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Abstract. We consider a mixed hemivariational-variational problem, i.e., a system which gathers
a hemivariational inequality with a constrained variational inequality. We list the assumptions on
the data and prove the existence of a unique solution to the problem. Subsequently, we prove the
continuous dependence of the solution with respect to the data. Then, we deduce a criterion of
convergence to the solution of the mixed hemivariational-variational inequality, i.e., we formulate
necessary and sufficient conditions which guarantee the convergence of a sequence to the unique
solution of the system. The proof of our results is based on the particular structure of the problem
which allows us to employ a fixed point argument. Finally, we provide two examples which illustrate
our abstract results.
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1. INTRODUCTION

Mixed variational problems represent a class of problems with a convex structure
which arise in the analysis of a large number of nonlinear boundary value problems
with constraints. The major ingredient in their structure consists to introduce a new
variable, the Lagrange multiplier, associated to the set of constraints. Existence and
uniqueness results can be found in [5, 8, 9, 11, 13, 26], for instance. References on their
numerical treatment include [1, 12, 14, 15]. As it follows from these references, the
numerical treatment of nonlinear problems based on mixed variational formulations is
efficient and accurate. This explains why such formulations are widely used in Solid
and Contact Mechanics as well as in various Engineering Applications.

Currently, there is an increasing interest in the study of mixed hemivariational-
variational problems, i.e., problems which couple a hemivariational inequality with a
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variational inequality. Such kind of problems are formulated by using the Clarke ge-
neralized derivative of a locally Lipschitz function and, consequently, they have both
a convex and nonconvex structure. Abstract results and examples arising in Contact
Mechanics can be found in [2, 17, 19]. For recent results in the related field we also
refer the reader to [16, 20, 21, 32, 31].

In the current paper we study the well-posedness of a mixed hemivariational-varia-
tional problem with a perturbed term, the hemivariational inequality being governed
by a strongly monotone Lipschitz continuous operator. The functional framework
is the following. First, X, Y and Z are real Hilbert spaces endowed with the inner
products (-,)x, (-,-)y and (+,-)z, and the associated norms | - || x, || - ||y and || - ||z,
respectively. We denote by K; x K3 the product of the sets K; and K5 and X x Y
will represent the product space endowed with the canonical inner product. A typical
element of X x Y will be denoted by (u, A\) and, moreover, Ox, Oy represent the zero
elements of X and Y, respectively. In addition, we use the notation £(X,Y") for the
space of linear continuous operators defined on X with values in Z, equipped with
the canonical norm || - [ £(x,z)-

The problem data are the operators A : X — X, G : X — Z, the bilinear forms
b: XxY —>Randc:Y xY — R, the function J : Z — R, the set A C Y and the
element f € X. We use the notation J%(u;v) for the generalized derivative of J in
the point u € Z in the direction v € Z, when J is locally Lipschitz. Then, the mixed
hemivariational-variational problem we consider consists of the following system.

Problem P. Find (u,A) € X x A such that
(Au,v —u)x +b(v —u,\) + J°(Gu; Gv — Gu) > (f,v —u)x, Yo € X, (1.1)
blu, pp — A) — e(p, 1) + (A A) <0 YpeA (1.2)

Note that Problem P can be seen as a generalization of the mixed variational
problem

a(u,v) +b(v,\) = (f,v)x VveX, (1.3)
b(u, ) — t2e(A\, ) =0 YueA. (1.4)

in which ¢ > 0 is a given parameter. The system (1.3)—(1.4) represents a saddle point
problem with penalty term which can be encountered in the study of elastic plates.
Details on this topic can be found in [4, p.131-132] and [3, p.137-138].

Our aim in this paper is threefold. The first one is to provide sufficient conditions
which guarantee the unique solvability of Problem P. The second one is to prove the
continuous dependence of the solution with respect to the data. The third one is to
introduce a general criterion of convergence to the solution. Besides the novelty of
the results we present in this paper, we underline that the analysis we provide here
is carried out by using as crucial ingredient the fixed-point structure of Problem P.
The results we present in this paper find applications in the study of boundary value
problems which, in a variational formulation, lead to such kind of mixed problems.

The rest of the paper is structured as follows. In Section 2 we introduce some
preliminary material that we need in the next sections. In Section 3 we state and
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prove our main existence and uniqueness result, Theorem 3.1. The proof is based on
a recent result in [18] combined with a fixed point argument. In Section 4 we use the
fixed point structure of the Problem P in order to prove a convergence result, Theorem
4.1. In Section 5 we provide a criterion of convergence to the solution of Problem
P, Theorem 5.1. Finally, in Section 6 we provide two examples which illustrate the
abstract results provided by Theorems 3.1-5.1.

2. PRELIMINARIES

We now recall some notation and preliminary results which will be used in the
rest of the manuscript. For simplicity we restrict ourselves to the Hilbertian case.
Therefore, below in this section we assume that (H,(-,-)g, || - |z) is a real Hilbert
space.

Definition 2.1. An operator A : H — H is said to be strongly monotone if there
exists my > 0 such that

(Au— Av,u —v)g > mallu—v||% Yu,v € H. (2.1)
The operator A is Lipschitz continuous if there exists L4 > 0 such that
|Au — Av||lg < Lallu —v||g VYu,v € H. (2.2)

The following result will be used in Section 3 of this paper.

