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ABSTRACT. This paper is mainly concerned with the local low regularity of so-
lutions and decay estimates of solitary waves to the rotation-modified Kadomtsev-
Petviashvili (rmKP) equation. It is shown that with negative dispersion, the
rmKP equation is locally well-posed for data in H*1>52(R?) for s1 > —13—0 and
s2 > 0, and hence globally well-posed in the space L?. Moreover, an improved
result on the decay property of the solitary waves is established, which shows
that all solitary waves of the rmKP equation decay exponentially at infinity.

1. INTRODUCTION
The rotation-modified Kadomtsev-Petviashvili (rmKP) equation
(g — Bigas + (U?)2)z + Uyy —yu =0 (1.1)

is a model [14, 15] to describe small-amplitude, long internal waves in a rotating
fluid propagating in one dominant direction with slow transverse effects, where
the effects of rotation balance with weakly nonlinear and dispersive effects. Here,
u(t,z,y) can be considered as the free surface, t € R™ is a timelike variable, z € R
is a spatial variable in the dominant direction of wave propagation, and y € R
is a spatial variable in a direction transverse to the z-direction. The parameter
~v measures the effects of rotation and is proportional to the Coriolis force. The
high-dispersion parameter 3 # 0 determines the type of dispersion. In case § < 0
(negative dispersion), the equation models gravity surface waves in a shallow water
channel and internal waves in the ocean, while in case 3 > 0 (positive dispersion) it
models capillary waves on the surface of a liquid or oblique magneto-acoustic waves
in plasma.

Setting v = 0, equation (1.1) becomes the well-known Kadomtsev-Petviashvili
(KP) equation [21]

(ut = BUlaze + (u?)2)e + thyy =0, (1.2)
which arises in modeling the propagation of weakly nonlinear dispersive long waves
on the surface of fluid, when the wave motion is essentially one-directional with
weak transverse effects along the y-axis. Equation (1.2) with 8 > 0 is known as
KP-I, while its version with 8 < 0 is called KP-II and it is integrable by the inverse
scattering method [1].

In the first part of this paper we consider the Cauchy problem for equation (1.1).
It has been shown in [10] by using the parabolic regularization and a compactness
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argument that equation (1.1) is locally well-posedness for data in the space X, for
s > 2, where X with s > 0 is defined as
X, ={f e H*(R®): (') e H'(R?)},
with its norm R
£, = e + NEF)Y Ml
It is our purpose here to establish the local well-posedness result for equation
(1.1) with data in an anisotropic Sobolev space of low order, so that one can hope
to get the local and global low regularity of solutions. Studied here is the initial
value problem of the form
(Ut — BUges + (u2>z)w + Uyy — YU = 0, (t>$7y) € R3, (1 3)
w(0,z,y) = ¢(2,y), '
where the initial profile ¢(x, %) belongs to an anisotropic Sobolev space H*!%2(R?)
defined by
H*2(R?) = {p € S'(R?) & [|§]|pers2 < 00}, (1.4)
where

[0l zrs1o2 = [1€€)° (m)*2 (€, m)| L2
with () = (14| - [2)1/2.

The above spaces are a natural set for the initial data of the Cauchy problem
for the Kadomtsev-Petviashvili equations because their homogeneous versions are
invariant under the scale transformations preserving the KP equations. It has
been understood that flows of the KP-I and KP-II equations, considered in the
natural spaces, behave very differently. The KP-II equation can be solved by Picard
iteration ([8]) while KP-I cannot, in any Sobolev class ([24]). In [8], Bourgain proved
the local (and therefore global due to the L? conservation law) well-posedness of
KP-II equation with L? initial data. Local and global well-posedness for the KP-II
equation with data below L? were obtained in [20, 33, 34, 37]. Their results were
generalized in [17] to the sharp results in the critical space. All these results use
the Fourier transform restriction method of Bourgain. On the other hand, it has
been shown in [24] that the KP-I equation has a “bad behavior”. In particular
the KP-I analogue of the crucial bilinear estimates established by Bourgain for the
KP-II equation are proved to be false. In [11] and [38], a global existence result
for small initial data was obtained via inverse scattering techniques. In [35] global
existence of weak solutions in the energy space is established. The uniqueness
of such solutions is unknown. The first result of global well-posedness of strong
solutions to the KP-I equation is established in [25, 26]. Using a method combining
local well-posedness and delicate conservation laws, the authors manage to obtain
the global well-posedness in the “second” energy space (see also [22]). Recently,
Tonescu, Kenig and Tataru [18] obtained global well-posedness for the KP-I equation
in the natural energy space by introducing some new methods which can be viewed
as a combination of the Bourgain space method and energy estimates.

However, the rmKP does not preserve any scaling because of the rotation term.
Hence it does not indicate any critical values for (s1,s2) of the initial data in
H#1%2(R?) with which one may expect well-posedness. But when 3 < 0 and v > 0,
the solution operator S(t) of the linear part of the equation has a good algebraic
property similar to the one of the KP-II equation, which allows us to perform the
Fourier transform restriction methods with some of the oscillatory integral estimates
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[4, 23]. More explicitly, the bilinear dispersive identity of the rmKP equation (1.1)
is

(&1 + &2 +m2) — p(§1,m) — p(&2,m2)

_ 3 (e— 6 + G —Em)”

+W€2 -+ &
§61(6 —&1) §61(6 —&1)

where p(&, n) is the associated dispersive function defined in (1.6). Clearly for v > 0,
if B> 0 (positive dispersion) this quantity could be zero, while if 8 < 0 (negative
dispersion)

Ip(&1 + &2, m 4+ m2) — p(&,m) — p(&2,m2)| = Clé1éa(&1 + &2)).

This together with the Strichartz estimate helps to control the derivative nonlin-
earity and to obtain well-posedness for rough data. But the payoff of the negative
dispersion assumption is that we fail to establish a uniform time-decay estimate of
the oscillatory integral associated to the linear problem, again due to the rotation
term. This in turn prevents us from getting a uniform-in-time Strichartz estimate.
This difficulty is resolved by breaking up the space frequency and performing the
Strichartz estimate on each frequency part, as illustrated in Remark 1.1.
Motivated by [34], we define the following Bourgain spaces associated to equation

(1.1).

Definition 1.1. Forb, by, bs, 51,52 € R, we define Xgi'g’;” as a Bourgain-type space
associated to the rmKP equation

W= e SR ullgoe e <00}
where
Il e = || 67 = 6, m)* (€)% 1 + “‘gﬁj?”“}w,w)! e, Y
with !
p(&,n) = —B° - 772;7 (1.6)

Let I C R be an interval. For b > 1/2 we define the space X?%:°1:%2(I) equipped
with the norm
H“”Xi’f,&ﬁ(z) = inf {||v||xi”lb,§’2b2’”(t) = u(t) on I}. (1.7)

b.by.b
vEX s k2

Equation (1.3) can be written as the integral equation

u(t) = S(t)p — / S(t — ) (W2(t'), dt, (18)

where S(t) is the Fourier multiplier with symbol e?P(&7) where p(¢,7) is given in
(1.6).

In this paper we prove that with negative dispersion 8 < 0, the rmKP equation
(1.1) is locally well-posed for initial data in the anisotropic Sobolev space H*1+%2(R?)
for s; > —3/10,s9 > 0. The main tool for the proof of the local well-posedness of
equation (1.1) is the following bilinear estimate.



