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ABSTRACT. We consider solutions to the Cauchy problem for an internal-wave model de-
rived by Camassa-Choi [1]. This model is a natural generalization of the Benjamin-Ono
and Intermediate Long Wave equations in the case of weak transverse effects. We prove the
existence and long-time dynamics of global solutions from small, smooth, spatially localized
initial data on R2.

1. INTRODUCTION

In this article we consider real-valued solutions u: R, x ]R%I

4 — Rtothe Cauchy problem
for an internal-wave model derived by Camassa-Choi [1],

(1.1) (ut + 771_1um +h tu, — uugg)x + uy, =0,

where h > 0 is the depth and the operator 7, ' has symbol i coth(hg). In the limit A — oo
we obtain the infinite depth equation,

(1.2) (ue +H e — wtty) 4ty = 0,

where the inverse of the Hilbert transform H~! = —H has symbol isgn £. These are natural
2-dimensional versions of the Intermediate Long Wave (ILW) and Benjamin-Ono equations
in the case of weak transverse effects. Our goal is to investigate the long-time dynamics of
solutions with sufficiently small, smooth and spatially localized initial data.

The infinite depth equation (1.2) is a special case of the dispersion-generalized (or frac-
tional) Kadomtsev-Petviashvili IT (KP-II) equation,

(1.3) (ue — | Da|*ug + uuy), + uyy = 0.

The original KP-II equation corresponds to the case a = 2 and is completely integrable in
the sense that it possesses both a Lax pair and an infinite number of formally conserved
quantities (see for example the survey article [13]). To authors’ knowledge, a Lax pair is not
known for (1.1) or (1.2) although both of their 1d counterparts, the ILW and Benjamin-Ono,
are integrable in this sense.
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Both the finite and infinite depth equations are Hamiltonian with formally conserved
energies,

(1.4) Epfu] = / (u’ﬁ;l@xu +h 7 + (0,10 u)® — %u?’) dxdy,
(1.5) Eslu] = / (u?—[_laxu + (0, 0yu)? — %u?’) dzdy,

respectively. Both equations also conserve the L?-norm,
(1.6) Mlu| = /u2 dxdy.

The infinite depth equation is invariant with respect to the scaling
(1.7) u(t, ,y) — Au(\’t, Az, )\%y), A > 0.

Taking A = h, this scaling also maps solutions to the finite depth equation with depth h
to solutions with depth 1. Both the finite and infinite depth equations are invariant with
respect to Galilean shifts of the form,

1.8 u(t,z,y) — ult,z + cy — Aty — 2ct), ceR.
Y Y Y

The natural spaces in which to consider local well-posedness for the infinite depth equation
are the homogeneous anisotropic Sobolev spaces Hevs2 = H SlH 52 with norm

Hs1:52 — |HD93|51 |Dy‘82u”L%,y’

|

for which the scaling-critical, Galilean-invariant space is given by (s1,s2) = (3,0).

Small data global well-posedness and scattering were proved for the KP-II at the scaling-
critical regularity (s1,s2) = (—3,0) by Hadac-Herr-Koch [6,7]. Local well-posedness results
are also available in higher dimensions [14] and for the dispersion generalized equation (1.3)
on R2 , brovided a > 3 [5] While preparing this paper we also learned of a recent result of
Lmares—Pllod Saut [16] who prove several local well-posedness and ill-posedness results for
(1.1), (1.2) and other similar generalizations of the KP-II.

We define the linear operator
Ly=0,+T,'02+h7'0,+ 09,0,

with the corresponding modification when h = co. Here ;! is interpreted as the Fourier
multiplier p.v.(i€) ™!, which for f € L! gives us

3x1f=%/_wf(y)dy—%/x fy) dy

For ¢ # 0, the dispersion relation associated to (1.1) is given by

(1.9) wy(k) = & coth(hg) — h™'6 — ¢
where k = (£,7), and in the limit A = co we obtain

(1.10) woo (k) = &[¢] — €.
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We take S),(t) to be the associated linear propagator, defined using the Fourier transform’
as

1 . . ,
(1.11) Sp(t)f = 5= lim e'n®) f (ke mv)k dk,
27 €0 IE|>e

with the corresponding modification when h = oo. We note that the linear propagator
(1.11) extends to a well-defined unitary map Sy, (¢): L?(R?) — L?*(R?) without the need for
additional moment assumptions on f.

Linear solutions satisfy the dispersive estimates,
1 _1 _
(1.12) 1A= (h D)2 Sy (t)uoll = < [¢17 o] o1,

which may be readily seen from the fact that the kernel K} of the linear propagator S}, is
given by

1 1
Ky(t,z,y) = Joni k (h_2t> Wz + 4_ty2)) ,

where the oscillatory integral

lim ’£|%eit(§2 coth{—&)+ix€ dé;

1
V2 <0 Jig>e

For a more detailed proof see [16, Lemmas 4.7, 4.8].

k(t,x) =

Due to the O(|t|™!) decay, bilinear interactions are long-range so it is natural to seek
a normal form transformation that upgrades the quadratic nonlinearity to a cubic one.
Resonant nonlinear interactions correspond to solutions of the system

wh(kl) + wh(k2) + wh(k3) =0
k1 + k2 + kg = 0,

and some elementary algebraic manipulations show that this cannot be satisfied for non-zero
&;. As a consequence the Camassa-Choi nonlinearity is non-resonant and formally we may
construct a normal form leading to enhanced lifespan solutions.

Given the non-resonance of the bilinear interactions, one might expect the methods used
for large values of o to apply to the Camassa-Choi. However, in the corresponding 1-
dimensional cases of the ILW and Benjamin-Ono it is known that Picard iteration methods
fail [15,17] due to strong high-low bilinear interactions. While the additional dispersion in
2d should allow for improved results over the corresponding 1d case, one may apply the
methods of [14,17] to show that Picard iteration still fails in the infinite depth case (1.2) in
the anisotropic Sobolev space H 10 and almost all of the Besov-type refinements considered
in [14]. For completeness we provide a brief proof of this ill-posedness result in Appendix A.

Instead we will assume additional spatial localization on the initial data and establish
global existence using a similar approach to work of the first author with Ifrim and Tataru
on the KP-I equation [9]. Here we will apply the method of testing by wave packets, originally
developed in work of Ifrim-Tataru on the 1d cubic NLS [10] and 2d gravity water waves [11],
and subsequently applied in several other contexts [8,9,12]. The key difficulty we encounter

I'We use the isometric normalization of the Fourier transform, f(k) = = [ fl, y)e @ vk dk.
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when adapting this method to the setting of the Camassa-Choi is the presence of the non-
local operator 771_1. Indeed, a testament to the robust nature of this approach is that it
may be applied to obtain global solutions even in this context. We note that a related
approach to establishing global well-posedness is via the space-time resonances method,
simultaneously developed by Germain-Masmoudi-Shatah [2,3] and Guftason-Nakanishi-Tsai
[4] as a significant upgrade to the method of normal forms, originally applied in the context
of dispersive PDE by Shatah [19].

We expect that linear solutions initially localized in space near (x,y) = 0 and at frequency
k = (&,n) will travel along rays of the Hamiltonian flow

Iy ={(z,y) = tv},
where the group velocity
v = —Vuwy (k).
In order to measure this localization we define the operators L, L, with corresponding

symbols x + tOzwy (k), y + t0,wn (k) respectively. A simple computation yields the explicit
expressions,

Loy = — 20T, "0, —thO2(1+ T, %) — th™" +9,%02, L, =y —2t9,'0,,
and in the limit A = oo,
Lyoo = & — 2010, 4 10, 0.
Further, by construction the operators Ly j, L, commute with L.

As the equations possesses a Galilean invariance, in the spirit of [9,10] we will consider
well-posedness in Galilean invariant spaces. The vector field 0, L, is the generator of the
Galilean symmetry. However, the operators d,, L, do not commute with the Galilean group
so we will instead measure z-localization with the Galilean-invariant operator

Jp = Ly p0y + Ly0,,.
We then define the time-dependent space X}, of distributions on R? with finite norm,
_1 15 _9 _1
lull%, = h72llullZ2 + 7= |O5ullZ: + h™2 | LiduullZ: + A2 || Jhul 7.

We note that this space is uniform with respect to h and that S,(—t)X, = X,(0), where the
initial data space

_1 15 _9 _1
luollx0) = A2 [[uollZ2 + 2 10zuollZ2 + A2 y*OariolZ + h™2 ([ (20x + y0, JuollZ-.

