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Abstract

We consider a two-dimensional generalization of the Benjamin-Ono equa-
tion and prove that it admits solitary-wave solutions that are analytic func-
tions. We find the optimal decay rate at infinity of these solitary waves.

1 Introduction

We study the solitary waves of the following generalization of the Benjamin-Ono
(BO) equation

(1) Ai+ aAA, — B(=A)2A, =0

in R?, where o, 3 > 0 and (—A)% is the operator defined by f((—A)%u)(f) =
|€|u(§). F or ~ represent the Fourier transform.

Equation (1) describes the dynamics of three-dimensional, slightly nonlinear
disturbances in boundary-layer shear flows (without the assumption of a difference
in their scales along and across the flow), see [2], [6].

The solitary waves of (1) are solutions of the form A(x,y,t) = v(z—ct,y) where
c is the speed of the solitary wave. It seems that solitary waves play an important
role in the evolution of (1). Such a solution must satisfy the equation

(2) —cvg + %(v2)m — ﬁ(—A)%vm =0.

Numerical experiments ([6]) show the existence of solitary waves (solitons).
It has also been observed that the solitons decay at infinity like some power of
r=\z?+y>

Our aim is to give rigorous proofs of these facts.

We suppose throughout that the wave speed c is positive.

In the next section, we show that solitary waves exist and are smooth (analytic)
functions. Since the techniques we use are classical, we only sketch the proofs. In
the last section we prove that the solutions of some generalization of equation (2)
in R™ decay at infinity as mﬁ and this algebraic rate is nearly optimal. We hope
that our results about the decay of solutions of a quite general equation should be
useful elsewhere (see also Remark 8 below).

Our method to study analyticity and decay of solutions was inspired by the
ideas developed by BONA and L1 in [3], [4] for one-dimensional problems.



2 Existence and regularity

In order to simplify equation (2), we integrate it once in x and make the scale
change v(z,y) = au(bz, by), where a = 2 and b = 5- Then (2) reduces to

’LLZU2

N |=

(3) u+ (—A)
or, using the Fourier transform,
(4) (14 [€))a = u?.

Let us introduce the functionals

1 1
Vi =5 [ A uf? +ufde =

1
2(2m)?

[ +ielard
R2

and
1

= — widx .
3 JRr2

I(u)
Clearly V and I are well defined and of class C? on the Sobolev space H %(R2).

For p # 0, we consider the minimization problem
(P) minimize V(u) under the constraint I(u) = p.

A minimizer of (P) is called a ground state. If w is such a minimizer, there
exists a Lagrange multiplier A such that

(14 (~A)2)u = A2

It is easy to see that Au is positive (because the above equation gives 2V (u) =
3M(u)). Then Au is a non-trivial solution of (3). Clearly Au minimizes V' (v)
subject to the constraint I(v) = I(\u).

Theorem 1. There exists minimizers of problem (P). Consequently, equation (3)
admits non-trivial solutions.

Proof. One may prove Theorem 1 by using the concentration-compactness
principle, as it was done in [1] to show the existence of solitary waves for the ILW
equation. The main difficulty is to eliminate dichotomy. To do this, one needs to
estimate the L2-norm of the commutator (L — xL)u in terms of the derivatives
of order > 1 of y and the H?norm of u, where Lu = F1((1 + yg|)%a) and
x € C§°(R?). But this can be done and we obtain the existence of ground states.

We may also observe that problem (P) is exactly of the type discussed by O.
LoPES in a recent paper ([5]). The functionals V' and I satisfy the assumptions
HH; — HHg of Lopes and using the Theorems 3.1 and 3.15 in [5], we infer that any
minimizing sequence (u,) of (P) possesses a subsequence that converges strongly
in H2 (R?) (modulo translation in R?) to an element u which is a ground state. O

We give another variational characterization of the ground states. We consider
the functionals

1
E(u) = f/ (=AY uPde — = [ Wdde
R? 3 Jr2

and

1
Q) =5 [ lufds.



Proposition 2. Let u, be a minimizer of V under the constraint I(u) = p.
Suppose that u, satisfies the equation (3). Then E(uy) =0 and uy is a solution of
the problem

(P minimize E(v) under the constraint Q(v) = Q(uy).

