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1. Introduction

We consider a class of evolutionary inclusions of parabolic type. A multivalued term, which appears in our problem, has
a form of Clarke subdifferential of a locally Lipschitz function. Such problems are closely related to so called hemivariational
inequalities (HVIs) in the sense that the solution of HVI can be found by solving a corresponding inclusion, as is presented in
Section 6. HVIs are generalization of variational inequalities and play very important role in modelling of various problems
arising in mechanics, physics, and the engineering sciences.

The theory of HVIs has been introduced by Pangiotopulos in 1980s [21] in order to describe several important mechanical
and engineering problems with nonmonotone phenomena in solid mechanics. The concept of HVIs is based on the notion of
Clarke subdifferential of a locally Lipschitz functional that may be nonconvex, see [6]. The theory of HVIs has been rapidly
developed in the last decades as is illustrated in Denkowski et al. [7], Han et al. [10], Migérski et al. [17], Naniewicz and
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Panagiotopoulos [20] for example. For more recent results on theory and applications of HVIs see [16,23]. In addition to
the theory, numerical aspects of discussed problems began to be developed especially in the last few years, see [12] for
recent results. They involve various kinds of discrete schemes based on temporal and spatial discretization. In our paper
we deal with the first kind of discretization, known as Rothe method. We are motivated by Kalita [13], in which Rothe
method was used for the first time to solve an evolutionary inclusion involving Clarke subdifferential. In the quoted pa-
per the time discretization technique based on the implicit (backward) Euler scheme was used. In this approach the time
derivative of unknown function u is approximated by a finite difference according to the role v’/ (t;) ~ %(u” —u™ 1), where t
represents the time step. The result presented there has been developed in Kalita [14] by applying more general 8-scheme.
Both results deal with evolutionary inclusions of parabolic type. In [4,5], Rothe method has been applied for more general
parabolic problems, namely variational-hemivariational inequalities. The techniques introduced in Kalita [13], 14] has been
successfully adapted to a second order evolutionary inclusion in Chapter 5 of [10] and in Bartosz [2], 3]. We also refer
to [11,15,18,19,22] for more results concerning Rothe method in analysis of various kinds of evolutionary hemivariational
inequalities.

In this paper we deal with the parabolic Clarke inclusion which has been already studied in Kalita [13]. But this time we
use two steps backward differential formula (BDF) based on the idea that the time derivative u’(t;) is approximated by the
derivative of the unique second order polynomial that interpolates the approximate solution in three points, namely

2 2

Hence, it seems to be more accurate then the standard implicit Euler scheme used in Kalita [13], which involves only two
points to approximate the time derivative. On the other hand, two steps BDF scheme is more complicated and its analysis
requires more sophisticated technique than the one used in previous related papers. Nevertheless we think that our efforts
are fruitful and the presented result opens new perspectives in numerical analysis of nonlinear evolutionary inclusions. Our
approach relies on techniques from [9], where BDF for non-Newtonian fluids was considered.

The rest of the paper is structured as follows. In Section 2 we introduce preliminary materials and recall basic results
to be used letter. In Section 3 we formulate the problem that is an abstract evolution inclusion of parabolic type involving
Clarke subdifferential. We also list all assumptions on the data of the problem. In Section 4 we introduce a time semidiscrete
Rothe scheme corresponding to the original problem and provide the existence result for the approximate one. Moreover we
derive a-priori estimates for the approximate solution. In Section 5 we provide the convergence result, which shows that the
sequence of solutions of semidiscrete problem converges weakly to the solution of the original problem as the discretization
parameter converges to zero. Finally, in Section 6, we provide a simple example of parabolic boundary problem for which
our theoretical result can be applied.

1 1
u'(ty) ~ ?<§r —-27 + frs).

2. Notation and preliminaries

In this section we introduce notation and recall several known results that will be used in the rest of the paper.

Let X be a real normed space. Everywhere in the paper we will use the symbols || - ||x, X* and (-, -)x«,x to denote the
norm in X, its dual space and the duality pairing of X and X*, respectively. Moreover, if Y is a normed space and f € £L(X,Y),
we will briefly write || f|| instead of || f|l;(xy) and we will use notation f*:Y* — X* for the adjoint operator to f. We start
with the definition of the Clarke generalized directional derivative and the Clarke subdifferential.

Definition 2.1. Let ¢ : X — R be a locally Lipschitz function. The Clarke generalized directional derivative of ¢ at the point
x € X in the direction v € X, is defined by

©°(x; v) = lim sup w
y—x,A110
The Clarke subdifferential of ¢ at x is a subset of X* given by
dp(x) ={& eX* | (X v) > (§, V). forall veX}.
In what follows, we recall the definition of pseudomonotone operator in both single-valued and multivalued cases.

Definition 2.2. A single-valued operator A:X — X* is called pseudomonotone if for any sequence {vn}3; CX, vy > v
weakly in X and limsup,,_, ., (AUn, Un — V)x«, x < 0 imply that (Av, v — y)y. . x < liminfy_o (AUn, Vn — ¥)x«,x fOr every y € X.

Definition 2.3. A multivalued operator A : X — 2X" is called pseudomonotone if the following conditions hold:

1) A has values which are nonempty, bounded, closed and convex.

2) A is upper semicontinuous (usc, in short) from every finite dimensional subspace of X into X* endowed with the
weak topology.

