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Abstract. This paper is concerned with the asymptotic behavior of the solution to
the following damped semilinear wave equation with critical exponent:

ugr +up — Au+ f(z,u) =0, (x,t) € Q x R (0.1)
subject to the dissipative boundary condition
Oyu—+u+ug =0, t>0, zel’ (0.2)
and the initial conditions
ulpmo = uo(x), Utlt—o = ur(x), x € Q, (0.3)

where € is a bounded domain in R?® with smooth boundary I' , v is the outward normal
direction to the boundary, and f is analytic in u. In this paper convergence of the solution
to an equilibrium as time goes to infinity is proved. While these types of results are known
for the damped semilinear wave equation with interior dissipation and Dirichlet boundary
condition, this is, to our knowledge, the first result with dissipative boundary condition
and critical growth exponent.

1. Introduction. In this paper we consider the following damped semilinear wave
equation with critical exponent:

ug + ug — Au+ f(z,u) =0, (r,t) € QA x RT (1.1)
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168 HAO WU anp SONGMU ZHENG

subject to the dissipative boundary condition
Ou+u+u =0, t>0,zel (1.2)
and the initial conditions
ultmo = ug(), Utlt—o = up(x), x € Q. (1.3)

In the above,  is a bounded domain in R? with smooth boundary I', v is the outward
normal direction to the boundary, and f is a nonlinear function satisfying the following
assumptions.

(F1) f is analytic in v € R, and f is C? in 2 € Q. Furthermore,

IF7( )| <e(l+1s|) VseR, zef

Hereafter, we denote by f'(x,u), f”(x,u) the first-order derivative and the second-order
derivative of f with respect to u, respectively.
(F2) For all x € Q,

lim inf _f(,s)

|s|—o0 S

> ),

where A > 0 is the best Sobolev constant in the following imbedding inequality:

/\Vu|2da:+/u2d52)\/u2da:.
Q r Q

Notice that the assumption (F1) implies that f is allowed to grow cubically in u, i.e., the
growth exponent of f is critical in the case n = 3. The mechanical meaning of boundary
condition ([L2]) simply implies that there is friction damping on the boundary I" which is
linearly proportional to the velocity ;.

By H™(Q2) we denote the Sobolev spaces W™2() with norm || - || gz, and we simply
denote the norm in L?(Q) by || - ||, and especially we equip H'(Q2) with the norm

lull g1 ) = (/ \VUIdeJr/quS)l/?.
) r

We also introduce the space H = H*(Q2) x L?(Q), which is often referred to as the finite
energy space.
Denote

D = {(u,v)" € H*(Q) x H'(Q) | d,u + u + v|r = 0}, (1.4)

which clearly is a closed subspace of H?(Q2) x H().
The main result of this paper is stated as follows.

THEOREM 1.1. Suppose that the assumptions (F1), (F2) are satisfied. Then for any
initial data (ug,u1)? € D, problem (LI)—(L3) admits a unique global solution

(u,us)T € C([0, +00); D) N C([0, +00); H), uy € C([0, +00); L2(Q)).

Moreover, (u(x,t),u(z,t))T converges to an equilibrium (¢(z),0)7 in the topology of H
as time goes to infinity, i.e.,

Hm ([lu(,t) = Plla @) + llued]) = 0. (1.5)

t——+oo
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CONVERGENCE TO EQUILIBRIUM 169

Here () is an equilibrium to problem (LI)-(3), i.e., ¥ (x) is a classical solution to
the following nonlinear elliptic boundary value problem:

{ —AY + f(z,9) =0, x€Q (1.6)

OY+¢Y=0, zel. ’

Before giving the detailed proof of Theorem 1.1, let us first recall some related results
in the literature.

The study of the asymptotic behavior of solutions to nonlinear dissipative evolution
equations has attracted a lot of interest of many mathematicians for a long period of
time. It can be divided into two categories: in the first category, it is concerned with the
asymptotic behavior of a global solution (or a single orbit) for any given initial datum,
i.e., whether the global solution will converge to an equilibrium as time goes to infinity;
in the second category, it is concerned with the asymptotic behavior of a family of global
solutions (or orbits) for initial data starting from any bounded set in a certain Sobolev
space, i.e., whether the family of global solutions will converge to a compact invariant
set, i.e., a global attractor. For the study of the second category, we refer to the three
books: [32] by Temam, [I1] by Hale and [2] by Babin and Vishik. As far as the damped
semilinear wave equation is concerned, in the books [I1] and [2], the exponent of the
nonlinear term f is allowed to be critical, i.e., for n = 3, the growth exponent of f in u
is allowed to be cubic. In this direction, we also refer to the paper [8] by Feireisl where
the interior damping is allowed to be nonlinear. In this direction, we also refer to a very
recent paper [3] by Ball on the results for the nonlinear term f being only continuous.
In that paper, comprehensive references for the damped semilinear wave equations are
also given. Notice that in all these papers, the solution always satisfies the Dirichlet
boundary condition.

More closely related with the problem we studied here, we refer to a recent paper [7] by
Chueshov, Eller and Lasiecka where the existence of a global attractor is proved for the
semilinear wave equations (ILT]) without interior damping, but with nonlinear dissipative
boundary condition. More precisely, they proved that with certain dissipative boundary
conditions and nonlinear term f being allowed to have critical exponent, then there is a
global attractor which is compact in the finite energy space H = H*(2) x L?(Q) defined
previously. Moreover, when f is subcritical, then the global attractor is a closed bounded
set in D defined in (T4).

We should notice that the study of two categories is closely related in the following
sense: if the number of solutions to the stationary problem ([L6]) were finite or discrete,
then (L) would follow immediately from the result in [7] (see Corollary 5.4 in [7]).
However, for the higher space dimension case, whether the set of equilibria is finite or a
discrete set is an open problem, and in general it is not true (see, e.g., [26], [27], and the
related reference cited in [3]).

