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ON THE PROPAGATION OF REGULARITY FOR SOLUTIONS OF
THE DISPERSION GENERALIZED BENJAMIN-ONO EQUATION

ARGENIS J. MENDEZ

To my parents

We study some properties of propagation of regularity of solutions of the dispersive generalized Benjamin—
Ono (BO) equation. This model defines a family of dispersive equations that can be seen as a dispersive
interpolation between the Benjamin—Ono equation and the Korteweg—de Vries (KdV) equation.

Recently, it has been shown that solutions of the KdV and BO equations satisfy the following property:
if the initial data has some prescribed regularity on the right-hand side of the real line, then this regularity
is propagated with infinite speed by the flow solution.

In this case the nonlocal term present in the dispersive generalized Benjamin—Ono equation is more
challenging that the one in the BO equation. To deal with this a new approach is needed. The new
ingredient is to combine commutator expansions into the weighted energy estimate. This allows us to
obtain the property of propagation and explicitly the smoothing effect.
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1. Introduction

The aim of this work is to study some special regularity properties of solutions to the initial value problem
(IVP) associated to the dispersive generalized Benjamin—Ono equation

{8,u—D§‘+18xu—|—u3xu=0, x,teR, 0<a <, (1)

u(x,0) =uo(x),
where DY, denotes the homogeneous derivative of order s € R,
D} =(=3)% thus Djf=c, (& f(€)),
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which in its polar form is decomposed as D} = (H0d,)’, where H denotes the Hilbert transform

Hf(x) =~ lim T 4y (Cisen() f&)) o),

T e—>0" Jiy|>e y
where © denotes the Fourier transform and ~ denotes its inverse. These equations model vorticity waves
in the coastal zone; see [Molinet et al. 2001].

Our starting point is a property established by Isaza, Linares and Ponce [Isaza et al. 2015] concerning
the solutions of the IVP associated to the k-generalized KdV equation

du+du+ufdu=0, x,teR, keN,
u(x,0) =up(x).

It was shown in [Isaza et al. 2015] that the unidirectional dispersion of the k-generalized KdV equation

(1.2)

gives the following propagation of regularity phenomena.

Theorem 1.3 [Isaza et al. 2015]. Ifug € H34" (R) and for somel € 7, | > 1 and xo € R

o
80001 = [ 10t P < o0, (1.4
X0
then the solution of the IVP associated to (1.2) satisfies that for any v > 0 and € > 0
oo
sup / @Ju)?(x,)dx < ¢ (1.5)
0<t<T Jxp+e—vt

forj=0,1,2,...,lwithc=c(l, ””0”H3/4+(IR3); ”a)lcu()”Lz((xo,oo)); v; €; T). In particular, forallt € (0, T],

the restriction of u( -, t) to any interval (xg, 00) belongs to H'((xq, 00)).
Moreover, forany v >0, € >0and R > 0

xo+R—vt
/ / 81+1u)2(x, t)dxdr <c,

o+e—vt

with ¢ = c(l; uol s gys 185101 12((x0,00))3 Vs €5 R; T).

The proof of Theorem 1.3 is based on weighted energy estimates. In particular, the iterative process in
the induction argument is based on a property discovered originally by T. Kato [1983] in the context of
the KdV equation. More precisely, he showed that solution of the KdV equation satisfies

T rR
f f @) (x, 1) dx dr < ¢(R: T lugl 2). (1.6)
0J—R

where this is the fundamental fact in his proof of existence of the global weak solutions of (1.2) for k =1
and initial data in L2(R).

This result was also obtained for the Benjamin—Ono equation [Isaza et al. 2016a] but it does not follow
as the KdV case because of the presence of the Hilbert transform.

Later on, [Kenig et al. 2018] extended the results in Theorem 1.3 to the case when the local regularity
of the initial data ug in (1.4) is measured with fractional indices. The scope of this case is much more
involved, and its proof is mainly based in weighted energy estimates combined with techniques involving
pseudodifferential operators and singular integrals. The property described in Theorem 1.3 is intrinsic
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to suitable solutions of some nonlinear dispersive models; see also [Linares et al. 2017]. In the context
of two-dimensional models, analogous results for the Kadomtsev—Petviashvili II equation [Isaza et al.
2016b] and the Zakharov—Kuznetsov [Linares and Ponce 2018] equation were proved.
Before stating our main result we will give an overview of the local well-posedness of the IVP (1.1).
Following [Kato 1983] we have that the initial value problem IVP (1.1) is locally well-posed (LWP) in
the Banach space X if for every initial condition ug € X there exists 7 > 0 and a unique solution u(t)
satisfying
ueC(0, T]: X)NAr, (1.7)

where A7 is an auxiliary function space. Moreover, the solution map ug + u is continuous from X into
the class (1.7). If T can be taken arbitrarily large, one says that the IVP (1.1) is globally well-posed
(GWP) in the space X.

It is natural to study the IVP (1.1) in the Sobolev space

H'®R)=(1-0)"2L*R), seR.

There exist remarkable differences between the KdV (1.2) and the IVP (1.1). In case of KdV, e.g., it
possesses infinite conserved quantities, defines a Hamiltonian system, has multisoliton solutions and is a
completely integrable system by the inverse scattering method [Coifman and Wickerhauser 1990; Fokas
and Ablowitz 1983]. Instead, in the case of the IVP (1.1) there is no integrability, but three conserved
quantities (see [Sidi et al. 1986]), specifically
I _ / _ / 2 _ 1 / oo 1 / 3
[ul(t) = | udx, Mul(t)= | u"dx, Hlul()= |Dy? ul|”dx u’ dx,
R R 2 Jr 6 Jr

are satisfied at least for smooth solutions.

Another property in which these two models differ resides in the fact that one can obtain a local
existence theory for the KdV equation in H*(R), based on the contraction principle. On the contrary,
this cannot be done in the case of the IVP (1.1). This is a consequence of the fact that dispersion is not
enough to deal with the nonlinear term. In this direction, Molinet, Saut and Tzvetkov [Molinet et al.
2001] showed that for 0 < o < 1 the IVP (1.1) with the assumption ug € H*(R) is not enough to prove
local well-posedness by using fixed-point arguments or the Picard iteration method.

Nevertheless, Molinet and Ribaud [2006] proved global well-posedness by considering initial data in a
weighted low-frequency Sobolev space. Later, using suitable spaces of Bourgain type, Herr [2007] proved
local well-posedness for initial data in H*(R)N H~(R) for any s > —37“, w= a—}rl — % where H ™ “(R) is

a weighted low-frequency Sobolev space (for more details see [Herr 2007]); next by using a conservation

1 1
atl 2
In this sense, an improvement was obtained by Herr, Ionescu, Kenig and Koch [Herr et al. 2010], who

law, these results are extended to global well-posedness in H*(R) N H ““(R), fors >0, w =

showed that the IVP (1.1) is globally well-posed in the space of the real-valued L?(R)-functions by using
a renormalization method to control the strong low-high frequency interactions. However, it is not clear
that these results described above can be used to establish our main result. Thus a local theory obtained
by using energy estimates in addition to dispersive properties of the smooth solutions is required.
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In the first step, we obtain the following a priori estimate for solutions of IVP (1.1):

c||Oxul|
lullzeoms S llugllpse HrEes

T “x Y

part of this estimate is based on the Kato—Ponce commutator estimate [1988].

The inequality above reads as follows: in order for the solution « to lie in the Sobolev space H*(R),
continuously in time, we must control the term ||y u/||; 1L

First, we use results of Kenig, Ponce and Vega [Kenig et al. 1991a] concerning oscillatory integrals in

order to obtain the classical Strichartz estimates associated to the group S(z) = ¢’ Dyl

, corresponding to
the linear part of the equation in (1.1).

Additionally, the technique introduced in [Koch and Tzvetkov 2003] related to the refined Strichartz
estimate is fundamental in our analysis. Specifically, their method is mainly based in a decomposition
of the time interval into small pieces whose lengths depends on the spatial frequencies of the solution.
This approach allowed Koch and Tzvetkov to prove local well-posedness for the Benjamin—Ono equation
in H5/*" (R). Then, Kenig and Koenig [2003] enhanced this estimate, which led to proving local well-
posedness for the Benjamin—Ono equation in H%/3" (R).

Several issues arise when handling the nonlinear part of the equation in (1.1); nevertheless, following
the work of Kenig, Ponce and Vega [Kenig et al. 1993], we manage the loss of derivatives by combining
the local smoothing effect and a maximal function estimate of the group S(t) = e'% o,
These observations lead us to present our first result.

Theorem A. Let 0 < a < 1. Set s(x) = % — %“ and assume that s > s(a). Then, for any ug € H*(R),

there exists a positive time T =T (||uo|| usw)) > 0 and a unique solution u satisfying (1.1) such that
ueC(0,T]: H*(R)) and d.u e L'([0,T]: L®(R)). (1.8)

Moreover, for any r > 0, the map uo — u(t) is continuous from the ball {ug € H*(R) : luollgsw) <1}
to C([0, T]: H*(R)).

Theorem A is the base result to describe the propagation of regularity phenomena. As we mentioned
above, the propagation of regularity phenomena is satisfied by the BO and KdV equations. These two
models correspond to particular cases of the IVP (1.1), specifically by taking « =0 and o = 1.

A question that arises naturally is to determine whether the propagation of regularity phenomena is
satisfied for a model with an intermediate dispersion between these two models mentioned above.

Our main result gives answer to this problem and it is summarized in the following:

Theorem B. Let ug € H*(R), with s = 3%"‘, and u = u(x, t) be the corresponding solution of the IVP
(1.1) provided by Theorem A.
If for some xo € R and for some m € Z*, m > 2,

0'uo € L*({x = xo}), (1.9)
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then foranyv >0, T >0, e >0andt > €

o
sup / (8u)?(x, 1) dx
0<t<T Jxg+e—vt

T pxo+t—0t atl xXo+T— vt il
+f/ (Dy? Bfu) (x, t)dxdt—i—// 2 Hafu) (x,t)dxdr <c (1.10)
X X

o0+e—vt o+e—vt
for j=1,2,....m,withc=c(T; €; v;a; fuollms; 1197 uoll £2((xg,00))) > 0.
If in addition to (1.9) there exists xo € R* with
1—

D,” 8"ug € L2({x > xo}) (1.11)

then foranyv >0, € >0andt > €
o0 l—a
sup / (Dy* 3™u)*(x, 1) dx
X

0<t<T Jxp+e—vt
T pxo+t—0t T pxo+t—0t
+/f (8;”+1u)2(x,t)dxdt+// @™ Hu)? (x, ) dx dr < ¢, (1.12)
0 Jx 0 Jx

0+€—vt 0+e—vt

1—a)/2
D~/ Ay uoll 2((xp,00))) > 0.

with ¢ = c(T; €; v a5 |luoll as; |
Although the argument of the proof of Theorem B follows in spirit that of KdV, i.e., an induction
process combined with weighted energy estimates, the presence of the nonlocal operator D;‘“ax in the
term providing the dispersion, makes the proof much harder. More precisely, two difficulties appear, the
most important of which is to obtain explicitly the Kato smoothing effect [1983], which in the proof of
Theorem 1.3 is fundamental.
In contrast to the KdV equation, the gain of the local smoothing in solutions of the dispersive generalized

Benjamin—Ono equation is just 3= O‘+1

derivatives, so as occurs in the case of the Benjamin—Ono equation
[Isaza et al. 2016a], the iterative argument in the induction process is carried out in two steps, one for
positive integers m and another one for m 4 15¢ 5> derivatives.

In the case of the BO equation [Isaza et al. 2016a], the authors obtain the smoothing effect basing their
analysis on several commutator estimates, such as the extension of Calderén’s first commutator for the
Hilbert transform [Baishanski and Coifman 1967]. However, their method of proof does not allow them
to obtain explicitly the local smoothing as in [Kato 1983].

The advantage of our method is that it allows us to obtain explicitly the smoothing effect for any
a € (0,1) in the IVP (1.1). Roughly, we rewrite the term modeling the dispersive part of the equation in
(1.1) in terms of an expression involving [7—{,D§‘+2; Xz »]. At this point, we incorporate results of [Ginibre
and Velo 1991] about commutator decomposition. This allows us to obtain explicitly the smoothing effect
as in [Kato 1983] at every step of the induction process in the energy estimate. Additionally, this approach
allows us to study the propagation of regularity phenomena in models where the dispersion is lower in
comparison with that of IVP (1.1). We address this issue in a forthcoming work; specifically we study the
propagation of regularity phenomena in real solutions of the model

o — DY ou+udyu=0, x,teR, O<a<]l.
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As a direct consequence of Theorem B, one has that for an appropriate class of initial data the singularity
of the solution travels with infinite speed to the left as time evolves. Also, the time reversibility property
implies that the solution cannot have had some regularity in the past.

Concerning the nonlinear part of IVP (1.1) in the weighted energy estimate, several issues arise.
Nevertheless, following the approach of [Kenig et al. 2018], combined with [Kato and Ponce 1988; Li
2019] on the generalization of several commutator estimates, allows us to overcome these difficulties.

Remark 1.13. (I) It will be clear from our proof that the requirement on the initial data, that is, ug €
HG~9/2(R) in Theorem B, can be lowered to H(©—30/8)+(R).

(II) Also it is worth highlighting that the proof of Theorem B can be extended to solutions of the IVP

{8tu—D;‘+18xu+uk8xu=0, x,teR O0<a<l, keZt,

(1.14)
u(x,0) =ug(x).
(II) The results in Theorem B still hold for solutions of the defocusing generalized dispersive Benjamin—

Ono equation

du— DM u—udu=0, xteR 0<a<l,

u(x,0) =uop(x).
This can be seen applying Theorem B to the function v(x, t) = u(—x, —t), where u(x, t) is a solution of
(1.1). In short, Theorem B remains valid, backward in time for initial data u( satisfying (1.9) and (1.11).