Lemma 2.2. Let A: H — H be a strongly monotone Lipschitz continuous operator
with constants m4 and La and let p > 0. Then:

a) the operator A is invertible and its inverse A=Y : H — H is strongly monotone

Lipschitz continuous with constant m-1 = 5+ and Ly = o
A

b) the operator B, : H — H defined by B,u = u — pAu for all u € H satisfies the

inequality

Bour — Bpus|ln < k(p)llur —uzllp ¥V ur, up € H
with k(p) = (1 — 2pma + p>L3)z. Moreover, if p € (O zm“) then 0 < k(p) < 1 and,

7Li1

therefore, B, is a contraction on H.

The proof of Lemma 2.2 a) can be found in [28, p. 23]. The proof of Lemma 2.2 b)
follows from arguments identical to those used on [28, p. 22] and, therefore, we skip
it.

Definition 2.3. A function j: H — R is said to be locally Lipschitz if for any x € H
there exist a neighborhood of x, U, and a constant L, such that

J(u) = ()| < Lallu — vl Vu,v € Us.
The Clarke directional derivative of the locally Lipschitz function j : H — R at the
point uw € H in the direction v € H is defined by
, \o) — i
§%(u;v) = limsup Jw+Av) = j(w) .
w—u, A0 A
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Moreover, the generalized gradient (Clarke subdifferential) of j at u is the subset of
H given by
dj(u) ={¢e H : j%uv)> (&v)y VYve HY. (2.3)

Recall also that if j is Lipschitz continuous of rank L; > 0 then
170 (u;v)| < Lol Vu, v e H. (2.4)
For details on this topic see, e.g., [6, 22, 23, 24, 25, 29].

Given p > 0 we now consider the following particular case of the mixed
hemivariational-variational problem (1.1)—(1.2).

Problem P°. Find (u,\) € X x A such that
(u, v —u)x + pb(v — u, \) + pJ°(Gu; Gv — Gu) > (g,v —u)x, Vv € X,(2.5)

blu, o —A) — e(p, p) + (A, A) <0 Ve A. (2.6)
In the study of this problem we introduce the following assumptions.

H() b:X xY — R is a bilinear form such that
there exist M, > 0 and a > 0:

(a) [b(v, )| < Mpllvllxlplly — Voe X, peY;

(2.7)
nf sup M > ap.

(b) i >
HEYuA0y vexvzox ||Vllx(lplly

H(c) ¢:Y xY — R is a symmetric, continuous and Y-elliptic bilinear form.

H(J) J:Z — R is a Lipschitz continuous function of rank L; > 0 and
there exists mj > 0 sucht that

JO(Ul;”UQ —v1)+ JO(uQ;vl —v9) <my|lur — usllx||v1 — v2|lx, (2.8)

Vul, Uz, V1, Vg € X.

H(G) G:X — Zis alinear compact operator, i.e.,
U, ~uin X asn - oo — Gu, — Guin Z as n — oo.

H(sr) pms|GlZx 2 <1

H(A) Ais a closed convex subset of Y such that Oy € A.
H(g) geX.

The following result represents a version of Theorem 7 recently proved in [18].
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Proposition 2.4. Assume H(b), H(c), H(J), H(G), H(sr), H(A) and H(g). Then
Problem P° has a unique solution (u,\) € X x A.

The proof of this proposition is based on a number of preliminary results of convex
analysis combined with the properties of the subdifferential in the sense of Clarke, a
crucial tool being a fixed point theorem for set-valued mappings, see [30].

Proposition 2.4 allows us to introduce the operators @ : X — X and R: X — A
defined as follows:

u=Qg, A=Rg <= (u,\) is the solution to Problem P° (2.9)

for any g € X. Note that Problem P as well as its solution depend on the parameter
p > 0. Therefore, the operators Q and R depend on p, too. Nevertheless, for sim-
plicity, since no confusion arises, we do not mention this dependence. The properties
of these operators will play a crucial role in the analysis of Problem P we shall carry
out in the next two sections.

3. AN EXISTENCE AND UNIQUENESS RESULT

In this section we provide the unique solvability of the hemivariational-variational
problem P. To this end, besides the assumptions already introduced in Section 2,
we consider the following assumptions on the operator A, the function J and the
element f.

H(A) A is astrongly monotone Lipschitz continuous operator with constants
ma > 0and L > 0, i.e., it satisfies inequalities (2.1) and (2.2) with H = X.

H(J)1 There exists ;>0 such that
J°(Guy; Gw) + J°(Gua; —Gw) < By |lur — uz|| x|lw|x Vup, ug, w e X.  (3.1)

H(s) mJHGH?C(X,Z) <may.

H(f) feX.

Note that below in this paper we need the inequality
J%(Gu1; Gy — Guy) + J°(Gug; Guy — Gug) < mJ||G||i(X7Z) lvr — v2||% (3.2)
Vo, ve € X,
with some my > 0 which satisfies the smallness assumption H(s). Assume that

condition (3.1) is satisfied. Then it follows that (3.2) holds with m; = 22 and,

<l
in this case, H(s) implies that 8; < ma. Nevertheless, some elementar; (é;;)mples
can be considered in which inequalities (2.8) and (3.1) hold with mJ||G||2£(X72) < py.
For this reason, to recover the case when mJHGH%(XVZ) < mu < fBj, below in this
paper we consider conditions (2.8) and (3.1) separately.

