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OPTIMAL FEEDBACK CONTROL
IN THE PROBLEM OF THE MOTION
OF A VISCOELASTIC FLUID

VALERI OBUKHOVSKII — PIETRO ZECCA — VIKTOR ZVYAGIN

ABSTRACT. We study an optimization problem for the feedback control
system emerging as a regularized model for the motion of a viscoelastic fluid
subject to the Jeffris—Oldroyd rheological relation. The approach includes
systems governed by the classical Navier—Stokes equation as a particular
case. Using the topological degree theory for condensing multimaps we
prove the solvability of the approximating problem and demonstrate the
convergence of approximate solutions to a solution of a regularized one. At
last we show the existence of a solution minimizing a given convex, lower
semicontinuous functional.

1. Introduction

In recent decades a cospicuous number of works were devoted to various as-
pects of mathematical control theory for systems governed by partial differential
equations. In this connection, an essential assumption in many approaches (see
e.g. the well known monograph [9] of J. L. Lions), is the uniqueness of the solu-
tion corresponding to a given boundary value problem. However, this suggestion
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looks fairly restrictive for a large variety of nonlinear equations of mathematical
physics. In particular it is the case for equations arising in problems of hydro-
dynamics (a natural example is the well known Navier—Stokes equation).

For Navier—Stokes and Euler systems and some of their generalizations, so-
lutions for control problems, when uniqueness theorems are unknown, were ob-
tained by A. V. Fursikov (see [4]-[6]). Various problems of optimal control for
systems governed by Navier—Stokes equations were also considered in a number
of works (see, e.g. [1], [7]).

In the present paper we study an optimal control problem for a system emerg-
ing as a regularized model for the motion of a viscoelastic fluid subject to the
Jeffris—Oldroyd rheological relation. Let us note that in the last few years many
authors studied the solvability of the initial-boundary problem for equations with
the Jeffris—Oldroyd rheological relation. In this paper we deal with the feedback
control system governed by equations whose solvability was proved in the works
[11] and [12].

The paper is organized as follows. In the first section, we give the statement
of the optimal control problem and define the main notions. Then, we present
the regularized problem describing the motion of a viscoelastic fluid. The ap-
proach includes the classical Navier—Stokes equation as a particular case. In the
second section, we prove the solvability of the approximating inclusion, using
some a priori estimates and topological degree theory for condensing multimaps
as a main tool.

In the next section we prove the convergence (in some generalized sense) of
solutions of approximating problems to a solution of the regularized one. In the
last section we prove the existence of a solution minimizing a given convex, lower
semicontinuous functional.

2. The setting of the problem

We consider an optimal control problem for the motion of a viscoelastic fluid
filling a domain Q C R", 2 < n < 4. It will be assumed that € is a bounded
domain with locally Lipschitz boundary I'.

Let the function v: [0, 7] x @ — R™ describes the velocity vector of a particle
at the moment ¢ € [0, 7] in the point z € Q. The density p of the fluid is assumed
to be constant; the pressure of the fluid at the moment ¢ in the point x € Q is
characterized by the value p(t, ). By the symbol £(v) we will denote the tensor
of velocities of deformations

1 8vi an .o
- — < <
Eij(v) 2(8%—#6%), 1<i4,7<n,
E(v) = (& (v)).
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Trajectories of the motion of fluid particles are determined by the field of
velocities v as solutions of the integral equation

(2.1) z(rit,x) = +/ v(s, z(s;t,x))ds, T,t€[0,T], z €.
¢

We will use L2(Q2)", L,(Q)™, W5 ()", C(Q2)™ and C*(2)" as standard nota-
tions for the corresponding spaces of functions : ) — R™. The scalar product
in Ly(Q2)"™ will be denoted by (v, w)r,q)n-

Let us denote

V ={veW;(Q)" v =0, dive = 0}.

We will consider V' as a Hilbert space with the scalar product

ey = [ 3 &) Esw)da
5 5=1

generating the corresponding norm ||v||. In the space V this norm is equivalent
to the norm induced from the space W4 (£2)".

Let H be the closure of V' with respect to the norm of the space Ly (€)™ and
V* the dual space of V.

By the symbol C*D(Q) we denote the set of all continuously differentiable
bijective maps ¢: Q — Q such that Cr is the identity, and

det (ZC) =1, zel.

xT

Let us suppose that this set is endowed with the norm from the space C(Q)".
We consider also the set

CG = C([0,T] x [0,T]; C* D(Q)).