Next, we present some immediate consequences of Theorem B.

Corollary 1.15. Letu € C([—-T,T]: HOG=9/2(R)) be a solution of the equation in (1.1) described by
Theorem B. If there exist n, m € Z+ with m < n such that for some 11, 7, € Rwith 1) < 1

/ 10" uo(x)|*dx < oo but 3Mug ¢ L*((t1, 00)),
2]

then forany t € (0, T) and any v > 0and e > 0

o0
/ 18" u(x, 1)|* dx < oo,
T

2t+e—vt
and for any t € (=T, 0) and any 13 € R
o.¢]
/ 18™u(x, t)|* dx = oo.
73

The rest of the paper is organized as follows: in the Section 2 we fix the notation to be used throughout
the document. Section 3 contains a brief summary of commutator estimates involving fractional derivatives.
Section 4 deals with the local well-posedness. Finally, in Sections 5 and 6 we prove Theorems A and B.

2. Notation

The following notation will be used extensively throughout this article. The operator J* = (1 — 32)%/2
denotes the Bessel potentials of order —s.
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For 1 < p < oo, L?(R) is the usual Lebesgue space with the norm || - || »; additionally for s € R, we
consider the Sobolev space H*(R) is defined via its usual norm || f||gs = ||J* f||;2. In this context, we
define

H®R) =) H' ).
s>0

Let f = f(x, t) be a function defined for x € R and 7 in the time interval [0, T'], with T > 0, or in the
whole line R. Then if A denotes any of the spaces defined above, we define the spaces L’T’Ax and LY A,
by the norms

T 7 7
||f||L;AX=</O ||f<-,r>||zdr) and ||f||L,pr=(fRnf(-,nnzdz)

for 1 < p < oo with the natural modification in the case p = co. Moreover, we use similar definitions for
the mixed spaces LYL? and L?CL; with 1 < p, g < oo.

For two quantities A and B, we write A < B if A < ¢B for some constant ¢ > 0. Similarly, A 2 B if
A > ¢B for some ¢ > 0. We write A ~ B if A < B and B < A. The dependence of the constant ¢ on
other parameters or constants is usually clear from the context and we will often suppress this dependence
whenever possible.

For a real number a we will write a™ instead of a + € whenever € is a positive number whose value is
small enough.

3. Preliminaries

In this section, we state several inequalities to be used in the next sections.
First, we have an extension of the Calderon commutator theorem [1965] established in [Baishanski
and Coifman 1967].

Theorem 3.1. Forany p € (1, 00) and any I, m € Z U {0} there exists c = c(p; I; m) > 0 such that

0L 1M 19" fliee < clld™ Wl fllLo. (3.2)

For a different proof see [Dawson et al. 2008, Lemma 3.1].

In our analysis the Leibniz rule for fractional derivatives, established in [Grafakos and Oh 2014; Kato
and Ponce 1988; Kenig et al. 1994], will be crucial. Even though most of these estimates are valid in
several dimensions, we will restrict our attention to the one-dimensional case.

Lemma 3.3. Fors >0, p €[1, 0c0),

ID*(f)llie S Uf e 1D gllir +lIgllLes I1D* fll Lo, (3.4)

with
L1 L ool j=1,2.34
P P1 P2 p3 P4

Also, we will state the fractional Leibniz rule proved by Kenig, Ponce and Vega [Kenig et al. 1993].
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Lemma 3.5. Let s =51+ 52 € (0, 1), with sy, s € (0, 5), and p, p1, p2 € (1, 00), satisfy

i_1_ .1
p J 2T %)
Then,
ID*(fg)— fD'g—gD* fliLr SID™ fllLrn [ID™gllLr:. (3.6)

Moreover, the case sy = 0 and py = o0 is allowed.

A natural question about Lemma 3.5 is to investigate the possible generalization of the estimate (3.6)
when s > 1. The answer to this question was given recently by D. Li [2019]; he established new fractional
Leibniz rules for the nonlocal operator D*, s > 0, and related ones, including various endpoint situations.

Theorem 3.7. Let s > 0 and 1 < p < 0o. Then for any sy, s > 0 with s = 51 + 52, and any f, g € S(R"),
the following hold:

(1) If 1< p1, p2 < 0o with 5 = - + -, then

SID™ fllee [ID>glle. (3-8)
Lr

H D*(f8)~ ﬁaﬁfn‘*“g -Y gDy

! B! x8
a=<s] B=<s2

(2) If p1 = p, p2 =00, then

SIDY flle I D> gllBmo,
LP

! 1 : .
HD‘(fg) =D D=y Eaf gD*P f

a<s; B<s>
where | - |[smo denotes the norm in the BMO space.'
(3) If pr =00, pr = p, then

HDS(fg)—Zaia“ D*g— Zﬁ—aﬁ

a=s| B<s2

S ID* fllsmoll D*gll e

The operator D% is defined via Fourier transform*
Dheg(€) = D" ()88,
D¥(§) =i~ 3¢ (€.
Remark 3.9. As usual empty summation (such as o, o) is defined as zero.
Proof. For a detailed proof of this theorem and related results, see [Li 2019]. O

Next we have the following commutator estimates involving nonhomogeneous fractional derivatives,
established by Kato and Ponce.

For any f € LIOC([R{”) the BMO seminorm is given by || f|lpmo = SUPQ 101 f [f(y) —(f)oldy, where (f) is the
average of f on Q, and the supreme is taken over all cubes Q in R"™.
2The precise form of the Fourier transform does not matter.
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Lemma 3.10 [Kato and Ponce 1988]. Lets > 0 and p, ps, p3 € (1, 00) and p1, ps € (1, 0o] be such that
1 1 1 1 n 1

p pop2 E E'
Then,
15 Flglr SO iz 1 gllie +119° fllLrsllglLrs (3.11)
12O Ne SN flleeliglioem + 17 glees 1f Nl Les. (3.12)
There are many other reformulations and generalizations of the Kato—Ponce commutator inequalities;

see [Bényi and Oh 2014]. Recently Li [2019] has obtained a family of refined Kato—Ponce-type inequalities
for the operator D*. In particular he showed that:

Lemma 3.13. Let 1 < p < o0. Let 1 < py, p2, p3, pa < 00 satisfy
11 1 1 1

P P P2 ps o pa
Therefore:

(@) If 0 <s <1, then
ID*(f8) — fD°gllLr SIID* " ox fllm llgliLr.
(b) If s > 1, then

ID*(fg) — fD*gllr SUD* ™ ax fllreiliglor + 18 fllrs 1D gllLrs. (3.14)

For a more detailed exposition on these estimates see [Li 2019, Section 5].
In addition, we have the following inequality of Gagliardo—Nirenberg type:

Lemma3.15. Letl <q,p <00, l <r <ocoand0 <o < B. Then,

ID* fllr Sl Fll-21DP £11G,

with
1 1 1 o
S—a=-0+0(,-8). 0e|5.1]
p )y q P B
Proof. See [Bergh and Lofstrdom 1976, Chapter 4]. U

Now, we present a result that will help us to establish the propagation of regularity of solutions of (1.1).
A previous result [Kenig et al. 2018, Corollary 2.1] was proved using the fact that J, r € R, can be seen
as a pseudodifferential operator. Thus, this approach allows us to obtain an expression for J” in terms of
a convolution with a certain kernel k(x, y) which enjoys some properties on localized regions in R2. In
fact, this is known as the singular integral realization of a pseudodifferential operator, whose proof can be
found in [Stein 1993, Chapter 4].

The estimate we consider here involves the nonlocal operator D° instead of J°.
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Lemma 3.16. Letm € Z+ and s > 0. If f € L>(R) and g € LP(R), 2 < p < oo, with

dist(supp(f), supp(g)) > 6 > 0. (3.17)
Then

g 37D fllz2 S glerllfllz2-

Proof. Let f, g be functions in the Schwartz class satisfying (3.17).
Notice that

g(x) (DAY f)(x) = g( )

g(x)

2m)2 JR

e |£°m £ (£) dg =

/ EFCLOTNE & (18)

where 7, is the translation operator.’
Moreover, the last expression in (3.18) defines a tempered distribution for s in a suitable class, which
will be speciﬁed later. Indeed, for z € C with —1 < Re(z) <0

am
/ EF (000 &) dE = ¢(2) f ﬂdy forallp e S®),  (3.19)

(27_[) 2 |1+z
with ¢(z) is independent of ¢. In fact, evaluating ¢ (x) = e~*"/2in (3.19) yields
22 (&L
c(z) = %22)
72T (=35)

Thus, for every ¢ € S(R) the right-hand side in (3.19) defines a meromorphic function for every test
function, which can be extended analytically to a wider range of complex numbers z, specifically z with
Im(z) = 0 and Re(z) = s > 0, which is the case that pertains to us. By an abuse of notation, we will
denote the meromorphic extension and the original as the same.

Thus, combining (3.17), (3.18) and (3.19) it follows that

= 1
g(x)(fwﬂf)(y) dy:c(s)g(x)<f Srrr flﬁ'mil)( ).

Notice that the kernel in the integral expression is not anymore singular due to the condition (3.17). In

()DL £)(x) = (s) fR

fact, in the particular case that m is even, we obtain after apply integration by parts
DL ) = s, mg)( £+ 220 ()
8 XX - Mg ly |s+m+1
and in the case m being odd
Y1yi=s
gD F)(x) = (s, m)g(x)(f H#Q)( ).
Finally, in both cases combining Young’s inequality and Holder’s inequality one gets

Liyi)
g 0y Dy fllz2 S ligleell fllzz ||||S}mllu Shglzell fllze,

1

where the index p satisfies % =5t }, which clearly implies p € [2, oo], as was required. g

3For h € R the translation operator 1y, is defined as (7, f)(x) = f(x — h).
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Further in the paper we will use extensively some results about the commutator beyond those presented
in this section. Next, we will study the smoothing effect for solutions of the dispersive generalized
Benjamin—Ono equation (1.1) following Kato’s ideas [1983].

3A. Commutator expansions. In this section we present several new main tools obtained in [Ginibre
and Velo 1989; 1991] which will be the cornerstone of the proof of Theorem B. They include commutator
expansions together with their estimates. The basic problem is to handle the nonlocal operator D* for
noninteger s and in particular to obtain representations of its commutator with multiplication operators by
functions that exhibit as much locality as possible.

Leta=2u+1 > 1, let n be a nonnegative integer and 4 be a smooth function with suitable decay at
infinity, for instance with 4’ € C3°(R).

We define the operator

R.(a) =[HD" h]— (P,(a) — HP,(a)H), (3.20)
P.(a)=a Z c2j1(=1)/ 47 DI (BT pr=iy (3.21)
0<j<n
where
1

]_[ @*—Q2k+1)% and H=-H.
0<k<j

cr =1, C2j+1 = m

It was shown in [Ginibre and Velo 1989] that the operator R,(a) can be represented in terms of anticom-
mutators* as follows:

Ru(a) = S([H; Qn(@)ls +[D% [H; hll4), (3.22)

where the operator O, (a) is represented in the Fourier space variables by the integral kernel

0.(a) - Qm)2h(E —&)|EE'|52ag,(a, 1), (3.23)
with |€| = |&'| e* and

gna, 1) = é(a2 — 2n+D>ecomp / sinh®"*! 7 sinh((a(r — 1))) dr. (3.24)
0

Based on (3.22) and (3.23), Ginibre and Velo [1991] obtained the following properties of boundedness
and compactness of the operator R, (a).

Proposition 3.25. Let n be a nonnegative integer, a > 1, and o > 0 be such that

2n+1<a+20 <2n+3. (3.26)
Then:

(a) The operator D° R,(a)D°? is bounded in L? with norm
1 T
D Ry (@)D fll12 < C(2mr) ™2 II(D“”"h)IlLé I fllzz- (3.27)
Ifa > 2n+ 1, one can take C = 1.

4For any two operators P and Q we denote the anticommutator by [P; Q]+ = PQ + QP.
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(b) Assume in addition that
2n+1<a+20 <2n+3.

Then the operator D° R, (a)D° is compact in L>(R).
Proof. See Proposition 2.2 in [Ginibre and Velo 1991].

g

In fact Proposition 3.25 is a generalization of a previous result, where the derivatives of the operator

R, (a) are not considered; see [Ginibre and Velo 1989, Proposition 1].
The estimate (3.27) yields the following identity of localization of derivatives.

Lemma 3.28. Assume 0 <« < 1. Let be ¢ € C*(R) with ¢’ € C§°(R). Then,

/sofD““axfdx=<“12)/(|D“¥‘f|2+|D“?1Hf|2>w/dx+§/ fRo(a+2) f dx.
R R R

Proof. The proof follows the ideas presented in Proposition 2.12 in [Linares et al. 2014].

4. The linear problem

The aim of this section is to obtain Strichartz estimates associated to solutions of the IVP (1.1).

First, consider the linear problem
du—D*hu=0, x,teR 0<a<l,
u(x,0) =up(x),
whose solution is given by
u(x, 1) = S(Ouo = (" 1" o).
We begin studying estimates of the unitary group obtained in (4.2).
Proposition 4.3. Assume that 0 <« < 1. Let q, p satisfy % + % = % with2 < p <oo.
Then .
DY S@uollpapr < lluollz2
for all ug € L*(R).
Proof. The proof follows as an application of Theorem 2.1 in [Kenig et al. 1991a].

(3.29)

4.1)

(4.2)

4.4)

O

Remark 4.5. Notice that the condition on p implies g € [4, co], which in one of the extremal cases

(p, q) = (00, 4) yields
| Dy SOuollpape S lluoll 22,

which shows the gain of § derivatives globally in time for solutions of (4.1).