Our main result in this section is the following.
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Theorem 3.1. Assume H(A), H(b), H(c), H(J), H(G), H(J)1, H(A), H(s) and
H(f). Then, Problem P has a unique solution (u, ) € X x A.

to be determined later and, besides

Proof. We fix p > 0 such that p < W
. L(X,2)

the operators Q and R introduced in Section 2, we consider the operators S, T and
U defined as follows:

S: X=X, Su=pf—-pAu+u VuelX, (3.3)
T:X = A, Tu=Q(Su) Vue X, (3.4)
W:X—=A, Wu= R(Su) Vue X. (3.5)

Note that these operators depend on p. Nevertheless, for simplicity, in this section
we do not mention this dependence. We now proceed in three steps, as follows.

Step i) We prove that the following equivalence holds:
(u,A\) € X x A is a solution to Problem P <= wu=Tuand A=Wu. (3.6)

Indeed, using (1.1)—(1.2), (2.5)—(2.6) and the definitions (2.9), (3.3)-(3.5) it is easy
to see that the following equivalences hold.

(u,\) € X x A is a solution to Problem P

(u,v —u)x + pb(v — u, ) + pJ°(Gu; Gv — Gu)
— > (pf — pAu+u,v—u)x VYoveX,

b(uaﬂ—)\)—c(ﬂaﬂ)+c(>\,>\)§0 V:U'GA
= u=Q(pf—pAutu), A=R(pf—pAu+u)
<~ u=Q(Su), A= R(Su)

— u=Tu, I=Wu.
It follows from here that the statement (3.6) holds.

Step ii) We now prove the following inequalities concerning the operators @ and R:

Qg1 — Qgallx < T g1 — g2llx Vagi,g2€ X (3.7)

*PmJHG”%(XyZ)

2+ p(By — mJ”GH%(X,Z))

|Rg1 — Rga|ly <
pay(1 = pmy|GlZ x 2)

g1 — g2llx ¥V g1, g2 € X. (3.8)

These inequalities are necessary to study the existence of a unique fixed point of the
operator T, suggested by equality w = Tw in (3.6). Their proof is as follows. Let
g1, g2 € X and, for simplicity, denote

u =Qg1, u2=0Qg2, A =Rg, I =Rg. (3.9)
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Then, using the definition (2.9) we deduce that
(ur,v—1u1)x + pb(v—u1, A1) + pJ°(Gui; Gv—Guy) > (g1, v—uy)x Vv € X, (3.10)

blug, pp— A1) — c(py p) + e(A1, A1) <0 YueAl (3.11)
and, moreover,

(ug,v—u2)x + pb(v—uz, A2) + pJ°(Gua; Gv—Guz) > (g2,v—u2)x Vv € X, (3.12)

blug, b — A2) — e(p, 1) + c(A2, A2) <0 Ve A (3.13)

We now take v = ug in (3.10), then v = u; in (3.12) and add the resulting inequalities
to find that

[ur — w5 < pb(uz —ur, A = Az)
+pJ(Guy; Gug — Guy) + pJ°(Gua; Guy — Gua) + (91 — g2, u1 — u2) x-
Next, we use inequality (3.2) to deduce that
(L= pmyllGlIZx,z)) lur =2l < pb(uz—ur, At —X2) +[lg1 —gallx[lur —uz||x. (3.14)

On the other hand, we take p = Ag in (3.11), then g = Ay in (3.13) and add the
resulting inequalities to find that

b(UQ — Ui, )\1 — )\2) S 0. (315)
We now combine inequalities (3.14) and (3.15) to deduce that
(1= pmgl|GlIZx, 2 lur = ualx < llgr = gallx-

As1-— pmJ||G||%(XVZ) > 0, we immediately get (3.7).
Consider now an arbitrary element w € X, w # 0x. We take v = u1 +w in (3.10),
then v = uy — w in (3.12) and add the resulting inequalities to find that

pb(w, Ay — A1) < (uy — ug, w)x + (g1 — go, w)x + pJ°(Guy; Gw) + pJ°(Gua; —Gw).
Then, using assumption H(J); yields

pblaw do — M) < [(1+ Bl — wallx +llgr — gollx ]l (3.16)
Assume now that A1 # Ag. Then inequality (3.16) implies that
b(w7 )\2 — )\1) [ 1
< |1+ uy — uz|x + |lg1 — }7
p H'LUHXH)\l — /\QHY ( pﬁ])” 1 2||X ||gl gQHX H>\1 — /\QHY
and, using assumption (2.7)(b) we find that
1
M= el < = [+ p8) s~ wallx + lor = g2llx ] (3.17)

Note that, obviously, this inequality holds even in the case when A\; = A\2. We now use
(3.17), equalities (3.9) and inequality (3.7) to deduce that (3.8) holds, which concludes
the proof of this step.

Step i) We prove that, with a convenient choice of p, the operator T : X — X s
a contraction. Indeed, assume that ui, us € X and recall the definition (3.4) which
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shows that Tu; = Q(Su1) and Tus = Q(Sug). Then, using inequality (3.7) with
g1 = Su; and go = Suy we find that

T = Tusllx = |Q(Sur) ~ Q(Sua)llx < g———

pmJ||G||2£(X7Z)

||SU1 — SUQHX

and, therefore, (3.3) yields
1
PmJ”GH%(Xz)

ITur = Tuallx < 1— [[(u1 = pAur) — (u2 — pAuz)]|x.

