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ON THE GLOBAL STABILITY OF A BETA-PLANE EQUATION

FABIO PUSATERI AND KLAUS WIDMAYER

We study the motion of an incompressible, inviscid two-dimensional fluid in a rotating frame of reference.
There the fluid experiences a Coriolis force, which we assume to be linearly dependent on one of the
coordinates. This is a common approximation in geophysical fluid dynamics and is referred to as the
B-plane approximation. In vorticity formulation, the model we consider is then given by the Euler equation
with the addition of a linear anisotropic, nondegenerate, dispersive term. This allows us to treat the
problem as a quasilinear dispersive equation whose linear solutions exhibit decay in time at a critical rate.

Our main result is the global stability and decay to equilibrium of sufficiently small and localized
solutions. Key aspects of the proof are the exploitation of a “double null form” that annihilates interactions
between spatially coherent waves and a lemma for Fourier integral operators which allows us to control
a strong weighted norm.
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1. Introduction

A basic model for a fluid in a rotating frame of reference is given by the Euler—Coriolis equation

div+v-Vo+ fQAv+Vp=0,
divv =0,

-1

where v = (v1,v2,v3) : (£,x) e RxR* - R3 and p : (¢, x) € R x R* — R are the velocity and pressure
of the fluid, respectively. Here, f'Q2 A v is the Coriolis force experienced in the rotating frame, with
Q € R3 being the axis of rotation and f : R® — R the strength of the effect, which depends on the spatial
location (but not on time). To describe waves on the surface of the Earth, a common approximation in
geophysical fluid dynamics, see [McWilliams 2006; Pedlosky 1987], consists in choosing 2 = (0,0, 1)T
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and assuming trivial dynamics in the vertical direction, i.e., d3v = 0. One can then reduce matters to a
two-dimensional system

. —_ T =
{8tu—|—u Vu + (= fuz, fu)' +Vp =0, (1-2)

divu =0,

where now u : (1, x) e RxR? - R?, p:(t,x) e RxR? - Rand f :R?* - R. A solution to the original
system (1-1) is then recovered by setting (vq, v3) = (11, u3) and solving a transport equation for vs.
Passing to a scalar equation using the vorticity w := curl u = d;u, — dou; yields

diw+u-Vo =—u-V{, u=vt=a)lo. (1-3)

On a rotating sphere, such as the Earth, the force f varies with the sine of the latitude. In a first rough
approximation, the so-called f-plane approximation, this variation is ignored, and a fixed value fj is
used throughout the domain. A more accurate and very common'! model in geophysical fluid dynamics
is a linear approximation to this variability, which is usually referred to as the B-plane approximation;
see, e.g., [McWilliams 2006, Chapter 2; Pedlosky 1987, Chapter 3]. Assuming that the strength of the
Coriolis force depends linearly on the latitude,

S p) = fo+ By —yo),
we arrive at the so-called B-plane equation

ad R
dw+u-Vo=BLiw, Li=-—=— u=V-A)lo, (1-4)
A |V
for w : R x R?> — R. Here f is the parameter of linearity of the Coriolis force, which by rescaling can be

assumed to be equal to 1, and R; stands for the Riesz transform in the first coordinate:

Rig®) = 6@, 2@ [ e ewdn

On one hand, one can view (1-4) as a perturbation of the Euler equation by a constant-coefficient
differential operator and show, by arguments akin to those for the two-dimensional Euler equation, the
existence of global solutions (even for large data) with at most double exponential growth in H*, s > 1; see
[Elgindi and Widmayer 2017, Appendix B]. On the other hand (1-4) can also be viewed as a quasilinear
dispersive equation, in the sense that it is a nonlinear version of the equation d;w = Lw, solutions of
which exhibit dispersive decay as will be shown further below.

1A. Main result. The content of this article is a treatment of the nonlinear problem (1-4), with the result
that for sufficiently small and localized initial data, solutions to the Cauchy problem decay like solutions
of the linear problem, and the zero solution of (1-4) is globally nonlinearly stable in a strong sense. We
can state our main result as follows:

Such a modeling assumption is made in various contexts: examples include rotating shallow-water equations, Rossby waves
and quasigeostrophic scenarios; see [McWilliams 2006, Chapter 4; Majda 2003, Chapter 4; Pedlosky 1987, Chapter 3] among

others. We also remark that in [Sukhatme and Smith 2009], equation (1-4) was viewed as part of a larger family of equations to
model two-dimensional dispersive turbulence.
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Theorem 1.1. Consider the initial value problem for the B-plane equation

{Bta) +u-Vo=Liw, u=Vi(-=A)lo,

w(0) = wy. (1-5)

There exist N > 1, g9 > 0, and a weighted L*-based function space X C W' on R? such that for any
initial data with ||wo || x, ||woll g~ = €0, there exists a unique global solution of (1-5) which decays at the
linear rate, namely ||w(t)|| Lo < €o(1 + |t|)7Y, and scatters.

A more precise statement of the theorem is presented as Theorem 2.2 in Section 2, where we also
illustrate its proof through a bootstrap argument in Section 2A. The key difficulty here lies in establishing
a global control over a suitably chosen weighted X -norm of the profile of w —see (2-8) on page 1592
for the precise definition — which has to be strong enough to guarantee the 1.°° decay.

1B. Background. To give some context we now present some of the key difficulties in treating the 8-plane
equation as a quasilinear dispersive equation. The present model features a quadratic nonlinearity and a
critical decay rate of |¢|~! at the linear level. This situation is common to many other dispersive and hyper-
bolic equations and a variety of different behaviors can occur even for small and Schwartz initial data. For
example, one could have global solutions with linear behavior as ir} the case of (quasilinear) wave equations
[Klainerman 1986] with a null condition, blow-up at time 7" ~ e ¢0 as in the compressible Euler equations
[Sideris 1985], nonlinear asymptotics in the sense of modified scattering as for nonlinear Schrédinger
equations [Hayashi and Naumkin 1998; Kato and Pusateri 2011], or growth at infinity as in [Alinhac 2003].

In the present case solutions are already known to be global, so no blow-up occurs. Moreover, one
can notice that there is a null structure in (1-5). More precisely, since u = V+(—A)~!w, the transport
term u - Vo is depleted when two parallel frequencies interact. On the negative side, one should also
notice that, when seen as a bilinear term in w, the nonlinearity is singular because of the (—A)~! factor.
Moreover, the linear operator L is anisotropic, and the impossibility of commuting the equation with
rotations introduces several difficulties.

Inviscid Euler and the role of dispersion. Generally, inviscid Euler-type nonlinearities can lead to double
exponential growth, as was shown by the example of [Kiselev and Sverdk 2014] on a bounded domain;
see also [Denisov 2015; Zlato$ 2015]. In the whole space, the question of global stability and asymptotic
behavior for the Euler equation is widely open. A byproduct of Theorem 2.2 is that for sufficiently small
data, instability in (1-5) is prevented by dispersion: waves with different frequencies travel with distinct
velocities and their interactions lose strength over time. However, this is a much weaker effect than
damping or friction. Indeed for (1-5) the same L?-based estimates as for the inviscid Euler equation
d:w + u - Vo = 0 hold, because of the skew symmetry (for the inner product in L?) of the constant-
coefficient right-hand-side operator L. Also, all Sobolev norms are preserved by the linear flow, and the
same blow-up criterion as for the two-dimensional Euler equation holds.

As is shown in this article, the dispersion produced by Ly acts as a regularizing mechanism that
globally stabilizes the fluid. A first way of seeing improvements at the hands of dispersion is through
a basic energy estimate yielding the following: assuming a linear decay rate of |¢t|~! for Du in L™
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one obtains the slow growth of all Sobolev norms for the nonlinear problem (whereas in the absence of
dispersion, or without control on the rate of dispersion, the best known bounds are double exponential —
see [Elgindi and Widmayer 2017, Appendix B]). A finer understanding of the interactions in the Euler-type
nonlinearity is then needed to show that decay occurs for nonlinear solutions.

In earlier work of T. Elgindi and the second author [Elgindi and Widmayer 2017], stability for the
B-plane equation (1-5) for arbitrarily large times was established: it was shown that for any M € N there
exists a threshold e, > 0, below which initial data of size & < ep lead to solutions that decay on time scales
at least e =™ — for more details see [Elgindi and Widmayer 2017, Theorem 2.1]. Apart from this work, the
literature on the B-plane equation is oriented towards questions of relevance in the realm of geophysical
fluid dynamics. An exhaustive list is beyond the scope of this article, and beyond the expertise of its authors,
so we refer the reader to the books [Drazin 2002; Majda 2003; McWilliams 2006] for some overview.

Resonance structure and (double) null form. At the basis of our approach is the formulation of the
problem in a way that makes it amenable to techniques from harmonic analysis. This is done by working
with the profile of the vorticity f(¢) := e~ Ligy(r), and writing the Duhamel formula for solutions of
(1-5) in terms of this profile f in Fourier space, in order to obtain an integral expression which can be
viewed as an oscillatory integral — see the beginning of Section 2 and the formulas (2-1)—(2-2).

From this point of view the resonances of the equation, that is, roughly speaking, those sets of frequen-
cies that do not produce oscillations, play a key role in the analysis of the nonlinear interactions. This
starting point is inspired by the method of space-time resonances, as introduced in [Germain et al. 2012b].
Without entering into too much detail, for now we point out that the space-time resonant set for this equation
is one-dimensional, which is the generic situation for quadratic nonlinearities in two dimensions; thus it
does not provide any additional smallness, in contrast to other problems such as in [Germain et al. 2012a;
2012b]. However, as already pointed out above, a null form is available in the nonlinearity: the symbol of
the quadratic interaction vanishes on parallel frequencies; see (2-1)—(2-2) in connection with (2-21). See
also the models in [Pusateri and Shatah 2013; Oh and Pusateri 2015; Hani et al. 2013] for similar behaviors.

In fact, as we shall explain in detail below, even more is true for (1-5): one has a “double” null form,
a quadratic (instead of linear) degree of vanishing of the symbol, as can be seen by symmetrizing the
expression (2-1). This is a key insight which greatly improves the control one has over interactions close
to the (space) resonant set, and for example yields much better decay estimates for the L2 norm of 9, f
than one would normally expect.

In our proof we will also exploit the special, anisotropic, geometric structure of interactions near the
(time) resonances through a 7'T* argument, which was previously used in [Deng et al. 2016; 2017].
However, here we employ such an argument in a different context, not for the purpose of establishing energy
estimates, but as another means of extracting more oscillations in the bilinear interactions. This allows
us to prove a strong weighted bound for our solutions which in turn implies the desired decay over time.