Concerning the study of the first category, in 1978, Matano [24] considered the initial
boundary value problems for the nonlinear parabolic equation in one space dimension
and proved that if the global solution is bounded for all time, then as time goes to infinity,
the solution must converge to an equilibrium. In other words, the w-limit set consists
of a single point. We also refer to the paper [35] by Zelenyak in this direction. Since
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170 HAO WU anp SONGMU ZHENG

then, many attempts have been made to extend this result to higher space dimensions.
However, the situation in higher space dimensions is very different. Examples have been
given in [26], [27] showing that for a nonlinear parabolic equation with nonanalytic non-
linear term f, the corresponding initial Dirichlet boundary value problem has a bounded
solution whose w-limit set is diffeomorphic to the unit circle S'. On the other hand,
various assumptions have been made in the literature to assure that any bounded global
solution will converge to an equilibrium. Among these attempts, Simon in [31] made a
major advance by proving that for semilinear parabolic problems if the nonlinear term
is analytic in an unknown function wu, then convergence to an equilibrium holds. His
idea relies on a generalization of the Lojasiewicz inequality for analytic functions defined
in the finite-dimensional space R™ (see [22], [20], [2I]). Since then, much work in this
direction has been done; see, e.g., [15], [28], [, [T4], [6], [9], [34], [T9], [36] and the
references cited there for the results on nonlinear parabolic equations, where in [34] the
problem with dissipative boundary conditions is studied; see also a very recent paper [38]
by Zheng and Chipot for the nonlinear parabolic equations with nonlocal terms.

As far as applications of the Simon-Lojasiewicz approach to the damped semilinear
wave equations, the situation is more delicate mainly due to the following two reasons:

First, the semilinear wave equations are hyperbolic equations, and it turns out that
they do not have the smoothing property, as nonlinear parabolic equations do. The con-
dition of precompactness of solutions for damped semilinear wave equations is expected,
i.e., the solution can be divided into two parts with one part being uniformly convergent
to zero, and the other part of the solution being relatively compact. However, as Haraux
and Jendoubi pointed out in their paper [I3], precompactness is nontrivial, which is not
always easy to check in practice.

Secondly, the application of the Simon-Lojasiewicz approach to the damped semilinear
wave equations is not as straightforward as for the single nonlinear parabolic equation,
due to the appearance of the term uy; in the equation (ILI]). It turns out that an auxiliary
functional, which varies from problem to problem, has to be introduced. We refer to the
paper [16] by Jendoubi for the first attempt in this direction in the literature. See also
[19], [36] for the similar situation for the study of nonlinear phase-field equations with
Neumann boundary conditions.

We refer to [16] by Jendoubi, [13] by Haraux and Jendoubi regarding the study of
convergence to equilibrium for the damped semilinear wave equation with nonlinear f
being analytic in u. In [I6], although convergence to an equilibrium for the damped
semilinear equation follows from the unproved assumption (which is the exact wording
used in [I3] by Haraux and Jendoubi) that {u,u;} is precompact in W2P(Q) x W1P(Q)
and f is analytic in u, the advantage of that paper is that with the previously mentioned
unproved assumption there is no further growth assumption on f. In the later paper [13],
aimed at removing that unproved assumption, they made the growth assumption on f
to obtain the convergence to equilibrium. Notice that (see Theorem 1.2, p. 97 in [13]),
the growth condition in their paper is subcritical when n = 3. We should also notice
that in all these papers, the solution always satisfies the Dirichlet boundary condition.

The new features of our problem (LI)—(T3]) are the following. First, we treat the
dissipative boundary condition (I.2]), which is important from a mechanical point of view,
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CONVERGENCE TO EQUILIBRIUM 171

and it turns out that for the corresponding elliptic operator, it yields a nonhomogeneous
boundary condition. As a result, the Simon-Lojasiewicz type inequality we are going to
derive is naturally different from the one with the usual homogeneous Dirichlet boundary
condition. Another feature is that the growth assumption on f is critical, which implies
that one could not use the result by Webb [33] to obtain the precompactness. Finally,
we give a rigorous proof of precompactness (see Lemma 2.2 in Section 2). It turns out
that we have to overcome the corresponding mathematical difficulties due to these new
features, and to extend the usual Simon-Lojasiewicz inequality in our proof. Notice that
our result requires that the initial data be in D instead of H. This is natural because we
now treat the dissipative boundary condition.

This paper is organized as follows. In Section 2 we give a brief sketch of the proof for
the global existence of the solution. A key result in that section is to prove a uniform
a priori estimate of the solution (Lemma 2.2). Notice that this lemma has never been
given in the literature. In the paper [7] by Chueshov, Eller and Lasiecka, a similar result
was proved under the subcritical growth case (see Theorem 1.5 in that paper) and we
now treat the critical growth case. In Section 3 of this paper we derive the extended
Simon-Lojasiewicz inequality. In Section 4 we give the detailed proof of Theorem 1.1.

2. Global existence and uniqueness. For the sake of the reader, we first briefly
recall the related global existence and uniqueness results mainly based on the paper [7]
by Chueshov, Eller and Lasiecka. Let

1 1 1 1
—||(u,u) 7|3, = —/ |Vul|*dx + —/u2d5+ —/ uida (2.1)
2 2 Jo 2 J; 2 Jg
and define the energy function as follows:
1
E(u(t),us(t)) = §H(u,ut)TH$1 + /Q F(z,u(z,t))dx, (2.2)

where F(z,z) = [; f(x,s)ds.
In what follows we shall use classical nonlinear semigroup theory (see, e.g., [, [,
[29], [37]) to obtain the global existence, uniqueness and regularity of the solution to

problem (LI)—(T3).