Our main result in the finite depth case is the following:

Theorem 1. There exists 0 < € < 1 so that for all h > 0 and u(0) € X,(0) satisfying the
estimate

(1.13) [u(0) [l x,0) < €,
there exists a unique global solution u € C(R; X}y) to (1.1) satisfying the energy estimate
(1.14) lull ) S e(h20e

and the pointwise decay estimate

(1.15) h2||ug|| e < e|lh ™22 (h2) 2.
4



Further, this solution scatters in the sense that there exists some W € L? so that |W||2 =
|luol| 2 and

(1.16) B || S (=t — Wl < E(h72) %%, +oo.

Remark 1.1. As in [8-10] we may interpolate between the estimates (1.14) and (1.16) to
show that W € (X,(0), h%LZ)CQQ for some C' > 0 where (X}(0), h%LQ)CQQ is the usual real
interpolation space.

In the infinite depth case we define the modification
lullk.. = llullz> + 10zullz2 + | L5dsullz> + | JocullZ2,
for which the initial data space is given by
ol xc(0) = IluollZ2 + 10zuollZ2 + ly*Bruollz + [[(20 + y0y )uol| 7.

Our main result in the infinite depth case is then:

Theorem 2. There exists 0 < € < 1 so that for all u(0) € X(0) satisfying the estimate

(1.17) [u(0)][xec0) < €

there exists a unique global solution u € C(R; X)) to (1.1) satisfying the energy estimate
(1.18) lullxeoie) S ()

and the pointunse decay estimate

(1.19) ol S eltl™2{t)72.

Further, this solution scatters in the sense that there exists some W € L? so that

(1.20) 1Soe(—t)u — W|p2e S et™ 3%t — 400,

Remark 1.2. The spaces X}, and X, are essentially identical to the spaces considered in [9].
However, due to the reduced dispersion of (1.1) and (1.2) at high frequency, we require an
additional x-derivative to obtain sufficient decay.

For simplicity we now restrict our attention to the case h = 1 and drop the dependence
on h throughout our notation. We remark the remaining finite depth cases may be obtained
by scaling. Namely, we have

uV (t, x,y) = hu™ (R%t, ha, h%y)

The proof in the infinite depth case (Theorem 2) is essentially identical and is thus omitted.
However, for completeness we will outline a few of the required modifications when they
deviate sufficiently from the finite depth proof.

The remainder of the paper is structured as follows: in Section 2 we give some brief tech-
nical preliminaries; in Section 3 we prove local well-posedness and a priori energy estimates
for solutions to (1.1); in Section 4 we prove pointwise bounds in the spirit of Klainerman-
Sobolev estimates; in Section 5 we complete the proof of Theorem 1 using the method of

testing by wave packets. In Appendix A we prove an ill-posedness result for (1.2).
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2. PRELIMINARIES
In this section we briefly state several technical preliminaries required for the proof.

2.1. The resonance function. We define the resonance function
Q(kl, kg, kg) = w(kl) + W(kg) + W(k3).

If we restrict the resonance function to the hyperplane {k; + ks + k3 = 0} we may compute
a simplified expression for (k;, ko) = Q(ky, ko, — (k1 + ka)),

(2.1)
m_
L (&1 + &)?coth(éy + &) — Elcothéy — E3coth &y [ &
Ok, ko) = —&1&(6+82) 66+ 6) 6 1 6)

By considering the asymptotic behavior of coth ¢ we obtain the lower bound

(&1 + &)% coth(&y + &) — &2 coth & — &5 coth &, S 1
§1&2(& + &2) ~ 1+ max{[&1], &, & + &}
and hence we obtain lower bounds for the resonance function 2, in the low-high (|| < |£2])
and high-high (|1 + &| < |&2]) asymptotic regions,

2
[61l1€2]? 1_1_@ m=+n n | &l <kl
(2.2) [k ko) 2 (&) ISTR ISR SR
' U |erger (e n ) g
(€2) Gralle & ) TRl

The resonance function in the infinite depth case is given by the slightly more straightfor-
ward expression,

2
T M2

B 2 b4 &
(2.3) Qoo (k1 ko) = 16583 max{|&1], [&2], |€5]} i &

2.2. Littlewood-Paley decomposition. We take 0 < § < 1 to be a fixed universal con-
stant that determines the resolution of our frequency decomposition. The size of § will be
determined in the ODE estimates of Section 5 but will otherwise be irrelevant. For N € 2%
we take Py to project to z-frequencies 2 °N < |¢] < 2°N so that

1= ZPN.

Ne29Z

We write uy = Pyu, and for A > 0 we take ucq = >y, uny and usa = Yy 4 Uy, where
the sums are understood to be over N € 292, We observe that for any A > 0 we have

lul% ~ llucalX + D lunlk-

N>A
6



We may further decompose uy = u} +uy where u}; is the projection to positive wavenum-
bers in x-frequency. For real-valued u we have uy = 2Re(u};) and hence

lunllx ~ luxllx ~ lluyllx.

2.3. Symbol classes and elliptic operators. Given d > 1 we define the symbol class
< to consist of functions p € C®(R? x R?N\{0}) so that, writing z = (z1,...,74) and
5 - (Sl: B a&i)) we have

|D5D§p(957 | Sial,i8] |§|_|a‘.

Given a symbol p € . we may define a pseudo-differential operator

Pl LCOUGERS

p(z, D)u =
and then have the estimate (see for example [20])
(2.4) Ip(, Dyullr> < full 22

We also recall that if r(x, &) = p(z,&)q(x, &) for p,q € . then we have the estimate

(2.5) I (2, D) fllz2 < \lp(e, D)g(x, D) fllz2 + [ f 1l
Further, if p € . satisfies the estimate (again see [20])

p(z,6)7' S 1,

then we say p is elliptic and for f € L*(R?) and any s € R we have the estimate
(2.6) 1flle2 <s llp(2, D) fl[r2 + || f]

Hs-

2.4. Multilinear Fourier multipliers. If d = 2n and m(ky,...,k,) € . is independent
of the spatial variables, we may define a multilinear Fourier multiplier M with symbol m by
1
(2m)"

Mluy, ... un) = / m(Ky, ..., k) ty(Ky) . . . G (ky )e! @Y Sttka) gle - dk,,.
RQn

We then recall the Coifman-Meyer Theorem (see for example [18] and references therein)

(2.7) [Mluwr, ..., un]llze S Mlunllze - sl Lo,
provided 1 = L +.-- 4+ L 1 <p < oo, 1<p; < oo,

2.5. Sobolev estimates. We recall the Sobolev estimate,

1 1 1
(2.8) 1 lzee S Nz M fel 22 Fo 22

and the Holder space modification,

1 o

l—oé a =2 1 1
(29)  lflleoa S (IIflliz 1o llze + 1 F1lz 2 nyylliz) 1fellZall foull s 0 <a <
7



3. LOCAL WELL-POSEDNESS AND ENERGY ESTIMATES

In this section we prove a priori estimates for the solution to (1.1) in the case h = 1. As
a consequence of the usual energy method we obtain local well-posedness in the spaces Z*,
where the norm

(3.1) lullZe = llullZ: + ll0zulgs + L50sullZ:,

and we note that X C Z%. Our local well-posedness result is the following:

Theorem 3. Let h = 1 and k > 3. Then for all uy € Z*(0), the equation (1.1) is locally

well-posed in Z* and the solution exists at least as long as ‘fg ||uz(8)|| oo ds‘ < 0.

Remark 3.1. Our definition of local well-posedness in Theorem 3 includes:

Eristence. There exists a solution S(—t)u € C([-T,T]; Z*(0)).

Uniqueness. The solution S(—t)u is unique in the space Z*(0).

Continuity. The solution map ug — S(—t)u(t) is continuous in the Z*(0) topology.
Persistence of reqularity. If ug € Z¥ (0) for ¥’ > k then u € Z¥'.

Remark 3.2. The result of Theorem 3 is certainly not optimal in terms of regularity but
will suffice for the purposes of establishing the existence of global solutions. Indeed, an
elementary application of the usual Littlewood-Paley trichotomy allows us to obtain local
well-posedness in Z 3T, We also mention several other local well-posedness results in other
topologies are proved in [16].

Remark 3.3. As usual, it suffices to consider times t > 0 as the equation is invariant under
the transformation u(t, z,y) — u(—t, —x,y).

