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Abstract. This paper is devoted to the well-posedness analysis of a nonstationary Stokes hemivariational inequal-
ity for an incompressible fluid flow described by the Stokes equations subject to a nonsmooth boundary condition
of friction type described by the Clarke subdifferential. In a recent paper [19]], well-posedness of the nonstationary
Stokes hemivariational inequality is studied for both the velocity and pressure fields. The solution existence is
shown through a limiting procedure based on temporally semi-discrete approximations for both the velocity and
pressure fields. In this paper, a refined well-posedness analysis is provided on the nonstationary Stokes hemivari-
ational inequality under more natural assumptions on the problem data. The solution existence is first shown for
the velocity field through a limiting procedure based on temporally semi-discrete approximations of a reduced
problem and then the pressure field is recovered with the help of an inf-sup property. In this way, assumptions on
the source term and the initial velocity needed in [[19] are weakened, and a compatibility condition on initial values
of the data is dropped. Moreover, several hemivariational inequalities are introduced for the mathematical model
and their equivalence is explored.
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1. INTRODUCTION

Since the pioneering work of Panagiotopoulos ([29]), there has been extensive research on
modeling, analysis, numerical solution and applications of hemivariational inequalities and
the more general variational-hemivariational inequalities. Several research monographs are
available for detailed expositions of mathematical theories and applications of variational—
hemivariational inequalities, e.g., just to mention a few recent ones, [3, 14, 26, 27, 31]. In most
references in the area, abstract surjectivity results on pseudomonotone operators are needed
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to investigate the well-posedness of variational-hemivariational inequalities. For an approach
without the need of the notion and results of pseudomonotone operators, the reader is re-
ferred to the book [14] for an accessible coverage of the mathematical theory for variational-
hemivariational inequalities, based on the techniques developed in [12, [13]. Since there are
no analytic solution formulas for variational-hemivariational inequalities from applications, nu-
merical methods are needed to solve the problems. An early comprehensive reference on the fi-
nite element method for solving hemivariational inequalities is [20]. There has been substantial
progress on numerical analysis of variational-hemivariational inequalities in the recent years,
and the reader is referred to the two survey papers [16, 18] and the references therein. See also
the survey paper [[15] for an elementary level overview of mathematical theory and numerical
analysis of stationary variational-hemivariational inequalities for beginners of the area.

Nonstationary Stokes variational inequalities are used to describe incompressible fluid flow
problems involving a non-leak nonsmooth monotone slip condition of friction type. They have
been studied in a number of papers, e.g., [[7, 10, 23]. When a relevant superpotential function
in these papers is no longer assumed to be convex, a hemivariational inequality arises. This
paper is devoted to the study of a nonstationary Stokes hemivariational inequality, i.e., a hemi-
variational inequality of the time-dependent Stokes equations for an incompressible fluid flow
subject to a non-leak nonsmooth non-monotone slip condition of friction type. In the recent
paper [19], the well-posedness of the nonstationary Stokes hemivariational inequality is proved
under a compatibility condition on initial values of the data. The solution existence is shown
through a limiting procedure based on temporally semi-discrete approximations for both the
velocity and pressure fields. In this paper, the solution existence is first shown for the velocity
field through a limiting procedure based on temporally semi-discrete approximations of a re-
duced problem and then the pressure field is recovered with the help of an inf-sup property. In
this way, the compatibility condition on initial values of the data needed in [19] is dropped. We
note in passing that in [[19], numerical analysis is extended to the nonstationary Stokes hemi-
variational inequality. The Rothe method has been used in studying a variety of time-dependent
problems; see, e.g, [2, 22, 30, 34]. Numerical methods have been studied in a number of papers
for solving stationary mixed hemivariational inequalities in fluid mechanics, e.g., [9, 24] for a
stationary Stokes hemivariational inequality, [[17] for a stationary Navier-Stokes hemivariational
inequality.

The organization of this paper is as follows. In Section [2] we present some definitions and
auxiliary material. Several formulations of the problem are introduced and their equivalence is
explored in Section 3} assumptions on the data are also stated in the section. In Section [] re-
duced formulations of the problem for the velocity variable are presented in which the pressure
variable is eliminated. In Section [3] the existence and uniqueness of the velocity variable are in-
vestigated for the reduced formulations. In Section[6] the pressure component of the solution for
the problem is recovered. In Section [/, Lipschitz continuous dependence of the velocity solu-
tion on the source function and the initial value is shown. In Section |8} we provide a concluding
remark on the main contribution of this paper.
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2. PRELIMINARIES

Let V be a Banach space with the norm || - ||y. Denote by V* its topological dual, and by
(-,-)v*xy the duality pairing between V* and V. Weak convergence will be indicated by the
symbol —. The symbol 2" represents the set of all subsets of V*.

We first recall the notions of the generalized directional derivative and the generalized subdif-
ferential of a locally Lipschitz function. These notions are needed in expressing hemivariational
inequalities. Let ¥: V — R be a locally Lipschitz function. Then the generalized directional
derivative (in the sense of Clarke) of W at u € V in the direction v € V is defined by

WO (y;v) = limsup T(W—'—AZ)_T(W),

w—u,A—0

and the generalized subdifferential (in the sense of Clarke) of W at u is defined by
OW(u) = {&E e V* | ¥O>usv) > (E v)yexy YV EVY.

For properties and detailed discussions of the generalized directional derivative and the general-
ized subdifferential of a locally Lipschitz function, the reader is referred to [5, 6] or [26, Section
3.2].