3) For any sequence {vn}3; € X and any v}; € A(Vy), vn — v weakly in X and
limsup,,_, ., (Ui, Un — V)x«,,x <0 imply that for every y € X there exists u(y) e A(v) such that (u(y),v—y)x« x <
liminfy oo (U5, Vn — ¥)xepex-
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The following two propositions provide an important class of pseudomonotone operators that will appear in the next
section. They correspond to Proposition 5.6 in Han et al. [10] and Proposition 1.3.68 in Denkowski et al. [8], respectively.

Proposition 2.4. Let X and U be two reflexive Banach spaces and t : X — U a linear, continuous and compact operator. Let
J:U — R be a locally Lipschitz functional and assume that its Clarke subdifferential satisfies

€Nl < c(1+lully) forall ueU, §edj(u)
with ¢ > 0. Then the multivalued operator M : X — 2X* defined by
M) =*dJ(ww) forall veX

is pseudomonotone.

Proposition 2.5. Assume that X is a reflexive Banach space and Ay, A; : X — 2X* are pseudomonotone operators. Then the oper-
ator Ay + A, : X — 2X* is pseudomonotone.

In what follows we introduce the notion of coercivity.
Definition 2.6. Let X be a real Banach space and A : X — 2X* be an operator. We say that A is coercive if either D(A) is
bounded or D(A) is unbounded and
inf{(v*, v)y. vt € Av
{( dxxx | VF € AV} - oo,
Ivllx—oo veD(A) vl
where, recall, D(A) = {x € X| A(x) # @} is the domain of A.

The following is the main surjectivity result for multivalued pseudomonotone and coercive operators.

Proposition 2.7. Let X be a real, reflexive Banach space and A : X — 2X* be pseudomonotone and coercive. Then A is surjective,
i.e, for all b € X* there exists v € X such that Av > b.

We also recall Lemma 3.4.12 of [8], known as Ehrling’s Lemma.

Lemma 2.8. If V, V., V; are Banach spaces such that Vo c V c Vy, the embedding of Vy into V is compact and the embedding of
V into V; is continuous, then for every € > 0, there exists a constant c(e) > 0 such that

il < ellvlly, +c@)lvlly, forall veV,. (2.1)
Let X be a Banach space and T > 0. We introduce the space BV (0, T; X) of functions of bounded total variation on [0, T].

Let 7 denotes any finite partition of [0, T] by a family of disjoint subintervals {o; = (@;, b;)} such that [0, T] = U] ,5;. Let F
denote the family of all such partitions. Then, for a function x : [0, T| — X and for 1 < q < oo, we define a seminorm

”x”qu(()_'[:x) = SUE_ Z ”x(bl) 7X(ai)”g( >
Te

oien
and the space
BVI(0,T; X) = {x : [0, T] — X| [IX]|gvaco.r:x) < o0}
For 1 < p <00, 1 < q < oo and Banach spaces X, Z such that X c Z, we introduce a vector space
MP9(0,T;X,Z) =LP(0,T; X) nBVI(0,T; Z).

Then MP4(0,T; X,Z) is also a Banach space with the norm given by | - [I1p0,7.x) + I| - ll3vaco.7:2)-
The following proposition will play the crucial role for the convergence of the Rothe functions which will be constructed
later. For its proof, we refer to [13].

Proposition 2.9. Let 1 < p,q < oo. Let X; c X C X3 be real Banach spaces such that X, is reflexive, the embedding X; c X, is
compact and the embedding X, C X3 is continuous. Then the embedding MP-1(0, T; X1; X3) c LP(0, T; X,) is compact.

The following version of Aubin-Celina convergence theorem (see [1]) will be used in what follows.

Proposition 2.10. Let X and Y be Banach spaces, and F : X — 2Y be a multifunction such that

(a) the values of F are nonempty, closed and convex subsets of Y,
(b) F is upper semicontinuous from X into w —Y.

Let xp : (0,T) — X, yn: (0,T) — Y, n € N, be measurable functions such that x, converges almost everywhere on (0,T) to a
function x: (0,T) — X and y, converges weakly in L'(0,T;Y) to y: (0,T) — Y. If yn(t) € F(xx(t)) for all n € N and almost all
t € (0,T), then y(t) e F(x(t)) for a.e. t € (0, T).

We conclude this section with a well known Young’s inequality
1
b Zy—p? 22
ab = ea® + b, (2.2)

foralla,beR, ¢ >0.



K. Bartosz, P. Szafraniec and ]. Zhao Commun Nonlinear Sci Numer Simulat 102 (2021) 105940
3. Problem formulation

In this section we formulate an abstract evolutionary inclusion of parabolic type involving Clarke subdifferential. We also
impose assumptions on the data of the problem.

Let V be a real, reflexive, separable Banach space and H be a real, separable Hilbert space equipped with the inner
product (-, -)y and the corresponding norm given by ||v||y = / (v, v)y for all v € H. For simplicity of notation we will write
vl = vllg, (u,v) = (u,v)y for all u,v e H and ||v|| = ||[v]lv, (I, V) = (I, V)y«,y for all v eV, | € V*. Identifying H with its dual,
we assume, that the spaces V, H and V* form an evolution triple, i.e., V ¢ H c V* with all embeddings being dense and
continuous. Moreover, we assume, that the embedding V c H is compact. Let i:V — H be an embedding operator (for
v eV we still denote iv e H by v). For all ue H and v eV, we have (u,v) = (u,v). We also introduce a reflexive Banach
space U and the operator ¢t € £(V,U). For T > 0, we denote by [0,T] a time interval and introduce the following spaces
of time dependent functions: V = L2(0,T; V), V* =1%(0, T;V*), # =12(0,T; H), U = [%(0, T; U), U* = L%(0, T; U*), equipped
with their classical L2 norms. We use notation (u, v)y.,,, = fOT (u(t),v(t))dt, forall u,veV, (U, v)y = foT(u(t), v(t))dt for all
u,veH and (U, V) y = /g (u(t), v(t) )y« ydt for all u, v € Y. Finally we define the space W = {v e V | v/ € V*}. Hereafter, v/
denotes the time derivative of v in the sense of distribution.

