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Two-dimensional gravity waves at low regularity
I: Energy estimates

Albert Ai, Mihaela Ifrim, and Daniel Tataru

Abstract. This article represents the first installment of a series of papers concerned with low reg-
ularity solutions for the water wave equations in two space dimensions. Our focus here is on sharp
cubic energy estimates. Precisely, we introduce and develop the techniques to prove a new class of
energy estimates, which we call balanced cubic estimates. This yields a key improvement over the
earlier cubic estimates of Hunter—Ifrim—Tataru (2016), while preserving their scale-invariant char-
acter and their position-velocity potential holomorphic coordinate formulation. Even without using
any Strichartz estimates, these results allow us to significantly lower the Sobolev regularity thresh-
old for local well-posedness, drastically improving earlier results obtained by Alazard—-Burq—Zuily
(2014, 2018), Hunter—Ifrim—Tataru (2016) and Ai (2019).
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1. Introduction

We consider the two-dimensional water wave equations with infinite depth and with grav-
ity but without surface tension. This is a free boundary problem which is governed by the
incompressible Euler equations within the fluid domain, and with appropriate boundary
conditions on the water surface, which is the free boundary. Under the additional assump-
tion that the flow is irrotational, the two-dimensional dynamics can be expressed in terms
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of a one-dimensional evolution of the free boundary coupled with the trace of the velocity
potential on the surface.

The choice of the parametrization of the free boundary plays an important role here,
and can be viewed as a form of gauge freedom. Historically, there are three such choices
of coordinates: The first two, namely the Eulerian and Lagrangian coordinates, arise in
the broader context of fluid dynamics. The third employs the so-called conformal method,
which is specific to two-dimensional irrotational flows; this leads to what we call the
holomorphic coordinates, which play a key role in the present paper.

Our objective in this and subsequent papers is to improve, streamline, and simplify the
analysis of the two-dimensional gravity wave equations. This is a challenging quasilinear,
nonlocal, nondiagonal system. We aim to develop its analysis in multiple ways, including

(1) proving better, scale-invariant energy estimates,
(2) improving the existing results on long time solutions, and

(3) refining the study of the dispersive properties and improving the low regularity
theory.

In the present article we carry out the first step of this program, and obtain a new class
of sharp, scale-invariant energy estimates, which we call balanced cubic energy estimates.

As a consequence of our estimates, we are able to drastically lower the regularity
threshold below the prior results in [1, 6, 15]. This is despite the fact that here we are
using no Strichartz estimates, whose investigation is left for a future installment; thus,
this should be seen as an improvement over [15], with further improvements yet to come.
On the other hand, for reference we note that the second step of our program, namely
the application of these results to the study of long time solutions, has subsequently been
carried out in [3].

We note that a family of cubic, scale-invariant energy estimates has already been
obtained in [15]. The key improvement here is that our new estimates are balanced, as
opposed to the unbalanced ones in [15]; this will be further explained below. We empha-
size the fact that we also prove balanced cubic estimates for the linearized equation; this
is essential for the local well-posedness result.

The proof of these new energy estimates brings together and refines the two main
methods in the study of the long time dynamics for water waves, namely (i) the modi-
fied energy method of the last two authors and collaborators [15, 16], and (ii) the para-
diagonalization method of Alazard—Delort [7]. This reflects our dual goal, which is both
to prove the new energy estimates, and to reduce the study of the nonlinear equation to the
corresponding linear paradifferential equation. The last part, which here could simply be
seen as an element of the proof of the energy estimates, will become critical in the study
of the dispersive properties in later work.

To conclude, we emphasize that the idea of balanced cubic energy estimates, first
developed here, should not be seen as specific to water waves, or even to one-dimensional
flows, but rather as a much more general principle. For instance, the reader may also look
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at our subsequent work [4], where this idea is implemented for the hyperbolic minimal
surface equation in all dimensions.

1.1. A brief history

The water wave equations in general, and the equations for gravity waves in particular, are
fundamental in fluid dynamics and have received considerable attention over the years.
While the following discussion unavoidably gives priority to the dynamical problem, we
note that extensive work was also done toward understanding periodic and solitary waves.
‘We refer the reader to [11, 14] for an overview of work in this direction.

The first steps toward understanding the local theory for this problem are due to
Nalimov and Ovsjannikov; see [19, 20] and references therein. Ovsjannikov primarily
considered solutions to shallow water equations in spaces of analytic functions. Nalimov
instead worked on the infinite depth problem, which is also the one considered here, and
proved the first small data result in Sobolev spaces. His approach was later extended to
the finite depth problem by Yosihara [29], and to large data by Wu [26].

One key observation in the study of water waves was that one can fully describe the
evolution in terms of the free boundary and the trace of the velocity potential on the free
boundary. This is classical and possibly goes all the way back to Stokes. Further progress
was made in the work of Zakharov [30], where the Hamiltonian structure of the problem
was first uncovered; this eventually led to the current Eulerian formulation of the problem,
which first appeared in [12]. More recently, the Eulerian setting was further exploited in
the study of the local well-posedness; for further references we refer the reader to the more
recent paper of Alazard—Burg—Zuily [5], as well as to Lannes’s book [17].

The well-posedness result in [5] is based purely on energy estimates. In the two-
dimensional setting this was improved in [15] using refined energy estimates, which
exploit more of the structure of the problem; this required the use of holomorphic coordi-
nates, which are discussed in the next subsection. Further improvements to the local theory
in [6] were based on Strichartz estimates, following the model developed initially for the
quasilinear wave equation by Tataru [23-25] and Bahouri—-Chemin [8, 9]. The Strichartz
estimates, and implicitly the result of [6], were further improved by the first author in [2],
in all dimensions, and even further in [1] in two dimensions. This latter work represents in
some sense the water wave analogue of the results of Smith—Tataru [22] in the nonlinear
wave equation context.

1.2. Water waves in holomorphic (conformal) coordinates

The conformal method first appeared in the study of the stationary problem for solitary
waves; one such example is in the work of Levi-Civita [18], but possibly also earlier. Ovs-
jannikov’s work [21] is the first that we are aware of where the conformal method is used
in the study of the evolution problem. The complete evolution equations restricted to the
boundary were independently written by Wu [26] and Dyachenko—Kuznetsov—Spector—
Zakharov [13] in slightly different forms. However, it was only in Wu’s paper [26] that
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this formulation was fully exploited to prove local well-posedness in the large data prob-
lem. Finally, the formulation of gravity waves in holomorphic coordinates was revisited
in [15], and it is that formulation that we will be using in the present paper.

Our results apply in both the case of the real line R and the periodic case S!. Our
equations are expressed in coordinates (¢, &), where o corresponds to the holomorphic
parametrization of the water domain by the lower half-plane restricted to the real line. To
avoid distracting technicalities we will do the analysis for the real line, and refer the reader
to the discussion in [15] concerning the (minor) changes in the periodic case.

To write the equations we use the Hilbert transform H, as well as the projection oper-
ator to negative frequencies,

1
P=—-(-iH).
S —iH)

Our main variables (Z, Q) are functions of (¢, o) which can be described as follows:

* Z denotes the trace of the conformal map on the real line, which is viewed as the
boundary of the lower half-space. In other words, Z represents the conformal para-
metrization of the free surface in complex notation.

* Q is the holomorphic velocity potential, defined as the trace on the real line of the
holomorphic extension of the velocity potential ¢, i.e. RQ = ¢.

Both Z and Q are complex-valued functions which satisfy an additional spectral
condition. Precisely, both Z — «a and Q will be restricted to the closed subspace of holo-
morphic functions within various Sobolev spaces. Here we define holomorphic functions
on R as those whose Fourier transform is supported in (—oo, 0]; equivalently, they admit
a bounded holomorphic extension into the lower half-space. This can be described by the
relation Pf = f.

There is a one-dimensional degree of freedom in the choice of «, namely the horizontal
translations. To fix this, in the real case we consider waves which decay at infinity,

lim Z(a)—a =0.

|| > 00
In the periodic case we instead assume that Z(«) — « has period 27 and purely imaginary
average. We can also harmlessly assume that Q has real average.

In position-velocity potential holomorphic coordinates the water wave equations have
the form

Zi+FZ, =0,

|Qa|2] 0.

01+ FQu—i(Z—a)+P|

where the gravity is normalized to 1 and

F= P[Q“ Q“], J = |Zal%.

J
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For the derivation of the above equations, we refer the reader to the appendix of
[15]. Slightly different forms of these equations appeared in Wu [26] and Dyachenko-
Kuznetsov—Spector—Zakharov [13]. The system form of the equations, used here, is closer
to [13], but is in complex rather than real form, as in Wu’s work [26].

It is convenient to remove the leading, linear part of Z and work with a new variable,
namely

W =7Z-uq.

Then the equations become

Wi+ F(1+ W) =0,

2 (1.1)
Qi+ FQu—iW + P['Q}"' ] =0,

where _
F= P[—Q“ - Q"’], J =1+ W,
Note that J represents the Jacobian of the conformal change of coordinates.

As the system (1.1) is fully nonlinear, a standard procedure is to convert it into a
quasilinear system by differentiating it. Observing that almost no undifferentiated func-
tions appear in (1.1), one sees that by differentiation we get a self-contained first-order
quasilinear system for (W,, Q). However, this system turns out to be degenerate hyper-
bolic at leading order, so it is far better to diagonalize it. This was done in [15] using the
operator

Qa
A(w,q) :=(w,g — Rw), R:= .
(w,q) := (w,q ) T W,
The factor R above has an intrinsic meaning, namely it is the complex velocity on the
water surface in the conformal parametrization. We also remark that

AWy, Qy) = (W, R), W:=W,.

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

1+W)R
D/W + A+ WRe _ (1+W)M,
1+W
(1.2)
DR = i(w — a)
! 1+W/
Here, the material derivative D; is given by
D; :=0; + by,

the advection velocity b is given by

b= NF = P[lfW]JrP[l RW],
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the real Taylor coefficient 1 4 a is given by
a = i(P[RRy] — P[RR.])

(though we will often abuse terminology by referring to a as the Taylor coefficient), and
the auxiliary function M, closely related to the material derivative of a, is given by

Ra+1§a

= _ — by = P[RYy — Ry Y]+ P[RY, — R, Y]. 1.3
1+W1+Wa[aa][aa] (1.3)
The function Y above, given by
. w
T4+ W

is introduced in order to avoid rational expressions above and in many places in the sequel.
The system (1.2) governs an evolution in the space of holomorphic functions, and will be
used both directly and in its projected version.

Observe that using these definitions, (1.1) may be expressed as

D,W +b =R,

2
|04y ]7

D,Q-iW:P[ -

and (1.2) may be expressed as

DY +|1-Y|?Ry =(1-Y)M,
{,+||a() (14)

D/R—i(1+a)Y = —ia.

The functions b and a also play fundamental roles in the linearized equations which
are computed in Section 4. Indeed, these functions are essential to understanding the quasi-
linear evolution, and appear in one form or another in all works on the subject; see e.g.
[5,17,19,27]. Our expressions here are similar in form to those in [27].

We denote the linearized variables around a solution (W, Q) of (1.1) by (w, ¢) and,
after the diagonalization,

(w,r :==q — Rw).

The linearized equations (see (4.2)) have the form

R _
+—2_w=(1+W)(Pm+ Pm),

D,w + — Iy
14+W 14+W

1 _
Dir—i— S = Pn— Pa,
1+W
where _ _
_ ra + Ryw Rwy __ R(ra + Ryw)

7 Tarwe T T rw



Two-dimensional gravity waves at low regularity I: Energy estimates 547

In particular, the linearization of the system (1.2) around the zero solution is

= O,
{ We T (1.5)

rt—iw=0.

An important role in our paper is played by the paradifferential counterpart of the
linearized equations, which is the linear flow

{ Tp,w+T,_7dar + T_y)g,w =0, (1.6)

Tp,r —iTi—yTi4qw =0,

where Tr denotes the standard paraproduct operator and the operator Tp,, which we will
call the para-material derivative, is given by

TD[ = 8, + Tbaa

In a similar vein, we will also consider the linearization of the equations (1.2) and its
associated linear paradifferential flow, which we list here for reference in inhomogeneous
form:

Tth 4+ Tbaw =+ 8aTl_;Tl+War =G, 1.7
Tp,r + Tyt —iTa—yy Titaw + Tur = K. '

The two sets of linearized equations are derived in Section 4, where we also describe
the connection between them. The analysis of the linearized equations (4.4), carried out
in Section 5, is a key component of this paper. One intermediate step in this analysis is the
study of the above paradifferential equation (1.6).

The second paradifferential equation (1.7) will play a role in the study of the full
differentiated equation (1.2). The two paradifferential flows above will be shown to be
equivalent in a suitable sense.

1.3. Function spaces and control norms

The system (1.5) is a well-posed linear evolution in the space #° of holomorphic func-
tions endowed with the L2 x H 2 norm. A conserved energy for this system is

1 1 _ _
Eo(w,r) = / S0P+ 57— o) das

The nonlinear system (1.1) also admits a conserved energy, which has the form
1 1 — — 1 - —
EW.0) = [ SIWP + 5:(0 00— 000) — {(V?Wi + WiT,) da

As suggested by the above energy, our main function spaces for the differentiated water
wave system (1.2) are the spaces #* endowed with the norm

2 R K 2
|(W. R) 3 := (DY (W R)I?, .
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where s € R. With this notation, the linear energy E is equivalent to (the square of) the
#° norm.

Almost all the estimates in this paper are scale invariant, and to describe them it is
very useful to also have homogeneous versions of the above spaces, namely the spaces
H#$ endowed with the norm

2 . s 2
IOW.R)I3, = IDFW.R)Z,

We caution the reader that, in order to streamline the exposition here, our notation for the
energy spaces differs slightly from the notation used in [15].

The energy estimates for the solutions in [15] were described in terms of the (time-
dependent) control norms (A, B), which are defined and redenoted here as

1
Ao = A= [Wlizeo + ¥ [l + | 1DI* Rl poonpo . (18)

respectively
1
A1 = B = [||D|2W/|[smo + || Ra|lBMmO-

Instead, in this article the leading role will be played by an intermediate control norm
interpolating between Ay and A 1

A=Wl +IRI; - (19)
00,2 00,2
Here, the subscript of A represents the difference in terms of derivatives between our
control norm and scaling. In particular, A corresponds to and is controlled by the homo-
geneous J02S norm of (W, R), and Ay is a scale-invariant quantity. Concerning A1, we
note the following inequality: )

1 3
[1D1*Wlsmo + [ [D]* R|smo < A (1.10)

1.
4
With one notable exception, in all of the paper we use only this slightly weaker BMO
bound.

In addition to the pointwise scale-invariant norm measured by A, we will also need a
stronger scale-invariant Sobolev control norm A¥ defined by

A= |||DIsW] Lo + | [DP/R] 1, (111

A number of implicit constants in our estimates will depend on A¥.

1.4. The main results

For comparison purposes, we begin by recalling the energy estimates in [15] for the dif-
ferentiated system (1.2).

Theorem 1. For each n > 0 there exists an energy functional E, associated to the differ-
entiated equation (1.2) with the following two properties:
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(1) Energy equivalence:
En(W. R) ~4 [[(W. R)[1%,-

(ii) Cubic energy bound:

B\ (W. R) 54 ABI(W. R,

The above energy bounds are already scale invariant, so one cannot hope to simply
lower the regularity of any of the factors. However, the two factors in the product AB
are unbalanced, with the second factor B = A 1 being the critical one in determining low
regularity well-posedness thresholds.

A main idea in this article is that, by taking full advantage of the structure of the water
wave system, one can better rebalance the product AB into A3. Along the way, we also
allow n (now redenoted by s) to be noninteger. !

Theorem 2. For each s > 0 there exists an energy functional Es associated to the differ-
entiated equation (1.2) with the following two properties:

(i) Energy equivalence if A < 1:
Es(W.R) ~ [|(W. R)[,.

(i) Balanced cubic energy bound:

L EW.R) S0 AW R,

One should think of the energies E as refined versions of the earlier energies E,
in Theorem 1. In particular, £ would satisfy the conclusion of Theorem 1, but not vice
versa.

In the same vein, in this article we also prove a similar balanced energy bound for the
linearized equation (4.4) in the space H %; see Theorem 7 in Section 5. This improves a
corresponding unbalanced bound in [15] (done there in #°). A small price to pay is the
use of the stronger control norm A* instead of A in the implicit constant; this has no other
impact in either this paper or the following installments of our work.

As a consequence of the above energy bound and of the similar bound for the lin-
earized equation, we will prove the following low regularity well-posedness result.

Theorem 3. Let s > 5o = 3/4. The system (1.2) is locally well posed for all initial data
(W, Rg) in H5(R) (or T ) so that A(0) = A(Wy, Ro) is small. Further, the solution can
be continued for as long as A remains small and A 1€ L2

We complete this theorem with two remarks which discuss different possible formu-
lations of this result.

Remark 1.1. The smallness assumption on A is not essential here, but it does allow us
to avoid a number of distracting technicalities and instead focus on the main new ideas of
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the present paper. One should be able to replace this with a bound of the form |1 + Wy | >
¢ > 0, which in a nutshell prevents the free surface from developing corners. To see the
potential effect of eliminating the smallness assumption on A we refer the reader to the
local well-posedness argument in [15].