Given a finite time interval I = (0,7), for 1 < p <o, we will use the Bochner space L?(I;V).
For 1 < g < o0, we denote by BV4(I;V) the space of functions of bounded total variation on /
of exponent g. This space consists of functions v: I — V such that

n(m)
Hv”%vq(l;V) - ;ggz Z{ [v(a:) —V(ai—l)”?/ < o9,
=

where & is the set of all finite partitions 7 of I = [0,T]: 0 =ap < aj < -+ < @) =T, n(x)
being a positive integer.
Given Banach spaces V; and V; such that V; C V,, define M4 (1, V1, Vo) = LP (I, Vy)NBV4(I1;V,),
which is a Banach space for 1 < p, g < oo with the norm given by || - || .o (.v,) + |
The following important result is proved in [22].

N va(zvy)-

Theorem 2.1. Let 1 < p,g < oo. Let Vi C Vo, C V3 be real Banach spaces such that Vi is reflexive,
the embedding Vi C V, is compact and the embedding V, C V3 is continuous. Then a bounded
subset of MP4(I,V,V3) is relatively compact in LP (I;V3).

We will apply the modified Cauchy-Schwarz inequality on several occasions in Section [5]
with a proper choice of € > 0,

ab<ea* +ceb® Va, bR, e>0, ce =1/(de). 2.1)
The following version of Aubin-Cellina convergence theorem ([[1, p. 60]) will be used.

Theorem 2.2. Let F : X — 2¥ be a set-valued function between two Banach spaces X and Y.
Assume F is upper semicontinuous from X into Y,, and the values of F are nonempty, closed
and convex subsets of Y. Let x,,: (0,T) = X, y,: (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 L1 (0,T;Y) toy: (0,T) — Y. Ify,(t) € F(x,(t)) for all n € N and almost all t € (0,T),
then y(t) € F(x(t)) for a.e.t € (0,T).
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3. MATHEMATICAL MODEL

Let d = 2 or 3 be the dimension of the spatial domain for the problem under consideration.
Denote the Euclidean norm in R? by |- |. Denote by S¢ the space of symmetric tensors on R¢,
or equivalently, the space of symmetric matrices of order d.

Let Q@ C R¥ be a Lipschitz domain. Its boundary I"is split into two non-trivial non-overlapping
parts: I' = I'p UI's with I'p relatively closed and I's relatively open. Let [0, 7] be the time in-
terval for a given T > 0. Since the boundary is Lipschitz continuous, the unit outward normal
vector v = (vy,---, V)T exists a.e. on I'. For a vector v, we denote by v, = v- Vv its normal
component and vy = v — v,V its tangential component on I'.

We consider the motion of an incompressible fluid flow in Q, modeled by the Stokes equa-
tions. The unknown variables are the velocity field u and the pressure field p of the fluid.
Denote by pt > 0 the viscosity of the fluid, by f the density of the volume force applied to the
fluid, and by ug:  — R? be the initial velocity. The stress tensor is ¢ = 2y €(u) — p1, where
€(u) = (Vu+ (Vu)T)/2 and I is the identity tensor. The normal and tangential components of
the stress on the boundary are 6y, = (6Vv) -V and 6; = ov — o, V. We impose the homoge-
neous Dirichlet boundary condition on I'p and a non-smooth, possibly non-monotone, friction
condition with a potential function y on I's. The potential function y is assumed to be locally
Lipschitz continuous. The classical pointwise formulation of the problem is the following:

W —2udive(u) +Vp=f in(0,T)xQ, 3.1)
divu=0 in (0,7) x Q, (3.2)

u=0 on (0,7)xIp, (3.3)

uy =0, —o; € dy(ur) on(0,7)x Ty, (3.4)

Ulj—g =up in Q. (3.5)

In (3.4), dy denotes the generalized subdifferential of y in the sense of Clarke.
The problem (3.1)—(3.5) will be studied in weak forms. For this purpose, we Introduce the
function spaces

v:{veHl(Q)dyv:OOnrD,vv:OOan}, (3.6)
0=13(@) = {g€ L2(Q) | (g.1)2(0) =0} 37
H=1*Q)", (3.8)

where (-,);2(q) is the canonical inner product in L*(Q), and

¥ =L*0,T;V), (3.9)
W ={veV|Ver}, (3.10)
2=1%*0,T;0), (3.11)
H =1*0,T:H). (3.12)

Since |I'p| > 0, Korn’s inequality holds: there exists a constant ¢ > 0, depending only on Q and
I'p, such that [[v|| 1 (q)e < c|[€(V)[|2(q)axa, Tor all v € V; see, e.g., [28, p. 79] for a proof of this
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inequality. Consequently, V' is a Hilbert space with the inner product
(u,v)y ::/ e(u):e(v)dx Yu,veV,
Q

and the induced norm |[|v||y = (v, v)‘l,/ ? is equivalent to the standard H' (Q)4-norm over V. The
spaces Q, H, V', W', £ and ¢ are all Hilbert spaces with their standard inner products. We
will also need the following subspace of V:

