Chapter 16

On Global Attractors for Autonomous
Damped Wave Equation with Discontinuous
Nonlinearity

Nataliia V. Gorban, Oleksiy V. Kapustyan, Pavlo O. Kasyanov
and Liliia S. Paliichuk

Abstract We consider autonomous damped wave equation with discontinuous
nonlinearity. The long-term prognosis of the state functions when the conditions
on the parameters of the problem do not guarantee uniqueness of solution of the cor-
responding Cauchy problem are studied. We prove the existence of a global attractor
and investigate its structure. It is obtained that trajectory of every weak solution
defined on [0; +00) tends to a fixed point.

16.1 Introduction

This manuscript is devoted to the research of asymptotical behavior of the
autonomous damped wave equation with discontinuous nonlinearity. The investi-
gated problem is considered in a bounded domain §2 with a sufficiently regular
boundary d§2. The interaction function f: R — R satisfies the standard growth and
sign conditions. Wave equation with a non-smooth nonlinearity f can be interpreted
as the mathematical model of the controlled piezoelectric fields or processes. The
asymptotic behavior of solutions for such problems were studied by Ball [1, 2], Sell
[11], Zgurovsky et al. [17-19] and many others. The case of the continuous function
f is well-known [2]. The case of the non-autonomous equation with continuous non-
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linearity was investigated by Kapustyan [6], Melnik [8, 10], Valero [13]. The case
when extension of f admits the maximal monotone graph was studied by Zgurovsky
and his scholars [6, 7, 15, 16].

Here we provide sufficient conditions for existence of compact in natural phase
space global attractor for the nonlinear damped equation with discontinuous non-
monotone in general case interaction function.

16.2 Setting of the Problem

Let B > 0 be a constant, 2 C R” be a bounded domain with sufficiently smooth
boundary d£2. Consider the problem

[u,;-}—ﬂu;—Au-l—f(u) =0, (16.1)

ulpe =0,

where u(x, t) is unknown state function defined on £2 x Ry; f : R — R is an
interaction function such that

lim L ®

lul—o0 U

> —Aq, (16.2)

where X is the first eigenvalue for —A in H(; (£2);
AD>0: |fw)| <DA+|ul), YuelR. (16.3)
Further, we use such denotation

o) = tlfn}f(l), f&)=1lim f(1), GG):=[f(), f(®)], seR.

1—s

LetussetV = HO1 (£2) and H = L?(£2). The space X = V x H is a phase space of
Problem (16.1). For the Hilbert space X as (-, -)x and || - || x denote the inner product
and the norm in X respectively.

Definition 16.1 Let 7 > 0, t < T. The function ¢(-) = (u(), u;()T €
L®(t,T; X) is called a weak solution of Problem (16.1) on (t,T) if for a.e.
(x,1) € 2x(t,T),thereexists| = [(x,1) € L*(t, T; L>(£2))I(x, 1) € G(u(x, 1)),
such that Vi € HJ (2),¥n € C°(z, T),

T T
- /(uz, V) dt +/(,3(uz, Vg + )y + @ Y)p)ndt =0. (16.4)
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The main goal of the manuscript is to obtain the existence of the global attractor
generated by the weak solutions of Problem (16.1) in the phase space X.

16.3 Preliminaries

Lemma 16.1 Zgurovsky et al. [19] For any ¢, = (ug, uN? € X and v < T there
exists a weak solution ¢(-) of Problem (16.1) on (z, T) such that ¢(7) = ¢5.

Show that in the general case, when the interaction function f is typically multi-
valued, the m-semiflow generated by all solutions of Problem (16.1) have no a com-
pact global attractor.

Example 16.1 Consider the problem

uy + Pu; — Au+[—e,e]130, (x,1) € (0,7) x Ry,
u,t) =u(m,t) =0, (16.5)
M()C,O) = %ﬁon(x)s Ml(x70) = 01 |‘P;,(x)| S 1

There exists a solution u, (x, t) of Problem (16.5) such that {u, (-, #,)},>1 is not pre-
compact set in HO1 (0, ) for some {t, }n>1, tn — 00, and some bounded in HO1 0, )
sequence {¢y }.