The key ingredient for local well-posedness will be a priori estimates for the solution in
the space Z*. We will supplement these a priori bounds with a further estimate when the
initial data ug € X satisfies the smallness condition (1.13) and obtain energy estimates for
the solution depending upon the size of

1 1 1
(3.2) M == sup [t]2(t)2]|us| 1=
€ tefo,T]

Our main a priori bound is the following:

Proposition 3.1. Let h =1 and u be a smooth solution to (1.1) on the time interval [0,T].
Then we have the a priori estimate,

t
(3.3) la®)l e < loll o0y exp (0 / lota(8)] 1= ds) .

Further, if the initial data ug € X (0) satisfies (1.13) and 0 < € < M~ is sufficiently
small, we have the improved estimate

(3-4) [ x % e(t) M.



Proof. In order to justify the various computations we note that by standard approximation
arguments it suffices to assume that u is a Schwartz function and that for some 0 < v < 1
we have P, u = 0.

Estimates for O%u. Differentiating the equation k times we obtain

kE+1 :
E@ku _ u@kHu + = Z ( + )8] 8’;+1_3u.
1 J
]
Integrating by parts for the first term and using the elementary interpolation estimate
||(?Ju| 2(k 1) N ||Uz||Lo<>]||8ku||L2 ) 1<y <k,

for the second term we obtaln the bound

d
(3.5) Z0zullie S luell e |05l 72

Estimates for Li@xu. Again we start by calculating
LLOyu = uLl07u + (LyOyu)?.

For the first term we may simply integrate by parts. For the second term it suffices to show
that

(3.6) ILyualZs S Nl zoel Lyuall 22,

from which we obtain the estimate

d
(3.7) N L50wulie S Nluall o | Lyl 7.

To prove the estimate (3.6) we first make a change of variables f(t,z,y) = u(t,z — 54>, 9)
so that

Ifollze = lluallzoe, — Ifylles = ILyOaullza, 110" fuyllzz = 1 L500ull e

We first observe that by symmetry we may decompose by frequency as

1t = 3 / Pyl (Fena)? dedy.

Ni~Nz

We then integrate by parts to obtain

1 fyllza = = /lesz,yy fensy)? drdy — 2 Z /fN1fN2,yf<N2,yf<Nz yy drdy

Ni~N> Ni~N3
S W fallzee (1C1107 fuys fos Filller + I Calfys £y 05 Fulllin)
where the trilinear Fourier multipliers
Cl[f> 9, h] = Z a;1PN1 (afozgSNthJ\b)? C2[f> 9, h] = Z 8;1PN1 (szgSN28:BhSN2)>
N1~Na N1~N2

may be bounded using the Coifman-Meyer Theorem (2.7) to obtain
HCl[az_lfyw for Flllr +11C2lfys £y, 8:c_1fyy]HL1 S ny’|%4|’8:c_lfyyHL2'
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Proof of (3.3). The estimate (3.3) then follows from the conservation of mass and estimates
(3.5), (3.7) and Gronwall’s inequality.

FEstimates for Ju: Short times. For short times (0 < ¢t < 1) we take w = Ju + tuu, and
calculate

Lw = (uw)y — t0,[T 10, ulu, — t0[(1 + T 2)0%, ulu,.

We observe that 710, is a smooth Fourier multiplier with principle symbol homogeneous
of order 1 and that (1 + 7%)9? is a smooth Fourier multiplier with Schwartz symbol.
Standard commutator estimates (see for example [20]) then yield the bounds

1017 0s, sl 2 S NJuallzoe (ltasllze + llullz2)
10:[(1 + T, uluallzz S o]l e [Jull e

Integrating by parts in the first term we then obtain the estimate

d
(3.8) lellze S llwellellwllzz (lwllzz + ez + llull22).

Estimates for Ju: Long times. For times t > 1 we write
J=8S— %Lyﬁy — 2tL,
where the operator
S = 2t0;, + x0, + gyay —t02(1+ T %) + t0,,
satisfies

(L,S] = 2L.
We note that in the limit h = oo we obtain the operator S, = 2t0; + x0, + %yay, which is
the generator of the scaling symmetry (1.7).
As a consequence, we define
1 1 1
w = Su — éLyﬁyu + U= Ju + Sl 2tu,,
and calculate

Lw = (uw), — i (ue L2 0pu — (LyOpu)?) — t05[02(1 + T 2), u]ug

In order to obtain long time bounds for the commutator term we will take advantage of
the non-resonance and use a normal form transformation to upgrade it to a cubic term. We
start by using the Fourier transform to write

F 0002014+ T72), ulv,| = /k e k(&1 &2)u(ky)o(ks) dk,

where the symbol

k(&1,&2) = (&1 +62)62 ((fl + &)? cosech® (& + &) — & COS@Ch2(52)) .

10



Next we symmetrize to obtain

b (61,6) = (61, &) + Sh(62,6)

1 1 1
= 5 (& + &) cosech® (&1 + &) — 5 (& + €)€] cosech® &1 — o (&1 + &)&] cosech® &y,
We then construct a symmetric bilinear Fourier multiplier Blu, v] with symbol
ksym (51; 52)
Q(kh k2) 7

where the resonance function (2 is defined as in (2.1). The symbol b may be readily seen
to be rapidly decaying at high frequencies. However, due to the commutator structure of
k it also has additional smallness at low frequencies that will allow us to obtain bounds in
terms of pointwise norms of u, rather than u. We remark that in the infinite depth case, we
replace 1 + 7 2 by 1+ H~2 and hence this term vanishes, i.e. k = 0.

By construction we have

LBlu,u] = 0,[02(1 + T %), uluy + 2B[u, uu,],

b(ky, ko) =

so taking ¢ = w + tB[u, u] we obtain

Lqg=(uq), — % (ue Li0yu — (LyOyu)?) + (1 — tug) Blu, u] + 2t (Blu, uty] — uBlu, ug)) .

We claim that

(3.9) [Blu, u]ll 2 S NuallLoellull 2,

(3.10) 1Bl wu] — uBlu, ug)|| 2 S [luel|Zoo lull 22,

so applying these bounds along with the L* estimate (3.6) and integrating by parts in the
first term we obtain the estimate

d
Tlalie S lluellellgllze + ualle (1 + thualle)lgll 2 (lellz + [L50:ull12)

which suffices to complete the proof of (3.4).

It remains to prove the estimates (3.9), (3.10). By considering the asymptotic behavior of
coth ¢ we obtain the following asymptotic behavior in the low-high and high-high regimes,

6167 (&) 72, &] < [&],
&1 4 &6 (&) 72 €1+ &o| < [&2].

Combining these bounds with the estimate (2.2) for the resonance function we obtain a
(crude) bound for the symbol b of the bilinear operator B,

|&a2](&2) 7, 1&1] < |&a,
&1+ &l (&) 7, €1+ &of < (&2l

Next we decompose the operator B using the Littlewood-Paley trichotomy as

B[“? U] - Ql[“? Ux] + Ql[va uaz] + 81@2[“7 ’U],
11

|Fsym (&1, &2)] S {

|b(ky, ka)| S {



where we define the bilinear forms

Ql[uav] = ZB[u<<N>ax_1UN]v QZ[uvv] = Z am_lB[uNnUNz]'
N

N1~N>

From the above estimates for b we see that the corresponding symbols ¢, g2 are bounded
and applying similar estimates for the derivatives we obtain q;, g2 € .. We may then apply
the Coifman-Meyer Theorem (2.7) to obtain the estimates

Q1w ualllz S llualli=llullze,  10:Qalu, ullliz S lluallzoe [[ullz2,
which suffice to complete the proof of (3.9).

The proof of the estimate (3.10) is similar, taking advantage of the commutator structure.
We first write that the difference

Blu, uu,| — uBlu, uz] = Clu, u, uy],
where the operator C' has symbol,
C'(ky, ko, k3) = b(ky, ke + k3) — b(ky, k3).
Next we decompose C according to frequency balance of the last two terms,
Clu, u, uz| = Rylu, uy, uy] + Rolu, uy, ugl,

where we define the trilinear forms,
Rifu, v, w] = Z Clu, 0, "oy, wenl, Rolu, v, w] = Z Clu, 0; "oy, wsy].
N N
For the first term we may use the above estimates for the symbol b to see that R, has symbol
r1 € . We then apply the Coifman-Meyer Theorem (2.7) to obtain the estimate
1R [, e, ol 22 S s |70 ul] 2.