4 ROBIN CHEN, YUE LIU, AND PINGZHENG ZHANG

Theorem 1.2. Assume 3 <0 and v > 0. Let the real numbers b, b, by, ba, 1,52 be
such that

by >0, b0, b>1/2, s3>0, s3>b =V,
s1>1-=3V, s >1+4+3by =3V —by, b >b+1/4,
b + 5b; > ; b’+4b1+%bg—4b1b2 > ; 51> by — 1,
b +by>1/2, 20 +by>1, s1>1—3b; —3b + bs.
Then
19 ()| 1.0 < Clull gz ol 0o (1.9)

Applying Theorem 1.2 with b = %Jr,b’ = %f,bl = %Jr (depending on '), and

by = % we have

Theorem 1.3. Assume 3 <0 and v > 0. Let s1 > —3 and sy > 0. Then

10
0 (uv) (1.10)

14101 SOl ap sy 1ol

|| 1,1
stE+
Xs1isp $1,82

Xs 82

Wl

Remark 1.1. To prove Theorem 1.2, we make use of both the Strichartz-type
inequalities and direct estimates for the kernel in the integral representation of the
nonlinear estimate [23, 33, 34, 37]. As in the case of the KdV equation and KP-II
equation, one of the difficulties comes from the derivative nonlinearity. We need
to treat the small frequencies different from the high frequencies in the integral
representation of the bilinear estimate. Also note the the extra factor

(T —p(&,n)™
(€)b

in the definition of the Fourier transform restriction spaces X i’f;;@ is needed to-
gether with the Strichartz inequalities to treat the small frequencies in the proof
of the crucial bilinear estimate. Another difficulty here concerns the Strichartz
estimate. Unlike in the KP-II case, we are not able to obtain a uniform-in-time
Strichartz estimate for the linear problem of equation (1.1) due to the rotation
term. Our approach follows the idea in [4], which is based on the study of the

following oscillatory integral associated to the linear rmKP problem

1+ (1.11)

La(@.t,5,7) :/ OO e ¢ 50,z €R, (1.12)
0

where h(¢) = —p€3 — % The “long-time” estimate of the above oscillatory integral

only gives a time-decay rate of t~/3 because with the rotation term, h”(¢) has a
zero at some nonzero &, which is different from the one of the amplitude function £<.
Hence we cannot use the “cancellation effect” introduced in [23] to obtain the ¢~1/2
decay. But the “short-time” estimate suggests a decay rate of ¢t~'/2, which is the
same as for the KP-II equation. However if we split the space frequency into high
frequency and low frequency parts, then we obtain the uniform time-decay estimates
of the corresponding oscillatory integrals and therefore the Strichartz estimates on
both parts become uniform in time (see Lemma 2.6). Moreover, the time-decay
estimate on the high frequency part is the same as for the KP-IT equation (t~1/2),
which leads to the same result on the bilinear estimate as for the KP-II equation.
On the low frequency part the decay rate is t~'/3, which seems to improve the
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blinear estimate. However in the bilinear estimate, when dealing with the “high-
low” frequency interaction, the rotation term generates some extra growth term
than in the KP-II case, preventing us from getting the same low-regularity result
as in KP-II.

A consequence of Theorem 1.3 is our local well-posedness result for the Cauchy
problem (1.3). The method involves applying the Picard fixed point argument to
the integral equation (1.8). Using the arguments of linear estimates in Bourgain’s
framework, we have the following theorem.

Theorem 1.4. Consider equation (1.1) with 3 <0 and v > 0. Let s; > —< and

sy > 0. Then for any ¢ € H5*>(R?) such that ||~ $(&,n) € S'(R2) (the Schwartz
class) there exist a positive T = T(||¢||mgs1.52) (lim,.—oT(r) = o00) and a unique
solution u(t,z,y) of the Cauchy problem (1.3) on the time interval I = [-T,T]

satisfying u € C(I, H*1%2(R?)) ﬂXsll/?sj’l/H’l/g(I).

Remark 1.2. Tt was shown in [34] that s; = —1/3 is the critical exponent for the
bilinear estimate associated to KP-II equation and hence to the local well-posedness
of KP-II equation in the anisotropic Sobolev space H*1"Y(R?). As explained above,
the rotation term improves the Strichartz estimate on the low frequency part and
remains the same as for KP-II on the high frequency part, but it also generates extra
growing factor in the bilinear estimate. Hence here we only obtained s; > —1%.
One may expect the well-posedness for the rmKP equation with even smaller s;.
However so far we have not been able to push s; further below —% with g < 0.
Formally equation (1.3) has the following conservation laws

B(u) = / (;mg n %u?’ + %(8;1uy)2 + ;y(agluﬁ) dady, (1.13)
]RQ

1 2

V(u) = f/ u” dxdy, (1.14)
2 Jeo

and

M(u) = / u dxdy =0 (1.15)

R2

expressing, respectively, the energy, momentum and total mass*. Here, 9, 'u and
9, 'u,, are defined via the Fourier transform as

(0 'w)(&,m) = (& n) /i€ and (0 'uy)"(&,n) = (n/©)a(&,n).

A combination of Theorem 1.4 and the L?-conservation law (1.14) yields the
following global well-posedness theorem

Theorem 1.5. Let 3 < 0 and v > 0. Then for any ¢ € L*(R?) such that
€7t (&, m) € S'(R?), there exists a unique global solution u of (1.3) satisfying
u € C(R, L?(R?)).

*For a general class of Kadomtsev-Petviashvili type, it is proved [27] that the zero-mass in the
z-variable

/ u(t;z,y) de =0

holds for ¢ € (0,T) even if it is not satisfied at ¢t = 0.
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In the second part of this paper we study the decay property of the solitary
waves of equation (1.1).

A solitary wave of (1.1) is a traveling-wave solution of the form (z — ct,y),
where ¢ € X; and ¢ € R is the speed of wave propagation. Or equivalently, it is a
solution ¢ = ¢(x,y) in X7 of the equation

for some ¢ € R.

It has been shown in [10] that the solitary waves of equation (1.1) exist only
when 3,y > 0 and ¢ < 2v/37, which falls out of the case we discuss for the local
well-posedness (8 < 0,y > 0). In fact when S > 0, a “bad sign” in the identity
p(§,n) for the rmKP equation presents an apparent obstruction to performing the
bilinear estimate.

In [10] it is proved that when 3,7 > 0 and ¢ < 2/, all solitary waves decay
algebraically, which is no better than in the KP-I case [7]. Here we obtain an
improved result. We prove that such solitary waves decay exponentially at infinity.
It can actually be viewed from the fact that the rotation term added to the kernel
smooths out the singularity as in the KP case and hence improves the decay of the
solutions. To be more precise, we have the following result

Theorem 1.6. Let 8, c and 7y be constants satisfying B,y > 0 and ¢ < 2+/37y. Then
for any solitary wave ¢ of (1.1), we have

pla,y) = O(e™ V%), (1.17)
with a a positive constant depending only on (3,c and .

Remark 1.3. By (1.17), we obtain the exponential decay of solitary wave ¢ with a
positive number « provided 3,7 > 0 and ¢ < 21/37, which definitely improves the
algebraic decay estimate in Theorem 2.6 of [10], although in this paper we do not
find out the optimal number « such that (1.17) holds for solitary waves.

To prove Theorem 1.6, we start with an integral decay estimate, which was
used by Ambroseti, Felli and Malchiodi in proving integral decay results of non-
linear Schrédinger equation (Lemma 17 of [3]). Then a use of anisotropic Sobolev
embedding theorem provides the L bounds for the solitary waves.

This paper is organized as follows. In Section 2 we set up the Strichartz inequality
for the rmKP equation (1.1), and use that to prove a crucial estimate Lemma 2.8
for the bilinear estimate. Section 3 is devoted to the proof of the bilinear estimate.
In Section 4 we apply a Picard fixed-point argument to the integral equation (1.8),
which implies the local well-posedness in some suitably chosen space. In Section 5
we show that all solitary waves obtained in [10] decay exponentially.

Notation. We denote by - or F the Fourier transform and by F~! the inverse
Fourier transform. A ~ B means that there exists a constant C' > 1 such that
|A|/C < |B| < C|A|. The notation a+ means a & € form arbitrarily small € > 0.
Constants are denoted by C and may change from line to line.

