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ABSTRACT. In this paper we prove that the initial value problem associated
to the following higher-order Benjamin-Ono equation

Opv — bﬂ-@iv + aﬁgv = cvIzv — dOg (VHOLv + H(vOgv)),
where z, t € R, v is a real-valued function, H is the Hilbert transform, a € R,
b, c and d are positive constants, is locally well-posed for initial data

v(0) =wvo € H¥(R), s >2 or w € H*(R)NL?(R;x2dx), k € Z4, k > 2.

1. INTRODUCTION

We study the initial value problem (IVP) associated to the following higher-order
Benjamin-Ono equation

0w — bHO*v + ad3v = cvOv — dO, (VHIv + H(vO,v))
(1.1) 20 + a0
v(x,0) = vo(z),

where x, t € R, v is a real-valued function, a € R, a # 0, b, ¢ and d are positive
constants, and H is the Hilbert transform, i.e.

(1.2) Hf(x) =p.v. 1 Mdy.
TIJRE Y

The equation above corresponds to a second order approximation of the unidirec-
tional evolution of weakly nonlinear dispersive internal long waves at the interface
of a two-layer system, one being infinitely deep. It was derived by Craig, Guyenne
and Kalisch [4], using Hamiltonian perturbation theory.

In this work we are interested in establishing a well-posedness theory for the
IVP (1.1) in usual Sobolev spaces. We first observe that the L?-norm as well as
the quantity

(1.3) H(v) = / (a(@xv)Q + buHOv + %113 - vaiH@Iv) dx
R

are conserved by solutions of the equation in (1.1).

In contrast with the IVP associated to the Benjamin-Ono equation (see [1, 3, 8,
9, 11, 17, 21, 23]) there are no well-posedness results for the IVP (1.1) available in
the literature. In [19] it was shown that the map data-solution of the IVP (1.1)
from H*(R) to C([0,T]; H*(R)), for any s € R, is not C2. Thus one has that local
well-posedness in H*(R) cannot be established by a fixed point argument using the

2000 Mathematics Subject Classification. Primary 35Q53, 35G25; Secondary 76B15, 35B45.

Key words and phrases. Benjamin-Ono equation, gauge transformation.

The first author was partially supported by CNPq/Brazil. The third author was supported by
a NSF grant.

1



2 F. LINARES, D. PILOD, AND G. PONCE

integral equation. The techniques in [19] follow the ideas used in [18] to obtain a
similar result for the Benjamin-Ono equation.

The purpose of this paper is to investigate local well-posedness for the IVP (1.1).
In this direction our main results are next.

Theorem 1.1. Let k € Z, be such that k > 3. Then for any

(1.4) vg € ZF = H*(R) N L*(R; 2%dx),

there exist T = T(||vo|| z+) > 0 with T(a) /' 400 as a — 0, a space ZX. such that
Zk = C((0,T] : 27,

and a unique solution v of (1.1) in Z& satisfying v(-,0) = vy.
Moreover, for any T' € (0,T), there exists a neighborhood QF of vy in Z* such
that the flow map data-solution is smooth from QF into Zk,.

Our argument of proof follows the idea of the gauge transformation introduced
by Hayashi and Ozawa [7] in the one dimensional nonlinear Schrédinger equation,
and used in [15], [16] in related context. However due to the nonsmooth character
of the symbol modeling the dispersive relation and other features our problem does
not fall in the scope of these works.

After projecting into the positive and negative frequencies and applying the
gauge transforms to a system formally equivalent to the equation in (1.1) one per-
forms a fixed point argument using the smoothing properties associated to the
linear problem however one needs to include the L? norm with weight z2 to control
the gauge transform. One also should observe that one key tool in our analysis
to deal with the second order derivatives in the nonlinear terms was the use of a
commutator estimate (see Lemma 2.5 below) recently proved in [5]. The result in
Theorem 1.1 should be the best possible using a fixed point argument which agrees
with the result in [19].

One should also mention that the solution obtained in Theorem 1.1 solves the
IVP (1.1). Actually one can prove that under suitable data the system (3.11)
(below) and the IVP (1.1) are equivalent.

We can still improve the result in Theorem 1.1 noticing that H? would be suffi-
cient to obtain solutions via contraction mapping principle except to control ||zv|| 2.
Thus we can use an energy method argument to show the following result.

Theorem 1.2. For any vg satisfying
(1.5) vo € Z? = H*(R) N L*(R; 2%dx),

there exist T = T (||vol|lz2) > 0 with T'(«) /" +00 as o — 0, and a unique solution
v of (1.1) satisfying

(1.6) v e o(0,T): Z%),
(1.7) Ot Pyv e LS([0,T) : L(R)), 1=0,1,2.
(1.8) 9;Prv € L*([0,T]; LT, (R)),

(1.9) Oy (zv) € L2([0,T]; L3, .(R)),

loc
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and

—+oo
(1.10) Z sup sup 0L Pro? < 0o, 1=0,1.

j=—oc 0<t<T j/N<z<j/N+1

where N = N(T) € Zy. Moreover, the flow map data-solution : vo — v is
continuous from Z? in the class (1.6)-(1.10).

The next question is whether one can obtain local well-posedness for the IVP
(1.1) without impose the solution being in a weighted space. As we commented
above the restriction comes up when the gauge transform is implemented. More
precisely, the gauge transforms in our argument can be chosen either as

x

(1.11) P(z,t) = exp (i / v(y, t) dy)

—0o0
or

x

(1.12) O(x,t) = exp (i/v(y,t) dy)

0

In the first case since we only have v € L?(R) we need to use the |z(-)||%-norm
to control ®. The second case looks better since one just requires v(-,t) € L2 _(R)
to make sense of ® however in this case the application associated to the integral
equation fails to be a contraction.

To overcome that obstruction we use a compactness argument. We still use
the gauge transform and the same kind of estimates established in Theorem 1.1
to obtain a priori estimates for smooth solutions of the IVP (1.1) provided by the
argument used in [22]. Here is essential to select the gauge transform as in (1.12),
this will allow us to take the limit in H? without restriction on the data. The result
is as follows.