D’ Alembert’s formula implies that Problem (16.5) has the solution of the form

U (x, 1) = % (@n(x +1) — @n(t — X))

for any sufficiently smooth ¢, : R — R such that ¢, (x)=— ¢, (—x)=— ¢, 2w —x).
Indeed, u,,, — Au, = 0 and

Bity, (x. 1) = ﬂ% (Gh(x +1) — @t — x)) € [—e. ],

1

Let ¢, (x) =  sinnx, x € (0, 7). Then

u,(x,t) = %% (sinn(x +1t) —sinn(t —x)), (x,t) € (0,7) x Ry;

W, (¥, 1) = — (cosn(x + 1) +cosn(t — x)), (x,1) € (0,7) x Ry

2p

Let {t4},>1 C Ry be the sequence such that z, = 27” +27n,Vn > 1. Then

2
leen (-5 1) — wp (-, tm)”Hol(O,r[) =
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T
2
= 4%2 / (cosn(x +t,) + cosn(t, —x) —cosm(x + t,,) — cosm(t,, — x))2 dx =
0
s
2 2
& TE
= — [ (cosnx — cosmx)zdx =—, Vn,m>1.
p? p?
0

Thus {u, (-, t;)}s>1 1s not precompact set in Hé (0, ), n - 4o0.

Further, we assume that

f() = fi(s) — fa(s), s€eR,

where f; : R — R, i =1, 2, are nondecreasing functions.
‘We remark that

£ (), F®O)] S Lfi(s), fi)] = La(s), ()], s €R.

Thus we consider more general evolution inclusion

16.6
ulpe = 0. (166)

[ wy + Bus — A+ [fiw), fiw)] = [f2@w), )] 30,
Let us set

Gi(s) = /fi(é)df;‘, Ji(u) :=/G,~(u(x))dx, Jw)y=J1(u)—Jr(u), ue H,i=1,2.
0 2

The functionals G; and J; are locally Lipschitz and regular; Clarke [3, Chap.I]. Thus
the next result holds.

Lemma 16.2 Kasyanov et al. [9] Let u € Cl([z, T1: H). Then for a.e. t € (t,T),
the functions J; o u are classically differentiable at the point t. Moreover,

d
2y Uiow) @ = (pu (1)) Vp € 0Ji(u(t)), i = 1,2,

and £(J; ou)(-) € Ly(z, T).

Consider WTT = C([r, T]; X). Lebourgue’s mean value theorem (see Clarke
[3, Chap.2]) provides the existence of constants ¢y, co > 0 and & € (0, A1) such
that

@l < er(L+ ully). T = =Zlulfy —c2 Vue H. (16.7)



16 On Global Attractors for Autonomous Damped Wave Equation 225
The weak solution of the Problem (16.1) with initial data
u(t)=a, u'(t)=>b (16.8)

on the interval [t, 7] exists for any a € V, b € H. It follows from Zadoianchuk and
Kasyanov [15, Theorem 1.4]. Thus the next lemma holds true (see Kasyanov et al.
[9, Lemma 3.2]).

Lemma 16.3 Kasyanovetal.[9,Lemma3.2] Foranyt < T,a € V,b € H, Cauchy
Problem (16.1), (16.8) has the weak solution (u,u;)T € Loo(t, T; X). Moreover,
each weak solution (u, u;)" of Cauchy Problem (16.1), (16.8) on the interval [t, T
belongs to the space C([t, T1; X) and uy,; € Ly(t, T; V*).

16.4 Properties of Solutions

For any ¢; = (a,b)! € X, denote

(u, uy)Tis a weak solution of Problem (16.1) on [z, T,
u(t) =a,us(t) =>b

De1 (@) = {(uc), ur (N7

From Lemma 16.3 it follows that Z; r(¢;) C C([7r,T]; X) = WIT. Let us check
that translation and concatenation of weak solutions are weak solutions too.

Lemma 164 Ift < T, ¢; € X, () € Pr.17(¢c), then Vs ¥(-) = (- + ) €
-@rfs,Tfs(‘Pr)- Ift <t <T, o €X, 0()€ @t,l(wf) and ¥ (-) € -@t,T((pr): then

p(s), s €[z, 1],

9 =1 ys). s er. T]

€ -@t,T(ﬂl’t)-

Proof The proof is trivial (see Kasyanov et al. [9, Lemma 4.1]).