We now use assumption H(A) and Lemma 2.2 to deduce that

k(p)

l[ur — uallx (3.18)
PmJHGHi(X,Z)

HTU1 — TU2||X S 1_

where, recall, k(p) = (1 — 2pm 4 + p2L%)2.
Consider now the real valued function F' given by
1
F(p) = k(p) + pms||GllZ(x,z) = (1 = 2oma + p*L%) % + pmy |Gl 2 (x 2,
for all p € (0, W) Then, using the smallness assumption H(s) we deduce
. L(X,2)
that F'(0) = mJ||GH%(X 7) — ma < 0. This implies that I is strictly decreasing in
a neighborhood of the origin and, since F(0) = 1, we deduce that for p > 0 small

enough we can assume that F(p) < 1. We now use inequality (3.18) to see that for
such p the operator T is a contraction, as claimed.

Step w) Existence and uniqueness. We use Step iii) to chose p such that the operator
T is a contraction on X. Then, the Banach contraction principle implies that there
exists a unique element u € X such that v = Tu. We now define A = Wu and
use (3.6) to see that the pair (u, ) is a solution to Problem P. This concludes the
existence part of the theorem. The uniqueness part is a direct consequence of the
equivalence (3.6) and the uniqueness of the fixed point of the operator T'. O

4. A CONTINUOUS DEPENDENCE RESULT

In this section we study the continuous dependence of the solution of Problem P
with respect to the data A, b, ¢ and f. To this end, we assume in what follows that
H(A), H(b), H(c), H(J), H(G), H(J)1, H(A), H(s) and H(f) hold and we consider
the sequences {A4,}, {b.}, {cn} and {f,} such that, for each n € N, the following
conditions hold.

H(A,) A,:X — X is a strongly monotone Lipschitz continuous operator
with positive constants m,, and L,,.

H(b,) b,:X xY — R is a bilinear form which satisfies condition (2.7)
with positive constants «,, and M,,.

H(en) ¢n:Y xY = R is a symmetric, continuous and Y-elliptic bilinear form.
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2
H(sn) myllGllzx,z) <

H(fn) fne€X.

Then, using Theorem 3.1 it follows that for each n € N there exists a unique
solution to the following problem.

Problem P,,. Find (u,, \n,) € X X A such that
(Aptn, v = Up) x + by (V= Uy An) + T2 (Giy; Gv — Gg) > (fryv —un)x Vo € X,
by (Uns o — M) — cn(p, 1) + cn(An, An) <0 VueA.

Consider now the following additional assumptions.

Apv — Av forallve X, as n— oo. (4.1)
There exist mg, Lo > 0 such that mg <m,, <L, <Ly YVneN. (4.2)
There exists ag > 0 such that oy < «,, Vn €N. (4.3)

For each n € N there exists d,, > 0 such that
(@) [bn(u, A) = blu, A)| < dpllullx||A]ly forallu e X, A €Y. (4.4)

(b) d, -0 as n — oo.

For each n € N there exists 8,, > 0 such that
(@) Jen(ps A) = e, A < Onllplly IAly - for all u, A €Y. (4.5)

(b) 6, -0 as n — occ.

fo—f In X. (4.6)
Our main result in this section is the following.

Theorem 4.1. Assume H(A), H(b), H(c), H(J), H(G), H(J)1, H(A), H(s) and
H(f) and, for each n € N assume H(Ay), H(by), H(cyn), H(sn) and H(f,). More-
over, assume that (4.1)—(4.6) hold. Then, the solution (un,\,) of Problem P, con-
verges to the solution (u, \) of Problem P, i.e.,

u, > u in X, as n — oo. (4.7)

An = A InY, as n — oo. (4.8)

Proof. The proof is split into four steps, as follows.

Step i) Preliminaries. Let n € N, p € (O7 %) and denote by Problem 2
mJHGHE(sz) n

the problem obtained replacing in Problem P the bilinear forms b and ¢ by the forms
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b, and c¢,, respectively. It follows from Proposition 2.4 that we are in a position to
introduce the operators @, : X — X and R, : X — A defined by the equivalence
below.

u=Qn9, A=R,g <= (u,)) is the solution to Problem P (4.9)
for any g € X. Consider also the operators S,,, T;,, and W,, defined as follows
Sn: X =X, Spu=pf,—pAiu+u Vue X, (4.10)
To: X =X, Thyu=Q,(S,u) Vu€ X, (4.11)
Wp: X — A, Wyu=R,(Syu) Vue X.
Then, it follows from the proof of Step i) in Theorem 3.1 that
Up = Thun = Qn(Spuyn) and A, = Wyhu, = Ry, (Spuy).

Moreover, inequalities (3.7) and (3.8) combined with assumption (4.3) imply that

|Qng1 — Qnazllx < 7 lgr — 92|l x Vg1, 92 €X, (4.12)

_pmJHGlli(xz)

24 p(Bs — mJHG”QL(xz))

||91 _ngX Y g1, g2 € X. (4.13)
pao(1 _pmJHG”%(X’Z))

”Rngl - Rng2||Y S

Let m = min{mo,ma}, L = max{Lo, La} and let k(p) = (1 — 2pm + p2L?)3.
Then, it follows from H(A), H(A,,) and (4.2) that the operators A,, and A are strongly
monotone and Lipschitz continuous with constants m and L. In other words, we may
assume that the constants of strong monotonicity and Lipschitz continuity of the
operators A, and A are the same, and are denoted by m and L, respectively. This
property combined with (3.4), (3.7) and Lemma 2.2 shows that

k(p)
pmJ”G”%()(z)

HTul—TUQH)(S 11— ||U1_U2HX VU1,UQEX.

A similar argument based on (4.11) and (4.12) yields

k(p)
- pmJHGngg(xz)

IThur — Thus|x < 1 lur —usllx  Vui, us € X.

