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THE LIFESPAN OF SMALL DATA SOLUTIONS IN TWO
DIMENSIONAL CAPILLARY WATER WAVES

MIHAELA IFRIM AND DANIEL TATARU

ABSTRACT. This article is concerned with the incompressible, irrotational infinite depth
water wave equation in two space dimensions, without gravity but with surface tension. We
consider this problem expressed in position-velocity potential holomorphic coordinates, and
prove that small data solutions have at least cubic lifespan while small localized data leads
to global solutions.

1. INTRODUCTION

We consider the incompressible, infinite depth water wave equation in two space dimen-
sions, without gravity but with surface tension. This is governed by the incompressible
Euler’s equations with boundary conditions on the water surface.

We first describe the equations. We denote the water domain at time ¢ by (¢), and the
water surface at time ¢ by I'(¢). We think of I'(¢) as being either asymptotically flat at
infinity or periodic. The fluid velocity is denoted by u and the pressure is p. Then u solves
the Euler equations inside Q(t),

u; +u-Vu=Vp
(1.1) divu=20
u(0, ) = up(x),

while on the boundary we have the dynamic boundary condition
(1.2) p=—20H onI'(),

and the kinematic boundary condition

(1.3) Oy + u - V is tangent to UF(t).

Here H is the mean curvature of the boundary and o represents the surface tension.

Under the additional assumption that the flow is irrotational, we can write u in terms of
a velocity potential ¢ as u = V¢, where ¢ is harmonic with appropriate decay at infinity.
Thus ¢ is determined by its trace on the free boundary I'(¢). Denote by 7 the height of the
water surface as a function of the horizontal coordinate. Following Zakharov’s formulation,
we introduce 1) = ¥(t,x) € R to be the trace of the velocity potential ¢ on the boundary,

The first author was supported by the Simons Foundation.
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Foundation.
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W(t,x) = ¢(t,z,n(t,z)). Then the fluid dynamics can be expressed in terms of a one-
dimensional evolution of the pairs of variables (1, ), namely

om — Gy =0

1.4
ey O — H(r) + 1V -

1 (V- Vi +Gn)y)?

= 0.
2 14 |Vnl?

This is the Eulerian formulation of the capillary water wave equations.

1.1. Water waves in holomorphic coordinates. One main difficulty in the study of the
above equation is the presence of the Dirichlet to Neumann operator D, which depends on the
free boundary. This is one of the motivations for our choice to use a different framework to
study these equations, namely the holomorphic coordinates. These were originally introduced
by Nalimov [33], and were heavily exploited by the authors in earlier work [20], [23] in the
context of two dimensional gravity water waves. One can view the choice of coordinates
(e.g. Lagrangian, Eulerian, holomorphic) as gauge fixing for the gauge group of changes of
coordinates; then it becomes natural to study problems in the most favorable gauge.

The holomorphic coordinates are defined via a conformal map F : H — Q(t), where H
is the lower half plane, H := {a—if : > 0}. Here F maps the real line into the free
boundary I'(¢). Thus the real coordinate o parametrizes the free boundary, which is denoted
by Z(t,«). In order to uniquely determine the parametrization we impose a boundary
condition at infinity,

lim Z(t,a) —a =0.

a—r00
In the periodic case we simply ask for Z (¢, a)—« to be periodic. We call these the holomorphic
coordinates.

In order to describe the velocity potential ¢ we use the function Q = ¢ + i) where
1 represents the harmonic conjugate of ¢. Both functions Z — « and ) admit bounded
holomorphic extensions into the lower half plane, which implies that their Fourier transforms
are supported in (—o00,0]. We call such functions holomorphic functions. They can be
described by the relation Pf = f, where P represents the projector operator to negative
frequencies. The water wave equation will define a flow in the class of holomorphic functions
for the pair of variables (W, Q) where W = Z — «.

A full derivation of the holomorphic form of gravity water waves was included in an
appendix to the paper [20]. The minor modifications which are necessary for the periodic
case are also described there. The equations with surface tension accounted are quite similar,
and are derived in the same fashion:

W+ F1+W,)=0

(1.5) 1Qal? —t d (Wo - W
FQ, + P —oP T o -
Qu+ FQu+ { 7 } § {2+Wa+Wada<ll+Wal)} '
where
(1.6) F:P[@}’ S
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Simplifying we obtain the fully nonlinear system
Wi+ F(1+W,)=0
QuP Waw W
J JUV2(1+ W) JYV2(1 4+ W,)

The problem (L) is invariant with respect to translations, and also with respect to the
scaling

(1.8) (W(t,a),Q(t, @) — (N (AL, M), \"2Q(A2, Aa)).

(1.7)

Qt+FQa+P{ }—I—Z’UP[

The Hamiltonian for this system is

HOW. Q) = / (QQu) + 70(JH 1~ RIW,) da.

Since W and @ only appear in differentiated form in the equations above, differentiating
with respect to « yields a self contained system for (W, Q,), namely

( 1 Qa - Qa
Wa bWaa = aa Waa =—(1 Wa Fa - =
e +1+WQ(Q 1+ W, ) (1+We) [1+WaL
@ b aa = aa T 7Wo¢a P = =
Qo+ 00aa + 5y T w, e TN TR W |
. Waa n D |Qa‘2
Pl—r——=—| —Q.F,+P ,
\ v |:J1/2<1 + WOZ):| « Q " |i '] «@
where the advection velocity b is given by
(1.9) b:=2RP [%] :

The terms on the right are mostly antiholomorphic and can be viewed as lower order when
projected on the holomorphic functions. Examining the expression on the left one easily
identifies the leading surface tension term in the second equation, added to a first order
system. The first order system is degenerate, and has a double speed b. Then it is natural
to diagonalize it. This is done exactly as in the case of gravity waves using the operator

Qa
1+W,’

The factor R above has an intrinsic meaning, namely it is the complex velocity restricted on
the water surface. We also remark that

AW, Q) = (W,R), W:=W,.

(110) A(w> q) = (’LU, q— Rw), R =

Thus, the pair (W, R) diagonalizes the differentiated system. Indeed, a direct computation
yields the self-contained system

1+ W)R,
WﬁbWﬁM:(HW)M
(111) 1+ W
| Ri+ bRy + — tio— ' _p W =ioP Wa
t a 1+W ZUI‘I—W J1/2(1+W) a—ZU J1/2(1—|—W) aa
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where the real frequency-shift a is given by

(1.12) a:=i(P[RR.] - P[RR.]).
and the auxiliary function M is given by
R R _ _ L
1.13 M= — °~_ —b, = P[RY, — R,Y]+ P[RY, — R,Y].
(1.13) ey T | )+ P |
Here we used the notation Y := 1 K/;V . Both equations (L7) and (III)) will be used in

the sequel.

Remark 1.1. For convenience we have written the equations with the surface tension o
included. However, in our case o can be scaled out, so through the rest of the paper we will
simply set o0 = 1.

1.2. Prior work. First of all, there is a large body of work devoted to the local well-
posedness in the Cauchy problem for water wave equations in all combinations, with or
without gravity, surface tension, finite or infinite depth, periodic or not.

This begins with the early work of Nalimov [33] (infinite bottom) and Yoshihara [40,[41],
(finite bottom, with/without tension) for the small data problem. The first well-posedness
results for large data are due to Wu [37138] (no surface tension). Further results were later ob-
tained by Christodoulou-Lindblad [11], Lannes [2§], Coutand and Shkoller [14], Lindblad [29],
Beyer-Giinther [8], Schweizer [34] Ambrose and Masmoudi [6], Shatah and Zeng [36]. More
recent work has also considered the role of dispersion in such problems, beginning with Chris-
tianson, Hur and Staffilani [I0] and continuing to the work of Alazard, Burq and Zuily [125],
which represents the current state of the art. In particular, it is the result in [I] that we rely
on for local well-posedness, though even Nalimov’s result would serve if we were to restrict
ourselves to more regular data.

There is also considerable work done for traveling waves, which are known to exist in both
two and three dimensions, see for instance Amick-Kirchgéssner [7], Groves-Sun [I7], and
Buffoni-Groves-Sun-Wahlen [9], Groves-Wahlen [I§]. However, all these results are concerned
with a certain regime (8 > %) in gravity-capillary problems with either finite or infinite
bottom. For a broader view, see also the recent book of Constantin [I3]. To the best of
our knowledge, there are no results on the existence of pure capillary solitary waves in our
setting of infinite depth.

There are fewer long time results for the small data problem. The first results in this
direction are due to Wu [39], who proved almost global existence of gravity waves in di-
mension two. The similar three dimensional problem was solved independently by Germain-
Masmoudi-Shatah [16] and Wu [38]. Closer to our goal here, the three dimensional capillary
water wave problem was shown to have global solutions by Germain-Masmoudi-Shatah [15].

Even more recently, Wu’s two dimensional almost global result was improved to a global
result in independent work by lonescu-Pusateri [24,25] and Alazard-Delort [3,4]. Shortly
after, the authors were able to provide shorter and simpler proofs, first for the almost global
result in joint work with Hunter [20], and next for the global result [23]. The present article
is a natural continuation of this work. We also note that some preliminary results on a
related simplified model problem were very recently announced by lonescu and Pusaterﬂ;

IF. Pusateri, talk in the Banff workshop of May 11-16, 2014
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their model only deals with the simpler high frequency part of the problem, truncating off
the more interesting low frequency part, which is the main thrust of the present article.

1.3. Main results. We first describe the function spaces that we use in order to describe
the solutions to the capillary water waves. The scale H® of function spaces used in this
article is defined by

W= H* x H* 2.
Here the energy corresponds to s = 1, while the scaling is at s = % On occasion we will also
use the corresponding inhomogeneous spaces,

H® = H® x H* 3.

Our main goal here is to study the long time persistence of small data solutions. What
we do not do here is to consider the local well-posedness problem; instead, for that we will
rely on the local well-posedness result of Alazard-Burq—Zuily [1]. Their result is stated in
Eulerian coordinates. However, at least for small data, it is straightforward to transfer it to
the holomorphic coordinates, as the transition map is bounded in Sobolev spaces. For our
purposes here it suffices to restrict ourselves to integer s; then we have:

Theorem 1 (Alazard-Burq-Zuily [1]). The system (L) is locally well-posed for small data
in H* for k > 4.

This result includes existence, uniqueness and C'' dependence on data in a weaker topology
(e.g. HE1). A more precise version of this result in holomorphic coordinates, which also
applies to large data, will be discussed elsewhere.

All of our results apply to water waves with data as in the above theorem. However, the
bounds on the solutions will not depend as much on the low frequency regularity of the data,
and we will be able to phrase that in terms of some homogeneous Sobolev norms.

For the estimates on the persistence of solutions we will follow an analogue of the set-up
in [20] and introduce the control norms

1
(1.14) A= [[Wlpoe + [[Y || + D72 Rl| ooy g,
respectively

1
(1.15) B = ||D2W,|[1 + [[Ral e~

We note that A is scale invariant, and scales like the 73 norm of (W, Q). B on the other
hand, scales like the H? norm of (W, Q). In the corresponding results in [20] we were able
to use BMO norms instead of L* in the corresponding definition of the B norm. In this
regard, the results here are slightly less accurate.

Our first result asserts that the persistence of solutions does not depend on the full Sobolev
norm of the solutions, instead it is controlled by the weaker control norm B:

Theorem 2. Let n > 4. Then solutions to the water wave equation (L) with H" data,
which is small in H* NH, persist with uniform bounds in both H" and H* N H! for as long
as the time integral [ B remains small. The same result holds in the periodic setting.

In particular, we obtain the following cubic lifespan result:
5



Theorem 3. Let ¢ < 1. Assume that the initial data for the equation (LT) on either R or
St satisfies

(1.16) [(W(0), R(0))ll 52031 < €.

Then the solution exists on an € 2
bound. In addition, the estimates

sup [[(W(2), (t))]

sized time interval 1. = [0, T, and satisfies a similar

e S [(W(0), B(0))]

’;.'tn’ /n'z ]-7

hold in the same time interval whenever the right hand side is finite.

The proof of both theorems above is based on the cubic high frequency energy estimates
in Section Ml

Next we turn our attention to the problem with small localized data, and show that in
this case the solutions are global in time. To state the result we take advantage of the scale
invariance of the equation (LL§]). The generator of the scaling group is

S(V.Q) = (S~ )W, (S - 5)Q), S =510, +ad.

Then S(W, Q) solve the linearized water wave equations, which are described later in Sec-
tion [A

In order to obtain sufficient pointwise decay we need to use lower Sobolev norms, both
for (W, Q) and for S(W, Q). Precisely, we will work in the space H? where 0 < 0 < é is a
sufficiently small parameter. Then we define the weighted energy

(1.17) IV, Q) () Fya = W, Q) () 3005 + ISV, Q) ()31 g0

Here we will use a stronger control norm, namely

(1.18) IW.Qllx = Y 1D Wl + [ D°Q| 1.
j=0,1,2,3,4

The L*° bound for W will be also controlled but in a more loose fashion, and will play a
lesser role. Our global result is as follows:

Theorem 4. For each initial data (W (0),Q(0)) for the system (1) satisfying

(1.19) (W, Q)(0)[[Jyp < € < 1,
the solution is global and satisfies
(1.20) (W, Q)(8) [y, < Cet™,
as well as

€
1.21 w, <C—,
(1.21) (W, Q)l|x i
and
(1.22) [Wl|z < Ce(|al +15)77%,
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The proof of the theorem uses a bootstrap argument. Precisely, it suffices to prove the
conclusion of the theorem under the additional bootstrap assumptions

(1.23) (W, Q)(®)[3ys, < Cets,
as well as

€
1.24 W, < 20—,
(1.24) (W, Q)]|x < i
and
(1.25) Wiz < 2Ce(|al +£5)°73,

for a fixed large universal constant C' independent of €, and for € small enough.
Now we are able to divide the proof into several steps.

(i) The high frequency part of the (W, Q) energy estimate (i.e., the %'° bound) in (I20)
is proved in Section [ using our method of quasilinear modified energy estimates
developed in [21], [20].

(ii) The low frequency part of the (W, Q) energy estimate (i.e. the H° bound) in (20)
is proved in Section [l using Shatah’s normal form method [35].

(iii) The energy estimates for S(W, Q) in (L20) are proved in Section [6, where the lin-
earized equations are considered. This is also done in two steps, first for the H! norm,
using a quasilinear modified energy, and then for the H? norm, using normal forms.

(iv) A preliminary set of pointwise bounds is obtained from the energy estimates via
Klainerman-Sobolev type inequalities in Section[Zl These have an additional < fac-
tor compared with ((LZ1]), so are not quite sufficient to close the argument. However,
they have additional decay away from the region |a| ~ ¢, so they suffice outside a
region 70 < |a|/t < 10.

(v) The final pointwise bounds in ([.2]]) are obtained in the last section using the method
of testing by wave packets developed in [22], [23].