We consider the operator A : V — V* and the functions f : [0, T] — V*, J: U — R. Using the above notation, we formulate
the following problem. Problem P. Find u € V such that u(0) = ug, and

u(t) +Au(t) +*6(t) = f(t) in V* forae. te(0,T) (3.1)
with
E(t) € dJ(tu(t)) forae te(0,T). (3.2)

Now we impose assumptions on the data of Problem P.
H(A) The operator A : V — V* satisfies

(i) A is pseudomonotone,
(ii) ||Av||y« <a+bllv| for all veV, with a> 0, b > 0,
(iii) (Av,v) > a||lv||? — B|v|? for ae. t € (0,T), for all v e V with & > 0, 8 > 0.

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

(i) J is locally Lipschitz
(ii) 9] satisfies the following growth condition

€1y =d(+ [lully),
forall u e U, & € J(u) with d > 0.

H(t) The operator ¢ : V — U is linear, continuous and compact. Moreover, there exists a Banach space Z such thatV c Z c H,
where the embedding V c Z is compact, the embedding Z c H is continuous, and the operator ¢ can be decomposed as
L =y oty, Where ¢ : V — Z denotes the (compact) identity mapping and ¢, € £(Z,U).

H(f) fel?(0,T;V*).

H(0) ug € H.

In the rest of the paper we always assume that assumptions H(A), H(J), H(¢t), H(f) and H(0) hold.

Corollary 3.1. For every ¢ > 0 there exists c,(¢) > 0 such that
lewlly < ellully +c.(e)|u| for all ueV.

Proof. It follows from H(¢) that |||y = ||tz o taully < ||e2]lllt1ullz. On the other hand, from Lemma 2.8, we have [tiu|lz <
g|lu|l + c(e)|u|, which yields the assertion. O

The direct consequence of Corollary 3.1 is following.
Corollary 3.2. For every ¢ > 0 we have
leullg < ellull® + & () |ul?, (3.3)
where ¢,(g) = 2¢2(\/£/2).
4. The Rothe problem

In this section we consider a semidiscrete approximation of Problem 7 known as Rothe problem. Our goal is to study a
solvability of the Rothe problem, to obtain a-priori estimates for its solution and to study the convergence of semidiscrete
solution to the solution of the original problem as the discretization parameter converges to zero.

4
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We start with a uniform division of the time interval. Let N € N be fixed and 7 = T/N be a time step. In the rest of the
paper we denote by c a generic positive constant independent on discretization parameters, that can differ from line to line.
Moreover, if ¢ depends on &, we write c(¢).

Let u% € V be given and assume that

u? — ug strongly in H (41)
and
) < — (4.2)
=z

We define the sequence { f?}’,;’=0 by the formula
1 1rr
=g [ roa
T Jo

3
n._ 2
ff'_ZI

We now formulate the following Rothe problem.
Problem P:. Find a sequence {ug}’,;’z1 c V such that

(n-1)t

nt ‘l
/( feyde o5 f()dt, n=2.....N.

n-1)t (n-2)t

1

;(u} —ud)+Aul + &l = 11, (4.3)

&} € dJ(uuy) (44)
and forn=2,...,N

l(%un _ Zun—l + lun—2)+Aun + L*%’" — fn (4 5)

T 2 T T 2 T T T T .

&l e J(wu}). (4.6)

Now we formulate the existence result for Problem P;.
Theorem 4.1. There exists Ty > 0 such that for all 0 < T < 1y, Problem P has a solution.
Proof. We can formulate (4.3) as: find ul e V such that
tfl+ul e Ty (ul), (4.7)

where Ty : V — 2Y" is defined as T; (v) = i*iv + TAv + t1*3J () for all v € V, where, recall, i : V — H is the identity mapping,
and i* denotes its adjoint one. We observe, that T; is pseudomonotone. In fact, the operator V > v — i*iv € V* is pseu-
domonotone, as it is linear and monotone (cf. [24]). Moreover, the operator TA is pseudomonotone by assumption H(A)(i)
and the operator 7:*dJ(tv) is pseudomonotone by assumption H(J)(ii) and by Proposition 2.4. Hence, the operator T is
pseudomonotone by Proposition 2.5.

In order to check coercivity, let n € T;v, which means, that n = i*iv + tAv + t¢*£, whith £ € dJ(wv). Then, using H(A)(iii),
H(J)(ii) and (3.3), we have

(i, v) = [V|> + T (A, V) + T{E, W)y .y >

1 - 1 1
(1 -8 - ‘L’(* + d)ct(e))h/l2 + r(a - (f + d)e) lv|? - sd?z.
2 2 2
Taking € and T small enough, we find out that (T;v, v) > ¢;7||v||2 — c; with ¢;, ¢y > 0. Then, it follows that T; is coercive.
Hence, by Proposition 2.7 operator T; is surjective for T < 79, where 1y > 0 and problem (4.7) has a solution.