Theorem 1.3. Let s > 2. For any vg € H*(R), there exists a positive time
T =T(||lvo||g=) and a unique solution v of (1.1) satisfying

(1.13) v e C([0,T]; H*(R)),
(1.14) Dol Pyv € L5([0,T); L°(R)), 1=0,1,2,
(1.15) Pyv e L*([0,T); HLH (R))
and
“+o00
(1.16) Z sup sup |D, Prv|? < oo,

o 0SUST j/N<a<j/N+1

where 0 <r<s—2, N=N(T)€Z,.
Moreover, for any T" < T, there exists a neighborhood V' of vg in H*(R) such that

the flow map data-solution : Oy +— ¥ from V into the class defined by (1.13)—(1.16)
with T' instead of T is continuous.
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In the light of these results, the above comments on those in [19] and the con-
servation law (1.3) (which gives an a priori estimate of the H'-norm of the local
solutions) the question of the local well-posedness in H! (which implies global well-
posedness) presents itself.

Our arguments may be further refined to obtain the result for s > 7/4. In fact,
it may be possible that a modification of the original equation with an appropriate
gauge transform as in the work of Tao [23] for the BO equation can be used to
lower the regularity required for the existence. However in this case one still needs
to rely on the existence of solutions which as pointed out before is first established
here.

This paper is organized as follows: In Section 2, we introduce some notation
and derive several estimates useful in the proof of our main results. The proof of
Theorems 1.1 and 1.2 will be given in Section 3. Finally in Section 4 we show
Theorem 1.3.

2. NOTATIONS AND PRELIMINARY ESTIMATES

The following notation will be used throughout this article: (-,-)r2 denotes the
L2-scalar product for real valued functions, while J* = (1 — A)3 and D*® = (—A)3
will denote the Bessel and Riesz potential of order —s. Note that D' = 39,. We
will use k£ to denote a positive constant; moreover, for any positive numbers a and
b, the notation a < b means that a < kb. And we denote a ~ b when, a < b and
b < a. We will also denote by k any positive constant.

Since the linear differential operators ad? + ibd? will appear in our analysis, we
shall begin by considering the associated problems

{(at +ad3 +ibd2)w = F

w(x,0) = wo(x),

(2.1)

whose solutions when F' = 0 are given by the unitary groups {Wx () }+er in H*(R),
where W4 (t) = e~t@d:£ib9%)  We also define the unitary group associated to the

linear part of (1.1), V(t) = e~t(a9:-b%32) We shall reduce the estimates for (2.1)
to known ones for the linearized KdV equation

{@z +adz=F

(2:2) z(x,0) = zo(x).

We will treat for example the case of W,. Multiply the equation in (2.1) by eida®
and define f(z,t) = e'3:% w(x, t), so

b? 2 b3 b
3 J— R U — 135 %
(2.3) Of +ad,f+ 3a6wf i a2f €8T

It is deduced by setting h(z,t) = f(z + g—zt, t) that

2 b i b b2 b2
3 . i (2=t
(2.4) ath—f—a&‘mh—z??;hfe 5a (253 )F(x+£t,t).
Finally define
5 3 b3 b2
(2.5) z(z,t) = e i3zt h(z,t) = e'5rart ¢ina® w(x + —t,1).

3a



HIGHER-ORDER BENJAMIN-ONO EQUATION 5

Then z is a solution to (2.2) with

) ~ 3 ) b2
(2.6) zo(x) = eisa® wo(z) and F(z,t) = e'arazt iz ® F(z+ 3—15, t),
a
or equivalently if z(z,t) is a solution to (2.2), then
3 . b2
(2.7) w(z,t) = e iaraz b eina® z(x — 3—25, t)
a

solves (2.1) with the appropriate modifications on F' and wy.
Lemma 2.1. There exist three positive constants c1, ca and c3 such that

(2.8) [Wa(t)wollLs e < c1flwollL2,

T “+o0 1
29 {sw [ [ " pomaWetua)Pdedt} < calt+ 1) fun] o
JEZ JO —o0o

—+o00

(210)  { Y sup_sup hyn (@)W (wo(@) P} < el + )2 ol
jo oo OSt<T w€R

-

where x € C§°(R), 0 < x <1, x=10n[0,1], suppx C (-1,3), x5 = x(-—J/N)
and N=N(T)e€Zy, N~ (1+1T).

Remark 2.2. Estimates (2.8)—(2.10) still hold with V' instead of W.

Proof. Fix F = 0in (2.1)—(2.7) for the rest of the proof. It is known from [13] that
IzllLere < cllzollL2,

which implies (2.8), since all the transformations used in (2.4)—(2.7) preserve the
L8L2° norm.

Now, for R > 0, let x € C§°(R) such that 0 < x < 1, x® =1 on [0, R],
supp x* C (—R,3R) and x}' = x"(- — j). It was proved in [13] that

oo
sup / |00 2(z, 1)* dt = ||20]Z2 = [[wol|Z--
z€R

—o0

Then it follows that

oo o0

(2.11) 516112)/ /|xf($)8$z($,t)\2dmdt§3R||w0||§.
j

—0o0 — 00

On the other hand, fix R > 1+ I%T and N = N(T) € Z4 such that

2
#{IGZ|O§I§R+£}<2R+1§N
3a
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Then, it is deduced from (2.5), (2.11) and the L?-norm conservation for (2.1) that
T oo

Sup//|X;/N(l‘)3mw(x,t)|2dxdt
jEL

0 —oo

gsup/ / P )6 w(z,t)|? dedt

JEZ
b2

gsup/ |X ) 0y 2(, t)|? dxdt+sup/ |X m+—t)|2d dt
jez 3a

< (6R+ *)Ilonm,

which implies (2.9).
The following maximal function estimate was derived in [12]:

oo

o\ 1/2
(2.12) (> sw swp Jx(@0?) < eRO+T) 20 ] ue,
= ST j<z<j+R

for any s > 2. Moreover, it follows from (2.5) that

b
320 lwoll3 + | 9zwol13.

Therefore, it is concluded from (2.12) and (2.13) that

(2.13) 0/l < (1 +(

b2t
> sup sup (@@ < 30 sup sup e - 3, @ P

j=—o0 [¢|<T zeR =0 [t|<T zeR

b
<L+ (3 )R (1+ T)2[Jwol s,
which yields (2.10). O

Remark 2.3. Note that, contrarily to co and cs, the constant ¢; does not depend
on the parameters a and b.

