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ABSTRACT. For nonlinear wave equations with cubic non-monotone damping,
it is proved that the weak solutions exist globally and generate a semiflow. The
dissipativity of the semiflow is shown by the asymptotic bootstrap method.
Then it is shown that the global weak attractor exists.
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1. Introduction

In recent decades, many challenging issues have been emerging from the studies
of dynamics governed by various nonlinear hyperbolic evolutionary equations with
various kinds of weak dissipation such as localized damping, boundary damping,
or non-monotone damping. Represented typically by nonlinear wave equations and
nonlinear Petrovsky equations, the latter describing elastic vibrations of beams,
plates or shells, a general form of nonlinear hyperbolic evolutionary equations with
damping is given by

utt+Au+f(u)+g(ut):h(tu‘r)u t>07$697

where Q C 7, n < 3, the operator A stands for —aA or aA? with an appropriate
homogeneous boundary condition, f(s) and g(s) are in general nonlinear scalar
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functions, and their corresponding Nemytsky mappings are denoted by the same
notation, and h(t, z) is an external input. The long-time behavior of solutions to the
initial value problems of this second-order evolutionary equation draws investigation
interests of many authors in both theoretical and application contexts, cf. [1-8], [10],
and [11].

Usually the assumptions on the damping function g € C1(R) are

g(0) =0 and ¢'(s) > go > 0 for s € R.

This type of damping is called monotone damping, with which the dissipativity of
solutions can be handled without substantial difficulty, provided that the nonlinear
term f(u) satisfies certain pro-dissipative conditions.

Some research efforts in recent years have been devoted to the cases with dif-
ferent kinds of weak damping. Although without any official definition, a weak
damping is in the sense that the damping effect is substantially weakened either
due to a localized damping, namely, the support of the damping function g is only
a small portion of €, cf. [5] and [10], or due to a non-monotone structure of the
damping function g, which is the topic of this work. Besides, a widely open problem
is concerning the global dynamics of nonlinear wave equations and Petrovsky equa-
tions with a purely boundary damping or finitely many interior pointwise dampings,
other than some known results of stability that all solutions converge to the zero
equilibrium under certain strong conditions.

2. Local Solutions

In this paper, we shall consider the following nonlinear wave equation with a

cubic non-monotone damping and the associated initial-boundary value problem:
uy — alAu+ f(u) +g(u) = ht,z), t>0,z€Q,
(2.1) u(t,x)|p =0, t>0,
u(0,2) =uo(z), u(0,2) =ui(x), x€Q.

We assume that Q@ C R, n = 1 or 2, is a bounded domain with locally Lipschitz
continuous boundary denoted by I'. Assume that the scalar function g(s) is given
by
(2.2) o(s) = —as + fs°,
and a, «, and B are positive constants. Assume that f(s) is a scalar function

in C*(R), f(0) = 0, and the corresponding Nemytsky operator f (with the same
notation) defined by

fo)(@) = fle(x), ze,
is a gradient operator from V = H}(Q) into H = L*(Q) with its antiderivative
F :V — R, such that the following conditions are satisfied:
(2.3a) diJull3y = do < (f(u),u), for u €V,
(2.3b) —Co < F(u) < D1||u||§§ + Dy, foru eV,

where p > 1 is a fixed integer, the constants dy, d1, Cy, Dy and D7 are all positive.

The norm and inner product of the Hilbert space H = L?() are denoted by
|| - || and (-,-), respectively. In view of the homogeneous boundary condition, we
shall use || V|| as the equivalent norm of the Hilbert space V, for ¢ € V. For any
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q # 2, the norm of L(€2) is denoted by || - || or || - ||Le(q). We shall use [p| for the
absolute value of ¢(¢, ).

Note that the conditions in (1.3a) and (1.3b) are satisfied by polynomials f(s)
of odd degree with a positive leading coefficient. Also note that these two conditions
are satisfied by the Sine-Gordon equations and the Klein-Gordon equations. Here
h(t,x) is a given function to be specified later, which can be time-invariant.

The equation (2.1) in one spatial dimension (n = 1) with f(s) = 0 and g(s)
given in (2.2) has been exploited as a mathematical model of galloping vibrations
of power lines in distant electric transmission, cf. [12] and [13]. The corresponding
results on the existence of global solutions and dissipative dynamics properties
have been proved in [14]. We noticed from [12] and [13] that the primary concern
from the engineering viewpoint is whether for any initial status with finite energy
a solution exists globally for ¢ > 0 without blow-up, and whether every global
solution remains to be bounded in the energy space F, here E =V x H.

Let us define three product Hilbert spaces

Ei=(H*QNV)xV, E=VxH, E_1=HxH Q).
The E-norm of col (¢, ) is equivalently defined to be

Lol (i, 91| = (all Vel + I19]12) "2

As usual, define a linear operator A : D(A) — H by Ap = —alAyp, with D(A) =
H?(Q)NV. Then A is a coercively positive, self-adjoint operator in H with compact
resolvent. The initial-boundary value problem (2.1) is formulated into an initial
value problem of the first-order nonlinear evolutionary equation:

dw
— =A t t
(2.4) o w+ R(t,w), t>0,

w(0) = wy,

where w(t) = col (u(t,-),v(t,)), with v = wus, wog = col (ug,u1) € E, and A :
D(A) — E is the closed linear operator

—A

where R is the nonlinear operator

(2.5) A= [ 0 ﬂ  with D(A) = B,

0
—f(u) —g(v) +h(t,-)|
It is well known that the operator A generates a Co-semigroup e, ¢t > 0, on E and
this semigroup is extended to a Cy unitary group on FE.

Note that even if h(t,z) = 0, then R becomes autonomous, due to the cubic
term in g one cannot claim that R maps F into E. On the other hand, both the
semigroup e and its bounded perturbation incorporating the linear damping term
auz are not analytic semigroups on E. Thus one is unable to establish the local
existence and uniqueness of a solution to this initial value problem (2.4) simply by
the standard mild solution theory.

We take the Bubnov-Galerkin approach, cf. [9] and [10], to address this issue
of local solutions first.