Before we get to the above steps, in the next two sections we describe the classes of
multilinear operators used in this paper, and we do the normal form computation for all the
non-resonant quadratic and cubic interactions which are needed later on.

1.4. Further remarks. As mentioned above, this article is a natural continuation of au-
thors’ earlier work in [20], [22]. Compared to earlier work of Wu [39], Ionescu-Pusateri [24]
and Alazard-Delort [3,4] there are three key improvements in [20], [23].

e The use of holomorphic coordinates, which greatly simplifies the form of the equa-
tions and eliminates the use of the Dirichlet to Neumann map. This idea is due to
Nalimov [33].

e The modified energy method in [20], which can be viewed as a quasilinear adaptation
of Shatah’s normal form method. This addresses the well known issue that normal
form transformations are poorly adapted to quasilinear evolutions. The idea is that
instead of transforming the equations, one can construct a modified energy which is
both adapted to the quasilinear problem and provides cubic estimates.

e The method of testing by wave packets in [22123], which is a more efficient way to ob-
tain asymptotic equations in problems which exhibit modified scattering asymptotics.

One should compare this with the previous approaches. The first one, introduced by
7



Hayashi-Naumkin [19] and refined by Kato-Pusateri [26], was Fourier based. The
Lindblad-Soffer [30] idea was to instead produce an asymptotic equation by looking
at the solution along rays in the physical space.

All of these ideas come equally handy in the present paper. The main steps are as follows:

(i) Normal form analysis. The analysis here parallels the one for gravity waves, in that
bilinear resonant interactions occur only when one of the frequencies is zero. Thus, in the
normal form there is a singularity at frequency zero. In particular, there we need to use the
full structure of the equations in order to insure that the normal form transformation remains
manageable. A similar difficulty arises in the work of Germain-Masmoudi-Shatah [I5] in
higher dimension. One entirely expected difference, compared to our previous work [20], [23],
is that here the normal form symbol is no longer a polynomial, so that we need to deal with
multiplier type bilinear forms. This is relatively standard and arises in most problems,
beginning with Shatah’s original work [35].

(ii) High frequency analysis and energy estimates. The quasilinear modified en-
ergy method applies as in [20], and serves to prove high frequency energy estimates. One
additional difficulty here is that the top three terms in the normal form energy expansion
need to be corrected in a quasilinear fashion, unlike in our gravity waves paper [20] where
only the top term needs to be adjusted.

(iii) Low frequency analysis and normal forms corrections. The low frequency
analysis has a semilinear nature, and is treated in a manner which is based purely on normal
forms. The idea is very simple, namely to use Shatah’s normal form method to eliminate
quadratic interactions. In order to gain enough control on the errors, we also need to go one
step further, and eliminate as well certain cubic unbalanced non-resonant interactions. Our
energy spaces H? at low frequencies are chosen in a manner which is similar to Germain-
Masmoudi-Shatah [I5], though their motivation is somewhat different.

(iv) The asymptotic equations. These are used in order to extend the pointwise decay
bounds past the exponential time. The bounds we obtain from Klainerman-Sobolev type
estimates are strong enough both for very small frequencies (and low speeds) and for very
large frequencies (and high speeds). Thus, we only need to consider the intermediate range
of frequencies not very far from 1. There the method of testing by wave packets applies
exactly as in [23].

Acknowledgements: The final part of this research was carried out while both authors
were visiting the Haussdorf Institute in Bonn.

2. PARAPRODUCT TYPE MULTILINEAR OPERATORS

A key role in the analysis in this paper is played by paraproduct type translation invariant
bilinear and multilinear forms. Since our state space consists of holomorphic functions, i.e.,
with negative spectrum, we will only consider operators acting on this space. We begin with

bilinear forms, which are of two types:
8



e holomorphic, i.e., of the form

e mixed, i.e., of the form

—

Bl = oo | mleQ(0)i(e)as

These represent paradifferential generalizations of the standard products wv, respectively
P(uv), restricted to the holomorphic class. Our bilinear symbols m will always be homoge-
neous, and smooth away from (0, 0).

Definition 2.1. We denote by My, the class of symbols m as above which are homogeneous
of order k € Z and smooth away from (0,0). The corresponding classes of operators are

denoted by OP?JT(,(f’O) for operators of holomorphic type, by OPE)JI,(:’I) for operators of mixed

type, and by OPIMy, for combinations thereof. By L,(f’o), L,(:’l) and L; we denote operators
in the respective classes.

Such bilinear and multilinear forms satisfy multiplicative estimates which are quite similar
to product type bounds, see Coifman-Meyer [12], Kenig-Stein [27], Muscalu-Tao-Thiele [32],
Muscalu [31]:

Proposition 2.2. Let Ly be an order zero bilinear form as above. Then we have

LUl S Wlasllglen o+ o=70 1<r<oo pa>1.

We also need to work with trilinear forms in the sequel. There we have three types, which
are denoted using the superscripts (3,0), (2, 1) respectively (1,2). However, in order to deal
with all the cases arising in this article, we need to enlarge slightly the class of homogeneous
symbols we allow. Since we are only concerned with homogeneous symbols, it suffices to
describe the zero order symbols. There are three such classes of symbols of order zero that
we need to allow:

e smooth homogeneous symbols,
e compositions of two smooth bilinear symbols,
e polyhomogeneous symbols of the form

1611 [€211€3]“ |Eout | 3m (€1, €2, €35 €a), c1,Ca,03,¢4 > 0,
with homogeneous m.
Here &, := +& £ & + &5 represents the output frequency. For such symbols we also have
the following result (see again [1227,31[32]):

Proposition 2.3. Let Ly be an order zero trilinear form as above. Then we have

1 1 1
ILCF g W) ler S AN lglealiblles, 2 o4 o= 00 T<r <00, pogys> 1.

q S r

Since our problem is a system and the two variables (W, Q) correspond to different homo-
geneities, we will also need notations for homogeneous bilinear and trilinear forms. Precisely,
for k € Z we define classes (287, €%), respectively (B3, €3) of bilinear and trilinear forms as

follows:
9



° @) contains bilinear forms of the type Ly 1 (W, W) + Li(Q, Q).

e €2(W,Q) contains bilinear forms of the type Ly 1 (W, Q).

e B3(W, Q) contains bilinear forms of the type Ly, oW, W, W) + L;1 (W, Q, Q).
e (W, Q) contains bilinear forms of the type Lj.o(W, W, Q) + Ly11(Q, Q, Q).

3. NORMAL FORM EXPANSIONS AND CORRECTIONS

In this section we collect most of our normal form computations. The goal here is twofold;
first to use quadratic normal form corrections in order to eliminate the quadratic terms in
the equation, and then to use cubic normal form corrections in order to eliminate certain
non-resonant parts of cubic terms in the equation.

To understand these computations, one needs to start from the dispersion relation associ-
ated to the linear system

(3.1) {Wt+@a =Y

Qi+ Wy =0,

on holomorphic functions. Recast as a scalar equation this becomes
(07 + i)W =0,

which immediately leads to the dispersion relation

=gz, £<0.

Thus resonances in bilinear interactions correspond to zeroes of the expression |§|§ + |n|§ +
1€ + n\g. But this cannot vanish unless either £ or n are zero. Consequently, all quadratic
interactions are removable, but with an appropriate loss of derivatives at (the resonant)
frequency zero. As a guideline, if £, and n have dyadic sizes \g < A, then in the worst case
we have

3 3 3 1
6+ 1% = 1¢1% = Inl? | ~ 2oAd,

Thus, compared to the quadratic component of the nonlinearity, the quadratic normal form
looses one derivative at low frequency and half a derivative at high frequency. A similar
analysis applies in the case of cubic energy errors. For later use, we observe that we have
the relation

[T 1612 £ Inl? £ 1€+ nl2 = €%7(96> + 146n + 9P,

+
The last expression above is elliptic, and will appear in the denominator of all symbols for
bilinear normal form corrections later on.

Next we discuss trilinear terms. There we have four frequencies to deal with, &, & and &3

for the inputs, and & = +£&; £ & + &3 for the output. In this case we can have

3 3 3 3
§1]2 £ [&]2 £[&]2 £ (&[22 =0

if and only if there are two pairs of equal frequencies and matching signs in the last rela-
tion. Fortunately in our analysis we only need to consider the case where the four dyadic
frequencies are unbalanced,

A K A < Ay = As.
10



Then the interactions are non-resonant, and we have as in the bilinear case

(3.2) 61]7 £ |67 £ |61]2 + 6] 2 AL,

3.1. The main normal form transformation. We begin with the quadratic and cubic
expansion in the equation (7)), and then we compute the normal form transformation which
eliminates the quadratic terms from the equation. Starting with

F & Qo = QaWa + PlQaWa — QuWal + P[(Qa — Qu) (4RWL[* — [W[*)]
we compute the multilinear expansion:

{ W+ Qo = G® + G® 4+ GUH),

(3.3) Qs+ iW,y = KO 4 K® 4 1),

where the quadratic terms (G®, K®)) € (€2 (W,, Q,), B2(W,,Q.)) are given by

(3.4) G = P [QuWa — QuWo]
: K® = —Q2 = P[|Qu|?] + 1P [Waa(3Wa + W) — WaaWa]

and the cubic terms (G®, K®)) are given by

G(g) = Wa(QaWa - P[QaWa - QaWa]) - P[(Qa - Qa)(4‘%wa|2 - ‘Wa|2)]
(3.5) K® = Qua(QaWa — PlQuWa — QuWa]) 4+ 2P[RW 4| Qa?]
—iP [Woo (FWE + JIWal? + §W2) = Waa (FIWal? + 5W2)] .

The role of the normal form transformation is to eliminate the quadratic terms (G®, K?)
from the equation ([B.3). It is obtained as follows:

Proposition 3.1. The normal form transformation for the equation [B3) is given by

W=W+W,
(3.6) { i )
Q=0Q+Qp,
where the bilinear forms (Wi, Q) € (Bo(W, Q), C(W,Q)) have the form
(3.7) Wi = B"(W, W)+ C"(Q, Q) + B*(W, W) + C*(Q, Q)
' Qu = A"(W,Q) + AW, Q) + D*(Q. W),
with A", A®, B" B, D* € OPIM', while C", C* € OPM°, whose symbols are as follows:
9 2_9 3 2
9(E +n)? — 4én 9(& +n)? —4&n

363 — 3¢ — 58 — i
1

Ah =
9(¢ irl n?—4&n 7




respectively

3i(E+n) (& + 3&n + 30?)
9E+m)? —4én

—i(€ +1)(3E% + Sén + 61?)
9(E +n)* —4&n ’

—3i(§ +1)° —i(§ +m)(5(E +n)* —4&n)
(& +n)? — A&y’ 9(E+mn)* — 4¢n

We postpone the proof of the Proposition [3.1] for the end of the section, and instead we
discuss some consequences.

The main direct consequence of the normal form transformation is the fact that the normal
form variables (W, Q) solve a cubic equation,

{ I;Vt“—Qa: G(WQ)

A“(¢C,m) = ,  BY(¢n)=

c(¢,n) =

D*(¢,m) =

(3.8) e (
Qt +ZWaa - K(VV, Q)v

where the expressions (G, K) contain only cubic and higher order terms.

These equations cannot be used directly at high frequencies, as they neglect the quasilinear
character of the problem. However, they are very useful at low frequencies, where one can
roughly view the problem as a semilinear equation. For later use we decompose them into
cubic and higher order terms,

G= GO 4G, K= RO 4 g0,

where
G® = 2B"G®, W) 4 20"(K®, Q) + BY(G® W) + B“(W G®)
s | W0 CQED) 1OOWQ)
K® = AW, K@) + AM(G?,Q) + AC‘(G<2 Q)+ A (W, K@) + D*(K® W)
+D%(Q, G®) + K® (W, Q),
and

GUH) = 2BM(GBH W) 4+ 207 1CMKBD) Q) + B*(GGH, W) + B*(W, GGBH)
+ot (CH(KED, Q) + C(Q, KBD)) + GUH(W, Q)

J(44) :Ah(VV, K(3+))+Ah(G(3+),Q) +Aa(G(3+)’Q) + AW, K(3+))+D“(K(3+),W)
+D%(Q, GED) + KUH(W, Q).

While the above expressions are somewhat more complicated than pure multiplication
operators, for some of our purposes it will suffice to extract the leading order term in the
normal form expression and treat the rest in a simpler manner. For the low frequency
portion of the energy estimates we will be particularly interested in the contributions which
contain undifferentiated 1, and, to a lesser extent, those containing undifferentiated @’s.
To compute those, we first consider the expansion for (W, Q), which is:

W=W — SRWW, —i(2Q* + 20Q) + Loy(Wa. Wa) + Loa(Qus Q)

(3.10) ) 12 ' 6 3

Q = Q - §§RWQQ - ggRQWa + L—I(Waa Qa)'
12



Now we observe that only the time differentiation of the leading terms can yield expressions
with undifferentiated W or ). One can see this with a computation as follows:

d
EL—l(Wom Qa) - LO(VVta Qa) + LO(WO!7 Qt)
Thus using ([B.I0) we can compute
~ 1
G = — SRWGD 4 Lo(Wa, Wa, Qa) + Lo(Q, Qo Qa)
(3.11)
~ 1 1
K® = — 5é)%WKW — ngG@)va + Lo(Qay Qo Wa) + Lo(Wa, Wa, Waa).

Finally, for the global pointwise estimates in the last section, we primarily need to un-
derstand the resonant interactions of three equal frequency waves. These are not always
captured in the expansion in (3I0).

Proof of Proposition[3.1. We distinguish two types of quadratic terms on the right in (B3],
the holomorphic ones and the mixed ones. The normal forms for the two are completely
separate, so we do two computations:

(i) Holomorphic terms: Here we work with the system
Wi + Q. = cubic,
3i

Qt + iWaa - _Qi + §Wao¢Wo¢ + cubic.

By checking parity, our normal form must be
W=W+B"W,W)+0"Q.Q), Q=Q+A"W.Q),

where B" and C" are symmetric bilinear forms with symbols B"(&,n), C*(&,n) and A" is
arbitrary.
We compute

Wi+ Qo = —=2B"(W, Qa) = 2iC" (Waq, Q) + 0 A"(W, Q) + cubic

Qr+ iWaa = —A"(Qu, Q) — ic AM(W, W) + i3 (B" (W, W) + C"(Q, Q) — @

+ %WWWQ + cubic.

We denote the two input frequencies by ¢ and 7. Then for the symbols we get
2nBh — 26201 — (¢ +m)AM = 0
(A" gy + (€ +0)*Ch = — i
(A" )sym — (€ +n)*B" = F&n(§ +n).
Here sym stands for the symmetrization. From the first equation we get
1
Al = ——(2nB" — 26*C").
n n( )
Hence

1 1
(EAM) gym = 7 77(26773" —(E+Ch),  PA gy = T 77((63 +0%)B" — 26**C™).
13



Replacing back into the original equations we get

26nB" + 3¢n(€ + n)C" = —iln(& + n)
3En(€ +n)B" 4 28%0°Ch = =2én(E +n)?,

and after simplifications

2B" +3(6 +n)C" = —i(§ + 1)
3(6+n)B" +26nC" = =3 (¢ + ).

