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A BILINEAR ESTIMATE WITH
APPLICATIONS TO THE KdV EQUATION

CARLOS E. KENIG, GUSTAVO PONCE, AND LUIS VEGA

1. INTRODUCTION

In this article we continue our study of the initial value problem (IVP) for the
Korteweg-de Vries (KdV) equation with data in the classical Sobolev space H*(R).
Thus we consider
u2

—0, tzeR,
(1.1) ) *

u(z,0) = up(x),

where ug € H*(R). Our principal aim here is to lower the best index s for which
one has local well posedness in H*(R), i.e. existence, uniqueness, persistence and
continuous dependence on the data, for a finite time interval, whose size depends
on ||UOHH* .

Equation in (1.1) was derived by Korteweg and de Vries [21] as a model for long
wave propagating in a channel. A large amount of work has been devoted to the
existence problem for the IVP (1.1). For instance, (see [9], [10]), the inverse scat-
tering method applies to this problem, and, under appropriate decay assumptions
on the data, several existence results have been established, see [5],[6],[14],[28],[33].
Another approach, inherited from hyperbolic problems, relies on the energy esti-
mates, and, in particular shows that (1.1) is locally well posed in H*(R) for s > 3/2,
(see [2],[3],[12],]29],[30],[31]). Using these results and conservation laws, global (in
time) well posedness in H*(R), s > 2 was established, (see [3],[12],[30]). Also,
global in time weak solutions in the energy space H'(R) were constructed in [34].
In [13] and [22] a “local smoothing” effect for solutions of (1.1) was discovered.
This, combined with the conservation laws, was used in [13] and [22] to construct
global in time weak solutions with data in H'(R), and even in L?(R). In [16], we
introduced oscillatory integral techniques, to establish local well posedness of (1.1)
in H%(R), s > 3/4, and hence, global (in time) well posedness in H!(R), s > 1.
(In [16] we showed how to obtain the above mentioned result by Picard iteration in
an appropriate function space.) In [4] J. Bourgain introduced new function spaces,
adapted to the linear operator d;+03, for which there are good “bilinear” estimates
for the nonlinear term 9, (u?/2). Using these spaces, Bourgain was able to estab-
lish local well posedness of (1.1) in H°(R) = L?(R), and hence, by a conservation
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law, global well posedness in the same space. The method was first introduced by
Bourgain in order to obtain corresponding results in the spatially periodic setting
(see (1.2)). These were the first results in the periodic setting, for s < 3/2.

Existence results for weak solutions to (1.1) corresponding to rougher data are
also in the literature. Using the inverse scattering method, T. Kappeler [14] showed
that if ug is a real measure with appropriate decay at infinity, then (1.1) has a global
in time weak solution (see also [5], [6]). Also, Y. Tsutsumi [35] proved the existence
of a global, in time, weak solution for wy any positive, finite measure. In [18]
we showed that (1.1) is locally well posed in H*(R), for s > —5/8. Since finite
measures are in  H*(R), s < 1/2, this establishes (locally in time) the uniqueness
for finite measures. Our method of proof in [18] combined the ideas introduced by
Bourgain in [4], with some of the oscillatory integral estimates found in [16] and
[17]. This enabled us to extend the bilinear estimate in [18] for ,(u?/2) to the
Bourgain function spaces associated with the index s, for s > —5/8.

In the present paper, we reconsider this bilinear operator in these function spaces,
obtaining the best index s (—3/4) for which it is bounded. This allows us to obtain
the corresponding result for (1.1) in H*(R), for s > —3/4. Since we also show
that our estimates for the bilinear operator are sharp, (except for the limiting case
s = —3/4 which remains open), our result concerning the local well posedness of
the IVP (1.1) is the optimal one provided by the method below.

The proof of the estimates for this bilinear operator is based on elementary
techniques. In fact, it is similar to those used by C. Fefferman and E. M. Stein
[7] to establish the L*/3(R?) restriction Fourier transform to the sphere and by
C. Fefferman [8] to obtain the L*(R?) estimate for the Bochner-Riesz operator.

These estimates extend to the periodic case. Thus we can give a simplified
proof of J. Bourgain [4] result concerning the local well-posedness of the periodic
boundary value problem (PBVP) for the KdV equation

2
Opu + O3u + 0, <

u
2
u(z,0) = ug(x).

There is an interesting parallel between the development of the results described
above and the recent works of S. Klainerman and M. Machedon, [19] and [20],
G. Ponce and T. Sideris [27] and H. Lindblad [23] on non-linear wave equations. In
fact, in [19] Klainerman and Machedon consider the IVP

2wl — Aw! = N (w, Vw), teR, zcR3,
(1.3) wl(z,0) = fl(z) € H*(R?),
Opw! (x,0) = gf(x) € H*71(R?),

=0, teR, zeT,
(1.2)

where w = w! is a vector valued function, and the nonlinear terms N’ have the
form
(1.4) N'(w, Vw) =Y T o (w)BY (Vo , Vu'),

JK

where B§, i is any of the “null forms”

3
(L5) QO(VwJ, VwK) = Z 895in8$in — dyw? G’
. i=1

Qa,g(VwJ, V) = 8xan8waK - 81510']8%10](,
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with 0 < a <8 <3, 9, =0 and I‘gyK(w) is a polynomial in w. Such equations
arise in the study of “wave maps” (for Qo) and Yang-Mills systems in a Coulomb
gauge form for the general case.