(2.6) R(t,w) = [

THEOREM 2.1. Assume that for some 7 > 0,
h e L>=(0,7;V) and hy € L*(0,1; H).
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Then for any wo € E1, there exists a unique solution (called a strong solution)
(2.7) w e L™ (0,7; E1)NC([0,7); E)

of the IVP (2.4). Moreover, the first component u of w satisfies Eq. (2.1) in H for
almost every t € (0,7), and one has

(28) Ut € LOO(O,T; H)

PROOF. First let us show the uniqueness. If both « and z are solutions of (2.1)
with the same initial data, then ¢ = u — z satisfies the equation

o1 — alp + f(u) — f(2) + g (w) — g () = 0.

Taking the inner product in H of the above equation with ¢;, one has

0= 5 (e +alVel?) + [(H0) = 1)) e = z0) o
Q

+ / (9 () — g (20)) (g — 22) dx

Q

1d
> 2 (P + alVel) + [ £ )~ 2z — el
Q

where the scalar £ is between u(t, z) and z(¢, z), because

B (uf - Z?) (ug — 2¢) > %ﬂth (ug — zt)2 > 0.

Hence,
d 2 2 2
= (il +al1Vell®) < 2allgel® + 2K el el
where
Ky =swp{If()] : €] < Bu.:}
and

Bu,z = ||u||L°°(O,T;H2(Q)) + ||Z||L°°(077';H2(Q))'

Here note that H?(f2) is imbedded in C5(Q2), for n < 2. By the Poincaré inequality,
there is a constant ¢ > 0 such that ||p|? < ¢||V¢l|?. It follows that

d c
29) (el +alVelF) <max {20+ Kp K S} (ol +alvel?)

which implies that, by the Gronwall inequality, ||col (¢, ¢:)||z =0, t € [0,7). Thus
the uniqueness is proved.

Next we show the existence of a strong solution. Let {e;} be the complete
set of orthonormal eigenvectors of the operator A associated with eigenvalues {\;},
where {)\;} is increasing, each repeated to its multiplicity, and \; — oo as i — oo.
For integer m > 1, let H,, = Span{ey,..., e} Choose two sequences {ug,,} and
{u1m} in H,, such that

Uom — o in D(A) (equipped with the graph norm),

and u1,, — u1 in V, as m — oc.
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Let u.m, (t) be the solution of the following IVP in H,,:
(2.10)
(Orum(t), e:) + a{Vun(t), Vei) + (f (um(t)) , ei) + (g (rum) , e1) = (h(t, ), i),
1=1 m

geeey B

U (0) = ugm and Optin, (0) = uim,.

In the nonlinear ODEs of the initial value problem (2.10), the nonlinear terms
satisfy the local Lipschitz condition in u,, and Jyu,,. So there is a unique solution
U (t) of the IVP (2.10) on [0, 7,,), 0 < 7, < 7. Replacing e; by Opun,(t) in (2.10),
for t € [0, 7,), we get

1d

3 35 [100m* + 0 [V + 2F (wn)] + 5 [ 00 (0" do

Q

= (h(t. ), Qpum (D)) + o [ Brum |

Using the first inequality in (1.3b), we can add some terms to the right hand side
of the above equality to get

1d
5 37 [10emll® + @[V |* 4 2F (unn)] + 3 / [Oraa ()] da
2dt
Q
1
< 5 (112 + 10 ()7) + o |9rum > + @ [V |* + 2 (F (um) + o).

Integrating the above inequality over [0,¢] C [0, 7,,) and by the Gronwall inequality,
we find that for any ¢ € [0, 7,,,),

(2.11a) [0suml|® + a || Vum|®> < C(7),
t
(2.11b) / |0yt (8)|* dzds < C(7),
0Q

where C(7) is a positive constant only depending on the data {ug, u1,h} as well as
7, but it is uniform in m. This implies that 7,, = 7 and the solution u,, will not
blow up on the time interval [0, 7), for all m = 1,2,---. Again, (2.11) holds for all
m > 1andall t € [0,7).

Now we conduct another a priori estimate by replacing e; with —A (Oyuy,) in
(2.10), it follows that

(V (Outum) , V (Oum)) + a{Atipm, A (Ortim)) + (Vf (um) , V (Ortum))
+(Vg (Orum),V (Orum)) = (VRh(t, ),V (Orum)), t € [0,7).
In (2.12) we see that

(2.12)

(Vg (Dt , ¥ (Drtinn)) = 36/ 1Ostm |2 |V (Butn) 2 dz — @ |V (D)2,
Q

and

(VS () . (i) = / £ (1) [V Byt .
Q

Note that due to (2.11a) we have a constant Ko = Ko (ug, u1, b, 7) such that
[t ()] oo () < Ko
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so that there exists a constant Ky = K;(f), which is independent of ¢ € [0, 7) and
of m > 1, with the property |f’ (um(t))| < K1. Hence we get

1d

5 35 (IV @) + @A ) + 35 [ 0yunl® ¥ (Grn)*d
Q

(2.13)
< (a + Kl) ||V (6tum)H2 + <Vh(t7 ')7 \Y (atum»vt € [07 T)'
Now applying the Cauchy-Schwarz inequality to the last term in (2.13) and noting

that h € L>°(0,7;V) (which implies Vh € L>°(0,7; H)), we can use the Gronwall
inequality again to get

(2.14) IV @) |* + a || Aug|* < K (7),

for all m > 1 and all ¢t € [0,7), where K (7) is a positive constant only depending
on {u07 Ui, ha f}
Combining (2.11) and (2.14), we can confirm that
(2.15a) {um}os_, C abounded set By C L™ (0,7; H*(Q)),
(2.15b) {Oyum}or_, C abounded set By C L™ (0,75 Hy (1)),

Here in (2.15a) we invoked a result that for a domain € with locally Lipschitz
continuous boundary I', the following inequality holds,

llell 2 () < const [|Ap|,

for any ¢ € H{ () such that Ap € L?(), cf. [9].
Next we can use a bootstrap argument to differentiate the ODEs of (2.10) in ¢
to obtain
(2.16)
((’%ttum (t), €i> + a(V (8tum(t)) 5 v€i> + <f/ (Um (t)) 8tum(t), ei>

+33{|0than () |? Ot tian (1), €5) — Ot (), €5) = (Dh(t, ), i), i = 1,...,m.

