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THE CAUCHY PROBLEM FOR THE BENJAMIN-ONO EQUATION IN L2
REVISITED

Luc MOLINET AND DIDIER PILOD

Ionescu and Kenig proved that the Cauchy problem associated with the Benjamin—Ono equation is globally
well posed in L2(R). In this paper we give a simpler proof of Ionescu and Kenig’s result, which moreover
provides stronger uniqueness results. In particular, we prove unconditional well-posedness in H*(R) for
s > i. Note that our approach also permits us t? simplify the proof of the global well-posedness in L?(T)
and yields unconditional well-posedness in H 2 (T).

1. Introduction

The Benjamin—Ono equation is one of the fundamental equations describing the evolution of weakly
nonlinear internal long waves. It has been derived by Benjamin [1967] as an approximate model for
long-crested unidirectional waves at the interface of a two-layer system of incompressible inviscid fluids,
one being infinitely deep. In nondimensional variables, the initial value problem (IVP) associated with
the Benjamin—Ono equation (BO) is

ia,u—l—%afuzuaxu, (1-1)

u(x, 0) = uo(x),

where x e Ror T, r € R, u is a real-valued function, and 7 is the Hilbert transform, defined on the line by

Hf(x) =p.V.%/R){(—_y)))dy. (1-2)

The Benjamin—Ono equation is, at least formally, completely integrable [Fokas and Ablowitz 1983] and
thus possesses an infinite number of conservation laws. For example, the momentum and the energy,
respectively given by

1
M(u):[uzdx and E(u)=%/\1);u|2dx+é/u3dx, (1-3)

are conserved by the flow of (1-1).

The IVP associated with the Benjamin—Ono equation presents interesting mathematical difficulties and
has been extensively studied in recent years. In the continuous case, well-posedness in H*(R) for s > %
was proved by I6rio [1986] by using purely hyperbolic energy methods (see also [Abdelouhab et al. 1989]
for global well-posedness in the same range of s). Then Ponce [1991] derived a local smoothing effect

associated with the dispersive part of the equation, which, combined with compactness methods, enables
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us to reach s = % This technique was refined by Koch and Tzvetkov [2003] and Kenig and Koenig
[2003], who reached s > % and s > %, respectively. On the other hand, Molinet, Saut, and Tzvetkov
[Molinet et al. 2001] proved that the flow map associated with BO, when it exists, fails to be C? in any
Sobolev space H*(R), s € R. This result is based on the fact that the dispersive smoothing effects of the
linear part of BO are not strong enough to control the low-high frequency interactions appearing in the
nonlinearity of (1-1). It was improved by Koch and Tzvetkov [2005], who showed that the flow map fails
even to be uniformly continuous in H*(R) for s > 0 (see [Biagioni and Linares 2001] for the same result
in the case s < —%). As the consequence of those results, one cannot solve the Cauchy problem for the
Benjamin—Ono equation by a Picard iterative method implemented on the integral equation associated
with (1-1) for initial data in the Sobolev space H*(R), s € R. In particular, the methods introduced by
Bourgain [1993b] and Kenig, Ponce, and Vega [Kenig et al. 1993; 1996] for the Korteweg—de Vries
equation do not apply directly to the Benjamin—Ono equation.

Therefore, the problem of obtaining well-posedness in less regular Sobolev spaces turns out to be
far from trivial. Due to the conservations laws (1-3), L2(R) and H 3 (R) are two natural spaces where
well-posedness is expected. In this direction, a decisive breakthrough was achieved by Tao [2004]. By
combining a complex variant of the Cole—Hopf transform (which linearizes the Burgers equation) with
Strichartz estimates, he proved well-posedness in H'(R). More precisely, to obtain estimates at the
H'-level, he introduced the new unknown

w =3, Pypi(e2F), (1-4)

where F is some spatial primitive of # and P.;; denotes the projection on high positive frequencies. Then
w satisfies an equation of the form

dw—i 82w =—d, Pypi (37 'wP_ d,u) + negligible terms. (1-5)

Observe that, thanks to the frequency projections, the nonlinear term appearing in the right-hand side of
(1-5) does not exhibit any low-high frequency interaction terms. Finally, to invert this gauge transformation,
one gets an equation of the form

u="2ie"w + negligible terms. (1-6)

Very recently, Burq and Planchon [2008] and Ionescu and Kenig [2007] were able to use Tao’s ideas
in the context of Bourgain’s spaces to prove well-posedness for the Benjamin—Ono equation in H*(R) for
s > % and s > 0, respectively. The main difficulty arising here is that Bourgain’s spaces do not enjoy
an algebra property so that one is losing regularity when estimating « in terms of w via Equation (1-6).
Burq and Planchon first paralinearized the equation and then used a localized version of the gauge
transformation on the worst nonlinear term. On the other hand, Ionescu and Kenig decomposed the
solution in two parts: the first one is the smooth solution of BO evolving from the low-frequency part of
the initial data while the second one solves a dispersive system renormalized by a gauge transformation
involving the first part. The authors were then able to solve the system via a fixed-point argument in a
dyadic version of Bourgain’s spaces (already used in the context of wave maps [Tataru 1998]) with a
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special structure in low frequencies. We observe that their result only ensures the uniqueness in the class
of limits of smooth solutions while Burq and Planchon obtained a stronger uniqueness result. Indeed,
by applying their approach to the equation satisfied by the difference of two solutions, they succeed in
proving that the flow map associated with BO is Lipschitz in a weaker topology when the initial data
belongs to H*(R), s > zlt'

In the periodic setting, Molinet [2007; 2008] proved well-posedness in H*(T) for s > % and s > 0,
successively. (This last result is proven to be sharp in [Molinet 2009].) Once again, these works combined
Tao’s gauge transformation with estimates in Bourgain’s spaces. It should be pointed out that in the periodic
case, one can assume that # has mean value zero to define a primitive. Then it is easy to check by the mean-
value theorem that the gauge transformation in (1-4) is Lipschitz from L? into L>. This property, which
is not true on the real line, is crucial to prove the uniqueness and the Lipschitz property of the flow map.

The aim of this paper is to give a simpler proof of Ionescu and Kenig’s result, which also provides
a stronger uniqueness result for the solutions at the L? level. It is worth noticing that to reach L? in
[Tonescu and Kenig 2007] and [Molinet 2008], the authors replaced u in (1-4) by the formula given in
(1-6). The benefit of this substitution is that then # no longer appears in (1-4). On the other hand, it
introduces new technical difficulties in handling the multiplication by eT/¥/2 in Bourgain spaces. Here
we are able to avoid this substitution, which will simplify the proof. Our main result is the following:

Theorem 1.1. Let s > 0 be given.
Existence: For all ug € H*(R) and all T > 0, there exists a solution

ueC(0, T, H®)Nnx3 ' nLiwss (1-7)

of (1-1) such that .
w =0, Pypi(e 21Uy e ys, (1-8)

where F[u] is some primitive of u defined in (3-2).

Uniqueness: This solution is unique in the following classes:'

(i) u e L%(10, T[; LAR)) N L4(10, T[ x R) and w € X33,
(i) u € L*(10, T[; H*(R)) N LT WS* whenever s > 0,
(i) u € L=(10, T[; H*(R)) whenever s > 7.
Moreover, u € Cp,(R; L*(R)), and the flow-map data solution uy — u is continuous from H* (R) into
C(0, T]; H*(R)).
Note that H®(R) above denotes the space of all real-valued functions with the usual norm, and X ST’b
and Y7 are Bourgain spaces defined in Section 2B while the primitive F[u] of u is defined in Section 3A.

Remark 1.2. Since the function spaces in the uniqueness class (i) are reflexive and since 0y Py; (e_5F [unly
converges to dy Py p; (e*l?F[“]) in L*(—T, T[; L*(R)) when u,, converges to u in L*°(]—T, T[; L*(R)),
our result clearly implies the uniqueness in the class of L°(] - T, T[; L?(R))-limits of smooth solutions.

INote that according to the equation, the time derivative of a solution in these classes belongs to L (—T, T; H _2), and thus
such a solution has to belong to C(—T, T; H72).
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Remark 1.3. For s > 0 we get a uniqueness class without any conditions on w (see [Burq and Planchon
2008] for the case s > 4—11).

Remark 1.4. According to (iii) we get unconditional well-posedness in H*(R) for s > %. Such a result was
first proven, in a much less direct way, in [Burq and Planchon 2006] for s > % It implies in particular the
uniqueness of the (energy) weak solutions that belong to L>*°(R; H 3 (R)). These solutions are constructed
by regularizing the equation and passing to the limit as the regularizing coefficient goes to 0 (taking into
account some energy estimate for the regularizing equation related to the energy conservation of (1-1)).