Next we proceed recursively. For n=2,..., N having u?~! and u?? we formulate (4.5) as: find u? €V, such that
2 4 1
§If2 + §u2‘1 - gu';‘z e L(uh), (4.8)

where T, : V — 2Y" is defined as T, (v) = i*iv + %rAv—i— %u*aj(w) for all v e V. Proceeding analogously as in the first part
of the proof, we can easy show that T, satisfies assumptions of Proposition 2.7 for t small enough, which guaranties the
solvability of (4.8) and completes the proof. O

Now we provide a result on a-priori estimates for the solution of Problem P;.

Lemma 4.2. Let {u? ’,;’:0 be a solution of Problem Pr. Then we have

N
T Z luf Iy <, (4.9)
n=0
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n
nirgﬁleu,lH <c, (4.10)
N
Ty EME <. (4.11)
n=1
1_ 0|7

B2 < (412)

T -

N 2

1.3, 1

(2t oyl —yn-2 : 413
rEH,(ZuT w4 )| <e (413)
N
D |ur—2uit + U < (4.14)
n=2

Proof. We test (4.3) with ul to obtain
(up —ug.up) + T{Aup, ug) + T(C&7 ug) = T(f}. up).
Now we deal with every term of resulting equality in the following way
1 1 1

(up —ug,up) = 5’ = Sl + 5 up —ugl?, (4.15)
T(Aup, up) > taflug ||> — TBlup|?, (4.16)
T(E up) = T(& w)y = — 18] o ez lly = —7d (1 + [l o) [leug o = (4.17)

1 192 1 = 112 1,
—7(5 +d)elul? (5 +d)a@u? — 5
t(flup) <etful |+ @)t L3 (4.18)

It is clear that (4.16) follows from H(A)(iii). Moreover, (4.17) is a consequence H(J)(ii) and Corollary 3.2. Finally, (4.18) follows
from (2.2) with c(e) = 1/4¢. Summing up (4.15)-(4.18) we get

(5-78-(3+d)a@ )il +7(a—e(3+a))

1 1 1
g lul =l < S0P T (5 + @ I3 ). (419)

Now we test (4.5) with uf and get

3 1
(Sur —2un o Sur 2 ut) v (Aul ) + (o7 ) = 7 (2, ul).

We deal with each terms of the last equality as follows

3 _ 1 . 1 _ _
(Gur—2ur 4 qur2out) =g (ju + [2u? - ' =

’ ’ — 20— Ul 4 ful - 2u T U ), (4.20)
(AUl ut) > Ta||ut||? — T B|ut|?, (4.21)
T(ER U = —r(% + d)e||ug I2 - r(% + d)El(£)|u';|2 - r%dz, (4.22)
T(flul) <etllul || + ce) Tl f7IF.. (4.23)
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We sum up (4.20)-(4.23) and, using the estimation %r(a - (% + d)g)”u[g”z < T(a _ (% +cl)e)||u’; 12, we get

%|U¥|2 + %IZU'Z —u 2 4 %Iuﬁ —2u U2

2 4

r(,B + (% + d)El (es))lu?l2 + T%dz +c(e)T || fr

Taking T and ¢ small enough we get from (4.19)

1 3 1 1
37 (e (G d)e)uel = et it e

z. (4.24)

|up P+ Tlup I + Jup —ud* < c(jull + <l 7 115.)-
As u? — ug in H, u? is bounded. Moreover, t||f}||2. is bounded, hence we have
lugl® + lug —ud* + tluplI® < c. (4.25)

We multiply (4.19) by % and, after simple reformulation, we conclude that
gt 5o (e e (5 +d) ) It + glut —udl? <
vt %‘C(ﬁ + (% +d>6,(e))|u}|2 <
2, +r<ﬂ+ (% +d)5l(8))|u}|2. (4.26)
We replace n by k in (4.24) and sum up (4.26) with (4.24) for k =2, ..., n. Hence we obtain
k

1 2 1 -1)2 1 1 02 1 k k-1 k—212
gluel” + gl2ur —up T+ g lur - +ZZ|“1—2“§ +ug |
k=1

1 . 3 nj2 1 02 1 1 0|2
+§ZT(a—8<i+d)>||uT|| < 40P+ gl2ul —u?)
k=1

2 1 2 . l = k(2
V. +5ntd +k§r(ﬁ + (2 +d>cl(8)>|u,| : (4.27)

1 1 1
Z|u(r)|2 + Zfdz + EC((‘?)T”frl

1 1
ZIu?lz + ifdz + C(E)T“frl

+tc(e) Y IIfE
k=1

From (4.27) we conclude that

jul[? < 2P + 2} — u2P

- 1 a
2. 4 2Td? +4Zr(,3 + (j 4 d)q(e)) k2.
k=1

+atc(e) Y |If*

k=1
For T small enough we apply Gronwall lemma and get

N
max i < c(lui’lz 2l 0P T Y
oo k=1

2+ T). (4.28)

By (4.1) |u?| is bounded and by (4.25) we have
2up —u2? = Jup + (up —u) P < 2(lwg P + g —uf ) <c. (429)

Moreover
N
Ty
k=1

Hence, by (4.28) and boundedness of [u2| we get (4.10). Applying (4.29), (4.30), (4.10) and (4.2) in (4.27) we get (4.9). By
H(J)(ii) and (4.9) we get (4.11). From (4.3), H(A)(ii), H(J)(ii) and (4.9)

7 < cllflI 0 vy (4.30)

ul —u?
o) TG < o (MG + AL I + 1€,
< cr (L5 + @ + D2 luz 7 + dliellZ 0 (1 + uzl®) < c, (4.31)
which proves (4.12). Moreover, from (4.5), using again H(A)(ii), H(J)(ii), we get
N 2
13 _ 1 .
T | G 2w

n=2
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N N
f;c<r§:nf?uv (0% + 112y 82) T D M2 1% + (@ + [1el2 g, d )T>. (4.32)
n=2

n=2

Applying (4.9) and (4.30) in (4.32) we complete the proof of (4.13). Finally, (4.14) follows from (4.1), (4.10), (4.27), (4.29),
(430). O

Now we provide another lemma.
Lemma 4.3. The following convergence holds
ul —u% - 0 strongly in Has t — 0.

