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Unique solvability and exponential stability of differential
hemivariational inequalities

Xiuwen Li2, Zhenhai Liu®-® and Mircea Sofonea®

a5chool of Science, Nanjing University of Sciences and Technology, Nanjing, Poeple’s Republic of China; PCollege of
Sciences, Guangxi University for Nationalities, Nanning, Poeple’s Republic of China; “Laboratoire de Mathématiques
et Physique, Université de Perpignan, Perpignan, France

In this paper, we study a differential hemivariational inequality (DHVI, for short) in the framework of
reflexive Banach spaces. Our aim is three fold. The first one is to investigate the existence and the
uniqueness of mild solution, by applying a general fixed-point principle. The second one is to study its
exponential stability, by employing the formula for the variation of parameters and inequality techniques.
Finally, the third aim is to illustrate an application of our abstract results in the study of an initial and
bound-ary value problem which describes the contact of an elastic rod with an obstacle.

KEYWORDS: Differential hemivariational inequality; C0-semigroup of operators; mild solution; fixed point
principle; exponential stability; elastic rod; unilateral contact

AMS SUBJECT CLASSIFICATIONS: 34G20; 47J20; 49J40; 74M15

1. Introduction

Differential variational inequalities (DVIs, for short) are systems which couple differential or partial
differential equations with a time-dependent variational inequality. They represent a powerful math-
ematical tool used in the analysis of a large number of nonlinear boundary value problems. Various
mathematical models arising in the study of contact and impact problems, electrical circuits with ideal
diodes, economical dynamics and traffic networks, lead to DVIs. For this reason, in the last decade,
a considerable effort has been made in their analysis and numerical approximation.

Introduced in [1], DVIs were systematically discussed in [2], in the framework of Euclidean spaces.
Later, a number of papers have been dedicated to the development of theory of DVIs and their applica-
tions. Among them, we refer the reader to [3-9], where results on solvability, stability, and bifurcation
for finite-dimensional DVIs have been obtained. The study of DVIs in infinite-dimensional spaces
is more recent. The reason is that, in contrast with the case of finite-dimensional spaces, the study
of DVIs in infinite-dimensional spaces requires regularity results of the solution of the associated
variational inequalities such as measurability, continuity, or condensivity, which enable us to convert
them to differential inclusions. For more details on this topic, we refer to [10-14] and the references
therein. Differential hemivariational inequalities (DHVIs, for short) represent an important extension
of DVIs, which couple differential or partial differential equations with a hemivariational inequality
or a variational-hemivariational inequality.

The stability of solutions is a topic of main interest in the control theory and other areas where
ordinary differential equations and partial differential equations play an important role. The presence
of time-dependent terms in control systems results in differential equations involving transcendental
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terms of the exponential type. The corresponding stability (necessary for the analysis of time systems)
is often a significant matter. Recently, problems of exponential stability for differential systems have
attracted the attention of many researchers, as it results from the references [15-19]. It is notewor-
thy that the results in all aforementioned works concern only the stability of solutions of differential
equations. Nevertheless, many problems arising in engineering, operational research, economical
dynamics, and physical sciences are described by systems of partial differential equations and/or by
DVIs or DHVIs in infinite-dimensional spaces. For such problems, there are very few results concern-
ing the stability of solutions, despite the fact that the need of such kind of results is widely recognized
in the literature. To fill this gap, in this paper, we study the exponential stability problem for a class of
DHVIs in reflexive Banach spaces. To introduce the problem, we need some notations that we present
in what follows.

Everywhere in this work E will be a Banach space and U will be a reflexive Banach space, endowed
with thenorms|| - ||[gand || - ||y, respectively. We denote by U* the strong topological dual of U and by
(-, -) the duality paring mapping between U* and U. Moreover, L(U, E) represents the space of linear
continuous operators from U to E. The norm on the space £L(U, E) will be denoted by || - | z(v.5).
We abbreviate this notation when U =E, i.e. we write L(E) instead of L(E, E) and || - || z() instead of
Il - llz(&,E)- Finally, Oy represents the zero element of U.

Below, I denotes either a bounded interval of the form [0, b] with b > 0 or the unbounded interval
R4 = [0, 400). Notations C(I; E) and C(I; U) will represent the space of continuous functions on I
with values in E and U, respectively. In the case I = [0, b], these spaces are Banach spaces endowed
with the canonical norm. In the case I = R, they can be organized in a canonical way as a Fréchet
space, i.e. a complete metric space in which the corresponding topology is induced by a countable
family of seminorms. In the rest of the manuscript, we shall use the standard notation for the Lebesque
and Sobolev spaces.

Let A : D(A) € E — E be the infinitesimal generator of a Cy-semigroup {T'(t)}(;>0y on E and let
f:IXE—E g:1xE— L(U,E).Consider also the set K C E, the operatorsB: U — U*,h: I x
E — U* and the functions¢ : U x U — R, ] : U — R. We assume that ] is locally Lipschitz and we
denote by J* its generalized (Clarke) directional derivative. With these data, we consider the following
problem.

(DHVI). Findx : I — Eand u : I — U such that

X (t) = Ax(t) + f(t, x()) + g(t, x(H))u(t) fortel, (1)
u(t) € SOL(K; B, h(t, x(t)),p,]) fortel, 2)
x(0) = xp. (3)

Here SOL(K; B, h(x(t), ), ¢, ]) stands for the set of solution of the hemivariational inequality

u(t) € K, (Bu(t) — h(t,x(1), v — u(®)) + ¢ u(t), v) — ¢u(®), u(?))