A result to commute V with xz, which is proved in [20], will be useful.

Lemma 2.4. Let

[(z,t) = 2 — 3atd? + 2btHO, .
Then,
(2.14) [z, )V (t)g = V(t)(x9),
for all ¢ € $(R).

The following lemma, proved in [5], will also be needed to estimate commutators
involving the Hilbert transform and derivatives.

Lemma 2.5. (i) Let L denote one of the following operators: Py, P_, or H,
where Py f(£) = xry f(§). Then for any p € (1,00) and any I,m € Z* U {0} with
l+m > 1, there exists ¢ = c(p;l;m) > 0 such that

(2.15) 194 1L, alO2 £l < clloS ™ allso | f1],-
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(i) Let a € [0,1), 8 € (0,1) with o+ B € [0,1]. Then for any p, q € (1,4+00) and
for any 6 > %, there exists ¢ = c(a, B,p,q,0) > 0 such that

(2.16) ID[D?, a] D= f p < | T2 all o || fl s
We also recall some identities involving H, P, and P_.

Lemma 2.6. It holds that

(2.17) H=—-i(Pr—P.) and 1=P;+ P,

(2.18) Kol s = ||@||ms, VseR and Ve € H*(R),

and

(2.19) 2H(p) = H(zg), Vo e S(R) satisfying / pdx =0.
R

3. PROOF OF THEOREMS 1.1 AND 1.2

3.1. The gauge transformation. First we perform a gauge transformation on
(1.1) in order to eliminate the higher-order derivative terms in the nonlinearity.

Taking the derivative of (1.1) leads to
(3.1) (01 + ad2 — bHO?)0pv =c(0,v0,v + vO20) — d(HILVI2v + 20,vHI V)
. — 3dH(0,v0%v) — d(vHI2v + H(vdiv)).

To get rid of the Hilbert transform we shall project the equation in (3.1) into the
positive and negative frequencies, using the identities (2.17), so

(O + ad2 — bHO2)D, Pyv
(3.2) = P, (0,09, + v02v) — dPy (HOpvd2v + 20,vHI2v)
+ 3id Py (0,v0%v) — dPy (vHO?v) + id Py (v03v).
Observe that the nonlinear terms on the right-hand side of (3.2) are of two types
(i) and (ii). The terms in class (i) involve up to “second order derivatives” in v,
and when it does appear (the second order derivatives) is multiplied by at worst

order one (or order zero). So it suffices to consider the term —2dP, (9,vHI?v) as
a representative of this class, which can be rewritten using (2.17) as

(3.3) 2idPy (0,v(0?Pyv — 02P_v)).

The terms in the second class (ii) involving “third order derivatives” in v can be
handled as follows

—dPy (vVHOE) + idPy (vI3v) = — dvPyHIZv — d[ Py, v] 0, HI2v
(3.4) + id{vP.03v + [Py, v] 9,020}
=2idv03 Py v + 2id[ Py, v] 02 Pyv.
Thus equation (3.1) is rewritten as
(0 + ad2 + ib0?)0, Prv =P, Q4 (v, 0, Pyv, 0, P_v)

3.5
(3:9) + 2idvd3 Pv + 2id [Py, v] 03 Prv.
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Taking the complex conjugate of (3.5) and using the fact that Pyv = P_7, since v
is real-valued, we get a similar equation for P_v, i.e.,

(0 + ad? — ib0?)0,P_v =P_Q_(v, 0, Pyv, 0, P_v)

3.6
(36) — 2idv03 P_v — 2id[P_;v] 02 P_v.

Here 4+ and Q)_ are quadratic polynomials, whose “worse” terms are of order 2 in
v (or order 1 in 9, Pyv) multiplied by one of order 1 or 0 in v. Moreover, the last
terms on the right-hand side of (3.5) and (3.6) can be considered as terms in the
first class (i) because of the commutator estimate (2.15).

Next, we perform a gauge transformation on (3.5)—(3.6) in order to eliminate the
higher-order derivative terms in the nonlinearity. Multiply the equation in (3.5) by
U = U(x,t) and use the identities

(37&) \IlatﬁxP+v = 3t(\118xP+U) — 8t\116xP+11,
Vad20, Pyv =ad> (W0, Pyv) — 300, VI3 P v

(8.70) — 3002V’ Pyv — ad>W0, Py,

and

(3.7¢) V020, Pyv = ib0?(Vd, Pyv) — 2ib0, VO Py v — ibd>Vd, P v.
We collect the “real” terms of order 3 in v

(3.8) 300, VO3 Pyv + 2idvV i Pyv,

and want to choose ¥ to vanish this expression, so —3ad, ¥ + i2dv¥ = 0, i.e.

2 |
(3.9) U(x,t) =exp ( —iz v(s,t) ds).

a
— 0o

In the sequel, we will denote ¥ by ¥, and its complex conjugate W by ¥_. The
term 0; ¥ 0, P, v appearing in (3.7a) can be rewritten by making use of the equation
in (1.1) as
2d 2 ’02
(3.10) —-90,P,v¥ i3 { —adiv+ bHIv + cg d(vHOv + ﬂ-f(vaxv))}(x, t),
a

which falls in the class considered in (i).
Therefore, after defining the new variables wy = V40, PLv, we get the following
dispersive system

(O + ad2 — bHO2)v = cvdyv + id0y (v(V_wy — ¥ iw_))
—dHO, (v(V_wy + ¥w_))
(0 + ad2 + ib0?)wi= \I/iPin(\I/i, v,wy) + \I/iQi(\Ifi, v, W)
+N1 (Wi, v,w1),

(3.11)

where QL and Qi are polynomials at least quadratic involving the first derivative
of v+ and w4+ multiplied by a term of order zero, for example

(312) F1 = \I/+P+(’LU+81U}+),
and Ny are the last terms on the right-hand side of (3.5) and (3.6), which is to say
(3.13) Fy = [Py ,0]02Pyv = [Py, v]02(V_wy).
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We will also choose
(3.14) Fy = H, (v _w,)

as a representative term for the nonlinearity on the right-hand side of the first
equation in (3.11).

Finally, the gauge transformed system (3.11) is solved by using a fixed point
argument.