Remark 1.2. The #3 regularity of the data and of the solution is needed in this paper in
order to provide uniform control over A L. On the other hand, the low frequency regularity
0 is actually never used, but simply propagated in time. With some extra work in the
local well-posedness argument one could relax the low frequency assumption and prove
well-posedness in the larger space Hi N R %, and possibly even better than that.

It is revealing to compare this result with prior work. The direct comparison is with
the results in [5] and [15], both of which are purely based on energy estimates. These
results correspond to s = 1 + ¢, respectively s = 1. Thus our improvement is by 1/4 of a
derivative, which is halfway to the absolute threshold s = % given by scaling.

One could also compare with the results of [6] withs = 1 — i + ecor[1] withs =
1-— é + &, and our new result is still considerably better. However, such a comparison
would be biased because both [6] and [1] use Strichartz, while here we do not. Strichartz-
based improvements to the above result will be discussed in a subsequent paper, where
another substantial improvement is obtained for the well-posedness range of s.

A limitation of our exposition is that we work with the infinite depth problem, whereas
the local well-posedness threshold should not depend on that. Indeed, we expect that this
result easily carries over to the finite depth case.

One interesting consequence of the above energy estimates and well-posedness result
is that we can also prove a low regularity cubic lifespan bound.

Theorem 4. Let ¢ < 1, 0<§ < % and ¢y K 1. Assume that the initial data for the
equation (1.2) satisfies

IOW(). RO 3 <.
as well as

W), RODI | IO, RODI, ;= ™

2

Then the solution exists on an £~ *-sized time interval I, = [0, T;], and satisfies a similar

bound. In addition, the estimates

sup [(W(2), R())l ges < [I(W(0), R(0))]| 5s

tel,
hold for all s > 0 whenever the right-hand side is finite.

We note that in the current version we have slightly adjusted the statement of this
theorem in order to make it fully scale invariant and to more accurately reflect the exact
consequences of our main result in Theorem 2. This does not change the (very brief) proof
in any significant way. This is in response to a discussion with S. Wu, in order to facilitate
a direct comparison of this result with the more recent results in [28]. The constant cg
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is universal, and comes from the smallness requirement on A in Theorem 2 (see also
Remark 1.1). The power of ¢y is simply used for homogeneity purposes. See also [10] for
related results.

Another key point of this paper, which is less important for the results stated above but
will be critical in our follow-up work, is that we establish a normal form based equivalence
between our differentiated variables (W, R) and normalized variables (W R), which in
turn solve a paradifferential form of the linearized equations (4.4), with a favorable per-
turbative source term.

Theorem 5. There exists a normal form transformation
(W, R) — (Wxr. Rnr)

with the following properties:

()  Regularity: The normal form transformation is smooth in H* for all s > X, with
comparable control parameters A, AH A% for (W, R) and (WnE, RxE).

(ii)  Uniform bounds: For each s > 0 we have
(W, R) — (Wnr, RNp) [l 5os Sa AW, R) || 5ps -

(iii) Normalized equation: The normal form variables (Wng, Rng) solve an inho-
mogeneous paradifferential equation (1.7) with sources (G, K) satisfying
16, K)llges Sa ATNW, Bl s, 5 2 0.

From a normal forms perspective, one might ask whether the results in this paper could
be achieved directly using a normal form transformation. As far as the low frequency
analysis is concerned, there is indeed a very simple normal form transformation which
eliminates the quadratic terms in equation (1.1). As computed in [15], this has the form

{ W =W —2POWW,), 0

0 =0-2PMWQ,).

Unfortunately, this normal form transformation is unbounded at high frequency, which
simply reflects the quasilinear character of the problem.

To compound the difficulty, if one attempts to differentiate this in order to obtain a
normal form transformation for the differentiated equation (1.2), this will contain inverse
derivatives, so it will be unbounded also at low frequencies.

While we cannot use the above normal form directly, we will nevertheless rely on it
as a guide when computing partial normal form transformations, both in its differentiated
form for equation (1.2), and in linearized form for the linearized equation (4.4).

1.5. The structure of the paper

Much of the analysis in this paper is phrased in the language of paradifferential calculus.
To prepare for this, we begin in Section 2 with a review of notation and of some of the
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classical Coifman—Meyer paraproduct estimates, some further bounds from [15], as well
as several new bounds.

This is immediately followed and applied in Section 3 by a series of bounds which are
specific to the water wave system. We successively consider the Taylor coefficient a, the
advection velocity b, as well as several other auxiliary functions.

Next we turn our attention to linearizations and para-linearizations. Our goal in Sec-
tion 4 is to derive the linearizations of the original equations (1.1) and of the differentiated
equations (1.2), as well as the connection between them. To each of these two linearized
equations we associate the respective paradifferential flows.

After that, in Section 5, we study the well-posedness of the first linearized equations
(4.4) in the space H %, as well as the corresponding balanced energy estimates. As an
intermediate step, we prove a similar result for the corresponding paradifferential flow
(1.6), and carry out a modified normal form type reduction.

In Section 6 we consider the energy estimates in Sobolev spaces k7 S s >0, for the
solutions to the nonlinear equations. The principal part of these equations is closely related
to the associated paradifferential linearized equations (1.7). The bulk of the work is to
show that there exists a modified normal form type reduction of the full equations (1.2) to
the paradifferential ones (1.7). The latter is then shown to be equivalent to the paradiffer-
ential flow (1.6), studied in the previous section.

Section 7 contains the proof of the local well-posedness result in Theorem 3 for the
equations (1.2), as well as the proof of the cubic lifespan bounds in Theorem 4. We begin
with more regular data, e.g. #!, for which well-posedness has already been proved in
[15]. The rough J¢# solutions are obtained as uniform limits of smooth solutions by using
the estimates for the linearized equation. The same construction yields their continuous
dependence on the data.

2. Norms and multilinear estimates

Here we review some of the function spaces and estimates used later in the paper. We are
primarily using the paradifferential calculus, and our analysis will require a heavy dose
of paraproduct-type estimates. Many of these are relatively standard, like the classical
Coifman—Meyer bounds and some of their generalizations. Several others are from [15].
To those we add a few more useful multilinear paraproduct-type bounds.

2.1. Function spaces

We use a standard Littlewood—Paley decomposition in frequency,
A

where the multipliers Py have smooth symbols localized at frequency 2¥.
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A good portion of our analysis happens at the level of homogeneous Sobolev spaces
H*, whose norm is given by

1/2
TIPS H(Z |2’“Pkf|2)
k

We will also use the Littlewood—Paley square function and its restricted version,

_ ks
LT 127 P fllLzez -

S = (Z|Pk(f)(a>|2)%, Sek(f)@) = (ZIijlz)%.

keZ j>k

The Littlewood—Paley inequality is recalled below:

IS r@ =p 1 flLrwy. 1< p <oo.

By duality this also yields the estimate

> Pefr > (1 filH?

keZ keZ

<
Lp

, 1< p<oo,
Lp

for any sequence of functions { fx }x € L&I7.
The p = 1 version of the above estimate for the Hardy space H is

1A e = 1S Lye s

which by duality implies the BMO bound

> P

keZ

SIS ze.

BMO

The square function characterization of BMO is slightly different:

Ju|2y0 A sup  sup 2"/ 1Sok (u)|? dx. 2.1)
k |o|=27k Q

For real s we define the homogeneous spaces' BMO?® with norm

lullemos = Il D] ullgmo-

'These are the same as the Triebel-Lizorkin spaces Fy, ,.
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2.2. Coifman—Meyer- and Moser-type estimates

In the context of bilinear estimates, a standard tool is to consider a Littlewood—Paley
paraproduct-type decomposition of the product of two functions,

8= fek-agk+ ) fel<k-s+ Y feg1:=Trg+Tef +T(f.g).
keZ keZ lk—1|<4
We also define the restricted diagonal sum
Mok (f8) =Y fig)-
j=k

Here and below we use the notation f; = P f, f<x = P<x f, etc. By a slight abuse of
notation, in the sequel we will omit the frequency separation from our notation in bilinear
Littlewood—Paley decomposition; for instance, instead of the above formula we will use
the shorter expression

o= fagk+ Y fug<k + ) figk.
keZ keZ keZ

Away from the exponents 1 and oo one has a full set of estimates

11 1
I7rgler + 1L Ol S 1l ligllee. - = St lspar<c. 22

_Q

Corresponding to ¢ = oo one also has a BMO estimate
ITrgllr + 1A )llze S 1fllzrllgllemo. 1< p < oo, (23)
while for the remaining product term we have the weaker bound
ITg flle S WS lyps.pligllBmo=s, 1< p <oo,s>0. 24
These in turn lead to the commutator bound

I[P gl fllr S 1 fllzrllgllBmo. 1 < p < oo.
We also need an extension of this, namely the following lemma.
Lemma 2.1. The following commutator estimates hold for 1 < p < oo:

HDFIP. gD fllr < DI gllsmoll flLe. o 20,5 =0,
HDPIP.glDI" fllir < DI glLell fllBmo. o >0, s = 0.
We remark that later this is applied to functions which are holomorphic/antiholo-

morphic, but that no such assumption is made above.
Next we consider some similar product-type estimates involving BMO and L°° norms.
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Proposition 2.2. Let u, v be two functions in L N BMO?, s > 0:

(a) The following estimates hold:

[TI(u, v)llsmo < llullBmollvBMmO-
| P<k s (u,v)||Lee < |lullBmollvIIBMOS
ITyvllBmo < ||z lv]IBMO.

ITuvlBmo < lullemo—<llv]BmMO®, o > 0.

(b) Fors > 0 the space L™ N BMO?® is an algebra,

luvlemos < l[ullsllvliBmos + [[v]lLoe |l |Bmos -
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2.5)
(2.6)
@.7)
(2.8)

(c) Inaddition, the following Moser estimate holds for a smooth function F vanishing

at0:
| F ()l Bmos Spufipoo 111 IBMOS -

2.9)

This proposition is a paradifferential reformulation of results from [15], with the
exception of the estimate (2.6), which represents a mild strengthening of (2.5) in the hi x
hi — low scenario. Its proof is a direct consequence of the square function characterization

of BMO in (2.1), and is left for the reader.

A more standard algebra estimate and the corresponding Moser bound is as follows.

Lemma 2.3. Let o > 0. Then H® N L™ is an algebra, and

If&l o S NS N gollglizee + S lLligl go-

In addition, the following Moser estimate holds for a smooth function F vanishing at 0:

1 FQ) N go Stulzee 1l go-

2.3. Paraproduct estimates

(2.10)

Here we record the following para-commutator, paraproduct, and para-associativity lem-

mas.

Lemma 2.4 (Para-commutators). Assume that y1, y» < 1. Then we have

1Ty Te = Te Tyl s frssvi+nn < DI f llBmoll 1D172 € 1Mo

and the L*-based version

1Ty Tg — Te Ty lyipsaspistnraa < DI f oMol D17 g llBMoO-

as well as the unbalanced version

1Ty Ty = Tg Ty lgnos— frs+ri+ve < D fllz2 [P g llemo-
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We note that the BMO norms are not strictly speaking necessary; we only need the
Besov norms Bgooo The limiting case y; = 1 is more delicate, as there one would need
instead W“’O; see also (2.11) below.

Proof of Lemma 2.4. By orthogonality we can fix the frequency of the argument u; call it
A.If f is supported at frequency < A, then Tru = fu. Since multiplication is commuta-
tive, the only nontrivial contributions are those where at least one of the two frequencies
of f and g is comparable to A. We consider two cases:

(i) Both f and g are at frequency O(A). Then we neglect the commutator and esti-
mate the output directly using the ngm norms.

(ii) f isatfrequency O(A), and g is at frequency < A. Then the commutator becomes

[Tf)p Tg<<A]uA = [Tfp g<<)t]u/l = A_IL(fAv 801g<<)h uk)’

where L denotes a translation-invariant trilinear form with integrable kernel.
Hence we obtain

175 Teer Junllz S I fallzell0ag <allizoe lluallLz
and the desired conclusion easily follows. ]

Lemma 2.5 (Paraproducts). Assume that y,y2 < 1, y1 + v2 > 0. Then

1T Tg — Trell s grstni+ne S D S Mol D172 g llBMO

and the L*-based version

1Tr Ty — Trgllyirsa—spirstritran S DI fllsmoll 1 D17 g llBMo-

One may also ask whether this extends also to the case y; = y», = 1. As it turns out,
there one would have to use L° norms instead,

1Ty Te — Trell s grs+2 < 10 oo (|08 | oo (2.11)
This is however not needed in the present paper.

Proof of Lemma 2.5. Reasoning as in the previous lemma, we can fix the argument u’s
frequency to A, and full cancellation occurs unless at least one of the frequencies of f and
g is 2 A. Thus we distinguish three cases, the first two of which are the same as before.
Case (i) is identical, and also case (ii) in view of the relation

[Tr,8<r — T Jta = A7 L(fa. 0agcn  U2)-

Thus we consider the remaining case:
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(iii) The frequency of f is 3> A. Then the frequency of g must be comparable. We
consider the worst-case scenario, when y; + y» = 0. Then we have

(f8)<i = P<A( 2; fugu)
s

and we can use (2.6) to estimate

(/&) <allzee < (DT fllBmoll D17 g llBMO-

which suffices. ]
Lemma 2.6 (Para-associativity). Fors 4+ y» > 0,8 + y1 + Y2 > 0, and y1 < 1 we have

1Ty . w) = T, Tr) || grssrin S DT fllemoll 1D vllBmollul g

and the L*-based version

1T T(v. u) = O, Tr) llyipsriraa < NP f lemoll D12 v]lBmo [l jysa.  (2.12)

as well as a version where f is measured in an L?-based norm

1T (v, u) — T, Trw)ll grje < 1L 1 guel 1D #0llsmoll 1DV *ullgmo.  (2.13)

‘We remark that one could easily expand the range of indices in (2.13), but for simplic-
ity we have limited ourselves to this case, which is used in a single thread in this paper in
the study of the linearized equation in Section 4.

Proof of Lemma 2.6. We remark that our convention in this paper will be that the IT oper-
ator also contains the projection P. This is immaterial for the purpose of this lemma: We
can prove the result without P, and then harmlessly insert it, as it commutes with TF.
We denote by A the joint frequencies of u and v. Then only frequencies < A of f will
contribute. The output of frequencies O(A) in f yields no cancellations, but it is easy
to bound the two terms separately using two Coifman—Meyer estimates. Thus, in what
follows we consider only frequencies < A of f, in which case we have

(Tr,wa = (ferw)n = ferun + A7 Lo fcn, un).

The second term is easy to estimate directly in L?; this leads to the restriction y’ < 1. For
the contribution of the first term we use cancellations to write

D Ty avy) = feawava = Y fuPu(uavy) = T(fr uav2) + Tuyo, fr-
A HKLA A

Harmlessly reinserting frequencies of size A in f', we can replace the above expression by

H(fv H(u, U)) + TH(u,v)fs

at which point it suffices to apply the Coifman—Meyer bounds twice.
The proofs of the L*-type bounds (2.12) and of (2.13) are similar. ]
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We finish with an alternative form of the para-associativity bound.
Lemma 2.7. We have, for y1,y2 < 1, s +y1 4+ 12 > 0,5 +y» > 0, and v = P4,

1Ty P(0u) = POTru)ll gssn+ve < NPT f llemoll D17 vllBmo llull gs

and the L*-based version

Ty P(0u) = P@Trw)llyirstri42s S D fllemoll D172 vllsmollullyirsa-

as well as
Ty P(5u) — P@Tpu)l gasa < I1F 1 gl 1217 *vllsmoll | D1 *u [ smo-

Proof. This is a consequence of Lemmas 2.4 and 2.6, also using the fact that P eliminates
the case where v is high frequency. |
3. Water wave related bounds

Here we consider estimates for objects related to the water wave equations, primarily the
Taylor coefficient a and advection velocity b. We recall that these are given by

a =23P[RR.], b= 25)tp[ R_] = 2R(P[(1 — T)R)).

14+ W
In addition to these, we will also consider several auxiliary functions, namely
y = % X=Ti_yW, M =2RP[RY, — R,Y]
= g W’ = 11—_v W, = Z: o al |-

The auxiliary variable Y is often used as a coefficient in our computations. The func-
tion X is a convenient leading-order substitute for 'Y, and is very useful in some of
our normal form computations. The function M is essentially the material derivative of
In(1 + a).

We estimate these in terms of the control parameters A, A% and A, defined in (1.8),
(1.11), and (1.9), and in terms of the H*® Sobolev norms of W and R. *

3.1. L? and pointwise bounds

We begin with the auxiliary variable Y, which inherits its regularity from W due to (2.9)
and (2.10).

Lemma 3.1. The function Y satisfies the BMO bound
1
IHDI*Y lsmo <4 A1,
and the H® bounds

1Yl go SallWlge. SallWlyes. o =0.
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We also have the following paradifferential identities relating W, X, and Y.

Lemma 3.2. Let W, X, and Y be defined as above:
(a) The function Y satisfies

Tvyw,Y =Ty Wo — II(Y, We).
(b) We have the relations
Xo =T1—yWy + Erry = T14w, Y + Enry,
where Erry denotes a varying error term satisfying
Brrl, 10 Sz Ay 11D17Erixllovo Sa 43
Proof. (a) It suffices to write the paraproduct expansion
Y=Q-Y)Wy =Ti—yWy —Tw,Y — II(Y, Wy).
(b) For the first identity, by Lemma 3.1, we have
—Ty,W = Erry.
Then apply (a) to obtain the second identity for ¥, where we similarly have
(Y, w,) = Erry. ]

We continue with bounds for a.

