WELL-POSEDNESS OF KDV TYPE EQUATIONSS
XAVIER CARVAJAL AND MAHENDRA PANTHEE

ABSTRACT. In this work, we study the initial value problems associated to some
linear perturbations of the KdV equations. Our focus is in the well-posedness issues
for the initial data given in the L?-based Sobolev spaces. We develop a method that
allows us to treat the problem in the Bourgain’s space associated to the KdV equation.
With this method, we can use the multilinear estimates developed in the KdV context

thereby getting analogous well-posedness results for the linearly perturbed equations.

1. INTRODUCTION

In this paper we consider the initial value problems (IVPs)

Vg + Vggw +nLv + (V¥1), =0, 2z €R, t>0,kecZT,
v(z,0) = vo(z),

and

Us + Ugge + nLu+ (u)1 =0, 2R t>0keZT, (1.2)

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

where 7 > 0 is a constant; u = u(z,t), v = v(x,t) are real valued functions and the

~

linear operator L is defined via the Fourier transform by Lf (&) = =& f(&).
The Fourier symbol

n 2m

(&) = chz’,jfi’f‘ja cij ER, compn = —1, (1.3)

j=0 i=0

2000 Mathematics Subject Classification. 35A07, 35Q53.

Key words and phrases. Initial value problem, Well-posedness, Bourgain spaces, KdV equation.
X.C. was partially supported by FAPERJ, Brazil under grants E-26/111.564/2008 and E-26/

110.560/2010 and by the National Council of Technological and Scientific Development (CNPq),
Brazil, by the grant 303849/2008-8.

M.P. was partially financed by FEDER Funds through “Programa Operacional Factores de Com-
petitividade - COMPETE” and by Portuguese Funds through FCT - “Fundacao para a Ciéncia e a

Tecnologia”, within the Projects Est-C/MAT/UI0013/2011 and PTDC/MAT /109844 /2009.
1



2 XAVIER CARVAJAL AND MAHENDRA PANTHEE

is a real valued function which is bounded above, i.e., there is a constant C' such that
P& < C.

We observe that, if u is a solution to the IVP (1.2) then v = u, is a solution to the
IVP (1.1) with initial data vy = (up),. That is why (1.1) is called as the derivative
equation of (1.2).

In this work, we are interested in investigating the well-posedness results to the IVPs
(1.2) and (1.1) for given data in the low regularity Sobolev spaces H*(R). Recall that,
for s € R, the L*-based Sobolev spaces H*(R) are defined by

HY(R) :={f € 8'(R) : [|f]|a- < o0},

where

/]

wei= ([rieprifioras)”,

and f(€) is the usual Fourier transform given by

f&) =F()(©) = %27 /R =% f(2) d.

The factor \/%Tr in the definition of the Fourier transform does not alter our analysis,
so we will omit it.

The notion of well-posedness we use is the standard one. We say that an IVP
for given data in a Banach space X is locally well-posed, if there exists a certain time
interval [—T, T and a unique solution depending continuously upon the initial data and
the solution satisfies the persistence property, i.e., the solution describes a continuous
curve in X in the time interval [=T,T]. If the above properties are true for any time
interval, we say that the IVP is globally well-posed.

Before stating the main results of this work, we present some particular examples that
belong to the class considered in (1.1) and (1.2) and discuss the known well-posedness
results about them.

The first examples belonging to the classes (1.1) and (1.2) are

Vg + Vazz — N(HVp + Hvgey) + (0FF), =0, 2R, t>0, k€ Z, (1.4)

v(x,0) = vo(x),
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and

Up + Ugzz — N(Htg + Htlgee) + (u)* 1 =0, 2€R, t>0,keZt, (15)

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

respectively, where H denotes the Hilbert transform

Hg(x) = P.V.%/—g(xg f)alf;

u=u(x,t), v =uv(x,t) are real-valued functions and n > 0 is a constant.