Let g = (a,b)” € X and
1
V(p) = Enwni + Ji(a) — Ja(a). (16.9)

Lemma16.5 Lett < T, ¢, € X, o(-) = (), u,(-)" € Dr.7(¢:). Then ¥ o
¢ : [t,T] — R is absolutely continuous and for a.e. t € (tr,T), %"//((p(t)) =

—Bllus )13,

Proof Let —oo <t < T < 400, ¢(-) = @), u,(NT € WTT be an arbitrary
weak solution of Problem (16.1) on (z, T). Since dJ (u(-)) C Lo(z, T; H), from
Temam [12] and Zgurovsky et al. [19, Chap.2] we obtain that the function ¢t —
||ul(t)||%_1 + ||u(t)||%, is absolutely continuous and for a.e. r € (7, T),
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2L N O + lu®I3] = (e (®) — Aue), u () =

(16.10)
= —Bllu O — (i (t), ur (O)n + (do(t), u (),

where d;(t) € 0J;(u(t)) fora.e.t € (r,T) and d;(-) € Lo(t,T; H),i = 1,2. As
u(-) € Cl([t, T]; H)yand J; : H — R,i = 1, 2 is regular and locally Lipschitz, due
to Lemma 16.2 we obtain that fora.e. t € (7, T), EI%(],-ou)(t), i = 1, 2. Moreover,
%(Jl- ou)(-) e L1(r,T),i =1,2andforae.t € (tr,T),Vp € 3J; (u(t)),

d
E(Ji ou)(t) = (p,u()u, i =12

In particular for a.e. t € (v, T), %(J,- ou)(t) = (di(t), us(t)) g. Taking into account
(16.10) we finally obtain the necessary statement.
This completes the proof.

Lemma 16.6 Let T > 0. Then any weak solution of Problem (16.1) on [0, T] can
be extended to a global one defined on [0, +00).

Proof The statement of this lemma follows from Lemmas 16.3—-16.5, (16.7) and
from the next estimates

Vi < T, Vielt,T], Vo € X, Yo(-) = (), us,(N' € Zr 1(pr),

21+ (14 32) lu@I, + lu (O, =27 (0() = 2V (p(1) =
= w1} + eI +27 @) = (1= £) @I} + e ®1, - 2.

The lemma is proved.

For an arbitrary g9 € X let Z(gpp) be the set of all weak solutions (defined on
[0, 400)) of Problem (16.1) with initial data ¢(0) = ¢g. We remark that from the
proof of Lemma 16.6 we obtain the next corollary.

Corollary 16.1 For any ¢y € X and ¢ € Z(¢o), the next inequality is fulfilled

2(c1 + c)A
lo} < 2F24 i IO + =5 v 0. (16.11)

From Corollary 16.1 in a standard way we obtain such statement.

Theorem 16.1 Let v < T, {¢p(-)}n>1 C WTT be an arbitrary sequence of weak
solutions of Problem (16.1) on [z, T] such that ¢, (t) — ¢, weaklyin X, n — +o0,
and let {t,},>1 C [, T] be a sequence such that #, — #y, n — +o00. Then there
exists ¢ € Z; 1(¢,) such that up to a subsequence ¢, (t,) — ¢(f) weakly in X,
n — 4o0.
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Proof We prove this theorem in several steps.
Step 1. Let v < T, {9, (-) = (un (), ;;,(-N}n>1 C WrT be an arbitrary sequence
of weak solutions of Problem (16.1) on [z, T'] and {#,},>1 C [t, T'] such that

on(t) > @ weaklyin X, t, - t9, n — 4o00. (16.12)