Proof. For the proof it is enough to show, that for any subsequence of the sequence {ul —u?} one can find a subsequence,
which converges to 0 strongly in H. Suppose than, that {ul —u?} is any subsequence of the original sequence (denoted by
the same symbol for simplicity). From (4.25) we know that {ul —u%} is bounded in H, hence there exists 1 € H, such that
for a subsequence (again denoted by the same symbol), there holds

u! —u% - n weakly in H. (4.33)
From (4.12) we have
lu} — |3 < 7c— 0.

Hence ul —u? — 0 strongly in V*, hence also weakly in V*. On the other hand, from (4.33), ul —u® — 5 weakly in H, hence
also weakly in V*. From the uniqueness of weak limit in V* we have n = 0, hence

u! —u? - 0 weakly in H. (4.34)
In what follows we will use the identity

[ul —u?2 = (! —u® u! —u®) = @! —ul ul) - @! —ud,ud). (4.35)

After some reformulation, we have from (4.3)

@! —ulu?) =@ —u® ul) - Jul —uP? < @! —ul,ul)
= o((f1 ul) - (Aul,ul) — (€1, wl)ues). (4.36)
From (4.1) and (4.34) we have
(! —u?u?) —o. (4.37)

Now we estimate the right-hand side of (4.36) in two steps. First we get
t(f ug) < Tl llvelluz | = (2L 5> (T llug [1)12. (4.38)

By Jensen’s inequality
2
l T
§r</|ua>
v 0

and by (4.9) t|lul||? < c. Hence, from (4.38) we have

T(f.u;) > 0 (4.39)
as T — 0. Then, using H(A)(iii) and a slight modification of (3.3) we get

= T((Aur. ug) — (&7 r)yw)

T(—(@—&)lupl* + (B +c@Nlur > +c) < T(B +c(e)|uz> +0)

whenever ¢ < a. From (4.10) |ul| is bounded, hence

~T((Aug. uy) — (&7 tudysw) — 0. (4.40)
From (4.36), (4.37), (4.39), (4.40) and the squeeze theorem we get

Vo

tlfillv- =7

‘l T
- /O F(t) dt

T
wmyfﬁ|umwﬂt»0

(u — u ,u )—> 0.
Combining it with (4.35) we obtain the thesis. O

Basing on the solution of the Rothe problem P; we define the following functions i, u; : [0,T] -V, £ :[0,T] - U*
and f; : [0, T] —» V*.

i, (0) =u? and i, (t) =uX forte ((n—1)z,nt], n=1,....N,

8



K. Bartosz, P. Szafraniec and ]. Zhao Commun Nonlinear Sci Numer Simulat 102 (2021) 105940

341 1,0 1 _ 40yt=1
u(t) = %uﬁ %uﬁj (ur3 r:'lr) Il<’_1f0r1t i_[zorﬂn
Uy — U+ (Fup = 2up + U ) =E, te[(n—1T.nt],n=2,....N,

E/(t)=Ekforte (n—1)t.nt], n=1,....N,

fet)=fFforte((n—1r,nt], n=1,...,N.
Lemma 4.4. We have the following convergence result:
lur -tz ll2 0,750+ — O

Proof. We observe that

_1
(u! —u?)=2% for t € (0, 7]
Uy — Uy =
_(n-1
Gur — 2un—1 4 Lyn=2) E0DT  Lyn _oyn-1 4 un=2) for ¢ € ((n— 1), nt).

Hence, we conclude

T N nt
”u‘[ - at”%Z(O,T;V*) :/ ”ur - L-l‘r| \2/* dt+ Z/ ||ul' - al’ \2/* dt =<
0 n—2 (n-1)t
r t—1t N3 1 2t—(m-Dr
/ flul —ul)2.| —— 2dt+22[ “ut - 2um T 4 Sut? t-m-yt 2dt
0 = 2 2 Ve T
1 & 1 22 1 1 02
+2.— [ luf = 2ul ' +ul~*||y. dt = —=t|luy —ully-
16 g (1) T T T V 12 T Tllv

1.3 1 2 N
+57 > UL~ u™ ! 4 Euﬁ’z HV +3 lerfle Y7 Jul = 2ul ! +ur2|2,
n=2 n=2

Hence, the result follows from (4.12) to (4.14). O

Lemma 4.5. The functions i, u; and .i-_, satisfy:

llie ||L2(0,T;V) =C
luzllizorvy <¢
llui- ||L°°(0,T;H) =C
luzll=m:m) <.
”%:T”LZ(O,T;U*) =C,
lldx ”M“(O.T:V;V*) =C,

fluf o1y <c

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

Proof. The proof of (4.42), (4.44), (4.45) and (4.46) follows directly from (4.9) to (4.11). Now we prove (4.43). Using (4.9) we

estimate
T ™3 1 t—1
el = [ Mur @1 de= [ |Sul - S0+ d —ud) = P are
Nopentooy3 1 3 1 t—nt
n n-1 n n-1 n-2 2
2ut - - 2un -2 - dt
D[ Lt - g (Gt - 2wt gt ) <
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n=2

