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ABSTRACT. This paper is concerned with the the asymptotic behavior of solutions of
the critical generalized Korteweg-de Vries equation in a bounded interval with a lo-
calized damping term. Combining multiplier techniques and compactness arguments
it is shown that the problem of exponential decay of the energy is reduced to prove
the unique continuation property of weak solutions. A locally uniform stabilization
result is derived.

1. Introduction

We study the exponential decay of the solutions of the critical generalized Korteweg-
de Vries equation in the domain (0, L) under the presence of a localized damping:

( Uy + Uy + Uy + vy +a(x)u=0 in (0,L) x (0,00),
u(0,t) =u(L,t) =0, te(0,00)
u.(L,t) =0, te(0,00)

L u(x,0) =up(z), x€(0,L).

We assume that the real-valued function a = a(x) satisfies the condition

(1.1)

a€ L>*(0,L) and a(x) >ag >0 a.e. in w, 12)
1.2
where w is a nonempty open subset of (0, L).
Multiplying equation (1.1) by u and integrating in (0, L) we get
dE L 1
P _/0 ), 0)Pde = 2 Jue (0, 1) (1.3)
where
1 L
E(t) = 5/ lu(x,t)|*dx. (1.4)
0

Note that the term a(x)u plays the role of a feedback damping mechanism and, conse-
quently, one can investigate if the solutions of (1.1) tend to zero as ¢ — oo and under
what rate they decay.
The above equation is a generalization of the well known Korteweg-de Vries equation,
that is,
Up + Ugge + iy, = 0.
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When it is considered in the real line, it is called critical for various reasons. For
instance, if u is a solution of the initial value problem associated to the equation in
(1.1) with a = 0, then uy(z,t) = A/2u(A\z, A3t) is also a solution and ||uy||z2 = ||ul|z:.
That is, the mass remains invariant by scaling. Local results for data in L? were
established by Kenig, Ponce and Vega [7]. On the other hand, Merle in [10] showed
that solutions in H' may blow-up in finite time. Thus this nonlinearity is critical
for the long time behavior of solutions. The generalized Korteweg-de Vries equation
has been extensively studied for understanding the interaction between the dispersive
term and the nonlinearity in the context of the theory of nonlinear dispersive evolution
equations. Here, our purpose is to extend, in some sense, the previous results on the
subject obtained for the Korteweg-de Vries equation posed on a finite domain, i. e.

Ut + Uy + Uz + utty + a(z)u =0, in (0,L) x (0, 00). (1.5)

In this paper, we are concerned with the exponential decay of F(t). More precisely,
our purpose is to prove that, for any R > 0, there exist constants C' = C(R) and
a = a(R) satistying

E(t) < C(R)E(0)e Bt v ¢ >0,

provided E(0) < R, which can be stated in the following equivalent form: Find 7" > 0
and C' > 0 such that

E(0) < C /0 ' [ /0 @ () + w20, ) dt (1.6)

holds for every finite energy solution of (1.1). Indeed, from (1.6) and (1.3) we have
that E(T) < vFE(0) with 0 < v < 1, which combined with the semigroup property
allow us to derive the exponential decay of E(t). Here, due to technical reasons that
will become clear in the proofs, we will consider data ug such that |lug||z2(,r) is small.

The main tools we use for obtaining (1.6) follow closely the multiplier techniques
developed in [12] for the analysis of controllability properties of (1.5) under boundary
conditions given in (1.1). However, when using multipliers, the nonlinearity produces
extra terms that we handle by compactness what reduces the problem in showing that
the unique solution of (1.1), such that a(z) = 0 everywhere and u,(0,¢) for all time ¢,
has to be the trivial one. This problem may be viewed as a unique continuation one
since au = 0 implies that « = 0 in {a > 0} x (0,7)).

The same problem has been intensively investigated in the context of wave equation
but there are fewer results for the KdV type equation. In [9], the case where the
damping term is active simultaneously in a neighborhood of both extremes of the
interval (0, L) was addressed for (1.5) under boundary conditions as in (1.1). Using
multiplier techniques the problem was solved in two steps: first, extending the solution
by zero outside the interval (0, L), one gets a compactly supported (in space) solution
of the Cauchy problem for the KdV equation on the whole line. Then, one applies the
classical smoothing properties in [6] showing that the solution is smooth. This allows
one to apply the unique continuation property results in [17] on smooth solutions to
conclude that v = 0. Later on, performing as in [9], the general case was solved in
[11] showing that solutions vanishing on any subinterval are necessarily smooth which
yields enough regularity on u to apply the unique continuation results obtained in [15].
More recently, L. Rosier and B.-Y. Zhang considered the generalized KdV model

