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Abstract: In real reflexive Banach spaces, let the GSTDHVI, SHVI, DVIP, VIT, and KKM represent
a generalized system of time-dependent hemivariational inequalities, a system of hemivariational
inequalities, a derived vector inclusion problem, Volterra integral term, and Knaster-Kuratowski—
Mazurkiewicz, respectively, where the GSTDHVI consists of two parts which are of symmetric
structure mutually. By virtue of the surjectivity theorem for pseudo-monotonicity mappings and the
Banach contraction mapping principle, instead of the KKM theorems exploited by other authors in
recent literature for a SHVI, we consider and study a GSTDHVI with VITs. Under quite mild assump-
tions, it is shown that there exists only a solution to the investigated problem via demonstrating that
a DVIP with VIT is solvable.

Keywords: systems of time-dependent generalized hemivariational inequalities; symmetric structure;
pseudo-monotonicity mapping; Clarke’s generalized directional derivative; Banach contraction
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1. Introduction

It is well known that the hemivariational inequality (HVI, for short) involving non-
smooth and nonconvex energy functions was first considered in [1]. It is a significant
extension of variational inequality (VI, for short). As a helpful technique, the HVIs and
their systems have played a crucial role in the study of quite meaningful problems of
mechanics and engineering sciences, e.g., obstacle problems, thermoviscoelastic frictional
contact problems, unilateral contact problems in nonlinear elasticity, etc.; please refer
to [2—6]. Via the Clarke’s generalized directional derivative and the Clarke’s generalized
gradient (appearing in Section 2), various HVIs and systems of HVIs (SHVIs, for short),
e.g., stationary HVISs, evolutionary HVIs, and their systems, etc., have been investigated by
numerous authors in the past more than 30 years; please refer to, e.g., [2-12].

There are two important approaches to studying the solvability to various HVIs in the
recent literature. One approach is closely related to the KKM theorems and fixed point theo-
rems, which are exploited in [9,13-15] to investigate stationary HVIs and stationary SHVIs.
The other is closely related to the surjectivity theorems involving pseudo-monotonicity
of coercive mappings, which are applied in [5,6,16-18] for various stationary HVIs and
evolutionary HVIs; please refer to [18-23]. Unfortunately, as meaningful models for prob-
lems in mechanics and engineering science, the SHVIs, e.g., the stationary SHVIs and
the evolutionary SHVIs, are not investigated extensively via the surjectivity theorems
involving pseudo-monotonicity of coercive mappings. As put forth in [20], the existence
of solutions to the SHVIs in dynamic thermoviscoelasticity has been an open problem.
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In [20], the authors considered a dynamic thermoviscoelastic frictional contact problem
and modeled it via the evolutionary SHVIs. They showed that there exists only a weak
solution to the problem via a surjectivity result for pseudo-monotonicity mappings. Previ-
ously, Panagiotopulos formulated two SHVISs for the behavior of von Karman plates and
linear thermoelastic materials in ([4], Chapter 7.3). Unfortunately, the regular conditions
on the multi-valued terms are very unnatural for the solvability of two SHVIs. In 2015,
Xiao et al. [24] investigated a system of time-dependent hemivariational inequalities (STD-
HVI, for short) with Volterra integral terms (VITs, for short) according to the surjectivity
theorem involving pseudo-monotonicity of coercive mappings, and the Banach contraction
mapping principle. Here, the STDHVI consists of two parts which are of symmetric struc-
ture mutually. Under quite appropriate assumptions, they showed that there exists only a
solution to the considered problem through demonstrating that a derived vector inclusion
problem (DVIP, for short) with VIT is solvable. Subsequently, the authors [12] considered
the well-posedness for a STDHVI without VITs in real reflexive Banach spaces in 2017.

Inspired by the above research works, via the surjectivity theorem involving pseudo-
monotonicity of coercive mappings and the Banach contraction mapping principle, instead
of the KKM theorems exploited by other authors in recent literature for a SHVI, we in-
vestigate a generalized STDHVI (GSTDHYV], for short) with VITs in real reflexive Banach
spaces. Here, the GSTDHVI consists of two parts which are of symmetric structure mu-
tually. Under quite mild assumptions, it is shown that there exists only a solution to the
investigated problem via demonstrating that the DVIP with VIT is solvable. The article is
organized below. We first formulate the considered problem and then present the basic
results and tools in Section 2. The relation between the considered problem and the DVIP
with VIT is established under quite mild conditions in Section 3. It is shown that there
exists only a solution to the investigated problem via the surjectivity theorem involving
pseudo-monotonicity of coercive mappings and the Banach contraction mapping principle
in Section 4. Finally, the concluding remarks are presented in Section 5.

Finally, it is worth pointing out that there are the obvious disadvantages of the method
based on the KKM approach for studying generalized parabolic or evolutionary SHVIs. In
fact, if the operators in the method based on the KKM approach are not the KKM mappings,
there are several possibilities which happen in the demonstrating process, e.g., in particular,
whenever studying generalized parabolic or evolutionary SHVIs. This might leads to no
successful continuation of demonstration. Actually, this is exactly the drawback of the
KKM-based approach.

2. Basic Results and Tools

We first formulate the considered problem in this paper, and then present the useful
concepts and basic tools involving monotonicity mappings, and nonlinear and nonsmooth
analysis; please refer to [6,18,25]. Moreover, we also introduce some new concepts, nota-
tions and conditions, which will be used in the sequel.

