N
N

N

HAL

open science

Control and Stabilization of the Benjamin-Ono Equation
in L*(T)

Camille Laurent, Felipe Linares, Lionel Rosier

» To cite this version:

Camille Laurent, Felipe Linares, Lionel Rosier.

10.1007/s00205-015-0887-5 . hal-00945105

HAL Id: hal-00945105
https://hal.science/hal-00945105
Submitted on 11 Feb 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Control and Stabilization of the Benjamin-Ono
Equation in L?(T). Archive for Rational Mechanics and Analysis, 2015, 218 (3), pp.1531 - 1575.


https://hal.science/hal-00945105
https://hal.archives-ouvertes.fr

CONTROL AND STABILIZATION OF THE BENJAMIN-ONO EQUATION
IN L*(T)

CAMILLE LAURENT, FELIPE LINARES, AND LIONEL ROSIER

ABSTRACT. We prove the control and stabilization of the Benjamin-Ono equation in L2 (T),
the lowest regularity where the initial value problem is well-posed. This problem was already
initiated in [31] where a stronger stabilization term was used (that makes the equation of
parabolic type in the control zone). Here we employ a more natural stabilization term related
to the L? norm. Moreover, by proving a theorem of controllability in L?, we manage to prove
the global controllability in large time. Our analysis relies strongly on the bilinear estimates
proved in [36] and some new extension of these estimates established here.

1. INTRODUCTION
In this paper, we consider the BO equation posed on the periodic domain T = R/(27Z):
ug + Hugy —uu, =0, €T, teR, (1.1)
where u is real valued and the Hilbert transform H is defined via Fourier transform as

(Fu)(€) = —isgn(€)a(€), ¢eZ.

The BO equation, posed on the line, arises as a model in waves propagation in stratified fluids
(see [6], and [40]) and has widely been studied in many different contexts (see [1], [2], [3], [8],
[10], [14], [15], [16],[18], [20], [23], [25],37],[38], [35], [39], [49], [50]).

In the periodic setting the best known result up to date regarding well-posedness for the
Cauchy problem was obtained by Molinet [33] (see also [36]) which guarantees the global well-
posedness of the problem (1.1) for initial L? data.

The BO equation possesses an infinite number of conserved quantities (see [9]). The first two
conserved quantities are

L(t) :/Tu(x,t)dx
and
Ir(t) :/TUQ(x,t) dx.

Since the BO equation was derived to study the propagation of interfaces of stratified fluids,
it is natural to think I; and Iy as expressing conservation of volume (or mass) and energy,
respectively.

Here we will study the equation (1.1) from a control point of view with a forcing term f =
f(z,t) added to the equation as a control input:

u + Hugy —uuy, = f(x,t), z €T, teR, (1.2)
1
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where f is assumed to be supported in a given open set w C T. In control theory the following
problems are essential:

Exact Control Problem: Given an initial state ug and a terminal state u; in a certain
space, can one find an appropriate control input f so that the equation (1.2) admits a solution
u which satisfies u(+,0) = ug and u(-,T) = u1?

Stabilization Problem: Can one find a feedback law f = Kwu so that the resulting closed-
loop system

up + Htgy — vy = Ku, x €T, teRT
is asymptotically stable as t — +o00?

Those questions were first investigated by Russell and Zhang in [48] for the Korteweg-de Vries
equation, which serves as a model for propagation of surface waves along a channel:

Ut + Uppe —uty = f, x €T, t€R. (1.3)

In their work, in order to keep the mass I1(t) conserved, the control input was chosen of the
form

F(@1) = (Sh) (1) = a(z) (b, 1) - / a(y)h(y.t) dy) (1.4)

where h is considered as a new control input, and a(x) is a given nonnegative smooth function
such that {z € T; a(z) > 0} = w and

orla] = /Ta(x) dz = 1.

For the chosen a, it is easy to see that

i/u(:ﬂ,t)d:v = / flz,t)de =0 VteR
for any solution u = u(z,t) of the system
Up + Ugge — Uty = Gh, x €T, t€R. (1.5)

Thus the mass of the system is indeed conserved.

The control of dispersive nonlinear waves equations on a periodic domain has been extensively
studied in the last decade: see e.g. [48, 45, 28] for the Korteweg-de Vries equation, [32] for
the Boussinesq system, [47] for the BBM equation, and [12, 43, 26, 46, 27] for the nonlinear
Schrodinger equation. By contrast, the control theory of the BO equation is at its early stage.
The linear problem was studied by Linares and Ortega [29]. They established the following
results regarding control and stabilization in this case.

Theorem A ([29]). Let s > 0 and T > 0 be given. Then for any ug,u; € H*(T) with [ug] = [u1]
one can find a control input h € L*(0,T, H*(T)) such that the solution of the system

ut + Hugy = Gh, u(z,0) = up(x) (1.6)
satisfies u(x,T) = uy(x).
In order to stabilize (1.6), they employed a simple control law

h(z,t) = =G u(x,t) = —Gu(x,t).
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The resulting closed-loop system reads!
up + Hugy = —35*u.

Theorem B ([29]). Let s > 0 be given. Then there exist some constants C > 0 and A > 0 such
that for any ug € H%(T), the solution of

up + Hugy = =55, u(z,0) = uo(x),

satisfies
Ju(-,t) — [UO]HHS(T) < CG_MHUO - [UO]HHS(T) vt > 0.

One of the main difficulties to extend the linear results to the nonlinear ones comes from the
fact that one cannot use the contraction principle in its usual form to establish the local well-
posedness of BO in H§(T) = {u € H*(T), [u] =0} for s > 0 (see [38]). The method of proof in
[33] and [36] used strongly Tao’s gauge transform, and it is not clear whether this approach can
be followed when an additional control term is present in the equation. Nevertheless, Linares and
Rosier in [31] obtained the first results regarding stabilization and control for the BO equation.
For completeness we will briefly describe these results.

In [31], it was considered the following feedback law

h = —D(Su),

where 1%(5) = €| u(&), to stabilize the BO equation. Thus scaling in (1.3) by u gives (at least
formally)

1 T 1
DIy + [ 1D G gyt = 5ol (1.7

which suggests that the energy is dissipated over time. On the other hand, (1.7) reveals a
smoothing effect, at least in the region {a > 0}. Using a propagation of regularity property in
the same vein as in [12, 26, 27, 28], it was proved that the smoothing effect holds everywhere,
i.e.

Il o oy < CT ) (18)

Using this smoothing effect and the classical compactness/uniqueness argument, it was shown
that the corresponding closed-loop equation is semi-globally exponentially stable. More precisely,

Theorem C ([31]). Let R > 0 be given. Then there exist some constants C = C(R) and
A = AMR) such that for any ug € HJ(T) with ||ug|| < R, the weak solutions in the sense of
vanishing viscosity of

up + Hugy — uuy = —G(D(Gu)), u(z,0) = ug(z), (1.9)

satisfy
Ju®ll < Ceuoll Ve =0,

Using again the smoothing effect (1.8), it was possible to extend (at least locally) the expo-
nential stability from H{(T) to H§(T) for s > 1/2.

1Actually7 it is easy seen that G is self-adjoint (i.e. §* = G). However, we shall keep the usual notation for the
feedback h = —G*u throughout .
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Theorem D ([31]). Let s € (3,2]. Then there exists p > 0 such that for any data ug € H(T)
with |luo|| gs(ry < p, there ewists for all T > 0 a unique solution u(t) of (1.9) in the class
s+%

C([0,T), H§(T))NL*(0, T, Hy 2(T)). Furthermore, there exist some constants C > 0 and A > 0
such that

Ju(®)||ls < Ce Muglls V¢ >0.

Finally, including the same feedback law h = —D(Gu) in the control input to obtain a smooth-
ing effect, it was derived an exact controllability result for the full equation as well. More
precisely,

Theorem E ([31]). Let s € (3,2] and T > 0 be given. Then there exists § > 0 such that for
any ug, w1 € H§(T) satisfying

luollgsry <0, Nluallps(ry <6

one can find a control input h € L?(0,T, Hsfé(']I')) such that the system (1.5) admits a solution
1
u € C([0,T), HS(T)) N L*(0,T, H % (T)) satisfying

u(z,0) = up(z), u(z,T)=mui(zx).

Our main purpose here is to obtain the control and stabilization result in the largest space
where local well-posedness is known for the BO equation, that is, for initial data in L?(T). As
we commented above the main difficulty to treat the problem for data in L? was to use the
gauge transform w = —%Py (ue~="") introduced in [50]. We first consider the Cauchy problem
associated to the BO equation with a forcing term, that is,

u(x,0) = up(z)

for data in L?(T) and g € L?([0,T], L?(T)). Then, we establish the well-posedness theory for
(1.10). The main tool used is the bilinear estimates approach employed by Molinet and Pilod
[36] to show the local well-posedness of the BO equation in both cases in the real line and
in the periodic setting for data in L?(T) (see [18] for the first proof of this result in L?(R)).
The argument in [36] takes advantage of uniform estimates for small data for which the gauge
transform is well defined and a scaled argument (subcritical) to consider any size data. In our
case, we apply some Sobolev estimates which avoid the use of uniform estimates and we apply
directly the argument in [36]. Then we have to analyze the gauge transform for large frequency
data, for which this transformation has a bad behavior. Doing so we extend previous estimates
to overcome this difficulty. For instance we refine the bilinear estimates and obtain an extra
time factor (see Lemma 2.8) used to deal with large data as well as intermediate estimates to
treat the same situation (see the Appendix).

Next we describe the main results in this paper.

We begin with the exact controllability result. More precisely,

Theorem 1.1.
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(i) (Small data) For any T > 0, there exists some § > 0 such that for any ug,u; € L?(T)
with
luoll <0, [lusll <6 and  [uo] = [ui]
one can find a control input h € L*([0,T], L*(T)) such that the solution u of the system

{ut + Hugy — uu, = Gh, (1.11)

u(z,0) = up(x)
satisfies u(x,T) = ui(x) on T.

(ii) (Large data) For any R > 0, there exists a positive T = T (R) such that the above property
holds for any ug,u; € L*(T) with

luol| < R, |luall < R and  [ug] = [ua].

Remark 1.1. We will give the proof of the theorem assuming that [ug] = [u1] = 0. The general
case can be done after the change of variables u(z,t) = u(x — tlugl,t) — [uo] is made in the
equation in (1.11). The results in Theorem A remain valid for the new equation in u.

The argument of proof is as follows. The control result for large data (ii) will be a combination
of a stabilization result presented below and of the result (i) for small data, as is usual in control
theory (see for instance [13, 12, 26, 27, 28]). The local control result (ii) will be proved using a
perturbation argument from the linear result [29]. The difficulty comes from the fact that we
need some estimates at higher order for the nonlinear equation, which are quite complicated
due to the absence of a direct Duhamel formulation. Indeed, we need to have an expansion
for all the elements used for the well-posedness theory. These estimates will come from the
Benjamin-Ono equation verified by u, from the equation verified by the gauge transform w and
from the “inversion” of the gauge transform. For example, we will need some estimates of the
form 2iw = Pyu + o(||(u,v)||%) and some Lipschitz type estimates of this fact.