The energy method establishes the local well posedness of (1.3) if s > 1+ 3/2.
For this result, the special form of the non-linear term is irrelevant. However, Klain-
erman and Machedon showed in [19], that for the special non-linearities in (1.5),
there is a local well posedness for s > 2. This was done by studying the bilinear
operators Qo(Veo, Vi) and Qa,3(Ve, Vip) in (1.5), where ¢, 1 are homogeneous
solutions to the linear wave equation, and then extended to the inhomogeneous
wave equation via Duhamel’s formula. Thus, in this context, the idea of establish-
ing bilinear estimates also appeared, simultaneously to Bourgain’s work [4]. Shortly
after the work [19], Ponce and Sideris [27] were able to show, using oscillatory in-
tegral estimates (the so called “Strichartz estimates” [32], see also [26]), that for
“any” quadratic non-linearity N’, one has local well posedness in (1.3), for s > 2.
Moreover, Lindblad [23] has shown that for general quadratic non-linearity N*, this
is sharp. Thus, to achieve s = 2, the null forms (1.5) are needed. Very recently,
Klainerman and Machedon [20], motivated by the results in [4], [18] and those in
the present paper, have established better estimates for Qo(V¢, Vi), in function
spaces somewhat similar to those studied here, but adapted to the wave operator,
and have used this to show local well posedness for (1.3) for s > 3/2, when N’
involves only Qo. The exponent s = 3/2 is sharp.

To state our main results we recall the following definitions.

Definition 1.1 ([4]). For s,b € R, X,; denotes the completion of the Schwartz
space S(R?) with respect to the norm

1/2

L6)  [Flx., = / / (L4 7 — €)1+ [€)*|B(e. ) Pdedr

—00 —O0

Let Y be the space of all F' such that
i) F:TxR—C.
ii) F(z,-) € S(R) for each z €T.
ili) x — F(x,-) is C*.
iv) F(0,7)=0 forall 7€R.
For s,b € R, Y, denotes the completion of J with respect to the norm

1/2

(1.7) £

vo= [ / (1+ |7 — )P [nf?* | B(n, 7)|2dr

n#0 o

For F € X, (or F €Y, ;) we define the bilinear operator

(1.8) B(F, F)(z,1) = %61(F2(x,t)).

Our main results in this work are gathered in the following theorems.
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Theorem 1.1. Given s € (—3/4,0] there exists b € (1/2,1) such that

(1.9) IB(E, F)

Xsb—1 < C”FH.%(S,I,'

Theorem 1.2. For s € (—1/2,0] and b = 1/2 it follows that

(1.10) IB(F, F)lly..,—, <clIFIS, ,-

Theorem 1.3. For any s < —3/4 and any b € R the estimate (1.9) fails.
Theorem 1.4. For any s < —1/2 and any b € R the estimate (1.10) fails.

As a consequence of the estimates (1.9)-(1.10) we obtain the following results
concerning the IVP (1.1) and the PBVP (1.2).

Theorem 1.5. Let s € (—3/4,0]. Then there exists b € (1/2,1) such that for any
uy € H*(R) there exist T = T(||uol|g=) > 0 (with T(p) — o0 as p — 0) and a
unique solution u(t) of the IVP (1.1) in the time interval [—T,T) satisfying

(1.11) we C([-T,T] : H(R)),

(1.12) uwe Xy LY, (R:L¥(R)), for 1<p<oo,
(1.13) 02 (u?) € Xy p1

and

(114) 8tu S Xsfg,bfl.

Moreover, for any T' € (0,T) there exists R = R(T') > 0 such that the map
ug — u(t) from {ug € H*(R) : ||lup — @ollg-s < R} into the class defined by
(1.8)-(1.9) with T' instead of T is Lipschitz.

In addition, if ug € H¥ (R) with s' > s, then the above results hold with s' instead
of s in the same time interval [-T,T).

Theorem 1.6. Let s € (—1/2,0]. Then for any ug € H*(T) with 19(0) = 0 there
exist T = T (||uol| =) > 0 and a unique solution u(t) of the PBVP (1.2) in the time
interval [T, T satisfying

(1.15) we C([-T,T] : H¥(T)) N Yy,
and
(1.16) 0, (u2) € Yy 1.

Moreover, for any T’ € (0,T) there exists r = r(T") > 0 such that the map
g — u(t) from {ug € H3(T) : ||up — Uo||g—-s < R} into the class defined by (1.12)
with T' instead of T 1is Lipschitz.

Once the key estimate (1.10) has been established, the proof of Theorem 1.6, as
well as its general version, i.e. for data ug with arbitrary mean value, follows the
arguments in [4], therefore it will be omitted.
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Theorem 1.5 improves the results in [4], s > 0, and that in [18], s > —5/8.
In these works the bounds of the bilinear operator (1.8) in the spaces X, were
based on several LPLi-estimates, i.e. Strichartz type [32], a sharp version of Kato
smoothing effect [13] found in [15], maximal functions and those obtained by inter-
polating these. As it was remarked above our proof is elementary. Indeed, it only
uses simple calculus arguments.

Theorem 1.6 was essentially proven in [4]. There the bound for the bilinear
operator (1.8) was based on the Zygmund result [36] concerning the restriction of
Fourier series in L*(T?). As in the continuous case our proof of this key estimate
is based on simple calculus inequalities.

It is interesting to compare the above result for the KdV equation with those
obtained, by different arguments, for the modified KAV (mKdV) equation

1
1.17 B + 020 + =0,(v3) = 0.
* 3

It was proven in [17] that s > 1/4 suffices for the local well posedness of the
corresponding IVP of the mKdV in H*(R). Similar result, with s > 1/2, for the
PBVP associated to (1.14) can be found in [4].

We will show that the method used here does not improve these results. More
precisely, let

~ 1
(1.18) B(F,F,F)(z,t) = 5aI(F?’(gg,t))
denote the tri-linear operator associated to the mKdV.
Theorem 1.7. For any s < 1/4 and any b € R the estimate
(1.19) IB(F.F,F)llx. -, <cllFl%,,

fails.
Theorem 1.8. For any s < 1/2 and any b € R the estimate

(1.20) |B(F, F, F)ly.,., <clFI3,,

fails.