Proof. Multiplying (3) by u and integrating we obtain the identity

(5) / |u]2dx+/ 4u| dx—/ udda.
R2

For u € H%(RQ) we denote ug () = bu(az). Then I(ugyp) = b3a21(u),
[ 8 e =t [ [(-8)ulPde and Q(uas) = Pa~2Q(w).
R R

We have I (uy 2 ) = I(u4) and since uy is a minimizer of the problem (P), the
a,a

function

=

1 1
f@) = Vi, ) =50 [ =8 ufdot 50 [ jufde

has a minimum at ¢ = 1. Hence f’(1) = 0, that is

6) / (= A) b, |de = / |2 de
R? R?

Combining (5) and (6) we obtain E(u,) = 0.
Let v € H%(RQ) such that Q(v) = Q(u.). We want to show that E(v) >
E(uy) = 0. This clearly holds if I(v) < 0. Suppose that I(v) > 0. For a > 0, let

b(a) = a (?“33“’“) Then I(vgp(a)) = (1), hence V(vgp(a)) > V(1) and this

gives

3d 2
(£ fab [ I-ayioPde +at [l
(7) [ vidx : R2
1

2/ (=AY, da:+/ i 2.
R2

The minimum of the left side of (7) for a € (0, 00) is

uidey 3 1 3 3
([ 4 . artobadf ([ )

Hence

L[ 1(=A)ivday 3 3, \3 2, \3
(2 ) ([ tae)” ([ oPde)
2/ [(—A )4u*|2dm+/ |u*|2d:n.
R2 R?
Since [g2 |(—A)iu*]2da} = 2 gz Jux’dz and [g2uldz = 3 [je |us|*dz by (5) and

(6) and [re |v|*dx = [g2 |u.|?dz by assumption, we obtain
1

3 Jr2 [(=A)3v*da
Jr2 vidx

>

CO\'—‘

that is E(v) > 0. O



Remark 3. The converse of Proposition 2 is valid modulo a scale change. More
precisely, let u, be as above and let v be a solution of problem (P’). Then there
exists a > 0 such that v, 4 is a solution of problem (P).

Indeed, Q(vgq) = Q(v) and E(vg,) = aE(v). Since v is a minimizer of (P’),
necessarily F(v) = 0. Moreover, there exists a Lagrange multiplier A such that

(—A)%v —v? = —)w.

Then A [g2 [v]?dz = —fR2 |(—A)iv|2d:v + [rzv¥dz = L [go |(—A)iv|2d:c, hence
A > 0. Denote v, = vL 1. Then v, satisfies (3). Multiplying this by v, and
integrating, we find that v* also satisfies (5). But E(v,) = 0 and so we deduce

that f/ 4v*| dx = / vide = / v, |?dx = / |us|?dz. Now it is
3 R2 R2

clear that I(vs) = I(u,) and V(vy) = V(uy), i.e. V(v,) achieves the minimum of
V(w) for all w € H%(R2) such that I(w) = I(u4).
Now we turn our attention to the regularity of solitary waves.

Theorem 4. Let u € H%(RQ) be a solution of (3). Then u € WFP(R2) for all
k€ N and all p € [1,00]. In particular, u is a C*° function and tends to zero at
mnfinity.

Proof. By the Sobolev imbedding theorem, H %(Rz) c L*R?), so that
u? € L?(R?). From (4) we deduce that |¢|u € L*(R?), hence u € H'(R?). Again
by Sobolev’s imbedding we have u € LP(R?) for 2 < p < oc.