Ut + Uy + Ugge + uPu, +a(z)u =0, in (0,L) x (0,00) (1.7)
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with boundary conditions as in (1.1) and p = 2, 3. It was established existence, unique-
ness, and persistence properties of solutions corresponding to the given initial data wy,
together with continuous dependence on solution upon the initial data uy. Follow-
ing the methods described above (multiplier techniques, compactness arguments and
unique continuation property) the decay of solutions in the energy space was also ob-
tained. At that point we observe that to obtain the decay of solutions they use a new
unique continuation property which proof is mainly based on a Carleman type estimate
for the Korteweg-de Vries equation established by Rosier in [13] (see also Lemmas 3.1
and 3.2). Both results, decay of solutions and well-posedness, represent a significant
advance in the subject since most of the results were obtained for the pure Korteweg-de
Vries equation (see for instance [1] and the references therein ).

In recent years, there has been a great interest in the study of the boundary value
problems associated to (1.1) (see for instance, [1], [2], [5], [9], [12], [13]). The difficulty
to study problem (1.1) is introduced by the nonlinearity and the lack of smoothing
effects to deal with it. For our purpose it will be enough to consider a weak solution

o (1.1). We will use the results obtained by Faminskii [4] to guarantee the existence
of solutions to (1.1).

In what concerns the exponential decay, we argue as in the previous works, using
multipliers, what requires the application of a unique continuation result. However,
this unique continuation result may not be applied directly because of the lack of
regularity of solutions we are dealing with. To overcome this problem, we proceed as
in [13] and we first guarantee that the solutions are smooth enough (see Lemmas 3.1
and 3.2). Our result is of local nature in the sense that the exponential decay rate is
uniform only for initial data in balls Bg(0) of L?(0, L) with 0 < R < 1.

Before leaving this section we would like to comment on the following issue. For the
boundary value problem (1.1), according to the dissipation law (1.3), even when a = 0,
the energy is dissipated through the extreme x = 0. In the linear case, as shown in
[12] and [9], there are critical lengths L for which the decay is not true. Such lengths
L form the set

= {z—ﬂ k%2 + kl + 12, k and [ are positive natural numbers}.
V3
Whether solutions of the nonlinear problem decay in this case or not is an open problem.
The article is organized as follows: In Section 2 we prepare the needed estimates to
prove our main result. Section 3 will be devoted to establish the stabilization result.
We would like to thank A. Faminskii to point out a minor problem in a previous
version of this manuscript and the reference [4] which simplified our arguments.

2. PRELIMINARY ESTIMATES

We establish a series of estimates that will be useful in the proof of Theorem 3.3.
We begin by stating the following existence result due to Faminskii [4].

Theorem 2.1 (See [4], Theorem 1). Let uy € L*(0,L) and T > 0 be given. Then,
there exists a T* € (0,T] such that the problem (1.1) admits a unique solution u €
C([0,77]; L2(0, L)) N L*((0,T*); Hy (0, L)).

In the next proposition we will obtain some additional properties of the solutions to
(1.1).
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Proposition 2.2. Let u be the solution of problem (1.1) obtained in Theorem (2.1).
If luollzeo.y << 1 then,

||U0||%2(0,L)
1- Co ||u0||i2(07L))

2
||U||L2(0,T;H3(0,L)) = A (

where ¢; = (T, L) and ¢y are positive constants. Furthermore, u, € L3 (0,T; H=2(0, L)).

Proof: The proof will be done in several steps.

First estimate: Multiplying the equation in (1.1) by u we obtain

1d 1 L
5 gt 1) + 5 lus (0, ) + / a(@)lu(t) *dr = 0. (2.8)
0

Consequently, if T > 0, we deduce that

| oo 0,7:2200,0)) < ol £2(0,1)-

Second estimate: Now, we multiply the equation in (1.1) by zu to bound u in
L*(0,T; H} (0, L)). Indeed, integrating over (0, L) x (0,7T), we get

T L 1 L 2 T L
/ / oy [Pzt + / olu(z, T)2dz + 2 / / va(a)udzdt
0 0 3 0 3 0 0

1 (T L o (T (L 1 L
— _/ / lu|?dxdt — —/ / x[u)’u drdt + —/ x|uo|*dz.
3Jo Jo 3Jo Jo 3 Jo