Proposition 3.1. Let k € Z., k > 2. Then for any (vo, w+o) such that
(3.15) (vo, wxo) € (H’“(R) N L*(R; x2dx)) x H*(R)? = X*,

there exist T = T(||(vo, w4o)| x») > 0 with T(a) / +00 as o — 0, a space X% such
that X% — C([0,T); X*), and a unique solution (v,w+) of (3.11) in X% satisfying
(3.16) (v(+,0),wx(+,0)) = (vo, wg)-

Moreover, for any T' € (0,T), there exists a neighborhood QF of (vo,w+q) in X*
such that the flow map data-solution is smooth from QF into Xk, .

Proof. For sake of simplicity, we will only consider the case k = 2. The integral
system associated to (3.11) writes

(3.17) v=F(v,we) = V(o + [y V(t—t)N(v,wi)(t')dt
' wi = G (v,wi) = Wa(Hwio + f; Wt — )My (v, we ) (t)dt!

where N and My denote the nonlinearities on the right-hand side of (3.11). Let
T > 0. Define the following semi-norms
M (f) = sup [[f(t)]m2
0<t<T
3
A (1) =3 110 f g
1=0

g ={ow [ [rom@oseopaal”

(3.18) X »
N (f) = ; {Zj: S sup X (@)0 ()2 |
A5 (f) = sup |lzflrs
0<t<T

T 1/2
(f) :{Sljp /O v (@00 (2, 0) | ”

Since N depends on T, we fix 0 < T < 1, so that the constants appearing on the
estimates (2.9) and (2.10) are fixed. Then, we define the Banach space X2 by

X7 ={(v,ws) € O([0, T X?) | [|(v, w )|l xz < 00}

where
4

6
(v, ws)lxz = ZAJT(U) + 3 A (wa),

Jj=1
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and X? is defined in (3.15). Note that if (v,w) € X2, it follows that ¥ are well
defined so that the gauge transform system (3.11) makes sense. Moreover, we have
that [|Wi||r= <1, since v is a real valued function.

Using the ‘integral equation, Minkowski’s integral inequality, identity (2.14) and
the linear estimates obtained in Lemma 2.1, it is deduced that

6 4 4
PRVCEDWVCHEDWPICS
(3.19) = = = T
S o, wsllie + [ (N + [N 22 + [0 ()] .
0

Then it remains to estimate HagFjHLlTLi’ j=1,2,3, and ||zF3|[11 2 where Fj are
defined in (3.12)—(3.14), since they are the representative terms of the nonlinearities
N and M. We have, using Holder’s inequality,

102 Fill s p2 S 10294 Py (wy 8wl ps 2 + 102Y 4 Py (Oow 8wy )| 11 g2
+ 104 Py (wie 03w )| 1y 2 + 94 Py (9004 03w1 )| 13 12
+ |V P(wyddwy )Ly 2
T
S /O lwsllpee (14 1000l 2o + [|v]| 70 ) 10204+ [| 22 dt

(3.20) T
+ / 1000 10 1000 | Doy | 2t
0

T
+/O (19z vl Los [lwg | Lo + ||5xw+||L;°)||5§w+||Lidt
1
+ T HXj/Nw+agw+||l§Lg,T
ST+ AT (v) + AT (0))AT (wi)? + T2 (wi)A] (wy).

Next it is deduced from estimate (2.15) that

102 P2y 2 < (|07 [Prs 0] 05(T-wi)| 1y 1o

T
(3:21) < [ 1020 2wy
0

ST () (1+ AT (0) + AT (0)) AT (wy).

The estimate for ||8§F3||L1TL§ follows similarly to the one for ||8§F1||L1TL§. Hence,
it remains to bound ||z F3| 11 r2. In this direction, observe from (2.19) that

aF3 = H (20, (v¥_wy))
= H(0p(zv)V_wy) — H(v¥_wy) + H(zv0, (V_wy)).
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Thus, Hélder’s inequality yields

1
By re < T2 XNV -wi0e(20) 122 .

T
+ / (||v||L;o||w+||Lg + ||:w||Lg||aw<w7w+>||L;e)dt
STEN (A (wy) + TAT (0)AT (wyy)
+ TAL ()1 + AT ()AT (wy).

Therefore, it is deduced combined estimates (3.19)—(3.22) that there exist pos-
itive constants # and k and a polynomial p with all terms at least quadratic such
that

(3.22)

(323) (T (v,we), G (v, wi))llxz < Kl (vo, wio)llx= + KT p([| (v, we) | x2)s
which concludes the proof of Proposition (3.1) by a fixed point argument (see [15]
for example). O

Theorem 1.1 follows by applying Proposition 3.1 to the gauge transformed system
(3.11) with initial data (vg, Uo,_ P+ 0400, Yo+ P—0yv0).

3.2. A priori estimates in H?(R)N L?(R;2%dz). To prove Theorem 1.2, it would
be sufficient to bound ||zv|| e 2 using energy estimates for the H*(R) N L?(|x|* dx)
solutions given by Theorem 1.1 in terms of “H?2-solution”. To do so we will use the
equation in (1.1) directly.

We multiply the equation in (1.1) by zv and integrate with respect to z. We
have that

1d
(3.24) /x@tvxv =3 (zv)2.
Using (2.19) and integration by parts

/m@ivaxv = —2/1‘8&'&11} — /m@xf}(vxaxv

= —Q/xaxﬂ{vv+2/xﬂ-€v8xv—|—/a:f}€vx8§v

(3.25)
= —4/1&T5{vv+2/xam(3{vv) — /vﬂf(mzaﬁv)
= 74/;55‘%9{1)1) - 2/9(1)1)7 /vxzﬂ{azv

Thus

(3.26) /x@iﬂ-{vxv = —2/1‘813{’[}1) < 2|10z L2 ||zv|| L2

By integration by parts

(3.27) /x@ivxv = —Z/xagvv - /x@ﬁvx@zv.
Then

(3.28) —Q/xaim) < 2]1020|| 2 ||zv | 12
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and
(3.29)

2
f/zaﬁmaw = 7/332&,3 (%) = /x@xv&,ﬂ; = f/ﬁrv’uf/xvﬁiv

< |lwv]| 2| 05v] 2

Thus combining (3.27)—(3.29) we get

(3.30) | [ attva] < 3020l el o

Using the Sobolev inequality

(3.31) /xvazm < 10zl zvlZa < e llvllmzllzv]Z..
Finally, using Leibniz’s rule we have that

/x@m(vﬂ{amv)xv—i—/maxf]{(vaxv)xv
(3.32)
= /x@mvﬂ-fagcvxv—l—/(mv)%{aiv—i—/G'C(xaxvazv—l—:waiv)xv.