It is easy to check that the functions m(§) = %‘5' and m;(§) = 1_35‘ satisfy

|0om(€)| < Cle~lel and |0%m;(€)] < Cl¢|71 for |a] = 0,1,2 and a classical
theorem of Mikhlin implies that m,m; € My(R?) for 1 < ¢ < oo, i.e m, m; are
Fourier multipliers for LI(R?), 1 < ¢ < co. Equation (4) gives

(€)= m(€)u2(€) and @y, (€) = im;(€)u?(€)

and Mikhlin’s theorem implies that u,u,; € LP(R?) for all p €]1,00[. Hence
u € WHP(R?), Vp €]1,00[. In particular, u is continuous and tends to zero at
infinity.

It follows easily by induction that « € W*P(R?) for all k£ € N and p €]0, co].
Indeed, suppose that u € W™P(R?) for all p €]1,00[. If a1,a0 € N, aj +as = n,
we have for example

i1
1+ [¢]

(aa1+1aa2 ) _

s F (05052 (u?)).
The induction hypothesis implies that 831992 (u?) € LP(R?), Vp €]1,00[. Again
by Mikhlin’s theorem we obtain 9¢1719%2u € LP(R?), 1 < p < oo and so u €
Wnthp(R2) for all p €]1, 00].

The fact that u € W1 (R?2) for all k € N can be easily proved by writing (3) as
a convolution equation and using Lemma 7 below (see also the proof of Theorem
11 and Remark 12). O

Theorem 5. Letu € H%(R2) be a solution of (3). Then there ezists 0 > 0 and
an holomorphic function U of two complex variables z1, zo defined in the domain

Qo = {(21,20) € C? | |Im(z1)| <o, |Im(z)| <o}

such that U(x,y) = u(x,y) for all (z,y) € R?.



Proof. By Theorem 4 we have (1+ |£[?)24(¢) € L*(R?) for all m > 0. We
take m > 1 and apply Cauchy-Schwarz’ inequality to get

/R2 [al(§)de < (/RQ(H \5!2)’"|@!2(£)d§)é : (/}{2(1 + |§12)mczg)é < oo,

Hence 4 € L*(R?). Equation (4) implies that

[al(€) < [ul x [ul(§) and [¢][ul(§) < |uf * [ul(E) -

We note Ci|u| = |u| and for n > 1, Cpq1|ul = (Cyn|al) * |ul.
Lemma 6. We have for all k € N

[€151al(€) < (k + 1) Coqn)[al(€).

The lemma follows easily by induction, using the identity
k
Z 1+ A+ k=t =202+ k)P~

(which is a specialization of Abel’s identity).

Using Lemma 6, we have

(€17 1al(§) < (b + D] Cogeyyltl llzoe < (k + 1P| Capsalal []r2 - [l 2
< (k+ DMl - flallZ. -

(k + 1) JallF - Jlal) 1 2 <k:+2>"’
Let = . Clearly —— = | —
et ai o early o |71 E
el|a||3, as k — co. Let o =
€|IUI|
If 0 < 7 < o, the series Z (r ’lf“) || (&) converges uniformly in L*-norm (be-
k=0 :
o
cause each term is dominated by 7%a;, and the series Z *ay, converges absolutely).
k=0

Hence e7llz(¢) € L®(R?) for 7 < 0.
We define the function

1 .
- i(z1€142282)
U(z1, 22) e /R2€ u(&1,§2)dS1dEs.
By the Paley-Wiener Theorem, U is well defined and analytic in €, and by
Plancherel’s Theorem we have U(x,y) = u(x,y) for all (z,y) € R2 O

3 Decay properties

We consider a generalization of equation (3) in R", namely
1

(8) 1+ (=A)2)u=g(u)

with the following assumptions on g:

i) g : C — C is continuous and



ii) there exists v > 1 and C' > 0 such that |g(z)| < C|z|", Vz € C.
The aim of this paragraph is to prove that the solutions of (8) that tend to
zero at infinity must decay (at least) as Ifcl%“