In virtue of Corollary 16.1 we have that {¢,(-)},>1 is bounded on WTT C
Loo(t, T'; X). Therefore up to a subsequence {¢y, (-)}x>1 C {¢n(-)}n>1 we have

up, — u weakly starin Loo(7,T; V), k — o0,
uﬁlk — u’ weakly starin Loo(t, T; H), k — 400,
”Zk — u” weakly star in Loo(z, T; V*), k — +o0,
dp,,i — d;i weakly starin Lo (7, T; H), [ = 1,2, k — +o0, (16.13)
up, — uin Ly(t,T; H), k — o0, ’
Up, (t) — u(t) in H forae.t € [t,T], k — o0,
up, (t) — u'(¢) in V* forae. t € (v, T), k — +oo,
Auy,, — Au weakly in Lo(z, T; V*), k — +oo,

where Vn > 1d, ; € Lo(r, T; H) and

Uy (1) + Buy (1) + dn,1 (1) — dp 2 (t) — Duy(t) =0, (16.14)
dpi(t) € 0Ji(uy(t)), i=1,2, forae. te(r,T). ’

Step 2. dJ;, i = 1, 2 are demiclosed. So, by a standard way we get that d;(-) €
i (), i =1,2,¢:= (u,u') € Dr1(p:) CW].

Step 3. From (16.13) it follows that for arbitrary fixed 7 € V the sequences
of real functions (u,, (-), h)u, (”;1k (), h)g : [t, T] — R are uniformly bounded
and equipotentionally continuous. Taking into account (16.13), (16.11) and density
of the embedding V' C H we obtain that u; (t,,) — u'(to) weakly in H and
Up, (o) — u(fo) weakly in V as k — +oo0.

The theorem is proved.

Theorem 16.2 Let v < T, {¢p(-)}n>1 C WTT be an arbitrary sequence of weak
solutions of Problem (16.1) on [t, T'] such that ¢, (t) — ¢, stronglyin X, n — +o0,
then up to a subsequence ¢, (-) — ¢(-) in C([t, T]; X), n — +o00.

Proof Lett < T, {¢,(-) = (un(-), u;(-))T}nzl C WTT be an arbitrary sequence of
weak solutions of Problem (16.1) on [z, T] and {t,},>1 C [z, T']:

¢n (1) = @ strongly in X, n — 4o00. (16.15)
From Theorem 16.1 we have that there exists ¢ € Z; 1(¢;) such that up to the
subsequence {@n;, (k=1 C {gn(D}n=1 @u(-) = ¢(-) weakly in X, uniformly on

[z, T], k — +oo. Let us prove that

On, — @in WL, k — 4o0. (16.16)
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By contradiction, suppose the existence of L > 0 and the subsequence {x; }j>1 C
{¢n }k>1 such that Vj > 1,

max |lgx; (1) —e@lx = llgx; ) —e@pllx = L.
te[r,T]

Without loss of generality we suggest that t; — #o € [t, T], j — +00. Therefore
by virtue of a continuity of ¢ : [t, T] — X we have

Lim gk, ;) — @(to)llx = L. (16.17)

j—oo
On the other hand, we prove that
@k, (tj) = @(to) in X, j — +o0. (16.18)
First we remark that
Pk, (tj) — ¢(to) weakly in X, j — 400 (16.19)
(see Theorem 16.1 for details). Secondly let us prove that

Tim g ) lx < le@o)llx. (16.20)
J—>+o0

Since J is sequentially weakly continuous, ¥ is sequentially weakly lower semi-
continuous on X. Hence we obtain

V(p(to)) = Lim ¥ (g, (),

J—+oo

to tj
Sl N5ds < Lm [} ()I%ds
T j—o+ooT !

(16.21)

and

Jj—+00

to 1j
o)+ [ ©lds < tim | w0+ [ i, 6) s

(16.22)
Since by the energy equation both sides of (16.22) equal ¥ (¢(7)) (see Lemma 16.5),
it follows from (16.21) that ”f/((pkj (tj)) = ¥ (p(tv)), ] — +ocand (16.20). Conver-
gence (16.18) directly follows from (16.19), (16.20) and Gajewski et al. [5, Chap.I].
To finish the proof of the theorem we remark that (16.18) contradicts (16.17). There-
fore (16.16) holds.
The theorem is proved.
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Define the m-semiflow ¢ as

G(t,50) = {60 1§() € Z(§0)}, 1=0.