We observe that in both cases, the IVP and the PBVP, the difference between
the best Sobolev exponents known for the local well posedness of the KAV and the
mKdV is one. Heuristically, this is consistent with the Miura transformation [25]
which affirms that if v(-) solves the mKdV (1.14), then

(1.21) u = cidyv + v?

solves the KAV equation.
For the generalized KdV equation

1
(1.22) 8tu+8§u+k—+18m(uk+l) =0, =,teR, keZ",
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one has that if u(z,t) is a solution, then for any A > 0
(1.23) ux(z,t) = N Fu(dz, A3t)

also solves (1.19). This scaling argument suggests the value s = (k —4)/2k as a
lower bound for the Sobolev exponent which guarantees the local well posedness
of the corresponding IVP. For higher nonlinearity, k > 4, this lower bound was
achieved in [17]. Moreover, it was shown in [1] that this is the best possible result.
However, this is not always the case; the following example shows that the values
of the Sobolev exponent given by the scaling argument and the optimal one may
be different even for positive values. As before, consider the IVP for a type of
nonlinear wave equations

Pw — Aw = (Qw), teR, 2R3 j=1,23,...,
(1.24) w(z,0) = f(z) € H*(R?),
Ow(x,0) = g(x) € H*L(R3).

The scaling argument suggests that (1.21) is locally well posed for s > s(j) =
(55 —7)/(24 — 2). When j > 3 this result, as well as its sharpness, was established
in [27]. For j = 2 it was proven in [27] that s > 2 is sufficient for the local existence
and in [23] that s > 2 is necessary (see also [24]). Observe that in this case, j = 2,
s(2) = 3/2. As was noted before, in [20] it was shown that s > s(2) = 3/2 is
actually attained for the null form Qg in (1.5).

This paper is organized as follows. Sections 2-4 are concerned with the non-
periodic case. Theorems 1.1 and 1.5 will be proven in Sections 2 and 3 respectively.
Section 4 contains the proof of Theorems 1.3, 1.7. The periodic case is considered
in Sections 5-6. Theorem 1.2 will be proven in Section 5, and Theorems 1.4, 1.8 in
Section 6.

2. PrROOF OoF THEOREM 1.1

First we will rewrite the estimate (1.9) in an equivalent form. Defining
(2.1) p=—s€[0,3/4)

it follows from (1.6) that if F' € X, = X_,, then

(2.2) F&T) =L+ 17— NP +1E) ™ F(&,7) € L*(R?)
and
(2.3) 1222 = I1Fllx,, = I1Fllx_,.,-

Using that

(2.4) 0,(F2)(6,7) = c £(F + F)(&,7)
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we can rewrite (1.9) in terms of f as

IBEF)|x.y = 1+ 7 = €D (04 | 0n(F2)]| 210
= cl|(L+ |p — €3)P (1 + €)PE(F * F)| 212

. 3
(2.5) - H(1+IT§3I)“’(1+I§I)P

/ F(E,m) (X +[&61])? f(§ =&, 7 — 1) (1 + € = & |)Pdérdm
(L+|m —&F))° (I+[r—71—(€E—&)3)°

212
L2L2

< |F||%

Xop — C||f||L2L2
Thus, Theorem 1.1 can be restated as follows.

Theorem 2.1. Given p = —s € [0,3/4) there exists b € (1/2,1) such that

[rr=eener
A+ = &N+

(2.6) / S(€,m) (1 +[6])P (5—5177'—71)(14'|§—§1|)pd§1dﬁ

(4 |m = &)° A +]r—m = (€ =&)*)°

L2L2

< C||f||%§L3-

We will restrict ourselves to the most interesting cases of (2.6), p = 0, which
provides a simplified proof of the L2-result in [4], and p € (1/2,3/4). In fact we
will prove the following slightly stronger version of Theorem 2.1.

Theorem 2.2. Given p = —s € (1/2,3/4) there exists b € (1/2,1) such that for
any b’ € (1/2,b] with b — b < min{p — 1/2;1/4 — p/3} it follows that

[err=e=arm
T+ =&+

(2.7) / JE,m) A+ 6] f(E—&,7—m)(1+ [~ &)

1+ |m =&Y At -7 (E—&n)W dé1dm

272
L2L2

< C||f||L2L27
where the constant ¢ depends on p,b and b —b'.
Moreover (2.7) still holds for p =0, b € (1/2,3/4] and b’ € (1/2,b].

We observe that (2.6) follows from (2.7) by taking b’ = b.
The following elementary calculus inequalities will provide the main tool in the
proof of Theorem 2.2.
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Lemma 2.3. If ¢ > 1/2, then there exists ¢ > 0 such that

o0

dz ¢
(2.8) _/ 1+ |z — a])2(1 + |z — B2 < (1 +Ja— )2
7 dz ¢
(29) / A+ Va—z| " 0 +a)’’
o) dz c
(2.10) / 0t |x7a|)2(172)(1+ |z — A])2¢ < 1+ |a76|)2(17€)
and
” (1+ B)2¢-1/2)
(2.11) / A+ @) a—z] = A+
lz|<B

Next, using these calculus inequalities, we deduce three lemmas from which the
proof of Theorem 2.2 will follow directly.

Lemma 2.4. Ifb € (1/2,3/4] and b’ € (1/2,b], then there exists ¢ > 0 such that

€l

—_ X
(A +Tr - &P
(212) oo oo 1/2
/ / dT1d§1 <ec
A+ lm = GD* A+ |r—m = (€= &)*D* T
Proof. Since b’ > 1/2, from (2.8) it follows that
7 dTl
— £3))2v (£ —£)3])2Y
2.13) J AT =@ A - n - € &
< c
T (LT = +386(E- )P
To integrate with respect to &1 we change variables
(2.14) p=A—E+3661(E— &), then du=3¢(E - 2€1)dés,

and

1 A7 — &3 —4u
(2.15) 51_5{511/37}.
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Therefore
(2.16) (¢ = 261)| = eV/IE] VAT — €3 — 4y
and
(2.17) g = c r .
VIEN AT — 8 — 4y

Now combining these identities with (2.9) we find

o0

/ &
(L4 |7 =&+ 386§ =&)Y

— 00

(2.18)

<€ /OO du < c
TVIE S ) [ = € —dp| TR A = &Y
Thus the term in (2.10) is bounded by

clgl*/* 1
(T Ir = &)= (1 + 7 — €N
It is easy to check that the expression in (2.17) is bounded whenever b < 3/4.