Lemma 4.6. Assume that 0 < a < 1. Let Y, be a C*(R) function supported in the interval [2F=1, 2K+1],

where k € Z*. Then, the function HY defined as
2k iflxl <1,
HE()={25x[72  if 1< x| < 2",
(1 +X2)_1 lf |X| - Czk((x-l—l)
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satisfies

‘/ma@“””@m@mﬂsHﬁw *.7)

for |t| <2, where the constant ¢ does not depend on t or k.
Moreover, we have

oo
S HE( $ 246, (4.8)
[=—00
Proof. The proof of estimate (4.7) is given in [Kenig et al. 1991b, Proposition 2.6] and it uses arguments of

localization and the classical Van der Corput lemma. Meanwhile, (4.8) follows exactly that of Lemma 2.6
in [Linares et al. 2014]. O

Theorem 4.9. Assume O <a < 1. Let s > % Then,

1

[e.¢]
2
uwwwmﬁﬁ(prwpwwmﬂgmm

j=—oo =1 j=x<j+l

for any ug € H* (R).
Proof. See Theorem 2.7 in [Kenig et al. 1991b]. O

Next, we recall a maximal function estimate proved by Kenig, Ponce and Vega [Kenig et al. 1991b].

3

Corollary 4.10. Assume that 0 < o < 1. Then, for any s > % and any n > 3

00 1
2
(Z sup  sup |S(I)UO|2) S A+ 1) voll s -

JETe ST jsx<j+l

Proof. See Corollary 2.8 in [Kenig et al. 1991b]. O

4A. The nonlinear problem. This section is devoted to studying general properties of solutions of the
nonlinear problem

{atu—Dg+18xu+u8xu=0, x,teR, 0<a<l, 4.11)

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

We begin this section by stating the following local existence theorem proved in [Kato 1975; Saut and
Temam 1976].

Theorem 4.12. (1) For any ug € H*(R) with s > % there exists a unique solution u to (4.11) in the class
C(-T,T]: H*(R)) with T =T (|lug|lgs) > O.

(2) Forany T' < T there exists a neighborhood V of ug in H* (R) such that the map iio +— i(t) from V
into C([—T', T'] : H*(R)) is continuous.

3) Ifupe H S,([R{) with s’ > s, then the time of existence T can be taken to depend only on ||ug|| pgs.

Our first goal will be to obtain some energy estimates satisfied by smooth solutions of the IVP (4.11).
We firstly present a result that arises as a consequence of commutator estimates.
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Lemma 4.13. Suppose that 0 < o < 1. Let u € C([0, T] : H*(R)) be a smooth solution of (4.11). If
s > 0 is given, then

clloxull, 1

o0
lullLsems S luollms e bt (4.14)

Proof. Let s > 0. By a standard energy estimate argument we have
%% /R(J;u)zdx + /R[J;; uldyu Jiudx +/Ru Jiu J; 9 udx =0.
Hence integration by parts, Gronwall’s inequality and the commutator estimate (3.11) lead to (4.14). [

Remark 4.15. In view of the energy estimate (4.14), the key point to obtaining a priori estimates in
H} (R) is to control ||8xu||L1TLoo at the H; (R)-level.

In addition to this estimate, we will present the smoothing effect provided by solutions of the dispersive
generalized Benjamin—Ono equation. In fact, the smoothing effect was first observed by Kato [1983] in
the context of the Korteweg—de Vries equation. Following Kato’s approach joint with the commutator
expansions, we present a result proved by Kenig, Ponce and Vega [Kenig et al. 1991b, Lemma 5.1].

Proposition 4.16. Let ¢ denote a nondecreasing smooth function such that supp ¢’ C (—1,2) and
¢'lo,1y = 1. For j € Z, we define ¢;(-) =¢@(- — j). Letu € C([0, T]: H*(R)) be a real smooth solution
of (1.1) with O < @ < 1. Assume also that s > 0 and r > % Then,

1

T atl atl 2
(/ f(UDi+ S u DP+IDyT T Hulx, P (x) dxdr)
0JR
1
SU+T + 100l oo+ Tllll o) lullpser. (4.17)

In addition to the smoothing effect presented above, we will need the following localized version of
the H*®(R)-norm. For this purpose we will consider a cutoff function ¢ with the same characteristics as
those in Proposition 4.16.

Proposition 4.18. Let s > 0. Then, for any f € H*(R)

1

o 2
2
1 sy ~ ( > IIfw}Ilir»v(R)) :

j=—00

Hence our first goal in establishing the local well-posedness of (4.11) is to obtain Strichartz estimates
associated to solutions of

du—DT9u=F. (4.19)

Proposition 4.20. Assume that0 <o <1, T > 0and o € [0, 1]. Let u be a smooth solution to (4.19)
defined on the time interval [0, T]. Then there exist 0 < puy, uy < % such that

1—249 1—2_3¢
Nocull 2 o S T =35 Ul o + T2 5 12 4.21)

forany € > 0.
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Remark 4.22. The optimal choice in the parameters present in the estimate (4.21) corresponds to o = 1_7"‘

Indeed, as is pointed out by Kenig and Koenig [2003, Proposition 2.8] in the case of the Benjamin—Ono
equation (case o = 0) given a linear estimate of the form

b
10xtull 2 oo S THIT “ullpgerz + T Fll 22

the idea is to apply the smoothing effect (4.17) and absorb as many as derivatives as possible of the

function F. Concerning to our case, the approach requires the choice a = b + 1_7“; this particular choice,

o= 1_7"‘, in the estimate (4.21) provides the regularity s > % — %‘)‘ in Theorem A.

Proof. Let f =), fi denote the Littlewood—Paley decomposition of a function f. More precisely we
choose functions 1, x € C*(R) with supp(n) C {S : % < |&] < 2} and supp(x) < {§ : |§| < 2} such that

Zn(%)ﬂ((é):l

k=1

and fi = Pi(f), where (Pof) (&) = x(§) f(§) and (P, f)(&) = n(§/2°) f (€) for all k > 1.
Fix € > 0. Let p > % By Sobolev embedding and the Littlewood—Paley theorem it follows that

00 3 00 00 1
€ 2 € 2 € 2
(;u Pif| ) ;u PSP S (; I/ PkfnL,;) :

Therefore, to obtain (4.21) it enough to prove that for p > 2

1
2
LY

Il S W fllpe ~ ’

LY

a_ 30, a—0

4 4 2p

o, 0

) B AT 1
10wkl 2 S 1 Dx ukllpger2 + 11 Dx

Fllzge, k=1,

The estimate for the case k = 0 follows using Holder’s inequality and (4.4). For such reason we fix k > 1,
and at this level of frequencies we have

iUy — D;‘Haxuk = F.

Consider a partition of the interval [0, T] = |_J I, where I; =[aj,bj],and T = b; for some j. Indeed,

jeJ
we choose a quantity ~ 2K T1=# of intervals, with length |1 i~ 27k TI where u is a positive number
to be fixed.

Let g be such that

SRS
+
| —

S =

Using that u solves the integral equation

u(t) = S(t)uo+/ St —t)F()dt, (4.23)
0

1
2 )2
q
L,ij

we deduce that

/ S(t —5)0, Fr(s)ds

J

1_1
Butall 2 g S (#2747 7D (Z 15 = apdeunaply 1p + ‘
jeJ ’
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In this sense, it follows from (4.4) that

241
11 _a _a 2
”axuk“LzTLf S (Tuz_ka)(2 ‘1){ E | Dy qaxuk(aj)”iz + E (/ | D qaka(t)”L% dt) }
X I

jedJ jedJ J
n~—ko (l,l) 1_% 2 % nn—ko ]_% 2 %
S@ OO H D Dy Tuilliga) (D T2 ID; * Fi@II7, de
jeJ jeJ Ij '

1_1 -2
< @# 27+ G (1R 2 Dy gl 2

T _a
+<T“2—"“>(5‘5)<T“2—"”>%( f 1Dy ‘), dz)
0 X

1

_a

1_p 1 < 1 1-242 o
ST il + T OUD T Rl s
since ;
|_%, 0 __ o, 0 a=0 _e 0 __,_o_ 30 a—0
7" q s tgt S, wd e 4 ° 44T,

We recall that € > %, o €[0,1]and @ € (0, 1); then

et a—o a—0o+2 = 0.

2p 2p
Next, we choose puj = 5 — L = n(l— é) with the particular choice = 3.
Gathering the inequalities above, the proposition follows. g

Now we turn our attention to the proof of Theorem A. Our starting point will be the energy estimate
(4.14), where, as was remarked above, the key point is to establish a priori control of ||d,u|| Lir:

5. Proof of Theorem A

SA. A priori estimates. First notice that by scaling, it is enough to deal with small initial data in the
H*-norm. Indeed, if u(x, ¢) is a solution of (1.1) defined on a time interval [0, T'], for some positive time 7,
then, for all A > 0, uy (x, £) = A T%u(Ax, A>T%¢) is also solution with initial data ug 3 (x) = A T%ug(Ax),
and time interval [0, T/A>1¢].

For any § > 0, we define B;(0) as the ball with center at the origin in H*(R) and radius §.

Since

luosllz =27 luollz and [IDjuo,llz2 = A7+ Diuoll 2.
we have
luo.allmy S A2+ +22) ol s

so we can force u, (-, 0) to belong to the ball Bs(0) by choosing the parameter A with the condition
2

o - T 1+2a
A~ min{d T2 |lug | s, 1}
X

Thus, the existence and uniqueness of a solution to (1.1) on the time interval [0, 1] for small initial data
luoll s will ensure the existence and uniqueness of a solution to (1.1) for arbitrary large initial data on a

time interval [0, T'] with e
T ~ min{1, ||ug] ;" }.

s
X
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Thus, without loss of generality we will assume that 7 < 1 and that
A = luoll 2 + I D uoll 2 <6,

where § is a small positive number to be fixed later.

Weﬁxssuchthats(oz) ——%‘" <s<%—%andsete=s—s(a)>0.

Next, taking o = T >0, F = —ud,u in (4.21) together with (4.14) yields

|—2_30
1,ull 2 oo < T ull oz + T2 1T 55 @) 2

el 2 0

a—1
SA+Ae HIDY 7 @bl 220 G.1)

Now, to analyze the product coming from the nonlinear term we use the Leibniz rule for fractional
derivatives (3.6) together with the energy estimate (4.14) as follows:

s+t s+t
IDx 2 Woy)ll 22 S lu Dy 2 dxtll 2 2 + || 1192 u(t)IILoollD M(t)||L2 ||L2

sl 3 00

<MD} Bl o+ Alldul 2 e (52)

To handle the first term in the right-hand side above, we incorporate Kato’s smoothing effect estimate

obtained in (4.17) in the following way:
1

S+ S+ 2
D, = O < 1S D, + Hu(t dr
lu ull 22 < (Zf lu@®IZs Ol )

j=—00
1
< 2 14 AA &SIl s
< Z Il ) M)A T (53)
j==00

In summary, gathering the estimates (5.1)—(5.3) yields

1

o0
clldvull2 ;00 2
loxull 200 S AL+ A) e it ( E ||M||%<;°Lf;j+l)) +A+Ae

j=—00

C‘lax””L%_L)t;c

(5.4)

Since u is a solution to (4.11), by Duhamel’s formula it follows that

u(t) =S)ug —/ St —s)(uoyu)(s)ds,
0

a+1
where S(t) = /P57 0x,

Now, we fix n > 0 such that n < 1+°‘ ; this choice implies that 7, + < s+ %—. Hence, Sobolev’s
o0

} z 2 }
(Z lull gz ) (Z IS@uolzz ) +( > fo S(t — ) (ud,u)(s) ds )
LPL>®

Jj=—00 Jj=—00 T “[j.j+1)

SA+T)A+ 1+ Dylludull ) g2

embedding, Holder’s 1nequa11ty and Corollary 4.10 produce

n+3
S A+ ”uaxu”LlTL}[ + | Dy 2(“ 8xu)||L1TL§

41
S A+ Al 3 o + 1D (u B0)] 132 (55)
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Employing an argument similar to the one applied in (5.2) and (5.4) it is possible to bound the last term
in the right-hand side as follows:

00 1
n+3 > 2 clldvull,2 oo clldvull,2 o0
1D i)l 22 S ( > ||u||L<;oL[o;j+l)) AA+Te T LA T L (5.6)

j=—o

Next, we define 1

T 5 3 o0 5 %
$(T) = ( /0 3.0 (s)70 ds) + (.Z ||”||L?°Li’7ij+l>> ,
j=—0o0
which is a continuous, nondecreasing function of 7.
From (5.4), (5.5) and (5.6) it follows that

(1) S AN+ D(T)e D 4 Ae?D ¢(T) + Ae?D LA+ Ap(T).
Now, if we suppose that A < § < 1, we obtain

& (T) <cA+chAe?D
for some constant ¢ > 0.
To complete the proof we will show that if there exists 6 > 0 such that A < §, then ¢ (1) < A for some
constant A > 0.
To do this, we define the function

Y(x,y)=x—cy—cye™. 5.7
First notice that ¥ (0, 0) =0 and 9,V (0, 0) = 1. Then the implicit function theorem asserts that there
exists § > 0 and a smooth function &(y) such that £(0) =0, and ¥ (£(y), y) =0 for |y| <4.
Notice that the condition W (£(y), y) =0 implies that £(y) > 0 for y > 0. Moreover, since 9, W (0, 0) =1,
the function W (-, y) is increasing close to £(y) whenever ¢ is chosen sufficiently small.
Let us suppose that A <4, and set A = &(A). Then, combining interpolation and Proposition 4.18 we

obtain
00 1

2 2
¢<0)=(Z( sup |u<x,0>|)) S lluoll s @y < crlluoll 2 + crll Duoll 2,

Jo0 xeli+D

where we take ¢ > c;.
Therefore

$0) <ciA <cA+cAeD® =,
Suppose that ¢ (T') > A for some T € (0, 1) and define
To=inf{T € (0,1) | ¢(T) > A}

Hence, Ty > 0 and ¢ (7p) = A; additionally, there exists a decreasing sequence {7, },>1 converging to Tp
such that ¢ (7,,) > X. In addition, notice that (5.7) implies V(¢ (T), A) <0 forall T € [0, 1].
Since the function W (-, A) is increasing near A, we have

V(p(Th), A) > V(Pp(To), A) =W (A, A) =V (), A) =0

for n sufficiently large.
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This is a contradiction with the fact that ¢ (7)) > A. So we conclude ¢(T) < A forall T € (0, 1), as
was claimed. Thus, ¢ (1) < A.
In conclusion we have proved that

r b %
_ 2 2 < .
¢(T) = (/0 ||8)Cu(s)||L3Q ds) + ( Z ||M||L%0Lfﬁj+])> S lluoll s forall T € [0, 1]. (5.8)

j=—00
At this stage, the existence, uniqueness, and continuous dependence on the initial data follows from the
standard compactness and Bona—Smith approximation arguments; see for example [Kenig et al. 1991b;
Ponce 1991].