Denote the set of all nonempty (nonempty bounded) subsets of X by P(X)(B(X)).
Note that the multivalued map & : Ry x X — P(X) is a strict m-semiflow, i.e., (see
Lemma 16.4)

1. ¢4(0,-) = Id (the identity map);

2. G(t+s,x) =9, 9(s,x)) Vx € X, t,s € R;.

Further, ¢ € ¢ means that ¢ € 2(&) for some & € X.

Definition 16.2 ¥ is called an asymptotically compact m-semiflow if for any
sequence {@,ln>1 C ¢ with {¢,(0)},>1 bounded, and for any sequence {t,},>1:
t, — 400, n — oo, the sequence {¢,(t,)},>1 has a convergent subsequence Ball
[2, p. 35].

Theorem 16.3 ¥ is an asymptotically compact m-semiflow.

Proof Leté&, € 9(ty,vn), vy € B, B € B(X),n > 1,t, — +0o,n — +00. Letus
check a precompactness of {§,},>1 in X. Without loss of the generality, we extract a
convergent in X subsequence from {£, },>1. From Corollary 16.1 we obtain that there
exists {&,, }x>1 and & € X such that §,, — & weakly in X, ||§,, lx — a > ||€]x,
k — 4o00. Show thata < ||&||x.

Let us fix an arbitrary Ty > 0. Then for rather big k > 1, ¥ (t,,,vs,) C
G (To, Y (tn, — To, vs,)). Hence &,, € 9 (To, By, ), where B, € 4 (t,, — To, vn;)

and sup||B,, lx < +oo (see Corollary 16.1). From Theorem 16.1 for some
k>1

{Skj? ﬂkj}]Z] C {Snky ﬁnk}kZ]’ IBT() € X’ we Obtain

& € 9(To, Bry)s Br; — Br weaklyin X, j — +o0. (16.23)

From the definition of ¥ we set Vj > 1, &, = (u;(To), u;(To))", By, =
w0, u, (0N, & = (uo(To), ug(To)”, Bry = (o(0), up(0))”, where ¢; =
(uj, u)" € C([0, Tol; X), u] € L2(0, To; V*), d; € Loo(0, To; H),

Wi(t) + Bus(t) — Auj(t) +dja (1) —dja(t) =0,
dji(t) €dJi(u;(t), i =12 forae. te(0,Tp).
Let for every ¢ € [0, Tp],
1
I(;(1) := §||¢j(;)||§( + J1(uj(0) — Ja(uj(t)) + g(u’j(t), uj(t)m.

Then in virtue of Lemma 16.2, Gajewski et al. [5, Chap.IV], Temam [12] and
Zgurovsky et al. [19]
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( ;(t)) _IBI (<P] (t)) “+ ﬂ%(q)l ([)), ora.e.t € ( B 0)7

where

1 1
H(pj (1) = Ji(u;(t)) — 5@, uj @) n = Jauj () + 5dj2(0), uj () n-
From (16.11), (16.23) we have JR>0: Vj>0,Vr €0, Ty,
I, O + lu; 7 < R

Moreover,

u;j — ug weakly in L»(0, To; V), j — 400,
u'; — ug weakly in L(0, To; H), j — +00,
uj —> ug in L(0, To; H), j — +o0, (16.24)
dj; — di weakly in L>(0, To; H), i =1,2, j — +00, '
u/]’ — ug weakly in L(0, Tp; V*), j — +o0,
vt € [0, To]l u;(t) = uo(t)in H, j — +oo0.

For every j > O and ¢ € [0, To],

t
I(g;(0) = 1(p; ()™ + / H(pj(s))e P ds.
0

To
In particular I (¢; (To)) = I (g; (0))e=PTo 4 AT (s))e PTo=9) gy,
0
From (16.24) and Lemma 16.2 we have

To To
/:%”((/)j(s))e_ﬂ(T"_s)ds — /ji”((po(s))e_’g(To_s)ds, j — +oo.
0 0

Therefore

_ _ To
lim 1(p;(To)) <= Tim_1(p;(0)e P 4 [ (po(s))e PT0~)ds =
j—too jotoo 0

= I(po(To)) + [;E_Too 1(p;(0)) — 1(<0o(0))] e P10 < I(po(Tp)) + cze P,

where c3 does not depend on 7y > 0.
On the other hand, from (16.24) we have
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_ [ B
Tim (g (Ty)) = = lim |lg;j(To) I + J uo(T0)) + = (uy(To), uo(To)) u-
j——00 2 j—>+oo 2
Therefore we obtain $a> < 1|1&(1% + c3¢ ™70 VT > 0.
Thus, a < |[[§]/x.
The Theorem is proved.