Lemma 2.5. Ifp=—se€(1/2,3/4),b€ (1/2,3/4+5/3] and b’ € (%,b], then there
exists ¢ > 0 such that

(2.19)

1€l
(4 |r=&D=*+ L)

X

(2.20)

1/2
|€1(€ — &)
(/4/ (L+|m =DV (1 + |7 — 1 — (€ —&)3])2Y d71d§1> <c,

where A = A(,7) is defined as

A={<5l,n>eR2 =1 e—al>1,
(2.21)

r-n- -6l <in-gl <€),
Proof. First we observe that in A

(222)  |r-8+3¢aE-&)=n-&G+T-n—(E-&)®*| <2t —¢f>
Thus, by (2.8)

dmy
/ (L+[m =&DP' A +|r—n — (£ - &)
(2.23)
< X((r =& +3¢61(E - &1))/2(r - &%)
T (=836 - )
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where x(-) denotes the characteristic function of the interval [—1,1].
As in the previous Lemma we use the change of variable

(2.24) p=1—&+3¢& (€ - &).

Thus (2.14)-(2.17), (2.23) and (2.29) lead to the inequalities

|€1(€ — &)
/A/ TG+ —n— €& “in

[61(€ = E)PPx((r = € 43661 (E — &))/2(7 — €°))
d

= / (1+ =& 3666~ &)™ ‘

(2.25)
T =& —uf
d
= |<2/ o [Pl A= =]
nl<2|r—
B Y
= P T i — e
Hence the expression
_ Cl€Prte (1t fr g8t

(220 N (a2 o
bounds the term in (2.20). From the assumptions on p = —s and b one has that
(2.27) ¢ € L™(R?),

which completes the proof.

Lemma 2.6. If p = —s € (1/2,3/4), b € (1/2,1) and b’ € (1/2,b] with b -V <
min{p —1/2;1/4 — p/3}, then there exists ¢ > 0 such that

1
—/ X
(1 +|m = &)°

(2.28 1o

)
// €7 1E6 (€ — &)[* drdg <.
O S O e (S K I

where B = B(&1,71) is defined as

B —{(ém) ER | -6l 10l 2 1,
(2.29)

= (=&)< —El -l <Im sﬂ}.
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Proof. First we observe that in B
(230)  |n—&+38aE-&)l=lr-& - (r-n-(-&)°)<2n-&|
By (2.10) it follows that

dr
(231) e T ey

c
< .
T (4 m = &+ 386(E - &))20Y
Thus to obtain (2.28) it suffices to bound

1
D) =g m—apw
2.32 1/2
22 [ €D lgen(e )P B
J (L+ D% (1 +|m — &5 +3661(& — &)])20—0)

with D = B’ = B/(&1, 1), where

B'—{geR\ L<le—al1<lallr—€]<|n—¢|
(2.33)

Im = & + 36616 - &)| < 2Im —§f|}-
We split B’ into two subdomains Bj and B}, where
(2.34) B = {ee B | 3atc - el < g - 1]
and
(2.35) By = {5 € B | %|7'1 - <3lEaE - &) <3n —Sig’|}-

In Bf we have that

(2.36) %m — & <m — & + 3¢ (¢ - &)
and
(237 €l < g — €.
Hence
1/2
2(1—p
(2.38) 1) = (1+Im _£%|)1_p+b/_b s</ &l % )

< (1 +|m — )1 /2rtHb

which is bounded since, by hypothesis, 1/2 —p — b + b < 0.
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To bound I(Bj) we split Bj into three parts, By ;, Bj 5 and By 5.
First we have

1
(2.39) By = {€ e By g6l < o] < 100l
In this domain one has

(2.40) c(1+|m = &) < el ~ €.
Combining (2.35), the hypothesis p > 1/2, a change of variable similar to that
n (2.14)-(2.17), p1 = 71 — & + 36£1(€ — &), and (2.9) it follows that
I(By,) < e(1+ |r — ) H(1m20/3

, 1/2
3
(1+|m — & +3861(E = &)))20-0

|M1|<2\Tl 31

<e(l+4|m — €3 p/3-b'+1/3
(2_41) ( | 1 51') s

1 / 1 d
|€[1/4 (14 |pa])2C=0) | VAT — & — 4 |

lpal<2]m1—€3

Lt I — g/t
ST U g

which is bounded since, by hypothesis, p/3—1/4+b—¥b <0.
Next we consider

(2.42) B, = {ee By 1< el < i/
In this domain one has that
(2.43) |61 — 2] ~ [€] ~ [€ — &1
and
(2.44) Ut - ) < 166 (6~ &) ~ P16 < el

Therefore (2.44), the change of variable pu; = A1 — & + 3€&1 (€ — &) and (2.11)
give the inequalities

/ C
1522 = =g~
1/2
€220 g (€ — &)
(245) | Erm e e
] <3|m—€7]

C(l + |T1 - §%|)97
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where
(246)  O=-V+1/4+(1-2p)/34+p+b—1/2=p/3-5/12+b—b' <0

by using our hypothesis on p, b and b'. Hence I(Bj 5) is bounded.
Finally we have

(2.47) By = {e e By 100 < Ja .
In this case one has that
(2.48) 6 =28 ~ & =€~ &l In &l << bl
and
(2.49) |41 — & ~ 1€}

Thus a familiar argument shows that

I(Bys) < c(l+|m — &)™ x
1/2
1 1 d,ul

(2.50) |&1|1/2 e (1 + | )20-D) |/ — € — 4|
p1|<3 71_51

<1+ |m = g)r/er,

which is bounded. This completes the proof of (2.28).