As a consequence, a careful analysis of the proof of Step iii) in Theorem 3.1 shows
that we can choose a positive real pg € (O, %) such that the operators T’
7"JHGHE(XY2)

and T,, are contractions with the same constant ko € [0,1), which does not depend
on n. Therefore,

[Thur — Thusllx < kollur —uzllx, [1Tu1 — Tuz||x < kollur — uz||x (4.14)

for all uy, us € X.
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Step ii) We prove that for each g € X the following convergences hold.
Qng— Qg in X, as n— oo, (4.15)
R,g— Rg inY, as n — oo. (4.16)
Let g € X and, for simplicity, denote
Wy =Q@ng, w=0Qg, 0,=R,g, 0=Rg. (4.17)
Then, using the definition (2.9) and (4.9) we deduce that
(w,v — w)x + pb(v — w, ) + pJ°(Gw; Gv — Gw) > (g,v —w)x Yve X, (4.18)

b(w, pp — &) —e(p, 1) +¢(6,6) <0 VpeA (4.19)
and
(W, v — W) x + Pbp (v — Wn, 6p) + pJ(Gwn; Gv — Gwy,) > (g,v —wy)x  (4.20)
Vove X,
by, (W, o — 0p) — cn(y po) + € (00, 65) <0 Yu €A (4.21)

We now take v = w in (4.20), then v = w,, in (4.18) and add the resulting inequal-
ities to find that

lwn = wl% < pb(wn —w,8) + pby(w — wy, ;)
+pJ°(Gw,; Gw — Gwy,) + pJ°(Gw; Gw,, — Gw).
Next, we use (3.2) to deduce that
(1= pms |G ez wm — wlk < pblwn — w,8) + pbu(w — wa8). (4:22)
On the other hand, since
b(wyn —w,8) + by (W — Wy, 6,) = b(wy, — w, 0 — 0,) + b(wy, — w, 8p,) + by (W — Wy, I ),
using (4.4), we get
b(wyn, —w,8) + by (w — Wy, 6) < 0w, —w, 6 — 6,) + dpllwn — w|| x||0n]ly.  (4.23)
Consequently, (4.22) and (4.23) yield
(1= o G 2 )l —wle < b — 0.6~ 8,) + p 0, — w13y (4.24)

Next, we take y = ¢ in (4.21), then p = §,, in (4.19) and add the resulting inequalities
to find that

b(w, 8y, — 8) + bp(wp, 6 — 6,) < c(6n, 0n) — ¢(8,8) + 1 (6,8) — (0, 6.
Therefore,
b(w — Wy, 6 — §) < by (wp, 0, — 8) — b(wp, 6, — 0)
+¢(6ny 0n) — (0,8) + ¢, (0,8) — (O, ).
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Using again (4.4) we can write
b(w — wn, 6p — 0) < dpllwn|x[|6n — dlly
+¢(0n,0n) — ¢(0,0) + ¢ (9,0) — 1 (6, 0n)-
As
c(0p,05) — c(8,9) + ¢, (8,0) — ¢ (0n, 0,)
= c(0n,0n — 6) — ¢ (0p, 65 — ) + (65, — 9,0) — cn(0n — 6,9),
using assumption (4.5) we deduce that
¢(0n,0n) = €(8,0) + €n(8,0) = cn(0n, 0n) < On([[Onlly + 1[0l ) 100 — Iy (4.25)
We now combine inequalities (4.24)—(4.25) to deduce that

(1= pml|GI: (.2l = wll < pdullewn x5, — Slly

+p0r (10nlly + 16]ly) 167 = 6lly + pdnllwn — wllx 1]y
and, therefore,

(1= pmsl|GlIZx,2))llwn = wllX < pdnllwnllx (16ally + l16]ly) — (4.26)

2
+00n ([8nlly + 1181ly) ™ + pn ([lwnllx + l[wllx)10n]ly-

Note that the sequences {w,} C X and {d,} C A are bounded. Indeed, to prove this
statement we fix n € N. We set p = Oy in (4.21) to find that

by (Wp, —0,) <0 (4.27)
Next, we set v = 0x in (4.20) and use (4.27), (2.4) to deduce that
lwalli < pJ*(Gwn; —=Gwy) + (9, wn)x < pLylIGllecx,z)llwallx + gl xlwall x.

As a result, we have

lwnllx < pLyllGlleexz) + llgllx- (4.28)
Moreover, using (4.20) with v = w,, — ﬁ where w is an arbitrary element of X
such that w # 0x, we find that
b (w, 0y) w 0 w n
= S —(wn, =) + p S (Gun; =G =) + (9, =7 ) x-
[wllx [wllx [[wllx [wllx

Consequently, (4.3) and (2.4) imply that
pan |[0nlly < llwallx +p L Glleexz) + llgllx-
Using now (4.28) and (4.3) we deduce that
2
10nlly < ——(p L |Glleix,2) + llgllx)- (4.29)
P Qo

Inequalities (4.28) and (4.29) show that the sequences {w,,} and {d,,} are bounded in
X and Y, respectively, as claimed. Therefore, using (4.26) and assumptions H (sr),
(4.4) (b) and (4.5) (b) we find that

w, > w in X, as n — oo. (4.30)
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Consider now an arbitrary element w € X, w # 0x. We take v = w 4+ w in (4.18),
then v = wy, — @ in (4.20), add the resulting inequalities and use H(J); to find that

pba(@,8) — p(T,8) < (w0 — wn, B)x + p iy 1w — wn|x | T x-
Hence,
pb(w,d, — ) < pb(w, ) — pby(w,d,)
Fllw = wallxllwllx + p B lw = wallx[lwllx,
and, keeping in mind H () (b) and (4.4), we get
9 160 = 8lly < pdu lGnlly + (9 By + llw — wallx.