+ () v —u@) >0 forallv e K (4)
and, therefore, inclusion (2) stands that u satisfies inequality (4) for ¢t € I. With this remark, we note
that (DHVI) represents a system which couples the differential equation (1) with the hemivaria-
tional inequalities (4), associated to the initial condition (3). Therefore, following the terminology

in [12-14], we refer to (DHVI) as a differential hemivariational inequality. The solution of (DHVI)
is understood in the following sense.

Definition 1.1: A pair of functions (x, u), with x € C(I; E) and u € C(I; U), is said to be a mild
solution of (1)-(3) if

t
x(t) = T(t)xo + / Tt — s)[f(s,x(s)) + g(s, x(s))u(s)]ds forallt € I, (5)
0



where u(t) € SOL(K; B, h(t,x(t)),¢,]) forall t € I. If (x, u) is a mild solution of (1)-(3), then x(¢) is
called the mild trajectory and u(t) is called the variational control trajectory.

We complete this definition with the following one.

Definition 1.2: A mild solution (x, u) of (1)-(3) is called globally exponentially stable if there exists
two constants L > 0 and w > 0 such that

Ix(®)llp < Le~®* forall t el (6)

The rest of the manuscript is structured as follows. In Section 2, we recall some basic definitions
and results needed throughout this paper. In Section 3, we state and prove the existence of a unique-
ness solution for (DHVI). The first trait of novelty of our work consists in the fact that, in contrast
with [12-14] (where the unique solvability of the DHVIs is obtained by converting the system into a
differential inclusion), our proof is based on a fixed-point argument used in [20]. Next, in Section 4,
we prove the exponential stability of the solution for the DHVI. The proof is based on arguments
of semigroups of linear continuous operators. Finally, in Section 5, we consider a one-dimensional
model of contact which lead to a differential hemivariational inequality of the form (1.1)-(1.3). Under
appropriate assumptions on the data, we prove the unique solvability of the model as well as a stability
result. The proofs are based on our abstract results in Sections 3 and 4.

2. Preliminaries

In this section, we review some prerequisites that are necessary in the rest of the manuscript.

A function ¢ : U — R is (sequentially) lower semicontinuous (Ls.c., for short) if x, — xin U, as
n — oo implies ¢ (x) < liminf,_, o ¢(x,). Let] : U — Rbealocally Lipschitz function. Follow-
ing Clarke [21], the generalized directional derivative of J at x € U in the direction v € U is defined
by

Pv) = limeup LEFATTE)
A0t E—x A

The generalized gradient of ] : U — R at x € U is the subset of U* given by
0] (x) = {€ € U": [’(5v) 2 (§,v) Vv € U},

The statement below collects some basic properties of the generalized directional derivative and
gradient.

Lemma 2.1 ([21, Proposition 2.1.2] and [22, Proposition 5]): If ] : U — R is a locally Lipschitz
function, then the following statements hold.

(i) Forallv € U, one has J°(x; v) = max{(£,v) : & € 3J(x)}.
(ii) Forevery x € U, d](x) is a nonempty, convex, weakly* compact subset of U* and ||& ||+ < Ly for
any & € 0](x), where Ly > 0 is the Lipschitz constant of ] near x.
(iii) For every x € U, the function U 3 v > J°(x;v) € R is positively homogeneous and subadditive,
ie JO0;Av) = AJ0(x v) for all . > 0,v € U and JOCcv1 + v2) < 00 v1) + (x5 v2) for all
v1, v € U, respectively.

Next, we proceed with the definition of some classes of operators.



Definition 2.2 ([23, Definition 3.65]): An operator B: U — U* is said to be:

(a) monotone, if for all u, v € U, we have (Bu — Bv,u — v) > 0;
(b) bounded, if B maps bounded sets of U into bounded sets of U*;
(c) pseudomonotone, if it is bounded and u,, — u weakly in U with

lim sup(Buy, u, — u) <0
imply lim inf (Buy,, u, — v) > (Bu,u — v) forallv € U.

In the sequel, we denote by C(I; E) x C(I; U) the Cartesian product of the spaces C(I;E) and
C(I; U). A typical element of C(I; E) x C(I; U) will be denoted by (x, u) or (x, ). Consider also two
subsets P C C(I;E) x C(I; U) and Q C C(I;E) x C(I; U) defined by the equivalences below:

(x,u) € P < (x,u) satisfies (5) forall t €I, (7)
(x,u) € Q@ < (x,u) satisfies (4) forall t € I. (8)
It is clear that the problem (1)-(3) has at least a mild solution iff P N Q # @ and, moreover, it has a
unique solution it P N @ C C(I; E) x C(I; U) reduces to a single element, i.e. is a singleton. For this

reason, our aim in what follows is to provide sufficient conditions such that P N Q is a singleton. To
this end, we suppose that the following conditions hold.

For each n € C(I; U) there exists a unique x € C(I; E) such that (x,n) € P. 9)
For each x € C(I; E) there exists a unique n € C(I; U) such that (x,n) € Q. (10)

We now define the operators ®: C(I; U) - C(I;E), V: C(I,E) - C(I;U) and A: C(U) —
C(I; U) by equalities

x=®np < (x,n) € P. (11)
n=WVx < (x,n) € Q. (12)
An=Won foralln e CUU). (13)

We note that assumptions (9) and (10) guarantee that these operators are well-defined.
Assume that the operator A has a unique fixed point, i.e.

there exists a unique element n* € C(I; U) such that An* = n*. (14)

Let x* = ®n*, i.e. x* satisfies the integral equation (5) with u = n*, and let u* = Wx*, i.e. u* is the
solution of the the hemivatiational inequality (4) with x = x*. Then it is easy to see that the pair
(x*, u*) has the regularity C(I; E) x C(I; U) and, moreover, it is a mild solution of the system (1)-(3).
In addition, the uniqueness of the fixed point of A guarantees that the mild solution is unique.