Our proof also combines Tao’s ideas with the use of Bourgain’s spaces. Actually, it closely follows the
strategy introduced by the first author in [Molinet 2007]. The main new ingredient is a bilinear estimate
for the nonlinear term appearing in (1-5), which allows us to recover one derivative at the L level. It
is interesting to note that, at the H® level with s > 0, this estimate follows from the Cauchy—Schwarz
method introduced by Kenig, Ponce, and Vega [Kenig et al. 1996] (see the Appendix for the use of
this method in some region of integration). To reach L2, one of the main difficulties is that we cannot
substitute the Fourier transform of u by its modulus in the bilinear estimate since we are not able to
prove that %~ (|ii|) belongs to Lit but only that u belongs to Li’t. To overcome this difficulty we use
a Littlewood—Paley decomposition of the functions and carefully divide the domain of integration into
suitable disjoint subdomains.

To obtain our uniqueness result, following the same method as in the periodic setting, we derive a
Lipschitz bound for the gauge transformation from some affine subspaces of L>(R) into L>(R). Recall
that this is clearly not possible for general initial data since it would imply the uniform continuity of the
flow map. The main idea is to notice that such a Lipschitz bound holds for solutions emanating from
initial data having the same low frequency part, and this is sufficient for our purpose.

Let us point out some applications. First our uniqueness result allows us to simplify the proof of the
continuity of the flow map associated with the Benjamin—Ono equation for the weak topology of L%(R).
This result was recently proved by Cui and Kenig [2010].

It is also interesting to observe that the method of proof used here still works in the periodic setting,
and thus, we reobtain the well-posedness result [Molinet 2008] in a simpler way. Moreover, as in the

continuous case, we prove new uniqueness results (see Theorem 7.1). In particular, we get unconditional
1

i.

Finally, we believe that this technique may be useful for other nonlinear dispersive equations presenting

well-posedness in H*(T) as soon as s >

the same kind of difficulties as the Benjamin—Ono equation. For example, consider the higher-order
Benjamin—Ono equation

dv—bIH v +adiv=cvdv—dd (V¥ v+ H(vdv)), (1-9)

where x, t € R, v is a real-valued function, a € R, and b, ¢, and d are positive constants. The equation
above corresponds to a second-order approximation model of the same phenomena described by the
Benjamin—-Ono equation. It was derived by Craig, Guyenne, and Kalisch [2005] using a Hamiltonian
perturbation theory and possesses an energy at the H' level. As for the Benjamin—-Ono equation, the flow
map associated with (1-9) fails to be smooth in any Sobolev space H*(R), s € R [Pilod 2008]. Recently,
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the Cauchy problem associated with (1-9) was proved to be well posed in H?(R) [Linares et al. 2011]. In
a forthcoming paper, the authors will show that it is actually well posed in the energy space H'(R).

This paper is organized as follows: in the next section, we introduce the notations, define the function
spaces, and recall some classical linear estimates. Section 3 is devoted to the key nonlinear estimates,
which are used in Section 4 to prove the main part of Theorem 1.1 while the assertions (ii) and (iii) are
proved in Section 5. In Section 6, we give a simple proof of the continuity of the flow map for the weak
L?(R) topology whereas Section 7 is devoted to some comments and new results in the periodic case.
Finally, in the Appendix we prove the bilinear estimate used in Section 5.

2. Notation, function spaces, and preliminary estimates

2A. Notation. For any positive numbers a and b, the notation a < b means that there exists a positive
constant ¢ such that a < cbh. We also write a ~ b when a < b and b < a. Moreover, if ¢ € R, o and v
will denote a number slightly greater and lesser than «, respectively.

For u = u(x, t) € $(R?), Fu = u will denote its space-time Fourier transform whereas %, u = (u)"*
and F,u = (u)" will denote its Fourier transform in space and time, respectively. For s € R, we define
the Bessel and Riesz potentials of order —s, J7 and Dy, by

Fu=F11+61)2Fu and Diu=F (€ Fu).
Throughout the paper, we fix a cutoff function n such that
neCy(®, 0=n=1, n,=1supp() C[-22]
We define
¢ :=nE) —nQE) and ¢y () :=¢27'8).

Summations over capitalized variables such as N are presumed to be dyadic with N > 1; i.e., these
variables range over numbers of the form 2", n € Z. Then we have

Y onE) =1-nQE)VE#0 and  supp(¢n) C {3N < [E] <2N}.
N

Let us define the Littlewood—Paley multipliers by
Pyu = 9’7;1((]51\19’}11) and PZN = Z Px.

K>N
We also define the operators Pp;, Py, Pi,, and Pro by

th':ZPN, PHI:ZPNs Po=1—Py, and Pro=1— Py
N>2 N>8

Let Py and P_ denote the projections on the positive and the negative Fourier frequencies, respectively.
Then
Peu =T (xp, Fatt),
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and we also define Pyy; = P+ Py, P+y; = P+ Py, Pyj, = P+ P, and P1;p = P4 P;p. Observe that Py;,
Py, Py, and P are bounded operators on L?(R) for 1 < p < oo while Py is only bounded on L?(R)
for 1 < p < oo. We also note that

H=—iPr+iP_.

Finally, we denote by U(-) the free group associated with the linearized Benjamin—Ono equation,
which is to say,

F (U@ )E) = TEEF, f(&).

2B. Function spaces. For 1 < p < oo, L?(R) is the usual Lebesgue space with the norm || - ||z, and
for s € R, the real-valued Sobolev spaces H*(R) and W¥”(R) denote the spaces of all real-valued
functions with the usual norms

Il =1 ull2 and [ fllwse = 177 fllLr

For 1 < p < oo, we define the space L? as

1

2

1F 70 = 1 Pro fllo + (Z ||PNf||ip) .
N

Observe that when p > 2, the Littlewood—Paley theorem on the square function and Minkowski’s inequality
imply that the injection L? <> L? is continuous. Moreover, if u = u(x, t) is a real-valued function
defined for x € R and ¢ in the time interval [0, T] with 7 > 0, B is one of the spaces defined above,
and 1 < p < oo, we will define the mixed space-time spaces L’T’Bx and L? B, by the norms

1

r p ’ p o\’
lullzrp, = luC-, )l dt and  lullprp, = (-, Dllgdt |,
0 R
respectively.

For s, b € R, we introduce the Bourgain spaces X*** and Z* related to the Benjamin—Ono equation
as the completion of the Schwartz space ¥(R?) under the norms

lull o = ( /R (T HIEIE €T aE, TP df dr)z, @1
2 \2
lullze = ( fR ( /R <r+|s|s>b<s>f|ﬁ<s,r>|dr) ds) : (2-2)
lallzso = Il Protell 20 + (Z ||PNu||ZZS,,,>2, (2-3)
N
luallys = Nl oy + el oo, (2-4)

where (x) := 1+ |x|. We will also use the localized (in time) version of these spaces. Let T > 0 be a
positive time and || - | = || - | xs.65 || - 1550, 0 || - [lys. If u : R x [0, T] — C, then

lullg, :==inf{ |lillp | i :RxR— C, ttlpxjor)=1u}.
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We recall that
Y < 75" < C ([0, T]; H (R)).

2C. Linear estimates. In this subsection, we recall some linear estimates in Bourgain’s spaces that will
be needed later. The first ones are well known (see [Ginibre et al. 1997], for example).

Lemma 2.1 (homogeneous linear estimate). Let s € R. Then

In@ U@ fllys SN fllas (2-5)

Lemma 2.2 (nonhomogeneous linear estimate). Let s € R. Then, for any 0 < § < %,

S (2-6)

x5z

t
H n(t) /0 Ut —1t)g(t)dr

and

t
Hn(t) /0 U=t g@)dl'| Sl .y + gz 2-7)

Y.S

Proof. Lemmas 2.1 and 2.2 follow directly from the classical linear estimates for X*? and Z** together
with the fact that

1

2
el s ~ 11 Proell o + (Z ||PNu||§f,b) . O
N

Lemma 2.3. Forany T > 0, s € R and for all —% <b <b< %,
b—b'
letll s S T777 Ml s (2-8)
The following Bourgain—Strichartz estimates will also be useful:

Lemma 2.4. It holds that

lull s < lullgs, < Nl

o 2:9)

andforanyT>Oand%§b§%,

3
leell s, S TP S lull oo (2-10)
Proof. Estimate (2-9) follows directly by applying the estimate

<
il s, S Nl oz

proved in the appendix of [Molinet 2007], to each dyadic block on the left-hand side of (2-9).
To prove (2-10), we choose an extension & € X%? of u such that ||i|| yo» < 2|u]| xo»- Therefore, it
T
follows from (2-8) and (2-9) that

3
i <@t < Tb—3
IIMIIL;{’T < llallps, Sl ST7s IIMIIXg-h- U

3
x"%
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2D. Fractional Leibniz rules. First we state the classical fractional Leibniz rule estimate derived by
Kenig, Ponce, and Vega (see Theorems A.8 and A.12 in [Kenig et al. 1993]).