Let C = (Ean)vgl = (flﬂh) and let
0= U(Tvc) :Tip(€7n)a o1 = ‘7(7'1741)’ O'QZO'(TiTl?CiCl)a
(o)™

0= 9(7'70:@, 01 = 0(71, (1), Oy :=0(1 —71,{ — C1)-
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Let the two projection operators Py and PV be defined as follows
Py f(&m) = Xxje<nf(&m), PN F(En) = xeznf(En).

2. LINEAR ESTIMATES

We first state the result on estimate of the linear solution operator S(¢).

1/4
Theorem 2.1. Let 3 < 0, v > 0 and N = (%) . If ¢ € LY(R?), then
S(t)¢ € L°(R?) and
1P S ()¢l o= (r2) < CLE0 16| 11 (m2), (2.1)
1PN S(#)]| L~ g2y < Clt1 ™|l L1 g2)- (2.2)
To prove this, we need the following lemma.
Lemma 2.2. (Van der Corput Lemma [31]) Suppose ¢ is real-valued and smooth
in (a,b) and that |¢F)| = ¢ > 0 in (a,b). Then
b b
| e 0uede] < cuenHww + [ 1w ©lae] (23)

holds with Cy, independent of ¢,v and \ when
(1) k=2, 0r (2) k=1 and ¢'(€) is monotonic.

Applying the above lemma we obtain the “long-time” estimate.

1/4
Lemma 2.3. Let 3 <0, v > 0,N = (f—;’ﬁ) and 0 < a < 1/2. Fiz 6 > 0.
Define

In(x,t,8,y) = / oetMO-2 et 50,1 €R, (2.4)
0
where -
h(§) = _ﬂf?’ - E
Then
sup |1 (z,t, 8,7)] < C(N + 1)t~ Y3 ¢ >4, (2.5)
z€R
where C = C(a, 3,9).
Proof. A simple computation shows that |h"/(£)| = —68 + %Z > —60 > 0. Hence

from Van der Corput Lemma we have
N+1
‘/ goethO=20qel < Cy(—66) V3N + 1)t V3, t>0,z€R,  (2.6)
0

where C5 is independent of «, 3,7,d and t.
We will argue as in [4]. First we have that
2y

W'(€) = —68¢ — =+ > —306 >0, for €= N = (

—33
We also have

gl
() = —366% + e > —366% > 0.
Hence it follows that there exists at most one point &, > N+1 such that h'(£,) = z.
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Define for x € R the two sets

Av={E>N41: e-&l <), Bo= [N+ 1o0o\Ae

(Note that A, can be empty). Since % < gi < g in A,, we may apply the Van der
Corput Lemma to get
—-1/2

‘ /
‘ / 5%”(”(5)_15)%‘ < Cpe ( - Sﬁgzt) < Co(=38) V(N + 105~ 1/2
Ay
< Cy(=3p) /2712, (2.7)

where C is independent of «, 3,7,d and ¢, provided 0 < a < 2
If A, is not empty, then for £ € B,, we have either N +1<€< %ﬂ” or £ > s
If N+1<€< %, then

|W' (&) — x| = h' (&) — B (§) = " (n)dn
e o) — &) > —2pe.

2
If ¢ > 35 then

13
W(E) — ] = W(€) — W (&) = / W (n)dn

x

3 1
_iﬂ(f + gx)(f - fx) = _5652-

In either case, we have

W) x| > 306, €€ Be. 2.8)

If Ax is empty (i.e. By = [N + 1,00)), then the same estimate (2.8) holds for
¢ > 3(N+1)since /(N +1) > z and then 1/(§) —z > h/(§) — k(N +1). Therefore,
replacmg B, by [3(N +1),00) if needed, and retaining the notation B, we obtain
that (2.8) holds for all x € R. Thus we have

‘/B faeit(h(é)—xf)dg’: th/B h/(f; <;l§ it(h(€)— ””@)dg(

1 £
<o e / ’ds o=z ")
2 a2 o™~ l(h/(ﬁ) —x) —§*h"(§)|
<o {-gaen ) (GRS
Sf 2 a—2 20424 3
<t GV +/Bw 5t e }
4o+ 20 oy da 420,
< W(N+ D7 < mt ; (2.9)
when a < 2.
Combining (2.6), (2.7) and (2.9) we obtain (2.5).
U

Moreover, we have the “short-time” estimate.
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Lemma 2.4. Let 6 <0, v>0 and 0 < a < 1/2. Fix T > 0. Then

sup|In(z,t,8,7)| < Ct~"%5, 0<t<T, (2.10)
xER

where C = C(a, 8,7, T).

Proof. Performing the change of variable £ = An with A > 1, we have

o0 P E _o
[a(x7t7ﬁ77):Aa+1/ P A=A =22 () g
0

— Aoty (A—%, X3, 3, /\—47).
Hence

sup |La (2., 3,7)] < A" sup | (A~22, X%, B, 0749 )| < A sup Lo (@, A%, B,7)],
r€R z€R z€R

where in the last inequality we have used the estimate (2.5) and the assumption
that A > 1.
Therefore, for 0 < t < T, setting A = (T/t)/? we obtain (2.10). O

Proof of Theorem 2.1. Consider £ being positive (the negative case can be treated
the same way). Making the change of variable p = (|t|/£)'/?n we have

St = / / 7 itl=BE —(n?4) /€] yi(at+ym) dédn
R JO
_ |t|’1/2 /Oo 51/261‘[(%;;2/\tl)éft(ﬁier“//é)] d¢.
0

Then (2.1) can be obtained from (2.6).
As for (2.2), from (2.7) and (2.9) with o = 1/2 we see that

oo
sup| [ €22 ge| < Ot2) fort > 6> 0,
zeR JN
where C = C(8,, N, ). Furthermore, from Lemma 2.4 we have for 0 < ¢ <

Ct*l/Z > bup| gl/Zeit(hfzf) df‘
zeR 0

0o N
> sup| gl/Qeit(h—mf) df‘ _ sup| gl/?eit(h—mf) d§|
zeR JN zeR Jo
Hence

0o N
sup ‘ 51/2€it(h—x5) d€| < Ct71/2 + sup | 51/26it(h7xf) d§|
z€R JN z€R Jo

if § < 1. Hence we obtain that

Sup\ El/Qeit(hfxg) d§| < Ot*l/Q'
z€eR N

Therefore we have proved (2.2). O

As a consequence of Theorem 2.1 we have
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1/4

Proposition 2.5. Let 5 <0, v >0 and N = ( 36) . For any 0 € [0,1] and
¢ € 95(C5°(R?)),

| Py S@@llzra-0 < Clel ™% 9]l p2raon, (2.11)

IPYSt)o L2ra-or < CltI° ||l p2rasor- (2.12)
Proof. As in [23], we introduce, for A € [0, 1], 4 € R, the analytic family of operators

Wisin()ola9) = [ Je| M2 Garsitestm (e p)agao,
R2

A slight modification of Theorem 2.1 implies that

1PN Wi (8)ll e < CL+ NI Cllg] 1,
IPYWigin ()¢l L= < C(L+ AN ¢l

VAR

while by unitary, 4

IWin ()22 = D ¢ll 22 = |||z
Hence by complex interpolation (see [32] Chapter V, Theorem 4.1) we obtain (2.11)
and (2.12). O

It is standard now (see for instance [23]) to deduce the following “Strichartz
estimates”.