Proposition 3.3. The Taylor coefficient a is nonnegative and satisfies the BMO bound

lallsmo S IRIZ. 4, 3.1)
BMO?2
and the uniform bound
lalze S IRIZ, -
B,
Moreover,
1 1
I1D[*allsmo < A4, |||D|2a||BMO§A2%7 (3.2)
and
lallgs S AIRI .y 520, (3.3)
as well as )
I1DI"2a)s < A*Ay,  all .y < AF. (3.4)
F.

2,
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Proof. The first part is from [15], so we only need to prove the bounds from (3.2) on. We
recall that
a = i(P[RRy] — P[RR,)).

The bounds of (3.2) are direct consequences of (2.5) and (2.8), by bounding the holomor-
phic and antiholomorphic parts of a separately, and writing for instance

P[RRy] = Tz R+ TI(Ry. R).

We next see that (3.3) and the first part of (3.4) are direct consequences of the commutator
estimates in Lemma 2.1.

Finally, we consider the second part of (3.4). If the two input frequencies of R and
the output frequency are all fixed and equal, then this is a straightforward L* x L* — L?
bound. It remains to account for the dyadic summation, which is now dealt with in a
Triebel-Lizorkin fashion. Precisely, f03r R we have the Triebel-Lizorkin interpretation
of the control norm A% as W4 = F, 41’2 with an £2? dyadic summation. Due to the off-
diagonal decay in the bilinear estimate, this yields the corresponding £! summability for
the output. ]

Next we consider b, for which we have the following result.
Lemma 3.4. Let s > 0. Then the transport coefficient b satisfies
[1DFbllsmo <a 1D Rllemo. 1D *bllLs <a DI Rllzs. 1161l gs <a R gs- (3.5)
In particular, we have
I1D*bllsmo Sa 4. [1D13blsyo Sa A1, |1D13blLs 4 4% (3.6)

Proof. Recall that
b=RP[R(1—-Y) = R— P(RY).

Hence, it remains to estimate 8aP(R)7 ). Consider first the BMO bound. As before, the
role of P is to restrict the bilinear frequency interactions to high—low, in which case we
can use the bound (2.7), and the high—high case, where (2.5) applies.

A direct argument, taking into account the same two cases, yields the L2 and the L*
bounds. ]

Next we consider the auxiliary expression M . For this we have the following bounds.

Lemma 3.5. The function M satisfies the pointwise bound
Ml 54 A3, (3.7)
as well as the Sobolev bounds

1M1, 1 Sa AIOW.R) oo s > 0.
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We remark that this is the only place in the paper where the Besov norm in A 1 is used.
If instead we were to use only the weaker control norm (1.10), then we would only get the
slightly weaker bound
M |lemo <a Az% :

Proof of Lemma 3.5. For the pointwise bound we claim that

1Ml S IRI 5 1Y

3
B*
oo

8 N»—

To achieve this we write M in two different ways:

M = P[RY, — RyY] + P[RY, — R, Y]
= 04(P[RY] + P[RY]) — (RyY + R,Y).
We apply a bilinear Littlewood—Paley decomposition and use the first expression above

for the high—low interactions, and the second for the high—high interactions, to write M =
M; + M,, where

My = [Ri¥eko — Reta Vil + [Ri¥ako — Reta Vi)
3

My =" 0a(P[RcYi] + P[RiYi]) — (RicaYi + RicaYe).
3

We estimate the terms in M separately; we show the argument for the first:

Z Rk Y<k,a
k

< 3 230 Ry e 1Yl < IR,
Jj<k

Yy

00,2

8 o

oo

For the first term in M, we note that the multiplier dq P<f 44 P has an O(2%) bound in
L°°. Hence, we can estimate

1Moz < 3024 Relleoe Vil < IRI
k

I|Y||

8 -Nu:
B -us\'—

2

The H* bounds are a direct application of the Coifman—Meyer bounds in (2.3), using
only A as in (1.8) for the lower frequency factor and the #* norm for the higher frequency
factor. ]

3.2. Material and para-material derivative bounds

The material derivative D; = d; + bd, plays a key role in the water wave equations.
When applying this to products, we can use the well-known Leibniz rule. On the other
hand, at the paradifferential level we replace the material derivative with the para-material

derivative
TD[ == 8, + Tbaa.
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Then it becomes interesting to know whether we have an analogue of the Leibniz rule
for paraproducts. We consider this in the next lemma, which we will refer to as the para-
Leibniz rule. To state it we define four versions of para-Leibniz errors. The first two apply
in the unbalanced case, namely

Ef(u, v) =Tp, Tyv — Trp,uv —TuTp,v,
respectively
E?(u,v) = Tp, Tyv — Tp,uv — T, Tp,v.
Correspondingly, in the balanced case we set
Ef (u,v) = Tp,(u,v) — II(Tp,u, v) — I(u, Tp,v),
respectively
E7 (u,v) = Tp, I (u,v) — II(Dsu,v) — (u, Tp,v).
With this notation, our para-Leibniz rule reads as follows.

Lemma 3.6. Let Ef, Ef, ET, and E}f be defined as above:

(a) For the unbalanced Leibniz rule error E f (u, v) we have the bound

IEL . 0)l s < A llul vll groso. @ >0, (3.8)

1
BMO34 ¢

as well as
IE] (u,v)ll gs < Arfull ;1 llvlgmoste, o >0, (3.9

whereas in the 0 = 0 case the same bounds (3.8), (3.9) hold for Ef (u, v) with
o=0.

(b) For the balanced Leibniz rule error ET (u,v) we have the bound

||E}f(u,v)||HS §A%||u|| ||v||Hs+g, geR,s>0. (3.10)

1
BMO%4 ¢

In the 0 = 0 case we also have the same bound for E 7 (u,v).
(c) We also have the L* versions of (3.8) and (3.10):

IEF (. 0) |l < A llull

i BMO%—G ||v||Ws+u,4» o > 07

respectively

IET (. 0)lyjpss S Arllull

BMO%—O’ ||v||Ws+a,4, oeR, s>0.

Proof. (a) We begin with the case 0 > 0, where

Ef(u, v) = TbTaauv - TTbaauv + [Ty, T,]0qv.
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In the first difference we have cancellation for the low frequencies of b, and we are
left with a dyadic sum of the form

Z 0qu;byvg

j<l<k

where we can rebalance derivatives. Precisely, if we bound the first two terms in L and
the third in L? then we have off-diagonal gain away from j = [ = k. Hence it suffices to
use the oo Besov norms for the first two factors.

‘We next consider the case 0 = 0. We write

Ef(u, v) = TpTo,uv — Tpa,uv + [Tp. Tu]0a.

For the first difference we use Lemma 2.5, while for the commutator term we use
Lemma 2.4.

(b) Here we start from
Ef (u,v) = Tp1(dqu, v) — II(Tpdqu, v) + TpII(u, dqv) — I1(u, Tp g V).

The two differences are identical, and in both cases we can use Lemma 2.6.
For the separate estimate in the case 0 = 0, we bound

(T, ub, v) + II(I1(dgu, b), v)

using oo Besov norms and (2.8).

(c) The proof of the L*-type bounds is similar, using the corresponding L* bounds in
Lemma 2.6. ]

Finally, we rewrite the equations for (W, R) in a paradifferential form, and thereby
capture identities and estimates for their para-material derivatives. Here we also record
the para-material derivatives of X, Y, and a.

Lemma 3.7. We have the following para-material derivatives:

(a) Para-material derivative of W :
Tp,W = —T1+w, P[(1 = Y)R] — PTI(W,, b).
(b) Para-material derivative of (W, R):

Tp,Wo = —Tpy Wa — P0a[T14w,[(1 — Y)R] + TI(Wq, b)],

. . (3.11)
Tp,R = —Tr,b — II(Ry,b) +i(1 +a)Y —ia.
(¢) Leading term of the para-material derivative of (W, R):
Tp,Wo + T T,_30aR =G,
D Wa 1+Wol 1y Oa (312)

Tp,R—iTi1aY =K,
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where the source terms (G, K) in (3.12) satisfy the BMO bounds

2
1G llemo + Kl 03 <a A7 (3.13)
and
1Kot 54 Al (3.14)

Proof. For (a), we have
Tp,W = —Ti4w,b — TI(Wy,b) + R.

Observing that we may apply a projection P, which freely passes over low frequency
paraproducts as well as Tp,, we obtain the identity.
We proceed with the equation and estimates for W,. Differentiating the identity from

(a),
Tp,Wo = —Tp, Wo — P3o[T14w,[(1 — Y)R] + TI(Wq. b)].

Notice that all terms on the right-hand side have a good balance of derivatives, with a
derivative falling on a low frequency variable, with the exception of the case where 0y
falls on (the high frequency) R. Thus, we rewrite the right-hand side as

_T1+Wa T17}7 Ry + G,
where

G = TH-WQH(?y Ra) - Tba Wy
- P[TWW [(l - Y)R] + T1+Wa [YaR] + 8aH(Wav b)]

As observed, terms in G have a good balance of derivatives and thus satisfy the desired
estimate. For instance, repeated application of Proposition 2.2 yields

I 1w, U Rallswio < [1Wellzoe I 1D1/47 llswo 11 DI Rllsnio <4 43

We proceed with the equation for R. The formula in part (b) is straightforward. Then
observe that the only term on the right-hand side with a unfavorable balance of derivatives
is i T14+4Y . For instance,

#1012 11(@ V)llpvo 5 Izl DI allmvo <a 43

using Lemma 3.3 for the estimate on a. The second BMO bound for K also follows by
repeated application of Proposition 2.2. ]

Next we record the para-material derivatives of X and Y.
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Lemma 3.8. We have the following para-material derivatives:

(a) Leading term of the para-material derivative of Y :
Tp,Y = —Tjj_ypRa + G =:G' + G, (3.15)
where the source term G satisfies the pointwise bounds
G llBmo <a AZ%

and G’ satisfies
I1D174G lemo <a A

(b) Para-material derivative of X :
~Tp, X = —Tr,_,r, X + P[(1=Y)R] + PII(Xa.b) + Ej.
where, for s + % >0,
1Bl 5 Sat A3 1Bl ey S AW g
(c) Leading term of the para-material derivative of X :
Ip, X +T,_§R = E>,

where
l1D|Ez|lBmo < gt AZ%-

(d) Leading term of the para-material derivative of Xy
Tp,Xe +T)_Ra = E3, DXy +T,_3Ro = E3,
where, for s + % >0,

< 2 < .
I1E3lIBMmo <42 A7 IE3]l yo-1 Sa ALI(W, B)| gos-

Proof. (a) First we write down the identity

Tp,Y + Tji_ypRa = —(Tr,|1 = Y > + H(Ra. |1 = Y [?))
—(Ty,b + NI(Yy, b)) + 1 =Y)M.

Observe that the first three terms on the right-hand side have a good balance of derivatives,
and thus satisfy the estimate for G. For instance,

ITI (Y. B)llno < 1 1D1'*Y [lmmoll | D1 *Bllmwo Sa 43

For the last term we use (3.7).
The estimate for G’ is straightforward, using (2.8) again.
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(b) First we apply the para-Leibniz rule in Lemma 3.6,
—Tp,X =Tp,yW —T1—yTp,W + Ei.
When the material derivative falls on the low frequency Y, we use (1.4) to write
TpyW =T j—ypre+a-vyuW = =Tr,_;r, X + E1.

Here, for the term T_|;_y2g, W, we use Lemma 2.5 to rewrite W in terms of X, and
Proposition 2.2 to peel off perturbative components, where the (differentiated) Ry is the
lowest frequency. For the term T(;_y)p W, on the other hand, we directly use the bound
(3.7).

When the material derivative falls on the high frequency, we obtain

~Ti-yTp,W = Ti—y (Ti+w, P[(1 = Y)R] + PTI(Wq,b)).

Applying Lemmas 2.6 and 2.5, and Lemma 3.2 on the last term, yields (b).
(c) All terms from (b) have a good balance of derivatives and may be absorbed into
E;, except
P(1-Y)R) =T,_yR—TI(Y,R),
the latter of which may also be absorbed into E5.

(d) This is a straightforward consequence of (b) and (c). [
Lastly, we record the para-material derivative of a.

Lemma 3.9. We have the leading terms of the material and para-material derivatives

of a,
Dia=—-(1+a)M + E,

(3.16)
TDta = —T1+aM + E,
where the errors E satisfy
1EN a0y Sar A3
In particular, we have
Dl S0 A7 (3.17)

Proof. We reduce the first relation in (3.16) to the second by replacing products with
paraproducts. On the left, we need to estimate

1T @)l oo+ 1 Dl i Sas ARAT, (3.18)
and on the right we need
ITM. @)l 30,0+ 1 Thaal s, Sar ARAT (3.19)

where, slightly abusing notation, IT does not include a projection P.
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The W -4 part of (3.18) follows from (3.2) and the second part of (3.5) via (2.2) and
(2.4). The L part of (3.18) follows from (3.6) and (3.1) and (3.2). Here we need to take
advantage of the fact that we have off-diagonal decay, interpolating between the two pairs
of bounds for both a and b in order to gain dyadic summability. The bound (3.19) is a
consequence of the L® bound (3.7) for M and the second part of (3.4) via the embedding
Fl2 c FO

2,1 00,1

Now we turn our attention to the proof of second part of (3.16). We first give a quick
proof for the W%"‘ bound. There we use Lemmas 3.6, 3.7, and the para-associativity
lemma, Lemma 2.7, to expand the material derivative,

Tp,P(RyR) = P[(0oTp, R)R] + P[RyTp,R] + E
= —iP[(34T1+aY)R] + iP[RyT1+aY] + E
=iTi4a(-YoeR + RyY) + E,

with errors E satisfying
< ﬁ 2
”E”W%"‘ St A A%.

We would like to repeat the same argument for the L° bound, except that we have the
issue that P is not bounded in L°°. To avoid this problem we use a trick we employed
before, which is to take better advantage of the structure of both M and R. Precisely, we
can write @ in two ways,

a = —i(P[RyR] — P[RyR]) = —i(0a P[RR] — Ry R),
while M can be represented in a matching fashion as
M = P[RYy — RyY]+ P[RYy — RyY] = 04 P[RY — Y R] + RY, — R, Y.

Here, the first representation is good for unbalanced frequencies, as it selects the correct
frequency balance. The second, on the other hand, is good for balanced interactions, as it
pairs each projection with a differentiation, therefore improving the kernel decay.
Correspondingly, we consider matching paradifferential decompositions of ¢ and M,
namely
a=a? +d", M=MP+ M1,

where, using the two expressions above, we set
a? = —i(Tg, R—Tr,R). a" = —i(3,PTI(R. R) — TI(Ry. R)).

as well as the matching decomposition for M. We will now prove that the desired L*°
bound holds separately for the pairs a?, M ? respectively a'l, M.
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(a) The unbalanced case, a®?, MP. We consider the first terms in a?, M ?, for which we
reproduce the computation above:

TDtTRuR = TBaTDtRR + TﬁaTDtR + E;
— _iTaaTlJra?R + iTRaT1+aY + E] + E2
= iTi4a(—Ty, R+ Tg,Y) + E1 + E» + E;.

We successively consider the three errors: E is the para-associativity error, which can be
represented as a sum of two translation-invariant trilinear forms

E] = leh(Raa, b7 R) + leh(ba, R(Xa R)a

with frequency localizations ordered as listed. Then we can apply the bound (2.8) twice
to obtain

IEl -1 Sa A%A1. || Ei

3
o} <a A3, (3.20)

BMO#
after which the desired L°° bound follows by interpolation.
The error E, can be written in the form

E, = Tan‘cR + TRQJC,

where X is from (3.12), which also satisfies a pair of unbalanced BMO bounds in (3.13)
and (3.14). Then a single application of the bound (2.8) yields the same bound as for E.

Finally, E3 is also a para-associativity error, but better than E; because it is quartic,
and it is treated in the same way.

(b) The balanced case, a'l, M. We follow the same outline as before, considering the
first terms in ™!, M ™! and the corresponding computation:
Tp,0¢ PTI(R, R) = 34 PTI(Tp, R, R) + 34 PTI(R, Tp, R) + E;
= —i0g PTI(T144Y ,R) + i04 PTI(R, T14aY) + E1 + E,
= iT144(—0a PII(Y,R) 4+ 04 PTI(R.Y)) + E1 + E» + Es.
As above, E; is the para-associativity error, which can be represented as a sum of trilinear

forms
Ey = Linn(ba, R, R) + Lipn(bo, R, Ry),

where the first frequency is smaller and the last two are balanced. Then we obtain the same
bound as in (3.20) by applying (2.8) once and (2.5) once.
The error E, can be written in the form

E> = 3 PTI(X, R) + 3, PTI(R, X),

which can be treated using (3.13), (3.14), and (2.5). Here, more care is needed for the
second term in ¢, which yields an error E, of the form

E2 = H(J%a Ra) + H(K9 RO[)
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This we can estimate by the Cauchy—Schwarz inequality,

[E2llze S IKI 3 IRI 3.
B 00,2 B 00,2
Then we bound the two norms on the right by interpolation between (3.13), (3.14) for the
first factor on the right, respectively A and A 1 for the second factor.
Finally, the error E5 is similar to E; but better. n

4. The linearized equations

The proofs of the main results in this paper take advantage of both the linearization of the
original equation (1.1) for (W, Q) and the linearization of the differentiated equation (1.2)
for (W, R). Both of these linearizations are used either directly or via their associated
paradifferential flows. In this section we derive both of these linearized equations, as well
as the relation between them. We also write down the corresponding paradifferential flows.