Replacing e; by Onun, (t) in (2.16), we have

2
dzr

1d , 3 ) 2
(2.17) 2 dt (”‘9”“7"” +al[V (Orum)|| )+ Zﬁ/}g(@,gum(t))
Q

< Ky (|0t (8) || | Optttm (1) || + @ |0etm (0|2 + [|0:h(E, )| | et ()%

By the assumption on h;, and by the fact that ug,, — uo in D(A) and w1, — ug
in Vas m — oo imply |0yt (0)] and ||V (Gyum) (0)|| are uniformly bounded for
m > 1, we can use the Cauchy-Schwarz inequality and then the Gronwall inequality
to deduce from (2.17) that

(2.18a) {Outm}pn_y C abounded set By C L™ (0,7; L*(9)) ,
(2.18b) {% |8tum(t)|2} C a bounded set By C L* (0,7; L*(Q2)) .
m=1

From the estimates (2.11), (2.14) and the results (2.15) and (2.18), it follows that
there exists a subsequence of {u, }, which is relabled as {uy, }, such that as m — oo,
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one has

(2.19a) Um — u weak™ in L (0,73 H*(Q) N Hy (Q)),

(2.19b) Oy, — Opu weak™ in L™ (0,73 Hy(Q)) and weakly in L* (0,75 Hy () ,
(2.19¢) OptUyy, — Ot weak™ in L™ (O, T LQ(Q)) ,

and

(2.20) |0yt |* — 1p weakly in H' (0,7 L*(Q)),

where the limit function u = u(¢, z) and the vector function w = col (u, dyu) satisfy
(2.7) and (2.8). Note that the continuity, w € C([0,7); E), follows directly from
(2.19) and Lemma 1.2 of Chapter 1 in [9].

In (2.20), 1 is a function in H! (O, T; L2(Q)). We shall prove that there exists a
subsequence of {u,}, (always relabeled as the same and we shall not repeat), such
that

(1.21a) Oyt — Opu strongly in L* (0,7; L*(2)) .
Thus, 1 = |d;u|*. Indeed, (1.21a) means

(1.21b) /Hatum — O dt — 0, as m — oco.
0

This can be shown by the dominated convergence theorem, since we can verify the
following two conditions.
First, (2.19b) implies that for any n(z) € H}(Q),

(2.22) /((%um — Oyu,m) g (ydt — 0, as m — oo.
0
Since H}() is separable, there is a countable dense set {n;} in it, and (2.22) holds

for n = ng. Via the convergence in measure, it implies that there is a null set
N C [0,7) and a subsubsequence of {u,,} such that for any ¢ € [0,7) \ N,

(2.23) (Ot — Oyu, m) g1y — 0, Yy € Hy ().

Since H}(Q) is compactly embedded in L?(Q) (for n < 2), the weak convergence in
(2.23) implies that there is a subsequence of {u,,} with

D¢t — Opu — 0 strongly in L2 (Q), as m — oo.

Thus, in (1.21b), ||ytm — dyul]> — 0, for almost every t € [0, 7).
Second, from (2.18b) and (2.20) we have

t
0
|0t (1) |” = |Byum (0)]* + / s |Osum(s)]* ds, t € [0,7),
0

so that
2
0ttm ()]|* < (|04 (0)[1 + 7 < const (u1,7),

0
g Ot ()]
L2(0,7;L2(w))

where the constant is uniform for all m. Tt follows that in (1.21b) ||8stm — dyul|® <
const. Then by the dominated convergence theorem (1.21b) and (1.21a) hold.
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Finally, let {u,,} be the chosen subsequence which satisfies (2.18)—(1.21), put
them in (2.10), and take the limit as m — oo. Then we find that the limit function
u satisfies the equation

(Opu(t) — aAu(t) + f(u(t)) + g (Oru(t)) ,e:) = (h(t, ), ei), i = 1,2,
u(0) = ug, Ou(0) = uy.

These equations hold in the space L°°[0, 7). Since {e;} is an orthonormal basis for
H?(Q), it means that the vector function w(t) = col (u, d;u) is a strong solution of
the initial value problem (2.4). The proof of Theorem 2.1 is completed. O

The next result concerns the weak solution of the IVP (2.4) under the different
assumptions on the data (wg, h).

THEOREM 2.2. Assume that for some 7 > 0,
(2.24) h e L*(0,7; H).
Then for any wo € E, there exists a unique solution (called a weak solution)
(2.25) w e L¥0,7;, E)NC([0,7); E_1)

of the IVP (2.4). The first component u of w satisfies Eq. (2.1) in H1(Q) for
almost every t € (0,7), and it holds that

(2.26) uy € L' (0,7, H1(Q)) .
PROOF. The proof of this theorem is also based on the Bubnov-Galerkin method
and is quite parallel to the proof of Theorem 2.1. We shall show some key steps

only. Let u,(t) be the solution of the IVP (2.10) with the initial data (wom, w1m)
satisfying

(2.27) (Uoms Utm) — (ug,u1) in E=V x H, as m — 0.

The same estimates in (2.11) remain valid and, together with (2.27), implies that
(2.28a) {um} -_; C abounded set Sy C L*=(0,7;V),

(2.28b)  {Oyum}pe_; C a bounded set S; C L>(0,7; H) N L* (0,7 L*(R)) .

Hence, one can extract a subsequence (always relabeled as the same) {u,,} such
that as m — oo, one has

(2.29a) U — u weak™ in L0, 7; V),
(2.29b) Oy, — Oru weak™ in L°(0,1; H),
(2.29¢) Oyt — Oyu weakly in L* (0, 7; LY(Q)).

Thus the limit function « and its time derivative 0;u satisfies
w = col (u,0wu) € L0, 7; E).

Consider the f (up(t)) term in (2.10). Since f (um(t)) = f (um(t)) — f(0) =
I (€m,t) um(t), and by (2.28a), we have

[€m.t| < fum(t,2)] (for ace. z) < lum(t)l| (o) < [um(@)lly (for ae. t) < Cr,

where C. is a constant independent of m. Thus there is a uniform constant K,
such that |f’ (&m,t)| < K, a.e. Consequently,

{f (um)}:°_, C a bounded set Sy C L>(0,7; H).
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However, due to the coefficient f’(&,.+), one cannot claim f (uy,) is uniformly
bounded in L*°(0, 7; V). However, there exists a further subsequence of {u,,}, such
that

(2.30) f (um) — ¢ weak™ in L*>°(0,7; H),
so that
f (um) — f(u) — ¢ — f(u) weak™ in L*>°(0,7; H).
On the other hand, from (2.29a) and the similar boundedness of {(,, +} we can get
[ (um) — f(u) = ' (Cmt) (um —u) — 0 weak™ in L>(0,7; H).