1/4
Lemma 2.6. Let <0, v >0 and N = ( 2;’ . For any 6 € [0, 1]
| PN S(t)®| Lar ;1 (r2)) < Cll9| 125, (2.13)
1PN S ()@l Loz s Lo v2)) < Cll@l L2 5 (2.14)

where (q1,p1) = (%; Tig)a (q2,p2) = (Ev 1%9)

Proof. We will just prove (2.13). The same argument applies to the proof of (2.14).
By duality, (2.13) is equivalent to

< Cllgll

L2(R2) L (]R;Lpll (R2))

Py S(1) dt‘

where 1/¢1 +1/¢f =1,1/p1 +1/py = 1.
By the argument in [36]

H/PNS(t ‘LW) —/(/PNS dt /PNS )d
// (1) /PNSt—T )dT)da:dt

Therefore (2.13) is equivalent to

| [ paste=riat.myor

We have from (2.11) that

H /PNS(t —7)g(-, T)dT’

La1 RLPI (R2)) ||g||LQ1(R Lpl(RZ))

< — . P1
oy < || [ 1P = D9 amorar|

<C|| [ 1t =17 g 7)ot ]

< C||9||Lq’(R;Lp’(R2))a

qu )
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where p1 =2/(1—6),1/q1 =1/q} — (1 = 26), i.e. q1 = 12/(56). O

1/4
Lemma 2.7. Let <0, v> 0 and N = ( 3ﬁ) . For2<q1 €22/5,2< ¢ <4
and any u € L*(R3) we have

1PvF (00~ falr, Ol < Cllule, (2.15)
IPYF (10 O s < Ol (216)
where
b= (1= 2/0)(1/24), by =201~ 2/q)(1/24)

and F~! denotes the inverse Fourier transform.

Proof. From (2.13), taking § = 6/11, we obtain for any ¢ € L?(R?)

||PNS(t)¢HL22/5(R3) < C||¢HL2(]R2)- (2.17)
From (2.17), [13] Lemma 3.3 gives, for any u € L*(R?),
IPxF = (o)™ 3 alr, O 22rs < Clullze. (2.18)

Interpolating (2.18) and the Plancherel identity we obtain (2.15). Similarly, (2.16)
can be obtained by interpolating between

IPYF1 (o)~ 3 1a(r, Ol llzs < Clullzs
and the Plancherel identity. O

Lemma 2.8. Let 5 <0, v>0, aj,as,as3 € [0, % + €], and let uy, s, us be positive.
Then
/ iy (71, G )2 (T — 71, ¢ — (1) us(7, ()
RO (1) {02)22 (o)

provided a1 + as + ag > 1 + 2e.

drd¢dmd(y < Cllullpz||v]lpzl|w|| Lz, (2.19)

1/4
Proof. We denote by I the left-hand side of (2.19). Let N = ( 3[3) . Then we

can rewrite I as

I= / F((Py + PYyur ) (r1, ) F (P + PYyua ) (7 = 71, ¢ = G)F (P + PY)us ) (,0)

(1)1 (02)?2(0) 8

_ [ Suloroducts of F(Pyug) and FPVw) o

RO (01)71(02)22(0)3

By symmetry, we only need to estimate the following four terms:
f(PNul)]:(PNUQ)]:(PNUg),)

L = RS (o1)81(02)2 (o) drddndar
N

L F(Pur)F (Pyug)F (PNU3)deCdT1d<17
R6 <U1>a1<02> < >

L F(PNuy)F(PNuy) (PNU3)d d¢drd(y,
R6 (01)(02)2 (o)

I F (PN uy ) F (PN ug) F(PY u?’)deCdﬁdCL
R6 (1)1 (02)2 (o)

drd¢dmdé
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Using Holder’s inequality, Plancherel’s identity, and Lemma 2.7 we obtain

L < O PwF ((o0) ™ il ) oo [ PuF~ ((o2) =il ) oz | Py F (40) = ia] ) oo
< Cllullzllollzllwl L2,

provided a; = X(1—2/q;)(1/2+) and 1/¢1 + 1/g2 + 1/q3 = 1. The last condition

is equivalent to a1 + as + az = % +2e < 1+ 2e.
As for I, we have

L < CIPNF ({o0) ™ ] )l 1PV F ((o2) ] )z | PYF (40) %] )| oo
< Cllullpzflvllzzllwll 2,
provided a; = 2(1 —2/¢;)(1/24) and 1/g1 +1/¢g2 + 1/g3 = 1. The last condition
is equivalent to a1 + as + ag = 1 4 2e.
Using the same method for I5 and I3 we see that we need % +2e < ay1tas+tag <
1+2¢. But clearly by looking at I we know that the bigger a; +az+as is, the smaller

the integrand becomes. Hence we only need to determine the lowest possible number
that a1 +as+a3 can attain. Therefore we can conclude that ay+as+az > 14+2¢. [

The following two elementary calculus inequalities are also useful in our proof of
the bilinear estimates.

Lemma 2.9. For any a € R the following inequalities hold:

> dt c
/—oo (1= (L — a)lt < DR (2.20)
> dt C
/_oo )|t — all/2 S (a)1/2" (2.21)

3. BILINEAR ESTIMATES

In this section we prove the crucial bilinear estimate Theorem 1.2.

Proof of Theorem 1.2. : A duality argument shows that (1.9) is equivalent to

//K(Ta ¢, 71, C1)0(7e, C)o(T — 71, ¢ — C1)w(7, ¢)dTidCrdTd(
< Cllullpzljvll 2 [lw] 22, (3.1)
where 4, 0, W can be assumed to be positive and

e ) E— ey ()
K G ) = e o) Do 0002 Ty — )

We consider only the case —1/3 < s; < 0 and denote s = —s;. Moreover, from
the inequality

B )
(m)*2(n —m)*
we may just take the case s = 0. Therefore the kernel K(7,(,m,(1) in (3.1)

becomes
O ) € — €
K Cm ) = S o oo 6 (]

)
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We also have the relation

(&an —&m)? n 752 — &4+ &

§6(§—&) a6 —-&)

o1+09—0=-304(£-&)+

and therefore (cf. [8])
max{|o|, [o1], [oa|} = —BE61(E - &1)]- (3-2)

By symmetry we may assume that |o1| > |02|. Denote by J the left-hand side of
(3.1). We break our argument into several cases.

Case 1: [¢] is small, say, [¢] < 8.

Case 1.1: |£;| < 1. Denote by Ji; the contribution of the region to J. In this case,
€ =&l <2and

C
(o) =01 (01)"(o2)"
Since b’ — by >0, b > %, a use of Lemma 2.8 implies the right bound for Ji;.
Case 1.2: |¢1] > 1. In this case (€)7%(&1)*(€ — &1)° < C(&1)?%. Denote by Jia the
contribution of the region to J.

e |01 = |o|: From (3.2) we have |£|5(£1)2 < C{oq)®. Since (0) < C(o)*, we
know

K(7-7<77-17C1) <

clgl
(o) b1 (o1)P =% (o)’
To apply Lemma 2.8, we need b’ —b; +b—s+b > 1. This can be seen from
the fact that b > % and b’ — by > s.
e |o| > |o1]: From (3.2) we have |£|*(£,)%* < C{o)®. Hence
clelt
(o) =0r=2(01)b(02)"
Since b > 1 and b — by > s, we know that ' —by —s+b+b> 1. So we
can use Lemma 2.8 to get the right bound for Ji,.

K(TaC77-17C1) g

K(77C7T17C1) <

Case 2: [{| > 8.
Case 2.1: |o| > |o1| and min{|& |, |€ — & |} > 1.

Case 2.1.1: || < 10min{|&1], | — &1|}. Denote by Jo11 the contribution of this
region to J. Using (3.2) we know that on the support of Ja11,

€11 5161 ]° 1€ — &) < Cle€a(€ — &)| /3 < Clo)IF9)/3,
o If (o) < [€]*2. Then

C
K < T+s ’
(7—7(:;7-1’(:1) < <0>b/— 3 <01>b<02>b

> 0, we can use Lemma 2.8.

Since b’ — %
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o If (0)01 > |£]°2. Then
S G Pl - &l ¢ .
< >b —b1< >b<g2>b < <O,>b’—b1—max{s7@}<O.1>b<a-2>b

Since ' — by > s and b’ — by > 1+S3*b2, we may use Lemma 2.8 to complete
the proof in this case.