Then, integrating by parts and using the boundary it follows that

T L 1 (T (L
/ / z[ulu, drdt = ——/ / |u|®dxdt. (2.10)
o Jo 6.Jo Jo

Thus, replacing (2.10) into (2.9) and using the first estimate we have the following
inequality:

(2.9)

(T + L) Y
”uH%Q(O,T;HOl(Q) < THUOH%Q(O,L) + 9 |u|6d:pdt. (2.11)
o Jo

On the other hand, from the classical interpolation inequality (Gagliardo-Nirenberg),
the Sobolev embedding theorem and (2.8) the following holds

T L T L
| [ pdsar < [ uli, [ Pdode
0 0 0 0

T

<c / ), (0 2 0.1 ) 2
T

e / )0, 1t ()2
0

T
< C e, / ()20t
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for some constant C'. The above inequality together with (2.11) and the first estimate,
allow us to conclude that

T+1L)

(
(1- CHUOH%/?(O,L))||u||%2(O,T;H&(U,L)) < ||U0||L2(0,L)-

Third estimate: To obtain a bound for u; we have to pay some attention to the

1
nonlinear term [u|*u, = —890 [u]°. First, observe that for a > 0 (to be chosen later),

L
// 1°|*dxdt // P02 |uf? dxdt</ ||u||i0‘oo%L/ lu|?dxdt
0

52 + 2
<o ulaonlul s ar
0
g ba—2 —oar?
<e / ota 382 e el s
" T 5a-2
<cllunll 7% [ el oy
0

6
Choosing o = 5 from the first and the second estimates we get

{[u)?} is bounded in L3 ((0,T) x (0, L)).
On the other hand, since L3(0,L) — H~Y(0, L) (because H}(0,L) — L*>(0,L)) we

conclude that

{[w*u, } = {%ax[uy”’} is bounded in Lg(O,T; H™%(0,L)).

Fourth estimate: Now, we can obtain a bound for {u;}. Indeed, since

Yy — a(x)u

Ut = —Uggy — Uz — [U]
the previous estimates allows to conclude that
{u,} is bounded in L5 (0, T; H~2(0, L)).

This completes the proof of Proposition 2.2.
3. EXPONENTIAL DECAY

Now we concentrate on the stabilization. The following results will be needed:

Lemma 3.1 (See [14], Lemma 3.6). Let 0 < t; < to < T and u the solution of (1.1)
obtained in Theorem 2.1. Then, there exists a subinterval (t},t5) C (t1,t2) such that
u € L(ty, ty; H'(0, L)).

Lemma 3.2 (See [14], Lemma 3.5). Let w and a = a(z) be as in (1.2). Ifu €
L>(0,T; H(0,L)) solves (1.1) and u =0 in w, then uw =0 in (0,L) x (0,T).

Our main result reads as follows:

Theorem 3.3. Let u be the solution of problem (1.1) given by Theorem 2.1 and w
and a = a(x) as in (1.2). Then, for any 0 < R < 1 and T > 0, there exist positive
constants ¢ = ¢(R,T) and p = u(R) such that

E(t) < clluollZ2 e ™
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holds for all t > 0 and uy satisfying ||uo|| r20,0) < R.
Proof: Multiply equation in (1.1) by u and integrate in (0, L) to obtain
1d 2 1 2 r 2
5 7 Iz, + 5ul0, ) + i a(x)lu(t)["dz = 0. (3.12)

We claim that for any 7" > 0, there exists ¢ = ¢(T") > 0 such that

luoll72(0,1. <CU |1 (0, 1)) 2dt+/ / 2dxdt] (3.13)

for every solution of (1.1). This fact, together with the energy dissipation law (1.3)
and the semigroup property, suffices to obtain the uniform exponential decay. In fact,
let us prove (3.13). We multiply equation in (1.1) by zu, integrate over (0, L) x (0,T)
and proceed as in steps (2.9)-(2.11) to obtain

HUH%?(O,T;H(Z;((),L)) <C(T), (3.14)

for some C(T') > 0.
On the other hand, multiplying the equation by (7' —t¢)u and integrating on (0, L) x
(0,T) we obtain the identity

L T L
T/ uidw :/ / ]u\zdxdt—l—/ (T —t)|ug (0, 1) 2dt + 2/ / T —t)a(z)|u*dzdt.
0 o Jo 0

(3.15)
Consequently,

/ugdx< // 1) dscdt+/ (0, 1) 2t + 2// 2)ulfdzdt.  (3.16)
0

Therefore, in order to show (3.13) it suffices to prove that for any T > 0, there exists
a positive constant C(7) such that