Solving this yields
g 38 = 58 = 58" — G’
U +n)? —4n
i€ =26n L, 5+
9E+n)* —4n’ 9(E+m)* —4&n
Here the denominator is always nonzero.

B" = —i(& + 1)

(ii) Mixed terms: Here we have
Wi+ Qa = P [QuWa — QuW,] + cubic
Qi+ iWao = —P [|Qu]?] + %P [(WaaWa = WaaWa] + cubic.
By checking parity, our normal form must be
W=W+B(W.W)+C(Q.Q), Q=Q+A"(W.Q)+DQ.W),

where B® and C'* are even bilinear forms and A® is arbitrary.
We compute

(Wit Qo= — B"(W,Qa) = B*(Qa, W) = iC*(Waa, Q) +iC*(Q, Waa)
+ 0, A°(W, Q) + 0.D*(Q, W) + P [QuWa — QuW,] + cubic

Qi+ iWaa = — A(Qa, Q) + iA“(W, Waa) — D*(Q, Qu) — iD"* (Wan, W) — P [|Qul?]
+i02(B* (W, W) + C(Q,Q)) + %P [(WaaWa — WaoaWa] + cubic.

We denote the two input frequencies by ¢ and 7, where 7 is always associated to the function
that is conjugated. Matching the like terms we get the symbol relations

inB®* 4+ iC2C* +i(¢C — n)A* = (n

—i(B* —in*C* +i(¢ — n)D* = —(n

—iCA®* + D —i(¢ —n)*)C* = (n

—in?A* +iC*D* —i(¢ —n)*B* = 3Cn(¢ + ).

After algebraic manipulations we pull out a factor of (¢ —n)? to obtain the simpler system

1 -1 ¢+n 1 A 0
0 ¢ 7 n-¢ B el
0 -2 7 -1 C -3
0 0 3¢ 2 D 2

14



This has solutions

o BC(E = 5+ P) o TG+ 3¢n+ 1)
9C% —4¢n +4n? 9C — 4Cn +4n*

co_ B¢ e ZiC(G¢ — 40 + 4?)
©9C2 —A¢n + 4n?’ 92— Al A

Substituting ¢ = £ + n we obtain the relations from the proposition.
O

3.2. Cubic normal form corrections. Here we construct a cubic normal form correction
for a trilinear non-resonant form. We will apply our result both to the water wave equation
and to its linearization, so it is convenient to work with uncoupled variables (W1 Q!),

(W, Qa), (W3, Q2)-

Proposition 3.2. Suppose that (W} QL), (W2 Q?%), (W3,Q3) solve the linear system (3.1))
and have frequencies restricted to the range

&1+ & — & < min{|& ], [&f}-
a) Consider trilinear forms of type (2,1) or (1,2),
(G, K) € (Co((WQq), (W2, @Q2), (W2Q2)), B (W,aQy), (W2, Q). (WIQ3))).
Then there exists trilinear forms
(Wi, Qpa1) € (Bo((WH, Q1Y) (W2,Q%), W2, Q%), &((W', QY), (W2, Q%), (W2, Q%))

so that we have

Wists 4+ Qra1a = G
(3.12) { 3¢ + @3,

Q[3],t + iW[3},aa =K.

We note that there are more parity combinations possible in a result of this type. To
shorten the computations, we confine ourselves to the situation above, which is the only one
occurring in the present paper.

Proof. To limit the number of cases in our discussion we confine ourselves to (2,1) forms,

and also set G = 0. The remaining cases are all quite similar. Then there are four terms in
K,

K = Kl(Woln Wo2m Qi) + KQ(Wolm ia Wj’) + K3( (1)n W§> Ws) + K4(Woln Wo2m Wj’)

Substituting directly into the equations, we would obtain an 8 x 8 system, which is fairly
large. Hence it is convenient to diagonalize it first. For that we make the substitution

Zi = Q' +i|D|FW,
where Z7 solve the scalar equations
8,73 = +i|D|2 Z1..
Further, we set
24 = Q[3]15i i D[2 W,



Then the system ([B.12) reads
If we were to set B
K = K:I:,:I:,:I: = Z:ll:ZiZi,
then for Z3 + we obtain the expression
Zige =Los 14 (Z25,23,23),

where the multilinear form Ly 4 4 1+ has symbol

Ly y14(80,61,62,85,64) =

—1

3 3 3 3"

+[ol2 FIEIT F 62]2 £ &2
Here the signs on the bottom correspond to complex conjugates in the corresponding quadri-
linear form. In our case we have an expression in W% and @, which must be written in terms
of Z%, and the final result must be reexpressed in terms of W* and Q’. Thus we obtain a
combination of symmetrizations and antisymmetrizations of the above symbol with respect
to the four signs. Half of these are zero by symmetry. For the rest, we quickly list them and
describe their size.

We begin with the terms in ()3, for which we have the following symbols based on the
arguments for inputs and for the outputs.

LIWWW = WIWQ) =3 —— — (e _5)3 .
= ESlz F ST F &2 £ 162

LV — QQQ) = 3 L IEHSL G2
= Eeol? F I F 6l £ ()3

LR - Q) =S ——el)
+ E[6ol2 FIEIF F &2 £ [&2
— (&) 7)

LWQQ - WWQ) =

3 3 3 3’
+ E|&ol2 FIEIT F 16]2 £(8]2

1 1 1
— 2 2 2
= E|&ol2 F KT F &Iz £1&)2
Here the signs on the top are matched to the signs associated to the same variable on
the bottom. We need to understand the size of these symbols when |{5| < [Ened| =
min{|&|, [&2], [€5]}. We also denote |&5;| := max{|&1], [&a], €3]}, We first look at the size
of the denominators, for which we use the relation ([B:2)). This suffices if we have only high
frequencies in the numerator, and we get a symbol bound of the type

‘L‘ 5 |£med|_1|£hi‘_k,

where the integer k is dictated by the corresponding homogeneity of L. It is also not difficult
to see that all half integer powers disappear in the symmetrizations, and by taking a Taylor
series at &y = 0 we are left with a sum of polyhomogeneous symbols and a smooth (i.e., with
many derivatives) remainder.

16



Consider now the case when the medium frequency appears in the numerator with a
negative power. Then the sum is antisymmetrized with respect to the medium frequency, so
we get an extra cancellation, as in

1 1
2 2

€12 ) [ B
£|601% + [Gmeal? F 12l? £ 18512 HlEol? — [Gmeal F 1|7 + |&]2
—2[&med]
(i|§0|% + |§med|% + |§2|% * |§3|§)(i|§0|% - |€med|% + |§2|% + |§3|§)'
Then we obtain the same symbol bound as before.

We continue with the terms in W), for which we have the following symbols based on the
arguments for inputs and for the outputs.

—(£|%]2)
3 3 3 3’
= E[6l> FIE]F F &> £18)2

LOVWIW 5 WQQ) =Y (i|503_5)(i|§§2 _5)(32\53 _53)’

= (6|2 F €] F &l £ 62
—(:‘:|§0\_%)

+ :|:|§0|% F &I F ‘52‘% + ‘53‘3

LVQQ — QWQ) = Z _<i|§30|_5)(3;|§1|‘52(:F|§2|§3)’
+ E|&l? F LT F &2 £16[2

e~V (L6 -2 Y (]~
L(WQQ%WWW):Z( |€0|3 2)( |§§2| 2)(3 S} 23)‘

= x[&l> FIEIF F &[> £1&6]2

The size of these symbols is better than before, in spite of the bad factor \50\_%. Indeed,

the antisymmetrization with respect to &, yields a || factor instead, and we obtain a very
favorable bound

LIWWW — WWW) =

LWQQ = WQQ) =

L] < 16nil",
and a matching polyhomogeneous expression. Thus the proof of the Proposition is concluded.
O

4. THE QUASILINEAR MODIFIED ENERGY METHOD AT HIGH FREQUENCIES

The main idea in this section is to use the normal form transformation constructed in the
previous section in order to produce a cubic energy functional for our problem in H* for
k > 2. The properties of this energy functional are summarized in the following proposition:

Proposition 4.1. For any n > 3 there exists an energy functional E™®) which has the
following properties as long as A < 1:
(i) Norm equivalence:

E"G(W,R) = (14 O(A)Ey (0" "W, 9" 'R),
17



(i1) Cubic energy estimates:

d
EE"v<3> (W, R) <o ABE™® (W, R).

The conclusion of Theorem [3] is obtained in a standard fashion from this proposition
via Gronwall’s inequality and Sobolev embeddings. Since A and B are also controlled by
(W, Q)] x, it also serves to prove that the bootstrap assumption (L[24) implies the high

frequency part of the (W, Q) bound in (L20), namely
(4.1) |(W. Q)0 < et

~Y

Proof. The proof uses the modified energy method introduced in [21], [20], which is in some
sense a quasilinear improvement of Shatah’s normal form method [35]. The analysis begins
with following two remarks:

e On one hand, one can construct a quasilinear energy functional £, for our problem,

which is equivalent to the H" energy of (W, Q), and for which we have straightforward
energy estimates. However, these estimates are quadratic, in the sense that

d .,
EEnl Sa BI|(W, Q)13
e On the other hand, using the normal form variables (W, @), one can define a normal

form energy Eyp, given by

EXpo= / <|I/T/(n)|2 + Q[Q(n)éfxn)]) dao.
This satisfies cubic estimates, but they involve higher derivatives,

d
%ENF,O SA AB||(W7 Q)|
which do not close. Further, the normal form energy is not equivalent to the H"

energy of (W, @), and also contains undifferentiated W and Q’s.

7_'Ln m’}_'thrS 9

Our goal is to produce an energy functional E™®) which mixes the best features of both
these energies. This means that its cubic expansion should match the cubic expansion of
E7 o, while its high frequency part must match the quasilinear energy. To achieve our goal
we start with the normal form energy

Bigo = [ (WP +3(Q7Q1) do.

Since (W, Q) are normal form variables, this functional satisfies an energy equation of the
form

d
(4.2) %EJT\LTF,O = quartic + higher,

but it has several defects:

(1) It is expressed in terms of Q™ rather than the natural variable R,

(2) Tt is not equivalent to the linear energy El(;)(W("_l), R(=1),

2
(3) Its energy estimate has a loss of derivatives.
18



However, the last two issues concerning Eyr arise only at the level of quartic and higher
order terms. This motivates our strategy, which is modify E7 ., by quartic and higher terms
to obtain a “good” energy E™®) without spoiling the cubic energy estimate (E2)). We carry
out this procedure in two steps:

(i) We compute the cubic expansion of the normal form energy, separating a principal
part, which only involves differentiation, and a lower order part, which uses bilinear
multipliers.

(ii) We construct a modified normal form energy E% . that depends on (W1 R(=1)
and is equivalent to the linearized energy El(iz (WE=D R=1). this addresses the
issues (1) and (2) above, but not (3);

(iii) We consider the leading order part EYp,,, and modify that in a quasilinear fashion,
in order to address the issue (3) above. This modification is in part inspired from
the analysis of the linearized equation, and is needed due to the quasilinear nature
of our problem. Thus, we obtain an energy E™®) with good cubic estimates.

Remark 4.2. The construction of the quasilinear modified energy in the current case turns
out to be more involved than in the two dimensional gravitational non-surface tension water
wave equations, see [20)].

The expansion of the normal form energy E},. We compute the leading part of
E} o and express it in terms of (W, R) and their derivatives; for this we retain the quadratic

and cubic expressions that appear when expanding each of the terms ||0"W||2,, ||8"QHZ 1

respectively.
We begin with the quadratic part of EY ., expressed in terms of (W, @), which is the
integral

I = / WOPR 4 SO da.

Next we look at the cubic part of ||8"V~V||2LQ, which is

(4.3) W(QW(EW ()& +m)* B"(€,n) + W(EW (Q)W ()& B(C, m)dédn + c.c.,

(=¢+n
where c.c stands for the complex conjugate, and is as follows

ay [ WOWEOWEE B E ) + WEOWOW () BC ) dedn
=&+n
We add the first term in (£3]) with the last term in (£4)), and obtain

(4.5) /N W ()W (€)W (1) By (€,17) ded + /C W (W)W () By (€, m) dédn,

=£+n
where

Bivww (&,m) = (E+n)*"B"(&n) + E"B((,n)

_ i(§+n) B 2n) (9 2
9(£+n)2—4£n{ (€+n) <4(§+77) 2677)

9 19 9 19
2n [ 7 2 2 2 (7 2 2
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Expanding the symbol By we have

1 15 1
Byrww (& n) = —i(§+n)”[(g — PDE+ M)+ S (Gn+ 5)(5”‘1772 + e |+ EramY.

Hence, the leading energy component generated by By is

[~ (o= DY wonwtons, - o Lot o

9
Adding the complex conjugate gives the leading integral
_ 10 2 =
I = / —(2n — 1) WWMRW, + (Gn+ §)%(W(")W(”‘1))%Waa da.

The remainder has the form
i2 = §R/V_VL2n—6(VVozozon Waaa) da.

There are other types of cubic terms appearing in the energy functional EYr associated
to the normal form equations (B.8]), and we organize them in two categories:
e terms involving the factors WQQ, and their complex conjugates; they are cubic
expressions tight to the bilinear forms C" and A,
e terms involving the factors QW (Q, and their complex conjugates; they are cubic
expressions corresponding to the bilinear forms A", C' and D.
Analogous to the previous computations we compute the symbol of each of the expressions
in discussion, and obtain:

BWQQ = (5 + 77)2n0h(57 77) + £2nA(C7 77)

- 9(§_|_77)2_4€77 5(6"’77)2 +1_€2 1(€2+§§77+§772)] )

and also

BEn)® e 38 58 = 567 — g
(§+mn)*—48n 9(E+n)* —4&n
e (€ +n)GE+n)? —4n)
982 + 14&n + 9n?
For both symbols we compute the expansion

i 1 nien— n— ,
Bivgg = 5(n = (€ +m)" (€ n+ &™) + EnPol,

_ 2n

respectively

7 17

1
Bawq =i +n)" <——(2n — )€+ (n = D~

3 187 18

This gives the following leading energy components:

2 1
Iy = 29%/ —ig(n - Z)W(")Q("_l)Qa da,
20
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respectively

_ 1 7 17 11
_ ) [ = _ (n—1) _ (n—1) _ (2t ZT\H(n-2)
I, 2?)?/@@ ( 3(2n 2)W Qo+ (n—1)Q W, (18n 18)@ Waa) do
= [ 20— )RLS@WQ ) + 22n - Doar g,
- (gn - g)%Waa‘Q(n_l)F da,

together with remainders which have the form

Iy = %/WL%%(QW, Qaa) da,
respectively
L=%R / QL& s (Wanas Qua) dar.
Then the cubic leading expansion of the normal form energy is
ENpo=T+ L+ I+ I+ I, + I; + I, + quartic.