N N
C<rllul||2+r||u2||2+tZ(IIu'§||2+||u'$1||2+||u’$2||))56t utl? <c.

n=0

Now we pass to the proof of (4.47). Taking into account (4.42) it is enough to estimate ||t ”BVZ(O.T;V*)' We know from [13],
that

) N i — i1 ]2
e lpv2o vy < TT Z % (4.49)
i=1 v
Denote be §; =ul —ui!, i=1,...,N, then
N N 2 2 N 2 N-1 2
3 3 3 1 1
2
sl <Y |58 < |30, +2X |58 - 38), 22 |38 -
i=1 i=1 i=2 i=1
Then, it follows that
1A 9 N3, 1 2
3 28I + 10wl = ZU8i 5. +2 3 | 58— 50|
i=1 i=2
Hence
u Y3, 1 2
Z ||81 ‘2/* <cC ”5] ‘2/* +Z 581‘7 E(Si_l L
i=1 i=2
which implies
N i i1 % 2
Uy — Uz _ é
T Z - =1 Z - (4.50)
i=1 Vv i=1 V=
W =0, N 1,3, e 1 i
S i e 2 +Zt) G —urh) = St )
i=2
ul —u? N3, P BN
:c(l’ o ‘2,*+§t) -Gy —2u‘rl+§u;2) .t
Applying (4.12), (4.13) and (4.50) in (4.49) completes the proof of (4.47).
Finally we prove (4.48). To this end we observe that
11 0
sy Ui —u) forte (0, 7]
U () = {E(gu’; —2ur' 4+ Tun?) forte ((n—1t,nt], n=2,....N. (4.51)
Now
2 N 2
ul —u? 1/3 I
lelEory =7 | =] +72 ?(5”2 2w g 2) v
V= n=2
From (4.12) and (4.13) we get (4.48). O
At the end of this section, we observe, that due to (4.51), relations (4.3)-(4.6) are equivalent with
UL (t) + At (t) + £, (t) = f; (t) for ae.t e (0,T), (4.52)
£.(t) € J(uii, (t)) for ace. t e (0,T). (4.53)

5. Convergence of Rothe method

In this section we study a convergence of the functions introduced in the previous section to a solution of Problem P.
For that purpose, we will provide their convergence to some element in space V, and then, passing to the limit in (4.52) and
(4.53) we will show, that the limit element solves the original problem. First of all we introduce the Nemytskii operators
AV — V¥ 1:V— U corresponding to A and ¢, respectively, given by

(Av)(t) = Av(t), and (1v)(t) = w(t) for all v e V.
Let t* : U/* — V* denote the adjoint operator to i. Then (4.52) and (4.53) are equivalent with
UL (t) + (Ally) (t) + (&) (t) = fo (t), for ae. t € (0, T), (5.1)

10
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£(t) € J((Uil,)(t)) for ae. t € (0,T). (5.2)
In what follows we will use the following pseudomonotonicity property of operator A (see Lemma 2 in Kalita [14]).

Lemma 5.1. Assume that H(A) holds and a sequence {v,} c V satisfies: v, is bounded in MP-9(0, T;V,V*), v, — v weakly in V
and limsup,,_, o, (AUn, Vn — V)1, < 0. Then Avy, — Av weakly in V*.

Now we are in a position to provide the main convergence result.
Theorem 5.2. There exists a function u € W such that

u; — u weakly in W and weakly* in L* (0, T; H), (5.3)

u; — u weakly in V and weakly* in L*(0, T; H). (5.4)
Furthermore u is a solution of Problem P.

Proof. From the bounds obtained in Lemma 4.5 there exist u, u; € V, u, € V* and £ € U*, such that

u; — u weakly in V and weakly* in L*(0, T; H), (5.5)
u; — uq weakly in ¥ and weakly* in L*(0, T; H), (5.6)
u, — uy weakly in V¥, (5.7)
& — & weakly in u/*. (5.8)

A standard argument shows that u} = u,. From (4.41) we have u; —ii; — 0 strongly in V*, hence u; — ti; — 0 weakly in
V*. In particular, from (5.5) and (5.6) u; — u weakly in V* and u; — u; weakly in V*, hence u; — u; — u — uq weakly in V*.
From uniqueness of weak limit we have u —u; =0, so u = ujy.

Now we will show that u is a solution of Problem P. To this end we deal with initial condition first. From (5.6) and
(5.7) we have u; — u weakly in W. Since the embedding W c C(0, T; H) is continuous, it follows that for a subsequence
u; — u weakly in C(0, T; H), so in particular

u;(0) — u(0) weakly in H. (5.9)
On the other hand, by the definition of function u,, we have
1 1 1
ur (0) = iul + iug = i(ul —u?) +ul.