Vo:=HI(Q). (3.13)
We have the trace inequality
Vel e < As Plvily Yvev, (3.14)
where A; > 0 is the smallest eigenvalue of the eigenvalue problem
ueV, (u,v)y =A(ur,ve)pprge Vvev.
Define the bilinear forms

a(u,v) = 2,LL/Q£(M) ce(v)dx Vu,vevV, (3.15)

b(v,q) :/ gdivvdx YveV,geQ. (3.16)
Q
Obviously, the bilinear form a(-,-): V x V — R is symmetric, continuous, and V -elliptic:
la(u,v)| <2plullvlviv - Vu,veV,
alvyv) =2pu|v|[} Vvev.
The bilinear form b(-,-): V x Q — R is continuous: for a constant ¢, > 0,

b(v,q)| < cplvlviiglle VveV,qeQ.
Moreover, we have the inf-sup property ([11} 21} 32]): for a positive constant ¢, > 0,

b
sup b(v.q) > opllqllo Vg€ Q. (3.17)

ozvev, [IVIlv
Define operators A: V — V* and B: V — Q* by
(Au,vyy+ v =a(u,v) Yu,veV,
(Bv,q)ox0 =b(v,q) YveV,qeQ.
Then A € Z(V;V*) is self-adjoint and (Av,v)y+ vy =2u ||v||3 forallve V.
Concerning the data, we assume
fevy”*, uy€H, (3.18)

and
H(y): w:Tsx (0,T) x R — R is such that

(i) w(-,-,&) is measurable on I's x (0,T) for all & € R? and there exists &, € L?(I's)¢ such
that w(-,1,E4(+)) € L' (Ts) fora.e. t € (0,T);

(ii) w(x,t,-) is locally Lipschitz on R? for a.e. (x,) € I's x (0,T);

(i) [n] < co(1+|&]) forall € € RY, n € dw(x,t,&), ae. (x,1) € Ts x (0,T) with ¢o > 0;
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(iv) (N1 —M2) (&1 — &) > —ayl&) — &, f forall m; € dy(x,1,E)), §; € R, i=1,2, ae.
(x,t) € I's x (0,T) with a constant 0ty > 0.

For simplicity in writing, we will use the notation Ir(z) for the integral of a function z over
T.
The following result holds ([19, Lemma 3.1]).

Lemma 3.1. Assume H(y). Then,
Ing(WO (i sivae —vid) + W svie —var)) < O‘wlgluvl —wnlly Vvimev.
Through a standard procedure, we get the following weak formulation of the problem (3.1])—
B3
Problem 3.2. Find u € # and p € 2 such that for a.e.t € (0,T),
(W (1), vy oy +alu(t),v) =b(v, p(t) + g (W' (uz(6);v2)) = (f(0),v)ve v YV EV, (3.19)
b(u(t),q) =0 VqeQ, (3.20)

and
u(0) = uy. (3.21)

Note that since #" C C([0,T]; H), the initial condition (3.21) is well-defined.
By allowing v and ¢ to depend on 7 and integrating (3.19) and (3.20) with respect to ¢, we
obtain another weak formulation of the problem (3.1))—(3.5).

Problem 3.3. Find u € # and p € 2 such that

/OT [(u (1), v(0))y v +alu(t),v(1)) = b (1), p(1)) +Irg (W (ue(1);ve(1)))] dr

T
> [0yt Vve, (3.22)
T
/0 b(u(t),q(1))di =0 Vg€ 2, (3.23)
and
u(0) = up. (3.24)

It turns out that the above two problems are equivalent in the sense that a pair of functions
(u,p) € # x 2 is a solution of one problem if and only if it is a solution of the other ([19}
Proposition 3.4]).

Proposition 3.4. Problem[3.2|and Problem[3.3|are equivalent.
To proceed further, we need function spaces on I's:
S =L*(Ts), (3.25)
7 =L*0,T:S). (3.26)

Define a functional
¥(z) =Irs(w(z)), z€S. (3.27)



A NONSTATIONARY STOKES HEMIVARIATIONAL INEQUALITY 7

Denote by y: v +— v; a trace operator over V. Note that v € Z(V;S) is compact. Since (cf.
[26, Theorem 3.47 (iv)]) ¥°(yv1;v2) < Irs(lllo(yvl;yvz)) for all vi,v, € V, we deduce from
Lemma 3.1l that

P prr =) ¥ (pai =) Sayds v —wlly Yevm eV, (3.28)
Now introduce an auxiliary problem:
Problem 3.5. Find u € # and p € 2 such that for a.e.t € (0,T),
(W' (1),v)ve v +alu(t),v) =b(v, p(t)) + ¥ (yu(t); W) = (f(0), )y xy YvEV, (329)
b(u(t),q) =0 VqeQ, (3.30)

and
u(0) = uy. (3.31)

Similar to Problem [3.3] we have a global version of Problem[3.5]
Problem 3.6. Find u € # and p € 2 such that

/OT [( (1), v(0))y v +alu(t),v(1)) = b(v(1), p(1)) +¥° (yu(e): w(1))] di

T
> [ O vdr ver, (3.32)
/0 " bulr), q()di =0 Vqe 2, (3.33)
and
u(0) = up. (3.34)

By adapting the proof of Proposition [3.4]in [19], we can show the next result.
Proposition 3.7. Problem[3.5|and Problem[3.6|are equivalent.

A relation between the two pairs of problems, Problems [3.2]and[3.3|vs. Problems|[3.5|and 3.6}
is the following.

Proposition 3.8. Any solution of Problem[3.5|is a solution of Problem If Problem|3.5| has
a solution and a solution of Problem is unique, then both problems admit a unique solution
and the solution is the same to the two problems.

Proof. The first statement follows from WO (yu();yv)) < Irg(W°(yu(t);yv(t))). The second
statement is obvious. 0J

Starting with Problem [3.5] we consider the next inclusion problem.

Problem 3.9. Find u € # and p € 2 such that for a.e.t € (0,T),

W' (t) +Au(t) — B p(t) + v 0¥ (yu(t)) > f(1), (3.35)
Bu(t) =0, (3.36)

and
u(0) = uy. (3.37)

This problem can be equivalently rewritten as the following.
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Problem 3.10. Findu € #/, p € 2 and & € . such that for a.e. r € (0,T),

W' (1) +Au(t) = B"p(t) +7°E(1) = f (1), (3.38)
E(r) € ¥ (yu(t)), (3.39)
Bu(t) =0, (3.40)
and
u(0) = uy. (3.41)

We have the next result.