We now use (4.29), (4.4) (b), and (4.30) to obtain that

op =6 in Y, as n — oo. (4.31)

Finally, we use notation (4.17) and the convergences (4.30), (4.31) to deduce (4.15)
and (4.16), respectively.

Step i1i) We prove the convergence (4.7). Let n € N. We use equalities u,, = T,up,
and v = Tu to deduce that

un —ullx = [[Taun — Tulx < |Thun — Toullx + [[Thu — Tul|x,
and, using (4.14) we find that
[un = ullx < ko llun —ullx + [[Tou = Tul x.

Equivalently,

lun —ullx < IThu — Tu| x. (4.32)

1
1—ko
Next, using (4.11) and (3.4) yields

[Thu = Tullx < [|@n(Snu) — Qn(Su)|x +[[Qn(Su) — Q(Su)]|x. (4.33)

We shall prove that each term in the right hand side of this inequality converges to
zero. To this end we use the bound (4.12) to see that

1
Qn Snu) —Qn Su) =
11Qn( (Su)llx 1-— pmJ||G||2£(X,Z)

Next, using assumptions (4.1) and (4.6) and definitions (4.10) and (3.3) of the oper-
ators S,, and S it follows that

1Shu — Su||x. (4.34)

Spu— Su in X, as n — oo. (4.35)

We now combine inequality (4.34) and convergence (4.35) to find that

Qn(Spu) — Qn(Su) - 0x in X, as n — oo. (4.36)
On the other hand we use (4.15) to deduce that
Qrn(Su) - Q(Su) in X, as n — oo. (4.37)

The convergence (4.7) is now a direct consequence of the inequalities (4.32), (4.33)
and the convergences (4.36), (4.37).
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Step iv) We prove the convergence (4.8). Let n € N. We use equalities A,, = W,u,
and A = Wu to deduce that

[An = Ally = [Waun = Wally < [Wyun — Whully + [Wou — Wully,
and, using (4.11), (3.5), we find that
A = Ally < [[Ba(Snu) = Ru(Su)lly + [[Bn(Su) — R(Su)|y- (4.38)

We shall prove that each term in the right hand side of this inequality converges to
zero. To this end we use the bound (4.13) to see that

24 p(Bs — mJ||G||2£(X,Z))
pag(l — PmJHG“%(x,Z))

[Rn(Snu) = R (Su)lly < [[Snu = Sul|x-

Then, using (4.35) we find that

R, (Spu) — R,(Su) - 0y in Y, as n— oo. (4.39)
On the other hand we use (4.16) to deduce that
R,(Su) = R(Su) in Y, as n — oo. (4.40)

The convergence (4.8) is now a direct consequence of the inequality (4.38) and the
convergences (4.39), (4.40). O

5. A CONVERGENCE CRITERION

In this section we formulate a criterion of convergence to the solution of the mixed
hemivariational-variational Problem P. Our main result in this section is the follow-
ing.

Theorem 5.1. Assume that H(A), H(b), H(c), H(J), H(G), H(J)1, H(A), H(s)
and H(f) hold, let {(un, An)} C X x A be an arbitrary sequence and let (u, \) be the
solution of Problem P obtained in Theorem 3.1. Then, the convergences

up, >u in X, asn— oo, (5.1)

A=A in Y, asn— oo,
hold if and only if the following convergences hold, too:

Uy —Tu, - 0x in X, as n— oo, (5.3)
A —Wu, -0y in Y, as n— oo (5.4)

Proof. Assume that (5.1) and (5.2) hold. Let n € N. Then, using equality u = T,
see (3.6), we have

[t = Tunl|x < |lun —ullx + | Tun — Tullx,
and, using (4.14) we find that
[tn = Tunllx < (1+ ko) lun — ul|x.
We now use this inequality and the convergence (5.1) to see that (5.3) holds.
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On the other hand, using equality A = Wu in (3.6) and the definition (3.5) we have
[An = Waunly < [[An = Ally + [|R(Su) — R(Sun)]ly- (5.5)
It follows from (3.3) and (5.1) that
Su, — Su in X, as n — oo,
and, using (3.8), we deduce that
|R(Su) — R(Suy)|ly =0 as n— oo. (5.6)

We now combine (5.5), (5.2) and (5.6) and find that (5.4) holds, too.
Conversely, assume now that (5.3) and (5.4) hold. Let n € N. We use equality
u = Tu, again, to see that

lun = ullx < lun = Tunl|x + [|Tun = Tul|x.
Next, using (4.14) we find that

lun = ullx < llun = Tunllx + ko lun — ullx-
This implies that

||un_u||X < 1 |U7L_TU7LHX

.
and, using (5.3) we deduce that (5.1) holds.
Finally, since A\ = Wu, using (3.5), again, we find that

An = Ally < 1A = Waunlly + [[R(Sun) — R(Su)]ly- (5.7)

The convergences (5.4) and (5.1), combined with definition (3.3) and inequality (3.8),
show that each term in inequality (5.7) converges to zero. This implies that (5.2)
holds and concludes the proof. O

We complete the statement of Theorem 5.1 with the following remark.