Equation (8) may be written in the equivalent forms

1 —

9) = 9(u)
1+[¢
or
(10) u="Fkxg(u),
where k = F~ (ﬁ) We begin with some estimates on the kernel k.
Lemma 7.
i) We have
o] T n+1l
k(x) = cn/ e’ ;HH ds , where ¢, = (nil)
0 (Jz|? + s2) 2 T2
it) k € C*(R™\ {0}) and there exist positive constants A}, A5 such that
ARz~ < k(z) < G|zt if 0 <|z| <1,n>2, respectively
—crelln|z| < k(z) < —cal|z|+e f0<|z|<1ln=1 and
Azt < k(x) < eplz|T if x| > 1, n> 1.

i) |x|"Tth(z) € L¥(R") and for 1 < p < oo we have |x|*k(z) € LP(R™) if
and only if
(11) n-l-"<ca<nt+l-_.

p p

In particular, k € LP(R™) if and only if 1 <p < 5.
Remark 8. From now on, we use only equation (10), the assumptions i) and ii)
on g and the estimates on k given by Lemma 7, iii). Hence our result about the
decay of solutions (Theorem 11 below) holds for any equation that can be written
in the form (10) with a kernel k£ that satisfies the conclusion iii) of Lemma 7.

Proof of Lemma 7. i) For any ¢ € S (the Schwartz’ space of rapidly decreasing
functions) we have

_ 1 1 ix.£
<k, ¢>s5 = @) /Rn T /Rne ¢(x)dxd

—(+1EDs g . / () dade
R’n

n

=/ /n(
- [ re

1 .
where PS(;I;) = (2 )n / elr~£6*|§‘sd§ _
)" JrRe

is the Poisson kernel

= /n / |m’2 +352)n+1 ds ¢(z)dz .

/n eiw-EelEls gg > ¢(x)dzds

CnS

—n+1
(Jzf? +62) 2



This proves i).
ii) It is obvious that £ € C*°(R™\ {0}). Using i), for n > 2 and 0 < |z| < 1 we

|| _ _
clearly have k(x) > Cn/ Ln“ds = cnz_ll (1 - %)m% and
0 E 2
k(x) < cn/

2
oo

jo|2+52) “2
s
n+1
0 (lz2+s2)"F

__ Cn 1
n—1 |z[n—1"

For n = 1 and 0 < |z| < 1, integrating by parts and using the elemen-

tary inequality In(z? + s?) < In(2? + 1) < s% for s # 0 we obtain k(z) =

o0 oo
—3c1 lnxQ—i—%cl/ e *In(x?+s%)ds < —c1In ]azH—%cl/ e *s%ds = —cyIn|z|+c;
0 0

1
and obviously k(z) > cl/ msf;;z ds = 2cie7t(In(2? + 1) —Inz?) > —cre L In|a).
0

n+1

v ‘

1 |
For |z| > 1 we get k(z) > cn/ —s¢ —rds = cp(1—2)27 I"r%“ and k(z) <
0 2

ntl
(2]z[?)
—S
se c
Cn/o [T ds = |x\7?+1 .

iii) is a direct consequence of ii). O

Lemma 9. Letl and m be two constants satisfying 0 < I < m —n. Then there
exists B > 0 depending only on l, m and n such that for all € > 0 we have
Y ol Lo Blaf
rRe (L+ely)m(L+ [z —y))™ 7 7 (L+elz])™
) fon T T S e
The proof of Lemma 9 is elementary and is essentially the same as the proof
of Lemma 3.1.1 in [4], p. 383.

After this preparation, we may prove an integral estimate of the solutions of
the convolution equation (10). This is given in the next lemma.
Lemma 10. Suppose that f € L®(R"™) satisfies (10), i.e. f = k* g(f) and
f(x) — 0 as |z| — oo.

Then |z|P f(x) € LY(R™) for all q €]n, oo[ and for all B € [0,1].

Proof. ~ We remark first that k € L'(R"™) and g(f) € L*®(R"), so f is
continuous. Choose p €]1, -"5[. Then choose « such that

forallz e R", |z| > 1 and

for all x € R™.