In order to stabilize (1.11), we employ a simple control law

h(z,t) = =G u(x,t).
where §* denotes the adjoint operator of §. Thus the resulting closed-loop system is
ut + Hugy + uu, = —55%u.
Theorem 1.2. There exist some nondcreasing functions ¢, A : Ry — Ry such that for any

ug € L*(T), the solution of

{Ut S S (1.12)

u(x,0) = ug(z)
satisfies
Ju(-,t) — [uolll 2(r) < Ce™|luo — [uo) || L2m) Vi >0
where A = A([|uol]), C' = C([|uol))-
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Remark 1.2. After the change of variables u(x,t) = u(x — t[ug],t) — [uo] described in Remark
1.1, we are left with some solutions with [u] = 0 and with the same equation but with G replaced
by G, defined by

(Suh) 1) = e = ) (o = it t) = [ alw)hto.t)dy) (1.13)

with p = [ug).
We will give the proof of the theorem assuming that p = [ug] = 0 and detail in some remarks
the necessary modifications when G is replaced by G,,.

The proof of the stabilization theorem will be obtained by an observability estimate proved by
the compactness-uniqueness method. The difference from the case of the nonlinear Schrédinger
equation (see for instance [12, 26, 27]) or other nonlinear conservative equations ([13, 28, 42, 41])
comes again from the use of the gauge transform. We need to propagate some information from
the zone of damping to the whole space. Yet, the absence of Duhamel formulation prevents from
doing that directly on the solution u. The idea is to transfer this information from the solution
u to the gauge transform w, next to apply some propagation results to w and finally to obtain
the expected result by returning to the original solution wu.

As it was already mentioned, one of our main ingredients in our analysis is the study of the
well-posedness of the IVP

o+ Ho*u —udu=g, €T, t>0,
u(z,0) = uo(x),

for data ug € L?(T) and where g € L%([0,T], L*(T)).
More precisely,

Theorem 1.3. For any ug € L*(T), g € L*([0,T), L*(T)) and T > 0, there exists a solution
ue C([0,T), L¥(T)) N X" n LALY(T) (1.15)

(1.14)

of (1.14) such that
w =9, Py (e73% ) € X, (1.16)
where -
@ = u(z — tlug),t) — [ug] and Oz ' := l, Eel”.

i§
The solution u is unique in the class
we L®((0,T); LA(T)) N LY(0,T) x T) and w e X%,
Moreover, u € C([0,T); L*(T)) and the flow map data-solution: (ug,g) — u is locally Lipschitz
continuous from L*(T) into C([0,T]; L*(T)).

The proof of this theorem does not follow directly from the theory established by Molinet and
Pilod [36]. We have to distinguish two cases, small and large data instead. To apply the scale
argument in [36] there is a need of some uniform estimates that do not hold when we introduced
the source term ¢ and consider any data. To deal with large data we have to go around the
gauge transform since in this case it not “invertible”. We prove the theorem when [ug] = 0. The
general case follows as we commented above.
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The plan of the paper is as follows: in Section 2 we introduce some notations and establish
estimates needed in our analysis. General estimates which do not depend on the size of the
data are derived in Section 3. In Section 4 we deduce estimates used to complete the proof
of Theorem 1.3 for small data. Next in Section 5 we establish Theorem 1.3 for large data.
The control results are proved in Section 6. Section 7 contains preliminary tools to establish
Theorem 1.2. The stabilization is demonstrated in Section 8, and finally we include an appendix
containing some technical results.

2. NOTATIONS AND PRELIMINARY ESTIMATES

We use standard notation in Partial Differential Equations. In addition, we will use C' to
denote various constants that may change from line to line. For any positive numbers a and b,
we use the notation a < b to mean that there exists a constant C' such that a < C'b.

For a 2m-periodic function f we define its Fourier transform on Z by

Fo) = /Te_””gf(x) de, €€7.

The free group associated with the linearized Benjamin-Ono equation denoted by U(-) is
defined as - R
Ut f(€) = ™ f(g).
The norm of Sobolev spaces H*(T) will be denoted by || - ||s and when s = 0 the notation || - ||
will be used.
We will use the following projection operators: for N € N* we define

Pif =xn.f. Poof = xie<opfs  Pont = xqeomyf 1)
Penf = Xge<ny /s Byf = f(0), Pyf= X{e|<N} S
QNS = Xxye>ny[- (2.2)

For s,b € R we define the spaces X, Z5? and Z5b via the norms

ol = ([ [+ 16160 iote P dear)
vl zs0 = </(/(7-+ £1€)b(€)* ‘@(faT)ldS)er) 1/2’

and

) 1/2
lollzes = NP0l zes + (D lonlEen)
N

where d§ denotes the counting measure in Z, (x) = 1+ |z|, and vy corresponds to a classical
Littlewood-Paley decomposition (see [36]).
We also define the spaces X§ and X3 as

[vllxs = lvllxsar2 + vl 750
and
[0l g = lollxsmar2 + [0l o1



8 CAMILLE LAURENT, FELIPE LINARES, AND LIONEL ROSIER

When s = 0 we will use X5 and X} to simplify the notation.
Next we define the restriction in time spaces. More precisely, for any function space B and
any 1" > 0, we denote by Br the corresponding restriction in time space endowed with the norm

lullp, = inf {|[v]l : v()=wu() in [0,7)}. (2.3)
veB
Note that, as pointed out in [36], we have the embedding
Xs5o C Z3° c C([0,T), H(T)).
We end this section by introducing the functional space X with the norm
(s wllx = Il oo o,zy,22) + lell o ryery + Il o1 + lwll o172 + [lwll z00

and we denote by X the functional space corresponding to the norm for u and X, the func-
tional space given by the norm corresponding to w as above. We will also use the notation
U= (u,w) e X.

2.1. Linear estimates. We will begin presenting some estimates in the Bourgain spaces. The
reader is referred to [17] for details.

Lemma 2.1. Let s €¢ R. Then
[In@UE)A] x5 < (Pl as-

Lemma 2.2. Let s € R. Then for any 0 < § < 1/2,

t
Inte) [ A= OB oy S (2.4)
and .
Hn(t)/o Ut —tYHE) dt'|xg S IH ooy + H | 701 (2.5)
Lemma 2.3. For anyT >0, s € R and —1 <V <b < 3, it holds
lull o < Tb*b/”uHXg,b- (2.6)

The next estimate is a Strichartz type estimate (see [36]).

Lemma 2.4. It holds that
llzs, Tl o,

and for any T > 0 andggbg%,
h—3
lullzs , ST full o0
Recalling the notation X} = X%~1/2n Z%~1 we have that

Lemma 2.5. For 0 < e < 1, it holds

I2llxy S T2 %)zl 2 0.7y (2.7)
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Proof. From the definition we have that

21 z0.- 1—/(/<r+15\§> j2(r, )!)2=/(/<a>1\%(0—!5\5,@02
// 2500 lele, ) ‘2<// T+ €l 1+2z—:‘ R OF = 1220 1r0se

where we have used the Cauchy-Schwarz inequality and the integrability of <O‘>_1_2€. We can
use Lemma 2.3 to finish the proof. O
Define F' = ; 'u where 0y 'u = €710, € € Z*.

Lemma 2.6. Let F;, i = 1,2, be defined as above. Then
HG%F1 — €2 ooy S un — ua 2, (2.8)
1Py (37 — e3P) | emy S (1++ el + lusllze) 1 — sl g2, (2.9)

and ,

1P (€3 = 1) |l pooqry S Nl 2 (2.10)

Proof. Using Sobolev embedding and the definition of I’ we have
Je3P — 3Py < By = Byllgoo < C Iy — Fllg < Cllur — uall .

Next we prove (2.9). Since Py is not a continuous operator in L> we use first the Sobolev
embedding and then the L? continuity.

1Py (27 — €372) | ooy < O [leF™ = e3P2||jpury < € (1+ | Fulln + 1Bl ) | Py — Fall .
The definition of F; yields the result.
Similarly, we obtain
1Py (3™ = 1) [[poo(my < C 2™ = 1 gpany < C | Filln < C'llunllz.
O

The next result guarantees the existence of smooth solutions for the Cauchy problem (1.11).

Theorem 2.1 (Existence of smooth solutions).
e (Local) For a given T >0 and s > 3/2, the initial value problem

2.11
u(z,0) = up(x) (2.11)
is locally well-posed for initial data ug € H*(T) and g € L*([0,T], H*(T)). Moreover,
the map (ug,g) — u is continuous from H*(T) x L*([0,T], H*(T)) — C([0,T], H*(T)).
e (Global) Let s > 2, T > 0. Then for any (ug,g) € H*(T) x L?([0,T], H*(T)) the IVP
(2.11) has a unique solution

{ut—l—.’]{um—uux:g, zeT, t>0,

u e C([0,T], H*(T)).

We notice that the result is also true with a damping term —§5*u instead of g.
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Proof. The local theory follows using parabolic regularization (see for instance [21]) for the ex-
istence and uniqueness. The continuous dependence follows by using the Bona-Smith argument
[4].

To extend the local theory globally we will make use of some quantities conserved by the BO
flow. We will sketch the proof for completeness. We begin with the L? estimate. We proceed as
follows. Multiply the equation in (2.11) by w and integrate with respect to z.

1d 2 Lo 2
- = < — . . .
5 [ e = [ ugds < Sul? + .0 (212)
Gronwall’s inequality implies
T
lu@®)]* < C {]uol® +/ lg(®)lI72 dt} exp(CT), for 0<t<T. (2.13)
0

Next we obtain a H' a priori estimate. We use the fourth conserved quantity associated to
the BO flow, that is,

Wy(u) = / <2(8$u)2 - ;uQ H(Dpu) + “;) d.

We apply the operator 40,u0, — 3uH (0, u) — %uzf}@x + u3 to the equation in (2.11) and
integrate by parts to obtain

4
d (2(83311)2 - gu2 H(Opu) + UZ) dx

di 5 (2.14)
= /(48xu(9$g — 3uH(0yu)g — 3 w2 Hpg + ug) da
The Cauchy-Schwarz inequality, interpolation and Hilbert transform’s properties give
3
‘ / (48xu8xg — 3uH(Dpu)g — = uHd,g + ugg> daz‘
2 (2.15)
< C0zul® + ¢ (I[ul*(lgll 10291l + 12:91"*) + llul*llgl* + 9291?).
Combining (2.14) and (2.15) we obtain
d
—Wa(u(t)) < Ch(lu@ll lg@)lh) + C lou)]?, (2.16)
where
4/3
A(lu®, llg®)lh) = [u®IFUag® 3 + la@137) + @) [ |la®) + @3- (2.17)

By using the Cauchy-Schwarz inequality, Sobolev embedding and Gagliardo-Nirenberg inter-
polation we also deduce that

W4(u(0)) < C(lluoll1)- (2.18)
Integrating (2.16) with respect to ¢ and using (2.18) it follows then that

‘1’4(U(t))SC(!!Uo!!1)+H(t)+C/O 10zu(s)|* ds (2.19)
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where

t ~
Hi(t) :/0 hllu(s): lg(s)ll) ds < h(t, sup [lu(E)l] llgllzz .0, (r))-

On the other hand,

2 1 3 2 1 4

|0zu(t)]]” = 5\114(u(t)) + 1 u(t)” H(Opu(t)) de — = [ wu(t)” de.
Interpolation and Young’s inequality imply then
1
102 u@)II* < 5 ®a(ut) + (m + m)l| 0w + e, mo) [u®)]°, (2.20)

where 11, 12 are positive numbers.
A suitable choice of 1y, 72 in (2.18) combined with inequality (2.19) implies

t
10:u()* < C(lluollx) + Hi(t) +C/ 10zu()]* dt',
0

where Hi(t) = H(t) + C|ju(t)||°.
Gronwall’s inequality implies

T
|0,u(t)]]? < {C(||u0\|1) +/0 Hi(t) dt'} exp{CT}, for 0<t<T. (2.21)

This inequality and the estimate (2.13) for ||u|| give an a priori estimate for the H!'-norm.