4.1. The linearization of the (W, Q) equation

We denote solutions for the linearized water wave equations (1.1) around a solution (W, Q)
by (w, q). However, it is more convenient to immediately switch to diagonal variables
(w, r), where

r:=q— Rw.
The system of linearized equations for (w, r) was computed in [15]. We review here the
key points.

The linearization of R is
SR — qo — Rwy _Ta + Raw, @1
1+W 1+W

while the linearization of F can be expressed in the form

§F = P[m — i),

where the auxiliary variable m corresponds to differentiating F* with respect to the holo-
morphic variables,

qo — Rwy Rwy rq + Rqw Rwy,
m = = .
J (1+W)2 J (1+W)2
Denoting also B
n = RSR — M,
14+W

the linearized water wave equations take the form

w; + Fwg + (1 + W)P[m —m] =0,
qr + Fgo + Qo Plm —m]—iw + P[n + 0] = 0.
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Recalling that b = F + R this becomes

1+W>
(0; + bdg)w + (1 + W)P[m — i R,
w m—m| = ,
t o X W
(O + bAa)g + QuPlm — ) —iw + Pl + i) = —d&_
I1+W
Now, we can use the second equation in (1.2) to switch from ¢ to r and obtain
_ Rwyg
0 + bog)w + (1 + W)P[m —m] = W
1+4+a _ R(r + Rqw
(8,+b8a)r—1H—Ww+P[n+n]=(;+—W°‘)

Terms like Pm, Pn are lower order since the differentiated holomorphic variables must
be at lower frequency. The same applies to their conjugates. Moving those terms to the
right and taking advantage of algebraic cancellations we are left with

1 R,
9 + bdy)w + —ry + —w = Go(w, r),
(t oz) 1+Wa 1+W 0( )

I +a “4.2)
(0 + b0g)r —i T Ww = Ko(w,r),
where
So(w,r) =1+ W)(Pim+ Pm), Xo(w,r)=Pn— Pi. 4.3)

We remark that while (w, r) are holomorphic, it is not directly obvious that the above
evolution preserves the space of holomorphic states. To remedy this one can also project
the linearized equations onto the space of holomorphic functions via the projection P.
Then we obtain the equations

d,w + Plbdgw] + P[H;V_Vra] n P[l fav_vw] — PSy(w,r),

l14+a
7 +Ww] = PXKo(w,r).

Since the original set of equations (1.1) is fully holomorphic, it follows that the two sets
of equations, (4.2) and (4.4), are algebraically equivalent. Later in this paper we will work
with (4.4).

Based on the above form of the linearized equations, we can also write the correspond-
ing paradifferential flow:

4.4

3,7 + Phdgr] —iP[

{ Tp,w + Tl_faa}" + T(I—Y)Raw =0, @.5)

Tp,r —iTi—yTi4qw = 0.
Here we use the Weyl quantization for the paraproducts in order to ensure self-adjointness.

We remark that the right-hand side terms in (4.4) have no paradifferential component (i.e.
components such that the (w, r) factor is the highest frequency).
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The #1/4 well-posedness of the linearized equations (4.4) will be studied in Section 5.
The ¢ well-posedness of the paradifferential equations (4.5), studied in Sections 5.2, 5.3,
will play a key role.

4.2. The linearization of the (W, R) equation

We denote solutions for the linearized water wave equations (1.2) around a solution
(W, R) by (w, 7). Recalling (1.2),

1+W)R
DtW+M =(1+W)M,
1+W
W—a
D:R=i
t Z(I+W>’

we begin by computing the linearizations of b,
§b =20 P[1—Y)F — (1 —Y)2Ru],
and of M,
SM = 2RP[#Yy —2R(1 = Y)Wy + R(1 = Y)?Wy — FoY — Re(1 — Y)2 ).
Then we can write the linearized equation in the form

Db+ (1 =Y)(1 4+ Wy)fg + (1 — Y)Ro

=MD + (1 4+ Wy)SM — Wyeb + (1 — Y)2(1 + Wy) Ro 0,
Dt —i(1+a)(1—-Y)*0

= —Ry6b — (1 = Y)[P(FRy) + P(RFy) — P(FRy) — P(RFy)].

(4.6)

Next we identify the corresponding paradifferential equation, which contains only
paraproduct-type contributions where w and 7 terms are the highest frequency Thus we
can exclude all (W, r) terms, as well as all terms where @ and 7 are inside a P projection.
Using the relation (1.3) to group terms, we are left with

{ Tp, + Tp, 0 + T,y Traw,ia — Ty, Tisw,? + Ty_g Twue? = O, @7

Tp, 7 + Tp, 7 — iT(l_y)2T1+a@ + Tyr =0.

This linearized equation will play a key role in the study of the differentiated nonlinear
flow (1.2).

4.3. The relation between the two linearized flows

To each solution (w, r) to the linearized equation (4.4) corresponds a solution (W, 7') to
the linearized differentiated equation (4.6). In view of (4.1), the connection between the
two is given by the relation

4.8)
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In Section 6 we will use a paradifferential version of this relation in order to transfer the
H* well-posedness results from the paradifferential equation (4.5) to (4.7).

5. Bounds for the linearized equation

A key result of [15] asserts that the linearized equation (4.4) is well posed in 0 for as
long as A and [ B remain finite.

Theorem 6 ([15]). The linearized equation (4.4) is well posed in HO. Furthermore, there
exists an energy functional Ey,(w, r) so that we have
(a) norm equivalence:
Ein(w, 1) ~4 [|(w, 7)1 30.
(b) energy estimates:

d
EElin(w» r) Sa AB|l(w, )| 5p0-

We remark that this bound is scale invariant, and thus no improvement is possible
where one lowers the regularity measured by either factor A or factor B. Instead, our goal
in this section is to improve this result by replacing the product AB by a more balanced
version, namely Azl. We remark that A2l < AB, but the two terms scale in the same way.

1 4 .
The price to pay will be a shift in our function spaces, from #° to # i,

Theorem 7. Assume A < 1and A 1€ L2, Then the lmearlzed equation (4.4) is well posed

inHi. F urthermore, there exists an energy functional E (w, r) so that we have

lin

(a) norm equivalence:
1
I 2
Ef(w,r) ~ 4 II(w,r)IIJﬁ,
(b) energy estimates:

d
dt Elm(w r) ~ At A2 ”(w r)||2

In the remainder of the section, we prove Theorem 7.
5.1. Reduction to the paradifferential equation

A key step in the proof of Theorem 7 is to reduce to the linearized paradifferential approx-
imation (4.5) of the full linearized evolution (4.2). Recall that this has the form

Tp,w + Tl_faar + T(I—I?)Raw =0,
TDtr — iTl_YT1+aw =0.

Recall that throughout, we fix a self-adjoint quantization for 7. For instance, we may use
the Weyl quantization, or simply the average

1
—(T+T%).
ST+
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The first step in the proof of Theorem 7 is to show that the conclusion of the theorem
holds for the evolution (4.5).

Proposition 5.1. Assume A < 1 and A1 € L2. Then the linearized paradifferential equa-

tion (4.5) is well posed in He for every s € R. Furthermore, there exist energy functionals

Elsmpara(w, r) so that we have
(a) norm equivalence:

5P w. r) g w10

(b) energy estimates:

TET o) S A0

Here, the regularity index s plays no role. We will prove this result first in the easier
special case s = 0 in Section 5.2, and then for all s in Section 5.3.

We remark that this result also allows us to treat linear perturbations of (4.5) of the
form

Tp,w+ T _ydar + T_yyg,w =G, 5.1)
TDtr —iTl_YT1+aw = K,
provided that the source terms satisfy the bounds
G, Kl gos Sa AF/4ll(w, )| g (5.2)

for some s. Then, by the variation of parameters formula, the conclusion of the last propo-
sition also applies to the equations (5.1) for the same s.

Once we have dealt with the paradifferential equations, our next objective is to reduce
the analysis of the full linearized equations to the paradifferential case. Toward this goal,
we follow the clue above and rewrite the equations (4.2) as a paradifferential evolution
with a source term,

. (5.3)
Tp,r —iTi—y Ti4aw = K (w, r),

{ Tp,w + Ty_gdar + Ty_pyp,w = §* (w, 1),
where the source terms (§%, X*) have the form
= P(% + %), K'= P(Ko+ K1)
with (§y, Ko) as in (4.3) and

= —(Tweb + M(wy. b)) + (T, Y + M(rs. Y))
—(Tw(1 = Y)Ry + I(w, (1 — Y)Ry)),
K1 = —(Ty,b + T (re. b))
+ i(Tl_yTwa +TiyII(w,a) — Ta+aw? — (1 + a)w, Y))
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denote the paradifferential truncations. Henceforth, it will be convenient to include an
implicit projection P in II, so that IT = PII.

Unfortunately, our source terms (‘5”, K T4) do not satisfy the cubic bounds (5.2) for
any s, both because they contain quadratic contributions and because of unbalanced cubic
contributions. However, this still allows us to perturbatively discard portions of (§%, K*)
which do satisfy (5.2).

To deal with the unfavorable part of (€%, X#) we will rely on a more accurate parad-
ifferential version of normal form analysis. We also optimize the choice of s. Our result
reads as follows.

Proposition 5.2. Given (w, r) satisfying (5.3), there exist modified normal form linear
variables (W, rng) satisfying (5.1) such that we have
(i) invertibility:
lwne, rne) = (. Pl Sa A“ll(w,r)ll_,ﬁ,

(ii) perturbative source term:
I6G. KDl g Sax ATNCw, )| 5 (5.4)

To facilitate the normal form analysis in the proof of the above proposition, we sepa-
rately state a pair of weaker quadratic bounds for (&, Ko) and most of (&, K1), which
will suffice in order to evaluate their impact as source terms for the material derivative of
(w, r). In the case of (§y, Ko) it will be useful to simultaneously extract the perturbative
part of (g, Ko), in preparation for the normal form analysis on the unfavorable part.

It will be convenient to define the unfavorable part in terms of the following variant of
w with a low frequency coefficient,

x=Ti_yw.
Lemma 5.3. The source terms (9o, Ko) satisfy the bound
(5o, Ko)llgeo Sae ALll(w, ) 1 (5.5)
Furthermore, they have the representation
PSS =%,0+G, PKo= Koo+ K,
where (G, K) satisfy the bounds (5.4), whereas (89,0, Ko,0) are given by

So0(w.r) = —P[Tyyw, (T\_gFa + TeRa)Y] + P[T14w, T)_yXaRl.
JCO,O(w»r) = _P[(Tlfffa + Tz Ro)R].
We note that (G, K) also satisfy (5.5), but we will not prove it as this is not needed in

the sequel.
We now turn our attention to (¥, K1), where we have the following lemma.
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Lemma 5.4. The source terms (91, K1) have the representation
P§ =-TyT,_§Ry + G,
PKXi=—-iTyTi+4aY + K,
where (G, K) satisfy the quadratic bound (5.5).

Using these lemmas, we will obtain the following formula for the para-material deriva-
tives of (w, r):

{ Tp,w = —T,_y(ra + TwRy) + G, 56

TDtV = iT1+a(T1_Yw — TwY) + K,
where (G, K) satisfy the quadratic bound (5.5). We will also obtain a similar formula
for x.
We will first prove Lemmas 5.3, 5.4, and the para-material derivative formula (5.6) in
Section 5.4. Next, Proposition 5.2 is proved in two steps in Sections 5.5 and 5.6, where
we construct normal form corrections for the terms (§;, K1) and (5, Ko) respectively.

5.2. #° bounds for the paradifferential equation

In this section we consider the J° well-posedness of (4.5), which we reproduce here for
convenience with general source term (G, K):

{ Tth -+ Tl_}_/roz + T(l—)_’)Raw =G, 5.7)

TD,r — l'TlfyT1+aw = K.

In the study of (4.4) in [15], the following associated positive definite linear energy
was used:

E@w.r) = [ (1 + @)l + 3(r7) der
R
Here we slightly alter this by considering its paradifferential version,
EVP(w,r) = / Titqw - B + I(riy) da.
R

With this notation, we will prove the following bounds.

Proposition 5.5. The linear equation (5.7) is well posed in #°, and the following estimate
holds:

d oo ,
ZEXPT () = 2m/ T14a®G — iFo K do + O (A2 EP (w, r).
R 4

dt lin lin
Proof. A direct computation yields
d

n Ti4qW - w + J(riy) do =2§R/Tl+alﬂ-w, a’a+2%/far, da

+fTa,w-wda.
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Next we augment the time derivatives w; and r; on the right-hand side into material deriva-
tives. Integrating by parts, write

20 / T1+aw . Tbaaw do = —[ T((1+a)b)aw -wda
- /(TbaTa + TpTy, — T(ab)u)w -wda
- /(TbTa =Ty Tp)We - w der,

and similarly,

23 / To - Tpoqr da = 0.

Adding the above three identities and using the equations (5.7), the quadratic R (wry)
term cancels:
d

EE&;"“"‘(w, r) =20 /(1 + T -G —iFgK da

—29%/(1+Ta)w-TRa wda

1+W

+ /(Tbu Ty + TpT,, — T(ab)a)w -wda
+ /(TbTa — Ty Tp)Wwy - wda
+ / Tat+baa+(l+a)baw ‘wda.
We can write two of the error terms (precisely, the second and fifth lines on the right-hand
side) in terms of the auxiliary function M defined in (1.3), modulo another paraproduct
error term:
4 pogun =20 [ (1 + TG —ifo K do +E E
77 Ein (w,r) =20 | (1 4+ Tp)w -G —irgK da + Errpys + Erreom,

where
Erry = / Tp,ew-w—(1+THw - Tywde,
Erreom = /(Tb,, Ty + TpTay — Tap),)W - wdo + /(TbTa — Ty Tp) Wy - wda
+ /(Taba —TaTp,)w - wda.

For the first term in Erry;, by Lemma 3.9, we have

| Dsal L= S at Az{
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For the second term we combine the pointwise bounds |a| < A2 in Proposition 3.3 together
with

ML <a Az%
in Lemma 3.5.

All terms in Err.,, may be estimated using the product and commutator estimates,
Lemmas 2.4 and 2.5. u

5.3. J#* bounds for the paradifferential equation

Our aim here is to prove Hs well-posedness for the linearized paradifferential equation
(4.5), and to identify a suitable energy functional. Our main result is as follows.

Proposition 5.6. Let s € R. Given (w, r) solving the homogeneous linearized equation
(4.5), there exist linearized, normalized variables (W°, 7*) solving

Tp,w* + T|_y0a7° + T(I—I_’)Ra w* = Gy,
TthS - lTl—YTH-awS = KS5

and such that
[(@*,7%) — D*(w, )| g0 Sa All(w, )| s

and
1(Gs. Ks)lle0 Sa AN, 1) | s (5.8)

The #* well-posedness for (5.7) follows by a fixed point argument by applying Propo-
sition 5.5 to (w*, 7°) given by the above proposition. The HS energy in Proposition 5.1
will then be given by

E;™ (w,r) = El?l;para(lb's, 7).
Proof of Proposition 5.6. The natural approach to this problem is to consider the equa-
tions for the variables
(w*,r%) = (D°w, D°r).

This can be written in the form

Tp,w® + T,_§0q1° + T(I_Y)Raws = g5 (w*, r*), (5.9)
Tp,r* —iTi—y Ti4qw® = KJ(w®, 1), '
where the source terms (§;, K§) have the form
Go(w*,r%) = L(bg, w*) — L(Yy,r*) + L([(1 — Y)Ra]a, 35 ' w*), (5.10)

KW, r%) = L(bg, r*) +iL(Yy, 3 Ti+qw®).
Here L denotes the order-zero paradifferential bilinear form

L(fo.u) = —[D*, Tr]oa D™ "u
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which has leading term
L(g,u) = —sTgu.

We need to study the evolution (5.9) in #°. The difficulty is that the source terms (53, K3)
cannot be treated perturbatively, both because they have a quadratic component and
because their cubic and higher parts are unbalanced.”

To facilitate the next discussion we note that we can organize the source terms in
(8, K) by order, i.e. by the relative Sobolev regularity of the leading factors (w, r). For
instance, in (5.10) the first terms on the right are leading order 0, the second are order —%,
and the third are order —1. The lower the order the better; this is most readily seen in the
normal form analysis.

The natural attempt would be to try to apply a normal form transformation in order to
eliminate all the bad terms, and replace them by perturbative terms. Such a strategy would
work for terms of order < —%. Precisely, all nonperturbative terms of order < —% can
be viewed as quadratic expressions, possibly with a lower frequency coefficient. Then the
normal form computation works directly, and applies to the quadratic part, while simply
retaining the low frequency coefficient.

On the other hand, for the zero-order terms the above procedure no longer works.
A normal form would indeed replace the quadratic terms by cubic ones, but those will
still be partly unbalanced. One could reiterate and eventually obtain an infinite series of
corrections. Instead of this, we will borrow an idea from [15], where it was observed that
there is an appropriate exponential conjugation (which can be thought of as the sum of the
infinite series of corrections alluded to above) which does the job modulo “lower-order
terms”, which can be dealt with directly by normal forms.