Proposition 3.11. If (u,p) € # x 2 is a solution of Problem[3.9] or if (u,p,E) € W x 2 x ./~
is a solution ofProblemm then (u,p) € # x 2 is a solution ofProblem

Proof. Note that for all &(¢) € d¥(yu(t)), we have (Y*&(1), vy vy < PO(yu(t);yv) for all
v € V. Hence, (3.35]) implies (3.29). 0

4. REDUCED FORMULATIONS FOR THE VELOCITY FIELD

In this section, we consider reduced forms of the problems from last section by eliminating
the pressure variable p. For this purpose, we introduce the following subspaces of V, 7" and #:

Vav={veV|divwv=0inQ}, (4.1)
Vv = L*0,T;Vay), (4.2)
Wav={veEVaw|VeEVj} 4.3)

Endowed by the inner products and norms in V, 7" and %/, these subspaces are themselves
Hilbert spaces. Since Vg, C V, we have V* C V,, and the duality pairing (-,-)y+ .y is auto-
matically extended to V', x V g;y with the property

(@ VIve xvg = (&V)vexy VEEVT,vEVgy. 4.4)
A similar comment holds regarding the duality pairing on # g, X # giy. For g € V* and v € V gy,

since gy, < llgllv+ and [vllvg, = [vllv, we have |{g,v)v; vy, | < llgllv+ Ivllv. Denote by

div
Yaiv the restriction of y € Z(V;S) on Vaiy: Yaiv € £ (VaivsS). The reduced forms of Problem
[3.5]and Problem [3.6]are the following.

Problem 4.1. Find u € # 4, such that, for a.e.7 € (0,T),
W (1), v)ve g +a(t),v) ¥ (Fau () Yaiy) > (FE), Vv wvg, YVEVay, (4.5

and
u(0) = up. (4.6)

Problem 4.2. Find u € # 4 such that
T
[0 @O v, +atule) v(0) + ¥ asn): sevle)

T
> /0 OO vadt VvE Vi @.7)

and
u(0) = up. (4.8)
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Similar to Proposition 3.7, we can show that Problem .1 and Problem [4.2] are equivalent.
The counterpart of Problem [3.9]is

Problem 4.3. Find u € # 4, such that for a.e. t € (0,7),
u'(1) + Au(t) + 1Y (Yaivu(1)) > £(0), 4.9)

and
u(0) = uy. (4.10)

This problem is interpreted as

Problem 4.4. Find u € # 4, and £ € .* such that for a.e.r € (0,T),

u' (1) +Au(t) + 95,8 (1) = f(1)  in Vg, (4.11)
(1) € ¥ (Yawu(r)), 4.12)

and
u(0) = uo. (4.13)

Similar to Proposition [3.11] we claim that if (u,&) € # giy X .’* is a solution of Problem 4.4}
then u is a solution of Problem 4.1]

5. EXISTENCE AND UNIQUENESS FOR THE VELOCITY FIELD

In this section, we investigate the existence and uniqueness of a solution to Problem [4.4]
The main effort is on the existence. For this purpose, we consider a temporally semi-discrete
approximation of Problem[4.4]based on the backward Euler difference for the time derivative. In
the literature, such an approximation is known as the Rothe method. For a fixed positive integer
N € N, define the time step-size k = T /N. Denote the nodes t, = nk, 0 < n < N. Introduce the
piecewise constant interpolant of f by f],‘l = % [2”71 f(t)dt, 1 <n < N.Itis easy to verify that

1 [
1785 < [ 1@ ar, 1<n<N,
—1

In

and consequently,
n tn
Y AR < [ IO <A, 1<n <. 6.1
=1

The initial value uy € H can be approximated by a sequence {uy o} C V such that ux o — ug
in H and ||uy o|ly < ck~'/2 for some constant ¢ > 0, cf. [30, Theorem 8.9].
Then, the semi-discrete approximation of Problem 4.4|is the following.

Problem 5.1. Find u* := {uk}N_ C Vg, and E¥ := {EX}N_ | < §* such that forn=1,...,N,

1
=)+ Auy 9,8 = £ (5.2)
éll’{l S a‘{l(ydivulrcl)a (5.3)

and
up = g - (5.4)
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We assume
mi=20 — oyd; ' > 0. (5.5)

This is called a smallness condition in the literature since the condition sets an upper bound on
the value oy, which reflects the strength of the non-convexity of y.
The problem (5.2))—(5.3)) is equivalent to

1
%@/2 — 1, VIVE xVay T+ a(uy,v) + ¥ (Yaivty: Yaivv) > (f, Vv Ve, YV EVay. (5.6)

The equivalence is due to the facts that WO(Ygivuk; Yaivv) > (EX Yaiev)se w5, Vv € Vi, for all
E* € 0W(ygiyub), and given z € S,

PO (yivitk; 2) = max{({,2)s s | § € 0P (Yawitk)} = (€, 2) s x5

for one element éﬁ € 0¥ (Yaived). Then, WO (yaivuk; Yaivv) = (éﬁ,ydivw g+ xs for all v € Vg;y.