Using Holder’s inequality it follows that
(3.33) ‘/(xu)Z}Cagv + /ﬁ(mv@iv)xv‘ < (| HO2v| Lo + ||020] Lo ) |zv]|7 2.

On the other hand, integration by parts, Hilbert transform properties and the
Cauchy-Schwarz inequality yield
2

1
/x@xvﬂfﬁxvxv = —/J{(ﬁazi)axu = /J—C(xvz)(“)xv - = /(xu)%{(“)zv
2 2
(3.34) X
< lollfzlevlee + G130 vll e |z0] 72,
and
/ﬂf(xawvaxv)xv = /’an’l}f}(:(l‘v) —&-/a:v@ivf]—((mv)
02
—i—/xvazvﬂ{v—l—/ﬁam(?)ﬂ-@mv
(3.35) = /U@wvf]—((mv) —&-/xv@iv%(xv) —&—/J;U@wvf}(v

1
- /vai}C@gEv — 5/(9@1})29{851}
1
< lollfzllzvlee + (10z0]l e + S 130z0] pe ) ll2v]| 72

Getting together (3.24)—(3.26) and (3.30)—(3.35) we have that
1d
2dt

Now our H3(R) N L?(|z|?dz) solution can be extended in H2(R) N L?(|x|?dx) in
a time interval depending only on

(3.36) o~ llovll7z < c (vl +[vllFe)lzv]ce +c (107v]| L + [ HOZv]| Lo ) 2] 72

§ = |voll sz + |lzvo 2
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Since we are using the fixed point in the norms in (3.18) except ||zv(t)| p2, our
solution for given vy as in (1.5) satisfies (1.6)-(1.10) and is unique in this class.

4. PROOF OF THEOREM 1.3

4.1. Proof of the uniqueness. Let v! and v? be two solutions of (1.1) associated
with the same initial data vo, defined on a time interval [0, T, and satisfying (1.13)-
(1.16). We will denote by M., j = 1,2, the maximum of the quantities defined on

(1.13)—(1.16) for v/ and by M7z the maximum of M4+ and M?Z.

Introducing v = v' — v2, one has that u satisfies the equation

W By — bHO%u + adu zgaw((vl +02)u) — dOy (uHI" + v2Hu)
’ 4O, (H(udy0t) + H(v20,u)),

with initial data u(-,0) = 0. We deduce multiplying (4.1) by u, integrating in the
space variable x and then integrating by parts that

1d
§£||u|\%2 = Z(ﬁgﬂ(vl + 0% u,u) 2 + d(uIHOvt, 0pu) 12 + d(v2HOu, Opu) 2

— d(udpvt, HOpu) 12 — d(v?Opu, HOpu) 12

= 2(836(1)1 + 0% u, u) g2 — g(uﬂ-@ﬁvl,u)y

+ d(u@%vl, Hu) e + d(Opudyvt, Hu) .

Therefore it follows from Hélder and Young’s inequalities that, for all § > 0, there
exists a positive constant k such that

d
@IIUIIQLz < k([|0z (0" +0?) || oo + (| P30 Lo + 671 Jul|72 + 5/(5zvlazU)2dx-
This leads, after integration in time between 0 and T, to
T
(4.2) u(T)|132 < k(Mg + 5*1)/ w(t)||22dt +5F(T), V& >0,
0
where
T
(4.3) F(T) :/ /((%vlazu)Qd:rdt.
0

Following the ideas of Ponce for the fifth order KAV equation [22], the following
Kato smoothing effect for u will be useful to control the term f(T).

Lemma 4.1. There exists a positive constant k such that for all 6 > 0
T
/ / (Opu + D)o dadt
(4.4) 70 .
< k(1 + Mr)|[u(T)|[72 + k(Mr + M7 + 5_1)/0 lu(t)|[72dt + 0 £ (T),

where f(T) is defined in (4.3) and ¢ € C*°(R) with ¥’ € C§°(R) and ¢, ¥’ > 0.
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Assuming Lemma 4.1 (which will be proven below), we shall prove the uniqueness
part of Theorem 1.3. We use the splitting argument of Ginibre and Tsutsumi to
get that

400 T
(1) < Z / /(@Evl@xu)QX;?/Nda:dt
0

j=—o00

+oo T
S sup (90 ) (sup [/ <azu>2xjmd:cdt>,
= Rx[0,7] jez Jo

J==

IN

where x;,n is defined as in Lemma 2.1. Thus, we deduce applying (4.4) with
Y" = x;/n and by the definition of My that for all § > 0,

F(T) <kMp(1+ Mr)|u(T)|7

(4.5) ) . T )
+ kMy (Mr + M2 + 671 / ()| Zadt + Mro f(T),
0

Inserting (4.5) in (4.2) and fixing 6 > 0 such that

1
Mrd 4 2kMr(1 4+ Mr)é < 3

we deduce that
T
|u(T)|22 < k(M + 571 / () 2. dt.

Therefore we conclude from Gronwall’s inequality and the fact that u(-,0) = 0 that
[lu(®)|lr2 = 0 for all ¢ € [0, T, which yields the uniqueness result.

It remains to prove Lemma 4.1. For this purpose the following commutator
estimate, which can be found in [6] (p. 249-252), will be useful.

Lemma 4.2. For any s € R and o > %, there exists c = c5,; > 0 such that

(4.6) II7%, 1 fllrz < cllllgerare || fll -1,

for all p € H*T219(R), f € H"Y(R).