For k = 1, 2, let the real reflexive Banach spaces Vi and X enjoy dual spaces V;" and
X}, respectively, where V; is separable. Given T € (0, +c0), let V}, = L%(0,T; Vi) fork = 1,2.
Then, V| = LZ(O, T; V) for k = 1,2. Unless otherwise specified, the (-, -)w+w indicates
the duality pairing between W and W*, and the || - || and || - ||+ denote the norms in W
and W, respectively, where W € {V}, Xy, V}, k = 1,2}. Inspired by the generalized mixed
variational inequality in [26], we introduce and consider in this paper a GSTDHVI with
VITs formulated below:

Find (p1, p2) € V1 XV s.t., for some selections ®; (¢, p;(t)) € ®;(t, p;(t)) and [} (¢) €
r(t), (1 = 1,2),

+{(faTi(t —s)pi(s)ds, g
(Dot p2(t)) + Ya(t, pr(t
+{(JaTa(t —5)pa(s)ds, g2

)2 02)vs xvy + I3 (1 @1 (p1 (1)), @a(pa(1)); Ot @

Vi xVy > <(P2(t)/‘72>V2*><V2/ Vqy € Vp, ae. t € (0, T)

[y
~ — ~— —

)
Vix vy > <(P1(t)/q1>Vl*><V1/ le]l eV, aete (O,T)

)

(

7
7



Symmetry 2021, 13,1801

3o0f14

where, for Lk = 1,2and k # 1, ®; : (0,T) x V| — X Y :(0,T) x Viu, = V¥, and
¢;: (0,T) — V" are mappings with images in V}*. For | # k = 1,2, ©; : V; — X is a linear
bounded and compact mapping, I'; : (0,T) — 2L V) s an operator with images of linear
continuous mappings from V; to V}*, and J (t, w1, wy; v) is the partial Clarke’s generalized
directional derivative of locally Lipschitz functional ] : (0, T) x X7 x X, — R w.r.t. the Ith
argument at w; € X; in the direction v € X; for given wy € X;.

Recall some basic results and tools. Let the real Banach space E enjoy dual space E*.
Suppose that 1 : E — R is locally Lipschitz, F : E — E* is single-valued, and M : E — 2F°
is multi-valued.

Letu,v € E. Clarke’s generalized directional derivative of 1atu € Einv € E, denoted
by h°(u;v), is defined by

h(w + Tv) — h(w).

h°(u;v) ;== limsup p.

w—u,T—0T

Clarke’s generalized gradient of frat u € E, written by 071(u), is the setin E* formulated
by oh(u) := {¢ € E* : h°(u;v) > (E,v), Yv € E}. As put forthin [5],incase i : E — Ris
convex and continuous, ofi(u) is equal to the subdifferential of 7 at u in the sense of convex
analysis. In case /1 is continuously differentiable, one has o%(u) = {1’ (u)} Vu € E, with
7' (1) being the Fréchet differential of 7 at u. For locally Lipschitz functional , it is well
known that the conclusions hold below:

(a) v — h°(u;v) is subadditive, positively homogeneous and finite;

(b) (u,v) — h°(u;v) is u.s.c. (i.e., upper semicontinuous) on E x E;

(c) oh(u) is nonempty, bounded, convex and weak*-compact in E*;

(d) ofi(u) enjoys the closed graphin E x (w*-E*).

Recall that 7 is referred to as being regular (in the sense of Clarke) at u € E iff

(a) directional derivative %' (u, v) exists for each v € E;

(b) 7' (u,v) = h°(u; v) for each v € E, with /' (u, v) being the directional derivative of
hhatu € Einv € E.

Suppose that E; is a real Banach space for ! = 1,2, H : E; x E; — Rislocally Lipschitz
on E; x Ey and H or —H is regular at (p1, p2) € E; X Ep. Then, we recall that the following
relation holds:

0H(p1, p2) C 01H(p1, p2) X 02H(p1, p2),
or
H(p1,p2;91,92) < Hi(p1,p2p1) + Hy (1, p2ip2)  V(91,92) € E1 X Ea.

It is worth pointing out that the converses of the above relationships are generally
not valid.

On the other hand, suppose that E is a real reflexive Banach space. F : E — E*
is referred to as being pseudomonotone if F is bounded, s.t. iminf, e (Fpn, pn — q) >
(Fp,p —q) Yq € E provided p, — p weakly in E and limsup, . (Fpu, pn —q) < 0. Itis
well known that F is pseudomonotone iff F is bounded s.t. Fp, — Fp weakly in E* and
limy, o (Fpn, pn — p) = 0 whenever p, — p weakly in E and limsup,,_, ..(Fpn, pn — p) < 0.

Definition 1. M : E — 2F" is referred to as being pseudomonotone iff

(a) Mp is a nonempty convex closed bounded set for every p € E;

(b) M is u.s.c. from each finite-dimensional subspace of E to E* equipped with the weak
topology;

(c) if {pn} C E converging weakly to p and p;; € Mp, satisfying limsup,,_, . (ps, Pn —
p) <0, then, Vg € E, 3p*(q) € Mps.t. (p*(q), p — ) < liminfyeo(py, pu — p)-

Definition 2. M : E — 2E" is referred to as being generalized pseudomonotone if for {p,} C E
and {p}} C E* with p}; € Mpy, the conditions that p, — p weakly in E, p}; — p* weakly in E*
and limsup,, . (ph, pn — p) < 0, imply that p* € Mp and (p;,, pn) — (p*, p).
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Proposition 1. Let M : E — 2E" be generalized pseudomonotone and bounded. Assume that, for
every p € E, Mp is nonempty, convex, and closed in E*. Then, M is pseudomonotone.