The last two convergence relations yield the result ¢ = f(u).
Next consider the g (Opuy,) term in (2.10). In view of (2.2), (2.29b) and (2.29¢),
we have

— a0ty — —adyu weak™ in L*°(0,7; H),

2.31
(2:31) B (Opum)® — B(du)® weakly in L*/? (O,T; L4/3(Q)) ,
which, in turn, implies that

B (Opum)® — B (8u)® strongly in L' (0,7 H (),

because of the compact imbedding property and through possibly a further extrac-
tion of the subsequence. Thus, we get

(2.32) (g (Orum) ,ei) — (g (Deu) ,e;), in Ll(O, T), as m — 00,

where (-, )4 stands for the dual product of an element in H~1(Q) and an element
in V= H}Q), cf. [10, Section 3.6.2].
Since the Laplacian operator A € £ (H}(Q), H1(Q2)), from (2.29) we can get

(2.33) a{Vtm, Ve;) = —a(Au,e;),; in L*(0,7), as m — oo.
From (2.30), (2.32) and (2.33) it follows that
(2.34) up € L' (0,7 H1(Q))
and the equalities
(uer — alu+ f(u) + g (w), €i)q = (h(t, ), e) = (h(t, ), ei)g, 1=1,2,--,

holds in L*(0,7). Hence we conclude that w = col (u,u;) satisfies Eq. (2.4) in
E_, almost everywhere. Again by Lemma 1.2 of [9, Chap. 1], the facts (2.29) and
(2.34) imply that w € C ([0,7); E_1). This result, together with (2.29) and (2.34),
ensures that

Um (0) = upm — u(0) weakly in V, so that strongly in H,
Ottty (0) = uym — ut(0) weakly in H, so that strongly in V' = H~(Q).

Thus, by (2.27) and the above facts, we have u(0) = ug and u¢(0) = uy. The initial
conditions of (2.4) are also satisfied. O
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3. Global Existence and Boundness of Solutions

In this section, we study the global existence of strong and weak solutions and
the boundedness of each individual solution. We shall use the method of a quasi-
energy functional to conduct a priori estimates in the following lemma. Let us
assume

h € L*(0,00; V) and h; € L*(0,7; H).
Denote the norm of h(t,-) in L>(0,00; H) by ||h]]co-
Define a functional ¥(u,v) (which can be called a quasi-energy functional) by

1
(3.1) U(u,v) = af| V| + ||v]* + elu, v) — 5504|\u||2 +2F (u)

where € > 0 is an undetermined constant, and F(u) is the antiderivative of f
mentioned in the set-up of Section 1.

LEMMA 3.1. For any wo € Ep, the strong solution w(t) = col (u,us) of the
initial value problem (2.4) satisfies the differential inequality,
d .
(3.2) alll (u, ug) + 1 emin{l, (2d1/D1)}V (u, ut)

3
< CB|ull 1y ElVull = 1) + K (1 +[p]1%) ,
for t € Iax, and 0 < & < g,

where C > 0, K > 0 are constants, Imax is the mazimal interval of existence of this
solution, and €y is the constant given by

(3.3) £p = min {1, 1‘21& } :

where A1 is the smallest eigenvalue of the operator —A with the given homogeneous
Dirichlet boundary condition, and dy, Dy are the constants in (2.3a) and (2.3Db).

PROOF. Taking the inner-product in H of Eq. (2.1) with 2u; + &, we find

(uge — alu + f(u) — oug + B (u)®, 2uy + eu)

d d d d
=7 luel|* + @ EHVUH2 +2 F(u) + 25/ Ju|* do — 2 flug|* + e ur, u)
2 d o
—¢ |luel? + ea|| Vul® + &(f —l—sﬁ (ue)® wda — _EQEHUH = (h,2u; + €).

It follows that
(3.4)

d 1
S ) = 5 (Il + Va4 e, = 5l + 270)

+ 26/|“t|4d1?—(2a+6) ||Ut|\2+fa||vu||2+€5/(ut)gud$+€<f(U),U>
Q Q

= (h,2u; + ¢), for Inax.
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By the assumptions in (2.3) and the fact 0 < € < &g, with €¢ given in (3.3), we have
U (u,up) = Jlwl|* + af| Va|* + ey, u) — % ea|ul|* + 2F (u)
> el + allul” ~ 5 & (lual® + Jul?) 5 <allull® ~ 2o
(3.5) > af|Vu? - %5(1 +a)|ull? + <1 - 15) uel? = 2Co

1 1
> = (el + allVul2) + 5 (ars = (1 + a)) Jul + 51 = &) uell® = 2Co
2

n 1
2

1

5 (lhuell® + all Vull?) = 2y

and, on the other hand,

1
g ) STl el g (e + Il + 2D uf35 + 2D
<2 (JJuel® + al|Vull* + Daljul3, + Do)

Now we treat the terms in the brace of (3.4). By the Holder inequality, we get

Eﬁ/ (we)® wdt| < e |Jugll7a g llull o) < €BC [uellFaqy [Vl
Q

where C' > 0 is a uniform constant due to the imbedding Hg () in L*(Q2), for n < 2.
We have