We collect the properties above to deduce the following fixed point principle.

Theorem 2.3: Assume that (9), (10) and (14) hold. Then the DHVI (1)-(3) has a unique mild solution
with regularity C(I; E) x C(I; U).

Theorem 2.3 represent a particular case of [24, Theorem 2], already used in a slightly different
form in [20]. This theorem will play a central role in the study of the existence and uniqueness of
solution for (DHVI) as it results from the next section.



3. An existence and uniqueness result

In this section, we state and prove the existence of a unique mild solution for the differential
hemivariational inequality (DHVI). To this end, we consider the following assumptions on the data.

H(A); The operator A:D(A) CE— E is the infinitesimal generator of a Cp-semigroup
{T(O}t=0) C L(E).

H(f)1 f:Ix E — Eissuch that
(1) t+ f(t,x): I — Eis measurable for all x € E;
(2) thereis a constant Ly > 0 such that

If(t,x) = f(t: e < Lellx — yllg forae. t € I, all x, y € E;
(3) there exists a function a € L' (I; R,.) such that
If(t,0p)|lg < a(t) forae.tel

H(g)1 g:Ix E— L(U,E) is such that
(1) t+ g(t,x): I — L(U,E) is continuous for all x € E;
(2) thereis a constant Ly > 0 such that

lgt,x) — gt Mlicwr < Lgllx —ylgforae t e, allx, ye€E;
(3) there exists a continuous function d : I — R such that
lg(t,0p) lcup) <d() foralltel

H(K) K isa closed convex subset of U such that Oy € K.
H(B) B:U — U*is such that
(1) itis pseudomonotone;
(2) is strongly monotone, i.e. there exists mp > 0 such that

(Bvy — By, v; — vp) > mpl|lv; — v2||%] forall vy, vy € U.

H(¢) The functional ¢ : U x U — R is such that

(1) ¢(,-): U— Ris convex and lower semicontinuous for all € U;
(2) @, Av) = Ap(u,v) forallu,v € U, A > 0;
(3) ¢(,v) >0forallv e U;
(4) there exists &, > 0 such that

o1, v2) — (M1, v1) + (M2, v1) — @(M2,v2) < aplln — n2llullvy — vallu

for all n1, 12, vy, v, € U.
H(J) Thelocally Lipschitz functional J : U — R is such that
(1) there exist kg, k1 > 0 such that

10 (V) ||lux < ko +k1||v]]ly forallv € U;
(2) there exists oy > 0 such that
i vy —v1) +J0(asv1 — v2) < agflug — w23 forallvy, vy € U.

H(h) h:Ix E— U*issuch that
(1) h(-,x):I— U*is continuous for all x € E;



(2) thereisa constant Ly > 0 such that
|h(t,x) — h(t, )l < Lpllx — yllg  forallt €I, x, y € E;
(3) there exists a constant £ > 0 such that
|h(t,x)||ux <€ foralltel, xe€E.
@ xo € E.

To provide our main result in this section, we recall two preliminary lemmas which will be useful
to guarantee the validity of assumptions (9) and (10).

Lemma 3.1: Let E be a Banach space, assume that A : D(A) C E — E satisfies condition H(A), and,
moreovet, assume that

7: I x E — Eis such that
(a) the mapping t > f(t,x): I — E is measurable, for all x € E;
(b) £or any compactset & C I there exists Ly > 0 such that (15)

If (6 x1) — f(t,x2) g < Lellx1 — x2llg
forall x;,x, € E, t € X.

Then, for each xo € E, there exists a unique function x € C(I; E) such that
t ~
x(t) = T(t)xo + / T(t —s)f(s,x(s))ds forallt €L (16)
0

Lemma 3.1 represents a well-known result in the study of differential equation in Banach spaces.
It states the existence of a unique mild solution of the Cauchy problem

x(t) = Ax(t) + f(t,x(1)) forallt €1, (17)
x(0) = xp. (18)

Its proof can be found in [25, Theorem 6.1.2], for instance.

Lemma 3.2: Let U be a reflexive Banach space, assume that H(K), H(B), H(p)(1), (4) and H(J) are
satisfied and, moreover, assume that

ay + oy < mp. (19)

Then, for each z € U* there exists a unique element u such that

uek, (Bu,v—u)+ouv)—eou) +wv—u) > (z,v—u) foralveKkK. (20)

The proof of Lemma 3.2 is based on a surjectivity result for pseudomonotone operators combined
with the properties of the subdifferential and the Banach fixed point theorem. It can be found in [26]
or in [24, Theorem 84].

Next, we proceed with the following result.