Definition 3. M : E — 2" is referred to as being

(a) coercive if 3¢ : RT — R with lim, e c(r) = oo, s.t. c(||pDlpll < (p*, p) Y(p, p*) €
G(M), with G(M) being the graph of M;

(b) coercive with constant a > 0 if a||p||? < (p*, p) ¥(p, p*) € G(M).

Theorem 1. (Surjectivity theorem). If M : E — 2E" is coercive and pseudomonotone, then the
range of M is equal to E*, i.e., R(M) = E*.

Suppose that (E, || - ||) is a linear normed space and H is a Hausdorff metric on the
family CB(E) of all nonempty, bounded and closed sets in E, induced by the metric d
according to d(p,q) = ||p — g||, which is formulated below

H(K,D) = max{sup inf ||p —gq||,sup inf ||[p —q||} VK,D € CB(E).
pek 1€D qeD PEK

Let K,D € CB(E). For any € > 0 and p € K, according to Nadler’s result [27], we
know that dg € D s.t.
Ip = qll < (1 +€)H(K, D).

In particular, whenever the sets K, D C E are compact, for any p € K, we know that
dg € Ds.t.
lp —4qll < H(K, D).

It is remarkable that, as an important tool, the Nadler’s result mentioned above ex-
hibits a powerful role in the exploration of well-posedness of generalized mixed variational
inequalities in [26].

Finally, we present the w-#-continuity concept of M : E — 2F".

Definition 4. M : E — 2" is referred to as being w-H-continuous if for any net {p,} C E with
Pa — p weakly in E, one has H(M(p«), M(p)) — 0.
Similarly, one can define the s-H-continuous mapping M on E.

3. DVIP and Hypotheses

In this section, we first introduce a DVIP with VIT on V; x V5, and establish the
relationship between the DVIP with VIT and GSTDHVI with VITs (i.e., problem (1)). Then,
we impose the restrictions on the mappings for demonstrating that there exists only a
solution to the GSTDHVI with VITs.

Let V = V4 x V5. We equip V with the norm ||p||v := Z7_; || pxllv, Vp = (p1,p2) € V.
According to [25], we know that V is a reflexive Banach space and the duality pairing
between V and V* is formulated below:

(P P)vexv = (PL P vixv, + (P2 P2)vyxvy, VP = (p1,p2) €EVE,p = (p1,p2) € V.

Similarly, we can also describe the product space X = X; x X, with its dual X*. For
t € (0,T) and p = (p1, p2) € V, we construct the mappings below:

@:(0,t) x V=2, @(tp):= (Pt p1) +¥1(t, p2)) X (R2(t, p2) + ¥a(t, 1)),

[:(0,T) — 25V T(H)p =T (t)p1 x T2(t) p2, 2)
O:V-oX= X1 X Xp, @p = (@1]71,@2;72),

@:(0,T) = V", o(t) = (e1(t), p2(t)).

In the rest of this paper, the range of variable t is always assumed to be the a.e.
t € (0,T). For the convenience, we naturally omit the description of the a.e. t € (0, T). We
formulate the DVIP with VIT below:
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Findp € V =L%(0,T;V) and T(t) = (T1(t),T2(t)) € T(t) s.t.

o(t) € ®(1,p(t)) + © 03] (t,O(p +/ (t—s)p 3)

with ®* being the adjoint operator of ®. The relations between the GSTDHVI with VITs
and DVIP with VIT are established below.

Lemma 1. If the locally Lipschitz J(t, -, ) is reqular on X, each solution p = (p1, p2) € V to the
DVIP with VIT is a solution to the GSTDHVI with VITs.

Proof. Suppose that p = (p1, p2) € V solves the problem (3). Then, 35 (t) € 9J(t,®(p(t))) C
X*and 3P(t,p(t)) € (¢, p(t)) with

{ O(t,p(t)) = (P1(t, pr(t)) +F1(t, pa(t)), Pa(t, pa(t)) + Falt, p1(t))),
O1(t, p1(t)) € @1(t, p1(t)) and Da(t, pa(t)) € ot pa(t)),

s.t.
p(t) = D(t, p(t)) + O n( +/ (t—s)p(s)ds, inV*. (4)

For each q; € V3, by multiplying (4) with q = (g1, 62), where 6, is the zero vector of
V>, we have

(p1(t), q)vexyy, = (@1t pr() +Ya(t p2(t), q1)ve vy + (1), OQ) x xx
+ <fot Ty (t = s)pi(s)ds, q1)vexv;-

Thus,

(@1(t), q1)vrxwy
< (@1t pr () + ¥t p2 (1), g1) vy vy + I (5 ©1(p1 (1)), O2(p2(t)); O141) (5)
+ (Jy Ta(t = 5)pa(s)ds, 1) vy v,

By a similar way, for each g, € V3, one can deduce by multiplying (4) with q = (61, 92),
where 0, is the zero vector of V; that

(@2(1), 92) vy x vy
< A(@a(t, pa(t) + Falt, p1(t)), g2) vy v, + 15 (8, O1(pr (1)), @2(p2(t)); ©292)
+ (Jo Ta(t = 5)pa(s)ds, 42) vy xvss

which, along with (5), ensures that p € V (i.e, p1 € Vi, p2 € V») is a solution to the
GSTDHVI with VITs. O