LEMMA 2.1. Suppose that the initial data satisfy (ug,u;)? € H. Then there exists a
unique global mild solution w to problem (LI)—(L3]) such that

(u,ut)T € C([0,+00); H), Oyu€ LZQOC(Z), U € LZQOC(Z), Ou+u+u =0onT,
(2.3)

S(U(t)’Ut(t))Jr/O ||ut||2dr+/0 luellZ2 (rydr = € (u(0), ue(0)), (2.4)

where ¥ = [0, +00) x Q. Furthermore, if (ug,u1)? € D, then there exists a unique global
classical solution u to problem (LI)—(T3]) such that

(u,us)T € C([0,4+00); D) N CH([0, +00); H), g € C([0, +00); LA(Q)).
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172 HAO WU anp SONGMU ZHENG

Proof. Notice that in the paper [7] (see also [I7], [18]) the authors have used nonlinear
semigroup theory to get the related result for a semilinear wave equation with critical
exponent and nonlinear dissipative boundary conditions. Although in their setting, there
is no interior damping term wu; in equation (1), the proof is essentially the same. For
the sake of the completeness and convenience of the reader, we give the sketch of the
proof here. In what follows we adopt the notation used in [7].

First we introduce the Robin-Laplacian Ag : L2(Q2) — L?(). This is an unbounded
operator with the domain

D(Ag) = {u € H*(Q) | d,u+ulr = 0}. (2.5)

It is easy to see that this densely defined operator is injective and self-adjoint. Moreover,
it can be extended to a continuous operator Ag : H'(2) — H(Q)’ by

(—Agru,v) = / Vu-Vvdx—i—/uvdS
Q r

for all v € H(Q).
Next we introduce the Robin map R : H*(T) — H**(3/2(Q), which is defined as
follows:

Rp=q& Aqg=0in, d,g+g=ponT. (2.6)

As mentioned in [7], using the elliptic theory in [23], one can show that R is continuous
for s € R. The adjoint of the Robin map satisfies

R*Apv=—v|p  forallve H(Q).

Next we introduce a nonlinear operator A with the domain D(A) = D by setting

A( Z ) N < —Agr(u +_}§(w)) +v > (2.7)

where 7 is the trace operator. Then it is easy to verify (see [7]) that for all (u,v)? € D,
u+R(yv) € D(AR). In a similar manner as in [7], one can then check that A is monotone
on ‘H and the range of I + A is H. Thus A is a maximal monotone operator. Now we
can rewrite the original problem as an abstract first-order evolution equation

o) 20 G ) =0 o

From the growth assumption (F1) on f(z,u) one can easily see that the operator
C(u,us)T = (0, f(x,u))T is locally Lipschitz continuous from H to H. Hence, for
(ug,u1)T € H there exists a unique local mild solution (u,u;)T € C([0, tmaz); H), and
for (ug,u1)? € D there exists a unique local classical solution (u,u;)T on the interval
[0, t1maz) (rvefer to [37], Theorem 2.5.4 and Theorem 2.5.5). Moreover, if ¢4, < 00, we
must have lim || (u,u;)” |5 = +oo0.

t—tmax

From the standard energy identity

E(u(t),ut(t))+/Ot/Fude+/Ot/QufdxS(U(O),ut(O)), (2.9)
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CONVERGENCE TO EQUILIBRIUM 173

we know that the energy is nonincreasing. Following the similar steps in ([7], pp. 1912-
1913) we can easily prove that there exists a constant C'; depending on ||(u(0), u¢(0))T ||
such that

E(u(0),u(0)) < Cy (2.10)
and also an estimate in the opposite direction
[[Cu(t), ue ()" |l < C2 = Ca, (2.11)

where Cs is a positive constant depending on E(u(t), u.(t)), and Cs is a positive constant
depending on f and . Combining Z9)—(ZTTl), we get

I u(®), ue(8)T e < Ca — s, (2.12)

where Cj is a positive constant depending only on ||(u(0),u;(0))” 7. This implies the
following a priori estimate:

I (w, u)T || < M for t € (0, timaz),

where M depends only on the norm of initial data in H, the measure of 2 and the
nonlinear function f, and it does not depend on t,,,,. Thus, this yields that t,,,, = +00
(refer to [37], Theorem 2.5.5). Therefore, (u,u;)? € C([0,+00);H) and the uniform
estimate

| (uy )Ty < M fort >0 (2.13)

holds. For (ug,u;)” € D, since H is a Hilbert space, we deduce that the global mild solu-
tion is also a classical one (refer to [37], Theorem 2.5.4), i.e., (u,us)T € C([0, +00); D) N
C1([0, +00); H). O
The following lemma plays an important role in the subsequent proof.

LEMMA 2.2. For initial data (ug,u1)? € D, we have the following uniform estimate of
the solution:

I(u(t), ue(t) "l < C(ll(uo, ua) D)~ for t >0, (2.14)
where C(||(ug,u1)T||p) denotes a positive constant depending only on ||(ug, u1)? ||p-
Proof. In the above lemma we have obtained the estimates

full gy <O, lu|l <C ¥t >0, (2.15)

where C' is a positive constant depending on ||(ug, u1)T ||7.
Let

UV = Ug,
then (v,v;)” € C([0,+00); H) and v satisfies

v — Av 4+ v+ f(z,u)v =0 t>0 e
O,v+v+v =0, t>0, el (2.16)
Vli=0 = u1, V¢lt=0 = Duo —ur — f(x,uo).
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174 HAO WU anp SONGMU ZHENG

Multiplying ([Z16) by v; and v respectively, integrating over 2 and using the boundary
condition, we obtain

d (1 1 1 1
> <2/Qvt2d:c+2/Q|Vv2d$+2/Fv2dS+Q/Qf/(ﬂfau)”2d$>
+/de5+/vt2dx

I

Q
1
= §/f”(x,u)v3dm (2.17)
Q
and
d 1 2 L[ 5 _ 2 2
vugdx + vidx + v°dS vide + [ |Vu|“dz
dt \Ja 2 Ja 2 Jr Q )
+/v2d8+/ f(x, u)v?dz = 0. (2.18)
r Q