We remark here that, in the above expressions there are no more undifferentiated (W, Q)’s,
and also that the highest order terms are at the level of the energy.

(ii) The modified normal form energy E} .. The goal here is to replace @, by R
into the last expansion above. This is a direct substitution in the cubic expressions, where
we simply take the sum

(Iy+ I3+ Iy + I + Iy + I,)(R, W).

However, some care must be taken with the second term in the quadratic part I;. We have
Qo = R(1 + W) therefore

Q"W =R" VA +W)+(n—1)R" W, +WMR+ ..
Substituting into the corresponding part of I; we obtain
/ I(QMQM V) da = / (14 2RW)S(RM YR — (2 — 3) R D R-2IIW,,
+ 23 (R("_Q)V_V(")R) da+ (Is + I,) (R, W) + quartic.

The last two terms combine with (I + I3)(W, R). Summarizing and reorganizing terms, the
expressions (I1 + Iy + Is + I,)(W, R) are replaced by J; + J + J3 where

Jy = /(1 — (20— 1) RW)|W D)2 1 (1 —2(n — 2)RW)S(R™ VR ) da,

1 _
Jy = /—g(n - RRS (R"2W ™) da,
1 2 2 2 _
Jg = / IW,, {(gon + §)%(W("‘1)W(”‘2)) — (§6n — 59)1%(“—2)3("—2) da,
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and the lower order terms Iy + I3 + I, are replaced by J+ Jo + jg, which have the form

Ji=%R / WL (WoaWeao)da, Jp =R / WL (R, R,) da,

Ji=R / RLEO. (W, R.)da.

Thus our modified normal form energy has the form
Evp=Ji4+ Jo+ Js+ i+ Jo + Js;
and, by construction, has the property that
EXr = ENpo + quartic + higher.

The quasilinear modified energy. As defined above, the remaining issue with the
energy L}, is that its time derivative cannot be controlled at the same level due to the
quasilinear character of the problem. The last modification below addresses this issue. We
observe that these quasilinear modifications are only needed for the terms J;, J and J;
above; the lower order terms Jp, Js, J3 will be left unchanged. The quasilinear corrections to
Ji, Jo and J3 are defined as follows:

W _
Ey = / J-=3) [|W<"—1>\2 + (4n —3)S <71 e ) (W DW(n-2)

(4.6) +W

+ J~OAFRMD R da.
Here we have added a lower order term in the square bracket, in order to obtain a bounded

time derivative. This is the analogue of the lower order term arising in the operator L in the
study of the linearized problem later on. The remaining corrections are

1 _
(4.7) E, = / —g(n - RS ((1+W)*RAWD) da,
26 29 ~- D (WD Wn-2)) 4. J-(1-2)| pn=2)2
(48)  By= [ —(Gn— )W, (J DG(WEDWE-2)) | j=(-2)| pn=2)| ) da.
Our final energy is
(4.9) E®) = B+ Ey+ Es+ Jy + Jo + Js.

We now proceed to prove that E™(®) has the properties in the proposition. The energy
equivalence property

EM) = (14 O(A)[(W, R)|%s = (14 O(A) (W, Q)12

follows easily by Sobolev embeddings, interpolation and Holder’s inequality (see also the
similar argument in [20]).
It remains to consider the time derivative of E™®). By inspection we see that

E™6) = EYr + quartic + higher = E o + quartic + higher,

therefore we have J
EEH’(?)) = quartic + higher.
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A good way to rephrase this is by introducing the truncation operator A* which selects the
quartic + higher part of an expression in (W, R). Thus the above can be rewritten as

d

d -
E, + A*
a2t

d
J+ A
T

dt

- d
Jp+ A=
2+ A

iEn A4 dEn7(3) _ A4iE1 +A4 th2 +A4

dt dt dt d I

Now we can separately estimate each term in the above sum. For the purpose of this com-
putation we denote by err any term which does not contain a bilinear expression involving
more derivatives than the energy, i.e., more that Wr=DW@=1 = R=1) R(=2) " regpectively
W=D RM=2) " By the scale invariance of our problem all such terms have the same ho-
mogeneity and can all be estimated by Sobolev embeddings, interpolation and Holder’s
inequality in a scale invariant fashion as follows:

[Alerr| Sa ABI|(W, R) |5 -

In particular we directly have

d - . .
£J1+J2+J3—err,

which allows us to dispense with these terms. It remains to carefully compute the time
derivative of each of E, Fy and Ej3, in order to insure that we obtain only err terms.

a) The time derivative of F;. Differentiating any of the coefficients of the leading order
terms yields err type expressions, so we can write

d
%El Ery + Ery + err,

where
Er = / 2]~ DRWIW ) 4 2) - AG(ROTD R ) + 0, /"SRR da,

and

W, — n—

To compute these two expressions we begin with differentiating in the equations (LIT)):

14+W W 1+ W)W
w D - _pw — R<"1< o 1+ W) “)

R™ — _
1+ W 1+W (14+W)2
RO — _ppoen w1 e <(1 IWe (n_2)wa> +
Jz(

Ji(1+W)2 2 1+ W3 J2(1+ W)
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where on the right we have kept only the terms which may contribute to the leading part of
the time derivative of F;. Thus integrating by parts we obtain

Eri ~ 25}%/ (=} izvvR(" W — g J1/2(11+W) ROy
o (24
+%J‘("‘2) (f"(; W J%(li)vv‘;)) + Oad® "m da
~ 2R / —J (=3 i +1W)2(R(")W + R Dy nt))
+ J- =2y Rn=h) [_nj(lv—\;aW) + (3n—1) § ?‘%7)3} da

A shorter computation gives
: - 1 W,
Ery = —/2(4n - 3)J_("_%)S (W(")R("_l)i) R ( n ) do + err,

which cancels Er; and leads to the desired bound

—FE; =err.
e
b) The time derivative of F3. Again, if the time derivative falls on the RR coefficient,
or on J, or on W then we get lower order contributions. It remains to consider the two
terms when the time derivative applies to either R®™~2 or to W1 In both cases we need
to consider only the leading order contributions,

1+W

W("—l) —
¢ 1+ W

R™ 4 R"? = ywm—— 4
J2(1+W)?2

Then the two terms exactly cancel and we obtain

d
EEQ = err.

b) The time derivative of E,. Again, if the time derivative falls on W, coefficient,
or on J, then we get lower order contributions. Then we can write

d
£E2 Ers+ Ery + err,

where
Er3:2/\sW J= =)W OW ) da,
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and

Ery =2 / SWoJ " 2AR(R™IR"?) da.

In both cases we need to consider only the leading order contributions of the time derivatives,
which exactly cancel and we also obtain
d

%E2 = err.

The proof of the proposition is concluded.

5. ENERGY ESTIMATES AT LOW FREQUENCY

Here we prove the H7 energy estimates for (W, Q). For this we work directly with the
equation (7)), which we no longer need to treat it as a nonlinear problem. Instead we can
apply directly the normal form transformation to eliminate the quadratic terms, and then
do semilinear analysis on the remaining evolution, taking advantage of the high frequency
bounds in the previous section.

Unfortunately the normal form transformation (3.6]) does not suffice for our purposes here.
This is largely due to the weaker pointwise control that we have on the function W, but also
due to the fact that we are estimating () in a negative Sobolev space. For these reasons, we
will have to remove certain cubic non-resonant interactions via a further cubic modification
to the normal form. This motivates the following
Proposition 5.1. There exist normal form variables (W, @), obtained by a further cubic
modification of the normal form (B.6]),

(5.1) W=W+Wgy+Wsg,  Q=Q+Qu+Qs,
where (Wig), Qpg) € (B(W, Q), €3(W, Q)), with the following properties:

i) The H? energies are equivalent,

(5.2) 1V, Q) ~a (W, Q)

(ii) The variables (W:/, 6:2) solve a cubic equation:

Wi+ Qo= G
(5.3) e .
Qt + iWaa = Kv
where the following estimates hold:
(5.4) (G Bl S NV, QXMW Q) 20
z = _lio,
(5.5) G, KUy S22 [ (W QXN W, Q)llsrgie -

We remark that the last bound (5.0) is not used in the proof of the energy estimates.

However, it will come handy in the last section, where we obtain the asymptotic equation.
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Before proving the proposition, we show how to use it to conclude the proof of the H°
part of the energy bounds for (W, Q) in (L20) in our boootstrap argument. Precisely, our
goal here is to prove the bound

(5.6) [W, @)l S et
under the initial data assumption (LT3
(5.7) (W, @) (O)[l3go s < €

and the bootstrap assumptions (T23), (L24) and (L2H). Linear energy estimates for (W, Q)
show that p

ZNOV.Qllz S NV, QU NV, Q)ll gz

For the H2? norm above we use the high frequency bound (@1). Using also the energy
equivalence (5.2)), we obtain

d z oz _ . Z oz
TNV Qe S €87 (et SOV, Q)0 )-
Hence by Gronwall’s inequality we obtain

1V, Q)| < et

~

Now we can return to (5.6) via the energy equivalence (5.2)). The rest of the section is
devoted to the proof of the proposition.

Proof of Proposition[5.1. We begin with some heuristic considerations. The straightforward
approach to this proof would be to work directly with the normal form transformation defined
by our quadratic normal form transformation,

W:W_I_W[Z}a Q:Q_I_Q[Q]a

which solve cubic equations,

(58) { VVt“‘ro = G(VV,Q)

Qt + 'éVNVaa = K(VV’ Q)>

and then estimate the cubic terms (C;Y K ) as in the proposition, by combining one L? bound
with two L bounds. However, this naive analysis fails for two reasons:

(i) The undifferentiated W appears in the normal form. This is a problem because we
do have neither an L? bound for W at low frequencies, nor an L bound for W with
t2 decay.

(ii) The expression K needs to be estimated in a negative Sobolev space H "_%, which is a
problem at low frequencies, as it does not follow directly from a trilinear superposition
of one L? bound and two L bounds.

Based on these considerations, our strategy will be to separate the cubic terms in (G~’, K )
into a good portion and a bad portion so that

(a) The good portion of (G, K) can be estimated directly using one L? bound and two
L*>° bounds. o
(b) The bad portion of (G, K) is non-resonant, and thus can be eliminated with a further

cubic normal form correction.
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When implementing the above strategy we will keep in mind several principles:
[. The terms with undifferentiated W in both equations are bad when W has the low
frequency, and need to be normalized out.
II. The undifferentiated terms in K are bad at low frequency, and need to be normalized
out when the three input frequencies are larger.
[TI. The linearization of the normalized equation will be used as the normalization of the
linearized equation, so we need to make sure that our estimates still apply there.
The difficulty is that for the normalized variables (w,q) we only have access to the
L? norm, and not to any decaying L> bound. Thus, in all multilinear estimates we
have to allow for the case when any one of the terms admits only L? type bounds.
We begin with the normal form equations B8) for (W, Q), with (G, K) as in (39). For

the expressions G and K we need to separate the worst terms at low frequency, namely the
ones which contain an undifferentiated W or @ factor. This is done using the expansion
(B11). Based on this, we first express G in the form

G = Go+ Gy + Go,
where Gy and G4 contain cubic terms with a W factor, respectively without,

- 1 -
Go = —§%WG£3>, G1 = Lo(Wa, Wa, Qa) + Lo(Q, Qu, Qu) + Lo(Q, Wa, W),

while G5 contain terms which are quartic and higher. We further note that G may contain
a single undifferentiated factor.
For K we need a better bound at low frequency, so we split it further as

K =Ko+ K, + K> + K,
where K, and K; contain all cubic terms with an undifferentiated factor,

~ 1 . 1
Ky = —iafeWKc?), K, = _gm@ch

K, contains the remaining cubic terms with all factors differentiated,
Ky = Lo(Wa, Way Waa) + Lo(Wa, Qa; Qa),

and Kj contains all the the quartic terms. We observe that K3 may contain at most one
undifferentiated W factor.

The terms éo. K’o. These are the worst cubic terms, since we have less control on W

than on everything else. However, the co-factors G? and K& are differentiated, and also

each of the factors in G® and K® are differentiated. This allows us to separate a single
unfavorable case, namely when the W factor has frequency less than the output frequency,
and than both of the entries in G®, respectively K®. Precisely, we decompose

= Sgood | Alhh—h ;- F-good | Frlhh—h
Go = G§™ + Gy ", Ky = K" + K ,
where

Gihh—h ZP>>* WAGP (Wi, Qsn)] Rlhh—h Z:p>>A WAK® (Wi, Qs)] -
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We can bound the terms (G4, K§°°?) as in (5.4) as follows. If the T frequency is larger
than the output frequency, then we can move half a derivative from the G((f), respectively
K onto W, obtaining terms of the form
(D%Léhh—)h(D%m/’ G(2)), D%Léhh—)h(D%VV’ K(Q)))

The half derivative in front is useful at low frequency in the second term, as it allows us to
obtain the H°~2 bound (at low frequency). Now we are left with a trilinear form where all
three factors are at least half differentiated. Thus we can use an L? bound on any one of
them, and an L*° bound on the other two.

On the other hand, if one of the inputs of (G®, K(®) has frequency lower or comparable
to W, then we can move half of its derivative to W, and we obtain an expression of the form

(O LY"=M(DEW, GO (W, Q), D2 (W, Q)), D2 LI (9, W, K® (W, Q), D3 (W, Q)))).

Here all three factors inside are again at least half differentiated, so we can bound any one
of them in L?, and the remaining two in L. )

It remains to consider the bad terms (G§"=" GU"=h); these are non-resonant, so we can
factor them out with a cubic normal form correction. The simplest way to achieve this
is to take advantage of the fact that G® and K® can be corrected with the normal form
transform computed in PropositionBIl This leads us to define the first round of cubic normal
form corrections as (W[l?f]‘flo_)h, fg‘}ho_) "), which are defined by adding frequency localizations

as above to the trilinear expressions
1 1
Wigo = —iﬂ?WWp],a, Q30 = —§%WQ[2},a~
We have

~ 1 1 1
Wit + Q3,00 — Go = — §W[2],Q%Wt - §%WaQ[2],a + §%W(G(2) — Wit — Qa)a
1

1 1 1 .
= SRQuWpjo — SRWaQp0 — SRCWp 0 — SRW(G = GO)o.