The conjugation introduced in [15], only for integer s, was purely algebraic, by a factor
O =¢p(Wy) =J".

Here we will also allow for a noninteger s, and use the conjugation in a paradifferential
fashion. We denote the conjugated variables by

(W1, 77) = (Tow*, Ter®)

and compute the equations for (w7, 7{). Along the way we will cheerfully discard good
cubic terms which can be placed in (Gy, Ks). By good terms, we mean terms which sat-
isfy the good bounds (5.8). From here on, we will simply denote by (G, K;) any such
expressions.

We first use the para-Leibniz rule in Lemma 3.6 to write

Tp, 0} = TeTp,w* + Tp,ew* + Gy,

2This would be less of an issue if all we wanted was an AB bound.
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where we have used the bound
ID% ®lpmo < Al
We compute
D® = dw,p-DWo+d5,¢- D Wy
=s®[(1—=Y)Ry + (1 —Y)Ry —2M] = s®(by — M).

We may discard the M term by Lemma 3.5, arriving at

Tp, w5 = TeTp,w* + sTep,w’ + Gs.
Finally, applying Lemma 2.5 for the b, paraproduct we conclude that

Tp, w5 = TeTp,w* + sTp, W5 + Gs.

Similarly we have
Tthf = T@TDtrs + STbaff + K.
For the other terms on the left-hand side of (5.9), again using Lemmas 2.4, 2.5, we
have
T\ _y0ai{ = ToT|_y0ar® = sT_yT(1_y)\wpt(1-V)Wao'1 T Cs
= T¢T1_78ars - S(Tl_y Ta+wy)y, + Tya)ff + Gy,
and
Ta-v)r, W1 = ToT(y_p)g,w" + Gs

in the first equation, and
T1—yTi4+qW] = TeT1—y T1+aw’® + K

in the second. Finally, by Lemma 2.4, T commutes with the coefficients on the right-hand
side of (5.9) modulo good errors, so for (w§, 7{) we obtain the system

{ Tp, 0} + T\ _gdar] + T(_y)g, W1 = 95 + Gs, (5.11)

Tth‘f - l'TlfyT1+awf = J(f + K,
with the nonperturbative source terms

G = L(bo. W}) + sTp, W} — L(Ye.7}) —sTg, 7} + L([(1 = Y)Ralo. 8, ' 0}

- STI—Y T(1+Wa)Yot ff’
K§ = L(bg,7}) + 5Ty, 7} +iL(Ye, 3y Ti4+4103).
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The main point here is that there is cancellation in the first two leading terms in both G

and K, leaving us with only terms of order —2

5 or lower. Precisely, we may write

§ = Ly (baa, 0, @) — L1(Yae, 95" 7) + L([(1 — Y)Ryla, 3, @3

o o
_STI—YT(I‘f'Wa)YaFf’
f = Ll(bozou 8_179 + iL(Ya» 3;1T1+a15f),

o

where L denotes
Li(faas 3;11/‘) = L(fa,u)+ STfa”
which, like L, has leading term

Li(g.u) = —s(s — )Tgu.
We also observe that (&5, K¥) satisfy bilinear estimates of the form®
HDITY4EY KD g0 <a Agll(w, )l oo (5.12)

which will suffice to control the secondary impact of the source terms in the normal form
analysis below.
We proceed with the normal form corrections. We recall that their purpose is twofold:

(i) to turn bilinear source terms into trilinear ones, and
(ii) to replace trilinear and higher unbalanced interactions with balanced ones.

To achieve the first purpose it suffices to consider classical normal forms for bilinear
interactions. However, for the second goal more care is needed.

Precisely, we first identify the leading-order bilinear interaction, and think of the
remaining factors (if any) as low frequency paradifferential coefficients. For the leading-
order part we compute its associated bilinear normal form correction. But after this we
follow up with a second step, which is to add low frequency coefficients in order to fully
match the low frequency coefficients in the source terms.

One favorable feature in this process is that the secondary outcome of the source terms
(67, K7) (as they appear in the material derivative of the normal form corrections) is per-
turbative. This allows us to divide and conquer, i.e. to compute the normal form corrections
separately for different parts of the source terms.

We begin with a correction consisting of L; bilinear forms, which will have the
twofold effect on (§;, K7) of cancelling the L terms, and exchanging the L terms with
their leading terms. This is easily computed to have the form

W5 = 0aT1-y L1(Waad,2W03) + Ty_y L1(Waa. 0, %) =: @5 | + 03 ,.
fiv = Ti—y L1(Waa, 8;1'7f) + Tl_)?Ll(Waaa 30717f) = 75,1 + 75,27

3Similar bounds are also satisfied by (G, K;), but will not be needed in the sequel because we
have (5.8).
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where the L part is the leading bilinear expression and the preceding paraproducts should
be thought of as coefficients. We claim that this correction has the following effect when
inserted in (5.9):

Tthé + Tl—faafg + T(I—Y)Rawg. = gg - giY + GS’ (5 13)
Tp, 75 — iTi—y T1+a W5 = K5 — K3 + K, '
where
G5 = =T _yTaswava™s —STa_7yryy O 07
K5 = —isTy, 0, T1+4103.

To prove this we begin with the first equation of the system, and only the contributions
of the bilinear holomorphic correction w3 ;. When applying Tp,, we commute it with
differentiation while using Lemma 3.6 to distribute it to (para)products. The commutators
with dy involve Tp,, and their contributions can all be placed in Gy using (3.5). Then we
have

Tp, W51 = —0aT1p, v L1 Waa. 0,°W}) + 9o T1—y L1(3aTp, Wa, 0,2 3)
+ aaTl—YLl(Wotav ao_,zTD;wiv) + Gs-

The first term on the right is perturbative in view of (3.15). For Tp, W, we use equation
(3.12) along with the source term bound (3.13), whereas for the source term arising from
Tp,w{ we use (5.11) with the source term bounds (5.12) and (5.8). These bounds allow
us to estimate the corresponding L contributions by taking advantage of the fact that L
has a paraproduct structure. Then we arrive at

Tp, W5 1 = —0aT1—y L1(T1+w, T,_y Raa. 0,0}
- aOtTl—YLl(WOtOt’ BJZTI_YaaFf) + Gs
= _Ll(Tl_YRaaa, 3;2@f - Ll(Tl_)?Raas 3;115f

— 3¢ T1—y Ly (W, Ty_50,'75) + Gs.

For the remaining holomorphic terms on the left-hand side of the first equation in (5.11)
we similarly have

{ T\_73a73, = daTi—y L1 Waa. T,_735 ') + Gy,

Ta-7)R, W31 = Os-

Throughout the above computation we have made repeated use of two facts in the course
of collecting error terms into Gy. First, we repeatedly apply the product and commutator
estimates, Lemmas 2.4 and 2.5. Second, we observe that when derivatives fall on the coef-
ficients, we have a good balance of derivatives. More generally, any cubic paradifferential
terms where the lowest frequency variable is differentiated to an order higher (in fact
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strictly higher due to integer mlsmatch) than A1 may be absorbed into Gy (this property
is combined with the low order < —3 of the hlgh frequency variable to pigeonhole suffi-
cient derivatives onto the middle frequency variable; we then obtain two contributions of
A 1 from the low and middle frequencies, possibly after redistributing derivatives from the
lowest frequency variable upward).

We similarly consider the contribution of the bilinear corrections with one antiholo-
morphic input (staying with the first equation of the system):

Tp, W5 5 = —L1(Ti—y Raa. 0, @0}) — L1(Ya. 7}) + Gi.
T\_30a75 5 = L1(Yaa, 05" 7)) + L1(Ya. 7}) + G,
T(l—?)Ra 1175,2 = G;.
Here we used the same two facts as above in collecting G,. In addition, we also used
Lemma 3.2 to exchange instances of W, with Y.

After collecting these contributions, observing cancellations, and extracting perturba-
tive paradifferential terms from §;’ into G using the two facts discussed above, we see that
all L terms of §; cancel (note that we need to expand b into its real and imaginary parts
for both an R and R component) and all L terms are exchanged with their leading-order
terms, thus proving our claim for the first equation in (5.13).

We repeat this computation for the second equation of the system (5.13) (here it is
convenient to compute the entire correction at once):

Tp, 75 = L1 2R(T1-y 9o Tp, Wa), 0, 7}) + L1 QR (T1—y Waa), 3, Tp,7}) + K
= L1 2R (T1—y T1+w, T,_g Raa), 35 '7})
+ L12R(T1—y Waa), 05 i T1—y T1 1aW}) + K
= _Ll(baou al ) +iT1— YLI(ZKR(TI YWaa) T1+awi) + K,
as well as
—iT1—yT14+aW} 5 = =i T1—y 3¢ L1(T1—y Waa. 0> T1 1aW}) + K.
_iTl—YTl—i-a{Diz = _iTl—YLl(Tl_)_’ Woton 8@, Tl+ai5{) + KS-
Thus, the L; and L terms in K7 are cancelled or exchanged for their leading terms,
respectively. This proves our claim for the second equation in (5.13).
We are now left to deal with the source terms (&;, K3). We address these remaining
source terms with a second normal form correction. Write
W5 = =T+ w,)v, 5 ' 7,
i3 =0.
This is easily checked to cancel (&5, K5), when inserted into (5.9). Then setting
W' = wi + w3 + 03,
F=F 47+

concludes the proof of Proposition 5.6. ]
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5.4. The quadratic bound for the paradifferential source term

Here we prove Lemmas 5.3, 5.4. In addition, in Lemmas 5.7, 5.8 we derive formulas for
the para-material derivatives of w, r, and x.

Proof of Lemma 5.3. We recall our objective, which is to isolate the nonperturbative part
of (Gy, Ko) with bilinear estimates, provided in Lemma 5.3. For convenience, we recall
that

So(w,r) = (1 + Wy)(Pin + Pm),
Ko(w,r) = Pn — Pq,

where
m=|1-Y*(rq + Row) + (1 —=Y)?Rwy, n=(1—Y)R(rq + Row).
We consider § first. We may absorb
P((1 4+ Wy)Pm) = P(WyPm)
into G. To see this, we begin by applying Coifman—Meyer bounds to write
I PWePm)l 4 S 1D Walloyioll Pl 2.
Then it remains to show that
1Pmllz2 <a Ayl Ol (5.14)

Incidentally, this estimate also works toward proving that &, satisfies the bound in (5.5)
(we will prove (5.14) on each term of §).

To prove (5.14) we observe that the differentiation in the terms of m is always applied
to one of the holomorphic variables, which has to be at or below the frequency of the
undifferentiated antiholomorphic variable. For instance, a typical term is

D(V < 1/4v <
1P (Yra)llzz < 7l 43 DY Mo <a ALllr]l ;3 -

(Here, also note that in the case of H(Y, ry), derivatives cannot be shifted to the high
frequency W,. We have addressed this with our choice of function space i .) We also
note the slightly different case where w is not differentiated, e.g.

= = = = 1
IP(Y Raw)lz2 5 wllzsll P (Y Ra)llzs < w4 IDFY lmoll [DI¥* RilLs
Sa ARAwll g

All other terms are similar to one of the two considered above.
Similarly, we have
(1 + Wo{)Pn_’l == T1+WQP}7_1 + G,
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where the G term is perturbative. Then expand P, with terms
P[I1 =Y ?(fa + Ra)] = P[(1 = Y)(7a + Ra®)Y].  P[(1 —Y)*WqR].

We can peel off frequency components, using the observation that cubic terms where the
lowest frequency variable is differentiated may be absorbed into G, similar to the above
estimates. In particular, here ¥ and R respectively cannot be the lowest frequency due

to P, and the cases where 7y, Ry, and w, are the lowest frequency, respectively, are
perturbative. The remaining cases form

P[T\_y(fa + ToRe)Y] = PU(T,_y7a + TeRy)Y] + G,
P[T_gypwaR] = P[T;_yXaR] + G.

After applying para-associativity Lemma 2.7 to factor in T’ 4w, , we obtain g ¢.
The analysis for P Ky = P is similar, based on proving the bound

n <
”Pl’l”H% ~A A%”(wvr)”e%%

Proof of Lemma 5.4. We recall that

G = —(Ty,b + (wg., b)) + (T, Y + (s, 7))
—(Tw(1=Y)Ry + Tl(w, (1 — Y)Ry)).
K1 = —(Ty b + (g, b))
+i(Ti—yTwa + Ti—yI(w. @) — Ta+aywY — (1 + @)w, Y)).

Putting aside the nonperturbative terms on the right-hand side of Lemma 5.4, and those
antiholomorphic terms eliminated by P, we observe that it remains to bound

—(Tweb + M(wy, b)) + M(re. Y) — (TwII(=Y, Ry) + M(w, (1 — Y)Ry)),
respectively
—(Tyb + N(ra., b)) + i (Ti—y Twa + Ti—y (w, a) — II((1 + a)w, Y)).

We consider terms from §; first. We observe that all the terms are balanced, with
derivatives on low frequencies, so that we have the desired estimate. For instance,

1TwebllLe S Twll sl 1D *bllmo Sa llwll gl 1D1P* Rllyo-
A similar analysis holds for most of the terms from X1, except
Ti—yTya + T1—yIl(w, a).
For these terms, we use
1Ty Twall iz S NY e lwlisll D1 2allLs S g0 Ay llwll e,

using here Lemma 3.3 to estimate a. ]
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Putting these lemmas together, we obtain the following formulas, with estimates, for
the para-material derivatives of (w, r):

Lemma 5.7. Given (w, r) satisfying (5.3), we have the representations

TD,w = - l_y(ra 4+ Ty Ry) + G, =: G + Go,
Tp,r = iTi4a(Thi—yw — TywY) + K2 =: K; + K»,

and likewise with D¢(w, r) in place of Tp,(w, r), where (G2, K») satisfies the quadratic
bound
(G2, Ka)llge0 Sar Arll(w,r)l 1,

and (G1, K4) satisfies the linear bound
D176 K)llgeo S az w1 -
Proof. Apply Lemmas 5.3 and 5.4. Then observe that
1Ty r, Wl < 1Y L 1D Rllemollwll g1/s.

so that this remaining term from the left-hand side of (5.3) may be absorbed in G;. Note
that the para-commutator of Lemma 2.4 allows us to reorder paraproducts freely.
To estimate (G, K1), the terms

—T_5re, iT14aTi—yw

are straightforward, with a sufficient balance of derivatives on (w, r) already. For the
remaining two terms, also apply Sobolev embedding. For instance,

IDIYA4T, 3 TwRallze S 1Y Lo llwlpe |l IDP/*R|e Sa AA¥|w] gie. m

We likewise have an expansion for the para-material derivative of x.

Lemma 5.8. Given (w, r) satisfying (5.3), we have the representation
Tp,x = _Tl_}?(Tl—Yra + TxRy) + G =: Gy + Go,
and likewise with D x in place of Tp,x, where G, satisfies the quadratic bound
[1G2llL> Sax Arliw, )l 1,
and G satisfies the linear bound
HDI™V4Gll 2 S e I, 1)l 3 -

Even though this is not needed later, we remark that G, also satisfies the last bound.
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Proof of Lemma 5.8. Using the para-Leibniz rule Lemma 3.6, we may write (collecting
all terms satisfying the appropriate estimate into G,)

Tp,x =T-p,yw + T1—yTp,w + G2.

To the first term, we apply Lemma 3.8 to see that it is perturbative. Apply Lemma 5.7 to
the second term, to obtain (rewriting using the para-commutator Lemma 2.4, and dropping
perturbative components as usual)

~T1yT,_ (a0 +TwRy) + G2 = =T _5(T1—yre + TxRy) + Ga. [ ]

5.5. Normal form analysis for (§1, 1)

In this section we introduce normal form corrections to (w, r) which will cancel the
leading-order contributions of the paradifferential truncations (&1, K1). Precisely, we will
show the following.

Proposition 5.9. Assume that (w, r) solve (5.3). Then there exists a linear normal form
correction

(@, 7)(r) = NF((w,r)(1))

solving an equation of the form

Tp, @ + Ty_gdaF + T(j_gyg, B = —PG1(w,r) + G,
Tp, 7 —iTi—yTi4+qow = =P Ki(w,r) + K,

with the following properties:

(i) Quadratic correction bound.:
INFw, )| orjs Sa Al (w. )| ss- (5.15)

(i) Secondary correction bound:

INE(g. k) s <4 A1 (8.5 0. (5.16)

(iii) Cubic error bound.:
16G. KDl usa Sax ALNw. )| gz (5.17)

The motivation for the secondary bound is that the normal form corrections will be
constructed not in terms of solutions for the homogeneous problem (4.5), but in terms
of solutions for the inhomogeneous problem (5.3) (which recall originally takes the form
(4.2)). As such, we need to be able to estimate the effect of source terms via (ii). For
this purpose we use the #° norm, which is suitable in conjunction with the source terms
(G3, K3) of Lemma 5.7.
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We will build (@, 7) in three steps. In the first step, we apply a correction to generate
the quadratic paradifferential truncations (&, K1) except temporarily putting aside the
cubic truncation Ty,a corresponding to the Taylor coefficient a, which is itself quadratic.

By viewing the linearized variable w as a low frequency coefficient, T,,a may be
viewed as quadratic in the nonlinear variable R. More generally, the correction of the first
step misses unbalanced cubic source terms which are quadratic in the nonlinear variables
(W, R) with low frequency w coefficients. We address most of these source terms via a
correction in the second step, other than those quadratic in R, which we resolve in a third
step.