Multiplying 2I8) by 1, then summing with ZI7), we get

d (1 [ , 1 , 5/ , 1/ ,
S et - de+ 2 [ v2ds+ > [ v
dt(2/ﬂvtx+2/Q|Vv| x+8 Fv S—|—8 va
1 1 , 9
+— [ vudz+ = | fl(z,u)vide
4 Jo 2 Ja
+§ 2 1 2 2 1 2 1 / 2
vydx + vdS+ [ v;idS + [Vo|*dx + f(x,u)vde
4 Jo 4 Jr r 4 Ja 4 Ja
1
= —/f"(x,u)v3dm. (2.19)
2 Ja

By the assumption (F2), Holder’s inequality, the Sobolev imbedding theorem and ([Z.13)),
we have

/ " (z,u)vide
Q
By the well-known Gagliardo-Nirenberg inequality (e.g., refer to [37]), we have
1 1
[vllLs < Col[Vol[Z[[o][* + Callv]]. (2.21)
From (F2), (Z13)), 2I) and Young’s inequality we can deduce that

/Qf’(u)UQdm

where C is a positive constant depending only on ||(ug, u1)||# and 1. Let

1 1 1 1
J(t) := 5/Qvfdx—l—i/ﬂ\Vt}|2£lx—|—g/FvgdS—l—g/QUde—I—Z/vitda:—F/Qf’(x,u)vgdas.

By the Cauchy-Schwarz inequality [, vvidz < 3|v||* + 3|lv]|?, @20) and @22) after
taking £; small, it is easy to see that

< C/Q(HIUI)IUSIdw < CQ A Jlullpo)llv? e llvll < Cllollznllvll. (2:20)

<C (/ w?vldr + ||v|2) < C (ullisllvlis + C) < el Vo|*+C, (2.22)
Q

%J(t) +n0J(t) < CllvllJ (t) + O(||(uo, ur) " l20), (2.23)

where 77 > 0 is a certain positive constant.
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CONVERGENCE TO EQUILIBRIUM 175

Since v = u; satisfies
—+o0
/ o] 2dt < +o0,
0

then we can see that

t t 3
/ o]l ds < (/ ||v|2ds) (t—r)t <Clt—7)'2 Vis>r>o0. (2.24)
Then it follows from a suitable version of the Gronwall inequality (see, for instance,
Lemma 2.2 in [10]) that
J(t) < C(||(ug,u1)"||p),  t>0. (2.25)

Thus, we can deduce from (225), (222) and the Cauchy-Schwarz inequality [, voida <
o[z 4 Lflvg|? that for ¢ > 0,

lueell = llvell < Cll(uo,un)TlIp), Nuellar = olles < Cl(uo,ua)"Ip). — (2.26)
For u, we reconsider (.1I), (2] as an elliptic boundary value problem:

{ Au = uy +up + f(z,u), x€Q

2.2
out+u=—u, zecl. (2.27)

By the regularity theory for elliptic problems we obtain
lullerz ) < Cllueell + lluell + [1f (@ )l + lluell 3 ) < Cll(uo, )T llp). - (2:28)
Thus, we can conclude that
lu® a2 <€, lu@)lar@) <O flun(b)] < C, for t >0, (2.29)

where C' is a constant that does not depend on ¢ . O

3. Extended Simon-Lojasiewicz inequality. Let
1 1
E(u) = 7/ |Vu\2dm.+f/u2d5+/ F(z,u)dz. (3.1)
2 Ja 2 Jr 0

LEMMA 3.1. Suppose that ¢» € H?(f) is a strong solution to problem (L6]). Then 1) is
a critical point of the functional E(u) in H'. Conversely, if ¢ is a critical point of the
functional E(u) in H, then ¢ € H%(f2), and it is a strong solution to problem (L8]).

Proof. 1f 1) € H? satisfies (L), then for any v € H!(Q), it follows from (€] that

/Q(*Ailf + f(z,v))vdx = 0. (3.2)
By integration by parts and the boundary condition in (L6]), we get
/Q (Vo - Vo + f(a, ¥)o)da + /F YudS = 0, (3.3)
which, by a straightforward calculation, is just the following:
dE(z/:l;— ev) B _o. (3.4)
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176 HAO WU anp SONGMU ZHENG

Thus, v is a critical point of E(u). Conversely, if v is a critical point of E(u) in H*,
then (B23)) is satisfied. By the assumption (F1), f(z,1) € L?(2). Thus, by the regularity
theory for the elliptic problem (L6), ¢ € H? and it is a strong solution. (Il
REMARK 3.2. By the bootstrap argument, 1 is also a classical solution.
The following lemma claims that problem (L6]) admits at least a classical solution.

LEMMA 3.3. The functional E(u) has at least a minimizer v € H'(£2) such that
E() = inf E(u). (3.5)
ueEH?!
In other words, problem (6] admits at least a classical solution.

Proof. As proved in [7], assumption (F2) implies that there exist 6 > 0 and N =
N(8) > 0 such that

A=96
F(x,s) > — 5 s> for |s| > N.

Let M be a positive constant such that f(z,z)/z+ X > 20 for |z| > M and certain § > 0.
Then we have

F(x,s)+)\§ — /OM(f(x’Z)+>\)zdz+/s(f(x’z)+>\)zdz

V4 M V4
2 M2 2
> O+25(5 - ) 265 (3.6)

for s > 6~1(M? — 2C). For negative s one can repeat the same computation with M
replaced by —M. Now we have

/F(amu)dx:/ F(x,u)dm—l—/ F(m,u)de—M/u2dm+C(|Q\,f),
e lul<N jul>N 2 Jao

(3.7)
where C(|Q], f) = |Q|‘£?<1r]1VF(ac,s)

By the definition of A in (F2) we can deduce that

E(u) > l/ \Vu|2d:v+1/u2dsfu/u2dx+0(\9|,f) > é/u2dx+C(|Q\,f),
2 Ja 2 Jr 2 Ja 2 Jo

(3.8)
i.e., E(u) is bounded from below. Therefore, there is a minimizing sequence u,, € H'(Q)
such that
E(u, inf E(u). 3.9
(1n) = inf B(u) (39)
Since E can be written in the form:
1
B(u) = S llullfn + F(u) (3.10)
with
Flu) = / F(z,u)dz, (3.11)
Q

it follows that w,, is bounded in H'. It turns out that there is a subsequence, still denoted
by u,, such that u, weakly converges to v in H'. Thus, v € H'. We infer from the
Sobolev imbedding theorem (n = 3) that w,, strongly converges to v in L*. It turns
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CONVERGENCE TO EQUILIBRIUM 177

out from the assumption (F1) that F(u,) — F(v). Since |lu||3,, is weakly lower semi-
continuous, it follows from B9) that F(v) = ing E(u). The proof is completed. O
ueH?!