To establish a H? a priori estimate for solutions of (2.11) we consider the sixth conserved
quantity associated to the Benjamin-Ono equation, that is,

W (u) = / [%6 - {Zu‘lf}f(axu) + §u3 %(u@xu)}] do

5
+3 / [5u2(3xu)2 + u? {H(D,u) }? + 2u H(Dyu) f]-f(u@xu)} dx
+ 10/ [(amu)Z H(Opu) + 2ud?u .’J—C(@mu)] dx + 8/ (9%u)? d.
The argument to show the a priori estimate in this case although similar is rather technical,

so we will give the final statement of the results without giving the details. Proceeding as in the
previous case we can show that

Pe(u(t)) < C(lluoll2) + Folt) + C/Ot [07u(t")||* dt', (2.22)
where

Fo(t) =/0 FUlu(@)s 10zu(s)]l; lg(s)ll2) ds.
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Using the Cauchy-Schwarz inequality, Gagliardo-Nirenberg’s interpolation, Young’s inequality
and (2.22) we get

26Ol < £ Wo(u) + Ey(u(®)]. [:u(0)])

0g)

SC(\|u0||2)+Fo(t)+F1(Hu(t)\|1)+C/0 107u(®)|? dt'.

Thus an application of Gronwall’s inequality gives

10 w(®)1* < {C(lluoll2) +/0 (Fo(t") + Fi([lu(t)]l)) dt’} exp(Ct). (2.23)

Once the H? a priori estimates are available, the structure of the equation and the Sobolev
embedding theorem allow us to obtain an a priori estimate in higher order Sobolev spaces. This
is basically the content of the next claim.

Claim. For any s > 2 and 0 <t < T the solutions of the IVP (2.11) satisfy

T T
lu@lls < Cllluolls + /0 lo(t)s dt'} exp{C /0 A+ @) ) de}. (2.24)

Proof of the Claim. Apply the operator J° to the equation (2.11), then multiply by J°u and
integrate with respect to z:
1d

2% (Jou)? dx:/(Js(u@Cu) Jsu)dx—i-/Jqusgdx

(2.25)
<1 [ udsn) o) da + .

where in the last inequality we use the Cauchy-Schwarz inequality. To estimate the first term on
the right hand side of the last inequality we use the periodic version of Kato-Ponce commutator
estimate (see [19], [22])

‘/JS (uOyu) J udx‘<|/ (9uJSudx|—|—|/(9qu daz‘

(2.26)
< C(lluflpoe + 105wl ) [u(®)]3-
Combining (2.25), (2.26) and Young’s inequality we obtain
1d
5 7 OIS < Clllullze + 10sull ) [u @S + @3- (2.27)
Hence Sobolev’s embedding and Gronwall’s inequality yield (2.24) proving our claim. O

Some estimates similar to all the previous ones, including the a priori estimate (2.24), are valid
if we add the term €d2?u, € > 0, on the right hand side of (2.11). We refer to Iorio [20] Lemma
Bl and Lemma B3 for more details (note that in this reference, the sign of the nonlinearity
is different but we can easily get to the same equation by the change of unknown u < —u at
the cost of a slight change of the conserved quantities and the sign of their coefficients of odd
order). Since the local theory is established via the parabolic regularization method the a priori
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estimates above can be used to extend the local solution globally. This completes the proof of
Theorem 2.1 O

Lemma 2.7. Let u € X then the function
: (0, T R
{f 0,7] — (2.28)

t o= flulx,
is continuous, where Xy is the norm of restriction on [0,t). Moreover, there exists C' such that
. - .
lim /(1) < C1l(u(0), w(0))] 2
Proof. For a proof of this result see for instance [26] (Lemma 1.4) or [24] (Lemma 6.3). O

In what follows, we will omit the dependence on T of the space X and we will denote X = Xp
for simplicity.

2.2. The equation after gauge transform. Now we define the gauge transformation to obtain
a new equation. Consider the IVP

(2.29)

Ou+ H?u = udyu + g = 20, (u?) + g,
u(0) = ug

where v a real valued function and ug, g are real valued functions with zero mean. Set w =
0y Py (e72), F = 97 u, and G = 8; 'y, then (2.29) becomes

{&eF + HOZF = L(0,F)? — SR(F2) + 071y (2.30)
F(0) = 9 tug.
Denote by W = P+(e%F), the solution of
QW — id2W = — P, [(82P_F)e 5] - %p+ (- %po(Fg) L G)e 5],
Since e~ 38 = W 4 Pgoe_%F and the cancelation Py [(BgP_F)PSOe_%F] = 0 we obtain
OW —i0ZW = —P,[(02P-F)W] — %P+[( — %PO(E,?) +G)e3F).
Denoting w = 9, W = —1 Py (ue_%F), it follows that
Ow — 102w = —9, Py [W(P_0yu)| — %axp+ (- %PO(FQ?) +G)e 2]
= 0, P, [W(P-0,w)] ~ L P [ge™3"] = TPy [(— 3 Polu?) + GJue 3],
We want to prove that at order one, if u(0) = ug, w = —%P+u with

t
2 ., 2
u(t) = ey + /0 =0 g(7) dr + O(|[uol 72 + 9l 72 0.17.22))-
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The main tool in our analysis is equation

dw — 102w = ~0, Py [W(P_0yu)] — 4Py [ge™2T] = 1P [( = LRy(u?) + G)ue 37 (2.31)
w(0) = wo. |
We denote the right hand side of (2.31) as
i _i 1 1 -1
—0: P [W(P-0yu)] = 5 Py[ge2"] = 2P [( = SRo(u”) + G)ue™2"] (2.32)

=1+ 1T+ 1L
In our arguments we use the integral equivalent form of the solution of (2.31), that is,
t
w(t) = W(t)wo + / Wt —t) I+ T+ M) (t)dt,
0
= W(t)wo + IW(2),

(2.33)

where W(t) denotes the unitary group associated to the linear Schrédinger equation.

Remark 2.1. We observe that the estimates in Lemmas 2.1-2.4 also hold for solution of the
IVP (2.31).

We will end this section giving the statement of the key (main) bilinear estimate we will use
in our analysis. It was proved by Molinet and Pilod (see Proposition 3.5 of [36]).

Lemma 2.8. Let 6 € (0,1/8). We have uniformly for 0 <T <1
10 Py [W (P-8,u)] || x5 < CT?|| (u, w)| %

We shall remark that this estimate is a slight modification of the estimates in [36] since we
also have a factor T that will be very useful to make some bootstrap and absorption. In the
appendix, we sketch the modification of proof of Molinet-Pilod [36] that allows us to obtain that
term.

In what follows, we will fix 6 € (0,1/8) such that Lemma 2.8 and (2.7) hold for 0 < 7" < 1.

3. GENERAL ESTIMATES

In this section we will derive estimates needed in our argument which are independent of the
size of the initial data.

3.1. Estimates on w.
Lemma 3.1. Let w be the solution of (2.31). Then it holds that
[wll o o.1,22) < llwll go.0 < [I(u, w)l[x,

and

lwllzaqoryxmy < llwll o172 < [l (u; w)llx-

Proof. 1t follows readily from the space definition and Lemma 2.4. O
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Lemma 3.2. For w in (2.31) and 6 € (0,1/8) the following estimates hold
lwllx, < llwollzz + CT?(lgllz2o,m,22) + gl 0.1, 22) + 1w, W)X + [(w,w)%). (3.1)

Moreover,
lw = wellx; < CT? (9l 220,172 1 (s w) [ x + 1w, ) 1% + [ (w, w) %) (3.2)
where wy, is solution of

&ng — Z'a%wL = _%P+g
wr,(0) = wy.

Proof. We first prove that

0
19Wlx, < C T (Il w) % + gl 2oy + s @)k + gl 2oz 22 1w w)llx ). (3.4)
Using Lemma 2.2 we obtain
[IWIlxz S M1Tlxs 4 (1] + (1ML - (3.5)
From Lemma 2.8 we have that
Mllxy < CT?|(u, w)|%-
The term II will be crucial in our analysis. We rewrite it as
i i 1 1 _i
I= —§P+ [ge QF] = —§P+g — §P+ [g(e 2F — 1)]
=1 +1Ing

Hence Lemma 2.5 yields

(3.6)

I x; < CT| ULl 20,yx1) + ML 220,79 %)
< T (lgl 2oy + 9l z2ozysemyle ™37 = Ul zqoryem)
< CT(llgll 2 o.r1xm) + 191 L2 0.7 xm) lll oo 0,77, 22))
< CTG(HQHL?([QT}XT) + H9||L2([0,T]x1r)||(uaw)”X)-
For I, we also use Lemma 2.5

1
M| x; < C TP 20,7957y < CT?|| — §P0(U2) + Gl 20,17, Lo 1ull oo (j0,77,22)

< CTG(”UH%OO([QT},L?) + llgll ez o,r1,02)) 1wl Los (0,77, 22)
< CT? (|l (u, w) 1% + lgllz2o.77,02) | (w, w) | x ) -

Combining the above estimates with (3.5) yields (3.4).
Finally, using Duhamel formulation, Lemmas 2.1, 2.2, (3.5) and standard estimates we have

[wllx, = l[wllxo/2 + [Jwl| z00
< Jhwollz2 + CT? (llgll L2 (o1, 2) + 191l 210,77, 2 1w w) | x + [}, w) [k + [ (w, w)[IX)  (3.7)
< wollzz + CT? (gl r2qo,m,22) + 19122 0,27,22) + (s w) 1% + I (w, w) % ).
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Similarly,
|lw—wr|x, = ||w—wLHX0,1/2 + ||lw — wgl| z0.0 (3.8)
< CT(llgll 2 o,1,2) | (s w) 1 x + [ (w, w) 5 + | (w, ) [1%) '

where wy, is as in (3.3).
U

Next we derive the Lipschitz estimates corresponding to the X5 norm.