It is remarkable that the inverse of Lemma 1 might be false, i.e., the solution to the
GSTDHVI with VITs might not solve the DVIP with VIT. In what follows, according
to [14], we provide an example to support this assertion. For any (v1,v;) € X3 x Xp, let
J : (0,T) x X3 x X — R be formulated by J(t,v1,v2) := ¢(t,v1) + (¢, v2), where the
functionals ¢(¢, -) and (¢, -) are regular and locally Lipschitz on X; and Xj, respectively.
Then, it is clear that J(¢, -, -) is regular and locally Lipschitz on X. Meantime, it is not hard
to verify that the following relations hold:

aj(t,vl,vz) = alj(t,v1,v2) X 82](1’,1}1,02), V(Ul,vz) € X, (6)

or, equivalently, for any (vq, v2), (wy, wy) € X,

J°(t, v1,v2; w1, w2) = J7(t,v1,v2;w1) + J5 (t, V1, U2; w3). (7)
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It is worth pointing out that, under the regularity assumption of J(¢, -, -), the above
relationships (6) and (7) are not true in general.

Lemma 2. If the locally Lipschitz J(t,-,-) is reqular on X and relationship (6) or (7) holds,
p = (p1,p2) € V is a solution to the GSTDHVI with VITs if and only if it is a solution to the
DVIP with VIT.

Proof. By Lemma 1, we know that the sufficiency of this lemma is valid. In what follows,
it is sufficient for us to show its necessity. To this aim, we suppose that p = (p1,p2) € Vis
a solution to the GSTDHVI with VITs. Adding the two inequalities in (1) and using the
definitions of the operators in (2), one has

(@(t,p(t) + fy T(t—s)p dsfq>v*xv+h(t O(p(t));01q1) + J5 (£, 0(p(t)); ©292)
2<¢( ) Qvexv, Vq= (qwz)
with

@(t,p(t) = (Pt pr(t)) +¥a(t, p2(t)), @
€ (®1(t, pr(t)) +¥1(t, pa(t)) x
= ®(t,p(t)).

Using the conditions (6) or (7), we infer that, forany q € V,

(9(6) ~ @(,p(1) ~ [ T(t = p(5)ds, ahv- v < (1, O(p(1));0a).  (8)

Note that @ is linear continuous and J(t,-,-) is regular. Hence, according to ([6],
Proposition 3.37), we obtain J°(t,®(p(t));©q) = (J(t,-) c©®)°(p(t);q) and 9(J(t,-) o
O)(p(t)) = O*0d]J(t,0O(p(t)) for all q € V. Consequently, from (8), we have

p(t) €®(tp(t)+O cdJ(t,O(p(t)) —l—fo s)p(s)ds
C ®(t,p(t)) + O 0 d](t,0(p(t)) +f0 s)p(s)ds.

Thus, p is a solution of the DVIP with VIT. O

Next, we impose the restrictions on the mappings ®;,¥;,I; (I = 1,2) and ] for
demonstrating that there exists only a solution to the GSTDHVI with VITs.
(H®): For | = 1,2, operator ®; satisfies

(@) ®;(t, ") : Vl — 2" is w-H-continuous;

(b) @;(t,-) : V, 2Vl* is bounded and pseudomonotone on Vj;

(c) @;(t,-) : Vl — 2V is coercive with constant a;;

(d) ®;(t,-) : V; — 2 is of strong monotonicity with coefficient ; > 0.

(HY): For [,k = 1,2 with k # I, operator ¥; : (0, T) x V. — V|* satisfies
(@) ¥i(-,vg) : (0,T) — V/* is measurable for any fixed vy € V4;

(b) ¥(t,-) : Vi — V}" is weakly continuous;

(c) ¥i(t,-) : Vi — V" is bounded;

(d) (F1(t, v2), v1)vrxwy + (F2(tv1), 02) vy v, =0 V(v1,02) € Vi x Vs

Lemma 3. If the conditions (H®) and (H'Y) hold, then ®(t,-) : V — 2" is the bounded mapping
with pseudo-monotonicity.

Proof. Using the hypothesis (H®) (b), we deduce that, for | = 1,2, ®;(t,-) : V; — 2% s
pseudomonotone on V;. By Definition 1 (a), ®;(t, v;) is nonempty, convex, closed, and
bounded in V/* for any v; € V;. This ensures that ®(t,v) = (®1(t,v1) + ¥1(t,v2)) x
(®y(t, v2) + ¥a(t, v1)) is nonempty, convex, closed, and bounded in V* for any v € V
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with v = (v1,0;). We now claim that ®(t,-) : V — 2V is bounded. Indeed, we take
d(t,v) € ®(t,v), arbitrarily, with

{ O(t,v) = (P1(t,v1) + Y1 (t, v2), Pa(t, v2) + ¥a(t, v1)),
<I>1(t,v1) (S <I>1(t,vl) and q)z(i’, Uz) S <I>2(t, Uz).