Proof of Theorem 2.2. First we consider the case s = 0. Using Cauchy-Schwarz
inequality, (2.12) and Fubini’s theorem it follows that

H // 51,7'1 f§ =&, 7 —m)dérdn

(1+|7'*§3 )b I+ =D A+lr—m —(E-&)3DY
3

<Jartep

dé1dm 1/2
(251) (// T 51)2b/(1+|7ﬁ(551)3|)2b/)

1/2
|( J[ 1@ s -enr-mp d&ldﬁ)

L2r2

X

LeLe

272
L2r2

< el F32uz.

for any b’ € (1/2,b]. Taking b’ = b we obtain the result.
Next we turn to the case p = —s € (1/2,3/4). Note that if

(2.52) either [&]| <1 or [£€—-&]|<]1,
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we have

(2.53) I+ 1&aD A+ 1€ = &)P < e+ 1€,
which reduces the estimate to the case p = 0. Thus, we can assume
(2.54) &] =1 and [§ - &| > 1.
By symmetry we can also assume
(2.55) [r—m = (=&)< |n - &l
We split the region of integration in (2.7) into two parts
(2.56) I =& <|r— & and |7 — €| < [m — €],

For the first part we use Cauchy-Schwarz and (2.20) as in (2.51) to obtain the
same bound. For the second part we use duality, Cauchy-Schwarz and (2.28) to
conclude the proof.

We observe that Theorem 2.2 is equivalent to the following result.
Corollary 2.7. Given s € (—3/4,—1/2) there exists b € (1/2,1) such that for any
b e (1/2,b]) with b —b < min{—s—1/2;1/4+ s/3}

(2.57) I1B(F, F)|x

s SClFI,
Moreover (2.57) still holds for s =0, b € (1/2,3/4] and V' € (1/2,b].
3. ProOF OoF THEOREM 1.4

We will denote by {W(t)}°°,, the unitary group describing the solution of the
linear IVP associated to (1.1):

hu+Pu=0, tzek,
(3:1) { u(z,0) = up(x),
where
(3.2) u(z,t) = W(t)ug(z) = St * ugp(z)

with Si(-) defined by the oscillatory integral

o0

(3.3) Sy(z) =c / i€ eite’ g

— 00
We will also use the notation

p/q /4

(3.4) 11l zozs = / /If(w,t)lth d|
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(3.5) Joh(€) = (L+€)* hE) . Dsh(€) = [¢]° h(§)
and
(3.6) Abg(r) = (1+|7))" g(r) ,  Dig(r) = |7|" g(7).

The relationship between the spaces X3 in (1.6) and the group {W(t)}>

(3.2) is described by the identity
(3.7) IFlx.., = [A*TW () F | 1212

Hence, if F' € X, ; then

F=F,t)=((+E) 0+ -e) Fien)

(3.8) R y
= (a+1e)~ Rulen)

587

in

with f € L?(R?). From the sharp version of the Kato smoothing effect [13] found

in [15], i.e.
(3.9) 1D (800 e 12 < cllvollz
it follows that for b > 1/2
(3.10) Dlf, e L2/0=912  for g€ [0,1].
In particular, this implies that for s € (—1,0)
(3.11) FeCg . (R:LAR)) with a€(0,1+5s).
Lemma 3.1. If F € X, with s € (—1,0) and b > 1/2, then
(3.12) F e Cp(R: L3(R)) C LE 1 (R : LA(R))

for 1<p<oo, anda € (0,1+s).

Let ¢ € C§°(R) with v = 1 on [—1,1] and supp ¢ C (—2,2). We recall the

following results proven in [18].

Lemma 3.2. If s <0 and b € (1/2,1], then for 6 € (0,1)

(3.13) W6 W (o]l x,, < e 80722 |[ug| 1=,
(3.14) |06 ) F|x,, <céP22F|x,,,
t
(3.15) w(é‘lt)/W(t P < 602 Pk,
0

Xs,b
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and

s,b—1"

t
(3.16) w(é’lt)/W(tft’)F(t’)dt’ < e 6U22|p||x
0

Hs

Proof. For (3.13)-(3.15) see Lemmas 3.1-3.3 in [18]. The proof of (3.16) follows the
same argument used in [18] to obtain (3.15).

Proof of Theorem 1.5. First we observe that if u(-) is a solution of the IVP (1.1),
then for any A > 0

(3.17) ux(z,t) = Nu(dz, A3t
also satisfies the KdV equation with data
(3.18) ux(x,0) = Nug(\z).
Thus for s <0
(3.19) llux(-,0)||zs = 0(A32%)  as A —0.

In our case s € (—3/4,0], hence, without loss of generality, we can restrict ourselves
to considering the IVP (1.1) with data wug(z) satisfying

(3.20) luollze =7 << 1,

i.e., r arbitrary small; see (3.24) below.
For ug € H*(R), s € (—3/4,0], satisfying (3.20) we define the operator

(3.21) By (w) = B(w) = Y)W (t)uo — @ / Wt — )2 ()0 (w2 ())dt'.
0

We shall prove that ®(-) defines a contraction on
(3.22) B(2cr) = {w €Xep | wlx,, < QCT}.

First combining (3.13)-(3.15) and (1.9) (Theorem 1.1) it follows that for w € Ba,,

1®()llx. , < er+ el e((Ow (-, 1)?llx. oy < er+cllyw]
<cer+cllw|k,, < er+c(2er)® < 2er

X
(3.23)

for r in (3.20) satisfying

(3.24) 4c*r < 1.
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Similarly using (3.14)-(3.15), (1.9) and (3.24) it follows that for w,& € B(2cr)
[@(w) = 2(W)llx..,

:% wo/wwfﬂw%mamﬁfa%wmy
0

(325) Xs,b

< clw+a|

Xs.b |w - &l Xs.b < 2C2T ||w - &HXS,IJ

1 ~
< o= Tlx...

Thus ®(-) is a contraction. Therefore there exists a unique u € B(2cr) such that
. ¢
(3200 ult)=w(t) Witk — 5 [ W= )00 )ule) et
0

Hence, in the time interval [—1,1], u(-) solves the integral equation associated to
the IVP (1.1).