1
20+ 2 < alll? + eantlul? + (™ + 5 ) Il
Substituting the above two inequalities into (3.4), we obtain

d
0 () + {w el o) — 3o+ €) s

+ea||Vul|? — = 661)\1||U||2 +eda|ul| 75, Q)}

_ e
< 90 el IVl + (@7 + 5 ) 11 + o

eal|Vul|2. Then it follows that

where we have used the inequality 1 eaX;|ju? < 3

(3.7)

d 4
G 0w+ {20 0l — Gt o) ol + 5l Vull + <l |

3 _ &
< eBC [Jul[paq IVull + (04 L a—/\1> 12112, + do-

By using the Young inequality, we find
3/4

4 *
Cllullfuiey =€ | [ lul'de | <l + €
Q
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with C* = (33/4%) C3. Applying this inequality to the first term in the brace of
(3.7), we get

d *
W () + (6C ||ut||i4m = BC") +{BllurlLs o) — 3(a+¢) sl

(3.8) +2¢ |lue|® + = saHVuH? + <€d1||u||L2p(Q }

_ g
< <60 ull iy 19l + (07 + ) 1Al + o
a)\l

|—1/4

Moreover, since [[u|| p4(q) = [©2 |lut|, we have

4 — 4
B |uell gy = 3lew + &) uel|* = BIQI fuuel|* = 3(cv + &) [Jue |

(a—|—5)]2 9(a+e2Q _ _9(a+e)?)
X A

(3.9)

— o100 Il -
Besides, by (3.6), we have

2¢ [lue® + 5 E@HVU||2 +edi|Jul oo

1 EdlDO
(3.10) > 3¢ {4 ||ut|| + al|Vul|® + (2d1/Dy) (D1||U||L2p ot DO)} )
. dy D
> —emin{1(2d,/D1)} ¥ (u,us) — = 2.
4 Dy

Now substitute (3.9) and (3.10) into (3.8) to obtain

d 1 .
0 (wu) + 7 emin {1, (21 /D1)} ¥ (u,ur) < BC g3 agqy ([ Val| - 1)
ey @ 4

9(a +2)%|Q] 4 &1 Do

do.
13 D, %

+ <a1 + a%) IRIIZ, + BC* +

Let K be the uniform constant given by

9(a+¢)?1Q| | 0diDo -
d -
15 + ) + + Al

Then the last differential inequality (3.11) can be written as

K = max {BC* +

%\If (u,us) + iamin{l, (2d1/D1)} W (u, uy)

< OB uel gy ElVal = 1) + K (1+ |[4]1Z,) ,

for t € Inax and for any 0 < e < go. It is exactly (3.2). Thus, the proof of this
lemma is completed. (I

The next result confirms the global existence and boundedness of every strong
solution in the energy space E and on the time interval [0, c0). Let

(3.12) e* = iamin{l,@dl/Dl)},

which is the coeflicient of the second term on the right-hand side of the differential
inequality (3.2).



GLOBAL DYNAMICS OF NONLINEAR WAVE EQUATIONS s

THEOREM 3.2. Assume that h € L>°(0,00; V) and hy € L*(0,7; H). Then for
any wo € En, there exists a unique strong solution w(t) = w (t,wo) of the initial
value problem (2.4) for t € [0,00). It satisfies

: 2
(3.13) lim sup @)l < = Ko (1+[RI1%)

provided that 0 < & < gq, with g9 giwen in (3.3), and that the initial data wo =
col (ug,u1) satisfies
a||Vuol|* + [Jur|* + Dy [|uoll3% + Do + Co
(3.14) a1
< — — — K (1+ A2
>~ 482 9c* 1( + || ||oo)7
where K1 = K + Cy and K is the constant in (3.2), Cy is the constant in (2.3).

PROOF. Define another functional ®(u,v) by

(3.15) D (u,v) = ¥(u,v) + 2Co.
Then from (3.5) and (3.6), we have
(3.16)

1
5 (alVull? + Juel*) < @ (o) < 2 (Iuel® + al| Vul|2 + Dy ull35 + Do + Co )
If the initial data wg = col (ug, u1) satisfy (3.14), then (3.16) shows

a
3.17 P (ug,u1) < — —
( ) (uo, u1) < 262
We are going to prove that the unique strong solution w(t) = col (u, u) starting
from such an initial point wy = col (up,u1) satisfies the inequality:

1
E_*Kl (T+nlZ) -

(3.18) D (u(t), u(t)) < 2;;, for any t € Inax.
Suppose (3.18) is not true. then there is a time ¢y, such that
a
to =i f{t T+ 0 (w(t), ug(t —}
0 =in € (u(t), ue(t)) > 52

and we can claim 0 < t3 < 0o because of (3.17) and the continuity of the strong
solution in ¢ with respect to the E-norm, as shown in Theorem 2.1. Thus we get

(3.19a) O (u(t), u(t)) < % for 0 < ¢ < to,
and
(3.19b) @ (u(t), us(t)) = 55

From (3.16) and (3.19a), it follows that

e[| Vull < ev/2a71P (u,uy) < 1, for 0 <t < tp.

Then by (3.2) in Lemma 3.1, we find

d
%fb (u,up) +e*® (u,u) < Ky (1+||h]|2), for 0 < ¢ < to,

because C3 ||ut|\i4(9) (e]| Vul|—1) < 0, for any strong solution with the initial status
satisfying (3.17). Integrating the above differential inequality, we obtain

1
(3.20) @ (u(t), ue(t)) < exp(—e*t) ® (up,u1) + &_—*K1 (14 ||hl|%,) , for 0 <t < to.
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In particular, (3.20) and (3.17) yield that, at the point ¢t = g,
(3.21)

1 1 a
D (u(to) ,ut (to)) < exp (—&™to) = K, (1 + ||h||§o) +a_*K1 (1 + Hh||§o) < —

a
2e2 2e2’
The contradiction of (3.19b) versus (3.21) shows that such a time o does not exist.
Hence the inequality (3.18) holds which, together with (3.16), in turn implies that

(3.22) lw(®)|% < 28 (ut), us(t)) < E% for any t € Inax.

Therefore, for any initial data wy that satisfies (3.14), we have Iyax = [0, 00).
It means that the strong solution w(t) of (2.4) exists in F globally for ¢ € [0, c0).
Consequently, the inequality (3.20) holds for all ¢ € [0,00). Letting ¢ — oo, from
(3.20) and the first inequality of (3.22) we see that (3.13) is valid. O

THEOREM 3.3. Assume that h € H is time-invariant. Then for any wy €
E, the unique weak solution w(t) = w (t,wo) of the initial value problem (2.4)
exists globally for t € [0,00), and the solution w(t) is bounded in E. Moreover,
{S(t) : E — E},- defined by

(3.23) St)wo = w (b, wp), t >0,
is a semiflow (or called a solution semigroup) on the energy space E.