1C. Plan of the article. In Section 2 we begin by setting up the problem and giving our detailed functional
framework. We then state a precise formulation of Theorem 1.1 (see Theorem 2.2) and discuss its proof
using a bootstrap argument. We see there that a fractional weighted estimate, see (2-16), is at the core of
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our efforts. By symmetrizing the formulation of the §-plane equation we obtain a “double null form”.
As a first application, this yields improved bounds for the first iterate (see Lemma 2.4). The rest of the
article is then devoted to establishing the weighted estimate.

In Section 3 we go through preliminary reductions and a finite speed of propagation argument that
limits the range of parameters we need to consider for the weighted estimate. Further reductions are then
presented in Section 4. Using various localizations we balance smallness of relevant sets and repeated
integration by parts to essentially reduce to a problem where only frequencies of roughly order 1 are
involved. These arguments crucially rely on the improved bounds due to the double null form achieved
through symmetrization.

Finally, in Section 5 we exploit a nondegeneracy property of the phase function @, defined in (2-1)-(2-2),
viaa T T* argument, in combination with an appropriate anisotropic localization, thereby concluding the
proof of the weighted estimate.

In Section 6 we collect some useful lemmata.

2. Setup

The Duhamel formulation associated to the B-plane equation (1-5) is
t
o) =eTlw + / =1y . V(s) ds.
0

Written in terms of the profile
[@):=e" o)
this reads
2 2 1 " seEmE T 2 A
P00 = fo @+ oz [ [ e s f ) dnds Q-

n|?
with

PE.n)i= T — (2-2)
E12 1E—nl*>  In?
From now on we will omit the time dependence of the profiles in this expression, since it is clear from
the context.

We define the quadratic nonlinearity B( f, /') through its Fourier transform

t , 0t o4 A
FB(Neo= [ | s PEm E T (k) f s ) diyds, 23)
0 JR2 ul
so that the Duhamel formula (2-1) can be written as
A A 1
/@8 =fo($)+WfB(f, N 8). (2-4)

Conserved quantities. For future reference we note that an explicit calculation using (1-2) and (1-3)
shows that the L2-norms of both # and  are conserved along the flow of the equation:

lo@lLz = llw@)lL2 and [u@)]L2 = [u0)]L2. €R.
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As an immediate consequence we obtain that the H~! norms of @ and f are controlled as well:
[IVIT 2 = IV @ 2 < Hlull . (2-5)

Notation. In this article we will work with localizations in frequency, space and time. To define them, as
is standard in Littlewood—Paley theory we let ¢ : R — [0, 1] be an even, smooth function supported in
[—%, %] and equal to 1 on [—%, %] With a slight abuse of notation we also let ¢ be the corresponding
radial function on R2. For k € Z we define ¢ (x) := 02 %|x|)—@ (2751 |x|), so that the family (¢ )xecz
forms a partition of unity,

de® =1, &#£0.

kez
We also let

pr(x):= Y g forany I CR, ¢<4(x) = 0(00a](X). ¢>a(X)=@a,00)(x).
kelnz

with similar definitions for ¢4, ¢>4. To these cut-offs we associate frequency projections Py through

Prg:i=F g (©)8(©)

and define similarly P;g := F (¢ (£)8(£)), P<xg := F o<k (£)§(£)), k € Z etc. We will also
sometimes write @ = Q[k—2 k+2]-
To simultaneously localize in space, for (k, j) e J :={(k,j)€eZxZ: k+ j =0, j >0} we let
@j(x), j=—k+1lorj=>1,
o) = {g<ox).  j=0 (k=0), (2-6)
o<_x(x), j=—k (k<0).
Notice that for any k € Z we have ) ;> inc0 43 (p;k) (x) = 1. We then define

k
Qjkg = P[k—z,k+2]¢; ' Prg

to be the operator that localizes both in frequency and space. This will often be used to decompose our
profiles into atoms
g= Y Qe 2-7)
k.j))eg
For notational convenience we also introduce the shorthand (¢) := /1 +¢2 for ¢t € R.

The main norm. Apart from the usual Sobolev and Lebesgue spaces we will be using a weighted function
space built on L? in an atomic way: with the notation K+ := max{k, 0} we let

i + —
lg@llx := sup 2*FDAFT 0 o(@)| 2, §=0.5-107%. (2-8)
(k,j)eg

This choice of norm is motivated by our quest to control the °° decay of w through the dispersive
estimate (2-9) below. The use of weighted L2 norms in quasilinear dispersive problems is fairly standard.
Here we have decided to use a fractional weight following the functional framework introduced in [Ionescu
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and Pausader 2014]. The particular choice of putting the same number of derivatives (the power of 2k
as the number of weights (the power of 2/) is dictated by the characteristics of this specific problem,
including the singularity of the bilinear form in (2-3) and the “speed of propagation” of linear frequencies.

Dispersive estimate. For the linear semigroup e’Z1 we have the following decay estimate:

Lemma 2.1. For g € S(R?) and k € 7 we have
le"™1 Prgllpee < 1t]7"2%% || Peglipr. (2-9)

Since the Hessian of the exponent £;|£|™2 on the Fourier side is 4|£|7%, and so in particular is
nondegenerate, the proof is a standard application of the stationary phase lemma—see [Elgindi and
Widmayer 2017, Proposition 4.1]. We remark that the right-hand side of (2-9) is controlled by the X -norm
of g in (2-8) above.

Main theorem. In more detail, our Main Theorem, Theorem 1.1, is:

Theorem 2.2. Let?> 0 <8 <0.5-107* and N > 2.1-87L. Then there exists an g > 0 such that for all
e < g9 and initial data wqy with
lwoll g~ + llwollxy = e, (2-10)

(1-5) admits a unique global solution w € C(R, HN (R?)). Moreover, for all t € R the solution satisfies
the bounds

lo®llax < e +1N. e @)y < . (2-11)

and, in particular, also the decay estimate
lo@®) Lo < eo(1 + 127" (2-12)
Finally, the solutions scatters: for any initial data wq as in (2-10) there exist unique fioo € X such that
le™ 1w (f) — froolx — 0 ast — *oo. (2-13)

2A. Proof of the main theorem. We will prove Theorem 2.2 through a bootstrap argument. The main
ingredient is the bilinear estimate (3-1), which establishes Proposition 2.3 below. Since the equation is
time reversible it suffices to consider ¢ > 0. We will work with the following a priori assumptions.

A priori assumptions. We assume that for some 7" > 0 and ¢; = Ag( with a suitably chosen constant
A > 1 to be determined below, we have

P f ()l 2 < &1 () P02~ NET, (2-14)

i +
sup (KT 000 ()2 < e (2-15)
(k,j)eg

2We did not optimize on the value of 8, and the related size of N, to make the proof more readable. Especially in the last part
of the argument, in Sections 4 and 5, improvements on these values would be possible by tracking more carefully the various
parameters involved, but due to the technicality of the proof, we have decided not to do so. It is very likely that a number N
between 10 and 100 would work.
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for all # € [0, T'] and a suitably large D > 0. For small enough 7" > 0 the estimates (2-14)—(2-15) hold by
virtue of (2-10) and a standard local well-posedness argument (that we omit), yielding a unique local
solution such that e L1 € C([0, 1], HN N X).

Weighted estimate. As a key point in this paper we will prove:

Proposition 2.3. Assuming the a priori bounds (2-14)—(2-15), and with the notation (2-3) and (2-8), for
allt €0, T] we have

IB(f. /)®)llx < &7 (2-16)

This estimate is at the heart of our article and its proof will be carried out over the course of Sections 3-5.
In fact, we will prove the stronger version (3-1) of the bilinear bound (2-16), which also implies the
scattering statement (2-13) of Theorem 2.2.

Assuming Proposition 2.3 we now establish the Main Theorem.

Proof of Theorem 2.2. Our aim here is to show that the interval on which the a priori estimates (2-14)—(2-15)
hold can be extended to infinity. Using a continuity argument it will suffice to prove that for ¢ € [1, T']

Nkt
1Pk f ()] g2 < 31 () P02 NET,

; +
sup (XTI 0 £ 2 < Ler.
(k,j)eg

(2-17)

Invoking the Duhamel formula (2-4) and applying Proposition 2.3 yields

+ i + i .
2T EF DD 0 4 £ (1) 2 < 2% 28D (0 woll 2 + 10k BUS ()l z2)
<eo+Cel < 1o

for g9 small enough. Combining this with the decay estimate (2-9) we also have

_ : _ _akt+ _
le B P (Ol S (O712% > 271 Qi SOz S () (e0 + Ce])2— k270K,
j=—min{0,k}

In particular, if Du is the matrix of first derivatives of u, we have
lo(@)]| oo + 1 Du(®)]| oo < (1) (g0 + Ce?) (2-18)

for all ¢ € [0, T]. A standard energy estimate for the S-plane equation, see [Elgindi and Widmayer 2017,
Lemma 3.1], gives the bound

t
lo@l g~ = @) g~y eXP(C/O [Du(s)l|Loe + llw(s)]Loe dS)-
Inserting the decay estimate (2-18) and choosing appropriately the constant D, it follows that
| P (1)l 2 < o (r) P02 NET,

This gives us (2-17) and proves the bounds (2-11) and (2-12) in our Theorem 2.2.
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To conclude we remark that in proving Proposition 2.3 we will actually prove the stronger version
(3-1) of the bilinear bound (2-16). The estimate (3-1) then implies that f(¢) is a Cauchy sequence in
the X space, so that (2-13) follows. O

2B. Symmetrization and double null form. By virtue of the symmetry ®(&,n) = ®(£,£ —n) we can
write the bilinear term (2-3) as

t , o4 A
FBUNE = [ [ B EEI fe ) fon s

n|?
_1f is<1>(a5,n)(§'77L E-(S—n)l)A N ey did
2/0/[@26 2 + &2 SE—=n) f(m)dnds
_1 is@(g,n)((é'UJ')f'(é—Zn))A o A did
zf()/Rze 2 — P2 SE=n)f () dnds.
Here we let )
1E-n7)E-(E—2n)
=5 2-19
B - T (2-19)
and explicitly write the important equality
teo S, A
FBGS = [ [ 2SI e i dnds
t ) R R
= / f e ®EMm(e, ) f () S () dn ds. (2-20)
0 JR2

To illustrate the relevance of this symmetrization we remind the reader that we will treat the above
expressions as oscillatory integrals. From this point of view, the set S = {(&,n) : V;® = 0} where no
oscillations in 7 occur in the phase e/*® (also called the space-resonant set) is one of the main obstructions
to obtaining strong bounds through cancellations. In the present problem we have

_ lelle—2n]
& —nl?[n|?’

vanishes on S. This is referred to as a “null structure” and allows

|V @| (2-21)

so the original multiplier & - nt|n| ™2
one to (partially) compensate for the lack of oscillations; see for example [Klainerman 1986; Pusateri and
Shatah 2013]. However, we highlight that in our case even more is true: the symbol m in (2-20) vanishes
to second order on S, which is what we call a “double null form”. As we will see, this offers a crucial

advantage over the previous formulation with a regular null form.
Symbol bounds. Using the notation (6-4)—(6-5) we have the following basic bounds for our symbol (2-19):
”mk,kl ,kz || §oo < Zk—mil’l{kl ,k2} (2_22)

and
[mEFLR2 (£ ) o, (1 — 28) || goo < 27 mintkL K2},

[mEFrk2 & ) g (& —21) || soo < 26 Mtk
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as well as the more precise bound
912 (6, ) o (€ — 2m) | 500 < 226F 22720, (2-23)

2C. Estimate for 9, f. As a first major consequence of the symmetrization in Section 2B we will
establish a useful estimate for the time derivative of the profile. We will work under our main a priori
assumptions (2-14)—(2-15); in order to readily have their more precise consequences (3-4)—(3-6) at our
disposal we refer to them as they appear in (3-2)—(3-3).