For the second term we instead use the commutator structure of C', writing
1
C'(ky, ko, k3) = / Vi, b(k1, hks + k3) - ko dh,
0

and using similar computations to above in the region |&| < |€3| we have the estimate
[C(ky, ko, k3)| S 162

Applying similar estimates for the derivatives we may show that ro € . and once again we
apply the Coifman-Meyer Theorem (2.7) to obtain the estimate

1Rz [, v, ualll 22 S Mot 7o full 2,

which completes the proof of (3.10). O

The proof of Theorem 3 now follows from a standard application of the energy method
using the a priori estimate (3.1) and the following Sobolev estimate:

Lemma 3.2. For times t > 0 we have the estimate

_1
(3.11) [ullzee + fuallee S 077 ullzs
12



Proof. We start by decomposing u with respect to z-frequency as

U= Ul + E UN-

N>1
Writing
ft2,y) =ualt,z - 41_153/2’ y),
we may apply the Sobolev estimate (2.8) to obtain
luaillie St 2 ullzo, 9sucrll= St |l z0.

Replacing u.; by uy for N € 2°% we obtain a similar bound,
1.3 11
lunllpe ST2N"2lunllze,  [Gvunllre SN2 |unl| 2.

Summing over N > 1 we obtain the estimate (3.11). O

4. POINTWISE BOUNDS

In this section we prove that the energy estimates for solutions proved in Section 3 lead
to corresponding pointwise bounds. In particular, we have the following result:

Proposition 4.1. Fort > 0 we have the estimate

_1 _1
(4.1) [t || oo S {2172 ()72 [lul x-

Remark 4.1. By combining the a priori estimates of Proposition 3.1 with Proposition 4.1
and a standard bootstrap argument, we obtain the local well-posedness of (1.1) on almost
global timescales T & e .

For times 0 < ¢t < 1, Proposition 4.1 is corollary of the estimate (3.11). As a consequence,
it suffices to consider times t > 1. Here we will prove a slightly more involved result that
we will subsequently use to upgrade the almost global existence to global existence via a
bootstrap argument.

We recall that linear solutions initially localized near the origin in space will propagate
along the rays I'y of the Hamiltonian flow. In particular, if the solution is localized at z-
frequency N € 2°Z then at time ¢ it should be localized in the spatial region {2 ~ tm(N)},
where we define the spatial variable

(4.2) z=— (m + %zﬁ) :

and the non-negative symbol
(4.3) m(€) = 2¢ coth & — €2 cosech? € — 1.
With this heuristic in mind we decompose

u = uhyp 4 uell7
13



- = tm(¢)
o)
v o [
tm?N) z

FIGURE 1. A phase space illustration of the hyperbolic region B]}i?p for a fixed
time ¢t > 1.

297 ig localized in space

where the part of the hyperbolic piece localized at frequency N €
so that

t7l2 € BY? :={v>0:0v~m(N)}
We note that

&
m(E) ~ ey

so due to the uncertainty principle such a localization is only possible when N > t75. As
. . 1 . . .

a consequence we include the low frequencies N < ¢t~3 (for which we may obtain improved

decay) in the elliptic piece.

To make this construction rigorous, for each N > t5 we take a smooth bump function
X}ﬁp € Ci°(R,), identically 1 on the set BR,yp and localized up to rapidly decaying tails at
frequencies [£] < #N) We then define

m(
Z h
uhyp — u}\?’p,ﬂ:) uell -y — uhyp’
1
N>t~3 +
_1
where, for each N > t73,

WP (e, y) = WP ek (), e y) = (1= W) )t @, y).

If the solution u behaves like a linear wave we expect that most of its energy will be
concentrated in the hyperbolic piece u™? and hence the elliptic piece ! will be decay faster
than the expected O(t™1) linear decay. As a consequence, we obtain the following pointwise
bounds, similar to [9, Proposition 3.1]:

14



Lemma 4.2. Fort > 1 and a.e. (z,y) € R? we have the estimates
7
8

)
(4.4) WP < oS () TS x| S s (0) 7S [l x,

3 13
2

(45) [ St Eh0) 7 (14 tog(tde)) llullx, ] S (3~ E(ehuy (¢ by R ullx,

Remark 4.2. The unusual scaling of the estimate (4.5) is a consequence of the fact that due
to the weaker dispersion we must use additional derivatives to control the high z-frequencies
rather than just the vector fields. This breaks the natural scaling of the other estimates.

Remark 4.3. In the infinite depth case we have m(§) = 2|¢| and hence the high frequency

threshold is N > ¢~ rather than N > t~3. The slightly different form of the function m
leads to minor adjustments to the numerology of Lemma 4.2:

Lemma 4.3. If h = co then fort > 1 and a.e. (z,y) € R? we have the estimates
(4.6) [P S 7 o) Mlullx, [l S 6 () ull,

(@) e S (T logtte)) ullx, gl S ¥ Ee) R fulx.

In order to prove Lemma 4.2 we require some auxiliary estimates so we delay the proof
until Section 4.3.

4.1. The solution to the eikonal equation. In this section we construct the solution ¢
to the eikonal equation

(4.8) Ut, ba, dy) = 0,
where / is the symbol of the linear operator L, given by
0(r,6,m) =7 —Excoth& + & + &1

If we make the ansatz that for z > 0,

ot @, y) = t0(t"2),
then we obtain an ODE for & = ®(v),
(4.9) ® — v®' + (&) coth(®') — &' = 0.
Differentiating we obtain

(m(®) —v)®" =0,
and hence

¥'(v) =m™(v),

where the positive inverse m~!(v) > 0 may be defined using the Inverse Function Theorem
for v > 0. As a consequence we have the following lemma:

Lemma 4.4. For z > 0 the solution to the eikonal equation (4.8) is given by

(4.10) ot x,y) =td(t'2),

where
d(v) = (m*(v))? coth(qné_l(v)) — (1 +v)m™*(v).



w=g| | fo=m@

v=20¢] - 11/ 3

FIGURE 2. The graph of the function v = m(¢§).

We finish this section by noting that we have the estimates
62

0< m<€) ~ a0
9

and .
0<m v) ~ (v)2v2.
In particular, we may show that the solution to the eikonal equation satisfies the estimate

(@ ()] ~ (v)2v2.

Remark 4.4. In the infinite depth case we have ®(v) = —in and hence the solution to the
eikonal equation is simply

2
z
o=—=.

4.2. Elliptic estimates. In this section we establish weighted L2-estimates for the fre-

quency localized pieces uy. As we expect to obtain improved decay at very low frequencies
1

N < t73 regardless, we restrict out attention to high frequencies N > ¢7s.

In order to control the localization of solutions we define an operator adapted to the
hyperbolic/elliptic decomposition of u by

(4.11) L,=z—tm(D,),
so that the symbol of L. Py is elliptic away from the set thvyp . We note that we may write
1 1
Lzar = — (J"’ _LQaac + _> )

4t Y 2
16



and hence for ¢ > 1 we have the estimate

In order to obtain more detailed estimates for the hyperbolic piece we observe that for a
given z > 0 there exist two solutions to the equation m(£) = t7'z. As a consequence we
construct operators adapted to each of these roots,

LE=m™(t7'2) £ 40,

where L (respectively L) will be elliptic if uy is localized to positive (respectively negative)
wavenumbers. A useful observation, and indeed our main motivation for introducing these
operators is that if ¢ is the solution to the eikonal equation (4.8) defined as in (4.10) then
we have

Ou(e7f) = —ie LT f.
Our main elliptic estimates are then the following:

1

Lemma 4.5. Fort > 1 and N > t~3 we have the estimates
N 1

(4.13) WHLJUWP#HH S v lluwllx,
N? 1
(4.14) WHU?&HL? + [loui e S v luwllx,

where v =t 2.

Remark 4.5. In the infinite depth case the operator
L, =z—2t|D,]|.
As a consequence, the natural analogues, LT = % +10,, satisfy

1
LEPy = —L,Px,
AT

so we do not expect a gain of regularity for the hyperbolic piece as in (4.13) (see also [10]).
For the elliptic piece we instead have the estimate

1
Nlullzz + lloufvllze S oz llwwllx

Proof of Lemma 4.5. As these are effectively one-dimensional estimates, we ignore the de-
pendence upon y and treat ¢ > 1 as a fixed parameter.

Proof of (4.13). For high, positive wavenumbers ¢ ~ N > 1 we may write the symbol
m~(t712) — & of LT in terms of the symbol z — tm(€) of L, as
mH(t72) = & =7 (2 — tm(&))p(t7'2,€),
where the smooth function
m”'(v) = ¢
v—m(§) ’

17
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is elliptic in the region v ~ m(€) for € > 1. We recall that 1" " is localized in space in the set
Bk,yp and in frequency at positive wavenumbers £ ~ N up to rap1d1y decaying tails at scale

tN. In particular we may harmlessly localize p(v, &) using cutoffs in space and frequency
and then apply the product rule (2.5) and the elliptic estimate (2.6) to obtain
1 1

h h
Ve le S 7 (1Lt loe + IR ) S oollulx.