Lemma 3.3 (Lipschitz estimates). Let wy and we be solutions of (2.31) and 6 € (0,1/8). Then
the following estimates hold:

lwi = walx, < [lwox — wozll + CT? lg1 — gallr2qorxm) (L + U1l x)
+CT|Uy — Usz(HU1HX + 10l x + (101 ][ x + [10s]1x)? (3.9)

+ 1021 + llgall 2oz (1 + 1T211) )
and
(w1 = wr1)=(w2 = wr9)llx, < CT? |lg1 = gall L2 oryxm) U1 |1 x

+ CT?||UL - Vs x <HU1HX +[|1Uallx + (U1l x + 1U2]lx)* (3.10)

+ 1021 + lgall 2oz (1 + 1a11x) )
where wr,1 and wr 2 are solutions of (3.3).
Proof. We first show that
[TW1 = IWs||x, < CT? |lg1 — gall r2(o,7xm) (1 + U]l x)
+CT?||Uy — Ual|x (HUlHX + Ul x + (101 ][ x + [|U2]1x)? (3.11)

+ 11021 + lgall 2oz (1 + 10a11x) )-

Let w; and wy be two solutions of (2.31). We use the notation (2.32). From Lemma 2.2 we
obtain
[IW1 = IWallx, S [Tl xg + [[M]]xg + [T x - (3.12)
Since I is bilinear, we get the estimates by writing
I — Iy = =0, Py [Wh(P_0yuy)] + 0, Py [Wa(P-0yus)]
== —amPJr [(Wl - WQ)(P,(%ul)] - &EPJF [WQ(P,am(ul — UQ))] .
Thus

Ty = Tal|x; < CTlwr — wal|x, Juallx, + llwalx, llur — uallx,
< CT?||Uy = Us|x (1011 x + [|Uz][x).
We write T =11, 4+ Iy, as in (3.6) . Since I, is linear, we obtain

MLy —TLollxy < CT MLy — T ol r2omxm) < CT g1 — g2l 12(0,1)xm)-
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For Iy, we write
Dves —veo =~ Py for (87— 1)) = [pa(e57 ~ 1)]]
= 2P [~ ) (5~ )]+ [ e eE )]

lTnza-Tnzallxg < CT' vz = Inralliagor )
< CT% (g1 — goll z2 o xm Lo o,77,22) + 1921 22 o7 xm) l1ua — w2l £ 0,77,12))
< CT(llgr = g2llz2 o< 1ULIx + lg2ll 2o <m UL = Uzl x).
For I, we write
1 . 1 -
I, — 1 =P ([( = 5Po(ud) + G )ume 3] = [(= 5Po(u) + Ga)use 3]
1 i
=Pel(- §PO((u1 —up)(uy +u2)) + G — Go)use 211]

1 i i i
+ PJr [( — §P0(u%) + G2) ((ul — uQ)e_§F1 + U2(6_§F1 _ B_EFQ))]
Using the same estimates (the only difference is that we use (2.6) for the Lipschitz estimate of
,F)

the term e~ 2 , we have then

[T} — Myl x; < oT?|m; — || 720,77 xT)
1
<1 - 5 Po(ur —uz)(ur +u2)) + G1 = Gall L2 (po,1),Lo0) [[ua |l oo (0,77, £2)

1
+CT%| - §P0(u§) + Gall L2 (10,177,150 (Hm — u2|| oo (j0,17,22)

=3

+ lluzll oo (0,77,22) | - e_%F2”L°°([O,T]><T)>

< CT°||ur — ual o ey (lutlpaqo <y + luzllpago ) 1w ll oo o.77,22)
+ CT? 91 — g2\l 2oy, 22) 1wl o (o7, 22)
+ CTH(”UQH%OO([O,T},LQ) + [lg2ll L2 o,71,22)) (1 + lluzll zoe (po,77,22)) 1 — w2ll oo 0,77, 22)

2
< CT(|[Ur = Uallx (101 x + 1U2]1x)* + llg1 = g2 2 0.7, 1 U2l x )

+CT? (|0l + g2l 2oz o) (1 + 10211x) ) [T = Ul x.
The estimates (3.9) and (3.10) follow by using Duhamel formulation, Lemmas 2.1, 2.2, (3.5)

and standard estimates. O

3.2. The estimates coming from the original Benjamin-Ono equation. We consider
again the IVP

{atu+9ca§u: 10, (u?) + g (3.13)

u(0) = wp.
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Lemma 3.4. Let u be a solution of (3.13). Then the following estimate holds:
-0 < Clluollzz + 1w, w) 1% + lgll2go,m,22)- (3.14)

Moreover, if we denote by uy, the solution of

owuy, + 9’(3%1@ =g
u(0) = wo,

we have
[l = url -1 < [ (w, w) % - (3.15)

1

Proof. Using the definition of the space X L1 e have the estimate

1
[l x-rr < llwlle2 o1, -1) + \|§3x(u2) + 9l 20,1, 51

Using energy estimates we get

1
ullz2(o,7),5-1) < Clluollz2 + CHiam(uz) + 9l o, 1)

Finally, we deduce that

1
lull 11 < Clluollze + 150 (u®) + gll 2o,y

< Clluollzz + ”U2HL2([0,T],L2) + [lgll 220,77, 22) (3.16)
< Clluol|zz + ”uH%‘l([O,T},L“) + gl 22 (jo,77,22)
< Clluol 2 + [I(u, w)|[% + 9112 ([0,7),22)-

O

Using the previous lemma, it is not difficult to deduce the Lipschitz estimates in the X LL
norm. Indeed,

Lemma 3.5 (Lipschitz estimates). The next estimates hold

lur = w2l 11 S lluoa —uozllzz + llgr = g2/l 2(po,1xm) (317
+ |1 — wall pao,ry<m ([ (ur, wi) || x + [|(u2, w) | x)
and

lur —ury = (w2 = upo)ll -0 S [, wi) = (uz, wo)llx ([[(ur, wi)llx + [[(u2, w2)x). - (3.18)

Proof. The arguments in Lemma 3.4 with the required modifications yield the inequalities. [
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3.3. Estimates coming from the gauge transform. Since w = —%PjL(ue*%F ) we have that

ue™ 2t = 2w 4+ P<o(ue™2"). Hence
u = 2iwez’ + e%FPSO(ueféF). (3.19)

But the second term is bad, it roughly says (at the first order in u) that for the negative
frequencies, u = u, and so it does not allow to invert. But for positive frequencies

Pyu = 2iPy [wez"] + P[Py (e2) P<g(ue™2")]
=2iPLw + 2iPy [w(e%F -1)] + Py [P+(e%F)P§0(u67%F)] (3.20)
= 2iw + A+ B,

where we have used P [Pgo(e%F)PSO (ue_%F)] = 0. In this case, the third term is quadratic in
u. Indeed,

B = Py [Py(e2") Po(ue2F)] = Py [P+(€%F - 1)P§0(ue7%F)] + Py [Peo(ue™3T)] (3.21)
= Py [Py(e7" = 1)P<o(ue2")]
Lemma 3.6. It holds that
1Pyull oo jo,71,£2) + 1P ull Laqo.1my < ol + [l (wy w) % (3.22)
and
[Py = 2iwl| oo (jo,71,22) + | P = 26| pa oy < Il(w, w)|%- (3.23)
Proof. We use the decomposition (3.20) to estimate Py. From Lemma 3.1 it follows that
26l o o712 + 260l 23 0 11y < ol o + ol oo < Nolls (324)
Since Py is a pseudo-differential operator of order 0, it maps L* into itself. Hence
1Al oo (jo,7,22) 1 All L4 (0,77 T)
S (lwllz o2y + lwllpaqozm ) ez — Ll ooy (3.25)

S (Ilwllzg0 + ||w||X%1/2)||UHL°°([0,T},L2) < (u, w)[1%
and

HB||L°°([0,T],L2) + ||BHL4([0,T]><T) S Py (G%F - 1) ||L°°([O,T}><11‘)(Hu||L°°([O,T],L2) + ||UHL4([0,T]xT))
< [, w5

Combining these estimates we obtain the desired inequalities. O
Next we obtain Lipschitz estimates for the terms involving the operator Py. More precisely,

Lemma 3.7 (Lipschitz Estimates). It holds that

| Pyur—2iwy — (Pyug — 2iws) || po (jo,17,02) + [[P4ur — 20w1 — (Prur — 2iws)|| a0, 7)xT) (3.26)
< [(ug, wi) = (ug, wo) [ x ([ (w1, wi)l[x + (2, wa2)llx + [|(uz, w2)|%) '
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and

| Prur — Prual| oo (jo,m,22) + 1 Prur — Prual|Lao,mx<r) (3.27)
< lwr = wallxy + (w1, wr) = (w2, w2)||x (1 (wr, w1) || x + [[(uz, wo) || x + [|(u2, w2)[|%)-

Proof. Recall the decomposition (3.20). To establish the corresponding Lipschitz estimates we
write

Ay — Ay = 2Py [wy (€37 — 1)] — 2Py [wa(e3"2 — 1)]
= 2iPy [(w; — wg)(e%Fl —1) + we (e%Fl - e%FQ)].
Hence
A1 — A2|l peo(o,17,2) + [[A1 — A2l 24 j0,17xT)
<(lwr — wall oo (po,77,22) + llwr — w2||L4([O,T}><’]T))||6%F1 — 1| oo (jo,7)xT)
+ (llwall o qo.71,82) + lwall o zyemy) lle2™ — €272 o o r1my
<(llwr = wall oo + [lwr — wzHX%m)HulHLoo([o,T],m)
+ (||w2||zg’0 + Hw2HX%1/2)||U1 — uz||peo(j0,77,22)
<[ = Uallx (10111 x + [[U2]|x)-
On the other hand, we write
By — By = Py [Py (3™ — 1)P<g(uge™3™1) — Py (€372 — 1) P<g(uge™272)]
=P [P+(e%F1 - e%FQ)PSO(ule_%FI) + P+(e%F2 —1)P<o((u1 — u2)e_%F1 + u2(e_%F1 - e_%&))}.
Thus
1B1 — Bal| o (jo,17,£2) + |1 B1 — Ball4(o,1)xT)
< ¢ (Iltallx + 1T:llx + (10 1x + [1U2]1x)?) 101 = Tallx.
These estimates lead to inequalities (3.26) and (3.27). O

4. SMALL DATA ESTIMATES

The control results as well as the proof of Theorem 1.3 depend on the size data. In this
section we aim to establish all the estimates related to small data needed in our arguments. We
will also give the proof of Theorem 1.3 corresponding to small data.

Since we are just considering real valued functions we have P_u = P u, thus

lull oo (0,77,22) + llull Lago,ryxmy = 1Pyl oo o,17,2) + 1P+l oo, 75y
Gathering the information from Lemmas 3.2, 3.6 and 3.4 yields
lwllx, < llwollzz + C (gl qo,ry,c2) + 9l Z2 o122y + 1w )% + [l (w,w)[%)
[/l oo jo,77,22) + Null 2 o<y < Nwllxy + [l (w, w)]%

ol -0 < lluollze + 1w )X + gl z2omy,22)-
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and finally
)l S ollze + gl zeqorzy 2y + 902 go.m.o) + 11 s w) % + 1oty w)
If {|g[| 2 (jo,77,22) is small enough, it follows that

1w, w)llx S lluollze + Nlgllz2 o,z z2) + Il (w, w)lF + [l(u, )%

Then, since all these quantities are continuous in 7" and have value at ¢ = 0 bounded by C'||ug|| 12,
see Lemma 2.7, we can apply a bootstrap argument to get for [lug|| and ||g||z2(0,1),22), small
enough, that

[ (u, w)|lx < llwollz2 + 119l 22 jo,17,22)- (4.1)

4.1. First order estimates. Using the Lipschitz bound in the previous section we will establish
some estimates useful to prove the control results.
The estimates (3.23) and (3.10) yield

1Py — 20 o o2y < s )% < lolZ2 + 922 0.7
lw —willx, = lw = wel o2 + lw = willzo0 < lgllzzqom,22) (w w)llx + [[(u, w)lI%-
Finally, we have by triangular inequality (noting that Z%9 c L°°(]0,T7], L?))
[Pru = 2iwe || poeonzzy < llwollzz + 19172 g0 2)

where
BtwL — i@%wL = %P+g,
wr,(0) = wy

In particular, since w is real valued, P_u = Py u, so
a 2 2
[P—u = 2iwg ||~ o2y < lluollz2 + ||9HL2([07T},L2)-
But, we notice that u = Pyu+ P_u and uy, = 2iwy, 4+ 2iwy,. In particular, it follows that

|w = urll Lo (jo,m),02) S l[uol|7> + HQH%Q([O,T],LQ)' (4.2)

4.2. Lipschitz estimates. If |[uo |, |9l z2(0,1],22), @ = 1,2, are small enough, we still have
[ (i wi)llx S Mlwo,ill + lgill L2 jo,7),22)-
Assume that |lug ;|| + ”gz‘HL2([o,T],L2) < g, with £ small. Then (3.9) becomes

Jwi —wallx, $ oy — wo2ll + lgr — g2ll2(o,r)xm) + €l (w1, w1) — (u2, w2)||x-
Inequality (3.17) becomes

lur = w2l -11 S luoa = ozl + llgr = gallz2o,ryxm) + ell(wr, wr) = (ua, w2 x
and inequality (3.27) becomes