Notice that

CG c C([0,T] x [0,T];C*()™).
Then, C'G can be considered as a metric space with the metric induced by the
norm of the space C([0,T] x [0,T7]; C(Q)").

Let us mention that the solvability of the equation (2.1) for a given v is
known only for the case v € Li([0,T];C(2)). moreover, the uniqueness can
be guaranteed for v € L;([0,7T];C*(Q)) with vjjo,rjxr = 0. In our case v €
L([0,T7]; V), so one of the possible ways to avoid this difficulty is the smoothing

of the field of velocities. To do so, let us introduce the regularization map
vs:H — CH@Q)"NnV, §>0
with the properties that vs(v) — v in H while 6 — 0 and the operator
85: Lo([0, TJ; H) — L([0, T, CL@)" (V)
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generated by s is continuous. The construction of Ss is given in [12].
Let us substitute the equation (2.1) by the equation

(2.2) z(r;t,x) = —l—/ Ssv(s, z(s;t,x))ds, T,t€[0,T], x € Q.
t

For each v € Ly([0,T]; V) this equation has a unique solution Zs(v) in the
class CG, i.e.
z(r5t, @) = Zs(v) (73 ¢, ).

In the sequel we will use the following notations for functional spaces:
E =Ly([0,T);V), E*=Ls([0,T;V"), ET=L1(0,T);V").

We introduce a feedback control in the system, realized by the choice of the
external force from the set U(v) C E*. As a domain of the feedback multimap
U we consider the space Wy C C([0,T];V*)

Wi ={v:veE, v eE}

’

endowed with the norm |[v]|w, = [[v||g + ||V'||E: -
It will be assumed that the feedback multimap U satisfies the following con-

ditions:

(U1) U is upper semicontinuous and takes values in the collection Kv(E*) of
all convex, compact subsets of E*,
(U2) U is globally bounded, i.e. there exists a constant M > 0 such that

1U(v)]|

g i=sup{||ullgr :u € U(w)} <M

for all v € W7,
(U3) the value U(D) of every bounded set D C W; is a relatively compact
set in B*,
(U4) U is weakly closed in the following sense: if {v;}72, C Wi, vy — vy,
u; € U(vyy) and vy B ug, then ug € U(vp).
REMARK 2.1. Condition (Uy) is fulfilled when the feedback multimap U
satisfies the following “convexity” condition:

U(Avg + (1 — A)v1) 2 AU(vg) + (1 — A)U(v1)

for every vg,v1 € Wi, 0 < A < 1.
In fact, from Mazur’s lemma (see e.g. [3]) it follows that there exists a double
sequence of nonnegative numbers {aik}ﬁzl such that:
(a) Ypojap=1foralli=1,2,...,
(b) for every i = 1,2,... there exists a number ko (i) such that a;, = 0 for
all k£ > kg (’L),
(c) the sequence ¥; = >~ ;g strongly converges to vp.
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Then,
o0 [ee]
Uy = Zaikuk € ZaikU(Uk) C U(vy).
k=1 k=1

Since obviously u; — ug and the multimap U is closed ([8], Theorem 1.1.4) we
obtain the desired ug € U(vp).

Under above conditions the controlled motion of the fluid can be described
in the form of the following regularized problem (cf. [11])

(2.3) p<a” +§n:v-3”> —ulDiv/te_(t_s)/’\E(v)(s Zs5(v)(s;t,x)) ds
o = o 0 ’ Y

— upDivE(v) 4+ gradp € pU(v), (t,z) €[0,T] x £,

(2.4) dive =0, (¢,z) €[0,T] x Q,
(2.5) vjo,71x0 = 0,
(2.6) v(0,2) =0(x), x€Q,
(2.7) / pdz =0,

Q

where po, p1 are constants (ug > 0).
REMARK 2.2. Taking u; = 0 we obtain the control system governed by the

classical Navier—Stokes equation.

