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On the Convergence to Stationary
Solutions for a Semilinear Wave Equation
with an Acoustic Boundary Condition

Sergio Frigeri

Abstract. We consider a semilinear wave equation equipped with an acoustic bound-
ary condition. More precisely, we study a system consisting of the wave equation for
the evolution of an unknown function in a three-dimensional domain €2, i.e., the veloc-
ity potential u, coupled with an ordinary differential equation for the evolution of an
unknown function on 9{2, i.e., the normal displacement §. The system is completed
with a third condition expressing the impenetrability of the boundary. This problem,
inspired on a model for acoustic wave motion of a fluid in a domain with locally
reacting boundary surface, originally proposed by J. T. Beale and S. I. Rosencrans
in [Bull. Amer. Math. Soc. 80 (1974), 1276 — 1278], has been studied by S. Frigeri
in [J. Evol. Equ. 10 (2010), 29 — 58] from the point of view of the global asymp-
totic analysis. The goal of this paper is to analyze the asymptotic behavior of single
trajectories, proving that, when the nonlinearity f(u) is analytic, every weak solu-
tion converges to a stationary state. The result is obtained by suitably using an
argument, due to Haraux-Jendoubi and based on the Simon-Lojasiewicz inequality.
Furthermore, we provide an estimate for the decay rate to equilibrium.
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1. Introduction

Consider a bounded domain Q C R3 filled with a fluid which is at rest except for
perturbations due to acoustic waves. The physical state of the fluid is described
by the velocity potential u = u(x,t), € Q which is connected to the particle
velocity v = v(z,t), x € Q, by v = —Vu(z,1).

From theoretical acoustics (see, e.g., [12]) it is well known that u(z,t) sat-

isfies the wave equation
Uy = C2Au in Q, (1)
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where c is the speed of sound in the medium. Now, suppose that the boundary
[' = 092 of the domain is not rigid, but subject to small perturbations. Namely,
we describe the boundary as a distributed system of independent springs which
interact with the fluid by reacting to the excess pressure of the acoustic wave
like a resistive armonic oscillator. If we introduce the normal displacement
d = d0(x,t), x € I, of the boundary into the domain, then, according with this
model, § satisfies the equation for motion of a damped and forced harmonic
oscillator at each point x € I, i.e.,

m(x)du(z,t) + d()0(x, t) + k(x)d(z, t) = —puy(z,t) on T, (2)

where p is the density of the fluid, m, d and k are the mass per unit area, the
resistivity and the spring constant of the boundary, respectively.

The model is finally completed with a third condition expressing the im-
penetrability of the boundary, i.e., the fact that on I" we have v-n = —4 (n is
the outward normal). This compatibility condition is therefore

g—z =0 onl. (3)
System (1)—(3) has been proposed by J. T. Beale and S. I. Rosencrans in their
pioneering paper [1].

We point out that system (1)—(3) can be considered as a partial differential
equation (i.e., the wave equation (1)) describing the evolution of the velocity
potential in the domain €2, coupled with an ordinary differential equation (i.e.,
the harmonic type oscillator equation (2)) which governs the evolution of the
displacement § of the boundary I', with a compatibility condition (cf. (3)) added
for physical reasons.

The model we consider in this paper is closely related with the original
model by Beale and Rosencrans. More precisely, in our model we introduce
a nonlinear term f(u) in the wave equation (1) which accounts for nonlinear
effects in the small wave motion of the fluid. Furthermore, we also consider
dissipation effects inside the domain 2 by adding the term wu; to the wave
equation. Notice that the dissipation on the boundary is given by the term
do; in (2). For the sake of simplicity we set all the coefficients, with the only
exception of the damping parameters, equal to 1. The problem we consider is
therefore the following

Uy +wuy — Au+u+ f(u) =0 in Q x (0,400)

5tt + V5t +6= —Uy On I' x (O,+OO) (4)
0 = g—z on I' x (0, +00),

where w and v > 0 are the interior and surface damping parameter, respectively.
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Problem (1)—(3) has been considered in [1-3] for the exterior domain case.
In these papers well-posedness (cf. [2]) and some spectral properties of the
evolution semigroup generator (cf. [2,3]) have been studied.

More recently wave equations with acoustic boundary conditions have been
considered by many authors. In particular we mention [4,5,8,9,13,18] as far
as well-posedness and spectral results are concerned, and [7] which, to the best
of our knowledge, is the first paper where the asymptotic behavior of solutions
has been analyzed. Indeed, in [7], problem (4) has been considered from the
point of view of the theory of infinite-dimensional dissipative dynamical systems
and the existence of a bounded absorbing set, of the global attractor and of an
exponential attractor of optimal regularity have been established.