Lemma 2.4. Let [ be given by (2-1). Forallm € {0,1,...}Yandt € [2™ —1,2"*11N[0, T], and under
the a priori assumptions (3-2)—(3-3), we have

IPeds f(0)ll 2 < €32k 24kt pm2m+105m, (2-24)

Notice that 9, f(¢) is a quadratic expression in w(¢) and is therefore expected to decay, in L? at least
as fast as ||w(¢)]||.co. The above lemma states that we actually have much more decay, almost 2. This
is due to the favorable “double null structure” of the equations. Needless to say this estimate will be
very helpful when integrating by parts in time in Duhamel’s formula, which gives rise to bilinear terms
involving d; f.

Proof of Lemma 2.4. From (2-1) and (2-20) we have

0O =FOU N0 = sz [ e fae—nfenydn

(27r)?
We start by observing that for any f, g € L? we have
Pk Q(Pr, 1. Pr, &) L2

< [mEReR2 o - sup min{|| Py, £l 2lle”E Prygllnoe, €21 Pr, f s || Prygllr2,
t2m .
| Pr, fllp2l Py gl 2 2mintkrkait = (2.05)

having used Lemma 6.3. Moreover, notice that by symmetry in ) <> £ —n, when looking at Q (P, [, Pk, /)
we may assume that k, < kq without loss of generality.
Using (2-25) and (3-6) we see that

X _ X X _ +
1 Px Q(Pr, fo Pry )l 12 S 257K\ Py, £l 2Nl Py £ 112252 < 2K 27 NRT 2K g 2Rz

so that the desired conclusion follows when k, < —2m or k1 > é§m (we will choose §(N —6) > 2 in (3-7)
below).
We also have

1P Q(Pr, £ Pry )i p2 S 2N F P Q(Pry s Py Nl oo S 25752 1Py Sl L2 1 Py Sl 2

which, in view of (3-6), and after summing over k1, k, with k, > —2m, gives the desired bound (2-24) if
k < -2m.
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In what follows we can then assume
min{k, k1, ky} > —2m, max{ki, ky} <dm. (2-26)

This leaves us with a summation over (k, k1, k») made by at most O(m?) terms, and we see that to obtain
(2-24) it will suffice to show

| PeQ(Pi, £, Piy /) 2 S 32 274K g m2m +90m (2-27)
for every fixed triple (k, k1, k) satisfying (2-26). We subdivide the proof of (2-27) into two main cases:
high-low and high-high interactions.

Case 1: |ky — ko| = 10. In this case we have k1 > k, + 10 and |k — k1| < 5. We further decompose our
inputs according to their spatial localization as in (3-17):
fl :lekl.f’ f2:Qj2k2f7 jV +kVZO’ V=1,2. (2_28)

The Holder estimate (2-25) and the a priori bounds (3-3)—(3-4) give us
L +
IPQ(f1. fo)llL2 S 25742627 2 Rapm szl =2k,

Therefore, we can obtain the desired bound whenever max{ji, j»} > (1—8)m—2k,. In the complementary
case when max{ ji, j»} < (1—8%)m—2k, we can instead integrate by parts repeatedly in 7. More precisely,
using

[Vp®| ~272k2, | DE@| g 27 (Hlebk

we can apply the bound (6-6) in Lemma 6.5 with

K=s2k  p=2%g e=20 g=mEnfiE-nhH0).
and obtain
1L Q1 )2 < 25Nl ) O, ) Lo
<2k @maRe)mM (1 4 pRagmatin 2 M ok=ka) £ o £l 2
<227 fill ezl e

where the last inequality follows by choosing M large enough. Using also (2-26) we see that this is more
than sufficient to obtain (2-24).

Case 2: |k1 — k| < 10. This case is more delicate and requires a further frequency space decomposition
in the size of | —2n|. More precisely, we let

FO(f9)(t.8) = / HPED (e, ) gy (6 — 2m) (1. & — )@ (2. ) dn.

R2
Notice that this vanishes unless £ < k; + 20. To obtain (2-27) it then suffices to show

S IPQ(Pr, f. Pry [ 2 < 32K 274K g7 2m98m. (2-29)
£<ki+20
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Subcase 2.1: min{k, £} < (=1 + 58)m + k. In this case we first use the L? x L Holder bound in
Lemma 6.3 together with the symbol bound (2-23), and the usual a priori estimates (3-3)—(3-4), to deduce

2T P Qu(Pr, /o Pry )l 2 S 22tk ti—ki—ha g 0 C=Bkig=m g ok (2-30)

having also used (3-6). This suffices to obtain the desired bound when the sum in (2-29) is over
{<—m+ky+55morwhenk <—m+ky+ 56m.
We are now left with O(m) terms in the sum in (2-29), so that it suffices to show

+ _
27N P Qg (Py, f, Pry )| S e32kp72m+80m, (2-31)

under the restrictions (2-26), |k —k»| <10 and (=1 + 58)m + k; < k, £ < k1 + 20. We now further
decompose our profiles in space, letting

PeOy(Py, [. Py /) = > PuQu(fi. f2).
j]sjz
with the notation (2-28).

Subcase 2.2: max{ /i, jo} = (1 —48)m — k1 + min{{, k}. In this case we use the Holder estimate in
Lemma 6.3 with the symbol bound (2-23) to get

1P Qe f1, f2)ll2 < 22™neB2k1 - qup min{|l £y [ 2 lle”E fallpoos le™E fill ool f2ll 2}

tr2m
The a priori bounds (3-3)—(3-4) then give us

29T PLOG(fi, o)l S 2382kt g pmma @Bkt g p—kigmmaxtin.J2)
S 8%2]( . 2_8kl .2_m_kl+min{k5e}_max{jl’j2}’

which, upon summation over ji, j,, suffices to obtain (2-31) under the current assumptions.

Subcase 2.3: max{ji, jo} < (1 —48)m —k{ + min{{, k} and min{k, £} > (—1 4+ 56)m + k. In this last
remaining case we want to resort again to repeated integration by parts through Lemma 6.5.

Before doing that, let us first look at the case £ < k 4 5. Notice that if £ < —%m + %kl + dm, then the
Holder estimate (2-30) already gives us the desired conclusion. We can then assume £ > —%m + %kl +ém
in what follows. On the support of P; Q;(f1, f2) we have, see (3-13),

|V17<D| %262—3](1’ |ng)| 52_(1+|0‘|)k1’ |a| 22
We then let
K=s2027%% 1 F(p = o pf27F) 7
and calculate
|DaF| < (262—3k1)—12—(1+|a|)k1 < 2(1—|Ol|)ﬁ’ |O£| >,

Choosing € = 2 and

g =m(E n)eeE —2n) fi(E—n) fr(n),
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the bound (6-6) in Lemma 6.5 gives us

1 Pr Qe(f1, f2)llp2 < (@m2b2=3ky=M (o=t 4 pmaxtini2hyMy g1 5| £l 2
<2719 fill 2|l fall 2,

which is more than enough.
Finally we look at the case k < £ — 5. Recall that we may assume k > —m + k1 + 56m. In the present
configuration we have

[Vp®| ~ 2K273k | D2 op| < 2 CleDkink ) > 2,

We can then apply Lemma 6.5 with K = s2koa=3k Fp) = D(E, n)(2k2=3k1)=1 ¢ = 2k1 and the same
choice of g as above, to obtain || P Q¢ (f1, )2 < 27| fill2] /2]l 2. This concludes the proof of
the lemma. O

3. Preliminary bounds and finite speed of propagation

Recall that our aim is to prove Proposition 2.3. We begin by localizing our time parameter on scales ~ 2™,
m € N, as follows. Given ¢ € [0, T'], we choose a suitable decomposition of the indicator function 1}
by fixing functions g, ..., 741 : R —[0,1], |L —log,(2 + ¢)| < 2, with the properties

supp 7o C[0,2], supprr41 Slt—2.7], supptm C[27 12" forme{l,... L},
L+1 t
Z tm(s) = 1jo,7(s), Tm € C'(R), and / |7/, (s)|ds <1 forme{l,...,L}.
0
m=0

We can then decompose
t . A~ A
B(f./)=)_ Bu(f.[). FBu(f [):= /0 T () /R LM miE ) £ —n)f () dyds.

To obtain Proposition 2.3 it will then suffice to show that for any m =0, 1,...,
2R ENAD Q4 B (f, )2 S 7270, (3-1)
For convenience we recall here the a priori bounds (2-14)—(2-15),
| P f @Ol 2 < 1 (1) 027Nk, (3-2)

i +
sup (2KFHYIF4T 00 F() 2 < e (3-3)
(k,j)eg

where we can choose pg = Cego < § for a suitable absolute constant C > 0. Then we also have the
following consequences of (3-2)—(3-3):

le™ 1 Qi f (D)oo S e (1) 12742V, (3-4)

10k /Nl oo <NQjkfllpt < g2 1HOR=4KT 5707 (3-5)
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Also recall that by virtue of (2-5) we have
25N P fll2 S IVIT e = IV @ 12 S llull 2 < e (3-6)

In the remainder of this section we begin our proof of the weighted estimate (3-1) by treating first
some ranges of parameters for which the estimates are easily seen to hold. Subsequently we present a
“finite speed of propagation” argument, which invokes the idea that each frequency is expected to travel at
its respective group velocity, in order to allow for a further reduction in the parameters to be considered.