[ Prur — Prus||peo(o,r),22) + |1 Prur — Prual[pago,rxT)

S llwr — wallx, +ell(ur, wi) — (u2, w2)lx-
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Thus gathering all these estimates of the X-—norm components (using again that u is real
valued and that the estimates about P, u are sufficient for the L>([0,7], L?) and L*([0,T] x T)
norms), we get

[[(u1,w1) = (ug, wa)||x < lluoy — uo2ll + g1 — g2/l L2(jo,r1xmy + €ll(ur, w1) — (u2, w2) | x
which gives by absorption for € small enough
[(u1,w1) = (u2, w2)l|x < fluor —wozll +[lg1 — g2/l L2 (jo,1)xT)- (4.3)
For the estimates of the second order terms, we have from (3.10) and (4.3)
Jwy —wr1 = (wa —wr2)lx, S e (lluoy —uozll + g1 = g2ll L2 (0,11 %))
and from (3.26) that
| Pyuy — 2iwy — (Prug — 2iwa) | o rz) S € (luog — wozll + lgr — g2l n2(o,r<m)) -
The triangular inequality yields
|1Pruy — 2iwg,1 — (Prug — 2iw o)l peqor ey S € (luog — wozll + [lg1 — g2ll2o,mxm)) -
Once again, we notice that since u;, g; are real valued, this implies
ur —ur,n — (uz — UL,Z)HLOO([O,T},B) Se (HUO,l —ug2|l + lg1 — 92HL2([0,T]xT)) . (4.4)
Proof of Theorem 1.3 (small data case). The main ingredient is the Lipschitz inequality (4.3).
Once this is established, the proof of the theorem follows from standard arguments. For a
detailed and careful proof of it, see [36]. O
5. LARGE DATA ESTIMATES

In this section we will complete the proof of Theorem 1.3 and establish some estimates for
large data useful for further analysis.

5.1. Low-frequency estimate. In this subsection, we establish some estimates of the low
frequency component of the solution for eventually large data. These estimates are necessary
because the gauge transform is not invertible at low frequency for large data.

Let N € N* be fixed. We will prove some estimates that might depend on N.

Lemma 5.1. For u solution of the IVP (3.13), we have the following uniform estimate for
0<T<1

| Pnullpoe jo,m,22) + 1PNl 4o,y xm)

< CN)luollze + COglzgomery + CONT 2 [l oy
and for two different solutions
[ Pn (w1 — u2)|| oo (jo,77,22) + 1PN (w1 — u2)| L4 (o,7) <)
< C(N)|luo — uo2llz2 + C(N)|lg1 — g2ll2(o,7)xT) (5.2)

+ C(N)TY2(wr ]| pagorery + luzllaqo.rxm ) lur — w2llzagoryxm)-
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Proof. We first link the L* estimate to the L{°L2 one by using Sobolev estimates, that is,
Pl o)y < CTY 4Pl o o.1,00) < ClIPNuUll oo o71,21) < C(N)I| Pyl pos jo.77,22)-

To estimate the LtOOL:% norm we use the solution uy of the equation satisfied by uy = Pyu,
i.e.

dyun + HO?un = 2 PnO,(u?) + Pyg,
un(0) = Pnuyp.

From semi-group estimates we obtain
IPxul| oo o,71,22) < Clluollze + ClIlPNOw(u?)l| pa(o.r,02) + CIl PN Gl o1y, 2)
< Clluollzz + C(N)T1/2||PN(U2)HL2([0,T],L2) + Cllgllzr 0,11, 22)
< Clluollz2 + Cllgll2qory,L2) + CONTY2([ull 2 0. 17m)-
The same argument leads to (5.2). U

5.1.1. Global large data estimates. We change a little the decomposition (3.19). The point is,
roughly speaking, to make the gauge transform “invertible” at high frequency (the frequency
will depend on the size of the data). For large F' the second term of the gauge transform (3.19)
is bad, and the gauge transform cannot be inverted for large F'. But in some sense, it can
be inverted at large positive frequencies. Note that another way of obtaining global estimates
for large data used by Molinet [33] was to use the scaling argument to get to some small data
(because the equation is subcritical). But this approach requires to have some estimates uniform
on the lengths of the interval. Many of the estimates we used are indeed uniform, but this is
not the case of the Sobolev embedding H! < L>. One solution found by Molinet in [33] was
to apply this estimate to P; and the estimate indeed becomes uniform. Our approach is quite in
the same spirit however we believe that it gives another point of view and may be more reliable
in the case of damped equation or source term.

Let N € N* be large, to be chosen later. Applying the operator P>y to both sides to (3.19)
we obtain

Ponu = 2iPsy[wes"] + Poy [Pon(e3") Peo(ue2")]
= Ay + Bpn.
We apply the same estimates as before to get (the action of operator P>y on L* can be easily
seen to be uniform on N by noticing that P>y = eNe p, emiNT)
IAN Lo o,77,L2) + AN Lao,r1xm) < C (lwllpoe o7, 12) + 1wl L4 (o, x))
< O (llwll goo + llwllyo1r2) < Cllwllx,:

For By, we also use Lemma A.3 in the Appendix.

+ I BNl ago,71x)

BNl £oo (j0,17,22)
51

L2
< |[P>n(e HLOO([O,T]xT)(||UHL<><>([0,T},L2) + ||uHL4([O,T]><’]I‘))
(u

C 9
< — .
> T\/’” 7w)HX
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The above estimates yield

Lemma 5.2. For N € N* large, it holds that

C
P> nullpoeo,77,02) + 1P>Nullago, <) < llwllx, + \/—NH(%U})H%« (5.3)

5.1.2. Large data Lipschitz estimates. The previous decomposition is still not sufficient. This
time, it is because of the first term of the gauge transform. The difficulty now comes from the
the low frequency of F' which a priori do not allow to make P>y [wg (e%F 1 ezl 2)] small.

We change a little bit the decomposition inspired by Molinet [33] p. 663. Let N € N* be
large, to be chosen later.

e 2 = PoyW + Pey(e2F)
Then decomposing F' = QnF + Py F, we get
e 3ONF = e%PNF(PZNW + PSN(eféF)).
Taking derivative in = yields
(QNu)eféQNF = —(PNu)e%PNF(PzNW + PSN(efép)) + e%PNF(QiPzNw + PSN(ueféF))
or
Qnu = —(PNu)e%PNF(PZNW + PSN(e_%F)) + e%PNF(%PZNw + PSN(ue_%F))
+ (Qnu) (1 — e_%QNF).
We now apply P>3n to the last identity to obtain
Posyu = —Poan [(Pyu)ed ™ Poy W] = Pogy [(Pyu)er ™" Pey(e27)]
+2iPsgn [e3PNF Poyw] + Pogy [e2 P8 Pey(ue™37)]
+ Psoan [(Qnu) (1 — eféQNF)]
= AN+ By +Cn+ Dy + En.
We write
Any1 — AN = —Png[(PN(ul — u2))e%PNF1P2NW1 + (PNU2)(€%PNF1 - e%PNFQ)PZNWl
+ (Pyug)es N2 Py (W) — Wh)].
Then using the Sobolev estimate (A.1) of the Appendix on the terms with W, we get

HANJ_ANQHL‘X’([O,TLLQ) + HAN,l - AN,ZHL“([O,T}X']T)

C (5.4)
< —NHU1 — Usllx [IULlx + U115 NULllx + 10X 1021 x + [U2]1%]

To obtain estimates on By, we first notice that due to the frequency localization, we have

By = —Psan [(Pyu) Pon (e3P Py (e755)).
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Thus we can write
By, — Bya = Posn [(Py(ur — u2)) Poy (370 ) Py (67517
+ (Pyup) P (3TN — e3PV Py (em3T)
+ (PNuz)P>N(e2PNF2)P§N(6*%F1 _ e*%Fz)}
Using the estimates of Lemma A.3 for the term with P>y, we obtain

BN — BNzl reeqo,1),22) + [1BN.1 — By 2llzao,11xT)

C (5.5)
Sﬁ\lUl = Ul x [IIU[[x + 1035 + 0% + 1 02llx + 1020k + [10201%]-

C)y is the crucial term that contains the information on w and we have to estimate it with
respect to the norm of Pyu.

CN71 - CN72 = 2’L'P23N[(6%PNF1 - B%PNFQ)PZNUQ - B%PNFQPZN(UQ — wg)]
Thus

ICNn1 — Cna2llpeqo,1),L2) + 1CN1 — Cn2llLago, )«

5.6
< Ol1Py (s — )l o1 [V lx + Clon = wallxy. &7
Dy can be treated similarly as By. By frequency localization, we also obtain
Dy = Poan [Poan(e2™F) Py (ue™27)]
and then
HDN,I—DN2||Loo (o.71,22) T 1PN — Dl pagomyxm)
(5.7)

\/—HUl Uallx [I1U1llx + 10105 + 1021 + [102]lx + (02115 + 10215 ]-

For Ey, we use the third estimate of Lemma A.3.
Eny = Eng2 = P3N [(QN(UI - u2))(1 - eiéQNFl)] + P>3n [(QNUQ)(eféQNFQ — e*%QNFI)].

Hence

IEN1 — En2llzeeqo,m,z2) + 1EN1 — En2llpago,rxm)

< 100 = allx (100 + 10 + 102l + ali].
Gathering the estimates (5.4)-(5.8) results in the
Lemma 5.3.
| P>3n (u1 — u2)ll pee o,77,22) + |1P>3n (u1 — u2)ll Lago,rxT)
< CHPN(un — u2)|| Lo o.17,22) U || x + Cllwr — w2 x, (5.9)

\/—HUl Ualx [0 ]1x + 1015 + 0[5 + 102]lx + [U2ll% + 10215 ]-
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5.2. Large data global estimates. From Lemmas 3.2, 5.1, 5.2, and 3.16 we have

lwllx, < llwollzz + CT (gllz2o.01.22) + 91172 0.27.22) + 1w )5 + 1w, w)[[%),
C
|1P>null oo o,m),02) + 1P>Null o rpxy < llwllx, + —\/NH(%?U)H%(,

HUHX;M < Clluollz2 + Hu”%‘l([O,T},L“) + 9l 2 jo,17,22)
and
| Pnullpoe o,7,22) + 1PNl g0, xm)
< C(N)|luollpz + C(N)lgllz2(jo,r1xT) + C(N)T1/2Hu”%‘l([O,T]X’H‘)'

1/2

Since the term Hu”%‘l([o 77,4y i the third inequality has not factor of T or N™'/* we need to

combine the second and third estimates to obtain

C
lullx, < CON) [lluoll 2 + 19l 22 o.11.2)] + lwllxz + —= (s )5 + CON)T2||ulFago 1<)

VN
C 2
+ <C(N) [uollzz + llgllzzo,m,2)] + lwllx, + \/—Nll(u,w)llgf + C(N)T1/2\IUI|%4([0,T]XT)) :

Notice that ||wo|[z2 < |Jug||z2 and since we assume that 0 < T <1, N € N*, we have

(
(cT’ + \/% + C(N)TY2) ([ (u, )5 + [l (u,w)%)
(C(N)[lluoll2 + llgll 20,17, £2) + HQH%Q([O,T],H)]

(

(

C (5.10)

CT 4 <+ CONT) (I, + s w)))’

N) [lluollzz + luollZz + llgllzaqo,ry.z2) + 9172 o7y 22)]
(CT" + —= + C(NT2) (I (s w)llx + |, w)]% )

With this estimate at hand we proceed to establish a uniform Lipschitz bound for large data.