Hence, by Lemma 4.3 and by (4.1), we get u;(0) — uqg strongly in H, so also weakly in H. Comparing it with (5.9) we
conclude from uniqueness of the weak limit in H, that

u;(0) — up = u(0) strongly in H. (5.10)
It follows from (5.1) that

(U, V)ysy + (Al V)yey + (T, W)yexy = (fr. V)yey for all ve v. (5.11)
We pass to the limit with (5.11) as T — 0. From (5.7) we have

Uy, V)yesey = (U, V)yesy. (5.12)
From (5.8) we have

(éazrv)mxu = (&, Vuxu- (5.13)
By standard arguments (cf. (4.7) of [9]) we have

f: — f strongly in V*. (5.14)

As a consequence, the weak convergence holds as well, namely
(fr. V)vesv = (f. V)ver. (5.15)

In the next step we will show, that

lim sup{Ail;, Uy — U)y-xy < 0. (5.16)

1
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From (5.11)

(Allr, Ty — U)ysy = (fro e — Wpoey — (U, T — Wpesey — (Er. Tlr — W)y
So

lim sup(Ati;, iy —U)y-yy < limsup{fr, il; — u)y-.y

— iminf(u,, iy — u)y-ry — liminf(&;, Tl — 1)y

From (5.14) and (5.4) we have

lim(fr, iy — t)yxy = 0.
From (4.47) and Proposition 2.9 we have for a subsequence

L1y — Lu in [2(0,T; Z),

where 7:V — [%(0,T: Z) is the Nemytskii operator corresponding to ¢;. We have
T T
[, — )7 = fo lletiy (¢) — wu(t)||F dt =/0 llez 0t (1 (£) — u(t)) || dt

< laliZ i [ e e ) = ) I3 = e 1 = Gl 1.
From (5.19) and (5.20) we have
W, — win Y.
From (5.8) and (5.21) we have
lim(&;, Til; — )y = O.
Now we will show that
liminf(u,, d; — u)yxy > 0.
First of all we will deal with two parts separately, namely

(u{,;, L-lf - u)V*xV = (u{[» Ur — u)V*xV + (U;, L_l-[ - ul—>v*XV.

To deal with the first term, we will use (5.6) and the convergence |u;(0) —u(0)| — 0 (see (5.10)). Hence

liminf(u), u; — u)y-yy > Iminf(u], — o', ur — )y

Up — Uyyy dt

T
+liminf(u', uy — u)peyy = liminf/ (u- —u
0
= liminf (5 |ur () ~u(D) = 3 ur (0) ~u(O)) =
> lim inf%|u,(T) w2 + 1iminf<_%|u, 0) — u(0)|2>

_ lim inf%|u,(T) —u(m)]? > 0.

Now we deal with the second part

1
(U, i —uy) = Tl(ul_uo u]—uo)t_ftdt
T YT T/V*xV 0 T T 7Yt pu =
N pnt g 3 1 3 1 t—(n— l)‘[
— —(Zu"* — zun—l 7un—2 Sut — 2un_] 7u”—2)72 i
n:z/('H)fT(Zf roFale gl r Tyl T
N nt 1 3 1 1
) /01 e ?(EUT; —2upt 4 U g (up - 2u u?’2)>.
n=2 -

We observe that

1 t—3T
1_,0 1 _ 0072
/0 ?(ur —u?, ul —u?) = dt =0,

13 PRSI L

nt ‘l 3
/( , ?<§u2 —2ur !+ FUT S Sur - ur 14
n-1nt

N —

12

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)
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Hence,

ut2 - 2ut 4 u'r"z). (5.26)

N\—t

1 N
<u‘[’uf_u7 V*XV_Z;< U —2u"1

We now use inequality

3 1 _i 2 3 _ 1 2
(ia—2b+§c,a—2b+c>_2|a b2 ~2(a~b.b—c)+ 5lb—c|

1 2 1 2
= Sla—bl2 - 5lb—c|

for all a, b, c € H. Then

3 1
Z( uk —2ukt o k2 gk okt u’é’z) >

2 2
k=2
N q 1
Z§|uk uk 1|2 |uk 1 uk 2|2
k=2

1 - 1

j\ T 2|u —u |Zz—j|ul—u2|2. (5.27)
Using (5.26), (5.27) and Lemma 4.3 we conclude that liminf(u/,u; —u¢)y+xy >0, which together with (5.24) and
(5.25) completes the proof of (5.23). Now (5.16) follows from (5.17), (5.18), (5.22) and (5.23).

From (4.47), (5.5), (5.16) and Lemma 1 of [13] we get
Atl; — Au weakly in V*. (5.28)
Using (5.12)-(5.15) and (5.28) we can pass to the limit in (5.11) and get
(W4 Au+ € — f,v)py =0

which, by standard technique shows that u satisfies the first relation of Problem 7.

It remains to pass to the limit with (5.2). First we recall that the multifunction dJ : U — U* has nonempty, closed and
convex values. Furthermore, by Proposition 5.6.10 of [8], it is also upper semicontinuous from U (equipped with the strong
topology) into U* (equipped with the weak topology). Hence, from (5.8), (5.21) and Proposition 2.10 we have

E(t) € dJ(tu(t)) ae. t € (0,T),

which completes the proof of the theorem. O

Remark 5.3. Under additional assumptions involving strong monotonicity and (S;) property of operator A and relaxed
monotonicity of functional J, one can obtain a strong convergence of u; — u and uniqueness of solution of Problem P.
However we skip proofs of these two facts, as they can be found in Kalita [13] and the method of the proof does not
depend on the way in which the sequence u; is constructed.

6. Example

In this short section we provide an example of particular problem, for which our theoretical result can be applied.

Let Q@ c R", ne N,, be an open bounded domain with a locally Lipschitz boundary 02, that consists of two disjoint
parts I'y and I'c. Let v denote the unit outward normal vector at the boundary 02. Finally let T > 0. With this notation we
consider the following problem. Problem Q. Find u : [0, T] x 2 — R such that

u(t, x) — Au(t,x) = fo(t, x) for (t,x) [0, T] x 2,
WD _ £ (t, %) for (t,x) € [0,T] x Iy,

D 9 j(u(t,x)) for (t,x)e[0,T] x Ic,
u(0,x) = up for x e Q.