1 -1

Proposition 2.5. Let 0 < o < 1, p, p1, p2 € (1, +00) with ﬁ + 2 = o and o, ay € [0, o] with

o =o]+ay Then
DY (fg) — fDyg—gDs fllLr SIDS glle 1DF2 fllLre. (2-11)
Moreover, for ay = 0, the value p; = +00 is allowed.

The next estimate is a frequency-localized version of estimate (2-11) in the same spirit as Lemma 3.2
in [Tao 2004]. It allows sharing most of the fractional derivative in the first term on the right-hand side
of (2-12).

Lemma 2.6. Let o > 0and 1 < g < o0o. Then

I1D3 Pi(fP-0xg)lie SIDS fllLa 1 DSl Lo (2-12)

1
53
Proof. See Lemma 3.2 in [Molinet 2007]. O

with1<q,~<oo,ql—l+qi2= ando) > a,0y >0, and a; +ory =1+ a.

L .
+3F where F is a

Finally, we derive an estimate to handle the multiplication by a term of the form e
real-valued function, in fractional Sobolev spaces.
Lemma 2.7. Let2 <g <ooand ) <a < é. Consider F| and F», two real-valued functions such that
uj = 0y F; belongs to L*(R) for j =1,2. Then
[ 72 (5271 8) | 1 S (U Nua D) 1T gl s, (2-13)
and
|72 (@27 —e®32)g) ||, < (g —uall 2 + €527 — =272 e (L4 g 1)) 188l Le. (2-14)
Proof. In the case o = 0, we deduce from Holder’s inequality that

£2hig],, < llgllzo (2-15)

e

since F7 is real-valued. Therefore, we assume that 0 < o < é, and it is enough to bound || D¢ (ei%F ") ra-
First we observe that

| D2 (e*2718) [ 0 < | DX (Pioe™ ") | o + | DY (Pre2 2 8) |, (2-16)
Estimate (2-11) and Bernstein’s inequality imply that
| D% (PeiF18) ||y S | Poe™ ™|, 1D gl a + | D% Proe™ 11| ligllie S IISgNLa.  (2-17)
On the other hand, by using estimate (2-11) again, we get that

| D2 (Puie®271g) |y S | Prie™ ™| o D2 g N L + Ngllion | DY Pie® |

withizl—ozandl:oz,soi—i—L
q1 9

7 aT o= é. Then it follows from the real-valuedness of Fi, the equality
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0y F1 = u, and the Sobolev embedding that
+IF aty +iF
| DS (Phie™2F1g)|| ., SIDSglLe + 1T gllLe | Dk 2 Prie®2 ™|

SII%lze (14 [ace*> 71 ,,)
<Nl e (1 + fluy |l 2). (2-18)

The proof of estimate (2-13) is concluded gathering (2-15)—(2-18).
Estimate (2-14) can be obtained exactly in the same way, using that

|90 (5551 — 32 || o S ut —uall o + |27 — =572 flunll 2 (2-19)

This completes the proof. (Il

3. A priori estimates in H*(R) for s > 0

In this section we will derive a priori estimates on a solution u to (1-1) at the H*-level for s > 0. First,
following Tao [2004], we perform a nonlinear transformation on the equation to weaken the high-low
frequency interaction in the nonlinearity. Furthermore, since we want to reach L2, we will need to use
Bourgain spaces. This requires a new bilinear estimate, which we derive in Section 3B.

3A. The gauge transformation. Let u be a solution to the equation in (1-1). First we construct a spatial
primitive F = Flu] of u (i.e., 0, F = u) that satisfies the equation

W F =—H3;F +3(0:F). 3-1)

Note that these two properties defined F up to a constant. In order to construct F for u with low regularity,
we use the construction of Burq and Planchon [2008]. Consider ¥ € C§°(R) such that fR v(y)dy=1
and define

F(x,t):/w(y)</ u(z,t)dz) dy+G(t) (3-2)
R y

as a mean of antiderivatives of u. Obviously, d, F = u and
are.n = [ v (/ (1) dz) dy+G'(1)
R y
= / v (y) </ (—% afu(z, 1)+ % d;(u(z, t)Z)) dz) dy +G'(t)
R y

= =9 du(x, 1)+ sulx, ) + /R(%w’(y) u(y, 1) —y(iu(y, ) dy + G ().

Therefore, we choose G as

G(t) = /0 /R (=39 () u(y. $) + ¥ )by, %) dy ds



374 LUC MOLINET AND DIDIER PILOD

to ensure that (3-1) is satisfied. Observe that this construction makes sense for u € L%OC([R{Z). Next, we

introduce the new unknown
W=Pyi(e ") and w=08,W=—LiP(e 7 u). (3-3)
Then it follows from (3-1) and the identity # = —i (P, — P-) that
WW +H W =0, W —i 0°W = —LiPyyi(e 7 (0, F —i 02F — 13, F)%)
= — Py (WP 01t) — Pyi (Pioe ™" P_ d,11)

since the term — P.y; (P_h,-e_%F P_ 0,u) cancels due to the frequency localization. Thus, it follows from
differentiating that

diw — i 02w = =, Py (W P_ deu) — 3, Pypi (Proe™ " P dut). (3-4)
On the other hand, one can write u as
u=F,= e%Fe_%FFx = 2ie%F8x(e_%F) = Zie% w — e%FPlo(e_%Fu) — e%FP,hi (e_%Fu) (3-5)
so that it follows from the frequency localization
Py = 2i Pyr(e37w) — Por(Ponie® ™ Po(e™ 27 1)) + 2i Pypr(Pyae?” 8, P_pie 2F).  (3-6)

Remark 3.1. Note that the use of P, gy allows us to replace erF by P+h,'e%F in the second term on the
right-hand side of (3-6). This fact will be useful to obtain at least a quadratic term in | u/| Lr2 on the
right-hand side of estimate (3-8) in Proposition 3.2.

Then we have the following a priori estimates for u in terms of w:

Proposition 3.2. Let0<s<1,0<T <1,0<6 <1, and u be a solution to (1-1) in the time interval [0, T'].
Then

ol s-oo S el mg + el g N3l (3-7)
Moreover, if )0 <s < l, we have
I ullpe s S luoll2 + (1+ IIMIILgoLg)(Ilely; + IIMII%;OL;C) (3-8)
for (p,q) = (00,2) or (4,4).

Remark 3.3. One can rewrite (3-8) in a convenient form for s > le; see [Molinet 2007].

Proof. We begin with the proof of estimate (3-7) and construct a suitable extension in time i of u. First
we consider v(t) = U(—t) u(t) on the time interval [0, T'] and extend v on [—2, 2] by setting d;,v =0
on [—2, 2]\ [0, T']. Then it is pretty clear that

Wvllzz =000l and ol pr S I legn

for all r € R. Now we define i (x, t) = n(¢) U(¢) v(t). Obviously,

N [ P ) PRt [ X1 PR ] e (3-9)
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and
liillxso S ol e S Wollogems = el a- (3-10)
Interpolating between (3-9) and (3-10) and using the identity
dv=H2U (1) u+U(—1) du = U(—1)[9% d2u + d,ul,

we then deduce that
Nl xs-0.0 S 110pu + %33MIIL2TH;—1 + llull e s (3-11)

for all 0 < 6 < 1. Therefore, the fact that u is a solution to (1-1) and the fractional Leibniz rule [Kenig
et al. 1993] yield

il s S Nallogersy + el o, WISl s

which concludes the proof of (3-7) since u extends u outside of [0, T].
Next, we turn to the proof of (3-8). Let0 < T <1,0<s < }‘, (p,q) = (00,2) or (4,4), and u be a
smooth solution to the equation in (1-1). Since u is real-valued, it that holds P_u = Pu so that

||J;u||L¢L3 S ||PL0M||L1T’L§ + ||D;P+H1M||L1T’L§- (3-12)
To estimate the second term on the right-hand side of (3-12), we use (3-6) to deduce that
1D Pypull prs S | D Pos (25 w) | o o + | D3P (Prnie2 " Prote™ 2 )| 11