Now for v € C?, we consider the following linearized problem:

{ L(v)h = —=Ah+ f'(z,v+¢Y)h =0 1in Q, (3.12)
d,h+h=0o0nT,
where 1) is a fixed critical point of E(u) and we write
u=1v+P.
The domain of L(v) is
Dom(L(v)) = {h € H*> | d,h + h |r= 0}. (3.13)
LEMMA 3.4. L(v) is a self-adjoint operator on Dom(L(v)).
Proof. For any two functions wy,ws € Dom(L(v)), we have
(L(v)wy, ws)
= /Q(_Awl + f'(v + Y)wi)wada
= /Q(le -Vwsy + f'(v+ ¥)wywy)dz —I—/lewgdS
= /Q(—sz + /(v + Y)w2)wide
= (w1, Lw)ws). (3.14)
Thus we can easily see that L(v) is a self-adjoint operator. (Il

Associated with L(v), we define the bilinear form a(w;,ws) on H'(Q) as follows:
a(wy,ws) = /(le -Vwsy + f'(v + ¥)wyws)dx + / wiwodS. (3.15)
Q r

Then, the same as for the usual second-order elliptic operator, L(v) + AI with A > 0
being sufficiently large is invertible and its inverse is compact in L2. It turns out from
the Fredholm theorem that Ker(L(v)) is finite-dimensional. It is well known that

Ran(L(v)) = (Ker(L*(v)))*. (3.16)
Thus, we infer from Lemma 3.3 that
Ran(L(v)) = (Ker(L(v)))* (3.17)

and
Ran(L(v)) ® Ker(L(v)) = L*(Q). (3.18)

Next we introduce two orthogonal projections ITx and Ilg in L?(Q); namely, [Tk is the
projection onto the kernel of L(0) while IIg is the projection onto the range of L(0).
Then we have the following result.
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LEMMA 3.5. For
L(0O)w = fr

with fr € IIgL?(Q), there exists a unique solution wr € H2(2) N IIzL%(Q) and the
following estimate holds:

lwg | #2@) < C | frll - (3.19)

Proof. By the Fredholm alternative theory and the regularity theorem for the elliptic
operator, we have a function w € Dom(L(0)) N H? such that L(0)w = fr. Moreover w
is unique if we require w € (KerL(0))*, and (BI9) follows from the elliptic regularity
theory. O

Let £(v) : Dom(L(v)) — L?*(€2) be defined as follows:

L(v)w =gw+ L(v)w, (3.20)

where, as indicated previously, I is the project operator from L? onto Ker(L(0)). Then
it follows from Lemma 3.3 and Lemma 3.4 that £(0) is one-to-one and onto. Moreover,
its inverse £71(0) is a linear bounded operator from L?(2) to H?(2).

LEMMA 3.6. There exists a small positive constant § < 1 depending on 1 such that if
v €HA(Q), |v||g < B, and g € L2(), then the problem

L(v)w = g in £,
{ d,w+w=0onT (3.21)
has a unique solution w € H?(£). Moreover, the following estimate holds:

w2 < Cllgll- (3.22)

Proof. By Lemma 3.4, £(0) is invertible, and its inverse £71(0) is a linear bounded
operator from L?(Q) into H2(£2). To see the solvability of [B.21]), we rewrite (B.21) in
the form:

(L7H0)(L(v) — £(0)) + Dw = L7(0)g. (3.23)
By the definition, (L£(v) — £(0))w = (f'(z,v + ¢) — f'(z,9))w. Since n = 3, we infer
from the Sobolev imbedding theorem and (F1) that for ||v]|g: < 8 < 1,

(" (@, 0+ 1) = f'(z,9))w 1" (z, ¢ + Cv)ow|
(Crlloll + CellollZa)llw] e
Clivlla@llwll 20, (3.24)

IN A

where ¢ € (0,1).
Therefore, it follows that when 3 is sufficiently small, £71(0)(L(v) — £(0)) is a con-
traction from H?(Q) into H?(f):

I£7H0) (£ () = LO) Lz, m2) < 5- (3.25)

N~

By the contraction mapping theorem, ([3.21)) is uniquely solvable, which implies that when
||v]| g < B < 1, L(v) is invertible, and [B:22]) holds. Thus, the lemma is proved. O
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We now prove the following generalized Simon-Lojasiewicz inequality, which extends
the original one by Simon [31] for the second-order nonlinear parabolic equation, and
also the one by Jendoubi [I6] for the semilinear wave equation with Dirichlet boundary
condition. In [34], we have used a similar type of inequality to prove the convergence to
equilibrium for the Cahn-Hilliard equation with dynamic boundary conditions.