Then, it is obvious that
(@) [lve < ([Pt v)llvy + (Y1 v2) lvr + [P2(t v2) (v + [[F2(t 01) vy

Using the conditions (H®) (b) and (HY) (c), we deduce that ®(t,-) : V — 2" is
bounded. In what follows, according to Proposition 1, in order to attain the pseudo-
monotonicity of the mapping ®(t,-), it is sufficient for us to show the generalized pseudo-
monotonicity of ®(t, -). In fact, we assume that v — v weakly in V, ®(t,v") € ®(t,v")
with ®(t,v") — ¢ weakly in V* and

0 > limsup(®(t, v"),v"' — v)yxv, 9)

n—oo
where v = (v}, v5), v = (vq,v2) and

O(t,v") = (Pq(t, v]) + V1 (t,v5), Pa(t, v5) + ¥a(t, v))),
D (t,v}) € ®1(t,v]) and Py (t,v5) € Po(t,v5).

Using the condition (HY) (b), one infers that ¥ (¢, v5) — ¥1(t, v2) weakly in V;* and
¥ (t, vf) = ¥a(t, v1) weakly in V5. This, along with the reflexivity of V; (I = 1,2), ensures
that

<‘Y1(t, Ug), vl>V1* xV, — <1P1<t, Uz), vl>Vl*><V1/ (10)

and
(Fa(t, 01), 02) vz vy = (F2(t, v1), V2) vz v, (11)

Meantime, using the condition (HY) (d), one has
(Y1(t,03), 1) vy vy + (Y2t 01), U3) vy v, = 0. (12)
Therefore, combining (9)—(12), we conclude that

0 > limsup(®(t,v"),v" —V)y«uy

n—,oo
= limsup{(®1(t, v]), v} — v1)vyxvy + (P2(t, 03), V5 — V2) vy xvy
n—o0
- <T1(t/ U3)101>V1*><V1 - <T2(tr U?)/UZ>VZ*><V2 (13)

+ (Y1t 03), v])ve vy + (F2(t,01), V5 vy vy }
= limsup{<d>1(t, U?)qul - Ul>V1*><V1 + <q>2(tr Ug)rvg - UZ>V2*><V2}-

n—oo
Next, let us show that
limsup(P1 (¢, v7), v] — v1)vexy, <0, (14)
n—oo
and
limsup(P2(t,v3),v3 — v2) vz xv, < 0. (15)
n—,oo

Indeed, we conversely assume that the above claim is not valid. Then, there is at least

one false inequality. We may suppose that (14) is false. Then, there exists d > 0 and a
subsequence of {v}} that is still written by {v]}, s.t.

lim <<I>1(t,v?),v¥ _vl>V1*><V1 =d>0. (16)

n—00
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Thus, it follows from (13) and (16) that

limsup(Pz(t,v3), v — V2) sy, < —d <0. (17)

n—oo

Therefore, from (17) and the pseudomonotonicity of ®,(t, -), we have
lirgglf<q>2(f, UEI), vg‘ — UZ>V2* x Vs >0,

which contradicts (17). Hence, (14) and (15) both are true.

Furthermore, using the reflexivity of V; and (H®) (b), we know that ®4(¢,-) : V; —
2"1" is weakly compact-valued. In addition, from Nadler’s result [27], it follows that
3€¥ S (pl(f, Ul) s.t.

@1 (5, 0§) = G < (14 V(@ (0], @1 1, 01)).

Since v} — v weakly in V;, we deduce from the hypothesis (H®) (0) that as n — oo,

[ @1 (£, 07) = CFllvy < (1 + %)H(q’l(tv?)ﬁl(t, v1)) = 0. (18)

Since @1 (t, v1) is weakly compact, we may assume that 3®(t,v1) € ®q(t,v1) s.t.
It — ®@q(t,v1) weakly in V{". This, along with (18), yields

Dy (t,v]) — P1(t, v1) weakly in V. (19)
In addition, by the pseudo-monotonicity of @1 (t, -), we obtain from (14) that
Jim (@1 (t,v7), vf = v1)vyxy; = 0. (20)

The similar conclusion that

D, (t,v5) — Po(t, vy) weakly in V' (21)
and
Tim (@s(t,05), 03 — 2)y5cv, = 0 (22)

holds due to the w-H-continuity and pseudo-monotonicity of ®;(t, -). Therefore, we can
conclude by (19), (21), ®(t,v") — ¢ and the weak continuity of ¥;(¢,-) (I = 1,2) that

O(t,v") = (D1(t,v]) +¥1(t,v5), Po(t, vy) + Fa(t, v}))
L E = (Dy(t,v1) 4 Fa (£ v2), Do (£ v2) + Falt, 01)) = Dt V) (23)
S (q>1(t, Ul) +‘1’r1(l’,02)) X ((I)z(f,vz) +T2(t, (] ) = <I>(t,v).

The above notation — represents the weak convergence in V*. In addition, combining
(10)—(12), (20), and (22) guarantees that lim, .« (®(t, v"),v" — v)y= v = 0. Hence, from
(23), we get

Jim (@ (£, v"), V") yexv = (8, V) vy

Consequently, in terms of Definition 2, ®(t, -) is of generalized pseudomonotonicity. []

Lemma 4. If the conditions (H®) (c) and (HY) (d) hold, then the operator ®(t, ) is of coercivity
with constant « = min{ay, ap } /2. In addition, if the conditions (H®) (d) and (HY) (d) hold, then
the operator ®(t, ) is of strong monotonicity with coefficient p = min{B1, B2} /2.
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Proof. For any v,w € V with v = (v, 02),w = (wy,wy), we take ®(t,v) € ®(t,v) and
d(t,w) € ®(t, w) arbitrarily, with

{ O(t,v) = (P1(t,v1) + ¥1(t,v2), Pa(t, v2) + ¥a(t, v1)),
<I>1(t,v1) € <I>1(t,vl) and q)z(t, Uz) € <I>2(t, Uz),

and
DO(t,w) = (P1(t, w1) + ¥1(t, wy), Pao(t, wr) + Y2 (t, wi)),
Dy (t,wy) € ®1(t,wy) and Py(t, wy) € Py (¢, wo).