+| D§ P+H[(P+Hle%Fax P—hie_%F) | LoLe

= I+I1+1l.
Estimates (2-10) and (2-13) yield
IS A+ llullpg ) wllge s S A+ lullger) lwllyg - (3-13)

On the other hand, the fractional Leibniz rule (Proposition 2.5), Holder’s inequality in time, and the
Sobolev embedding imply that

s ||D;P+hie%F||L‘T’L§§ Pyip(ue™3") I +1 P+hie%F”L%’x | D3 Pt (we™2") loie
S ||8xP+hie%F|| Lrr? | PHO(”"_%F) ||L;°L§ S T ”u”i;OL%‘ (3-14)

Finally, estimate (2-12) with o1 = ap = (1 4+ 5)/2 and g1 = q» = g, Holder’s inequality in time, and the
Sobolev embedding lead to

11 5 | DY Py 2

(1+s)/2 _—LiF
L | D; P_pie 2 ”L?L,%"

s_ L i £—.L i
DL P D e

T8 Peanet™ | ooy [0 P ™ | fooyr S TP Nulnyo, (3-15)
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since 0 <s < é Therefore, we deduce by gathering (3-13)—(3-15) that
1
1Dy Pyl pr e S (1+ llull per2) (lwllyy + T IIMIIi;oLg)- (3-16)

Next we turn to the first term on the right-hand side of (3-12) and consider the integral equation
satisfied by Prou,

t
Prou=U(t) P puo +/ U(t — 1) Pro 0, (u?) (1) d. (3-17)
0
First observe that
1
1Proullpers ST 7 I Proullrser:-
Then we deduce from (3-17), using the fact that U is a unitary group in L? and Bernstein’s inequality, that
1 1+1L
I Proullngs S TP luollzz + T2 18 Po@®ll 2
1 1+1 2
S T lluollz +T7 | Po@®) e 1
< Nuoll 2 + llell 70 2. (3-18)

since0<T7T <1.

Thus, estimate (3-8) follows combining (3-12), (3-16), and (3-18). This concludes the proof of
Proposition 3.2. U
3B. Bilinear estimates. The aim of this subsection is to derive the following estimate of |w|ly;:

Proposition 3.4. Let0<T <1,0<s < 1 and u be a solution to (1-1) on the time interval [0, T). Then

lwllyy S L+ lluoll 2) lluoll s + IIMIIiiT + IIwIIXs,% (el o2 + llull s + IIMIIX;I.I)- (3-19)
' T

The main tools to prove Proposition 3.4 are the following crucial bilinear estimates:

Proposition 3.5. For any s > 0, we have

|92 Pini (B wP- ) |

oy Sl oy (el gz, 4 lull s, + lullx-1) (3-20)
and

95 Pani (35w P— 80) |

gor Sl o1 (2, + el s, + Nl g1 (3-21)

Remark 3.6. Note that 3w is well defined since w is localized in high frequencies.
Proof. We will only give the proof in the case of s = 0 since the case s > 0 can be deduced by using
similar arguments. By duality, to prove (3-20) is equivalent to prove that

1S WAl Nl oy (2, + el s, -+l g-1), (3-22)

where

1:[ %ﬁ(s,r)sflw(sl,n)éﬁ(&, ) dv, (3-23)
g (o)l

dv=d§dé§ dvdn, §H=§-§, n=t—-1, o=1+§l§ i=12, (3-24)
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and

I={EE. ) eR E=1,5>1,6=<0]. (3-25)
Observe that we always have in & that
§1z§=1 and & =& (3-26)
In the case where |&| < 1, we have by using Holder’s inequality and estimate (2-9) that

N [, i, o, miavs | (L)

o DDV Ttz Sl Dol g ez,

From now on we will assume that |&;| > 1 in 9.
By using a dyadic decomposition in space-frequency for the functions 4, w, and u, one can rewrite / as

I= Y Ivww (3-27)
N,N{,N>

with

v, = |~ Pyh(E, 1) &7 Py (&1, 1) &2 Pryti(Ea, 1) dv
g (o)

and the dyadic numbers N, Ny, and N, ranging from 1 to +0c. Moreover, the resonance identity
o1+oy—0 =& +(E—EDIE 6| & =-2%8 (3-28)
holds in 9. Therefore, to calculate Iy y, n,, we split the integration domain <% into the disjoint regions

ﬂN,Nz ={($9$15Ta T]) Egb ‘ |O'| Z éNNZ}v
By, ={EE.1.1)€D|lo| < tNNy, |o1] = INN, },
o= [ €m0 €5 o] < ENNa. 1] < SN, ol = VM ).

AN,N, BNy NNy _ . .
and denote by / NNy Ny 1 NNy Ny and / NNy N, the restriction of Iy y, n, to each of these regions. Then it

follows that

Iy NN, =1 Jf,jj\}]lv,zzvz + II%,%T?NQ + I;\(jfvﬁf?Nz’
and thus
| < Ll + g + | L], (3-29)
where

AN Ny BNy CN.Ny
L= ) Iyniwe o= )0 Ivwwe le= ) Iymin,:
N,Ni,N» N,Ni,N> N,Ni,N>
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Therefore, it suffices to bound |14|, |I5|, and |I¢|. Note that one of the two following cases holds:
(1) high-low interaction: Ny ~ N and N, < Ny,
(2) high-high interaction: N; ~ N, and N < Nj.

Estimate for |Iy|. In the first case, we observe from the Cauchy—Schwarz inequality that

InNy

In2
1 —
|l ~ ‘ / RY 2D OME@) 2 Xy o1y F(PL (O] Py wP 0Py ) dE d

Ny j=0

Sl |22 D NiNi2 ) 2w, (P Pyw P i Prswo) ||

Ni j>0 Li .

Then the Plancherel identity and the triangular inequality imply that

. 2
Ll S A2, Z(Z 27| Py, (3, Py, wP_ 8 sz-Nlu)H’jir) :

Jj=0
By using the Holder and Bernstein inequalities, we deduce that

2
—J 2 2
Ll S NAll 2, Z(Zz N Pywls ||P2-,-N1u||L§I)
J=0 N Ny - ’
1

2
<z, (Z ||PN1w||i§t) lull 2 - (3-30)
a |

In the second case, it follows using the same strategy as in the first case that

1

i i _ _ 2 )\?
1] < ||h||Lg,,Z(Z<2 IND?@ I NIND T Py, (37 Py w P axPNlu)HL%t) :
j=0 -
which implies using the Holder and Bernstein inequalities that

2
—J 2 2
[l S Al L2 E E 27 Pyywliya N1 Pnyullya
Xt Lx,t Lx,r
Jj=0 * Ny
1

2
Sk, (Z ||PN]w||i¢,) luel s - (3-31)
N '

Therefore, we deduce by gathering (3-30)—(3-31) and using estimate (2-9) that
Ll < Wl g2, Nl o s, (3-32)

Estimate for |1g|. By again using the triangular and the Cauchy—Schwarz inequalities, we have in the first

case that
1

2 2
2,)’

n
(o)!

\
Il < Twll oy Z(ZN N2 N | Py (8P Pa (s ) P O Pros )

jz0
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where ii(x, t) = u(—x, —t). Thus, it follows from the Bernstein and Holder inequalities that

1
2 2
1ol £ 1l (Zz e (5 1/2) 4.,”P2"N1””ii,f)
I 2 \2
h \%
<l ;(Zl|PN1(U>1/2) ) s,

In the second case, we bound |Ig]| by

2o _ oY ~
e ||w||x0‘;Z<ZN1 2@ NN~ | Pa (9 Prai Py, (3 ) P 0Pt

(o)!

Jj=0

so that

1

_; M ?
| S lTwll o3 Z(Zz JHPT/'NI P+hi<<0>1/2) L4 ”PNl””ii,)
]ZO N[ x,t

~ 1
i h V12 2
S”wllxo,%zz Z(Z"PZ—-/N1P+hi(<G>1/2> L4> llull 4,
>0 Ny Xt
1
2 \2
Sty (SPa () 13, ) i

In conclusion, we obtain by gathering (3-33)—(3-34) and using estimate (2-9) that

[l < Wkl g2, Nl oy Tl s

Estimate for |I¢|. First observe that

s [ Lhie e ae. w2 o2 me, o,

where

{(5 &1, T, 71)6@‘(5 §1,7,11) € U%NM}-

N,N;
Since |o7| > |o| and |oz| > |o7] in Eé, it follows from (3-28) that |o;| 2 |£&;|. Then
€€ 65 (00) M S 1

holds in % so that, using Holder’s inequality and estimate (2-9), we deduce

|1<|</ 'h@lf;'m(sl,n)ﬁ 2 26, ) dv

&2
<) L

' D Mz, Nellx-10 S RNz, Twl o3 luellx-1r.