6. Proof of Theorem B

The aim of this section is to prove Theorem B. To achieve this goal is necessary to take into account
two important aspects of our analysis: first, the ambient space, which in our case is the Sobolev space
where the theorem is valid together with the properties satisfied by the real solutions of the dispersive
generalized Benjamin—Ono equation; and second, the auxiliary weight functions involved in the energy
estimates, which we will describe in detail.
The following is a summary of the local well-posedness and Kato’s smoothing effect presented in the

previous sections.
Theorem C. Ifug e H*(R), s > 3_7“, o € (0, 1), then there exist a positive time T =T (||ugll gs) > 0 and
a unique solution of the IVP (1.1) such that

(@ ueC(-T,T]: H'(R)),

(b) (Strichartz) dxu € L' ([—T, T]: L®(R)),

(c) (smoothing effect) for R > 0,

T pR ppail ppetl
f/ <|axDx > u|? + |Ho Dy 2u|2)dxdt§C (6.1)
~TJ—R

withr € (9;;3“,s] and C = C(a; R; T'; |luollgs) > O.

Since we have set the Sobolev space where we will work, the next step is the description of the cutoff
functions to be used in the proof.

In this part we consider families of cutoff functions that will be used systematically in the proof of
Theorem B. This collection of weight functions was constructed originally in [Isaza et al. 2015; Kenig
et al. 2018] in the proof of Theorem 1.3.

More precisely, for € > 0 and b > 5¢ define the families of functions

Xe,bs ¢e,b7 (Z)e,ba Ve, Neb € COO(R)
satisfying the following properties:
(1) xy =0.
(2) xep(x)=0ifx <€, and xcp(x) =1if x > b.
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(3) supp(xe,p) < [€, 00).

4 x.,x) > ml[ze,b—ze](x)-

(5) supp(x; ) < l€, b].

(6) There exists a real number c; such that

D@ < ¢x 4 () forall xeR, je7*,

(7) For x € (3¢, 00)
1 €

Xep(X) > 2h—3¢

(8) Forx e R
Xipie 0 = 55
(9) Given € > 0 and b > 5S¢ there exist ¢, ¢ > 0 such that
Xep(x) < ClXéb+€(x)X§,b+é(x)s
XLy () < caxs e ().

(10) For € > 0 given and b > 5¢, we define the function

Neb =V Xe,bXé,b'

(11) supp(¢e.»). supp(de.s) C [§. 0]
(12) pe(x) =Pep(x) =1, x €[5, €]
(13) supp(¥e) € (—o0, §].

(14) Forx e R

Xeb(X) + e p(x) +Pe(x) =1,
X2 (0) + 2, () + Ye(x) = 1.

The family {x. | € > 0, b > 5¢} is constructed as follows: let p € C°(R), p(x) > 0, even, with
supp(p) € (=1, 1) and | p| 1 = 1.

Then define
0, x < 2e,
X 2¢
Ve,p(X) = b—3  b_3¢’ 2¢e <x <b—e,
1, x>b—e¢,
and

Xe,b(x) = Pe * Ve,b(x):

where p.(x) = 6_1,0(“1).

€
Now that we have described all the required estimates and tools necessary, we present the proof of our

main result.
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Proof of Theorem B. Since the argument is translation invariant, without loss of generality we will consider
the case xo = 0.

First, we will describe the formal calculations assuming as much as regularity as possible; later we
provide the justification using a limiting process.

The proof will be established by induction; however, in every step of the induction we will subdivide
every case into steps, due to the nonlocal nature of the operator involving the dispersive part in the
equation in (1.1).

Case j = 1. Step I: First we apply one spatial derivative to the equation in (1.1); after that we multiply
by d,u(x,1t) Xi »(x +v1), and finally we integrate in the x-variable to obtain the identity

1d
Ea/(BXM)zxihdx—%/(8xu)2(xib)’dx—/(8XD;‘+1 axu)axuxihdx+/ Ay udsu) dyux2 ,dx =0.
R R R R

A (1) Ax (1) A3 (1)

Step 1.1: Combining the local theory we obtain the following

T T
1% 2 2
/O Aroldr< /0 /R (B0 (c2) dx di S o

Step 1.2: Integration by parts and Plancherel’s identity allow us to rewrite the term A; as
As(t) = % /R Qu[ DI 05 %2, 10 u dx = —% /R 9 u[HDI*; x2,105u dx. (6.2)

Since « + 2 > 1, we have by (3.20) that the commutator [HD?”; X 52 »] can be decomposed as
[HDYT%; 42,1 = —3Pu(a+2) + 3H Py (@ +2)H — Ry(a +2) (6.3)
for some positive integer n, which will be fixed later.
Inserting (6.3) into (6.2)

Az(t):%/&cu Rn(a+2)8xudx+%/8xu Pn(a+2)8xudx—}l/ oxu HP,(a +2)Hou dx
R R R

= A1 (1) + Az a(t) + Ar3(1).

Now, we proceed to fix the value of n present in the terms Aj |, A2 > and Aj 3, according to a determinate
condition.
First, notice that

Ar(t) = %/ D, HuR,(a +2)D, Hudx = %/ HuD {R, (o +2)D,Hu}dx.
R R

Then we fix n such that 2n + 1 < a + 20 < 2n 4+ 3, which according to the case we are studying (j = 1),
corresponds to a = o + 2 and ¢ = 1. This produces n = 1.

For this 7 in particular we have by Proposition 3.25 that R;(« +2) maps L? into L2.

Hence,

—

2 dta 2 2 dta 2
T T
A1 (1) S IHu(@)17 | Dx “xe,bllLé = clluollz2 I Dx axg,bllLé,
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which after integrating in time yields

T 5 4/\
+ 2
| 101 S ol s 152, .

0<t<T

Next, we turn our attention to A, ». Replacing Pj (o 4 2) into A >

1 1
Aa(t) =¢ / (D,* du)*(x2,) dx — 3 / (Dy* Hu)*(x2,)" dx
R R

=A221(t) + Az 22(1).

at at
2 2

We shall underline that A, (¢) is positive; additionally it represents explicitly the smoothing effect for
the case j = 1.
Regarding A» 7, the local theory combined with interpolation leads to

T
/(; [A222(01d1 S Hlull o - (6.4)

After substituting (3.21) into A 3 and using the fact that the Hilbert transform is skew-symmetric

+1

~ 1+t - el
Ars(t) =6 / (Dy" 7 u)*(x2,) dx — & / (HDx* u)*(x2,)" dx = Ax 31 (1) + A2 32().
R R

Notice that the term Aj 3 1 is positive and represents the smoothing effect. In contrast, the term Aj 35 is
estimated as we did with A, 5, in (6.4). So, after integration in the time variable

T
<
/0 1232001 A1 Sl .

Finally, after apply integration by parts

1 1
A3y = 3 [ @y dx = [ u@an2,) ar = A0+ Az,
R R

On one hand,

431 (D] < IIBxM(t)IIL;o/(axu)zxf,b dx,
R

where the integral expression on the right-hand side is the quantity to be estimated by means of Gronwall’s
inequality.
On the other hand,

T
|A32(0) < () 1 /O @) (2, dx.

By Sobolev embedding we have after integrating in time

T T
/ |A32(2)|dr S ( sup ||u(t)||H;<a>+) / /(axu)z(xib)/ dxdr <c.
0 0 JR

0<t<T



REGULARITY FOR SOLUTIONS OF THE DISPERSION GENERALIZED BENJAMIN-ONO EQUATION 2421

Since |0 ull, L1 < 00, after gathering all estimates above and applying Gronwall’s inequality we
obtain
a+l

+
sup ||, uxeb||Lz+||D 0, unesllzs o +1Dx T unesllia o <€y (6.5)
0<t<T

where ¢ | = cf ((o; €; T |luoll jyo-wr2; [9xuoXe,pllz2) > O for any € > 0, b > 5¢ and v > 0.
This estimate finishes step 1 corresponding to the case j = 1.
4o
2

The local smoothing effect obtained above is just derivatives; see [Isaza et al. 2016a]. So, the

iterative argument is carried out in two steps, the first step for positive integers m and the second one for
: (-a)/2
Step 2: After applying the operator Dy
D(l—a)/ 2
X

dy to the equation in (1.1) and multiplying the result by
8xu)(€2’b(x + vt) one gets

1—

17 1= 1= 1= 1=« 17
2 Oy duDy? dyuxZ, — Dy o, Dy ™9,uDy? dcuxZ,+ Dy? 9, (udu)D,? duxl, =0,
which after integrating in the spatial variable becomes

1o 1 /
2dt /(D 29, u)Qxebdx—v/(D 2 ) (x2,) dx

A1 (1)

1« i« 17
/(D28D1+“8u)D28uxibdx+/ 2a(uau)D 8ux€bdx 0.

A (1) A3 (1)

Step 2.1: First observe that by the local theory

/ |[A1(r)|dt < |v| / /(D28 u)Z(XGZ’b)/dx dr < ”M”L%CH(S—Q)/Z.
O X
Step 2.2: Concerning the term Aj, integration by parts and Plancherel’s identity yield

la l-a
Ay(1) = _%/ D.? T'Hu[HDZ: x2 51Dy’ 9u dx. (6.6)
R

Since 2 + o > 1, we have by (3.20) that the commutator [HD)‘?”; X 62 »] can be decomposed as
[HDY%; x 2,1+ 3 Pa(e +2) + Ry(a +2) = SHP, (a + 2)H (6.7)

for some positive integer n, which as in the previous cases will be fixed suitably.
Substituting (6.7) into (6.6)

Aﬂ;):%/@ D.E Hu(R, (a+2)D3T7-[u)dx

e 3 3
+i/ D,? Hu(P (¢ +2)D,* ’Hu)dx—}l/ 2 Hu(HP,(e +2)HD,* Hu)dx

= A2 1(t) + Az 2(t) + A2 3(1).
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Fixing the value of n present in the terms A 1, A2 > and A 3 requires an argument almost similar to the
one used in step 1. First, we deal with A, ; where a simple computation produces

3= 3=«
Azﬁl(t):%/Hqu2 {Ry(¢+2)D,*> Hu}dx.
R
We fix n € Z" in such a way that
2n+1<a+20 <2n+3,
wherea =a+2and o = 3%“ in order to obtain n = 1 or n = 2. For the sake of simplicity we choose n = 1.

Hence, by construction R; (o + 2) satisfies the hypothesis of Proposition 3.25, and

— —

A2 1 (D] S IIHu(t)IILgIIDi(Xf,,,)IIL; S ||M0|IL§||D)SC(X€2,b)I|Lé-
Thus

T —
/ |A2,1(H)]dt < lluollz2 sup IIDi(xf,;,)IILé-
0 0<t<T

Next, after replacing Pj(a +2) in Aj

2 ’ 2 n
Axa(t) = (%) /(Ha)%u)z(xib) dx_c3<a1—2 )/(8)6“)2()(62,17) dx
R R

=A221(t) +Az22(1).

The smoothing effect corresponds to the term A > ; and it will be bounded after integrating in time. In

contrast, bounding A, > requires only the local theory; in fact

T
| 1422200101 Sl o
0 X

Concerning the term A 3 we have after replacing P;(« + 2) and using the properties of the Hilbert
transform that

2 2
Ans(t) = (%) / (aﬁu)z(xib)’dx—@(“; ) [ a2,y as

=A23,1(1) +Az32(0).

As before, A3 3.1 > 0 and represents the smoothing effect. Additionally, the local theory and interpolation

yield
T
/ [A232(01dr S Hlull o -
0 X

Step 2.3: It only remains to handle the term A3. We can write

1-a 1-a ~
D% 9, udct) xep = —3[Dx? 355 Xep] dx((Xe ptt) + (Pe ptt)* + (Yeu?))