We first show that ®(¢, -) is coercive. Indeed, it is clear that, under the conditions
(H®) (c) and (HY) (d), the operator ®(t,-) : V — 2V" is coercive with constant a owing to
the inequality below:

(D, V), Vivexy = (P1(t,v1) +¥1(t, 02), v1) vy vy + (P2(t, 02) + Fa(t, v1), V2) vy xvy

> apf|or[f, +azllv2]l3, = allv(f5-

Secondly, we show the strong monotonicity of ®(t, -). In fact, from the strong mono-
tonicity of ®;(t,-) (I =1,2) and the condition (HY) (d), we have

D(t,v) — D(t, W), v — W)y yy

(@1(t,v1) = P1(t, 1), v1 — wWi)vr vy + (Pa(t, 02) = Pa(t, w2), 2 — W2) vy v,
+ (F1(t,v2), v1) vy vy + (Fa(t, 01), v2) vy v, — (Pt 02), wi)viecyy

— (Ya(t, w1), v2) vy vy, — (F1(t w2), v1) vy — (Fa(tv1), w2) vz <,

+ (¥1(t, wa2), 601>v1*xv1 + (Fa(t, w1), w2) vy vy

> Billor — wr|lf, + Ballv2 — w3,

> Bllv —wlfF

Therefore, we attain the strong monotonicity of ®(t, -) with constant 8. [

(HI): For | = 1,2, the operator I'; : (0,T) — 2LV V) gatisfies

(a) T} is s-H-continuous with compact values in £(V;, V/*);

(b) each I} : (0,T) — L(V;, V") with T;(t) € I;(t) Vt € (0,T), is such that I'; €
L2(0,T; £(Vi, V)):

(HJ): ] : (0,T) x X3 x X5 — Rislocally Lipschitz, s.t.

(@) J(+, p1, p2) is measurable on (0, T) for all (p1, p2) € X1 X Xo;

(b) for py € Xp, 341,71 > 0s.t.

Imllx; < b +allpillx, V1 € X1, m € 1] (t, p1, p2); (24)
(c) for p1 € Xy, 3, » > Osit.
Im2llx; < €2+ llpallxy, VP2 € Xo, 112 € 02] (¢, p1, p2); (25)

(d) for pp € Xy, 91J(t,-, p2) is of relaxed monotonicity on X that is, Im; > 0 s.t.,
Vp1,q1 € X1, 1 € 01J(t, p1, p2) and V&1 € 91](t,q1, p2),

(n =G p — ) xixx, = —mllp — qllx, (26)

(e) for p1 € Xy, 92J(¢t, p1,-) is of relaxed monotonicity on X, that is, Im, > 0 s.t,,
Vp2,q2 € Xo, 12 € 02](t, p1, p2) and V&2 € 92] (¢, p1,92),

(12 = G2, p2 = 42) x5 %, = —ma|[p2 — 215, (27)
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Lemma 5 (see [24], Lemma 3.5). Let the locally Lipschitz ] (t, -, -) be reqular on X. If conditions
(H]) (b) and (H])) (c) hold, then 9] (t, -, -) is bounded on X and

Inllx- < L+zlpllx, VP = (p1,p2) € X, 1 €9](t p1,p2), (28)

with { = {1 + {p and T = max{1y, T2 }. In addition, if conditions (HJ) (d) and (HJ) (e) hold, then
aJ(t,-,-) is of relaxed monotonicity on X with coefficient m = max{my, my}.

4. Main Results

Under quite mild assumptions, we will show that there exists only a solution to the
GSTDHVI with VITs via an approach of an auxiliary vector inclusion problem (AVIP, for
short) and by the Banach contraction mapping principle. It is worth mentioning that the
techniques for the demonstrations of the following theorems had previously been applied
in [6] for the subdifferential inclusion problems.

We now define the AVIP, which is formulated below:

Findp € Vs.t.

¢(t) € @(t, p(t)) + O 0 9] (£, O(p(t))). (29)

The important result for the AVIP is stated and proven below that will be applied for
demonstrating that there exists only a solution to the GSTDHVI with VITs.

Theorem 2. Assume that ®; : (0,T) x V; — 2¥ and ¥, : (0,T) x V} — V" are operators
with images in V' for I,k = 1,2 and k # I. Let ®; : V; — X be a linear bounded and compact
operator, ] : (0,T) x X1 x Xo — R be regular and locally Lipschitz, and ¢; € V), for | = 1,2. If
the conditions (H®), (HY), and (HJ) are valid, there exists only a solution p to the AVIP provided

a>d|®|* and B> m|O]? (30)
with ||@|| being the norm of © in (2). In addition, the solution p satisfies
Iplly < v(1 +lgly-) for some vy > 0. (31)

Proof. The proof of Theorem 2 is divided into two steps.
Step 1. We show the existence and uniqueness of solutions to the AVIP in V. In fact,
we construct a multi-valued mapping M : V — 2" below:

M(v) :=®(t,v) +O*09J(t,0v), VYvelV.