For low, positive wavenumbers £ ~ N so that ts < N < 1 we instead write the product
of the symbols of L] L} as

(M~ (7 2) + ) (m™(t712) — &) = t7 (= — tm(€))q(t™"2,€),

where (m-t(o))? — €2
m~(v)) —&
q /U,f = €.
= g
A similar estimate to above yields the bound
1
1L LEun™ |2 S v ILeOsunlzz + llunlz2)

For sufficiently smooth w we then calculate
Jaf 2 + 15032 = |22 13 + 21 [ wr - .

Applying this with w = m™(t7'z) and f = LJr WPt which is localized at positive wavenum-

bers £ ~ N and in space in the region B up to rapidly decaying tails, we obtain the
estimate

1
1713 < N2 (o132 + foHLa) t2N4nuNuiz

S gL A+ gz [ wf - Fot g v
< 1
~ $2N4
Combining these estimates we obtain (4.13).
Proof of (4.14). We define the Fourier multiplier

a(§) = v/m(&),

(IL20zunIZz + llunllz2)

and take A = a(D,) so that
L, =z—tA%
Integrating by parts for real-valued f we obtain the identity

(4.15 lofalls =2 [ oALE do + 421 = £ 21201

where have used that the symbol of the operator A[A,v] is skew-adjoint.
We then smoothly decompose the elliptic part of uy

U?\lfl = X{|z|<tm(NDYUN T X{za—tm(N)}UN + X{|z|>tm(N)}UN,
18



where the smooth cutoffs are assumed to have compact support and be localized in frequency
near zero at the scale of uncertainty.

For the first and last piece we apply the estimate (4.15) with f = X{|v|<m(N)}UN s X{|z[>tm(N)} UN
respectively to obtain

1
lofellzz +m(N)Ifell e S S llunllx + Vm(N) Vo fell 2,

so from the spatial localization of f we obtain,

1 e
lofellz +mN) I follzz S Zllusvllx-

For the remaining piece we use that for f = X{.x—m(wv)yun the function Af, is localized in
the spatial region v < 0 up to rapidly decaying tails to obtain a similar estimate,

1 €
lofellz +mN) I follzz S Zllusllx-

Combining these bounds with the fact that f is localized at frequencies ~ N up to rapidly
decaying tails, we obtain the estimate (4.14). O

Remark 4.6. We obeserve that we may combine the estimate (4.14) with the elementary
low frequency estimate

_1
100ty 2 S T3] 2,
to obtain the estimate for the elliptic piece
(4.16) l00uM |2 S 75 fullx-
Further, in the infinite depth case we have the corresponding estimate,

_1
(4.17) 102 S £ [l

4.3. Proof of Lemma 4.2. We now apply the elliptic estimates of Lemma 4.5 to prove
Lemma 4.2. As the estimates are linear in u we will assume that ||u||x = 1. Throughout
this section we use the notation v = ¢!z,

Low frequencies. We first consider the low frequency part u We recall that at low

1.
<t™3
frequency m(€) ~ £? and hence the operator t 'L, = v — m(D,) ~ v whenever v >> t=35
whereas t7 'L, ~ 92 whenever v < 3.

If [v] < t75 we take f(t,z,y) = u_
to obtain the bounds

1 fllze <

1 (t,x— ﬁyz, y). We then apply Bernstein’s inequality

1
ol St el SN0au_ -yl S5,
_ _z
I fyllee S 21 L500u_, g llre S 73,
Applying the Sobolev estimate as in Lemma 3.2 we obtain the estimate,

_3
hu_, yllo= S 75,
19



Essentially identical estimates to f, yield a similar bound,

100u_ 3 o= St

<t~

If instead |v| > 5 we dyadically decompose in space, taking s to localize to the spatial
region {|v| ~ M} for each M > ¢~3. We then decompose Xmu_, 1 at the scale of the
uncertainty principle as -

XMU_— 1 = XMU< (M)~ + Z XMUN-

(tM)*1§N<t‘%
For any N < 73 we have the estimate
lvdsunllre S 71 (I L:0pull 2 + tNm(N) Jullr2) S ¢,

where we have used that Nm(N) ~ N® < ¢~ whenever N < t73. As a consequence we
obtain the bounds,

10: Carucqan-1)ll2 S M) [[0a(xarun)llze S (EM) ™
We then apply the Sobolev estimate (2.8) as before to

_ 1 _ 1
f(twl'ay) = XM(t 1x)u<(tM)—1 (t,fﬂ - 4_ty27y)7 f(t7$7y) = XM(t 1$)UN(t,£U - Ztyzay)a

respectively to obtain the bounds,
1 _3
IXaru<eany -1 [l + [IXarun[pe S 72 (EM) 73

Replacing u by u, we obtain similar bounds,

1 _1 _1 _3
X0 Osticenny=1llLoe S ET2(AM)75, [IxmOptn||e SE2(EM)7N.
Summing over N we obtain the estimates,
Xaru_, 3| STEEEM) T log(t5M),  [xusu__y| S B (M),

=

where the logarithmic loss arises due to summation over frequencies (tM)™? < N <73 (see

also the corresponding bound in [9, Proposition 3.1}).

Combining these bounds with the estimate in the region for [v| < 73 we obtain the low
frequency estimates
(4.18) lu

3

(tSU> 1,

m\w

_3,,2 3
ol Sty <1+log(t30>> Oeu_, 3| St

Elliptic piece. For the high frequency part of the elliptic piece we proceed similarly to
the low frequency piece. For N > 75 we apply the Sobolev estimate (2.8) and the elliptic
estimate (4.14) to f(t,z,y) = u}(t,x — £y?,y) on dyadic spatial intervals (as for the low
frequency piece) to obtain the pointwise bound,

WSt S ¢ T min{ N72(N) 1, [o] 1}

If [u] < ¢35 then we sum in N to obtain

elli%| < Z t 4N

N>t"3

e
M
%\W

-

20



If |u| > ¢35 then we decompose the sum as

TR DR U D DR e U AT G Rt G
- t"3<N<vI ()2 N>v3(v)2

Combining these, we obtain the bound

N

N

).

|uell ‘ < tig
>4

31 S (t%v)’% (1 —l—log(t%v)) :

As ug! is localized at frequencies |£| ~ N up to rapidly decaying tails, we obtain a similar
estimate for the derivative,

Osuif] S 7 EN min{ N2 (N) 5 Jo] 73,
Summing over t73 < N < 1 we then obtain the bound,

0, |<t‘ﬁ(t3v) i

For N > 1 we may use the fact that ||02uy|/z2 < 1 in lieu of the elliptic estimate (4.14)
to obtain the slight modification

10,us| < 72N min{(¢N)3, (¢|v])”

i N1 1,
from which we obtain the bound

|0ty | S 7Rt 2) T,
completing the proof of (4.5).

Hyperbolic piece. We define the phase function ¢ as in (4 10) and observe that if we apply
the Sobolev estimate (2.8) to f(t,z,y) = e*id)u};\?p*(t x — +y?,y) we obtain the estimate

P (L0 o

We then use the elliptic estimate (4.13) and that ullgp* is localized in the spatial region
v~ m(N) and at frequencies ~ N up to rapidly decaying tails to obtain

WP S EINTIH(NY

D=

0P S INT(NY

[ SIS

If t73 < N < 1 then on the support of u, WPt e have v &~ N2 so using that the supports
of the u?vyp " are essentially disjoint we may sum to obtain

hyp,+

3 1
‘u P ‘ S tilvfg, ’a uhypy-&- ‘ 5 t~Lys
t3<<1 3<<1
Similarly, if N > 1 we have v =~ N on the support of u¥*" and hence
1
]uhyp+| Stve, |0, uhyp+| StwTa,

By combining these estimates we obtain the bound (4.4), which completes the proof of
Lemma 4.2.

U
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FIGURE 3. The region {% € X,}.

5. TESTING BY WAVE PACKETS

We now turn to the problem of proving the existence of global solutions to (1.1) using
a bootstrap argument. We assume that for some 7" > 1 there exists a solution S(—t)u €
C(]0,T]; X(0)) to (1.1) satisfying the bootstrap assumption,

(5.1) sup |ugl|ze < Met™2(t) 2.
te[0,T]

Applying the a priori bound (3.4) we obtain the estimate
(5.2) lullx < (),

where the constants are independent of M.