We can now use a bootstrap argument (see for instance Lemma 2.2 of [5]) using Lemma 2.7
for the continuity and limit in zero. Let R > 0 such that |luo||z2 + [|gl/z2(j0,7),02) < R. We first
pick N large enough and then 7" small enough (only depending on R and universal constants)
to get by a boot strap

[(u, w)lx < C(R)[l|uollrz + lgll L2 (jo,17,22)] -

This gives the expected result for times 7' small enough (the smallness only depending on R,
ie. T < C(R)). To globalize the result, we use the energy estimate (for ¢ positive or negative),
obtained by multiplying the equation by u and integration by parts, and which is valid for
smooth solutions

t
Hwoﬁw:mmw;—zégu@.
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By Cauchy-Schwarz inequality,

1/t 5
lu(@)lI72 < u(0)l72 + ll9ll72(0,,12) + 5/0 [u(s)lz2 ds.
We conclude by Gronwall’s lemma that the L? norm is bounded on every compact interval.

5.3. Large data Lipschitz estimates. We assume |luo|[z2 + ||9l|z2(jo,r),2) < R. From the
previous section we have

IUlx < C(R).
Thus the estimates (3.9) and (5.2) yield

lwy — walx, < lwox — wozllzz + C(R) g1 — g2llr2oryxm) + CR)T?||UL = Usllx  (5.11)

and
1PN (w1 — u2)l oo (jo,17,2) + 1PN (w1 — w2)ll La o, <)
< C(N)luo,i —uoz2llzz + C(N)llgr = g2ll 2o yxm) + C(N, R)T2| Uy — s x. (5.12)
The estimate (5.9) can be rewritten as
1PN (ur = u2)|| Lo (po,11,2) + [[1P2n (ur = u2) || 2 o,7yxm)
< C(R)||Pn(ur — u2)| poe(o,1),02) + Cllwr — w2l x, + %HUH — Uy|x. (5.13)

and from Lemma 3.5 it follows that
lur —wsl[y 11 < luox —wozllze + lgr = g2ll2(o.rxmy + C(R)llur — wallLaqoryxry.  (5.14)
Therefore, combining the estimates (5.11)-(5.14) leads to

U1 = Usllx < C(N,R)([luog — uo2llzz + g1 — g2ll 2o, 77xm))

+ (C(N,R)T"? + % + C(R)T?) Uy — Ua|x.

So, by choosing N large enough only depending on R and then 7" small enough (only depending
on N, R so only on R), we get

U1 — Ua||x < C(N, R)(|Juo,y — wozllzz + g1 — g2/l 2o, 11xm)) - (5.15)

The estimate (5.15) allows us to establish the existence and uniqueness of the solution of the
problem (1.14). The continuity of the flow follows by Bona-Smith argument. This completes
the proof of Theorem 1.3.

6. CONTROL RESULTS

In this section we will prove Theorem 1.1. First we will consider the damped equation and
use the theory established in the previous section to this case.
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6.1. Case of the damped equation. We consider the equation
Opu + HO?u = %am(uz) — GG*u
u(T)=0
We view the damping term as a source term, setting ¢ = —G§G*u. Thus, we have
9l z2(j0,1),2) < CT1/2||UHL°°([0,T},L2) < CTY2||(u, w)| x .
Hence estimate (5.10) becomes

lwwllx < OO [lluollzz + o]
(T + % T+ OTY2) ([l x + (s w)][%)-

We can conclude similarly by bootstrap for small times (only depending on the size). This
gives the expected result for small times. For large times, we use the energy estimate (for ¢
positive or negative)

t
()22 = [u(0)]2, — 2 /0 15u(s) 2. ds.

For positive times, the energy is decreasing, for negative times, we conclude by Gronwall’s
lemma.
We conclude similarly for the Lipschitz estimates.
Now we proceed to prove Theorem 1.1. We want to control the following problem
ou + J—(a%u = ud,u — G5*h,
u(T)=0
where § is defined as in (1.4).
We seek a control of the form of a solution of (hg is real valued with zero mean)
Oth + HI2h =0
h(0) = ho.
We denote by B the nonlinear operator defined by Bhy = u(0). Let uz, be the solution of
Opuy, + H?uyp = —5G5*h
ur,(T) = 0.

The linear operator from L*(T) to itself defined by Lho = ur(0) is the HUM operator, which
is a bijection of L?(T) by the observability inequality of Linares-Ortega [29]. We note Who =
u(0) = ur(0) + Kho = Lhy + Khg. (4.2) can be written as
1K hollz2 < CllholZ:
for ||ho||z2 small enough. Let ug € L*(T). So, the objective Who = Lho+ Khqo = ug is equivalent
to hg = =L ' Kho+ L™ 'ug, that is hg is a fixed point of B defined by Bhg = —L ' Kho+ L™ 'uy.
But, we have

IBhollz2 < CllEhol g2 + Clluollzz < Cllhol|72 + Cllull2-
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Thus, if we denote Br the unit ball of L? of radius R = 2C||ugl|z2, B sends Bg into itself if
CR < 1/2, that is, if ||ug||2 is chosen small enough.

Moreover, estimate (4.4) shows that for two solutions of the nonhomogeneous problem u;, us
coming from the controls g; = —GG*h; (recall that we have assumed ||gi[|z2(jo,r)xT) < €, which
is equivalent to ||ho|| 2 <€), we have the estimates

[Kho1 — Kholle < |lur —ury — (uz —ur)lreqoreey < €llgr — g2llrzom<m)-

Since Bhg 1 — Bhoa = Kho1 — Khg 2, this means that for € small enough (that is R = 2C|ug|| 12
small enough), B is contracting and reproduce Br. Therefore, it has a fixed point which is the
expected control.

It ends the proof of Theorem 1.1 part (i) for small data.

7. STUDY OF CONTRADICTING BOUNDED SEQUENCES OF DAMPED EQUATIONS

7.1. Large data. In this section u, is a solution as in Lemma 7.1. We assume to be proved
that (uy,w,) is bounded in X. The final aim is to prove the strong convergence in L? as stated
in Theorem 7.2. We assume [up] = 0 and explain the required modifications in a remark for
the general case. Mainly, according to Remark 1.2, the modifications require to apply the same
arguments to u and to replace G by §G,,.

Lemma 7.1. Suppose uy o is a bounded sequence in L? with [uo,n] = 0 with associated solutions
Un,

un(0) = ugn.

Assume moreover that Gu, — 0 in L*([0,T] x T). Then, u, — 0 in L*([0,T], L?) and weakly-*
in L>([0,T], L?).

Remark 7.1. We could certainly get rid of the term GG*u,, (converging to 0 in L*([0,T] x L?))
and work with solutions of the free equation. Yet, we have chosen to keep it since it did not
perturb too much the analysis and it seemed easier than proving a general perturbation theorem.

Proof. We assume u,, — u in L?([0,7T], L?) up to subsequence. The only problem to use directly
Proposition 2.8 of [31] is that because of the nonlinear term, it is not clear that w is solution of
the Benjamin-Ono equation (see Molinet [34, 35] for some cases where the limit equation is a
modified equation).

Denote the sequence ¢, (t) = [ a(y)u,(z, t)dy, bounded in L*([0,7]) and weakly convergent
to ¢(t). Denote r, = up — ¢,. We have a(z)[r,] — 0, in L*([0,7] x T). In particular, r,, — 0
in L2([0,T] x w) and r2 — 0 in L'([0,T] x w). Therefore, 2 — 0 in the distributional sense of
D'(]0, T[xw) and hence it is the same for d,72. But we have

(9337’% = 8mui — 20, (cpugn) + (9330% = &Bui — 20, (chup)
= amui — 20, (cpry)

But, we have r, — 0 in L([0,T] x w) so ¢,7, — 0 in L'([0,T] x w) and so in the distributional
sense in D'(]0, T[xw), and the same for 9, (c,ry,).



30 CAMILLE LAURENT, FELIPE LINARES, AND LIONEL ROSIER
So, we conclude that d,u2 — 0 in the distributional sense of D'(]0, T[xw). In particular, the
weak limit u is solution in the sense of distribution D'(]0, T[xw) of
up + Hugy = 6(t) + Huge = 0.

Therefore, we have Huz,, = 0 in the distributional sense of D'(]0,T[xw).

Moreover, since 7, converges to zero in the distributional sense of D’(]0, T'[xw), it is the same
for 7y, ggz = Un zze and we have ug,, = 0 in the distributional sense of D’'(]0, T[xw).

We conclude that w = 0 as in Linares-Rosier [31] Proposition 2.8. O

Remark 7.2. In the case of [upy,] = p # 0, we can, for instance, set u,, = u, — pr and obtain
similarly u, — u using that u,, is solution of dyu,, + HOu,, = udu,, + u,0xu, — §G*u,,.
Lemma 7.2. u,, — 0 in L*([0,T], L?) implies w, — 0 in L*([0,T], L*) with w, = P+(une_%F”)

(for solutions). The same holds for upe” 2.

Proof. F, weakly-* converges to 0 in L>°([0,T], H') and 0,F,, is bounded in L*([0,T], H ')
and hence by Aubin-Lions lemma, F), converges strongly to 0 in L°°([0,77,L*°). By the

mean value theorem, e 2" converges strongly to 1 in L>°([0,T],L*>®). Actually, 0:F, =
—HOZF, + 5(0:F)* — $ Po(F?2,) + 05 'G5 uy, is bounded in L>([0, 7], H~') since 02F,, = Oyun,
and (9, F,)? = u2 is bounded in L>([0,T], L) c L>([0,T], H ).

Let ¢ € L%([0,T], L?). We write

// Wpp = // une_%FnP-i-a = // un(e_%Fn - 1)P+¢+ // un Py .
[0,7]xT 0,T]xT 0,T]xT 0,T]xT

The first term converges to 0 by strong convergence of e=3Fr —1in Le([0,T7], L). The second
converges to 0 by weak convergence. The same proof without Py gives the result for upe 2. 0O

Lemma 7.3. ¢,(t) = [ a(y)un(y,t)dy is bounded in H'([0,T]) and converges strongly to 0 in
L*([0,T]).

Proof. We compute
1
C.n(t) = /’]Ta(y) [:}Ca;un(ta y) + §8y(un(ta y)2) + gg*un] dy

= —/Ti}cazfa(y)un(t,y)dy— %/T@ya(y)(un(t’yf)dw/Ta(y)99*undy-

Ga(t)] < CHun(t)HLQ(T)+CHUN(t)H%2(T)

So |len(®)l2qorp < Cllunllz2(jo,m, 2y + CHU"H%OO([O,T],LQ) < C. Lemma 7.3 follows by Sobolev
embedding and weak convergence to 0 of u,. O

Remark 7.3. For Lemma 7.2 and 7.5, the same argument applies with G replaced by G, since
we only use the boundedness as an operator of L>([0,T], L?).

Lemma 7.4. Gu, — 0 in L%([0,T] x T) implies that a(z)w, — 0 in L*([0,T] x T).
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Proof. Lemma 7.3 implies that we have in fact a(z)u, — 0in L?([0, T)xT) and so a(x)efépnun —
0 in L2([0,T] x T), and the same for Py (a(z)e” 2 u,).
We write

i

a(@)wy = a(x) Py (upe” 57) = Py (a(z)une”37) + a(z), Py (upe™ 37).
So, it remains to prove that the second term in the right hand side is strongly convergent in
L2([0,T] x T).