T L
/ / lu|?dwdt < Cl{/ luz(0,1)] dt+2/ / |u|2d$dt} (3.17)
o Jo

Let us argue by contradiction following the so-called “compactness-uniqueness” argu-
ment (see for instance [18]). Suppose that (3.17) is not valid. Then, we can find a
sequence of functions {u,} € L*(0,T;L*(0,L)) N L*(0,T; H}(0, L)) that solve (1.1)
and such that

lim ||Un”L2 0,T;L2(0,L))

"*m/ |um0t|dt—|—/ / ) dedt

Let Ay = |[un|r2(0,7522(0,0)) and define wy(z,t) = wu,(z,t)/N,. For each n € N the
function w,, solves

Wnt + Wz + Whgww + Apwiwy,  +a(z)w, =0 in (0,L) x (0,7T),
w,(0,1) = w,(L,t) =0, te(0,7),

Wy (L,t) =0, te(0,T),

Wy (2,0) = won = up(x,0)/ Ny, z € (0,L).

Moreover,

= +00.

(3.18)

||wn||L2(o,T;L2(o,L)) =1 (3.19)



CRITICAL KDV EQUATION 7

T L T L
/ / |w,, (0, t)|Pdzdt + / / a(z)w?dzdt — 0 (3.20)
o Jo o Jo
as n — 00.

Using (3.16) it follows that w,(+,0) is bounded in L?(0, L). Then, by (3.14) it follows
that

and

lwall 20,713 0,L)) < C, VR €N (3.21)
for some constant C' > 0. Also, since
Wyt = —Wpp — W zze — AWy, » — a(x)w, in D'(0,T; H*(0,L))
performing as in the previous section, the above estimates guarantee that
{wp+} is bounded in Lg(O,T; H™%(0,L)). (3.22)

At that point, we claim that the following holds:

There exists s > 0 such that {w,} is bounded in L*(0,T; H*(0,L)), the embedding
H*(0,L) — L*0, L) being compact.

In fact, since {w,} is bounded in L?(0,T; H}(0, L)) N L>=(0,T; L*(0, L)) by interpo-
lation we can deduce that {w,} is bounded in

[Lq(oa T§ LQ(Ov L))? L2(07 T; H(% (07 L))]O = Lp(o’ T; [L2(07 L)v H(% (07 L)]G)a

where % = %9 +§ and 0 < 6 < 1. Thus, choosing ¢ = 0o, § = 1/2, so that p = 4, the

claim holds with s = 1/2, i.e.,

[L2(0,L), HX(0, L)], = H2(0,L).

1
2

Furthermore, the embedding H %(O, L) — L*0, L) is compact.
Due to the statement above, (3.22) and classical compactness results ([16], Corollary
4) we can extract a subsequence of {w,}, that we also denote by {w,}, such that

w, — w strongly in L*(0,T; L*(0, L)), (3.23)
and by (3.19),

1wl z2(0,r;02(0,L)) = 1. (3.24)

T T L
0 = liminf{/ |wmm\2dt+/ / a(a:)widxdt}
nmee 0 o Jo
T T L
> / |wx(0,t)|2dt+/ / a(x)widxdt. (3.25)
0 o Jo

We now distinguish two situations:
(a) There exists a subsequence of {\,} also denoted by {\,} such that

Also,

An — 0.
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In this case, the limit w satisfies the linear problem
Wy + Wy + Wege + a(x)w =0 in (0,L) x (0,T),
w(0,t) =w(L,t) =0, te(0,7),
we(L,t) =0, te(0,7),
w=0, inwx(0,7).

Then, by Holmgren’s Uniqueness Theorem, w = 0 in (0, L) x (0, T") and this contradicts
(3.24).
(b) There exists a subsequence of {\,} also denoted by {A,} and A > 0 such that

A — A

In this case, the limit function w solves system (3.18) and so, we apply the Unique
Continuation Property (UCP) proved in [14] for the subset w obtaining that w = 0
in (0,L) x (0,7) and again, this is a contradiction. Indeed, let ¢; € (0,T) and let
ty € (t1,T). According to Lemma 3.1, w € L*(t),th; H'(0,L)) for some interval
(t],t5) C (t1,t2). Then, it follows from Lemma 3.2 that w = 0 on (¢},%}) x (0,L). As
ty is arbitrary close to t;, we obtain by continuity of w in H~! that w(.,t) = 0. Thus,
w=0.

In summary, we see that, in each of the possible situations (a) and (b) we are in

a contradiction. Then, necessarily, (3.17) holds. This complete the proof of Theorem
3.3.
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