Now we turn to the proof of the persistence property, i.e.
(3.27) ue C([-1,1]: H*(R))

and the continuous dependence of the solution upon the data in the norm of the
space in (3.27). Combining (3.7) and Holder and Sobolev inequalities we obtain

oo~ Yullx, o = 1750~ ) | 22

= WO ()T W) |2z = 90~ )W () ull 2 2
< ep (o)W ()T ull 2 s

< cp Dy (W (o™ )W (8) T ) 2

= cp 4 w(p~ Yullx, , a

< cp*w(p™ " Yullx, ,-

(3.28)

Thus, by Holder’s inequality, (3.14) and (3.28), for 0 < b < b’ we find that

_ _ b—b')/2 — b’ /b
(o~ Yullx, 0 < oo~ yull & (o yull %
(3.29)
<ep g (07 ullx., < e pOTEJul]

Using the integral equation (3.26), (2.57) with some fixed &’ < b, (3.14), (3.16)
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and (3.29), for 0 <t <t <1andt—t< At it follows that

lu(t) = w(@)lla= < [W(E = Dult) — u(b)]| -

np /tW(tt'W (tlmf) 0, (u2(t'))dt’

Hs

o (v (=) )]
<w At ! Xs b1

~ 2
-1
o(w)
At )k,

< Wt = ul®) = w@)m + (A ulk,, = o(1)

(3.30) < [W(t = Dud) — u(d)] - +c

< Wt = Hut) — u(@)||lu- +c

as At — 0, which yields the persistence property. The proof of the continuous
dependence of the solution upon the data in the L°°(]0,1] : H*(R))-norm follows a
similar argument, therefore it will be omitted.

Finally we explain how to extend the uniqueness result in B(2cr) in (3.22) to the
whole X ;. For any 6 € (0,1) we define

(3.31) B(2c5120/2r) = {w € Xop | wlix,, < 205(1%)/27"}

and
(3.32)

Baan(©) = @) = w6~ W (w0 — L5 [t - 20,2
0

Combining (2.57) with &’ € (3,b) such that
(3.33) b—b =min{—s—1/2;1/4+ s/3}

with the arguments in (3.23) and (3.29) one has

(3.34) 1®5(w)]|x., < 80722 44353020/ 25(00 /42
and
(3.35) |15(w) = @5(@)llx.,, < 2e%0 250 rw — B, .

By (3.33) it follows that
(3.36) 1-2b+ (b—b)/4 <0,
therefore for any 6 € (0,1)
(3.37) Ds(B(2c6172)/2r)) C B(2e6(1720)/2)

is a contraction, which completes the proof.
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4. PROOF OF THEOREMS 1.3 AND 1.7

Proof of Theorem 1.3. Using the notation in (2.1)-(2.5), one sees that (1.9) is equiv-
alent to

H (147 - §3l§1‘b(1 + &)

X
p

(4.1) // S, + &) fE—&,7— )1+ £ = &) dErdn
(1+|m —&5)P (I+|r =7 —(E=&)3)°

L2L2

< e |1f122e-

First we shall see that if p = —s > 3/4, then b < 1/2.
Fix N € Z" and take

(4'2) f(f,T) = XA(&"T) +X—A(£7T)7

where x, (+) represents the characteristic function of the set A with
1

(43) a={emert | Neesne L r-g<1)

and

(4.4) —A= {(5,7) eR? - (&,7) € A}.

Clearly
(45) IFllzzee < e NF.

On the other hand, A contains a rectangle with (IV, N3) as a vertex, with di-
mensions 102N "2 x N3/2 and longest side pointing in the (1,3N?) direction.
Therefore

(4.6) |(f = )& =

C

\/NXR

where R is the rectangle centered at the origin of dimensions ¢N=2 x N 3 and
longest side pointing in the (1,3N?) direction. Hence (4.1) implies that

(§5 T)’

(4.7) N»N-iN3O-UN"INT < N73,
ie.

3
(4.8) btdp< s

as desired.
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To complete the proof we just need to show that if p = —s > 3/4 then b > 1/2.
By polarization and duality (4.1) is equivalent to the following inequality:

H (1L +1&]”
(1+|m —&)°

(4.9) € gE7)  hE-bnTom)(tlE-E]
// e Ol (It —n-CE-&pp

2 72
L§1L71

<cllgllpzez lIhllzre-

We take
(4.10) 9(&,7) = x4 (&,7), (A defined in (4.3))
and

(4.11) W& T) = X5 (6:7);

where

(4.12) B:{(5,7)6R2| ~N+1/2VN < €< -N+3/4VN ; |T—g3|<1}.

Estimating the first norm in (4.9) in the domain

1 1 1 1 1
4.13 4 — €} < = d N—-—— N-——
@139 fn-glsy ad 6 |N- g No ]
from (4.9) we see that
Np+1/4
(4.14) ~F— < N1/
ie. if p=—s>3/4
3 3
4.15 — — < 3b.
( ) 5 <p+ 1

Proof of Theorem 1.7. We consider the case b = 1/2, and remark that a similar
argument to that used in the previous proof shows that this assumption does not
imply a loss of generality.

First we take F(-,-) such that

(416) ﬁ(évT) = XA(§5T) + XfA(gvT)v

where A was defined in (4.3). Thus

(4.17) (F«FxF)(E,7)| > %Nm X )(ET)],
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where R represents the rectangle centered at the origin of dimension 1072N 2 x
N3/2 and with its longest side pointing in the (1,3N?) direction.
Then

(4.18) |(F 5 F s F)(&,7)] 2 X, (6:7),

where Ry is a rectangle like R, of the same dimensions and direction, but with
(N, N3) as one of its vertices. Hence

(4.19) |B(F,F,F)|lx,, , > cN*'/4,
Since
(4.20) I1F|x,, < eN*—H4,

(1.18) implies that s > 1/4, which completes the proof.
5. PROOF OF THEOREM 1.2
First we rewrite the inequality (1.10). Defining
(5.1) p=—s€[0,1/2)
by (1.7) it follows that if F' € Y, = Y_,, then