Proof of Lemma 4.1. Stepl: gain of 1/2 derivative. Let ¢ as in Lemma 4.1. We

apply J% to equation (4.1), multiply by J_%uw and integrate in space to deduce
that

d 1 1 1 1 1 1
TP ) e = —a(J720%u, J72un) 12 + b(J 2 HPu, T 2ua)) 1o

DN | =

+ g(Jﬁéﬁz((vl +v2)u),J*%uw)Lz

4.7 1 1

(4.7) — d(J 20, (uHIv + H(udpv')), J 2urh) e

- d(Jféaz(UQiHazu + H(v20,u)), Jﬁém/})LQ
=14+ 1T+ 11T+ 1V 4 V.
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and
%%(J—%}cu, J7EHu) 2
= —a(J 7205w, JEHu) 2 — b(J 2 O5u, T Hu) 2
(4.8) + g(J’%ch((vl + %)), J T EHug) 2

— d(J 20, H(uHOv" + H(udpn')), J =2 Huh) 2
— d(J2 8, H(W?HIpu + H(va0pu)), J 2 Hurh) 12
=T+ I+ IIT+IV+V.

First, we observe integrating by parts and using the Cauchy-Schwarz inequality
that
3a

(4.9) =~ (I 205u, ]2 0pu) 2 + O([lull72),
and
(410) F= = 3(00,90, 0730, 12 + Ol

where O(f) denotes big O of f. We also get integrating by parts that

IT = —b(J "2 HOpu, J ™2 put)) 12 — b(J 2 Hdgu, J~2u)’) 1
and

IT = b(J 2 0,u, J 2 HOzut)) 12 + b(J 2 0yu, J~2 Hurp') 12
Then

IT+ 17 = 2b(J "2 0pu, J 2 Hut )2 + b(J " 2u, J 2 Hut)) 12
= 20(J L D,u, JTEHw') o + 2b([T 72, )T 72 Dy, Hu) 12 + O(|Jul|22),
so that we deduce from (4.6) that
(4.11) IT+ 11 < ||ull?..
Using similar arguments, we deduce that
(4.12) IITHIVAIITHIV S (0" 2 0| 2+ P05o o) [l F2 S Ml
Next observe that
V = —d(J 2 (0,0°HOpu), J 2 uth) 2 + d(J 2 0, H(Opv®u), J 2 unh) 2
— d(J72 (0V2HOP), T2 2 — d(J 2 OPH (v2u), J T ua) e

The first two terms can be handled using a similar argument as for I'V. The

remaining terms can be bounded applying the commutator estimates (2.15) and
(4.6) by

(4.13)

— d(J72 (0V2HOPu), T Fun) 2 4 d(J 72 (v2u), H(O2T T uah)) 1
= —d([J72,9)J 2 (v*Hu > > > — d(J 7 (VPHOTu), u) 2
(4.14) +d(JT3 (02, [, ]2 0%u) 2 + d(J % (v2u), ]~ 2 HO2u) 2
= — d([J 0| Hu, u) 2 — ( 2T HOu, up) 2 + O(Mp||ul|72)

1

+d(v u, [J~ 3 LT T2 HORu) 2 + d(viu, T T HO2u)
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Then, we get observing that the second and fourth terms on the right-hand side of
(4.14) cancel and repeating a similar argument for V' that
(4.15) V4V < My[ul|3..
Finally, we notice that
/(D%u)%'dx = /(DlJ—%u +(D? — D'J 7)) d
(4.16) < (T KO, JT3HO ) 2 + [|(DF — DL )ulf2,
S (T 20,0, T2 HOu) 2 + 3,

since the symbol of the operator Dz — D'.J~2, m(&) = |€|2 — |€](1+£2)~7 belongs
to L>°(R). Therefore, we conclude integrating (4.7) and (4.8) between 0 and T and
using estimates (4.9)—(4.16) that

T T
(4.17)/O /((D%u)2+(D%z}cu)2)¢’dzdt5||u(T)||2Lz+(1+MT)/O l|u(t)||2dt.

Step2: gain of 1 derivative. For this, multiply equation (4.1) by wi and integrate
in space to deduce that

%%(% w) 2 =—a(03u, up) 2 + b(HITu, uh) 2 + g(&c((v1 4+ v?)u), up) 12
(4.18) — (0 (uIHOpv" + H(udpv')), urh) 2
— d(0y (V?HOpu+ H(v20pu)), ur)) 12
=J34+731+319+IV+V,
and similarly
%%(ﬂ{u,%m/})ﬂ = —a(02FHu, Huth) > — b(0>u, Huah) 2

+ S (OH((0" + v2)u), Hu) 2
— d(9,H (uH v + H(udpv')), Hurh)
— d(HO, (V*HOpu + H(v?0pu)), Huah) 12
=T+ 97+ 997+ IV + V.
It is deduced integrating by parts as in (4.9)—(4.10) that

(4.19)

~ 3
(4.20) 345 = -5 [(@u+ Dwuds + Oful),
and using the same trick as in (4.11), Plancherel’s identity and estimate (2.16) that
09+ 33 = =2b(D'u, ud)) 2 + O(|JullZ2)

(4.21) = _Qb/(D%U)Qw’dx — 2b(u, D3[D7 ' Ju) 2
— -2 [ (Dhupv'de + O(ulls)

One can also easily see integrating by parts that

(4.22) 999 + IV + 999 + IV = O(Myp|ju||2s) + k(Opv Opu, Hur) 2,
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and for all § > 0 one can use Young’s inequality to estimate the integral in time
between 0 and T of the last term on the right-hand side of (4.22) by

(4.23) /T(axvlazu, Huap) podt < k61 /T |w(t)||22dt + 6 f(T).
Furthermore, iot follows integrating by parts aond using the commutator estimate
(2.15) that
V = d(v2HOu, dpuah) 2 + d(v2HOpu, ur)) 12
— d(v*0pu, H(Opur))) 2 + d(H(v20pu), uh’) 2
= d(v®*HOpu, Opur)) 12 + 2d(V2HOpu, ut)) 2 — d(v20pu, YIHI,u) 12
(4.24) — d(v?0,u, [F(,¥)0u) 12 + d([F,v*]0pu), ur)’) 2
= 2d(v HOpu, ut)) 2 + d(0pvu, [H, 1] 0pu) 12
+ d(v*u, 04 [H, V] 0pu) 2 + d([F, v?]0pu), uth’) 12
= 2d(v?*HOpu, u)') 2 + O(Mr||ul22).