The first two terms are cubic, and even contain an undifferentiated W; however, after the
lhh — h localization we are left with a differentiated low frequency factor, so these terms are
handled as discussed above, by moving a half derivative from the first, low frequency, factor
to the undifferentiated factor in Wiy or Gig. The remaining terms are quartic, and may even
contain two undifferentiated W factors. But this is still acceptable, as we can bound them
in H'. Indeed, since o is small therefore we can place the undifferentiated factors in L* but
still with some time decay, and bound each of the two differentiated factors in L* by t2.
Similarly we have

d . ~ 1 1 1 1 ~
EQB],O + ZVVB},O - Kéh = i%Qan,a - Z§%Waaw[2},a - §GQ[2LO{ - §§RW(K - K(3+))a~

The first two terms are again cubic, and further, by the [hh — h frequency localization we
can both move the derivative on @[y, respectively Wiy, onto the output, and still be left
with a derivative onto the first, low frequency, factor. Thus we can bound them as above.
The remaining terms are quartic, and may even contain two undifferentiated W factors.
But this is still acceptable, as we can bound them in L? N H~!. To get the output one

derivative lower than before, we again take advantage of the fact that the [hh — h frequency
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localization allows us to move the derivative in the second factor onto the output. Hence it
remains to estimate the remaining quadrilinear form in H!, which is done as before.

The term G,. This is simpler, as we can place either factor in L2, and the remaining
factors are directly bounded in L by ¢~z ||(W, Q)||x. Again, we bound these terms in the
inhomogeneous Sobolev space H'.

The term G,. This is exactly as before. The three differentiated factors are bounded in
either L? or L™, while the extra fourth factor provides some additional time decay, even if
it is only a W factor.

The term K;. Just as Gy, this can be estimated in L2, which takes care of the high
frequencies (> 1). For low frequencies, we need to get a better bound than L2 For this we
commute the co-factor derivative as

K, = %?RQQK@) — %aa [(RQK™].

The first term is moved into Ko, while the second is an exact derivative applied to a trilinear
expression which can be placed in L? just as G.

The term K,. This can be estimated directly in L2, so it is good at high frequency (> 1).
It remains to consider the low frequencies. For this we recall that K has all differentiated
factors, more precisely

K2 = K2(Wa> Qa) € sB?il(VVow Qa)'
We split this into two parts, depending on whether the output frequency is smaller than all
of the inputs,

KZ _ Ké]ood + Kézhh—)l’

where

ffé‘hh_” - Z P<<>\K2(W>>\7m Q>>\,a)-

A<1

In K{° one of the factors has frequency equal or lower than the output so we can move
a half derivative onto the output, and estimate the rest in L? using one L? and two L*>
bounds.

It remains to consider the only nontrivial term K’é‘hh_ﬂ . This cannot be estimated directly
in H°"2 at low frequency, as the only way to gain improved summability is by trading
off decay. However, it has the redeeming feature that the balance of the frequencies is so
that the cubic interaction is non-resonant. This analysis was carried out in Proposition B.2]
which shows that we can find a further cubic normal form correction (W[gﬁ_”, ~f§?ﬁ_’l) €
(B3(W,Q), €3(W, Q)), which removes these terms. These are trilinear forms with the same
frequency localization as K. nrh=t - More precisely, we have

WhI=E = LIM=0Q, QW) + LM (W, W, W)
QUi = LM QW W) + LM HQ, Q, Q).

Introducing these cubic terms removes the cubic error f(ghh_’l, but yields further quartic

errors. However, these contain at most one W factor, and thus can be included in Kj.
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The term K. This can be easily estimated in L2, which suffices at high frequency.
Hence it remains to consider the low frequencies. The worst terms are those with one
undifferentiated W, e.g., of the form

LO(VVa Qom Qom Woe)'

But for such a term we can use twice the Sobolev embedding to bound itﬁ, using Proposi-
tion 2.2 e.g., as in

1Zo(W, Qas Qars Wl oy S 1 LW, Qs Qs W lo S W [ [| Qa7 Wl 2
SV, QRN g Qall 2,

where

Summarizing, we set Wz = W[g]‘fg_)h + W[g]}f’f_)l and Q3 = Ql[g]ho_) Ly Qfgﬁ‘ﬁ_” , and define our
final normal form variables

Wt =W + W[2] + W[g}
Q: =Q + Q + Qp).

We obtain a good system for (I/?/, é)

(5.10)

D

W, + 0, =
(511) Mt Q=0
Qt"—iWaa:Ka

where ( :,I:( ) admit a favorable estimate (G5.4]). For later use, we list their cubic parts
(G, KO):

. |
G =G+ G+ PN (RQaWia 0 — RIVaQp2)0)
(5.12)

= o 1
K = K§*'+ Ky + K§*' 4+ S P (RQuQpzy 0 — R WaaWiza)-

Finally, the bound (B3] for quartic and higher terms is an easy consequence of Proposi-
tion 2.2l Here it helps that no negative Sobolev norms need to be estimated. This concludes
the proof of part (ii) of the proposition.

It remains to consider the energy equivalence in part (i). Here we need to bound the cor-
rections (W, Qpz) and (Wig), Qpg) in 7. For this we use standard multiplicative estimates
as in Proposition 2221 combined with Sobolev embeddings. These estimates are somewhat
tedious but routine, and are left for the reader. O

2 As estimated here, this bound is borderline; however we can gain an additional small time decay factor
by restricting the frequencies in hhh — [ interactions to Apeq > vV Aout Mni-
30



6. THE LINEARIZED EQUATION
Here we derive the linearized equation, and prove energy estimates for it, first in H! and
then in H°.

6.1. The equations. The solutions for the linearized water wave equation around a solution
(W, Q) to the equation (LT) are denoted by (w,q). As in [20], it will be convenient to also
switch to diagonal variables (w,r), where

r:=q— Rw.

We will employ the variables (w,r) at high frequency, but we will return to (w, q) for low
frequency bounds.

The linearization of R is

Qo — Rwa Ta + Raw
6R p— p—
1+ W 1+W '’
while the linearization of F' can be expressed in the form
OF = Plm — m),

where the auxiliary variable m corresponds to differentiating F' with respect to the holomor-
phic variables,

Jo — Rwq Rwa To + Row R’wa
+ = +

m =

J (1+W)2 J (14+W)2’
We denote also _( ) _( )
_ R(qa — Rws)  R(ro + Row
R
Further, introducing the real coefficient ¢ by
ic = - — —,
J:(14+ W) J2(1+W)
we have
10c=1p—p,
where B
o Waa 3W,, W,
P raew) T \arraawe T 2pr)

Then the linearized water wave equations take the form
{wt+Fwa+(1—l—W)P[m—m] =0,

(6.1) G4+ Fqo + Qo Plm —m]+ P[n+n|+iP[p—p|=0.

Recalling that b = F + =W

equation, this becomes (see also the similar computation in [20]):

R, B
62 (0 4+ b0, )w + 1+Wra+ 1+Ww = Go(w,r)

(8t+b&x)r—i ’LU—FZ'Pp—FHLW
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and replacing the g-equation with the corresponding 7-

a
W OuPc = K(w,r),



where -
Go(w,r) = (1+ W)(Pm+ Pm)
K(w,r) = Pn— Pn+iPp.
To rewrite this in a more useful form we introduce the operator L given by

L=20,J20, —icd, —iPc,

= O] 20, — i(cOq + %ca) — %

Both ¢ and the last coefficient i(Pc, — Pc,) are real, so L is self-adjoint. We further note
the quadratic expansion of L, namely

(6.3) L~ 0a(1 — RW)0, — i(2SWoa0s + SWaa) — RW aa.

Then our system takes the shorter form

(Pcy — Pcy).

1 Ry
(O + b0y )w + W + LW Go(w, )

a P Lw
w1
1+W 1+W

It is interesting to also observe that after a seemingly innocuous cubic change in Gy we can

(6.4)

(O + bOy)r — i } = K(w,r).

R, : :
also replace W by Pb,. Then our system is rewritten as

+W

1
(8 + bd, )w + Towle T Pbw= G(w,r)
(6.5) I ]

. a
(O + b0y )r — W
where the modified function G is given by

G=(1+W)(Pm+ Pm)+w(P[R,Y] — P[RY,]).

w—l—z’P{

Projecting ([6.2]) onto the space of functions with the spectrum on the negative side of the
real line, we obtain

(8t+9ﬁb8a)w+P{ 17 ra} + Pb,w =G

1+ W
Lw
P =K
w}+z [1+W] ,

(6.6)

(9, + My0)r — i P L +“W
where

G(w,r):= PG, K(w,r):= PK.
The perturbative terms G and K are split into quadratic and higher terms as shown below
G=G® L aBY K= KO | gEH),

For the quadratic parts we have

1
G (w,r) = PR, — WTy], K®(w,r) = —P[RF,] — igp[wmwa — W, W].
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The quartic and higher terms in (G, K) are purely perturbative in our arguments, so we
only need to consider some of the cubic terms. In the w equation, only the w terms are
interesting, so we can set

G® = —P[WR,w] — P [(P[RW,] — P[R,W]uw] .
In the r equation, all undifferentiated cubic terms are relevant; there we set
K® = P[R(W7, — R,)].
Our main result for the linearized equation asserts that it is well-posed in H! N H:

Theorem 5. Suppose that the solution (W, Q) € C(0,T; H*NHT) to the water wave equation
is well defined in a time interval [0,T] and satisfies the bounds

W, @Ol < e’ [[(W,Q)()]|x < et

with some fivred § < 1, and € < §. Then the solution (w,q) to the linearized equation (G.1])
satisfies the bounds

(6.7) 1w, @) (D)l S 17N (w, @) (0) 50

We remark that one particular solution for the linearized equation is the scaling derivative
(w,q) = S(W,Q). Then, given the S(W, Q) part of the initial data bound (L20), we can
conclude that we have

(6.8) 1S(W, Q) |0 S et

which is part of our bootstrap argument in the proof of Theorem [l

Our proof of the theorem requires two steps. First we consider the high frequencies, for
which we use the equation (). In order to estimate the H' size of the solution (w,r) we
produce a quasilinear cubic H! energy, expressed in terms of the diagonal variables (w,r),
but whose evolution is governed by the full H' N H size of (w,q). The outcome of this
analysis is contained in Proposition below.

It remains to control the low frequencies, which is done using the equation (6.1I), expressed
in terms of the original (w, q) variables. For these we instead use directly the normal form
method, with some added cubic corrections; this calculation is carried at the level of the
original variables (w, q). The result is summarized in Proposition below.

Finally, the conclusion of the Theorem is obtained by we putting together the two results in
Proposition [6.1] respectively Proposition[6.2l Unlike the case of gravity waves, the transition
between the two sets of variables (w,r) and (w, ¢) is harmless, due to the estimate

(6.9) 1Bwll 3 et S ellwllmage

6.2. H' energy estimates. The goal of this section is to produce a cubic H! energy func-
tional for the linearized equation. Precisely, we have

Proposition 6.1. There exists an energy functional EX(w, r) with the following two proper-
ties:
(i) Energy equivalence:

(6.10) E'(w,r) = (1+ 0(6))H(1§éq)llil +0(e)l(w, 9)ll3e



(i1) Cubic energy estimates:

d

T (w,r) S IOV Q)5 (w, )15 + 11w, )15,

We remark that the above estimate is not self-contained, and it can be used only coupled
with a similar H7 result. This issue is on one hand due to our definition of R, which involves
the undifferentiated variable w. One could avoid this by redefining r as r = ¢ — Trw.
However, this would make our equations and analysis more complicated, and would serve
little purpose in the present paper, where the H? result is the primary one. Secondly, in
order to define the normal form energy corrections we have to use the undifferentiated w
regardless. So a lower norm seems necessary for the cubic estimates in any case.

(6.11)

Proof. Naively we start with the linear energy ||(w, 7’)||§1£1 and construct a suitable modifica-
tion of it. There are three main difficulties in this process:

a) The equations are quasilinear, so a quasilinear correction is needed in order to account
for the high frequencies.

b) The linear energy is not cubic, so a normal form type cubic correction is needed in
order to eliminate cubic errors.

c¢) The L? norm of w is not controlled, so quartic error terms containing undifferentiated w
cannot be controlled directly. A further quartic normal form correction to the energy needs
to be used for such terms.

We will pursue these steps in the above order.

a) The natural quasilinear energy functional associated to the above system is obtained if
we multiply the second equation by ir, and the first by Lw. These multipliers are matched
so that the mixed r,w terms cancel in the computation. Thus it is natural to define

(6.12) B2 (w,r) = /R “R(Lw - ) + S(rouF) da.

Now we compute the time derivative of the above energy. We use the second equation to
write

d _ Ta o
pr / I(ro,r) da = 25 /(Ot + M0, )1 OpF dov = 29‘%/(@@1,0 — Lw) oW iKrada.
To compute in the first equation we introduce the skew-adjoint operator
N:at+baa+Pb
Then we can write
d Foy _
E/R%(Lw-w)da = §R/—2Lw 147:W +2GLw + [N, Ljw - w do.
Summing up, the mixed terms cancel, and we obtain
d _, - 5 _ aWTq
(6.13) %Elm(w, r) = 2§R/ZIC7"Q —GLwda + /[N, Llw - da +/ oW da.

We now successively consider the three integrals above, which are denoted by I, I, and I3.
Our goal will be to peel off good terms, retaining a leading part which will be rectified with

further energy corrections. Here, by good terms we mean terms which can be estimated by

the right hand side in (E1T).
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The integral ;. We begin with the K term. Since r, is holomorphic, we can freely
replace K with K, and then drop the projections. The only terms which cannot be readily
estimated as in the proposition are the cubic terms. Thus for the corresponding part I;(K)
of I; we obtain

_ 1 - 1 -
L(K) = 2?)?/@’7",1(—Rqa + ZEWU}W — ZEWawa) da 4 good.

Next we consider the G term. Integrating by parts we rewrite it as

L(G) = /J_%g_a Wy + G (i(cOy + %ca) + %(Pca — Pc,) da.

Here we recall that
G = (1+W)(Pm+ Pm)+w(P[R,Y] — P[RY,]).

For the first component of G we use the expression of m in terms of (w,q). Thus G, will
contain higher derivatives of w and ¢. But these are either w,,, ¢ue and ¢, inside a P
projector, or Waa, Gaa and ¢, inside a P projector. Thus the extra derivatives can be
harmlessly shifted to their co-factor in our estimates, see e.g., Lemma 2.1, Appendix B
in [20]. At the other end, however, we need to be more careful with the terms which contain
undifferentiated w, as we only control w in H? and not in L?; for such terms we will use the
Sobolev embedding H? C L and regain the lost integrability from one of the other factors.

To summarize, in [;(G) we can control all quintic and higher terms, and also all quartic
terms which do not contain undifferentiated w. Thus we retain the cubic part of ;(G), which
is the integral of m - w,., as well as the quartic terms with a w factor. Expanding these
terms, we have

L(G) = 2%/ ~Waa(Rwy — W@y) — Waaw(P(RWy) — P(R,W)) da

+ 25}?/wwa(P(RaW)a — P(RW,)a) + iwPco P(Rwy — Wqy) da + good.