I

o 1-a
+[Dx? 3ys txep] dc((Xep) + (Uepe p) + ) +uxe s Dy d2u
= A3.1(1) + As (1) 4+ A3 3(t) + A3 4(1) + As5() + Az 6(t) + Az 7(2). (6.8)
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First, we rewrite A3 | as
11—«

~ 14152 14152
A3 1(0) = caHIDy 7 5 Xewl 0 (xen)?) +calH; xew] Dy 2 3 ((xestt)?),

where ¢, denotes a non-null constant. Next, combining (3.4), (3.14) and Lemma 3.15 one gets

l—a

~ 141z
IA3 1D 2 S I1Dx 2 uxe )2 llullie + luoll 2 lull Lo,
l—a
2

~ 1+ ~
14322 S IDx * (ugep)llz2llullige + luoll 2 llull g

Next, we recall that by construction

dist(supp(xe.o). SUpp(¥e)) = 5.
so, by Lemma 3.16

~ 1-a
1A3 302 = N2 8 xel ez S ol 2l

We can rewrite A3z 4 as

-« 1—a

~ 1+ 14152
A3,4(t) = cH[Dy : 5 uXe,b] Ox (uXe,b) —c[H; uXe,b] 0x Dy ? (MXe,b)

for some non-null constant c.
Thus, by the commutator estimates (3.2) and Lemma 3.13

1—

~ 1+
A3l z2 S N0x Wxep) e llD 2 (uxen)llp2-

Applying the same procedure to 23, s yields

~ 1+1z2 1+1z2
[A35z2 SN0x@xep) LoDy * e p)llzz + 10x e p)llLellDx > (uxen)llr2-

Since the supports of ., and ¥ are separated, we obtain by Lemma 3.16

~ 2 141z
1A3.6(0 2 = luxesd2 Dy > @l S ol 2 lull e
To finish with the estimates above we use the relation

Xeb(X) + e p(x) +Yc(x) =1 forall x e R.
Then
+1e +152

1+ 1+1=2 1
D, : (uXe,b) =D, : UXep T+ [D,

=h+h+ 5L+ 14
Notice that ||11||L3 is the quantity to estimate. In contrast, | 1>|| 2 and || I3]| 2 can be handled by

s XenlWXxep +udpe p +upe)

Lemma 3.13 combined with the local theory. Meanwhile /3 can be bounded by using Lemma 3.16.
We notice that the gain of regularity obtained in the step 1 implies that ||D;+(l+“)/ 2(ud)e,l,)ll L2 < 0.
To show this we use Theorem 3.7 and Holder’s inequality as follows:

14+ 142 1+ 15 L
1D el S ol + el +12p- ) Dy wllpz +Iqe )My ull iz (69)
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The second term on the right-hand side after we integrate in time is controlled by using Sobolev’s
embedding. Meanwhile, the third term can be handled after integrating in time and using (6.5) with
(e,0) = (5. b+ %%).
The fourth term in the right-hand side can be bounded by combining the local theory and interpolation.
Hence, after integration in time

1+ 132

| Dx (e p)llp2p2 < 00, (6.10)
which clearly implies | Dy "' ™"* (u¢p,. p)lI2 2 < 00, as required. We can handle | Dyt “>/2(u¢§€,,,)||L§
similarly.

Finally,
1 Ia 1 Ia
A3’7(t)=—§/ 0y uxeb(D 29 u)zdx—E/ u(xeb) (Dy? 9cu)? dx
= A37.1(8) + Az 7.2(0).

We have

1-a
A1 (O] < 18, u<t>||Loc/<D B2 x2, dx.

where the right-hand side can be estimated using Gronwall’s inequality and the local theory ||y u || L L0 <O
Sobolev’s embedding leads us to

T la
f |Az72(¢)|dt <( sup ||u(t)||H5<a>+ //Xe hXeb(D 7 9,u)? dx dr.
0 0<t<T

Gathering all the information corresponding to this step combined with Gronwall’s inequality yields

sup 1D, 9 uxeslzz + 102uncsll7s o +IHuNeb T 2 <o (6.11)
0<t<T

with CT,z = CT,Z(OI; € T;v; ||M0||H;3fa>/2§ ||D;(cl_a)/28xuox6,b||L§) for any € > 0, b > 5¢ and v > 0.
This finishes step 2, corresponding to the case j = 1 in the induction process.
Next, we present the case j = 2, to show how we proceed in the case j even.

Case j =2. Step I: First we apply two spatial derivatives to the equation in (1.1); after that we multiply
by 0%u(x, t) XEZ »(x +v1), and finally we integrate in the x-variable to obtain the identity

2dt /(azu)zxe’b dx

E/;(afu)z(xf’b)’dx—/R(afDi‘Haxu) afuxibdx+/Ra§(uaxu)a§ux§bdx:0. (6.12)

A1) Ax (1) A3(1)
As was done in the previous steps, we first proceed to estimate Aj.

Step 1.1: By (6.11) it follows that

T T
f |A1(t)|dt5//(aﬁu)z(xgb)’dxdtgcfz. (6.13)
0 0 JR
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Step 1.2: To extract information from the term A, we use integration by parts and Plancherel’s identity
to obtain

1 1
Az(t)=§/ dul DI, %2, 8§udx:—§/ Ou[HD*?; x2,19%u dx. (6.14)
R R

Although this stage of the process is related to the one performed in step 1 (for j = 1),we will use
again the commutator expansion in (3.20), taking into account in this case thata =«a +2 > 1 and n is
a nonnegative integer whose value will be fixed later.

Then,

As(t) = % / 82u Ry(s +2) 02u dx + -
R

f 32u Py(s +2) 0%u dx —
4 R

}L/I;E)quPn(s—l—Z)’Hafudx

= A1 (1) + Axa(t) + Ax3(1).

Essentially, the key term which allows us to fix the value of n is A5 ;. Indeed, after some integration by parts

A2,1<z)=%/ua§Rn(a+2) afudxzéfuaf{Rn(a—i-Z) d%u} dx.
R R

We fix n such that it satisfies
2n+1<a+20 <2n+3.

In this case witha =a +2 > 1 and o0 =2, we obtain n = 2.
Hence by construction Proposition 3.25 guarantees that DR, (« +2) D? is bounded in L2.
Thus

A2 1] S 72 D7 R (e +2) Diull 2 < clluoli 2 1DF 0 (k2 )1l

Since we fixed n = 2, we proceed to handle the contribution coming from A, > and Aj 3.
Next,

Aot = 1 f (D 02u) (42, dx—3s f (DI 1253 h><3>dx+cs< ) / (DeF )2 (x2,)® dx

=A221(1)+A222(t)+A223(1).

Notice that A5 > 1 > 0 represents the smoothing effect.
We recall that
KRN S 1 o) forallx eR, jeZt,

r r 14 4=
/ |A220(1)| dt N / /(Dx ’ ”) E b+€dth
0 0 JR

Taking (e, b) = (g b+ %) in (6.5) combined with the properties of the cutoff function we have

Then

T
/ |A222@)|dt Sy
0

To finish the terms that make A, we proceed to estimate A 7 3.
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As usual the low regularity is controlled by interpolation and the local theory. Therefore

T
/0 [A223(0]d1 S Hlull o -

Next,

~ glo 2,0y
Ar3(1) =61/(7'l0x2 dcu)”(xeép) dx
R 5 atl a+2 atl
—03/(Dx2 Bxu)z(xéb)(3) dx+( aa >C5/(Dx2 %M)Z(Xzb)(s) dx
R R

= A23,1(t) +Az32(t) + Az 33(1).

A» 31 is positive and it will provide the smoothing effect after being integrated in time.
The terms A, 32 and A3 33 can be handled exactly in the same way that we treated A> 7, and A3 3
respectively, so we will omit the proof.

Step 1.3: Finally,

5 1
130 =3 [ d@iuis,ar =3 [ u@rod,) i

= A31(t) + A32(0).
First,

A1 S 100z | G2y d, (6.15)
R
by the local theory d,u € L'([0, T] : L°(R)) (see Theorem C(b)), and the integral expression is the

quantity we want estimate.
Next,

A2 < )l /R (02u)*(x2,) dx. (6.16)

After applying the Sobolev embedding and integrating in the time variable we obtain

T T
f |Az2(¢)| dt S ( sup ||M(t)||H;(a)+) f f(afu)z(xz’b)/dx dr,
0 0<t<T 0JR
and the integral term in the right-hand side was estimated previously in (6.13).
Thus, after grouping all the terms and applying Gronwall’s inequality we obtain

2 2 Y 2 ot 2
Sup ”aquE,b”LZ + ”DJC2 axuné,b”LZ L2 + ||D)C2 Haxun&b”LZ L2 S C;]? (617)
0<t<T * T™x Thx

where c}"l = c;l(a; € T; v; |luoll jo-wr; ||83uoxg,b||L%) for any € > 0, b > 5¢ and v > 0.
Step 2: From equation in (1.1) one gets after applying the operator chl )/ 28)% and multiplying the result

by Dy "282ux2, (x +vr)

1o 1o 1o 1o 1o 1o
D,? 320,uDy* dfux2,— Dy? 9D uDy? dfux2,+ Dy’ 05 (udu)Dy® uyl, =0,
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which after integration in the spatial variable becomes

2dt /(D ) dx——/(D 2 90u)*(x2,) dx

Ar(1)
/(D 292Dy u) (D, 7 82u)xebdx+/(D 2 92(udu))(Dy . 7wy xZ, dx =0.

Ax(1) A3(1)

To estimate A; we will use different techniques from the ones implemented to bound A in the previous
step. The main difficulty we have to face is dealing with the nonlocal character of the operator D for
s € RT\2N; the case s € 2N is less complicated because DS becomes local, so we can integrate by parts.

The strategy to solve this issue will be the following. In (6.17) we proved that u has a gain of “T“ deriva-
tives (local), which in total sum to 2+ H—“ . This suggests that if we can find an appropriate channel where
we can localize the smoothing effect, we shall be able to recover all the local derivatives rwith r <24 -3%= 1+°‘

Henceforth we will employ recurrently a technique of localization of the commutator used by Kemg,
Linares, Ponce and Vega [Kenig et al. 2018] in the study of propagation of regularity (fractional) for
solutions of the k-generalized KdV equation. Indeed, the idea consists in constructing an appropriate
system of smooth partitions of unit length, localizing the regions where the information obtained in the
previous cases is available.

We recall that for € > 0 and b > 5S¢

Ne,b =V Xe,bXe/,b and Xe,b +¢e,b + e =1. (6.18)
Step 2.1: We claim
I+a
ID* 32 une p)ll 22 < 00, (6.19)

Combining the commutator estimate (3.14), (6.18), Holder’s inequality and (6.17) yields
IID “92 L @nep)ll2 g2

4 14 1+
= “D : Une, b||L2L2+||[D 5 Ne, b](MXe pTUde, b‘H“/fe)”L?LZ

1+ 2414
S(e3)? +1," (uXe o)z 2 +11Dx 3 (eIl 1212 Fluoll 2+ 11ne.b Dx (utlfe)lleLz- (6.20)

B B B3

Since x5, = 1 on the support of x. , we have
Xeb (X5 () = xep(x) forallx € R,
Thus, combining Lemma 3.15 and Young’s inequality we obtain
1+1 o
IDx" % (uxes)lr2 SUOZuxesllzz + N0xuxs cllz2 + lluoli 2. (6.21)

Then, an application of (6.17) adapted to every case yields

2
By S 1102uxenll iz 2 + 10cuxs ellperz + luoll 2 S €5y + 5y + luoll - (6.22)
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Notice that B, was estimated in the case j = 1, step 2, see (6.10), so we will omit the proof. Next, we
recall that by construction

™

dist(supp(7e,5), supp(¥e)) >
Hence by Lemma 3.16

1+

2 “+a
By=lnesDx * @y¥l2r2 S lnesliigrglluolipz. (6.23)

The claim follows by gathering the calculations above.

At this point we have proved that locally in the interval [e, b] there exist 2 + =5~ “+1

derivatives. By
Lemma 3.15 we get

2+1 o
1D = wnep)lizrz SIDx * nep)llp2 2 + lluolipz < oo

As before . . 1
24152 2+ 24154
Dy unep = = Wnep) = D27 3 ne sl e + ude s+ uto).
The argument used in the proof of the claim yields

I—a

24150
Dy 2 u’?e,bHLZTL}[ < 0.

Therefore,

/ A1) dr < IUI//(D 2 97u)*(x2,) dx dt < ok = unehlleLz < o0. (6.24)
0

Step 2.2: Now we focus our attention on the term A;. Notice that after integration by parts and Plancherel’s
identity
S 5=
M) = -3 / S U[HDH; x2,1D,? uds. (6.25)
R
The procedure to decompose the commutator will be similar to that in the previous step; the main
difference relies on the fact that the quantity of derivatives is higher in comparison with step 1.
Concerning this, we notice that 2 + « > 1 and by (3.20) the commutator [’HDjf”; Xi »] can be
decomposed as
[HDZ™2; X2, 1+ S Pu(e +2) + Ru(a +2) = YHP, (@ +2)H (6.26)

for some positive integer n. We shall fix the value of n satisfying a suitable condition.
Substituting (6.26) into (6.25) produces

Az(t)=%/R DT u(R, (@ +2)Du7 u)dx

5—a S5—a S—a 5—
+411/ D% u(P, (a+2)D2u)dx—%f D% u(HP, (o +2)HD> u)dx
R R

= A2 1(t) + A2 2(2) + Az 3(2). (6.27)
Now we proceed to fix the value of n present in Ay 1, A2 2 and Aj 3.

First we deal with the term that determines the value n in the decomposition associated to A;. In this
case it corresponds to Ay 1.
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Applying Plancherel’s identity, A, ; becomes

S5—a S—a
2

As i (t) = %f uDy* {Ry(a+2)Dy? u)dx.
R
We fix n such that it satisfies (3.26); i.e.,

2n+1<a+20 <2n+3,

witha=o+2and o = 5%"‘, which produces n = 2 or n = 3. Nevertheless, for the sake of simplicity

we take n = 2.
Hence, by construction R,(« + 2) is bounded in Li (see Proposition 3.25).

Thus,

T T —
2
| 1401dr < [ IO IDT0E,C ey dr S ok sup DTG

Y 0<t<T

Since we have fixed n = 2, we obtain, after substituting P,(« 4 2) into A5 2,

Aa(t) =& f (Hoju)*(x2,) dx — &3 / @Zu)*(x2 ) dx + &5 / (Howu)*(x2 ) dx
R R R

=A221(t) +Ax22(t) + A 3(1).

We underline that A; > 1 is positive and represents the smoothing effect.
On the other hand, by (6.11) with (¢, b) = (£, €) we have

T T
/ |A2,2,2(t)|dt=c/ f(afu)zxg,e(xf’b)”’dxdtfl sup /(afu)zxgye dx Scf (6.28)
0 0 JR R

0<t<T

Next, by the local theory

T

< —0/2. .
fo 4223014t 5l oo (6.29)
After replacing P»(« 4 2) into Aj 3, and using the fact that the Hilbert transform is skew adjoint
a+2
Ar3(1) = (T) / @7 (x2,) dx
R

a+2 o+2
—e / (HO2u) (425" dx + s / @) (x2)® dx
16 R 64 R

=A231(t)+Ax32(t) + Ax33(2).