Before defining the corrections (0, 7), we enumerate notation that we will use in this
subsection. Corresponding to the three steps above, we will define

(W, 7) = (W01, 71) + (W2, 72) + (W03, 73),

where (w;, ;) will be defined below. We denote the source terms of the paradifferential
(w;, F;) equation by (&;, K;), i.e.

{ Tp, Wi + Ty_ydali + T(y_yyg, Wi = 4. (5.18)

Tp,7i —iTi—y Ti+aW; = K.
Throughout, our normal form corrections reflect two cases:
(i) high—low interactions,
(ii) balanced interactions with low frequency output.

Regarding the second case, it is convenient to let [T = P IT throughout, thus including an
implicit projection P.
Lastly, it will be convenient to state our corrections in terms of the following interme-
diate between W and 3;,'Y:
X :=T—yW.

We proceed to define our first set of corrections,
W1 = —0u(TwX + M(w, X)) — T(wy, X),
F1 = —(Tr, X + H(rq. X)) — M(re, X).

We remark that at the quadratic level, this correction is nothing but the corresponding
(i.e. non-paradifferential) holomorphic (i.e. linear in (w, r)) part of the linearization of the
normal form transformation (1.12).

We first verify that this correction satisfies (5.15). Indeed, by Sobolev embeddings and
paraproduct bounds,

19 (Tw Xl gr1js < NwllLslID 1Y Xallzs Sa 1wl s IWell s

Similarly,

—1/4
150 Xl e S MDY 4 ralla | Xallmmo Sa 7l sl Weellzoo.
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The balanced frequency terms are straightforward; for instance,
10 TX(w., X))l 174 Sa 1wl grojallWallLoe.

It is also straightforward to verify that this correction satisfies the secondary bound
(5.16); for instance,

196 (Tg X))l g1/a S 11DV WellBmoll gl 2-
Next we turn to the source terms, and prove the following.

Lemma 5.10. We have the representation
G1=—PS +6,+G, Ki=—PKi+Ki+K
where (G, K) satisfy the bound (5.17), whereas (61,1, K1,1) are given by

G1.1(w,r) = Tw(rl_yagn(x, R) + I (Yy, R) + Tl_yH(Raa,)?) — PM),
Ki1(w,r) =i Ty (T14+a9a 1Y, X) + T14aT(Ye, X) + Ti-y Pa).

In other words, our first normal form correction W does not quite allow us to dispense
with the paradifferential truncations (¥, KX1). Instead, it allows us to replace them with
the milder source term (,1, K1,1) (modulo perturbative errors (G, K)). These residual
source terms are milder in that they are cubic, though unbalanced and hence not quite
perturbative.

Throughout the computations below, we use the observation that cubic and higher-
order terms such that the lowest frequency variable is “fully differentiated” may be
absorbed into G or K, where

(ID)?*W,|D|>’*R) e BMO, (|D|"*w,|D|*'*r) € L.

For instance, for the following typical term appearing in the first equation, the lowest
frequency variable is either Y or r, and both are fully differentiated (and in fact over-
differentiated):

—3/4 —1/4 5/4 2
1Ty Tr W 1 < DI *Yallomoll D174 rall2 D/ W llamo <a ALl 3

which verifies (5.17).

For quartic and higher-order terms, terms such that the lowest frequency variable is
a linearized variable w (even with no derivatives) may also be absorbed into G or K, by
measuring w in L* and applying a Sobolev embedding. For instance, for the following
typical term appearing in the first equation, the lowest frequency variable may also be w:

— — 1
1Ty R Tw Wl 1 S 11D *Yallomoll IDI™* Rellsmo |wll s | D F We |+

1
%

< 2
S ANl

which verifies (5.17).
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Proof of Lemma 5.10. We compute the contributions from (@1, ;) when inserted in the
left-hand side of (5.18), separating the output into the three components as in the statement
of the lemma. It is instructive to compare the leading-order bilinear interactions with the
normal form computations in the proof of Proposition 5.6, though the situation here is
more delicate as we cannot apply an exponential conjugation to lower the order of our
source terms and corrections.

(1) We begin by computing the first equation in (5.18), starting with the high—low
corrections in (Wy, 71). After commuting D, with 0y,

~Tp,0aTwX = —04Tp, TwX + Ty, 00TwX = —84Tp, TwX + Tp,TwXa + G,

we have the following four contributions to the first equation, using the para-Leibniz rule
in Lemma 3.6 (precisely the ¢ = 0 case of the bound (3.9)), then part (b) of Lemma 3.8
for the para-material derivative of X, and Lemma 5.7 for the para-material derivative of
(w, r) (combined with the secondary bound (5.16) on (w1, 7'1) to justify absorbing the
source terms into (G, K)):

—0¢Tp, TwX = =04 (Tp,wX + TwTp,X) + G
= 00(Tr, 3 ratTwRDX + Tw (= Tr,_yr, X + P(1=Y)R)
+ (Xa, b)) + G
=0aTr,_;r,X + 8aTwP[(1 = Y)R] + Ty 0aT1(Xs.b) + G,
Tbu TyXe =Ty TTl_yRaJ,-Tl_y]éaXa + G,
~T,_704T;, X = =0aTT, 51y, X + G,

1-Y
_T(I—Y)RaaaTwX = —Tw TTI— RaX(x + G.

Y
Consider the middle term of the first contribution. Applying the product rule, we have
0aTwP[(1 = Y)R] = Ty, P[(1 = Y)R] + Ty P[(1 — Y)Ry] — Ty P[Y4 R).

The first two terms (note Ty, P[(1 — Y)R] = P Ty, b) are two of the high-low paradif-
ferential truncations in §;.

Summing all remaining nonperturbative terms and observing cancellations, we obtain
the secondary error terms

Ty P[~YeR + 0, T1(Xo.b) + Ty, 5. Xa] (5.19)

which we collect in &7 ;.

(2) Continuing with the first equation in (5.18), we have analogous computations for
the frequency-balanced corrections with holomorphic variables, with the following differ-
ences:

(i) Several terms have better derivative balance and may be absorbed into G directly.
Indeed, all of the errors corresponding to those in (5.19) are perturbative.
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(i1) On the other hand, the following cancellation no longer applies, as the right-hand
side is in fact perturbative:

9 TI(T,_3 T Ra, X) # 811w, Tr,__g,X) = G.

As a result, we obtain the desired balanced interaction truncations analogous to before,
but with a different residual for §; 1,

TwT)_70.T1(Re, X), (5.20)

where we have used Lemma 2.6 to factor out the coefficients.

(3) Lastly for the first equation in (5.18), we have similar computations for the
frequency-balanced corrections with one antiholomorphic variable. The difference from
(2) is that we include only the correction where d,, falls on w. Using Lemmas 3.6, 3.8 we
have

—Tp, (g, X) = M0, Tp,w, X) + M(wy, Tp,X) + G
=T,_y(raa + TwRaa. X) + M(wy, T1—y R) + G,
~T,_30o(ra, X) = =T, _3 N(rae, X) — N(re, T,_7 Xo) + G.

The second term of the first contribution,
M(we. T1-y R) = M(we. P(1-Y)R)) +G.

is the other desired balanced interaction truncation in §; from IT(wg, b).
Consider the second term of the second contribution. Applying Lemma 3.2 to express
X in terms of Y, we have

~T(ry, T)_3Xo) = —T1(re, Y) + G.

This is the last desired paradifferential truncation in ;.
After cancellations, the only residual term for & ; is

Ty Ty Roa. X) = Ty T,_§1(Rea, X) + G, (5.21)

where we have used Lemma 2.6 to factor out the coefficients.
Summing (5.19), (5.20), and (5.21), we have the residual terms

~TyP[YaR + 0 T1(Xa.b) + Tr,_ g Xa + 8oTy_gT1(Ra. X) + T)_y T1(Raq. X)].

Applying perturbative modifications, and in particular Lemma 3.2, we obtain exactly § ;
modulo perturbative terms G.

(4) Next we compute the second equation in (5.18). We begin with the high—low cor-
rections. Applying the bound (3.9) in Lemma 3.6 and part (c) of Lemma 3.8 for the first
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identity and Lemma 3.2 for the second, we have

—Tp,Tr, X = To,1p,r X + T, T, X + K
= —TiT1 oy wa-Ti4aTuYe X + T, T_§R+ K
=—iTitaT(1-V)w)e X + T, Ti_g R+ K,
iT1-yT1+a0aTwX = iT1—-y T1+a T(1-v)w)e W + iT1-y T1+aTwT1-y Wa + K
=iT1+a (=)o X +iTi4aTwY +iTi—y T1+a T II(Y, Wo) + K.
After summing the two contributions with cancellations and applying Lemma 3.2, we

obtain
T Ty_# R+ iT11aTwY +iTi1aTwII(Y, Xo) + K.

The first two terms (note that 7,7, _y R = PT,,b + K) are two of the high—low parad-
ifferential truncations in X, leaving to K;,; only the third term,

iTiraTwI(Y, Xo). (5.22)

(5) Continuing with the second equation in (5.18), we have analogous computations
for the frequency-balanced corrections with holomorphic variables, with the following
differences, similar to step (2):

(i) The error term in (5.22) becomes
iT1+aH(w, H(Y, Xa)),

which may be absorbed into K directly.

(i1) On the other hand, the following cancellation no longer applies, as the right-hand
side is in fact perturbative:

iTy4aTI(Yqw, X) # i Ti—y Ty4aTl(w, Ty, W) = K.

As a result, we obtain the desired balanced interaction truncations analogous to before,
but with a different residual for K i,

iTi4aTw 1Yy, X). (5.23)

(6) Lastly, for the second equation in (5.18), we have similar computations for the
frequency-balanced corrections with one antiholomorphic variable. The only difference
from (5) is that we lack the term analogous to

iTi—y T1+a TI(w, Xo)
(contributed by w1 ), which would be

iTl_YT1+aH(w, X_oc)’
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but accordingly, this is absent as a paradifferential truncation in JK';. We thus obtain only
the residual term analogous to that in (5):

iTi4aTw(Yy, X). (5.24)

Summing (5.22), (5.23), and (5.24), and observing that in K, only the high—low
paradifferential error from the Taylor coefficient a remains, we obtain K ;. ]

We proceed with the second step in the construction of the normal form correction,
which cancels those errors in (§,1, K1,1) which can be seen as quadratic in the nonlinear
variables (W, R) and with w as a low frequency coefficient. The corresponding correction

addresses the quadratic part, while w is simply retained as a coefficient. We define this

correction as”

_ 1 _
Wy = Ty (—Tﬁ Pa+ SO T(X. X) + M(Xaa. X)),
7y = 0.

We first verify that this correction satisfies (5.15). By Sobolev embedding and Proposi-
tion 3.3,

2
17w s all g < lwllze(t + lallz) 1101 4all e <a A5 e

The balanced terms are then easily estimated.
As with (01, 71), the secondary bound (5.16) is also easily verified. For instance,

1T T all;y < 01Nz (1 + llallze)ll DY *allsvo <4 AALIf 2.

Next we turn our attention to the source terms.

Lemma 5.11. We have the representation
G =—61+6.,+G. K= —Ki11+ K12+ K,
where (G, K) satisfy the bound (5.17), whereas (812, K1,2) are given by
G12(w,r) =0, Kiz(w,r) =2iTyPa.

We see this nearly dispenses with (§,1, K1,1), other than a residual Taylor coefficient
truncation in K », which we will leave to the third step of our normal form construction.

“This is obtained again by a standard normal form analysis, but taking care to also match the low
frequency coefficients.
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Proof of Lemma 5.11. We begin by considering the Taylor coefficient correction term in
Wo, starting with the contribution to the first equation of (5.18). This is done as in the
proof of the previous lemma, using Lemma 3.6 to distribute the para-material derivative:

_TD,TwTLGZTTDwTLCl‘FTwTT La—i-TwTLTD,a—i—G.
T+a ! T+a D¢ T+a T+a

The first term goes into G using the second estimate of Lemma 5.7 for the material deriva-
tive of w along with the bounds on ¢ in Lemma 3.3:

1
ITrowT s allyy Sa ITowl oy 11D Ballsvo <40 431G 1)l

The second term is also perturbative, as we can use (3.2) to complete Tp, to D; and then
finish with (3.17). Lastly, we have by (3.16),

Tp,Pa =-T1yaPM + E,
where E is perturbative via the error bound
”E”W%“ SAﬁ AZ%
Summarizing, we have proved that
—TDtTwTﬁPa =TwPM + G

which matches the last two terms of ;. To the second equation, this correction term
generates
iTl_yTHaTwTﬁPa =iTyPa+ K.
a

This contributes to K> a second copy of the Taylor coefficient term, where we have
rewritten
iTyTi—y Pa =iTyPa + K,

perturbatively peeling off the case where w is lowest frequency, as this component is
quartic.
We proceed with the remaining correction terms, which are somewhat simpler:

(1) We compute the first equation in (5.18), starting with the term with holomorphic
variables and using Lemmas 3.6 and 3.8:

1
ETDt Twd2TI(X,X) = —TT,_52TH(X,R) + G

which is the first term of §; ;.

(2) Continuing with the first equation, we address the term with one antiholomorphic
variable in the same manner:

TD, Ty H(Xaaa )?) =-Ty (Tl_YH(Raou X) + TI—YH(Xoux» Ié)) +G.

These are the remaining terms of ; 1, using Lemma 3.2 on the second term.
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(3) We compute the second equation in (5.18), starting with the term with holomorphic
variables:

1 .
=511y T14aTw GG TUX, X) = =i T1-y T4 TwdaT1(Xa, X) + K,

which is the first term of X ;, after applying Lemma 3.2.

(4) Continuing with the second equation, we address the term with one antiholo-
morphic variable:

—iT1-y Ti4aTw 1(Xg, X) = =i T1 4o Ty 1(Ye, X) + G.
This is the remaining term of K ;. [

It remains to cancel the paradifferential truncation from the Taylor coefficient. We
define the correction

+a

W3 = _P((waa)Xa) - Tll TyPa,
F3 = _P((Tw)?a)R)-

As with (W3, 72), it is straightforward to verify that this correction satisfies (5.15) and
(5.16).

Lemma 5.12. We have

g3:_g1’2+G:G, ﬁzZ—J{],z—}—K:—ZiTxPa—i—K,
where (G, K) satisfy the bound (5.17).

Proof. (1) We begin by checking that no nonperturbative errors are contributed to the first
equation in (5.18). For this we repeatedly use Lemma 3.6, noting that the terms involving

the para-material derivative Tp, of the “coefficients” w and ﬁ, as well as those involving

[Tp,, 0«], are all perturbative. We also repeatedly apply the para-associativity lemma,
Lemma 2.7, and use (3.16) to compute the para-material derivative of a:

~Tp, P(TwXa)Xe) = P[(TwdaTp,X)Xa]+P[(TwXe)daTp, X1+ G
= P[(TwTi-y Re)Xa] + P[(Tw Xe)Ty_y Rl + G
=Ty P[RoY] + P[(TyXe)T,_3Ra] + G,
~Tp, T TwPa=~T1 TyTp,Pa+G=TyPM+G
= Ty P[RYy — R, Y] + G,
—T)_70a((TwXa)R) = —T_7[(Tw Xaa) Rl — T, _7[(Tw Xo) Ra] + G,
Ta_7)R, (—(Tw)?a)Xa—Tﬁ Ty Pa) =G.

Summing and using Lemma 3.2, all the terms cancel up to G errors.
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(2) For the second equation of (5.18), we compute

_TDtP[(TUJY(X)R] = P[(Tle—YRa)R]
—iP[(TyXo)T14aY] + K,
~iT1—y T14+a(=P[(TwXa)Xol = T 1_TwPa) = iTi4a P[(TwXa)Y] + iT Pa + K.

Summing, we see that two terms cancel, leaving two copies of the desired Taylor coeffi-
cient term. u

5.6. Normal form analysis for (§¢, JCo)

In this section we introduce normal form corrections to (w, r) which will cancel the
leading-order contributions of the source terms (&, Ko) of the linearized equations,
defined in (4.3). Precisely, we will show the following.

Proposition 5.13. Assume that (w, r) solve (5.3). Then there exists a linear normal form
correction

(W, 7)) = NF((w, r)(1))

solving an equation of the form

Tth + Tl_yaaf =+ T(I_Y)Raw =—-P% + G,
Tp,7 —iTi—yTi+4W = —P Ko + K,

with the following properties:

(i) Quadratic correction bound.:

I NF(w, )| jp17e Sa AW, 1)l 1/s-

(i) Secondary correction bound:

I NF(g,k)”g@l/zt <4 A%”(g’k)”g@o'

(iii) Cubic error bound:
(G, Kl gorys < 4 Aéll(w,r)llggm-

Similar to the normal form correction for the paradifferential truncations (1, K1), we
will build the correction in three steps, denoting the output of the three steps by, respec-
tively,

(0, 7) = (01, 71) + (W2, 72) + (W3, F3),

along with their source terms (§;, K;) in (5.18).

In the first step, we construct a correction to generate the quadratic terms, which are
linear in the linearized variables (w, r). Second, we construct a correction to generate the
terms which are quadratic in the nonlinear variables (W, R) and their conjugates (with w
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appearing as a low frequency coefficient). Lastly, we have a correction to address terms
quadratic specifically in R.