The integral I,. Here we need to compute the above (selfadjoint) commutator. We have
[N, L] = [0, + b0 + Pby, 0o 20, — icdn — iPcy)
= 00 () + b0y)J 200 — i(0y + b0a)cOa — (D) + bDa) Pea
— OnJ "2 (baOa + Pbaa) — (Ouba — Pban)J 204 + ic(baOa + Pbeag)
= Oa[(8y + b0,)J 2 — 20 2b,]0s — i(cs + beo — by + J 2 Hboo)Oa
— i(Pcat + bPcoq — cPbay) — Oa(J "2 Pbyy).
First of all, we need to compute the linear part of this operator using
cx~23W,, b~2RR, JZal-—RW.
Then we get

(6.14) [N, L] ~ —30,R R0,
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therefore we can write
I, = /B%Ra|wa|2da + quartic + higher.

However, as before, we also need to retain the quartic terms with undifferentiated w. Even
worse are the terms with |w|?. Hence for the lower order terms in [N, L] we need a good
quadratic expansion. Our complete expansion for [N, L] will be
(6.15) )
[N, L] = —30,(RR, + quad)0y + (L2(W, R) + cubic)0, + i0:(RR,) + 0aL2( W, R) + cubic.

The quadratic part of the coefficient of J, is easily seen to have the form Lo(W,R). It
remains to compute the quadratic terms in the zero order term of the commutator,

v = i(PCoy + bPCoo — Pban) — Oa(J "% Pbag).
Precisely, we claim that we can write it in the form
7= Zat(RRa) + aaLZ(VVa R) + s,

where v, = stands for a quadratic expression in W, R and their derivatives while v3 contains
only cubic and higher terms in (W, R). Indeed, we have

c~3(Wyu(2—-3W - W)), b~ 2RP[R(1 - W),

while
Pcoy = —23Rp0a + OaLa(W, R),
therefore
Y= (R+ R)Waaa — (Wa — Wo)Ran + 0aLo(W, R) + 73

= i0,(RRy) + WaaRa + WoRao + 0aLa(W, R) + 73

= i0(RRy) + 0aLo(W, R) 4 73,
which concludes the proof of the expansion (G.I5]). Thus, for I; we obtain

L=% / SRR wal? + i, (RR.)|w] + witaLa(W, R) da + good.

The integral /5. Here we simply retain the quartic part,

I3 = —%/wfaadoz.

Summing up the contributions from [I;, I, and I3 and reorganizing terms, our energy
computation so far reads as

d
%Eﬁn(wa r) = Ery + Ery + Ers + Ery + good,

where Er; contains the holomorphic cubic terms,

_ 1_- 1.- _ _
Er, = 2§R/ira(—Rra + ZEWU}M — ZEWawa) — Wao(Rwy — Wry) da

_ 1 _ 1 _ _
= 2%/ _iqaRqoz + §qawwaa + §Q<xwo¢wa - UwaaRwa dOé,
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E'ry contains the mixed cubic terms,
Ery = /3%Rawawa da,
Erjy contains the single remaining quartic |w|* term,
Ers = %/8t(iRRa)|w|2da,
and Er, contains the quartic terms with a single w factor,
Bry— R / W Ly (W, R) + wite Ly(W, R) + wqa (L1 (W, W) + Lo(R, R)) do
Now we successively correct the energy in order to cancel the four terms above.
The Er; term. To account for Er; we introduce a correction of the form
Cy = 2§R/Li(w, ¢, R) + Li(w,w, W) + L3(¢q,q, W) da,

so that

d
(6.16) %C’l = Ery + quartic.

Here the trililnear forms L] have smooth homogeneous symbols, where the lower index
indicates the order. Thus, the quartic terms on the right in ([6.I6]) may contain at most one

undifferentiated factor, and, if that factor is w, then they can be included in Ery.

This and the next Er, part are the counterparts here of the normal form calculation in
Proposition 3.2, and are a consequence of the fact that bilinear interactions are non-resonant
in our problem, except at frequency zero. Because of the resonance at frequency zero, it is
very useful that all factors in the Er; and Ery integrands are differentiated. Omne could
recast this calculation in terms of the outcome of Proposition 3.2, but it is more efficient to

redo it directly.

Denoting the symbols of Li, L% and L? by m;, ma, respectively mg for the three expressions,

from the relation (6.I0) we obtain the system
1
[ (&) sym + (€ + m)ma(€,m) = En(€ +n)

(€ -+ (€ m) — (€, ) + 2ms(6,m) = — 6
—[Ema (&, m)]sym + (€ +m)ms(€,m) = —&n.

Expanding the middle equation into a symmetric and an antisymmetric part we obtain

4

[Pma(€.0)]sym + (€ +m)ma(&, ) = %677(6 +1)
—(&+ ) [Pma(&n)]sym — (07 + EYma(&,n) + 20°Ems(E,n) = — %&n(&s +1°)

(€ + ) (€ )y — 2emmalEm) + (€4 )€, m) = — €
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The matrix of this system is equivalent to the matrix in Proposition[3.2l A short computation
leads to

& +3n+n° E+3En+n
962 + 14&n + 9n?’ 962 + 14&n + 9In?’

[nzml(& n)]sym = %(g + 77)(577 - m2)7 [gml(gv n)]sym =&+ (5 + n)m?;-

Solving for m; from the last two relations yields

= S (€= O+ 26) = (& + m)ma + E2ma)).

The last factor vanishes when £ = 7, and we obtain

1 € +n)(8€% +138n — 3n*) (£ + 3&n + 1
m1:ﬁ<577(77+2§)_( X 2 ! 2 : ‘
n?—&n+¢ 4(9€% + 14€n + 9n?)

Thus, the symbols my, mo and mg are all regular.

Finally, in order to prove (G.I0Q) it suffices to verify that
1C1] S O l(w, )00
which is straightforward by Proposition

My = 3(352 +10&n + 31?) mz = —2({ +1)

my

The Er, term. Here we seek to find an energy correction which removes the main cubic
error,

Ery = 3/§RRawawa do.
Our first candidate is an energy correction of the form

Cy = /A(R, w,T)+ B(R,r,w) + C(W,w,w) + D(W,r,7) da.

Then for the symbols of A, B, C, D we get the linear system
CPA—1’B —¢C = &n¢
—&B—-nC+ (D=0
—EA+(C—-n*D=0
—nA+(B—-¢(D =0
(where ( = £ 4+ 1), which has solutions

B 6¢° B 2¢(—4€% + 360 + 3n?)
T 9€2 4 14€n + 9n?’ T 9€2 4 14€n + 9In?
_ £C(6&2 + 6&n + 4n?) _ —4¢¢?

962 + 14&n + 92 962 + 14&n + 92

As defined, C'5 has the property that
d .
%02 = Ery 4 quartic.

However, the quartic terms will include unbounded expressions involving w,wa., and r,7,.
Thus we cannot work directly with C5, and instead we need a quasilinear correction for it.

In order to find this quasilinear correction we first separate a leading part for Cy, which is
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obtained by taking the first term in the expansion of the symbols above near & = 0. We
obtain the differential trilinear form

4 4
Cohigh = / géRRS(wJ) — §$Wa(3(wwa) + |r)?) dav,
which has the property that the reminder C 0, = Co — C pign, has the form
C2,low =R / LO(Rom w, 77) + LO(Rom r, w) + LO(Won w, ﬁ)) + L—l(Won r ’F) dao.

This has the key property that its time derivative no longer contains unbounded expressions
in (w,r). The quasilinear modification of the term Cj g, is obtained in the same manner
as in the high frequency bounds in Proposition [, namely by setting

- 4 4
Copigh = / SRES((1+ W)w,r) - §$WQ(J_%S(U17IJQ) F 1) (Wod “2wd, + iWorF) do.
Then we define the final correction

Cy = Cy pigh + C2, 10w,

so that C’g = (5 + quartic. Now we consider the error term
d

—Cy — Ery = quartic.
o 2 2 =q

By construction this error term no longer contains any unbounded components, and any part
of it which has a single undifferentiated w can be included in Er,. The only remaining issue
is whether we obtain any |w|? contributions from the lower order terms in A and C. These
can arise only in the case when the time derivative applies on the conjugated factor, and no
a derivatives apply to the w factor. Thus this time we can replace Cy with its leading low
frequency part, obtained by setting 7 = 0 in our symbols. This gives the expression

2
Caviow = g?R/iRawf + W, ,w do.

But from the equations (6.2) we have
Oyr = iW gqw + higher order, Oyw = —Ry,w + higher order,

which shows that the |w|? terms nicely cancel. We remark that this is not at all surpris-
ing. Had we done the Ery computations using the (w,q) variables, such terms would not
have arisen in the first place; however, this would have been very cumbersome for the high
frequency analysis.

For (GI0) one also needs the bound

|Co| < O)[(w, )l 70910
which is a consequence by Proposition
The Er; term. The term
Ers = %/&(z’RRa)\dea
is corrected with
Cs = %/(z’RRa)|w|2da.
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This generates further quartic errors with a single undifferentiated w, which are placed in
Ery. Tt is also easily bounded as an error term in ([6.10).

The Er, term. Here we need to consider quartic terms of the form
E’f’4 =R / wwaLg(W, R) + UJ’U_JQLQ(W, R)
+ wqo(L1(W, W) + Ly(R, R)) + wio (L1 (W, W) + Ly(R, R)) do.

Exactly as in the case of the low frequency bounds in Proposition 5.1l such terms can be
estimated directly unless we have the lowest frequency on w. Thus it suffices to consider the
bad part of Ery, which has the form

ET4,bad - §R/ijhhh_)l((wom Qa)> (Wom Qa)> (Wom Qa)) dOé,

with G € €} and G""~! defined as in Proposition B2 with three high frequency inputs
going to a low frequency output. But this frequency balance insures that the above quartic
form is non-resonant and can be removed with a normal form energy correction. To achieve
this, for this trilinear form G we apply Proposition We obtain a pair of trilinear forms

(W™, Q") € (Bi((w, q), (W, Q), (W, Q)), &i((w, q), (W, Q). (W, Q))),

so that we have

(6.17) { W[g}}f?—)l + Qfg%—)l = F' + quartic

ﬁ{fﬁ_ﬂ + ZW[Z]’LZ;Z = quartic.

Then our energy correction is defined as

Cy— / WW =1 (w, g), (W, Q), (W, Q) da

Differentiating this with respect to time and integrating by parts we obtain

d

504 - ET4,bad == /w)\,anls}}Lh—)l((wv Q)u (W7 Q)7 (W7 Q)) dOé + qumtzc,

where () has at most one undifferentiated factor. The quintic term is always easy to bound,
and in the remaining quartic term we have a derivative on the low frequency factor, so this
is also admits a favorable estimate.

Finally, by Proposition it is not difficult to verify that C} is a negligible error term for

(G.10). O

6.3. Low frequency analysis and the normal form linearized equation. The goal of
this section is to produce a cubic H? energy functional for the linearized equation. Precisely,

Proposition 6.2. There ezists an enerqy functional E(w, q) with the following two prop-

erties:
(i) Energy equivalence:
(6.18) E7(w,q) = || P<i(w, q) |3, + Oe)l(w, q)3,0,
(ii) Cubic energy estimates:
d a
(6.19) ZE (w0 S I(W, Q5 (w, )50
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Proof. The quasilinear nature of the problem is no longer a factor in the estimate for low
frequencies. Instead we can treat the equation as a semilinear equation, and only the qua-
dratic and cubic terms matter. Then our starting point is the equation (G1]) for the (w,q)
variables. The motivation is that in this way all nonlinear terms contain only differentiated
factors, which is convenient at low frequency.

To eliminate the quadratic terms and the bad cubic terms we will switch to normal form

variables (VT/, Q) Rather than redo the computation from scratch, at this point it is very con-
venient to directly linearize the equation (5.11)) and denote by (w, ¢) the associated linearized
variables.

Thus, (w, ) can be expressed as

{ = w+ Wiy ((w,q), (W,Q)) + Wig((w, 9). (W, Q), (W, Q)
=g+ Qu(w,q),(W,Q)) + Q((w, ), W, Q),(W,Q)),
and their equation is obtained by linearizing the equation (B.1T]),
Wi+ Go = Guin(w, q)
{ G — iae = Kin(w,q).

To conclude the proof, we define our low frequency energy as simply as
(6.20) E7(w,q) == [|[P<i(w, q)[l3,-

Then we need to prove the bounds

[P<r(Wia((w, q), (W, Q)), Qu((w, ¢), (W, Q))ll3o < ell(w, @)l 50
[1P<1 (Wi ((w, q), (W, Q)), (W, Q)), Qg (w, q), (W, Q)), (W, @) llge | < €ll(w, q) 5o

respectively
(6.22) 1 P<1(Glins Kiin) (w, @) Wiz (w0, q), (W, Q) |50 S W2 Q)5 Ml (w0, @)l

Proof of (6.2I)). This argument is relatively straightforward, once we separate the low
and high frequencies of (w,q). We do this for (W, Q[y); the argument for (W, Q) is
similar.

Suppose that first that (w, ¢) are supported at low frequency (< 1). Then we have control
|lwl||z» and ||q|| 12, as well as all their derivatives. On the other hand for the output it suffices
to bound

(6.21)

Wiz ((w, @), (W, @)l 2 + [|Qp ((w, ¢), (W, Q)| La

This follows directly from the bilinear estimates in Proposition (22I).

Suppose now that (w,q) are supported at high frequencies (> 1). The bilinear forms
(Wig, Qp21), (Wig), Qjg) involve up to two derivatives of (w,q), and we want to eliminate
them using the fact that the output is localized at frequency 1. For that we write

(w,q) = 5 (wi, ¢1), (w1, 1) € H”.
Then we use Leibniz’s rule to write
Wiay((w, q), (W, Q)) = Wiz(9:(w, q), (W, Q))
= aiW[z}((wl, Q1)> (W, Q)) - 28QW[2]((w1, C_I1)> @a(W, Q))

+ Wi ((wr, q1), 2(W, Q)).
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The derivatives in front are bounded once the Py localization is added, and we conclude
again using the bilinear estimates in Proposition (2.2)).

Proof of (6.22). This is a direct consequence of the proof of the estimate (5.4]), where we
were careful to insure that the estimates for each component can be proved by using only
an H° NH? on an arbitrarily chosen factor.

This yields the desired conclusion directly provided that (w,q) are at low frequency. If
they are at high frequency, then we use Leibniz’s rule as above in order to transfer the
derivatives on either the output, or on the (W, Q) factors. O

7. KLAINERMAN-SOBOLEV AND POINTWISE BOUNDS

Here we use the energy estimates to derive the pointwise bounds with € loss. We begin by

summarizing all the energy bounds we have at our disposal. From the energy estimates for
(W, Q) we have

(7.1) (W, @)l 0000 S €t

Using Proposition 2.2] this transfers to the normal form variables (VV, Q) introduced in
Proposition Bl with a two derivatives loss,

(7.2) (W, Qs S et

In effect, if we also use the pointwise bootstrap assumption (I.24]), then for the difference we
get a better bound at low frequency,

(73) [V =W.Q = Q)5 S &7,
and an even better bound at high frequency,
(74) [0V = W.Q = @l S

These are proved using Proposition The weaker bound at low frequency is due to the
fact that the H°~2 bound is obtained by a Sobolev embedding from the corresponding L?
type bound, which in turn requires combining an L? bound with an L¢ bound rather than
with L.