The equation in (1.4) with £ = 1 was derived by Ostrovsky et al. [19] to describe
the radiational instability of long waves in a stratified shear flow. Recently, Carvajal
and Scialom [8] considered the IVP (1.4) and proved the local well-posedness results
for given data in H*, s > 0 when k = 1,2,3. They also obtained an a priori estimate
for given data in L?(IR) there by proving global well-posedness result. The earlier well-
posedness results for the IVP (1.4) with k£ = 1 can be found in [1], where for given data
in H°(R), local well-posedness when s > 1/2 and global well-posedness when s > 1
have been proved. In [1], the IVP (1.5), when k = 1, is also considered to prove global
well-posedness for given data in H*(R), s > 1.

Another model that fits in the classes (1.2) and (1.1) respectively are the Korteweg-de
Vries-Kuramoto Sivashinsky (KdV-KS) equation

Ut + Ugge + n(uzm + ux:pxac) + (uz)z = O; S R? t > 07

(1.6)
u(x,0) = uo(x),
and its derivative equation
V¢ + Vgge + n(vmm + 'sz:mc) + vy, = 07 MRS R; t 2 07 (1 7)

v(z,0) = vo(x),

where v = u(x,t), v = v(z,t) are real-valued functions and 1 > 0 is a constant.

The KdV-KS equation arises as a model for long waves in a viscous fluid flowing down
an inclined plane and also describes drift waves in a plasma (see [11, 21]). The KdV-KS
equation is very interesting in the sense that it combines the dispersive characteristics
of the Korteweg-de Vries equation and dissipative characteristics of the Kuramoto-

Sivashinsky equation. Also, it is worth noticing that the equation (1.7) is a particular
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case of the Benney-Lin equation [2, 21], i.e.

Ut + Vzgz + N(Vze + Vszoz) + Blsgzes + 00, =0, z €R, 1 >0,
v(z,0) = vo(z),
when (= 0.
The IVPs (1.6) and (1.7) were studied by Biagioni, Bona, Iorio and Scialom [3]. The
authors in [3] proved that the IVPs (1.6) and (1.7) are locally well-posed for given data

(1.8)

in H°, s > 1 with n > 0. They also constructed appropriate a prior: estimates and
used them to prove global well-posedness too. The limiting behavior of solutions as
the dissipation tends to zero (i.e., n — 0) has also been studied in [3]. The IVP (1.8)
associated to the Benney-Lin equation is also widely studied in the literature [2, 4, 21].
Regarding well-posedness issues for the IVP (1.8) the work of Biagioni and Linares [4]
is worth mentioning, where they proved global well-posedness for given data in L*(R).

Now, we state the main results of this work. The first result deals with the local
well-posedness results for the IVP (1.1), while the second result deals the same for the
IVP (1.2), with low regularity data.

Theorem 1.1. Let n > 0 be fized and ®() be as given by (1.3), then the IVP (1.1) is
locally well-posed for any data vy € H*(R), in the following cases:

k=1, s> —3/4,

k=2, s> 1/4,

k=3, s> —1/6,

k=4, s> 0.

Theorem 1.2. Let n > 0 be fized and ®(&) be as given by (1.3), then the IVP (1.2) is
locally well-posed for any data ug € H*(R), in the following cases:

k=1, s> 1/4,

k=2, s> 5/4,

k=3, s> 5/6,

k=4, s> 1.

The first main result, Theorem 1.1, deals with the quite general Fourier symbol

and generalized nonlinearity. As discussed above, some particular cases are studied



WELL-POSEDNESS OF KDV TYPE EQUATIONSS 5

in the recent literature. In particular, the result of Theorem 1.1 improves the local
well-posedness result for (1.4) with £ = 3 obtained in [8]. It is worth noticing that,
when 7 = 0 and k = 2, the IVP (1.1) turns out the modified KdV equation. We know
that for the modified KdV equation local well-posedness holds for data in H®, s > 1/4
and we have ill-posedness for s < 1/4. However, for k =2, (&) = [£] — [£]* and > 0
it has been proved in [8] that the local well-posedness holds for s > 0. Therefore, it
would really be interesting to study the limiting behavior when n — 0. As noted in
[8], it is still an open problem.