3A. Basic cases. We first establish a simple lemma dealing with frequencies that are very large or very
small with respect to the relevant parameters. To this end we let

2

N':=N —6, N’Zg. (3-7)
Lemma 3.1 (basic cases). With the above notation and under the a priori assumptions (3-2)—(3-4) we
have
+ ; ) _83
> 245 20EDEED) Q4 B (Pr, f, Pry )l 2 S 2707 (3-8)
max{k ,kz}Zkﬂ-\,ﬂ
Moreover,

+ i ) _83
> 22 UHDEAD | Ok By (P, f. Piey )2 S275™ed. (3-9)
min{ky,kr}<—1.01(k+j+8m)

Proof. We begin by using an L? x L™ estimate, see Lemma 6.3, together with the symbol bound (2-22),
to deduce that
1Qjk Bm(Pr, S Prey /)l L2
s2m2 T sup min{l Py, Sl lle™! P Sl oo 1€ Pl Sl ool P SN2
t2m .
1Py SNl 2| Pay Sl 2™ 50523 (3-10)
Proof of (3-8). Without loss of generality, let us assume k, < ki, so that the sum is over k| >

(k 4+ j +&m)/N’. Using the bound in the high Sobolev norm (3-2), the a priori decay assumption (3-4),
and the estimate (3-10) above, we see that

+
1Qjk Bn(Pic, [ Pry /)| 2 S 2™ - 2572 gy 2700 Dka g4k g ppomy =Nk,

It follows that

i i (N=5)(k+j+8m)
Do 2D 0 By (P, . i )2 < 20FERD. ghapomym TR

klzikﬂ'f/am,kz
Since (N —5)/N’ > 1+ 6 and pg < § this is sufficient.

Proof of (3-9). Again, without loss of generality we assume k, < ki, so that the sum is over k, <
—1.01(k + j + §m). Using the estimate (3-10) above and the a priori bounds (3-3), (3-4) and (3-6), we
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see that
+
10k Bun(Pi, f. Pry f)ll g2 S 2™ 2572 g 27mp@=0ka g phip=dky,
J 1 2 L

It follows that

+ . . _ _ .
Z 24k 2(1-i-5)(k—i—j)||ijBm(Pk1 f, szf)”Lz52<1+5)(k+])'8%2 (1-8)1.01(k+j+6m)
ka<—1.01(k+j+8m). Ky

which is sufficient for § < ﬁ. O

As a consequence of the above lemma we can assume from now on that
max{kq,kr} < %S(k 4+ j+6m), min{k;,ky} > —1.01(k+ j+m) (3-1D)

and, in particular,
max{k,ki,k,} <6(j +6m)+ D, (3-12)

where D is a suitably large constant. From now on we will use D to denote an absolute constant that
needs to be chosen large enough in the course of our proof in order to verify several inequalities. In
view of (3-11)—(3-12), when decomposing our inputs into frequencies, summations are given by at most
O((j +m)?) terms.

3B. Finite speed of propagation. From (2-2) one computes

_ Inlln—2§| _ |&]15 —2n]
=w_mer V=
& —nl*[§] & —nl*[n]
Notice that applying a weight x to the bilinear term B( f, f) corresponds to differentiating in £ its Fourier
transform, i.e., the expression in (2-3). The main contribution from this can be expected to be the term

|Ve D (3-13)

where the £-derivative hits the oscillating phase, producing a factor of sV¢®. We then want to make this

statement precise by proving that if the bilinear term B( f, f) is restricted to locations |x| ~ 2/, then

2 min{k,k>,

we must have “|x| < 5|V ®|”, that is, we should expect to have 2/ <omp— k2} Later on in

Section 4 we will also use refinements of this statement in various scenarios.
Lemma 3.2 (finite speed of propagation). Assume that (3-12) holds and
j >m—2min{k, ky,ko} + D> (3-14)
Then we have the bound
242U DAED | 0 4 By (Pry f. Py /)2 S 275402, (3-15)
Proof. We subdivide the proof into several cases and subcases.
Case 1: k1 = k, + 10. In this case we must have |k; — k| < 10 and the assumption (3-14) implies
j =m—2k,+ D*. (3-16)

Notice that in view of (3-12) we must have j > %m
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Subcase 1.1: k < —(1—62%);. In this case we can use an L? x L™ estimate, see Lemma 6.3 and the
symbol bound (2-22), with the a priori bounds (3-3)—(3-4), to obtain

2UFDEEDN O it Biu(Pr, 1o Py P2 <211 Qk B(Pr, f Pry /) 12

<287 0m . 2k ke qup | Py, 2 lleE N Pry £ oo

ta2m
<287 .gm ok g2,
which suffices to obtain (3-15).
We further decompose the profiles according to their spatial localization by defining, see (2-6)—(2-7),
lelelﬂf’ fZZszsz; jU +kv203 v=1,2. (3'17)

Subcase 1.2: min{j;, j»} > (1 —§2) . Here we use again an L2 x L™ estimate and the a priori bounds
(3-3)—(3-4):

. .
24T URDEED N 014 B (1, f2) 12

<2 RNERD g e sup || fill 2l falles

t2m

< 95kT 5 (148 (k+j)  Hm _812—4k1+2—(1+8)(k1+j1) ,812—m2—4k2+2(1—8)k22—8j2‘
Using the assumption min{ j;, j,} > (1 —§2)j this can be bounded by
8%2k+2(1+8)j . 2—(1+3)j1 . 2—5]2 S 8%2k+2—%8j 2—82]'1 2_82J'2‘

Upon summing over j; and j, we obtain the bound (3-15) also in view of k < %8]’ +68%2m+ D; see (3-11).

Subcase 1.3: —k, min{j;, j»} < (1 —8%) /. In this case we want to integrate by parts in £ using the main
assumption (3-14). More precisely, let us decompose according to (3-17) and inspect the formula

¢ () PiBm(f1. f)(x)

t ) R )
=00 [Crnlo) [ e g @ 6~ ) dndg ds. (-18)

Let us assume first that j; < (1 —§2) . Notice that (3-13) and the hypothesis (3-16) imply
|Velx - & +5@E ]| = |x + sV 0| 2 2. (3-19)

We then want to apply Lemma 6.5 to

[, e 1) g 6) o~ d.
Let us explain this in detail since similar arguments will be used repeatedly below. We let
FE) =27[x-£+s0E 0], K~2, (3-20)
and have, for || > 2,

|DaF| < 2—jS |ng>(§, 77)| < 2—j+m2—(|(x|+1)min{k,k1} < 2(1—|a|) min{k,kl}‘
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We can then choose € = 2™™k-k1} make the natural choice of the integrand

g(&) = m(E ) er () 1 (E— 1),

and use the bound (6-6) to obtain

A 1 .
1)k Bm(fi- )2 S 274 || fall o - TR Y omnikkilel peg|,,
la|=M

§2m+j81.2—jM[2—min{k,k1}M+2—kM+2j1M].81 §2—10j8%‘

For the last inequality we have used (2-22) and the fact that max{—k, —k, j;} < (1 —8?)/, and chosen
M = O(57?) sufficiently large. This gives (3-15) when j; < (1 —6§2)].

When j, < (1 —682)j we can use a similar argument. More precisely we look at the formula (3-18)
and change variables to write

t

X . A A

0k Bu(f1. 2)(¥) = (x) /0 (@) [ | [Tl ©me. e fo—n de) i dnds.
X

Notice that (3-19) still holds. Therefore we can apply Lemma 6.5 with the same phase as in (3-20) above,

€ = 27%2_and the natural choice of the integrand g, obtaining
1Qjk B (f1. fo)ll 2 S 2mHT 27 UthkIM g3y plhat )M < =107 2
since —ky < j, < (1—=68%)].

Case 2: ky > k; + 10. This case is completely analogous to Case 1 since our main assumption is
symmetric upon exchanging k; and k.

Case 3: |k1 — k3| < 10. In this case we have
k <min{ky, ko } + 20,
and the main assumption (3-14) implies
j=>m-—2k+ D.
Recall that in view of (3-12) we must have j > %m Also, using the same estimate of Subcase 1.1 above,
we may assume k > —(1 —§2) .

Subcase 3.1: min{ /i, jo} > (1 —§2),. This case can be treated like we have done in the analogous
subcases above via an L x L2 estimate:

2 QUGN | 01 B (fi. o)l 2 S 29 20HDEED om . qup eI L1 f11 ol Pry S 2

rA2m
< 8%2(1+5)j 078 9=(1+8)j2 < 8%2—%512—52112—52]'2‘
Summing over ji, j, we get the desired bound (3-15).

Subcase 3.2: min{j, j»} < (1 —§2),. In this case we can integrate by parts in & as previously done after
(3-18), using Lemma 6.5, the lower bound (3-19) and —k < (1 —§2) ;. O
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4. The weighted estimate: part I

In this section we begin the proof of the main weighted bound

sup 2420 DD 10 B (f, 1)l S 270, (1)

(k.j)er

showing how this can be reduced to a similar one where the size of various important quantities can be
restricted to specific ranges depending on the time variable. More precisely we will show how to restrict
the size of the input and output frequencies to a range close to 1 (a range of the form [2_"15’”, 2025’”] for
some constants ¢y, c; > 0), the size of the phase ® = (&, 1) close to 27", and the size of its gradients
in & and 7 close to 1. In Section 5 we will then conclude our proof by treating the remaining cases.

4A. Main reduction of interaction frequencies. Here we show how to treat the contributions from input
and output frequencies that are much smaller than 1, more precisely smaller than 27¢8m for some ¢ > 0.

Proposition 4.1. Under the a priori assumptions (3-3)—(3-4) we have, for all (k, j) € J,

+ i 283
> 242 RAEDED) 0y By (P, f. Prey )2 S 2725 e, 4-2)

lk1—k2|=10
min{k;,k2}<—58m+D

Furthermore, for all (k, j) € J we have
+ . — 3 .
o 2% kDD 0 By (P, f Py Nl 2 S 272 e} if k <—56m+D.  (4-3)

lk1—k2|<10
Proof of Proposition 4.1. We split the proof into several scenarios, the most difficult ones being the
high-high interactions.
Proof of (4-2) Because of the symmetry in k1, k, we may assume k, + 10 <k, |k —k;| < 10.
Case 1: k < —(1—62)j. In this case we can use an L2 x L estimate, see Lemma 6.3 and the symbol
bound (2-22), with the a priori bounds (3-3)—(3-4) to obtain

2HDEED | 0k Bin (P, f. Py N2 $2% 22725792 sup || Py, [l palle ™ Py, f | 1o

ta2m
<28 .m0k gy g 2 mp (=02
which suffices to obtain (4-2). From now on we may assume —k < (1 —§2) .
Let us now decompose the profiles according to their spatial localization, adopting the same notation
as in (3-17):
leleklﬂ f2:Qj2k2f’ jU +ku20,v:1,2. (4'4)

Case 2: j; > (1 —62) . Here we use again an L2 x L estimate and the a priori bounds (3-3)—(3-4):

. .
24T AFDEED N 0 14 B (f1, f2) 2

+ . _ N .
< 20D o K sup || fillp2lle™™ fall oo
tA2m

< DSk QUAB k1) gm g o=ak )=+ k1 i1) . g p=m(1-8k2=bj2
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Using the assumption j; > (1—§2) j, the finite speed of propagation Lemma 3.2 to bound j <m—2k,+ D,
and that k < %8]' +8%m + D by (3-11), we can estimate
2T HDEED | 054 Bu(fi, fo)ll2 S 632523 o780 5=k b
< 8%225111 . 2(1—38)](22—82]1 2—5]2 .
Summing over j; and j, we obtain (4-2). From now on we may assume j; < (1 —§2) ;.