Rewrite (5.6) as
<”§7V>vgiv «Van FRa(uly,v) + kPO (Yaivity; Yaivv) > (fﬁ,v>vgiv «Vg, VVE V. (5.7)
where 75 =k f* +u_,. By [14, Theorem 5.30], if
oydy k< 1+2uk, (5.8)

then (5.7) has a unique solution ufl € V 4y, Which is the minimizer of the functional

1 ~k
> IVIF + ke vl7 + 5P Faivv) = Fadve v

over V giy. Condition is guaranteed by the assumption (5.3); alternatively, it is guaranteed
if k < A¢/ 0wy without the assumption (5.3)).
Summarizing, we have the following result on Problem

Theorem 5.2. Assume (3.18), H(y) and (5.3). Then, Problem 5.1\ has a solution (u*,E*) C
Vv X S* and u* is unique.

Remark 5.3. On uniqueness of ’g’k: The equation (5.2)) implies that }{{ivéﬁ is unique, i.e., the
value (éﬁ, YdivV) s x§ = (éﬁ, Vr)s*xs is uniquely defined with respect to v for v € Vg;y. In other
words, the normal component of ﬁﬁ does not matter in (5.2) and in terms of the tangential
component of éﬁ, it is unique. Alternatively, we can choose {,‘ﬁ such that its normal component
vanishes, or equivalently, choose él,‘l to be the minimal-norm element of the second solution
component among all solutions (uX, §ﬁ) of the problem (5.2)—(5.3).

Then, we turn to a derivation of upper bounds on the semi-discrete solutions.
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Lemma 5.4. Assume (3.18)), H(y) and (5.5). Then, there is a constant ¢ > 0 such that

k
< .
OglgNHunHH <c, (5.9)
AN
Yl —wi Il <, (5.10)
n=1
N
kY luglly <c, (5.11)
n=1
k k
lEslls < e (1+ kv ). (5.12)
Proof. Apply (5.2) to v = ut:
1 k
ﬂ”lﬁ —uy )b+ a(uly, )+ (6 Yaivity) s s = (fs uﬁ>v;w X Vv (5.13)
For the first term on the left hand side,
ko k k k k kK k
(s — ) = N | = Moty 17 + Ny — i |7

For the third term on the left hand side, using (5.3), (3.28) and H(y),
<5§, Yaivly) st s = —(éﬁ, —Yaivly) 5* xS
>~ (yaivitly: — Yaividl)
=— [‘PO(YdivMﬁ; —Yaivitl) +P°(0; '}’div”ﬁ)} + P00 vl
> — oy s [ty |y — 1 — calluy v
Then apply the modified Cauchy-Schwarz inequality (2.1) to bound the term c,||u’||y to find
that for any € > 0, there is an €-dependent constant c¢3 such that
k _
(& Yaivily) 575 > — (oy e : +¢) 2177 = 3.

For the right hand side of (5.13), (f¥, u@v‘*ﬂv « v, < |IF%]lv+lluklv, and then apply the modified
Cauchy-Schwarz inequality to get an €-dependent constant ¢ such that

ko k k|2 k|12
(Furn)viy, < vay < €[y +cllfally--

Choose € = m/4 for m defined in (5.5). Then, we derive from (5.13) that

1 k|2 ko2 ko ko2 m, k2 o 4 k||2
5 (I = Nk 3 o — w3 ) + 5 k13 < 5 (1 503 )
or
k2 k 2 k k 2 k2 k(12
Do — Y 1+ ok = 0+ k< cake (1181 )

Change n to j in the above inequality and add the inequality for j from 1 to n:
n n n
el + Y s — w5y g +mke Y 515 < HlugollFy +cank+cak Y [1F55--
j=1 j=1 j=1
Recall that ug o — up in H, implying the uniform boundedness of ||u; ||z with respect to k.
Note that nk < T for any 1 < n < N. By (5.1), the third term on the right side of the above
inequality is also uniformly bounded with respect to k. Hence, (5.9), (5.10) and (5.11) hold.
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From (53) and assumptions on ¥, [|E% ¢ < ¢ (1+ || vtk ||s) < ¢ (14 ||ut]lv) . Hence, (5-12)
holds. O

We turn to a convergence analysis of the Rothe method. Define a continuous piecewise
linear function uy: [0,7] — Vgiv and three piecewise constant functions u: [0,7] — Vg,
E,:10,T] — S*, and f;.: [0,T] — V* by

wl) = b+ (2 —n) (=), mln)=u, E()=EL Fulr) =1k

k
fort € (t,—1,t,) if 2<n <N, and fort € [0,#;] if n = 1. By (5.1, we have

Fellvs < I1flly (5.14)

Also, the following convergence holds ([4]]):
fr— f in7?™ (5.15)

Rewrite (5.2) and (5.3)) as, a.e.t € (0,7),
i (1) + Atii (1) + Y5 E(1) = i (o), (5.16)
&, (1) € ¥ (it (1)). (5.17)

Define Nemytskii operators o7 : ¥ gy — ¥ 5, and ¥: ¥ 4iy — & by
(v)(1) = Av(1),
(P)(1) = Yaivv (7).

Then, 7 € L (Y aiv; ¥ div)s ¥ € ZL(¥ aivs). We derive from (5.16)—(5.17) that for a.e. t €
(0,7),

(U (1), V)b + (AT (), W)y vy + (Ex(0), Vo) sews = (P ve xve, ¥V E Vai,
&i(1) € 0¥ (Yaiviix (1)),
or
(s V) + (Ui, V7 v, T o ) oxr = TV vz xvm YV E Vi, (5.18)
E.(t) € 0¥ (yaniix(t)), ae.r€(0,7). (5.19)
Let us establish some bounds on {@}, {u}, and {€,} next.