At this point, we would like to note that the first main result for £ = 1 is just the
reproduction of our earlier result in [7]. Although the result presented in Theorem 1.1
in [7] is correct, in the due course of time, we found a misleading argument employed
in the proof. More precisely, the estimate (2.5) in [7] was not as it should have been.
In this work, this flaw has been corrected (see Lemma 2.3, below). This correction
leads us to develop the contraction mapping scheme in the space X,_,,_ Ly p

The second main result, Theorem 1.2, in particular, improves the local well-posedness
results for (1.5) with k£ = 1 obtained in [1] and for (1.6) obtained in [3].

To prove the main results we follow the techniques used in [7]. The main idea is
to use the theory developed by Bourgain [5] and Kenig, Ponce and Vega [17]. The
main ingredients in the proof are estimates in the integral equation associated to an
extended IVP that is defined for all ¢ € R (see IVPs (1.14) and (1.13) below). The main
idea is to use the usual Bourgain space associated to the KdV equation instead of that
associated to the linear part of the IVPs (1.1) and (1.2). To carry out this scheme,
the Proposition 2.3 plays a fundamental role which permits us to use a multilinear
estimates for 0,(u?), 0,(u®) 0,(u') and 9,(u’) proved respectively in [17]), [20], [15]
and [18].

As noted earlier, the IVPs (1.2) and (1.1) are globally well-posed for given data in
H*(R), s > 1. As the models under consideration do not have conserved quantities, the
global well-posedness have been proved by constructing appropriate a prior:i estimates.
However, for given data in H*(R), s < 1 no a priori estimates are available. Also,
the lack of conserved quantities prevent us to use the recently introduced I — method

[12, 13], to obtain global solution for the low regularity data.
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Now we introduce function spaces that will be used to prove the main results. We
consider the following IVP associated to the linear KdV equation

Wy + Wy =0, x,t ER,
(1.9)

w(0) = wp.
The solution to the IVP (1.9) is given by w(z,t) = [U(t)wo)(x), where the unitary
group U(t) is defined as

—

U(t)wo(€) = ™ wp(€). (1.10)

For s,b € R, we define the space X, as the completion of the Schwartz space S(R?)

with respect to the norm

leollx,, = 10 (=tpwll, , =1(r€) U(=tw(€, ) 2z
=Il{7 — €7 B(E, 7) | 22

THE

(1.11)

where w(&, 7) is the Fourier transform of w in both space and time variables, and
(- = (1+]-[*)Y2 The space X, is the usual Bourgain space for the KdV equation
(see [5]) and using the Sobolev embedding theorem one has that X, C C(R; H*(R)),
whenever b > 1/2.
Note that, the IVPs (1.2) and (1.1) are defined only for ¢ > 0. To use Bourgain’s
type space, we should be able to write these IVPs for all t € R. For this, we define
n it t >0,

n(t) = nsgn(t) = (1.12)
—n if t<0

and write the IVPs (1.1) and (1.2) in the following forms

Uy 4 Uggw + () Lo + (WY, =0, z,teR, ke Zt,
t n(t) ( ) (1.13)

’U(O) = Vo,

and

Up + Ugge + () Lu+ (u)**1 =0, z,teR, keZ, (1.14)

u(0) = uy,
respectively. From here onwards we consider the IVPs (1.13) and (1.14) instead of
(1.1) and (1.2) respectively.
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Now we consider the IVP associated to the linear parts of (1.14) and (1.13)

Wy + Waee +N(t)Lw =0, z,t R,
t n(t) (1.15)

w(0) = wy.
The solution to (1.15) is given by w(x,t) = V(t)wo(x) where the semigroup V(t) is
defined as

V(t)wo(€) = € +mHe @ (g). (1.16)

Observe that, defining U (t) by U()ug(€) = ey (¢), the semigroup V(¢) can be
written as V(t) = U ()U(t) where U (t) is the unitary group associated to the KdV
equation (see (1.10)).