In this paper our aim is to study the convergence towards equilibria of
solutions to system (4), under the assumption of analytic nonlinearity, by means
of the Simon-Lojasiewicz technique. We point out that, in general, this is not
a trivial issue since the set of stationary solutions can be a continuum. In
particular, there might be initial conditions whose w-limit sets do not reduce to
a singleton even though the nonlinear term is C* (see [15,16], where a parabolic
semilinear equation with a nonanalytic nonlinearity is considered). However, if
the nonlinearity is real analytic, in many cases it is possible to show that any
(sufficiently smooth) trajectory converges to a single equilibrium. A well-known
technique is based on Simon-Lojasiewicz type inequalities.

The key step in the application of the classical Haraux-Jendoubi argument
(see [11]) is the introduction of a suitable auxiliary functional (cf. (21) below).

Furthermore, another goal of the paper is to provide an estimate for the
convergence rate to equilibrium. This will be established by means of a de-
composition method of the solution inspired by [14]. This method requires the
additional assumption that f’ has to be bounded from below.

We observe that there are only few works in literature on the asymptotic
behavior (and, in particular, on the convergence to stationary solutions) for
evolution equations with dynamic boundary conditions (see, e.g., [10,17] and
references therein). The present paper, along with the previous one [7], aim to
be a contribution in this direction.

2. Preliminary results

Let us introduce some notation. We denote by (-,-) and || - || the inner product
and the norm on L?(f2), respectively. For every s € R, the inner product
and the norm in the Sobolev space H*(2) will be denoted by (-,-)s and || - ||s,
respectively. The inner product on L*(T') is (-,-) and the corresponding norm

is simply [| - || 2(r).-
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We now state the assumptions we need on the nonlinear term f € C'(R).

P <all+a), e >0 (5)
o fw)
fiminf == > —1. (©)

For some results, in place of (5) we shall assume that f € C?(R) satisfies

()] < ea(T+[ul), c2>0 (7)
filu) > —1, 1>0. 8)

Existence and uniqueness of a weak solution to (4) has been obtained for the
linear case (f = 0) without interior dissipation (w = 0) in [2]. In [7], by
exploiting the results in [2], the existence of the solution semigroup S(t) is
proved for our system with f and w different from zero.

The finite energy phase space for S(t) is the Hilbert space

H = Hl(Q) X L2(Q) X L2(F) X LZ(I‘),
endowed with the norm
lwl|F, = llwil} + lwell* + llws|| 220y + [lwal 22,

for every w := (wy,wq, w3, ws) € H. Indeed, it is easy to write an energy
identity, which can be shown to be satisfied by all weak solutions w = (u, u, d, d;)
of the problem, and which has the form

&,
dt

where £,(t) = Ey(t) + [, F(u) and E,(t) = 1||w(?)]|}. We have set F(s) =
fos f(o)do. In order to consider strong solutions we also introduce the following
(second order) phase space

= —wlluell* = vl|0ell7 ). (9)

Hy = {w = (wy,ws, w5, ws) € HX(Q) x H(Q) x H2() x H3(T) : Sy = wy}
which is Hilbert with respect to the norm
lwlfze, = lleonllz + lwall + llwsl g )+ sl

We now recall the well-posedness result (see [7]).

Theorem 2.1. Let (5) and (6) hold and assume that wy € H. Then, there exists
a unique weak solution w € C°([0,4+00); H) to (4). For each weak solution
Eu(+) € CY([0,4+00)) and the energy equation (9) holds. Furthermore, if woy



Semilinear Wave Equation 185

and wge are two sets of data in 'H and wy, wy the corresponding solutions on
[0,400), there exists 0 > 0, depending only on the H-norms of the data and
independent of w, v, such that

[w (1) = wi (t)[[n < " [lwoz — worllre, V> 0.

Assuming, in addition, that f fulfills (7) and that wy € Hy, the corresponding
weak solution satisfies the reqularity property

w € CH([0, +00); H) N C°([0, +00); Hy).

Let us now introduce the Riesz map B : HY(Q) — HY(Q)', i.e., the linear
bounded isomorphism between H' and its dual associated to (-,-);. Further-
more, set

M(u) := Bu+ f(u), Yue H Q)

which is the Frechét derivative of the functional G € C*(H') given by
Lo 1
Gu) = gluli+ | F(u), Vue H(Q).
Q

We denote by S the set S := {uy € D(B) : M(u) = 0}, where D(B) = {v €
H2(Q) : 9yv = 0} is the domain of the operator B in L2(€2). With this notation,
the set of equilibria for problem (4) is & = {(tw0,0,0,0) € H : uyp € S}. We
first have the following.

Lemma 2.2. Let (5)—~(8) hold. Consider wy = (ug,u1,00,01) € H and the
corresponding trajectory w(t) = (u(t),u(t),0(t),0:(t)). Then, Upso{w(t)} is
precompact in 'H, and we have

u(t) — 0 in L*(Q), ast— +oo (10)
6:(t) = 0 in L*(T'), ast— +oo. (11)

Furthermore,
w(wy) C &, (12)

where w(wy) is the w-limit set of the trajectory.