(12) n-S<a<nt+l-—.
p p
By Lemma 7 we have k € LP(R") and |- |*k € LP(R"). Let K,), = |[(1 +

|z[)*k ()] -
n(p—1)

Now choose I € [0,or — =5—[. For 0 <& <1 we denote
hete) = L p(e)
) (1 + efa])*

Let ¢ be the conjugate of p, i.e. % + % = 1. Then h. € LY(R™) by the choice
of [. Since

1) = (kx o) = [ k=) + -y - LSO

—d,
R (1+ o -y

using Hlder’s inequality we obtain

Q=

(13) |f(@)| < Kap ([R m dy )



The assumption i) on the function ¢ and the fact that f(x) — 0 as
|| — oo imply that for every & > 0 there exists Rs > 1 such that if |x| > Rs we
have

lg(f (@) < 3 f ()] -
If 0 < r < g, by (13) and Hlder’s inequality we obtain

h qd :/ h q—r I e R ,r,d

Y )R
Jansog " <<1+arw|>a> Koo (foo 1oy @)

q
K, ( / |hg<x>\%zx>
’ R\ B(0,Rs)

HRY l9(f ()] i
. l/Rn\Bm,Ré)((l +s|xr>a> S Tt g dydﬂ”] |

The last sequence of inequalities gives

2t \?
h-(x)|9dx < K4 RN L S
S 1@ < Kay [ (<1+sx|>a

IN

IN

(15)
q
/ l9(f ()] dy du.
n (14 |z —yl)o
(since h. € L1(R"™), we may divide by / |he(z)|?dz). Observe that lqg <
R"\B(0,R;)

aq — n by the choice of [. Using Fubini’s Theorem and Lemma 9 we obtain
l q q
|| ‘ / l9(f ()| dy| dz
(1+elz))e n (1 [z —yl)od

= [ Jatswnre
R’VL

/R”\B(O,Ra)

/ 2 ! dr| d
R\BO,Rs) (L+ )20 (1+ [z — y[)o Y
(16)

<

/R”\B(O,Ra)

x|l
n 9(F W) il !

q. . dl’ d
B(0,R;) /R"\B(O,Rw (1+efz))2r (14 |z —y|)* Y

where B depends on n,l,q and «, but not on €. The last integral is majorized by
a constant C' depending on f and Ry (but not on ¢).

Combining (15) and (16) and taking into account the fact that |g(f(y))| <
0| f(y)| on R™\ B(0, Rs), we get

(17) Ihe()|9dz < K, lBaq /R e (2)|%dz + C

/R"\B(O,R(;) "\B(0,Rs)



Choosing § such that Kavaéé < 1, from (17) we deduce that

(18) |he(2)%dz < C"

/R”\B(O,R(;)

where C’ is a constant that does not depend on €. We let ¢ — 0 in (18) and
apply Fatou’s Lemma to obtain

/ o) (a) 1o < €
R"\B(0,R;)

Hence |z|'f(x) € LY(R™) for ¢ = =t
To summarize, we proved that for any p € |1, 5[, for any o € [n— % n+1—%[
and for any [ € [0, — @[ we have |z|'f(z) € L7T.

We choose sequences (pg), (ax) and (I) such that

pke]lvﬁ[v pkH%aSk—)OO
ap €n—tn+1— 2], ar — 2 as k — oo and
lke[O,ak—%[, lp, — 1 as k — oo.

Then g, = ;P — n as k — oo and 2| f(z) € L% for all k. This proves

the lemma. O
We may now state our main result.

Theorem 11. Soppose that f satisfies equation (10) and

-either f € LP(R"™) for a p €](y — 1)n,o0[, p > 7,

-or f € L®R") and f(z) — 0 as |z] — oo.

Then |z|" 1 f(x) € L®(R™M).

Proof. First we show that we always have f € L*(R"™) and f(x) — 0 at
infinity.