This paper is organized as follows: In Section 2, we prove some preliminary estimates

and in Section 3 we prove the main results.

2. PRELIMINARY ESTIMATES

This section is devoted to obtain some preliminary estimates that are essential in
the proof of the main results.
Before going to details, we consider a cut-off function ¢» € C*°(R), such that 0 <
U(t) <1,
1 if |t <1,
w(t) = (2.1)
0 if |t] > 2.
Also, we define ¥r(t) = ¥(%).
Let p = 2m + n, observe that the Fourier symbol given in (1.3) can be written as
) =—leF+ Y cflkF, cgER,
0<i<2m, 0<j<n,

(i) #(2m.n)
= — &P + 21(8), (2.2)

where the degree of @, is less than p. In what follows, we present some elementary

lemmas.
Lemma 2.1. There exists M > 0 such that for all || > M, one has that

D(§) = —[¢[" + ®1(§) < —L. (2.3)
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Proof. The inequality (2.3) is a direct consequence of

® () +1

lim =0.

oo [P

Lemma 2.2. The Fourier symbol ®(&) satisfies the following estimate

(D(S)) < ().

Proof. 1t’s not difficult see that

(@()) <(|€P) + (@1(€))
<O+ D laglElEr)

0<i<2m, 0<j<n,
(4,5)#(2m,n)

<"+ > i [(€)™

0<i<2m, 0<j<n,
(4,5)#(2m,n)

<@ |1+ Z |ci g

0<i<2m, 0<j<n,
(,5)#(2m,n)

Lemma 2.3. Let 0 < T <1,1/2<b<1 and a < B. Then we have

H\PT(')eaHHHf < CGQB(T%_b N |a|b—1/2)‘

(2.4)

(2.5)

Proof. Let h(t) = W(t) e so that hy(t) = Up(t) el A straight forward calculation

yields

[ () || o = Nl gy < TRl + T2 DYA|| .
We know that

2
A2, = / WP T dr < MW
—2

(2.6)
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To bound the term HthH 12> We explore /E(T) by integrating by parts two times, and
get
~ Foo , 0 '
h(r) = / W(t)e e dt + / W(t)e Te " dt
0

—00

—1 oo dU . 1 S :
_ 1 T (t t(aT—it) dt | — 1— / T (t —t(aT+it) dt
aT—iT< +/0 dt<)e al 4t Oodt()6

—2aT 1 /*C’o d*v
0

, 1 O 2w .
t t((LT—lT) dt / t —t(CLT+ZT) dt
(aT)? + 72 + (aT — iT)? dt? (t)e + (aT +17)% J_ dt? (t)e

JFrom this we have that

d>v

2la|T 462”‘ ||
L= (2.8)
(aT)? + 72 (aT)? + 712

[h(T)] <
and
G < 42BT0||, . < ce?B. 2.9
L

From (2.8) and (2.9), we obtain that

2|a|T + ce*P
+ (aT)? + 712

[h(7)| < : (2.10)

Multiplying (2.10) by |7|°, taking square and integrating on R, we get

HDbhH2 = H|7’|b/ﬁ(7')H2 < ca2T2/ ‘T’% dT+ce4B/ |T‘2b dr
2 12 = R (1 4+ a2T? + 72)2 R (1 + a2T? +72)2
2 2

< caT? |7 d 43/ 7] d

< ca /R—(CLQTZ—I—TQ)2 T+ ce R—(1+72)2 T

S C|CLT|2b_1 +C€4B

< ce*BlaT)? 1, (2.11)
where in the second inequality we used 7 = |a|Tz. Thus

U7 (e o < ce®® (T2 +T?70 + |af /) | (2.12)

Since T' < 1, we conclude (2.5) from (2.6), (2.7), (2.11) and (2.12). O

Remark. Considering T = 1, the estimate (2.5) yields

Wop(- e | < ce?Bla)b1/2, 2.13
Hi
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I what follows we present some results from the earlier works [9] and [7]. Before

providing the exact announcement we gather some elementary estimates.