From the pointwise bounds proved in Lemma 4.2, we see that the worst decay occurs in
the region {z ~ t}. As a consequence we define the time-dependent set

Et:{veR:t_%<v<tT12},

so that the worst behavior will occur whenever t'z € X,. If we take Xze to be a smooth
bump function supported in the complement ¢ = R?\Y; we may then apply the estimates
of Lemma 4.2 to obtain

_ _97
(5:3) e X (8 2) |z < £ %6 fJullx-

The additional t-decay in the estimate (5.3) leads to an improvement of (5.1) for sufficiently
large times. As a consequence it remains to consider improved pointwise bounds for u, in

the region ;.
22



5.1. Construction of the wave packets. Given a time ¢ > 1 and a velocity v = (v, v,) €

R? such that '
V= — <vx + sz) € Xy,

we construct a wave packet adapted to the associated ray I'y = {(z,y) = tv} of the Hamil-

tonian flow by

1 .
o t,5) = 0, (e Ve — 10 A= 1) )

where y € C5°(R?) is a smooth, non-negative, real-valued, compactly supported function,
localized near 0 in space and frequency at scale < 1, the phase ¢ is defined as in (4.10) and
the scales

A, :t_%v_i@)i, Ay :t_%vi(vﬁ.
For simplicity we normalize [5, x(z,y)dzdy = 1. We also note that by a slight abuse of
notation we consider v to be a fixed parameter (independent of ¢, z) in this section.

Remark 5.1. If our initial data is localized near the origin in space and at frequency
ko = (&,m0) then the corresponding linear solution will be spatially localized on the ray
Iy = {z = tv} of the Hamiltonian flow, where the group velocity

v =—Vuw(ko) = (=m(&) — &5, 265 mo)-
We note that the frequency may then be written in terms of the velocity as

ko — (ml('z)), %vyml(v)> |

If a linear solution is localized near the ray T'y in space at scale A\J! in z and Ay Yin y then
from the uncertainty principle, the Fourier transform may be localized at most such that

€ — &l S A, m—n@—gwg—@>
0

In order for a function to be coherent on timescales ~ T we require that w(k) may be
well-approximated by its linearization, with errors of size < T~!. Computing the Taylor
expansion of the dispersion relation w(k) at frequency k = ky we obtain

<),

1
w(k) = wko) — v - (k — ko) + 5(k — ko) - V2w(ko)(k — ko) + ...
With the above localization we calculate
|(k — ko) - V2w (ko) (k — ko) | S m/(E0) A2 + & A2

Thus we require,

o=
—~
4
<
ol

1 (v)2
z ~ m,(é-o) fU% Y Yy ~ 50 v

which motivates the choice of scales.

Remark 5.2. In the infinite depth case h = oo essentially identical reasoning yields the
scales

N
N

Ao=172,  \, =1 2v1,
23



z

FIGURE 4. An illustration of the localization of the wave packet Wy in (z,§)-
phase space.

In order to clarify these heuristics we first make the following definition:

Definition 5.1. Given a fixed time ¢ > 1, a velocity v € R? so that v € 3; and a (possibly
t,v-dependent) constant Y > 0, we say f € WP(t,v,T) if f € C(R?) is supported in
the set {Z € >}, where %, is a slight dilation of %, and for all a, 8, ,v > 0 we have the
estimate,

(5.4) ](z — to)"(y — tv,)" (0, — zam)a(axLy)ﬁf\ N )\?*“)\5*”1”.

We note that if f € WP(t,v,T) then it is localized in space near the ray I'y and in frequency

near the corresponding frequency k = (m™'(v), 3v,m*(v)) at the scale of uncertainty. Using

this definition we may clarify the structure of the wave packet Uy:

Lemma 5.2. For all times t > 1 sufficiently large and all v . € R? be chosen such that
v € X4, the associated wave packet W, € WP(t,v,1) and LY, € WP(t,v,t™1).

Further, writing x = x(A\:(z — tv), \y(y — tv,)), we have the decomposition

. 1 1 1
—i¢ _ . o _ Zamn!
LY, = =0, (_275 (2 tv)x) 0, L, (_4252 (y tvy)x) + 0, (2zm (8x¢)8xx>

1
+ ((%Ly)z (m){) + err,

where the error term err € WP(t, vt 201 (v)"4).

(5.5)

Proof. We may write the wave packet in the form

. )\Z
(56) 6_Z¢\va =X ()\Z(Z — tv), )‘y(y — t’Uy)) + mxz ()\Z(Z - tU), )\y(y - tvy)) .
24



We recall that 9,¢ = m™!

(t7'z) and a simple application of the Inverse Function Theorem
yields the estimates

m )~ ot ()E o ()] S vTE o)
100m 1 (v)| <i v_(%Jra)(v}_k, a> 2.

We then recall that if (z,y) € supp Uy, then |z — tv] < A7t < 2071 (v)71 so provided ¢ > 1

we have

(tTe) ~mT (v)

As a consequence we may differentiate to obtain
A
aa
10, ¢
whenever o > 0, ¢t > 1, (z,y) € supp ¥y and v € ¥;. Differentiating (5.6) with respect to 0,
wloy

0. L, and using the fact that y is compactly supported near 0, we obtain ¥, € WP(t,v, 1)
In order to calculate LV, we first define the Fourier multiplier

o GG ()T N2

M(g) = 52 COth€ - ga
so that M(D,) = i(0?T ' — 9,) and m = 9: M. Using the Taylor expansion of the symbol
about the point £ = 0,¢ we obtain

M (D), =

M(ax(b)\llv + m((?x(ﬁ) (
(5.7) .

1
= 0:0) Uy + 5m'(0:9) (Da
1
—l—ﬁ\lfv—l—erro,

- x¢)2 \II

where we have used that d,¢ = m™'(t712) so m'(0,¢)0%¢ =

0 ‘o = —%, and the error term err
may be written using the Fourier transform as

1
err, = %/ (5/0 m" (0,0 + (€ — 0,0)) (1 — 7)%(€ — 0,0)° dT) o, €, m)eEm) gedn,

Using the facts that ¥, € WP(t,v,1) and |m”(£)| <g (€)7" it is quickly observed that the
error term satisfies errg € WP(t,v, ¢~ 201 (v)~*)
As a consequence it remains to consider the approximate linear operator
_ , 1
L= at‘ - ZM(ax¢) - m(8m¢) ( - x¢) - _Zm ( $¢) ( m¢) + + 8 182
which satisfies LU, = LU, + erry. Next we change variables (¢, z, 1) = (2, y) so that with
¢ = ¢(t,z) =tP(t~'2) we may write the approximate linear operator L as
~ 1 1
L= (8 —itho) + % (0: — i0.0) + Sm'(~0.0) (9. — i0.0)" + - — ', P

As a consequence, for a function f = f(¢, z,y) we obtain

71¢ i(b < 1 ! 2 1
L0, ¢f = 0+ 70: + 5/ (-0.0)0 + ~ +

Y 1
5 -t 7 ;ay) (f 0.0 zf) ( f)-
25

10,0




Taking f(t,z,y) = x (A\.(z — tv), \y(y — tv,)) we calculate

1 1
of = —ﬁ(z — tv)d,x — %

and similarly for 0, f. Plugging these into the above expression we obtain

el
eT0L0, ( Z¢ ) 0, (21t(Z —tv)x ) + 0, (Qlt(y — tvy)x) + 0, (%m’(—aqu)azX)
—('32( 1Z¢ ) + erry,

where the error term is given by

1 1 1 1
err; = 0, (275(2 — tv) (i@ ¢8zx)) + 0, <2t(y — tuy) (ﬂ@x))
1 1 1 1
+ az (im/(_az¢)az (maﬁ()) + im//(_az¢)ag¢az (X + mazX)

82
+1 2 ¢
£ (0:9)? z¢)
and we have used the fact that 9.0, = —202¢.

Returning to the original variables, (¢, z,y) — (t,z,y), we obtain

e LT, = —d, <21t(z—tv) ) 0, L, (412( tvy)x>

1 1
+ 8 (_Zm ( z¢)axx> + (aery)Q (i4t28x¢x) +erry,

where we may use the bounds
0p6 ~vi(0)7, |56 St (v)e
020] Skt v )k a >0,

(y — tvy)Oyx — vOx — vy0yX,

to show that whenever v € ¥, and ¢ > 1, the error term err, € WP(t,v,t 2071 (v)"1).