Using Lemma 2.5 of Linares-Rosier [31], we get

Ila(z), Py](une™ 2" | 2o.myxm) < llune™ 2™ | 2(0,77,1-1)-

Using Lemma 7.2, we get that une_%F" — 0in L?([0,T] x T). To apply Aubin-Lions’ lemma,
we just need to prove that 0y (uneféFn) is bounded in some space LP([0,T], H™*), s € R. We also
notice that uneféF" = 21'(933675.1?", so , we just have to prove that ate*%'Fn = —%((925Fn)efép’L is
bounded in some LP([0,T], H™*). But, we have shown in the proof of Lemma 7.2 that 0, F,, was
bounded in L>([0,T], H~') and we notice easily that e~ 25" is bounded in L>([0,T], H'), since
Oy 2 = —%une_%F” is bounded in L*°([0, 7], L?). Thus by product, 8ye 3" is bounded in
L>([0,T],H™Y). O

Remark 7.4. Lemma 7.4 has to be changed when G is replaced by G,,. Indeed, in that case, the
zone of damping is moving at speed . But, we can use the infinite speed of propagation to get
a similar result as follows.

If S, — 0 in L2([0,T] x T), we infer similarly that a(z — tp)u, — 0 in L*([0,T) x T). If
for instance [—c, ] C w with ¢ > 0, we easily conclude that there exists an e (a priori depending
on 1) such that t, — 0 in L*([0,¢] x [—¢,¢]).

This result will be enough for what follows since the time T > 0 and the open set w are
arbitrary (w non empty).

Now, we borrow a propagation theorem from [26].
Theorem 7.1. Let w, be a sequence of solutions of
10ywy, + aiwn = fn
such that for one 0 < b <1, we have

—146—5 — 0

T

lwnllxge < C flwn|[x e00 = 0 and || fu|

Moreover, we assume that there is a non empty open set w such that wy, — 0 in L*([0,T], L*(w)).
Then wy, — 0 in L? ([0,T], L*(T)).

loc
We want to apply this lemma with b = 1/2 and

) i 1 1 i
fo = =0u P W P-0sun)] = 5 Ps [gne™ 2] = 2Py [( = 5Po(ul) + G e 2]

with g, = §G*u,, G, = 9 'gn. That is, we need to prove

lwnll oy < € llwnll -3y = 0 and [ n]] gy =0

We decompose f, = f¢ + f2 with f? = -0, P, [Wn(P,&Bun)]. We know that
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* [[wn] xou2 < C,
o [[fnllxo-12 < C.

Lemma 7.5. For any 0 € [0,1], we have the bound

||anX;29’71570 S C.
Proof. 1f we prove anHX—Q,O = Hf"HLQ([O,T},H—Q) < C, by interpolation, this gives
T
anHX;Qg,flgie < C.

So, to bound f2, we need to prove that W,,(P_d,uy) is bounded in L?([0,7], H~1). We write
Wi (P-0zun) 20,171,651y < ClIWall 20,77, 50) |02 Un || oo (jo,71,5-1)
< Cllwall2j0,77,02)l[unl Lo (0,17,22) < C

where we have used that H! is an algebra and so by duality, H' « H~t — H~1.

The bound for fg is easier (and corresponds actually to the estimates of IT and I11 in section
3.1)

A

1
I 2o - < follzz2qoree) < lgnllzzqoryzz) + Il — §P0(ui) + Gullzee qo,r1xm) 1un | 20,7, £2)

IN

2
”gn”LQ([O7T},L2) + (HUTL”LO"([QT},LQ) + HgnHLQ([O’TLLQ)) HunHLQ([QT},LQ)-
O
With for instance 6 = é,
||anX;g,_1;40 <C
_2_4 _
So, since —% < —% and —% < —%, the embedding of X.°" ' — X,
can extract a subsequence and pick a function f such that

1 fn — f”x;%"% — 0.

|
=

)

NI

is compact and we

We can get that f = 0 using the equation verified by w,, f, and use the fact that we already
know that w,, — 0 in the distributional sense.

anHX;%,_% — 0.

This constitutes the case b = % The same holds for w,,.
We can now state the following theorem.

Theorem 7.2. Under the same assumptions as in Lemma 7.1, we have u,, — 0 in L2, ([0,T], L*(T))

([0, 7], L*(T)). By
Fy

Proof. Using Theorem 7.1 and the previous analysis, we get w,, — 0 in leoc

definition of w,,, we have w,, = —%PJr(une_%F"). But, we have proved in Lemma 7.2 that e 2
converges strongly to 1 in L*°([0,T], L>°). So, we can write

Py, = 2iw, — Py [un (e 25 — 1)].

This gives Pyu, — 0in L2 ([0,T], L?(T)) and the same result for u, since u,, is real valued. [

loc
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7.2. Small data.
Lemma 7.6. For ug € L?(T), let u denote the solution of
{&gu + HO?u = udpu — §G*u,
u(0) = wo,
and let uy, denote the solution of

{&euL + HO2uy, = —§G*uy,

ur(0) = wup. (7.1)

Then, there exist some constants To > 0, € > 0 and C > 0 such that for T < Ty and ||ug||z2 < e,
we have

lu —ur| g (o2 < C lluo||7

Proof. Let v denote the solution of

{@v + HO*v = —GG*u (72)
v(0) = up.
From (4.2) applied with ¢ = —9G*u and |Jug||;2 small enough, we have
lu = ol oo o.11,22) S 195 ullZ2((077,22) + w072
S HUH%%[O,TLL?) + [luol1Z: (7.3)

S Cu(T + 1) [Juo 72
for some constant C; > 0 where we used the fact that ||u(t)||z2 < ||uo||r2 for any ¢t > 0.
On the other hand, by classical semigroup estimates we have that
v = urllzeoqo,r),02) S 1G5 (v — wr)l L1 (jo,17,22)
Sl =l o, r2) (7.4)
< CoT |lu — |l pee(o,17,2)-
Combining (7.3) and (7.4) and the triangle inequality yield

Ju — uLHLOO([O,T],LQ) <O ”U0H%2 + Co T [Ju — uLHLDO([QT},L?)-

Thus
T 9
lw = uLll oo (jo,17,2) < 1T-CyT [[uoll 72
whenever ||ugl|;2 < eand T' < T = ﬁ

O

Proposition 7.1. Suppose un o is a sequence of smooth functions strongly convergent to 0 in
L?, with associated solutions u, of the problem

un(o) = UQ,n,
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and in addition assume that
ISl 2 oiryen) < ol (75)
Then, ug, = 0 for n large enough.
Proof. We denote u,, 1, the solution of
{atumL + HPup 1, = —GG%un, 1,
Un,1,(0) = ugpn.

By the observability of the linear damped system, proved in [29] Theorem 1.2, we know that for
some T' that can be chosen T' < Tp, we have

T
ol <C [ ISunc (7:6)
0
But, we have from triangular inequality, (7.5) and Lemma 7.6, that

||9Un,LH%2([o,T]XT) < C‘|9un||%2([o,ﬂx1r) + ClIS(un, — un)H%Q([O,T]x’]I‘)

C
< —Juonlzz + Clluonllr:

Combining the previous estimate with (7.6) gives

1
[tonlzz < C (= + luonlzz) luonllz:
Since ||ug |72 converges to zero, this gives ug, = 0 for n large enough. O

8. STABILIZATION

In this section we will prove Theorem 1.2. We will use the argument in [31]. However to
complete the arguments we have to make some modifications as we did in the previous section.
Because of the identity

1 1
()P + 19l o 1yem) = 5ol (8.1)
we observe that ||u(t)|| is nonincreasing, so that the exponential decay is guaranteed if
lu((n + 1)T)|| < kl[ju(nT)| for some &k < 1.

To prove the theorem, it is sufficient to show the following observability inequality: For any
T > 0 and any R > 1 there exists a constant C(R,T) such that for any uy € H{(T) with
|luol] < R it holds

T
nstcAn%mww (8.2)

where u denotes the solution of (1.12).
Suppose there exists a sequence ug,, € HY(T) such that for each n we have |jug || < R (where
R > 1) but

T
mmu>¢/uﬁmwwa. (8.3)
0
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Then from Theorem 7.2, we have for a subsequence (still denoted by w,,) that
u, —0 in L& _([0,T], L*(T)).
Thus one can select some ¢y € (0,7") such that, extracting again a subsequence,
un(tg) = 0 in  L*(T).
Since 1 )
§||un(f0)”2 + \|9un”%2([o,t0]xqr) = §||u0,n\|2,
we conclude that
[uo,nllze — 0.

The assumptions of Proposition 7.1 are fulfilled. We finally get ug, = 0 for n large enough,
which is a contradiction to (8.3).
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APPENDIX A.

In the following, we will establish a slight modification of the bilinear estimate of Molinet-
Pilod [36], Proposition 3.5, with a gain of a power of T. Such an estimate will allow to avoid
the dilation argument for small time and large data and it could also be interesting for other
purposes. This type of gain was already obtained by Bourgain in [7] for the KdV equation and
it relies mainly on the fact that the equation we consider is subcritical on L? with respect to
the scaling.

Lemma A.1. We have for 0 <T <1 the estimate
102 Py [W(P-0:w)] [l yo.-1/2 < T (u, w)|%-
Proof. Let h, u, w be some extension (same notation by abuse). We use the same notation as

in [36] and continue the computations started in [36]. We continue the estimates of I4 starting
from estimate (3.32) in [36].

[Lal < IRl p2llwll yo.srs llullze < CT1/2’3/8||hHL2IIMIIX;J/aIIUHsz,

For Ip, we use (3.33) and (3.34) of [36] to get

15| < ( Z 1P, (

1/2
) W7)" ol ol

(o >1/2

0,1/2
< oTV*3) (—=)Y) x%Y 1Rll 2wl o578 lull s

(o >1/2

< CT1/2’3/8HhHL2HWHX%S/sHUHm
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and using (3.38)

o~

h V2 \1/2 1/2-3/8
Il < (%HPM(W> 120 ol gl -1 < CTY2/8 o] gl -
1

Lemma A.2. Let ¢ > 0. The following estimate holds uniformly for 0 <T < 1:
10 P [W(P-0)] | 70+ < CTY5 | w,w) .
T

Proof. We can see using (3.43) of [36] that

1/2 — 1/2
Tal < (3 lawllGapae) Nl yoors lulls < CTY275 (3 Nlgw 32 p) ol ol o
N N

and using estimate line 15 p 381 of [36]

51+ 1el < (| () e+ 1)

)l o (el s + llull ).

But
H <%>V‘ 74 + H <%>V 74 < OTV/2-3/8—¢ <%>V .
< OoTY/8F <U>\$’2+E v

< cT/8—¢ ( Z [ <0>_1/2_69N ||%2L§)1/2

N
<oy /5 [ (e o nop)
N T
1/8—¢ 2 1/2
<CT (Z||9N||L§L$°) ’
N

which gives

— 1/2
[Jgl+|Jc| < CT'® E(legzv\ligmo) / lwll goare (llullzs + llull x0)-
N

The result follows by duality.
Note that the two previous lemmas give Lemma 2.8.

Lemma A.3. Let N € N*. We have the following estimates, uniformly in N.

F C
[P>n(e'2)][ree < \/—NHFHHla

1 P c
[Pon(e'2 —€'2)|[pe < —=[1+ |F1llg + | Bl ] |1 Fy — Fol g

VN
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and
QN Fy - QN Fo

QNF1 QNFy C
le" 2 — e 2 lpe < —=[1+ [|Fillg + [ Bl [ 1 FL — Pl

VN
Remark A.1. Note that these estimates are very close to the estimate
F
[P>1(e"2)[ Lo o,n)) < ClIFell 20,5

but uniform on the length X\, as used by Molinet [33].
This gain comes from the fact that the inequality is subcritical. Roughly speaking, L scales
like HY? which gives a gain at high frequency.