Proposition 2.1. For any functions ¢, g such that pg € H' and suppyp C [—L, L] we

have

d

legllzz < CLI— (¢)lll22, (2.14)

where C' s independent of g, @, L.

Proof. We have
L
lealls = | lote) ela)Pde < 2 Llipgl-.

Now, using the known inequality ||u||%e < c||ul|p2]|v/||L2, we get

d

lgellze < CLllgellzll 7 (g ¢)ll2,
thereby getting the required estimate.
0
Lemma 2.4. The following estimate holds true
[¥rgllm < Cl[Warg|m. (2.15)

Proof. We have
d
gl ~ [1¥rgllze + 1|2 (Yrg)| 2.
It is obvious that |Wrg||z2 < || Varg|[zz. Thus to get the desired estimate (2.15) it is
enough to prove that

d d
H%(\PTQ)HLQ < C||E(‘I’2T9)||L2- (2.16)

In order to prove (2.16), observe that in the support of ¥ one has g = gWsr. On
the other hand

d

d
(Vrg)|lL = “E(\I}T)g + ‘I’TE(Q)HB

d d
< | (gl + 127 (@) (2.17)

E
dt

. From the observation above (¢ = gWor in the support of ¥7) we get

d d d
H\IITE(Q)“LQ = H\IITE(Q%T)HB < ”E(Q%T)”LQ' (2.18)
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We have that
! t 2 ! t 2 2
IV alls = [ 1V Pla0)ar
t
< lgWarli [ 10(Pa:
R
= Tllg¥arlffe [ |0 dr
R
< CoT||g¥ar|? . (2.19)

Now, using the known inequality |u|3e < c|jul|z2||t/]|z2; from (2.19) and (2.14) it
follows that

t d
19" ()9ll72 < CorTllgWorllrz|l = (g%ar)|| 2
T dt
d
< CW'TQHd—(g%T)H%%
t
and this completes the proof of the lemma. O
Proposition 2.2. Let 0 < b <1, By < By <0. Then,

o (2.20)
Hb

sty [ e o) o

0

<C(1+7T) H\IJQT(t) /t eIl £ (1) da

0

Hb

where C' = Cy = CmaX{H\IJHLOO, H%Hmo} is a constant independent of By, By and f.

Proof. For the proof of this result follows by using estimate (2.15) from Lemma 2.4.
For details we refer to [9)]. O

Lemma 2.5. Let —1/2 < <0, 1/2<b<¥V/3+2/3, T € (0,1], |a| < B. Then

t
[4r(t) /0 M F () || gy < e TP f o, (2.21)
where cpy 15 a constant independent of a, f and T'.

Proof. A detailed proof of this lemma has been presented in [7], so omit it. U

We start with following Proposition that plays a central role in the proof of the main
results of this work. The result of this Proposition allows us to work in the usual X
space associated to the KdV group U(t) defined by (1.10) instead of the Bourgain space
associated to the group V(¢) defined by (1.16).
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Proposition 2.3. Let b > 1/2 and —1/2 < ¥ <0, T € (0,1]. Then we have

[V Euollx, , < lunlleso-ro (2.22)

If1/2<b<¥V/3+2/3, s€R then

t
lr(t) / V(- t)F(t)d | x,, < TP R (2.23)
O b b

where ¢ 1s a constant.

Proof. In order to prove (2.22), we have

[V (2l , = 1€ () [ .