LEMMA 3.7. Let 1 be a critical point of E(u). Then there exist constants ¢ € (0, 3) and
Bo > 0 depending on v such that for Yu € H?(Q), || u — ¢ || g2< Bo < 3, we have

| —Au+ @0 | + | u+ullam = | B —B@) [, (3.26)
Proof. As before, we denote u = v + ¢ and let
M) =—-A(v+¢) + f(z,v+ ). (3.27)

Then M (v) maps v € H*(Q) into L*(Q).
Let NV be a nonlinear operator from H?(Q) into L?(Q) defined as follows:

N(v) =Igv+ M(v). (3.28)
Hence, N (v) is holomorphic and its Fréchet derivative is £(v):
DN (v)h = L(v)h. (3.29)

Since L(v) is invertible for ||v|| 1 < 3, by the abstract implicit function theorem (see, e.g.,
Nirenberg [25]), there exist neighborhoods of the origin W;(0) € H?(Q2) and Wo(0) C
L?(€), and a holomorphic inverse projection ¥ of A" such that ¥ : W5(0) — W1(0) is a
one-to-one and onto mapping. Moreover,

N(¥(9) =g Vg€ Ws(0), (3.30)
TN@) =v Yo e Wi (0), (3.31)
and
| ¥(g1) —W(g2) 2 < C [l g1 — g2 | Vg1, 92 € W2(0), (3.32)
| N(v1) = N(v2) | <C [ v1 —v2 |2 Vor,v2 € Wi (0). (3.33)

It follows from N[¥(g)] = g that DN - D¥ = I. Therefore, D¥(g) = L71(¥(g)). We
infer from Lemma 3.5 that
| D [[ppeae) < C. (3.34)
Let ¢1, ..., dm be the orthogonal unit vectors spanning KerL(0). Since ¥ is holomor-
phic, it turns out that

L&) =BT &di) +1) (3.35)

i=1

is analytic for small |£| such that IIxv = Z{i@- € W5(0).
i=1

In what follows we will show that for any v satisfying Ilxv = Zficﬁi € W5(0), we
i=1
have

[ VEE) | < C( M) | + 1| v + v [l L2(ry)- (3.36)
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Indeed, a straightforward calculation, using (B33 and integration by parts, yields

or(¢)
9,

_ /Q M (W (k) DU (M v) dodac

+ / (0,0 (TTxev) + U (I v)) DU (T 0) S
r
= I+ 1 (3.37)
For the first part on the right-hand side of (3:37), we have
(L] < [ M(¥(Tkv)) | - || D¥(xv)e; ||
< Ol M(¥(Ilgo)) ||
< O M(¥(gv)) = M(v) || + || M () |)- (3.38)

Recalling the definition of ¥ and noticing that v = ¥(IIgv + M(v)), and L(v) is a
continuous operator from H?(Q) to L?(£2), we have

I M(¥(Txv)) — M(v) |

< /01 L(tv + (1 = )V (Ilgv)) (Y (gv + M(v)) — ¥(Igv))dt |
< Ol ¥(lgv + M(v)) — U(Ilgv) || g
el / DU (e + M ()M (0)dt [ e (3.39)
From Lemma 3.5, an(;) | DY || (r2,m2) < C we infer that
| M(¥(xv)) = M(v) | <C | M(v) |- (3.40)
The combination of (B3])) with (B40) yields
(L] < Cf M(v) || (3.41)
and
W (Mxv) = v |2 @)=l Y[kv) = Y(lgv + M(©)) |z < C | M) || (3.42)

Next for I, using the trace theorem and applying (3.34), (3.42)), we get

(L] < [ 0,9(Txv) + Y(Ikv) ||L2(ry DYk v)¢il L2 (r)
< C (H 0y (Y(Igv) —v) + (¥(IIgv) —v) |2y + | v+ v ||L2(F))
< Cll0,(Pkv) =) [l gy oy + 1 EAxV) =0l gy 0+ 100+ L2m)
< O ¥ (Tkv) = v g2 + | Ovv + v ll22(ry)
< CUM@) [+ 11 v+ v llz2(ry)- (3.43)
The combination of (B43) with [B38]) yields that for 1 < i < m,
BING
| 32) | < C(I M) || + || O+ |l 2ry)- (3.44)
It turns out that
" OT(€) g
90 1= (3 15 Pyt < OO M) |+ 4o ). (345
i=1 ¢
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We now proceed to estimate | E(U(IIgv) + ) — E(v + 9) |. By the Newton-Leibniz
formula, we have

| E((IIxv) +¢) — E(v+1) |

| /O /Q M (v + (0 (TTxv) — 0))(U(Txv) — v)dadt|

IN

+| /O /F[au(v + t(U(Tgv) — v)) + (v + (T gv) — v))](¥(Tgv) — v)dSdt|
I + 1. (3.46)

Using v = U(M (v) 4+ IIxv) and referring to (B40), for I3 we have

I < max | Mo+ t(¥(Ixv) - 0) | - | U(xo) v |

0<t<1

< CIME) | (uax, | Mo+ HE (o)~ v) = M) || + | M) )
< M) | (€ gnax, | v+ H¥(Iico) =) = vz + | M() )
< M@ P (3.47)

By the Holder inequality and the trace theorem, we have the following estimate for I4:

Ly < max (|00 + o [l2@) + [ 90 (Y(Ixv) —v) + ((Ugv) —v) [[L2(r)
X | W(Ilgv) — v |22
< C(| 0w+ |2y + | ¥(MIgv) —v ||g2) || Y(Igv) — v |52 (3.48)

The combination of ([B.48) with (3.42)) yields
Iy < C(1 8w+ lr2y + Il M(v) ) | M(v) |- (3.49)

Finally, from B340)-B49) we deduce the following estimate on | E(U(Ilxv) + ¢) —
E(v+1) |:

| E(W(Hgv) + ) — E(v+¢) |
Cldvv +v |2y + | M(v) ) || M(v) |l
Cl Oy +v |2y + || M(v) |])2. (3.50)

INIA

Since T'(§) = E(Y(IIgxv) + ¢) : R™ — R is real analytic for small || and VI'(0) = 0,
we have the following Lojasiewicz inequality on analytic functions defined on R™ (see
[201-22]): for [¢] < 1 < B,

IVI(€)] > [D(€) —T(0)*~7, (3.51)
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where ¢’ € (0,1). Thus from 345), (351) and (50) we infer that
C(l M) [ + | v +v [l2(ry)

A GIENNGES O]

= | T - E(w+v)+E@+y) -TO)"

B +) ~ PO — CulD(e) — B+ )"