Case 2.1.2: [¢] > 10 min{|&],|€ — &1]}- Denote by Ja12 the contribution of this
region to J. On the support of Jy12 we have

€I slelle — & < Cleftre.
Using the Cauchy-Schwarz inequality, we obtain

1/
Ja12 < C/ (1,¢) /|U 71, 6)0(T — 71, — G1)| dTldQ} 21@(77C)drd€7 (3.3)

where
_ M) drid, v
I(7,Q) = (o) (/|a|>m| (0—1>2b<0—2>2b<91>2<92>2> )

We will show that (7, () is bounded for |£] > 1. Using (2.20) we have
Clel™+=(0) (/ dédim )1/2
(o) (o1 +02)20/

We perform the change of variables (&1,m1) — (v, p):
v=-3066(— &), p=o1+o02

K(Ta Clea Cl)

I(7,¢) <

Hence
. 38 .5
€ [—3|0|,m1n{—zg ,3|a|}], when £ >0

veE [max{—%fg’, —3lol}, 3lo|], when £ <0

We will discuss the case £ > 0. The case £ < 0 can be treated the same way. In
this case we have

| 2dvdu
d§idm = ;
12(—B)3/21¢3/2, 365 + L o + v+ — /2
where ) )
v v
where we denote
A=-38v(& - &4 + &) (3.5)

Thus using (2.21) we obtain

+9 3|o| 1/2
I(1,0) < C‘ﬂ / / [v|Y2dudy
3ol o0 12(=B)2(€[3/2 /36 + Jv lo + v+ k=l ()

+s 3lo| 1/2 1/2
o C\£| / v/ 2dy } /

3ol \/3€3 + Gv (o + v+ k)12

Notice that we have v+ k| > |v| and from (3.2) we know |o] > 1|v + k| > 1|v|.

}1/2
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o 1f (o)™ < €[, since min{|& |, |€ =&} < 751¢], we know that 1] < =57 |¢]°.
Hence | — $u['/? <[3€% + u['/? ~ [€[3/2. Therefore

C & lis 3lo| v 1/2dl/ 1/2
e iy v =)

(o)1 -3 |1/|2b/_%,/%§3+%1/ (c+v+k

< CIEI‘“S{/S"" €[>~ dv }1/2
T (o)t _3j0] [€13/2(0 + v + k)1/2

Clejats
Clelit <O, since b’ >

GEEE

where we have used the fact that

1+ s
3 b)

X

Claim 3.1.

3|o] dy
< 1/2 h, = . .
/3|U| PR Clo|'’*,  where C = C(y) (3.6)

Recall that k = 2 is defined in (3.4).

Proof of (3.6). Let f(v) = v+ 2 where A is defined in (3.5), and v; < v
be such that

fn) = fn) =0, for o=2VA. (3.7)

Without loss of generality we may assume that ¢ > 0. Then we know
that for v > 0,

c+v+k>v>0,

and hence

3o 3o
dv dv
¥ < < C\o. 3.8
A (o +v+ k) A i SOVe 35

Therefore we only need to consider the term fi)?,a MW.

of variable v — —v, it is equivalent to consider the integral

/3(7 dv
0 <U—V—k>1/2.

From the definition of A and (3.2) we know that
A < Cro. (3.9)
(1) If ¢ < 2v/A, then from (3.9) we know that o < Cy and hence
30
dv
Y <30< OV
/0 o —v_k2 7 Vo

(2) If ¢ > 2v/A, then we know that f(r;) = f(r) = 0 and 0 < v} <
VA < vy. Moreover we have f is decreasing on (0,+/A] and increasing
on [V/A, o). Also on (0,v/A],

2VA dv
/ (Fam—e <2VA < CVo.
0

o v k)2

By a change
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If vy < 2V/A, then
o= ) < JOVA) = VA< OV

Then using the same argument as before we have

30
/ ﬂgsagcﬁ.
0

o—v—k)/?

If v, > 2V/A, then on [2\/2, va),

f(l/) _f(VQ) > f/(y) > f/(z\/Z) — Z

UV — Vg
Thus on this interval
3
o~ J() > {0 —v)
and then

vz dv vz dv
o w o W < .
/zm (o—v—k)1/2 "~ C/z\/z (vra —v)1/2 = Ove

Similarly, on [vs, 30],

fv) — fv)
VvV — Uy
Therefore we also have

30 dv
|, wmmm e

Summing over the above argument, we obtain

30 dv
/O [T < Cy/o. (3.10)

Combining (3.8) and (3.10) we proved (3.6). O

o If (o) > |€£]b2, then similarly we get

C|§|i+s—b2 /30| |V|1—2b’+2b1dy 1/2
I S —————
R J

~8lol \/3¢3 + v (o + v + k)1/?
Clg[i+ete

S @e=nh G

since b’ — by > 1 and b — by > =,
In this way we know that I(r, ) is bounded for large |£|. Using the Cauchy-Schwarz
inequality to (3.3), we get

Jara < Cllul[zz||v] 2 ||wl| L2 -

Case 2.2: |g| > |o1| and min{|&;[, |€ — &1|} < 1. In this case we have

€€ —&)° <G,

and we can use the same argument as in Case 2.1.2 with s = 0.
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Case 2.3: |o| < |o1| and |&]| > 1.

Case 2.3.1: [£| < 2|&1]. In this case we have

ba
<<991>> < c<f£>> and (€)™ (1)°(€ — &) < C

Thus
ClE[(en)=t> 1

K(r,(,m,(1) < (W (o1 )P o)l (Eybats”

Since |o| < |o1| and b’ < b, we know

’

(@) (01)? > (o) (o),
and

ba+2s
s < Ol

for by + s < 1. Thus
Clé|'*
(01)"" ()P (02)""
By replacing (7,¢) with (71,(1), we can use the same argument as in Case 2.1.2
to obtain the right bound.

Case 2.3.2: [{] > 2|&i[. Then [¢] < 26 — & and (§)7*(61)°(€ — &) < O(6)"
Hence
ClEll&]*(0)
(@) (01)"(02)"(01)
o ||’ < |¢|°2. Since |oy| dominates in (3.2), we obtain

Clell&[*=** ¢
b’ b+b b < 1 lfstbyq °
(o) (o1)btb1(03) (o)V <O_2>b<o.1>b+b1—max{§,f}

K(TaCaTlaCI) <

K(T,Cﬂ'l,Cl) <

K(T7<77—1741) <

Since b > § and b’ + by — max{3, 152} > 0, we know that b’ + b+ b +
by — max{3, Hgi;'b?} > 1. Therefore we can use Lemma 2.8 to obtain the
right bound.

o ||’ > |¢|°2. Similarly,
Clel bl e _ ¢

()0 (@) 0 {02)" T ()b ()b (g o mmax (PR 2

K(T7C7TlaC1) <
Since b > I and b’ —max{2522, 3=} > 0, we know that b’ —by +b+b+by —

max{%, %} > 1. Therefore we can use Lemma 2.8 to give the right
bound.

Case 2.4: |0| < |o1] and |&1] < 1. Denote by Joy the contribution of this region to
J. On the support of Joy we know that

&€ -&) <C

Hence we can assume that s = 0. Now consider the dyadic levels

ARM = (1, G) ¢ &l ~ M, (o1) ~ K}, (3.11)
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where K = 2% k£ =10,1,2,..., and M = 2™, m = 0,—1,—2,.... Denote by JKM
the contribution of AXM to J,, then

Jas <C Y IEM.
K,M

Using Cauchy-Schwartz we have

1/
C/IKM (7, C /|U (11, C)0(T7 — 11,6 — 1) dﬁd(l} Qw(T;C)deC,

KM _ 1€1(0) drd(y 1/2
I (1,¢) = (o) (/AKM <0.1>2b<0.2>2b<91>2<92>2) .