Next, we derive the assertions on mapping M, successively.

(P1) M is of pseudomonotonicity on V.

First, according to Lemmas 3 and 5, we know that mapping ®(t, -) is bounded and
pseudomonotone, and mapping 9dJ(t,-,-) is of boundedness. Since © is a linear and
bounded operator, M is bounded on V. In addition, it is clear that M has nonempty, closed,
and convex values in V* because 0](t, -, -) has nonempty, closed and convex values in
X*. Thus, in view of Proposition 1, it is sufficient for us to show the generalized pseudo-
monotonicity of M to attain the pseudo-monotonicity of M. In fact, assume that v — v
weakly in V, {" € M(v") with " — ¢ weakly in V*, and

limsup(¢", v" — v)y«xy <O0. (32)

n—o00
Then, Ov" — Ov in X and there exist ®(t,v") € ®(t,v") and 1" € 9] (¢t,Ov") C X*,
which are bounded in V* and in X*, respectively, by the boundedness of mappings ®(t, -)

and 9J(¢,-,-), s.t.
=0, v") + 0" (33)



Symmetry 2021, 13,1801

110f 14

We might assume, using the closedness of 9](t, -, -) that " — n weakly with €
dJ(t,0v) C X*. Meantime, noticing the compactness of ©*, we deduce that @*y" —
O*n € ©* 0 dJ(t,0Ov) and

lim (©"",v" ~ v)y+xy =0. (34)

Hence, combining (32)-(34) ensures that limsup,, . (®(t,v"), v —v)y+y < 0. In
the same inference way as the proof of Lemma 3, it is easy to check that ®(t,v"") — ®(t,v)
weakly in V* for some ®(t,v) € ®(t,v) and limy, 0 (P (¢, V"), v" — V) y+ iy = 0. Therefore,
"=t v") + O " — P(t,v) + ©*n = ¢ € M(v) weakly in V* and

Jim (&%, v" = v)yexy = lm (O(£,v") + 077", V! = v)yeuy = 0.

Consequently,

r}glgo<§n'vn>v*xv - ;}glgo<§n'vn —VAHV)yixy = (5 V)vexy.
Thus, M is generalized pseudomonotone on V.
(P2) M is coercive on V.
Suppose that v € V and ¢ € M(v). It is clear that 3®(t,v) € ®(t,v) and Iy €
dJ(t,0v) s.t. § = ®(t,v) + ©*y. Using Lemmas 4 and 5, we know that

= <<b(trv)rv>V*XV + <®*7]/V>V*><V
> al|v|§, - Hgl\x*Hz@HHVIIV (35)
2 (a—d[[®[*)[lv[l; —cllofv]v.

<§/ V>V*><V

This along with d||®||?> < a leads to the coercivity of M on V with c(t) = (a —
d|e|2)t —cllo].

On the other hand, by the properties (P1) and (P2), we know that M is of surjectivity.
Thus, 3p; € V (due to its dependence on t), s.t. ¢(t) € M(p:) = ®(t, pt) + O* 0 IJ(t, Opy).
This ensures the existence of solutions to the AVIP. To show the uniqueness of solutions to
the AVIP, one supposes on the contrary that the AVIP enjoys two distinguished solutions
p} and p? in V. Then, 3®(t,pl) € ®(t,p!) € V* and In' € 9J(t,@p}) C X* forl = 1,2, s.t.

@(t,pi) + O = (), (36)

and
O(t,p7) +0"* = g(t). (37)
Subtracting (37) via (36) and multiplying the associated result by p} — p?, we obtain that

(®(t,pt) — (1, p7), Pt — PP)vexv + (@' —O* %, pi —pf)vexy =0.  (38)

Using Lemmas 4 and 5, one gets (B — m||©|?)|p} — p?||? < 0. Thus, from the
condition B > m||@||?, we have p; = p?, which arrives at the contradiction. Thus, we
get the uniqueness of solution p; to the AVIP in V. In addition, by the coercivity of
mapping M and in the same inference way as the proof of (35), it is easy to verify that
(« = d|®])[[pellv < cl|® + [|@(t)|lv+. Consequently, 37 > 0s.t.

Ipellv < 71+ [lo(®)[[v-)- (39)

Step 2. We show that there exists only a solution to the AVIP (29) and the estimation
(31) holds. In the same inference way as the proof of ([6], Theorem 4.11), it is easy to check
that the function p : t — p; € V, where p; is only a solution in V to the AVIP for each ¢, is
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measurable and p € V. Hence, there exists only a solution to the AVIP. In addition, from
the estimation (39), it is clear that 3y > 0 s.t.

ol = [ IpOldr < [+ lo(llv-) 4t < (40 + gl

which leads to the estimation (31). O

By virtue of Theorem 2, we show below that there exists only a solution to the
GSTDHVIP with VITs.

Theorem 3. Suppose that the hypothesis (HI') holds and all conditions in Theorem 2 are valid.
Then, there exists at least one solution p € V to the GSTDHVI with VITs. In addition, if the above
equality (6) or (7) holds, then there is only a solution to the GSTDHVI with VITs.