Lemma3.3: Let U be a reflexive Banach space and assume that H(K), H(B), H(p)(1), (4), H(J), H(h)
and (19) hold. Then, for each x € C(I; E), there exists a unique function u € C(I; U) such that
u(t) € K, (Bu(t),v — u(®)) + ¢u(t),v) — ou(®), u(t)) + J° u(t);v — u(t))
> (h(t,x(t)),v —u(t)) forallvek, tel (21)

Moreover, if uy, uy € C(I; U) represent the solution of the inequality (21) for the functions x1,x; €
C(I; E), respectively, then the following inequality holds:

Ly

1

lur(t) —u2(Dllv = lx1(®) —x2(D)llg forallt €1 (22)

In addition, if H()(2), (3) are also satisfied, then the solution satisfies the bound

lu®llu = (IBOullux + £ + ko) forallt € L. (23)

mp — o

Proof: Letx € C(I;E) be given and let t € R be fixed. It follows from Lemma 3.2 that there exists a
unique element u(#) which solves (21) at the given moment .

We now show that the function ¢ — u(t) : I — U is continuous. To this end, consider t,t, € I
and, for the sake of simplicity in writing, denote x(t;) = x;, u(t;) = u; for i=1,2. Using (21) we obtain

up € K, (Bup,v—u1) + ¢(u1,v) — @(uy, u1) + J° (u, v — up)
> (h(t1,x1),v —up) forallv € K, (24)

uy €K, (Buz,v — uz) + ¢(u2,v) — @(ua, ) + (112, v — up)
> (h(ty, x2),v — up) forallv € K. (25)

We take v = u, in (24) and v = u; in (25), then we add the resulting inequalities to obtain that
(Buy — Bup,u; — up) < @(uy, uz) — @(u1, ur) + @(uz, u) — @(uz, uz)

+ 10 (uis up — up) + 0 (ugs 1y — uz)

+ (h(t1, x1) — h(t2,x2), u1 — uz). (26)
We now write

(h(t1,x1) — h(t2, x2), u1 — u)
= (h(t1,x1) — h(t1, x2), u1 — u2)) + (h(t1, x2) — h(tz, x2), u1 — uz),

then we use assumption H(h) to see that
(h(t1,x1) — h(t2, x2), u1 — ua)
< Lpllxr — x2llellun — wz2llu + At x2) — h(t2, x2) o= lur — uzllu. (27)
Next, inequalities (26), (27) and assumptions H(B)(2), H(¢)(4) and H(J)(2) yield
(mp —ay —ay) lu1 —uzllu
< Ly llx1 — x2llg + ||A(t1, x2) — h(t2, x2) | U=. (28)

Inequality (28) combined with the assumptions H(h)(1) and (19) implies that t +— u(¢) : I — Uisa
continuous function. This concludes the existence part of the lemma. The uniqueness part is a direct



consequence of the uniqueness of the solution u(t) of the hemivariational inequality (21), at each
t € I, guaranteed by Lemma 3.3.

Next, we check that the inequality (22) hold. To this end, suppose that x;, x, € C(I; E) andlett € I
be given. Using arguments similar to those used in the proof of inequality (28) we deduce that

(mp —ay —ay) |lu1(®) — uz(Ollu < Ly lIx1(8) — %2 llg

which implies (22).
Finally, we check that the solution satisfies the bound (23). To prove this, let t € I be fixed and take
v =0y € Kin (21). It follows from assumptions H(¢)(2), (3) that
(Bu(t), u(t)) < J°(u(t); —u(t)) + (h(t, x(£)), u(t)).

Now, we write Bu(t) = Bu(t) — BOy + B0Oy. Then, using condition H(B)(2) and hypothesis H(h)(3),
we deduce that

mpllu®)13 < (1BOullus + Ollu®llu + I°(ut); —u®)). (29)
On the other hand, taking v; = u(#) and v, = Oy in H(J)(2), we have
IO (u(t); —u(t)) < ayllu®)liz; — J°Ou; u(®)). (30)

Moreover, it follows from Lemma 2.1(i) that
—1°©us u(®)) < 1I°Ous u(®)| < | max (§,u(t)
£€94J(0)

= max [(§u®)] < max [§y|u®)llu.
§€9J(0v) §€0](0v)

and, using condition H(J)(1) with v = Oy yields

— 1Oy u(®) < kollu® |- (31)
Now, we combine inequalities (30) and (31) to see that
I u(t); —u(®) < agllu® |y + wollu(®llu- (32)

Finally, we substitute (32) in (29) to deduce that
(mp —apllu@®llu = [IBOUllu + £+ Ko.
This shows that inequality (23) holds, which completes the proof of the lemma. |
We proceed with the following existence and uniqueness result.

Lemma 3.4: Let E be a Banach space and assume that H(A)1, H(f)1, H(g)1 and H(0) hold. Then, for
each n € C(I; U), there exists a unique function x € C(I; E) such that

t
x(t) = T(t)xo + ./0 T(t — s)[f(s,x(s)) + g(s, x(s))n(s)] ds. (33)

Assume now that x1, x, € C(I; E) represent the solution of problem (33) corresponding to the functions
n1,n2 € C(I; U), respectively. Moreover, assume that there exists 0 > 0 such that

Im®lv <o, lIm®lv <o foraltel (34)