Denote by (f,v) the action of the functional f from V* on the function v € V.
Let us introduce the following operators:

(1) AV > V*,
(A(v),h) = po(E(W), E(h)) o)y v, hEV,
(2) K:V — V™,
" oh;
(K(U)7h): Z p<vivj>axj>L 9 Uahe‘/a
i,5=1 2(Q)

(3) for v € E and 2z € CG the functional C(v,z) on V for every fixed
t € [0,T] can be given by the formula

0

o) =n( [ P st asem)

In the sequel we will identify H = H*. Then taking into account the embed-
dings V C H = H* C V*, the action of an element v € F on h € V for almost
all t € [0,T] will be determined by the equality

(v(t), h) = (v(t),h) Ly ()n-
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So we have the representation

& 0(e). ) agay = S (w(0) ) = (W' (2). )

where v'(t) is considered as a locally integrable function with values in V*.

DEFINITION 2.3. Given v" € H, by weak solution of the regularized problem
(2.3)—(2.7) we mean a function v € E with derivative v/ € Ej satisfying the

relations
(2.8) pv' + A(v) — K(v) + C(v, Zs(v)) € U(v),
(2.9) v(0) = 2°.

It is clear that each weak solution belongs to the space Wj.
Denote Qr = [0,7T] x Q.

DEFINITION 2.4. If v is a weak solution of the problem (2.3)—(2.7) then the
control u € U(v) satisfying the relation

(2.10) pv' + A(v) — K(v) + C(v, Zs(v)) = u

is said to be the control corresponding to v. The pair (v, u) satisfying (2.10) will
be called an admissible solution of the regularized control problem (2.8)-(2.9)
and hence of the problem (2.3)—(2.7).

We will consider the following optimization problem: to find an admissible

solution (U, %) minimizing a given convex, lower semicontinuous cost functional
J:E x E* — R (see Section 5 below).

3. The approximating problem

To find an admissible solution of problem (2.3)—(2.7) we construct first ap-
proximating inclusions substituting the operator K by operators K., > 0 in
such a way that all the members of the inclusion (2.8) will belong to the same
space E*.

For a given € > 0 , define the operator K.:V — V* by the formula

- ViU; Ooh;
(Ke(v),h) p(i;1 1+ e||v]2’ 3xj>L2(Q)

and consider the approximating problem
(3.1) pv’ + A(v) — K. (v) + C(v, Zs(v)) € U(v),
(3.2) v(0) = 0°.

in the space W = {v:v € E, v € E*} with norm ||v||w = ||v||g + ||| &~
It is known (see [9], [10]) that W is a Banach space and W C C([0,T7]; H).
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Introduce the maps L,G,N.:W — E* x H and the multimap UWwW —
Kv(E* x H) in the following way:

L(v) = (pv" + A(v),v(0, -)),
G(v) = (C(v, Zs(v)),0),
Ne(v) = (Kc(v),0),
Uv) = (U(v),0").
Then, problem (3.1)—(3.2) can be written in the form of the following operator
inclusion:
(3.3) L(v) — N.(v) + G(v) € U(v)

Our first goal is to prove the following existence result.

THEOREM 3.1. For every e > 0 and v° € H inclusion (3.3) and hence
problem (3.1)—(3.2) have a solution (v.,u.) € W x E*.

To prove Theorem 3.1 let us describe some properties of operators involved
in the inclusion (3.3).

As it was mentioned above, W C E N C([0,T]; H). For functions v € E N
C([0,T); H) let us introduce the norm

Jollpe = max [[o(t) s + o]z

and the equivalent norms

[0llx,mc = [[7]lzc

kt

where T(t) = e "t -v(t), k > 0. Equivalent norms |-

ks |1k Bexcts |-k, La @)
are defined similarly.

ProposITION 3.2 ([2], [12]).

(a) The linear operator L: W — E* x H is bounded and invertible, and for
any couple of functions v,w € W the following estimate holds:

v —wlkec < Ci||L(v) = L(w)||k, g« x 1

for every k > 0, where the constant Cy does not depend on v, w and k.
(b) The map N.: W — E* x H is completely continuous for e > 0 and for
any v € W the following estimate holds

Cy

HNE(U)| ExxH < ?

(¢c) C(v,2) € E* for everyv € E, z € CG and the map C: E x CG — E*
s continuous and bounded. Moreover, for every k > 0 the following
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estimate holds:

T
(3-4) 1O, 2) = C(w, 2)llk, - < payf 5 llv = wllk.-

(d) The map Zs: W1 — CG is completely continuous.