Similar to Case 2.1.2, we perform the change of variables

v=—-3B86(§£—&1), n=o01+ 02

We can assume that £ > 0 and then
v| < —Bﬂlfl(\ﬁl +1)-2M < -95[¢[P M.
Since b’ > by, we have (8) < C(o)?". Hence

where

IKM (r,¢) < / / / 981¢> M C|f|1/2‘v|1/2dl/d7'1dp
9

BEPM 12(=B)¥2(01) (= 1) 568 + Jvl(o + v+ k) — | 7(6)?

From (3.2) we know |v| < 3|o1], and therefore
W2 _ Cloy (e

012 = (o)
In this way, using (2.20) and (2.21),

< Cloy)i 2 < CK2 20,

M

9BlEl* M duvd
KM C 4K17b1 / / H
(r.¢) < Clél 9 ; o)

plelEar (53 3 )1/2(o+u+k)—u

—~9BJ€| M dy 1

2

<cletrin{ [

1/2
plEl2 M (ggg T %,,> (0 +v+E)L/2

Since [¢| is large and |£;| is small, we have from (3.2) that |v| < _T?’ﬂm?’, and hence

,/453—1— Lv > 3[¢[3. Therefore

1 _ 2
KM (7, ¢) < CK7 bl{/ oBlel"M dv }%'
’ ‘§|% 9ﬁ|f‘2]\/[ <O'+I/+I€>1/2

Claim 3.2.

—9p1¢1° M dv
— = < CM4 3.12
/95521\/[ <J+V+k>1/2 ‘§| ( )

Proof of (3.12). Let a = —98|¢|?M. Without loss of generality we may assume
a > 1. Thus a > /a. Similarly as in the proof of (3.6), we can assume ¢ > 0.
Hence

¢ dv ¢ dv
75 S < < )
/0 (0 +v+Kk)1/2? \/0 172 <Va< CM? 4 CMi (35 (3.13)

)1/2
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since M < 1. Therefore we only need to show

@ dv
/0 CErETTE <OM* €|. (3.14)

o—v-—
Since now [£| > 8 and |£1] < 1, we have
21
—30762 < A< —§57§27

where A is defined in (3.5). Therefore we obtain that

24
§MA <a<Zma (3.15)

Ty

o = \/7 = \[ (3.16)

(1) Consider the case a > A. When a < 2v/A, then

/<d”<2\/2<2ﬁ CM3|g| < CMig|.
0

o—v K/

Thus we only check when a > 2V A.
(1-1) If 0 < 2v/A, we have on [2v/A, a] that

fw)—o > f(v) = fF2VA) > f2VA) (v - 2VA) = (V—Q\f)

Denote

Thus " p
v 1
———— < CVa < CM1l¢|.
foi o= —rm < Cva <ol
(1-2) If 0 > 2V/A, then
2\/> dl/ \/7 1
— < 2VA K COMA|E.
L e cuti

When vy < 2v/A, then on [2v/A, a], where v is defined in (3.7),
fW)—o=fW) = f(ra) 2 f(v) = FVA) > [/(2VA) (v — 2VA) = (V—Q\F)

and then

“ d 1
| o <ova< ol
2

VAalo—v—K)!
When v > 2V/A, then f'(v2) > f'(2VA) = n [2VA, 1),

3
o= fW) = W) —v) = f2VA) (s —v).
On [vy,a] we have
FW)—o = f'wa) (v —w) > ['2VA) (v — va).
So

@ dV 1
W cova<oMif
Jon o g <OV €

(2) Now we consider the case a < A. In this case we have from (3.15) that

1
M < %, and thus vM < —. (3.17)
2
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Thus we have the following estimates for the derivatives.

SWAVI) = e
>1011\/M—1>c1m. (3.18)
f’(ﬂ+ﬁ)=1-@>1—m
21_1“12\%:1?%)022@7

where we have used the estimate (3.17).
(2-1) If 0 < 2v/A, we know that on [0,VA — \/a],

fw)—o=fv) = fVA=Va) > —f (VA= Va) |(VA- Va)—v
201\/M[(\/Z—\/5)—V}.

(3.19)

So we have

VA-va
/ ! f< dv <OM~i(VA - Va)?. (3.20)
0

o—v—k)l/?

Hence if a < VA — Va, then

e dv 1 1
B —— < 1 = 1 .
[ o=t s o iva= g

When a > /A — \/a, we have

/“ dv B /\/Zﬁ+/a dv
o (o—v=k2 o Vi-va) (o —v k)2

<CM~ia+a< CMile|.

In either case we obtain (3.12).

When a > /A, we have on on [v'A + \/a, al,
f0) =0 > f(v) = FVA+Va) > ~f'(VA+ Va) [v - (VA +Va)
E%W[V—(\/Z+ﬁ)},

and thus

@ dl/ 1
— < CM™ % . 21
/mma—u—kw/? OM™iVa (3.21)

Therefore combining (3.20) and (3.21) we get

/a dl/ B /\/Z—\/a—‘r/\/z"r\/a—i_/a dl/
o (o—v—Fk)/2 0 VA-a Vi+va) (o —v—k)/?

1

<COM~ i (VA—-Va)? +2/a+CM iva
<CM™%/a< CM7g],

N

which is (3.14).
(2-2) When o > 2v/A, we discuss the following cases.
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(2-2-1) a < VA.
(2-2-1-1) If a < VA - Va, then when v; < a we have that

fw) —o=fW) = fn) = =f' () —v) = —f (VA= Va)(n —v)
[

> VM@ —v), velou], (3.22)
o—fw)=fn) = f) = =f' () (v —n) > —f (VA= Va) (v — )
> VM@ —1), veElm,al (3.23)

Hence we know

/0 EEr— ,,di i = ( i +/V1> FEr— Vdi w7 < CM~%\/a < CM3|¢|.
When vy > a, we have
fW)=o=flv) = fla) 2 —f(a)(a—v)
> (VA= Va)(a —v) > esvM(a - v),
and then

e dv 1 1
Y <CM iJa< CMi.
|, mm g <cnivas oartig

(2-2-1-2) If VA — \/a < a < VA. When v, < VA — \/a we have (3.22) on [0, 1]
and (3.23) on [v1, VA — \/a]. Thus

[t ([ ot
o (o—v—K2 "\ v Vi-ya) (o —v—k)/?

<CM™ia+a<COMilg|.
If VA — \/a <vi, then on [0,V/A — \/a),
f) =0 > f(v) - F(VA=a) > —f (VA- Va) [(VA - Va)|
> VM [(\/Z— \/&)] .

/“ dv B /ﬁ—ﬁ+/“ dv
0 o—v—mi2 "\ Vi-va) o —v— k)7

<CM~ia+a<COMilg|.
(2-2-2) If @ > /A, we first look at

/‘/Z dv
0 <O'_V_I€>1/2.

In this situation we consider the two cases v; < VA — /a or v; > VA — \/a. We
may use the same argument as in (2-2-1-2) to obtain the desired estimate (3.14).
Now for

Therefore

/“ dv
Vi (o —v—k)1/2’



22 ROBIN CHEN, YUE LIU, AND PINGZHENG ZHANG

when vy < VA 4+ \/a, we have on [V/A + \/a, a] that
f0) =0 > f() = f(VA+Va) > f(VA+ Va) [v - (VA+Va)
> 2VM [y~ (VA+ Va).

/“ dv B /”+ﬁ+/a dv
vilo—v=r"2 " \Jya Vatya) (o —v—k)/?

<Va+CM™iya< CMi|g|.
When vy > VA 4+ \/a, in the case vy < a, we know on [VA + \/a, ),
o= fW) 2 f W)z =) 2 f(VA+Va) e —v) > VM (v —v).

Thus

On [v,al,

f0) =0 > fr)v—r2) > f (VA+ Va) v —v2) > ZVM(v - ).