Then, for each compact set ¥ C I, there exists a constant M, > 0 such that

t
I (8 — x2(OlE < Ms f I — m@luds forallt e = (35)
0



Proof: First, let n € C(I; U) be given and consider the function? : I X E — E defined by
]N‘(t,x) =f(t,x) +gt,x)n(t) foralltel, x € E.
We use assumptions H(f); and H(g)1, to see that7 satisfies condition (15). Therefore, the existence
and uniqueness part of Lemma 3.4 is a direct consequence of Lemma 3.1.
Now, suppose that n € C(I; U) is such that
InMllu <o forallt el (36)

where o > 0 is given. Consider a compact set ¥ C I, denote

Ts == sup | T(s) |l c(E) o7
s€eX

andlett € X. We use (33), assumptions H(f); and H(g)1, inequality (36) and notation (37) to obtain
the following inequalities:

t
IOl < ITOll 2o Ixolls + [0 1T = 9l [ 1)+ 186 2O e ds

t
< Tslxollg + Tx / [ILf(S>x(S)) —f(s0p) e+ IIf (s, 0p) £
0
+ (llg(s, x(s)) — g(s, 0p) |l U,y + 11 (s, OE)||£(U,E))||77(S)||U] ds
t
< Tslxollg + Tx / (Lfllx(S)llE +a(s) + [Lllx(s) e + d(S)]Q) ds.
0

Denote

ps = Tslxle+ Te(lalpsr,) + 14l s R, )0)- (38)

Then, it follows from the above that

IOz < px + Tx (L + Lgo) /O e ds.
Then by the Gronwall inequality, we obtain that
lx®)|lg < pre =TTt forallt e =. (39)
We shall use the bound (39) in the proof of inequality (35).
Next, assume that 11, 172 € C(I; U) are two functions which satisfy condition (19) and denote by

x1, x2 € C(I; E) the solution of problem (33) corresponding to 1, 12 € C(I; U), respectively. Let t €
¥. Using (33) we have

t
xi(t) = T(t)xo + [ T(t — s)[f(s,xi(s)) + g(s,xi(s))ni(s)] ds  foralli=1,2.
0
This implies that

t
x1(t) — x(t) = /0 T(t = 9)[f(s:x1(5)) = f(5,22(8)) + g5, x1())M1 () — g(5,%2(5))m2(s)] s



and, therefore, using (37) we deduce that

t
lx1(t) —x2(Dlg < Ty /0 [IIf (5, x1(5)) = f (5, %2() I E + l1g(s x1())n1.(5) — g5, X2())m2(9) | £ ds

(40)
We now use assumptions H(f); to see that

If (s x1() = f(s 2N lE = Lellxa(s) — x2(9)|l[g foralls € [0, £]. (41)
On the other hand, assumptions H(g); and (34) yield

g (s, x1())m1(s) — g(s, x2()n2(9) ||
< llg(s, x1 (N1 (s) — g(s, x2())m(s)lle
+ [1g(s, x2())n1(s) — g(s, x2())n2() ||
< llg(s, x1(s)) — g(s, 2Nl w,py lIm () lu
+ gl 2Nl cu.py I (s) — m)llu

< Lgollx1(s) — x2(9) e
+ 1865 %:9) = 2600l . + 18600l 2w | I ©) = )l
< Lielxi(®) = 25 + [ Lol e + 4O Im© = 6 lv
and, using (39) we deduce that
I8 21 = g x2 (N e = Lellxa® = x©)ls
+ [LgPEeTE(Lf+LgQ)S + d(s)] 1) = n2(s)[ly~ forall s € [0,1]. (42)

We now substitute inequalities (41) and (42) in (40) to find that

t
x1(t) —x2(llg < Te(Lf + LgQ)/ llx1(s) — x2(s) | ds
0

t
+Tx (sup d(s) + Lypse'™ <Lf“g‘~’”> f I71(s) — n2(s)|lu ds. (43)
sex 0
Let
Ly :=sups, Qs :=supd(s), (44)
sex seX
My = Tx(Qs + LngeTz (Lf+LgQ)LE)eTE(Lf+LgQ)LE (45)

We now use the Gronwall argument in inequality (43) and notations (44), (45) to see that (35) holds.
[ ]

We now recall with the following fixed-point result.

Lemma 3.5: Let U be a Banach space and S: C(I; U) — C(I; U) be an operator with the following
property: for any compact set ¥ C I there exists My, > 0 such that

t
[Sui(t) — Sua(Hllv < Mz/ ui(s) — uz(s)lluds foralluy, uy € C(LU), teX. (46)
0

Then, S has a unique fixed point, i.e. there exists a unique element n* € C(I; U) such that Sn* = n*.

10



Note that here and below, when no confusion arises, we use the shorthand notation Su(¢) to rep-
resent the value of the function Su at the point ¢, i.e. Su(t) = (Su)(t). An operator which satisfies
condition (46) is called a history-dependent operator. This terminology was introduced in [27] and
since it was used in many papers, see [23, 24, 28] and the references therein. Lemma 3.5 was proved in
[29]. Its proof can also be found in [24, Ch.2], together with various properties of history-dependent
operators.

We now are in the position to present our existence and uniqueness result for the solution of the
DHVI (1)-(3).

Theorem 3.6: Assume that E is a Banach space, U is a reflexive Banach space and, moreovert, assume
that H(A)1, H()1, H(g)1, H(K), H(B), H(p), H(J), H(h), H(0) and (19) hold. Then the DHVI
(1)-(3) has a unique mild solution (x,u) € C(I; E) x C(I; U).

Proof: We use Theorem 2.3. First, it follows from Lemma 3.4 that condition (9) holds. Next,
Lemma 3.3 guarantees that condition (10) holds, too.

We now prove that the operator A defined by (14) is a history-dependent operator. To this end
we note that, a carefully analysis of the definitions (11)-(13) reveals that the operator A: C(I; U) —
C(I; U) is defined by equality

An = uy, foralln e C(L;U). (47)

Here, for each n € C(I; U), x, € C(I; E) represents the solution of the integral Equation (33), guaran-
teed by Lemma 3.4, and uy, , represents the solution of the hemivariational inequality (21) for x = x;,
guaranteed by Lemma 3.3.