From (a) of the above statement it follows that solving inclusion (3.3) is
equivalent to to the studying of of the fixed point problem in the space W

(3.5) v € F.(v)
where the multimap F,.: W — Kv(W) is defined as
(3.6) F.(v) = L"'N.(v) — L™'G(v) + L™'U (v).

It follows from basic properties of multivalued maps (see, e.g. [8]) that F.
is an upper semicontinuous multimap with convex, compact values. We will
show that this multimap is condensing with respect to the Hausdorff measure of
noncompactness (MNC) in W (see [8]).

Let xx be the Hausdorff MNC in W generated by the norm || - || 5.

PROPOSITION 3.3. The multimap Fr (¢ > 0) is xi-condensing provided k is
sufficienty large.

PROOF. Let D C W be an arbitrary bounded set. Consider the map G: W x
W — W defined as
G(v,w) = L™HC(v, Zs(w)),0).
From Proposition 3.2(a), (c), (d) it follows that for every fixed v € W the set
G(v, D) is relatively compact. Further, for every fixed 2 € Zs(D) the map
C(-,2) is p1+/T/2k-Lipschitz with respect to the norms | - ||z and || - ||z &,
hence (C(-, z),0) is Lipschitz with the same constant with respect to || - ||,z and
|| |k 2+ x zr- Then from Proposition 3.2(a) it follows that G(-,w) is Oy p1+/T/2k-
Lipschitz with respect to norms | - ||z, and || - ||x,ec. Since, for any v € W it
is
[l < [|v]lk.£0
we obtain that
G(-,w):W —W
is Cyp1+/T/2k-Lipschitz with respect to the || - ||, g norm.
Now, choosing k& > 0 so that

[T
Clﬂl ﬁ<1

and applying Proposition 2.2.2 in [8] we obtain that the map G(v) = G(v,v) is
Xk-condensing.
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From Proposition 3.2(b) and (a) it follows that the set L~ N (D) is relatively
compact and property (U3) implies the same for the set LU (D). Applying
the well known properties of the Hausdorff MNC (see e.g. [8]) we conclude the
proof. O

Consider now the one-parameter family
(3.7 pv' + A(v) — MK (v) + AC(v, Zs(v)) € AU (v), X €[0,1]

including the approximation problem (3.1) for A = 1.
We are going to obtain an apriori estimate for the solutions of this family.

PROPOSITION 3.4. For any solution v € W of the initial problem (3.7), (3.2)
the following estimates hold:
(3-8) [vllse < Cs(1+ M+ [[v°]|m),
(3.9) [0l = < Ca(1+ M + [[0°] 1),

where M is the constant in condition (U2) and the constants Cs and Cy depend

on €.
PROOF. Let v € W be any solution of problem (3.7), (3.2). Then
(3.10) L(v) € A(N.(v) — G(v) + U(v)), A€ 0,1].
Since L(0) = 0, from Proposition 3.2(a) it follows that
”L(U)”k,E*xH-

Analogously, C(0, Zs(v)) = 0 and from (3.4) we have that

(3.11) v

(3.12) 1€ (v, Zs(0))ll. £+ < m1y/ 57 HvllkE

From (3.10), (3.12), Proposition 3.2(b) and property (U3), applying the estimate
(3.11) we obtain
I

L)
T C
(1 — C’1M1\/;> llle,ec < Ch <€2 +M + ||’UO||H)-

Choosing k sufficiently large and taking into account the equivalence of norms

lvlle,ec < Ch < + p1

SC1<+M1

ie.

Il - llk,ec and || - ||[gc we get the estimate (3.8). To obtain the estimate (3.9) it
is sufficient to express explicitely v’ from inclusion (3.7):

(3.13) v e —%(A(U) — MK (v) + AC(v, Zs(v))) + %U(v),
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to note that all operators in the right hand side of (3.13) are bounded in F and
apply estimate (3.8). O

ProOOF OoF THEOREM 3.1. From Proposition 3.3 it follows that for every
€ > 0 there exists a ball B C W centered at the origin and of a sufficiently
large radious R such that

v ¢ AF.(v) forallvedBg, Ael0,1].