Case 3: j > ky —3ky +m + D. In this case we proceed in a similar way as we did in the proof of
Lemma 3.2, resorting to integration by parts in £&. We look again at the formula (3-18) and notice that
|Ve®| ~ 2k2=3k1, gee (3-13). Then we have the same lower bound as in (3-19), that is,

|Velx-& +sD(E, ]| 2 2/,

and we can apply Lemma 6.5 to

/Rz A EHPED (e 1)y (8) f (€ — 1) dE.

More precisely we do this by choosing again F(§) =27/[x-£ + s®(£,n)], K =2/, and using that for
o] = 2,
|DYF| <27 /s |D§lq>(§’ n)| <27/ o~ (el +2) minfk.ki}oka < H(1—laDky

so that we can let € = 2k1. Using the bound (6-6), and the a priori bounds (3-3) and (3-6), we can deduce

Ty _ A A i ot
1Qk Bm(f1, )2 S2m27 10 2k | Al il fallpr S 27372720 €2,

which can be multiplied by the factor 20+ +8) and summed over all indices to give the desired estimate.
From now on we may assume j < k, —3ky +m+ D.

Case 4: max{ji, j»} > m—2k, —8*m. We use a Holder estimate together with the usual a priori bounds,
placing the term with larger localization in L2 and the other one in L, and obtain

+ A (ko
24T a2t Py B (f1, f2) 12
< pka=2ki+m)(1+8) ymoki—ka y=myQ=kig  p—max{ji.j2}y=(1+8kay  =8(j1+]2)
<&l 228m 5(1-38)k1 yk2 n—8(j1+j2)

Also in view of j < —2k; +m + D and (3-12) we have k; < 28m + D; thus summing the bound above
over ji, j» we obtain (4-2) whenever k, < —56m.

Case 5: max{ji, j»} <m — 2k, —§>m. Notice that since k» < k; — 10 we have, see (3-13),
Va®(E )| ~ 2722, Dy m 270D o) 2 2.

We then resort to multiple 1ntegrat10ns by parts in n; that is, we apply Lemma 6.5 with F' = 22k2p,
K =s27%2 ¢ = 2k2 and g = m(€, n)fl (&— Tl)fz(’?) Using the bound (6-6) we have

10k B (fis L2 S 20 F(Qjk B (fis fo))lloe S 25271025752 fy| 2l fol 24
which is more than sufficient to obtain (4-2) using also j + k <k, —2k; +m + D and (3-3)-(3-6).
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Proof of (4-3). In this scenario we will make crucial use of the symmetrization argument, which gives
better bounds on the null structure. In view of Lemma 3.2 (and the assumption that k < —5§m + D), in
the current frequency configuration it is enough to show

— _983
> 2GR Py B (Pry f. Pry )l 2 S €327, 4-5)
lk1—k2|<10
Localization in the size of |& —2n|. We now introduce a further localization in the size of |£ — 27| by
writing

t
FBmef0)= [ o) [ Wetsg)dns,

We(f, g) = e Pm(E, n) pe (€ —2n) f (€ — )& ().

Notice that By, ¢( P, f, Px, f) vanishes if £ > k{ + 20. Also, notice that the symbol obeys the refined
bound

(4-6)

“mk’kl’kz(P[ (S _ 2)7) ||Soo S 22€+2k—2k1 —2k2' (4_7)
Using this bound and standard Holder estimates, we can reduce (4-5) to proving the following:
— _ 82
2D By (Pry f. Py 2 S 67270,
with |k1—k2| <10, —2”’156,/(1,](25481’}’1, —2m <k <-5m+ D.

The rest of this proof is dedicated to showing (4-8) and split into two cases, depending on which of the

(4-8)

parameters £ or k is smaller.
Case 1: £ <k + 5. In this case we must have k > min{k, k,} — 15, so that k, k1, k, are all comparable
to each other and smaller than —56m + D. In particular (4-7) gives

K2y (6 — 2) | 500 52267260, (4-9)

We proceed in three steps.

Step 1: £—k1 < —gm. In this case we use integration by parts in time. We introduce a further localization
in the size of the phase @ in the bilinear operators B,, ; defined in (4-6). More precisely, we write

B (f28) = Bm<po(/-2)+ Y Buip(f:8),  po:=—3m,
, p=>Ppo (4-10)
Bua 8= [ ) [ o @EnWelf0)Em) dnds

where W, is given in (4-6).
Notice that in analyzing the terms in (4-10) we will be dealing with a kernel of the form

Kpo(§,m) = @p(PE, 1) @e(§ —21) 9k (§) Pk, (§ — 1) Pk, (). (4-11)
Since k, ky, ko are all comparable and much larger than £ we see, using (6-3) in Lemma 6.2, that
<ortikits, (4-12)

1 Kp,e ”Sch
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We can directly use this estimate to obtain the desired bound (4-8) for the term B, ¢ <p,. Since we must
also have |®| < 272k1 < 25" there are only O(m) terms in the sum in (4-10), and it will thus suffice to
prove
2D B o p(Pay S iy 2 S 632725 (4-13)
for fixed p € [-3m, 5m].
Integrating by parts in s we can write

B, p(Pre, /o Py /) = L, p(Pic, Js Py ) — i g, p 01 Pry S Py /) — I p, p(Prcy 2 0t Prey f ),

t

Ininfo0) = [ 2700 [ 2SS W g em dnds, i
t

Hnip 0= [ o) [ CE WS )61 dnds.

For the first above term, using the a priori bounds (3-3)—(3-6), the bound on the symbol (4-9) and the
bound on the kernel (4-11), we have the estimate

2m=YAEO 1 (Pry fo Py )l 2

< 2m=RA+8) 262k 2=P K, o (1) Prey S (€ — )l gy | Phr S 1 22
< p(m=k)(1+9) ,2%k1+§z2—k1(1+5)81 kg,

< 2—(%+28)k12(1+8)m2%€8% < 8%2—ﬁm

having used the assumption £ < —gm + k for the last step.
For the remaining terms in (4-14) we can use a similar bound together with (2-24) to obtain

200D | I1 o (@1 Py S Pry /)2 S 20 R+D gmaski36 Bory ) sup (105 Pry S 2
S

~2m

—(14+8)k~Q2+8)m HSk1+3L . A—(1+8)ky 2~kan—2m+105m
<2 2 2241 €12 1.e72%22
5 21157"2-(%4*25)](12%68? 5 giz—ﬁm‘

The same bound can be similarly obtained for /1y, ,( Pk, f,0; Py, /) and this concludes the proof of
(4-13) when £ — kq < —§m

To deal with the remaining cases we introduce the usual spatial localizations as defined in (4-4), and
aim to show

o (m—k)(1+8) Z “Bm,f(fh fz)”Lz < 8%2_282"1,
J1sJ2

under the assumptions in (4-8) and with £ —k; > —%m.
Step 2: L —ky > ——m and max{ji, jo} <m+ £ —3ky—38m. In this case we can repeatedly integrate by
parts. Indeed, in our current frequency configuration we have |V, ®| ~ 2£273k1; see (3-13). Then we can
use Lemma 6.5 by letting K = s(2¢273%1)=1 F() = ®2¢273k1 and € = 2%, From (6-6), choosing M
large enough, we then obtain || B, ¢(f1, /2)l;2 < 2710m) £\ .21 £2 11 L.2» which is more than sufficient
to obtain (4-8).
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Step 3: max{ji, jo} = m+ £ — 3k —dm. In this case a standard Holder estimate, placing the input with
largest position in L2, suffices:

2=+ B o (fi, f)l 2
< pm=k)(1+8) ym »2L=2k1  y—ms(2=8)k1 2—4k1+81 = max{jialp—(148kz g 9=81+]2)

< 228mly(1=38)k19—4ki )—b(j1 +2)g2,

having used the a priori bounds (3-3)—(3-4), and the symbol bound (4-9). Summing over j;, j, we see
that this implies the desired bound (4-8) since min{k, k1, k,} < —56m + D holds.

Remark 4.2. Notice that the bounds proved above suffice to obtain an estimate as in (4-3) for ) ", By, ¢
instead of By, provided that £ < —58m, and placing no additional smallness restriction on k.

Case 2: k <{—5. Here we have k < —56m + D and |€ — k| < 20, and similar arguments to those of
Case 1 can be used essentially by reversing the roles of k& and £. Note that in this case stronger bounds are
available for the kernel that we need to consider; see (4-15) below. We decompose the profiles according
to their spatial localization as done above and proceed as follows.

Step 1: max{ji, jo} <m + k —3k; —Sm. Note that this case will be empty if k < —m + 3k; + ém
and only Step 2 below needs to be performed. In the current scenario we have |V,®| ~ 2k =3k
and | Dy @[ < 2kp=(el+2k1 |o| > 1. We can then use Lemma 6.5 by letting K = s(2k273k1)—1,
F(n) = ®2k273%1 and € = 2¥1, obtaining

1Bome(frs D2 277 fillp2ll 2] 2.

Step 2: max{ji, jo} = m+k — 3k —dm. In this case we want to use integration by parts in s similarly
to Step 1 of Case 1 above. From the formula for the symmetrized symbol we see that the bound (4-9)
used before can be substituted by

k.kq .,k 2k—2k
[m*" 520 (6 —2n) || go0 < 2 L
Moreover, notice that we have a bound stronger than (4-12) for the relevant kernel; that is,

| 0p(PE. 1)) @2 (& —20) G1c(8) By (€ — 1) Prer () | gy S 27 HFH2K1, (4-15)

as per (6-3) in Lemma 6.2. Then the same arguments as in Step 1 of Case 1 above go through and give the
main conclusion (4-2) when k < min{k;, —56m} + D. This concludes the proof of the proposition. [

As a consequence of Proposition 4.1 we have the following:

Corollary 4.3. In order to prove the main bound (4-1) it will be enough to prove the following claim: for
all (k, j) € J we have
o4 g2l K IR Py By g (Pry . Pry )2 S 27271,

(4-16)
whenever —56m <k, ki, ko, <4ém + D?,
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where B, ¢ is defined as

t
Fhnelf.0)= [ o) [ Wetsgdnds,

We(f, g)(E n) == e PEDm(E ) g (€ —2n) £ (E — )& ().