Finally, we observe that we may expand the leading order terms in this expression to
obtain )
LY, € WP(t,v,t™),

which completes the proof. O

5.2. Testing by wave packets. We recall that for a given velocity v the wave packet has
similar spatial localization to the hyperbolic part uhyp * of u localized at positive z-frequency
N ~ m~(v). From the pointwise estimates of Lemma 4.2 we expect that in the region

(x,y) = tv the leading order part of u(t,x,y) is given by u}]{}’p’i(t, x,y). As a consequence,
we should be able to recover the leading order behavior of u by testing it against W,,.

This heuristic motivates the definition of the function

y(t,v) = /uz\if\, dxdy.
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Due to the normalization that [ x dzdy = 1 we then expect that
u(t, tv) ~ 2t_1(v>% Re (e'y(t,v)) ,

where we note that t_l(vﬁ = A\, To make this heuristic precise we prove the following
lemma:

Lemma 5.3. Fort > 1 we have the estimate

1
(5.8) o) xz e S tlualrs,-

as well as the estimate for the difference,
(5.9) (ualt, tv) = 267 (v)2 Re(ey(t, v)))xs, e S 772 [lulx.

Proof. The pointwise estimate (5.8) follows from the fact that for v € ¥; we have

1

Wyllry, S tv) 2.
For the pointwise difference (5.9) we first define
hyp + Z 0, uhyp +

m(N)~v

and use the pointwise bound (4.5) for the elliptic piece u"

h h .
of uy® = 2Reuy™" to obtain

as well as the spatial localization

|, (t, tv) — 2Reuhyp+(t tv)| < t_%HUHX.
Next we use the pointwise bound (4.5) for the elliptic piece to obtain
17 (0) = ()| S 175
We may then use the spatial localization of ¥, to obtain

671 (0) 3 (Ul — P WY St |,

fL' 00
and similarly, recalling that uy”~ = xPuy,, we have
(™ 0[S Y Geuns XN ) St Jlullx,
m(N)~v

where the rapid decay follows from the fact that thp\lfv € WP(t,v,1) is localized at positive

wavenumbers ~ m~!(v) up to rapidly decaying tails at scale A\, < s, Combining these
bounds we obtain

)7 [y, v) — (@ W) S

Thus it remains to consider the difference

D = [ Ul (¢, tv) — £ (0) (1, V)|

Next we define

w(t, z,y) = e P (t, 2, y),
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and write the difference as

D = w(t, tv, tvy) —t " (v)? /w(t, 2, )X (Az (2 — tv), Ay(y — tvy)) dzdy

= t_l(vﬁ / (w(t, tv, tvy) — w(t, z,y)) Xx(A\:(z — tv), A\, (y — tvy,)) dzdy
Applying the elliptic estimate (4.13) with the frequency localization of uﬁ%”+ we obtain the
estimates
lesllze S NZ4d22* lae < ¢ 1072 ()2 ullx,
lwyyllze S 2Ly 00w P e S 720 () [lullx,
so we may apply the Sobolev estimate (2.9) with a = 1 to w to obtain
w(t, v, tv,) = w(t, z,p)| S ¢ 8 )F (|2 =l + ly = ol Jlullx.
As a consequence we obtain the estimate
DS ¢ 50750 (038 ullx,
which completes the proof of (5.9). O

5.3. The ODE for v. From Lemma 5.3 we see that v may be used to estimate the size of
u, up to errors that decay in time. In order to obtain bounds for v we will treat v as a fixed
parameter and consider the ODE satisfied by ~

(5'10) 7(257 V) = <(uux)xa \IJV> + <uxa E\va>.

For the first of these terms we may use that there are no parallel resonances to show that
at least one of the u terms must be elliptic and have improved decay. For the second term
we use the expression (5.5) to see that to leading order LW, has a divergence-type structure
so we may integrate by parts to obtain improved decay. As a consequence we obtain the
following lemma:

Lemma 5.4. If u is a solution to (1.1) then for t > 1 we have the estimate
: 1
(5.11) Ixsellzee S ¢ flullx (1+ flullx) -

Proof. We start by considering the nonlinear term appearing in (5.10). Integrating by parts
we obtain

1 1

2 _ hyp\2 hyp, ell 1 ell\2
§<(u )M??qjv> - _§<((u ) )xaaxqjv> - <<u u )xaa:cqjv> - §<((u ) )xaax\IjV>'

For the second and third terms we may apply the pointwise bounds of Lemma 4.2 to obtain
(a0, 0| + (")), )| S ¢ Jull
For the remaining term we first use the spatial localization of W, to replace u™P by u¥P,

where we recall that
hyp _ hyp
u, P = E Uy’

m(N)~v
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Recalling the definition of u¥” = y'"Puy we may write

h; h;
<(ugyp)2’ \Ij"> = Z <UN1UN27 X]\%pX]\%;p\I/v>-
m(N1),m(Na)~v

We observe that for sufficiently large ¢ > 1 (independent of v) the function © = X?\zp X%p\llv €
W P(t,v,1) and hence is localized at frequency m~!(v) up to rapidly decaying tails at scale
A < t=%. In particular, for ¢ > 1 sufficiently large (independently of ¢,v) we have

‘P<%m_1(v)@| Sk t*k, ’PE%m—l(v)@| ,Sk tik.

However, the product uy, uy, has compact Fourier support in neighborhoods of size O(dm ™! (v))
about the frequencies 0, £2m~!(v). In particular, by choosing 0 < § < 1 sufficiently small
(independently of v) we may ensure that

P%mfl(v)§~<%m*1(v) (UN1UN2) =0,
and hence

(™), To)| S 7 lullk

To complete the estimate we consider the linear term. We first recall from Lemma 5.2 that
LY, € WP(t,v,t™1) and hence satisfies ||<U>%£\Ilv||Lg1w < 1. Estimating as in Lemma 5.3
we then obtain

[ — b L0, S5t x.

Next we recall the expression (5.5) for the operator e LW, . In particular, we may take
w= e‘d’u};,yf*(t, x,y) as before and integrate by parts to obtain

1 1
(P L) = (w2, (2 — 1)) + {15 (0 ,)%)
1., 1
— (w,, Sum (020)0:x) + (wyy, WX> + (w, err),

where the error term err € WP(t,v,t"2v"1(v)"1). Applying the L%estimates for w as
in Lemma 5.3 and the pointwise estimate (4.4) for the final term, we obtain the estimate
(5.11). O

5.4. Proof of global existence. We now complete the proof of Theorem 1. We choose
To > 1 and by taking M > 1 sufficiently large and 0 < ¢ < 1 sufficiently small we may
find a solution S(—t)u € C([0,7T]; X(0)) to (1.1) for some T" > Ty. Next we assume that
the bootstrap assumption (5.1) holds on the interval [0, 7] from which we obtain the energy
estimate (5.2).

Next we use the estimate (5.8) to bound v at time 7y in terms of ||u,|| L~ and the Sobolev
estimate (4.1) to obtain
(To, V)| S €T3
We may then solve the ODE satisfied by v on the time interval [T, T'] using the estimate
(5.11) to obtain

1 t 1, —Liocm
[{v)2yxs, |l S €T ™M +/ (W) 2Axs, e S eTd ™M+ €Ty 207,
To
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provided 0 < € < 1 is sufficiently small. We may then apply the estimate (5.9) for the
difference between u, and 2t71(v)2 Re(e®7) to obtain

_ L
luaxs e S et (T + 75

By choosing M > 1 sufficiently large and 0 < € < 1 sufficiently small we may combine this
with the estimate (5.3) for u, in the region X¢ to obtain the bound

+2CM6>

o=

1 1,
luallzs < gMet™3 (1) "2,

which closes the bootstrap. The solution u then exists globally and satisfies the energy
estimate (1.14) and the pointwise estimate (1.15).

5.5. Proof of scattering. It remains to prove that our solutions scatters in L?. As in [9]
we do not have scattering in the sense that Lu € LtlLi’y but we are able to construct a
normal form correction to remove the worst bilinear interactions and show that S(—t)u(t)
converges in L? as t — oco. We note that for translation invariant initial data the worst
nonlinear interactions are the high-low interactions (see Appendix A). However, the spatial
localization ensures that these interactions can only occur on very short timescales, thus
attenuating their effect. From the pointwise and elliptic estimates of Section 4 we see that the
worst nonlinear interactions for spatially localized initial data are the high-high (hyperbolic)
interactions for which we may construct a well-defined normal form.