Remark 5.2. Theorem 5.1 provides necessary and sufficient conditions which guar-
antee the convergences (5.1) and (5.2), i.e., it represents a criterion of convergence.
This criterion is intrinsic, since no reference to the solution (u, \) of Problem P is
made in the statement of conditions (5.3) and (5.4).

6. TWO EXAMPLES

In this section we present two examples of mixed hemivariational-variational prob-
lems. The first one illustrates our abstract results in Theorems 3.1-5.1. The second
one provides an existence, uniqueness and continuous dependence result in the study
of a nonlinear elastic constitutive law with internal state variable.
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Example 1. We consider Problem P in the particular case when X =Y = Z,
Av=v Yve X,

b(vhu’) = (UMU)X V’U, JUBS X7
1
C(Ma)‘)zi(ua)‘)X V[J/7)\GX,

J =0,

and we assume that H(A), H(f) hold. Note that in this particular case Problem P
is stated as follows.

Problem P. Find (u,\) € X x A such that
(u,v —u)x + (W—u,N)x > (f,v—u)x VveX, (6.1)

1 1
(wu—Nx =5 lulk +5 MG <0 Ve (62)

It is easy to see that in this case assumptions H(A), H(b), H(c), H(J), H(G),
H(J)1, and H(s) hold with maq = La =1, my = ;5 = 0 and any linear compact
operator GG. Therefore, Theorem 3.1 guarantees the unique solvability of Problem P.

We now provide an explicit formula for the solution of Problem P. First, it is easy
to see that (6.1)—(6.2) is equivalent with the system

(u+A—fiv—u)x =0 VveX,
A=l < lu—ull} VaeA
and, denoting by Py : X — A the projection operator on A, we obtain
ut+A=f, A = Ppu. (6.3)
Let B: X — X be the operator given by
Bv=v+ Pyv Vv e X. (6.4)

Then, it is easy to see that B is a strongly monotone Lipschitz continuous operator
with constants mp = 1 and Lg = 2. Therefore, Lemma 2.2 a) guarantees that B is
invertible and its inverse B~! is a strongly monotone Lipschitz continuous operator
with constants mp-1 = % and Lg-1 = 1. In addition, (6.3) shows that the solution

of Problem P above exists, is unique, and is given by
u=B"'f, A= Pyu= Py(B7'f). (6.5)

The unique solvability of Problem P obtained above represents a validation of the
statement in Theorem 3.1.

We now move to Theorem 4.1 and, to this end, we assume that {a,} C Ry,
{Bn} C Ry, {1} C Ry and {f,} C X are sequences such that (4.6) holds and,
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moreover,
an — 1, (6.6)
Bn—1, vp— 1. (6.7)

Then, for each n € N we define the operators A,, and the forms b,, ¢, by equalities

A, v = ayv Vv e X,
bn(v, 1) = Bu(v,p)x Vo, peX,
el N) = T N)x YA€ X.

Moreover, as previously, we assume that J = 0 and H(A), H(f) hold. Note that in
this particular case Problem P, is stated as follows.

Problem P,,. Find (tn, An) € X X A such that

(anunvv*Un)X +/Bn(1}7unv/\n)X > (fnvvfun)X Vv e X,

Tn Tn
Bn(uru//f_)\n)X_7||N‘|§(+?‘|An||§( <0 VN€A~

It is easy to see that all the assumptions of Theorems 3.1 and 4.1 hold. This
guarantees the unique solvability of Problem 7~Dn as well as its convergence of its
solution to the solution of Problem P, see (4.7) and (4.8).

This convergence can be proved directly. Indeed, for each n € N denote by B,, :
X — X the operator given by

B,v = a,v+ B, Px (% v) Voe X. (6.8)

Then, it is easy to see that B,, is a strongly monotone Lipschitz continuous operator
2
with constants m,, = a, and L, = a, + % Therefore, Lemma 2.2 a) guarantees

that B, is invertible and its inverse B, ! is a strongly monotone Lipschitz continuous
operator with constants

n 1
Mmp-1 = a72 and Ly =—. (6.9)
n ( + B%) n an
On T 5,
In addition, similar arguments as those used in the proof of (6.5) show that
wn =B . Ap= PA(%%) - pA(fiB,;lfn). (6.10)

We now state and prove the following claim.
Claim. Under the previous assumptions, the following convergence holds:

B 'f, - B7'f in X. (6.11)

Proof. Let n € N and denote
B'f =z, B'f=2z (6.12)
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which implies that

B,z, = Bz = f. (6.13)
We use the strong monotonicity of the operator B,, with constant a, together with
equality (6.13) to see that

an||zn — z||X (Bnzn — Bnz,2n —2)x = (Bz — Bpz,2n — 2)x
which implies that
1
|z — z||x < - |Bnz — Bz x. (6.14)

We now use the definitions (6.8) and (6.4) combined with the convergences (6.6) and
(6.7) to deduce that

|Bnz — Bz||x — 0. (6.15)
Therefore, (6.12), (6.14) and (6.15) yield
1By f =B~ fllx —0. (6.16)

Next, we write
1B fo = B~ fllx < 1B o = By fllx + 1B f = B7 fllx

and, therefore, the Lipschitz continuity of the operator B, ! with constant L p-1 in
(6.9) implies that

- - 1 - -
1By fo = B fllx < — llfa = fllx + 1B f = B flIx. (6.17)
We now combine inequality (6.17) with convergences (6.6), (4.6) and (6.16) to deduce
(6.11), which concludes the proof of the claim. O

Next we use equalities (6.10), (6.5) and (6.11) to deduce that (4.7) holds. The con-
vergence (4.8) is now a direct consequence of equalities (6.10), (6.5) and convergences
Brn =1, v, — 1, see (6.7).