Proof. In view the estimates (4-2)—(4-3) in Proposition 4.1, we know that to obtain the main bound (4-1)

4-17)

it will suffice to show

sup 24 2CANAHD N0 B (Pr, f Pry f)lL2 S 2752, (4-18)
kkjf >0 ki ka>—58m
>—56m

Recall that from (3-12) we have the upper bound max{k, ki, k,} < 8(j +m) + D. Then the finite speed
of propagation Lemma 3.2 suffices to bound the sum in (4-18) whenever j > m —2min{k, k1, k,} + D.
We may therefore restrict ourselves to j <m —2mint{k, kq,k>} + D < (1 + 108)m + D, and thus also
to max{k, ky,k,} <48m 4+ D. We then have a sum over at most O(m?) terms so that it suffices to prove
the bound

24542k NAED ) 0 B (P, f Pry )2 < 273862

for each fixed triple k, k1, ko with =56m <k, ky,k, <48m + D, and (k, j) € J. Moreover, in view of
Remark 4.2 we may also replace By, above with By, , and assume that £ > —55m. The claim follows
since §(m —2min{k. k1. ka} + k) < 28m. O

4B. Further reductions. We now turn to further reductions on the size of the phase ® and the spatial
localization of the profiles in the bilinear term B, ¢(Px, /. Pk, /) in (4-17). For this purpose let us write

Bunt (P, f- Py /) = D Bunt.p(Pis /- Pia ) = 3, Bunr.p(Pic f- Picy /), (4-19)
(V4 r,peZ
D . p
Bt (10 = 7 [ o) [ op(@EmWel s s @20
t
Bucrp(1.0)=F [ o) [ 0p(@Em)0r1-20)Welf, ) dn s, @-21)

where W, is as in (4-17). Notice that B,,, ¢, ,(Px, [, Pk, f) is trivial unless p < —2min{k, k,ko}+ D <
108m + D and r <max{ky, ky}+ D <48m+2D?. Also note that a Schur-type estimate using Lemma 6.2
will give the desired bound for the sum of the terms By, ¢ , when p < —3m. Similarly, it is not hard to see
that one can obtain the bound (4-16) for the terms By, ¢ , , When r < —3m. Therefore the summations in
(4-19) are all over at most O(m?) terms, and it suffices to prove the bound for each element in the sum.

Proposition 4.4. With the usual notation f, = P[k,,_z,kl,+2]</?;f”)(x) Py, f, jv+ky=0,v=12and
under the frequency restriction in (4-16), namely

—58m <k, ky, ko, £ <48m + D?,
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we have
I P B g (f1, [2) L2 S272"e7  if max{ji, jo} <m +min{k, €} —3k; —5m. (4-22)
If instead max{ji, jo} = m + min{k, £} — 3k — §m, then we have the following bounds:
otk gm2mintk kol tk B (f )2 S2T0MERif p = —m+406m, (4-23)
p¥t g2tk KK Py By (1 )2 S2746]if r < —=358m, (4-24)

24k g 2wt KSR P By g g (fis S22 S 27476} if mingjr, jo} = gm +608m. (4-25)
For convenience we introduce the notation
k:=min{ky, ko}, k:=max{ky, ka}, ji=min{ji. jo}, J:=max{ji, jo}. (4-26)

Proof. Each one of the bounds in the statement can be proven via similar techniques to those used in the
proof of Proposition 4.1 above.
Proof of (4-22). This follows by integrating by parts in 7 sufficiently many times, i.e., by applying
Lemma 6.5 using the fact that [V, ®| ~ 2k+l=4k1 gpng | Dy ®| < 2~ (lal+ D) mintki.k2} o the support of the
integral.
Proof of (4-23). Now we treat the term By, ¢ , as defined in (4-20) analogously to what was done
in (4-10) and integrate by parts in s. Similarly to (4-14) we obtain B, ¢ ,(fi, /2) = Im,p(f1. f2) —
I, p (01 f1. f2) = 1, p(f1. 91 /2), where

! ®
i) = [ 2700 [ 2EE D s e dnds

e p(fog) = / () / g””f(f ’;)) We(f. ¢)(E. n) dn ds.

For the first term in (4-27) we use Lemma 6.4 and the a priori bounds, estimating the profile with the

(4-27)

largest spatial localization in L2 and obtain

— —mA—2kT —FA—
1P Lo p(f1. [l 2 S 277 - [mEKiR2g (€ — 2p) || goo - 2727 2K gy .27 27Rg
— le et A i
52 m 398m'||mk,k1,k2||soo_2 k 2k 2 mm{k,(}+3k18%.

Using the bound [[mK-k1-42| ¢ < 27k+k we see that

2m+k—2 min{k k1 ,k2}|| PkIm,ﬁ,p(fl’ f2)”L2 s 8%2—395m . 2—4 min{0,k,k1 ,k2,€}22max{0,k,k1 ,kz,e}’

which suffices to obtain (4-23) in view of the restrictions in (4-16).
For the terms 11, , we use Lemma 6.4, estimating in L? the term involving the time derivative of the
profile via (2-24), together with the bound for the symbol used above:

_ _ I _ _ak+
| P I p @ fis )]l 2 S 2272 mbRik2g) (& - 21)|| oo - 27M2%K gy - 2k 72mH100m o 5=k

—m— k—akt
52 m 305m'23k 4k 8%.

This suffices to prove (4-23).



ON THE GLOBAL STABILITY OF A BETA-PLANE EQUATION 1611

Proof of (4-24). We now look at the bilinear term B,, ¢ , , defined in (4-21) with r < —356m <
min{k, kq,k,} — D, so that k, k1, k, and £ are all comparable. In view of the previous step we may
assume p < —m + 356m. Using the estimate (6-2) in Lemma 6.2(2) we see that

| 0p (BE, M) Gk (€) G,y (€ — 1) Gy () G (€ — 27 Gr (7 — 28) [y S 2727 H3E,

k,k],k2| S 2r—k7 ]_

Using this bound with Schur’s test, |m > (1 —=6)m — 2k, and the usual a priori bounds,

we see that

+ _ ; _ 1 S _ _ —F~—
24k Hm 2mm{k’kl’k2}+k”PkBm,ﬁ,p,r(fl?f2)||L2 < om k'2m_2p+2r+2k‘2r k_2 k81 b kg

m+8map+3r+ik 2
<2 20202 ey,
which is sufficient to obtain (4-24).

Proof of (4-25). In view of the previous step we may assume p < —m + 408m and r > —356m. Just for
the purpose of this proof let us define

K&, m) = 0p(PE. M) pe(§ =21 ¢r (§ —21) P (§) Pre, (§ — 1) Pie, (1).

In view of Lemma 6.2(2) we have, recall the notation (4-26),

LK M) llsen + |1 KE, € —n)llsep S 27T 3E+3E,

Also notice that for any kernel with | K| < 1 one has

IKE g E —lsen < 1KE DIE gl 2.

Then, using Schur’s test by estimating in L? the profile corresponding to the larger localization 27 we
can bound

. ey 3 1 k.ki.k .
1Pk Bt p.r (fis )l L2 S 27 QPF2EF2E) 2 JmfS 0 2 gos || £ o - 15

1,13k, 1 ke AT ~—de—k—akt
52m,22p+4k+4k_2k k y=Jj—=J . p—k—k—4k 8%‘

Using the assumptions p < —m +408m, j > (1 —8)m — 3k, + min{k, £} and j = %m + 608m, we see
that

+ _ 3p_1 —mi
24k Hm— 2min{k,k, k2}+k||PkBm t.p. r(fl f2)||L2 < g2 29 398m 2k 2min{k,k1,k2} 4 —4k. 23k1 min{k,(}
< €2 29=398m "3 min{0.k k1 k2,0}+ max{0, Jerkea}

which is sufficient for (4-25), again in view of (4-16). O

5. The weighted estimate: part II

Recall that the main weighted bound (4-1) is implied by (4-16). Combining this fact with the estimates in
Proposition 4.4 we can reduce the proof of the main desired bound to showing that

+ _ . —_
gkt gm—2mintkkikaltk p g (fy )l S 274, (5-1)
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where

Bm,e,fpo,r(fa g) ;
= F! [0 T () fR LT ED g (D(E 1) m(E. 1) Qe (€~ 21) @r (26— 1) (6 =) &) .
and whenever
—58m <k, ki, ko, £ <48m+ D*, r>—358m,

po :=—m+408m,

5-2
:=max{ i, jo} = m+min{k, L} —3k; —m > m —208m, (5-2)

:=min{jq, jo} < %m + 608m.

I~.

Remark 5.1. Intuitively speaking the reductions to the configuration (5-2) have placed us in a framework
where neither integration by parts in time nor space produces any gain: |®| is of the order of s~! and
|V, ®| is of order about 1, with j of the order about s. Notice that this is not a localization to, but rather

away from, the resonant set.

Anisotropic decomposition. We now decompose the bilinear term into two pieces, according to the size
of [ —ml:

Bunt,<por (1. 12) = Bgo (f1. )+ ) Ba(f1. f2). o= —55m.

q4>40

t . A
Ba(f.g)=F /0 Tn(s) /R LN (P(E ) g (Er —n)me (E.1) £ (E =g dn. -3

my (€ ) i= w2 (E ) g (€ — 2n) @ (26 —);
see also the notation (6-5), and recall the formula (2-19) for the symbol m. Note that in order to simplify
notation we suppress the dependence on m, £, po, r in Bx.

SA. Estimate of B<4,. Here we show how we can exploit the smallness in the localization in |§; — 14|
to close our bounds. The main tool here is given by improved Schur kernel bounds.
Let us introduce the notation

Kgy (6. 1) = 0<po (P&, 1) 0<qo (61 —n1)my (€, 1),

where my , is as in (5-3), and so that

t
Beao (£ =7 [ ) [ BPED Ky 6 FE - dn
Proposition 5.2. Under the assumptions (5-2) the following holds true:
+ A2 mi _
2Ty BB, (1. f2) e S 270 (5-4)

Proof. Observe that

P _ e - L_;)_ (L_L)‘
2z o= -0~ ) = (5~ )|
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Since on the support of the integral (5-3) we have |§; — 11| < 290, we see that
1 1 1

> 1€ §1> 1E—nl?

We then distinguish two main cases depending on the size of |5 | relative to 2390108m Nore precisely

< 2P0 4 290

~

< 2q0+108m. (5_5)

171

we write
BS(]Q(f’g):ngo(f’g)+82q0(f7g)?
t . A
BE (f.g):=F"! / (s) / SPED K (e mxa(m) £ E—mEm) i,
0 R2
X=(m) =<1y 108m M)y x+(m) = 1= x-(m).