Let n1, 72 € C(I; U) and, for simplicity, denote x,), = x1, x;, = X2, Uy, = Ul Uy, = U). Then, it
follows from (47) that

An=u, Am=u. (48)

Moreover, inequalities (22) and (23) imply that

Ly

lui(t) — uz(Hllv < llx1(t) —x2(t)||p forallt el (49)
mp — —Qj

¢
lui®llu <0, luz®llu <o forallt €1 (50)

where, here and below, ¢ := (1/(mp — «7))(||BOy ||y + € + ko).
Let X be a compact subset of I. Then, inequalities (50) allows us to use Lemma 3.4 in order to
obtain that

t
lx1(®) —x2(D) g < My f Im(s) —m(s)lluds forallt € X. (51)
0
We now combine definition (48) with inequalities (49), (51) to see that

LyMyx t
1AM — Ama(Dly < —/ I — n(©)lluds forallt € X.
mp — Ot(p — oy Jo

This inequality shows that A is a history-dependent operator and, therefore, using Lemma 3.5 we
deduce that it has a unique fixed point.

It follows from above that conditions (9), (10), (14) in Section 2 are verified. Therefore, we are in
a position to use Theorem 2.3 in order to conclude the proof. [
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4. Exponential stability of (DHVIs)

In this section, we analyze the exponential stability of the (DHVI). To this end, we need to reinforce
part of the assumption in Theorem 3.6. More precisely, we consider the following assumptions.

H(A); A:D(A) C E — E satisfies condition H(A;) and, moreover, there are two positive num-
bers w, M such that || T(#) ||z < Me "' for every t > 0.

H(f), f:I x E — E satisfies condition H(f;) with a(t) = 0 forall t € .

H(g)2 g:Ix E— L(U,E) satisfies condition H(g;) with d(t) = O forall t € I.

Note that condition H(A); show that the semigroup generated by A is exponentially stable. Our
second main result concerning the exponential stability of (DHVT) is formulated as follows.

Theorem 4.1: Assume that E is a Banach space, U is a reflexive Banach space, H(A)2, H(f)2, H(g)2,
H(K), H(B), H(p), H(J), H(h), H(0) and (19) hold and, moreover, assume that

M[L¢(mp — o) + Lg(||BOyllux + £ + ko)] < w(mp — aj). (52)
Then the mild solution of (1)-(3) is globally exponentially stable.

Proof: Denote by (x,u) € C(I;E) x C(I; U) the mild solution of problem (1)-(3). Recall that its
existence and uniqueness is guaranteed by Theorem 3.6. Moreover, using Definition 1.1 it follows
that

t
x(t) = T(t)xp + / T(t — s)[f(s,x(s)) + g(s,x(s))u(s)]ds forallt €I, (53)
0

and, in addition, Lemma 3.3 yields

lu®lly < (IBOyllux + £ + ko) forallt el (54)

mp — of

Let t € I. We now use (53), assumptions H(A)2, H(f), and H(g), and the bound (54) to derive the
estimate

t
Ix®Olle < 1T £k lIxollE +/0 IT@ = )l cwllf (sx6)E + g x(s))uls)l|g] ds

! L
< Me™|lxollg + f Me™ 9L 4+ —E—(Boy v+ + £ + ko) | (5 1 ds.
0 mp — o

This inequality implies that

e"lx(®) g < Mllxollg + "x(s) | g ds.

MI[Ls(mp — o) + Lg([|BOulu= + £ + ko)] /t .
(mp — o) 0

and, therefore, the Gronwall inequality yields

e lx()||g < M”xO||EeM[Lf(mB—0l])+Lg(IIBOUHU*+€+Ko)]/(mB—Ol])t’
which implies that

Ix(®lle < Mlixo ”Ee(M[Lf(mB*O‘])+Lg(||BOU\|U*+[+K0)]/(m3*‘xl)*w)t. (55)
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Denote

MI[Lf(mp — ay) + Ly (|| BOy ||y + £ + «
L= w— Mxolp ©=w— [Lf(mp — aj) + Lg(|[BOu v 0)] (56)
(mp — ay)
and note that assumptions H(A); and (52) guarantee that M > 0 and w > 0, respectively. We combine
inequality (55) with notation (56) to conclude that

Ix(®)lle < Le™*".

We now use this inequality and Definition 1.2 to conclude the proof. [

5. A one-dimensional example

The abstract results in Sections 3-4 are useful in the study of various initial and boundary value
problems. To provide an example, we consider in this section the following one-dimensional problem.
Problem P. Find the functions x : I x (0,1) - Rand u : I x (0,1) — R such that

X (t,2) = 8xz.(t, 2) — cx(t,z2) + f*(t, x(t,2)) + g*(t, x(t,2))u(t,z)) forallt € I, ae.z € (0,1),

(57)
x,(t,0) = x(¢t,1) =0, foralltel, (58)
Buy,(t,z) + h*(t,x(t,z)) =0, foralltel, z e (0,1), (59)
a0 sk e S ey =k ) 0
u(t,0) =0, foralltel, (61)
x(0,z) = x9(z) a.e.z€ (0,1). (62)

Here, and below in this section, the prime denotes the derivative with respect to the time variable
t and the subscripts represent the derivative with respect to the spatial variable z, i.e. x' = 9x/9t,
u, = du/dz and x,, = 0%x/0z*. Equations (57) and (58) represents the state equation, (59)-(61) is
the control inequality and (62) is the initial condition.