We first define the leading order part of w by

w=~PFP_1 1,
tT6<<t12

and then have the following lemma:

Lemma 5.5. Fort > 1 we have the estimate
(5.12) |uu, — 2Re(ww))||ze < t_%HuH?X
Proof. We start by using the estimate (5.3) to reduce the estimate to the region >,

97
e flullzz S 7% Jullk

||Uua:X2g 2 S ||Ua:XE§

Next we use the pointwise estimates of Lemma 4.2 to reduce to the hyperbolic parts,

Ity = P ®)xs, |12 S g [noe lull oz + lluenxs, oo llugPlce S % |[ull%-

We observe that

uhypul;yp —9 Re(uhyp,+u1xlyp,+) + ax’uhypﬂr 2’

and that
8$|uhyp’+]2 = QIm(ﬂhyp’+Ljuhyp’+),

so applying the elliptic estimate (4.13) we obtain

ot
(P — 2Re(u™ ) )xs, 2 S luPxs, [l | LT u™™ X e S 75 [Julk
Taking w™P*+ = 3 WPyt as above we see that
N

hyp,+ __ ,,hyp,+

th =u XZM
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and hence o
[utry — 2 Re(w™PFwi® ) || < 79 [|ull%.

Finally we may once again apply the pointwise estimates of Lemma 4.2 to obtain the
bound

lwtw) — WP WP 2 < 5 ful%,

which completes the proof. 0]

We now construct a normal form for the nonlinear term 2 Re(w™w;"). Here we essentially
proceed as in Proposition 3.1 and define a symmetric bilinear form Blu,v] with symbol

SRS
b(k17k2) - Mﬂ

where () is the resonance function defined as in (2.1). By construction we have

LBIf.g) = +(f9). + BIJ. Lg) + BILT.q).

Further, we have the following lemma:

Lemma 5.6. We have the estimates
(5.13) IBlwt, w2 S 75 ul%,
_3
(5.14) | Blws, Lwi |2 St 2 [|ull 3 (14 [|lullx).

Proof. We note that here we need only consider high frequency outputs as &;,& > 0 have
the same sign. From the estimate (2.2) we see that for 0 < & < &, the symbol b satisfies
the bounds

(&2)
bky, ko) < =25
( 1 2) ~ 61627

and hence we may decompose
Blut, vt = Q[o; 'u, vt + Qvt, 9, tut],
where () is given by
Qut vt =) Bluly vyl
N

We may then verify that the corresponding symbol ¢ € . and applying the Coifman-Meyer
Theorem (2.7) with the frequency localization of w™ we obtain the estimates
IBlw*, w]llz2 S lwll |07 we |2,

1Blws, Lwi]llze S lwellze= 10, Lw™ ] 2.

For the estimate (5.13) we may use the pointwise estimates of Lemma 4.2 and the frequency
localization to obtain

_3 _ 1
lwtllze St 5 ullx, 107 w2 St lullx.

For the estimate (5.14) we instead compute

1
o Lwt =P, (W) +90, P, | u
2 tTe<<ti2 t7 6 < <t12
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Using the frequency localization we then obtain
_ 5 _3 _5
107" LIz S Nullzoe lull e + 70 Jullre S ¢4 Jullk + 8 ]lullx,

which completes the proof. [l

To complete the proof of scattering we apply the estimates (5.12), (5.14) with the energy
estimate (1.14) to obtain the bound

IL(u— 2Re Blw"t, wt])||r2 < ¢ 56102,

In particular, provided 0 < € < 1 is sufficiently small, we can see that given the integrability
in time of the nonlinear interactions we can construct a Cauchy sequence for S(—t)(u —
2Re Blw*,w"]) in L? converging to a W € L? so that for ¢ > 1,

1S(=t)(u — 2Re Blw™, w]) — W2 < t795+0¢2,
Applying the estimate (5.13) we have
IBlwt, w2 S #7574,

and hence u satisfies the estimate (1.16). Finally we note that |||z = |lug||z2 by conser-
vation of mass.

APPENDIX A. ILL-POSEDNESS IN BESOV-TYPE SPACES

In this section we show that the infinite depth equation (1.2) is ill-posed in (almost all) the
natural Galilean-invariant, scale-invariant Besov-type refinements of H 1 considered in [14].

To define these spaces we make an almost orthogonal decomposition
w= 3, D uvk
Ne2Z keZ
where each uy ; has Fourier-support in the trapezium

T _ kN3

ONk = {(f,n) cR?: %N < €] < 2N, :

3.1
< -N2 3.
1 2}

We then define the space ¢2¢? L? with norm

q
P
e = > N0 (ZnuN,kuiz> .

Ne2Z keZ
It is straightforward to verify that these spaces are indeed both scale-invariant and Galilean
invariant by recalling that the Galilean shift (1.8) corresponds to the map
At & m) = e ML, € — ),

Further, it is clear that when p = ¢ = 2 we have (2(2L? = H1°. We remark that analogously
to [14, Theorem 1.4] we may show that ¢7¢? L? embeds continuously into the space of distri-
butions whenever 1 < g<oocand 1 <p< % and that it contains the Schwartz functions for
all p > 1.

Using similar ideas to [14,17], we then obtain the following ill-posedness result:

32



Theorem 4. Let 1 < g < oo and 1 < p < 0o. Then there does not exist a continuously
embedded space X7 C C([—T,T] : (UPL?) so that for all ¢ € (UPL?,

(A1) 1S5c (D)@l S N Dllearr2,

(A.2) ot — ) u(t) deu(t)] dt’

S Ml
Xr

where S« (t) is the infinite depth linear propagator, defined as in (1.11).

In particular, for the infinite depth equation (1.2), the solution map ug — u(t) (considered
as a map on LUPL?) fails to be twice differentiable at ug = 0.

Proof. We proceed by contradiction. Suppose that such a space X7 does exist, then for any
¢ € (1PL? and t € [T, T] we have the estimate

(A.3) S élzoew -

gagp L2

ot = 1)0:[(S(t)0)"] dt

Our goal is to show that this estimate must fail for a suitable choice of ¢. We note that
as we will only work with O(1) choices of z-frequency, our argument is independent of the
choice of gq.

We first choose low and high frequency parameters 0 < § < 1 < N, where for convenience
we assume that both are dyadic integers. We then define the high and low frequency sets by

1 1
Ehigh::{k€R2:_Zé<|€’ N < 5 ‘£‘<N2},

2 <nif.

1
Flow := {keR2 —15<|§]—5< 5

3

We observe that
3 1
|Ehigh| ~ 5N5, |E10W‘ ~ 62N§

Further, an elementary algebraic calculation gives us that,

1 1
Ehigh + Elow C {k€R2 : —§5< €| — NF0 < 55, ‘g‘ < 1ON§},

1 1
DN E keR*: —= - N

as well as
(Ehigh + Eiow) N (Elow + Elow) = 0, (Ehigh + Eiow) N (Ehigh + Ehign) = 0.
We define functions associated to the sets Ehigh, Flow by

n S ~ 1 3 1
(bhigh =0 :N ]-Ehighu ¢10W =02 2N "2 1E10W7

and take

¢ = ¢high + ¢low-
As the high frequency set Epin C Qn,o we have the estimate
(A4) | Pnigh lleaerr2 ~ 1.
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As the low frequency set Ely, C |

k<5~ 3 Qs we obtain the low frequency bound
(A-5) bt leneoizz ~ 1.
Combining (A.4) and (A.5) with the fact that Ehign N Elow = () we obtain
(A.6) | Plleagrr2 ~ 1.

Further, from the bounds on |Eyigh + Elow| and |Eley| we obtain the convolution estimate
Hgghigh % Orowll 12 2 FERED SR

We now consider the left hand side of (A.3). Using the support properties of the sums of
Fhigh + Fhigh; Plow + Flow and Eypign + Flow we obtain the lower bound

/0 Suclt — )0, [(Ssols)6)?) ds

)

5
Z N
Lagp L2

t
/ / eisHkke) gy o (Ky) Grow (K2) dky ds
0 Jk=kj+ko

where the resonance function 2 = Q. is defined as in (2.3). If k; € Eyigh, ko € Eioy and
k = k; + ks then provided N > 1 we obtain the estimate

L2

If we choose § = N~U+9) then for [t| ~ 1 we obtain

t
/ it AUk k) gy
0

As qghigh, ¢210W > 0 then for N > 1 we obtain

t
’ / / eiSQ(kl’k2)¢high(k1)¢IOW (kz) dk; ds
0 k=ki+ko

e

) TIPS NERY
k) |~ 1TOWT

itﬂ(kl,kg) _ 1‘

2 | nigh * Prowll 2,
12

and hence

Z Nl—% —6(%-"—%).

/0 Salt = )Ll Su ()0 ds|

If p > 1 then by choosing 0 < ¢ < 1 sufficiently small we may take N — 400 to obtain a
contradiction. U
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