Proof. The precompactness of the trajectory is an immediate consequence of the
existence of the global attractor, which is ensured under assumptions (5)—(8)
(see [7, Theorem 3]).

The proof of (10) follows the same argument used in [6, Lemma 1]. In
order to prove (11), we decompose the solution w as (cf. [7]) w = w? + we,
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where w? := (ud, u?, 5%, 52) and we := (u, us, 6¢, §¢) are solutions to

(ud + wul — Au + ul + (u) — Puc) = 0 in Q x (0,00)
6% +vod 4+ 6% = —ud on T x (0,00)

d (13)
6§l:aai on I' x (0,00)
n

w'(0) =wy in Q

and
((ug, + wuf — Au® +u’ +Y(u) =0u  in Qx (0,00)

O + v + 0= —uy on I' x (0,00)

< . out (14)
oy = 5 OO I' x (0,00)

w(0) =0 in €,

\
respectively. This decomposition technique is inspired by the one used in [14].
Here we have set 1(s) := f(s) + s, with € > [ fixed large enough. In [7] it is
shown that there exist three constants M, N and [ (depending on w and v)
such that

|w ()|l < Me P, vt >0, (15)

whereas
[w ()|, < N, ¥t >0. (16)

Then, we have §%(t) — 0 in L*(T). Furthermore, there holds
d (& (& C (& (& (& Cc Cc
_HétH%?(r) = 2(0, &) = _2V||5t”%2(1“) — 2(67,0%) — 2(67, uy).
dt

Hence, setting h(t) = [|0f[|72r), by (16) and [7, Lemma 5], we have [I'(t)| < c,
for every t € (0, 400). This fact, along with the dissipation integral

/OOO <w||ut<7')||2 + ull&(r)H%Q(F))dT < A(|Jwoll)

(see [7, Corollary 2]) and (15), which imply h € L'(0, +00), yields §¢(¢) — 0 in
L*(T') as t — +oo. Hence we get (11). Finally, (12) can be obtained by arguing,
e.g., as in [6, Lemma 1]. O

3. The main result

The key ingredient for the proof of the convergence to equilibria result is the well
known Simon-Lojasiewicz inequality, which we shall use in the form deduced
in [11, Theorem 2.2 and Proposition 5.3.1]. Thus, the assumption we need is
the following;:

f is real analytic. (17)
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Lemma 3.1. Let (5) and (17) hold. If uw, € S, then, there exist 6 € (O,%),
o >0 and ¢y > 0 such that

1G(u) = Gluse) '™ < colM(u) |y (18)
for every u € HY(Q) such that ||u — us|j1 < 0.

We now can state the convergence to equilibria result.

Theorem 3.2. Assume (5)—(8) and (17). Consider wy € H and the corre-
sponding trajectory w(t) = S(t)wy. Then, there exists u € S such that

w(t) = we nH, ast— +oo, (19)

where Wy = (Uno,0,0,0) € E. Furthermore, there exist a time ty > 0, two
positive constants a1, az and 0 € (0,3) such that

[w(t) — Woo||3¢ < ar(1+ ast) T3 ¥t > t,. (20)

Proof. Consider an element wo, = (oo, 0,0,0), us € S, in the w-limit set w(wy)
of the trajectory w(t) = (u(t),u(t),0(t), 0:(t)), and introduce the functional

1+ ev
10120

2(t) = gl + Gu) — Gluse) + (B~ M), ) +
4 510l + €56 + (5, B~ M(w)),
where € > 0 will be fixed later. After some calculations we obtain
(1) = —(w = )[uel]* = elld 2y = (v = el 7o) — e (ur, B M(u)
— e(M(w), B M) 1, 1+ 26(61, B M(w)) (22)
+e(us, B (w)ue) + €{6, B (u)uy).

Now observe that

(M(w), BT M) 1y i = M @) [Fy- (23)

Furthermore we have
—ew (e, B M) < M) [Fny, + e (24)
26(5:, BT M(u)) < ZIM@)Finy + eelldillagr. (25)

and, by [|f'(w)uel[ny < el f(wuell g o) < el (@)llzs lluell; also

e(ue, B f (whue) < elludlll f(w)ul| arry < el (26)
~_ €
€(0, B7 f'(wue) < 51100 z2r) + ecllu® (27)
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Therefore, by means of (23)—(27), from (22) we get
€ €
() < ~(w — ce(1 + ) [[ue* = NM Iy = = e)dillzz ey =5 101172y

and by choosing € € (0, €], with € small enough (depending on w and v), we are
led to