Notice that A3 3,1 > 0 and it represents the smoothing effect. However, A 3 2 can be handled if we take
(e, b) = (£, €) in (6.5) as follows:

Apa(t) = /R @222, (12" dx € fR @222, dr.
Thus,
T
| 1wt s s [0 s,

0<t<T
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To finish the estimate of A, it only remains to bound A 3. To do this we recall that

FEAEINES Xippe(x) forall x eR, jeZ*,

which together with property (9) of x., yields

T
2.N2.,/ 2 2 *
f()/R(Haxu) X< be dxdr < ”Haxun%,lﬁ%”@p% Sclas

where the last inequality is obtained taking (¢, b) = (g b+ %) in (6.11). The term A5 3 3 can be handled
by interpolation and the local theory.
Step 2.3: Finally we turn our attention to A3.We start rewriting the nonlinear part as

-«

1-a ~
Dy 35 (u dxt) e = —2[Dy7 833 Xep] dx ((xep)? + (Ue ) + (Ye?))
1o 1-a
+ 1D 825 uxe p] 85 (Uxep) + (Ue ) + W) +uxep Di* 3lu
= A3.1(0) + As2(t) 4+ A3 3(t) + A3 4(1) + A3 5(t) + A3 6(0) + Az 7(2). (6.30)

Hence, after substituting (6.29) into A3 and applying Holder’s inequality
~ 1-—a ~ 1-a
YHOESY f Asm(t) Dy 0Fuxepdx + / A3 7(t) D* uxep dx
1<m<6 R R

—a

~ 24 15¢ ~ 1o
< Y Al IDE 2w xes(- + o)l + f A37(t) Dy uyep dx
’ R

1<m<6

1—a
=

= 1D 7 u@Oxen(- +o0llz Y Asw(@)+ Az ().

1<m=<6

Notice that the first factor in the right-hand side is the quantity to be estimated by Gronwall’s inequality.
So, we shall focus on establishing control of the remaining terms.
First,combining (3.4), (3.14) and Lemma 3.15 one gets that

11Ol S IDE 7 ez el + ol 2 el e, (6.31)
1o 0)ll2 S IDE 7 e 2 Nl e + ol 2 1l e (6.32)
To finish with the quadratic terms, we employ Lemma 3.16:
1433022 S Nuol g2 lull e
Combining (3.2) and (3.14) we obtain

~ 241z
IA34@ 12 S 10x xep) e llDx * (uxen)ll 2.

Meanwhile,

l—a

~ 24152 24432
A5z S 10x @xep)lLellDx * (ugep)llpz + 10x e p)llLe | Dx - > (uxen)lz2-
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Next, we recall that by construction

dist(supp(xe.). SupP(Ve)) = 5.
Thus by Lemma 3.16
143602 S lluoll 2 llull e

24+(1—a)/2

To complete the estimates in (6.31)—(6.32) it only remains for us to bound || Dy @xep)llz2,
24(1—a)/2, 2+(1—a)/2 *
1D "2 e )N 2, and |DFT 7P e ) 2.
For the first term we proceed by writing
24152 24152 24 1¢
Dy (uxep) =Dy 7 uxep+[Dx 7 5 XeplWXep +upep +uipe)

=hLh+hL+5L+1.

Notice that ||1; || L2 is the quantity to be estimated by Gronwall’s inequality. Meanwhile, || 7 || L2 I 13]| 2
and || 14]| 2 were estimated previously in the case j = 1, step 2.
Next, we focus on estimating the term ||D§+(l+“)/ 2(u¢e,;,)|| 12> which will be treated by means of

Holder’s inequality and Theorem 3.7 as follows:

I+o 1

2455 3 3 2413
| Dy (Uupep)llr2 < ||M0||L%||M||L§>o + 1 e py2e Dx

ullgz + 0 e pyze D Bl + 107 ullye.

After integrating in time, the second and third terms on the right-hand side can be estimated taking
(e,b) = (25—4, b+ ;—Z) in (6.17) and (6.5) respectively. Hence, after integrating in time it follows by
interpolation that ||D,%+(l_a)/2(u¢€,b)||Lz 12 < 00.

We can bound ||D§+(1_a)/2(uq§€,b)||L; aAnalogously.

Finally, after integrating by parts

2
= A37,1(t) + A372(1).

1 1-a 1-a
A37(t) =—> / deuxZy(Dy® 97u)*dx — f UXeb Xl p(Di? 3u)* dx
R R

First,
1-a
32001 S 10O iz [ (D o, .
R
where the last integral is the quantity that will be estimated using Gronwall’s inequality, and the other

factor will be controlled after integration in time.
After integration in time and Sobolev’s embedding it follows that

T T 1o
f |A37.2(t)]dr < f f u(x2,) (Dx? dgu)*dx dt
0 0JR

r I-a
< ( sup ||u(t)||H;<a>+)/ /(sz 02u)% (x2,) dx dt
0 JR

0<t<T

and the last term was already estimated in (6.24).
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Thus, after collecting all the information in this step and applying Gronwall’s inequality together with
hypothesis (1.11), we obtain
sup || Dy 2 3 UXe, b”Lz + ”a Une, b”Lz 2 + ||Ha Une, b”Lsz = C;Q’
0<t<T

| D02

where c;,z = czz(oz; €; T;v; ”M()”HY(S—a)/Z; x”OXe,bHLg) for any € > 0, b > 5¢ and v > 0.

According to the induction argument we shall assume that (1.12) holds for j < m with j € Z and

j=2;1e.,
. 1+a
sup 1931xes % +1Ds> 0funeslls , + 11D, “oluncsllZ . <y (6.33)
0<t<T rex
for j=1,2,...,m withm > 1, forany € > 0, b > 5¢ v >0.

Step 3: We will assume j an even integer. The case where j is odd follows by an argument similar to
the case j = 1.
By reasoning analogous to that employed in the case j=2it follows that

2 0 9,u Dy " afuxeb—D - 81D1+°‘8 u D, 2 afuxeb—i-D - Bf(ua u)D 8 u)(eb_O
which after integrating in time yields the identity

2 2 2
2dt/(D 8Ju) X dx——/(D 8Ju) (Xeh) dx

A1)

; I—a . 17
f(D 2 3D, u)(D,? a;uxgb)dx+/ 00 (u yu) (Dy? duyZ,)dx=0. (6.34)

Ax(1) As3(1)
Step 3.1: We claim that

+

+l a
IDY @nep)llp2 g2 < oo, (6.35)

We proceed as in the case j = 2. A combination of the commutator estimate (3.14), (6.18), Holder’s
inequality and (6.33) yields

I4a 14+a 14+a

e +
D, 3] (une, pi2ge < 1D une, pllgz2 + D 2 e plWxep + Ude Fuyl e

2 j1HHe
,f, (ij,l) + || Dx ’ (”Xe,b)”LZTL%

31
+l+a

+l+a
+ ||”0||L2 + ||D : (U e, b)”L2 L2 + 17, bD ’ (”l//e)”LZTLE . (6.36)

B B3

Since x¢/5.. = 1 on the support of x. , we have

Xeb(X)X5,e(X) = Yep(x) forall x € R.
Combining Lemma 3.15 and Young’s inequality
1D el

j 2 -k k
Sofuxesllis+ Do veilxey e ldfuxs.ellz + el o yo-or + luoll sz (6.37)
2<k<j—1
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Hence, taking (¢, b) = (£, €) in (6.33) yields

BiSciit D egcia + lull o ye-or + lluoll sz (6.38)
2<k<j-1
B> can be estimated as in step 2 of the case j = 1, so it is bounded by the induction hypothesis.
Next, since

dist(supp(7e ). SUpp(e)) = 5.
we have by Lemma 3.16
14

J+e JHEE <
InesDi™ 7 @elle = nesDi’ > @ellz S Ingpeellze luoll 2.
Gathering the estimates above, (6.35) follows.

We have proved that locally in the interval [e, b] there exist j + “T“ derivatives. So, by Lemma 3.15

we obtain 1

< J
’ (une,b)”LZTL% S, | Dx

j+ e
| Dx (unep)ll g2 2 + lluoll 23

then, as before

D

l—a

unep=c;Dy * unep) —c;[Dy 7 5 neplxep + udep +upe),

where c; is a constant depending only on j.

AR
X

Hence, if we proceed as in the proof of the claim (6.35) above, we have
.+1;a
1D 2 unepll 312 < oo (6.39)
Therefore

—o

T 21
j+ 2
/ A0 dt = o DL uney . ., < oo,
0 T™x

Step 3.2: To handle the term A, we use the same procedure as in the previous steps. First,

1 2j+l—a 2 5 2j+1-a
Ar(t) = —3 / Dy > u[HD>*®; x2, 1Dy > udx (6.40)
since "
[HDY%; x 2,1+ 2Pyl +2) + Ry(a +2) = SHP, (. +2)H (6.41)

for some positive integer n. Substituting (6.41) into (6.40) produces

1 2j+1-a 2j+1-a
Az(t):E/Dx > u(R,(a+2)D, * u)dx
R

1 2j+1—«a 2j+1—a 1 2j+1—a 2jtl-«a
+4—1/Dx 2 u(Py(a+2)D, *? u)dx—Z/Dx 2 u(HP,(a+2)HD, * u)dx
R R
= Ao 1(t) + Ax (1) + A 3(1). (6.42)

As above we deal first with the crucial term in the decomposition associated to A,, that is, A3 ;.
Applying Plancherel’s identity yields

1 2j+1—a 2j+1—a
Az,l(t)ZE/qu ” {Ry(@+2)Dy * u}dx.
R

We fix n such that (3.26) is satisfied. In this case we have to take a =« +2 and 0 = W to getn = j.

As occurs in the previous cases it is possible for n = j + 1.
Thus, by construction R (« +2) is bounded in L)zC (see Proposition 3.25).
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Then —
2 2j43
A2 1 ()] S ||M0||L%||ij (Xib)||L;
and

T
2 3
/ Ana@1dr S ol sup IDFZ 021,
0 Y 0<t<T ¢

Substituting P;(a +2) into Aj >

a2 = (U [orturae,y e (452 )Zczz+1( D4 [ 1) as

j-1
=A221() + Z A (1) + Az, j(1).
I=1
Note that A; 5 1 is positive and it gives the smoothing effect after integration in time, and A; > ; is bounded
by using the local theory. To handle the remainder terms we recall that by construction
|Oten) VO S A e (0 S e a0 (OXE 10 (¥) (6.43)
3 9° 9 9 9
forxeR, jeZ
Hence for j > 2

T T
141 )2
fo |A2’2’l(t)|dt§./o./qu(l)){ )X oy dx di

T
< JoIHL 2, o .
N/(;/R(Dx u) Xg,b+%xg,b+% dx dr; (6.44)

thus if we apply (6.33) with (%, b+ 4{) instead of (e, b) we obtain

T
j—I141 32 / *
/O/R(Dx u) (X%’H%X%’H%)dxdtfcl,z
fori=1,2,...,j—1.

Meanwhile,
@+2 : a+2) <& B .
A2’3(t) = <T) /(3){+1”)2(X62,b)/dx+( 1 )2021+1(—])l4 l/('HD)JC l+1u)2(X€2’b)(21+1)dx
R _ R
i1 =1
= Apz1()+ ) A3t + Az (). (6.45)

I=1
As we can see A 31 > 0 and it represents the smoothing effect. Additionally, applying an argument
similar to that employed in (6.43)—(6.44), it is possible to bound the remainder terms in (6.45). Anyway,
T
/ A2z (O)]dt Sy, 1<I<j—1
0
Step 3.3: It only remains to estimate Aj to finish step 3.
l—a

DxTa;{(uaxu)Xe,b—_‘[D 7 !5 xe. b]a ((Uxep)* + (Upe p)* + (Yeu?))
+[D, ) 375 uxe ) (Uxep) + (e, b)+(uwe))+uxebD78j(8xu)

= A31(1) + A3 (1) + A3 3(t) + Az 4(1) + As5(t) + Az 6(1) + A3 7(2). (6.46)
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Substituting (6.46) into Az and applying Holder’s inequality

~ l—a ~ 1—a .
YHOEY / A3 (1) Dy dfuxepdx + / A37(6) Dy 0fuxedx
1<k<6 /R R

—o

~ j+1 ~ l1—a .
= 3 1A IDL T uOreal + 00l + [ Bar D dues d.
R
1<k<6

1—a

T uxen(- o0l Y Ask(@) +As ().

1<m<6

Jj+
= ”Dx

The first factor on the right-hand side is the quantity to be estimated.
We will start by estimating the easiest term:

1 JE JE
Azq() = =5 / dux?y (Dy* )’ dx — / uxebXip(Dy’ 3fu)? dx
R R
= A37.1(1) + A372(7).
We have that

l-a
A3 71 (0] < 13501 / (Dy” 9iu)x2, dx,
R

2435

where the last integral is the quantity that we want to estimate, and the another factor will be controlled

after integration in time.
After integration in time and Sobolev’s embedding

T T lma
/ A 720 dr < / / u (2, (Dy 8u)dx dr
0 0JR

—a

r lma
S (s o)l o) [ [ O 0002 G2, dxar,
’ 0 JR

0<t<T

where the integral expression on the right-hand side was already estimated in (6.39).