Suppose that f € LP(R"™) and p > yn. Then g(f) € L%(R"). Since % >n
and k € LY(R") for all ¢ € [1, 5], it clearly follows from equation (10) that
f € L*®°(R"™), f is continuous and tends to zero at infinity.

If f e L"™(R"), then g(f) € L"(R™). Equation (10) and Young’s theorem
imply that f € LY(R") for all ¢ € [yn,o0[. Then the preceeding argument shows
that f € L>*(R") and f(z) — 0 as |z| — oc.

Now suppose that p €](y — 1)n,yn[ and p > ~. Then g(f) € L%(R”) and by
(10) and Young’s theorem we obtain f € LI(R") for all ¢ € [£, -F[. Iterating
this argument, after a finite number of steps we get f € LP(R™) for a p > yn. As
above we obtain f € L>(R") and f(x) — 0 at infinity.

The rest of the proof is a standard bootstrap argument. We make use of the
inequality

(19) 2 £ < € (k) % lg())] + k= (12 g (D)) -

By Lemma 7, |z|k € LY(R") for q €]1, 5[ if n > 3 (respectively for ¢ €]1, oo if
n =2and ¢ €]1,00] if n = 1). Lemma 10 implies that g(f) € L"(R") for r €]Z, o],
so we get (|z|k) x |g(f)] € L>(R"). Similarly, k € LI(R") for ¢ € [1, %[ and
lzlg(f) € L"(R") for r €], 00[ by Lemma 10, hence k « (|z|lg(f)]) € L=(R").
Using (19) we get |z|f(z) € L>°(R"™).



Suppose that |z|*f(x) € L>®(R") and ay < n + 1. Obviously |z|*"|g(f)| €
L>®(R") and k € LYR"), hence k  (|z|*?|g(f)|) € L>®(R™). Observe that
lg(f)(x)] < W, so g(f) € L1(R") for all ¢ verifying ¢ > -, ¢ = 1. Using
Lemma 7 and Young’s theorem, we find that (|z|*k) x |g(f)| € L>°(R™) and from
(19) it follows that |z|*7 f(x) € L>°(R™). Hence |z|*f € L*(R") and ay < n +1
imply that |z|*7f € L>°(R"™). This clearly leads to the conclusion of the theorem.
O
Remark 12. Suppose that g is C™ and \g(i)|(3:) < Cilz~t, 0<i<mand
f satisfies the hypothesis of Theorem 11. Then |f(z)| < W, in particular
f € LY(R™). Arguing as in the proof of Theorem 4 we obtain that f € W™+14(R")
for all ¢ € [1,00[. As in Theorem 11 it can be proved that the derivatives of f of
order < m decay at infinity at least as M%H

Remark 13. Suppose in addition that g is differentiable and there exists 3 >
0 such that |¢(z)] < Clz|®. If f € LP(R™), 1 < p < oo satisfies (10) and
/ g(f(z)) dx # 0, then the decay rate of f given by Theorem 11 is optimal.
R?’L

More precisely, |z|f cannot belong to L'(R").

In particular, the solutions of equation (3) in R? decay at infinity as ﬁ and
this algebraic rate is optimal.

Indeed, |z|f € L'(R") would imply that z;f, g(f) and z;g(f) are L'-

functions, hence their Fourier transforms are continuous. But

_Z’;j\f(g) = 8§jf(§) = 0O, <1 jmgﬁ)) (€)
j s 1 L
- —Wg(f) + F(—izjg(f))(&)-

Take {; = s and & = 0 if 4 # j in (20). For s | 0 we get

(20)

1+ [¢]

—

—iz; f(0) = —g(£)(0) + F(—iz;g(f))(0) ,

while for s T 0 we obtain

—

—iz; £(0) = g(£)(0) + F(—iz;9(£))(0) ,

—

Hence g(f)(0) =0, i. e. / g(f(x)) dz = 0, contrary to our assumption.
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