Lemma 5.5. Under the assumptions (3.18), H(y) and (3.5), there exists a constant ¢ > 0 such

that
k| z=(0,7:1) < €, (5.20)
|l < c, (5.21)
[kl [p220,7,0 ve) < € (5.22)
lurllcqo,rny < ¢ (5.23)
| < e, (5.24)
]l <ec, (5.25)

1€l <. (5.26)
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Proof. The bound (5.20) is a direct consequence of (5.9). The bound (5.21]) follows from (5.11]:

N
2 k)2
@l = Y vk < c.

n=1

For any 1 € (t,—1,t,] if 2 <n <N, or for any 7 € [0,1;] if n = 1, by (5.9),

o)z < max {1k, iy o } <.

Notice that u () is continuous in 7. So (5.23) holds.
The bound (5.24) is established from

T N
el = [ Ju(o)pan = Y. [
0 n=1"-1

which is uniformly bounded with respect to k by (5.11)).
By (5.12),

t 2 -
i+ (g —n) (= )| dr < Y kil
n=0

N N N
£ 112 k2 k12 k12
I8l = L kR <k T (1 bl}) < et ek ¥ k3.

Then, applying (5.11), we derive (5.26). From (5.16), u} (t) = f;(t) — Aug(t) — ¥ S (1) ae. 1 €
(0,T). Then,

e (@)l < IFellv- + ATz v + 1Y IE OIS ae.r€(0,T).
Consequently, for some constant ¢ > 0,
il < | Fell + el + 1l

which is bounded by a constant ¢ due to (5.14), (5.21)) and (5.26)). Thus, (5.25]) holds.
Finally, we derive the bound (5.22)). By definition,

io
— 2 — — 2
%l pv20,7v+) = sup Y i (si) — i (si1)[3+
0=so<sl<--~<s,-0:Tl':]
where the supremum is taken with respect to all partitions of [0, 7]. For a particular partition
0=s50<s1 <---<sj, =T, we have positive integers m; < mp < --- < m;, = N such that
si € ((mi — 1) k,mik], 1 <i<io. Then, i (s;) — U (si—1) = ufy, — ufni_l . By the triangle inequality,

m;
_ _ k k k_ k
72k (s:) = (i) v = Nt =t Mlve <) [l =ty [l
J=mi—1+1
and so,

m;

N

— — 2 k k 2 k k 2

5 (si) =T (sim)[j+ < (mi—miz1) Y (s —us (15 < (mi—mizy) Y s — w5
Jj=mi_1+1 j=1
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As a result,

io ) N
_ _ 2 k k 2
Y e (si) = w(sio )y < Y (mi—mi1) Y Nl — |5
i=1 i=1 j=1
Al k k 2
=N Yl —u |5
j=1

N
k k 2
=Tk Z ||”j — Ui [+
j=1
2
=T ||u ][~
which is uniformly bounded with respect to k by (5.25)). Thus,

k| s2207:v v o) = Wkl + [kl gv20, vy < €

ie., holds. O

Lemma 5.6. Assume (3.18)), H(y) and (5.3). For a subsequence {k}, we have, as k — 0,
T—u in Y, (5.27)
U —u in (5.28)
fee— ur in.S (5.29)
uy —u in ¥ gy, (5.30)
W, —~u in (5.31)
E =& ing (5.32)

and (u,&) solves Problem

Proof. From the bounds in Lemma 5.5 we can assume that, passing to a subsequence if neces-
sary, there exist # € ¥4,y NL*(0,T;H), u € Y455y, NL*(0,T;H), it € ¥*, and & € .9* such that
ask — 0,

W —uin ¥ andu —~* win L7(0,T;H), (5.33)
up —wuin ¥ and uy =" uin L*(0,T;H), (5.34)
W, —~@in V", (5.35)
g, — &Ein.7”, (5.36)

First we show that 7 = u. From

X, ik Ui — Uk,i—1
=l = Y [ (ke[
i_zi (i—1)k k

we know that iy, — u; — 0in ¥ as k — 0. On the other hand, by (5.33) and (5.34)), uy — uy —
u—uin 7. Since the embedding ¥ C ¥ is continuous, we also have u, —u; — u—u in 7*.
Hence, 1 —u =0, i.e. = u. Since u; — u in ¥ and u}c — @ in ¥*, we conclude (cf. [33,
Proposition 23.19]) that it = u’. Thus, for all v € ¥g;,, we obtain

2 k2
dt:_ ! 2*
- 3 e[l

(ufc,v)%a = <u;€, V>7/d>ikv X Yy — <u/, V>7/d’ifv X Vv * (537)
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Since o7 : Y4y — Vg, is linear and continuous, it is weakly continuous. Thus, 7 — u in Yy
implies that

<£7ﬁk, V>7/d*iv X Yy 7 <$qu, \/‘)oj/d’iﬁV X Yy * (5.38)
From (5.36) we get B
(s V)i 57 = (8, V) 7257 (5.39)
It follows from (5.13) that £, — f in #*. Thus,
<fk7 V> Yty % Vi — <f, V> Vi, X Yy (5.40)

Using (3.37)—(5.40), we can pass to the limit k — 0 in (5.18) and obtain
W Yy o, FAAUV) p vy FE W) oy = (Vv vy, YV E Sy (5.41)

From this, we deduce (4.11) in V', fora.e.t € (0,7).