PROOF. For any given initial point wy € F; and under the assumption h € V,
one can always find a sufficiently small & = & (wp) > 0 such that the condition
(3.14) is satisfied, where £* = ¢*(¢) is accordingly defined by (3.12). Then the
result (3.13) in Theorem 3.2 applies to the strong solution w(t) starting from this
initial point wgy. Thus the global existence and E-boundedness are proved for each
strong solution of the IVP (2.4).

Then this result can be extended to the weak solutions under the assumption
h € H. Indeed, for any wy € E, the weak solution w(t) = w (¢, wo) satisfies
w € L (Iax; F). Thus similar to the argument toward the inequality (2.9), we can
show that for any two initial data wig, weo € E and two different inputs hy, hy € H,
the corresponding weak solutions w;(t) = w (¢, w1g, h1) and wa(t) = w (t, wao, ha)
satisfy the following inequality,

(3.24) [ws () — w2 (1) < (”UHO“UQO”%‘+t|Vh'—}QH2)6KXLaﬁ,

for t € Ipax (w1) N Ipax (w2), where K(f,«) is a constant depends on f and a.
Note that E; is dense in E and that V is dense in H. For any wg € E, there is an
e (wg) > 0 such that the condition (3.14) is satisfied, then through approximation
by a sequence of strong solutions {w (¢, wok, hi)}, with wor, — wg in E and hy, — h
in H, by using (3.24) we can confirm that the weak solution w(t) = w (¢, wo, h) also
satisfies (3.22), so that the weak solution w(t) exists globally in E for ¢ € [0, c0).
Consequently, (3.13) holds and each weak solution is bounded in E.

The inequality (3.24) also yields the continuous dependence of a weak solution
w(t) on the initial data wy with respect to the E-norm, for each given ¢t > 0. Hence
the operators S(t), t > 0, in (3.23) are well-defined, and {S(t),¢ > 0} is a semiflow
on . 0

As a remark, we assume that h € H is time-invariant just in order to make
Eq. (2.4) autonomous so that S(t), ¢ > 0, becomes a semiflow. Otherwise, if
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h € L*°(0,00; H), the weak solution for any initial data wq still exists globally and
is bounded, except that the equation (2.4) becomes nonautonomous.

4. Absorbing Sets

Here we shall further explore the dissipativity of the semiflow generated by
the weak solutions of the nonlinear evolutionary equation (2.4) formulated from
the original nonlinear wave equation (2.1). The specific objective of this section is
to prove the existence of absorbing sets. For the definition of absorbing sets and
relevant dissipativity, we refer to [7], [10] and [11].

Let us first identify the difficulty and the feature in an attempt to show the
absorbing property for the solutions of this nonlinear evolutionary equation. In
view of Theorems 3.2 and 3.3, the asymptotic bound in (3.13) for each solution
is not uniform for all solutions starting from anywhere in E. In fact, it imposes
a restriction that in order to make that asymptotic bound (3.13) valid, the initial
data wg = col (ug,u1) must satisfy the condition (3.14).

We see that both the bound of wg (the right side of (3.14)) and the asymptotic
bound of the solution w(t) (the right side of (3.13)) involve € € (0, &¢) in a reciprocal
manner. Thus, in general, when the norm ||wo|| ; gets larger, correspondingly € > 0
gets smaller so that the asymptotic bound will increase to infinity. This raises a
substantial difficulty to show that there is a uniformly bounded set B in E such
that the trajectory of every weak solution will eventually enter into that bounded
set, which is called an absorbing set, if it exists. Actually this difficulty stems from
the non-monotone, cubic damping term in the original wave equation (2.1).

The work of this section features an effort to overcome this difficulty. The
key to this effort is an observation that the upper bound in condition (3.14) and
the asymptotic bound in (3.13) are of different orders: the former has the order
€72, while the latter has the order e~!. This observation hints that some kind of
asymptotic compression exists, which enables us to show the existence of absorbing
sets by the asymptotical bootstrap method.

THEOREM 4.1. Assume that h € L*(0,00;H). Then there exists a fized
bounded set B in the space E, such that for any wyg € E, there is a finite time
T =T (wg) > 0 and the corresponding weak solution w(t) = w (t;wo) satisfies

(4.1) {w(t) :t > T (we)} C B.
Therefore, if h € H, the solution semiflow {S(t)}i>0 in the space E is dissipative.
Then the set B is an absorbing set.
PROOF. For any given initial point wg = col (ug,u1) € E, let
To = (0] (uo,ul) y
where ®(u,v) is the functional defined in (3.15) with (3.1). For such a given wy,
there is an € > 0 with which the inequality (3.17) is satisfied, where £* is the

constant given in (3.12) depending on e. Indeed, (3.17) can be equivalently written
as

(3.2a) 2re? + 8 [min {1, (2dy /Dy)}] "L K1 (14 |h]%) e —a < 0.

Let
M = M(h) = 4[min {1, (2d,/D1)}] " K1 (1+ |[A]2) -
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Then (3.2a) is written as
(3.2b) 2rge? +2M (h)e — a < 0.

Note that the quadratic polynomial Q(g) on the left-hand side of (3.2b) has the
discriminant

A(h) = 4M (h)? 4 8arg > 0,

and Q(g) = 0 has two real roots:

1
_ _ 2
ere2 =5 ( M(h) + /M(R) +2ar0).
Therefore, if we choose
1
(4.3) e =€ (rg) = min {50, — (—M(h) M (h)? + 2arg )} :
2T0

where ¢q is the constant in (3.3), then the inequality (3.2a) (written as (3.2b)) is
satisfied.

In view of the argument from (3.17), which is (3.2) here, to (3.18) in the proof
of Theorem 3.2, the choice of € in (4.3) implies that

D (u(t),us(t)) < ﬁ‘;o)w for t > 0,

which yields with (3.16) that
(4.4) e (ro) [Vu(t)|| <1, for ¢t > 0.

Substituting (4.4) into the different inequality (3.2) and observing (3.15), we obtain
1
(4.5) @ (u(t), u(t)) < exp (—e* (ro)t) ro + mKl (1+ [|n]|Z) , for t >0,
0

via integration, where

e* (To) = EE (To) min{l, (2d1/D1)} .