We define our first set of corrections, which rectify the quadratic source terms which
are linear in (w, r) (unlike the last two corrections, which are primarily quadratic in (W, R)
and with (w, r) playing the role of coefficients):

w1 = —P(xWy),
r1 = —P(&Ti+w, R).

We remark that at the quadratic level, this correction is nothing but the corresponding (i.e.
non-paradifferential) antiholomorphic (i.e. linear in (w, 7)) part of the linearization of the
normal form transformation (1.12).

These corrections satisfy the bound (5.15), as is easily verified with Sobolev embed-
ding, as well as (5.16), similar to ; in Section 5.4.

We will prove the following, where we recall that (6,0, Ko,0) is defined in Lemma 5.3.

Lemma 5.14. We have the representation
G =%+ %1 +G, Ki=-Koo+ Koi+K,
where (G, K) satisfy the bound (5.17), whereas (§o,1, Ko,1) are given by

Go,1(w, 1) = T (Il(Wya, b) + T(T,_y Wo — T14w, Y, Ry) — Ti+w, PM),
Ko1(w,r) =Tz(iPa + 2T14w, T, _§ TR, R + TI(T14+w, Ra, b) + i T1 44 TI(Y, Wa)).

Proof. (1) We compute the first equation in (5.18). For this we use Lemma 3.6 to distribute
the para-material derivative and then Lemma 5.8 to capture the leading part of D;x. On
the other hand, for Tp, W, we need to use the full expression (3.11) of Lemma 3.7. We
will also use Lemma 3.2 to relate Y and W,, paraproducts:

~Tp, P(iWy) = —P[(D:X)Wo] — P[XTp, Wal + G
= P[T1—y(T,_gia + Tz Re) Wy]
+ P[X(DaT14w, PI(1 =Y )R]+ Tp, We + 0o TL(We, b)) + G
= P[T14w,(T_yTa + Tz Re)Y]
+ P[&(Tw,,T,_y R + T1 1w, P[~YoR]
+ Ti4w, P[(1 = Y)Ra))]
+ P[x(Tp, Wy + T(Wyq. b) + II(Wy, by))] + G,
=T, _30a P(xT14w, R) = —P[T14+w, T;_yXa R]
— P[xTw,T\_y K]
— P[xT14w,T,_7Ra] + G,
—T_pyr, P[iWal = —P[XT_g)p, Wal + G.
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Summing and observing cancellations, we obtain the following contributions to the
source terms in the first equation in (5.18):

P[Tl_YT1+Wa(fot + TERQ)Y] - P[T1+Wa Tl_Y)EaR]
+ P[%(—T14+w, P[YaR] — T14w, T1(Y, Ry))]
+ PIE(T_yy o, Wer + TT (W, b) + T (W, ba))] + G

The first two terms form §j o, as desired. The remaining terms are precisely %1, after per-
turbative rearrangements (noting that the case where X is balanced with the holomorphic
terms is perturbative) and applying Lemma 3.2.

(2) We compute the second equation similarly, by applying Lemma 3.6 to distribute
Tp, and Lemma 5.8 for the leading part of D;x. We use (3.11) of Lemma 3.7 for Tp, R,
but (3.12) suffices for Tp, W,. Thus we obtain

—Tp, P[&Ti 4w, R] = —P[(D;%) 1w, R] — P[Tp,w, R — P[*T14w, Tp, R] + K
P[T1—y(T\_y7a + Tz Ra)Tr 4w, Rl + PIXTr, .7\, Ra R]
+ P[xTi4w, (i(1 +a)(1 = Y) + Tr,b + II(R4. b))] + K,
iTi—y T14a P[xWo] = iT144 P[x(T14w, Y + TI(Y, Wo))] + K.

Summing and peeling away perturbative terms using para-commutator and paraproduct
estimates, we obtain the following contributions to the source term in the second equation:
P[(Tl_}_’fa + T)ERa)R]
+ P[x(ia + 2114w, T, _§ TR, R + T(T1+w, Ra, b) + i T11oTI(Y, Wa))]
+ K.

The first term matches Ko o, as desired. The remaining terms are precisely Ko ; (again
noting that the case where x is balanced with the holomorphic terms is perturbative). =

In the second step, we introduce the corrections which generate the source terms which
are quadratic in the nonlinear variables appearing in (5,1, 5o,1):

Ty = T (Tl (Waa, RX) — TT(Wa, R Xo)) — TI(Wa, Xo) — T 1 Ti4w, Pa),
iy = Te(II(T1 4w, Ra, RX) — I(RT 14w, R, Xa)).

1+a

Here we have treated T% as a low frequency coefficient which simply carries over to the
corrections. These corrections satisfy the bound (5.15), as is easily verified with Sobolev
embeddings, as well as (5.16), which is similar to the case of W, in Section 5.4. The source
terms generated by these corrections in (5.18) are as follows.

Lemma 5.15. We have the representation

% =—%,1+%:+G Ki=—Koi+Ko>+K,
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where (G, K) satisfy the bound (5.17), whereas (80,2, Ko,2) are given by
Go(w,r) =0,
1
Koyz(w, r) = T)‘C(ZIPCZ + 2T1+Wa Tl—}?TRa R + zaaH(T1+WaR, b))

Proof. We begin by considering the Taylor coefficient correction in 5. Its contribution
to the source term $, of the first equation in (5.18) is computed using Lemma 3.6, and
then (3.16) to compute the para-material derivative of a. Here, as well as in all computa-
tions from here on, the para-material derivative Tp,x of x, given by Lemma 5.8, plays a
perturbative role. Note that the only nonperturbative case is when the derivative falls on
the high frequency a:

—TDtT;CT#TH_WaPa = T,}TH_WQPM + G,

matching the last two terms in g ;.
On the other hand, its contribution to the second equation is

—l‘Tl_YT1+a(—T)‘CT#T1+WaPCZ) = iT;CPa.

This is the extra Taylor coefficient term i 7% Pa in Ko ».
It is now convenient to compute the derivatives of the term

—Tx (W, Xa)
in ;. We have, in the first equation,
Tp, Tz NI(Wy, Xo) = 2T:T,_§ 1(Wy, Ry) + G,
and in the second equation,
—iT -y T14a T3 I (Wy, Xo) = —iTzT1+oaTI(Wy, Y) + G.
Thus, after (G, K)-perturbative modifications, it remains to match

g(;,l(wv r) = Tz (MM(Wya, 20T, _y R) — T1+w, Tl_fn(sza, Ry)),

. (5.25)
J{(’,’l(w, r)=Tz(ia+2T1yw,T,_ TR, R + II(T14+w, Ra. 20T, _¢ R)),

instead of (5,1, Ko,1), with correction terms

@2 = TX(H(Waa» ERX) - H(Wﬂts ERX“)),
7y = Te(II(T1+w, Ry, RX) — IR T1+w, R, Xo)).

We substitute this in the para-linearized equation, and apply our para-Leibniz rule in
Lemma 3.6. Whenever the para-material derivative or a regular derivative applies to the
coefficient Tk (or any other low frequency coefficient) we get perturbative contributions
which we can neglect. This greatly simplifies the computations below.
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(1) We compute the contributions in the first equation in (5.18):

Tp, @), = Te(~T1(T,_g T14w, Raa. RX) — TI(Waq. RT,_g R)
+ T(T,_3 T1 1w, Re. WXo) + TI(Wer. RT,_3 Ra)) + G.
T,_30o75 = Te(I(T,_3 T1+w, Raa, RX) + TI(T, _g T1+w, Ra. N Xo)
— (T, _¢RT14w, Re, Xo) — (T _gRT14w, R, Xoo)) + G
= Tx(I(T,_g T1+w, Rae, RX) + TI(T, _y T14+w, R, R Xe)
—IRT_gRa, Wo) —IIMT,_3 R, Waa)) + G.

Summing the two contributions and observing cancellations, we obtain the source terms
Tk (H(Tl_? T1+WO, Rq, 2mXa) - H(WOIOU 2mT1_17 R)) +G

which match the remaining terms in §j,;, recorded in ﬁé’l, (5.25).

(2) We compute the second equation in (5.18):

Tp, 7y = Tz (i T14+a N(T14w, Yo, RX) — IH(T1 4w, Ra. RT,_7 R)
Ty 4o IR T 14w, Y. Xa) + T(Ti4w, R.RT,_y Ra)) + K.
CiTy_y Tysalh = —iTsTrra1(T1aw, Yoo RX) + iTs T11a 1(Th 4w, Y. N Xa) + K,
= —iTsT14aTL(T1ow, Ya. RX) + i T T14a IR Ty 4w, Y. Xa) + K.

Summing the two contributions and observing cancellations, we obtain the source terms
1 _ _
ET;C(H(R, Ry) — II(Rq, R)) + K.

Summing this with the remaining terms in Ko ;, recorded in K ,, (5.25), we obtain

xo,z. |

It remains to build a correction to match Ko », consisting of errors in the second equa-
tion which are quadratic in R and with X coefficients. Define

W3 = i Ti4w, (P[TeXo Xa] — iTﬁP[TxRaR])

ST, (MK, Xe) — 1T 1 TR R)

+ 0Og (TT;CWQX + %T;H(Wa, X)) =: W3, + W3,z + W3,3 + W3,4.
73 = iTiw, P[Ts XoR]

+ ST, (Ko, R)

+Tr.w,R+ T r, W

+ %TiaaH(W7 R) =731 + 732 + 733+ '34.

As usual, it is easy to verify (5.15) and (5.16).
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Lemma 5.16. We have
G=—62+G=G, Ky=-Koa+K,
where (G, K) satisfy the bound (5.17).

Proof. It remains to match

1
Koo(w,r) = Tz (2m 2T w, Ty_yTr R + EaaH(THWaR,b))

) 1 -
T (2la + 30aTl(T1w, R. Tioy R)

1
+ 2T 1w, Ty_y Tr, R + 59 TU(Ti e, R, T_yR)+G
=: Koo2,1 + Ko2,2 + Kop2,3 + Koo2,a.

The Taylor coefficient term, and more generally the quadratic Ry R and RR, terms col-
lected in Ko 2,1, Ko 2,2, are corrected by (W3,1,73,1), (W3,2, 73,2), respectively. The com-
putations are easily adapted from the Taylor coefficient corrections of Lemma 5.12, so we
omit them here.

The remaining terms in Kg > 3, Ko 2,4 are of the form Ry R, and will be corrected by
(W3,3, 73,3), (3,4, 73,4), respectively. In the following, we demonstrate only the compu-
tations for the high—low interactions Ko .3, since the frequency-balanced interactions in
Ko,2,4 are similar. Thus, we are reduced to correcting

Ko,2,3 = 2T T1+w, Ti_§ TR, R
with the corrections

W33 = 0 Tryw, X,
P33 =Tr.w,R+ TR, W.
(1) We begin with the first equation, using as usual the para-Leibniz rule and the appro-

priate para-material derivative formulas, and observing that cases where the derivative falls
on X are perturbative:

Tp, W33 = —0(Tr.—pyg W + Trzw, T1_y R) + G,
T, 304733 = 0(Ty_gTr: R, W + Ty _3 1w, R) + G,
so that we have no nonperturbative new contributions.
(2) For the second equation,
Tp,F33 = =T1:7, 3T wy R R +1TTw, T14aY
+iTrir ¥ W — TR, T _ Th4w, R + G,
—iTi—y T1+aW3,3 = —iT14a(Trew, Y + Ty, W) + G.

We see the remaining terms, after perturbative modifications and cancellations, match
J(() 2.3. | |
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6. Energy estimates for the full equation

The main goal of this section is to prove energy estimates for the (W, R) equation in Hs
for s > 0 with an Azl constant, as stated in Theorem 2.

We are not only interested in having a good energy estimate, but also in understanding
the structure of the differentiated evolution (1.2). Thus, as part of the proof, we will also
prove the renormalization result in Theorem 5. This will be useful in the next paper in our
series, where we prove Strichartz estimates at low regularity.

We remark that, since (W, R) solves the linearized equation, the bounds for the lin-
earized equation in the previous section yield the case s = %. We are interested in all s
but particularly the case s < %. The estimates for the linearized equation will not work for
s # %, but here we can take advantage of the fact that (w,r) = (W, R) and balance things
better.

6.1. The main steps of the argument

To begin the analysis, it is useful to recast (1.2) in a paradifferential form with a source
term, based on the paradifferential equation (4.7). Within the source term, we will peel
off perturbative contributions, denoted by (G, K) for the remainder of the section. These
are nonlinear expressions in (W, R) with the property that they satisfy favorable balanced
cubic bounds of the form

1(G. K)llgos Sa ATNW, R)| g ©.1)

The remaining source terms are of two types:
(a) quadratic terms in (W, R);

(b) unbalanced cubic terms, which can also be viewed as a quadratic expression in
(W, R) but with a lower frequency coefficient which depends only on an undiffer-
entiated W.

Implicitly, a similar analysis was carried out in [15] by further differentiating the (W, R)
equation. The difference is that in [15] all of the cubic source terms went into the pertur-
bative box, whereas here we make a finer distinction.

We state the outcome of this computation in the following.

Lemma 6.1. Equation (1.2) can be rewritten as a paradifferential equation for the vari-
ables (0, 7) = (W, R), of the form

{TD,@ + Tba@+aaT1_)7Tl+Waf =§(W,R)+ G, 6.2)

I, + Ty, 7 = iTa-yypTi+a® + Tui = K(W. R) + K,

where

9 = —3[II(W, T,_gR) + (W, T1—y R) + II(Y, T1+wR)],
K = —T,_3T(Ra, R) = T1—y [I(Ra, R) = i T1—y T1 4o T1(Y, W)
— T1—yI(Ry, R).
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As in the previous section, here we include an implicit projection P in I1. We note
that in § one can equivalently take all the paraproducts out in front. The above lemma is
proved in Section 6.2.

We will divide the analysis of equation (6.2) into two steps. We will first prove an Hs
well-posedness result for the paradifferential equation (4.7). Fortunately, we do not need
to do this from scratch, and instead we can rely on a similar result proved in Proposi-
tion 5.1 in the course of the analysis of the linearized equation. For this reason, we state
the outcome of this step as follows.

Proposition 6.2. For the paradifferential equation (6.2) above, we have that

(a) there exists a bounded linear transformation (independent of s) reducing (4.7) to
the linearized paradifferential equation (4.5). Precisely, given (W, F) satisfying
(4.7), there exists (w, r) satisfying (5.1) such that for any s € R we have

(i) invertibility:
(wa. ra) = (@, F)l gos <a All(w. 1)l gos.
(ii) perturbative source term:
(G, K)l 55 <a AZ% 1w, ) gps -

(b) As a consequence, Proposition 5.1 holds with (4.7) in place of (4.5).

This result is proved in Section 6.3; in particular, it yields a good Hs energy functional
for (4.7).

Our second step is to interpret the differentiated system (1.2), expressed in the form
(6.2), perturbatively based on the paradifferential equation (4.7). However, the source
terms (¢, K) are not directly perturbative. Instead, we will show that there exists a favor-
able normal form transformation which largely eliminates the source terms.

Proposition 6.3. Given (W, R) satisfying (1.2), there exist modified normal form vari-
ables (WnF, Rng) satisfying an equation of the form

Tp, Wnr + Tp, Wnr + Ty _7 Ti+w, Rne = (W, R),
Tp,Rnr + Tpy Rnp — iT—y)2 T1+a WnE + T Rng = K(W, R),

such that for any s > 0 we have

(i) invertibility:

[(Wnr, Rap) — (W, R) | 5os Sa AW, R) | gps -
(ii) perturbative source term:

[ (W. R). K(W. Bl e Sa ATN(W. R)]| .

This result is proved in Section 6.4.
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6.2. The paradifferential form of the differentiated equation

Our goal here is to prove Lemma 6.1. We successively consider all terms in the two equa-
tions in (1.2), which for convenience we recall here, written in a slightly more convenient
algebraic fashion

DWW+ (1=Y)1+W)Ry = (1+W)M,
D:R=i(1—(1-=Y)(1 + a)).
We will use this equation in its projected form.
Along the way, we place perturbative terms in (G, K). As a general rule, all terms we

place in (G, K) are cubic and balanced, in the sense that the two highest frequencies are
comparable and the low frequency variable is fully differentiated.

(1) For the first term in the first equation, expanding » and discarding balanced terms,
we have

PDW = Tp,W + Tw, Pb + I1(W,,b)
=Tp,W+ Tw,T,_¢R + I(Wo,T,_¢R + T1—y R) + G.

For the second term in the first equation we use a paraproduct expansion discarding
all balanced terms,

Pl[(1+W)(1—Y)Ry] = T14wT,_3Ra — PTi4wTr,Y + T, 3Tr,W
—T14wIl(Y, Ry) + T,_3TL(W, Ry) + G.
Finally, for the source term in the first equation we use (1.3) and Lemma 3.5 to get
P[(1 +W)M] = TiswPM + TyW + G = T1twP[Y4R — Ry Y]+ Ty W + G
=Tiyw(Ty,R— Tz Y) + Ti1w[l(Yy, R) — TI(R,. Y)] + G.
We combine these terms, using Lemmas 3.2 and 2.5 to write
Ty yTR,W + TiywTR Y =T, yTrR, W+ T1—yT3 W—TyW+ G =T, W+ G,
in order to obtain the first equation in (6.2).