Recall the bound (5.22). Applying Theorem [2.1and Sobolev embedding theorems, we know
that, up to a further subsequence if necessary, i, — u in L2(0,T;H%(Q)?) for some number
8 € (1/2,1). Since y: H?(Q)¢ — § is compact, for a further subsequence if needed, we have
Yaiviig (1) — Yaiyu(r) in S fora.e. r € (0,T). Since dy : § — 25 has nonempty, closed and convex
values and is upper semicontinuous from S endowed with strong topology into S* endowed with
weak topology (cf. [8, Proposition 5.6.10]), we deduce from (5.36), (5.19) and Theorem [2.2]that

E(t) € dy(ygu(t)) ae.te(0,7). (5.42)

Finally, we pass to the limit with the initial conditions on the function u;. Since u; — uin 7,
w, — ' in ¥, we have uy (1) — u(r) in H for all r € [0,T] (cf. [25, Lemma 4 (b)]). Therefore,
uro = ur(0) = u(0) in H. Since u g — up in H, we have u(0) = u.

In conclusion, (u,&) is a solution of Problem O

Summarizing, we have the next two results.

Theorem 5.7. Assume (3.18), H(y) and (5.5). Then, Problem has a solution (u,&) €

W aiy X L and the solution component u is unique.

Proof. Existence of a solution to Problem 4.4]follows from Lemma 5.6

Let us show the uniqueness of the solution component u. Suppose both (u;,&,), (u2,&,) €
W giv X . are solutions of Problem[4.4] Then for a.e.? € (0,7),

W () 0vs v a1 (),9) + (€ (0, T Wss = (FO Vv cvae YV E Vi, (5.43)

&1(1) € 0¥ (Yaiver (1)), (5.44)
(Ua (1), v)vy, < vy Talua(t),v) +(E(1), Yaivv)se s = (1) V)vy, xve, YVEVay, (5.45)
&2(t) € I¥(Yaivua(1)), (5.46)

and
u1(0) = uz(0) = up. (5.47)

Take v = up(t) — uy (¢) in (5.43), v = ui(t) — us(¢) in (5.45)), and add the two inequalities to
obtain

| &

et (7) —ua(1) |77 + aur (1) = wa(t),un (£) — ua (1))
+ <€1(t) - 62(t)7’}/divu1 (t) - Ydivu2(t)>S*><S =0 (5.48)

| =
QU
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fora.e. € (0,T). Then, with m =21 — oy A; ! defined in (5.3),
1d

5 2l @ =@ +mlw @) —w@lly <0, ae.re(0T). (5.49)

Integrate the inequality from O to ¢ € (0, 7)) to obtain

a0 =l +m [ Juaa(s) () Bds <0, 1€(0.7)

Since m > 0 by assumption, we deduce from the above inequality that u;(¢) —u(¢) = 0 for

t € (0,T). Therefore, we have the uniqueness of u. O
Theorem 5.8. Assume (3.18), H(y) and (3.5). Then, Problem has a unique solution u €
W div-

Proof. Theorem [5.7] guarantees the existence of a solution u € # 4;y for Problem 4.1}
For the uniqueness, assume u,uy € # iy are two solutions of Problem Then, similar to

(5.48), we have
L ) ) a6 00 (0~

<O (Yaivar (1) Yaivea (1) = Yaivir (1)) + W (Yaiviea (1); Yaiier (¢) — Yaiviaa (¢))
fora.e.r € (0,T). We again have the inequality (5.49) from which, the uniqueness follows. [

6. EXISTENCE AND UNIQUENESS OF THE PRESSURE FIELD

We have already shown in Theorem that Problem has a unique solution u € # 4.
Since WO (givu(1); Yaivv) < Irs(l[lo(}/divu(t); YaivV)), we apply Theorem|5.8|to know that there is
an element u € # g, such that for a.e.t € (0,T),

(W (1), v)vs v +a((t),v) + Ieg (W0 (Va0 Yaiv)) = (F(O, Vv wvg, YV E Vi
Moreover, similar to the proof of Theorem[5.8] we can show that the element u € # 43y is unique.

From Lemma we know that u’ € ¥*. Moreover, &/ u is an element in ¥ since u € 7.
Also, fora.e.t € [0,T], ¥;,&(¢) can be viewed an element in V* through the formula

<yc>1kivg<t>7v> = <§(t),}/v) VveV.

In addition, by assumption (3.18)), f(¢) € V* for a.e. t € (0,T). Therefore, there exists a unique
solution u € # 4y to the following problem.

Problem 6.1. Find u € # 4, such that for a.e.7 € (0,7T),

(W' (1)) v +alut),v) + g (WO (yu(t); ) = (f(1)v)ve v Vv E Va, (6.1)
and
u(0) = up. (6.2)
We deduce from (6.1) that
(W' (1),v)ye v +au(t),v) = (f(t),v)v:xv ¥vEVoaw:=VoNVa. (6.3)

Thanks to the inf-sup property (3.17), there exists a function p(z) € Q such that
(W (1), v)v+ v +a(u(t),v) =b(v, p(t)) = (f(t),v)v+ xv Vv EVo. 6.4)
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Thus b(v, p(t)) = (/' (t),v)y+ v +a(u(t),v) — (f(t),v)y+ xy for all v € V, leading to
b(v,p(1)) < (ld' @)llv- +2pllu(@)lly + £ O llv+) Wly v € Vo.
Hence, with an application of the inf-sup property (3.17),
o [lp(t)llo < [l (t) lv= +2 e [|u() v + £ () [lv=-