Hence, the weak solution w(t) = w (¢; wg) satisfies
(4.6)
M

e (ro)

1 279 11
= M max< —, = M ma —,—(\/M2+2a7" —I—M)}
X{Eo —M+\/M2+2aro} X{€0 a 0

2 1 (2M—|—\/2ar0)},

€0 a

lim sup @ (u(t), ue(t)) < !
t—o0 e* (TO)

Ky (1+ HhHgo) =

<Mmax{

where M = M (h) is shown between (3.2a) and (3.2b).
Thus there exists a time t; = 1 (rg) > 0, such that

(4.7) @(u,ut)SMmax{az,l(2M+\/2ar0)},fort2t1.
0o a

We can regard w (t1) = col (u (1), us (1)) as a new starting point of this solution
trajectory in E, and let

T = (I) (u (tl) , Ut (tl)) .
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Then iterate the above argument for this solution on the time interval [t1, 00): we
can assert that there exists a time to = to (rg) > t1, such that

21
D (u,up) < Mmax{a—,— (2M—|—\/2ar1)} , for t > to.
0o a

Keep this process going. Recurrently we obtain a positive sequence {r,} and an
increasing time sequence {t,}, such that

2 1
(4.8) Tnt1 < Mmax{—,— (2M—|—\/2arn)}, n=0,1,2,...,
o a

and

2 1

D (u, ut) ngax{E—,— (2M+\/2arn)},f0rt2tn+1,
0o a
n=01,2,....

(4.9)

Next we prove that the sequence {r,} has a finite positive upper bound. With-
out loss of generality, let us assume that there is a positive integer ng = ng (ro) > 0
such that
2
€

(4.10) <

ISEN

(2M—|— \/2arn) , for n > ng,

[}

since otherwise the subsequent proof can be made even easier. By (4.10) we have
M

(3.11a) Tl < — (2M + \/2(17“") , for n > ny,
a

Let by and b; be two constants: by = 2M?/a and by = M+/2/a. Then (3.11a) is

written as
(3.11b) T+l < by + b1/, for n > ng,

By Lemma 4.2 to be shown after this theorem, we know that there is a uniform
constant R, 0 < R < 0o, and there is an integer ny > ng, such that

(4.12) rn, < R, for n > nq.
Therefore, the above bootstrap argument shows that
(4.13)
9 9 9 2M
lw®)|z = all Vu@l” + [lu (@) < 2 (u, ue) < 2max — bt hWVR ¢,

for t > tp, 41
due to (3.16), (4.9) and (4.12). Thus we have proved that the closed ball
(4.14) B=B(Ro)=1{peE:|olp < Ro}
with the radius

(4.15) Ry =2 max{zM/so,boerl\/E}]l/Q

is an absorbing set for the semiflow {S(¢)}:>0 generated by the weak solutions, and
(4.1) is proved with B = B (Ry) given in (4.14) and (4.15) and with

T (wo) = tn,+1, where n; depends on 19 = ® (ug,u1) and h.

The proof of this theorem is completed. (|
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Now we prove a technical lemma, which was utilized in the proof of the main
result Theorem 4.1, when we reached (4.12).

LEMMA 4.2. Let {ry} be a positive sequence which satisfies
Tnt1 < bo + biy/ry, for n > ng,

where ng is a given positive integer, bg = 2M?/a and by = M+/2/a are constants.
Then there exists a uniform constant R = R(h), 0 < R < oo, and an integer
ny = nq (wo, h) > ng, such that

rn < R, forn>ny.
PROOF. Define {z,} to be the following sequence,
Zp = Tp, for 1 < n < ng,
Zn+1 = bo + b14/zn, for n > ny.
By induction, it is easy to see that
(4.17) rn < 2y, for n > ng.
Note that z, > by, for any n > ng + 1. It is deduced that
|Zn+3 - Zn+2| =b ’\/Zn+2 - \/Zn+1‘
- b1 |Zn+2 - Zn+1|
- 1/2 1/2
(4.18) (bo + b1y/Zn41) "+ (bo + b1y/Zn )
by |Zn+2 - Zn+1|
= 1/2°
2 (bo + b1v/bo)

(4.16)

for n > nyg.

Moreover, we have

by b1/vbo 1

(bo+bivB) ™ (Lba/vi) V2

because
bl - M 2/& -

Vb 2MZa
Then from (4.18) it follows that

1
|2n43 — Zni2| < Wi |2ny2 — Zny1|, for n > ng.

This implies {z, : n > ng} is a Cauchy sequence. Hence it is a convergent sequence,
whose limit can be calculated from (4.16), i.e.,

2
. 1 [ 2
(4.19) nh_)rrgo = (b1 + /b1 + 4b0) :

Finally, let

2
1
(4.20) R= (b1 + 4/ |b1]? +4b0) +1.

Then there exists an integer n1 > ng, which depends on R, such that
(4.21) ™ < zn < R, for n > ny.

Note that: (i) The constant R in (4.20) depends on M (h) only. The constant R is
independent of the initial data wy in E. (ii) The integer ny depends on both ng
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and R. Then, in view of (4.10), n; depends on 19 = ® (ug,u1) and h. Eventually,
we find that n; depends on wy and h. Thus, we finished the proof of this lemma
as well as the proof of the main result, Theorem 4.1. O

Since there exists an absorbing set B = B (Ry) C E for the solution semiflow
S(t) on the Hilbert space F, which attracts every point wy € F, the semiflow S(t)
on FE is point dissipative.

5. Global Weak Attractor

In this section, we shall prove a generic theorem on the existence of a global
weak attractor, which is then applied to the semiflow S(t) generated by the weak
solutions in F.

DEFINITION. Let Y be a Banach space. A global weak attractor G for a
semiflow o (t), t > 0, defined on Y is such a subset in Y which satisfies the following
three conditions:

(i) G is a nonempty, weakly compact, and invariant set;
(ii) G attracts a bounded neighborhood U (C Y') in the weak topology; and
(ili) G attracts every point yo € Y in the weak topology.

THEOREM 5.1. Let Y be a reflexive, separable Banach space. If a semiflow
o(t), t >0, is point dissipative, then there exists a global weak attractor G, which
is given by

(5.1) G=[\ci|Jo(nB,

t>0 >t

where B is a closed absorbing (ball) set, and CIy stands for the closure with respect
to the weak topology of Y.