(5.2) fn,7) =1+ |7 = n®))°|n|PF(n,7) € L2(R : £2(T))
and
(5.3) I fllzze2 = IFlly_, .-
Since
(5.4) 8(F2)(n,7) = ¢ n (F « F)(n,7)

we can express (1.10) in terms of f as

IB(E, F)llv, 1o = l(1+ |7 = 03> n| =200 (F2)(n, 7) | 1202
=c (1 +]|r = n®)P n| = n(F « F)(n,7)| 1202

- Z /Oo [nf? X
o) (L |r = nd])20Dnf2

—ny)|?
5.5 [ra(n —m)]
( ) Z / 1+|T1—n3|)1/2><
ni#n
ny1#0
f(ni,m) f(n—ny,7—m11)dn

2>1/2

Z/|fm | dr) T

n#0_"

(L4 [m —ni)V2 1+ |7 =71 = (n = n1)?)/?

= B(f, ), 7 1202 < (

As in the continuous case we first need some calculus results.
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Lemma 5.1. There exists ¢ > 0 such that for any n # 0 and any T € R

log(2 — —
56 3 g2 It ol —m))
= 14+ |7 —nni(n —ny)|
nin
Proof. Since n # 0 it suffices to show that
(5.7) ) : <e
' n1#0 (1 + |l’l’ - (n - n1)|)3/4 LZOZ,ZO .
ni#n

Let a, 8 be the roots of the equation
(5.8) p—mni(n—mn1) =0,
ie.
(5.9)  p—mnin—m)=(n1—a)(n1 —B), with a=a(n,pu), 8=7>5n,mn).

We shall prove that

<,

(5.10) ‘
LELy

1
2 T+ s =)l = A

ni

which implies (5.7).
Notice that for a fixed (a, 3) € R? there exist at most 8 n1’s such that

(5.11) In1 —a] <2 or |ng—p] <2

For the remaining n1’s one has that

—_

(5.12) 1+ni—allnn =0 > = (1+|n1 —a)(1+|n1 — 3]),

[\V]

hence

1 1
2 T T a0 = 2 T e A
Iny1—B|>2

1/2 1/2

1 1
<8+ <&
< Z (1+ |y — a])3/? Z (1+ |ny — B])3/2 c

In1—al>2 In1—B>2

which yields the lemma.
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Lemma 5.2. If p=—s€[0,1/2], then

n 1 «

L+ |7 = n3)/2 |nf
(5.13) 1/2

3 / [n1(n —ny)*” i, e

e g (LI — i)+ |7 =71 = (n—n1)?) ’
where

A= An,T) = {(TL1,7'1) €EZXR|ny #0,n1 #n,
(5.14)

IT—1—(n—n1)? < | —n3| < |1 — n|}

Proof. Tt suffices to prove (5.13) for s = 0 and s = —1/2. The general case follows
by the Three Lines Theorem. As in [4] we shall use the identity

(5.15) =03 = (1 —n3)— (1 =711 — (n—n1)?) = 3nn1(n — ny),

which implies that

(5.16) max { |1 —n®[; |7 —nif; |1 =7 — (n—n1)%| } > [nna(n—ny)|.

Case s = 0. Combining (5.16) and the definition of A it follows that

(5.17) |7 —n3| > |nni(n —ny)| > n?/2.

Hence we only have to show that

T dT1
(5.18) / <ec.
nIZEA J At m=nih == (0= m)?)
Changing variable
(5.19) 0=r1 —n}

and using the notation

(5.20) a=T7—n+3nni(n—n)
we find that
/00 dT1
L+ [m —ni)(A+[7 =71 — (n—m)?|)
(5.21) -
_/ de < clog(2 + |a|)
) a+)a+l—al) = 1+lal

Inserting (5.21) into (5.18) and using Lemma 5.1 we complete the proof.
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Case p = —s = 1/2. In this case we have that in A
(5.22) (1+ |7 = n2DY2 > |n|Y?n1(n — ny)|M2

Therefore the proof reduces to the previous case.

Lemma 5.3. If p=—s€[0,1/2], then

1
A+ —nd)72 "
(5.23) 1/2
2(1-2p) _ 2p d
Z / |n| |nny(n —ny)| T “e

b I+|r=—n3))A+|7—71— (n—n1)3))

where
D =D(ny,mn) = {(n,r) ELZXR|n#n,
(5.24)
) < I =l == (0= )] < I
Proof. As in the previous case it suffices to consider the cases s =0 and s = —1/2.

Case s = 0. From the definition of D and the relations (5.15)-(5.16) it follows that
(5.25) |71 —ni| >n?/2.

Hence the proof reduces to that in Lemma 5.2, case s = 0.

Case p=—s =1/2. Since
(5.26) (L +Im = niDY2 > 2 [na(n = na)[1/?

the numerator in the integrand in (5.23) cancels the expression outside the paren-
theses. Hence the proof follows the argument in the previous case.

Proof of Theorem 1.2. Using (5.2)-(5.3), and the Cauchy-Schwarz inequality we
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write
[ B(F, F)|y.

Ysb—1 HB(faf)HLf_Z?L

- z/ LU
“\& ) Trlr—ninpe

Ini(n —n)[Pf(n,m)f(n —ni, 7 — 1) 2\ 2
Z 1/2 31/2 dri| dr
nlin 1+ |T1 1|) (1+ |T7T1 - (ninl) |)
n1#£0

(2 / T
“\& ) T =) P

[n1(n —ny)[*
Z 57 4
) A+n=nihA+[r =7 = (n—n)?|
(5.27) n1#0 ™

1/2
(Z /|f ni,71)f(n—ni,7— 71| dT1>dT)
ni#n

n1#0

n 1 o
(L+ |7 —n3[)1/2 [n|r

ni(n —ny)|? 1/2
(Z / 1+|nn1||><11(+|rl)r|j <nm>3|>dﬁ)

— 00

Leotge
ni#£n

1/2
(Z Z //|f ni, ) *f ”_n177—7'1)|2d71d7-)

n#0Q n1#n
ny#0

= 0|22 -

To complete the proof we just need to show that ¥, defined above, is bounded.
But this follows by combining Lemmas 5.2 and 5.3, using duality and symmetry
arguments.