Note that V could be treated similarly. To handle the integral in time between 0
and T of the first term on the right-hand side of (4.22) we can use (2.16) and (4.17)

T
/(v%—(@wu,uw’)p
0
T 1 T 1 1
(4.25) = / / v} (D2u)? dedt + / / uD?[D?, v? Judzdt
0 0

T
< Myl|u(T)|2» + Mr(1+ My) / u(t)]|2dt.
0

Integrating in time between 0 and T' (4.18)—(4.19) and using estimates (4.20)—(4.25)
together with (4.17) to treat the first term appearing on the right-hand side of (4.21)
yield (4.4). O

Remark 4.3. Combining the argument used to derive the uniqueness result with
parabolic regularization method implies the existence of smooth solutions for initial
data in H*°(R). Similar results were derived by Ponce for the fifth order KdV
equation in [22].

4.2. Proof of the existence. Let vy € H*(R), with s > 2. From Remark 4.3, we
know that for all e > 0, there exists T. > 0, with T e 0, and a unique solution
ve € C([0,T]; H*(R)) of
{ 0w — bH*v + ad3v = cvdv — dO, (VHIv + H(vO,v))
v(x,0) = vy e(x) = pe * vo(x),
where p € $(R) with p > 0, [ pdz =1, and [2*p(x)dx =0, k € Z4,0 < k < [s]+1.
The following properties of the smoothing operators will be used in this section:

Lemma 4.4. Let s >0, ¢ € H*(R) and for any € > 0, ¢. = pe * ¢. Then,

(4.26)

(4.27) [9ellzre+e S € éllas, Va0,
and
(4.28) 16— el s =, oe”), VB E,s].
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The proof of Lemma 4.4 can be found in [2] or [10].

The first step is to derive an a priori H?-estimate on the solution v, in a time
interval [0, Tp], where Tp is a positive time independent of e. In this direction, fix
€ > 0 and let us denote, for sake of simplicity, v = v.. Then, arguing as in Section
3.1, it is deduced that w4 = ®4.0, P+v are solutions to the dispersive equations

(O + ad £ b0 )iy = PLPrQL (s, v, iix) + P QL(Py, v, 1)

(4.29) ~ N
+ Li(d)i,v,wi) + Ni(éi,v,wi),
where
2d [
(4.30) &, (z,t) = exp ( Fig /v(s, t) ds).

0

Notice that we choose the “primitive” starting at x = 0. This has the advantage
that the integral is defined if v(-,¢) € L (R) (which will be a consequence of our
estimates below). However we pay a price on it, because of the term 9;® 9, P, v
appearing in (3.7a), which can be rewritten by making use of the equation in (1.1)
as

.2d o v?

— 0y Prv® i3, { — adZv + bHIv + cg = d(vHOv + H(v@xv))}(x, t)

(4.31) :

2d
+ 0, Pudis { — ad?v + bHIv + c% — d(vHDv + %(vazu))}(o, ).
The first term in (4.31) is nonlinear of the class considered in (i), while the second
is a linear one. Here, recall that Ql and Qi are polynomials at least quadratic
involving the first derivative of vy and w+ multiplied by a term of order zero, for
example
(432) F1 = ‘I’.A,.P.A,. (12).1_83;1214,_),

L. are the linear terms obtained in the second part of (4.31) and whose a repre-
sentative term is

(4.33) Fy = (z,1)0%20(0,1),
and Ny are the last terms on the right-hand side of (3.5) and (3.6), which is to say
(4.34) Fy = [P ,0]02Pyv = [Py, v]03(P_wy).

Proposition 4.5. Let s € R and vy € H*(R). There exists To = To(||lvo|lg2) > 0
such that for all e > 0, the solution v. of (4.26) satisfies
2

(4.35) sup [|ve(t)l| g + D 1D50IPrvel| s roe < Mi(lJvolls2),
[0,T0] =1 0
To
(4.36) sup [ [ |y Dy02tes) Pdadt < Mool
JEZ Jo R
and
(4.37) > sup |xg Dt s |* < M(|lvol ),
e [0.To] xR

for all0 <r < s—2, where My, My and M are independent of €, x € C§°(R), 0 <
x <1, x;=x(-—j), and N=N(T) € Zj.
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Proof. For sake of simplicity, we will only consider the case s = 2. Recall here the
notation @+ = ®c+0pPrve where @, o (x,t) = e 3 Jo ve(sDds - For any T > 0,

we define the following quantities:
A(T) = sup |lve(t)llzz + sup |lwe+(t) a2
0<t<T 0<t<T
A2 (T) =+l rg poe + 10ate £l g 10

- ) 1/2
A3(T) :{sqp//|Xj/N(x)8zw5,i(a:,t)\ dmdt}
j

~ 1/2
A(T) ={Z |§\1g;‘ sup X /N (2)We + (2, t)|2} :
~ Jtl<

Since N depends on T, we fix 0 < T < T* with T* = (1 + |lvg||g2)"?, so that
the constants appearing on the estimates (2.9) and (2.10) are fixed. Note that
[®c +]lre, <1, since v is a real valued function. Moreover, due to the L*-norm
conservation of (1.1), we have that

(4.38) sup |[ve(®)l[z2 = [lvo,ellzz < [lvollL2.
0<t<T

To estimate the other part of the A;(7T"), consider the integral system associated
to (4.29)

t
(4.39) Do = o () ig.ct + / Bt — YN (vey et ) (E)dH,
0

where N1 denote the nonlinearities on the right-hand side of (4.29). Using (4.38),
(4.39), Minkowski’s integral inequality and the linear estimates obtained in Lemma
2.1, it is deduced that

max { A (T), Ao(T),(1 + T) "2 X3(T), (1 + T) 2\ (T)}
(4.40) ) )
S lonclze + 0.l + [ Nl
0

Then it remains to estimate | Fj||z1 g1, j = 1,2, 3, where F} are defined in (4.32)~
(4.34), since they are the representative terms of the nonlinearities Ny. We have,
using Hoélder’s inequality,
[Full e e < |94 Po(@04 Oy )| L1 12 + (|02 P4 Po (04 O+ )| L1, 12
+ (| @4 P ((8204)?) | 13 12 + ([ P4 Py (w04 0504 )| 3 12
T
) S [ el (4 o) 10t 2

T
~ ~ 1 ~ ~
+ / [0t || Loe || Ot || 2 dt + T2 ||Xj/Nw+3§w+||z§Lg .
0 :

ST+ A (T)AT)? + TN (T)A(T) + T2 Ag(T)Ma(T).
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Next it follows from Holder’s inequality that

T
1E2ll Ly 12 S/ 1020 () 20 [l (8) | 2y dt
0

T
(4.42) S/0 ([102(@ 04| oo + 10 (®y0) || oo ) |04 (£) || g2 i

ST+ M(T)Ae(T)M (D).
Finally, estimate (2.15) yields
||F3||L}Hi S H [P-l-a U] 83((1)—@4-)“1/%[‘3 + Haw [P-HU] 8%((1)—@4‘)“[/;1/3

T
(4.43) < / 1020(8) |10 | (@ 4) (1) a2t

ST (T) (L + M (T)M (D).