Consequently, p € 2. For an arbitrary v € V, by the inf-sup property, there exists a function
v1 € V such that

b(vi,q) =b(v,q) Yq€Q. (6.5)
Define v = v —v;. Then v, € V and b(v,q) = 0 for all ¢ € Q. Hence, v, € V giy. By (6.1),
(U (1), v2)v= v +a(u(t), va) + Irg (W (yu(t)syv2)) > (f(t),v2)v+ xv,

ie., (U (1),v =iy v +a(u(t),v—vi) +Ig(WO(yu(t); y(v—v1))) > (f(t),v = v1)y+xv. Note
that vi € Vg and so yv; =0 on 5. As a result,
(W (1),v =vi)ye v +a(u(t),v—vi) +Irg (WO (yu(t):w)) > (f(t),v = vi)ys v
By (6.4), one has (u'(t),v1)v= x v +a(u(t),vi) —b(vi, p(t)) = (f(t),v1)v* xv. By (6.5), one sees
that b(vy, p(t)) = b(v, p(t)). Thus,
(W (1), v +a(u(t),v) =b(v, p(t) +Irg (WO (yu(t); v) = (f(t),V)v v

Therefore, (u, p) is a solution of Problem[3.2]
We already know that the solution component u is unique. To show the uniqueness of p,
assume (u, p1) and (u, p>) are two solutions of Problem[3.2] By (6.4)), for all v € V,

(W' (), v)ve xv +a(u(t),v) = b(v,p1(t)) = (1), )+ xv, (6.6)

(W' (), v)ve xv +a(u(t),v) = b(v,pa(t)) = (f(t),v)v* xv- (6.7)
Subtract from (6.6) to get b(v,p1(t) — p2(¢)) = 0 for all v € V5. Applying the inf-sup
property (3.17), we have

(Xprl(t) —pz(t)HQ < sup b(vvpl(t) —Pz(t))

=0.
vevo vilv

Hence, p;(t) — p2(t) = 0 and the solution component p is unique.
In conclusion, we have proved the following existence and uniqueness result.

Theorem 6.2. Assume (3.18), H(y) and (3.3). Then, Problem3.2|has a unique solution (u, p) €
W x 2.

7. LIPSCHITZ CONTINUOUS DEPENDENCE ON DATA

In this section, we explore the Lipschitz continuous dependence of the solution u# on the
source function f and the initial value u.

Theorem 7.1. Assume (3.18), H(y) and (5.5)), and let (u,p) € W x 2 be the solution of Prob-
lem[3.2] Then, the mapping (f,uo) — u is Lipschitz continuous from ¥ x H to ¥ NC(0,T;H).
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Proof. Fori=1,2,1let (f;,uio0) € ¥*xH andlet (u;, p;) € # x 2 be the corresponding solution
of Problem [3.2] From the definition of the problem, for i = 1,2 and for a.e. t € (0,T),

(i (1), v)ve v +aui(t),v) = b(v, pi(t) +Irg (YO (i e (1):ve)) = (fi() )y v YV EV,

(7.1)

b(ui(t),q) =0 VqeQ, (7.2)
and

l/t,(O) = u,-,(). (73)

Take v = up(t) — uy (¢) in for i =1, take v=u(t) —uz(t) in for i = 2, and add the
two inequalities to obtain, for a.e.r € (0,7),
(U (1) —up(t),u1 (1) — wa(t))y= v +a(ur (t) — ua(t),ur (t) — ua(t))
< Irg (WO (1 2 (1), u (1) — ur 2 (1)) + WO (1), u1,2(1) — w2 £ (1)))
+b(ur (1) —uz(2), pr(t) = pa(2)) + (f1(1) = Fo(1),u1 (1) —u2 (2))y+ v
It follows from (7.2)) that b(u; (t) — ux(t), p1(t) — p2(t)) = 0. Note that

(i (6) (1), 1 0) w0y v = 5 1 ()~ a0

a(u (1) = ua (1), ur (1) — ua()) = 24t ||y (r) — 2 (1) |,

S~—

Irg (W (un o (1) 2,2 () = w2 (0)) + W0 (ua o (1), 1 2 (1) — w2, 2(1))) < QyAg [lur (1) — w2 (1)1,
(f1(0) = fa(0),ur(t) —ua(2))y v < F1(2) = f2()[lve lur (£) —ua (2) |l
Hence,
1d

5 g7l 1) =z (0) |7 +m flur (1) = w2 (), < 1f1(0) = fo(O)lly lur (1) — w2 0) v

where m is defined in (5.5). Applying the inequality

m 1
1110) = L2l s (0) =2 () lv < 5 Nlur (1) = w2 (D[} + 5 11 () = Lo 5+,
we further derive that for a.e. t € (0,7),

ln0) = a(0) s 1) = w20} < 110 £200) -

Integrating the inequality from O to ¢, we get that for any ¢ € [0, T,
t 1 t
Jia (1) =2y +m [ 01 (9) = a(9) s < =zl [ 11£1(5) = F(5) 3.
(7.4)
The stated Lipschitz continuous dependence follows from the inequality (/.4). 0

8. CONCLUDING REMARK

To the best of our knowledge, the reference [[19] is the first paper that provides an existence
and uniqueness result for both the velocity and pressure fields of a nonstationary Stokes hemi-
variational inequality for an incompressible fluid flow subject to a nonsmooth non-monotone
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boundary condition of friction type. The well-posedness analysis in [[19] is carried out under
the following assumptions on the data

ug €V, divup=0inQ, feH (0,T;V*) (8.1)

together with a compatibility condition on initial values of the data. This paper provides a
different approach for the well-posedness analysis of the nonstationary Stokes hemivariational
inequality so that the assumptions (8. 1)) are replaced by the more natural ones:

up e H, felL?*0,T;V*);

moreover, the compatibility condition on initial values of the data is dropped.

We also comment that the analysis in [[19] on a fully discrete scheme for solving the non-
stationary Stokes hemivariational inequality is still valid without the compatibility condition on
initial values of the data and the condition divigg = 0 in Q.
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