2
Ly,

379

(3-33)

1

(3-34)

(3-35)

(3-36)

(3-37)

(3-38)
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Therefore, estimates (3-29), (3-32), (3-35), and (3-38) imply estimate (3-22), which concludes the
proof of estimate (3-20).
To prove estimate (3-21), we also proceed by duality. Then it is sufficient to show that

1
2
M (Z ||gN||§§L$> Nwll oy (el 2, + lull o, + el g-10), (3-39)
N

where

J:;/@é—)éw(é, T) oy (E) 7 D(ELL 1) £ 1(62, T2) dV,

and dv and 9 are defined in (3-24) and (3-25). As in the case of I, we can also assume that |&§;| > 1. By
using dyadic decompositions as in (3-27), J can be rewritten as

J = E JIN. Ny, Ny s
N,Ni,N;
where

Ty, = /@ £ e 1 E Prw(E, 1) 2 P (e, 1) dv,

(o)
and the dyadic numbers N, Ni, and N; range from 1 to +o00. Moreover, we will denote by J), A][VT]ZNz

%
JN%V,ZN , and JNNN ZN the restriction of Jy n, n, to the regions sy y,, By n,, and €y y, defined in

(3-28). Then it follows that
I =< Wl + [Jn| + el (3-40)

where
&QN Ny %N Ny (GN Ny
= D Ivviw = D Ivwwe fe= )0 Ivw
NNINZ NN1N2 NN[NZ
so that it suffices to estimate |Jy|, | Jg|, and | J¢|.
Estimate for | Jy|. To estimate |Jy|, we divide each region &y y, into disjoint subregions
-3 -2
Ay, ={GE &Lt n) esdyn, |29 NNy < |o| <277°NN, |
fi Z.. Thus,it /%% 4 h iction of Jy " h of th i h
or g € Zy. Thus, if Jy 'y *\, denotes the restriction of Jy 2y, to each of these regions, we have
N Ny
Ju = Z Z TN NNy
q>0 N,N1,N>

In the case of high-low interactions, we deduce by using the Plancherel identity and the Cauchy—Schwarz
and Minkowski inequalities that

al <30 )0 D lemiXgoraommalliz, x QININ2) ™ Nilloy ! Py wP- 8, Pryull 2,
q>0 Ni Nr<N;

Moreover, we get from Holder’s inequality

1
llgm, X{|a|~2‘1N1N2}”L§T S 2INN2) 2 g, ”L%LC;O
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so that the Cauchy—Schwarz inequality yields

—1.\4
[Jal S § E (N2N, )2||gN1||L§Lgo ||PN1w||L§_t ”PNZM”L;‘_J
Ny N2<N,
1

2
2
Slullgs, D lgwllzzee I Pvwils, < <Z lew, ||L§L?o) lwilzs, lulls (3-41)
Ny

Ny

In the high-high interaction case, it follows from the Minkowski and Cauchy—Schwarz inequalities that

[Jy| < llgn x o |~24NN; ll2 X(ZqNNl)_lN”ax_llle} 0y Pyyull2 .
{lo] HIL; ot
q>0 N; N<N;

Moreover, we deduce from Holder’s inequality that
1
||8NX{|5|~24NN]}||L§‘T SQINNy2|gn ”L%Lgo'

Then the Cauchy—Schwarz inequality implies that

—lA—i 1
[l S )0 ) (NT 2T ND 2 lgaiw iz 1Pwwlps, (1Pl

Jj=0 N
N L\ Y

S22 (X szl ) (D NPwwly ) s,

Jj=0 Ny Ny ’

}
2 -
S (Z lgw, ||L§L$o) lwizs Nulls, - (3-42)
Ny

Then estimates (2-9), (3-41), and (3-42) yield

1

2
2
al (; ||gN||L§L$O) lwll o3 el (3-43)

Estimate for |Jg| and | J¢|. Arguing as in the proof of (3-20), it is deduced that

|J<373|+|J<@|§(H(%)v ziﬁ”(%)v

where g = )"\ ¢ngn. Moreover, estimate (2-9) and Hélder’s inequality imply

IGo) T, 1GS5)

so that

L) loll oy (el + Nl x-10),

1 1

2 2
S = (Z||<0>§gw|liz ) S <§ ||gN||isz>
Lg.r N &t N £t

~ A
Ly:

()5 dnen
N

1
2
[l + 1l S (Z ||gN||i§L$o) Nl o s (lulls, + lullg-1a). (3-44)
N

Finally (3-40), (3-43), and (3-44) imply (3-39), which concludes the proof of estimate (3-21). U
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Lemma 3.7. Let 0 < T < 1,5 > 0, uy, up € L¥(R; L>(R)) N L*(R?) be supported in the time inter-
val [-2T,2T1], and Fy, F, be some spatial primitives of u; and u, respectively. Then

|82 Pini (Proe ™2™ P_ 8aur) | 5,y + || 01 Pini (Proe ™2™ P_ 8y |

ot Sl (3-45)

4
Lx.t

and

82 Pini (Pro(e72" — e72) P 8,10) | 51 + |2 Pni (Pro(e ™2 — e722) P_ )|

1
x72

_L _i
S (lur = w2l ez + €72 =722 1o Nluallge2) luall s (3-46)

Proof. We deduce from the Cauchy—Schwarz inequality, the Sobolev embedding || f| ,;-1/2+e S 1 f Il 1+
with 1 +¢" =1/(1 —¢), and the Minkowski inequality that

Il e H AN s SUAN o1 = (LU OO i
X2 X2 H 2

2
Lg

< lzveEnn @] e

2 5 ||f||L1+5/H.v' (3_47)
LS t X
On the other hand, it follows from the frequency localization that
0 Pini (Proe™ 2" P— dyut) = 8 Pipo(Proe™ 2" P-po d.u).

Therefore, by using (3-47), Bernstein’s inequalities, and estimate (2-12), we can bound the left-hand side
of (3-45) by . 4
||P+L0(Ploe“§FP_L0 dxit) ||L}+8/L% ST 3"6_%FHL;%., luel 2, (3-48)

=2
Estimate (3-46) can be proved exactly as above by recalling (2-19). (I

with % =1 _ ¢, which concludes the proof of estimate (3-45), recalling that 0, F =u and 0 < T < 1.

Proof of Proposition 3.4. Let 0 <s < %, 0 < T <1, and & and w be extensions of ¥ and w such that

lallx-11 < 2|lully-11 and [[w||xs12 < 2||w|l ys.1/2. By the Duhamel principle, the integral formulation
T T

associated with (3-4) reads

w(t) = n(6) U w(0) — (1) /0 Ut — 1) 8y Pon (170 P (ny 310)) (1) dt”

— (1) /Ol Ut—1) 3xP+hi(on(nre_%ﬁ)P—(nraxﬂ))(t’) dr'
for 0 <t < T < 1. Therefore, we deduce gathering estimates (2-5), (2-7), (3-20), (3-21), and (3-45) that
Iy S 1Ol Wy 0]y (Releos + el + Tl

This concludes the proof of estimate (3-19) since
lwO) g < I3 (€27 CVug) |, S A+ lluoll2) ol s (3-49)

follows from estimate (2-13) and the fact that 0 < s < % [l
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4. Proof of Theorem 1.1

First, we can always assume that we deal with data having small L?(R)-norm. Indeed, if u is a solution
to the IVP (1-1) on the time interval [0, T'], then for every 0 < A < o0, u,(x, t) = Au(ix, A2t) is also a
solution to the equation in (1-1) on the time interval [0, 2727 with initial data uo ) =Aug(r,-). Fore >0
let us denote by B, the ball of L?(R) centered at the origin with radius ¢. Since ||u, (- 0)]|;2 = )»1/2||M0||L2,
we see that we can force ug; to belong to B, by choosing A ~ min(82||uo||zz2, 1). Therefore, the
existence and uniqueness of a solution of (1-1) on the time interval [0, 1] for small L?*(R) initial data
will ensure the existence of a unique solution u to (1-1) for arbitrary large L?(R) initial data on the time
interval T ~ A2 ~ min(||ug ||224 , 1). Using the conservation of the L*(R)-norm, this will lead to global
well-posedness in L2(R).