Using Lemma 2.2 and Lemma 2.3, we obtain

IV Bl x,, < II€ () |lv() <I>(£)77|t\HH? Iz
< dl{e)® uO<s><<1><s>>b*%HL§
< e BENE™ P 2,

and this proves (2.22).
Now, in order to prove (2.23), let M be as in Lemma 2.1. From definition of Bour-

gain’s space, we have that:

o) [ V(E=OR@ I, = 1€ Ton(0) [ PR g

0

t
s —it! 3 4t -
<[I<&) |er<t>/0 e PO R ()t | o | L2 <an)

t
s it g3 =
e rle) [ e MDY e
L (2.24)
To estimate I;, note that for |{| < M, one has
n  2m n  2m
A< Y D el lEFIel <D0 el M7 =2 e,
§=0 i=0 §=0 i=0
Therefore, using Lemma 2.5, we obtain

/1o — €3
L <eary TR (6| F ()IIHb'||L2<|£|<M)

SCM7¢T1+b,/2_3b/2”F| ¥

s,b! "
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To estimate I3, we observe that for || > M, one can write the Fourier symbol as
O(&) = (P(€) + 1) — 1, where from Lemma 2.1 (£) + 1 < 0. Now, using Proposition
2.2 and Lemma 2.5, we get

t —_—
I <a(1+ T)||(§>S||¢2T(t)/0 e e MR ) (€)dt |l el 2er2 )

Schl+b’/2—3b/2HF’ %

(2.25)

s,b! "

g

In what follows we record the familiar multilinear estimate in the Bourgain’s space

associated to the KdV group.

Proposition 2.4. Let k = 1,2,3,4 and s > ay. There exist v € (%, 1) and r(s) > 0
such that if b, b’ are two numbers satisfying 1/2 <b <V + 1<~ andt/ +1/2 < r(s),
then for uw € Xy, the following estimate holds

1" Dallx,, < cllullk’, (2.26)
where,
3 1 1
a; = VR Az = 1 az = 6 ag = 0. (2.27)
Proof. For the proof we refer to [17, 14], [20], [15] and [18] respectively for k = 1, k = 2,
k=3 and k = 4. O

Before providing another multilinear estimate to prove Theorem 1.2, we introduce
some new notations from [20] and auxiliary results.
For any abelian additive group Z with an invariant measure d¢, we use I'y(Z) to

denote the hyperplane
Fk(Z):{(gli7§k>€Zk§1++€k:0}7 k227
endowed with the measure

/ f= f(fb"' afkfla_fl_"'_gkfl)dfl"'dfkfl-
I'y(2) Zk=1

We define a [k; Z] — multiplier to be any function m : I'y(Z) — C and also define
|m||jk;2) to be the best constant such that the inequality

k
H fil&)] < ||7”"L||[kz1l_[||fg||L2
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holds for all test functions f; on Z. Note that, in our case the abelian group Z will be
Euclidean space R™"! with Lebesgue measure.
In what follows, we state in the form of Lemmas, some properties satisfied by the

[k; Z] — multiplier, whose proof can be found in [20].

Lemma 2.6 (Comparison principle). If m and M are [k; Z] multipliers such that
(m(&)] < M(&) for all § € Tk(2), then [|mllgz) < [M||p.z) and

e

Im(& H E sz < llml sz H lla[o0

where aq, -+ ,ag are functions from Z to R.

Lemma 2.7. For any [k; Z] — multiplier m : Z¥ — R, the following properties hold

true.

(1) T'T™ identity:

m(&, - &) m(=Ehrts - - - —&an) lzksz) = [[m (&, - - 75k)|’[2k+1;z}~

(2) Translation invariance:

[m(E) k21 = [[m(€ + &)l

for any & € Tw(2).
(3) Awveraging:

[lm s pallwszy < limllwsz) [l ll o i 29,

for any finite measure p on I'y(Z).

The following proposition is crucial in proving multilinear estimates that are essential

in the proof of the second main result of this work.