Proof. Using Lemma 1, we can show the existence of solutions to the DVIP with VIT,
which hence leads to the existence of solutions to the GSTDHVI with VITs. Meantime,
using Lemma 2, we know the uniqueness of solutions to the DVIP with VIT, which hence
leads to the uniqueness of solutions to the GSTDHVI with VITs. In the same inference way
as the proof of ([6], Theorem 4.13), we could obtain the desired conclusion by using the
Banach contraction mapping principle. Therefore, we omit the details of proof here. [

Next, let the GTDHVI indicate the generalized time-dependent hemivariational in-
equality. We first provide a particular example for Theorem 3. Put V; = Vo = W, X; =
Xo=Y,andset®; =P, =®,0;, =0, =0, I =, =T, and ¢; = ¢ = §. Assume
further that ¥ = ¥ is a zero operator, where its images are always zero vector 6 € W*
and ] is chosen as in (6) with ¢ = ¢ = jon Y by J(t,y1,y2) := j(t,y1) + j(t, y2) Yy1,y2 € Y.
Then, the GSTDHVI with VITs reverts to the GTDHVI with VIT below:

Find w € L?(0, T; W) s.t. for some ®(t,w(t)) € ®(t,w(t)) and T(t) € T(t),

(®(t,w(t), 0)wexw + (£, O(w(t)); Ov) + ([ T(t — s)w(s)ds, v)w+xw )
= (p(t), 0)wexw, YoeW.

Utilizing Theorem 3, one can readily obtain the result below that there exists only a
solution to the GTDHVI with VIT.

Theorem 4. Suppose that W and Y are reflexive Banach spaces such that W is separable.

Assume that ® : (0,T) x W — 2" is an operator with images in W*, ® : W — Y isa
linear bounded mapping with compactness, T : (0, T) — 25WW") is an operator with images of
linear continuous mappings of W into W*, and j : (0, T) x Y — R is of regularity and of local
Lipschitz continuity. Let the following conditions on the mappings in the GTDHVI with VIT
be valid:

(@) ®(t,-) : W — 2V is w-H-continuous;

(b) ®(t,-) : W — 2V is of boundedness, of pseudo-monotonicity, of coercivity with constant
« > 0 and of strong monotonicity with coefficient p > 0;

(c) j(-,x) : (0,T) — R is measurable for each x € Y;

(d) 30,7 >0st ||nlly- <Ll+Tlylly Vy €Y, n €9j(t,y);

(e) 9j(t,-) is of relaxed monotonicity, that is, 3m > 0s.t. Yyi,y2 € Y,

(M = 12,91 —2)ysxy = —mllyr —y2lly Vi € 9j(t,y1), 12 € 9j(tv2);

(f) T is s-H-continuous with compact-values in L(W, W*);

(g) the mapping T € L2(0, T; L(W,W*)) and ¢ € L>(0, T; W).

Then, there exists only a solution to the GTDHVI with VIT provided a > d||®||? and
p > m| O]
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Remark 1. The GSTDHVI with VITs and the corresponding DVIP with VIT are more general and
more advantageous than the STDHVI with VITs and the corresponding DVIP with VIT in Xiao et
al. [24], respectively. Theorem 2 on the AVIP exhibits a powerful role in the proof of the conclusion
that only a solution to the GSTDHVI with VITs exists. In the proof of Theorem 2, to demonstrate
that only a solution to the AVIP without VIT exists, we introduce the new notion of w-H-continuity
(resp., s-H-continuity) for multi-valued operators and impose new mild restrictions on multi-valued
operators ®; and T} (I = 1,2), e.g., the hypotheses (a)—(d) in (H®) and hypotheses (a)—(b) in
(HT). In the proof of Lemma 3, we make use of Proposition 1 to derive the pseudo-monotonicity of
multi-valued operator ®(t,-). However, there is an assumption of boundedness for multi-valued
operators in Proposition 1. Note that the pseudo-monotonicity of multi-valued operator ®(t, -)
can not guarantee its boundedness. Meantime, we make use of Nadler’s result [27] and the w-H-
continuity and pseudo-monotonicity of ®;(t, -), to obtain the generalized pseudo-monotonicity of
®(t,-). Without doubt, the approach of the proof of Theorem 2 is very different from that of the proof
in ([24], Theorem 2). All in all, Theorems 2—4 extend, improve, and develop Theorems 2—4 in [24]
to a great extent, respectively. In addition, whenever ® = @ o i, with © being linear bounded and
i being the compact embedding mapping in the time-dependent subdifferential inclusion problem
of [6], Theorem 4.3 in [24] reverts to Theorem 4.13 in [6].

5. Conclusions

In this paper, under quite mild assumptions, it is shown that there exists only a
solution to the GSTDHVI with VITs via demonstrating that there exists only a solution
to the corresponding DVIP with VIT. Our results generalize, improve, and develop the
corresponding ones in very recent literature. It is worth pointing out that, inspired by the
problem put forward in [20], Xiao et al. [24] introduced and studied the STDHVI with
VITs, and showed that only a solution to the STDHVI with VITs under quite appropriate
conditions exists.

Put forth as the above, a particular case of our main theorem is an extension of ([24],
Theorem 4) for the solvability of the TDHVI with VIT. However, a special case of the one
in [24] is also an extension of ([6], Theorem 4.13) for the solvability of a time-dependent
subdifferential inclusion with VIT. An HVI is referred to as parabolic or evolutionary HVI
if it involves the time derivative of unknown function. To the extent of our knowledge,
it would be very meaningful and quite valuable to explore under what conditions the
theorems in this article are still valid for a generalized parabolic or evolutionary SHVIs
with VITs.
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