Y

1 Ly o
> SIB@+y) =TO" = Ol dv + v [z + I M(v) 2=, (3.52)

Hence, we see
| E(v+4) = T(0)["*
< (0wt llzee) + [ M(v) [])

%(20 + 20, (|| B0+ v ey + | M(w) [)20-001). (3.53)
Since 0 < 0’ < %, 2(1-6") =1 > 0, we can choose smaller S < (; such that when
vl 2 () < Bo,
(I Ovv +v 2y + || M(v) )29 1<, (3.54)
Then it follows from ([B.53]) that
| Ew+) =) < C(| 90+ v 2y + || M(v) |): (3.55)

Next we choose €, 0 < & < 6§ and By < 33 such that for ||v||g2< Bo,

1
G | E+v)=TO) = >1. (3.56)
Setting 6 = ¢’ — ¢ € (0, %), we finally have for ||v || z2< S,

10y +v 2y + | M(v) | 2] E(v+v) =T(0)]'° =| B(u) — E@)['™". (3.57)

which is exactly [B.26]). Thus, the lemma is proved. O

In order to prove our Theorem 1.1, we need the following modification of the previous
lemma in which we only need smallness of ||u — 9| in H' norm, which is crucial for
hyperbolic equations.

LEMMA 3.8. Let 1 be a critical point of E(u). Then there exist constants 6 € (0, 3) and
Bo > 0 depending on v such that for Yu € H?(Q2), we have

| —Aut fa,0) || +Howu -+l ) 2 | Bw) - B@w) [ (3.58)

provided [ju — || g1y < Bo.

Proof. We consider the following two cases:
(i) If lu— || g2 () < Bo, where By is the constant appearing in Lemma 3.6, then we have

| =Au+ fz,u) || + | Opu+u 2@y > | E(w) = E@) |77 (3.59)

Since ||wHH%(F) > ||wllp2(ry, Yw € H' (), it is easy to see that

I =Au+ flzu) |+l dutull,y ) 2| E()-E@) =0 (3.60)
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(ii) If lu — || g2() = Bo, then for v = u — 1, from the regularity theory for elliptic
problems we get

lllz= < CUAV] + 1000 + 0l g 1)) (3.61)

where C' is a constant independent of v. N
By HY(Q) — L%(Q) (n = 3), there exists By > 0 depending on % such that Vu,
lu — |l 1) < Bos

I7(w) ~ f 0l < o (3.62)
and
()~ B@) < 2. (3.63)

Noticing that ¢ satisfies (1.6), we deduce from (B.61]), (B.62) and B63) that
I = Au+ fz,w)ll + [0yu + ull

H3(T)
= 1= Aot flww) = f@ )+ 100+l g
2 (Ao + 110w +oll g ) = 1 (@, 0) = flz, D))
1
> ol = 17 w) — £ 0)]
> f—g > |E(u) — E(y)|*7. (3.64)
Thus the lemma is proved. (Il

4. Proof of Theorem 1.1. The proof consists of several steps.
Step 1. The w-limit set of (ug,u;)T € H is defined as follows:

w(uo,ur) = {(¥(x), d(x))" €M |
3 t,, — +oo such that (u(z,t,), u(x, t,))T — (W(z), ¢(2))T in H}.
Then we have

LEMMA 4.1. For any (ug,u;)” € D, the w-limit set of (ug,u;)” is a nonempty compact
connected subset in H. Furthermore,

(i) It is invariant under the nonlinear semigroup S(t) defined by the solution (u(z,t),
u(z, )T, ie., S(t)w(ug, u1) = w(ug,u;) for all £ > 0.
(ii) E(u) is constant on w(ug, u1). Moreover, w(ug, u1) consists of equilibria.

Proof. For the proof one can refer to Theorem 5.2 in [7]. O
Thus it follows that every element in w(ug,u;) has the form (z)(z),0)7, where 1 (z) is
a solution to problem (L6]), and

|lut]| — 0, as t — +oo. (4.1)

Step 2. After the previous preparations, we now proceed to finish the proof of Theorem
1.1, following a simple argument introduced in [I5] in which the key observation is that
after a certain time t(, the solution u will fall into the small neighborhood of ¥ and stay
there forever.
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As mentioned in the Introduction section, for the semilinear wave equation, there is a
term uy in the equation (1), being different from the parabolic equation. It turns out
that we cannot directly apply the extended Simon-Lojasiewicz inequality derived in the
previous section. Instead, we have to introduce an auxiliary function. Now let € be a
small positive real number, and define

H(t) = %/Qu?d:ﬂ+ E(u)+€/

[—Au + f(z,u)]urdr + 5/ |V, |2da
Q Q

3
+5/ | fAu+f(x,u)|2d:C+g/ f’($7U)|Ut‘2d$+ 55”1}45”%2(1-\) (42)
Q Q

Then H(t) is well defined for all ¢ > 0 as a sequence of Lemma 2.2 and H (t) is bounded
from below. We have for ¢ > 0,

am
dt

= —|jw|® - ||Ut||2L2(F) —l—a/g[—Au—l—f(x,u)]tutdac—i—a/ﬂ[—Au—i—f(x,u)]uttdx
+2€/9Vut . Vuttdx—l—QE/Q[Au — f(z,u)]t[Au — f(z,u)]dz
—i—a/ﬂf”(x,u)|ut\2utdx—|—25/Qf'(x,u)ututtdx+36/Fututtd5

=l = ol ey — <Vl = [ (o — el - A+ fla, )P
—l—E/Q[Au—f(J:,u)]utdx—QEHuttHLz(p) —|—€/Qf”(x7u)\ut|2utdx
—elluelZar- (4.3)

Using the Cauchy-Schwarz inequality for the term [[Au — f(z,u)|u;dz we find that

dH

E < /Q[_% —Ef/(I7’U,)—|—€f”(.’L‘,U)Ut]|ut|2d.’E— %” _Au+f(xau)‘|2

=Lt )y — el Vuel . (4.4)