Applying the topological degree theory to the condensing family of multifields
i — AF; (see [8, Chapter 3]) we obtain that

deg(i — F.,0BR) = deg(i,0BRr) = 1.
This result implies the existence of a fixed point of the multimap F. in the ball
Bp and hence the solvability of the approximating problem (3.1)—(3.2). O
4. The regularizated problem

In this section we show that for € — 0 the solutions of the approximating
problems are converging, in the sense of distributions, to a solution of the regu-
larized problem (2.8)—(2.9). It is known from [10] that W7 C EN Lo ([0, T]; H).
For functions v € EN Lo ([0,T]; H) introduce the norm

loller = lvlle + lvllL. qom:m)
and the equivalent norms
||U||k,EL = ||@||EL, where 5(t) = Giktv(t), k>0.

PROPOSITION 4.1. For every solution v. € Wy of the approximating problem
((3.1)—(3.2) with € > 0 the following estimates hold

(4.1) lveller < Cs(M +[[0°|m),
By < Co(M + [[0°)m)?,

ot
where constants Cs and Cg are independent from e.
PRrROOF. To prove (4.1) let us make the substitution
ve(t) = eF'T. (1)
and multiply the approximating equation
(4.3) pvz + A(ve) — Ke(ve) + C(ve, Zs(ve)) = ue
by e~**. Then we obtain

(4'4) pﬁla + pve + A(ﬁa) - ?a (@6) + €(§7 Zs (ektﬁa)) = U
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where

K.(v.) = e MK (e",),
C(v., Zs(eMD.)) = e *C (., Z5(¥'D.)),

Ue e*ktus,

and the functional pk®. is defined by the equality (pkT., h) = pk(v., h)r,q) for
ueV.

Let us consider the action of functionals in the left and right hand side of
the equality (4.4) on the function T.:

S DI + kB0 + (A1), (1)
— (R (1)), 5e(0)) + (© (5, Zo(eM5) (1), (1)) = (7.(0), ().

It is known from [2] that (K. (:(t)),7:(¢t)) = 0 for all ¢ € [0,T]. So, inte-
grating by part (4.5) in ¢t on the interval [0,¢] we obtain

(4.5)

1 . _ _ 1
§P||Us(t)|\%r + pk”UEH%Q([O,t};H) + :uOH’UEH%Q([O,t];V) - §P||UO||31

+ /O (C(D.., Zs(e5™5.)) (), 7 (7)) dr = /O (T (7),5.(7)) dr.

Taking w = 0 in the inequality (3.4) and applying the Cauchy inequality we can

write

1 _ _
50””5(0”%{ + pk”UE”QLg([O,T];H) + M0||Ua||2Lz([o,T];V)

1 T, _ _ _
= 5Pl + ) S 71T < [ lls- (17

Taking k sufficiently large so that p14/7T/(2k) < po/2 and using again the
Cauchy inequality we arrive to

2
Ex-

_ _ _ 1 2.
PITEIIL . to,71:) + 20510 7 @y + 1ollTellE = pll® 17 = S 10T I < g |

From the above inequality we get

1, _ 1 2
2Pl o) + 20Ky + G0l < ool + e
that gives the required estimate (4.1).
To obtain (4.2) let us express, as earlier, the derivative v. from (4.3):
1
vl = f;(A(vs) — K. (ve) + C(ve, Z5(ve)) — ue).
It follows that
VellBr =~ U7 Ve ) || E* e\Ve)llE; Ve, L5\Ve))||E* Ue||E~* )-
vl < Cr(lA(ve) e + 1K= (ve)ll 7 + O (ve, Zs(ve))ll = + lluell )
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In the paper [12] the following estimate is obtained:
(4.6) 1K (ve)|

2 2
By < CsllvellL, 0, 10:0.(0)m) < Collvell s
This estimate, the boundedness of operators A and C on E and the estimate
(4.1) imply (4.2). O
We are now in position to formulate the main result of this section.

THEOREM 4.2. The reqularized problem (2.8)—(2.9) admits an admissible so-
lution (v,u) € Wy x E*.

PRrROOF. Let us take any sequence of positive numbers ¢; — 0. From The-
orem 3.1 we know that every corresponding approximating problem (3.1)—(3.2)
has a solution (v, u;) € Wp x E*, i.e.

(4.7) pv; + A(v) — K¢, (v) + Cluy, Zs(v)) = uy € U(vy)

From the estimates (4.1), (4.2) it follows that the sequence {v;} is bounded
with respect to the norm || - || pz, while the sequence {v;} is bounded with respect
to the norm || - ||gs. Then, without loss of generality, we can assume that

vy = v  weakly in F|

vy =0 xweakly in Lo ([0,T]; H),
v — v strongly in Ly(Qr)",

v; —v' in the sense of distributions.