Let us consider the family 7, = U, exZ(uo) of all weak solutions of Problem
(16.1) defined on [0, +00). Note that 7 is translation invariant one, i.e., Vu(-) €
H4,Yh > 0, up(-) € 4, where up(s) = u(h 4+ s), s > 0. On J#; we set the
translation semigroup {T (h)}n>0, T (Wu(-) = up(-), h > 0, u € 4. In view of the
translation invariance of %, we conclude that T (h)%}. C ¥4 ash > 0.

On %, we consider a topology induced from the Fréchet space C/°¢(R,; X).
Note that

fa() = FOInC°(Ry; X) <= YM > 0, Iy fu() — Ty £() in C(10, MT; X),

where Iy, is the restriction operator to the interval [0, M]; Vishik and Chepyzhov
[14, p. 179]. We denote the restriction operator to [0, +-00) by I1.

Let us consider Problem (16.1) on the entire time axis. Similarly to the space
Cl¢(R,; X) the space C'°“(R; X) is endowed with the topology of a local uniform
convergence on each interval [—M, M] C R (cf. Vishik and Chepyzhov [14, p. 180]).
A functionu € C¢(R; X)NLoo(R; X) is said to be a complete trajectory of Problem
(16.1)if Vh € R, I Luy(-) € 4 ; Vishik and Chepyzhov [14, p. 180].

Let ¢ be a family of all complete trajectories of Problem (16.1). Note that
Vh € R, Vu(:) € # uy(-) € . We say that the complete trajectory ¢ € % is
stationary if ¢(t) = z for all t € R for some z € X. Following Ball [1, p. 486] we
denote by Z(¢) the set of all rest points of ¢. Note that

Z(©4) ={(0,u)|lueV, —Aw)+3Jw) > 0}.

Lemma 16.7 Z(¥) is an bounded set in X.

The existence of a Lyapunov function for ¢ follows from Lemma 16.5 (see Ball
[1, p. 486]).

Lemma 16.8 A functional V' : X — R defined by (16.9) is a Lyapunov function
for49.

16.5 The Existence of a Global Attractor

At first we consider constructions presented in Ball [1], Mel’nik and Valero [10]. We
recall that the set .7 is said to be a global attractor 9 if
(1) < is negatively semiinvariant (i.e., &/ C 4(t, /) Vt > 0);
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(2) o is attracting set, i.e.,
dist(4(t, B), /) — 0, t — +oo, VB e B(X), (16.25)

where dist(C, D) = sup inf |c — d||x is the Hausdorff semidistance;
cecdeD

(3) for any closed set Y C H satisfying (16.25), we have &/ C Y (minimality).
The global attractor is said to be invariant if o =4 (t, o7),Vt > 0.

Note that by definition a global attractor is unique.

We prove the existence of an invariant compact global attractor.

Theorem 16.4 The m-semiflow & has an invariant compact in the phase space X
global attractor <7 . For each W € ¢ the limit sets

a(y) ={z € X| ¥ (t;) — z for some sequence t; — —oo},
o) ={z € X| ¥(tj) — z for some sequence t; — +00}

are connected subsets of Z(%9) onwhich ¥V is constant. If Z(9) is totally disconnected
(in particular if Z(9) is countable) the limits

z—= lim ¥(), z4 = lim ()
——00 t——+4o00
exist and 7_, z4 are rest points; furthermore, ¢(t) tends to a rest point ast — +00

for every solution ¢ € ..

Proof The existence of a global attractor for Second Order Evolution Inclusions
directly follows from Lemmas 16.3, 16.4, 16.7, 16.8, Theorems 16.1-16.3 and Ball
[2, Theorem 2.7].