4A. Uniform bound for small initial data. First we begin by deriving a priori estimates on smooth
solutions associated with initial data ug € H*(R) that are small in L?(R). It is known from the classical
well-posedness theory [I6rio 1986] that such initial data gives rise to a global solution u € C(R; H*(R))
to the Cauchy problem (1-1). Setting 0 < 7 <1,

Ny () i= max (Nl 1 73l ol ) (-1

X, XT
and it follows from the smoothness of u that 7+ N7.(u) is continuous and nondecreasing on R’ . Moreover,
from (3-4), the linear estimate (2-7), (3-49), and (3-7), we infer that lim7_, o4 N3 (1) S (14 |[uoll 22) luoll &+
On the other hand, combining (3-7)—(3-8) and (3-19) and the conservation of the L2-norm, we infer that

NO@w) S (1+ lluoll ) luoll 12 + (N2 @) + (N2,

By continuity, this ensures there exist &g > 0 and Cy > 0 such that N 10 (u) < Cope given ||ugll;2 <& < e&op.
Finally, again using (3-7)—(3-8) and (3-19), this leads to Ny (u) < |luollzs given [lugll;2 <& < eo.

4B. Lipschitz bound for initial data having the same low-frequency part. To prove the uniqueness as
well as the continuity of the solution, we will derive a Lipschitz bound on the solution map on some affine
subspaces of H*(R) with values in L7 H*(R). We know from [Koch and Tzvetkov 2003] that such a
Lipschitz bound does not exist in general in H*(R). Here we will restrict ourselves to solutions emanating
from initial data having the same low-frequency part. This is clearly sufficient to get uniqueness, and
it will turn out to be sufficient to get the continuity of the solution as well as the continuity of the flow
map. Let ¢1, ¢ € B. N H*(R), s > 0, such that Prop; = Pros, and let uy, u, be two solutions to (1-1)
emanating from ¢; and ¢, respectively, that satisfy (7-1) on the time interval [0, T], 0 < T < 1. We
also assume that the primitives F := F[u] and F, := F[u»] of u; and u», respectively, are such that
the associated gauge functions Wy, w; and W,, w,, respectively, constructed in Section 3A, satisfy (7-2).
Finally, we assume that

N2(u;) < Coe < Coso. (4-2)
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First, by construction, we observe that since F'(x) — F(y) = f xy u(z)dz,

PLO/ udz = Pro(F(x) — F(y)) = PLoF(x) — F(y)
v

holds. On the other hand, since Prp and d, do commute, we have d, P.oF = Prou and, by integrating,
fyx Proudz = ProF(x) — ProF (y). Gathering these two identities, we get

/ Proudz — PLO/ udz =F(y) — PLoF(y) = Py F(y),
y y

which leads to

X X
PZO/ udz = Plof Proudz.
y y

We thus infer that

on(F1—Fz)(x,0)=/Rw(y)on/ (w1 —uz)(z,0)dzdy
y

X
= / V() P / Pro(¢1(z) —¢2(2))dzdy =0. (4-3)
R y
Then we set v =u| —uy, Z = W) — W, and z = w; — w;. Obviously, z satisfies

012 — i 032 = —0x Py (W1 P 9,v) — 0 Py (Z P Oct2)
— 0, Pypi (Proe 31 P_ 0,0) — 3, Pypi (Pio(e 721 —e73P)P_dun).  (4-4)

Thus, by gathering estimates (2-7), (3-20), (3-21), (3-45), and (3-46), we deduce that

i 2
lzlly; S 12Ol + Ilellxsl,% (IIvIIXI—L1 +lvlipe, + vl e 2) + itz

,LFI_ -ip
20 g (el ezl o+ slzer) + (Rl + e =82 s,

which, recalling (4-1) and (4-2), implies that

3P

lzlly; S 12Ol + e (vl + vls + vllepz) +efe™> —e (4-5)

oz

where, by the mean-value theorem,

1z s S ey — @2l (L+ il + llallzz) + e 2@ — e 22O g llgs (1 + g1l 2)
S ller — @allas + [1F1(0) — F2(0) || oo (4-6)

On the other hand, the equation for v = u; — u, reads
v+ H 37v = 13, (U +u2)v)
so that it is deduced from (3-11), (4-1), and the fractional Leibniz rule that

2
loll -1 SN0 +H vl 2o +Hlvllgers Sellvlls + vl (4-7)
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Next, proceeding as in (3-6), we infer that
Pyygv = 2i Pypr(e512) +2i Py (€27 — 27 )wy)
+2iPip P+hie§ laxP+lo(€_7F' —6_%[72))
20 Py (Pypi (27 — e372) 0, Pyjpe™372)
+2i Py (Pyre? ™0, P (7311 — e312))
20 PPy (27 — e37) 0, P_e™372),
Thus, we deduce using estimates (2-14) and (2-19) and arguing as in the proof of Proposition 3.2 that
15 0lrse S (lunllzers + ezl e 2) 10l egz + (Ll ll o2 Izl
+ (lolprs + €27 =27 o (L lutlliger) lwally;
el 2 (vl o2 + o251 — e3P [ Mlizgerz)
e’

i
5 F
+lluallzoorz (10ll oor2 + [le 1, lllzerz)

for (p, q) = (00, 2) or (p, g) = (4, 4), which, recalling (4-2), implies that

—iF _iIF LF ILF
I7olens + 130l S lzllyy +efe2 =2 o +eferl —e2] . (4-8)
Finally, we use the mean-value theorem to get the bound
+iF +iF.
|57 — 5P| < I Fy — Bl (4-9)

The following crucial lemma gives an estimate for the right-hand side of (4-9):

Lemma 4.1. It holds that
1F1(0) = F2(0) Iz S Nl — ¢2l 12 (4-10)

and
IF1 = Faliee, S lvllpeers. (4-11)

Proof. Equation (4-10) clearly follows from (4-3) together with Bernstein’s inequality. To prove (4-11),
we set G = F; — F», Gj, = P,G, and Gy; = Py;G. Then

IGIL, < 1GiollL=, + 1Gille,. 4-12)
Observe, from the Duhamel principle and (4-3), that G, satisfies

Gio =3 fo Ut — ) Pio((uy + u2)v)(7) d.

Therefore, using Bernstein and Holder’s inequalities, it follows that

1ol S N +u2vllpers S (lutllere + luall )1l o2 (4-13)
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On the other hand, Bernstein’s inequality ensures that

1Gnillex, S 10xGill ez S Nvllpera (4-14)
since d,G = v. The proof of Lemma 4.1 is concluded gathering (4-2) and (4-12)—(4-14). ([l

Finally, estimates (4-5)—(4-11) lead to
Izlly; +lvllgs-re+lvllzgem; + I2vllps | S ller—eallms +e(llzlly: + ol =1+ M0l 5oy + IIJ)vaIL;{l)-
Therefore, we conclude that there exists 0 < &1 < g such that
Izllyy 4 Holl s+ llvllzgeny + IIJ,‘Z'vlleI S et —@allmss (4-15)
provided u; and u, satisfy (4-2) with 0 < ¢ < ¢y.

4C. Well-posedness. Let uy € B, N H*(R), and consider the sequence of initial data {ué} C H*(R),
defined by

uh =F. " (xi;Feuo)  forall j>20. (4-16)

Clearly {ué} converges to ug in H*(R). By the classical well-posedness theory, the associated sequence of
solutions {u/} is a subset of C([0, 1]; H*(R)), and according to Section 4A, it satisfies N} (') < Coe;.
Moreover, since PLoué = P, yup for all j > 20, it follows from the preceding subsection that

5 =/ . ./ . ./ ] j/
ll? —w? Wego s + Nl —u? |l pagysa + w? —w g0 b < llug — g - (4-17)
Therefore, the sequence {u’} converges strongly in LYH*(R)N L?W;‘ 4 to some function

u € C([0, 11; H*(R)),

and {w,} ;>4 converges strongly to some function w in X} 172

. Thanks to these strong convergences, it is
easy to check that u is a solution to (1-1) emanating from uo and that w = d, P j; (e~2F14). Moreover,
from the conservation of the L?(R)-norm, u € C,(R; L%2(R)) N C(R; H*(R)).