/“ dv B /ﬂ+ﬁ+ /“2 . /“ dv
valo—v—=r2 )y VAtva vy ) (0 —v— k)12

<Va+COM™ia < OMilg).
When vy > a, on [V/A + v/a, a], we have
o= f) 2 fl@) = f) = F ()(a=v) > f'(VA+Va)a—v) > TVM(a—v).

So

Hence
N dv VA+a “ dv
<Va+ CM™ia < CMile).
Therefore summing up all the above we obtain (3.14), and hence (3.12). O

Hence using (3.12) we obtain

1_p
TEM (7 ¢) < CI|Z|41 M5|¢]? < CKi UM
2
Therefore in this case, by using Cauchy-Schwartz we have
1_ 1
Jagt < CKA™ M |lul g2 |0l g2 [Jw]| 2 (3.24)
Here we gain a small factor M 1. To lower by as much as possible in order to weaken
the restriction of Case 1, we need to apply Lemma 2.8 to estimate J&M.
o If [o]% < |¢]*2. Denote by JEM the contribution of this region to JI&M.
Since |&;| < 1, using (3.2) we get |o1] = C|€|?|€1], and then €] < C(o1)Y/2|&|~1/2.
Thus
Cl¢| - CM—1/2K—

O B O D = L P Ee ST e

K(TvcaTlvgl) <
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where §; > 0 will be specified later. Using Lemma 2.8 we obtain the bound

C
Jai < WHUHHH”HL?HWHL% (3.25)
provided that
1
2 +1 by — 5 — 6 > 1 (3.26)

o If [o]* > |¢]*2. Denote by JEM the contribution of this region to J&M.
Then

Clet—* __ CM K

(@) 0T ) 0] (o) ()T 0

where do will be specified later. A use of Lemma 2.8 gives

K(Tvga’rl,é-l) <

C
Jagy' < W||u||L2||UHL2||w||L27 (3.27)
provided that

2b+b’71*b2

— 6y > 1. (3.28)

The factors K~ and K% in (3.25) and (3.27) help us to lower b;.
(i) An interpolation between (3.24) and (3.25) with weights 2+ and i —, re-
spectively, yield
CM®

JgEMm T
241 N g5

[ull 2 [0l 2wl 22

with 67,85 > 0 and
(% —b1)(§+) —51<%—) <0, thatis, § > 1— 4b;.

(ii) Aninterpolation between (3.24) and (3.27) with weights g:jgz + and 5_14% -
respectively, yield

CM%
Jagyt < WHUHL?H”HHHWHL%
with 67,65 > 0 and
1 4 — 4by 1
1 -0)( ) =2 (5= =) <0, thatis, & > (1 —4b1)(1 - ba).
(1=t 5, T) T 0\5Tap, ) <0 thatis, 0> (1= db)(1 =)
We also know from (3.26) and (3.28) that

b
BN db— o, <N D

Note that since we have

1 3 3 3
b> =, b +5b; > =, b +4by + —by — 4b1by > =
5 + 901 > + 461 + 502 102 > 55
we are able to choose the proper d1, 05 to satisfy the above conditions. Therefore,
summing over K and M we obtain
J24 < Clluflz2[lv]| 2wl 2o

This completes the proof of Theorem 1.2. O
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4. LOCAL WELL-POSEDNESS

We will apply a Picard fixed-point argument to the integral equation (1.8).
Let 9(t) be a cut-off function such that 1 € C§°(R?), suppy C [~2,2], and ¢ = 1
n [—1,1]. For T > 0, let ¥ (¢t) = ¢(¢t/T), and define the “temporally truncated”
operator

t
Lu(t) = 6000~ vr(t) | it~ 1)o@ dt. (41)
0
Now define the space Y*1:52 to be the space equipped with the norm
ullyvioren = 17 = p(&m)* (€)™ (n) 2 a(r, & 1) L2

ven’
Then we can write the norm in X glbééb"‘ as

||“|‘X§i*gvzb2 ~ [ullyvsriss + llullyotoren—ba0 (4.2)
Using Lemma 2.1 and Lemma 2.3 in [9] we have
Lemma 4.1. Let 0 < e < l b= l—l—e b = 1 — 2¢, and s1, 82 € R. Then

() ()¢Hybsm Cllollms1e2,
Hz/JT/ St — ') f(u(t'))

SCTf(W)lly o105 -

ybis1,s2

From (4.2) and Lemma 4.1 we get

Proposition 4.2. Assume 8 <0 and vy > 0. Let 0 < € < i — (%—l—), b= %—F €,
b = % — 26, by = %+,b2 > %, and s1,s2 € R. Then

1Ll 32 < Clllaes e + CT | -1 (43)

Proof. From (4.2) and Lemma 4.1 we have
||Lu||Xi),1b£,2b2 ~ HLtub,sl,sQ + ||Lullyb+b1,sl—b2,52
S CO([[@llmsroz + (|9l s —vaisa) + OTe(HUUx”Y b,s1,0 T ”UUJLHY Vb oq —b3.p )
< Clloll ez + CT | uug || o b10, -
XsleQ
Hence the proposition is proved. ([
Now we can prove Theorem 1.4 on the local well-posedness

Proof of Theorem 1.4. Using Theorem 1.3 with b = % +e b = % — 2¢, and Propo-
sition 4.2 we obtain

HLUHleZ’l/ﬁ*’”S S Cllollasre + CT€||U||§(1/2+,1/6+,1/37 (4.4)

81,8 81,52

|| Lu — LU||X1/2+,1/6+,1/3 < CTu+ 'U”Xl/2+,1/6+,1/3 |lw — U||X1/2+,1/6+,1/3. (4.5)
51,82 s1,82 s1,82

Choosing
1
(5C2[| | 171521/
we deduce from (4.4) and (4.5) that the mapping L is strictly contractive on the ball

T =

of radius 2C||¢ || ger.e» in X&/251/5T1/3  This gives the existence and uniqueness of
solution to the truncated problem (4.1), hence also proves the existence of solution
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u € Xsll/ij’l/GJr’l/s to the full integral equation (1.8) on the time interval [—T, T
with T = T(||¢|| grs1.52 ). Furthermore, choosing T' small enough to make ¢, ¢y = 1
on [ = [T, T], we conclude the local existence and uniqueness of the solution to
(1.8).

To prove the continuity of the flow map ¢ — wu, we consider ui,us are two
solutions on [T, T] with initial data ¢ and ¢o respectively. Then

llur — u2||X§1/2j2'1/6+’1/3 <C||pr — 2|l o2+
Te -
C ||U1 +UQ‘|X;{3§+2,1/6+,1/3||U1 U2HX31/2§+2,1/6+‘1/3,

which immediately implies the Lipschitz continuity of the flow map.

5. EXPONENTIAL DECAY OF SOLITARY WAVES

This section is concerned with the exponential decay of the solitary waves to
equation (1.1).

Let H*(R?) = NyuenH™(R?). Inspired by the argument in [6], we have the
following regularity results for solitary waves.

Proposition 5.1. Assume 3,7 > 0 and ¢ < 2v/B7y. Then any solution ¢ of (1.16)
belongs to C>=(R?)NH>(R?). Moreover, D' and all its derivatives decay to zero
at infinity.

We will first set up an integral decay estimate for the solitary waves. Let B,
denote the ball in R? with radius r centered in origin and

Q, =R:\B,1, (5.1)

be domains for positive integers n and L > 1 a number to be determined later. We
have

Lemma 5.2. Under the assumption of Theorem 1.6, for any solitary wave ¢ of
(1.1) there exists positive numbers C = C(8,¢,v,¢) and a = a(B,¢,7y) such that

/ Qrp + 02+ oo+ @ < Ce2en (5.2)

n

is valid for every positive integer n.