We note that u € H?(Q) — L*(Q) (n = 3) and then by Lemma 2.2, f/(x,u) and f”(z,u)
remain bounded. By the Gagliardo-Nirenberg inequality

3 3
JuillFs < CollVuel|2 luel| = + Collu®.
Then we have

/ (@, wyupde < Colluelgs < ColerlVue|? + Clex) uell® + Cofluel®). (4.5)
Q

1, and taking e small such that |ef’(z,u)| < 1, we
can conclude from (T]) and also the trace theorem that there exists C3 > 0, C3 > 0 and

Taking ¢; small such that Cpe; < 1
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Ty > 0 such that for all t > T > 0,

d
—H(t
7 (t)
< =Callue® + || = AuA flz,u)|? + [ Vol + el 72 0y)
Cs
< mp Ul + 1 = Au fz, w)ll + [Vl + el L2 (ry)?
< —Cs(lluell + || = Au+ fz,w)| + [ Vel + el g2y + ”“t”H%(r))Q’ (4.6)

i.e., H(t) is decreasing on [T}, +00). It follows that as time goes to +o00, H(t) has a finite
limit. Since (1(x),0)T € w(ug,uy), there is a sequence t,, t, — +oo such that

w(z, tn) — P(z) (4.7)
in H'(Q). It turns out that
E(tn) — E(Y). (4.8)

It easily follows from Lemma 2.2, (@), (£6), and (L)) that for ¢t > T7, H(t) > E(¢)
and the equal sign holds if and only if for all ¢ > T3, u is independent of ¢ and satisfies
the equation —Au + f(x,u) = 0.

On the other hand, for 6 being the constant appearing in Lemma 3.7, and for all
t > 11,

d 1 d
— g HE) = E))” = —0[H(t) - B(¥)]’ 1%}1(75). (4.9)

By Holder’s inequality, we get
[H(t) — E())°
< CllE() = B + [l PO + gl 2952 + I - A+ far,w) 20
H| = Aut f w7 w0+ [V |29). (4.10)
By Young’s inequality we have
I = A+ f ()|l 0 < = Aut f )]+ flue| 070 (4.11)
Thus
[H(t) = BE(y)]'"’
< Ca(|B(u) = @)+ el =0 + el 750 + | = Au+ f(,w) 200
H| = Aut f @ w)l] + flue| T 4 [V 2. (4.12)
Since(1—6)/0 > 1, 2(1 —6) > 1, it follows from Lemma 2.2 and (@) that for all t > T,
[H(t) = EW)]'™" < Cs(1B(u) = E@)"" 4 [lugl| +[|uel| 120y + 1| = Aut f (@, w) ||+ Ve ).
(4.13)
We now consider all possibilities.
(1). If there is a tg > T3 such that at this time H(¢) = E(v), then for all ¢ > ¢y, as we

have proved previously, u is independent of ¢. Since u(z,t,) — 1, then we are done.
(2). If there is tg > T} such that for all t > tg, v = u— 1 satisfies the condition of Lemma
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3.7, 1e., ||| g < o, then for 6 € (0, 1) appearing in Lemma 3.7, a combination of (&),
#3) with (@I3]), and application of Lemma 3.7 yields

d s Cs0
g ) = BT+ o= (el 1 = Awt f @ wll + Vel + luellzz ey +lluell 3 ) < 0
(4.14)
Integrating from ¢y to t, we get
[H(t) ~ E(¥))°
Cs0 [
s ), (luell + 11 = Au+ fz, wll + Vel + el ey + el g ) )dr
< [H(to) — E®¥)]’ < +o0. (4.15)
Since for t > Ty, H(t) — E(¢)) > 0, we have
¢
| ug || dr < 400, t > to. (4.16)

to

This simply implies that as ¢ — 400, u(t) converges in L2. It follows from Lemma 2.2
that u(t) is precompact in H!(Q). Hence, from the uniqueness of the limit we can deduce
that

Jim [u(t) — ] = 0. (4.17)

(3). It follows from (I), ({7) and Lemma 2.2 that for any ¢ > 0 with ¢ < 3y, there
exists an integer N such that when n > N,
o
lultn) =¥ |l < Cllut, ta) = ¢llm < 5 (4.18)

On the other hand, we deduce from the fact that H(t) is decreasing in [T1,+00) and it
has a finite limit as t — 400 that when n > N, for all t > t,,,

Cs5 - 0 _ _ 0 7
Gut ((H(tn) — E())" = (H(t) — E(¥))?) < 5" (4.19)
Define
tn =sup{ t >t | [[u(-,s) = |m (o)< Bo, Vs € [tn,t]}. (4.20)

It follows from ([EIR) and continuity of the orbit in H?(Q) that ¢, > t, for all n > N.
Then there are two possibilities:

(i). If there exists ng > N such that t,, = +oo, then from the previous discussions in
(1), (2), we are done.

(ii) Otherwise, for all n > N, we have t,, < ¢, < 00, and for all t € [t,,t,], E(¢) < H(t).
Then from (EIF) with ¢y being replaced by t,, and ¢ being replaced by ¢, we deduce
that

tn 05 0 _ 0 o
[ ldr < 22 ()~ B@) - (HE) - B@)) < 5. (@21)

n 3
Thus, it follows that

n
lultn) =1l < llu(tn) — 2|l +/t lus || d7 < o, (4.22)

n
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which implies that when n — +o0,
u(t,) — ¢  in L3(Q).

Since u(t) is precompact in H*(£2), there exists a subsequence of {u(%,)}, still denoted
by {u(t,)}, converging to ¢ in H'(Q). Then we can deduce that when n is sufficiently
large,

lu(tn) =¥ lla (@) < Bo,
which contradicts the definition of #,, that ||u(-,t,) — ¥||g1 Q) = Bo. Thus, the theorem
is proved.

Acknowledgment. We are grateful to professor M. Grasselli for calling our attention
to the paper [I0] for the proof of Lemma 2.2.
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