€ 2
() < =g er{lluell + M@y + [18ell 2y + 1002y}~ (28)
We now take a sequence t,, — 400 such that
u(ty) — s in H'(Q); 6(t,) — 0 in L*(D). (29)

Since @ is non-increasing on [0,+00), by (10), (11) and (29), we have that
O(t) — 0, as t — 400, and hence ® > 0 on [0, +00). We can write

@1 < eIl + 1G() — Gluse) ' + M)y + ]| '7* (30)
—0 —0 8
11D+ 1P + 11611, 2y + 11122 +||6t||m}

where 6 is the same as in (18). Hence, when |ju]] < 1, [|0¢||r2ry < 1 and
|lu — uxll1 < o, by (18) and on account of the fact that 2(1 -0)>1, 5>,
inequality (30) entails

" < eo{fluell + M) ey + 10l 2y + 102y }- (31)
Now, by virtue of (28), (31) and of

Cdgo g2 ife

- 2 Sl + M@ gy + 18z + 120}

(the inequality holds when [ju]| < 1, ||0¢|lr2ry < 1 and |[u — uso||1 < o), one
can exploit the classical argument (see, e.g., [6, Theorem 2]) which relies on the
integration of the last relation and on the precompactness of the trajectory in
‘H, in order to conclude that there exists 7 > 0 such that

uy € L'(1,4+00; L*(Q)), & € L7, +00; L*(T)).

Hence u(t) — uy in L*(Q) and 6(t) — 0 in L*(T), as t — +oo. By precom-
pactness and (10), (11) we finally get (19).

As far as the convergence rate is concerned we first observe that there exist
nonnegative constants by, b, and a time t* such that

lu(t) = oo || + [[6(t)|| 2y < b1 (1 + bot) " T= 29 Vit > t*. (32)
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Furthermore, we decompose the solution w according to w = w? +w®, where w?

and w* are solutions to systems (13) and (14), respectively, and introduce u® :=
U — Uso, 6 = 6°. By multiplying (14); in L*(Q) by % + eu® and (14) in L*(T)
by 5; +¢d°, by taking into account (14)3 and adding the resulting equations, we
get

1d
2dt
+2¢(3,,0°) + 2e<aC,SC>} + €||@©|]? + (w — €)|ac|?

1+ e+ 26 7) + 18 ey + 1]
—=C —=C —<C —=C 33
b 1) e Ly + = 5y 8y Y
= 2¢(T’ ,5t> + 0(u,w;) + €f(u,u’)
- (¢(u6) - f(uoo)aﬂg> - €(¢(u6) - f(uoo)aﬂc>~

Now, the terms on the right hand side of (33) can be rewritten and estimated
as follows

O(u, @) + €0 (u, a") — (V(u) = fluce), @) — e(V(u) = fluo), T)
= _(f(uc) - f(uoo)uﬂg) - e(f(uc) - f(uoo)aﬂc) + 0<ud7ﬂ§) + Ee(ud7ﬂc) (34)
W, e c
< SN + e[l + el £(u?) = fluse)I” + el|u’]?
2¢(u, 5 H(5 HL2 + ce?||[ac||3. (35)
If we now define
—¢ —¢ —¢ —c =C|12 =C||2 —<=C —<C _¢ €
= ||U ||% + ”ut”2 + QE(Ut,U ) + ||5 HLQ(F) + H5tHL2(F) + 2€<5t75 > + 2€<U 75 >a
then, by taking ¢ > 0 small enough and introducing w® = w® — w.,, we have
k@ ()3, < A(t) < kal[@®(1)]17,, (36)

with k; and ks two positive constants. Hence, plugging (34), (35) into (33) and
using also (36), for € small enough we deduce the following differential inequality

dA
—7 T A < el f(u) = fluso) [ + e (37)
Notice that, by (5), (15) and (32) we have
1 () = f (uoe)[I* < e+ [JucllZ + [Juoll2e) [

< [z ||*
< clfall* + cfja’|”?

< (1 + byt) T,
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Therefore, from (37) we are led to %% +cA < ¢(1 +b2t)_% for all ¢ > ;. From
this inequality, by means of the standard Gronwall lemma we easily deduce (20)
(see, e.g., the end of the proof of [6, Theorem 2]). O

Remark 3.3. For Q C R? another technique is available to get a convergence-
rate estimate. Such technique, which does not make use of the decomposition
of the solution, but only relies on the Gagliardo-Nirenberg interpolation in-
equality in 2D (cf. [6]), apparently does not need the stronger assumptions (7)
and (8), though it provides a less sharp convergence rate to equilibrium [6].
Nevertheless, the possibility of getting rid of assumptions (7) and (8) in order
to obtain the convergence (11), and hence for the convergence result as well,
seems highly problematic. For this reason the above mentioned technique for
the two-dimensional case has not been considered here.
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