Now let & be another solution of (1-1) on [0, T] emanating from u( belonging to the same class of
regularity as . By again using the scaling argument we can always assume that ||i|| Lrret ]| 14, = Coeq.-
Moreover, setting i := Py ; (e~ F141), by the Lebesgue monotone convergence theorem, there ex1sts N>0

such that || P> yw|| 4012 < Co€1/2. On the other hand, using Lemmas 2.1-2.2, it is easy to check that
- T
~ ~ 2
|1 = Poy)wb | £ 1 S lluoll 2 +NTH lealipe Ml +llalls
< NTid 17 2
S lluollzz + ol o3 IIMIIL§TT+IIMIIL;T-

Therefore, for T > 0 small enough, we can require that & satisfies the smallness condition (4-2) with &1,
and thus by (4-15), # = u on [0, T']. This proves the uniqueness result for initial data belonging to B, .
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Next we turn to the continuity of the flow map. Fix ug € B, and A > 0 and consider the emanating
solution u# € C([0, 1]; H*(R)). We will prove that if vy € B,, satisfies |lug — vo||gs <8, where § will be
fixed later, then the solution v emanating from vy satisfies

lu = vll s <2 (4-18)

For j > 1, let ué and vé be constructed as in (4-16), and denote by u/ and v/ the solutions emanating
from u and v]. Then it follows from the triangular inequality that

lu—=vllzony < llu—u|Lomy + ) — v/ 2y + llv— v/l Lm;. (4-19)
First, according to (4-17), we can choose jg large enough so that
llu = u |l 2o g + [l — vl Loy < 32
Second, from the definition of ué and vé in (4-16), we infer that

] j .3 3
lud — vl s < 77 lluo — vollgs < j>~°6.
Therefore, by using the continuity of the flow map for smooth initial data, we can choose é§ > 0 such that
JO IO ;0o pys A
o = v PNy = 3

This concludes the proof of Theorem 1.1.

5. Improvement of the uniqueness result for s > 0

Now we prove that uniqueness holds for initial data ugp € H*(R), s > 0, in the class u € L H} N L‘} w3 4,
The great interest of this result is that we no longer assume any condition on the gauge transform of
u. Moreover, when s > 7, the Sobolev embedding L7 H — L4 WOJr 4 ensures that uniqueness holds
in L H}, and thus, the Benjamln—Ono equation is unconditionally well posed in H*(R) for s > ‘1‘.

According to the uniqueness result (i) of Theorem 1.1, it suffices to prove that for any solution u
to (1 1) that belongs to L7 H N L4 W 4, the associated gauge function w = 3, Py; (e_%F ]y belongs
to X 3. The proof is based on the following bilinear estimate that is shown in the Appendix:

Proposition 5.1. Let s > 0. Then there exist 0 < § <s/10and 6 € (5, 1), let us say 6 = % + 6, such that
1Pt WP 0 11 SIWI g (1wl 2, + 17wl s+ ). (5-1)

First note that by the same scaling argument as in Section 4C, for any given € > 0, we can always assume
that ||Jsu||L%oL§ + ||Jsu||Lz}X < g, and by (3-7) it follows that ||u||x;79,0 Sefor0<6 <.

Since u € L*([0, T]; H*(R)) N L3 W$* and satisfies (1-1), it follows that u, € L*®([0, T]; H*"*(R)).
Therefore, F := Flu] € L*°([0, T]; H’+1) and 9, F € L([0, T]; HSZ"). It ensures that

loc loc

W= Py(e2F) e L=(10, T1; H'H'(R) NLEWS T4 s X1, (5-2)
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—1F e L°°([0, T]; HS), and the following calculations are thus justified:

loc

OW =8, Py(e™2") = —LiPu(Fre2")
= —%iPhi (e_%F(_%Fxx + %FXZ))a

3xxvv=8x.7cPhi(€_§F) = Phi(e_iF(_ F2 l xx))
It follows that W satisfies, at least in a distributional sense,

{a,W — i 2W = — Py (W P_d,u) — Pypi(Proe™2F P_ d)

5-3
W(-,0)=Pypi(e” 2F[uo]) (5-3)

From (5-2) and Lemma 2.6, we thus deduce that W € X STI so that, by interpolation with (5-2), W € X7 2 %Jr.
But since u is given in L3 H} ﬂL4 Wi 4ﬂX s, con51der1ng (2-6), the bilinear estimate (5-1), and (3 48),
we infer that there exists only one solution to (5-3) in X; 23+ . Hence, w = 9, W belongs to X 22+ and
is the unique solution to (3-4) in X ;%’%Jr emanating from the initial data wo = 9y Pp; (e_’F [’“’]) e L*(R).
On the other hand, according to Proposition 3.4, one can construct a solution to (3-4) emanating from wyg
and belonging to Y7 by using a Picard 1terat1ve scheme. Moreover, using (1-1) and Lemma 2 6 we can
easily check that this solution belongs to X ‘! and thus by interpolation to X SRR X7 22+, This
ensures that w = 3, Pp,; (e 'F/?) belongs to Y; — X% 7 2, which concludes the proof

6. Continuity of the flow map for the weak L>2-topology

In [Cui and Kenig 2010] it is proven that, for any ¢t > 0, the flow map ug — u(¢) associated with the
Benjamin—Ono equation is continuous from L?(R) equipped with the weak topology into itself. In this
section, we explain how the uniqueness part of Theorem 1.1 enables us to simplify the proof of this result
by following the approach developed in [Goubet and Molinet 2009].

Let {ug n}n C L>(R)bea sequence of initial data that converges weakly to ug in L?*(R), and let u be the
solution emanating from u¢ given by Theorem 1.1. From the Banach—Steinhaus theorem, we know that
{u0.n}n 1s bounded in L?(R), and from Theorem 1.1 we know that {uo.n}n gives rise to a sequence {un},
of solutions to (1-1) bounded i 1n C ([0, 1]; L*(R)) N L*(J0, 1[ x R) with an associated sequence of gauge
functlons {w, }, bounded in X 2 . Therefore, there exist v e L°°(]0, 1]; Lz([R{))ﬂX_] 1ﬂL“(]O 1[xR) and

zZ € X 2 such that, up to the extraction of a subsequence, {u,}, converges to v Weakly in L*(10, 1[ x R)
and weakly star in L°°(]0, 1[ x R), and {w,}, converges to z weakly in xY 1 é. We now need some
compactness on {u,}, to ensure that z is the gauge transform of v. In this direction, we first notice,
since {w,}, is bounded in X (1)’% and by using the Kato’s smoothing effect injected in Bourgain’s spaces
framework, that {Di“wn}n is bounded in LiL%. Let ng(-) :=n(-/R). Using (3-6) and Lemma 2.6 we
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infer that
1 1 . 1 . .
4 < 4 5 Fluxl 4 5 Fluy) —5 Fluyl
| D Pprtan] 20,111 rpy S [ D3 P (e ) | it | DEPyi(Pypie™ ) 0cPye271) ”L?,x

D Pyt (Py e P11 3, Py~ b F) | 2

1 1,
S |DE wanw) | 2 + [ DI Ly lwall 5 + lunllZs -

8
3
1,x
But clearly
1 1
| D (wanp)|| 1212 S C(R)(HD;‘ wa| w2t ”w"”fo)’

and by interpolation || D i/4 el Flunl|| L8 <lu, ||i/24 . Therefore, recalling that the u,, are real-valued functions,
it follows that {1, },, is bounded in L2H!/4(] 'R, R[).

Since, according to Equation (1-1), {0;u,}, is bounded in L%Hx_ 2 Aubin-Lions compactness theorem
and standard diagonal extraction arguments ensure that there exists an increasing sequence of integers {rny }x
such that u,, — v a.e. in ]0, I[ x R and u%k — v%in L2(]0, 1[ x R). In view of our construction
of the primitive F[u,] of u, (see Section 3A), it is then easy to check that F[u,, ] converges to the
primitive F[v] of v a.e.in ]O, 1[ x R. This ensures that P, (eféF[”"k]) converges weakly to P+hi(e_%F[”])
in L2(]0, 1[ x R), and thus, z is the gauge transform of v. Passing to the limit in the equation, we conclude
that v satisfies (1-1) and belongs to the class of uniqueness of Theorem 1.1.