Problem P represents the variational formulation of a mathematical model which describes the
contact of an elastic rod with an obstacle. A brief description of the physical setting is the following.
An elastic rod occupies, in the reference configuration, the interval [0, 1] on the Oz axis. The rod is
fixed in z=0, is acted by body forces of density h* along Oz, and its extremity z=1 is in contact
with an obstacle made of a rigid body covered by a deformable layer of thickness k > 0. This layer
behaves rigid-elastically, i.e. it allows penetration, but only when the magnitude of the stress in the
contact point reaches a critical positive value, the yield limit, denoted by A. In addition, the reaction
of this layer depends on the penetration, this dependence being described by a given continuous
function j. The contact process is time-dependent, the time interval of interest is I and can be bounded
or unbounded. The material’s behaviour is described with the elasticity operator B, assumed to be
nonlinear.

Details concerning the previous contact model (59)-(61), including the passage from the classical
formulation of the problem can be found in [22] and, therefore, we skip them. Nevertheless we note
that, in contrast with the model presented in [22], in this current paper we assume that the force h*
depends on an additional variable x, which satisfies a diffusion equation of the form (57) and (58),
associated to the initial condition (62). Here § > 0 is the diffusion coeflicient, the parameter ¢ >0
is used to regulate the convergence speed, f* and g* are arbitrary external forcing functions, and xp
represents the initial data. From physical point of view x could be interpreted as being the temperature
field, the adhesion field the a moisture field. For more details we refer the reader to [30], where models
of contact governed by a parameter x which satisfies a diffusion equation have been considered.
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We now turn to the analysis of Problem P. To this end, we define the operator A : D(A) C
L2(0,1) — L2(0,1) as follows
(Ax)(2) = 8xz2(2) — cx(2),
) (63)
D(A) = {x € H(0,1) | x;(0) =0, x,(1) = 0}.

It is well know from [25] that A satisfies assumption H(A); on the space E = L?(0, 1). Moreover, the
semigroup T(f) = e/ generated by A is exponential stable, that is,

ITOI 20,1y < e PN forallt e I. (64)

This shows that assumption H(A), holds, too.
Next, we define the space U by equality

U ={veH(0,1)]|v(0) =0}, (65)

which is a real Hilbert space endowed with the inner product
1
(u,v)y = / uyvydx forallu,v e U
0

and the associated norm || - || . Recall that the completeness of the space (U, || - ||v) follows from the
Friedrichs-Poincaré inequality. Moreover, from the Sobolev trace theorem, it follows that

lv(1)| < |lvlly forallv e U. (66)

We denote by U* and (-, -) the dual of U and the duality pairing between U* and U, respectively.
We now consider the following assumptions on the data.

H(f*) f*:1x R — Rissuch that
(1) there exists Ly« > 0 such that

If* (t1, 91) — f* (2, 92)| < Lps(It1 — 2| 4 [ — 02| forallty, 1 €1, 91, 92 € R;

(2) f*(t,0)=0forallt el
H(g*) g*:Ix R — Rissuch that
(1) there exists Lg« > 0 such that

|g*(t1,1_91) —g*(tz,ﬂ2)| < Lg*(|t1 — b| + | — 9] forallty, t, € I, ¥y, ¥, € R;

(2) g*(t,0) =0forallt el.
H(B) B:(0,1) x R — Rissuch that
(1) there exists Ly > 0 such that

|B(z,91) — B(z,9,)| < Lg|th — ¥, forall , ¥, € R, ae. .z € (0,1);
(2) there exists mp > 0 such that
(B(z, %) — B(z,92)) (%1 — ) > mp|$h — 9|*> forall ¥y, 9, € R, ae.z € (0,1);
(3) the map z > B(z, ) is measurable on (0, 1), for each ¢ € R;
(4) B(z,0) =0 foreachz e (0,1).

H(j) The functional j : R — R s such that
(1) jis continuous;
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(2) there are kg, k1 > 0 such that

[j(0)] < ko +k1]6]| forall§ € R;
(3) there exists oj > 0 such that 0 — ;0 + j(0) is nondecreasing;
(4) j®) =0if0 > 0andj(®) =0if6 <O0.

H(#*) h*: I x R — Rissuch that
(1) there exists Ly+ > 0 such that

[h*(t1, %) — h¥ (2, D2)| < Lg*(|t1 — bl + | — 192|) forallty, t, € I, ¥, 9, € R;
(2) there exists a constant £ > 0 such that
At P)l12¢0,1) < € forae.tel, ¥ € R
H(0) x0(z) € L*(0,1).
Note that condition H(j)(4) is imposed from mechanical reasons. It shows that when there is a
contact between the rod and the obstacle then the reaction of the foundation is toward the rod and
when there is separation, it vanishes.