Also, from the analysis of the normal form equation in Proposition 5.1l we obtain
(7.5) [(Ws + Qa, Qr + iWaa) || S et ™1

On the other hand, applying the bounds for the linearized equation to (w,q) = S(W,Q),
and combining with the above we have

(7.6) [(SW. Qg S e
Combining the above bound with (Z.I]) we can switch to the normal form variables (I/%/, é),

(7.7) 1(SW, SQ) 04700 S et

~

Finally, we can eliminate the time derivative from the last two relations to arrive at

(78) H(tQa - gOéWa, itWaa - gOéQa)’|7_'[U+,}_~[O 5 €t062_
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Our pointwise bounds will be derived from (Z2) and (Z8). In order to state them we
introduce the notations

R (ORON!

Then our main result is as follows:

Proposition 7.1. Assume that (V:V, é) satisfy (L2)) and (L8)). Then we have the pointwise
bounds:  _
a) For W we have

7.9 V:V < elw(a, )t 2]t 20

(7.9) W[ S : ,

respectively

7.10 DITEW| 4+ |DIQ| < ew(a, )37, §=0,1,2,3,4.
~ J

We remark that once we have these bounds, it is straightforward to return to (W, Q):
Corollary 7.2. Suppose that ([L1) and (T8) hold. Then we also have

(7.11) W — W] < [w(a, )t 3] 201,
respectively
(7.12) DW= W) +|D(Q — Q)| Swla, it 37, j=0,1,2,3,4,

In particular the bounds in the above proposition apply to (W, Q) as well. Also RY) satisfies
the same pointwise bounds as QYUY for j =0,1,2,3.

The proof of the Corollary is routine, and is left for the reader (see also the similar
argument in [20]). The improvement in the bounds for the difference comes from its bilinear
and trilinear character.

One consequence of the above proposition and corollary is that in our main bootstrap

argument it suffices to replace (W, Q) by (W, Q) in (LZI)). It also remains to prove (L2

in a restricted region of the form {¢t=° < |a|/t < #°}, where § is a small universal constant.
This requires €2 < 4.

Proof of Proposition[7.1]. To keep the notations simple, for this proof we drop the ete” factor,
and also drop the double tilde notation.

Our hypothesis is stable with respect to frequency localizations, so we can study first the
frequency localized problem and then add up the results. By scaling it suffices to consider
(W, Q) which are localized at frequency 1. Then we have:

Lemma 7.3. Suppose that (W, Q) are localized at frequency 1 and satisfy

2 2
(tQa - go&Wa7itWaa - gaQa) 5 1, H(Q7 W)||L2 SJ 5 S 1
2
Then we have the pointwise bound
W[ +[Q| S o%t72,  Ja|~t >4,

respectively
W]+ Q| < min{d, (t + |Oé\)_1}, otherwise.
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Proof. We rewrite the relation in the Lemma as
.2 . 2 .
|(tQ — gaW,itWa — gOéQ)HH < 1.

We consider several cases:
(i) || £ 671 Then we can eliminate the ¢ factor from the first relation to obtain

la(W, Q)2 S 1, [(W, Q)| 2 S 9,
which easily yields the pointwise bound
(W, Q)| < min{d, |a|~"}.
(ii) ¢ > 61, |a| > t. There the operator L is elliptic, and we obtain the elliptic bound
[Xasta(W, Q)22 S 1,
which leads to the pointwise bound
(W.Q) <ol

(iii) t > 07!, a < t. There the operator L is again elliptic, and we obtain the elliptic
bound

Xt (W, Q)2 S,
which leads to the pointwise bound

(W, Q) <t
(iv) t > 671, |a] ~ t. There we combine the two terms in L to obtain
Aa? .
1(0u + iy Wit 2 S 7 [ Wllsz 6
By Cauchy-Schwarz inequality this yields
W] 5 8%,
and the similar bound for ) immediately follows. O

Rescaling the above result, we obtain the following

Corollary 7.4. Suppose that (W, Q) are localized at frequency \ with

2 , 2
1(tQa — gaWa, itWaa — gaQa)lly, S 1, (W, Q)lly, S0
Then the hyperbolic (non elliptic) region is
la| ~ Azt,  t> 62,
and there we have the bound for the hyperbolic component (Whyp,, Qnyp) = X|a\~A%t(W’ Q):
(7.13) Wil S 0%lal™2, | Quypl S 87Jal2t™".

Elsewhere we have a better bound for the remaining elliptic component, both pointwise

(7.14) Wl Smindond, — L o i <mindon, — - L
(la] + A2t) A2 (|| + Azt)
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and in L?:
(7.15) (67 + A2t + [af) (Wi, A2 Qun)|| < 1.

To obtain the conclusion of the Proposition we consider a dyadic decomposition with
respect to the dyadic frequency parameter A,

(W Q) = Z (W)\a Q)\)a
A dyadic
and then a further decomposition into hyperbolic and elliptic components,
(Whyps Qnyp) = Z (W hyp: @ahyp)-
A dyadic

Then the conclusion of the proposition is obtained by doing dyadic summation of the bounds
in the above corollary with respect to the dyadic frequency A.

First we consider frequencies A which are less than 1. Then we do the summation with
0 = 1 and an extra A~? factor. The non-elliptic regions are essentially disjoint, and span the
range t3 < |a| < t. There we get

AR
(7.16) (Wt hypl S €72 <a> )
and also
1 L/ t\ et
(7-17) ‘D§W<1,hyp| + |Q<1,hyp‘ S./ i 2 <a> >

which only gets better for higher derivatives. In the elliptic case we get the sum

1
Wotiptie] S Y A" min AT, ————— ¢
Wetiiel 2 { (\oz|+)\%t)>\%}

A<l
The sum is comparable to the maximum of the summands, which is attained at the balance
point,
Ala] + A2t) = 1.
That gives A = (|| +¢3)7L, therefore we obtain the pointwise bound
(7.18) Weral S (Ja] +5)72.

The case of Q or DzW is more favorable. We get the same threshold for X if la| < t, but
the bound we get there is

140
1 _ t
(7.19) |D2Woten| + |Qeren] St <a> ;

while for |a| > ¢ we simply get |a|~'. Both of these are better than needed. The bounds for
higher derivatives of W and () are better.
In a similar manner we have the L? bound

(7.20) tHD0+2W<1,ellHL2 + HO‘D0+1W<1,ellHL2 + |1 D°Werenllrz S 1,

and similarly for D_%Q<1,ell- In effect the previous pointwise bounds follow by Bernstein’s

inequality from the L? bounds.
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It remains to consider higher frequencies. There we work with the L? bound but set
§ = A7Y. Thus we obtain a very good bound for the hyperbolic part,

10
1 1t
(7.21) D Wl + D'l () e

which suffices.
For the elliptic part we have the bound

1
7.22 D Wer | + 1D*Quren] £ A Pmind A2, ——— L < (ja| + )}
(7.22) | St + 1 D°Qs1 e gl TRESYT (lef +¢)

which yields the A = 1 value, and is no worse than the low frequency case. We also have the
L? bound

(7.23) HtD2W>1,ell||L2 + [[aDWs el 2 + ||D6W>1,euHL2 S L

8. THE WAVE PACKET METHOD AND GLOBAL POINTWISE BOUNDS

In order to establish the global pointwise decay estimates we use the method of testing by
wave packets, first introduced in paper [23] in the context of the one dimensional cubic NLS
equation, and later used in [22] in the context of the two dimensional gravitational water
waves.

Our starting point for the analysis is the same as in the previous section, namely the
estimates ([ZI))-(7.8). Consequently, we can also use the conclusion of the previous section,
namely the bounds ([[9)-(7I2). For some portion of the arguments, we will also rely on

the decomposition of (W, Q) into elliptic and hyperbolic components, arising in the proof of
Proposition [7.1]

We succinctly revisit some details of the wave packet method; we pick a ray {a = vt} and
establish decay along this ray by testing with a wave packet moving along the ray. A wave
packet is an approximate solution to the linear system (B.I), with O(1/¢t) errors.

To motivate the definition of this packet we recall some useful facts. In view of the
dispersion relation 7 = +[¢ \%, a ray with velocity v is associated with waves which have

spatial frequency
4
gv = _§'U2-

Secondly, for waves with initial data localized at the origin, the spatial frequency correspond-
ing with a position («, t) is

4 a?
) =———.
This is associated with the phase function
4 o
t -

Then our wave packets will be combinations of functions of the form

—ovt\ .
u(t, Oé) = U_%X (a1 Ul ) ezqﬁ(t,a)’

t2v" 2
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where y is a smooth compactly supported bump function with integral one
(8.1) /X(y) dy = 1.

Our packets are localized around the ray {a = vt} on the scale da = t2v~2. We further
remark that there is a threshold v ~ t above which ¢ is essentially zero, and the above
considerations are no longer relevant. We confine our analysis to the region where ¢ is
strongly oscillatory;,
| > 7.

The power % here is somewhat arbitrary, any choice less than % would do. Under this
assumption, the function u is strongly localized at frequency &,.

We apply the method of testing by wave packets which we successfully used for the water
wave equation in [22], and for the cubic NLS in [23]. Due the fact that we are dealing with a
system, and we need to choose the two components to match. Our system is simple enough,

so is suffices to first choose the () component and then use the first of the two linear equations
in (B1) to match W,

(W7 q) = _7(_11047 ut)'

302 27 1 a—vt\ | 3 Lo
_ 40 i _ 11 i
W_2t203u+81)2tév—1xl< 1)6 =—u+0(v 2t 2)e

Then we have

1
t2v 2

(8.2)

o? 271 oo+ vt ,(a—vt)
q e

= —1Uu _—
303 8v? Qt%U—lx try~3
1

The remainder terms on each of the two lines above are also bump functions on the tap=2
scale, and are better by a v2t~2 factor. Because of this, they will play a negligible role in
most of our analysis. However, we cannot discard them as they are crucial in improving the
error in the second linear equation in (B.II), which is given by

271

(8.3) k :=0,q+i0’w = —@(af — 0% )u.
Indeed, computing the error in (8.3) we obtain
1 :
(8.4) k = €90, [Mx - 89;1 X[ +02).
2

The first term is the leading one, and, as expected, has size t~! times the size of q; the
remaining terms are better than ¢t~! by an additional factor of =% which shows that the
choice of a such wave packet is a reasonable approximate solution for the linear system.
Precisely, as in [22], our test packets (w,q) are good approximate solutions for the linear
system associated to our problem only on the dyadic time scale 6t < t.

The outcome of testing the normal form solutions to the water wave system with the wave
packet (w,q) is the scalar complex valued function 7(t,v), defined in the region {|v| < #°},
where § < 1:

1(00) = SUV.Q), (W, ) s
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which we will use as a good measure of the size of (VT/, Q) along our chosen ray. Here it is
important that we use the complex pairing in the inner product.
Now we have two tasks. Firstly, we need to show that v is a good representation of the

pointwise size of (W Q) and their derivatives:

t

Proposition 8.1. Assume that ((2) and (T8)) hold. Then in = {t‘5 < ol < t5} we
have the following bounds for ~:

(8.5) 11+ 0%y llz + o + 072090122 + [v2 (1 + v?) 2]l S et

as well as the approzimation bounds for (W,Q) and their derivatives:

(8.6) (IDIH3W, | DIPQ)(t, vt) = |65t~ 3ei@E0 (¢, ) (sgn v, 1) + errs,
where
(8.7) (14 v*)*erry||r2 + [|(1 4+ v*)* Serry|| = < et™ Oz 0<s<A4

By virtue of the difference bounds (ZI2), the estimates (88)-(87) also hold with (W, Q)
replaced by (W, Q).

Secondly, we need to show that v stays bounded, which we do by establishing an asymp-
totic differential equation for it:

Proposition 8.2. Assume that the bounds ([LI)-([C8)) hold. Then within the set §) the
function v solves an asymptotic ode of the form

8w
(8.8) V= —EVWP +erry,

where err., satisfies the L? and L™ bounds
(59) 0+ Y tern, e+ 1+ ) terr, e S .

We now use the two propositions to conclude the proof of (L21]), and thus the proof of
Theorem [l By virtue of ([8.6]) and (81), in order to prove (LZI)) it suffices to establish its
analogue for 7, namely

(8.10) Iy(t,v)| < e(1 +vH) in Q.
On the other hand, from (ZI0), we directly obtain
(8.11) Iyt v)] < e(1+ ) tw(v, )% in Q.

Our goal now is to use the ode (B8)) in order to pass from the bound (8I1]) to (8I0) along
rays o = vt. We consider three cases for v:

(i) Suppose first that v ~ 1, i.e., || &~ t. Then we initially have

Ol se,  tm1
Integrating (B.8)) we conclude that

and then (8I0) follows.



(ii) Assume now that v < 1, i.e., || < t. Then, as t increases, the ray a = vt enters (2
at some point to with v & ¢, %. Then by (8I)), if € is small enough then we obtain
(ko 0)| S evtt™ S e
We use this to initialize . For larger ¢ we use (B8] to conclude that
C2¢?

o _1
v(t)] S e +/ es 8Os (141, ™

to

)SE, t > 1.

Then (BI0) follows.

(iii) Finally, consider the case v > 1, i.e., |o| > t. Again, as ¢ increases, the ray a = vt

1
enters ) at some point ¢y with v ~ tJ, therefore by (8I1]) we obtain
o, )| S 61+ 0*) oty < el 4077
We use this to initialize . For larger ¢ we use (B8] to conclude that
OIS (4 Her [ e RO St ton

to

Then (BI0) again follows.

The remainder of the paper is devoted to the proof of the two propositions above.

Proof of Proposition[81l. Here we prove Proposition Bl using the estimates (TI6)-(7.23)) in
the proof of Proposition [(.Il. We write ~ as

1 z =
7=75 / —iW.w + Qq da.

The two terms in the integral are considered separately in the proof of ([8H]), and the exact
form of (w,q) is not important. Further, for the purpose of proving (7)) we can simplify
somewhat the expression of . The lower order terms in (w, q) in ([82]) are better by a factor
of vt_%, therefore we can readily replace (w,q) by their leading part, modulo errors which

satisfy bounds which are vt~2 better than (8H)-(®87). In view of these considerations, it
suffices to prove Proposition with v redefined as

(8.12) () = %/ (—%ﬁ/a + é) ada.