Proof. Let L > 0 as stated in (5.1). For each positive integer n we set x,(r) :
(0,+00) — [0, 1] be piecewise smooth affine function such that

Xn(r) =0, if r<nlL, xn(r)=1 ifr>(n+1)L
and for nL <r < (n+1)L
4

’ 11
<=
MAGINNAGIE

Replacing 7 by /22 + y2, we consider y,, as a function of (x,y) in plane R%. For
simplicity of notation let Xy vazs Xn,z @nd Xn,y be the second partial derivative of xy,
with respect to x and the first derivatives to x and y, respectively. By the choice of
Xn We see these partial derivatives vanish in the ball B,,;, and the exterior domain
Qnt1, and

(5.3)

&1

|Xn,zm(m;y)|, Ixn,m(x,y)l, |Xn,y($ay)| <
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in annular domain nL < r = /22 +y> < (n+1)L.
Taking derivative with respect to x, (1.16) is rewritten as
ﬁ‘ﬁzmxm + CPrr — Pyy VP = (@2)11’ (54)

We multiply terms of (5.4) by X, and integrate on R?, respectively. Using several
integrations by parts and recalling x,, = 0 in B, 1, it follows that

/ XnPPrrzr = / (Xn@)a:x@mw
Q Q

n n

= /Q (XnPez + Xn,z2P)Paz — Xn,zzsoiv (5.5)
2 1 2
- XnPPrz = (Xn@)x@z = XnPy — 5Xn,mz$0 ) (56)
Qn Qn Qn
2 1 2
- XnPPyy = (Xn‘P)y‘Py = Xn¥Py — §Xn,yy§0 ) (5.7)
Qn Qp Qn

and

| (s = / ()™ (5.3)

Multiplying equation (5.4) by x,¢ and integrating on R? then using (5.5) and (5.7),
we find

/ Xn(BP2e + Cozatp + 02 + 797
Qp,

1
§Xn,yy<p2' (59)

By Proposition 5.1, it follows @..(z,v), vz (2,v), o(x,y) — 0 as r — +o0o. Then
0 < xn <1 and (5.3) implies that there exists a positive integer ng such that for
r > nolL

= / XnSO( )ww + ﬁXn JZ(E()O;E ﬁXn,mcSO%Ozx +

n

1

‘(Xn‘P)mm(‘T, y)| = |(Xn50mc + 2Xn,m90m + Xn,meO)(zvyN < Za

from which and (5.8) we have for n > ng

’/ Xnp(p / | (xn @)z’ < %/ﬂ ©°. (5.10)

We rewrite (5.6) and apply Holder inequality to get

2 1 2
XnPy = —XnPPza + §Xn,zz§0
Qn Qn

1 1
/ §Xn90§gc =+ i(Xn + Xn,mm)@z- (511)
Qn

/N

Now we come to prove (5.2) in two cases according to the sign of c.
(a) 0 < ¢ < 2y/B~. In this situation we see, by the Holder inequality, there is some
positive constant § depending only 3,7 and ¢ such that for all (z,y) € R?

8(p2, + ¢°) < Bl, + CPaap + 797 (5.12)
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For simplicity of notation, let

E, = / Xn(BP2g + Cozatp + 79 + 002 + ©2),
F, = / B2 + CPaatp + 9% + 805 + 02,
Qn

where § is determined in (5.12). Note that comparing with the left hand side of
(5.9), we add a term d¢? in E, and F,, respectively. Recalling x,(z,y) = 1 in
Q,41, the nonnegativity of the right hand side of (5.12) leads to

Applying the Holder inequality to the third integral of the right hand side of (5.9)
and using (5.10) and (5.11), we see that E,, is less than

1 1 2
/Q B (5xn + ﬁlxn,m><piw + Bl X,z |02 + 3 (5><n + (0 4 B)Xn,zz| + [ Xn,yy| + L) @

under the condition n > ng. By (5.3) we can take L sufficiently large such that the
preceding integral, and therefore E,, is less than

3
Z/ 5(p2, + O + ©2).
Qn

Taking into account (5.12), we deduce for n > ng

3
TP (5.14)

it is deduced from (5.13) and (5.14) that F,1 < 2F, for n > ng, which implies for
n = ng

E,

N

3 n—no
FTL g (4) Fn() = 06720”1117

—ng

with C' = (%) F,, and o = L |1n

ST | It then follows the preceding inequality
for F,,, the definition of F,, and (5.12

7|
AR
that

/Q 803, + 003 + 00 + @7 < Cem 2ok

for n > ng. The estimate is also valid for positive integers n < ng if C' is taken
sufficiently large. Replacing C by (min{1,d})~*C we have proved (5.2) in the case
0<c<2ypy.

(b) ¢ < 0. In this setting, we introduce notation

G, = / Xn (B2, — cps + @2 +797),

n

Hy

/ Bprs — o2 + 0 + 7.
Qn

Then x,(z,y) =1 in Q,41 and ¢ < 0 imply
H,.1 <G, (5.15)



28 ROBIN CHEN, YUE LIU, AND PINGZHENG ZHANG

By (5.6) and (5.9) we have
c

5 Xz >

G, = / Xn (B2 + CPpPaz + 0o+ 79%)

n

n

1 c
+7Xnyyy902 - 7Xn,mc902~ (516)

2 2

Applying Holder inequality to the third integral of (5.16) and then using (5.10), we
see that G,, is less than

1 1 2
[ 5P el + Blinnal? + 5 (=il + sl + Pl + 7 )

when n > ng. By (5.3) we can take L sufficiently large such that the preceding
integral is less than %Hn. So for n > ng

Gn

VA
>

H,. (5.17)

By (5.15) and (5.17) we get Hy,41 < 3H,,, from which we infer for n > ng

3 e 2anlL
H, < (4> Hng = Ce " )

with C = ( )_no H,, and o = 5~ ’ln %‘ as in the first case. Then we get

3
4
/Q B2, — co2 + 02 +v¢® < Ce2onb

for n > ng. The inequality is also valid for positive integers n < ng if C is taken
sufficiently large. Note ¢ < 0 in this setting. With some modification on constant
C, we have proved (5.2) in the case ¢ < 0.

O

Remark 5.1. Let 1 = (I1,12) = (2,1) and p = (p1,p2) = (2,2). In terms of the
notation and terminologies of anisotropic spaces (page 165 of [5]), we get from (5.2)
that for each natural number n

lellwi,) = l#lp.a. + l¢ellpo. + lvyllean
lellz2@n) + l0azlliz@n) + leoyllrz@,)
< Ce ok, (5.18)
Set « = (0,0), 1 = (1,1) and q = (g1, ¢2) = (00, 00). We see also that 1 < p < q
and that the basic index (see page 180 of [5] for definition)
SRS 0 R . U L PSS
P q pr i op2 2 22 21 4

Recalling ¢ is smooth by Proposition 5.1, one has

<1

olzan = IPlzqgen = ess sup ( sup|¢<x,y>|)

ye SN

ess sup|@(z,y)| = [l¢llL=(0,), (5.19)
(z,y)ER?
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where ¢(z,y) = ¢(z,y) for (z,y) € Q, and §(z,y) =0 for (z,y) € R*\Q,.

Proof of Theorem 1.6. Note for all positive integers n, the domains €,, satisfy a
weak l-horm condition (page 153 of [5]) with the same parameters independent of
n. By generalized Sobolev imbedding theorem (see, e.g., Theorem 10.2 of [5], page
187, in the case @ = (0,0) and x < 1), for all positive integers n, the norm of
Lq(2,) is controlled by the that of W}(€2,) with some common positive constant
C4, that is

el g < Cillellws .- (5.20)

For any (z,y) € R? satisfying r = /22 + 32 > L, let n be the integer such that
nL < r < (n+ 1)L. This implies (x,y) € §,. Using (5.19) and (5.20) and then
(5.18) we get

oz, 9l < el < Cillellwa,)
< ClcefanL _ ClceaLefoc(nJrl)L < OlceaLefar.

Theorem 1.6 is thereby established. O
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