: _ . 1
Estimate of B_, . In this case || < 23901+108m 454 we see that

1
|§'77J_| < |($1 —771)172| -+ |(&'2 _;72);71| < 23!10+155m‘

This gives us an improved estimate on the symbol m, see (2-19), and hence on the kernel: using
Lemma 6.2(2) and the restrictions (5-2) we see that

1
|1 K go (& M x=(10) Iseh + | Kgo (6. € =) x—(Er — 1) l|sen S 2390 - 270 2309,

We then apply Schur’s test incorporating the profile with localization j in the kernel and estimating the
one with largest j_ in L2 using the a priori bounds (3-3) and (3-5) together with the restrictions (5-2) we

have
— . 1 . e
1B<qo (/1 /) 2 < 2m .30 PotAIm o pSEm g pmmt256m
—m A—A=m ~1108m 2
<27™Mm.27e™. ) 2.

This is sufficient to obtain (5-4), given that the restrictions (5-2) imply 2~ 2mintk.kika}+k < ym156m

and § <2-107%.
Estimate of B;rqo. In this case |9 | 2 25490+108m and in view of (5-5) we must have ‘Inl_z—lél_z‘ <2340,
Since |7 — [£]7% = [£]72n|7* (€3 —n3 + &7 —n7) we see that

62 —n3] S E12In[22390 + |&F —n}| 5 2290 H160m,
Therefore we know that on the support of the integral
g1 —m| <290, |83 —n3| S 230 Ve )|, [V @(E )| = 27700,
see (3-13) and the restrictions (5-2). Using these we claim that we can estimate

1
1K go &)X+ (10 llsch + || Kgo (€. & — ) x+(E1 — 1) [lsen < 2090 - 2P0 . 2708m, (5-6)

To see why this holds true, first observe that for the support of the kernel we have

supp(Kqo (§,m) S {(6. ) e R xR?:ne ST(E)UST(©)},
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where

SEE) 1= {n e R?: | (£, n)| S 270, |Vy®(&, 1), [VeD(E, n)| 2 27708, |
1 —£1] S 290, |na £ £y S 2390+8ImY

From this observation, and arguments similar to the ones in Lemma 6.2(1), it follows that
sup / | Ko (€. 1) X+ (1) | d < 2P0608m o 3ao+86m
ger2 JR?

having also used |m| < 2!9%™  The same bound can be also deduced for Ko (&, &E —n)x+ (&1 —m).
Combing these bounds with the similar but cruder estimate

sup ([ 1Kao(e.mlde + [ [Kayle.5 -l de) 5 2m07650m
nERz R2 R2
we see that (5-6) follows.

We finally use (5-6) and Schur’s test to obtain

1
”B;qo(fl’ f2)||L2 < om 2gqo+po+705m . 81255m X 812—m+258m

S 2—7}12—%20?” . 214057’}18%'
We can then conclude as before, since § is small enough. This suffices to prove the desired bound (5-4)

and concludes the proof of the proposition. O

5B. Estimates of the terms B,. In view of the decomposition (5-3) and Proposition 5.2, the main bound
(5-1) can be reduced to showing

24k+2m—2min{k,k1,k2}+k” PiBy(fi, f2)llp2 < 2_55"” q = qo, (5-7)

~

under the restrictions (5-2). This bound can in turn be reduced to the proof of the following proposition
about Fourier integral operators.

Proposition 5.3. Let
p=-m+405m, —;—0m§q§48m+D2, (5-8)

with § <1074 Forany g € L? and s € [2™~1, 2" 1] define the operator
Tpa(g)(E) = [R L€ T ED o<y (@E. 1) g (61 —m)p(E. 1) 201) dn,

X1
|x|2”

(5-9)
QE. ) =—-LE+LE-n+Lm, Lx)=
and assume that the symbol p has the properties

supp(p) € {(€,m) € R? x R? : 274 < || || < 240m
& —nl. e =20 2 274" (26— 2 2774} (5-10)
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for some absolute positive constant A < 5, and
| D, (&, )| 5 2lel(bm600m)p208m g = g, (5-11)
Then T 4 satisfies the operator bound
I Tpgllp2s gz < 27m1000m, (5-12)
Before proceeding with the proof of this proposition, let us explain how Proposition 5.3 implies the
p g p prop p P p
desired bound (5-7):

Proof of (5-7) from Proposition 5.3. Without loss of generality we can assume j; < j,. Then, according
to our notation (5-3) and under the assumptions above, we can write

PuBy(fi. fo) = F~! /R tm(5)-£1Tpg(f2) ds.
where we let
p(E, 1) = mFFIR2 (& 0y oy (& = 20) @, Q6 —m) 7! fr(E—1).

Using the a priori bound || fl | <27%1¢; and the restriction on J in (5-2), it is easy to see that the
above p(&, n) satisfies the hypotheses (5-11). Applying the conclusion (5-12) we can then estimate

1PeBy(frs )2 S €12 1 Tpgllpaes p2ll fallpz S €2 - 27— 1008m g pmmt2asim
which is sufficient to obtain (5-7) in view of the restriction (5-2). O

The proof of Proposition 5.3 will be performed in the remainder of the paper and will conclude the
proof of the Main Theorem, Theorem 2.2.

5C. Proof of Proposition 5.3. To prove (5-12) we will use a T'T* argument which is based on a suitable
nondegeneracy property of the mixed Hessian of the phase ®. In particular, it turns out to be crucial that
we can integrate by parts along the direction parallel to the level sets of ®. We subdivide the proof into a
few steps: First, in Step 1 we describe a curvature quantity that gives a measure of the aforementioned
nondegeneracy. Step 2 then sets up the 7'T* kernel and guides the subsequent splitting; we either use
smallness of sets to get the claimed kernel bounds (Step 3) or exploit the nondegeneracy via an iterated
integration by parts (Step 4).

Step 1: The curvature quantity Y. In preparation for Step 2 let us define

Y VZ,® Veo vyo 5-13
(e O 5-13)

We begin with the following algebraic lemma involving T

Lemma 5.4. Define I' and © as follows:

R L&) O 1)
T = RN Jatacik )
G = e BV nvoE s TP T e
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Then we have the identity
3T E ) —20E ) =3E —m). (5-14)

As a consequence, on the support of the operator Ty, 4 the following bounds on Y hold:
29764Im < |7 (&, )| 5 20+ 04m, (5-15)

Proof. The identity (5-14) is obtained by a direct computation.
To verify (5-15) notice that

[T, mII&]In]
& —nl*1€ —2nlIn—2&|"

and therefore, because of the restrictions (5-10),

1T )| =

2848 P (g )| < T (& )| S 2104 T (g ).

Now note that |@ (&, n)| < 2P2245m « 29 ~ |&; — ;| by (5-8)—(5-9). Hence we can use (5-14) to deduce
that |I"| & 24, and the conclusion follows. d

Step 2: The T'T* kernel. Notice that the support of (7),4g)(£) is contained in the ball |£] < 248m
We decompose this ball into O(2-2412(Co+4)m) pa|is of radius R := 29~ Coém—D * for some absolute
constant Cy € [50, 150] to be determined below, depending on A4. If we denote by &, the center of any
such small ball and let

Tp,q.60(8)(8) := 9<r(E —£0) Tp,q(2)(6).

we see that the main bound (5-12) will follow provided we can show that for every &, € R,

1Tp.0.60Tpgeol2—12 < [pm—1008m 52 =2(Co+4)smy2, (5-16)

Such a localization to a small ball in £ will allow us to better control several remainder terms in various
Taylor expansions below.
Let us write

TnaeoTyigse® = [ Spaco6.€)eE) de.

where the kernel is given by

Spato(®-8) = 0=r(E ~E0)p=r(E ~ o) [R | PIED=EED p(e ) (& ) pg (61— m)
< 0q(§1 =) @<p(PE. M) 0<p(@E ) dn.  (5-17)

Notice that on the support of this kernel we must have |§ —£'| < 4R = 4.29~Coém—D 3 Also recall that the
symbol p satisfies the properties (5-10)—(5-11). We will sometimes use the short-hand notation S(&, £’)
for Sy, 4 £, (&, &), dropping the indices where this creates no confusion.

To bound the relevant operator we will resort to an integration by parts in 7 in the kernel (5-17) — see
Step 4. Where this integration fails we will show how to gain from the smallness of the measure of the
support of the kernel (Step 3).
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The integration by parts will be performed through the trivial identity

1
L Vi ®En o isteen-o@m

is[PEmM—DE ] _ - -
¢ ~isD V@, )| e
with
V(& 1)
= 12y Id(E ) — BE )], 5-19
¥, B )] [ PE,m) —PE, )] (5-19)

The choice of direction of integration by parts is motivated by the roughness of the symbol in the integrand
in (5-17). See also the identities (5-25)—(5-26).
To see the relevance of Y defined in (5-13) we calculate

Vi n)
= ———— . V,[®(&, ) —DE,

VadE ) e PE ]
_ VioEn o, / 3 .
= oo VenEME—ETF O(VEe, 0EnlE—£1).

The fact that VSCD does not vanish allows us write

Vi (€. 1) Ve d(E, 1)
—-& = be,, =t =t
FTE Sttt AT ReEn 2T NeoE )
We can thus decompose D as
- Vi ®(6.n) Ve®(&, 1)
D=a¥(En)+b— V2 O N e+ O(VE,  BE MIE—E ),
a¥(&.n+ Y, ®E )] e t3 77)|ng>(§’ Dl + O(Vig , PE mIE-ET7)

with Y defined in (5-13) and satisfying the bounds (5-15). In particular

DI = lal| T & n)| — 1b]|VZ, & m| 2P|V, ®E )& —£2. (5-20)
Observe that on the support of S(§, &) we have
27 2 | ) — PE )| 2 [VePE ) - (€ =)= O(VEDE )| IE &%)
= |b||VeD(E, n)| — O(VZOE )|E —E').

Step 3: The case |b] > 2€18m+D g —£/|2 with Cy := 134. Using (5-21), |Ve®(£, )| 2 27104™ and
|V§$<I>(E, )| < 2348m we deduce that |b| < 2PT1946m and in particular that we must have

(5-21)

&7 <27

‘We now use Schur’s test to show how this suffices to obtain (5-16).
More generally, let us assume that the support of S(&, £’) is contained in the set |§ —&’| < L. Using
Lemma 6.2(1), the lower bounds |V ®(§,7)| 2 2~ 1048m 4pnq IVa®(E. )| 2 2=448m that hold on the
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support of p(&, n), see (5-10) and (3-13), we can then estimate

f IS(E. &) xyes<ry dE < // 0= p (BE M PE 1) 9=p (DE . M)|PE 1) Xie—er <1y dndE
R2 R2 xR2
5/ <p5p(<1>($’,n))lp(5’,n)l[/ <05p(q>(5,n))|p(é,n)lX{|g—gf|sL}dE}dn
R2 R2

< [ o=p (@€ )lp(E |27 2004205 Ly

5 22p.2(14A+40)8m_L‘ (5_22)

By symmetry a similar bound also holds when exchanging the roles of & and &’. Using this estimate with
L= 2%1’, we see that (5-16) follows from Schur’s test since, under our assumptions, % p+ (144 +440)5m
is less than —2m — 2008m + 4q — 4(Cy + 4)6m, as required.