Proof. We will mainly use the following estimate, which is only the Sobolev embedding at high
frequency.

“+o0 “+o0
|Pon (Pl < Z o)l < (X (X wlfm) < \/—Hme (A1)

n=N n=N
. F . F
We apply this estimate to f = el — T

[ P>n (e Y e 72)|!L°°

C C B

< e - F i < (1 = R+ @R - @F)E
Vi vl )
C .

< (1~ Fale + 1A win(0, | = Falln) + [ Bl | — Bl

where, for the last estimate, we have used estimate (2.6) together with

(0P S — (Do) T = (0, F1)(e12 — %) + e 0,(F — Fy).

This proves the second inequality of the lemma. The first estimate of the lemma is a consequence
F F
of the previous inequality with F» = 0 using the fact that P>y(e'2) = Psy(e'z —1).
The last inequality is proved using the Gagliardo—Nirenberg inequality on T, i.e.

iQNFl QN 2 QN QN 2 QN 2H1/2” i N

QN2 1/2
e — @ e < [l - Iz + [l [

The previous computation shows that

QN F1 iGN

T =T | C1+|1QnFillg + QN2 i ] |QnFL — QN Fa| i

CR+Em + 1 Ellm 15y = Bl

lle <
<

But, the mean value theorem gives

C
(F1 — Fy)lp2 < NHFl — Byl




38 CAMILLE LAURENT, FELIPE LINARES, AND LIONEL ROSIER

REFERENCES

[1] L. Abdelouhab, J. L. Bona, M. Felland, and J.-C. Saut, Nonlocal models for nonlinear dispersive
waves, Physica D. 40 (1989) 360-392.

[2] M. J. Ablowitz and A. S. Fokas, The inverse scattering transform for the Benjamin-Ono equation —
A pivot to multidimensional problems, Stud. Appl. Math. 68 (1983), 1-10.

[3] C. Amick and J. Toland, Uniqueness and related analytic properties for the Benjamin-Ono equation
— a nonlinear Neumann problem in the plane, Acta Math. 167 (1991) 107-126.

[4] J.L. Bona and R. Smith, The initial value problem for the Korteweg-de Vries equation, Philos. Trans.
R. Soc. Lond., Ser. A 278 (1975), 555-601.

[5] H. Bahouri and P. Gérard. High frequency approximation of critical nonlinear wave equations. Amer-
ican J. Math., 121:131-175, 1999.

[6] T. B. Benjamin, Internal waves of permanent form in fluids of great depth, J. Fluid Mech. 29 (1967),
559-592.

[7] J. Bourgain. Fourier transform restriction phenomena for certain lattice subsets and applications
to nonlinear evolution equations, Part II : the KdV equation,. Geometric and Functional Analysis,
3:209-262, 1993.

[8] N. Burg and F. Planchon, On the well-posedness for the Benjamin-Ono equation, Math. Ann., 340
(2008), 497-542.

[9] K. M. Case, Benjamin-Ono related equations and their solutions, Proc. Nat. Acad. Sci. U.S.A. 53
(1965), 1092-1099.

[10] R. Coifman and M. Wickerhauser, The scattering transform for the Benjamin-Ono equation, Inverse
Problems 6 (1990) 825-860.

[11] L. Dawson, H. McGahagan, and G. Ponce, On the decay properties of solutions to a class of
Schrodinger equations, Proc. Amer. Math. Soc. 136 (2007), 2081-2090.

[12] B. Dehman, P. Gérard, and G. Lebeau, Stabilization and control for the nonlinear Schrédinger
equation on a compact surface, Math. Z 254 (2006), 729-749.

[13] B. Dehman, G. Lebeau and E. Zuazua, Stabilization and control for the subcritical semilinear wave
equation, Annales Scientifiques de I’Ecole Normale Supérieure 36 (2003), 525-551.

[14] G. Fonseca and F. Linares, Benjamin-Ono equation with unbounded data, J. Math. Anal. Appl. 247
(2000), 426-447.

[15] G. Fonseca and G. Ponce, The I.V.P for the Benjamin-Ono equation in weighted Sobolev spaces, J.
Funct. Anal. 260 (2011) 436-459.

[16] G. Fonseca, F. Linares, and G. Ponce, The I.V.P for the Benjamin-Ono equation in weighted Sobolev
spaces II, J. Funct. Anal. 262 (2012) 2031-2049.

[17] J. Ginibre, Y. Tsutsumi and Velo, On the Cauchy problem for the Zakharov system, J. Funct. Anal.
151 (1997), no. 2, 384-436.

[18] A.D. Ionescu and C. E. Kenig, Global well-posedness of the Benjamin-Ono equation on low-regularity
spaces, J. Amer. Math. Soc. 20 (2007) 753-798.

[19] A. D. Tonescu and C. E. Kenig, Local and global well-posedness of periodic KP-I equations, Mathe-
matical Aspects of Nonlinear Dispersive Equations, Princeton University Press (2007), 181-212.

[20] R. J. Torio, On the Cauchy problem for the Benjamin-Ono equation, Comm. P. D. E. 11 (1986)
1031-1081.

[21] R. Torio and V. M. Torio, Fourier Analysis and Partial Differential Equations, Cambrigde Studies in
Advanced Mathematics 70 (2001).

[22] T. Kato and G. Ponce, Commutator estimates and the Euler and Navier-Stokes equations, Comm.
Pure Appl. Math. 41 (1988), 891-907.



CONTROL AND STABILIZATION OF THE BENJAMIN-ONO EQUATION IN L2(T) 39

[23] C. E. Kenig and K. D. Koenig, On the local well-posedness of the Benjamin-Ono and modified
Benjamin-On equations, Math. Res. Letters 10 (2003) 879-895.

[24] C.E. Kenig and D. Pilod, Well-posedness for the fifth-order KdV equation in the energy space, to
appear in Transactions AMS.

[25] H. Koch and N. Tzvetkov, On the local well-posedness of the Benjamin-Ono equation on H*(R), Int.
Math. Res. Not. 26 (2003) 1449-1464.

[26] C. Laurent, Global controllability and stabilization for the nonlinear Schriodinger equation on an
interval, ESAIM Control Optim. Calc. Var. 16 (2010), no. 2, 356-379.

[27] C. Laurent, Global controllability and stabilization for the nonlinear Schrédinger equation on some
compact manifolds of dimension 3, STAM J. Math. Anal. 42 (2010), no. 2, 785-832.

[28] C. Laurent, L. Rosier, B.-Y. Zhang, Control and Stabilization of the Korteweg-de Vries Equation on
a Periodic Domain, Comm. Partial Differ. Equations 35 (2010), no. 4, 707-744.

[29] F. Linares and J. H. Ortega. On the controllability and stabilization of the linearized Benjamin-Ono
equation, ESAIM Control Optim. Calc. Var., 11 (2005), 204-218.

[30] F. Linares, A. F. Pazoto, On the exponential decay of the critical generalized Korteweg-de Vries
equation with localized damping, Proc. Amer. Math. Soc. 185 (2007), no. 5, 1515-1522.

[31] F. Linares and L. Rosier. Control and Stabilization for the Benjamin-Ono equation, to appear in
Transactions AMS.

[32] S. Micu, J. H. Ortega, L. Rosier, and B.-Y. Zhang, Control and stabilization of a family of Boussinesq
systems, Discrete and Continuous Dynamical Systems, 24 (2009), no. 2, 273-313.

[33] L. Molinet, Global well-posedness in L? for the periodic Benjamin-Ono equation, Amer. J. Math.
130 (2008), no. 3, 635-683.

[34] L. Molinet. On ill-posedness for the one-dimensional periodic cubic Schrédinger equation. Mathe-
matical Research Letters, 16 (1) (2009), 111-120, .

[35] L. Molinet. Sharp ill-posedness result for the periodic Benjamin-Ono equation, J. Funct. Anal.,
257(11) (2009), 3488-3516.

[36] L. Molinet and D. Pilod. The Cauchy problem for the Benjamin-Ono equation in L? revisited, Anal-
ysis & PDE, 5 (2) (2012) 365-395.

[37] L. Molinet and F. Ribaud, Well-posedness in H' for generalized Benjamin-Ono equations on the
circle, Discrete Contin. Dyn. Syst. 23 no. 4 (2009), 1295-1311.

[38] L. Molinet, J.-C. Saut, and N. Tzvetkov, Ill-posedness issues for the Benjamin-Ono and related
equations, STAM J. Math. Anal. 33 (2001) 982-988.

[39] G. Ponce, On the global well-posedness of the Benjamin-Ono equation, Diff. Int. Eqgs. 4 (1991) 527—
542.

[40] H. Ono, Algebraic solitary waves in stratified fluids, J. Phys. Soc. Japan 39 (1975), 1082-1091.

[41] A. Pazoto Unique continuation and decay for the Korteweg-de Vries equation with localized damping
ESAIM Control Optim. Calc. Var. 11 (2005), no. 3, 473-486.

[42] G. Perla Menzala, C. F. Vasconcellos and E. Zuazua, Stabilization of the Korteweg-de Vries equation
with localized damping, Quart. Appl. Math. 60 (2002), no. 1, 111-129.

[43] L. Rosier and B.-Y. Zhang, Local exact controllability and stabilizability of the nonlinear Schrodinger
equation on a bounded interval, STAM J. Control Optim. 48 (2009), no. 2, 972-992.

[44] L. Rosier and B.-Y. Zhang, Ezact boundary controllability of the nonlinear Schridinger equation, J.
Differential Equations 246 (2009), 4129-4153.

[45] L. Rosier and B.-Y. Zhang, Control and stabilization of the Korteweg-de Vries equation: recent
progresses, Jrl Syst & Complexity 22 (2009), 647-682.

[46] L. Rosier and B.-Y. Zhang, Control and stabilization of the nonlinear Schrédinger equation on rect-
angles, M3AS: Math. Models Methods Appl. Sci. 20 (12) (2010), 2293-2347.



40 CAMILLE LAURENT, FELIPE LINARES, AND LIONEL ROSIER

[47] L. Rosier and B.-Y. Zhang, Unique continuation property and control for the Benjamin-Bona-Mahony
equation on a periodic domain, J. Differential Equations 254 (2013), no. 1, 141-178.

[48] D. L. Russell and B.-Y. Zhang, Ezact controllability and stabilizability of the Korteweg-de Vries
equation, Trans. Amer. Math. Soc., 348 (1996), 3643-3672.

[49] J.-C. Saut, Sur quelques généralisations de I’ équations de Korteweg-de Vries, J. Math. Pures Appl.
58 (1979) 21-61.

[50] T. Tao, Global well-posedness of the Benjamin-Ono equation in H'(R), J. Hyperbolic Differ. Equ.1
(2004), 27-49.

LABORATOIRE JACQUES-LOUIS LIONS, UNIVERSITE PIERRE ET MARIE CURIE, BOITE COURRIER 187, 75252
Paris CEDEX 05, FRANCE
E-mail address: laurent@ann. jussieu.fr

INSTITUTO DE MATEMATICA PURA E APLICADA, ESTRADA DONA CASTORINA 110, RI0 DE JANEIRO 22460-
320, BrRAZIL
E-mail address: linares@impa.br

InsTiTUT ELIE CARTAN, UMR 7502 UDL/CNRS/INRIA, B.P. 70239, F-54506 VAND@®UVRE-LES-NANCY
CEDEX, FRANCE
E-mail address: Lionel.Rosier@univ-lorraine.fr