Therefore, gathering (4.40)—(4.43), it is deduced that there exist two polynomials
p1, p2, with all terms of order at least 1, such that

max {1 (T), Aa(T), (1 + T) "2 3(T), (1 + T)~2\4(T)}
S lvollz + Tpr (A (T) A1 (T) + T8 pa (M (T))Ao(T) + T2 A3 (T)Aa(T).

Notice that A;, 7 = 1,--- ,4 are continuous nondecreasing functions; hence, defining
To as the smallest T" such that

max { Top1 (M (1)), T p2 (0 (o)), T po Ot (To)) M (To)) ™ Ao (T),

T (1 + To)?Xs(To), T (1 + To) ¥ Ma(To) } =

(4.44)

(4.45) 1

10k
where k is the implicit positive constant appearing in (4.44), it follows from (4.44)
that

(4.46)  max { A1 (Tp), Aa(To),(1 + To) "2 As(To), (1 + To) "2 Aa(To)} < Jlvo] a2

Furthermore, it is deduced from (4.45) and (4.46) that at time Ty one of the fol-
lowing inequalities must hold:

1

1 3
5 < MTom(lvolle), 15 < KT pa(lloo ),

[

or
1 1
T (14 To)> (14 To)|vol 2,
which implies that there exists a constant M = M (||vo||g2) such that To > M. O

Proposition 4.5 implies that the sequence(v)cso defined on the time interval
[0, Tp], independent of €, is bounded in the norms defined in (4.35)—(4.37). More-
over, using a similar argument to the one employed in the proof of the uniqueness
and estimate (4.28), one can prove that for € > ¢ > 0, the function u = uc o =
Ve — Ve satisfies
(4.47) sup ||u(t)||z2 < E|lvo,e — vo,er|| L2 = o(€?).

To] —0

Then the sequence (v.).so converges in C([0,7p]; L?(R)), as € tends to zero, to a
solution v of (1.1).
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Furthermore, since (v¢). is bounded in C([0, To]; H*(R)), we deduce by an inter-
polation argument that

(4.48) ve— v in C([0,Tp]; H"(R)), forany r <s.

e—0

The next proposition fills the gap between (4.48) and the persistence property.
Proposition 4.6. We have that
(4.49) v € C([0,Tp]; H*(R)).

Proof. Tt suffices to prove that (ve¢) tends to v in C([0,Tp]; H*(R)) as € tends to
zero. In this direction, fix € > 0 and define

(4.50) Wer = Pe 10, Pyv., where @, y(z,t) = eTiga Jo ve(y:t)dy
(4.51) U=1Ue =0 — v, and oy = et =Wet — Wt.
Arguing as before, we deduce that a4 satisfies
(8r + ad? £ b0 = B L PLQL (D 4,06, 2) + Be 1 QL (e i, v, W 1)
+ e £020(0, ) + 2id® [Py, v 0%, +
- (piPiQTi(@ia v, QD:I:) - (D:I:th((pia v, w:l:)
— w1 0%v(0,t) — 2id®[Py, v]0* 0,

(4.52)

where QL and Qi are defined as in (3.4). Then we can rewrite (4.52) as
(9 + a0} + ib0F)are = Pep Pe{QL(Pe s, ve, ex) — QLD v, 02) )

+ (Dt — D) PrQl (P, v, 04 )
+ 0 {QL(Pe 1 ve,We 1) — QL (P, v,104) )

(4.53) (D r — DL)QY (D, v, W)
+ a1 020.(0,t) + w1 0%u(0, )
+ 2id®, 4 [Py, u]020e 1 + 2idP, 4 [Py, v]070
+2id(®e 4 — P4 ) [Py, 0|00y

In the sequel, we will need the following assertion:
(4.54) [(®Per = @) fllrz = o(l), Vfe L*(R).
Observe that we do not have that ||(®c+ — ®1)|r= e 0. By the dominated

convergence theorem, it suffices to prove that lée,i(x,t) - @i(x,t)yz = 0, for
€—

almost every x € R. But, using the mean value and Cauchy-Schwarz inequalities
and (4.47), we get that for every z € R,

22 [* 2
Delw,t) — xlat)| < 2 / (ve = 0)(w,dy| < Jalli(ve = ) DI =, 0,
0 e—

which implies (4.54).
Next we define, (still in the case s = 2),

M(T) = M(T,ax) = sup levx (8 1,
T

s

Mo (T) = No(T, o) = [l |l g poe + 10w || g e
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~ ~ T
Ma(T) = %ol as) =sup [ [ yoRas
jez Jo Jr
and
M) =0T, ar) = Z sup |xj/nvor]?
ez 0. TIXR

We deduce arguing as in the proof of Proposition 4.5 with equation (4.53), and
using (4.42), (4.43), (4.47) and (4.54) that

(4.55)  max {\(Tp), Ao (To), (1 4+ To) ™2 As(To), (1 + To) "2 Au(To) } =, o).

(4.56)

—0

To conclude the proof of Proposition 4.6, we observe that

Oz (Ve — V) = 0y Py (ve — v) + O P—(ve — v)
= (1)5770[+ —+ (Cbs,, — ¢7)7.Z)+ + @€’+C¥7 + ((1)57+ — (I)+)Uj),,

so that we deduce (4.49) gathering (4.47), (4.54)—(4.56). O

Finally, the proof of the continuity of the flow map data-solution follows by using

the classical Bona-Smith argument (see [2], [10] or [21]).
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