We now illustrate the use of Theorem 5.1 in the proof of the convergences (4.7),
(4.8). To this end we start with the remark that, since m; = 0, ma = Ly = 1,
inequality (3.18) shows that the operator T is a contraction for p = 1. This allows use
to make the choice p =1 in the proof of Theorem 3.1. Therefore, with this choice we
deduce that in the particular case we present here, both Problems P and Pg reduce
to Problem P. Let g € X and recall that the solution of Problem P for f =gisgiven
by (6.5). It follows now from (2.9) that

Qg=B"'9,  Rg=Pr(Qg)=Pr(B™'g)
and, since (3.3) implies that Sv = g for all v € X, (3.4) and (3.5) show that
Tg= B!y, Wg = Py(B™'g). (6.18)

In addition, recall that the solution w is a fixed point for the operator T, i.e., Tu = u.
Therefore, using (6.5) and (6.18 )we deduce that

(Blf)=B"'f. (6.19)
We now use (6.10) and (6.18) to see that
Up — Tup = By ' fr = B7H(B, )
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Then, keeping in mind the convergence (6.11), the continuity of the operator B~1
and equality (6.19) we deduce that u, —T'u, — Ox in X. Moreover, (6.10) and (6.18)
imply that

A — Wy = PA(%" wn) = PA(B ™ uy) = PA<% B f) = Pa(B7(B )

We now use the convergences (6.7), (6.11) and equality (6.19) to see that A, — Wu,, —
0 in X. We are now in a position to use Theorem 5.1 in order to deduce the conver-
gences (4.7) and (4.8).

Example 2. We now move to the second example which concerns a nonlinear elastic
constitutive law. More details and preliminaries on the rheological arguments we
develop below can be find in [7, 10, 27], for instance.

Everywhere below d € {1,2,3}, S? represents the space of second order symmetric
tensors on R?. We take X = Y = Z = S? and we still use the notation by (-,-)x
and || - |x for the canonical inner product and the Euclidean norm on the space on
X = S% Recall that, since now X is a finite dimensional space, the identity map of
X is a compact operator.

We now consider a rheological model R obtained by connecting in parallel three
nonlinear elastic springs S1, S and S3. Then, it is well known that the stress in the
model R is given by

oc=01+09+03 (6.20)
where o; represents the stress in the spring S;, i = 1, 2, 3. Moreover, the strain in the
model R is given by

E=€1 =¢€3 = €3 (6.21)
where ¢; represents the strain in the spring S;, ¢ = 1,2,3. We assume that the
constitutive laws of the springs S; are given by

o1 = AEl, o9 € 8J(52), o3 = 5PA(’Y€3) (622)

where A : X — X is a nonlinear elasticity operator which satisfies condition H(A),
J : Z — R is a potential function which satisfies condition H(J), G: X — Z Gt =T,
A C X is a set which satisfies condition H(A) with Y = X, Py : X — A denotes the
projection operator on A and f3, 7y are positive elastic coefficients.

We turn now to a variational formulation of the constitutive law of the rheological
element R. To this end we introduce a new unknown, A € X, defined by

A = Py(ve). (6.23)
Note that, from mechanical point of view, we can interpret A as being an internal state
variable which, obviously, depends on the deformation field. Then, using (6.20)—(6.22)
we deduce that
o= Ac+ 09+ BA
and, therefore,
(Ade,7—e)x + (o9, 7T —e)x + (BN, T—¢e)x = (0,7 —¢e)x VreX.
Then, using (6.22) and the definition (2.3) of the Clarke subdifferential we find that
(Ae, 7 —e)x + BT —e)x +J%(g;7 —¢) > (0,7 —e)x VT e X. (6.24)
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On the other hand, (6.23) and the variational characterization of the projection yields
)‘EAa ()\_’YE,,LL_)\>X20 VMGAa
which implies that

Bz o B oy
AeA —Nx — A5 < X.
€A, Ble,n—A)x 2 ellx + 2 [Alx <0 Ve
Finally, we consider the bilinear forms b: X x X — R and ¢: X x X — R defined by

bo,u) = Blo, )x, i) = %(u, Nx, Vo, A€ X. (6.25)

We now combine (6.24)—(6.25) to consider the following problem.

Problem 3. Given a stress o € X, find a strain € € X and an internal state variable
A € X such that,

(Ae, 7 —e)x + (BN T —e)x + J%(e;7 —¢) > (0,7 —e)x V7€ X, (6.26)

ble,u—N)x —c(p, ) +e(AMA) <0 VwpeX. (6.27)

Inequalities (6.26) and (6.27) represent a variational formulation of the constitutive
law (6.20)—(6.22). All the results presented in Sections 3 and 4 can be applied in
the study of this problem, under appropriate smallness assumptions. In particular,
Theorem 3.1 states its unique solvability and Theorem 4.1 provides the continuous
dependence of the solution with respect to the elasticity operator A and elasticity
coefficients 8 and ~. Finally, note that if the solution (g, A) of Problem ¥ is known
then, using (6.20)—(6.22) we can define the stresses o1, oo and o3 in the springs Sy,
S9 and Sj, respectively. These variables are determined in a unique way and depend
continuously of the data A, 8 and . All these results are important from mechanical
point of view since they represent a mathematical validation of the well-posedness of
the nonlinear constitutive law described by (6.20)—(6.22).
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