We split (VT/, Q) into hyperbolic and elliptic components, as in the proof of Proposition [7.1l
The elliptic components which are spatially localized near o« = vt have frequencies away
from v2, therefore, given the localization of u, we have

/ (__Well,a + le) tuda =O@t™).
2v
It remains to consider the contributions from the hyperbolic components
(Whyps Qhyp) = Z (Whyp: @ahyp)-
A dyadic

This is a diagonal sum in that each the terms are supported in essentially disjoint dyadic

regions A ~ v2. Hence, modulo ¢~ errors, it suffices to fix the dyadic frequency A, and
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restrict a to the region a?/t? ~ ), which corresponds to v? ~ X. We note that the L?
square summability with respect to A in (Z2)), (Z8) yields the corresponding summation
with respect to dyadic spatial regions in the proposition.

For (W hyps Qanyp) We have the following bounds which are consequences of (Z2)), (Z3):

(8.13) ||(UW>\ hyp’QA hp) 22 S (1+0%)7 5€tce2a
= 200 = o3 200 = e +02)2
(8.14) | (v(@xhyp — gWMyp),Zmem - ng,hyp)HL2 S et

Combining the two components in the last equation and using again the frequency localiza-
tion, we obtain also

= = 1+0Y)z
(8.15) LW Gr) e 5 S k0
where we recall that 4
o?
L=
Oa 9t2

is the operator which cancels the phase €.

Now it is very easy to prove (). The first bound (8I3) leads immediately to the first
L? estimate in (83), while (8I5) yields the second L? estimate in (8H). The latter fact is
easily seen by integration by parts, after noting that tLu — 9d,u has the same form and size
as u. Finally, the pointwise bound in (83 follows directly by Cauchy-Schwarz inequality
from the two L? bounds.

It remains to prove the error bound in (8.7). For that we first reduce the problem to either

W or Q For that we use the two relations in (8.14]) to conclude that v as defined in (812)
is given by

) 1 2i = )
7= /kahyl’ﬁ da+O(t™ 1) = /—wahypﬁ do+ O(t™1).

We first prove the @,\ﬁyp component of the bound (BT for s = 0. For this it suffices to
estimate the difference

errg = e U, (¢, vt) — 173 / Ox(t, a)u(a) da,
and show that
(8.16) lerrollze < 30 3 |LOAE vE) 2 [lerrollie < tiv 3| LQA(E v1)) 2o

Denoting u(t, a) = e~ Q, (¢, @) so that u, = e ) LQ, we rewrite the above difference
as

erro = ¢ / (ult, vt) — u(t, ) ulE, a)e 0 da

Then the bound (BI6) immediately follows by writing the first difference in terms of the
derivative of u (see also the more detailed computations in [22/23]). To deal with with other

values of s one applies (816) to D*Q, and computes
/|D|SQ ida = [ Q |D]*uda,
50




observing that the difference
[DIu —[&*u

has the same form as u but has size better by a =202 factor. The argument for T is entirely
similar. Again, we refer the reader to the more detailed computations in [23]. O

Proof of Proposition B2 In view of the H2 energy conservation for the linear system (3II),
we directly obtain the relation

A(t) = /iéwa + Kq+ Qkda.

We successively consider all terms on the right. With the exception of a single term, namely
the resonant part of GG, see below, all contributions will be placed into the error term.

A. The contribution of k. This is

I = / Qe~i¢ <8a [7?]2(@ = Ut)x + 2y
8t

t

+ O(t_%)> da.

The contribution of the O(t_%) error term is estimated directly by Cauchy-Schwarz in-
equality. Also, by (8.) we can replace Q in terms of v, and the contribution of the error

Q — t~2¢'y(t,v) is directly estimated in both L2 and L* via (87). The contribution of v,
on the other hand, is written using integration by parts as

B 3 (o — vt 9i
]lzt—%/_% [MX+ lel] o
t 8tz

Now we can easily bound the last expression using (8.5]).

B. The contributions of G, K. The quartic terms admit the better L? bound in (53,
so their contributions are estimated by Cauchy-Schwarz inequality. It remains to consider
their cubic parts, which are described in (5.12).

The analysis of the cubic terms will be unnecessarily long if one wants to list all the terms.
Instead we adopt the same strategy as in [22] and classify them in resonant, non-resonant
and null terms. For this we need the following heuristic analysis:

(i) in the physical space waves at frequency & move with velocity +3[¢ 2. Since our
data is localized near the origin, it follows that the bulk of the solution at () is at
402 2a
9t2 7 3t
those of waves with equal frequency.
(ii) In the frequency space, trilinear interactions of equal frequency waves (& ,ﬂ:\/E)
(with £ < 0) can only lead back to the characteristic set if exactly one complex
conjugation is present.

space-time frequency (§,7) = ( ) Thus the worst cubic interactions are

This leads to the following classification of the cubic terms:

A. Non-resonant trilinear terms: these are either (A1) terms with no complex conjugates,

or (A2) terms with two complex conjugates.
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B. Resonant trilinear terms: terms with exactly one conjugation. As in [22] for such
terms one may further define a notion of principal symbol, which is the leading
coefficient in the expression obtained by substituting the factors in the trilinear form
by the expressions in (8.0]) H. Thus one can isolate a linear subspace of resonant terms
for which this symbol vanishes, which we call null terms. Hence on the full class of
resonant trilinear terms we can further define an equivalence relation, modulo null
terms.

Based on this, we seek to classify the terms in (G3(W,Q), K*(W,Q)). To avoid cumber-
some notations, we first classify the terms in (G*(W,Q), K3(W,Q)). As we will see, the
additional terms in the difference of the two do not contribute at all to the asymptotic
equation, but only to the error term.

We begin our discussion with the quadratic terms in G® and K®. G® contains only
mixed terms, while K contains both holomorphic and mixed terms. We decompose the
latter into a holomorphic and a mixed part,

K® = g@h 4 @)
The holomorphic part is
KO = —2 4 Sy,
« 2 o )
while the mixed parts are given by

G(2) = P [QaWa - QaWa}

K(2),a = P _‘Qa|2 + %(WaaWa - WaaWa) .

Conveniently, both of these terms are null terms, i.e., they vanish when we substitute all
factors with their -y approximations in (86). Thus, all their contributions to G®) and K® are
also classified as null. The expression G also appears in (G, K®)), so those contributions
are also null. The remaining terms in (G®), K®)) are easy to classify.

It remains to consider the output of K®" in the bilinear expressions in (3.9). Most of
those are resonant, so in the final analysis we are left with C%(K®"* Q) and D*(K®"" W).
We consider the first of these expressions. Here the resonant interaction occurs when all
three frequencies are equal, i.e., when the frequency of K®" is double the frequency of Q.
Thus, out of the symbol C*(£,n) we can extract a leading, resonant term which has symbol

3
C*(&,¢) = _gz. Similarly, out of the symbol D*(£,n) we can extract a leading, resonant

term which has symbol C%(§,¢) = —%F.

Based on this discussion, we decompose

null

{ GO =GO 4GP 4 GO
g g o (3
RO RO+ K9+ K,

3Which corresponds to all three frequencies being equal.
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(G = _ S geng
" 8
G® = 20 K" Q) + C*(Q, K@) + BYGD, W) — QW — Qu|Wal?,
G, = 2Oh<K<2 “Q) +oa<@ K@@y 2B GO W) + BY(W,G?)

+ ( YKD"Q) + K(2 Q) — Wal(QaWa — QaWa),

7 3

) : 3
K = = cWoKO! £ W, |Qaf* i <—

2 “m 2
4Waa|Wa| 8WaaWa) ’

K = AMW, K"y 4 A" (W, KP") + Q2 W, + Wa|Qal?
1 _
( 85W2Ww + :WWW 3WMAWQF) ,
K®, = AMGP, Q) + AW, K@) + A4(GP, Q) + A*(W, K@) + DY(Q,G?)

null

+ Da(K@),a’W) + <gWQK(2)7a + Da(K@),h’W)) . QQ(QQWQ . QaWa>-

Here the leading projection in all terms has been harmlessly discarded, since it can be moved
onto the wave packets, which decay rapidly at positive frequencies,

|(w,q) — P(w,q)||gv StV

We will place all cubic contributions into the error term err, except for the contribution
of the resonant part G, and K,. We note that for the most part the exact form of the
expressions above is irrelevant. The only significant matter is whether the coefficients of the
terms in G and K are either real or purely imaginary, depending on the term’s parity.

One obstacle which we would encounter, had we tried to work directly with (é(3), K ),
is the presence of terms with undifferentiated W factors; this is because our pointwise decay
bounds for W are worse than ¢~z. In the proof of Proposition G.1], these terms are exactly
(G, Ko) which were computed using the expansion (ZI0). However, the bad part of these

terms is eliminated via the cubic normal form correction (Wg]‘ho_)h (Wg]‘}‘o_)h) This correction

allows us to replace the terms (G, Ko) with the better part (G4°°?, K°°?), where we are
allowed to move at least half a derivative onto the undifferentiated W factor. The price to
pay for this correction is the additional cubic term in the last terms in (B12)); this term still
has components with undifferentiated W factors, but shares the above property that we can
freely move at least half a derivative onto this factor.

The remaining cubic correction in K, namely K, — K°?, contains only differentiated
factors W, and @),, and is restricted to the non-resonant case, where the three frequencies
cannot be all equal.

The conclusion of the above discussion is that

a) The resonant part of (G, K®)) is the same as the resonant part of (G®), K®)),

b) All the terms in G®), respectively K® can all be expressed as trilinear expression

My(Q,Q,Q),  My(D:W,DzW,Q),
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respectively
Myo(Q.Q.D3W),  Msp(D2W, D:W, DW).
We remark that in view of the better difference bounds (Z.4)), and (ZIZ2), we can easily

replace (W, Q) in (G®, K®)) by the normal form variables (W, Q), modulo errors which can
be included in err,.

We separately consider the three cases below, namely null, non-resonant and resonant
terms.

1. Null terms. These are trilinear forms as above, with two distinguishing features,
namely that (i) they are of type (2,1) and (ii) their symbol vanishes on the resonant set,
i.e., when all the frequencies are equal. Thus we need the following:

Lemma 8.3. Let M be a trilinear operator of type (2,1) as above, with symbol M (&1, &s,&3)
and satisfying the null condition

M(E,€,6) = 0.

Then we have

(8.17) ‘/M(é,é,é)ﬁda < S8,

oo

and its analogue when some or all of the arguments are D2W.

Proof. We separate each of the three factors into the hyperbolic part and the elliptic part,
as in the proof of Proposition [[. Il We consider several cases.

a) Elliptic terms. If at least one elliptic term is present, then that term has better
decay, so we can neglect the null condition and use directly Proposition 23] estimating

= = = 9
M (Qeu, Q, Q)llzr St75, 2<p<oo.
Then we bound the integral using Holder’s inequality for p close to infinity.
It remains to consider L(thp, thp, thp). Here the dyadic frequency pieces are matched

to essentially disjoint spatial regions. We can restrict ourselves to frequencies 75 <A< t%,
as for the remaining frequencies we have a better bound (see Proposition [(T]), and we can
group them together with the elliptic part.

b) Unbalanced frequencies. In this case we have spatial separation between the argu-
ments of M. Separating variables in the symbol of M, for fixed dyadic frequencies i, Ao,
Az in the above range it suffices to look at M with symbol of the form

M(&) = 11(&1)12(&2)13(&3),
where each of [y, Iy, [3 are smooth on the dyadic scale. Then their kernels are rapidly

decreasing on the )\;1 scale. But )\;1 < t_%, while the supports of Q,\ﬁhyp are at least t6
separated. Thus for distinct \;, A2, A3 we obtain rapid decay,

||M(Q>\1,hyp> ka,hypa Qka,hyp)HL?mLoo N et

c) Balanced mismatched frequencies. Here we consider the case A\; &~ \y ~ A3 % v2
Then the arguments of M are spatially localized away from the support of u, and arguing

as in the previous case we see that the integral (817) decays rapidly.
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d) Balanced matched frequencies. Here we consider the remaining case \; &~ \y ~
A3 % v? = \. Tt is only in this case that we need to use the null condition ([8I7). Since all
frequencies are comparable, the symbol of M is smooth on the dyadic scale. Due to the null
condition, we can decompose M as a sum of symbols of the form

M=> (& —&)M;;(6),
(4,3)

with M;; smooth. Separating variables we can factor out M;;, and be left with, say, M =

&1 — &. Then we can write M in the form

A1 20) 53 A1 20 A3 A1 N2 A3
M(Q)\,hypv Q)\,hypv Q)\,hyp) = MQ)\,hpr)\,hpr)\,hyp - Q)\,hprQ)\,hyp N hyp*

Here @3\ nyp are obtained by applying zero order multipliers to Q, so satisfy the same bounds

as Q, as described in Section [ Now we use the better L? bound for M Q}\,hyp in order to

estimate it in L. A similar computation applies if one of the indices (i,j) corresponds to
the conjugated variable. U

2. Non-resonant terms. These are trilinear forms as above, with the property that
they are either of type (3,0) or of type (1,2). For these we have:

Lemma 8.4. Let M be a trilinear operator of type (3,0) or of type (1,2) as above. Then we
have

(8.18) ‘/M(é,é, 0)ada

< S8

)

and its analogue when some or all of the arguments are D2W.

Proof. The elliptic case, the unbalanced case and the balanced mismatched case are similar
to the previous Lemma, so we are left with the balanced matched case. Suppose we are in
the (3,0) case; the (1,2) case is similar. Separating variables we reduce the problem to the
case when L = 1, and our integral is

A1 =2 3
/Q/\,hprA,hprA,hypu da.

Denoting by 47 the variables associated to Qf\’hyp as in Proposition Bl we can replace Qg hup

by t~2779¢ with a better error. Thus, we can replace our integral by

o — vt ;
3 /'71727396 (tl Ul ) ¥ do + ErTsy.

20 2
Here the important fact is that the phases did not cancel. Thus using nonstationary we can

put one derivative on either 77 or on Y, each of which gains at least a =% factor. Then it
suffices to conclude by Holder’s inequality. 0

3. Resonant terms. As we have organized our cubic nonlinearity, our non-resonant

terms contain purely multiplicative terms. Using the approximation in Proposition Rl we
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obtain the leading contribution in 4. To compute that, we recall that

Recalling that

é&i?@ = T 3 <_éi + _ﬁ/aaV:Va) é

iat t_%
27t4

)

A similar computation for K gives

~ 7= x 37 = z oz 3 = z 3= o
Kﬁgl = - gWa <_Qi + EzWaaWav) + Wa|Qa|2 —1 <1Waa|Wa‘2 - gWaa o%)

Q

() (t, v)Pe'?.

2a5i 3 2
~ 3 ig
-~ 27t5t ZV(tvv)‘V(tvv)‘ €.

Then the leading contribution in 7 is
_ - . 2 ~
I= /iGS,‘?SWa + K®qda = / (K,,(ifl + EUGS,‘?S) uda +err,
8iv® — vt
= /__w vt Ty ozl Ul v(t, ) |y(t, @)|? da + err.,.
81 tay 2

Since  has integral 1 and, by (B3], we have good control in L? over the derivative of v, the
above integral is equal to

8iv®
1=t aly(ta)f + Brr.
Therefore the conclusion of the proposition follows. O
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