(2) We now consider the two terms in the second equation, which we expand in a
similar fashion:

PD;R = Tp,R + Tr,Pb + II(Ry.b)
=Tp,R+ Tg,T)_yR + TI(Ry., T,_yR + T1_yR) + K

respectively, using Lemma 3.3,

W—a
P[ ]:P 1—(1 1—Y
rw) =PI a1
= T1+aY — Tl_yPa + H(Cl, Y)
=Ti4aY —iTi—y[ReR] + K

=Ti1aY —iT1-yTg, R—iTi_yTI(Ry. R) + K.
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Just as in the case of the first equation, we recombine
TR, T;_ gy R+ Ti—yT{ R =Tp,+mR + K,
and use Lemma 3.2 to write
T1+aY = Ta—yy2T1+aW — T1—y T1+,T1(Y, W) + K,

obtaining the second equation in (6.2).

6.3. Well-posedness for the paradifferential flow

In this section we prove the paradifferential well-posedness result in Proposition 6.2. One
could also do this directly, but instead it is more efficient to transfer this result from a
similar result in Proposition 5.1.

Consider a solution (W, ) to (4.7). Motivated by (4.8), define

(w,r) = (3, W, 9, Ty 4wF — 8, Tr, 9, B).
It is easily seen that we have the norm equivalence
. )| gpss1 Sa 1@ F) | gps-

We will prove that the equation for (w, r) is a perturbation of equation (4.5), which will
allow us to establish an equivalence between the Hs well-posedness of (4.7) and the Jos+1
well-posedness of (4.5).

We insert (w, r) into (4.5) and compute the corresponding source terms. For the first
equation of the system for (w, ) we have full cancellation,

8a(Tth + Tlffaar + TlfyTRaw) = TDIL/U\ + Tba@ + 3aT17?T1+Waf =0.

For the second equation we use (1.2) and (4.7) to compute material derivatives, Lemma 3.6
to distribute para-material derivatives, and Lemma 2.4 to commute paraproducts. Denot-
ing by K perturbative terms, i.e. which satisfy

1K oy Sa ATNW ) g
we successively evaluate the expression

K =0a(Tp,r —iTi—yT14qw)
as follows:

K = Tp,(Tipwf — Tr, 05" ©) + Toy (T14wF — TRy 9y ' ®) — i 0g T1—y T14qw
= (Tp,wF + Ti4+wTp,? — Ty, p,RW — TR, Tp, 5 ©) + T1+wTh,F
+iT14+aTy,w —iT1—y T14qwe + K
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= Tiyw(Tp, + Tp,)F — TR, (Tp, + Tp,)® + Tp,w# — Ty, p,RW
+iT1+aTy,w —iT1—y T14qWe + K

= iTiwTa+a) -y ® — TiawTu? + TR, Ty _g Ti4wf — T(y pwyq—7)R, T
+ Ta+wym? +iTy,+a)a-)W + iTi4aTy,w —iTi—y 140 + K

=K.

Here we have harmlessly replaced the para-material derivatives of W and R, with their
full material derivatives, and also we have discarded the d,a term using (3.2). Finally, at
the last step we have manipulated paraproducts using Lemmas 2.4, 2.5, 2.6.

Thus, the 5! well-posedness of (4.5) given by Proposition 5.1 implies the HS well-
posedness of (4.7).

6.4. The normal form transformation

In this section we construct the normal form transformation in Proposition 6.3. We recall
the nonperturbative part of the source term,

G = —0[TI(W, T,_yR) + II(W, T1_y R) + TI(Y, T14wR)],
K =—T,_yT(Ry, R) — T1—y I(Ry, R) — i T1—y T1 44 T1(Y, W) — T1_y II(Rq, R),

where one could harmlessly commute outside the paraproducts in the first expression.
Then we define the correction

W = —9,TI(W, 2% X),
R = —TI(Ry, 2% X) — II(T,_3 W, R).

For a partial verification of these expressions, we remark that the quadratic part of this
correction coincides with the balanced part of the derivative of the correction in (1.12),
after switching to the good variables (W, R).

We now insert these corrections into equation (4.7), and verify that the generated
source terms cancel (¢, K) modulo perturbative terms (i.e. which satisfy (6.1)).

Note that for both equations, the contribution of the T}, term is perturbative. Also,
in the first equation, the undifferentiated 7 terms are perturbative. Also recall that we use
Lemma 3.6 to distribute the para-material derivative, and Lemma 3.8 to compute the para-
material derivative of X.

We compute the contributions to the first equation of (4.7):

—Tp, 3o TH(W. 2R X) = 3, T1(T(;_g)(14-w) Ra- 20 X)
+ (W, T,_yR + Ti_yR) + G,
—Ty_gT14wdaT1(Ra. 2R X) = =0 TI(T(_gy(1 1wy Re- 20 X) + G,
~T,_3T14w0a TH(T,_3 W, R) = =0, T1(Y, T1+wR) + G.
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After cancellations, only the second terms of the first contribution and the last contribution
remain, modulo perturbative G terms, matching §.
Similarly, for the second equation of (4.7) we have

—Tp, TI(Ry. 2R X) = —i (T} 14 Ye, 20 X)
+ I(Ry. (Ty_y R+ T1_yR)) + K,
~Tp, T(T;_3W,R) = Ti_yI(Ry, R) — i T1 4o TI(T;_3 W, Y) + K,
iTa—yy2 T14a9 TH(W, 20 X) = i T1(T1 44 Ya, 20 X)
+iTi4a(Ti—y TI(W, Y) 4+ TI(Y, X)) + K.
TuR =K.

After cancellations, we match K modulo perturbative K terms. Setting
(Wxp. Rap) = (W+ W, R + R)

yields the desired normal form variables.

7. Local well-posedness

In this section we prove the low regularity local well-posedness result stated in Theorem 3.
The result from our previous paper [15] asserts that local well-posedness holds for more
regular data. We use those more regular solutions to construct the rough solutions by a
scheme which is similar to the one used there. Precisely, we truncate the data in frequency
and then move through a continuous family of solutions, thereby estimating only a solution
for a linearized equation at each step. We implement this strategy directly on the equations
(1.2) which are in terms of the diagonal variables (W, R). We begin with the main well-
posedness result in [15].

Theorem 8. Letn > 1.
(a) (Well-posedness) The problem (1.1) is locally well posed for initial data (Wq, Rg)
in #H".
(b) (Lifespan) There exists T = T (||(Wo, Ro)| 71, [|YollLeo) so that the above solu-
tions are well defined in [0, T'|, with uniform bounds.

Our goal will be to obtain an J* version of the above theorem with s = %. We recall
that the well-posedness result in part (a) carries different meanings depending on n. If
n > 2, then we obtain existence and uniqueness in C (") together with continuous depen-
dence on the data. On the other hand, if n = 1 then we only produce rough solutions
C (1) as the unique strong limit of smooth solutions, again with continuous dependence
on the data; however, for n = 1 we do not establish a direct uniqueness result.
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7.1. #° bounds for regular solutions

The solutions in the last theorem have a lifespan which depends on the J#! size of data.
Here we prove that in effect the lifespan depends only on the J3 size of data, and that we
have uniform bounds for as long as the J¢4 size of the solutions is controlled.
Precisely, suppose that for some n > 2 we have an #” solution (W, R) which satisfies
the bounds
[OW. RYO), 3 < Mo < 1.

Then we claim that there exists 7 = T (M¢) so that the solution exists in C ([0, T']; #")

and satisfies the bounds

[(W. R)| 3, < M(Mo), (7.1)

Lo(0,T;H %)
as well as the " and " bounds

(W, R)[| Lo (0,7396m) < C(Mo)[[(W, R)(0)] gen,
”(W» R)”Loo(()’T;e}@n) = C(MO)”(W’ R)(O)”J(n .

To prove this, we begin by making the bootstrap assumption

(W, R)| 2M. (7.2)

3. <
Lo°(0,T;H#4)

We will show that for a suitable choice M (M) depending only on My, we can improve
this to (7.1), provided that T < T (My).
From the bootstrap assumption (7.2) we bound the control parameter

AL S M.
1

By applying the energy estimates obtained in Theorem 2, and Gronwall’s inequality to
(W. R),

IW. RO,z < e IW. R)O)l,,3 < e Mo. € = C(M).

It is here that our smallness assumption on A is used, as it guarantees that our energies Ej
are comparable with the J¢5 norm of the solution.

The above estimate allows us to first choose M large enough and then T such that the
bound in (7.1) holds for ¢ € [0, T'].

At the same time, applying the energy estimates proven in Theorem 2 and Gronwall’s
inequality for higher norms of the pair (W, R) we get

IOW, R)(@)ll5en < e |(W, R)(O0) en

which allow us to propagate (W, R) as classical solutions up to time 7 using Theorem 8.
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7.2. Rough solutions

Here we construct solutions for data in J3 as unique limits of smooth solutions. Given an
J¢3 initial data (W, Rp) as above, we regularize it to produce smooth approximate data
(Wk, R’g ) = Px(Wo, Ro). We denote the corresponding solutions by (W¥, R¥). By the
previous analysis, these solutions exist on a k-independent time interval [0, T'] and satisfy
uniform # # bounds. Further, they are smooth and have a smooth dependence on k.
. 53 oL .
To better understand the evolution of the # % norm of the solution it is convenient to
use the language of frequency envelopes.

Definition 7.1. A sequence c; € {2 is called an #* frequency envelope for (W, R) € #*
if

(i) itis slowly varying, ¢j/cx < 27817=kl with a small universal constant §, and

(ii) it bounds the dyadic norms of (W, R), namely || Px (W, R)||5es < ck.

Consider a frequency envelope cj for the initial data (Wg, Rp) in # i. Then for the
regularized data we have

WE RK)lgen < 2=k > 1.
Il( 0
Hence, in the time interval [0, 7] we also have the estimates
IOWE, RF) [l g0n < 20Dk, > 1, (7.3)

We will use these for the high frequency part of the regularized solutions.

For the low frequency part, on the other hand, we view k as a continuous rather than
a discrete parameter, differentiate (Wk, R* ) with respect to k, and use the estimates for
the linearized equation. One minor difficulty is that the linearized equation (4.2) arises
from the linearization of the (W, Q) system in (1.1) rather than the differentiated (W, R)
system in (1.2). Assuming that (W*, Q%) were also defined, we formally denote

(Ww*, rky = (9, Wk, 8, 0F — Rk W),

These would solve the linearized equation around the (WX, R¥) solution. For our analysis
we want to refer only to the differentiated variables, so we compute

Do = 0 WF,
Oar® = (1 + WH)a RF — REwF.

We take these formulas as the definition of (wk, rk ), and observe that inverting the d,
operator is straightforward since the above multiplications involve only holomorphic
factors and therefore the products are at frequency 2% and higher. To take advantage of the
bounds in Theorem 7 for the linearized equation, we need a J¢* bound for (wk (0), r*(0)),
namely

l@* ). r* DIl 5y < 273,



Two-dimensional gravity waves at low regularity I: Energy estimates 609

The bound for w¥ (0) is straightforward, but some work is required for 7*(0). This fol-
lows via the usual Littlewood—Paley trichotomy and Bernstein’s inequality for the low
frequency factor, with the twist that, since both factors are holomorphic, no high-high to
low interactions occur.
In view of the uniform J¢3 bound for (Wk, Rk), Theorem 7 shows that in [0, T'] we
have the uniform estimate
1o )y < 2735,

Now we return to (WX, R¥) and claim the bound
| Pk Gk WE, 0k Ry < 2725, (7.4)
Again, the WX bound is straightforward. For d; RF we write
O R* = (1 = Y*)(0ur* + REBWH),

where again all factors are holomorphic. Then applying P<j restricts all frequencies to
< 2% and the Littlewood—Paley trichotomy and Bernstein’s inequality again apply.

Now we integrate (7.4) over unit k intervals and use it to estimate the differences.
Combining the result with (7.3) we obtain

||(Wk+1 —Wk,Rk+1 _ Rk)” < Csz%k
- (1.5)
||a§(wk+1 _Wk,Rk+1 _Rk)”ﬂ% s Ckz%k

Summing with respect to k it follows that the sequence (WX, R¥) converges uniformly
in '3 N J4 in the time interval [0, T'] to a solution (W, R). As the sequence (W¥, R¥)
is uniformly bounded in # i , it follows that we also have (W, R) € # i. Furthermore, it
is easily seen that the solution (W, R) inherits the frequency envelope bounds from the
data.

For the continuous dependence on the initial data argument, we need to show that
the sequence of solutions (WX, R¥) converges to (W, R) in the nonhomogeneous # i
topology. For the computations below, we note that the solutions (W*, R¥) and (W, R)
have uniformly bounded control parameters A, A 1, and A%, so we will use this notation
without any k indices. In addition, we introduce

AR = [|(Wo. Ro)| 3.

which uniformly controls the 3 norm of all the solutions (WK, RK) and (W, R). We
also introduce the notation

SWK:= Wk —w, 6RF:= R¥ - R.
From (7.5) we get the Hi convergence of the approximating sequence

_k
IEWE SR,y <272, (7.6)
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We will use this, together with the equations (1.2) for (WX, R¥) and (W, R), in order to
supplement this with a low frequency bound

_k
I(SWE, 8R*) | jpo S s assr 274 (1.7

By construction this holds at the initial time, so we need to propagate it.
We first claim that from (7.6) we obtain the following difference bounds:

_k
I8Y <Ny + 18a% ] g + 18651y + 18ME Iy S 272, (7.8)

where a* and b¥ are the corresponding a and b where (W, R) is replaced with (WX, R¥).
These are all relatively straightforward balanced L? bounds, whose proofs are left for the
reader. The bounds for §WX and §b¥ are too low in regularity for our purposes, but we
can interpolate with the uniform J¢# bounds to get

_k
1865 . 1 + [ISWF . Sasam 275 (7.9)

H2NL*® H2NL*®

Subtracting the equations (1.2) for (WX, R¥) and (W, R) we obtain

D/ SW = §bKWK — (1 + W)(1 — Y)RE + (1 — Y)RESWK — (1 + WF)RK§Y ¥
+(1 + WK)SMK + MSWF,
D/8RF = §b*RE —i(1 — Y)8a* +i(1 4+ a*)sYk.

Here we use the relations (7.8), (7.9) to estimate all the terms on the right in H—4 , obtain-
ing

_k
IDSWHI| .y + [ DeSR¥|| 1 < g o6 274

H 4 H4%
with D; = 0; + bdy. In the last bound we can harmlessly convert D; to Tp, modulo
errors that can be placed on the right,

_k
1D SWEI .y + 1D, 8RNI,y Sgeam 274

These two bounds allow us to compute energy estimates for §Wy and SRy, as follows:

d _ _
%uswkniz = / Ty, SWF - §WK da + 20t / Tp,§WK . §WK da
Sa IBWEIR )+ IWEI 4 1T, SWE gy
_k
Sat am 274,

and a nearly identical computation for §R*. This yields the desired bound (7.7) for the low
frequencies of the difference.

Now we return to the last step of the proof of the well-posedness result, which is the
continuous dependence on the initial data in the # i topology. The frequency envelope
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bounds are very useful in this proof. This is standard, but we briefly outline the argument.
Suppose that (W;, R;)(0) € J¢3 and (W;,R;)(0) — (W,R)(0) = 0in J 3. We consider
the approximate solutions (WX, R}‘), respectively (W, R¥). According to our result for
more regular solutions, we have

(WK RK) — (WK R¥) > 0 in g™, (7.10)
On the other hand, from the # i data convergence we get
(WK, R¥)(0) — (W;, R;)(0) — 0 in J¢# uniformly in j.
Then the above frequency envelope analysis, shows that
(W, R;-‘) —(W;,R;) =0 in i uniformly in j.
Hence we can let k go to infinity in (7.10) and conclude that
(W;,R;)— (W.R) =0 inJ3.
7.3. Enhanced cubic lifespan bounds

In this section we prove Theorem 4. Given initial data (W, R) for (1.2) satisfying the
conditions in the theorem, namely

1

% 8 316
ICW. R)O)l 3,3 =& W RO, IW.R)OI 3 =g
we consider the solutions on a time interval [0, 7'] and seek to prove the estimate

IOW. R0l 43 = Ce.

f ; s (7.11)
(W, R)(f)ll;k%,sll(W, R)(t)llﬁ <(Ccp)*™, 1€][0,T],

provided that T < &~2. In view of our local well-posedness result, this shows that the
solutions can be extended up to time 7, = ce~2, concluding the proof of the theorem.
In order to prove (7.11) we can harmlessly make the bootstrap assumption

IOW, R)0)] 3 = 2Ce,

! ; " (7.12)
(W, R)(t)ll;%_gll(W, R)YDII%,; = @Ceo)*™, 1 €[0.T].

By Sobolev embeddings and interpolation, from (7.12) we obtain the bounds
ASCep K1, A% < Ce.
Hence, by the energy estimates in Theorem 2 applied to (W, R) with s = %, we obtain

(W, Rl S (W, R)O) 3 + TAEII(W, R)|

Lo, T:57) Lo, T: 9 7)

<e+TC33.
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Combining this with the same energy estimates as in Theorem 2 but for s = 1 — §, we

2
also get
1 1
W, RO, W RO 5 < (co(1 + Te?))3™o.
H2 H 4

Hence, the desired estimate (7.11) follows provided that T < (Ce) 2.
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