Step 4: The case |b| < 2€18m+D g _ /|2 I this case we have |b| <27 P |& — ¢/|, provided we choose
Co = Cy + 4. Therefore |a| > %|§ —£&’|. Then we must also have

2
2q|a| > 2C05m+D |$ _§/|2’

since |€ —&'| <4- 20=Codm=D* 4 the support of the kernel. From (5-15) we know that |’Y‘| la| =
24—6A45m=D\ ;| "and since we also have

b1V2, ®E )| + 2P|V}, D(E. )| [E— &' < 2C1H30Im+2D e g2,
we can choose Cy > C; +94 = 22 A4, and invoke (5-20) to deduce
D] 2 277545 al.

. _3 . _3
Notice that we can also assume that |a| = 27 70", for otherwise |a| ~ |§ —§&’| <27 10" and the bound
(5-22) would give us

/|S(§, S’)|X{|S_$/|S27(3/10)m} d%‘ 5 2217 .2(14A+40)8m _2—%m’
H

so that (5-16) would follow via Schur’s test as above.
We now claim that an iterated integration by parts yields

|S(S’S/)| < 2408m [2—m|D|—1 max{2%m+605m’ 274, |D|—12(%+1)A5m’ 2_p|D|}]M (5-23)

for any positive integer M. Since |D| 2 2_%”’, p=—-—m+406m and q > —zl—om, this bound clearly
suffices to obtain (5-16).

To prove (5-23), we integrate by parts in 7 in the integral (5-17) using the identities (5-18)—(5-19): For
notational convenience, we rewrite them here as

oisY _ %Xeis\ll’ W(EE ) = dE n)— D¢, n),

XY

X(E )= %v-v,,, xT & m) :=divn(lV')’ T V,0E )|

D
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Integrating by parts M times will then give

SE &)
< /R 27 MI@TM[pE o m) gqE1—n1) 0q(E =11 9p(P(E M) 9<p (PE )] | dn. - (5-24)

Let us now analyze the various terms that arise in (5-24):

(a) When divy, V hits the symbol p(&, n)p(€’, 1) this produces a factor growing at most 25m+608m iy
view of the assumption (5-11). This is accounted for by the first term in the curly brackets in (5-23).

(b) The terms that arise when div; V hits the cutoff ¢g (&1 — 1) ¢4(&] —n1) are bounded by 279.

(c) To deal with the terms when div, V hits the denominator D, it suffices to observe that on the support
of the kernel,
| DyD(E )| < 2+ DA,

(d) For the term arising when div, V hits the cutoff ¢<,(P(£", 1)) ¢<,(P(, 1)), first notice that by
construction

V- Vg p (@6, 7)) = 0. (5-25)
Moreover, we can calculate
VE. ) - Vylep(@E . 0) =V(E. 1) Vp@E . m27 7 (¢)p(P(E . 1))
=D 277 (@")p(E . ). (5-26)
We then see that this is accounted for by the last term in the curly brackets in (5-23).
This concludes the proof of (5-23) and Proposition 5.3. The Main Theorem, Theorem 2.2, follows. [

6. Useful lemmata

A Schur lemma. We demonstrate here some bounds for integral operators defined through kernels with
localizations. These bounds derive from the set-size restrictions brought about by localizations. We first
recall the standard Schur’s test:

Lemma 6.1. For a kernel K : R? x R?> — R, consider the corresponding operator

(T 6= [ K s dn
and assume that

swp [ K@l =Kio swp [ KGld = Ko

£€R2 neR2
Then

1Tk fllpz < VEi Kz flL2-

We will often apply the above lemma, and for this purpose define

1K lsen = (sup [ ke dn)z (sup [ xen ds)z. 6-1)
3 n
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Lemma 6.2. (1) Let F : R?> — R be smooth in a ball Bg(z) C R?, z € R?, R > 0. Then
/ <1 (F(x)) @z (VF(x)) dx <27#2*R.
Bgr(2)

(2) Consider an integral operator given by the kernel

K& n) = gp(PE. m) o€ —2n) 0r (1 —28) 0 (6) 0a(E — 1) 0p (1),

where ® is the phase in (2-2). Then we have the bound
1K llsen < P+ 5 (ktb—t=r)+2ay 3 min{l,r.a,b}+} min{l.r.k.a} (6-2)
so that, in particular,

1
1K ||sen S 2P T2k F0F20),

As a consequence, we also see that if min{k, £} < max{a,b}— 10, then, for

K (&, 1) = $p(PE m)pe (€ — 20 (§)palE — )b (1)

we have the bound
1K lsen < 2p+%(k+b—€+3a)2%min{(,a,b}—i—%min{ﬁ,k,a}’ (6-3)

Proof. Point (2) is a consequence of (1) and the formulas for the gradient of ® in (3-13), so we start by
demonstrating (1).

Proof of (1). Notice that {x € R?: |V F(x)| > 2"} C A}, U A2, where A, :={x € R?: |0, F(x)| > 2471},
Hence on Bgr(z) N A}L a well-defined change of variables is given by (1, y2) = Y(x) := (F(x1, X32), X2).
This change of variables has Jacobian determinant equal to |dx, | Z 2#, so we have

/ 9= (F)g=u(VF)(x)dx <274 f =i (F)g=u(VE)(Y ™1 () dy
Br(z)NA4] Y(Br(2)

< 2‘“/ <1 (y1)dy <27H2*R.
|[y2—z2|=R
Exchanging the roles of x; and x;, in complete analogy we deduce the same bound for

/ p<.(F)o=u(VF)dx,
BR(Z)ﬂAg

thus proving the first claim.
Proof of (2). We estimate the two integrals in (6-1); for each it will suffice to appropriately apply (1). To
this end, notice that with the localizations in K (&, 1) we have, see (3-13),
-2 -2
| 0 | — |é§|2|s n|2 ~ 2k+€2—2a—2b’ |vgq)| — |77|2|n Elz ~ 2b+r2—2k—2a
% & —nl §1%1& —nl

and ® is smooth in the domains of integration.
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Furthermore, for fixed & there exist & and R < min{2¢, 2", 29,22} such that the domain of the integral
in 1 is contained in the ball Bg(&p). We then invoke (1) to obtain

/ K(E.n)dy < / 0p(DE. 1) @it 02026 (2~ 1OV, D(E. 7))
R2 Br(%0)
5 2p2—k—€+2a+2b2min{€,r,a,b}‘

Similarly, for fixed 7 there exists 19 such that the domain of the integral in £ is included in a ball of
center 1o and radius R < min{2¢, 2", 2%, 24}, which promptly yields

K , d < 2p2—b—r+2k+2a2min{€,r,k,a}‘

|, Kz

Combining these gives the claim (6-2). The bound (6-3) follows since for min{k, {} < max{a,b}— 10
one has |r —max{a, b}| < 5. O
Holder-type estimates and integration-by-parts lemmas. For simplicity of notation we define the following
class of multipliers:

S :={m : (R*)?> — C: m continuous and ||| goo := || F " 'm| 1 < c0}. (6-4)

As we will often localize in frequency space we define, for any symbol m,

meRuk2 (8 )= o k18 Ok —2 k121 (E — 1) Pty —2.ka2] (MME, 1) (6-5)

see the notation in Section 2. Here is a basic lemma about S symbols that we will often use:
Lemma 6.3. (i) We have S® < L®(R?> x R?). If m,m’ € S*® then m -m’ € S*® and
lm-m|| o0 < [Im soo|lm'|| soo.

Moreover, if m € S®, A:R? — R? is a linear transformation, v € R?, and m 4 (&, 1) := m(A(&, 1) +v),
then
Imapllsee = [lm]soo.

(ii) For m € S, consider the bilinear operator Ty, : S(R?) x S(R?) — S'(R?) defined by

Tn(f.8)(E) = f_I/WZ(é, n).f(E—n)gm) dn.

Then, forall 1 < p,q,r < oo satisfying the Holder relation % = % + é, we have

1T (f. e < llmllseell S lzrliglLa-

Proof. The properties in (i) follow directly from the definition (6-4). A direct computation unwinding the
Fourier transforms shows that

To(f. g)(x) = /E it f mE.m) f € —me ) dnde= [ / Fx—2)g(x =y — iz, y) dy dz,
n yJz

from which the claim follows directly. O
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We state next a useful lemma, which allows us to use Holder-type bounds when we integrate by parts
in time.

Lemma 6.4. Assume t ~ 2™ for some m € N, and p > —m + 26m. For p € S, with || p| g = 1,
consider a bilinear operator of the form

Bp(v.w)(®) = g=10m(£) /R LT PED X QTP R(E. ) p(E 1) DE — md(n) dn.

where x is a Schwartz function. Then, for any % + 611 = %

i(t+s)L i(t+s)L IOm).

IBp(v.w)ll2<( sup e vlirelle wllpa + vl L2 lwll 22~

|s|<2—Pp28m
Proof. Let us use
X0 ) = [ T 5z
to write ’

By =c | ( /R (T HOREM ) dz)p@, WO —nyid(n) dn.

R2

Using the rapid decay || < (1 + |z])™M, for M large enough, we can estimate the contribution from the
region |z| > 207 as

/Rz (/| o ei(2*172+t)¢‘($,77))?(z) dz) o<t1om(&E)pE, MO(E —n)w(n) dn

2
L

10m H—5M ~10
<2027 ol e lwllg2 £ 27 vl 2wl o

~

We are now left with estimating

[ [ p1on (e T EOHED e gyl )y
z|< m

2
L

< sup f p(.m)e' G EFOLED G )l G ZAOLOD G () d|
|z|<28m R2 L%Z_
which by virtue of Lemma 6.3 and || p|| goo <1 is bounded by
sup ||ei(t+2_pz)LU”Lp||€i(2_pz+t)Lw||Lq.
|z|<28m
The desired conclusion follows. O

Here is a basic integration-by-parts lemma:

Lemma 6.5. Assume that € € (0,1), €K > 1, M > 1 is an integer, and F, g € CM (R"). Assume also
that F is real-valued and satisfies

IVF| > Lappe),  |D*Fl Spr €™ forall 2 <|a| < M.
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/ ¢iKF g g
Rn

The proof is a fairly straightforward integration-by-parts argument; see Lemma 5.4 in [lonescu and
Pausader 2014].

Then
1

§W Z E|O[|||Dwg||Ll (6-6)
lo|=M
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