To handle the contribution coming from AV3, 1 and 23,2, we apply a combination of (3.4), (3.14) and

Lemma 3.15 to obtain

—a

~ j+1

IA31 N2 SIDx * (uxen)llzzlullie + luoll 2 llull e,
~ j_.’_l*J ~

143202 SIDx * (uep)llzzllulliee + luoll 2 llull .

The condition on the supports of x. 5 and ¥, combined with Lemma 3.16 implies

1433122 S lluoll g2 llull e
By using (3.2) and (3.14)

~ j+ﬂ
A4 N2 S 10y @xe )Ll Dy (Uxen)lr2,

~ j_;,_ﬂ j+1*7°‘
A3 N2 SN0 Wxep) e lDx - * (ugep)lli2 + 10x (udep)lie Dy 2 (uxep)lr2-

(6.47)
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An application of Lemma 3.16 leads to

||ZS,6(t)||L§ = ||t Xe b Ox pl* = @¥llzz < luollzz llull oo (6.48)
To complete the estimate in (6.47)—(6.48) we write

Xeb(X) + e p(x) +Ye(x) =1 forall x € R;
then

. l—a —

+
(uXe b) = )Jc : UXeb + [D 5 Xe, plWXep +udpe p +upe)
=hLh+hL+1L+14.

1
+T

Notice that ||1;]|z2 is the quantity to be estimated. In contrast, /4 is handled by using Lemma 3.16. In
regards to || [2]|z2 and | /3]|z2, Lemma 3.13 combined with the local theory, and the step 2 in the case
Jj = 1 produces the required bounds.

By Theorem 3.7 and Holder’s inequality

jHE
| Dx : (u¢e,b) ”L)ZC

1
> — 0l s Dy u

j+ige
SllullzallDx - * Peplis + a1

B=j L
12, 172 B+ B+e5
S lluoll S el + —||aﬂ¢ebD’ Tulp+ Y —||aﬁ¢é DI e, (6.49)
BeQ1(j) Bea(j)
where 0 (j), 2(j) denote odd integers and even integers in {0, 1, ..., j} respectively.

To estimate the second term in (6.49), note that 32 ¢, , is supported in [, b]' then
g+ B+
> L o8¢ s Dl a1 < > —||1 DL il

| |
BeQi(j) A BeQi(j) p!
1 j—Bregt
< . € € 2 .
NMZ silngsg D ully
€Qi())

Hence, after integrating in time and applying (6.33) with (€, b) = (55, b+ %) we obtain

J—B+F 1
Z E”’)f b+Z4D £ M”L%L% S Z (Cj_,s,l)z <00
BeQ1()j) BeQ1(j)
by the induction hypothesis.

Analogously, we can handle the third term in (6.49):

=B+ 1
> 5 L 108 . 1D u||Lz 2SS Y @ p ) lull g yen < oo
BeQx()).B#) Be@2(j).B#]
Therefore, after integrating in time and applying Holder’s inequality we have

jH
1D gen)llz 2 < 0o,
Next, by interpolation and Young’s inequality

J+E J+
IDx % (uoep)llzr2 SIDx * (udep)ll 22 + lluollpz < oo (6.50)
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If we apply (6.49)—(6.50) then

JHRE
1Dy * (ugep)llp2r2 < 0o.

Finally, after collecting all of the information and applying Gronwall’s inequality we obtain

1—a
2 aj 2 i+1 2 i+1 2
sup 1Dx” dfuxenlZs + 195 une sl o + 1M unepI2, < 5o,
0<t<T X T™x T™=x h
1—a)/2 o j
where c;f’z = c;,z(a; €, T;v; ||M0||H’£3—a)/2; ||D)(C 0/ 3){”0X6,b||L§) forany € > 0, b > 5¢ and v > 0.
This finishes the induction process.
To justify the previous estimates we shall follow the following argument of regularization. For
arbitrary initial data up € H*(R) s > 3=¢ we consider the regularized initial data ug = pyu * ug with

p € CyP(R), suppp C (=1, 1), p=0, [lpllyr =1 and
pu(x) = uf”o(i) for u > 0.
The solution " of the IVP (1.1) corresponding to the smoothed data ug = Py * U satisfies
ut* € C([0, T1: H®(R));

we note that the time of existence is independent of w.

Therefore, the smoothness of u* allows us to conclude that
1+a I+o
m 2 m+= 2 m+=5- 2 *
sup |9y uMXe,b”LZ_ + || Dx MM”LZ 2T |H Dy u”ﬂe,blle 2 =0
0<t<T * Tox Thx

where c* =c*(a; ¢; T; v; || ug“ (PR oy ugxe,b ||L%). In fact our next task is to prove that the constant c*
is independent of the parameter w.
The independence from the parameter i > 0 can be reached first noticing that

" A~
[l ||HX<3—a>/2 = ||uo||HX<3—a)/2||,OM||L§o = ||u0||HX<3—a>/2||Pu||L; = ||M0||HX<3—a)/2-

Next, since e p(x) = 0 for x <€, restricting to u € (0, €) it follows by Young’s inequality

oo
2
f (87 ug)” dx < 12wl L 195 01l 2 0,00y = 197" 40l L2 ((0,001)-
€
Using the continuous dependence of the solution upon the data we have that
sup ||u“(t) — u(l)”HX(sfa)/z MTO) 0.

1€[0,T]
Combining this fact with the independence of the constant ¢* from the parameter u, weak compactness
and Fatou’s lemma, the theorem holds for all ug € H*(R), s > 3%"‘ O

Remark 6.51. The proof of Theorem B remains valid for the defocusing dispersive generalized Benjamin—

Ono equation
{a,u—Dg“axu—uaxu:o, x,teR, 0<a<l,

u(x,0) =ugp(x).
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In this direction, the propagation of regularity holds for u(—x, —t), where u(x, t) a solution of (1.1). In
other words, this means that for initial data satisfying the conditions (1.9) and (1.11) on the left-hand side
of the real line, Theorem B remains valid backward in time.

A consequence of the Theorem B is the following corollary, which describes the asymptotic behavior
of the function in (1.10).

Corollary 6.52. Letu € C([—T, T]: H®~9/2(R)) be a solution of the equation in (1.1) described by
Theorem B.
Then, foranyt € (0, T]and § > 0

v @Ju)(x,t)dx < € (6.53)
oo (xo )i ’ -t '
where x_ = max{0, —x}, c is a positive constant and (x) := ~/1+ x2.

For the proof of (6.53) we use the following lemma provided in [Segata and Smith 2017].

Lemma 6.54. Let f : [0, 00) — [0, 00) be a continuous function. If for a > 0

a
f f(x)dx <ca”,
0

then for every § > 0

o

Sfx)
/0 W dx <c(p).

Proof. The proof follows by using a smooth dyadic partition of unit of RT. O

Remark 6.55. Observe that the lemma also applies when integrating a nonnegative function on the
interval [—(a + €), —e], implying decay on the left half-line.

Proof of Corollary 6.52. We shall recall that Theorem B with xo = 0 asserts that any € > 0

o0
sup / (@Ju)*(x, 1) dx < c*.
tel0,T] Je—vt

For fixed ¢ € [0, T'] we split the integral term as follows:

/Oo (a;u)2(x,z)dx=/€ (3u)?(x, 1) dx+/oo(a;u)2(x,t)dx.
€ €—vt €

—vt
The second term in the right-hand side is easily bounded by using Theorem B with v = 0. Hence, we just
need to estimate the first integral in the right-hand side.
Notice that after making a change of variables,

/ (3}{14)2()(, 1) dx :/ (a;u)z(x +2¢,1)dx < c*.
€—vt -

(e—vt)

Thus by using Lemma 6.54 and Remark 6.55 we find

h ! 0t +2e ydr = [ —L(@iu)? dx < &
" m( u) (x +2¢,1)dx = = (x)j+3(xu) (x,1) X =05
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In summary, we have proved that for all j € 7%, j>2and any § >0

€ 1 . o
/_oo v (@/u)?(x, 1) dx < - (6.56)

f 00(8;{ u)*(x, 1) dx < c*. (6.57)

If we apply the Lemma 6.54 to (6.57) we obtain extra decay in the right-hand side. This allow us to
obtain a uniform expression that combines (6.56) and (6.57); that is, there exists a constant ¢ such that for
anyt € (0,7T]and § > 0

/_Oo m(a){u) (. ) dx <~ .

Acknowledgments

The results of this paper are part of the author’s Ph.D. dissertation at IMPA-Brazil. He gratefully
acknowledges the encouragement and assistance of his advisor, Prof. F. Linares. He also expresses
appreciation for the careful reading of the manuscript done by R. Freire and O. Riafio. The author also
thanks Prof. Gustavo Ponce for the stimulating conversation on this topic. The author is grateful to the
referees for their constructive input and suggestions.

References

[Baishanski and Coifman 1967] B. Baishanski and R. Coifman, “On singular integrals”, pp. 1-17 in Singular integrals (Chicago,
IL, 1966), Amer. Math. Soc., Providence, RI, 1967. MR Zbl

[Bényi and Oh 2014] A. Bényi and T. Oh, “Smoothing of commutators for a Hérmander class of bilinear pseudodifferential
operators”, J. Fourier Anal. Appl. 20:2 (2014), 282-300. MR Zbl

[Bergh and Lofstrom 1976] J. Bergh and J. Lofstrom, Interpolation spaces: an introduction, Grundlehren der Mathematischen
Wissenschaften 223, Springer, 1976. MR Zbl

[Calderén 1965] A.-P. Calderdn, “Commutators of singular integral operators”, Proc. Nat. Acad. Sci. U.S.A. 53 (1965), 1092—
1099. MR Zbl

[Coifman and Wickerhauser 1990] R. R. Coifman and M. V. Wickerhauser, “The scattering transform for the Benjamin—Ono
equation”, Inverse Problems 6:5 (1990), 825-861. MR Zbl

[Dawson et al. 2008] L. Dawson, H. McGahagan, and G. Ponce, “On the decay properties of solutions to a class of Schrodinger
equations”, Proc. Amer. Math. Soc. 136:6 (2008), 2081-2090. MR Zbl

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

[Ginibre and Velo 1989] J. Ginibre and G. Velo, “Commutator expansions and smoothing properties of generalized Benjamin—
Ono equations”, Ann. Inst. H. Poincaré Phys. Théor. 51:2 (1989), 221-229. MR Zbl

[Ginibre and Velo 1991] J. Ginibre and G. Velo, “Smoothing properties and existence of solutions for the generalized Benjamin—
Ono equation”, J. Differential Equations 93:1 (1991), 150-212. MR Zbl

[Grafakos and Oh 2014] L. Grafakos and S. Oh, “The Kato—Ponce inequality”, Comm. Partial Differential Equations 39:6
(2014), 1128-1157. MR Zbl

[Herr 2007] S. Herr, “Well-posedness for equations of Benjamin—Ono type”, Illinois J. Math. 51:3 (2007), 951-976. MR Zbl

[Herr et al. 2010] S. Herr, A. D. Ionescu, C. E. Kenig, and H. Koch, “A para-differential renormalization technique for nonlinear
dispersive equations”, Comm. Partial Differential Equations 35:10 (2010), 1827-1875. MR Zbl

[Isaza et al. 2015] P.Isaza, F. Linares, and G. Ponce, “On the propagation of regularity and decay of solutions to the k-generalized
Korteweg—de Vries equation”, Comm. Partial Differential Equations 40:7 (2015), 1336-1364. MR Zbl


http://msp.org/idx/mr/0238129
http://msp.org/idx/zbl/0167.41402
http://dx.doi.org/10.1007/s00041-013-9312-3
http://dx.doi.org/10.1007/s00041-013-9312-3
http://msp.org/idx/mr/3200923
http://msp.org/idx/zbl/1327.35471
http://msp.org/idx/mr/0482275
http://msp.org/idx/zbl/0344.46071
http://dx.doi.org/10.1073/pnas.53.5.1092
http://msp.org/idx/mr/177312
http://msp.org/idx/zbl/0151.16901
http://dx.doi.org/10.1088/0266-5611/6/5/011
http://dx.doi.org/10.1088/0266-5611/6/5/011
http://msp.org/idx/mr/1073870
http://msp.org/idx/zbl/0726.35095
http://dx.doi.org/10.1090/S0002-9939-08-09355-6
http://dx.doi.org/10.1090/S0002-9939-08-09355-6
http://msp.org/idx/mr/2383514
http://msp.org/idx/zbl/1185.35252
http://dx.doi.org/10.1002/sapm19836811
http://dx.doi.org/10.1002/sapm19836811
http://msp.org/idx/mr/686248
http://msp.org/idx/zbl/0505.76031
http://www.numdam.org/item?id=AIHPA_1989__51_2_221_0
http://www.numdam.org/item?id=AIHPA_1989__51_2_221_0
http://msp.org/idx/mr/1033618
http://msp.org/idx/zbl/0705.35126
http://dx.doi.org/10.1016/0022-0396(91)90025-5
http://dx.doi.org/10.1016/0022-0396(91)90025-5
http://msp.org/idx/mr/1122309
http://msp.org/idx/zbl/0770.35063
http://dx.doi.org/10.1080/03605302.2013.822885
http://msp.org/idx/mr/3200091
http://msp.org/idx/zbl/1301.42026
http://dx.doi.org/10.1215/ijm/1258131113
http://msp.org/idx/mr/2379733
http://msp.org/idx/zbl/1215.35136
http://dx.doi.org/10.1080/03605302.2010.487232
http://dx.doi.org/10.1080/03605302.2010.487232
http://msp.org/idx/mr/2754070
http://msp.org/idx/zbl/1214.35089
http://dx.doi.org/10.1080/03605302.2014.985794
http://dx.doi.org/10.1080/03605302.2014.985794
http://msp.org/idx/mr/3341207
http://msp.org/idx/zbl/1326.35317

2440 ARGENIS J. MENDEZ

[Isaza et al. 2016a] P.Isaza, F. Linares, and G. Ponce, “On the propagation of regularities in solutions of the Benjamin—Ono
equation”, J. Funct. Anal. 270:3 (2016), 976-1000. MR Zbl