PROOF. The proof of this theorem will go through the following three lemmas.
O

LEMMA 5.2. In a reflexive, separable Banach space Y, the weak closure B* =
Cl¥(B) of a closed, bounded ball B is metrizable. Let this weak metric be dy, then
the metric space (B*,dy) is complete and the set B is dy -precompact.

PRrROOF. First we show that a bounded ball B = {x € YV : ||z| < M} is
metrizable. Since Y is reflexive and separable if and only if its dual space Y’ is
reflexive and separable, there is a countable and dense set of Y'. Let {¢,} be a
countable set of Y”, which is dense in the closed unit ball of Y’. Define dy to be

oo

(5.2) dv(,y) =Y grlenle—u)l, wyeY.

n=1

It is clear that this dy is a metric on Y. We now show that the topology associated
with this metric coincides with the (relative) weak topology of the ball B.

Let zp € B and let U be a neighborhood of z( in the weak topology o (Y,Y”).
Without loss of generality, we can assume that U is defined by

(5.3) U={zeB:|&(x—a0)|<ei,i=1,2,...,k},
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where ¢; > 0, & € Y/ ||&]| = 1, and k is some positive integer. For any i €
{1,2,...,k}, one can find an integer n; such that
€i
1€ = enilly < 177

Choose and fix an r > 0, which satisfies

nitly < g foralli=1,2,...,k,
then we can verify that

W ={z € B:dy (z,z9) <r} CU.

Conversely, it can be shown that for any neighborhood W = {z € B : dy (z, z0) < p},
there is a neighborhood U of z( in the weak topology of B, such that U C W. The
detail is omitted. Therefore, the topology induced by the metric dy is exactly the
same as the weak topology of the closed, bounded ball B.

Finally, by the continuous extension, this metric dy can be extended to the
weak closure set of B, which has been denoted by B* = Cl¥(B) in the description
of this lemma. Thus (B*,dy ) becomes a complete metric space. Moreover, since B
is bounded in the strong sense, so it must be weakly precompact, which is equivalent
to saying that B is dy-precompact. O

LEMMA 5.3. Let o(t), t > 0, be a semiflow on a complete metric space (X,d).
If B C X is a precompact, absorbing set for o(t) with respect to this metric, then
the following w-limit set

(5.4) w(B) = (Cla| J o(7)B,
t>0 >t

is nonempty, compact, and invariant.

PRrROOF. Although the proof is essentially provided in [7] and [10], here we
include the details for completeness. First, by the well-known characterization
lemma, i.e., Lemma 21.4 in [10], it is easy to check that w(B) is invariant with
respect to o(t), ¢ > 0. Let

N(o(t)B) = Cly | ] o(7)B,
T>t
which is the hull of o(¢t)B. On the one hand, {N(c(¢)B) : t > 0} are nonempty,
closed, bounded, and monotone decreasing sets. On the other hand, by the proper-
ties of the Kuratowski measure of noncompactness x listed in Lemma 22.2 in [10],
we have
k(N(o(t)B) = k(o(t)B) — x(B) =0, as t — oo.

Then the item (5) of Lemma 22.2 in [10] directly implies that w(B) = (,~, N(o(t)B)
is a nonempty, compact set. O

LEMMA 5.4. Let o(t), t > 0, be a semiflow in a complete metric space (X,d).
If B C X is a precompact, absorbing set of o(t), then the w-limit set w(B) given by
(5.4) attracts B.

PROOF. Assume, on the contrary, that w(B) given by (5.4) does not attract
B. Then for some g > 0, there exist sequences {z,} C B and {t,}, t, — oo, such
that

(5.5) 0 (0 (tn) Tpn,w(B)) > €o, for all n > 1.
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Here the Hausdorff distance d(-,-) is defined by

d (B1, Ba) = sup { inf d(:c,y)}.
z€B; (YEB2
Since B C X is an absorbing set, B attracts any given bounded set, such as itself.
Therefore, for sufficiently large n, say, n > ng, we shall have o (¢,) z,, € B.
On the other hand, since B is precompact, there exists a subsequence of

{o (tn) xn : n > ng}, which is relabeled as the same, such that

lim o (t,) x, = u™ exists.

n—oo
By the characterization of w-limit sets, cf. [10, Lemma 21.4], we have u* € w(B).
But (5.5) implies that 6 (u*,w(B)) > €¢ > 0, which is a contradiction. O

The completion of the proof of Theorem 5.1:

In the complete metric space (B*,dy), where B* = CI{(B), the absorbing
set B for the semiflow o(t), ¢ > 0, in Theorem 5.1 is precompact. Thus, we can
apply Lemmas 5.3 and 5.4 to G = w(B) to assert that this G is the global weak
attractor for the semiflow o(¢). In fact, we can check that the three conditions
in the aforementioned definition are satisfied: The condition (i) is satisfied due to
Lemma 5.3. The condition (ii) is satisfied because of Lemma 5.4 and w(B) C B.
The condition (iii) is satisfied, because combining the facts that B is an absorbing
ball and w(B) attracts B, we have

tlim J (S(t)yo,w(B)) =0, for any yo € Y.
The proof is finished. O

As a direct application of this generic result, we can conclude with the following
result on the solution semiflow generated by the concerned nonlinear wave equation
with the cubic non-monotone damping.

THEOREM 5.5. Assume that h € H is time-invariant. Then there exists a global
weak attractor G for the semiflow S(t), t > 0, generated by the weak solutions of
the IVP (2.4) in the energy space E, which is given by

(5.6) G=\ciglJs)B,

t>0 >t

where B is the absorbing set shown in Theorem 4.1.

PROOF. Just applying Theorem 5.1 to the solution semiflow S(¢), ¢ > 0, on
the space E, we reach the conclusion. (I

REMARK. Under the assumptions of Theorem 5.1, it has been shown that if in
addition the semiflow o(t), t > 0, is asymptotically compact, then the global weak
attractor G given in (5.6) turns out to be a global attractor in the strong sense.
The concept of asymptotical compactness is seen in [7] and [10]. However, at this
time we are unable to show that this solution semiflow S(t), ¢ > 0, is asymptotically
compact, and we do not know whether it is true for the nonlinear wave equations
with such a nonlinear non-monotone damping.
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