Proposition 2.5. Let k = 2,3,4,5. Under the hypothesis of the Proposition 2.4, we

have

k
X ST lullx,, s> s (2.28)

k
111wl
j=1

where so = —3/4, s3 =1/4, s4 = —1/6, s5 = 0.
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Proof. To prove the estimate (2.28), we will use the techniques developed by Tao in
[20] on [k, Z] multipliers.
Consider u; € X, for j =1,... k, upy1 € X_5_ and use properties of the Fourier

transform, to obtain

k
Llwenmmne=[ [ @@mnacn..

k—1 k—1
(=Y & T =Y )i (=€ —7)didr . dég_ydr_ydédr
j=1 j=1

k+1
= /§1+§2+"‘+€k+10 H l/L\j(fj, Tj)d51d7'1 PN d€4d7'4,

Ti+7T2++TE41=0 ;_1

]:
Therefore, using duality proving (2.28) is equivalent to proving

unallx, -

k+1 k
Xs,b
=1

/ 1. m)dwdn . .. deadria S [ llul

T1HT2t 71 =0 5 J

Let

(€ — Ve, ) = fi(6,7), j=1,....k
(Ee1) " (Tt — €)Y T (6,7) = Frra (6, 7).

Now with these considerations, proving (2.28) is equivalent to proving

k+1 k+1

/51+§2+~-+£k+1—0 m((&.7), - (G i) [ [ Fi(& ) déadm - d&adrn ST 1fillzz,.
j=1 j=1

Ti+72++7,41=0
(2.29)

where

(k1)®

m((&1, 1), - (et Tha)) = [T (&) TI oy — &y’

and by = - = by = b, bpyy = —b.

So, we need to prove that the [k + 1, R?] — multiplier estimate is finite, i.e.,

(2.30)

[l 412 < 00

We know from Proposition 2.4 that the following [k + 1, R?] — multiplier estimate

(&, 1), (Errt, Thr1)) = |€k+1|i§k1+l>s (2.31)

ITj-u (&) T2y = €)%

where by = --- = b, = b, by, = —U'; is finite.
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Observe that we may restrict the multiplier (2.30) to the region |{x11]| > 1, (since the
general case then follows by an averaging over unit time scales). The |{;| < 1 behavior

of m is usually identical to its |£;| ~ 1 behavior, see Section 4 on X, spaces in [20]

pag 17).
In the high frequencies, we have
m < m,
and the Comparison principle implies that ||m||j+1,r2) < 00 as required. O

Remark. We note that the multilinear estimates without derivative hold in the Xy
spaces with low regqularity than that with derivative. For example, in the case k = 3
the inequality (2.28) holds true for s > —1/4, see [6], and with derivative holds for
s > 1/4, see (2.26) in Proposition 2.4 above.

The following Lemma is an immediate consequence of Propositions 2.4 and 2.5 and

will be used in the proof of Theorem 1.2.

Lemma 2.8. Let k = 1,2,3,4. Under the hypothesis of the Proposition 2.4, we have

(ue) ., < cllul

Lo (2.32)

whenever,
k=1, s> 1/4,

k=2, s>5/4,
(2.33)
k=3, s>5/6,

k=4, s> 1.

Proof. Let k =1,2,3,4, and consider s satisfying (2.33). As (£)* = (£)*71(¢), we have

() N xor < N Dalua) ™ Mlx, 0 A+ 1) x e (2.34)
For the first term we have
D0 (ua)* i,y < clluali, < cllulliE, (2.35)

where in the first inequality the bilinear estimate (2.26) has been used.

In order to estimate the second term in (2.34), we use (2.28) to obtain

()|

Xt < cllualli < cllulliE (2.36)
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which completes the proof of (2.32). O

3. PROOF OF THE MAIN RESULTS.

Proof of Theorem 1.1. As discussed in the introduction, we will use Bourgain’s space
associated to the KdV group to prove well-posedness for the IVP (1.1), therefore we
need to consider the IVP (1.13) that is defined for all ¢. Now consider the IVP (1.13)

in its equivalent integral form

v(t) = V(t)vg —/0 V(t — )" ()t (3.1)

where V (t) is the semigroup associated with the linear part given by (1.16).
Note that, if for all t € R, v(t) satisfies

olt) = DOV (B = vrtt) [ V=)0,
with 7" € (0, 1], then v(¢) satisfies (3.1) in [-7,T]. We define an application
W(w)(t) =¢(8) V(t)vo — ¢r(t) /0 V(t =) (") (¢)at.