6. PROOF OF THEOREMS 1.4, 1.8
We recall the notation introduced in (5.5)
n 1

—X
(1 4|7 = n3))'= |n|e

(6'1) nq n—nl Pf(ny, n—mi;,T—T
T / | )P f(n1, ) )

Lt |m = ni)P (L +[r =71 = (n—n)?))P

By (f; f)(n,7) =

dTl.

nq#0
nq#n

First we shall see that the condition

1
f

is necessary for the boundedness of B, ;(f,

).
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Lemma 6.1. If there exists p € R such that for any f € L2(?

(6.3) 1Bos(f, Hllzes < ¢ 112262,
then

1
(6.4) b= 3

Proof. Choose

(65) f(TL,T) =0an Xy, (T - 713)7
where

1, =1, N -1,
(6.6) ar = "

0, elsewhere,
and

1, |z <,

6.7 =
(6.7) Xo () { 0, elsewhere.

We evaluate B, (f, f)(n,7) at n = N and bound it below by

N

(6.8) A1 ]7 - N30

for those 7’s for which there is a 7 interval of size larger than a fixed positive
constant such that

1
(6.9) =1 <5 and |r—m— (N -1)°| <

N | =

Assuming that
1 s 1
(6.10) |7‘1—1|§Z and |[1—7 — N +1+3N(N—1)|<§
we have that (6.9) holds and
(6.11) |T — N3| ~ N2

Hence, (6.3) implies that

(6.12) <c forany NeZ*

N2(1-b)
and consequently

(6.13) b<1/2.
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To see that b > 1/2 we note that polarization and duality show that if (6.3)
holds, then a similar inequality must hold for B, (-, ), where

~ 1
Boalf, ) = G —am

(6.14) |n| f(n,T) [ni(n—n1)|P f(n—ny,7—71)
;o / (I+|r=n3)=0Infr (A+|r—71—(n—n1)3)° o
n#Eny T

i.e., (6.3) is equivalent to

(6.15) 1Boolf iz 2 < e llflees-
We choose
(616) f(n77-) = an1/2 (T - n3)7
where
1, m=N-1,N,
0, elsewhere,
and we evaluate gpyb(f, f)(n1,71) at ny = 1 and bound it below by
N
6.18 L S
( ) (1+|m — 1)

for those 71’s for which there is a 7 interval of size larger than a fixed positive
constant such that

(6.19) T —N3| <= and |1—7 — (N -1} <

DN | =
N =

Clearly (6.19) holds in an interval of 71’s of length larger than % in which
(6.20) |71 — 1| ~ N2
Hence (6.15) implies that

N

(6.21) N S <c¢ forany NeZ"
and consequently

1
(6.22) b > 3

which completes the proof.

Proof of Theorem 1.4. By Lemma 6.1, it suffices to see that (6.3) with b = 1/2 fails
for p=—s>1/2.
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We choose
(6.23) f(n,7) = anxa (7 =%,
where
(6.24) n = { 3): leszhﬁ;.

We evaluate B, 1/2(f, f)(n,7) at n = N and bound it below by

N 1
1+ |7 — N3))I/2 N»

(6.25)

for those 7’s for which in a unit size interval of 7’s we have

(6.26) |1 — (N/2)*| <1 and |7 —7 — (N/2)?| < 1.
Assuming that

(6.27) I — (N/2)%| < = and |r—2(N/2)3 <1

N =

it follows that (6.26) is satisfied. Moreover

(6.28) |7 — N3/4| < % implies |7 — N?| ~ N?.
Hence

(6.29) N]?\)f/2 NP <c¢ forany N € Z*.
Therefore

(6.30) o< %

Proof of Theorem 1.8. Using the notation in (6.1) we define
(6.31)

BB(fvfaf)(n7T) =

n 1 o
(L+[r=n3)t=t (1 + [n])?

Z Z / fnlle (14 [n4])? f(nzfnlﬁz*Tl)(14r|712*n1|)”><
(14 |m —nd[)® (I+ |2 — 71 — (n2 —n1)3[)®

na#n "1¢n2 oo —o0

f(n—ng, 7 — 1) (14 |n—ns|)?
I+ |7 =71 — (n—mn2)3|)°

dTldTg.
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Thus to obtain (1.19) it suffices to show that

(6.32) 1B5(fs 9, M)llLzez < ¢ |fllpzez llgllnzez 1Pl 2262

TN

fails for any p = —s > 1/2.
An argument similar to that used in the proof of Lemma 1 allows us to restrict
ourselves to the case

1
6.33 b= —.
(6.33) 5
We now choose
(6.34) = An X1,y (r— n3)7 9= an1/4 (r— n3)= h = an1/4 (r— n3)=
where
1, n= N, 1, n=—-N+1, 1, n=N -1,
6.35) an=14 bo=4 =4 "
0, elsewhere, 0, elsewhere, 0, elsewhere.

Performing the addition and integration in (6.31) in the ny, 7 variables respec-
tively we find

ZanlbnzfnlNQP/Xl/zx (Tl - n%)X1/4 (T2 - T (n2 - nl)g)dTl
n1

(6.36) >~ Zczmbm_nlN2pX1/2 (19 —n3 + 3ngni(ng — ny))

ni

~c an2N2pX1/2(7'2 —1—-3N(N-1)),

where

1, na =1,
(6.37) Oy =
0, elsewhere.

Now performing the operations in the nq, 75 variables we get

(6.38) N2t /XW (72 = 1=3N(N = 1)x,,, (T =72 = (N = 1)°)dr
6.38 -

=c ngx(T—Ng).

By inserting this computation in (6.32) it follows that

N3P
N +
(6.39) N N <c¢ forany N € ZT.
Hence
1
(6.40) 20+1<0, ie. s=-p> 3
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