Moreover, setting (-, -) for the L2 scalar product, by (1-1) and the bounds above, it is easy to check
that for any smooth space function ¢ with compact support, the family {¢ — (u,, (¢), ¢)} is uniformly
equicontinuous on [0, 1]. Ascoli’s theorem then ensures that (i, (- ), ¢) converges to (v(-), ¢) uniformly
on [0, 1], and thus, v(0) = ug. By uniqueness, it follows that v = u, which ensures that the whole
sequence {u,} converges to v in the sense above and not only a subsequence. Finally, from the above
convergence result, it follows that u, (¢) — u(¢) in LJZC for all r € [0, 1]. U

7. The periodic case

In this section, we explain how the bilinear estimate proved in Proposition 3.5 can lead to a great
simplification of the global well-posedness resultin L?(T) derived in [Molinet 2008] and to new uniqueness
results in H*(T), where T = R/2wZ. With the notations of [Molinet 2007], these new results lead to the
following global well-posedness theorem:

Theorem 7.1. Let s > 0 be given. For all ug € H*(T) and all T > 0, there exists a solution
ueC([0, T, H* M) N X5 "' nLyws4(T) (7-1)

of (1-1) such that _
w =03, Pi(e 2% ") evs, (7-2)

ﬁ::u(z,x—t][u())—][uo and 37! ::%,SEZ*.

where
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This solution is unique in the following classes:

(i) ue L%(10, T[; LXT)) N L*(10, T[ x T) and w € X272,
(i) u € L®(J0, T[; H3(T)) N LEW#*(T) whenever s > 1,
(iii) u € L°°(]O, T, H%(T)) whenever s > %

Moreover, u € Cp(R; L*(T)), and the flow map data-solution uy — u is continuous from H*(T)
into C([0, T]; H*(T)).

Sketch of the proof. In the periodic case, following [Molinet 2007], the gauge transform is defined as
follows: let u be a smooth 2 -periodic solution of BO with initial data ug. In the sequel, we will assume
that u(¢) has mean value zero for all time. Otherwise, we perform the change of unknowns

u(t,x):= u(t, x—t ][uo> — ][uo, (7-3)

where f ug := % [7 uo is the mean value of u. It is easy to see that i satisfies BO with ug —F ug as
initial data, and since i is preserved by the flow of BO, i () has mean value zero for all time. We take
for the primitive of u the unique periodic, zero mean value primitive of u defined by

F0)=0 and F(g):%ﬁ(g),sez*.

1

The gauge transform is then defined by

W= P, (e F/?), (7-4)
Since F satisfies
1
F,+9F, = 1F; — 3 ][sz =1F; - 1Py(F}),
we finally obtain that w := W, = —%iPJrh,- (e ' FIPF) = —%iP+(e_iF/2u) satisfies

wy = it = =0, Pule PP (PL(Fe) = £ Py (FD))]
= 0 Py (WP () + & Po(Fow. (7-5)

Clearly the second term is harmless, and the first one has exactly the same structure as the one that we
estimated in Proposition 3.5. Carefully following the proof of this proposition, it is not too hard to check
that it also holds in the periodic case independent of the period 2\ > 1. Note in particular that (2-9) also
holds with Li’ ,and X 0.3 respectively replaced by Lf: , and Xg’g, A > 1, where the subscript A denotes
spaces of functions with space variable on the torus R/2wAZ (see [Bourgain 1993a] and also [Molinet
2007]). This leads to a great simplification of the proof the global well-posedness in L2(T) proved in
[Molinet 2008].

Now to derive the new uniqueness result we proceed exactly as in Section 5 except that Proposition 5.1

does not hold on the torus. Actually, on the torus it should be replaced by the following:
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Proposition 7.2. Fors > % and all A > 1, we have

[ Ppi (W P_ 0, M)II o SIIWII a1 wllpe, A+ Icullps, + el ys- L) (7-6)

A
Going back to the proof of the bilinear estimate, it is easy to be convinced that the above estimate
works at the level s = 04 in the regions s and % (see the proof of Proposition 5.1), whereas in the region
‘€ we are clearly in trouble. Indeed, when s = 0, (3-37) must then be replaced by

K2k, T2 (02) | ~ [k P,

which cannot be bounded when |k;| > k. On the other hand, at the level s = % it becomes
3 _3 7 1 3 3 1
|kaky *ky (o)™ ~ k3K, Thy | Sk S,

which yields the result.

With Proposition 7.2 in hand, exactly the same procedure as in Section 5 leads to the uniqueness
result in the class u € L7 H 3 (M N L‘}W%A(T) and by Sobolev embedding to the uniqueness in the
classu e LH > (T), i.e., unconditional uniqueness in H %(T). As in the real line case, it proves the
uniqueness of the (energy) weak solutions that belong to L>*(R; H 2 (T)).

Appendix
Proof of Proposition 5.1. We will need the following calculus lemma stated in [Ginibre et al. 1997].

Lemma A.3. Let0 <a_ <ay suchthata_+ay > 5 Thenfor all n e R,

fR )2y — )2 dy < (), (A-D)

where s =2a_ ifa, > %, s=2a_—c¢ifay = %, ands =2(ay +a_)—1ifay < %, and let € denote any
small positive number.

The proof of Proposition 5.1 closely follows the one of Proposition 3.5 except in the region o,-dominant
where we use the approach developed in [Kenig et al. 1996]. Recalling the notation used in (3-24)—(3-25),
we need to prove that

KIS Az, 10z, (lull gz, + Dl s+ llullx-o0). (A-2)

where

K :/ @j hE T Sl f(%'l, 1) &2(5) U (62, 1) dv. (A-3)
oo g

For the same reason as in the proof of Proposition 3.5, we can assume that |§;| < 1. By using a
Littlewood—Paley decomposition on £, f, and u#, K can be rewritten as

K= > Kvn.m (A-4)
NN, N
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with
Knon, = / 8 e, o BT 1) 6aE) P (6, 1) dv
9 (o)t (o1) 3+

and the dyadic numbers N, Ny, and N, ranging from 1 to +00. Moreover, we will denote by K levllvaz

B
K N’I\;\,}:}sz and K N, N2 Ns the restriction of Ky n, n, to the regions dn n,, By, n,, and €y y, defined in

(3-28). Then it follows that
|K| < |Kq|+|Ka|+|Kel, (A-5)

where
31N Ny BN,N, €N, N,
Z N Ni,Ny» Ko, := Z KNle,Nz’ and  Kq 1= Z JN,Nl,Nz
N,Ni,N, N,Ni,N, N,Ni,N;

so that it suffices to estimate |Ky|, |Kg|, and |K¢|. Recall that due to the structure of %, one of the
following case must hold:

(1) high-low interaction: Ny ~ N and N, < Ny,
(2) high-high interaction: N; ~ N, and N < Nj.

Estimate for |K 4|. In the first case, it follows from the triangular inequality, Plancherel’s identity, and
Holder’s inequality that

IKal SHAll2, Y > ———

P, (J Py, <

\%
>1+5) P_o.J PNzu)
2

Ni N2=N (1\/1]\’2)“2(s (o1 L},
s, % gv)j‘; B («m%) o 1Pl
Shllgz, lulge, ; NP Py, ((Glf—AM) "
Then it is deduced from the Cauchy—Schwarz inequality in N; that
IKal S Iz, (;() Py («,f; =) ;);”u”% (A-6)
i

since s > 108. On the other, estimate (A-6) also holds in the case of high-high interaction by arguing
exactly as in (3-31) so that estimate (2-9) yields

Kal S WAllg2, 102, Nl (A7)
Estimate for | Kg|. The estimate
Kool S All2 002, lull s, (A-8)

follows by the same argument as in (A-6).
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Estimate for | K«|. First observe that

|K<@|§/% LI Ti |f(sl,r>|'52' ) ey ) dv, (A-9)

()22 (o) 2+ { 2)9 &2
where

{(5 &1, n)e@‘(é El.T.T1) € U%NNZ}.

N,N>

Since |0»| > |o| and |o3| > |oq]| in %, (3-28) implies that |o7| 2 |£&2]. Applying the Cauchy—Schwarz
inequality twice, we deduce that

1
| K] S, SUP(L%@Z, ‘52))2 ||f||14g2:r ”g”Léf ||h||L§'r,

&.1

where

242(6-s) -1
L%(%-Zv .[2) — |‘§2| L |§||Sl| 55 dél d‘(l

(02)% (€2,72) (0)1=% (o)
and

€& m)={(E, 1) eR?| (€, &,7,11) €€).

Thus, to prove that
Kl S Wl I Fll gz, Nl oo, (A-10)

it is enough to prove that L (&2, 12) S 1 for all (&, 12) € R2. We deduce from (A-1) and (3-28) that

) Q20 [
a5 || e 46

since = 14 6. To integrate with respect to &, we change variables
por=o02+288 sothat dup, =25d§ and |us| < 4ozl
Moreover, (3-26) and (3-28) imply that

-1 1426 —s) 1 1
1 2 5+0—s 5+0—
|§||S | |;f|2| §|§-$2|2+ S§|O.1|2+ N

in €. Then

— 4 _ lig_
Lo(er 1) < 0120 [P g gt o) R s
A A PRV R 0 (a) 1= H2 > (o) 1728~ 192 ~

since s — 38 > 0.
Finally, we conclude the proof of Proposition 5.1 by gathering (A-2), (A-5), (A-7), (A-8), and (A-10).
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