[Isaza et al. 2016b] P. Isaza, F. Linares, and G. Ponce, “On the propagation of regularity of solutions of the Kadomtsev—
Petviashvili equation”, SIAM J. Math. Anal. 48:2 (2016), 1006-1024. MR Zbl

[Kato 1975] T. Kato, “Quasi-linear equations of evolution, with applications to partial differential equations”, pp. 25-70 in
Spectral theory and differential equations (Dundee, 1974), edited by W. N. Everitt, Lecture Notes in Math. 448, 1975. MR Zbl

[Kato 1983] T. Kato, “On the Cauchy problem for the (generalized) Korteweg—de Vries equation”, pp. 93—128 in Studies in
applied mathematics, edited by V. Guillemin, Adv. Math. Suppl. Stud. 8, Academic Press, New York, 1983. MR Zbl

[Kato and Ponce 1988] T. Kato and G. Ponce, “Commutator estimates and the Euler and Navier—Stokes equations”, Comm. Pure
Appl. Math. 41:7 (1988), 891-907. MR Zbl

[Kenig and Koenig 2003] C. E. Kenig and K. D. Koenig, “On the local well-posedness of the Benjamin—-Ono and modified
Benjamin—Ono equations”, Math. Res. Lett. 10:5-6 (2003), 879-895. MR Zbl

[Kenig et al. 1991a] C. E. Kenig, G. Ponce, and L. Vega, “Oscillatory integrals and regularity of dispersive equations”, Indiana
Univ. Math. J. 40:1 (1991), 33-69. MR Zbl

[Kenig et al. 1991b] C. E. Kenig, G. Ponce, and L. Vega, “Well-posedness of the initial value problem for the Korteweg—de
Vries equation”, J. Amer. Math. Soc. 4:2 (1991), 323-347. MR Zbl

[Kenig et al. 1993] C. E. Kenig, G. Ponce, and L. Vega, “Well-posedness and scattering results for the generalized Korteweg—de
Vries equation via the contraction principle”, Comm. Pure Appl. Math. 46:4 (1993), 527-620. MR Zbl

[Kenig et al. 1994] C. E. Kenig, G. Ponce, and L. Vega, “On the generalized Benjamin—Ono equation”, Trans. Amer. Math. Soc.
342:1 (1994), 155-172. MR Zbl

[Kenig et al. 2018] C. E. Kenig, F. Linares, G. Ponce, and L. Vega, “On the regularity of solutions to the k-generalized
Korteweg—de Vries equation”, Proc. Amer. Math. Soc. 146:9 (2018), 3759-3766. MR Zbl

[Koch and Tzvetkov 2003] H. Koch and N. Tzvetkov, “On the local well-posedness of the Benjamin—-Ono equation in H* (R)”,
Int. Math. Res. Not. 2003:26 (2003), 1449-1464. MR Zbl

[Li 2019] D. Li, “On Kato—Ponce and fractional Leibniz”, Rev. Mat. Iberoam. 35:1 (2019), 23—-100. MR Zbl

[Linares and Ponce 2018] F. Linares and G. Ponce, “On special regularity properties of solutions of the Zakharov—Kuznetsov
equation”, Commun. Pure Appl. Anal. 17:4 (2018), 1561-1572. MR Zbl

[Linares et al. 2014] F. Linares, D. Pilod, and J.-C. Saut, “Dispersive perturbations of Burgers and hyperbolic equations, I: Local
theory”, SIAM J. Math. Anal. 46:2 (2014), 1505-1537. MR Zbl

[Linares et al. 2017] E. Linares, G. Ponce, and D. L. Smith, “On the regularity of solutions to a class of nonlinear dispersive
equations”, Math. Ann. 369:1-2 (2017), 797-837. MR Zbl

[Molinet and Ribaud 2006] L. Molinet and F. Ribaud, “On global well-posedness for a class of nonlocal dispersive wave
equations”, Discrete Contin. Dyn. Syst. 15:2 (2006), 657-668. MR Zbl

[Molinet et al. 2001] L. Molinet, J. C. Saut, and N. Tzvetkov, “Ill-posedness issues for the Benjamin—Ono and related equations”,
SIAM J. Math. Anal. 33:4 (2001), 982-988. MR Zbl

[Ponce 1991] G. Ponce, “On the global well-posedness of the Benjamin—Ono equation”, Differential Integral Equations 4:3
(1991), 527-542. MR Zbl

[Saut and Temam 1976] J. C. Saut and R. Temam, “Remarks on the Korteweg—de Vries equation”, Israel J. Math. 24:1 (1976),
78-87. MR Zbl

[Segata and Smith 2017] J.-I. Segata and D. L. Smith, “Propagation of regularity and persistence of decay for fifth order
dispersive models”, J. Dynam. Differential Equations 29:2 (2017), 701-736. MR Zbl

[Sidi et al. 1986] A. Sidi, C. Sulem, and P.-L. Sulem, “On the long time behaviour of a generalized KdV equation”, Acta Appl.
Math. 7:1 (1986), 35-47. MR Zbl

[Stein 1993] E. M. Stein, Harmonic analysis: real-variable methods, orthogonality, and oscillatory integrals, Princeton
Mathematical Series 43, Princeton University Press, 1993. MR Zbl

Received 14 Mar 2019. Revised 26 Jul 2019. Accepted 25 Sep 2019.

ARGENIS J. MENDEZ: amendez@impa.br
Instituto Nacional de Matematica Pura e Aplicada, Rio de Janeiro, Brasil

mathematical sciences publishers :'msp


http://dx.doi.org/10.1016/j.jfa.2015.11.009
http://dx.doi.org/10.1016/j.jfa.2015.11.009
http://msp.org/idx/mr/3438327
http://msp.org/idx/zbl/1329.35268
http://dx.doi.org/10.1137/15M1012098
http://dx.doi.org/10.1137/15M1012098
http://msp.org/idx/mr/3473590
http://msp.org/idx/zbl/1346.35181
http://msp.org/idx/mr/0407477
http://msp.org/idx/zbl/0315.35077
http://msp.org/idx/mr/759907
http://msp.org/idx/zbl/0549.34001
http://dx.doi.org/10.1002/cpa.3160410704
http://msp.org/idx/mr/951744
http://msp.org/idx/zbl/0671.35066
http://dx.doi.org/10.4310/MRL.2003.v10.n6.a13
http://dx.doi.org/10.4310/MRL.2003.v10.n6.a13
http://msp.org/idx/mr/2025062
http://msp.org/idx/zbl/1044.35072
http://dx.doi.org/10.1512/iumj.1991.40.40003
http://msp.org/idx/mr/1101221
http://msp.org/idx/zbl/0738.35022
http://dx.doi.org/10.2307/2939277
http://dx.doi.org/10.2307/2939277
http://msp.org/idx/mr/1086966
http://msp.org/idx/zbl/0737.35102
http://dx.doi.org/10.1002/cpa.3160460405
http://dx.doi.org/10.1002/cpa.3160460405
http://msp.org/idx/mr/1211741
http://msp.org/idx/zbl/0808.35128
http://dx.doi.org/10.2307/2154688
http://msp.org/idx/mr/1153015
http://msp.org/idx/zbl/0804.35105
http://dx.doi.org/10.1090/proc/13506
http://dx.doi.org/10.1090/proc/13506
http://msp.org/idx/mr/3825831
http://msp.org/idx/zbl/1394.35420
http://dx.doi.org/10.1155/S1073792803211260
http://msp.org/idx/mr/1976047
http://msp.org/idx/zbl/1039.35106
http://dx.doi.org/10.4171/rmi/1049
http://msp.org/idx/mr/3914540
http://msp.org/idx/zbl/1412.35261
http://dx.doi.org/10.3934/cpaa.2018074
http://dx.doi.org/10.3934/cpaa.2018074
http://msp.org/idx/mr/3842873
http://msp.org/idx/zbl/1397.35259
http://dx.doi.org/10.1137/130912001
http://dx.doi.org/10.1137/130912001
http://msp.org/idx/mr/3188389
http://msp.org/idx/zbl/1294.35124
http://dx.doi.org/10.1007/s00208-016-1452-8
http://dx.doi.org/10.1007/s00208-016-1452-8
http://msp.org/idx/mr/3694661
http://msp.org/idx/zbl/1375.35452
http://dx.doi.org/10.3934/dcds.2006.15.657
http://dx.doi.org/10.3934/dcds.2006.15.657
http://msp.org/idx/mr/2199449
http://msp.org/idx/zbl/1117.35071
http://dx.doi.org/10.1137/S0036141001385307
http://msp.org/idx/mr/1885293
http://msp.org/idx/zbl/0999.35085
http://msp.org/idx/mr/1097916
http://msp.org/idx/zbl/0732.35038
http://dx.doi.org/10.1007/BF02761431
http://msp.org/idx/mr/454425
http://msp.org/idx/zbl/0334.35062
http://dx.doi.org/10.1007/s10884-015-9499-x
http://dx.doi.org/10.1007/s10884-015-9499-x
http://msp.org/idx/mr/3651606
http://msp.org/idx/zbl/1382.35258
http://dx.doi.org/10.1007/BF00046976
http://msp.org/idx/mr/855104
http://msp.org/idx/zbl/0625.35072
http://msp.org/idx/mr/1232192
http://msp.org/idx/zbl/0821.42001
mailto:amendez@impa.br
http://msp.org

Analysis & PDE
msp.org/apde

EDITORS

EDITOR-IN-CHIEF

Patrick Gérard
patrick.gerard @math.u-psud.fr
Université Paris Sud XI
Orsay, France

BOARD OF EDITORS

Massimiliano Berti ~ Scuola Intern. Sup. di Studi Avanzati, Italy Werner Miiller ~ Universitidt Bonn, Germany

berti @sissa.it mueller @math.uni-bonn.de
Michael Christ ~ University of California, Berkeley, USA Gilles Pisier ~ Texas A&M University, and Paris 6
mchrist@math.berkeley.edu pisier@math.tamu.edu
Charles Fefferman  Princeton University, USA Igor Rodnianski  Princeton University, USA

cf@math.princeton.edu irod @math.princeton.edu

Ursula Hamenstaedt ~ Universitidt Bonn, Germany Yum-Tong Siu  Harvard University, USA
ursula@math.uni-bonn.de siu@math.harvard.edu

Vadim Kaloshin  University of Maryland, USA Terence Tao  University of California, Los Angeles, USA
vadim.kaloshin@gmail.com tao@math.ucla.edu
Herbert Koch  Universitdt Bonn, Germany Michael E. Taylor  Univ. of North Carolina, Chapel Hill, USA
koch@math.uni-bonn.de met@math.unc.edu
Izabella Laba  University of British Columbia, Canada Gunther Uhlmann  University of Washington, USA

ilaba@math.ubc.ca gunther @math.washington.edu

Richard B. Melrose ~ Massachussets Inst. of Tech., USA Andrds Vasy  Stanford University, USA
rbm@math.mit.edu andras @math.stanford.edu

Frank Merle  Université de Cergy-Pontoise, France Dan Virgil Voiculescu  University of California, Berkeley, USA
Frank . Merle @u-cergy.fr dvv@math.berkeley.edu
William Minicozzi I Johns Hopkins University, USA Steven Zelditch ~ Northwestern University, USA
minicozz@math.jhu.edu zelditch@math.northwestern.edu
Clément Mouhot ~ Cambridge University, UK Maciej Zworski  University of California, Berkeley, USA
c.mouhot@dpmms.cam.ac.uk zworski@math.berkeley.edu
PRODUCTION

production@msp.org

Silvio Levy, Scientific Editor

See inside back cover or msp.org/apde for submission instructions.

The subscription price for 2020 is US $340/year for the electronic version, and $550/year (4+$60, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues from the last three years and changes of subscriber address should be sent to MSP.

Analysis & PDE (ISSN 1948-206X electronic, 2157-5045 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o Uni-
versity of California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and
additional mailing offices.

APDE peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2020 Mathematical Sciences Publishers


http://msp.org/apde
mailto:patrick.gerard@math.u-psud.fr
mailto:berti@sissa.it
mailto:mchrist@math.berkeley.edu
mailto:cf@math.princeton.edu
mailto:ursula@math.uni-bonn.de
mailto:vadim.kaloshin@gmail.com
mailto:koch@math.uni-bonn.de
mailto:ilaba@math.ubc.ca
mailto:rbm@math.mit.edu
mailto:Frank.Merle@u-cergy.fr
mailto:minicozz@math.jhu.edu
mailto:c.mouhot@dpmms.cam.ac.uk
mailto:mueller@math.uni-bonn.de
mailto:pisier@math.tamu.edu
mailto:irod@math.princeton.edu
mailto:siu@math.harvard.edu
mailto:tao@math.ucla.edu
mailto:met@math.unc.edu
mailto:gunther@math.washington.edu
mailto:andras@math.stanford.edu
mailto:dvv@math.berkeley.edu
mailto:zelditch@math.northwestern.edu
mailto:zworski@math.berkeley.edu
mailto:production@msp.org
http://msp.org/apde
http://msp.org/
http://msp.org/

ANALYSIS & PDE

Volume 13  No.8 2020

Propagation properties of reaction-diffusion equations in periodic domains 2259
ROMAIN DUCASSE

An elementary approach to free entropy theory for convex potentials 2289
DAVID JEKEL

Parametrix for a semiclassical subelliptic operator 2375

HART F. SMITH

On the propagation of regularity for solutions of the dispersion generalized Benjamin—Ono 2399
equation
ARGENIS J. MENDEZ
Optimal regularity in time and space for the porous medium equation 2441
BENJAMIN GESS, JONAS SAUER and EITAN TADMOR

2157-5045(2020



	1. Introduction
	2. Notation
	3. Preliminaries
	3A. Commutator expansions

	4. The linear problem
	4A. The nonlinear problem

	5. Proof of Theorem A
	5A. A priori estimates

	6. Proof of Theorem B
	Acknowledgments
	References
	
	