16.6 Global Attractors for Typically Discontinuous Interaction
Functions

Let B > 0 be a constant, £2 € R" be a bounded domain with sufficiently smooth
boundary d£2. Consider the problem

[un + Bur — Au € —f(u) + G(u) + h, (16.26)

ulpe =0,

where u(x, t) is unknown state function defined on £2 xR, 1 € L3(£2), fR—>R
is an interaction function such that

feC®), G=I[g, gl gecCR), i=12. (16.27)
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There exist a small constant C > 0 (C < min{$, A1}), and D; > 0,i = 1,2 such
lim

that
S (u)

|u|—o00 u

> —AL (16.28)

where X is the first eigenvalue for —A in HO1 (£2),
lgi(w)| < Clul+ D1, YuelR, i=1,2, (16.29)
| )] < Do(1 + |u|"2), VueR. (16.30)
Remark 16.1 The case of e—neighborhood of f(u) satisfies conditions (16.27)—

(16.30), ie., if lim L9 > 3 Gu) =[—e,el.

|u|—o00

LetussetV = HOl (£2) and H = L?(£2). The space X = V x H is a phase space of
Problem (16.26).

Definition 16.3 Let 7 > 0. The function ¢(-) = (u(-), u,(-))T € L>(0, T, X) is
called a weak solution of Problem (16.26) on (0, T) if for a.e. (x,1) € 2 x (0, T),
there exists [ = [(x, 1) € L%(0,T : L%(R2)), [(x,1) € G(u(x,t)) such that Vi €
HJ(£2),1 € CF(0,T)

T T
—/0 (ut,wymdw/() (B s, W)+

+, Y)v + (f@), ¥)ug — 6, ¥)n — (h, ¥y)m)nldt = 0.

Lemma 16.9 For all 9 = (uo, uDT € X, T > 0, there exists a weak solution
¢(-) of Problem (16.26) such that ¢(0) = ¢o. Moreover, if ¢(-) = (u(-), u, (N7
is a weak solution of Problem (16.26) with respective [ € L*(0, T; L?(£2)), then
¢ € C([0, T]; X), functions

te lu O+ lu®lly. > (F@), D

are absolutely continuous on [0, T], and for ¢, s € [0, T], s <1,
1d 2 2
QE(IIut(t)IIH +lu®ly + (F@@)), Dy) =

= —Blus O3 + A@), u (D) + (D) 1, (16.31)

2n—2
lur (O + llu@®)|} < e (uut(s)u%, + llu)lly 2 ) + D3, (16.32)
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where F(u) = fou f(s)ds, u € R and constants § > 0, D3 > 0 do not depend on ¢.

Proof Let us deduce condition (16.32). Consider

1 1
Y() = Elluz(t)llﬁ + Ellu(t)ll%/ + (F(®), Du +o(u (1), u(®)n, t €[0,T],

where o > 0. Then for sufficiently small C > 0 and é > 0

DO — gy (), ur ()i — (B, ur () 1+ (F W), (1) 1+
+ @ (@), u®) g + ollu, ()3 =
= (—Bu () +1(t) + h,u, () i + allus (0|3 +
+ a(—Bu;(t) + Au— fu@) +1@)+h,u@®)y =
=—B—)llu O3 + @), u ) + (hyu () g —
af(u(t), u()y —alu@®)|},—
—a(f®), u®)p +al®) +h,u®)y <
—(B — o —)lluy % + Cllu@ |l alu (Ol
—allu@®If — a(=r1 + C +&)llu@®)|3+
+ aCllu(®))3; + K < —8Y () + K.

INIA

Therefore the inequalities
Al 5 u-2
Fw =z (-5 +e) @ +L Fw =M (1 = ) VueR, (16.33)

imply (16.32). All the other statements follow from Ball [2], Temam [12]. The exis-
tence of a solution follows from the existence of a continuous selector for G.