We impose the following assumptions on the data of Problem Q.
H(fy): foel?((0,T)xQ), H(fy): fnel?2(0,T) xTy), H(j): j:R— R is a function such that

(i) j is locally Lipschitz,
(ii) 1&] = d;(1 +|s]) for all § € 3j(s),s € R, with d; > 0.

Now we pass to the variational formulation of Problem Q. To this end we consider the spaces H = [2(R2), V = H1(Q2) and
U = L2(I'¢) with the norms given by

[u]? == |Jull3 =/ lu(x)|?dx for all u e H,
Q
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ulf? := ||u||5=|u|2+/ IVu(o2dx for all ueV,
Q
||U||121=[ lu(x)|>dx for allueU.
I'c

We keep notation from Section 3 concerning scalar product (u,v) in H, duality pairing (u,v) in V and (u, v)y., in U. Let
y :V — U denote the trace operator, so yu stands for the trace of u € V at the boundary 9. Hence, the symbol u in the
boundary conditions of Problem Q should be understood in the sense of trace.

We introduce the operator A : V — V* given by

(Au, v) =/ Vu(x) - Vv(x)dx for allu,veV
Q
and the function f: (0,T) — V* given by
(F(6), v) :/ Folt.%) - v(X) dx+/ fu(t,0)u(x)dT forallveV, ae. t e (0, T).
Q Iy

Finally, let the space W be defined analogously as in Section 3. With this notation we formulate a variational problem
corresponding to Problem Q. It reads as follows. Problem Q. Find u € W such that

(ue, v) + (Au(t), v) + frc Jjo(yu(t,x); yv(x))dl' > (f(t),v) forallveV, aete (0,T),
u(0) = up.

Note that Problem Qy has a form of parabolic hemivariational inequality. Formally it has been obtained from Problem Q
by multiplying the first equation by a test function v € V, integrating the resulting equation over €2, applying boundary
conditions and using Definition 2.1. If a function u is a solution of ProblemQy, then it is said to be a weak solution of
Problem Q.

Now we introduce a functional J : U — R given by

J) :/F u(x)dr for all u e U.

We are in a position to formulate more general problem. Problem Qy. Find u € W such that

ue(t) +Au(t) + y*aJ(yu(t)) = f(t) forallae.t e (0,T).
u(0) = up.

We observe, that every solution of Problem Jy is also a solution of Problem Qy. In fact, let u be a solution of 9y and let
v e V. Then, there exists n € &*, such that

(ur, v) + (Au(t), v) + (n(€), yv)y.y = (f(),v) forae te(0,T). (6.1)
and
n(t) € dJ(yu(t)) forae. te (0,T).

Hence, by Theorem 3.47 of [17], it follows that for a.e. t € (0, T), n(t) can be treated as a function 7n(t) : I'c — R, such that
n(t) € [2(I'¢) and it satisfies

(O, yV)ye,y = /F n(t.x) - v(x)dr, (62)

n(t,x) e dj(u(t,x)) aexelc. (6.3)
Applying Definition 2.1 we get from (6.2) and (6.3)
(O, YV = [ (it xs yveo) dr
C
Combining it with (6.1), we get
(e v) + (Au(0). ) + [ (e, x)i yv0) dr = (70),v)
C
Keeping in mind the initial condition, we claim that u solves Problem Qy. Hence, in order to get a weak solution of Problem
Q, it is enough to solve Problem &y . That's why we will concentrate on solvability of the last problem.
First of all we notice that it corresponds to Problem P of Section 3, with ¢ =y. Moreover, we will show, that

Theorem 5.2 can be applied in our case. To this end we will examine all assumptions stated in Section 3.

14
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First we notice, that operator A is pseudomonotone, as it is linear and monotone (cf. [24]). Hence H(A)(i) holds. Moreover,
an elementary calculation shows that for all v € V we have

v< (/Q VoGOl dx)? < v,

Hence, the assumption H(A)(ii) holds with the constants a=0, b= 1. It is also clear that for all v eV one has (Av,v) =
lv]I2 = |v|2, so H(A)(iii) holds with @ =1 and 8 = 1.

Now we study the properties of functional J. By Theorem 3.47 (iii) of [17], it is locally Lipschitz, hence H(J)(i) holds.
Moreover, an elementary calculation shows that J satisfies H(J)(ii) with the constant d = v2d max{1, /|Tcl}.

Now let us show that the trace operator y satisfies assumption corresponding to H(t). Taking Z = H% () with § e [%, 1],
we notice that the embedding V c Z is compact. Hence, letting ¢; : V — Z be the identity mapping, we claim that it is
compact. Moreover, we define an auxiliary trace mapping ¢, : Z — U. Then, clearly y =t; ot; and the assumption H(¢) holds
for=1y.

It is also clear that assumption H(f) is a consequence of H(fy) and H(fy). Now it is enough to impose uy € H to fulfil
the last assumption H(0).

In this way we have shown that Theorem 5.2 is applicable in our case, namely the weak solution of Problem Q can be
approximated by means of a double step Rothe scheme described in Section 4.

At the end of this section we provide a simple example of a function j : R — R which satisfies assumptions H(j). Let it
be defined by the formula

i(s) = 0 fors<0
IS)= _ges 4 lds? +d  for s> 0.
Then the Clarke subdifferential of j is given by

0 for s<0
dj(s) = [0,d] for s=0
deS+s for s > 0.

l|Av|

It is easy to check that the function j satisfies assumptions H(j)(i)-(ii). In particular, the constant d from the assumption
H(j)(ii) and the constant d used in the formula of j coincide.
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