Next, define the set K, the operator B: U — U™* and the functions¢ : U x U - R, q: R — R,
J:U—> R, f:IXE—Eg:I1xE— LEVU),h:IxU— U* by equalities

K={ueU]|uQl) <k}, (67)
1
(Bu,v) = / Bu,v,dz forallu, v € U, (68)
0
¢, v) = Av(l) forallu, veU, (69)
q(r) = /rj(s) ds forallr e R, (70)
0
J(v) =q((1)) forallv e U, (71)
f(t,x)(z) = f*(t,x(z)) forallt €I, x € E, a.e.z € (0,1), (72)
[g(t,x)ul(z) = g*(t,x(2))u(z) foralltel, x € E, ue U, ae.ze (0,1), (73)
1
(h(t,x),v) = / h*(t,x(2))v(z)dz, foralltel, x€ E, ve U. (74)
0

In the sequel, to derive the variational-hemivariational formulation of Problem P, we let v € K and
perform an integration by parts on Equation (59) with v(0) = u(0) = 0 and the condition (60) to
obtain

1 1
/ Bu,(v; — uz) dz + Av(1) — Au(l) + j(u(1))(v(1) — u(l)) > / W (t,x(t,2))(v — u) dz. (75)
0 0

Recall that the assumptions H(f*)-H(0) above guarantee that these functions and operators are well
defined. For instance, we precise that the definition (73) has to be understood in the following sense:
for all t € I and x € E, g(t,x) represents the operator which associate at each function u € U the
function g(¢,x)u : (0,1) — R defined by [g(t,x)u](z) = g*(t,x(2))u(z) a.e. z € (0,1). It is easy to
see that this function belongs to E and the operator u — g(t,x)u is linear and continuous, i.e. it
belongs to L(U, E). Also, note that the operator B and the function h* are defined by using Riesz’s
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representation theorem. The function g could be nonconvex. Nevertheless, it is a regular function in
the sense of Clarke. Moreover, it satisfies the equality

qo(s;Q) =j(s)0, foralls, 0 e R, (76)

where ¢°(s;0) denotes the generalized directional derivative of J at the point s in the direction 6.
On the other hand, using a standard argument (Theorem 3.47 in [23] or Lemma 8 (vi) in [24], for
instance), we have

I (usv) = qo(u(l);v(l)) forall u,v eV, (77)

where JO(u; v) denotes the generalized directional derivative of ] at the point u in the direction v.
With these preliminaries, using notation (67)-(71) and equalities (74)-(77), it is easy to see that
inequality (59)-(61) could be written, equivalently, as follows:

u(t) € K, (Bu(t),v — u(t)) + o (u(t), v) — o(u(?), u(t))
+ J0u(t); v — u(®) > (h(t,x(t)),v — u(t)) forallv € K, (78)

for all t € I. Moreover, in what follows we skip the dependence of the variables on z, i.e. we simply
write x(f) instead of x(¢,z) and u(t) instead of u(t, z). Therefore, using the definition (63) of the
operator A, we deduce that Problem P can be formulated, equivalently, in a form of the following
differential variational-hemivariational inequality.

(DHVD)p. Findx : I — Eand u : I — U such that

X(t) = Ax(t) + f(t, x() + g(t, x()u(t), ae.tel, (79)
u(t) € SOL(K; B, h(t, x(t)),¢,]), foralltel, (80)
x(0) = xo. (81)

Recall that here SOL(K; B, h(x(t),-),,]) stands for the set of solution of the hemivariational
inequality (78).
The existence of a unique solution of the system (79)-(81) is provided by the following result.

Theorem 5.1: Assume that H(f*), H(g*), H(B), H(j), H(h*) and H(0) hold. Moreover, assume that
mp > «j. Then, Problem (79)-(81) has a unique mild solution (x,u) € C(I; E) x C(I; U)).

Proof: The proof of is based on Theorem 3.6 with the choice E = L(0, 1), U being the space defined
by (65). For this reason, we check in what follows the validity of the conditions of the theorem.

First, note that as already mentioned, the operator A satisfies condition H(A),. Moreover, condi-
tions H(f*) and H(g*) imply that the functions f and g defined by (72) and (73) satisfy conditions
H(f)2 and H(g),, respectively, with Ly = L= and Ly = Lg+. The proofis based on standard arguments
and, therefore we skip it. Next, since k > 0 it is clear that condition H(K) holds. We now use condi-
tion H(3) of the function 15 to see that the operator B given by (68) satisfies assumption H(B)(2) with
mpg = mp. Moreover, B satisfies

IBu — Bvlly+ < Lgllu—vlly, Yu, vel?0,1),
i.e. is Lipschitz continuous. We conclude from here that B satisfies assumption H(B)(1), too.

In addition, it is easy to see that the function ¢ defined by (69) satisfies condition H(p) with ey, = 0.
Moreover, using the standard arguments on subdifferential calculus, we see that the function J defined
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by (71) satisfies the hypothesis H(J). In fact, using (77), (76) and (66) we have

J (v —u) + 10, u — v) = (j(u(1) — j(1)(u(l) — v(1))
< ajlu(l) — v(D* < gjllu)) — v,

Finally, we note that assumption H(h*) on the function h* guarantees that the function h defined
by (74) satisfies condition H(h) and we recall that condition H(0) holds. We also note that inequality
mp > «; implies that the smallness condition (19) holds, too.

We are now in a position to apply Theorem 3.6 to conclude the proof. |

Now, we also proceed with the following globally exponentially stability result.

Theorem 5.2: Assume that H(f*), H(g*), H(B), H(j), H(h*) and H(0) hold. Moreover, assume that
mpg > «; and, in addition,

2
Lp» (mp — o)) + Lg= (€ + ko) < (C + 6%) (mp — a)). (82)

Then the mild solution of (79)-(81) is globally exponentially stable.

Proof: Note that (82) combined with inequality (64) and assumption H(3)(4) guarantees that
condition (52) holds. Therefore, Theorem 5.2 is a direct consequence of Theorem 4.1. [
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