Let k € {1,2,3,4}, and s > ay, where a; is given by (2.27). Let vg € H® and let us
define b:=1/2+4 ¢, V/ := —1/2 4 4e, with 0 < € < 1 satisfying

— 1/3
O<e<min{8 pak’zl(zl_%>}’ (3.2)

where v and r(s) are as in Proposition 2.4. With this choose of b and ¥’ it is easy to
verify that all the conditions of Propositions 2.3 and 2.4, and Lemma 2.5 are satisfied.

For M > 0, let us define a ball

< M}.

Xsfp(bf%),b -

ij‘{p(bfé),b - {f S Xs—p(b—%),b; ||f|

We will prove that there exists M such that the application ¥ maps XM into

s—p(b—%),b
XM

and is a contraction. Let v € X ;‘/_f » ,- By using Proposition 2.3, we get

s=p(b—3).b (b—3),
[e@)lx, . < el + TNl (33)
where a:=1+ % — 3 = £ > (. The use of Proposition 2.4 in (3.3) yields
Nx, s < ol + Tl (3.4
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whenever
(
s—p(b—%)>—3/4, for, k=1,
s—pb—1)>1/4, for, k = 2,
p( 3) / (3.5)
s—pb—3)>-1/6, for, k=3,
3)

V
o

for, k =4,

holds, which is true because of the choice of b and arbitrarily small € satisfying (3.2).

Now, using the definition of X ;‘/_f one obtains

p(b—1).07

M M
| ()] < — 4T MF < = (3.6)

Xsfp(bf%),b - 4

where we have chosen M = 4c||vg||gs and ¢cT*M* = 1/4. Therefore, from (3.6) we see
that the application ¥ maps X,
is a contraction. Hence ¥ has a fixed point v which is a solution of the IVP (1.1) such
that u € C([—T,T), Hs?®~2)).

Since € > 0 is arbitrarily small satisfying (3.2) and b = % + €, this concludes the

b-1)b into itself. A similar argument proves that ¥

proof of the theorem. O

Proof of Theorem 1.2. This proof is analogous to that of Theorem 1.1. The only dif-

ference is that, in this case, we use Lemma 2.8 instead of Proposition 2.4. U

4. A PRIORI ESTIMATE: GLOBAL SOLUTIONS

In this section we find an a priori estimate that leads to conclude global well-
posedness of the IVPs (1.1) and (1.2).

Lemma 4.1. Let vg € H3*(R) and v € C([0,T], H3(R)) be the solution of (1.1) with

initial data v(z,0) = vy. Then the following a priori estimate

lo(®)llz2 < Cllvoll 2, (4.1)

holds true.

Proof. We multiply the equation (1.1) by v and integrate by parts to get
1d

57 v (x)dx + n/v(:v)Lv(x)dx = 0. (4.2)
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Now using our assumption on the Fourier symbol ® of L from (1.3), Plancherel’s

identity we obtain from (4.2) that

L )2 = / B(EBET(E)dE < O / / B(ERE)dE = Crllo(D)|22.  (43)

Now, integrating (4.3) in [0,¢] for ¢ € [0,7], and applying Gronwall’s inequality, we

obtain the required an a priori estimate (4.1). U

Remark. Asin Lemma 4.1, differentiating equation (1.2) with respect to x, multiplying
the resulting equation by u, and the integrating by parts and using Plancherel’s identity

and Gronwall’s inequality, we obtain the following an a priori estimate
10,u(t)|| 12 < C|Oug|| 2. (4.4)

Now, with the a priori estimates (4.1) and (4.4) at hand, one can prove the following

global results for the IVPs (1.1) and (1.2) for some particular values of k.

Theorem 4.1. Let k = 1,3, and vy € H*(R), s > 0, then the local solution to the IVP
(1.1) obtained in Theorem 1.1 can be extended globally in time.

Theorem 4.2. Let k = 1,3, and ug € H*(R), s > 1, then the local solution to the IVP
(1.2) obtained in Theorem 1.2 can be extended globally in time.
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