Remark 16.2 The set of solutions of Problem (16.26) is not covered by all continuous
selectors of G : R > 2R,

Indeed, let f =0, G(u) = [—¢, €], h = 0. Consider solutions of the problem

Au € [—¢,¢], in 2 = (0, ),
u0) =u(r) =0,

i.e., consider stationary solutions of Problem (16.26). Then the function
e . e .
ulx) = 3 sinx + 3 sin2x, x € (0,m),

is a solution of the given problem but there is no g € C(R) such that g(u) € [—¢, €],
Yu € R, and Au(x) = g(u(x)), x € (0, ). Indeed, assume the converse. Suppose
that such function exists. The equation

g . +8 2 €
2smx 8sm x_2
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has two solutions
T T
x:Eandxzx* # ) € (0, m).

If x = 7, then

G =u"G)=-%

sy =ty = 7y

If x = x*, then
(E)——Esinx*—fsinbc*——i—3—85111215*7'5_E
8(3)=-5 2 T2 08 2

This contradiction concludes the example.

Remark 16.3 If G(u) = g(u) is a single-valued function, then the existence of a
global attractor was proved in Ball [2].

Select the class of solutions for which there exists a global attractor. For this purpose
we use the notion of “energy” equation Ball [2], which describes the conservation
laws of energy.

Let ¢ € C ([0, 400); X) is a solution of Problem (16.26). Denote

1 1
1(p) = Enut(r)n%, + Enu(r)nzv + (Fu(), Dy + gwt(t), u(®)m,

u

&) =Agi(u) + (1 —rg2(u)), Gu(u) = /gx(s)ds, A €10, 1],

0
_ B B
H(p) = p(F(u), Dy — E(f(bt), uWH ~+ E(h’ wa+ (h,u)y.

Definition 16.4 A weak solution ¢ of Problem (16.26) with the corresponding func-
tion [ is called an energy solution if there exists A € [0, 1] (A = A(¢)) such that
vt >0,

d d
771 @)+ Blp) — —(Gau®), D = g(l(t), u(®)g + H(p()). (16.34)
Remark 16.4 Any solution satisfies the equation

d
771 @)+ Blp) — (@), us (D)) = g(l(t), u(®))n + H(p(1)).

Any selector” solution satisfies the equation
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d
271 @@) + Blp@) = (@), u(0)n = g(g(u(t)), u) g + H(p()).

Remark 16.5 Any stationary solution u(¢) obviously satisfies (16.34). So, the set
of all “selector” solutions (solutions of Problem (16.26) with [(x, ) = g(u(x, 1)),
g € G) does not include the set of energy solutions. Moreover, the set of all energy
solutions is wider than the set of all solutions of (16.26) with [(x, 1) = gy (u(x, 1)).

Let us set
G(t,90) = {p@) | ¢(-) isan energy solution of(16.26), (0) = @9} (16.35)

Theorem 16.5 The m-semiflow & has an invariant compact in the phase space X
global attractor.

Proof ¥ is the m-semiflow (but not strict; it will be strict if in the definition 16.4
[0, +00) is divided into intervals with different 1). Note that ¢ is dissipative; ¢ has
a closed graph (it is necessary to pass to the limit in (16.34)); ¢ is asymptotically
semicompact m-semiflow. Indeed, similarly to Ball [2] we obtain the equation

I(j(tj)) — (Gy; (uj(t;)), Dm =
= (I(pj(tj — M)) — (G, (pj(tj — M)), Dp)e PM + zf/leﬂ(’_M)' (16.36)
(H @) + 5001, 0)n =BGy o0, D) dr.
Since up to a subsequence A; — A, @;(t;) — x weakly in Hj (£2), we obtain
(G, (@i ). 1), = (Gr0OO, Dy
and similarly Ball [2] we have
I(pj(tj)) = 1(x).

Remark 16.6 1t is possible to build another multivalued semiflow generated by
selector solutions, i.e.,

¢(-) isasolution of (16.26),
Gt 90) = 10(0) | ¢0) = ¢o,
dg € G: ¢(-) is a solution of the resp. equation with g
However in this case, for the sequence {g; ;?‘;1, we have {g; ;?Ozl, gju) € G(u),
Vu € R.Inorderto g;(u) — g(u) Yu € R, g € G, itis necessary to strengthen the
conditions for G. But in this case, the question about solvability of Problem (16.26)
arises.
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