From conditions (U3), (U4) it follows that we can assume, without loss of gen-
erality, that

u — u € U(v) strongly on E*.
Since a bounded linear operator is weakly continuous, we can assume, without
loss of generality, that

A(v) — A®D) weakly in E*,
E(v)(s,x) = EW)(s,z) weakly in La(Qr)".
Following [12] it can be proved that
C(v, Zs(v)) — C(v,Zs(v)) weakly in E*,
and from Lemma 2.2 of [2] it is known that
K., (v;)) = K@) in the sense of distributions.

Now, it remains only to pass to the limit in the sense of distributions in relation
(4.7) while g, — 0 to obtain

P+ A®) — K@) + C(@, Zs(¥)) = @ € U®).
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Note that v € E implies that v" € E and hence v € Wy. The pair (v, %) is the
required one. O

5. The optimization problem
In this section we consider the problem of existence of an optimal admissible
solution (7, ).
We suppose that the given convex cost functional J: E x E* — R satisfies
the following conditions:
(J1) J is lower semicontinuous in the sense that, given a sequence {v;, u;} C

E x E*, conditions ||v; — vo|lg — 0, ||u; — wo||g+ — 0 imply

J(vo, uo) < lim J(vw),

l—o00

(J2) J is bounded below, i.e. there exists a constant L such that

—o00o < L < J(v,u) <oo forall (v,u) € Ex E*.

Let us denote by ¥ C W; x E* the set of all admissible solutions of the
regularized control problem (2.8)—(2.9). Our goal is to solve the following opti-

mization problem:

(P) To find an admissible solution (v, %) of (2.8)—(2.9) such that

J(0,1) = (Uiil)er J(v,u).

THEOREM 5.1. Under conditions (J1), (J2) problem (P) has a solution.

PROOF. From Theorem 4.2 we know that X # (), therefore there exists a
minimizing sequence (v;,u;) € ¥ such that

lim J(v,w) = inf J(v,u).
Ay, ) = s 70

Notice that the sequence {v;} is bounded in Wj. In fact, the estimate

1K ()]

B; < Clvl,

similar to (4.6) holds for the operator K and we can repeat the same line of
reasoning as in the proof of Proposition 4.1. Then, we can assume, as earlier,
that without loss of generality,

v =T weakly in F,

v —7T x-weakly in Lo (0,T; H),

v — T strongly in Lo(Q7),

v, = in the sense of distributions,

uy —uw € U(D) strongly in E*.
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We have also the convergences

) — A(v) weakly in E*,

) = E(@)(s,2)  weakly in Lo(Qr)"™
C(v, Zs(v)) — C(v, Z5(v)) weakly in E™,

) — K(v) in the sense of distributions.
Now, passing to the limit in the relation

pv; + A(v) — K(vy) + Cluy, Zs(v)) = w € U(vy)

we obtain that (v,u) € X.
Since the functional J is lower semicontinuous also with respect to the weak
topology, we have that

Jw,u) < inf J(v,
(@.w) < int J(.0)

implying that (7,u) is the desired solution of problem (P). O

As an example of J satisfying (J1) and (J2) we can consider the integral
functional of the form

T
J(o,u) = / ool ). ut, -)) de

where p: V x V* — R is a given convex, continuous, bounded from below func-
tional.

To present a more particular situation, consider the problem of damping of
a viscoelastic fluid supposing that the external forces are chosen in the form
of combinations of coercions created by a finite number of sources depending
on the state of the system. More precisely, let continuous maps f;: W, — E*,
i =1,...,m satisfy the following conditions:

(f1) each f; is globally bounded and transforms bounded sets into relatively
compact ones,

(f2) each f; is weakly closed in the sense that {v}°, C Wi, vy — v,
fi(vr) = uo imply uo = f;(vo).

Define the feedback multimap U: W, — Kv(E*) as

U(v) = {u - éxifi(v) : X_;)\ - 1}.

It is easy to verify that U satisfies conditions (U1)—(U4) and hence we may con-
clude, by Theorem 11, that there exists an admissible solution (7, %) of problem
(2.8)—(2.9) minimizing the functional

v.)ds.

T
J(u,v) = / (llo(s, ) + flu(s, -)]
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