in this example, the sets V and V take the form

V, = {v c WhP(Q,) : e’ + / [P dr < @5 a.e. in Qs},
Qs

V= {v cWhP(Q) :ev —|—/b|v|pd:v < p ae. in Q}

Example 7. Let h: R — R be the function such that for every t € R, h(t) = —t. Let ¢: @ - R
be the zero function, and for every s € N, let ps: Qs — R be the zero function. Let {®4} € H*,
and let ® € (WP(Q))*. We assume that the sequence {®4} converges strongly to the functional ®.
Obviously, the functionals ®, and ® satisfy condition (A;). Next, let ¢)p: € — R be the function
such that for every = € €, ¥g(z) = 1. It is clear that 1o € WP (). We assume that (®, 1) # 1. If
(®,10) < 1, then setting ) = g and ¢ = 1 — (P, 1)), we obtain the equality h(y)) + ®(¢) = ¢ — c.
We get the same equality also in the case (®,1y) > 1 by setting ¢y = —1)g and ¢ = (P, 1) — 1.
Therefore, the functions h and ¢ and the functional ® satisfy condition (Ag). Finally, for every
s €N, let g5: Qs — R be the zero function. Then {@,} € H, the sequence {@;} is bounded, and for
every s € N, we have h(@s) + ®s(@s) = @s. Therefore, the functions h and ¢, and the functionals @
satisfy condition (Ag). Thus, all the conditions stated at the beginning of Section 4 are satisfied. As
seen, for the functions and functionals considered in this example, the sets Vi and V take the form

Vi={veW"(Q,) v > (®,,0) ae in O}, V={veWPQ):v>(®v) ac in Q}.
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